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XIAOYAN CHEN 

Fluoride Metabolism: Effects pf Caffeinated _13everages·· 
Under the direction of GARY,M. WHiTFORD ' 

Caffeirtated b~~erages have been reported to increase the bioavailability. 

and plasma levels of- ingested fluoride (F) by ·as. Il)UCh as 100%. The authors · 

suggested that the effects were due to lilcrea·s·ed gastric acid secretion which _ 

would promote the formation_ -of t4e l}.ig~ly qiffus.ible-molecµle, HF (pKa = 
• • • ~ • 1 • ¥, 

3.4). ·However, the· b1oavailability of ingested F is typkally more than 80% so 

it would be unusual for any _agent to have more than a 20% effect. Therefore, 

the present research with rats was based on the hypothesis that the reported 

. increases in_plasma F levels associated with .the ingestion of caffeinated 

beverages result from caffeine-induced effects o.n the k~dney. or skeleton. 

In the first 4-hour pharmaco~inetic study, F was given .ig_ in Wijter or 

coffee to awake rats· .. - The plasma F level were slightly but not significantly 

higher (ca 15%) in the coffee· group. In the second·_ 4-hour study with 

anesthetized .rats, the-plasma levels, r_enal clearance and skeletal clearance of F 

were not affected by the ig administration of Fin coffee, decaffeinated coffee 

or a caffeine solution. The possibility that caffeine can elevate endogenous 

plas~a F and Ca levels. by the rapid mobilization of bone mineral was tested 

after giving a moderate dose of_ caffeine ig. The results were negativ·e._ In situ 

studies were · done to determine the effects of coffee, decaffeinated coffee and 

caffeine on gastric acid secretion and pH and to relate these effects to gastric F 

absorption. Acid secretion was stimulated by .each solution but to a significant 



' ,. 

acid so that the pH drop was attenuated and. F absorption was reduced. ·The· 

results of a 6-week metabolic study indicated that graded doses of caffeine in. 

drinking water had-no significant effects on the absorption or balance of,F, Ca 

or P. Similar! y, bone and enamel F levels were not affected by the level ?f 

_caffeine intake. _ ~he highest dose of caffeine, however, was -a,ssocia~ed with a 

reduction in bone mineral ·content. -
. . 

Based on_ the results of thes_e acute and 'chr~nit ::·stu,dies, it was· 

concluded ·that the metabolic; .characte_dstic~r:_~~ F, Ca and P ar~- not affected, or 

on1y slightly affected,. by intake of c;affeina ted,;.beverages. 
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INTRODUCTION 

It has · been · reported that caff eina ted beverages increase the 

bioavailability and plasma levels of ingested fluoride. (F) by as much as 100% 

(Chan et al., 1988a, 1990a). The authors proposed th~t the effects were due to 

increased gastric add secretion which would promote the formation of the 

highly diffusible weak add HF (pK_ = 3.4). However, the bioavail.ability of Fin 

water is typically more than 80% so it would be unusual for any agent to have 

more than a 20% effect. Therefore, we hypothesized that the increased 

plasma levels reported by Chan and coworkers resulted from caffeine-induced 

effects on the kidney or skeleton. They also suggested that the consumption of 

· caffeinated beverages has contributed to the increased -prevalence of dental 

fluorosis in the United States (Chan et.al., 1990a). Since fluoride is now widely 

used for the prevention of dental caries and coffee and _other caffeinated 

beverages are consumed by people all around the world,. the interactions 

between the consumption of caffeinated beverages and the metabolic 

characteristics and effects of fluoride could be of public health importance. 

The objective .of the present research was to clarify the influence of 

caffeinated beverag~s on fluoride metabolism. The· specific aims were to 

determine: 

1. the acute effects of caffeine, caffeinated coffee and decaffeinated 

coffee on glomerular filtration rate (GFR), the time-course of _plasma fluoride 

levels, the plasma, renal and extrarenal dearances of fluoride, and the plasma . 

levels and renal clearance of calcium. 

1 
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2. the acute effects of caffeine administered intragastrically on GFR and 

fluoride release from calcified tissues as indicated by the time-course of 

endogenous plasma fluoride and calcium levels; 

3. the effects of caffeine, caffeinated coffee and decaffeinated coffee on 

gastric fluid pH, the rate ·of gastric acid secretion and fluoride absorption in in 

situ studies; 

4. the chronic effects of caffeine on the bioavailability, balance and 

tissue levels of fh,1.oride, calcium and phosphorus, and the quality of the 

skeleton and teeth. 



REVIEW OF THE LITERATURE 

Fluoride metabolism. Fluoride is widely recognized as the most 

effective agent for the prevention of dental caries. It is delivered in many 

forms and concentrations, including low levels in drinking water supplies 

and high levels in a variety of vehicles such as dentifrice~, mouthrinses, 

topical gels, lacquer·s and other products. In addition, fluoride is used· for the 

experimel}tal treatment of bone diseases such as osteoporosis and otosclerosis 
·~ - ·-

(Bikle, 1983; Farley et al., 1°987). On the other hand, fluoride is a hazardous 

· sub'stance when large ·amounts are ingested acutely or somewhat smaller -

amounts are taken chronically. The most common chronic· ·effects are· dental 

fluorosis and skeletal fl-qorosis. The mechanisms underlying these various 

effects of fluoride are incomple_tely understood. They are, however, 

undoubtedly· related to local fluoride conce~tration at the sites of action. For 

this reason, research on the metabolic characteristics of fluoride has gained a 

prominent role in biomedical investigation. 

Both human· and laboratory animal studies have been done to 

characterize fluoride metabolism. When taken by the mouth, the absorption 

of fluoride begins in the oral cavity. Oral absorption occurs at a measurable 

but substantially lower rate than that which occurs after swallowing 

(Gabler,1968; Whitford et al., 1982). The gastrointestinal tract is the major site 

from which fluoride is absorbed (Whitford and Pashley, 1984; Nopakun et al., 

1989). Unlike most substances, appreciable amounts· of fluoride can be 

absorbed rapidly from the stomach especially when it is given in the form of a 

3 
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soluble salt. The absorptive process apparently occurs by passive diffusion 

and it is influenced by the pH of the gastric contents. The gastric absorption of 

fluoride is inversely related to pH so that factors which promote the secretion 

of gastric acid increase the rate of fluoride absorption and vice versa 

(Whitford and Pashley, 1984). Compared with pentagastrin..-treated animals or 

animals that received fluoride in HCl, the animals that were pretreated with 

atropine or cimetidine (histamine H2-receptor antagonist) to reduce gastric 

acid .s·ecretion or that- wete ·•~iven flporide in N aHC03 to reduce the acidity of 

the gastric conten~s h~d markedly red1.iced.rates of fluoride absorption. These 

findings were consistent with the hypothesis that fluoride is absorbed through 

the gastric mucosa principally as the undissociated molecule, HF (pKa = 3.4). 

The absorption of fluoride from the intestine also occurs by diffusion. 

However, intestinal absorption appea;rs not to be pH dependent (Nopakun et 

al., 1989; Whitford, 1989). It is known that, in the absence of high 

concentrations of divalent or trivalent cations, most of the fluoride which 

fails to be absorbed from the stomach will be absorbed from the intestinal 

tract. Overall, approximately 80% to 90% of the ionic fluoride ingested each 

day is absorbed. However, the relative amounts of fluoride absorbed from the 

stomach and the intestine have not been systematically investigated. While 

gastric absorption is a rapid process and the stomach is an important site for 

fluoride a.bsorption when the pH of the gastric contents is low, one study with 

rats concluded that its contribution was smaller than that of the small 

intestine (Nopakun et al., 1989). 

Fluoride is not bound by plasma proteins or by any other constituent of 

plasma (Chen et al., 1956; Ekstrand et al., 1977). Therefore, it may be assum~d

that interstitial fluid and plasma fluoride concentrations are virtually 

identical so that the use of plasma fluoride levels, rather than those of 
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interstitial fluid, as the reference for extracellular con·centrations appears to be 

justified. Therefore, indirect evidence for measuring the· gastric absorption of 

fluoride can be obtained from the time course of plasma levels after fluoride 

ingestion. 

From the plasma, fluoride diffuses into the interstitial and intracellular 

fluids of the soft tissues where it rapidly establishes a steady-state distribution 

(Whitford et al., 1979). This means that plasma and intracellular fluoride 

levels of any given tissue are not equal. -The ratio of the concentrations, 

however, is constant even when plasma fluoride levels are changing rapidly. 

In order for this type of distribution to exist, cell membranes must be readily 

permeated by fluoride and binding by cellular components must be minimal 

or absent. 

Whitford et al. (1979) found thaf many soft tissues of the ~at are 

distinguishable by their tissue-to-plasma (T /P) fluoride concentration ratios. 

They presented evidence to support their hypothesis that the ratios are 

dependent on the magnitude and direction of transmembrane pH gradients.· 

The T /P ratios for kidney and whole femur exceeded unity. These higher 

values were explained by the facts that fluoride in the tubular fluid of the 

distal nephron of the rat is n~rmally about 100 times more concentrated than 

that of plasma and that fluoride is ~n avid bone seeker. 

It is known that the efficient removal of fluori_de from plasma is due to 

·a high renal clearance-and rapid uptake by calcified tissues. Whitford et al. 

(1976) reported that the renal clearance· of fluoride in rats was a direct function 

of urinary pH, a ·findi~g which has been c9nfirmed in studies with rabbits, 

dogs and humans. Several stuqies in humans have shown that it is 30-40% of 

glomerular filtration· rate. Other halogens, such as chloride, iodide and 

.. bromide, have clearance_ valves· that are only 1-2% of glomerular filtration 
., : '· 
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rate. The renal clearance of fluoride increase$ when the urine becomes more 

alkaline and decreases when the urine becomes more acidic (Whitford et al., 

1976). Prior to that report, urinary .flow rate was regarded as the major 

determinant of fluoride renal clearance. Whitford et al.. (1976) suggested, 

however, that when the clearance of fluoride does correlate with urinary flow 

rate, the relationship is in fact due to dilutional changes in urinary pH. 

The uptake of fluoride by bone and other calcified tissues is the second 

major mechanism by which fluoride 1s cleared from_ plasma and other body 

fluids. The clearance of fluoride from plasma by bone (also called the 

extrarenal clearance, CER) is extremely rapid and exceeds even that of 

calcium. In the young or middle-aged adult, approximately 50% of fluoride 

absorbed each day is deposited in bone (Hodge and Smith, 1981) while the 

remainder is excreted in the urine. The reaction of fluoride with the 

hydroxyapatite of mineral results in the formation of hydroxyfluorapatite by 

the substitution of fluoride for hydroxyl ions (Eanes and Reddi, 1979). The 

clearance of fluoride from plasma is essentially· equal to the sum of the renal 

and skeletal clearances (Ekstrand et al., 1980). 

Of the fluoride which is present in the body at any given time, 

approximately 99% is associated with hard tissues. The major variable which 

affects the rate of fluoride uptake by bone is ~he stage of skeletal development 

(Suttie and Phillips, 1959; Whitford, 1989). Actively mineralizing tissues 

accumulate fluoride at a greater rate than fully mineralized tissues. The most 

plausible explanation for this relationship is that the individual crystallites of 

developing bone are smaller, more numerous and more loosely organized. 

Thus they offer a much larger surface area for the uptake of fluoride than does 

more mature bone. The fluoride of _bone is strongly, but- not irreversibly, 
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bound. It can be mobilized in the short-term by ionic exchange and, in the 

long-term, by the normal process of bone remodeling. 

In summary, it can be stated that: fluoride is absorbed from the stomach 

and intestine; the rate of gastric absorption is inversely related to the acidity 

of the stomach contents; the distribution of fluoride across cell membranes is 

a function of the magnitude and direction of transmembrane pH gradients; 

the renal clearance of fluoride is high; and the clearance of fluoride from 

plasma by calcified tissues is high. 

Caffeine and its effect on. calcium and fluoride metabolism. 

Beverages containing caffeine, such as· coffee, tea and a variety of soft drinks, 

. are ·among the· most popular beverages in western society. Currently, the 

; daily consumption per person in the United States is estimated at 210 mg, 75% 

of which is derived from-coffee which typically'contat'.ns 70-90 mg per cup. 

Caffein~ is one of the xanthines and has a molecular weight of 194.14. 

The xanthines belong to a chemical group of purine bases which includes 
' ' 

... such .important endogenous substance~· as guanine, adenine, hypoxanthine, 

and uric acid. More than 99% of an orally administered dose of caffeine is 

absorbed. Peak plasma levels occur within 15 to 45 minutes. The plasma half

life of caffeine in rats is 0.7 .. 1.0 h (Bonati and Carattini, 1988). Caffeine is 

rapidly distributed throughout the body fluids. No specific binding to tissues 

has been reported. The ni.ajor metabolite of caffeine is 1,7-dimethylxanthine, 

although numerous other metabolites exist (Bonati et al., 1982). Only 0.5% to 

3.5% of an administered dose of caffeine is excreted unchanged in urine. 

The renal clearance of caffeine is not affected by urinary pH or plasma 

concentrations (Bonati et al., 1982) whereas it is linearly related to urinary 

flow rate (Blanchard et al., 1983). After filtration into the renal tubules, it is 
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rapidly reabsorbed apparently by passive diffusion. The ratio of the renal and 

plasma clearances of caffeine .was found to be approximately 0.015 in the rat 

and· ~an._ l'he fractions of caffeine excreted unchanged in urine were also 

found ·to be· similar in these· two species (Garattini et al., 1980). Caffeine may 

cause a transient increase in renal blood flow and glomerular filtration rate 

(Kleeman et al., 1962) although Davies and Schock_ (1949) found that the renal· 

clearance of cre-atinine was not affected by the administration of caffeine. It 

has been.suggested that the mild diuretic action of caffeine results primarily 

from a depression in tubular reabsorption of water, sodium and possibly other 

minerals and not from an increase in glomerular filtration rate. 

