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Abstract

Dental fluorosis occurs as a result of excess fluoride 

ingestion during tooth formation. Enamel fluorosis and 

primary dentin fluorosis can only occur when teeth are 

forming, and therefore fluoride exposure (as it relates to 

dental fluorosis) occurs during childhood. In the perma-

nent dentition, this would begin with the lower incisors, 

which complete mineralization at approximately 2– 3 

years of age, and end after mineralization of the third 

molars. The white opaque appearance of fluorosed 

enamel is caused by a hypomineralized enamel sub-

surface. With more severe dental fluorosis, pitting and 

a loss of the enamel surface occurs, leading to second-

ary staining (appearing as a brown color). Many of the 

changes caused by fluoride are related to cell/matrix 

interactions as the teeth are forming. At the early matu-

ration stage, the relative quantity of amelogenin protein 

is increased in fluorosed enamel in a dose- related man-

ner. This appears to result from a delay in the removal of 

amelogenins as the enamel matures. In vitro, when fluo-

ride is incorporated into the mineral, more protein binds 

to the forming mineral, and protein removal by protei-

nases is delayed. This suggests that altered protein/min-

eral interactions are in part responsible for retention of 

amelogenins and the resultant hypomineralization that 

occurs in fluorosed enamel. Fluoride also appears to 

enhance mineral precipitation in forming teeth, result-

ing in hypermineralized bands of enamel, which are then 

followed by hypomineralized bands. Enhanced mineral 

precipitation with local increases in matrix acidity may 

affect maturation stage ameloblast modulation, poten-

tially explaining the dose- related decrease in cycles of 

ameloblast modulation from ruffle- ended to smooth-

 ended cells that occur with fluoride exposure in rodents. 

Specific cellular effects of fluoride have been implicated, 

but more research is needed to determine which of these 

changes are relevant to the formation of fluorosed teeth. 

As further studies are done, we will better understand 

the mechanisms responsible for dental fluorosis.

Copyright © 2011 S. Karger AG, Basel

Excess fluoride ingestion results in dental fluoro-

sis. The mechanisms affected by long- term chron-

ic exposure to low levels of fluoride are likely to 

differ from those affected by acute exposures to 

high levels of fluoride [1– 3]. Some mechanisms 

affected by lower chronic fluoride levels, result-

ing in enamel fluorosis, are likely to be specific 

to this uniquely mineralizing tissue, while others 

may also affect other cells and tissues.

Enamel fluorosis refers to fluoride- related al-

terations in enamel, which occur during enam-

el development. These alterations become more 

severe with increasing fluoride intake, and time 

of exposure. The severity of fluorosis is related 

to the concentration of fluoride in the plasma, 



82 DenBesten · Li

considered to be in equilibrium with the tissue 

fluid that bathes the enamel organ [4, 5]. Plasma 

fluoride levels are influenced by many factors, in-

cluding total fluoride intake, type of intake (i.e. 

ingested vs. inhaled), renal function, rate of bone 

metabolism, metabolic activity, etc. [6]. In addi-

tion to these variables, genetic factors have been 

shown to dictate the severity of enamel fluorosis 

in mice [7].

In humans, plasma fluoride concentrations 

resulting from long- term ingestion of 1– 10 ppm 

fluoride in the drinking water range from 1 to 10 

μmol/l. Fluorotic changes can be obtained in inci-

sors of rodents drinking water containing 25– 100 

ppm fluoride; these doses also elevate plasma flu-

oride levels to 3– 10 μmol/l, similar to those found 

to cause fluorosis in humans. A complicating fac-

tor in assessing the exact dose, or determining 

the stages of enamel formation most sensitive to 

fluoride, is that fluoride incorporated into bone 

is gradually released by continuous bone remod-

eling [5, 8]. Levels of plasma fluoride as low as 

1.5 μmol/l (resulting from fluoride release from 

bone) are still capable of inducing mild enamel 

fluorosis in the rat incisor after the initial expo-

sure ends [4, 8].

The effects of chronic fluoride exposure have 

also been linked to effects on other tissues and sys-

tems [9]. However, in this chapter, we will focus 

primarily on the effects of fluoride on tooth devel-

opment. The largest body of research has investi-

gated the effects of fluoride on enamel formation, 

with much less known about the potential effects 

of fluoride on dentin formation. Therefore, most 

of the focus will be on enamel fluorosis. The sec-

tions of this chapter comprise:

1 Clinical manifestation, treatment and preven-

tion of dental fluorosis;

2 Etiology and prevalence of dental fluorosis;

3 Pathology, pathogenesis and mechanism of 

dental fluorosis. 

