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The Research Director 
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Parliament House 
George Street 
BRISBANE QLD 4000 

Dear Sir/ Madam 
Please find attached my submission re Clause 82 of the Amendment of s8 relating to fluoride in the water supply 

Yours Sincerely, 
Dr John R an 
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Submission Paper 
Dr John Ryan 

Aspley Medical Centre 
1311 Gympie Road 

Aspley, 
Brisbane, 

Q. 4034 
6/11/2012 

Dr John Ryan: MBBS (Qld,1971), M.Sc. Nutrition, Distinction (Lon.1980), FRACGP, OCH (RCP&S,lrel), MRCGP, FACNEM 
(Nutritional& Environment. Med) Dr Ryan was a member of the Complementary Evaluation Committee (CMEC) of the 
Therapeutic Goods Administration (TGA for five years, twice being reappointed. 

The Amendment to the Water Act 

Clause 82 Amendment of s 8 (Exemption from requirement to add 

fluoride to relevant public potable water supply) 

(I) Section 8(1), 'A public potable water supplier for a relevant 

public potable water supply may apply in writing to the 

Minister for an exemption from the requirement under section 

7'-

Please amend as follows: 

1. Reduction of Fluoridated water levels to levels suggested by the US Environmental 
Protection Agency {USEPA) of 0.06 mg fluoride/kg/ day 

This is the estimate of daily exposure that is likely to cause appreciable degrees of dental 

fluorosis during a lifetime. 

Dental fluorosis is a recognised complication of excess fluoride in the first months of life. 
Fluoride acts topically (11); therefore the inclusion of any fluorides before tooth eruption 
should at least follow NHMRC (2005) guideline recommendations which are O.Olmg per day for 
infants 0-6 months and O.SOmg per day from 7 to 12 months. Enamel fluorosis is associated 
with cumulative fluoride intake during enamel development, but the severity of the condition 
depends on the dose, duration, and timing of fluoride intake. The effect of fluoride on the 
dentition is dose-dependent and is not confined to increased caries resistance but has effects 
on many enzyme systems including the fluoride-sensitive osteoblasts (1). Enamel fluorosis and 
primary dentin fluorosis can only occur when teeth are forming (2). The transition and early 
maturation stages of enamel development appear to be most susceptible to the effects of 
fluoride (3, 4). The eruption of deciduous teeth does not occur until after 6 months of age (S). 



Intake of baby formula varies. And while the largest intake of fluoride was found at four months 
of age, the two week old infants receive the greatest amount of fluoride relative to their body 
weight (6). 
Fluoride levels in prepared formula products should be kept at least to the NHMRC {2005} 
guidelines with very minimal fluoride allowance for the first 6 months and minor amounts in 
the first 2 years . Recommendations for exposure suggested by the US Environmental 
Protection Agency {USEPA} is 0.06 mg fluoride/kg/ day, which is the estimate of daily exposure 
that is likely to occur without any appreciable risk of deleterious effects (any degrees of dental 
fluorosis} during a lifetime (7). In the review by Cressey et al (8) and Clifford (9) and the mean 
levels of fluoride in formula contains 0. 49ug/F and 0. 76mg/L respectively, and the exposure for 
the first 6 months of life is 0.llmg/kg body weight which exceeds all recommendations and 
greatly exceeds breast milk (10, 14). 

Anderson et al (2004} estimated the acute and chronic levels of exposure to infants from birth 
to 4 months fed with formula made from fluoridated areas in Ireland (6). The exposure was 
examined for fluoride intake per body weight. Two week old infants were shown to have the 
greatest intake relative to their body weight. The chronic exposure levels were estimated to be 
0.106-0.170mg/kg body weight per day which are in excess of acceptable levels mentioned 
above. 
While susceptibility to fluorosis is greater in the first year of life (Bardsen, 1998}, the findings 
indicate that early mineralising teeth are highly susceptible to dental fluorosis if exposed to 
fluoride from the first and to a lesser extent the second year of life (4). Fluoride retention rates 
in pre-eruptive teeth as well as bone are in the order of 85% for infants in comparison with 
around 50% in adults with increases the likelihood of fluorosis in infants. 
Riordan (2002} recorded the prevalence of dental fluorosis of 10 year old children in Western 
Australia and overall 18.2% of participants had some degree of dental fluorosis. Prevalence for 
residents in the fluoridated area was 20.68% and 15.1% in nonfluoridated areas. With a 
statistically significance of 21.9% versus 11.6% however there was no statistical difference in 
caries rates (15). 

2. Water authorities to clearly add a warning for infants to all households receiving 

fluoridated water 

Reasons for this clause relates to the infant fluoride intake that exceeds all medical and dental 

recommendations as outlined above. While breast feeding is preferred; non breast fed infants 

rates in Australia vary in the first 6 months with 71% being breast fed at one month decreasing 

to 14% at 6 months (13}. Consumption of formulas with mean fluoride levels up to 0.49ug/g as 

well as the addition of fluoridated water between 0.7 and 1.2mg/L will greatly enhance the 

chances for fluorosis in approximately 75% of babies at age 6 month. (See attachments} 

3. Exclusion of fluoridation plants in areas of high lead and aluminium 

( research on this issue to be e-ailed separetly) 

Reasons: Studies have shown links to both higher fluorosis and neurological disorders associated with 

fluoride, aluminium and lead. 



There is much concern for areas with mining of metals such as lead and aluminum (16). Both of these 
are in the air and on the ground and levels in mining communities have enormous difficulty in keeping 
the population safe. These cause neurological harm at very small levels because their affect on many 
enzyme systems (17, 19, 20). 

While fluorosis is a recognised side effect of excessive fluoride intake there are also other concerns. 
Water authorities are encouraged to reduce aluminium in drinking water levels to O.lmg/L. The 
average daily ingestion of aluminium from infant formulas for a child of 6 months varied from 200ug to 
600 µg of aluminum (18). For this reason the aluminium content of infant formula should resemble 
that of breast milk which is between 15-30ug/L. 

Leite et al (2011) found an exacerbation of fluorosis in rats co-exposed to lead (21). Australia's mining 
towns with high blood lead levels need extra care from environmental and health caretakers 
specifically in areas that already have problems with mental effects from high environmental lead. 

The above matters are of concern and these concerns should be reflected by water authorities. 
Please accept the above submission. 

Dr John Ryan 

(ph 07 38628811, mob 0418874995) E-mail: drjohnryan@ecn.net.au 
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Abstract 
This review aims to outline the effects of fluoride on the 
biological processes involved in the formation of tooth 
tissues, particularly dental enamel. Attention has been 
focused on mechanisms which, if compromised, could 
give rise to dental fluorosis. The literature is extensive 
and often confusing but a much clearer picture is emerg­
ing based on recent more detailed knowledge of odonto· 
genesis. Opacity, characteristic of fluorotic enamel, re· 
suits from incomplete apatite crystal growth. How this 
occurs is suggested by other changes brought about by 
fluoride. Matrix proteins, associated with the mineral 
phase, normally degraded and removed to permit final 
crystal growth, are to some extent retained in fluorotic 
tissue. Fluoride and magnesium concentrations increase 
while carbonate is reduced. Crystal surface morphology 
at the nano-scale is altered and functional ameloblast 
morphology at the maturation stage also changes. Fluo­
ride incorporation into enamel apatite produces more 
stable crystals. Local supersaturation levels with regard 
to the fluoridated mineral will also be elevated facilitat­
ing crystal growth. Such changes in crystal chemistry 
and morphology, involving stronger ionic and hydrogen 
bonds, also lead to greater binding of modulating matrix 
proteins and proteolytic enzymes. This results in reduced 

KARGER 
fa,+41613061234 
E·Mai! karger@karga.ch 
w11w.karger.com 

ID 200-l S. Karger AG, Basel 
0008-65 68/041038 3-0268$2 ! .00/0 

Aoxcs.;;ible online at; 
www. kargcr.comlere 

degradation and enhanced retention of protein compo­
nents in mature tissue. This is most likely responsible for 
porous fluorotic tissue, since matrix protein removal is 
necessary for unimpaired crystal growth. To resolve the 
outstanding problems of the role of cell changes and the 
precise reasons for protein retention more detailed stud­
ies will be required of alterations to cell function, effect 
on specific protein species and the nano-chemistry of the 
apatite crystal surfaces. 

Copyright© 2004 S. Karger AG, Basel 

Fluoride ion has played a major role in dramatically 
reducing dental caries over the past 40 years. The discov­
ery was made by comparing caries incidence in individu­
als exposed to so-called high-fluoride water supplies with 
that in individuals exposed to lower levels [Dean et al., 
1942]. It was deduced from these data that fluoride expo­
sure during tooth development was a prime cause of car­
ies reduction. Since teeth from high-fluoride areas had 
accumulated higher concentrations of fluoride compared 
with those from low-fluoride areas, fluoride content of the 
dental tissues was cited as a major factor in reduced caries 
incidence. 

The effect of fluoride on the dentition is dose-depen­
dent and is not confined to increased caries resistance. 
Above certain levels in the water supply, visible changes 
to the teeth, particularly the enamel, become evident. 
This is the condition known as dental fluorosis. 

Prof. C. Robinson 
Division of Oral Biology, LC"edsikntal Institute 
Clarendon 'Nay 
LeedsLS2 9LU (UK) 
TclJFa-.; ~44 113 233 6158, E-~fail C.Robinson@IC\:ds.ac.uk 



Visible Effects of Fluoride on Dental Enamel 

The effects of fluoride on dental enamel are well docu­
mented [Dean and Elvolvc, 1937; Fejerskov et al., 1977; 
Thylstrup and Fejerskov, 1978]. At about 1 ppm fluoride 
(53 11M) in the water supply, visible signs of fluorosis 
begin to become obvious on the enamel surface as opaci­
ties, implying some porosity in the tissue. As dose 
increases, these become more obvious until at 10 ppm 
(530 µM) or so, the porosity is such that the enamel is 
physically compromised and large pieces may be frac­
tured from the tooth especially after eruption. The porosi­
ty appears to derive from incomplete crystal growth such 
that the normal close juxtaposition and interlocking of 
crystals does not occur. 

Selective Effect of Fluoride on the Mineralised Tissues 

The reasons for the apparent selective effect of fluoride 
on the skeletal and dental tissues and enamel in particular 
have been related to the interaction between fluoride ions 
and the skeletal mineral, calcium hydroxyapatite, dealt 
with in detail below. 

Fluoride is the most electronegative of the elements 
and is of small ionic diameter. Its resulting high charge 
density endows it with a great capacity to form strong 
ionic and hydrogen bonds. This provides the fluoride ion 
with a potential for interacting both with mineral phases 
and organic macromolecules. Because of these properties, 
particularly its small size, it can also act as a 'structure 
former' in water. This can decrease the mobility of water 
molecules in solution and in hydration layers of proteins 
and apatite surfaces with concomitant effects on ligand 
binding and exchange. 

Interactions with the mineral phase have two kinds of 
effect. First a direct effect on the properties of the mineral 
itself and its relationship with the enveloping and modu­
lating extracellnlar organic matrix. Second, the selective 
concentration of fluoride at the surfaces of mineralised 
tissues [Robinson et al., 1996] may give rise to elevated 
fluoride in the immediate vicinity of mineralised tissue 
cells such that local concentrations may be much higher 
than those of the tissue fluids in general. 

Information on local fluoride concentrations in tissue 
fluids is limited, however, especially in the immediate 
neighbourhood of fluoridated apatite. In the enormous 
amount of work which has been carried out the actual 
concentrations responsible for any given effect are per­
haps the most difficult of areas to clarify. Plasma fluoride 

Fluoride on the Developing Tooth 

concentrations seem to be of particular relevance, relating 
closely to dietary supply and being around I µMat 53 µM 
in the water supply rising to about 4 1ul1 at 265 µM [Guy 
et al., 1976; Speirs, 1986]. Wherever possible, therefore, 
plasma concentrations or those in the immediate tissue 
environment such as enamel fluid or culture medium 
have been quoted. 

Site(s) of Action of the Fluoride Ion during 
Odontogenesis 

While the effects of fluoride on odontogencsis are well 
established, the precise site(s), stage(s) of development, 
timing, and mechanism of action are still unclear. The 
most likely sites are: (a) cells of the tooth-forming tissues: 
proliferation, differentiation, functional morphology; 
(b) extracellular matrix of tooth tissues: matrix protein syn­
thesis secretion, processing and loss; (c) mineral phase: ini­
tiation, crystal growth, chemical properties, and ( d) extra­
cellular matrix-mineral interactions in tooth tissues. 

Effect of Fluoride on Odontogenic Cells 

Stage of Fluoride Uptake 
In enamel, long considered to be the most susceptible 

of the dental tissues, fluoride accumulates throughout the 
developing tissue but especially at its surface. This occurs 
selectively both very early in amelogenesis and later, 
across the transition/maturation stage border [Weathcrcll 
et al., 1975, 1977]. At this late stage, full tissue thickness 
has been achieved; the supporting extracellular matrix 
largely replaced by fluid and considerable growth in crys­
tal thickness begins. Selective uptake may thus be due to 
the highly porous, hydrated nature of this developmental 
stage [Hiller et al., 1975; Robinson et al., 1981, 1988]. 
Substantial amounts of fluoride arc then lost during sub­
sequent maturation. This implies that much of this fluo­
ride may be labile and together with the reported lowering 
of pH at this stage, which would dissolve mineral surfaces 
[Sasaki et al., 1991 ], locally elevated fluoride concentra­
tions are likely. Cells associated with matrix withdrawal 
and crystal growth during maturation could thus be 
exposed to locally high fluoride concentrations. Sugges­
tions that fluorosis can be induced by elevating concentra­
tions only at this latter stage arc consistent with these data 
[Richards et al., 1986]. While efforts to determine fluo­
ride concentrations in enamel fluid have been made 
(111M, Aoba and Moreno, 1987], this did not distinguish 
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between developmental stages and must be regarded as an 
average. 

Cell Proliferation 
Work with tissue culture using 'pre-ameloblasts' has so 

far revealed no alterations in DNA synthesis at fluoride 
concentrations up to l.31 µJ\1 [Bronckers and Woltgcns, 
1985] or in frequency of mitotic figures at concentrations 
up to l.06 mM [Lyaruu et al., 1986]. 

While the effect of fluoride on proliferating odontogen­
ic cells is equivocal, it is worth noting that bone cells in 
culture have shown sustained mitosis in response to fluo­
ride [Wcrgcdal et al., 1988 (20 µM); Khokher and Dan­
dona, 1990 (>250 11M)]. This was attributed to intracellu­
lar signalling pathways associated with mitotic activity. 
Inhibition by fluoride, of tyrosine phosphorylase phos­
phatase, part of the mitogen-activating protein kinasc 
(MAPK) system, has received particular attention [Lau 
and Baylink, 1990] together with activation of G proteins 
which stimulate protein kinasc C. Inhibition of this phos­
phatase would tend to sustain mitotic activity by main­
taining levels of active tyrosine phosphorylase, a mediator 
of mitotic activity. Why amcloblasts have not shown 
increased mitosis is not clear. The effect indicated may be 
specific to bone cells. However, dividing ameloblasts may 
already be near maximum 'mitotic activity' during tooth 
formation and any increase over such high activity may 
not be discernible. Such modest enhancement of mitosis 
might, however, be in part responsible for alterations to 
tooth size and morphology attributed to fluoride [Cooper 
and Ludwig, 1965]. 

Cell D(fferentiation and Functional Morphology 
Almost no effects of fluoride on odontogenic cell differ­

entiation were detected at - 50 µM peak plasma fluoride 
concentrations [Walton and Eisenmann, 1974] and 
up to 265 1ul1 in culture medium [Bronekers et al., 
I 984a], although at higher concentrations (3 mM) a delay 
in differentiation was reported [Kerley and Kollar, 
1977]. 

While not strictly an effect on differentiation, effects 
on ameloblast cytoskcletal components have been re­
ported recently in abstract form [Gibson et al., IADR 
Meeting, Gothenburg, 2003]. The amelogcnin gene is 
nested within a RhoGAP gene, which regulates intracellu­
lar signalling by activation of Rho G protein and elevation 
of F actin. Fluoride at 4 mM for 30 min was shown to 
inactivate RhoGAP, activating Rho and elevating F actin. 
In amcloblasts this was localised to actin-rich ameloblast 
cell junctions and Tomes processes. 
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While this concentration is relatively high, lesser con­
centrations could affect the dramatic alterations to func­
tional cell morphology and cell-cell interactions which 
accompany the transformation from secretory to matura­
tion phases and presumably reflect changes in cell func­
tion from secretion to maturation. This may explain 
changes in the periodicity of ameloblast cell membrane 
modulation which occurs during fluorosis (I 0 µM F in 
plasma) [Denbesten et al., 1985]. The modulation, be­
tween smooth and ruffle-ended ameloblasts, is thought to 
be involved in final crystal growth. This is again especially 
pertinent since labile fluoride accumulates in enamel pre­
cisely at this developmental stage [Weatherell et al., 1975, 
1977]. 

Effect of Fluoride 011 Matrix Protein Synthesis and 
Secretion 

The effects of fluoride on cell activity, for example, rate 
of protein secretion, has been examined but with equivo­
cal results [Denbesten, 1986; Aoba et al., 1990; Robinson 
and Kirkham,. 1990; Aoba and Fejerskov, 2002]. How­
ever, a direct effect on matrix composition per se is diffi­
cult to discern from data published so far. Only amino­
acid compositions have been looked at in detail and no 
substantial changes due to fluoride have been reported. 
Since these investigations, a number of distinct protein 
species have emerged as components of the enamel ma­
trix, e.g. amclogenin, enamelin and ameloblastin together 
with a number of specific degradativc enzymes and other 
proteins such as albumin and aHS2 glycoprotein and 
small amounts of sulphated proteins [for reviews see 
Robinson et al., 1998a; Fincham et al., 1999]. The effect 
of fluoride on the relative concentrations of these species, 
their alternatively spliced variants and/or their individual 
functions remains to be investigated in detail. 

Interpretation of existing data is also complicated by 
post-synthetic protein processing including post-transla­
tional modification and the controlled degradation prior 
to maturation, which produces a highly consistent pattern 
of breakdown products [Robinson et al., 1998a; Fincham 
et al., 1999]. It is therefore difficult to separate effects on 
protein production per se from effects on post-synthetic 
or post-secretOl)' activity. 

A particular case in point is the level of matrix phos­
pho1)'lation. Judging from the similarity of 32P uptake 
and of two-dimensional protein gel patterns between fluo­
ridated and control enamel organ cultures, fluoride up to 
1.325 mM in culture medium had little effect on matrix 
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phosphorylation levels [Dcnbesten, 1986]. This implies 
little effect of fluoride on either post-translational phos­
phorylation or any post-secrcto1y dephosphorylation. 

The investigation, however, predated the identifica­
tion of specific phosph01ylated proteins of the matrix, in 
particular enamelin (2%) [Fukae et al., 1996], which 
might benefit from further investigation. 

Extracellular Matrix Processing and Loss 
A major feature of nonnal enamel development is the 

almost complete and selective degradation and loss of 
enamel matrix proteins, particularly the amelogenins. 
What remains comprises small peptides, amino acids and 
insoluble tuft protein [for review see Robinson et al., 
l 998a]. In mature fluorotic enamel this situation was 
altered with retention of praline-rich components [Eastoe 
and Fejerskov, 1984; Wright et al., 1989, 1996]. The pre­
cise identity of retained molecular species is unknown 
but, from their amino acid composition, they did not 
appear to be intact amelogenin and may be a mixture of 
degradation products [Wright et al., 1989]. 

Reports concerning developing fluoridated enamel 
[Drinkard et al., 1983(37011MF peak plasma); Denbes­
tcn and Crenshaw, 1984; Robinson and Kirkham, 1984b; 
Denbesten, 1986] revealed a relative increase in 25-kD 
components in developing enamel containing nascent 
amelogenin, much of which was mineral-bound [Robin­
son et al., 2003a]. Smaller components were also retained 
during maturation, but these data were less clear. 

The most likely explanation for these changes is fluo­
ride-induced retention of intact and degraded protein spe­
cies together with reduced extracellular proteolysis [for 
review see Robinson and Kirkham, 1990; Aoba and 
Fejerskov, 2002; Robinson et al., 2003a]. 

Lowered calcium activity, due to a less soluble mineral 
phase, has been suggested to slow down proteolysis by 
Ca••-dcpendcnt, secretary stage proteases [Aoba and Fe­
jerskov, 2002]. While this is possible, it is unlikely as a 
major factor. First, given the relatively high calcium levels 
and small amount of enzyme present, extremely severe 
reductions in calcium would be necessary. Second, major 
protein destruction occurs at transition via a serine pro­
tease (kallikrein 4) which is not Ca++-dependent [Simmer 
and Hu, 2002]. Third, the timescale for protein removal 
and maturation is hugely variable between species. In the 
rat incisor this is about 2 weeks, in the cow and pig about 
2 months, and in human teeth this may take years. These 
latter periods would appear to be quite sufficient for com­
plete processing and removal of matrix in the order of 
only hundreds of micrograms [Robinson and Kirkham, 

Fluoride on the Developing Tooth 

l 984a, 1990]. It should also be noted that porcine enamel 
did not appear to mineralise to the same extent as other 
species, attaining only 55% mineral by weight as opposed 
to 80-90%. This should be borne in mind when using the 
pig as a model for fluorosis [Kirkham et al., 1988; Robin­
son and Kirkham, 1990]. 

Since direct inhibition of enzyme activity has not been 
demonstrated convincingly [Drinkard et al., 1983; Ger­
lach et al., 2000], it is likely that enhanced protein interac­
tion with the mineral, described below, is responsible for 
both protein retention and reduced proteolysis in fluo­
rosed tissue. Increased binding of both undegraded amel­
ogenin [Robinson et al., 2003a] and enamel proteases to 
the mineral phase [Brookes et al., 1998; Aoba and Fejers­
kov, 2002] have been reported. This may be especially 
important at the transition/maturation stage, where final 
degradation occurs via a specific scrine protease (kalli­
krcin 4) and where fluoride accumulates selectively. 

Effect of Retained Protein 
The result of fluoride-induced protein retention may 

also explain the incomplete crystal growth which charac­
terises fluorosis, since it has been demonstrated that 
matrix removal is a neccssa1y prerequisite for unimpaired 
crystal growth in enamel [Robinson et al., 1989] and syn­
thetic apatites [Aoba et al., 1987]. In this context, one area 
wo1ihy of further exploration is the role of ameloblastin. 
Fluorosis involves incomplete crystal growth at prism pe­
ripheries and it is at this site that degradation products of 
ameloblastin accumulate during development [Uchida et 
al., 1997; Robinson et al., 1998b]. Impaired removal of 
amcloblastin due to fluoride could be responsible for 
incomplete crystal growth in this region. 

