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ABSTRACT

Intake of excess amounts of fluoride during tooth
development cause enamel fluorosis, a develop-
mental disturbance that makes enamel more porous.
In mild fluorosis, there are white opaque striations
across the enamel surface, whereas in more severe
cases, the porous regions increase in size, with
enamel pitting, and secondary discoloration of the
enamel surface. The effects of fluoride on enamel
formation suggest that fluoride affects the enamel-
forming cells, the ameloblasts. Studies investigating
the effects of fluoride on ameloblasts and the mech-
anisms of fluorosis are based on in vitro cultures as
well as animal models. The use of these model sys-
tems requires a biologically relevant fluoride dose,
and must be carefully interpreted in relation to
human tooth formation. Based on these studies, we
propose that fluoride can directly affect the amelo-
blasts, particularly at high fluoride levels, while at
lower fluoride levels, the ameloblasts may respond
to local effects of fluoride on the mineralizing
matrix. A new working model is presented, focused
on the assumption that fluoride increases the rate
of mineral formation, resulting in a greater release
of protons into the forming enamel matrix.
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The Impact of Fluoride on
Ameloblasts and the Mechanisms
of Enamel Fluorosis

INTRODUCTION

An excess ingestion of fluoride induces multiple changes in the develop-
ing enamel, and is referred to as enamel fluorosis. Changes vary from
chalky white opaque areas, resulting from subsurface hypomineralization,
to pits and grooves, and with increased severity, post-eruption staining.
Fluorotic enamel is softer and chips easily (for reviews, see Fejerskov et al.,
1977, 1994; Giambro et al., 1995). Enamel fluorosis is observed in young
children at fluoride intakes as low as 0.03 mg F/kg body weight, and there is
a clear linear relationship between fluoride dose and the development of den-
tal fluorosis, regardless of whether fluoride is ingested from drinking water,
from supplements, or from other sources (Fejerskov et al., 1994; Warren
et al., 2009). Although fluoride may have different effects in the various
stages of enamel formation, its effect is greatest when exposure occurs
during all stages of formation (Ishii and Suckling, 1986; DenBesten, 1999;
Hong et al., 20006).

During the last four decades, many experimental animal and organ culture
studies, as well as more recent cell culture studies, have investigated mecha-
nisms by which fluoride affects ameloblasts and enamel formation. In these
and future studies, important issues to consider include: how fluoride causes
these changes in forming enamel, how fluoride affects different stages of
development, and how fluoride affects ameloblast function. The effects of
fluoride are highly dose-dependent, and proper interpretation of the cellular
effects of fluoride, including effects on the ameloblasts, requires a careful
analysis of the in vivo or in vitro model systems and the dose of fluoride used.
The present review is focused on studies aimed at elucidating the effects of
fluoride on the ameloblasts, and the objectives of the review are:

(1) to evaluate the efficacy of animal model systems for the study of enamel
fluorosis in humans;

(2) to define the relevance of various fluoride doses in studies related to enamel
fluorosis and how fluoride doses relate to fluoride plasma levels;

(3) to describe which stages of enamel development are sensitive to fluoride
and what types of mineralization disturbances occur at each stage; and

(4) to present a working model that explains the observed effects of fluoride
on the developing enamel organ.

MODEL SYSTEMS USED TO STUDY THE EFFECTS
OF FLUORIDE ON HUMAN TOOTH DEVELOPMENT

The effects of fluoride on enamel development have been studied in a
wide range of animal species and tooth types. In most studies, rat incisors
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(Angmar-Mansson et al., 1976; Angmar-Mansson and Whitford,
1982; DenBesten, 1986) and molars (Kruger, 1966, 1967,
Mornstad and Hammarstrom, 1978; Kardos et al., 1989) were
used. Other studies used incisors (Suckling et al., 1988; Nelson
et al., 1989) and molars of sheep (Milhaud et al., 1992), pig
molars (Andersen et al., 1986; Richards et al., 1986; Kierdorf et
al., 2004), rabbit incisors and molars (Susheela and Bhatnagar,
1993), hamster molars (Bronckers et al., 1984a,b; Lyaruu et al.,
1986, 1987), mouse incisors (Everett et al., 2002; Vieira et al.,
2005), and zebrafish teeth (Bartlett e al., 2005). With the excep-
tion of zebrafish, which do not form true enamel, most species
develop enamel in similar ways, although there are some differ-
ences between species and the type of tooth studied.

Rodent incisors have been used as a model system for several
reasons, including their rapid and continuous eruption, allowing
for the study of the effects of fluoride on amelogenesis even in
adult animals. Amelogenesis in rat and mouse incisors has been
well-mapped (Smith and Nanci, 1996; Smith et al., 2005), and
rat incisor enamel tissue is also sufficient to be sampled by
micro-dissection. Molar tooth development in rodents is com-
plete after the first 2 to 3 post-natal wks, and therefore the use of
this tooth model has generally used fluoride administration as an
acute dose by injections or gavage, instead of by drinking water,
since rodents are weaned after this time period.

Essentially, small rodents, the rat in particular, have proved
to be good models for the study of human dental fluorosis, since
they show the same fluorotic disturbances at similar plasma
levels as humans (Angmar-Mansson et al., 1976; Angmar-
Mansson and Whitford, 1984, 1985; DenBesten, 1986; Everett
et al., 2002). However, for reasons not fully understood, but
possibly related to increased urinary secretion or more rapid
bone growth by rodents, the doses of fluoride in the drinking
water of rats and mice used for the study of fluorosis in the
continuously erupting incisor are approximately 10 times higher
than those required for humans to achieve similar fluoride
plasma levels.

The mouse model has gained in importance as differences
in fluoride susceptibility have been found between mouse
strains (Everett et al., 2002). Mice will continue to be useful
models, since transgenic and knockout mouse strains are
becoming increasingly available, and will likely yield further
insights into mechanisms by which fluoride affects enamel
formation. Other useful models are developing molar teeth of
hamsters (with faster tooth development than rats, and with a
cusp morphology more similar to that of human than of rat and
mouse molars), as well as teeth of larger animal species, such
as sheep and pigs. Larger animal species are particularly useful
for the study of proteins and proteinases isolated from the
developing enamel.

Ameloblast cell culture models have been developed, and
some studies have used isolated primary and SV40 transformed
cells grown in vitro to address questions of specific effects of
fluoride on ameloblasts (Kubota et al., 2005; Zhang et al., 2006;
Yan et al., 2007). Cultured cells are useful tools, but must be
carefully interpreted with physiologically relevant levels of fluo-
ride and an understanding of how the cells, isolated and grown
in vitro, reflect stages of ameloblast differentiation in vivo.
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The Rat as a Model for Enamel Fluorosis

Fluoride at high doses is known to have acute toxic effects,
including those that result in cell death. Therefore, in studying
the effects of fluoride on ameloblasts, it is critical that one deter-
mine the appropriateness of the fluoride dose used in a particular
study, as related to the questions addressed in that study. The rat
has been the most frequently used model for studies of enamel
fluorosis. However, differences in fluoride dose, administration,
and age of the animals have made comparisons among pub-
lished studies difficult.

In this section, we review the literature related to fluoride
toxicity in the rat model, to better define biologically relevant
fluoride levels in both in vivo and in vitro model systems.
Fluoride can be administered either parenterally or in food or
drinking water. Parenteral exposure by intraperitoneal, intrave-
nous, intramuscular, or subcutaneous injection generally leads
rapidly to a high, but transient, fluoride plasma peak level. These
high peak fluoride plasma levels can induce dose-dependent
systemic changes. Fluoride given in drinking water or food
causes fluorosis at lower, but more sustained, plasma fluoride
levels, without obvious systemic side-effects.

For appropriate fluoride levels to be evaluated, and the effects
of fluoride on enamel development, it is relevant that one know
the toxic doses of fluoride, including doses that induce systemic
changes. LD, values for fluoride in the rat (a measure for acute
toxicity indicated by the dose that is lethal to 50% of the animals
after a single intraperitoneal injection) depend on the age of the
animals used (Mé&rnstad, 1975). The LD, values for fluoride in
rats are in the range of 40-45 mg F/kg body weight for 4-day-old
pups, 28-30 mg/kg for 60-day-old young adult rats, and 20-21
mg/kg for 90-day-old rats (see Table 1). The younger the rats, the
more resistant they are to fluoride, most probably due to their
ability to clear fluoride rapidly from the circulation because of a
high bone formation rate (Whitford, 1994).

On the basis of these data, some of the older reports of the
effects of parenterally applied fluoride on enamel formation
in rats show levels that appear to be within the toxic range,
and need to be interpreted with caution (Neiman and Eisenmann,
1975; Chen and Eisenmann, 1984; Ashrafi et al, 1988).
Indeed, some studies have reported toxic effects after fluoride
injection, including a delay in growth (less gain in body
weight), immobility, and change of skin color (Mdrnstad and
Hammarstrom, 1978), or even death a few hours after injection
of fluoride (Larsen et al., 1981). Rats fed a diet containing up
to 11 mg F/day for 2 yrs showed a 30% decrease in body
weight, with toxic changes in teeth, bones, and stomach
(Maurer et al., 1990).