Clinical Manifestation, Treatment and 

Prevention of Dental Fluorosis

Clinical Manifestations of Dental Fluorosis

Clinically, mild cases of dental fluorosis are char-

acterized by a white opaque appearance of the 

enamel, caused by increased subsurface poros-

ity (fig. 1). The earliest sign is a change in color, 

showing many thin white horizontal lines running 

across the surfaces of the teeth, with white opaci-

ties at the newly erupted incisal end. The white 

lines run along the ‘perikymata’, a term referring 

to transverse ridges on the surface of the tooth, 

which correspond to the incremental lines in the 

enamel known as Striae of Retzius [10, 11].

At higher levels of fluoride exposure, the white 

lines in the enamel become more and more de-

fined and thicker. Some patchy cloudy areas and 

thick opaque bands also appear on the involved 

teeth. With increased dental fluorosis, the entire 

tooth can be chalky white and lose transparency 

a b c d

Fig. 1. Dental fluorosis. a Mild with slight accentuation of the perikymata. b Moderate, showing a white opaque ap-

pearance. c Moderate, white opaque enamel with some discoloration and pitting. d Severe.
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[10, 12]. With higher fluoride doses or prolonged 

exposure, deeper layers of enamel are affected; the 

enamel becomes less well mineralized. Damage 

to the enamel surface occurs in patients with 

moderate- to- severe degrees of enamel fluorosis. 

Teeth can erupt with pits, with additional pitting 

occurring with posteruptive enamel fracture.

In the individuals with moderate dental fluo-

rosis, yellow to light brown staining is observed in 

the areas of enamel damage. In very severe cases, 

the enamel is porous, poorly mineralized, stains 

brown, and contains relatively less mineral and 

more proteins than sound enamel. Severely fluo-

rosed enamel can easily chip posteruptively dur-

ing normal mechanical use [13, 14]. Although 

teeth with mild dental fluorosis may be more re-

sistant to dental decay because of the higher lev-

els of fluoride contained in the enamel surface, 

severely fluorosed teeth are more susceptible to 

decay, most likely because of the uneven surface 

or loss of the outer protective layer [15].

Fluorosis Indices

In 1942, H.T. Dean developed an index to de-

scribe and diagnosis enamel fluorosis [16, 17]. 

He scored the fluorotic teeth into 6 categories ac-

cording to their clinical manifestations, includ-

ing normal teeth, which were given a score of 0 

(table 1). Using this index, Dean [17, 18] deter-

mined the ‘optimal’ concentration of fluoride in 

drinking water (1 ppm), where caries incidence 

decreased and with a minimal level of dental 

fluorosis.

This classification is still the ‘gold standard’, 

though other indices have been developed –  in-

cluding the widely used Thylstrup and Fejerskov 

Fluorosis Index (TFI) [19], which has an ex-

panded range for the more severe forms of dental 

Table 1. Fluorosis index of H.T. Dean (1942)

Score Criteria

Normal (0) The enamel represents the usual translucent semivitriform type of structure. The surface is smooth, 

glossy, and usually of a pale creamy white color.

Questionable 

(0.5)

The enamel discloses slight aberrations from the translucency of normal enamel, ranging from a 

few white flecks to occasional white spots. This classification is utilized in those instances where a 

definite diagnosis of the mildest form of fluorosis is not warranted and a classification of ‘normal’ is 

not justified.

Very mild (1) Small opaque, paper white areas scattered irregularly over the tooth but not involving as much as 

25% of the tooth surface. Frequently included in this classification are teeth showing no more than 

about 1–2 mm of white opacity at the tip of the summit of the cusps of the bicuspids or second 

molars.

Mild (2) The white opaque areas in the enamel of the teeth are more extensive but do not involve as much 

as 50% of the tooth.

Moderate (3) All enamel surfaces of the teeth are affected, and the surfaces subject to attrition show wear. 

Brown stain is frequently a disfiguring feature.

Severe (4) Includes teeth formerly classified as ‘moderately severe and severe.’ All enamel surfaces are 

affected and hypoplasia is so marked that the general form of the tooth may be affected. The 

major diagnostic sign of this classification is discrete or confluent pitting. Brown stains are 

widespread and teeth often present a corroded- like appearance.

As reproduced in National Academy of Sciences [p.169, 16].
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fluorosis. This index is a 10- point classification 

system to characterize dental fluorosis affecting 

bucal/lingual and occlusal surfaces and correlates 

visual assessment with polarized and light micro-

scopic analysis [19]. Dean’s index is expanded to 

include: mild (TFI = 1– 3), moderate (TFI = 4– 5) 

and severe (TFI = 6– 9) [19].

