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NOTE TO READERS OF THE CRITERIA MONOGRAPHS

Every effort has been made to present information in the criteria
monographs as accurately as possible without unduly delaying their
publication. In the interest of al users of the Environmental Health Criteria
monographs, readers are requested to communicate any errors that may have
occurred to the Director of the International Programme on Chemical Safety,
World Health Organization, Geneva, Switzerland, in order that they may be
included in corrigenda.

A detailed data profile and a legd file can be obtained from the
International Register of Potentially Toxic Chemicals, Casepostale 356, 1219
Chételaine, Geneva, Switzerland (telephone no. + 41 22 - 9799111, fax no. +
41 22 - 7973460, E-mail irptc@unep.ch).

This publicationwas madepossible by grant number 5U01 ES02617-15
from the National Institute of Environmental Heath Sciences, National
Institutes of Health, USA, and by financial support from the Federal Ministry
for the Environment, Nature conservation and Nuclear Safety, Germany.
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PREAMBLE

Objectives

In 1973, the WHO Environmental Health Criteria Programme was
initiated with the following objectives:

(i) to assess information on the relationship between exposure to
environmental pollutantsand human health, and to provideguideinesfor
setting exposure limits;

(i) toidentify new or potential pollutants;
(iii) toidentify gapsin knowledge concerningthe healtheffectsof pollutants;

(iv) to promote the harmonization of toxicologica and epidemiological
methods in order to have internationally comparable results.

Thefirst Environmental Heal th Criteria (EHC) monograph, on mercury,
was published in 1976, and since that time an ever-increasing number of
assessments of chemicas and of physical effects have been produced. In
addition, many EHC monographs have been devoted to eval uatingtoxicol ogical
methodol ogy, e.g., for genetic, neurotoxic, teratogenic and nephrotoxic effects.
Other publications have been concerned with epidemiological guiddines,
evaluation of short-term tests for carcinogens, biomarkers, effects on the
elderly and so forth.

Sinceits inauguration, the EHC Programme has widened its scope, and
theimportance of environmental effects, inadditionto health effects, has been
increasingly emphasized in the total evaluation of chemicals.

The origind impetus for the Programme came from World Health
Assembly resolutions and the recommendations of the 1972 UN Conference
on the Human Environment. Subsequently, the work became an integral part
of the International Programme on Chemical

Safety (IPCS), a cooperative programme of UNEP, ILO and WHO. In this
manner, with the strong support of the new partners, the importance of



occupational health and environmental effectswas fully recognized. TheEHC
monographs have becomewidely established, used and recognized throughout
the world.

The recommendations of the 1992 UN Conference on Environment and
Development and the subsequent establishment of the Intergovernmental
Forum on Chemical Safety with the priorities for action in the six programme
aress of Chapter 19, Agenda 21, al lend further weight to the need for EHC
assessments of the risks of chemicals.

Scope

The criteria monographs are intended to provide critical reviews on the
effects on human healthand the environment of chemicals and of combinations
of chemicals and physical and biological agents. As such, they include and
review studies that are of direct relevance for the evaluation. However, they
do not describe every study carried out. Worldwide data are used and are
quoted from origind studies, not from abstracts or reviews. Both published
and unpublished reports are considered, and it isincumbent onthe authors to
assess al the articles cited in the references. Preference is aways given to
published data. Unpublished data are used only when relevant published data
are absent or when they are pivotal to the risk assessment. A detailed policy
statement is available that describes the procedures used for unpublished
proprietary data so that this information canbeused inthe evaluation without
compromisingits confidential nature (WHO (1999) Revised Guidelines for the
Preparation of Environmental Heal thCriteriaM onographs. PCS/99.9, Geneva,
World Health Organization).

In the evaluation of human health risks, sound human data, whenever
available, are preferred to animal data. Animal and in vitro studies provide
support and areused mainly to supply evidence missing from human studies.
Itis mandatory that research on human subjects is conducted in full accord
with ethical principles, including the provisions of the Helsinki Declaration.

The EHC monographs are intended to assist nationa and international
authorities in making risk assessments and subsequent risk management
decisions. They represent a thorough evaluation of risks
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and are not, in any sense, recommendations for regulation or standard setting.
These |atter are the exclusive purview of national and regional governments.

Content
The layout of EHC monographs for chemicalsis outlined below.

. Summary — areview of the salient facts and the risk evaluation of the
chemica

. Identity — physical and chemical properties, analytical methods

. Sources of exposure

. Environmental transport, distribution and transformation

. Environmental levels and human exposure

. Kinetics and metabolism in laboratory animals and humans

. Effects on laboratory mammals and in vitro test systems

. Effects on humans

. Effects on other organisms in the laboratory and field

. Evauation of human health risks and effects on the environment

. Conclusions and recommendations for protection of human health and
the environment

. Further research

. Previousevaluationsby international bodies, eg., IARC, JECFA, IMPR

Selection of chemicals

Since the inception of the EHC Programme, the IPCS has organized
meetings of scientists to establish lists of priority chemicals for subsequent
evaluation. Such meetings havebeen heldin: I spra, Italy, 1980; Oxford, United
Kingdom, 1984; Berlin, Germany, 1987; and North Carolina, USA, 1995. The
selection of chemicals has been based on the following criteria: the existence
of scientific evidence that the substance presents a hazard to human health
and/ortheenvironment; the possi bl e use, persistence, accumul ation or degrada-
tion of the substance shows that there may be significant human or
environmental exposure; the size and nature of populations a risk (both
human and other species) and risksfor the environment; international concern,
i.e., thesubstanceis of mgjor interest to several countries; adequatedataon the
hazards are available.

If an EHC monograph is proposed for achemica not onthepriority list,
the IPCS Secretariat consults with the cooperating organizations and al the

Xii



Participating Institutions before embarking on the preparation of the
monograph.

Procedures

The order of procedures that result in the publication of an EHC
monograph is shown in the flow chart on the next page. A designated staff
member of |PCS, responsible for the scientific quality of the document, serves
as Responsible Officer (RO). The IPCS Editor is responsible for layout and
language. Thefirst draft, prepared by consultantsor, more usualy, staff from
an IPCS Participating Institution, is based initially on dataprovided from the
International Register of Potentially Toxic Chemicals and from reference
databases such as Medline and Toxline.

The draft document, when received by the RO, may require an initia
review by asmall panel of experts to determine its scientific quality and
objectivity. Once the RO finds the document acceptable as afirst draft, itis
distributed, in its unedited form, to well over 150 EHC contact points
throughout the world who are asked to comment on its completeness and
accuracy and, where necessary, provide additional material. The contact
points, usually designated by governments, may be Participating | nstitutions,
IPCS Focal Pointsor individua scientistsknown for their particular expertise.
Generally, somefour months are allowed before the commentsare considered
by the RO and author(s). A second draft incorporatingcommentsreceived and
approved by the Director, IPCS, isthen distributed to Task Group members,
who carry out the peer review, at least six weeks before their meeting.

The Task Group members serve as individuad scientists, not as
representatives of any organization, government or industry. Their function
isto evaluate the accuracy, Sgnificanceand relevance of theinformationin the
document and to assess the health and environmental risks from exposure to
the chemical. A summary and recommendations for further research and
improved safety aspects are also required. The composition of the Task
Group is dictated by the range of expertise required for the subject of the
meeting and by the need for a balanced geographical distribution.

Xiii



EHC PREPARATION FLOW CHART

| Commitment to draft EHC I

v
| Document preparation initiated | N
A 4 el
-7 [ A | possible meeting
s of afew experts
sscvelsssla?r; as -¢--- | Draft sent to IPCS Responsible Officer (RO) | ~€--- | toresolve P
U controversial issues
Responsible Officer, Editor check for coherence of text and
readability (not language editing)
!l
| International circulation to Contact Points (150+) |
| Comments to IPCS (RO)
Review of comments, reference cross-check;
e preparation of Task Group (TG) draft N
. <
i y ¥ A | Working group,
Editor if required
"""" P | Task Group meeting <--------
v
| Insertion of TG changes |
| Post-TG draft; detailed reference cross-check |
Editing \ French/Spanish
{ trandations of Summary
Graphics / -
. Word-processing
\ T
Camera-ready copy —— | Librayfor
| CIP Data
Findl editing _
U
[ Approva by Director, IPCS |
| wHo Publcation office |
——=_> routine procedure T
Publication |

» optional procedure | Printer |:>| Proofs H

Xiv




Thethree cooperatingorganizations of the | PCSrecogni zetheimportant
roleplayed by nongovernmental organizations. Representatives from relevant
national and international associations may be invited to join the Task Group
as observers. While observers may provide a valuable contribution to the
process, they can speak only at the invitation of the Chairperson. Observers
do not participatein the final evaluation of the chemical; this is the sole
responsibility of the Task Group members. When the Task Group considers
it to be appropriate, it may meetin camera.

All individuals who as authors, consultants or advisersparticipateinthe
preparation of the EHC monograph must, in addition to serving in their
personal capacity as scientists, inform the RO if at any time a conflict of
interest, whether actual or potential, could be perceived in their work. They
are required to sign a conflict of interest statement. Such a procedure ensures
the transparency and probity of the process.

Whenthe Task Group has completed its review and the ROissatisfied
as to the scientific correctness and completeness of the document, the
document then goes for language editing, reference checkingand preparation of
camera-ready copy. After approval by the Director, IPCS, the monograph is
submitted to the WHO Office of Publications for printing. At this time, a
copy of thefinal draft is sent to the Chairperson and Rapporteur of the Task
Group to check for any errors.

It is accepted that the following criteria should initiate the updating of
an EHC monograph: new dataareavailablethat would substantially changethe
evaluation; there is public concern for health or environmental effects of the
agent becauseof greater exposure; an appreciabletime period has el apsed since
thelast evaluation.

All Participating Institutions are informed, through the EHC progress
report, of the authors and institutions proposed for the drafting of the
documents. A comprehensive file of all comments received on drafts of each
EHC monograph is maintained and is available on request. The Chairpersons
of Task Groupsarebriefed before each meetingon their role and responsibility
in ensuring that these rules are followed.
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1. SUMMARY AND CONCLUSIONS

This document focuses on environmental exposure to fluoride
derived mostly frominorganic sources and its effects on humans, ani-
mals and other biota. Data on hydrogen fluoride, calcium fluoride,
sodiumfluoride, sulfur hexafluoride and silicofluorides are covered, as
these compounds are considered to be the most relevant of the inor-
ganic fluorides on the basis of quantities rel eased to the environment,
environmental concentrationsandtoxicol ogical effects on livingorgan-
isms.

Identity, physical and chemical properties and
analytical methods

Hydrogen fluoride (HF) is acolourless, pungent liquid or gas that
is highly soluble in organic solvents and in water, in which it forms
hydrofluoric acid. Calcium fluoride (CaF,) is a colourless solid that is
relatively insoluble in water and dilute acids and bases. Sodium fluor-
ide (NaF) is a colourless to white solid that is moderately soluble in
water. Sulfur hexafluoride(SFg) is acolourless, odourless, inert gas that
is slightly soluble in water and readily soluble in ethanol and bases.

The most common procedure used to quantify freefluorideanion
is the fluoride ion-selective electrode. Microdiffusion techniques are
considered to bethemost accurate methods of sample preparation (i.e.,
liberation of freeionic fluoride from organic and inorganic complexes).

Sources of human and environmental exposure

Fluorides arereleased into the environment naturally through the
weathering and dissolution of minerals, in emissions from volcanoes
and in marine aerosols. Fluorides are also released into the environ-
ment via coal combustion and process waters and waste from various
industrial processes, including steel manufacture, primary aluminium,
copper and nickel production, phosphate ore processing, phosphate
fertilizer production and use, glass, brick and ceramic manufacturing,
and glue and adhesive production. The use of fluoride-containing
pesticides as well as the controlled fluoridation of drinking-water
supplies also contribute to the release of fluoride from anthropogenic
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sources. Based on available data, phosphate ore production and use
as well as aluminium manufacture are the major industrial sources of
fluoride release into the environment.

Hydrogen fluoride is an important industrial compound that is
used mainly in the production of synthetic cryolite (Na;AlFg), alumin-
ium fluoride (AlF3), motor gasoline alkylates and chlorofluorocarbons,
with an annual world consumption in excess of 1 million tonnes. It is
also used in etching semiconductor devices, cleaning and etching
glass, cleaning brick and aluminium and tanning leather, aswell asin
commercial rust removers. Calcium fluorideis used as a fluxin steel,
glassand enamel production, as the raw material for the production of
hydrofluoric acid and anhydrous hydrogen fluoride, and as an
electrolyte in aluminium production. Sodium fluoride is used in the
controlled fluoridation of drinking-water, as apreservativein glues, in
glass and enamel production, as a flux in steel and aluminium
production, as an insecticide and as a wood preservative. Sulfur
hexafluoride is used extensively in various electronic components and
in the production of magnesium and aluminium. Fluorosilicic acid
(H,SIFg) and sodium hexafluorosilicate (Na,SiFy) are used for the
fluoridation of drinking-water supplies.

Environmental transport, distribution and
transformation

Fluorides in the atmosphere may be in gaseous orparticul ateform.
Atmospheric fluorides can be transported over large distances as a
result of wind or atmospheric turbulence or can be removed from the
atmosphere via wet and dry deposition or hydrolysis. Fluoride com-
pounds, with the exception of sulfur hexafluoride, are not expected to
remain in the troposphere for long periods or to migrate to the strato-
sphere. Sulfur hexafluoride has an atmospheric residence time ranging
from 500 to several thousand years.

T he transport and transformation of fluoride in water are influ-
enced by pH, water hardness and the presence of ion-exchange mater-
ias such asclays. Fluorideis usually transported through the water
cycle complexed with aluminium.
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Thetransport and transformation of fluoridein soil are influenced
by pH and the formation of predominantly aluminium and calcium
complexes. Adsorption to the soil solid phase is stronger at slightly
acidic pH values (5.5-6.5). Fluoride is not readily leached from soils.

Theuptake of fluoride by biotais determined by the route of expo-
sure, the bioavailability of the fluoride and the uptake/excretion
kinetics in the organism. Soluble fluorides are bioaccumul ated by some
aquatic and terrestrial biota. However, no information was identified
concerning the biomagnification of fluoride in aquatic or terrestrial
food-chains.

Terrestrial plants may accumulate fluorides following airborne
deposition and uptake from soil.

Environmental levels and human exposure

Fluoride levels in surface waters vary according to location and
proximity to emission sources. Surfacewater concentrations generally
range from 0.01 to 0.3 mg/litre. Seawater contains more fluoride than
freshwater, with concentrationsranging from1.2to 1.5mg/litre.Higher
levels of fluoride have been measured in areas where the natural rock
isrichin fluoride,and elevated inorganic fluoridelevels are often seen
inregionswhere there is geothermal or volcanic activity (e.g., 25-50 mg
fluoride/litre in hot springs and geysers and as much as 2800 mg/litre
in certain East African Rift Valley lakes). Anthropogenic discharges
can also lead to increased levels of fluoride in the environment.

Airborne fluoride exists in gaseous and particulate forms, which
are emitted from both natural and anthropogenic sources. Fluoride
released as gaseous and particul ate matter is depositedin the general
vicinity of an emission source, although some particulates may react
with other atmospheric constituents. The distribution and deposition
of airborne fluoride are dependent upon emission strength,
meteorological conditions, particulate size and chemical reactivity. In
areas not in the direct vicinity of emission sources, the mean
concentrations of fluoride in ambient air are generally less than 0.1
ug/me. Levels may be slightly higher in urban than in rural locations;
however, even in the vicinity of emission sources, the levels of
airborne fluoride usually do not exceed
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2-3 pg/m®. In areas of China where fluoride-rich coal is used as a
source of fuel, reported concentrations of fluoride in ambient air have
reached 6 pg/nr.

Fluoride is a component of most types of soil, with total fluoride
concentrations ranging from 20 to 1000 pg/g in areas without natural
phosphate or fluoridedeposits and up to several thousand micrograms
per gram in mineral soilswith deposits of fluoride. Airborne gaseous
and particulatefluorides tend to accumul ate within the surface layer of
soils but may be displaced throughout the root zone, even in
calcareous soils. The clay and organic carbon content as well as the
pH of soil are primarily responsible fortheretention of fluoride in soils.
Fluoride in soil is primarily associated with the soil colloid or clay
fraction. For all soils, it is the soluble fluoride content that is
biologically important to plants and animals.

Fluorides can betaken up by aquatic organisms directly from the
water or to alesser extent viafood. Fluorides tend to accumulatein the
exoskeleton or bone tissue of aquatic animals. Mean fluoride concen-
trations of >2000 mg/kg have been measured in the exoskel eton of krill;
mean bone fluoride concentrations in aquatic mammals, such as seals
and whales, ranged from 135 to 18 600 mg/kg dry weight.

Fluoride levels in terrestrial biota are higher in areas with high
fluoride levels fromnatural and anthropogenic sources. Lichens have
been used extensively as biomonitors for fluorides. M ean fluoride con-
centrations of 150-250 mg/kg were measured in lichens growing within
2-3kmof fluoride emission sources, comparedwith abackground level
of <1 mg fluoride/kg.

Most of the fluoride in the soil is insoluble and, therefore, less
available to plants. However, high soil fluoride concentrations or low
pH, clay and/or organic matter can increase fluoride levels in soil solu-
tion, increasing uptake via the plant root. If fluoride is taken up
throughtheroot,its concentrationsare often higher in the root thanin
the shoot, due to the low mobility of fluoride in the plant. Most
fluorides enter plant tissues as gases through the stomata and
accumulatein leaves. Small amounts of airborneparticul atefluoride can
enter the plant through the epidermis and cuticle.V egetation has been
widely monitored in the vicinity of anthropogenic fluoride emission
sources. Correlations between fluoride concentrations in vegetation
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and annual growth increments, wind pattern, distance from fluoride
source and hydrogen fluoride concentrations in aerial emissions have
been observed.

Fluoride accumulates in the bone tissue of terrestrial vertebrates,
depending on factors such as diet and the proximity of fluoride
emission sources. For example, mean fluoride concentrations of 7000—
8000 mg/kg have been measured in the bones of small mammals in the
vicinity of an aluminium smelter.

Fluorideis ubiquitous in the environment; therefore, sources of
drinking-water are likely to contain at least some small amount of
fluoride. The amount of fluoride present naturally in non-fluoridated
drinking-water (i.e., drinking-water to which fluoride has not been
intentionally added for the prevention of dental caries) is highly
variable, being dependent upon theindividual geological environment
from which the water is obtained. Levels may range up to approxi-
mately 2.0 mg/litre; however, in areas of theworld in which endemic
fluorosis of theskel eton and/or teeth has been well documented, levels
of fluoride in drinking-water supplies range from 3 to more than
20 mg/litre. In areas in which drinking-wateris fluoridated (i.e., fluoride
is intentionally added for the prevention of dental caries), the
concentration of fluoridein drinking-water generally ranges from0.7to
1.2 mg/litre.

Virtually all foodstuffs contain at |east trace amounts of fluoride.
Elevated levels are present in fish. Tea leaves are particularly rich in
fluoride; the amount of fluoride in brewed tea is dependent upon the
concentration of soluble fluoride in the tea leaves, the level of fluoride
in the water used in its preparation and the length of the brewing
period. The concentration of fluoride in food products is not signifi-
cantly increased by the addition of superphosphate fertilizers, which
contain significant concentrations of fluoride (1-3%) as impurities, to
agricultural soil, due tothe generally low transfer coefficient from soil
to plant material. However, a recent study suggests that, given the
right soil conditions and application of sufficient fluoride as an
impurity in phosphate fertilizers to soils, plant uptake of fluoride can be
increased. The use of water containing relatively low (<3.1 mg/litre)
levels of fluorideforcrop irrigation generally does not increasefluoride
concentrations in foodstuffs. However, this is dependent on plant
species and fluoride concentrations in soil and water. The level of
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fluoridein foodsis significantly affected by the fluoride content of the
water used in preparation or processing, most notably in beverages
and dry foodstuffs — for example, powdered baby formula— towhich
wateris added priorto consumption. The concentrations of fluoridein
unwashed or unprocessed foods grown in the vicinity of industrial
sources (emissions) of fluoride may be greater than the levels in the
same foods grown in other non-industrially exposed areas. In commer-
cially available infant formulas sold in the USA, soy-based ready-to-
useand liquid concentrate formulas contai ned higher levels of fluoride
than the equivalent milk-based products; however, no significant
differencewasobservedbetweensoy- and milk-based powdered infant
formulas. Fluoride has been detected in breast milk; reported levels
range from <2 to about 100 pg/litre,with most values being between 5
and 10 pg/litre.

Available data on the concentrations of fluoride in indoor air are
limited. In the Netherlands, concentrations of gaseous fluoride ranged
from <2 to 49 pg/m®in the indoor air of five homes constructed with
wood treated with a preservative containing 56% fluoride. In China,
concentrationsas high as 155 pg/m*have been reported for samples of
indoor air collected from homes where coal containing high amounts
of fluoride was burned indoors.

Dentifrice products for adults that are commercially available in
many countries generally contain fluoride at concentrations ranging
from 1000 to 1500 ug/g; some products designed for use by children
contain lower levels, ranging from 250 to 500 pg/g. Dental products
such as toothpaste, mouthwash and fluoride supplements have been
identified as significant sources of fluoride. M outh rinses marketed for
daily home use usually contain between 230 and 500 mg fluoride/litre,
whereas mouthwashproductsintendedforweekly or biweekly use may
contain 900-1000 mg fluoride/litre.

A lthough individual exposure to fluoride is likely to be highly
variable, the inhalation of airborne fluoride generally makes a minor
contribution to the total intake of this substance. For adults, the
consumption of foodstuffs and drinking-water s the principal routefor
the intake of fluoride.In areas of theworld in which coal richin fluoride
isused for heating and food preparation, the inhalation of indoor air
and consumption of foodstuffs containingincreased levels of fluoride
also contribute to elevated intakes. Infants fed formula receive
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50-100 times more fluoride than exclusively breast-fed infants. The
ingestion of dentifriceby young children makes asignificant contribu-
tion to their total intake of fluoride. In general, estimated intakes of
fluoride in children and adolescents do not exceed approximately
2mg/day. Although adults may have a higher absolute daily intake of
fluoridein milligrams,the daily intake of fluoride by children, expressed
on a milligram per kilogram body weight basis, may exceed that of
adults. In certain areas worldwide in which the concentration of
fluoridein the surrounding environment may be exceedingly high and/
or where diets are composed of foodstuffsrich in fluoride, estimated
intakes of fluoride in adults as high as 27 mg/day have been reported,
the principal source being drinking-water obtained from groundwater
sources located in geological areasrich in fluoride.

Occupational exposureto fluorideviainhalation or dermal contact
likely occursin individuals involved in the operation of wel ding equip-
ment or in the processing of aluminium, iron ore or phosphate ore. In
relatively recent studies, reported concentrations of airborne fluoride
in the potrooms of aluminium smelters have been in the order of
1 mg/m?.

Kinetics and metabolism in humans and laboratory
animals

In humans and laboratory animals, the absorption of ingested
fluorideinto the general circulation occurs primarily in thestomach and
intestine and is dependent upon therelativeaqueous solubility of the
form consumed. Soluble fluorides are al most compl etely absorbed from
the gastrointestinal tract; however, the extent of absorption may be
reduced by complex formation with aluminium, phosphorus, mag-
nesium or calcium. Thereis partial to complete absorption of gaseous
and particulate fluorides from the respiratory tract, with the extent of
absorption dependent upon solubility and particle size.

Fluoride israpidly distributed by the systemic circulation to the
intracellular and extracellularwater of ti ssues; however, in humans and
laboratory animals, approximately 99% of the total body burden of
fluoride is retained in bones and teeth. In teeth and skeletal tissue,
fluoride becomes incorporated into the crystal lattice.
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Fluoride crosses the placentaand is transferred from mother to
fetus. Fluoride is eliminated from the body primarily in the urine. In
infants, about 80-90% of a fluoride dose is retained; in adults, the
corresponding figure is approximately 60%. These values can be
altered by alterationsin urinary flow and urinary pH.

Fluorideis present in body organs, tissues and fluids. Concen-
trations of fluoride in whole blood of individuals residing in a com-
munity inthe USA receiving fluoridated drinking-water ranged from20
to 60 pg/litre. The mean plasma level in 127 subjects with 5.03 mg
fluoride/litre in their drinking-water was 106 + 76 (SD) pg/litre. Serum
and plasma contain virtually the same amount of fluoride. Levels of
fluoride in calcified tissues are generally highest in bone, dentine and
enamel. The concentration of fluoride in bone varies with age, sexand
the type and specific part of bone andis believed to reflect an indi-
vidual’s long-term exposure to fluoride. The concentration of fluoride
in dental enamel decreases exponentially with the distance from the
surface and varies with site, surface attrition, systemic exposure and
exposure totopically applied fluoride. The concentration of fluoridein
soft tissues is reflected by that in blood. Levels of fluoride in theurine
of healthy individuals are related to the intake of fluoride. Increased
levels of urinary fluoride have been measured in individuals following
occupational exposure to airborne fluoride and among those residing
in areas associated with endemic fluorosis.

Effects on laboratory mammals and in vitro test
systems

Effects on the skeleton, such asinhibition of bone mineralization
and formation, delayed fracture healing and reductionsin bone volume
and collagen synthesis, have been observed in avariety of studiesin
whichrats received fluorideorally for periods of 3-5weeks. In medium-
term exposure studies, altered bone remodelling, hepatic megalo-
cytosis, nephrosis, mineralization of the myocardium, necrosis and/or
degeneration of the seminiferous tubulesin the testis were observed
in mice administered fluoride in drinking-water (>4.5 mg/kg body
weight per day) over a period of 6 months.

In a comprehensive carcinogenicity bioassay in which groups of
male and female F344/N rats and B6C3F,; mice were administered
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drinking-water containing up to 79 mg fluoride/litre as sodium fluoride
foraperiod of 2 years, there was no statistically significantincreasein
the incidence of any tumour in any single exposed group. There was
astatistically significant trend of an increased incidence of osteosar-
comas in male rats with increasing exposure to fluoride. However, the
incidence was within the range of historical controls.

Another 2-year carcinogenicity bioassay involving Sprague-
Dawley rats exposed to up to 11.3 mg/kg body weight per day in the
diet also found no statistically significant increase in the incidence of
osteosarcoma or other tumours. Another study, which reported an
increased incidence of osteomas in mice receiving up to 11.3 mg/kg
body weight per day, is difficult tointerpret,becausethe animals were
infected with Type C retrovirus.

In general, fluorideisnot mutagenic in prokaryotic cells. Although
fluoride has been shown to increase the frequency of mutations at
specific loci in cultured mouse lymphoma and human lymphoblastoid
cells, these mutations are likely due to chromosomal damage rather
than point mutations. Fluoride has been shown to be clastogenicin a
variety of cell types. The mechanism of clastogenicity has been
attributed to the effect of fluoride upon the synthesis of proteins
involvedin DNA synthesis and/orrepair, rather than directinteraction
between fluoride and DNA. In most studies in which fluoride was
administered orally to rodents, there was no effect upon sperm mor-
phology or the frequency of chromosomal aberrations, micronuclei,
sister chromatid exchange or DNA strand breaks. However, cytogen-
etic damage in bone marrow or alterations in sperm cell morphology
were reported when the substance was administered to rodents by
intraperitoneal injection.

Reproductive or developmental effects were not observed in
recent studies in which laboratory animals were administered fluoride
in drinking-water. However, histopathol ogi cal changes in reproductive
organshavebeen reportedin male rabbits administered (orally) 4.5mg
fluoride/kg body weight per day for 18-29 months, in male mice admin-
istered (orally) $4.5 mg fluoride/kg body weight per day for 30 days
and in femal e rabbits injected subcutaneously with $10mg fluoride/kg
body weight per day for 100 days. Adverse effects on reproductive
function have been reported in female mice administered (orally) $5.2
mg fluoride/kg body weight per day on days 6-15 after mating and in
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mal e rabbits administered (orally) $9.1 mg fluoride/kg body weight per
day for 30 days.

Effects on humans

Epidemiological investigationson theeffectsof fluorideon human
health have examined occupationally exposed workers employed pri-
marily in the aluminiumsmelting industry and popul ations consuming
fluoridated drinking-water. In a number of analytical epidemiological
studies of workers occupationally exposed to fluoride, an increased
incidence of lung and bladder cancer and increased mortality due to
cancer of these and other sites have been observed. In general, how-
ever, there has been no consistent pattern; in some of theseepidemio-
logical studies, the increased morbidity or mortality due to cancer can
be attributed to the workers’ exposure to substances other than fluor-
ide.

The relationship between the consumption of fluoridated
drinking-water and morbidity or mortality due to cancer has been
examined in a large number of epidemiological studies, performed in
many countries. There is no consistent evidence of an association
between the consumption of controlled fluoridated drinking-water and
increased morbidity or mortality due to cancer.

Fluoride has both beneficial and detrimental effects on tooth
enamel. The prevalence of dental cariesisinversely related to the con-
centration of fluoride in drinking-water. The prevalence of dental
fluorosisis highly associated with the concentration of fluoride, with
a positive dose-response relationship.

Cases of skeletal fluorosis associated with the consumption of
drinking-water containing elevated levels of fluoride continue to be
reported. A number of factors, such as nutritional status and diet,
climate (related to fluid intake), concomitant exposure to other sub-
stances and the intake of fluoride from sources other than drinking-
water, are believed to play asignificant role in the development of this
disease. Skeletal fluorosis may develop in workers occupationally
exposed to elevated levels of airborne fluoride; however, only limited
new information was identified.

10
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Evidencefromseveral ecol ogical studies has suggested that there
may be an association between the consumption of fluoridated water
and hip fractures. Other studies, however, including analytical epide-
miological investigations, have not supported this finding. In some
cases, aprotective effect of fluoride on fracture has been reported.

Two studies permit an evaluation of fracture risk across a range
of fluoride intakes. In one study, the relative risks of al fractures and
of hip fracture were elevated in groups drinking water with $1.45 mg
fluoride/litre (total intake $6.5 mg/day); this difference reached statis-
tical significance for the group drinking water containing $4.32 mg
fluoride/litre (total intake 14 mg/day). In the other study, anincreased
incidence of fractures was observed in one age group of women
exposed tofluoridein drinking-waterin anon-dose-dependent manner.

Epidemiological studies show no evidence of an association
between the consumptionof fluoridated drinking-waterby mothers and
increased risk of spontaneous abortion or congenital malformation.
Other epidemiological investigations of occupationally exposed work-
ershave provided no reasonable evidence of genotoxic effects orsys-
temic effects upon the respiratory, haematopoietic, hepatic or renal
systems that may be directly attributable to fluoride exposure per se.

Effects on other organisms in the laboratory and field

Fluoridedid not affectgrowthorchemical oxygen demand degrad-
ing capacity of activated sludge at concentrations of 100 mg/litre. The
EC,, for inhibition of bacterial nitrification was 1218 mg fluoride/litre.
Ninety-six-hour ECg,s, based on growth, for freshwater and marine
algae were 123 and 81 mg fluoride/litre, respectively.

Forty-eight-hour L Cg,s for aquatic invertebrates range from53 to
304 mg/litre. The most sensitive freshwater invertebrates were thefin-
gernail clam (Musculium transversum), with statistically significant
mortality (50%) observed at a concentration of 2.8 mg fluoride/litrein
an 8-weekflow-throughexperiment, and several net-spinning caddisfly
species (freshwater; family: Hydropsychidae), with “safe concentra-
tions” (8760-h EC,,,S) ranging from 0.2 to 1.2 mg fluoride/litre. The
brine shrimp (Artemia salina) was the most sensitive marine species

11
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tested. In a12-day static renewal test, statistically significant growth
impairment occurred at 5.0 mg fluoride/litre.

Ninety-six-hour LCys for freshwater fish range from 51 mg/litre
(rainbow trout, Oncorhynchus mykiss) to 460 mg/litre (threespine
stickleback, Gasterosteus aculeatus). All of the acute toxicity tests
(96 h) on marine fish gave results greater than 100 mg/litre. Inorganic
fluoridetoxicity to freshwater fish appears to be negatively correlated
withwater hardness (calciumcarbonate) and positively correlated with
temperature. The symptoms of acute fluoride intoxication include
lethargy, violent and erratic movement and death. Twenty-day L Cy;S
for rainbow trout ranged from 2.7 to 4.7 mg fluoride/litre in static
renewal tests.“Safe concentrations” (infinitehours LC,,,S) have been
estimated for rainbow trout and brown trout (Salmo trutta) at 5.1 and
7.5 mg fluoride/litre, respectively. At concentrations of $3.2 (effluent)
or $3.6 (sodium fluoride) mg fluoride/litre, the hatching of catla (Catla
catla) fish eggs was delayed by 1-2 h.

Behavioural experiments on adult Pacific salmon (Oncorhynchus
sp.) in soft-water rivers indicate that changes in water chemistry
resulting from an increase in the fluoride concentration to 0.5 mg/litre
can adversely affect migration; migrating salmon are extremely sensi-
tive to changes in the water chemistry of their river of origin. In labor-
atory studies, fluoride seems to be toxic for microbial processes at con-
centrationsfound in moderately fluoride polluted soils; similarly,inthe
field, accumulation of organic matter in the vicinity of smelters has
been attributed to severe inhibition of microbial activity by fluoride.

Signs of inorganic fluoride phytotoxicity (fluorosis), such as
chlorosis,necrosis and decreased growth rates, are most likely tooccur
in the young, expanding tissues of broadleaf plants and elongating
needles of conifers. Theinduction of fluorosis has been clearly demon-
strated in laboratory, greenhouseand controlled field pl ot experiments.
A large number of the papers published on fluoride toxicity to plants
concern glasshousefumigationwith hydrogenfluoride.Foliar necrosis
was first observed on grapevines (Vitis vinifera) exposed to 0.17 and
0.27 pg/m® after 99 and 83 days, respectively. The lowest-observed-
effect level for leaf necrosis (65% of leaves) in the snow princess
gladiolus (Gladiolus grandiflorus) was 0.35 pg fluoride/m®. Airborne
fluoride can also affect plant disease development, although the type

12
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and magnitude of the effects are dependent on the specific plant—
pathogen combination.

Several short-term sol ution culture studies have identified atoxic
threshold for fluoride ion activity ranging from approximately 50 to
2000 umol fluoride/litre. Toxicity is specific not only to plant species,
but also to ionic species of fluoride; some aluminium fluoride com-
plexes present in solution culture may be toxic at activities of 22—
357 umol fluoride/litre, whereas hydrogen fluoride istoxic at activities
of 71-137 umol fluoride/litre. A few studies have been carried out in
which the fluoride exposures have been via the soil. The type of soil
can greatly affect the uptake and potential toxicity of fluorides.

In birds, the 24-h LDy, was 50 mg/kg body weight for 1-day-old
European starling (Stur nusvulgaris) chicks and 17 mg/kg body weight
for 16-day-old nestlings. Growthrates were significantly reduced at 13
and 17 mg fluoride/kg body weight (the highest doses at which growth
was monitored). Mostof the early work on mammals was carried out on
domesticated ungulates. Fluorosis has been observed in cattle and
sheep. The lowest dietary level observed to cause an effect on wild
ungulates was in a controlled captive study with white-tailed deer
(Odocoileus virginianus) in which a general mottling of the incisors
characteristic of dental fluorosis was noted in the animals at the 35
mg/kg diet dose.

Aluminiumsmelters, brickworks, phosphorus plants and fertilizer
and fibreglass plants have al been shown to be sources of fluoride
that are correlated with damage to local plant communities. V egetation
in the vicinity of a phosphorus plant revealed that the degree of
damage and fluoride levelsin soil humus were inversely related to the
distancefromtheplant. Averagelevels of fluoridein vegetation ranged
from 281 mg/kg in severely damaged areas to 44 mg/kg in lightly
damaged areas; at a control site, the fluoride concentration was
7 mg/kg. Plant communities near an aluminium smelter showed dif-
ferences in community composition and structure due partly to varia-
tionsin fluoride tolerance. However, it must be noted that, in the field,
one of the main problems with the identification of fluoride effects is
the presence of confounding variables such as other atmospheric
pollutants. Therefore, care must be taken when interpreting the many
field studies on fluoride pollution.

13
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The original findings of fluoride effects on mammals were from
studies in the field on domestic animals such as sheep and cattle.
Fluoride can be taken up from vegetation, soil and drinking-water.
Tolerance levels have been identified for domesticated animals, with
the lowest values for dairy cattle at 30 mg/kg feed or 2.5 mg/litre
drinking-water. Incidents involving domesticated animals have orig-
inated both from natural fluoride sources, such as volcanic eruptions
and theunderlying geol ogy, and fromanthropogenic sources, such as
mineral supplements, fluoride-emitting industries and power stations.
Symptoms of fluoride toxicity include emaciation, stiffness of joints
and abnormal teeth and bones. Other effects include lowered milk
production and detrimental effects on the reproductive capacity of
animals.Thelowestdietary concentration of fluorideto causefluorosis
inwild deer was 35 mg/kg. Investigations of the effects of fluoride on
wildlife have focused on impacts on the structural integrity of teeth
and bone. In thevicinity of smelters, fluoride-induced effects, such as
lameness, dental disfigurement and tooth damage, have been found.

Evaluation of human health risks and effects on the
environment

Fluoride has both positive and negative effects on human heal th,
but thereis anarrow range between intakes that are associated with
these effects. Exposure to all sources of fluoride, including drinking-
water and foodstuffs, isimportant.

Thereislittle information to characterize the dose—responserela-
tionships for the different adverse effects. In particular, there are few
data on total exposure, particularly with respect to intake and fluoride
absorption.

The most serious effect is the skeletal accumulation of fluoride
from long-term excessive exposure to fluoride and its effect on non-
neoplastic bone disease — specifically, skeletal fluorosis and bone
fractures. There is clear evidence from India and China that skeletal
fluorosis and an increased risk of bone fractures occur at total intakes
of 14 mg fluoride/day and evidence suggestive of an increased risk of
bone effects at total intakes above about 6 mg fluoride/day.

14
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In the freshwater environment, natural fluoride concentrations are
usually lower than those expected to cause toxicity in aquatic organ-
isms. However, aquatic organisms might be adversely affected in the
vicinity of anthropogenic discharges. Fluoridetoxicity is dependent on
water hardness.

Sensitive plant species growing near anthropogenic sources of
fluorideare at risk. The releaseof fluoridefromanthropogenic sources
is associated with damage to local terrestrial plant communities, but it
is often difficult to attribute these effects to fluoride alone, due to the
presence of other atmospheric pollutants. Fluoride is generally
strongly adsorbed by soils. Consequently, plant uptake via this
pathway is relatively low, and leaching of fluoride through soil is
minimal.

Concentrations of fluorideinvegetationinthevicinity of fluoride
emission sources, such as aluminium smelters, can be higher than the
lowest dietary effect concentration reported formammals in laboratory
experiments. Fluorosis in domesticated animals has been reported.
There are still some areas reporting fluorosisincidentsin livestock due
to uptake of fluoride-rich mineral supplements and drinking-water.
Furthermore, thereis a potential risk from fluoride-contaminated pas-
ture and soil ingestion dueto thelong-term useof phosphate fertilizers
containing fluoride as an impurity. Fluoride-induced effects, such as
lameness and tooth damage, have also been reported in wild mammals
close to anthropogenic sources.

Conclusions

All organisms are exposed to fluoridefromnatural and/or anthro-
pogenic sources. Very highintakes have been observedinareas world-
wide in which the environment is rich in fluoride and where ground-
water high in fluoride is consumed by humans. Increased exposure
might occur in the vicinity of point sources. Fluoridein dental products
is an additional source for many people.

Fluoride has both beneficial and detrimental effects on human
health, with a narrowrange between the intakes at which these occur.
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Effects on theteeth and skeleton may be observed at exposures bel ow
those associated with the development of other organ- or tissue-
specific adverse health effects.

Effects on the bone (e.g., skeletal fluorosis and fracture) are con-
sidered the most relevant outcomes in assessing the adverseeffects of
long-term exposure of humans to fluoride.

Skeletal fluorosis is a crippling disability that has a major public
health and socioeconomic impact, affecting millions of people in
various regions of Africa, Chinaand India.

Intake of fluoride in water and foodstuffs is the primary causative
factor forendemic skeletal fluorosis. In some regions, the indoor burn-
ing of fluoride-rich coal alsoserves as animportant source of fluoride.

There are few datafrom which to estimate total exposure to and
the biocavailability of fluoride, and there are inconsistencies in reports
on the characterization of its adverse effects.

There is clearevidence fromIndiaand Chinathat skeletal fluorosis
and anincreased risk of bone fractures occur at atotal intake of 14 mg
fluoride/day and evidence suggestive of an increased risk of bone
effects at total intakes above about 6 mg fluoride/day.

Excess exposure to bioavailable fluoride constitutes a risk to
aquatic and terrestrial biota.

Fluoride-sensitive species can be used as sentinels fortheidenti-
fication of fluoride hazards to the environment.

There is a need to improve knowledge on the accumulation of
fluoride in organisms and on how to monitor and control this.

Thebiological effects associatedwithfluorideexposure should be
better characterized.
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2. IDENTITY, PHYSICAL AND CHEMICAL
PROPERTIES AND ANALYTICAL METHODS

This document focuses on environmental exposure to fluoride
derived mostly from inorganic sources and its effects on humans,
animals and other biota. Data on hydrogen fluoride, cal cium fluoride,
sodiumfluoride, sul fur hexafluorideandsilicofluorides are emphasized,
as thesecompoundsare considered the most relevant of theinorganic
fluorides on the basis of quantities released to the environment,
environmental concentrations and toxicological effects on living
organisms.

Identity and physical and chemical properties

There is onestable isotope of fluorine (F), with an atomic mass of
18.9984. There are also several radioactive isotopes (*'F, ®F, °F, 2'F
and 2F), with *F having the |ongest half-life (109.7 min) (Weast, 1986).

At roomtemperature, hydrogen fluoride (HF) (relative molecular
mass 20.01; density 0.991 g/litre; CAS No. 7664-39-3) is a colourless,
pungent, acrid liquid or gas with a melting point of 183 °C and a boil-
ing point of 19.5 °C. Hydrogen fluoride is highly soluble in many
organic solvents and in water, in which it forms hydrofluoric acid
(Neumdiller, 1981; Weast, 1986).

Calcium fluoride (CaF,) (relative molecular mass 78.08; CAS No.
7789-75-5) is acolourless solid with a melting point of 1403 °C and a
boiling point of 2513 °C. Itisrelatively insoluble in water — approxi-
mately 3000 times less soluble in water than sodium fluoride (Mclvor,
1990) — aswell asin dilute acidsand bases (Neumdiller, 1981). Calcium
fluoride is also known as fluorite. Fluorspar is a mineral containing
60-97% calcium fluoride, depending on the grade.

Sodium fluoride (NaF) (relative molecular mass 41.99; CAS No.
7681-49-4) is acolourlessto white solid with high melting (988-1012 °C)
and boiling (1695 °C) points. It is moderately soluble in water
(Neumdller, 1981).
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Fluorosilicic acid (H,SiFg) (relative molecular mass 144.08; CAS
No. 16961-83-4), which is also known as hexafluorosilicic acid, hydro-
fluorosilicic acid, fluosilicic acid or fluorosilicic acid, is a colourless
solid that is highly soluble in water.

Sodium hexafluorosilicate (Na,SFg) (relative molecular mass
188.05; CAS No. 16893-85-9), also known as disodium hexafluoro-
silicateor sodium silicofluoride, is acolourlesssolid that is moderately
soluble in water.

Sulfur hexafluoride (SFg) (relativemolecular mass 146.05; density
6.16 g/litre; CAS No. 2551-62-4) is a colourless, odourless, tasteless,
chemically inert and non-flammable gas. It is slightly soluble in water
but readily soluble in ethanol and bases (Weast, 1986).

Analytical methods

M ethods employed forthe quantification of fluoride in biological
samples and environmental media generally rely on the detection of
fluoride ion (F). Perhaps the most widely used method of fluoride
quantification has involved potentiometry employing the fluoride ion-
selective electrode (Neumdiller, 1981; Harzdorf et al., 1986; ATSDR,
1993). This method has been used for the quantification of fluoridein
biological tissues and fluids (e.g., urine, serum and plasma, organs,
bone, teeth), foodstuffs and environmental media (e.g., air, water, soil).
Owing to variations in the efficacy of sample preparation procedures,
detection limits using the fluoride ion-selective electrode may range
from 0.1 to 300 ng/m® in air, from 1 to 1000 pg/litrein water and from
0.05 to 20 mg/kg in tissues (Harzdorf et al., 1986; ATSDR, 1993). Other
approaches for the quantification of fluoride have included spectro-
photometry, gas chromatography,ion chromatography, capillary elec-
trophoresis,atomic absorption and photonactivation (Neumller,1981;
ATSDR, 1993; Wen et al., 1996).

Appropriate sample preparation is a critical step in the accurate
quantification of fluoride, especially where only the free fluorideionis
measured. For analyses involving biological materials, the most
accurate method is the microdiffusion technique, such as the acid-
hexamethyldisiloxane (HMDS) diffusion method by Taves (1968),since
methodsinvolving acid or alkali digestion may not convert all complex
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inorganic and organic fluorides into an ionic form that can be
conveniently measured (Venkateswarlu, 1983). Open ashing methods
may result in the loss of volatile fluoride compounds or of fluoride
itself at temperatures in excess of 550 °C, or they may result in con-
tamination with extraneous fluoride (Venkateswarlu, 1975; Campbell,
1987).
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Natural occurrence

Fluorides are released into the environment naturally through the
weathering of minerals, in emissions from volcanoes and in marine
aerosols (Symondset al., 1988; ATSDR, 1993). Estimates of theannual
global release of hydrogen fluoride from volcanic sources through
passive degassing and eruptions range from 60 to 6000 kilotonnes, of
which approximately 10% may be introduced directly into the strato-
sphere (Symonds et al., 1988). Annually, approximately 20 kilotonnes
of fluoride may be released in marine aerosols (Symonds et al., 1988).

Themain natural source of inorganic fluoridesin soil is the parent
rock (WHO, 1984). During weathering, some fluoride minerals (e.g.,
cryolite, or NagAlF) are rapidly broken down, especially under acidic
conditions (Fuge & Andrews, 1988). Other minerals, such as fluor-
apatite (Cas(PO,);F) and calcium fluoride, are dissolved more slowly
(Kabata-Pendias & Pendias, 1984). Themineralfluorophlogopite (mica;
KMg,(AlSi;0,0)F,) isstable in alkaline and cal careous soils (Elrashidi
& Lindsay, 1986). However, its solubility is affected by pH and the
activities of silicic acid (H,SiO,) and aluminium (AP"), potassium (K™)
and magnesium (Mg?*) ions.

Anthropogenic sources

Production and use

Hydrogen fluoride

Hydrogen fluoride (hydrofluoric acid) is an important industrial
compound, with an estimated annual world consumption in excess of
1 milliontonnes (Greenwood & Earnshaw, 1984). Hydrogen fluoride is
manufactured from calcium fluoride and is used mainly in the
production of synthetic cryolite, aluminium fluoride (AlF;), motor
gasoline alkylates and chlorofluorocarbons; however, the demand for
chlorofluorocarbons is decreasing as aresult of efforts to restrict their
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use. Hydrogen fluoride is also used in the synthesis of uraniumtetra-
fluoride (UF,) and uranium hexafluoride (UFg), both of which are used
in the nuclear industry (Neumller, 1981). It is also used in etching
semiconductor devices, cleaning and etching glass, cleaning brick and
aluminium and tanning leather, as well as in petrochemical manufac-
turing processes. Hydrogen fluoride may also be found in commercial
rust removers (Upfal & Doyle, 1990).

Calcium fluoride

Industrially, calcium fluoride is the principal fluoride-containing
mineral used (WHO, 1984). | dentified production datawere confined to
the USA,where the average annual production of calciumfluoridewas
estimated to range from 118 000 to 225 000 tonnes during 1972-1978
(ATSDR, 1993). The consumption of calcium fluoride (as fluorspar) in
Canada in 1989 was estimated at 180 000 tonnes (Government of
Canada, 1993); in 1977, the estimated consumption of calciumfluoride
inthe USA was 1 063 000 tonnes (ATSDR, 1993). Calcium fluorideis
used as a fluxin steel, glass and enamel production and as the raw
material for the production of hydrofluoric acid and anhydrous
hydrogen fluoride (Neumdiller, 1981). Calcium fluoride is also used as
a molten electrolyte for the separation of oxygen and alumina in
aluminium production.

Sodium fluoride

Data concerning the total annual consumption or production of
sodium fluoride worldwide were not identified. Sodium fluoride is
usually prepared from hydrofluoric acid and sodium carbonate or
sodium hydroxide (Neumuller, 1981); it is used in the controlled
fluoridation of drinking-water, as a preservative in certain glues, in
glass and enamel production, as aflux in steel and aluminium produc-
tion, as an insecticide and as awood preservative (Neumdller, 1981).

Fluorosilicic acid

Fluorosilicic acid is an aqueous solution that is most commonly
manufactured as a co-product from the manufacture of phosphate
fertilizers. It is used widely for the fluoridation of drinking-water, in
which it hydrolyses to release fluoride ions. When used for the fluor-
idation of drinking-water, fluorosilicic acid should meet appropriate
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standards, such as those published by the American Water Works
Association and the European Committee for Standardization or other
approved schemes for drinking-water chemicals.

Sodium hexafluorosilicate

Sodium hexafluorosilicate, like fluorosilicic acid, is used in the
fluoridation of drinking-water. It is normally completely dissolvedin
water prior to dosing, when it hydrolyses to give fluoride ions. When
used for drinking-water fluoridation, it too should meet appropriate
standards of purity for drinking-water chemicals.

Sulfur hexafluoride

More than 110 tonnes of sulfur hexafluoride are imported into
Canada annually (Government of Canada, 1993). This substance is
used extensively as an insulation and current interruption medium in
electrical switchgear, such as power circuit breakers,in various compo-
nents in electrical substations (Government of Canada, 1993) and as a
protective inert gas over molten metals, such as magnesium and
aluminium (Neumdiller, 1987). Over 90% of the total amount of sulfur
hexafluoride imported into Canada is used in the production of mag-
nesium; the remainder is used in electrical switchgear (Government of
Canada, 1993).

Fluorapatite

Fluorapatite, an important calcium- and fluoride-containing
mineral, is used as a source of phosphates in the fertilizer industry
(Neumdiller, 1981).

Phosphate fertilizers

Phosphate fertilizers are the major source of fluoride contami-
nation of agricultural soils. They are manufactured from rock phos-
phates, whichgenerally contain around 3.5% fluorine (Hart et a ., 1934).
However, during the manufacture of phosphate fertilizers, part of the
fluorideis lost into the atmosphere during the acidul ation process, and
the concentration of fluoride in the final fertilizer is lowered further
through dilution with sulfur (superphosphates) or ammonium ion
(ammoniated phosphates); the final product commonly contains
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between 1.3 and 3.0% fluorine (McLaughlin et al., 1996). In Australia,
an average annual addition of fluoride to soil through fertilization has
been estimated to be 1.1 kg/ha.

Emissions

Available quantitative information concerning the release of
fluoride into the environment (air, water and soil) from industrial
sourcesis limited. Fluorideis released into the environment via exhaust
fumes, process waters and waste from various industrial processes,
including steel manufacture, primary aluminium, copper and nickel
production, phosphate fertilizer production and use, glass, brick and
ceramic manufacturing, and glue and adhesive production. Theuseof
fluoride-containing pesticides as well asthe fluoridation of drinking-
water supplies also contribute to the release of fluoride from anthro-
pogenic sources.

The total annual amount of fluoride released to the environment
from industrial sources was estimated to bein excessof 23 500 tonnes
in Canada and 46 600 tonnes in the Netherlands (Sloof et al., 1989;
Government of Canada, 1993). The relative contribution of various
anthropogenic sources to total emissions of fluoride to air, water and
soil in Canadaare estimated at 48% for phosphate fertilizer production,
20% for chemical production, 19% for aluminium production, 8% for
steel and oil production and 5% for coal burning (Government of
Canada, 1993). In the Netherlands, 93% of total fluoride emissionsto
air, waterand soil are derived from phosphate ore production and use,
with smaller amounts emitted via mineral processing (2%), the metal
industry (4%) and “other industry” (1%) (Sloof et al., 1989). The total
amounts of hydrogen fluoride released to air, surface water, under-
groundinjectionand landin the USA during 1999 were 33000, 7.7, 1800
and 64 tonnes, respectively. Total amounts of fluorine released to air,
surface water and land were 39, 24 and 500 tonnes, respectively (US
EPA, 1999).
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TRANSFORMATION

Transport and distribution between media

The cycling of fluoride through the biogeosphere is summarized

inFigure 1
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Fig. 1. Cycling of fluoride through the biogeosphere

41.1 Atmosphere

The fate of inorganic fluorides in the atmosphere is primarily influ-
enced by vaporization, aerosol formation, wet and dry deposition and
hydrolysis (Environment Canada, 1994). Non-volatile inorganic fluoride
particulates are removed from the atmosphere via condensation or

nucleation processes.
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Atmospheric fluorides emitted from both natural and anthropo-
genic sources may be in gaseous or particulate form (Kirk & Lester,
1986). Gaseous forms include hydrogen fluoride, silicon tetrafluoride
(SiF,), fluorosilicic acid and sulfur hexafluoride. Particulate forms
include sodium auminium fluoride (cryolite), aluminium fluoride,
calcium fluoride, sodium hexafluorosilicate, lead fluoride (PbF,) and
calcium phosphate fluoride (fluorapatite). Globally, hydrogen fluoride
and inorganic fluoride particulates (sodium and calcium fluoride)
account for approximately 75% and 25%, respectively, of inorganic
fluorides present in the atmosphere (Health Council of the Netherlands,
1990). Fluorine and the silicon fluorides are hydrolysed in the atmos-
phere to form hydrogen fluoride. Hydrogen fluoride may combine with
water vapour to produce an aerosol or fog of aqueous hydrofluoric
acid.

Fluorides adsorbed on particulate matter in the atmosphere are
generally stable and are not readily hydrolysed, although they may be
degraded by radiation if they persist in the atmosphere (US NAS,
1971).

Hydrofluoric acid is approximately 5 orders of magnitude less
soluble than hydrochloric acid and will therefore be degassed from
marine aerosols more readily than hydrochloric acid. Hydrofluoric acid
is expected to be depleted in aged marine aerosols, and this may be a
significant source of hydrogen fluoride in the troposphere (Brimble-
combe & Clegg, 1988).

Schotte (1987) used a dispersion model to predict the formation
and behaviour of the fog formed from the release of hydrogen fluoride
to the atmosphere. Initially, the hydrogen fluoride will cool signifi-
cantly due to depolymerization. The fog will therefore stay near ground
level, since it is more dense than ambient air. As the fog mixes with
more air, it will begin to warm up and it may rise, depending on the
ambient air temperature and the relative humidity.

Davison et al. (1973) reported that between 60 and 74% of atmos-
pheric fluoridein urban coa -burning areas in the United Kingdom was
in gaseous form. Similarly, approximately 60% of the fluoridesin the
atmosphere in the Netherlands are in the gaseous state (Sloof et al.,
1989).
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Based upon available data, inorganic fluoride compounds, with
the exception of sulfur hexafluoride, are not expected to remain in the
troposphere for long periods or to migrate to the stratosphere. Esti-
mates of the residence time of sulfur hexafluoride in the atmosphere
range from 500 to several thousand years (Ramanathan et al., 1985;
Chu, 1991).

Fluoride in aerosols can be transported over large distances by
wind or as a result of atmospheric turbulence. The distance travelled
is determined by the deposition velocity of both the gaseous hydrogen
fluoride and the fluorides in particulate form. The transportation of
particles with a diameter greater than 10 Fm is determined by the
particle falling speed, and the dispersion of such particlesis generaly
limited to the immediate vicinity of the source. Smaller particles are less
restricted by the falling speed and can be transported over larger
distances (Sloof et al., 1989).

Atmospheric fluorides may be transported to soils and surface
waters through both wet and dry deposition processes (US NAS,
1971). Seasonal climatic conditions are expected to influence the rate
at which and mode by which atmospheric fluorides are deposited; for
example, in the Tamar Valley, Tasmania, wet deposition dominates
during winter (high precipitation; June to August), and dry deposition
dominates during summer (low precipitation; December to February)
(Low & Bloom, 1988).