Effect of Fluoride on the Mineral Phase 

Initiation of Precipitation during Secretion 
While it is established that mature enamel crystals 

comprise a substituted calcium hydroxyapatite, the pre­
cise nature of initial mineral phases, whether in enamel or 
dentine, is still a matter of some controversy. These range 
from amorphous short range order calcium phosphates 
[Posner, 1985] through brushite-like phases to octacal­
cium phosphate [Brown et al., 1987; Iijima et al., 1992; 
Johnsson and Nancollas, 1992]. These are often said to be 
stabilised by carbonate or magnesium. Whatever the na­
ture of this phase, there seems to be general agreement 
that the presence of fluoride ion during initial deposition 
can delay formation of an initial apatite precursor, proba-
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bly by stabilising very early precursor entities [Bachra and 
Fischer, 1969). Work by Bronckers et al. [1984b) using 
hamster tooth germs is consistent with this view and 
showed that protein matrix formed under an elevated 
fluoride regime did not mineralise at all unless fluoride 
was removed, indicating a reversible effect on the matrix­
associated initiation process. 

Precisely how and where initiation occurs is still a mat­
ter of discussion. Recently, Robinson et al. [2003c) sug­
gested that crystal formation in enamel may involve 
fusion of precursor protein/mineral-ion subunits, the es­
tablished degradative processing of the matrix facilitating 
initial mineral precipitation. Stabilisation of these protein 
mineral subunits by fluoride per se would also prevent or 
delay initiation. 

CJ:vstal Growth 
Once the initial mineral phase has formed, fluoride 

facilitates more rapid deposition [Badua and Fischer, 
1969; Varughese and Moreno, 1981 ]. This may be due to 
fluoride-induced conversion of acidic precursors such as 
amorphous calcium phosphate or octaealcium phosphate 
to apatite [Iijima et al., 1992]. Perhaps a more likely 
explanation would be the higher relative supersaturation 
of tissue fluids with respect to a precipitating fluoridated 
mineral phase. This would be facilitated by the effect of 
fluoride in reducing the incorporation of destabilising 
extraneous ions such as carbonate [Nikiforuk and Grain­
ger, 1965). 

Stimulation of crystal growth during early secretion is 
supported by the work of Bronckers et al. (1984b], who 
showed, in culture, that with access to fluoride (up to 
26.5 ~tM), partially mineralised matrix became hypermi­
neralised. This would be consistent with a more rapid 
mineral deposition due to a higher relative supersatura­
tion for fluoride-containing mineral. While much in vitro 
data suggests that fluoride can increase apatite crystal 
growth in the a and b axes [Eanes and Hailer, 1998), there 
is little evidence that, at least in enamel, this results in 
significant alteration to apatite crystal morphology or size 
[Yanagisawa et al., 1989]. Such changes which have been 
reported were restricted to the outer enamel and attribut­
ed to post-eruptive alterations [Yanagisawa et al., 1989]. 

Effect of Fluoride 011 Mineral Properties 
During mineral deposition, fluoride is incorporated 

into the growing hydroxyapatitc crystals either by accre­
tion or by heteroionic substitution. 

Fluoride is known to occupy the hydroxyl site in the 
long c axis of the crystal. The charge symmetry and high 
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negative charge density allow a better fit in the lattice 
compared with the larger asymmetric hydroxyl ion. The 
effects are profound. The sense of the hydroxyl columns is 
altered such that adjacent hydroxyls will hydrogen bond 
to the fluoride ion. In addition, protons associated with 
acid phosphate groups might be more tightly orientated 
towards the fluoride ion [Posner et al., 1963; Kay et al., 
1964; Van der Lugt et al., 1971]. 

In terms of overall crystal behaviour, energy levels are 
much reduced. This explains the lower solubility product 
for fluoridated compared with non-fluoridated mineral 
and the fact that the crystal is less reactive. With regard to 
resorption in dentine and dissolution in caries, the fluori­
dated crystal is much more acid-resistant. In addition, the 
larger asymmetric substituent, carbonate tends to be ex­
cluded from the crystal, further increasing stability 
[McCann and Bullock, 19 57]. 

Magnesium might be expected to exert a similar effect 
to carbonate since it does not fit well in the lattice (about 
0.2% maximum). However, an increase in fluoride is 
usually accompanied by an increase in magnesium con­
tent [McCann and Bullock, 1957; Robinson et al., 1983). 
This may relate to the fact that magnesium is at highest 
concentrations during secretion [Hiller et al., 1975) and 
like fluoride shows some selective uptake during transi­
tion [Robinson et al., 1984; Kirkham et al., 1988]. This 
has been attributed to close affinity of magnesium for 
fluoride during incorporation into the crystals [Okazaki, 
1987]. It may also be surface-located [Neuman and Mul­
ryan, 1971], its higher concentrations being due to spe­
cific surface complexes and/or by a greater surface area of 
the rougher crystal surfaces [Kirkham et al., 2001] (see 
below). 

Matrix-Mineral l11teractio11s 

During enamel maturation, crystal growth, especially 
in the final stages, is clearly compromised since fluorosis 
is characterised by greater intercrystalline space, particu­
larly at the prism peripheries [Fejerskov et al., 1977]. 
Since enamel matrix removal appears to be a prerequisite 
for normal crystal growth [Aoba et al., 1987; Robinson et 
al., 1989), impairment of crystal development in vivo has 
been associated with the demonstrated retention of min­
eral-bound protein matrix [Drinkard et al., 1983; Denbcs­
ten, 1986; Robinson et al., 2003a]. The mechanism of 
enhanced retention and the molecular species involved 
(see above) are not yet clear. Fluoridated mineral may 
bind proteins more effectively [Tanabe et al., 1988) due to 
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greater hydrogen bonding or a less polar surface [Wu and 
Nancollas, 1999]. Increased magnesium, if located in the 
Hclmholz double layer, could provide cationic bridging 
for proteins. This does not exclude the possibility that 
increased magnesium per sc could impair growth [Bachra 
and Fischer, 1969]. 

More recent work using the atomic force microscope 
(AFM) has suggested that fluoride could also influence 
crystal surface morphology and perhaps the mode of crys­
tal growth. This might contribute towards a unifying view 
of fluoride action. AFM studies of crystal surfaces at the 
molecular level have indicated that during enamel devel­
opment, in the rat, the surface roughness of crystals nor­
mally decreased in moving from secretion to maturation 
phases [Kirkham et al., 1998]. This may have resulted 
from changes in matrix binding but may also reflect a 
decrease in kink and step site density due to a growth/ 
healing process perhaps involving a shift from polynu­
clear towards spiral growth. 

Enamel produced under fluorotic conditions, however, 
did not show such a reduction in roughness. Not only was 
roughness greater than in non-fluorotic teeth but it was 
also maintained throughout development [Kirkham et al., 
200 l ]. Since fluoride is taken up selectively during transi­
tion and maturation stages [Weatherell et al., 1977], local 
supersaturation levels would be relatively high in terms of 
the fluoridated depositing phase. This high supersatura­
tion would favour polynuclcar growth and thus increased 
surface roughening. 

Such increased roughening could, together with 
changes in c1ystal surface chemistry, account for the 
increased magnesium typical of fluoroscd enamel, a view 
supported by the fact that magnesium, like fluoride, is 
selectively taken up at the transition/maturation stage 
[Hiller et al., 1975; Robinson et al., 1984; Kirkham et al., 
1988]. The increased surface area due to roughening 
could also facilitate protein binding/retention [Gathercole 
et al., 1996]. 

Use of the AFM in chemical force mode has also 
revealed novel information concerning enamel crystal 
surface properties. Using carboxyl- or hydroxyl-function­
aliscd tips their binding strength to apatite surfaces was 
measured as a function of pH. This revealed pK values for 
apatite surfaces an order of magnitude lower than solu­
tion phosphate, implying greater clcctronegativity. When 
fluoride was present, binding values were higher and pK 
values were even lower, indicating further increased, pre­
sumably hydrogen, bonding with phosphate groups or 
fluoride itself [Robinson et al., 2003b] somewhat similar 
shifts to those seen in bulk synthetic systems [Wu et 
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al.,1991]. Such studies offer important possibilities for 
future studies of fluoride-mediated changes to c1ystal sur­
face properties, not only of crystals, but of the modulating 
organic inatrix. 

While much of the consideration of the effect of fluo­
ride resides with its effect on the lattice proper, the rough­
ness findings described above also suggest that the crystal 
surface/fluid interface should be considered. Given the 
great propensity for fluoride to form hydrogen bonds it is 
likely that it could affect ligand binding and exchange 
with the Hchnholz/Gouy-Chapman layers and thus with 
the lattice itself. 

Dentine 

The effect of fluoride on dentine is only detectable at 
concentrations much higher than those required for 
enamel fluorosis. Overall effects, however, are similar in 
that hypomineralisation results [Fejerskov et al., 1979]. 

Matrix Synthesis and Composition 

While no fluoride-mediated alterations to the main 
extracellular component, type l collagen, have been re­
ported, specific changes to non-collagcnous components 
do occur. Perhaps of greatest current interest is a reported 
effect on the dentine phosphoproteins [Milan et al., 1999]. 
Rats rendered fluorotic by dietary fluoride revealed lower 
molecular sizes for dentine phosphoprotein (phosphopho­
ryn) which, together with lowered phosphate content, was 
attributed to a lower degree of phosphorylation. Investiga­
tions into casein kinase II and alkaline phosphatase- both 
enzyme types present in developing dentine - also re­
vealed fluoride-mediated inhibition [Milan et al., 200 l]. 
Clearly fluoride is capable of affecting the metabolism of 
dentine phosphoproteins. The reduction of phosphoryla­
tion, in particular, might well decrease mineral ion bind­
ing and probably their capacity for crystal initiation. 

Analysis of protcoglycans from fluorosed rat dentine in 
vivo revealed no alterations to the protein core. However, 
glycosylaminoglycans (GAGs) appeared to be smaller and 
more anionic, possibly due to the additional presence of 
dermatan and heparan sulphate [Hall et al., 1996]. Inter­
action of these GAGs with mineralising collagen, the 
main extracellular matrix component, may be affected, 
possibly restricting mineral initiation, while binding to 
the mineral phase could result in less mineral deposition. 
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Mineral Phase 

The mineral phase of dentine takes the form of very 
small apatite crystals 50 x 70 x 5 nm, embedded within 
a highly cross-linked type 1 collagen matrix. There is little 
direct information on fluorosed or fluorotic dentine min­
eral. Early reports did, however, suggest that it might con­
tain reduced levels of carbonate and elevated magnesium 
similar to fluorotic enamel [McCann and Bullock, 1957]. 
The implications would be related as in enamel to a reduc­
tion in the supersaturation levels required for mineral pre­
cipitation and crystal growth with a concomitant reduc­
tion in acid solubility. 

Concluding Remarl<s 

Despite a very large and often confusing literature con­
cerning the mechanisms which lead to dental fluorosis a 
relatively clear and well-supported concept is emerging, at 
least for exposure to concentrations which are not overtly 
toxic. 

It seems likely that, at least in enamel, the effect on the 
developing mineral phase per se coupled with associated 
effects on the surrounding and modulating protein matrix 
could account for most of the observed effects of the 11110-
ridc ion on tooth development. 

The most obvious feature of fluorosis - impaired 
growth of apatite crystals - seems attributable to retention 
of modulating matrix proteins through enhanced binding 
of mineral to matrix proteins and/or enhanced binding of 
the proteases responsible for processing prior to matrix 
removal. 
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FLUORIDES, HYDROGEN FLUORIDE, AND FLUORINE 

8. REGULATIONS AND ADVISORIES 

No international regulations petiaining to fluorides were found. The national and state regulations and 

guidelines regarding fluorides, hydrogen fluoride, and fluorine in air, water, and other media are 

summarized in Table 8-1. 

A chronic-duration oral MRL of0.05 mg fluoride/kg/day has been derived for fluoride. This MRL is 

based on a NOAEL of0.15 mg fluoride/kg/day and a LOAEL of0.25 mg fluoride/kg/day for skeletal 

effects (increased fracture rate) (Li et al. 200 I). The MRL was derived by dividing the NOAEL by an 

uncertainty factor of3 to account for human variability. 

255 

An acute-duration inhalation MRL of0.02 ppm fluoride has been derived for hydrogen fluoride. This 

MRL is based on a minimal LOAEL of 0.5 ppm for upper respiratory tract inflammation in humans 

exposed to hydrogen fluoride for 1 hour (Lund et al. 1997, 1999). The MRL was derived by dividing the 

unadjusted LOAEL by an uncertainty factor of30 (3 for a use of a minimal LOAEL and 10 to account for 

human variability). 

An acute-duration inhalation MRL of0.01 ppm has been derived for fluorine. This MRL is based on a 

NOAEL of 10 ppm for respiratory irritation in humans exposed to fluorine for 15 minutes (Keplinger and 

Suissa 1968). The MRL was derived by dividing the 24-hour adjusted NOAEL ofO.l ppm by an 

uncertainty factor of 10 to account for human variability. 

EPA (IRIS 2003) derived an oral reference dose (RID) of0.06 mg/kg/day for fluorine (soluble fluoride). 

The RID was based on a NOAEL of0.06 mg/kg/day and a LOAEL of0.12 mg/kg/day for the cosmetic 

effect of dental fluorosis in children (Hodge 1950). The NOAEL was divided by an uncertainty factor 

of I to derive the RID. 
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8. REGULATIONS AND ADVISORIES 

Table 8-1. Regulations and Guidelines Applicable to Fluoride, Sodium Fluoride, 
Hydrogen Fluoride, and Fluorine 

Agency Description Information Reference 

INTERNATIONAL 
Guidelines: 

IARC Carcinogenicity classification IARC 1987 
Fluoride and sodium fluoride Group 3' 

WHO Drinking water guideline WHO 2001 
Fluoride 1.5 mg/L 

NATIONAL 
Regulations and 
Guidelines: 

a. Air 

ACGIH TLV-TWA ACGIH 2000 
Fluoride 2.5 mg/m3 

Fluorine 1.0 ppm 
STEL (ceiling) 

Fluorine 2.0 ppm 
Hydrogen fluoride 3.0 ppm 

EPA Accidental release prevention EPA 2001b 
Threshold quantity 40CFR68.130 

Fluorine 1,000 pounds Table 1 
Hydrogen fluoride 1,000 pounds 

Accidental release prevention EPA 2001a 
Toxic end point 40CFR68 

Fluorine 0.0039 mg/L Appendix A 
Hydrogen fluoride 0.0160 mg/L 

OSHA PEL (8-hour TWA) OSHA 2001c 
General industry 29CFR1910.1000 

Fluoride 2.5 mg/m3 Table Z-1 
Fluorine 0.2 mg/m3 

Hydrogen fluoride 2.0 mg/m3 

PEL (8-hour TWA) OSHA 20011 
Construction industry 29CFR1926.55 

Fluoride 2.5 mg/m3 Appendix A 
Fluorine 0.2 mg/m3 

Hydrogen fluoride 2.0 mg/m3 

PEL (8-hour TWA) OSHA 2001a 
Shipyards 29CFR1915.1000 

Fluoride 2.5 mg/m3 Table Z 
Fluorine 0.2 mg/m3 

Hydrogen fluoride 2.0 mg/m3 

Highly hazardous chemicals OSHA 2001d 
Threshold quantity 29CFR1910.119 

Fluorine 1,000 pounds Appendix A 

Highly hazardous chemicals OSHA 2001e 
Threshold quantity 29CFR1926.64 

Hydrogen fluoride 1,000 pounds Appendix A 
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8. REGULATIONS AND ADVISORIES 

Table 8-1. Regulations and Guidelines Applicable to Fluoride, Sodium Fluoride, 
Hydrogen Fluoride, and Fluorine 

Agency Description Information Reference 

NATIONAL (cont.) 

OSHA Brazing and gas welding fluxes OSHA 2001b 
shall have a cautionary wording 29CFR1910.252(c)(1) 
to indicate that they contain 
fluorine compounds 

NIOSH REL (TWA) NIOSH 2001a 
Fluorine 0.2 mg/m3 NIOSH 2001b 
Hydrogen fluoride 2.5 mg/m3 NIOSH 2001c 
Sodium fluoride 2.5 mg/m3 

IDLH NIOSH 2001a 
Fluorine 25 ppm NIOSH 2001b 
Hydrogen fluoride 30 ppm NIOSH 2001c 
Sodium fluoride 250 ppm 

USC HAP USC 2001 
42USC7412 

b. Water 

EPA BPT effluent limitation-fluoride EPA 2001c 
Maximum for 1 day 6. 1 kg/kkg 40CFR415.82 
Average of daily values for 2.9 kg/kkg 
30 consecutive days 

Effluent limitation-fluoride EPA 2001e 
Maximum for 1 day 75 mg/L 40CFR422.42 
Average of daily values for 25 mg/L 
30 consecutive days 

Groundwater protection EPA 2001f 
standards at inactive uranium 40CFR192 
processing sites-listed Appendix I 
constituents include fluorine and 
hydrogen fluoride 

MCLG-fluoride 4.0 mg/L EPA 2001j 
40CFR141.51(b) 

MCL-fluoride 4.0 mg/L EPA 2001k 
40CFR 141.62(b) 

Secondary MCL-fluoride 2.0 mg/L EPA 20011 
40CFR143.3 

Water pollution-hazardous Hydrogen fluoride EPA 2001r 
substance designation Sodium fluoride 40CFR116.4 

c. Food 

EPA Pesticides-fluorine compounds; EPA 2001n 
residue tolerances 40CFR180. 145 

Apricots, beets, blackberries, ?ppm 
blueberries, boysenberries, 
broccoli, brussels sprouts, 
cabbage, cauliflower, citrus 
fruits, collards, cranberries 
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8. REGULATIONS AND ADVISORIES 

Table 8-1. Regulations and Guidelines Applicable to Fluoride, Sodium Fluoride, 
Hydrogen Fluoride, and Fluorine 

Agency 

NATIONAL (cont.) 

EPA 

FDA 

Description Information 

Pesticides-fluorine compounds; 
residue tolerances 

Cucumbers, dewberries, 7 ppm 
eggplant, grapes, kale, 
kohlrabi, lettuce, loganberries, 
melons, nectarines, peaches, 
peppers, plums, pumpkins, 
radish, raspberries, rutabaga, 
squash, strawberries, 
tomatoes, turnip, 
youngberries 

Potatoes 2 ppm 
Potatoes, processing waste 22 ppm 
Kiwifruit 15 ppm 

Adhesive component, indirect Total fluoride from all 
food additive-for use only as sources not to exceed 
bonding agent for aluminum foil, 1 % by weight of the 
stabilizer, or preservative finished adhesive 

Hydrogen fluoride 
Sodium fluoride 

Bottled water-no fluoride added T emgerature' mg/L 
53.7-below 2.4 
53.8-58.3 2.2 
58.4-63.8 2.0 
63.9-70.6 1.8 
70.7-79.2 1.6 
79.3-90.5 1.4 

Bottled water-fluoride added Temgerature' mg/L 
53.7-below 1.7 
53.8-58.3 1.5 
58.4-63.8 1.3 
63.9-70.6 1.2 
70.7-79.2 1.0 
79.3-90.5 0.8 

Over-the-counter drug products 
Labeling-fluoride, fluorine, 
and sodium fluoride 

Over-the-counter drug products 
Testing-fluoride 

Over-the-counter drug products 
Active ingredient-fluorine, 
hydrogen fluoride, and sodium 
fluoride 

Reference 

EPA 2001n 
40CFR180.145 

FDA 2000e 
21CFR175.105(c)(5) 

FDA 2000g 
21CFR165.110 

FDA 2000b 
21CFR355.50 

FDA 2000c 
21CFR355.60 

FDA 2000d 
21CFR355.70 

FDA 2000a 
21CFR355.10 

FDA 2000f 
21 CFR310.545(a)(2) 
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8. REGULATIONS AND ADVISORIES 

Table 8-1. Regulations and Guidelines Applicable to Fluoride, Sodium Fluoride, 
Hydrogen Fluoride, and Fluorine 

Agency Description Information Reference 

NATIONAL (cont.) 

FDA Surface component, food FDA 2000h 
contact-sodium fluoride for use 21CFR177.2800 
as preservative only (d)(5) 

d. Other 

ACGIH Carcinogenicity classification ACGIH 2000 
Fluoride A4' 

BEi 
Fluorides in urine 

Prior to shift 3 mg/g creatinine 
End of shift 1 O mglg creatinine 

CPSC Requirements for child-resistant More than 50 mg and CPSC 2001 
packaging for household more than 0.5% 16CFR1700 
products containing elemental 
fluoride 

DOT Hazardous materials DOT 2001 
Reportable quantity 40CFR172.101 

Fluorine 10 pounds Appendix A 
Hydrogen fluoride 100 pounds 
Sodium fluoride 1,000 pounds 

EPA RfD-fluorine 6x10·2 mg/kg/day IRIS 2003 

Toxic chemical release reporting; EPA 2001q 
Community Right-to- 40CFR372.65 
Know-effective date 

Fluorine 01/01/95 
Hydrogen fluoride 01/01/87 

Contaminated soil-fluoride Concentrations greater EPA 2001d 
than 10 times UTS 40CFR268.49(f) 

Hazardous waste-health based EPA 2001g 
limits for exclusion of waste- 40CFR266 
derived-residue Appendix VII 

Fluorine residue concentration 4.0 mg/kg 
limit 

Hazardous waste-identification EPA 2001h 
and listing 40CFR261.33(e) 

Fluorine P056 EPA 2001i 
Hydrogen fluoride U134 40CFR261.33(f) 

Pesticides-residue tolerances Not more than 25% of EPA 2001m 
Sodium fluoride pesticide formulation 40CFR180. 1001 (d) 

Superfund-reportable quantity EPA 20010 
Fluorine 1 pound 40CFR302.4 
Hydrogen fluoride 5,000 pounds Appendix A 
Sodium fluoride 5,000 pounds 
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8. REGULATIONS AND ADVISORIES 

Table 8-1. Regulations and Guidelines Applicable to Fluoride, Sodium Fluoride, 
Hydrogen Fluoride, and Fluorine 

Agency Description Information Reference 
NATIONAL (cont.) 

