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Abstract

Knowledge of all aspects of fluoride metabolism is essen-

tial for comprehending the biological effects of this ion 

in humans as well as to drive the prevention (and treat-

ment) of fluoride toxicity. Several aspects of fluoride 

metabolism – including gastric absorption, distribution 

and renal excretion – are pH-dependent because the 

coefficient of permeability of lipid bilayer membranes to 

hydrogen fluoride (HF) is 1 million times higher than that 

of F–. This means that fluoride readily crosses cell mem-

branes as HF, in response to a pH gradient between adja-

cent body fluid compartments. After ingestion, plasma 

fluoride levels increase rapidly due to the rapid absorp-

tion from the stomach, an event that is pH-dependent 

and distinguishes fluoride from other halogens and 

most other substances. The majority of fluoride not 

absorbed from the stomach will be absorbed from the 

small intestine. In this case, absorption is not pH-depen-

dent. Fluoride not absorbed will be excreted in feces. 

Peak plasma fluoride concentrations are reached within 

20–60 min following ingestion. The levels start declin-

ing thereafter due to two main reasons: uptake in calci-

fied tissues and excretion in urine. Plasma fluoride levels 

are not homeostatically regulated and vary according to 

the levels of intake, deposition in hard tissues and excre-

tion of fluoride. Many factors can modify the metabolism 

and effects of fluoride in the organism, such as chronic 

and acute acid-base disturbances, hematocrit, altitude, 

physical activity, circadian rhythm and hormones, nutri-

tional status, diet, and genetic predisposition. These will 

be discussed in detail in this review.

 Copyright © 2011 S. Karger AG, Basel

Fluorine is a natural component of the  biosphere. 

It is the thirteenth most abundant element in the 

earth’s crust, constituting in the combined state 

around 0.065% by weight of the crust. Due to the 

small radius of the fluorine atom, its  effective sur-

face charge is the highest among all  elements. As a 

consequence, fluorine is the most  electronegative 

and reactive of all  elements and hardly occurs in 

nature in its elemental form. Instead, it is found 

most frequently as  inorganic fluoride that is widely 

distributed [1]. Besides its ubiquitous natural oc-

currence, widespread  acceptance of the cariostatic 

properties of  fluoride has led to its addition to sys-

temic (such as water, salt, sugar, milk and supple-

ments) and topical vehicles (such as toothpastes, 

gels, foams, mouth rinses and varnishes) which 

are widely employed for caries control [Buzalaf 

et al., this vol., pp. 97–114; Pessan et al., this vol., 

pp. 115–132; Sampaio and Levy, this vol., pp. 133–

145]. It can be inferred therefore that the human 

organism is broadly exposed to fluoride. The main 
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Fluoride Metabolism 21

sources of fluoride intake were described in the 

chapter by Buzalaf and Levy [this vol., pp. 1–19].

Despite its proven benefits for caries control 

[2], there is a benefit/risk ratio that needs to be 

taken into account. The acute ingestion of a large 

dose can provoke gastric and kidney disturbanc-

es or even death in extreme cases [Whitford, this 

vol., pp. 66–80]. Lower levels of excessive intake 

on a chronic basis can affect the quality of the de-

veloping mineralized tissues, resulting in dental 

or skeletal fluorosis, depending on the amount 

and duration of intake [DenBesten and Li, this 

vol., pp. 81–96]. Thus, knowledge of all aspects 

of fluoride metabolism is essential for not only 

understanding the biological effects of this ion 

in humans, but also to optimize opportuni-

ties to prevent or treat cases of excess fluoride 

ingestion.

General Features of Fluoride Metabolism

Several aspects of fluoride metabolism – includ-

ing gastric absorption, distribution and renal ex-

cretion – are pH-dependent. Hydrogen fluoride 

(HF) is a weak acid with a pKa of 3.4. Thus, at pH 

3.4, 50% of fluoride is in the undissociated form 

(HF) while the remaining 50% is in the dissoci-

ated or ionic form (F–). As pH decreases from 3.4, 

the concentration of HF increases, and as pH in-

creases, the concentration of F– increases [3]. The 

coefficient of permeability of lipid bilayer mem-

branes to HF is 1 million times higher than that of 

F– [4]. This means that fluoride crosses cell mem-

branes as HF, in response to a pH gradient be-

tween adjacent body fluid compartments, i.e. HF 

goes from the more acidic compartment to the 

more alkaline compartment (fig. 1).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 pH

3.4

1 2

>50%
HF

HF

F– + H+

F– + H+

<50%

<50%

50%
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50%

>50%

3 4 5 6

3.4

Fig. 1. pH-dependency of fluoride 

metabolism. HF is a weak acid with 

a pKa of 3.4. Thus, at pH 3.4, 50% of 

fluoride is in the undissociated form 

(HF) while the remaining 50% is in 

the dissociated or ionic form (F–). As 

pH decreases from 3.4, the concen-

tration of HF increases, and as pH 

increases, the concentration of F– 

increases. The coefficient of perme-

ability of lipid bilayer membranes 

to HF is 1 million times higher than 

that of F–. Therefore, fluoride crosses 

cell membranes as HF, in response 

to a pH gradient (goes from the 

more acidic compartment to the 

more alkaline compartment).
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22 Buzalaf · Whitford

General features of fluoride metabolism are 

described in figures 2 and 3. Figure 2 also illus-

trates a typical plasma fluoride concentration 

curve after ingestion of a small amount of fluo-

ride. After ingestion, plasma fluoride levels in-

crease rapidly (fig. 2) due to the ready absorption 

from the stomach, an event that is pH-dependent 

and distinguishes fluoride from other halogens 

and most other substances [3]. The majority of 

fluoride not absorbed from the stomach will be 

absorbed from the small intestine, but in this 

case absorption is not pH-dependent (fig. 3) [5, 

6]. Fluoride not absorbed will be excreted in the 

feces [3].

Peak plasma fluoride concentrations are 

reached within 20–60 min following ingestion 

(fig. 2) and the levels start declining thereaf-

ter due to two main reasons: uptake in calcified 

20–60 min
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Fig. 2. Typical plasma fluoride concentration curve after ingestion of a small 

amount of fluoride and general features of fluoride metabolism. After inges-

tion, plasma fluoride levels increase rapidly, reaching a peak within 20–60 

min due to absorption of fluoride in the GI tract and lung (to a lesser extent). 

Fluoride not absorbed will be excreted in feces. Plasma is the central com-

partment from which and into which fluoride must transit for its later distri-

bution to hard and soft tissues and excretion. In adults, approximately 50% of 

an absorbed amount of fluoride will become associated with calcified tissues 

(mainly bone), where 99% of fluoride in the body is found. However, fluoride 

is not irreversibly bound to bone and can be released back into plasma when 

plasma fluoride levels fall (bidirectional arrows). A small amount of fluoride is 

found in soft tissues, where a steady-state distribution between extracellular 

and intracellular fluids is established. Most of the fluoride absorbed and not 

taken up by mineralized tissues is excreted in urine, while only a small amount 

of absorbed fluoride is excreted in sweat and feces.

D
ow

nl
oa

de
d 

by
: 

S
iri

ra
j M

ed
ic

al
 L

ib
ra

ry
, M

ah
id

ol
 U

ni
ve

rs
ity

   
   

   
   

20
2.

28
.1

91
.3

4 
- 

2/
2/

20
15

 3
:4

1:
04

 P
M



Fluoride Metabolism 23

tissues and excretion in urine (fig. 2, 3). Plasma 

is the central compartment from which and into 

which fluoride must transit for its later distri-

bution to hard and soft tissues and excretion. 

In adults, approximately 50% of an absorbed 

amount of fluoride will become associated with 

calcified tissues (mainly bone), where 99% of 

fluoride in the body is found [7]. However, fluo-

ride is not irreversibly bound to bone and can 

be released back into plasma when plasma fluo-

ride levels fall (bidirectional arrows in fig. 2, 3). 

