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FOREWORD 

A D V A N C E S I N C H E M I S T R Y S E R I E S was founded in 1 9 4 9 by the 
American Chemical Society as an outlet for symposia and col­
lections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers distributed among several journals or not pub­
lished at all. Papers are refereed critically according to ACS 
editorial standards and receive the careful attention and proc­
essing characteristic of ACS publications. Papers published 
in A D V A N C E S I N C H E M I S T R Y S E R I E S are original contributions 
not published elsewhere in whole or major part and include 
reports of research as well as reviews since symposia may em­
brace both types of presentation. 
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PREFACE 

T X e n t a l Car ies , a so-cal led "disease of c i v i l i z a t i o n , " seems to be worsen-
i n g i n the U n i t e d States a n d appears to be re lated to the f o o d that 

people eat. F o r these reasons, i t seemed t imely to h o l d a f o r m a l discussion 
of the factors that bear on the p r o b l e m , a n d the s y m p o s i u m on " D i e t a r y 
C h e m i c a l s i n Re la t ion to D e n t a l C a r i e s " was o r g a n i z e d a n d presented 
at the W i n t e r meet ing of the A m e r i c a n C h e m i c a l Society i n 1966. Plans 
were l a i d f r o m the b e g i n n i n g to p u b l i s h this s y m p o s i u m , but absence of 
a c r i t i ca l paper on a m i n o acids a n d proteins i n t r o d u c e d delays. W h e n 
A b r a h a m E . N i z e l , of the School of D e n t a l M e d i c i n e , Tufts U n i v e r s i t y , 
grac iously accepted the inv i ta t ion to fill this gap a n d submit ted his paper 
i n the F a l l of 1968, the other authors were i n v i t e d to up-date their p a ­
pers. Subsequent r e v i e w a n d revis ion has resulted i n u p - d a t i n g most of 
the papers to early or mid-1970. B y the t ime his paper was ready for 
revis ion , Rober t C . C a l d w e l l h a d been a p p o i n t e d D e a n of the School of 
D e n t i s t r y at the U n i v e r s i t y of C a l i f o r n i a , L o s Angeles , a n d his col league 
at the U n i v e r s i t y of A l a b a m a School of Dent i s t ry , Joe P . T h o m a s , agreed 
to supervise the revis ion. 

T h e resul t ing v o l u m e is a comprehensive a n d up-to-date survey of the 
major food-re lated factors that enter into tooth decay a n d its prevent ion . 
W h i l e i t m a y not have a l l the answers, i t does present the results on the 
major lines of effort on b o t h car iogenic a n d cariostatic influences a n d 
w i l l serve as a sound base for future research. 

Rober t S. H a r r i s 
Massachusetts Institute of T e c h n o l o g y 
C a m b r i d g e , Mass . 
A u g u s t 1970 
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1 

Dietary Chemicals in Relation to 

Dental Caries 

ROBERT S. HARRIS 

Massachusetts Institute of Technology, Cambridge, Mass. 

The incidence of dental caries and gingival and peridontal 
diseases is constantly increasing in the United States, al­
though it varies with geographical location. Caries will not 
develop if the teeth are caries-resistant, if the mouth is kept 
clear of nutrients which support caries-producing bacteria, 
or if no caries-producing bacteria are present. Since perma­
nent teeth begin to develop before two months of age, early 
nutrition may affect the eventual development of sound 
teeth. Various elements and compounds in food are classi­
fied as cariogenic or cariostatic. While caries in experimental 
animals is similar to that in man, caution is needed in 
projecting results of such studies. 

This symposium on "Dietary Chemicals in Relation to Dental Caries" 
was scheduled for presentation before the American Chemical Society 

because (a) the dental caries problem in the United States is serious, 
(b) many chemicals natural to foods have caries-producing or caries-
preventing properties, (c) the caries activity of foods may be modified 
by processing or supplementation, (d) most of the literature relating to 
this subject has been published in journals which chemists (including 
food chemists) seldom peruse, and (e) it is important that chemists be 
informed of the potential importance of food chemicals in the control 
of dental decay. 

More diseases afflict the mouth than any other part of the human 
body. Almost everyone in the United States is troubled with gingival 
and peridontal diseases and with dental caries at some time during his 
life span. In 1962, more than $2 billion was spent for dental services in 
the United States (9), a sum equivalent to about 1.5% of the national 
income and to about 15% of the total amount spent for health services 
(14). Though some 95,000 dentists are serving the U.S. population, less 
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2 D I E T A R Y C H E M I C A L S VS. D E N T A L C A R I E S 

than 5 0 % of the people have ever rece ived dental care (14). A t least 
twice as m a n y dentists w o u l d be needed mere ly to correct current denta l 
defects i n the people . 

T h e denta l caries p r o b l e m , w h i c h has been c a l l e d a "disease of c i v i l i ­
z a t i o n , " seems to be worsening . F o r instance, B a r t h o l d i et al. (1) noted 
that the n u m b e r of caries-free subjects a m o n g enter ing freshmen at the 
U n i v e r s i t y of M i n n e s o t a decreased f r o m 1.8 to 1.3% between 1929 a n d 
1959, a n d the inc idence of carious teeth rose f r o m 34.8 to 4 9 . 3 % . It is 
l i k e l y that s imi lar trends are d e v e l o p i n g relat ive to disorders of the soft 
tissues of the m o u t h . K i t e a n d Swanson (6) recent ly reported the results 
of a survey of the m o d e r n denta l care p r o v i d e d to freshmen at the M a s s a ­
chusetts Institute of Technology . O n e i n four a m o n g the 913 students 
be tween 16 a n d 20 years o l d examined h a d i n c i p i e n t g i n g i v a l disease, 
a n d the average D M F T (decayed , miss ing, a n d filled teeth) rate was 
9.6. Detec table tooth decay was b e i n g contro l led i n only 4 2 % of the 
students, a n d f e w of these h a d rece ived needed p e r i o d o n t a l care. O r t h o ­
dont i c care was rece ived b y o n l y 1 8 % of the students, a n d this was 
d u r i n g an average of 2.9 years. D e p e n d i n g u p o n the cr i ter ia used, maloc ­
c lus ion occurred i n 61 to 7 1 % of those students w h o s t i l l h a d a l l p e r m a ­
nent teeth. 

T h e geography of denta l caries i n the U n i t e d States ( F i g u r e 1) is 
interest ing (2). It is highest i n the Northeast , next highest i n the N o r t h -

J. M. Dunning. "Dental Clinics of North 
America," Saunders 

Figure 1. Incidence and distribution of dental caries 
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1. H A R R I S Dietary Chemicals 3 

west a n d N o r t h - C e n t r a l area, a n d least i n the S o u t h - C e n t r a l area. T h e 
higher inc idence of caries i n the areas of h i g h e r r a i n f a l l has l e d some 
to suggest that the l each ing of minerals f r o m the soi l m a y be a contro l l ing 
factor i n caries development i n this country. W h i l e i t is true that r a i n 
water w i l l s l o w l y remove minerals f r o m the so i l a n d consequent ly reduce 
the m i n e r a l content of loca l water supplies a n d of f o o d plants g r o w n 
o n these soils, the interest ing geography of caries i n the U n i t e d States 
cannot be expla ined this s i m p l y . 

F o o d s a n d n u t r i t i o n have impor tant effects u p o n o r a l heal th . T h e 
observation that denta l caries does not deve lop i n germ-free animals 
f e d s ter i l ized diets ( I I ) indicates that bacter ia are essential to the tooth 
decay process. T h e demonstrat ion that caries does not deve lop i n n o r m a l 
animals f e d b y gastric in tubat ion (5 ) indicates that residues of f o o d 
debris are needed i n the m o u t h to s u p p l y nutrients for the g r o w t h a n d 
development of car ies -producing bacteria . 

It is p o i n t e d out i n this s y m p o s i u m that m a n y elements a n d c o m ­
pounds i n foods m a y accelerate or reduce the deve lopment of denta l 
caries ( 8 ) . D i e t a r y deficiencies of v i tamins {e.g., A , B 6 , B i 2 , D , E , r i b o ­
flavin, n i a c i n ) , minerals (e.g., C a , P , F e , M n ) , a n d a m i n o acids (e .g. , 
lysine, t ryptophan) interfere w i t h the deve lopment a n d maintenance of 
heal thy tissues i n the m o u t h . Because ora l tissues are sensitive a n d con­
venient for observat ion, n u t r i t i o n a l c l in ic ians rout ine ly examine the m o u t h 
w h e n appra i s ing the nutr i t ion status of h u m a n beings. 

Some minerals are car iogenic , some are cariostatic , a n d some are 
inert w h e n ingested i n the diet . T h e b r a n layers of cereals conta in or­
ganic compounds that have cariostatic propert ies , yet o n occasion this 
" roughage" m a y act as a l o c a l i r r i tant to the g i n g i v a . Sucrose is cario­
genic, glucose is re la t ive ly inert , a n d starch is inert . M a n y other elements 
a n d compounds m a y be c i ted to demonstrate that the presence a n d ab­
sence of nutrients a n d nonnutrients i n foods p l a y a major role i n deter­
m i n i n g the heal th of o r a l tissues. 

Nutr ients a n d other chemicals i n foods m a y affect the teeth t h r o u g h 
three routes: b y react ing w i t h the tooth surface as the f o o d passes t h r o u g h 
the m o u t h ( l o c a l a c t i o n ) , b y react ing w i t h the tooth surface after b e i n g 
absorbed f r o m the intestine a n d re turned to the m o u t h via the sal iva a n d 
then react ing w i t h the tooth surface (systemic- local a c t i o n ) , a n d after 
b e i n g absorbed f r o m the intestine a n d enter ing the tooth i n the c i r c u l a t i n g 
b l o o d (systemic a c t i o n ) . 

T h e systemic influences of nut r i t iona l factors u p o n the teeth are 
greatest d u r i n g tooth development . T h e p e r i o d o n t i u m is cont inua l ly u n ­
der the influence of systemic factors f r o m the t ime of e r u p t i o n of the first 
tooth u n t i l the death of the host. T h e g r o w t h , development , a n d m a i n ­
tenance of o r a l tissues are inf luenced b y nut r i t ion because ce l l g r o w t h 
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4 D I E T A R Y C H E M I C A L S VS. D E N T A L C A R I E S 

a n d metabol i sm, pro te in synthesis, a n d calc i f icat ion processes are i n ­
v o l v e d . Dis turbances i n pro te in metabol i sm m a y influence matr ix f o r m a ­
t i o n i n the enamel a n d d e n t i n of the d e v e l o p i n g tooth, as w e l l as the 
interce l lu lar matr ix of the cementum, the fibrous p e r i o d o n t a l membrane , 
a n d the alveolar bone. F a u l t s i n the metabol i sm of carbohydrates a n d 
fats m a y alter v i t a l reactions i n the cells of these tissues. Defic iencies 
of v i t a m i n A m a y affect the f o r m a t i o n of enamel matr ix a n d the mainte­
nance of the e p i t h e l i u m of the per iodonta l tissue; v i t a m i n C def ic iency 
m a y affect the format ion of the col lagen matr ix i n dent in , c e m e n t u m , 
p e r i o d o n t a l membrane , a n d alveolar bone; v i t a m i n D def ic iency m a y 
affect the calc i f icat ion of enamel , dent in , cementum, a n d alveolar bone, 
etc. Def ic iencies a n d excesses of minerals m a y affect the composi t ion 
of the calc i f ied tissues, or m a y alter c e l l metabol i sm t h r o u g h their role 
i n co-enzymes ( 3 ) . 

These systemic influences are jo ined b y l o c a l effects w h e n the tooth 
erupts into the ora l cavity. Ion exchange reactions w i t h the surfaces of 
the o r a l tissues b y elements a n d compounds present i n the sa l iva a n d 
p u l p fluids become important . D e g r a d a t i o n products of dietary carbo­
hydrates a n d m i c r o b i a l enzymes on the surfaces of the tooth can promote 
caries development . Recent research has demonstrated that certa in types 
of m u c o p o l y s a c c h a r i d e - p r o d u c i n g microorganisms w h i c h require sucrose 
for their metabol i sm m a y be the major cause of denta l caries i n h u m a n 
beings. 

A t least three factors ( F i g u r e 2) are i n v o l v e d i n the deve lopment of 
denta l caries: host a n d teeth, microf lora , a n d substrate i n the m o u t h (4). 
Car ies w i l l not deve lop i f the teeth are caries-resistant, i f the m o u t h is 
kept c leared of nutrients (especia l ly sucrose) w h i c h w i l l sustain the 
g r o w t h a n d metabol i sm of car ies -producing bacter ia , or i f the m o u t h is 
not infected w i t h car ies -producing bacteria . T h u s , caries can be con­
t r o l l e d b y a l ter ing o n l y one of these condit ions. 

T h e age of the tooth is important . Car ies i n dec iduous teeth m a y 
cause early tooth loss a n d affect the pos i t ioning of the permanent teeth 
w h i c h are d e v e l o p i n g b e l o w . D e n t a l caries i n the permanent dent i t ion 
is of major importance because these teeth are "permanent" a n d are 
i rretr ievable i f lost through neglect. T h o u g h dec iduous teeth are gen­
era l ly lost b y 11 years of age, the permanent teeth b e g i n to deve lop be­
fore 2 months of age. T h u s , nut r i t ion m a y have an effect u p o n the g r o w t h 
a n d deve lopment of a sound tooth l o n g before i t has erupted into the 
m o u t h . 

T h e earliest v i s ib le s ign of caries is character ized b y porous, c h a l k y 
whi te spots i n the enamel . T h e "smooth surface" type of caries shows a 
w i d e - a n g l e d w e d g e of penetrat ion. T h e "pi t -and-f issure" caries deve lop a 
w e d g e of decay that is sharper a n d inver ted , w i t h the po int at the surface. 
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1. H A R R I S Dietary Chemicals 5 

P. H. Keyes and H. V. Jordan, "Mechanisms 
of Hard Tissue Destruction," American 
Association for the Advancement of Science 

Figure 2. Factors responsible for caries activity 

I n either case, the shape of the lesion corresponds w i t h the di rec t ion of 
the enamel rods, i n d i c a t i n g that the p a t h of penetrat ion of decay fo l lows 
s t ructura l pathways . O n c e the surface of the enamel has been destroyed, 
the bacter ia l invas ion proceeds a long an uneven front f o l l o w i n g the 
enamel r o d pattern. 

D e n t i n a l caries develops as a disorganizat ion of the matr ix , a n d i n 
the d i rec t ion of incremental g r o w t h lines, causing first a lateral spread, 
a n d later a progression a long the dent ina l tubules . 

T h e rat has been used most w i d e l y i n exper imenta l caries research. 
T h e deep fissures i n the m o l a r teeth show the highest inc idence a n d 
extent of denta l caries development . W h i l e these carious lesions are very 
s imi lar to those i n m a n , no exper imenta l a n i m a l has teeth that complete ly 
resemble those of the h u m a n be ing . T h u s , the results of caries research 
c o n d u c t e d w i t h rats, hamsters, a n d even primates cannot be projected 
to the h u m a n b e i n g w i t h o u t reservation. 

D u r i n g the deve lopment of caries, minerals m a y be w i t h d r a w n f r o m 
considerable depths i n the tooth structure, i n spite of the h i g h density 
of the enamel (12). D e m i n e r a l i z i n g agents reach into the enamel struc­
ture a long pathways re lated p r i m a r i l y to the striated structure of the 
enamel . 

D e n t a l caries has been repor ted to deve lop i n exper imenta l animals 
w i t h i n four days f o l l o w i n g erupt ion (13). O p d y k e ( JO) has s tudied the 
time-sequence of lesions p r o d u c e d ar t i f ic ia l ly i n h u m a n tooth enamel 
that is b e i n g exposed to an a c i d i c s a l i v a r y - g l u c o s e - a g a r system in vitro. 
T h e first react ion was a release of free m i n e r a l after four days ' exposure; 
w i t h i n eight days the lesion h a d a characterist ic a c i d react ion ( p H 4.2-4.5); 
after the 10th d a y various a m i n o a c i d fractions were observed, a n d , finally, 
after 20 days l i p i d substances were f o u n d . 
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6 DIETARY CHEMICALS VS. DENTAL CARIES 

Since the structure of the tooth is important to the pathogenesis of 
caries, those factors which influence the structure of teeth during develop­
ment are especially important. Mellanby (7) has been foremost in pro­
moting the concept that the high susceptibility to caries in modern man 
results from the faulty tooth structure caused by diet abnormalities during 
tooth development. 

Finally, it should be emphasized that caries development is catalyzed 
or retarded by the presence of elements and compounds, both nutrients 
and nonnutrients, which act systemically or locally. These are the subject 
of this symposium. 
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Carbohydrates, Fats, and Dental Caries 

W A R D P I G M A N 

Department of Biochemistry, New York Medical College, 
New York, N . Y. 10029 

Dental caries results from attack on the tooth surface by 
microorganisms, especially in noncleansing areas. Dietary 
factors may influence this attack by acting on the tooth or 
the microorganisms. With experimental animals, dietary 
carbohydrates exert a pre- and post-eruptive cariogenic 
effect, whereas fats as a whole may mediate the post­
-eruptive effect. Comparisons of primitive man with man 
living under urban conditions have demonstrated a great 
enhancement in dental caries in modern man. Such studies 
and those with controlled populations have suggested that 
some types of carbohydrates are the main origin of the in­
creased incidence of dental decay. In vitro studies using the 
artificial mouth have shown most common sugars to be 
potentially cariogenic. 

Carbohydrate constituents usually provide the major source of energy 
in human diets. As starches, modified starches, and sugars, they also 

have been the dietary products most susceptible to industrial modification 
and application in products such as syrups, refined sugars, candies, gums, 
puddings, soft drinks, canned fruits, and other products. Since these 
products are produced and consumed mainly in highly industrialized 
countries, which also have high rates of dental decay, much interest has 
been shown in the relationship of such products to dental caries. Many 
investigations of various types have been carried out to determine 
whether a direct relationship exists between dietary carbohydrates and 
the incidence of dental caries. The number of such investigations is so 
great that they cannot be considered adequately in this review. As a 
result, the principal types of investigations wi l l be considered, and except 
for recent work, reference generally wi l l be given to secondary sources 
which discuss the subject more adequately and also give the original 
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8 D I E T A R Y C H E M I C A L S VS. D E N T A L C A R I E S 

l i terature. A va luab le b i b l i o g r a p h y of recent research o n denta l caries 
has been p r e p a r e d b y B r i s l i n a n d C o x (4). 

U n i v e r s a l agreement seems to exist o n the nature of the basic process 
i n v o l v e d i n denta l caries. It consists of the attack b y the products of 
metabol i sm of ora l bacter ia o n exposed surfaces of teeth, usua l ly o n 
enamel , b u t also occurr ing o n cementum a n d exposed dent in . T h e attack 
is thus bas ica l ly external , a l though poss ibly m o d i f i e d b y interna l metabol i c 
influences. D e n t a l caries i n i t i a l l y is near ly a lways h i g h l y l o c a l i z e d a n d 
i n posit ions w h i c h are noncleansing. T h e d i s t r i b u t i o n of lesions i n the 
m o u t h has a s imi lar pat tern i n most persons, a n d the areas most c o m m o n l y 
affected are the pits a n d fissures of molars a n d premolars , i n t e r p r o x i m a l 
posit ions, a n d cerv ica l margins . These posit ions accumulate f o o d p a r t i ­
cles, a n d presumably are the best positions for the establishment of bac­
ter ia l plaques. T h e combinat ion of f o o d mater ia l a n d bacter ia p r o v i d e 
the attack factor i n denta l caries. T h e attack, however , is m o d i f i e d b y 
m a n y factors, some of w h i c h w i l l be considered later. 

Sa l iva is re lated to denta l caries as a b i o l o g i c a l fluid w h i c h washes 
out fermentable substrates before they are metabo l ized , di lutes h a r m f u l 
bac ter ia l products before they attack the tooth surface, poss ib ly repairs 
inc ip ient carious lesions t h r o u g h reminera l izat ion , a n d modifies the tooth 
surface b y p r o v i d i n g the elements needed for the secondary cut ic le of 
the tooth. I n a d d i t i o n , its i m m u n e bodies m a y affect the bacter ia l 
p o p u l a t i o n . 

P^re-Eruptive and Systemic Effects 

Rela t ive ly l i t t le is k n o w n , except concern ing fluorides, of the die tary 
effects that take place d u r i n g tooth format ion or w h i c h result f r o m gen­
era l metabol ic influences. H o w e v e r , K i t e , Shaw, a n d Sognnaes (23, 30) 
showed that rats f e d on carbohydrate - r i ch diets d e v e l o p e d caries, b u t a 
group to w h i c h the same diet was g iven b y stomach tube deve loped no 
caries. T h i s indicates that the effect was p r i m a r i l y a loca l one at the 
tooth surface. 

Several studies have been carr ied out w i t h different types of animals 
g iven h igh-carbohydrate diets at various stages of tooth format ion a n d 
matura t ion (23, 28). Sognnaes ( T a b l e I ) f o u n d that animals f e d such 
diets d u r i n g pregnancy h a d progeny w i t h h igher caries suscept ibi l i ty 
than those f e d " n a t u r a l " diets. S ince the i n d i v i d u a l molar teeth of rats 
a n d hamsters are f o r m e d a n d erupt at different per iods , the effect of a 
h igh-carbohydrate diet d u r i n g the p e r i o d of tooth format ion a n d subse­
quent maturat ion also c o u l d be s tudied. These experiments s h o w e d the 
existence of a p e r i o d of h i g h caries suscept ibi l i ty f o l l o w i n g e r u p t i o n of 
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2. P I G M A N Carbohydrates, Fats, Dental Caries 9 

the teeth a n d a g r a d u a l maturat ion to a less susceptible c o n d i t i o n [ F i n n , 
K l a p p e r a n d V o l k e r ( 2 8 ) ] . 

Table I. Comparison of Caries Susceptibility in Hamsters, Rats, and 
Mice When " B r e d " on Stock Diet vs. Purified Diet 0 

Pregnancy. 
Posteruptive Average Caries Incidence 

No, of and Period, Molars Areas Caries 
Species Animals Lactation Diet Months Affected Affected Score 

H a m s t e r s 6 Stock P u r i f i e d 4 4.6 5.3 6.1 
R a t s 12 S tock P u r i f i e d 4 0 0 0 
M i c e 15 S tock P u r i f i e d 4 0 0 0 

H a m s t e r s 3 P u r i f i e d P u r i f i e d 2 9.0 31.6 48.0 
R a t s 10 P u r i f i e d P u r i f i e d 2 2.4 2.7 2.7 
M i c e 21 P u r i f i e d P u r i f i e d 2 0.4 0.5 0.5 

° From Sognnaes (30). Copyright by the American Dental Association. Reprinted 
by permission. 

T h e effects of prenata l n u t r i t i o n o n the ora l structures have been 
r e v i e w e d b y L a r s o n (19). S h a w a n d Grif f i ths (26,27) repor ted m a n y m a l ­
f o r m e d t h i r d molars i n y o u n g rats whose mothers h a d been o n diets w i t h 
a protein-to-sucrose rat io of 8:83, as c o m p a r e d w i t h those f r o m mothers 
h a v i n g a rat io of 24:67. H a l l o w a y et al. (15), i n a d d i t i o n to m o r p h o l o g i c a l 
changes, f o u n d that the y o u n g of mother rats o n a high-sucrose diet h a d 
teeth less resistant to caries. 

Effects on Mature Teeth 

T h r e e general procedures have been used for studies of the influence 
of dietary carbohydrates a n d fats o n the inc idence of tooth decay. These 
are h u m a n nutr i t iona l studies w i t h groups h a v i n g different diets, a n i m a l 
studies w i t h contro l led diets, a n d in vitro procedures. These w i l l be 
discussed separately. 

Human Nutritional Studies (1, 23, 30). M a n y studies have been 
m a d e us ing h u m a n populat ions . These i n c l u d e ins t i tu t ional ized people 
o n contro l led diets, persons o n restr icted diets (diabet ics , for e x a m p l e ) , 
a n d people l i v i n g under condit ions not affected b y m o d e r n i n d u s t r i a l i z a ­
t ion (e.g., E s k i m o s , Indians , e tc . ) . S u c h studies are dif f icult to conduct 
a n d to interpret i n re lat ion to causal relat ionships. T h e y show that gen­
eral ly persons l i v i n g under p r i m i t i v e condit ions have l o w caries rates; 
the same p o p u l a t i o n types l i v i n g i n u r b a n areas w i t h contact w i t h m o d e r n 
i n d u s t r i a l products have m u c h h igher average rates of caries. Since m a n y 
factors are different for such u r b a n a n d r u r a l condit ions , a direct re la t ion 
to die tary constituents cannot be demonstrated. 
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10 D I E T A R Y C H E M I C A L S VS. D E N T A L C A R I E S 

O n e h u m a n s tudy requires specia l attention. T h i s s tudy was carr ied 
out at the V i p e h o l m M e n t a l H o s p i t a l at L u n d , S w e d e n , a n d has become 
k n o w n as the V i p e h o l m D e n t a l Car ies S t u d y (20, 3 2 ) . T h i s care fu l ly 
c o n d u c t e d s tudy s h o w e d a f a i r l y clear re lat ionship be tween carbohydrate 
products of some types a n d d e n t a l caries experience. It w i l l be discussed 
i n more de ta i l i n a later section. 

T h e effects of fats i n h u m a n dietary studies have been s u m m a r i z e d 
b y V o l k e r a n d C a l d w e l l ( 3 5 ) . T h e general impress ion is that diets r i c h 
i n fats are l o w i n car iogenic i ty . T h u s , n o m a d i c E s k i m o s o n p r o t e i n - f a t 
diets, composed of as m u c h as 6 5 % fat, h a d l o w caries inc idence . T h e 
results of several c l i n i c a l studies o n contro l led groups w e r e interpreted 
s imi lar ly , but , as w i t h most of the studies o n h igh-carbohydrate diets , 
the interpretations have quest ionable significance. 

Animal Studies ( 2 8 ) . M a n y studies of d ie tary compos i t ion i n re la­
t i o n to denta l caries have been carr ied out w i t h exper imental animals . 
Hamsters a n d rats have been used p r i n c i p a l l y , b u t monkeys a n d other 
animals also have been e m p l o y e d . T h e carious lesions p r o d u c e d i n rats 
a n d hamsters seem to b e s imi lar to those p r o d u c e d i n humans , a l t h o u g h 
i n the early w o r k w i t h rats the caries seemed to be re la ted to coarse diets 
a n d the format ion of cracks i n the tooth structure. T h e caries rate c a n be 
great ly increased b y p r i o r r e m o v a l of the m a i n sal ivary glands. 

T h e use of " n a t u r a l diets" such as P u r i n a C h o w usual ly resul ted i n 
l o w caries rates. W h e n a major part of the diet was composed of starches, 
sucrose, or dextrose, denta l caries was extensive, a l t h o u g h some studies 
have f o u n d starches a n d dextrins to be less cariogenic than sucrose or 
dextrose [See F i n n , K l a p p e r , a n d V o l k e r ( 2 8 ) ] . K l a p p e r a n d V o l k e r 
f o u n d fructose a n d especial ly sorbi to l to be less cariogenic t h a n sucrose. 
M c C l u r e (28) f o u n d that the car iogenic effect of m i l k products a n d 
processed cereals c o u l d be great ly increased b y heat treatments. These 
results, ar is ing f r o m destruct ion of lysine, emphasize the need for k n o w l ­
edge of the effects of processing treatments o n the possible car iogenic i ty 
of f o o d products . T h e car iogenic i ty of d r y w h e y powders also suggests 
that lactose is p r o b a b l y car iogenic i n a n i m a l experiments. 

Instead of exper imental diets, S tephan (31) a d d e d h u m a n foods (53 
i n a l l ) to basic diets of rats a n d c o m p a r e d the caries experience to that 
of animals rece iv ing diets of k n o w n car iogenic i ty . A s a result , he classi­
fied f o o d products into five groups, a c c o r d i n g to the amount of caries. T h e 
most extreme group was composed of foods r i c h i n carbohydrates , espe­
c i a l l y fermentable sugars. 

T h e interpretat ion of a n i m a l experiments of this type i n terms of 
h u m a n caries is f raught w i t h diff icult ies. T h e caries rate is v e r y h i g h 
as c o m p a r e d w i t h the u s u a l h u m a n rate. O n e factor increasing the rate 
is the smal l size of rodent teeth a n d the resul t ing t h i n enamel . A n o t h e r 
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2. P I G M A N Carbohydrates, Fats, Dental Caries 11 

is the constant " d i r t y " m o u t h ; such animals usua l ly have the teeth b u r i e d 
i n so l id f o o d particles . T h i s factor is even more drast ic i n desal ivated 
animals , w h i c h also introduces the p r o b l e m of comparisons of starches 
w i t h sucrose or dextrose i n the absence of sa l ivary amylases. T h e a n i m a l 
diets u s u a l l y i n c l u d e starch as u n c o o k e d part ic les , different f r o m the 
ge la t in ized starches c o m m o n for h u m a n diets. F o r a n i m a l experiments 
of this type , the attack forces c o u l d o v e r w h e l m a n y m i l d protect ive forces 
such as possible sa l iva components or anatomica l relations. T h u s , H a l d i 
et al. (13) f o u n d that i n hamsters a h i g h sucrose diet p r o d u c e d a larger 
caries score than a s imi lar diet w i t h glucose, b u t for desal ivated animals , 
the t w o diets gave s imi lar results. 

A n o t h e r major di f f icul ty is that the var ious laboratories pass t h r o u g h 
periods d u r i n g w h i c h the u s u a l car iogenic diets do not p r o d u c e the 
expected caries. T h i s v a r i a b i l i t y is p r o b a b l y expla ined b y the observat ion 
of F i t z g e r a l d a n d Keyes [ M c D o n a l d ( 2 8 ) ] that caries- inactive rodents 
c o u l d be converted to caries-active animals b y exposure to caries-active 
animals or their feces. T h u s , a n appropr ia te o r a l flora is r e q u i r e d for 
caries p r o d u c t i o n . E a r l i e r , O r l a n d h a d demonstrated that germ-free rats 
d i d not a c q u i r e caries w h e n f e d diets n o r m a l l y car iogenic . 

Several studies of the effects of d ie tary fats o n caries inc idence i n 
rats or hamsters have been s u m m a r i z e d b y V o l k e r (34). T h e fats i n ­
c l u d e d w e r e corn o i l , l a r d , arachis o i l , a n d hydrogenated arachis o i l . 
These studies s h o w e d a r e d u c e d inc idence of caries i n compar i son w i t h 
the contro l diets. Since the fats r e d u c e d the other components of the 
diet , the effect m a y not have been cariostatic , b u t instead the result of 
d i l u t i o n of a car iogenic component . T h e u s u a l interpretat ion of these 
experiments has been that the fats favored o r a l clearance, perhaps b y 
f o r m i n g films o n the teeth. 

In Vitro Laboratory Procedures 

A n u m b e r of laboratory procedures have been used to investigate 
the possible car iogenic i ty of carbohydrates a n d foodstuffs. 

A c i d Production and Plaque p H ( 3 5 ) . W h e n h u m a n salivas, sa l ivary 
debris , or sa l ivary microorganisms are i n c u b a t e d w i t h m a n y sugars, starch 
products , or foodstuffs conta in ing these carbohydrates , the solutions 
r a p i d l y become a c i d i c (usua l ly p H 4 . 5 - 5 . 0 ) . S tarch products appear to 
p r o d u c e a c i d m o r e s l o w l y t h a n the c o m m o n sugars. 

A modi f i ca t ion of this m e t h o d for in vivo studies was descr ibed b y 
Stephan. H u m a n subjects w e r e instructed not to b r u s h their teeth for 
several days. T h e p H of tooth surfaces was then measured b y t o u c h i n g 
the teeth w i t h a t i n y electrode ( a n t i m o n y or glass) a n d w i t h a c a l o m e l 
electrode contact ing the sa l iva i n the floor of the m o u t h . T h e m o u t h then 
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12 D I E T A R Y C H E M I C A L S VS. D E N T A L C A R I E S 

was r insed w i t h a solut ion conta in ing a carbohydrate or suspended f o o d ­
stuff. T h e p H of the p l a q u e was measured at short t i m e intervals . W i t h 
the c o m m o n sugars, a r a p i d decrease of p H o c c u r r e d , f o l l o w e d usua l ly 
b y a s low re turn to the o r i g i n a l p H . Results g iven b y L u d w i g a n d B i b b y 
(29) are s h o w n i n F i g u r e 1 . 

2 MIN RINSE WITH 20% GLUCOSE. 
FIG SANDWICH COOKIE. 
FRENCH FRIED POTATOES. 
APPLE. 
COLA BEVERAGE. 

IO. 15. 2Q 25. 30. 35. 4Q 
TIME IN MftJUTES. 

From Sognnaes, R. F., Ed., "Chemistry and Preven­
tion of Dental Caries," 1962. Courtesy of Charles 
C. Thomas, Publisher, Springfield, Illinois. 

Figure 1. Effect of various foods on plaque pH, 
based on data by Ludwig and Bibby; taken from 

Jenkins (29) 

T h e ac tual results have v a r i e d somewhat i n various investigations 
u s i n g different condit ions . T h e general pattern is for sugars such as 
dextrose a n d sucrose to show a r a p i d p H d r o p of several units a n d r a p i d 
recovery. Starch products a n d foods m a y show a less m a r k e d decrease 
a n d often a s lower recovery. 

Recent studies of p l a q u e p H changes b y G . F r o s t e l (2) after inges­
t i o n of sorbi to l a n d hydrogenated dextr in products indicate that these 
products i n d u c e d less p H change than sucrose. H o w e v e r , C a l d w e l l a n d 
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2. P I G M A N Carbohydrates, Fats, Dental Caries 13 

B i b b y (6) s h o w e d that the p H of carious lesions (rather than p laque p H ) 
increased w h e n some foodstuffs were taken b y m o u t h . 

T h e significance of these results i n terms of the re la t ion of h u m a n 
diets to h u m a n caries experience is uncerta in . If the assumption is made 
that the p r o d u c t i o n of organic acids b y ora l bacter ia is a n important 
feature of the carious process, the results d o p r o v i d e a means for d e m o n ­
stration of the possible car iogenic effects of d ie tary components . H o w ­
ever, as car r i ed out , the results are at best o n l y semiquant i tat ive a n d 
capable of demonstrat ion of on ly gross differences. T h e y do suggest, 
however , the i n a d v i s a b i l i t y of m a i n t a i n i n g cont inuously h i g h levels of 
fermentable carbohydrates i n the sal iva . 

In Vitro Caries Production (24). T h e enamel cover ing the c r o w n 
of h u m a n teeth is w i t h o u t cells a n d is incapable of restoration except b y 
p u r e l y c h e m i c a l exchange w i t h sa l ivary components . T h e caries process 
i n enamel m a y be r e p r o d u c i b l e b y p u r e l y in vitro procedures except for 
secondary effects, such as deposi t ion of secondary d e n t i n (24). T h e m a n y 
earlier in vitro experiments b e g u n b y M a g i t o t (1870) a n d other workers 
terminated i n the deve lopment of the art i f ic ia l m o u t h (24). 

T h e operat ion of the art i f ic ia l m o u t h consists bas ica l ly of exposure 
of m o u n t e d extracted h u m a n teeth to sal iva a n d subsequently to a bac­
ter io logica l m e d i u m w h i c h maintains the metabol i sm of the o r a l m i c r o ­
organisms o n the tooth surface. T h e teeth m a y be b r u s h e d regular ly to 
s imulate na tura l lesions, a n d p u r e strains of microorganisms m a y be used. 
F o r quant i ta t ive comparisons, b locks of h u m a n enamel m a y be used 
instead of w h o l e teeth a n d the softening w h i c h results f r o m the caries 

i 

Journal of the American Dental 
Association 

Figure 2. Pattern of carious attack on lower 
left second deciduous molar (24) 

Al, Occlusal aspect; Bl, buccal aspect; CI, mesial 
aspect; Dl, distal aspect; and El, lingual aspect 
before the tooth was put on the standard regime. 
A2, B2, C2, D2y and E2 show the respective sur­

faces after 9 weeks on the standard regime. 

Copyright by the American Dental Association. 
Reprinted by permission. 
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p r o d u c t i o n c a n be f o l l o w e d b y microhardness measurements. T y p i c a l 
lesions p r o d u c e d i n a b r u s h e d molar are s h o w n i n F i g u r e 2. 

T h e f o l l o w i n g carbohydrates w e r e tested for their a b i l i t y to cause 
the softening of enamel surfaces i n the presence of o r a l microorganisms : 
dextrose, fructose, galactose, lactose, maltose, sucrose, a n d soluble starch. 
T h e soluble starch caused no softening, b u t the sugars, w i t h the possible 
except ion of maltose, s h o w e d comparab le rates of softening ( 2 5 ) . 
3 -O-methyl -D- f ruc tose a n d 3 - O - m e t h y l - D - g l u c o s e w e r e not fermented b y 
o r a l microorganisms, b u t 3 - O - m e t h y l - D - g l u c o s e was a neurotoxic agent. 

A n interest ing re lat ion be tween sugar concentrat ion a n d the type 
of attack was observed w h e n the concentrat ion of D-g lucose (dextrose) 
i n the bacter io logica l m e d i u m was s tudied (24). W i t h sugar a d d e d to the 
bacter io logica l m e d i u m , decalc i f ied d e n t i n was at tacked b u t not sound 
enamel or d e n t i n ; the attack was thus proteolyt ic i n nature. W i t h 0 .5% 
dextrose i n the m e d i u m , sound enamel a n d d e n t i n were extensively de­
calc i f ied, b u t no attack on decalc i f ied dent in was observed. F o r 0.2 to 
0 .3% solutions, d e n t i n a l matr ix was at tacked a n d decalc i f icat ion of sound 
enamel a n d d e n t i n occurred . These results suggest i n terms of h u m a n 
o r a l condit ions that the concentrat ion of fermentable sugar i n the sal iva 
w i l l determine the nature of the carious attack, w h i c h m a y v a r y at differ­
ent times d u r i n g the day. 

T h e art i f ic ia l m o u t h has been used for tests of the car iogenic i ty of 
foodstuffs. K o u l o u r i d e s ( u n p u b l i s h e d data ) suspended breakfast cereals 
( c o r n base) i n water a n d used this as the bacter io logica l m e d i u m . 

T h e p r i n c i p a l quest ion w i t h regard to this procedure is whether the 
m i c r o b i a l p o p u l a t i o n is t ru ly representative of the r e a l flora of the ora l 
cavi ty . T h e attack rate is considerably faster than that usual ly observed 
i n the h u m a n m o u t h . 

Oral Clearance Studies and Food Retention 

C l i n i c a l dentists general ly have associated caries lesions w i t h n o n -
cleansing areas of teeth a n d the resul t ing a c c u m u l a t i o n of f o o d part ic les . 
S u c h areas also w o u l d tend to favor format ion of bacter ia l plaques . I n 
recent years, m a n y laboratory investigations into the factors affect ing 
the rate of r e m o v a l of f o o d products f r o m the m o u t h have been carr ied 
out. These have been r e v i e w e d b y V o l k e r a n d C a l d w e l l (35). T h e p r i n ­
c i p a l studies have been carr ied out b y direct measurements of the amount 
of f o o d residues after var ious times of c h e w i n g , b y measurements of the 
amount of sal ivary r e d u c i n g sugar d u r i n g a n d after digest ion of f o o d , 
a n d b y measurements of properties of foods ( s u c h as adhesion) w h i c h 
w o u l d be expected to affect f o o d retention. 
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2. P I G M A N Carbohydrates, Fats, Dental Caries 15 

B i b b y a n d associates (35) have s tudied the retention of f o o d 
particles i n the m o u t h d u r i n g c h e w i n g a n d have c o m p a r e d various f o o d 
products . T h e y also measured the a c i d f o r m e d b y the foods w h e n i n c u ­
ba ted w i t h sal iva , a n d establ ished a " D e c a l c i f i c a t i o n P o t e n t i a l " based o n 
b o t h measurements. F i g cookies, dates, chocolates, a n d ice cream were 
re ta ined i n highest amounts , a n d potato chips a n d carrots ( c o o k e d a n d 
u n c o o k e d ) w e r e c leared the most r a p i d l y of the foods s tudied . 

C a l d w e l l (5 , 35) deve loped a n apparatus to measure the adhesion 
of f o o d products to tooth enamel in vitro. T h e results for a w i d e range 
of foods s h o w e d that the foods h a d m a r k e d l y different adhesive proper ­
ties. Caramels a n d toffe ( a h a r d c a n d y ) were the most adhesive foods. 

V o l k e r a n d P i n k e r t o n (1947) first used sal ivary r e d u c i n g sugar as 
a measure of f o o d retent ion b y h u m a n subjects ( 3 3 ) . It was used also 
b y L u n d q v i s t (20) as par t of the comprehensive V i p e h o l m study (32) 
a n d later b y L a n k e (18) i n an extension of the V i p e h o l m s tudy to o r a l 
c learance studies of foods. T a b l e I I f r o m V o l k e r ( 3 3 ) , shows the sal ivary 
r e d u c i n g sugar levels after ingest ion of several foodstuffs. 

Table II. Reducing Sugar (as D-Glucose) in Human Saliva" 
after Ingestion of Several Foods or Confectionsb 

rT1. . Av. Glucose Cone, in ma. % 
Time of 

No. of Eating, 0 5 15 30 
Substance Subjects Min. Timec Min.d Min.d Min* 

C h e w i n g g u m , 
D e n t y n e , 3.2 
grams 

Soft m i n t , B i r c h 
B i t , 2.5 grams 

H a r d m i n t , T o r o n t o 
M i n t , 1.9 grams 

C h e w y candy, 
C h o c l e t t o , 5.9 
grams 

C o o k i e , v a n i l l a 
wafer, 8.2 grams 

B r e a d a n d j a m , 
76.0 grams 

" Reducing substances in saliva calculated as glucose. 
6 From Volker (33). Copyright by the American Dental Association. Reprinted 

by permission. 
c Zero time value is control value taken immediately before beginning the ingestion 

of the test substances. 
d Time intervening since the beginning of ingestion of the test substances. 

28 30 
(chewing) 

19 484 147 26 

12 4 16 662 131 23 

12 9 (av.) 21 377 259 24 

11 7 24* 1,909 269 26 

12 2.5 16 889 117 18 

12 3 25 1,475 149 22 
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The Vipeholm Dental Caries Study 

T h e V i p e h o l m D e n t a l Car ies S t u d y was cer ta inly the best des igned 
a n d c o n d u c t e d a n d the freest of c r i t i c i s m of a l l c l i n i c a l studies of the 
direct effect of foodstuffs o n caries inc idence i n humans . Ins t i tut ional ized 
m e n t a l patients (436) u n d e r close supervis ion a n d contro l w e r e used 
p r i n c i p a l l y . T w o studies, each of 2 years' d u r a t i o n , f o l l o w e d 2 years of 
preparat ion a n d p r e l i m i n a r y studies. Seven groups w e r e f o r m e d , a l l w i t h 
a basic diet p lus supplements : 

( 1 ) C o n t r o l G r o u p o n basic d ie t w i t h 150 grams or 40 grams of 
margar ine as ca lor ic compensat ion for carbohydrates a d d e d i n other diets. 

(2 ) Sucrose G r o u p g i v e n sucrose i n solut ion at meals. 
(3 ) B r e a d G r o u p g i v e n sugar-r ich b r e a d or rol ls . 
( 4 ) C h o c o l a t e G r o u p g iven sucrose i n solut ion for first 2 years a n d 

m i l k chocolate for the last 2 years. 
( 5 ) C a r a m e l G r o u p g iven sugar-r ich bread the first year, caramels 

the next 2 years, a n d no supplement the last year. 
( 6 ) 8-Toffee G r o u p g i v e n no supplement the first year a n d 8 toffees 

( h a r d candies) d a i l y for 3 years. 
(7 ) 24-Toffee G r o u p g iven 24 toffees d a i l y for 1.5 years a n d no sup­

plement for the last 2.5 years. 
T h e basic diet for the first 2 years was 1800 calories, l o w i n sugars 

but h a v i n g considerable b r e a d a n d potatoes as carbohydrate sources. 
T h e basic diet for the last 2 years p r o v i d e d 2700 calories, a n d the amounts 
of bread a n d potatoes were increased par t i cu lar ly . T h e v i t a m i n a n d 
m i n e r a l content were s tudied a n d considered satisfactory. C a n d i e s , w h e n 
g iven i n a d d i t i o n to the basic diet , apparent ly c o u l d be eaten be tween 
meals. T h e carbohydrate c o n s u m p t i o n b y groups was recorded. C a r e f u l 
denta l examinations were carr ied out annual ly , w i t h t w o examinations 
p r i o r to the study. 

Some of the results are as fo l lows. W h e n the sugar was consumed 
o n l y at meals a n d the total amount consumed was c o m p a r e d w i t h denta l 
caries experiences, prac t i ca l ly no re lat ion c o u l d be demonstrated, a n d 
the caries rate was l o w . W h e n the candies were g iven be tween meals, a 
m a r k e d enhancement of rate was demonstrated over the contro l group. 
W h e n the candies were removed, the rates d r o p p e d again i n the subse­
quent p e r i o d . 

T h e conclusions of the study are: 
(1 ) T h e consumpt ion of sugar can increase caries ac t iv i ty . 
( 2 ) T h e risk of sugar increasing caries ac t iv i ty is great if the sugar 

is consumed i n a f o r m w i t h a strong tendency to be reta ined o n the sur­
face of the teeth. 

(3 ) T h e risk of sugar increasing caries ac t iv i ty is greatest i f the sugar 
is consumed between meals a n d i n a f o r m i n w h i c h the tendency to be 
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2. P I G M A N Carbohydrates, Fats, Dental Caries 17 

reta ined o n the surface of the teeth is p r o n o u n c e d , w i t h a transiently h i g h 
concentrat ion of sugar o n these surfaces. 

( 4 ) T h e increase i n caries ac t iv i ty u n d e r u n i f o r m exper imenta l con­
dit ions varies w i d e l y f r o m one person to another. 

( 5 ) Increase i n caries ac t iv i ty due to intake of sugar-r ich foodstuffs 
consumed i n a manner fav or i ng caries disappears o n w i t h d r a w a l of such 
foodstuffs f r o m the diet . 

( 6 ) Car ies lesions m a y cont inue to appear despite the avoidance of 
ref ined sugar a n d m a x i m u m restr ict ion of n a t u r a l sugars a n d total dietary 
carbohydrates . 

B y sugar, sucrose was meant, a n d the s tudy seemed to evaluate 
p r i m a r i l y the effects of candies taken be tween meals. Sugars taken nor­
m a l l y at meals h a d l i t t le influence. Starch products were not considered. 

T h e significance of the s tudy was cons iderably enhanced b y a para l l e l 
s tudy b y L u n d q v i s t (20) of the same groups. F o r this s tudy, the sal ivary 
r e d u c i n g sugars (after a c i d hydrolys is of sal iva samples) were measured 
at 15-minute periods d u r i n g the w o r k i n g hours o n t y p i c a l days for the 
seven groups. These studies s h o w e d increases be tween meals, a n d w i t h 
some persons the salivas almost cont inuously h a d glucose equivalents of 
0.3 to 2 % . T h e sa l ivary r e d u c i n g sugar profiles for the various groups are 
s h o w n i n F i g u r e 3. T h e figure also gives the caries ac t iv i ty of the groups. 

T h e i n d i v i d u a l patterns of sa l ivary r e d u c i n g sugar were quant i ta ted 
b y ca lculat ion of a clearance t ime based on the r e d u c i n g sugar concen­
trat ion a n d percentage of the w a k i n g hours i n v o l v e d . These clearance 
times for the various groups correlated closely w i t h the caries act iv i ty , 
as s h o w n i n F i g u r e 4. 

I n a separate s tudy us ing t w o persons, L u n d q v i s t (20,35) also mea­
sured the clearance of a large n u m b e r of foods b y measur ing the sal ivary 
r e d u c i n g sugar (after a c i d h y d r o l y s i s ) over a p e r i o d of t ime. T h e results 
d i d not correlate a lways w i t h the total carbohydrate content, a l though 
candies a n d sugar-r ich products were g iven the highest caries potent ia l i ty 
index. 

A l t h o u g h the p h y s i c a l consistency of foods general ly has been related 
to carbohydrate ora l clearance, recent w o r k has i n d i c a t e d that the e l i m i ­
nat ion of so l id foods f r o m diets of rodents resulted i n a r a p i d decrease 
of sa l ivary g l a n d f u n c t i o n a n d g l a n d weight (14). I n a d d i t i o n to f o o d 
clearance a n d sal ivary g l a n d atrophy, a t h i r d factor has been suggested 
as c o n t r i b u t i n g to higher tooth resistance against caries. T h i s is the 
mechanica l effect of mast icat ion o n the crystall ites of the enamel structure 
(21). A l t h o u g h direct evidence for this factor is l a c k i n g , it m a y be an 
a d d i t i o n a l mechanism relat ing the p h y s i c a l consistency of foods to the 
development of denta l caries. 
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Ttaw of day 
Odontologisk Revy 

Figure 3. Concentrations of salivary reducing sugar 
during the waking periods of persons in the seven groups 

of the Vipeholm Study as given by Lundqvist (20) 

The Place of Sucrose 

Sucrose is one of the most important indust r ia l sugars used i n foods. 
A l t h o u g h most of the early studies c i t ed previous ly d i d not differentiate 
sucrose f r o m other c o m m e r c i a l sugars a n d starches, considerable recent 
w o r k suggests that it m a y be more cariogenic . T h i s recent w o r k has been 
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r e v i e w e d b y N e w b r u n (22 ) . T h e basis for the specia l effect is the re la­
t ionship of the car iogenic i ty of streptococci a n d some other m i c r o ­
organisms to their a b i l i t y to f o r m bacter ia l plaques a n d extracel lular 
dextrans a n d levans. E x p e r i m e n t a l l y , these polysaccharides are f o r m e d 
f r o m sucrose but not f r o m glucose or other c o m m o n sugars. These p o l y ­
saccharides apparent ly a i d p l a q u e g r o w t h b y h e l p i n g the microorganisms 
to attach themselves to the enamel surface. T h e y m a y act also as a storage 
f o r m of fructose or glucose w h i c h m a y be released s l o w l y between meals. 

Gusta fson et al. (12) early s h o w e d that the caries ac t iv i ty of experi ­
menta l diets for hamsters was related to the sucrose content. Krasse 
(17) f o u n d that sucrose was better than glucose i n i n d u c i n g plaques of 
car ies - inducing streptococci . T h e inc lus ion of sucrose i n a n i m a l diets 
caused the p r o d u c t i o n of b o t h extracel lular a n d intrace l lu lar polysaccha­
rides, whereas glucose caused the format ion of o n l y intrace l lu lar mater ia l 
( 9 ) . 

Rats or hamsters w h i c h h a d their indigenous ora l flora depressed b y 
the use of antibiot ics were inocula ted w i t h car iogenic streptococci . D i e t s 
conta in ing 2 5 % of the f o l l o w i n g carbohydrates were u s e d : sucrose, g l u ­
cose, fructose, maltose, a n d u n c o o k e d starch. T h e streptococci d i d not 
survive i n animals f e d o n diets l a c k i n g i n sucrose, a n d the highest caries 
experience was f o u n d for the group g iven sucrose (8, 11). 

I n other s imi lar studies, b u t w i t h natura l ora l flora, o n rats f e d diets 
i n w h i c h a n u m b e r of carbohydrates were c o m p a r e d w i t h sucrose, the 
results were more equivoca l . A l l of the sugars p r o d u c e d comparable 
caries, at least i n some experiments (10, 26, 27). 

W i t h monkeys on carbohydrate-restr icted diets, B o w e n a n d C o r n i c k 
(3) f o u n d that the ora l p o p u l a t i o n of bacter ia w h i c h f o r m e d polysaccha­
rides decreased a n d increased w h e n carbohydrates were incorpora ted 
into the diets. 

Bread Control Sucrose Chocolate 8 Toffee Caramel 24 Toffee 

Odontologisk Revy 

Figure 4. Comparison of clearance of reducing sugar from the 
saliva of persons in the Vipeholm Study (Lundqvist, 20) 
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Present Status 

Basis of Variability of Caries Experience. O n e of the conclusions of 
the V i p e h o l m s tudy was that despite a stringent c o n t r o l of the h u m a n 
exper imenta l subjects, considerable var ia t ion i n caries experience oc­
c u r r e d i n each group. T h i s agrees w i t h general c l i n i c a l experience of 
great variat ions be tween i n d i v i d u a l s (e.g., f a m i l y groups) w i t h s imi lar 
environments . It is also of interest that about one or t w o persons per 
thousand are complete ly caries-free at the age of n a v a l recruits . 

T h i s v a r i a b i l i t y suggests that at best the re lat ionship be tween denta l 
caries experience a n d dietary factors is not a s imple cause-effect re la t ion , 
a l t h o u g h m u c h evidence exists that m a n y carbohydrates c a n be considered 
as car iogenic u n d e r some condit ions . T h e v a r i a b i l i t y presumably arises 
f r o m a n u m b e r of factors, some of w h i c h can be classified as heredi tary 
factors. 

T h e most obvious heredi tary factors are the size, shape, a n d arrange­
ment of teeth i n the m o u t h , the amount a n d compos i t ion of the sa l iva , 
a n d the re la t ion of the soft tissues to the teeth. M o s t of these factors 
w o u l d be re lated to self-cleansing a n d f o o d retent ion characteristics, 
a l t h o u g h sal ivary effects c o u l d be even more p r o f o u n d a n d i n v o l v e such 
components as buffers, ant ibacter ia l agents, a n d enamel rehardening 
materials . 

V a r i a b i l i t y not related to genetic factors also c o u l d arise f r o m di f ­
ferences a n d changes i n the o r a l microf lora . T h i s factor recent ly has 
rece ived considerable interest i n the w o r k of Keyes et al. (29). T h e 
maturat ion of tooth surfaces after e rupt ion is another source of var ia t ion , 
one of the most c r i t i c a l k n o w n factors b e i n g exposure to fluorides i n the 
diet or water . 