EPA Superfund-extremely hazardous EPA 2001p 
Reportable quantity 40CFR355 

Fluorine 10 pounds Appendix A 
Hydrogen fluoride 100 pounds 

Threshold planning quantity 
Fluorine 500 pounds 
Hydrogen fluoride 100 pounds 

STATE 

a. Air 

Connecticut HAP-fluoride, fluorine, and BNA 2001 
hydrogen fluoride 

Hawaii Air contaminant-hydrogen BNA 2001 
fluoride 

Idaho Toxic air pollutants BNA 2001 
Fluoride 

OEL 2.5 mg/m3 

EL 0.167 pounds/hour 
AAC 0.125 mg/m3 

Fluorine 
OEL 2.0 mg/m3 

EL 0.133 pounds/hour 
AAC 0.1 mg/m3 

Michigan PEL (TWA) BNA 2001 
Fluoride 2.5 mg/m3 

Fluorine 0.2 mg/m3 

Hydrogen fluoride 3.0 ppm 
Montana Air contaminant (TWA) BNA2001 

Fluoride 2.5 mgtm' 
Fluorine 0.2 mgtm' 
Hydrogen fluoride 2.0 mg/m3 

New Mexico Toxic air pollutant BNA 2001 
Fluorides 

OEL 2.5 mg/m3 

Emissions 0.167 pounds/hour 
Fluorine 

OEL 2.0 mg/m3 

Emissions 0.133 pounds/hour 
New York Air contaminant (TL V) BNA 2001 

Fluoride 2.5 mg/m3 

Fluorine 0.2 mg/m3 

Hydrogen fluoride 2.0 mg/m3 
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8. REGULATIONS AND ADVISORIES 

Table 8-1. Regulations and Guidelines Applicable to Fluoride, Sodium Fluoride, 
Hydrogen Fluoride, and Fluorine 

Agency Description Information Reference 

STATE (cont.) 

Washington Toxic air pollutant-ASIL BNA 2001 
Fluoride 8.3 µg/m3 

Fluorine 5.3 µg/m3 

Hydrogen fluoride 8.7 µg/m3 

PEL BNA 2001 
Fluoride 2.5 mg/m3 

Fluorine 0.2 mg/m3 

Hydrogen fluoride (STEL) 3.0 ppm 

Wisconsin Emission rate (pounds/hour) <25 feet >25 feet BNA 2001 
Fluoride 0.2088 0.8640 
Fluorine 0.1656 0.6720 
Hydrogen fluoride 0.1272 0.4800 

b. Water 

Alaska MCL-fluoride 4.0 mg/L BNA 2001 
Secondary MCL-fluoride 2.0 mg/L 

Arizona Drinking water guideline-fluoride 4.0 mg/L HSDB 2003 

Reporting limit-fluoride 2.0 mg/L BNA 2001 

California Drinking water standards- 2.0 mg/L HSDB 2003 
fluoride 

Connecticut MCL-fluoride 4.0 mg/L BNA 2001 

Delaware Drinking water standards- 1.8 mg/L HSDB 2003 
fluoride 

Georgia MCL-fluoride 4.0 mg/L BNA 2001 

Hawaii Drinking water standards- 1.4-2.4 mg/L HSDB 2003 
fluoride 

Idaho Groundwater quality standards- 4.0 mg/L BNA 2001 
fluoride 

Kansas Agriculture-fluoride BNA 2001 
Livestock 2.0 mg/L 
Irrigation 1.0 mg/L 

Public health food-fluoride 
Domestic water supply 2.0 mg/L 

Maine Drinking water guideline-fluoride 2.4 mg/L HSDB 2003 

Maximum exposure guideline 2.4 mg/L BNA2001 
Action level 1.2 mg/L 

Mississippi Groundwater standards-fluoride 4.0 ppm BNA2001 

Nebraska MCL-fluoride 4.0 mg/L BNA 2001 
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8. REGULATIONS AND ADVISORIES 

Table 8-1. Regulations and Guidelines Applicable to Fluoride, Sodium Fluoride, 
Hydrogen Fluoride, and Fluorine 

Agency 

STATE (cont.) 

New Jersey 

New York 

North Carolina 

North Dakota 

Oklahoma 

Pennsylvania 

Rhode Island 

South Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Washington 

West Virginia 

Wisconsin 

c. Food 

d. Other 

Connecticut 

Description Information Reference 

Groundwater quality criteria- 2.0 mg/L BNA 2001 
fluoride 
POL-fluoride 0.5 mg/L 

Groundwater effluent limitations- 3.0 mg/L BNA 2001 
fluoride 
MCL-fluoride 2.2 mg/L BNA 2001 

Drinking water standards- 4.0 mg/L HSDB 2003 
fluoride 

MCL-fluoride 4.0 mg/L BNA2001 

MCL-fluoride 4.0 mg/L BNA2001 

Drinking water standards- 2.0 mg/L HSDB 2003 
fluoride 

MCLG-fluoride 4.0 ppm BNA2001 
MCL-fluoride 4.0 ppm 

Groundwater quality standards- 2.4 mg/L BNA2001 
fluoride 

MCL-fluoride 4.0 ppm BNA2001 

MCL-fluoride 4.0 mg/L BNA 2001 

Groundwater standards 4.0 mg/L BNA 2001 

MCL-fluoride 4.0 mg/L BNA 2001 

Groundwater quality standards- BNA 2001 
fluoride 

Enforcement standard 4.0 mg/L 
Preventive action level 2.0 mg/L 

MCL-fluoride 4.0 mg/L BNA 2001 

MCL-fluoride 4.0 mg/L BNA2001 

Groundwater standards Not to exceed 4.0 mg/L BNA 2001 

MCLG-fluoride 4.0 mg/L BNA2001 
MCL-fluoride 4.0 mg/L 

Groundwater standards-fluoride BNA2001 
Enforcement standard 4.0 mg/L 
Preventive action limit 0.8 mg/L 

No data 

Use of pesticides; control of For use as a wood BNA2001 
registrations and uses-sodium preservative 
fluoride 
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8. REGULATIONS AND ADVISORIES 

Table 8-1. Regulations and Guidelines Applicable to Fluoride, Sodium Fluoride, 
Hydrogen Fluoride, and Fluorine 

Agency 
STATE (cont.) 

Minnesota 

New Jersey 

Description 

Hazardous substance-fluoride 
(as F, as dust), fluorides 
(inorganic), fluorine, and 
hydrogen fluorine 

Hazardous substance-fluorine 
and hydrogen fluoride 

Information 

3 Group 3: not classifiable as to its carcinogenicity to humans 
"Temperature: annual average of maximum daily air temperatures(• F) 
cA4: not classifiable as a human carcinogen 

Reference 

BNA2001 

BNA 2001 

AAC =acceptable ambient concentrations; ACGIH =American Conference of Governmental Industrial Hygienists; 
ASIL =acceptable source impact levels; BEi =biological exposure indices; BNA =Bureau of National Affairs; 
BPT = best practicable control technology; CFR = Code of Federal Regulations; CPSC = Consumer Product Safety 
Commission; DOT= Department of Transportation; EL= emissions levels; EPA= Environmental Protection Agency; 
FDA = Food and Drug Administration; HAP = hazardous air pollutant; HSDB = Hazardous Substances Data Bank; 
IARC = International Agency for Research on Cancer; IDLH = immediately dangerous to life and health; 
IRIS= Integrated Risk Information System; MCL =maximum contaminant level; MCLG =maximum contaminant 
level goal; NIOSH = National Institute for Occupational Safety and Health; DEL = occupational exposure limit; 
OSHA= Occupational Safety and Health Administration; PEL = permissible exposure limit; POL = practical 
quantitation level; REL = recommended exposure limit; RfD = reference dose; STEL = short term exposure limit; 
TLV = threshold limit values; TWA = time-weighted average; USC = United States Code; UTS = universal treatment 
standards; WHO =World Health Organization 
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There are ntuncrous guideline values 
for the level of exposure to fluoride 
that 111axin1ises health benefits (tooth 

decay prevention) and 1niniiniscs adverse 

effects (dental ftuorosis). 2.3.4 In Australia, 64% of 
children experience tooth decay (dental caries) 
that causes concerns fro111 n1ild disco1nfort 
through to debilitating pain as \\'ell as reduced 
capacity to chew, talk and s111ile. In comparison, 
approxiinatcly 22% of children experience sonic 
fonn of dental fluorosis.9•17 Dental fluorosis 
is tnottling of teeth that 1nay result fron1 

excessive fluoride being ingested \vhile teeth are 
developing and tnay be of aesthetic concen1.1l1e 
NHMRC dietary guidelines for Australia and 
Ne\v Zealand, recon1111end fluoride adequate 
intake (AI) for infants which ranges fro1n 
0.01 myday (birth to six months) to 0.5 my day 
(seven to 12 1nonths).1l1e upper lhnit (UL) is 
0. 7 my day and 0.9 my day, respectively.' Other 
authors have also reported guidance values 
0.05--0.07 mg F/kg body wcighi/day and UD; 

of up 0.10 mg F/kg body weighilday.1-'> 
In recent years it has become \vidcly 

accepted that little pre-eruptive benefit 
to tooth ena111el is achieved through the 
ingestion of fluoride, as the n1ajority of 
benefit occurs fro111 frequent exposure of 

the tooth enan1el to fluorides post eruption.6 

Therefore, benefit frorn fluoride \viii not 
begin until the first teeth erupt, at about 

six 1nonths of age at which titne fluoride 
intake 1nay corne fro1n an increasing variety 
of sources \Vith the introduction of solid 
foods. Risk fron1 excess fluoride ingestion 

in the first 12 months has been sho\vn to 
have an association \Vith deciduous teeth 
but not \Vith pennanent teeth as the critical 
period in which pern1anent teeth are n1ost 
vulnerable docs not begin until 15 to 21 

inonths ofage.7•8 This is supported by recent 
studies that sho\V that reconstitution of infant 

fonnula \vith fluoridated water at 1 mg/L has 
little in1pact on fluorosis levels ofpennanent 
teeth, compared to other sources of fluoride 
ingestion, such as toothpaste ingestion and 
fluoride supple111ent use.9

•10 Despite lack of 
agree1nent on guideline values and varying 
units of ineasurement, fluoride intake from 
infant fonnula has been frequently identified 
as a potential snurce of excess fluoride for 
infants depending on production processes 
and fluoride concentration of,vater used for 

reconstitution.4
•7•

11 

In 1996, Silva and Reynolds investigated 
fluoride concentrations in infant fornn1la 
in Australia and found that, when \vatcr 

fluoridated at 1 mg/L \Vas used to reconstitute 
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Abstract 

Objectives: To identify the fluoride content 
of powdered formula for infants 0·12 
months in products available from Brisbane 
stores in 2006/07 and compare this with 
the fluoride content of infant formula 
products available in Auslralia 1 O years 
earlier. 
Methods: A range of available infant 
formula powders were collected from major 
supermarkets and chemists in Brisbane, 
Queensland. The fluoride levels in infant 
formula powder samples were determined 
using a modification of the micro-diffusion 
method of Silva and Reynolds' utilising 
perchloric acid and silver sulphate and 
measured \vith an ion selective (fluoride) 
electrode/meter. Fluoride content both 
prior to and after reconstitution, as well as 
estimated daily intake according to age 
was calculated, 
Results: Formula samples contained an 
average of 0.49 µg F/g of powder (range 
0.24-0.92 µg F/g). After'reconstitulion 
with water containing Omg/L fluoride, 
the fluoride content averaged 7.09µg 
F/100ml (range 3.367-22.72 µg F/100ml). 
Estimated infant fluoride intakes ranged 
from 0.0039 mg/kg/day for a 6-12 month 
old Infant \Vhen reconstituting mllk-based 
formula with non·fluoridated water (0 mg/ 
L), to 0.1735 mg/kg/day for a 0-3 month 
old infant when reconstituting soy-based 
formula with fluoridated waler (1.0 mg/L). 
Conclusions: Infant formula powders 
contain lower levels of fluoride than 
previously found In Australia in 1996. 
Implications: This confirms that infants 
consume only a small amount of fluoride 
from milk-based powdered infant formula. 
Although soy·based Infant formulas contain 
more fluoride than milk-based products, 
the levels still comply with national food 
standards. 
Key iVOrds: Fluoride, infant formula, oral 
health, \Valer fluoridation, fluorosls, dental, 
micro·diffuslon, ion selective electrode. 
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their fornnlla san1plcs, all exceeded their suggested UL of fluoride 
intake. In 1999, the NHMRC n1ade a reconuncndation to develop a 
strategy to reduce excessive intake of fluoride fro1n infant fonnula 
in Australia.6 The Australia Ne\V Zealand Food Standards Code 
\Vas aincndcd to include inandatory dental ftuorosis risk labelling 
of po\vdered or concentrated infant fornnila if it contains n1orc 

than l 7~tg F/l 00 kilojoules (kJ) prior to reconstitution. 12 Since 
that ti1ne there has been no reported investigation of the levels 
of fluoride in po\vdered or concentrated infant fornn1la products 
con1n1crcially available in Australia. This study sought to redress 
this deficit. 

Methods 
One tin of every infant fornnila that \Vas present on the shelves 

of hvo different rnajor supennarkets in Brisbane was purchased 
in March 2006. \Vhere possible, a different batch nun1ber was 
obtained in another two stores of the sa111e supcnnarket chain 
to achieve a sa1nple of 33 different infant fonnula products. 
T\VO chen1ist chain stores were also accessed to identify other 
co1nrnon brands and different batches of products (June 2007). 
This produced a total sainple of 53 tins of infant fornn1Ja po\vder 
(15 products were double satnpled, one triple satnplcd and one had 
four satnples). Product labels identified country of 1nanufacture 
as New Zealand, IrelancVSingapore, Francc/Gennany/Netherlands 
and Australia. 

Fluoride in the infant fonnula po\vders \Vas detennined using 
a tnodification of the 1nicro-diffusion 111ethod of Silva and 
Reynolds utilising perchloric acid and silver sulphate. Square 
polystyrene Petri dishes with unvented lids to prevent loss of 
liberated hydrofluoric acid (100 111111 x 100 111111 x 18 nun) \Vere 
used throughout this \Vork and \Vere pre-cleaned by soaking in 5% 
perchloric acid overnight, rinsed \Vith deionised water and oven 
dried prior to use. 

Analytical Reagent (AR) grade perchlo1ic acid and silver sulphate 
n1ay contain lo\V levels of fluoride as an in1purity and ntust be 
processed to reduce the fluoride contmnination to acceptable levels. 
111is \Vas achieved by 0.3 g finely ground silver sulphate and 14 n1L 
of 48o/o perchlorie acid (prepared by diluting concentrated 70% 

Article 

perchloric acid) was placed in a Petri dish and n1ixed \Vith a stirring 
rod. The lid was placed slightly ajar on top of the Petri dish (to allow 
conta111inant HF vapours to escape) and placed in an air oven at 50°C 
overnight. After the heating process in the air oven overnight, the 
perchloric acid and silver sulphate was ready to use. 

At least 12 x 12 drops of 0.5M sodiun1 hydroxide solution 
\Vere pipetted to the inside of the Petri dish lids using an eight 
channel Finn-pipette, ensuring that the 144 drops were evenly 
spaced. The Finn-pipette \Vas set so the volunte of each drop \Vas 
approxin1ately 3.5 ~tL resulting in a final vohnne of0.5M sodiun1 
hydroxide spotted onto the lid of approximately 0.5 mL. The lids 
were placed, \vith drops facing up\vards, into a clean air oven for 
at least t\VO hours to allo\V the 1noisture in the sodiun1 hydroxide 
solution to evaporate. 

A \veight of 0.35 g of infant fonnula povlder \Vas transferred 
to the prepared (decontan1inatcd) perchloric acicVsilver sulphate 
111ixturc and covered \Vith the spotted lid as quickly as possible. 
The 111ixture \vas evenly dispersed by s\virling and then placed in a 
clean air oven at 50°C for 20hrs. At the con1pletion of the heating 
process, 1.5 111L deionised \Yater and l.5 n1L TISAB reagent 
(total ionic strength adjustJnent buffer) \Vas added to the Petri lid 
and tnanually s\virlcd gently until all the crystals \Vere dissolved 
(about five n1inutes per san1ple) as the solution does not entirely 
cover the botto1n of the Petri lid. The 3 ntL extract on the lid \Vas 
then transferred into an acid \vashed I 5 111L HDPE plastic tube 
and the scre\v cap was fixed to avoid contan1ination. The fluoride 
content in the 3 111L extract \Vas then n1casured directly fron1 the 
15 n1L HDPE plastic tube using the ISE electrode/Jneter. Three 
certified reference 1naterials (CRM) \Vere used during this study 
and provided the following results for fluoride; NCS DC 73350 
(powdered poplar leaves): requires 22±4 mg/kg, found 20±0,5 
mg/kg; Lypochcck Urine (Ref 405, Lot69112): requires 7.7±0.4 
mg/L, found 7.7±0.25 mg/L; Serononn Urine (Ref201205, Lot 
0511545): requires 4.0 mg/L, found 3.7±0.07 mg/L. 

Queensland Health fonnula feeding guidelines \Vithin the 
Personal Health Record13 \Vere used to calculate the average 
consun1ption of reconstituted fonnula for 0-2 111onths (150 tnU5. l 
kg/day~ 765 mL/day), 3-6 months (120 mL/7kg/day ~ 840 mL/ 
day) and 7-12 months (110 mL/809 kg/day~ 979 mL/day). 

Table 1: Fluoride content of milk-based (MB) and soy-based (SB) infant formula when reconstituted with specified 
fluoride levels in the water for infants aged 0·12 months. 

Fluoride 0·2 months8 3-6 monthsa 7-12 monthsa 
level In 150 ml/kg/day 120 m L/kg/day 11 O ml/kg/day 
water mg F/kg/day mg F/kg/day mg F/kg/day 

median mln max median min max median min max 

0,0 mg/L MB: 0.009 0.005 0.020 0.007 0,004 0.016 0.006 0.004 0.015 
SB: 0.021 0,010 0.034 0.017 0.008 0.027 0.016 0.008 0.025 

0.2 mg/L MB: 0.039 0.040 0.050 0.031 0.030 0.040 0.028 0.030 0.040 
SB: 0.051 0.040 0.060 0.041 0.030 0.050 0.038 0.030 0.050 

0.7 mg/L MB: 0, 114 0. 110 0.130 0.091 0.090 0.100 0.083 0.080 0.090 
SB: 0.126 0.120 0.140 0.101 0.090 0.110 0.093 0.080 0.100 

1.0 mg/L MB: 0, 159 0.160 0, 170 0. 127 o. 120 0, 140 o. 116 0, 110 0.120 
SB: 0.171 0.160 0.180 0.137 0.130 0.150 0.126 0.120 0.130 

Noles: a) Only products suitable for fnfants of this age are rncfuded fn calculations. Quantity of reconstituted infant formula consumed (ml.Jkglday) based on 
Queensland Health formula feeding guidelines 2005. 
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Food issues 

Results 
No satuples tested \Vere labelled as containing 111ore than l 7µg 

of fluoride per l 00 kJ prior to reconstitution and results confinned 
this. The 1ncdian concentration of fluoride was 2.37 ~lg F/IOOkJ 
(min-max 1.21-7.20) or 0.46 µg Fig (0.24--1.20) in milk-based 
(cow and goat) formula powder and 5.15 ftg FilOOkJ (min-max 
2.46--8.11) or 1.015 ftg Fig (0.46 -1.60) in soy-based formula 
po\vder. When water \Vith no fluoride \Vas used for reconstitution, 
an average of 6.39 micrograms ftuoridei!OO mL (SD 2.27) for 
1nilk-based fornrula and 14.53 1nicrogra1ns fluoride/100111L (SD 

8.66) for soy-based fornn1la resulted. Co1nparing the findings 
of this study \vith the results of Silva and Reynolds, the average 
fluoride concentration of infant fornntla in Australia seetns to 
have decreased, with tnilk-based fonnula containing about one­
third the fluoride content, and soy-based fonnula about half the 
fluoride content found in l 996. It should be noted that this study 
included 111ethodology to re1nove any fluoride hnpurities fro1n the 
analytical reagent and therefore lo\ver average fluoride levels n1ight 
be expected co1npared to the Silva and Reynolds study. 

The reconnnended vohune of fornn1la an infant consu111es 
per day varies with age and \Vcight. 13 Table l sho\vs that average 
fluoride intake per kilograin body \Veight per day fro1n infant 
formula varies considerably by age; 0.009 mg F/kd/day at age 0-2 
months down to 0.006 mg F/kg/day at 6-12 months for milk-based 
products. The average contribution to daily fluoride intake fron1 
infant fonnula in inilligrains of fluoride by average \veight for age 
varied fron1 0.04 to 1.04 1ng F/day for 1nilk-based fonuula and 
0.11 to 1.12 mg Fiday for soy-based formula (Table 2). At levels 
of 0. 7 111g/L of fluoride in \Vatcr, estin1ates of intake identified 
in this study suggested intake exceeds guidance values but not 
UL values for all age groups. At \Vater fluoride levels of 1 1ng/L, 
estitnates exceeded both guidance values and the UL values for 
all age groups. 

Table 2: Estimated fluoride Intake from milk-based (MB) 
and soy-based (SB) infant formula when reconstituted 
with specified fluoride levels In the water for infants 
aged 0-12 months. 

Fluoride 0-2 months 3·6 months 7-12 months 
level in (5.1 kg) (7 kg) (8.9 kg) 
water mg Fiday mg Fiday mg Fiday 
0.0 mg/L MB: 0.04 0.05 0.06 

SB: 0.11 0.12 0.14 
0.2 mg/L MB: 0.20 0.22 0.25 

SB: 0.26 0.29 0.34 
0.7 mg/L MB: 0.58 0.64 0.74 

SB: 0.64 0.71 0.83 
1.0 mg/L MB: 0.81" 0.891 1.04" 

SB: 0.87a 0.963 1. 12a 

Notes: a) Above UL (NHMRC 2005) 

Fluoride content in infant formula 

Discussion 
Fluoride concentration in infant fornn1la po\vder appears to 

1neet Australian guidelines based on the sainples used in this 
study, however infant formula products presented may not be 
representative of products available across Australia as sa1nples 
\Vere collected in Brisbane only. The results of this study are also 
litnited to use of product as per n1anufacturcr's reconunendation 
and does not account for alternative use of products by consun1ers. 
Daily intake calculations are li111ited to shnilar total intake per 
day reco1nmendation as those reco111111endcd by Queensland 
Health fonnula feeding guidelines and do not account for 
variations in feeding guidelines in other jurisdictions or personal 
preferences. 

\Vhile none of the fornntla po\vders satnpled demonstrated levels 
of fluoride in excess of FSANZ guidelines prior to reconstitution, 
calculations suggested that fluoride intake front powdered infant 
fonnula products, mainly soy-based, in areas \Vith 1 mg/L of 
fluoride or above in the \vater 1nay exceed upper lin1its and 
therefore n1ay pose a risk ofn1ild dental fluorosis. 

This study ahned to esti1nate the atnount of fluoride infants 
consun1ed fron1 fonnula betv.;een birth and 12 1nonths. This 
estitnate is litnited by the fact that National guidelines recon1111end 
breastfeeding exclusively fron1 birth up to six n1onths and that 
infants begin on solid food fron1 six nlonths of age with large 
variations in uptake.3 Since no infant formula usage rates are 
available for Australia, only an estitnate can be 1nade fro111 
Australian breastfeeding data (exclusive and supplen1ented).14 111is 
\Vould suggest that about l 3% of infants at birth and up to 52% of 
infants at age six months are fonnula fed. Ho\vever, given that the 
introduction of solids and drinking fron1 cup also occurs around 
six tnonths, 52% is likely to be an overestitnate at six 1nonths of 
age and too n1uch uncertainty exists to estiinate forn1ula use at 
12 1nonths of age. 

