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l ABSTRACT 

III arder to test the hypotheses: (1) that the d tgeSllVt' 

absurptiun of fluor.ide (F) 18 affecled by the presence of c.tlumillllln 

(Al), aml (2) that the distnbution ur F absorbed amollg orgcllls/l.lSR1WS 

18 a[[ec Led by Al, 

rHndumly ùjvldp(j mlo 6 groups of 6, élull g.lvell or"al (luses liai ly [or 30 

ùays aceurùim~ Lu th~ (Ollowlllg scheme: (1) ùelml!z(Jll Wall!t otlly. (2) 

30 mg/kg F -, (3):24 mg/kg F-. (4) 24 mg/kg AI h. (5) 30 mg/kg, F- • 'lI. 

mg/kg A Il''' , (6) 24 mg/kg F- t 24 mg/kg AIl". Excreta was eol h!cl ed 

every 2411Otll"S uetweell dosing. Femurae, kldlleys. hearls, alirru!lIlary 

canals, s)<elelal muscle, ami l.ivet"s were uultuued from aIl IlJnJs al 

Lhe end uf expenmenl. AlI srJm}Jles were allaI yzed fur F, AI, t oUtl 

phosphate (P) and calcium (Ca). F ex,! re t iOB was :ügn 1 (lcanl. t y h l~he r 

in blrdl:i glven JO mg/kg F- + 2l, mg/kg A1 3 
.... lhan ln thf'ir- C()lllllt~rpilrt::; 

wh"leh received U1f~ SJ.!l\~ amllUlll of I~llher li' ur 1\1 tllUlll! (p<O.()IJ), 

ExcreLllHI uf Al was alsu elevaled lUdll grnups (exC!ept tlHJ!.·H! ollly 

ûveu waLer) (rom Lhe level uf excreL iun herme the l'xp,~r-irnfJnl 

cumffienced (p<O.05), deslHLe the facl that 2 groups out of Ihu!';l! '> 

recelved F unIy, P and Ca cuntenLs uf excreta wp.re Ilot dlïr~cl(!d by 

Lhe urai dose. F COH11~T11s ln fHmurae frclTtl grouJls lecelvin!; holl! f' alltl 

Al were siglliflcanLly luwer (!ulllpared to Lhose levels in lhuse birtls 

which were givell F oIlly (p<O .05), Significi.llllly IIIure Al was ruund in 

kldneys [rom the group rece~vlng 30 mg/kg F- + 24 mg/kg AJ H thau in 

those groups givèTl 011] y 1 of lh(~ 2 ICHIS (p<O .05) • fnte rad j OflS worf! 

demons traled belween F and. Al Wl th respect lu llssue absorl'L lun anel 

distr Ibution. and they apppared tu correspond tu the dusage 01 F. 
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( RESUME 

Mill de vétjj iet nlls tJyplJlllèbes se]on lesquelles: (1) la présence 

d'a II/nu nlum (A 1 ) dans le sys lème ùiges lJ r modH le l' abso rpLion du 

fJljor (F') ~l, (2) l'Al affecte la dJ.stuhuUul1 du F absorbé par les 

tJ~jSlJS el les orgmll!s. )6 (:récl~rel1es d'Amérique (Falco s,Parverius) 

oul fHf~ aSHJgnéf;?8 au hasard à 6 groupes de 6 Ulseaux qui ont reçu ùes 

doses orales ljuulidjennes pendant 30 jours, selon le protucole 

:"U1Viilll: (1) cau déjurtlsée seulemenL, (2) )0 mg/kg de F-. (3) 24 mg/kg 

de F-. (4) 2/, mg/kg d'Al·l-t, (5) 30 mg/kg de F- + 24 mg/kg ù'Ap .... (6) 

2t, mg/kg de F- + 2/, mg/kg d'Al 3 
..... Entr'e chaque scéance ùe lraHemenl, 

,~ 1 , 
les excrt!ta élalellL ramassés toules les 24 hemes. A la fin de 

l '11:\pé r Jf.~ lice. 1 es fémurs, les rCJ.IIS, les cueurs. les CétnétllX 

idJIflf!IILalres, Je muscle squelelL14ue el les [oies de lous les oiseaux 

0111 pll~ prélevf!s. LI! C(Jnll!lIU en F, Al. phusphate tutal (P) et. calcium 

(Cn) ri ,:, lé lIIesu r é d'lUS LlJUS les échall tillons. Les oiseaux qui out 

re~'lI 30 mg/kg tle r- + 24 mg/kg d'Al:l'" excrétajenl slgnificélUvemeul 

plu:; de F qlle ceux lila uul élé trallés avec la même duse de F et d'Al 

étdmillislrés sf~parél1lelll (p<0.05). Même si 2 gruupes cl' oiseaux sur 5 

onl 1 e~'\1 :-;f!Ulemelll du F. tous les groupes ù' oiseaux excrétaiellL plus 

d'AI Clm! pellùmll 1. .. période pré-traitement (po:::O.05), à l'exception des 

OISt'f1UX lémollls traItés à l'erlu déionlsée seulement. Les doses orales 

Il' Dlll llas chdngé les cOlltenus ell P et Cà des excréta. Dans ] es 

g rOllpc~ t l d il és au Ji' et à l'Al sinllli tanémenl. les fémurs contenalent 

slgnirJcalJvemflut lIIolns de F 4ue ceux des groupes traités au F 

l->mlll'llI~!lIl (p,,0.05). Les reins des njseaux lraités avec 30 mg/kg de F-

.. 24 mg/kg d'A p+ l'unlewuenl slgnH lcatlvement plUS dl Al que ceux des 
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groupes traités avec l'Ull des 2 ions seu]eme1lt (p<0.05). Tl el-il c:1air 

qu'il exu;le un sYllergisffiP entre le fi' el l'Al lurs de l 'absorplioll t't 

de la distnbutioll de CPS ÎUIIS dalls lps t issus et les orgdlles. el 11 

semble être ft' 1.ié .1 1 a dusf' ùe F. 
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PREFACE 

This thesis deals with the absorption ard excretion of fluoride 

under the influence of aluminum in the body of the American kestrel 

(Falco sparverius). The first chapter of the thesis is a collection 

of the findings of most of the research that has been done on fluoride 

and aluminum on various organisms, with regards to their effects on 

various body functions, as weil as their chemical properties. 

Unfortunately, the combined action of fluoride and aluminum has been 

studied by few scientists, and their findings have been included in 

this literature review to the best of my knowledge. The scientific 

names of certain animaIs in the studies cited, e.g. albino rats, mice 

and rabbits, were not supplied by the original authors, and so they 

have been omitted from the text and tables of this thesis. 

The second chapter of the thesis deals with the experiment 

conducted during the period 1988-1990 to test the synergism between 

fluoride and aluminurn on the absorption and eliminat.ion of these ions 

from the body of the American kestrel. There is a brief review of the 

background literature upon which the rationale of t.he experiment was 

developed, the methodology, results and discussions, and a conclusion 

based on the firldj ngs. 

The two chapters of this thesis are intended to be submitted to 

appropriate journab, the first as a review paper and the second as an 

original research paper. Literature search, experimental planning, 

data collection, chemical and statistical analyses were conduc Led 

independently by the author under the supervision of Dr. David M. 

Bird. The tables and references follow the sections in whlch they 
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are cited. A few tables with detailed statistical data are put in the 

Appendix for reference purposes. 

1 hope the results from this study can add to the vast pool of 

knowledge on fluoride and aluminum metabolism ta further the 

understanding on this subject, and lead ta more research on the 

phenomenon of synergism. 

r 
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CHAPTER 1 

PHYSIOLOGICAL EFFECTS OF FLUORIDE AND ALUMINUM: 

A REVIEW 
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1. Introduction 

Fluoride and aluminum are among the earth's most common 

substances. Great controversy has arisen from their raies and impacts 

on living organisrns. Dentists, together with m'Jnicipalities. have 

constantly been pushing for fluoridation of drinking water as a means 

to combat caries; aluminum has been linked to the occurrence of 

Alzheimer's disease, and 50 on. Therefore, there 1s a need for 

greater understanding of these t\iD substances before we can decide how 

harmful or beneficial the)' are ta living organisms. Sorne of the must. 

recenl findings concerning these two substances are reported below. 

II. Prevalence of Fluoride (F-) in the Environment and Hs Effecls 

on Living Organisrns 

1. Major Fontis and Sources of Fluoride in the Environment 

Since the fluorine atom is ver)' reactive, with on1y 7 electrons 

in its outermost electron shell and a relativel)' smalt radius, il is 

almost always ionized to fonn the fluoride iOIl which carries a single 

negative charge (F-). The fluoride ion can a1so form a covalent bond 

with hydragen ta become h)'drogen fluoride (HF) which i8 highly 

volatile and corrosive. 

Industrial origins of gaseous fluoride in Canada include primary 

aluminum production, phosphate fertllizer and e len'lenlal phosphorus 

plants, primary iron and steel production, power generation, solid 

waste incineration, and various other commercial and indl1striaJ 

activities (Environment Canada, 1916). The gaseous emissions may 

later be dissolved in the water bodies near the points uf atmospheric 

1 discharge and become aqueous fluoride ions. 

5 
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There have nol been as many data on the volumes and 

concentrations of fluoride-containing wastes released into lakes, 

rivers and oceans. as gaseous emission is the predominant mode of 

release of fluoride into the environment (Rose and Marier, 1977). 

Effluents and overflows from limed settling ponds may have cootributed 

t.o aqueous f luoride levels. Nevertheless, the following industries 

have been ooted for their release of large quantities of fluoride into 

waterways: aluminum industry. phosphate fertilizer. steel production. 

and uranium tetra- and hexa-fluoride synthesis, to name a few (Rose 

and Marier, 1977). 

Fluoride-containing soUd wastes from the above industries may 

aisu be used as landfill or buried. The fluoride the rein will 

probably enter the surface aod groundwater by me ans of leaching. 

Although fluoride has been considered ublquitous and present in 

almost aIl natura! substances, an atmospheric level of soluble 

fluoride above 0.05 ~g/rn~ can be attributed to anthropogenic sources 

(Rose and Marier, 1977>. Since fluoride cao readily circulate amoog 

the three states of matter, it is often difficult ta pin-point the 

exact origin of a particularly high fluoride level. 

With the fluoridation of municipal drinking water and the 

increasingly popular consumption of mineraI water which may sometimes 

be rich in fluoride. even humans who live away from major fluoride-

emittillg facil1ties are increasingly subjected to chronic exposure to 

this ion in the daily diel. 

6 
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Numerous incidents have been reported where fluoride pollution 

resulted in ill health of factory workers and people living in the 

vicinityof those facilities (e.g. Yang et al., 1987). Observations 

in both human subjects (Yang et al., 1987) and laboratory animals such 

as guinea pigs (Bourbon et al., 1984) have shown correlations between 

the degr"ee of fluoride exposure and the levels of fluoride in blood 

plasma and urine even on a short-term basis. Investigators hope tu be 

able to make use of such correlations to detect fluorlde accumulation 

at an early stage in order tu prevent massive deposition of fluoride 

in the hard tissue. 

Fluoride has been repeatedly reported to accumulate in wildlife 

living in the vicinity of fluoride-l!mitting faci lities (Dabkowska and 

Machoy, 1989), most notably at high levels in the bones of predatory 

birds (Seel and Thomson, 1984), and perhaps ira carnivorous mammals as 

weIl, which have the chance of consuming prey items highly 

contaminated with this substance (Thomson, 1987). The effect of 

fluoride intoxication can therefore be magnified by bioaccumulation 

along the food chain. Skeletal fluorosis may result in the 10ss of 

mobility and even a mild condition of such can greatly increase the 

chance of the afflicted animal Calling prey to a predalor in the wild. 

2. Acute Toxicity oC Fluoride 

Whether in humans or other animaIs. an overdose of fluoride can 

be fatal. The lethal dose of sodium fluoride in humans i5 about 70 -

140 mg/kg body weight (Mitchell. 1983). This substance was widely 

used in the first half of this century in rodenticides and 

7 



ITlsee tlcldes • Numerous cases of fatal poisoning as a result of the 

jngeslion of such chemieals have been reported (Poklis and Mackell. 

1989) • 

The chemical sodium fluoride, a common forro for the anion, is 

rapldly and completely absorbed from the stomaeh, the bioavailability 

being almost 100% (Mitchell. 1983). While in the stomach. fluoride 

reacts with hydrochloric acid to forro the highly corrosive 

hydrofluor1c acid (or hydrogen fluoride). It damages the gastric 

mueosa, causing gastroenteritis. After being absorbed into the 

bloodstream. fluoride enters the bone by replacing ions associated 

wLth hydroxyapatite crystals to forro fluorohydroxyapatite (Gosselin et 

al •• 1976). This accounts for 95% of the total body load of fluoride. 

The rena! clearance is 48 - 147 ml/min (Gosselin et al •• 1976). The 

body can remove over 20% uf an ingested dose through the kidneys 

withln 4 hours. 

The symptoms of acute fluoride poisoning include vomiting, 

abdominal pain, diarrhea, convulsions. generalized and muscular 

weakness, collapse. dyspnea. paresis. difficulty in articulation, 

thlrst, weakness of pulse. disturbed color vision. and loss of 

consciousness (Poklis and Mackell, 1989). 

Human volunteers given a single dose of 20 ml sodium fluoride 

solution containing 20 mg fluoride (53 mmol/L) displayed petechiae 

erosion ln the body of the stomach and changes in the antrum (Spak et 

al. • 1989) • The surface epithelium. gastric pits and superficial 

stroma of the gastric mucosa were affected. Such Medical doses are 

( orteil given to osteoporotic patients. Among the subjects in the above 

8 
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study, only 4 out of 12 developed nausea while a11 subjects showed 

symptoms of gastric mucosal damage. Thus nausea is not a suitable 

indicator for the first sign of fluoride toxicity, which is, ln 

practice, often used as such by physicians {Spak et al., 1989). 