Treatment of Dental Fluorosis

The treatments for fluorotic teeth are limited. For 

the mildest forms of fluorosis (TFI 1, 2) bleaching, 

to make the color of the tooth surface uniform, 

can be recommended. Treatments for moderate 

dental fluorosis include microabrasion, where the 

outer affected layer of enamel is abraded from the 

tooth surface in an acidic environment. Composite 

restorations combined with microabrasion or ap-

plication of aesthetic veneers can be used for the 

patients with TFI ≥5, while for the cases with TFI 

8– 9, prosthetic crowns may be necessary [19].

Prevention of Dental Fluorosis

Dental fluorosis can be limited or prevented by 

following the ‘recommended limits for fluo-

ride exposure’, suggested by US Environmental 

Protection Agency (USEPA) [20]. The reference 

dose suggested by USEPA is 0.06 mg fluoride/kg/

day, which is the estimate of daily exposure that is 

likely to be without any appreciable risk of delete-

rious effects (any degrees of dental fluorosis) dur-

ing a lifetime [20].

Specific guidelines for different ages (table 2) 

were published by the US Food and Nutrition 

Board of the Institute of Medicine in 1997, rec-

ommending total daily fluoride intakes [21]. In 

this guideline, the suggested total daily exposure 

dosage for infants younger than 6 months of age 

of 0.01 mg fluoride/day in all drinks and food is 

lower than the USEPA recommended reference 

dose. These guidelines suggest greater attention 

should be given to the total fluoride intake of in-

fants from water used to dilute infant formulas, 

foods and other supplement sources.

Etiology and Prevalence of Dental Fluorosis

There are multiple sources of fluoride and all have 

the potential to cause dental fluorosis –  includ-

ing natural fluoride, artificial or added fluoride 

in drinking water and dental products, as well as 

occupation- related exposures [22].

Table 2. Dietary reference intakes for fluoride

Age groups Reference weight, 

kg (lb)

Adequate intake, 

mg/day

Tolerable upper intake, 

mg/day

Infants 0–6 months 7 (16) 0.01 0.7

Infants 7–12 months 9 (20) 0.50 0.9

Children 1–3 years 13 (29) 0.70 1.3

Children 4–8 years 22 (48) 1.00 2.2

Children 9–13 years 40 (88) 2.00 10.0

Boys 14–18 years 64 (142) 3.00 10.0

Girls 14–18 years 57 (125) 3.00 10.0

Males ≥19 years 76 (166) 4.00 10.0

Females ≥19 years 61 (133) 3.00 10.0

Source: US National Academy of Sciences. Institute of Medicine. Food and Nutrition Board [p. 288, 21].
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Natural Sources of Fluoride Causing Dental 

Fluorosis

Dental fluorosis resulting from high fluoride lev-

els in underground water is an issue in specific re-

gions of the world. Fluoride can exist in an ionized 

form in ground waters, and in areas where the soil 

lacks calcium –  such as occurs in areas with high 

levels of granite or gneiss –  relatively high fluoride 

levels are detected in groundwater. When the level 

of fluoride is above 1.5 mg/l (1.5 ppm) in drinking 

water, dental fluorosis can occur. In some parts of 

Africa, China, the Middle East and southern Asia 

(India, Sri Lanka), as well as some areas in the 

Americas and Japan, high concentrations of ionic 

fluoride have been found in ground waters, veg-

etables, fruit, tea and other crops, although drink-

ing water is usually the major source of the daily 

fluoride intake [23]. The atmosphere in these ar-

eas may have high levels of fluoride from dust in 

areas with fluoride- containing soils and gas, re-

leased from industries, underground coal fires 

and volcanic activities [23].

In the USA, approximately 10 million people 

are exposed to naturally fluoridated public water. 

In 1993, it was reported that 6.7 million people 

drank water with fluoride concentrations ≤1.2 

mg/l, 1.4 million drank water with 1.3– 1.9 mg/l 

fluoride, 1.4 million drank water with fluoride 

between 2.0 and 3.9 mg/l and 200,000 people in-

gested water with fluoride concentrations ≥4.0 

mg/l [16]. Some areas have extremely high con-

centrations of fluoride in drinking water –  such as 

in Colorado (11.2 mg/l), Oklahoma (12.0 mg/l), 

New Mexico (13.0 mg/l) and Idaho (15.9 mg/l) 

[9] –  though water with levels higher that those 

recommended by the USEPA are monitored and 

are not used for human consumption.