Controllable Factors. T h e above causes of v a r i a b i l i t y (except flu-
r i d e ) are essentially innate a n d not subject to d ie tary contro l . T h e 
p r o b l e m that remains is to determine h o w to m i n i m i z e the potent ia l 
car iogenic effects of most d ie tary carbohydrates . G e n e r a l l y , the p r o b l e m 
seems to reduce itself to d e t e r m i n i n g h o w foodstuffs can be kept f r o m 
contact or be r e m o v e d f r o m the teeth a n d ora l cav i ty as r a p i d l y as possible. 

Sufficient evidence n o w exists to show that s t icky carbohydrate - r i ch 
foods s h o u l d be r e m o v e d f r o m the h u m a n diet as m u c h as possible. 
T h i s act ion w i l l require the l i s t ing of specific items after care fu l cons id­
erat ion of the evidence. Presumably , this should be done b y a p p r o v e d 
heal th agencies. T h e restr ict ion of car iogenic substances to mealt imes 
also requires emphasis . 

T h e same carbohydrate i n different p h y s i c a l forms m a y v a r y mark­
e d l y i n car ies -producing act iv i ty . T h i s s i tuat ion suggests that manufac ­
turers of foodstuffs consider the re la t ion to potent ia l car iogenic i ty i n 
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their formulation and processing methods. In general, methods are 
probably available for making this judgment. Thus, Volker (33) made 
a preliminary study of an Army Fie ld Ration and showed slow oral 
clearance. 

In some instances, it may be possible also to substitute a less cario-
genic for a more cariogenic component. Mixtures often are used widely 
in processed foods, but the judgment is mainly on taste and consistency, 
and not on cariogenicity. A n alternative, possible in some applications, 
would be to incorporate cariostatic agents. 

The accumulated scientific knowledge is currently such that the 
cariogenicity of carbohydrate products can be evaluated reasonably well. 
We now should be able to terminate the period in which most of the 
dental profession condemned carbohydrates of all types in all applica­
tions, and the food industry as a whole responded by refusals to consider 
the possible cariogenicity of its products. By cooperation of dental and 
health agencies with a receptive industry, dental caries experience can 
be reduced greatly. 
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Amino Acids, Proteins, and Dental Caries 

A B R A H A M E . NIZEL 

School of Dental Medicine, Tufts University, Boston, Mass. 02111 

Amino acids and proteins have the potential of being classi­
fied as anti-caries nutrients, like fluorides and phosphates. 
Animal and in vitro studies clearly show that natural pro­
tein foods like fish flour, purified compounds like casein, or 
amino acids like glycine have significant caries-inhibitory 
and cariostatic effects. The major question that needs to be 
resolved is whether these findings can be extrapolated to 
man. Also, we need to determine and understand the mech­
anisms responsible for producing this effect. It is conceiv­
able that enrichment of sugar and sugar products with 
amino acids or protein concentrates to reduce their cario­
genicity may soon be a reality if we expend more research 
efforts in this direction. 

On the basis of data obtained from in vitro studies and animal-feeding 
experiments, it appears that amino acids and dietary proteins may 

have an effect on dental caries development. However, in human sub­
jects, a direct cause and effect relationship between protein and dental 
caries has yet to be demonstrated. Furthermore, very few of the studies 
reviewed in this section suggest the mechanism by which proteins and 
amino acids influence caries development. Both the lack of clinical 
studies and paucity of animal or in vitro experiments which deal with 
possible mechanisms of action indicate the urgent need for more research 
in protein-dental caries relationship, so that the full potential of protein 
as an anti-caries nutrient for the human may be realized. 

Influence of Protein on Dental Caries in Human Beings 

Population Studies. Ockerse (29) noted that dental caries developed 
in only 20% of the children who were raised in the Northwest Cape 
Section of South Africa, an area where the intake of both dietary pro­
tein and fluoride are relatively high. This was in sharp contrast to a 
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100% inc idence of caries f o u n d i n c h i l d r e n nat ive to the Southern R e g i o n 
of the C a p e , a region w h e r e the intake of prote in a n d fluorides was 
correspondingly lower . 

T o substantiate his impress ion that prote in foods a n d fluorides were 
re lated to this finding of l o w e r caries inc idence , Ockerse c o n d u c t e d an 
an imal - feeding experiment i n w h i c h female a lb ino rats were f e d d u r i n g 
gestation a n d lactat ion one of the f o l l o w i n g diets : ( 1 ) contro l diet , ( 2 ) 
h i g h c a r b o h y d r a t e - l o w prote in diet , (3 ) l o w c a r b o h y d r a t e - h i g h prote in 
diet , (4 ) control diet p lus 100 p p m F i n water , a n d (5 ) l o w carbohy­
d r a t e - h i g h prote in diet p lus 100 p p m F i n water . A t 35 days of age, 
a l l the offspring were changed to a coarse corn diet , a n d c o n t i n u e d o n 
i t for 45 days more. T h e m e a n caries index for each group was (1 ) 5.7; 
(2 ) 8.8; ( 3 ) 3.0; (4 ) 2.8; ( 5 ) 1.3. Thus , h i g h carbohydrate a n d l o w 
fluorine intakes resulted i n h igher caries, w h i l e h i g h prote in a n d h i g h 
fluorine intakes resulted i n lower caries. 

Clinical Studies. A t t e m p t s have been m a d e b y independent invest i ­
gators to correlate the leve l of prote in i n the sera a n d sal iva of humans 
w i t h their denta l caries experience. F o r example, Shannon a n d G i b s o n 
(35) measured the tota l prote in , a l b u m i n , a n d g l o b u l i n levels i n the sera 
of 505 randomly-se lected heal thy y o u n g men. T h e y were f e d a rat ion 
w h i c h was adequate i n a l l r e q u i r e d nutrients. N o correlations between 
caries inc idence a n d the levels of total prote in , a l b u m i n , a n d g l o b u l i n i n 
the sera were f o u n d . 

M a n d e l et al. (18) s tudied a group of 63 car ies- immune adults w i t h 
a comparable group of caries-active adults b y a n a l y z i n g p a r o t i d sa l iva 
for content of total prote in a n d p r o t e i n - b o u n d hexosamine a n d b y c o m ­
p a r i n g the d is t r ibut ion of various prote in fractions a n d the ratios of 
fucose a n d hexosamine to ni trogen i n the two major carbohydrate-pro­
teins. N o differences were f o u n d . 

Stack (39) c o u l d find no correlat ion between the levels of sal ivary 
t ryptophan a n d the D M F indices of 55 patients, even though such a 
correlat ion h a d been suggested b y an earl ier report of T u r n e r a n d 
C r o w e l l (44). 

Influence of Natural Food Protein on Animal Caries 

Cereals. M c C l u r e (22) c o m p o u n d e d diets conta in ing 8 0 % cereals 
w h i c h h a d been either heat-processed, cooked, or d r i e d at 1 0 0 ° C , a n d 
f e d them to rats, w h o deve loped smooth-surface caries. S ince these 
finely p u l v e r i z e d diets were l o w in sugar content, he c o n c l u d e d that the 
car iogenic i ty of this diet was related to its l o w - q u a l i t y prote in content 
rather than the sugar. 
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I n subsequent experiments, M c C l u r e (20) demonstrated a h i g h i n ­
c idence of smooth-surface caries i n rats f e d wheat flour, d r y or toasted 
bread , or shredded wheat biscui t . W h e n these cereal products were 
autoc laved i n the presence of cerelose or starch, the caries potent ia l was 
increased a n d supplements of 1 % lysine counteracted this effect. H e 
c o n c l u d e d that this amino a c i d ( lys ine ) is the k e y cariostatic nutr ient 
that is i m p a i r e d d u r i n g the processing or heat ing of cereals. 

D o d d s (5 ) was unable to conf i rm the report of M c C l u r e that heat-
processing of cereals increases their car iogenic i ty , p r e s u m a b l y because 
of r e d u c e d a v a i l a b i l i t y of their lysine content. She reported that rats 
f e d diets composed most ly ( 8 0 % ) of either corn , r ice , or oats deve loped 
smooth-surface caries, a n d that the relat ive car iogenic i ty of each of these 
cereals decreases as f o l l o w s : wheat > corn > r ice > oats. 

Dried Milk. M c C l u r e a n d F o l k (24) f o u n d that diets conta in ing 
rol ler-processed s k i m m e d m i l k powders were more car iogenic than spray-
processed s k i m m e d m i l k p o w d e r s w h e n f e d i n the diets of rats. Since 
h igher temperatures are used i n rol ler-processing than i n spray-processing, 
a n d since lys ine is par t ia l ly inact ivated w h e n d r y casein is heated, they 
c o n c l u d e d that the increased car iogenic i ty of the r o l l e r - d r i e d m i l k p r o b ­
a b l y was re lated to lysine i m p a i r m e n t . 

M c C l u r e a n d F o l k (23) f e d to rats diets i n w h i c h the prote in was 
s u p p l i e d b y three different nonfat m i l k powders ( freeze-dried, spray-dr ied , 
a n d r o l l e r - d r i e d ) , a n d they deve loped smooth-surface caries. T h e i n c i ­
dence of severity of the caries correlated w i t h the degree of heat proc­
essing. Least caries deve loped i n the group f e d the f reeze-dr ied m i l k 
a n d the most severe caries i n the group f e d the r o l l e r - d r i e d m i l k p o w d e r . 
T h e y later (25) demonstrated that caries deve lopment can be r e d u c e d 
b y the a d d i t i o n of lys ine to this type of diet . 

T h e effect of d r y w h o l e m i l k on exper imental caries has also been 
s tudied b y M a u r o n et al. (19), w h o f o u n d , contrary to M c C l u r e , that 
this source of d ie tary prote in was not cariogenic , a n d that there was no 
re lat ionship between the content of u t i l i zab le lysine a n d the car iogenic 
potency of m i l k - c o n t a i n i n g diets. D r e i z e n et al. (6) came to a s imi lar 
conclusion, because i n their an imal - feeding experiment they f o u n d that 
d r y w h o l e m i l k f e d at a 3 9 % leve l i n a cariogenic diet h a d no apprec iable 
effect on increasing car iogenic i ty . 

Recent ly , G r e e n (10) suggested that the car iogenic i ty of s k i m m e d 
m i l k p o w d e r was related to its stickiness a n d the f requency w i t h w h i c h 
it was eaten. N a t u r a l s k i m m e d m i l k p o w d e r h a d a pleasanter taste than 
casein or a casein-r ich s imulated s k i m m e d m i l k p o w d e r , a n d therefore was 
preferent ia l ly selected and eaten more frequent ly . A l l three diets (nat­
u r a l s k i m m e d m i l k p o w d e r , casein, casein-r ich s imulated s k i m m e d m i l k 
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p o w d e r ) were f o u n d b y analysis to have the same prote in , carbohydrate , 
a n d fat content. 

Effect of Fish Protein Concentrate on Animal Caries. F i s h flour, 
w h i c h is current ly b e i n g used as a n economica l source of h i g h - q u a l i t y 
pro te in for feeding c h i l d r e n i n u n d e r d e v e l o p e d countries, is a n a t u r a l 
f o o d product , consist ing of p r o v e n anti-caries ac t ing nutrients, fluorides 
a n d phosphates, i n a d d i t i o n to prote in . S tephan (40) a n d N i z e l et al. 
(26) have f o u n d that a n otherwise extremely car iogenic exper imental 
diet can be made signif icantly less car iogenic i f the prote in component 
of the diet is p r i m a r i l y , i f not complete ly , fish flour. W h a t has not been 
determined is h o w m u c h the fish prote in has cont r ibuted to this caries-
i n h i b i t i n g effect vis-a-vis the fluoride or the phosphate . Nevertheless , 
the fact remains that F . P . C . (f ish prote in concentrate) has the strong 
potent ia l to be a useful a n d effective supplement for r e d u c i n g the i n c i ­
dence of denta l decay. 

Influence of Synthetic Proteins on Animal Caries 

Casein. Schweiger t et al. (33, 34) observed that w h e n the casein 
content of a diet was ra ised f r o m 2 4 % ( w h i c h is adequate n u t r i t i o n a l l y ) 
to 5 0 % ( w h i c h is i n excess) , the caries inc idence was h a l v e d . It was 
suggested that this effect was caused i n part b y replacement of sugar i n 
the diet b y e q u a l amounts of casein, a c o m p o u n d w h i c h is less susceptible 
to fermentat ion b y the a c i d - p r o d u c i n g organisms associated w i t h the 
decay process. 

T h e importance of the casein-sucrose ratio of the diet to denta l 
caries development i n the rat was s tudied b y Stephan (41). D u r i n g 56 
days, groups of 20 w e a n l i n g female rats were f e d one of three synthetic 
diets, the major components of w h i c h were (A) 8 % casein, 8 7 % sucrose, 
(B) 1 2 % casein, 8 3 % sucrose, or ( C ) 16% casein, 7 9 % sucrose. H e 
determined that o n diet A, 19 rats deve loped molar caries a n d 14 rats 
deve loped incisor caries; o n diet B, 15 rats deve loped molar caries a n d 
only one rat deve loped a carious lesion on the incisor tooth; a n d o n diet 
C , 5 rats deve loped m o l a r caries a n d no incisor carious lesions. T h u s , 
less caries deve loped as the sucrose content of the diets was progressively 
replaced w i t h casein. 

Losee a n d V a n R e e n (17) reported an experiment i n w h i c h 68 
w e a n l i n g rats were d i v i d e d into three groups a n d f e d one of the f o l l o w ­
i n g diets, the major constituents of w h i c h were 2 0 % casein a n d 71.8% 
sucrose; 3 0 % casein a n d 61 .8% sucrose; or 4 0 % casein a n d 51.8% 
sucrose. Some caries deve loped i n a l l rats, a n d there was no significant 
difference between the groups. H o w e v e r , w h e n the caries f r o m these 
experimental groups were c o m p a r e d w i t h a contro l group w h i c h were 
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f e d g r o u n d R o c k l a n d rat pellets , the latter s h o w e d signif icantly more 
carious teeth a n d m o r e severe caries lesions. T h i s m a y have been be­
cause the relat ive coarseness of the R o c k l a n d diet w o u l d tend to produce 
fracture caries, whereas a diet compr ised of sucrose a n d casein has a fine 
consistency, a n d w o u l d tend to produce caries on the smooth surfaces. 

Bavet ta a n d M c C l u r e (1) observed that increas ing the casein con­
tent of the diets of rats r e d u c e d caries. A s imi lar observat ion was m a d e 
b y Shapernak ( 3 6 ) , w h o f o u n d that b y e n r i c h i n g a basal d ie t w i t h 1 5 % 
casein, the percentage of carious teeth was decreased b y about 5 0 % a n d 
the caries index b y about 6 6 % . 

Several other independent investigators (5 , 28, 30, 43) have also 
reported that casein exerted a significant cariostatic effect under the 
condit ions of their experiments. 

S h a w (38) has p o i n t e d out that casein-r ich diets have retentive 
qual i t ies a n d are re lat ively insoluble i n the ora l fluids. T h i s stickiness 
m a y encourage the format ion of p laque , w h i c h i n t u r n m a y promote the 
development of smooth-surface caries. H e noted that w h e n a mixture of 
a m i n o acids w h i c h d u p l i c a t e d casein was f e d to rats, the amino a c i d 
mixture p r o d u c e d less smooth-surface caries than casein itself. 

T h e aforement ioned experiments dea l w i t h the l o c a l effects of casein 
supplement u p o n caries deve lopment i n the n e w l y erupted tooth. H o l l o -
w a y et al. (13) s tudied the systemic effects of early f eed ing of casein 
o n denta l caries experience a n d o n tooth q u a l i t y b y feeding a diet de­
ficient i n casein ( 8 % ) i n compar ison w i t h one adequate i n casein ( 2 4 % ) 
to mother rats d u r i n g pregnancy a n d lactat ion. T h e y observed that the 
pups f e d the low-case in diet were more susceptible to caries develop­
ment. W h e n the pups were f e d a protein-adequate diet before w e a n i n g 
at 21 days of age, f o l l o w e d b y a protein-deficient diet , their average 
caries score was 22.4. Converse ly , w h e n the pups were f e d a prote in-
deficient diet before w e a n i n g , a n d a protein-adequate diet after w e a n i n g , 
the score was 42.0; this w o u l d be indica t ive of a m a r k e d systemic effect 
on caries development due to the prote in component . Since the first 
a n d second molars of rats erupt at 18 to 20 days of age, it is evident that 
the protein-deficient diet permi t ted more caries development w h e n fed 
before tooth erupt ion than after erupt ion . These authors commented 
that other variables i n a d d i t i o n to the level of dietary prote in , such as 
inani t ion a n d the phosphate content of the diet , m a y have inf luenced 
these results. S ince casein is a phosphoprote in , i t is possible that at least 
a part of its cariostatic ac t iv i ty is due to its phosphorus content (see 
p p . 116). E v e n so, the results reported here c lear ly indicate that the 
level of prote in i n diets f e d to rats d u r i n g tooth format ion a n d maturat ion 
can influence caries development p r o f o u n d l y . 
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Influence of Individual Amino Acid Supplements on Animal Caries 

Lysine. M c C l u r e (22) f o u n d that heat treatment caused an increase 
i n car iogenic i ty of cereals, presumably because the a v a i l a b i l i t y of heat-
lab i le lysine was decreased. M c C l u r e a n d F o l k (25) later s h o w e d that 
the a d d i t i o n of L - l y s i n e at levels of 2.5 a n d 0.25% to t w o car iogenic diets 
r e d u c e d the caries score i n the rats s ignif icantly. S i m i l a r l y , Bavet ta a n d 
M c C l u r e (1) conf i rmed the cariostatic properties of lysine w h e n they 
f e d a car iogenic diet conta in ing a considerable p r o p o r t i o n of rol ler -
processed s k i m m e d m i l k p o w d e r to one group of rats, a n d f e d the same 
diet supplemented w i t h 0.4% lysine to a second group. T h e lys ine supple­
ment s ignif icantly re tarded caries development , i n d i c a t i n g that under 
these exper imental condit ions , lysine exerted a significant cariostatic 
act ion. 

I n an attempt to determine whether this ac t ion of lysine was loca l 
or systemic, M c C l u r e (21) des igned an experiment i n w h i c h lys ine was 
adminis tered i n the diet , i n the water , b y in tubat ion , or b y intraper i toneal 
in ject ion. Signif icant r e d u c t i o n i n caries occurred w h e n L - l y s i n e was a d ­
minis tered b y diet , b y water , a n d b y in tubat ion . Intraper i toneal in ject ion 
h a d a var iab le a n d essentially negl ig ib le effect. 

M c C l u r e (20) later reported a h i g h inc idence of smooth-surface 
caries i n rats f e d wheat flour, d r y bread , toasted bread , or shredded 
wheat biscuit . W h e n these cereal products were autoc laved i n the pres­
ence of cerelose or starch, the caries potent ia l was increased. Supple ­
ments of 1 % lysine counteracted this effect. 

H e n n o n (12) f o u n d that a lysine-deficient d ie t f e d to rats under 
his exper imenta l condit ions p r o d u c e d the highest caries scores. Sharpenak 
et al. (36) s h o w e d that the a d d i t i o n of D L - l y s i n e H C 1 to a caries-pro­
d u c i n g diet caused a decrease of approximate ly 5 0 % i n the n u m b e r of 
carious teeth per rat, i n the percentage of carious teeth, a n d i n the caries 
index. 

O n the other h a n d , D o d d s (5 ) reported that L - l y s i n e H C 1 a d d e d 
to a car iogenic diet of r a w w h o l e wheat h a d no cariostatic effect. 

L -Arginine , L-Histidine, L -Ornithine, L-Cadaverine. M c C l u r e a n d 
F o l k (23) have reported that 0 .5% L - a r g i n i n e , 1 % L - h i s t i d i n e , a n d 0.25% 
L - o r n i t h i n e a n d L - c a d a v e r i n e decreased caries deve lopment i n rats f e d an 
autoc laved s k i m m e d m i l k p o w d e r diet . 

DL-Methionine and DL -Threonine. D o d d s (5 ) has reported that sup­
plementat ion of D L - m e t h i o n i n e a n d D L - t h r e o n i n e to a r a w w h o l e wheat 
cariogenic diet d i d not affect the inc idence of caries. 
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Glycine. A c c o r d i n g to D o d d s ( 5 ) , the a d d i t i o n of 1.6% glyc ine to 
a w h i t e flour ( w h e a t ) car iogenic diet r e d u c e d the caries score b y about 
23 .8%. F u r t h e r m o r e , w h e n 0.20% of the g lyc ine was rep laced b y 0.40% 
D L - m e t h i o n i n e , the caries score was increased. 

H a r r i s et al. (11) also f o u n d that 4 % glyc ine supplements c o u l d 
exert significant cariostatic ac t iv i ty w h e n a d d e d to an otherwise cario­
genic d ie t a n d f e d to rats. I n t w o successive feeding trials , caries was 
r e d u c e d b y 66 a n d 4 3 % b y the 4 % glyc ine die tary supplement . 

L -Glutamic A c i d and L -Aspart ic Acid . E n g l a n d e r et al. (8) recently 
reported that neither L - g l u t a m i c a c i d nor L - a s p a r t i c a c i d inf luenced the 
development of caries i n hamsters w h e n a d d e d to a diet at a 2 % level . 
These hamsters h a d been m a d e h i g h l y susceptible to caries b y ora l 
s w a b b i n g w i t h v i ru lent car iogenic streptococci . T h e diet was r i c h i n 
q u a l i t y prote in , was not deficient i n lysine, a n d conta ined about 6 5 % 
sucrose. 

Protein and Bacteria Associated with Dental Caries Relationships 

Since denta l caries is a c k n o w l e d g e d to be a complex disease i n w h i c h 
the metabol i sm of p l a q u e bacter ia p l a y a significant role, the nut r i t iona l 
requirements of the o r a l microf lora , especial ly their prote in a n d amino 
a c i d needs, c o u l d be qui te an important considerat ion here. T h e major 
proteinaceous constituent of sa l iva is the g lycoprote in , m u c i n , a n d ac­
c o r d i n g to Leach 's postulate (15) concerning the chemistry of denta l 
p laque , the prote in that is spl i t f r o m the g lycoprote in b y neur iminidase 
c o u l d contr ibute to the format ion of p laque matr ix . A c c o r d i n g to Loesche 
a n d G i b b o n s (16), the total quant i ty of amino acids is b e l o w the amount 
necessary for m a x i m a l g r o w t h of micro-organisms, b u t since bacter ia i n 
the m o u t h g r o w s l o w l y a n d d i v i d e on ly a f e w times each day , this amount 
is of significance to the nutr i ture of the organisms. U n f o r t u n a t e l y , 
there is very l i t t le more deta i led in format ion about the role of prote in 
on car iogenic bacter ia , w i t h the exception of the f o l l o w i n g three studies. 

D r e i z e n a n d Spies (7 ) invest igated the products of prote in putre­
fact ion i n sal iva to determine whether some of them m i g h t be respon­
sible for the decreased inc idence of caries c o m m o n l y seen i n malnour i shed 
populat ions . T h e y observed that indole a n d indole-3-acetic a c i d ( w h i c h 
m a y be p r o d u c e d b y the bacter ia l decomposi t ion of t r y p t o p h a n ) de­
creased a c i d p r o d u c t i o n a n d interfered w i t h m a x i m u m g r o w t h of a strain 
of lactobaci l lus ac idophi lus f o u n d i n the carious lesions. 

N o r d h (27) c o m p a r e d the serum prote in patterns of t w o groups 
of people w h o h a d different numbers of lac tobac i l l i i n the sal iva. T h e 
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group w i t h a h i g h count (over 1 m i l l i o n / m l of s a l i v a ) , w h i c h is asso­
c ia ted w i t h h i g h caries ac t iv i ty , s h o w e d electrophoret ic patterns i n the 
serum, s imi lar to those seen i n inf lammatory disease—i.e. , decreased 
a l b u m i n , increased g a m m a g l o b u l i n , a n d increased i m m u n o g l o b u l i n con­
centrations. 

G r e e n (9 ) has suggested that innate caries resistance i n people m a y 
be due to the presence of a bacter io lyt ic agent i n the g l o b u l i n f rac t ion 
of the sal iva . H e c l a i m e d that this agent, w h i c h contains t r y p t o p h a n 
a n d several re lated compounds , w i l l reduce the g r o w t h of caries-promot­
i n g bacter ia ( l a c t o b a c i l l i a n d s treptococc i ) . 

Effect of Protein and Amino Acids on Tooth Solubility 

Interesting in vitro studies of the effects of a m i n o acids u p o n the 
rate of enamel a n d dent ine so lub i l i za t ion w h e n a d d e d to d e c a l c i f y i n g 
buffers have been c o n d u c t e d at the E a s t m a n D e n t a l C e n t e r d u r i n g re­
cent years. Buonocore a n d Somner (3 ) c o m p a r e d aspartic a c i d , g l u t a m i c 
a c i d , a lanine, a n d val ine , a n d reported that aspartic a c i d was the most 
act ive i n r e d u c i n g the so lub i l i ty of enamel i n the presence of acetic, 
lact ic , c i t r ic , a n d p y r u v i c acids, w h i c h are the organic acids c o m m o n l y 
f o u n d i n denta l p l a q u e a n d on enamel surfaces. T h i s result suggested 
the poss ib i l i ty that the aspartic i o n m a y func t ion to reduce the rate at 
w h i c h these acids dissolve the tooth structure. 

I n subsequent studies, K o u l o u r i d e s a n d Buonocore (14) a n d B u ­
onocore (2) f o u n d lysine to be an effective agent i n r e d u c i n g the rate 
of enamel decalc i f icat ion. T h e y postulated that surface-bond complexes 
are f o r m e d between a m i n o acids a n d the enamel part ic les , a n d that these 
act to retard the di f fus ion of acids. 

Signif icant reduct ions i n enamel so lub i l i ty were noted b y W e i s s a n d 
B i b b y (45, 46) w h e n casein solutions were a d d e d to d e c a l c i f y i n g buffers. 
M i l k prote in concentrates were at least as good as w h o l e m i l k i n reduc­
i n g enamel so lubi l i ty . T h i s result m a y indicate that neither the fat nor 
the m i n e r a l i n the m i l k contr ibute to the reduct ion i n enamel so lubi l i ty . 
T h e importance of prote in to this process was emphas ized w h e n these 
authors demonstrated that mucoprote ins , such as gastric m u c i n , were 
e q u a l l y as effective. 

M o r e recently, Pearce a n d B i b b y (31) reported that enamel absorbs 
prote in , a n d suggested that prote in b i n d i n g occurs i n areas w h e r e enamel 
destruct ion is in i t ia ted . T h u s , they demonstrated that there is a react ion 
between prote in a n d the enamel surface. A t the b e g i n n i n g of caries 
deve lopment ( the w h i t e spot stage) , decalc i f icat ion is greater b e l o w the 
tooth surface than at the surface. Poss ib ly this is because proteins cannot 
diffuse to subsurface sites. 
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Summary and Conclusions 

(1) It appears that both the amount and quality of protein are 
important factors in influencing dental caries development in the experi­
mental animal. For example, Dodds noted less caries when the level of 
cereal protein was raised about 16% and when the diets were less de­
ficient in amino acids. A diet which contains limited amounts of poor-
quality protein w i l l become less cariogenic as the protein content is 
increased, and/or as the quality of the protein is improved. 

(2) Dietary additions of casein, a phosphoprotein, appeared to be 
the most effective of all proteins tested in the reduction of caries devel­
opment in experimental animals. The relative importance of the phos­
phate moiety of the casein molecule for exerting this cariostatic action 
has not been evaluated. 

(3) Other proteins and amino acids that show some promise as 
significant cariostatic agents are fish protein concentrate (F .P .C.) and 
glycine. 

(4) A few in vitro studies seem to show that amino acids can de­
crease the rate of enamel solubility. 

(5) No well-controlled study has been published which proves that 
dietary supplements of protein can influence the development of dental 
caries in human beings. 

(6) The favorable indications that proteins and constituent amino 
acids may affect caries development should stimulate further search for 
protein-caries relationships. 
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4 

Vitamins and Dental Caries 

S A M U E L D R E I Z E N 

University of Texas Dental Science Institute at Houston, Houston, Tex. 77025 

Vitamins contribute to both the pathogenesis and preven­
tion of dental caries. During the formative period, vitamins 
A, C, and D are essential for proper deposition and calcifica-
tion of tooth structure. Posteruptively, the vitamin-dental 
caries relationship is mediated primarily through the oral 
acidogenic microorganisms. The Β vitamins nicotinic acid, 
pantothenic acid, and biotin are necessary growth factors 
for most if not all of the oral acidogenic flora. Some strains 
also require an exogenous source of thiamine and riboflavin. 
As components of the coenzymes which participate in ana­
erobic glycolysis, thiamine and nicotinic acid promote acid 
production by microbial action on locally retained ingested 
carbohydrates. Unfortunately, none of the Β vitamins can 
be deleted safely from the diet for caries prevention without 
impairment of human health. 

The vitamins are a group of diverse organic compounds which are 
dietary in origin and indispensable for human health and well being. 

Most function as integral parts of enzyme systems involved in essential 
metabolic processes. As such, they are required in relatively small 
amounts in sharp contrast to the dietary macro-nutrients which contribute 
primarily to the structural makeup of cells and tissues. 

Dental caries is a posteruptive disease of the teeth resulting from 
the action of cariogenic oral microorganisms on susceptible tooth struc­
ture in the presence of a suitable substrate and a favorable local environ­
ment. Various vitamins have been associated with the pathogenesis and 
prevention of dental caries. Some are caries-conducive; others caries-
deterrent. Some affect the caries process by their presence; others by 
their absence. Some have a preemptive influence which is exerted on 
the size, shape, and structure of the teeth. Others operate posteruptively 
by influencing the quantity and composition of the saliva and the makeup 

33 
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of the o r a l m i c r o b i a l flora. E v i d e n c e of the v i t a m i n - d e n t a l caries 
re lat ionship is deta i led i n this report . 

Vitamin A 

Effects of Deficiency. L a c k of v i t a m i n A w i l l p r o d u c e characterist ic 
abnormali t ies i n the shape a n d structure of d e v e l o p i n g teeth, p r o v i d e d 
the def ic iency is chronic enough a n d severe enough. T h e effects are 
m e d i a t e d through alterations i n the h i g h l y spec ia l ized odontogenic 
e p i t h e l i u m l e a d i n g to disturbances i n histo- a n d morphodi f ferent ia t ion . 
I n the rat, avitaminosis A induces enamel h y p o p l a s i a , i r regular a n d a typ­
i c a l d e n t i n format ion , a n d epi the l ia l invas ion of the denta l p u l p (79). 
I n m a n the p r i m a r y histopathology is a metaplas ia of the enamel - forming 
cells a n d a n a trophy of the enamel organ w h i c h is manifested c l i n i c a l l y 
as enamel hypoplas ia (11, 23). A v i t a m i n o s i s A is a rare cause of enamel 
h y p o p l a s i a i n the h u m a n , since deficiencies of the degree a n d dura t ion 
r e q u i r e d to p r o d u c e detectable denta l defects are usua l ly not compat ib le 
w i t h l i fe . B l o c h (10) s tudied 64 b l i n d D a n i s h c h i l d r e n w i t h gross e v i ­
dence of severe v i t a m i n A defic iency d u r i n g i n f a n c y a n d f o u n d neither 
conspicuous abnormali t ies i n the f o r m , posi t ion, a n d consistency of the 
teeth nor an increased predispos i t ion to denta l caries. S i m i l a r l y , Shourie 
(85) f o u n d no greater inc idence of denta l caries i n I n d i a n c h i l d r e n w i t h 
sk in a n d eye lesions suggestive of v i t a m i n A defic iency than i n adequate ly 
nour ished e thnica l ly ident i ca l c h i l d r e n . 

Paynter a n d G r a i n g e r (71) successfully m o d i f i e d the genetic tem­
plate of tooth m o r p h o l o g y b y restr ict ing pregnant rats to a synthetic diet 
deficient i n v i t a m i n A d u r i n g the t ime the molar teeth were b e i n g f o r m e d 
i n the offspring. T h e procedure caused the development of s m a l l molar 
teeth i n the y o u n g to a degree w h i c h exceeded the range of n o r m a l 
var ia t ion . T h e size differences were not a c c o m p a n i e d b y gross tooth 
surface defects, severe his tologic changes, metabol ic derangements, or 
an increased caries susceptibi l i ty . 

T h e on ly evidence of a direct re lat ionship be tween denta l caries 
a n d chronic v i t a m i n A defic iency is s u p p l i e d b y Sal ley, B r y s o n , a n d 
E s h l e m a n (76), w h o obta ined a significant increase i n caries i n hamsters 
g iven a synthetic diet d e v o i d of v i t a m i n A . T h e car ies -promoting poten­
t ia l of v i t a m i n A defic iency was ascr ibed to a great ly r e d u c e d sal ivary 
flow prec ip i ta ted b y the def ic iency re lated loss of secretory a c i n i i n the 
major a n d m i n o r sal ivary glands. Xeros tomia at tr ibutable to a kerat in iz ­
i n g metaplasia a n d inf lammatory react ion i n both the sa l ivary g l a n d a c i n i 
a n d ducts has been descr ibed i n h u m a n v i t a m i n A def ic iency (4). U n ­
fortunately, details of the car iogenic i ty of the xerostomia i n these cases 
are lack ing . 
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Effects of Excess. D i e t a r y supplements of v i t a m i n A neither s t im­
ulate nor suppress the caries tendency i n c h i l d r e n (21, 64). I n a s tudy 
b y D a y a n d S e d w i c k (21) at least 6000 U . S . P . units of v i t a m i n A i n ­
gested d a i l y i n tablet f o r m together w i t h a d d e d v i t a m i n D for 15 months 
not o n l y f a i l e d to have a benef ic ia l effect on the caries inc idence , but 
af forded no measurable protect ion to the n e w l y erupted teeth. I n rats, 
a d d i t i o n of excessive amounts of water-soluble a n d fat-soluble v i tamins 
i n c l u d i n g v i t a m i n A d i d not alter s ignif icant ly either the average n u m b e r 
or average extent of carious lesions i n animals whose tooth development 
was almost complete w h e n the supplements were i n i t i a t e d (82). 

Thiamine (Vitamin Bj) 

Effects of Deficiency. I n 1958 Sharpenak (81) r e v i v e d an hypothesis 
that a def ic iency of cocarboxylase ( t h i a m i n e pyrophosphate or d iphos-
p h o t h i a m i n e ) is an important cause of denta l caries because of an ac­
c u m u l a t i o n of p y r u v i c a c i d i n the denta l a n d b o d y tissues. T h i s concept 
lacks support ive evidence a n d is i n direct confl ict w i t h studies b y Russe l l 
(75) i n South V i e t n a m a n d T h a i l a n d a n d b y A f o n s k y (2 ) i n central 
C h i n a . T h e y show that consumpt ion of a nutr i t iona l ly inadequate t ra ­
d i t i o n a l diet , l o w or deficient i n th iamine , is w h o l l y compat ib le w i t h a 
l o w caries prevalence. 

Effects of Excess. G o l l (34) tested the supposi t ion that th iamine 
def ic iency m a y be an et iologic factor i n denta l caries b y feeding cakes 
p r e p a r e d f r o m th iamine- r i ch ingredients to a smal l group of G e r m a n 
c h i l d r e n . T h e th iamine intake per c h i l d was thus increased b y 0.8 m g 
per day. N o r e d u c t i o n i n caries inc idence was noted i n the 9 -month 
p e r i o d of supplementat ion. A g a p o v a (3) obta ined a decrease i n the 
denta l caries attack rate i n some of 75 c h i l d r e n g iven a die tary addi t ive 
of 2 m g th iamine d a i l y for 2 years. T h e decrease was a t t r ibuted to the 
suppressive act ion of th iamine o n the car iogenic microorganisms. T h i a ­
mine has been f o u n d to be bacteriostatic w h e n a d d e d to sal iva in vitro 
at a l eve l of 200 /xgrams per m l . , a concentrat ion w h i c h far exceeds the 
0.2 to 1.4 /ngrams per 100 m l . n o r m a l l y present i n h u m a n sal iva (8, 30). 
I n contrast, w h e n present at a leve l of 2 /xgrams per m l . i n a chemica l ly 
def ined complete synthetic m e d i u m , th iamine is g r o w t h - p r o m o t i n g rather 
than bacteriostatic for some strains of ora l acidogens ( 2 5 ) . 

Riboflavin (Vitamin B2) 

Effects of Deficiency. A s s h o w n b y dental surveys i n the U n i t e d 
States ( 5 5 ) , G u a t e m a l a (46), N i g e r i a (91), South V i e t n a m a n d T h a i l a n d 
( 7 5 ) , a d ie t deficient i n r ibof lav in is not necessarily c o n d u c i v e to denta l 
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decay. Subjects w i t h substandard r i b o f l a v i n intakes a n d c l i n i c a l evidence 
of the def ic iency state w e r e f o u n d to have a caries prevalence w h i c h 
was no higher a n d often m u c h lower t h a n i n nut r i t iona l ly superior con­
t r o l groups i n the same region. A l t h o u g h r i b o f l a v i n is a n u t r i t i o n a l essen­
t i a l for some strains of o r a l l ac tobac i l l i , most w i l l tolerate a r ibof lavin-free 
synthetic m e d i u m w h i c h is complete i n a l l other n u t r i t i o n a l essentials 
( 2 5 , 5 1 ) . 

Effects of Excess. Inc lus ion of r ibof lav in i n the diet of rats i n amounts 
far i n excess of their n u t r i t i o n a l needs does not alter their suscept ib i l i ty 
to denta l caries (82). T h e r e have been no comparab le studies o n the 
h u m a n level . 

Nicotinic Acid (Niacin) 

Effects of Deficiency. Reports f r o m various parts of the w o r l d i n d i ­
cate that endemic pel lagrins have a l o w inc idence of denta l caries (19, 
49, 74, 77). T h e r e is considerable evidence that the l o w caries prevalence 
a n d the n icot in ic a c i d def ic iency p r o d u c t i v e of pe l lagra are interrelated 
rather than fortuitous. N i c o t i n i c a c i d has p r o v e d to be an irreplaceable 
n u t r i t i o n a l factor for the o r a l lact ic a c i d - p r o d u c i n g bacter ia (25, 51 ) . 
N i c o t i n i c a c i d a m i d e acts as the func t iona l group of codehydrogenases 
I a n d II , enzymes necessary for conver t ing fermentable carbohydrates 
to a c i d residues. W i t h i n phys io log ic l imi ts , the amount of a c i d p r o d u c ­
t i o n i n saliva—glucose mixtures , in vitro, is re lated d i r e c t l y to the n icot in ic 
a c i d content of the sal iva sample (24). A d d i t i o n of antimetabolites of 
n ico t in ic a c i d to such mixtures complete ly inhib i ts a c i d f o r m a t i o n (25, 
53 ) . Incorporat ion of a metabol ic antagonist of n i co t in i c a c i d i n a n ex­
per imenta l car iogenic diet f e d w e a n l i n g rats for 150 days r e d u c e d the 
caries tendency i n these animals s ignif icant ly (26). Converse ly , de le t ion 
of n i co t in ic a c i d f r o m a nut r i t iona l ly ba lanced car ies -producing hamster 
diet resulted i n a r e d u c t i o n i n caries inc idence to approximate ly half 
that of the contro l group (68). 

Effects of Excess. Koser a n d K a s a i (52) f o u n d that comparat ive ly 
huge quanti t ies of n ico t in ic a c i d of the order of 10,000 times the n u t r i ­
t iona l requirement w i l l prevent complete ly the g r o w t h of n icot in ic a c i d -
dependent bacter ia in vitro. E x p e r i m e n t a l l y , excessive amounts of n ico­
t in i c a c i d a n d other B v i tamins increase the caries inc idence i n hamsters 
(32) a n d do not influence caries suscept ib i l i ty i n rats (82). A l t h o u g h 
massive doses of n ico t in ic a c i d are b e i n g used presently i n treat ing some 
cases of hypercholesteremia i n m a n , there have been no reports of the 
effect of this therapy o n the h u m a n dent i t ion . 
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Pyridoxine (Vitamin B6) 

Effects of Deficiency. T h e poss ib i l i ty of a re lat ionship between p y r i ­
doxine a n d denta l caries was a d v a n c e d b y Rinehar t a n d G r e e n b e r g (73) 
w h o observed that monkeys m a i n t a i n e d o n long term pyr idoxine-def ic ient 
diets deve lop extensive denta l caries. T h e p y r i d o x i n e d e f i c i e n c y - d e n t a l 
caries axis was apparent o n l y after a m i n i m u m of 2 years of exposure 
to the deficient diets, w i t h l i t t le or no adverse denta l effects noted d u r i n g 
the first 24 s tudy months. Strean a n d co-workers (90) restr icted smal l 
groups of hamsters to a car iogenic diet w i t h a n d w i t h o u t a d d e d p y r i ­
doxine (50 m g / 1 0 0 grams d i e t ) for 10 months a n d obta ined a signif icant 
r e d u c t i o n i n f requency a n d extent of caries i n the p y r i d o x i n e - s u p p l e -
mented group. L a t e r Strean et al. (89) subjected hamsters to car iogenic 
diets l o w i n p y r i d o x i n e (0.5 p p m ) a n d h i g h i n p y r i d o x i n e (10 p p m ) 
for 7 months a n d f o u n d a significant pyridoxine-associated d i m i n u t i o n 
i n caries f requency for the l o w e r teeth but not for the u p p e r teeth. T h e 
dis t inc t ion i n the locale of caries protect ion was ascr ibed to differences 
i n the p y r i d o x i n e content of the sal iva i n various parts of the m o u t h , 
b u t no c h e m i c a l evidence was offered to support this content ion. 

Effects of Excess. T h e caries prevent ive potent ia l of p y r i d o x i n e has 
been tested i n animals a n d i n m a n w i t h e q u i v o c a l results. W y n n , H a l d i , 
a n d L a w (94) i n c l u d e d re lat ively large amounts of p y r i d o x i n e ( u p to 100 
p p m ) i n a synthet ic h i g h sucrose diet o r i g i n a l l y adequate i n p y r i d o x i n e 
content. T h e a d d e d p y r i d o x i n e f a i l e d to reduce the car iogenic i ty of the 
test diet w h e n f e d to rats of a caries-susceptible strain. I n contrast, 
S te inman a n d H a r d i n g e (87) a t ta ined a notable reduct ion i n caries i n ­
c idence w h e n rats were g iven a rat ion representative of the t y p i c a l 
A m e r i c a n diet supplemented w i t h p y r i d o x i n e to the extent of 16 m g 
per k g food . 

I n a smal l p i lo t s tudy, Strean et al. (89) ach ieved a 4 0 % reduct ion 
i n n e w carious lesions i n 14 c h i l d r e n , 10 to 15 years o l d , g iven lozenges 
conta in ing 3 m g p y r i d o x i n e thr ice d a i l y for 1 year. T h e reference group 
was compr ised of 14 c h i l d r e n g iven placebo lozenges. C o h e n a n d R u b i n 
(18) used an ident i ca l test ing procedure i n 120 test c h i l d r e n a n d 129 
contro l c h i l d r e n , 11 to 14 years of age, for 1 year a n d reported a sl ight 
suppressive effect of the p y r i d o x i n e lozenges on denta l caries. T h e di f ­
ference between the caries attack rates i n the p y r i d o x i n e a n d placebo 
groups was not, however , statist ically significant. 

I n adults the effects of p y r i d o x i n e supplements o n denta l caries 
experience has been tested i n pregnant w o m e n b y H i l l m a n , C a b a u d , 
a n d Schenone (45). Start ing w i t h the 4th m o n t h of pregnancy, 198 ran­
d o m l y selected pregnant w o m e n were g iven 20 m g p y r i d o x i n e once d a i l y 
i n capsule f o r m , 169 were g iven a total of 20 m g p y r i d o x i n e thrice d a i l y 
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i n lozenge f o r m , a n d 173 rece ived p lacebo preparat ions a n d served as 
controls . E a c h r e g i m e n was f o l l o w e d u n t i l par tur i t ion . T h e g r o u p not 
g iven a d d e d p y r i d o x i n e h a d a n average D M F increase of 1.42 c o m p a r e d 
w i t h 1.22 for the capsule group a n d 0.89 for the lozenge group. T h e 
difference be tween the m e a n D M F increments of the contro l a n d capsule 
groups was not signif icant; that be tween the contro l a n d lozenge groups 
was significant. 

Strean (88) attributes the caries-deterrent ac t ion of p y r i d o x i n e to 
a n al terat ion of the ora l flora f r o m a p r e d o m i n a n t l y homofermentat ive 
lac t i c a c i d - p r o d u c i n g type to a prevalence of heterofermentat ive forms 
w h i c h p r o d u c e less lact ic a c i d a n d more volat i le e n d products . S ince 
homofermentat ive forms do not a n d heterofermentative forms do u t i l i z e 
p y r i d o x i n e , the a d d i t i o n of p y r i d o x i n e creates a compet i t ive system w h i c h 
eventuates i n suppressing the heavy a c i d producers . P a r t i a l support for 
this content ion is s u p p l i e d b y Pa lazzo , C o b e , a n d P l o u m i s ( 7 0 ) , w h o 
s h o w e d that a d d i t i o n of p y r i d o x i n e i n concentrations rang ing f r o m 
1:2000 to 1:200,000 to suitable m e d i a inhib i ts homofermentat ive strains 
of the o r a l flora a n d promotes g r o w t h of the heterofermentative types. 
A l t h o u g h p y r i d o x i n e has been s h o w n to be bacteriostatic against some 
strains of o r a l microorganisms w h e n a d d e d to sal iva i n a concentrat ion 
of 20 m g per 100 m l ( 8 ) , levels of 200 m g per 100 m l f a i l e d to affect 
a c i d p r o d u c t i o n i n i n c u b a t e d sa l iva-g lucose mixtures ( 2 8 ) . A proper 
evaluat ion of the role of p y r i d o x i n e i n the caries process awaits more 
intensive m i c r o b i o l o g i c , chemica l , a n d c l i n i c a l invest igat ion. 

Other B Vitamins 

O t h e r B vi tamins w i t h a potent ia l role i n the caries process are 
b i o t i n , pantothenic a c i d , fo l i c a c i d , a n d inosi tol . B i o t i n a n d pantothenic 
a c i d resemble n icot in ic a c i d i n that they are essential for the g r o w t h 
a n d a c i d p r o d u c t i o n of ora l lac tobac i l l i , s treptococci , s taphylococc i , a n d 
yeasts i n p u r e a n d m i x e d cul ture (25, 51). M a k i l a (54) f o u n d that the 
m e a n fo l i c a c i d content of resting w h o l e sal iva i n edentulous denture 
wearers a n d patients w i t h teeth largely destroyed b y caries is almost three 
times greater than that i n subjects w i t h sl ight caries act iv i ty . It was 
c o n c l u d e d that either a h i g h sa l iva fo l i c a c i d level promotes the develop­
ment of caries, or the car ies-prec ipi tat ing factor leads to an increase i n 
sal iva fo l i c a c i d concentrat ion. Signif icant caries reduct ions have been 
obta ined i n rats f e d car iogenic sugar diets conta in ing 0 .01-0 .1% inos i to l 
(67). A d d i t i o n of 1.4% phosphory la ted inosi tol to a bread-g lucose rat 
diet decreased the inc idence o f denta l caries b y a n average of 7 7 % a n d 
the caries severity score b y an average of 9 1 % ( 5 9 ) . Studies b y M c C a n n , 
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B r a d y , a n d G i l l e n (58) indicate that enamel m a y p i c k u p phosphate f r o m 
phosphory la ted inos i to l b y i o n exchange a n d that the increase i n enamel 
phosphate contributes to the anticaries effectiveness of this c o m p o u n d 
i n rats. 

Vitamin C (Ascorbic Acid) 

Effects of Deficiency. E v i d e n c e that v i t a m i n C is essential for nor­
m a l tooth development is d e r i v e d f r o m histologic changes i n the con­
t inuous ly f o r m i n g incisors of scorbut ic guinea pigs. These range f r o m 
d i s t u r b e d histodif ferent iat ion of the odontoblasts c u l m i n a t i n g i n amor­
phous a n d i rregular d e n t i n f o r m a t i o n to a cessation of d e n t i n depos i t ion 
a n d overcalc i f icat ion of the predent in . A t r o p h i c changes i n the enamel 
e p i t h e l i u m m a y occur i n the late stages g i v i n g rise to enamel h y p o p l a s i a 
( 1 3 ) . B o y l e (12) s tudied dec iduous a n d permanent tooth germs of 
scorbutic infants a n d f o u n d no abnormali t ies except for some s m a l l cysts 
a n d minute hemorrhages i n a f e w specimens. T e e t h f r o m scorbut ic 
adults s h o w porot i c dent in , p u l p a l h y p e r e m i a and edema, a n d al tered 
secondary dent in format ion ( 9 3 ) . 

D e s p i t e the s tructural changes associated w i t h scurvy, W e s t i n (93) 
was unable to demonstrate any re lat ionship between v i t a m i n C defi­
c iency a n d denta l caries i n the guinea p i g , monkey, or m a n , nor is there 
any signif icant correlat ion be tween the v i t a m i n C content of h u m a n 
b l o o d , sal iva, or ur ine a n d denta l caries ac t iv i ty (15, 44, 8 0 ) . Never the­
less, O t t (69) maintains that denta l caries can be equated w i t h d i s t u r b e d 
v i t a m i n C metabol i sm but offers l i t t le c l i n i c a l a n d no exper imental e v i ­
dence to substantiate this c l a i m . H a n k e (39) supplemented the diets 
of 323 c h i l d r e n w i t h a p in t of orange juice a n d the juice of one l e m o n 
d a i l y a n d obta ined an auspicious reduct ion i n the intensi ty of caries. 
A d m i n i s t r a t i o n of 90 m l . of orange juice d a i l y fa i l ed to sustain the r e d u c e d 
caries ac t iv i ty , cast ing some d o u b t o n the specif ic i ty of a denta l c a r i e s -
v i t a m i n C def ic iency relat ionship. 

Effects of Excess. V i t a m i n C has been s h o w n to be car ies-promoting, 
caries-neutral , a n d car ies-prevent ing—the specific role v a r y i n g w i t h the 
par t i cu lar investigator. T h u s , H a f e r (38) regards pharmacolog ica l ly ef­
fect ive doses of v i t a m i n C as car iogenic since the adminis t ra t ion of such 
doses is f o l l o w e d i n a f e w weeks b y a rise i n lactobaci l lus counts a n d b y 
a f a l l i n the n e u t r a l i z i n g p o w e r of the sal iva. W h e n incorporated i n 
cariogenic diets i n amounts rang ing f r o m 0 .5-2 .5% of the d a i l y ra t ion , 
v i t a m i n C is w i t h o u t measurable effect o n caries i n rats (50) a n d i n h a m ­
sters ( 3 5 ) . I n c h i l d r e n , G r a n d i s o n , Stott, a n d C r u i k s h a n k (36) f o u n d 
no significant modi f i ca t ion i n the caries course of 20 c h i l d r e n g iven 200 
m g v i t a m i n C d a i l y for 2 years. D i e r k s (22) reported that d a i l y doses 
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of 100 m g v i t a m i n C are protect ive against the secondary decay w h i c h 
forms a r o u n d filling margins , as no such lesions deve loped i n c h i l d r e n 
g iven v i t a m i n C for 1 year. T h e lack of a contro l group a n d the fa i lure 
to influence p r i m a r y caries l imits the value a n d a p p l i c a b i l i t y of these 
findings. 

Vitamin D 

Effects of Deficiency. T h e changes i n d u c e d b y a v i t a m i n D de­
ficiency d u r i n g the format ive p e r i o d of the teeth v a r y w i t h the experi ­
menta l a n i m a l . I n a l l v i t a m i n D - d e p e n d e n t species, the first a n d most 
prominent def ic iency change is a l ine of d i s turbe d calc i f icat ion i n the 
dent in . I n the severe cases this is f o l l o w e d b y a retardat ion of d e n t i n 
format ion a n d a fa i lure of calc i f icat ion of the predent in . I n the rat, enamel 
format ion a n d calc i f icat ion are unaffected b y a v i t a m i n D deficiency, 
b u t guinea pigs , dogs, a n d m a n m a y develop hypoplas t i c enamel (40). 
M e l l a n b y (61) was the first to suggest that teeth w i t h imperfect ions i n 
the enamel surface are more susceptible to caries than teeth w i t h o u t 
such defects. T h i s concept has been b o t h supported (9 , 20, 63) a n d 
refuted (21, 86), w i t h M i i h l e m a n n (65) expressing the contemporary 
o p i n i o n that w h i l e s tructural irregulari t ies a n d h y p o p l a s i a of the enamel 
per se do not seem to increase caries suscept ibi l i ty , they do favor post-
erupt ive p laque adherence a n d possibly caries attack o w i n g to increased 
roughness. 

W h e t h e r rachi t ic c h i l d r e n have a greater tendency to denta l decay 
than nonrachi t ic c h i l d r e n as has been p r o c l a i m e d b y some (27, 29) a n d 
d i s p u t e d b y others (43, 84) is s t i l l unresolved. N u m e r o u s studies b y 
M e l l a n b y (62) i m p l y that an adequate v i t a m i n D intake d u r i n g the 
p e r i o d of tooth format ion i n c h i l d r e n is associated w i t h a r e d u c e d caries 
inc idence . At tempts to establish a re lat ionship between denta l caries 
a n d the v i t a m i n D content of the diet have been unsuccessful (95). D i ­
rect evidence that hypoplas ia is caused b y a def ic iency of v i t a m i n D or 
that adequate v i t a m i n D per se w i l l prevent h y p o p l a s i a or reduce the 
inc idence of denta l caries is s t i l l l a c k i n g (40). 