While this research presents a 1nore accurate picture of potential 
fluoride intake through infant fonnula consun1ption, it docs not 
provide information on all sources of fluoride intake for these age 

groups. These findings are sin1ilar to overseas studies \Vhere the 
average intake for infants \Vhen fornn1la is reconstituted \Vith \Vater 
at 1 n1g/L fluoride have been esti111ated behveen 0.11 and 0.17111g 
F/kg/day, with the highest intakes being recorded at hvo \Vecks of 
age. u.i5.i6 Since studies have shown no evidence of benefit fro111 
fluoride until teeth erupt at about six 1nonths of age and evidence 
ofn1ild fluorosis risk to baby teeth during this ti111e has also been 
published, this study supports previous recon11nendations that 
\Vatcr \Vith l 1ng/L or 1nore of fluoride not be used to reconstitute 
powdered infant fonnula, if a parent is concerned about a risk of 
their child experiencing mild fluorosis in baby teeth.7 

\Vhile this study identifies that fluoride intake guidelines 
1nay be exceeded in son1e circun1stances, there is insufficient 
evidence to confirn1 that the adequate and upper level intake 
values accurately depict the point at which the benefit of \Yater 
fluoridation (protection fron1 tooth decay) is ouhveighed by the 
risk (dental fluorosis) for children once the teeth begin to erupt. 
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Further research and in-depth analysis of all variables contributing 
to risk and benefit, for varying infant ages, \VOtdd be required to 
111ore accurately predict AI and UL values. 

\Vith this in n1ind, it is hoped that these findings allow 
connnunity n1cn1bcrs and health professionals to 1nore accurately 
calculate the potential intake of fluoride fro1n infant fonnula, and 
encourage further research to establish a stronger evidence base 
for guideline values. 
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ABSTRACT 
Objectives: The aim of this study was to determine the fluoride levels in breast milk and plasma of 

lactating mothers who regularly consumed drinking water with low levels of fluoride. 
Methods: One hundred twenty five healthy mothers aged between 20-30 years old who had given 

birth within 5-7 days were included in the study. Besides being otherwise healthy, the primary selection 
criteria stipulated the absence of fluoride supplement consumption one month before delivery. Ap­
proximately 5 ml breast milk and 5 ml blood samples were obtained from each participating mother at a 
hospital setting, where the mothers were scheduled for a regular hospital diet. The blood samples were 
centrifuged in fluoride-free heparinized polyethylene tubes and stored at -18'C until measurements 
were made. Breast milk samples were directly refrigerated as with blood samples until measurements. 
The fluoride concentrations of milk and blood samples were assessed using an ion-selective fluoride 
electrode combined with an ion analyzer. 

Results: The fluoride levels of the plasma and breast milk samples were measured as 0.017±0.011 
ppm and 0.006±0.002 ppm, respectively. The fluoride concentration of plasma was significantly higher 
than that of breast milk [P<.01). Correlation analysis revealed a significant relation between the groups 
[P<.01). 

Conclusion: A limited level of fluoride transmission from plasma to breast milk was detected. Nev­
ertheless, a significant correlation between the fluoride concentrations of breast milk and plasma was 
evident. [Eur J Dent 2007;1:21-24) 

Key words: Breast milk; Fluoride; Plasma. 

INTRODUCTION 
Since various forms of fluorides have met wide 

acceptance for use in the prevention of dental car­
ies, the metabolism of fluoride is of considerable 
interest. 1·3 The human organism is exposed to 
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fluoride in a number of ways. Ingestion of fluoride 
is accomplished through various foods; drinking 
water and fluoride containing products compris­
ing dentifrices, mouth rinses, tablets, drops, etc.4·6 

Hard tissues are known to be the major sites of 
fluoride accumulation in the human body. Approx­
imately 99% of the total body burden of fluoride is 
retained in bones and teeth, with the remainder 
distributed in highly-vascularized soft tissues.4·5 

Kidneys are the primary route for the removal of 
fluoride from the body. Other routes of fluoride ex­
cretion are sweat, feces, saliva and breast milk of 
lactating mothers. 4·5·7 

Breast milk is the major dietary intake of in­
fants in the early stage of life. The level of fluoride 
in breast milk plays an important role as a fluoride 
supplement to the infant.' Conversely, the concen­
tration of fluoride could be deemed critical regard-
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ing the potential dental fluorosis that may result 
from high concentrations of dietary fluoride.'· 10 

Plasma is the biological fluid into which fluo­
ride must pass for its distribution elsewhere in the 
body as well as its elimination from the body. For 
these reasons, plasma is often referred to as the 
central compartment of the body.' Factors that 
include fluoride intake from various sources may 
affect plasma fluoride levels, and thus fluoride 
content of breast milk. 

The aim of this pilot study was to determine the 
fluoride levels of breast milk and plasma of lactat­
ing mothers and the correlation between breast 
milk and plasma fluoride levels in mothers who 
regularly consume drinking water with low levels 
of fluoride. 

MATERIALS AND METHODS 
One hundred twenty five mothers aged between 

20-30 years old with hospitalized newborns due to 
icterus neonatorum were included in the study. 
Signed consent was obtained from the participants 
after explanations regarding the study protocol. 
The human ethic committee of Selcuk University 
Experimental Research Center ISUDAM] approved 
this study !Approval No:2004-0341. 

Besides being otherwise healthy, the primary 
selection criteria stipulated the absence of fluo­
ride supplement consumption one month before 
delivery. The participants regularly consumed 
drinking water from the same city supply which 
has been previously shown to contain low levels 
of fluoride !approx. 0.3 ppml. 11 The mothers con­
sumed a regular hospital diet. 

Milk and plasma samples were collected from 
lactating mothers within 5 to 7 days after delivery. 
For milk samples, the breast was swabbed with 
cotton wool and distilled water before milk col­
lection. The mother was instructed to press the 
breast gently to facilitate collection of 5 ml of milk 
into a polyethylene tube. At the same appoint­
ment, 5 ml of blood was obtained and transferred 
into a fluoride-free heparinized polyethylene tube. 
Thereafter, the plasma was separated from the 
blood by centrifugation for 3 min at 3500 g. Milk 
and plasma samples were further stored at -18°C 
until analyses. Before fluoride measurements, the 
samples were thawed at room temperature. 

To determine fluoride concentrations, equal 
volumes of TISAB II buffer !Orion Research, U.S.A.] 
was added into the samples. All samples were ho­
mogenized using magnetic stirrers throughout the 
measurements. An ion-selective electrode !Model 
96-09, Orion Research, USA] was used in conjunc­
tion with a Model EA 910 ion analyzer !Orion Re­
search, USA] to measure the fluoride concentra­
tions of the breast milk and plasma samples. 

Paired t test was used to determine the differ-
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ences between fluoride concentration of breast 
milk and plasma. Pearson correlation analysis 
was used to assess any possible relationship be­
tween plasma and breast milk fluoride levels." 

RESULTS 
The concentrations of fluoride in breast milk 

and plasma are presented in Table 1. The mean 
fluoride concentration of the plasma samples was 
0.017±0.011 ppm !range 0.006-0.054 ppm]. The 
mean fluoride concentration of the breast milk 
samples was 0.006±0.02 ppm !range 0.003-0.011 
ppm]. 

Paired t test showed that the fluoride concen­
trations of plasma were significantly higher than 
those of the breast milk IP=.0001. Pearson analysis 
revealed a significant correlation between the flu­
oride concentrations of breast milk and of plasma 
IP=.0001. When a mother's plasma fluoride con­
centration was above lor below] the mean plasma 
fluoride level of the entire study group, the breast­
milk fluoride levels were affected accordingly. 

DISCUSSION 
Several methods are used to determine fluo­

ride levels in biologic tissues that include spec­
trophotometry, 13 gas chromatography, 14 capillary 
electrophoresis, 15 micro diffusion, 16 and ion analy­
sis in conjunction with ion-selective electrodes." 
As utilized in the present study, the most common 
procedure used to quantify free fluoride anion is 
the ion-selective electrode-" 

The plasma fluoride concentration displays an 
increase along with fluoride intake. This increase 
is, however, attenuated due to distribution to the 
interstitial and intracellular fluid uptake by calci­
fied tissues and renal excretion.' The literature 
contains a wide range I0.008-0.045 ppm] of re­
ported normal plasma fluoride concentrations.'·" 
The diversity of values may have been due to the 
inclusion of fasting individuals as subjects in con­
trast to other studies employing non-fasting par­
ticipants-" Certainly, other factors that include 
methodological variations as well as the fluoride 
levels of drinking-water consumed by subjects 
should have a strong impact on the reported val­
ues." Li et al" reported a mean plasma fluoride 
concentration of 0.106±0.076 ppm in 127 subjects. 
In their study, the subjects were selected from a 
region with the drinking water fluoride concentra-

Table 1. Fluoride concentrations of breast milk 
and plasma. 

Min Max Mean±SD 

Plasma (n=125) 0.006 0.054 0.017±0.011 

Breast milk (n=125) 0.003 0.011 0.006±0.002 



tions of 5.03 ppm. In the present study the mean 
plasma fluoride concentration was 0.017±0.011 
ppm. Our finding corroborates those of Fejerskow 
et al' and World Health Organization [WHOl. 16 

Breast milk possesses unique nutritional, bio­
chemical, anti-infective and anti-allergic proper­
ties. As breast-fed infants obtain fluids almost 
exclusively from their mothers, breast milk repre­
sents an important way for delivering fluoride with 
certain levels to infants. 20 The level of fluoride in 
human milk has been a topic of investigation for 
many years. Medical literature contains a wide 
range for fluoride levels in breast milk. It is prob­
able that problems with the analysis of fluoride 
have been contributory. According to the WHO, 16 

the breast milk fluoride levels range from <0.002 
to about 0.1 ppm, with most values being between 
0.005-0.010 ppm. The mean breast milk fluoride 
concentrations obtained here in [0.006±0.002 ppm) 
are in line with the WH0. 16 Dabeka et al' showed 
that the concentration of fluoride in breast milk 
was related to the content of the drinking-water 
consumed by the mothers. The mean concentra­
tion of fluoride in breast milk obtained from 32 
women consuming drinking water that contained 
< 0. 16 ppm was 0.004 ppm, whereas breast milk 
obtained from 112 women consuming drink­
ing water containing 1 ppm reportedly was 0.009 
ppm.' Similar levels of fluoride concentrations of 
breast milk and colostrum [0.008 ppm) have been 
reported by Spak et al.1 However, Spak et al' found 
no significant difference in breast milk fluoride 
concentrations of mothers living in areas with low 
and high drinking-water fluoride concentrations. 

In the present study, the strict selection criteria 
which stipulated absence of recent use of fluoride 
supplements was a preventive measure to control 
variables that could interfere with the results. Ad­
ditional limitations included selection of patients 
from a region with low drinking water fluoride 
levels [<0.3 ppml. In light of previous work,' how­
ever, it is apparent that the fluoride concentration 
of breast milk in mothers regularly consuming 
higher concentrations of fluoridated water is still 
within normal limits. 

Theoretically, a limited transfer of fluoride 
from plasma to breast milk should occur. 21 The 
mechanism is) responsible for the selective trans­
fer of fluoride into breast tissue is obscure." It 
is thought that a physiological plasma-milk bar­
rier functions against to fluoride.""' Despite high 
doses of supplementary fluoride administered to 
the mother, the child receives a maximum dose 
of only 0.2% of the mother's fluoride intake."' The 
results obtained in our study confirmed these con­
clusions. It should, however, be noted that the flu­
oride content transferred through breast milk is 
less than those present in cow's milk and in infant 
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formulas, utilized as routine substitutes for breast 
milk. Rahul et al' found that fluoride concentra­
tions of various commercially available infant milk 
formulations ranged from 1.95 ppm to 7.45 ppm 
and fluoride content of cow's milk samples was 
0.12 ppm; values exceeding those of breast milk. 

CONCLUSIONS 
It has been verified by the positive correlation 

between plasma and breast-milk fluoride con­
centrations in subjects selected meticulously in 
terms of low drinking water fluoride levels. While 
the results of the present study confirm previous 
data regarding the difference between plasma and 
breast-milk fluoride concentrations, it is evident 
that more research, coupled with a wider study 
population is indicated to clarify the exact interac­
tions between plasma fluoride levels and those of 
breast milk. 
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ABSTRACT 

Fluoride is an effective anabolic agent to increase spinal bone density by increasing bone for1nation, and at 
therapeutically relevant (i.e., 1nicron10Iar) concentrations, it sthnulates bone cell proliferation and activities in 
vitro and in Yivo. Ho,vevcr, the fluoride therapy of osteoporosis has been controversial, in large part because of a 
lack of consistent antifracturc efficacy. Ho\rever, infor1nation regarding the 1nolecular 1nechanisn1 of action of 
fluoride 111ay hnp1·ove its optinnnn and correct usage and n1ay disclose potential targets for the deyelopntent of new 
second generation drugs that might have a better efficacy and safety profile. Accordingly, this review will address 
the tnolecular 1nechanisn1s of the osteogcnic action of fluoride. In this regard, \\'e and other Vi'Ol'kcrs have proposed 
two competing models, both of which involve the mitogen activated protein kinase (MAPK) mitogenic signal 
transduction pathway. Our n1odel involves a fluoride inhibition of a unique fluoride-sensitive phosphotyrosine 
phosphatase (P'l'P) in osteoblasts, which results in a sustained increase in the tyrosine phosphorylation level of the 
key signaling proteins of the MAPK mitogenic transduction pathway, leading to the potentintion of the bone cell 
proliferation initiated by growth factors. The competing model proposes that fluoride acts in coordination with 
ahuninun1 to fornt fluoroahnninate, lvhich activates a pertussis toxin-sensitive Gi/o protein on bone cell 1nen1-
brane, leading to an activation of cellular protein tyrosine kinases (PfKs), which in turn leads to increases in the 
tyrosine phosphorylation of signaling proteins of the MAPK mitogenic signal transduction pathway, ultimately 
leading to a stimulation of cell proliferation. A benefit of our model, but not the other model, is that it accounts 
for all the unique properties of the osteogenic action of fluoride. These include the low effective fluoride close, the 
skeletal tissue specificity, the requirement of PTK-activating growth factors, the sensitivity to changes in medium 
phosphate concentration, the preference for undifferentiated osteoblasts, and the involvement of the MAPK. 
Unlike fluoride, the mitogenic action of fluoroaluminate is not specific for skeletal cells. Moreover, the mitogenic 
action of fluoroaluminate shows several important, different characte1istics than that of fluoride. Thus, it is likely 
that our model of a fluoride-sensitive PTP represents the actual molecular mechanism of the osteogenic action of 
fluoride. (J none Miner Res 1998;13:1660-1667) 

INTRODUCTION 

CLINICAL STUDIES OF FLUORIDE in patients with osteoporosis 
have de1nonstrated that fluoride increases spinal bone 

density.<') Past bone histon1orpho111ctric studies have indi­
cated that the effect of fluoride to increase bone 111ass \Vas 

due entirely to an increase in bone fonnation and not to a 
reduction in bone resorption, and that the stimulation of 
bone formation was 111ediated through an increase in the 
ostcoblast nu1nber,<2

•3) indicating that fluoride is an ana­
bolic agent for bone cells and that the bone-forming effect 
of fluoride is 111ediated by an increase in osteoblast prolif-

1Musculoskeletal Disease Center, Jerry L. Pettis Mcn1orial V.A. Medical Center, Loma Linda, Calirornia, U.S.A. 
2Departments of Medicine and Biochemistry, Loma Linda University, California, U.S.A. 
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eration. However, although it is well recognized that the 
fluoride therapy is effective in increasing spinal bone den­
sity, the efficacy of the therapy in fracture reduction is 
highly controversial.C4-s) In this regard, fluoride therapy 
has an unfavorable benefit-to-risk profile, \vhich is believed 
to be related to the high incorporation of fluoride in bone 
and to the fluoride-associated osteomalacia.<9

) Because of 
this unfavorable efficacy profile, the fluoride therapy has 
not been generally regarded as a preferred therapy of os­
teoporosis. Consequently, in order for fluoride to be an 
effective therapy, this benefit-to-risk profile 1nust be 
irnproved. 

A kno\vledge of the mechanism of action of a drug is 
itnportant for at least two reasons: it generally in1proves the 
opthnu1n and correct usage of a drug, and it could disclose 
potential targets for the develop1nent of ne\v second gen­
eration drugs, which tnight have a better efficacy and safety 
profile. We believe that both of these reasons are applicable 
to fluoride. For exan1ple, kno\ving ho\v fluoride acts to 
stinuilate bone fonnation should help to design an hn­
proved treatment reghnen (i.e., intennittent or cyclic ther­
apy) that could increase the benefit-to-risk profile of the 
therapy. Accordingly, intern1ittent therapy should reduce 
the risk for fluoride-induced osteomalacia and for the effect 
of fluoride to cause undesirably high levels of fluoride in 
bone. More hnportantly, information regarding the 111olec­
ular n1echanism of the signal transduction patlnvay of the 
osteogenic action of fluoride could provide screening tar­
gets for develop1nent of novel fluoride-like drugs with fa­
vorable efficacy and safety profiles, For exan1ple, if the 
fluoride-sensitive enzy1ne were available as a screening tar­
get, one could test small molecules for their ability to inhibit 
this enzyme and thereby sthnulate cell proliferation. This 
could lead to the devclop1ncnt of an orally active nontoxic 
fluoride min1ic, \vhich \vould specifically sthnulate bone cell 
proliferation and bone formation. 

Regarding the 111olecular 111echanism of osteogenic action 
of fluoride, there arc currently t\vo co1npeting n1odels: one 
involves the inhibition of an ostcoblastic fluoride-sensitive 
phosphotyrosine phosphatase (PTP) and the other involves 
the Gi/o protein-n1ediated activation of protein tyrosine 
kinases (PTKs). In this review, we will discuss the evidence 
for and against each 111odel. To assist the assessment of 
these t\vo n1odels, a brief discussion of the 1nitogenic ac­
tions of fluoride on bone cells is included. Finally, we will 
also briefly discuss the other existing proposed 1nodels of 
fluoride's actions. 

Fluoride ion stimulates osteoblast proliferation and 
activities in vitro 

Farley et al.< 10l provided the first in vitro evidence that 
fluoride acts directly on avian bone cells to sthnulate cell 
proliferation in a biphasic fashion with the optimal 1nito­
genic dose of~ 10 µM levels, sin1ilar to the effective seru1n 
fluoride levels (i.e., basal level at 5-10 µMand peak level at 
30 µ.M) in patients.0 1> The bone cell mitogenic effects of 
fluoride \Vas confinned by a number of laboratories< 12

-
20> 

and extended to bone cells of various species, including 
hun1ans, as sho\vn in Figure 1, which illustrated that fluo-
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FIG. 1. Fluoride increases hun1an bone cell proliferation 
in vitro. Nonnal hun1an bone cells were isolated fron1 the 
trabccular bone of femoral head sa111ples obtained during 
hip replace1nent surgery with collagenase digestion. Cell 
proliferation was measured by [3H]thy1nidine incorporation 
into DNA and by the number of cell population doublings 
per day. Each point is the mean and SEM of six replicates. 
(Adapted from Wergedal JE et al. Clin Orthop 233:274, 
1988 with permission.) 

ride at clinically relevant concentrations (5-30 µM) signif­
icantly increased the [3H]thy1nidine incorporation and cell 
doubling in nonnal hu1nan bone cells in vitro. These in vitro 
tnitogenic actions of fluoride arc consistent with the past 
morphometric findings of a fluoride·dependent increase in 
bone cell number in viva, indicating that the in vitro mito­
genic action of fluoride 1nay be clinically relevant. There is 
compelling evidence that fluoride at rnitogenic, micron1olar 
doses also stimulates several n1ature osteoblast activities, 
i.e., alkaline phosphatase expression,C10

•
13

•
14

•
21

) collagen 
synthesis,C 15

•
18

) and osteocalcin synthesis<15
•
2
') in n1onolayer 

bone cell cultures. Mitogenic doses of fluoride in vitro also 
stimulated transient calciu1n uptake<22

•
23

) and sodiun1-de­
pendent phosphate transportC24l in bone cells. Thus, it is 
generally believed that this stimulation of osteoblast prolif­
eration and activities together leads to the increased bone 
fonnation. 

Characteristics of in vitro mitogenic actions of fluoride 

Several unique properties of the in vitro mitogenic ac­
tions of fluoride may be relevant to its 1nolecular n1echa­
nis111 of the action. First, the 1nitogenic dose of fluoride is 
very low (micron1olar) and at least two orders of magnitude 
lo\ver than the doses of fluoride required for the effects on 
other biological syste111s (i.e., millimolar levels). Second, 
consistent \vith observations that the fluoride's in viva an­
abolic effect is specific for skeletal tissues, the in vitro 
n1itogcnic activity of fluoride is also bone cell specific.<10

•
13l 

Third, there appears to be a requirement of a growth factor, 
such as insulin-like gro\vth factor I or transforn1ing growth 
factor {3, for the in vitro bone cell mitogenic activity of 
fluoride. <19

•
25

) Fourth, the 1nitogenic activity of fluoride is 
sensitive to changes in medium phosphate conccntra-
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Protein Tyrosine Klnases 

Phosphotyroslne Phosphatases 

FIG, 2. Regulation of cellular tyrosyl protein phosphor­
ylation. This figure illustrates sche1natically that the overall 
tyrosyl phosphorylation level of cellular proteins is con­
trolled by hvo opposing enzymatic reactions: protein ty­
rosine kinases (PTKs) and phosphotyrosinc phosphatascs 
(PTPs), 

tion.(25
) Fifth, the fluoride ion acts prhnarily on osteopro­

genitor cells and/or undifferentiated osteoblasts,<21
•
26

•
27> 

which synthesize an abundance of growth factors,C21 •
28> 

rather than to stimulate the proliferation of highly differ­
entiated osteoblasts. Sixth, the bone cell mitogenic activity 
of fluoride involves increases in overall tyrosine phos­
phorylation of several cellular signaling proteins, includ­
ing mitogen activated protein kinase (MAPK), in bone 
cells.(20

•
29

-
31> Accordingly, any attainable ntodel for 1110-

lecular mechanism of the 1nitogcnic action of fluoride ion 
must account for these unique and intriguing properties. 

