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Abstract—This review summarizes literature data on pathways of inorganic fluoride intake to the
plant, animal and human organisms, its metabolism, distribution and accumulation in the organism,
the fluoride forms in biological tissues, toxic effects of fluoride on physiological and reproductive
functions of living organisms of different phylogenetic groups, as well as clinical symptoms of
insufficient and excessive intake of fluoride in human organism.
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INTRODUCTION

Effect of inorganic fluoride on living organ-
isms attracts a great interest of researchers. First,
for the long time fluoride was considered one of
the microelements essential for the human normal
physiological development and life activity. Ac-
cording to recommendation of the World Health
Organization, fluoride concentration in drink-
ing water preventive for dental and gingival dis-
eases should be 0.7—1.2 mg/I; therefore, starting
from the early 1940s, many countries introduced
supplementation of the drinking water, milk, salt,
food additives, medications, dental products with
fluoride compounds [1, 2]. The medical society
considers water fluoridation one of the most con-
siderable public health achievements of the XX
century along with the food pasteurization, water
purification, and immunization against infectious
diseases. Besides, the fluoride ability to stimulate
the bone tissue re-calcification underlies applica-
tion of its preparations for osteoporosis treatment,
although the results of such treatment are contra-

dictory due to multiple side effects and dosage in-
stability [3].

However, recently such wide use of fluoride, es-
pecially fluoridation of the drinking water, raises
the intensive scientific and political debates and
numerous protests of human population [1]. In-
deed, no clinical disorders due to fluoride defi-
ciency were described, and the reliable proofs for
fluoride necessity for the human life activity or
evidence for its biochemical role in organism are
absent. To some degree this is explained by that
the wide distribution of fluoride in environment
makes it difficult the “pure” experiment, whereas
in the case of human it is impossible for ethic rea-
sons; therefore, it is extremely difficult to prove
that fluoride is a vitally essential element for liv-
ing organisms (like, for instance, Cu, Co, Zn). On
the contrary, the toxic fluoride effects on human
health are well known. In the regions with high
content of fluoride in environment, its chronic ex-
cessive intake to the human and animal organisms
leads to development of fluorosis, an endemic dis-
ease characterized by pathological alterations in
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the structure of tooth and bone tissues [4—6]. In
the developed countries the risk of toxic fluoride
effect on the human health increases due to un-
controlled consumption of fluoridated water and
fluoride-containing food supplements and dental
products [1, 3]. Moreover, due to high reactive ca-
pacity of fluoride the level of its toxicity for living
organisms is even higher than that, for example,
of lead, while the threshold between safe and toxic
doses was not determined.

Second, inorganic fluoride compounds (HF,
NaF, CaF,, sodium hexafluorosilicate Na,SiFg,
hexafluorosilicic acid H,SiFg, etc.) are widely
used in industry and agriculture; as a result, the
anthropogenic contamination of environment
with fluoride-containing compounds can increase
fluoride concentrations in the biogeocenoses up
to toxic levels. The coal and fuel burning results
in the 10—20-fold increase of fluoride content in
the air. In rivers and coastal sea waters the fluo-
ride concentration rises 10—100 times due to waist
of contaminated water from factories produc-
ing metals (especially aluminum), glass, bricks,
phosphate fertilizers, etc. The waist of fluoridated
drinking water also increases 5 times the fluoride
concentration in the rivers-recipients. Phosphate
fertilizers, insecticides, and pesticides are the main
sources of fluoride contamination of soil and agri-
cultural products. Monitoring of conditions of the
water and terrestrial ecosystems has shown that
the soluble fluoride compounds are accumulated
in plants and animals and induce development of
various pathologies, as well as cause the negative
effect on human health [6—11].

The goal of the present work was to summarize
the currently accumulated data on pathways of in-
take, distribution, and accumulation of inorganic
fluoride in living organisms, its metabolism, phys-
iological role, and toxic effects on humans and
animals.

INTAKE, ACCUMULATION,
AND METABOLISM OF FLUORIDE
IN ORGANISM

Intake of fluoride into plant and animal organ-
isms. Fluoride enters plants predominantly from
air through stomata on the leave surface, epider-
mis, and cuticle, and accumulate it in cell walls
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[10]. The fluoride accumulation by roots is insig-
nificant, although it is substantially elevated after
addition of phosphate fertilizers [6]. The animal
organism consumes fluoride from water and to
the lesser degree from the plant food and accumu-
lates it in the calcified structures—exoskeletons of
invertebrates and bone and tooth tissues of verte-
brates [9, 11].

Intake of fluoride into the human organism. Con-
sumption of fluoride by the human organism oc-
curs from multiple sources and depends on the diet
peculiarities [7, 8, 12—15]. The content of fluoride
in the majority of fruits, vegetables, and meat is
insignificant (0.1—5 mg/kg). The exceptions are
sea fish (6—27 mg/kg) and some kinds of tea (up
to 200 mg/kg). Therefore, the main source of fluo-
ride intake for human organism is drinking water.
Adult human consumes, on average, 0.5—1.0 mg
F per day with food products and 2.0—3.0 mg with
water containing 1 mg F/1. On the whole, the daily
fluoride consumption by the human organism var-
ies from less than 0.01 mg for infants to 2.1 mg for
children, and 2.5—4.0 mg for adults. However, the
consumption of up to 27 mg per day is not rare for
the humans living in the regions with high fluoride
content in environment. The fluoride concentra-
tion increases considerably (up to 100 times) in
the agricultural products cultured in vicinity of in-
dustrial fluoride sources, in the regions of intense
use of phosphate fertilizers or irrigation with water
with fluoride concentration of more than 10 mg/1,
as well as in the process of food cooking in water
with high fluoride concentration [8, 15]. The en-
trance of fluoride into the human organism can
increase due to consumption of bottle water from
underground sources, fluoridated milk, salt, food
supplements [1, 2, 5].