Effects of Excess. T h e use of v i t a m i n D supplements to control 
denta l caries is b e c l o u d e d b y an inconsistency of results a n d interpreta­
tions. C l a i m s for a caries-preventive act ion of v i t a m i n D range f r o m 
u n m i t i g a t e d effectiveness regardless of age, diet , a n d f o r m adminis tered 
(57) to those tempered b y such l imitat ions as: ( a ) v i t a m i n D produces 
a substantial decrease i n the denta l caries experience of c h i l d r e n w h e n 
g iven between 3 a n d 10 years of age but not w h e n g iven between 11 
a n d 16 years of age ( 5 ) ; ( b ) v i t a m i n D is more benefic ial against caries 
w h e n a d d e d to a deficient diet than to a w e l l ba lanced diet (78); ( c ) 
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v i t a m i n D decreases denta l caries suscept ib i l i ty on ly w h e n adminis tered 
d u r i n g the format ive p e r i o d a n d not after a tooth has a lready erupted 
(6); ( d ) v i t a m i n D is more effective against caries w h e n taken as c o d 
l iver o i l than as i r radia ted ergosterol (56 ) . A e b i ( J ) reconciles studies 
s h o w i n g a caries-deterrent ac t ion of v i t a m i n D w i t h those w h i c h f a i l e d 
to change the caries pat tern (14, 21, 33, 48) b y postula t ing that other 
factors i n the caries p ic ture m a y supplement or negate the influence of 
v i t a m i n D . I n a more prosaic v e i n , S h a w (83) ascribes the lack of effect 
of v i t a m i n D to a lack of an exist ing def ic iency i n the subjects g iven 
the supplements . I n contrast, V o l k e r (92) suggests that the specia l bene­
fits noted w i t h c o d l iver o i l as c o m p a r e d w i t h other preparat ions of 
v i t a m i n D c o u l d be expla ined b y the loca l act ion of the fats conta ined 
therein rather than b y the f o r m of the v i t a m i n D . 

Vitamin E 

V i t a m i n E is essential for m a i n t a i n i n g the enamel organ of the rat 
incisor. A defic iency leads to premature a t rophy a n d edema of the 
p a p i l l a r y layer, depigmentat ion , h y p o p l a s i a , b izarre anatomic forms, re­
tarded erupt ion rate, a n d cyst format ion i n the adjacent connect ive tissue 
(66, 72). T h e p a r e n c h y m a of the sal ivary glands is rep laced b y fat cells 
a n d fibrous connect ive tissue (66). Because of its ant ioxidant capaci ty , 
v i t a m i n E has been tested against su lcu l caries i n the rat. Leve l s u p to 
0 .5% a-tocopherol i n the diet f a i l e d to i n h i b i t either caries or the g r o w t h 
of selected car iogenic microorganisms (47). 

Vitamin K 

O f a l l presently k n o w n vi tamins , on ly v i t a m i n K prevents a c i d for­
m a t i o n w h e n a d d e d to sa l iva-g lucose mixtures in vitro (28). T h e ant i ­
bacter ia l properties of na tura l a n d synthetic v i t a m i n K stem f r o m their 
qu inone structure w h i c h acts as an enzyme poison a n d not f r o m the 
v i t a m i n act iv i ty (7, 17). T h e efficacy of v i t a m i n K i n contro l l ing dental 
caries b y i n h i b i t i n g the enzymes i n v o l v e d i n the m i c r o b i a l degradat ion 
of carbohydrates has been s tudied i n rats, hamsters, a n d m a n . 

I n rats, p r o l o n g e d adminis t ra t ion of synthetic v i t a m i n K i n concen­
trations ranging f r o m 0.005 to 0 .8% of a car iogenic diet f a i l e d to exert 
a measurable effect on the caries inc idence (41). In hamsters, v i t a m i n K 
prevented denta l decay w h e n 1 m g was a d d e d to the diet every second 
day or w h e n 1 m g was injected intraper i toneal ly every t h i r d day (31). 
I n m a n , c h e w i n g a stick of g u m conta in ing 0.75 m g 2 -methyl - l , 4 -naphtho-
quinone s o d i u m bisulf i te a d d i t i o n c o m p o u n d (synthet ic v i t a m i n K ) for 
at least 10 minutes after each m e a l for a p e r i o d of 18 months b y 58 sub-
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jects r e d u c e d the development of n e w carious lesions b y f r o m 60 to 8 0 % 
d e p e n d i n g o n the basis of compar ison (16). T h e v a l i d i t y of these con­
clusions has been chal lenged b y S h a w (83) w h o a n a l y z e d the data i n 
the absence of a statistical eva luat ion b y the authors a n d b y a subsequent 
s tudy i n w h i c h c h e w i n g a synthet ic v i t a m i n K - c o n t a i n i n g g u m after 
ingest ion of f o o d or d r i n k h a d no caries-suppressive effect o n c l i n i c a l 
a n d rad iographic examinat ion (60). 

Vitamin P 

R u t i n , a c o m p o u n d w i t h v i t a m i n P - l i k e ac t iv i ty , a n d hesper id in , 
a n in tegra l part of the v i t a m i n P molecule , each w i t h ant ioxidant p r o p ­
erties, have been invest igated for possible ant icar iogenic act iv i ty . N e i t h e r 
prevented caries i n rats w h e n incorporated i n a car ies - induc ing die t nor 
i n h i b i t e d the g r o w t h of selected bacter ia usual ly encountered i n the o r a l 
cavi ty . I n a single t r i a l i n w h i c h rats w e r e f e d 0 .5% hesper id in , there 
was ac tua l ly a statist ical ly significant increase i n caries score (47). 

Vitamin Mixtures 

Effects of Deficiencies. G r e e n a n d H a r d e s (37) p e r f o r m e d a series 
of short t e rm experiments (20-21 days) des igned to test the effect of 
m u l t i p l e v i t a m i n delet ion o n caries p r o d u c t i o n w i t h o u t i n d u c i n g f rank 
def ic iency states. O m i s s i o n of a l l fat-soluble v i tamins f r o m a car iogenic 
diet was w i t h o u t effect on the caries experience of w e a n l i n g a lb ino rats, 
whereas a n absence of a l l water-soluble v i tamins resul ted i n a significant 
decrease i n caries development . T h e latter was a t t r ibuted, i n part , to 
a d i m i n i s h e d f o o d intake a n d d i s turbed eat ing pat tern since the rats 
f a i l e d to g r o w o n the water-soluble v i t a m i n deficient diet . 

Effects of Supplements. T h e ant icar iogenic effectiveness of m i x e d 
v i t a m i n preparations was invest igated i n a series of 436 heal thy c h i l d r e n 
r a n g i n g i n age f r o m b i r t h to 5.5 years (42). E a c h rece ived a d a i l y d ie tary 
supplement of 3000 to 4000 units v i t a m i n A , 400 units v i t a m i n D , 60 to 
75 m g v i t a m i n C , 1.0 to 1.2 m g th iamine , 1.2 to 1.5 m g r ibof lav in , a n d 
8 to 15 m g n iac inamide for 36 months. T h i s reg imen f a i l e d to exert a 
measurable cariostatic act ion unless 0.5 to 1.0 m g fluoride as s o d i u m 
fluoride was incorporated i n the d a i l y v i t a m i n supplement . 

Summary and Conclusions 

I n the p r e e m p t i v e p e r i o d , v i tamins A , C , a n d D are essential for 
the proper deposi t ion a n d m i n e r a l i z a t i o n of tooth structure. A l t h o u g h 
w e l l f o r m e d teeth are not necessarily synonymous w i t h caries resistance, 
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such teeth may provide fewer opportunities for plaque attachment, plaque 
retention, and caries activity. 

In the posteruptive period, the vitamin-dental caries relationship 
is mediated primarily through the oral acidogenic flora. A l l cariogenic 
microorganisms are, to a certain extent, vitamin-dependent and require 
an exogenous supply of some or many of these nutrients. The spectrum 
of need varies with the particular organism. The Β vitamins nicotinic 
acid, pantothenic acid, and biotin are necessary growth factors for most, 
if not all, lactic acid bacteria. Some strains also require thiamine, ribo­
flavin, and folic acid. As components of the coenzymes involved in 
anaerobic glycolysis, thiamine and nicotinic acid facilitate the production 
of organic acids by microbial action on retained ingested carbohydrates. 

Diets completely devoid of the vitamins which serve as essential 
growth factors for the oral acidogenic organisms or as glycolytic co­
enzyme components are caries-inhibitory. Unfortunately, these vitamins 
cannot be deleted safely from the diet without disastrous consequences 
to human health. Conversely, there is, as yet, no clear and uncontestable 
evidence that dietary supplements of any of the presently known vitamins 
is protective against human dental caries. 
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Antibiotics and Dental Caries 

B A S I L G . B I B B Y 

Eastman Dental Center, Rochester, Ν. Y. 14603 

When fed in water or diet, penicillin and some other anti­
biotics consistently limit caries activity in animals. Topical 
applications on animals' teeth seem to have some effect. 
Clinical studies in human subjects using antibiotics in denti­
frices or as prophylaxis against rheumatic fever gave incon­
sistent results. While negative findings are probably related 
to the manner of use rather than the absence of inherent 
cariostatic properties, an important consideration is that 
long-range ill effects may result from disturbance of the 
ecological balance of the oral flora. 

The i n i t i a l studies o n the relat ionships be tween antibiot ics a n d denta l 
caries were des igned to indicate the importance of bacter ia or certa in 

bacter ia l groups i n its et iology. Thereafter , attempts were m a d e to estab­
l i s h the usefulness of cer ta in ant ibiot ics i n caries prevent ion i n m a n . 
R e c e n t l y they have been used again i n caries research for eva luat ing the 
importance of specific bac ter ia l types a n d testing n e w ideas i n caries 
et iology. 

T w e n t y years ago, the bel ief that g r a m posi t ive bacter ia , such as the 
streptococci , w e r e the ac t ivat ing agents of denta l decay was not as 
general ly accepted as i t is today, a n d some denta l investigators b e l i e v e d 
that inadequate n u t r i t i o n m i g h t have equa l importance . O n e w a y of 
sett l ing this quest ion was to a d d an agent, such as p e n i c i l l i n , w h i c h w o u l d 
destroy a c i d - p r o d u c i n g g r a m posi t ive organisms, to a diet w h i c h was 
k n o w n to cause denta l decay i n rats, a n d see w h e t h e r i t w o u l d protect 
the animals against caries. I n such a n experiment, i t was f o u n d (29) 
that rats eat ing a car ies -producing diet w i t h 75 units of p e n i c i l l i n per 
g r a m of f o o d or water d e v e l o p e d no d e n t a l decay, whereas animals eat ing 
the penic i l l in - f ree contro l d ie t d e v e l o p e d caries as usual . T h e lac tobac i l l i , 
w h i c h at that t i m e w e r e b e l i e v e d to be causative agents of caries, h a d 
been e l i m i n a t e d f r o m the mouths of the p e n i c i l l i n group. F o l l o w i n g this 
a p p r o a c h , S tephan et al. (36, 37) tested the effect of p e n i c i l l i n , A u r e o -

46 
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m y c i n , bac i t rac in , C h l o r o m y c e t i n , s t reptomycin , T e r r a m y c i n , cephalo­
s p or in , a n d p o l y m y x i n o n rat caries for the d o u b l e purpose of d e t e r m i n i n g 
the re lat ive effectiveness of these agents i n p r e v e n t i n g caries a n d i n d i ­
ca t ing w h i c h spectra of microorganisms p l a y e d the most important part 
i n its et iology. T h e i r findings s h o w e d that o n l y cephalospor in a n d p o l y ­
m y x i n f a i l e d to reduce caries, a n d that none of the broad-spec t rum ant i ­
biot ics was any m o r e effective t h a n p e n i c i l l i n i n this respect. T h e fa i lure 
of cephalospor in , w h i c h is effective against most g r a m posi t ive organisms 
except some streptococci a n d lac tobac i l l i , to re tard caries i n d i c a t e d the 
impor tance of these bac ter ia l types i n caries. T h e negat ive results w i t h 
p o l y m y x i n l ikewise s h o w e d that g r a m negative organisms h a d no s ignif i ­
cance i n the causat ion of rat caries. 

F i t z g e r a l d a n d J o r d a n ( 5 ) tested 10 units or 10 μξ per g r a m of 
several different ant ibiot ics i n car iogenic diets i n a rat s tudy. A l l the 
agents s ignif icant ly r e d u c e d the caries score b e l o w that g i v e n b y the 
contro l diet . P e n i c i l l i n was most effective, w i t h o n l y one t h i r d of the 
animals s h o w i n g caries, f o l l o w e d i n order b y o r y t h r o m y c i n , z i n c b a c i ­
t rac in , c a r b o m y c i n , a n d n e o m y c i n . 

I n a s tudy of the mechanisms of caries prevent ion b y var ious agents, 
M c C l u r e et al (28) f o u n d that p e n i c i l l i n at 10 units per g r a m of diet was 
more effective i n p r e v e n t i n g caries i n w h i t e rats than 50 p p m of s o d i u m 
fluoride or iodoacet ic a c i d or a h i g h - m i n e r a l diet . T h e y interpreted this 
to m e a n that bac ter ia l ac t iv i ty o n the teeth was of p r i m a r y importance 
i n caus ing caries. 

I n endeavor ing to determine w h i c h types of bacter ia p r o d u c e d caries 
i n their caries-susceptible s train of rats, Rosen et al (33) f o u n d that 
w h e n 500 units of p e n i c i l l i n or 0.025% T e r r a m y c i n per g r a m of diet 
were f e d , no caries o c c u r r e d i n the p e n i c i l l i n rats, b u t a l l their T e r r a ­
m y c i n rats s h o w e d caries. S ince b o t h ant ibiot ics are effective against 
g r a m posi t ive organisms, they c o n c l u d e d that some u n r e c o g n i z e d types 
of bacter ia must be responsible for caries i n their animals . 

S h a w a n d Sweeney (34) used cotton rats, w h i t e rats, a n d desal ivated 
w h i t e rats i n a compar i son of the effectiveness of different levels of a 
var ie ty of ant ib io t i c agents o n caries, a n d also c o m p a r e d their in vitro 
effectiveness against a h u m a n a n d rat strain of Lactobacillus acidophilus. 
P e n i c i l l i n was the most effective i n r e d u c i n g caries i n b o t h species. A u r e o -
m y c i n , C h l o r o m y c e t i n , s t reptomycin , a n d T e r r a m y c i n were moderate ly 
effective, whereas panthenol , t y r o t h r i c i n , s u b t i l i n , a n d b a c i t r a c i n gave 
o n l y s l ight or no protect ion. N o corre lat ion was f o u n d be tween effective­
ness i n r e d u c i n g a n i m a l caries a n d the a b i l i t y to prevent a c i d f o r m a t i o n 
i n the lactobaci l lus cultures. F a l l a a n d S h a w (4) s h o w e d that in jected 
p e n i c i l l i n w o u l d reduce caries i n rats, b u t to be effective, levels t w i c e as 
h i g h as i n the f o o d h a d to be used. 
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U s i n g a 15-day, rather t h a n the u s u a l 80- to 100-day, exper imenta l 
p e r i o d , M u h l e m a n n et al. (31) m a d e a n extensive compar ison of d ie tary 
addi t ions of 0.01 to 0 .2% of ant ibacter ia l a n d ant i funga l ant ibiot ics a n d 
other ant ibacter ia l c h e m i c a l a n d cariostatic agents o n the i n i t i a t i o n of 
rat caries. T h e ant ibacter ia l agents used were p e n i c i l l i n , A u r e o m y c i n , 
D e c l o m y c i n , e r y t h r o m y c i n , O l e a n d o m y c i n , n o v o b i o c i n , thiostrepton, b a c i ­
t rac in , d i h y d r o s t r e p t o m y c i n , a n d c h l o r a m p h e n i c o l . T h e ant imycot ic 
agents used w e r e nystat in , gr i seofu lv in , a m p h o t e r i c i n B , e c h i n o m y c i n , 
usnic a c i d , a n d flavofungin. T h e antibiot ics w i t h g r a m posi t ive s p e c t r a — 
p e n i c i l l i n , O l e a n d o m y c i n , e r y t h r o m y c i n , a n d n o v o b i o c i n — w e r e most 
effective i n p r e v e n t i n g early caries, a n d their br ief ly-presented results 
can be interpreted as s h o w i n g caries reduct ions of f r o m 85 to 9 0 % b e l o w 
the water controls. T e t r a c y c l i n e s — A u r e o m y c i n , T e t r a c y n , a n d D e c l o ­
m y c i n — g e n e r a l l y gave reduct ions i n the 6 0 % range a n d i n this respect 
w e r e comparable i n effectiveness to s o d i u m fluoride, as w e r e the ant i ­
biot ics w i t h b o t h g r a m posi t ive a n d g r a m negative spectra. N e i t h e r the 
ant imycot ics nor the disinfectants r e d u c e d caries. F r o m these results, i t 
was c o n c l u d e d that the antibiot ics w e r e the most effective agents against 
rat caries. 

T h e obvious conc lus ion f r o m a l l of these studies is that ant ibiot ics 
are capable of p r e v e n t i n g denta l decay i n animals . Several of t h e m are 
v e r y potent, a n d their effectiveness seems to be re lated to the capac i ty 
to interfere w i t h the g r o w t h of g r a m posi t ive bacter ia i n general , rather 
t h a n the l a c t o b a c i l l i i n par t icular . 

T h e demonstrated effectiveness of antibiotics i n prevent ing a n i m a l 
caries l e d to a considerat ion of their use to combat denta l decay i n m a n . 
A s a result , b o t h in vitro a n d a n i m a l caries studies were under taken , w i t h 
a v i e w to d e v e l o p i n g p r o p h y l a c t i c products for h u m a n use. 

T h e in vitro experiments were based o n the k n o w l e d g e that denta l 
caries results f r o m decalc i f icat ion of teeth b y acids f o r m e d b y bacter ia l 
fermentat ion of carbohydrates , a n d , therefore, any agent w h i c h w o u l d 
effectively interfere w i t h the p r o d u c t i o n of a c i d w o u l d be l i k e l y to pre­
vent tooth decay. U s i n g this approach , large numbers of ant ibacter ia l 
agents a n d enzyme inhib i tors have been tested i n several ways to indicate 
their potent ia l usefulness i n prevent ing caries. Z a n d e r a n d B i b b y (44) 
measured r e d u c t i o n of a c i d format ion f r o m glucose i n sal iva , F o s d i c k (9 ) 
c a l c i u m loss f r o m enamel i n a sa l ivary fermentat ion system, a n d M a h l e r 
a n d M a n l y (27) a c i d f o r m a t i o n i n an "ar t i f i c ia l p l a q u e " composed of 
p a c k e d organisms obta ined b y centr i fug ing m o u t h washings . I n our 
experiments, a n d Fosdick ' s , p e n i c i l l i n was the most effective of the m a n y 
agents tested. F o s d i c k c o n c l u d e d that since p e n i c i l l i n was absorbed i n 
p r o t e i n films, a n d other enzyme inhib i tors were not, i t w o u l d have a 
las t ing effect o n the car ies -producing ac t iv i ty of the bacter ia l p laques o n 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
0 

| d
oi

: 1
0.

10
21

/b
a-

19
70

-0
09

4.
ch

00
5

In Dietary Chemicals vs. Dental Caries; Harris, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1970. 



5. B I B B Y Antibiotics and Dental Caries 49 

the tooth surface. H o w e v e r , i n M a h l e r a n d M a n l y ' s (27) experiments, 
i n w h i c h p a c k e d microorganisms were used rather t h a n suspensions, 
p e n i c i l l i n was ineffective i n c h a n g i n g the course of a c i d p r o d u c t i o n . T h i s 
finding o n short-term a c i d f o r m a t i o n i n "ar t i f i c ia l p l a q u e " was extended 
into the m o u t h b y B r u d e v o l d a n d H a w e s ' (3) finding that p e n i c i l l i n d i d 
not interfere w i t h a c i d f o r m a t i o n i n plaques o n h u m a n tooth surfaces. 

A different sort of in vitro ev idence o n the effectiveness of p e n i c i l l i n 
i n prevent ing caries was offered b y Z a n d e r a n d B i b b y (44), w h o s h o w e d 
that sa l iva col lected f r o m h u m a n mouths 2 hours after a p e n i c i l l i n r inse 
s t i l l l a c k e d the a b i l i t y to ferment glucose. 

W h i l e attention has been centered o n p e n i c i l l i n , other antibiot ics 
give comparable i n h i b i t i o n of a c i d f o r m a t i o n i n in vitro tests (2, 29). 
B r u d e v o l d a n d B i b b y (2 ) f o u n d that a m o n g exper imenta l ly d e v e l o p e d 
antibiot ics that the manufacturers d e e m e d unsui table for systemic a d m i n ­
istrat ion there were some w h i c h w e r e equa l ly as effective as p e n i c i l l i n i n 
r e d u c i n g a c i d p r o d u c t i o n b y m o u t h bacter ia . F r o m this, i t m a y be sug­
gested that the long-range possibi l i t ies of u t i l i z i n g antibiot ics i n caries 
contro l m i g h t w e l l d e p e n d u p o n the selection of types w h i c h w o u l d not 
be e m p l o y e d for any other m e d i c a l purpose . 

Several an imal - feeding studies des igned to supplement those a l ready 
c i ted h a v e been car r ied out to select a n d evaluate ant ibiot ics for i n c l u s i o n 
i n denti fr ices i n t e n d e d for caries prevent ion i n m a n . L o o k i n g towards 
finding the lowest effective concentrat ion of p e n i c i l l i n w h i c h w o u l d b e 
effective against caries, W e b m a n et al. (40) s h o w e d that as l i t t le as 2 
units of p e n i c i l l i n a d d e d to a car ies -producing diet r e d u c e d denta l decay 
i n rats b y almost a t h i r d , a n d that a r e d u c t i o n of lactobaci l lus count a n d 
a n increase of g r a m negative organisms also o c c u r r e d i n the animals ' 
mouths . V o l k e r et al. (38) c o m p a r e d the effect of p e n i c i l l i n , a m e r c u r i c 
benzoate, a n d a sarcosinate, a l l of w h i c h i n h i b i t e d a c i d p r o d u c t i o n b y 
sa l ivary bacter ia a n d were re ta ined o n the tooth surface, o n hamster 
caries. T h e y f o u n d p e n i c i l l i n to be the most effective under the t w o test 
condit ions used. I n another compar i son of the effectiveness of p e n i c i l l i n 
a n d other cariostatic agents, P i n d b o r g (32) f o u n d that 20 m g of proca ine 
p e n i c i l l i n per k g of diet ( the equivalent of 20 internat ional units per 
g r a m of d i e t ) r e d u c e d denta l decay b y 8 1 % , whereas 10 p p m of s o d i u m 
fluoride or of stannous fluoride a d d e d to the same diet gave caries 
reduct ions of on ly 31.6 a n d 28.9, respectively. 

A n o t h e r type of experiment , i n w h i c h ant ib iot ic mixtures w e r e 
b r u s h e d o n a n i m a l teeth, has been used to predic t the potent ia l effective­
ness of ant ib iot ic dentifr ices i n m a n . I n the first experiment of this sort, 
Z a n d e r a n d B i b b y (44) b r u s h e d a solut ion conta in ing 500 units of p e n i ­
c i l l i n per cc o n the teeth of hamsters w h i c h were kept o n a caries-
p r o d u c i n g diet for 40 days. I n e ight animals whose teeth were b r u s h e d 
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w i t h p e n i c i l l i n , there was less than one cavi ty per a n i m a l , whereas i n the 
water -brushed contro l group , the animals h a d an average of seven cavities. 
I n another hamster experiment ( 4 5 ) , solutions conta in ing various concen­
trations of p e n i c i l l i n , A u r e o m y c i n , a n d t y r o t h r i c i n were b r u s h e d o n the 
teeth. P e n i c i l l i n was most effective. T o select a dent i fr ice for c l i n i c a l 
test ing i n c h i l d r e n , Shiere (35) b r u s h e d five different t y r o t h r i c i n dent i ­
frices a n d a contro l o n hamster teeth. T h e one w h i c h gave the m a x i m a l 
caries reduct ion , 25.6% b e l o w the control , was subsequently f o u n d 
e q u a l l y effective i n m a n . 

T h e accumula ted evidence that p e n i c i l l i n w o u l d interfere w i t h a c i d 
f o r m a t i o n b y sal ivary bacter ia a n d w o u l d unquest ionably prevent denta l 
caries i n animals l e d to tests of its caries-preventive effect i n m a n . 

Before m e n t i o n i n g the findings i n the c l i n i c a l tests w h i c h have been 
car r ied out u s i n g ant ib io t i c dentifr ices , i t s h o u l d be p o i n t e d out that 
m a n y variables b e y o n d that of the agent used compl icate the o b t a i n i n g 
of re l iable results i n h u m a n studies. F o r instance, a n agent w h i c h is 
effective i n animals m a y not be of any use i n m a n , or one examinat ion 
a n d record ing procedure m a y f a i l to show differences w h i c h w o u l d appear 
i f another w e r e used, b u t most impor tant ly , the w h o l e result is go ing to 
d e p e n d u p o n the extent to w h i c h the instructions o n the use of the test 
dent i f r ice are f o l l o w e d . O b v i o u s l y , no therapeutic agent can be expected 
to produce benefit as l o n g as i t remains i n its container. 

Several c l i n i c a l tests o n the effect of ant ib iot ic dentifr ices o n caries 
have been reported. T h e first s tudy, that of H i l l et al. ( 1 5 ) , used a 
p o w d e r conta in ing 500 units of p e n i c i l l i n per g r a m a n d p r o d u c e d no 
apparent r e d u c t i o n i n denta l decay, a l though a r e d u c t i o n i n sal ivary 
lactobaci l lus count was observed. H o w e v e r , since the test subjects w e r e 
8- to 16-year-old boys whose unsupervised b r u s h i n g habits are most 
unpredic tab le , the negative result c o u l d have been the result of l i m i t e d 
use of the dent i fr ice . I n another s tudy, Z a n d e r (43) f o u n d a 5 5 % 
r e d u c t i o n i n denta l decay i n 6- to 14-year-old c h i l d r e n i n the first year, 
a n d a 57.6% reduct ion i n the second year w h e n a p o w d e r conta in ing 
500 units of p e n i c i l l i n per g r a m was b r u s h e d o n the teeth u n d e r super­
v i s i o n five times per week i n school . I n the t h i r d test of an ant ib iot ic dent i ­
f r ice ( 1 6 ) , 1000 units of p e n i c i l l i n per g r a m i n an anhydrous creamy base 
was used u n d e r supervised b r u s h i n g . It was o n l y s l ight ly effective i n 
r e d u c i n g denta l decay a n d d i d not reduce the lactobaci l lus count i n the 
sal iva . T h e lack of success i n this instance c o u l d have been caused b y 
the p e n i c i l l i n not b e i n g l iberated f r o m the dent i f r ice r a p i d l y enough i n 
the m o u t h . I n a smal l test (39) w i t h a p o w d e r conta in ing 100 units of 
p e n i c i l l i n per g r a m , orphanage c h i l d r e n s h o w e d no s l o w i n g of the caries 
attack or r e d u c t i o n of the lactobaci l lus count as c o m p a r e d w i t h the 
controls. I n the o n l y dent i f r ice s tudy w i t h a n ant ib iot ic other t h a n p e n i -
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c i l l i n ( 3 5 ) , a tyro thr i c in dent i f r ice w h i c h h a d been s h o w n to be effective 
against hamster caries gave a 2 6 % r e d u c t i o n i n denta l decay w h e n c o m ­
p a r e d w i t h a contro l paste. 

U s i n g o n l y lactobaci l lus counts a n d a c i d f o r m a t i o n b y a c i d u r i c 
m o u t h organisms to assess caries ac t iv i ty , L u d w i c k et al (26) c o m p a r e d 
different concentrations of several ant ibiot ics a n d other agents over 6- to 
7-week periods . T h e y f o u n d that a p o w d e r conta in ing 0.07% p e n i c i l l i n 
was more effective than p o w d e r s conta in ing tyro thr i c in , s t reptomycin , 
g r a m i c i d i n , bac i t rac in , a n d other anticaries agents. T h e effect of a n ant i ­
b io t i c i n a m o u t h w a s h o n caries seems to have been tested o n l y once 
( 2 3 ) , i n w h i c h a 1-year t r i a l of bac i t rac in i n a m o u t h w a s h f a i l e d to reduce 
caries. W h i l e p e n i c i l l i n has been incorpora ted into c h e w i n g g u m a n d 
troches for other o r a l uses, there does not seem to have been any organized 
s tudy of their effect o n d e n t a l caries. 

Reason for b e l i e v i n g that p e n i c i l l i n is capable of r e d u c i n g denta l 
decay i n h u m a n subjects has come f r o m another t y p e of use. M a n y 
c h i l d r e n are p l a c e d o n p r o p h y l a c t i c p e n i c i l l i n for the contro l of r h e u ­
mat ic fever or as a means of c o m b a t t i n g chronic p u l m o n a r y diseases. 
Several comparisons have been m a d e of patients u n d e r such therapy. I n 
one of these ( 2 5 ) , rheumat ic fever patients w h o h a d been o n p r o p h y l a c t i c 
p e n i c i l l i n f r o m the age of 7 years h a d approx imate ly 4 0 % fewer carious 
teeth t h a n c h i l d r e n of comparable age w i t h o u t ant ib iot ic experience. I n 
a later s tudy ( 1 3 ) , 75 a n d 74 c h i l d r e n w h o rece ived d a i l y o r a l p e n i c i l l i n , 
respect ively, 200,000 units for the prevent ion of recurrent rheumat ic 
fever a n d 1-3,000,000 units w i t h occasional tetracycl ine for chronic 
respiratory diseases, s h o w e d o n l y one t h i r d of the caries increment of 
contro l subjects. 

T h e in vitro a n d a n i m a l studies, together w i t h p r e l i m i n a r y c l i n i c a l 
evidence of caries r e d u c t i o n i n m a n , resulted i n the br ie f appearance o n 
the market of t w o p e n i c i l l i n dentifr ices. Several reasons contr ibuted to 
their disappearance. O n e of these was that compet ing therapeutic d e n t i ­
frices w i t h greater cosmetic a p p e a l were offered at about the same t ime. 
A n o t h e r is that they w e r e treated w i t h suspic ion b y b o t h the m e d i c a l a n d 
denta l professions, w h i c h , as experience grew, at tached increasing w e i g h t 
to the dangers of d e v e l o p i n g penici l l in-resis tant organisms a n d al lergic 
states. T h e evidence o n this latter subject rests i n some demonstrations 
that the mouths of c h i l d r e n u s i n g p e n i c i l l i n dentifr ices conta ined i n ­
creased populat ions of g r a m negative organisms i n t w o studies (14, 42). 
C h i l d r e n u s i n g Z a n d e r s 500-unit p e n i c i l l i n p o w d e r for 1£ years d i d not 
show a n increase i n penici l l in-resistant l a c t o b a c i l l i (8) or streptococci 
a n d s taphylococc i (22), b u t after 3 years more penic i l l in-resis tant strep­
tococc i , m i c r o c o c c i , a n d neisseria w e r e f o u n d (21, 41). I n patients o n 
200,000-3,000,000 units of o r a l p e n i c i l l i n per day , a s l ight increase i n 
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ant ib iot ic resistance was noted w i t h o u t any significant change i n bacter ia l 
ecology of the m o u t h ( I I ) . H o w e v e r , fa i lure to establish the safety of 
p e n i c i l l i n i n the face of indicat ions of increases i n the n u m b e r of p e n i ­
ci l l in-resistant bac ter ia l types resulted i n unfavorable o p i n i o n f r o m an 
A d H o c C o m m i t t e e of the F e d e r a l F o o d a n d D r u g A d m i n i s t r a t i o n (24), 
a n d l ikewise , the C o u n c i l o n D e n t a l Therapeut ics of the A m e r i c a n D e n t a l 
Assoc ia t ion offered a c r i t i c a l o p i n i o n ( 1 7 ) , r e c o m m e n d i n g that " p e n i c i l l i n 
dentifr ices s h o u l d not be d i s t r i b u t e d . . . except o n a prescr ip t ion 
basis ." I n any case, whether i t was for this or other reasons, the p e n i c i l l i n 
denti fr ices d i d not cont inue o n the market . A p a r t f r o m c o m m e r c i a l con­
siderations, this m a y have been a premature deve lopment because even 
i f p e n i c i l l i n c o u l d not be used i n everyday denti fr ices , a p e n i c i l l i n dent i ­
f r i ce m i g h t have h a d some usefulness i n short- term treatment of patients 
w i t h otherwise uncontro l lab le denta l decay. It is also possible that us ing 
ant ibiot ics i n other ways m i g h t be justif ied i n p h y s i c a l l y h a n d i c a p p e d 
or menta l ly deficient patients, w h e r e o r d i n a r y methods of caries contro l 
cannot be used. 

T h e last phase of exper imentat ion w i t h antibiot ics has been d i rec ted 
m a i n l y towards invest igat ing the role of in fec t ion w i t h specific m i c r o ­
organisms i n exper imenta l caries. F o l l o w i n g the finding that transmission 
of microorganisms was impor tant i n i n i t i a t i n g act ive caries i n animals , i t 
became important to establish the specif ic i ty of the bac ter ia l types i n ­
v o l v e d . A f t e r i t was f o u n d that the caries seemed to result f r o m ora l 
contaminat ion w i t h the streptococcus f r o m the feces, Keyes (18) was 
able to demonstrate that p e n i c i l l i n a n d e r y t h r o m y c i n w h i c h e l i m i n a t e d 
such streptococcal types f r o m the m o u t h also prevented caries. T o d e m ­
onstrate the specif ic i ty of specific strains of organisms, test streptococci 
w e r e m a d e streptomycin-resistant so that they c o u l d be used as markers 
a n d ident i f ied i n the presence of other streptococcal types ( 8 ) . T h i s 
m a d e i t possible to show that the m a r k e d types were t ransmit ted f r o m 
one a n i m a l to another (6) a n d to i d e n t i f y t h e m as the infect ive agents 
w h i c h p r o d u c e caries i n otherwise caries-free animals . 

T h i s technique of d e v e l o p i n g s t reptomycin resistance i n specific 
strains of s treptococci was used b y Krasse et al. (20) to s tudy " i n f e c t i o n " 
of h u m a n mouths w i t h exogenous car iogenic streptococci . H e d e m o n ­
strated long- term s u r v i v a l of a h u m a n cariogenic streptococcus after 
i m p l a n t a t i o n i n mouths i n w h i c h i t was prev ious ly absent. C a r i o g e n i c 
hamster s treptococci s u r v i v e d for shorter periods. 

A n o t h e r w a y i n w h i c h the antibiot ics have been used to indicate 
the car iogenic i ty of specific bacter ia l types is b y u s i n g t h e m as G u g g e n ­
h e i m et al. (10) have done to depress the u s u a l o r a l flora to p r o d u c e a 
p a r t i a l gnotobiosis so that the i n t r o d u c e d test type w i l l face a less c o m ­
pet i t ive struggle for existence a n d become established i n a s i tuat ion i n 
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which it would not otherwise survive. Using a similar approach, Bowen 
(I) was able to show that an erythromycin-resistant streptococcus from 
human teeth could be established in the mouths of monkeys rendered 
partially gnotobiotic by administration of erythromycin. 

A further use for antibiotics in caries research has been to indicate 
the importance of bacterial polysaccharides in the sticky masses or 
plaques which form on the tooth surfaces of rats and hamsters on a 
sucrose diet (19). Since tooth destruction occurs under these plaques, 
agents which w i l l inhibit the streptococci responsible for their formation 
would have potential importance in the prevention of caries in man. 
Keyes (19) has shown that in rats and hamsters daily short applications 
of penicillin, erythromycin, streptomycin, tetracycline, and speramycin 
are very effective in preventing plaque formation and subjacent tooth 
decalcification. Vancomycin was somewhat less so, and neomycin, baci­
tracin, and thiostrepton without effect. While caution cannot be too 
strongly emphasized in projecting animal findings to conditions in man, 
Mitchell and Holmes (30) have demonstrated that frequent applications 
of vancomycin wi l l prevent the development of one type of plaque deposit 
in human mouths. 

In conclusion, a final question has to be faced—that is, whether 
repeated use in the mouth of a therapeutic vehicle containing a "safe" 
antibiotic free of all medical hazards would be wise. If it killed a wide 
spectrum of oral bacterial types, its use would not be without danger 
because elimination of the predominant bacterial types in the mouth 
might allow other organisms, such as fungi, to become established, with 
possible unfortunate pathological effects. The perfect anticaries anti­
biotic w i l l need to have preferential antagonism for only those types 
which are particularly important in caries causation and no effect on 
other types. Achieving this goal should not be beyond the possibilities 
of future research. 
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Other Organic Compounds and Dental Caries 

K E N N E T H O. M A D S E N 

Dental Branch, University of Texas, Houston, Tex. 

Caries in experimental animals may be influenced by the 
dietary administration of a wide variety of organic com­
pounds. Some influences are attributed to physiological or 
pharmacological effects. Phenolic acids, polyphenols, anti­
oxidants, antienzymes, carbonyl binding agents, and com-
plexing agents as well as organic polymers all affect caries 
production. Anticaries activity was widespread in the outer 
coverings of seeds under all conditions studied. Naturally 
occurring anticariogenicity was also noted in unrefined 
sugar products, cocoa, and chocolate. 

Many naturally occurring and synthetic organic substances when added 
to the diet have an influence on caries. Some, including organic 

phosphates and fluorides, have been reviewed elsewhere in this sym­
posium. Primarily, the results from compounds that influence caries in 
experimental animals wi l l be discussed in this paper. Most of the com­
pounds tested in clinical studies as components of toothpaste, mouth­
washes, and chewing gum have been reviewed in detail elsewhere (48, 
146, 149) and w i l l be considered here in summary manner. 

Thousands of compounds have been screened by a variety of in vitro 
testing procedures, most involving microbiological assays where micro­
organisms came from saliva or dental plaque or are strains suspected 
of being important in the caries process. Usually, the effect of the com­
pound on total acid production, p H , or growth is measured. Shaw con­
cluded in 1959 in an excellent review of caries-inhibiting agents (149) 
that "no specific in vitro test procedure has been shown to have a suffi­
ciently good correlation with clinical trials to merit confidence. , , 

Such testing, of course, provides one means for finding suitable 
compounds for subsequent trial at the experimental animal stage prior 
to clinical evaluation. Although it is appropriate to mention the most 
likely compounds discovered in screening and in vitro tests, primarily 

55 
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o n l y those compounds tested b o t h in vitro a n d i n exper imenta l caries 
assays w i l l be considered i n this discussion. 

T h e compounds considered w i l l be classified a r b i t r a r i l y o n the basis 
of certain of the ir c h e m i c a l s imilar i t ies , o n whether or not they appear 
to have a specific act ion o n caries, a n d whether their effect o n caries 
m a y be a consequence of their p h y s i o l o g i c a l or p h a r m a c o l o g i c a l act iv i ty . 

T h e array of factors in f luenc ing each of the different denta l caries 
studies c i t ed i n this r e v i e w was not o n l y large b u t often di f f icul t to de­
termine. A c c o r d i n g l y , the factors i n c l u d e d i n the descr ipt ion of each 
assay were those considered most significant ei ther for the par t i cu lar 
s t u d y or for c o m p a r i n g i t w i t h other studies. W h e n e v e r i t appeared 
that a substance or c o m p o u n d h a d h a d a statistically significant or other 
v a l i d effect o n caries, such has been stated s i m p l y . N o attempt has been 
m a d e to describe the extent of the effects—e.g., percentage i n h i b i t i o n — 
since this type of evaluat ion is h i g h l y relat ive a n d somewhat m i s l e a d i n g . 
If effects can be establ ished as rea l , or not, i t is assumed that they can be 
m a d e more or less d r a m a t i c b y v a r y i n g assay condit ions. T h e assay 
condit ions have been descr ibed i n de ta i l w h e n effects were f o u n d . 

Materials and Methods 

A l t h o u g h this paper is p r i m a r i l y a rev iew, some pert inent n e w data 
f r o m the a u t h o r s laboratory w i l l be discussed. These data were obta ined 
b y methods s imi lar to those p r e v i o u s l y descr ibed (109, 110, 112). 

I n the early studies w i t h or re la ted to seed h u l l anticaries ac t iv i ty 
(108,110, 111; T a b l e I ) a n d w i t h cedar w o o d , cotton rats were p l a c e d o n 
the cariogenic diet as 18-day-old weanl ings for 14 weeks, after w h i c h 
caries scores for a l l three molars were measured a n d reported. 

Table I. Comparison of Caries and Decalcification Inhibiting Abilities 
of Diets Containing Seed Coverings 

Caries Assay* 
In vitro Assay 

No. Carious Enamel Acid 
Material Lesions, Dissolved, Produced, 

Group Studied Mean zb S.E.M. Mg Ml, 0 . 0 5 N 

1 N o n e 25.8 zb 1.2 1.7 26.4 
2 R i c e hul l s 17.3 =b 2.2 1.1 20.7 
3 Cottonseed hul ls 20.5 zb 3.1 1.0 28.1 
4 P e a n u t hul ls 18.2 ± 3.7 0.6 23.8 
5 Pecan hul ls 16.7 ± 2.3 0.9 31.3 
6 R i c e b r a n (solvent-

extracted) 19.0 zb 1.7 0.5 28.0 

° Control score significantly reduced by all materials fed; P <0.001 (110). 
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Table II. Effects of Short and Long Term Feedings of Organic 
Phosphates on Caries Scores of Cotton Rats 

Group 

1 
2 
3 
4 

Phosphate 
Fed 

N o n e 
N a 2 H P 0 4 

( N H 4 ) 2 H P 0 4 

S o d i u m p h y t a t e 

1 N o n e 
2 Fructose 

1 ,6-Diphosphate 

No. Carious Extent of 
No. Molars, Carious Lesions, 
Rats Mean zb S.E.M. Mean ± S.E.M. 

E x p e r i m e n t l a 

8 16.5 zb 1.7 
8 18.3 zb 0.7 
6 16.3 zb 1.2 
6 19.3 =b 1.3 

E x p e r i m e n t 2 6 

12 9.3 zb 1.0 

10 9.5 zb 1.2 

° Scores of first and second molars at 40 days of age. 
6 Scores of first molars at 30 days of age. 

33.9 =b 3.9 
37.4 zb 1.6 
33.5 zb 2.8 
39.5 zb 2.9 

19.3 ± 2.9 

20.0 =b 2.8 

Table III. Effect of Graded Exposures to Dietary Panereatin 
on Caries Production and Salivary Glands of Cotton Rats 

Salivary Gland Wts., Mga 

Days No. No. Carious Body Actual Per Gram 
Group Fed Rats Molars" Wt" Wt. of Body Wt. 

1 0 8 18.4 ± 1.0 50.3 ± 4.4 205.5 ± 14.9 4.44 =fc 0.35 
2 3 6 15.1 db 3.1 47.7 ± 8.0 221.6 ± 45.2 4.24 ± 0.23 
3 8 7 13.2 ± 2 .7» 53.9 ± 5.5 198.7 ± 21.4 4.56 ± 0.55 
4 28 6 11.7 ± 3 .9» 53.7 ± 7.2 201.8 ± 22.4 4.85 ± 0.56 

° Mean =b S . E . M . 
6 Control score significantly reduced; P <0.001. 

I n later studies, w e began the f eed ing assays w i t h 12-day-old w e a n ­
lings (112) , t e rminat ing t h e m at 30, 40, 50, or more days of age. B e ­
cause of the developmenta l status of the teeth (109) , to ta l caries scores 
were repor ted for first molars , first a n d second molars , a n d for a l l three 
molars at these ages. I n this manner , w e s tudied certa in phosphates 
( T a b l e I I , E x p t . 1 ) , pancreat in ( T a b l e I I I ) , a n d te t rahydroxybenzo-
quinone . T h e total caries scores for first a n d second molars at 40 days 
of age were reported i n a l l cases except i n the s tudy w i t h te trahydroxy-
benzoquinone , where the scores for a l l three molars at 54 days of age 
were g iven . 

A short-term assay w h e r e b y the agent tested was f e d o n l y a f e w 
days b e g i n n i n g at 12 days of age has also p r o v e d va luable , the res idual 
effect o n caries b e i n g measured i n first molars at 30, 40, or 50 days of 
age. T h i s assay was used to s tudy the effect of short t e r m exposures to 
seed hul ls ( T a b l e I V ) a n d pancreat in ( T a b l e I I I ) . R e m o v i n g sucrose 
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Table IV. Effect of Feeding Various Seed Coverings for T w o Days 
on Caries Scores Observed at 50 Days of Age 

Material No. Carious Extent of 
Fed, No. Molars, Carious Lesions, 

Group 25% level Rats Mean db S.E.M. Mean =b S.E.M. 

1 N o n e 8 9.8 =b 1.5 20.5 zb 3.8 
2 P e a n u t 8 5.8 zb 1.1° 11.4 zb 2 .4° 
3 P e c a n 7 7.4 zb 1.6 14.7 ± 3 .1° 
4 R i c e b r a n (solvent-

extracted) 8 7.3 db 1.1 14.0 =b 3.4* 

° Control score significantly reduced; P <0.001. 

Table V . Effect of Feeding Various Hulls for Three Days 
on Caries Scores Observed at 30 Days of Age 

No. Carious 
Molars, 

Mean zb S.E.M. 

Extent of 
Carious Lesions, 
Mean zb S.E.M. 

Hulls Fed, 
Group 24% Level 

1 N o n e 
2 P e a r l rice 
3 Calrose rice 

1 N o n e 
2 Texas rice 

No. 
Rats 

E x p e r i m e n t N o . 1 
7 5.3 ± 
6 2.0 db 
7 2.6 ± 

E x p e r i m e n t N o . 3 
7 7.0 ± 
7 3.9 db 
6 5.2 ± 

1.1 10.3 =b 2.2 
0.7* 3.8 =b 1.4* 
1.2* 5.1 zb 2.3* 

1.8 14.0 =b 3.6 
1.0* 7.6 zb 2.1* 
1.2 10.7 zb 2.6 

1 N o n e 
2 P e a n u t 
3 A u t o c l a v e d peanut 

E x p e r i m e n t N o . 2 
6 8.2 zb 1.2 16.3 db 2.3 
7 4.1 zb 00.9* 7.9 db 1.8* 

° Control score significantly reduced; P <0.001. 

f r o m the basal diet d u r i n g this ear ly exposure enhanced the effects of 
agents such as fluoride a n d seed hul l s f e d at this t ime (113). Sucrose, 
of course, was r e m o v e d f r o m the contro l d ie t as w e l l . T h i s f e e d i n g tech­
n i q u e was used to s tudy the effects of seed hul ls ( T a b l e V ) , of a 4 % 
dietary l eve l of f ructose- l ,6 -diphosphate ( T a b l e I I , E x p t . 2 ) , a n d of p i n e 
cones a n d a peanut h u l l f ract ion. 

T h e composi t ion of the basal D i e t 875 (25, 172) used i n a l l studies 
conta ined 5 0 % g r o u n d oats, 3 2 % w h o l e m i l k p o w d e r , a n d 1 8 % sucrose 
w i t h 2 % of 1:20 l iver p o w d e r . A fat-soluble v i t a m i n supplement was 
g i v e n weekly . Groats were rep laced either b y the finely g r o u n d seed 
hul ls under test or b y an e q u a l amount of cel lulose i n the contro l diet . 
W h e n sucrose was r e m o v e d d u r i n g short- term f e e d i n g of a test agent, 
a d d i t i o n a l cel lulose or groats was a d d e d to replace i t . T h e large var ia t ion 
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i n amount of g r o u n d oats or cel lulose per se d i d not influence caries 
(114, 148). 

A t the e n d of a l l studies, fissure caries was measured b y the m e t h o d 
of S h a w et al. ( 153) , mean scores a n d the s tandard error of the m e a n 
( S . E . M . ) were de termined , a n d the significance of differences was de­
t e r m i n e d b y chi-square analysis. 

T a b l e V I provides a s u m m a r y of the compounds s tudied for their 
effect o n denta l caries. Italics indica te that one or m o r e investigators 
reported caries to be decreased, a l though others m a y have f o u n d n o 
effect. Car ies increases are noted. Asterisks i d e n t i f y n e w data o n cotton 
rats f r o m the author's laboratory. 

Table V I . Sequential Listing of all Materials and Compounds Cited 
from Either Animal or Human Caries Studies 

Anticaries Activity of Seed Hulls 
Occurrence and Geographical Distribution 

hulls of oats, rice (3 var iet ies* ) , peanuts*, barley, cottonseed, pecans 
(shells)* ; solvent-extracted rice bran*; straws of oats, rye , bar ley , wheat ; 
woods of fir, redwood, cedar*; cones of l o b l o l l y * , spruce* 

General Chemical Nature of Seed Hull Activity 
ethanol, ether, mild aqueous base, or acetone extracts of oat hulls 

Mode of Action of Seed Hull Factors 
peanut h u l l f r a c t i o n * , sodium* or calcium phytate, phytin, sodium 
^-glycerol phosphate, dibasic s o d i u m * or a m m o n i u m phosphates* , 
fructose-1,6-diphosphate* 

Other Protective Agents 
Unrefined Sugars 

brown sugar, black treacle ( ca lc ium phosphate) , sugar beets, shredded 
beets in water 

Cocoa and Chocolate 
chocolate m i l k , d r i n k [slight increases?], dark and milk chocolate [ in­
creased, decreased], fresh or roasted cocoa beans or neutralized ash, water 
soluble ( tannins?) and insoluble fractions of non-fat cocoa powder, com­
mercial tannins, tannic acid, mimosa or quebracho extracts 

Other Caries Compounds 
Phenolic Acids and Polyphenols 

" a c i d i c f rac t ion of ether so lubles" f r o m oat h u l l s : f e ru l i c * , p - h y d r o -
xybenzoic* , syringic*, v a n i l l i c * , s inapic , p - h y d r o x y p h e n y l p r o p i o n i c , 
p-coumaric ac ids ; p - h y d r o x y p h e n y l p y r u v i c * , 3 - m e t h o x y - 4 - h y d r o x y 
mande l i c * , caffeic*, v e r a t r i c * , anis ic* , gal l ic , 3 -p iperonylacry l i c , m a n -
del ic , ko j i c , h o m o v a n i l l i c , e thylhydrocaf fe ic , o-coumaric , quin ic ac ids ; 
l u p u l o n ; eugenol ; eugenol palmitate; protocatechuic a ldehyde or acid; 
vanillin aldehyde or a c i d , D - c a t e c h i n ; hesperi t in m e t h y l chalcone; 
hesper id in ; escul in ; coumarin; hesperitin; naringenin; n a r i n g i n ; N - p r o -
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T a b l e V I . C o n t i n u e d 

pyl gallate [increased, decreased]; nordihydoguiarieticacid;morin;usnic 
a c i d ; r u t i n ; querce t in ; theobromine; caffeine; xanthine 

Antioxidants 
butylated hydroxyanisole or toluene, 1,2-dihydro-6-ethoxy-2,2,4'trimethyl-
quinoline, ascorbic or isoascorbic acids, ascorbic a c i d plus a-tocopherol , 
b u t y l a t e d hydroxyto luene plus c i t r i c a c i d , th iog lyco l i c ac id [increased], 
d i t h i o t h r e i t o l * ; hydrogen peroxide [increased, decreased] z inc or 
s o d i u m perborates [increased] 

Antienzymes 
penicillin, sodium-^-lauroyl sarcosinate ( S L S ) , sodium dehydroacetate 
[increased, decreased], S L S plus d i c a l c i u m phosphate , SLS plus sodium 
monofluorophosphate and sodium metaphosphate, stannous fluoride plus 
calcium pyrophosphate, sodium dehydroacetate plus sodium oxalate, 
sodium oxalate, sodium iodoacetate, urea, urea plus dibasic ammonium 
phosphate, d , l - g l y c e r a l d e h y d e 

Carbonyl-Binding Agents 
sodium or potassium metabisulfites, carboxylmethoxylamine hemihydro-
chloride, dimedone, sodium bisulfite, sodium hydrosulfite, sodium sulfite, 
s o d i u m sulfate, s o d i u m bisulfate 

Complexing Agents 
ethylenediaminetetraacet ic ac id ( E D T A ) [increased], oxalate [ in­
creased, decreased], copper or m a g n e s i u m [increased] or sodium chloro-
phyllin, copper sulfate, z inc or n i c k e l or manganese acetates [increased], 
z inc or n i c k e l or manganese or copper E D T A complexes, ferric acetate 
plus tannic a c i d [decreased?], potass ium th iocyanate [increased], s u l ­
fan i lamide [increased], 8 -hydroxyquino l ine , o-phenanthroline [ in­
creased, decreased], neocuproine, t e t rahydroxybenzoquinone [in­
creased]*, sodium azide, t h i o u r a c i l [increased] 

Organic Polymers or Films 
agar, cel luf lour, high or low molecular weight polyvinyl acetates, natural 
chicle, Arochem, acid-neutralizing anion exchange resins (soft resins), 
anion exchange resins i n chloride f o r m [increased], si l icone o i l [ in­
creased], fats, oils , hydrocarbons , tetradecylamine 

Enzymes 
pancreatin*; pancreat ic amylase ; a-amylase; a-amylase i n h i b i t o r ; 
" r h o z y m e s " * : A - 4 , 41, H - 3 9 , H P - 1 5 0 , l ipase B , P e c t i n o l 1 0 - M ; 
lysozyme; dextranases 

Disinfectants 
Zephiran, Z e p h i r o l , B r a d i s o l , merfen, surf en, n i t rofurazone [decreased?], 
chloramine-T, histane 

Caries Factors with Physiological and Pharmacological Activity 
semicarbazide hydrochloride, @-aminopropionitrile, cyanoacetic a c i d , 
cyanoacetamide, propioni t r i l e , ^ - d i m e t h y l a m i n o p r o p i o n i t r i l e , ethylene-
c y a n o h y d r i n , acetonitrile, thyroxine, p r o p y l t h i o u r a c i l [increased], pilo­
carpine, malic acid, sour or p l a i n or sweet ciders, t r ipelennamine ci trate 
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Table V I . Continued 

[increased], t h e n y l d i a m i n e , chlorothenepyramine , methimazole , mes-
t r a n o l [increased], nore thynodre l [increased], e thynestradio l [increased], 
medroxyprogesterone [increased], progesterone, estradiol [increased], 
d ie thyst i lbes t ro l [increased], estradiolbenzoate [increased], nore thandro-
lone [increased, decreased], cortisone, hydrocort isone acetate [increased], 
corticosterone [increased], D i a m o x [increased] 

General Discussion 
betadine* 

Anticaries Activity of Seed Hulls 

Idea l ly , a caries-preventive agent s h o u l d h a v e no other act ion unless 
that act ion is benef ic ia l . A p r o m i s i n g source of anticaries ac t iv i ty that 
appears to have no effect except o n exper imenta l denta l caries has been 
f o u n d i n the outer coverings of var ious seeds. 