No adverse changes or effects on growth have been found in
rat pups daily receiving 0.3-4 mg F/kg, delivered by either intra-
peritoneal injection, subcutaneous release devices, or gastric
intubation (Drinkard et al., 1987). In rat pups and adult rats, an
injection of 4.5 mg F/kg body weight does not change plasma
calcium levels or induce other undesired systemic changes
(Larsen et al., 1981; Angmar-Mansson and Whitford, 1985). A
dose of 9 mg F/kg weight, however, starts to depress plasma
calcium transiently by 15% (Larsen et al., 1981). Plasma calcium
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Table 1. Plasma Fluoride and Plasma Calcium affer a Single Fluoride Injection into Rats at Different Ages

Dose of F Plasma Fluoride Plasma Calcium
Rats” Age (mg/kg bw) Peak, pmol/L (% change) References
Adult 0.065 5 ND Angmar-Ménsson and Whitford, 1982
Adult 0.10 10 ND Angmar-Ménsson et al., 1976
Adult 0.13 9 ND Angmar-Mé&nsson and Whitford, 1982
Adult 0.75 67 normal Angmar-Mé&nsson and Whitford, 1985
Adult 4.0 527 -8% Angmar-Mé&nsson and Whitford, 1985
Adult 4.5 373 normal Larsen et al., 1981
Neonatal 4.5 387 normal Larsen et al., 1981
Adult 79 1600** —15%* Monsour et al., 1985; Appleton, 1995
Neonatal 9.0 958 -14% Larsen et al., 1981
Adult 9.0 888 -17% Larsen et al., 1981
Adult 14 1981 -48% Angmar-Mé&nsson and Whitford, 1985
Neonatal 18 1700 -38% Larsen et al., 1981
Adult 18 1750 -58% Larsen et al., 1981
Adult 2021 LDy, ND Mérnstad, 1975
Young adult 28-30 LDs, ND Mérnstad, 1975
Young 47-51 LD, ND Mérnstad, 1975
Neonatal 40-45 LDs, ND Mérnstad, 1975

1 part per million fluoride (1 ppm F, 1 mg/L) is equivalent to 52 umol/L, or, vice versa, 1 umol/L is 0.019 ppm fluoride.
bw, body weight; ND, not determined; LD, lethal dose for 50% of the rats after one intraperitoneal injection.

*  Also rise in plasma values for creatinine, urea, and glucose.

** |njection given intravenously and peak attained within 1 min. In most other reports, injection was given intraperitoneally and peak level

atftained after 30 min.

levels further decrease to 48% of control values in adult rats
at a dose 14 mg F/kg; plasma calcium levels, however, nor-
malize within 1 day (Angmar-Ménsson and Whitford, 1985)
(see Table 1).

Importantly, a parenteral dose in the range of 7-9 mg F/kg
body weight also affects renal functions in adult rats, as indi-
cated by a fast rise in plasma values for creatinine and urea
(Monsour et al., 1985; Appleton, 1995). In this respect, it is
important to know that amelogenesis of rat incisors is seriously
disrupted in uremic rats (Lyaruu et al., 2008b). Furthermore,
fluoride injection increases plasma phosphate and induces
hyperglycemia, suggesting effects on kidneys and general stress
(Monsour et al., 1985).

Systemic changes have not been found in rats exposed for
3-6 wks to fluoride in drinking water, at levels up to 100 ppm
(mg/L)—a dose widely used in studies of enamel fluorosis in
rodents. This dose does not show clear toxic effects (Smith
et al., 1993; Zhou et al., 1996). Concentrations of 125 ppm F in
drinking water, starting at weaning, do not change body weight
when given during the first 6 wks, but reduce gain in body
weight after 20 wks of exposure. A level of 175 ppm F in drink-
ing water is lethal for about one-third of the rats within 10 days
when started at weaning; the remaining rats have stunted growth
(Mullenix et al., 1995). No changes in plasma calcium were
found in adult rats fed food pellets containing 450 mg F/kg for
8 wks (Appleton, 1994) or pigs receiving a daily oral dose of
2 mg F/kg body weight for 6 mos (Andersen et al., 1986). In the
pigs, no changes in immunoreactive PTH and 1,25 vitamin D or
24,25 vitamin D metabolites could be found (Andersen et al.,
1986). This indicates that, at those doses, fluoride does not inter-
fere with calcium homeostasis.

Fluoride Intake in Relation
to Plasma Fluoride Levels

In an effort to determine biologically relevant doses in animal,
organ, and cell culture models, in this section we review fluoride
intake and plasma fluoride levels. These plasma fluoride levels
will then be related to enamel mineralization defects in the next
section.

Fluoride chronically applied in drinking water induces slightly
elevated but sustained plasma fluoride levels, while parenteral
application induces short-lasting but high plasma peak levels that
can induce systemic and toxic changes. These differences present
different fluorotic effects on forming enamel and on the amelo-
blasts, as discussed below.

In drinking water, fluoride levels of at least 10-30 ppm are
necessary to induce lasting enamel disturbances in rodents, and
levels used in most experimental studies are in the range of
25-100 ppm (Shinoda, 1975; Angmar-Mansson et al., 1976;
Fejerskov et al., 1979; Ekstrand et al., 1981; Angmar-Mansson
and Whitford, 1984; DenBesten, 1986; Kubota et al., 2005). The
high fluoride levels in drinking water needed to cause enamel
fluorosis in rats (about 10 times the amount of humans) have
raised the question as to whether studies in rats have relevance
for the development of enamel fluorosis in humans. However,
measurements of plasma F levels in rats exposed to fluoride in
drinking water (from 10-100 ppm) revealed that these levels are
in the same range as in humans exposed to much lower fluoride
doses (1-8 ppm) in drinking water (Singer and Ophaug, 1982;
Martinez-Mier et al., 2003).

The plasma levels in rats also show a linear dose-dependent
increase in plasma fluoride levels, from 1 pmol/L (no fluoride)
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to 9-10 umol/L, with increases in fluoride in drinking water
from 0 to 100 ppm in rats given a low-fluoride diet (DenBesten,
1986). Adult rats receiving drinking water containing 25-100
ppm fluoride reach a steady plasma fluoride level in about 2 wks
(Ekstrand et al, 1981). Similar data were obtained for pigs
when fluoride was given orally during feeding (Richards et al.,
1985; Andersen et al., 1986).

There is a daily variation in the plasma fluoride levels when
food is denied to rats; the plasma fluoride peak levels were as
high as 25 umol/L in non-fasting conditions at 150 ppm fluoride
in drinking water, while after 6-12 hrs of fasting, this plasma
level was down to a steady level of 10 pmol/L (Ekstrand et al.,
1981). At 100 ppm fluoride in drinking water, these levels were
6.5 umol/L (non-fasting) and 5.4 umol/L (fasting). In pigs fed a
diet containing 2 mg F/kg, fluoride reached a short-lasting plasma
peak of approximately 60 pwmol/L, which rapidly decreased to a
steady level of 12.7 umol/L for 48 hrs after discontinuation of the
fluoride application (Richards et al., 1985; Andersen et al.,
1986). Analysis of these data suggests that plasma fluoride levels
can vary considerably within a day, depending on feeding and
drinking behavior.

Plasma fluoride levels rapidly return to baseline levels after
discontinuation of a fluoride regime. Removing fluoride from
the drinking water of rats given 25 ppm fluoride shows a rapid
decrease of plasma fluoride levels to pre-exposure levels in
about 2-3 days. Plasma levels remain slightly elevated at recov-
ery from moderate to high doses of fluoride (50-100 ppm).
However, plasma fluoride levels remain elevated significantly
and over extended periods at recovery from very high (150 ppm)
levels of fluoride in drinking water (Ekstrand et al., 1981;
Larsen et al., 1981).

The plasma fluoride levels obtained after a single parenteral
application of fluoride are proportional to the fluoride dose
(Larsen et al., 1981), and are much higher than those obtained
following ingestion of fluoride-containing drinking water
(Table 1). After intraperitoneal injection of fluoride into rats, a
plasma fluoride peak level is attained within 30 min, followed
by a rapid decline due to clearance from the circulatory system
by kidney and skeletal tissues (plasma fluoride half-life in rats
is approximately 45 min to 1 hr; Larsen ef al., 1981).

Injections of 7-9 mg F/kg body weight start to reduce plasma
calcium levels, while plasma calcium levels drop very signifi-
cantly at twice that fluoride dose (Table 1). Rats on a low-calcium
diet also show a more pronounced decrease in plasma calcium
and a delay in fluoride clearance, as compared with rats on a
normal calcium-rich diet (Larsen et al., 1981).

Plasma fluoride levels also depend on the rate of fluoride clear-
ance by the kidneys (Whitford, 1994), and renal insufficiency
delays fluoride clearance. Partial nephrectomy decreases fluoride
clearance 7-fold, and plasma fluoride levels increase as high as
70 umol/L, 7-fold the values in sham-operated control rats under a
fluoride regime in drinking water for 3-6 mos (Dunipace et al.,
1998). Changes in amelogenesis of partially nephrectomized rats
are more severe when these rats are also exposed to low doses of
fluoride in drinking water (Lyaruu et al., 2008b). Increased plasma
fluoride levels are also obtained during metabolic acidosis, which
makes the kidneys re-absorb more fluoride, when rats are exposed
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to fluoride in drinking water. Despite a lower total fluoride intake
by acidotic rats, as compared with normal or alkalotic rats, plasma
fluoride levels in acidotic rats are substantially higher than in nor-
mal or alkalotic rats (Whitford and Reynolds, 1979). This indicates
that plasma fluoride levels can be independent of, or even inversely
related to, fluoride intake and strongly points out the necessity of
using plasma fluoride levels, rather than total fluoride intake, to
assess dose-effect relations (Whitford and Reynolds, 1979).

Different plasma fluoride levels have been reported for male
and female rats given the same amount of fluoride in drinking
water for 6 wks, suggesting gender-related differences (Mullenix
et al., 1995). Lower plasma fluoride levels were measured in
female rats than in age-matched males when fluoride exposure
started at weaning, but higher levels were found in females
when exposure started at the age of 3 mos. The latter finding
may be related to continuous growth of male rats; female rats
cease growth when they reach adulthood, as indicated by a two-
fold-higher body weight of male rats at the end of the experi-
ment (Mullenix et al., 1995). Similar gender-related differences
in plasma fluoride levels have not been reported in humans.