Another source of significant fluoride entrance
into the human organism is the stomatological
products. The fluoride compounds at a concen-
tration of 500—1500 mg/1 are present in the tooth-
paste, mouth rinses, chewable tablets or drops
for caries prevention. The professional dental gel
contains 5000—24000 mg F/1, the preparations for
osteoporosis treatment—50—100 mg F/1[1, 2, 3].

The risk of excessive fluoride entrance to the
organism through respiration or skin contact ex-
ists for the workers of industrial factories (alumi-
num, phosphate ore, etc.) [16, 17]. High fluoride
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concentrations in the air, causing negative effects
on the human health, are observed in the regions
where coal is used for heating [7].

Absorption. The experiments with laboratory
animals and observations on humans have shown
that the main pathway of fluoride intake into the
organism is its absorption from gastrointestinal
tract [12]. The fluoride ions from soluble com-
pounds (NaF, HF, Na,PO;F) are absorbed prac-
tically completely. He presence of food and some
two- and three-valent cations (Al, Mg, Ca), form-
ing insoluble compounds with fluoride, consid-
erably delay or decrease the fluoride absorption.
Thus, if fluoride is consumed as tablets on empty
stomach, its bioavailability is almost 100% and ab-
sorption reaches the peak after 30 min; if the same
dose is consumed with a glass of milk, its bioavail-
ability decreases to 70%, while with the calcium-
enriched food—to 60% [18, 19].

Fluoride not absorbed in stomach is rapidly ab-
sorbed in small intestine [12]. A small amount of
fluoride (to 7%) can be absorbed from mouth [20].
Fluoride in gas form is partially or completely ab-
sorbed from the respiratory pathways, while insol-
uble fluoride particles are deposited in bronchioles
and nasal cavities and can also be absorbed with
time [21]

Mechanisms of fluoride transport across cell mem-
branes. The transmembrane migration of fluoride
ions in the epithelial cells of mouth, stomach, and
urinary bladder, as well as fluoride reabsorption by
the renal tubule cells are pH-dependent processes
and occur by the way of non-ion diffusion in the
form of non-dissociated HF acid [12]. The ex-
periments with artificial lipid bilayers have shown
that HF by its permeability coefficient is close to
that of water, which is higher, on average, million
times than that for fluoride ions [22]. However,
the fluoride absorption by cells of the rat small in-
testine is insensitive to luminal pH, which suggests
the existence of a membrane carrier responsive for
cotransport of F~ and H' or exchange of F~ and
OH~ [23]. The studies on human erythrocytes
showed that fluoride ions could be transported via
anion exchanger [24].

Blood. After entering an organism, approxi-
mately 80—90% of fluoride is absorbed for one
hour from the gastrointestinal tract to blood [12].
The fluoride concentration in the blood plasma
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reaches maximum for 20—60 min, then it rapidly
declines by usually reaching the basic level for 3—6
h. The mean fluoride concentration in the blood
plasma of healthy adults when measured after star-
vation correlates directly with its content in drink-
ing water [25]. Thus, fluoride concentration in
the blood plasma of human consuming water with
1 mg F/1 (52.6 uM) varies from 0.5 to 1.5 uM/I.
Deviations from this ratio depend on differences
in the rates of fluoride clearance by kidneys, rela-
tive accumulation by bone tissue, and age; it can
be lower in children and young people and higher
in elderly people [26]. The fluoride concentration
in the cord blood is ~75% of that in the mother
blood, and the fluoride is rapidly accumulated in
fetus calcified tissues and teeth [27].

Distribution in organs and tissues. Fluoride is
rapidly spread from plasma into intracellular and
extracellular fluids, tissues, and organs [12]. Ex-
periments with radioactive fluoride have shown
that its intracellular concentration depends on pH
gradient and is by 10—50% lower than in blood
plasma, but changes simultaneously and propor-
tionally to that in plasma [38]. The content of
fluoride in specialized fluids (cerebrospinal fluid,
saliva, milk) is by 50% lower than in plasma, but is
proportional to that in plasma. The fluoride con-
centration equilibrium between plasma and well-
vascularized organs (heart, lungs, and liver) is
achieved faster than between plasma and skeletal
muscles, skin, and other organs.

Excretion of fluoride from an organism by kidneys.
On average, approximately 50% of fluoride con-
sumed by an organism every day is effectively ex-
creted with urine through kidneys [12]. In healthy
individuals the renal fluoride clearance (complete
clearance of the blood from given substance) is
significantly higher (35—45 ml/min) than that of
chlorine, iodide, and bromide (1—2 ml/min) [29].
The organism fluoride clearance depends on the
functional kidneys mass, the glomerular filtration
rate, and urine pH; for example, in patients with
abnormal renal function and the decreased level of
glomerular filtration, as well as in the aged people,
when the number of normally functioning neph-
rons decreases, the plasma fluoride content rises.