Al though no studies of the effects of caffeine on the handling of 

fluoride by bone and kidney have been published, the influence of caffeine on 

some aspects of calcium metabolism has been reported. In their metabolic 

balance study with rats that received 25 or 100 mg caffeine/kg/ day by injection 

for two weeks, Yeh et al. (1986a) found that caffeine increased urinary and 

fecal excretion of endogeous calcium with a compensatory increase in 

intestinal calcium absorption. Compared with the control group, however, 

caffeine did not affect calcium balance with statistical significance. The 

administration of caffeine was associated with a less positive balance of 

potassium, sodium and inorganic phosphate although the effects were 

relatively small. The balances of magnesium, zinc and ~opper were not 

affected. They also found that the serum levels of parathyroid hormone 

(PTH) and 1,25-dihydroxy cholecakiferol (1,25 (OH)2 D) increased after two 

weeks of chronic caffeine administration in young rats, but serum PTH and 

1,25 (OH)2 D remained unchanged in old rats (1986 b). 

The relationship between caffeine ingestion (150 or 300 mg) and 

urinary calcium excretion was also examined in a 3~hour study with 12 young 
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adult college students (Massey and Wise, 1984). It was found that urinary 

calcium excretion increased by 45% and 140% after the low and high doses,· 

respectively. The urinary excretions of magnesium and sodium, but not 
I 

potassium, were also increased significantly. It was reported recently that 

maternal caffeine intake during pregnancy resulted in lower calcium, 

magnesium and zinc contents of fetal rat bones (Nakamoto et al., 1989). 

Caffeine increases urinary calcium output and has been implicated as a 

risk factor for osteoporosis.· Kiel et al. (1990) examin~d the effect of caffeine on 

hip fracture risk in 3,170 individuals in the Framingham study. They 

concluded that hip fracture risk was modestly increased with heavy caffein.e 

us~, but not for intake equivalent to one cup of coffee per day. The recent 

report by Valdes et_ aL (1992) showed that caffeine intake during the 

gestational and lactational periods of rat dams significantly decreased the 

zinc and ·hydroxyproline concentrations of t~e pups in the caffeine group 

when compared with those of the controls. However, Ca, P, Mg, and 
' 

hexosamine concentrations in maxillary bone showed no difference between 

the groups. ~lajchen et al. (1988) investigated the effect of chronic caffeine 

·_administration on bone histomorphome~ry and serum markers for bone 

mineral metabolism in young rats. They concluded that chronic caffeine 

administration,_ slightly increased bone turnover as evidenced by an increase 

in serum osteocalcin bµt bone histomorphometry was· not altered. They 

.. conclµq.ed that chroriic c':1-ffeine inta~e was probably not a etiologic factor in· 

osteoporosis, a conclusion not in agreement with that of several other 

investigators (Kiel et al., 1990). 

The stimulation of human gastric acid and pepsin secretion by caffeine 

has been well established by several investigators. Roth and colleagues· (1944, 

1946) suggested that the consumption of relatively large quantities of caffeine-
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containing beverages over a long period of time may contribute to the 

pathogenesis of peptfo ulcer. Debas et al. (1971) investigated gastric secretion 

of acid and pepsin iz:t response to graded doses of intravenous caffeine and 

corresponding plasma caffeine levels in four healthy humans. It was found 

that both acid and pepsin secretion were stimulated by intravenous caffeine 

administration but that ,add output was stimulated to a greater degree. They 

also found that a significant gastric response could be achieved by a plasma 

caffeine level which was reached by consuming as much as four or five cups 

of coffee. Tests performed on two of the subjects in which higher doses of 

caffeine were employed failed to produce a further increase in acid output. 

Caffeine apparently is not the only compound in coffee that can 

stimulate gastric acid secretion. Feldman et al. (1981) found that decaffeinated 

coffee was a more potent stimulator of gastric acid and gastrin se.cretion than a 

widely u~ed peptone test meal. They speculated that decaffeinated coffee 

contains some unidentified ingredient that is a potent stimulator of gastric 

acid secretion in man. Cohen and Booth (1975) compared the dose-response 

effects of caffeine, regular coffee and decaffeinated coffee on gastric acid 

secretion in normal subjects. They concluded that both regular coffee and 

decaffeinated coffee were more potent stimulators of gastric acid secretion 

than caffeine and that decaffeination diminishes the acid secretory potency of 

coffee only .mlnimally. 

A few -reports have suggested that there is a link between coffee intake 

· and the metabolism and_effects of fluoride. _One of them is the report about 

the 1979 accidental overfluoridation of drinking water in Annapolis, MD (NY 

Times, 1979). Fluoride intoxication was recorded and, through a series· of 

surveys, the signs and symptoms appeared to be less severe among coffee 

drinkers than drinkers of other beverages. It was found by Chan and others 
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(1988a, 1988c) that ·concomitant intake ·of fluoride and coffee resulted in 

significantly higher plasma fluoride levels than intake of the same amount of 

fluoride in water in both rats and humans. Comparison of fluoride 

bioavailability, as estimated by the total areas under the plasma fluoride 

curves, indicated an almost two-fold difference. A similar 4-hour study of the 

effects of coffee and caffeine administration on plasma fluoride levels in rats 

· was also done by Chan et al. (1990a). They found that the concomitant 

intragastric administration of sodium flu~t-i9-e and_ coffee (the caffeine dose 

was 3.0 mg/kg boqy_ weight) resulted in significantly higher plasma fluoride 

levels than when the .same amount of fluoride was administered with water. 

They reported a similar result when coffee was substituted with a similar 

amount of caffeine given in water. :Based on these observations, it was 

hypothesized that the consumption of caffeinated beverages by children with 

developing teeth has been a contributing factor to the Increased prevalence 0f · 

dental fluorosis that has been documented recently in the U.S. (Chan et al., 

1990a). 

Chan et al. have reported other effects of caffeine on fluoride in several 

abstracts. In one report, · the effect of chronic caffeine ingestion on fluoride 

distribution in rat tissues was described. They found that between the two 

groups that were given water without caffeine or a caffeine solution (1.04 

mg/kg), both without fluoride, the caffeine group had 30-89% higher tissue 

fluoride levels. No differences in tissue fluoride concentrations were found 

among the other three groups given fluoride (4 mg/kg) with different levels 

of caffeine (1988 b). They also found that co-administration of caffeine and 

fluoride resulted in a two-fold increase in fluoride bioavailability in both 18-

month-old and 3-month-old rats. The rates of fluoride absorption and 
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elimination were significantly slower in the 18-month-old rats regardless of 

whether or not caffeine was administered (1991). 

Some of the results reported by Chan et al. (1990a) are difficult to 

interpret. For example, compared with the control group, the areas under the 

time-plasma fluoride concentration curves (AUC) were about twice as high in 

the groups given coffee or caffeine suggesting that these agents increased the 

bioavailability of fluoride by 100%. Many studies with both laboratory 

animals and humans, however, have shown that the bioavailability of 

fluoride administered intragastrically in water is 80-90% of the dose. 

Therefore, it would be unus~al for any agent to increase fluoride 

bioavailability ,by more.than 20% . 

. There .are several possible explanations for the findings of Chan et al. 

First, the increase in plasma fluoride levels when given with c:offee or 

caffeine may have beeri rel,ated to an increase in gastric acid secretion. This 

may have promoted • the formation of hydrogen fluoride and increased the 

rate of fluor.~de absorption (Whitford and Pashley, 1984). Second, the 

bioavailability of fluoride in the control group may actually have been only 

40-50% because of some unrecognized factor, such as significant amounts of 

chyme in the gastrointestinal tract, that did not affect the experimental 

groups. Third, there may have been an acute effect of caffeine and coffee that 

caused mobilization of fluoride from bone. As noted above, urinary calcium 

excretion in humans was reported to increase during the three hours after an 

acute dose of caffeine. It is also possible that the caffeine and coffee solutions 

contained some fluoride that was not detected by the investigators (there was 

no indication in the publication that the dosing solutions· ~ere analyzed for 

fluoride). Finally, the renal clearance of fluoride may have been reduced 

following the administration of caffeine or coffee. This possibility is 
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supported by other .data in the report by ~han et al. (1990a). Two groups of rats 

were placed.in metabolic cages-Jar 24,hours and urine was collected at 3, 6 and 

24 hours after the rats in one of the groups had been given a dose of coffee by 

intragastric intubation. Urinary fluoride excretion during the first three 

hours was lower by 31 % in the group given coffee. 

The present studies were stimulated by the apparent discrepancy 

between what is known about fluoride bioavailability and the unusual 

findings of Chan and coworkers. In particular, the studies were designed to 

determine whether the reported increases in plasma fluoride levels associated 

with the administration of caffeine or caffeinated beverages are due to effects 

on fluoride absorption, excretion or mobilization from calcified tissues. 



MATERIALS AND METHODS 

General. 

Animal preparation. 

Female Sprague-Dawley rats (Harlan Sprague-Dawley, Inc., Prattville, 

AL) were housed in pairs in stainless steel cages in animal rooms maintained 

at a temperature of 23 ± 1 °C and relative humidity of 40 - 80%. Except as noted 

below for Experiment 1, the rats allowed free access to deionized water and 

low-fluoride -food_ (0.85 parts/106; American Institute of Nutirition 

semipurified diet (AIN - 76A), U. S. Biochemical Corp.) A 12-hour light cycle 

(6 AM to 6 PM) was maintained in the animal rooms. 

The rats used in the short-term studies were deprived of food for 18 

hours prior to experimentation but were allowed free access to water. Under 

general anesthe~ia induced by pentobarbital sodium (40 mg/kg ip; see 

exceptions in Experiments 1 and 4), an endotracheal tube (PE-240), a carotid 

artery (PE-50) and a jugular vein cannula (silastic 602-135) were surgically 

placed in each rat. The arterial and venous cannulae were filled with 

heparinized norm.al saline solution (300 units heparin/30 mL of isotonic 

saline) to prevent clotting and blockage of the catheters. The mean blood 

pressure of each rat was measured every 20-40 minutes through the arterial 

cannula (Tektronix Clinical Monitor, Model 400). A polyethylene bladder 

catheter (PE-50) was inserted intraurethrally for the collection of timed urine 

samples. Time<:{ arterial blood samples were collected using 0.5 mL plastic 

centrifuge tubes containing 2 µL of sodium heparin (1000 units/1 mL). The 

14 
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plasma was separateq by centrifugation and stored at 4°C to await analysis the 

following. day. The packed .cells were resuspended in plasma from donor rats 

a·nd reinjected to prevent hypovolemia. Rect~l temperatures were measured 

every 30-40 minutes using rectal thermometers and maintained within the 

normal range by placing the animals on a heating pad. 

Chemical supply. 

Sodium fluoride (Fisher Certified ACS; Fisher Scientific Co., NJ), 

caffeine (Sigma Chemical Co., St. Louis, MO), carboxyl-14C-inulin (New 

England Nuclear, Boston, MA) and mannitol (Eastman Kodak Co. Rochester, 

NY) were used in the following experiments. 

The brands of regular and decaffeinated coffee used were Folgers 

Mountain Grown (The Folger Coffee Co., OH). A measured amount (55 

grams) of the coffees were prepared using 1500 ml of deionized water and an 

automatic drip coffee maker. The coffee maker and Pyrex coffee pot were 

thorough! y cleaned and prewashed filters were used. The fluoride 

concentratio~s of the prepared coffee and decaffeinated coffee were 

determined (2.7 µmol/L) before administration to the rats so that the desired 

concentrations were achieved precisely. The actual caffeine concentrations of 

Folgers coffee and decaffeinated coffee for this experiment were determined by 

Smith-Klein Laboratories, Atlanta, GA. The caffeine concentrations were 

reported at 600 mg/Lin coffee and 18 mg/Lin decaffeinated coffee. 

Chemical analysis methods. 

Fluoride analysis. 

I. Fluoride direct analysis after buffering with TISAB. Using the ion

specific electrode (Orion, Model-9409A), the fluoride concentrations in urine 

and water were determined after adding an equal volume of TISAB (Total 

Ionic Strength Adjustment Buffer, Orion Research). Some plasma samples 



16 

. (fluoride concentration > 0.01 mmol/L) were determined using ion-specific 

electrode after adding TISAB buffer (1 part TISAB and 3 parts plasma). 

II. Fluoride analysis after HMDS Diffusion. Fluoride in food, 

homogenized feces, plasma, bone and enamel were analyzed after overnight 

diffusion using the hexamethyldisiloxane (HMDS)-facilitated diffusion 

method of Taves (1968) as modified by Whitford (1989). 

i). Preparation of standards and samples. 

Two mL of distilled water were placed in the bottom of a nonwettable 

diffusion dish. Known volumes of liquid samples (plasma, fecal homogenate, 

etc.) or fluoride standards or known weights of solid samples (bone, enamel, 

etc.) were added to the water. The base trap, typically 50 µL of 0.05 N NaOH, 

was placed in about five drops on the inside of the top portion of the dish. 

The inside periphery of the lid was ringed with Vaseline and sealed to the 

bottom, with care taken to avoid leaving air bubbles in the Vaseline. Two mL 

of 3.0 N H2S04 saturated with HMDS were added to the bottom by injection 

from a syringe through a small hole previously burned into the top portion of 

the diffusion dish. The hole was immediately sealed with VaseHne. The 

HMDS-saturated acid was prepared in advance by adding about 10 mL of 

HMDS to 500 mL of 3.0 N H2S04 in a separatory funnel and shaking it 

vigorously for 5 minutes. 