When plasma fluoride levels associated with enamel fluorosis
in different species are compared, the values appear in the same
range in rodents, humans, sheep, and pigs (Angmar-Mansson
et al., 1976; Fejerskov et al., 1979; Angmar-Ménsson and
Whitford, 1982, 1984, 1985; Andersen et al., 1986; Bawden et al.,
1992; Milhaud et al., 1992). Hence, plasma fluoride values are
currently the best way to compare effects of fluoride in relation
to the development of enamel fluorosis between and among
different species.

Doses of Fluoride that Cause Mineralization
Defects in Developing Rat Enamel

Parenteral Administration of Fluoride

A single injection with a low (2 mg F/kg body weight) to high dose
of fluoride (14 mg F/kg body weight) induces a characteristic
double-response event in secretory enamel, consisting of an inner
hyper- followed by an outer hypo-mineralized line (Kruger, 1967,
Fejerskov et al., 1974; Neiman and Eisenmann, 1975; Shinoda,
1975; Tros et al., 1990; Lyaruu et al., 2006). The intensity of the
double-response line is dose-dependent. The formation of the
response lines continues until fluoride is cleared from the plasma,
after which normal mineralization resumes (Kruger, 1970b; Walton
and Eisenmann, 1974, 1975). Injections given some time apart
result in corresponding multiple alternating double-response lines,
running in the enamel almost parallel to the enamel surface (e.g.,
Kruger, 1967; Walton and Eisenmann, 1974). The lines reflect the
mineralization front of secretory enamel at time of injection and
can be seen at any depth of enamel. Weak double-response lines
gradually fade with time during progressive pre-eruptive mineral-
ization, but strong response lines may persist in erupted enamel,
seen as dark (hypomineralized) lines or bands on microradio-
graphs (Angmar-Ménsson and Whitford, 1985). To address the
relevance of these hypo- and hypermineralized responses to fluo-
ride injections to the mechanisms of enamel fluorosis, one must
know the lowest dose of fluoride that can induce such mineraliza-
tion disturbances.
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Table 2. Plasma Fluoride Levels and Enamel Mineralization Defects in Rat Incisors after Chronic Exposure to Fluoride
Dose of F per Day
F Delivery, per kg bw or Total ~ Plasma F
Exposure Time Intake per Day pmol/L Mineralization Defects References
Minipump control 0 mg/kg* 1.8 Sound enamel Angmar-Ménsson and
(7 days) Whitford, 1982
Minipump (7 days) 0.68 mg/kg* 3.3 Mature enamel subsurface hypomineralized multiple  Angmar-Ménsson and
double-response lines in 25% of the cases Whitford, 1982
Minipump (7 days) 1.37 mg/kg* 4.7 Mature enamel subsurface hypomineralized multiple ~ Angmar-Mé&nsson and
double-response lines Whitford, 1982
Control 0 mg** <1.0 Sound enamel Angmar-Ménsson and
Whitford, 1984
Minipump (56 days) 0.14 mg** 1.5 Early maturation (very weak] subsurface Angmar-Mé&nsson and
hypomineralized Whitford, 1984
Mature enamel normal
Minipump (56 days) 0.32 mg** 3.1 Early maturation (weak) surface hypermineralized Angmar-Mé&nsson and
subsurface hypomineralized multiple double- Whitford, 1984
response lines
Mature enamel normal
10-ppm drinking water 0.41 mg** 3.4 Early maturation (weak) subsurface hypomineralized ~ Angmar-Mé&nsson and
(56 days) Mature enamel normal Whitford, 1984
25-ppm drinking water 0.93 mg** 6.8 Early maturation surface hypermineralized Angmar-Ménsson and
(56 days) subsurface hypomineralized multiple double- Whitford, 1984
response lines
Mature enamel moderate defects
60-ppm drinking water 2.25 mg** 12 Early maturation: surface hypermineralized Angmar Ménsson and

(56 days)

subsurface hypomineralized multiple double-
response lines

Whitford, 1984

Mature enamel severe defects

Throughout the manuscript, the expression ‘double response lines’ is used to describe the typical reaction of secretory enamel to fluoride peak
levels. ‘Double response lines’ represents an inner hypermineralized line and an outer hypomineralized line.

*

Fluoride levels in food: 28 ppm.
** Fluoride levels in food: 0.5 ppm (0.009 mg F/day).

The height of the plasma fluoride peak and the exposure
time determine whether or not lasting mineralization distur-
bances will develop. A single injected dose of fluoride once a
day that transiently increases plasma level to 10 umol F/L (0.13
mg F/kg body weight per day) for 1 wk induces alternating lay-
ers of hypo- and hypermineralization and a slight subsurface
hypomineralization in rat incisor enamel (Angmar-Mansson
and Whitford, 1982). However, the same amount of fluoride,
divided into 2 injections per day for 1 wk, results in 2 short-
lasting peak levels of approximately 5 umol F/L. which do not
cause such defects. This observation demonstrates that the
magnitude of fluoride plasma peak levels, and not the total
daily dose, is the factor that determines whether or not this type
of enamel mineralization defect will form.

However, if the same 5 umol/L plasma fluoride levels are
kept at a continuously sustained level for 1 wk, by means of
subcutaneously implanted mini-pumps, enamel defects become
apparent, consisting of double-response lines and a reduction in
mineral content in subsurface enamel (Angmar-Ménsson and
Whitford, 1982). This indicates that even low but sustained
levels of fluoride can induce such mineralization defects. Such
low sustained plasma levels may be related to prolonged release
of fluoride from bone after an initial high fluoride uptake into a
bone reservoir (Angmar-Ménsson and Whitford, 1982, 1985), or
a build-up of a fluoride reservoir within the enamel matrix.

Chronic Fluoride Intake from Drinking Water

The lowest dose of fluoride in drinking water that induces visi-
ble and lasting defects in fully mature rat incisor enamel is
25-30 ppm (1.3-1.6 mM) fluoride (Angmar-Méansson and
Whitford, 1984; DenBesten et al., 1985). The minimal fluorotic
dose also depends on the time of exposure: Exposure to 9 ppm
(0.5 mM) fluoride for 70 days significantly decreases the hard-
ness of the outer enamel of erupted rat incisors, indicating that a
prolonged exposure to a low fluoride dose already induces func-
tional defects in the enamel (Shinoda, 1975).

The various mineralization defects (seen by microradiogra-
phy) that develop in rat incisor enamel when fluoride is deliv-
ered for 1 or 8 wks, either by a mini-pump or in drinking water,
are shown in Table 2. The defects consist of 3 types of distur-
bances that may persist in mature enamel: (1) a thin but highly
mineralized outer enamel surface that develops pre-eruptively
(Angmar-Mansson and Whitford, 1984; Richards et al., 1992);
(2) a less-mineralized subsurface that expands inward at a
higher fluoride dose; and (3) multiple alternating but weak lines
of higher and lower mineral content throughout the enamel
width, almost parallel to the enamel surface. These are similar
to, but much weaker than, the lines seen formed in the secretory
stage after multiple injections of low to high doses of fluoride.
These lines are probably associated with the daily fluctuations
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N %

pre

Figure 1. Cyst formation after single injection of a high dose of fluoride. (A) Hamster first maxillary molar tooth germ, at postnatal day 4, from
an animal injected with 9 mg F/kg body weight and killed 24 hrs later. Undecalcified, hematoxylin-eosin staining (25x). Cysts have formed
near the cervical area (ceC) at early-secretory stages and coronally (coC) at late-secretory/transitional stages. Enamel surface under the cysts is
intensely mineralized. Fully secretory ameloblasts (fsa) are not overtly affected, but a thin weak response line (position indicated by arrowheads)
runs almost parallel to the surface through secretory-stage enamel (E). At the right cusp, this line connects the bases of both coronal and cervical
cysts. Late-secretory-stage cells in the left cusp are not affected (Lyaruu et al., 2006). (B) Higher magpnification of boxed area with double-response
in adjacent section stained with toluidine blue (400x). Between arrows is the pre-exposure (‘pre’) secretory enamel that hypermineralized during
exposure and stained less intensely with toluidine blue. The enamel layer secreted after the F peak insult (‘post’) by secretory ameloblasts (SA) is
less mineralized and stains darker with toluidine blue. Fig. 4d illustrates a similar area with a sharp transition of hyper- to hypomineralized enamel
at the ultrastructural level. Psa, pre-secretory ameloblasts; fsa, fully secretory ameloblasts; ta, transitional ameloblasts; ma, maturation ameloblasts;

d, dentin; o, odontoblasts, p, pulp.

in plasma fluoride when rats are on a fluoridated drinking water
regime, depending on periods of feeding and drinking. Defects
are dose-dependent and become more serious at higher fluoride
levels or longer exposure times.

Sustained plasma fluoride levels (as attained by mini-pumps)
are more potent in inducing enamel defects than transient levels
reached by the intake of fluoridated water. At low plasma fluoride
levels (1.5-3.1 umol F/L), the defects are temporary, seen only in
transitional-stage to early-maturation-stage, but not in fully
mature, enamel (Table 2). This suggests that small defects can be
healed at successive stages of pre-eruptive enamel maturation, to
the point at which they are not visible by microradiography.
Enamel defects are worse and become permanent at higher fluo-
ride doses and at prolonged exposure (Table 2).

Basal plasma fluoride levels in non-fluoridated control ani-
mals are in the range of 0.5-2.0 umol/L, but may show some
variation, likely depending on fluoride in the diet. The finding
in some reports that baseline plasma fluoride levels of unex-
posed animals are already within the fluorotic range—e.g., in
the mouse (9.4 pmol/L) (Kubota et al., 2005), sheep (5 pmol/L)
(Milhaud et al., 1992), and pigs (5 pmol/L) (Richards et al.,
1985)—is somewhat difficult to explain. These baseline differ-
ences may be related to fluoride content in the diet, or the
method used for fluoride analysis. Measurement of fluoride
levels in plasma is a complex assay, and requires that fluoride be
diffused from the plasma into a buffered solution to allow for
accurate measurement of fluoride by an ion-specific electrode
(Taves, 1968; Fry and Taves, 1970).