Wet deposition of fluoride may occur as washout from plumes
below cloud or rainout of particulates taken up by clouds. The
washout processis of particular importance for the removal of soluble
fractions such as hydrogen fluoride aerosols at short distances from
the source. It is assumed that all irreversibly soluble gases such as
hydrogen fluoride are washed out during showers. The rainout process
is more important for the removal of fluorides distant from the source
when the plume is situated at least partialy in the clouds. The
scavenging ratio, the ratio between measured concentrations in
rainwater and the atmosphere, was cal culated to be 0.15 x 10° (Sloof et
al., 1989). For large-scale dispersion of fluorides, the annua average
wet deposition rate was 1.4% per hour for fluoride aerosol and 5.9% per
hour for gaseous fluorides. These values give an atmospheric
residence time of 12 h for gaseous fluoride and 50 h for particulates.
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The dry deposition rate for fluoride in the Agra region of India
was highest between December and June, when atmospheric fluoride
concentrations were highest (Saxena et al., 1994). Seasonally averaged
dry deposition rates at the four sites ranged from 0.14 to 0.15 mg/m? per
day for summer (March to June), from 0.08 to 0.21 mg/m? per day for
winter (October to February) and from 0.008 to 0.03 mg/m? per day for
the monsoon season (July to September). Similar patterns of dry
deposition were recorded by Chandrawanshi & Patel (1999) for central
India during 1995; however, higher deposition rates were reported, with
values of up to 1.1 mg/m? per day being recorded during the winter
months. The overall mean fluoride flux deposited with dust and
rainwater during 1995 in central Indiawas 474 kg/km?,

Several studies have been conducted to determine whether fluor-
ide in rainwater was derived from anthropogenic emissions or natural
sources such as sea salt cycling. Barnard & Nordstrom (1982) stated
that fluoride should not be regarded as a cyclical sea salt, because the
fluoride concentrations in rain from areas with no local anthropogenic
emissions were not correlated with sea salt availability (as determined
by the sodium concentration). Mass balance considerations suggested
that the majority of fluoride samplesin the rainwater were of anthropo-
genic origin. Similarly, Saether et al. (1995) calculated that more than
90% of fluoride in precipitation samples collected in southern Italy
were of non-marine origin.

The ratio between total fluorine and chloride in rainwater from
Wales was greater than the ratio in seawater (Neal et al., 1990). This
implied enrichment of total fluorine relative to chloride, reflecting
complex fractionation processes in the transport of fluorine from the
sea to the atmosphere and back to land as precipitation. The total
fluorine/chloride ratio in streamwater was higher than it was in rain-
water, suggesting a net release of total fluorine from the catchment to
the stream. The source of the release was uncertain, since the total
fluorine concentration in baseflow waters was not significantly higher
than stormflow values.

Mahadevan et a. (1986) reported a strong correlation between
fluoride and sodium concentrations in precipitation samples collected
from marine, coastal and inland sitesin India. The authors suggested
that fluoride in precipitation was derived from the cycling of sea salt.
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The correlation was not as strong in samples from urban areas, where
the majority of fluoride was derived from anthropogenic sources.

The deposition of fluoride emitted from a phosphorus plant was
reported to decrease with increasing distance from the source (Sidhu,
1982). Therate of deposition at 1.4 km from the source was cal cul ated
to be 2.61 g fluoride/ha per millimetre of rain and 3.10 g fluoride/ha per
millimetre of snow water. These data corresponded to an annual
deposition rate of 3.43 kg/ha. Fluoride deposition on soil from leaf litter
also decreased with increasing distance from the source. Fluoride input
to soil ranged from 10 to 720 g/ha per year. Input from precipitation was
5-10 times greater than it was for leaf litter.

Davison & Blakemore (1980) determined the deposition of fluoride
at field sites near areas of industrial and urban sources of fluorides.
The mean total fluoride deposited from wet and dry deposition and
sedimentation was 38.0 Fg/dm? per week. Deposition of gaseous fluor-
ide was 23.4 Fg/dm? per week.

The average large-scale deposition vel ocity for total soluble fluor-
ide in the Netherlands was ca culated to be 1.4 cm/s (Sloof et al., 1989).
This figure was based upon 70% of the soluble fluoride being in a
gaseous state and an atmospheric residence time of 14 h for gaseous
fluorides and 12 days for aerosol fluorides. The average deposition
velocity calculated does not apply to the area surrounding a point
source. Under stable atmospheric conditions, alow deposition velocity
will be accompanied by high atmospheric concentrations. The deposi-
tion velocity of fluoride depends heavily on atmospheric conditions.
The deposition velocity for hydrogen fluoride can vary by more than
7 orders of magnitude; for particulate fluoride, it varies by less than
10%. The annual average effective deposition velocity varies with
height of the emission source and was calculated to be 1.2 and 2.5 cm/s
for low and high source heights, respectively, in the Netherlands.

Water and sediment

In water, the transport and transformation of inorganic fluorides
are influenced by pH, water hardness and the presence of ion-
exchange materials such as clays (Environment Canada, 1994). Fluoride
is usualy transported through the water cycle complexed with
aluminium (Ares, 1990).
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In areas of extreme acidity and alkalinity, inorganic fluorides may
leach from fluoride-containing minerals into surface water or ground-
water (Cuker & Shilts, 1979). Solubilization of inorganic fluorides from
minerals may also be enhanced by the presence of ion-exchange
materials (e.g., bentonite clays and humic acid) (Pickering et a., 1988).
Once dissolved, inorganic fluorides remain in solution under
conditions of low pH and hardness and in the presence of ion-
exchange material (Cuker & Shilts, 1979; Sahu & Karim, 1989). Soluble
inorganic fluorides may also form aerosols at the air—water interface or
vaporize into the atmosphere (Brimblecombe & Clegg, 1988), whereas
undissolved species generally undergo sedimentation (Drury et al.,
1980).

Kudo et al. (1987) calculated the fluoride mass balance for the
once severely polluted Maurienne Valley in the French Alps. Fluoride
emission into the valley from aluminium production plants was
500 tonnes per year in 1980. Fluoride output by the river was calculated
to be 680 tonnes per year, of which 665 tonnes were due to water flow
and 15 tonnes to sediment movements.

Chamblee et d. (1984) analysed approximately 100 estuarine water
samples and reported that 10.5% of fluoride originated from fluoride
complexes with trivalent cations such as Fe** and Al**. The proportion
of fluoride in the form of magnesium fluoride (MgF,) ranged from 0.4
to 33.7%. Fluoride concentrations were reported to increase with
salinity (within asalinity range of 0.1-16%o).

Fluoride in seawater is divided between the following fractions
(Stumm & Morgan, 1981):

Fraction Proportion (%) Concentration (mol/litre)
F 51 4.1x10°
MgF* 47 3.7x10°
CaF’ 2 1.6x10°

In seawater, fluorides are removed by the formation of complexes
with calcium compounds, principaly carbonate and phosphate (Car-
penter, 1969). Undissolved fluoride is generally removed from the
aquatic phase by sedimentation (US EPA, 1980). Carpenter (1969)
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calculated a residence time for fluoride in ocean sediment to be 2—
3 million years.

Fluorosilicic acid and hydrofluoric acid in high aguatic concen-
trations such as may be found in industrial waste ponds may volatilize,
releasing silicon tetrafluoride and hydrogen fluoride into the atmos-
phere (USNAS, 1971).

Soil

Factors that influence the mobility of inorganic fluorides in soil
are pH and the formation of auminium and calcium complexes
(Pickering, 1985; Environment Canada, 1994).

In more acidic soils, concentrations of inorganic fluoride were
considerably higher in the deeper horizons. The low affinity of fluor-
idesfor organic material resultsin leaching from the more acidic surface
horizon and increased retention by clay minerals and silts in the more
alkaline, deeper horizons (Davison, 1983; Kabata-Pendias & Pendias,
1984). This distribution profile is not observed in either alkaline or
saline soils (Gilpin & Johnson, 1980; Davison, 1983). The fate of
inorganic fluorides released to soil aso depends on the chemical form,
rate of deposition, soil chemistry and climate (Davison, 1983).

Fluoride in soil is mainly bound in complexes. The maximum
adsorption of fluoride to soil was reported to occur at pH 5.5 (Barrow
& Ellis, 1986). In acidic soilswith pH below 6, most of the fluorideisin
complexes with either aluminium or iron (e.g., AIF*, AIF,, AIF?, AlF,
FeF*, FeF,", FeF,)) (Perrott et a., 1976; Murray, 1984b; Elrashidi &
Lindsay, 1986). Fluoride in alkaline soils at pH 6.5 and above is almost
completely fixed in soils as calcium fluoride, if sufficient calcium
carbonate is available (Brewer, 1966).

Fluoride binds to clay by displacing hydroxide from the surface
of the clay (Huang & Jackson, 1965; Bower & Hatcher, 1967,
Meeussen et al., 1996). The adsorption follows Langmuir adsorption
equations and is strongly dependent upon pH and fluoride concen-
tration. It is most significant at pH 3—4, and it decreases above pH 6.5.

Pickering et al. (1988) determined changesin free fluorideions and
total fluoride levels following equilibration of either poorly soluble
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fluoride species, such as calcium fluoride and aluminium fluoride, or
wastes from aluminium smelters. The experiments were carried out on
materials that had different cation-exchange capacities, such as
synthetic resins, clay minerals, manganese oxide and a humic acid.
Increased amounts of fluoride were released from fluoride salts and
fluoride-rich wastes when solids capable of exchanging cations were
present. The effect was greatest when there were more exchange sites
available and when the fluoride compound cation had greater affinity
for the exchange material. In a few cases, soluble complex ions were
formed when the released fluoride attacked the substrate, such asillite
or alumina wastes.

Fluoride is extremely immobilein soil, as determined by lysimeter
experiments. Maclntire et a. (1955) reported that 75.8-99.6% of added
fluoride was retained by loam soil for 4 years. Fluoride retention was
correlated with the soil aluminium content. The leaching of fluoride
occurred simultaneously with the leaching of auminium, iron and
organic material from soil (Polomski et al., 1982). Soil phosphate may
contribute to the mobility of inorganic fluoride (Kabata-Pendias &
Pendias, 1984). Oelschléger (1971) reported that approximately 0.5—
6.0% of the annual addition of fluoride (atmospheric pollution and
artificial fertilizers) to aforest and agricultural areas was leached from
the surface to lower soil horizons. Arnesen & Krogstad (1998) found
that fluoride (added as sodium fluoride) accumulation was high in the
upper 0—10 cm of soil columns, where 50-90% of the accumulated
fluoride was found. The B-horizons sorbed considerably more fluoride
than the Ah-horizons, due to higher content of aluminium oxides/
hydroxides. A study by McLaughlin et a. (2001) involving long-term
application of phosphate fertilizers has shown alarge portion of fluor-
ide applied as impurities in the fertilizer to remain in the 0- to 10-cm
depth of the soil profile.

In sandy acidic soils, fluoride tends to be present in water-soluble
forms (Shacklette et al., 1974). Street & Elwali (1983) determined the
activity of the fluoride ion in acid sandy soils that had been limed.
Fluorite was shown to be the solid phase controlling fluoride ion activ-
ity in soils between pH 5.5 and 7.0. At pH values below 5.0, the fluoride
ion activity indicated supersaturation with respect to fluorite. These
data indicate that liming of acid soils may precipitate fluorite, with a
subsequent reduction in the concentration of fluoride ion in solution.
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Murray (1984b) reported that low amounts of fluoride were
leached from a highly disturbed sandy podzol soil of no distinct struc-
ture. Even at high fluoride application rates (3.2—80 g per soil column
of diameter 0.1 m with a depth of 2 m), only 2.6-4.6% of the fluoride
applied was leached in the water-soluble form. The pH of the eluate
increased with increasing fluoride application, and this was probably
due to adsorption of fluoride, releasing hydroxide ions from the soil
metal hydroxides. Over time, the concentration of water-soluble fluor-
ide decreased due to increased adsorption on soil particles.

Mean soil concentrations in Pennsylvania, USA, were 377, 0.38
and 21.7 mg/kg for total fluoride, water-soluble fluoride and resin-
exchangeable fluoride, respectively. The authors suggested that fluor-
ide is relatively immobile in soil, since most of the fluoride was not
readily soluble or exchangeable (Gilpin & Johnson, 1980).

The water-soluble fluoride in sodic surface soil treated with gyp-
sum increased with increasing exchangeable sodium per cent (Chhabra
et al., 1979). The increase in exchangeable sodium per cent also caused
an increase in soil pH, which in turn caused an increase in water-
soluble fluoride. Incubation studies revealed that a major portion of the
added fluoride was adsorbed to soil within the first 8 days. Adsorption
to soil followed Langmuir isotherms up to an equilibrium soluble
fluoride concentration (11.4 mg/litre), with precipitation at higher con-
centrations.

Calcium fluoride was formed in soilsirrigated with fluoride solu-
tions. Calcium fluoride is formed when the fluoride adsorption capacity
is exceeded and the fluoride and calcium ion activities exceed theion
activity product of calcium fluoride (Tracy et al., 1984). Less than 2%
of applied fluoride was measured in the leachate, and between 15 and
20% of added fluoride was precipitated as calcium fluoride. Fluoride
was precipitated in the upper profile, although the authors expected
that once the adsorption mechanisms were exceeded, soluble fluoride
would leach deeper into the soil with continued irrigation.

A large fraction of the fluoride in topsoil sampled at a distance of
0.5-1.0 km from an aluminium smelter was reported to be in water-
soluble form (Polomski et al., 1982). The authors concluded that the
fluoride was present as calcium fluoride.
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Breimer et a. (1989) determined the vertical distribution of fluoride
in the soil profiles sampled near an industrial region. In calcareous
soils, fluoride (as extractable with hydrochloric acid) was restricted to
the top 40-50 cm, probably due to the precipitation of calcium fluoride
in the presence of lime. A dlight leaching of fluoride into the Bt and C
horizons was reported in non-cal careous soils. Water-extractable fluor-
ide showed an increase with depth in the A horizons and subsequently
decreased to base levelsin the lower subsoil.

The adsorption of fluoride from the water phase may be an impor-
tant transport characteristic in calcareous soils at low flow rates, but
this exchange may be rate-limited at high flow rates (FlGhler et al.,
1982). Dissolved fluoride concentrations may be high around the root
zone in soils with a high fluoride input such as from atmospheric
deposition. The high concentrations exist only for a limited time until
the fluoride is withdrawn from the solution. The adsorption isotherm
was reported to be non-linear between initial concentrations of 10 and
50 mg fluoride/litre. Retention of fluoride in uncontaminated cal careous
soil was higher than retention in calcareous soil from areas with
fluoride contamination. The adsorption and desorption of fluoride in
acidic soil were not related to previous fluoride contamination.

Fluoride-containing solutions increased the mobilization and
leaching of aluminium from soils. Leaching of aluminium was reported
to be greater from soil contaminated from an aluminium smelter than
from uncontaminated soil (Haidouti, 1995). In the uncontaminated soil,
losses of aluminium from the acid soil were higher than those from the
calcareous soil. Arnesen (1998) also found that fluoride can solubilize
aluminium, iron and organic material and can increase soil pH through
exchange with hydroxide ions.

Unlike other soluble salts, fluoride was not leached from naturally
salinized salt-affected soil. It was redistributed within the soil profile
(Lavado et al., 1983). The adsorption of fluoride to soils increased with
decreasing pH within the pH range 8.5-6. Retention of fluoride in the
soil was positively correlated with ammonium acetate extractableiron.
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Speciation and complexation
Atmosphere

Molecular fluorine hydrolyses to form hydrogen fluoride, the
most stable form of fluorine in the atmosphere (ATSDR, 1993). Silicon
tetrafluoride reacts with moisture in the atmosphere, forming hydrated
silica and fluorosilicic acid. Uranium hexafluoride, which is used in
nuclear power applications, is hydrolysed to hydrogen fluoride and
uranyl fluoride (UO,F,), which are removed from the atmosphere by
condensation or nucleation processes.

Water

In dilute solutions at neutral pH, dissolved fluorides are predomi-
nantly present as the fluoride ion (Bell et al., 1970). As the pH
decreases below pH 5.5, the proportion of fluoride ions decreases, and
the proportion of non-dissociated hydrogen fluoride increases. How-
ever, if sufficient aluminium is present in solution, aluminium—fluoride
complexes (AIF*, AlF,*and AIF) generally dominate below pH 5.5
until pH 1, where hydrogen fluoride begins to dominate as pH
decreases further (Parker et a., 1995). Aluminium solubility is low
between pH 5.2 and pH 8.8, whereas at higher pH values, aluminium
solubilizes as the aluminate ion (Al(OH),).

Bioaccumulation

Soluble fluorides are bioaccumulated by some aquatic and terres-
trial biota. However, no information was identified concerning the
biomagnification of fluoride in aquatic or terrestrial food-chains
(Hemens & Warwick, 1972; Barbaro et a., 1981; ATSDR, 1993).
Inorganic fluorides tend to accumulate preferentially in the skeletal and
dental hard tissues of vertebrates, exoskeletons of invertebrates and
cell walls of plants (Hemens & Warwick, 1972; Davison, 1983; Michel
et al., 1984; Kierdorf et al., 1997; Sands et a ., 1998).

Bioconcentration factors greater than 10 (expressed on a wet
weight basis) were reported in both aquatic plants and animals follow-
ing exposure to solutions of up to 50 mg fluoride/litre (Sloof et a.,
1989). Twenty-four hours after sodium fluoride (22 mg fluoride/litre)
was released into an experimental pond, the concentration of fluoride
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in agquatic vascular plants was increased 35-fold, and uptake was also
increased in algae (14-fold), molluscs (12-fold) and fish (7-fold) (Kudo
& Garrec, 1983).

The water hyacinth (Eichhornia crissipes) has been reported to
take up fluoride from water. Plants were exposed to fluoride solutions
of 6-26 mg/litre for 4 weeks, and fluoride uptake was related to expo-
sure, ranging from 0.8 to 5 mg/kg (Rao et d., 1973).

The fluoride concentration in Sydney rock oyster (Saccostrea
commercialis) sprat increased with increasing fluoride exposure. The
sprat were exposed to 0.7-30.7 mg fluoride/litre for 3 weeks and had
whole-body concentrations ranging from 45 to 204 mg/kg dry weight
(Néell & Livanos, 1988).

Following exposure to inorganic fluoride levels of 52 mg/litre for
72 days, prawn (Penaeus indicus), crab (Tylodiplax blephariskios),
shrimp (Palaemon pacificus) and mullet (Mugil cephalus) had whole-
animal (ash) concentrations of 3248, 1414, 3116 and 7743 mg fluor-
ide/kg, respectively (Hemens & Warwick, 1972). The fluoride was
accumulated from the water and not viaingested plant food. No differ-
ences in total-body fluoride levels were reported in the same species
when exposed to 5.7 or 5.9 mg/litre for either 68 or 113 days (Hemens
et a., 1975). Fluoride was accumulated mainly in the calcified skeletal
structures of fish and crustaceans, with higher accumulation rates
reported during the early stages of growth in fish and during periods
of deposition of new skeletal material (ecdysis) in crustaceans.

Wright (1977) exposed brown trout (Salmo trutta) fry to inorganic
fluoride (5, 10 or 20 mg/litre) for 200 h (12 EC; pH 6.8; hardness
73 mg/litre). Fry accumulated 10, 18 and 30 mg fluoride/kg at the three
fluoride concentrations, respectively.

Terrestrial plants may accumulate inorganic fluorides following
airborne deposition and uptake from the soil (Davison, 1983). Sloof et
al. (1989) reported that the main route of uptake of fluoride by plantsis
from aerial deposition on the plant surface. Plant uptake from soil is
generally low (except for accumulators) unless the fluoride has been
added suddenly, such as following amendment with sludge or phos-
phate fertilizer. The availability to plants tends to decrease with time
following application of fluoride. The degree of accumulation depends
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on several factors, including soil type and, most prominently, pH. At
acidic pH (below pH 5.5), fluoride becomes more phytoavailable
through complexation with soluble aluminium fluoride species, which
are themselves taken up by plants or increase the potential for the
fluoride ion to be taken up by the plant (Stevens et a., 1997). Plant
uptake of fluoride from solution culture is dependent on plant species
and positively related to the ionic strength of the growth solution.
Once a threshold fluoride ion activity in nutrient solutions is reached,
fluoride concentrations in plants increase rapidly (Stevens et al.,
19983).

The uptake of fluoride by ryegrass (Lolium multiflorum) grown
in soil amended with a fluoride-rich sludge increased with increasing
fluoride application (84—672 kg/ha) (Davis, 1980). Fluoride concen-
trations in the plant tissue exceeded the 30 mg/kg dry matter threshold
of toxicity to cattle in the first cuts of grass exposed to 300 kg sludge/
ha or greater. Concentrations in the second cut of grass exceeded the
threshold value at 672 kg sludge/ha, and the third cut of grass was
below the threshold at all concentrations tested.

The amount of fluoride taken up from soil by sunflower seedlings
(Helianthus annuus) was proportional to the fluoride concentration of
the solution added to the soil (10-100 Fg/ml). Highest concentrations
were found in the roots, with reduced concentrations in successive | eaf
ranks (Cooke et al., 1978). Similarly, concentrations of fluoride were
high in roots and low in shoots in tomatoes (Lycopersicon escul entum)
and oats (Avena sativa) grown on fluoride-enriched media (Stevens et
al., 2000).

Reynolds & Laurence (1990) found that exposure of kidney bean
(Phaseolus vulgaris) plants to intermittent high levels of atmospheric
hydrogen fluoride (3 Fg fluoride/m® for 5 consecutive days or 5 Fg
fluoride/m® for 3 consecutive days) caused higher accumulation in
leaves than did exposure to a continuous dose at a lower level (1 Fg
fluoride/m?® for 15 consecutive days), even though the plants received
the same total dose. They also noted that the rate of uptake from the
air over a 15-day period, particularly for the highest dose (5 Fg fluor-
ide/m?), was most significant at first exposure and declined during
subsequent exposures.
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Walton (1987a) demonstrated that untreated earthworms (Lum-
bricus terrestris) from which gut soil had been removed (depurated)
contained only 6% of the amount of fluoride reported in whole worms.
Worms kept in soil were exposed to a sodium fluoride concentration of
1000 mg/litre for 30 days. The fluoride content of the worms was
established either at the end of exposure or following an 8-day starva-
tion period. The fluoride concentration in treated worms with their gut
contents washed out was more than 6 times greater than the fluoride
concentration of untreated worms. Even after an 8-day starvation
period, the concentration in exposed worms was 4 times greater than
the concentration in the unexposed worms. The fluoride concentration
in the worms was always lower than the concentration in the soil.

The deposition of fluoride in the bones of white leghorn (Gallus
gallus) chicks exposed to 252 mg fluoride/kg in the diet from hatching
for 3-10 weeks was 3—7 times greater than for birds fed a basal diet.
Fluoride was deposited in the bones of exposed females following
sexual maturity and was shown to be associated with physiological
factors associated with egg production, since birds with restricted
ovulation had fluoride levels similar to those of males (Michel et al.,
1984).

The bioavailahility of fluoride to sheep (Ovis aries) from plants
such as sea aster (Aster tripolium), sand couch (Elymus pycnanthus),
fescue (Festuca rubra) and common salt-marsh grass (Puccinellia
maritima) grown in an industrial area was cal culated to range from 65
t0 90% (Baars et al., 1987).

Dairy calves (Bos sp.) were fed on continuous (1.5 mg/kg body
weight), periodic (1.5 mg/kg body weight for 6 months; control diet for
6 months) and aternate (3 mg/kg body weight for 4 months; 0.75 mg/kg
body weight for 8 months) diets for 6 years. Vertebral fluoride levels
were 550 mg/kg ash weight for controls and 15 000, 7700 and 14 000
mg/kg for the three treatment groups, respectively (Suttie, 1983).

Suttie et al. (1985) maintained white-tailed deer (Odocoileus
virginianus) on diets containing fluoride at 25 and 50 mg/kg for 1 year.
Fluoride levelsin antlers ranged from 3000 to 5800 mg/kg ash weight
and in vertebrae from 4200 to 7400 mg/kg.
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5. ENVIRONMENTAL LEVELS AND
HUMAN EXPOSURE

Environmental levels
Surface water

Fluoride levelsin surface waters vary according to geographical
location and proximity to emission sources. Surface water concentra-
tionsgenerally rangefrom0.01to 0.3 mg/litre (ATSDR, 1993). Ambient
surface water fluoride levels are summarized in Table 1. Seawater
contains more fluoride than fresh water, with concentrations ranging
from 1.2 to 1.5 mg/litre.

Higher levels of fluoride have been measured in areas where the
natural rock is rich in fluoride and near industrial outfalls. Skjelkvale
(1994a) measured fluoride in Norwegian lakes and found concentra-
tions ranging from <0.005 to 0.56 mg/litre, with a mean value of
0.037 mgl/litre. Fluoride content in thebedrock was the most important
factordetermining fluoridelevels in lake waters. Elevated fluoride con-
centrationswere found in acidified areas compared with otherregions
with similargeol ogy (Skjelkvale, 1994a). Similarly,Hirayama et al. (1996)
reported increased levels of fluoride (up to 1 mg/litre) in somerivers
flowing into Lake Biwa, Japan, because of the local geology.

Elevated inorganic fluoride levelsin surface water are often seen
in regions where there is geothermal or volcanic activity, at the foot of
high mountainsand in areas with geological deposits of marine origin.
Thus, hot springs and geysers in Yellowstone National Park, USA,
contain 25-50 mg fluoride/litre (Neuhold & Sigler, 1960), whereas the
Firehole and Madison rivers, also in Y ellowstone National Park, con-
tain 1-14 mg fluoride/litre. Walker and Pyramid lakes,in Nevada, USA,
contain levels as high as 13 mg fluoride/litre (Sigler & Neuhold, 1972).
The most well documented area of high-fluoride surface water
associated with volcanic activity follows the East African Rift Valley
systemfromthe Jordan Valley down through Sudan, Ethiopia, Uganda,
Kenyaand Tanzania. Many of the lakes of the Rift Valley systemhave
extremely high fluoride concentrations — for example, 1640 mg/litre
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Table 1. Concentrations of fluoride in unpolluted water

Location

Fluoride
concentration
(mgl/litre)?

Reference

Areas with low natural fluoride

Canada

USA

USA (Cache la Poudre
River)

Belgium (River
Meuse)

France (rivers)

Norway (lakes)

0.05

0.035-0.0520

(<0.001-0.59)
(0.3-0.5)
0.13-0.2

0.08-0.25

0.037 (<0.005-0.56)

Environment Canada
(1994)

Overton et al. (1986)

Camargo et al. (1992)

Van Craenenbroeck &
Marivoet (1987)

Martin & Salvadori
(1983)

Skjelkvale (1994a)

Spain (Duratén River) 0.1 Camargo (1996a)

United Kingdom <0.05-0.4 Fuge & Andrews (1988)

(rivers)

Wales, United 0.02-0.22 Neal (1989)

Kingdom (streams)

Nigeria (River Niger) 0.1-0.12 Nriagu (1986)

India (rivers) 0.2-0.25 Zingde & Mandalia
(1988)

India (rivers) 0.038-0.21 Datta et al. (2000)

Tibet, China (rivers) 0.04 Cao et al. (2000)

Areas with high natural fluoride

Hot springs and (25-50) Neuhold & Sigler

geysers, Yellowstone (1960)

National Park, USA

Firehole and Madison (1-14) Neuhold & Sigler

rivers, USA (1960)

Walker and Pyramid (up to 13) Sigler & Neuhold

lakes, Nevada, USA

Kenya (lakes)

(up to 2800)

(1972)

Nair et al. (1984)
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a Mean and range of fluoride concentrations, unless otherwise stated.
b Range of means from four different regions of the eastern USA.

and 2800 mg/litre, respectively, in the Kenyan lakes Elmentaita and
Nakura (Nair et al., 1984).

Anthropogenic sources can alsolead to increased local levels of
fluoride.Harbo et a. (1974) found increased concentrations of fluoride
in the surface waters of Kitimat Harbour, Canada, in the vicinity of a
large smelter. Fluoride concentrations in the River Meuse, Belgium,
increased fromamaximumof 0.2 mg/litre upriver to a mean val ue of 0.65
mg/litre near the outfall of a phosphate fertilizer plant (Van
Craenenbroeck & Marivoet, 1987). Zingde & Mandalia (1988) found
that fluoride levels were below 0.3 mg/litre in unpolluted surface
waters; however, levels were higher close to a plant manufacturing
fluoride chemicalsin India. Surface water concentrations ranged from
0.8 to 2.8 mg fluoride/litre, with a mean value of 1.6 mg fluoride/litre.
Similarly, Somashekar & Ramaswamy (1983) reported a mean level of
2.97 mg fluoride/litre (range 0.34-5.12 mg/litre) in the River Cauvery,
India, near discharges from both fertilizer and paper factories. Mean
fluoride levels had declined to 0.64 mg/litre 8 km downstream of the
factory discharges. Fluoride concentrations in the Uppanar Estuary,
South India, ranged from 0.2 to 23.2 mg/litre inthevicinity of afactory
producing fluoride compounds (Karunagaran & Subramanian, 1992).
Camargo (1996a) monitoredtheDuraton River, Spain, downstreamfrom
an effluent discharge point. The mean fluoride concentration in the
effluent was 25.3mg/litre; fluoride concentrationsat 0.1, 2.2 and 7.3 km
downstream were 6.8, 2.7 and 1.3 mg/litre, respectively.

Skjelkvale (1994b) found that streams closeto Norwegian alumin-
ium smelters contained 10times more fluoride than natural background
levels due to 40years of fluoride emissions. The levels had decreased
to background within 5 km. The author pointed out that despite the
higher levels near the smelters, the fluoride concentrations are still
within the general range of concentrations for Norwegian surface
waters. Similar results were reported by Roy et al. (2000) for an alumin-
ium smelter on the Saguenay River, Quebec, Canada. Mean fluoride
concentrations 300 m downstream of the smelter outfalls ranged from
0.2 to 0.28 mg/litre. Camargo et a. (1992) analysed the fluoride
concentration in the Cache la Poudre River, USA, downstream from a
wastewater treatment plant. The mean fluoride concentration down-
stream was 1.17 mg/litre,about 4 times the mean fluoride concentration
upstream.
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Air

Airbornefluorideexists in gaseous and particulate forms emitted
from both natural and anthropogenic sources. The gaseous fluorides
includehydrogenfluoride,carbontetrafluoride (CF,), hexafluoroethane
(C,Fg) and silicon tetrafluoride. Particulate fluorides include cryolite,
chiolite (NagA I3F,,), calcium fluoride, aluminium fluoride and sodium
fluoride. Fluoriderel eased as gaseous and particul ate matter is depos-
ited in the general vicinity of an emission source (Sidhu, 1979; Low &
Bloom, 1988), although some particul ates may react with other atmos-
pheric constituents. The distribution and deposition of airborne
fluoride are dependent upon emission strength, meteorological
conditions, particulate size and chemical reactivity (Low & Bloom,
1988).

Levels of gaseous and particulatefluoridein ambient airand in air
near industrial sources are summarizedin Tables 2 and 3, respectively.
In areas not in the direct vicinity of emission sources, the mean
concentrations of fluoride in ambient air are generally less than 0.1
pg/me. Levels may be slightly higher in urban than in rural locations;
however, even in the vicinity of emission sources, the levels of
airborne fluoride usually do not exceed 2—-3 pg/nt. In Canada, mean
concentrations of fluoridein samples of outdoor air collected between
1980 and 1991 in the vicinity of industrial emission sources ranged up
to 0.85 ug/m° (Health Canada, 1993). In the Netherlands (Groningen,
Sloeand Sas van Gent), mean concentrations of fluoridein samples of
outdoor air collected during 1985 and 1986 in the vicinity of various
industrial emission sources (brickworks, aluminium plant and a glass
fibre factory) ranged from0.25t0 0.4 pg/m® (Sloof et al., 1989). Median
concentrations of fluoride in the air surrounding a Norwegian alumin-
ium smelter in the spring and summer of 1994 ranged from 1.3 to
3.8 pug/nt (Spyseth et al., 1996). In areas of China where fluoride-rich
coal is used as a source of fuel, concentrations of fluoride in ambient
air have reached 6 ug/m® (Liu, 1995).

Soil

Data on the levels of total and water-soluble fluoride in soil are
presented in Table 4. Fluorideisa component of most types of soil,
with total concentrationsranging from20to 1000 ug/gin areas without
natural phosphate or fluoride deposits and up to several thousand
micrograms per gram in minera soils with deposits of fluoride
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Table 2. Concentration of fluoride in ambient air

Location Detection Number Concentration® Reference
limit of (mg/m?)
(mg/m3) samples
Arctic, Canada 0.001-0.00 nab 0.002-0.007¢ Barrie &
4 Hoff (1985)
0.001-0.00 na 0.006-0.008¢  Barrie &
4 Hoff (1985)
Toronto, na na 0.03 Health
Ontario, (0.01-0.05) Canada
Canada (1993)
147 non- 0.05 3687 <0.05 Thompson
industrial (nd?-1.65) et al.
urban (1971)
locations, USA
29 rural 0.05 724 <0.05 (nd) Thompson
locations, USA et al.
(1971)
1 non- 0.1 na <0.1 Bennett &
industrial (<0.1-0.17) Barratt
urban (1980)
location,
United
Kingdom
4 non- na na 0.07 Sloof et al.
industrial (0.05-0.08) (1989)
urban

locations, The
Netherlands

a2 Mean and range of concentrations of total (gaseous and particulate) fluoride
in ambient air, unless otherwise stated.

b na = not available.

¢ Range of means.

4 nd = not detectable.

(Davison, 1983). Airborne gaseous and particulate fluorides tend to
accumulate within the surface layer of soils but may be displaced
throughout the root zone, even in calcareous soils (Polomski et al.,
1982). The clay and organic carbon content as well as the pH of soil are
primarily responsible forthe origin and/or retention of fluoridein soils.
Fluoride in soil is primarily associated with the soil colloid or clay
(Omueti & Jones, 1977). For all soils, it isthe soluble fluoride content
that is biologically important to plants and animals. It has also been
reported that in saline soils, the bioavailability of fluoride to plantsis
related to the water-soluble component of the fluoride present
(Davison, 1983).
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Table 3. Concentration of fluoride in outdoor air near industrial sources

Location Distance from Concentration*  Reference
source (km) (ng/m3)
Cornwall Island, 1.65 0.79-0.85 Environment
Ontario, Canada (nd*-5.54) Canada
(1989)
4.0 0.43
(nd-23.08)
Brampton, Ontario, <1.0 0.73 Health
Canada (0.28-2.01) Canada
(1993)
Trail, British #5.0 0.59 Environment
Columbia, Canada (0.51-0.61) Canada
(1994)
Various locations, 0.5-2.0 0.1-0.67 Environment
Quebec, Canada (0.03-2.16) Canada
(1994)
South African Various 0.08-0.14¢ Scheifinger &
Highveld 2.9 (maximum) Held (1997)
Norway 1.3-3.8 Sgyseth et al.
(1996)
Groningen, The 1.3 0.4 Sloof et al.
Netherlands (1989)
Zeeland (Sloe area), 6.0 0.25 Sloof et al.
The Netherlands (1989)
China 2-6 Liu (1995)

a Mean and range of fluoride concentrations, unless otherwise stated.

b nd = not detectable.

¢ Range of means.

Biota

Inorganic fluorides have been measured in a wide variety of
organisms; therefore, the data summarized here will be only a repre-
sentative sample of the available literature.

Aquatic organisms

Fluorides can be taken up by aquatic organisms directly from the
water or, to alesser extent, viafood. Uptake of fluorides by biotawill
very much depend on the proximity of anthropogenic sources,thelocal
geol ogy and the physicochemical conditions,whichwill determinethe
bioavailability of fluoridesto any given organism.
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Table 4. Concentration of fluoride in soil

Location Soil description Soil depth Total fluoride Water-soluble Reference
(cm) (mag/kgy fluoride (mg/kg)?

Canada 3 reference soil samples from the 0-15 160 (90-247) na® Schuppli (1985)
Canadian Soil Survey Committee

Canada 23 reference soil samples from the 0-130 309 (63-1003) na Schuppli (1985)
Canadian Soil Survey Committee

Newfoundland, Canada forest soil na 6 2 (na) Sidhu (1982)
soil humus from various forests 0-3 (6-11) na (0.95-2.72) Sidhu (1979)
0.7 km north-east of an elemental 0-3 1138-1915 9.7-60.2 Sidhu (1979)
phosphorus plant
18.7 km north-east of an elemental 0-3 18.7-26.1 0.93-1.9 Sidhu (1979)
phosphorus plant

Pennsylvania, USA 55 samples of silt and clay 0-10 377 (136-990) 0.38 (<0.05-1.5) Gilpin & Johnson (1980)

lllinois, USA 201 surface soil samples from various na 271 (70-618) na Omueti & Jones (1977)
locations

Montana, USA forest soil samples from an area exposed to na 330-1747 15.6-704 Polomski et al. (1982)
atmospheric fluoride emissions from an
aluminium smelter

Ohio, USA silt loam (0-5 cm) collected from 7 sites 0.5-4 353-371 na McClenahen (1976)

located in the vicinity of an aluminium
plant




Table 4 (contd).

Location Soil description Soil depth Total fluoride Water-soluble Reference
(cm) (mg/kgy fluoride (mg/kg)
Oklahoma, USA reference site 0-2 121 (117-124) 0.2 Schroder et al. (1999)
petrochemical waste site 0-2 1954 4.8 (1.2-12.6)
(38.1-5871)
Greece 0-4 km from an aluminium plant 0-5 823 (729-910) na Tsiros et al. (1998)
5-15 km from an aluminium plant 0-5 570 (509-658) na
8-15 km from an aluminium plant 0-5 339 (258-480) na
Austria 0.5 km from an aluminium smelter 0-10 - 84-124¢ Tscherko & Kandeler
1 km from an aluminium smelter 0-10 - 48-54¢ (1997)
4 km from an aluminium smelter 0-10 - 21-33¢
15 km from an aluminium smelter 0-10 - 9.8-10¢
The Netherlands 72 samples of agricultural soil na na (39-679) na (0.5-13) Sloof et al. (1989)
Guangdong Province, 19 samples of cultivated, acidic soil (pH 0-20 186-387¢ 0.76-2.71¢ Fung et al. (1999)
China 3.8-4.5)
Tibet 40 samples of agricultural, forest and na - 0.45 Cao et al. (2000)

urban soils

a Mean and range of fluoride concentrations, unless otherwise stated.
b na = not available.
¢ Range of means.
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Hocking et al. (1980) indicated that although there was some
accumulation of inorganic fluoride in marine vegetation, the rate of
accumulation was far lower thanthat of airborne inorganic fluoride by
terrestrial plants. In the vicinity of an aluminium smelter, samples of
seaweed were analysed fortheir inorganic fluoride concentrations. For
the seaweeds Fucus distichus and Ectocarpus sp., inorganic fluoride
concentrationswere determined for both low- and mid-tide sites at 150
and 500 m from the outfall. At the low-tide sites, F. distichus had
values of 62 and 48 mg fluoride/kg at 150 and 500 m, respectively.
Ectocarpus sp. had a level of 143 mg fluoride/kg at 500 m from the
outfall. At the mid-tide sites at 150 and 500 m, Ectocarpus sp. had
levels of 317 and 140 mg fluoride/kg, respectively, while F. distichus
had alevel of 18 mg fluoride/kg at 500 m from the outfall.

Four species of sea grass,amarine higher plant, were sampled in
the Antikyra Gulf, Greece, near an aluminium factory. Mean fluoride
concentrations ranged from 23.4 to 34.4 mg/kg dry weight (Malea,
1995).

Aquatic invertebrates and fish tend to accumulate fluoride in the
exoskeleton and in bone, respectively. Adelung et al. (1987) sampled
two krill species, Euphausia superba and Meganyctiphanes
norvegica, and found mean whole-body fluoride concentrations of
1058 and 2153 mg/kg dry weight, respectively. M ost of the fluoridewas
concentrated in the exoskel eton, with levels of <6 mg/kg being found
in soft tissues. Similarwhol e-body and exoskeleton values were found
by Boone & Manthey (1983) and Christians & L einemann (1980); how-
ever, they found higher levels in soft tissues, which Adelung et al.
(1987) suggested was due to contamination from the exoskel eton dur-
ing analysis. Sands et al. (1998) monitored arange of Antarctic crusta-
ceans and found that euphausiids accumulated the highest fluoride
concentrations, with levels up to 5477 mg/kg in the exoskeleton of
Euphausia crystallorophias. The mouthparts of E. superba contained
almost 13 000 mg fluoride/kg dry weight. Copepods contained the
lowest fluoride levels (0.87 mg fluoride’kg whole body).

Wright & Davison (1975) studied the accumulation of fluoridein
anumber of marine and intertidal animals found close to an aluminium
smelter at Lynemouth, United Kingdom. The seawater was found to
contain approximately 3.4 mg fluoride/litre (1.9 mg fluoride/litre
abovebackground levels). The skeletal tissue of both vertebrates and
invertebrates was found to contain elevated fluoride levels. The mean
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exoskeleton fluoride concentrations for the swimming crab Portunus
depurator, the shrimp Crangon wulgaris and the prawn Leander
serratuswere 11.6, 11.5 and 11.3 mg/kg, respectively. Tissue accumu-
lation of fluoride in the Atlantic cod (Gadus morhua) was highest in
the skin (mean 29.6 mg fluoride/kg); in haddock (G. aeglefinus) and
dabs (Pleuronectes limanda), the mean tissue values were highest in
the axial skeleton, 49.3 and 99.7 mg fluoride/kg, respectively.

Fish, predominantly mullet (Mugil auratus, Mugil cephalus and
Mugil labrosus), caught in Gabes Bay, South Tunisia, where fluoride-
rich effluents were discharged (inorganic fluoridelevelsin water were
about 2-3 mg/litre), were foundto havetissuefluoridelevels 4-5times
higher than fish obtained from the Tunis Bay, which is remote from
point sources (fluoridelevels inwaterwere about 1.4 mg/litre) (Milhaud
et a., 1981). The mullet caught in Gabes Bay had mean inorganic
fluoridevalues of 320, 9.6 and 14.6 mg/kg wet weight forbone, muscle
and muscle/skin, respectively. Comparatively,the mean levels of fluor-
idein control fish were 73, 1.8 and 3.8 mg/kg wet weight, respectively.
Similar values to those found in polluted environments were reported
by Gikunju (1992) for fish inhabiting Lake Naivasha, Kenya (water
fluoride concentrations ranged from 2.4 to 2.6 mg/litre). Tilapia (Oreo-
chromis leucodtictus) contained fluoride concentrations of 1.97, 4.96,
143.1 and 210.6 mg/kg wet weight for muscle, skin, gills and bone,
respectively.

Adelung et al. (1985) analysed bone and soft tissuefromAntarctic
seals (Weddel seal, Leptochynotus wedddli, and crabeater seal,
Lobodon carcinophagus). Mean bone fluoride concentrations ranged
from 135 to 6380 mg/kg dry weight; soft tissues contained mean con-
centrations ranging from 2.3 (kidney) to 9.1 (brain) mg fluoride/kg.
Bone samples taken from fin whales (Balaenoptera physalus) in the
North Atlantic contained fluoride concentrationsranging from4300to
18 600 mg/kg (Landy et al., 1991); fluoride concentrations were posi-
tively correlated with age. Mikaelian et al. (1999) found mean bone
fluoride levels of 10 365 mg/kg in beluga whales (Delphinapterus
leucas) from Hudson Bay, Canada, compared with mean levels of
4539 mg fluoride/kg in whales from the St. Lawrence estuary, Canada;
fluoride levels were positively correlated with age only in the latter
population.
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Terrestrial organisms

Fluoride levels in terrestrial biota tend to be increased in areas
with high fluoride levels due to both natural and anthropogenic
sources.

Lichenshavebeen used extensively as biomonitors for fluorides.
Davies & Notcutt (1988) sampled lichensfromthe slopes of the Mount
Etnavolcano in 1985 and 1987 and found fluoride levels ranging from
2to 141 mg/kg (lichen from control sites contained <2 mg fluoride/kg).
Similarly, Davies & Notcutt (1989) found that lichens growing in the
Canary Islands accumulated fluorides from minor volcanic eruptions.
Fluoride levels of up to 23 mg/kg were measured, compared with a
background level of <1 mg/kg.Lichenshave also been used to monitor
anthropogenic outputs of fluorides fromboth brickfields (Davies, 1982,
1986) and an aluminium smelter (Perkinset al., 1980; Perkins & Millar,
1987). Levels of fluoride were found to be related to site emissions,
prevailing winds and distance from source. Mean fluoride
concentrations of 150-250 mg/kg were measured in lichens growing
within 2—3 km of the pollution source.

M ost of theinorganic fluoridein thesoil is insoluble and therefore
less available to plants. The capacity for a plant to absorb inorganic
fluoride from the soil will also depend on the species of plant and, to
some extent, the ionic species of fluoride present in solution (Stevens
etal., 1997, 1998a, 1998b) (see section 4.2). For example, some genera
(e.g., Dichapetalum, Thea, Camellia, Oxylobium, Acacia and
Palicourg accumulate fluoride and show none of the symptoms of
fluoride toxicity, with fluoride concentrations up to 4000 ug/g dry
weight (Jacobson et al., 1966; Weinstein & Alscher-Herman, 1982). In
samples obtained near areclaimed fluorspar mining site, the levels of
inorganic fluorides in plants were higher than those in samples
obtained from a control site (Andrews et a., 1982). High total soil
fluoride (10 000 mg/kg) has been measured in the metalliferous
fluorspar tailings and is reflected by elevated concentrations in
vegetation (300—-1000 mg/kg) (Andrews et al., 1989). Other genera are
non-accumulators of fluoride and have shown signsof fluoridetoxicity
at much lower fluoride concentrations in their tissues. For example,
gladiolus (Gladiolus sp.) plants may become necrotic with 20 ug
fluoride/g dry weight (Jacobson et al., 1966). Normal concentrations of
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fluoridein plant leaves usually rangefrom 0.1 to 15 ug/g (Cholak, 1959;
Cooke et a., 1976; Haraet a., 1977).

Several plant species havetheability to convert soluble fluorides
taken up from soil into carbon—fluoride compounds, such as mono-
fluoroacetic acid, monofluoro-oleic acid, monofluoropalmitic acid and
monofluoromyristic acid (Marais, 1944; Ward et al., 1964). Two well
known Australian species that synthesize monofluoroacetates are
Gastrolobium spp. (Aplin, 1968) and Georgina gidgee (Acacia
georginae F.M. Bailey) (Oelrichs & McEwan, 1961); other species
include Oxylobium spp. (Australia), Dichapetalum spp. (Africa) and
Palicourea marcgravii (reviewed by Weinstein, 1977). The function
of monofluoroacetatein the plantis unknown. The assumptionthat its
synthesis by the plant is a response to high concentrations of
available inorganic fluoride in soil or water (Preuss et al., 1970) is not
supported by the finding that some plants containing
monofluoroacetate grow insoils with low fluoride concentrations (Hall,
1972).

M ost fluorides enter plant tissues as gases through the stomata
and accumulate in leaves. Small amounts of airborne particulate
fluoride can enter the plant through the epidermis and cuticle
(Weinstein, 1977). V egetation hasbeenwidely monitored in thevicinity
of anthropogenic emission sources of fluoride. Rice et al. (1984)
obtained background fluoride concentrations for 17 plant species
indigenous to the Northern Great Plains in the USA. Mean fluoride
concentrations ranged from 1.5 to 3.3 mg/kg. Nine of these species
were also monitored in polluted areas, and mean fluoride
concentrations ranged from 2.8 to 11.3 mg/kg, with Rocky Mountain
juniper (Juniperus scopulorum) accumulating the highest amounts of
fluoride.

Leece et a. (1986) found increased levels of fluoride in basal
leaves of grapevines (Vitus vinifera), 9-25 km downwind of an
aluminium smelter in New South Wales, Australia. Inorganic fluoride
concentrations of 4-42 mg/kg were recorded, with the highest levels
9-11 km from the smelter. Bowen (1988) monitored vegetation around
two aluminium smelters in Hunter Valley, Australia. Foliar concentra-
tions were greater than background levels at distances of up to 3 km
from one smelter and up to 1 km from the other. Close to the smelters,
tree species accumulated more foliar fluoridethanshrub species, which
in turn accumulated more foliar fluoride than herb species.
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Fluoride levels in trees near an aluminium smelter in Kitimat,
British Columbia, Canada, have been measured since 1954. From 1954
to 1973, western hemlock (Tsuga heterophylla) tree foliage from the
vicinity of the smelter contained a mean fluoride concentration of
271 mg/kg; the surrounding areahad mean levels of 104 mg/kg. Forthe
5-year period 1974-1979, during whichtime there was a 64% declinein
smelter emissions, foliagefromtheinner, outer and surrounding zones
contained mean inorganic fluoride levels of 87, 29 and 22 mg/kg,
respectively (Bunce, 1985). Similarly, Amundson et al. (1990) found
significantly higher levels of foliar fluoride in pine species (Pinus sp.)
growing within 0.8 km of a smelter than in thosegrowing at a distance
of 1.8 km. Mean fluoride levelsin vegetation in the vicinity of aphos-
phorus plant ranged from 44 mg/kg in lightly damaged areas to
281 mg/kg in severely damaged areas (Thompson et al., 1979). Hornt-
vedt (1995) monitored pine and spruce (Picea sp.) needles for 15—
25 years on permanent plots around eight aluminium smelters and
found a high correlation between needle fluoride levels and smelter
emissions.

Taylor & Basabe (1984) established correlationsbetween fluoride
concentrations in needles of Douglas-fir (Pseudotsuga menziesii) and
annual growth increments, wind pattern, distance fromfluoride source
(aluminium smelter) and hydrogen fluoride concentrations in aerial
effluents. M ean fluoride concentrations in needles ranged from27.6to
60.9 mg/kg dry weight for the period 1972—-1975, with an overall range
of 2-590 mg/kg. Needles collected from a control site contained mean
fluoride concentrations ranging from 3.2 to 5.8 mg/kg.

Several invertebrate species have been sampledin the vicinity of
fluoride sources such as aluminium smelters. Walton (1986) analysed
earthworms collected at different distances froman aluminiumsmelter.
The mean whole-body fluoride concentration was 112 mg/kg within
1 km of the plant and ranged from 19 to 48 mg/kg at a distance of 3—
15 km. Breimer et al. (1989) found a highly significant correlation
between total fluoride in earthworms (Lumbricussp.) and hydrochloric
acid-extractable fluoride in topsoil. Worm tissue (without gut) con-
tained 6-14 mg/kg at control sites and up to 135mg/kg at contaminated
sites (topsoil contained >200 mg fluoride/kg). Vogel & Ottow (1991)
sampled a variety of earthworm species in the vicinity of a chemical
factory. They found a significant difference in fluoride accumulation
between species. Lumbricusterrestris showed the lowest
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accumulation; the authors pointed out that this species tends to
migrate to deeper, less contaminated mineral horizons. Those species
that remain in the upper soil horizons tended to accumulate larger
amounts of fluoride.

Buse(1986) monitored a range of invertebrates near an aluminium
smelter and found that scavengers, such as millipedes and woodlice,
accumulated the highest concentrations (mean 1100 mg fluoride/kg).
Predatory spiders (Arachnida:Araneae), harvestmen (Arachnida: Opili-
ones), slugs and snails (Gastropoda: Pulmonata), earthworms (Oligo-
chaeta), beetles (Insecta: Coleoptera) and centipedes (Chilopoda)
contained mean fluoride concentrations of 393, 258, 190, 148, 50 and 48
mg/kg, respectively. The lowest mean fluoride value was found in
grasshoppers, at 20 mg/kg.

Fluoride has been measured in the femurs of 12 species of preda-
tory birds in the British Isles. Mean fluoride concentrations ranged
from 112 mg/kg (common barn-owl, Tyto alba) to 2690 mg/kg (merlin,
Falco columbarius). Raptors that feed predominantly on small birds
accumulated the highest fluoride concentrations (Seel & Thomson,
1984). Henny & Burke (1990) measured fluoride in femurs of black-
crowned night-herons (Nycticorax nycticorax) near a phosphate-
processing complex. Fluoride concentrationsranged from540to 11 000
mg/kg and increased with age. Vikgren & Stuve (1996a) found that the
mean eggshell fluoride concentration was significantly increased in
mew gull (Larus canus) and herring gull (Larus argentatus) eggs
collected near aluminium smelters (120-212 mg fluoride/kg ash weight)
compared with a control site (83—143 mg fluoride/kg).

Several authors have monitored bone fluoride concentrationsin
small mammals (voles, mice and shrews) in the vicinity of anthropo-
genic sources of fluoride (Walton, 1988). Ataheavily polluted site near
an aluminium smelter in the United Kingdom, field voles (Microtus
agrestis) contained bone fluoride concentrations ranging from 910 to
11 000 mg/kg (mean 7148 mg/kg), and wood mice (Apodemus
sylvaticus) contained bone fluoride concentrations ranging from 1800
to 17 200 mg/kg (mean 8430 mg/kg) (Walton, 1987b). Small mammals
(field vole, M. agrestis, and common shrew, Sorex araneus) sampled
from metalliferous fluorspar tailings contained mean fluoride concen-
trations ranging from 120 to 360 mg/kg. Individuals collected from a
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control site contained mean fluoride concentrationsranging from1lto
85 mg/kg (Andrews et al., 1989).

Thomson (1987) studied the bone fluoride in the prey of common
barn-owls (T. alba), field voles (M. agrestis) and common shrews (S
araneus). Specimens were collected from owl pellets 0.9 km from an
aluminium smelter and another site 22 km from the plant. Voles were
also trapped at two locations, and shrews were trapped at six sites. A
negative correlation was found between distance from the smelterand
inorganic fluoride levelsin the vole, and inorganic fluoride levels did
not widely differbetweentrapped specimensand owl pellet specimens.
Fluoride concentrations in bones of the trapped voles ranged from
1581 to 2318 mg/kg at the plant site and from 111 to 257 mg/kg at the
control site. Walton (1985) found a downward trend in bone fluoride
concentrations in mice and voles at increasing distances from the
smelter. Walton (1986) analysed bones from common shrews (S
araneus) and moles (Talpa europaea) collected at different distances
fromthe emissionsource.Fluorideconcentrationsin shrews decreased
with distancefromthe smelter. M ean fluorideconcentrationsin shrews
were 2093 mg/kg close to the plant and ranged from 770 to 1705 mg/kg
at a distance of 4-15 km. Moles from within 1 km of the plant had a
mean bone fluoride content of 7740 mg/kg; however, moles collected
at distances from 3 to 15 km showed no significant relationship with
distance, with mean concentrations ranging from 935 to 1853 mg
fluoride/kg. Shore (1995) established that it was possible to predictthe
bone fluoride content of field voles (M. agrestis), common shrews (S
araneus) or wood mice (A. sylvaticus) at a particular site based on data
from any one of the other species.

Walton (1984) monitored red foxes (Vulpes wulpes) in the United
Kingdom and found mean bone fluoride concentrations ranging from
283 mg/kg at an unpolluted site to 1650 mg/kg near asmelter. There
was a positive correlation between bone fluoride content and age.

Larger mammals have also been extensively monitored for bone
fluoride accumulation. Kierdorf etal. (1989) found mandibular fluoride
in roe deer (Capreolus capreolus) to be positively correlated with age,
the increase in concentration being higher in younger animals and
decliningin olderdeer. Similarly,positive correl ations between age and
bone fluoride content in the same species (Walton & Ackroyd, 1988),
in red deer (Cervus elaphus) (Dabkowska & Machoy, 1989) and in
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European elk (Alces alces) (Machoy et al., 1995) have been found.
Several studies have found that bone fluoride is increased in larger
mammals in the vicinity of fluoride emission sources. Newman & Yu
(1976) found that the bones of deer from an area near an aluminium
plant in northwest Washington, USA, contained 10-35 times more
fluoride than bones of control deer. Theribsof control deer contained
157 and 465 mg fluoride/kg, whereas the ribs of exposed deer contained
2820 and 6809 mg fluoride/kg. H. Kierdorf & Kierdorf (1999) found a
significant reduction in the bone fluoride content of roe deer (C.
capreolus) near a coal-fired power plant (Germany) when comparing
deer monitored between 1973 and 1986 (mean 1529 mg fluoride/kg dry
weight) with animals monitored between 1987 and 1998 (mean 452 mg
fluoride/kg). Kierdorf & Kierdorf (2000) carried out a historical
biomonitoring study on red deer (C. elaphus) antlers. Antlers collected
prior to 1860 contained fluoride levels ranging from28to 79 mg/kg ash
weight. The highest fluoride concentrations (up to 1392 mg/kg) were
found during the 1970s, with a pronounced decline during the late
1980s and 1990s to fluoride concentrations ranging from 159 to 367
mg/kg.

General population exposure

Drinking-water

Fluorideis ubiquitousin theenvironment, and, therefore, sources
of drinking-water are likely to contain at least some small amount of
fluoride. The amount of fluoride present naturally in non-controlled
fluoridated drinking-water (i.e., drinking-watertowhichfluoridehas not
been intentionally added for the prevention of dental caries) is highly
variable, being dependent upon theindividual geol ogical environment
fromwhichthewateris obtained. Available data fromnational surveys
conducted in a number of countries are summarized in Table 5.