A small amount of fluoride absorbed is found in 

soft tissues, where a steady-state distribution be-

tween extracellular and intracellular fluids is es-

tablished. Most of the absorbed fluoride not tak-

en up by mineralized tissues is excreted in urine 

while only a small amount of absorbed fluoride 

is excreted in sweat and feces. If the amount of 

fluoride ingested is small, the plasma fluoride 

concentrations return to baseline levels within 

3–6 h (fig. 2) [3].

It is important to highlight that these general 

characteristics of fluoride metabolism are subject 

to variation due to dietary, environmental, genet-

ic, physiological and pathological variables that 

will be discussed later in this chapter.

Fluoride Absorption

In the absence of high amounts of bi- and tri-

valent cations such as calcium, aluminum and 

magnesium that may complex fluoride and form 

insoluble compounds, approximately 80–90% of 

an amount of ingested fluoride is absorbed from 

the gastrointestinal tract [3]. Fluoride absorp-

tion occurs by passive diffusion (not against a 

concentration gradient), and is not affected by 

temperature changes or metabolic inhibitors. 

Fluoride absorption occurs rapidly, with a half 

time of approximately 30 min. Unlike most sub-

stances, roughly 20–25% of the total fluoride in-

gested is absorbed from the stomach, while the 

remainder is absorbed from the proximal small 

intestine [3, 6, 8, 9]. Although fluoride absorp-

tion from the stomach occurs rapidly, the rate 

F

HF

Bone

Urine

Feces

Soft

tissues

F

F

F

F

F

Fig. 3. General features of fluoride 

metabolism.
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24 Buzalaf · Whitford

of absorption is determined by gastric acidity 

[10, 11] and velocity of gastric emptying [6, 12]. 

Other factors that influence fluoride absorption 

are fluoride intake with other foods [13–15] 

and the specific salt of fluoride ingested [13, 15, 

16].

Gastric fluoride absorption is inversely relat-

ed to the pH of the stomach content because, in 

the stomach, fluoride is absorbed predominantly 

as HF [10]. When ionic fluoride enters the acidic 

gastric lumen environment, it is converted into 

HF which is an uncharged molecule that read-

ily crosses cell membranes, including the gastric 

mucosa [4]. Thus, the higher the acidity of the 

gastric content, the faster the fluoride absorption 

from the stomach. As a consequence, peak plas-

ma concentrations will be reached more quick-

ly and sooner from an acidic environment than 

from a more neutral environment. The pH of the 

solution in which fluoride is administered, un-

der conditions of normal gastric acid secretion, 

has little or no effect on fluoride absorption. 

However, animal studies have suggested that the 

pH of the solution exerts a profound short-term 

effect on fluoride absorption when drugs that in-

hibit gastric acid secretion are used. Solutions 

with lower pH would lead to a greater rate of 

fluoride absorption in the short term [11]. The 

extent of fluoride absorption from the stomach 

as a function of pH has important implications 

both for the treatment of acute fluoride toxicity 

[Whitford, this vol., pp. 66–80] and the therapeu-

tic use of fluoride.

Another factor that interferes with gastric flu-

oride absorption is the rate of gastric emptying. 

Animal studies have shown that even at early time 

periods, while most of the fluoride dose still re-

mained in the stomach, the majority of fluoride 

absorption occurred from the proximal small in-

testine. Thus, delayed gastric emptying might re-

sult in slower and smaller increases in plasma flu-

oride levels [6, 12].

Most of fluoride that is not absorbed from 

the stomach will be absorbed from the proximal 

small intestine (around 70–75% of absorbed 

fluoride) [5, 6]. The small intestine has a huge 

capacity for fluoride absorption and fluoride is 

rapidly absorbed following emptying from the 

stomach. Fluoride absorption from the small 

intestine, differently from what happens in the 

stomach, is unaffected by pH and occurs pre-

dominantly as the ionic fluoride (fig. 3) crosses 

the leaky epithelia through the tight junctions 

between the cells or paracellular channels [5]. 

The massive fluoride absorption from the small 

intestine compensates for the low gastric absorp-

tion at high pH, so that overall fluoride absorp-

tion is relatively unaffected by gastric acidity 

[11].

Fluoride absorption is affected by the compo-

sition of the diet and intake with foods. For a sol-

uble fluoride compound, such as sodium fluoride 

(NaF) added to water, almost 100% of the fluo-

ride is absorbed. If fluoride is ingested with milk 

(or baby formula) or with foods, especially those 

containing high amounts of divalent or trivalent 

cations that can complex fluoride and form in-

soluble compounds, the degree of absorption is 

reduced [13–15, 17]. This is the basis for using 

calcium-containing solutions to lavage the stom-

ach in cases of acute fluoride toxicity [Whitford, 

this vol., pp. 66–80].

Regarding the type of fluoride ingested, 

most of the published studies are in  agreement 

that the total amount of fluoride absorbed 

from  disodium monofluorophosphate (SMFP) 

is  similar to that absorbed from NaF [14, 16]. 

However, since absorption of fluoride from 

SMFP requires  enzymatic hydrolysis of the 

 moiety by  phosphatases, fluoride absorption 

from SMFP occurs more slowly than from NaF. 

This leads to lower and delayed peak  plasma 

 fluoride  levels compared to those seen after 

 ingestion of NaF [13, 15, 16]. Similarly, the 

 bioavailability of  fluoride when ingested from 

naturally or  artificially  fluoridated water, which 

usually have  different  fluoride compounds, does 

not differ [18, 19].
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Fluoride Metabolism 25

Fluoride Distribution

After absorption, fluoride is rapidly distributed 

throughout the organism. Plasma fluoride levels 

start to increase within 10 min following fluoride 

intake and peak concentrations are reached with-

in 20–60 min. Baseline plasma fluoride levels are 

usually reached within 3–11 h after ingestion, de-

pending on the amount ingested [3].

From a pharmacokinetic point of view, plasma 

is regarded as the central compartment for fluo-

ride distribution, since it is the fluid from which 

and into which fluoride must pass to be distrib-

uted to hard and soft tissues and excreted. A small 

part (<1%) of absorbed fluoride is found in soft 

tissues, where a steady-state distribution between 

extracellular and intracellular fluids is established 

[3]. This means that when there is an increase or 

decrease in plasma fluoride levels, a proportional 

change occurs in the fluoride concentrations of 

the extracellular and intracellular fluids. Most flu-

oride absorbed (around 35% for healthy adults) is 

taken up by calcified tissues where fluoride is re-

versibly bound and can be released back into plas-

ma when plasma fluoride levels fall (fig. 2) [7].

The quantitative and qualitative aspects of flu-

oride distribution to each of these compartments 

will be detailed below.

Fluoride in Blood Plasma

There are two general forms of fluoride in human 

plasma. One fraction is ionic fluoride (also called 

inorganic or free fluoride) that can be detected by 

the fluoride ion-specific electrode. Ionic fluoride 

is not bound to other plasma constituents and is 

the form of significance in dentistry, medicine 

and public health. In the blood, ionic fluoride is 

not equally distributed between plasma and blood 

cells (its concentration in plasma is twice as high 

as that found in the cells). The other fraction is the 

non-ionic fluoride whose biological function has 

not been established yet, although its concentra-

tion is usually higher than that of ionic fluoride. 

This fraction: (1) seems to be composed chiefly 

of different types of lipid-like molecules that bind 

to plasma proteins; (2) can only be detected in 

plasma by the electrode after ashing; (3) is not ex-

pected to increase with increasing levels of chron-

ic fluoride intake, suggesting little or no exchange 

between the two pools. Together, the non-ionic 

and ionic fractions constitute the so-called ‘total’ 

plasma fluoride [3, 20].

It is important to highlight that plasma ionic 

fluoride concentrations, unlike most other bio-

logically relevant ions, are not homeostatically 

regulated. Instead they increase or decrease ac-

cording to the amount of fluoride intake, depo-

sition and removal in soft and hard tissues and 

urinary excretion [3]. As a consequence, plasma 

fluoride levels have been used as contemporary 

biomarkers of exposure to fluoride (indicate pres-

ent exposure), although many physiological fac-

tors can influence plasma concentrations, regard-

less of fluoride intake [Rugg-Gunn et al., this vol., 

pp. 37–51].