Accumulation of fluoride in bone tissue. Approxi-
mately 50% of fluoride absorbed daily by healthy
humans of the middle age are reversibly incorpo-
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rated into calcified tissues for 24 h, with the uptake
of fluoride by bone tissue even exceeding that of
calcium [12, 13]. As a result, about 99% of fluoride
accumulated by an organism during life are accu-
mulated in bones, teeth enamel and dentine, the
rest of fluoride is distributed between highly vas-
cularized soft tissues and blood. The fluoride dis-
tribution reflects the individual long-term fluoride
consumption and is oppositely proportional to the
age and stage of skeleton formation. In children,
up to 75% of the daily consumed fluoride are ac-
cumulated in skeletal tissue; in adults this value
decreases to 60%, whereas in elderly people this
process shifts toward excretion.

FORMS OF FLUORIDE IN BIOLOGICAL
TISSUES

The work [30] was the first to describe two fluo-
ride fractions in the blood plasma—the “exchange-
able” fluoride that easily exchanges with radioac-
tive fluoride !3F and is easily available for diffusion
in the form of HF and the “non-exchangeable”
fluoride that is not available for exchange or dif-
fusion and whose content can be measured only
after sample burning. Further chromatographic
study of the human blood plasma with radioactive
fluoride (13F) showed the absence of the organic
fluoride (covalently, by C—F bond, connected
with proteins) in the blood plasma [31]. Thus,
the animal tissues contain only various forms of
the inorganic fluoride: (1) ionic fluoride in the
form of free ions, which can be measured by ion-
selective electrodes, (2) non-ionic fluoride in the
forms of complexes such as: (a) HF at low pH
values; (b) fluoride bound with metal ions (Ca?™,
Mg2*t, Fe3*t, AT, etc.); (c) fluoride absorbed or
complexed on the mineral-organic sediments, for
example, in saliva; d) inorganic fluoride incorpo-
rated into apatite elements of bones and teeth. All
these inorganic fluoride fractions can be trans-
formed into ionic inorganic fluoride and their
content can be measured [32].

Organic fluoride compounds in the living or-
ganisms are quite rare, and the biosynthetic path-
ways of transformation of the inorganic into the
organic fluoride currently are unclear. The fluo-
ride ions are weak nucleophiles in the water due
to high capability for hydration, and they are not
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oxidized, like other halogens, by haloperoxidases.
This makes difficult the biosynthesis of organic
fluoride compounds by the way of the C—F bond
formation. Besides, it is not always possible to re-
liably determine whether the given organism syn-
thesizes fluoride-containing compounds or ac-
cumulates them from environment. Several plant
species from the arid Australia and Africa regions
(Gastrolobium spp., Oxylobium spp., Dichapeta-
lum spp., Acacia georginae, Palicourea marcgravii)
have the ability to convert the soluble fluoride ex-
tracted from soil into the organic monofluoroace-
tic acid, an extremely toxic substance representing
danger for herbivorous animals [10]. The seeds of
the African plant Dichapetalum toxicarious con-
tain a series of fluoroorganic metabolites such as
o-fluoro-9.10-dihydroxystearic, monofluorolei-
noic, monofluoropalmitoic, monofluoromiristoil
acids [33]. Two bacterial species Streptomyces cat-
tleya and Streptomyces calvus are able to accumu-
late fluoroorganic metabolites and to synthesize
fluoroacetate and 4-fluorothreonine from inor-
ganic fluoride [34].

The first example of enzymatic formation of
covalent C—F bond was obtained with the mutant
enzymes of glycosyltransferase able to produce
o-fluoroglycosides as temporary intermediate
products of sugar activation by dinitrophenol act-
ing as substrates for glycosylation [35]. However,
only in bacteria S. cattleya [34] there was identi-
fied the only natural enzyme able to convert in-
organic fluoride into the organic one by the way
of biological C—F bond formation. This enzyme—
fluorinase  (5’-fluoro-5’-deoxyadenosine syn-
thase, EC 2.5.1.63)—catalyzes reaction of binding
of fluoride ion and S-adenosyl-L-methionine on
the way of biosynthetic formation of fluoroacetate
and 4-fluoromethionine. In [34], several interme-
diate metabolites with C—F bonds were identi-
fied in vitro; however, it is not clear whether they
might be formed and accumulated in the organ-
ism. At present in tissues of other phylogenetic
animal groups the fluoroorganic metabolites have
not been found.

TOXIC EFFECTS OF FLUORIDE
ON LIVING ORGANISMS

On the whole, the fluoride toxicity rises with
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increase in fluoride concentration in the air or
water, in time of exposure, temperature elevation
(and, respectively, metabolism intensification)
and a decreases in parallel with an increase of wa-
ter hardness due to formation of complexes of flu-
oride with calcium ions and a rise of the organism
species-specific size [9—11].

Microorganisms. The ability of fluoride to sup-
press the life activity of oral flora provided a wide
application of fluoride-containing dental products
for prevention and treatment of oral and gingival
diseases [36]. Fluoride ions inhibit activity of gly-
colytic enzymes thus decreasing ATP synthesis
and suppressing all energy-consuming processes
(for example, gluconeogenesis) in cells. Under
natural conditions, the deposit of atmospheric flu-
oride in the soil (5300 mg/kg) is accompanied by a
decrease in the soil bacterial biomass and activity
of their enzyme systems [37].