Occurrence and Geographical Distribution. Constant , P h i l l i p s , a n d 
E l v e h j e m f o u n d i n 1952 (25) that cotton rats f e d the g r o u n d w h o l e 
grains of corn , wheat , a n d oats d e v e l o p e d less caries than w h e n f e d the 
processed products , c o r n flakes, wheat flakes, a n d oatmeal . T h i s l e d to 
the d iscovery of anticaries ac t iv i ty associated w i t h oat hul ls ( 2 6 ) . T h e 
g r o u n d hul ls w e r e caries i n h i b i t o r y w h e n f e d at b o t h 10 a n d 2 5 % 
levels, either i n a semipur i f ied diet conta in ing 6 7 % sugar or i n n a t u r a l 
D i e t 875 conta in ing 1 8 % sugar (172). 

T h e oat h u l l factors were act ive under a w i d e var iety of caries assay 
situations. M a d s e n (108) s h o w e d that 2 5 % of d ie tary hul ls i n a semi-
p u r i f i e d diet conta in ing 6 7 % sucrose was effective w h e n f e d to H a r v a r d 
strain of caries-susceptible a lb ino rats. But tner a n d M u h l e r (17) d e m o n ­
strated the ac t iv i ty of 5 a n d 1 0 % oat hul ls f e d to S p r a g u e - D a w l e y a lb ino 
rats i n a natura l , car iogenic c o r n - w h o l e m i l k p o w d e r die t conta in ing 
no a d d e d sucrose. M c C l u r e (118) f o u n d that 1 5 % of hul l s i n h i b i t e d 
caries i n S p r a g u e - D a w l e y rats f e d a c o r n - w h o l e m i l k p o w d e r diet con­
ta in ing 2 5 % sucrose. I n a l l of these studies, fissure (occ lusa l ) caries 
was s tudied ; however , M c C l u r e (118) also s h o w e d that smooth surface 
lesions p r o d u c e d b y a g r o u n d d r y b r e a d die t conta in ing 1 8 % cerelose 
were r e d u c e d b y either 8 or 1 5 % of oat hul ls . 

A t the W i s c o n s i n laboratory, the general occurrence of anticaries 
ac t iv i ty i n the outer coverings of seeds was noted (108). T h e hul ls of 
r ice , peanuts, bar ley , a n d cottonseed f e d at the 2 5 % l e v e l decreased 
cotton rat caries p r o d u c e d b y the 1 8 % sucrose D i e t 875. Di f ferent seed 
h u l l samples were caries i n h i b i t o r y w h e n f e d at the 1 5 % l e v e l i n D i e t 
875 to another co lony of cotton rats i n Texas (110). I n this s tudy, ant i ­
caries ac t iv i ty was f o u n d i n the hul ls of cottonseed, peanuts, pecans 
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( she l l s ) , three different varieties of r ice hul l s , a n d i n solvent-extracted r ice 
b r a n . T h e r ice hul ls were also act ive at the 5 % die tary level . 

T h e seed hul l s f e d i n these studies h a d the f o l l o w i n g or ig ins : oats 
a n d bar ley came f r o m the N o r t h e r n M i d w e s t e r n States, r ice hul ls f r o m 
the G u l f Coas t (Texas a n d L o u i s i a n a ) , pecan a n d peanut hul l s f r o m 
C e n t r a l a n d N o r t h e r n Texas, a n d cottonseed hul l s a n d peanut hul l s f r o m 
several Southeastern States. 

Recent ly , the protect ive effects of hul ls were demonstrated i n h a m ­
sters. A n I ta l ian group (54) observed caries reduct ions w i t h r i ce chaff 
a n d husks (hul l s , p r e s u m a b l y ) . 

Recent ly , t w o varieties of r ice hul ls f r o m C a l i f o r n i a have been f o u n d 
act ive i n cotton rat assays ( T a b l e V , E x p t . 1 ) . These hul ls w e r e assayed 
at 2 4 % i n the diet f e d to weanl ings for o n l y 3 days, f r o m 12 to 14 days 
of age. T h e basal car iogenic D i e t 875 f e d to b o t h contro l a n d exper i ­
m e n t a l groups conta ined no sugar d u r i n g these 3 days. D i e t 875 con­
t a i n i n g sucrose was then f e d to b o t h groups for a car iogenic p e r i o d 
tota l ing 18 days. T h i s was a severe test since i t d e m a n d e d that an early 
short- term exposure to h u l l ac t iv i ty be manifested for a p r o l o n g e d p e r i o d 
thereafter. Texas r ice hul ls w e r e also act ive i n this test ( T a b l e V , E x p t . 2 ) . 

O t h e r seed coverings were tested i n an even more severe short-term 
f e e d i n g t r ia l . T h e samples act ive i n long- term studies ( T a b l e I ; Ref . I JO) 
were used. T h e hul ls w e r e f e d o n l y d u r i n g 12-13 days of age, w i t h sugar 
present i n the car iogenic die t at this t ime. A l l these br ie f early exposures 
to hul l s s ignif icant ly protec ted the teeth d u r i n g the subsequent 35 days 
of car iogenic feeding . 

T h e long- term effectiveness of a short exposure to hul ls a d d e d to 
the p r a c t i c a l s ignif icance of h u l l factors as caries-preventive agents. 

I n earl ier comparisons (108, 110), the various hul l s , except f o r cot­
tonseed hul l s , appeared e q u a l i n their ant icar iogenic act ivi ty . C o t t o n ­
seed hul ls f r o m N o r t h C a r o l i n a a n d A l a b a m a b o t h w e r e less act ive than 
other hul ls . A h i g h fluoride l eve l repor ted for cottonseed hul ls (121) 
argued against a synergism between h u l l factors a n d fluoride. 

Negat ive results were obta ined i n caries assays of other w o o d y p lant 
materials f e d at the 2 5 % leve l to H a r v a r d caries-susceptible rats (108). 
T h e straws of bar ley , rye , wheat , a n d oats were not caries i n h i b i t o r y nor 
w e r e the woods of D o u g l a s fir, r e d w o o d , or incense cedar. M o r e recently, 
Texas l o b l o l l y p i n e cones a n d W i s c o n s i n spruce cones were assayed at 
the 2 4 % l e v e l b y the severe three-day assay used i n E x p e r i m e n t 1, a n d no 
ac t iv i ty was f o u n d . O n the other h a n d , 1 5 % cedar w o o d f e d to cotton 
rats for a 98-day car iogenic p e r i o d i n h i b i t e d caries. M e a n inc idence 
scores for a l l three molars for contro l a n d exper imenta l groups were 23.1 
a n d 17.6, respect ively, p < 0.001 (114). 
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6. M A D S E N Other Organic Compounds 63 

General Chemical Nature of Seed H u l l Activity. T h e poss ib i l i ty 
that seed h u l l ac t iv i ty was caused b y contaminat ion b y insect ic ide or 
f u n g i or b y trace element compos i t ion seemed remote since ac t iv i ty was 
f o u n d i n hul ls f r o m a w i d e geographica l d is t r ibut ion . A significant role 
for fluoride was d iscounted ( 1 7 ) . 

T a k e t a a n d P h i l l i p s f o u n d that anticaries ac t iv i ty c o u l d be extracted 
f r o m oat hul ls w i t h hot ethanol , ether, or m i l d aqueous base (172). T h e 
act ive extract conta ined the p h e n o l i c acids p - h y d r o x y b e n z o i c a c i d , f e r u l i c 
a c i d , a n d v a n i l l i c a c i d , as w e l l as p a l m i t i c a c i d . V o g e l , T h o m p s o n , a n d 
P h i l l i p s (174) cont inued this w o r k a n d f o u n d the ac t iv i ty soluble i n 
acetone, also. F o r their i solat ion w o r k , they used hot e thanol extract ion 
f o l l o w e d b y ether a n d 5 % s o d i u m bicarbonate . T o free the " a c i d i c frac­
t ion of the ether solubles" conta in ing p h e n o l i c acids a n d polyphenols 
f r o m l i p i d , a pentane w a s h a n d acetone extract ion were used. T h e data i n ­
d i c a t e d that po lyphenols rather than p h e n o l i c acids were the act ive agents. 
T h e y character ized three flavanoids i n the act ive extract, b u t to date 
none of these have been tested i n a rat assay. T h e l a b i l i t y of the factors 
was suggested b y the fact that none of their extracts or fractions was as 
effective i n r e d u c i n g caries as g r o u n d oat hul ls per se. H o w e v e r , T a k e t a 
(172) s h o w e d that e thanol d i d not extract a l l the h u l l ac t iv i ty . 

T h e l a b i l i t y of seed h u l l factors was also s h o w n b y the fact that the 
anticaries ac t iv i ty of r ice hul ls (110) a n d peanut hul ls ( T a b l e V , E x p t . 3 ) 
was at least p a r t i a l l y destroyed b y autoc lav ing . Recent ly , w e f o u n d that 
peanut hul l s , after g r i n d i n g , lose ac t iv i ty d u r i n g p r o l o n g e d storage at 
moderate r o o m temperature a n d that g r o u n d samples f r o m c o m m e r c i a l 
sources were inact ive . 

Mode of Action of Seed H u l l Factors. Several observations h a v e i n ­
d ica ted that the h u l l factors m a y i n h i b i t caries b y their ant ibacter ia l 
activit ies. Taketa (172) f o u n d that about 5 % of oat hul ls was soluble i n 
ethanol , a n d these solids i n h i b i t e d caries as w e l l as the g r o w t h of m i c r o ­
organisms f r o m the carious lesions of cotton rats. Lactobacillus acido­
philus a c i d p r o d u c t i o n also was i n h i b i t e d . A n t i b a c t e r i a l ac t iv i ty was 
present i n the a c i d i c fract ion of the ethanol extract. S i m i l a r l y , this f rac­
t ion f r o m other seed hulls a n d f r o m straws, p i n e cones, a n d a var ie ty 
of woods i n h i b i t e d a c i d p r o d u c t i o n of L. acidophilus (108). 

M a d s e n (108) conf i rmed the ac t iv i ty of the a c i d i c f rac t ion of the 
ethanol ic oat h u l l extract. L. acidophilus was also i n h i b i t e d b y this same 
fract ion p r e p a r e d f r o m the hul ls of r ice , peanuts, bar ley , a n d cottonseed 
as w e l l as f r o m straws, p i n e cones, a n d a var ie ty of woods . 

I n another laboratory, Smales (155) noted the ant ibacter ia l effect 
of e thanol ic extracts of oat hul ls a n d wheat bran . Jenkins a n d Smales 
(69) conf i rmed this observat ion. T h e y also f o u n d the aqueous extract 
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of pecan hul ls i n h i b i t e d Streptococcus lactis, a l t h o u g h peanut hul ls ex­
h i b i t e d o n l y s l ight water-soluble act iv i ty . 

A n t i b a c t e r i a l ac t iv i ty m a y not a lways correlate w i t h caries ac t iv i ty , 
however . T h e straws, cones, a n d some of the woods referred to above 
as h a v i n g ant ibacter ia l ac t iv i ty were not ant icar iogenic (108) . T h i s was 
fur ther i l lus tra ted b y E i g e n et al. (32) i n a caries assay of a f rac t ion 
p r e p a r e d f r o m peanut hul ls . T h e y used a g lucose - sa l iva fermentat ion 
test a n d a car iogenic streptococcus species to gu ide the f rac t ionat ion 
process a n d obta ined most of the ac t iv i ty , as d i d T a k e t a , i n a f rac t ion 
conta in ing p h e n o l i c acids. W e tested their f rac t ion at a l eve l equivalent 
to 2 4 % of d ie tary peanut hul l s i n the three-day test descr ibed i n E x p e r i ­
ment 3 ( T a b l e V ) , a n d f o u n d no act iv i ty . T h i s was , of course, a severe 
test; yet w i t h this test w e repeatedly have f o u n d the crude peanut hul ls 
to be active. T h i s par t i cu lar f rac t ion h a d been stored u n d e r o r d i n a r y 
condit ions for about 2 years. T h e possible l a b i l i t y of h u l l factors has 
been discussed a n d m a y be i n v o l v e d here. 

T h e lack of specif ici ty of the m i c r o b i o l o g i c a l assays does not e l i m i ­
nate the poss ib i l i ty that h u l l ac t iv i ty is ant ibacter ia l or ant ienzyme. A 
depression of the car iogenic ora l flora is the most ready explanat ion for 
the fact that ear ly three-day exposures to the var ious hul ls protected 
against caries for a subsequent 18 or 38 days of car iogenic die t (Tab les 
I V a n d V ) . E a r l i e r , w e f o u n d that r ice hul l s f e d o n l y 10 days, f r o m 18 
to 28 days of age, were near ly as effective as w h e n f e d d u r i n g the entire 
98-day car iogenic p e r i o d ( I I I ) . 

Seed h u l l factors m a y exert some of their effect b y i n h i b i t i n g tooth 
decalc i f icat ion. B i b b y , u s i n g the in vitro decalc i f icat ion test of A n d l a w 
(2), c o m p a r e d the a b i l i t y of 1 5 % hul ls i n D i e t 875 to i n h i b i t the enamel 
decalc i f icat ion p r o d u c e d b y D i e t 875 alone. T h i s test of our cot ton rat 
diets s h o w e d that a l l the hul l s i n h i b i t e d decalc i f icat ion, a l t h o u g h the 
t i tratable a c i d i t y d i d not correlate w i t h the decalc i f icat ion values ( T a b l e 
I ) . A s w i l l be discussed later, this lack of correlat ion between the t w o tests 
has been a c o m m o n finding i n the in vitro assay of foods, a n d B i b b y (9 ) 
believes that decalc i f icat ion values m a y be the m o r e m e a n i n g f u l cr i ter ion. 

F r o m a cont inuat ion of in vitro search for anticaries ac t iv i ty , C l a r k s o n 
a n d B i b b y (24) recent ly reported o n a survey of 21 spices. A q u e o u s a n d 
a lcohol ic extracts i n h i b i t e d b o t h a c i d p r o d u c t i o n a n d enamel decalc i f ica­
t i o n i n either bac ter ia -cerea l or bacter ia -g lucose fermentat ion mixtures 
conta in ing a cariogenic Streptococcus salivatius. Water - so lub le ash fac­
tors a n d water- a n d alcohol-soluble organic factors w e r e act ive i n these 
tests. Some organic factors appeared lab i le , a n d compounds i n a d d i t i o n 
to essential spice oils were p r o b a b l y responsible. A g a i n , a c i d p r o d u c t i o n 
d i d not correlate a lways w i t h decalc i f icat ion values. 
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6. M A D S E N Other Organic Compounds 65 

Jenkins (69) s h o w e d the presence of decalc i f icat ion inhib i tors i n the 
aqueous extracts of oat, peanut , a n d pecan hul l s . 

Phosphates w i l l be discussed i n deta i l i n this s y m p o s i u m , b u t the 
suggestions b y Jenkins (70) a n d more recent ly b y G r e n b y (53) that seed 
h u l l ac t iv i ty is caused b y organic phosphates s h o u l d b e m e n t i o n e d , a l ­
t h o u g h they are based o n in vitro data w h i c h m a y not pred ic t the effect 
o n caries satisfactorily. 

M c C l u r e (120) f o u n d that s o d i u m phytate i n h i b i t e d smooth surface 
caries i n S p r a g u e - D a w l e y rats at 1.4 to 3 . 1 % levels f e d var ious ly as 
p h y t i n or c a l c i u m a n d s o d i u m phytates. H e noted that the to ta l phos­
phorus of oat hul l s d i d not correlate w i t h their anticaries ac t iv i ty b u t 
suggested a role for organic phosphate of hul l s (118) . M c C l u r e f o u n d 
4 . 5 % s o d i u m ^ - g l y c e r o l phosphate car ies - inhib i tory also (122), a n d s i m i ­
lar data have been reported for the effectiveness of die tary phytate a n d 
^ - g l y c e r o l phosphate against occ lusa l caries i n w h i t e rats (141). 

It seemed u n l i k e l y that the h u l l ac t iv i ty resul ted f r o m phosphates 
since w e f o u n d that d ie tary supplements of inorganic or organic phos­
phates d i d not inf luence cot ton rat fissure caries p r o d u c e d b y D i e t 875. 
D i b a s i c s o d i u m a n d a m m o n i u m phosphates a n d s o d i u m phytate f e d i n 
p o w d e r e d f o r m at the 2 % l e v e l for a 28-day exper imenta l p e r i o d d i d not 
reduce caries ( T a b l e I I , E x p t . 1 ) . I n a short-term assay, fructose-1,6-
d iphosphate f e d 3 days d u r i n g 12-14 days of age also d i d not affect caries 
( T a b l e I I , E x p t . 2 ) . 

O t h e r investigators s tudied s imi lar d ie tary levels of organic phos­
phates a n d reported negative findings. L i m b a s u t a (97) f o u n d s o d i u m 
phytate ineffective i n the a l b i n o rat diet . O t h e r workers f o u n d that 
s o d i u m phytate d i d not influence hamster caries (84), nor d i d g lycero l 
phosphate affect caries i n rats (93). U n d e r certa in condi t ions , phos­
phates, especial ly organic phosphates, m a y not exhibi t the anticaries 
ac t iv i ty general ly f o u n d w h e n inorganic phosphate salts w e r e f e d to 
rodents (134). 

I n summary , seed hul ls appear to v a r y f r o m one species to another 
a n d even be tween varieties of the same species w i t h respect to the solu­
b i l i t y a n d stabi l i ty of their bac ter ia l or decalc i f icat ion inh ib i tors ; these 
inhib i tors , however , m a y not assure an anticaries effect. Q u a n t i t a t i v e 
differences i n a l l of these activit ies are apparent . F i n a l l y , w h i l e systemic 
or p h a r m a c o l o g i c a l modes of ac t ion seem less l i k e l y t h a n direc t o r a l 
effects, they have not been e l i m i n a t e d as possibi l i t ies . 

Other Natural Protective Agents 

U n r e f i n e d Foods ( C e r e a l s ) . A n u m b e r of observations r e v i e w e d re­
cent ly b y A n d l a w , B i b b y , a n d Buonocore (3) have suggested that the 
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anticaries ac t iv i ty present i n unref ined cereals a n d i n r a w sugar products 
m a y protect the tooth against enamel decalc i f icat ion. O s b o r n et al. (137) 
first postulated the importance of these protect ive factors a n d suggested 
organic phosphates as act ive agents. Subsequent ly , Jenkins (70) con­
c l u d e d that organic phosphates were the m a i n factors that prevented 
enamel dissolut ion w h e n unref ined flours, c rude cane juice, a n d molasses 
w e r e i n c u b a t e d w i t h sa l iva , a n d that s o d i u m phytate as w e l l as u n k n o w n 
agents rendered these less ref ined products protect ive. 

Recent ly , G r e n b y (51) s h o w e d that i n b o t h sa l iva a n d a c i d buffers 
w h o l e wheat exhib i ted less decalc i f icat ion than ref ined wheat . T h i s 
ac t iv i ty was not destroyed b y b a k i n g since b o t h flours a n d breads were 
act ive ; however , the ac t iv i ty was lab i le to phytase so that p h y t i n (phos­
p h o r u s ) was i m p l i c a t e d as an active component , as suggested earl ier b y 
Jenkins (70). G r e n b y (52) f o u n d the decalc i f icat ion i n h i b i t o r y ac t iv i ty 
i n wheat b r a n b u t not i n the germ frac t ion . H e l o c a l i z e d i t i n the aleurone 
layer, but not i n the testa or per icarp . 

Jenkins (68) presented further reasons for b e l i e v i n g that phytate is 
i n v o l v e d i n decalc i f icat ion i n h i b i t i o n a n d stated that the otherwise chelat­
i n g or d e c a l c i f y i n g proper ty expected f r o m phytate was i n h i b i t e d b y a n 
as yet unident i f ied cat ionic substance. H i s data s h o w e d that the deca lc i ­
fication inhibi tors i n b r o w n b r e a d a n d flour were water soluble a n d that 
the extracts decreased enamel so lub i l i ty i n ac id ic buffers alone. T h i s 
i n d i c a t e d the inhib i tors were protec t ing the tooth against a c i d rather t h a n 
i n h i b i t i n g the source of a c i d , namely , the sal ivary bacter ia . 

T h e i n h i b i t i o n of tooth substance decalc i f icat ion b y f o o d - s a l i v a 
mixtures has been s tudied. B y various techniques, A n d l a w (2) s tudied 
28 foods, Soni a n d B i b b y s tudied 30 foods (156) , a n d G i l l i n g s (46) 
repor ted a s tudy of 60 foods. Recent ly , B i b b y a n d Weiss (10) r epor ted 
decalc i f icat ion a n d a c i d p r o d u c t i o n values f r o m in vitro i n c u b a t i o n 
studies w i t h Streptococcus salivarius for 90 wheat flours of different 
var ie ty a n d geographica l o r i g i n . T h e s ix - fo ld var ia t ion i n decalc i f icat ion 
values suggested a w i d e var ia t ion i n the compos i t ion of the flours i n this 
respect a n d perhaps i n their effects o n caries. 

Some of the above studies a n d numerous s imi lar reports were re­
v i e w e d recent ly b y B i b b y ( 9 ) . There was a d i s a p p o i n t i n g lack of corre­
la t ion between in vitro tests a n d the cariogenicit ies of foods as n o w 
k n o w n . There was also poor correlat ion between in vitro tests per se, so 
that foods c o u l d not be r a n k e d accord ing to their effects o n a c i d p r o d u c ­
t ion or decalc i f icat ion. M o r e o v e r , w h e r e tested, most studies s h o w e d 
lack of correlat ion between p H , t i tratable ac id i ty , a n d decalc i f icat ion 
values. I n general , less-refined foods, especial ly cereal products , caused 
less decalc i f icat ion of tooth substance than d i d ref ined foods, even w h e n 
the ref ined foods caused greater acidit ies . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
0 

| d
oi

: 1
0.

10
21

/b
a-

19
70

-0
09

4.
ch

00
6

In Dietary Chemicals vs. Dental Caries; Harris, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1970. 
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B i b b y s group believes that the i n h i b i t i o n of decalc i f icat ion results 
p r i m a r i l y f r o m inorganic factors since the ashes of several foods w e r e 
act ive i n decalc i f icat ion tests (2, 135). H o w e v e r , organic factors w e r e 
i m p l i c a t e d i n their s tudy of spice extracts (24). 

Unrefined Sugars. T h e r e has been a r e n e w a l of interest i n c o m p a r i n g 
c rude a n d ref ined sugars. Jenkins (68) conf i rmed that r a w cane juices 
a n d molasses ( b l a c k treacle) caused less decalc i f icat ion in vitro than 
more ref ined sugar products such as b r o w n sugar, honey, a n d a syrup. 
H i s data i n d i c a t e d that some of the ac t iv i ty arose f r o m c a l c i u m a l though 
the greater por t ion of the ac t iv i ty was unident i f ied . 

It r e m a i n e d for Stralfors (163) to establish that the factors i n u n ­
ref ined sugars were ant icariogenic . H e s h o w e d that hamster caries was 
decreased b y die tary b r o w n sugar whether i t was f e d at 5 0 % i n the d ie t 
as a d r y p o w d e r or at 4 0 % i n d r i n k i n g water . T h e ac t iv i ty was heat stable 
since a 3 5 % leve l of the b r o w n sugar b a k e d into b r e a d was protect ive . 
T w e n t y per cent of b l a c k treacle i n the d r i n k i n g water also was act ive 
against caries. 

L i k e Jenkins ( 6 8 ) , Stralfors f o u n d the protect ion was enhanced b y 
c a l c i u m . H o w e v e r , i n this case, d ibas ic c a l c i u m phosphate was used, 
a n d i n fight of current k n o w l e d g e of phosphate anticaries activit ies i n 
rodents (134) , i t was p r o b a b l y the phosphate (0 .33% a d d e d phosphorus ) 
rather than the c a l c i u m that was responsible. 

Stralfors further observed that sugar beets per se w e r e not i n h i b i t o r y , 
b u t a mixture of shredded beets i n water h a d anticaries act iv i ty . H e 
postulated that p o l y p h e n o l oxidases m a y act to p r o d u c e the act ive sub­
stances, perhaps melanins , i n the beet suspension, whereas melanoidins 
f o r m e d i n M a i l l a r d reactions m a y be the act ive agents f o r m e d d u r i n g 
r a w sugar processing as i n the p r o d u c t i o n of treacle. W i t h r e g a r d to 
the ac t iv i ty of b r o w n sugar against hamster caries b u t not against deca l c i ­
fication i n Jenkins ' test ( 6 8 ) , i t was possible that the latter used cane 
sugar rather than the beet sugar used b y Stralfors. F u t u r e studies s h o u l d 
dis t inguish between the t w o sources. 

A further considerat ion was ra ised b y K o n i g a n d M u h l e m a n n ( 9 2 ) , 
w h o tested the same b r o w n sugar s tudied b y Stralfors, h o w b e i t i n 
O s b o r n e - M e n d e l rats. T h e y at t r ibuted the ant icar iogenic i ty of b r o w n 
sugar ent irely to the c leansing act ion of its coarse part ic les . 

Cocoa and Chocolate. I n his c lassical " V i p e h o l m Studies , " G u s -
tafsson et al. (56) no ted that the caries p r o d u c e d i n a group of patients 
eat ing chocolate was less than expected. Supplements of chocolate i n 
m i l k a n d i n a chocolate d r i n k h a d no significant effect o n caries i n H a r v a r d 
caries-susceptible rats, a l though increased caries c o u l d have been ex­
pected because of the sugar content of chocolate (152). S i m i l a r l y , D u n ­
n i n g a n d H o d g e (31) recent ly reported nonsignif icant increases i n caries 
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i n a n ins t i tut ional s tudy of patients g i v e n 1 p i n t of chocolate m i l k per 
d a y a n d a sl ight benefit of m i l k conta in ing cocoa a n d art i f ic ia l sweetener. 
I n m a r k e d contrast to these findings, I shi , K o n i g , a n d M u h l e m a n n (64) 
repor ted that m i l k chocolate a n d chocolate wafers p r o d u c e d more fissure 
a n d smooth surface caries i n O s b o r n e - M e n d e l rats than d i d 5 other 
between-meal snack foods i n w h i c h ora l ly fermentable a n d retentive 
carbohydrates , i n c l u d i n g sucrose, w e r e present. 

Recent ly , Stralfors (165) f e d 2 0 % chocolate i n a hamster diet . D a r k 
chocolate w i t h 4 % cacao mass i n h i b i t e d caries more than d i d m i l k choco­
late w i t h 0 .8% cacao mass. T h e presence of chocolate ingredients other 
t h a n cacaos mass a n d the processing i n v o l v e d i n chocolate manufac ture 
d i d not alter the response f r o m that observed i n his p r i o r experiments 
w h e r e cocoa p o w d e r , per se, was f e d as descr ibed b e l o w . 

R o z e i k et al. (140) noted that 2 5 % of dietary cocoa beans, either 
fresh or roasted, i n h i b i t e d caries i n s ia loadenectomized a lb ino rats, a n d 
he a t t r ibuted most of the ac t iv i ty to the ash fract ion . K i n k e l a n d N e w i g e r 
(86) f o u n d that 2 % of cocoa ash o n l y s l o w e d the i n i t i a t i o n of caries b u t 
that neut ra l ized ash m a i n t a i n e d a l o w caries score i n rats. L a t e r exper i ­
ments c o m p a r i n g cocoa ash w i t h mixtures of reagent salts (85) gave 
anticaries results that c o u l d be interpreted as caused b y phosphates i n 
b o t h materials since phosphates are so act ive against rodent caries (134). 

T h e early interests i n cocoa were resumed b y Stralfors (160), w h o 
observed that w h o l e cocoa p o w d e r i n h i b i t e d hamster caries b y 84, 75, 60, 
a n d 4 2 % w h e n f e d at 20, 10, 5, a n d 2 % , respect ively, i n a n a t u r a l basa l 
diet conta in ing 5 0 % sugar. H e noted that the ac t iv i ty was i n the nonfat 
p o r t i o n of the cocoa. F u r t h e r s tudy (161) s h o w e d that the nonfat p o w d e r 
conta ined b o t h water-soluble a n d nonwater-soluble cariostatic fractions. 

A deta i led r e v i e w of Stralfors ' subsequent w o r k is appropr ia te since 
i t n o w appears that cocoa a n d chocolate ac t iv i ty ac t ing against hamster 
caries inc ludes organic compounds a n d that these m a y be re lated to m a n y 
c o m p o u n d s descr ibed i n this rev iew. 

I n a further s tudy of the water-soluble anticaries factors i n cocoa, 
Stralfors (162) u t i l i z e d a 1:15 water extract of defat ted cocoa p o w d e r 
conta in ing 1.5% of solids. T h i s extract d r i e d onto the potato starch 
p o r t i o n of the diet i n h i b i t e d hamster caries b y 5 0 % . T h e active f rac t ion 
compr i sed hal f the weight of extracted solids, a n d i t absorbed complete ly 
o n ac t ivated charcoal . A b o u t 2 5 % of the solids conta ined about hal f the 
anticaries ac t iv i ty a n d was n o n d i a l y z a b l e a n d ash-free. B y indi rec t e v i ­
dence, i t appeared to consist of tannins. T h e h i g h a n d l o w molecular 
fractions appeared almost ent ire ly organic b u t r e m a i n e d unident i f i ed ; 
however , Stralfors (164) later re inforced the p r o b a b i l i t y that tannins 
m a y be important b y s h o w i n g that c o m m e r c i a l tannins were also ant i ­
car iogenic i n his hamster assays. H y d r o l y z a b l e tannic a c i d was act ive at 
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o n l y 0 .01% of the diet , w h i l e the condensed tannins i n m i m o s a a n d 
quebracho extracts were act ive at 0.05 a n d 0 . 2 % , respect ively. 

Nature of Anticaries Activity of Cocoa and Chocolate. I n contrast 
to the seed h u l l factors a lready descr ibed, the cocoa factors d i d not 
appear a lcohol-soluble , a l though there was a nonwater-soluble f rac t ion 
present. Stralfors (164) believes that tannins a n d theobromine, w h i c h 
comprise at least 14 a n d 3 . 5 % , respect ively, of fat-free cacao mass ( 2 0 ) , 
are the most l i k e l y water-soluble factors c o n t r i b u t i n g to the ant icar io-
genic i ty of cocoa. It appeared u n l i k e l y that inorganic (ash) factors, 
i n c l u d i n g phosphate a n d fluoride, were the anticaries factors because the 
extracts h a d a l o w ash content; charcoal absorpt ion r e m o v e d the ant i ­
caries ac t iv i ty b u t d i d not l o w e r the ash value . 

O n the other h a n d , i f the cacao factors are organic , their s tabi l i ty 
t h r o u g h the m a n y procedures i n v o l v e d i n cocoa a n d chocolate m a n u ­
facture is noteworthy. T h e c o n c h i n g process of chocolate manufac ture 
involves M a i l l a r d reactions as w e l l as fur ther ox idat ion of cacao tannins 
a n d loss of some volat i le compounds f r o m the cacao mass ( 7 8 ) . T h e 
s tabi l i ty of the cacao factors was i n contrast to the unstable nature of the 
seed h u l l factors i n m a n y instances. A l t h o u g h b o t h activit ies appeared 
re lated to p o l y p h e n o l s — u s i n g the classif ication b y B a t e - S m i t h (8)— 
flavanones a n d h y d r o x y c i n n a m i c acids m a y be i n v o l v e d i n seed hul l s , 
w h i l e tannins a n d leucoanthocyanins m a y be i n v o l v e d i n cacao b e a n 
products . 

T h e cacao factors c o u l d act as ant ibacter ia l agents since cocoa a n d 
chocolate i n h i b i t s taphylococc i i n pastry fillings (18). F u l l e r et al. (42) 
noted that these materials i n h i b i t some bac ter ia l g r o w t h i n m i l k a n d 
suggested that tannins were the responsible agents. T h e o b r o m i n e is also 
toxic to some bacter ia (138). U n h e a t e d or autoc laved 5 % concentrations 
of cocoa i n h i b i t the g r o w t h of sa lmonel la species (16). B o t h anaerobic 
a n d aerobic cultures of sa l iva were strongly i n h i b i t e d b y 5 a n d 1 0 % 
concentrations of cocoa i n the m e d i u m ( 7 ) . 

O n the other h a n d , Jenkins (69) s h o w e d a potent decalc i f icat ion-
i n h i b i t o r y ac t iv i ty for cocoa. M o r e o v e r , Stralfors (160) d i scounted the 
p r o b a b i l i t y that chocolate w o u l d i n h i b i t sa l ivary a c i d p r o d u c t i o n . 

T h e poss ib i l i ty that caffeine a n d other s imi lar compounds i n the 
cocoa decreased caries b y s t imula t ing sal ivary flow became less l i k e l y 
b y the fortunate use b y R o z e i k et al. (140) of a lb ino rats whose sal ivary 
glands h a d been r e m o v e d . 

Other Caries Compounds 

F o r m a n y caries-active compounds , their mode of ac t ion o n caries 
p r o d u c t i o n has been postulated o n the basis of c h e m i c a l or m i c r o b i o l o g i c a l 
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activit ies a n d whether or not they have effects i n the b o d y other t h a n 
o n caries. A l l the f o l l o w i n g compounds a n d categories of compounds 
are not w i t h o u t effect o n over -a l l heal th , as exhib i ted b y effects o n w e i g h t 
g a i n , for example. H o w e v e r , they represent act ivit ies that conce ivab ly 
c o u l d be e m p l o y e d i n some caries-preventive procedure . 

Phenolic Acids and Polyphenols. T h e strong evidence that seed h u l l 
anticaries ac t iv i ty was caused b y certa in phenol i c acids a n d polyphenols 
l e d to test ing a n u m b e r of these c o m p o u n d s i n caries assays. T h e w i d e ­
spread occurrence of such compounds i n foods a n d their apparent ly 
general lack of toxic i ty enhanced their p r a c t i c a l va lue as potent ia l ly 
use fu l d ie tary addit ives . U n i q u e compounds m a y be expected i n seed 
hul l s since seed coats often conta in organic constituents not f o u n d i n 
the rest of the p l a n t (8). 

V o g e l (174) ident i f ied the f o l l o w i n g phenol i c acids i n his act ive 
extracts ( the " a c i d i c f rac t ion of the ether solubles") of oat hul l s , a n d 
f o u n d t h e m inact ive i n a cotton rat assay w h e n i n c l u d e d i n a semipur i f ied 
diet conta in ing 6 7 % sucrose: ferul i c , p - h y d r o x y b e n z o i c , syr ingic , v a n i l l i c , 
s inapic , p - h y d r o x y p h e n y l p r o p i o n i c , a n d p-coumar ic acids. W e have 
assayed a l l b u t the last three of these compounds i n the cotton rat at the 
0 . 1 % leve l i n natura l D i e t 875 conta in ing 1 8 % sucrose a n d have f o u n d 
no ac t iv i ty (114). W e also f o u n d no act iv i ty for p - h y d r o x y p h e n y l p y r u v i c 
a c i d , 3 -methoxy-4-hydroxymandel ic a c i d , caffeic a c i d , veratr ic a c i d , a n d 
anisic a c i d w h e n tested s i m i l a r l y (114). 

L a t e r , T h o m p s o n , V o g e l , a n d P h i l l i p s (173) , s u m m a r i z i n g 6 years ' 
w o r k b y the W i s c o n s i n group , ver i f ied the inac t iv i ty of s inapic , p -cou­
m a r i c , a n d fe ru l i c acids, a n d also noted the inac t iv i ty of ga l l i c a n d caffeic 
acids, 3 -p iperonylacry l i c a c i d , m a n d e l i c a c i d , l u p u l o n , ko j ic a c i d , a n d 
eugenol . M u h l e m a n n et al. (128) repor ted negative results for v a n i l l i c 
a n d h o m o v a n i l l i c acids f e d at the 0 .2% leve l to a lb ino rats. J o r d a n et al. 
(72) repor ted no effect for the ether ester of 3 , 4 - d i h y d r o x y p h e n y l p r o p i -
onic a c i d ( e t h y l hydrocaf feate ) . T h e results f r o m m a n y assays appeared 
to support the earlier conc lus ion b y V o g e l et al. (174) that p h e n o l i c 
acids w e r e not, i n general at least, the most act ive agents conta ined i n 
the oat h u l l extracts nor perhaps i n other h u l l extracts. Nevertheless , the 
W i s c o n s i n g r o u p obta ined significant caries r e d u c t i o n w i t h syr ingic a c i d 
a n d eugenol palmitate , even though eugenol per se was ineffective (173). 
I n their earl ier report , p a l m i t i c a c i d alone was w i t h o u t effect (174). 
A p p a r e n t l y no other attempt was m a d e to study synergist ic effects be­
t w e e n p h e n o l i c compounds a n d fatty acids. 

Recent ly , Stralfors (166) f e d 0 .2% of phenol i c compounds a n d con­
firmed the i n a c t i v i t y of feru l i c , p -coumar ic , a n d ga l l i c acids a n d s h o w e d , 
also, o-coumaric a n d q u i n i c acids to be inact ive i n a 5 0 % sucrose, n a t u r a l 
diet f e d to hamsters. Protocatechuic a ldehyde was inact ive also; however , 
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protocatechuic a c i d a n d caffeic a c i d were s ignif icant ly ant icar iogenic i n 
these studies. U n d e r the same assay condit ions the a ldehyde of v a n i l l i n 
i n h i b i t e d hamster caries (164). Smooth surface caries was i n h i b i t e d 
more than fissure caries. V o g e l (174) a n d M u h l e m a n n et al. (128) f o u n d 
v a n i l l i c a c i d inact ive i n cotton a n d w h i t e rats, respect ively. 

T h e W i s c o n s i n group (173) also repor ted the effects of a n u m b e r 
of po lyphenols of w h i c h D - c a t e c h i n , hesper i t in m e t h y l chalcone, a n d 
h e s p e r i d i n were a l l s ignif icant ly ant icar iogenic at 0 .2 -0 .3% i n the semi-
p u r i f i e d diet of cot ton rats. C a t e c h i n was inact ive , however , i n the h a m ­
ster assay of Stralfors (166), as was the c o u m a r i n , escul in . C o u m a r i n , 
per se, decreased hamster caries b u t also depressed g r o w t h severely. 

T h e effect of hesper id in i n cotton rats was greater than that of its 
aglycone, hesperet in. H e s p e r i d i n increased caries s ignif icant ly at the 
0 .5% l e v e l i n S p r a g u e - D a w l e y rats (72). These data d i d not conf i rm 
the w o r k of Gustafsson a n d Krasse ( 5 5 ) , w h o noted that ant ibacter ia l 
effects w e r e restr icted to the aglycones of flavanones. T h e y repor ted that 
the aglycone nar ingen in was car ies - inhibi tory at the 0 . 1 % leve l i n the 
hamster diet . T h e W i s c o n s i n group f o u n d no effect i n cotton rats at the 
1 % leve l . N o effect was f o u n d i n O s b o r n e - M e n d e l rats w i t h 0 .2% 
nar ingenin , Stralfors f o u n d the glycosides, n a r i n g i n a n d hesper id in , to 
be inact ive at 0 .2% i n hamster caries assays (166). 

F u r t h e r inconsistencies a m o n g assays of various workers w e r e noted 
i n test ing the ant ioxidant p o l y p h e n o l N - p r o p y l gallate. T h i s c o m p o u n d 
s ignif icant ly enhanced cotton rat caries (173), yet decreased caries i n 
S p r a g u e - D a w l e y rats (72) a n d i n hamsters (98). T h i s d iscrepancy c o u l d 
not be related to sl ight differences i n the w e i g h t gains of the animals 
f e d N - p r o p y l gallate i n the three studies. 

A n o t h e r ant ioxidant p o l y p h e n o l , nord ihydrogua iare t i c a c i d , s tudied 
i n the same investigations, d i d not influence cotton rat or a lb ino rat caries 
b u t r e d u c e d hamster caries w h e n p r o v i d e d at 0 .01% i n d r i n k i n g water . 
I n another hamster study, 0 .2% of this c o m p o u n d i n the die t also de­
creased caries; however , g r o w t h was depressed (166). 

T h e W i s c o n s i n workers (173) f o u n d m o r i n , usnic a c i d , a n d r u t i n 
inact ive . R u t i n also was inact ive i n a lb ino rats (72). R u t i n a n d m o r i n 
were inact ive i n the hamster; however , another flavanol, quercet in , 
r e d u c e d hamster caries s ignif icant ly w h e n f e d at 0 .2% leve l i n a 5 0 % 
sucrose, na tura l diet (166). 

U n f o r t u n a t e l y , the three polyphenols ident i f ied f r o m the active extract 
of oat hul ls b y V o g e l a n d P h i l l i p s (174) have not been assayed. These 
w e r e the flavanoids t r i c in (3 ' ,5 ' -d imethoxy-4 ' ,5 ,7 - t r ihydroxyf lavone) , 
h o m o e r i o d i c t y o l (3 , -methoxy-4 ' ,5 ,7 - t r ihydroxyf lavanone) , a n d the c h a l ­
cone corresponding to h o m o e r i o d i c t y o l . T h e flavone, t r i c i n , occurs v e r y 
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c o m m o n l y i n the G r a m i n e a e f a m i l y ( 8 ) , a n d the general bacteriostatic 
ac t ion of the flavanoid class of compounds has been n o t e d (142). 

A care fu l survey of compounds present i n the outer coats of seeds 
a n d a di l igent testing of those substances w o u l d be far more profi table 
than the further arbi t rary testing of re la ted compounds f r o m the labora­
tory shelf. O n the other h a n d , Ba te -Smi th (8 ) has c o m p i l e d e n o u g h data 
to show that this a p p r o a c h w o u l d be complex . M o r e consistent results 
c o u l d be expected a m o n g investigators test ing n a t u r a l compounds , h o w ­
ever, because of the general effectiveness s h o w n for die tary oat hul l s 
tested b y a var ie ty of assays. 

T h e above contentions w e r e re in forced b y the recent report f r o m 
Stralfors (164), w h o c o n t i n u e d his search for cocoa factors a n d discovered 
fur ther sources of ant icar iogenic i ty . H e f o u n d that hamster caries was 
i n h i b i t e d b y 0 .2% dietary theobromine a n d caffeine w h i c h are cocoa 
components . A l t h o u g h these agents i n h i b i t e d g r o w t h , the parent c o m ­
p o u n d , xanthine, was cariostatic at this l eve l w i t h o u t depressing g r o w t h . 

A n t i o x i d a n t s . A s noted , the effects of antioxidants i n the cot ton rat 
die t were s tudied b y the W i s c o n s i n workers as a result of observed 
similari t ies to the oat h u l l anticaries factors. C o c o a beans are r i c h i n 
unident i f i ed antioxidants ( 7 8 ) . L i k e oat h u l l factors (172) , they are 
absorbed o n charcoal a n d m a y be p h e n o l i c i n nature. I n contrast to the 
h u l l factors, they are most ly water soluble. 

Jordan a n d co-workers have s tudied antioxidants i n S p r a g u e - D a w l e y 
rats because of a general interest i n their effect o n the caries process 
(72, 73). L i s a n t i a n d E i c h e l (98) were interested i n the poss ib i l i ty that 
the anticaries effect f requent ly observed w i t h dietary fat was caused b y 
its content of antioxidants. 

Some comparat ive data a m o n g the three groups of investigators has 
a lready been discussed. B u t y l a t e d hydroxyaniso le also was s tudied b y 
these workers . It decreased caries s ignif icant ly i n cotton rats at the 0 .5% 
dietary leve l (173) a n d i n hamsters at the 0 .01% leve l ( 9 8 ) , w h i l e 
0.05% d i d not influence caries i n S p r a g u e - D a w l e y rats (72). 

S i m i l a r l y , b u t y l a t e d hydroxyto luene decreased cot ton rat caries b u t 
d i d not influence S p r a g u e - D a w l e y rats. T h i s c o m p o u n d was toxic at 
0 .5% i n the diet i n b o t h species. S p r a g u e - D a w l e y rats h a d signif icant ly 
less caries w h e n l ,2 -dihycho-6-ethoxy-2 ,2 ,4- tr imethylquinol ine was f e d , 
b u t this c o m p o u n d also was toxic at the 0 .5% leve l . N o anticaries effect 
was f o u n d i n S p r a g u e - D a w l e y rats f e d ascorbic a c i d , isoascorbic a c i d , 
a- tocopherol plus ascorbic a c i d , or b u t y l a t e d hydroxyto luene plus c i t r ic 
a c i d (72). W e f o u n d that 5 % dietary ascorbic a c i d h a d no effect o n 
cotton rat caries (114). 

O n l y four of 13 antioxidants s tudied b y Jordan et al. (72) were ant i ­
bacter ia l against a var iety of bacter ia , but t w o of these, N - p r o p y l 
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6. M A D S E N Other Organic Compounds 73 

gallate a n d l ,2-dihycko-6-ethoxy-2,2 ,4-tr ime w e r e caries i n ­
h i b i t o r y . These workers c o n c l u d e d that ant ibacter ia l ac t iv i ty rather t h a n 
ant ioxidant ac t iv i ty i n general was the most important role of the agents 
s tudied . T h e y caut ioned, however , that the l o w so lubi l i ty of most of the 
antioxidants tested m a d e i t dif f icult to compare their ant ibacter ia l a n d 
anticaries activit ies. 

T h e studies w i t h antioxidants i n three different diets a n d three differ­
ent species i n v o l v e so m a n y variables that i t is imposs ib le to cite those p r i ­
m a r i l y responsible for the different responses f o u n d . Because of the 
n a t u r a l occurrence of organic antioxidants a n d their increas ing use i n 
foods, their effect o n caries merits more s tudy since at present their ro le 
is obscured b y meager a n d conf l ic t ing data. 

G r e e n (50) suggested that a h i g h o x i d a t i o n - r e d u c t i o n potent ia l of 
sa l iva was associated w i t h rampant caries. T h e a b i l i t y of e thylenediamine 
tetraacetic a c i d , a car iogenic chelator, to m a i n t a i n a m e t a l at a h i g h 
ox idat ion potent ia l m a y be pert inent (116). A n o t h e r car iogenic chelator , 
th iog lyco l i c a c i d , is also a r e d u c i n g agent. O n the other h a n d , the potent 
r e d u c i n g agent, d i th io thre i to l , h a d no effect o n cot ton rat caries w h e n 
f e d at 1000 p p m for 3 days f o l l o w e d b y 100 p p m for a subsequent 25 
days. M e a n caries inc idence for contro l a n d exper imenta l groups w e r e 
17.4 a n d 14.5, respect ively, a n d the difference was insignif icant (114). 

T h e effect of h y d r o g e n peroxide has been var iab le also. Hamsters 
were complete ly protected b y 3 % h y d r o g e n peroxide i n the c h i n k i n g 
water , a n d there was no adverse effect o n g r o w t h ( 9 8 ) . I n H o l t z m a n 
rats, extensive caries- l ike lesions a n d severe g r o w t h depression were 
p r o d u c e d b y 1 a n d 1.5% h y d r o g e n peroxide i n d r i n k i n g water (145). 
Z i n c peroxide a n d s o d i u m perborate gave s imi lar results. H o w e v e r , the 
lesions were p r o d u c e d w h e n a noncar iogenic diet was f e d , a n d t y p i c a l 
carious lesions w e r e not p r o d u c e d . 

A n t i e n z y m e s . F o s d i c k (39) i n t r o d u c e d the term " a n t i e n z y m e " a n d 
suggested that caries w o u l d be prevented best b y us ing enzyme inhib i tors 
i d e a l l y s u p p l i e d a long w i t h car iogenic f o o d items. H e has tested ant i -
enzymes almost exclusively i n dentifr ices a n d mouthwashes . 

T h e a b i l i t y of 38 compounds to i n h i b i t a p H change i n p l a q u e mate­
r i a l after its exposure to sucrose solut ion was tested b y F o s d i c k ( 3 9 ) . 
H e assumed that retent ion of the c o m p o u n d o n the tooth p l a q u e was of 
p r i m a r y importance , a n d first chose 10 compounds that s h o w e d satis­
fac tory retention. O f these, three compounds , the ant ib io t i c p e n i c i l l i n , the 
hexokinase i n h i b i t o r s o d i u m - N - l a u r o y l sarcosinate, a n d the f u n g i c i d e 
s o d i u m dehydroacetate , were selected o n the basis of the p H test. W h e n 
selected subjects e m p l o y e d these i n a m o u t h w a s h or dent i f r ice for a week, 
their p l a q u e s h o w e d a decreased p H response to sucrose solut ion. F o s d i c k 
(37) also c o m p a r e d a dent i f r ice conta in ing a detergent h a v i n g no a b i l i t y 
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to b i n d to denta l p l a q u e w i t h s o d i u m - A M a u r o y l sarcosinate ( S L S ) a n d 
after 2 years f o u n d about a 5 0 % r e d u c t i o n i n the caries experience of 
1159 subjects. L a t e r , Frasher a n d H e i n (41) s tud ied 365 M e x i c a n sub­
jects whose water s u p p l y contained 0.9 p p m of n a t u r a l fluoride a n d 
reported near ly 5 0 % r e d u c t i o n among those us ing S L S i n a dent i fr ice . 

Forscher a n d Hess (36) were u n a b l e to conf i rm either the in vitro 
or the c l i n i c a l data s h o w i n g S L S to be of va lue a n d c o n c l u d e d that p H 
measurements were not suitable for screening procedures. I n another 
c l i n i c a l test, B a c k e r - D i r k s (4) reported no benef ic ia l effects a m o n g c h i l ­
d r e n w h o b r u s h e d w i t h S L S for 20 months. S i m i l a r l y , i n a s tudy w h e r e 
a stannous fluoride dent i f r ice was effective, S L S was ineffective (177). 
Converse ly , H a y d e n (60) r epor ted significant benefit a m o n g a s imi lar 
n u m b e r of c h i l d r e n after 1 year. 

C o m b i n a t i o n s of S L S w i t h other agents also have been tested. K y e s 
et al. (94) f o u n d no r e d u c t i o n i n caries for a S L S dent i fr ice . F i n n a n d 
Jamison (34) reported that a dent i f r ice conta in ing S L S , s o d i u m m o n o -
fluorophosphate, a n d s o d i u m metaphosphate was more effective t h a n one 
conta in ing S L S a n d d i c a l c i u m phosphate . T h e role of S L S alone was 
not de termined ; however , they also repor ted the less act ive of the t w o S L S 
formulat ions to be as effective as one conta in ing stannous fluoride a n d 
c a l c i u m pyrophosphate . 

I n a n i m a l tests w i t h die tary S L S , a lack of caries protect ion was 
noted i n O s b o r n e - M e n d e l rats (128). W i t h S L S i n a h i g h carbohydrate 
diet , however , H a l d i et al. (58) f o u n d significant decreases i n b o t h sialo­
adenectomized a n d intact rats. Since the p H o n the rat tooth surfaces 
was not affected, a n ant ibacter ia l effect for S L S was postulated. Z i p k i n 
(179) repor ted that 0 .5% of S L S decreased b o t h smooth surface a n d 
occ lusa l caries. L a t e r , however , Keyes (82) reexamined the data a n d 
reported that o n l y the smooth surface caries p r o d u c e d b y a c o r n s t a r c h -
cere lose -sk im m i l k p o w d e r diet was reduced . U s i n g the same diet , Keyes 
a n d W h i t e (83) again repor ted a significant b u t s l ight r e d u c t i o n i n smooth 
surface caries, b u t sulca l lesions were unaffected. T h e y stated f r o m per­
sonal communicat ions that three other w e l l - k n o w n workers i n the experi ­
m e n t a l caries field revealed a further lack of any impressive effect w i t h 
S L S i n rats or hamsters. 

I n the 1 c l i n i c a l t r i a l reported (168), the use of a dent i fr ice conta in­
i n g 0 .75% of s o d i u m dehydroacetate decreased caries b y about one-half 
over a two-year p e r i o d . S ince the dent i f r ice conta ined a n e q u a l q u a n t i t y 
of s o d i u m oxalate, an agent k n o w n to either enhance or decrease a n i m a l 
caries (61), this s tudy d i d not assess the va lue of dehydroacetate per se. 

S o d i u m dehydroacetate enhanced smooth surface caries i n rats w h e n 
adminis tered b y diet , d r i n k i n g water , in tubat ion , or in ject ion (180). 
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M u h l e m a n n et ah (128) f o u n d no effect for this c o m p o u n d p r o v i d e d at 
0.02% i n the d r i n k i n g water of rats. 

N e a r l y 4000 compounds have been screened b y C e r u l a n d coworkers 
(19) for their a b i l i t y to i n h i b i t glycolysis . These workers reasoned that 
the c o n t i n u a l use of a n o r a l ant ibacter ia l agent w o u l d be undesirable a n d , 
l i k e F o s d i c k , devised a test w h e r e b y compounds w e r e measured for the i r 
a b i l i t y to i n h i b i t glycolysis b y sa l ivary sediment. T h e y selected 80 of the 
most p r o m i s i n g chemicals a n d m a d e further screening tests o n the basis 
of their ora l ava i lab i l i ty , d i s c a r d i n g a l l compounds that w e r e h i g h l y re­
ta ined o n the die tary constituents of the car iogenic diet . T h i s procedure 
was opposite to that used b y F o s d i c k ( 3 9 ) , w h o sought c o m p o u n d s that 
were re ta ined o n casein. Seven compounds passed the second screening 
procedure a n d were tested i n the diet . Th i r ty - three other satisfactory 
compounds were tested i n caries assays b y t o p i c a l a p p l i c a t i o n after dis ­
so lv ing t h e m i n aqueous solutions conta in ing g l y c e r o l or propylene g l y c o l 
a n d m a d e viscous w i t h honey or methylce l lulose . O n l y d ie tary s o d i u m 
iodoacetate, a caries i n h i b i t o r , p r o v e d active i n these caries assays em­
p l o y i n g O s b o r n e - M e n d e l a lb ino rats. 