3. Chronic Effects of Fluoride in Hard Tissues 

Skeletal fluorosis and bone pain have resul ted from long-term 

consumption of mineraI water containing 8.5 mg/L fluoride. The 

intake of 20 - 30 mg fluoride daily can also result in increased bone 

mineraI density and serum osteocalcin, the latter being a sensjtlve 

and specifie marker of osteoblastic bQne format.ion (Meunier et al. , 

1989). Thus fluoride is often employed in tr~ating patients suffering 

from osteoporosis to stimulate bone formation. 

The above observations were supported by another report from 

Dandona et al. (1989), who, however, pointed out that whether the bone 

produced in response to fluoride supplement was architecturally and 

mechanically functional remained to be tested. This point was also 

put forward by Brown (1989), who stated that the bone Cormed during 

the administration of fluoride was poorly mineralized unless calcium 

and vitamin D were administered concurrently. Furthermore, the 

fluoride treatment often has to be discontinued before the end of n 

trial period owing to negative side effects such as nausea, 

gastrointestinal hemorrhage, tendonitis and stress fractures (Hodsman 

and Drost, 1989), 

On the other hand, positive evidence supporting the use of 

fluoride therapy against osteoporosis and bone weakness and fractures 
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was provided by Farley et al. (1989) and Hackie et a1.(1989). Long-

tenn fluoride therapy was recommended as a meaSUl"e for increasing bone 

Jllass and reducing the risk of spinal fractures. 

Fluoride was demonstrated to facilitate osteoblast proliferation 

and collagen formation al the concentration of 10-6 
- 10-5 M both in 

vitro and ln vivo, but the same concentration of fluoride suppressed 

marrow stromal cell proliferation (Kidder et al., 1989). Thus the 

osteogenic effect of fluoride is a consequence of its action on the 

differentiated osteoblasts rather than on the precursor cell 

population. 

In an jn vivo study on osteoclasts resorbing bone ab ove the 

erupting first molar tooth in Sprague-Dawley rats, a single high dose 

of fluoride (60 mg NaF/kg) was given. The results showed a 

significant reduction in the number of actively resorbing osteoc1asts 

ln the above tissue at 2 and 6 hours a.:ter injection, and an increase 

in the number of inactive osteoclasts detached from bone surfaces, 

where they normally belonged (Lindskog et al., 1989). 

Although low 1evels of fluoride have previously been shown to 

induce bone growth, calves born to f1uoride-loaded cows were found to 

disp1ay symptoms such as atrophy of osteoblasts, osteopenia, atrophy 

of bone marrow ce11s and bone marrow fat, severely stunted growth, 

brown mottling of bone and enamel of teeth. and severe retardation of 

cartilage caU differentiation (Haylin et al., 1987) • Such 

observations were attributed to chronic intoxication of the cows by 

feeding on fluoride-contaminated feed, which also caused dental 

fluoros1s and decrease in milk yield to those cattle. The fluoride 
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contained in the cows' bodies was transferred to the fetuses in utero, 

therefore aggravating the taxie effects of fluoride at the early stage 

of cellular differentiation in the [etuses. 

While detrimental effects of fluoride on uone are frequently 

reported for mammals, avian species seem to be mon' tolerant of 

fluoride in their bodies (Rose and Marier, 1977). They ma)' e\'en 

ob tain beneficial results from drinking fluoridated water (Merkley, 

1981), notably the strengthening of long bunes in caged hens. wlthout 

affecting their ability to produce eggs. 

By supplementing the dlet of Japanese quai! (Colurnix japoulca) 

with 0.075% fluoride, growth and calcium retention were enhanced ln 

formerl)' calcium-deficient individuals (CQan et al., 1973). The 

birds' bone integrity and strength were litl1e affected by thf! 

additional fluoride. 

It is possible for female birds ta alleviate their body load of 

fluoride through deposition in the egg shell (Carrière et al., 1987). 

This may partI)' explain the apparent resistance ta fluoride 

intoxication, as most of the birds used in such experiments wern 

females active in egg-Iaying. 

The presence of fluoride in rabbit collagen disrupts the normal 

amino acid composition, especially by reducing the proportion of 

hydroxylated proline and lysine residues, which are responaible for 

forming cross-linkages between collagen fibers (Susheela and St/arma. 

1982>' The animaIs were treated with 10 mg/kg NaF daily for their 

study. When various Dsseous and flonosseous tissues from rabbits given 

50 mg NaF/kg daily were examined t the uptake of 14C-proline, an 
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Indicator of col1ag~n synthesis, was found to b~ significantly reduced 

in aIl types of tissues. The cross-linking agents in collagen were 

also diminish~d in quantity at the sarne dosage of fluoride. The rate 

uf collagen catabolic activity was also increased after fluoride 

ingestion. AU of the above suggest that excessive fluoride ingestion 

affects the normal rate of formation and structure of collagen. 

Similar effects were also observed in female rats given daily dosages 

uf fluoride (B~ly et al., 1988). 

Studies on the ~ffects of dietary fluoride on teeth have varying 

conclusions. The ingestion of 3.5 mg F-/kg body weight by Thone and 

Marthod ewes for 3 months at various stages of their growth resulted 

ira damage to the molars, a characteristic of dental fluorosis in sheep 

(Milhaud et al., 1987). On the other hand, Sprague-Dawley rats given 

up to 1 pprn fluoride in their drinking water showed better resistance 

to induced caries by the inoculation of Streptococcus mutans 6715 

(Beiraghi et aL, 1989). 

The difference in the pattern of wearing of the teeth between 

lhese two kinds of animals. the dosage of fluoride gi ven, and the 

duration of experiment can contribute to the apparent discrepancies. 

It is possible that a low level of dietary fluoride (1 ppm or less) 

can be effective in preventing caries by interrupting the enzymatic 

pathways in mlcro-organisms (at a concentration non-toxie to bigher 

animals), or by enhancing remineralization of the teeth. Snch 

arguments have often been put forth by parties in favour of 

fluoridation of drinking water. However, the low level of fluoride at 

which caries reduction is achieved is often exceeded by the total 
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daily intake. Fluoride, which occurs commonly in most foods. may be 

present in sufficient quantities ta make fluoridation redundant or 

even harmful to human heal th. 

In summary, skeletal fluorosis, resulting from chronic exposure 

to fluoride. occurs more often in older animais (Wix and Hohamedally. 

1980), in individuals which are undergoing active bone and/or tooth 

formation at the time of exposure, and in animaIs with poor 

nutritional status (Rose and Marier, 1917). The chemical form and 

solubility of f luoride and the presence of other components in the 

diet can also influence its bioavailability. The health of the kidney 

determines the rate at which excess fluoride is excreted and thus the 

amount of fluoride available for affecting body cells (Franke. 1989). 

Furthermore. several dose-dependent sex differences werp. found in the 

response pattern of long bones to excessive f luoride (Hittal et al •• 

1985) • 

4. Chronic Effects of Fluoride in Soft Tissues 

The resuIts of recent studies on the effects of long-t.erm 

exposure to fluoride are summarized in Table 1 (p. 50). For earlier 

references, see the review by Monsour and Kruger 0985>' 

Generally speaking, fluoride exerts its physiological effects on 

soft tissues through several mechanisms: (1) byaltering (in most 

cases, inhibiting) the activities of various enzymes, e'specially those 

responsible for hydrolysis, which control a lot of the reactions 

involved in the metabolism of proteins, carbohydrates and lipids 

(Shashi et al., 1989); (2) by disturbing calcium and phosphate 
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balance, and indirect.ly affecting the production of parathyroid 

hormone (Monsour and Kruger, 1985), and by upsetting the balance of 

trace elements such as zinc and rnanganesp. (5iogh, 1984); (3) in the 

case of the stomach, by t.he liberation of prot.ons to form the 

eXlremely corrosive hydrofluoric acld (Shayiq et al., 1984). 

Energy def iciency may result from the inhibition of enzymes 

involved in cellular respiration, 10ss of the ability to synthesize 

ATP, and disintegration of mitochondrial membranes as a result of 

inhibition of t.he synthesis of lipid and protein by fluoride. As a 

consequence. lflitochondria are enlarged ta compensate for the lost 

funetion and the smooth endoplasmic reticulum (SER) is enlarged to 

speed up the detoxificat.ion process (Zhan and Huo, 1988). 

Ove ra 11 , inhibition of the activities of a wide range of enzymes 

by fluoride has broad implications, as it affects the normal 

furlclioning of virtua.l.1y every organ over the long terme 

5. Bffects of Fluoride at the Holecular Level 

To date, very [ew studies have examined the possible mutagenic 

effects of fluoride. particularly under chronic exposure. Such 

genotoxicity sludies involviTig chronic treatment are mostly 

inconclusive (Kr-am et aL, 1978; Mart.in et aL, 1979), using only one 

single dosage of fluoride. In a more recent and comprehensive study 

on the mutagenicily of fluoride (Li et al., 1989), there was no 

apparent increase in t.he frequency of sister--chromatid exchange, an 

indicator of mutagenic activities, in cells isolated from male Chinese 

hamsters gtven 0, l, 10, 50 and 75 ppm fluoridated drinking water for 
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24 weeks. Neither in vivo nor in vitro studies revealed an)' genotoxic 

eHect of fluoride in the above animal (Li et al. ~ 1987). 

6. Effects of Other Substances on Fluoride Toxicity 

Since ft is impossible to find fluoride existing by itself in th«l 

natural world, it is worthwhile to examine what kind of influence 

other ions have on the physiological effects of fluoride in living 

organisms. 

Among such elements, one that attracts most attention is aluminum 

(Shore et al., 1985; Spencer et al., 1985; Hahn and Guenter, 1986; 

Kessabi et al., 1988; Kawase et al., 1989; Walton, 1989). 8y far, 

aluminum is the strongest complexing agent for fluoride (Brudevold el 

al., 1972). In fact. aluminum was shawn ta be an effective treatmellt 

for fluarosis in sheep and caUle because of its abilily ta inhibi t 

fluoride absorption (Underwood, 1971) • By the same principle, 

fluoride has been tested for its ab il it y ta lower the level of 

aluminum in the body of patients suffering tram Alzheimer's disease, 

for which alurninum is suspected ta be a cause (Shore et al., 1985). 

Other practical uses of aluminum include the co-administration of the 

antacid aluminum hydroxide during fluoride therapy for osteaporosis in 

arder to counteract gastric discomfort caused by large doses of 

fluoride (Spencer et al., 1985), 

That aluminum is capable of decreasing the digestive absorption 

of fluoride was demonstrated in male Sardy sheep (Kessabi et al., 

1988), among other fam and laboratory animaIs. The levels of 

fluoride in serum, bone~ teeth and urine were signlficantly reduced by 
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the concurrent administration of aluminum in the diet. 

High levels of fluoride (1300 ppm) in drinking water can suppress 

feed intake and egg production of laying Single Comb White Leghorn 

hens (Gallus domesticus) (Hahn and Guenter, 1986). Such effects were 

alleviated by the use of dietary aluminum at a ratio of 1 part 

[luoride to 0.8 part aluminum. The levei of fluoride accumulation in 

tissues such as bone and serum, and organs like liver and kidney were 

also reduced by the presence of aluminum. 

Besides aluminum, chloride can also influence the uptake of 

fluorlde. It was shown, using laboratory rats, that fluoride uptake 

and retention was greatest at low levels of dietary chloride 

(Cerklewski, 1986; Cerklewski et al., 1986). However, high chloride 

intake did not inhibit fluoride absorption. 

Despite the effects fluoride has on the normal balance of zinc 

and iron in the body (Singh, 1984), these two elements did not exhibit 

any effect on skeletal uptake of fluoride (Cerklewski and Ridlington, 

1985), implying that fluoride i8 not in direct competition with zinc 

or iron in its absorption inta the body. 

Another ion the metabolism of which i8 closely related to 

fluoride i8 calcium, m08tly owing to the fact that both are heavily 

involved in mineralization of 08seous tissues. Forsyth et al. (1972) 

revealed an antagoni8tic effect between the uptake of fluoride and 

calcium in the diet of Yorkshire pigs. When calcium level wa8 low in 

th~ feed, more fluoride accumulated in the bone, its prime target. 

Similar results were obtained in a study on male Sprague-Dawley 

rats, in which femoral fluoride concentration was significantly lower 
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'. in rats fed both fluoride and calcium than in those fed fluoride alone 

(Ericsson et al., 1986). 

Such antagonistic effects between calcium and fiuonde were also 

shown in the process of amelogenesis in the hamster tooth germ in 

vitro (Bronckers et al., 1989). The inhibition of mineralization of 

ename! matrix by the presence of fluoride in the culture medium was 

aggravated by lowering the level of calcium in the medium. arld was 

counteracted by high calcium levels. 
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II 1. The General Chemistry and 'foxieity of Aluminum 

1. Aquatic Chemistry 

Alurninum (Al) is the most prevalent metal and the third most 

abundant element in the earth's crust. It is a normal constituent of 

vegetable and animal tissues, and is present in raw untreated water 

(Wills and Savary, 1989). As a result of increasing acidification of 

lakes and illiand waters, the elevated mobilization of alurninum from 

the edaphic ta the aquatic environment has become a serious problem 

for biological communities, particularly those inhabiting aquatic 

systems (Deiseoll et aL, 1980). 

The chemistry of aluminum in water is essentially the chemistry 

of alumirmm hydroxide, which possesses the follmüng three important 

properties: 

a) It is readit)' amphoterie. 

b) It Corros eomplex ions with other substances in the water. 

c) 1 t tends to polymerize. 

Therefore, the forro and concentration of aluminum in water 

depends on the pH and the nature of substances dissolved in the 

reeeiving waters, and. to a lesser extent, on the temperature and the 

dural.ion of exposure to the water (Burrows, 1977). 

