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Abstract. In rats acute intoxication with 100 mg sodium 
fluoride/kg body wt. orally has the following metabolic 
consequences. Oxygen consumption is reduced by about 
30-50%. Plasma free FA decrease in fed as well as in 
starved rats. Hepatic FA synthesis is enhanced, but TG se- 
cretion to the blood is n~t altered. Intravenously injected 
Intralipid | 20% is removed at a normal rate. In subacute 
intoxication (30 mg sodium fluoride/kg body wt given or- 
ally per day over 1 week) oxygen consumption is not af- 
fected. TG secretion and removal of Intralipid remain in 
the normal range whereas hepatic FA synthesis is in- 
creased as in acute intoxication. TG concentration in the 
liver, however, increases by about 30% after l week. 
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Introduction 

Fluoride inhibits many enzymes of which those of the gly- 
colytic pathway (McGown and Suttie 1977; Najjar 1948; 
Peters et al. 1964; Warburg and Christian 1942) and li- 
pases (Bj6rntorp and Furman 1962; Hofstee 1954; Hol- 
land 1977; Harwood and Rodbell 1973; Hollenberg et al. 
1961) are the best known ones. In vivo fluoride induces hy- 
perglycemia (McGown and Suttie 1977); on the other 
hand in vivo effects on lipid metabolism have been less 
completely investigated. High lipid diets enhance fluoride 
toxicity (Miller and Phillips 1955); levels of fluroide intake 
have been related to atherosclerosis (Luoma et al. 1976 
Ophaug and Singer 1976) and to serum levels of total lip- 
ids and cholesterol (Townsend and Singer 1977; Vatassery 
et al. 1980), free FA, phospholipids and TG (Townsend 
and Singer 1977). 

In the present investigation the influence of a single 
dose (100 mg sodium fluoride/kg body wt) and of a dose 
of 30 mg/kg body wt given over a period of l week on lip- 
id metabolism in the rat was studied. Not only plasma lip- 
ids but also functional tests like FA synthesis and TG se- 
cretion into the blood were examined. Thus, we expected a 
more complete insight into the dynamics of lipid metabo- 
lism under toxic doses of fluoride. 
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Material and methods 

General 

Male Sprague-Dawley rats (Animal Breeding Institute of 
the Medical Faculty, Himberg) weighing between 150 and 
300 g were employed. The smaller animals were used for 
the measurement of FA synthesis. In all experiments the 
weight of controls and experimental animals was compar- 
able. The rats were kept in a room at 23-25 ~ and had 
free access to a pellet diet (Fa. Tagger, Graz) and to tap 
water (2.5 p.mol fluoride/l) at least 1 week prior to the 
experiment. Intravenous injections and cardiac punctures 
for obtaining blood were always performed under light 
ether anesthesia and blood was collected in heparinized 
test tubes. When necessary, animals were killed by cervical 
dislocation under ether anesthesia. 

Acute fluoride intoxication 

Between 8 and 9 a.m. the rats received 100 mg sodium flu- 
oride dissolved in 10 ml distilled water per kg body wt by 
stomach tube. Controls received equivalent amounts of so- 
dium chloride solution. One group of rats was starved for 
24 h before intoxication, other rats had free access to food 
until sodium fluoride was given. Water was allowed to 
both groups of rats. After fluoride administration food and 
water were withdrawn in all experiments. 

Subacute fluoride intoxication 

Rats received daily 30 mg sodium fluoride or an equiva- 
lent amount of sodium chloride in l0 ml distilled water per 
kg body wt by stomach tube for 1 week. During this time 
access to food and water was free; food intake, however, 
was controlled. When the main experiments were begun 
24 h after the last fluoroide administration (about 9 a.m.) 
food and water were withdrawn. 

Main experiments 

The following types of experiments were performed 3 h af- 
ter fluoride application in acute experiments and 24 h after 
the last fluoride administration in the subacute experi- 
ment. 