In 1986, approximately 40% of the population of Canada was
served with controlled fluoridated drinking-water (Droste, 1987).
Throughout Canada, there are anumber of communities where sources
of drinking-water contain elevated levels of fluoride (as high as
4.3 mg/litre) from natural sources; however, those identified commu-
nities represent only a very small proportion (0.8%) of the total pop-
ulation (Droste, 1987). Approximately 62% of the US population that
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Table 5. National surveys of fluoride in drinking-water

Location Fluoride Comment References
concentration
(mgllitre)
Canada 0.05-0.21 Range of mean concentrations in Health
non-fluoridated®* samples Canada
collected between 1984 and 1989 (1993)
from 67 communities in 5
provinces
0.73-1.25 Range of mean concentrations in Health
fluoridated” samples collected Canada
between 1986 and 1989 from 320 (1993)
communities in 8 provinces
Czech 0.05-3.0 Range of concentrations in more NIPH (1996)
Republic than 4000 samples of drinking-
water collected between 1994 and
1996 from 36 districts within the
Czech Republic
Finland <0.1-3.0 Range of concentrations in 5900 Lahermo et
groundwater samples al. (1990)
<0.1-5.8 Range of concentrations in 1421 Korkka-
well-water samples Niemi et al.
(1993)
<0.1-6.0 Range of concentrations in Lahermo &
groundwater database of Backman
Geological Survey of Finland, (2000)
7229 shallow wells
<0.1-9.3 Range of concentrations in Lahermo &
groundwater database of Backman
Geological Survey of Finland, (2000)
571 drilled wells
Germany 0.02-0.17 Range of concentrations of Bergmann
drinking-water collected from (1995)
various facilities in Germany
between 1975 and 1986
The 0.04-0.23 Public drinking-water samples Sloof et al.
Nether- collected in 1985 from water (1989)
lands treatment plants in 12 provinces
Poland 0.02-3.0 Range of mean concentrations in Czarnowski
samples of drinking-water etal. (1996)

collected from 94 locallities in
central and northern Poland
between 1993 and 1995
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Table 5 (contd).
Location Fluoride Comment References
concentration
(mgllitre)
USA <0.1-1.0 Fluoride levels in drinking- US EPA

water of approximately 62% (1985); US
of the US population served DHHS

by public supplies range from (1991)
<0.1 to 1.2 mgl/litre; levels of

fluoride in drinking-water of

approximately 14% of the US

population served by public

supplies range from 1 to 2

mg/litre

2 Drinking-water in which inorganicfluoride was not intentionally added for the
prevention of dental caries.

b Drinking-waterin which inorganicfluoride was intentionally added forthe pre-
vention of dental caries.

is served by public water systems is supplied with drinking-water
containing fluorideat concentrationsat or below 1.2 mg/litre (US EPA,
1985; US DHHS, 1991). Approximately 0.4% of the population in the
USA is supplied with drinking-water (from groundwater sources) con-
taining natural fluoridethat exceedsa concentration of 2.0 mg/litre (US
EPA, 1985; US DHHS, 1991). In other countries, such as Poland,
Finland and the Czech Republic, levels of fluoride in drinking-water as
high as 3 mg/litre haveal so been reported (Lahermo et al., 1990; Berg-
mann, 1995; Czarnowski et al., 1996; NIPH, 1996).

In areas of the world in which endemic fluorosis of the skeleton
and/or teeth has been well documented, levels of fluoride in ground-
water supplies have been reported to range from 3 to more than
20 mg/litre (WHO, 1984; Krishnamachari, 1987; Kaminsky et al., 1990;
US DHHS, 1991). In Tanzania, 30% of waters used for drinking-water
contained fluoride at concentrations above 1.5 mgl/litre, levels in the
Rift Valley being up to 45 mg/litre (Latham & Gretch, 1967).

M ean concentrations of fluoride ranged from 0.19 to 0.33mg/litre
in more than 24 varieties of domestic and imported bottled waters
purchasedin the USA in 1989 (Nowak & Nowak, 1989; Stannard et al.,
1990). In a study of 52 varieties of bottled water purchased in the
vicinity of Houston, Texas, USA, between 1989 and 1991, the levels of
fluoride ranged from <0.1 to 0.72 mg/litre (Tate & Chan, 1994). Similar
findings were reported in a study of bottled water sold in Cleveland,
Ohio,USA (Lalumandier & Ayers, 2000). The concentration of fluoride
in 24 samples of mineral water collected in Germany between 1984 and
1989 ranged from 0.017 to 2.70 mg/litre (Bergmann, 1995).
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5.2.2 Food

Since publication of the first EHC document on fluoride (WHO,
1984), additional information on the levels of fluoride in foodstuffs has
become available. Virtualy all foodstuffs contain atleast trace amounts
of fluoride. A summary of various studiesin which the levels of fluor-
idein foods have been assessed is presented in Table 6.

Table 6. Levels of fluoride in foodstuffs
Table 6 (contd).

Food Fluoride Comment References
concentration
(mg/kgy
Milk and 0.01-0.8 Range of concentrations Dabeka &
milk in 12 varieties of dairy McKenzie
products products in Canada (1995)
0.045-0.51 Range of mean Schamschula
concentrations in 13 et al. (1988a)
varieties of dairy products
in Hungary
0.019-0.16 Range of concentrations Bergmann

in milk and milk products (1995)
sampled between 1981
and 1989 in Germany

Meat and 0.04-1.2 Range of concentrations Dabeka &
poultry in 17 varieties of (cooked McKenzie
and raw) meat and poultry  (1995)
in Canada
0.01-1.7 Range of mean Schamschula
concentrations in 7 et al. (1988a)

varieties of meat and
poultry in Hungary

0.29 Mean concentration in Bergmann
canned meat and sausage (1995)
sampled between 1981
and 1989 in Germany

Fish 0.21-4.57 Range of concentrations Dabeka &
in 4 varieties of fish McKenzie
available in Canada (1995)
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Table 6 (contd).

Food Fluoride Comment References
concentration
(mgl/kgy

Fish 0.06-1.7 Range of concentrations Whitford

(contd). in 6 varieties of fish (1996)
available in the USA

Soups 0.41-0.84 Range of concentrations Dabeka &
in 4 varieties of soup McKenzie
available in Canada (1995)

0.42-0.94 Range of mean Schamschula
concentrations in 7 et al. (1988a)
varieties of soup available
in Hungary

Baked 0.04-1.02 Range of concentrations Dabeka &

goods and in 24 varieties of baked McKenzie

cereals goods and cereals (1995)
available in Canada

1.27-1.85 Range of mean Chen et al.
concentrations in rice (1996)
consumed in three
villages in China

0.06-0.49 Range of mean Schamschula
concentrations in 13 et al. (1988a)
varieties of baked goods
and cereals available in
Hungary

0.05-0.39 Range of concentrations Bergmann
in bread and grains (1995)
sampled between 1981
and 1989 in Germany

Vegetable 0.01-0.68 Range of concentrations Dabeka &

S in 38 varieties of raw, McKenzie
cooked and canned (1995)
vegetables in Canada

0.28-1.34 Range of mean Chen et al.
concentrations in three (1996)
staple vegetables
consumed in three
villages in China

0.01-0.86 Range of mean Schamschula
concentrations in 24 et al. (1988a)
varieties of vegetables
available in Hungary

0.023 Mean concentration in Bergmann

some vegetables sampled  (1995)

between 1981 and 1989
in Germany
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Table 6 (contd).

Food Fluoride Comment References
concentration
(mgl/kgy
Fruits and 0.01-0.58 Range of concentrations Dabeka &
fruit juices in 25 varieties of fruit and McKenzie
fruit juices available in (1995)
Canada
0.03-0.19 Range of mean Schamschula
concentrations in 16 et al. (1988a)
varieties of fruits and fruit
juices available in
Hungary
0.02-2.8 Range of concentrations Kiritsy et al.
in 532 varieties of fruit (1996)
juice and juice-flavoured
beverages in the USA
0.027 Mean concentration in Bergmann
some fruits sampled (1995)
between 1981 and 1989
in Germany
0.014-0.35 Range of concentrations Bergmann
in some fruit juices (1995)
sampled between 1984
and 1989 in Germany
Fats and 0.05-0.13 Range of concentrations Dabeka &
oils in 3 varieties of fats and McKenzie
oils available in Canada (1995)
Sugars 0.01-0.28 Range of concentrations Dabeka &
and in 7 varieties of sugar- McKenzie
candies containing products avail-  (1995)
able in Canada
0.01-0.31 Range of mean Schamschula
concentrations in 12 et al. (1988a)
varieties of sugar-
containing foods
available in Hungary
Beverages 0.21-0.96 Range of concentrations Dabeka &
in 6 varieties of beer, McKenzie
wines, coffee and soft (1995)
drinks available in
Canada
0.19-0.78 Range of mean Schamschula
concentrations in 3 et al. (1988a)
varieties of coffee and soft
drinks available in
Hungary
0.003-0.39 Range of concentrations Bergmann
in some soft drinks (1995)
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Table 6 (contd).

Food Fluoride Comment References
concentration
(mgl/kgy
Beverages 0.02-1.28 Range of concentrations Heilman et
(contd). in 332 samples of soft al. (1999)

drinks sold in lowa, USA,
between 1995 and 1997

Tea 4.97 Concentration in tea Dabeka &
available in Canada McKenzie
(1995)
90.94-287.9 Range of mean Chen et al.
concentrations of tea (1996)
consumed in 3 villages in
China
243.7 Mean concentration in 4 Schamschula
samples of tea leaves et al. (1988a)
used in Hungary
82-371 Range of concentrations Wei et al.
in samples of 32 tea (1989)
leaves purchased in Hong
Kong
0.005-0.174  Range of concentrations Bergmann

in herbal and children’s (1995)
teas sampled between
1984 and 1989 in

Germany

0.37-2.07 Range of concentrations Bergmann
in black tea sampled (1995)
between 1984 and 1989
in Germany

a For liquid items, concentrations are in mg/litre.

Tealeaves are particularly rich in fluoride (see Table 6). The con-
centration of fluoride in brewed tea is dependent upon the concen-
tration of soluble fluoride in the tealeaves, the level of fluoridein the
water used in its preparation and the length of the brewing period
(Smid & Kruger, 1985). Chan & Koh (1996) reported that the mean
concentration of fluoride in 21 brands of caffeinated tea, 11 brands of
decaffeinated tea and 12 brands of herbal tea purchased in the USA
and brewed (with water containing <0.02 mg fluoride/litre) for 5-120
min was approximately 1.5-2.4, 3.2-4.2 and 0.05-0.1 mg/litre, respec-
tively. The levels of fluoridein 40 brands of brewed and instant coffee
purchased in the USA ranged from 0.1to 0.58 mg/litre, with no signifi-
cant difference between caffeinatedand decaffeinated coffees (Warren
et al., 1996).
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The concentration of fluoridein food products is usually not sig-
nificantly increased by the addition of superphosphate fertilizers to
agricultural soil (Oelschlager, 1971), due to the generally low transfer
coefficient from soil to plant material. However, a recent study by
McLaughlin et al. (2001) found significant increasesinfluoride concen-
trations in herbage harvested from plots fertilized with phosphate
fertilizers (537 kg total phosphorus added over 59 years) over a long
period (22 mg fluoride/kg) compared with concentrations in herbage
harvested from unfertilized plots (11 mg fluoride/kg). These data
suggest that, given the right soil conditions and application of
sufficient fluoride as animpurity in phosphate fertilizers to soils, plant
uptake of fluoride can be increased. The use of water containing rela-
tively low (<3.1 mg/litre) levels of fluoride for crop irrigation generally
does not increase foodstuff fluoride concentrations (Schamschula et
a., 1988a). However, thisis dependent on plant species and fluoride
concentrationsin soil and water. For example, Kabasakalis & Tsolaki
(1994) showed that fluoride concentrationsin vegetables irrigated with
water containing 10 mg fluoride/litre were increased compared with
fluoride concentrations in vegetables grown withirrigation water con-
taining low fluoride concentrations (0.15 mg/litre). They also com-
mented that fluoride has a tendency to accumulate in the vegetable
leaves rather than in the fruits.

Levels of fluorideinfoodsare significantly affected by the fluor-
ide content of the water used in preparation or processing, most
notably in beverages and dry foodstuffs to whichwateris added prior
to consumption (Kumpulainen & Koivistoinen, 1977; Schamschula et
al., 1988a). In a study conducted in arural areaof China, immersion of
vegetables in hot spring water containing elevated levels of fluoride
(approximately 20.3 mg/litre) reportedly led to asignificant increase in
the fluoride content of the food product (Xu et al., 1995). The con-
centration of fluoride in water used to parboil rice influenced the level
inthefinal product (Anasuya & Paranjape, 1996). The concentrations
of fluoride in unwashed or unprocessed foods grown in the vicinity of
industrial sources (emissions) of fluoride in Japan (Sakurai et al., 1983;
Tsunoda & Tsunoda, 1986; Muramoto et a., 1991) and the United
Kingdom (Jones et al., 1971) have been upto 100-fold greater than the
levels inthe same foods grown in othernon-industrially exposed areas.

In commercialy available infant formulas sold in the USA, soy-
based ready-to-use and liquid concentrate formulas contained higher
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levels of fluoridethan the equival ent milk-basedproducts;however,no
significant differencewasobserved between soy- and milk-based pow-
dered infant formulas (McKnight-Hanes et al., 1988) (Table 7). The
mean concentrationsof fluoridein liquid milk- and soy-based concen-
trated formulas diluted with water containing 1 mg fluoride/litre were
0.62 and 0.74 mgl/litre, respectively. The mean concentrations in pow-
dered milk- and soy-based formulas diluted with water containing 1 mg
fluoride/litre were 0.83and 0.85mg/litre,respectively (McKnight-Hanes
et al., 1988). For infant formulas available in Australia, the average
concentrations of fluoride in powdered milk- and soy-based formulas
diluted with water containing 1 mg fluoride/litre were 1.2 and 1.34
mg/litre, respectively (Silva & Reynolds, 1996). Studies of fluoride
levels in infant foods available in Germany revealed mean concen-
trations generally of 0.02-0.3 mg/litre (Bergmann, 1995). In other
studies (see Table 7), levels of fluoride in infant formulas have ranged
from 100 to 1600 pg/litre (Fomon & Ekstrand, 1993). A study of a
variety of infant food products available inthe USA indicated concen-
trations of fluorideranging from0.01to 8.38 ug/g; the highest concen-
trations were in products containing chicken (Heilman et al., 1997). In
otherinfant food and beverage products (see Table 7), fluoride levels
ranged from 10 to 6000 pg/litre (Fomon & Ekstrand, 1993). Reported
levels of fluoridein breast milk have ranged from <2to 100 ug/litre, with
most values being between 5 and 10 pg/litre (Ekstrand, 1981; Esala et
al., 1982; Dabekaet al., 1986; Bergmann, 1995).

Indoor air

Available data on the concentrations of fluoride in indoorair are
limited. In the Netherlands, concentrations of gaseous fluoride ranged
from <2 to 49 pg/m’° in the indoor air of five homes constructed with
wood treated with a preservative containing 56% fluoride (Sloof et al .,
1989). Gu et al. (1990) reported a mean concentration of fluoride of
approximately 60 ug/m® for samples of indoor air collected fromhomes
in Chinawhere coal containing high amounts of fluoride was burned
indoors. In other studies conducted in China, the levels of fluoridein
the indoor air of homes where fluoride-rich coal was burned have
ranged from 2.1 to 46.1 pg/m° (Liu, 1995) and from 15 to 155 pg/m®
(Zhang & Cao, 1996). (See section 5.1.2 for concentrations of fluoride
in outdoor air.)
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Table 7. Concentrations of fluoride in infant foods?

Food item Fluoride Reference
concentration
(pgl/litre)
Human milk 5-10 Esala et al. (1982);

Spak et al. (1983);
Ekstrand et al. (1984)

Cow’s milk 30-60 J. Ekstrand
(unpublished data)
Formula Johnson & Bawden
1987); McKnight-
Ready to feed 100-300 (
y Hanes et al. (1988)
Concentrated
liquid
Milk-based 100-300
Isolated 100-400
soybean-based
Powdered
Milk-based 400-1000
Isolated 1000-1600
soybean-based
Most products other than 100-300 Singer & Ophaug
dry cereals (1979); Dabeka et al.
(1982)

Fruit juices Singer & Ophaug
Produced with 10-200 (ig;g); Dabeka et al.
non-fluoridated ( )
water
Produced with 100-1700
fluoridated water

Dry cereals Singer & Ophaug
Produced with 90-200 (1972); Dabeka et al.
non-fluoridated (1982)
water
Produced with 4000-6000
fluoridated water

Wet-pack cereal fruit 2000-3000 Singer & Ophaug

products (1979); Dabeka et al.

(1982)
Poultry-containing 100-5000 Singer & Ophaug
products (1979); Dabeka et al.
(1982)

a From Fomon & Ekstrand (1993); Fomon et al. (2000).
b Concentration rangeshave been rounded off. Most reported valuesfall within
the ranges listed in the table.
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Environmental Levels and Human Exposure

Consumer products

Dentifrice products for adults that are commercially available in
many countries generally contain fluoride at concentrations ranging
from 1000 to 1500 pg/g (Whitford, 1987; Sloof et al., 1989; Newbrun,
1992). Some dentifrices designed for use by children contain lower
levels of fluoride, ranging from250to 500 ug/g (Newbrun, 1992). Dental
products such as toothpaste, mouthwash and fluoride supplements
have been identified as significant sources of fluoride (Ekstrand, 1987,
Drummond et al., 1990). Topical mouth rinses marketed fordaily home
use may contain between 230 and 500 mg fluoride/litre, while
mouthwash products intended for weekly or biweekly usemay contain
900-1000 mg fluoride/litre (Sloof et al., 1989; Grad, 1990; Whitford,
1996).

Intake estimates

Published estimates for the intake of fluoride have been summa-
rizedin Table 8. Althoughindividual exposure to fluorideis likely to be
highly variable,theinhalation of airborne fluoride in most cases makes
a minor contribution to the total intake of this element. Infants may
receive small quantities of fluoride from breast milk. For adults, the
consumption of foodstuffs and drinking-wateris the principal routefor
the intake of fluoride. The ingestion of dentifrice by young children
makes asignificant contributionto their total intake of fluoride. Studies
have indicated that children between 2 and 5 years of age may ingest
between 0.11 and 0.39g of dentifriceper brushing (Bruun& Thylstrup,
1988; Simard et al., 1989; Naccache et al., 1990, 1992). In general,
estimated intakes of fluoridein children and adolescents do not exceed
approximately 2 mg/day.

Although adults may have ahigher absolute daily intake of fluor-
ide in milligrams, the daily intake of fluoride by children on amilligram
per kilogram body weight basis may exceed that of adults. In certain
areas of the world in which the concentration of fluoride in the
surrounding environment (mainly groundwater) may be exceedingly
high and/or diets are composed of foods rich in fluoride, estimated
intakes of fluoride in adults as high as 27 mg/day have been reported
(Liu, 1995; Anasuya et a., 1996; Cao et al., 1996; Karthikeyan et al.,
1996). In certain areas of Chinain which coal rich in fluorideis used for
heating and food preparation (e.g., cooking, food drying), the
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Table 8. Estimated intakes of fluoride

Sources of fluoride Age group Estimated fluoride Comment References
exposure intake, mg/day (mg/kg

body weight per day)?
Foodstuffs Adults 0.6 Intakes based upon levels of fluoride and Varo &

consumption of major foodstuffs Koivistoinen
(1980)

Foodstuffs and infants (6 months): Intakes based on fluoride levels in market Ophaug et
drinking-water in four  (drinking-water <0.3 mg fluoride/litre) 0.226 (0.028) basket survey of foods and drinking-water al. (1985)

regions of the USA

Foodstuffs (including
infant formulas) and
beverages,
fluoridated or non-
fluoridated drinking-
water in North
America

(drinking-water >0.7 mg fluoride/litre)
children (2 years old):

(drinking-water <0.3 mg fluoride/litre)
(drinking-water >0.7 mg fluoride/litre)

children (up to 6 years of age)

0.418 (0.052)

0.207 (0.017)
0.621 (0.05)

0.05-1.23 (0.01-0.16)

and estimated consumption

Summary of 8 studies published between
1943 and 1988 on the estimated intakes of
fluoride from food and beverages by North
American children

Levy (1994)




Table 8 (contd).

Sources of fluoride
exposure

Age group

Estimated fluoride
intake, mg/day (mg/kg
body weight per day)?

Comment

References

Ambient air,
foodstuffs (including
infant formula or
breast-fed),
fluoridated or non-
fluoridated drinking-
water, soil, dentifrice
in Canada

(Infant formula or
breast-fed), cereal,
juices, fluoridated or
non-fluoridated
drinking-water,
dentifrice, fluoride
supplements in the
USA

infants (up to 6 months of age)
children (7 months to 4 years)
adolescents (5-11 years)
adults (20+ years)

infants (6 months of age)
children (1 year of age)
children (2-3 years of age)

<0.01-0.65
(<0.001-0.09)
0.6-2.1 (0.05-0.16)
0.7-2.1 (0.03-0.08)
2.2-4.1 (0.03-0.06)

—2
-2

0.4-1.4 (0.05-0.19)
0.32-0.73 (0.03-0.08)
0.76-1.23 (0.06-0.09)

Estimated total intakes by multimedia
exposure analysis based upon ranges of
mean concentrations of fluoride in
ambient air, fluoridated or non-fluoridated
drinking-water and soil; levels of fluoride in
survey of 109 foodstuffs in Canada, breast
milk, infant formula and average level of
fluoride in dentifrice available in Canada,
as well as assigned reference values for
body weight, inhalation of air, and
consumption of water, soil and foodstuffs,
by various age groups of the population of
Canada

Estimated intakes based upon
concentrations of fluoride in breast milk or
various infant formulas reconstituted with
fluoridated or non-fluoridated drinking-
water, levels in juices and cereals, as well
as estimated intakes from dentifrice and
fluoride supplements by children in the
USA

Government
of Canada
(1993)

Levy et al.
(1995)




Table 8 (contd).

Sources of fluoride
exposure

Age group

Estimated fluoride
intake, mg/day (mg/kg
body weight per day)?

Comment

References

Various infant
formulas
reconstituted with
fluoridated or non-
fluoridated drinking-
water in Australia

Ambient air,
drinking-water and
limited variety of
foodstuffs in China

Ambient air,
drinking-water and
limited variety of
foodstuffs in China

infants (6 months of age)
infants (1 year of age)

adolescents (7-15 years)
adults (16+ years)

adolescents (8-15 years)
adults (16+ years)

0.13-1.35 (0.02-0.17)
0.14-1.65 (0.02-0.17)

1.51-10.6

Estimated intakes based upon levels of
fluoride in various infant formulas
available in Australia reconstituted with
either fluoridated or non-fluoridated
drinking-water

Estimated intakes based upon levels of
fluoride in ambient air, local supplies of
drinking-water and levels in a limited
variety of locally grown foodstuffs in an
area of China with known elevated levels
of fluoride in local water supplies

Estimated intakes based upon levels of
fluoride in ambient air, indoor air, local
supplies of drinking-water and levels of
fluoride in a limited variety of locally
grown foodstuffs in four areas of China
where fluoride-containing coal is burned
for heating and cooking

Silva &
Reynolds
(1996)

Liu (1995)

Liu (1995)




Table 8 (contd).

Sources of fluoride
exposure

Age group

Estimated fluoride
intake, mg/day (mg/kg
body weight per day)?

Comment

References

Principal foods
consumed by
Tibetan and Han
peoples residing in
Sichuan province in
China (levels of
fluoride in drinking-
water were low [0.1
mg/litre])

Ambient air,
beverages, food and
drinking-water in
Hungary

Drinking-water and
food in India

Tibetan
(8-15 years)
(>15 years)

Han
(8-15 years)
(>15 years)

children with a mean age of 3.9 years
adolescents with a mean age of 14
years

children (age not specified)

5.49
10.43

1.5-20

Increased intake of fluoride by Tibetans
based upon their consumption of a local
type of prepared barley and brick tea;
foodstuffs not consumed by Han residing in
this area; prevalence of dental and
skeletal fluorosis greater among Tibetans
than among Han

Estimated intakes based upon levels in
available foodstuffs, beverages, air and
drinking-water containing levels of fluoride
ranging from 0.06 to 3.1 mg/litre

Estimated range of mean intakes based
upon levels in foodstuffs and local supplies
of drinking-water that ranged in
concentration from 0.32 to 9.6 mg/litre

Cao et al.
(1996)

Schamschula
et al. (1988b)

Karthikeyan
et al. (1996)




Table 8 (contd).

Sources of fluoride
exposure

Age group

Estimated fluoride
intake, mg/day (mg/kg
body weight per day)?

Comment

References

Drinking-water and
food in normal or
fluorotic villages in
India

Diet, beverages and
toothpaste in New
Zealand

Commercially
available foods and
drinking-water in
Germany

Breast milk and
homemade food in
Germany

adults (age not specified)

children (3—4 years of age)

infants 1-12 months of age

infants 1-12 months of age

0.84-4.69 (normal)
3.40-27.1 (fluorotic)

0.17-1.31 (0.01-0.07)

0.099-0.205

0.002-0.075
(0.0005-0.007)

Range of intakes based upon consumed
foodstuffs and local supplies of drinking-
water from rural areas in India considered
either normal or fluorotic, based upon the
absence or occurrence of endemic skeletal
fluorosis in these areas, respectively

Range of intakes based on duplicate-diet
survey of foodstuffs and beverages (non-
fluoridated or fluoridated) consumed as
well as calculated intake from toothpaste,
in a study of 66 children

Estimated intake based upon consumption
of commercially available food and
drinking-water containing 0.13 mg
fluoride/litre

Estimated intakes by infants receiving
breast milk as well as homemade foods

Anasuya et
al. (1996)

Guha-
Chowdhury et
al. (1996)

Bergmann
(1995);
Bergmann &
Bergmann
(1995)




Table 8 (contd).

Sources of fluoride
exposure

Age group

Estimated fluoride
intake, mg/day (mg/kg
body weight per day)?

Comment

References

Food, beverages and
drinking-water in
Germany

Foods, beverages
and drinking-water in
Germany

Foods, beverages
and drinking-water in
Germany

Foods, beverages
and dentifrice in the
USA

children 1-15 years of age

adolescents (15-18 years of age)

Adults

16- to 40-month-old children
consuming drinking-water containing
0.3 mg fluoride/litre

16- to 40-month-old children
consuming drinking-water containing
0.8-1.2 mg fluoride/litre

0.112-0.264

0.523 (males) (0.008)
0.470 (females) (0.009)

0.560 (males) (0.007)

0.442 (females) (0.007)
0.965 (0.073)

0.965 (0.07)

Estimated intake based upon consumed
foodstuffs, beverages and drinking-water

Estimated intake based upon consumed
foodstuffs, beverages and drinking-water

Estimated intake based upon consumed
foodstuffs, beverages and drinking-water

Estimated intake based upon consumed
foodstuffs, beverages and drinking-water

Estimated intake based upon consumed
foods, beverages and dentifrice

Bergmann
(1995);
Bergmann &
Bergmann
(1995)

Rojas-
Sanchez et
al. (1999)

a

Data in parentheses are the estimated intakes of fluoride, expressed as mg/kg body weight per day, when presented in the reference cited.
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inhalation of indoor air and consumption of foodstuffs containing
increased levels of fluoride al so contributeto elevated intakes (Zhang
& Cao, 1996; Liang et al., 1997).

Occupational exposure

The information presented in this section focuses on data that
have become available since the last EHC document on fluoride was
published (WHO, 1984). Occupational exposure to fluoride via
inhalation or dermal contact likely occursfor individuals involved in
the operation of welding equipment orin the processing of aluminium,
iron ore or phosphate ore (Sloof et al., 1989). In the Netherlands,
concentrationsof fluoridein theworkroom air of seven machineshops
and shipyards where wel ding operationswere conducted ranged from
30 to 16 500 ug/m’; levels were highest in areas where welding
activities were conducted in small enclosed spaces (Sloof et al., 1989).
The mean concentration of fluorideinthe workroomair of an aluminium
plant in Sweden was 900 pg/m?®, with 34% of the fluoride present in the
gaseous form (Sloof et al., 1989). The concentration of total airborne
fluoride in the potroom of an aluminium smelter in British Columbia,
Canada, was approximately 0.48 mg/m® (Chan-Yeung et al., 1983a).
Sayseth et a. (1995) reported that between 1986 and 1988, the average
concentration of total fluoride in the potroom of an aluminium smelter
in western Norway was approximately 0.5 mg/m®. Rgnneberg (1995)
indicated that, based upon monitoring studies conducted at a Norwe-
gian aluminiumsmelterin 1962, time-weighted-average concentrations
of airborne fluoride ranged from 1.5 to 2.7 mg/n®. The time-weighted-
average concentrations of either dust-bornefluorideorhydrogenfluor-
ideat two aluminium production facilitiesin the Netherlands operating
sincethe mid-1960s were reported to be approximately 0.5 mg/m?®(Sorg-
drager et a., 1995). The mean level of total airborne fluoride in the
potroom of an Iranian aluminium smelter was reportedly 0.93 mg/m?®
(Akbar-Khanzadeh, 1995). During 1987-1988 and 19901994, the mean
levels of gaseousfluoridein the air of a hydrofluoric acid production
facility located in Mexico were reportedly 1.78 and 0.21 mg/m®,
respectively (Calderon et al., 1995). Mean levels of hydrogen fluoride
up to 3 mg/m® were reported for some areas of a phosphate fertilizer
production facility in Poland (Czarnowski & Krechniak, 1990).
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6.1.1

6. KINETICS AND METABOLISM IN HUMANS AND
LABORATORY ANIMALS

Absorption
Absorption in humans

In humans, the dominating route of fluoride absorption is viathe
gastrointestinal tract. Airborne fluoride may also be inhaled.

Fluoride ions are released from readily soluble fluoride com-
pounds, such as sodium fluoride, hydrogen fluoride, fluorosilicic acid
and sodium monofluorophosphate (Na,PO,F), and almost completely
absorbed (Ekstrand et al., 1978; Spaket a., 1982). Fluoride compounds
with low solubility, on the other hand, including calcium fluoride,
magnesium fluoride and aluminium fluoride, are poorly absorbed.

Afterintake of sodiumfluoride as tablets or a solution, fluorideis
rapidly absorbed. Only afew minutes afterintake, thereisarisein the
plasma fluoride concentration, and the plasma peak usually occurs
within 30 min. The height of the plasma peak is proportional to the
fluoride dose ingested (Ekstrand et al., 1977b).

The absorptive processoccurs by passivediffusion,and fluoride
is absorbed principally fromboth the stomach and the intestine. There
is no convincing evidence that active transport processes are
involved. The mechanism and therate of gastric absorption of fluoride
arerelated to gastric acidity.

Fluoride is mainly absorbed in the form of hydrogen fluoride,
which has apK, of 3.45. That is, when ionic fluoride enters the acidic
environment of the stomach lumen, it islargely converted into hydro-
gen fluoride (Whitford & Pashley, 1984). Most of the fluoride that is
not absorbed from the stomach will be rapidly absorbed from the small
intestine.

In abioavailability study in which young volunteers were given
4 mg fluoride as calciumfluoride (a poorly soluble fluoride compound)
and plasma fluoride was followed for 6 h, no increase in the plasma
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fluoride concentration was detected following intake, indicating no
fluoride absorption (Afseth et al., 1987).

Fluoridecompoundsthat occur naturally or are addedto drinking-
water yield fluoride ions, which are ailmost completely absorbed from
the gastrointestinal tract. Thus, fluoride in drinking-water is generally
bioavailable.

Thereis only limited information on the bioavailability of fluoride
from fluoride-containing diets. In a balance study in infants, it was
found that the bioavailability of the fluoride in the infants’ diet was
about 90% (Ekstrand et al., 1994).

The ingestion of fluoride with food retards its absorption and
reduces its bioavailability. When fluoride was ingested as sodium
fluoridetablets on afasting stomach, the bioavailability of fluoridewas
almost 100%. When the same dose was taken together with a glass of
milk, the bioavailability decreased to 70%; whenit was taken together
with acalcium-rich breakfast, the bioavailability was furtherreduced to
60% (Ekstrand & Ehrnebo, 1979; Trautner & Einwag, 1989; Shulman &
Vallgjo, 1990). The decrease in absorption associated with the
ingestion of milk or food is probably due to binding of fluoride with
certain food constituents, including calcium and other divalent and
trivalent cations. When this occurs, the faecal excretion of fluoride will
increase. The timing of fluoride ingestion in relationto amealis critical
with respect to fluoride bioavailability. When afew grams of afluoride
dentifrice are swallowed on a fasting stomach, the plasma peak is
recorded within 30 min; however, when the dentifrice is swallowed 15
min after a meal, the peak does not occur until after 1 h. The fluoride
from most dental products intended for oral application is almost
completely absorbed when swallowed (Ekstrand, 1987).

There is partial to complete absorption of gaseous and particul ate
fluorides from the respiratory tract (Mclvor, 1990), with the extent of
absorption dependent upon solubility and particle size. Particulate
fluorides deposited in the bronchiol es and nasopharynx may be swal-
lowed (via ciliary clearance and/or coughing) and reach the gastro-
intestinal tract, where they are absorbed; relatively insoluble
particulatefluorides deposited deep within thelungs may be absorbed
gradually over time.
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Kinetics and Metabolism in Humans and Laboratory Animals

Available information on the absorption of fluoride through the
skin islimited to cases of acute dermal exposure to hydrofluoric acid.
Although hydrofluoric acid appearsto be rapidly absorbed following
dermal exposure, in view of the extremely corrosive nature of this
compound, absorption into the general circulation could also be a
consequence of damage to the vascular system.

Absorption in laboratory animals

Experimental studies performedinvivowithrats (Sato et al., 1986)
and in vitro with isolated segments of dog jejunum (Messer et al.,
1989) have indicated that fluoride (as sodium fluoride) is rapidly
absorbed from the stomach and intestinal tract in animals. The rate at
which fluoride is absorbed fromthe stomach is inversely related to the
pH of the stomach contents (Whitford, 1990, M esser & Ophaug, 1993).

Although most of the fluoride ingested by laboratory animals is
absorbed through the gastrointestinal tract, small amounts may also be
absorbed from the oral cavity. In female Fischer F-344 rats intubated
endotracheally (with oesophageal ligation)with 200 ul of a solution of
sodium fluoride (Na'®F), approximately 7% of the administered material
was absorbed from the oral cavity within 2.5h (Pattenet a., 1978). The
absorption of fluoride (as sodium fluoride in solution) from the oral
cavity of Syrian hamsters increased with decreasing pH of the solution
(Whitford et al., 1982).

In laboratory animals, the presence of food (Rao, 1984) and fluor-
ide-binding ions (i.e., aluminium, calcium, magnesium) in the gastro-
intestinal tract (Spencer et al., 1981) significantly reduces the amount
of fluoride absorbed into the general circulation. The absorption of
ingested fluoride by female Wistar rats was reduced from 76 to 47%
when the level of calciumin their diet was increased from 0.5 to 2%
(Harrison et al., 1984). In male albino rabbits administered drinking-
water containing 25 or 250 mg fluoride/litre (as sodium fluoride) for 4
weeks, the levels of fluoride in the serum (and femoral bone) were
approximately 2-fold higher in animals administered a diet low in
calcium (0.4%) than in controls administered a diet containing 1.6%
calcium (Tsuchidaet al., 1992).

Otherthan the observation by Morris & Smith (1982) that gaseous
hydrogen fluoride was almost completely absorbed from the upper
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respiratory tract following the exposure of rats to concentrationsrang-
ing from 30 to 176 mg fluoride/m®, no additional quantitative data on
the absorption of fluorides following inhalation exposure were identi-
fied.

Quantitative information on the dermal absorption of fluoridesin
animals was not identified.

Distribution and retention
Fluoride in blood

Fluoride is rapidly distributed by the systemic circulation to the
intracellular and extracellular water of tissues; however, the ion nor-
mally accumulates only in calcified tissues, such as bone and teeth.
Fluoride is not bound to any plasma proteins (Taves, 1968; Ekstrand
et a., 1977a). In the blood, the ion is asymmetrically distributed
between plasma and the blood cells, sothat the plasma concentration
is approximately twice as high as that associated with the cells (Whit-
ford, 1996).

There is no homeostatic regulation of the fluoride concentration
in the blood. In a short-term human pharmacokinetic study, fluoride
doses ranging from 3to 10mg were given orally in the form of tablets.
Thedatawere interpreted usinganopenthree-compartment model, and
the plasma half-life was determined from the final terminal phase,
ranging from 3to 10 h. The plasmalevel roseand fell during each dos-
age interval. That is, the fluctuation of the plasma fluoride concen-
tration depended on the fluoride dose ingested, dose frequency and
the plasma half-life of fluoride (Ekstrand et al., 1977hb).

The literature contains awide range (0.4-2.4 pmol/litre) for “nor-
mal” plasma fluoride concentrations. Some of the results may have
been due to the use of fasting individualsin some studies and non-
fastingin others. Itisvirtually certain also that problems with the anal-
ysis of fluoride have been contributory. This is especially the case
when only the fluoride electrode is used for the analysis of samples
withlow concentrations. The use of preparative methodsthat concen-
trate the fluoride in small volumes, such as the acid-HMDS
microdiffusion method, is necessary when such low levels of fluoride
are to be measured.
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Under steady conditions of exposure via drinking-water, the con-
centration of fluoride in plasma collected from fasting subjects is
directly related to the concentration in the drinking-water consumed
(Guy et al., 1976; Ekstrand, 1978). The mean concentration of fluoride
in the blood plasma of 30 residents of communitiesin the USA served
by drinking-water containing low concentrations of fluoride (i.e.,
<0.1mg/litre)was 0.4 umol/litre,while the mean concentration in plasma
fromindividuals consuming drinking-watercontaining higher amounts
of fluoride (i.e., 0.9-1.0 mg/litre) was reportedly 1 pmol/litre (Guy et al.,
1976). Serum and plasma contain virtually the same amount of fluoride
(Guy et al., 1976; Kono et a., 1986). Thereis a considerable variation
during the day in plasma fluoride levels in subjects living in an area
with ahigh fluoride concentration in the drinking-water, particularly in
adults (Ekstrand, 1978).

In additionto recent fluoride intake and the level of chronic fluor-
ide intake, plasmafluoride levels areinfluenced by therelative rates of
bone accretion and dissolution and by the renal clearance rate of
fluoride (Waterhouse et al., 1980). In the long term, there is a positive
relationship between the concentration of fluoridein plasma and bone.
Also,apositiverelationship betweenplasma fluorideand age has been
reported (Parkins et al., 1974).

The levels of fluoride in plasma, serumand urine have been con-
sidered useful biomarkers for fluoride exposure (Ekstrand & Ehrnebo,
1983; Ekstrand et al., 1983; Ehrnebo & Ekstrand, 1986; Whitford, 1996;
WHO, 1996a; Lund et al., 1997). The concentrations of fluoride in
parotid saliva have al so been used to assess plasma levels of fluoride
(Ekstrand, 1977; Whitford et al., 1999a). There are, however, ethical and
technical limitations of the use of these fluids for large-scale mon-
itoring of the body burden of fluoride in humans. It has been
suggested that the fluoride concentrationin nails and hair can be used
as amarker of fluoride exposure (Czarnowski & Krechniak, 1990; Kono
et a., 1990; Whitford et al., 1999b). However, there is only limited
information on the reliability of these methods and the risks of
contamination during exposure in field conditions. Information on
appropriate preparation methods aswell asanal yticaltechniques needs
to be further evaluated before these methods can be used on a large-
scale basis.
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Distribution in soft tissues

Fluorideis distributed from the plasmato all tissues and organs.
The rates of delivery are generally determined by the blood flow to the
tissues in question. Consequently, steady-state fluoride
concentrations are achieved more rapidly between plasma and well
perfused tissues, such as the heart, lungs and liver, than between
plasma and less well perfused tissues, such as resting skeletal muscle,
skin and adipose tissue. In general, steady-state tissue-to-plasma
fluoride concentration ratios fall between 0.4 and 0.9, regardless of the
rates at which the steady-state levels are achieved (Whitford et al.,
1979). Exceptions to this range include the kidney, pineal gland, brain
and adipose tissue. Fluoride is concentrated to high levels within the
kidney tubules, so this organ has a higher concentration than plasma.

Most information on the levels of fluoride in soft tissues of
humans is derived from a report published by Taves et a. (1983), in
which theamountsin a number of tissues (from autopsies of 13 cases
of sudden death in the USA) were quantified (see Table 9 in section
6.2.5 below).

Distribution to calcified tissues

The rate of clearance of fluoride from plasma by bone is higher
than that of calcium. In humans and laboratory animals, approximately
99% of the total body burden of fluorideis retained in bones and teeth
(Kaminsky et al., 1990; Hamilton, 1992), with the remainder distributed
in highly vascularized soft tissues and the blood (Mclvor, 1990). The
degreetowhichfluorideis stored in the skeletal tissueis relatedto the
turnover rate of skeletal components and the level of previous
exposure (Caraccio et al., 1983). Levels of fluoridein calcified tissues
are generally highest in bone, dentine and enamel. The concentration
of fluoride in bone varies with age, sex and the type and specific part
of boneandis believedtoreflect anindividual’s long-term exposure to
fluoride.

Duringthe growth phaseof the skeleton, arelatively high portion
of an ingested fluoride dose will be deposited in the skeleton. In
infants and childrenwith skeletal growth orindividuals not consuming
fluoridated drinking-water, up to 75% of the daily amount of fluoride
that is absorbed may be incorporated into skeletal tissue (US DHHS,
1991). When afluoridedose(e.g., afluoride tablet or an infant formula
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diluted with fluoridated drinking-water) is given to infants, the reten-
tion will be strongly correlated with the absorbed fluoride dose per
kilogram body weight: the higher the fluoride dose, the higher the
fluoride retention. Retention of fluoride following intake of a fluoride
supplement of 0.25 mg given to infants was shown to be as high as
80-90%. In a study with adults (aged 23-27 years) in which fluoride
was given as a single intravenous injection, about 60% of theinjected
dose (3 mg fluoride as sodium fluoride) was retained (Ekstrand et al .,
1978).

The selective affinity of fluoride for mineralized tissuesis, in the
short term, due to uptake on the surface of bone crystallites by the
processes of isoionic and heteroionic exchange.Inthelong run,fluor-
ideisincorporatedintothecrystal latticestructure of teeth and skeletal
tissue by replacing some hydroxyl ions within the unit cells of
hydroxyapatite, producing partialy fluoridated hydroxyapatite (i.e.,
fluorapatite or fluorhydroxyapatite) (WHO, 1994).

Fluorideis notirreversibly boundto bone. This has been demon-
strated in persons who had lived in an area with a high fluoride
concentration in the drinking-water and then moved to an areawith a
low water fluoride level. The urinary fluoride concentration in these
individuals fell slowly for long periods, indicating that fluoride was
being mobilized continuously from the skeleton and subsequently
excreted (Hodge et al., 1970). Similar findings have been noted among
workers with chronic occupational exposure to fluoride who were
subsequently employed elsewhere (Boillat et al., 1979). Their plasma
fluoridelevels reflectedtheir bonefluoride concentrations (based upon
iliac crest biopsies) for long periods (2-3 years) after the industrial
fluoride exposure had stopped.

The “balance” of fluoridein thebody (i.e., the difference between
theamount of fluoride ingested and the amount of fluorideexcretedin
the urine and the faeces) can be positive or negative. When the
fluorideis derived fromhuman milk or cow’s milk, biological fluidswith
alow fluoride content, urinary excretion generally exceeds intake (i.e.,
thereis anegative fluoride balance). In infants, when fluoride intakes
are low, sufficient fluorideis released fromboneto extracellular fluid to
result in urinary excretion being higher than intake (Ekstrand et al.,
1994).
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Hence, the plasma concentrations and the urinary excretions
mirror a physiological balance that is determined by earlier fluoride
exposure, the degree of accumulation of the ion in bone, the mobili-
zation rate from bone and the efficiency of the kidneys in excreting
fluoride.

Transplacental transfer

Human studies have shown that the placentais not in any sense
a barrier to the passage of fluoride to the fetus. Thereis adirect rela-
tionship between the serum fluoride concentration of the mother and
that of the fetus; the cord serum concentration is 75% that of the
maternal fluoride concentration. Fromthe fetal bl ood, fluorideis readily
taken up by the calcifying fetal bones and teeth (Shen & Taves, 1974).

Fluoride levels in human tissues and organs

Information on the levels of fluoride in thetissues and organs of
individuals is summarized in Table 9. The concentration of fluoridein
the plasma of healthy individuals may range from 7.6 to 28.5 pg/litre
(Guy, 1979). The mean plasma level in 127 subjects with 5.03 mg
fluoride/litre in drinking-waterwas 106 + 76 (SD) pg/litre (Liet a., 1995).
A study of 250 healthy individuals residing in Spain revealed levels of
fluoride in serum ranging from 1 to 47 pg/litre (Torraet al., 1998).

Table 9. Concentration of fluoride in human tissues and organs

Tissue/organ Number of Concentration® Reference
samples® (mean [range])

Whole blood nac na (20-60) pg/litre  Kissa (1987)

Serum 1088 14.4 (na) pgl/litre Kono et al. (1986)

Serum 250 17.4 (1-47) Torra et al. (1998)
pg/litre

Plasma 72 14.3 (2.7-79.8) Guy et al. (1976)
pg/litre

Urine na 780 (na) ug/litre Kono et al. (1986)

Saliva 98 8.74 (na) ng/g Schamschula et al.

(1985)
Tooth na na (740 000— Berndt & Stearns
enameld 2100 000) ng/g (1979)
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Table 9 (contd).

Tissue/organ Number of Concentration® Reference
samples® (mean [range])
lliac creste 78 720500 Alhava et al. (1980)
(106 000—
2 360 000) ng/g
lliac crestf 10 1 500 000 (na) Zipkin et al. (1960)
ng/g
Ribf 9 1 600 000 (na) Zipkin et al. (1960)
ng/g
Vertebrae' 10 2 200 000 (na) Zipkin et al. (1960)
ng/g
Hair 53 2505 (na) ng/g Tagaki et al. (1986)
Brain9 7 31.2 (na) ng/g Taves et al. (1983)
Body fat9 5 28.5 (na) ng/g Taves et al. (1983)
Livers 5 19.6 (na) ng/g Taves et al. (1983)
Muscled 9 40.3 (na) ng/g Taves et al. (1983)
Lung¢ 9 71.4 (na) ng/g Taves et al. (1983)
Thymus? 4 9005.2 (na) ng/g Taves et al. (1983)
Aorta? 8 4331.6 (na) ng/g Taves et al. (1983)
Kidney9 9 159.2 (na) ng/g Taves et al. (1983)
Fingernails 22 8800 (na) ng/g Czarnowski &
Krechniak (1990)
Fingernails 6-9 na (1590-7570) Whitford et al.

ng/g (1999b)

a Total number of tissue samples analysed.

b Mean and range of concentrations of fluoride in the tissues and organs of
individuals.

¢ na = not available.

d Samples of surface tooth enamel from adults 20 years of age. Samples were
taken from individuals consuming drinking-water containing up to 1 mg
fluoride/litre.

e Samples of iliac crest bone from adults (mean age 60 years). Samples were
taken from individuals consuming drinking-water containing up to 0.97 mg
fluoride/litre over a period of 14-18 years.

f Samples of bone from adults 26—90 years of age. Samples were taken from
individuals consuming drinking-water containing up to 1 mg fluoride/litre over
a period of 10-87 years.

9 Tissues(analysed on a wet weight basis) were obtained from autopsiesof cases
of sudden death in the USA (mean age 29 years). Some tissue samples may
have been prepared with water containing 0.9—1 mg fluoride/litre.

Levels of fluoride in calcified tissues are generally highest in
bone, dentine and enamel, although they are highly variable, owing, at
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least in part, to the methods of analysis used (Weidmann &
Weatherell, 1970).

The concentration of fluoride in dental enamel decreases expo-
nentially with the distance from the surface and varies with site, age,
surface attrition, systemic exposure and exposure to topically applied
fluoride (Weatherell et al., 1977, Schamschula et al., 1982). Theaverage
concentration of fluoridein dentine is approximately 2-to 3-fold higher
than that in enamel and, like enamel, is higher in surface regions,
increases with age and is related to the levels of fluoride in the
drinking-water consumed (Weidmann & Weatherell, 1970; US NAS,
1971).

Elimination

Whitford et al. (1991) examined a number of pharmacokinetic
parameters (i.e., plasma, renal and extrarenal clearances) in mongrel
dogs, Sprague-Dawley rats, cats, rabbits and hamsters intravenously
administered a single dose (0.5 mg fluoride/kg body weight) of sodium
fluorideand concluded that dogs most resembled humans with respect
to their elimination of fluoride; plasma clearance rates were approxi-
mately 2-fold higher in rats than in dogs.

Renal handling of fluoride

Themajorroute for theremoval of fluoridefromthe body is by the
kidneys.

Therenal clearance of fluoride in the adult typically ranges from
30 to 50 ml/min, whereas clearance rates of the other halogens (chlor-
ide, iodide and bromide) are usually less than 1.0 ml/min. The percen-
tage of thefiltered fluoridereabsorbed fromthe renal tubules can range
from about 10 to 90%. The degree of reabsorption dependslargely on
the pH of thetubular fluid, urinary flow and renal function (Ekstrand et
al., 1980, 1982; Whitford, 1996). The excretion of fluoride in urine is
reduced in individuals with impaired renal function (Schiffl & Bins-
wanger, 1980; Spak et al., 1985; Kono et al., 1986).

Excretion via breast milk

Theliterature contains awide range (0.1-5 umol/litre) forfluoride
levelsin breast milk. It is probable that problems with the analysis of
fluoride have been contributory. The concentration of fluoride in
colostrum and mature breast milk is reported to be the same — about
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0.4 umol/litre (Spak et al., 1983). The same investigators found no
significant difference in fluoride concentrations of milk from mothers
living in areas with fluoride concentrationsin drinking-water of 1or0.2
mg/litre, even though their plasma concentrations reflected this
difference. Further, they found no diurnal variation in thefluoridecon-
centration (Spak et al., 1983). Studies of lactating mothers have shown
that there is a limited transfer of fluoride from plasma to breast milk
(Ekstrand et a., 1981). Dabeka et al. (1986), on theother hand, reported
that the concentration of fluoride in breast milk was related to the
fluoride content of the drinking-water consumed by the women; the
mean concentration of fluoridein breast milk obtained from 32 women
consuming drinking-water containing <0.16 mg fluoride/litre was
0.23 umol/litre, whereas breast milk obtained from 112 women con-
suming drinking-water containing 1 mg fluoride/litre reportedly con-
tained 0.48 umol fluoride/litre. Concentrationsof fluoridein samples of
breastmilk collectedin Finland (Esalaet al., 1982) ranged from 0.1t0 2.7
pmol/litre.In the Finnish study, the fluoride in the milk (bothionic and
total fluoride) was measured after ashing the samples. Taves (1983)
showed no difference between inorganic (microdiffusion) and total
(ashing) fluoride in cow’s milk. Obviously, there is some uncer-tainty
as to whether there redly is anon-ionic fraction of fluoride in milk or
whether the discrepancy is due to an analytical overestimation.

The fluoride content of human breast milk represents the natural
daily fluoride intake during the first 6 monthsof life. Thisis especially
important when comparing thedaily fluorideintake by formula-fed and
breast-fed infants.

Excretion via faeces, sweat and saliva

It is generally accepted that most of the fluoride in the faecesis
not absorbed. Faecal fluoride usually accounts forlessthan 10% of the
amount ingested each day (Ekstrand et al., 1984).

The quantitative role of sweating in fluoride balance studies has
not been explored using modern analytical methodsin controlled stud-
ies. Based on some preliminary data from Henschler et al. (1975) on
predicted losses in workers whose urinary fluoride levels are about
5 mg/litre and who | ose6 litres of sweat containing 0.2—-0.3 mg fluoride
during a shift, the sweat could account for approximately 5% of the
fluorideexcreted. In tropical climates, during periods of prolonged and
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heavy exercise or in occupational exposure to elevated temperatures,
the fluid loss from the body via sweat may approach as much as 4-6
litres aday.

The concentration of fluoride in salivais about two-thirds of the
plasma fluoride concentration and seems to be independent of flow
rate, in contrast to the situation for most electrolytes (Ekstrand, 1977;
Oliveby et al., 1989; Whitford et al., 1999a). A diurnal fluctuationinthe
salivafluoride concentration is also seen in an area with fluoridated
drinking-water containing 1 mg fluoride/litre (Oliveby et a., 1990). The
levels of fluoride in saliva are important, because this potentially
provides further topical exposure of the teeth to fluoride.
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7. EFFECTS ON LABORATORY MAMMALS AND
IN VITRO TEST SYSTEMS

Single exposure

LDgs fortheoral administration of sodiumfluoride, sodiummono-
fluorophosphate and stannous fluoride (SnF,) to rats include val ues of
31-101 mg fluoride/kg body weight, 75-102 mg fluoride/kg body
weight and 45.7 mg fluoride/kg body weight, respectively (IARC, 1982;
Whitford, 1987, 1990; ATSDR, 1993). LD g,s for the oral administration
of sodium fluoride, sodium monofluorophosphate and stannous
fluoride to mice include values of 44.3 and 58 mg fluoride/kg body
weight, 54 and 94 mg fluoride’kg body weight and 25.5 and 31.2 mg
fluoride/kg body weight, respectively (IARC, 1982; Whitford, 1990).

Theacuteoral exposure of laboratory animals to fluoride produces
salivation, lacrimation, vomiting and diarrhoea, as well as respiratory
arrest and cardiac depression (WHO, 1984).

Nephrotoxic effects produced in laboratory animals following
acute oral exposure to fluoride have been reviewed (WHO, 1984). Sub-
sequent studies have indicated that the severity of the acute renal
toxicity of sodiumfluorideinrats appears to be related totheage of the
animal. In astudy in which single doses of sodiumfluoride (13.60r21.8
mg fluoride/kg body weight) were injected intraperitoneally into 1-, 8-,
15- or 29-day-old male and female Sprague-Dawley rats, proximal
tubular necrosis and marked changes in kidney weight, urine
osmolarity and pH, and chloride excretion were observed in the 29-day-
old animals; effectsin the younger animals were considered mild and
less severe (Daston et al., 1985).

In laboratory animals, adverse effects within the gastrointestinal
tract have been reported following the ingestion of acutely toxic doses
of fluoride. In astudy in which solutions of 1, 10 and 50 mmol fluor-
ide/litre (as sodium fluoride dissolved in 0.1 N HCI) were introduced
into the stomachs of anaesthetized female Wistar rats,
histopathological effects on the gastric mucosa(i.e., desquamation of
surface epithelial cells,cell lossand damage) were observed in animals

83



7.2

EHC 227: Fluorides

administered 10 and 50 mmol/litre within 30 min of exposure (Easmann
et al., 1984). Subsequently, Easmann et al. (1985) reported that
following intubation of Holtzman rats with 1.5 ml of 100 mmol sodium
fluoride/litre (approximately 17.8 mg fluoride/kg body weight),
histopathological effects (i.e.,, haemorrhage, disruption of epithelial
integrity and glandular structure, lysis and loss of epithelial cells)
within the gastric mucosa were observed. After 48 h, there was
recovery of gastric mucosal integrity.

Hydrogen fluoride is acutely toxic when administered viainhal-
ation. LCgs ranging from 4065 to 14 400 mg fluoride/m® have been
reported for the 5-min exposure of rats to hydrogen fluoride (WHO,
1984; ATSDR, 1993). A n LC;, of approximately 1084 mg fluoride/m®has
been reported for the 60-min exposure of rats to hydrogen fluoride
(Rosenholtz et a., 1963). LCy,s of approximately 5000 and 280 mg
fluoride/m® have been reported for the 5- or 60-min exposure of mice to
hydrogen fluoride, respectively (WHO, 1984; ATSDR, 1993).

The inhal ation exposure of laboratory animals tolevels of hydro-
gen fluoride near the L Cg, produces severe ocular and nasal irritation,
pulmonary congestion, oedema, respiratory distress and erythema of
the exposed skin (ATSDR, 1993).

Direct exposure of the skin to hydrofluoric acid produced severe
burnsand tissue damage, with the severity of theseeffects dependent
upon the length of the exposure and concentration (Derelanko et al.,
1985). The direct application of sodium fluoride (0.5 and 1.0% in
distilled water) to the abraded skin of rats produced effects ranging
from superficial necrosisto oedema and inflammation (Essman et al.,
1981).

Application of an aqueous solution of 2% sodium fluoride to the
eyes of rabbits caused corneal epithelial defects and necrosis in the
conjunctiva (Grant & Schuman, 1993).