In the dilute solution commonly found in natural waters, aluminum 

can exisl ln the following forms: 

a) Monomeric aluminum hydrales -- These are formed by dissolving 

an aluminum salt of a noncomplexing acid, e.g. aluminum perchlorate, 

in pure water. The resulting solution is acidic. By successive 

hydrolysis of the aluminum ion, it can become univalent, eolloidal 
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aluminum bydroxide. and finall)' the aluminate anion. 

b) Polymerie aluminum hydrates -- They are formed by the addition 

of hydroxide to an aluminum solution. The strong tendenc)' for 

dissolved aluminum to forro dimeric, oligomerie, and polymerie species 

is enhaneed as the ratio of aluminum-bound hydroxide to aluminum 

increases from 0 to 3. The process of polymerization occurs gradually 

over time. Thus. an organism in contact with a freshly prepared 

solution of aluminum ma)' be exposed ta a spectrum of hydrated aluminum 

species with different toxic potentials. An aged solution ma)' exert a 

different order of toxicity due to lower concentrations of monomers 

and absence of intermediate polymers. 

c) Complex ions -- These occur mainly in the presence of f luoride 

and/or sulphate ions, and in various forms. The presence of 

complexing ligands such as fluoride and sulphate in waler increases 

the amount of dissolved aluminum in equilibriullI with solid aluminum 

hydroxide. In other words, their presence enhances the solubility of 

aluminum hydroxide. Other substances such as dissolved silica, 

phosphoric acid, ethylenediamine tetraacetic acid (EDTA) , 

nitrilotriacetic acid (NTA). and sodium tripolyphosphate (STPP) can 

also forro complex ions with aluminum. 

d) Natural organic complexes -- These are produced when aluminum 

combines with humie and fulvic acids from decaying leaf litter and a 
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mixture of polyphenols, reducing sugars. and organic acids present in 

forest canopy drip (Burrows, 1977). 

2. EnviroTlmental Prevalence 

Aluminum in the metallic form is used extensively for bath 

industrial and domestic purposes, and a variety of aluminum salts are 

widely used in food. fluid, and medication. 

Aluminum is normally found in a11 foods (Sorensen et al., 1974). 

The natural aluminum content of food varies mainly according to the 

soi 1 on which tha t food has been grown. It is also possible for 

aluminum to be leached from cooking utensils or containers when 

preparing or storing acidic food. 

Aluminum salts are widely employed as food additives where they 

fulfi11 a number of functions (Lione, 1983) • Sodium aluminum 

phosphates are the most commonly used of 6 aluminum salts that have 

been approved as food additives. The acidic forms of this salt are 

used as leavening agents in reaction with sodium bicarbonate in cake 

mixes and se lf -rising f lour. The alkaline forms are used as 

emulsifying agents in processed cheeses, and for providing soft 

texture, s torage capabil iLy, and easy mel ting characteristics. 

Aluminum silicates are used as anticaking agents to facilitate the 

flow characteristics of dry powdered products. 

Aluminunl is normal1 y present in raw water, with usua!ly low 

concentrations in ground waters and higher levels in surface waters 

(Miller et al. t 1984). This is probably due to the occurrence of acid 

l'ain in these areas. Aluminum i8 among the metals that are mobilized 
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from soil and rock in acid rain-sensitive areas with a consequent high 

concentration irà the surface run-off (Cronan and Schofield. 1979). 

Areas most susceptible ta acid rain are thase with Uttle or no soil 

overlying granite or gneiss bedrock. It i8 from these areas with 

poarly buffered aquatic ecosystems that the lethal effects of acid 

ra in have been reported. involving the disappearance of Hsh and a 

variety of ather forms of animal and plant IHe. 

In domestic tap water. aluminum has been added as a flocculant 

during the purification process ta remove organic materials present in 

surface water that might affect the color or tasle of the finished 

product. The usual flocculant is aluminum sulphate. 

As medication, aluminum in the forro of the hydroxide, phosphate 

and potassium sulphate saI ts i8 used in minute amounts in the 

preparation of toxoid vaccines and allergens (Liane, 1985). Aluminum 

salts. particularly aluminum hydroxide. are commonly used as antacid 

drugs. They are a1so used for reducing the gastric irritation caused 

by aspirin. by me ans of the buffering capacity of alurninum hydroxide. 

Aluminum absorption from aluminum-containing phosphate-binding 

antacids is a1so a major source of a1uminum loading in patients on 

dialysis, besides the uptake of aluminum from untreated municipal 

water in the dialysate. One example of such phosphate-binding agents 

is sucralfate, containing 21% aluminum by weight. It is widely used 

for treating peptic ulcer disease and gastritis (Robertson et al •• 

1989) • It does not alter plasma aluminum levels in normal subjects, 

but aluminum can dissociate from sucralfate at pH 6 or lower and 

become bioavailable. This can cause aluminum toxicity in patients 
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wlth renal failure, who cannot exerete the excess aluminum through the 

kidney. 

In aquatic systems, soluble aluminum occurs at mueh higher levels 

111 acidic, h1ghly saline, hot, or moving waters. Thus, other than 

aeid rain, acid mine drainage as practised in eoal mining has also 

be~n identified as a major cause of high aluminum levels in water 

bodies (Burrows. 1977). 

30 Tuxicity in Aquatic Organisms 

Aluminum oceurs in aquatic ecosystems in a wide array of forms, 

d~pending upon the environmental conditions of the water body such as 

pH. sallnity. ionie strength. temperature. flow rate, turbidity. 

amounl uf organic matter, and so on. Therefore each toxicity test of 

aluminum on aquatic life in the natural environment can be considered 

unJque in ltselfo However. efforts have been made to surnmarize and 

compare most of the acute toxicity studies of aluminum in aquatic 

systems (Burrows. 1977). with the experimental conditions specifiedo 

More recent aluminum toxicity tests done on brook trout fry 

(Salvelinus fontinalis. Mitchill) and white sueker fry (Catostomus 

commersoni, Lacepede) (Driscoll et aL, 1980), Atlantic salmon fry 

(Salmo salaT) (Birchall et al., 1989), and rainbow trout (~ 

gairdneri) (Playle et al., 1989) also indicated that pH, presence of 

calcium, fluoride, and silicon play a major role in influencing 

aluminum toxicity in these animaIs. The presence of aluminum in the 

waters to which the above organisms were exposed led ta deaths t gill 

damage, upset of plasma sodium and chloride levels t red cell swelling, 
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hemoconcentration, reduced blood oKygen tension, elevated blood carbon 

dioKide tension and increased blood lactate in these fishes. 

Other aquatic life, including amphibians, crustaceans, ather 

invertebrates and even protozoans and bacteria have aiso been tested 

for their resistance to aluminum tOKicity. The results are summar ized 

by Burraws (1977). Taxie effeets of aluminum to these organisms range 

from activlty inhibition to death. 

4. Toxicity in Hammals, Including Humans 

Absorption of aluminum in mammals usually takes place through 

gastrointestinal absorption following oral intake of food and fluids. 

This is of crit:ieal importance in organisms with chronic renai 

failure. Other ways of aluminum uptake are through nasal mucosa and 

lungs, but they have not been as thoroughly studied. Such uptake 

pathways appear to depend on both the particle size and the chemical 

state of aluminum present in the substance inhaled. 

The gastrointestinal tract is normally relatively impermeable to 

aluminum, which therefore has a very law fractional absorption rate in 

organisms with normal renai funetions, since most of the aluminurn 

absorbed after oral intake would be rapidIy eKcreted through urine 

production. 

In a gut perfusion eKperiment conducted on rats in vivo, the 

absorption of aluminum was lound to take place passivel}' in the 

duodenum, proportional to the aluminum concentration in the perrusate 

(Rumbelow et al. t 1989). 'l'he absorbed aluminum was subsequently found 

to be seAuestered in the duodenal mucosa, and it is possible that 
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aluminum 15 held in those cells until they are shed, thereby excreting 

lhe aluminum at the same time through the colon. 

Several toxicokinetic studies of aluminum were do ne on Wistar 

rats (Burnatowska-Hledin et al.. 1985; Olaizola et al., 1989) and New 

Zealand white rabbits (Bertholf et al.. 1989; Yokel and Mc Nama ra , 

1989) with respect to age, degree of aluminum overload, either orally 

or intraperitoneally, and chronic renal failure. Younger rats showed 

a higher rate for both alum1num absorption and excretion. Chronic 

renai faj lure caused rats to show a higher serum and urinary aluminum 

level increase than normal rats (Ola1zala et al.. 1989). Aluminum 

was round to accumulate after 4 hours of intravenous injection, in the 

bile, kidney, liver, lung, serum, and spleen of rabbits (Yokel and 

Mc Narnara, 1989). The persistence of aluminum in these tissues (with 

half-lives from 2 to 3 days 1r. kidney ta 113 days in spleen of rabbit) 

may serve as a reservoir for continuous aluminum exposure for 

sensitive organs such as the central nervous system. 

A significant correlation was found between bone aluminum and 

serum and dialysate aiuminum levels in human subjects at age ranging 

from 30 to 83 years oId, undergoing continuous ambulatory peritoneal 
, 

dialysis for 1 to 87 months due to end-stage renal failure (Joffe et 

al., 1989). 

The species of aluminum in the gastrointestinal tract seems to be 

a critical fact.or in the absorption process, since aluminum i8 capable 

of fanning complexes with a series of organic and inorganic 

substances. which in turn affect the bioavailability of aluminum in 

the intestines. 
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Evidence suggests that the intestinal absorption of aluminum is 

linked with the 2-stage calcium transport rnechanism (provan and Yakel, 

1988), with a non-saturable component and a vitamin D-dependent 

saturable component (Adler and Berlyne, 1985). 

In humans, 80% of aluminum in serum is nondiffusible and protein-

bound. while the remaining 20% is diffusible (Wills and Savary, 1989). 

Citrate is found to be the dominant, small-molecular binder of 

aluminum in plasma (Martin~ 1986) • whereas the protein-bound portion 

of aluminum in plasma is assuciated with albumin or trans(errin (Klng 

et aL, 1982; Trapp, 1983). 

The inhalation of dust heavily contaminated with aluminum has 

been recognized as an industrial cause of pulmonary fibrosls although 

the mechanism i8 not elear (MeLaughlin et al.. 1962), Less commonly, 

pulmonary granulomatosis and desquamative interstitial pneumonia have 

also been linked with industriai exposure ta aluminum dust (Herbert et 

al., 1982; DeVuyst et al., 1987). 

Nonindustrial exposure to aluminum has been implicated in 2 

specifie neurological disorders, amyotrophie laterai selerosis and 

Parkinsonism, in 3 geographical locations in the western Pacifie (Perl 

et al., 1982) in humans with normal renal function. The soi1 and 

drinking water from areas with a high incidence of these neurologieal 

disorders contained a high concentration of alurninulII and low 

concentrations of calcium and magnesium. It was suggested that 

chronic deficiency of the latter two elements might cause secondary 

hyperparathyroidism, resul ting in an inc reased intestinal absorption 

of aluminum and its depasition in the central nervous system. 
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t 1 t was round that the presence of aluminum could cause premature 

fJnset. oC deterioration in fully differentiated neuroblastoma clone 

eells, but it did not affect the normal pattern of differentiation of 

developing neuroblastoma cells. Deterioration of these neurons 

included depolarization of cell surface potentials, 108s of excitable 

properties, and structural deformation (Roll et al., 1989). 

ln a study using another cell tine of neuroblastoma clone cells, 

Shea et al. (1989) reported the appearanee of whorls of intermediate 

filaments in neuronal perikarya in both differentiated and 

undifferentiated cells at the ultrastructural level, as a result of 

treatment with aluminum salts, when those filaments should normally 

only oeeur within axonal fleurites. This i5 one of the tell-tale 

symptoms in a variety of degenerative disease states such as 

Alzheimer's disease (Cork et aL, 1986), amyotrophie Iaterai sclerosis 

(Hunoz et al., 1988), and Parkinson's disease (Forno et al •• 1986). 

The mecharlism of action of aluminum in neurotoxicity may be 

through direct binding to eritieal sites. such as phosphate groups in 

deoxyribonucleic acids (DNA) , proteins and lipids, or through an 

inlracellular mediator, probably cyclic AMP and cyclie GMP, among 

others (Jope. 1986) • 

The accumulation of aluminum in the serum and tissues of patients 

with chronic renal failure and its subsequent toxie effeets have long 

been established (Wills and Savory, 1989). Often these people absorb 

large quantities of aluminum through long-term hemodialysis using 

untreated water with traces of aluminum, coupled with the inability of 

their kidneys to excrete the excess aluminum. The consequent 
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phenomena of increased body burden of aluminum include dialysis 

encephalopathy, osteomalacic dialysis osteodystrophy, and microcytic 

hypoehromic anemia. 

The symptoms of patients with dialysis encephalopathy are speech 

disorders, followed by the development of dementia, convulsions, and 

myoclonus (Alfrey et al., 1972). The mechanism by which aluminum acts 

in the pathogenesis of the dialysis encephalopathy syndrome has not 

been clearly defined, but a detailed discussion of the various 

possibili ties is provided by Wills and Savo ry (1989). 

Dialysis osteodystrophy is a term used for lhe progressive 

metabolic bone diseases seen in uremie patients on long-tem treatment 

wi th intermittent hemodial ysis. The bone diseases include osteitis 

fibrosa, osteomalacia, osteosclerosis, arad osteopenia, consequences of 

disturbances in calcium and phosphorus homeostasis, and metastic and 

soft-tissue calcification. Osteomalacia is often associated with bone 

fractures which May be unresponsive to treatment with vilamin Dt and 

is caused by phosphate deficiency. Aluminum can bind dietary 

phosphorus and block its absorption by the intestiraes (Wi1ls and 

Savory, 1989). 

The anemia caused by aluminum in patients with chronic rensl 

failure is non-iron-defieient, mie roc y tic , hypoehromic, and responds 

to the use of a 10w-aluminuDI dialysate (O'Hare and Murnaghan, 1982; 

Kaiser and Schwartz, 1985) • It is considered a specifie symptom of 

aluminum toxicily, probably a result of the inhibitory effect of 

aluminum on heri'loglobin synthesis (Altmann et al., 1988) , among other 

possible mechanisms. The binding of aluminum with transferrin as a 
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rneans of plasma transport of the ion may also be a factor in the 

pathogenesis of aluminum-lnduced anemia despite the presence of 

adequate iront 

Even in patients on hemodialysis without any apparent symptoms, 

certain abnormalities were round in the myocardium oW1ng to aluminum 

accumulation (Londo,. et aL, 1989). Of 50 such patients, 36 were 

found to have stainable cortical bone aluminum (SCBA), The other 14 

patients without SCBA had lower left ventricular mass, increased rate 

of circumferential fiber shortening and higher mitral E-F slope (an 

index of ventricular filling) than people not on dialysis. 