Plasma samples were "prediffused" prior to the addition of H2S04-

HMDS for the purpose of removing carbon dioxide. If this is not done, the 

diffusion of carbon dioxide into the sodium hydroxide trap reduces the 

alkalinity which can prevent the trapping of fluoride. The 3.0 N sulfuric acid 

for the prediffusion process was free of fluoride and HMDS. The ratio of the 

volumes of acid-to-plasma was 1 : 5. After the addition of the acid to the 
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sample, the dish was left open to the atmosphere for 15 minutes and then the 
. ,' . ' . ' . 

t ' ' • 

preparation continued as decribed· above. 

ii). Reading. 

After overnight diffusion, the top of the dish~ was removed and 20 µL 

of 0.20 N acetic acid was added to the sodium hydroxide trap thus forming an 

ac~tate .. buffer solution with a pH of about 4.8. The final volume was adjusted 
. . - ' ' . . 

. . 

to 75 µL by the addition of distilled water using a fixed volume pipettor. The 

standards and samples were read using the ion-specific electrode. The 

fluoride concentrations of the samples were determined using a 

programmable calculator. 

Ca~cium analysis. 

I. Instrument. Atomic absorption spectrometer (AAS), Varian, Model 

Spectra AA-20. 

II. Preparation of standards and samples. 

i). Standards were prepared using ACS analytical grade CaCO3 

dissolved in sufficient (ca. 30 mL) 1 N HNO3 and diluted to 1000 µg/mL with 

distilled water. This solution was diluted using 5000 ppm KC;:I so that stock 

standard solutions containing calcium at 0.500, 1.000, and 2.000 µg/mL were 

obtained. Standards for rat diet and feces samples required adding 

proportional amounts of HNO3 as present in samples. Rat urine and plasma 

samples required no acid to be added. 

ii). Rat diet samples - To 6.00 mL of 5000 ppm, KCl, add 50 µL of the 

acid-digested sample and mix well. 

iii). Rat feces samples - To 6.00 mL of 5000 ppm KCl, add 5 µL of the 

acid digested sample and mix well. 

iv). Rat urine samples - To 3.00 mL of 5000 ppm KCl, add 20 µL of 

sample and tnix well. 
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v). Rat plasma sample - To 3.00 mL of 5000 ppm KCl,.add 20 µL of 

sample and mix well. 

vi). Read standards and samples on AAS with a slit width of 0.5 µm 

and at a wavelength of 422.7 nm. Calculations of the concentrations were 

done using the software package of the Varian Spectra AA-20. The total 

amount of calcium in each sample was calculated by multiplying by the 

appropriate. dilutfon factors. 

· Phosphorus analysis. 

I. Reference: Chen et al., Analyt Chem 28:1756-1758, 1956. 

II. Preparation of standards and samples. 

i). Working solution. (Make fresh each day) 

1. 1.25' gm Ammonium Molybdate in 50 mL of distilled water. 

2. 5.00 gm L-Ascorbic acid in 50 mL of distilled water. 

3. 150 mL of 2N H2SO4 (8.3 mL cone. H2SO4 and fill up to 150 mL 

with distilled water). 

Mix all three solutions then filter with aspiration assisted by 

vacuum. 

ii). Standards. 

Make three sets of standards and one set of blanks. Put 2.0 mL of-the 

working solution in each tube then add distilled water and standards as 

follows: 

dH2O Standard 

Blank 400.0 µL 0 

0.20 µg 390.0 µL 10 µL of 20µg/mL 

0.50 µg 375.0 µL 25 µL of 20µg/mL 

l.00µg 350.0 µL 50 µL of 20µg/mL 
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iii). Samples. 

Put 2.0 mL of the working solution in each tube and add 20 µL of 

unknown sample. Make the total volume up to 2.4 mL with 380 µL of 

distilled water and mix. Incubate all the standards and samples for sixty 

minutes at ,37 °C and leave the · samples at room temperature for fifteen 

minutes. 

Read samples at 670 nm 

Spectrophotometer (UV-160A). 

using Shimadzu Recording 

Calculations were conducted based on the standard curve analysis 

using the software package of the UV-160A spectrophotometer. The total 

amount of phosphorus in each sample was calculated by multiplying by the 
\ 

appropriate dilution factors. 

14c analysis. 14c-inulin was analyzed by liquid scintillation counting 

using Biofluor as the scintillation cocktail (New England Nuclear, Boston, 

MA). 

A UC calculation. The areas under the time-plasma fluoride 

concentration curves were calculated using the trapezoidal rule. 

Stati.stical a~alysis., The data are reported as mean ± SE. Differences 

among mean values were tested for statistical significance by one way analysis 

of variance. If a significant F statistic (P<0:.05) was obtained, Fisher's PLSD test 

was used to determine which of the means differed from each other. Linear 

regression analysis was used to determine the relationship between fluoride 

flux and gastric acid. ~ecretion rate .and the pH of stomach contents. 
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Experiment 1. 

The first expE:?riment was an attempt to repeat as precisely as possible 

the study by Chan and qthers (1990). Female Sprague-Dawley rats (205 ± 4 g; n 

= 19) were used. The rats had free access to Rodent Blox (Wayne Pet Food 

Division, Continental Grain Co., Chicago, IL) and tap water. Under general 

anesthesia induced with a cocktail that contained 15.63 mg of ketamine, 0.63 

mg of acepromazine, and 3.13 mg of rompun in each milliliter of solution, 

two chronic jugular vein cannulae were placed in each rat to ensure that at 

least one would work the next day. The cannulae exited dorsally behind the 

head and were filled with ·heparinized normal saline solution (1000 units 

heparin/30ml of saline solution) to prevent clotting and blockage of the 

catheters. The rats were allowed 24 hours to recover from the surgical 

procedure before intragastric administration of the test solutions. 

Ten of the 19 rats were given sodium fluoride intragastrically in water 

and nine rats were given the same amount of fluoride in caffeinated coffee. 

The fluoride dose was 53 µmol F/200 g body weight (4.9 mg/kg) and it was 

given in 1.0 mL of distilled water or coffee. Through the jugular vein catheter, 

0.3-mL blood samples were collected from the awake rats at 0, 20, 40, 60, 90, 

120, 180 and 240 minutes after doses. After centrifugation, plasma samples 

were collected for fluoride analysis. 

Experiment 2. 

· · This 4-hour pharmacokinetic experiment was designed to estimate the 

rates and extent of fluoride absorption (as indicated by the· time course of 

plasma fluoride levels) and to determine glomerular filtration rate and the 

plasma, renal and· extrarenal clearances of fluoride administered 

intragastrically in distilled ".Vater with or without caffeine or in coffee or 
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decaffeinated . coffee. The renal exeretion and clearance of endogenous 

calcium were also determined. 

Female Sprague-Dawley rats (202 ± 2- g; n = 45) were used. After 

anes_thesia with pentobarbital and .su~gical -preparation as described for the 

short-term experiment, the rats were assigned randomly to four groups. 

The groups were treated as follows: 

Group Vehicle 

1 

2 

3 

4 

Water 

Water 

Coffee 

Coffee. 

Caffeine 

No 

Yes 

Yes 

No 

All solutions contained sodium fluoride at a concentration of 52.6 

µmol/mL (1.0 mg/mL or 1000 ppm) and were adjusted to an osmolaiity of 

280-290 mosm/kg with mannitol. This concentration of fluoride was selected 

because it was used in the study by Chan et al. (1990). The caffeine 

concentration of the caffeine solution was adjusted to equal that of the coffee 

(600 mg/L). The administered volume of each solution was 1.00 mL given by 

gastric intubation. Thus the fluoride dose was 4.9 mg/kg body weight while 

the caffeine dose was approximately 3.0 mg/kg body weight. 

After the experiment, r~ndomly selected sections of rat stomachs were 

fixed in 10% neutral buffered formalin and sent to Consultants in Veterinary 

Pathology (Murrysville, PA) for light microscopic examination. One hour 

before the fluoride doses were given, a priming dose of 14c-inulin (1.5 µCi) 

was given to each rat by·intravenous injection. A sustaining infusion of 14c

-inulin in isotonic saline was administered throughout the study at a rate 

sufficient to maintain a constant 14c.;.inulin plasma _level. The- infusion rate , 

was 6~: µL/minute. 
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Carotid artery blood samples (0.5 mL each) were collected at 0, 15, 30, 60, 

90, 120, 180 and 240 minutes after the fluoride doses were administered. 

Urine samples were collected hourly. The ·plasma and urine samples were 

analyzed for fluoride, 14C and calcium. 

In this experiment, the time-course of plasma fluoride levels, the 

glomerular filtration rate (GFR), the plasma, renal and extrarenal (or skeletal) 

clearances of fluoride and the renal clearance of calcium were determined. 

The plasma clearance is the volume· of plasma that was completely cleared of 

fluoride per unit time. The renal and extrarenal clearances are the rates at 

which fluoride· was cleared from plasma by the kidneys and the calcified 

tissues of the body. Since fluoride is removed from plasma and the other 

·body fluids. only by the kidney~ and calcified tissues, the plasma clearance is 

_ equal to the sum of t~e_ renal and extrarenal_ clearances. 

Glomerular filtr~tion rate, Cp (plasma clearance), CR (renal clearance) 

and CER (extrarenal ·clearance) were calculated using the following equations: 

GFR = [14C]u• V /[14C]p = mL/min . 

. · Cp = F Dose (µmole)' /ADC 0-~ (µmole•min•L-1) = L/min 

CR = F Excreted / AUCt-t' = L/min · 

·CER =Cp-CR 

In the equation for GFR, the subscripts U and P indicate the urinary and 

plasma concentrations of 14C-inulin and V is the urinary flow rate. "F dose" 

is the amount of fluoride administered to the animal and AUCo-oo is the net 

area under the time-plasma_ fluoride concentration curve (as cakulated using 

the trapezoidal rule) from the time of giving the dose until the plasma level 

returned to the control (pre-dose) value.· The "net" AUC means that the 

control plasma fluoride concentration was subtracted from each plasma 

concentration after dose. The plasma levels did not, in fact, return to the 



control levels within the 4-hour experimental period 
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so. the 

monoexponential elimination curve. was extrapolated forward in time until 

the control level was reached. "F Excreted" is the amount of fluoride excreted 

in the urine during the 4-hour collection period. AUCt-t' is the total area 

under the time-plasma fluoride concentration curve from the time of giving 

the dose to the end of the 4-hour urine collection period. The extrarenal 

clearance, CER, was calculated. as the difference between the plasma and 

renal clearances. The units for GFR and the fluoride clearances of fluoride and 

calcium are volume/time. 

Experiment 3. 

The purpose of this experiment was to determine whether the acute 

administration of caffeine could cause the rapid mobilization of fluoride 

and/ or calcium from bone. 

Twelve female Sprague-Dawley rats with a body weight of 203 ± 2 g 

were assigned randomly to two groups of six rats. each. After anesthesia with 

pentobarbital and surgical ·preparation as described for the short-term 

.. experiment, one group was given caffeine (25mg/kg body weight) dissolved 

in 1.0 mL distilled water by gastric intubation. The other group of rats 

received 1.0 mL of. distilled water without caffeine· by gastric intubation. 

These solutions did not contain added fluoride. 

14c-inulin was administered to.each rat as a prime dose (1.5 µCi) and 

then infused ·continuously at· a rate sufficient to maintain a constant plasma 

level. Its renal clearance measured glomerular filtration rate (GFR). Carotid 

artery blood samples (0.5 mL each) were collected at 0, 60, 120 and 180 min 

after the intragastric doses. Timed urine samples were collected hourly. 
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The plasma and urine samples were analyzed for fluoride, calcium and 
• • ' I 

' ~ - ' . . . 

. 14c-inulin. The renal clearances of 14C-inulin, fJuoride and calcium were 

calculated using the·, following equation: (ud.~ary flow rate)• (urinary 

concentration) /(plasma concentration). The fra~tional renal clearances of 

fluoride and cal~iU111,were calculated by dividing the clearances of the ions by 

the GFR. · 

Experiment 4. 

The purpose of this experiment was to determine the effects of 

caffeine, coffee. and decaffeinated coffee on gastric acid secretion, gastric pH 

and the fluxes of water and fluoride across the gastric mucosa. 

Female Sprague Dawley rats (199 ± 2 g; n=20) were anesthetized with a 

cocktail that contained 15.63 mg of ketamine, 0.63 mg of acepromazine, and 

3.13 mg of rompun in each milliliter of solution. Through a midline 

abdominal incision, a polyethylene tube (PE 205) was introduced into the 

pyloric region of the stomach via an incision in the intestine approximately 4 

cm from the pylorus. The tube, which was cut as short as possible to 

minimize the "dead space", was connected to a 5-cc syringe. Before the 

experiment started, the stomach of each rat was gently flushed with a 5% 

mannitol solution at 38°C until the solution was free of debris. 

There were four · kinds of solutions used in this experiment: 5 % 

mannitol, caffeine, coffee and decaffeinated coffee. The caffeine and coffee 

solutions had the same caffeine concentration (600 mg/L). All solutions used 

in this study contained 0.10 mmol/L sodium fluoride and 14c-inulin at a 

concentration of 0.01 µCi/mL. Changes in the concentration of 14c-inulin 

were taken as indicators of net water movement and the fluoride absorption 

and acid secretion data were corrected accordingly. 
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In the pilot study for this experiment, three rats were used. The 

purpose of this pilot study was to determine if coffee· could increase gastric 

acid secretion and, if so, how long the effect would last. This information was 

needed to determine whether there would be a "carry..:over" effect of one 

solution which could influence the results obtained with the next solution. 