Short- and medium-term exposure

In short-term studies, survival was reduced in male and female
F344/N rats and in male, but not female, B6C3F,; mice administered
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drinking-water containing 363.2 mg fluoride/litre for aperiod of 14 days
(NTP, 1990). In other investigations, fluoride-induced effects on the
skeletonincluded inhibition of trabecularbone mineralizationin femae
Wistar rats administered drinking-water containing 113.5 or 136.2 mg
fluoride/litre foraperiod of 5 weeks (Harrison et al., 1984); inhibition of
endosteal bone formation and a reduction in cancellous bone volume
in male Holtzman rats administered drinking-water containing 85.5 mg
fluoride/litre for a period of 21 days (Turner et al., 1989); delayed
fracture healing and a reduction in collagen synthesisin male albino
rats receiving 14 mg fluoride/kg body weight per day for 30days (Uslu,
1983); an increase in dermatan sulfateand chondroitin-6-sulfate in the
tibia of male Sprague-Dawley rats receiving 17.5 mg fluoride/kg body
weight per day foraperiod of 1-2 months (Prince & Navia, 1983); and
a20% increasein bone matrixformationin male C57BL/6 micereceiving
0.8 mg fluoride/kg body weight per day for 4 weeks (Marie & Mott,
1986). Ultrastructural changeswere observed in skel etal muscle of male
Wi star rats administereddrinking-watercontai ning 100mg fluoride/litre
(as sodium fluoride) for 8 weeks (Pang et al., 1996).

Although male Swissmiceadministered (orally)5.2mg fluoride/kg
body weight perday over a period of 35 days reportedly had reduced
red blood cell counts and numbers of |ymphocytes (39%) and
increased numbers of monocytes, eosinophils and basophils compared
with controls (Pillai et al., 1988), the levels of red blood cells, lympho-
cytes, neutrophils, monocytes and eosinophils in male B6C3F; mice
receiving 8.1 mg fluoride/kg body weight per day (from drinking-water
for 24 weeks) were similar to those in controls receiving 0.6 mg
fluoride/kg body weight per day (NTP, 1990).

In medium-term exposure studies, femoral bone bending strength
was increased (approximately 38%) or decreased (approximately 20%)
in adult rats administereddrinking-water containing 16 mg fluoride/litre
or 64-128 mg fluoride/litre, respectively, over a period of 16 weeks
(Turner et al., 1992). Vertebral bone quality (compression resistance
normalized for ash content) was reportedly reduced in female Wistar
rats administered drinking-water containing 100 or 150 mg fluoride/litre
foraperiod of 90 days (Sggaard et al., 1995). Altered bone remodelling,
based on thickening of the osteoid seams in the tibia and femur, was
observed in male and female B6C3F, mice administered drinking-water
containing $22.7 and 45.4 mg fluoride/litre, respectively, over a period
of 6 months (NTP, 1990).
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Compared with unexposed controls, other effects observed in
animals administered drinking-water containing added fluoride for
6 monthsincluded hyperplasia of the stomach and pathol ogical effects
(i.e., lymphocytic infiltration, hyperplasia, necrosis) in the glandular
stomach of F344/N rats administered drinking-water containing 45.4
and 136 mg fluoride/litre, respectively (NTP, 1990); and reduced sur-
vival (82% and 44% in female and male B6C3F; mice, respectively),
hepatic megal ocytosis, renal nephrosis, mineralization of the myocar-
dium, necrosis and/or degeneration of the seminiferous tubulesin the
testis of B6C3F,; mice receiving drinking-water containing 272.4 mg
fluoride/litre (NTP, 1990).

The daily intragastric administration of 22.7 mg fluoride/kg body
weight per day (as sodium fluoride) to rabbits for 136 days interfered
with the maturation and metabolism of collagen (Sharma, 1982a).

Long-term exposure and carcinogenicity

In early carcinogenicity bioassaysconducted by Tannenbaum &
Silverstone (1949), Taylor (1954) and Kanisawa & Schroeder (1969), the
incidence of tumours in mice administered sodium fluoride (in either
their diet ordrinking-water) was, in general, not markedly greater than
that observed in the unexposed controls. However, the documentation
and protocols of thesestudies were inadequate. Deficiencies in design
included small groups of animals of single sexes or various ages
exposed to single doselevels for short periodsof timewithinadequate
examination of possible target tissues.

In a comprehensive study of the carcinogenicity of sodiumfluor-
ide in laboratory animals (NTP, 1990), groups of male and female
F344/N rats were administered drinking-water containing 0, 25, 100 or
175 mg sodium fluoride/litre (O, 11, 45 and 79 mg fluoride/litre) for a
period of 2 years. There were 100 rats in each of the control and
175 mg/litre groups, while 70rats pergroup were administered drinking-
water containing 25 or 100 mg sodium fluoride/litre. Groups of 10 rats
of each sex at each level of exposure were sacrificed after 27 and 66
weeks. I n the high-dose group, 42 males and 54 females survived until
terminal sacrifice. The estimated total intakes of fluoride from food and
drinking-water by the male and female F344/N rats administered
drinking-water containing 0 (control), 25, 100 or 175 mg sodium
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fluoride/litre were approximately 0.2, 0.8, 2.5and 4.1 mg/kg body weight
per day and 0.2, 0.8, 2.7 and 4.5 mg/kg body weight per day,
respectively. At the end of the 2-year study, the levels of fluoridein
the humeral bone of the control, low-, mid- and high-dose male and
female rats were approximately 0.44,0.98, 3.65and 5.26 ug/mg bone ash
and 0.55, 1.34, 3.72and 5.55 ug/mg bone ash, respectively (NTP, 1990).

In male F344/N rats receiving 0.2, 0.8, 2.5 or 4.1 mg fluoride/kg
body weight per day, the incidence of osteosarcomas (three tumours
in the vertebra and one in the humerus) was 0/80, 0/51, 1/50 and 3/80,
respectively (NTP, 1990). A pairwisecomparison of theincidencein the
high-dose group versus controls was not statistically significant (P =
0.099); if an extraskeletal osteosarcoma, located in the subcutis of the
flank of one high-dose male rat, was included in the total tumour
incidence in this group of animals, the pairwise comparison with the
control group remained statistically insignificant (P =0.057). However,
the osteosarcomas occurred with a statistically significant (P = 0.027,
by logistic regression) dose-response trend (NTP, 1990). The inci-
dence of osteosarcoma at any site was within the range of historical
controls; however, the amount of fluoride in the diets in previous
National Toxicology Program (NTP) studies of other chemicals was
uncontrolled and was estimated to be approximately 3.5- to 5.9-fold
higher than in the NTP sodium fluoride study (NTP, 1990). In male
F344/N ratsreceiving0.2,0.8,2.50r 4.1 mg fluoride/kg body weight per
day, the incidence of oral cavity lesions (squamous papillomas or
squamous cell carcinomas)was 0/80, 1/51, 2/50 and 3/80, respectively;
the incidence in the fluoride-exposed groups was not significantly
different from the controls and was not considered to be compound-
related. Theincidenceof (thyroid gland)follicularcell tumours (adeno-
mas and carcinomas) was 1/80, 1/51, 1/50 and 4/80 in the control, low-,
medium- and high-dosemal es, respectively; the incidence in the high-
dose group was not significantly different from controls and was not
considered to be compound-related. There was no increase in the
incidence of osteosarcomasin female F344/N rats receiving fluoride;
the incidence of oral cavity neoplasms (squamous papillomas or squa-
mous cell carcinomas) was 1/80, 1/50, 1/50 and 3/81 in female F344/N
ratsreceiving 0.2, 0.8, 2.7 and 4.5 mg/kg body weight per day, respec-
tively; the incidence in the high-dose group was not significantly
different from the controls (NTP, 1990).
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Inthe NTP carcinogenicity bioassay with male and female F344/N
rats, no significant compound-related effects upon survival, body
weight or weights of major internal organs were observed, compared
with controls (NTP, 1990); however, the incidence of osteosclerosis in
female rats administered drinking-water containing 175 mg sodium
fluoride/litre (18/81) was significantly (P = 0.04) increased, compared
with controls (6/80) (NTP, 1990). It was concluded (NTP, 1990) that the
osteosarcoma finding was “equivocal evidence of carcinogenic
activity” in malerats, and that there was “ no evidence of carcinogenic
activity” inthefemale rats exposed to fluoride under theseconditions.

In a carcinogenicity bioassay conducted with Sprague-Dawley
rats, groups of 70 animals of each sex were administered diets supple-
mented with various amounts of sodium fluoride for a period of 95—
99 weeks (Maureret a., 1990). The estimated total intake of fluoride by
thesegroupsof animals was 0.1, 1.8, 4.5 or 11.3 mg/kg body weight per
day, respectively. After 26 weeks on study, as many as 10 animals of
each sex per group were sacrificed, and after 53 weeks, 10 animals of
each sex per group were sacrificed (Maurer et al., 1990). At terminal
sacrifice (i.e., after 95 and 99 weeks on study for males and females,
respectively), there were 26 males and 12 females remainingin the high-
dosegroups. At study termination,the concentration of fluoride in the
bone (radius and ulna) of the males and femalesreceiving 0.1, 1.8, 4.5
or 11.3 mg fluoride/kg body weight per day was 0.5, 5.0, 8.8 and 16.7
p1g/mg boneash and 0.5, 4.5, 8.3and 14.4 ug/mg bone ash, respectively.

In this study, the incidence of bone tumours was 0/70, 0/58, 2/70
(one chordoma and one chondroma) and 1/70 (fibroblastic sarcoma
with areas of osteoid formation) in male rats and 0/70, 2/52 (one
osteosarcoma and one chondroma), 0/70 and 0/70 in female rats
receiving 0.1, 1.8, 4.5 and 11.3 mg fluoride/kg body weight per day,
respectively (Maureret a., 1990). However, detailed information on the
incidence of tumours in tissues or organs other than the bone and
stomach were not presented, and histol ogi cal examination of bone from
both mid-dose groups was limited. The cranium, femur, premaxilla,
maxilla, mandible, cervical vertebra, stomach, liver, kidney, incisors,
adrenals, brain, heart, lungs,ovaries, uterus, pancreas, pituitary, pros-
tate, seminal vesicles, spleen, bladder, testes, epididymides, thyroids
and parathyroidsobtained at theinterim and terminal sacrifices fromall
animals receiving 0.1 or 11.3 mg fluoride/kg body weight per day were
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examined microscopically. The stomach, bones and teeth from animals
receiving 4.5 mg fluoride/kg body weight per day and sacrificed after
26 weeks and from animals receiving 1.8 or 4.5 mg fluoride/kg body
weight per day and sacrificed after 53 weeks were also examined
microscopically. Not all of the bones (i.e., cranium, femur, premaxilla,
maxilla,mandible,cervical vertebra) fromeach of the remaining animals
(i.e., those alive after the interim sacrifices) receiving 1.8 or 4.5 mg
fluoride/lkg body weight per day were examined microscopically;
however, tissues with grosslesions obtained from dead and moribund
animals were evaluated.

Sprague-Dawley rats receiving 11.3 mg fluoride/kg body weight
per day (administered in the diet) over a period of 95-99 weeks had
reduced weight gain; animals receiving 4.50r 11.3mg fluoride/kg body
weight per day had an increased incidence of subperiosteal hyper-
ostosisin the skull and hyperkeratosis and acanthosis in the stomach,
compared with controls receiving 0.1 mg/kg body weight per day
(Maurer et al., 1990).

In the NTP (1990) carcinogenicity bioassay, male and female
B6C3F, mice were also administered drinking-water containing 0, 25,
1000r 175 mg sodiumfluoride/litre (0, 11, 45and 79 mg fluoride/litre) for
2 years. There were 100 animals in each of the control and 175 mg/litre
groups, and 70 mice per group were administered drinking-water
containing 25 or 100 mg sodium fluoride/litre; the total intake of
fluoride from water and the diet for the males and females in these
groups was estimated to be approximately 0.6, 1.7, 4.9 and 8.1 mg/kg
body weight per day and 0.6, 1.9, 5.7 and 9.1 mg/kg body weight per
day, respectively.Attheend of the 2-year study (groups of 10animals
of each sex at each level of exposure were sacrificed after 24 and
66 weeks), thelevels of fluoride in the humeral bone of the control, low-
, mid- and high-dose male and female mice were approximately 0.72,
1.61, 3.58 and 5.69 ug/mg bone ash and 0.92, 1.52, 4.37 and 6.24 ug/mg
bone ash, respectively (NTP, 1990).

In male B6C3F, mice receiving 0.6, 1.7, 4.9 or 8.1 mg fluoride/kg
body weight perday, the incidence of hepatoblastoma was 0/79, 1/50,
1/51 and 3/80, respectively (NTP, 1990). The overall incidence of
hepatic neoplasms (adenoma, carcinoma, hepatobl astoma) was similar
among all groups, and the incidence of liver tumours in all groups
(control and exposed) of male mice(73-78%)was higherthan observed
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(16-58%) in previous NTP carcinogenicity bioassays (NTP, 1990). In
female B6C3F, micereceiving 0.6, 1.9, 5.7 or 9.1 mg fluoride/kg body
weight per day, the incidence of hepatoblastoma was 0/80, 1/52, 0/50
and 2/80, respectively. The overall incidence of hepatic neoplasms
(adenoma, carcinoma, hepatoblastoma) was similar among all groups,
and the incidence of livertumoursin all groups (control and exposed)
of female mice (52-69%) was higherthan observed (3-20%)inprevious
NTP carcinogenicity bioassays (NTP, 1990). The incidence of
malignant lymphoma was 11/80, 5/52, 11/50 and 19/80 (P = 0.051),
respectively. The incidence of malignant lymphoma inthe control and
low-dose groups was lessthan the lowest incidence observed in nine
otherinvestigationsconductedatthe study laboratory. In addition, the
incidence in the high-dose group was lessthan the average incidence
observed in historical controls (35%) and within therange of incidence
observed in historical controls (10-74%) (NTP, 1990).

The administration of drinking-water containing 25, 100 or 175 mg
sodium fluoride/litre to male or female B6C3F, mice over a period of 2
years had no significant compound-related adverse effects upon
survival, body weight or weights of major internal organs, compared
with controls (NTP, 1990). It was concluded (NTP, 1990) that there was
“noevidenceof carcinogenic activity” in male and female miceexposed
to fluoride under these conditions.

In acarcinogenicity bioassay inwhichsodiumfluoridewas admin-
istered in the diet to groups of 60male and 60 female CD-1 mice over a
period of 95 and 97 weeks, respectively (10 miceof each sex per group
were sacrificed after 40 weeks), theincidence of osteomasin male and
female controls and mice receiving 1.8, 4.5 or 11.3 mg fluoride/kg body
weight per day was 1/50, 0/42, 2/44 and 13/50 and 2/50, 4/42, 2/44 and
13/50, respectively (no statistical analysis provided) (Maurer et al.,
1993). Theincidence of this type of tumour was increased in the high-
dosegroups compared with the controls. Theseanimals were infected
with a Type C retrovirus, and the role of fluoride in the etiology of
these tumours is not clear (Maurer et al., 1993). Moreover, there is
some controversy concerning whether they should be classified as
neoplasms (US NRC, 1993). The concentration of fluoride in the bone
(radius or ulna) of male controls and mice receiving 1.8, 4.5 or 11.3 mg
fluoride/kg body weight per day was approximately 1.5,4.4,7.2and 13.2
ng/mg bone ash, respectively; the concentration of fluoride in the
(radius or ulna) bone of female controls and mice receiving 1.8, 4.5 or
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11.3mg fluoride/kg body weight per day was approximately 1.0, 3.4, 6.2
and 10.6 pg/mg bone ash, respectively.

In studies on non-neoplastic effects associated with the chronic
toxicity of fluoride, bone mineralization (based on microscopic anal-
ysis)was inhibited in male and female rats administered drinking-water
containing 22.7 and 36.3 mg fluoride/litre (as sodium fluoride) for a
period of 250 days (Qiu et al., 1987). Femoral bone strength was
reduced in male Sprague-Dawl ey rats admi nistered drinking-watercon-
taining 50 mg fluoride/litre for 18 months (Turner et a., 1995). Com-
pared with controls, the oral administration of a single dose of 4.5 mg
fluoride/kg body weight per day (as sodium fluoride) to rabbits for
periods ranging from 6 to 24 months produced slight alterations in
ATPase (sodium and potassium) activity within erythrocytes, the
activity of serum acid and alkaline phosphatase (Jain & Susheela,
1987a), the levels of dermatan sulfate, chondroitin-4-sulfate and
chondroitin-6-sulfate in cancellousbone (Sharma & Susheela, 1988a),
the number of haematopoietic cells inthe blood (Susheela & Jain, 1983)
and the disaccharide content of glycosaminoglycans isolated from
cancellous bone (Sharma & Susheela, 1988b).

Evidence of mineralization of the aorta (Susheela & Kharb, 1990),
morphological changes within the duodenum (Susheela & Das, 1988)
and renal glomerulus (Bhatnagar & Susheela, 1998), and alterationsin
skin collagen metabolism (Sharma, 1982b) have also been observed in
rabbits administered 4.5 mg fluoride/kg body weight per day for peri-
odsranging from6to 24 months. Other effects produced following the
long-term exposure of rabbits to this dose of fluoride included altera-
tions in the proportion of erythrocytes with abnormal morphology
(Susheela & Jain, 1986), the level of cortisol and corticosterone in the
plasma (Das & Susheela, 1991), the level of siaic acid and gly-
cosaminoglycans in the serum (Jha et al., 1982) and the amount of
hydroxyproline present in collagen derived from tendons and cortical
bone (Susheela & Sharma, 1982).

Alterations in bone remodelling (based on histomorphometric
analysis) have been observed in pigs (Mosekilde et al., 1987;
Kragstrup et a., 1989) administered (orally) 2 mg fluoride/lkg body
weight per day (as sodium fluoride) and dogs (Snow & Anderson,
1986) receiving 0.32 mg fluoride/kg body weight per day (fromdrinking-
water containing sodium fluoride) over a period of 6 months.
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Mutagenicity and related end-points

In vitro genotoxicity

The genotoxicity of fluoride has been examinedin alarge number
ofinvitroandin vivo assays, in which awiderange of end-points has
been assessed. Since publication of the firstEHC document on fluoride
(WHO, 1984), theresults fromanumber of studies have confirmed that,
in general, fluorideis not mutagenic in prokaryotic cells (Liet al., 1987a;
Tong et a., 1988; NTP, 1990; Zeiger et al., 1993); however, Ahn &
Jeffery (1994) reported no significant uptake of fluoride into S.
typhimuriumTA98 cells.

Fluoride has been shown to increasethe frequency of mutations
at the thymidine kinase locusin cultured mouselymphoma and human
lymphoblastoid cells (Cole et al.,1986; Caspary et al., 1987, 1988; Crespi
et al., 1990). In the studies by Cole et al. (1986) and Caspary et al.
(1987), exposure to sodium fluoride produced a preferential increasein
the frequency of “small mutant colonies,” a phenomenon generally
associated with chromosomal damage rather than point mutations
(Mooreet al., 1985). Indeed, the failure of sodium fluoride to increase
the frequency of cells resistant to ouabain (whichis produced only by
a specific point mutation within the Na*, K*-ATPasegenelocus) (Cole
et al., 1986) is consistent with this result. In human lymphoblastoid
cells, the mutagenic response at the thymidine kinase locus following
a 20-day exposure to sodium fluoride was non-linear and lower than
predicted from extrapolation of the 28-h exposure data, a result
suggested to be indicative of a threshold for the mutagenicity of
(sodium) fluoride at concentrations above 50 mg/litre (Crespi et al.,
1990). Sodium fluoride did not increase the frequency of mutations at
the hypoxanthine—guanine phosphoribosyl transferase locus in rat
liver epithelial cells (Tong et al., 1988), Chinese hamster ovary cells
(Oberly et al., 1990) or Chinese hamster lung cells exposed under
neutral (Slamenova et al., 1992) or acidic (Slamenova et al., 1996)
conditions.

Sodium fluoride was clastogenic in many, but not all, in vitro
cytogenetic assays. The frequency of chromosomal aberrations was
increased (compared with unexposed controls) following exposure of
Chinese hamster lung (Don) cells (Bale & Mathew, 1987), Chinese
hamster ovary cells (Aardemaet al., 1989a; NTP, 1990), Syrian hamster
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embryo cells (Tsutsui et al., 1984a), rat vertebral body-derived cells
(Mihashi & Tsutsui, 1996), rat bone marrow cells (Khalil, 1995), human
leukocytes (Jachimczak & Skotarczak, 1978), human peripheral blood
lymphocytes (Kishi & Tonomura, 1984; Albanese, 1987), human
fibroblasts (Tsutsui et al., 1984b; Scott, 1986; Scott & Roberts, 1987,
Suzuki & Tsutsui, 1989), human amnion (F1) cells (Aliev et al., 1988),
human and chimpanzee lymphoid cells (Kishi & Ishida, 1993) and
human oral keratinocytes (Tsutsui et al., 1991) to sodiumfluoride. The
chromosomal aberrations induced by sodium fluoride consisted pri-
marily of breaks/deletions and gaps, with very few exchanges. No
significant increase in chromosomal aberrations was observed in
human fibroblasts, Chinesehamsterovary cells or human diploid lung
cells exposed to sodium fluoride at concentrations at or below
10 mg/litre (Scott, 1986; Scott & Roberts, 1987; Aardemaet al., 1989a;
Oguro etal., 1995; Tsutsui et al., 1995) orin Chinesehamsterlung cells
at concentrations at or below 500 mg/litre (Ishidate, 1987).

Although no increase in the frequency of chromosomal
aberrations was observed in human lymphocytes exposed to fluoride
(Gebhart et al., 1984; Thomson et a., 1985; Gadhia & Joseph, 1997),
theseresults are likely attributable to a number of variablesrelated to
the methodol ogy used to assess clastogenic activity (i.e., the method
of classifying chromosomal aberrations, phase of the cell cycle during
which the cells were exposed and the concentration of fluoride). The
pattern of induced chromosomal aberrations, the increased formation
of endoreduplicated cells (Aardemaet al., 1989a, 1989b), the increased
delay inthe cell cycle and the increased sensitivity of cells in the G,
phase to sodium fluoride are al consistent with a mechanism of
clastogenicity involving aninhibition of DNA synthesis and/orrepair,
and it has been suggested that the effect of fluoride is upon the
synthesis of proteinsinvolved in DNA synthesis and/or repair rather
than involving direct interaction between fluoride and DNA.

Although no increase in sister chromatid exchange was reported
following the exposure of human peripheral blood lymphocytes (Kishi
& Tonomura, 1984; Thomson et al., 1985; Tong et al., 1988; Gadhia &
Joseph, 1997) and Chinese hamster ovary cells (Li et al., 1987b; Tong
et a., 1988) or rat bone marrow cells (Khalil and Da’ dara, 1994) to
sodium fluoride, increased sister chromatid exchangewas observed in
Syrianhamster embryo cells (T sutsui et a., 1984a) and Chinesehamster
ovary cells (NTP, 1990) exposed to sodium fluoride. Differences in
harvest times used to accommodate cell cycle delay may be, at least in
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part, responsible forthe inconsistency in the results observed for the
induction of sister chromatid exchange by fluoride.

Althoughtheresults of some studies haveindicatedthat (sodium)
fluoride increases unscheduled DNA synthesis in Syrian hamster
embryo cells, human foreskin fibroblasts and human keratinocytes
(Tsutsui et al., 1984a, 1984b, 1984c), Skare et al. (1986a) suggested that
these results might be an artefact, possibly due to the formation of
precipitable complexes of magnesium, fluoride and FH]thymidine
triphosphate.

Sodium fluoride has been reported to induce the morphological
transformation of Syrian hamster embryo cells (Tsutsui et al., 1984a;
Jones et al., 1988a,1988b; Lasneet a., 1988), but not murineBALB/3T3
embryo cells (Lasne et al., 1988).

With sodium monofluorophosphate, both negative and positive
results on cytogenetic change (mostly chromosomal aberrations) in
human lymphocytes and leukocytes have been reported, without a
clear explanation for why some studies were negative and others
positive (Zeiger et al., 1993).

Fluoride induces chromosomal aberrations in several plant
species, including onions (Allium spp.), broadbean (Vicia faba) and
barley (Hordeum vulgare) (Zeiger et a., 1993).

In vivo genotoxicity

Sodiumfluoridewas reported to induce recessivelethal mutations
in the germ cells of male fruitfly (Drosophila melanogaster) (Dominok
& Miller, 1990). The results of studies on the genotoxic potential of
fluoridefollowingitsin vivo administration to laboratory animals have
varied, principally depending upon the route of administration.

Sodium fluoride induced cytogenetic damage in bone marrow or
sperm cells (i.e., chromosomal aberrations, micronuclei, alterations in
sperm morphology) when administered to rodents by intraperitoneal
injection (Maet a., 1986; Pati & Bhunya, 1987); negative results have,
however, also beenreported (Hayashi et al., 1988). While some positive
results have been reported (Akhundow et al., 1981; Aliev & Babaev,
1981; Mohammed & Chandler, 1982; Ma et al., 1986; Pati & Bhunya,
1987), in most studies in which (sodium) fluoride was administered
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oraly (either acutely or chronically) to rodents, there was no effect
uponsperm morphology orthefrequency of chromosomal aberrations,
micronuclei, sister chromatid exchange or DNA strand breaks (Martin
et a., 1979; Skare et al., 1986b; Albanese, 1987; Li et al., 1987b, 1987c,
1987d, 1989; Pilla et al., 1988; Dunipace et al., 1989, 1998; Lu et al.,
1989; Zeiger et al., 1994).

After administration of sodium monofluorophosphate,
cytogenetic studies have also mostly given negative results
(Voroshilin et al., 1973; Gocke et al., 1981; Albanese, 1987; Li et al.,
1987b, 1989; Hayashi et al., 1988).

Reproductive toxicity

No evidence of pregnancy or implantation of embryoswithin the
uterus was observed in female mice administered (orally) $5.2 mg
fluoride/kg body weight per day on days 615 after mating (Pillai etal.,
1989), although few experimental details were provided. Reductionsin
fertility have been observed in male rabbits administered (orally) $9.1
mg fluoride/kg body weight per day and in male mice given 4.5 mg
fluoride/kg body weight per day for 30 days (Chinoy et al., 1991,
Chinoy & Sharma, 1998). Histopathol ogical changes within the organs
of the reproductive system have been observed in the testes of male
rabbits administered (orally) 4.5 mgfluoride/kg body weight per day for
18-29 months (Susheela & Kumar, 1991), in the ovaries of female
rabbits injected subcutaneously with $10mg fluoride/kg body weight
per day for 100 days (Shashi, 1990) and in the testes of male mice
administered (orally) $4.5 mg fluoride/kg body weight per day for 30
days (Chinoy & Sequeira, 1989a, 1989b). Sperm motility and viability
were reduced in rats and mice administered 4.5 mg fluoride/kg body
weight per day (as sodium fluoride) orally for 30 days (Chinoy et al.,
1995; Chinoy & Sharma, 1998). A single injection of sodium fluoride
(0.05 ml of a solution containing 250 mg sodium fluoride/litre;
equivalentto aninjection of approximately 5.6 ug fluoride) directly into
the testes of male Sprague-Dawley rats reportedly had no significant
effect upon the morphology of this organ (Sprando et al., 1996).
Sprando et al. (1997) also reported that spermatogenic effects (e.g.,
sperm count, testes weight, histopathology) and endocrine effects
(serum testosterone, luteinizing hormone and follicle stimulating
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hormone) were not observed in rats administered drinking-water con-
taining 0, 25, 100, 175 or 200 mg sodium fluoride/litre for 14 weeks orin
their F, offspring exposed in utero and after parturition to fluoride. In
afollow-up study, morphometric analysis revealed no changes in the
testes of F, rats exposed in utero and after birth to similar levels of
fluoride in drinking-water (Sprando et al., 1998).

In an older multigeneration study conducted with female Swiss-
Webster mice administered a low-fluoride diet and drinking-water
containing 0, 50, 100 or 200 mg fluoride/litre, reproductive function
appeared normal in the group receiving drinking-water supplemented
with 50 mg fluoride/litre, based on litter production, infertility propor-
tions, age at delivery of first litter, time interval between litters and
frequency of postpartum conception; maternal toxicity and impaired
reproduction were observed at higher doses (Messer et al., 1973). Tao
& Suttie (1976) reported that various parameters of reproductive
function (i.e., reproduction rate, litter size and weight) were not signi-
ficantly different in female Webster mice administered diets containing
either <0.5 or approximately 2 or 100 mg fluoride/kg for up to three
generations. In an investigation in which rats were fed dog food con-
taining high fluoride levels (56 or 460 mg fluoride/kg), no adverse
reproductive effects were observed; however, there was uncertainty
about the precise dose of fluoride due to alack of dataon the intake
and biocavailability of fluoridein the diet (Marks et al., 1984). Although
significant bone resorption was observed in breeding female rats
exposed to drinking-water containing 150 mg fluoride/litre (as sodium
fluoride) prior to breeding, during pregnancy and during lactation,no
effects were observed in the bones of weanling pups from these
females (Ream et al., 19833, 1983b).

Adverse effects on fetal development were not observed in a
study conducted with Charles Riverrats,in which dams received up to
approximately 25 mg fluoride/kg body weight per day from drinking-
water on days 0-20 of gestation (Collins et al., 1995). Fetal
development was similarin astudy inwhich pregnant CD rats and New
Zealand White rabbits were administered drinking-water containing
sodium fluoride on days 6 through 15 and 6 through 19 of gestation,
respectively, at concentrations up to 300 and 400 mg/litre, respectively
(Heindel et al., 1996). In this study, thetotal intake of fluoridefromfeed
and drinking-water (and intake of fluoride from feed alone) for therats

96



7.6

1.7

7.8

Effects on Laboratory Mammals and In Vitro Test Systems

and rabbits inthehighest exposure groupswas approximately 13.2(1.0)
and 13.7 (0.7) mg/kg body weight per day, respectively.

Immunotoxicity

Compared with controls, T-cell mitogenesis was significantly
increased (84%) while B-cell activity (antibody production) was sig-
nificantly reduced (10%) in female C57BL/6N mice administered (intra-
gastrically) 13.6 mg fluoride/kg body weight per day (as sodium
fluoride dissolved in distilled water) for 10 weeks (Sein, 1988). Anti-
body production was also inhibited in female rabbits administered
(orally) 4.5 mg fluoride/kg body weight per day over a 6- to 9-month
period (Jain & Susheela, 1987h). Evidenceof fluoride’s activity as agut
and systemic adjuvant was presented by Butler et al. (1990), based
upon the results of a study in which rats were administered (intra-
gastrically) 5 ml of a100 mmol/litre solution of sodium fluoride twice a
week for2-3weeks and given an antigen (ovalbumin)in their drinking-
water.

Mechanisms of action

Tissue- or organ-specific effects linked with repeated exposure to
fluorides may involve metabolic pathways associated withlipid,carbo-
hydrate, bone and energy metabolism, aswell as signal transduction
pathways (Kaminsky et al., 1990). Fluoride influences a number of
enzymatic activities. The results of studies carried out in vitro have
indicated that fluoride inhibits the synthesis of DNA and protein,
inhibits cell proliferation and is cytotoxic in sufficiently high doses
(Gilman, 1987; Elsair & Khelfat, 1988; Godfrey & Watson, 1988;
Kaminsky et al., 1990). Effects produced by the exposure of laboratory
animal s and humans to fluoride may be attributable to one or more of
these metabolic and biochemical effects. The stimulatory effect of
fluoride on osteoblast proliferation may proceed, at least in part,
through the inhibition of phosphotyrosyl protein phosphatases
(Thomaset al., 1996; Lau & Baylink, 1998).

Interaction with other substances

In astudy designed to assessthe effects of fluoride on aluminium
distribution and toxicity, Stevens et al. (1987) reported that while the
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concurrent administration of 1 mg fluoride/day (as sodium fluoride) to
male Sprague-Dawl ey rats receiving 0.5 mg aluminium/day (as alumin-
ium chloride) (both compounds administered by subcutaneous injec-
tion) over a period of 30 days increased the amount of aluminium
depositedin the liver (3.7-fold, P < 0.005), spleen (2-fold, P < 0.005) and
adrenal glands (1.6-fold, P < 0.05) compared with animals receiving
aluminium alone, the co-administration of fluoride had no effect upon
the amount of aluminiumdeposited in the brain. Deficits in some tests
of open field behaviouras well as reductionsin body weight gain were
greater in animals co-administered fluoride and aluminium than in
animals administered either alone.

In a study conducted by Ahn et a. (1995) in which groups of male
New Zeal and rabbitswere administereddrinking-water containing 0-50
mg fluoride/litre (as sodium fluoride), 0-500 mg aluminium/litre (as
aluminium chloride) or both combined for a period of 10 weeks, the
accumul ationof aluminiumin theliverwas not significantly affected by
the concurrent consumption of fluoride. However, the accumul ation of
aluminium in the tibia (which was not influenced by the addition of
aluminium to the drinking-water) was increased when the drinking-
water contained 50 mg fluoride/litre. Theaccumulation of fluoridein the
teeth and bone (tibia) was reduced with the concurrent consumption
of aluminium. The aluminium content of the sterna of high-dose and
control rats from the NTP (1990) sodium fluoride study described
above (see sections 7.2 and 7.3) was also measured and found to be
approximately 8-fold higher in rats receiving 79 mg fluoride/litre in
drinking-water than in controls receiving deionized water (Ahn et al.,
1995).

The level of aluminium in the brains of male Long-Evans rats
given laboratory chow and distilled water or distilled water containing
2.1 mg sodium fluoride/litre or 0.5 mg aluminium fluoride/litre for
52 weeks was reported to be approximately 2-fold higherin the sodium
fluoride group and about 2.5 higher in the aluminium fluoride group
than in animals given the same feed and distilled water for drinking.
There was significant mortality in thealuminiumfluoridegroup. In the
kidney, there was no increased aluminiumin the sodiumfluoride group
but about twiceas muchin the aluminium fluoride group. Levelsin the
liverwere not different between thethree groups. Pathol ogy studies of
the brain revealed increased neuronal abnormalities in both fluoride-
exposed groupsin parts of the right and left hemispheres, alterations
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in the neuronal density in the left hemisphere and alterations of $-
amyloid,amyloid A and IgM in various parts of thebrain (Varneret a.,
1998). In an earlier study, the authors reported greater mortality and
effects at thedoseof aluminium fluoride used in this study than at 10-
and 100-fold greater levels of aluminum fluoride.No dose—responsein
changesin the brain was apparent (Varner et al., 1993).

In astudy on the neurotoxicity of sodiumfluoridein rats (Mullenix
et al., 1995), changes in behaviour were monitored in groups of
Sprague-Dawl ey rats after exposure to fluoride at three different exper-
imental stages. A number of behavioural patterns were examined, and
pairs of control and experimental animals were observed at the same
time. Some of the statistical methods were not fully described. Inthe
first group, dams were administered subcutaneous injections of
0.13 mg sodium fluoride/kg on gestation days 14-18 or 17-19, 2—
3 times daily. Nine weeks after delivery, they were examined, and
measures of time-structure changes were depressed in exposed
animals compared with controls. The second group was exposed to 0,
75, 100, 125 or 175 mg fluoride/litre in their drinking-water for 6 or 20
weeks immediately after weaning. The top group was discontinued
because of mortality and dehydration, and the second top group
showed significant deficits in body weight. Plasma fluoride was
elevated over controlsin all groups, and low-level behavioural effects
from noise were correlated with plasma fluoride levels but not dose.
Some specific behavioural changes compared with controls were
reported for 100 and 125 mg/litre females and 125 mg/litre males, but
there was considerable variation in the controls, and data for some
dose groups were not reported. Plasma fluoride did not show a
dose—response trend. The third group was given 0 or 100 mg
fluoride/litre in drinking-water for 5—6 weeks. Testing after 10 weeks
was reported to show a depressionin low-level behavioural effectsin
females but not males. Itis difficult to interpret theresults of this study
without more detailed analysis of the data, some of which are not
presented; consequently, the significance of these data remains
uncertain.
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8. EFFECTS ON HUMANS

General population
Acute toxicity

Acute ord exposure to fluoride may produce effects including
nausea, vomiting, abdominal pain, diarrhoea, fatigue, drowsiness,
coma, convulsions, cardiac arrest and death (Kaminsky et a., 1990;
Whitford, 1990; Augenstein et al., 1991; ATSDR, 1993). Severe tissue
damage, respiratory effects, cardiac arrest and deaths have been noted
in case reports of individuals exposed accidentally to hydrofluoric acid
through dermal contact (Buckingham, 1988; Upfal & Doyle, 1990;
Bordelon et al., 1993).

The letha dose of sodium fluoride to the average adult has been
estimated to be between 5 and 10 g (32-64 mg fluoride/kg body
weight); an acute dose of 5 mg fluoride/kg body weight has been con-
sidered to be the minimum that might lead to adverse health effects
(Whitford, 1996). Gessner et a. (1994) reported the case of a death due
to acute fluoride poisoning resulting from improperly fluoridated
drinking-water; the individual was estimated to have ingested approxi-
mately 17.9 mg fluoride/kg body weight prior to death.

The toxicity of fluoride is dependent upon the type or species of
the compound ingested. Generally, the more soluble salts of inorganic
fluorides (e.g., sodium fluoride) are more toxic that those that are either
weakly soluble or insoluble (e.g., calcium fluoride) (WHO, 1984).

Gastrointestinal effects produced following the acute ingestion of
toxic amounts of fluoride likely arise from the corrosive action of
hydrofluoric acid, which is produced within the acidic environment of
the stomach (Spak et a., 1990; Whitford, 1990; Augenstein et a.,
1991).! Damege to the gastric mucosa (eg. heemorrhage, loss of

! Gastrointestinal effects linked to longer-term exposure to fluoride
have been reported in some older studies of occupationally exposed
workers (effects included gastritis, duodena ulcers, abdominal
distention, nausea) (see US DHHS, 1991; ATSDR, 1993) and observed
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epithelium) has also been observed in human volunteers administered
acidulated phosphate fluoride gds (Spak et a., 1990) or sodium fluoride
solutions (Spak et d., 1989). Some individuds may be unusually
hypersensitive to stannous fluoride, as manifested by ulcerations in
the oral cavity after topical treatment (Razak & Latifah, 1988).

Cardiac arrest following accidental exposure to high levels of
fluoride has been attributed to the development of hypocalcaemia
and/or hyperkalaemia (Cummings & Mclvor, 1988; Augenstein et a.,
1991; ATSDR, 1993). The acute effects of fluoride upon the central
nervous system may be due to fluoride-induced hypocalcaemia and the
inhibition of cellular enzymes (Augenstein et al., 1991).

Respiratory effects (eg., haemorrhage, pulmonary oedema, tra-
cheobronchitis, shortness of breath) have been observed in
individuas following inhaation of hydrogen fluoride (Dayal et 4.,
1992; ATSDR, 1993).

Clinical studies
Skeletal effects

Since the 1960s, fluoride (usualy as sodium fluoride or sodium
monofluorophosphate, in combination with added calcium and, some-
times, vitamin D) has been used for the treatment of age-dependent
osteoporosis a high dose levels (approximately 20-30 mg fluor-
ide/day). While it seems apparent that such treatment increases the
trabecular bone density, it apparently has no similar beneficia effect on
cortical bone. Although such treatment may be protective against ver-
tebral fractures, data on other fractures, including femoral bone, are
very controversial. The assessment of the efficacy of fluoride therapies
for osteoporosis is outside the scope of this document. The most often
encountered side-effects of high-dose fluoride therapy include

in some individuals residing in areas of endemic skeletal fluorosis
(effects included dyspepsia, abnorma surface morphology of
gastrointestinal mucosa ) (Gupta e al., 1992; Dasarathy et al., 1996) or
in some patients receiving fluoride for the treatment of osteoporosis
(effects included pain, nausea, vomiting, diarrhoea, histological
changes in gastrointestinal mucosa) (Laroche & Mazieres, 1991; Das
eta., 1994).
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gastrointestinal pains and painful stress microfractures of feet (Bayley
e d., 1990; Demas et a., 1990; Gutteridge et a., 1990; Murray et al.,
1990; Orcdl et a., 1990; Riggs et al., 1990; Schnitzler et al., 1990; Riggs,
1991; Pak et d., 1994; Rizzoli et a., 1995; Meunier et al., 1998; Reginster
e a., 1998; Alexandersen e al., 1999). Exposure to fluoride during
treatment for osteoporosis may lead to calcium deficiency, owing to the
stimulation of bone growth, even in cases where patients are given
supplemental cdcium as part of the therapeutic protocol (Dure-Smith
et a., 1996).

Haematological, hepatic or renal effects

No evidence of dgnificantly adverse haematological, hepatic or
rena effects was reported in a study of osteoporotic patients admin-
istered approximately 60 mg sodium fluoride/day (equivalent to a dose
of 389 ug fluoride/kg body weight per day in an adult weighing 70 kg)
over a period of 5 years (Hasling et a., 1987). In a study with elderly
postmenopausal osteoporotic femaes receiving 23 mg elementa fluor-
ide/day for a mean period of 4.2 years (ranging from 1.4 to 12.6 years)
(equivdent to an intake of 470 pg/kg body weight per day in an indi-
vidual weighing 58 kg), no clinically adverse dterations in blood and
urine chemistries or in the frequency of sister chromatid exchange in
peripheral blood lymphocytes were observed in the fluoride-exposed
patients (n = 25) compared with controls not administered fluoride
(Jackson et al., 1994).

Epidemiological studies

Cancer

The relationship between the consumption of fluoridated
drinking-water and morbidity or mortality due to cancer has been
examined in a large number of epidemiologica studies, performed in
many countries. These studies were largely prompted by a report by
Yiamouyiannis & Burk (1977) that found an increase in overall cancer
mortality in two of several broad age groupsin 10 US cities following
the implementation of drinking-water fluoridation. Although dismissed
based on a variety of methodologicd flaws (see Doll & Kinlen, 1977;
Smith, 1980; Kinlen & Doll, 1981; Chilvers, 1982; IARC, 1982, 1987;
Knox, 1985), the Yiamouyiannis & Burk (1977) study stimulated a large
number of other ecological studies, performed in Austraia, Canada,

102



Effects on Humans

China and the Province of Taiwan, England and Wales, New Zeaand,
Norway and the USA (Hoover e d., 1976; IARC, 1982, 1987; Knox,
1985; Hrudey et d., 1990; M ahoney et a., 1991; Cohn, 1992; Freni &
Gaylor, 1992; Yang et a., 2000), that found no consistent relationship
between deaths due to any type of cancer and the consumption of
fluoride-containing (fluoridated or with naturaly high fluoride content)
drinking-water. Although some age- and sex-related increases in
tumour incidence over time for cancer of the bones and joints and
osteosarcomas were observed in one study (US DHHS, 1991), these
increases were not related to the length of time that the water had been
“fluoridated.” Another report of an age- and sex-related increase in the
rate of osteosarcoma in aress of New Jersey, USA, served with fluor-
idated drinking-water was based on only 10 and 7 cases in the fluor-
idated and non-fluoridated areas, respectively (Cohn, 1992).

Although there has been no consistent evidence of an
association between the consumption of fluoridated drinking-water
and increased morbidity or mortality due to cancer, most of these
epidemiological studies were primarily geographic or ecologica
correlationa investigations. Such studies are characterized by the use
of aggregate units of observation, such as counties, states or
provinces, rather than individuals, and usually involve the comparison
of mortality or morbidity rates between exposed and unexposed areas
or among areas with varying degrees of exposure. Generaly, studies of
this nature are limited, since the movement of individuals in and out of
the exposed and non-exposed groups and other variable factors (e.g.,
industrialization, personal habits, etc.) that have an influence on the
development of adverse health effects are not taken into account, and
the statistical power may be insufficient to reved small differences in
hedlth-related effects (e.g., increases in the incidence of rare tumours).
Moreover, in such ecologicad studies, the intake of fluoride from other
sources such as food and dental care products is not taken into
account. Notably, the total intake of fluoride by individuas consuming
fluoridated or non-fluoridated drinking-water may not be markedly
different, due to the intake of significant amounts of fluoride from food
and dental care products (US DHHS, 1991; Burt, 1992).

However, in a case—control study conducted in New York State
(but excluding New York City), USA, information on the intake of
fluoride from drinking-water and dental care products (eg., fluoride
tablets, mouth rinses, toothpaste and dental treatments), but not
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foodstuffs, was obtained for maes and females #24 years of age
having been diagnosed with osteosarcoma between 1978 and 1988
(Gelberg et a., 1995). The analyses were based on 130 cases and as
many controls (matched by years of birth and gender). Interviews on
exposure patterns were made with the subjects themselves and/or with
their parents. No significant risks were observed for any individua
fluoride exposure group, using either the parents or the children's
exposure assessments. Nor was any significant trend observed when
using the parents exposure assessments. However, using the
subjects’ exposure estimates, there was a monotonous increase in the
odds ratios (ORs) for osteosarcoma with increasing exposure
estimates: 1, 1.16 (95% confidence interval [Cl] = 0.44-3.04), 1.72 (95%
Cl = 055-5.39) and 1.88 (95% CI = 0.64-5.55) for the exposure
categories of 0-1250, 12512338, 2339-3987 and 3988-9291 mg total
fluoride.

In a case—control study, Moss et al. (1995) found no evidence of
a dsignificantly increased risk of osteosarcoma among maes or females
(or both genders combined) residing in Wisconsin, USA, associated
with the consumption of fluoridated drinking-water. Cases of osteo-
sarcoma (and brain and digestive system cancers) and their controls
were studied in relation to their consumption of fluoridated drinking-
water (i.e, containing >0.7 mg fluoride/litre) between 1979 and 1989.
Controls (approximately four per case) were matched to cases based
upon age, sex and race. Odds ratios (also adjusted by conditional
logistic regression for likely natural exposure to waterborne radiation
and population size) for risk of osteosarcoma with consumption of
fluoridated drinking-water were 1.0 (95% Cl = 0.6-1.5; 110 exposed
cases), 0.9 (95% Cl = 0.5-1.6; 56 exposed cases) and 1.1 (95% CI =
0.6-1.9; 54 exposed cases) for both genders combined, femaes and
males, respectively.

In a further hospital-based case—control study on osteosarcoma
(22 cases and 22 matched controls), the odds ratio for “high”
(>0.7 mg/litre) average lifetime or childhood drinking-water fluoride
concentration was 0.33 (McGuire et al., 1991).

Skeletal fluorosis
Skeletal fluorosis is a pathological condition that may arise follow-
ing long-term exposure (either by inhalation or by ingestion) to

devated levels of fluoride. Although the incorporation of fluoride into
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bone may increase the stability of the crystal lattice and render the
bone less soluble, bone mineralization is delayed or inhibited (Grynpas,
1990), and consequently the bones may become brittle and their tensile
strength may be reduced. The severity of the effects associated with
skeletal fluorosis is related to the amount of fluoride incorporated into
bone. In a preclinical phase, the fluorotic patient may be relatively
asymptomatic, with only a slight increase in bone mass, detected radio-
graphically. Sporadic pain and stiffness of the joints, chronic joint pain,
osteosclerosis of cancellous bone and cdcification of ligaments are
associated with the first and second clinical stages of skeleta
fluorosis. Crippling skeletal fluorosis (clinical phase I1l1) may be
associated with limited movement of the joints, skeletal deformities,
intense cdcification of ligaments, muscle wasting and neurological
deficits (Krishnamachari, 1987; Kaminsky et a., 1990; US DHHS, 1991).
A consistent finding in cases of chronically elevated fluoride uptake
is an increase in mineralization lag time of bone, which can be
demonstrated by dynamic histomorphometry (Boivin et al., 1989).
Osteomalacia may be observed in fluorotic individuals with a reduced
or suboptimal intake of cacium; secondary hyperparathyroidism may
aso be observed in a subset of patients (Krishnamachari, 1987; US
DHHS, 1991). Apparently in combination with nutritional deficiencies,
high intakes of fluoride and the subsequent osteomalacia may also lead
in children to bone deformities such as genu valgum, originaly
described as Kenhardt bone disease (Jackson, 1962; Krishnamachari
& Krishnaswamy, 1973; Krishnamachari, 1976; Chakma et al., 2000). In
osteoporotic patients, fluoride can stimulate bone formation to such an
extent that, despite cacium supplementation, cadcium deficiency,
secondary hyperparathyroidism and osteomalacia occur (Dure-Smith
et a., 1996).

The concentration of fluoride in the bone of individuals in the pre-
clinical or crippling stages of skeleta fluorosis may be between 3500
and 5500 mg/kg bone or greater than 8400 mg/kg bone, respectively,
compared with the reference values of 500-1000 mg/kg bone ash
weight (US DHHS, 1991).

A number of factors, such as age, nutritional status, renal function
and calcium intake, in addition to the extent and duration of exposure,
can influence the amount of fluoride deposited in bone and, conse-
quently, the development of skeletal fluorosis (US DHHS, 1991).
Individuals with impaired renal function, such as those with diabetes,
may be more prone to developing fluoride-related toxicologica effects
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(i.e., fluorosis) due to their diminished excretion of fluoride (Kaminsky
e d., 1990; US DHHS, 1991). Skeletal fluorosis may be reversible to
some degree in a manner that is dependent upon the extent of bone
remodelling (Grandjean & Thomsen, 1983).

Felsenfeld & Roberts (1991) reported the case of a 54-year-old
woman who, after having consumed drinking-water containing approx-
imately 8 mg fluoride/litre over a period of 7 years, had osteosclerosis
and stiffness in her knees and hips. Five cases of crippling skeletal
fluorosis in the USA have been reported over the past 40 years; the
total intake of fluoride by some of these individuals over a 20-year
period was estimated to be approximately 15-20 mg/day (US DHHS,
1991) (equivaent to a daly intake of 230-310 pg fluoride’lkg body
weight per day in an adult weighing 64 kg). There have been no sys-
tematic studies of the prevalence of this disease in the USA.

The occurrence of endemic skeletal fluorosis has been well docu-
mented in case reports and surveys of individuals residing in certain
areas of the world (e.g., India, China, northern, eastern, central and
southern Africa), where the intake of fluoride may be inordinately high
& a result of the often significant consumption of drinking-water con-
taining substantial amounts of naturally occurring fluoride, the indoor
burning of fluoride-rich cod for heating and cooking, the preparation
of foodstuffs in water containing increased fluoride and/or the con-
sumption of specific foodstuffs naturally rich in fluoride (Haimanot et
a., 1987; Krishnamachari, 1987; Pettifor et a., 1989; Kaminsky et da.,
1990; Tobayiwa et a., 1991; Mitha et al., 1993; Wang et al., 1994;
Abdennebi et al., 1995; Liu, 1995; Michadl et al., 1996; Zhao et a., 1996;
Teotia et a., 1998). Large numbers of individuas residing in India and
China are afflicted with skeletal fluorosis, which in some cases may be
severely crippling. In addition to an increased intake of fluoride from
foodstuffs and drinking-water with high levels of fluoride, other
factors, such as nutritional status as well as climate and other factors
influencing fluid intake, may possibly play a significant role in the
development of endemic skeletal fluorosis (Krishnamachari, 1987
Haimanot, 1990; Zang et al., 1996). These issues make it difficult to
characterize the exposure—response relationship in studies of skeleta
fluorosis, such as those outlined below.

In China, endemic fluorosis associated with coa burning has been
identified in epidemiological investigations. Local residents absorb
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high doses of fluoride through inhalation and/or ingestion, as a conse-
quence of the indoor use of high-fluoride coa in cooking, heating and
drying of food (the average concentrations of fluoride in coal were
200-1500 mg/kg, with the highest up to 3000 mg/kg). In those areas, the
intakes of fluoride via drinking-water were relatively low (range from 0.1
to 0.52 mg/day per person) (Table 10). The number of cases of coal-
burning-type skeletal fluorosis has been estimated to be 1.5 million
(Hou, 1997; Liang et al., 1997).

Table 10. Daily fluoride intake in different endemic areas in China using
high-fluoride coal for cooking and drying foodstuffs indoors

Endemic area Coal type Daily intake (mg/person)

Food Drinking- Air Total

water

Sichuan Soft coal 8.86 0.1 0.67 9.63
Hubei Anthracite 4.12 0.45 0.55 6.12
Jiangxi Anthracite 2.54 0.5 0.24 3.28
Hunan Anthracite 1.81 0.52 0.31 2.64
Hubei Anthracite 1.86 0.42 0.15 2.43
Jiangxi Firewood 1.14 0.24 0.11 1.49
(control)

In a short communication with few detdls, the relationship
between air, well-water and dietary fluoride and skeletal fluorosis (no
information on diagnostic criteria provided) was studied among
6792 individuals in Inner Mongolia (Xu et a., 1997) (Table 11). The
concentrations of fluoride in air and diet were low, and that in drinking-
water showed a correlation of 0.87 with the prevalence of fluorosis. The
skeletal fluorosis prevalence was #0.21% for fluoride concentrations
of 0.65 mgl/litre or lower and reached 19.9% for fluoride concentrations
of 6.9 mg/litre.

The relationship between fluoride concentrations in  drinking-
water and the prevalence of skeletal fluorosis was aso reported in
another Chinese study (Liang et a., 1997) (Table 12).

According to an early estimate, the number of persons at risk of

developing skeletal fluorosis was 5 million in Punjab and more in
Andhra Pradesh and Madras, India (Siddiqui, 1970).
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Table 11. Prevalence of skeletal fluorosis in villages in Inner Mongolia,

China?

Fluoride content of Skeletal fluorosis
drinking-water Cases %
0.4 0 0
0.65 2 0.21
1.4 93 7.72
1.6 109 12.3
3.2 101 12.7
3.4 132 15.2
4.7 42 19.6
6.9 166 19.9

a2 From Xu et al. (1997).

Table 12. Prevalence of skeletal fluorosis in China as a function of drinking-
water fluoride concentration?

Fluoride concentration Prevalence of Prevalence of skeletal

in drinking-water skeletal fluorosis (%) fluorosis (%) among

(mag/litre) among individuals individuals with deficient
with normal nutrition®

nutrition®

<0.3 0 0

0.6-1.0 0 0

>4.0 43.8 69.2

a From Liang et al. (1997).

5 Normal nutrition = protein >75 g/day, high-quality protein >20% of total
protein, calcium >600 mg/day.

¢ Deficient nutrition = protein <20 g/day, high-quality protein <10% of total
protein, calcium <400 mg/day.

The frequency of skeletal fluorosis (as identified by the clinical
picture) among children 3-10 years of age was 39% (18/46) in a village
in India, where the fluoride concentrations in the three wells were 0.6,
4.0 and 1.34 mg/litre (Shivashankara et ., 2000). It was not possible to
discern, from the information available, the contribution of each well to
the drinking-water of the residents.

In aclinica survey for fluorosis in a random sample of residents
in five areas in Tamil Nadu, South India, the drinking-water fluoride
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concentration was directly related to the prevalence of dental fluorosis
in children (8-15 years of age) and adults. Among children, no skeletal
fluorosis (no information on diagnostic criteria provided) was
observed; among adults, the prevalence of fluorosis was 34% (157 indi-
viduals surveyed) in the area with the highest drinking-water fluoride
concentration (summer month average 6.8 mgl/litre, non-summer month
average 5.6 myg/litre) (estimated total daily fluoride intake 20 mg), while
no skeletal fluorosis was observed in the other areas, where the mean
fluoride concentrations were 2.2 (summer months) and 1.8 (non-summer
months) mg/litre or lower, with estimated total daily fluoride intakes
lessthan 10 mg (Karthikeyan et a., 1996).

A correlation between average water fluoride concentration and
prevalence of skeletal fluorosis (assessed by X-ray) was found among
adults in 15 villages in Dungapur district in Rgjasthan, India (Choubisa
e a., 1997) (Table 13). The prevalence ranged from 4.4% at a water
fluoride level of 1.4 mglitre to 63.0% a the leved of 6.0 mgllitre.
Crippling fluorosis was consistently observed in villages with fluoride
concentrations of $3 mg/litre.

In four villages in the Faridabad district, North India, the percen-
tage of people with skeletal fluorosis (assessed by the clinical appear-
ance of impaired mobility) was 57, 43, 18 and 17, while the respective
means (ranges) of the water fluoride contents were 3.2 (0.25-8.0), 3.7
(0.3-7.0), 2.5 (0.3-5.4) and 1.0 (0.7-1.6) mgl/litre (Sushedla et a., 1993).

A cross-sectiona study in Punjab aso reported the relationship
between water fluoride and the prevaence of skeletal fluorosis (Jolly
et d., 1968). Skeleta fluorosis was rare (assessed by X-ray) (2.4%) in
a village where the average well-water fluoride concentration was
1.4 mgllitre, but its incidence was 71% in the village with the highest
water fluoride concentration, 9.7 mglitre. In five villages where the
water fluoride concentration was 3-4 mgl/litre, the prevalence of
skeletal fluorosis was 10-42%. It was suggested that lower cacium
concentrations in some water sources were associated with higher
skeleta fluorosis prevalence.

The dependence of skeletal fluorosis on duration of exposure and
ae was studied in a village in Andhra Pradesh, India, where the
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Table 13. Relationship between drinking-water fluoride concentration and
skeletal fluorosis in Rajasthan, India?