The motor activity of Swiss-Webster mice was tested as a 

measurement of aluminum toxieity (Golub et al., 1989). Despite the 

absence of any neurotoxic sign after 5 weeks of dietary aluminum 

treatment, the overall activity level in the high-dose group (1000 

ug/g diet) was signifieantly lower than control group, with the 

vertical movement more seriously affected than horizontal movement, 

and buth being less frequent than in the control group. 

The effect of orally administered aluminum on the neuromotor 

abllities of newborn Wistar rats was tested witb respect to grasping 

r~flex, negative geotaxis, suspension and locomotor coordination. 

With the exception of the grasping reflex, aIl the other tests 

revealed aluminum-induced poorer response, especially in the high-dose 

group 000 mg Al/kg body ,,!eight/day) (Bernuzzi et al., 1989). Another 

effect of ingesting aluminum included delayed growth in a dose-

dependent manner. 

28 



In New Zealand white rabbits, tbe acquisition and retentio" of a 

conditioned reflex~ nictitating membrane extension. was significantly 

affected after 20 subcutaneous injections of aluminum lactate at 200 

~mole/kg body weight over a period of 4 weeks (Yokel, 1989). A 

difference was also observed between young rabbits (1-2 months old) 

and aged rabbits (2-3 years oid) in that the behavioral responses of 

aged rabbits were more seriously affected by tbe aluminum injections 

than tbose of young ones. Renal function. as measured by creatinine 

clearance. was also more impaired in aged rabbits. 

As for hypercalcemic dialysis patients, two-thirds of those 

studied had low-turnover osteodystrophy (LTO) , predominantly 

osteomalacia, a disorder signifieantly more frequent lhan among non-

hypercalcemic dialysis patients (Piraino et al.. 1989). Those 

hypercaleemic patients with LTO had higber levels of surface bone 

aluminum tban nonhypercalcemic patients with LTO. The aluminum-

related bone disease also increased the mortaljty and disability of 

hypercaleemic patients. 

Aluminum overload, as a consequence of aluminum C!ontamination in 

albumin solutions used as replacement fluid in plasma exchange, can 

cause osteoporosis t aluminum deposits in bone t and low bone formation 

in patients with normal renai function (Housson et al •• 1989). 

Aluminum was demonstrated ta be able to deactivate the enzymes 

glucose-6-phosphate dehydragenase (G6PD) isozymes 1 and II, isolated 

from pig and human brains (Cho and Joshi, 1989). The inhibition could 

be prevellted by preincubation of the alumirmm salt with citrate. 

t NADP~, EDTA, sodium fluoride, adenosine triphosphate (ATP) , and 
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apotransferrin~ and reversed by citrate, sodium fluoride, and 

apctransfen.in only. The inhibition of G6PD activity by low levels of 

aluminUBI shown in that study suggested a raIe for aluminum in energy 

metabolism of the brain, thus constituting part of its neurotoxicity. 

5. Tuxicity in Birds 

In principle, mast of the toxic effects of aluminum occurring in 

mammals can also be found in birds. There are many similarities in 

basic modes of metabolism, especially with regard ta the absorption of 

food in the digestive tract between the two groups of vertebrates. 

Discrepancies, however, may exist during periods of special 

physiological needs, e.g. during egg-Iaying. Therefore, a lot of the 

l.{J . , , 
~ ft', 

toxicological studies of the effects of aluminum on birds have focused 

on the mineraI balance in egg-laying birds (e.g. Lipstein and Hurwitz, 

1981; Miles and Rossi, 1985; Hussein et al., 1988; 1989). 

Alulllinum of up ta 0.15% in the fom of aluminum sulphate in the 

diet was round to reduce food intake, egg production, body weight, 

tibia breaking strength and plasma inorganic phosphorus in laying Hy-

Line W-36 hens aCter 28 days (Hussein et al., 1989). Similar results 

were also obtained from Japanese quail hens which were fed 0.30% 

aluminum. Feed intake and egg production by those birds were reduced 

as a resull. 

The reduction in plasma phosphorus of laying hens owing to 

dietary a1uminum a1so corresponds to findings in humans fed dietary 

aluminum (Spencer et al., 1982). The phosphorus metabolism of human 

r subjects was negatively affected after small doses of aluminum-
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containing antacids, indicating a partial resemblance in response to 

aluminum toxicity between avian and mammalian species. 

6. Effects of Aluminum at the Molecular Level 

Recently the studies on aluminum toxicity have also investigated 

its effects on the genetic material. Aluminum was found ta be an 

effective precipitant of chromatin isolated from rat liver and brain 

by compacting the chromatin through the high charge density and low 

ionic radius of aluminum (Walker et al., 1989). In General. the more 

compact the chromatin fiber is, the less accessible it 1s to exugenous 

nucleases. Thus in the study above. aluminum was also tound ta 

inhibit the digestion of bath brain and liver chromatin by 

deoxyribonuclease (DNase) 1 even at the lowest concentration of 

aluminum tested OOO)IM). The inhibitory effect was more promitlent at 

hicher concentrations of up to 500 )lM. Moreover, the chromatin 

prepared from the cortical area of the brain was more sensitive ta 

aluminum-induced alterations in chromatin structure than that from the 

liver. This effect was demonstrdted ta be the result of altering the 

conformation of chromatin rather than that of inhibiting the enzyme 

DNase per se. The fact that nue lei from the neuron-rich area oC the 

brain (the cortex) were more sensitive ta aluminum than those from the 

liver implies a strong relationship between aluminum action in the 

brain and the neurologieal symptoms of Alzheimer' s disea8e t which 

exhibits a localized concentration of alumlnum in the brain tissue of 

8uch patients. 

r 
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7. Influence of Other Substances on Aluminum Toxicity 

As mentioned in the earlier sections, 1-6 and II-l, the most 

potent inorganic complexing agents of aluminum in the environment 

inc1ude fluoride and sulphate ions, among others. Nonetheless, there 

are also a number of organic agents capable of interacting with 

aluminum inside the body of living organisms. 

Citrate has been r-epeatedly identified to play a part in 

augmenting aluminum absorption in humans (e.g. Froment et al., 1989b; 

Hischel et al., 1989; van der Voet et al., 1989). It is often given 

to uremie patients as a phosphate-binder, and co-administered with 

aluminum gel to those patients who are refractory to either agent 

alone. It was found that standard dosages of citrate can enhance the 

absorption of aluminum by 5- to IO-foId, which May cause the patients 

to suffer from severe aluminum toxicity (Mischel et al., 1989). It 

was deducecl from an in vitro experiment that citrate enhances aluminum 

absorption by opening the tight junctions on the duodenal epithelium, 

in addition to the passive uptake of aiuminum through the paracellular 

pathway (Froment et al., 1989b). 

A similar suggestion has also been put forward after a study on 

the gast rointestinal absorptjon of aluminum in the Sprague-Dawley rat 

by using different kinds of alumlnum solutions with or without 

ddditionai citrate (Fmment et al., 1989a). Percentage absorption of 

aluminum as determined from changes in plasma aluminum levels was much 

hlgher whenever citrate was present in the solution given, 

irrespective of the other anions present. 

1 As previously mentioned in section II-4, the uptake of aluminunl 
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~ in the gaslrointestillal tract is probably through the calcium 

transport mechanism, with a saturable and a non-saturable component. 

Thus, it i8 possible thal vitamin D, which is essential in calcium 

mobilization, exerts a similar action in aluminum transport. Through 

an in vivo experiment carried out using vitamin D-replete and vitamin 

D-deficient Sprague-Dawley rats, it was found that both groups of rats 

exhibited a similar rate of uptake of aluminum in the duodenum by the 

nonsaturable mechanism, which is vitamin D-independent. However, 

there was significantly lower aluminurn absorption by the saturable 

mechanism in the vitamin D-deficient rats than in the vitamin D-

replete ones (Adler and Berlyne, 1985). Aluminum also reduced the 

amounl of calcium absorbed through the duodenum in vitamin D-replete 

rats by 33% but not in the other group. This implies a competition 

between aluminum and calcium uptake, a possible result of utilizing 

the same channels for absorption. 

In another study, parathyroid hormone (PTH) was found to increase 

aluminum concentration in tibia of Wistar rats ailer Just 5 days of 

administration (Ballanti et al., 1989). This agrees wilh the findings 

of Mayor et al. (1977). It has been proposed that PTH may contribulp. 

to the hyperaluminemia and increased tissue content of aluminum in 

patients with chronic renal failure by facilitating the intestinal 

absorption of the Metal ion (Mayor et al. , 1980; Mayor and 

Burnatowska-Hledin, 1983). Interestingly, aluminum also exhibits an 

inhibitory action on the secretion of PTH as weIl, demonstl'ated in 

vi,!!! using Wistar ):'ats, both in individuals with normal renal 

functions and those with chronic renal failure (Virgos et al., 1989). 
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IV. Summary 

Fluoride has been demonstrated ta have major influence on bone 

metabolism in mammals and birds, particularly in individuals 

undergoing rapid bone and tooth formation, aider individuals, and 

those with poor nutritional status. It is readily absorbed through 

the digestive tract. On the otller band, aluminum has very low 

bioavailabllity in healthy illdividuals with normal kidney funetions, 

des pite the fact that it is tbe most abundant metal and third most 

abundant element in the world. Jet, neither ion exists in solitude ill 

the natural world. Both are highly interactive with other substances 

and with each other. Therefore, more research iota their interaction 

is warranted in order ta give a more realistic picture of how these 2 

{ 
ions affect humans as weU as other liVing organisms. 
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TABLE 1. Summary of chronic effects of fluoride on the soft tissues of 
various organisms 

ORGAN/TISSUE ANIMAL SP. 

mantmary 
gland 

liver 

kidney 

commercially 
raised 
silver fox 

albino 
rabbit 

male albino 
rabbit 

albino lTIice 

albino 
rabbit 

F-DOSAGE 

97.6-136.8 ppm 
in commercial 
fox feed 

10 , 50 mg MaF / 
kg/day for 7 
months 

s.c. injection 
of 10 mg NaF/kg 
for 3.5 months 

50, 100, 200 
pprn F in drink­
ing water for 
16 weeks 

10, 50 mg NaF/ 
kg/day for 7 
months 

50 

EFFECTS 

agalactia of 
vixens, causing 
starvation of 
fox pups 

enlarged rnito­
chondria, broken 
mitochondrial 
cristae; reduced 
no. of RNA 
granules and RER; 
enlarged cisterns 
of SER; scant 
lipid droplets 

decrease in 
cholesterol and 
total triglycer­
ide 

decrease in 
activity of acid 
and alkaline phos­
phatases, succinie 
and lactic dehy­
drogenases. glu­
tamic oxaloacetic 
and glutamic 
pyruvic transamin­
ases; increase in 
ATPase activity; 
decrease in zinc, 
copper and mangan­
ese; increase in 
iron content 

seant and swollen 
mitochondria in 
podocytes; swollen 
mitochondria with 
disintegrated 
cristae. thickened 
basal membrane and 
reduced RER in 
cells of proximal 
convoluted tubules 

REFERENCE 

Eckerlin et 
al., 1986 

Zhan and Huo, 
1988 

5ingh et al., 
1985 

5ingh, 1984 

Zhan and 
Huo, 1988 
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TABLE 1 (Cont'd) 

ORGAN/TISSUE ANIMAl. SP. 

kidney 

stomach 

albino rnice 

I-day-old 
domestic 
chicken 

male albino 
rat 

albino 
rabbit 
(both 
sexes) 

F-OOSAGE 

50, 100, 200 
ppm F in 
drinking water 
16 weeks 

150 ppm F in 
diet supplenlent 
for 4 weeks 

infil tration 
with 7-9 ml of 
24, 48, 96 mM 
NaF solution 
in .&!!! 