Additional Sources of Fluoride Associated with 

Dental Fluorosis

Two primary sources have been identified as 

 being potentially responsible for the prevalence 

of dental fluorosis: fluoride in drinking water 

and fluoride- containing dental products. Since 

1945, fluoride has been used as a supplement 

in many public drinking water systems to con-

trol dental decay [24]. In 2000, approximate-

ly 162 million people (65.8% of the population 

served by  public water systems) received wa-

ter that contained fluoride ranging from 0.7 to 

1.2 mg/l (usually 1 mg/l), depending on the lo-

cal climate. The level of fluoridation is lower in 

high- temperature areas as people usually drink 

more water. The fluoridation of public drinking 
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Fig. 2. Concentrations of fluoride in 

drinking water are related to caries 

incidence in children and severity 

of dental fluorosis. Adapted from a 

report of the Department of Health 

and Human Services of US (1991) 

[25].
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water has significantly decreased the incidence 

of  dental decay at a relatively low cost. In the 

studies by Dean and colleagues completed in the 

1930s, the risk of dental fluorosis at 1 ppm fluo-

ride in drinking water was extremely low, par-

ticularly in relation to the impact of fluoride on 

dental caries (fig. 2) [25]. Following these stud-

ies, water fluoridation was considered by the 

US Centers for Disease Control to be 1 of the 

10 great public health achievements in the 20th 

century [26].

However, as fluoride has become more widely 

used in dental products (toothpastes, mouth rins-

es, fluoride supplements) and been incorporated 

into food sources (via fluoridated water), multi-

ple sources of fluoride exposure are now related 

to the reported increase in the incidence of den-

tal fluorosis. Even a small ‘pea- sized’ amount of 

toothpaste containing 1,450 ppm fluoride, would 

contain approximately 0.36– 0.72 mg fluoride, 

which if consumed twice a day could contribute 

to fluoride levels that would increase the risk of 

dental fluorosis in children [21]. In the USA, the 

prevalence of dental fluorosis appears to be in-

creasing. In children aged 15– 17 years, the 1999– 

2004 National Health and Nutrition Examination 

Survey (NHANES) found 40.6% had very mild 

or greater enamel fluorosis, up from 22.6% in the 

1986– 1987 study (fig. 3) [27].

The incidence of very mild and greater fluoro-

sis in persons aged 6– 39 years was 19.79% in white 

non- Hispanics, 32.88% in black non- Hispanics, 

and 25.8% in Hispanics (table 3). The increased 

prevalence of fluorosis in black  non- Hispanics 

may suggest a genetic influence on fluorosis 

susceptibility.

Pathology, Pathogenesis and Mechanism of 

Dental Fluorosis

The primary pathological finding of fluorosed 

enamel is a subsurface porosity, along with hy-

per-  and hypomineralized bands within the form-

ing enamel (fig. 4) [28– 34]. Fluoride can also re-

sult in mineralization- related effects on dentin 

formation.

Severely fluorosed human dentin is charac-

terized by a highly mineralized sclerotic back-

ground pattern, scattered with hypomineralized 

porous lesions primarily in the subsurface area. 

Scanning electron microscope images show den-

tin tubules with an irregular distribution and 

narrow and disrupted lumina, rather than the 
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regular- appearing lumina seen in normal dentin 

[35].

The pathogenesis of dental fluorosis is relat-

ed to physiological conditions, including body 

weight, rate of skeletal growth and remodeling, 

nutrition, and renal function [36– 38]. Bone is a 

reservoir of fluoride, as fluoride is incorporated 

in the forming apatite crystals, and this ion can 

also be released from these crystals as bone re-

models. Therefore, rapid bone growth, as occurs 

in the growing child, will remove fluoride from 

the blood stream, possibly reducing the risk of 

dental fluorosis by lowering serum fluoride levels 

[8, 39]. Nutrition is also important for controlling 

the serum level of fluoride, as ions such as cal-

cium, magnesium and aluminum can reduce the 

bioavailability of fluoride. A deficiency in these 

ions in food can also affect (enhance) fluoride up-

take [40].

Genetic background appears to have role in the 

pathogenesis of dental fluorosis. This may be the 

reason why in human populations, individuals 

Table 3. Enamel fluorosis among persons aged 6–39 years by selected characteristics

Unaffected Questionable Very mild Mild Moderate/

Severe

% SE % SE % SE % SE % SE

Age group (years)