When the flushing solution became clear, 2.0 mL of the mannitol solution 

was placed into the stomach. Fifteen minutes later, the solution in the 

stomach was drawn into the syringe and stored for analysis and replaced 

with a fresh 2.0 mL of mannitol. After the second control mannitol period, 

2.0 mL of the coffee solution was placed in the stomach for 15 minutes. After 

the second period with coffee, the stoniach was quick! y rinsed three times 

with the mannitol solution. The 5% mannitol solution was then used for 

eight more 15-minute periods· after exposure to coffee. Thus:, there were 

twelve periods in this pilot study: Ml, M2, C3, C4 (coffee), MS - M12 where M 

indicates mannitol and C indicates coffee .. 

In the main experiment with caffeine, there were seven 1.5-minute 

periods: two mannitol periods (Ml, M2), two caffeine periods (C3, C4) and 
. b 

three mannitol periods (MS, M6 and M7). The rat stomachs were quickly 

rinsed using the S% mannitol solution between the second coffee period (C4) 

and the following mannitol_ period (MS). In the separate experiment with 

coffee, the seven lS-minute periods were: Ml, M2, C3, C4, CS (coffee), M6 and 

M7. Three coffee periods were replaced by decaffeinated coffee in another 

separate experiment with decaffeinated coffee. All the samples were stored at 

4 °C for fluoride, 14C-inulin, pH and acid secretion determinations. Portions 

(1.0 mL) of all samples were titrated to the initial pH value of the appropriate 

-stock solution using NaOH. The quantity of gastric acid secreted was taken to 
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be equal to the amount of base required to perform the titration back to the 

initial pH. 

In this experiment, pH, acid ~ecretion, percentage acid secretion and 

fluxes of fluoride and water were determined. They were calculated as 

follows: 

Percentage H+ secretion= H+ secretion/average H+ secretion of Ml &M2 • 100; 

Final volume 

Water flux 

Fluoride flux 

Experiment 5. 

= (Initial volume) • (Initial [14C]/Final [14C]) 

= Final volume - Initial volume 

= (Initial [F] • initial volume) -(Final [F] • final volume) 

The purpose of this 6-week metabolic balance study was to determine 

the chronic effects of caffeine on the bioavailability, balance and tissue levels 

of fluoride, calcium and phosphorus, and on the quality of the skeleton and 

teeth. 

Forty weanling female Sprague Dawley rats were housed in pairs in 

plastic metabolism cages and allowed free access to deionized drinking water 

and a low-fluoride (< 1.0 ppm) AIN76A diet for six weeks. There were five 

groups of eight rats each as shown in the following table. 

Group 

1 

2 

3 

4 

5 

Daily Fluoride Dose 

(mg/kg) 

0 

0.8 

0.8 

0.8 

0.8 

Daily Caffeine Dose 

(mg/kg) 

25 

0 

3 

25 

100 
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The 0.8 mg/kg/day fluoride dose was used because it has been shown to 

cause mild fluorosis of rat incisor enamel (Angmar-Mansson and Whitford, 

1984). Therefore it was expected that the incisors of some rats in group 2 

would have dental fluorosis. If caffeine promoted the gastrointestinal 

absorption and/ or uptake of fluoride by calcified tissues, including the teeth, 

then dental fluorosis in groups 3, 4 and 5 would be more severe and more 

prevalent. Group 1, which received no fluoride except that in the low: 

fluoride diet, served as the control group for the possible effects of caffeine 

per se on the quality of the enamel and the other variables that were 

measured. 

The daily fluoride and caffeine doses were delivered in the drinking 

water. The body weights and the 48-hour food and water intakes by the rats 

were determined twice each week. Based on the most recent water intake data, 

the sodium fluoride and caffeine concentrations in the drinking water were 

adjusted each week in order to insure that the correct doses were being 

ingested by each group. 48-hour collections of urine and feces were made so 

that bioavailabilities and balances of fluoride, calcium and phosphorus could 

be determined. Fresh food and water were provided and the cages were 

cleaned three times each week. 

The 48-hour absorptions and balances of these ions were calculated as 

follows: 

absorption= amount ingested - amount excreted in feces; 

fractional absorption= amount absorbed/amount ingested; 

balance= amount ingested - amount excreted in urine and feces; 

fractional retention = balance/ amount ingested. 

At the end of the study, the rats were anesthetized with diethyl ether 

and a blood sample was collected from the abdominal aorta for the 
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determination of plasma fluoride, calcium and phosphorus levels. A tibia, 

the femur distal epiphyses and the mandibular incisors were removed and 

cleaned of soft tissues. The incisors were examined for dental fluorosis using 

a dissecting microscope. Mildly fluorbsed -incisors have alternating 

horizontal bands of pigmented and non-pigmented enamel. Enamel from 

1.5-2.0 mm on either side of the transitional bo11:ndary of one incisor was 

removed using a scalpel blade. The enamel and bone samples were dried to 

constant weight at 100 ± 5°C. The bones were ashed overnight in porcelain 

crucibles at 550 ± 10°C and the percent ash was determined. The ashed bone 

samples were crushed into a fine powder. The individual ashed bone and 

dried enamel samples were analyzed for fluoride and phosphorus. The other 

mandibular incisor from each rat was placed in 10% buffered formalin and 

sent to Professor Angmar-Mansson, Karolinska In~titute, Huddinge, Sweden, 

for microradiographic analysis. This technique is the standard for 

determining the density of dental enamel qualitatively. The bone mineral 

content of the mid-shaft tibiae was quantitated with the bones immersed in 

water using single beam photon absorptiometry (Norlan~ Bone 

Densitometer, Model 2780, Fort Atkinson, WI) with the threshold set at 90%. 

Each bone was scanned six times and the average value was calculated. The 

basic technique has been described by Hagaman et al. (1985). 

The 48-hour fecal samples were homogenized (Brinkmann Polytron, 

westbury, NY) in known volumes of deionized water. Urinary fluoride 

concentrations, fluoride in food, homogenized feces, plasma, bone and 

enamel were determined. Portions of the acid digests were analyzed for 

calcium and phosphorus. 



RESULTS 

Experiment 1. 

In the first experiment, the time ccmrse ·· plasma fluoride concentrations . 

oi the coffee group te~ded to.be slightly higher than those of the water group 

during the first two ·hours. (Tablel-1). There were, however, no significant 

differences in the plasma fluoride levels of the two groups at any time point 

except at20_ minutes. The 2-hour AUC_,was 17-% ~igher and the 4-hour AUC 
. . - ; ' ' . ·.· 

was 15% higher in the coffee group. Most of these differences were due to the. 

slightly higher plasma levels that occurred early in the study. The 4-hour 

AUC of the two groups, however, were not statistically different (Table 1-1). 

29 
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Table 1-1. 

The time courses of plasma fluoride concentrations and cumulative areas 

under the time-plasma concentration curves (AUC) of water and coffee 

groups of awake rats. 

[F]p AUC 

Water Coffee Water Coffee 

20 min 97.9a 116.6b 16.3a 19.3b 

±4.9 ±7.0 ±0.8 ±1.2 

40 min 100.7a 109.8a 49.6a 57.4a 

±5.8 ±7.7 ±1.8 ±3.4 

60 min 85.3a 99.la 80.5a 92.oa 

±5.2 ±S.6· ±3.1 ±5.3 

·go min 62.4a 76.4a .. ,. 117.4a. 135.8a 

±4.5 ±5.7 ±5.3 ±7.3 

120 min 47_7a· 60.2a 145.oa 170.lb 

±4.0 ±5.5 ±7.2 ±9.0 

180 min 28.8a ·29.8a 183.2a 215.1a 

±3.6 ±2.3 ±10.0 ·±11.6 

240 min 22.4a 19.la 208.8a 239.6a 

+2.8 ±1.7 +12.3 ±12.7 

Data are expressed as mean± SE. 

Values of [F]p or AUC in the same row with a common superscript letter are 

not significantly different. 

Units: [F]p, µmol/L; AUC,._µmol. h. L-1 
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Experiment 2. 

The results of the 4-hour pharmacokinetic study are shown in Tables 

2-1, 2-2, 2-3 and 2-4. During the first hour, the plasma fluoride levels of the 

coffee group were slightly-. higher than those of the other groups but the 

differences generally did not reach statistical significance (Table 2-1). The 

caffeine group, however, had the lowest plasma levels throughout the study. 

The only significant difference occurred in the 30-minute samples where the 

coffee and control groups were higher than the caffeine group. 

Table 2-2 shows the areas under the time-plasma fluoride 

concentration curves during the first four hours when the urine was collected 

and also until the plasma levels reach;d the control or pre-dose values. The 

coffee group had highest AUC values and caffeine group had the lowest 

values. There were, however, no statistically significant differences among 

the groups for either variable. 

Table 2-3 shows the GFR, plasma, renal, extrarenal and fractional renal 

clearances of fluoride. There were no significant differences among the four 

groups for any of these variables. The average plasma clearances ranged from 

2.9 to 3.4 mL/min, the renal clearances ranged from D.57 to 0.74 mL/min and 

the extrarenal clearances ranged from 2.3 to 2.7 mL/min. The values of GFR 

ranged from 1.4 to 1.7 mL/min. The coffee group had the lowest glomerular 

filtration rate and the caffeine group the highest glomerular filtration rate but 

the differences were not significant. The values for the fractional renal 

fluoride clearances were clustered closely around 0.40. The urinary pH did not 

differ among the groups (Table 2-3). 

Table 2-4 shows renal and fractional renal clea.rances and urinary 

excretion of calci~m in the ·4-hour pharmacokinetic study. There were no 

significant differences among the four groups for any of these variables. The 
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average renal clearance ranged from 2.22 to 3.15 µL/min. The values for the 

fractional renal clearance ranged from 0.0014 to 0.0020. The urinary calcium 

excretion ranged from 45.67 µg/ 4h in the decaffeinated coffee group to 63.82 

µg/4h in the caffeine group. 

In order to determine whether the rat gastric mucosa was injured by 

exposure to fluoride at 52 mmol/L, some of the rat stomachs were removed 

at the end of 4-hour pharmacokinetic study. Upon gross examination. the 

mucosa of each stomach looked normal. However, the random sections of 

glandular or nor-glandular mucosa were processed for light microscopy c}.nd 

stained with hematoxylin and eosin (H & E) for cell morphology and periodic 

acid Schiff (PAS) for mucus-containing cells. The tissues were prepared and _ 

evaluated by Dr. Robert Garman. The tissues which were exposed to fluoride 

showed minimal to mild multifocal gastritis (mixed inflammatory cell 

infiltrates present within the submucosa). This represents a common lesion 

in the rat stomach which most typically is present at the junction between the 

non-glandular and glandular portions. The sections from the rats without 

fluoride exposure were free of significant histomorphologic change. The 

results from the PAS-stained tissues showed mild, diffuse superficial mucosa 

staining (i.e., of the surface mucosal cells and mucous neck cells). Two tissues 

showed slight differences in degree of PAS staining which was considered to 

be indicative of a handling artifact. Dr.· Garman concluded that no definitive 

microscopic differences attributable to fluoride exposure were found. 
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Table 2-1. 

The time courses of plasma fluoride concentrations of the water, coffee, 

caffeine and decaffeinated coffee groups in the four-hour pharmacokinetic 

study. 

Grou12 

Water Coffee Caffeine D.coffee 

(n=12) (n=9) (n=14) (n=10) 

15 min 118.oa 128.oa 104.7a 111.oa 

±5.7 ±10.8 ±5.1 ±6.6 

30 min 129.8a 139.7a 108.4b 115.9a,b 

±6.7 ±9.6 ±6.0 ±9.9 

60 min 103.4a 113.9a 87.4a 98.9a 

±6.5 ±7.1 ±5.7 ±8.4 

90 min 73.6a 77.2a · 65.4a · 69.oa 

±6.1 ±5.5 - ±3.5 ±5.3 

120 min 60.1a 60.9a 50.6a 52.7a 

±6.1 ±4.7 ±2.8 ±3.6 

180 min 35.la 39.oa 33.9a 35.9a 

±3.9 ±3.6 ±2A ±2.6 

240 min 27.9a 29.oa 25.4a 27.8a 

±4.1 ±3.5 ±1.5 ±2.2 

Data are expressed mean ± SE . 

Values in the same row sharing a common superscript letter are not 

significantly different. 

Units: µmol/L. 
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Table2-2 .. 

The cumulative areas under the time..:plasma fluoride concentration curves 

(AUC) of the water,. coffee, caffeine and decaffeinated coffee groups in the 

four-hour pharmacokinetic study. 

Grou;i2 

Water Coffee Caffeine D.coffee 
(n=12) (n=9) (n=14) (n=l0) 

AUC·o-4hr 15653.6a 16745.6a 13635.3a 14681.la 

±1044.7 ±943~0 ±566.6 ±802.1 

AUC o-oo 17654.la 19293.7a 15618.9a 16987.5a 

±1513.0 · ±1378.2 ±786.5 ±1037.7 

Data expressed mean ± SE. · 

Values in the same row with a common superscript letter are not significantly 

different. 

Units: µmol .min .L-1._ 
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Table 2-3. 

The glomerular filtration rate (GFR), the plasma, renal, extrarenal (or 

skeletal) and fractional renal clearances of fluoride and urinary pH of the 

water, coffee, caffeine and decaffeinated coffee groups in the four-hour 

pharmacokinetic study. 

Grou;12 

Water Coffee Caffeine D.Coffee 

(n=12) (n=9) (n=14) (n=l0) 

GFR(mL/min) 1.68a 1.40a 1.71a 1.65a 

±0.12 ±0.13 ±0.07 ±0.08 

Cp (mL/min) 3.26a 2.86a 3.42a 3.19a 

±0.30 ±0.20 ±0.20 ±0;25 

CR (mL/min) 0.63a 0.57a 0.74a 0.63a 

±o.05a ±0.08 ±0.05 · ±0.04 

CER(mL/min) 2.63a 2.30a 2.69a 2.56a 

±0.28 ±0.15 ±0.20 ±0.24 

0.-38a 0.39a 0.43a 0.38a 

±0.01 ±0.03 ±0.02 ±0.02 
. , 

Urinary pH 6~137a 6.010a 6.102a 6.039a 

±0.047 ±0.118 ±0.061 ±0.095 

Data expressed mean ± SE 

Values in the same row sharing a common superscript letter are not 

significantly different. 
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Table 2-4. 