Distribution to Soft Tissues

Fluoride in plasma is rapidly distributed to all tis-

sues and organs. The velocity of distribution is 

determined by the rate of blood flow to the dif-

ferent tissues [20]. When considering fluoride 

distribution to soft tissues, it is useful to keep in 

mind that fluoride accumulates in the more al-

kaline compartment in response to a pH gradi-

ent (diffusion equilibrium of HF across cell mem-

branes). In other words, fluoride goes from the 

more acidic to the more alkaline environment 

(fig. 1). Considering that the cytosol of mamma-

lian cells is usually more acidic than extracellu-

lar fluid, intracellular fluoride levels are typically 

10–50% lower than those found in plasma and 

extracellular fluid (fig. 4, 5), as shown by short-

term experiments with radioactive fluoride in 

laboratory animals. However, intracellular fluo-

ride concentrations change simultaneously and 

in proportion to changes in plasma fluoride lev-

els [21]. Considering that the pH gradient across 

the membranes of most cells can be changed by 
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26 Buzalaf · Whitford

altering extracellular pH, it is possible to promote 

the net flux of fluoride into or out of cells. For this 

reason, the recommended treatment in cases of 

acute and potentially toxic levels of fluoride in-

gestion includes alkalinization of the body fluids 

as a means to promote a net flux of fluoride out 

of cells, favoring fluoride elimination in the urine 

[22; Whitford, this vol., pp. 66–80].

Figure 4 shows tissue/plasma fluoride (18F) 

concentration ratios of different soft tissues from 

published animal studies. The ratios are typically 

between 0.4 and 0.9 [21]. Exceptions are the brain 

(<0.1), because the blood-brain barrier is relative-

ly impermeable to fluoride, and the kidney (>4.0), 

due to the high fluoride concentrations within the 

tubular and interstitial fluids.

Distribution to Specialized Body Fluids

Fluoride concentrations in some specialized body 

fluids are different from those found in plasma, 

but the concentrations change simultaneously 

and in proportion to those found in plasma. This 

is the case for cerebrospinal fluid and milk, which 

have fluoride concentrations 50% or less than 

that of plasma [3]. Gingival crevicular fluid fluo-

ride levels are slightly higher than those in plas-

ma, whereas the concentrations in parotid and 

submandibular ductal saliva are slightly lower. 

Ductal salivary-to-plasma fluoride concentration 

ratios have been reported to be around 0.9 and 

0.8 for submandibular and parotid secretions, re-

spectively [7]. Ductal saliva has been employed as 

a contemporary biomarker of fluoride exposure 

rather than plasma to estimate the bioavailabil-

ity of fluoride from fluoridated products or fluo-

ridated water [23–25]. Whole saliva usually has 

fluoride concentrations more variable and higher 

than those seen in ductal saliva due to exogenous 

contamination and is not recommended to esti-

mate plasma fluoride levels [26]. For more details, 

see the chapter by Rugg-Gunn et al. [this vol., pp. 

37–51].

Distribution to Mineralized Tissues

Fluoride is an avid mineralized tissue seeker. 

Approximately 99% of all fluoride retained in the 

human body is found in mineralized tissues, mainly 

in bone but also in enamel and dentin [7]. Fluoride 
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Fig. 4. Tissue/plasma fluoride (18F) concentration ratios 

of soft tissues from the rat. AB = Abdominal; SM = sub-

mandibular [21].

Plasma

Total tissue

T/P = = 0.625

25%

EC

IC

(0.25 × 100) + (0.75 × 100)

100

75%

Fig. 5. Distribution of fluoride in the water spaces of soft 

tissues. The concentrations of fluoride in plasma and in-

terstitial fluid are assumed to be the same. The intracel-

lular (IC) fluoride concentration is lower than that of the 

extracellular (EC) fluid. T/P = Tisue/plasma. Modified from 

Whitford [3].
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Fluoride Metabolism 27

concentration in bone is not uniform. In long bone, 

the concentrations are higher in the periosteal and 

endosteal regions. Cancellous bone has higher flu-

oride concentrations than compact bone due to its 

greater surface area in contact with the surround-

ing extracellular fluid [27]. Bone fluoride concen-

trations tend to increase with age due to continu-

ous fluoride uptake throughout life [27–29].

It is estimated that approximately 36% of the 

fluoride absorbed each day by healthy adults (18–

75 years) becomes associated with the skeleton, 

while the remainder is excreted in urine. In chil-

dren (<7 years), the degree of retention is much 

higher (around 55%) [30] due to the richer blood 

supply and larger surface area of bone crystallites, 

which are smaller, more loosely organized, and 

more numerous than those of mature bone [7].

Fluoride uptake by bone occurs in different 

stages [31]. The initial uptake occurs by iso- and 

heteroionic exchange on the hydration shells of 

bone crystallites. These ion-rich shells are con-

tinuous with the extracellular fluids. In fact, it 

is believed that a steady-state relationship exists 

between the fluoride concentrations in the extra-

cellular fluids and the hydration shells of bone 

crystallites. According to this concept, there is a 

net transfer of fluoride from plasma to the hydra-

tion shells when the plasma concentration is ris-

ing and in the opposite direction when the plasma 

concentration is falling [7]. For this reason, bone 

surface has been suggested as a terminal biomark-

er of acute fluoride exposure [32–34; Rugg-Gunn 

et al., this vol., pp. 37–51]. Later stages involve flu-

oride association with or incorporation into pre-

cursors of hydroxyfluorapatite and finally into the 

apatitic lattice itself [31].

A physiologically based pharmacokinet-

ic model considers that bone has two compart-

ments: a small, flow-limited, rapidly exchangeable 

surface bone compartment and a bulk, virtually 

non-exchangeable, inner bone compartment. 

Fluoride associated with the inner bone compart-

ment is not irreversibly bound. Over time, it may 

be mobilized through the continuous process of 

bone remodeling in the young, bone resorption 

and bone remodeling in the adult [35].

Dentin fluoride concentrations are similar to 

bone fluoride concentrations and both tend to in-

crease with age, i.e. they are proportional to the 

long-term level of fluoride intake. Dentin fluo-

ride levels are higher close to the pulp and reduce 

progressively towards the dentin-enamel junction 

[36]. Enamel fluoride concentrations are usually 

lower than the levels found in dentin; no corre-

lation has been found between the fluoride con-

centrations in these two dental tissues [37, 38]. 

Enamel fluoride concentrations tend to decrease 

with age in areas subjected to tooth wear, but in-

crease in areas that accumulate dental biofilm [39]. 

The fluoride concentrations of tooth enamel gen-

erally reflect the level of fluoride exposure during 

its formation [36]. However, a significant correla-

tion between the severity of dental fluorosis and 

tooth fluoride concentrations has been found for 

dentin, but not for enamel [37, 38, 40].

Renal handling of Fluoride

Kidneys represent the major route of fluoride re-

moval from the body. Under normal conditions, 

roughly 60% of fluoride absorbed each day by 

healthy adults (18–75 years) is excreted in urine. 

The corresponding percentage for children is 45% 

[30]. As a consequence, plasma and urinary ex-

cretion reflect a physiologic balance determined 

by previous fluoride intake, rate of fluoride uptake 

and removal from bone and the efficiency with 

which the kidneys excrete fluoride.

Since ionic fluoride is not bound to plasma pro-

teins, its concentration in the glomerular filtrate is 

the same found in plasma. After entering the renal 

tubules, a variable amount of the ion is reabsorbed 

(from 10 to 90%) and returns to the systemic cir-

culation, while the remainder in excreted in urine 

[20]. This process, together with glomerular filtra-

tion rate, is the main determinant of the amount 

of fluoride excreted in urine. The reduction in 
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28 Buzalaf · Whitford

glomerular filtration rate that occurs in chronic 

renal dysfunction as well as in the last decades of 

life, when the number of functional nephrons is 

declining, will result in lower excretion and in-

creased plasma fluoride levels [20, 41].