Oxygen consumption and plasma metabolites. OXygen con- 
sumption was measured by employing a diaferometer as 
reported previously (Ore and Hohenegger 1980). Immedi- 
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ately after, rectal temperature was recorded and blood was 
obtained by cardiac puncture. In heparin plasma the con- 
centrations of fluoride (Fry and Taves 1970), free FA 
(Dole and Meinertz 1960), urea (Fawcett and Scott 1960), 
and glucose (Schmidt 1961) were measured. In some cases 
ketone excretion was evaluated in spontaneously voided 
urines by employing Merckoketotest strips. In several rats 
in all experimental groups plasma fluoride and oxygen 
consumption were measured at additional times after fluo- 
ride intoxication. 

TG secretion. The method described by Otway and Robin- 
son (1967) was employed. Triton WR 1339 (polymeric 
p-isooctyl-polyethylene-phenol) was injected into a tail 
vein (0.6 ml of a 10% solution in isotonic sodium chloride/ 
I00 g body wt). Tail blood was taken before and exactly 
60 min after injection. In heparin plasma TG was mea- 
sured according to Eggstein and Kreutz (1966). Immedi- 
ately after, plasma volume was determined with the Evans 
blue method following in all details Otway and Robinson 
(1967). The TG secretion rate was calculated by multiply- 
ing the increase in plasma TG (A Ixmol/ml) during 60 min 
with plasma volume (ml/100 g body wt). 

FA synthesis by the liver. A mixture containing 1.5 mCi 
3H20 in 0.5 ml isotonic sodium chloride solution/100g 
body wt was injected ip. Exactly 1 h later blood was ob- 
tained by cardiac puncture, then the animals were killed 
and the livers rapidly removed. In plasma and FA extracts 
of two aliquots of liver tissue (about 2 x 300 mg wet wt) ra- 
dioactivity was measured by employing a Beckman liquid 
scintillation counter. In details we followed the description 
of Lowenstein (1971) with modifications indicated by Gut- 
mann (1983). Water content of liver tissue was measured 
by drying the samples at 90~ until the weight was con- 
stant. In some tissue samples TG concentration was mea- 
sured after extraction with chloroform/methanol (2 - I ,  v /  
v) as above. 

Removal of an intravenous lipid load. Intralipid 20% 
(0.33 ml/100 g body wt) was injected into a tail vein. Im- 
mediately before as well as 15, 75, and 135 min after tail 
blood was collected and in heparin plasma total lipids 
were measured according to Z611ner and Kirsch (1961). 

Histology. Rats with subacute fluoride intoxication as 
above were killed by cervical dislocation. The livers were 
rapidly removed and frozen in liquid nitrogen. Lipids were 
stained according to Lison (1934), in 10 Ixm thick cryostat 
sections. 

Chemicals. Chemicals for the determination of TG, urea 
and glucose were supplied by Boehringer, Mannheim; 
those for measuring free FA and fluoride, as well as sodi- 
um fluoride itself, by Merck, Darmstadt, Triton WR 1339 
was purchased from Serva, Heidelberg, 3H20 from Amer- 
sham, England. Intralipid was a gift from KabiVitrum, 
Vienna. 

Statistics. Means + SD were calculated from each experi- 
ment. The means of corresponding data from controls and 
fluoride treated animals were compared with t-tests. 
Experiments mentioned in the text only, consisted of in- 
vestigations on six to seven rats in each group. In the 
tables the number of experiments is indicated in detail for 
each group. 

Results 

General observations 

All animals except one survived the doses of fluoride given 
in acute and subacute experiments. Acute intoxication 
produced no apparent clinical symptoms. The general ac- 
tivity of intoxicated rats was scarcely depressed. Also sub- 
actuely intoxicated rats presented no obvious anomalies; 
food intake during the experimental period of 1 week was 
not diminished; weight gain was the same as in control 
rats. Traces of ketonuria were only observed in about 30% 
of starved rats with or without fluoride intoxication, re- 
spectively. 