Renal and fractional renal clearances and the urinary excretion of calcium in 

the water, coffee, caffeine and decaffeinated coffee groups in the four-hour 

pharmacokinetic study. 

CR (µL/min) 

Water 

(n=12) 

2.922a 

±0.414 

0.0018a 

±0.0003 

Excretion (µg / 4h) 58. 99a 

±8.48 

Data expr_essed mean ± SE 

Coffee 

(n=9) 

2.428a 

±0.197 

0.0020a 

±0.0004 

50.70a 

±4.20 

Group 

Caffeine D. Coffee 

(n=14) (n=10) 

3.148a 2.221a 

±0.393 ±0.201 

0.0019a 0.0014a 

±0.0003 ±0.0001 

63.82a 45.67a 

±7.74 ±2.85 

Values in the same row sharing a ·common superscript' letter are not 

significantly different._ 
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Experiment 3. 

Table 3-1 shows the time courses of endogenous plasma fluoride and 

calcium concentrations of the water and caffeine groups. The caffeine dose 

was 25 mg/kg body weight. During the three hours, the time courses of 

plasma fluoride concentrations in each group were relatively constant. The 

average fluoride levels over the 3-hour period were 0.757 µmol/L in the 

wafer group and 0.731 µmol/L in the caffeine group. The plasma calcium 

levels of caffeine group were slightly higher than those of the water group 

throughout the study, although they were not statistically different. 

The GFR of the caffeine group was slightly but not significantly higher 

than that of the water group (Table 3-2). The renal clearances of fluoride and 

calcium of the two groups were about 0.6 mL/min and 0.0015 mL/min, 

respectively. The average fractional renal clearances of fluoride and calcium 

of the two groups were about 0.38 and 0.0015, respectively. The amount of 

fluoride excreted during the three hours by the water group was slightly 

higher than that for the caffeine group while the amount of calcium excreted 

was slightly lower than that of the caffeine group. There were, however, no 

statistically significant differences for any of these variables. 
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Table 3-1. 

The time courses of endogenous plasma fluoride and calcium concentrations 

in the water and caffeine groups. 

[F]p [Ca]p 

Water Caffeine Water Caffeine 

0 hr 0.720a 0.751a 91.5oa 94.57a 

±0.024 ±0.059 ±4.555 ±1.859 

1 hr 0.736a 0.727a 84.25a 86.94a 

±0.033 ±0.061 ±2.71 ±3.92 

2 hr 0.769a 0.698a 80.573a 86.21sa 

±0.036 ±0.03d ±2.070 ±1.744 

3 hr 0.803a 0.747a 82_.007a 88.338a 

±0.041 ±0.029 ±1.280 ±3.205 

Data are expressed mean± SE (n = 12). Units: [F]p, µmol/L; [Ca]p, µg/mL. The 

caffeine dose was 25 mg/kg body weight. No additional fluoride was given to 

the rats. 

Values in the same row with a common superscript letter are not significantly 

different. 
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Table 3-2. 

The glomerular filtration rate (GFR), renal clearanc~- arid fractional renal 

clearance of fluoride and calcium,· and 3-hr fluoride and ·calcium urinary 

excretion in the water and caffeine groups . 

Water 

GFR (m~/min) 1.427a 

±0.172 

F: CR(mL/min) 0.562a 

±0.076 

0.393a 

±0.043 

F exc. (µmol/3 hr) 0.0855a 

±0.0041 

Ca: CR(mL/min) 0.0016a 

±0.00009 

0.0016a 

±0.0003 

Ca exc. (µg/3 hr) 29.677a 

±2.170 

. Group 

· Caffeine 

1.707a 

±0.124 

0.636a 

±0.092 

0.363a 

±0.028 

0.0789a 

±0.0093 

0.0013a 

±0.00013 

0.0013a 

±0.0001 

34.033a 

±2.171 

Data expressed mean± S~ (n = 12). No_ additional fluoride was given to the 

rats. 

Values in the same row with a common superscript letter are not significantly 

different. 
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Experi~ent 4. 

Table 4-1 shows the results of the pilot study. Coffee increased gastric 

acid secretion but to different degrees in the different rats. During the 15 .. 
. . . 

minute mannitol period after the second .coffee period (MS), the gastric acid 

secretion declined toward the control level. The gastric ·acid secretion of the 

last several mannitol periods, however, was much lower than that of first two 

control periods. For this reason, it was decid_ed that the coffee, caffeine and 

decaffeinated solutions would have to be tested in separate groups of rats and 

not serial~y in the same group of rats. 

Table 4~2 shows the effects of caffeine on gastric acid secretion, pH 

values and the fluxes of fluoride ana ·water. The averag~ acid secret~on rate 

during the caffeine periods was 37% higher than that of the control mannitol 

periods, but the-difference was not significant. The range for acid secretion 

in each period was large. The pH values during the caffeine periods declined 

slightly but not significantly. The pH of the mannitol stock solution was 6.59. 

The rates of fluoride flux showed little change during the study and averaged 

0.055 µmol/15 min. There were no significant differences in water flux during 

the study although the values tended to decrease with time. 

Table 4-3 shows the effect of coffee on gastric acid secretion, pH values; 

and the fluxes of water and fluoride. The average · acid secretion- rate in the 

coffee periods was two times higher than that of control mannitol periods. 

The standard errors were la-rge, however, so there were no statistically 

significant differences. However, there were significant differences in 

percentage add secretion, i.e., the first two coffee periods were higher than 

the control mannitol periods .(Ml&M2). The pH of-the coffee stock solu,tion 

was 4.89. The average pH values during the three coffee periods were 

significantly higher than that of control mannitol periods even though coffee 
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stimulated gastric acid secretion. There were no significant differences in 

fluoride flux during the study. The water fluxes during the three coffee 

periods were significantly lower than th_ose of.mannitol periods~ 

Table 4-4 shows the effect of decaffeinated coffee on gastric acid 
. . " ' . . -

secretion, pH values and the fluxes of fluoride and water. The acid secretion 

rate during the decaffeinated coffee periods w_~s higher than that of mannitol 

periods but the differences were rtot statistically significant. The pH of the 

decaffeinated coffee stock solution was 4.89. The pH values of the three 

decaffeinated coffee periods were- significantly· higher than those of the 

mannitol periods.·:The fluoride fluxes of the decaffeinated coffee periods were 

lower than those of mannitol periods ·but the differences were not significant. 

There were no significant difference in the water fluxes during the studyr 

Table 4-5 shows ~he results of a separate in vitro -study designed to 

determine the effects on pH of adding_ fixed amount of hydrochloric acid to 

1.00 mL volumes. of the mannitol, caffeine, coffee. and decaffeinated coffee 

solutions used. in this expe_riment. The initial pH values of. the mannitol and 

caffeine solution_s were nearly neutral while those of the coffee and 

decaffeinated coffee solutions were 4;89. When 3.188 µmol of acid were added 

to the solutions, the pH values of the mannitol and caffeine solutions fell to 

2.7 but those of the- coffee and decaffeinated coffee solutions fell only to ·4.6. 

Thus the latter solutions were c.apable of buffering the added acid. It was 

· found that approximately 5 additional µmol of acid were required to decrease 

the pH of these solutioris to the approximate values that were observed in the 

studies with rats. 

Table 4-6 shows data from the linear regression analysis of fl~oride flux 

(gastric ·absorption) as a function of gastric "fluid pH and gastric acid secretion 

in the studies __ with coffee, decaffeinated coffee and the solution of caffeine. 
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Th.e fluoride flux was strongly correlated with both pH .and gastric acid 

secretion rate in each of the three experiments. 

Figure 4-1 show: the simple linear regression relationship between the 

pH of gastric juice and fluoride movement across the gastric mucosa. The 

regression equation was: y = -0.12x + 0.086, r = 0.727 (p < 0.0001). This indicates 

that the fluoride flux ~as inversely· related to the pH of gastric juke. The 

fluoride flux decreased ·as the pH increased. 

Figure 4-2 show the _linear. regression relations_hip between the acid 

secretion rate and fluoride flux. The regression equation was: y = O.002x + 0.4, r 

= 0.550 (p < 0.0001). This indicates that the fluoride flux was directly related to 

_ acid secretion. Based on the values of r-square, however, ·this_ relationship 

was not as strong as that between pH and fluoride flux. 
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Table 4-1. 

Gastric acid secretion in the pilot study. 

Period Ratl Rat2 Rat3 

Ml 3.750 3.750 1.875 

M2 4.125 4.125 2.250 

~ C3 7.875 7.875 5.060 

C4 5.750 15.375 5.060 

MS 4.000 5.250. 3.187 

M6 3.000 2.250 1.500 

M7 2.250 2.250 1.625 

MB 2.200 3.375 2.000 

M9 0.750 3.750 1.200 

Ml0 0.375 3.750 1.000 

M11 0.375 2.250 0.850 

M12 0.750 2.250 0.750 

Units: µmole H+ /15 minute. 

M & C indicate the periods in which mannitol and coffee were used, 

respectively. 
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Table 4-2.· 
Effect of caffeine on gastric acid secretion, pH values and the fluxes of water 
and fluoride. 

PERIOD 

Ml&M2 C3 C4 Ms· M6 M7 

H + Secretion (µmol) 4.583a 6.187a 6.3s1a· S.62sa 5.461a 3.867a 

±0.875 ±1.446 ±2.005 ±1.477 ±2.083 ±l.211. 

(Range) (0.750, (2.250, (1.875, (1.875, (2.812, (0.938, 

9.000) 14.625) 19.500) 15.187) 19.875) 11.812) 

H+ Secretion,_ 100a 135.59a 140.18a 12s.2oa . 118.09a 82.03a 

% of Ml &M2 ±12.79 ±21.79 ±31.82 ±23.69 ±31.73 ±18.36 

(Range) (47.02, (62.75, (39.22, (45.65, (44.44, (44.44, 

152.95) 232.83) 310~44) 241.77) 316.41) 188.05) 

pH, gastric fluid 2.745a 2.sosa 2.530a 2~sooa 2.s13a 2.6s2a 

±0.230 ±0.163 ±0.100 ±0.098 ±0.077 ±0~193 

(Range) (1.59, (1.55, (2.22, (2.19, (2.30, . (2-.12 

4.40) 3.07) 3.02) 3.08) 2.90) 3.72) 

F flux (µmol) o.ossa o.os7a o.os4a 0.053cl o.ossa o~os1a 

±0.005 ±0.004 ±0.003 . ±0.003 ±0.002 ±0.003 

(Range) (0.034, (0.039, (0.044, (0.039, _(0;050, (0.044, 

0.975) 0.072) 0.064) 0.068) 0.071) 0.067) 

H2O flux (mL) . 0_.158a 0.142a 0.148a 0.126a o.12sa 0.102a 

±0.02(, ±0.021 ±0.044 - ±0.029 ±0.020 ±0.015 

:(Range) (0.053, .· (0.0_7~, (0~049, ·(0.307, (0.051, (0.060, 

0.273} 0.217} 0.441} 0.307} · 0.233}. 0.178} 
Data expressed as mean± SE (n=8). Vaiues in the same row.with a common 
superscript letter are not significantly different. M ·and C indicate- periods in 
which mannitol and. caffeine were used, respective~y. 
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Table 4-3. 

Effect of coffee on gastric acid secretion, pH values and the fluxes of fluoride 

and water. 

PERIOD 

-Ml &M2 C3 C4 cs . M6 M7 

H+ Secretion (µmol) 4.931a 8.812a 11.loda 6.825a 3.338a 1.312a 

±1.414 ±3.422 ±4.894 ±3.285 ±0.935 ±0.335 

(Range) (1.875, (3.188, (2A38, (1.875, (0.562, (0.188, 

11.812) 21.750) 29.812) 19.688) 6.375) 2.250) 

H + Secretion, 1ooa· 195.016b 224.771b 137.582a,b 84.070a 33.098a 

%ofM1&M2 ±6.815 ±47.087 ±60.558 ±37.551 ±31.888 ±11.844 

(Range) (61.540, .(50.551, (81.321, (39.562, (20.692, (6.897, 

138.466) 288.889) · 374.106) 247.051) 200~000) 72.727) 

pH, gastric fluid 2.536a 3.806b 3.746b 4.172b 3.508a,b 3.816b 

-±0.200 ±0.337 ±0.432 ±o.340 ±0.485 ±0.494 

(Range) (2.03, (2.58, (2.21, -(2.88, (2.50, (2.97 

3.33) 4.45) . 4.58) 4.73) 5.17) 5.65) 

p · flux (µmol) · 0.056a 0.049a o.os7a 0.044a 0.042a 0.039a 
.. 

±0.005 - ::!;:0.009 ±0.012 ±0.011 ±0.005 ±0.010 
.. . .. .. 

(Range) (0.040, (0.029, .. · -(0.031, (0.025, (0~029, (0.016, 

0.070) 0.082) · 0.091) 0.085) 0.058) 0.056) 

H2O flux (mL) 0.194a 0~039b 0.010b 0.021b 0.133a 0.158a 

±0.022 ±0.021 ±0.039 ±0.035 ±0.037 ±0.039 
·; : 

(Range) (0~098, (-0.016, (-0.090, (~0.056, (0.056, (0.068, 

0.230} 0.094} . 0.083} 0.145} _ 0.268} .0.282} 
Data expressed as mean ± SE (n=S). M and C · indicate periods in· which 
mannitol and coffee were used, respectively. Values in the same row with a 
common superscript letter are not significantly different. 
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Table 4-4. 