A proposed molecular mechanism of anabolic actions 
of fluoride on bone cells 

Regulation of cell proliferation is contplex and involves 
ntultiple signal transduction pathways. lio\vever, there is 
no\v increasing co1npelling evidence that an increase in the 
overall tyrosyl phosphorylation level of key signaling pro­
teins is essential for 111ost, if not all, 1nitogenic signal trans­
duction pathways. Figure 2 illustrates that the overall ty­
rosyl phosphorylation level of cellular proteins is 
detennincd by two important and opposing cnzy1natic re­
actions. Tyrosyl phosphmylation is catalyzed by PTKs, 
whereas the tyrosyl dephosphorylation is mediated by PTPs. 
Accordingly, an increase in the overall tyrosyl phosphory­
lation level of cellular proteins can be acco1nplished by a 
stitnulation of the activity of PTKs, or by an inhibition of the 
activity of PTPs, or both. 

\Vith respect to the 1nolecular mechanisn1 of the osteo­
genic action of fluoride, we have advanced a 1nodel (sho\vn 
in Figure JA) that could account for the aforementioned 
unique properties of fluoride.( 9

•
29> This ntodel involves ac­

tivation of the Ras-Raf-MAPK signal transduction patlnvay 
through increases in overall tyrosine phosphorylation levels 
of key signaling proteins via a fluoride-dependent inhibition 
of a unique osteoblastic PTP activity. In the Ras-Raf· 
MAPK pathway, the binding of a growth factor (e.g., insu­
lin-like growth factor I) to its cell surface receptor activates 
the receptor's intrinsic PTK activity through autophosphor­
ylation, \Vhich triggers a cascade of phosphorylation reac­
tions, leading to the tyrosine phosphorylation of a nu1nber 
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FIG. 3. 1\vo con1peting proposed molecular 1nechanis1n 
for the bone cell mitogenie action of fluoride. (A) Our 
proposed model involving a fluoride inhibition of an osteo­
blastic fluoride-sensitive PTP. (Adapted from Libanati 
et al. in Osteoporosis, Marcus R, Feldman D, and Kelsey J 
(eds.) Academic Press, San Diego, CA, U.S.A., p. 1259, 
1996 with permission.) (B) The competing model, which 
proposes the involvement of activation of Gi/o proteins by 
the fluoroalun1inate con1plexcs. 

of cellular signaling proteins.(32
•
33> Accordingly, the acti­

vated growth factor receptor recruits the tyrosine phosphor­
ylated docking proteins, such as Grb,(34> \Vhich targets Sos 
to the n1embrane to mediate the exchange of GDP to GTP 
on Ras. (J5) The binding of OTP activates Ras, leading to 
activation and tyrosine phosphorylation of Raf.(36

) Inacti­
vation of Ras is 111ediated by rasGAP, \Vhich hydrolyzes the 
Ras·bound GTP to GDr.<35l Tyrosine phosphorylation of 
rasGAP leads to dissociation of Ras from rasGAP, thereby 
preventing the GTP hydrolysis and 1naintaining Ras in the 
activated state, leading to an activation of Raf.C36

-
38> Raf 

phosphorylates and activates MAPK/ERK protein kinase 
(MEK),<39l which phosphorylates MAPKs on both a thre­
onine and a tyrosine residue,'39

•
40> resulting in their activa­

tion. The activated MAPKs migrate into the nucleus, phos­
phorylate, and activate a nu1nber of transcription factors 
and proto-oncogenes,(4 tA2> actions which collectively lead 
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to increased gene expression, DNA synthesis, cell prolifer­
ation, and/or differentiation.<39•42) This Ras-Raf-MAPK n1i­

togcnic pathway has at least four regulatory points: growth 
factor receptor, rasGAP, Raf, and MAPK (identified in 
Fig. 3A as 1-4, respectively), the activity of each of which is 
regulated by tyrosine phosphorylation. An overall increase 
in the tyrosine phospho11'lation status leads to an activation 
of this pathway and cell proliferation and/or differentiation. 
\Ve postulate that fluoride, upon its entry into bone cells, 
inhibits the activity of one or n1ore unique fluoride-sensitive 
PTP(s), resulting in reduction of the dephosphorylation of 
one or n1ore of these signaling proteins. As a consequence, 
their overall tyrosine phosphorylation level rises, \vhich sub­
sequently leads to the potentiation of osteoblast proliferaw 
tion and/or activities initiated by the bone cell gro\vth 
factor. 

This model accounts for each of the afore1nentioned six 
unique characteristics of the fluoridewinduced bone cell 
1nitogenesis, First, osteoblasts contain a fluoridewsensitive 
acid phosphatasewlike PTP.<29.43~ 46> Second, the fluoridew 
sensitive PTP activity is unique to osteoblasts and not found 
in other cells and tissues.'29) Thus, the effect of fluoride on 
this enzy111e and the consequent anabolic effects should be 
specific for bone cells. Third, a fluoridewdependent inhibiw 
tion of the dephosphorylation of tyrosine phosphorylated 
signaling proteins can effectively increase their overall 
phosphorylation level only when their basal phosphoryla­
tion has been increased in response to a PTKwsthnulating 
growth factor. Thus, the optimal anabolic effect of fluoride 
on bone cells should require the presence of a bone cell 
growth factor (to increase the basal tyrosine phosphory!aw 
tion level). Fourth, the fluoride ion n1ay act, in coordination 
\Vith divalent ions, as a transition state analog of phosw 
phatc.<47) Because transition state analogs of phosphate are 
potent inhibitors of PTPs, and because known transition 
state analogs of phosphate (e.g., vanadate and molybdate ), 
at concentrations that inhibited an osteoblastic fluoridew 
sensitive PTP, also stin1ulated bone cell proliferation to the 
san1e extent as fluoride/29·48) it tnay be speculated that the 
fluoride ion functions as a phosphate analog to pro1note 
bone cell mitogenic activity.<49-51> Accordingly, the finding 
that the bone cell rnitogenic activity is sensitive to changes 
in phosphate concentration is consistent \Vith the 1nechaw 
nisn1 of a fluoridewdependent inhibition of an osteoblastic 
PTP to exert anabolic effects.'22·25) Fifth, osteoprogenitor 
cells and/or less differentiated bone cells are kno\vn to 
produce n1ore growth factors than the highly differentiw 
ated bone cells,<21 ·28> and since the less differentiated 
osteoblasts contained higher a1nounts of the fluoridew 
sensitive PTP than the n1ore differentiated osteow 
blasts,<27> it therefore is consistent 'vith the pren1ise that 
the less differentiated osteoprogenitor cells \vould be the 
preferred target cells for fluoride. Sixth, the findings that 
fluoride treatment increased steadywstate tyrosine phos· 
phorylation level of several key signaling proteins in bone 
cells in a sustained n1anner are entirely consistent with the 
contention that fluoride is an inhibitor of an osteoblastic 
PTP.c30,J1) 

Evidence s11pp01ting the proposed molecular 
mechanism of fluoride 

Our model is supported by a large body of strong circum· 
stantial evidence. First, a unique osteoblastic acid phos­
phatase-like PTP that is inhibited by clinically relevant 
doses of fluoride (apparent K1 - 10-20 µM) has been 
identified and purified.<29.43- 46) Second, only osteoblasts, 
and not other cells and tissues (with the exception of the 
kidney), contain this fluoridewsensitive acid phosphatasew 
like PTP.<29) Third, mitogenic doses of fluoride increase the 
overall steady-state tyrosine phosphorylation level of a 
nu111ber of cellular proteins in hu111an bone cells,<30> includw 
ing key signaling proteins of the MAPK pathway, such as 
MAPK, Raf·l, and rasGAP.<31·52) FourthJ the n1itogenic 
dose of fluoride is very low (10-100 µM) compared with its 
effect on other biological syste1ns (Le., 1nillin1olar levels), 
and is the san1e dose that inhibits the osteoblastic fluoridew 
sensitive PTP and that required for increased cellular ty· 
rosine phosphorylation leve1.<29·30> Fifth, results of protein 
thiophosphorylation studies are consistent with an interprew 
tation that fluoride acts to increase the tyrosine phosphorw 
ylation level through an inhibition of PTP rather than a 
stinnilation of PTK.<29) Sixth, other inhibitors of PTPs (i.e., 
vanadate and n1olybdate ), at concentrations that inhibit the 
fluoridewsensitive PTP, are 111itogens for bone cells'29·44·51) 
and also increase the tyrosine phosphorylation level of ce!w 
lular proteins, including MAPK.<30

•
31 > Seventh, the time 

course of the effect on both bone cell mitogencsis and on 
tyrosine phosphorylation of cellular proteins exhibits a lag 
period and is sustained in nature, findings that are consisw 
tent with an inhibition of PTP and not co1npatible with a 
direct activation of tyrosine kinases.<30·31) Eighth, the time 
course of vanadate to increase the cellular tyrosine phosw 
phorylation level is very sitnilar to that of fluoride.<30·31

) 

Ninth, like the bone cell 111itogenic effect, the effect of 
fluoride to increase the tyrosine phosphorylation level of 
cellular protein in human bone cells requires the presence 
of a bone cell gro\vth factor.(Jo) Tenth, the bone cell mitow 
genie action of PTP inhibitorsJ such as vanadate, like that of 
fluoride, also requires the presence of a bone cell n1itogenic 
activity.'44) Consequently, \Ve believe that these results 
taken together provide con1pelling, albeit circumstantial, 
support for our proposed tnodel that the anabolic effects of 
fluoride are n1ediated through an inhibition of a fluoridew 
sensitive PTP to activate the MAPK signal transduction 
pathway in ostcoblasts. 

A competing model of mechanism of fluoride actions 
on bone cells 

Bonjour and Caverzasio have made four observations in 
rodent bone cells that see111ed to challenge the model 
shown in Fig. 3A. First, they reported that the bone cell 
tnitogenic effects of fluoride on mouse MC3T3~El cells 
required the copresence of a 1nicron1olar dose of altnninum 
ion, in addition to a millin10Iar dose of fluoride,<52·53) sugw 
gesting the involve111ent of the fluoroalu111inate complex 
(AIF 4 -), rather than the fluoride ion per se. Second, they 
found that a PTK inhibitor, genistein, inhibited the fluow 
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ride-dependent phosphate transport and cell proliferation 
of UMR106 rat osteosarcoma cells.<20l Third, they were 
unable to observe a significant inhibition of PTP activities 
by AIF 4 - using artificial peptide substrates in extracts of the 
UMR106 rats and MC3T3-El bone cells.<20

•
53l Fourth, the 

bone cell n1itogenic activity and tyrosine phosphorylation 
stimulating ability of AIF4 - were completely blocked by 
pertussis toxin, <53> a presurncd specific inhibitor of hetero­
trhneric Gi or Go proteins,<54> suggesting that a Gi/o pro­
tein 111ay be involved. Accordingly, these investigators in­
terpret these results to indicate that the osteogenic actions 
of AIF4 - were mediated through the Gi/o-dependent acti­
vation of PTK activities, rather than an inhibition of a PTP 
activity. c20,s2,sJ) 

On the basis of these findings, Caverzasio and Bonjour 
have proposed a co1npcting 1nodcl of the osteogenic action 
of fluoride (sho\vn in Fig. 3B), which also involves tyrosine 
phosphorylation and activation of a MAPK/20·52·53> In con­
trast to the n1odel shown in Fig. 3A, they postulate that 
fluoride fonns con1plexes \Vith the alurninurn ion. Upon 
entering the cells, AIF4 - acts directly on a specific Gi/o 
protein in bone cells, which subsequently leads to activation 
of one or 1nore PTKs, resulting in the stimulation of ty­
rosine phosphorylation of several key signaling proteins, 
including She and p42mapk (or Erk 2). The activation of 
these signaling proteins is then responsible for the subse­
quent stilnulation of cell proliferation and phosphate 
transport.<53) 

While their data arc consistent with their conclusions, we 
should also note that there are alternative interpretations to 
several of their findings that are cotnpatible with the pro­
posed 111odel of a fluoride inhibition of a unique osteoblas­
tic PTP (Fig. 3A). For example, genistein (and other PTK 
inhibitors) have been shown to inhibit cell proliferation 
induced by every test tnitogen to dateC5s-57>; thus, it is not 
surprising that genistein inhibited the fluoride-induced 
bone cell proliferation. In this regard, \Ve have also sho\vn 
that PTK inhibitors blocked the stimulation of hu1nan bone 
cell proliferation by several known PTP inhibitors, such as 
phenylarscnic oxide and vanadate.<58> Accordingly, the ab­
rogation of the effects by PTK inhibitors only confirms the 
concept that increased tyrosine phosphorylation is required 
for cell proliferation in general, but does not provide de­
finitive proof of a direct involve1nent of activation of PTKs, 
as Caverzasio and Bonjour seemed to conclude (Fig. 3B). 
Moreover, \VC have shown convincingly that for fluoride to 
be tnitogenic, there 1nust first be a sthnulation of 111itogen­
esis by a gro\vth factor whose effects arc 111ediated by PTKs. 
\Vithout a growth factor, fluoride and PTP inhibitors, such 
as vanadate, have no sthnulatory effects.<19·25·46> The PTK 
inhibitor \vould be expected to lower the overall tyrosine 
phosphorylation level. \Ve have shown that under such 
conditions, fluoride is incapable of stimulating cell prolif­
eration, presumably because there is inadequate phosphor­
ylated protein to preserve from dephosphorylation. Tints, 
the gcnistein results of Caverzasio and Bonjour are just as 
consistent with an inhibition of PTP as \vith the stilnulation 
of PTK activities. Moreover, there is 110\v abundant co111-
pelling evidence that pertussis toxin-sensitive G proteins 
can sthnulate (or so1netimes inhibit) the activity of protein 
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phosphatases, including several PTPs<59- 64) and PP2 A.<65) 
Most in1portantly, Sturgill and coworkers<63) have clearly 
den1onstrated that pertussis toxin-sensitive G proteins in­
hibit the MAPK signaling pathway by inactivating Raf-1 
through a direct activation of a PTP. Therefore, it \Vould 
see1n presumptuous to conclude a direct involve1nent of a 
Gi/o-dependent activation of PTKs, just because pertussis 
toxin blocked the 111itogenic activity. Consequently, much 
additional \Vork is required to definitively resolve the issue 
whether fluoride (or AIF,-) acts through an inhibition of 
PTPs or an activation of PTKs. 

Regarding the Jack of inhibition of the PTP activity by 
AlF4 - in rodent bone cell extracts, \VC have clearly demon­
strated that fluoride ion is a co1npetitive inhibitor of the 
osteoblastic acid phosphatase-like PTP activity \vith an ap­
parent K1 of 10-20 ,uM in both untransfonned avian and 
Jnnnan bone cells. <29·46) Competitive inhibition can be con1-
pletely reversed \Vith saturated substrate concentrations. 
Since the PTP assay in the studies of Caverzasio and Bon­
jour used a single, presu1nably saturated substrate concen­
tration, and since we have evidence that the fluoride-sensi­
tive acid phosphatase-like PTP accounts for only a very 
small portion of the total PTP activities in hu1nan bone cells 
(unpublished observations), it is likely that (especially with 
an inappropriate substrate) the inhibition of the fluoride­
sensitive PTP activity was overlooked. Thus, one should be 
cautious about interpreting negative results. It 1nay be pre­
mature at this time to con1pletely rule out the possible 
involvement of an inhibition of a specific fluoride-sensitive 
PTP in the 1nechanisn1 of fluoride or AIF4 -. 

The tnitogenic activity of fluoride observed by Caverzasio 
and Bonjour has an absolute requirement for micromolar 
doses of alu1ninu111 ion. Ho\vever, most workers<12- 19·21-23) 
have observed the in vitro bone cell mitogenic activity of 
fluoride without the added aluminum ion. Thus, these find­
ings do not support an absolute requirement for aluminum 
ion. Although one n1ay argue that in past studies the 
a111ount of alun1inun1 contamination in glassware, culture 
111edit1111, and reagents might have been sufficient for an 
effect, it does not scc111 very likely since Bonjour and Caver­
zasio did not observe a 111itogenic action unless 10-50 ,uM 
alu1ninun1 was added (assun1ing the culture supplies con­
tained si1nilar levels of alu1ninum contamination). More 
hnportantly, there is the lack of con1pelling clinical evidence 
for an absolute requirc111ent of alun1inurn ion for the osteo­
genic action of the fluoride therapy in patients or anhnals. 

An important issue with respect to the \Vork of Bonjour 
and Caverzasio is that the fluoride concentration in their 
studies was at least an order of 111agnitude higher than the 
therapeutic serum fluoride level in patients<11) and also 
higher than the fluoride doses used in the previous stud­
ies.<12-19·21-23) It should also be pointed out that the 1nito­
genic activity of fluoride is of biphasic nature<10

•
12-14·29-31

); 

while fluoride is mitogenic to bone cells at 111icron1olar 
doses, it is an inhibitor to bone cell proliferation at milliM 
111olar levels. Accordingly, the require1nent of a high fluo­
ride concentration raises questions about the in viva rele­
vance of their findings with respect to the in viva fluoride 
effects on bone forn1ation. In addition, the 111odel proposed 
by Bonjour et al. (Fig. 3B) does not account for the cell/ 



MECHANISM OF FLUORIDE'S ACJ'IONS ON BONE CELLS 1665 

tissue specificity, the requiren1ent of gro\vth factor(s), or 
the sensitivity to phosphate of the bone cell actions of 
fluoride. 'I'herefore, these apparent discrepancies 1nust be 
resolved before a better understanding of the significance 
of their findings \vith respect to the osteogenic effects of 
fluoride can be attained. 

\Ve should also point out that AIF 4 - is not equivalent to 
the fluoride ion. Accordingly, there are significant differ­
ences bet\veen the responses to fluoride and those to 
AIF4 - • For exa111ple, fluoride increased the overall level of 
tyrosine phosphorylation and activity of p44"'"Pk (Erk!) in 
human bone cclls,<31 ) whereas AIF increased the overall 
tyrosine phosphorylation level of p42m"pk (Erk2) in rodent 
bone cells.C52•53) Moreover, because both the AI- and AIF 4 -

ion, each at 1nicro1nolar levels, \Vas able to stinnilate hu1nan 
bone cell proliferation,C15

•
58> and because the Al- ion and 

the fluoride ion each appears to act through a different 
nlechanisn1 to produce the respective bone cell 1nitogenic 
effects,<15> one cannot overlook the strong possibility that 
the 1nitogenic activity observed by Bonjour and coworkers 
was attributable to the Al- (or AIF4 -), rather than the 
fluoride ion. Thus, it is conceivable that the apparent dis­
crepancies observed bet\veen Bonjour's and our Iaborato1y 
could be because what they described in their studies is 
related to the 1nechanis111 of AIF 4 - , and not the fluoride 
ion, \Vhereas \Vhat we observed is pertinent to the 1nolecular 
1nechanisn1 of the fluoride ion. Alternatively, there is the 
ren1ote possibility that the observed discrepancies were re­
lated to species difference (i.e., human vs. rodent). Further 
work is needed to resolve the apparent discrepancies ob­
served between these two laboratories. 

Other proposed mechanisms of fluoride action 

In addition to the above two 111odels, several other 1nech­
anis1ns of fluoride action on bone cells have also been 
proposed. Ka,vase and coworkers<66> have postulated that 
fluoride activates a heterotrin1eric G protein to stiinulate 
the protein kinase C activity, which subsequently leads to 
increased cell proliferation. Reed and co\vorkers(19> pro­
posed that the mitogcnic effect of fluoride be mediated by 
nlodulating bone cell sensitivity to transforn1ing gro\vth 
factor (3. In addition, because fluoride treatn1ent of bone 
cells triggered an acute increase in intracellular calciu111 
levels,<22•23> and because increases in intracellular calcium 
have been associated \Vith cell proliferation, it has been 
suggested that the increase in intracellular calciun1 1nay be, 
in part, involved in the mechanism of the bone cell 111ito­
genic action of fluoride. More recently, Bourgoin et ai.<67

) 

presented evidence that 15-50 mM fluoride activated phos­
pholipase D in lnunan SaOs-2 ostcosarco111a cells, which led 
to increased intracellular calcium, Arf kinase n1en1brane 
relocation, and activation of protein kinase C. These effects 
\Vere inhibited by the alu1ninun1 ion chelator deferoxarnine. 
Accordingly, these investigators postulated that the action 
of AIF4 - might be mediated through activation ofphospho­
lipasc D through a G protein. Although each of these 
111odels is interesting and n1erits further investigation, none 
of these 1nodels can account for all of the aforen1entioned 
observations, such as the low (n1icrornolar) effective dose of 

fluoride, the cell and tissue specificity of fluoride's 1nito­
genic action, and/or the absolute requiren1ents of an appro­
priate growth factor. 

Concluding remarks 

In su1111nary, it is clear that, like the fluoride therapy, the 
111olecular mechanisn1 of fluoride action on bone cells is 
controversial. Current evidence strongly hnplicatcs the in­
volve1nent of the activation of the Ras-Raf-MAPK signal 
transduction patll\vay through a fluoride-dependent in­
crease in overall tyrosine phosphorylation status of key 
signaling proteins in this pathway. Increased tyrosine phos­
phorylation of these signaling proteins 1nay be 1nediated 
either by an increase in PTK activities or by a decrease in 
PTP activities or both. However, unless there is evidence 
for a clinically relevant role for the obseIVations seen with 
AIF4 ~,we n1ust favor the possibility, on the basis of our own 
observations, that the 111ost likely explanation for the in­
crease in the tyrosine phosphorylation level of these signal­
ing proteins of the MAPK pathway by a clinically relevant 
dose of fluoride is mediated through an inhibition of a 
specific ostcoblastic fluoride-sensitive acid phosphatase­
likc PTP. Our current approach to settle this issue is to 
purify the putative fluoride-sensitive PTP, produce fluo­
ride-sensitive PTP gene knockout 111ice, and detennine if 
the knockout n1ouse has a phenotype shnilar to a fluoride­
treatcd 1nouse. Regardless of the exact 1nechanisn1, these 
studies have clearly demonstrated that the bone cell mito­
genic actions of fluoride are mediated through an enhance-
111ent of a 111itogenic signal transduction patll\vay (i.e., the 
MAPK pathway) in bone cells. Accordingly, these observa­
tions raise the possibility that one may increase bone cell 
proliferation (and/or function) by enhancing a key signal 
transduction patll\vay, and as such these observations open 
up a ne\V and exciting research area in which this key signal 
transduction pathway could be used as the screening target 
for discovery of new drugs for osteoporosis and related 
bone diseases. 
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FLUORIDE 

FLUORIDE 

BACKGROUND 

Fluoride is a norrnal constituent of the hu1nan body, involved in the 1nineralisation of both teeth and 
bones (Fairley et al 1983, \Tarughese & tvloreno 1981). The fluoride concentration in bones and teeth is 
about 10,000 times tbat in body fluids and soft tissues (Bergmann & Bergmann 1991, 1995). Nearly 99% 
of the body's fluoride is bound strongly to calcified tissues. Fluoride in bone appears to exist in both 
rapidly- and slo\vly-exchangeablc pools. Because of its role in the prevention of dental caries, fluoride 
has been classified as essential to human health (Bergmann & Bergmann 1991, FNB:IOM 1997). 

