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Mechanism and Timing of Fluoride Effects on Developing

Enamel

Pamela K. Den Besten, DDS, MS

Abstract

Fluoride appears to specifically interact with mineralizing tissues, causing an
alteration of the mineralization process. In enamel, fluorosis results in a subsur-
face hypomineralization. This hypomineralized enamel appears to be directly
related to a delay in the removal of amelogenins at the early-maturation stage of
enamel formation. The specific cause for this delay is not known, although existing
evidence points to reduced proteolytic activity of proteinases that hydrolyze
amelogenin. This delay in hydrolysis of amelogenins could be due to a direct effect
of fluoride on proteinase secretion or proteolytic activity, or to a reduced effective-
ness of the proteinase due to other changes in the protein or mineral of the
fluorosed enamel matrix. The formation of dental fluorosis is highly dependent on
the dose, duration, and timing of fluoride exposure. The early-maturation stage of
enamel formation appears to be particularly sensitive to the effects of fluoride on
enamel formation. Although the risk of enamel fluorosis is minimal with exposure
only during the secretory stage, this risk is greatest when exposure occurs in both
secretory and maturation stages of enamel formation. The risk of fluorosis
appears to be best related to the total cumulative fluoride exposure to the
developing dentition. [J Public Health Dent 1999;59(4):247-51]
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Exposure of dental enamel to
above-optimal levels of fluoride dur-
ing enamel development can cause a
mineralization defect of the enamel,
referred to as enamel fluorosis. The
histopathology of fluorotic enamel
shows a subsurface porosity deep into
a well-mineralized surface zone (1-4).
With increasingly severe fluorosis, the
porous enamel is extended toward the
dentinal-enamel junction and post-
eruptive breakdown of the enamel
surface can occur, resulting in pitting
of the enamel (5).

Studies to determine the mecha-
nisms by which fluoride affects devel-
oping enamel are relatively few. These
studies include those using animal
models, as well as epidemiologic stud-
ies that have been used to draw con-
clusions relative to timing of the fluo-
ride effects. Animal studies generally
use high levels of fluoride either in
food or drinking water to produce dis-
turbances in the enamel. Although
these levels of fluoride exposure result

in serum levels within the physiologic
range of those found in humans, they
are higher than those found in humans
ingesting optimally fluoridated drink-
ing water. However, these studies
have been useful in defining how fluo-
ride interacts with the developing
enamel matrix and cells.

Mechanisms that have been pro-
posed for the formation of dental
fluorosis include a systemic effect of
fluoride on calcium homeostasis, al-
tered protein secretion, impaired ma-
trix biosynthesis, direct effects on ex-
tracellular proteins and proteinases,
and specific effects on cell metabolism
and function. The first of these pro-
posed mechanisms, an alteration of
calcium homeostasis, appears to be
relevant only to humans consuming
water with fluoride levels high
enough to result in skeletal fluorosis.
Thus, this possible effect of fluoride
will not be discussed further. The
other proposed mechanisms involve
an effect of fluoride on cell function

either directly through interactions
with the developing ameloblasts or
more indirectly through interactions
with the extracellular matrix.

The morphologic features of the
ameloblasts and/or the appearance of
the extracellular matrix that they pro-
duce have been used to define the
stages of enamel development (6). Al-
though a number of different classifi-
cations for stages of enamel formation
exist, most generally identify the
stages of amelogenesis as the presecre-
tory, the secretory, and the maturation
stages. During the presecretory stage,
the differentiating ameloblasts acquire
their phenotype, and prepare to se-
crete the organic matrix of enamel. At
the secretory stage, ameloblasts se-
crete amelogenin proteins to form a
protein matrix over the full thickness
of the enamel, and mineralization of
the mairix begins shortly after protein
secretion. The maturation stage begins
with a rapid loss of amelogenin pro-
tein from the enamel matrix. Minerabi-
zation occurs more rapidly as protein
loss continues throughout maturation
to yield a fully mineralized tissue with
less than 1 percent protein by weight
remaining. The mechanisms of fluo-
ride interaction may affect more than
one stage of enamel formation. To bet-
ter understand the effects of fluoride
on enamel development, the following
discussion will identify the changes
that are caused by fluoride at each
stage as well as their relative impor-
tance. The discussion is summarized
in Table 1.