25 mg NaF /kg/ 
day for 60 days 

s.c. injection 
of 5, 10, 20, 
50 mg NaF /kg/ 
day for 100 
days 

51 

EFFECTS REFERENCE 

ine rease in the 
activity of ATPase 
and alkaline phos­
phatase; decrease 
in activity of 
acid phosphatase, 
suecinic and lactic 
dehydrogenases, 
glutamic oxaloacetic 
and glutamic pyruvic 
transaminases; 
drop in level of 
zinc, copper, man­
ganese; rise 1n iron 

fise in ascorbic 
acid level 

24, 48 mM: increase 
in activity of v­
glutamyl transpep­
tidase, ATPase, 5'­
nucleotidase, 
sucrase, alkaline 
phosphatase; 
96 mM: more sucrase 
activity but less 
activity of glutamyl 
transpeptidase, 
ATPase, nucleotidase 
and alkaline phos­
phatase 

increase in gastric 
volume, free acidity 
and peptic activity 

fall in both acidic 
and basic protein 
contents 

Singh, 
1984 

Yu and 
Driver, 
1978 

Rastogi 
el al., 
1987 

Shaylq 
et aL. 
1984 

Shashi 
et al~, 
1981 
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TABLE 1. (Cont'd) 

ORGAN/TISSUE 

thy roid 
gland 

duodenum 
and ileum 

skeletal 
muscle 

pectoralis 
muscle 

pectoralis 
muscle, 
brain, 
gizzard, 
heart. 
spleen, 
pancreas 

lung 

ANIMAL SP. 

albino 
rabbit 

albino 
rabbit 

ditto 

I-day-old 
domestic 
chlcken 

ditto 

ditto 

F-DOSAGE 

10, 50 mg NaFI 
kg/day for 7 
months 

s.c. injection 
of 5, 10, 20, 
50 mg NaF /kg/ 
day for 100 
days 

ditto 

150 ppm F in 
diet supplement 
for 4 weeks 

ditto 

ditto 

52 

EFFECTS 

swollen mito­
chondria with 
disintegrated 
cristae, enlarged 
cistems in SER, 
increased lysosomes 
in follicular epi­
thelial cells 

decrease in both 
acidic and basic 
proteins 

hypertrophy of 
muscle fibers, 
retraction from 
perimysial sheath, 
disintegration and 
nec rosis of sarco-
1,lasRI, nuclear 
hypoplasia in endo­
mysial connective 
tissue 

increased weight 
gain of the muscle 

decrease in 
ascorbic acid 
levels 

increase in 
ascorbic acid 
level 

REFERENCE 

Zhan 
and Huo, 
1988 

Shashi 
et al. t 
1987 

Shashi, 
1989 

Yu and 
Driver, 
1978 

ditto 

ditto 
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TABLE 1. (Cont'd) 

ORGAN/TISSUE ANIMAL SP. 

lung 

tl"achea 

seminal 
vesicle 

prostate 
gland 

testis 

albino 
rabbit 
(both 
sexes) 

ditto 

male atbino 
mice (Swiss 
strain) 

ditto 

ditto 

caput and ditto 
cauda 
epididymus 

F-OOSAGE 

s. c. injection 
of 5, 10. 20 
mg NaF /kg/ day 
for 100 days 

ditto 

10 • 20 mg NaF / 
kg/day oraUy 
for 30 days 

ditto 

ditto 

ditto 
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EFFECTS REFERENCE 

decrease in total 
lipids. neutral 
lipids. trigly­
ceride and choles­
terol; phospholipid 
drapped in 5rng/kg 
group but rose in 
10 and 20 mg/kg 
groups in females; 
neutral lipids rose 
in 5 mg/kg group 
but dropped in 10 
and 20 mg/kg groups 
in males 

Shashi 
et al.. 
1989 

faU in total lildds. dit to 
neutral lipids. tri­
glyceride, (ree Catty 
acids and phospho-
lipids; cholesterol 
dropped in 5 mg/kg 
group but rose in 10. 
20 lllg/kg groups in 
males. it dropped in 
5. 10 mg/kg groups 
and rose in 20 mg/kg 
group in females 

increase in weight, 
cise in fructose 
level 

increase hl weight, 
increase in protein 
content and acid 
phosphatase activity 

decrease in 
succinate dehydro­
genase activity 

decrease in ATPase 
activity and sialic 
acid level 

Chinoy 
and 
Sequeira. 
1989 

ditto 

dîtta 

ditt.u 
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TABLE 1. (Cont'd) 

ORGAN/TISSUE ANIMAL SP. 

vas 
deferens 

blood 

(llale albino 
mice (Swiss 
strain) 

dltlo 

F-OOSAGE 

10 , 20 nlg NaF / 
kg/da)' oraUy 
for JO days 

ditto 

54 

EFFECTS 

increase 1-n 
glycogen content 

dp.crease in serum 
testerone level 

...... , 

REFERENCE 

Chinoy 
and 
Sequeira. 
1989 

ditto 



CONNECTING STATEMENT 

Chapter 1 summarized the majur findings in tbe fields of fluoride 

and aluminum research. It was obvious that little emphasis has been 

put on studying interactive effects of 2 or more substances together. 

as this is a more realistic picture inside any organisme Thus in 

Chapter 2, au expek'iment performed to further ul1derstand synergistic 

ac lions is reported, using fluoride and aluminum as the larget 

substances aud the Amer1can kestrel as the organism of study. 
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CHAPTER 2 

EFFECTS OF ORALLY ADMINISTERED FLUORIDE AND ALUMINUM 

ON THE RATES OF ELIMINATION AND DISTRIBUTION PATTERNS 

OF THESE TWO IONS IN THE AMERICAN KESTREL 
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INTRODUCTION 

Fluoride is a common constltuent in industrial effluents. but it 

is especially prevalent in discharges (rom aluminum plants. Moreover, 

aluminum fluorlde is used extensively as a raw material for these 

plants (Patel et al., 1986). Aluminum i5 also the world's most 

abundant metal, becoming more widespread as an aquatic pullutant 

through leaching from the soil by aCld precipitation (Driscoll et al., 

1980) • 

Fluuride and aluminum tend tu forro complexes when they are 

presenl tugelher in a given solution. Such a chemical properly is 

often made use of in treating patients suffering from Alzheimer's and 

other aluminum-related diseases. There have been attempts tn remove 

excess aluminum from the body by fluoride administrations (Shore et 

aL, 1985). 

By the same principle, aluminum sulphate has been used for 

alleviating the symptoms of experimental fluorosis in sheep (Kessabi 

et al., 1988). Aluminum was found to reduce the digestive absorption 

of fluoride by 33 to 45%, hellce lowering the fluoride in serum, urine, 

bones and teeth. 

In a simllar study on human sUbjects by Spencer el al. (1985), 

the .intake of aluminum hydroxide was assoclated witt! a siglllficant 

increase in fecal fluorlde and a significanl decrease of the net 

absorption of fluuride by an average of 57%. 

Dietary alulllinuna administered to laying hens on a short tf!rTfi 

basis was effective in protecting the hen from fluorine tuxlcosis as a 

result of high dietary fluoride intake (Hahn and Guenter, 198fl). 
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Few reports have documented the degree to which wild animaIs are 

affected by the existence of a1uminum and fluoride, or their 

complexes. in the natura1 envirollment. The subjects of study include 

brook t,out fry (Salvelinus fontinalis. Mitchill) (Driseoll et al •• 

1980) , various predatory birds, including great crested grebe 

(Podiceps cristatus), grey heron (Ardea cinerea), buzzard (8uteo 

buteo). sparrowhawk (Accipiter nisus), merlin (Falco columbarius), 

kestrel (..L., tllmuneulus), barn owl (T)'to alba). little ow1 (Athene 

nuctua). tawny owl (Strix alueo). long-eared owl (Asio otus), short-

eared owl (& flammeus). and kingfisher (Alcedo atthis) (See1 and 

Thomson~ 1984). commercially farmed silver foxes (Eckerlin et al., 

1986), barn owls (Tyto alba) (Thomson. 1981), red deer (Cervus 

_elaphus) (Dabkowska and Macho)', 1989). and rainbow trout (Salmo 

gairdneri) (Playle et aL. 1989). 

The American kestrel (Falco sparverius) has been the subject of 

fluorlde studies (Carrière et al., 1987). It reproduces easily in 

eaptjv i ly and ils wldespread nature in the w~ld facilitates 

comparisons of labaratory and field results. Captive propagation and 

handling procedures for the kestrel have been well established at the 

Macdonald Raptor Research Centre of McGill Univers1ty (Bird, 1982) 

where the presellt study was conducted. 

Tht! uve~all alm of the experiment was to simulate the natural 

.lnlake uf the twu mlllerai ions, fluoride and aluminum, by feeding 

contamlnated mice ta captive kestrels for a short duration in order ta 

( detecl any synergistic or antagonistic effects. The consumption oC 

r luonde- aud aluminum-conlaml.nated food by kestrels ean occur readily 
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Hl the wild through taking small rodents which have been drinking (rom 

polluted water sources. and which may have varying degrees of 

accumulation of the two substances under investigation. 

Specifically. two hypotheses were tested: () dietary aluminum 

can decrease the digestive absorption of fluoride by the American 

kestrel; and (2) dietary aluminum can alter the pattern of 

distribution of fluoride among the various internat organs/tlssues of 

the American kest rel. 
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MATERIALS AND ME11IODS 

J. Dosing Procedure 

Thirty-six American kestrels, 28 males and 8 females (3 ~ 1 years 

of age) were chosen for the experiment. They were evenly divided into 

6 treatmenl groups, with independent random allocation of males and 

femaJes lu each group 50 as to avoid having one particular treatment 

group domlnated by one seXe AlI kestrels were adults with a maximum 

age dlfference uf 2 years sinee the uptake of fluoride into the body 

tan be lnfluenced by age and stage of growth (Rose and Marier, 1977). 

Each of the blrds was kept separately in a holding cage (46.3 cm x 

49.8 cm x 67.0 cm, 1 x w x h) constructed with rigid opaque plastic 

(Coroplast Inc •• Granby, Quebec) on a wooden frame. Each cage was 

equipped with a rope perch, and had a dowel1ed open window on the 

front trap door. AlI cages were elevated 0.6 m above ground. 

The birds were allowed to acclimate in their cages for a week and 

thell sham-dosed with deionized water for another week prior to actual 

dosing lu accustom them to handling procedures. Afterwards. oral 

UOSltlg was ca .. ried oul each da)' for 30 days according to the following 

scheme. 

Group 1 (Co): deionized waler 

Group 2 (C.,30): 30 mg/kg NaF 

Group 3 (FaoAL24) ; 30 mg/kg NaF and 24 mg/kg A1 2 (S04)a 

Group 4 (C.,24): 24 mg/kg NaF 

Group 5 (F :uAL24) : 24 mg/kg NaF and 24 n~/kg A1 2 (S04)a 

r Group 6 (CAL24 ): 24 mg/kg AI 2 (S04)3 
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The upper limit of the dosage for fluoride (F) was set at 30 

mg/kg body weight. In other experiments involving keslrels at the 

Macdonald Raptor Centre, this dose was found to bring about a 

detectable level of accumulation in the long bones within a relatively 

short penod of time (i.e. a month) without causing severe crippling 

and other bone disorders (Shutt, persunal communication). Slnce there 

had never been an)' experiment performed on the American kestrel usine 

aluminum (Al). no known safe dosage was available for reference. The 

dosage of 24 mg/kg was used because of the F:Al ratio of 1:0.8 lO be 

tested. In a preliminary experiment to assess the feasibility of 

these dosages t biIds which received 24 lug/kg of Al did not dlsplay any 

noticeable health problems such as drastic weight loss or 105s of 

appetite (Chu~ unpublished data). During the course of the experjment, 

the health of aIl birds was closely monitored. 

The total volume of each dose was made up to about 0.8 ml with 

delonlzed waler in propol lion ta lhe body weighl of the bird which was 

recorded daily prior lu dosing. This volume allowed sofficienl 

dilution of the presumably caustic chemü~als and yet was smaU enough 

to avoid congestion and interference with normal food consurnption 

(Chu, unpublished data). This also served the purpose of administering 

a uniform amount of fluid to each bird. A dose perlod of 30 days 

allowed time for significant accumulation of the chemicals in the 

kestrel's body. 

Food in the forro of skinned mice homogenized in a food processor 

was provided ad libitum immediately aCter each dose. At the end ot' 

each day, the daily feed intake was calculated by subtracting the 
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weight of left-over food from the initial ration. Food consumption, 

together wlth body weight, was used informally as an index of the 

health of the birds during the course of the experiment. 

'fo test the first hypothesis, excreta were collected every 24 

hours between 2 consecutive doses and analyzed for fluoride (F), 

alumlnum (Al). calcium (Ca) aTld total phosphate (P). The latter 2 ions 

were foonilored because they have been reported to be closely affected 

by e levated F and Al leve ls in the body (Forsyth et al., 1972; Spencer 

et al., 1985; Blonckers et al •• 1989). Under the conditions of the 

experimenl t it was not possIble ta separ'ate feces (illdigestible 

substances removed from the digestive tract) from excretory products 

(metabolic wastes removed thl'ough the kidneys) since they are both 

ejected from the cloaca. Hence, the rate of removal of F and Al was 

calculated as a combination of the rates of egestion and excretion. 

A piece of rigid plastic sheeting was placed at the bot tom of the 

cage and removed daily ta have the excreta scraped off for chemical 

analysi:3 • The plastic sheets were cleaned every day to avoid 

contamination from previous days. 

The basal intake of F and Al was calculated from the analysis of 

food gJven tu the blrds. 

To test the second hypothesis. the kestrels were euthanized at 

thl' end of lhe dose period by means of cervical dislocation. Femurae 

alld soft tissues, including alimentary canal, liver, kidneys, and 

pectural muscle. were collected and analyzed for F, Al, Ca and P. 

Femurae were collected because the fluodde content in long bones is a 

good indicator of the degree of fluoride accumulation (Mittal et al., 
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1985). The alimentary canal, especially the stomach, was the ftrst 

part of the body in contact with the chemicals given. Liver and 

kldneys were responsible for removing these substances from the body. 

Muscular tissue was reported to be adversely affected by the presence 

of f1uoride and a1uminum (London et al •• 1989; Shashi. 1989). 

2. Chemical Analysis 

AlI the organic constituents in the samples were flrst broken 

down into Inorganic components. Since F has been r"eported ta 

interact with glass (MeCann. 1968; Capar and Gould, 1979). only 

plastic apparatus was used. 

The excreta samples were air-dried for 24 hours and then oven-

dried at 70°C for 4 hours. Portions roughly 0.3 g in weight were 

obtained from the dr1ed, powdery excreta for sUbsequent acid 

digestion. The total weight of excreta from each bird on each 

sampllng day was a1so noted to deterrnine the absolute amount of 

remova1 of each ion per unit bOdy weight. 

The excreta sub-samples were digested with 0.6 ml of 60% 

perchloric acid and 4.5 ml of 70% nltric acid over a hot water bath 

for an hour, or until the mixture turned clear. The resultlng 

solution was filtered through Whatman tilter paper no. 541 to remove 

any residue or gelatinous precipitate. The pH of the fi1trate was 

adjusted to approximately 5.5 uslng sodium hydroxide solution (NaOH) 

before further" analysis. 

The soft tissues collected. i.e. kidney, liver, alimentary canal 

l (sub-divided into l-ilesophagus. 2-stomach and gizzard. and )-smaJl and 
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overnight. They were then homogenized by mortar and pestle or with a 

food processor. In the case of kidney, oesophagus, and stomach, the 

whole organ was used in chemical analysis because of the small amount 

available. AlI organs were weighed and digested in the same manner as 

the excreta. 

ACter ail the attached muscles and tendons were cleared from its 

surface, the left femur of each bird was subjected to dry ashing at 

bOOGe in a murfle furnace for 4 hours. Weights were determined before 

and aCler ashing. The bone ash was ground to powder with a mortar and 

pesUe. A solution was formed by dissolving the powder in 

hydruchloric acid following the method of Singer and Armstrong (1968). 