Oxygen consumption and plasma metabolites 

The main results of this experiment are summarized in 
Table 1. Acute intoxication with 100 mg sodium fluoride/ 
kg body wt reduced oxygen consumption by about 
30-50%. This reduction lasted from 1 to 4 h after fluoride 
administration and was maximal 2 -3  h after intoxication 
(these values are indicated in the table). Six hours after flu- 

Table 1. General observations in rats following oral administration of sodium fluoride. Means • SD; number of experiments (rats) in 0 

Group of rats Oxygen consumption Plasma levels of 
l/kg b. wt./24 h 

Fluoride Urea Free FA Glucose 
Ixmol/l mg/dl gmol/l mg/dl 

Acute intoxication, Controls 39.8 • 4.6 (10) 
fed rats a Fluoride 27.1 • 4.2 (10) 

p <0.001 

0.7+0.18(10) 28• 563• 84(11) 92• 6(8) 
61 • 25• 420• 78(13) 127• 

<0.0001 NS <0.01 <0.01 

Acute intoxication, Controls 42.8 • 4.4 (10) 
starved rats, Fluoride 23.4-+ 4.9 (10) 

p <0.001 

0.6 • 17• 772+116(9) 68• 7(7) 
225 • 20• 525-+ 97(8) 90-+11(7) 
< 0.0001 NS < 0.01 < 0.01 

Subacute intoxication, Controls 42.7 • 10.9 (8) 
fed rats b Fluoride 37.0 + 8.2 (9) 

p NS 

0.9_+ 0.17(6)31+9(6) 436+52(5) 92-+ 6(6) 
9.6• 3.2(7) 29• 300• 117+13(6) 

<0.001 NS <0.01 <0.01 

" Measurements 3 h after a single dose of 100 mg sodium fluoride/kg body wt. 
a Measurements 24 h after the last dose of 30 mg sodium fluoride/kg body wt. 



oride some animals had normal  oxygen consumption;  24 h 
after fluoride normalization was complete in fed animals;  
in starved animals this was the case at approximately 72 h 
after. The daily dose o f  30 mg sodium fluoride/kg body wt 
did not affect oxygen consumption on different experi- 
mental days. 

Fluoride plasma levels showed the expected rise after 
ingestion. Control  levels were maximally 1 txmol/1; follow- 
ing 100mg sodium fluoride/kg body wt they rose to 
50 -70  lxmol/l in fed animals and to 150-300 Ixmol/1 in 
starved rats (3 h after application). A decline began 5 - 6  h 
after administration. On the following day plasma fluoride 
levels were between 2 and 6 Ixmol/l. In subacute intoxica- 
tion the plasma levels rose maximally to 150txmol/1, 
1-3 h after administration; 24 h later, before the next fluo- 
ride dose was given, they were in the range of  7 -15  Ixmol/l 
on all days of  the experiment. 

Plasma urea levels were not altered 3 h after fluoride 
intoxication and remained in the normal range till the end 
of  the subacute experiment. In contrast, plasma glucose 
was significantly elevated in aucte and subacute fluoride 
intoxication. Plasma levels of  free FA were significantly 
lowered in all fluoride-treated animals when compared 
with the corresponding controls. 

TG secretion and FA synthesis 

The results of  these experiments are summarized in 
Table 2. Basal plasma TG levels were unaffected in acute 
and subacute fluoride intoxication. The secretion of  TG 
into the blood was also within the normal range. In con- 
trast FA synthesis was significantly elevated in acute and 
subacute fluoride intoxication. In acute intoxication FA 
synthesis was measured some hours after fluoride adminis- 
tration; at this time TG concentration in the liver was not 
altered. In subacute intoxication enhanced FA synthesis 
and normal TG secretion rate into the blood resulted in a 
significant increase in hepatic TG content. 

Intravenous lipid load 

The plasma levels of  total lipids rose from about 300 m g /  
dl to 800-900 mg/d l  within 5 min after injection of  Intral- 
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lipid in all experimental groups. The following decrease 
was similar in normal and fluoride intoxicated rats. One 
hour after Intralipid the levels fell to about 400 mg/d l  and 
2 h after Intralipid they were slightly below the original 
level before the experiment. There was no significant dif- 
ference between controls and fluoride-treated rats (acute 
and subacute intoxication). 