Presecretory Stage

Cell Proliferation. A few reports in
the literature deal with the effects of
fluoride on the proliferation of epi-
thelial cells of the enamel organ—in
particular, cells of the inner enamel
epithelium, which are precursors of
the ameloblasts. Bronckers and Wolt-
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gens (7) showed that fluoride concen-
trations of up to 1.13 umol/L had no
effect on DNA synthesis and there-
fore, presumably, no effect on prolif-
erationin hamster tooth organ culture.
Using the same system, Lyaruu et al.
(8) also reported no changes in the
frequency of mitotic figures at up to
1.06 umol/L fluoride in the culture
medium. Proliferation can, however,
be affected at much higher concentra-
tions, i.e., above 1 mmol/L. Mammal-
ian cell cultures show growth inhibi-
tion and some cell death (9) at fluoride
levels of 6.36 mmol/L. However, this
cytotoxic effect of fluoride occurs at
fluoride levels that are much greater
than those that would be found in hu-
man serum.

Cell Differentiation. The effects of
fluoride on cell differentiation have
been studied in vivo by injecting rats
twice daily with 7.8 mg NaF/kg body
weight, with no observable effects on
the differentiation pattern of rat inci-
sor ameloblasts (10). Bronckers and co-
workers (11) studied the effects of
fluoride on hamster molar enamel or-
gan cells in vitro and found no detect-
able effects on differentiating inner
enamel epithelium histology below
265 pmol /L of fluoride in the culture
medium after a 16-hour exposure. Al-
though at higher fluoride levels (milli-
molar) the earliest differentiating
ameloblasts were found to be affected
(12), these effects are not relevant to
the physiologic levels of fluoride
found in human serum. Therefore,
low fluoride levels do not appear to
affect ameloblasts at the presecretory
stage of enamel formation.

Secretory Stage .

Histologic Changes. Following a
single injection of sodium fluoride,
histologic changes that occur include
the formation of subameloblastic cysts
below the secretory ameloblasts, with
an increase in lysosome-like struc-
tures. The maturation ameloblasts re-
main relatively unaffected in this ani-
mal model (13-15). Bands of altered
enamel seen beneath the cysts include
a hypocalcified and a hypercalcified
band of enamel. Similar changes have
been found in the enamel of rats
chronically ingesting high levels of
fluoride in the drinking water (Nanci
A. Personal communication, 1993), al-
though in these animals the matura-
tion-stage of enamel formation also is
affected.

Protein Synthesis and Secretion.
The effect of fluoride on the uptake of
amino acids for protein synthesis by
rat ameloblasts in vivo was first re-
ported by Kruger (16,17), who showed
that uptake of radioactively labeled
serine and proline was inhibited by
fluoride. Cell culture studies using fi-
broblasts (9) have indicated that fluo-
ride has an effect on amino-acid trans-
port, perhaps via coupled ATPase ac-
tivity. Such an inhibition of
amino-acid uptake could be responsi-
ble for the reported inhibition of pro-
tein synthesis (18). In vitro studies by
Bronckers and Woltgens (7) have
shown that fluoride levels up to 0.5
umol/L in the culture medium had
little effect on ®H proline incorporation
into enamel proteins. Above this level,
however, a reduction was observed.
The total amount of secretory matrix

TABLE 1
Fluoride Effects Relative to Stage of Enamel Formation

Stage of Formation

Effect of Fluoride Exposure

Presecretory (cell
proliferation and
differentiation)

Secretory (protein synthesis
and secretion, early
mineralization)

No effect at physiologically relevant fluoride doses

No effect on protein synthesis
Inhibited protein secretion at high F levels
Increased fluoride in matrix

Maturation Fewer bands of modulating ameloblasts
Altered rate of ameloblast modulation
Decreased height of enamel organ
Slower removal of amelogenin proteins

Increased fluoride and magnesium in enamel
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also has been shown to be reduced in
rats ingesting chronic high levels of
fluoride in drinking water (19,20).
Therefore, itappears thatathigh levels
of fluoride the amount of protein se-
creted into the enamel matrix is re-
duced.

