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resulted in the extraction of a small quantity of a similar 
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Comparative Toxicity of Fluorine Compounds 
MARGARET CAXMACK SMITH AND RUTH M. LEVERTON, University of Arizona, Tucson, Ariz. 

EPORTS in the literature 
of t h e  toxic effects of R fluorides have been re- 

viewed by McClure and Mitchell 
( 7 )  and DeEds (4) .  Such indi- 
cations of impaired health and 
development as subnormal rate 
of growth or decline in weight, 
poor appetite and lowered food 
intake, poor reproduction, and 
inferior bone and tooth structure 
have been r e p o r t e d  to result 
from relatively low intakes of 
sodium fluoride. High levels of 
feeding have caused death. The 
harmful effects resulting from 
the use of rock phosphates as 
m i n e r a l  supplements in farm 
animal r a t i o n s  have been be- 
lieved to  be due to their fluorine 
content (1, 5 ,  10, 18, 19). 

In  1931 proof was established 
in this laboratory (16) that  the 
dental defect of h u m a n  teeth 
known as mottled enamel (Fig- 
ure 1) which is endemic in many 
sections of the world is caused 
by the toxic action of fluorides 
present in the drinking water 
supply of the afflicted persons. 
An extensive survey of the con- 
ditions in Arizona (13) by means 
of which the concentration of 
fluorides in water supplies was 
correlated with the presence or 
absence of mottled enamel and 

The use of drinking water containing fluorine 
in concentrations of one part per million or 
more is recognized as the cause of mottled enamel, 
a defect of human teeth (12, 13, 15). The 
increasing use of fluorine compounds as spray 
insecticides has prompted this study of the 
comparat ice toxicity of different compounds of 
jluorine. The following compounds of fluorine 
are used: sodium, potassium, ammonium, 
and calcium fluorides; sodium, potassium, and 
barium fluosilicates; and natural cryolite (so- 
dium aluminum fluoride). A comparison is 
made of their effect upon growth rate, food con- 
sumption, eficiency of utilization of food, re- 
production, mortality, and teeth, when supplied 
to young albino rats at the same fluorine con- 
centration. U'ide differences in toxicity among 
these compounds are found when the effect upon 
growth, food utilization, and damage to the 
teeth are considered, which may or may  not be 
a reflection of difference in their solubility. 
From the standpoint of initial damage to the 
teeth, hot( ever, all these compounds of fluorine 
are found to be equally toxic. Fourteen parts 
per million of jluorine ( from any source) in 
the diet of the rats leaces a mark upon the rat 
incisors. The significance of these Jindings in 
relation to the spray residue problem and human 
mottled enamel is discussed. 

they often have to be replaced 
by false teeth at  an early age. 

Fluorine compounds are be- 
coming more and more com- 
monly used as spray insecticides 
in place of arsenicals because the 
toxic action of a r s e n i c a l s  is 
known and f e a r e d .  It would 
appear that from the standpoint 
of public health, chronic intoxi- 
cation from fluorides is little to 
be desired. 

Sol lmann,  S c h e t t l e r ,  and 
Wetzel (17) in 1921 studied the 
effect of fluorine intake upon the 
growth and food intake of albino 
rats. They varied the percent- 
age of pure sodium fluoride in the 
ration from 0.0002 to 0.23 per 
cent for a 1- to 4-monthperiod. 
A c o n c e n t r a t i o n  of sodium 
fluoride greater than 10 mg. per 
kg. of rat per day, roughly 0.015 
per cent of the ration, diminished 
food consumption and growth 
even though the food was equally 
palatable to the animals. Below 
this level no harmful effect of 
the fluoride w a s  n o t e d .  I n  
these s t u d i e s ,  however, only 
growth and food consumption 
were used as criteria. 

In 1925 Schultz and Lamb 
(11) reported briefly that a level 
of 0.1 per cent sodium fluoride 
in the r a t i o n  interfered with 

its degree of severity if present, gave evidence that the use of 
drinking water having a fluorine concentration above 2.7' 
parts per million interfered with normal tooth development. 
The drinking of water in the usual amount which contains as 
little as 5l p. p. m. of fluorine has been found to  cause a severe 
type of mottled enamel of the teeth, the enamel being pitted 
and corroded. Mottled teeth are not only disfiguring in 
appearance but are so defective in structure and strength that 

1 Fluoride determination made by the modified Fairchild ferric chloride 
method deacribed in Ariz. Expt. Sta. Tech. BULL 43 (1932). Unpublished 
data a t  hand now indicate that a concentration of fluorine in water of as 
little as 1 p. p.  m. a8 determined by the Willard or Foster methods of analysis 
8 sufficient to cause mottled enamel of human teeth. A concentration of 

2 p. p. m. is now found to be associated with mottled enamel of the more 
eevere type. 

growth rate of rats and that an  "unfavorable effect in re- 
production begins a t  a level of about 0.025 per cent sodium 
fluoride." In  the same year McCollum, Simmonds, and 
Becker (8) reported that, when sodium fluoride was added to 
an adequate mixed ration a t  the level of 0.05 per cent, the 
teeth of rats were observed to  be abnormal in appearance and 
defective in structure. 