The renal clearance of fluoride (around 35 ml/

min in healthy adults) is unusually high when 

compared with the clearance of the other halogens 

(usually less than 1 or 2 ml/min). There is, howev-

er, a high variation among individuals [7] that is at-

tributed to alterations in glomerular filtration rate 

[42], urinary pH [43–45] and flow rate [45, 46].

The mechanism of renal tubular reabsorption 

of fluoride, as happens for gastric absorption and 

transmembrane migration of fluoride, is also pH-

dependent and occurs by diffusion of HF [44]. 

Thus, when the pH of the tubular fluid is relative-

ly high, the proportion of fluoride as HF is lower 

while there is a higher proportion of fluoride as 

F–. As a consequence, only a small amount of HF 

crosses the epithelium of the renal tubule to be re-

absorbed and a high amount of fluoride is excreted 

in urine as F–. On the other hand, when the pH 

of the tubular fluid is lower, high amounts of HF 

cross the tubular epithelium into the interstitial flu-

id where the pH is relatively high (around 7) which 

promotes the dissociation of HF. F– is then released 

and diffuses into the peritubular capillaries return-

ing to the systemic circulation. The renal clearance 

rate, in this case, is low (fig. 6). Thus, all conditions 

that alter urinary pH can affect the metabolic bal-

ance and tissue concentrations of fluoride. These 

include diet composition, certain drugs (such as 

ascorbic acid, ammonium chloride, chlorothiazide 

diuretics and methenamine mandelate), metabol-

ic and respiratory disorders, and altitude of resi-

dence. These will be discussed later.

Fecal Fluoride

Most of the fluoride found in feces corresponds to 

the fraction that was not absorbed. Fecal fluoride 

usually accounts for less than 10% of the amount 

of ingested fluoride. Thus, more than 90% of in-

gested fluoride is usually absorbed [47, 48].

Fluoride present in feces, however, does not 

correspond solely to fluoride that was not ab-

sorbed. In two other situations, increased fecal 

fluoride excretion has been reported in rats: when 

plasma fluoride levels are high and when the diet 

contains high amounts of calcium (1% or higher). 

High plasma fluoride levels would cause net mi-

gration of fluoride from the systemic circulation 

into the intestinal tract. On the other hand, when 

diets containing high amounts of calcium are con-

sumed, it is believed that unabsorbed calcium in 

the chyme binds fluoride entering the intestinal 

tract, thus reducing the concentration of diffus-

ible fluoride and allowing the migration of more 

fluoride into the tract [49].

Factors That Modify the Metabolism or 

Effects of Fluoride

By analyzing the general features of fluoride me-

tabolism, it becomes clear that any condition – 

systemic, metabolic or genetic – which interferes 

with the absorption or excretion of fluoride, will 

influence its fate in the body, and ultimately may 

alter the relationship between fluoride intake and 

the risk of dental or skeletal fluorosis. Variables 

that have been reported to modify the general fea-

tures of fluoride metabolism in the organism in-

clude chronic and acute acid-base disturbances, 

hematocrit, high altitude, physical activity, circa-

dian rhythm and hormones [3]. Other predispos-

ing factors suggested are impaired kidney func-

tion, genetic predisposition and nutritional status. 

These will be discussed in more detail below.

Acid-Base Disturbances

Due to the effects of urinary pH on the efficien-

cy of kidneys to remove fluoride from the body, 

chronic acid-base disturbances play an important 

role on the balance and tissue concentrations of 

fluoride. Factors that chronically alter the acid-
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Fluoride Metabolism 29

base equilibrium include diet composition (veg-

etarian diet tends to increase urinary pH, while 

a diet with a high composition of meat tends to 

decrease urinary pH), certain drugs, a variety of 

metabolic and respiratory disorders, the level of 

physical activity and the altitude of residence [3]. 

Acute respiratory acid-base disorders affect renal 

excretion of fluoride in the same manner as the 

metabolic disorders [3].

Renal Impairment

Renal impairment in children has been associated 

with tooth defects that include enamel pitting and 

hypoplasia. The effects of uremia (increased con-

centrations of urea in blood) on tooth formation 

were evaluated in nephrectomized rats exposed to 

0 or 50 ppm NaF in drinking water [50]. Intake of 

fluoride by nephrectomized rats increased plas-

ma F levels twofold. It was also shown that ure-

mia affected the formation of dentin and enamel, 

and was more extensive than the effect of fluoride 

alone, demonstrating that intake of fluoride by 

rats with reduced renal function impairs fluoride 

clearance from the plasma and aggravates the al-

ready negative effects of uremia on incisor tooth 

development. In humans, several studies have 
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Fig. 6. Mechanism of fluoride re-

absorption from the renal tubule. 

When urine is alkaline, there is a 

low concentration of HF and most 

of fluoride remains in the tubule to 

be excreted. When urine is acidic, 

there is a high concentration of HF 

that crosses the tubule membrane 

 towards the interstitium where it 

dissociates originating F- that dif-

fuses into the peritubular capillaries 

and returns to the systemic circula-

tion. Modified from Whitford [3].
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30 Buzalaf · Whitford

shown a direct relationship between renal impair-

ment and enamel defects, which include hypopla-

sia [51–53]. In a study comparing the frequency 

of dental fluorosis in children with renal disease 

and healthy children, although no significant dif-

ference was observed in the frequency of dental 

fluorosis between the 2 groups, patients with re-

nal disease presented more severe dental fluorosis 

than children without renal disease [54].

Altitude of Residence

Researchers have noted that enamel disturbances 

are exacerbated in rats raised in hypobaric cham-

bers which simulated high altitudes, regardless of 

the levels of ingested fluoride [3]. Alterations in 

acid-base balance, caused by hypobaric hypoxia 

during residence at high altitude, were cited as the 

cause of decreased urinary excretion of fluoride 

and therefore greater retention of fluoride [55]. In 

humans, a significantly higher prevalence of fluo-

rosis has been observed in Tanzanian communi-

ties at a high altitude (1,463 m), in contrast with 

a low altitude area (100 m), but with similar food 

habits and low levels of fluoride in the drinking 

water [56]. The authors concluded that the sever-

ity of enamel disturbances at the high altitude area 

was not consistent with the low fluoride concen-

tration in drinking water, suggesting that altitude, 

along with other factors, is a variable which may 

be contributing to the severity of dental enamel 

disturbances occurring in that area. Studies con-

ducted in other countries confirmed this finding 

[57–60], suggesting that physiological changes as-

sociated with residence at high altitude are able to 

exacerbate the effects of fluoride in mineralized 

tissues. Such disturbances may be due to hypoxia 

in high altitude areas. This ultimately leads to a 

decrease in urinary pH, reducing fluoride renal 

excretion and, therefore, increasing fluoride con-

centrations in the body.

Physical Activity

In prolonged physical activity, there is a reduc-

tion in the pH gradient across cell membranes, 

especially skeletal muscle cells, which promotes 

the diffusion of fluoride (as HF) from the extra-

cellular to the intracellular fluid. In addition, re-

nal vasoconstriction can occur due to increased 

secretion of catecholamines and muscular blood 

flow during exercise. Depending on the balance of 

several factors, exercise could be associated with 

either decreased or increased circulating fluoride 

levels [3]. It must be considered, however, that al-

though physical activity may alter the pattern of 

fluoride excretion, the impact of such findings on 

the development of dental fluorosis seem to be 

negligible, as prolonged physical activity in chil-

dren at the age risk for fluorosis is uncommon.

Circadian Rhythm and Hormones

The possibility of existence of a biological rhythm 

in plasma fluoride levels was raised based on re-

ports of circadian rhythms for calcium and phos-

phate [61, 62]. The daily variations of these ions 

are partially attributed to the balance between 

bone accretion and resorption, which are influ-

enced by bone-active hormones. As the bulk of 

fluoride is contained in the skeleton, it was hy-

pothesized that plasma fluoride levels would ex-

hibit a circadian rhythm similar to, and in phase 

with, that of calcium and phosphate. Such rhyth-

micity was verified in dogs, with a mean peak flu-

oride concentration around 9 a.m., followed by a 

decrease around 9 p.m. [3].