An interesting recent development concerning the relation-
ship between plasma fluoride levels and fluorosis is a possible
genetic influence on the susceptibility to fluoride (Everett et al.,
2002, 2009; Vieira et al., 2005). Screening of 12 different mouse

strains for loss of yellow pigmentation of erupted incisors
showed that some strains are very susceptible to fluoride, while
others are relatively resistant (Everett ef al., 2002), in spite
of the fact that plasma fluoride levels in all strains were not
significantly different (Everett et al., 2009). A dental fluorosis-
associated trait for susceptibility to fluoride locates on mouse
chromosomes 2 and 11 (Everett et al., 2009). However, later
functional analysis indicated that the enamel of the most suscep-
tible strain was, from the beginning, already significantly softer
and retained more proteins than the most resistant strain (Vieira
et al., 2005). This suggests that ‘normal’ enamel mineralization
in the susceptible strain is already different from non-susceptible
strains (Vieira et al., 2005).

In summary, fluoride induces mineralization disturbances in
a dose- and time-dependent manner. Plasma fluoride levels cor-
relate with enamel mineralization disturbances. Chronic plasma
fluoride levels in the range of 2-12 umol/L, attained by fluoride
in drinking water for extended periods of time, induce distur-
bances in forming enamel in most species, including humans.

STAGES OF ENAMEL DEVELOPMENT
THAT ARE AFFECTED BY FLUORIDE

Experimental studies show that fluoride influences ameloblasts
and enamel formation differently at different stages of the life
cycle, resulting in different types of enamel defects. This is
illustrated, for instance, by the formation of cysts at particular
stages of ameloblast development after a single injection with a
high dose of fluoride (Fig. 1). Generally, the fluoride doses
required to induce cellular changes in ameloblasts are at least
two orders of magnitude higher than the very low doses of
fluoride that induce mineralization disturbances. The effect of
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fluoride on each stage of enamel formation will therefore be
discussed separately. We will also address the type of permanent
enamel lesion resulting from each disturbance. First, a brief
description of the stages of amelogenesis is presented.

Amelogenesis (a brief summary)

During their life cycle, ameloblasts go through different stages of
differentiation (Fig. 2a). Pre-secretory ameloblasts differentiate
into secretory ameloblasts that deposit a protein matrix, which
acts as a temporary protein scaffold on which enamel crystals can
form (Smith and Nanci, 1996). The first thin layer of enamel
deposited against mantle dentin is aprismatic, formed by early-
secretory ameloblasts that have not yet developed a Tomes’
process. The inner enamel layer, which constitutes the bulk of
enamel, consists of prismatic enamel with rod (or prisms) and
interrod structures (interprismatic enamel) formed by the Tomes’
processes of fully differentiated secretory ameloblasts. These
cells secrete large quantities of protein matrix (predominantly
amelogenins) into the enamel space. Thin but long enamel crys-
tals grow preferentially in length in the wake of the retreating
cells. At the end of secretion, the ameloblasts lose their Tomes’
process and deposit a final layer of aprismatic enamel with small
crystals. The cells transform via a short transitional stage, where
enamel matrix proteins undergo proteolysis and gradual removal
from the matrix, into maturation ameloblasts. In the maturation
stage, the ameloblasts modulate cyclically from cells with a
smooth-ended into ruffle-ended distal membrane, the latter with
characteristics of resorbing cells. During this modulation, matrix
proteins continue to be removed from the extracellular space,
and mineralization increases progressively until the tooth erupts.
After eruption, the enamel is exposed to exchange with mineral
ions of the oral fluids that can influence the composition of the
outer layers of enamel.

Effects of Fluoride on Amelogenesis
Proliferating and Differentiating Ameloblasts

There is no evidence that exposure of developing teeth to
physiological levels of fluoride, in vivo (Smith et al., 1993) and
in organ culture (Kerley and Kollar, 1977; Levenson, 1980;
Bronckers et al., 1984a; Bawden et al., 1992), affects tooth
morphogenesis, cell proliferation, or differentiation of amelo-
blasts. Even in highly fluorotic teeth, the size and form of the
teeth are not changed (e.g., Kierdorf and Kierdorf, 1997). In
organ culture, proliferating and differentiating pre-ameloblasts
are very resistant to fluoride, and fluoride’s effects on cell mor-
phology and matrix synthesis have been reported only in the
range of 1.3-5.2 mmol F/L (Kerley and Kollar, 1977; Levenson,
1980; Bronckers ef al., 1984a; Bronckers and Woltgens, 1985;
Li et al., 2005), which is far higher than the plasma levels that
can induce enamel fluorosis in vivo.

There are data indicating that in vitro ameloblast-like cells
can be sensitive to low levels of fluoride. Studies of human pri-
mary enamel organ epithelial cells, grown in culture, have shown
that 16 pmol F/L significantly increases cell proliferation, while
1 mmol F/L inhibits cell proliferation (Yan et al., 2007). In addi-
tion, the apoptotic index for human primary enamel organ cells,
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Normal

maturation

transition

Figure 2. Normal amelogenesis (A) and amelogenesis 24 hrs after an
acute high exposure to fluoride (B). (A) Schematic drawing of normal
amelogenesis in an imaginary cusp of a molar. D, dentin; E, enamel.
Increasing greyness in enamel represents increasing mineral content.
Successive stages of development from bottom to top. Aprismatic
enamel with small crystallites is produced by early- and late-secretory
ameloblasts. The bulk of (inner) enamel consists of prisms containing
large crystals and is deposited by fully differentiated ameloblasts. (B)
Amelogenesis 24 hrs affer injection of 9 mg F/kg. Fluoride induces
an (inner) hypermineralized layer (black line, white arrows) in fully
secretory-stage enamel, running almost parallel to the surface of the
enamel. It represents the mineralization front 24 hrs earlier at the time
of fluoride injection. A later-formed (outer) layer is a hypomineralized
layer (white line, black arrows); together, these lines form the double-
response fypical of fluoride. Two areas of intense hypermineralization
are formed at both ends of these lines: one where the lines intersect
the enamel-dentin junction in the inner aprismatic enamel, the other
where the lines intersect the enamel surface with outer aprismatic
enamel below late-secretory and transitional ameloblasts. Cyst forma-
tion occurs only under some groups of transitional ameloblasts (coro-
nal cyst, coC) and early-secretory ameloblasts (cervical cyst, ceC) that
detach from enamel surface. Maturation ameloblasts seem structurally
unaltered. Fully secretory-stage ameloblasts recover completely after
24 hrs; only the double-response lines are reminiscent of the insult.

identified by cell sorting, is increased at both 10 and 20 umol F/L
in culture, though these fluoride levels are higher than the plasma
fluoride levels to which early-differentiating ameloblasts would
likely be exposed. Also, exposure of human primary enamel
organ epithelial cells to fluoride levels as low as 5 pmol/L fluo-
ride results in reduced expression of MMP-20, normally synthe-
sized in secretory ameloblasts (Zhang et al., 2006) and mediated
by JNK/c-Jun signaling (Zhang et al., 2007). The significance of
these in vitro data is not yet understood. Although these fluoride
levels are still relatively high compared with plasma fluoride
levels, they are in the physiologic range, and may have an effect
on enamel formation in vivo in the long run. More detailed stud-
ies are needed to confirm the effects of such low levels of fluo-
ride on enamel formation in vivo.

Studies in an SV40-transformed mouse enamel organ epithe-
lial cell line showed no effect of fluoride on cell proliferation,
but high fluoride levels (125 umol/L to 1 mmol/L) initiated an
endoplasmic reticulum (ER) stress-response in these cells
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Figure 3. Permanent lesions induced by chronic or acute exposure to
fluoride found or expected in erupted fluorotic enamel. During amelo-
genesis, the tooth was chronically exposed to low-dose fluoride in
drinking water (A) or to a single high parenteral dose of fluoride (B).
Black represents the fully mineralized enamel, grey, hypomineralized.
E, enamel; D, dentin. (A) Characteristic of low chronic doses of fluo-
ride acting on the maturation stage is development of the hypomineral-
ized subsurface area (grey), and a thin hypermineralized outer surface
layer (black). Multiple weak hypo- and hypermineralized (grey) lines
run through the enamel, the double-response lines, formed at the secre-
tory stage. The enamel-dentin junction also contains a double-response
(not shown). (B) Posteruptive defects after a single high plasma peak
level of fluoride (? mg F/kg injection) are deep (hypothetical) and shal-
low pits that result from sub-ameloblastic cysts formed by damaged
early- and late-secrefory ameloblasts. The altered mineralization pattern
seen in the double-response line partially recovers during post-exposure
maturation, but remains hypomineralized. Maturation stages may also
be affected (indicated by question mark) by chronic low but sustained
levels of fluoride over time released by bone remodeling after clearance
of F plasma peak levels.

(Sharma et al., 2008). These fluoride levels are much higher
than serum fluoride levels and may be in the toxic range, sug-
gesting that the effects of fluoride on ER stress require further
study at lower doses.

These cell-culture studies underline the importance of under-
standing the relationship between fluoride given in vivo, either in
the drinking water or through parenteral injection (millimolar
levels resulting in micromolar plasma levels), and fluoride expo-
sure in either cell or organ culture at micromolar levels similar to
what would likely be found in vivo.