In  this laboratory (14) the feeding of sodium fluoride to rats 
a t  0.025, 0.05, and 0.1 per cent of the ration has in each case 
interfered with the normal calcification of the teeth to  an ex- 
tent varying with the Concentration. Even the lowest level 
of feeding (0.025 per cent) resulted in defective enamel of a 
rather severe type of the teeth of rats, dogs, and guinea pigs. 
It has been observed also that an effect upon the teeth of the 
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Ana lyzed  e. P. chemicals 
except cryolite which wa5 a nstiiriil cryolite mined i n  Green- 
land, obtained Srotri the Arizona Uureau of Mines, and groruid 
tu a powder in tlie laboratory. The solubility of these 
synthetic compounds as determiired by Carter (E, 5) a t  35" C. 
is as follows: 

I'otusaium and ainmoiiiwi~ Huiiride are reported as "very 
d u l h ?  camyoutids." 

The al1)ino rats used were taken at -1 weeks OS age f rwi  
tlie stuck colony raised on Slierman'a 1)iet I3 composed of 
orre-third whole milk powder, two-thirds ground wliole Karl 
red wheat, and salt equal to 2 per cent iii the weight OC the  
wheat,. Only male rats wcighiiig from 50 t o  ti5 grama st the 
tinie of wariiiig were used. In the first series OS cxperirneirts, 
a representative rat Sroiii each litter was kept as conbrol 
ujnm the basal rat.ion (Sirertnaii's Diet, E), and the rest of 
the litter was corrtiooed on tlie satnc ration to ivhicli a coiri- 
porind of Huorine had hero added a t  a definite perctmtagc 
Icvel. Ttic Hiiorides were aeiglirxi ijitatit.itativt'ly, atid cx- 
treine care was exercised t,o itisiire irniformity oi mixture of 
the salts with the basal diet. 

Sodium fiuuride IVNS incorporated i n  the ratioti at Icvels of 
0.05 per. crnt or t i  simple tnultipli: or fractioii OS this amoutit. 
All of the other comp~~iinds of fluorine were coriipured with 
sodium Huoride tit the same percentage l e re l  US fluorine. On.- 
iirg to the ditfcrent perceiitnges of fliiririiie in the dif- 

were dissolved or mixed with 
distilled water aud introduced directly into the throat of 
the rats by means of a medicine dropper. In other cases 
definite weighed amounts were fed separately daily in solid 
form mixed with a small amount of the basal diet. 

EFFECT UPOX GROWTH AND Faon UTILIZKTIOX 

Growth and food consumption records of rats wliicli re- 
ceived fluorine as sodium fluoride, calciutri fluoride, natural 
cryolite (sodium aluminum fluoride), or Imriiim fluosilicate 
in  tlie ration at different percentage lei& of fluorine for a 
period of ti week? appear in Tables I to I\r. 

The data in Table I sbow t.hat, when fluorine was fed as 
the sodium salt, it  iiiterfered with the rate of gruwth during 
the &week test period if it was incorprrated in the ration a t  
the level of 0.0266 per cent. At  this concentration the rats 
receivcd an average of 2.4 nrg. of fluorine per day or approxi- 
mately 24 my. per kg. The growth rates of these animals 
were aiiout 15 per cent. I,elow those of t.heir litter-mate con- 
trols who rcceived the same basal diet witliout tlre addition 
of sodium fluoride. When less than this percentage of 
fluorine was fed, there was no slowing tip of the rate of growth 
ditring this most active period of developmient. When twice 
this aiiiount o S  fliwriiie \\LIS fed, the groivth was strikingly 
retarded. The animals which received 0.0432 per cent 
(0.1 per cent sodiunl fluoride) of fluorine in their ration gained, 
on the tsverage, only 63 grams in the &week period. Tlris is 
less than halS the rate of gain recorded for t,lie control animals 
which did not receive additional fluorine in their food. 
Tile food consuniption at this higher level of feeding was also 
less than that of the contnil animals but not proportionately 
so, Sor the decrease in food intake did not run parallel to the 
iiiliibition of growth. The Iilxvered rate OS growth is not, 
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therefore, entirely explainable on the basis that distaste for 
the fluorine-containing food resulted in a lowered food intake. 
The efficiency of utilization of the food was lower, as shown by 
the lower gain in weight per gram of food consumed of the 
fluorine-fed animals. The rats receiving 0.0452 per cent 
fluorine in their ration consumed approximately 68 per cent 
as much food as their controls, but they grew a t  only 40 per 
cent of the normal rate. All further increases in the per- 
centage level of sodium fluoride in the ration resulted in loss 
in weight followed by death before the end of the 6-week 
experimental period. 

TABLE I. EFFECT OF INGESTION OF FLUORINE AS SODIUM 

ALBINO RATS 
FLUORIDE UPON GROWTH RATE A S D  FOOD COSSUMPTION O F  

A T . .  A Y .  .4v. 
.kV 6- & W E E K  GAIN PER DAILY F$ 

NaF I N  F3 IN RATS W E E K  FOOD GR.\hf O F  INTAKE 
RATION RATION USED G M N  INTAKE FOOD PERRAT 

% % Grams Grams Gram MQ. 
0 
0 .00078 
0 .00156 
0.00312 
0 .00625 
0.0125 
0 . 0 2 5  
0 .05  
0 . 1  
0 . 2  
0 . 5  

0 
0.000353 
0.000706 
0 .00141 
0 ,00282 
0.00565 
0 .0113 
0.0926 
0.0452 
0 .0904 
0 .2260 

40 
6 
6 
6 
6 

10 
20 
20 
20 

5 
5 

158 
170 
167 
170 
166 
156 
152 
133 
63 

Kills 
Kills 

466 
537 
540 
533 
538 
463 
499 
450 
3 16 
. . .  . . .  