Algae and cyanobacteria. Fluoride is able either
to suppress or to intensify growth of populations
of algae and cyanobacteria depending on its con-
centration, time of exposure, and alga species [9,
38, 39]. For example, growth of population of the
cryptomonade Rhodomonas lens in experiments
was stimulated by 20—30% in the presence of
25—100 mg/1 fluoride, whereas the growth of the
dinoflagellate Amphidinium carteri and gaptophite
algae Pavlova lutheriwas suppressed by 25—30% at
a fluoride concentration of 100 mg/l. Some algae
are tolerant even to as high fluoride concentra-
tions as up to 200 mg/I in water. The toxic fluoride
effects include inhibition of respiratory activity,
photosynthesis, and nitrogen fixation, membrane
damage with subsequent release of pigments and
electrolytes.

Lichens. In the vicinity of an aluminum fac-
tory, lichens accumulated 400—600 pg F/g of dry
weight (as compared to less than 10 pug/g in un-
contaminated regions) [40]. The symptoms of
toxic fluoride action include chlorosis, necrosis,
weakening and loss of thalli binding to rocks and
tree bark. The most sensitive to fluoride are fru-
ticose lichens, whose survival decreased to 1%
for 4 years of observations. The majority of foli-
ose lichen species also lost up to 88% of biomass,
whereas crustose lichens were the most resistant
to fluoride action and gradually occupied areas of
dying lichens of other species.
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Higher plants. In areas of anthropogenic con-
tamination, accumulation of fluoride by plants
directly correlates with emission of fluoride-con-
taining compounds to air and produces toxic effect
on plants, especially on young, growing tissues of
foliose plants and needles of coniferous plants.
The features of fluoride toxicity for plants are ex-
pressed in the slowing of growth, development of
chlorosis, necrotic spots, which reduces the effec-
tive photosynthetic leaf area, in a decrease in the
content of photosynthetic pigments and activity
of intracellular enzymes—peroxidase, superoxide
dismutase, ATPase, acid phosphatase [10, 41].

The experiments with a few species of leafy and
coniferous plants have shown that the fluoride
toxicity depends on plant species. The lower HF
concentration inducing 65% necrosis of the leaf
area varied from 0.35 (gladioli Gladiolus gran-
diflorus) to 21.3 pg/m3 (the medicago Medicago
sativa) [42]. The lower HF concentrations induc-
ing needle necrosis in the 2-year old black spruce
(Picea mariana) and the 3-year old white spruce
(P. glauca) were 4.4 pg/m3 and 13.2 p/m3, respec-
tively [43].

Fluoride accumulation by the plants also af-
fects their reproductive functions—a reduction of
the number of flowers (conifers) and a decrease
in the size of seeds. For example, in the region of
industrial pollution with the fluoride on the most
contaminated site (11.4 pg F/m3 of air) the pro-
duction of seeds on the fir (Abies balsamea), black
spruce (P. mariana) and larix (Larix laricina) de-
creased by 76.4%, 87.4% and 100%, respectively
[44]. Gradually, the toxic effects of fluoride on
these tree species led to their replacement by more
tolerant species—birch and alder.

Invertebrates. The extremely high natural fluo-
ride concentrations were found in some species
of Antarctic crustacean [45], for example, exo-
skeleton of euphaside FEuphausia crystallorophias
contained 5477 pg F/g, whereas copepods Cala-
nus propinquus and Euchaeta Antarctica contained
as low as 1.44 and 0.87 ng/g, respectively. Up to
99% of fluoride is concentrated in exoskeleton,
especially intensively during the periods of forma-
tion of a new exoskeleton after moulting, which
some authors consider as a protective mecha-
nisms against fluoride intoxication or the way to
make exoskeleton more rigid due to formation of
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fluoroapatite [9, 45]. Thus, the total fluoride con-
centration in the crab Portunus depurator, shrimps
Crangon vulgaris and Leander serratus, living in
the water contaminated by the aluminum plant
emission (3.4 mg) was 17—18 ng/g of dry weight,
whereas the fluoride level in muscles did not ex-
ceed 3.3 pg/g [46].

The toxicity of fluoride to various invertebrate
species is quite different. In acute (48—96 h) ex-
periment the most sensitive to the toxic fluoride
action were amphipods Hyalella azteca (LCs
14.6 mg/1). The lethality was lower in the may-
fly Hexagenia limbata (LCsy; 32.3 mg/l), fly Chi-
ronomus tentans (LCs, 124.1 mg/l), and daphnia
Daphnia magna (LCy, 282.8 mg/1) [48]. A similar
pattern was observed in the chronic 10—28-day
long experiment for the delay of animal growth.
One more biological parameter described for in-
vertebrates and found to be sensitive to the fluoride
action is fertility of females. In the 90-day long ex-
periment, two amphipod species, Grandidierella
lutosa and G. lignorum, kept in the water with 6.9
mg F/1, produced less eggs by 30% as compared
with control animals [48].