F in the above solutions was measured using the fluoride ion-

selective electrode (Orion Research Cat. no. 960900, Orion Research 

Inc •• Cambridge, MA) in the presence of Total Ionie Strength Adjusting 

Buffer (TISA8) II (Appendix). Al was determined using an atamic 

absorption spectrophotometer (Perkin-Elmer 2380. Perkin-Elmer Corp., 

Norwalk, CT) with either the Clame or graphite furuace, depending on 

concentration of the sample after appropriate dilutions. Ca was also 

analyzed wIth the atomic absorption spectrophotometer. P was measured 

with a UV/visible spectrometer (LK8 8iochrom Ultrospee II. LKB 

810chrom Ltd., Cambridge, England) fOllowing the procedure by Murphy 

and Rûey (19&2). 

J. Statlstical Analysis 

( 
Any differences due ta sex were tested using the genera! linear 
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models (GLM) procedure (SAS, 1982) on ail organs and excreta samples 

collected each day. If sex was found ta be significanl in any of 

these tests, then analysis of covariance would be used in subsequent 

analysis for those particular data sets. In thi$ case, no significanl 

sex differences were detected using the above procedure. 

The daily variations in the levels of the 4 ions in excreta were 

also tested for significance al 0.05 and 0.01 levels using the GLM 

procedure. Where no statistically significant variation was found, 

the levels were pooled across days. 

In testing tbe hypotheses, tbe effect of different dose levels of 

F (0, 24, and 30 mg/kg) and of Al (0 and 24 mg/kg) were tested by the 

GLM procedure with a 3x2 factorial design. Where interactions between 

F and Al were found to be statistically significant, the effects of F-

Al combination were examined and used for comparisons of rneans. In 

other words, the ef(ect of different treatment groups was tested. 

Lotus 1-2-3 releases lA and 2 (Lotus Developrnent Corp., 1984, 

1985), Statgraphics (Statistical Graphies Corp. , 1984). and 

Statistical Analysis Systems (SAS Institute Inc., 1982) were ernployed 

in the above analyses as appropriate. 
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1. Analysis of excreta 

Ali the levels of ions measured in excreta samples are expressed 

ln )Jg/g dry weight/kg body weight. 

1-1. Effect of sex difference 

Using the analysis of covariance procedure of SAS (1982), the 

effect of sex was allalyzed as a covariable, and found to be 

not significant (p>0.05. n=467) Cor ail 4 ions. 

]-2. Fluoride 

8. Difference between day 0 and days 1-29 

Sarnples from days 0, 1. 2,4.6.8,10,12.15.17.19.22.27, 

and 29 were used in chemical analysis for aIl ions measured. In order 

to determille if there was any change in the rate of excretion or 

elimination of F from birds receiving different treatments before and 

aCter the experiment started, the observed values of F removed frorn 

their bodies through the excreta on day 0 (i.e. before experirnent 

started) and those on subsequent days were compared within each type 

uf treatrnent (i.e. chemical constituents of the oral dose) using the 

GLM procedure. The probabilily values from the test are summarized in 

Table Al in lhe Append1x (p.10I). 

Except (or groups Co and CAL24 , which did tlOt receive any F in 

the oral dose. aIl other groups showed significantly higher levels of 

F excreled following the oral administration of eit~r 24 or 30 mg/kg 

( uf ~' soltlllon. Thils indicates that there was minimal cross-

conlamlnal ion beLween groups during both the dose administration and 

66 



r8r'~", 
~~ -< 

" , 

the excreta collection. 

b. Effect of treatments 

The effect of different dose levels of F and Al on F excreted was 

tested using the GLM procedure. The effect of different dose levels or 

F (0, 24. and 30 mg/kg). Al (0 and 24 mg/kg) and F-Al interaction are 

ail sl~n1ricant (p<O.Ol). The dally variation of F in excreta ü; 

significant (p<O .05), but no obvious pattern or trend can be detected. 

In order to locale differences in the F conteut of excrela among 

the treatment groups, contrasts and Duncan's multiple range test were 

done using the GLH procedure. The resul ts are shown in 'rab! e 1 (p. 85) • 

ln general, the addition of Al lo the oral dose has a significanlly 

positive influence (p<O .001, Table A2. Appendix) on the amouut of F 

excreted. The amount of F is mueh higher in the excreta (rom group 

F30AL24 than the corresponding amount from group C.,30. However, no 

such dlfference is seen between groups F24AL 24 and Cr24 • The level of 

F excreted from group F30Al 24 was also significantly higher (p<O.Ol) 

than that of group F24AL 24 , but no sueh difference was observed 

betweeu groups Crao and Cr24 • 

1-3. Aluminum 

a. Diffeu!I1ce belween day 0 and da ys 1-29 

There i5 no signiiicant dJ.fference beLween the level of Al 

excreted on day 0 and subsequent da ys in group Co (Table Al, 

Appendix). The level of Al is sigllificantly hlgher on da ys 1-29 than 

on day 0 for groups CP30 and F30AL24 (p<0.05), and for groups Cr24 • 
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b. Erreel oC trealmenls 

'Che effect of differenl dose levels of Al (0 and 24 mg/kg) on the 

amouut of Al in excreta was signiflcant (p<O.OI) whereas that of 

dHferent dose levels of F and F-AI interaction was not (p>O.OS). The 

amourlt. of Al ln excreta varied little between days, except on da}' 29, 

on whjch there was an abnonnally high Al level. 

Dy means of contrasts and Duncan' s mul tiple range test. levels of 

Al in excreta were sl.gniflcantly higher in group F30ALa4 than in group 

CAL24 (p<O.05), lower in group Cr30 than in group F30AL24 (p<O .05). 

lower HI group Co than in group CAL24 (p<O .05), and lower in group 

Cr24 than ln group F24AL 24 (1'<0.05, Table 2). 

a. Difference belween day 0 and days }-29 

Thel'e was sigllificanl differenee lJelween the levels of Ca in 

excrela beCore amI af ler startlng the experimenl (p>O .05, Table Al, 

Apptmdix). despilù wldu fluctuations throughuut thé period of the 

expe r 1.IIIen t • 

b. Erfeet uC lreatments 

The effects of individual dose levels of F and Al were not 

sigulficant in affecling Ca excl'etion (p>O.05, analysis of variance), 

although F-Al inleraction 15 significant (p<O .0001). 

By uslug Duncan 1 s multiple range test to detect which F-Al 

cumbinalions were effective in affecting Ca excretion, the level of Ca 

.111 group Co was significantly higher than in group CAL24 (p<0.05). and 

lower in group C~30 lhan in group F30AL24 (p<0.05, Table 3). By means 

uf cOlllrasls. Ca conlent from group Co was found to be significantly 
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higher than that from groups Cr30 and Cr24 (p<O.OI). and lower il! 

group CAL24 than in groups F30AL24 and F:l 4 AL 24 (p<O.Ot). Group C"'30 

also has sigllificantly less Ca in the excreta thau group C"'24 

(p<O.05. Table A4, Appendix). 

1-5. Phusphate 

a. Difference belween day 0 and days 1-29 

The on1y dHference in P excretiou betweell day 0 and subHequeul 

days was fuund in group F30AL24 (p<O .05, Table Al, Appendix). The 

daily variations were wide wlthout a conslstenl trend, lhere(ore Ilol 

statistically significant (p>O .05). 

b. Effect of treatments 

The effects of different dose levels of F and Al were not 

significant in influencing the amuunt of P in excreta (p>O .05), but F-

Al interaction was signHicant (p<O.O 1). The daily varialions in P 

excreteù was signifl.cant (p<O .01). although the var la lions di.d nul 

follow a dlscernible trend. 

By comparing different treatments wilh Duncan 's mu! UpIe range 

test, P level in excreta of group Co was signHicanlly higher Lhan 

bolh group CAL24 and group C"30 (p<O.05, Table 4) 1 as was group 

F30AL24 higher than groups C"'30 aud group CA E..24 (p<O.05). 

2. Aualysis of organs 

2-1. Effecl .Qi ~ difference 

The only signiCicant difference between the 2 sexes was found in 

the P content of the intest ines (p<O .05) • No other significant 
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Ht.!X dlfference was ubserved for the l'est of the ion-tissue 

cOllluinallons (p>O.05). 

2-2. 80ne 

a. Fluor1de 

The F cuntent ln femurae was jnfluenced signÎficantly by the 

duse levels of boUI F (p<O.Ol) and Al (p<O.OI) as weil as F-Al 

inleracl10n (p<O.OS). 

Uslng Duncan' s multiple range test ~ the concentrations of F in 

groups C"30 and Cr :u were found ta be significantly higher than in 

groups F30AL24 and F 24AL24, which ln turn had more F in their bones 

than groups Co and CAL24 (p<O .05. Table 5). The difference in F 

eontent of ferllurae wlthln each pair of groups above was not 

signif.1caut (p>0.05) although the dosage of F was different. 

b. Al unllrturn 

The effecll) of different ùuse levels of F and Al amd F-AI 

LllteracLtou 011 the amuunt of Al 111 femurae were Ilot significant 

(p>O .05). 

USlIIg Duncan's multiple range test, a significantly lower Al 

level was found in femurae from groups Cr24 than those from group 

F, ... AL:u. (p<O.05. Table 6). 

c. Calclum 

The e(fecl of different dose levels of F or Al or F-AI 

lllLer'acliulI on Ca content in the femur was not significant (p>O.05). 

The Ca cunlent in femur wa!:! found to be significantly different 

beLweeu groups C"30 aud F24AL24 (p<O.05). and between Cr30 and CAL2 4 

(p<O.OS. Table 7). However. il is hard to rnake an}' logical comparison 
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for these two pairs of treatments sinee they differed from each olher 

in more than one way. 

d, Phospha te 

No signiflcance eould be deteeted in the effeets of different 

dose levels of F. Al, and F-Al interaction on P content in femurae 

(p>O.OS), 

Nevertheless. difference in P content was found between (emurae 

from groups CF30 and CP24 (p<O.05). betweell groups Crao and F24AL 24 

(p<O.OS), and between groups C"30 and C.L24 (p<O.OS, Table 8). Among 

them, only one reasonable comparison can be made. Le. between groups 

CUO and Cr24 • where the treatments only dHfered by the dose level of 

F. 

2-3. Kidney 

a. Fluoride 

Dose levels of F and Al and their interaction had no significant 

effect on the amount of F recovered from kidneys (p>O.05. Table 9). 

b. Aluminum 

The effects of different dose levels of F and Al on Al content in 

the kidney were both significartl (p<O.OI). as was F-AI interaction 

(p<O .05) • 

Using Duncan's multiple range test, the Al content of kidneys 

from group F30AL24 (the highest Illean Al content) was found tu be 

significantly dlfferent from aIl the other groups (p<O.05, Table 10). 

A significant difference was also found between groups C"30 and 
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c. CalcIum 

The concentrations of Ca in kidneys from different treatments did 

Ilot differ signific8utly frum one allother (p>O.05, Table 11). 

Ù. Phosphate 

The effects of different dose levels of F and Alan P 

COllcentr at10n in kidneys were not significant (p>O .OS). Only the F-Al 

Interaction was slgnificant (p<O.OS). Using Duncan's multiple range 

lest, group Co was found ta have significantly lower P in the kidney 

than group Cr24 (p<0.05). Group Cr24 had significantly higher I? 

content in the kidney than group F24AL24 (p<O.05, Table 12). 

2-4. Oesophagu~ stomach, jntestine, muscle, and liver 

( No s1gllificalll difference was detected in the content of any of 

the 4 iuns in each of these 5 organs among a11 treatment groups 

(p>O.05). 

J. Others 

3-1. Budy weight. 

The body weights of the kestrels in the experiment ranged trom 

95g to 120g, males and females included. This ls consider'ed within the 

normal range. Analyses of va~iance were do ne on the body weights of 

the birds with respect to treatment groups on a daily basis. No 

significant difference was found among treatment groups on any day of 

the experiment (p>O.05). 

The rnean body weights of each treatment group were plotted 

against days of the experirnent in Figure Al (Appendix, p. 107). No 

signif icant variation was detected by analysis of variance in the body 
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weight of an}' treatment group throughout the duration of the 

experiment (p>0.05). 

3-2. Organ weight 

'J'he range of weight of each organ analyzed is presented in Table 

13 • The l'esult f rom the analysis of variance did not show ally 

signJ.f1cant difCerence in weight amollg different groups Hl any of the 

organs (p>O.05). 

3-3. Feed consumption 

The unit feed consumption fol' each bint on each day was oblalned 

by dividing lhe Inlake of fond by the body weighl on a given day. 

which varled slightly on a daily basls. Analyses oC variance were 

done to test the effect of treatmellt on the unit feed consumption. No 

significant result was obtained (p>0.05). 

Simple linear regression was done on the (eed consumption within 

each group over the whole period of the experiment. and lhe results 

are shown ~n Table A6 (Appendix). Groups Cr30 and Cr24 showed a 

significant trend of increasing unit feed consumption over the period 

(p<0.05) 

Since there was no significant difference in feed consumption 

among different treatment gl'OUpS over the period of the experiment. 

and the feed itself was homogenized with a Cood processor before being 

fed lo the bhds. il 18 assumed that the variations in feed Inlake 

would nol have any significant influence over the amount of uptake of 

the 4 lons. Nonetheless. samples of food given tu the birds were 

analyzed for F, Al. Ca, and P as a reference (Table 14). 
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DISCUSSION 

J. AIJalysis of excreta 

A sjgnificant difference in F level in excreta was detected 

betweell groups Cr30 arld F30AL24 (p<0.05, Table 1). This likely 

rt!sulletl (rom the addilional Al given to group F30AL24' demonstrat1ng 

ail antagunistic effect of Al on F uptake. The same effect has been 

l.Iemonstl"aled 1.n sheep (l(essabi et al., 1988) in that animaIs given an 

oral dose of Al and F ehrninated significantly more F in their feces 

lhan those that were given F alone. 