0 . 3 3 9  
0 .316  
0 , 3 0 9  
0 . 3 1 9  
0.308 
0 , 3 8 7  
0,305 
0.295 
0 . 1 9 9  . . .  . . .  

0.000 
0 . 0 4 5  
0.090 
0 . 1 7 8  
0 . 3 6 1  
0 . 6 2 2  
1 .342  
2 . 4 2 1  
3 . 4 0 0  

. . .  . . .  

Growth curves of rats fed sodium fluoride at the 0.025,0.05, 
and 0.1 per cent levels (0.0113, 0.0226, and 0.0452 per cent of 
fluorine, respectively) in the ration for a longer period of time 
appear in Figure 2 .  The stunting effects of 0.05 and 0.1 
per cent of sodium fluoride grow increasingly evident as adult 
age is approached. Again it is evident that 0.025 per cent 
of sodium fluoride or an average daily intake of 1.3 mg. per 
rat exerts no appreciable retarding effect on the growth rate 
even over this longer period of time. 

1 
4 0 8 10 I2 14 16 I8 20  

AGE IN WEEKS 

FIGURE 2. GROWTH CURVES OF RATS FED 
SODIUM FLUORIDE 

Results of feeding rations containing fluorine in the same 
concentrations, but in the form of barium fluosilicate which is 
commonly used as an insecticide, appear in Table 11. Barium 
fluosilicate is the least soluble of the common fluosilicates, 
and has approximately only one two-hundredths of the solu- 
bility of sodium fluoride-hence its desirability for use as 
spray insecticide for vegetables and fruits. 

However, the effect upon growth and food consumption of 
fluorine in this combination was found to be almost identical 
with that of the sodium fluoride when fed a t  the same level of 
fluorine. As was found with the sodium salt, a concentration 
of 0.0226 per cent fluorine from barium fluosilicate in the 
ration (2.7 mg. of fluorine per day from this source) inter- 
fered with the normal growth rate during the 6-week period of 
rapid development. Twice this amount resulted in less than 

half the normal gain, and all higher concentrations studied 
produced an actual loss in weight followed by early death. 

To conserve space, the results of feeding all of the com- 
pounds of fluorine, the toxicity of which was investigated, 
have not been tabulated. Potassium and ammonium fluorides, 

L I 1 1 1  
4 e 12 16 20 24 26 32 36 do I l l /  

AGE IN WEEKS 

FIGURE 3. REPRODUCTION CURVES OF FEMALE 
RATS FED SODIUM FLUORIDE 

and sodium and potassium fluosilicates when incorporated 
in the ration a t  the same percentage levels of fluorine acted 
in the same may as sodium fluoride. A concentration of 
0.0226 per cent fluorine in the ration from any of these sources 
interfered with the growth of the animals, and a striking in- 
hibition of growth resulted from a higher concentration of 
fluorine. 

When, however, fluorine was combined either as the cal- 
cium salt or as the more complex cryolite (sodium aluminum 
fluoride), its toxicity as indicated by its effect upon food con- 
sumption and growth rate was much less. 

TABLE 11. EFFECT OF INGESTION OF FLCORISE AS BARIUM FLUO- 
SILICATE UPOS GROWTH RATE ASD FOOD COXSUMPTION OF 

ALBIXO RATS 
Av .I\,. 

by. 6-kTEEK G A I N  P E R  AV 
Fi IN R A T S  6 - W E E K  FOOD GR.411 O F  DAILY FQ 

RATION U S E D  G.4IN INT.4KE FOOD INTAKE 

% Grams Grams Gram M g  . 
n 

0.0113 
0 0228 
0.0452 
0 .0904 
0 .2260 

40 
5 
5 
5 
5 
7 
5 
5 
5 

158 
158 
172 
156 
159 
132 
51 

Kills 
Kills 

. . .  . . .  

0 . 3 3 9  
0 . 3 1 4  
0 . 3 4 5  
0 . 3 6 1  
0 . 3 2 5  
0 .260  
0 .256  

. . .  

. . .  

0.000 
0 . 1 6 8  
0 . 3 3 4  
0 . 5 8 1  
1 . 3 1 5  
2 .722  
2 . 9 8 1  . . .  . . .  

TABLE 111. EFFECT OF INGESTION OF FLUORIDES AS CRYOLITE 
UPON GROIVTH RATE AND FOOD CONsUMPTIOS OF ALBINO R.4Ts 

Av . Av. 
AV. & W E E K  G.4IN PER A V .  

F? IN R a T 8  & W E E K  FOOD G R . ~ M  OF DAILY F? RATION USED GAIN INTAKE FOOD INTAKF 
% Grams Grams Gram M g  . 

0 
0.00141 
0.00282 
0.00565 
0 .0113 
0 . 0 2 2 6  
0.0452 
0 .2260 
0 .4520 
0 .9040 
1 .3560 
1 .8080 

40 
2 
1 
1 

158 
173 
160 
162 
171 
153 
141 
133 
94 
s 5  
41 
21 

0 . 3 3 9  
0 .312  
0 .303  
0 , 3 0 3  
0 . 3 2 3  
0 . 3 1 9  
0 . 3 6 1  
0 . 2 8 5  
0 . 2 5 2  
0 . 2 4 0  
0 . 1 8 1  
0 .0986 

0.000 
0 . 1 8 5  
0 . 3 5 4  
0 . 7 1 8  
1 . 4 2 0  
2 .577  
4 .207  

25 .075  
40.142 
75 .979  
73.288 
91.691 

2 .712  4 Kills ... . . . .  .. 