The terrestrial invertebrates inhabiting polluted
soils in the vicinity of industrial fluoride sources
also accumulate fluoride. The highest fluoride
amounts (on average, 110 pg/l) were found in the
organisms of scavengers, such as myriapods and
woodlouses [49]. Representatives of predator spi-
ders (Arachnida: Araneae), opiliones (Arachnida:
Opiliones), earth worms (Oligochaeta), snails
(Gastropoda: Pulmonata), bugs (Insecta: Cole-
optera), and peripods (Arthropoda: Chilopoda)
contained 393, 258, 190, 148, 50, and 48 ug F/g,
respectively. Since the terrestrial invertebrates are
prey for birds and small mammals, they can be one
of the fluoride sources for vertebrate organisms.

Fish. Fluoride accumulation in the fish organ-
ism occurs in the calcified structures, being more
intensive at the early stages of growth [11]. Thus,
the 90-day long experimental exposure of young-
sters of sturgeon Acipenser baerii with 4—62.5 mg
F/1 in water was accompanied by a considerable
fluoride accumulation in the bone tissues (to 3200
mg/kg of dry weight), cartilage (1400 mg/kg), gills
(389 mg/kg), and skin (100 mg/kg), whereas in
liver, intestine, pylorus, and muscles no increase
in fluoride concentration was observed [50]. The
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mugil (Mugil auratus, M. cephalus, and M. labro-
sus) inhabiting areas of waist of fluoride-enriched
waters (2—3 mg/l) contained 4—5 times more flu-
oride in bones and muscles (320 and 14.6 mg/kg of
wet weight, respectively) than the fish inhabiting
waters distant from the fluoride sources (73 and
3.8 mg/kg, respectively) [51].

The toxicological experiments have shown that
rainbow trout is the most sensitive species to fluo-
ride. Thus, LCs, for the rainbow trout Oncorhyn-
chus mykiss in the 480-h long experiment was
2.7—4.7 mg F/1 as compared with 75—91 mg/I for
carp Cyprinus carpio [52]. The symptoms of the
first phase of acute poisoning of fish with fluoride
are manifested as apathetic behavior and partial
lethargy accompanied by anorexia, hypoexcit-
ability, decelerated respiration, skin darkening,
an increase of secretion of mucous membranes,
at the second phase of poisoning the incoherent
helpless movements with the loss of balance are
observed and the death as a consequence of partial
or complete muscle paralysis [11]. The chronic
toxic fluoride action on Danio rerio is manifested
as development of tooth fluorosis: changes in the
structure of enamel-like layer, and an increase in
the content of organic material [53].

Observations on behavior of two salmon species
(Oncorhynchus tshawytscha and O. kisutch) mi-
grating to the river in vicinity of aluminum plant
revealed high lethality and delay of migration at
the water fluoride concentration of 0.3—0.5 mg/1
[54]. However, it is to be noted that the natural
fish populations are adapted to specific fluoride
concentrations in environment. Thus, the healthy
reproducing populations of trout inhabit rivers of
the Yellowstone Park and Nevada lakes, in which
the water fluoride concentration reaches 13—14
mg/l [11].

High fluoride concentrations in water affect re-
production of fish. The hatching of fertilized eggs
of fresh-water fish Catla catla was delayed by 1 and
2 h after an increase in the water fluoride concen-
tration from 3.6 to 7.3—17 mg/1 [55]. The toxic
fluoride effect is manifested in the chaotic move-
ment of embryos inside the eggs, which often re-
sults in the premature break of vitellin membrane,
death of embryo, and immediate yolk coagulation.
The survived embryos often have a deformed skel-
eton [11].
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Amphibians. The toad Bufo melanostictus inhab-
iting the region of fluoride contamination accu-
mulated up to 2736 mg F/kg in bones as compared
to 241 mg/kg in the control region, with a decrease
in the hemoglobin content, the number of eryth-
rocytes, and hematocrit, whereas the erythrocyte
volume increased [56]. Under experimental con-
ditions, the survival of adult R. pipiens individuals
decreased after an increase in the fluoride con-
centration to 50—300 mg/I, at 250 and 300 mg/1
all animals died for 30 days [57]. The tadpoles of
Rana temporaria delayed metamorphosis, while
activity of their thyroid hormones decreased [58].

Birds. Under experimental conditions, the hens
consuming up to 1300 mg F/1 with the diet accu-
mulated fluoride mainly in bones (up to 2600 mg/1)
and to the lesser degree in kidneys (31.8 mg/1),
liver (19.2 mg/l), and muscles (6.7 mg/1) [59].
The maintenance of hens with excess of fluoride
in the water (10 and 14 mg F/I) was accompanied
by a decrease in the food consumption and a de-
crease of bird weight with a rise in weight of skel-
eton [60]. The tolerance limits for egg-laying hens
were found to be 4453 mg F/day for 74 weeks,
for chickens—1.2 g NaF/kg of food or water, for
embryos—400 pug NaF [60, 61]. The lethal doses
for embryos and chickens were 800 pug and 2.4 g
NaF/1 of water, respectively.

The consumption of excessive fluoride amount
leads to disturbance of bird reproduction—a de-
crease of the eggs laying capacity, a reduction of
the weight and size of eggs, deterioration of shell
quality [59]. The eggs of owl Otus asio after pro-
longed consumption of 40 and 200 mg F/kg had
considerably lower volume, weight, and length.
The weight and body length of the bird nestlings
kept on diet with 200 mg F/kg were at hatching by
10% lower as compared to the nestlings of birds on
control diet [62].