 6–11 59.81 4.07 11.80 2.50 19.85 2.12 5.83 0.73 2.71 0.59

 12–15 51.46 3.51 11.96 1.84 25.33 1.98 7.68 0.93 3.56 0.59

 16–19 58.32 3.30 10.21 1.70 20.79 1.78 6.65 0.67 4.03 0.77

 20–39 74.86 2.28  8.83 1.23 11.15 1.22 3.34 0.58 1.81 0.39

Sex

 Male 67.65 2.63  9.99 1.45 15.65 1.52 4.58 0.54 2.12 0.39

 Female 66.97 2.84  9.83 1.34 15.58 1.36 4.84 0.61 2.78 0.49

Race/ethnicity1

 White, non- Hispanic 69.69 3.13 10.43 1.62 14.09 1.56 3.87 0.60 1.92 0.48

 Black, non- Hispanic 56.72 3.30 10.40 2.16 21.21 2.16 8.24 0.82 3.43 0.54

 Mexican- American 65.25 3.89  8.95 1.29 15.93 2.24 5.05 0.72 4.822 1.81

Poverty Status3

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

 100–199% FPL 66.92 2.91  9.11 1.79 16.11 1.46 5.21 0.78 2.65 0.56

 ≥200% FPL 66.88 2.75 10.73 1.33 15.56 1.56 4.83 0.50 2.00 0.37

Total 67.40 2.65  9.91 1.35 15.55 1.37 4.69 0.49 2.45 0.40

Data from National Health and Nutrition Examination Survey (1999–2002) [27] and calculated using Dean’s index. All 

estimates are adjusted by age (single years) and sex to the USA 2000 standard population, except sex, which is 

adjusted only by age.
1 Calculated using ‘other race/ethnicity’ and ‘other Hispanic’ in the denominator.
2 Unreliable estimate: the standard error is 30% the value of the point estimate, or greater.
3 Percentage of the federal poverty level (FPL), which varies by income and number of persons living in the 

household.
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drinking water with similar fluoride contents have 

a wide range of severity of dental fluorosis (fig. 2). 

Evidence for a genetic component to fluoride sus-

ceptibility comes from work by Everett et al. [7], 

which tested 12 different in- bred mouse strains 

to compare their susceptibility to fluoride. Mouse 

teeth have been found to be an excellent model 

for human tooth formation, and in Everett’s study, 

they found that some mouse strains were high-

ly susceptible to fluoride- related dental fluorosis, 

while other strains were highly fluorosis resistant. 

They concluded that there is a genetic component 

to dental fluorosis susceptibility [41].

Stages of Tooth Formation and Stage- Specific 

Effects of Chronic Fluoride Exposure

Fluoride is a single highly electronegative ion that 

interacts with the cells and matrix at the differ-

ent stages of enamel formation in relation to flu-

oride dose and time of exposure. Tooth enamel 

development can be divided into 4 major stages: 

pre- secretory, secretory, transition and matura-

tion stages, all with unique properties that affect 

fluoride susceptibility. Most of the studies of the 

mechanisms of fluoride in forming fluorosed 

enamel have used the rodent incisor or molars as a 

model, as it is not possible to do similar studies us-

ing human teeth. The rodent incisor is a continu-

ously erupting tooth, with all stages of enamel for-

mation present in each tooth, whereas the molar 

is a rooted tooth, which begins formation in utero. 

As previously mentioned, though rodents require 

the ingestion of much higher levels of fluoride in 

the drinking water (10– 20 times) as compared 

to humans, the serum levels at which fluorosis is 

formed in rodents and humans is similar.

Pre- secretory ameloblasts differentiate into se-

cretory ameloblasts after the dentin matrix begins 

to mineralize. The pre- secretory ameloblasts and 

overlying cells of the enamel organ, including the 

enamel knot, are thought to influence the tooth 

morphogenesis. However, there is no evidence 

that exposure of developing teeth to physiologi-

cal levels of fluoride in vivo [42] and in organ cul-

ture [43– 46] affects tooth morphogenesis. Even 

in teeth with severe fluorosis, the size and form of 

the teeth are not changed [47].

As the pre- ameloblasts differentiate to secreto-

ry ameloblasts, they begin to secrete enamel ma-

trix proteins, and lay down a thin layer of apris-

matic enamel deposited against mantle dentin. As 

the secretory ameloblast Tomes’ processes form, 

the inner enamel layer, which constitutes the bulk 

of enamel, begins to be laid down. This enamel 

matrix 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 matrix protein (predominantly amelogen-

ins) into the enamel space through which thin but 

long enamel crystals grow preferentially in length 

in the wake of the retreating cells.

Secretory stage ameloblasts exposed to high 

chronic levels of fluoride have a somewhat dis-

rupted morphology and increased numbers of 

vacuoles at the apical border. Chronic exposure to 

fluoride in drinking water or repeated injections 

Fig. 4. Microradiograph of fluorosed enamel from 

Colorado Springs. Note the radiolucent outer third of the 

enamel with a well- calcified surface layer. From Newbrun 

[96], reprinted with permission.
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of moderate fluoride doses reduces the thickness 

of enamel by about 10% [42, 48]. Although this 

suggests that chronic exposure to fluoride reduces 

biosynthesis of matrix by secretory ameloblasts, 

there is no evidence to support this [1, 49, 50]. 