Table I11 shows that only a t  a concentration of 0.2260 per 
cent or more of fluorine in the ration were retardation of the 
growth rate and reduced efficiency of food utilization noted 
when the fluorine was incorporated in the ration as the 
double salt (sodium aluminum fluoride) in the form of natural 
cryolite. The animals received an average of 25 mg. of 
fluorine daily or approximately 250 mg. per kg. This is ap- 
proximately ten times the amount which resulted in the same 
degree of stunting when the fluorine was combined with 
sodium as sodium fluoride. Again, it required 0.904 per cent 
fluorine combined as natural cryolite (an average daily intake 
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of 75 mg.) to produce as striking a degree of growth retarda- 
tion as that produced by 0.0452 per cent of fluorine as sodium 
fluoride or approximately twenty times as much. 

Calcium fluoride proved to be even less toxic than cryolite 
from the standpoint of interference with growth (Table IV). 
When fluorine was incorporated in the ration as calcium 
fluoride, the same degree of stunting of growth was not evident 
until 0.4520 per cent of fluorine was added and the approxi- 
mate intake of fluorine was 475 mg. per kg. of body weight. 
This is twice the concentration which interfered with the 
growth of the animals when the fluorine was in combination 
as cryolite and twenty times the amount necessary when it 
was combined as sodium fluoride. 

TABLE IV. EFFECT OF INGESTION OF FLUORIKE AS CALCIUM 
FLUORIDE UPON GROWTH RATE AND FOOD CONSUMPTION OF 

ALBINO RATS 
A Y .  Av. A Y .  

A V .  6-WEPK GAIN PER DAILY Fz 
RATION UEPD GAIN I N T A K ~  FOOD PPR R.AT 
Fa IN RATS 6-WXEK FOOD GRAM OF INT.4Kn 

Grams Grams Gram M U .  
0 
0 .00282 
0.00565 
0.0113 
0 .0226 
0 .0452 
0 .2260 
0.4520 
0 . 9 0 4 0  
1.3560 
1 ,8080 
3 .6160 

4 0  
1 
1 
5 
8 
8 
6 

10 
6 
4 
4 
4 

158 
194 
176 
158 
152 
155 
142 
132 
115 
77 
32 

Kills 

466 
611 
560 
494 
462 
487 
492 
44 1 
411 
358 
252 ... 

0 . 3 3 9  
0 .316  
0 . 3 1 4  
0 . 3 1 9  
0 . 3 2 9  
0 . 3 1 8  
0 . 2 8 8  
0 . 2 9 9  
0 . 2 7 9  
0 . 2 1 5  
0 . 1 2 6  ... 

0 . 0 0 0  
0 . 4 1 0  
0 . 7 5 3  
1 .329  
2 .486  
5 . 2 4 1  

26 .474  
47 .460  
60 .051  

104,582 
108.480 . . . . .  

It is perhaps logical to suppose that an explanation of 
this difference in toxicity lies in the relative insolubility of 
these compounds. Sodium fluoride is approximately one 
thousand times more soluble than calcium fluoride, and prob- 
ably a t  least one hundred times as soluble as natural cryolite. 
It is quite evident that the interference in growth a t  the 
higher levels of feeding of calcium fluoride is not in proportion 
to the amount fed. This may be due to the insolubility and 
therefore nonavailability of the fluorine in this combination. 
It is puzzling to note in this connection, however, that fluorine 
combined as barium fluosilicate is equally as toxic as when com- 
bined as sodium fluoride, and yet the former compound 
is reported to be even less soluble than cryolite. It has not 
been possible to demonstrate a contributing toxic effect of 
either barium or silicon. 

EFFECT UPON REPRODUCTION 

The effect of fluorine as sodium fluoride upon the ability of 
female rats to reproduce has been observed when fluorine 
was incorporated in the rations a t  0.0113, 0.0226, and 0.0452 
per cent levels. Typical reproduction records for females on 
the three fluorine-containing rations are shown graphically 
in Figure 3. The rearing of four generations of rats on rations 
containing 0.01 13 and 0.0226 per cent fluorine indicated 
that fluorine in these concentrations did not seriously impair 
the functioning of the reproductive organs. Mating was of 
normal frequency. It was observed, however, that the per- 
centage of young born which were successfully suckled was 
less and the young were smaller in size a t  weaning age when 
the ration contained as much as 0.0226 per cent of fluorine. 
It is quite possible that this is a secondary result of the stunt- 
ing effect of fluorine a t  this level of the feeding upon the 
growth of the animals which is indicative of subnormal 
health. The mother animals themselves were somewhat 
stunted in growth and therefore were less able t o  produce 
vigorous young. KO difference in the number of young born 
or in the frequency of matings was noted between the females 
fed 0.0226 per cent fluorine and their sisters who did not 
receive any additional fluorine in their basal diet. 

When, however, the ration contained the higher concen- 

tration of 0.0452 per cent fluorine, the females did not re- 
produce. It has been previously shown that severe stunting 
of growth results when fluorine as sodium fluoride is fed a t  
this percentage level. 