Village Fluoride Prevalence % Crippling
concentration of fluorosis fluorosis
(mag/litre)
Mean Range
Amaliya 1.4 0.5-1.8 4/92 4.3 No
Fala
Doja 2 1.2-2.0 10/102 9.8 No
Selaj 2 1.5-2.5 4/85 4.7 No
Anturi 2.3 0.3-3.5 16/180 8.9 No
Batikada 2.4 1.3-3.1 16/120 13.3 No
Devsomnath 2.5 0.0-3.1 14/188 7.4 No
Masania 2.6 1.0-2.6 28/176 15.9 No
Dora 3 1.2-3.9 22/96 22.9 Yes
Dolwaniya 3 2.5-3.5 14/78 17.9 Yes
Ka Oda
Palvasi 3.4 2.3-4.2 38/114 33.3 Yes
Jogiwara 3.4 1.0-4.3 27/106 25.5 Yes
Kolkhanda 4.5 4.2-4.7 52/106 49.1 Yes
Banda 5.7 3.8-6.7 61/115 53.0 Yes
Ghanti
Hadmatiya 6 3.9-8.3 118/205 57.6 Yes
Pantali 6 2.4-10. 121/192 63.0 Yes
8

a From Choubisa et al. (1997).

drinking-water was derived from five wells, in which the fluoride con-
centrations were between 7.2 and 10.7 mg/litre (average 9.0 mg/litre); it
was estimated that the daily water consumption was 4.6 litres, which
would lead to a dailly dose of 36-54 mg fluoride (Sardakumari &
Ramakrishna Rao, 1993). Skeletal fluorosis started to appear after
10 years of residence in the village and reached 100% after 20 years.

In a cross-sectional study of 50 randomly selected adults who had
been residents of one of two villages for all their lives in Senegal,
kyphosis was used as an indicator of skeletal fluorosis (and was
radiologically confirmed to be fluorosis in three cases) (Brouwer et d.,
1988). The prevalence of severe kyphosis was 4 out of 55 (7%) in
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Guinguineo, where the well-water fluoride concentration was 3.9 mg/li-
tre, and 11 out of 42 (26%) in Darou Rahmarie Fall, where the fluoride
concentration was 7.4 mg/litre.

Skeletal fracture

Severad ecologicd and cross-sectional studies have been per-
formed to investigate the relationship between fluoride in drinking-
water (from natural sources or from fluoridation) and bone fractures or
bone density (McClure, 1944; Goggin et a., 1965; Bernstein et al., 1966;
Korns, 1969; Madans et a., 1983; Simonen & Laitinen, 1985; Arnala et
al., 1986; Avorn & Nielssen, 1986; Sowers et al., 1986; Danielson et al.,
1992; Jacobsen et a., 1992, 1993; Suarez-Almazor et a., 1993; Kroger
e a., 1994; Jacgmin-Gadda et al., 1995; Lan et al., 1995; Czarnowski et
al., 1999; Fabiani et a., 1999). Limitations in exposure assessment and
study design preclude firm conclusions from being drawn from these
studies.

Based on an ecologica study of the rates of skeletal fracture
among men and women between 65 and 90 years of age in the USA, the
rates of hip fracture were not significantly increased among those
residing in fluoridated aress (i.e., $0.7 mg fluoride/litre) compared with
rates in those residing in non-fluoridated areas (i.e, #0.3 mg
fluorideflitre); however, among mdes, the relative rates of fracture of
the proximal humerus and distal forearm were significantly increased by
approximately 23% and 16%, respectively (Karagas et al., 1996).

Other studies have reported either no increase or a reduced risk
of hip (or skeletal) fracture associated with the consumption of
fluoridated drinking-water (Madans et a., 1983; Simonen & Laitinen,
1985; Arnda et d., 1986; Jacobsen et al., 1993; Suarez-Almazor et al.,
1993; Lehmann et al., 1998; Fabiani et a., 1999).

The relative risk of hip, wrist or spinal fracture was 2.2 (95% CI =
1.07-4.69) in women 55-80 years of age residing in an “elevated
fluoride community” (with drinking-water containing 4 mg/litre)
compared with those in a control community, with drinking-water con-
taining 1 mg fluoride/litre (Sowers et a., 1986, 1991). The estimated
mean intake of fluoride (from water-based beverages only) by women
in the “elevated-fluoride community” was approximately 72 pg/kg body
weight per day.
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In a retrospective cohort study of 144 627 persons who had lived
a least during 1967-1980 in a Finnish village outside the municipal
water system, the relationship between hip fracture in 1981-1994 (from
hospital discharge records) and drinking-water fluoride concentration,
as estimated from a nationwide groundwater survey of 8927 wells, was
studied (Kurttio et al., 1999). The fluoride levels in the wells were
estimated from a national database and were approximately 1.4 times
higher than the actually measured fluoride levels. The median fluoride
concentration in the well-water was 0.1 mg/litre; the maximum value
was 2.4 mgllitre. No association was observed between hip fractures
in either men or women and the well-water fluoride concentration, when
dl age groups were considered. However, in women 50-65 years old at
the start of follow-up, age- and area-adjusted relative risks (RR) for hip
fracture increased with increasing well-water concentration in the
categories 0.11-0.3, 0.3-0.5, 0.5-1.0, 1.1-1.5 and >1.5 mg/litre (RR =
1.16, 95% CI = 0.93-1.43; RR = 1.31, 95% Cl = 0.86-1.99; RR=153[P<
0.05], 95% CI = 1.08-2.16; RR = 1.24, 95% CI = 0.77-2.01; RR = 2.09 [P
< 0.05], 95% ClI = 1.16-3.76), in compaison with a fluoride
concentration of #0.1 mg/litre.

In a case—control study, Feskanich et al. (1998) assessed the risk
of forearm and hip fracture among a group of female US nurses in
relation to their long-term exposure to fluoride, assessed on the basis
of the levels of fluoride in toenails. Women in the three highest quar-
tiles of fluoride exposure (i.e., levels of fluoride in toenails of 2.00-3.35,
3.36-5.50 and >5.50 mgkg) had increased and reduced risks (not
statistically significant) of forearm and hip fracture, respectively, com-
pared with women in the lowest quartile of fluoride exposure (i.e., <2.00

mg/kg).

Bone minera density was investigated in a random stratified
sample of 3222 perimenopausal women in eastern Finland (Kroger et al.,
1994). Of these women, 969 had used artificialy fluoridated drinking-
water (1.0-1.2 mg/litre) for more than 10 years, 2024 had never used it
(drinking-water fluoride concentration <0.3 mg/litre) and 229 had used
fluoridated water for less than 10 years. There was no significant
difference in the 10-year incidence of self-reported bone fractures
between the first group and the second and third groups combined.
Bone mineral densities of the spine and femoral neck, measured by dual
X-ray densitometry and adjusted for age, weight, menopausa status,
cacium intake, physical activity class, deliveries, acohol consumption
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and oestrogen use, were statistically significantly (approximately 1%)
higher among women who had used fluoridated drinking-water longer
than 10 years than among the rest.

In a 5-year follow-up study (Jacgmin-Gadda et al., 1998) of
3216 men and women aged 65 years or more, risk factors of fractures of
the hip or elsewhere were studied. The fluoride exposure was estimated
from analyses of fluoride in water in 78 areas and by weighting the
concentrations by duration of water supply use during the last 10
years and the relative contributions of different water sources in the
drinking-water. Fracture rates were assessed from questionnaires and
verified by the doctor of each patient reporting a fracture, when the site
or multiplicity of the fracture was questionable. Logistic regression
analysis was used to assess the influence of different variables on the
fracture risk; the analysis considered age, s, body mass index, smok-
ing status, acohol consumption, use of psychotropic drugs and
fluoride exposure. No reationship was observed between fluoride
exposure and fractures other than at the hip. For hip fractures, partici-
pants in the two highest drinking-water fluoride quartiles (0.11—
0.25 mg/litre and >0.25 mg/litre) were at ahigher risk (OR = 3.25, 95% CI
= 1.66-6.38; and OR = 2.43, 95% CI = 1.11-5.33, respectively) than
those below these levels. However, participants at drinking-water
fluoride levels >0.7 mg/litre were not at a higher risk than those below
this level (OR = 0.77, 95% ClI = 0.37-1.62). When divided at the 1
mg/litre level, no increased risk appeared either.

In a multicentre prospective study on the risk factors of osteo-
porosis in postmenopausal women (n = 7129) (Phipps & d., 2000) (in
which the earlier study, Cauley et a., 1995, is subsumed), the relation-
ship between drinking-water fluoride exposure during the years 1950—
1994 and density of lumbar spine, proxima femur, radius and calcaneus,
plus incident fractures of vertebrae, hip, wrist and humerus in
1971-1990, was investigated. In a multivariate analysis, the results were
adjusted for age, weight, education, muscle strength, surgical
menopause, cacium intake, drinks per week, current oestrogen use,
current thiazide use, non-insulin-dependent diabetes, current thyroid
hormone use, walking for exercise and smoking status. The bone den-
sity was 2% higher among women continuously exposed to fluoride in
drinking-water for 20 years in lumbar spine and proxima femur but
lower in distal and proxima radius, for calcaneus, the difference was
not statistically significant. Risk of incident fracture of the hip (RR =
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0.69, 95% CI = 0.50-0.99) and spine (RR = 0.73, 95% CI = 0.55-0.97) was
significantly lower among those continuously exposed to fluoride than
among the non-exposed; for fractures of the humerus, the difference
was not significant (RR = 0.85, 95% CI = 0.58-1.23), and for fractures of
the wrist, the risk among those exposed to fluoride was devated (RR
=1.32, 95% CI = 1.00-1.71).

In a population-based case—control study on the relationship
between naturally occurring fluoride in drinking-water and fractures of
the hip, lifetime drinking-water fluoride concentration was determined
from residentia history and data from water suppliers on 514 cases and
527 sex- and age-matched controls in the United Kingdom (Hillier et a.,
2000). After adjustment for sex and age, body mass index, physical
activity, age a menopause, current alcohol consumption, smoking,
current treatment with oral corticosteroids and dietary calcium, the
odds ratio for lifetime drinking-water containing $0.9 mg fluoride/litre
was 1.0 (95% CI = 0.7-1.5) in comparison with lifetime drinking-water
containing lower fluoride concentrations. No effect of fluoride concen-
tration early or late in life on hip fracture risk was observed either.
However, based on estimated total fluoride intakes in the United King-
dom, the contribution of fluoride in drinking-water was rather small
(probably less than one-third).

The relationship between drinking-water fluoride concentration
and hip fracture, as well as al bone fractures since the age of 20 years,
was studied among 8266 Chinese men and women, residents of six
villages with different drinking-water fluoride concentrations (Li et a.,
2001). The studied persons had lived in the same village for no less
than 25 years, most for their whole lives, and were no less than
50 years of age at the time of the study. Altogether, 531 subjects
reported one or more fractures, and for 526 of them the fracture was
confirmed by X-ray; the number of hip fractures was 56. In a multiple
logistic regression analysis, adjusted for age and gender, the odds
ratio for any fracture was 1.50, 1.25, 1.00, 1.17, 1.18 and 1.47 for
drinking-water fluoride concentrations of 0.25-0.34, 0.58-0.73,
1.00-1.06, 1.45-2.19, 2.62-3.56 and 4.32-7.97 mg/litre, respectively
(Table 14). From analysis of the fluoride concentrations in tea and air
and anamnestic information on the use of fluoride-containing
toothpastes or mouth rinses, it was concluded that drinking-water was
the only significant source of fluoride exposure, and the estimated
daily fluoride intake from drinking-water was estimated to be 0.73, 1.62,
3.37, 6.54,
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Table 14. Water fluoride concentration and risk of skeletal fracture?

Water fluoride Total fluoride Odds ratio for all Odds ratio for
concentration intake fractures hip fracture
(mag/litre) (mg/day) (P value) (P value)
0.25-0.34 0.73 1.50 (0.01) 0.99 (0.99)
0.58-0.73 1.62 1.25 (0.17) 1.12 (0.85)
1.00-1.06 3.37 1.00 1.00
1.45-2.19 6.54 1.17 (0.33) 2.13 (0.15)
2.62-3.56 7.85 1.18 (0.35) 1.73 (0.34)
4.32-7.97 14.13 1.47 (0.01) 3.26 (0.02)

a2 From Li et al. (2001).

7.85 and 14.13 mg in the six exposure categories. The difference
between the group with the lowest odds ratio was significant (P < 0.01)
for the lowest and highest exposure group. The observation remained
qualitatively similar when only fractures after the age of 50 years were
considered, but reached statistical significance only for the high expo-
sure group. For hip fractures, the prevalence was similar for the three
lowest exposure groups, but edevated for the three high exposure
groups (OR = 2.13, 1.73 and 3.26); the difference was significant for the
high exposure group.

In a meta-anadysis (Jones et a., 1999) of ecological, cross-
sectional and cohort studies on water fluoridation and bone fractures
published in 1966-1997, water fluoridation was not observed to have
an effect on fracture incidence (RR = 1.02, 95% CI = 0.96-1.09). Out of
26 studies (published in English), 18 contained information that could
be used in the metaandysis and were included. The meta-analysis
correctly assigned a qualitative score to the different studies (by which
the studies were weighted) and considered sources of hias such as
publication bias. Although overal no relationship between fluoridation
and fracture risk was observed, there was considerable heterogeneity
between the studies. Four of the studies aso reported on the
relationship between water fluoridation and bone mass. A significant
increase in lumbar spine bone mass was observed; for femoral neck,
the change was positive, but statistically not significant, and for distal
radius, it was negative and statistically not significant.
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Reproductive effects

In case—control studies, no evidence of an association between
the consumption of fluoridated drinking-water by mothers and
increased risk of spontaneous abortion (Aschengrau et a., 1989), late
adverse pregnancy outcome (Aschengrau et al., 1993) or congenita
cardiac disease in children (Zierler et d., 1988) was identified. These
findings confirm previous observations of no apparent relationship
between the rates of Down syndrome or congenital malformation and
the consumption of fluoridated drinking-water (see Berry, 1962;
Needleman et al., 1974; Erickson et a., 1976; Berglund et al., 1980;
Erickson, 1980; all cited previously in WHO, 1984).

Freni (1994) reported evidence suggesting that exposure to fluor-
ide in drinking-water may be associated with reduced fertility rates,
based upon the results of an ecologica study that evaluated the “total
fertility rate” (i.e., total age-specific births per 1000 women) between
1970 and 1988 for white women, 1049 years of age, residing in
30 regions in nine US states. However, this study was based upon
population means, rather than individual data.

Respiratory effects

Ernst et . (1986) examined respiratory function in a group of male
and female adolescents with “high” or “low” exposure to the emissions
from an auminium plant located near Cornwall, Ontario, Canada, and
reported evidence of respiratory abnormalities (i.e., a 49% increase [P
= 0.05] in the ratio of the closing volume/vital capacity) in males, but
not females, in the “high” exposure group, compared with those with
“low” exposure. Individuds were considered to have “high” and “low”
exposure if they resided more than 60% of their lives within
approximately 4 and 17 km of the plant, respectively.

Lung X-ray findings were reported in 45 cases with skeletal fluor-
osis in an area of China contaminated by coal combustion. Chronic
bronchitis with diffuse interstitial fibrosis and pulmonary emphysema
were reported to occur (Liu, 1996).

Since the residents in both studies were likely exposed to other

airborne contaminants and particulates, it is difficult to attribute the
effects on respiratory function solely to fluorides per se
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Neurobehavioural effects

Two studies in two different regions of China have considered the
potential effects of fluoride from drinking-water on children's intel-
ligence.

The first study (Li et al., 1995) was conducted on 907 children
(ages 8-13) of the Guizhou province. Intelligence was measured by the
China Rui Wen's Scder for Rurd Areas. Children lived in four areas
with different degrees of fluorosis prevalence (urinary fluoride ranging
from 1.02 to 2.69 mg/litre). The average 1Q was 89.9 in the non-fluorosis
area and 80.3 in the high prevalence area. The trend among the four
areas was statistically significant (P < 0.01).

The second study was carried out in Shanxi (Zhao et al., 1996) and
involved 160 children (ages 7-14) randomly selected from each of two
villages, one with a high level of fluoride contamination of the water
(4.12 mgllitre, with 86% of the population having signs of dental
fluorosis), and one with low contamination (0.91 mg/litre and 14%
dental fluorosis). The “officia intelligence quotient (IQ)” was mea
sured. The average 1Q in the first village was 97.69, and in the second
it was 105.21 (P < 0.01). (The much higher IQ in comparison with the Li
et a. (1995) study is noteworthy, but it is probably justified by the use
of adifferent scale[Zhao et ., 1996].)

These two studies deserve similar comments:

C There is no reference to the reliability of 1Q measurement in the
context of rural China.
C There is no evidence that the measurements were blind; in fact,

they were probably not, being conducted in different villages.
C  There is no information on the training of the professional figures

who performed the tests.
C In the second study, an attempt was made to adjust for confound-

ing by only the educational level of the parents, and the
difference between differently contaminated areas persisted.

The significance of these studies remains uncertain, but in a study
of 197 children between the ages of 7 and 11 years in which childhood
behavioura problems were assessed in relation to different levels of
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dental fluorosis, there was no association between behavioural prob-
lems and dental fluorosis (Morgan et a., 1998).

Genotoxic effects

Based on an analysis of the frequency of sister chromatid
exchanges in peripheral blood lymphocytes obtained from groups of
approximately 100 mae and female Chinese adults consuming drinking-
water containing from 0.11 to 5.03 mg fluoride/litre, Li et a. (1995)
concluded that fluoride was not genotoxic at these levels of exposure.
The average estimated daily intake of fluoride, based upon levels in
food, water and average body weight, ranged from about 20 to 280
pg/kg body weight per day. The plasma fluoride level in the 5.03
mg/litre area was 5.56 pmol/litre.

Although Jackson e a. (1997) observed a dlight (7-15%)
dthough statistically significant P < 0.001) increase in the frequency
of sister chromatid exchange in peripheral blood lymphocytes collected
from individuds in the USA (n = 68, mdes and femaes) residing in an
area served with drinking-water containing 4.0 mg fluoride/litre (com-
pared with that from individuals in other areas served with water
containing 0.2 and 1.0 mg fluoride/litre [n = 64 and 59, respectively]), a
subsequent comparison among individuals residing in the high-
fluoride area having consumed either city water (4 mg/litre; n = 30) or
wdl-water (<0.3 mg/litre; n = 28) reveded no significant difference in
the frequency of sister chromatid exchange in blood lymphocytes
(Jackson et d., 1997).

In a report with scanty details on the selection of persons to be
studied, an increased peripheral lymphocyte micronucleus and sister
chromatid exchange frequency was observed among fluorosis patients
(n = 53), compared with healthy referents fi = 20) from a fluorosis-
endemic area and non-fluoride exposed referents (n = 30) in Inner
Mongolia, China (Wu & Wu, 1995). In ancther study with limited
reporting, an increased sister chromatid exchange frequency was
reported among residents of a fluorosis-endemic area in North Gujarat,
India (n = 100), in comparison with referents from a non-endemic area
in Ahmedabad (0 = 20) (Sheth et a., 1994). In a further smilar study,
sister chromatid exchange frequencies were elevated among residents
of one out of three fluorosis-endemic villages, and chromosomal aber-
rations were elevated in al three villages, compared with referents from
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a nearby township in south Gujarat, India (Joseph & Gadhia, 2000). In
al these studies, the interpretation is complicated by the limited details
provided on subject selection and by possible confounding variables.

However, no effect on chromosomal aberrations or micronuclei in
lymphocytes was observed in a randomized double-blind study on
seven non-smoking femae osteoporosis patients treated with sodium
fluoride or sodium monofluorophosphate (average dose 29 mg fluoride/
day) for an average of 29 months, in comparison with seven matched
non-treated controls (van Asten et al., 1998).

Dental effects!

It has been recognized for over five decades that fluoride may
have both beneficial and potentially harmful effects on dental health.
While the prevalence of dental caries is inversely related to a range of
concentrations of fluoride in drinking-water consumed, the prevalence
of dental fluorosis has been shown to be positively related to fluoride
intake from many sources (Fejerskov et al., 1988, 1996). Public health
programmes seeking to maximize the beneficial effects of fluoride on
dental health through the introduction of fluoridated drinking-water
have, @& the same time, strived to minimize its adverse fluorotic effects
on teeth. Based upon the studies conducted by Dean and colleagues
five decades ago, the “optimum” level of fluoride in drinking-water,
associated with the maximum level of dental caries protection and
minimum level of dental fluorosis, was considered to be approximately
1 mg/litre. The effects of fluoride on dental health were examined by a
WHO Expert Committee (WHO, 1994).

Dental caries

Since the first reports by Dean and colleagues published in the
1930s, oral fluoride is still considered an effective means of reducing
dental caries. Historically, populations consuming fluoridated drinking-
water had a much lower prevalence of dental caries than did those
consuming non-fluoridated drinking-water. Over time, the difference in

t This section was based primarily on a review prepared by WHO
(1994).
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caries prevaence among those consuming fluoridated and non-
fluoridated drinking-water has narrowed significantly. This apparent
diminution in the cariostatic effectiveness of fluoridated drinking-water
is likely attributable to a “diffusion” in which individuals consuming
non-fluoridated drinking-water may consume significant amounts of
beverages prepared in other locaes with fluoridated drinking-water, as
well as exposure to fluoride through the use of dental care products —
mainly fluoridated toothpaste. It has been estimated that whereas
approximately 210 million individuals throughout the world consume
drinking-water containing levels of fluoride considered adequate for
the prevention of dental caries, approximately 500 million people use
fluoridated toothpastes (WHO, 1994).

Historically, it was believed that fluoride needed to become incor-
porated into the crystal lattice of enamel in order to effectively prevent
the development of dental caries. Fluoride was considered to improve
lattice stability and render the ename less soluble to acid deminer-
dization. Since the incorporation of fluoride into enamel, as partialy
fluoridated hydroxyapatite, was believed to be essential for its action,
fluoride was thought best ingested. There is now, however, an increas-
ing body of evidence to suggest that a substantial part of the
cariostatic activity of fluoride is due to its effects on erupted teeth, and
that the continua presence of fluoride in the sdiva and in the fluid
phase of dental plague is critical to its mechanism of action. There is a
gowing consensus that through its interaction with the surface of
ename, fluoride in saliva and dental plaque inhibits the
demineralization and promotes the remineralization taking place at the
surface of the tooth.

Since the introduction of controlled fluoridated drinking-water,
efforts to reduce denta caries have been extended to include the use
of fluoridated toothpaste, mouth rinses and topically applied dental
treatments (e.g., gels, varnishes, solutions), as well as through the use
of fluoride supplements, fluoridated milk and fluoridated salt. The
effectiveness and factors affecting the implementation of these various
exposure regimens have been reviewed in detail by WHO (1994), and
therefore only a brief summary is presented here.

The controlled fluoridation of community drinking-water to an
optimum level is one of the most cost-effective means of delivering
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fluoride to large numbers of individuals. This method of fluoride deliv-
ery requires a suitable community-wide drinking-water delivery system
adong with a reasonable level of technological development (e.g., infra
structure, equipment and appropriately trained support personnel).
Depending upon the annua average maximum daily air temperature,
recommended levels of fluoride in drinking-water considered useful for
the prevention of dental caries have ranged from 0.5 to 1.2 mg/litre.

Some countries have introduced controlled fluoridated sdt as a
means of reducing the prevalence of dental caries among their respec-
tive populations. Unlike controlled fluoridated drinking-water and
toothpastes, there is little quantitative information on the cariostatic
action of fluoridated salt, although it is considered to act in a manner
like that of fluoridated drinking-water. The optimum concentration of
fluoride in salt needed to reduce the incidence of dental caries must
teke into account the level of sat intake and the concentration of
fluoride in drinking-water in individua geographical areas, however,
200 mg fluoride/lkg sat has been suggested to be a minimum value
(WHO, 1994).

Formerly, the administration of fluoridated milk to children was
considered to be a suitable means of increasing their intake of fluoride;
however, little quantitative information is avalable on the efficacy of
this delivery system in the prevention of dental caries. To be effective
as a means of delivering fluoride to children, implementation of a
fluoridated milk programme requires close cooperation with the dairy
industry as well as awidespread system of distribution.

It has been estimated that, worldwide, almost twice as many
people are exposed to fluoride for the prevention of dental caries
through the use of toothpastes as from the consumption of controlled
fluoridated drinking-water. In many countries, fluoridated toothpastes,
which usualy contain approximately 1000 mg fluoride/kg, represent
more than 95% of total dentifrice sold. The use of these products is
considered to be one of the major factors responsible for the gradual
decline in the prevalence of dental caries in most industrialized
countries. In areas where the prevention of dental caries through the
widespread use of fluoridated drinking-water, salt or milk may not be
feasible, the use of fluoridated toothpastes remains an effective means
of improving dental health.
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Fluoride supplements, in the form of tablets, liquid drops or
lozenges, are intended to provide a systemic source of fluoride when
fluoridated drinking-waer is not available. Problems associated with
the widespread use of such supplements include poor compliance
among socidly and economically disadvantaged groups and the
potentially inappropriate use of these products by those aready
consuming drinking-water containing optimal amounts of fluoride.
Moreover, the results of studies suggest that fluoride is most effective
when continually present a low levels in saliva and plaque fluid. In a
number of jurisdictions, the recommended daily dosage of fluoride
supplements is linked to the level of fluoride in the drinking-water as
well as the age of the child. Although fluoride supplements may be
appropriate for use in certain areas where the prevaence of dental
caries is high, available data on the efficacy of this fluoride delivery
system in preventing dental caries are equivocal, and there appears to
be a growing consensus that fluoride supplements have a limited
public health role in improving dental health.

The use of fluoridated mouth rinses has achieved a significant
level of popularity among publicly based health care programmes,
particularly those involving school-aged children. The levels of fluor-
ide in these mouth rinses (0.05 or 0.2%) are related to whether they are
recommended for daily or weekly use. The efficacy of fluoridated
mouth rinses in the prevention of dental caries is related to the fre-
quency of use, the level of compliance and exposure to other sources
of fluoride, most notably in drinking-water. The use of fluoridated
mouth rinses may be recommended for individuas with an elevated risk
of dental caries, although the mouth rinses may not be appropriate for
use by children younger than 6 years of age, due to their propensity to
swallow significant amounts of such material, thereby increasing their
risk of developing dental fluorosis.

Solutions, gels or varnishes usually applied infrequently over the
course of a year by denta care professionals may be most efficacious
in individuals with an elevated risk of dental caries. Owing to the level
of fluoride in these materials (eg., up to 22 300 mgkg), health care
professionals must follow protocols that reduce inadvertent ingestion
of dgnificant amounts of these products by younger children, which
could cause acute toxic effects.
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2) Dental fluorosis

Since the publication of the WHO (1994) assessment on the
quantitative relationship between dental fluorosis and fluoride intake,
a large number of further studies have been published on the matter.
A recent meta-analysis (McDonagh et al., 2000) of such studies is pre-
sented in Figures 2 and 3.
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Proportion of population with fluorosis
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0.1 0.2 04 1.0 2.0 4.0
Fluoride level — mg/L (log scale)

Note: Fluoride level plotted on the log scale because there was an approximatelylinear association between this
and the log (odds) of fluorosis.

Fig. 2. Proportion of the population with dental fluorosis by water fluoride
level together with the 95% upper and lower confidence limits for the
proportion
[Reproduced with permission from Br Med J (2000) 321: 855—-859]

Dental fluorosis is a condition tha results from the intake of
excess leves of fluoride during the period of tooth development,
usualy from birth to approximately 6-8 years of age. It has been termed
a hypoplasia or hypomineralization of dental ename and dentine and
is associated with the excessive incorporation of fluoride into these
structures. The severity of this condition, generally characterized as
ranging from very mild to severe, is related to the extent of fluoride
exposure during the period of tooth development. Mild dental fluorosis
is usually typified by the appearance of small white areas in the
enamd; individuds with severe dental fluorosis have teeth that are
stained and pitted (“mottled”) in appearance. In human fluorotic teeth,
the most prominent feature is a hypomineralization of the enamel. In
contrast to many anima species, fluoride-induced enamel hypoplasia
(indicating severe fluoride disturbance of enamel matrix production)
seems to be rare in fluorosed human enamel. The staining and pitting
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Note: Fluoride level plotted on the untransformed scale because there was an approximately linear association
between this and the log (odds) of “aesthetic fluorosis.”

Fig. 3. Proportion of the population with fluorosis of aesthetic concern by
water fluoride level [Reproduced with permission from Br Med J (2000) 321:
855-859]

of fluorosed denta enamel are both posteruptive phenomena (i.e.,
acquired after tooth eruption and occur as a consequence of the
enamel  hypomineralization). The incorporation of excessve amounts
of fluoride into enamel is believed to interfere with its normal
maturation, as a result of alterations in the rheologic structure of the
enamel matrix and/or effects on cellular metabolic processes associated
with norma enamel development (WHO, 1994; Aoba, 1997; Whitford,
1997). Experimental animal studies suggest that this hypomineralization
results from fluoride disturbance of the process of enamd maturation
(Richards et al., 1986).

Unlike skeletal fluorosis, which is considered to be a marker of
long-term exposure to fluoride (due to the ongoing process of bone
remodelling), dental fluorosis is considered to be indicative of the level
of exposure to fluoride only during the period of enamel formation.
Exposure to excessive levels of fluoride after tooth development
appears to have little influence on the extent of fluorosis. Re-evaluation
of classica fluorosis data (Dean et al., 1941, 1942; Richards et a., 1967;
Butler et a., 1985) has shown that even at low fluoride intake from
water, a certain level of dental fluorosis will be found (Fejerskov et al.,
1996). A dose-response relationship was also demonstrated. The data
demonstrated an increase of the fluorosis community index by 0.2 for
every dose increase of 0.01 mg fluoride/kg body weight.
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Over the past 30-40 years, there has been an increase in the
prevalence of denta fluorosis among populations consuming either
fluoridated or non-fluoridated drinking-water. Although greater num-
bers of individuas are now being served by fluoridated drinking-water,
for the most part this increased prevalence in dental fluorosis has been
attributed to the widespread intake of fluoride from sources other than
drinking-water, especiadly in areas served by non-fluoridated drinking-
water. Unlike the situation in the 1930s, when the primary sources of
exposure to fluoride were limited to drinking-water and foodstuffs, now
there is potential exposure to fluoride from a variety of additional
sources, such as toothpastes, mouth rinses, fluoride supplements and
topically applied dental gels, solutions and varnishes. Exposure to
fluoride may also result from the ingestion of fluoridated salt or fluori-
dated milk.

The prevalence of dental fluorosis is also elevated in certain areas
of the world where the intake of fluoride may be inordinately high, due
in large part to the elevated fluoride content of the surrounding
geologicd environment. In China, large numbers of people exhibit
dental fluorosis (Liu, 1995). In addition to the actual consumption of
often lage amounts of drinking-water containing naturally occurring
devated levels of fluoride, the indoor burning of coa rich in fluoride,
the preparation of foodstuffs in water containing increased fluoride
levels and the consumption of specific foodstuffs naturally rich in
fluoride, such as tea, are believed to contribute to the elevated intake
of fluoride, with the resultant development of dental fluorosis (Chen et
al., 1993, 1996; Grimaldo et a., 1995; Han et d., 1995; Liu, 1995; Xu et al.,
1995).

Interactions with other substances

In a cross-over study, six volunteers were exposed to drinking-
water with high fluoride (2.3 mgllitre), high arsenic (0.47 mgl/litre) or
high fluoride and high arsenic (4.05 mg fluoridelitre and 0.58 mg
arsenic/litre). All volunteers followed one of these three regimes for
5 days, drank distilled water for 3 days and then were exposed to
another regime. Exposure to this level of arsenic did not influence the
rate of urinary excretion of fluoride of the volunteers (Wu et al., 1998).
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In the area of Kuitun, Xinjiang, in China, it was found that among
619 wells investigated, 102 wells contained high levels of arsenic and
fluoride. It was found that arsenic dermatosis manifested when the
water arsenic level was a or above 0.12 mg/litre, with no association
with the fluoride level in the water; dental fluorosis developed when
the water fluoride level was at or above 3 mgl/litre, regardless of the
water arsenic level (Wang et al., 1997).

Occupationally exposed workers

The health of workers occupationally exposed to fluorides, par-
ticularly those employed in the auminium smelting industry, has been
examined in a variety of epidemiologica studies. Workers in this
industrial setting are also exposed to a number of other substances,
such as ammonia, carbon monoxide, sulfur dioxide, distillation products
of tar, pitch and coa, aluminium oxide (alumina), cyanides, dust and
metals such as nickel, chromium and vanadium (IARC, 1984; Sgyseth
& Kongerud, 1992).

Case reports

Severe tissue damage, respiratory effects, cardiac arrest and
deaths have often been noted in case reports of workers exposed
accidentally to hydrofluoric acid through derma contact (Mayer &
Gross, 1985; Chan et a., 1987; Mullet et al., 1987; Greco et al., 1988;
Upfal & Doyle, 1990; Gubbay & Fitzpatrick, 1997). Following the
exposure of two male workers to breakdown products (sulfur tetra-
fluoride, thionyl fluoride, hydrogen fluoride) of sulfur hexafluoride, the
men became semicomatose and developed cyanosis and pulmonary
oedema (Pilling & Jones, 1988). Eye and throat irritation, chest tight-
ness, nausea, vomiting, headache and fatigue have aso been observed
in electrical workers exposed to the breakdown products of sulfur
hexafluoride (Kraut & Lilis, 1990).

Epidemiological studies
Cancer
In a number of analytical epidemiological studies, an increased

incidence of lung and bladder cancer and increased mortality due to
cancer of the lung, liver, bladder, stomach, oesophagus, pancress,
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lymphatic—haematopoietic system, prostate or brain (central nervous
system) have been observed in fluoride-exposed workers employed in
the aluminium smelting industry (Giovanazzi & D’Andrea, 1981; Ander-
sen et al., 1982; Rockette & Arena, 1983; Theriault et al., 1984; Gibbs,
1985; Armstrong et a., 1986, 1994; Mur et a., 1987; Siemiatycki et a.,
1991; Spindli e a., 1991; Renneberg & Andersen, 1995; Romundstad
et d., 2000). However, in genera, there has been no consistent pattern,
and bone cancer was not usualy assessed. Although increases in lung
cancer were observed in several studies, it is not possible to attribute
these increases to fluoride exposure pe se due to concomitant
exposure to other substances. Indeed, in some of these epidemiological
studies, the increased morbidity or mortality due to cancer was
attributed to the workers' exposure to aromatic hydrocarbons.

In a cohort study of cryolite mill workers in Denmark, Grandjean
et d. (1992) indicated that a portion of the increase in the incidence of
bladder cancer (17 observed versus 9.2 expected cases) among the
workers may have been attributable to occupational exposure to fluor-
ide; however, the workers were also exposed to other substances, such
& quartz, siderite and smal amounts of metal sulfides (Grandjean et a.,
1985).

Skeletal effects

Generally, most data on the occurrence of skeletal fluorosis in
occupationally exposed workers have come from older studies. Based
upon a review of older studies involving aduminium smelter workers in
which the number of workers examined was usuadly smal and quan-
titative data on exposure to airborne fluoride were not aways provided,
Hodge & Smith (1977) concluded that the “incidence of detectable
osteosclerosis was often high” when the levels of fluoride in the air
exceeded 2.5 mgm® andior levels of fluoride in the urine of these
workers were greater than 9 mg/litre; at airborne concentrations below
2.5 mg/m® (and levels in the urine of below 5 mgllitre), “ years of expo-
sure in potrooms did not produce osteosclerosis.” The development
of skeletal fluorosis in cryolite workers in Copenhagen was attributed
to the intake (from occupational exposure) of between 20 and 80 mg
fluoride/day (Grandjean, 1982). Chan-Yeung et a. (1983a) reported
finding no definitive signs of skeletal fluorosis in potroom workers
employed in an aluminium smelter and exposed to 0.48 mg fluoride/m®.
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In a more recent study in which skeletal changes in 2258 workers
employed at an aluminium plant in Poland were assessed (clinically and
radiologically), the occurrence of fluorosis (multiple joint pain, initial
ossification, osteosclerosis) was reported to increase with increasing
duration of employment (Czerwinski et a., 1988). The occurrence of
these skeleta changes was related not to quantitative data on the
concentration of airborne fluoride per se but to a qualitaive “exposure
index,” cdculated on the basis of the years of employment and the
extent to which the concentration of fluoride in the air in different areas
of the plant exceeded the highest permitted level of 0.5 mg hydrogen
fluoride/m®. The prevalence of skeletal fluorosis reportedly increased
with this “index of exposure-years,” the more severe effects being
observed in older workers.

Respiratory effects

Since publication of the first EHC on fluorides (WHO, 1984),
additional studies have reported adverse effects on the respiratory
system (eg., reduced lung capacity, irritation of the respiratory tract,
asthma, cough, bronchitis, shortness of breath and/or emphysema) in
workers, predominantly those employed in aluminium smelters, occu-
pationally exposed to airborne fluorides (Chan-Yeung et al., 1983b;
Larsson et a., 1989; Sgyseth & Kongerud, 1992; Renneberg, 1995;
Seyseth e a., 1995; Radon e al., 1999; Romundstad et al., 2000).
Owing to the exposure of these workers to other airborne contaminants
and particulates, it may not be possible to attribute the effects on res-
piratory function solely to fluoride per se.

Haematological, hepatic or renal effects

No evidence of haematopoaietic, hepatic or renal dysfunction was
observed in potroom workers employed at an aluminium smelter and
exposed to 0.48 mg fluoride/m® (Chan-Yeung et ., 19833).

Genotoxic effects

The mean frequency of sister chromatid exchange in peripheral
blood lymphocytes obtained from 40 Chinese fertilizer production
workers was significantly (P < 0.01) increased by approximatdy 50%,
compared with that in a similarly sized group of controls matched for
age, sex and smoking habits (Meng & d., 1995). During the period of
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andysis, workers were exposed to levels of fluoride (mostly hydro-
fluoric acid and silicon tetrafluoride) ranging from 0.5 to 0.8 mg/nT, as
wdl as to phosphate fog, ammonia and sulfur dioxide. Among the
workers, the average frequency of sister chromatid exchange was
approximately 27% higher (P < 0.01) in smokers than in non-smokers.
Information on the total intake of fluoride was not presented.

In a further study, an increased frequency of both chromosomal
aberrations and micronuclel in circulating blood lymphocytes was also
observed among the fertilizer plant workers (n = 40), in comparison with
40 controls working and studying in Shai University, situated in the
same city as the factory, matched for s, age and smoking habits
(Meng & Zhang, 1997); the microscopic analysis was performed on
coded dides.
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9. EFFECTS ON OTHER ORGANISMS IN THE
LABORATORY AND FIELD

Laboratory experiments

Microorganisms

Water

Fluoride (100 mg/litre) did not affect growth or the chemical
oxygen demand degrading capacity of activated sludge when added
either as a pulse or continuously. Sludge settleability did not change
following a pulse addition of fluoride; however, continuous addition
of fluoride resulted in poor settling, indicated by 100-200% increases
in settled sludge volume. The authors concluded that the poor settling
was probably due to enhanced growth of filamentous organisms
(Singh & Kar, 1989). Beg (1982) found the ECg, for inhibition of
bacterial nitrification to be 1218 mg fluoride/litre.

McNulty & Lords (1960) exposed the green alga Chlorela
pyrenoidosa to hydrogen fluoride in 110-min tests. Significant
increases in oxygen consumption and total phosphorylated
nucleotides were observed at fluoride concentrations of 2, 20 and 200
mg/litre (0.105, 1.05 and 10.5 mmol/litre). The authors concluded that,
based on measurements of gas exchange at several pH values, the
stimulation was probably due to the undissociated hydrogen fluoride
in the medium. Smith & Woodson (1965) found that fluoride
concentrations greater than 19 mg/litre (1 mmol/litre) caused growth
inhibition in the same species. However, Nichol et al. (1987) found no
effect of fluoride at concentrations ranging from 5 to 150 mg/litre at a
variety of pH levels (5.9-8.0).

LeBlanc (1984) calculated 96-h ECg;s, based on growth, to be 123
and 81 mg fluoride/litre for the freshwater green alga Selenastrum
capricornutum and the marine alga Skeletonema costatum, respec-
tively.

Rai et al. (1998) calculated 15-day LCgs for the alga Chlorella
vulgaris to be 380and 266 mg fluoride/litre (14 and 20 mmol/litre) at pH
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6.8 and pH 6.0, respectively; at pH 4.5, the 3-day LC;, was 133 mg
fluoride/litre (7 mmal/litre). Non-inhibitory concentrations were 66.5,
28.5 and 9.5 mg fluoride/litre (3.5, 1.5 and 0.5 mmol/litre) at pH 6.8, 6.0
and 4.5, respectively.

Antia& Klut (1981) exposed five euryhaline phytoplankton spe-
ciesto fluoride concentrationsranging from50to 200 mg/litre (14—15%o
salinity). The growth rate and maximum growth density of the
chlorophyte Duniella tertiolecta and the diatom Thalassiosira weiss-
flogii were unaffected at al exposure concentrations. The growth of
the diatom Chaetoceros gracilis appeared to be stimulated by the
presence of fluoride. The haptophyte Pavlova lutheri was 35-50%
inhibited at fluoride concentrations of $150 mg/litre. The dinoflagellate
Amphidinium carteri was 20-25% inhibited at 150 mg/litre and more
than 90% inhibited at 200 mg/litre. Hekman et al. (1984) studied the
effect of dissolved fluoride concentrations of up to 150 mg/litre on six
phytoplankton species. Growth and photosynthetic oxygen evolution
were unaffected at fluoride concentrations up to 50 mg/litrein all algae
except Synechococcus leopoliensis. S. leopoliensis growth ceased for
a period followed by growth at areduced rate at 50 mg fluoride/litre;
the threshold for growth effects and inhibition of photosynthesis in
this species was 25 mg/litre.Nichol et al. (1987) found that fluoride con-
centrations of $100 mg/litre (5.2 mmol/litre) caused a growth laginS.
leopaliensis at neutral pH. The effect of fluoride on the growth lag was
pH-dependent, with the growthlagincreasing with decreasing pH. At
pH 5.9, there was a measurable growth lag at 5 mg fluoride/litre.
Fluorideresistance was induced by priorgrowthin the medium at non-
inhibitory levels of sodium fluoride. It was suggested that fluoride-
resistant cells retain less fluoride (taken up as undissociated hydrogen
fluoride) by developing increased permeability to the fluoride anion.
No effect on growth of 12 species of marine phytoplankton was
observed at fluoride concentrations ranging from 10 to 50 mg/litre. At
the highest concentration (100 mg/litre), no effect on growth was
observed in 9 of the 12 species tested; however, 25-30% inhibition of
growth was found in a diatom (Nitzschia angularis affinis), a dinoflag-
ellate (A. carteri) and a haptophyte (P. lutheri) (Oliveiraet al., 1978).

Joy & Balakrishnan (1990) studied the effect of fluoride on the
diatoms Nitzschia palea (freshwater) and Amphora coffeaeformis
(brackish water) during 96-h exposures. Significant enhancement of
growth, compared with controls (no added fluoride), was observed at
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fluoride concentrations ranging from 30 to 110 mg/litre with N. palea
and at a concentration of 70 mg/litre in A. coffeaeformis. A. coffeae-
formis did not show significant growth differences from controls at
fluoride concentrations of 90 and 110 mg/litre.

The marine dinoflagellate Amphidinium carteri was unable to
grow in nutrient-enriched seawater containing 200 mg fluoride/litre.
However, the organism could be adapted to grow under these condi-
tions after repeatedly being cultured with stepwise increases in sub-
inhibitory fluoride concentrations. Electron microscopic investigation
of the adapted dinoflagellate cells revealed abnormal ultrastructural
features inthe chloroplast, mitochondria and nucleus. Fluoride adapta-
tionseemed to confer aprolamellar-like configuration on thethylakoids
(extensive membrane system containing the components of
photosynthesis) in the centre of the pyrenoid (protein structure asso-
ciated with formation and storage of starch); in organisms that had not
been adapted, fluoride caused extreme disorganization of thylakoid
formation (Klut et al., 1981).

Soil

Van Wensem & Adema (1991) studied the effect of potassium
fluoride (32.3-3230 mg fluoride/lkg [1.7-170 umol fluoride/g]) on
Carolina poplar (Populus canadensis) litter. After 4 weeks, total res-
piration was increased and the phosphate concentration was
decreased at the highest fluoride concentration. Ammonium, nitrate
and phosphate concentrations were decreased by fluoride after 9
weeks. No-observed-effect concentrations (NOECS) for the effect of
fluoride on net mineralizationof ammonium, nitrateand phosphate were
323, 100.7 and 1007 mg/kg dry weight (17, 5.3 and 53 umol/g), respec-
tively. Theauthors concluded that fluoride seems to betoxic formicro-
bial processes at concentrationsfound in moderately fluoridepolluted
areas.

Aquatic organisms
Plants
Wang (1986) exposed the common duckweed (Lemna minor) to

fluoride and calculated an ECy,, based on areductioninfrond growth,
to be >60 mg fluoride/litre.
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Invertebrates

The acute toxicity of fluoride to aquatic invertebratesis summa-
rized in Table 15. Forty-eight-hour LCgs/ECys range from 53 to
304 mg/litre.

Hemens & Warwick (1972) found that fluoride concentrations of
up to 100 mg/litre caused no mortality in prawns exposed for 96 h.
However, the brown mussel (Perna perna) showed up to 30% mortality
at an initial fluoride concentration of 7.2 mg/litre during a 5-day test
(the background fluoride concentration was 1 mg/litre).

LeBlanc (1980) found a48-h NOEC for Daphnia magna of 50 mg
fluoride/litre, whereas Kihn et a. (1989) reported a no-effect
concentration of 231 mg fluoride/litre (24 h). Camargo & LaPoint (1995)
calculated “safe concentrations” (8760-h EC,s) for the last-instar
larvaeof several net-spinning caddisfly species.“Safe concentrations”
ranged from 0.39 mg fluoride/litre (Hydropsyche pellucidula) to 1.18
(Hydropsyche lobata) and 1.79 mg fluoride/litre (Chimarra marginata).
Further“ safeconcentrations” were cal cul ated forthe caddisfly species
Hydropsyche bronta, at 0.2 mg fluoride/litre, and H. occidentalis and
Cheumatopsyche pettiti, at 0.7 mg fluoride/litre (Camargo, 1996b).

Pankhurst et al. (1980) performed toxicity tests on the blue mussel
(Mytilus edulis) (160 h), the anemone Anthopleura aureoradiata
(144 h) and the red krill (Munida gregaria) (259 h) using seawater
dilutions of both fluoride-loaded effluent and sodiumfluoride. Effluent
solutions of 50 and 100 mg fluoride/litre produced high mortality,
whereas sodium fluoride at concentrations up to 100 mg fluoride/litre
caused negligible mortality.

Nell & Livanos (1988) found that weight gains in Sydney rock
oysters (Saccostrea commercialis) decreased linearly (P < 0.01) with
increasing fluoride additions from 0 to 30 mg/litre,and there was a 20%
growth depression at the highest fluoride concentration. The
background level of fluoride in this study was 0.7 mg/litre. Fluoride
concentrations of up to 11 mg/litre had no significant effect on growth
of prawns (Penaeusindicus) over a 20-day exposure period (McClurg,
1984). Fluoride (5.88 mg/litre) had no effect on the survival of mud
crabs (Tylodiplax blephariskios) or the survival and growth of
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Table 15. Acute toxicity of sodium fluoride to aquatic invertebrates?

Organism Sizelage Temperatur Hardness pH Salinit Parameter Concentration Reference
e (mgl/litre)° y (mg
(°C) (%o0) fluoride/litre)?
Water flea Neonates 20 24-h ECs 205 n Dave (1984)
(Daphnia magna) .
<24 h 20 8 24-h ECs 352 n Kihn et al. (1989)
<24 h 173 8 24-h LCs 308 n LeBlanc (1980)
<24 h 173 8 48-h LCs 154 n LeBlanc (1980)
Neonates 20 48-h ECs 98 n Dave (1984)
<24 h 15 169.3 8.14 48-h LCs 304 m Fieser et al. (1986)
<24 h 20 169.3 8.14 48-h LCs 251m Fieser et al. (1986)
<24 h 25 169.3 8.14 48-h LCs 200 m Fieser et al. (1986)
Caddisfly Last instar 15.2 15.6 7.5 48-h LCs 120 m Camargo (1991)
(Chimarra .
marginata) Last instar 15.2 15.6 7.5 72-h LCsx 79.7m Camargo (1991)
Last instar 15.2 15.6 7.5 96-h LCs 449 m Camargo &
Tarazona (1990)
Caddisfly Last instar 15.2 15.6 7.5 48-h LCs 79.2m Camargo (1991)
(Hydropsyche
bulbifera) Last instar 15.2 15.6 7.5 72-h LCs 449 m Camargo (1991)
Last instar 15.2 15.6 7.5 96-h LCs 26.3m Camargo &

Tarazona (1990)




Table 15 (contd).

Organism Size/age Temperatur Hardness pH Salinit Parameter Concentration Reference
e (mgllitre) y (mg
(°C) (%o0) fluoride/litre)?
Caddisfly Last instar 15.2 15.6 7.5 48-h LCs 86.6 m Camargo (1991)
(Hydropsyche .
exocellata) Last instar 15.2 15.6 7.5 72-h LCsx 43.7m Camargo (1991)
Last instar 15.2 15.6 7.5 96-h LCs 26.5m Camargo &
Tarazona (1990)
Caddisfly Last instar 15.2 15.6 7.5 72-h LCs 78.2m Camargo (1991)
(Hydropsyche )
lobata) Last instar 15.2 15.6 7.5 96-h LCs 48.2 m Camargo &
Tarazona (1990)
Caddisfly Last instar 15.2 15.6 7.5 48-h LCs 112 m Camargo (1991)
Hyd h
égﬁufﬁ%g)e Last instar 15.2 15.6 75 72-h LCs 59.1m Camargo (1991)
Last instar 15.2 15.6 7.5 96-h LCso 38.5m Camargo &
Tarazona (1990)
Caddisfly Last instar 18 40.2 7.8 48-h LCs 52.6m Camargo et al.
(Hydropsyche (1992)
bronta) .
Last instar 18 40.2 7.8 72-h LCs 25.8 m Camargo et al.
(1992)
Last instar 18 40.2 7.8 96-h LCs 17m Camargo et al.

(1992)



Table 15 (contd).

Organism Size/age Temperatur Hardness pH Salinit Parameter Concentration Reference
e (mgllitre) y (mg
(°C) (%o0) fluoride/litre)?
Caddisfly Last instar 18 40.2 7.8 48-h LCs 102 m Camargo et al.
(Hydropsyche (1992)
occidentalis) .
Last instar 18 40.2 7.8 72-h LCs 53.5m Camargo et al.
(1992)
Last instar 18 40.2 7.8 96-h LCs 34.7m Camargo et al.
(1992)
Caddisfly Last instar 18 40.2 7.8 48-h LCs 128 m Camargo et al.
Ch t h ) 1992
éen?tli’?a OPSYEN® | ast instar 18 40.2 7.8 72-h LCs 73.2m (Cama)rgo (1996b)
Last instar 18 40.2 7.8 96-h LCs 425 m
Prawn (Penaeus 35 96-h LCs 1118 ne McClurg (1984)
indicus)
Mysid shrimp 96-h LCs 10.5n LeBlanc (1984)
(Mysidopsis
bahia)

a All tests were conducted under static conditions (water unchanged for duration of test).

Hardness expressed as mg calcium carbonate/litre.
ECsos based on immobilization.

b
c
d
e

n = based on nominal concentrations; m = based on measured concentrations.
Since seawater (35%0) was used in this test, it must be assumed that only approximately 100 mg fluoride/litre was, in fact, dissolved.
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penaeid shrimps (Penaeus indicus) during 68-day exposures when
compared with controls (0.89 mg fluoride/litre). In a 113-day test,
shrimps gained significantly more weight during exposure to fluoride
(5.5mgl/litre)than did controls. The authors attributed this to variations
in the food source within the tanks (Hemens et al., 1975).

The fingernail clam (Musculium transversum) appears to be one
of the most sensitive freshwater species tested. Sparks et al. (1983)
conducted an 8-week flow-through experiment in which statistically
significant mortality (50%) was observed at a concentration of 2.8 mg
fluoride/litre. The brine shrimp (Artemia salina) was the most sensitive
marine species tested. In a 12-day static renewal test using brine
shrimp larvae, statistically significant growthimpairment (measured as
body length increase relative to controls) occurred at 5.0 mg
fluoride/litre (Pankhurstet a., 1980). In a flow-through 90-day lifecycle
test, the amphipods Grandidierella lutosa and G. lignorum showed
maximum population increase at a mean fluoride concentration of 2.6
mg/litre (background seawater levels ranged from 1.3 to 1.7 mg
fluoride/litre). Population performance was comparable to controls at
5 mg fluoride/litre. A maximum acceptable toxicant concentration
(MATC) was set at between 5.0 and 6.2 mg fluoride/litre. However,
female fecundity appeared to be the most sensitive parameter, and a
mean M AT Cbased on this parameter was 4.2 mg fluoride/litre (Connel |
& Airey, 1982).

In a 3-week exposure test, survival and reproduction of Daphnia
magna were studied (Fieser et al., 1986). Impairment of reproduction
was observed at fluoride concentrations greater than 26 mg/litre. A
concentration of 35 mg fluoride/litre reduced the neonate production
to 44% of controls. The average number of live young dropped by
more than 98% at 49 mg fluoride/litre. However, no statistics were
performed in the study. Dave (1984) calculated that the NOEC for
growth in Daphnia magna after 7 and 21 days was between 3.7 and
7.4 mg fluoride/litre. Similarly,for parthenogenic reproduction, the 21-
day NOEC was between 3.7 and 7.4 mg fluoride/litre. The “safe”
concentration, equivalent to the geometric mean of the NOEC or
MATC in hard water, was 4.4 mg fluoride/litre. Kiihn et al. (1989)
reported a 21-day NOEC of 14 mg fluoride/litre for Daphnia magna; the
most sensitive parameter was reproduction rate.
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Vertebrates

The acute toxicity of fluoride to fish issummarized in Table 16.
Ninety-six-hour LCg,s for freshwater fish range from51 mg fluoride/litre
(rainbow trout, Oncorhynchus mykiss) to 460 mg fluoride/litre
(threespine stickleback, Gasterosteus aculeatus). All of the acute tox-
icity tests (96 h) on marine fish gave results greater than 100 mg
fluoride/litre.

Inorganic fluoride toxicity to freshwater fish appears to be nega-
tively correlated with water hardness (due to the complexation of
fluoride ions with calcium) and positively correlated with temperature
(Angelovic et a., 1961; Pimentel & Bulkley, 1983; Smith et al., 1985).
The 96-h LCy, for rainbow trout exposed to sodium fluoride in soft
water (17 mg calcium carbonate/litre) was 51 mg fluoride/litre.
Increasing thewaterhardnessto 49 mg calciumcarbonate/litre doubled
the LC5yto 128 mg fluoride/litre; afurther increasein water hardnessto
182 mg calcium carbonate/litre led to an LCy, of 140 mg fluoride/litre
(Pimentel & Bulkley, 1983). Angelovic et al. (1961) found that
increasing temperature significantly increased the toxicity of fluoride
to rainbow trout at temperatures ranging from 7.2 to 23.9 °C.

Camargo & Tarazona (1991) exposed rainbow trout (O. mykiss)
and brown trout (Salmo trutta) to fluoride in soft water (22 mg calcium
carbonate/litre) duringshort-termtoxicitytests. Forrainbowtrout, 120-,
144-, 168- and 192-h LCgs were 92.4, 85.1, 73.4 and 64.1 mg
fluoride/litre, respectively; for brown trout, they were 135.6,118.5,105.1
and 97.5 mg fluoride/litre, respectively. The addition of chloride ions
(sodium chloride) decreases the toxicity of fluoride. LCgys (120 h) for
rainbow trout were 6 mg fluoride/litre in the absence of chlorideions
and 22 mg fluoride/litre at a chloride ion concentration of 34 mg/litre
(Neuhold & Sigler, 1962). LT, values for brown trout exposed to
fluorideat awater hardness of 73 mg calciumcarbonate/litre have been
calculated. LT g, values ranged from ~12 h at 60 mg fluoride/litre to ~80
h at 20 mg/litre; at concentrations of #15 mg/litre, LT -, values were
>240 h (Wright, 1977).

Neuhold & Sigler (1960) reported that 20-day LCg;s for rainbow
trout (O. mykiss) (10-20 cm) ranged from 2.7 to 4.7 mg fluoride/litre in
static renewal tests at 13 °C under soft-water conditions (<3mg calcium
carbonate/litre). The authors noted that there was no further
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Table 16. Acute toxicity of fluoride to fish?