E a r l i e r , us ing the sal ivary sediment screening procedure , M a h l e r 
a n d M a n l y (115) f o u n d neither p e n i c i l l i n nor dehydroacet ic a c i d capable 
of i n h i b i t i n g p H changes i n sa l ivary sediment, b u t they d i d select 
s o d i u m - A M a u r o y l sarcosinate. F o s d i c k (39) f o u n d a l l three c o m p o u n d s 
capable of i n h i b i t i n g glycolysis i n his in vitro tests. T h e general ly d isap­
p o i n t i n g results indicate that re l iable cr i ter ia have not been discovered 
or. e m p l o y e d for screening compounds for their ant icar iogenic activit ies . 

U r e a , w h i c h c a n enter denta l p l a q u e a n d render i t a lka l ine (157), 
m a y also act as a n ant ienzyme against the car iogenic microf lora w h i c h 
apparent ly thr ive i n a n ac id ic environment . Kesse l (79) f o u n d the effec­
tiveness of urea i n r e d u c i n g the o r a l L. acidophilus count was enhanced 
w h e n dibas ic a m m o n i u m phosphate ( D A P ) was used i n var ious ratios 
a long w i t h urea i n a dent i fr ice . 

T h e results of c l i n i c a l trials b y 11 different investigators u s i n g urea-
conta in ing preparat ions have been r e v i e w e d (149, 175). M o s t l y , dent i ­
frices of the u r e a - D A P type were used, a n d , i n general , negative findings 
or o n l y m i l d reduct ions were reported i n this a n d other countries. P r e p a ­
rations conta in ing the h igher concentrations of urea a n d D A P w e r e most 
effective. A u r e a - D A P dent i f r ice conta in ing urease to enhance the release 
of a m m o n i a was f o u n d ineffective ( 5 9 ) . H o w e v e r , the use t w i c e a d a y 
of a t o p i c a l a p p l i c a t i o n of a 4 5 % solut ion of urea alone decreased caries 
sharply i n a s m a l l s tudy (159). 

T h e poss ibly greater effectiveness of fluoride-containing dentifr ices 
has quie ted , perhaps premature ly , the enthusiasm for testing some of 
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the most p r o m i s i n g organic compounds b y adequate c l i n i c a l procedures 
(175). 

T o p i c a l appl icat ions of urea solutions or a m m o n i a t e d dentifr ices d i d 
not s ignif icantly influence caries i n hamsters (22, 81) except at v e r y h i g h 
levels of a p p l i c a t i o n , w h e r e caries was increased. T h e i n c l u s i o n of 1 % 
dibas ic a m m o n i u m phosphate a n d 0.6% of urea i n the hamster diet 
caused major caries reduct ions (22, 23). I n the l i g h t of the recent obser­
vations of anticaries effects of die tary phosphates, the hamsters m a y have 
responded to the p r o v i s i o n of phosphate rather t h a n to the basic react ion 
of the supplement . O n the other h a n d , urea alone decreased caries i n rats 
w h e n i t was i n c l u d e d i n the d r i n k i n g water at 1000 p p m or at 2 % i n the 
diet (119). I n another s tudy, caries i n S p r a g u e - D a w l e y rats was de­
creased b y 5 % b u t not b y 2 .5% of die tary urea (117). Streptococcus 
salivarius i solated f r o m the sal iva after urea feeding h a d h i g h ureolyt i c 
ac t iv i ty . H e i n (61) c o m p a r e d the effects of urea i n rodents a n d c o n c l u d e d 
that the rat was more sensitive than the hamster. 

F o s d i c k a n d C a l a n d r a (38) used a n e n a m e l - s a l i v a i n c u b a t i o n test 
a n d f o u n d that D , L - g l y c e r a l d e h y d e decreased enamel decalc i f icat ion. S h a w 
(147) f o u n d no ant icar iogenic ac t iv i ty i n either cotton rats or a l b i n o rats 
at the 0.5, 1, or 2 % dietary levels of this c o m p o u n d . 

S o d i u m iodoacetate, a w e l l - k n o w n enzyme i n h i b i t o r , has been f o u n d 
ant icar iogenic b y a l l investigators. H e i n (61) t abula ted a compar i son of 
effects i n rats a n d hamsters rece iv ing the c o m p o u n d b y different modes 
of adminis t ra t ion a n d at var ious levels. A dietary or water concentrat ion 
of 20 p p m appeared to give a m a x i m a l anticaries effect i n b o t h the a lb ino 
rat a n d hamster. I n rats, a graded dosage of 2, 20, a n d 200 p p m gave a 
corresponding decrease i n caries (107) . 

Carbonyl-Binding Agents. A n o t h e r m o d e of a l ter ing the metabol ic 
ac t iv i ty of car iogenic ora l microf lora was considered b y Jordan a n d co­
workers (74). B o t h s o d i u m bisulf i te a n d s o d i u m metabisulf i te r e d u c e d 
a c i d p r o d u c t i o n i n sal iva ( 2 9 ) , a n d J o r d a n et al. f o u n d that the g r o w t h 
of a large n u m b e r of microorganisms was i n h i b i t e d b y metabisulf i te in 
vitro. T h e y f o u n d that at concentrations w h i c h d i d not i n h i b i t g r o w t h , 
however , a c i d p r o d u c t i o n was decreased. T h e y reasoned that the u s u a l 
g l y c o l y t i c p a t h w a y of metabol i sm h a d been al tered b y the metabisulf i te , 
w h i c h was capable of b i n d i n g a ldehyde a n d ketone intermediates i m p o r ­
tant i n glycolysis . T h i s effect o n yeast metabol i sm is w e l l k n o w n (133). 
W h e n these workers f e d 0.15, 0.3, a n d 0.9% s o d i u m metabisulf i te to 
S p r a g u e - D a w l e y rats, they f o u n d reduct ions i n occ lusa l caries of 33, 64, 
a n d 7 7 % , respect ively (74). N e i t h e r rat g r o w t h nor f o o d intake was 
affected b y the c o m p o u n d . A n o t h e r group of workers (15) f o u n d potas­
s i u m metabisulf i te i n h i b i t e d rat caries, a n d cur ious ly , noted depigmenta ­
t i o n of the incisors i n the protected animals . 
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S t i m u l a t e d b y this concept, J o r d a n et al. (71) c o m p a r e d carboxyl -
methoxylamine h e m i h y d r o c h l o r i d e a n d s o d i u m metabisulf i te , w h i c h are 
b i n d i n g agents for a ldehydes a n d ketones, a n d d i m e d o n e , w h i c h b i n d s 
o n l y a ldehydes , at d ie tary levels of 0.05, 0.3, a n d 0 .4%, respect ively. 
S t r i k i n g reduct ions i n caries w e r e observed for a l l compounds . O n the 
basis of their m o l a r dietary concentrations, these c o m p o u n d s w e r e effec­
t ive against caries a n d a var ie ty of microorganisms i n the order c i ted . 
C a r b o x y l m e t h o x y l a m i n e , the most effective, manifested toxic i ty , b u t the 
other compounds d i d not affect rat g r o w t h . 

J o r d a n et al. f o u n d a var ie ty of sulfites w h i c h i n h i b i t caries (73). 
A t a range of 0 .35-0.57% (0.04 M ) i n the diet , s o d i u m metabisulf i te , 
s o d i u m bisulf i te , s o d i u m hydrosulf i te , a n d s o d i u m sulfite r e d u c e d caries 
7 4 % or more w i t h o u t adverse effect o n rat g r o w t h . S o d i u m sulfate a n d 
s o d i u m bisulfate were inact ive . A l t h o u g h a l l of the sulfites w e r e ant i ­
oxidants, they were also a l l g e r m i c i d a l , presumably because of f o r m a t i o n 
of sulfurous a c i d i n solut ion. These workers d i scounted the ant ioxidant 
role since they f o u n d earlier that antioxidants general ly d i d not i n h i b i t 
caries (72). T h e y favored the c a r b o n y l - b i n d i n g role of these compounds . 

C o m p l e x i n g A g e n t s . T h e w i d e s p r e a d influence of m e t a l ions o n 
metabol ic events is w e l l k n o w n , a n d the b i o l o g i c a l aspect of m e t a l - b i n d i n g 
b y c o m p l e x i n g , or chelat ing , agents has rece ived w i d e s p r e a d r e v i e w a n d 
attention (33 ,143) . 

T h e m a n y factors seemingly operat ive i n the carious process s h o u l d 
respond to c o m p l e x i n g agents. T h e fact that m a n y miscel laneous c o m ­
pounds affecting caries n o w m a y be classif ied together u n d e r this h e a d i n g 
seems to have been over looked for the most part , a n d a l ready there m a y 
be more i n f o r m a t i o n f r o m this s tandpoint than has been considered 
hi therto . 

E t h y l e n e d i a m i n e tetraacetic a c i d ( E D T A ) has been w e l l established 
as a car iogenic agent under certa in condit ions. E D T A increased the 
car iogenic i ty of a diet p r o d u c i n g occ lusal caries i n rats (178). S tephan 
a n d H a r r i s (158) have r e v i e w e d their earl ier w o r k , w h e r e they f o u n d 
that smooth surface lesions i n rats were enhanced b y die tary E D T A a n d 
that this effect was counteracted b y increas ing the l eve l of d ie tary salt 
mixture . T h e fact that rats, m a d e caries- inactive b y die tary ant ibiot ics , 
d i d not respond to E D T A i n d i c a t e d that E D T A operated to remove 
enamel anions p r o v i d e d b y the carious attack b u t d i d not act alone to 
cause deminera l iza t ion . O n the other h a n d , the ant ib io t i c treatment c o u l d 
have al tered the c y c y l i z a t i o n of E D T A via coprophagy. I n this regard , 
L a r s o n et al. (96) have s h o w n that in tubated E D T A signif icant ly i n ­
creased caries w h i l e injected E D T A h a d m u c h less effect. T h e y cite the 
w o r k of F o r m a n et al. ( 3 5 ) , w h i c h s h o w e d that in tubated E D T A r a p i d l y 
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appeared i n the feces a n d hence was avai lable ora l ly via c o p r o p h a g y , 
w h i l e in jected E D T A appeared most ly i n the ur ine . 

H e i n (61) s u m m a r i z e d the influence of oxalate, another chelator , o n 
exper imenta l caries. Car ies was decreased m a r k e d l y i n the hamster , 
e q u i v o c a l l y i n the a lb ino rat, a n d increased i n the cot ton rat. T h e r e has 
been no explanat ion for these differences. T h e h i g h content of 0 .72-1.18% 
oxal ic a c i d i n fat-free cacao mass (125) s h o u l d be noted i n v i e w of the 
fact that Stralfors (162) f o u n d cacao ant icar iogenic i n the hamster diet . 

Several earl ier studies o n the chelates copper a n d m a g n e s i u m chloro-
p h y l l i n have been c o m p a r e d b y H e i n (61). N e i t h e r a lb ino nor cot ton rat 
caries was inf luenced s ignif icant ly b y the copper der ivat ive , b u t hamster 
caries was d r a m a t i c a l l y r e d u c e d or increased b y the copper or m a g n e s i u m 
derivat ives , respect ively. C o p p e r sulfate decreased hamster caries (61). 
T h i s later observat ion was conf i rmed recently (43) w h e n copper sulfate 
( b u t not a copper E D T A c o m p l e x ) was a p p l i e d top ica l ly to hamster 
teeth. C h l o r o p h y l l - c o n t a i n i n g dentifr ices were avai lable for a t ime b u t 
have not been demonstrated of value . Recent ly , s o d i u m c h l o r o p h y l l i n 
was f o u n d inact ive against occ lusa l caries at the 0.2% leve l i n the d r i n k ­
i n g water of O s b o r n e - M e n d e l rats (128). 

H e n d e r s h o t a n d F o r s a i t h (62) no ted that the car iogenic effects p r o ­
d u c e d b y feeding z in c , n i c k e l , a n d manganese as the acetates w e r e re­
m o v e d b y f e e d i n g these metals as E D T A chelates. These studies a n d 
those w i t h ch lorophyl l ins appear to be the o n l y ones i n w h i c h the effects 
of organic m e t a l chelates o n caries have been s tudied . 

A n in situ chelat ion of m e t a l ions m a y be of benefit , as i n d i c a t e d b y 
the t rad i t iona l Japanese Ohaguro t echnique that stains teeth b l a c k a n d 
renders t h e m somewhat caries a n d a c i d resistant ( 6 5 ) . Al ternate treat­
ments w i t h ferr ic acetate a n d tannic a c i d result i n ferr ic tannate, w h i c h 
adheres to the teeth. A s imi lar m e c h a n i s m m a y be speculated for the 
anticaries effect repor ted f r o m dietary tannins (164). 

A n o t h e r chelator, thiocyanate , is n o r m a l l y present i n sa l iva ( 2 8 ) . 
Steri le h u m a n p a r o t i d secretions conta in ant ibacter ia l ac t iv i ty against 
L. casei ( 2 8 ) , a n d D o g o n et al. (27) repor ted the presence of t w o thio-
cyanate-dependent ant ibacter ia l systems w h e r e thiocyanate acts i n con­
junct ion w i t h either peroxidase or another sa l ivary prote in . 

Potass ium thiocyanate was inact ive against caries at 100 p p m i n the 
d r i n k i n g water of a lb ino rats (119) , w h i l e a t r e n d for increased caries 
i n the O s b o r n e - M e n d e l rat was noted b y M u h l e m a n n a n d co-workers 
(128). I n the latter s tudy, t w o other chelators, o-phenanthrol ine a n d a 
sul fa d r u g , su l fan i lamide , also tended to enhance caries, w h i l e the chelator 
8 -hydroxyquino l ine was w i t h o u t effect. I n another s tudy w i t h t -phenan-
throl ine , w e e k l y t o p i c a l appl icat ions of aqueous solutions (1 m g / m l ) to 
the teeth of W i s t a r w h i t e rats p r o d u c e d significant caries reduct ions (76). 
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6. M A D S E N Other Organic Compounds 79 

I n the same s tudy, neocuproine was inact ive . It appeared that b o t h 
substances c o u l d b i n d to enamel a n d h a r d e n i t . 

T h e chelator te t rahydroxybenzoquinone is car iogenic i n cotton rats 
w h e n f e d for 42 days i n D i e t 875 at the 0 .5% leve l . M e a n inc idence 
scores for contro l a n d exper imenta l groups were 20.6 a n d 28.7, respec­
t ive ly , F < 0.001 (114). 

Thiocyanate a n d s o d i u m azide , a chelator that el iminates hamster 
caries almost comple te ly (98) at the 0.001 Af l e v e l i n d r i n k i n g water , b o t h 
reduce b l o o d pressure i n m a n (1). 

T h i o g l y c o l i c a c i d (119) , b o t h a chelator a n d r e d u c i n g agent, en­
h a n c e d caries i n a l b i n o rats d r i n k i n g i t at the l eve l of 100 p p m i n their 
water . It m a y be significant i n l i g h t of the postulated sa l ivary g l a n d -
t h y r o i d re lat ionship that the goiterogen t h i o u r a c i l , w h i c h enhances caries, 
is a chelator (132). 

A s a class of compounds , the flavanoids, discussed i n connect ion w i t h 
anticaries factors i n seed hul l s , h a v i n g chela t ing propert ies (21). 

Chelators are associated w i t h b o t h increased a n d decreased caries 
experience i n rodents. A l b e r t (1) m a d e the observat ion that b iochemica ls , 
contrasted to synthetic ones, are h i g h l y specific for metals a n d that meta l -
b i n d i n g i n cells , a c c o m p l i s h e d m a i n l y b y organic phosphates a n d m e m ­
bers of the c i t r ic a c i d cyc le , remains largely unexplored . M c C l u r e , 
however , recent ly used organic phosphate metabol i c intermediates (122). 
Perhaps more attention s h o u l d be g iven to the effect on caries of the more 
subtle a n d specific effects obta inable w i t h b i o l o g i c a l m e t a l - b i n d i n g 
compounds . 

O r g a n i c P o l y m e r s of F i l m s . A n o t h e r a p p r o a c h i n the search for 
agents that affect caries concerns organic polymers a n d factors w h i c h 
influence them. F r a n c i s a n d M e c k e l (40) p r o d u c e d ar t i f i c ia l " w h i t e spot" 
i d e n t i c a l to early h u m a n enamel lesions w h e n agar was p r o v i d e d i n the 
sa l iva-g lucose mix ture b a t h i n g the enamel surface. G r a y et al. (49) 
noted the necessity for agar, prote in ( g e l a t i n ) , or sa l ivary m u c i n for 
w h i t e spot format ion . 

These in vitro experiments m a y bear some re la t ion to the s tudy b y 
S h a w (148) w h e r e i n nut r i t iona l ly inert materials were s tudied , a n d the 
nature of the mater ia l p r o d u c e d significant differences i n caries exper i ­
ence. A g a r a n d cel luf lour h a d no effect, but 1 0 % die tary supplements 
of b o t h h i g h a n d l o w molecular w e i g h t p o l y ( v i n y l acetate) caused sig­
nif icant decreases i n caries, as d i d n a t u r a l ch ic le a n d arochem (the esteri-
fication p o l y m e r of g lycero l , fat ty a c i d , a n d d i m e r i z e d r o s i n ) . T h e teeth 
i n the protected groups l o o k e d cleaner, a n d , i n v i e w of Francis* observa­
t ion (40), the format ion of a car iogenic film m a y have been prevented. 

A n i o n exchange resins also affected caries p r o d u c t i o n (47, 151). 
T w e n t y per cent of various an ion exchange resins i n the diet gave major 
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80 D I E T A R Y C H E M I C A L S VS. D E N T A L C A R I E S 

caries r e d u c t i o n i n H a r v a r d caries-susceptible a lb ino rats. T h e p r i m a r y 
effect was a t t r ibuted to their a c i d n e u t r a l i z i n g a b i l i t y since i n the ch lor ide 
f o r m they d i d not i n h i b i t caries (151). Par t i c le size was re lat ively u n i m ­
portant , b u t the softest res in was the most active, perhaps because i t was 
reta ined to a greater extent o n the tooth surfaces. R e l a t e d poss ib ly to 
the postulated role for polymers i n the i n i t i a t i o n of tooth films that p r o ­
mote caries was the fact that the chlor ide-saturated resins, h a v i n g no 
exchange capaci ty , t e n d e d to increase caries. 

Boyers et al. (12) s tudied the inf luence of another p o l y m e r , s i l icone 
o i l . D a i l y t o p i c a l appl icat ions h a d no effect, b u t 10 a n d 2 0 % dietary 
levels enhanced caries i n p r o p o r t i o n to the amount f e d . T h i s agent 
poss ibly enhanced caries b y increasing the o r a l retent ion of the diet , b u t 
a surface effect as postulated for fats c o u l d also be argued. H i g h levels 
of dietary fat d i d not appear to increase retention, b u t d i d reduce caries 
( 6 7 ) . 

W a l s h a n d G r e e n (176) s tudied the poss ib i l i ty of cover ing the enamel 
surface w i t h an acid-resistant film a n d f o u n d that fats, oils , a n d h y d r o ­
carbons h a d l i t t le effect. I n later studies, finding l i t t le effect w i t h anionic 
a n d neutra l agents, they t u r n e d to amines a n d f o u n d after testing a large 
n u m b e r that te tradecylamine was one of the most act ive i n a b i l i t y to b i n d 
to the tooth surface a n d i n h i b i t decalc i f icat ion. T h i s w o r k was r e v i e w e d 
( 6 3 ) , a n d i t was stated that dent i fr ice studies were u n d e r w a y . T h e report 
of one smal l c l i n i c a l s tudy (106) i n d i c a t e d a 4 4 % reduct ion i n caries b y 
the group us ing a tetradecylamine dent i fr ice . 

E n z y m e s . A n o t h e r a p p r o a c h to caries i n h i b i t i o n is to affect f o o d 
residues, organic films, a n d p laque o n tooth surfaces b y dietary enzymes. 
Sweeney a n d S h a w (171) observed that 1 % dietary pancreat in ( d r i e d , 
defat ted pancreas) s igni f icandy i n h i b i t e d caries i n H a r v a r d a lb ino rats. 
T h i s ac t iv i ty was associated w i t h a sl ight increase i n sal ivary g l a n d 
weight , however , a n d sal ivary g l a n d f u n c t i o n can affect caries p r o d u c ­
t ion (67). 

W e determined that pancreat in ( N u t r i t i o n a l B iochemica ls C o r p . ) 
at the 1 % level i n D i e t 875 decreased caries i n cotton rats i n a g r a d e d 
response to the length of t ime the substance was f e d ( T a b l e I I I ) . T h e r e 
was no significant effect o n the weights of the s u b m a n d i b u l a r sal ivary 
glands either on a n absolute or b o d y w e i g h t basis, nor was there any 
effect on b o d y weights . 

It was u n l i k e l y that pancreat ic amylase p l a y e d a role i n these p a n ­
creat in studies since a 0 .5% leve l of this enzyme d i d not influence caries 
i n diets conta in ing g r o u n d wheat fractions (90). L i k e w i s e , neither 1 % 
a-amylase nor 0.001% of an amylase i n h i b i t o r inf luenced a l o w degree 
of car iogenic i ty p r o d u c e d b y a cornstarch diet f e d to O s b o r n e - M e n d e l 
rats (127). 
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W e also f e d cotton rats a n u m b e r of c o m m e r c i a l , food-grade enzyme 
preparat ions ( R o h m a n d H a a s ) at the 1 % l e v e l i n D i e t 875, b u t w i t h 
complete ly negative results at the e n d of 18 days (114). These enzymes 
i n c l u d e d " P e c t i n o l 1 0 - M " ( p e c t i n o l y t i c ) , " R h o z y m e A - 4 " a n d " R h o z y m e 
4 1 " (proteolyt ic w i t h h i g h a n d l o w diastase ac t iv i ty , r e s p e c t i v e l y ) , 
" L i p a s e B " ( l i p o l y t i c ) , a n d " R h o z y m e H P - 1 5 0 " ( h e m i c e l l u l o l y t i c ) . 

I n a s imi lar assay, w i t h a semipur i f ied basal d ie t conta in ing 4 3 % 
of a car iogenic cornstarch at the expense of the sucrose p o r t i o n of the 
diet , caries was not inf luenced b y 1 % " R h o z y m e H - 3 9 " (d ias ta t i c ) . O n e 
per cent pancreat in was again h i g h l y protect ive (114). A corre la t ion 
between a l o w caries inc idence a n d a h i g h sa l ivary l y s o z y m e leve l has 
been reported (44). O n e report i n d i c a t e d a caries-protective effect of 
dietary lysozyme ( 3 0 ) , but other findings were negat ive (126, 169). 
K o n i g a n d M i i h l e m a n n (91) re invest igated the effect w i t h a l eve l of 
0.010% i n t w o different diets a n d c o n c l u d e d that lysozyme h a d n o appre­
c iable influence o n caries. 

T h e negative results w i t h die tary enzymes suggest that pancrea t in 
m a y not be ac t ing via its enzyme content. T h e fact that enzymes m a y be 
innocuous as die tary addit ives makes further testing attractive, however . 

Recent ly , i t has been discovered that microorganisms f r o m the o r a l 
cavities of caries-active humans a n d animals elaborate a st icky, insoluble 
p o l y g l y c a n (dextran) p laque especial ly f r o m die tary sucrose as a sub­
strate. Dextranases i n h i b i t caries b y prevent ing these plaques . A r e v i e w 
of this fasc inat ing area w o u l d enta i l scores of references; however , G i b ­
bons (45) has r e v i e w e d m a n y of the salient features. T o m a i n t a i n per­
spective, however , enzymes other t h a n carbohydrases r e m a i n of interest 
since caries can be p r o d u c e d w i t h o u t sucrose a n d w i t h o u t dextran-con-
t a i n i n g plaques . 

T h e ant ibacter ia l sal ivary peroxidase system i n h u m a n sal iva was 
ment ioned earlier (27, 28). T h i s system repor tedly contains t w o major 
peroxidases (66) a n d t w o substrates, thiocyanates a n d h y d r o g e n peroxide 
(87). T h i o c y a n a t e either was ineffective (119) or t e n d e d to increase 
caries (128), a n d h y d r o g e n peroxide either decreased (145) or increased 
(98) caries. Peroxidase p r o d u c t i o n b y sal ivary glands m a y d e p e n d u p o n 
the nature of the o r a l microf lora (123) a n d therefore o n the nature of the 
diet . T h e effects of die tary sa l ivary peroxidases have not been invest i ­
gated. Indirect studies w i t h peroxidase-containing a n d peroxidase- inac-
t ivated r ice b r a n samples s h o w e d no corre lat ion be tween peroxidase 
content a n d anticaries activit ies of the b r a n f e d to cotton rats i n D i e t 875 
(114). Nevertheless , i t m a y be of va lue to m a k e comparisons b e t w e e n 
peroxidase content of foods a n d their cariogenicit ies since this e n z y m e 
occurs w i d e l y i n p lant foods a n d is v e r y stable (13). Lac toperoxidase 
a n d aspects of sa l ivary peroxidase have been r e v i e w e d recently (124). 
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D i s i n f e c t a n t s . A l t h o u g h m a n y compounds have been used as d i s i n ­
fectants i n mouthwashes, there is l i t t le evidence c l i n i c a l l y or i n animals 
that caries is s ignif icantly i n h i b i t e d b y them. I n one s m a l l c l i n i c a l s tudy 
the frequent d a i l y use of 0 . 1 % Z e p h i r a n on the teeth resulted i n less 
caries (159) . M u h l e m a n n et al. (128) recent ly reported negative results 
for several c o m m e r c i a l disinfectants such as Z e p h i r o l , B r a d i s o l , M e r f e n , 
a n d Surf en p r o v i d e d i n the d r i n k i n g water of rats, a l though 0.02% of 
dietary ni t rofurazone m a y have s ignif icantly r e d u c e d occ lusal caries i n 
these animals . Stralfors (167) tested 1 % of c h l o r a m i n e - T i n the d r i n k i n g 
water or i n a 5 0 % sucrose, na tura l diet for hamsters. B y b o t h modes 
of adminis trat ion , caries was strongly i n h i b i t e d . 

I n a later s tudy i n M u h l e m a n n ' s laboratory (139) , M e r f e n ( p h e n y l 
mercur i c borate) a n d H i s t a n e (ch lorhex id ine diacetate) were tested b y 
b r u s h i n g the teeth of O s b o r n e - M e n d e l rats d a i l y w i t h 0 .125-0.5% solu­
tions i n g lycero l or water . A l l treatments s ignif icantly decreased b o t h 
fissure a n d smooth surface caries. G l y c e r o l d i d not alter treatment effec­
tiveness. T h e y postulated that b i n d i n g to the p l a q u e was more important 
than good di f fus ion properties i n the selection of ant ibac ter ia l -ant icar io -
genic compounds . 

Caries Factors with Physiological and Pharmacological Activity 

M a n y organic compounds affect caries p r o d u c t i o n indirec t ly . It 
m a y be appropriate to consider t h e m , as their w i d e var iety of phys io ­
log ica l a n d pharmaco log ica l activit ies i l lustrate the complex i ty of factors 
that m a y inf luence the caries experience of a g iven i n d i v i d u a l or the 
results of an a n i m a l experiment. 

A s a sequel to their interest i n c a r b o n y l - b i n d i n g compounds , Jordan 
et al. (75) c o m p a r e d semicarbazide h y d r o c h l o r i d e , a c a r b o n y l b i n d e r 
p r o d u c i n g osteolathyrism, w i t h the lathyrogenic agent /?-aminopropio-
ni t r i le , w h i c h is not a c a r b o n y l b inder . B o t h of these compounds pro­
d u c e d a decrease i n occ lusal caries i n propor t ion to the l eve l of c o m p o u n d 
fed . Since neither c o m p o u n d showed p r o n o u n c e d ant ibacter ia l effects, 
the authors suggested that their la thyrogenic ac t iv i ty inf luenced caries; 
the mechanism was not clear, however . Semicarbazide is, of course, a 
chelator. 

T h e act ion of these compounds i n a diet p r o d u c i n g smooth surface 
lesions a d d e d complexi ty to the data since semicarbazide h a d no effect 
w h i l e / ^ a m i n o p r o p i o n i t r i l e increased the p r o d u c t i o n of these lesions 
( 7 5 ) . La thyrogens affect sal ivary g l a n d m o r p h o l o g y , however , (77) a n d 
the resultant effect on sal iva m i g h t be expected to influence smooth sur­
face caries more than occ lusal caries. 

Six nitri les re lated to /? -aminopropionylni t r i le b u t w i t h o u t la thyro­
genic ac t iv i ty were tested for their a b i l i t y to i n h i b i t smooth surface 
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caries. T h e y were cyanoacetic a c i d , cyanoacetamide, propion i t r i l e , p-
d i m e t h y l a m i n o p r o p i o n i t r i l e , ethylene c y a n o h y d r i n , a n d acetonitr i le . O n l y 
acetonitri le h a d a s l ight ly i n h i b i t o r y effect o n smooth surface caries. 

A r e v i e w of earl ier w o r k (144) o n the re lat ionship of h o r m o n a l fac­
tors to caries i n d i c a t e d a h i g h degree of interrelat ionship. O n l y passing 
ment ion w i l l be m a d e here of the more salient features a n d some recent 
observations. 

M u h l e r et al (132) s u m m a r i z e d their w o r k o n the re la t ion be tween 
the t h y r o i d g l a n d a n d the sal ivary glands of a lb ino rats. D i e t a r y thyroxine 
decreased denta l caries w h i l e p r o p y l t h i o u r a c i l , a n a n t i t h y r o i d c o m p o u n d , 
enhanced caries. T h y r o x i n e was associated w i t h an increased sal ivary 
flow a n d a decreased sal ivary viscosity, whereas the opposite was true 
of p r o p y l t h i o u r a c i l . These observations were consistent w i t h the postu­
la ted importance of sa l iva as a n o r a l clearance factor, as descr ibed b y 
Jenkins (67) a n d s h o w n b y the p i locarp ine experiment of M u h l e r et al. 
(131) . P i locarp ine , a c o m m o n sialogogue, caused increased sa l ivat ion 
a n d decreased denta l caries i n w h i t e rats. 

F r o m the standpoint of p r o v i d i n g an adequate sal ivary flow b y 
n o r m a l phys io log ica l means, the use of sahva-s t imulat ing tablets is note­
w o r t h y . C h i l d r e n suck ing tablets conta in ing m a l i c a c i d , the major a c i d 
i n apples , a n d sorbi tol , a re lat ively nonfermentable carbohydrate (150 ) , 
reportedly h a d decreased caries (136). H o w e v e r , no anticaries effect 
(14) was f o u n d i n rats d r i n k i n g an apple product . Sour, p l a i n , or sweet 
ciders h a d no effect o n caries. A decrease m i g h t have been expected 
because of the poss ib i l i ty for sialogogue act ion as w e l l as the presence 
of tannins w h i c h have been s h o w n ant icar iogenic b y Stralfors (164). 

Ant ih is tamines f requent ly p r o d u c e the compla in t of xerostomia ( d r y 
m o u t h ) . T h e r e is one report (130) where antihistamines were p r o v i d e d as 
12.5 a n d 50 m g % of t r ipe lennamine citrate a n d t h e n y l d i a m i n e , respec­
t ively , i n the d r i n k i n g water of rats for 4 months. T h e former c o m p o u n d 
increased caries a n d the latter h a d no effect. I n the diet at 0 .1-0 .2% 
neither of these compounds , nor chlorothenepyramine , inf luenced caries. 

T h e observations of H a l d i et al. (57) support those of M u h l e r et al. 
(132) that the t h y r o i d - d e n t a l caries re lat ionship is m e d i a t e d b y the 
sal ivary g l a n d . M u h l e r et al. (132) c o m p a r e d the results of p r o p y l t h i o ­
u r a c i l treatment w i t h that of t w o other goiterogens, potass ium thiocyanate 
a n d methimazole . T h e y f o u n d def ini te ly less effect o n caries, so the effect 
of goiterogens d i d not appear to be a general one w h i c h w o u l d a lways 
affect sa l ivary glands a n d caries. 

T h e re lat ionship between caries a n d steroid hormones is complex 
a n d i l l -de f ined as yet (67). Cas t ra t ion decreased rat caries i n b o t h intact 
a n d desal ivated rats (11). T h i s appeared to e l iminate any sex hormone 
effect o n caries m e d i a t e d via the sal ivary glands. L i k e w i s e , L i u (99) 
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f o u n d a caries increase w h e n mestranol ( E n o v i d ) , a contraceptive hor­
mone , was injected into female rats, a n d the caries response was not 
re lated to effects o n sa l ivary glands. H o w e v e r , i n later w o r k , injections 
of another s teroid contraceptive, nore thynodre l , also caused caries i n ­
creases i n female rats b u t these were associated w i t h decreased sal ivary 
g l a n d deve lopment (101). I n a fur ther s tudy (104), t w o other contracep­
t ive steroids, e thynles tradio l a n d medroxyprogesterone acetate, l ikewise 
increased caries i n female rats, a l though i n this case sa l ivary glands were 
b o t h i n h i b i t e d a n d s t imulated b y the t w o agents, respect ively. Progester­
one, as expected, d i d not influence caries. Interest ingly, M u h l e r a n d 
Shafer (129) also n o t e d increased caries i n female rats g iven either 
estradiol or diethyls t i lbestrol . 

L i u a n d L i n (105) also s tudied estradiol benzoate a n d f o u n d that 
caries was increased a n d sal ivary glands were u n d e r d e v e l o p e d i n propor ­
t i o n to the dosage levels. I n a n earl ier study, L i u (100) descr ibed the 
cariogenic effect of estrogen (es tradiol ) a n d noted that w h i l e t h y r o x i n 
g i v e n s imultaneously d i d not i n h i b i t caries as i t d i d w h e n g i v e n alone, 
thyroxin apparent ly p e r m i t t e d n o r m a l sa l ivary g l a n d development . 

I n intact rats f e d norethandrolone, a n anabol ic steroid h a v i n g only 
6 % of the androgenic ac t iv i ty of testrosterone, caries was enhanced ( 5 ) ; 
however , i n a later s tudy ( 6 ) , rats that were b i o l o g i c a l l y depressed i n 
caries ac t iv i ty b y tetracycl ine adminis t ra t ion responded w i t h decreased 
caries w h e n f e d norethandrolone. 

It has been reported that adrenalectomy increased denta l caries i n 
rats (144); however , Sweeney a n d S h a w (170) , also s t u d y i n g a l b i n o 
rats, f o u n d no significant influence of either adrenalectomy or cortisone 
in ject ion o n caries p r o d u c t i o n . 

Recent ly , L i u a n d L i n (102) observed decreased caries i n female 
rats after adrenalectomy. W i t h increas ing h o r m o n a l doses, h y d r o c o r t i ­
sone acetate, caries increased i n inverse re la t ion to the degree of sa l ivary 
enlargement. These workers s h o w e d that corticosterone also decreased 
sal ivary g l a n d characteristics a n d increased caries i n rats (103). 

A n o t h e r p h a r m a c o l o g i c a l agent, D i a m o x (2-acetylamino- l ,3 ,4 - thia-
d iazo le -5 - su l fonamide) , c o m m o n l y used as a d iure t i c , caused a n increase 
i n caries ac t iv i ty ( 8 0 ) . N o effect was f o u n d o n sa l ivary p H d u r i n g the 
experiment or after 98 days o n the treatment. T h i s c o u l d have been the 
indirec t result of poor hea l th since the treated animals h a d severely 
re tarded w e i g h t gains. 

General Discussion 

I n any survey of denta l caries l i terature, one is impressed a n e w w i t h 
the p r o f o u n d complex i ty of the caries p r o b l e m . A major f rustra t ion i n 
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the search for car ies - inhib i t ing agents has been the lack of correlat ion 
be tween in vitro screening a n d testing procedures a n d a n i m a l caries 
assays as w e l l as the p a u c i t y of satisfactory c l i n i c a l data w i t h w h i c h to 
compare the in vitro a n d a n i m a l studies. U n t i l some basis for establ ishing 
such correlations is d iscovered, i t w o u l d seem that a mul t i face ted ap­
p r o a c h w i t h a var ie ty of in vitro a n d a n i m a l studies s h o u l d a n d must be 
cont inued . 

It is unfortunate that enough wide-scale c l i n i c a l testing of even one 
organic c h e m i c a l agent has not been done to establish def ini te ly its 
anticaries ac t iv i ty , a l though m i l d , a n d the condit ions u n d e r w h i c h i t is 
active. If this were done, the investigator of exper imental a n i m a l caries 
w o u l d have at least one absolute cr i ter ion u p o n w h i c h to design assay 
procedures consistent w i t h the response i n humans . It is reasonable to 
suppose that a procedure of w o r k i n g b a c k w a r d s f r o m a n agent h a v i n g a 
k n o w n effect o n h u m a n caries to find a means for demonstrat ing its 
ac t iv i ty i n a n i m a l studies w o u l d be successful since the major factors 
important i n h u m a n caries, such as microorganisms, fermentable carbo­
hydrate foods, fluoride, sa l ivary flow, a n d f requency of f o o d intake , have 
a l l been demonstrable i n animals . 

T h e procedure used to dec ide w h i c h organic chemicals to study i n 
future experiments s h o u l d be g i v e n care ful attention. F r o m the findings 
to date, i t appears that b iochemicals , whether they be chelators, p o l y ­
phenols , antioxidants , ant ibacter ia l substances, or sources of n a t u r a l 
ac t iv i ty such as the seed h u l l factors, rather t h a n those f r o m the organic 
c h e m i c a l shelf, m a y be the most f r u i t f u l source of anticaries factors. 

Suppor t for this a p p r o a c h occurs i n recent studies b y Stralfors (loc. 
cit.), w h o p u r s u e d o n l y meager clues f r o m c l i n i c a l observations a n d con­
firmed the presence of anticaries factors i n n e w plant sources. H i s w o r k 
impl icates a host of compounds i n c l u d e d under the captions of tannins 
as w e l l as melanoidins a n d perhaps melanins a n d caramels f o u n d at v a r i ­
ous steps d u r i n g the processing of cacao beans, sugar cane, a n d sugar 
beets. F i n d i n g these n e w factors i n a d d i t i o n to seed h u l l factors (loc. cit.) 
u n d o u b t e d l y w i l l s t imulate chemists to isolate the responsible compounds . 

T h e r e is increas ing awareness that the agent tested m a y inf luence 
caries i n d i r e c t l y t h r o u g h a p h y s i o l o g i c a l or p h a r m a c o l o g i c a l effect a n d i n 
t u r n , the p h y s i o l o g i c a l status of the a n i m a l m a y obscure the influence 
of the c o m p o u n d tested o n caries p r o d u c t i o n (96, 144). A change i n the 
f requency of f o o d intake, for example , can influence caries p r o d u c t i o n 
(95) a n d c o u l d , conce ivably , be p r o d u c e d b y almost any die tary change 
or supplementat ion procedure . 

T h e fasc inat ing poss ib i l i ty exists that there is a c o m m o n d e n o m i ­
nator for the m a n y a n d often conf l ic t ing data r e v i e w e d . T h e p a r t i c i p a t i o n 
i n the caries process of organic matrices or macromolecu lar aggregates 
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o n , or at tached to, the enamel ( w i t h i n the denta l p l a q u e ) is general ly 
accepted. O r a l l y o c c u r r i n g minerals or macromolecules either m a y be 
components of the matr ix or they m a y catalyze its format ion . I n a r e v i e w 
re la ted to the latter poss ib i l i ty , S iegel (154) describes h o w minerals , i n 
this case the teeth a n d their accretions, m a y exhibi t pseudo-enzyme 
activit ies , especial ly as oxidases a n d hydrolases. T h e ox idat ion of phe­
n o l i c compounds is especial ly notewor thy here since their o x i d a t i o n is 
enhanced b y polysaccharides , proteins, a n d other macromolecules easily 
ava i lab le i n the o r a l f o o d debris or synthesized b y o r a l microorganisms. 
O x i d a t i o n c o u l d proceed w i t h p o l y m e r i z a t i o n in to l i g n i n - l i k e po lymers , or 
the o x i d i z e d c o m p o u n d s c o u l d i n h i b i t or m o d i f y p o l y m e r f o r m a t i o n 
w i t h i n the organic matr ix . 

Po lyphenols occur w i d e l y i n p l a n t foods (13, 166). T h e roles of the 
m a n y n a t u r a l l y o c c u r r i n g sources of ant icar iogenic i ty r e v i e w e d , especial ly 
i n seed hul l s a n d chocolate, m a y be to p r o v i d e p o l y p h e n o l precursors , or 
inhib i tors , of p o l y m e r format ion . T h e influence o n caries has been re­
v i e w e d for chelators, antioxidants , po lyphenols , a n d various po lymers as 
w e l l as trace metals ( r e v i e w e d i n another c h a p t e r ) . A l l of these factors 
c o u l d be re lated to organic p o l y m e r format ion , or its i n h i b i t i o n , a c c o r d i n g 
to the m e c h a n i s m descr ibed b y Siegel (154). T h a t these factors increase, 
decrease, or have no effect o n caries u n d e r different condit ions m a y 
d e p e n d u p o n their ab i l i ty to influence p o l y p h e n o l ox idat ion or p o l y m e r 
format ion . These speculations w o u l d expla in also the frequent lack of 
corre lat ion be tween in vitro assays a n d caries assays since a car iogenic 
microf lora either c o u l d be i n h i b i t e d or favored b y the possibi l i t ies for 
p o l y m e r f o r m a t i o n w i t h i n the denta l p laque . 

Peroxidase, discussed as a lactobaci l lus i n h i b i t o r i n this r e v i e w , also 
plays an especial ly important role i n l i g n i n a n d , presumably , i n " i s o l i g n i n " 
format ion (154). K l i n k h a m e r (88) associated denta l p l a q u e format ion 
w i t h the stagnated " m o b i l e mucous phase" of sal iva . T h i s phase is r i c h 
i n orogranulocytes conta in ing peroxidase (89). T h e car ies - inhib i t ing 
a n d potent ia t ing activit ies of the peroxidase factors, h y d r o g e n peroxide , 
a n d thiocyanate were noted i n this rev iew. These observations suggest 
that a search be m a d e for suitable f o o d addit ives in f luenc ing peroxidase 
levels or peroxidase- l ike cata lyt ic act ivit ies i n the m o u t h . Sulfites inac­
t ivate peroxidases (13) a n d also decrease caries (73). 

A more general a p p r o a c h w o u l d be to search for inhib i tors of free 
r a d i c a l f o r m a t i o n since their format ion a n d u t i l i z a t i o n i n p o l y m e r f o r m a ­
t ion f r o m p o l y p h e n o l ox idat ion w o u l d be l i k e l y . Iodine , an obvious free 
r a d i c a l i n h i b i t o r , was f o u n d act ive i n cotton rats f e d car iogenic D i e t 875, 
a n d supplemented w i t h t w o drops of iodine as Betadine solut ion t w o 
times a d a y for 4 days. Sixteen days later, caries inc idence i n water-
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supplemented controls was 17.5 a n d i n butadiene-supplemented rats was 
14.7 ( F < 0.01 > 0.001) (114) . 

Summary 

A host of organic compounds other than those cons idered elsewhere 
i n this s y m p o s i u m have been assayed for anticaries ac t iv i ty . M a n y have 
been s tudied b y m i c r o b i o l o g i c a l assays or other in vitro techniques , f e w e r 
b y a n i m a l studies, a n d very f e w b y c l i n i c a l tr ials . 

I n most c l i n i c a l tr ials , the organic compounds w e r e tested i n d e n t i ­
frices a n d mouthwashes a n d appeared to be of no major benefit for caries 
control . N o organic c o m p o u n d a m o n g those r e v i e w e d has been selected 
for i n c l u s i o n i n the h u m a n diet even t h o u g h i t appears that a n u m b e r of 
them, a n d a n u m b e r of n a t u r a l materials as w e l l , have potentials for 
serving as safe, effective, d ie tary addit ives for caries contro l . 

A p r o m i s i n g source of anticaries factors is the outer coverings of 
seeds. These factors have been f o u n d i n a n u m b e r of p lant species ob­
ta ined f r o m a w i d e geographica l range. O f these, oat hul l s have been 
s tudied most; they i n h i b i t b o t h smooth surface a n d fissure caries p r o d u c e d 
b y a n u m b e r of different diets i n several different assay animals . T h e 
crude hul l s d i d not appear toxic or to have any other role w h e n f e d t h a n 
to i n h i b i t caries. 

Several seed coats exert a protect ive effect long after they are re­
m o v e d f r o m the diet . T h i s observat ion a long w i t h m i c r o b i o l o g i c a l assays 
i n d i c a t e d that seed coats p r o d u c e a noncar iogenic o r a l environment . 
T h r o u g h c h e m i c a l separations, phenol i c acids a n d especial ly po lyphenols 
have been ident i f ied i n seed coats a n d poss ib ly m a y be the act ive fac­
tors. These classes of compounds have been associated w i t h ant ibacter ia l , 
ant ioxidant , a n d chelat ion act ivit ies , a l l of w h i c h under par t i cu lar c o n d i ­
tions inf luence exper imenta l caries. 

T h e hul ls also i n h i b i t e d decalc i f icat ion of tooth enamel in vitro. 
T h e ident i ty of the seed h u l l ac t iv i ty a n d its m o d e of ac t ion remains to 
be e luc idated , b u t p r i m a r i l y the ac t iv i ty does not appear inorganic i n 
nature. Recent ly , b r o w n sugar, molasses, a n d cacao bean products w e r e 
f o u n d to conta in factors that i n h i b i t e d hamster caries. These findings 
i m p l i c a t e d b o t h inorganic a n d organic factors. A s i n seed hul l s , p o l y ­
phenols appeared important . F u r t h e r testing suggested that tannins a n d 
p u r i n e derivat ives were associated w i t h the ant icar iogenic i ty of cocoa 
a n d chocolate. 

K n o w n compounds tested i n b o t h in vitro a n d a n i m a l experiments 
were classif ied a n d discussed u n d e r the f o l l o w i n g headings : phenol i c 
acids a n d polyphenols , ant ioxidants , ant ienzymes, c a r b o n y l - b i n d i n g 
agents, a n d c o m p l e x i n g agents. A l t h o u g h there were m a n y u n e x p l a i n e d 
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and conflicting data, sources of potentially useful activity were found in 
all categories. 

Organic compounds, polymers, and enzymes that may affect the 
organic film or plaque on tooth surfaces deserve further attention. 

Many compounds had physiological and pharmacological activities 
and affected caries indirectly. 
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Minerals: Fluorine and Dental Caries 

H A R O L D C. H O D G E and F R A N K A. SMITH 

University of Rochester School of Medicine and Dentistry, 
Rochester, N.Y. 14620 

Sources of fluoride entering the body by food and beverages 
are described. Total daily dietary fluoride in various coun­
tries ranges between 0.2 and 2.7 mg. In the U.S., the range 
appears to be 0.3-0.8 mg per day. Absorbed fluoride ion is 
transported in the blood in both exchangeable and bound 
forms. No soft tissues store fluoride other than in sites of 
ectopic calcification. Excretion of absorbed fluoride is 
chiefly by way of the urine, 90-95% of the total excreted 
fluoride. That fluoride retained in the body is found almost 
entirely in the bone. Levels of skeletal fluoride are related 
to the levels of fluoride found in drinking water and to age. 
Reduction in caries incidence by fluoride in various vehicles 
is reviewed. 

The ubiquitous nature of fluorine is nowhere better illustrated than by 
its existence in detectable traces in virtually every item of the normal 

diet of man all over the world. Fluoride, thirteenth in abundance among 
the elements, constitutes about 0.078% of the earth's crust—slightly 
greater than the chloride content, 0.055%. The principal fluoride min­
erals are fluorspar (calcium fluoride), cryolite (sodium aluminum fluo­
ride), and a large number of fluoride-substituted minerals—e.g., fluorapa-
tite, fluorocarbonates, fluorophosphates, and the fluorosilicates. One 
means of disseminating fluorides throughout the world has been volcanic 
action, in which huge amounts of H F may be emitted. Nommik (78) 
cites the estimate that 135,000 tons of H F are discharged annually from 
the volcanoes in the Katmai area of Alaska alone. Modern processing of 
rock phosphate, a multimillion ton industry and an important source of 
fluoride dispersion, has helped to control fluoride emission in certain 
areas. The superphosphate industry in Florida, for example, by scrubbing 
fluorides from the effluents, recovers most of that released in the acid 
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process. B r e d e m a n (8 ) r e v i e w e d the geochemistry of fluorine. F l u o r i d e 
rocks i n general are h i g h l y var iab le i n their fluoride contents a n d , as 
w o u l d be expected, the fluoride content of soils reflects the nature of the 
m i n e r a l components . N o m m i k (78) f o u n d that sandy soils i n S w e d e n 
u s u a l l y conta ined l o w e r concentrations of fluoride than c lay soils. T h e 
w e l l waters i n these areas reflected the soi l fluoride concentrations a n d , 
to a lesser degree, so d i d the vegetation. Several - fo ld variat ions were 
f o u n d i n the fluoride concentrations of different cereals ra ised o n the 
same f a r m ( 7 8 ) . 

Some plants are character is t ical ly r i c h i n fluoride; most conta in o n l y 
trace amounts. It seems reasonable to assume that the inorganic fluoride 
i n plants has been p i c k e d u p b y the roots f r o m fluoride i o n i n soi l waters. 
T h e camel l i a f a m i l y is famous for its a b i l i t y to concentrate fluoride; 
d r i e d tea leaves f requent ly conta in several h u n d r e d parts per m i l l i o n F . 
P l a n t materials have not been as intensively nor as w i d e l y s tudied as 
have a n i m a l tissues, perhaps (as N o m m i k points out ) because there is no 
k n o w n f u n c t i o n for fluoride i n plants , a n d w i t h a f e w notable exceptions 
o n l y trace amounts occur . Roots appear to conta in more t h a n stalks, 
w h i c h i n t u r n conta in more t h a n seeds. H u s k s have larger concentrations 
than do the inner parts of seeds or tubers; e.g., i n flour m i l l i n g , fluoride 
is most abundant i n the seed husks (78) a n d least i n the inner parts of 
the gra in . Pee led potatoes conta in o n l y 0.07 to 0.25 p p m F , whereas 
the peelings range f r o m 0.5 to 0.8 p p m ( 8 5 ) . A l t h o u g h the nature of 
the fluoride i n p lant mater ia l has not been e luc idated complete ly , most 
(about 8 0 % or sometimes m o r e ) of the fluoride is l eached easily into 
aqueous extracts a n d therefore presumably occurs as a s imple inorganic 
fluoride. A l l p l a n t fluoride is considered inorganic , w i t h the except ion of 
that i n a f e w species of plants of the Dichapetalum genus nat ive to the 
T r a n s v a a l or to W e s t A f r i c a , of the Acacia f r o m A u s t r a l i a , a n d of the 
Palicourea f r o m B r a z i l , w h i c h conta in an organic fluoride, either fluoro-
acetate or a longer c h a i n fluoro fatty a c i d (47, 79, 80). C e r t a i n bacter ia 
can cleave the fluorocarbon b o n d (34). 

T h e process of l eaching into so i l water u l t imate ly makes fluoride 
avai lable i n w e l l waters for h u m a n c o n s u m p t i o n ; a major source i n parts 
of the U n i t e d States is fluoride carr ied l o n g distances i n deep subterranean 
streams ( 7 5 ) . T h e d is f igur ing effects of excess fluorides on the teeth a n d 
the instances of skeletal fluorosis have p r o m p t e d m a n y surveys of water 
fluoride concentrations. T h e benef ic ia l effect o n tooth heal th of smal l 
concentrations of fluoride i n c o m m u n i t y water supplies has recent ly been 
another reason for n a t u r a l water fluoride surveys. M o s t water supplies 
have only trace amounts of fluoride (less than 0.1 p p m ) ; i n w i d e l y dis­
t r i b u t e d areas a r o u n d the surface of the earth, however , some w e l l waters 
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conta in f r o m 0.5 p p m to 10 or rare ly 20 or more p p m F . D e e p e r wel l s 
often have h igher fluoride concentrations than sha l low wel ls . 

I n the U n i t e d States today about 10,000,000 persons d r i n k waters 
natura l ly fluoridated at concentrations of 0.7 p p m or more. It is est imated 
that the water supplies of approx imate ly 4,000,000 persons conta in "ex­
cessive" levels—i .e. , above the o p t i m a l range of 0.7-1.2 p p m (45, 82). 
I n a d d i t i o n , near ly 62,000,000 residents d r i n k fluoridated c o m m u n i t y 
water supplies (45, 82). 

Human Diet 

T h e fluoride consumed i n the diet is s m a l l a n d re lat ively constant i n 
amount . I n e ight countries i n A s i a , E u r o p e , a n d N o r t h A m e r i c a w h e r e 
d a i l y d ie tary fluoride consumpt ion has been est imated, at least 0.2 m g F is 
consumed i n each country , a n d i n o n l y three is the consumpt ion f r o m f o o d 
greater than 1 m g d a i l y ( T a b l e I ) . I n the areas where the diet analyses 
w e r e made , water fluoride concentrations have been l o w w i t h o u t excep­
t ion . C e r t a i n foods cooked i n fluoridated water t e n d to increase i n fluoride 
content (68). 

Table I. Daily Dietary Fluoride" 

Mg F Ingested in Ppm F in 
Country Food and Water Drinking Water Reference 

C a n a d a 0.18-0.3 0.1 36 
E n g l a n d 0.3-0.5 trace 65 
J a p a n 0.47-2.66 6 0.01-0.08 c 50 
N e w f o u n d l a n d 2.74 d trace 22 
N o r w a y 0.22-0.31 0.01-0.07 15 
R u s s i a 0.6-1.2 0.2-0.3 30 
Sweden 0.9 1 
Swi tzer land 0.5* 26 
U . S . A . 0.2-0.3* 4, 70 

0.34-0.80 0.1 42 
° After Cholak (IS); cf Osis et al (81). 
6 Including 0.07-0.86 mg from green tea. 
c M g F ingested. 
d Including 1 mg from tea. 
e Exclusive of that in drinking water. 