Two females who were reared for 6 months on this high 
fluorine ration were transferred to the stock colony diet con- 
taining no added fluorine. Not only was the growth re- 
sponse immediate, but in 4 weeks both females gave birth to 
young whereas they had not been able to do so when given the 
fluorine-containing diet. They were able to raise their 
young to the weaning age, although the young were small in 
size and not vigorous. 

It can perhaps be concluded, therefore, that fluorine fed 
a t  a percentage level which does not inhibit the growth of 
the female does not interfere with the normal reproductive 
process. It would appear also that fluorine a t  levels of 
feeding sufficiently high to inhibit growth severely and cause 
damage t o  the teeth of the most severe type has no specific 
effect upon reproduction and does not seriously impair the 
functioning of the reproductive organs. 

EFFECT UPON MORTALITY 

In this laboratory, fluorine from sodium fluoride added to 
the ration a t  any concentration above 0.0452 per cent has 
proved fatal. Rats have been taken a t  weaning age, weigh- 
ing from 50 to G5 grams, and placed upon rations containing 
0.0565, 0.9678, 0.0904, 0.226, and 0.452 per cent fluorine from 
sodium fluoride with the result that death occurred in every 
case. With a fluorine concentration of 0.0904 per cent, the 
young rats lost weight and died in an average of 9 days during 
which time their food intake averaged 23 grams. The aver- 
age fluorine intake of these rats per kilogram of body weight 
was approximately 40 mg. When adult rats also were fed 
sodium fluoride a t  the level of 40 mg. per kg. of body weight, 
a rapid loss in weight was followed by death of the animal. 

When the percentage of fluorine in the diet was still higher 
(0.226 or 0.452 per cent), the food intake was materially re- 
duced so that the intake of fluorine per unit of body weight 
was approximately the same (40 to 60 mg.), and death oc- 
curred in about the same length of time. With the lower 
percentages of fluorine, the animals lost weight more slowly, 
lived longer, and consumed considerably more food. How- 
ever, the average fluorine consumption per kilogram of body 
weight was approximately the same. 

Fluorine combined as ammonium and potassium fluorides, 
or as barium, potassium, and sodium fluosilicates was found 
to have the same acute toxicity as when combined as sodium 
fluoride. A percentage of 0.0904 of fluorine from any of 
these sources proved fatal to young rats in from 9 to 11 days. 
In each case the daily fluorine intake averaged about 40 to 50 
mg. per kg. of body weight. 

Fluorine combined as natural cryolite or calcium fluoride 
was strikingly less toxic from the standpoint of lethal con- 
centration. Just as a much greater amount of fluorine from 
these sources had to be fed before any inhibition of growth 
resulted, so the amount required to cause death of the ani- 
mals was much greater. Animals fed a ration containing 1.8 
per cent fluorine combined as cryolite gained slowly and 
survived the experimental 6-week period. A concentration 
of 2.740 per cent fluorine from this source, however, was 
fatal in from 5 to 6 weeks, and 3.6 per cent fluorine as cryolite 
caused death in 9 days. It required approximately 1900 mg. 
of fluorine per kg. of rat  body weight to cause death when the 
source was cryolite. 

Even this high concentration of fluorine was not fatal when 
the source was calcium fluoride. Fluorine a t  the 3.6 per cent 
level as calcium fluoride caused death in 3 to 4 weeks, whereas 
5.4 per cent fluorine from this source proved fatal in 9 to 11 
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days. .I possible  "salt eirect" 
of these la rge  a m o u n t s  of the 
fluoride compounds m a y  have 
been a c o n t r i b u t i n g  fac tor .  
IIowever, it  %vas found that animals 
fed the same hasal rations to which 
(i per cent sodium chlor ide  had 
been added  grew at a normal 
rate. 

EFFECT UPON THE ' h X l ' H  

The most delicate and regular 
evidcnce of fluorine toxicosis vas  
its effect uuon the teeth. Fluorine 
in concentrations which uwc far 
below those nvhich interfered with 
the growth of the rat or gave any 
o t h e r  ev idence  of d i s  t u r  bod 
general health of tlie animal \vas 
found to interfere with the normal 
development oi the teeth. The 
sevcrity of t h e  d a m a g e  t o  t h e  
teeth \vas p r o p o r t i o n a l  to the 
fluorine intake of t h e  a n i m a l .  
The first indication of a "fluorine 
effect" was a decrease  in  t h e  
amount of pigment in the lower 
incisors. This lightening in color 
was noticeable only to the trained 
naked eye when comparison was 
made with the normal color and ap- 
pearance of the incisors of a nonflnorine-fed litter mate which 
served as a control. However, the effect was easily dis- 
cernible when the incisors were viewed under a low-power 
microscope or hand lens. A ringed or lined appearance was 
evident such as may be seen in Figure 4B. Fine normally 
pigmented or deep orange lines alternate with fine light orange 
lines containing less pigment. In grading the severity of the 
damage to the teeth caused by fluorine feeding, this effect is 
referred to in Table VI as l + .  Increasing the concentration 
of fluorine in the diet resulted first in a greater loss ~f pigment. 
In the next gradation, the alternatiug light and deep orange 
lines became more distinct (a 2+ efrect). Then with more 

TABLE Fr. LETH.%L CDICEXTRlTION OF FLUORINE FROM DlF- 
PERENT Sou~ces IX RATION OF A~s iva  R a ~ s  

.AFPD"X. 