Mammals. The small mammals inhabiting an-
thropogenic fluoride sources in the heavily con-
taminated soils accumulate the most consider-
able fluoride amounts in bones. Thus, the fluoride
content in bones of field voles (Microtus agrestis)
and mice (Apodemus sylvaticus) inhabiting near an
aluminum production plant was 910—11 000 pg/g
and 1800—17 200 pg/g, respectively, as compared
to 23—540 pg/g in bones of voles from relatively
uncontaminated regions [63], with the fluoride
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accumulation accompanied by serious tooth dam-
age in these animals. The experimental housing of
field vole (M. agrestis), bank vole ( Clethrionomys
glareolus), and wood mouse (A. sylvaticus) on the
water with 40 or 80 mg F/1 for 84 days resulted in
the premature animal death, whereas teeth of sur-
vived animals had significant morphological al-
terations and damages [64]. The maintenance of
female voles M. agrestis on diet with high fluoride
concentration led to a reduction in the number of
offsprings, a decrease in the size and weight of off-
springs, a rise of newborn lethality; in males of C.
glareolus, high fluoride doses led to a damage of
testicular tissue—epithelium hemorrhage, necro-
sis and apoptosis of epithelium [65, 66].

The consumption of fluoride in carnivores usu-
ally is insignificant, as fluoride is accumulated
predominantly in bones of their preys. Neverthe-
less, the red foxes (Vulpes vulpes) inhabiting holes
of fluoride-contaminated soils accumulated in
bones from 283 to 1650 pg F/g [67]. The chronic
consumption of considerable fluoride amounts
with diet by foxes at fur farms resulted in the fall
of milk production and subsequent lethality of
pups [68]. The survival of adult minks (Mustela
vison) decreased only at a relatively high fluoride
concentration in diet—350 mg/kg [69]; however,
only 14% of the pups survived the 3-week age, the
survived animals and their offsprings having bone
microfractures and radiographic alterations.

Large mammals are often used for monitoring
the environment pollution with fluoride from in-
dustrial sources. Thus, the horns of deer Capreolus
capreolus inhabiting regions of aluminum produc-
tion accumulated from 2070 to 12 000 mg F/kg of
ash (in control 262—277 mg/kg of ash) [70]. 75%
of the studied deer had tooth fluorosis manifested
as defects of dentine and enamel mineralization
(hypomineralization and hypermineralization),
black tooth discoloration, jaw fractures [71]. The
reduced fluoride level in the diet inducing fluo-
rosis-like effects was obtained in the experiments
on the white-tail deer (Odocoileus virginianus), in
which the tooth damage was observed at 35 mg
F/kg; the higher fluoride concentrations also in-
duced hyperostosis of long bones [72].

It is interesting that marine vertebrates whose
ration includes krill, for instance, Antarctic seals
(Leptochynotus weddelli and Lobodon carcinopha-
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gus) and whales (fin whale Balaenoptera physalus)
accumulate considerable fluoride concentrations
(to 6400 and 18 600 mg/kg, respectively) in bones
without any signs of toxicity, while its content in
soft tissues is comparable to that for terrestrial ani-
mals, which seems to be an example of adaptation
of animals to high fluoride concentrations [73,
74].

In some world regions the problem of chronic
excessive fluoride consumption by agriculture
animals is extremely important due to serious loss
in the animal farming. The symptoms of chronic
fluoride intoxication include weight loss, ligament
rigidity, tooth and skeletal fluorosis, as well as the
decreased milk production, reduced reproductive
capacity of the animals. Based on clinical symp-
toms of tooth fluorosis, the tolerance level was
found to be 30—40 mg F/kg of food for the milk
cows and 150 mg F/kg for sheep; for water these
values were 2.5—4.0 mg F/l1 for cows and 12—
15 mg F/1 for sheep [6].

EFFECT OF FLUORIDE ON HUMAN
HEALTH

Acute toxicity. The amount of pure fluoride
considered lethal for human after oral adminis-
tration is 35—70 mg/kg of body weight, which is
equivalent to 5—10 g NaF for the human weigh-
ing 70 kg or 1—-2 g NaF for the child weighing 15
kg [13, 21]. The well-soluble fluoride compounds
(NaF) are more toxic than the insoluble or poorly
soluble ones (CaF,). Symptoms of acute fluoride
intoxication develop rapidly and are characterized
by diffuse abdominal pain, diarrhea, nausea and
vomiting, increased thirst and saliva production,
weakness, and convulsions. Respiratory effects
include hemorrhage, pulmonary edema, tracheal
bronchitis, shortness of breath, damage of gastric
mucosa accompanied by hemorrhage, loss of epi-
thelium, formation of ulcers. Hypocalcemia and
hypercalcemia lead to the cardiac arrest, hypocal-
cemia and inhibition of cell enzymes affect CNS
[21]. Besides, cases of severe damage of respira-
tory organs as well as disturbances in heart func-
tioning and death of workers after accidental skin
contact with hydrofluorotic acid were observed at
industrial workplaces [17].

Tolerance limits. The optimal fluoride amount
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preventing tooth diseases, but not producing side
effects on human health were found to be from
0.01—1 mg/day for the children to 3—4 mg/day for
adults. The upper tolerance limit of human organ-
ism to fluoride is from 0.7—1.3 mg/day for chil-
dren to 6 mg/day for adults [13].