The administration of parathormone or salm-

on thyrocalcitonin to humans demonstrated for 

the first time that alterations in hormone-medi-

ated bone accretion and resorption are reflected 

in plasma and urinary fluoride levels. However, 

as reported in published animal studies [61, 62], 

the rhythmic pattern for calcium and phosphate 

occurred in the opposite way of that verified for 

fluoride, suggesting that a physiological system, 

other than bone, would be the responsible for the 

characteristics of the biological rhythmicity of 

fluoride in plasma. A recent study suggested that 

the renal system is involved with such rhythmic-

ity in humans. Cardoso et al. [63] demonstrated 
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Fluoride Metabolism 31

a rhythmicity for fluoride concentrations in plas-

ma, with mean peak (0.55 μmol/l) at 11 a.m. and 

the lowest concentrations (mean of 0.50 μmol/l) 

occurring between 5 and 8 p.m. Plasma fluoride 

concentrations were positively correlated with 

urinary fluoride excretion rates and with serum 

parathormone levels, suggesting that both the 

renal system and hormones might be involved 

in the rhythmicity for plasma fluoride concen-

trations in humans. It was also recently demon-

strated that the diurnal average fractional urinary 

fluoride excretion is significantly lower than the 

average nocturnal one [64], which is in line with 

the findings of Cardoso et al. [63] and the sug-

gested rhythmicity for plasma fluoride concentra-

tions. The existence of this rhythmicity may alter 

the relationship between fluoride intake and the 

risk of dental or skeletal fluorosis.

Nutritional Status

Although an association between malnutrition 

and dental fluorosis prevalence and severity has 

been suggested for decades, the evidence for such 

a relationship is controversial and difficult to in-

terpret. If a fasting child may absorb fluoride from 

water or other sources more quickly than a well-

fed child (due to the inexistence of complexes of 

fluoride in an empty stomach), a malnourished 

child, on the other hand, may have low fluoride 

deposition over a long-term period of time (due 

to slower bone growth).

A statistically significant relationship between 

water fluoride concentration, socioeconomic sta-

tus, nutritional status and the prevalence of diffuse 

enamel lesions (DDE index) in boys from Saudi 

Arabia has been demonstrated by Rugg-Gunn et 

al. [65]. Although the diffuse enamel defects of 

the DDE index are considered as an indicator of 

dental fluorosis, direct comparisons between the 

DDE index and specific dental fluorosis indi-

ces have been discouraged [66]. In a study with 

Tanzanian children, Yoder et al. [56] suggested a 

direct relationship between malnutrition and den-

tal fluorosis. Such assumptions, however, must be 

considered with caution to avoid misinterpreta-

tion. The authors correlated their findings (high 

prevalence of dental fluorosis) with previous in-

formation on nutrition in 2 of the 3 areas evalu-

ated, but no direct comparison between children 

with or without malnutrition regarding the preva-

lence of dental fluorosis was carried out.

Correia Sampaio et al. [67] demonstrated that 

dental fluorosis is independent of nutritional sta-

tus. Nutritional status was assessed by the height-

for-age (chronic malnutrition) and weight-for-age 

(general malnutrition) indexes, recommended 

by the WHO. A significant relationship between 

dental fluorosis and water fluoride concentration 

was found, but not with regard to nutritional sta-

tus or sex. Dental fluorosis may be related to other 

factors, like infant dietary habits or increased con-

sumption of fluoridated water. Future studies on 

this subject should consider a longitudinal study 

design where nutritional status, infant dietary 

habits and fluoride intake are assessed during the 

tooth formation period. This is particularly im-

portant for developing countries, where malnutri-

tion and dental fluorosis are prevalent and fluo-

ride-containing products are introduced in order 

to control dental caries.

Diet Composition

The acidification and subsequent alkalinization 

of urine by ingestion of NH4Cl and NaHCO3, re-

spectively, led to significant differences in urinary 

fluoride clearance and plasma half-lives of 5 adult 

volunteers [68]. Similar findings were obtained 

by acidifying and alkalinizing urine by following 

a protein-rich (meat/dairy products) and a veg-

etarian diet, respectively. These results strongly 

suggested that long-term diet-induced changes 

in urinary pH could decrease (alkaline urine) or 

increase (acidic urine) the risk of dental fluorosis 

[55]. The prevalence and severity of dental fluo-

rosis were compared among vegetarian and non-

vegetarian children and adolescents living in an 

area with endemic dental fluorosis in India [69]. 

Vegetarianism was inversely associated with the 
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32 Buzalaf · Whitford

prevalence of dental fluorosis. The prevalence 

and severity (Thylstrup and Fejersko index ≥4) 

of dental fluorosis were 67 and 21%, respective-

ly, in the vegetarian group, and 95 and 35%, re-

spectively, in the nonvegetarian group (p < 0.05). 

In addition, multiple logistic regression analysis 

showed that the risk of developing dental fluo-

rosis was 7 times higher among nonvegetarians 

than among vegetarians. Tamarind has also been 

shown to increase urinary fluoride excretion by 

increasing urinary pH in schoolchildren [70]. 

In a study conducted in a fluoride endemic area 

in South India, a significant decrease in urinary 

fluoride excretion was seen after volunteers were 

supplied with defluoridated water for 2 weeks. 

Then half of the subjects were supplemented with 

tamarind for 3 weeks, while the control group re-

ceived defluoridated water for the same period. A 

significant increase in fluoride excretion and uri-

nary pH was observed in the experimental group 

[71]. Tartaric acid is a major component of the 

tamarind paste (8.4–12.4%), which does not get 

metabolized and is excreted as such through the 

urine.

Other dietary constituents also seem to play 

an important role in the balance between fluo-

ride and fluorosis. High dietary concentrations of 

certain cations, especially calcium, can reduce the 

extent of fluoride absorption [49]. In a study con-

ducted in the province of Jiangxi, China, where 

the prevalence of dental fluorosis is reported to 

be above 50%, the incidence rates of dental flu-

orosis were found to differ markedly, depending 

on whether or not the children consumed milk. 

The rate of dental fluorosis of the milk-drinking 

group was 7.2%, whereas that of the non-milk-

drinking group was 37.5% [72]. In India, where 

approximately 62 million people (including 6 

million children) have dental fluorosis (mainly 

endemic), some studies have been conducted in 

order to identify components other than fluoride 

associated with an increased risk of dental fluoro-

sis. Low calcium concentrations in the drinking 

water were demonstrated to be inversely related 

to the prevalence of dental fluorosis [73, 74]. It 

was suggested that calcium supplementation 

should be implemented in areas with endemic 

fluorosis in order to minimize the effects of fluo-

ride on mineralized tissues [74]. However, there 

is not enough evidence to support this, since none 

of the above-mentioned studies were able to de-

termine the effect of calcium alone in communi-

ties with similar background exposure to fluoride 

from water.

The usual diet also appears to be important. 

Fluoride retention and resulting toxicity were 

found to be higher with sorghum (also called 

jowar) or sorghum-based diets than with rice- or 

wheat-based diets when the fluoride intakes were 

similar. Fluoride excretion in urine was signifi-

cantly high on rice-based diets as compared with 

the sorghum-based diet [75].

Genetic Factors

Epidemiological observations of marked varia-

tion in dental fluorosis prevalence in subjects 

from areas with comparable levels of fluoride in-

take [56], or even in studies showing different de-

grees of susceptibility to fluorosis between certain 

ethnic groups [76–78] have led to the assumption 

that the predisposition to dental fluorosis is ge-

netically determined [79, 80].

In a study conducted with Tanzanian children 

from three distinct areas, which differed regard-

ing water fluoride concentrations and altitude, it 

was observed that even in the two sites with more 

severe fluorosis, several children had very little ev-

idence of enamel disturbances [56]. These ‘resis-

tant’ children were lifelong residents of the same 

area of the ‘susceptible’ children. Urinary fluoride 

values and meal fluoride values from children 

were also similar between the two groups. The 

question of possible genetic influence became 

more evident due to the tribal homogeneity in the 

area were fluorosis prevalence was unexpectedly 

high (no fluoridated drinking water).