% 
0 .20  
0.176 
0.221 
0.149 

4.98 
11.4 

7% 
0.0904 
0.0904 
0.0904 
0.0904 

8.616 
5.424 

USYS 
9 
9 
10 
10 

10 
11 

J? 
45 

Dm.ns 
-24 
- 2 1  
-?O ..", 

MY. 
40 
48 
48 
4% 

18% 
3480 

C. Corroded oondition pioducqd by 
high eunoentrationa of nuorme 

JPON RAT Iivcrsons 

fluorine in the ration there was a loss of niore pigment, and the 
3+ effect is characterized by orange linm alternating with 
colorless lines or bands which were easily visible t o  the naked 
eye. When the fluorine intake was still greater, the ringeJ 
appearance disappeared, and the whole surface of the tooth 
appeared white and dull. This is considered 4+ in severity 
of the defect. Finally the enamel became so defective that 
small pits appeared, and sections of the enamel chipped off. 
Mild corrosion is graded as 5 + ,  and the most severe type of 
damage to the enamel in which most of the enamel Iyas gone 
and the teeth were frequently ground down to the gum line is 
graded as e+. As has been observed by others (67, there is a 
tendency to overgrowth ai either the upper or lower incisors 
of the fluorine-fed animals. This occurs, however, only 
after tile animals have been on the fluorine-containing diet 
for a long period oi time, and it is not a regularly observed 
or consistent criterion of the effect of fluorine upon the in- 
cisors. 

Upon the beginning of fluorine feeding, the earliext outward 
cliange on the incisors was noted about the second week. 
The feeding of fluorine did not alter the appearance of the 
erupted portion of the incisors, but, as the incisor renewed 
itself, abnormal areas appeared a t  the gum line. The upper 
incisor which grew at a much slower rate did not show the 
"fluorine effect" for many weeks after the feeding of fluoriiie 

TABLE VI. coIMPAaATLYE E~~~~~~ F~~~~~~~ I A ~ ~ ~ , ~ ~ ~ ~  was begun. 
CoMBLVATIoNs UPON INCISOHS OF .hLBlNi> RATS 

IN I)lEi,  N&iP& Cryolite CnF, 

The ringed or lined appearance of the incisors of the animsls 
fed fluorine at the low concentrations which represented 
alternating normal and abnormal areas was identical with the 
effect obtained by iiitermittent subcutaneous injections of 

- - E ~ ~ & ~ ~  I'PON I ~ ~ , ~ ~ ~ ,  T~~~~ or:  
Tap, KF. BaSiFa, Con-cw. OP Fa 

V" .. 
0.00035 
0. Mlui 
0.o0141 
0.m2x2 
0.00565 
0.0113 
0.0226 
0.0462 
0.2260 
0.452 
0.904 
1.366 
1.8 

0 
0 ::: :+ 

d + 
4 +  
4 +  
5+ 
6 +  
6 +  
6 t  

0 
0 

I +  
I +  
I +  "+ 
J t 
a + 
I f  
i+ 

6 +  
:$ 

fluorides. A possible explanation of this ringed appearance 
may lie in the intermittent or nighbeating habits of the 
rats, or it may he explained by the variation in the rate of 
growth of the teeth a t  different periods of the day. With 
higher concentration of fluorine in the ration the ringed ap- 
pearance cannot be noted, for t.he whole surface of the enaniel 
is severely damaged (Figure 4C). 

The destructive effect of fluorine upon the teeth oi animals 
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is without question the most important from the human stand- 
point, for infinitesimal amounts of food and water supply 
produce the “mottled enamel” when no other harm to the 
individual is apparent. A comparison of the different com- 
pounds of fluorine from the standpoint of effect upon the 
teeth of the experimental animals has therefore been of major 
interest. 

Table V I  shows that a percentage of 0.0014 of fluorine (14 
p. p. m. of diet) from any source gave the first outwardly dis- 
cernible effect upon the incisor teeth of the experimental rats 
which was regularly observed. At this concentration of 
fluorine, regardless of its combination, it was possible to 
observe the fine orange lines upon the incisors visible upon 
magnification which characterize a 1 + fluorine effect. The 
lines or rings were perhaps more distinct in the animals fed 
sodium fluoride but were quite evident in the groups fed 
cryolite and calcium fluoride. Half this concentration of 
fluorine-namely, 0.0007 per cent or 7 p. p. m. of diet-in 
sonie cases gave evidence of damage to the incisors when the 
source was sodium fluoride or barium fluosilicate but the 
effect was not always observed. It would appear therefore 
that there is not a great difference in toxicity of fluorine in 
different combinations when the amount required to produce 
the first discernible effect upon the teeth is the basis for com- 
parison. 

When, however, the amounts of fluorine from the different 
sources which mere necessary to produce severe damage to 
the teeth are considered, increasingly great differences in 
toxicity of fluorine in its different combinations may be 
noted. When the source of fluorine was sodium fluoride, or 
barium fluosilicate, etc., slight increases in concentration in 
the ration produced pronounced and definite increases in the 
severity of the fluorine effect. This was not equally true 
when the source of the fluorine was cryolite or calcium fluoride. 
For example, doubling the concentration of fluorine from cryo- 
lite or calcium fluoride did not increase the severity of the 
fluorine action to a discernible degree. iigain, it  required 
large amounts of fluorine from cryolite or calcium fluoride to 
produce the more severe types of fluorine damage, and the 
differences in toxicity between these compounds and sodium 
fluoride were greatest when the most serious damage was 
used as a basis for the comparison. For example, a concen- 
tration of 0.0028 per cent (28 p. p. m.) of fluorine from sodium 
fluoride resulted in a 2+ effect, but it required four times this 
concentration of fluorine from calcium fluoride to produce the 
same grade of defect. It took, however, twenty times as 
much fluorine from this source to produce a 41- effect and 
forty times as much if the very severe type of damage was used 
as a basis for the comparison. 