Organism Size/age Temperatur Hardness pH Salinit  Parameter Concentration Reference
e (mgl/litre) y (mg fluoride/
(°C) (%o) litre)e
Rainbow trout <3¢ 15 23-62 7.4-8.0 96-h LCs 200 n Smith et al. (1985)
(Oncorhynchus .
mykiss) 18¢ 12 17 7.2 96-h LCs 51m Pimentel & Bulkley (1983)
1.8¢g 12 49 8.3 96-h LCs 128 m Pimentel & Bulkley (1983)
1.8¢ 12 182 8.3 96-h LCs 140 m Pimentel & Bulkley (1983)
1.8¢g 12 385 8.7 96-h LCs 193 m Pimentel & Bulkley (1983)
fry 15.1-15.5 20.6-24.2 7.5-7.8 96-h LCs 107.5m Camargo & Tarazona
(1991)
Brown trout (Salmo fry 15.1-15.5 20.6-24.2 7.5-7.8 96-h LCs 164.5 m Camargo & Tarazona
trutta) (1991)
Fathead minnow <1lg 15-19 10-44 7.5-8.0 96-h LCs 315n Smith et al. (1985)
(Pimephales
promelas)
Threespine <lg 20 78 7.4-7.9 96-h LCs 340 n Smith et al. (1985)
stickleback .
(Gasterosteus <lg 20 146 7.4-7.9 96-h LCs 380 n Smith et al. (1985)
aculeatus) <1g 20 300 7.4-7.9 96-h LCs 460 n Smith et al. (1985)
Bluegill (Lepomis 96-h LCs >240 n LeBlanc (1984)

macrochirus)




Table 16 (contd).

Organism Size/age Temperatur Hardness pH Salinit  Parameter Concentration Reference
e (mgl/litre) y (mg fluoride/

(°C) (%o) litre)e
Sheepshead minnow 8-15 mm 25-31 10-31 96-h LCs >225n Heitmuller et al. (1981)
(Cyprinodon
variegatus)
Ambassid (Ambassis adult 20-21 10-28 96-h LCs >100 n Hemens & Warwick (1972)
safgha)
Crescent perch adult 20-21 10-28 96-h LCs >100 n Hemens & Warwick (1972)
(Therapon
jarbua)
Mullet (Mugil juvenile 20-21 10-28 96-h LCs >100 n Hemens & Warwick (1972)
cephalus)

@ All tests were conducted under static conditions (water unchanged for duration of test).
b Hardness expressed as mg calcium carbonate/litre.

¢ n = based on nominal concentrations; m = based on measured concentrations.
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mortality after 10 days. The symptoms of acute fluoride intoxication
included lethargy, violent and erratic movement and death. The
authors postulated that the variationin the response of fishto fluoride
could be due to a chloride—fluoride excretion mechanism over the
epithelial tissues (Sigler& Neuhold, 1972). Camargo (1996a) calculated
“safe concentrations” (infinite hours LC,,s) for rainbow trout and
brown trout at fluoride concentrations of 5.1 and 7.5 mg fluoride/litre,
respectively.

Hemenset al. (1975) found that fluoride (5.9 or 5.5mg/litre) had no
effect on survival of mullet (Mugil cephalus) during 68- or 113-day
exposures whencomparedwith controls (0.9 mg fluoride/litre). Fluoride
had no significant effect on the growth of larger mullet (50-55 mm);
however, smaller mullet (16—18 mm) showed a significant decrease in
growth during the 68-day test.

The eggs of the freshwater catla (Catla catla) were exposed to
fluoride concentrations ranging from 1.9 to >16 mg/litre from both
effluent and sodium fluoride dilutions. Hatching occurred after 6 hin
both controls and those exposed to 1.9 mg fluoride/litre. At concen-
trations of $3.2 mg fluoride/litre for effluent dilutions and $3.6 mg
fluoride/litre for sodium fluoride dilutions, hatching was delayed by
1-2h. Theauthors stated that thelow pH (4.1) of the effluent may have
contributed to its toxicity. The weight of eggs exposed to fluoride
decreased with increasing fluoride concentration and exposure time.
Significant decreases in egg protein were observed at fluoride concen-
trationscausing delayed hatching. Thetoxicity of fluorideto eggs was
more related to the availability of fluorideionsthan to total fluoridein
the media (Pillai & Mane, 1984).

Kaplan et a. (1964) found little external evidence of toxicity in
adult leopard frogs (Rana pipiens) exposed to fluoride concentrations
ranging from 5 to 50 mgl/litre for 30 days. Total red and white cell
counts were reduced at al fluoride exposure concentrations; however,
no statistical analysis was carried out. At fluoride concentrationsrang-
ing from50to 300 mg/litre,the survival time decreased with increasing
exposure concentration. All frogs died within 30 daysat both 250 and
300 mg fluoride/litre. Kuusisto & Telkka (1961) exposed frog (Rana
temporaria) larvae to sodium fluoride concentrationsof 1, 2and 10 mg/
litre. All fluoride concentrations caused a delay in metamorphosis and
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reduced the activity of the thyroids revealed by histological
examination. No statistical analysis of the results was carried out.

Terrestrial organisms
Plants

Fluoridetoxicity to terrestrial plants has been studied extensively
(Weinstein, 1977). Signs of inorganic fluoride phytotoxicity (fluorosis),
such as chlorosis, necrosis and decreased growth rates, are most likely
to occur in the young, expanding tissues of broadleaf plants and
elongating needles of conifers (Pushnik & Miller, 1990). Theinduction
of fluorosis has been clearly demonstrated in laboratory, greenhouse
and controlled field plot experiments (Weinstein, 1977; Hill & Pack,
1983; Staniforth & Sidhu, 1984; Doley, 1986, 1989; McCuneet al., 1991).
Weinstein & Alscher-Herman (1982) reviewed the physiological
responses of plants to fluoride. They concluded that calcium and
magnesium play a central role in the response of plantsto fluoride. A
detoxification mechanism appears to consist of the sequestration and
insolubilization of fluoride by reaction with calcium. The effects of
atmospheric fluoride on awidevariety of terrestrial plant species have
been extensively reviewed (VDI, 1989); the studies that follow have
been chosen to reflect the lowest adverse effect levels cited in the
literature.

A large number of the papers published on fluoride toxicity to
plants concern greenhouse fumigation with hydrogen fluoride.
Wolting (1975) observed leaf necrosis on freesia (Freesiasp.) cultivars
during continuous fumigation at 0.5 pg fluoride/m®for 5 months and
during intermittent fumigation with 0.3 pg fluoride/m® (6 h/day,
3-4 times/week) for 18 weeks. Leaf tip necrosis was identified in a
variety of tulip (Tulipa sp.) cultivars exposed to fluoride for6h/day for
3 days at concentrations ranging from 0.15 to 0.67 ug fluoride/m®
(Wolting, 1978). Hitchcock et a. (1962) reported necrotic leaf tips in
gladiolus (Gladiolus sp.) cultivars exposed to 0.17 pg fluoride/m® for
9 days. In 40-day exposures of gladiolus cultivars to 0.76 pg/n, Hill et
al. (1959) found 46% necrosis and a significant increase in respiration
(39%). Long-term greenhouse experiments (2-10 growing seasons)
were conductedtodeterminethe effects (necrosis, photosynthesis and
growth) of hydrogen fluoride on 16 varieties of flower, fruit, vegetable
and forage crops (Hill & Pack, 1983). Threeidentical greenhouses were
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used to represent a control (filtered ambient air; mean hydrogen
fluoride level was 0.03 pg fluoride/m®), a hydrogen fluoride treatment
(filtered ambient air; mean hydrogen fluoridelevels ranged from 0.3 to
1.9ugfluoride/n, depending on the exposure duration for gladioli) and
anindustrial treatment (unfiltered ambient air; located 1.6kmdownwind
of a steel plant; mean hydrogen fluoride levels ranged from 0.2 to 1.9
ug fluoride/m®. The most sensitive species tested (based on
measurement of necrosis over two growing seasons, following
117 days of hydrogen fluoride exposure) was the snow princess
gladiolus (Gladiolus grandiflorus). The lowest-observed-effect level
(LOEL) for leaf necrosis (65% of leaves) in this plant was 0.35 ug
fluoride/m®. The extent of necrosis was positively correlated with
increased hydrogen fluoride concentration and increased exposure
duration. Less severe necrosis (2%) occurred in the industrial green-
house chamber. The results from other test speciesincluded reduced
growth or necrosis at hydrogen fluoride exposure concentrations of
0.44, 0.54 and 21.3 pg fluoride/m?® for apples (Malis domestica borkh),
pole beans (Phaseolus vulgaris) and forage (red clover, Trifolium
pratense, and alfalfa, Medicago sativa), respectively.

Murray (1984a) exposed grapevines (Vitis vinifera) to hydrogen
fluoride concentrations of 0.07 (control), 0.17 and 0.27 pg fluoride/m®
for 189 days. Foliar necrosis was first observed on vines exposed to
0.17and 0.27 ug fluoride/m® after 99 and 83days, respectively. Fluoride
had no significant effect on bunch weight, number of bunches, grape
yield,grapewater or potential al cohol content, leaf chlorophyll bor | eaf
protein concentration. Both chlorophyll a and total chlorophyll were
significantly reduced by fluoride exposure. Doley (1986) fumigated
threevarieties of grapevine with hydrogen fluorideforfour successive
growing seasons (the duration of exposure varied from 54 to 159 days
for each season). Leaf size during the first growth of the season was
not affected by fluoride concentrations of up to 1.5 pg/m°. However,
leaf size was significantly reduced during the middle and | atter portion
of the fourth season of fumigation in two of the varieties at 0.64 ug
fluoride/m®.

Suture red spot is a serious physiological disorder of the peach
(Prunus persica) fruit. In open-top field chambers, hydrogen fluoride
levels causing an induction of this disorder were 0.3 pg fluoride/m®in
continuous exposures of 80days and 1.0 pg fluoride/m® in intermittent
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exposures for three 6-h periodseach week forOweeks (MacLeanet a.,
1984b).

Wheat (Triticum aestivum) and barley (Hordeum wvulgare)
exposed to hydrogen fluoride (0.38 pg/m®) for 90 days showed no
effect of treatment onyield. There was, however, asignificantincrease
in the grain protein concentration of fluoride-exposed barley plants
(Murray & Wilson, 1988c). MacLean & Schneider (1981) found a
significant reduction (20%) in the mean dry mass of wheat plants (T.
aestivum) exposed to 0.9 pg fluoride/m® for 4 days. MacLean et al.
(1984a) exposed wheat (T. aestivum) and two sorghum (Sorghum sp.)
hybrids to hydrogen fluoride at concentrations ranging from 1.6 to
3.3 pg/m? for three successive 3-day periods. Anthesis (the maturing
of the stamens) was the most sensitive stage, and this occurred during
the first exposure period in wheat and the third exposure in sorghum.
Hydrogen fluoride-induced foliar damage did not occur in wheat;
however, both sorghumhybridsdevel oped foliar damagein proportion
tothe exposure concentration. Pack (1971) found no effect of hydrogen
fluoride on the progeny of bean plants (no species stated) grown at
0.58 pg fluoride/m®. However, the primary leaves of some F, progeny
of plants grown at $2.1 ug fluoride/m® were severely stunted and
distorted. MacL ean et a. (1977) observed asignificant reduction (25%)
in the fresh mass of pods from bean plants (Phaseolus vulgaris)
exposed to 0.6 pg fluoride/m® for 43 days (emergence to harvest) in
open-top field chambers. There was no effect of hydrogen fluoride
exposure (0.6 pg fluoride/m®) on growth or fruiting in tomato (Lyco-
persicon esculentum) plants.

Madkour & Weinstein (1988) found that hydrogen fluoride at
nominal concentrations of 1, 3and 5ug fluoride/m®inhibited the active
loading of [¥*C]sucrose into the minor veins of soybean (Glycine max)
leaf discs during 8- to 11-day exposures. Similar results were obtained
for both controlled-environment and field conditions.

Several species of eucalypt (Eucalyptus spp.) have shown sensi-
tivity to fluoride. Murray & Wilson (1988b) exposed E. tereticornis to
hydrogen fluoride (0.38 ug fluoride/n?) for 90 days in open-top
chambers. Fluoride significantly reduced leaf surface area and weight
in mature and immature leaves. The same significant effects on imma-
ture leaves were noted for marri €. calophylla), tuart (E. gompho-
cephala) and jarrah (E. marginata) at 0.39 pg fluoride/m® for 120 days.
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However, in mature leaves, leaf surface area and weight were reduced
intuart,and surface areawas reduced in marri. Injarrah,thesetwo end-
points were unaffected (Murray & Wilson, 1988a).

Coniferoustrees have also been identified as sensitive plant spe-
cies. In field exposure chambers, significant dose—response relation-
ships were observed between hydrogen fluoride exposure and
development of needle necrosis in 2-year-old black spruce (Picea
mariana) and 3-year-old white spruce (P. glauca) (McCune et a.,
1991). Four test chambers, one of which served as acontrol, were used
for different hydrogen fluoride exposure regimens for each coniferous
species. Measurements of tissue necrosis were recorded 10 days
following hydrogen fluoride exposure for 78 h with black spruce and 20
days following hydrogen fluoride exposure for 50 h with white spruce.
L owest-observed-effect concentrations (LOECS)for necrosis were 4.4
and 13.2 ug fluoride/m*for bl ack spruce and white spruce, respectively.

Airborne fluoride can also affect plant disease development,
although the type and magnitude of the effects are dependent on the
specific plant—pathogen combination (Laurence, 1983). Van Bruggen
& Reynolds (1988) found that exposure of soybean (Glycine max)
plants to hydrogen fluoride (2 pg fluoride/m?) in a controlled chamber
led to significantly larger hypocotyl lesions after inoculation with
either Rhizoctonia solani or Phytophthora megasperma. Plants were
exposed to hydrogen fluoride for 1 week before and after the
infestation. However, Laurence& Reynol ds(1984)found no significant
effect of hydrogen fluoride (1 or 3 pg fluoride/m® for 5 days) on lesion
characteristics of the bacterium Xanthomonas campestris on the leaves
of red kidney bean (Phaseolus vulgaris) plants. Similar findings were
reported by Reynolds & Laurence (1990) during both continuous (1, 3
or 5 g fluoride/m® for 15, 5or 3days, respectively) and intermittent (3
or 5 ug fluoride/m® for 15 days) exposures.

Several studies on fluoride have been carried out in culture media.
Belandria et al. (1989) studied the effect of sodium fluoride on the
germination of lichen ascospores. They found that 20% of the
Xanthoria parietina spores were able to germinate in the presence of
19 mg fluoride/litre (1000 umol/litre), and similar results were obtained
for Physconia distorta and Peltigera canina. P. distorta was found to
be 37% inhibited at a concentration of 0.95 mg fluoridel/litre
(50 umol/litre). The most resistant species was Lecanora conizaeoides,
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whichwas only weakly inhibited (44% inhibition) at 38 mg fluoride/litre
(2000 pmol/litre). Ballantyne (1984) found that exposure of pea (Pisum
sativum) shoots to solutions containing 19 mg fluoride/litre (1
mmol/litre) for up to 3days caused significant increasesin ATP levels
in the youngest, fully expanded leaves and in entire shoots. These
increases occurred before significant decreases in fresh weight, water
content or water uptake and stem elongation. Neither in vitroexposure
of spinach (Spinacia oleracea) petioles to 38 mg fluoride/litre (2
mmol/litre) for3 h nor in vivo exposure of plants to gaseous hydrogen
fluoride at 5 pg fluoride/m® for 6 days resulted in visible injury.
However, there was evidence from experiments on chlorophyll a
fluorescence of a reduced ability to develop or maintain a trans-
thylakoid proton gradient in chloroplasts containing elevated levels of
fluoride (Boese et al., 1995).

Fluoride at concentrations of 190 mg/litre (10 mmol/litre) signi-
ficantly reduced the in vitro photosynthetic capacity of azal ea (Rhodo-
dendron sp.) cultivars (Ballantyne, 1991).

Stevens et al. (1998a) grew tomato (Lycopersicon esculentum) and
oat (Avena sativa) plantsin nutrient solutions (12—13 days) at nominal
sodiumfluoride concentrationsranging from 1 to 128 mg fluoride/litre.
Fluoride ion concentrations greater than 28 mg/litre (1473 umol/litre)
caused significant decreases in the dry weights of tomato shoots and
roots; oat plants were unaffected at al fluoride exposure
concentrations. Stevenset al. (1998b)found that dry weights of tomato
and oat shoots and roots were significantly decreased as the pH of the
solution culture decreased below 4.3 at hydrogen fluoride
concentrations of 1.4 mg fluoride/litre (71 pmol/litre) and 2.6 mg
fluoride/litre (137 umol/litre) fortomatosand oats, respectively. Fluor-
ide concentrations in tomato and oat shoots that corresponded with
significant reductions in plant dry weights were 228 and 125 mg/kg,
respectively. Aluminium—fluoride complexation increased fluoride
uptake (see chapter 4) and toxicity in oats relative to the free fluoride
ion; shoot and root dry weights were significantly limited at AlF?*
concentrations of 11-22 ymol/litreand AIF," concentrationsof 126-357
pmol/litre (Stevens et al., 1997).

Ratsch & Johndro (1986) cal culated ECgs, based on inhibition of
root growth, for lettuce (Lactuca sativa) plants exposed to fluoride. For
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the 115-h paper substrate method, an ECy, val ue of 450 mg fluoride/litre
was found, and for the 5-day solution method, the EC5, was 660 mg
fluoride/litre.

Cooke (1976) studied the effect of fluoride (200 mg/litre) on
common sunflower (Helianthus annus) seeds grown in sand culture.
No effect on total dry weight was observed; however, there were sig-
nificant reductions in leaf growth. Keller (1980) grew Norway spruce
(Picea abies) cuttings in sand and watered with 100 mg fluoride/litre
during winter until bud break. Watering with sodium fluoride signi-
ficantly depressed the carbon dioxideuptake of shoots. Although the
previous year’s needles did not show signs of injury, most of the new
needles were killed immediately after flushing with fluoride. Exposure
tofluoride significantly increased the susceptibility of plants to sulfur
dioxide in subsequent fumigation experiments. Zwiazek & Shay (1987)
grew jack pine (Pinus banksiana) seedlings in sand culture at 3 or
15 mg fluoride/kg dry weight. Wilting was the first sign of fluoride
injury and occurred in approximately 50% of plants after 25-26 h at
15 mg fluoride/kg and 2—6 h later in only 7% of plants exposed to
3 mg/kg. Fluoride-induced injuries to mesophyll and guard cells were
similar to those caused by drought and included the appearance of
lipid materialin the cytoplasmduring early stages of injury, suggesting
cell membrane damage. Plants exposed to 3 mg/kg for up to 168 h
showed significant reductions in water content. Respiration was
significantly reduced after 24 h, but not after longer exposure times,
while photosynthetic oxygen release was significantly reduced at 48
and 91 h but had recovered after 168 h (Zwiazek & Shay, 1988a).
Zwiazek & Shay (1988b) reported that 3 mg fluoride/kg significantly
reduced growth (as measured by fresh weight) and acid phosphatase
activity and increased total organic acid content of jack pine (P.
banksiana) seedlings.

A few studies have been carried out in which the fluoride expo-
sures have been via the soil. However, the type of soil can greatly
affect the uptake and subsequent toxicity of fluorides. For example,
Conover & Poole (1971) found that calcined clay prevented the uptake
of water-soluble fluoride, whereas sphagnum peat did not have the
same capability.

In pot experiments, Singh et al. (1979) grew rice (Oryza sativa)
plants in soil (pH >9.4) amended with 25-200 mg fluoride (added as
sodium fluoride); the rice plants were harvested, and the soil was
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subsequently sown with wheat (Triticum aestivum). The authors
found that the critical water-extractable fluoride concentration in soil
for grain yield in wheat was 22 mg fluoride/kg, which related to a
fluoride content of 35 mg/kg in mature wheat straw.

There are limited data available to determine the critical value for
fluoride in soil with respect to plant toxicity. The data are also compli-
cated by plant species ranges of sensitivities, heterogeneity of soils,
soil chemical parameters that can influence fluoride availability and
toxicity, and the relative toxicity of ionic species of fluoride found in
the soil solution. However, more controlled solution culture studies
have attempted to define toxic concentrations of fluoride exposed to
the plant roots and are perhaps the best first approximation of toxic
concentrations of fluoride in soil solution.

Elrashidi et al. (1998) found that an application of 100 mg fluor-
ide/kg significantly reduced dry matter yield of barley (Hordeum
vulgare) grown on both acid (pH4.75) and neutral (pH 6.6) soils for 40
days; however, plants growing on alkaline soil (pH 7.5) were unaf-
fected at 1000 mg/kg. The authors found no clear influence of phos-
phate (50-550 mg/kg soil) on the adverse effect of fluoride on dry
matter yield.

Davis & Barnes (1973) found that an added soil fluoride concen-
tration of 380mg/kg (20 mmol/litre) significantly reduced thegrowth of
loblolly pine (Pinustaeda) and red maple (Acer rubrum) seedlings.

Invertebrates

Johansson & Johansson (1972) found that egg production and
survival were adversely affected in flour beetles (Tribolium confusum)
exposed to flour containing 4524 mg fluoride/kg (0.1% sodiumfluoride)
forupto 27 days. However, short-term (1-7days) exposure to fluoride
concentrations of 452.4 mg/kg (0.01% sodium fluoride) produced
significant stimulation of egg production.

Hughes et al. (1985) fed cabbage looper (Trichoplusia ni) larvae
on a wheat germ diet dosed with sodium fluoride (50 and 187 mg
fluoride/kg dry weight) or potassium fluoride (48 and 235 mg fluor-
ide/kg dry weight) or a diet of hydrogen fluoride-fumigated leaves
(40-187 mg fluoride/kg dry weight). Larval feeding, growth and rate of
development were generally reduced on diets containing sodium
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fluoride and potassium fluoride. The same parameters were generally
greater with or unaffected by diets containing fumigated leaves.

Wang & Bian (1988) exposed silkworms (Bombyx mori) to mul-
berry (Morus alba) leaves containing fluoride concentrations ranging
from10to 200 mg/kg. The threshold concentration for mortality was 30
mg/kg; 30% mortality was observed at concentrations of 30-50 mg
fluoride/kg, 70% at 50-120 mg fluoride/lkg and 95% at 120-200 mg
fluoride/kg. There was a close correlation between cocoon devel op-
ment and the fluoride content of leaves, with >80 mg fluoride/kg
severely inhibiting cocoon production.

Survival of isopods (woodlouse, Porcellio scaber) was not
affected after 4 weeks of exposure to fluoride levels in litter up to
3230 mg/kg (170 pumol/g) (Van Wensem & Adema, 1991).

Davies et a. (1998) found no effect on the reproduction of aphids
(Aphis fabae) feeding on bean (Vicia faba) plants (12 days) that had
been previously exposed to either sodium fluoride in nutrient solution
(15 ug fluoride/cm® or hydrogen fluoride via fumigation (6.5 ug
fluoride/m®). Plants accumulated more fluoride in the shoots during
fumigation and at levels of up to 200 mg fluoride/kg; aphids accumu-
lated up to 300 mg fluoride’kg from these plants. Similarly, Port et al.
(1998) found no effect of hydrogen fluoride on the growth and survival
of cabbage white caterpillars (Pieris brassicae) at a dietary concen-
tration of 178.3 mg fluoride/kg.

Vertebrates

Guenter & Hahn (1986) fed white leghorn hens on a diet con-
taining up to 1300 mg fluoride/kg for 252 days. Concentrations of
$1000 mg/kg resulted in significant depression of feed intake, body
weight gain, feed efficiency and egg quality. In a second experiment,
pullets were fed 1300 mg/kg for 49 days; similarresults were obtained,
but the addition of aluminium (1040 mg/kg) to the diet reduced the
effects. Chan et al. (1973) found no effect ongrowth in Japanese quail
(Coturnix coturnix japonica) fed diets resulting in average tibial
fluoride concentrations of 13-2223 mg/kg ash weight.
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Fleming et al. (1987) dosed nestling European starlings (Sturnus
vulgaris) with daily oral doses of 6-160 mg fluoride/kg body weight.
Dosing began 24-48 h after hatching and continued for 16 days. The
24-h LDg,was 50 mg/kg body weight for 1-day-old chicks and 17 mg/kg
body weight for 16-day-old nestlings. Growth rates were significantly
reduced at 13 and 17 mg fluoride/kg body weight (the highestdoses at
which growth was monitored). No histological damage dueto fluoride
treatments was found in liver, spleen or kidney.

Carriere et al. (1987) fed nesting American kestrels (Falco spar-
verius) on adiet containing fluoride levels of 62.4 (background), 4512
or 7690 mg/kg for 10 days. The diet consisted of cockerels (Gallus
gallus) that had been exposed to fluoride. Fluoride levelsin femurs and
eggshells of treated kestrels were significantly higher than those in
controls. There were no significant effects of fluoride on per cent
fertility or hatchability of eggs. Clutch sizes tended to be smaller with
increasing fluoride in the diet; however, the difference was not statis-
tically significant. Seven-day-old kestrel chicks were fed on a cockerel
mash diet containing 0, 1120 or 2240 mg/kg for 27 days. Growth of
chicks and weights of internal organs were not significantly affected
by fluoride in the diet. Per cent bone ash was significantly increased,
while bone-breaking strength was significantly decreased by fluoride
(Birdetal., 1992). Bird & Massari (1983) fed kestrels on adiet to which
flourcontaminated with fluoride (10, 50 or 500 mg/kg) had been applied.
The birds receiving the highest fluoride dose died within 6 days.
Fluorideat the lower doses had no effect on clutch size, hatchability or
fledging success but was associated with a higher fertility. Eggslaid
by kestrels at 50 mg/kg had significantly thicker shells. Lower
reproductive success of eastern screech-owls (Otus asio) was noted
when birds were fed 90 mg fluoride/kg diet wet weight (as sodium
fluoride), but not when fed 18 mg fluoride/kg diet (Hoffman et al., 1985;
Pattee et al., 1988).

M ost of the early work on mammalswas carried out on domes-
ticated ungul ates (Suttie, 1983). Fluorosis has been observed in experi-
mental studies on cattle and sheep exposed to fluoride. Cattle are less
tolerant of fluoride toxicity than are other livestock (Phillips & Sulttie,
1960). In long-term experiments with beef cattle, 30 mg/kg of dietary
fluoride caused excessive wear and staining of teeth (Hobbs& Merri-
man, 1959). In afurther study, beginning withyoung calves and lasting
7 years, the tolerance for soluble fluoride was also 30 mg/kg dry diet
(Shupeet a., 1963). Suttie et al. (1957) found that |actating cows could
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tolerate 30 mg/kg, with arate of 50 mg/kg causing fluorosis within 3-5
years.

Tolerance levels have been identified for domesticated animals
based onclinical signsand lesions. Tolerancelevels infeed rangefrom
30-40 mg/kg dry weight in dairy cattle to 150 mg/kg in lambs; in water,
tolerance levels range from 2.5-4.0 mg/litre in dairy cattle to 12-15
mg/litre in lambs (Shupe & Olson, 1983; Cronin et al., 2000). Thelowest
dietary level observed to cause an effect on wild ungulates was in a
controlled captive study, where white-tailed deer (Odocoileus
virginianus) were exposed to 10 (control feed), 35 or 60 mg fluoride/kg
wet weight (as sodium fluoride) in their diet for 2 years (Suttie et al.,
1985). A general mottling of the incisors characteristic of dental
fluorosis was noted in the animals at the 35 mg/kg diet dose; thoseon
the higher dose also experienced minor increased wear of the molars,
as well as mild hyperostoses of the long bones of the leg. No gross
abnormalities of the mandible were observed. The mean fluoride con-
tent of the mandibles was approximately 1700 mg/kg ash weight forthe
control, 4550 mg/kg for the low-dose group and 6600 mg/kg for the
high-dose group, thelattertwo levels being similar to those observed
in affected wild deer near sources of industrial pollution(Karstad,1967;
Kay et a., 1975; Newman & Yu, 1976).

Deer mice (Peromyscus maniculatus) fed diets of 38 (control),
1065, 1355 or 1936 mg fluoride/kg diet dry weight (as sodium fluoride)
for 8 weeks exhibited, at all concentrations above the control, marked
weight loss, mortality,changes in femur size and dental disfigurement
(Newman & Markey, 1976). Bank voles (Clethrionomys glareolus)
showed areduction in the number of litters per female, an increasein
the number of days from mating to producing the firstlitter, increased
mortality of offspring andachanged sexratio (greater number of mal es)
in offspring of animals fed 97 mg/kg diet (wet or dry basis not
specified). Animals fed 47 mg/kg diet also showed these effects, but
the differences were not significant fromthe control (K rasowska, 1989).

Boulton et al. (1995) exposed short-tailed field voles (Microtus
agrestis), bank voles (Clethrionomys glareolus) and wood mice
(Apodemus sylvaticus) to drinking-water containing 0, 40 or 80 mg
fluoride/litre for up to 84 days. Both fluoride exposures induced
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premature mortalities in both vole species. Severe dental |esions were
observed in animals surviving the highestdose. Voles were also fed on
a diet containing 100 mg fluoride/kg (vegetation contaminated by
atmospheric fluorides). Offspring of the voles fed the contaminated
diet had significantly lower growth rates and body weights during
stages of infancy and early adulthood. The incisors of newly born
young were not significantly different between the contaminated and
control diets; however, incisors of offspring weaned on to the
contaminated diet showed marked morphological changes and severe
dental lesions (Boulton et al., 1994a).

Fluoride was suggested as the cause of reduced milk production
with subsequent mortality of kits in farm-raised red foxes (Vulpes
wvulpes) fed a diet containing 98-137 mg fluoride/lkg dry weight
(Eckerlinet al., 1986).

Aulerich et al. (1987) fed mink (Mustela vison) diets containing
35-385 mg fluoride/kg for 382 days. No significant differences were
observed in body weight gains or fur quality between dosed and
control mink. No adverse effects of fluoride on breeding, gestation,
whelping or lactation were found. Survival was adversely affected at
385 mg fluoride/kg; some of the surviving mink at this concentration
had weakened frontal, parietal and femoral bones. Fluoride did not
affect haematol ogi cal parameters or serumcal ciumconcentrations, but
serum akaline phosphatase activity was significantly increased at
fluoride concentrations of $229 mg/kg.

Mink (Mustela vison) kits and adult male mink were fed diets
containing fluoride (as sodiumfluoride)at concentrationsranging from
26 to 287 mg fluoride/kg wet weight for up to 8 months. Gross,
radiographic and microradiographic changes were seenin bones from
animal s ingesting the higher levels of fluoride. Chemical analyses for
fluoridegenerally reflected the levelsingested. After data were evalu-
ated, a tolerance level in the feed of 50 mg fluoride/kg for breeding
stock was recommended (Shupe et al., 1987).
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Field observations
Microorganisms

Rao & Pal (1978) found a positive correlation between concen-
trationsof fluoride in soil and soil organic matter content at eight sites
near an aluminium factory in Indiaand inferred that fluoride decreased
the activity of soil microorganisms responsibleforlitterdecomposition.
Significant increases in the organic matter of soils were not found until
total soil fluoride concentrations were greater than approximately
1000 mg/kg.

Tscherko & Kandeler (1997) studied theinfluence of atmospheric
fluoride deposits on soil microbial biomass and its enzyme activities
near an aluminium smelter at Ranshofen, Upper Austria. Mean water-
extractable fluoride concentrations ranged from 10 to 124 mg/kg dry
soil and were inversely correlated with microbial activity. In the most
contaminated soil (up to 189 mg/kg), the microbial activities were only
5-20% of those in unpolluted soil. At a fluoride concentration above
100 mg/kg, microbial biomass and dehydrogenase activity decreased
substantially, whereas arylsulfatase activity was inhibited at only
20 mg/kg. Theaccumul ation of organic matter near the smelter (124 mg
fluoride/kg) also indicated severe inhibition of microbial activity by
fluoride.

Aquatic organisms

Kudo & Garrec (1983) simulated the accidental release of ammo-
niumfluorideinto apond. M ean fluoride concentrationsincreasedfrom
0.2 to 7.3 mg/litre following the release. Fluoride levels returned to
background concentrations within 30 days. No visible toxic effects on
plants, algae, molluscs or fish were observed during the 30-day period.
No details regarding the chemical characteristics of the pond water
were given.

Ares et al. (1983) monitored fluoride concentrations and diatom
populations in seawater near an aluminiumsmelter in southern Argen-
tina. Fluoride concentrations primarily ranged from 1.1 to 1.3 mg/litre.
Anthropogenic emissionsaccounted for 6-8% of the variance of fluor-
ide levelsin the waters. The correlations observed between fluoride
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concentrations and some structural characteristics of the diatom com-
munity did not show significant effects of the discharged fluoride.

Fluoride-loaded effluent adversely affected the species richness
of a marine encrusting community for up to 400 m from the point of
discharge. Fluoride concentrations greater than 50 mg/litre (the
concentration of fluoride in effluent at which mortality was observed
in the laboratory) seldomextended for more than 20 m from the outfall.
The authors concluded that a sublethal effect of fluoride and/or some
other effluent component appeared to be producing the observed
distribution (Pankhurst et al., 1980).

High mortality and delayed migration were observed in Pacific
salmon (Oncorhynchus sp.) migrating upstream near an aluminium
plant on the Columbia River, USA (Washington/Oregon border).
Fluoride levelsin thewaterranged between 0.3 and 0.5 mg/litre during
1982. Bioassay experiments on adult salmon suggested that fluoride
concentrations of 0.5 mg/litre would adversely affect migration.
Between 1983 and 1986, discharges from the aluminium plant were
reduced, there was a corresponding drop in fluoride concentrations,
and fish mortality and migration delays were decreased (Damkaer &
Dey, 1989).

Mishra & Mohapatra (1998) monitored toads (Bufo melanosticus)
at a fluoride-contaminated site at Hirakud, India. M ean haemoglobin
content, total red blood cell count and haematocrit in blood samples
were found to be significantly reduced, whereas mean corpuscular
concentration and volume were significantly elevated when compared
with toads at an uncontaminated site. Mean bone fluoride concentra-
tions were 2736 mg/kg at the contaminated site and 241 mg/kg at the
control site.

Terrestrial organisms
Plants

Aluminiumsmelters, brickworks, phosphorus plants and fertilizer
and fibreglass plants have al been shown to be sources of fluoride
that are correlated with damage to local plant communities. In 1970,
vegetation in the vicinity of a phosphorus plant in Newfoundland,
Canada, began to show symptoms of damage (tip burn and margin
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burn). Samples collected during 19731975 reveal ed that the degree of
damage and fluoride levelsin soil humus were inversely relatedto the
distancefromtheplant. Averagelevels of fluorideinvegetationranged
from 281 mg/kg in severely damaged areas to 44 mg/kg in lightly
damaged areas; at a control site, the fluoride concentration was 7
mg/kg (Thompson et al., 1979). Klumpp et al. (1994, 1996a) reported that
plants downwind of fertilizer industries in Brazil showed damage
(necrotic bands or tip burn). Bioindicator plants have revealed that
severe damage corresponded to high leaf fluoride concentrations (no
statistical analysis performed). Klumpp et a. (1996b) found a highly
significant linear regression between leaf damage and fluoride
accumulation in Gladiolus plants; the plants developed typical
fluoride-induced leaf lesions. Murray (1981) found that plant commu-
nities near an aluminium smelter showed differences in community
compositionand structure due partly to variationsinfluoridetolerance.

However, it must be noted that in the field, one of the main prob-
lems with the identification of fluoride effectsis the presence of con-
foundingvariables,suchas other atmospheric pollutants. McClenahen
(1978) examined stands of vegetation al ong pollution gradients record-
ing species richness, evenness of stand,diversity indexand concentra-
tions of three pollutants. M ostvegetation characteristics were altered
in areas of high pollution. Statistical analysis showed a significant
positive correlation between fluorides and shrub density; however,
chloride appeared to have the greatest impact on the same parameter.
Therefore, care must be taken when interpreting the many field studies
on fluoride pollution.

Lichens have been used widely as biomonitors of fluoride
pollution. LeBlanc et al. (1971) transplanted epiphytic lichens from an
unpolluted area to various distances from an aluminium factory.
Lichens accumulated 600—900 mg fluoride/kg during periodsof 4or 12
months within 8 km of the factory compared with 70 mg/kg at a control
site. Lichen thalli exposed for 4 months at 1 km from the factory
contained some extractable chlorophyll; however, thoseexposedfor 12
months did not. Soredia (viable structures with a potential to develop
into parent lichen thalli under favourable ecological conditions) were
absent inlichensgrowing within 4 kmof the plant. Davies (1982) found
that visible damage to lichen (Xanthoria parietina) thalli (growing
within a30-km radius of the Bedfordshire brickfields, United Kingdom)
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was observed when internal fluoride concentrations exceeded 68
mg/kg, and internal damage occurred at >90 mg fluoride/kg.

Gilbert (1985) monitored lichensnear an aluminiumsmelter during
its 11-year operational life. Epiphytic lichens were severely damaged
(>50% injury) over a 25-km? area close to the smelter. Fluoride
concentrations in Ramalina farinacea near the smelter increased from
9-11 mg/kg prior to the start of the smelting operation to 120-156
mg/kg within 4months and had reached these higher levels upto 3km
from the smelter within 3 years.

Perkins & Millar (1987) studied the effect of airborne fluoride
emitted from an aluminium works on previously unpolluted assem-
blages of saxicolous lichens. Prior to emissions, lichens contained a
mean concentration of 16 mg fluoride/kg. Fruticose (shrubby) lichens,
such as Ramalina species, were the most sensitive to fluoride emis-
sions, with lichens containing >100 mg fluoride/kg showing severe
damage. Some foliose (Ieaf-like) lichenstolerated >200 mg fluoride/kg,
and crustose (crust-like) lichens were the most tolerant group, with
overall survival at 32% and 70% for the two groups, respectively,
within 1 km of the works. Damage to lichens was greatest less than
2 km from the works, where 41% of Ramalina thalli showed >50%
chlorosis or necrosis. Loss of lichens decreased with increasing dis-
tancefromtheworks. The authors reportedthat lichens containing 300,
100 and 50 mg fluoride/kg dry weight lost 46, 15 and 10% of cover per
year, respectively (Perkins, 1992).

Several studies have been carried out on the effects of fluorides
on a variety of tree species and the subsequent damage to forests.
Infrared aerial photographs of forest near an aluminium plant in north-
western Montana, USA, revealed widespread damage to nearly
75 000 ha of pine (Pinus sp.) trees. The authors identified several
factorsthat suggest fluoride as the cause, including proximity to the
plant, high fluoride concentrations in conifer |eaves and the presence
of typical fluoride-induced leaf lesions (Carlson, 1978). Bunce (1984)
reported that the growth reduction of forest (2800 m*year) estimated
for the years from the establishment of an aluminium smelter (Kitimat,
British Columbia, Canada) to 1974 declined by 78% for the period
1974-1979. Theimprovement in growth corresponded to a79% decline
in fluoride content of foliage and a 64% decline in fluoride emissions.
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The effects of fluoride emissions from a phosphorus plant (the
plant closed in 1989) in Long Harbour, Newfoundland, Canada, on the
conifers balsam fir (Abies balsamea), black spruce (Picea mariana)
and larch (Larix laricina) were monitored at sites downwind from the
plant during the summer of 1982 (Sidhu & Staniforth, 1986). Mean
fluoride concentrations ranged between 11.4 pg/m® at a distance of
1.4 km from thesource and 0.08 pg/m® 18.7 km from the source. At the
closest site, seed production in balsam fir, black spruceand larch was
impaired by 76.4%, 87.4% and 100%, respectively, compared with
controls. At 10.3 km from the source (mean ambient air concentration
0.9ug fluoride/m®), the effects included reduction of 3-10% in seed size
and 23-30% in cone size and a decrease of 17-72% (varied with
species)inthe number of cones per tree. A significant negativecorre-
lation was observed between atmospheric fluoride levels and seed
productionforall threespecies. A significant negative correlation was
also observed between foliar injury in the three species (chlorosis and
necrosis) and mean atmospheric fluoridelevels. Toxic effects of fluor-
ideon these conifer species haveresulted in their replacement by more
tolerant hardwood species, such as birch (Betula sp.) and alder (Alnus
sp.). Reproductive and vegetative characteristics of raspberry (Rubus
sp.) and blueberry (Vaccinium sp.) were monitored at six sites down-
wind from the plant. Within 1.4 km of the plant, flower mortality was
89% forblueberry and 78% for raspberry, compared with 27% and 26%,
respectively,foracontrol site; there were also significant decreases in
size, number and dry weight of fruit. Fluoride concentrationsin foliage
were 403 mg/kg for raspberry and 216 mg/kg for blueberry, compared
with 8 and 9 mg/kg, respectively, for the control site (Staniforth &
Sidhu, 1984).

Taylor& Basabe (1984) established correlationsbetween fluoride
concentrations in pine needles (Douglas-fir, Pseudotsuga menziesii)
and annual growth increments, wind pattern, distance from fluoride
source (aluminium smelter) and hydrogen fluoride concentrations in
emissions. The authors noted that visible fluoride symptoms and over
40% growth reduction occurred in trees that were accumulating fluor-
ides below established “injury threshold levels.” They suggested that
synergism between hydrogen fluoride and sulfur dioxide may have
given rise to these reduced threshold levels.

Vike & Habjarg (1995) recorded fluoride content and leaf injury in
avariety of plant species growing in the vicinity of aluminiumsmelters
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in Norway. Scots pine (Pinus sylvestris) was the most sensitive
species, showing leaf injury symptoms at aleaf fluoride content of less
than 50 mg/kg at the northern-most locality and <100 mg/kg under
southern maritime conditions. Broad-leaved species such as downy
birch (Betula pubescens), goat willow (Salix caprea) and European
mountain-ash (Sorbus aucuparia) showed similar symptoms at
concentrations of 100 and 170 mg/kg forthe two sites, respectively. In
a later study, Vike (1999) reported that leaf injury appeared at |eaf
fluoride content levels as low as 30 mg/kg, and damage was restricted
to within 2 km of the emission sources. Regression analysis showed a
positive correlation between leaf injury and fluoridecontent of leaves
within a locality, but great variation between localities. The author
concluded that theestablishment of tolerable emission levels musttake
into account local dispersal patterns and climatic conditions.

lvinskis & Murray (1984)found that reductionsin photosynthetic
capacity, chlorophyll a and b and leaf area of grey gum (Eucalyptus
punctata) were al significantly correlated with leaf fluoride content,
fluoridein air and distance froman aluminiumsmelter. The authors al so
found that dusky-leaved ironbark Eucalyptus fibrosa), a species
believed to be tolerant of fluoride, showed no significant differences
between sites for any of the variables except leaf area.

Invertebrates

Mayer et al. (1988) conducted a 3-year study on honeybees (Apis
mellifera) in Puyallup Valley, Washington, USA, near an aluminium
plant. The mean fluoride content of bees from a site 0.8 km downwind
of the plant ranged from 82 to 261 mg/kg dry weight. No significant
effect of fluoride on brood survival, brood development or honey
production was found.

Vertebrates

Van Toledo (1978) found that the number of avian species near
fluoride-emitting aluminium factories in Europe was depressed. They
speculatedthatthereductionswere due to fluoride emissions.Newman
(1977) believed that the nesting density of house martins (Dédichon
urbica) was reduced near an aluminium plant with high fluoride
emissions. However, there were many other air pollutants present, and
so it isdifficult to establish a causal relationship with fluoridein
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particular. Henny & Burke (1990) monitored black-crowned night
herons (Nycticorax nycticorax) living near a phosphate-processing
complex in Idaho, USA. Fluoride in femurs ranged from 540 to
11 000 mg/kg ash weight and increased with age. The authors studied
bone strength, but, because of the strong relationship between age
and fluoride concentrations, it proved difficult to separate the effects
of fluoride from those of age.

The original findings of fluoride effects on mammals were from
studiesin the field on domestic animals such as sheep (Moule, 1944;
Harvey, 1952; Peirce, 1952) and cattle (Rand & Schmidt, 1952; Neeley
& Harbaugh, 1954; Burns & Allcroft, 1964; Allcroft & Burns, 1968;
Krook & Maylin,1979), and more recent studies have shown thistobe
an ongoing problem in some areas (Jubb et a., 1993; Fidanci et al .,
1998; Swarup et al., 1998; Choubisa, 1999; Patraet al., 2000). Fluoride
can be taken up from vegetation, soil and drinking-water. Incidents
involving domesticated animals have originated both from natural
fluoride sources, such as volcanic eruptions and the underlying
geology, and from anthropogenic sources, such as mineral supple-
ments, fluoride-emitting industries and power stations. Symptoms of
chronic fluoride toxicity include emaciation, stiffness of joints and
dental and skeletal fluorosis. Other effects include lowered milk
production and detrimental effects on the reproductive capacity of
animals. Guidance is available on fluoride tolerance levelsin feed and
water for domesticated animals based on clinical signs and lesions
(Shupe & Olson, 1983; Cronin et al., 2000) (see section 9.1.3.3).

Investigations of the effects of fluoride on wildlife have focused
on impacts on the structural integrity of teeth and bone. Most
observations have involved large herbivores. Forexample,dental and
skeletal lesions were found in mule deer (Odocoileus hemionus), elk
(Cervus canadensis) and American bison Bison bison) exposed to
elevated levels (no specific anthropogenic sources identified) of
fluoride in Utah, Idaho, Montana and Wyoming, USA (Shupe et a.,
1984). Black-tailed deer (Odocoileus hemionus columbianus) near an
aluminium smelter in Washington, USA, were found to have dental
disfigurement, with the premolars of one individual deer being worn
down to the gumline. Fluoride levels in ribs ranged from 2800 to
6800 mg/kg on afat-free basis, compared with control deer, which had
levels ranging from 160 to 460 mg/kg (Newman & Yu, 1976). Lameness
of deer adjacent to an aluminium smelter in Montana, USA,was noted
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by Kay et al. (1975). They speculated that fluorosis was the cause of
a change in age structure of the mule deer population. Levels in
mandibles of the mule deer and white-tailed deer (Odocoileus
virginianus) ranged from 1100 to 7000 and from 3400 to 9800 mg/kg,
respectively, on a fat-free basis, whereas those of control deer were
less than 200 mg/kg. White-tailed deer inhabiting an area adjacent to
an aluminiumsmelterin South Carolina,USA ,exhibited dental fluorosis
but no osteofluorosis (Suttie et al., 1987). Mean levels in mandibles of
deerolderthan 2.5 years were 286 mg/kg ash weight before opening of
the smelter and 1275 mg/kg 3 years after start-up.

Karstad (1967) found that mandibular bone fluoride contents of
4300-7125 mg/kg in mule deer (Odocoileus hemionus) near an indus-
trial complex were associated with pitting and black discoloration of
teeth, abnormal tooth wear and fractures of teeth and jaw bones. All
red deer (Cervus elaphus) yearlings, sampled near Norwegian alumin-
ium smelters, with mandibular fluoride levels exceeding 2000 mg/kg
were found to have dental fluorosis. Gross osteofluorosis was
observed in deer with mandibular fluorideresidues of greater than 8000
mg/kg (Vikeren & Stuve, 1996b). Pathological alterationsin the teeth
of roe deer (Capreolus capreolus) in Germany were diagnosed as
dental fluorosis. The diagnosis was confirmed by analysis of
mandibles, which contained significant levels of fluoride (Kierdorf,
1988). The dental fluorosis was found to occur mainly in the heavily
industrialized Ruhr area of Germany. H. Kierdorf et a. (1996) and U.
Kierdorf et al. (1996) monitored mandibular bone fluoride
concentrationsand frequency and intensity of fluoride-induced dental
lesionsinred deer in the Czech Republic and Germany (Figure 4). The
frequency and severity of dental fluorosis were positively correlated
with bonefluoridelevel s.Detailed macroscopic, microradiographic and
scanning electron microscopic methods have revealed structural
changes in fluorosed dental enamel of both roe and red deer (U.
Kierdorf et al., 1993, 1996). Corresponding changes have also been
described in fluorosed enamel of wild boars (Sus scrofa) from fluoride-
polluted areas (H. Kierdorf et al., 2000). Kierdorf & Kierdorf (1997)
concluded that periods of especially elevated plasmafluoridelevelsin
chronically fluoride-stressed deer can cause a disruption in the
function of secretory ameloblasts similar to that following acute
fluoride dosing in laboratory rodents. Morphological imaging has
revealed a decreased width and an increased porosity of the antler
cortex in deer from highly fluoride polluted areas (U. Kierdorf et al.,
2000). Kierdorf et al. (1997) concluded that increased fluoride exposure
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of deer leads to reduced mineral content and mineral density of antler
bone and that it isthe rapidity of their growth and mineralization that
makes antlers especially susceptible to fluorideaction. The occurrence
of osteofluorotic alterations has also been diagnosed in red deer (C.
elaphus) with bone fluoride concentrations greater than 4000 mg/kg
dry weight (Schultzet al., 1998). The authors concludedthat in addition
to fluoride-induced dental lesions, the occurrence of marked
periodontal disease and tooth loss is an important factor responsible
for areduction of life expectancy in severely fluorotic wild red deer. It
has been demonstrated that in the case of regional, long-term fluoride
pollution, dental fluorosis can be used as a sensitive biomarker of
fluoride exposure in deer and thus as an indicator of the level of
environmental contamination by fluorides (U. Kierdorf & Kierdorf,
1999).

Fig. 4. Row of permanent mandibular cheek teeth (from right to left, 2nd, 3rd,
4th premolar, 1st, 2nd, 3rd molar) of a red deer (Cervus elaphus) exhibiting
pronounced dental fluorosis. The premolars and the Ms exhibit enamel
discoloration and increased wear. Note destruction of the tooth crown in the
P (asterisk) and dysfunctional crown shape of the M? (arrow). Due to the
increased wear, the alveolar process has regressed in the region of P; and P4
(arrowheads).

Exposure of predatory wildlife is often minimal, as fluoride is
largely unavailable to thosemammalian and avian predators thatdonot
digest bone. For example, barn-owls regurgitate pellets that contain
virtually intact skeletons of their prey (Thomson, 1987).
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Walton (1987c) found that severe dental damage in field voles
(Microtus agrestis) and wood mice (Apodemus sylvaticus) was evident
only within 200-300 m (downwind) of an aluminium smelter. A
significant increase in tooth wearwas noted in moles (Talpa europaea)
at between 4 and 15 kmfromthe smelter. Radiographs of the skeletons
of voles and mice with bone fluoride levels of up to 15 000 mg/kg dry
weight showed no changes when compared with rodents fromcontrol
sites. Paranjpeet a. (1994) identified fluorosis in cotton rats (Sgmodon
hispidus) at a petrochemical waste site. Approximately 80% of the
cotton rats collected by Schroder et al. (1999) at the same site were
found to have dental fluorosis. M ean bone fluorideand mean soil total
fluoride levels were 1515 and 1954 mg/kg, respectively. Bone fluoride
was found to be an accurate predictor of dental fluorosis when it was
low (<1000 mg fluoride/kg; no fluorosis) or high (>3000 mg fluoride/kg;
fluorosis), but not when it was intermediate (Schroder et a., 2000). Field
voles (M. agrestis) and bank voles (Clethrionomys glareolus) showed
severe dental lesionson incisor and molar teeth near a chemical works
(549 mg total fluoride/kg dry weight of vegetation) and an aluminium
smelter (187 mg fluoride/kg vegetation), with less marked damage at a
minetailingsdam (80 mg fluoride/kg vegetation) (Boulton et al ., 1994b).
Boulton et al. (1999) reported that the severity of lesionsin both incisor
and molar teeth of field voles (M. agrestis) was positively correlated
with the respective tissue fluoride concentrations.
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Table 16 (contd).

Organism Size/age Temperatur Hardness pH Salinit  Parameter Concentration Reference
e (mgl/litre) y (mg fluoride/

(°C) (%o) litre)e
Sheepshead minnow 8-15 mm 25-31 10-31 96-h LCs >225n Heitmuller et al. (1981)
(Cyprinodon
variegatus)
Ambassid (Ambassis adult 20-21 10-28 96-h LCs >100 n Hemens & Warwick (1972)
safgha)
Crescent perch adult 20-21 10-28 96-h LCs >100 n Hemens & Warwick (1972)
(Therapon
jarbua)
Mullet (Mugil juvenile 20-21 10-28 96-h LCs >100 n Hemens & Warwick (1972)
cephalus)

@ All tests were conducted under static conditions (water unchanged for duration of test).
b Hardness expressed as mg calcium carbonate/litre.

¢ n = based on nominal concentrations; m = based on measured concentrations.



10. EVALUATION OF HUMAN HEALTH RISKS
AND EFFECTS ON THE ENVIRONMENT

10.1 Evaluation of human health risks
10.1.1 Exposure

Individuals are exposed to some level of fluoride fromnatural and/
or anthropogenic sources. The consumption of foodstuffs, drinking-
waterand other beverages is generally the principal route of exposure.
Significant intake may also occur in younger children from the
ingestion of fluoridated dentifriceand supplements. | nfants can receive
small amounts of fluoride from breast milk. The inhalation of fluorides
in air usually makes only a minor contribution to the overall total
intake. Highintakes of fluoride have been noted in geographical areas
worldwidewhere the surrounding environment isrich in natural fluor-
ide. In these areas, drinking-water, foodstuffs and the inhalation of
indoor air where coal richin fluorideis used for heating and cooking all
contribute to the overall intake. Exposures might be increased some-
what in the vicinity of certain anthropogenic sources of fluoride. In
certain occupational environments, the inhal ation of workroomair con-
taining fluoride would contribute to higherthan typical ambient expo-
sures.

Estimates of daily fluorideintake by childrenin Canadarangefrom
<0.01 mg (<1 ug/kg body weight forinfants)to 2.1 mg (160 ug/kg body
weight for children up to 4 years of age and 80 ug/kg body weight for
adolescents aged 5-11 years). For adults, estimates of daily fluoride
intake range from 2.2 to 4.1 mg (approximately 30 to 60 pg/kg body
weight, assuming an average body weight of 64 kg). For individuals
residing in certain geographical areas rich in natural fluoride, daily
intakes as high as 27 mg (420 ug/kg body weight, assuming an average
body weight of 64 kg) have been reported. The estimates of total
fluorideintake usually do not take into account its bioavailability (e.g.,
the degree of fluoride absorption fromfluoride-containing food items).
Such information is needed in order to derive accurate estimates of
daily total fluorideintakein individualsliving in fluoridated as well as
non-fluoridated areas and in areas of endemic fluorosis.
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Hazard identification*

Fluoridehas both positive and negative effects on human heal th,
similar to essential elements. Compared with many other chemicals,
there is a relatively narrow range between intakes associated with
beneficial effectsand exposures causing adverseeffects. The exposure
tolowlevels of fluoridein drinking-water (i.e., approximately 1 mg/litre)
has long been known to have a beneficial effect on the reduction of
dental caries. Clinical use of fluoridein the treatment of osteoporosis
(at doses generally greater than 25 mg/day) has been investigated in
anumber of studies.

Based on the available data, it is evident that skeletal and dental
effects related to fluoride exposure in humans occur at doses or intakes
lower than those associated with other potential adverse tissue- or
organ-specific effects.This is likely aconsequence of theaccumulation
of fluoride almost exclusively in bones and teeth. In children, intakes
of fluoride associated with beneficial effects on dentition overlapwith
those that lead to an increased prevalence of dental fluorosis. Con-
sequently, public health programmes have sought to maximize the
beneficial effects of fluoride on dental health, while at the same time
minimizing its adverse fluorotic effects on the teeth.

Effects on the skeleton are the most consistent and best charac-
terized of the toxic responses to fluoride and are considered to have
direct public health relevance. The skeletal changes that have been
observed in a number of animal species (i.e., cattle, sheep, poultry,
rodents) exposed to fluorideare not inconsistent with effects observed
in humans, although data from such studies have not been utilized in
the assessment of human exposure—response.

Case reports or descriptive ecological human studies of skeletal
fluorosis or osteosclerosis or studies on the occurrence of endemic
(crippling) skeletal fluorosis in whichthe levels of fluoride are naturally
very high providelittle quantitative information useful in establishing
an adverse effect level associated with total fluoride intake. In such
studies, nutrition, the intake of fluoride (and additional minerals) from

! The effects of fluoride on dental health were reviewed in depth by
WHO (1994), and therefore only abrief summary is presented here.
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other sources and potentially confounding concomitant exposures, al
of which have been suggested to play arole in the etiology of this
disease (for a review, see WHO, 1984; US EPA, 1985), were not
adequately documented. There is al so limited quantitative information
on exposure to fluoride and the development of skeletal effects
(osteosclerosis or fluorosis) in occupationally exposed workers (see
Hodge & Smith, 1977; Grandjean, 1982; Chan-Yeung et al., 1983g;
Czerwinski et al., 1988). | nconsistent results of inherently limited cross-
sectional studies of small populations exposed to often unspecified
concentrationsof fluoride in the vicinity of industrial sources (citedin
Hodge & Smith, 1977) contribute little to an assessment of
exposure—response for skeletal effects associated with exposure to
fluoride. Information obtained from clinical studies, in which sodium
fluoridewas administered to patients forthetreatment of osteoporosis,
isinadequate, owing to the nature of the protocols, characteristics of
the patients in these studies and inconsistencies in the results.
Moreover, these clinical studies were undertaken to assess the
considered beneficial effects of fluoride (i.e., its capacity to increase
bone mass and decrease vertebral fractures), rather than its potential
to produce adverse effects after long-term exposure.