The possibility of genetic predisposition 

to dental fluorosis was demonstrated using a 
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mouse model system where genotype, age, gen-

der, food, housing and drinking water fluoride 

levels were under control [81]. Examination 

of 12 inbred strains of mice showed differenc-

es in susceptibilities to dental fluorosis. The 

A/J mouse strain was highly susceptible, with 

a rapid onset and severe development of dental 

fluorosis compared to the other strains tested, 

whereas the 129P3/J mouse strain was less af-

fected, with minimal dental fluorosis. It was lat-

ter demonstrated that these 2 strains also have 

different bone responses to fluoride exposure 

[82]. It was hypothesized that the different sus-

ceptibility to dental fluorosis between these two 

2 strains was due to differences in fluoride me-

tabolism, i.e. it was expected that the resistant 

strain would excrete more fluoride which in turn 

would lead to decreased susceptibility to den-

tal fluorosis. Thus, a metabolic study was con-

ducted to test this hypothesis. Surprisingly, the 

resistant strain (129P3/J) excreted a significantly 

lower amount of fluoride in urine than the sus-

ceptible strain (A/J) and, as a result, had signifi-

cantly higher plasma and bone fluoride concen-

trations. Despite this, the amelogenesis in the 

129P3/J strain was remarkably unaffected by 

fluoride [83]. Dental fluorosis-associated quan-

titative trait loci were detected on mouse chro-

mosomes 2 and 11. Histological examination of 

maturing enamel showed that fluoride treatment 

resulted in accumulation of amelogenins in the 

maturing enamel of A/J mice, but not of 129P3/J 

mice [84]. The physiological, biochemical and/

or molecular mechanisms underlying this resis-

tance remain to be determined.

In humans, the possibility of gene-environ-

ment interaction was assessed by determining 

differential susceptibility to fluorosis at a given 

level of fluoride exposure based upon genetic 

background. A case-control study was conduct-

ed among children between 8 and 12 years of age 

with (n = 75) and without (n = 165) dental fluoro-

sis in two counties in Henan Province, China. The 

PvuII and RsaI polymorphisms in the COL1A2 

gene were genotyped. Calcitonin and osteocalcin 

levels in the serum were measured. Children car-

rying the homozygous genotype PP of COL1A2 

PvuII had a significantly increased risk of dental 

fluorosis (OR = 4.85, 95% CI: 1.22–19.32) com-

pared to children carrying the homozygous geno-

type pp in an endemic fluorosis village. However, 

the risk was not elevated when the control pop-

ulation was recruited from a non-endemic fluo-

rosis village. Additionally, fluoride levels in urine 

and osteocalcin levels in serum were found to be 

significantly lower in controls from non-endemic 

villages compared to cases. However, the differ-

ences in fluoride and osteocalcin levels were not 

observed when cases were compared to a control 

population from endemic fluorosis villages. This 

study provided the first evidence of an association 

between polymorphisms in the COL1A2 gene 

with dental fluorosis in high-fluoride-exposed 

populations [85].

Conclusion

In view of the diverse effects that fluoride can 

produce in biological systems, it is not surpris-

ing that it has been the subject of thousands of 

scientific reports. It is clear that the beneficial as 

well as the adverse effects of fluoride can be attrib-

uted to the magnitude and duration of the con-

centration of the ion at specific tissue or cellular 

sites. In addition to the level of prior fluoride ex-

posure, these concentrations are determined by 

the characteristics of the general metabolism of 

fluoride within the individual. As has been made 

clear in this chapter, these characteristics are not 

constant within or among individuals or popula-

tions. Instead they are subject to the effects of di-

verse environmental, biochemical, physiological 

and pathological factors. While much has been 

learned during the last few decades, much re-

mains to be done – particularly in clearly defining 

the mechanisms underlying the metabolism and 

biological effects of fluoride. With the continuing 
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34 Buzalaf · Whitford

development of advanced analytical, diagnostic, 

molecular and genetic techniques, we can expect 

our knowledge to grow and, with that growth, the 

beneficial effects of fluoride will be enhanced and 

the unwanted effects minimized.

Acknowledgments

The authors thank Prof. Heitor Marques Honório for de-
signing figures 1, 2, 5 and 6 and Prof. Juliano Pelim Pessan 
for help with the section ‘Factors that modify the metabo-
lism or effects of fluoride’.

References

 1 Smith FA, Ekstrand J: The occurrence 
and chemistry of fluoride; in Fejerskov 
O, Ekstrand J, Burt BA (eds): Fluoride in 
Dentistry, ed 2. Copenhagen, 
 Munksgaard, 1996, pp 17–26.

 2 Bratthall D, Hansel-Petersson G, Sund-
berg H: Reasons for the caries decline: 
what do the experts believe? Eur J Oral 
Sci 1996;104:416–422, discussion 
 423–425, 430–432.

 3 Whitford GM: The metabolism and tox-
icity of fluoride. Monogr Oral Sci 
1996;16:1–153.

 4 Gutknecht J, Walter A: Hydrofluoric and 
nitric acid transport through lipid 
bilayer membranes. Biochim Biophys 
Acta 1981;644:153–156.

 5 Nopakun J, Messer HH: Mechanism of 
fluoride absorption from the rat small 
intestine. Nutr Res 1990;10:771–9.

 6 Nopakun J, Messer HH, Voller V: Fluo-
ride absorption from the gastrointestinal 
tract of rats. J Nutr 1989;119:1411–1417.

 7 Whitford GM: Intake and metabolism of 
fluoride. Adv Dent Res 1994;8:5–14.

 8 Wagner MJ: Absorption of fluoride by 
the gastric mucosa in the rat. J Dent Res 
1962;41:667–671.

 9 Stookey GK, Dellinger EL, Muhler JC: In 
vitro studies concerning fluoride absorp-
tion. Proc Soc Exp Biol Med 1964;115: 
298–301.

10 Whitford GM, Pashley DH: Fluoride 
absorption: the influence of gastric acid-
ity. Calcif Tissue Int 1984;36:302–307.

11 Messer HH, Ophaug RH: Influence of 
gastric acidity on fluoride absorption in 
rats. J Dent Res 1993;72:619–622.

12 Messer HH, Ophaug R: Effect of delayed 
gastric emptying on fluoride absorption 
in the rat. Biol Trace Elem Res 1991;31: 
305–315.

13 Ekstrand J, Ehrnebo M: Influence of 
milk products on fluoride bioavailability 
in man. Eur J Clin Pharmacol 1979;16: 
211–215.

14 Trautner K, Siebert G: An experimental 
study of bio-availability of fluoride from 
dietary sources in man. Arch Oral Biol 
1986;31:223–228.

15 Trautner K, Einwag J: Influence of milk 
and food on fluoride bioavailability from 
NaF and Na2FPO3 in man. J Dent Res 
1989;68:72–77.

16 Buzalaf MAR, Leite AL, Carvalho NTA, 
et al.: Bioavailability of fluoride adminis-
tered as sodium fluoride or monofluoro-
phosphate to humans. J Fluorine Chem 
2008;129:691–694.

17 Spak CJ, Ekstrand J, Zylberstein D: Bio-
availability of fluoride added by baby 
formula and milk. Caries Res 1982;16: 
249–256.

18 Maguire A, Zohouri FV, Mathers JC, 
Steen IN, Hindmarch PN, Moynihan PJ: 
Bioavailability of fluoride in drinking 
water: a human experimental study. 
J Dent Res 2005;84:989–993.

19 Whitford GM, Sampaio FC, Pinto CS, 
Maria AG, Cardoso VE, Buzalaf MA: 
Pharmacokinetics of ingested fluoride: 
lack of effect of chemical compound. 
Arch Oral Biol 2008;53:1037–1041.

20 Ekstrand J: Fluoride metabolism; in 
Fejerskov O, Ekstrand J, Burt BA (eds): 
Fluoride in Dentistry, ed 2. Copenhagen, 
Munksgaard, 1996, pp 55–68.