Early-secretory Ameloblasts

Injections of moderate doses (3-7 mg F/kg body weight) affect cell
structure of early-secretory ameloblasts and reduce protein synthesis
dose-dependently and transiently (Kruger, 1970a,b). A single higher
dose of fluoride (9 mg F/kg body weight) induces cyst formation
by early-secretory ameloblasts in the cervical loop area of develop-
ing hamster molars, and affects the structure of these ameloblasts
(Figs. 1, 2b). The aprismatic enamel under these cyst-forming layers
of early-secretory cells is extremely hypermineralized (Lyaruu et al.,
1989a,b, 1990). In contrast, enamel matrix secreted during fluoride
exposure fails to mineralize (referred to as ‘fluorotic matrix’). The
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same observations are seen in tooth organ cultures exposed to fluo-
ride (Bronckers et al., 1984b). In vitro, these effects are more severe
when calcium levels in the culture media, during exposure to fluo-
ride, are low. At high media calcium levels, the fluoride effects on
matrix and on cell structure are much less severe, or absent
(Bronckers et al., 1989). These results suggest that, in vivo, the drop
of plasma calcium associated with injection of a high dose of fluo-
ride may enhance the severity of fluorotic lesions.

How do such lesions relate to the defects seen in mature
enamel? Various fluorotic lesions that can be observed in erupted
teeth after chronic exposure to low levels of fluoride are depicted
schematically in Fig. 3a, or acute but high levels of fluoride
(Fig. 3b) during pre-eruptive stages of enamel development. Most
severe lesions are pits and grooves in the enamel seen occlusally
or cervically. Cervically located deep, narrow, hypoplastic pits
have been found in highly fluorotic molars and premolars in two
species of deer (Kierdorf and Kierdorf, 1997). Cervical defects
(chalky white and diffuse opacities) have also been found in
erupted fluorotic teeth of sheep (Suckling and Thurley, 1984),
adding further evidence that ameloblasts at this early secretory
stage are highly susceptible to fluoride-related effects. It has been
suggested that cervical pit formation is associated with a specific
effect of fluoride at the transition of pre-secretory into secretory
ameloblasts (Kierdorf and Kierdorf, 1997), cell stages that also
form cysts in hamster molars (Lyaruu et al., 2006). Thus, the
formation of cervical cysts seen in pre-eruptive stages conceiv-
ably leads to the cervical pits found post-eruptively.

It is relevant to note that the damage to early-secretory
ameloblasts is correlated with the amount of mineral deposited
in the aprismatic enamel and inversely with the thickness of this
enamel present before fluoride was given. The thinner the layer
of enamel, the more intensely it hypermineralized (Figs. 4a, 4b),
and the more severely the adjacent ameloblasts are affected
(Bronckers et al., 1984b; Lyaruu et al., 2006). Analysis of these
data points to the possible molecular mechanism of fluorosis
discussed below.

Fully Secretory Ameloblasts

Secretory ameloblasts are relatively resistant to the effects of
acute fluoride exposure in comparison with early- and late-
secretory cells, and cellular changes in secretory ameloblasts in
vivo are reported only after the injection of high levels of fluo-
ride. One or multiple injections of moderate (4-9 mg F/kg body
weight) doses of fluoride into adult rats can transiently disrupt
the structure of secretory ameloblasts in incisors, causing accu-
mulation of matrix proteins, generating clear vacuoles, decreas-
ing deposition of matrix, and inducing the typical double-response
of hypermineralized followed by hypomineralized lines or bands
in secretory enamel (Walton and Eisenmann, 1974; Neiman and
Eisenmann, 1975; Moérnstad and Hammarstrom, 1978; Chen and
Eisenmann, 1984; Ashrafi et al., 1988; Monsour et al., 1989;
Matsuo et al., 1996). Double-response lines and disturbances in
mineralization patterns are apparent in secretory enamel after a
single injection of 2.2-9 mg F/kg body weight, but without sig-
nificant structural changes in fully secretory ameloblasts 24 hrs
after injection (Lyaruu et al., 2006). It should be noted that where
these double-response lines intersect the dentin-enamel junction
cervically and the enamel surface occlusally, the response lines
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are highly mineralized and represent the locations where cyst
formation sometimes occurs. The highly mineralized areas under
the cysts thus are part of the double-response reaction (Fig. 2b).
Chronic exposure to fluoride in drinking water or repeated
injections of moderate fluoride doses reduces the thickness of
enamel by about 10% (Smith et al., 1993; Zhou et al., 1996).
Although this suggests that chronic exposure to fluoride reduces
biosynthesis of matrix by secretory ameloblasts, there is no evi-
dence for that (Bronckers and Woltgens, 1985; DenBesten, 1986;
Aoba et al., 1990). The small reduction in enamel thickness is
possibly attributed to a limited disruption of vesicular transport
in fluorotic secretory ameloblasts and subsequent intracellular
degradation of a minor portion of the matrix by the lysosomal
system (Monsour et al., 1989; Matsuo et al., 1996; Bronckers et
al., 2002). Chronic fluoride exposure also affects mineralization
patterns during the secretory stage, but much less obviously than
with acute high levels of fluoride. In rats, chronic exposure in
vivo to 25-100 ppm fluoride in drinking water induces multiple
weak hypo- and hypermineralized lines (double response)
(Angmar-Mansson and Whitford, 1984), without causing gross
morphological changes in secretory ameloblasts (Smith ez al.,
1993). Such lines remain as the accentuated hypomineralized
(‘incremental’) lines seen by microradiography in erupted enamel
(Fig. 3a). In organ culture, where fluoride levels are sustained,
similar defects (an inner hypermineralized band and an outer
band of completely unmineralized fluorotic matrix) are found at
a minimum effective dose of 1 ppm or 52 umol F/L (Levenson,
1980; Bronckers et al., 1984a; Bronckers and Woltgens, 1985;
Lyaruu et al., 1989a). However, lower levels (10 umol F/L) can
generate the same fluorotic effects if culture time is prolonged to
8 days (Bronckers et al., 1984a). Thus, the severity of the miner-
alization defects depends on fluoride dose and exposure time.

Late-secretory, Transitional Ameloblasts

This cell stage appears more sensitive to peak fluoride levels than
early- and fully secretory ameloblasts. In hamster molar tooth
germs, a moderate dose of fluoride (4.5 mg F/kg body weight)
induces the late-secretory to transitional cells, but not early-
secretory ameloblasts, to detach occasionally from the surface and
form subameloblastic cysts. The aprismatic layer near these sites
is extremely hypermineralized (Lyaruu et al., 1989a,b). Not all
transitional ameloblasts, however, are equally sensitive to fluo-
ride, and it appears that only some isolated groups are affected.
Cyst formation after fluoride insult has also been reported in
rat molar tooth germs (Nordlund et al., 1986; Nordlund and
Lindskog, 1986). Remarkably, cysts are not seen in incisors of
the same rat pups that form cysts in molar tooth germs (Mornstad
and Hammarstrom, 1978), or incisors of adult rats after multiple
injections with fluoride (Walton and Eisenmann, 1974), or after
prolonged exposed to fluoride in drinking water (Smith et al.,
1993). It may be that late-secretory ameloblasts of rat incisors
are less susceptible to fluoride than those in molar tooth germs.
In rat molars, these cysts develop into serious hypomineral-
ization defects that are associated with shallow pitting in erupted
enamel, as seen by scanning microscopy (Nordlund and
Lindskog, 1986). Pits at the enamel surface are underlain by a
hypermineralized layer similar to those seen below subamelo-
blastic cysts in severely fluorosed teeth of sheep, deer, and wild
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boars (Suckling and Thurley, 1984; Kierdorf and Kierdorf,
1997; Kierdorf et al., 2000). It is thus conceivable that the
enamel below the cysts under late-secretory ameloblasts will
give rise to the shallow occlusal pits (Fig. 3b) often seen in
severely fluorosed teeth in various species (Richards et al.,
1986; Suckling et al., 1988; Kardos et al., 1989; Nelson et al.,
1989; Milhaud et al., 1992; Susheela and Bhatnagar, 1993;
Fejerskov et al., 1994; Kierdorf and Kierdorf, 1997).

Whether such lesions erupt as pits (Kierdorf et al., 2004), or
develop into pits post-eruptively by mechanical damage of the sur-
face layer that covers the porous subsurface defect (Fejerskov ez al.,
1994), remains to be investigated. Studies in sheep suggest that both
options are possible (Suckling and Thurley, 1984). Cyst formation
and pitting also happen after exposure to other agents, but the fluo-
ride-induced cysts (Lyaruu et al., 2006) and pits (Kierdorf et al.,
2004) are underlain by a particularly accentuated highly mineralized
response line containing incorporated fluoride that distinguishes
them as induced by fluoride (Lyaruu et al., 1989b).

This stage of development is likely also associated with for-
mation of accentuated perikymata during chronic exposure to
fluoride, clinically the first signs of enamel fluorosis. Perikymata
are the openings of the incremental lines at the outer enamel
surface, seen in erupted human enamel as small horizontal lines.
At very low doses of fluoride, these lines become more pro-
nounced. At slightly higher doses, these defects will expand
along the enamel surface and fuse with such defects in neighbor-
ing perikymata to form the characteristic white opaque areas.

Maturation Ameloblasts

Although maturation-stage enamel seems to be most sensitive to
fluoride, there are remarkably few structural changes in the matu-
ration ameloblasts exposed to fluoride. No major structural changes
have been found in maturation ameloblasts of molar tooth germs
of rodent pups shortly after injection of a single high dose of fluo-
ride that severely damages early- and late-secretory ameloblasts
seen in the same teeth (Richards et al., 1986; Suckling et al., 1988;
Lyaruu et al., 2006). Only repeated injections of fluoride over
several days seriously change the structure of maturation amelo-
blasts of rat incisors (Walton and Eisenmann, 1974).

Chronic exposure to fluoridated drinking water slightly
shortens the maturation ameloblasts of adult rat incisors (Smith
et al., 1993), reduces or abolishes the typical orange pigmentation,
slightly diminishes the numbers of lysosomes and phagosomes
(Ribeiro et al., 2006), reduces lysosomal activity (Smid et al.,
1990), and induces expression of ER stress proteins in mouse
incisors (Sharma et al, 2008). This suggests that cellular
changes in the maturation stage are gradual, and cell activity in
general is decreased in the presence of fluoride, reminiscent of
a more general toxic effect of fluoride.