A difference in toxicity between sodium fluoride and cryo- 
lite w%s apparent also, although this difference was not as 
great as in the case of sodium and calcium fluorides. It was 
found that it required twice as much fluorine from cryolite 
as from sodium fluoride to produce the 2 + ,  3+, and 4+ 
effects, but ten times as much was necessary to damage the 
teeth the most severely. 

It follows that differences in toxicity of fluorine in its 
various combinations becomes strongly apparent only a t  the 
higher levels of fluorine feeding and that fluorine in amount 
necessary to produce an initial or mild damage to the teeth 
of rats is perhaps equally toxic, regardless of its combination. 

In  another series of experiments young rats weighing 55 to 
65 grams were given a weighed amount of the various com- 
pounds of fluorine as separate supplements to the same basal 
diet (Sherman’s Diet B). It was found that a daily dose of 
0.2 mg. fluorine from any of the sources tested resulted in 
abnormal incisors of the l+ type. This amount of fluorine 
approximates the average daily intake of the rats which re- 
ceived 0.0014 per cent fluorine in their diet, and the effect 

produced was almost identical. Here again it was noted that 
the severity of the tooth damage increased greatly as the 
amount of fluorine as sodium fluoride increased, but not so 
rapidly if the source was calcium fluoride or cryolite. A daily 
intake of 0.6 mg. of fluorine from sodium fluoride resulted in 
dull white incisors splotched with orange, but the same amount 
of fluorine from calcium fluoride resulted in damage to the 
teeth which was not much more severe than that caused by 
a daily dose of 0.3 mg. fed as sodium fluoride. It would appear 
that the insolubility of calcium fluoride and the natural cryo- 
lite made large doses of fluorine from those sources relatively 
ineffective, whereas small doses were equally as toxic as sodium 
fluoride. 

The minimum amount of fluorine which interfered with 
tooth development varied with the size of the animal. hlore 
exact information as to the minimum toxic dose per kilogram 
of body weight of the rat v-as obtained by adjusting the dos- 
age of sodium fluoride to the weight of the animal. By so 
doing, the minimum toxic dosage for rats as judged by the 
primary effect upon the teeth proved to be 1 mg. of fluorine per 
kg. of body weight. 

DISCUSSION OF RESULTS 
The findings reported here regarding the effect of sodium 

fluoride upon the growth rate, food utilization, reproduction, 
and mortality of albino rats agree in general with those of 
Sollmann, Schettler, and Wetzel (17) reported in 1921 and 
with the more recent findings of Lamb, Phillips, Hart, and 
Bohstedt (6). 

It is of special significance, however, that the present 
writers have observed an effect upon the teeth a t  concentra- 
tion levels far below those which have resulted in any other 
evidence of poor health of their experimental animals. Evi- 
dently the dental enamel-forming cells are most sensitive 
to the toxic action of fluorine, and tooth damage is the first 
indication of chronic fluorine poisoning in rats. In  human 
beings also, the teeth give the first indication of fluorine 
poisoning. Mottled enamel occurs in children when their 
water supply contains as little as 1 p. p. m. of fluorine, and 
yet the children are apparently strong, healthy, and normal 
in every other respect. 

From the practical standpoint, therefore, in any study of the 
relative toxicity of fluorine compounds as compared with each 
other or with other toxic compounds, the effect of the former 
upon the teeth is of prime consideration. 

Smyth and Smyth (16) have concluded from their investi- 
gation of the “relative toxicity of some fluorine and arsenical 
insecticides” that “several times as much fluorine compound 
is needed as arsenical compound to give the same chronic 
toxic effect from repeated doses.” From their experiments 
with rats, they report that “23.1 mg. of fluorine per kg. as 
cryolite or 20.6 mg. of fluorine per kg. as barium fluosilicate 
is the lowest dose found definitely toxic, while an equal 
degree of toxicity was obtained by 1.12 mg. of arsenic tricide 
as lead arsenate.” Their comparison is based upon such 
gross symptoms of poisoning as organ degeneration, growth 
stunting, and overgrowth of the teeth. 

The present results show that fluorine from any source 
leaves a mark on the teeth of the experimental rats, notice- 
able only to the trained observer when 1 mg. per kg. of body 
weight is fed daily, although there is no other evidence of ill 
health or organ degeneration a t  this low level of feeding. 

Xany times this dosage of fluorine is necessary to interfere 
with the growth rate, food utilization, and reproduction, 
cause the death of the rat, or produce the most severe type of 
tooth damage. Using these gross symptoms of toxicosis for 
the basis of comparison, great differences in toxicity of the 
different compounds of fluorine have been noted. These 
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differences are probably a reflection of the differences in solu- 
bility of the compound, although barium fluosilicate in spite 
of its relative insolubility has been found in every case to 
equal sodium fluoride in toxicity when fed at  the same level of 
fluorine. 