However. in this study there was no detectable difference in the 

amount oC F removed in excreta between groups Cl"24 and F24AL24 , 

( although blrds in group F 24AL:'24 were dosed with Al while those in 

group Cr24 were note The discrepancy may lie in the variation in the 

F:A) ratiu of the oral dose, being 1:0.8 in group F30AL24 and 1:1 in 

The Cormer ratio was effective in facilitating lhe 

remuval uf F from lhe budies of laying tums (Hahn and Guenter, 1986). 

In lheJ r study, the level of Al was varied while that of F was kept 

CClllstant 111 dosages used, and it was found that a F:Al ratio of 1 :0.4 

was less effective than 1:0.8. Setting the F :Al ratio at 1: 1 for 

group F:.l4AL'24 in lhe present experiment tested whether an even larger 

proportion of Al would increase the synergistic effect. It now appears 

that there is an optimal ratio between the two ions as the above ratio 

of 1:1 did not facilitate the removal of F in the present experiment. 

Kessabi et al. (1988) suggested that the synergistic effect was F 

dose-related. In their study, the amount of reduction of F in the 
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serum of sheep as a resu! t of the ad(b t ion of Al ln the diet was 

related to the amount of F given. 

Significantly more Al was r"emoved from the bints in groups C".lO 

and C"24 after the experimellt began. even though no extra At was ever 

glven to them (Table Al, Appendix). Cross-contamination between 

groups was not likely, as the level of Al excreted in group Co was 

very low throughout the whole period of the experiment. and ail groups 

were subjected to the same experimental conditions. However. il ü; 

possible that the mere application of F resulted in removing 

indigenous Al from the body. ln fact, clinical trials using F tu 

remove excessive Al in patients sufferlng from Al-related lllnesses 

have beeu done. Shore et al. (1985) tested the possibl11ties of 

using F as a complexing agent to l'revent Al from binding to nuclear 

chromatill 111 the brain. Their study focused on the abilily oC F tn 

complex the Al which had already been absorbed rat.her than trylng tu 

prevent further absorption of Al, sinee most of the patients obtalned 

excessive Al through hemodialysis using unpurified municipal water. 

In the present study, sinee the excretory l'roduct::; could hardly 

be separated from feces, it was not possible to detennine whether the 

Al contained in excreta came from the intestines (l.e. .it was never 

absorbed) or from the kidneys (Le. it was the result of cellular 

metabolism). Therefore, a more precise experilllent in which the feceA 

and urates can be separated is needed to substantiate the claim thal 

excess F can help eliminate Al from the body. 

On the other hand, the addition 'of Al in the diet did not have 

auy effecl on F eliminatlon from the body. This was demonstrated by 
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the minimal amounl oC F found in the excrela of group CAL24 (in which 

birds were given only Al), which was not significantly different from 

the level oC F found in the excrela of group Co (in which birds were 

g1ven de1unhl:!d water only) (Table 2). Hahn and Guenter (1986) also 

ruund in the.ir sludy on laying heus that no delrimental effect from Al 

alone was olJst!fved on the production parameters of the hens over a 16-

week periud. Mureuver. Al was actually important in maintainlllg feed 

iUlake al near normal levels durlng their experiment with F. 

The various types of complexes fOXlned between Al and other 1ol'IS 

111 aquatic systems have been detalled by 8urrows (1977). In most 

cases, a complex between Al and F probably exists in the forro of AIF3. 

lJut the funn in which the complex ls displayed inside the body is not 

( known. in vlew of the great spectrum of both organic and inorganic 

compounds within the body. The stability of the cornplex can also be 

illflueuced by the ambient pH, which varies from organ ta organ. Il 

wuuld lJe worlhwhile ta investigate the structure of sueh a complex 

Inside the body systems in arder to further comprehend its possible 

physiolugical effects. 

The effects oC either F or Al or bath on the elimination of Ca 

and P were rather dose-specifie (Tables 3 and 4). Besides. Ca and P 

metalJollslTl are influenced by a wide range of factors and substances 

and vary greatly among individuals. Since there was no previous 

record of Ca and P in excreta for birds from the same breeding colony 

as the olles used in this experiment, il was impossible ta detennine 

whether the variations in the levels are characteristic of these 
( 

bjrds. In this study. the measurement of Ca and P in excreta served 
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more as lnùicators of the general health conditions (e.g. whether the 

birds were starved or suffering (rom mineraI imbalance) thsn (or 

determining the precise influences of F and Al on lhese 2 IOns. 

2. Analysis of orsans/tissues 

2-1. Bane 

The F content of femurae from group Cr30 was significantly higher 

than that found in group FaoAL24 (p<O.05 t Table 5) with a 

corresponding significant increase in F in the excreta from the latter 

gruup. It has been suggested that the amount of F accumulated in the 

long bone ls proportional to the amounl absorbed into the body 

(Carrière et al., 1987). Thelefore, if the amount of F absorbed was 

reduced in the intestines by the presence of Al, the amount 

:<lccumulaLing in the bone would ce rtain!y have been smaller. Iuc r eased 

excretion of F by the co-existence of Al is Iess plauslbl e as an 

explanation to the above finding sinee F has a high afflnily for the 

bone matrix once it enters the body. 

Peculiarly enough, there was no significant difference in the F 

content of femurae from groups CI'30 and CU4 despite a difference in 

dosage. A previous study by Bird et al. (1992) showed a F level as 

high as 10,000 ppm in the femurae of kestrels (from the same colony) 

fed dietary F for 21 da ys wlthout suffering from growth depresslon. 

Therefore, il \lias unlikely that the bones of these kestrels could have 

been saturated wlth F (maximum F content being 1092.00 )Jg/l!. in thiA 

t study). 

Although there was no significant difference ill F of excreta from 
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groups Cr24 and F24AL24 , F of femurae from the former group was 

signlficantl)l hlgher" than thal from the latter. One possible 

explanation 15 that the F level in excreta was measured on a daily 

oaSiS whereas lhat 1" the fet'ur was a result of accumulation over JO 

days of dosing. A sl1ght difference on each day might have translated 

into a signiflcant dlfference at lhe end of the 30-day period. 

In generaJ, Al content of femurae was not significanlly different 

among treatmenl groups (Table 6). This ls expected sinee Al has never 

been reported ta congregate signlficantly in the bone within such a 

short lime. Al overload eausing structural abnurlnalities in bone was 

repol"ted for human patients receiving long-term (3 to 5 years) plasma 

exchange treatment with albumin replacement solutions. The resultant 

balle Al concentration was about twice normal. The dose period employed 

ln this study, however, ls considered too short to have caused any 

signiCicant changes in the bone as a result of dietary Al. This 

mineraI iort is nol readily absorbed into the body through the 

digestive system, and the amount that can be retained even after 

intravenous infusion is very small in people with normal renal 

fune tion (Mousson etaI.. 1989). 

2-2. Kldney 

No signiflcant difference could be found in F content of kidneys 

among groups (Table 9). This i8 expected sinee deposition of excess F 

will on1y occur after the full capacity for the storage of F is 

{ 
reached in the long bones during prolonged exposure to F. The dosing 

period in this experiment was relatively short, and the F content of 
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femurae from a11 tl'eatment groups was below saturation level. 

Furthermore, most of the studies on the effecls of F on the 

kidney have focused on the histological or the biochemical aspects (Yu 

and Driver, 1978; 5iogh, 1984; and Zhan and Huo, 1988), making il hard 

tu compare the results obtained from this study with the others. 

Interestingly, not only Al, but also F and F-Al interaction. had 

signifü!ant influences on Al content of the kidney (p<O.Ol fur effects 

of F and Al. p<0.05 for effect of F-Al interaction). This agrees with 

the interactions round between F and Alan the deposition of F in the 

femur. as well as 011 the removal of F from the body. as discussed 

earlier. 

Since synergism affects bath sides of the relationship, il 15 

l pussible that the phenomenon could hamper the absorption uf F and 

facilitate the absorption of Al at the same time. 1 JI f ac t , mu re Al 

was found in the kidneys from group F30AL24 than the olher two groups 

which were given the same dosage of Al bUl less F (Table 10). The 

content of Al in the excreta from group F30AL24 was also higher than 

in group CA r..24' which was not given any F. The greater amount of Al in 

bath the kidney and the excreta of group F30AL24 cOlncided witt! a 

higher dosage of F given to this group. As a result. it can be 

inferred that at least part of the extra Al in the excretc4 of group 

F30AL24 has come from excretion, i.e. after cellular metabolism, as 

the patterns of the relative abundance of Al in the excreta and in the 

kidney corresponded to each other. That in tum implies that more Al 

has been absorbed through the allmentary canal ln this group than 

t olhers. The extra amount of Al in the kidney of group F30AL24 could 
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not have solely been a result of leaching of indigenous Al by F, since 

the level ls still higher than any of the groups which were not given 

Al, i.e. groups Co, Cr3o , and C.,.24' 

On the ottler hand, sinee it was previously assumed that Al 

coupled wlth F thus aiding in the removal of exogenous F from the 

intestines, a major portion of the Al in the excreta had to have come 

(rom digestive removal as welle Therefore, there appeared ta be more 

Al being ellmlnated in total from the kestrels' bodies in group 

~'30AL24 than in groups F24AL24 or CAL24 • A possible explanation for 

the extra amounl of Al removed is the reported ability of F to leach 

indigenous Al from the body, as discussed previously. 

Obviously, much of the above dl.scussion is hypothetical, and 

needs to be substantialed by experimental evidence. Unfortunately, 

there i8 very limited literature on the interactions between F and Al 

on the ionic balance of the various internaI organs or soft tissues. 

Moreover, a much longer study period i8 required in arder to 

demonstrate any effect of the accumulation of F on the soft tissues. 

Further research into the mechanism by which the tF-Al complex' i5 

taken up by the digestive system would also assist in greater 

understanding of the chemistry occurring at the cellular level. 
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--------------~~ ~---

TABLI:-. J. COHIparlSOJl of HledTlS u~lng DUTlcan's multIple range test on the 

fJIJ()rJdl:' leveb HI excreta of An.'!flCdJl kestrels dosed wlth fluorlde 

drill /" rd) unI! rlUIli. Groups wlth the sarue Duncan groupIng are not 

~1~rIJJ It'i:tlltly !l1l/PH'ul al 0.0'> lev .. !. 

- -- -- -- ~- -----------------

THFATMENT GROUP 

Cn 

C ... tO 

MEAN F LEVEL + S.D. 
()Jg / g dry w t • / kg li. w l. ) 

0.6'> + 1.06 

} • 20 + 1.7'> 

'J.:.w + 3.31 

3.8t. + 2.15 

3.9'> + :2.] ) 

0.'>6+1.1'> 

NO. OF 
SAMPLES 

78 

78 

78 

78 

78 

77 

DUNCAN GROUPING 

d 

a 

b,c 

b 

d 



TABLE 2. Companson of me ans USlIig DUllcan's muillple ran~e test on tht' 

alummum levels ln excretd of Amencan kestrels dosed wllh fluor Ide 

arad/ur aluniulUm. Groups wlth the "'allle DUII<:dll grouplng .u t> Ilot 

s~gnlficalllly different at 0.05 lev~l. 

TREATMENT GROUP 

Co 

C"30 

F30AL 24 

Cr24 

F 2 .t.AL24 

CAL24 

------ ---------------------- -- ----------

MEAN AL LEVEL + S.D. 
(pg/g dry wt./kg b.wt.; 

-----------

1.01 + 1.17 

1.23 + 0.86 

8.07 + 7.32 

1.42 + 1.04 

6.83 + 5.19 -

6.35 + 5.00 
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NO. OF 
SAMPLES 

DUNCAN GROUPING 

--------- -- ---- ----------

78 c 

78 c 

78 a 

78 c 

78 a,b 

77 b 



-------------

TABLE '1. Curnpar lSlW of meam. Ublllg Duncan' S Il'Iul tl.ple range test un the 

calCIum levels Hl excrela uf Amencan kestrels dOSE;.'à luth fluonde 

and/ol al urlllnurn. GlOUp~ with the same Duncan grouplng are not 

~lgnlflcdntly different al 0.05 level. 

TREATMENT GROUP MEAN CA LEVEL + S.D. 
()Jg/ g dl Y wt. /kg b. wt.) 

Co 936.02 + 420.59 -

cr30 692.60 + 403.83 

~'30AL~4 932.30 + 452.07 

C .. ~4 831.!d + 430.37 -

F~4AL24 8S 1. 13 + 436.85 --

CAL~4 689.66 + 397.23 -
- - - - --~ - - -- - -
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NO. OF 
SAMPLES 

78 

78 

78 

78 

78 

77 

DUNCAN GROUPING 

a 

1> 

a 

a,b 

a 

b 
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TABLE 4. Compar ~sun uf means uS1.ng Duncan 's multIple rdllge test on the 

phosphate levels 1.11 excreta of American ke~lrels dosed with fluur ldt' 

andl ur aluml.uam. Gruups wHh the same Duncdn groupmg are not 

Slgu~(lcantly dlfferenl al 0.05 level. 

TREATMENT GROUP MEAN P LEVEL + S.D. 
l)Igj g dl Y wt. /kg b. wl.) 

Co 874.44 + 402.34 -
Cr30 703.39 + 415.56 -

F30AL24 872.96 + 400 .64 -

Cr24 790.18 + 433.31 -

F 24AL24 792.34 + 410 .02 

CAL24 657.66 + 392.57 -

8B 

NO. OF 

SAMPLES 
DUNCAN GROU~I NG 

-------- ---- ------ ---------. 

78 d 

78 b 

78 il 

B a.b 

78 a.b 

77 b 

----- ------- ---- -- --



----------~ - ---

TABLE S. Compar Ison of mean fluonde concentratIons ln long bones of 

Amel lcall kestrelb dosed with fluorlde audlor aluminurn by Duncan's 

mu! UpIe range test. Groups "ath the same Duncan grouping are not 

bJgrullcantly different al 0.05 level. 