Instead, the small reduction in enamel thickness 

may be attributed to a limited disruption of vesic-

ular transport in fluorotic secretory ameloblasts 

and subsequent intracellular degradation of a mi-

nor portion of the matrix by the lysosomal system 

[51– 53]. Alternatively, the reduction in enamel 

thickness may be related to an effect of fluoride 

on crystal elongation in the secretory stage.

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 rapid proteoly-

sis, leaving the porous enamel matrix characteris-

tic of this transition stage.

Late secretory- transitional cell stage ame-

loblasts appear to be more sensitive to fluoride 

than early and fully secretory ameloblasts. In 

hamster molar tooth germs, a dose of 4.5 mg/kg 

fluoride induces the late secretory to transitional 

cells, but not early secretory ameloblasts to detach 

occasionally from the surface and form subam-

eloblastic cysts. The enamel below the cysts under 

late secretory ameloblasts will give rise to the shal-

low occlusal pits, often seen in severely fluorosed 

teeth in various species [47, 54– 60]. This stage of 

development is likely also to be associated with 

the formation of accentuated perikymata that is 

clinically the first sign of enamel fluorosis.

In the maturation stage, the ameloblasts mod-

ulate cyclically from cells with a smooth- ended 

to a 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 min-

eralization increases to form a fully mineralized 

enamel matrix. Amelogenin proteins are retained 

in the fluorosed rat enamel matrix at this stage of 

enamel formation [50, 61].

Maturation ameloblasts of adult rat incisors 

[42] are shorter, and fluorotic enamel organs have 

a disrupted maturation ameloblast modulation 

[42, 62, 63]. The first modulation bands that dis-

appear during fluoride exposure are the most in-

cisal smooth- ended ameloblasts. At prolonged ex-

posure other smooth- ended bands disappear one 

by one in an incisal to apical direction [62]. In ad-

dition to changes in modulation, fluoride also re-

duces the cyclic uptake of 45Ca labeling in a similar 

pattern [62]. When fluoride exposure is discontin-

ued, smooth- ended bands reappear starting from 

the youngest most apical part towards older more 

incisal bands. This suggests that the fluoride ef-

fects on ameloblast modulation are reversible, and 

that the young modulating cells recover more rap-

idly than older ameloblasts. After eruption, the 

enamel is exposed to mineral ions of the oral flu-

ids, including fluoride, which can influence the 

composition of the outer layers of enamel.

Direct Effects of Fluoride on Ameloblasts

Ameloblasts and tooth organs exposed to high 

(millimolar) levels of fluoride in vitro, which would 

be much greater than the micromolar levels of flu-

oride found in the plasma carrying fluoride ions 

to tooth organs in vivo, show many alterations. 

These include changes in the structure of early 

secretory ameloblasts, reduced protein synthesis, 

altered cell proliferation, apoptosis, stress- related 

protein upregulation and elevation of F- actin [64– 

67]. However, some of these same changes are not 

readily apparent in vivo, and therefore, the effects 

of fluoride when examined in culture, must be 

carefully analyzed for biological relevance.

However, there are in vitro data indicating that 

ameloblasts can be sensitive to low levels of flu-

oride. Human primary enamel organ epithelial 

cells grown in culture show that exposure to fluo-

ride levels as low as 5 μmol/l results in reduced 

expression of the secretory stage matrix metallo-

proteinase 20 (MMP- 20) [68], mediated by JNK/

c- Jun signaling [69]. These results suggest that 

fluoride may have specific effects on ameloblast 
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differentiation mediated through MAP- kinase 

signaling.

Rodent studies have shown that ingestion of 

fluoride alters the number of bands of smooth 

ended ameloblasts and their rate of modulation 

in the maturation stage ameloblasts [42, 62]. 

However, there is currently no evidence to de-

termine whether these changes in maturation 

stage ameloblast modulation are a direct effect 

of fluoride, or more likely, in response to matrix-

 mediated alterations related to fluoride exposure 

to the developing enamel matrix.

At extremely high levels of ingested fluoride 

(150 ppm) in the drinking water, ameloblasts have 

been shown to exhibit apoptosis and endoplasmic 

reticulum stress responses [65]; however, at low-

er levels (75 ppm) these effects were not noted. 

Further studies at lower fluoride levels will need 

to be done to determine whether this is a potential 

mechanism relevant to chronic fluoride toxicity 

in humans.

Fluoride- Related Alterations of the Forming 

Enamel Matrix May Indirectly Affect Ameloblast 

Function

The extracellular enamel matrix proteins include 

amelogenins, ameloblastin and enamelin, all of 

which support and modulate enamel crystal for-

mation [70]. Amelogenin is the chief structural 

protein constituting 90– 95% of total proteins in 

the enamel protein matrix [71]. Amelogenin and 

the other matrix proteins are hydrolyzed by ma-

trix proteinases as enamel forms, allowing replace-

ment of the protein matrix with an organized hy-

droxyapatite structure. MMP- 20 is the proteinase 

primarily responsible for the initial hydrolysis of 

amelogenins in the secretory enamel matrix, while 

kallikrein 4 (KLK4) is the predominant proteinase 

in the transition/maturation stage [72, 73].