Effect of decaffeinated coffee on gastric add secretion, pH values and the fluxes 

of fluoride and water. 

PERIOD 

Ml&M2 D~C3. D.C4 D.C5 M6 M7 

H+ Secretion (µmol) 4.922a 7.969a - 6.328a 5.812a .. 5.578a 4.594a 

· ±2.183 ±2.508 ±1.717 ±1.173 ±1.778 ±l.235 

(Range) (2.250 (1.125, (1.312, (3.562, (2.438, . (1.500, 

13.312) 13.1_25) 8.812) 9.000) 10.688) - 7.500) 

% B +secretion 100a 179.509a 146.630a 160.491a 122.964a 106.544a 

±15.025 
',d.· 

±48.677 ±43.575 ±24~042 ±31.541 ±68.291 
i 

(Range) (53.610, (46.154, (5~.846, (39.176, (85.?'14, ,'· (61.538,. 

146.369) 370~407) ·274.101) 246.154) 192.308) 200.02) 

pH, gastric fluid_ 2.688.' 3.892b -4.117b 4.275b 2.485a 2~753a · 

±0.249 ±0.350 ±0.232 ±0.178 ±0.158 ±0.481 

(Range) -· (1.96, (3.28~ (3.77, (3.76, (2.08, (2.10 

-3.52) 4.89) 4.80) . 4.48) 2.85) 4.18) 

F ·flux .(µrtjol) o.o5oa- 0.039a - 0.036.a 0.032a 0.048a 0.051a 

±0.007 ±0.008 -.. ±0~006 ±0.004. -±0.005 ±0.010 

(Range) (0.035, (0.018, (0.020, (9.0?2, (0.039, (0.026, 
- ·-,·' 

0.071) ·.· - 0.052) 0.044) 0.039). 0.064) . 0.069) 
. ·. 

H2O flux (mL) . 0.174a ·o.161a 0.125a 0.120a 0.134a 0.135a 

±0.024 ±0.060 ±0.020 ±0.026 ±0.008 ±0.034 

(Range) (0.096, - (0.077, (0.069, (0.045, · (0.116, (0.066, 

0~263} - ·0.337} 0.162} 0.139} 0.1521 0.227) 
Data expressed• as -me·an ± SE (n~4). M and D.C . indicate -periods in which 
mannitol and decaffeinated coffee were used, respectively. Values .in the sam~ 
row with a common superscript letter are not significantly different. 

C 
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Table 4-5. 

The effects on pH of adding hydrochloric acid to solutions of mannitol, 

caffeine, coffee .and decaffeinated coffee. 

Solution 

Mannitol Caffeine Coffee D.coffee 

initial pH 6.42 6.59 4.89 4.89 

H+ added (µmol) 3.188 3.188 3.188 3.188 

pH 2.75 2.76 4.55 4.60 

2nd H+added(µmol) 0 0 5.437 4.687 

final pH 2.75 2.76 3.92 4.03 

AH+/ApH 0.869 0.832 8.89 9.16 
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Table 4-6. 

The linear regression of the gastric acid secretion or pH of gastric juice and 

fluoride fluxes in caffeine, coffee and decaffeinated coffee experiments, 

separately. 

Caffeine Coffee D.coffee 

pH and F flux: 

Slope -0.012 -0.013 -0.014 

Y intercept 0.085 0.086 -- 0.097 

R-value 0.589 0.827 0.778 

F-value 27.080 56.067 46.036 

P-value 0.0001 0.0001 0.0001 

H+ secretion and F flux: 

Slope 0.001 0.002 0.002 

Y intercept 0.051 0.097 0.032 

R-value 0.357 0.779 0.501 

F-value 7.437 46.270 8.370 

P-value 0.0087 0.0001 0.0078 

Sample size 53 32 28 



Figure 4-1. Fluoride flux through the rat gastric mucosa 
as a function of pH. 
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Regression equation: y = - 0.012x + 0.086 

R-value: r = 0.726 

R-square: r2 = 0.528 

F-test: f = 139.627 
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Figure 4-2. Fluoride flux through the rat gastric mucosa 
as a function of the rate of gastric acid secretion. 
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Experiment 5. 

During the six-week metabolic balance study, the average gains in body 

weight among the five groups did not differ with statistical significance. Table 

5-1 shows the average weekly body weights from November 4, 1991 to 

December 16, 1991. 

Table 5-2 shows the weekly water intake data for each group 

throughout the study. Group 5, the high-dose caffeine group, d~.ank the least 

amount of water. Water intake by the other groups was similar during the 

first five weeks. During the last week, Group 1 drank significantly more than 

the other groups while the high-caffeine group (5) drank significantlly less 

water than the other groups except group 2 (no caffeine). 

Table 5-3 shows the fluoride intake data for the groups whose drinking 

water contained fluoride. The target value was 0.8 mg/kg/ day. While there 

was some variation among the groups at each time point, the differences were 

-not significant except in the fourth week when the -fluoride intake for Group 5 

was lower than those of Groups 3 and 4. Further, no group consistently 

received larger or smaller amounts of fluoride. The overall average fluoride 

intakes ranged from 0.805 mg/kg/ day in Group 5 to 0.930 mg/kglday in group 

4, a difference of 15%. The average intake of fluoride with food in all groups, 

including group 1, was 0.06 mg/kg/ day. 

As indicated in Table 5-4, food intake and fecal output were similar 

among the groups. Group 1 consumed more water and· excreted more urine 

than the other groups while group 5 consumed _the least amount of water and 

excreted the least amount urine. 
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Table 5-5 shows the fluoride intake, absorption, excretion and balance 

data. Among the groups whose main source of fluoride was the drinking 

water, there were no statistically significant differences in total fluoride 

intake, absorption, urinary excretion, total excretion, balance or fractional 

retention. The fecal excretion of fluoride was signHicantly tower in Group 5. 

The fractional absorption of, fluoride was highest in Groups 4 and 5, the 

groups with the highest intake levels of caffeine. The range for fractional 

absorption among Groups 2-5, however, was smalf (85.3% to 89.9%) 

Tables 5-6 and 5-7 show the intake, absorption, excretion and balance 

data for ~alcium and phosphorus, re_spectively. There were no fluoride- or 

caffeine-related significant differences among the groups in the phosphorus 

data. The same was generally true for calcium except that the urinary 

excretion of calcium was lowest in Group 2, the group without caffeine 

exposure, and highest in Group 5, the group with the greatest caffeine 

exposure. The urinary calcium excretion in Group 5 was 81 % higher than that 

of Group 2. 

Table 5-8 shows the terminal plasma fluoride, calcium and phosphorus 

data. There were no significant differences among Groups 2, 3, 4 and 5 with 

respect to plasma fluoride levels and, as expected, all of these groups had 

higher values than Group 1. There were.no differences among the groups in 

the plasma calcium concentrations. Group 3 had a plasma phosphorus 

concentration that was significantly higher than that of the other groups. 
/ 

Table 5-9 shows the bone mineral content (BMC) of tibia, the percent 

ash, fluoride and phosphorus concentrations of femur epiphysis ash, and the 

fluoride and phosphorus concentrations of dry incisor enamel. The BMC of 

Group 5, the high-caffeine group, was significantly lower than that of the 

other groups. Similarly, the ash content of the femur epiphysis was lowest in 
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Group 5. There were no significant differences among the groups for calcified 

tissues levels of phosphorus or fluoride except that ·Group 1 had the lowest 

fluoride concentration. 

The results of the microradiographic analysis of the incisor teeth have 

not been received from Professor Angmar-Mansson. Before the teeth we!e 

sent to Sweden, however, they were examined using a dissecting microscope. 

With the exception of the Group 1 rats, almost all of the incisors showed 

evidence of mild or moderate dental fluorosis. The findings did not support 

the hypothesis that the frequency and severity of dental fluorosis is related to 

the level of caffeine in take. 
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Table 5-1. 

Body weights of the five groups of rats in the 6-week metabolic balance study. 

Group 

Date 1 2 3 4 5 

11/4/91 89 ± 0.6 84±0.6 79 ± 0.4 72 ± 0.5 69 ± 1.2 

11/8/91 117± 1.9 114 ± 1.7 108±2.2 101 ± 0.6 93 ± 1.5 

11/11/91 129 ±2.4 127±2.4 120 ±2.8 115 ± 1.1 107 ± 1.5 

11/15/91 141 ± 2.5 135 ±2.4 131 ± 3.4 128 ± 1.6 118 ±2.2 

11/18/91 149 ± 2.9 143 ±2.7 139 ±4.5 137±2.5 127 ± 2.1 

11/21/91 155 ± 2.5 151 ± 3.3 149±4.8 144±2.5 136 ±2.3 

11/25/91 170 ± 2.5 161 ± 4.1 159 ±5.6 156 ± 2.4 145 ± 2.1 

11/29/91 178 ±2.1 169 ± 3.9 169 ± 5.9 166 ±4.0 159 ±3.4 

12/2/91 188 ± 1.4 179 ± 4.4 178 ± 7.0 180 ±4.2 170 ±3.3 

12/6/91 196 ±3.4 186 ±4.0 185 ± 7.7 174± 10.2 175 ±3.5 

12/9/91 208 ± 4.4 194±5.5 193 ± 7.3 195 ± 5.2 184 ±3.8 

12/13/91 212 ± 2.9 198 ± 5.4 199 ± 7.7 205 ± 5.6 190 ±3.9 

12L16L91 216 + 3.0 205 +5.8 218 + 13.8 208+5.7 194 +4.5 

Data expressed as mean± SE (n=8/ group). 

Units: g. 
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Table 5-2. 

Water intakes by rats in the 6-week metabolic balance study. 

Group 

Date 1 2 3 4 5 

11/14 79±4a 69±6a 72±6a 72±4a 65±3a 

11/21 73±4a 71 ±6a 74±3a '73±7a 64±4a 

11/28 89±8a 83±4a 84±3a 89 ± 10a 73±8a 

12/5 87±3a 81 ±6a 89±6a 102 ± 15a 78 ± 19a 

12/12 101 ± 12a 83±7a .83±4a 94±6a 74±6a 

12/18 121 ± 9a 87±4b,c 98±7b 95±4b 72±4C 

Data expressed as mean ± SE. Values in the same row with a common 

superscript letter are not significantly different. 

Units: mL/48 hr/2 rats. 
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Table 5-3. 

Fluoride intake with drinking water in the 6-week metabolic balance study. 

Group 

Date 2 3 4 5 

11/14 0.743a 0.767a 0.812a 0.807a 

±0.045 ±0.043 ±0.031 ±0.019 

11/21 0.797a 0.842a 0.837a 0.756a 

±0.043 ±0.020 ±0.044 ±0.026 

11/28 0.902a 0.917a 0.991a 0.865a 

±0.031 ±0.041 ±0.077 ±0.061 

12/5 o.889a,b 0.971a 1.066a 0.726b 

±0.041 ±0.055 ±0.101 ±0.060. 

12/12 0.812a 0.756a 0.901a 0.777a 

±0.039 ±0.045 ±0.037 ±0.033 

12/18 0.885a 0.997a 0.974a 0.901a 

±0.025 ±0.086 ±0.021 ±0.025 

Data expressed as mean ± SE. Values in the same row with a common 

superscript letter are not significantly different. 

Units: mg/kg bw /24 hr /rat. 
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Table 5-4. 

Food and water intake, urine and fecal output in 6-week metabolic balance 

study. 

Group 

1 2 3 4 5 

Food intake (g) 57_5a 55.5a . 57.3a 58.6a 55.7a 

±1.3 ±1.2 ±1.2 ±1.4 ±1.5 

Water intake (mL) 91.7a 79.0b 83.5a,b 87.6a,b 68.BC 

±4.2 ±2.4 ±2.6 ±3.9 ±2.4 

Urine output (mL) 31.oa 26.4a 25.6a 24.9a,b 19.4b 

±2.9 ±2.4 ±1.9 ±2.1 ±1.3 

Fecal output, 4.09a 3.67a 4.17a 4.16a 3.83a 

dry weight (g) +0.3 +0.1 ±0.2 ±0.2 ±0.2 

Data are expressed as mean± SE (g or mL/48 hr/~ rats). 

Values in the same row with a common superscript letter are not significantly 

different. 
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Table 5-5. 

Total fluoride intake, absorption, fractional absorption, urinary, fecal and total 

excretion, fluoride balance and fractional retention. 

1 

Total intake (nm) 2597 

±60 

Absorption (nm) 2065 

±67 

Excretion, urine (nm) 647 

±61 

Excretion, feces (nm) 533 

±28 

Excretion, total (nm) 1179 

±69 

Balance (nm) 1418 

±105 

Fractional absorption 0.793a 

±0.012 

Fractional retention 0.538a 

+Q..033 

2 

32322a 

±1512 

27468a 

±1250 

3443a 

±367 

4854a 

±440 

8292a 

±668 

24024a 

±1140 

0.853b 

±0.010 

0.747b 

+0.013 

Group 

3 

33421a · 

±1816 

28961a 

±1646 

3940a 

±481 

446oa 

±323 

8399a 

±691 ~· 

25022a 

±1381 

0.866b 

±0.008 

0.752b 

+0.013 

Data expressed as mean± SE (nmol/48 hr/2 rats). 

4 

35339a 

±2133 

31176a 

±1967 

3284a 

±263. 

4164a 

±301 

744ga 

±506 

27892a 

±1833 

0.880b,c 

±0.007 

0.786b 

+0.011 

5 

28806a 

±1571 

26036a 

±1577 

3733a 

±369 

2795b 

±302 

6528a 

±474 

22303a 

±1960 

0.899C 

±0.012 

0.774b 

+0.014 

Values in the same row with a common superscript letter are not significantly 

different. Group 1 was excluded from several of the statistical comparisons 

because fluoride was available to this groups only in the l':)w-fluoride diet. 
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Table 5-6. 