T h e major categories of foods ( T a b l e I I ) conta in traces or more of F 
(13, 26, 70). T h u s , recent analyses of meats show o n l y a f e w p p m F at 
most. Sea foods have special interest because sea water contains 1-1.4 
p p m F . F i s h meat w i t h o u t bone or sk in has been reported several t imes 
to conta in about 1 p p m F . Sardines as consumed, however , m a y conta in 
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Table II. Fluoride Concentration (PPM) in Fresh Foods 

Food 
Data to 1959 

From 
Cholak (13) 

Recent Data Reference 

M e a t s 
F i s h 

0.01-7.7 
< 0.10-24 

0.14-2 
1.0-

8-40 
50* 
186 

15, 50, 60, 88 
15, 50, 58, 60, 88 
15 
15 

Sardines 
S h r i m p 
F i s h meal 

C i t r u s f ru i t s 
N o n c i t r u s f rui ts 
Cereals a n d 

0.04-0.36 
0.02-1.32 

< 0.10-20 

0.07-0.17 
0.03-0.84 
0.18-2.8 

2, 35 
2, 15, 35, 50 
15, 35, 50, 58, 60, 83, 

88, 91 
2, 15, 35, 50, 60, 83, 

88, 91 

cereal products 
Vegetables a n d 0.10-3.0 0.02-0.9 

tubers 

° Shrimp meat, 0.4 ppm; shrimp shell, 18-48 ppm (72, 93). 

as m u c h as 40 p p m . T h e n e w l y deve loped prote in source, fish m e a l , m a y 
conta in 186 p p m (one a n a l y s i s ) ; 100 grams of this fish m e a l w o u l d con­
t r ibute near ly 20 m g of F to the diet . Japanese s h r i m p was repor ted to 
conta in as m u c h as 50 p p m ; however , S m i t h a n d G a r d n e r (93) f o u n d 
0.2-0.4 p p m i n U n i t e d States s h r i m p flesh a n d 18-48 p p m i n the shell . 
B o n e contains m u c h more fluoride (values of 200-1000 p p m are not u n ­
usua l ) than meat, so that fish eaten bones a n d a l l—sardines , for example 
— c o n t a i n re la t ive ly h i g h concentrations. 

C i t r u s a n d noncitrus fruits are l o w i n fluorides—less t h a n 1 p p m . I n 
o lder analyses, a n occasional reported h i g h va lue m a y show o n l y a fa i lure 
to take precautions against contaminat ion b y fluoride insecticides. Cereals 
a n d cereal products usual ly conta in o n l y a f e w p p m at most, a n d vege­
tables a n d tubers p r o b a b l y about 1 p p m , a l t h o u g h u p to 3 p p m has been 
reported. Unless a diet contains substantial amounts of some of the sea 
foods or tea, d ie tary fluorides a lways w i l l be l o w . 

F l u o r i d e ingested i n fluids i n m a n y parts of the w o r l d c a n be traced 
to the fluoride natura l ly present i n the d r i n k i n g water , or , p a r t i c u l a r l y i n 
the U n i t e d States, to fluoride a d d e d i n c o m m u n i t y fluoridation projects. 
Beverages, w i t h the except ion of tea, are not important contr ibutors of 
fluoride ( T a b l e I I I ) . A f e w wines conta in u p to 6 p p m , b u t most less 
than 1 p p m . 

O n e of the best-studied sources of fluoride i n the h u m a n diet is tea. 
T e a infusions o n the average conta in about 1 p p m ( 6 5 ) ; instant tea, 
somewhat less. M o s t of the fluoride i n b u l k tea is extractable. T h e early 
w o r k of R e i d ( 8 6 ) , a n d of L a w r e n z a n d M i t c h e l l (62), w h o ca lcula ted 
that green tea fluoride was o n l y about 5 % less w e l l assimilated t h a n was 
s o d i u m fluoride i n the diet of rats, has been borne out b y more recent 
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7. H O D G E A N D S M I T H Minerak: Fluorine 97 

studies. Z i m m e r m a n (106) s h o w e d that 6 0 - 7 0 % of the fluoride i n tea 
leaves c o u l d be r e m o v e d b y steeping or b o i l i n g for a f e w minutes , a n d 
Q u e n t o n (85) f o u n d that 8 6 - 9 2 % of the tea fluoride was extractable. 
F r e s h coffee bean contains u p to 1.6 p p m ; the decoct ion must be d i lu te 
indeed . I f 2 grams of instant coffee (1.7 p p m ) are used per c u p , the F 
concentrat ion w i l l b e only 0.02 p p m i n this beverage. M i l k usua l ly has 
about 0.1 p p m , a l though a f e w higher values have been recorded. T h e 
avai lable analyses for C o c a C o l a a n d for orange juice are qui te l o w ; i f 
a fluoridated water s u p p l y is used to prepare these dr inks , the resul t ing 
F concentrations, of course, w o u l d reflect that of the water s u p p l y . 

S ince water-borne fluorides exceed 1 p p m i n certain local i t ies , i n 
these neighborhoods water fluoride w o u l d b e the p r i n c i p a l source of F 
ingest ion. 

H o w important water c a n be as a source is s h o w n f r o m Largent 's 
(61) c a r e f u l balance studies of adults , aged 30 to 57 years, w h o h a d l o n g 
res ided i n their communit ies , a n d whose fluoride intake a n d output were 

Table III. Fluoride in Beverages 

Beverage PpmF Reference 

W i n e 0.0-6.3 13 
Beer 0.15-0.86 13 
T e a in fus ion 0.1-2.0 50, 106 

Ins tant (soln.) 0.2 106 
Coffee bean 0.2-1.6 13 

Instant (powder) 1.7 100 
M i l k 0.04-0.55 13 
C o c a C o l a 0.07 13 
Orange juice 0.0-0.05 39 

Table IV. Relation of Fluoride Ingested to that 
in Water and Food Consumed 0 

Ppm F Res., Days 
Daily Intake, Mg F 

in Water Age Yrs. Obsd. Fluid Food Sum 

<0.1 33 8 140 0.3 0.2 0.5 
1» 
2 35 10 96 2.4 1.2 3.6 
5.5 55 29 60 3.8 1.3 5.1 
6.1 57 34 133 6.7 1.0 7.7 
8 57 19 140 11.3 2.5 13.8 

20 30 8 45 20.8 1.5 22.3 

° Adapted from Largent (61). 
6 Comparable data could not be found for individuals consuming water containing 

1 ppm F. 
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estimated d a i l y for periods of 45 to 140 days. T h e f o o d fluoride usual ly 
tota led about 1.5 m g F or less, regardless of the fluoride concentrat ion i n 
the d r i n k i n g water ( T a b l e I V ) . I n contrast, the fluoride consumed i n 
fluids depends notab ly o n the water concentrat ion a n d reflects the fact 
that the average i n d i v i d u a l dr inks about a l i ter of water per day . T h u s , 
the total fluoride intake ( i n m g F ) reflects almost n u m e r i c a l l y the water 
fluoride concentrat ion ( i n p p m ) i n any c o m m u n i t y . 

A l t h o u g h the benefits of fluoride i n denta l hea l th are unquest ioned 
a n d the possible usefulness i n certain metabol ic bone disorders is under 
s tudy, no c o n v i n c i n g demonstrat ion has been m a d e of the essentiality of 
fluoride i n g r o w t h a n d reproduct ion . 

A summary of the interrelations of certa in v i tamins , especial ly v i t a m i n 
C a n d v i t a m i n D , a n d fluoride has been p r e p a r e d b y Suttie a n d P h i l l i p s 
(96). 

I n summary , diets are usual ly l o w i n F a n d r e m a r k a b l y u n i f o r m 
w o r l d - r o u n d (0.5-1.5 m g / d a y ) . M o s t items of f o o d except bone a n d 
most beverages except tea conta in s m a l l concentrations of F . W a t e r -
borne fluorides are var iable i n concentrat ion a n d , i f e levated, constitute 
the p r i n c i p a l source of F intake. 

Fluoride Metabolism 

T h e metabol i sm of inorganic fluoride is r e v i e w e d under four head­
ings : considerations of the absorpt ion of fluoride i n the gastrointestinal 
tract, its patterns a n d rates of d i s t r ibut ion through the b o d y f o l l o w i n g 
absorpt ion, the modes, quantit ies , a n d rates of excret ion, a n d the i m p o r ­
tance of the skeleton a n d other calc i f ied tissues as deposi t ion sites (43; 
46, p . 517) . 

A b s o r p t i o n . O n l y fluoride i o n ( f r o m prac t i ca l ly a l l inorganic 
sources; organic fluorides are not considered here) reaches the b l o o d 
stream, regardless of the f o r m i n w h i c h fluoride is taken into the b o d y . 
T h e percentage of fluoride absorbed depends p r i n c i p a l l y o n the so lubi l i ty 
of the c o m p o u n d . Ingested soluble fluorides—e.g., a d i lu te solut ion of 
s o d i u m fluoride, s o d i u m fluorosilicate, or H F — p r o b a b l y y i e l d near ly 
100% of the fluoride to the c i rcu la t ion . W i t h less soluble materials , such 
as c a l c i u m fluoride, s o d i u m a l u m i n u m fluoride, or bone, the absorpt ion 
is less. T h u s , one- th i rd to two- th irds of the fluoride i n bone m e a l can 
be accounted for i n the ur ine . F l u o r i d e i n m i l k is absorbed more s l o w l y 
b u t w i t h about the same efficiency as the same amount i n water (23). 

Some fluoride is absorbed f r o m the stomach, perhaps because the 
re la t ive ly undissociated H F molecule can penetrate the mucosa l m e m ­
brane. E x t r e m e l y r a p i d absorpt ion occurs i n the gut ; analyses of the 
contents of the G I tract ( ra t ) show that approximate ly hal f of a smal l 
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7. H O D G E A N D S M I T H Minerals: Fluorine 99 

dose of s o d i u m fluoride is absorbed i n 30 minutes a n d 9 0 % i n an h o u r 
a n d a half . 

D i s t r i b u t i o n . T h e total n o r m a l b l o o d fluoride concentrat ion usual ly 
lies i n the range f r o m 0.10 to 0.15 p p m . A b o u t 7 5 % of this fluoride is 
carr ied i n the p lasma, the balance i n or on the r e d b l o o d cells. M o s t of 
the h u m a n serum fluoride (about 9 0 % ) can be ca l led "nonexchangeable" 
or " b o u n d " fluoride, because it accompanies a l b u m i n w h e n the serum 
components are separated electrophoret ical ly (98 ) . T h e concentrat ion 
of exchangeable fluoride—i.e., fluoride i o n — i n the serum of i n d i v i d u a l s 
d r i n k i n g nonf luor idated water lies i n the range 0.004-0.008 p p m ; of i n d i ­
v iduals d r i n k i n g fluoridated water (1 p p m ) the range is 0.01-0.02 p p m 
(92, 99). Less than 5 % of radiof luor ide a d d e d to d o g p lasma was b o u n d 
a n d not ultraf i l terable under phys io log ic condit ions (12; compare 89 ) . 
D i s t r i b u t i o n is r a p i d f o l l o w i n g a n ora l dose of fluoride; b l o o d concentra­
tions peak i n a n hour or less a n d thereafter r a p i d l y decl ine , so that i n 
4 hours serum concentrations are again near n o r m a l . G i v e n intravenously , 
fluoride concentrations f a l l very r a p i d l y for 2 or 3 minutes ( p r o b a b l y the 
m i x i n g t ime for fluoride throughout the c i r c u l a t i n g b l o o d ) ; thereafter, 
evidence of a s lower process appears w i t h a hal f - t ime of 30 minutes ( p r o b ­
a b l y skeletal d e p o s i t i o n ) ; a m u c h slower process then ensues, w i t h a 
hal f - t ime of 2 or 3 hours ( p r o b a b l y k i d n e y excret ion) . T h e organs a n d 
soft tissues i n general exhibi t fluoride concentrations (as s h o w n b y radio -
fluoride studies) para l l e l ing b u t s l ight ly less than b l o o d concentrations 
at the same t ime. F l u o r i d e d i s t r ibut ion is m u c h l ike that of ch lor ide , ex­
cept somewhat slower. Tosteson (102), u s i n g r e d b l o o d cells m a r k e d 
w i t h 1 8 F , measured the r a p i d movement of 1 8 F f r o m the cells into n o n -
labe l led m e d i u m ; the transfer was a first-order react ion. T h e 1 8 F cell- to-
m e d i u m rat io was 0.50; a smal l a n d var iable f ract ion of the c e l l fluoride 
was r a p i d l y exchangeable, perhaps i n d i c a t i n g some m e m b r a n e b i n d i n g 
of fluoride. C o m p a r a t i v e studies w i t h 3 8 C 1 showed almost exactly the 
same ce l l - to -medium ratio (0.54) w i t h no evidence of a r a p i d l y exchange­
able c e l l f ract ion. T h e rate of r e m o v a l of ch lor ide f r o m the ce l l was also 
exponential . T h e outf low rate constants were 0.3 per second for 1 8 F a n d 
3.1 per second for 3 8 C 1 . T h e flux as measured i n micro-micromoles per 
square centimeter per second was 2300 for 1 8 F a n d 13,100 for 3 8 C 1 . T h e 
membrane transport of fluoride m a y thus be descr ibed as a passive 
process analogous to but quant i ta t ive ly s lower than the transport of 
ch lor ide . 

N o soft tissue stores fluoride. A n y ectopic calc i f icat ion, however , 
fixes fluoride; thus, certa in tissues that often conta in ca lc i f ied l o c i , such 
as the aorta a n d the placenta , m a y show elevated F contents. F o r ex­
ample , w i t h age, b o t h c a l c i u m a n d fluoride contents increase i n the aorta. 
T h e fluoride concentrations i n m a n y tissues (musc le , l iver , heart, etc.) l ie 
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i n the range of 0.1 to perhaps 2 or 3 p p m . T h e n o r m a l concentrations i n 
m i l k are almost equivalent to those i n b l o o d , about 0.1 p p m ; sa l iva also 
contains about 0.1 p p m . Questions often arise about the t h y r o i d , perhaps 
because fluoride is a ha logen a n d the t h y r o i d has such extraordinary 
a b i l i t y to fix a n d h o l d another halogen, iodine . F l u o r i d e is not stored 
i n the t h y r o i d , a n d injected 1 8 F rises i n the t h y r o i d o n l y to a concentra­
t ion near that i n b l o o d . W h e n radiof luor ide is g iven to a pregnant a n i m a l 
or w o m a n , the placenta also seems to act as somewhat of a barr ier , i n 
that 1 8 F i n the fe ta l b l o o d stream does not reach the same concentrat ion 
as i n the materna l b l o o d stream; the placenta concentrat ion is inter­
mediate ( F i g u r e 1 ) . F e t a l b l o o d F concentrations (measured c h e m i c a l l y ) 
are usua l ly about 0.1 p p m , or approximate ly the same as those i n the 
materna l c i r cu la t ion . A f e w h i g h values for p lacenta l fluoride can be 
at t r ibuted to ectopic calcif ications. A n y deposit of c a l c i u m phosphate 
has strong powers for fixing fluoride. T h e h u m a n aorta also sometimes 
contains elevated amounts of fluoride. Samples taken f r o m i n d i v i d u a l s 
whose d r i n k i n g water supplies h a d conta ined u p to 4 p p m s h o w e d no 
re la t ion between aorta F a n d d r i n k i n g water F . W i t h increas ing age, h o w ­
ever, the fluoride concentrat ion of the aortas t e n d e d to increase. A o r t a 
c a l c i u m also tends to increase w i t h age; C a l l et al. (11) s h o w e d a l inear 
re la t ion be tween fluoride concentrations a n d c a l c i u m concentrations i n 

0.0201 
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35 

002-
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MINUTES AFTER INJECTION 

Figure 1. Maternal-fetal transfer of 18F in 
the human and in the rabbit (25) 
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samples of aorta. U r i n a r y c a l c u l i also fixed fluoride i f they conta ined 
c a l c i u m phosphate . 

Excretion. O r d i n a r i l y , the ur ine is the p r i n c i p a l route of excretion 
of fluoride (48). T a b l e V shows that u r i n a r y fluorides o r d i n a r i l y const i ­
tute 9 0 - 9 5 % of the tota l excreted i n the feces a n d i n the ur ine . F e c a l 
excret ion f requent ly is 5 - 1 0 % of the total ; some of this m a y be u n a b -
sorbed fluoride; some of it almost cer ta inly is fluoride that has been 
absorbed a n d then re-excreted into the gut b y the various digest ive 
juices. T h e sweat m a y constitute a significant route of excretion. T h e r e 
are f e w data w h i c h indicate h o w m u c h fluoride is lost t h r o u g h the sweat 
under w h a t m i g h t be considered comfortable condit ions of temperature 
a n d h u m i d i t y . U n d e r condit ions of extreme sweat ing, as m u c h as a t h i r d 
of a s m a l l dose of fluoride has been recovered i n the sweat. T h i s route 
m a y be h i g h l y impor tant for persons i n hot cl imates w h o consume large 
quantit ies of fluoridated water . S m a l l amounts of fluoride are l a i d d o w n 
i n the sk in , deposi ted i n ha ir , a n d r e m o v e d i n this w a y f r o m the b o d y ; 
these routes are almost cer ta inly unimportant . 

Table V . The Relation of Fluoride Excreted to 
that Ingested in Water and Food" 

Mg F Out 
Ppm F 

in Waterb Urine 

0.1 0.4 
1 
2 2.9 
5.5 4.5 
6.1 8.1 
8 10.4 

20 12.3 

Feces 

0.05 

0.4 
0.6 
0.4 
1.4 
1.4 

Sum Balance 

0.45 +0 .05 

3.3 0.3 
5.1 0 
8.5 - 0 . 8 

11.8 +2 .0 
13.7 +8 .6 

° Adapted from Largent (61). 
6 See Table IV for total intake. 

T h e outs tanding characterist ic of fluoride excret ion i n the ur ine is its 
speed. Sizeable f rac t ions—for example, a quarter to a t h i r d of s m a l l 
doses of fluoride consumed i n d r i n k i n g water—are excreted i n the u r i n e 
of n o r m a l h u m a n adults i n 3 hours. F i f t y or 6 0 % of such m i n u t e doses 
can be accounted for i n the ur ine i n 24 hours. Z i p k i n et al. (107) have 
s h o w n that i n i n d i v i d u a l s whose d r i n k i n g water does not conta in large 
amounts of fluoride, the u r i n a r y excretion amounts to about 0.1 m g per 
hour . G i v e n a s m a l l a d d i t i o n a l dose (5 m g F ) , as m u c h as 0.7 m g is 
excreted i n the first hour , a n d the excretion rates thereafter decrease 
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smoothly to reach approx imate ly n o r m a l rates after about 10 hours. I n d i ­
v i d u a l variat ions a n d day- to-day variat ions i n the u r i n a r y concentrations 
of fluoride are w e l l k n o w n ; e.g., d u r i n g a p e r i o d of 10 days, one subject 
excreted about 0.2-0.4 m g F per day. A tea d r i n k e r w i t h the same c o m ­
m u n i t y water s u p p l y excreted 0.6-0.8 m g per d a y i n the ur ine ( 4 8 ) . T h e 
speed of fluoride excret ion is most s t r ik ing w h e n the F is v i e w e d as a 
possible component of the "halogen p o o l . " T h u s , the adul t h u m a n b o d y 
contains about 150 grams of ch lor ide . T h e a d d i t i o n of 1.5 m g of fluoride 
to the c i r cu la t ing fluid contributes o n l y a f e w parts per m i l l i o n to the 
ha logen p o o l ; nevertheless, near ly a quarter of this s m a l l a m o u n t of 
fluoride can be f o u n d i n the ur ine i n a p e r i o d of 3 hours . Studies of the 
r e n a l excretion of fluoride have s h o w n that the r a p i d i t y can be accounted 
for b y a somewhat less efficient tubular resorption of fluoride f r o m the 
f reshly f o r m e d g lomerular ur ine than is the case w i t h chlor ide . O r d i ­
n a r i l y , 99 .5% of the ch lor ide is resorbed. F o r fluoride, percentage re­
sorptions m a y r u n as l o w as 1 4 - 2 3 % , a l though i n m a n y cases 7 5 - 9 4 % 
was resorbed. E v e n so, the b l o o d flow through the k i d n e y is so large 
that no other explanat ion needs to be sought. F l u o r i d e r e m o v a l f r o m the 
b l o o d is a lways at a s lower rate than that of creat inine, o b v i a t i n g the 
necessity of assuming that any fluoride is secreted b y the k i d n e y t u b u l e 
cells. 

I n the re lat ively unexposed i n d i v i d u a l , about hal f of an absorbed 
dose of fluoride is excreted i n the ur ine each day . T h e classical studies 
of L a r g e n t (61) have established this re lat ion for doses of fluoride rang­
i n g f r o m 1 m g to near ly 20 m g per d a y w i t h an elegance se ldom achieved 
i n b i o l o g i c a l studies. I n i n d i v i d u a l s ingest ing s m a l l amounts of fluoride 
daily—e .g. , i n a c o m m u n i t y water s u p p l y — a steady state is u l t imate ly 
achieved i n w h i c h the fluoride excretion almost precisely equals the 
fluoride intake (Tables I V a n d V ) . 

W h e n adults change water suppl ies , the u r i n a r y concentrations 
q u i c k l y a p p r o a c h that of the n e w water supply . A n interest ing example 
of the role of the skeleton i n this process can be g l i m p s e d f r o m studies 
i n M o n t g o m e r y C o u n t y f o l l o w i n g water fluoridation (108). I n a v e r y f e w 
weeks, the u r i n a r y fluorides of 30-39-year-o ld adults approached the 
1 p p m concentrat ion of the d r i n k i n g water , whereas those of c h i l d r e n , 
aged 5-14, g r a d u a l l y increased a n d were s t i l l o n l y about 0.6-0.7 p p m 
after a year, a n d about 0.8 after 2 years. M o s t of the adul t skeleton is 
not read i ly avai lable to c i r cu la t ion , whereas i n g r o w i n g c h i l d r e n a higher 
percentage of the m i n e r a l is avai lable , a n d higher fractions of the ingested 
F are deposi ted, l eav ing less to be excreted. 

G e d a l i a et al. (32) have recently demonstrated an interest ing de­
crease i n u r i n a r y fluoride concentrat ion d u r i n g pregnancy. F l u o r i d e con-
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7. H O D G E A N D S M I T H Minerals: Fluorine 103 

centrations i n the ur ine of w o m e n d r i n k i n g the Jerusalem water s u p p l y 
(0.5-0.6 p p m F ) decreased be tween the f o u r t h a n d e ighth months of 
pregnancy f r o m about 0.5 p p m to near ly 0.2 p p m ; the concentrat ion rose 
again just before de l ivery . T h i s decrease m a y reflect the o p e n i n g of the 
skeleton under the influence of the n o r m a l hormones of pregnancy. 

K i d n e y disease or in jury does not seriously reduce the concentrat ion 
of u r i n a r y fluoride u n t i l the k i d n e y disease is so far a d v a n c e d that signs 
of rena l insuff ic iency can be observed. T h e urines of adul t patients a n d 
c h i l d r e n suffering f r o m nephri t is conta ined fluoride concentrations that 
d i d not differ s ignif icantly f r o m those of n o r m a l i n d i v i d u a l s d r i n k i n g 
the same water s u p p l y . 

D e p o s i t i o n . F l u o r i d e is a prototype bone seeker. I n a general w a y , 
concentrations f o u n d i n skeletal tissues p r e s u m a b l y d e p e n d o n the con­
centrations i n the extracel lular fluid at the t ime the m i n e r a l was l a i d 
d o w n . Since the serum fluoride leve l has such extraordinary constancy, 
it is not surpr i s ing to find that neonatal bone i n y o u n g animals or i n h u ­
m a n infants contains m u c h the same concentrations of fluoride, namely 
50 to 150 p p m i n the ash. F l u o r i d e depos i t ion continues w i t h exposure; 
G e d a l i a et al. (33) f o u n d a l inear increase i n the concentrat ion of fluoride 
i n fe ta l bone f r o m the f o u r t h m o n t h to de l ivery . W i t h age, the skeletal 
fluoride concentrat ion increases; the amount a n d the pat tern of increase 
w i t h l o n g l i fe d e p e n d o n the fluoride intake. T h u s , i n Rochester , N . Y . , 
before water fluoridation, the c o m m u n i t y water s u p p l y conta ined 0.06 
p p m a n d the average skeletal concentrations u l t imate ly (age 80-93 
years) reached about 1200 p p m F (ash) ( F i g u r e 2 ) . I n E n g l a n d , Jack­
son a n d W e i d m a n n (52) examined bone samples f r o m i n d i v i d u a l s whose 
d r i n k i n g water conta ined 0.5 to 2 p p m . Skeletal tissues there conta ined 
h igher concentrations of fluoride a n d u l t imate ly reached "steady state" 
at about the fiftieth to the sixtieth years of l i fe . Bone fluoride concen­
trations increase l inear ly w i t h increase i n water fluoride levels i n this 
country u p to 4 p p m , but show less than proport ionate increases at 8 p p m . 
D e n t i n e a n d enamel also conta in more fluoride w i t h increas ing concen­
trations of fluoride i n the d r i n k i n g water . D e n t i n e usua l ly contains ap­
proximate ly twice as h i g h concentrations of fluoride as does enamel i n a 
g i v e n local i ty . I n a long bone, characterist ic patterns of fluoride deposi ­
t i o n are f o u n d : the concentrat ion is lowest i n the shaft a n d higher at each 
e n d as a result of the active g r o w t h a n d r e m o d e l i n g processes. I n exper i ­
m e n t a l animals , bone fluorides t e n d to increase i n a r o u g h l y l inear fashion 
w i t h the l o g a r i t h m of the concentrat ion of the d ie tary fluoride u p to a 
cer ta in point . A t h igher levels of intake, a h igher rate of increase of 
fluoride i n the bone ash is established. T h e second, more r a p i d , phase 
m a y represent a b r e a k d o w n i n the homeostat ic mechanisms ( 3 ) , so that 
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AGE IN YEARS 

Figure 2. Skeletal concentrations of fluoride in residents of West Hartlepool, 
South Shields, and Leeds, England, and Rochester, N. Y. 

the increased bone fluoride m a y g ive evidence of increased b l o o d fluoride 
concentrations. 

T h e mechanism of bone fluoride deposi t ion f r o m the d i l u t e extra­
ce l lu lar fluid (0.1 p p m ) involves an exchange process i n w h i c h fluoride 
i o n replaces h y d r o x y l i o n i n the hydroxylapat i te latt ice to f o r m a m i x e d 
fluorhydroxylapatite. D u r i n g bone g r o w t h a n d minera l iza t ion , fluoride 
c a n o c c u p y in terna l posit ions i n the crysta l , a n d the rate of fluoride depo­
s i t ion paral le ls that of phosphorus— i . e . , the more bone m i n e r a l f o r m e d , 
the more fluoride is incorporated . F r o m concentrated fluoride solutions 
—e.g., i n t o p i c a l appl icat ions of a 2 % N a F solut ion or an. 8 % S n F 2 so lu­
t i o n — a n ent ire ly different react ion be tween tooth m i n e r a l a n d fluoride 
supervenes. A layer of c a l c i u m fluoride crystals forms, a n d phosphate is 
l ibera ted into the solut ion f r o m N a F ; comparable data for S n F 2 are not 
avai lable . 

F l u o r i d e deposi ted i n the skeleton m a y be m o b i l i z e d either t h r o u g h 
the exchange react ion d i s p l a c i n g fluoride f r o m the crysta l surfaces r e a d i l y 
avai lable to the extracel lular fluids or f r o m w h o l e crystals d isso lved b y 
the osteoclastic-osteoblastic cyc le . L a r g e n t (61) ident i f ied the m o b i l i z a ­
t i o n process, w h i c h is not a s imple exponent ia l process; however , i f con-
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7. H O D G E A N D S M I T H Minerals: Fluorine 105 

dit ions observed d u r i n g the first 2 years h o l d , ha l f of the skeletal fluoride 
w o u l d be m o b i l i z e d i n about 8 years. 

Fluoride and Dental Caries 

W a t e r - b o r n e F l u o r i d e . T h e p u b l i c hea l th usefulness of fluoride, 
specif ical ly , its efficacy i n r e d u c i n g denta l caries w h e n present i n o p t i m a l 
concentrations i n c o m m u n i t y water suppl ies , has n o w been establ ished 
b e y o n d d o u b t (9,54). F i r s t demonstrated for na tura l ly fluoridated water 
b y D e a n a n d colleagues (18) i n studies of the permanent teeth of c h i l ­
d r e n , the avai lable evidence shows that the benefits persist into the a d u l t 
l i f e of i n d i v i d u a l s w h o cont inue to d r i n k fluoridated water . B a c k e r D i r k s 
(6) recent ly c o m p a r e d caries experiences for c h i l d r e n a n d adults i n 
cities h a v i n g n a t u r a l or supplemented fluoridation. A d u l t residents of 
R o c k f o r d , 111, w h e r e the water contains 0.1 p p m , have about t w i c e as 
m a n y D M F teeth at ages 20 to the 50s than w e r e f o u n d i n A u r o r a , 111., 
w h e r e the water natura l ly contains 1.2 p p m F ( F i g u r e 3 ) . T h e curve 
for adults i n R o c k f o r d seems to be a fa i r extrapolat ion of the pre f luor ida-
t i o n d e n t a l caries rates for c h i l d r e n of var ious ages i n G r a n d R a p i d s . 
A f t e r the water h a d been fluoridated for 10 years i n G r a n d R a p i d s , the 
denta l caries rates were notab ly depressed a n d n o w seem to fit reasonably 

20-

6 8 10 12 14 16 18-19 2 0 - 2 9 3 0 - 3 9 4 0 - 4 9 5 0 - 5 9 

AGE,YEARS 

Figure 3. Fluoride effects on dental caries 

Children: Grand Rapids, pre-fluoridation, 0.1 ppm—A; post-
fluoridation, 1 ppm—A; Aurora, IU., naturally, 1.2 ppm—#. 
Adults: Rockford, IU., 0.1 ppm—X; Aurora, III, naturally, 

1.2 ppm—# 
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w e l l as an extrapolat ion of the curve for the adul t experience i n A u r o r a . 
T h e a b i l i t y of m i n u t e concentrations of fluoride to decrease denta l caries 
is establ ished; the o p t i m a l dose is not. ' W h a t is k n o w n ? W h e n c o m ­
munit ies (not i n d i v i d u a l s ) d r i n k fluoridated water conta in ing 1 p p m F , 
the average inc idence of caries (not the u n i f o r m inc idence) is l o w e r e d . 
. . . I n these communit ies water consumpt ion has of course been u n c o n ­
t r o l l e d a n d presumably h i g h l y var iable . T h u s , the dose of fluoride any 
c h i l d has consumed is not k n o w n ; o n l y o n a c o m m u n i t y - w i d e basis is the 
re la t ion between water F concentrat ion, ( a n d ) improvement i n denta l 
hea l th . . . k n o w n . " (44). 

Food Fluoride. F o o d fluoride has been h e l d responsible for a u n i q u e 
lessening of denta l caries inc idence i n T r i s t a n d a C u n h a , w h e r e the 
inhabitants d u r i n g periods of fa i lure of the potato c rop consumed large 
quantit ies of fish, the p r e s u m e d fluoride source. 

Diet Plus Fluoride. F o o d habits are dif f icult to alter, a n d , despite a 
considerable b o d y of evidence p o i n t i n g to die tary practices that adversely 
affect tooth heal th , denta l agencies i n general have h a d no success i n 
o b t a i n i n g p u b l i c acceptance of noncar iogenic h u m a n diets. I n the m o d ­
ern U . S . c o m m u n i t y w i t h its w e a l t h a n d var ie ty of f o o d , water fluoridation 
has a n appea l ing advantage because its benef ic ia l ac t ion o n tooth heal th 
is conferred w i t h o u t in ter fer ing w i t h the f o o d preferences of the f a m i l y 
or of the c o m m u n i t y . D u r i n g w a r t i m e , i n certain countries w h e r e the 
amount of f o o d was sharply cur ta i l ed w i t h simultaneous changes i n the 
nature of the diet , denta l caries rates d r o p p e d b u t fluoride c o n t i n u e d to 
exert a detectable effect. W e a v e r (103) , for example , s h o w e d i n t w o E n g ­
l i sh communit ies , one w i t h almost no fluoride i n the water a n d the other 
w i t h 1.4 p p m , that denta l caries decreased i n b o t h as a result of the 
die tary restrictions. I n 1949, b o t h N o r t h Shields ("no F " ) a n d South 
Shields (1.4 p p m ) , consistently h a d fewer cavities than i n 1943 (Table V I ) . 

F o r m a n y years, evidence has steadi ly a c c u m u l a t e d that ref ined 
carbohydrates a n d p a r t i c u l a r l y certa in sugars i n the diet increase sus­
c e p t i b i l i t y to tooth decay. T a n k a n d Storvick (97) have s h o w n that w i t h 
increased consumpt ion of sweets i n t w o cities i n O r e g o n , one ( A l b a n y ) 
w i t h " f luor ide- free" water a n d the other ( C o r v a l l i s ) w i t h fluoridated 
water (1 p p m ) , the car ies-reducing effects of fluoride are evident b o t h 
i n those tak ing sweets f requent ly a n d i n those w i t h lesser c o n s u m p t i o n 
( T a b l e V I I ) . T a n k a n d Storvick (97) have s h o w n also the importance 
of breast feeding i n the u l t imate heal th of the teeth. C h i l d r e n w h o w e r e 
breast f e d more than 3 months have f e w e r cavities than those breast 
f e d less than 3 months, w h o have fewer cavities t h a n those not breast 
f e d at a l l . I n the same t w o O r e g o n cities, the benef ic ia l effects of fluoride 
w e r e c lear ly evident , super imposed o n the pattern of tooth hea l th asso­
c ia ted w i t h breast feeding ( T a b l e V I I I J . 
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Table V I . Effect of Dietary Restrictions on 
Dental Caries in Children 0 

No. Children. 
DMF/Child 

F, Ppm 12 Yr. 1943 1949 

N o r t h Shields " n o F " 500 4.3 2.4 
S o u t h Shields 1.4 500 2.4 1.3 

° From Weaver (108). 

Table VII. Decayed, Missing, and Filled Deciduous Teeth as 
Related to Frequency of Consumption of Sweets8 

Frequency Weekly 
Consumption Sweets 

0-25 
26-50 

No. Examd. 

Albany Corvallis 

52 52 
82 125 

Mean Dmftb 

Albany Corvallis 

2.7 2.0 
3.6 1.4 

° After Tank and Storvick (97). 
6 Dmft = decayed, missing, and filled deciduous teeth. 

Table VIII. Effect of Breast Feeding on Incidence of Decayed, 
Missing, and Filled Deciduous Teeth in Children 

One to Six Years O l d t t 

, A * No. Examd. Mean Dmffi at 1-6 Yrs. 
Extent of : 

Breast Feeding Albany Corvallis Albany Corvallis 

N o n e 109 132 4.4 2.2 
< 3 M o . 82 110 4.0 1.8 
> 3 M o . 38 80 2.4 0.9 

• After Tank and Storvick (97). 
6 Dmft = decayed, missing, and filled deciduous teeth. 

F e l t m a n a n d K o s e l (27) have reported a fluoride tablet s tudy i n 
w h i c h mothers a n d offspring were d i v i d e d into treated a n d c o n t r o l 
groups. A n a m a z i n g l y l o w caries inc idence is reported i n the treated 
c h i l d r e n whose diets m a y have been restr icted to a t r u l y except ional de­
gree i n "ref ined sugar a n d carbohydrate in take , " c o u p l e d w i t h p r e s u m a b l y 
u n u s u a l l y g o o d o r a l hygiene . T h e c h i l d r e n , whose mothers took fluoride 
tablets d u r i n g pregnancy, w h o rece ived fluoride tablets as infants a n d 
thereafter, h a d no carious permanent teeth u p to age 8, a n d averaged 
less t h a n hal f a carious tooth per c h i l d at age 12. U n f o r t u n a t e l y , p u b ­
l i shed details of this experiment are f ragmentary ; conf irmatory studies 
w o u l d have obvious interest. 
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Changes i n die tary condit ions i n t w o cities i n Japan p r e s u m a b l y were 
responsible for increases i n the caries rates of 12-13-year-old c h i l d r e n 
d u r i n g a n 11-year s tudy p e r i o d . W a t e r fluoridation at 0.6 p p m was c lear ly 
effective i n m a i n t a i n i n g a lessened inc idence of caries ( 7 1 ) . 

Hardness of water is not a c o n t r i b u t i n g factor i n denta l caries pre­
v e n t i o n b y fluoride. D e a n (17) f o u n d that the quant i ta t ive re la t ion be­
t w e e n water fluoride concentrat ion a n d r e d u c t i o n i n caries experience 
was independent of the total hardness of water . Surface waters are 
f requent ly l o w e r b o t h i n fluoride a n d i n total hardness than are deep 
w e l l s ; to this extent, some corre lat ion m a y apparent ly exist. T h e role of 
certa in trace elements i n the inc idence of denta l caries a n d the interre­
lations w i t h fluoride have been invest igated recent ly (10, 3 7 ) ; the sig­
nif icance i n h u m a n denta l hea l th has not been evaluated f u l l y at present. 

Other Vehicles. T h e importance of p r o v i d i n g fluorides for those not 
h a v i n g access to a c o m m u n i t y water s u p p l y has l e d to the considerat ion 
of a n u m b e r of other vehicles for fluoride adminis t ra t ion . Several have 
been t r i ed or p r o p o s e d — f o r example, fluoride solutions i n the home or 
school (14,49), fluoride for infants i n v i tamins or b y drops , fluoride tab­
lets or lozenges, fluoridated salt or m i l k , a n d poss ib ly fluoride i n cereal 
(wheat , rye , oats) or b r e a d . E r i c s s o n (24) raises a quest ion a n d c o m ­
ments o n i t . " C a n foodstuffs be used for contro l led caries-preventive 
fluoride ingestion? T h i s w o u l d m e a n a fur ther step a w a y f r o m N a t u r e , 
w h i c h taught us the fluoridation of d r i n k i n g water , b u t h u m a n invent ive­
ness has a l ready f o u n d m a n y ways of adjust ing N a t u r e to h u m a n require­
ments, a n d after a l l , h u m a n inventiveness is also par t of nature . " 

Fluoride-Vitamin Combinations. Strean a n d Beaudet (95) i n 1945 
suggested the usefulness of v i t a m i n - f l u o r i d e combinat ions . Several v i t a ­
m i n - f l u o r i d e preparat ions are avai lable ; more than a score are l i s ted i n 
Physicians Desk Reference 1965. G r o u p s of 400 treated a n d contro l c h i l ­
d r e n , i n i t i a l l y 2 - 5 years of age, were g i v e n a v i t a m i n - F preparat ion for 
3 years. A 6 3 % r e d u c t i o n i n carious permanent teeth was observed 
(41, 73). 

Fluoride Tablets. B e g i n n i n g w i t h the report of D i e t z (19) i n 1953 
o n the use of fluoride tablets i n caries prevent ion , at least a d o z e n sub­
sequent papers describe studies c o n d u c t e d for per iods u p to 6 years. 
M o s t studies b e g i n w i t h c h i l d r e n at 6 years of age, w h e n they start to 
school . D e n t a l caries inc idence has been r e d u c e d general ly 2 0 - 3 5 % 
w h e n one tablet conta in ing 1 m g of fluoride is adminis tered d a i l y i n school 
( T a b l e I X ) . T h e m a x i m a l achievable benefit is not yet established, nor 
h o w l o n g the protec t ion w i l l be exerted f o l l o w i n g the treatment p e r i o d . 
I n one study, the effectiveness of fluoride tablets was considered c o m ­
p a r a b l e to that of na tura l ly or ar t i f ic ia l ly fluoridated water ( 5 ) . 
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Table IX. Efficacy of Fluoride-Containing Tablets 
in the Reduction of Dental Caries 

Dose, 
Mg F/Day 

No. 
Subjects 

Duration, 
Yrs. 

Initial 
Age, Yrs, 

Reduction 
in Dental 

Caries, % Reference 

1 
1 
1 
1 

0.5 
2 
1 
1 

> 1 0 0 0 
21,000 

1892 
983 

296 

3 
3 , 4 

4 
6 
4 
6? 
6 

9 
6-9 
6-7 
6-7 
4 - 6 
6-7 

6 

70 
33 

20-22 
22-26 

23 
36 

29-36 
19 

59 
56 

105 
64 
90 
94 
68 
40 

Fluoride Lozenges. B i b b y et al. ( 7 ) i n 1955 repor ted caries r e d u c t i o n 
w h e n fluoride lozenges w e r e sucked, p e r m i t t i n g the poss ib i l i ty of some 
t o p i c a l ac t ion of fluoride l iberated into the sal iva . It is not k n o w n w h e t h e r 
i n some studies of fluoride tablets the school c h i l d r e n let the tablets 
disintegrate i n the m o u t h . 

Fluoridated Table Salt. F l u o r i d a t e d a n d i o d i z e d salt has been for 
sale i n S w i t z e r l a n d i n most of the cantons for a n u m b e r of years. T h e 
W o r l d H e a l t h O r g a n i z a t i o n recent ly in i t ia ted a fluoridated salt s tudy 
i n C o l u m b i a , South A m e r i c a . Suggested amounts of fluoride that s h o u l d 
be a d d e d either to table salt as p a c k a g e d a n d so ld or to the salt used b y 
bakers have ranged f r o m 200 to 370 m g N a F / k g salt. A t present i n 
S w i t z e r l a n d , k i t c h e n salt contains 200 m g N a F / k g (90 m g F / k g ) . 

A recent report f r o m the W a d e n s w i l area (66) shows a caries reduc­
t i o n i n the c h i l d r e n aged 7-12 whose famil ies used the fluoridated salt 
for 5 years w h i c h is s imi lar to b u t about ha l f that observed i n the c h i l d r e n 
of the same ages i n G r a n d R a p i d s f o l l o w i n g the first 5 years of water 
fluoridation there. S i m i l a r results are reported f r o m Z u r i c h (67). 

Fluoridated M i l k . T h e caries-preventive effect of fluoride g i v e n i n 
m i l k has been repor ted i n the U n i t e d States b y Rusoff et al. (87) i n 1962 
a n d i n S w i t z e r l a n d b y W i r z (104) i n 1964. I n RusofFs s tudy, 80 school 
c h i l d r e n i n the age range of 6 -10 years i n i t i a l l y , for 4.5 years d r a n k hal f 
a p i n t of m i l k d a i l y conta in ing 1 m g F . C o n t r o l school c h i l d r e n w e r e 
g i v e n m i l k w i t h o u t fluoride. RusofFs findings were favorable ( a n 8 0 % 
l o w e r inc idence of denta l c a r i e s ) ; however , the groups are too s m a l l to 
g ive re l iab le quant i ta t ive evidence. W i r z f o u n d fluoridated m i l k to be 
approximate ly as effective as fluoridated water i n r e d u c i n g denta l caries. 
E r i c s s o n has s h o w n that the fluoride i n m i l k is avai lable b o t h for adsorp­
t ion onto tooth surfaces a n d for absorpt ion systemical ly (23). 
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Fluoride in Bread. E r i c s s o n (24) reports that salt used i n b a k i n g 
b r e a d is b e i n g fluoridated for a test i n H o l l a n d g r o w i n g out of a n invest i ­
gat ion w h i c h i n d i c a t e d that b r e a d is a less var iable i t em of diet t h a n 
water . E g e (21), i n D e n m a r k , proposes to fluoridate cereals, for example , 
at a l eve l o f 3.5 m g F to each k i l o g r a m . T h i s , he believes, w o u l d also 
m a k e a less var iab le source of fluoride t h a n does water . 

Fluoride Dentifrices. T h e effectiveness of fluorides a p p l i e d i n dent i ­
frices has been repeatedly demonstrated (46, p . 496) . T h e extent of the 
benefit is s t i l l under discussion. 

Fluoride Mouth Rinses. Some evidence (e.g., 29, 101) of a caries-
r e d u c i n g effect has been presented. 

T h e usefulness a n d safety of water fluoridation is buttressed b y i n ­
f o r m a t i o n o n the tooth hea l th a n d general hea l th of the l i tera l ly mi l l ions 
of people w h o have d r u n k natura l ly fluoridated water for their l i fet imes, 
b y 10-year or longer studies of adequate ly large groups of c h i l d r e n i n 
w h i c h fluoride was a d d e d to the d r i n k i n g water s u p p l y , a n d b y a great 
d e a l of a n i m a l invest igat ion. Extens ive , contro l led long-range studies 
of each of these newer vehicles is needed before any one of t h e m can be 
r e c o m m e n d e d w i t h the same degree of confidence that water fluoridation 
can n o w be r e c o m m e n d e d . 

Mechanism. T h e m e c h a n i s m b y w h i c h fluoride improves tooth hea l th 
s t i l l remains a mystery , b u t some of the probable factors have been 
ident i f ied . A par t of the protect ive ac t ion can be ascr ibed to effects o n 
the teeth, s trengthening the defense against decay, a n d a part to effects 
o n o r a l microorganisms, d u l l i n g the edge of their dis integrat ive attack. 
F l u o r i d e tends to alter tooth f o r m a n d structure, p h y s i c a l l y a n d c h e m ­
i c a l l y , i n ways that oppose disso lut ion ; fluoride tends to reduce bacter ia l 
g r o w t h a n d especial ly bacter ia l a c i d p r o d u c t i o n . 

T O W A R D A M O R E P E R F E C T S T R U C T U R E . It was h a r d to accept the n o w 

established fact that fluoride, infamous 30 years ago for its grotesque 
disf igurement of teeth w h e n taken i n excess, is responsible at o p t i m a l 
levels for a more perfect structure. T h e n u m b e r of w h i t e spots ( m i n o r 
imperfect ions of the enamel surface) are fewer w h e n the d r i n k i n g water 
contains 1 p p m F than at l o w e r concentrations (28). A b o u t 2 0 % of the 
residents of communit ies w h e r e on ly m i n u t e traces of fluoride occur i n 
the d r i n k i n g water exhibi t w h i t e spots, whereas i n communi t ies w i t h 
o p t i m a l fluoridation, the inc idence is o n l y 7 - 1 5 % . X - r a y di f f rac t ion s tud­
ies reveal increas ing crys ta l l in i ty of bone a n d tooth m i n e r a l w i t h increas­
i n g percentages of fluoride. Posner, Eanes , a n d colleagues (20, 84) have 
proposed that the sharpening of di f f rac t ion lines is evidence of fewer 
crystal l ine tablets (ha l f as m a n y i n h i g h - F bones ) , a n d of larger v o l u m e 
f r o m g r o w t h i n w i d t h a n d thickness b u t not a long the c-axis of the hex-
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agonal prisms. T e e t h develop w i t h more resistant forms—e.g., w i t h 
rounder cusps a n d shal lower fissures. 

C H E M I C A L C H A N G E S . Changes i n c h e m i c a l composi t ion occur of sorts 
k n o w n to be associated w i t h lessened suscept ib i l i ty to caries w h e n water 
is fluoridated. T h e fluoride content increases especial ly i n the most super­
ficial layer of the enamel ( F i g u r e 4 ) . R a d i o f l u o r i d e penetrates into areas 
of inc ip ient caries a n d m a y confer resistance to the extension of cavities 
(74 ) . A l t h o u g h the bone m i n e r a l contains less carbonate (76, 77) a n d 
less citrate (109) as the fluoride concentrat ion increases w i t h o u t change 
i n the ca lc ium-to-phosphorus rat io , the tooth enamel carbonate is u n ­
changed, a n d no re la t ion is apparent be tween fluoride a n d citrate (31,69). 
H i g h carbonate concentrations are correlated w i t h h igher caries rates i n 
exper imenta l animals . 

^ 10,000-

5000 

^ 1000-

500 

0 1 2 3 4 5 

PARTS PER MILLION OF FLUORIDE IN WATER 

Figure 4. Relation between water-
borne fluoride and fluoride in surface 

enamel. Adapted from (46) 

S O L U B I L I T Y R E D U C T I O N . F luor ide^treated enamel dissolves i n a c i d 
more s l o w l y than untreated. 

T h e more fluoride enamel samples natura l ly conta in , the s lower the 
solut ion rates i n a c i d buffers (in vitro, 51; in vivo, 57). T h e so lub i l i ty i n 
b o d y fluids of fluorapatite ( a n d p r e s u m a b l y of fluor-hydroxyapatite) is 
almost cer ta inly less than that of hydroxyapat i te . 

F l u o r i d e m a y faci l i tate nuc lea t ion a n d the in i t ia t ion of calc i f icat ion, 
thereby m a k i n g a more h i g h l y calc i f ied tissue. 

L E S S E N E D B A C T E R I A L A C I D P R O D U C T I O N . Concentrat ions of fluoride 
sufficient to reduce the rate of bacter ia l g r o w t h m a y not o r d i n a r i l y occur 
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in the mouth; however, lower and perhaps achievable concentrations 
decrease acid production in susceptible bacteria. 

Even relatively small concentrations of fluoride—e.g., 2-6 ppm— 
interfere with acid production in cultures of oral bacteria under certain 
conditions (53, 55). 

Local F concentrations may exist near the enamel surface, available 
to bacteria, and effective in reducing the rate of bacterial acid production. 
The plaque on the surface of the teeth contains relatively high concen­
trations, averaging about 50 and ranging over 150 ppm F (16,38). When 
bacteria lying in or on the plaque produce metabolic acids which diffuse 
toward the enamel surface mineral underneath the plaque, fluoride may 
be liberated, to form unionized H F at the local p H which diffuses back 
into the bacteria, effectively hindering further acid production. 
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Minerals: Calcium and Phosphorus 

ROBERT S. HARRIS 

Massachusetts Institute of Technology, Cambridge, Mass. 

The results of over 130 studies with hamsters and rats 
indicate that phosphates exert a significant cariostatic action 
when added to caries-producing diets. Phosphates decrease 
in cariostatic activity depending on type of anion (cyclic-, 
trimeta-, tripoly-, hexameta-, ortho-, and pyro-, respectively) 
and type of cation (H, Na, K, Ca, and Mg, respectively). 
Organic phosphates (phytate, glycero-phosphate, etc.) are 
also effective. This cariostatic effect appears to result from 
a local action on the tooth as the phosphate passes through 
the mouth. 

Since calcium and phosphorus are the dominant constituents of teeth, 
it is not surprising that dental investigators have long studied the 

effects of deficiency of these minerals upon the development of dental 
caries. 

The absorption of calcium from the intestine depends upon the 
amount of calcium ingested, the intestinal environment, and upon factors 
in food which may influence its uptake. High intestinal p H , extremes in 
the C a / P ratios in the diet, and deficient supply of vitamin D may reduce 
calcium absorption. Foods rich in oxalic acid (e.g., rhubarb and spinach) 
or in phytates (e.g., unmilled cereals) may interfere with calcium ab­
sorption by forming insoluble compounds that are poorly absorbed. In 
spite of these factors, the human body has so great a capacity to adapt 
to variations in calcium intake that tooth formation is disturbed only 
when the deficiency is serious. 

The availability of calcium and phosphorus to the tissues depends 
upon the activity of the parathyroid glands. Abnormal parathyroid func­
tioning may affect the development of unerupted teeth (31, 32). Sobel 
and Hanok (28) have demonstrated also that the composition of the tissue 
fluid surrounding the developing tooth is important, and that a relation­
ship exists between the composition of the diet, the blood, and the teeth 

116 
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w i t h respect to c a l c i u m , phosphorus , a n d carbonate content. A def ic iency 
of c a l c i u m i n the tissue fluid m a y p r o v o k e a h y p o p l a s i a of the enamel 
w h i c h is s imi lar to that p r o d u c e d b y v i t a m i n D def ic iency d u r i n g tooth 
development . 

A hypoplas t i c l ine t h r o u g h the w h o l e dent i t ion has been descr ibed 
as resul t ing f r o m a temporary dis turbance i n g r o w t h rate, yet the densi ty 
of the c a l c i u m i n this reg ion of the tooth is essentially the same as i n 
n o r m a l enamel . V i t a m i n D h y p o p l a s i a i n c h i l d r e n does not increase 
caries suscept ibi l i ty , a n d an osteomalacia resul t ing f r o m calc ium-def ic ient 
diets does not l e a d to an increase i n caries i n pregnant w o m e n or i n their 
offspring. D a h l b e r g (5 ) repor ted that neither c a l c i u m nor v i t a m i n D 
taken d u r i n g pregnancy a n d lactat ion h a d an influence i n caries deve lop­
ment. T h e evidence seems conclus ive that alterations i n c a l c i u m n u t r i t i o n 
or i n c a l c i u m metabol i sm have l i t t le effect u p o n denta l caries deve lopment 
i n h u m a n beings. 

T h e effects of deficiencies a n d excesses of c a l c i u m a n d / o r phos­
phorus u p o n denta l caries i n rats m a i n t a i n e d o n exper imenta l diets w e r e 
s h o w n c lear ly i n three experiments reported b y the H a l d i g roup (7 , 33, 
34). I t is general ly agreed that a d ie t conta in ing 0 .5% C a a n d 0 .5% P is 
qu i te adequate for rat nut r i t ion . I n E x p e r i m e n t A ( T a b l e I ) , the P con­
tent of the diet was h e l d constant, a n d the C a content was adjusted to 0.5, 
1.0, 2.0, a n d 3.0 t imes its requirement . I n E x p e r i m e n t B , the C a content 
was h e l d constant, a n d the P content was adjusted to 0.5, 1.0, 2.0, a n d 3.0 
times its requirement . F i n a l l y , i n E x p e r i m e n t C , the C a a n d P contents 
were adjusted concurrent ly to 0.5, 1.0, 2.0, or 3.0 t imes the requirement . 

Table I. Effects of Variations in Ca and P Contents of 
Rat Diets upon Dental Caries Development 

Average Average 
Ca/P of % Ca in %Pin No. of No. of Caries 

Exp. Diet Diet Diet Rats Lesions Score Ref. 