--------- ----------

GROIlP MEAN F IN BONE + S.D. NO. OF DUNCAN GROUPING 
()Jg/g ash weight) INDIVIDUALS 

----------

Co 137.46 + 23.96 6 a 

(; .. 30 823.47 + 1~3.67 6 ,. 
-

~'10AL24 511. 70 + 137.14 6 b 

C .. :t4 Rn.43 + 216.13 6 c -

F24AL 24 493. ~ 1 + 9, .~5 6 b -

CA / 24 171. 10 + 70.72 6 a 

-- --- -- ------
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TABLE 6. Compaflson of mean alumlnum concentrat Hms lU long bones of 

Amerlcan kestrels dosed Wl.U, fluonde and/or alumlilUm by DUllcan's 

multIple range test. Gruups wllh the same Duncan groupwg are ool 

Slgll1flcantly dlffeJeut al 0.05 level. 

GROUP 

Co 

C"30 

F30AL , ... 

C"24 

~'24AL2'" 

CAL24 

MEAN AL IN aDNE + 5.D. 
()Jg/g ash weight) 

79.72 .!.26.55 

76.57 !.. 8.36 

79.06 + 16.07 

59.45 + 14.19 -

98.94 + 37 .03 

84.84 + 14.53 -
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NO. OF DUNCAN GROU P 1 NG 
INDIVIDUALS 

Il .i. h 

Il d,il 

b a,il 

6 b 

6 d 

6 a,b 

----- ---- - --- _.-



l'ABLf: 7. CURIpar lson of me an calcIum conce~.t ratlOns ln long bones of 

Amer L<:dU kebl re 1s dosed wilh t luor ~de and/or alumlnum by Duncan 1 s 

rnultwle ldnge test. Groups wllh lhe same Duncan ~rouplng are not 

slgrlltLc3ntly rl1fferent al 0.0) level. 

GROUP MEAN CA IN BONE + S.D. 
(mg/g ash welghl) 

__ 4 _____ ~ ____ ~ ____ 

Co 143.6 + 37 .5 

C" 30 J 10.7 + 64.2 

rl0AL24 332.0 + 58. ] -

C"24 11)5.9 + 24.6 

~'24AL24 37':1.7 + 14.:.1 

C"'1.24 373.8 + 9.6 
--- --- ----- - - -----
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NO. OF DUNCAN GROUPING 
INDIVIDUALS 

6 a.b 

6 b 

6 3.b 

6 a,b 

6 a 

6 a 



TABLE 8. Companson of mean phosphate COllcent ratlOns III long bunes ot 

Amerlcan kestrels dosed \iii' th fluoud" dnd/ol dlunlJlIum by I)unc..lu' h 

multIple range test. Groups with the same Duncan grouplng ale nul 

Signlflcantly dlfferent al O.OS levpl. 

GROUP MEAN P IN BONE + S.D. NO. OF DUNCAN GHOUPI NG 
(mg/ g ash weight) INDIVlDUALS 

---------------

Co 165.5 + 17 • 1 6 d,II 

Cr30 148.8 + 30.1 6 IJ 

F30AL24 156.6 + 27.7 fi d,U 

C" 24 174.9 + 9.4 6 d 

F24AL24 181.0 + 7.6 1) d 

CAL24 177.7 + 7.9 6 a 

---~- -- -~---~---- ~-- - ~ 



------------------------

TABLE Y. COmpiU ISOn ot mean fluorlde concentrat10ns ln kldneys of 

AmPIICdJl kest re Is dosed WJ th fluorlde and/or alumwum by Duncan 's 

IIIU Illide rallge test. Groups with the same Duncan grouplng are not 

bJr,lllfh.:alltly dJfferenl al 0.05 lev!:'l. 

GROIJP 

Co 

1:"30 

i"")oAL 24 

(;11':24 

"'2"AL24 

CA l.:24 

MF.AN F' IN KIDNEY + S.D. 
()Jg / g dry Wf' j gh t ) 

1.28 + 0.88 

1.14 + 0.68 

1. 34 + 0.79 

1. 29 + a .n5 

1. "2 ~ 0.71 

1.05 -t 0.16 

NO. OF DUNCAN GROUPING 
INDIVIDUALS 

6 a 

b a 

6 a 

6 a 

6 a 

6 a 

------~-- --------- -------
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TABLE 10. Companson of mean aluminum concentrat10ns 111 kldnevs of 

Arnencan kestrels dosed wlth fluonde dnd/or alumlllum bv Duncan's 

multlple range test. Groups with the same Duncan groUplllg are Ilot 

s1gnif1cantly d~fferent at 0.05 leve1. 

GROUP MEAN AL IN KIDNEY + S. D. NO. OF DUNCAN GROUPING 
(jlg/g dry welght) INDIVIDUALS 

-------------* - - ----

Co 5.39 ~ 4.59 6 b,c 

C"30 2.72 + 2.78 6 c -

F'30AL 24 28.65 + 15.33 6 a --

C"24 4.24 + 2.!>5 6 h,c 

F24AL 24 13.69 + 9.37 6 b -

CAL24 6.41 + 3.00 6 h,c 
-

--- ----- - --
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TABLE 1) • Companson of mean calcium concentrations in kidneys of 

Amerlcan kestrels dosed w1th fluor1de and/or alum1num by Duncan's 

multlplp. range test. Groups wlth the same Duncan group1ng are not 

slgnJflcantly dlfferent at 0.05 level. 

GROUP MEAN CA IN KIDNEY ~ S.D. NO. OF DUNCAN GROUPING 
(jJg/g dry weight) INDIVIDUALS 

--------_. 

Co 299.56 ~ 41.42 6 a 

C"30 341.00 ~ 79.59 6 a 

F 30AL24 337 • 5 2 + 8 7 • 60 6 a 

C" 24 288.21 + 39.45 6 a 

F24AL24 296.45 + 86.00 6 a 

CAL24 326.88 + 127.38 6 a 
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TABLE 12. Companson of rnean phosphate concentratIons ln kldneys of 

AmerIcan kestrels dosed wlth fluonde and/or alurnlnurn by Duncan' s 

multiple range test. Groups with the same Duncan grouplng are not 

slgnlflcantly dlfferent at 0.05 1evel. 

GROUP MEAN P IN KIDNEY + S.D. 
(mgJg dry weight) 

NO. OF DUNCAN GROUPING 
INDIVIDUALS 

-------------------------------------

Co 6.03 ~ 0.23 6 b 

C"30 6.33 .!. 0.58 6 a,b 

F30AL24 6.32 + 0.42 6 a.b 

C"24 6.71 + 0.24 6 a 

F 24AL 24 5.95.!. 0.37 6 b 

CAL24 6. 30 .!. 0.60 6 a,b 

----
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------------------------- ~ 

Tdble 13. Summary of the range of fresh welght of each organ/tIssue of 

Anie 1 !can kestrels dosed wlth fluorlde and/or alumlnum and the 

probabllltll:!s of a greater F value from the analyses of variance on the 

eftecl of treatmenl on the welghts of dlfferent tlssues/organs. No 

hlgnlflcanl effect was found. 

------ ---- -------------------

ORGAN/TISSUE NO. OF SAMPLES RANGE (g) PROB (>F) 

-- -------- --------

femur 36 0.2 - 0.4 0.6830 

kldney 36 0.7 - 1.3 0.1159 

heart 36 1.0 - 1.9 0.5974 

oesophagus JE> 0.2 - 0.7 0.2447 

stomach 36 1.4 - 3.6 0.2444 

lnt esllne 36 2.1 - 5.0 0.818} 

l1ver 36 l 'j .. - 4.6 0.5676 

muscle 36 5.8 - 10.9 0.7752 

------- --

-J 
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Table 14. IonlC compositIon of mashed sklnned mlce fed to the kestrels 

during the experlment. 

ION CONCENTRATION (pgjg dry wt) 

Ca 8.56 x 10 3 

P 2.24 X 10 4 

F 15.65 

Al 22.06 

,--------

r 
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CONCLUSION 

The .luleractl.on belween t luoride and alum.1Jlum was most pronounced 

when the ral.lO uf F:Al was 1 :0.8, al WhlCh the removal of both 

1 J Uflllde and of 1 UfII.ulUm f rom the bod y was enhanced. depos1 t lon of 

fluorldp ln the bone was reduced, and alumlnum content of the kldney 

wa::. Hlcrea::.ed. The F:A1 ratlo of 1:1 was also effectIve 1.n l.nCreaslng 

the alummulII content of kldney and reducing the fluonde deposit ln 

bOlle. The effect of dlumulUm on fluonde uptake and eliminatl0n 

appeared to be related to the dosage of fluorlde, or the ratIO between 

f lUtH ide and alumuaum. 
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APPENDIX 

Procedure for preparing Total Ionie StrenKth Adjusting Buffer 

(TISAB) II: (p.64) 

To prepare IL of the bufter solutIon. dissolve 58g uf sudlum 

chlonde (NaCl) and 19 of COTA ln a mIxture of 57ml of anh"drLHl:" dcet l(' 

aCId (NaOAc) and approxlmately SODml of delonlzed wdter. Tltrate the 

resultulg mIxture to a pH of 5.8 w.lth 5M sOlhum hydloxHle solullon 

(NaDH) • Allow the solutIon ta cuol to room temperature and make 1 L up 

ta IL in a volumetrie flask. 
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TABLE Al. ProhatJll111e5 uf a greater F value for testlng the null 

hypolhes15 Ho: there 15 no &lgnlflcant dlfference between the level of 

ail lOli measured HI the excre t.a oblalned on day 0 and those obtalned on 

day& l - 29 ln a l realment group. The null hypotheSH. 15 rejected for a 

value uf p smaller than 0.05. 

IONS 

--------------------------------------------------------------------
••• ... ... ••• 1Ir 

FLUORIDE 0.5482 0.0006 0.0007 0.0019 0.0001 0.6403 
... ... ..... ...... ..... 

ALUMINIJM 0.1344 O.OHS 0.0104 0.0056 0.0033 0.0036 

CAI.CIUM 0.0550 0.5292 0.0519 0.8304 0.587L 0.9909 
... 

PHOSPHATE 0.2612 0.1551 0.0260 0.7024 0.9364 0.6748 

~. ::llglllflCanl al 0.05 level 

** &J~nlflCanl al 0.01 level 

*** &lgniflcallt al 0.001 level 

~*** slgOlflcanl al 0.0001 level 
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TABLE A2. Contrasts uSlng GLM prlJcedure ln SAS 0.1 the fluonde levels 

ln excreta of Amen.cao kestrels dosed w~lh fluond:! (.md/or .:ilununum. 

CONTRAST 

Co.Cr30.Cr24 vs F30AL24.F24AL24.CAL24 

Co vs Cr30 • CII'24 

C.L24 vs F30AL24.F24AL24 

CII'30 vs C"24 

F30AL24 vs F24AL 24 

*** slgniflcant at 0.001 level 

**** slgnlficant at 0.0001 level 

102 

df p(>FI 

O.OOO~"''''' 

0.0001 ....... .. 

0.0001"' .... ... 

0.OS37 

1 0.0002 ....... 



TABLE A3. Cuntrastb USIUg GLM procedure ln SAS on the alumlnum levels ln 

pxcrela of Amencan kestrels dosed wllh fluonde and/or aluminum. 

CONTRAST 

Co.Cr30.Cr24 vs F30AL24.F24AL24.CAL24 

Co vs Cr30 • Cr24 

CAL24 vs F30AL24.F24AL24 

**** slgluflcalll al 0.0001 level 

103 

df 

1 

1 

1 

1 

p(>F) 

0.0001· ....... 

0.6005 

0.1022 

0.7815 

0.0720 
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TABLE A4. Conlrasts uSlng GLM procedure ln SAS on the calcIum leve 18 HI 

excreta of AmerlC.an kestrels dosed wlth fluonde and/or alununum. 

-------------- ---

CONTRAST df p(>F) 

0.9213 

Co vs C"3o.Cr24 0.0034 ..... 

1 0.0007 ........ 

Cr30 vs Cr24 1 0.0434'" 

0.2341 

* slgnlflcanl at 0.05 level 

** slgnificant at 0.01 level 

*** slgnlficant at 0.001 level 
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TABLE AS. Contrasls uSlng GLM prucedure ln SAS on the phosphate levelb 

ln excreta of Amencan kestrels dosed with fluonde and/or aluminum. 

CONTRAST 

CO.Cp30.Cr24 vs F30AL24.F24AL24.CAL24 

Co vs Cr3o .C"24 

CAL24 VS F30AL24.F24AL24 

* slgnlflCanl at 0.05 level 

**~ slgnlflcanl at 0.001 level 
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df p(>F) 

0.6921 

0.0250'" 

0.0023 "'** 

0.1861 

0.2193 
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Table A6. Surnmary of the results f rom Slmp le Ilnedl- regress lUII of t hl' 

un1t feed consumption on dav of the expeflmem, for each treatmellt group. 

A pOS.Ltlve slape IJ1l1.Lcates an ITicreaslng llelld for feed cOlIsumptlOll nVf'r 

the course of the experllnent, and VIce V~'JSd. 

GROUP PARAHETER ES TI MATE 
(g/g b.wl.) 

STANDARD 
ERROR 

-------------------- -- - ---

Co Inlercept 0.2670 0.0089 

slope 0.0004 0.0005 

CtI'30 .Lntercept 0.2498 0.0087 

slope 0.0013 0.0005 

illtercept 0.2801 0.0098 

slope 0.0007 0.0006 

Intercept 0.2459 0.0101 

slope 0.0013 0.0006 

ITitercept 0.2574 0.0078 

slope 0.0007 0.0005 

CAL24 Intercept 0.2581 0.0092 

slope 0.0007 0.0005 

* signiflcant at 0.05 level 
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T-VALUE 

30.12 

0.77 

2H.82 

2.4,> 

2R.47 

l. 21 

24.24 

2.24 

32.8, 

1.41 

28.17 

1. 21 

PROB 
(H .. : 

sI ope =0 ) 

0.441Y 

n.ol,)')'" 

0.22117 

0.0267" 

O.I'J'H 

0.2277 
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FIGURE Al. Plots of mean daily body weights ~_ standard error of mean 

(S .E.H.) of each treatment group versus day rlf the exper1ment. The 

effect of day on me an body weights was not s1gniflcant for any 

treatments (p>O.05). 
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