Fluorine is more toxic to the teeth of human beings than to 
rat incisors which groi7 a t  a more rapid rate. Small amounts 
of fluorine in excess of that usually occurring in food and 
water causes the damage to the developing teeth of human 
beings known as mottled enamel. &lore than five hundred 
water supplies have been analyzed and their fluorine contents 
correlated with the occurrence of mottled enamel among the 
users of these waters. The findings have shown that use of 
drinking water containing as little as 1 p. p. m. of fluorine 
produces mottled enamel (12, 13). In  other words, the 
permanent teeth of a child who drinks water containing 1 
p. 11. m. of fluorine during the period of formation of thwe 
teeth will be niottled when erupted. If we assume an average 
water intake of from four to eight glasses per day during that 
period, the average intake of fluorine from this source will be 
from 1 to 2 nig. per child per day. Analyses of apples which 
have been sprayed with barium fluosilicate have shown an 
average fluorine residue before washing of 5.6  p. p. m. (9) 
or approximately 2.5 mg. of fluorine per pound. A large apple 
a day alone, therefore, would provide as much fluorine as four 
glas5es of water containing 1 p. p. m. of fluorine. 

It appears to the authors, therefore, that the use of fluorine 
compounds for the control of insect damage to fruits and vege- 
tables is fraught with danger, and unless steps are taken to 
control the use of these compounds or to insure their subse- 
quent removal from the food material, mottled enamel will be 
more widespread and will no longer be only a sectional 
problem. 

COSCLVSIOKS 
Retardation of the growth rate during a ti-week experi- 

mental period and a decrease in the efficiency of utilization of 
the food-i. e., a lower gain in weight per gram of food con- 
sumed-resulted when fluorine was incorporated in the diet 
a t  a 0.0226 percentage level when the source was sodium, 
potassium, or ammonium fluoride, or barium or sodium fluo- 
silicate. Cryolite and calcium fluoride were found to be less 
toxic sources of fluorine from the standpoint of their effect 
upon growth rate and food utilization. It required ten times 
as much fluorine combined as cryolite and twenty times as 
much when combined as calcium fluoride to  produce the 
slight stunting of growth which was caused by the inclusion of 
0.0226 per cent fluorine combined as the sodium salt. The 
difference in apparent toxicity of these compounds was even 
greater when the amount of fluorine neceskary to inhibit 
growth severely were considered. It required thirty times 
a5 much fluorine combined as cryolite than as sodium fluoride 
to reduce the growth rate to half that of the control non- 
fluorine-fed litter mates. 

Fluorine interfered with the normal process of reproduction 
only at  those levels of feeding which resulted in a stunting in 
growth of the female. S o  evidence of specific damage to 
the reproductive organs was evidenced. 

A concentration of fluorine of 0.0904 per cent from sodium, 
potassium, and ammonium fluorides and from any of the 
fluosilicates studied, including barium, caused death of the 
animals in from 9 to 11 days. On the other hand, it required 
a concentration of 3.6 per cent fluorine from cryolite and 5.4 
per cent from calcium fluoride to cause death in the same 
length of time. This meant a daily intake of approximately 
40 mg. per kg. of fluorine from sodium fluoride as compared 
with 1900 and 3400 mg. per kg. from cryolite and calcium 
fluoride, respectively. Therefore from the standpoint of 
lethal concentrations and amount of fluorine necessary to 

' 

cause growth inhibition, wide differences in toxicity of soine 
of the compounds of fluorine were noted. 

Fluorine in concentrations far below those necessary to 
interfere with growth or general health of the animal caused 
damage to the incisor teeth. Considered from the standpoint 
of the most severe type of damage to the teeth, again it was 
noted that it required more cryolite and calcium fluoride than 
any of the other compounds studied. At least ten times as 
much fluorine from cryolite and twenty times as much from 
calcium fluoride n ere necessary to cause corrosion and pitting 
of the enamel. However, all the compounds of fluorine 
studied, including the less soluble barium fluosilicate, cryolite, 
and calcium fluoride, left a mark characterized by the ap- 
pearance of fine, lighter pigment lines on the incisor teeth 
when incorporated in the diet a t  a 0.0014 per cent level (14 
p. p. m.) or fed separately in daily doses of 0.2 mg. fluorine to 
young rats or fed at  the level of 1 mg. per kg. of body weight. 
Fluorine, regardless of its 3ource, caused interference with 
normal tooth development a t  this level of feeding, but no 
discernible effect could be consistently noted when less than 
this amount was fed. The amount of fluorine required to 
cause initial damage to the rat incisors TTas so small that  
differences in solubility of the compounds were not a factor, 
and no differences in toxicity of fluorine from the various 
compounds studied could be noted. 
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RECEIVED February 12, 1934 

DECRE.4SE OF FERTILIZER PRICES IS FRAXE. The French 
Ministry of Commerce has issued the following note : 

In order to diminish the cost of living in foodstuffs, the government, en- 
deavoring t o  reduce the cost of production of agricultural products, has just 
obtained from the industrialists concerned a very important decrease in the 
price of fertilizers. 

The producers have agreed to make reductions of 6 per cent on superphos- 
phates and of 8 per cent on potash fertilizers. against the assurance which wa8 
given them by the recent decree of April 2 8  (this decree requires individual 
import licenses for phosphate and potash fertilizers) that the importation 
of phosphate and potash fertilizers will he hereafter strictly limited to 
the indispensable quantities t o  provision the French market. It should be 
noted that a reduction of 6 per cent on nitrogenous fertilizers was already ob- 
tained by the government during the course of the present agricultural year. 