Ingestion of fluoride in the pre-eruptive developtnent of teeth has the effect of reducing caries due to 
uptake of fluoride by enatnel c1ystal1ites and fonnation of fluorohyclroxyapatite \vhich is less soluble 
tban hydroxyapatite (Brown et al 1977, Chow 1990). The post-emptive effect on reducing caries is due 
to reduced acid production by bacteria and increased enan1el re1uineralisation in acidogenic challenge 
(Bo\vden 19901 l-Ian1ilton 1990, l\1arquis 1995). Fluoride also has a unique abilily to stin1ulate ne~v 
bone fonnation and as such has been used as an experirnental drug for the treatincnt of osteoporosis 
(Klecrckoper & J\'lendlovic 1993) although results have been variable depending on site assessed and 
the outcome measured (Kroger et al 1994, Riggs et al 1990, Sowers et al 1986, 1991). 

Because of the lo\v natural levels of fluoride in son1e \Vater supplies and high levels of dental caries, 
many authorities world\\'iclc, including Australia and Ne~v Zealand, have pennitted, or instigated, 
fluoridation of \Vater supplies. Although this has 1net son1e opposition, partly because of the potential 
health or dental effects that include fluorosis, the NHNIRC concluded that a concentration of 1 n1g/L 
secures n1ost of the caries preventive effect available fro1n fluoridated water, \vhilc 1naintaining tninitnal 
contribution of \\'ater fluoride to dental fluorosis in children and that there \Vas no evidence of adverse 
health effects attributable to fluoride in con1n1unities exposed to a co1nbination of fluoridated \Vater 
(1 mg/L) and contemporary discretionary sources of fluoride (NHMRC 1991). 

Not all Australian \\'ater supplies are fluoridated, notably those in parts of Queensland such as Brisbane. 
Concentrations in fluoridated areas are \Vithin the range identified by the NHN1RC as safe and effective, 
varying from 0.6 mg/L in Darwin to 1.1 mg/Lin Hobart. In New Zealand, the Ministry of Health (MOH) 
has recon1n1ended fluoridation of water supplies since the 1950s as the 1nost effective and efficient 
\Vay of preventing dental caries in con1n1unities receiving a reticulated \\'ater supply. In the Drinking 
\\fater Standards 2000, fluoridation is recon1111ended at a level of 0.7-1.0 n1g/L in drinking ·\vater. Around 
85% of the New Zealand population is on \Vhat the governtnent considers to be satisfactorily safe 
con11nunity \\'ater supplies in tenns of fluoride content. Another So/o of the population are on co1n1nunity 
\Vater supplies. Sotne of the larger centres without fluoridated \Vater supplies currently are \Vhangarei, 
Tauranga 1 \Vanganui, Napier, Nelson, Blenheitn, Christchurch, Thnaru and Oa1naru. 

'l'he \X'orld Iiealth Organization states in a review of chronic disease and diet that evidence that both 
locally applied and systen1ic fluoride arc preventive for dental caries is convincing (\VHO 2003). 

One of the concerns expressed about fluoridation of the \vater supply relates to increasing rates of 
fluorosis in children seen in so1ne con1n1unities over the sarne period as fluoridation has been practised. 
Dental nuorosis is a biotnarker of over-exposure to fluoride a1nong young children and results in a 
n1ottling of teeth. Recent research in Australia arnong children not exposed and exposed to \Vater 
fluoridation indicated prevalences of 190/o and 34o/01 respectively (Puzio et al 1993). HO\\'CVer, Kun1ar 
et al (1989) have shov.1n that the increases in fluorosis in other con1n1unities have been greater in 
areas \Vith non-fluoridated \\'ater supplies and are likely to be due to increased intake of fluoride fro111 
supple1nents and ingestion fro111 toothpaste and reconstituted infant fonnula (Osuji et al 1988, Pcndrys 
& Stamm 1990). 

Fluoride intake fro1n 1nost foods is low. Foods generally have concentrations \veil belo\v 0.05 1ng/ 
100 g (Taves 1983). Ho\vever, water in fluoridated areas, as \Veil as beverages, teas, son1e rnarine 
fish and sonic infant forn1ulas, especially those that are 1nacle or reconstituted \\1ith fluoridated \Vater, 
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generally have higher concentrations. Other sources of fluoride include supple1nents and dental 
products. Water-soluble fluoride eg sodium fluoride, is nearly completely absorbed. The bioavailability 
rnay be reduced by the presence of calciun1, 111agnesiurn, alu1niniu1n, iron or other cations. Absorbed 
fluoride is rapidly bound to the inincrals in bones and teeth. i\1Iost of the non-retained or n1etabolic 
fluoride is excreted through the kidneys and the ren1ainder via the intestines. In healthy young or 
1nidclie-aged adults, about 50o/o of absorbed fluoride is retained and 500/o excreted, hut young children 
may retain as much as 800/o (Eksterand et al 1994a,b). 

Indicators used to assess the requircrnents for fluoride include prevalence of dental caries, 1neasures 
of bone 1nineral content and fluoride balance studies. 

1 nunol fluoride "" 19 tng fluoride 

RECOMMENDATIONS BY LIFE STAGE AND GENDER 

I1ifa11ts 

0-6 months 

7-12 months 

AI 
0.01 mg/day 

0.50mg/day 

Fluoride 

Rationale: The AI for 0-6 n1onths \vas calculated by n1ultiplying together the average intake of breast 
milk (0.78 L/day) and the average concentration of fluoride in breast milk of 0.013 mg/L (Dabeka et al 
1986, FNB:IOlvI 1997) for n1others in areas \vith fluoridated \Vater. Levels in forrnulas can va1y \Videly 
depending on the concentration in the \Vater used to reconstitute it. The AI for 0--6 1nonths \Vas based 
on extensive docu1nentation about relationships bet\veen caries, \\'ater concentrations and fluoride 
intake (FNB:IOM 1997). A level of 0.05 mg/kg/day confers a high level of protection against caries 
and is not associated \Vith un\\'anted health effects. Assutning a standard \\'eight of 9 kg, this gives an 
AI of 0.5 tng/day. Infants living in non-fluoridated areas \\•ill not easily achieve the AI for fluoride, so 
supplen1ents have been rcco1n1nended based on life stage and level of \Vater fluoridation. 

special note: Australian data have sho\vn that prolonged consumption of infant forn1ulas reconstituted 
\Vith optitnally-fluoridated water beyond 12 tnonths of age could result in excessive an1ounts of fluoride 
being ingested during developn1ent of the ena1nel of the anterior pcnnanent teeth and therefore tnay be 
a risk factor for fluorosis of these teeth (Silva & Reynolds 1996). 

The niajority of Australian/Ne"' Zealand infant fonnula n1anufacturers no\v control the concentration of 
fluoride. It is also possible to reduce concentrations by preparing fonnula using non-fluoridated \\'atcr 
such as rain, filtered or spring water fro1n non-volcanic areas in its preparation. 

Supplen1ents 1nay be necessary for older infants in non-fluoridated areas. Ho\vever, it is likely that 
rnany older infants and younger children are already ingesting 0.4-0.6 1ng fluoride per day fron1 foods, 
beverages and toothpaste alone (Ilurt 1992). A study of 60, 11-13 month old New Zealand infants 
(Cho,vdhury et al 1990) sho\\'Cd that total intake including fluoride frotn tablets and toothpastes ranged 
from 0.093 to 1.299 mg fluoride/clay in fluoridated areas and from 0.039 to 0.720 mg fluoride/day in 
non-fluoridated areas. The fluoride from the diet (food and drink) ranged from 0.089 to 0.549 mg clay in 
the fluoridated areas, and 0.038 to 0.314 n1g day in the non-fluoridated areas. 
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Children & adolescents AI Fluoride 
All 

1-3yr 0.7 mg/day 

4--8 yr 1.0 mg/day 

Boys 

9-13 yr 2.0 mg/day 

14-18 yr 3.0 mg/day 

Girls 

9-13 yr 2.0 mg/day 

14-18 yr 3.0 mg/day 

Rationale: The Al for children is based on the requirement of 0.05 mg/kg body weight/day ouliincd 
above and adjusted for the standard body weights of 13 kg for 1-3 year olds, 22 kg for 4-8 year aids, 
40 kg for 9-13 year aids, 64 kg for boys aged 14-18 years and 57 kg for 14-18 year-old girls. 
Supple1ncnts n1ay be necessary for children in non-fluoridated areas, although the younger children 
(1~3 years) 1nay already be getting 1nuch of their requiren1ent fro1n foods, beverages and toothpaste 
(Burt 1992). 

Adults AI Fluoride 
Men 

19-30 yr 4mg/day 

31-50 yr 4 mg/day 

51-70 yr 4mg/day 

>70yr 4mg/day 

Wome11 

19-30 yr 3 mg/clay 

31-50 yr 3 mg/clay 

51-70 y1· 3 mg/clay 

>70yr 3 mg/clay 

Rationale: The Al for adults is based on the requirement of 0.05 mg/kg body weight/day outlined 
above and adjusted for the standard body weights of 76 kg for men and 61 kg for women. 

Pregnancy 
14-18yr 

19-30yr 

31-50yr 

AI 
3 mg/clay 

3 mg/clay 

3mg/day 

Fluoride 

Rationale: There is no evidence that requiretnents in pregnancy are greater than those of the non­
pregnant \Vo1nan. 

Lactation 
14-18 yr 

19-30 yr 

31-50 yr 

AI 
3 mg/clay 

3 mg/day 

3 mg/day 

--··--·~----- ----------··-·------- ---

Fluodde 
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Rationale; There are no studies of the 1netabolis1n of fluoride in pregnancy. Fluoride concentrations in 
tnilk are vc1y lo\\' and fairly insensitive to differences in the fluoride concentration of rnaternal drinking 
\Yater. The AI is not greater than that of \\'Ornen in the non-pregnant> non-lactating state. 

UPPER LEVEL OF INTAKE - FLUORIDE 
Infants 

0--6 months 0.7 mg/day 

7-12 months 0.9 mg/day 

Chlld1·en and adolescents 

1-3yr 1.3 mg/day 

4-S yr 2.2 mg/day 

9-13 y1· 10.0mg/day 

14-18 yt• 10.0 mg/day 

Adults 19+ yr 

Men 10.0 mg/day 

Wo111e11 10.0 mg/day 

Pregnancy 

All ages 10,0 mg/day 

Lactatio11 

All ages 10.0 mg/day 

Rationale: The UL \Vas set on the basis of n1oderate ena1nel fluorosis. A LOAEL of 0.10 1ng/kg body 
"'eight for infants and children up to 8 years \Vas set on the basis of con1111unity studies (Dean 1942, 
FNB:IONI 1997). A UF of l \\'as applied, as the adverse effect is cosn1etic rather than functional. For 
older children and adults, a NOAEL of 10 1ng/day \Vas derived based on data on the relationship 
between fluoride intake and skeletal fiuorosis (FNB:IOM 1997, Leone et al 1954, 1955, McCauley & 
McClure 1954, Schlesinger et al 1956, Sowers et al 1986, Stevenson & Watson 1957). A UP of 1 was 
selected1 as there are no signs of sy1npto1natic skeletal fluorosis at this level of intake. No data exist to 
shO\\' increased susceptibility in pregnancy or lactation, so the satne UL \\1as adopted. 

REFERENCES 

Bergmann KE, Bergmann RL. Salt fluoridation and general health. Adv Dent Res 1995; 9:138-43. 

Berg1nann RL, Berg111ann I<E. Fluoride nutrition in infancy - is there a biological role of fluoride for 
gro\vth? In: Chandra RI<, ed. Trace elen1e11ts In nutrition oj'cbilclren II Nestle Nutrition \X'orkshop 
Series, \Toi 23. Ne\v York: Raven Press, 1991. Pp 105-17. 

Bowden GH. Effects of fluoride on the microbial ecology of dental plaque. j De/If Res 1990;69:653-9. 

Bro\vn \VE, Gregory TNI, Cho\v LC Effects of fluoride on ena111el solubility and cariostasis. Carles Res 

1977;11:118-41. 

Burt BA. The changing patterns of systemic fluoride intake . .f Deni Res 1992;71:1228-37. 

Chow LC. Tooth-bound fluoride and dental caries. j De11t Res 1990;69:59-600. 

Cho\\1dhu1y NG, Brown RH, Shepherd WIG. Fluoride intake of infants in New Zealand. j Dent J<es 
1990;69:1828-33. 

178 Nutrient Reference Values for Australia and New Zealand 



FLUORIDE 
---··- .. ----·---------- - ------·--------------- --------------------------- - -----·-

Dabeka R\X', Karpinski KF, rvrcKenzie AD, Bajdik CD. Survey of lead, cad1niu1n and fluoride in 
hu1nan 1nilk and correlation of levels \Vith environtnental and food factors. 1:ood Chern 1bxfco/ 
1986;24:913-21. 

Dean HT. The investigation of physiological effects by the epide1niological n1ethod. In: Wfoulton FR, ed. 
Fluorine ancl dental bealt/J. \Vashington, DC: A1nerican Association for the Advanccn1ent of Science, 
1942. Pp 23-31. 

Eksterandj, Fo111on SJ, Zeigler EE, Nelson SE. Fluoride pharn1acokinetics in infancy. Pecltatrl?es 
1994a;35:157-63. 

Eksterand J. Zeigler EE, Nelson SE, Fo1non SJ. Absorption and retention of dieta1y and supple1nental 
fluoride by infants. Adv De111Res1994b;8:175-80. 

Fairley JR, Wergedal JE, Baylink DJ. Fluoride directly stimulates proliferation and alkaline phosphatase 
activity of bone-forming cells. Science 1983;222:330-2. 

Food and Nutrition Board: Institute of Nlcdicine. Dieta!J' J?ej'erence Intakes for calciton, pbospborus, 
n1agne...:;fll111, vitcunin D a11djluoride. \'\'ashington DC: National Acade1ny Press, 1997. 

Hamilton JR. Biochemical effects of fluoride on oral bacteria. j Dent Res 1990;69:660-7. 

Kleerekoper NI, i\'lendlovic DB. Sodium fluoride therapy of posttnenopausal osteoporosis. E'nclocr/nol 
Res 1993;14: 312-23. 

Kroger I-I, Alhava E, Honkanen R, 'fuppurainen Nl, Saarikoski S. The effect of fluoridated drinking \Vater 
on axial bone rnincral density: a population-based study. Bone 1l1iner 1994:27:33-4l. 

Kutnar J, Green EL, \'\'allace \'\', Carnahan ·r. ·rrends in dental fluorosis and dental caries prevalences in 
Newburgh and Kingston, NY. Am] Pub Hea!tb 1989;79:565-9. 

Leone NC, Shin1kin i\1B, Arnold FA, Stevenson CA, Zitntnennan ER, Geiser PB, Liebennan JE. i\llcdical 
aspects of excess fluoride in a water supply. Pub! Hltb Rep 1954;69:925-36. 

Leone NC, Stevenson CA, Hilbish TF, Sostnan i\'lC. A roentgenologic study of a hu1nan population 
exposed to high-fluoride domestic water: a ten-year study. Am] Roe11tg 1955;74:874-85. 

Marquis RE. Antimicrobial actions of fluoride for oral bacteria. Ca11]Microbto! 1995;41:955-64. 

i\·lcCauley I"IB, i\1lcClurc FJ. Effect of fluoride in drinking \\'atcr on the osseous develop1nent of the hand 
and wrist in children. Pub Hilb Rep 1954;69:671-83. 

Nlinistty of Health. No date. Frequently Asked Questions about Fluoridation http://\\'\\'\\'.Inoh.govt.nz/ 
moh.nsf/wpg_Inclex/ About-Fluoridation and http://www.moh.govt.nz/moh.nst/O/cle19679af662eld0 
cc256e3e0071744a?Open Document. 

National Health and ivleclical Research Council The ejfective11ess oj' tvaterj!uortdatto11. Canberra: 
Con1n1on\vealth of Australia, 1991. (Note: this docun1ent \Vas rescinded on 14 i\llarch 2002). 

Osuji 00, Leake JL, Chip1nan i'vIL, Nikiforuk G, Locker D, Levine N. Risk factors for dental fluorosis in a 
fluoridated community. j Dent Res 1988;67:1488-92. 

Pendtys DG 1 Stan1n1 J\V. Relationship of total fluoride intake to beneficial effects and enamel fluorosis. 
J De/I/ Res 1990;69:529-38. 

Puzio A, Spencer AJ, Brennan DS. Fluorosis mu/fluoride exposure i11 SA cbildren. Adelaide: AIHW 
Dental Statistics and Research Unit, 1993. 

Riggs BL, Hodgson SF, O'Fallon WM, Chao EY, Wahner HW, Muhs JM, Cede! SL, Melton LJ 3rd. Effect of 
fluoride trcat1nent on the fracture rate in postn1enopausal \\'Otncn "'ith osteoporosis. JV Engl] llfecl 
l 990;322:802-9. 

Schlesinger ES, Overton DE, Riverhead LI, Chase HC, Cant\vell K'I'. Newburgh-I<ingston caries-fluorine 
study XIII. Pediatric findings after ten years. j Am Dent Assoc 1956;52:296-306. 

Nutrient Reference Values for Australia and New Zealand 179 



FLUORIDE 

Silva l'vl, Reynolds EC. Fluoride content of infant formulae in Australia. Aust Dent]1996;41:37-42. 

So\vers i\1f, \Vallace RB, Len1ke JI-I. The relationship of bone rnass and fracture histo1y to fluoride and 
calcium intake: a study of three communities. Am] Clin NI/fr 1986;44:889-98. 

So\vers lvl, Clark iVIK, Jannausch 11L, \X'allace RB. A prospective study of bone tnineral content and 
fractures in communities with differential fluoride exposure. Am] l}Jfdemio/ 1991;133:649--60. 

Stevenson CA, Wal,on AR. Fluoride osteosclerosis. Am] Roentg Rad Tber Nucl Med 1957;78:13--8. 

Taves DR. Dietary intake of fluoride ashed (total fluoride) v. unashcd (inorganic fluoride) analysis of 
individual foods. Brj Nutr 1983;49:295-301. 

\'arughese I<, ivloreno EC. Crystal gro,vth of calcitnn apatites in dilute solutions containing fluoride. 
Cale![ Tissue Jnt 1981;33:431-9. 

World Health Organization. Diet, 1111trlt/011 and the preve11/fo11 of cbro11ic disease. \VHO Tee/mica/ Report 
Serles 196. Report of ajoilll \VHO/FAO R\pe11 Co11sultatio11. Geneva: \X'HO, 2003. 

---·- --- -------- --- ----------.. ------------------··---~ ----

180 Nutrient Reference Values for Australia and New Zealand 



'flll~ JOOllNAI. 01' 'f.IH: AM EU I CAN P&N'fAI, ASSOCIA'l'ION 

IA 
C 0 VER STORY 

Vol. 131. Julv 2000 887 

THE SCIENCE AND PRACTICE 
OF CARIES PREVENTION 
JOHN D.B. FEATHERSTONE, M.SC., PH.D. 

ABSTRACT 

Background and Overview. Dental caries 
is a bacterially based disease. \Vhen it 
progresses, acid produced by bacterial 
action on dietary fern1entable carbohydrates 
diffuses into the tooth and dissolves the 
carbonated hydroxyapatite 1nineral-a 
process called de1nineralization. 

!though the prevalence of dental caries in 

children has declined n1arkedly over the last 

20 years in tnost countries in the \Vestern 

\Yorld, the disease continues to be a tnajor 

proble1n for both adults and children evet)'\Vhere. 

'l'he trends in caries in U.S. children during the last 30 years \Vere 

Pathological factors including acic' i----...J.-.l.IOWUo!.l;.lll!IW!.!ll!."'"'11....l.W..Wli..llllil!i>.~.:.::."· 
bacteria (n1utans streptococci 
lactobacilli), salivary dysfunct 
dietary carbohydrates are relat 
progression. Protective factors 
include salivary calcitun, phos 
proteins, salivary flo\v, fluorid 
and antibacterial con1ponents 

Fluoride .. works 
via topical 
mechanisms: 

oxin1ately 75 percent of 

, about 70 percent of the 

mately 25 percent of 

r age range accounted for 

By age 17 years, ho\vever, 

0 percent of the caries.1
·
6 balance, prevent or reverse den 

Conclusions. Caries progression or 
reversal is detern1ined by the balan 
behvccn protective and patholo · ~-,--~ 
Fluoride, the key agent in 1g caries, 
\Yorks prin1arily via topical 1nechanis1ns: 
inhibition of de1nincralization, enhance1nent 
ofre1nineralization and inhibition of 
bacterial cnzy1nes. 
Clinical Implications. Fluoride in drinking 
\Yater and in fluoride-containing products 
reduces caries via these topical n1echanis1ns. 
Antibacterial therapy n1ust he used to 
co1nbat a high bacterial challenge. For 
practical caries 1nanagement and prevention 
or reversal of dental caries, the sutn of the 
preventive fhctors must ouhveigh the 
pathological factors. 

~~- ... se findings illustrate the need for management of caries by 

individual risk assess1nent and for 1neasures nlore specifically directed 

to high-risk people and populations. 

Although these prevalence rates still leave 1nuch to be desired, the 

overall caries prevalence in children has indeed declined in the United 

States. Sn1aller epidemiologic studies in recent years indicate, 

ho\vevcr, that the decline in caries has not continued during the 1990s 

and that it nlay have plateaued.6 



Tooth eruption 
The primary teeth 

e don't usually think of a newborn 
as having teeth. However, at birth 
the cro,vns of the 20 "baby" or pri­
mary teeth are almost completely 
formed, and they are hidden from 

vie'v in an infant's ja\vbones. The primary teeth 
gradually erupt through the gums dUl'ing the first 
2l<: years oflife. 

The four front teeth-two upper and two lower­
usually erupt first, beginning as early as six 
months after birth. Most children have a full set of 
primary teeth by the time they are 3 years old. The 
child's jaws continue to gro,v, making room for the 
permanent (adult) teeth that will begin to erupt at 
about age 6 years. Primary teeth begin to shed 
bet\veen ages 6 and 7 years. This process continues 
until about age 12 years. 

The chart and photograph identify the names of 
the primary teeth and provide the approximate ages 
at which you can expect the teeth to erupt and shed. 

Primary teeth may be temporary, but they 
deserve good care. A child needs strong, healthy 
primary teeth not only to chew food easily, but to 
pronounce \vords properly. 

This first set of teeth also holds a place in the 
jaw for the permanent teeth, which move into place 
as the primary teeth are shed. Primary teeth 
should be kept clean and healthy so that a child can 
remain free of cavities and oral pain. Infection from 
decayed primary teeth can damage the permanent 
teeth developing under them. 