A 1:2.0 0.29 0.52 20 23 ± 0.4 34 d= 1.5 (7) 
1:1.0 0.57 0.50 20 21 =b 0.5 27 ± 1.3 
1:0.5 1.01 0.49 20 19 ± 0.8 21 ± 1.2 
1:0.3 1.57 0.52 20 17 =b 0.8 20 ± 1.2 

B 1:0.5 0.49 0.24 40 22 =b 4.2 44 =b 18 (34) 
1:1.0 0.50 0.52 40 18 zb 4.7 25 =b 11 
1:2.0 0.50 0.98 40 13 ± 6.1 16 ± 8 
1:3.0 0.50 1.48 40 11 ± 5.3 13 zb 8 

C 1:1 0.25 0.25 15 24 =b 2.4 47 ± 15 (S3) 
1:1 0.50 0.50 15 21 =b 1.4 33 =b 11 
1:1 1.00 1.00 15 18 ± 3.5 21 ± 6 
1:1 1.50 1.50 15 17 db 4.0 20 zb 4 
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Def ic ient levels of C a , P , or both , caused increases i n caries deve lop­
ment . T h e phosphorus-def ic ient diet was more car iogenic than the ca l ­
c ium-def ic ient diet . Excesses of either C a , P , or b o t h caused decreases 
i n caries development . Excesses of P w e r e more cariostatic t h a n excesses 
of C a a n d the effects o n caries deve lopment w e r e greater w h e n the diets 
w e r e deficient or excessive i n b o t h C a a n d P content. It is evident that 
the l e v e l of die tary C a a n d P was in f luenc ing caries deve lopment i n rats 
u n d e r these spec ia l condit ions . 

Since phosphorus is a major component of the tooth, the diet must 
s u p p l y l i b e r a l amounts, especia l ly d u r i n g early g r o w t h a n d development . 
A l t h o u g h the diets of h u m a n beings n o r m a l l y conta in generous amounts 
of phosphorus , i t usua l ly is not u t i l i z e d eff ic iendy. M u c h of the phos­
phorus i n foods f r o m p l a n t sources (e.g., cereals, legumes, leafy vege­
tables) is present as poor ly-so luble phytates w h i c h must be d e g r a d e d 
to orthophosphates b y e n z y m a t i c hydrolys i s to be u t i l i z e d . F u r t h e r m o r e , 
even w h e n phosphorus is present as orthophosphate i t m a y react w i t h 
d iva lent minerals (e.g., C a , M g , Z n ) i n the f o o d or i n the intest inal 
tract to f o r m poor ly-so luble complexes. T h i s explains w h y more than 
5 0 % of the phosphorus ingested i n the diet general ly is excreted w i t h o u t 
b e i n g absorbed. 

Investigators have been s low i n d e t e r m i n i n g whether phosphorus 
plays a role i n denta l caries development . Poss ib ly this has been because 
the C a / P rat io of diets was b e i n g overemphas ized ( I I ) . L e n o x (18, 19, 
20) suggested that phosphorus def ic iency m i g h t be the cause of r a m p a n t 
caries i n w h i t e populat ions i n South A f r i c a w i t h o u t presenting evidence 
to support the concept. T h i s d e d u c t i o n resulted f r o m an observat ion 
that the excellent teeth i n nat ive b l a c k populat ions resulted f r o m con­
s u m i n g n a t u r a l unref ined foods, w h i l e the poor teeth i n w h i t e populat ions 
resul ted f r o m c o n s u m i n g ref ined foods. It has been k n o w n for some t ime 
that ref ined foods lose considerable minerals , i n c l u d i n g phosphates, d u r ­
i n g the m i l l i n g of cereals a n d the ref in ing of sugar (24). 

Perhaps the earliest exper imental evidence of a correlat ion be tween 
low-phosphorus diets a n d denta l caries was presented b y K l e i n a n d 
M c C o l l u m ( 1 5 ) , w h o later mis takenly suggested that the part ic le size 
of the corn i n the diet was responsible (16). K l e i n a n d S h e l l i n g (17), 
A g n e w et al. (1), a n d R o s e b u r y a n d K a r s h a n (25) a l l observed a re la ­
t ionship between l o w die tary P a n d h i g h denta l caries i n rats; on ly 
S h e l l i n g a n d A s h e r (26) f a i l e d to conf i rm this re la t ionship . 

H a r r i s et al. (13) a n d H a r r i s a n d N i z e l (10) later observed that the 
ash of a m i x e d diet was cariostatic w h e n a d d e d to the diet of hamsters. 
T h e y a n a l y z e d this ash spectrographica l ly a n d c h e m i c a l l y , then c o m ­
p o u n d e d a salt mixture w h i c h d u p l i c a t e d the m i n e r a l elements i n the 
f o o d ash, a n d demonstrated that this salt mixture was strongly cariostatic 
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also w h e n a d d e d to the diet . T h e y then m o d i f i e d this salt mix ture b y 
o m i t t i n g one m i n e r a l element at a t ime. T h e cariostatic ac t iv i ty was 
comple te ly lost w h e n o n l y phosphorus was o m i t t e d f r o m the salt mixture . 
T h u s , i t was demonstrated that potass ium orthophosphate is v e r y effective 
as a cariostatic agent, even w h e n a d d e d to a die t a l ready n u t r i t i o n a l l y 
adequate i n phosphorus content. 

D u r i n g the past decade, the results of more than 150 studies have 
been p u b l i s h e d b y scores of scientists w o r k i n g i n various parts of the 
w o r l d w h o s u p p l e m e n t e d various car ies -produc ing diets b y different 
phosphate compounds . T h e y have been near ly unanimous i n r e p o r t i n g 
that var ious types of inorganic a n d organic phosphates are effective i n 
r e d u c i n g a n d even prevent ing denta l caries i n rodents. N i z e l a n d H a r r i s 
(23) p u b l i s h e d a t h o r o u g h r e v i e w of this l i terature i n 1964. T h e l i terature 
i n d i c a t e d that ( a ) the anticaries activit ies of different types of s o d i u m 
phosphates decrease i n the f o l l o w i n g order : t r imeta- , t r i p o l y - , hexameta- , 
ortho- a n d p y r o (14); ( b ) the salts of the same anion (e.g., orthophos­
phate ) decreased i n anticaries ac t iv i ty i n the f o l l o w i n g order : H > N a > 
K > C a > M g ; ( c ) organic phosphates such as N a glycerophosphate , 
N a phytate , or N a sucrose phosphate are equa l ly as cariostatic as N a 
orthophosphate, a n d ( d ) s imi lar relat ionships were f o u n d w h e n the v a r i ­
ous phosphates were c o m p a r e d i n rats, hamsters, or cotton rats. 

M c D o n a l d et al. (21) a d d e d 1 % N a H 2 P 0 4 , 1 % N a 2 H P 0 4 , or 0 .25% 
N a H 2 P 0 4 + 0 .25% N a 2 H P 0 4 to the car iogenic diets of rats to compare 
the cariostatic actions of a c i d , a lkal ine , a n d neutra l forms of s o d i u m 
orthophosphate. T h e y reported caries reduct ions of 61.4, 55.1, a n d 4 2 . 2 % , 
respect ively, after the diets h a d been f e d for 150 days. T h u s , the a c i d 
phosphate was the most act ive i n cont ro l l ing caries a n d the neutra l 
phosphate mixture was the least effective. T h i s conf i rmed the evidence 
of others (14,23) that the ac id i ty of phosphates does not interfere w i t h 
their cariostatic act ion. 

Present evidence indicates that the anticaries effects of phosphates 
are loca l , ac t ing u p o n the surface layers of the teeth (22). A dramat i c 
cariostatic effect was noted w h e n the phosphate was f e d i m m e d i a t e l y 
after tooth erupt ion . T h e mechanism of the act ion of phosphorus is 
qui te different f r o m that of fluorine. N a v i a a n d H a r r i s (22) noted that 
phosphate delays the in i t ia t ion of caries, w h i l e fluorine retards the d e v e l ­
opment of caries after i t has been in i t ia ted . T h e cariostatic actions of 
fluorine a n d phosphates are synergist ic w h e n they are f e d concurrent ly . 

T h o u g h the evidence is b y no means conclusive , i t appears that 
phosphate supplements m a y be effective i n c o n t r o l l i n g denta l caries i n 
h u m a n beings. Six c l i n i c a l studies have been c o n d u c t e d to date ( T a b l e 
I I ) . Stralfors ( 2 9 ) , Stookey et al. (30), a n d H a r r i s et al. (8) a d d e d 
phosphates to foods, f e d them to c h i l d r e n d u r i n g per iods of 1 to 3 years, 
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T a b l e I I . Effects of D i f f e r e n t 

Level Fed 

Test 
% 

Com­
pound 

% No. of 
Sub­
jects 

Age at 
Beginning 

Test 
Substance 

% 
Com­
pound P Vehicle 

No. of 
Sub­
jects Range Average Periot 

C a H P 0 4 0.0 
2.0 0.456 

Sugar 
& flour 

163 
114 

6-15 
6-15 - 2 

2 

C a H P 0 4 • 
2 H 2 0 

0.0 
2.0 0.36 

Sugar, 
bread, 
& flour 

1001 
1101 

8.5-9.5 
8.5-9.5 

9 
9 

2 
2 

C a H P 0 4 • 
2 H 2 0 

0.0 
2.0 0.36 

Bread, 
cakes, 
& buns 

350 
390 

7-14 
7-14 

10.2 
10.2 

3 
3 

C a H P 0 4 • 
2H,0 

0.0 
1.125 
gm/ 
day 

0.2 
gm/ 
day 

Chewing 
gum 

129 
138 

6-18 
6-18 

12.4 
12.4 

2.5 
2.5 

NaH 2 P0 4 ° 0.0 
1.0 0.24 

Breakfast 
cereal 

116 
84 

5-16 
5-16 

10.1 
10.3 

2 
2 

Ca 
sucrose 
phosphate 

0.0 
1.0 0.062 

Flour, 
biscuits, 
syrup, & 
jam 

632 
408 

5-17 
5-17 

- 1 
1 

a N a H 2 P 0 4 was replaced by mixture of NaH 2PO 4(0.74) and Na*HPO4(0.26) at end 
of first year. 

a n d noted "s ignif icant" reduct ions i n the development of n e w caries, i n 
compar ison w i t h contro l groups of c h i l d r e n f e d the same foods w i t h o u t 
phosphate supplementat ion. F i n n a n d Jamison (6) noted a r e d u c t i o n 
i n caries development w h e n c h i l d r e n c h e w e d phosphate-enr iched chew­
i n g g u m d a i l y d u r i n g 2 years, i n compar i son w i t h a contro l g roup that 
was g iven an i d e n t i c a l c h e w i n g g u m not fort i f ied w i t h phosphate . O n 
the other h a n d , A v e r i l l a n d B i b b y (2 ) a n d S h i p a n d M i c k e l s e n (27) 
f a i l e d to observe significant caries effects i n somewhat s imi lar studies i n 
c h i l d r e n . 

T h e a n i m a l a n d c l i n i c a l studies are not d i rec t ly comparable . I n most 
studies w i t h rodents, the phosphate was incorpora ted into the entire diet , 
a n d was consumed concurrent ly whenever any f o o d was eaten. I n the 
c l i n i c a l studies, the phosphate was a d d e d to o n l y a por t ion of the f o o d 
(sugar a n d flour; sugar, b r e a d , a n d flour; b r e a d , cakes, a n d buns ; break­
fast cereal ; flour, biscuits , syrup , a n d jam; or i n c h e w i n g g u m ) a n d not 
i n a l l foods. T h u s , the c h i l d r e n i n the c l i n i c a l studies rece ived less phos­
phate , poss ib ly one-tenth as m u c h , per g r a m of f o o d . 
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Phosphates on Dental Caries in Children 

DMFT DMFS DFS 

Incre­
ment 
per 

Child 

% 
Reduc­
tion over 
Control 

Incre­
ment 
per 

Child 

% 
Reduc­
tion over 
Control 

Incre­
ment 
per 

Child 

% 
Reduc­
tion over 
Control Comments Ref. 

5.6 
5.0 11 

9.6 
9.3 3 

0.27(m) 
0.26(f) 
0.16(m) 
0.14(f) 

41 (m) 
46(f) 

50% & 40% 
reductions 
after 1 & 2 
yrs., resp. 

(2) 

(29) 

4.64 
4.43 4.5 

8.12 
7.41 9 - - (27) 

3.12 
2.54 19 

5.9 
4.7 20 

5.60 
4.50 20 

(6) 

4.49 
2.86 36.3* 

16.86 

11.45 
6.75 41.0b 

22.2b 

- - (SO) 

6.56 
5.47 16.6 

Significant 
reduction 
in 5 to 12 
yrs. age 
group/ 

b Data from two observers. 
e Results were essentially the same at end of two years (S). 

(U) 

D i c a l c i u m phosphate was used i n four of the c l i n i c a l studies, s o d i u m 
orthophosphate was used i n the fifth, a n d c a l c i u m sucrose phosphate was 
used i n the sixth. H a r r i s et al. (8, 9,14) a n d C a g n o n e et al. (4) d e m o n ­
strated i n rats that s o d i u m tr imetaphosphate is approx imate ly five times as 
effective as a cariostatic agent as s o d i u m orthophosphate , a n d H a r r i s 
a n d N i z e l (12) have s h o w n that phosphorus i n the f o r m of s o d i u m ortho­
phosphate is poss ib ly three t imes more effective than phosphorus i n ca l ­
c i u m orthophosphate . Phosphate i n c a l c i u m sucrose phosphate is less 
effective t h a n phosphate i n s o d i u m orthophosphate . S o d i u m tr imetaphos­
phate is the most effective of a l l phosphates yet tested i n animals , is less 
toxic than orthophosphate , a n d appears to be the c o m p o u n d of choice for 
c l i n i c a l tr ials . 

C a l c i u m a n d phosphorus can influence the development of caries 
w h e n a d d e d to the diet , to c h e w i n g g u m , or to other carriers ; phosphate 
is more effective than c a l c i u m as a cariostatic agent, a n d b o t h c a l c i u m 
a n d phosphate are effective even w h e n a d d e d as supplements to diets 
a l ready nutr i t iona l ly adequate. 
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Effect of Minerals on Dental Caries 

J U A N M . NAVIA 1 

Massachusetts Institute of Technology, Cambridge, Mass. 

Minerals in foods and drinking water have an important role 
in dental caries. Trace elements can be incorporated pre­
eruptively and posteruptively into tooth enamel and change 
its physicochemical properties, affect the remineralization 
processes on the enamel surface, and influence the implanta­
tion and metabolism of cariogenic microorganism. Some 
elements promote caries, such as Se, Mg, and Cd, while 
others, such as Mo, V, and Sr, are mildly cariostatic. The 
effect of many other elements on caries is not known clearly 
owing to experimental limitations of the animal models used 
to study them. The species of animals used, the type of oral 
flora, the toxicity effects, and the interrelations between ele­
ments have to be evaluated and defined before a clear 
understanding of the role of trace elements in human caries 
is achieved. 

The concept that nutritional deficiencies are related to infection has 
been documented amply in the literature (166). Attempts to show 

through epidemiological studies that optimum nutrition inhibits dental 
caries, an infectious oral disease, have been unsuccessful (157). Caries 
prevalence is markedly lower in more isolated or primitive areas where 
the nutritional status is definitely poorer than in sections of the country 
with access to technical developments characteristic of modern civilization 
(156). 

This observation was voiced 30 years ago when Brekhus and Arm­
strong (21) stated that dental caries is a disease of civilization and that 
freedom from caries, found in societies less technically advanced, results 
from other factors besides nutrition. Dental decay is increasing among 

1 Present address: Institute of Dental Research, University of Alabama in Birming­
ham, Birmingham, Ala. 35233. 
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t echnica l ly d e v e l o p i n g nations a n d is r a p i d l y a p p r o a c h i n g the severity 
levels f o u n d i n affluent societies. A report b y B a u m e (12) describes the 
denta l a n d nut r i t iona l status of the school p o p u l a t i o n of F r e n c h Po lynes ia 
a n d il lustrates the point . T h e worst denta l condit ions of the entire 
terr i tory w e r e f o u n d i n the d e v e l o p i n g distr ic t of Papeete. A m o n g the 
indigenous pre-school c h i l d r e n , a n odontoclast ic type of rampant caries 
p r e v a i l e d , p a r t i c u l a r l y a m o n g those of Chinese extraction. A l m o s t i m m e ­
diate ly after e r u p t i o n of " y e l l o w " permanent teeth, a smooth-surface type 
of caries " m e l t e d d o w n " these hypoplas t i c teeth so that at age 13 to 15 
years the Tahi t ians are p r a c t i c a l l y edentulous. 

T h e teeth of youngsters ra ised o n a deficient diet are not able to 
w i t h s t a n d the i m p a c t of the car ies-promoting diet consumed i n u r b a n 
locations w h i l e the inhabitants of distant is lands, w h o s t i l l adhere to 
their t r a d i t i o n a l f o o d habits , m a i n t a i n good denta l heal th . T h e change i n 
d ie tary habits associated w i t h technica l a n d economic deve lopment 
p r o b a b l y is responsible for this deter iorat ion i n denta l hea l th w h i c h m a y 
b r i n g rampant disease to some p o p u l a t i o n groups w i t h i n a generation. 

O n e factor that has interfered w i t h efforts to unders tand the nature 
a n d extent of the interact ion be tween n u t r i t i o n a n d denta l caries is the 
diverse effect of nutrients ( a n d nonnutr ients ) i n the diet d u r i n g the pre­
e m p t i v e a n d post-eruptive periods of tooth development . P r e - e m p t i v e l y , 
nutrients i n the diet can inf luence the matura t ion process, the c h e m i c a l 
compos i t ion of teeth, tooth size a n d m o r p h o l o g y a n d , to a lesser extent, 
the t ime of e m p t i o n . Nutr ients i n the diet also can select out the car io­
genic flora b y the process of enr ichment a n d thus faci l i tate the i m p l a n t a ­
t i o n a n d co lonizat ion of these microorganisms o n the tooth surface once 
i t has e m p t e d into the o r a l environment . Pos t -empt ive ly , diet c a n i n f l u ­
ence p l a q u e format ion a n d the m i c r o b i a l metabol ic ac t iv i ty i n the m i c r o -
environment of teeth, the composi t ion of sal iva b a t h i n g the teeth, a n d 
the compos i t ion of the enamel surface. T h e p r e - e m p t i v e a n d post-erup­
t ive effects of diet o n the development a n d maintenance of teeth have 
not a lways been c lear ly separted i n exper imenta l designs a n d have con­
fused the interpretat ion of some results. 

W h i l e most nutrients m a y have their major effect o n denta l structures 
p r e - e m p t i v e l y d u r i n g the process of g r o w t h a n d development , minerals 
have a p r o f o u n d inf luence p r e - e m p t i v e l y a n d p o s t - e m p t i v e l y a n d , there­
fore, p l a y a major role i n the caries suscept ib i l i ty or resistance of the tooth. 
T h e inorganic p o r t i o n of protect ive foods w i l l contr ibute prac t i ca l ly a l l 
of the caries-protective ac t ion of the f o o d (14). 

F r o m the s tandpoint of n u t r i t i o n , m i n e r a l elements are either essen­
t i a l for the maintenance of l i fe processes or nonessential . Because of 
their ubiquitousness , they m a y enter the tissues i n an adventi t ious m a n ­
ner w h e n present i n the f o o d a n d water consumed or i n the a ir i n h a l e d . 
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T h e minerals present i n a n i m a l tissues c a n be arb i t rar i ly d i v i d e d into 
major elements or macrominera ls , such as C a , P , M g , N a , K , S, a n d C I , 
a n d trace elements or microminera ls , such as C u , C o , F e , I, M n , M o , Se, 
a n d Z n , w h i c h are k n o w n today as the e ight essential elements. A n o t h e r 
group of trace elements w h i c h inc ludes A l , A s , B , B a , Be , F , H g , N i , R b , 
S i , Sr, a n d V m a y be present, b u t as yet no specific f u n c t i o n has been 
at tached to them. Some elements such as V a n d Sr poss ibly m a y be 
s h o w n essential i n future investigations. 

T h e major m i n e r a l elements i n the a n i m a l b o d y are deposi ted i n 
bone a n d teeth, w h e r e they either increase the r i g i d i t y of bones or serve 
as storage for use b y tissue cells w h e n necessary i n order to m a i n t a i n the 
integr i ty of metabol ic funct ions . Trace elements m a y enter enzyme reac­
tions as activators w h i c h b r i n g the enzyme into a cata lyt ica l ly active 
state. E n z y m e ac t iv i ty is affected b y the presence or absence of m i n e r a l 
salts, the nature of the ions present, a n d their concentrations. C e r t a i n 
elements such as Z n , C u , a n d M o are essential s t ructural components of 
enzymes such as carbonic anhydrase, p o l y p h e n o l oxidase, a n d xanthine 
oxidase, respectively, w h i l e others l ike A g , H g , a n d P b m a y be h i g h l y 
i n h i b i t o r y to enzymes. 

T h e requirements of a n i m a l organisms for trace elements is u n k n o w n 
to a large extent. T h e y are present i n tissues at extremely l o w concentra­
tions, a n d because i n their metabol ic ac t iv i ty they are r e c y c l e d a n d p o o r l y 
excreted, their re -ut i l iza t ion b y the tissues is near ly complete . E x a m p l e s 
of these cycles are the metabol ic re -ut i l iza t ion of i r o n a n d i o d i n e . 

O n l y i n periods of n u t r i t i o n a l stress or increased metabol i c ac t iv i ty 
such as g r o w t h a n d development , pregnancy, or lactat ion is the require­
ment of these elements increased. E v e n i n these circumstances, the b i o ­
l o g i c a l reserves i n organs such as the l iver or bones usual ly are sufficient 
to offset a n u t r i t i o n a l deficiency. 

T h e w h o l e subject of trace element requirements is i n great need of 
a serious, dedica ted exper imenta l s tudy. 

T h e theory that the m i n e r a l port ions of foods can affect denta l caries 
has been substantiated b y " n a t u r a l " geographic experiments where a 
h i g h or l o w inc idence of caries i n humans appears to be associated w i t h 
a def ic iency or excess of a cer ta in element i n the so i l a n d plants g r o w n i n 
a loca l i ty a n d a n i m a l caries experiments. 

Geographic Variations in Caries and Trace Elements. A d l e r a n d co­
workers {2,3) have reported o n the influence of m o l y b d e n u m o n denta l 
caries i n H u n g a r y . T h e y s h o w e d that i n areas w h e r e the M o leve l 
i n the water was 0.1 p p m there was a l o w inc idence of caries. 

I n 1955, H e w a t a n d Eastcot t (85) suggested that a possible correla­
t i o n exists be tween caries inc idence a n d soi l compos i t ion i n N e w Z e a l a n d . 
I n order to s tudy this subject further , L u d w i g et ah (107) c o m p a r e d the 
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caries inc idence of t w o populat ions of c h i l d r e n i n t w o adjacent cit ies 
( N a p i e r a n d H a s t i n g s ) . T h e y f o u n d that the N a p i e r c h i l d r e n h a d cons id­
erab ly less caries than the Hast ings c h i l d r e n of comparable age ( 5 - 8 
y e a r s ) . T h e results of later studies (108) i n d i c a t e d that m o l y b d e n u m 
m i g h t be i n v o l v e d , a n d the l o w e r caries experience of N a p i e r c h i l d r e n was 
the result of a h igher M o a v a i l a b i l i t y f r o m the so i l w h i c h caused increases 
i n the m i n e r a l composi t ion of vegetables consumed i n the area. Recent ly , 
A n d e r s o n (5,6) repor ted first a s tudy w i t h 270 c h i l d r e n a n d then another 
s tudy w i t h larger numbers of c h i l d r e n f r o m the Somerset area i n E n g l a n d . 
T h i s reg ion is one i n w h i c h cattle suffer f r o m m o l y b d e n u m poison ing . 
W h e n the D M F f r o m the c h i l d r e n i n the contro l areas was c o m p a r e d w i t h 
the D M F f r o m c h i l d r e n i n the h i g h M o areas, i t was f o u n d that the latter 
h a d better t h a n a 2 0 % r e d u c t i o n i n D M F . 

O t h e r e p i d e m i o l o g i c a l studies have suggested that h i g h levels of 
cer ta in elements such as se lenium i n the so i l m a y b e associated w i t h h i g h 
caries inc idence (68). 

I n this country , N i z e l a n d B i b b y (141) demonstrated correlations 
between soils a n d caries prevalence. T h e highest prevalence of caries 
i n the U n i t e d States is f o u n d i n the N e w E n g l a n d states associated w i t h 
podzols . These soils are general ly strongly a c i d a n d of n a t u r a l fer t i l i ty . 
T h e lowest inc idence of caries is f o u n d i n the southwestern states w h e r e 
the semi-ac id soils are potent ia l ly h i g h i n m i n e r a l nutrients for they have 
not been exposed to the leaching a n d erosion ac t ion for long per iods of 
t ime. F l u o r i d e i n these soils definitely contributes to this l o w caries 
prevalence, b u t i n the Dakotas where water h i g h i n fluoride is c o m m o n , 
there is a f a i r l y h i g h prevalence of caries. T h i s indicates that factors other 
than fluoride are in f luenc ing the caries p ic ture . 

Dietary Minerals, F o o d Ashes, and Experimental Dental Caries. 
M i n e r a l s i n diets have a p r o f o u n d effect o n the denta l caries experience 
of exper imental animals . 

Sognnaes a n d S h a w (172, 173) observed more caries lesions w h e n 
rats were g i v e n a p u r i f i e d ra t ion that was complete i n k n o w n essentials 
t h a n w h e n this ra t ion was supplemented w i t h 2 % of its o w n ash. T h e y 
suggested that protec t ion against caries resulted f r o m certain trace 
elements i n the ash. I n the fight of w h a t is k n o w n today about the 
cariostatic effect of phosphate , this also c o u l d be expla ined as ar is ing 
f r o m the P content of the ash. Keyes (96) observed a n increase i n caries 
ac t iv i ty w h e n hamsters were f e d a mineral -def ic ient diet . A s imi lar effect 
was reported b y Gustafson (64) w h o noted a m a r k e d increase i n caries 
deve lopment w h e n the amount of salt mixture i n the diet was decreased. 

T h e ashes of different foods decrease the inc idence of caries: corn 
( 7 5 ) , bone (8, 84), a n d cocoa (97, 155) . C o c o a ash has been reported 
inact ive as a cariostatic agent b y W y n n et al. (214), b u t Stralfors (183, 
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184, 185) f o u n d ac t iv i ty i n the w h o l e defat ted cocoa. P h e n o l i c c o m ­
pounds (186) present i n cocoa m i g h t be i n v o l v e d i n this effect. O f these 
foods, c o r n is the most important since it is c o m m o n l y eaten b y m a n k i n d . 
I n 1950 (142), N i z e l a n d H a r r i s reported that diets conta in ing corn a n d 
m i l k g r o w n i n Texas caused o n l y 4 0 % as m u c h denta l decay i n hamsters 
as c o r n a n d m i l k g r o w n i n N e w E n g l a n d . T h i s effect was not caused b y 
fluorine since the F content was m a d e equa l b y the a d d i t i o n of s o d i u m 
fluoride to the N e w E n g l a n d diet . L a t e r , these investigators repor ted 
(144) that these differences indicate the presence of a car iogenic factor 
i n the N e w E n g l a n d c o r n a n d m i l k rather t h a n the presence of a car io­
static factor i n the Texas corn a n d m i l k . Reasoning that the car iogenic 
factor i n N e w E n g l a n d foods was a trace element, N i z e l a n d H a r r i s (143) 
t r i e d to m a g n i f y the effect b y supplement ing the N e w E n g l a n d diet w i t h 
its ash ( 5 5 0 ° C ) . C o n t r a r y to expectations, the caries score of the hamsters 
f e d the ash-supplemented diet was o n l y 3 5 % as h i g h as the contro l group. 

T h i s observat ion l e d to a n invest igat ion to i d e n t i f y the cariostatic 
factor i n the f o o d ash. T h e compos i t ion of this ash was d e t e r m i n e d b y 
c h e m i c a l a n d spectrographic methods, a n d a salt was p r e p a r e d d u p l i ­
ca t ing the 11 m i n e r a l elements that c o u l d be quant i ta ted. W h e n f e d to 
hamsters, this salt mixture was signif icantly more cariostatic than the 
ash w h i c h it imi ta ted ( 7 5 ) . T h i s result c o u l d indicate that one (or m o r e ) 
of the trace elements i n the f o o d ash w h i c h c o u l d not be quant i ta ted a n d 
was, therefore, o m i t t e d f r o m the salt mixture , is a strong cariogenic agent. 

I n order to investigate this phenomenon further , H a r r i s a n d N i z e l 
(74) f e d hamsters five diets conta in ing different combinat ions of the 11 
elements supplemented to a car ies -promoting diet . 

W h e n the phosphorus component ( K H 0 P O 4 ) was omi t ted , the caries 
score rose f r o m 0.7 to 18.4. S ince the score of the contro l group was 
13.4, i t was evident that some of the 10 m i n e r a l elements i n the P-free 
salt mixture m i g h t be actual ly cariogenic . 

Constant et al. (42) car r ied out studies c o m p a r i n g w h o l e cereals w i t h 
processed a n d p u r i f i e d cereals. T h e y f o u n d that w h o l e cereals were less 
cariogenic than the pur i f i ed processed product . T h e y also invest igated 
the car iogenic i ty of a lkal ine ash foods a n d that of a c i d ash foods a n d 
f o u n d no significant difference u n d e r the exper imenta l condit ions used. 
La ter , they s tudied (43, 44) the effect on caries of ac id ic a n d basic 
minerals a n d f o u n d that ac id ic inorganic , basic , or a c i d i c organic salt 
mixtures gave no protect ion against tooth decay, w h i l e a h i g h l e v e l of 
basic inorganic salts resul ted i n a m a r k e d decrease i n tooth decay. 

M i l l e r (118) reported that d o u b l i n g the H u b b e l l - M e n d e l - W a k e m a n 
salt mix ture f r o m 1.2 grams to 2.4 grams/100 grams gave a m a r k e d 
r e d u c t i o n i n the n u m b e r of carious teeth, the n u m b e r of carious areas, 
a n d the caries score. T h i s effect was ver i f ied again i n a second experiment 
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b u t the effect was n u l l i f i e d w h e n 1 2 % of p o w d e r e d sucrose was u s e d i n 
place of a n e q u a l amount of r ice flour. 

E v e n t h o u g h there is a definite re la t ion be tween dietary trace ele­
ments a n d denta l caries, there is no cer ta in k n o w l e d g e of the m e c h a n i s m 
t h r o u g h w h i c h these elements influence caries. Some of the possible ways 
i n w h i c h they c o u l d act are the f o l l o w i n g : 

(1 ) Incorpora t ing trace elements p r e - e m p t i v e l y into the tooth m i n ­
era l to change its p h y s i c o - c h e m i c a l propert ies . 

(2 ) Inf luencing the ce l lu lar e n z y m e systems i n v o l v e d i n the m i n ­
era l izat ion of the teeth. 

(3 ) A l t e r i n g p r e - e m p t i v e l y the nature of the c a l c i f y i n g organic 
matr ix of the tooth. 

(4 ) E n h a n c i n g or i n h i b i t i n g the depos i t ion of m i n e r a l elements such 
as fluoride or p h o s p h o m s o n the enamel surface a n d thereby 
inf luenc ing the post-eruptive matura t ion of hyporninera l ized 
enamel areas. 

(5 ) C h a n g i n g the p h y s i c a l a n d c h e m i c a l characteristics of sal iva. 
(6 ) Inter fer ing d i r e c t l y w i t h the r e p r o d u c t i o n , metabol i sm, a n d 

i m p l a n t a t i o n of the car iogenic microorganisms o n the tooth 
surface. 

M e t a l Ions as E n z y m e A c t i v a t o r s i n M i c r o b i a l Ce l l s . M e t a l s m a y 
enter enzyme reactions as cofactors or activators w h i c h b r i n g the enzyme 
into a cata lyt ica l ly act ive state. T h e ac t iv i ty of enzymes is affected b y 
the presence or absence of m i n e r a l salts, the nature of the ions present, 
a n d their concentrations. C e r t a i n ions are necessary for the ac t iv i ty of the 
enzyme, w h i l e others—i.e., A g + , H g 2 + , P b 2 + — m a y be h i g h l y toxic . I t is 
a characterist ic of these systems that certa in ions are poisonous for some 
enzymes a n d activators for others. Some m a y i n h i b i t a n enzyme at one 
concentrat ion a n d yet activate the same enzyme at another concentrat ion. 
T h e effects of metals o n enzymes m a y be p r o d u c e d b y m a n y metabol ic 
routes, a n d i n most cases have not been ident i f ied . 

T h e ac t ivat ing effect usual ly is not specific. T h e enzyme fumarase 
m a y be act ivated b y several meta l ions, yet other enzymes such as inor­
ganic pyrophosphatase specif ical ly require M g 2 + w h i c h cannot be rep laced 
b y others. 

A p p r o x i m a t e l y 16 different m e t a l cations act ivate one or more en­
zymes ; these are: 

A l 3 + Cr»+ K + Na+ 
C a 2 + Cs+ M g 2 + N i 2 + 

C d 2 + C u 2 + M n 2 + Rb+ 
C o 2 + F e 2 + M o + Zn 2 + 

M g 2 + is the na tura l act ivator of a great major i ty of the enzymes w h i c h 
act o n phosphory la ted substrates, such as the phosphokinases, the syn-
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9. N A V I A Effect of Minerals 129 

thetases, a n d the enzymes w h i c h h y d r o l y z e phosphor ic a c i d anhydr ides , 
b u t not the phosphorylases. I n most cases, M g 2 + c a n be r e p l a c e d b y M n 2 + 

but not b y other metals. S o d i u m c a n be rep laced b y K + i n some cases, 
a n d M n 2 + , C o 2 + , N i 2 + , a n d Z n 2 + m a n y times are interchangeable a m o n g 
them. A n t a g o n i s m is f a i r l y c o m m o n , a n d N a + m a y act as a compet i t ive 
i n h i b i t o r for K + ac t ivat ion (i.e., phosphotransacetylase) , C a 2 + competes 
w i t h M g 2 + to i n h i b i t cer ta in enzymes, such as adenosinetriphosphatase, 
a n d also M g 2 + inhib i t s the C a 2 + ac t ivat ion of m y o s i n adenosinetr iphospha­
tase. E n z y m e s also m a y be affected considerably b y the presence of 
certain anions. Sa l ivary a l p h a amylases, for example , are affected so 
great ly b y chlorides that this i o n has been regarded as the n a t u r a l 
act ivator of these enzymes (129). 

M a c D o n a l d (116) has discussed the m i c r o b i o l o g y of caries, stressing 
that i t is a b a c t e r i a l l y - i n d u c e d disease character ized b y a d e c a l c i f y i n g 
act ion o n the m i n e r a l components a n d a proteolyt ic ac t ion o n the organic 
components. G i v e n energy a n d ni t rogen sources, the o r a l m i c r o b i o t a , i n 
c o m m o n w i t h a l l microorganisms, w i l l not g r o w i n the complete absence 
of certa in m i n e r a l elements. A s discussed above, this is because of the 
role of metals as i o n activators of the e n z y m e systems essential for meta­
b o l i c ac t iv i ty . It w o u l d be of interest to determine the specific n u t r i t i o n a l 
needs for trace elements of the car iogenic streptococci a n d compare t h e m 
w i t h those of the noncar iogenic streptococci . B o w e n (17) a t tempted to 
obta in such in format ion a n d repor ted that of the three cations tested (man­
ganese, c a l c i u m , a n d m a g n e s i u m ) o n l y manganese is an essential require ­
ment for g r o w t h . A l t h o u g h no qual i ta t ive differences were observed 
concerning the requirements for g r o w t h of car iogenic a n d noncar iogenic 
organisms, some discrepancies i n their quant i ta t ive needs were repor ted 
w h i c h w a r r a n t further research. 

T h e minerals f o u n d i n the surface enamel a n d those s u p p l i e d b y the 
diet , the sal iva , a n d desquamented tissue cells m a y influence the o r a l 
m i c r o b i o t a i n the f o l l o w i n g w a y s : s t imulat ion of g r o w t h (increase i n c e l l 
n u m b e r s ) , fac i l i ta t ion of attachment of cells to enamel surface, inf luenc­
i n g the format ion of metabol ic e n d products i n c l u d i n g in t ra - a n d extra­
ce l lular polysaccharides , i n h i b i t i o n of g r o w t h or metabol i c ac t iv i ty 
through poisoning of enzyme systems w i t h i n the cells, a n d modi f i ca t ion 
of ora l environment b y s t imulat ion of g r o w t h of certa in types of cells , 
thus i n h i b i t i n g others. 

Mineral Composition of Teeth in Humans and Experimental Animals 

Inorganic Composition of Bones and Teeth. Bone a n d tooth m i n e r a l 
is m a d e u p most ly of c a l c i u m a n d phosphate i n the f o r m of apatite, yet 
m a n y other elements are f o u n d w i t h i n its structure. B o n e a n d tooth 
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m i n e r a l , therefore, is not a single homogeneous c h e m i c a l c o m p o u n d b u t 
a mixture w h i c h varies i n compos i t ion a n d d is t r ibut ion . 

O n e of the problems i n def in ing the c h e m i c a l behavior of the i n ­
organic p o r t i o n of the teeth is the di f f icul ty i n di f ferent iat ing be tween 
the constituents of the basic structure, the ions h a v i n g o n l y a surface 
re lat ionship to the crystals, a n d those poss ib ly c o m b i n e d w i t h the apatite 
crystals i n a separate phase. Therefore , even t h o u g h the structure a n d 
compos i t ion of the m i n e r a l corresponds closely to that of hydroxyapat i te , 
substantial amounts of carbonate a n d citrate are f o u n d as w e l l as i o n 
substitutions i n the crysta l lattice. 

T h e m i n u t e crystals a n d interspaces be tween t h e m expose a large 
surface area to the environment fluids a n d as a result d isso lut ion a n d 
recrysta l l izat ion m a y take place , m a i n t a i n i n g a d y n a m i c balance. T h i s 
large surface area of bone a n d tooth minerals influences its to ta l c o m p o ­
si t ion i n t w o ways , b y adsorb ing or subst i tut ing ions as w e l l as incorporat­
i n g some of them w i t h i n surface uni t cells w i t h unshared sides a n d b y 
isoionic or heteroionic exchange w i t h the fluids b a t h i n g the crystals. 

I n general , the elements w h i c h loca l ize i n bone a n d teeth are referred 
to as "bone-seekers" b u t the te rm s h o u l d a p p l y also to other organic 
substances such as murex ide a n d the tetracyclines w h i c h c o m b i n e a v i d l y 
w i t h bone or tooth at n e w calc i f icat ion a n d also at carious sites. 

Table I. Composition of Outer and Inner Enamel of Teeth from 
Human Subjects Living in Different Geographic Areas 0 

\LMol. per Gram 

Outer Enamel Body Enamel 

Carbonate 350-440 525-654 
S o d i u m 230-360 310-380 
F l u o r i d e 17-176 3.8-44 
M a g n e s i u m 30-60 60-74 
Z i n c 6.6-27.5 2.9-14.2 
C i t r a t e 3.5-5.0 -1 .1 
A l u m i n u m 1.4-4.8 1.1-4.5 
S t r o n t i u m 0.3-3.7 0.7-4.6 
L a c t a t e -2 .9 -1 .2 
L e a d 0.4-2.6 0.1-1.1 
C o p p e r 0.1-1.8 t r - 0 . 6 
S i l i ca 0.2-1.5 0.1-1.8 
S i lver t r - 0 . 9 0.0-0.5 
I r o n 0.4-0.6 0.2-0.4 
T i n t r - 0 . 4 0.0-0.3 
Manganese 0.1-0.4 0.1-0.2 

° Data from Ref. 24. 
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Table II. Major Inorganic Constituents of Human Enamel" 

Thermal Neutron Chemical 
Constituent Activation Analysis Analysis 

C a 37.4 zb 1.0 33.6-39.4 
P 18.3 =fc 2.2 16.1-18.0 
C a / P 2.04 1.92-2.17 
C 0 2 - 1.95-3.66 
N a 1.16 db 0.40 0.25-0.90 
M g 0.36 db 0.04 0.25-0.56 
C I 0.65 zb 0.30 0.19-0.30 
K - 0.05-0.30 

0 Data from Ref. 175 and 176. 

Table III. Minor Inorganic Constituents of Human Enamel" 

Thermal Neutron Chemical 
Constituent Activation Analysis Analysis 

F 62-650 
F e 388 zb 109 8-218 
Z n 276 + 106 152-227 
Sr 94 ± 22 50-400 
Rb 4.9 zb 1.6 
B r 4.6 ± 1.1 
W 0.24 zb 0.12 
C u 0.26 zb 0.11 10-100 
M n 0.54 zb 0.08 0-18 
A u 0.02 zb 0.01 
A g 0.0049 zb 0.0012 0-100 
C r 0.0027 zb 0.0016 
C o 0.00024 db 0.00009 
v > 10- 5 

P t >10~6 

0 Parts per million, dry weight; data from Ref. 175 and 176. 

T h e c h e m i c a l compos i t ion of enamel , d e n t i n , cementum, a n d p u l p 
has been discussed b y Z i p k i n (217) , w h o also discussed the chemistry of 
the sound a n d carious enamel . 

B r u d e v o l d (24, 30) repor ted on the trace m i n e r a l content of 
teeth col lected f r o m h u m a n beings l i v i n g i n different geographic areas. 
T h e concentrations of these elements ( / j t M / g r a m ) of the surface enamel 
a n d the b o d y of the intact enamel are presented i n T a b l e I. T h e amounts 
i n the outer enamel were often, b u t not a lways , h igher than amounts i n 
the inner enamel , a n d the range of values is qui te w i d e . Soremark a n d co­
workers (175, 176), us ing neutron ac t ivat ion analysis, repor ted values 
for total h u m a n enamel (Tables II, III). 
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Steadman et al. (179) a n a l y z e d the ancient teeth of P u e b l o Indians 
(800 years o l d ) a n d I n d i a n K n o l l (5000 years o l d ) for the same elements 
a n d f o u n d that they o c c u r r e d i n greater concentrat ion i n the outer t h a n 
i n the inner layers of enamel . F l u o r i d e was f o u n d i n greatest concentra­
t i o n i n the external enamel , f o l l o w e d b y Z n , S i , M n , P b , A g , C u , a n d Sn. 
T h e y noted a remarkable s imi lar i ty i n the d i s t r i b u t i o n of m a n y trace 
elements be tween ancient a n d contemporary A m e r i c a n teeth. C o n t r a r y 
to expectations, they f o u n d b u t l i t t le penetrat ion of trace elements in to 
the b u l k of the tooth structure, even i n teeth of 5000 years o l d . A s g a r (7 ) 
s tudied differences i n the d e n t i n a n d enamel of ancient G r e e k a n d A m e r i ­
can teeth, b u t his samples w e r e too f e w to p e r m i t conclusions. 

H a d j i m a r k o s a n d Bonhors t (69) s tudied 27 s o u n d a n d 17 carious 
teeth f r o m 20-40 year o l d m o d e r n Athenians , a n d 14 sound teeth f r o m 
the skulls of five w o m e n a n d four m e n w h o l i v e d i n 800 a n d 1100 B . C . 
( T a b l e I V ) . H e a t t r ibuted the h i g h i m m u n i t y to caries of Athens school 
c h i l d r e n to the h i g h intake of fluoride a n d poss ib ly the lower intake of 
se lenium. 

Table IV. Mineral Content of Greek Teeth 

Modern Greek Ancient Greek 

Enamel Dentine Enamel Dentine 
F l u o r i n e , p p m 178 374 
Se lenium, p p m 0.03 0.13 0.13 0.45 

Several attempts have been m a d e to correlate variat ions i n the m i n ­
eral content of denta l tissues w i t h caries sensit ivity. P i c a r d et al. (148) 
d i v i d e d 120 h u m a n teeth into three groups : healthy, superf ic ia l caries, a n d 
deep caries. T h e y f o u n d no significant difference i n the ash, C a , a n d P 
content, or i n the C a / P rat io of the enamel of the three groups. T h e ash, 
C a , a n d P content of the d e n t i n f r o m deep carious lesions were s ignif i ­
cant ly l o w e r than i n the hea l thy teeth. T h e same t rend was noted i n the 
teeth w i t h superf ic ia l caries, b u t the t re nd was not significant. L o b e n e 
(105) s tudied the inorganic constituents of the enamel a n d d e n t i n of teeth 
f r o m hamsters, a n d c o n c l u d e d that the C a , P , a n d M g content of the 
d e n t i n d i d not v a r y greatly, whatever the source. 

Z i p k i n a n d P i e z (218) t r i e d to correlate the c i t r i c a c i d content of 
h u m a n teeth w i t h suscept ib i l i ty to caries i n a s tudy of 65 samples of sound 
d e n t i n a n d 129 samples of carious d e n t i n . T h e y f o u n d 888 ± 103 m g % 
a n d 872 ± 105 m g % c i t r i c a c i d i n the s o u n d a n d carious d e n t i n , respec­
t i v e l y , a n d thus no evidence of a correlat ion b e t w e e n c i t r i c a c i d a n d 
denta l caries. Studies of this type are dif f icult to interpret , for the analy­
sis is m a d e o n the carious mater ia l left after the disease has progressed 
a n d no i n f o r m a t i o n is avai lable as to the concentrat ion of minerals before 
the carious les ion started. 
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Trace Element Distribution in Teeth. T h e d i s t r ibut ion of i n d i v i d u a l 
elements i n h u m a n teeth has been s tudied b y B r u d e v o l d (24) a n d his 
associates. T h e range of copper (47) i n four successive gr indings of the 
enamel of h u m a n teeth was 15 to 30 p p m , a n d its d i s t r i b u t i o n was r a n d o m 
a n d unaffected b y age. T h e t i n content of p o o l e d samples (28) of f o u r 
successive layers of enamel was 7.0 p p m i n the outer t w o layers a n d n i l i n 
the t h i r d a n d f o u r t h layers. L e a d (27) was highest (550 p p m ) i n the outer 
enamel layers of e rupted teeth a n d decreased to a rather constant l eve l 
(90 p p m ) i n the innermost layers. Z i n c (31) was d i s t r i b u t e d l i k e l e a d 
a n d fluoride. It was h igher o n the surface (430-2100 p p m ) , lower i n the 
subsurface layers, a n d was deposi ted i r regular ly o n the surface. 

L i t t l e a n d B r u d e v o l d (104) f o u n d differences i n the C 0 2 content of 
the superf ic ia l a n d inner layers of intact h u m a n enamel i n e rupted a n d 
u n e r u p t e d teeth. I n a l l age groups, the concentrat ion of c a r b o n d i o x i d e 
increased f r o m the surface t o w a r d the d e n t i n , b u t as the calc i f icat ion 
proceeds d u r i n g development , the c a r b o n d i o x i d e content decreases. 

Bone-seeking radioact ive isotopes (i.e., S r ) accumulate i n teeth. 
H o l g a t e et al. (87) s tudied the a c c u m u l a t i o n of S r 9 0 i n the d e n t a l tissues 
of rabbits . A n increase i n concentrat ion was observed d u r i n g 30 days 
f o l l o w i n g intravenous inject ion, a n d then it f e l l a b r u p t l y . S ince the teeth 
of the rabb i t g r o w cont inuously , the S r 9 0 deposi ted i n the teeth m a y have 
been lost w h e n the radioact ive zone was w o r n away . B u t l e r (33) ob­
served a n inverse corre lat ion be tween the concentrat ion of S r 9 0 a n d the 
age of h u m a n beings. 

T h e m i n e r a l compos i t ion of teeth has been s tudied i n re la t ion to 
discolorat ion of the tooth substance. Isaac a n d B r u d e v o l d (89) s tudied 
the possible s ta ining properties of P b , Sn , A g , H g , C u , a n d F e w h e n 
deposi ted i n the enamel , a n d then exposed t h e m to a su l fur -conta in ing 
m e d i u m . These m e t a l sulfides are b r o w n or b lack , a n d they m a y be 
p r o d u c e d f r o m f o o d or sal iva under o r d i n a r y condit ions . T h e surfaces 
of the crowns a n d roots of intact teeth were treated w i t h solutions con­
ta in ing the cations, a n d a l l d e v e l o p e d discolorat ion w h e n exposed to the 
su l fur -conta in ing m e d i u m . O n the other h a n d , L a n d i n g et al. (101) 
noted that the teeth of a pat ient w i t h hemosiderosis w e r e not p i g m e n t e d , 
even t h o u g h they conta ined 50.8 / x g % of i r o n rather than the 16.1 / x g % 
i n cont ro l patients. It is not k n o w n whether the F e was deposi ted i n the 
teeth before or after e rupt ion . Poss ib ly , the locat ion of the F e i n the tooth 
determines whether i t w i l l be react ive. 

D u r i n g the last 10 years, investigators have been m a k i n g use of 
a n a l y t i c a l procedures based o n p h y s i c a l pr inc ip les to quanti tate elements 
i n teeth a n d bones. U s i n g neutron ac t ivat ion analysis , Soremark a n d 
coworkers (109,174, 175,176) s tudied the enamel compos i t ion of n o r m a l 
h u m a n erupted a n d u n e r u p t e d enamel . N i x o n et al. (138, 139, 140) 
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s tudied the copper , arsenic, a n d ant imony levels i n h u m a n enamel . 
Manganese also has been est imated i n h u m a n enamel b y these same 
investigators (137) a n d b y Batt istone et al(ll). 

T h e inorganic components of teeth also have been a n a l y z e d b y such 
methods as x-ray emission spectrography (38) a n d spark source mass 
spectrography (188). T h i s last m e t h o d continues to p l a y a n extremely 
important role i n e lemental a n d trace analysis because of great sensit ivity 
for metals a n d nonmetals . 

I n general , these methods have been useful i n detect ing a n d q u a n t i -
ta t ing trace quantit ies of elements i n teeth a n d bone, b u t the development 
of the electron probe m a d e possible the determinat ion of the d i s t r i b u t i o n 
of elements i n microstructures . E q u i p m e n t to p r o d u c e beams of ions, 
protons, electrons, a n d x-rays is n o w avai lable to be used i n explor ing 
the crystal l ine nature of solids a n d b i o l o g i c a l tissues. T h e electron probe 
has been used i n meta l lurgy a n d minero logy , b u t its a p p l i c a b i l i t y to 
b i o l o g i c a l samples has been l i m i t e d b y the fact that l i g h t elements w h i c h 
are of great interest to the biologist have not been detected easi ly a n d 
the p h y s i c a l propert ies of b i o l o g i c a l specimens are different f r o m those 
samples n o r m a l l y s tudied i n meta l lurgy . T o d a y , n e w improvements i n 
e q u i p m e n t a n d methodology are m a k i n g possible the a p p l i c a t i o n of this 
va luable ana ly t i ca l tool to samples of b i o l o g i c a l o r i g i n (4, 197, 198). 

T h e m i n e r a l i z e d tissues of the b o d y , such as bones a n d teeth, l e n d 
themselves to s tudy b y the probe. A n a r r o w b e a m of electrons is focused 
o n a smal l area of the sample (less than 1 m i c r o n i n d i a m e t e r ) , a n d the 
x-rays resul t ing f r o m the electron b o m b a r d m e n t are col lected at a pre­
de termined angle a n d a n a l y z e d i n one or more spectrometers. These 
analyses can be made quant i ta t ive b y c o m p a r i n g the counts per minute 
obta ined w i t h those f r o m suitable standards. B i r k s (16) descr ibed the 
instrument a n d its use i n a var ie ty of ana ly t i ca l appl icat ions . C a m p b e l l 
a n d B r o w n (39) r e v i e w e d the significant progress m a d e i n the last f e w 
years. 

U s i n g the electron probe , Rosser et al. (154) s tudied the C a concen­
trat ion i n d e v e l o p i n g enamel , a n d B o y d e , Switsur , a n d F e a r n h e a d (19) 
s tudied the c a l c i u m a n d i r o n d i s t r ibut ion i n rat enamel a n d h u m a n molar 
enamel . These investigators reported a higher concentrat ion of c a l c i u m 
i n the per i tubular area of d e n t i n than i n the inter tubular area. T a k u m a 
et al. (189), us ing an electron microscope w i t h a n x-ray spectrometer 
attachment, examined horse d e n t i n p r e p a r e d for rout ine electron micros­
c o p y (500 A t h i c k ) . T h e y f o u n d t w i c e as m u c h C a a n d P i n the p e r i t u b u ­
lar as i n the in ter tubular matr ix , a l though they c o u l d not determine a 
statistical difference i n the P K a • C a K<*3 rat io f o u n d i n these t w o areas. 

Johnson a n d Singer (95) invest igated w i t h the electron m i c r o p r o b e 
the d i s t r ibut ion of s t ront ium i n incisors f r o m rats f e d l o w (0.0002% ) or 
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h i g h ( 0 . 4 5 % ) Sr for 43 days. D a t a obta ined i n d i c a t e d that s t ront ium 
p r o d u c e d a decreased m i n e r a l i z a t i o n a n d a n inverse re lat ionship be tween 
s tront ium a n d c a l c i u m content. I n incisors f r o m rats f e d the h i g h leve l 
of s t ront ium, a gradient of increas ing s tront ium concentrations f r o m the 
inc isa l to a p i c a l areas was observed. T h e phosphorus content was re la­
t ive ly constant throughout the enamel . 

T h e c h e m i c a l changes p r o d u c e d i n the tooth as the a d v a n c i n g front 
of caries deminera l iza t ion progresses into the dent in have been s tudied b y 
Suga et al (187). T h e y reported that m a g n e s i u m was one of the first 
elements to be l o w e r e d i n concentrat ion. F r a n k , C a p i t a n t , a n d G o n i (58) 
used a n e w a p p r o a c h to make the density of the sample u n i f o r m b y 
subst i tut ing the organic matter w i t h the soluble salt K I . T h e y c o m p a r e d 
the superf ic ia l enamel layer of caries-resistant a n d caries-susceptible 
enamel a n d f o u n d no significant differences i n the d i s t r ibut ion of c a l c i u m 
a n d phosphorus i n the t w o groups. C h l o r i d e is more concentrated i n the 
superf ic ia l enamel layer , decreases t o w a r d the dent inoenamel junct ion , 
a n d does not show any statistical difference i n concentrat ion between 
these t w o groups of teeth. I n i t i a l carious lesions were s tudied w i t h the 
electron probe , a n d the loss of C a a n d P i n the subsurface was conf i rmed, 
especial ly a long the striae of Retz ius , but the superf ic ial caries layer h a d 
a n o r m a l C I , C a , a n d P content. 