Total intake, absorption, urinary, fecal and total excretion, fractional 

absorption, balance, and fractional retention of calcium in 6-week metabolic 

balance study. 

Total intake 

Absorption 

Excretion, urine 

Excretion, feces 

Excretion, total 

1 

260.47a 

±5.98 

168.33a 

±9.46 

7_95a 

±0.77 

93.o5a 

±10.62 

101.3a 

±10.8 

Balance 160.05a 

±9.52 

Fractional absorption 0.649a 

±0.037 

Fractional retention 0.617a 

±0.038 

2 

251.06a 

±5.61 

158.32a 

±9.19 

5.s6b 

±0.66 

93.57a 

±8.40 

99.3a 

±8.3 

152.58a 

±9.18 

0.628a 

±0.034 

0.605a 

+0.033 

Group 

3 

259.79a 

±5.52 

168.91a 

±8.96 

6.71a,b 

±0.63 

90.88a 

±8.12 

97.6a 

±8.3 

162.20a 

±9.01 

0.649a 

±0.031 

0.623a 

±0.032 

Data expressed as mean± SE (mg/ 48 hr /2 rats). 

4 

265.44a 

±6.32 

178.57a 

±10.64 

6.15a,b 

±0.76 

87.03a 

±9.31 

93.2a 

±9.3 

172.42a 

±10.42 

0.671a 

±0.036 

0.648a 

±0.036 

5 

252.19a 

±7.00 

170.74a 

±8.92 

1O~05c 

~0.62 

81.4a 

7.46 

91.5a 

±7.9 

160.70a 

±9.21 

0.677a 

±0.:029 

0.637a 

±0.031 

Values in the same row with a common superscript letter are not significantly 

different. 
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Table 5-7. 

Total ~ntake, absorption, urinary, fecal and total excretion, fractional 

absorption, balance, and fractional retention of phosphorus in the 6-week 

metabolic balance study. 

Total intake 

Absorption 

Excretion, urine 

Excretion, feces 

Excretion, total 

Balance 

1 

309.77a 

±7.11 

255.02a 

±8.00 

146.61a 

±30.50 

55.82a 

±4.95 

177.26a 

±18.42 

133.59a 

±17.49 

Fractional absorption 0.821 a 

±0.016 

Fractional retention 0.432a 

+0.056 

2 

298.58a 

±6.68 

225.38a 

±12.74 

96.49a 

±8.49 

74.19a 

±10.98 

165.25a 

±14.64 

134.32a 

±16.13 

0.751a 

±0.038 

0.443a 

+0.051 

Group 

3 

308.96a 

±6.56 

250.14a 

±7.37 

143.60a 

±35.60 

58.82a 

±4.58 

202.42a 

±36.41 

106.54a 

±34.68 

O.809a 

±0.015 

0.358a 

+0.103 

Data expressed as mean± SE (mg/ 48 hr /2 rats). 

4 

315.67a 

±7.52 

260.65a 

±8.36 

142.30a 

±34.13 

55.22a 

±4.37 

200.68a 

±36.38 

115.19a 

±35.59 

0.824a 

±0.015 

0.369a 

+0.115 

5 

299.92a 

±8.32 

246.27a 

±7.92 

127.18~ 

±15.13 

53.65a 

±3.96 

180.83a 

±16.97 

119.09a 

±16.68 

0.821a 

±0.013 

0.398a 

+0.054 

Values in the same row with a common superscript letter are not significantly 

different. 
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Table 5-8. 

The terminal plasma fluoride, calcium and phosphorus levels in the six.,.week 

metabolic balance study. 
' . 

Group 

1 2 3 4 5 

[F] (µmol/L) 0.204 2.849a 3.333a 3.426a 2.526a 

±0.005 ±0.339 ±0.485 ±0.446 ±0.236 

[Ca] (mg%) 10.47a 10.50a 10.36a· 10.06a 10.43a 

±0.135 ±0.239 ±0.342 ±0.327 ±0.253 

[P] (µg/mL) 78.10a 79.46a 90.S0b 82.17a 83.51a 

±2.99 +4.11 +2.45 +2.05 +1.73 

Data expressed as mean± SE (n=8 rats/group). 

Values in the same row with a common superscript letter are not significantly 

different. Group 1 was excluded from the statistical testing of plasma fluoride 

concentrations. 
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Table 5-9. 

The bone mineral content (BMC) of tibia, percentage ash fluoride,, and· 
\ 

phosphorus levels of femur distal epiphysis and fluoride and phosphorus 

levels of incisor transitional enamel in the 6-week metabolic balance study. 

Tibia BMC (g/cm) 

Epiphysis, femur : 

% ash 

[F] (ppm) 

[P] (gm%) 

Enamel: 

[F] (ppm) 

[P] (gm%) 

1 

0.039a 

±0.001 

57.69a 

±0.185 

136.47 

±3.22 

16.46a 

±0.273 

13.82 

,±3.11 

14.701a 

+0.72 

2 

0.038a 

±0.001 

58.38a 

±0.342 

731.02a 

±52.74 

16.59a 

±0.225 

77.34a 

±8.18 

14.025a 

+0.41 

Group 

3 

0.037a 

±0.001 

57.91a 

±0.334 

795.37a 

±41.56 

16.64a 

±0.401 

80.05a 

±6.28 

14.387a 

+0.41 

Data. expressed as mean± SE (n=8 rats/ group). 

4 

0.039a 

±0.001 

58.29a 

±0.329 

788.23a 

±22.48 

16.89a 

±0.123 

13.569a 

+0.80 

5 

0.035b 

±0.001 

56.Slb 

±0.361 

750.64a 

±23.39 

15.97a 

±0~175 

81.23a 

±4.82 

14.544a 

+1.86 

Values in the same row with a common superscript letter are not significantly 

different. Groups 1 was excluded from the ·statistical testing of femur and 

enamel fluoride concentrations. 



DISCUSSION 

Chan et al. (1988a, 1990a) reported that the intragastric administration 

of sodium fluoride in coffee resulted in significantly higher plasma levels 

than when the same amount of fluoride was given in water. The plasma 

levels and the 4-hour area under the time-plasma fluoride concentration 

curves (AUC) were almost twice as high in the coffee group. In a separate 

experiment with graded doses of caffeine in water, similar results- were 

obtained when the caffeine dose was less than 2.68 µmol/250 g body weight 

(Chan et al., 1990). When the dose was 2.68 or 5.36 µmol/250 g body weight, 

the plasma fluoride levels were lower for reasons that were not apparent but 

they still exceeded those of the water group by about 50%. The authors 

suggested that the effects were due to: (1) a caffeine-induced increase in gastric 

acid secretion which promoted the .formation of the highly· diffusible weak 

acid, HF; or (2) an increas·e in gastric mo.~ility and,_. secondarily, an increase in 

· · acid secretion. 

The first experiment of the--~urrent series was an attempt to repeat the 

.results of Chan et al. (1988a, 1990a). It was found that the average plasma 

fluoride levels of the coffee group were only 10"'.'15%. higher than those of the 

water group during- the first 'three hours .. Ho~ever, only the 20-minute 

plasma samples were significantly different between the water. and coffee 

groups. The 4-hour AUC was about ·15% higher in the coffee group. 

Compared with the report by Chan et al. (1988a, 1990a), the present results 

63 



64 

showed a considerably smaller effect of coffee on the plasma levels of 

fluoride. 

Another difference between the present findings and those of Chan et 
' ' 

al. (1988a, 1990a) occurred in magnitude of the. plasma fluoride levels. For 

reasons that are not apparent, the plasma fluoride levels of both the coffee 

and water groups in Experiments 1 and 2 were more than twice those reported 

by Chan et al. (1988a, 1990a) at the same time points. A_partial explanation for 

this is in the fluoride doses. The dose used in Experiments 1 an 2 was 4.9 

mg/kg body w~ight whereas their dose was 4.0 mg/kg but this relatively small 

difference dose not appear capable of explaining the large differences in the 

plasma fluoride levels. 

Experiment 2 was designed to determine the effects of various 

solutions with or without caffeine on the absorption of fluoride as judged by 

the time course of plasma fluoride concentrations. The plasma, renal and 

extrarenal clearances of fluoride, glomerular filtration rate, and the renal 

clearance of calcium were determined al~o. Because of the reported effects of 

caffeine, caffeinated or decaffeinated coffee on increasing gastric acid secretion 

and the inverse relationship between the pH of the stomach contents and 

gastric absorption rate of fluoride, we hypothesized that compared to the 

intragastric administration of fluoride in distilled water, the rate of fluoride 

absorption would be increased when it was administered in distilled water 

containing caffeine, coffee or decaffeinated coffee. The increased absorption 

rate was expected to result in earlier and higher peak plasma fluoride levels 

and higher AUC values. The results indicated that the plasma levels of the 

coffee group were slightly higher than those of the other groups during the 

first hour of the experiment (Table 2-1). However, the caffeine group had the 

lowest plasma levels throughout the study while the levels of the 
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decaffeinated coffee group were intermediate. This does not support the idea 

that the active agent, if there is one, is caffeine. The differences among the 

groups, in fact, were relatively small and generally not statistically significant. 

The only significant difference occurred in the 30-minute samples where the 

coffee and control groups were higher than the caffeine group. 

In agreement with plasma fluoride levels of each group, the coffee 

group had highest AUCQ-4h and AUCQ-oo values, and the caffeine group had 
J 

the lowest AUC values (Table 2-2). These differences, however, were not 

statistically significant. 

There were no statistically significant differences in GFR, or the plasma, 

renal and extrarenal clearances of 'fluoride in the 4-hour pharmacokinetic 

study (Table 2-3). This indicates that the test solutions had no significant 

effects on the handling of fluoride by kidneys and skeleton. It was found, 

however, that the coffee group had the lowest glomerular filtration rate and 

fluoride clearances which was consistent with· the higher plasma fluoride 

values in the group. Also, the caffeine group had the highest GFR and 

fluoride clearances which was consistent with the _lowest plasma fluoride 

values of the group. 

In Experiment 2, the 4-hour urinary calcium excretion, renal. and 

fractional renal clearances of calcium were not affected by the test solutions 

(Table 2-4). These findings were not in agreement with those of Massey et al. 
' ,' 

(1984), Yeh et al. (1986) or Whiting and Whitney (1987). This lack of 

agreement may have been.due to the fact.that the caffeine: dose· of the- present 

study was one tenth or less of those involved in the other studies. The 

fluoride concentration of control, coffee, caffeine and decaffeinated coffee 

solutions was 52 mmol/L which was also the concentration used by Chan et 

al. (1988a, 1990a). Based on the metabolic body weight, the 52 µmole of 
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fluoride given to each rat is equal to a dose of 2.8 mmole of fluoride per 70 

kg body weight in humans (Blaxter 1989). Osteoporosis patients are given 22-

110 mg NaF or 0.5-2.6 mmole of fluoride per day on fluoride therapy (Pak 

1989). Therefore, the fluoride dose used in this study was at the higher level 

of the usual therapeutic dose. 

There was some concern about using a fluoride concentration of 52 

mmol/L in this study because of published reports showing damage to the 

gastric mucosa. If this were to occur, then the absorption kinetics could be 

affected in some unpredictable way. Easmann et al. (1984) used 10 mmol/L 

sodium fluoride and found desquamation of surface mucosa epithelial cells 

while 50 mmol/L produced extensive damage to surface_ cells surrounding the 

gastric gland openings as well as interfoveolar cell loss in Sprague Dawley 

rats. Their solvent, however, was 0.1 N HCl which had a much lower pH and, 

therefore, more HF than the vehicles used in the present study. The 

pathologist's report indicated that only minor, non-definitive differences 

were found between the gastric mucosa specimens from the rats in 

Experiment 2 and specimens from untreated control rats that were used for 

comparative purposes. Thus, the minor effect of 52 mmol/L fluoride (at a pH 

well above the pKa for HF) on the structure of .the gastric mucosa probably 

had little effect on the results of Experiment 2. 

Experiment 3 was based on the hypothesis that the reported· increases 

in plasma fluoride levels associated with the administration of coffee or 

caffeine (Chan et al., 1988, 1990 a) were due to the rapid mobilization of 

fluoride from skeletal mineral into the circulating body fluids. This 

possibility was consistent with the results of the study of Massey and Wise 

(1984) who reported that caffeine ingestion by young adult volunteers 
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significantly increased the urinary excretion of calcium during the following 

three hours. 

In addition to measuring the time course of endogenous plasma 

fluoride concentrations for three hours after the administration- of a caffeine 

solution (25 mg caffeine/kg body weight), endogenous plasma calcium levels 

were also determined in Experiment 3. As shown in Table 3-1, there· were no 

statistically significant differences in the plasma fluoride or calcium levels of 

the control and caffeine group at any time point. It was also found in 

Experiment 3 (as in Experiment 2) that GFR and the renal handling of both 

fluoride and calcium did not differ between the two groups with statistical 

significance (Table 3-2). Based on these findings, the hypothesis described 

above was rejected. If, in fact, caffeine increases the urinary excretion of 

calcium (Massey and Wise, 1984; Table 3-2), the effect does not appear to be 

the resul_t of increased plasma calcium levels resulting from the r·apid 

mobilization of bone. It has been suggested that caffeine decreases the renal 

tubular reabsorption of calcium (Bergman et al., 1990). 

further, Yeh et al. (1986) and Berman et al. (1990) also found that the 

clearance of endogenous creatinine was not significantly affected by caffeine. 

Passmore et al. (1987) found no changes in effective renal blood flow after the 

administration of caffeine doses as high as 360 mg to human. 

The purpose of Experiment 4 was to determine the effects of caffeine, 

coffee and decaffeinated coffee on gastric acid secretion and pH in situ and to 

relate these variables to fluoride flux. 