Estimating a putative effect level for the development of skeletal
fluorosis (or related changes) in humans exposedto fluorideis further
complicated by differences in theradiological diagnosis of early-stage
skeletal fluorosis among health care professionals (Chan-Yeung et al .,
1983a), as well as by the multiplicity of factors that may influence the
amount of fluoridedepositedinthebone, and hencethe severity of the
disease. In case accounts, the development of crippling skel etal fluor-
osis was attributed to an intake of approximately 230-310 ug fluor-
ide/kg body weight perday in adults weighing 64 kg (USDHHS, 1991).
Skeletal fluorosis has been observed in cryolite workers having
estimated (occupational) intakes of approximately 310-1250 ug fluor-
ide’kg body weight per day in adults weighing 64 kg (Grandjean, 1982).

Evidence from ecological studies suggests that there may be an
association between the consumption of fluoridated drinking-water
and an increased incidence of hip fracture (based on hospitalization
rates), particularly among the elderly. These results should be
interpreted with caution, however, in view of the limitations of
epidemiological investigations of this design.Moreover, owing to the
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lack of data on individual exposure in such studies, it is difficult to
derive meaningful conclusions concerning the exposure-response
relationship for possible skeletal effects associated with exposure to
fluoride from these studies.

Although the relative risk of hip, wrist or spinal fracture was
increased in some groups of women residing in an elevated-fluoride
community (with drinking-water containing 4 mg/litre, and having an
estimated [ mean] intake of approximately 72 g fluoride/kg body weight
per day) compared with those in a control community (with drinking-
water containing 1 mg fluoride/litre) (Sowers et al., 1986, 1991), the
intake of fluoride by women in the elevated-fluoride community was
likely underestimated (since it was derived solely from the amount of
water-based beverages consumed), and the level of calcium in the
drinking-water from the elevated-fluoride community was
approximately 25% of the level in the control community.

Other studies, including analytical investigations,havenotidenti-
fied an increased risk of skel etal fracture associated withthe consump-
tion of drinking-water containing elevated levels of fluoride (Madans
et a., 1983; Simonen & Laitinen, 1985; Arnalaet al., 1986; Jacobsen et
al., 1993; Suarez-Almazor et al., 1993; Kroger et al., 1994; Cauley et al.,
1995; Lehmann et al., 1998; Hillier et al., 2000).

Only two analytical studies evaluated the risk of fracture across
arange of fluoride exposures. Among 144 627 Finnish men and women,
no association was observed between hip fractures and the well-water
fluorideconcentration,whenallagegroups were considered. However,
in women 50-65 years of age at the start of follow-up, the relativerisk
of hip fracture increased with increasing well-water fluoride concentra-
tionsin the categories <0.1, 0.1-0.3, 0.3-0.5, 0.5-1.0, 1.1-1.5 and >1.5
mg/litre. The respective relative risk of hip fracture was 1.0, 1.16, 1.31,
1.53 (P < 0.05), 1.24 and 2.09 (P < 0.05) (Kurttio et al., 1999).

Among 8266 Chinesemen and women, the risk of al fractures and
hip fractures was examined across a range of fluoride exposures (see
Table 14 in chapter 8) (Li et a., 2001). There was an increased risk of
overall fracture and hip fracture that became statistically significant at
drinking-water levelsin excess of 4.32 mg fluoride/litre.

Owingtothewidespread controlled addition of fluoride to public
drinking-water supplies, numerous epidemiological and experimental
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studies have attempted to address concerns related to the potential
carcinogenicity of this substance. There has been no consistent evi-
dence of an association between the consumption of fluoridated
drinking-water and the incidence of, or mortality due to, cancer in a
large number of ecological studies performed in many countries.
Although these results do not support the hypothesis of an
association, their considerable limitations preclude firm conclusions
frombeing drawn regarding the carcinogenicity of fluoride in humans.
For example, cancer of the bone was not assessed in the majority of
these human ecological studies. Case—control studies (Gelberg et al.,
1995; Moss et a., 1995) have not identified a relationship between
bone cancer and exposure to fluoride.

The incidence of, or death due to, cancer has also been investi-
gated in a number of historic cohort studies of workers exposed to
fluoride predominantly in the aluminium smelting industry. While
excesses of cancers of different types have been reported in various
studies, the only siteforwhichthere was excessriskin several investi-
gationsislung cancer; due to confounding by concomitant exposure
to known human carcinogens in analytical studies of occupationally
exposed workers, the observed excesses cannot be attributed to
fluoride exposure per se.Bone cancer was not assessed inthe majority
of these studies.

Although the weight of evidence does not support theview that
fluoride causes cancer in humans, the data on bone cancer are
relatively limited.

In early carcinogenicity bioassays conducted by Kanisawa &
Schroeder (1969), Taylor (1954) and Tannenbaum& Silverstone (1949),
theincidence of tumours in miceadministeredsodiumfluoride(in either
the diet or drinking-water) was, in general, not markedly greater than
that observed in controls. Owing to inadequate documentation and to
numerous methodol ogical shortcomings, however, theresults of these
investigations do not contribute meaningfully to an assessment of the
weight of evidence of the carcinogenicity of (sodium) fluoride.

The administration of drinking-water containing sodium fluoride

(in amounts estimated to provide intakes ranging from 0.6 to 9.1 mg
fluoride/kg body weight per day) to male and female B6C3F, miceover
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a period of 2 years produced a marginal (statistically insignificant)
increase in the incidence of hepatoblastoma, compared with the inci-
denceingroupsof controls administered drinking-water without added
fluoride; however, this minorincreasewas not considered “biologically
significant,” sincethe overall incidence of hepatic tumours (adenoma,
carcinoma, hepatoblastoma) was not increased in animals receiving
sodium fluoride, and the incidence of al hepatic tumours in these
groups of mice was higher than that in previous NTP carcinogenicity
bioassays (NTP, 1990). The marginal increase in the incidence of
malignant lymphoma in female B6C3F; mice administered drinking-
water containing sodiumfluoridewas considered not to be compound-
related, since the incidence in the high-dose group was similar to that
observed in historical controls (NTP, 1990). No other increases in
tumour incidence were observed; however, failure to attain the maxi-
mumtol erated dosemay have reduced somewhat the sensitivity of this
study in mice.|n aless extensive carcinogenicity bioassay in which the
incidence of osteomas in male and female CD-1 mice receiving 11.3 mg
fluoride/kg body weight per day in the diet was increased compared
with controls (Maurer et al., 1993), the specific role of fluoride in the
etiology of thetumours cannot be determined with certainty,owingto
the infection of theseanimals with Type Cretrovirus (US DHHS, 1991;
Maurer et al., 1993; USNRC, 1993).

The administration of drinking-water containing sodium fluoride
(in amounts estimated to provide intakes ranging from 0.2 to 4.5 mg
fluoride/lkg body weight per day) to F344/N rats over a period of
2 years produced a marginal (not statistically significant) increasein
the incidence of oral cavity neoplasms (in males and females) and
tumoursinthethyroid gland (in males) (NTP, 1990). Thesquamous cell
tumours of the oral cavity were not considered to be compound-
related, sincetheincidence of tumours in the high-dose group was not
significantly different from the controls, the incidence of these neo-
plasms was within the range observed in historical controls and there
was no supporting evidence of focal hyperplasia of the oral mucosa
(NTP, 1990). The marginal increase in thyroid (follicular cell) tumours
was also considered not to be compound-related, since the incidence
of thesetumours in the high-dosegroup was not significantly different
from the controls, the incidence of these neoplasms was within the
rangeobserved in historical controls and theincidence of follicularcell
hyperplasia was not increasedinfluoride-exposed animals (NTP, 1990).
The incidence of osteosarcomain rats withintakes ranging from 0.8 to
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4.5mg fluoride/kg body weight per day was not significantly increased,
compared with controls receiving approximately 0.2 mg fluoride/kg
body weight per day (NTP, 1990); however, for the male F344/N rats,
it was reported that “the osteosarcomas occurred with a significant
dose response trend (P = 0.027, by logistic regression)” (NTP, 1990).
In amore limited carcinogenicity bioassay conducted by Maurer et al.
(1990), the administration of diets containing sodium fluoride (in
amounts estimated to provide intakes ranging from 1.8 to 11.3 mg
fluoride/kg body weight per day) to male and female Sprague-Dawley
rats over a period of 95-99 weeks produced no significant increasein
the incidence of any types of tumours, compared with groups of
controls receiving approximately 0.1 mg fluoride/kg body weight per
day, although a small number of malignant tumours of the bone were
observed.

In assessing the evidence for the carcinogenicity of fluoride
derived from studies conducted with laboratory animals, some signi-
ficance might be attributed to the observation of a dose-response
trend in the occurrence of osteosarcomas in male F344/N rats
administered sodium fluoride in drinking-water (NTP, 1990). Such a
trend associated with the occurrence of arare tumour in thetissuein
which fluoride is known to accumulate cannot be casually dismissed.
Moreover, thelevel of fluoride in the bones of the high-dosegroup of
male rats in the NTP carcinogenicity bioassay, in which a non-
significant increase in osteosarcomas was observed, is similar to that
measured in humans with a preclinical phase of skeletal fluorosis.
However, the biological significance of this dose-response trend is
tempered by the lack of statistical significanceof the observed excess
in the high-dose males in comparison with controls, as well as by the
absence of acomparable statistically significant trendinthe incidence
of osteosarcomas in female F344/N rats or male and female B6C3F, mice
receiving comparable amounts of inorganic fluoride (NTP, 1990).
Indeed, the levels of fluoride in the bone of (male and female) F344/N
rats and B6C3F; mice administered sodium fluoride in drinking-water
were similar (NTP, 1990). No dose-response trend in the incidence of
osteosarcomas was observed in groups of male and female Sprague-
Dawley rats administered diets containing sodium fluoride (Maurer et
a., 1990), even though the levels of fluoride in the bonein the high-
dose animals were greaterthan those in the male F344/N ratsin which
there was an increase in osteosarcomas in the NTP (1990)
carcinogenicity bioassay; however, there may be variationsin
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sensitivity of the two strains to the effects of fluoride. There is
controversy concerning whether or not the osteomas in male and
female CD-1 miceobserved in the carcinogenicity bioassay conducted
by Maurer et al. (1993) should be classified as neoplasms, and a
retrovirus (in addition to fluoride) has been implicatedin their etiol ogy;
however, the significant increases in (the highest-dose) fluoride-
exposed versus control groups (in animals infected with retrovirus), in
atissuein which fluoride is known to accumul ate, adds some weight,
albeit weak, to the evidence of carcinogenicity. Overall, the evidence
regarding the carcinogenicity of fluoride in laboratory animals is
inconclusive.

Thereis evidencethat fluoride is genotoxic based on the outcome
of in vitro studies. Fluoride is not mutagenic in bacterial cells but is
clastogenic in human and animal cells exposed in vitro. Sodium
fluorideinduced recessivelethal mutationsin Drosphilamelanogaster
and cytogenetic damage after intraperitoneal injection in rodents.
Generally, however, in studies in which fluoride was administered to
laboratory animals by routes of exposure similar to those by which
humansare normally exposed (i.e., orally), fluoride had no effect upon
thefrequency of chromosomal aberrations, micronuclei, sister chroma-
tid exchange, DNA strand breaks or sperm morphology. The mecha-
nism by which fluoride could induce genetic alterationsis not known;
however, it is not likely due to an interaction between the fluoride ion
and DNA. Rather, it may be a secondary effect of the actions of
fluoride that result from its inhibition of enzymes involved in DNA
synthesis and/or repair.

Exposure-response analysis for adverse effects in bone

A few investigations on skeletal fluorosis or the risk of fractures
includequantitativeestimates of thedose-responserel ationship.Stud-
ies in China and India report an increased prevalence of skeletal
fluorosis above thelevel of 1.4mg fluoride/litre in drinking-water (Jolly
et a., 1968; Choubisa et al., 1997; Xu et a., 1997). However, such
studies suffer from limitations: the diagnostic criteria are not always
specified or consist of self-reported symptoms, and only drinking-
wateris considered as asource of exposure. The latter problemis likely
to be important, since other studies (Liang et al., 1997; Ando et al.,
1998) estimate that, at least in some regions of China and India, the
contribution from food can greatly exceed that from water. Therefore,
onecannot rule out that high rates of skeletal fluorosis associated with
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a level greater than 1.4 mg/litre in drinking-water are due to other
exposures. Whilethereis a clear excess of skeletal fluorosis in these
studies for a total intake of 14 mg/day, the quantitative relationship
between total intake of fluoride from different sources and the risk of
skeletal fluorosis cannot be estimated because of substantial
uncertainties in the prevalence of effects in the range of intakes
between 3 and 14 mg/day.

The studies on fractures are also difficult to interpret, but for
different reasons:

. Few studies report an interpretable range of exposures to fluoride.

. Results tend to be contradictory, with no clear-cut trend in both
men and women.

. Total intake of fluoride is not estimated.

One exception is represented by a study in China (Li et a., 2001) in
which different sources of exposure have been considered and an
estimate of total intake is presented. In this study, thereis an upward
trend for the risk of total fractures above an exposure of 1.45 mg
fluoride/litre in drinking-water, but only for the highest level of expo-
sure (i.e., >4.32mg fluoride/litre in drinking-water) was the relative risk
statistically significant (RR=1.47; P =0.01). In the concentration range
of 1.45-2.19 mg fluoride/litre in drinking-water, corresponding to atotal
intake of 6.54 mg/day, there was arelativerisk for all fractures of 1.17
and for hip fractures of 2.13 (both not statistically significant).

In summary, estimates based on studies from China and India
indicate that:

« for a total intake of 14 mg/day, there is a clear excess risk of

skeletal adverse effects; and
. there is suggestive evidence of an increased risk of effectsonthe

skeleton at total fluoride intakes above about 6 mg/day.
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Evaluation of effects on the environment
Exposure

Fluorides are rel eased into the environment naturally through the
weathering and dissolution of minerals, in emissions from volcanoes
and in marine aerosols. Fluorides are also released into the environ-
ment via coal combustion and process waters and waste from various
industrial processes, including steel manufacture, primary aluminium,
copper and nickel production, phosphate ore processing, fertilizer
production and use, glass, brickand ceramic manufacturing, and glue
and adhesive production.

Atmospheric fluorides can betransported over largedistances as
a result of wind or atmospheric turbulence or removed from the
atmosphere viawet ordry deposition or hydrolysis. Fluoride concen-
trations in groundwater are primarily due to dissolution from local
geological sources. Thetransport of fluoridesin wateris influenced by
pH and water hardness and the presence of ion-exchange materials
such as clays, and fluoride is usually complexed with aluminium and
calcium. Fluoride is not readily leached from soils, with adsorption
being strongest at pH 5.5-6.5. Soluble fluorides are bioaccumul ated by
some aquatic and terrestrial biota; however, no information was
identifiedconcerning the biomagnificationoffluoride.Terrestrial plants
may accumulate fluorides from airborne deposition and, to a lesser
extent, via uptake from soil, as fluoride adsorbs strongly to soil.
Fluorideaccumulates in the exoskel eton of invertebrates and the bone
and dental hard tissues of vertebrates.

Surfacefreshwater fluoride concentrationstendto range from0.01
to 0.3mgl/litre,whereas typical marine concentrationsrangefroml1.2to
1.5 mg/litre (Figure 5). Higher concentrations are found in areas where
there is geothermal or volcanic activity. Anthropogenic discharges
lead to increased levels of fluoride in the environment. Airborne
fluorideexistsin gaseous and particulateforms, which are emitted from
both naturaland anthropogenic sources. M ean fluoride concentrations
in ambient air are generally less than 0.1 ug/m®. Levels may be slightly
higherinurbanthaninrural locations; however, even in the vicinity of
emission sources, the levels of airbornefluorideusually do not exceed
2-3 pg/m? (Figure 6). Fluoride is a component of most types of soil,
with concentrations ranging from 20 to 1000 mg
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Figure 5: Reported concentrations of fluoride in surface waters
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total fluoride/kg in areas without natural phosphate or fluoride
deposits and up to several thousand milligrams per kilogramin mineral
soils with deposits of fluoride (Figure 7). Reported concentrations of
fluoride in vegetation are plotted in Figure 8.

Figure 7: Reported concentrations of fluoride in soil
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10.2.2 Effects

The most sensitive aquatic invertebrate species tested were the
freshwater fingernail clam (Musculium transversum), with an 8-week
LCy of 2.8 mg fluoride/litre, freshwater net-spinning caddisflies
(Hydropyschidae), with estimated “ safe concentrations” ranging from
0.2 to 1.2 mg fluoride/litre, and the marine brine shrimp (Artemia
salina), with significant impairment of growth being observed in a 12-
day static test at 5 mg/litre. For fish, 20-day LC,s for rainbow trout
(Oncorhynchus mykiss) ranged from 2.7 to 4.7 mg fluoride/litre; in
another study under different conditions (such as higher water hard-
ness), a“safe concentration” of 5.1 mg/litre was estimated. The hatch-
ing of fish eggs (Catla catla) was delayed at fluoride concentrations
greater than or equal to 3.6 mg fluoride/litre. Behavioural experiments
on adult Pacific salmon in soft-water rivers indicate that changes in
water chemistry, due to an increase in the fluoride concentration to
0.5 mg/litre, can adversely affect migration; migrating salmon are
extremely sensitive to changes in the water chemistry of their river of
origin. (Reported toxicity test results for a range of freshwater
organisms are plotted in Figure 9.)

Figure 9: Reported toxicity of fluoride to freshwater organisms
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In laboratory studies, fluoride seems to be toxic for microbial
processes at concentrations found in moderately fluoride-polluted
soils; similarly, in the field, accumulation of organic matter in the
vicinity of smelters has been attributed to severe inhibition of microbial
activity by fluoride.

The LOELSs for leaf necrosis interrestrial plants were at fluoride
concentrations of 0.2-0.4 pg/m°. On the basis of effect concentrations
and no-effect concentrations for fumigation experiments, arel ationship
was derived between the NOEC and the exposure period. If this
relationship is extrapolated to two growing seasons, the derived NOEC
is approximately 0.2 ug fluoride/m®. Several short-term solution culture
studies have identified a toxic threshold for fluoride ion activity
ranging from approximately 50 to 2000 umol fluoride/litre. Toxicity is
specific not only to plant species, but also to ionic species of fluoride,
where some aluminium—fluoride complexes present in solution culture
may be toxic at activities of 22-357 umol fluoride/litre, whereas
hydrogen fluoride istoxic at activities of 71-137 umol/litre. Duetothe
complexity of fluoride availability in soil and the high concentrations
generally required for plant toxicity, no soil effect range was defined.

The growth rate of young starlings was significantly reduced at
afluoride concentration of 13 mg/kg body weight. Fluoride has been
shown to cause adverse effects on domesticated animalsin both the
laboratory and the field. Recent studies have shown this to be an
ongoing problem. Tolerance levels have been identified for domes-
ticated animals, withthelowestvalues for dairy cattle at 30 mg/kg feed
or 2.5 mg/litre drinking-water. The lowest dietary concentration of
fluoride to cause fluorosis in white-tailed deer (Odocoileus virgini-
anus) was 35 mg/kg. Field surveys have found that bone fluoride
concentrations of >2000 mg/kg in young deer and >3000 mg/kg in
cotton rats (Sigmodon hispidus) are associated with fluorosisin all
individuals. Osteofluorotic alterations have been diagnosed in deer
with bone fluoride concentrations of >4000 mg/kg.

Evaluation
Inthefreshwaterenvironment, natural fluorideconcentrationsare

usually lower than those expected to cause toxicity in aquatic organ-
isms. However, aquatic organisms might be adversely affected in the
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vicinity of anthropogenic discharges. Fluoridetoxicity is dependent on
water hardness, with organisms living in soft-water environments at
greater risk than those in hard-water areas. Because of the particular
sensitivity of some freshwater invertebrates and Pacific salmon, fluor-
ide concentrations in soft-water ecosystems (low in calcium) should
not be increased by anthropogenic inputs to values exceeding 0.5 mg
fluoride/litre. Aquatic organisms that inhabit areas with high natural
fluoridelevels fromgeothermal or volcanic activity would be expected
to be adapted to such conditions.

Comparing thelong-term NOEC for plants withair concentrations
reveal s that sensitive species growing near anthropogenic sources of
fluorideare at risk. In thefield,anthropogenic sources of fluoridehave
been shown to be correlated with damage to local terrestrial plant
communities. However, these adverse effects are often difficult to
attribute to fluoride alone, due to the presence of other atmospheric
pollutants. Fluoride is generally strongly adsorbed by soils. Con-
sequently, plant uptake viathis pathway is relatively low, and leaching
of fluoride through soil is minimal. However, high fluoride concen-
trationsin soil fromnatural and anthropogenic sources, combined with
soil properties that minimize fluoride adsorption (below pH 5.5, low
carbon and clay content), can lead to increased plant availability of
fluoride. Plant availability is also dependent on the ionic species of
fluoride present in the soil solution. Above soil pH 5.5, fluoride in
solution is predominantly thefreefluorideion, CaF* or MgF', whichis
relatively lessavailable to uptake via the plant root. Below soil pH5.5,
aluminium—fluoride complexes can become dominant in soil solution,
potentially increasing plant availability of fluoride. However, plant
toxicity from uptake of fluoride from soil israre.

Concentrations of fluoridein vegetation in thevicinity of fluoride
emission sources, such as aluminium smelters, can be higher than the
lowest dietary effect concentration reported formammals in laboratory
experiments. Fluorosis in domesticated animals has been reported.
Incidents have originated both from natural fluoride sources, such as
volcanic eruptions and the wunderlying geology, and from
anthropogenic sources,suchas fluoride-emitting industries and power
stations. Guidance is available on fluoride tolerance levels in feed and
water; however, there are still some areas reporting fluorosis incidents
in livestock due to uptake of fluoride-rich mineral supplements and
drinking-water. Furthermore, there is a potential risk from fluoride-
contaminated pasture and soil ingestion due to the long-term use of
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phosphate fertilizers containing fluoride as an impurity. Fluoride-
induced effects, such as lameness and tooth damage, have also been
reported in wild ungulates, such as deer, and in small mammals close
to anthropogenic sources of fluoride. Several studies have demon-
strated that wild deer and rodents are sensitive bioindicators of
environmental pollution by fluorides and can, therefore, be used as
sentinels for theidentification of fluoride hazards to the environment.
Within some areas of Europe, where effective emission control mea-
sures have been introduced following clean air legislation, the bone
fluoride levels in deer have fallen by around 70% in the last 15—
20 years. Based on the correlation between bone fluoride levels and
fluorosis,it can be assumed that the prevalence and severity of fluor-
ide-induced effects in the wild deer population in these areas will
probably havefallen at a similar rate. However, it should be noted that
in other regions of Europe, fluoride discharges to the environment
have not shown the same downward trend during this period, and this
isreflected in the bone fluoride level s of mammals from these areas.
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11. CONCLUSIONS AND RECOMMENDATIONS
FOR PROTECTION OF HUMAN HEALTH AND THE
ENVIRONMENT

11.1 Conclusions

All organisms are exposed to various levels of fluoride from
natural and/or anthropogenic sources. Very high intakes have been
observed in areas worldwidein whichthe environmentisrichin natural
fluoride and where groundwater high in fluoride is consumed.

Fluoride in dental products may form a source of exposure for
many individuals. Increased exposures might be experienced in the
vicinity of anthropogenic point sources.

Fluoride has both beneficial and detrimental effects on human
health, with a narrow range between the intakes associated with its
beneficial and adverse health effects.

Effects on the teeth and skeleton are observed at exposures bel ow
those associated with the development of other organ- or tissue-
specific adverse health effects. Effects on thebone are considered the
most relevant in assessing the adverse effects of long-term exposure
of humansto fluoride.

Skeletal fluorosis is a crippling disability affecting millions of
peoplein various regions of Africa, Indiaand China, which has major
public health and socioeconomic impact. Intake of fluoridein the water
and/or foodstuffs is the primary causative factor in the incidence of
endemic skeletal fluorosis. In parts of China, alargenumber of people
have been shown to be impacted by theindoor burning of coal with a
high fluoride content. There are few data from which to estimate total
exposure to and the bioavailability of fluoride, and there are inconsis-
tencies in the characterization of its adverse effects.

There isclearevidencefromIndiaand Chinathat skeletal fluorosis

and anincreased risk of bone fractures occur at atotal intake of 14 mg
fluoride/day, and there is evidence suggestive of an increased risk of
bone effects at total intakes above about 6 mg fluoride/day.
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Excess exposure to bioavailable fluoride constitutes a risk to
aquatic and terrestrial biota.

Fluoride-sensitive species can be used as sentinels fortheidenti-
fication of fluoride hazards to the environment.

Recommendations

Consideration should be given to the levels of fluoride and the
means of application required to maximize the beneficial effects of
fluoride while minimizing the potential for adverse effects on the
skeleton and teeth.

It is recommended that international and national agencies
identify areas in which health effects related to fluoride are found,
identify the primary sources of fluoride exposure and take appropriate
action(s) to reduce exposure.

It is recommended that international and national agencies
support research to better characterize total fluoride exposure,
exposure-health relationshipsand the variousfactors that modify and
influence these.

In areas exposed to increased fluoride from anthropogenic

sources, fluoride levels in the environment should be monitored for
changes using appropriate bioindicators.
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12. FURTHER RESEARCH

There is a need to improve knowledge on the accumulation of
fluoride in organisms and on how to monitor and control this.

Thebiological effects associated with fluorideexposure should be
better characterized.

Health effects research

Thereis aneed:

# to determine total dietary fluoride intakes and bioavailability
and elucidate the relative contribution of waterand foodstuffs
to fluoride intake;

# to develop robust markers of fluoride exposure and effects in
animals and humans to further elucidate the mechanisms
(including work on a molecular level) of fluoride’s effects on
bone, and how these might be reversed;

# to design high-quality studies at population and individual
levels, to characterize the adverse effects of fluoride on bone,
cancer and reproductive outcomes; available data sets should
be exploited togeneratesound epidemiol ogical observations—
forexample, through a linkage between population registriesin
high-exposure areas and cancer or other disease registries;

# to characterize the potential interactions of fluoride with other
elements — aluminium, copper, lead, arsenic, selenium—in the
environment and their influence on fluoride bioavailability and
mobility;

# toclarify quantitatively and mechanistically howenvironmental

factors (e.g., atmospheric pollution, coal burning, climate,
rainfall, altitude) and lifestyle (including occupation) influence
fluoride exposure;
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to characterize the short- and long-term turnover of fluoridein
the body and how factors such as bone remodelling and renal
function influence this;

toimprovethe routine quantitative analysis of fluoridein body
fluids;

to develop robust biomarkers in animals and humans;

to investigate the passage of fluoride through the food-chain
from the geochemical environment to the diet;

to determine if fluoride has potential adverse effects on other
systems, including the neurological system;

to investigate what factors (age, genetic polymorphisms, diet,

etc.) might make particular population subgroups more
susceptible to the effects of fluoride; and

to determinethemechanisms associated with the clastogenicity
of fluoride.

Additional research needs include studies on the interactions

of fluoride with nuclear proteins(i.e., histones) and polyamines as well
as on factors influencing the membrane transport of fluoride.

Environmental effects research

182

Thereis aneed:

fortheidentification of more fluoride-sensitivespeciesfromdiffer-
ent environmental compartments for use as bioindicators;

to define critical measures of fluoride concentrations in soil to
assess plant fluorideavailability (i.e., when plant fluoride concen-
trations increase significantly from background or, to a lesser
extent, become toxic to plants);

to determine the bioavailability of fluoride in animals that ingest
significant quantities of soil in their diet (e.g., cattle);



Further Research

forthe standardization of the assessment of the effects of fluoride
on wild animals; and

to improve the quantitativeroutineanalysis of fluoridein soil and
plants.
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13. PREVIOUS EVALUATIONS BY
INTERNATIONAL BODIES

Fluoride (used in drinking-water) is considered to be “not
classifiable as to its carcinogenicity to humans” (Group 3) in the
classification scheme of the International Agency for Research on
Cancer (IARC, 1987).

The WHO recommended guideline value for fluoride in drinking-
water is 1.5 mg/litre (WHO, 1993, 1996b). It was also noted that “in
setting national standards for fluoride, it is particularly important to
consider climatic conditions, water intake and intake of fluoride from
other sources (e.g., from food and air). In areas with high natural
fluoridelevels,itis recognized that the guideline value may be difficult
to achieve in some circumstances, with the treatment technology
available” (WHO, 1996b).

An expert consultation of the WHO on trace elements in human
nutrition and health (WHO, 1996¢) categorized fluoride among
“potentially toxic elements, some of which may nevertheless have
some essential functions at low levels.” Fluoride was regarded as
“essential,” since the consultation “considered resistance to dental
cariesto be a physiologically important function.” The consultation
indicated that total intakes at 1, 2 and 3 years of age “should, if
possible, be limited to 0.5, 1.0 and 1.5 mg/day, respectively,” with not
more than 75% coming in the form of soluble fluorides from drinking-
water. It was also noted that “adult intakes exceeding 5 mg of fluoride
per day from all sources probably pose a significant risk of skeletal
fluorosis.”
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RESUME ET CONCLUSIONS

Ce document est consacré a |’ exposition environnementale aux
fluorures, minéraux principalement, et a ses effets sur I'’'Homme, les
animaux et les autres étres vivants. Les données prises en compte
concernent le fluorure d' hydrogéne, le fluorure de calcium, le fluorure
de sodium, I hexafluorure de soufre et les silicofluorures étant donné
que ce sont les fluorures minéraux les plus importants du point devue
des quantités libérées et des concentrations dans I’ environnement
ainsi que des effets toxicol ogiques exercés sur les organi smes vivants.

Identité, propriétés physiques et chimiques et
méthodes d’analyse

Le fluorure d’'hydrogéne (HF) se présente sous la forme d’un
liquide ou d'un gaz incolore, al’ odeur &cre, qui est trés soluble dans
les solvants organiques et dans |’ eau avec laquelle il donnedel’ acide
fluorhydrique. Le fluorure de calcium (CaF,) est un solide incolore,
relativement insoluble dans |’ eau et les acides ou bases diluées. Le
fluorure de sodium (NaF) est un solide incolore a blanc, modérément
soluble dans I’ eau. L hexafluorure de soufre (SF¢) est un gaz incolore
etinodore, chimiquementinerte, qui est |égérement soluble dans |’ eau
et facilement soluble dans I’ éthanol et |es bases.

Le dosage des fluorures libres s’ effectue | e plus couramment par
voie électrochimique au moyen d’une électrode sélective. On estime
que les techniques de microdiffusion constituent le moyen le plus
fiable pour la préparation des échantillons (c’ est-a-dire par libération
de d'anions fluorure libres a partir de complexes organiques ou miné-
raux).

Sources d’exposition humaine et environnementale

Il'y alibération naturelle de fluorures dans I’ environnement par
suite de |’ érosion et de la dissolution des roches et des minéraux, ala
faveur d’ émissions par les volcans ou par I'intermédiaire d’ aérosols
marins.Lacombustion du charbon ainsi que les eaux usées provenant
dediverses opérations industrielles, comme lafabrication de |’ acier, la
production d’aluminium, de cuivre et de nickel, le traitement des
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minerais de phosphates, la production et I'utilisation d'engrais
phosphatés, la fabrication de verre, de briques et de céramiques ou
encore laproduction de colles et d’ adhésifs. L’ épandage de pesticides
fluorés ainsique lafluoration del’ eau destinée alaboisson sont égal e-
ment des sources anthropogéniques de fluor. Les données disponibles
montrent que I’ extraction et I’ utilisation des phosphates ainsi que la
production de I'aluminium sont les sources industrielles qui rejettent
le plus de fluorures dans |’ environnement.

Lefluorure d’hydrogéne est un produit industriel important qui
est principalement utilisé pour la production de cryolithe synthétique
(NagAlFy), de fluorure d aluminium (AlF;), des alkylates ou isoparaf-
fines qui entrent dans la composition de |’ essence automobile et de
chlorofluorocarbures, avec une consommation annuelle mondiale de
plus de 1 million de tonnes. On I’ emploie également pour |e décapage
des dispositifs a semi-conducteurs, le décapage, la gravure et le
dépolissage du verre, le décapage de la brique et de I’aluminium, le
tannage du cuir ainsi que pour la préparation des produits antirouille
vendus dans le commerce. Le fluorure de calcium est utilisé comme
fondant dans la production de |’ acier, du verre et del’émail et il sert de
matiére premiére pour la préparation de |’ acide fluorhydrique et du
fluorure d’ hydrogéne anhydre ou encore d’ électrolytedanslaprépara-
tion del’auminium. Lefluorure de sodium est utilisé pour lafluoration
réglementée de I’ eau de boisson, comme conservateur dansles colles,
le verre et I’ émail, comme fondant dans la production de I'acier et de
I"aluminium et comme agent conservateur du bois. L'acide fluoro-
silicique (H,SiFg) et I'hexafluorosilicate de disodium (Na,SiFg) sont
utilisés pour lafluoration de |’ eau.

Transport, distribution et transformation dans
I’environnement

Lesfluoruresprésentsdans|’ atmosphére peuvent setrouversous
forme de gaz ou de particules. Ils sont susceptibles d’ étre transportés
sur de grandes distances par les vents ou par suite des turbulences
atmosphériques ou étre éliminés de I’ atmosphére par dépot a sec, par
les précipitations ou encore par hydrolyse. A |'exception de I’ hexa-
fluorure de soufre, on estime que les fluorures ne restent vraisem-
blablement pas trés longtemps dans latroposphére etqu’ils me migrent
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pas vers lastratosphere. La durée de séjour atmosphérique de |’ hexa-
fluorure de soufre va de 500 ans a plusieurs milliers d’ années.

Letransport et latransformation des fluorures dans|’ eau dépend-
entdu pH, deladuretédel’ eau et delaprésence de substances échan-
geuses d’'ions comme les argiles. Letransport des fluorures s’ effectue
par le cycle de I’ eau sous forme de complexes avec I’ aluminium.

Dans le sol, le transport et la transformation des fluorures
dépendent également du pH, mais aussi de la formation de complexes,
notamment avec I’aluminium et le calcium. L’ adsorption a la phase
solide du sol est plus forte lorsque le pH est acide (5.5-6.5). Le lessi-
vage des fluorures présents dans | e sol ne se fait pas spontanément.

L’ absorption des fluorures par les étres vivants dépend delavoie
d’ exposition, de la biodisponibilité des composés et de |a cinétique
d’ absorption et d' excrétiondansles divers organismes. Certainsbiotes
aquatiques et terrestres accumulent les fluorures solubles. On ne
posséde cependant aucune information sur la bioamplification des
fluorures dans les chaines alimentaires aquati ques et terrestres.

Lesplantes terrestres peuvent accumul er des fluorures aéroportés
qui se sont déposés ou fixer ceux qui étaient déja présents dansle sol.

Concentrations dans I'environnement et exposition
humaine

Lateneur des eauxde surfaceen fluorures peut varier selonlelieu
et laproximité des sources d’ émission. Elle va généralement de 0,01 a
0,3 mg/litre. L’ eau de mer contient plus de fluorures que |’ eau douce,
avec une concentration comprise entre 1,2 et 1,5 mg/litre. Des concen-
trations plus fortes ont étérelevées dansdes zones ot | es roches sont
riches en fluorures et une teneur élevée en fluorure minéral s’ observe
généralement dans les région ou existe une activité géothermique ou
volcanique (par ex. 25-50 mg/litre dans les sources chaudes et les
geysers et méme 2800 mg/litre dans certainslacs de la vall ée du Rift,en
Afrique orientale). Les décharges résultant de I'activité humaine
peuvent également entrainer laprésence de concentrations élevées de
fluorures dans I’ environnement.
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Lesfluorures peuvent étre présents dans|’air sous forme gazeuse
ou particulaire par suite d’ émissions naturelles ou anthropogéniques.
Les fluorures émis sous forme gazeuse ou particulaire se déposent
généralement au voisinagedelasourcedel’ émission, encore que ceux
qui sont présents dans certaines particules puissentréagir sur d’ autres
constituants atmosphériques. Ladistribution et |e dép6t des fluorures
aéroportés dépend de I'intensité de I’ émission, des conditions mété-
orologiques, de la granulométrie des particules et de leur réactivité
chimique. Dans les zones qui ne sont pas situées au voisinage
immédiat des sources d’'émissions, la concentration moyenne en
fluorures dans|’air ambiant est généralement inférieure 20,1 pg/m®. Elle
peut étre | égérement plus élevée en ville qu’ala campagne. Toutefois,
méme aproximitéde sources d’ émissions,lateneurdel’air en fluorures
ne dépasse généralement pas 2 a 3pg/m°. Danslesrégionsdela Chine
ou I’on utilise de la houille riche en fluorures comme combustible, on
fait état de concentrations dans I'air ambiant pouvant atteindre 6
pg/nr.

Les fluorures sont des constituants de presque tous les types de
sols,avec des teneurs totales allant de 20 a 1000 pg/g danslesrégions
ou il n'y apas de gisements naturels de phosphates ou de fluorures et
adesconcentrationsde plusieurs milliers de microgrammes par gramme
danslessols ou existent detels gisements. Les fluorures présents dans
I’atmospheére al’ état gazeuxou particulaire ont tendance as’ accumul er
dans les couches superficielles du sol, mais peuvent migrer vers la
zone radiculaire, méme dans les sols calcaires. La rétention des
fluorures dans | e sol dépend essentiellement de lateneur en argile et en
carbone organique ainsi que du pH. Les fluorures présents dans |l e sol
y sont surtout associés alafraction colloidale ou argileuse. Pourtous
les types de sols, c’est la teneur en fluorures solubles qui est
biologiquement importante pour lafaune et laflore.

Les organismes aquatiques peuvent absorber des fluorures soit
directement apartir del’ eau, soit, dans une moindre mesure, apartir de
leur nourriture. Les fluorures ont tendance a s'accumuler dans |’ exo-
squel ette ou dans les tissus osseux des animaux aquatiques, selon le
cas. Chez le krill, par exemple, on a mesuré des concentrations
moyennes de fluorures supérieures a 2000 mg/kg dans I’ exosquel ette.
Chez les mammiféeres marins comme le phoque ou labaleine, lateneur
moyenne des os en fluorures peut aller de 135a18 600 mg/kg de poids
Sec.
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Chez les biotes terrestres, la concentration en fluorures est plus
élevéedansles zones oulaprésencedefluorures d’' origine naturelle ou
anthropogénique est plus importante. On utilise beaucoup les lichens
comme bioindicateurs de la présence de fluorures. Dans des lichens
poussant dans un rayon de 2 a 3 km autour de sources d’ émission de
fluorures, on atrouvédes concentrationsdel’ ordre de 150-250 mg/kg,
alors que la concentration de fond est de moins de 1 mg/kg.

Lamajorité des fluorures présents dans le sol sont insolubles et
par conséquent, peu biodisponibles pour les végétaux. Toutefois, une
forteteneurdu sol en fluorures, un pH acide oulaprésenced argile ou
de matiéres organiques peuvent accroitre la teneur de fluorures en
solution, ce qui va en favoriser leur fixation par |le systéme radiculaire
delaplante. Si des fluorures sont captés au niveau de la racine, leur
concentration sera souvent plus élevée dans cette derniére que dans
les pousses en raison de leurfaible mobilité dans la plante. La plupart
des fluorures pénétrent dans les tissus végétaux sous forme gazeuse
au nivau des stomates et ils s'accumulent dans les feuilles. De petites
quantités de particules fluorées peuvent également pénétrer dans la
plante en traversant I’épiderme et la cuticule. Une trés large sur-
veillance s’ exerce sur la végétation située aux alentours des sources
d’ émission anthropogéniques. On aconstaté|’ existenced’ unecorréla-
tion entre la concentration de fluorures dans la végétation et la crois-
sance annuelle, le régime des vents, la distance alasource d’' émission
de fluorures et la teneur en fluorure d’ hydrogéne des rejets atmos-
phériques.

Les fluorures s'accumulent dans | es tissus osseux des vertébrés
terrestres en fonction d'un certain nombre de facteurs tels que le
régime alimentaire et la présence d’ émissions de fluorures dans le
voisinage. Parexemple,on atrouvé des une concentration moyennede
fluorures comprise entre 7000 et 8000 mg/kg dans les os de petits
animaux vivant a proximité d’ une usine de production d’aluminium.

Les fluorures se retrouvent dans tout I’ environnement, aussi les
sources d’eau potable ont-elles des chances d’en contenir au moins
une petite quantité. La teneur de |I’eau de boisson non fluorée en
fluorures d’ origine naturelle (il s'agit de |I'eau a laquelle on n’a pas
ajouté de flurorures pour prévenir les caries) varie dans d’'importantes
proportions, en fonction del’ environnement géologique de la source.
Laconcentration peut atteindre 2,0 mg/litre; toutefois, dansles régions
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du monde ou existe une endémie fluorotique osseuse ou dentaire
parfaitement attestée, la concentration des fluorures dans I’eau de
consommation va de 3 & plus de 20 mg/litre. La ou I'eau de
consommation est fluoréeintentionnellement pour prévenir les caries,
lateneur en fluorures est de 0,7 41,2 mg/litre.

Presquetoutes les denrées alimentaires contiennent au moinsdes
traces de fluorures. Ils sont présents a forte concentration dans le
poisson et les feuilles de thé en sont particuliérement riches. La
quantité defluorures danslethéinfusé dépend de la concentration en
fluorures solubles dans les feuilles et de ladurée d’'infusion. L' utilisa-
tiond’engrais a base de superphosphates, qui contiennent une forte
proportion de fluorures (1 & 3 %) comme impuretés, pour traiter les
terres agricoles, n’accroit pas sensiblement la teneur des produits
alimentaires en fluorures, car le coefficient de transfert du sol a la
plante est généralement faible. Toutefois, selon une étude récente, si
les conditions pédologiques s'y prétent et quel’ ontraiteles sols avec
des phosphates suffisamment riches en impuretés flurorées, lafixation
de fluorures parlaplante peut augmenter. En revanche, |’ irrigation des
cultures avec de |'eau relativement pauvre en fluorures (moins de
3,1 mg/litre), n’ entraine généralement pas d’ augmentation de la teneur
des produits alimentaires en fluorures. Cela dépend cependant de
| espéce végétale en causeet delaconcentration des fluorures dans le
sol et I’eau. La concentration des fluorures dans les aliments est
sensiblement modifiée par lateneur en fluorures de |’ eau utilisée pour
leur préparation ou leur fabrication, notamment dans le cas des bois-
sons et des aliments secs - comme par exemple les aliments pour
nourrissonsquel’ondiluedans|’ eau avant consommation. Laconcen-
tration des fluorures dans les cultures vivriéres situées a proximité de
sources d’émission industrielles peut étre plus élevée, lorsque les
produits ne sont ni lavés ni transformés, que dans des cultures
identiques mais situées dans des zones ou il 'y a pas d’exposition
d’'origine industrielle. On a constaté que dans des aliments pour
nourrissonsvendus aux Etats-Unis et qui se présentaient sous laforme
de produits a base de soja préts a étre consommeés ou encore de con-
centrés liquides, la concentration en fluorures était plus élevée que
dans les produits a base de lait; on n'a cependant constaté aucune
différenceentre ces derniers et les aliments pour nourrissons a base de
poudre de soja. La présence de fluorures a été décelée dans le lait
maternel a des concentrations comprises entre <2 a et environ 100
ug/litre, laplupart des valeurs se situant entre 5 et 10 pg/litre.

237



EHC 227: Fluorides

On ne dispose que de données limitées sur la teneur de I'air
intérieur en fluorures. Aux Pays-Bas, on a observé une concentration
en fluorures gazeux qui alait de <2 & 49 pg/m® dans I'air de cing
habitations construites avec du bois traité par un conservateur
contenant 56 % de fluorure. En Chine, on atrouvédes concentrations
pouvant atteindre 155 pg/m® dans des échantillonsd’ air prélevés dans
des maisons ou |’ on brdlait du charbon aforte teneur en fluorures.

Les produits dentifrices destinés aux adultes qui sont com-
mercialisés dans de nombreux pays contiennent généralement des
fluorures a des concentrations comprises entre 1000 et 1500 ug/g;
certains produits plus spécialement destinés aux enfants ont une
teneur plus faible en fluorures, qui vade 250 a 500 pg/g. Les produits
d’ hygiéne bucco-dentaire tels que péates dentifrices, bains de bouche
et suppléments fluorés, se révélent étre une source importante de
fluorures. Les bains debouche destinés aun usage quotidien contien-
nent généralement de 230a500 mg de fluorures par litre,alors que ceux
qui sont destinés aétre utilisés toutes les semaines ou tousles 14jours
peuvent en contenir entre 900 et 1000 mg/litre.

L’ exposition individuelle aux fluorures varie probablement beau-
coup, mais I'inhalation de fluorures présents dans |’ atmosphére ne
contribueen général que faiblement al’ apport total de ces substances.
Chez I’ adulte, ce sont les produits alimentaires et I’ eau de boisson qui
en constituent la principale voie d’' apport. Dans | es régionsdu monde
ou I’on utilise du charbon riche en fluor pour se chauffer et faire la
cuisine, I'air intérieur et les aliments, qui contiennent dés lors une
proportion plusimportante de fluorures, contribuent également pour
une part importante a I’ apport de ces substances. Les nourrissons
alimentés al’aide de produits formul és recoivent 50 4100 fois plus de
fluorures que ceuxqui sont nourris exclusivement au sein. L’ ingestion
dedentifriceparles jeunes enfants représente une fractionimportante
deladosetotale de fluor qu'ils absorbent. On estime en général que
I absorption de fluorures parles enfants et les adol escents ne dépasse
pas environ 2 mg/jour. Bien que la dose de fluorures absorbée
quotidiennement par un adulte puisse étre supérieure en valeur
absolue acelle qui est absorbée par un enfant, cette derniére, exprimée
en mg par kg de poids corporel, peut étre plus élevée que pour un
adulte. Dansles régions du monde ou la concentration des fluorures
dans|’environnement peut étre excessivement élevée et ol le régime
alimentaire peut comporter des produits riches en fluor, on estime
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qu’un adulte peut en absorber jusqu’a 27 mg par jour, la principale
source étant I’eau de boisson provenant de sources souterraines
captées dans des couches géol ogiques riches en fluor.

Les personnes qui utilisent du matériel de soudage ou qui sont
employées au traitement des minerais d’aluminium, de fer ou de
phosphates subissent vraisemblablement une exposition
professionnelle par inhalation ou contact cutané. Selon des études
relativement récentes, laconcentration en fluorures dans I' air des halls
d’ électrolyse des usines de production d’aluminium est de I’ ordre de
1 mg/n?.

Cinétique et métabolisme chez I'Homme et les
animaux de laboratoire

Chez I’'Homme comme chez les animaux de laboratoire, c’est
principalement au niveau del’ estomac et del’intestin queles fluorures
ingérés passent danslacirculation générale et cette résorption dépend
delasolubilitéaqueuserelativede lasubstanceen cause. Les fluorures
solubles sont presque entierement résorbés dans les voies digestives,
mais letauxde résorption peut étre réduit par laformation de complexes
avec |I"’aluminium, le phosphore, le magnésium ou le calcium. Les
fluorures particulaires ou gazeux qui pénéetrent dans les voies
respiratoiressont partiellement atotalement résorbés, le tauxde résorp-
tion étant fonction de la solubilité et de la granulométrie.

Les fluorures sont rapidementamenés parle courant sanguin dans
I"eau intracellulaire et extracellulaire des différents tissus; cependant
chez I’Homme et les animauxde laboratoire, environ 99 % de la charge
totale de |’ organisme en fluorures est retenue par les os et les dents.
Les fluorures sont incorporés dans le réseau cristallin des tissus
dentaire et osseux.

Les fluorures traversent la barriére placentaire et il passent ainsi
de la mére au foetus. lls sont principalement éliminés par la voie
urinaire.Chez le nourrisson, le fluor est retenu aenviron 80-90%:; chez
I’adulte, le chiffre correspondant est d’ environ 60 %. Une modification
du débit urinaire ou du pH peut faire varier ces valeurs.

Les fluorures sont présents dans tous les organes, tissus et
liguides de I'organisme. Dans une communauté des Etats-Unis
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alimentée en eau fluorée, on arelevé des concentrations dans e sang
total qui allaient de 20 a 60 mg/litre. Chez 127 sujets dont |’ eau de
boisson avait une teneur en fluorures de 5,03 mg/litre, on atrouvé un
tauxplasmatique moyen de 106 + 76 (F) ug/litre. Le plasmaet le sérum
ont pratiquement la méme teneur en fluorures. En ce qui concerne les
tissuscalcifiés, ¢’ estgénéralement dansles os, ladentineet I'émail que
la concentration est la plus élevée. Dans les 0s, cette concentration
varie en fonction de I’age et du sexe ainsi que de la nature et de la
partie de |’ os concernée. On estime qu’ elle est le reflet de I’ exposition
a long terme du sujet. Dans I'émail dentaire, la concentration en
fluorures diminue exponentiellement avec ladistance alasurfaceet elle
dépend de la localisation, de I'usure des faces de la dent, de
I’exposition par la voie générale et des applications topiques de
fluorures auxquelles il a pu étre procédé. La teneur en fluorures des
tissus mous correspond ala concentration sanguine. Chezun sujet en
bonne santé, la concentration urinaire des fluorures est liée &1’ apport
defluor. Chezdes sujets exposés de par leur profession a des fluorures
présents dans |'air ou résidant dans des zones ou la fluorose est
endémique, on constate une élévation de la teneur des urines en
fluorures.

Effets sur les mammiféres de laboratoire et les
systemes d’épreuve in vitro

Chez des rats recevant des fluorures par voie orale pendant des
périodes allant de 3a5semaines, diverses études ont mis en évidence
des effets au niveau du squelette consistant en une inhibition de la
minéralisation et de la formation du tissus osseux, un retard dans la
guérison des fractures ainsi qu’ une réduction du volume osseuxet de
la synthese du collagéne. Des études a moyen terme au cours
desquelles des souris ont recu pendant 6 mois une eau de boisson
contenant des fluorures & une concentration supérieure a4,5mg/kg de
poids corporel,ontrévélé les effets suivants : anomalies du remodel age
osseux, mégal ocytose hépatique, néphrose, minéralisation du myo-
carde, nécrose ou dégénérescence des tubes séminiferes dutesticule.

Une étude de cancérogénicité trés compl éte au cours de laquelle
des groupes de rats F344/N et des souris B6C3F, des deux sexes ont
recu pendant 2 ans une eau de boisson contenant jusqu’a 79 mg/litre
de fluorure de sodium, n’arévélé aucune augmentation significative,
dans!l’unet|’autre groupe, del’incidence des tumeurs, quellesqu’ elles
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soient. On a bien observé une tendance statistiquement significative
a I’accroissement des ostéosarcomes chez les males lorsqu’on
augmentait I’ exposition au fluorure,mais |’ incidence restait cependant
dans les mémes limites que chez |l es témoins historiques.

Une autre étude de cancérogeénicité de 2 ans a été effectuée sur
des rats Sprague-Dawley, qui ont été exposés par voiealimentaire ades
doses quotidiennes defluorures allant jusqu’ a 11,3mg/kg p.c.; aucune
augmentation statistiquement significative n’ a été relevée dans!’inci-
dence des ostéosarcomes ou d’autres tumeurs. Il existe une autre
étude, qui fait état d’un accroissement de I'incidence des ostéo-
sarcomes chez des souris qui avaient recu des doses quotidienne de
fluorures allant jusqu’ a 11,3mg/kg p.c., mais les résultats sont difficiles
ainterpréter car les animaux étaient infectés par un rétrovirus de type
C.

Enregle générale, les fluorures n’ ont pas d’ action mutagéne sur
les cellules procaryotes. On amontré qu’ils augmentaient la fréquence
des mutations au niveau de certains locus dans des cellules de
lymphome murin etdes cellules lymphobl astoides humaines en culture,
mais ces mutations ne semblent pas étre des mutations ponctuelles et
sont probablement plutét dues a des |ésions chromosomiques. Les
fluorures ont des effets clastogénes sur divers types de cellules. On
pense que cette activité clastogéne s explique par un effet sur la
synthése ou la réparation de I’ADN, plutét que par une interaction
directe avec cette molécule. Dans la plupart des études au cours
desquelles des fluorures ont été administrés par voie orale a des
rongeurs, on n'a relevé aucun effet sur la morphologie des sperma-
tozoides, ni sur la fréquence des aberrations chromosomiques, des
micronoyaux, des échanges entre chromatides-soeurs ou des ruptures
des brins de I'ADN. On a toutefois observé des lésions
cytogénétiques auniveaude lamoelle osseuseainsique des anomalies
affectant la morphologie des spermatozoides lorsque ces substances
étaient administrées par voie intrapéritonéal e a des rongeurs.

Des études récentes au cours desquelles des animaux de
laboratoire ont regu des fluorures ajoutés a |l eur eau de boisson, n’ ont
pas mis en évidence d’ effets sur lareproduction ou le dével oppement.
Des anomalies histopathologiques ont cependant été relevées au
niveau des organes reproducteurs chez des lapins males qui avaient
regu par voie orale pendant 18 & 29 mois une dose quotidienne de 4,5
mg de fluorures par kg de poids corporel, chez des souris males
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soumises quotidiennement pendant 30 jours a une dose orale de
fluorures supérieure ou égale a 4,5 par kg p.c. ainsi que chez des
lapines qui en avaient recu pendant 100 jours une dose quotidienne
supérieure ou égale a10 mg/kg p.c.administrée par voie sous-cutanée.
Des effets génésiques indésirables ont également été observés chez
des souris femelles aqui on avait administré parvoie orale unedosede
fluorures supérieure ou égale a 5.2 mg/kg p.c. 6 a 15 jours aprés
I”accouplement ainsi quechezdes lapinsméales qui en avaient regu une
dose quotidienne supérieure ou égale a 9.1 mg/kg p.c. pendant 30
jours.

Effets sur ’'Homme

Les études épidémiol ogiques consacrées auxeffets des fluorures
sur la santé humaine concernent |I’exposition professionnelle des
travailleurs, notamment ceux qui sont affectés a la production de
I"aluminium, ainsi que |’ exposition des populations consommant de
I” eau fluorée. Un certain nombre d’ études d’ épidémiol ogie analytique
portant sur des travailleurs exposés a des fluorures de par leur pro-
fession, font ressortir une augmentation de I’ incidence des cancers du
poumon et de lavessie ainsi qu’un accroissement de la mortalité due
aces cancers ou ades tumeurs d’ autre localisation. Il n'y atoutefois
généralement pas de tendance cohérente et dans certaines de ces
études |’ augmentation constatée de la morbidité et de lamortalité par
cancer peut étre attribuée a I’exposition des travailleurs a d’autres
substances que les fluorures.

Un grand nombre d’ études épidémiologiques ont été menéedans
denombreuxpays pour étudierlarelation entre laconsommation d’ eau
fluorée et la morbidité ou la mortalité par cancer. Il n’existe aucune
preuvesolided’ unlienentre laconsommationd’ eauréglementairement
fluorée une augmentation de la morbidité ou de la mortalité dues au
cancer.

Les effets des fluorures sur I’émail dentaire peuvent étre béné-
fiques mais également nocifs. La prévalence des caries dentaires est
inversement proportionnelle a la teneur de I'eau de boisson en
fluorures. La prévalence de la fluorose dentaire est en rapport étroit
avec cette teneur, avec une relation dose-réponse positive.
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On continue & observer des cas de fluoroseosseuseliésala con-
sommation d’eau a forte teneur en fluorures. Un certain nombre de
facteurstels que |’ état nutritionnel, lerégime alimentaire, le climat (qui
influesurlaprisede liquides), une exposition concomitante & d’ autres
substances et un apport de fluorures provenant d’ autres sources que
I” eau de boisson jouent, semble-t-il, un réle important dans|’ apparition
decette maladie. Des cas de fluorose osseuse peuvent survenir parmi
les travailleurs que leur profession expose a des concentrations
élevées de fluorures aéroportés, mais on n'a guére obtenu
d’'informations nouvelles a ce sujet.

Lesrésultats d'un certain nombre d’ études écologiques incitent
apenser qu'il existe un lienentre laconsommation d’ eau fluorée et les
fractures du col du fémur. Ces conclusions ne sont pas confirmées par
d’autres travaux notamment par |’ analyse épidémiologique du prob-
Ieme. Dans certains cas, on a méme constaté un effet protecteur des
fluorures contre ces fractures.

Deuxétudes permettent d’ évaluer | e risque defracture pour toute
une gamme d’ apports en fluor. Lapremiére amontré que lerisquerelatif
de fractures detoute nature ainsi que de fracture du col du fémur était
élevé dans des groupes consommant de |'eau dont la teneur en
fluorures était $1,45 mg/litre (apport total $6,5 mg/jour); la différence
atteignait | e seuil de signification statistique pourle groupe dont I’ eau
de boisson avait une teneur en fluorures $4,32 mg/litre (apport total
14 mg/jour). Dans |'autre étude, on a observé un accroissement de
I"incidencedes fractures indépendant deladosedansun grouped’ age
constitué de femmes exposées auxfluorures par |’ eau qu'’ elles consom-
maient.