Fluoride also disrupts the modulation of maturation ameloblasts
(DenBesten et al., 1985; Nishikawa and Josephsen, 1987; Smith
et al., 1993). There are fewer modulation bands representing groups
of smooth-ended ameloblasts—visualized by calcein or GBHA
staining—than in unexposed controls, and stained bands consisting
of groups of ruffle-ended ameloblasts gradually become longer
(DenBesten et al., 1985; Smith et al., 1993). The first modulation
bands that disappear during fluoride exposure are the most
incisal smooth-ended ameloblasts. At prolonged exposure, other
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smooth-ended bands disappear one by one in an incisal-to-apical
direction (DenBesten et al., 1985). In addition to changes in modula-
tion, fluoride also reduces the cyclic uptake of “Ca labeling in a
similar pattern (DenBesten et al., 1985). This change correlates with
retention of protein, suggesting a delay in proteolytic breakdown,
and a lower mineral content than in unexposed controls (DenBesten
et al., 1985). When fluoride exposure is discontinued, smooth-ended
bands reappear, starting from the youngest, most apical, part toward
older, more incisal, bands. This suggests that the fluoride effect on
modulation is reversible, and that the young modulating cells
recover more rapidly than older ameloblasts.

The maturation stage of enamel development can be affected
by fluoride, even if there is no fluoride exposure in earlier stages,
and is considered the stage most susceptible to fluoride exposure
(Table 2). The outer surface of the enamel progressively hyper-
mineralizes during the maturation stage under chronic fluoride
exposure, seen on microradiographs as white lines not observed
in non-fluorosed enamel (Angmar-Mansson et al., 1976; Suga et
al., 1987; Richards et al., 1992). Line-scan analysis of calcium
and fluoride measured by electron microprobe confirmed the
increased calcium and F content at the outermost layer of fluorotic
enamel (Suga et al., 1987). Mineralization defects in rat incisor
maturation-stage enamel can develop during prolonged exposure
to fluoridated drinking water at levels as low as 9-10 ppm fluoride
(Shinoda, 1975; Angmar-Mansson et al., 1976), and are charac-
terized by the development of a generalized hypomineralized
porous subsurface area along the entire crown enamel (Fig. 3a)
(Shinoda, 1975; Angmar-Ménsson et al., 1976; Angmar-Ménsson
and Whitford, 1982, 1984; Richards et al., 1992; Kierdorf et al.,
2004). This type of defect correlates to the porous white opacities
seen clinically. With increased fluoride exposure, the extent and
degree of this hypomineralization area increase inward toward the
enamel-dentin junction (Shinoda, 1975; Angmar-Mansson and
Whitford, 1985; Milhaud et al., 1992; Fejerskov et al., 1994),
particularly in the cervical portion of the teeth (Richards et al.,
1985; Suckling et al., 1988; Kierdorf and Kierdorf, 1997).

Micro-indentation studies have indicated that these subsur-
face areas (containing the opaque zone) are softer with increas-
ing fluoride doses in drinking water (Shinoda, 1975; Suckling
and Thurley, 1984; Suckling et al., 1988; Milhaud et al., 1992).
Matrix proteins disappear from non-fluorosed enamel in the
maturation phase, but are retained in subsurface enamel of fluo-
rosed teeth at fluoride levels, beginning at 25 ppm F in drinking
water (DenBesten, 1986; Zhou et al., 1996).

Some of these fluorotic defects likely result from carry-over
effects by ameloblasts affected in previous stages. There is
convincing evidence, however, that fluoride-induced subsur-
face hypomineralization can occur independently in the matura-
tion state only (DenBesten et al., 1985; Richards et al., 1986;
Suckling et al., 1988).

EFFECTS OF FLUORIDE ON ENAMEL
CRYSTAL GROWTH

Crystals in sound enamel are extremely long, and the dynamics
of enamel crystal growth, sizes of the crystals, and their shape
are well-controlled by matrix proteins during enamel formation
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(Simmer and Fincham, 1995; Smith and Nanci, 1996; Moradian-
Oldak, 2001). It has long been known that fluoride causes
mineralization defects and decreases enamel hardness. This sug-
gests that fluoride may change crystal size, number, shape, or
quality by interfering with their formation, as reported for bone
crystals (Eanes and Hailer, 1998). Is there evidence that enamel
crystals in fluorotic human teeth are different from those in
sound enamel?

Unfortunately, there is not much detailed information available
on enamel crystals in mature human fluorotic enamel. The few
published studies disagree with each other with respect to the
dimensions and morphology of fluorotic crystals. Four studies
reported that fluorotic crystals have a significantly greater diameter
than crystals in sound enamel, as determined by high-resolution
electron microscopy (60-70 nm for fluorotic crystals vs. 40-50 nm
for normal crystals; Kérébel and Daculsi, 1976), by x-ray diffrac-
tion of powdered enamel samples (average values 21 nm wide for
fluorotic crystals and 16 nm for normal crystals; Vieira et al., 2005),
or by scanning microscopy of fractured inner-enamel specimens
(average values 10 nm for fluorotic crystals and about 4 nm wide
for normal crystals; Sundstrom ez al., 1978). In a detailed study of
severely fluorosed human enamel, the strongly hypermineralized
surface was found to contain large flattened hexagonal crystals (30-
50 nm thick and 60-100 nm wide) and many extremely small
irregularly shaped crystals, often even less than 10 nm wide and 10
nm thick (Yanagisawa et al., 1989). High-resolution images also
showed extremely small crystals growing on or attaching to the
surfaces of the large crystals. In the hypomineralized subsurface
layer, crystals were far less abundant, most of them large, measur-
ing 22 nm thick and 70 nm wide, and only a few small crystals.
Some of the large crystals in this area had large central perforations
along the c-axis, while several of the small crystals seemed partly
dissolved (along their a- and b-axes), reminiscent of caries defects.
Whether these caries-like defects had been formed pre- or post-
eruptively is unknown. Unfortunately, no controls of sound enamel
were included in several of these studies.

No differences between fluorotic and normal human crystals
were found in two other studies (Fejerskov et al., 1974; Robinson
et al., 2006). These six studies are difficult to compare with each
other, and vary in many aspects, including state of eruption, severity
of fluorosis, magnitude of crystal dimensions, analytical proce-
dures, inclusion of non-fluorotic controls, or information on the
exact position in the enamel where the fluorotic crystals were
sampled. Though some of these studies suggest that crystals in
human fluorotic teeth are different in morphology and dimension,
the data are yet inconclusive. The issue whether crystals in human
fluorotic enamel have characteristics different from those in sound
enamel still needs to be resolved in well-defined samples of fluoro-
tic enamel, preferably unerupted, to avoid post-eruptive changes.

With respect to the effect of fluoride on crystal morphology,
more is known from experimental studies with rodents. In rat
incisors, the dimensions of fluorotic crystals, isolated from
secretory- and maturation-stage rat incisor enamel exposed to
75 ppm fluoride in drinking water, were not grossly different
from those of control crystals. However, at the nanoscale
level, viewed by atomic force microscopy, fluorotic crystals
had a significantly rougher surface than non-fluorotic crystals
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(Kirkham et al., 2001). The crystal surface roughness—Ilikely
the extremely small crystals seen at the surfaces of large crystals
(Yanagisawa et al., 1989)—increased with higher fluoride levels
in the drinking water (Chen et al., 2006). The first small (though
not statistically significant) rise in roughness was noted at a
drinking water level of 25 ppm fluoride (Chen et al., 2006), the
minimal level that induces obvious fluorotic changes in the rat
incisor. Therefore, low sustained levels of fluoride in the micro-
molar range that induce the first clinical signs of fluorosis do not
appear to change crystal size at microscale levels, but do affect
the crystal surface structure at the nanoscale level.

At higher levels of exposure, fluoride may also change the
shapes and sizes of the crystals at the microscale level. In organ
culture explants, the crystals in early-secretory prismatic enamel
formed under the influence of fluoride are much thicker (at least 5
times at 5 ppm fluoride; Fig. 4d, insets), but shorter in comparison
with non-fluoride-containing control cultures (Lyaruu et al., 1986,
1987). The crystals in the prismatic enamel are still separated from
each other by an intercrystalline space. However, fluorotic crystal-
lites in aprismatic enamel are small, short, and thick and completely
fused laterally, without leaving any intercrystalline space (Fig. 4a).
The mineral content in these layers of aprismatic enamel can be up
to 15 times that of control value areas, with increased calcium-to-
phosphate ratios, and a high fluoride content (Lyaruu ef al., 1989b,
1990, 2006; Tros et al., 1990).

Similar changes in crystal structure probably also occur in
the presence of fluoride in late-secretory transitional enamel
exposed to fluoride, which is extremely brittle and difficult to
section (Fejerskov et al., 1974; Lyaruu et al., 1986, 1987, 2006).
Fluorotic crystals in the prismatic secretory enamel in the same
explants are thicker, but far less affected, remaining as individ-
ual crystals with greater intercrystalline distance than at the
early-secretory stage (Fig. 4b) (Lyaruu et al., 1986, 1987).

The recovery of the fluorotic hypomineralized areas in organ
cultures, after the removal of fluoride, shows that crystal
growth, orientation, and organization of rod-interrod structures
depend on the nature of the crystals in the hypermineralized
areas, the presence of the (fluorotic) matrix, and the organizing
influence of the Tomes’ processes. If the fluorotic crystals are
small and completely fused into a mass, new crystals start to
form in the fluorotic matrix at some distance from the interface
matrix-crystal mass (Fig. 4c); they then extend in a random
direction until new rod and interrod structures are formed by the
Tomes’ processes of the recovered ameloblasts. If the hypermin-
eralized crystals are still present as separate entities, crystal
growth starts at these crystals, and the new crystals then grow in
length in a well-ordered and controlled fashion (Fig. 4d).