An analysis of proteolytic activity in enamel 

matrix, isolated from secretory and maturation 

stage rat enamel, showed a significantly reduced 

activity in early maturation stage enamel isolated 

from rats ingesting 100 ppm fluoride (5– 10 μm 

serum fluoride), as compared to control matura-

tion enamel [74]. This effect of fluoride ingestion 

in decreasing matrix proteinase activity correlates 

to an increased retention of amelogenin proteins 

in maturation stage fluorosed enamel in a dose-

 dependent manner (fig. 5). Matrix proteins disap-

pear from nonfluorosed enamel in the maturation 

stage, but are retained in fluorosed enamel, with 

increased retention at higher levels of ingested 

fluoride [48, 50].

This retention of amelogenin proteins could 

delay final mineralization of the enamel matrix, 

contributing to subsurface hypomineralization 

characteristic of fluorosed enamel. The reason for 

Secretory enamel showed no

difference in proteins from

animals ingesting different

amounts of fluoride

Transition/early maturation-stage

enamel shows more proteins with

ingestion of increasing amounts of 

fluoride

31,000

21,500

14,000

A B C D E F

31,000

21,500

14,000

A B C D E F

Fig. 5. SDS PAGE separation of pro-

teins in secretory and maturation 

stages of enamel matrix of fluoride-

 treated and untreated rat tooth. A = 

Standard; B = 0 ppm; C = 10 ppm; D 

= 25 ppm; E = 50 ppm; F = 100 ppm. 

From DenBesten [50], reprinted with 

permission.
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this retention of amelogenins is most likely relat-

ed to altered proteolytic activity in the fluorosed 

enamel matrix.

Reduced Proteolytic Activity May Be due to the 

Effects of Fluoride Incorporation into Growing 

Enamel Crystals

Crystals in sound enamel are long, and the dy-

namics of enamel crystal growth, size of the crys-

tals and their shape are well controlled by matrix 

proteins during enamel formation [75– 77]. Some 

studies report that crystals isolated from fluo-

rosed enamel have a significantly greater diameter 

than crystals in sound enamel, as determined by 

high- resolution electron microscopy [78], X-  ray 

diffraction of powdered enamel samples [79] or 

scanning microscopy of fractured inner enamel 

specimens [80]. Some organ culture studies have 

shown large flattened hexagonal crystals mixed 

with many small irregularly shaped crystals in 

hypermineralized areas [81, 82]. However, other 

studies reported no differences between fluorotic 

and normal human crystals [28, 83].

There is, however, no doubt that the fluoride 

content of crystals in fluorosed enamel is great-

er than that of normal enamel. Fluoride substi-

tutes for hydroxyl groups in enamel carbonated 

hydroxyapatite crystals, altering the crystalline 

structures and surface characteristics. To deter-

mine whether an increased fluoride content of the 

apatite crystals could affect matrix/proteinase in-

teractions, we measured the binding of recombi-

nant human amelogenin to synthetic carbonated 

hydroxyapatite crystals.

The initial rate of amelogenin binding and the 

total amount of amelogenin bound to fluoride-

 containing carbonated hydroxyapatite was greater 

than that in the control carbonated hydroxyapa-

tite [84]. These results suggest that fluoride incor-

poration into the crystal lattice alters the crystal 

surface to enhance amelogenin binding, poten-

tially contributing to the increased amount of 

amelogenin and the inhibition of crystal growth 

in fluorosed enamel.

In further investigation of the role of fluoride 

incorporation into apatite on amelogenin process-

ing, we characterized hydrolysis of amelogenins 

bound to fluoride- containing apatites by recom-

binant MMP- 20 or KLK- 4. When fluoride was 

in solution, amelogenin hydrolysis by MMP- 20 

was reduced only at 1,000 ppm (52 mm, which 

is far higher than physiological levels of fluoride 

in enamel fluids). However, incorporation of flu-

oride into apatite significantly delayed MMP- 20 

hydrolysis of the adsorbed amelogenin in a dose-

 dependent manner (fig. 6) even at the lowest level 

of fluoride- containing apatite (100 ppm F). This 

same effect of reduced amelogenin hydrolysis was 

found when amelogenins were hydrolyzed from 

fluoride- containing apatites with recombinant 

KLK- 4 (unpublished results).