Selon les études épidémiol ogiques, rienn’indique que laconsom-
mation d’eau fluorée par les femmes enceintes augmente le risque
d’avortement spontané ou de malformations congénitales. D’ autres
études épidémiologiques portant sur des travailleurs exposés de par
leur profession n’ont pas décelé de véritable preuve d’ effets géno-
toxiques ou systémiques au niveau du systeme respiratoire, des
organes hématopoiétiques, du foie ou du rein qui puisse étre
directement attribué al’ exposition aux fluorures en tant que telle.
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Effets sur les autres étres vivants au laboratoire et
dans leur milieu naturel

Laprésencedefluorures alaconcentration de 100 mg/litre n’a pas
affecté la croissance bactérienne ni la capacité de dégradation de
boues activées mesurée par la demande chimique d’ oxygene. La CEg,
relative al’inhibition delanitrification bactérienne a été trouvée égale
1218 mg de fluorures/litre. La CE;, a 96 h relative ala croissance des
algues a été trouvée égale a 123 mg/litre pour les algues d’ eau douce
et a81 mg/litre pour les algues marines.

LesvaleursdelaCLg,a48h pourlesinvertébrés aquatiques vont
de 53 a 304 mgl/litre. Les invertébrés d’ eau douce les plus sensibles
sont le sphéridé Musculium transversum avec une mortalité
statistiqguement significative (50 %) observée a la concentration de
2,8 mg de fluorures par litre lors d’ une étude de 8 semaines, ainsi que
plusieurs phryganes (dulgaquicoles; famille : hydropsychidés) pour
lesquelles les valeurs « sans danger » de la concentration (CE;; a
8760 h) vont de 0,2 a 1,2 mg/litre. L’ artémia (Artemia salina) a été
I espéce marine la plus sensible observée. Lors d’un test de 12 jours
avec renouvellement statique de I’ eau, on a constaté une réduction
statistiquement significative de la croissance a la concentration de
5,0 mgl/litre.

Les valeurs de la CLg, 296 h pour divers poissons d’eau douce
vont de 51 mg/litre (truite arc-en-ciel, Oncorhynchus mykiss) a
460 mg/litre (épinoche a trois épines, Gasterosteus acul eatus). Dans
tous les tests de toxicité aigué a 96 h, on a trouvé des valeurs
supérieures a 100 mg/litre pour les poissons de mer. Il existe une
corrélation négative entre la toxicité des fluorures minéraux pour les
poissons d’ eau douce et la dureté de I’ eau (carbonate de calcium) et
une corrélation positive entre cette toxicité et la température. Les
symptémes d’une intoxication aigué par les fluorures consistent
notamment en |éthargie, mouvements violents et erratiques et mort.
Lors detests de 20 jours avec renouvellement statique de |’ eau, on a
trouvéune CEg,de 2,7 44,7 mg/litre pour latruite arc-en-ciel. On estime
que la concentration « sans danger » (CL,, aduréeinfinie) est de 5,1
mg/litre pour latruite arc-en-ciel et de 7,5 mg/litre pour latruite brune
(truite d’ Europe, Salmo trutta). A des concentrations $3,2 (effluents)
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ou $3,6 (fluorure de sodium) de fluorure par litre, I’ éclosion des oeufs
delacarpeindienne Catla catla a étéretardéede 1 a2 h.

Les études éthol ogiques effectuées enriviére (eau douce) sur des
saumons coho adultes (Oncorhynchussp.) montrent qu’ une modifica-
tion de la composition chimique des eaux consistant a augmenter la
concentration en fluorures pour la faire passer a 0,5 mg/litre peut avoir
un effet négatif sur la migration; les saumons en migration sont
extrémement sensibles aux variation de composition chimique de leur
riviére d’ origine. Au laboratoire, les fluorures semblent avoir des effets
toxiques sur les processus microbiens a des concentrations qui sont
celles des sols dont la pollution fluorée est modérée; de méme, I’ accu-
mulation de matiéres organiques dans les zones situées au voisinage
d’ usines de production d’' aluminiumest attribuée a uneforteinhibition
de I’ activité microbienne par les fluorures.

C’est au niveau des jeunes tissus en développement des arbres
feuillus et des aiguilles de coniféres en phase d’ allongement que |’ on
a le plus de chances de constater des signes de phytotoxicité fluor-
otique (fluorose) tels que chlorose, nécrose et réduction du rythme de
croissance. Le déclenchement de la fluorose a été clairement mis en
évidence en laboratoire, en serre ainsi que lors d’ essais control és sur
des parcelles expérimentales de plein champ. Une proportion impor-
tante des articles publiés au sujet de latoxicité des fluorures pour les
plantes portent sur lafumigation des serres avec du fluorure d’ hydro-
gene. La nécrose foliaire a été observée pour lapremiére fois sur des
plants de vigne (Vitis vinifera) exposés a des concentrations de 0,17
et 0,27 ug/m°, au bout de 99 et 83 jours respectivement. Ladoselaplus
faible produisant un effet nécrotique observabl e (65% des feuilles) sur
leglaieul agrandes fleurs (Gladiolusgrandiflorus) a été trouvée égale
40,35 ng de fluorure par m®. Les fluorures aéroportés peuvent égale-
ment avoir un effet sur |’ apparition des maladies végétales, mais la
nature et I’ampleur de cet effet dépendent du couple plante-germe
pathogéne en cause.

Plusieurs études de bréve durée portant sur des cultures en
solution nutritive ont permis de déterminer le seuil detoxicité del’ion
fluor, qui se situerait dans les limites approximatives de 50 a
2000 pmol/litre. La spécificité toxicologique observée n’'est pas
uniquement fonctiondel’ especevégétal e, elle dépend également de la
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nature des ions fluor en cause; ainsi, certains fluorures complexes
d’aluminiumprésents dans des cultures en solution nutritive peuvent
serévéler toxiques a des concentration de 22-357 pmol defluorure par
litre, alors que le fluorure d’ hydrogene est toxique auxconcentrations
de 71-137 umol/litre. Quelques études ont été consacrées a des cas
d’exposition aux fluorures présents dans le sol. Elles ont permis de
déterminer que la fixation et la toxicité potentielle de ces substances
dépendait beaucoup de la nature du sol.

Dans le cas des oiseaux, on a obtenu une valeur de 50 mg/kg de
poids corporel pour la DLg, &24 h d’ étourneaux sansonnets (Sturnus
vulgaris) &gés de 1 jour et de 17 mg/kg p.c. chez des oisillons de
16 jours. Le taux de croissance a été sensiblement réduit aux doses de
13 et de 17 mg de fluorure par kg p.c.(doses les plus fortes auxquelles
ont a mesuré letaux de croissance). La plupart des premiers travaux
consacrés aux mammiféres portent sur les ongul és domestiques. On a
ainsi observé des cas de fluorose chez des bovins et des ovins. La
dose aimentaire la plus faible ayant causé un effet sur des ongulés
sauvages a été déterminéedans le cadre d’ une étude contrdl ée sur des
cerfsde Virginie en captivité (Odocoileusvirginianus); il s’ agissait de
I apparition de tachetures sur I’ ensemble des incisives des animaux a
partir de 35 mg/kg de nourriture.

On amontré queles usines de production d’aluminium, de phos-
phates et d'engrais, les briquetteries, ainsi que les usines de
production de fibres de verre constituaient toutes des sources de
pollutionfluorée et qu’il existait une corrélation entre leur présence et
les dommages constatés sur la végétation du voisinage.L’étude dela
végétation située au voisinage d'une usine de production de
phosphore a montré quel’ ampleurdes dommages infligés aux plantes
et la concentration en fluorures dans le sol étaient inversement
proportionnelles a la distance de l'installation. La concentration
moyenne des fluorures allait de 281 mg/kg dans les secteurs ou la
végétation était tres endommagée, a 44 mg/kg dans les zones ou les
dommages étaient moindres; sur le site témoin, la concentration des
fluorures était de 7 mg/kg. Dans des communautés végétal es situées
aproximitéd’ uneusine de production d’ aluminium, on a constaté des
différences de composition et de structure dues en partie a des
variations dans latoléranceau fluor. |1 est toutefois a noter que, dans
la nature, I'un des principaux problémes qui se posent pour
I"identification des effets de la pollution fluorée tient a la présence
d’autres polluants atmosphériques qui jouent de réle de variables de
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confusion. La prudencedoit donc étre de regle lors de I’ interprétation
des nombreuses études consacrées a la pollution fluorée dans
I’ environnement naturel.

Les premiéres observationsd’ effets de lapollutionfluoréesur des
mammiféres ont été faites danslecadre d’ études deterrain consacrées
a des animaux domestiques tels que les bovins et les ovins. Les
fluorures peuvent passer chezl’animal apartir de la végétation, du sol
et de I'eau qu'il boit. Les niveaux de tolérance pour les animaux
domestiques se situent a 30 mg par kg de nourriture ou a 2,5 mg/litre
d’ eau de boisson pour les animaux laitiers. Les incidents dont ont été
victimes des animaux domestiques avaient pour origine soit des
sources naturelles comme les éruptions volcaniques ou la nature
géologique du sol, soit des sources anthropogéniques, telles que
I’administration au bétail de suppléments minéraux ou la présence
d’'industries responsables d’émissions de fluorures et de centrales
électriques. Les symptbmes constatés consistent en émaciation,
raideur des articulations et anomalies des dents et du squel ette. Parmi
les autres effets, on peut citer unebaissedelaproduction delait et des
effets nocifs sur la capacité de reproduction des animaux. La
concentration alimentaire la plus faible ayant causé une fluorose chez
des cervidés sauvages était égale a 35 mg/kg. L es études consacrées
aux effets du fluor sur la faune sauvage concernent son action sur
I"intégrité de la denture et du squelette. Au voisinage des usines de
production d’aluminium, les effets de lapollution fluorée se traduisent
par de laboiterie et une atteinte | ésionnelle des dents.

Evaluation des risques pour I'Homme et des effets
sur I'environnement

Les effets des fluorures sur lasanté humaine peuvent étre positifs
ou négatifs avec un faible écart entre les doses correspondantes. Il
existe une exposition importante a I’ ensemble des sources de fluor,
parmi lesquelles les aliments et I’ eau de consommation.

On posséde peu de données qui permettraient de caractériser les
relations dose-réponse concernant les divers effets indésirables. En
particulier,les données relatives al’ exposition totale auxfluorures sont
peu nombreuses, notamment concernant I’ apport et |’ absorption.

247



EHC 227: Fluorides

Les effetsles plus graves résultent d’ une accumulation de fluor
dans le squelette par suite d’une exposition excessive et de longue
durée et ils se traduisent par une ostéopathie non maligne, en parti-
culierunefluoroseosseuseavec tendance aux fractures. Des données
en provenance de Chine et du sous-continent indien montrent a
I”évidence que la fluorose osseuse et I’augmentation du risque de
fractures se manifestent lorsque la dose totale de fluor atteint
14 mgl/jour et on est fondé a penser que pour un apport fluoré
supérieur aenviron 6 mg/jour, le risque defracture est déja augmenté.

Dansles eaux douces, laconcentration naturelle des fluorures est
généralement inférieure au seuil de toxicité pour les organismes aqua-
tiques. Ces derniers peuvent cependant souffrir de la proximité de
décharges anthropogéniques. La toxicité des fluorures dépend de la
dureté del’ eau.

Il existe un risque pour les espéces végétales sensibles qui
poussent a proximité des sources anthropogéniques de fluorures. La
libération de ces substances dans |’ environnement a partir de telles
sources cause des dégats a la végétation terrestre locale, mais il est
difficile de savoir quelle est lapart des seuls fluorures dans ces effets,
card’ autres polluants sont égal ement présents dans |’ atmospheére.Les
fluorures sont habituellementfortementadsorbés auxparticules du sol.
Il en résulte que les plantes fixent relativement peu de fluorures par
cette voie et que le lessivage est minime.

Laconcentration en fluorures dans la végétation au voisinagede
diverses sources d'émission comme les usines de production
d’aluminium, peut étre supérieure au seuil de toxicité alimentaire pour
les mammiféres déterminé par I’ expérimentation animale. On observe
des cas de fluorose parmi les animaux domestiques. |l existe des
régionsoul’on signale encore des problémes de fluorosedans le bétail
aquil’ondonne des suppléments minérauxet une eau de boisson riche
en fluor. En outre, I’ utilisation prolongée d'engrais phosphatés con-
tenant des impuretés fluorées fait courir un risque d’intoxication aux
animaux qui broutent dans des paturages contaminés ou ingérent de
laterre polluée. Des effets due a une intoxication par le fluor, tels que
boiterie et Iésions dentaires, s’ observent également chez des mam-
miféres sauvages vivant a proximité de sources d’ émission anthropo-
géniques.
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Résumé et Conclusions

Conclusions

Tousles étres vivants sont exposés aux fluorures provenant de
sources naturelles ou anthropogéniques. L' apport en fluor est trés
important dans les régions du monde ou I’ environnement estriche en
cet élément et ou I’ Homme consomme |’ eau de sources souterraines a
forteteneuren fluorures. L’ exposition peut étre encore plusimportante
a proximité de sources d'émission ponctuelles. La fluoration des
produits d’ hygiéne dentaire constitue pour beaucoup de gens une
source supplémentaire d’ exposition.

Les effets des fluorures peuvent étre bénéfiques ou indésirables
et I’ écart entre les doses correspondantes est étroit.

Des effets sur les dents et les os peuvent s’ observer a des doses
inférieures a celles qui produisent des effets indésirables spécifiques
sur d’ autres organes ou tissus.

Chez I’'Homme, les effets surles os (fluoroseosseuseet tendance
aux fractures) sont considérés comme les plus significatifs pour
I”évaluation des effets indésirables d’une exposition prolongée aux
fluorures.

La fluorose osseuse est une maladie invalidante qui touche des
millionsde gensdansdiverses régionsd’ Afrique,de Chineet del’Inde
et dont les conséquences sanitaires et socio-économiques sont tres
importantes.

La principal e cause de fluoroseosseuseendémique est |” absorp-
tion de fluorures présents dans |’ eau de boisson et les aliments. Dans
certaines régions, I'utilisation de charbon riche en fluor comme
combustible a I’intérieur des habitations est également une source
importante d’ exposition.

On ne possede guére de données a partir desquelles estimer
I’ exposition totale aux fluorures ou leur biodisponibilité et les docu-
ments relatifs ala caractérisation de leurs effets indésirables contien-
nent un certain nombre d’incohérences.
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Il apparait clairement,alalumiére des données en provenance de
Chine et du sous-continent indien, que la fluorose osseuse et la
tendance auxfractures semanifestent pour des doses total es de 14mg
de fluorure/jour et on est incité & penser qu'a partir d environ
6 mg/jour, lerisque d’ atteinte osseuse est d’ ores et déja augmenté.

Une exposition excessive aux fluorures biodisponibles constitue
un risque pour lafaune et |a flore aguatiques et terrestres.

On peut utiliser les espéces fluoro-sensibles comme sentinelles
pour attirer |’ attention sur les dangers dus a la présence de fluorures
dans |’ environnement.

Une meilleure connaissance de I’accumulation des fluorures par

les étres vivants est nécessaire et il faut égal ement déterminer comment
surveiller et réduire cette accumulation.

Il convient de mieux caractériser les effets biologiques de
I exposition aux fluorures.
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Este documento se centraen la exposicion en el medio ambiente
alos fluoruros derivados fundamental mente de fuentes inorgénicas y
sus efectos en las personas, los animales y otra biota. Contienedatos
sobre el fluoruro de hidrégeno, el fluoruro de calcio, el fluoruro de
sodio, el hexafluoruro de azufre y los silicofluoruros, puesto que se
considera que estos compuestos son |os fluoruros inorganicos mas
importantes, teniendo en cuenta el volumen de las emisiones en el
medio ambiente, las concentraciones en éste y los efectos
toxicol 6gicos en |os organismos vivos.

Identidad, propiedades fisicas y quimicas y métodos
analiticos

El fluoruro de hidrégeno (HF) es un liquido o gas incoloro picante
muy soluble en disolventes organicos y en agua, con la que forma
acido fluorhidrico. El fluoruro de calcio (CaF,) es un solido incoloro
relativamente insoluble en aguay &cidosy bases diluidos. El fluoruro
de sodio (NaF) esun sélido entre incoloro y blanco moderadamente
soluble en agua. El hexafluoruro de azufre (SFy) es un gas inerte
incoloro einodoro ligeramente soluble en agua y facilmentesoluble en
etanol y en bases.

El procedimiento méas comun utilizado para cuantificarlaconcen-
tracion de aniones fluoruro libres es el electrodo selectivo de iones
fluoruro. Se considera que las técnicas de microdifusion sonlos méto-
dos mas exactos de preparaci 6n de muestras (es decir, laliberacionde
fluoruro iénico a partir de compl ejos organicos e inorganicos).

Fuentes de exposicion humana y ambiental

Los fluoruros se liberan en el medio ambiente de manera natural
através delameteorizaciony disolucion de minerales, las emisiones de
volcanes y los aerosoles marinos. También se liberan a través de la
combustién del carbén y las aguas industriales y los desechos de
diversos procesosindustrial es, en particularlafabricacion de acero, la
produccion primaria de aluminio, de cobrey de niquel, la elaboracion
deminerales defosfato,laproducciény uso defertilizantes fosfatados,
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lafabricacién devidrio, ladrillos y cerdmicay laproduccion de colay
adhesivos. La utilizacién de plaguicidas que contienen fluoruros, asi
como la fluoracion del abastecimiento de agua potable contribuyen a
la emision de fluoruros a partir de actividades humanas. Segun |os
datos disponibles, la obtencién y uso de minerales de fluoruro, asi
como la fabricacién de aluminio, son las principales fuentes indus-
triales de emisiones de fluoruros en el medio ambiente.

El fluoruro de hidrégeno es un producto industrial importante que
se utiliza fundamentalmente en la produccién de criolita sintética
(NagAlFy), trifluoruro de aluminio (AlF;) y los aquilatos y los cloro-
fluorocarburos de la gasolina para motores, con un consumo anual
mundial superior a un millén de toneladas. Se utiliza también en el
tratamiento quimico de los dispositivos semiconductores, la limpieza
y el tratamiento quimico del vidrio, la limpieza de los ladrillos y del
aluminioy el curtido de pieles, asi como en | os anticorrosivos comer-
ciales. El fluoruro de calcio se utiliza como fundente en la produccion
de acero, vidrio y esmalte, como materia prima parala produccion de
acido fluorhidrico y fluoruro de hidrégeno anhidro y como electrolito
enlaproduccionde aluminio. El fluoruro de sodio se utilizaen lafluor-
acion controlada del agua de bebida, como conservante en lacola, en
laproduccion de vidrio y esmalte, como fundente en la producciénde
acero y aluminio, como insecticiday como conservante de |la madera.
El hexafluoruro de azufre se utiliza ampliamente en diversos
componentes electronicosy en la produccion de magnesio y aluminio.
El &cido hexafluorosilicico (H,SiFg) y el hexafluorosilicato disddico
(Na,SiFy) se utilizan para la fluoracién de los sistemas de abasteci -
miento de agua potable.

Transporte, distribucién y transformacion en el
medio ambiente

Losfluorurossepueden encontrar en |la atmosfera en forma gase-
osa o particulada. Los fluoruros atmosféricos pueden recorrer largas
distancias transportados por el viento o por turbulencias atmosféricas,
o eliminarse mediante deposicion himeday secao hidrélisis. No cabe
esperar de los compuestos de fluoruro, con la excepcion del hexa-
fluoruro de azufre, una permanencia prolongada en latroposfera o su
desplazamiento hacia la estratosfera. El hexafluoruro de azufre tieneun
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tiempo de permanencia en la atmésfera que oscilaentre 500y varios
miles afios.

El transporte y la transformacion de los fluoruros en el agua
dependen del pH, ladureza del aguay la presencia de materiales inter-
cambiadores de iones, como laarcilla. Los fluoruros se suelen trans-
portar a través del ciclo hidrolégico formando complejos con el alu-
minio.

El transporte y la transformacion de los fluoruros en el suelo
dependen del pH y de la formacion de complejos, sobre todo con el
aluminio y el calcio. La adsorcion a la fase solida del suelo es mas
fuerte con un pH ligeramente &cido (5,5-6,5). No esfacil su lixiviacion
del suelo.

La absorcion de los fluoruros por la biota depende de la via de
exposicion,de su biodisponibilidad y de lacinéticade absorcion/excre-
cién del organismo. Ciertabiota acuaticay terrestre bioacumula fluor-
uros solubles. Sin embargo, no se encontré informacién relativa a la
bioamplificacién de los fluoruros en las cadenas alimentarias acuética
o terrestre.

Las plantas terrestres pueden acumular fluoruros a través de la
deposicion de particulas suspendidas en el aire y la absorcién del
suelo.

Niveles ambientales y exposicion humana

Los niveles de fluoruros en las aguas superficiales varian en
funcion del lugar y delaproximidad afuentes de emision. Las concen-
traciones en aguas superficiales generalmente oscilan entre 0,01 y
0,3mg/l. El aguamarina contiene mas fluoruros que el agua dulce, con
concentraciones que van de 1,2 a1,5 mg/l. Se han registrado niveles
mas altosde fluorurosen zonas cuyas rocas natural es los contienen en
una elevada proporcion, y seobservan con frecuencia niveles altosde
fluoruros inorganicos en regiones con actividad geotérmica o
volcénica (p. g., 25-50 mg/l en fuentes termales y géiseres y hasta
2800 mg/l en ciertos lagos del valle del Rift, en la regién oriental de
Africa). Las descargas de origen humano pueden provocar también un
aumento de su concentracion en el medio ambiente.
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Los fluoruros suspendidos en el aire se encuentran en forma
gaseosay particulada, procedentes de fuentes tanto naturales como
humanas.Estosfluoruros emitidoscomo materia gaseosay particulada
se suelen depositar en las proximidades de la fuente de emision,
aunque algunas particulas pueden reaccionar con otroscomponentes
de la atmosfera. La distribucion y deposicion de los fluoruros
suspendidos en el aire dependen de la intensidad de la emisién, las
condiciones meteorol 6gicas,eltamafio delas particulas y lareactividad
guimica. En zonas no situadas en las inmediaciones de las fuentes de
emision, las concentraciones medias de fluoruros en el aire son
generalmenteinferiores a0,1ug/m>.Los niveles pueden ser ligeramente
mas altosen las zonas urbanas que en las rural es; sin embargo, incluso
en las proximidades de |as fuentes de emisién los niveles de fluoruros
suspendidos en el aire no suel en ser superiores a2-3ug/m°. En algunas
zonas de China donde se utiliza carbon con un contenido elevado de
fluoruros como fuente de combustible, se han notificado concentra-
ciones de fluoruros en el aire de hasta 6 ug/m°.

Los fluoruros forman parte de la mayoria de los tipos de suel os,
con concentraciones totales de entre 20 y 1000 pg/g en zonas sin
depdsitos naturales defosfatoso fluorurosy de hasta varios miles de
Mg por gramo en suelos minerales con depésitos de fluoruros. Los
fluoruros gaseosos y particulados suspendidos en el aire tienden a
acumularse en la capa superficial del suelo, pero pueden desplazarse
por toda la rizosfera, incluso en suelos calcéreos. La retencién de
fluoruros en el suelo depende fundamentalmente del contenido de
arcillay carbono organico, asicomo del pH del suelo. Losfluorurosdel
suelo estan asociados fundamentalmente con su fraccién coloidal o
arcillosa. En todos los tipos de suelos, |os fluoruros biol 6gicamente
importantes paralas plantas y los animales son los solubles.

Los organismos acuaticos pueden absorber fluoruros
directamente del agua o en menor medidaatravés delosalimentos. L os
fluoruros tienden a acumularse en el exoesqueleto o en el tejido dseo
de los animales acuéticos. Se han registrado concentraciones medias
de fluoruros > 2000 mg/kg en el exoesqueleto del krill; las concentra-
ciones medias de fluoruros en los huesos de mamiferos acuéaticos,
como focasy ballenas, oscilan entre 135y 18 600 mg/kg de peso seco.

Las concentraciones defluorurosen labiotaterrestre son superi-
ores en las zonas con niveles de fluoruros mas elevados procedentes
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de fuentes naturales y humanas. Con frecuencia se han utilizado
liquenes como bioindicadoresdefluoruros. En losliquenes que crecian
en un radio de 2-3 km de las fuentes de emisién se determinaron
concentraciones medias de fluoruros de 150-250 mg/kg, en
comparacién con un nivel de fondo < 1 mg de fluoruros/kg.

La mayor parte de los fluoruros presentes en el suelo son insol-
ubles y, por consiguiente, estan menos disponibles paralas plantas.
Sin embargo, factores como una concentracién alta de fluoruros en el
suelo o un pH bajo y la presencia de arcilla y/o materia organica
pueden aumentar sus niveles en solucién, aumentando |a absorcién a
través delasraices delas plantas. Si se absorben fluoruros através de
las raices, sus concentraciones son con frecuencia mas altas en éstas
que en los brotes, debido a su baja movilidad en la planta. La mayor
parte de los fluoruros se introducen en los tejidos de las plantas en
forma de gases por los estomas y se acumulan en las hojas. Pueden
entrar en la planta pequefias cantidades de fluoruros particulados
suspendidos en el aire a través de la epidermis y la cuticula. Se ha
vigilado de cerca la vegetacion de las proximidades de fuentes de
emision de fluoruros de origen humano. Se ha observado unacorrela-
cién entrela concentracion de fluoruros en lavegetacion y losincre-
mentosdel crecimiento anual, |as caracteristicas del viento, ladistancia
delafuente de fluorurosy la concentracién de fluoruro de hidrégeno
en |as emisiones aéreas.

Los fluoruros se acumulan en el tejido 6seo de |los vertebrados
terrestres, en funcion defactores como la alimentacion y la proximidad
de las fuentes de emision. Por ejemplo, se han registrado concen-
traciones medias de fluoruros de 7000-8000 mg/kg en los huesos de
pequefios mamiferos en las cercanias de una fundicion de aluminio.

Los fluoruros son ubicuos en el medio ambiente; por ello, esfre-
cuente que las fuentes de aguade bebida |l os contengan por |o menos
en pequefias cantidades. Lacantidadde fluoruros presentes de manera
natural en el agua potable no fluorada (es decir, agua de bebida a la
cual no se han afiadido deliberadamente fluoruros para prevenir la
caries dental) es muy variable, dependiendo del entorno geoldgico
concreto de procedencia del agua. Los niveles pueden alcanzar hasta
unos 2,0 mg/l; sin embargo, en las zonas del mundo con fluorosis
endémica del esqueleto y/o los dientes bien documentada, las
concentraciones de fluoruros en la red de abastecimiento de agua
potable van de 3amas de 20 mg/l. En zonas con aguapotabl e fluorada
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(es decir, con adicién deliberada de fluoruros parala prevencién dela
caries dental), laconcentracionde fluorurosen ellageneralmente oscila
entre 0,7y 1,2 mg/l.

Préacticamente todos | os productos alimenticios contienen por lo
menos cantidades infimas de fluoruros. Se observan concentraciones
elevadas en |os peces. Las hojas de té son particularmente ricas en
ellos; lacantidad en el té en infusién depende de |a concentracion de
fluoruros solubles en las hojas de té, del nivel de fluoruros en el agua
utilizadaen su preparaciony del tiempo de permanencia delas hojas en
el agua. La concentracion de fluoruros en los productos alimenticios
no aumenta de manera significativa por el uso de fertilizantes
superfosfatados, que contienen concentraciones importantes defluor-
uros (1%-3%) como impurezas, en las tierras agricolas, debido a queel
coeficiente de transferencia del suelo al material de las plantas es
generalmente bajo. Sin embargo, un estudio reciente parece indicar
que, en condiciones apropiadas del suelo y con la aplicacion de
suficientes fluoruros como impurezas en los fertilizantes fosfatados,
puede aumentar la absorcién de fluoruros por las plantas. El uso de
aguaderiego con niveles relativamente bajos (< 3,1 mg/l) defluoruros
en los cultivos no suele aumentar sus concentraciones en los
productosalimenticios. Sin embargo, esto depende de la especie de la
plantay de las concentraciones de fluoruros en el suelo y el agua. El
nivel de fluorurosen los alimentos depende sobre todo del contenido
de fluoruros del agua utilizada en su preparacién o elaboracion, sobre
todo en las bebidas y los productos alimenticios secos - por ejemplo,
las preparaciones en polvo paralactantes - a los cual es se aflade agua
antes del consumo. Las concentraciones de fluorurosen losalimentos
no lavados o no elaborados en las cercanias de fuentes industriales
(emisiones) de fluoruros pueden ser superiores a las de los mismos
adimentos cultivados en otras zonas no industriales. En las prepara-
ciones infantiles disponibles en el comercio en los Estados Unidos, los
concentrados a base de soja listos para el consumo y liquidos
contenian niveles de fluoruros superiores a los de los productos
lacteos equivalentes; sin embargo, no se observé una diferencia
significativa entre |las preparaciones infantiles en polvo abasede soja
y deleche. Sehan detectado fluorurosen laleche materna, habiéndose
notificado niveles comprendidosentre < 2y aproximadamente 100 pg/I,
con lamayoriadelos valores situados en el intervalo de 5 a 10 pg/l.
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Los datos disponibles sobre la concentracion de fluoruros en el
aire de espacios cerrados son limitados. En los Paises Bajos, las
concentraciones de fluorurosgaseosos eran de <2a49 pg/m°en el aire
del interiorde cinco viviendas construidas con madera tratada con un
conservante que contenia un 56% de fluoruros. En China, se han
notificado concentraciones de hasta 155 pg/m® en muestras de aire
recogido en el interior de viviendas donde se utilizaba como com-
bustible carb6n que contenia concentraciones elevadas de fluoruros.

Los productos dentifricos para adultos presentes en el mercado
de muchos paises suelen contener fluoruros en concentraciones
de 1000 a 1500 pg/g; algunos productos infantiles contienen niveles
mas bajos, de 250 a 500 ug/g. Se han identificado productos dental es,
por ejemplo pasta de dientes, colutoriosy suplementos de fluoruros,
como fuentes importantes de éstos. Los enjuagues bucales
comercializados para uso doméstico cotidiano suelen contener
entre 230 y 500 mg de fluoruros/l, mientras que los colutorios
destinadosaun uso semanal o quincenal suel en contener 900-1000 mg
de fluoruros/I.

Aunque es probable que laexposicion individual al fluoruro sea
muy variable, la inhalacion de fluoruros suspendidos en el aire
generalmente representa una contribucion de escasaimportanciaala
ingestatotal de esta sustancia. En adultos, la via principal deingesta
de fluoruros es el consumo de productos alimenticios y agua de
bebida. En las zonas del mundo en las cuales se utiliza carb6n con un
alto contenido de fluoruros en la calefaccion y la preparacion de los
alimentos, la inhalacion del aire interno y el consumo de productos
alimenticios con niveles altos de fluoruros también contribuyen a
aumentar la ingesta. Los lactantes alimentados con preparaciones
reciben 50-100 veces mas fluoruros que los que se nutren exclusiv-
amente con leche materna. La ingestion de dentifrico por los nifios
pequefios representa una contribucion importante a su ingestatotal.
En general, laingesta estimada de fluoruros en nifios y adolescentes
no sobrepasalos2mg/dia. Aunque las personas adultas pueden tener
una ingesta diaria absoluta mas alta de fluoruros en mg, la ingesta
diaria de fluoruros por los nifios, expresada en mg por kg de peso
corporal, puede ser superior aladelos adultos. Se hanotificado que
en ciertas zonas del mundo en las cuales laconcentracién de fluoruros
en el ambiente circundante puede ser sumamente alta y/o donde el
régimen alimenticio se basa en productos que los contienen en
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abundancia, se estimé una ingesta de fluoruros en adultos de hasta
27 mg/dia, siendo la fuente principal el agua de bebida obtenida de
fuentes freéticas situadas en zonas geol 6gicas ricas en fluoruros.

Probablemente seproduce exposicién ocupacional alosfluoruros
por inhalacién o contacto cutaneo en las personas que trabajan con
equipo de soldadura o en la elaboracion del aluminio, el mineral de
hierro o el de fosfato. En estudios relativamente recientes se
notificaron concentraciones de fluoruros suspendidos en el aire del
cuarto de crisoles delas fundiciones de aluminio del orden de 1 mg/m®.

Cinética y metabolismo en el ser humano y en
animales de laboratorio

Enlas personasy losanimales delaboratorio, el paso delosfluor-
uros ingeridos a la circulacion general se produce fundamental mente
enel estdmago y el intestino y depende de la solubilidad acuosarela-
tiva de la forma consumida. Los fluoruros solubles se absorben casi
completamente del tracto gastrointestinal; sin embargo, el grado de
absorcion sepuede ver reducido por laformacion de complejos con el
aluminio, el fésforo, el magnesio o el calcio. En funcién de la solubili-
dady del tamafio delas particul as,la absorcion delosfluoruros gaseo-
sos y particuladosdel tracto respiratorio puede ser parcial o completa.

Los fluoruros se distribuyen rapidamente por la circulacion sis-
témicaal aguaintracelulary extracelularde los tejidos; sin embargo,en
las personas y los animales de laboratorio, los huesos y los dientes
retienen alrededor del 99% de la carga corporal total de fluoruros. En
los dientes y el tejido esquelético, los fluoruros se incorporan al
reticulo cristalino.

Los fluoruros atraviesan la placentay pasan de la madre al feto.
Se eliminan del organismo fundamentalmente en la orina. En los
lactantes, seretiene alrededor del 80%-90% deladosis de fluoruros;en
los adultos, la cifra correspondiente es de alrededor del 60%. Estos
valores pueden verse modificados por alteraciones del flujo urinario y
el pH delaorina

Hay fluoruros presentes en los 6rganos, los tejidos y los fluidos
del cuerpo. Las concentraciones de fluoruros en la sangre entera de
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personas residentes en una comunidad de los Estados Unidos que
recibia agua de bebida fluorada eran de 20 a 60 ug/l. La concentracion
media en el plasmade 127 personas con 5,03 mg de fluoruros/| en su
agua de bebida era de 106 + 76 (SD) pg/l. El suero y el plasma
contienen practicamente la misma cantidad de fluoruros. Las concen-
traciones més altas de fluoruros en |os tejidos calcificados se suelen
dar en el hueso, ladentinay el esmalte. La concentracion de fluoruros
en los huesos varia con la edad, el sexoy el tipoy parte especifica de
hueso y seconsidera que corresponde auna exposicion prolongadade
la personaalosfluoruros. Laconcentracion de fluoruros en el esmalte
dental disminuyeexponencial mentecon ladistancia desde lasuperficie
y varia en funcion del lugar, el desgaste superficial, la exposicion
sistémica y la exposicion a los fluoruros de aplicacion externa. La
concentracion defluorurosen lostejidosblandos estarelacionadacon
ladelasangre. Los niveles de fluoruros en la orina de los individuos
sanos dependen de su ingesta. Se han registrado aumentos de la
concentracion de fluoruros en la orina en personas tras la exposicion
ocupacional afluoruros suspendidos en el aire y entrelos residentes
en zonas asociadas con fluorosis endémica.

Efectos en mamiferos de laboratorio y en sistemas
de ensayo in vitro

En varios estudios con ratas tratadas con fluoruros por via oral
durante periodos de tres a cinco semanas se observaron en el
esqueleto efectos como una inhibicion de la mineralizacién y la
formacion de los huesos, retraso en la curacién de las fracturas y
reduccion del volumen de hueso y lasintesis de colageno. En estudios
de duracién media con ratones tratados con fluoruros en el agua de
bebida (> 4,5mg/kg de peso corporal al dia) durante un periodo de seis
meses se observd una remodelacion alterada de los huesos,
megalocitosis hepética, nefrosis y/o degeneracion de los tubulos
seminiferos de | os testicul os.

En una biovaloracién amplia de la carcinogenicidad con grupos
deratas F344/N y ratones B6C3F, macho y hembra alosque seadmin-
istré en el agua de bebida una concentracién de hasta 79 mg de fluor-
uros/l en forma de fluoruro de sodio durante un periodo de dos afios
no se observé un aumento estadisticamente significativo de la
incidencia detumores en ninguno delosgrupos expuestos. Se detecto
una tendencia estadisticamente significativa al aumento de la
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incidencia de osteosarcomas en ratas macho con la exposicién
creciente al fluoruro. Sin embargo, la incidencia quedaba dentro del
margen de | os testigos historicos.

En otra biovaloracion de la carcinogenicidad de dos afios con
ratas Sprague-Dawley expuestas a concentraciones de hasta
11,3 mg/kg de peso corporal al dia con los alimentos tampoco se
observé un aumento estadisticamente significativo de los
osteosarcomas u otros tumores. Otro estudio, en el que senotificé un
aumento de laincidencia de osteomas en ratones que recibieron hasta
11,3 mg/kg de peso corporal a dia, esdificil de interpretar, porque los
animal es estaban infectados por un retrovirus de tipo C.

En general, los fluoruros no son mutagénicos en células procari-
Gticas. Aunque sehademostrado que en cultivosde células de linfoma
deraton y linfoblastoides humanas | osfluorurosaumentan la frecuen-
ciade mutacionesenloci especificos, estas mutaciones probablemente
sedeben maés al dafio cromosdmico que a mutaciones puntuales. Seha
demostrado también que | os fluoruros son clastogénicos en diversos
tipos de células. EI mecanismo de la clastogenicidad sehaatribuido al
efecto de losfluorurosen laformacién de proteinas queintervienen en
la sintesis y/o reparacion del ADN, més que a la interaccion directa
entre los fluoruros y el ADN. En la mayoria de los estudios en los
cuales se administraron fluoruros por via oral aroedores, no se obser-
varon efectos en la morfologia del esperma o en la frecuencia de
aberraciones cromosdmicas, micronucleos, intercambio decromatidas
hermanas o rotura de la cadena del ADN. Sin embargo, se notificaron
dafios citogenéticos en lamédula ésea o alteraciones en la morfologia
de las células esperméticas cuando se administraba la sustancia a
roedores por inyeccion intraperitoneal.

En estudios recientes con animales de laboratorio a los que se
administraba fluoruro en el agua de bebidano se observaron efectos
reproductivos o en el desarrollo. Sin embargo, se han notificado cam-
bi os histopatol 6gicosen los 6rganos reproductivos de conejos macho
tratados (por viaoral) con 4,5 mg de fluoruros/kg de peso corporal al
dia durante 18-29 meses, de ratones macho tratados (por viaoral) con
$ 4,5 mg de fluoruros/kg de peso corporal al diadurante 30 diasy de
conejos alos que se administraron porinyeccion subcutanea $ 10 mg
de fluoruros/kg de peso corporal al dia durante 100 dias. Se han
notificado efectos adversos en la funcion reproductiva de ratones
hembra tratados (por viaoral) con $ 5,2 mg de fluoruros’kg de peso
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corporal al dia durante los dias 6-15 después del apareamiento y de
conejos macho tratados (por viaoral) con $ 9,1 mg defluoruros/kg de
peso corporal al diadurante 30 dias.

Efectos en el ser humano

En las investigaciones epidemioldgicas sobre los efectos de los
fluorurosen lasalud humanase hanexaminado trabajadores expuestos
en el lugar de trabajo empleados fundamentalmente en laindustria de
lafundicion del aluminio y poblaciones consumidoras de agua potable
fluorada. En algunos estudios epidemiol 6gicos analiticos de trabaja-
dores expuestosen el lugar de trabajo afluoruros, sehadetectado una
mayor incidencia de cancer de pulmény de vejigay un aumento de la
mortalidad debida al cancer de estos y otros érganos. En general, sin
embargo, no sehaobservado unapautauniforme; en algunos de estos
estudios epidemiol égicos, el aumento de la morbilidad o la mortalidad
debidas al cancer se puede atribuir ala exposicién delostrabajadores
a sustancias distintas de los fluoruros.

Se haexaminado en un gran nimero de estudios epidemiol 6gicos
realizados en numerosos paises larelacion entre el consumo de agua
potable fluorada y la morbilidad o la mortalidad por cancer. No hay
pruebas convincentes de una asociacion entre el consumo de agua
potable fluoradacontroladay el aumento de la morbilidad o la mortali-
dad por cancer.

Los fluoruros tienen efectos tanto beneficiosos como
perjudiciales en el esmalte dental. La prevalencia de la caries dental es
inversamente proporcional alaconcentracién de fluoruros en el agua
potable. La prevalencia de lafluorosis crénica estd muy asociada con
la concentracién de fluoruros, con una relacidon dosis-respuesta
positiva.

Sesiguennotificandocasosdefluorosis esquel éticaasociadacon
el consumo de agua potable que contiene niveles elevados de
fluoruros. Se considera que algunos factores, como el estado
nutricional y el régimen alimenticio, el clima (en relacion con el
consumo de liquidos), la exposicidn simultdneaaotras sustanciasy la
ingesta de fluoruros de fuentes distintas del agua de bebida,
desempefian una funciéon importante en la aparicion de esta
enfermedad. La fluorosis esquelética puede aparecer en trabajadores
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ocupacionalmente expuestos aconcentraciones elevadas de fluoruros
suspendidos en el aire; sin embargo, s6lo se ha encontrado
informacion nueva limitada.

Algunas pruebas obtenidas en varios estudios ecoldgicos
parecen indicar que podria haber una asociacion entre el consumo de
agua fluorada y las fracturas de cadera. Sin embargo, otros estudios,
incluidas algunas investigaciones epidemiol 6gicas, no respaldan esta
conclusion. En algunos casos se ha notificado un efecto protector de
los fluoruros en las fracturas.

Hay dos estudios que permiten evaluar el riesgo de fracturateni-
endo en cuenta una serie de ingestas de fluoruros. En un estudio, los
riesgos relativos de todas las fracturas y de la fractura de cadera eran
elevados en los grupos que utilizaban agua de bebida con $ 1,45 mg
de fluoruros/l (ingesta total $ 6,5 mg/dia); esta diferencia alcanzo
significacion estadisticapara el grupo expuesto al agua de bebida con
$ 4,32 mg de fluoruros/I (ingestatotal, 14 mg/dia). En el otro estudio se
observé un aumento no dependiente de la dosis de la incidencia de
fracturas en un grupo de edad de mujeres expuestas a fluoruros en el
agua de bebida.

Segun los estudios epidemiolégicos, no hay pruebas de una
asociacién entre el consumo de aguade bebidafluoradapor las madres
y el aumento del riesgo de aborto espontaneo o malformacién congén-
ita. Otras investigaciones epidemiol dgicas de trabajadores expuestos
en el lugar de trabajo no han proporcionado pruebas razonables de
efectos genotdxicos o efectos sistémicos en |os sistemas respiratorio,
hematopoyético, hepético o renal que puedan ser directamente atribu-
ibles alaexposicién en si alos fluoruros.

Efectos en otros organismos en el laboratorio y en el
medio ambiente

El fluoruro no afecté al crecimiento o ala capacidad dereduccion
de la demandaquimicade oxigeno deloslodos activados a concentra-
ciones de 100 mg/l. La CEg, paralainhibicion de latasade nitrificacion
bacterianafue de 1218 mg de fluoruros/I. LaCEg,a las 96 horas, basada
en el crecimiento, para algas de agua dulce y marinas fuede 123y 81
mg de fluoruros/I, respectivamente.
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LaClLg,alas 48 horas parainvertebrados acuaticos fue del orden
de53a304mg/l. Losinvertebradosde agua dul ce més sensibles fueron
Musculium transversum, habiéndose observado una mortalidad
estadisticamente significativa(50%) a una concentracién de 2,8 mg de
fluoruros/l en un experimento de flujo continuo de ocho semanas, y
varias especies de insectos de agua dulce de la familia
Hydropsychidae, con «concentraciones inocuas» (CEy, a las
8760horas) del orden de 0,2 a 1,2 mg de fluoruros/l. La especie marina
mas sensible sometidaaprueba fue la artemia (Artemia salina). En una
prueba estaticacon renovacion de 12dias, se produjo un trastorno del
crecimiento estadisticamente significativo con 5,0 mg de fluoruros/I.

LaCLg,a las 96 horas para |os peces de agua dulce oscil 6 entre
51 mg/l (trucha arco iris, Oncor hynchus mykiss) y 460 mg/l (espinoso,
Gasterosteus aculeatus). Todas las pruebas de toxicidad aguda
(96 horas) en peces marinosdieron resultados superiores al00mg/l. La
toxicidad del fluoruro inorganico paralos peces de agua dul ce parece
tener una correlacion negativa con ladureza del agua (carbonato de
calcio)y positivaconlatemperatura. Entre | os sintomas deintoxicacion
aguda por fluoruros cabe mencionar el | etargo, el movimiento violento
einciertoy lamuerte. En pruebas estéticas con renovacionlaClLg,alos
20 dias paralatruchaarcoiris oscil6 entre 2,7y 4,7 mg de fluoruros/I.
Se han estimado «concentraciones inocuas» (CLyo €n un ndmero
indeterminado de horas) paralatruchaarco irisy el reo (Salmo trutta)
de 5,1y 7,5 mg de fluoruros/l, respectivamente. A concentraciones
$ 3,2 (efluente) o $ 3,6 (fluoruro de sodio) mg de fluoruros/l, la
eclosion de loshuevosdel pezcatla (Catla catla) se retraso 1-2 horas.

L os experimentos sobre comportamiento realizados en el salmon
del Pacifico adulto (Oncorhynchussp.) en rios de aguas blandas indi-
can que los cambiosen laquimicadel agua, debido a un aumento de la
concentracion defluoruroshasta0,5mg/l, puedeaf ectar negativamente
a la migracién; durante la migracién los salmones son enormemente
sensibles aloscambiosdelaquimicadel agua desusriosdeorigen.En
estudios de laboratorio, los fluoruros parecen ser toxicos para los
procesos microbianos a concentraciones presentes en suelos
moderadamente contaminadosconfluoruros; analogamente, laacumu-
lacion de materia organica sobre el terreno en las cercanias de fundi-
ciones sehaatribuido aunainhibicion grave de laactividad microbiana
por esta sustancia.
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Los signos de fitotoxicidad de los fluoruros inorgéanicos (fluor-
osis) como la clorosis, la necrosis y la disminucion de la tasa de
crecimiento es mas probable que se produzcan en los tejidos jovenes
en expansion de las plantas latifolias y las agujas en fase de alarga-
miento de las coniferas. Lainduccion de fluorosis se ha demostrado
claramenteen experimentosrealizadosen | aboratorios, en invernaderos
y en parcelas de terreno controladas. Se han publicado numerosos
estudios sobre latoxicidad de |l osfluoruros paralas plantas en relacion
con la fumigacion de los invernaderos con fluoruro de hidrégeno. Se
observd por primera vez necrosis foliar en vides (Vitis vinifera)
expuestas a0,17 y 0,27 pg/m°>alos 99y los 83 dias, respectivamente. El
nivel més bajo con efectos observados parala necrosis foliar (65% de
las hojas) en el gladiolo (Gladiolus grandiflorus) fue de 0,35 pg de
fluoruros/m®. Los fluoruros suspendidos en el aire pueden afectar
también al desarrollo de la enfermedad de la planta,aunqueel tipoy la
magnitud delosefectosdependen de lacombinacién especificaplanta-
patégeno.

En varios estudios breves de cultivos en solucion se ha deter-
minado un umbral téxico paralaactividad del i6n fluoruro que oscila
entre alrededor de 50 y 2000 pmoles de fluoruro/l. La toxicidad es
especificano sélo paralas especies de plantas, sino también paralas
especies idnicas de fluoruro; algunos complejos de fluoruro de alu-
minio presentes en cultivosen solucidn pueden ser téxicos con activ-
idades de 22-357 umoles de fluoruro/l, mientras que el fluoruro de
hidrégeno es téxico con actividades de 71-137 umoles de fluoruro/Il. Se
harealizado un pequefio nimero de estudios sobre la exposicion alos
fluoruros a través del suelo. El tipo de suelo puede afectar enorme-
mente alaabsorcion y la posible toxicidad de los fluoruros.

En las aves, laDLg,en 24 horas fue de 50 mg/kg de peso corporal
paralas crias de un dia de estornino (Sturnus vulgaris)y de 17 mg/kg
de peso corporal paralospajaritosde 16dias. Las tasas de crecimiento
registraron unareduccion significativacon 13y 17mg de fluoruros/kg
de peso corporal (las dosis mas altas a las cuales sevigilo el crecimi-
ento). Gran parte del trabajo inicial sobre mamiferos se realizé en
ungulados domesticados. Se ha observado fluorosis en el ganado
bovino y ovino. La concentracién mas baja con los alimentos con
efecto en los ungulados salvajes se obtuvo en un estudio controlado
en cautividad con el venado de cola blanca (Odocoileus virginianus),
en el cual se observd un moteado general de los incisivos
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caracteristico de la fluorosis dental con la dosis de 35 mg/kg de
alimentos.

Sehademostrado que las fundiciones dealuminio, las fébricas de
ladrillos,las fébricas defdsforo y las instalaciones de fertilizantes y de
fibrade vidrio son fuentes de fluoruros que estan en correlacién con
el dafio alas comunidades de plantas locales. En la vegetacion en las
proximidades de una fabrica de fosforo se observé que el grado del
dafio y las concentraciones de fluoruros en el humus del suelo eran
inversamente proporcionales aladistancia de lafébrica.El promedio de
las concentraciones de fluoruros en la vegetacién oscilaba entre
281 mg/kg en las zonas gravemente dafadas y 44 mg/kg en las zonas
menos dafiadas; en una zonatestigo,laconcentracion de fluoruro fue
de 7 mg/kg. Las comunidades de plantas en las cercanias de una
fundicidon de aluminio mostraban diferencias en la composicion y
estructura de la comunidad debido en parte a variaciones en la
tolerancia alosfluoruros. Sin embargo, hay que sefialar que unodelos
principales problemas con la identificacion de los efectos de los
fluoruros en la naturaleza es la presencia de variables confundidoras,
como porejemplo otros contaminantes atmosféricos. Por consiguiente,
se ha de actuar con prudencia a la hora de interpretar |os numerosos
estudios sobre el terreno relativos ala contaminacion por fluoruros.

Las conclusionesiniciales de los efectos de los fluoruros en los
mamiferos procedian de estudios sobre animal es domésticos, como el
ganado ovino y bovino. Los fluorurosse pueden recibir de la vegeta-
cion, el sueloy el agua de bebida. Se han determinado los niveles de
tolerancia para los animales domesticados, siendo los niveles mas
bajosparalas vacas lecheras de 30 mg/kg de pienso o 2,5 mg/l deagua
de bebida. Se han producido incidentes que afectaban a animales
domesticados tanto a causa de fuentes naturales de fluoruros, como
las erupciones volcanicas y la geologia subyacente, como porfuentes
de origen humano, por gemplo los suplementos minerales, las
industrias emisoras de fluoruro y las centrales eléctricas. Entre los
sintomas de la toxicidad por fluoruros cabe mencionar la emaciacion,
larigidezdelas articulacionesy anomalias en dientes y huesos. Otros
efectos son una reduccién de la produccién de leche y efectos
negativos en la capacidad reproductiva de los animales. La
concentracion mas baja de fluoruros en los alimentos que provocé
fluorosis en el ciervo salvaje fue de 35 mg/kg. Las investigaciones
acercade los efectos de los fluoruros en lafloray fauna silvestres se
han concentrado en las repercusiones sobre la integridad estructural
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de los dientesy loshuesos. En las proximidades de las fundiciones se
han observado efectosinducidos por losfluoruros, por ejemplo cojera,
af eamiento dental y dafios en los dientes.

Evaluacion del riesgo para la salud humanay de los
efectos en el medio ambiente

Losfluorurostienen ef ectos tanto positivos como negativos para
lasalud humana, pero el margen entre | as ingestas asociadas con estos
efectos es reducido. Es importantelaexposicion atodas | as fuentes de
fluoruros, en particular el agua debebiday losproductosalimenticios.

Sedisponedepocainformacion para caracterizarlarelacion dosis-
respuestarelativaalosdistintos efectos adversos. Son escasos, sobre
todo, losdatos acerca de la exposicion total, en particular laingestay
la absorcion de fluoruros.

El efecto méas grave es la acumulacion esquel ética de fluoruros
debida a una exposicion excesiva prolongada y sus efectos en las
enfermedades 6seas no neoplasicas, en particular lafluorosis esquel-
éticay lasfracturas 6seas. Hay pruebas claras obtenidas en lalndiay
en Chinade que unaingestatotal de 14 mg de fluoruros/dia provoca
fluorosis esqueléticay un aumento del riesgo de fracturas 6seas y
otras pruebas hacen pensar en un mayor riesgo de efectos 6seos con
unaingesta total superior aunos 6 mg de fluoruros/dia.

En el entorno de agua dulce, las concentraciones de fluoruros
naturales suelen ser inferiores a las supuestamente toxicas para los
organismos acuaticos. Sin embargo, estos organismos podrian verse
af ectados negativamente en | as proximidades de descargas de origen
humano. Latoxicidad de los fluoruros depende de la dureza del agua.

Las especies de plantas sensibles que crecen cerca defuentes de
fluoruros de origen humano estan expuestas ariesgos. La emision de
fluoruro de fuentes humanas estd asociada con dafios para las
comunidades de plantas terrestres locales, pero con frecuencia es
dificil atribuir estos efectosexclusivamentealosfluoruros,debido ala
presencia de otros contaminantes atmosféricos. Los suelos suelen
adsorber fuertementelosfluoruros. En consecuencia, la absorcién por
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las plantas medianteestaviaes relativamentebajay lalixiviacion delos
fluoruros através del suelo minima.

Las concentraciones de fluoruros en la vegetacion cercana a
fuentes de emisién, como las fundiciones de aluminio, pueden ser
superiores ala concentracion mas baja con efecto por viaalimentaria
notificada para |os mamiferos en experimentos de laboratorio. Se ha
notificado fluorosis en animal es domesticados. Todavia hay algunas
zonas que notifican incidentes de fluorosis en el ganado bovino
debido al consumo de suplementos mineralesy aguade bebida con un
contenido elevado de fluoruros. Ademas, existe un posible riesgo de
ingestion de pastosy suelo contaminados por fluoruros debido al uso
prolongado de fertilizantes fosfatados que contienen fluoruros como
impureza. Se han notificado efectos inducidos porlosfluoruros,como
cojeray dafios en los dientes, en mamiferos salvajes de |as cercanias
de fuentes humanas.

Conclusiones

Todos los organismos estan expuestos a fluoruros de fuentes
naturales y/o humanas. Se han observado ingestas muy elevadas en
zonas de todo el mundo donde abundan losfluorurosen la naturaleza
y donde las personas utilizan agua freaticacon un contenido elevado
de fluoruros como aguade bebida. Podria haber una mayor exposicion
enlas cercanias de fuentes puntuales. L os fluoruros delos productos
dental es son una fuente adicional para muchas personas.

Los fluoruros tienen efectos tanto beneficiosos como
perjudiciales en la salud humana, con un margen de ingesta reducido
entre ambos.

Se pueden observar efectos en los dientesy en el esqueleto con
exposiciones inferiores a las asociadas con la aparicion de otros
efectos adversos parala salud especificos de 6rganos o tejidos.

Se considera que los efectos en los huesos (por gjemplo, la
fluorosis esquelética y las fracturas) son los resultados mas
importantes en la evaluacion de | os efectos adversos dela exposicion
prolongada de | as personas a |l os fluoruros.
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La fluorosis esquelética es una discapacidad invalidante que
afecta amillones de personas en diversas regiones de Africa, Chinay
lalndia, con repercusiones importantes parala salud publicay socio-
econdmicas.

Laingestiondefluoruroscon el aguay losproductos alimenticios
es el factor causal primordial de lafluorosis esquel ética endémica. En
algunas regiones, lacombusti6n en recintoscerradosde carbén con un
contenido elevado de fluoruros puede contribuir asimismo como una
fuente importante.

Hay pocos datos paraestimar la exposicion total alos fluoruros
y su biodisponibilidad, y se han detectado contradicciones en los
informes sobre la caracterizacion de sus efectos adversos.

Hay pruebas convincentes obtenidas en la India y en China de
que una ingesta total de 14 mg de fluoruros/dia produce fluorosis
esquelética y un mayor riesgo de fracturas Gseas, y pruebas que
parecen indicar un mayorriesgo de efectos 6seos con ingestas totales
superiores a unos 6 mg de fluoruros/dia.

Unaexposicion excesivaafluorurosbiodisponiblesrepresentaun
riesgo paralabiota acuaticay terrestre.

Se pueden utilizar especies sensibles a los fluoruros como
indicadores afin de identificar sus peligros para el medio ambiente.

Es necesario mejorar |os conocimientos sobre la acumulacion de
fluoruros en los organismosy sobre su vigilanciay control.

Se deben caracterizar mejorlos efectos biol 6gicos asociados con
la exposicion alos fluoruros.
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