POSSIBLE MECHANISMS OF FLUORIDE ACTION
ON ENAMEL FORMATION

Does Fluoride Change the Composition of the Matrix?

It has long been assumed that fluoride alters the composition of
the enamel matrix, resulting in altered crystal growth. Ultra-
structural studies show that the matrix secreted after fluoride
injections appears more amorphous and stippled, with only
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sparsely distributed crystallites and increased intercrystalline
spaces as compared with the normal enamel matrix (Neiman and
Eisenmann, 1975; Chen and Eisenmann, 1984; Monsour et al.,
1989). In severe cases, prismless enamel is found within prismatic
inner enamel. At these locations, formation of prismatic enamel
had been abruptly interrupted during fluoride insult, during which
prismless enamel had formed; after recovery, the prismatic enamel
continued to form (e.g., Neiman and Eisenmann, 1975; Chen and
Eisenmann, 1984; Suckling et al., 1988; Monsour et al., 1989;
Kierdorf and Kierdorf, 1997; Kierdorf et al., 2000, 2004).

Biochemical analyses of fluorotic secretory matrix have not
identified changes in composition or quality of the matrix pro-
teins (Bronckers and Waltgens, 1985; DenBesten, 1986; Aoba
et al., 1990). Furthermore, functional studies in organ culture
have indicated that the fluorotic matrix retains the capacity to
form mineral, as seen in forming enamel in vivo that recovers
from a fluoride insult (Lyaruu et al., 1987). Removal of fluoride
from the culture medium—mimicking fluoride clearance from
the plasma—restores ameloblast structure, and allows for the
initiation of crystal formation in the fluorotic matrix.

So, how can fluoride alter crystal formation in the enamel
matrix, if protein synthesis is not altered? Studies have shown
that fluoride does not directly bind to amelogenin proteins, but
that fluoride is likely bound to calcium contained within the
protein matrix (Tanimoto et al., 2008). Therefore, at high fluo-
ride levels, fluoride may bind to amelogenins and other matrix
proteins through protein-bound calcium. Though reversible, this
interaction could alter matrix-mediated crystal growth. When
fluoride levels decrease, fluoride would no longer bind calcium
in the matrix, and normal crystal growth would proceed (Lyaruu
et al., 1987).

Does Fluoride Impair Degradation of the Matrix?

Major effects of chronic fluoride intake are induced during the
maturation stage, resulting in a hypomineralized subsurface
enamel that contains less mineral and retains matrix. Many stud-
ies have proposed that fluoride impairs degradation of matrix
proteins, with a resultant inhibition of crystal growth. The fol-
lowing mechanisms have been proposed:

(1) Fluoride reduces degradation of matrix proteins by lowering
the output of proteases by the ameloblasts (Tanabe et al.,
1988; DenBesten and Heffernan, 1989; DenBesten et al.,
2002; Robinson et al., 2006; Tanimoto ef al., 2008).

(2) Fluoride acts directly on protease activity in the extracellular
matrix and inhibits matrix degradation (Suga, 1970;
Robinson and Kirkham, 1984; DenBesten and Heffernan,
1989; DenBesten et al., 2002). Some studies show no such
effect (Gerlach et al., 2000).

(3) Fluoride changes the adsorption characteristics, surface area,
or surface properties of enamel crystals to which matrix pro-
teins adhere. This might influence their proteolytic degrada-
tion and cause matrix retention (Tanabe et al., 1988; Kirkham
et al., 2001; Robinson et al., 2006; Tanimoto et al., 2008).

(4) Fluoride reduces calcium in the enamel fluid required for
protease activity (Crenshaw and Bawden, 1984).
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Figure 4. Ultrastructural micrographs of hamster molar tooth germs cultured for 24 hrs in the presence of
5 mg F/L (A,B) followed by a 24-hour recovery in fluoride-free media (C,D). (A) Fluorotic matrix (FM) fails
to mineralize, whereas the initial aprismatic enamel (FE) deposited prior to fluoride exposure hypermin-
eralizes infensely (about 15-fold of the pre-exposure control values). All the enamel crystals are laterally
fused [see Lyaruu et al. (1989q) for details]. D, dentin. Original magnification: 26,400x. (B) Prismatic
secretory enamel (FE) situated more occlusally also hypermineralizes, but to a lesser extent (about five-
fold of control levels). Although hypermineralized, there are no lateral enamel crystal fusions. The new
fluorotic matrix (FM) fails to mineralize. Original magnification: 34,000x. (€) Same enamel region as
that shown in Fig. 4A after recovery. The fluorotic matrix has recovered (RE) after 24-hour culture in
fluoride-free media. The new crystals are thin compared with the fluorotic crystals. The crystals show pre-
ferred orientation within the matrix, but are not continuous with crystals in the fluorotic enamel (FE). This
is a potential fracture plane after tooth eruption. D, Dentin. Original magnification: 20,500x. (D) Enamel
region comparable with that shown in 4B, but after a 24-hour “recovery” culture in fluoride-free medium.
The fluorotic matrix has recovered (RE), i.e., mineralized. The new crystals are thin and ribbon-like (upper
inset, side view of one crystal between arrowheads) and initiate and extend from the fluorotic enamel
(FE) crystals. The degree of hypermineralization of the fluorotic enamel crystals did not change during
the recovery period (lower inset, side view of one crystal between arrowheads; same magnification as
upper inset; note difference in thickness with upper inset). D = dentin. Original magnification: 20,500x.

Insets: 100,000x.

(5) Fluoride impairs endocytosis and intracellular degradation
of matrix by modulating ameloblasts (Smid et al., 1990).

(6) Fluoride increases apoptosis (Bartlett et al., 2005; Kubota
et al., 2005; Yan et al., 2007) or stimulates some of the
maturation ameloblasts to migrate from the ameloblastic
layer (Nishikawa and Josephsen, 1987).
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Such mechanisms would reduce
the number of maturation amelo-
blasts and thus the capacity to
degrade and remove the matrix
and complete mineralization.

Arguments for involvement in
fluorosis have been found for
each of these factors, but it
remains unclear which is the pri-
mary molecular mechanism that
underlies the disturbance of
enamel development.

Is the Matrix Physically
Trapped within
Fluorotic Enamel?

A possibility that has not received
much attention is that the hypermin-
eralized layers could act as a physi-
cal barrier, impairing the supply of
mineral ions to deeper layers of
enamel (Suga et al., 1987). The
outer surface layer of the aprismatic
fluorotic  enamel  progressively
accumulates fluoride and hypermin-
eralizes during the maturation stage,
while the subsurface becomes
porous (Suga et al., 1987; Nelson et
al.,, 1989; Richards et al, 1992).
Perhaps the hypermineralized sur-
face layer that forms in the presence
of fluoride, especially at locations
where cysts are formed, impedes
transfer of mineral ions and pro-
teases into the enamel subsurface
and prevents enamel matrix proteins
in deeper layers from leaving the
enamel compartment.

Does Calcium Modulate
the Effect of Fluoride on
Amelogenesis?

This review of the various ways in
which fluoride can affect amelo-
blast function and alter enamel
mineralization has discussed the
effects that fluoride can have on
ameloblasts. Many studies also
point to the dynamic relationship

between fluoride and calcium, and suggest a relationship between
calcium bioavailability and fluorosis.

A clue to how fluoride may indirectly affect ameloblasts at low
concentrations of fluoride can be found in studies of the effects of
calcium on enamel formation, in the presence of fluoride. In ham-
ster tooth organ-culture studies, the calcium concentration in the
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medium affects the amount of enamel formed in both control and
fluoride-exposed tooth organs. At low calcium (0.9 mmol/L) con-
centrations in the culture media, no enamel is deposited, while at
standard (2.6 mmol/L) and high (4.5 mmol/L) levels of calcium,
normal amounts of enamel are formed (Woltgens et al., 1987).
Likewise, in the presence of fluoride, supplementation of extra
calcium to the media enables the newly secreted ‘fluorotic’ matrix
to mineralize and decreases or abolishes the fluoride-induced
changes in ameloblast morphology (Bronckers et al., 1989, 2006).
The effect of a significant reduction of ionic calcium in the
medium (from 2.6 mmol/L to 0.9 mmol/L) on ameloblast struc-
ture, however, is far less severe than the supplementation of only
1-2 ppm F (52-104 pmol/L) to the medium.

Enamel crystal formation in this (fluorotic) matrix in a high-
calcium environment is associated with increased amelogenin
secretion (Bronckers et al., 2006). Recent studies of the effects
of calcium on human primary ameloblast lineage cells grown in
vitro showed up-regulation of amelogenin in the presence of
calcium (Chen et al., 2009). The mechanism by which calcium
regulates amelogenin remains to be determined. However, these
studies support the relationship between calcium and amelo-
genin, in promoting enamel matrix secretion and protein-medi-
ated biomineralization.

Analysis of these data suggests that calcium acts on secretory
ameloblasts in two ways: (1) It modulates synthesis and secretion
of amelogenins by the ameloblasts, with increased amelogenin
synthesis correlated to higher calcium concentrations; and (2) cal-
cium also improves transcellular calcium influx to provide mineral
ions for crystal growth in the layer being deposited. On the basis
of these data, it can be speculated that amelogenins protect against
the formation of non-mineralizing fluorotic matrix and allow the
matrix to mineralize, even in the presence of fluoride (Bronckers
et al., 2006). These observations suggest that calcium and its effect
on ameloblasts, including matrix secretion, may be a primary
underlying mechanism for the effects of fluoride, and furthermore,
the relationship among calcium, fluoride, and amelogenins seems
to be key in the formation of fluorosed enamel.

How to explain the effects of calcium and amelogenins on
fluoride? One hypothesis for the failure of new crystals to form
in the fluorotic matrix is that there is a local shortage of calcium
secondary to rapid calcium consumption at the mineralization
front. However, the observation that the structure of secretory
ameloblasts is far less affected by substantial lowering of
medium calcium than by a relatively lower supplement of fluo-
ride argues against a significant role of local hypocalcemia in
fluoride-induced effects during the secretory phase.