Although the relative amount of
enamel matrix proteins that are se-
creted can be altered at high fluoride
concentrations, the amino acid com-
position of proteins in fluorosed
enamel do not appear to be altered. A
change in amino acid composition of
the enamel matrix relative to fluoride
levels has been reported (21); how-
ever, the changes that included an in-
crease in polar residues were minimal.
Aoba and co-worker (22) studied the
secretory enamel proteins of rats in-
gesting either 0, 25, 50, or 100 ppm
fluoride in drinking water, and found
no differences in the amino acid com-
position of enamel from the various
fluoride exposed groups.

Effects of fluoride on posttransla-
tional modifications of enamel pro-
teins have not been identified. Phos-
phorylation of g)roteins, studied by in-
corporation of 32P in the hamster tooth
organ culture system, was not altered
in the presence of up to 1.325 pml fluo-
ride/L in the culture medium (23).
Comparisons of the two-dimensional
electrophoretic patterns of matrix pro-
teins from fluorosed secretory rat
enamel as compared to control secre-
tory rat enamel showed no differences
between the two groups (24), further
suggesting that fluoride does not
cause posttranslational changes in the
developing enamel matrix.

Several investigators have sug-
gested that the secretory enamel ma-
trix proteins bind fluoride {25-27). The
binding of fluoride by the secretory
matrix may either alter enamel forma-
tion in the secretory stage, or as pro-
posed by Crenshaw and Bawden (26),
may act as a reservoir for fluoride that
is later released when proteins are hy-
drolyzed at the maturation stage.
Later studies by the same investiga-
tors showed that with extensive dialy-
sis, fluoride binding to the secretory
matrix was eliminated (28) drawing
into question the hypothesis that se-
cretory enamel matrix can act as a fluo-
ride reservoir. However, more recent
studies of fluoride binding to rat secre-
tory and maturation enamel following
chronic ingestion of fluoride suggest
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that fluoride is bound to enamel pro-
tein extracts, possibly related to cal-
cium-binding proteins (29).

Maturation Stage
Although fluoride can affect secre-
tory enamel formation at high levels,
the maturation stage appears to be af-
fected most directly by fluoride expo-
sure during development. The modu-
lating ameloblasts and associated pap-
illary layer cells show abnormalities in
morphometric parameters as well as
the extracellular matrix.

Histologic Effects. Histologic stud-
ies showing the effects of fluoride at
the maturation stage of enamel forma-
tion have been done following chronic
fluoride exposure in several animal
models. In these animal models, the
levels of chronic fluoride ingestion is
much higher than that ingested by hu-
mans. However, the relatively low se-
rum fluoride levels found in the ani-
mals following fluoride ingestion indi-
cate that they are appropriate models
to study fluoride mechanisms. For ex-
ample, a number of studies have been
done with rats chronically ingesting
100 ppm fluoride in drinking water,
which results in a serum fluoride level
of approximately 0.16 ppm fluoride
(20,24). This serum fluoride level is
similar to that of humans ingesting
water containing 5 to 10 ppm fluoride
(30-32).