Caffeine is known to inhibit phosphodiesterase which catalyzes the 

hydrolysis of cAMP. The subsequent accumulation of cAMP in gastric 

mucosa is thought to mediate gastric acid and pepsin secretion. However, 

some studies have shown that regular coffee and decaffeinate~ coffee are 
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more potent stimulators of gastric acid, pepsin and gastrin secretion than is 

. caffeine (Cohen and Booth, 1975; ,Feldman et. al., 1981). Evidently, some 

ingredient of coffee other than caffeine has a significant effect on gastric 

secretion. 

The initial pH of the control and caffeine solutions used in this 

experiment were nearly neutral while that of coffee and decaffeinated coffee 

was 4.98. Compounds present in• coffee and decaffeinated coffee consist of 

nonvolatile and volatile substances. Nonvolatile substances include caffeine 

(90 mg and 2.7 mg in 150 mL of coffee and decaffeinated coffee solution, 

respectively) and other purines, chlorogenic acid, other acids (e.g. quink, 

malic, citric, lactic, pyruvic, succinic and glycolic acids), trigonelline and , 

nicotinic acid, maillard reaction products and other classes of compounds 

including glycosides, peptides and lipids. Over one hundred volatile 

substances are found in coffee and decaffeinated coffee. Several of these 

compounds make coffee and decaffeinated coffee acidic and account for their 

buffering capacity. 

It was found that caffeine, coffee and decaffeinated coffee solutions 

stimulated gastric acid secretion but to different degrees (Table 4-2). Coffee 

seemed to be the strongest stimulator while the effects of caffeine and 

decaffeinated coffee were almost the same. Compared with the first two 

mannitol control periods, however, the increased hydrogen ion secretion 

rates among the three groups did not reach statistical significance. One of the 

• reasons for this was that the control levels .of gastric acid secreti.on among th_e 

rats varied widely. In order to partially compensate for this, the hydrogen ion 

secretion rates during the test periods were factored by the average rate of the 

first two control periods (Table 4-2). In the study with coffee, the percentage 

increase in the hydrogen ion secretion was significantly higher than that of 
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control periods. The percentage increases in hydrogen ion secr~tion with 

caffeine and decaffeinated coffee, though not as high as that caused by coffee 

and not statistically significant, were also higher than that of control periods. 

Comparing the rates of fluoride absorption from the rat stomachs, 

there were almost no differences between the control and caffeine periods 

(Table 4-2). Apparently, this was because the pH in the caffeine periods was 

only a little lower than that of mannitol periods. In the coffee and 

decaffeinated coffee experiments, though coffee and decaffeinated coffee 

increased hydrogen ion secretion, the pH values of the coffee and 

decaffeinated coffee solutions were higher than that of mannitol solutions 

which indicated that some of the hydrogen ions were buffered by coffee and 

decaffeinated coffee. Associated with these higher pH values in the coffee 

and decaffeinated coffee periods were reduced fluxes of fluoride. The linear 

regression of fluoride flux .as a function of the pH of the gastric juice indicated 

a strong negative correlation (Figure 4-1). As the pH of the gastric contents 

,decreased, the absorption of fluoride increased. This finding was consistent 

with the hypothesis advanced by Whitford and Pashley (1984) that fluoride is 

absorbed in the stomach as the undissociated molecule HF and that the 

absorption is pH dependent. 

The linear regression of the acid secretion rate and fluoride flux (Figure 

4-2) was also highly significant but not as strong as that of pH ·and fluoride 

flux. This weaker correlation was probably due to the fact that the free 

hydrogen ions secreted into the coffee and decaffeinated coffee solutions were 

partially buffered in some cases. 

The osmolality of the 5% inannitol solution was 290 mosm/kg while 

the osmolality of the coffee and decaffeinated coffee was around 60 and that 

of the caffeine solution was near 0. Paradoxically, the water fluxes were 
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significantly lower in the coffee periods than in mannitol periods (Table 4-3). 

This effect was not associated with the caffeine or decaffeinated coffee 

solutions~ Apparently coffee contains s~me factor(s) that slows the flux of 

water while promoting the secretion of hydrogen ions. 

In the six-week balance study, the gains in body weight, food intake and 

fecal output were not affected by caffeine or fluoride intake. The reason that 

the high-caffeine group drank less wat~r (Table 5-2) and produced less urine 

may have been the slightly bitter taste of the solution. 

Caffeine induced a mild diuresis in the short-term study with humans 

(Massy and Wise, 1984) as well as in rats given chronic subcutaneous 

injections of caffeine (Yeh, et al., 1986). However, Whiting and Whitney 

(1987) reported that urine output did. not differ among the rats with or 

without ~affeine given in the diet. In the present study, a caffeine-induced 

diuresis was not produced by caffeine given in drinking water (table 5-4). A 

possible reason for the lack of agreement between these studies is the different 

ways of giving. the -caffeine dose. 

The target value for the fluoride dose in the balance study was 0.8 

mg/kg/ day. The concentrations of fluoride in drinking water. of each group 

were adjusted twice per week based on the latest average body weight and 

water intake data. There was still some variation among the gr_oups at each 

time point but the differences were relatively small (Table 5-3, 5-5). Group 4 

(25 mg caffeine/kg body weight) had the highest fluoride intake (0.93 ·mg/kg 

body weight/day) while Group 5 (100 nig caffeine) had the lowest fluoride 

· intake (0.80 mg/kg body weight/day). The differences in total fluoride intake 

among the four groups whose main source of fluoride was the drinking 

water, however, were not significantly different. 
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The urinary excretion of fluoride was not statistically different among 

Groups 2-5 (Table 5-5). The fecal excretion of fluoride, however, was 

significantly lower in the high-.caffeine group. This was associated with a 

slightly higher fractional absorption of .fluoride in the high-caffeine group, 

although fluoride absorption 12.fil:. se was not statistically signifi~antly 

different from that of Groups 2, 3 or 4. The average values of fractional 

fluoride absorption in Group 2-5 were d,irectly proportional to the caffeine 

doses. This finding suggested that. caffeine increased fluoride absorption jn 

these growing rats. This is not certain, _however, because the fractional 

absorption of fluoride in Group 1 (25 mg/kg caffeine, no fluoride) was the 

lowest. The reason for this effect,. if it is ~eal, might be a caffeine-induced 

increase in gastric acid secretion that promoted fluoride absorption. However, 

the range in the fractional fluoride absorption was from 79% to 90% so the 

effect, although statistically significant, was small. Fluoride total excretion, 

balance and fractional retention were not significantly different among the 

groups given fluoride with water. 

In summary, the results from the 6-week metabolic balance study 

indicated that caffeine intake did not significantly.influence urinary or total 

fluoride excretion nor the balance or fractional retention of fluoride. 

The calcium balance results showed that the non-caffeine group 

(Group 2) had the lowest urinary calcium excretion while the high-caffeine 

group had the highest urinary calcium excretion (Table 5-6)~ · The increased 

output of calcium was mainly due to significantly increased urinary calcium 

concentration. It has been hypothesized that caffeine-induced urinary loss of 

calcium is largely attributable to a reduction in calcium renal reabsorption, 

although the physiological mechanism and tubular segment affected .remain 

to be identified (Bergman et al., 1990). The fecal excretion of calcium in the 
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present study was lowest in the high-caffeine group which might suggest that 
\ 

high caffeine intake increased urinary calcium excretion with a compensatory 

increase in intestinal · fractional calcium absorption. Such an effect was 

reported by Yeh et al. (1986a). They suggested that the intestinal absorption of 

calcium was stimulated by an increase in 1,25 (OHh D production after 

chronic administration of caffeine. The doses of caffeine used in the present 

experiment were 3 mg, 25 mg and 100 mg/kg body weight which were 

equivalent to 40 mg, 340 mg and 1360 mg/70 kg0-75, respectively, in humans, 

when the conversion was based on the metabolic body weight (kg0·75) (Kleiber, 

1961). If the average caffeine content in coffee is 85 mg/ cup, these doses are 

equal to the consumption of a half, four and 16 cups of coffee, respectively, 

each day. Even with the administration of the equivalent of 16 cups of coffee a 

day to the rat, the absorption, fractional absorption, balance and fractional 

retention of calcium did not differ from that of the non-caffeine group. 

Similarly, phosphorus absorption, excretion, balance, fractional absorption 

and fractional retention were not effected by the administration of caffeine at 

these three doses (Table 5-7). 

Although, the high caffeine dose resulted in a higher urinary calcium 

excretion, the plasma calcium concentrations were statistically identical 

among all groups (Table 5-8). This might have resulted from the feedback 

regulation by PTH or 1, 25 (OH)2 D. It was reported that caffeine increased 

serum PTH and 1, 25 (OH)2 D levels in the growing rats after chronic caffeine 

subcutaneous administration (Yeh et al., 1986b). However, Glajchen et al. 

(1988) reported serum PTH was not changed after chronic oral administration 

of high-dose caffeine. Whether or not there are different effects between oral 

and injected caffeine in similar dosages remains unanswered .. The reason why 
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the plasma phosphorus concentration in Group. 3 was significantly higher 

than in the other four groups was not apparent. 

The fluoride concentrations in the terminal plasma samples of the four 

groups that received fluoride in drinking water did not differ with statistical 

significance (Table 5-8). They were, however, directly related to fluoride 

intake and balance (compare tables 5-5 and 5-8)
7 

Dental fluorosis is a disorder of enamel mineralization that occurs 

during the formation and development of the teeth. The results of the 

dissecting microscope examination of the incisor. teeth showed evidence of 

mild to moderate dental fluorosis among the four groups which received 

fluoride in drinking water. The frequency and severity of fluorosis in the four 

groups were almost the same. Thus no evidence was found which indicated 

that high caffeine intake increases the frequency or severity of dental 

fluorosis. The plasma fluoride levels of these four groups ranged from 2.5 to 

3.4 µmol/L which was consistent with the finding that relatively constant 

plasma fluoride levels, which averaged 3.3 µmol/L, were associated with 

disturbances in enamel mineralization as determined by microradiography 

(Angmar-Mansson and Whitford, 1982). 

In agreement with the fluoride balance data, the fluoride 

concentrations in the femur epiphyses and developing enamel were not 

significantly different among the four groups that received fluoride in the 

drinking water (Table 5-9). 

Some investigators have demonstrated that caffeine intake is associated 

with increased excretion of calcium and other minerals in both rats (Yeh et 

al., 1986) and humans (Massey et al., 1984; Bergman et al., 1990). It was also 

reported that caffeine decreases bone mineral content of newborn rats after 

maternal caffeine intake (Naramoto et al.,1989; Valdes et al, 1990). Further, 
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caffeine has been implicated as a risk factor for osteoporosis (Kiel et al., 1990) 

although other investigators have rejected this association. (Daniell 1976; 

Glajchen et al., 1988). The present results (Table 5-9) indicate that the bone 

mineral content of tibias and the percentage of ash in the femur distal 

epiphyses were significantly lower in the highest caffefne group. These effects, 

taken together with the increased urinary calcium excretion, are consistent 

with the hypothesis that chronic high caffeine intake may be a risk factor for 

osteoporosis at least in the rat. 



SUMMARY 

The influence of caffeine, coffee and decaffeinated coffee on fluoride 

metabolism and related variables in rats has been studied systematically. In 

the first 4-hour study, fluoride was administered intragastrically in water or 

coffee to awake rats. The plasma fluoride levels were slightly higher (ca 15%) 

in the group that received coffee but, except for the data obtained at 20 

minutes after the dose, the differences between the group means were not 

statistically significant. In the 4-hour pharmacokinetic study with 

anesthetized rats, plasma fluoride levels were not affected by the intragastric 

administration of fluoride in coffee, decaffeinated coffee or a caffeine solution. 

Similarly,. the renal and skeletal handling of fluoride and the renal handling 

of calcium were unaffected by the vehicle. 

The possibility that caffeine can elevate endogenous plasma fluoride 

and calcium levels by the rapid mobilization of bone mineral was tested. A 

moderate dose of caffeine (equal to four cups of coffee consumed by an adult 

human) was administered intragastrically. There were no significant changes 

.in plasma fluoride or calcium levels during the next three hours. 

In situ studies were conducted to determine the effects of coffee, 

decaffeinated coffee and caffeine on gastric acid secretion and pH and t,o relate 

these effects to the absorption of fluoride from the stomach. Compared with 

the acid secretion rate during the control periods using mannitol, acid 

secretion was stimulated by each solution but to a statistically significant 

degree only by coffee. Coffee and decaffeinated coffee, however, partially 

75 
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buffered the secreted acid so that the pH drop was attenuated and the fluoride 

flux became lower than it was in the control periods. The rate of fluoride 

absorption from the stomach was strongly correlated with both gastric acid 

secretion and pH. 

The results of a six-week metabolic balance study indicated that graded 

doses of caffeine had no statistically significant effects on the absorption or -, 
balance of fluoride, calcium or phosphorus. The urinary excretion of calcium, 

however, was positively related to the level of caffeine intake. There were no 

caffeine-related effects on the terminal plasma levels of these ions. Femur 

epiphysis and enamel concentrations of fluoride and phosphorus and the 

prevalence and severity of dental fluorosis were n·ot ~ffected by the level of 

caffeine intake. It was found, however, that the highest dose of caffeine (100 

mg/kg/ day} was associated with a reduction in the mineral conten~ of tibia 

and in the ash content of femur epiphysis. These. latter findings were 

consistent with the hypothesis that high caffeine intake is a risk factor for 

osteoporosis. 

Based on the results of these acute and chronic studies, it was 

concluded that the major metabolic characteristics of fluoride,. calcium and 

phosphorus are not affected, or only slightly affected, by exposure to coffee, 

decaffeinated coffee or solutions of caffeine. 
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