21 Whitford GM, Pashley DH, Reynolds 
KE: Fluoride tissue distribution: short-
term kinetics. Am J Physiol 1979;236: 
F141–F148.

22 Whitford GM, Reynolds KE, Pashley 
DH: Acute fluoride toxicity: influence of 
metabolic alkalosis. Toxicol Appl Phar-
macol 1979;50:31–39.

23 Zero DT, Raubertas RF, Fu J, Pedersen 
AM, Hayes AL, Featherstone JD: Fluo-
ride concentrations in plaque, whole 
saliva, and ductal saliva after application 
of home-use topical fluorides [published 
erratum appears in J Dent Res 1993 
Jan;72(1):87]. J Dent Res 1992;71: 
 1768–1775.

24 Olympio KP, Bardal PA, Cardoso VE, 
Oliveira RC, Bastos JR, Buzalaf MA: 
Low-fluoride dentifrices with reduced 
pH: fluoride concentration in whole 
saliva and bioavailability. Caries Res 
2007;41:365–370.

25 Wilson AC, Bawden JW: Salivary fluo-
ride concentrations in children with var-
ious systemic fluoride exposures. Pediatr 
Dent 1991;13:103–105.

26 Whitford GM, Thomas JE, Adair SM: 
Fluoride in whole saliva, parotid ductal 
saliva and plasma in children. Arch Oral 
Biol 1999;44:785–788.

27 Weidmann SM, Weatherell JA: The 
uptake and distribution of fluorine in 
bones. J Pathol Bacteriol 1959;78: 
 243–255.

28 Parkins FM, Tinanoff N, Moutinho M, 
Anstey MB, Waziri MH: Relationships of 
human plasma fluoride and bone fluo-
ride to age. Calcif Tissue Res 1974;16: 
335–338.

29 Richards A, Mosekilde L, Sogaard CH: 
Normal age-related changes in fluoride 
content of vertebral trabecular bone – 
relation to bone quality. Bone 1994;15: 
21–26.

30 Villa A, Anabalon M, Zohouri V, Magu-
ire A, Franco AM, Rugg-Gunn A: Rela-
tionships between fluoride intake, uri-
nary fluoride excretion and fluoride 
retention in children and adults: an 
analysis of available data. Caries Res 
2010;44:60–68.

31 Neuman WF, Neuman MW: The Chemi-
cal Dynamics of Bone Mineral, ed 1. 
Chicago, University of Chicago Press, 
1958.

32 Bezerra de Menezes LM, Volpato MC, 
Rosalen PL, Cury JA: Bone as a bio-
marker of acute fluoride toxicity. Foren-
sic Sci Int 2003;137:209–214.

33 Buzalaf MA, Caroselli EE, Cardoso de 
Oliveira R, Granjeiro JM, Whitford GM: 
Nail and bone surface as biomarkers for 
acute fluoride exposure in rats. J Anal 
Toxicol 2004;28:249–252.

D
ow

nl
oa

de
d 

by
: 

S
iri

ra
j M

ed
ic

al
 L

ib
ra

ry
, M

ah
id

ol
 U

ni
ve

rs
ity

   
   

   
   

20
2.

28
.1

91
.3

4 
- 

2/
2/

20
15

 3
:4

1:
04

 P
M



Fluoride Metabolism 35

34 Buzalaf MA, Caroselli EE, de Carvalho 
JG, de Oliveira RC, da Silva Cardoso VE, 
Whitford GM: Bone surface and whole 
bone as biomarkers for acute fluoride 
exposure. J Anal Toxicol 2005;29: 
 810–813.

35 Rao HV, Beliles RP, Whitford GM, 
Turner CH: A physiologically based 
pharmacokinetic model for fluoride 
uptake by bone. Regul Toxicol Pharma-
col 1995;22:30–42.

36 Weatherell JA: Uptake and distribution 
of fluoride in bones and teeth and the 
development of fluorosis; in Barltrop W, 
Burland WL (eds): Mineral Metabolism 
in Paediatrics, ed 1. Oxford, Blackwell, 
1969, pp 53–70.

37 Vieira AP, Hancock R, Dumitriu M, 
Limeback H, Grynpas MD: Fluoride’s 
effect on human dentin ultrasound 
velocity (elastic modulus) and tubule 
size. Eur J Oral Sci 2006;114:83–88.

38 Vieira AP, Hancock R, Limeback H, Maia 
R, Grynpas MD: Is fluoride concentra-
tion in dentin and enamel a good indica-
tor of dental fluorosis? J Dent Res 
2004;83:76–80.

39 Weatherell JA, Robinson C, Hallsworth 
AS: Changes in the fluoride concentra-
tion of the labial enamel surface with 
age. Caries Res 1972;6:312–324.

40 Vieira A, Hancock R, Dumitriu M, 
Schwartz M, Limeback H, Grynpas M: 
How does fluoride affect dentin micro-
hardness and mineralization? J Dent Res 
2005;84:951–957.

41 Schiffl HH, Binswanger U: Human uri-
nary fluoride excretion as influenced by 
renal functional impairment. Nephron 
1980;26:69–72.

42 Spak CJ, Berg U, Ekstrand J: Renal clear-
ance of fluoride in children and adoles-
cents. Pediatrics 1985;75:575–579.

43 Jarnberg PO, Ekstrand J, Ehrnebo M: 
Renal excretion of fluoride during water 
diuresis and induced urinary pH-
changes in man. Toxicol Lett 1983;18: 
141–146.

44 Whitford GM, Pashley DH, Stringer GI: 
Fluoride renal clearance: a pH-depen-
dent event. Am J Physiol 1976;230: 
 527–532.

45 Ekstrand J, Spak CJ, Ehrnebo M: Renal 
clearance of fluoride in a steady state 
condition in man: influence of urinary 
flow and pH changes by diet. Acta Phar-
macol Toxicol (Copenh) 1982;50: 
 321–325.

46 Chen PS Jr, Gardner DE, Hodge HC, 
O’Brien JA, Smith FA: Renal clearance of 
fluoride. Proc Soc Exp Biol Med 
1956;92:879–883.

47 Ekstrand J, Hardell LI, Spak CJ: Fluoride 
balance studies on infants in a 1-ppm-
water-fluoride area. Caries Res 
1984;18:87–92.

48 Ekstrand J, Ziegler EE, Nelson SE, 
Fomon SJ: Absorption and retention of 
dietary and supplemental fluoride by 
infants. Adv Dent Res 1994;8:175–180.

49 Whitford GM: Effects of plasma fluoride 
and dietary calcium concentrations on 
GI absorption and secretion of fluoride 
in the rat. Calcif Tissue Int 1994;54: 
421–425.

50 Lyaruu DM, Bronckers AL, Santos F, 
Mathias R, DenBesten P: The effect of 
fluoride on enamel and dentin forma-
tion in the uremic rat incisor. Pediatr 
Nephrol 2008;23:1973–1979.

51 Koch MJ, Buhrer R, Pioch T, Scharer K: 
Enamel hypoplasia of primary teeth in 
chronic renal failure. Pediatr Nephrol 
1999;13:68–72.

52 Al-Nowaiser A, Roberts GJ, Trompeter 
RS, Wilson M, Lucas VS: Oral health in 
children with chronic renal failure. Pedi-
atr Nephrol 2003;18:39–45.

53 Farge P, Ranchin B, Cochat P: Four-year 
follow-up of oral health surveillance in 
renal transplant children. Pediatr Neph-
rol 2006;21:851–855.

54 Ibarra-Santana C, Ruiz-Rodriguez Mdel 
S, Fonseca-Leal Mdel P, Gutierrez-Cantu 
FJ, Pozos-Guillen Ade J: Enamel hyp-
oplasia in children with renal disease in 
a fluoridated area. J Clin Pediatr Dent 
2007;31:274–278.

55 Whitford GM: Determinants and mech-
anisms of enamel fluorosis. Ciba Found 
Symp 1997;205:226–241, discussion 
241–245.