Another hypothesis that accounts for the protective action
of amelogenins is that amelogenins can bind fluoride and thus
buffer against the effects of fluoride on crystallites. Though
amelogenins do not directly bind fluoride (DenBesten et al.,
1992), such effects may be possible through amelogenin-
mediated calcium binding (Tanimoto et al., 2008).

A third hypothesis that accounts for the ‘protective’ effects of
amelogenins in preventing fluorotic changes is that amelogenins
regulate pH at the site where fluoride enhances mineral formation
(Bronckers et al., 2006). Central to this hypothesis is that fluoride
accelerates the growth rate of existing crystals by directly increas-
ing mineral deposition and enhancing the hydrolysis of octacalcium
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phosphate into hydroxyapatite crystals with a higher calcium phos-
phate ratio (Brown, 1964; lijima et al., 1992). This process (hyper-
mineralization and the formation of the first component of the
typical double-response to fluoride) generates an excess of protons
that exceeds the buffering capacity of the enamel matrix. This
results in an acidification of the matrix (Fig. 5a), which may change
the dynamics of cell/matrix interactions in enamel formation.

The Role of Amelogenin Buffering
in Modulating the Effects of Fluoride:
a Hypothesis

During apatite crystal formation, substantial numbers of protons
are formed (10 Ca** + 6 HPO,> + 2 H,0 — Ca,(PO,),(OH), +
8H") that need to be neutralized. Amelogenins bind as many as
12 protons per molecule (Ryu et al., 1998). However, if this
amelogenin-buffering system is either not available or is satu-
rated, it is conceivable that a fluoride-induced pH drop could
alter the amelogenin’s tertiary structure and affects its function.
At neutral pH, amelogenins form nanospheres that coat crystal
surfaces selectively in the secretory phase and act as spacer
molecules between crystals (Fincham et al., 1995; Moradian-
Oldak, 2001). Selective coating by amelogenins allows crystals
to grow in length (c-axis) and prevents lateral fusion of crystals
(Moradian-Oldak, 2001). These nanospheres are extremely sen-
sitive to pH changes between pH 6 and 8 (Moradian-Oldak
et al., 1998). At neutral pH, they form large aggregates that de-
aggregate into small ones at pH 6; this makes the matrix ‘fluid’
(Fig. 5b). Therefore, after hypermineralization and subsequent
drop in pH, an amelogenin’s tertiary structure would be affected,
with a resultant hypomineralization, the second component of
the fluoride-induced double-response in secretory enamel.

At low sustained plasma levels of fluoride, these effects on
the matrix structure of secretory-stage enamel would be small,
due to circadian peak levels that generate weak hyper- and
hypomineralized lines at the mineralization front. The model
could explain why early- and late-secretory ameloblasts are
more susceptible to fluoride than ameloblasts at other stages. In
early-secretory enamel, amelogenin synthesis is minimal, and
aprismatic enamel forms, with many smaller-sized immature
crystals. In the presence of fluoride, this relatively large miner-
alized surface area would rapidly further mineralize, resulting
in a rapid pH drop. Likewise, in the late-secretory/transition
stage, when amelogenins are hydrolyzed, calcium and fluoride
rapidly diffuse into the porous enamel (see radioautography of
“Ca and '®F in transitional stage; Hammarstrom, 1971). This
infusion of fluoride and calcium would promote a similar
hypermineralized crystal formation at the late-secretory/transi-
tion stage. In both of these stages, the low amelogenin content
is unfavorable for buffering an excess of protons.

This hypothesized role of amelogenin-mediated buffering
would explain why cysts form preferentially at the two transition
stages of ameloblasts exposed to high fluoride concentration. The
fully differentiated secretory ameloblasts are relatively well-pro-
tected by the presence of excess amelogenins. The maturation-
stage ameloblasts presumably buffer protons with bicarbonate
generated by cytosolic carbonic anhydrase (Lin et al., 1994;
Toyosawa et al., 1996; Smith, 1998). In the transition stage, the
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Figure 5. Proposed molecular mechanism for enamel fluorosis. (A) Early-secretory amelogenesis in non-
fluorotic conditions (adapted from Fincham et al., 1995). (A1) Lightmicroscope level. Boxed area is
enlarged in A2 and represents crystal formation at the molecular level. (A2) Tomes’ process (1) secretes a
secrefory vesicle containing amelogenins. At neutral pH, amelogenins (for simplicity, drawn as a thread)
form nanospheres (2) that adhere to the surfaces of growing crystals and foster preferential crystal growth
in length, but reduce growth in width. Crystal growth generates protons that need to be neutralized to
drive further crystal growth. Amelogenins bind and neutralize protons (3). The result of this action is an
increase in crystal length, seen at the right side of this picture. (B) Disruption of secrefory amelogenesis
by fluoride as seen in vitro. (B1) Lightmicroscopic level. The boxed area in B1 is magnified in B2. (B2)
Fluoride primarily accelerates crystal growth in thickness (left drawing). This forms the hypermineralized
line, the initial event of the double-response. Accelerated mineral deposition strongly enhances proton
production (right side drawing) that cannot be buffered by the available amelogenins. Amelogenin nano-
spheres at acid pH deaggregate and detach from the crystal surface. Also, newly secreted matrix will
not form nanospheres at low pH and remains monomeric (fluid). Control of preferential crystal growth
in length is then lost at acid pH, and newly secreted matrix will not foster crystal growth until neutral pH
is restored. This layer represents the hypomineralized line, the outer component of the double-response
event. These fluoride-related changes in the matrix could further alter ameloblast cell function.

s crystal . nanosphere

buffering systems in the enamel compartment likely change from
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conditions suggests that these cells
are undergoing stress (Sharma et
al., 2008). Any acidification in the
enamel compartment at this stage
would also influence protease
kinetics, as, for instance, MMP-20;
e.g., low pH potentiates the inhibi-
tory effect of fluoride on amelo-
genin degradation by MMP-20
(DenBesten et al., 2002).

The importance of pH regula-
tion in enamel formation has been
emphasized in recent studies of
alterations to functional exchang-
ers, co-transporters, and chloride
channels found to be present in
ameloblasts (Wright et al., 1996a,b;
Lyaruu et al., 2008a; Paine ef al.,
2008; Bronckers et al., 2009).
Mutations in or deletions of these
molecules present enamel pheno-
types quite similar to those seen in
enamel fluorosis (without hyper-
mineralization lines), and suggest
that these genes are potential fac-
tors that may be related to suscep-
tibility to fluoride.

This working model of the
effects of fluoride on enamel min-
eralization is speculative, but
accounts for numerous observa-
tions, the most important of which
is how to explain how such low
levels of fluoride affect enamel
mineralization, while higher levels
of fluoride lead to many diverse
cellular and biosynthetic changes.
The fluoride-induced change in
pH could provide a general molec-
ular mechanism that operates basi-

amelogenin into bicarbonate, and this change may make some
cells vulnerable to a drop in pH.

Fluoride-induced acidification as a result of stimulation of
mineral deposition may also be a contributing factor in the for-
mation of fluorosed enamel at the maturation stage. At the matu-
ration stage, massive amounts of protons are produced (Smith et
al., 2005), and the amount of protons would be even greater than
in the secretory phase. Initial fluoride-induced hypermineraliza-
tion happens at the very outer surface layer, just below the apical
membrane of the maturation ameloblasts (Nelson et al., 1989;
Richards et al., 1992; Suckling et al., 1995), and this process
seems associated with the development of subsurface hypomin-
eralization lesions. Whether surface hypermineralization at
physiological plasma fluoride levels will generate enough pro-
tons to gradually influence the functional activity of the matura-
tion ameloblasts remains to be investigated. The presence of
stress-related proteins in maturation ameloblasts under fluorotic

cally in the same way, whether in the secretory or the maturation
phase. It also suggests that some of the mechanisms by which
fluoride affects developing cells and matrix are unique to enamel
formation. It does not exclude other working mechanisms in
which fluoride at micromolar levels inhibits various pathways and
changes molecular processes. The model forms a framework for
future studies on the molecular mechanism of enamel fluorosis.

SUMMARY AND CONCLUSIONS

The following conclusions were drawn from this review of the
literature:

(1) Enamel formation in rodents, particularly in rats, is an
appropriate model for studying the development of human
enamel fluorosis.

(2) Plasma levels of fluoride are better associated with fluorotic
changes than total fluoride intake alone.
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(3) Chronic low plasma fluoride levels (2 umol/L and higher)
induce enamel fluorosis in a dose- and time-dependent man-
ner. Clinically relevant doses that experimentally induce
fluorosis in rat incisors are sustained plasma levels of 2-12
umol/L or peak levels exceeding 10 pmol/L.

(4) Maturation-stage enamel is most sensitive to chronic expo-
sure to low levels of fluoride. The characteristic defect for this
stage is the development of highly porous hypomineralized
subsurface enamel, which extends deeper into the enamel
with increased fluoride intake. This is clinically seen as the
white opaque areas. These changes occur independently from
fluoride effects in preceding stages and can be found when
fluoride is present only during the maturation stage.

(5) Fluorotic changes in enamel are more severe if both secre-
tory and maturation stages are exposed to fluoride.

(6) Shallow coronal and deep cervical pits at the surface of
highly fluorotic enamel likely result from cystic lesions due
to local disruption of late-secretory/transitional and early-
secretory ameloblasts, respectively.

(7) Multiple mechanisms including direct fluoride related
effects on the ameloblasts and indirect fluoride related
effects on the forming matrix can result in dental fluorosis,
depending on the dose and duration of fluoride exposure.

(8) We propose that a primary effect of fluoride is the stimulation
of crystal formation, resulting in the generation of excess
protons. The effective buffering of this fluoride-induced
acidification of the enamel matrix modulates fluorotic
changes in the forming enamel.
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