Parents and other caregivers may not realize 
that primary teeth are susceptible to decay as soon 
as they appear in the mouth. Tooth decay in infants 
and toddlers sometimes is called early childhood 
caries, baby bottle tooth decay or nursing mouth 
syndrome. This condition can destroy teeth. It 
occurs when a child's teeth are exposed frequently 
to sugary liquids for long periods. 

You can help reduce the risk of tooth decay. 
Never allow your infant or toddler to fall asleep 
\Vith a bottle containing milk, formula, fruit juices 
or s\veetened liquid. Don't dip a pacifier in sugar or 
honey. If your infant or toddler needs a comforter 
between regular feedings or at bedtime, give the 
child a clean pacifier recommended by your dentist 
or pediatrician. 

FOR THE DENTAi. PATIENT 

Primary Teeth 
Upper Teeth Er11pt 

Central lndsor 8·12 Months 

Lateral Incisor 9·13 Months 

Canine (Cuspid} 16-22 Months 

First Molar 13·19 Months 

Second Molar 25·33 Months 

Lower Teeth Erupt 

Second Molar 23-31 Months 

First Molar 14-18 Months 

Canine (Cuspid} 17·23 Months 

Lateral Incisor 10·16 Months 

Central Incisor 6-10 Months 

Wipe your child's gums with a wet washcloth or a 
clean gauze pad after each feeding. Begin brushing 
your child's teeth with a little water as soon as the 
first tooth appears. Supervise toothbrushing to 
make sure that children older than 2 years use 
only a pea-sized amount of fluoride toothpaste and 
avoid swallowing it. Children should be taught to 
spit out remaining toothpaste and rinse \vith \vater 
after brushing. • 

Prepared by the ADA Division of Communications, in cooperation with 
The Journal of the American Dental Association and the ADA Council on 
Scientific Affairs. Unlike other portions of JADA, this page may be 
clipped and copied as a handout for patients, without first obtaining 
replint permission from the ADA Publishing Division. Any other use, 
copying or distribution, whether in printed or electronic fom1, is strictly 
prohibited without prior written consent oft he ADA Publishing Division. 

"For the Dental Patient" provides general information on dental treat­
ments to dental patients. It is designed to prompt discussion between 
dentist and patient about treatment options and docs not substitute for 
the dentist's professional assessment based on the individual patient's 
needs and desires. 
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Shed 

6-7 Years 

7-8 Years 

10-12 Years 

9·11 Years 

10-12 Years 

Shed 

10-12 Years 

9-11 Years 

9-12 Years 

7-8 Years 

6-7 Years 



o#-~ NIH Public Access 
~~m Author Manuscript 
0..<:-liEP..~ 1\10110[(1" ()ru/ S'ci. Author nH1nuscript; available in PfvJC' 2012 Septe1nbcr 04. 

Published in final edited fonn as: 
Monogr Oial Sci. 2011 ; 22: 81-96. doi:I0.1159/000327028. 

Chronic Fluoride Toxicity: Dental Fluorosis 

Pamela DenBesten and Wu Li 
Department of Orofacial Sciences, School of Dentistry, University of California, San Francisco, 
Calif., USA 

Abstract 
Dental fluorosis occurs as a result of excess fluoride ingestion during tooth fonnation. Ena111el 
fluorosis and priinary dentin fluorosis can only occur \vhen teeth arc fanning, and therefore 
fluoride exposure (as it relates to dental fluorosis) occurs during childhood. In the pennanent 
dentition, this would begin with the lo\ver incisors, \vhich cotnpletc 111incralization at 
approxilnately 2-3 years of age, and end after 111ineralization of the third 1nolars. The white 
opaque appearance offluorosed ena111el is caused by a hypo1nineralized enamel subsurface; with 
n1ore severe dental fluorosis, pitting and a loss of the enan1el surface occurs, leading to seconda1y 
staining (appearing as a bro,vn color). Many of the changes caused by fluoride are related to cell/ 
1natrix!tnineral interactions as the teeth arc fanning. At the early 111aturation stage, the relative 
quantity of a1nelogenin protein is increased in fluorosed enan1el in a dose-related 1nanner. This 
appears to result fron1 a delay in the removal of an1elogenins as the enan1el tnaturcs. In vitro, when 
fluoride is incorporated into the tnineral, nlore protein binds to the fanning 111ineral, and protein 
ren1oval by proteinases is delayed. This suggests that altered protein/1nineral interactions arc in 
part responsible for retention of atnelogenins and the resultant hypo1nineralization that occurs in 
fluorosed ena1nel. Fluoride also appears to enhance tnineral precipitation in fanning teeth, 
resulting in hypennineralized bands of enatnel, which are then follo,ved by hypornineralized 
bands. Enhanced 1nineral precipitation 'vith local increases in 1natrix acidity 111ay affect tnaturation 
stage a1neloblast 111odulation, potentially explaining the doserelated decrease in cycles of 
atneloblast 111odulation fron1 ruffleended to s1nooth-ended cells that occur 'vith fluoride exposure 
in rodents. Specific cellular effects of fluoride have been i1np1icated, but 1nore research is needed 
to detennine 'vhich of these changes are relevant to the fonnation of fluorosed teeth. As further 
studies arc done, we will better understand the 111echanis111s responsible for dental fluorosis. 

Excess fluoride ingestion results in dental fluorosis. The t11echanis111s affected by longtenn 
chronic exposure to lo'v levels of fluoride are likely to differ fro111 those affected by acute 
exposures to high levels of fluoride [1-3]. Saine 1nechanisn1s affected by lo,ver chronic 
fluoride levels, resulting in ena1nel fluorosis, are likely to be specific to this uniquely 
n1ineralizing tissue, while others n1ay also affect other cells and tissues. 

Ena1nel fluorosis refers to fluoride-related al-terations in cna111el, which occur duringenan1el 
develop1nent. These alterations becon1e 111ore severe 'vith increasing fluoride intake, and 
thne of exposure. The severity of fluorosis is related to the concentration of fluoride in the 
plas111a, considered to be in equilibriu111 with the tissue fluid that bathes the ena1nel organ [4, 
5]. Plasn1a fluoride levels arc influenced by tnany factors, including total fluoride intake, 
type of intake (i.e. ingested vs. inhaled), renal function, rate of bone n1etabolisrn, 1netabolic 

Copyright 0 2011 S. Karger AG, Basel 

Pamela DenBesten Departtnent ofOrofacial Sciences, University of California, San Francisco 513 Pamassus Avenue San Francisco, 
CA 94143 (USA) Tel. +l 415 502 7828, Pamela.DenBesten@ncsf.edu, 



DenBesten and Li Page2 

activity, etc. [6]. In addition to these variables, genetic factors have been sho\vn to dictate 
the severity of ena111el fluorosis in n1ice [7]. 

In hun1ans, plas111a fluoride concentrations resulting fron1 long-tenn ingestion of 1-10 ppn1 
fluoride in the drinking water range fro1n 1 to 10 µ11101/1. Fluorotic changes can be obtained 
in incisors of rodents drinking \Vater containing 25-100 ppn1 fluoride; these doses also 
elevate plas111a fluoride levels to 3-10 µ11101/l, sitnilar to those found to cause fluorosis in 
hutnans. A con1plicating fhctor in assessing the exact dose, or detennining the stages of 
ena111el fonnation tnost sensitive to fluoride, is that fluoride incorporated into bone is 
gradually released by continuous bone retnodeling [5, 8]. Levels of plasma fluoride as low 
as 1.5 µ11101/I (resulting fron1 fluoride release fro111 bone) are still capable of inducing tnild 
ena1nel fluorosis in the rat incisor after the initial exposure ends [ 4, 8]. 

The effects of chronic fluoride exposure have also been linked to effects on other tissues and 
syste1ns [9]. Ho\vever, in this chapter, \Ve will focus pri1narily on the effects of fluoride on 
tooth developtnent. The largest body of research has investigated the effects of fluoride on 
ena1nel fonnation, with tnueh less known about the potential effects of fluoride on dentin 
fonnation. Therefore, 1nost of the focus \viii be on enan1el fluorosis. The sections of this 
chapter con1prise: 

1. Clinical tnanifestation, treahnent and prevention of dental fluorosis 

2. Etiology and prevalence of dental fluorosis 

3. Pathology, pathogenesis and 1nechanis1n of dental fluorosis 

Clinical Manifestation, Treatment and Prevention of Dental Fluorosis 

Clinical Manifestations of Dental Fluorosis 

Clinically, 1nild cases of dental fluorosis arc characterized by a white opaque appearance of 
the enatnel, caused by increased subsurface porosity (fig. 1 ). The earliest sign is a change in 
color, showing tnany thin \vhite horizontal lines n1nning across the surfaces of the teeth, 
\Vith \Vhite opacities at the newly en1pted incisal end. The \Vhite lines run along the 
'pcriky1nata', a tern1 referring to transverse ridges on the surface of the tooth, \vhich 
correspond to the incremental lines in the ena1nel known as Striae ofRetzius [10, 11]. 

At higher levels of fluoride exposure, the white lines in the enatnel become 111ore and ntore 
defined and thicker. So111e patchy cloudy areas and thick opaque bands also appear on the 
involved teeth. 'Vith increased dental fluorosis, the entire tooth can be chalky white and lose 
transparency (10, 12]. With higher fluoride doses or prolonged exposure, deeper layers of 
ena1nel are affected; the ena1nel becotnes less well 1nineralized. Da111age to the enatnel 
surface occurs in patients \vith 111oderate-to-severe degrees of ena1nel fluorosis. Teeth can 
erupt \Vith pits, with additional pitting occurring \Vith posteruptive enainel fracture. 

In the individuals \Vith 1noderate dental fluorosis, yello\v to light bro\vn staining is observed 
in the areas of ena1nel da111age. In very severe cases, the cna1nel is porous, poorly 
1nineralized, stains brown, and contains relatively less 111ineral and tnore proteins than sound 
ena1nel. Severely fluorosed ena1nel can easily chip posten1ptively during nonnal 1nechanical 
use [13, 14]. Although teeth with mild dental fluorosis may be more resistant to dental decay 
because of the higher levels of fluoride contained in the ena1nel surface, severely fluorosed 
teeth are tnore susceptible to decay, ntost likely because of the uneven surface or loss of the 
outer protective layer (15]. 

A1011ogrOml Sci. Author manuscript; available in P;\1C 2012 September 04. 
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Fluorosis Indices 

In 1942, H.T. Dean developed an index to describe and diagnosis enamel fluorosis (16, 17]. 
He scored the fluorotic teeth into 6 categories according to their clinical 1nanifestations, 
including nonnal teeth, which were given a score ofO (table 1). Using this index, Dean [17, 
18] detennined the 'optiinal' concentration of fluoride in drinking \Vater (1 pp111), \Vhere 
caries incidence decreased and with a tninhnal level of dental fluorosis. 

This classification is still the 'gold standard', though other indices have been dcveloped­
including the widely used Thylstrnp and Fejernkov Fluorosis Index (TFI) [ 19], which has an 
expanded range for the 1nore severe fonns of dental fluorosis. This index is a I O~point 
classification syste111 to characterize dental fluorosis affecting bucal/lingual and occlusal 
surfaces and correlates visual assesstnent with polarized and light tnicroscopic analysis [19]. 
Dean's index is expanded to include: mild (TFI = 1-3), moderate (TFI = 4-5) and severe 
(TFI= 6-9)(19]. 

Treatment of Dental Fluorosis 

The treattnents for fluorotic teeth arc litnited. For the 1nildcst fonns of fluorosis (TFI 1, 2) 
bleaching can be reco1n1nended. Trcattnents for 111oderatc dental fluorosis include 
microabrasion, where the outer affected layer of ena1nel is abraded fro111 the tooth surface in 
an acidic environ1nent. Co1nposite restorations co111bined \vith tnicroabrasion or application 
of aesthetic veneers can be used for the patients \Vith TFI ;:::5, \vhile for the cases \Yith TFI 8-
9, prosthetic cro,vns n1ay be necessary [19]. 

Prevention of Dental Fluorosis 

Dental fluorosis can be lin1ited or prevented by following the 'reco1111ncnded li1nits for 
fluoride exposure', suggested by US Environmental Protection Agency (USEPA) (20]. The 
reference dose suggested by USEPA is 0.06 mg fluoride/kg/ day, which is the estimate of 
daily exposure that is likely to be without any appreciable risk of deleterious effects (any 
degrees of dental fluorosis) during a lifetime (20]. 

Specific guidelines for different ages (table 2) were published by the US Food and Nutrition 
Board of the Institute of Medicine in 1997, recommending total daily fluoride intakes (21]. 
In this guideline, the suggested total daily exposure dosage for infants younger than 6 
months of age of0.01 mg fluoride/day in all drinks and food is lower than the USEPA 
rcco1n111ended reference dose. These guidelines suggest greater attention should be given to 
the total fluoride intake of infants fron1 \Vater used to dilute infant fonnulas, foods and other 
supplcn1cnt sources. 

Etiology and Prevalence of Dental Fluorosis 

There arc inultiple sources of fluoride and all have the potential to cause dental fluorosis­
including natural fluoride, artificial or added fluoride in drinking water and dental products, 
as \Veil as occupation-related exposures. 

Natural Sources of Fluoride Causing Dental Fluorosis 

Dental fluorosis resulting fron1 high fluoride levels in underground water is an issue in 
specific regions of the world. Fluoride can exist in an ionized fonn in ground \vatcrs, and in 
areas where the soil lacks calcium - such as occurs in areas \vith high levels of granite or 
gneiss - relatively high fluoride levels arc detected in ground\vatcr. \Vhen the level of 
fluoride is above 1.5 n1g/l (1.5 pp111) in drinking \Vater, dental fluorosis can occur. In sotnc 
parts of Africa, China, the Middle East and southern Asia (India, Sri Lanka), as well as son1c 
areas in the Ainericas and Japan, high concentrations of ionic fluoride have been found in 
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ground \Vaters, vegetables, fn1it, tea and other crops, although drinking water is usually the 
1najor source of the daily fluoride intake [22]. The ahnosphere in these areas tnay have high 
levels of fluoride fro1n dust in areas \vith fluoride-containing soils and gas, released fro111 
industries, underground coal fires and volcanic activities [22]. 

In the USA, approximately I 0 million people are exposed to naturally fluoridated public 
water. In 1993, it was reported that 6.7 million people drank water with fluoride 
concentrations :St .2 1ng!l, 1.4 million drank \Yater \vith 1.3-1.9 n1g/l fluoride, 1.4 1nillion 
drank water with fluoride between 2.0 and 3.9 mg/I and 200,000 people ingested water with 
fluoride concentrations ~4.0 mg/I [16]. Some areas have extren1ely high concentrations of 
fluoride in drinking water- such as in Colorado (11.2 mg/I), Oklahoma (12.0 mg/I), New 
Mexico (13.0 mg/I) and Idaho (15.9 mg/l) [9]- though water with levels higher that those 
rccotntnended by the USEPA are 111onitored and are not used for luunan consu1nption. 

Additional Sources of Fluoride Associated with Dental Fluorosis 

T\vo primary sources have been identified as being potentially responsible for the 
prevalence of dental fluorosis: fluoride in drinking \Vater and fluoride-containing dental 
products (including fluoride supple1nents). Since 1945, fluoride has been used as a 
supplement in many public drinking water systems to control dental decay [23]. In 2000, 
approximately 162 million people (65.8% of the population served by public water systems) 
received water that contained fluoride ranging from 0.7 to 1.2 mg/I (usually I mg/I), 
depending on the local clitnate. The level of fluoridation is lower in high-ten1perature areas 
as people usually drink nlore \vater. The fluoridation of public drinking \Vater has 
significantly decreased the incidence of dental decay at a relatively lo'v cost. In the studies 
by Dean and colleagues completed in the 1930s, the risk of dental fluorosis at I ppm 
fluoride in drinking \Vater was extren1ely lo\v, particularly in relation to the in1pact of 
fluoride on dental caries (fig. 2) [24]. Follo\ving these studies, \Vater fluoridation was 
considered by the US Centers for Disease Control to be I of the 10 great public health 
achievements in the 20th century [25]. 

Ho\vever, as fluoride has beco1ne 1nore widely used in dental products (toothpastes, 1nouth 
rinses, fluoride supplements) and been incorporated into food sources (via fluoridated 
water), 1nultiple sources of fluoride exposure are now related to the reported increase in the 
incidence of dental fluorosis. Even a sn1all 'pea-sized' ainount of toothpaste containing 
1,450 ppn1 fluoride, would contain approxin1ately 0.36--0.72 nig fluoride, \vhich if 
constnned hvice a day could contribute to fluoride levels that \vould increase the risk of 
dental fluorosis in children [26]. In the USA, the prevalence of dental fluorosis appears to be 
increasing. In children aged 15-17 years, the 1999-2004 National Health and Nutrition 
Exa1nination Survey (NHANES) found 40.6% had very 1nild or greater ena1nel fluorosis, up 
from 22.6% in the 1986--1987 study (fig. 3) [27]. 

The incidence of very niild and greater fluorosis in persons aged 6-39 years \Vas 19.79% in 
\Vhite non-Hispanics, 32.88% in black non-Hispanics, and 25.8% in Hispanics (table 3). The 
increased prevalence offluorosis in black non-Hispanics n1ay suggest a genetic influence on 
fluorosis susceptibility. 

Pathology, Pathogenesis and Mechanism of Dental Fluorosis 

The pritnary pathological finding of fluorosed cnatnel is a subsurface porosity, along with 
hyper and hypomineralized bands within the forming enamel (fig. 4) [28-34]. Fluoride can 
also result in tnineralization-related effects on dentin fonnation. 
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Severely fluorosed htunan dentin is characterized by a highly 1nineralized sclerotic 
background pattern, scattered with hypon1ineralized porous lesions pritnarily in the 
subsurface area. Scanning electron 111icroscope itnages sho\v dentin tubules with an irregular 
distribution and narrow and disn1pted hunina, rather than the regular appearing ltunina seen 
in nonnal dentin (35]. 

The pathogenesis of dental fluorosis is related to physiological conditions, including body 
\Vcight, rate of skeletal gro,vth and rc111odeling, nutrition, and renal function (36--38]. Bone 
is a reservoir of fluoride, as fluoride is incorporated in the fanning apatite crystals, and this 
ion can also be released fron1 these crystals as bone rc111odcls. Therefore, rapid bone gro\vth, 
as occurs in the gro\ving child, \vill re111ove fluoride fro1n the blood strca111, possibly 
reducing the risk of dental fluorosis by lowering sennn fluoride levels (8, 39]. Nutrition is 
also itnportant for controlling the serun1 level of fluoride, as ions such as calcitun, 
1nagnesit11n and ahuninu111 can reduce the bioavailability of fluoride. A deficiency in these 
ions in food can also affect (enhance) fluoride up take [40]. 

Genetic background appears to have role in the pathogenesis of dental fluorosis. This 1nay 
be the reason why in luunan populations, individuals drinking water \vith sin1ilar fluoride 
contents have a \Vide range of severity of dental fluorosis (fig. 2). Evidence for a genetic 
con1ponent to fluoride susceptibility con1es fro1n \Vork by Everett et al. (7], which tested 12 
different inbred n1ouse strains to con1pare their susceptibility to fluoride. Mouse teeth have 
been found to be an excellent 1nodel for lnunan tooth fonnation, and in Everett's study, they 
found that so1ne 1nouse strains \Vere highly susceptible to fluoride related dental fluorosis, 
\vhilc other strains were highly fluorosis resistant. They concluded that there is a genetic 
component to dental fluorosis susceptibility [41, 42]. 

Stages of Tooth Formation and Stage-Specific Effects of Chronic Fluoride Exposure 

Fluoride is a single highly electronegative ion that interacts with the cells and 1natrix at the 
different stages of ena1nel fonnation in relation to fluoride dose and thne of exposure. Tooth 
ena1nel develop1nent can be divided into 4 1najor stages: pre-secretary, secretory, transition 
and 111aturation stages, all \Vith unique properties that affect fluoride susceptibility. Most of 
the studies of the 1nechanis111s of fluoride in fonning fluorosed enan1el have used the rodent 
incisor or 1nolars as a 1nodel, as it is not possible to do sitnilar studies using hun1an teeth. 
The rodent incisor is a continuously en1pting tooth, with all stages of enan1el fonnation 
present in each tooth, \vhereas the 1nolar is a rooted tooth, which begins fonnation in utero. 
As previously 1nentioned, though rodents require the ingestion of1nnch higher levels of 
fluoride in the drinking \Vater (10-20 tin1es) as con1pared to htunans, the senun levels at 
which fluorosis is fanned in rodents and hun1ans is sitnilar. 

Pre-secretary a1neloblasts differentiate into secretary a1neloblasts after the dentin 1natrix 
begins to 111incralize. The pre-secretary a111eloblasts and overlying cells of the ena111el, 
including the ena111el knot, arc thought to influence the tooth 111orphogenesis. However, there 
is no evidence that exposure of developing teeth to physiological levels of fluoride in vivo 
(43] and in organ culture [44-47] affects tooth tnotphogenesis. Even in teeth \Vith severe 
fluorosis, the size and fonn of the teeth are not changed [48]. 

As the pre-an1eloblasts differentiate to secretary arneloblasts, they begin to secrete ena1nel 
111atrix proteins, and lay do\vn a thin layer of apris1natic enan1el deposited against 1nantle 
dentin. As the secretary a1neloblast Ton1es' processes fonn, the inner ena1nel layer, which 
constitutes the bulk of ena1nel, begins to be laid down. This enan1el tnatrix consists of 
pristnatic enatnel with rod (or pris1ns) and interrod structures (interpris1natic enamel) forn1ed 
by the To1nes' processes of fully differentiated secretary atncloblasts. These cells secrete 
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1natrix protein (predo1ninantly ainelogenins) into the enatnel space through \Vhich thin but 
long enatnel crystals gro\v preferentially in length in the \vake of the retreating cells. 

Secretary stage atneloblasts exposed to high chronic levels of fluoride have a son1e\vhat 
disn1pted 1norphology and increased nutnbcrs of vacuoles at the apical border. Chronic 
exposure to fluoride in drinking \Vater or repeated injections of 1noderate fluoride doses 
reduces the thickness of enamel by about 10% [43, 49]. Although this suggests that chronic 
exposure to fluoride reduces biosynthcsis of 1natrix by secreto1y a1ueloblasts, there is no 
evidence to support this [I, 50, 51]. Instead, the s1nall reduction in enatnel thickness tnay be 
attributed to a lin1ited disntption of vesicular transport in fluorotic secretary a111eloblasts and 
subsequent intracellular degradation of a 1ninor portion of the n1atrix by the lysoso1nal 
system [52-54]. 