Histology 

Histological examination showed a uniform distribution 
of  the lipids in form of  fine sudanophile granules within 
the liver lobes. These granules were found in the hepato- 
cytes as well as between the cells in the sinus endothelia. 
No  difference was detected between fluoride-treated rats 
(subacute intoxication) and animals in the control group. 

Discussion 

Plasma fluoride, metabolic rate and lipid metabolism 

The plasma fluoride levels observed in our experiments 
are similar to those observed by other authors (Patz et al. 
1977). Severe depression of  the metabolic rate occurred at 
plasma levels o f  about 60-300  I.tmol f luoride/l  in acute in- 
toxcation. 

Depression of  the metabolic rate was observed in acute 
intoxication with 100 mg sodium fluoride/kg body wt on- 
ly, and is probably more related with tissue than with plas- 
ma levels of  fluoride. Reduced lipolysis and enhanced fat- 
ty acid synthesis were observed, however, in acute as well 
as in subacute intoxication. 

Removal o f  an intravenous lipid load was not affected 
by fluoride poisoning. The uptake o f  FA from the plasma 
is related to the activity of  lipoprotein-lipase which is 
known to be not inhibited by fluoride (Hohenegger et al. 
1985). The secretion of  TG into the blood was not en- 
hanced under fluoride. As FA synthesis in the liver was 
concomitantly increased, elevated hepatic TG concentra- 
tions might be expected in fluoride intoxication. This was, 
however, observed in subacute intoxication only;  in acute 
intoxication the interval between fluoride administration 

Table 2. Triacylglycerol (TG) secretion and fatty acid (FA) synthesis by the liver in rats following oral administration of sodium fluoride. 
Means _+ SD; number of experiments (rats) in 0 

Groups of rats 

Acute intoxication a, fed rats Subacute intoxication b, fed rats 

Controls Fluoride Controls Fluoride 

Plasma TG before Triton, txmol/I 1230 -+ 678 (5) 

Increase of plasma TG during 60 min after 4.19-+ 1.55 (5) 
Triton, Alxmol/ml 

Plasma volume, ml/100 g body wt 3.6 -+ 1.2 (5) 

TG secretion, Ixmol/100 g body wt/60 min 15.1 + 5.6 (5) 

1388 +518(5) 1070 +237(6) 1085 +204(6) 

4.28_+ 0.54(5) 3.20+ 1.34(6) 3.26+ 1.07(6) 

3.5 + 0.6 (5) 3.8 _ 0.3 (5) 4.3 ___ 0.3 (5) § 
14.9 __. 1.9 (5) 13.6 _ 4.4 (5) 11.6 + 5.0 (5) 

Hepatic FA synthesis, txmol 3H20 incorporat- 94 _ 13 (5) 
ed into FA of 1 g liver dry wt/h 

Hepatic TG concentration, % of dry wt 4.9 _ 0.7 (5) 

137 +32(5) ++ 110 +26(7) 160 +45(7) ++ 

5.0 ___ 0.4 (5) 2.8+ 0.3 (8) 3.6 + 0,7 (8)+ 

a Measurements beginning 3 h after a dose of 100 mg sodium fluoride/kg body wt 
Measurements beginning 24 h after the last dose of 30 mg sodium fluoride/kg body wt 

+ = p <0.05; + + = p <0.01 
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and measurement of hepatic TG was too short for indu- 
cing measurable increases. 

Glucose, ketone bodies and urea 

Plasma glucose increased in all groups with fluoride in- 
toxication. This phenomenon is well known and had been 
recently explained by adrenal medullary function 
(McGown and Suttie 1977). Ketonuria of moderate degree 
was demonstrable in one third of our starved rats, ir- 
respective of whether they received fluoride or not. More 
sensitive methods, however, should be used, including 
determination of plasma acetoacetate and OH-butyrate, 
for evaluation of a possible ketogenic effect of sodium flu- 
oride. Hyperglycemia and ketonemia have been reported 
by Cole et al. (1955) after administration of 0.6 mg fluor- 
oacetate/100 g body wt in rats. 