Fluoride deficiency. The consequence of hypo-
fluorosis for organism, often observed at the water
fluoride content of less than 0.5 mg/1 is develop-
ment of tooth caries. The primary cause of this
disease is the life activity of bacterial flora on the
tooth surface [75]. The metabolic activity of bac-
teria induces pH fluctuations to result in deminer-
alization of the hard tooth tissues, an increase in
porosity of tooth enamel and dentine, disturbanc-
es in connection between organic and inorganic
parts of enamel and dentine, heterogeneous tooth
erosion, formation of cavities and cracks, gradual
development of pulpit and periodontal disease.
The fluoride ions prevent solubility of tooth tissues
by incorporation into the mineral enamel struc-
tures, replacement of hydroxyl groups (formation
of fluoroapatite), and a decrease in carbonate con-
tent, thus improving their stability [76]. Moreover,
fluoride suppresses activity of cariogenic bacterial
flora in the mouth, thereby it decreases the mouth
acidity [36].

Recently, there appeared the point of view that
development of caries is not a result of fluoride
deficiency, but depends on several causes includ-
ing peculiarities of diet, hygienic habits, genetic
factors. Therefore, the necessity of wide fluoride
application including water fluoridation raises
certain doubt [1]. Moreover, the review of clini-
cal investigations showed that application of fluo-
ride-containing supplements did not produce any
favorable effects on the milk teeth, although the
preventive importance of fluoride for the health of
constant teeth so far does not cast doubts.

Excess of fluoride. As early as in the first half
of the XX century the clinical observations per-
formed in the arid and volcanic regions with high
fluoride content in environment (India, countries
of the African continent, south of the USA, Cen-
tral Europe, regions of the Black Sea, etc.) have
shown that the chronic excessive fluoride intake to
the human organism is a cause of fluoride intoxi-
cation—fluorosis [4—7]. However, for the last de-
cades due to increasing pollution of environment
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the fluorosis has become a common phenomenon
not only in the countries of hot climate, but also
in the USA, Europe, China, Japan, Argentina. In
the Russian territory the fluorosis is diagnosed in
the Moskoskaya, Tverskaya, Tambovskaya, Ry-
azanskaya, Vologodskaya oblasts, in the Ural,
Mordovia, and Kareliya. The most severe cases of
fluorosis are observed in workers of the factories
mining and processing phosphate ore, aluminum,
chemical fertilizers, pesticides, and fuel, in the re-
gions of intense use of phosphate fertilizers, in the
regions where the coal is used for heating.

There are three types of fluorosis—tooth fluo-
rosis, skeletal fluorosis (affecting bone tissue),
and the associated with it fluorosis of soft tissues.
The most widely distributed and primary form is
the tooth fluorosis that can be separated from the
skeletal fluorosis by the prolonged asymptomatic
period of 10—30 years, during which the bone tis-
sue continuously accumulates fluoride [77, 78].
On the whole, at the optimal water fluoride con-
tent of approximately 1 mg/l, the tooth fluorosis
is observed in 1-2% of population, at 2 mg/l—in
10—12% of population, increasing the water fluo-
ride concentration to 2.4—4.1 mg/I elevates fre-
quency of this disease to 33% [77].

The symptoms of tooth fluorosis include enam-
el damage in the form of white, but at the later
stages yellow or brown, stains. At the high fluoride
concentrations the tooth structure is disturbed—
the enamel becomes porous, the alterations in the
dentin structure resulting in increased fragility,
and erosion of teeth are observed. The fluoride also
facilitates deposition of calcified material around
tooth channels and inside the pulp camera, which
narrows camera and decreases the tooth nutrition.
The tooth fluorosis is irreversible. Predominantly
damaged are the permanent teeth, therefore the
excessive fluoride consumption is especially dan-
gerous during the period of formation and calcifi-
cation of the permanent teeth, i.e., during the first
3—8 years of life [78].

The basic process of tooth fluorosis is a hemato-
genic toxic action of fluoride on ameloblasts (the
enamel-secreting cells) for the period of tooth
development [78, 79]. At the secretory stage of
enamel formation, fluoride decreases produc-
tion of matrix and changes its composition, alters
mechanisms of ion transport, while at the stage of
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enamel maturation—delays removal of proteins
and water. Besides, fluoride affects nucleation and
growth of enamel crystals at all stages of enamel
formation and calcium homeostasis. This results in
diffuse hypomineralization, dystrophic alterations
in ameloblasts, improper formation and reduced
thickness of enamel layer. After the completion of
tooth growth and their calcification, sensitivity to
fluoride decreases.

The skeletal fluorosis is characterized by altera-
tions in the bone structure and excessive calcifica-
tion leading to deformation of the skeleton, a rise
in the bone mass, development of osteosclerosis,
osteoporosis or osteomalatia [4—7, 77]. These
processes are accompanied by pain and reduced
joint motility, ligament calcification, decreased
muscle mass, and neurological defects. The skel-
etal fluorosis is observed at the water fluoride con-
centration within 5—13 mg/I, but under combina-
tion of unfavorable factors—at 0.7—3 mg/l. The
development of fluorosis is facilitated by hot cli-
mate leading to increase in the water consumption
and deposition of fluoride in bones, hard physical
activity, deficient nutrition—insufficiency of pro-
teins, vitamins C and D, calcium, as well as insuf-
ficient consumption of milk and vegetables. The
skeletal fluorosis as a rule develops for 15—20 years
at the water fluoride content of about 10 mg/1 and
for 30 years at a concentration of 5—6 mg/l. The
age and kidney function also affects development
of fluorosis. The patients with altered renal func-
tions or with diabetes are more sensitive to fluo-
ride due to decreased fluoride clearance from the
organism [12, 13].