The levels of fluoride incorporated into the 

apatite crystals in these in vitro studies are bio-

logically relevant. Although the enamel fluid 
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Fig. 6. Degradation of amelogenin adsorbed on apa-

tite crystals by MMP- 20. Amelogenins were pre- bound 

to carbonated hydroxyapatite crystals containing differ-

ent amounts of fluoride (X- axis) and then degraded by 

MMP- 20. Y- axis indicates the percentages of amelogenins 

degraded by MMP- 20 from apatite crystals as compared 

to the amount of amelogenin initially bound. Note the 

decreased degradation of amelogenin from the apatite 

crystal surface as the concentration of fluoride in the apa-

tite increases (unpublished data).
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surrounding the ameloblasts is likely to contain 

no more than 10 μm (0.19 ppm) fluoride, fluo-

ride is incorporated into the growing crystals in 

concentrations ranging from 10 ppm near the 

dental- enamel junction to several thousand ppm 

at the enamel surface [85]. Fluoride- containing 

apatite with fluoride concentrations of 100 ppm 

are found in the inner enamel (300 μm from the 

surface) of human teeth with minimal (mild) flu-

orosis [85]. The higher fluoride- containing apa-

tite (approximately 2,000 ppm F) is similar to that 

found in the mid- layer of enamel (150 μm from 

the surface) of severely fluorosed human teeth. 

Therefore, these studies indicate that the reduced 

hydrolysis of amelogenin found in fluorosed mat-

uration stage enamel [1, 51] may be due to the re-

duction in the rate of hydrolysis of amelogenins 

bound to fluoride- containing enamel crystals.

These effects of fluoride incorporation on hy-

drolysis of apatite- bound amelogenins is consis-

tent with the observation that fluoride- induced 

subsurface hypomineralization can independent-

ly occur in the maturation stage only [59, 62, 86]. 

Mineralization defects in fluorosed rat incisor 

maturation stage enamel are characterized by the 

development of a generalized hypomineralized 

porous subsurface area along the entire crown 

enamel [4, 87– 90]. This type of defect correlates 

to the porous white opacities seen clinically.

Potential Effects of Matrix pH on Fluoride- Related 

Changes in Enamel Formation

Matrix protein removal may also be influenced by 

fluoride- mediated changes in pH during apatite 

crystal formation. Formation of apatite results in 

the formation of a substantial number of protons 

[10Ca2+ + 6 HPO4
2-  + 2H2O → Ca10(PO4)6(OH)2 

+ 8H+] that need to be neutralized. Amelogenins 

bind as many as 12 protons per molecule [91]. 

However, if this amelogenin buffering system is 

either not available, or is saturated, it is conceiv-

able that a fluoride- induced pH drop could alter 

the amelogenin tertiary structure and affect its 

function [92].

Abundant amelogenins generated by 

 secretory ameloblasts may be a potent contrib-

utor to  controlling pH at the secretory stage, 

where the pH is maintained at neutral [76, 93]. 

At the end of the secretory stage, enamel ma-

trix  proteinases are activated, and at the transi-

tion stage, enamel matrix proteins are rapidly 

lost. At this stage, the cell junctions between the 

ameloblasts are open, allowing fluoride to read-

ily move from the serum to the enamel matrix. 

The presence of increased amounts of fluoride 

in the transition stage may make this stage high-

ly susceptible to the effects of fluoride on enamel 

formation.

At the maturation stage, the pH in the  enamel 

matrix changes periodically between acidic 

(pH 5.8) and neutral (pH 7.2) as ameloblasts 

modulate [94, 95]. If we assume that the acidifi-

cation of the enamel matrix has a role in amelo-

blast modulation from ruffle- ended to smooth-

ended ameloblasts, in dental fluorosis, changes 

in matrix pH secondary to fluoride-enhanced 

mineral deposition could contribute to the delay 

in the transition from ruffle- ended to smooth-

ended ameloblasts. This delay in ameloblast 

 modulation (which is a characteristic of fluo-

rosed  maturation ameloblasts) could possibly 

contribute to the delay in removal of amelogen-

ins which occur in fluorosed enamel.

Particularly at this final stage of enam-

el  mineralization, Bronckers et al. [93] have 

 hypothesized that fluoride in the enamel ma-

trix may enhance mineralization resulting in 

 localized hypermineralization, requiring the 

ameloblasts to pump additional bicarbonate 

into the extracellular enamel matrix. This hy-

permineralization would deplete the local res-

ervoir or free calcium ions, resulting in a sub-

sequent band of hypomineralized  enamel. This 

hypothesis is supported by a recent study show-

ing an  upregulation of mRNA for the pH reg-

ulator NBCe1 in fluorosed maturation stage 

ameloblasts as compared to control maturation 

ameloblasts [92].
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