In vivo and in vitro results 

The effects of fluoride on energy and lipid metabolism 
presented here are in accordance with investigations of 
fluoride-induced enzyme inhibition. Inhibition of lipases 
(Bj6rntorp and Furman 1962; Harwood and Rodbell 
1973; Hofstee 1954; Hohenegger et al. 1985; Holland 
1977; Hollenberg et al. 1961) corresponds well with re- 
duced levels of plasma free FA in fluoride-treated rats. 
This is also the case for reduced energy turnover and inhi- 
bition of Krebs cycle enzymes (Aisenberg and Potter 1955; 
Slater and Bonner 1952). To our knowledge, the influence 
of fluorides on enzymes of FA synthesis has not been in- 
vestigated yet. 

In general, the inhibitory action of fluoride ions on dif- 
ferent enzymes in vitro occurs at concentrations between 
0.1 mM and 10 mM (summarized by Wiseman 1970). The 
inhibitory effect of fluoride on tissue respiration in vitro 
can be observed at minimal concentrations of 0.3 mM for 
kidney cortex slices and of 10 mM for brain slices (Hohen- 
egger and Binder 1981). The serum concentrations in acute 
fluoride intoxication were between 0.06 mM and 0.3 mM 
when oxygen consumption was maximally reduced. Thus, 
effective concentrations of fluoride on metabolism are si- 
milar in different experimental models. Serum concentra- 
tions, however, may be less indicative, because fluoride is 
rapidly taken up by the tissues (Andreas et al. 1977; Whit- 
ford et al. 1979). 

The increase in hepatic FA synthesis in subacute into- 
xication suggested an increase in hepatic TG concentra- 
tion, because the TG secretion from the liver remained un- 
changed. An increase in hepatic TG concentration has 
been observed; its degree, however, is moderate and below 
the limits which can be distinguished histologically (Thaler 
1962; Beringer et al. 1968). 

It should be further noted that hepatic TG content and 
the rates of FA synthesis differ by about 15-40% between 
the control groups in acute and subacute experiments (see 
Table 2). An important variation of biochemical data of 
liver function has also been reported by other workers 
(Blouin et al. 1977; Klinger 1971; Rohr et al. 1976;; Splin- 
ter 1972; Williams et al. 1946). In previous investigations 
(Hohenegger and Schuh 1984; Hohenegger 1982) rates of 
FA synthesis also varied considerably. This means that it is 
necessary to investigate control groups and experimental 
animals always at the same time. 

Relations to fluoride intoxication in humans 

In humans fluoride is used for caries prophylaxis and oste- 
oporosis therapy. Doses given under these circumstances 
are far below those employed in the present study. Acute 
intoxication in man occurs by erroneous ingestion of fluo- 
ride tablets, especially in children (Eichler et al. 1982; 
Winkler 1973) and erroneous addition of fluoride salts to 
food preparation (Dumjahn and Engst 1961). It was also 
reported as a consequence of  accidental excessive fluori- 
dation of water. Such an accident led to an outbreak of a 
massive intoxication in a dialysis unit (Cirksena et al. 
1981); in contrast, normal fluoridation of  drinking water is 
considered as harmless (Henschler 1968). In human intoxi- 
cation gastrointestinal symptoms are predominant. This 
could not be observed in our rat experiment. In more se- 
vere cases cardiorespiratory arrest may occur. The severe 
depression of the metabolic rate as observed in our study 
may be contributory to final cardio-pulmonary failure. In 
dogs Caruso et al. (1970) reported respiratory paralysis be- 
fore cardiac arrest. Muscular spasms and hyperreflexia are 
also known in severe human fluoride intoxication (Lid- 
beck et al. 1943) and are commonly explained by metabol- 
ic alkalosis due to vomiting and/or  diminution of ionized 
calcium concentration by fluoride binding. No signs of te- 
tany were observed in our intoxicated rats. Acute intoxica- 
tion with 100 mg sodium fluoride/kg body wt. did not al- 
ter the acid-base status of the rat as reported earlier (Ho- 
henegger and Binder 1981). 
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