At the end of secretion, the a111eloblasts lose their To1nes' process and deposit a final layer 
of apristnatic ena1uel with s111all ctystals. The cells transfonn via a short transitional stage, 
\Vhere enatnel 1natrix proteins undergo rapid proteolysis, leaving the porous ena1nel 1natrix 
characteristic of this transition stage. 

The late secretary-transitional cell stage a1neloblasts appear to be 111ore sensitive to fluoride 
than early and fully secretary a1neloblasts. In ha111ster 1nolar tooth genns, a dose of 4.5 1ng/ 
kg fluoride induces the late secretary to transitional cells, but not early secretary a111eloblasts 
to detach occasionally fro111 the surface and fonn subaineloblastic cysts. The ena111el belo\v 
the cysts under late secreto1y a1neloblasts will give rise to the shallow occlusal pits, often 
seen in severely fluorosed teeth in various species [48, 55-61 ]. This stage of develop1nent is 
likely also to be associated with the fonnation of accentuated periky111ata that is clinically 
the first sign of enamel fluorosis. 

In the tnaturation stage, the ameloblasts modulate cyclically fro111 cells with a s111ooth-ended 
to a ruffieended distal 1nen1brane, the latter \Vith characteristics of resorbing cells. During 
this 111odulation, 1natrix proteins continue to be re1novcd fron1 the extracellular space, and 
n1ineralization increases to fonn a fully 111ineralized enamel tnatrix. An1elogenin proteins are 
retained in the fluorosed rat ena111el 111atrix at this stage of enamel fonnation [51, 62]. 

Mahiration atneloblasts of adult rat incisors [43] are shorter, and fluorotic ena1nel organs 
have a dis1upted 1naturation a1neloblast 111odulation [43, 63, 64]. The first 111odulation bands 
that disappear during fluoride exposure are the 111ost incisal s111oothended aineloblasts. At 
prolonged exposure other sn1ooth-ended bands disappear one by one in an incisal to apical 
direction [63]. In addition to changes in modulation, fluoride also reduces the cyclic uptake 
of45ca labeling in a sin1ilar pattern [63]. \Vhen fluoride exposure is discontinued, s111ooth­
cnded bands reappear starting fro111 the youngest 1nost apical part to\vards older 1nore incisal 
bands. This suggests that the fluoride effects on an1eloblast 1nodulation arc reversible, and 
that the young tnodulating cells recover 111ore rapidly than older a1neloblasts. After eruption, 
the ena111el is exposed to 111ineral ions of the oral fluids, including fluoride, \vhich can 
influence the co111position of the outer layers of ena111el. 

Direct Effects of Fluoride on Ameloblasts 

Atneloblasts and tooth organs exposed to high (111illimolar) levels of fluoride in vitro, which 
\Vould be nntch greater than the 1nicro111olar levels of fluoride found in the plasma carrying 
fluoride ions to tooth organs in vivo, sho\v 111any alterations. These include changes in the 
stn1cture of early secretary an1eloblasts, reduced protein synthesis, altered cell proliferation, 
apoptosis, stress-related protein upregulation and elevation ofF-actin [65-68]. Ho\vever, 
son1e of these sa1ne changes are not readily apparent in vivo, and therefore, the effects of 
fluoride when cxa111ined in culhtre, tnust be carefully analyzed for biological relevance. 
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However, there are in vitro data indicating that a111eloblasts can be sensitive to low levels of 
fluoride. Hu111an pritnary ena1nel organ epithelial cells grown in culture sho'v that exposure 
to fluoride levels as lo'v as 5 µ11101/I results in reduced expression of the secretary stage 
matrix metalloproteinase 20 (MMP-20) [69], mediated by JNK/ c-Jun signaling [70]. These 
results suggest that fluoride n1ay have specific effects on an1eloblast differentiation 111ediated 
through MAP-kinase signaling. 

Rodent studies have sho,vn that ingestion of fluoride alters the nu1nber of bands of sn1ooth 
ended a111eloblasts and their rate of111odulation in the 111ah1ration stage a1neloblasts [43, 63]. 
Ho\vever, there is currently no evidence to detennine \vhether these changes in tnaturation 
stage a1neloblast 1nodulation are a direct effect of fluoride, or tnore likely, in response to 
n1atrix111ediatcd alterations related to fluoride exposure to the developing enatnel tnatrix. 

At extremely high levels of ingested fluoride (150 ppm) in the drinking water, ameloblasts 
have been sho,vn to exhibit apoptosis and endoplas1nic reticuhun stress responses [66]; 
however, at lower levels (75 ppn1) these effects \Vere not noted. Further studies at lo,ver 
fluoride levels will need to be done to detennine \Vhcthcr this is a potential n1echanis111 
relevant to chronic fluoride toxicity in luunans. 

Fluoride-Related Alterations of the Forming Enamel Matrix May Indirectly Affect 
Ameloblast Function 

The extracellular enamel 1natrix proteins include atnclogcnins, atneloblastin and ena1nelin, 
all of\vhich support and n1odulate ena1nel crystal fonnation [71]. A111elogenin is the chief 
stn1ctural protein constih1ting 90--95% of total proteins in the ena1nel protein 111atrix [72]. 
A111elogenin and the other tnatrix proteins are hydrolyzed by tnatrix proteinases as enan1el 
fonns, allowing replacen1ent of the protein tnatrix \Vith an organized hydroxyapatite 
stntcture. MMP-20 is the proteinase prin1arily responsible for the initial hydrolysis of 
a1nelogenins in the secretary ena1nel tnatrix, while kallikrein 4 (KLK4) is the predo111inant 
proteinase in the transition!tnaturation stage [73, 74]. 

An analysis of proteolytic activity in enatnel n1atrix, isolated frotn secretary and 111aturation 
stage rat ena1nel, sho\ved a significantly reduced activity in early tnaturation stage enan1el 
isolated fron1 rats ingesting 100 pptn fluoride (5-10 µ,n1 senun fluoride), as co1npared to 
control 111ahtration enamel [75]. This effect of fluoride ingestion in decreasing tnatrix 
proteinase activity correlates to an increased retention of a1nelogenin proteins in 111ahtration 
stage fluorosed ena1nel in a dosedependcnt tnanncr (fig. 5). Matrix proteins disappear from 
nonfluorosed ena1nel in the 1nah1ration stage, but arc retained in fluorosed enatnel, 'vith 
increased retention at higher levels of ingested fluoride [49, 51 ]. 

This retention of atnelogenin proteins could delay final 111ineralization of the ena1nel 1natrix, 
contributing to subsurface hypo1nineralization characteristic offluorosed ena111el. The 
reason for this retention of a1nelogenins is 111ost likely related to altered proteolytic activity 
in the fluorosed ena1nel 1natrix. 

Reduced Proteolytic Activity May Be due to the Effects of Fluoride Incorporation into 
Growing Enamel Crystals 

Crystals in sound enatnel are long, and the dyna111ics ofena111el crystal gro,vth, size of the 
c1ystals and their shape are well controlled by n1atrix proteins during ena1nel fonnation [76-
78]. Sotne studies report that crystals isolated frotn fluorosed enatnel have a significantly 
greater diatnetcr than crystals in sound enan1el, as detern1ined by high-resolution electron 
microscopy [79], X-ray diffraction of powdered enamel samples [80] or scanning 
111icroscopy of frachued inner ena1nel spechnens [81]. Sotne organ culture studies have 
sho,vn large flattened hexagonal crystals tnixed 'vith 1nany sn1all irregularly shaped crystals 
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in hypenuineralized areas [82, 83]. However, other studies reported no differences behveen 
fluorotic and nonual hu1nan crystals [28, 84]. 

There is, ho\vever, no doubt that the fluoride content of crystals in fluorosed ena111el is 
greater than that ofnonual ena1nel. Fluoride substitutes for hydroxyl groups in ena1nel 
carbonated hydroxyapatite crystals, altering the crystalline stn1ch11"es and surface 
characteristics. To detennine whether an increased fluoride content of the apatite crystals 
could affect tnatrix/proteinase interactions, \Ve 1neasured the binding of reco1nbinant lnunan 
a111elogenin to synthetic carbonated hydroxyapatite c1ystals. 

The initial rate of a1nelogenin binding and the total ainount of a1nelogenin bound to fluoride­
containing carbonated hydroxyapatite \Vas greater than that in the control carbonated 
hydroxyapatite [85]. These results suggest that fluoride incorporation into the crystal lattice 
alters the crystal surface to enhance a111elogenin binding, potentially contributing to the 
increased a1nount of an1elogenin and the inhibition of crystal growth in fluorosed ena1nel. 

In further investigation of the role of fluoride incorporation into apatite on atnelogenin 
processing, we characterized hydrolysis of atnelogenins bound to fluoride-containing 
apatites by rcco111binant MMP-20 or KLK-4. \Vhen fluoride \Vas in solution, a1uelogenin 
hydrolysis by MMP-20 was reduced only at !,OOO ppm (52 mm, which is far higher than 
physiological levels of fluoride in enainel fluids). Ho\vever, incorporation of fluoride into 
apatite significantly delayed MMP-20 hydrolysis of the adsorbed amelogenin in a dosc­
dependent manner (fig. 6) even at the lowest level of fluoride-containing apatite (100 ppm 
F). This saine effect of reduced a111elogenin hydrolysis \Vas found when a1nelogenins \Vere 
hydrolyzed fron1 fluoride-containing apatites \Vith recon1binant KLK-4 (unpublished 
results). 

The levels of fluoride incorporated into the apatite c1ystals in these in vitro studies are 
biologically relevant. Although the enamel fluid surrounding the ameloblasts is likely to 
contain no 1nore than 10 µ1n (0.19 pp1n) fluoride, fluoride is incorporated into the gro,ving 
crystals in concentrations ranging fro111 10 pp1n near the dentalena1uel junction to several 
thousand ppn1 at the enatnel surface [86]. Fluoride-containing apatite \Vith fluoride 
concentrations of 100 ppn1 are found in the inner ena111el (300 µ111 fro111 the surface) of 
lnunan teeth 'vith 1ninitnal (1nild) fluorosis [86]. The higher fluoride-containing apatite 
(approximately 2,000 ppm F) is similar to that found in the midlayer of enamel (150 µ.m 
front the surface) of severely fluorosed hu1nan teeth. Therefore, these sh1dies indicate that 
the reduced hydrolysis ofarnelogenin found in fluorosed 1naturation stage ena1nel [1, 52] 
1nay be due to the reduction in the rate of hydrolysis of a1nelogenins bound to fluoride­
containing enatnel crystals. 

These effects of fluoride incorporation on hydrolysis of apatite-bound atnelogenins is 
consistent with the observation that fluoride-induced subsurface hypon1ineralization can 
independently occur in the 1naturation stage only [60, 63, 87]. Mineralization defects in rat 
incisor 111aturation stage enatnel are characterized by the develop1nent of a generalized 
hypornineralized porous subsurface area along the entire cro\vn ena1uel [4, 88-91]. This type 
of defect correlates to the porous white opacities seen clinically. 

Potential Effects of Matrix pH on Fluoride-Related Changes in Enamel Formation 

Matrix protein re1noval tnay also be influenced by fluoride-111ediated changes in pH during 
apatite crystal fonnation. Fonnation of apatite results in the fonnation of a substantial 
number of protons [!0Ca2+ + 6 HPO 2- 4+ 2H20--> Ca1o(P04)6(0H)2 +Sil+] that need to 
be neutralized. Atnelogenins bind as 1nany as 12 protons per 1nolecule [92]. Ho,vever, if this 
a1nelogenin buffering systen1 is either not available, or is saturated, it is conceivable that a 
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fluoride-induced pH drop could alter the an1elogenin tertiary structure and affect its function 
[93]. 

Abundant atnelogenins generated by secreto1y atneloblasts tnay be a potent contributor to 
controlling pH at the secreto1y stage, where the pH is tnaintained at neutral [77, 94]. At the 
end of the secretory stage, ena1nel 1natrix proteinases are activated, and at the transition 
stage, enan1el 1natrix proteins are rapidly lost. At this stage, the cell junctions between the 
atneloblasts are open, allo\ving fluoride to readily 1nove fron1 the sen1n1 to the enan1el 
n1atrix. The presence of increased a1nounts of fluoride could protnote enhanced enamel 
111atrix tnineralization with potentially increased atnelogenin retention in the presence of a 
reduced tnatrix pH. 

At the maturation stage, the pH in the ena111el tnatrix changes periodically between acidic 
(pH 5.8) and neutral as ameloblasts modulate (pH 7.2) [95, 96], and additional pH regulation 
is required. If we assu111e that the acidification of the enatnel tnatrix pro1notes 111odulation 
frotn n1ffle-ended to stnooth ended arneloblasts during amelogenesis, in dental fluorosis, 
changes in tnatrix pH could contribute to a delay in the transition fron1 n1ffle-ended to 
sn1ooth ended a1neloblasts, resulting in fe\ver atneloblast 1nodulations. This delay in 
a111eloblast 1nodulation (which is a characteristic offluorosed 1naturation a1neloblasts) could 
possibly contribute to the delay in ren1oval of a111elogenins. 

Particularly at this final stage of enatnel 1nineralization, Bronckers et al. (94] have 
hypothesized that fluoride in the enatnel niatrix 1nay enhance tnineralization resulting in 
localized hypennineralization, requiring the a111eloblasts to ptunp additional bicarbonate into 
the extracellular enainel n1atrix. This hypennineraHzation would deplete the local reservoir 
or free calcitnn ions, resulting in a subsequent band ofhypo111ineralized enatnel. This 
hypothesis is supported by a recent study showing an upregulation ofmRNA for the pH 
regulator NBCel in fluorosed 1naturation stage a111eloblasts as con1pared to control 
maturation ameloblasts [93]. 

In sun1n1a1y, the 111echanis1ns by which fluoride alters enatnel tnaturation are 1nulti-factorial. 
\Ve propose a 1nulti-stage n1odel for the fonnation offluorosed ena1nel, as follo\vs: 

1. Crystals forn1ing in the secretary stage of ena1nel have an increased fluoride 
content and therefore bind 1nore a1nelogenin. 

2. Hydrolysis of a1nelogenins by proteinases is delayed by altered arnelogenin 
interactions with the fluoride-containing hydroxyapatite crystals. 

3. At the transition stage, fluoride is rapidly deposited into the porous enamel 1natrix 
bet\veen the open cell junctions, resulting in increased fonnation of fluoride­
containing apatite, and a delay in protein hydrolysis secondary altered 1nineral/ 
1natrix interactions. 

4. The net result of these fluoride-related effects in the secretary and transition stages 
is retention of a1nelogenins in the 111aturation stage. This delay in ren1oval of 
atnelogenins increases the relative pH in the 111aturation stage under n1ffie-ended 
a111eloblasts as atnelogenins buffer the increased protons resulting fron1 tnineral 
fonnation. 

5. The reduced acidification of the tnatrix under ruffie-ended an1eloblasts fhrther 
delays n1odulation to s1nooth-ended aineloblasts, resulting in fewer bands of 
1nodulating a1neloblasts. 

6. In late 1naturation, \vhen atnelogenins are finally re1noved (or in tnild dental 
fluorosis \Vith 1ninhnal atnelogenin retention), fluoride-1nediated 
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hypennineralization 1nay increase the local acidification affecting a1neloblast 
function, such as ion transport activities. Although porous subsurface ena1nel is the 
1najor phenotype of fluorosed enan1cl, successive layers of hypo-1nineralized and 
hypennineralized enainel are also a characteristic of the fluorosed cnatnel tnatrix 
[4, 90]. 

It is likely that there are additional effects of fluoride, including other indirect effects on 
cells at different stages offonnation, and that in the course of our and others' studies this 
n1odel and our understanding of the 1ncchanis111s (including 1nore potential direct cellular 
effects) will be expanded. 
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Fig. I. 
Dental fluorosis. a Mild with slight accentuation of the periky111ata. b Moderate, sho\ving a 
\Vhite opaque appearance. c Moderate, white opaque enainel with so1ne discoloration and 
pitting. cl Severe. 
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Fig. 2. 
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Concentrations of fluoride in drinking \Vater are related to caries incidence in children and 
severity of dental fluorosis. Adapted fron1 a report of the Deparhnent of Health and Hu1nan 
Services of US (1991) [24]. 
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Fig.3. 
Change in dental fluorosis prevalence a1nong children aged 12-15 years participating in 2 
national surveys in the USA (1986-1987 and 1999-2004). Dental fluorosis (based on 
Dean's fluorosis index) is defined as: very nlild, rnild, 111oderate or severe. Percentages do 
not sun1 to 100 due to rounding. Error bars= 95% CJ. Sources: National Health and 
Nutrition Examination Survey (1999-2004) [27] and National Survey of Oral Health in U.S. 
School Children (1986-1987) [27]. 
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Fig.4. 
Microradiograph of fluorosed ena111el fro1n Colorado Springs. Note the radiolucent outer 
third of the ena111el \Vith a 'vell-calcified surface layer. Fro1n Ne\vbrun [97], reprinted \Vith 
pennission. 
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Secretary enamel showed no T ranslt!on/earty maturation-stage 
difference In proteins from enamel shows more proteins with 
anlmals Ingesting different Ingestion of Increasing amounts of 
amounts of fluoride fluoride 
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Fig. 5. 
SDS PAGE separation of proteins in secretary and 111aturation stages of enan1el 1natrix of 
fluoride-treated and untreated rat tooth. A~ Standard; B ~ 0 ppm; C ~ I 0 ppm; D ~ 25 ppm; 
E ~ 50 ppm; F ~ I 00 ppm. From DenBesten [51 ], reprinted with permission. 
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Fig. 6. 
Degradation of a1nelogenin adsorbed on apatite c1ystals by MMP-20. Atnelogenins \Vere 
pre-bound to carbonated hydroxyapatite crystals containing different atnounts of fluoride 
(X-axis) and then degraded by MMP-20. Y-axis indicates the percentages ofamclogenins 
degraded by MMP-20 from apatite c1ystals as compared to the amount of amelogcnin 
initially bound. Note the decreased degradation of atnelogenin fro1n the apatite crystal 
surface as the concentration of fluoride in the apatite increases. 
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Table 1 

Fluorosis index ofH.T. Dean (1942) 

Score 

Normnl (0) 

Questionable 
(0.5) 

Very mild (1) 

Mild(2) 

Moderate (3) 

Severe (4) 

Criteria 

The en:unel represents the usunl translucent semivitriform type of structure, The surface is smooth, 
glossy, and usually of a pale creamy white col or. 

The enamel discloses slight aberrations from the translucency ofnonnal enamel. ranging from a 
few white flecks to occasional white spots. This classification is utilized in those instances where o. 
definite diagnosis of the mildest form offluorosis is not warranted and a classification of 'normal' is 
not justified, 

Small opaque, paper white areas scattered irregularly over the tooth but not involving as much as 
25% of the tooth surface. Frequently included in this classification are teeth showing no more than 
about 1-2 mm ofwhitc opacity at the tip of the summit of the cusps of the bicuspids or second 
molars. 

The white opaque areas in the enamel of the teeth arc more extensive but do not involve as much 
as 50% of the tooth. 

All enamel surfaces of the teeth :ire affected, and the surfaces subject to attrition show wear, 
Brown stain is frequently a disfiguring feature. 

Includes teeth formerly classified as "moderately severe and severe.· All enamel surfaces arc 
affected and hypoplasia is so marked that the general form of the tooth may be affected. The 
major diagnostic sign of this classification is discrete or confluent pitting. Brown stains arc 
widespread und teeth often present a corroded-like appear.:mce. 

As reproduced in National Academy of Sciences [p.169, 16]. 



Dietary reference intakes for fluoride 

A:;:egroups Reference weight. Adequate intake,. Tolerable upper intake., 
kgQb) m:;:lday mfdday 

Infants 0-6 months 7 (16) 0.01 0.7 

Infunts 7-12 months 9 (20) 05 0.9 

Children 1-3 yenrs 13 (29) 0.7 1.3 

Children 4-8 years 22(48) 1.0 2.2 

Children 9-13 yc:irs 40 (88) 2.0 10 

Boys 14-18 years 64 (142) 3.0 10 

Girls 14-18 years 57 (125) 3.0 10 

Males 2::19 ye;:rrs 76 (166) 4.0 10 

Females ~19 years 61 (133) 3.0 10 

US National Academy of Sciences. Institute of Medicine, Food and Nutrition Bo:ll'd 

Table 2 

~ 
w 
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Table 3 

Enamel fluorosis among persons aged 6-39 years by selected characteristics tl 
§ 

Unaffected Questionable Moderate/ ~ 
Very mild Mild Severe " = • 

% SE % SE % SE % SE % SE = Q. 

Age group (years) 
!:: 

6-11 59.81 4,07 11.80 2.50 19.85 2.12 5.83 0.73 2.71 0.59 ... 
" 12-15 51.46 3,51 11.96 1.84 25.33 1.98 7.68 0.93 3.56 0.59 

~ 16-19 58.32 3.30 10.21 1.70 20.79 1.78 6.65 0.67 4,03 0.77 ' ~ 20-39 74.86 228 S.83 1.23 11.15 1.22 3.34 0.58 1.81 0.39 
g> 
>. 

~ Sox 
ET Mok 67.65 2.63 9.99 1.45 15.65 1.52 4.58 0.54 2.12 0.39 
~ 
§ F=alo 66.97 2.84 9.83 1.34 15.58 1.36 4.84 0.61 2.78 0.49 
= = 
~ 

Race/ethnicity/ ~-
• White. non- Hispanic 69.69 3.13 10.43 1.62 14.09 l.56 3.87 0.60 1.92 0.48 
~-.. Black. non- Hispanic 56.72 3.30 10.40 2.16 21.21 2.16 8.24 0.82 3.43 0.54 

" 0 Mexica.n- American 6525 = 3.89 8.95 1.29 15.93 224 5.05 0.72 4.822 1.81 

" ;!:: 
Poverty Status; 0 

~ 
0 

<100%FPL 68.02 3.21 10.67 1.64 14.28 1.73 4.07 0.69 2.97 0.66 ;:; 

"' 100-199% FPL 66.92 2.91 9.11 1.79 16.11 J.46 521 0.78 2.65 0.56 0 
~ 

" = ~Oo/oFPL 66.SS 2.75 10.73 133 15.56 156 4.83 050 2.00 037 
0-
~ 
0 Total 67.40 2.65 9.91 1.35 15.55 l.37 4.69 0.49 2.45 0.40 ,. 

Dat:l from National Health :llld Nutrition Ex:unination Survey (1999-2002) [27J ond calculated using Denn"s index. All estimates are adjusted by age (single years) and sex to the USA 2000 standard 
population. except sex. which is adjusted only by age. 

1 
Calculated using •other racdcthnicity' and 'other Hispanic' in the denominator. 

2unreliable estimate: the standard error is 30% the value of the point estimate, or greater. 

3
Percentage of the fedeml poverty level (FPL), which varies by income :llld number of persons living in the household. 
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