Morphometric studies of the
ameloblasts from rats ingesting 100
ppm fluoride in drinking water show
significantly fewer bands of smooth-
ended and ruffle-ended ameloblasts in
the exposed rats as compared to con-
trols. In addition, fluoride alters both
the rate and pattern of ameloblast
modulation as ameloblasts modulate
from smooth-ended cells to ruffle-
ended cells and back again (20,33) in
what appears to be a dose-dependent
manner. Smith et al. (20) showed that
the rate of ameloblast modulation in
fluoride-exposed rats was initially
slower, followed by a possible increase
in the modulation rate as maturation
progressed. Other morphometric pa-
rameters shown to be altered follow-
ing fluoride ingestion by rats included
an overall decrease in the height of the
enamel organ, particularly in the pap-
illary layer.

Matrix Removal. A number of stud-
ies using histochemical staining
(34,35), scanning electron microscopy
(36-39), and quantitative measure-

ment of nitrogen (40) and carbon
(41,42) have shown an increase in the
amount of organic material in
fluorosed enamel compared to normal
enamel. Studies of fluoride effects on
developing rat enamel show that
amelogenin proteins are retained
longer in the maturation stage of
fluorosed enamel (19,24,43). This pro-
longed retention of amelogenin as
maturation progresses may slow the
growth of the enamel crystals, result-
ing in the less mineralized enamel that
occurs in enamel fluorosis.

The mechanism responsible for the
delay in hydrolysis and removal of
amelogenin has not yet been deter-
mined. However, fluoride may alter
the quantity or activity of extracellular
proteinases (19,44,45) needed to de-
grade enamel proteins during the
maturation stage of amelogenesis.
While proteinases are present in the
enamel in both the secretory and
maturation stages of enamel forma-
tion, the proteinases most active in hy-
drolysis of amelogenin are the serine
proteinases present at the maturation
stage (46-49). Some evidence suggests
that the proteolytic activity of these
serine protein-ases is reduced in
fluorosed as compared to control
enamel (45).

It appears that removal of protein
during maturation is a critical step for
final enamel mineralization. Both
amelogenins and nonamelogenins
have been shown to inhibit crystal
growth in vitro (50-52). Therefore, a
delayed withdrawal of amelogenin
could be an important mechanism in
the formation of enamel fluorosis by
delaying the growth of enamel crys-
tals; thus, when the tooth erupts, the
enamel remains incompletely miner-
alized.

Mineral Deposition. The beginning
of enamel maturation is defined by a
secondary influx of mineral ions and
is characterized by the white opaque
zone described in rat incisors by Hiller
etal. (53) and later shown to be present
in most species (54,55). The white
opaque zone and the preceding transi-
tional enamel are characterized by a
selective uptake of fluoride (56), possi-
bly due to the high degree of hydration
at this stage (57,58), allowing free ac-
cess of fluoride to the enamel matrix
(59). An increase in the influx of fluo-
ride at the early-maturation stage may
be partially responsible for the suscep-
tibility of the early-maturation enamel
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to the effects of fluoride. The high con-
centrations of fluoride in the enamel
matrix at the transition/early-matura-
tion stage of enamel formation could
reduce the available ionic calcium, re-
sulting in reduced proteolytic activity
at this critical stage (26,29).

Studiesby Bronckersetal. (24) of the
effects of fluoride on mineralization of
hamster molar tooth organ culture
showed that fluoride in the media ir-
reversibly affected the existing miner-
alizing matrix, producing a more
rapid deposition and disruption of
crystal growth. Secondly, fluoride in
the media interfered with the deposi-
tion of crystal in the new matrix. How-
ever, when fluoride was removed
from the media, the matrix recovered
and mineralized normally. These
studies suggest that fluoride may in-
terfere with initial nucleating sites in
the matrix, perhaps by labile binding
of the fluoride to the nucleating site in
the matrix (26).

The nature of the mineral compo-
nent is altered following exposure to
fluoride. Fluorosed enamel can have
an increased magnesium concentra-
tion (54); in bone mineral, fluoride can
result in increased manganese (59)
and decreased carbonate, citrate (61),
and zinc (60). These changes in the
mineral chemistry could affect min-
eral/matrix interactions and enzyme
activity. For example, it has been sug-
gested that enamel proteins produced
in the presence of fluoride may be
more tightly bound to fluorapatite,
thereby making them less accessible to
degradation by enamel proteinases
(43,62).