56 Yoder KM, Mabelya L, Robison VA, 
Dunipace AJ, Brizendine EJ, Stookey GK: 
Severe dental fluorosis in a Tanzanian 
population consuming water with negli-
gible fluoride concentration. Commu-
nity Dent Oral Epidemiol 1998;26: 
 382–393.

57 Rwenyonyi C, Bjorvatn K, Birkeland J, 
Haugejorden O: Altitude as a risk indica-
tor of dental fluorosis in children resid-
ing in areas with 0.5 and 2.5 mg fluoride 
per litre in drinking water. Caries Res 
1999;33:267–274.

58 Martinez-Mier EA, Soto-Rojas AE, 
Urena-Cirett JL, Katz BP, Stookey GK, 
Dunipace AJ: Dental fluorosis and alti-
tude: a preliminary study. Oral Health 
Prev Dent 2004;2:39–48.

59 Pontigo-Loyola AP, Islas-Marquez A, 
Loyola-Rodriguez JP, Maupomé G, Mar-
quez-Corona ML, Medina-Solis CE: 
Dental fluorosis in 12- and 15-year-olds 
at high altitudes in above-optimal fluori-
dated communities in Mexico. J Public 
Health Dent 2008;68:163–166.

60 Akosu TJ, Zoakah AI: Risk factors asso-
ciated with dental fluorosis in Central 
Plateau State, Nigeria. Community Dent 
Oral Epidemiol 2008;36:144–148.

61 Talmage RV, Roycroft JH, Anderson JJ: 
Daily fluctuations in plasma calcium, 
phosphate, and their radionuclide con-
centrations in the rat. Calcif Tissue Res 
1975;17:91–102.

62 Perault-Staub AM, Staub JF, Milhaud G: 
A new concept of plasma calcium 
homeostasis in the rat. Endocrinology 
1974;95:480–484.

63 Cardoso VES, Whitford GM, Aoyama H, 
Buzalaf MAR: Daily variations in human 
plasma fluoride concentrations. J Fluo-
rine Chem 2008;129:1193–1198.

64 Villa A, Anabalon M, Cabezas L, Rugg-
Gunn A: Fractional urinary fluoride 
excretion of young female adults during 
the diurnal and nocturnal periods. Car-
ies Res 2008;42:275–281.

65 Rugg-Gunn AJ, al-Mohammadi SM, But-
ler TJ: Effects of fluoride level in drink-
ing water, nutritional status, and socio-
economic status on the prevalence of 
developmental defects of dental enamel 
in permanent teeth in Saudi 14-year-old 
boys. Caries Res 1997;31:259–267.

66 Clarkson J, O’Mullane D: A modified 
DDE Index for use in epidemiological 
studies of enamel defects. J Dent Res 
1989;68:445–450.

67 Correia Sampaio F, Ramm von der Fehr 
F, Arneberg P, Petrucci Gigante D, Hatloy 
A: Dental fluorosis and nutritional status 
of 6- to 11-year-old children living in 
rural areas of Paraiba, Brazil. Caries Res 
1999;33:66–73.

68 Ekstrand J, Ehrnebo M, Whitford GM, 
Jarnberg PO: Fluoride pharmacokinetics 
during acid-base balance changes in 
man. Eur J Clin Pharmacol 1980;18: 
189–194.

D
ow

nl
oa

de
d 

by
: 

S
iri

ra
j M

ed
ic

al
 L

ib
ra

ry
, M

ah
id

ol
 U

ni
ve

rs
ity

   
   

   
   

20
2.

28
.1

91
.3

4 
- 

2/
2/

20
15

 3
:4

1:
04

 P
M



36 Buzalaf · Whitford

69 Awadia AK, Haugejorden O, Bjorvatn K, 
Birkeland JM: Vegetarianism and dental 
fluorosis among children in a high fluo-
ride area of northern Tanzania. Int J Pae-
diatr Dent 1999;9:3–11.

70 Khandare AL, Rao GS, Lakshmaiah N: 
Effect of tamarind ingestion on fluoride 
excretion in humans. Eur J Clin Nutr 
2002;56:82–85.

71 Khandare AL, Kumar PU, Shanker RG, 
Venkaiah K, Lakshmaiah N: Additional 
beneficial effect of tamarind ingestion 
over defluoridated water supply to ado-
lescent boys in a fluorotic area. Nutrition 
2004;20:433–436.

72 Chen YX, Lin MQ, Xiao YD, Gan WM, 
Min D, Chen C: Nutrition survey in den-
tal fluorosis-afflicted areas. Fluoride 
1997;30:77–80.

73 Bhargavi V, Khandare AL, Venkaiah K, 
Sarojini G: Mineral content of water and 
food in fluorotic villages and prevalence 
of dental fluorosis. Biol Trace Elem Res 
2004;100:195–203.

74 Khandare AL, Harikumar R, Sivakumar 
B: Severe bone deformities in young 
children from vitamin D deficiency and 
fluorosis in Bihar-India. Calcif Tissue Int 
2005;76:412–418.

75 Lakshmaiah N, Srikantia SG: Fluoride 
retention in humans on sorghum and 
rice based diets. Indian J Med Res 1977; 
65:543–548.

76 Russell AL: Dental fluorosis in Grand 
Rapids during the seventeenth year of 
fluoridation. J Am Dent Assoc 1962; 
65:608–612.

77 Butler WJ, Segreto V, Collins E: Preva-
lence of dental mottling in school-aged 
lifetime residents of 16 Texas communi-
ties. Am J Public Health 1985;75: 
 1408–1412.

78 Williams JE, Zwemer JD: Community 
water fluoride levels, preschool dietary 
patterns, and the occurrence of fluoride 
enamel opacities. J Public Health Dent 
1990;50:276–281.

79 Anand JK, Roberts JT: Chronic fluorine 
poisoning in man: a review of literature 
in English (1946–1989) and indications 
for research. Biomed Pharmacother 
1990;44:417–420.

80 Polzik EV, Zinger VE, Valova GA, 
Kazantsev VS, Yakusheva MY: A method 
for estimating individual predisposition 
to occupational fluorosis. Fluoride 1994; 
27:194–200.

81 Everett ET, McHenry MA, Reynolds N, 
Eggertsson H, Sullivan J, Kantmann 
C, Martinez-Mier EA, Warrick JM, 
Stookey GK: Dental fluorosis: variability 
among different inbred mouse strains. 
J Dent Res 2002;81:794–798.

82 Mousny M, Banse X, Wise L, Everett 
ET, Hancock R, Vieth R, Devogelaer 
JP, Grynpas MD: The genetic influence 
on bone susceptibility to fluoride. Bone 
2006;39:1283–1289.

83 Carvalho JG, Leite AL, Yan D, Everett ET, 
Whitford GM, Buzalaf MA: Influence of 
genetic background on fluoride metabo-
lism in mice. J Dent Res 2009;88: 
 1054–1058.

84 Everett ET, Yan D, Weaver M, Liu L, 
Foroud T, Martinez-Mier EA: Detection 
of dental fluorosis-associated quantita-
tive trait Loci on mouse chromosomes 2 
and 11. Cells Tissues Organs 2009;189: 
212–218.

85 Huang H, Ba Y, Cui L, et al.: COL1A2 
gene polymorphisms (Pvu II and Rsa I), 
serum calciotropic hormone levels, and 
dental fluorosis. Community Dent Oral 
Epidemiol 2008;36:517–522.

Marília Afonso Rabelo Buzalaf

Department of Biological Sciences

Bauru Dental School, University of São Paulo

Al. Octávio Pinheiro Brisolla, 9–75

Bauru-SP, 17012–901 (Brazil)

Tel. +55 14 3235 8346, E-Mail mbuzalaf@fob.usp.br

D
ow

nl
oa

de
d 

by
: 

S
iri

ra
j M

ed
ic

al
 L

ib
ra

ry
, M

ah
id

ol
 U

ni
ve

rs
ity

   
   

   
   

20
2.

28
.1

91
.3

4 
- 

2/
2/

20
15

 3
:4

1:
04

 P
M