The precise mechanism of the skeletal fluorosis
development is not completely studied, but fluo-
ride is suggested to be incorporated into hydroxy-
apatites of bone tissues with formation of the less
soluble fluoroapatite. Although an excessive depo-
sition of fluoroapatite crystals increases stability of
the crystal bone element, the bone mineralization
is delayed or postponed, the bones become more
fragile [80, 81]. At high concentrations, fluoride
stimulates activity of osteoblasts, which leads to
an increase in the density and mass of bones. The
experiments on animals showed a two-phase char-
acter of the fluoride effect on the bone density: an
increase of the bone fluoride concentration to
1200 pg/g (as compared to 500—1000 pg/g of bone
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in norm) elevates density of bone tissue without a
rise of bone mass, an increase of fluoride concen-
tration to 3500—5500 pg/g leads to osteosclerosis,
joint pain, low ligament calcification, while con-
centration above 8400 pg/g induced bone exos-
toses, significant ligaments calcification, and de-
creased joint motility.

Apart from the pathologies described above, the
excessive fluoride intake under certain conditions
leads to multiple structural alterations in the whole
organism and affects virtually all human physi-
ological functions, which is inevitably accompa-
nied by development of associated diseases and
disability [82]. The cardiovascular system shows
vasotonic symptoms (bradicardia, hypotonia) and
morphological alterations in the blood composi-
tion (leucopenia, lymphocytosis). The patients
with chronic industrial fluorosis and severe en-
demic fluorosis have neurologic symptoms—a
decrease in the pain and temperature sensitivity,
radiculitis, and myelopathies appearing mainly
due to mechanical compression of the spinal cord
and nerve tracts. At the late stages of disease the
changes of neurogenic character occur in muscle
tissue [82, 83]. Liver and kidneys also are often
damaged; their pathologies include degeneration
of renal tubules, necrosis of hepatocytes, inflam-
mation, fibrosis or hyperplasia [84]. Fluoride at
high concentrations is able to suppress function-
ing of human thyroid inducing hypoparathyroid-
ism or provoking secondary hyperparathyroidism
[85, 86]. Moreover, the increased fluoride content
in the air of industrial factories often leads to de-
velopment of chronic inflammatory reactions in
workers—asthma, cough, chronic bronchitis with
diffuse interstitial fibrosis and pulmonary emphy-
sema, allergy, skin irritation [16, 17].

For the last few years, there appeared data that
the prolonged excessive intake of fluoride to hu-
man organism is accompanied by a decrease in in-
tellectual capacity of children and various psychic
disorders in adults [87, 88]. Analysis of many-year
clinical observations of children in China revealed
a strong correlation between high fluoride con-
tent in drinking water and decreased coefficient
of intelligence quotient (1Q). The mechanisms of
toxic fluoride action on the intellectual capacities
are poorly understood; probably, this is associated
with the fluoride ability to suppress functioning of
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thyroid gland, as thyroid hormones play an impor-
tant role in the brain development [88].

The data on fluoride effects on the reproductive
human functions are contradictory. In the earlier
works the association between fluoride consump-
tion by mother and risk of miscarriages and preg-
nancy complications was not revealed [4, 77]. The
recent investigations showed that water fluorida-
tion could be associated with a rise of risk of pre-
mature delivery (<37 weeks of pregnancy), espe-
cially in women from the lower social layers [89].

Also contradictory are data on the possible as-
sociation between the everyday excessive fluo-
ride consumption and development of oncologic
diseases, as often it is not possible to precisely
establish the amount of consumed fluoride and
its sources [13, 77]. A rise of incidence of tumor
cases of lungs, liver, stomach, pancreas, lymph-
hematopoietic system, prostate, and brain were
observed in workers of aluminum industry; how-
ever, these workers also had a contact with other
substances—aromatic compounds, quarts, etc.

CONCLUSION

As a results of analysis of numerous investiga-
tions, it has become clear that inorganic fluoride is
toxic for majority of plant and animal species. How-
ever, the majority of experimental works were lim-
ited by time, while the used fluoride concentrations
(50—120 mg/1) were much higher than those exist-
ing in natural biogeocenoses. A possibility of partial
adaptation of animals to high fluoride concentra-
tion in some particular biocenosis also cannot be
ruled out. At present, to establish the maximally
admissible fluoride concentrations in environment,
it is necessary to perform additional investigations
of the chronic action of low fluoride concentrations
on the living organisms and possible accumulation
of fluoride in alimentary chains.

The studies focused on effects of fluoride on hu-
man health do not permit making unanimous con-
clusions. It is doubtless that fluoride at low con-
centrations produces a favorable effect on human
health. On the other hand, risk of development of
diseases associated with consumption of excessive
fluoride amounts increases for the recent time and
leads to necessity to control doses and sources of
fluoride intake to the human organism.
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