Timing of Fluoride Exposure

A frequently asked question is
which stage of enamel formation is
most sensitive to the effects of fluoride,
with the presumption that reducing
fluoride exposure during this stage
will decrease the incidence of
fluorosis. Although available data is
limited, it suggests that the early-
maturation stage, sometimes referred
to as the transition stage (between se-
cretory and maturation) is most sensi-
tive to the effects of fluoride exposure
(29,63,64). Fluoride has been shown to
affect the maturation stage of enamel
formation without prior exposure of
secretory enamel to fluoride in both
animals (65,66) and humans (67).

The importance of timing in the for-
mation of enamel fluorosis is shown in




250

a study by Ishii and Suckling (68). In
that study they recorded the degree of
fluorosis in children who were initially
drinking 7.8 ppm fluoride in drinking
water, but subsequently changed to
0.2 ppm fluoride. They found moder-
ate-to-severe fluorosis of the upper left
central incisor in children aged 35
through 42 months at the changeover,
when the tooth would have been in the
maturation stage of formation. In con-
trast, children aged 11 to 33 months
prior to the change in fluoride levels
who would have been mostly in the
secretory stage of enamel formation
had either very mild, questionable, or
no fluorosis. Similarly, a study by Pen-
drys and Katz (69) using the Fluorosis
Risk Index (FRI) determined that sup-
plements used only during the first
year of life (secretory stage) held little
risk for fluorosis. In animal studies, as
well, fluoride exposure during the se-
cretory stage alone does not have the
effect on maturation-stage ameloblast
modulation when fluoride exposure is
discontinued prior to the formation of
the maturation-stage enamel (33).
Although these studies suggest that
the maturation-stage is most sensitive
to the effects of fluoride, the duration
of exposure to fluoride prior to the
early maturation stage does affect the
severity of enamel fluorosis (29,63,68).
Holm and Anderson (70) found that
the prevalence of enamel fluorosis
among children who had commenced
fluoride tablet supplementation at the
age of 6 months was 81 percent, com-
pared with prevalences of 59, 38, and
33 percent for children who com-
menced taking supplements at the
ages of 12, 24, and 36 months, respec-
tively. Although Richards et al. (65)
used an animal model to show that
fluorosis can occur when enamel is
exposed to fluoride only during matu-
ration, more severe fluorosis occurs
when exposure is in both the secretory
and maturation stages of formation.
The dose of fluoride at any one time
is also important to the formation of
enamel fluorosis. Studies by Angmar-
Manson and co-workers (71,72)
showed that in a rat given a single
injection of fluoride, the subsequently
erupting enamel continued to show
fluorosis after the period of time dur-
ing which the serum fluoride levels
would have reached baseline levels.
This study supports the suggestion
that fluoride accumulateslocally in the
surrounding tissues or bony environ-

ment of the developing tooth, and that
higher than optimal levels may be re-
leased beyond the time at which the
initial fluoride challenge occurred. Al-
though the specific fluorotic lesion is
an event that appears to occur during
the early-maturation stage of tooth
enamel formation, higher levels of
fluoride accumulating earlier in tooth
development may result in an in-
creased level of exposure during the
time at which enamel fluorosis occurs.

These studies show that although
the secretory stage of enamel forma-
tion appears to be affected only when
exposed to high levels of fluoride, ex-
posure to fluoride during this stage
clearly increases the risk for fluorosis.
Mineralization of tooth enamel occurs
for the most part during the matura-
tion stage of enamel formation. There-
fore, to reduce the risk of fluorosis,
exposure to systemic fluorides would
appear to be most appropriate begin-
ning after the secretory stage of
enamel formation and continuing pos-
teruptively to allow a maximum topi-
cal effect of fluoride on the developing
teeth.
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