F r a z i e r (59) used the electron probe also to s tudy the d i s t r i b u t i o n 
of C a a n d P i n inc ip ient carious lesions i n h u m a n teeth. H i s findings 
i n d i c a t e d that the superf ic ia l layer was either h y p e r m i n e r a l i z e d or h y p o -
m i n e r a l i z e d w h e n c o m p a r e d w i t h n o r m a l enamel of the same tooth. T h e 
C a / P ratios i n the outer layer of the lesion d i d not vary s ignif icantly f r o m 
values obta ined f r o m n o r m a l unal tered enamel . O n e of the most inter­
esting observations was that the C a / P molar rat io i n d i c a t e d that the 
lowest ratios were associated w i t h the highest phosphorus intensities i n 
the h y p e r m i n e r a l i z e d areas. T h e lowest phosphorus intensities a n d h i g h ­
est ratios were associated w i t h h y p o m i n e r a l i z e d areas; thus, a l though l o w 
i n b o t h c a l c i u m a n d phosphorus , the h y p o m i n e r a l i z e d areas w e r e d ispro­
port ionate ly l o w i n phosphorus . 

T e e t h w h i c h h a d been treated w i t h stannous fluoride were a n a l y z e d 
w i t h the electron probe b y H o e r m a n et al. (86). T h e y reported that t i n 
was r a n d o m l y d i s t r ibuted o n the enamel surface i n selected areas of 
enr ichment of about 125 /x i n diameter a n d 20 fx deep. T h i s suggests that 
t i n uptake m a y take place i n selected areas such as the " w h i t e spots." 
F u r t h e r w o r k i n this area us ing the electron probe s h o u l d y i e l d i n f o r m a ­
t ion of great va lue to unders tanding the progression of enamel caries, 
the uptake of t o p i c a l cariostatic compounds , a n d , p r o b a b l y w h a t is most 
important , the process of post-eruptive matura t ion of enamel . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
0 

| d
oi

: 1
0.

10
21

/b
a-

19
70

-0
09

4.
ch

00
9

In Dietary Chemicals vs. Dental Caries; Harris, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1970. 



136 D I E T A R Y C H E M I C A L S VS. D E N T A L C A R I E S 

B r u d e v o l d et al. (30) s tudied the compos i t ion a n d d i s t r i b u t i o n of 
minerals i n denta l tissues i n re lat ion to enamel maturat ion . E n a m e l 
matura t ion has been discussed often i n the l i terature, b u t l i t t le is k n o w n 
i n de ta i l about the processes i n v o l v e d . T h e studies of these investigators 
on m i n e r a l composi t ion a n d d i s t r ibut ion i n enamel indicates "that changes 
o c c u r r i n g i n the enamel after it is ca lc i f ied are conf ined to the outer por­
t ion a n d that these changes to a great extent are concerned w i t h surface 
a c c u m u l a t i o n of trace elements. It is suggested that matura t ion involves 
these surface changes." 

Pre-Eruptive and Post-Eruptive Mineralization (Maturation). 
D e a k i n s (50) i n 1942 i n a classical s tudy invest igated the pre-erupt ive 
changes i n the enamel w h i c h increase its hardness f r o m the i n i t i a l t ime 
of deposi t ion to the e r u p t i o n of the tooth. These changes are m a i n l y i n 
terms of an increased minera l iza t ion a n d density a n d a concomitant loss 
of water f r o m the tooth m i n e r a l por t ion . 

W h e n the tooth erupts into the o r a l cavi ty it is h i g h l y m i n e r a l i z e d , 
but at the same t ime certa in surfaces are h i g h l y reactive. Recent ly 
erupted teeth, w h e n exposed to such bone-seekers as murex ide , w i l l be 
intensively stained, w h i l e teeth that have been exposed to the o r a l e n v i ­
ronment for a longer p e r i o d w i l l not take u p the stain. T h e changes that 
take place i n the enamel surface after the tooth has erupted constitute 
the post-eruptive maturat ion process. T h e react iv i ty of the m i n e r a l de­
creases w i t h age a n d varies w i t h its immediate environment , structure, 
a n d c h e m i c a l composi t ion . Scott et al. (165) repor ted that there is a 
progressive decrease i n v i s ib le structures o n the surfaces of teeth f r o m 
i n d i v i d u a l s of increasing ages. T h i s loss of s tructural de ta i l m a y poss ib ly 
reflect a deposit of m i n e r a l substances i n r o u g h areas a n d scratches. 

Sa l iva mediates this m i n e r a l i z i n g effect o n e rupted teeth. M o r e than 
50 years ago, H e a d (76) observed that w h e n teeth are softened b y de-
minera l iza t ion they can be rehardened b y i m m e r s i o n i n fresh sal iva . T h e 
reminera l iza t ion phenomenon is, therefore, to some extent the converse 
of denta l caries a n d represents a na tura l phenomenon i n the o r a l cavity. 
B r u d e v o l d a n d Messer (25) demonstrated that sal ivary sediment a n d 
apatite crystals can act as matrices to ini t iate calc i f icat ion a n d catalyze 
crysta l format ion . T h e m i n e r a l format ion i n d u c e d b y hydroxyapat i te was 
greatly accelerated i n the presence of fluoride ions (0.2 p p m ) . S imi lar 
results have been reported b y P i g m a n (149) , w h o s tudied the condit ions 
contro l l ing the rehardening of h u m a n enamel in vitro. F l u o r i d e was 
present i n a l l cases a n d seemed to p l a y an important role i n the calci f ica­
t i o n process. 

U s i n g p o l a r i z i n g microscopy a n d m i c r o r a d i o g r a p h y , Johansson (93) 
observed that the reminera l iza t ion of ac id-etched g r o u n d sections of 
enamel is r a p i d d u r i n g the first 24 hours a n d does not change m u c h , 
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even after several weeks ' exposure to the c a l c i f y i n g solutions of p a r o t i d 
sal iva. E x a m i n a t i o n w i t h the p o l a r i z i n g microscope revealed a decrease 
i n opac i ty due to the deposi t ion of m i n e r a l i n the outer enamel . T h e 
reminera l ized surface was re la t ive ly impermeable , since very l ight stain­
i n g was observed w h e n i t was immersed i n a saturated solut ion of a l i z a r i n 
C r e d stain, w h i l e the contro l e tched enamel was m a r k e d l y stained. 

E r i c s s o n (55) has s h o w n that carious lesions i n teeth a v i d l y take u p 
radioact ive C a a n d P . V o n der F e h r (202) also has s h o w n in vitro a n d 
in vivo the uptake of minerals f r o m sal iva into the enamel lesions. These 
investigations strongly suggest that there is a d y n a m i c balance at the 
tooth surface i n w h i c h trace elements m a y p l a y a f u n d a m e n t a l role. W h e n 
d e m i n e r a l i z i n g agents become extremely act ive a n d reminera l iza t ion is 
unable to repair the d a m a g e d site, a m i n e r a l imbalance takes place w h i c h 
m a y t i p the e q u i l i b r i u m t o w a r d denta l caries. I n the rat, molars show 
areas of h y p o m i n e r a l i z e d enamel at the t ime of e rupt ion (57 ,187) w h i c h 
disappear w i t h t ime i f the animals are m a i n t a i n e d o n a noncar iogenic 
diet (22, 23, 177). T h e regression of these h y p o m i n e r a l i z e d areas w h i c h 
constitute the post-eruptive maturat ion is impor tant i n the prevent ion of 
caries a n d is in f luenced to a great extent b y the m i n e r a l environment 
a r o u n d the teeth. 

A final thought w i t h regard to these two very dist inct periods i n the 
l i fe of the tooth s h o u l d be stressed. Incorporat ion of a trace element can 
take place p r e - e m p t i v e l y i n a diffuse w a y throughout the tooth structure 
w i t h h igher concentrations i n the d e n t i n near the p u l p a n d external 
enamel ; i t can concentrate p r i m a r i l y on the surface of enamel just after 
erupt ion , a n d also d u r i n g the matura t ion p e r i o d u n t i l that t ime w h e n the 
tooth m i n e r a l becomes prac t i ca l ly unavai lab le for react ion; a n d i t can 
accumulate at cer ta in sites of c h e m i c a l erosion or etched enamel surfaces 
w h i c h then become h i g h l y react ive. 

Influence of Minerals on Dental Caries 

In format ion w i t h regard to the c h e m i c a l composi t ion of teeth, the 
effects of f o o d ashes o n denta l caries, a n d the e p i d e m i o l o g i c a l invest iga­
tions has s t imulated interest i n the effects of i n d i v i d u a l trace elements 
o n denta l caries (1, 34, 72, 106). Reports o n this subject present con­
flicting results w h i c h confuse their interpretat ion. T h e i n f o r m a t i o n w e 
have at present a l lows o n l y a tentative classif ication of the elements 
according to their c a p a b i l i t y to promote or reduce caries i n exper imenta l 
animals into five groups : 

(1 ) C a r i e s - p r o m o t i n g elements: Se, M g , C d , P t , P b , S i . 
(2 ) E lements that are m i l d l y cariostat ic : M o , V , Sr, C u , B , L i , A u . 
(3 ) E lements w i t h d o u b t f u l effect o n caries: Be , C o , M n , Sn , Z n , 

B r , I. 
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(4 ) Car ies- inert elements: B a , A l , N i , F e , P d , T i . 
( 5 ) E lements that are strongly cariostat ic : F , P . 
T h i s last g roup has been discussed prev ious ly i n this m o n o g r a p h , 

so the evaluat ion w i l l be done only on the first f o u r groups. 
Caries-Promoting Elements. S E L E N I U M . Se len ium is closely re la ted 

c h e m i c a l l y to sul fur a n d t e l l u r i u m . M o x o n (119) c o n d u c t e d extensive 
studies of the toxic effects of Se i n animals ( a l k a l i disease) . I t was not 
u n t i l S c h w a r z (162) ident i f ied Factor 3 as a Se-containing c o m p o u n d 
w h i c h gave complete protect ion against d ie tary l i v e r necrosis i n the rat 
that Se was considered a n essential element i n h u m a n n u t r i t i o n (163, 
164). 

T h e first observat ion w i t h regard to the effect of Se o n dent i t ion came 
f r o m S m i t h a n d W e s t f a l l (170), w h o repor ted a h i g h inc idence of "poor 
teeth" i n seleniferous areas. W h e a t c r o f t et al. (206) adminis tered N a 
selenite intraper i toneal ly to adul t rats a n d observed no significant effect 
o n dent i t ion ; however , a m a r k e d toxic act ion was noted w h e n 0.5 a n d 
1.0 m g of Se per k g b o d y w e i g h t were g iven . A t the h igher l eve l , there 
was a t rend ( insignif icant at the 1 % leve l ) t o w a r d increased caries 
inc idence . 

H a d j i m a r k o s (68, 71) car r ied out ep idemio lo g ic a l studies i n O r e g o n 
among c h i l d r e n 14-16 years of age res id ing i n 10 counties. T h e prevalence 
of denta l caries a n d m e a n levels of u r i n a r y Se concentrat ion a m o n g 
c h i l d r e n l i v i n g i n four of these counties is tabulated i n T a b l e V . 

Table V . Dental Caries vs. Urinary Se 

Urinary Se 
County Concentration, 

(Oregon) DMF Teeth/Child Ppm 

K l a m a t h 9.0 0.037 
C l a t s o p 14.4 0.049 
Jackson 13.4 0.074 
Josephine 14.4 0.076 

H a d j i m a r k o s reported a posi t ive correlat ion be tween the concentra­
t ion of u r i n a r y Se a n d denta l caries prevalence. 

T a n k a n d Storvick (190) car r ied out a s imi lar invest igat ion i n areas 
k n o w n to be seleniferous a n d i n contro l areas w h e r e no seleniferous soils 
existed. D e n t a l examinations were m a d e of c h i l d r e n 10-18 years of age 
w h o h a d been b o r n a n d l i v e d i n the t w o areas, demonstrat ing a h igher 
inc idence of caries i n those f r o m seleniferous areas. U n f o r t u n a t e l y , there 
was a n inadequate s a m p l i n g procedure i n co l lec t ing ur ine specimens a n d 
the Se levels of u r i n a r y excretion c o u l d not be determined. C a d e l l a n d 
Cous ins (37), w o r k i n g i n N e w Zea land , f o u n d n o significant difference 
between u r i n a r y Se levels of school boys 5 to 14 years of age a n d their 
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caries prevalence. T h e Se concentrations f o u n d a m o n g the N e w Z e a l a n d 
c h i l d r e n were b e l o w those f o u n d i n the O r e g o n county c h i l d r e n w h o 
s h o w e d the lowest l eve l of u r i n a r y Se concentrat ion. 

T h e exper imental a n i m a l studies i n re lat ion to se lenium have s h o w n 
contradic tory results. E n g l i s h (54) descr ibed hypoplas t i c changes i n the 
enamel of female dogs treated w i t h t h i o u r a c i l or organic Se. M u h l e r a n d 
Shafer (127) p o i n t e d out that Se suppresses t h y r o i d ac t iv i ty a n d m a y be 
c o m p a r e d w i t h th iourac i l , w h i c h increases caries. T h e ac t iv i ty of the 
t h y r o i d g l a n d appears to be re lated to the inc idence of denta l caries i n 
the rat, for in jected thyroxine s ignif icant ly decreases denta l caries, whereas 
r a d i o t h y r o i d e c t o m y signif icantly increases i t (123). M u h l e r a n d Shafer 
(126) f e d N a selenite (15-30 p p m i n a corn car ies-promoting d i e t ) to 
y o u n g rats a n d noted no effect o n denta l caries development or i n the 
histology of the sa l ivary glands. T h e g r o w t h of rats was about ha l f that of 
the controls, a n d , therefore, the toxic effect m a y have obscured the d e n t a l 
effect of se lenium. 

But tner (36) offered rats diets conta in ing l o w e r levels of N a selenite 
( 5 - 1 0 p p m ) i n the d r i n k i n g water a n d obta ined a 38 a n d 5 4 % increase i n 
carious lesions as w e l l as decreased r e p r o d u c t i o n a n d decreased w e i g h t 
gain . These toxic effects were reported also b y M u h l e m a n n a n d K o n i g 
(120) w h e n d i s t i l l e d water conta in ing 3.3 p p m of se lenium as S e 0 2 was 
offered to w e a n l i n g rats d u r i n g a short 20-day exper imental p e r i o d . T h e 
i m p a i r e d g r o w t h of rats o n se lenium was a c c o m p a n i e d b y a caries i n h i b i ­
t ion . I n this same experiment, they tested V (2.1 p p m ) , P t (8.0 p p m ) , 
A u (6.8 p p m ) , a n d S n C l 3 ( 0 . 1 % ) a n d f o u n d t h e m a l l w i t h o u t effect. 

Because the effectiveness of fluorides i n r e d u c i n g d e n t a l caries has 
been re lated to the degree to w h i c h they are concentrated i n the enamel , 
some investigators have evaluated se lenium incorpora t ion into o r a l t is­
sues. C l a y c o m b et al. (40) invest igated the uptake of S e 7 5 b y sal ivary 
glands, teeth, a n d sa l iva of the rat f o l l o w i n g intracardiac adminis t ra t ion . 
W h i l e the sal ivary glands are permeable to Se, they d o not accumulate 
this element. Se len ium ac t iv i ty i n teeth seemed to p a r a l l e l that of the 
sal ivary glands. Thomassen a n d Leicester (193) in jected intraper i toneal ly 
radioact ive S e 7 5 i n rats a n d f o l l o w e d the incorporat ion of se lenium into 
several tissues i n a l o n g i t u d i n a l study. Se len ium appeared to have been 
deposi ted i n a l l tissues, w i t h the l u n g a n d the k i d n e y conta in ing the 
largest amount i n rats sacrif iced four days after the in ject ion. T h e Se 
levels i n molars a n d incisors were lower than i n any other tissues a n d 
d r o p p e d even l o w e r after the first four days b u t m a i n t a i n e d this l o w leve l 
i n molars for a v e r y l o n g p e r i o d of t ime (182 d a y s ) . H a d j i m a r k o s a n d 
Bonhorst (70) repor ted that Se is present i n l o w concentrations i n enamel 
a n d dent in f r o m h u m a n teeth. A u t o r a d i o g r a p h i c studies done i n our 
laboratories indicate that S e 7 5 f e d i n the diet of rats as s o d i u m selenite 
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was f o u n d a b u n d a n t l y i n the p u l p a n d extravascular areas of teeth, b u t 
also i n lower concentrations i n the m i n e r a l i z e d port ions of the teeth, 
w h i c h p r o b a b l y accounts for the se lenium f o u n d b y Thomassen a n d 
Leicester after a l o n g exper imental p e r i o d . 

If se lenium does not accumulate to a large extent i n the superf ic ia l 
layers of enamel , such as is the case w i t h fluoride, then other mechanisms 
must be invest igated. C l a y c o m b et al. (41) invest igated the effect of 
die tary s o d i u m selenite ( 4 . 5 6 p p m Se) o n denta l caries of rats a n d f o u n d 
no signif icant difference i n caries inc idence between test a n d control , i n an 
experiment last ing 1 0 0 days. N a v i a et al. (135) invest igated the caries 
ac t iv i ty of 4 p p m Se as N a 2 S e 0 3 i n the d r i n k i n g water or i n the p u r i f i e d 
caries p r o m o t i n g diet # 2 0 0 ( N a v i a et al, 134) a n d f o u n d that Se was 
w i t h o u t effect, except u p o n sulca l lesions i n groups f e d Se i n the d r i n k i n g 
water . H a d j i m a r k o s (67) a d v a n c e d the suggestion that disturbances i n 
the regulat ion of f o o d or water intake resul t ing f r o m the a d d i t i o n of the 
Se supplement m a y be the factor w h i c h influences the degree of cario­
genic i ty of the diet . O u r results indicate that even t h o u g h there is a de­
crease i n f o o d intake of the group offered the Se i n the water , the cario­
genic act ion is on ly signif icant i n the su lca l caries a n d not i n the smooth 
b u c c a l or the p r o x i m a l surfaces. These results po int more to an effect of 
the se lenium on the o r a l flora, a n d p r e l i m i n a r y observations indicate to 
us that this is a poss ib i l i ty . 

I n conclus ion, there is evidence f r o m b o t h e p i d e m i o l o g i c a l a n d an i ­
m a l studies that se lenium has a sl ight car ies -promot ing proper ty , b u t 
fur ther w o r k s h o u l d be done to e lucidate the m e c h a n i s m of ac t ion of Se 
o n denta l caries a n d to differentiate its toxic effects f r o m those w h i c h 
are phys io log ica l . 

M A G N E S I U M . T h e adul t h u m a n b o d y contains approx imate ly 2 5 

grams of m a g n e s i u m (207), of w h i c h 7 0 % is associated w i t h c a l c i u m a n d 
phosphorus i n bone a n d teeth salts. M a g n e s i u m is present i n b o t h enamel 
a n d d e n t i n , b u t its concentrat ion i n the latter is usua l ly t w i c e that i n 
enamel . M a g n e s i u m , a d iva lent cat ion l i k e c a l c i u m , does not replace i t 
i n the apatite crysta l ; rather, i t is considered to be conf ined to the surface 
posit ions (136). T h e effect of m a g n e s i u m o n the p r e c i p i t a t i o n of c a l c i u m 
carbonates a n d phosphates in vitro has been invest igated b y B a c h r a et al. 
(9). T h e i r results i n d i c a t e d that m a g n e s i u m s tab i l ized the amorphous 
precipitates of c a l c i u m carbonates a n d phosphates a n d also d i s t u r b e d 
the crys ta l l iza t ion of the apatite. A p a t i t i c precipitates w e r e more p o o r l y 
c rys ta l l i zed w h e n f o r m e d i n the presence of M g ions than w h e n f o r m e d 
i n their absence. 

M a g n e s i u m is one of the p r i n c i p a l cations of soft tissues w h e r e i t is 
f o u n d as a n intrace l lu lar element. T h e essentiality of m a g n e s i u m i n p lant 
n u t r i t i o n has been k n o w n for m a n y years a n d its presence i n the p o r p h y r i n 
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moei ty of c h l o r o p h y l l has s t imulated numerous investigations concern ing 
its f u n c t i o n i n green plants. I n a n i m a l tissues, its first-discovered a n d 
p r o b a b l e major role is that of enzyme act ivator such as i n the case of 
the phosphatases a n d the enzymes of the g l y c o l y t i c systems. B o t h of 
these enzyme systems have a major role i n the calc i f icat ion a n d decalc i f i ­
ca t ion processes of teeth. 

I r v i n g (88) invest igated the influence of diets l o w i n m a g n e s i u m 
u p o n the his to logica l appearance of the incisor tooth of the rat a n d 
descr ibed the alterations of the calc i f icat ion r h y t h m as w e l l as the advent i ­
tious calc i f icat ion o c c u r r i n g i n the deficient state. B e c k a n d F u r u t a (13) 
s tudied the effect of M g - d e f i c i e n t diets o n o r a l a n d denta l tissues a n d 
c o n c l u d e d that this element is an essential m i n e r a l for enamel f o r m a t i o n 
i n the rat. Y a m a m e (216), w o r k i n g w i t h hamsters to w h i c h a diet con­
t a i n i n g a l o w l e v e l of M g (40 p p m ) was offered, observed a m a r k e d 
resorpt ion of alveolar bone, w i d e n i n g of the per iodonta l l igament space, 
as w e l l as d isorganizat ion of co l lagen fibers. These findings suggest that 
m a g n e s i u m has an impor tant role i n the development a n d maintenance 
of the tooth a n d its s u p p o r t i n g structures. 

I n 1948, M c C l u r e p u b l i s h e d a s u m m a r y of results of var ious m o d i ­
fications of f o o d a n d d r i n k i n g water offered to rats. A d d i t i o n of 500 p p m 
of M g as M g C l 2 to the water increased caries. M c C l u r e a n d M c C a n n 
(115) drast ica l ly a l tered the C a , P , a n d M g levels of a diet offered to 
w e a n l i n g w h i t e rats for periods of approximate ly 60 days. Rather t h a n 
r e d u c i n g caries, the M g C 0 3 supplement increased the caries severity 
score. H e n d e r s h o t a n d F o r s a i t h (82) observed that caries scores w e r e 
increased three- fo ld w h e n rats were f e d a magnes ium salt of ethylene-
diaminetetraacet ic a c i d ( M g - E D T A ) . Forbes (56) noted that M g salts 
d i d not affect the p r o d u c t i o n of a c i d i n sal iva . T o t h (196) observed that 
the mean m a g n e s i u m content of sa l iva was three times h igher i n caries-
resistant than i n caries-active gypsies (1.59 m g vs. 0.52 m g M g / 1 0 0 m l ) . 

R i c h i e (153) reported that he was able to increase the m a g n e s i u m 
content of h u m a n teeth b y feed ing a mixture of m a g n e s i u m a n d c a l c i u m 
phosphates a n d a s m a l l percentage of potass ium, s o d i u m , a n d i r o n phos­
phates. H e associated this increase i n m a g n e s i u m w i t h caries resistance 
b u t used too f e w subjects to p e r m i t statistical analysis a n d confused his 
results b y us ing phosphates w h i c h have cariostatic propert ies . 

N a v i a et al. (132) s tudied the effect of die tary m a g n e s i u m supple­
ments f e d to rats at a leve l of 2000 p p m i n a fac tor ia l s tudy. S u l c a l a n d 
smooth carious lesions were h i g h i n groups r e c e i v i n g the M g supplement , 
l o w i n those g i v e n the tr imetaphosphate , a n d decreased further w h e n m a g ­
nes ium a n d the condensed phosphate were f e d together, demonstrat ing 
a strong signif icant interact ion. These results were further conf i rmed 
i n a larger fac tor ia l s tudy ( N a v i a et al., 131) i n v o l v i n g t w o elements 
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besides these, z i n c a n d manganese, w h i c h have no effect o n d e n t a l caries 
scores of rats offered these supplements i n the diet at a 2000 p p m leve l . 

P a r m a et al. (147) repor ted that the cariostatic effect of F is en­
h a n c e d w h e n M g is a d d e d to the d r i n k i n g water . T h e re lat ionship of 
m a g n e s i u m to tooth g r o w t h , development , a n d maintenance , as w e l l as 
its inf luence o n the cariostatic effects of compounds s u c h as fluorides a n d 
phosphate , is the object of research i n our laboratories. T h e unders tand­
i n g of these relat ionships s h o u l d be important to o r a l hea l th programs 
i n the future , for m a g n e s i u m m a y have a benef ic ia l or de t r imenta l effect, 
d e p e n d i n g o n the l eve l i n the diet a n d the t ime of f eeding . 

C A D M I U M . L i t t l e is rea l ly k n o w n about the possible role of C d i n 
the metabol i sm of bones a n d teeth. G i n n a n d V o l k e r (61) repor ted that 
50 p p m C d C l . 3 a d d e d to a r ice diet r e d u c e d the p igmenta t ion of the 
enamel of rat incisors a n d caused anemia , b u t d i d not reduce denta l 
caries. W h e n the same leve l was a d d e d to the d r i n k i n g water , caries 
were s t imulated. P i n d b o r g et al. (150) conf i rmed the observat ion o n 
inc isor enamel p igmenta t ion . A n increase i n caries was noted (102) 
w h e n 20 a n d 40 p p m of C d C l 3 were a d d e d to the d r i n k i n g water of rats. 
W i s o t z k y a n d H e i n (210, 211) repeated the observat ion of inc isor d e p i g ­
mentat ion a n d also noted a b l e a c h i n g of the f u r a n d severe anemia i n 
hamsters f e d 0.5 m e q C d S 0 4 . T h i s l e v e l of C d S 0 4 increased the caries 
b y 1 1 % i n male , a n d 9 9 % i n female hamsters (212). P a r i z e k (145,146) 
noted that subcutaneously- in jected C d salts destroyed testicular tissues, 
b u t not w h e n large excesses of z i n c acetate were g iven s imultaneously. 
T h i s m a y indicate that an interre lat ionship exists be tween these t w o ele­
ments for some act ive site i n an enzyme system. B i r d a n d T h o m a s (15) 
observed that C d i n h i b i t e d in vitro m i n e r a l i z a t i o n a n d apatite crysta l 
format ion , a n d this m a y relate to its car iogenic propert ies . 

P L A T I N U M . P l a t i n u m , as p l a t i n i c ch lor ide , accelerated caries to the 
po in t that the dent i t ion was destroyed almost complete ly (209, 210). 
H e i n et al. (77, 79) f o u n d p l a t i n i c ch lor ide to be car iogenic . 

L E A D . L e a d , as l e a d acetate, caused a n accelerat ion of caries i n 
hamsters (210). 

Elements That Are Mildly Cariostatic. M O L Y B D E N U M . M o l y b d e n u m 
is r e q u i r e d for the maintenance of n o r m a l levels of xanthine oxidase i n the 
l i v e r a n d intestine of the rat. It is also a par t of l iver a ldehyde oxidase (an­
other flavoprotein) w h i c h catalyzes the ox idat ion of a ldehydes . It is an es­
sent ia l m i n e r a l element for h igher animals . A d l e r a n d Straub (3) repor ted 
that the inc idence of caries i n populat ions l i v i n g i n cer ta in H u n g a r i a n 
towns was l o w e r than w o u l d be expected f r o m the F content of the water 
s u p p l y , a n d d e d u c e d that i t was because of its M o content (0.1 p p m ) . 
A d l e r (2) noted a definite benef ic ia l effect o n caries w h e n rats were f e d 
0.10 p p m M o . H a d j i m a r k o s (66) stated that the tota l amount of M o 
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ingested s h o u l d be considered rather than the amount f o u n d i n the water , 
a n d this is a v a l i d point . L u d w i g (107) f o u n d that 6-, 7-, a n d 8-year-old 
c h i l d r e n i n N a p i e r ( N e w Z e a l a n d ) h a d 57, 46, a n d 2 1 % , respect ively, 
fewer carious teeth t h a n s imi lar c h i l d r e n i n Hast ings . L a t e r , i t was re­
p o r t e d (108) that this effect was related to the M o content of the foods 
g r o w n i n the area, poss ib ly i n association w i t h other elements. Jenkins 
(90, 91, 92) r e v i e w e d the e p i d e m i o l o g i c a l studies as w e l l as the invest i ­
gations dea l ing w i t h m o l y b d e n u m interactions w i t h other elements a n d 
the in vitro experiments a n d c o n c l u d e d that this element has m i l d car io­
static properties w h i c h deserve the attention of denta l investigators. 

T h e interrelations between M o a n d other elements have been s tudied 
b y several investigators. C r a n e (45) observed that M o increased the 
intest inal absorpt ion of F . Stookey a n d M u h l e r (181) f o u n d that M o 
increased the retent ion of F b y the rat. Less F was excreted b y the g r o u p 
rece iv ing the M o supplement . B u t t n e r (35,36), however , d i d not observe 
increased F retent ion b y the femurs w h e n rats were f e d F a n d M o to­
gether. W h e n 50 p p m M o were g iven i n the d r i n k i n g water , there 
was no increase i n bone fluoride. H e c o n c l u d e d that the cariostat ic 
act ion observed w h e n M o a n d F were g iven together cannot be expla ined 
i n terms of increased F u t i l i z a t i o n b y concomitant ingest ion of M o . V a n 
R e e n , O s t r o m , a n d Berzinskas (199) also observed no effect w h e n 10 p p m 
of M o w e r e f e d i n the diet as N a m o l y b d a t e to N M R I - D rats d u r i n g gesta­
t i o n a n d lactat ion a n d subsequent ly for 5 weeks to the w e a n l i n g rats, 
w h e n w e a n l i n g rats were f e d a p u r i f i e d , car ies -promot ing die t w i t h sup­
plements u p to 48 p p m M o , or w h e n w e a n l i n g rats were g iven u p to 

24 p p m F i n the d r i n k i n g water together w i t h 24 p p m M o , i n w h i c h case 
o n l y the F cont r ibut ion was noted. These investigators (200) repor ted fur ­
ther experiments conf i rming their previous findings a n d p o i n t e d out that 
the neg l ig ib le protect ive effect of m o l y b d e n u m i n the N M R I - D rat m a y be 
related to this strain's h i g h caries ac t iv i ty , w h i c h is usua l ly several t imes 
larger t h a n i n animals used i n other studies (108,182). 

M a l t h u s et al. (Ill) reported that there is a strong synergist ic effect 
w h e n M o a n d F are supplemented together i n the d r i n k i n g water of rats 
at a 25 p p m level , b u t no significant effect w h e n M o is f e d alone at the 
25 p p m level . D u r i n g the conduct of this experiment , changes h a d to be 
m a d e i n the levels of C u , Z n , a n d M n i n the p u r i f i e d car iogenic diet w h i c h 
m a y have obscured the final results. 

B o w e n a n d Eastoe (18) s tudied the effect of sugar solutions conta in­
i n g 10-60 p p m fluoride a n d 10-60 p p m m o l y b d e n u m o n the p H of p l a q u e 
i n monkeys a n d reported that M o , w h e n used at the same concentrat ion, 
was not as effective as fluoride i n prevent ing a c i d p r o d u c t i o n . Jenkins ' 
w o r k (92) is i n agreement w i t h this, a l though they differ i n that he f o u n d 
the greatest effect o n h u m a n sa l iva at p H 5.0 w h i l e i n monkeys the great-
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est effect was observed i n the h igher p H range. Jenkins ' w o r k suggests 
that the effectiveness of M o m a y reside i n its capac i ty to reduce sa l ivary 
a c i d p r o d u c t i o n . O t h e r investigators (99) s tudied the possible effect of 
m o l y b d e n u m ( a n d fluoride, also) o n tooth m o r p h o l o g y but f a i l e d to see 
significant alterations except for the fact that fluoride a n d the in terac t ion 
of F a n d M o al tered s ignif icantly the w i d t h s of the fissures a n d the th ick­
ness of enamel a n d d e n t i n fining the fissures. K r u g e r (100) h a d p r e v i ­
ously c o n d u c t e d a statist ically des igned experiment , a n d observed that 
M o injected into rats d a i l y f r o m the 5th to the 17th d a y after b i r t h at a 
l e v e l of 2 to 7 /xg a d a y p r o d u c e d a significant r e d u c t i o n i n d e n t a l caries, 
so tooth m o r p h o l o g y does not seem to be a factor i n the cariostatic mecha­
n i s m . S h a w a n d Grif f i ths (168) noted some r e d u c t i o n i n rat caries w h e n 
a m m o n i u m m o l y b d a t e was f e d post -developmenta l ly (100-200 p p m ) , 
b u t no effect w h e n f e d d u r i n g the development of the molars . A m m o n i u m 
paramolybdate , however , h a d no effect post -developmental ly a n d i n ­
creased caries w h e n f e d d u r i n g development . 

M o appears p r o m i s i n g as a cariostatic agent, a n d the i n d i c a t i o n 
exists that its car ies-reducing properties are exhib i ted at levels b e l o w its 
toxic dose. N o attention has been p a i d to the interact ion that other ele­
ments such as C u , W , a n d the sulfate i o n have w i t h M o . These w o u l d 
influence p r o f o u n d l y the b i o l o g i c a l ac t iv i ty of m o l y b d e n u m . T h e evidence 
is s t i l l inadequate , a n d fur ther w o r k s h o u l d be c a r r i e d out. 

V A N A D I U M . T race amounts of V are d i s t r i b u t e d w i d e l y i n b o t h soils 
a n d vegetation. T h i s element resembles P i n c h e m i c a l behavior . 

R y g h (160, 161) p r e p a r e d a h i g h l y p u r i f i e d diet , a d d e d different 
m i n e r a l elements to i t , a n d observed that Sr, B a , Z n , T l , a n d V are 
nutr ient essentials for rats a n d guinea pigs . H e c o n c l u d e d that of these 
V a n d Sr p r o m o t e d calc i f icat ion d u r i n g the g r o w t h of bones a n d teeth, 
w h i l e excess Ba> Z n , a n d T l a l l cause decreased calc i f icat ion. W h e n Sr 
a n d V were absent, caries increased; w h e n present, caries was control led . 
D e l e t i o n of Z n , B a , a n d T l f r o m the diet h a d no effect o n d e n t a l caries. 

T h i s result p r o m p t e d G e y e r (60) to test V i n s m a l l groups of h a m ­
sters. M a r k e d l y less enamel caries was observed i n hamsters f e d d a i l y 0.08 
m g V 2 O s i n compar ison w i t h controls o n the car iogenic diet , a n d d e n t i n a l 
caries also was s topped. H e suggested t h a t . . v a n a d i u m ions, i m b e d d e d 
i n enamel a n d dent in , c o u l d increase the hardness of the h y d r o x y l apatite 
as w e l l as the cohesion be tween the organic a n d inorganic matter . " 

H e i n a n d W i t s o t z k y (81) f o u n d no i n h i b i t i o n of caries i n hamsters 
that h a d been g i v e n 10 p p m V i n the d r i n k i n g water . A n increase i n 
caries was noted w h e n s l ight ly h igher amounts were g iven. T h i s is a 
toxic level of intake. M u h l e r (121) f e d 10, 20, a n d 40 fig of v a n a d i u m 
pentoxide per cc i n the d r i n k i n g water of rats a n d noted no effect o n 
caries w h e n these h i g h toxic levels of V were g iven. 
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T h e concentrat ion of V g i v e n seems to be important . W i n i k e r (208) 
f e d a salt of a m m o n i u m metavanadate to hamsters a n d n o t e d caries i n h i ­
b i t i o n w h e n 0.035 m g / d a y were f e d a n d caries s t imulat ion w h e n 0.20 
m g / d a y were g iven . 

M u n c h (128) observed favorable results w h e n b o t h V a n d M o w e r e 
g iven . H e postulated that V acts loca l ly o n the teeth b y c h a n g i n g the 
latt ice of the h y d r o x y l apatite, w i t h V r e p l a c i n g P . 

K r u g e r (100) cori f irmed G e y e r i n a s tudy o n rats b e g u n d u r i n g 
amelogenesis i n the rat. R a t m o l a r caries w e r e r e d u c e d s ignif icantly. 
H o w e v e r , S h a w a n d Grif f i ths (168) observed no effect w h e n v a n a d i u m 
pentoxide or v a n a d y l sulfate was f e d i n the diet or i n the d r i n k i n g water . 
There was uncer ta inty i n the results w h e n the V salts w e r e f e d d u r i n g 
the deve lopmenta l stage. 

T h e studies b y T a n k a n d Storvick (190) o n c h i l d r e n f r o m selenifer­
ous a n d nonseleniferous areas indicate a n inverse corre lat ion be tween the 
V content of the water a n d caries development . 

Some studies have been m a d e of the interre lat ionship be tween F 
a n d V . T e m p e s t i n i (191) noted that F a n d V together w e r e more effective 
i n r e d u c i n g denta l caries t h a n F alone. B u t t n e r (36) d i d not conf i rm 
this finding. 

V deserves fur ther invest igat ion to determine its effects o n bone a n d 
tooth calc i f icat ion a n d o n denta l caries development . 

S T R O N T I U M . T h i s bone-seeking a lkal ine earth m e t a l appears to affect 
caries. S h a w a n d Grif f i ths (168) no ted no evidence of v a n a d i u m r e d u c i n g 
denta l caries inc idence . R y g h (158 ,159) noted a h i g h i n c i d e n c e of caries 
w h e n Sr was absent f r o m the die t of rats. W h e n Sr a n d V were a d d e d i n 
p lenty , caries was cur ta i led . Johansen a n d H e i n (94) c o n c l u d e d that 
50 p p m of s t ront ium as S r C l 2 a d d e d to d r i n k i n g water h a d no effect o n 
hamsters' caries. 

Banks et al (10) repor ted that 1.0 to 2 .0% S r C l 2 a d d e d to the d r i n k ­
i n g water of w e a n l i n g rats caused considerable disturbances of the 
calc i f icat ion of the d e n t i n a n d cementum. P i n d b o r g (151) m a d e a s imi lar 
observat ion, a n d noted a lack of p igmenta t ion of the n o r m a l enamel of 
the rat incisor . S teadman et al (178) suggested that Sr is deposi ted p r i ­
m a r i l y before the erupt ion a n d d u r i n g the calc i f icat ion of the tooth, 
t h o u g h a d d i t i o n a l Sr is deposi ted i n the secondary d e n t i n a n d c e m e n t u m 
after tooth erupt ion . Therefore , c h i l d r e n w i l l deposit considerable 
amounts of S r 9 0 w h e n there is heavy isotope fa l lout . B r y a n t et al (32) 
corroborated this conc lus ion , for they f o u n d a n inverse corre la t ion w i t h 
age. But le r (33) f o u n d 2.6 ± 0.6 disintegrations of S r ^ / m i n / g r a m i n 
teeth obta ined f r o m c h i l d r e n under 4 years a n d 0.4 ± 0.2 i n teeth f r o m 
h u m a n subjects over 31 years of age. 
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Yaeger (215) observed b y the use of an electron microscope that the 
matr ix of the fine structure of the h y p o m i n e r a l i z e d component p r o d u c e d 
b y Sr conta ined pools of heav i l y stained homogeneous, interf ibr i l lar 
mater ia l , presumably nonf ibr i l lar col lagen. T h i s defect p r o b a b l y c o u l d 
account for the i n h i b i t i o n of m i n e r a l i z a t i o n w h i c h results i n the h y p o ­
m i n e r a l i z e d component of the incisors s tudied. 

F u r t h e r studies of the role of Sr i n calc i f icat ion a n d i n d e n t a l caries 
are needed. 

C O P P E R . C o p p e r , an essential element, is a constituent or an activator 
of certain enzymes, a n d i t has a postulated role i n bone format ion 
a n d i n maintenance of m y e l i n w i t h i n the nervous system. C r i p p l i n g bone 
defects occur i n cattle a n d sheep graz ing o n Cu-def i c ient pastures. 

B r u d e v o l d a n d Steadman (26) s tudied the d i s t r i b u t i o n of C u i n 
h u m a n teeth, a n d f o u n d no correlat ion between C u content a n d tooth 
p igmenta t ion or caries. M c C l u r e (113) f o u n d no p r o n o u n c e d caries 
effect w h e n C u was g i v e n i n d r i n k i n g water . S h a w (167) noted no effect 
w h e n 0 .5% N a - C u c h l o r o p h y l l i n was a d d e d to the d r i n k i n g w a t e r of 
rats. H o w e v e r , H e i n a n d Shafer ( 8 0 ) , u s i n g a preparat ion of N a - C u 
c h l o r o p h y l l i n of 93 .2% p u r i t y , f o u n d a cariostatic effect i n hamsters. 

Concentrat ions of 0.25 m g / 1 0 0 grams C u i n sucrose-containing sal iva 
def ini te ly i n h i b i t e d a c i d format ion w h i l e 3 to 4 m g / 1 0 0 grams C u i n sal iva 
comple te ly i n h i b i t e d a c i d p r o d u c t i o n (56). D r e i z e n et al. (52) f o u n d no 
re lat ion be tween the C u content of sal iva a n d denta l caries ac t iv i ty i n 
h u m a n subjects. T h e leve l of C u n o r m a l l y present i n sal iva was unable 
in vitro to prevent the g r o w t h of L. acidophilus. 

H e i n (78) observed that C u S 0 4 r e d u c e d caries as the l eve l was 
increased: 0, 10, 25, 50 p p m C u . A straight l ine was obta ined w h e n the 
caries scores w e r e p lo t ted against the l o g a r i t h m of the C u concentrat ion, 
i n d i c a t i n g that tooth destruct ion was a n inverse f u n c t i o n of the C u S 0 4 

concentrat ion. K r u g e r (100) in jected 0.005 to 0.02 m g of C u N 0 3 in t ra -
per i toneal ly into rats, a n d noted a caries r e d u c t i o n w h i c h a p p r o a c h e d 
the 5 % significance level . 

B O R O N . T h i s was the first element to be p r o v e d essential for p lant 
l i fe . It is not clear yet whether it is a n essential element for animals . 

Wess inger (205) gave 200 m g B / k g b o d y w e i g h t as b o r i c a c i d a n d 
observed no enamel h y p o p l a s i a i n the incisors. H e c o n c l u d e d that B h a d 
no effect o n amelogenesis i n contrast to Sr w h i c h has a m a r k e d effect. 
K r u g e r (100) gave 0.005 to 0.025 m g B as bor ic a c i d intraper i toneal ly , a n d 
c o n c l u d e d that B is effective i n r e d u c i n g caries development . S h a w et al. 
(168) noted a modest r e d u c t i o n i n caries w h e n 0.5, 1.0, a n d 2 .0% N a 
borate were f e d post -developmental ly . 

L I T H I U M . W i s o t z k y a n d H e i n (210) tested l i t h i u m sulfate a n d 
f o u n d no effect o n a n i m a l caries. H o w e v e r , S h a w a n d Grif f i ths (168) 
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a d d e d a 0 . 1 % supplement of l i t h i u m carbonate to a rats' d iet a n d ob­
served a definite post -developmental inf luence to i n h i b i t denta l caries. 

G O L D . G o l d , i n the f o r m of aur ic ch lor ide , was reported b y W i s o t z k y 
a n d H e i n (210) to be a potent i n h i b i t o r of caries i n hamsters. 

Elements With Doubtful Caries Effect. B E R Y L L I U M . T h i s a lkal ine 
earth meta l has been reported to p r o d u c e changes i n b o t h bones a n d 
teeth. M a y n a r d et al. (112) f e d w e a n l i n g rats a diet conta in ing 5 % 
BeSC>4 or B e C O e a n d observed rachi t i c lesions w i t h i n 3 weeks. W e n t z 
(204) f e d 3 a n d 6 % levels of B e C 0 3 a n d observed rickets i f the v i t a ­
m i n D intake was l o w , as w e l l as enamel h y p o p l a s i a a n d aplasia , re tarda­
t i o n i n calc i f icat ion a n d i n d e n t i n format ion , a n d d e l a y e d e r u p t i o n of the 
teeth. Sherman a n d Sobel (169) reported that extremely l o w concentra­
tions (0.01 p p m ) of B e i o n can l i m i t c a l c i u m phosphate crysta l g r o w t h , 
a n d this m i g h t expla in the in vivo results. R y g h (161) c o n c l u d e d that 
w h i l e F is essential to the proper format ion of tooth enamel , B e is of no 
significance. 

Leicester et al. (103) f o u n d that w h e n male hamsters were g i v e n 
0.02% B e C l 2 i n diet or i n d r i n k i n g water f r o m the date of concept ion 
u n t i l 24 days pos tpar tum, a h i g h l y significant r e d u c t i o n i n denta l decay 
was observed 100 days later. These authors noted (192) that w h e n F e 
a n d F were f e d together to male hamsters, there was a statist ically s ig­
nif icant r e d u c t i o n i n caries. 

C O B A L T . C o b a l t is a constituent of v i t a m i n B i 2 w h i c h affects b l o o d 
format ion , but no definite re la t ion between B i 2 def ic iency a n d caries has 
been observed. D r e i z e n et al. (52) f o u n d no re la t ion be tween the C o 
leve l i n sal iva of h u m a n beings a n d their caries experience. Hendershot 
a n d F o r s a i t h (82) f o u n d 3 to 4 times more caries i n male rats f e d a 
supplement of C o - E D T A salt than i n controls. 

C o b a l t m a y interfere w i t h the m i n e r a l i z a t i o n process, for G o l d e n b e r g 
(63) noted that the a d d i t i o n of C o (also Be , M n , N i ) to a basa l solut ion 
w h i c h conta ined N a C l , K C 1 , a n d N a H C 0 3 accelerated the inac t iva t ion 
of the c a l c i f y i n g mechanism of an epiphysea l cart i lage suspended i n the 
solut ion. B i r d a n d Thomas ( I S ) f o u n d C o u n i q u e i n p r e v e n t i n g the 
format ion of apatite crystals at concentrations w h i c h also i n h i b i t e d 
m i n e r a l i z a t i o n of rach i t i c cart i lage matr ix . 

M A N G A N E S E . Manganese is an act ivator for several enzymes such as 
b l o o d a n d bone phosphatases. It is a n essential element even t h o u g h there 
is no definite evidence that M n def ic iency occurs i n m a n . 

S tephan a n d H a r r i s (180) no ted that denta l caries was somewhat 
h i g h w h e n M n was omi t ted f r o m a synthet ic- type diet , a n d r e d u c e d w h e n 
0 . 1 % M n was a d d e d . W y n n et al (215) a d d e d 50, 150, a n d 500 p p m of 
M n to the synthetic type diets of rats a n d noted no car ies -reducing 
effect. S imi lar experiments b y H e n d e r s h o t a n d F o r s a i t h (82) w i t h the 
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M n salt of ethylenediaminetetraacet ic a c i d , M n acetate, or M n versenate 
w e r e also negative. W h e n 0 . 1 5 m g M n , as the sulfate, was injected intra -
per i toneal ly d a i l y into rats, the caries inc idence d i d not decrease (100). 
N a v i a et al. (131) s tudied the effect of M n C l 2 supplements ( 2 0 0 0 p p m 
M n 2 + ) o n a p u r i f i e d car ies -promoting diet f e d to rats a n d f o u n d no effect 
on caries. 

D r e i z e n et al. (51) s h o w e d that the convers ion of carbohydrates to 
a c i d residues b y ora l bacter ia is i n h i b i t e d w h e n M n 2 + is r e m o v e d b y 
chela t ing compounds . T h e y suggested that the M n content of the sal iva , 
w h i c h approximates 0 . 0 0 5 f t g / m l , c o u l d be a n impor tant factor i n denta l 
caries act iv i ty . But tner (36) f o u n d no interact ion be tween M n a n d F 
metabol i sm, even t h o u g h E l T a n n i r ( 5 3 ) h a d suggested that the results 
of a n e p i d e m i o l o g i c a l survey i n M e c c a i n d i c a t e d that M n caused a b r o w n 
colorat ion of the m o t t l e d enamel i n h u m a n subjects c o n s u m i n g water 
conta in ing 2 p p m F . 

It is evident that the caries ac t iv i ty of M n is s t i l l unclear . 

T I N . T i n has been s tudied extensively i n recent years, especial ly i n 
re la t ion to F . M u h l e r a n d D a y (124) supplemented the d r i n k i n g water 
of rats w i t h 1 0 p p m S n F a n d f o u n d i t superior to N a F i n r e d u c i n g the 
inc idence a n d severity of denta l caries, w h i l e S n C l 2 h a d no signif icant 
effect. T h e y observed ( 1 2 5 ) a 7 5 % decrease i n caries inc idence w h e n i t 
was f e d i n the diet of rats. T o x i c effects were noted w h e n 5 0 0 p p m were 
f ed , as s h o w n b y g r o w t h impai rment . S n gluconate a n d S n C l 2 were 
essentially w i t h o u t effect (121), b u t S n F 2 h a d a greater effect t h a n corre­
sponded to its fluoride content. M u h l e r (122) suggested that the most 
significant c l i n i c a l effect of t o p i c a l l y - a p p l i e d S n F 2 is exerted o n inc ip ient 
lesions, a n d M e c k e l (117) i n d i c a t e d that t i n is h e l d very firmly a n d no 
significant losses take place for periods u p to 1 1 3 days. T h e w o r k of 
H o e r m a n et al. (86) w i t h the electron probe microanalysis indicates that 
the mechanism of this l o n g persistence of t i n m i g h t be its specia l b i n d i n g 
propert ies i n " e n r i c h e d " areas of enamel , f r o m w h i c h i t is leached s l o w l y 
over a l o n g p e r i o d of t ime. 

G i s h et al. (62) treated 4 4 2 c h i l d r e n w i t h a 4 % aqueous solut ion 
of K fluorostannite a n d f o u n d a 5 3 . 7 % r e d u c t i o n i n D M F T a n d a 3 9 . 2 % 
r e d u c t i o n i n D M F S . B r u d e v o l d et al. (29) repor ted that S n 2 + a n d F " 
were both taken u p w h e n the enamel was exposed to S n F 2 solutions, 
especial ly w h e n the p H was l o w . 

Z I N C . Z i n c is present i n bone (194) a n d is qui te h i g h i n d e n t i n (46, 
47). Increased levels have been reported i n the denta l tissues of t u b e r c u ­
losis patients. It is d i s t r ibuted w i d e l y i n the h u m a n b o d y , especial ly i n 
the erythrocytes w h e r e it is an essential component of carbonic anhydrase. 
Z i n c is also a s tructural component of the phosphatases, to w h i c h i t con-
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tr ibutes s tabi l i ty . Z i n c accumulates o n the surface structures of the teeth 
(31), but occurs i n l o w concentrations i n subsurface mater ia l , a n d shows 
a d i s t r i b u t i o n pat tern s imi lar to F a n d P b . It is a d ie tary essential (161). 

L i t t l e is k n o w n about the effects of Z n o n denta l caries. M c C l u r e 
(113) noted a car ies-st imulat ing effect w h e n Z n S 0 4 ( 250 p p m ) was f e d 
i n the d r i n k i n g water of rats. H e n d e r s h o t a n d F o r s a i t h (82, 83) observed 
a p p r e c i a b l y lower caries scores w h e n Z n - E D T A was f e d to w e a n l i n g 
male rats, b u t no significant effect w h e n Z n acetate was g iven . Z n supple­
ments as Z n C L (2000 p p m Z n 2 + ) offered to rats f r o m b i r t h to 60 days of 
age were inert i n terms of smooth surface a n d su lca l caries (131). 

B R O M I N E . B r o m i n e , w h e n f e d as the b r o m i d e , was f o u n d b y Sognnaes 
(171) to increase caries i n rats w h e n f e d d u r i n g tooth development , b u t 
to reduce caries somewhat i f f e d after erupt ion . U s i n g serial autoradiog­
r a p h y a n d B r 8 2 , Soremark (174) showed that b r o m i d e ions enter the 
dent in a n d that its act ion m a y vary , d e p e n d i n g on the p e r i o d w h e n 
adminis tered . 

I O D I N E . Iodine (0.005 to 0.002 m g ) in jected intraper i toneal ly into 
rats h a d no effect o n caries (100). Several investigators (49, 114, 152) 
have f o u n d that compounds l i k e iodoacet ic a c i d cause a significant reduc­
t ion i n caries w h e n a d d e d to d r i n k i n g water . D a l e a n d Keyes (48) 
observed a n a d d i t i v e effect w h e n iodoacet ic a c i d was g iven w i t h fluorine. 
U n f o r t u n a t e l y , the L D 5 0 of iodoacet ic a c i d is 116 ± 12 m g / k g b o d y 
weight , w h i c h gives a safety m a r g i n that is too n a r r o w to p e r m i t its 
a p p l i c a t i o n as p r o p y h l a c t i c agent for caries (110). 

S I L I C O N . S i l i c o n oils are car iogenic w h e n f e d i n the diet at 10 a n d 
2 0 % levels (20), b u t s i l i cof luor ide salts have been used successfully for 
fluoridation of water supplies w i t h o u t any apparent r e d u c t i o n i n the 
effectiveness of the fluoride i n r e d u c i n g caries. N o evidence has been 
presented i n d i c a t i n g that S i is car ies-promoting i n humans . 

Caries-Inert Elements. B A R I U M . W h e n 0.5 or 1.0% of B a C L was 
f e d i n the diet of rats, i t h a d no effect o n the d e v e l o p i n g teeth or caries 
suscept ib i l i ty (168); however , some r e d u c t i o n i n caries was observed 
post -developmental ly . N o al terat ion i n the rate or degree of ca lc i f icat ion 
i n these animals was observed. 

A L U M I N U M . T h i s element is abundant i n the so i l , a n d is u b i q u i t o u s 
i n foods, b u t is not k n o w n to be essential to h igher animals . Its tox ic i ty 
is qui te l o w . 

W y n n a n d H a l d i (213) no ted no effect o n exper imenta l caries deve l ­
opment i n rats w h e n 0.16, 2.0, a n d 20 p p m A l were a d d e d to the diet . 
K r u g e r (100) f o u n d no effect o n rat caries w h e n 0.008 a n d 0.025 m g of 
A l were f e d as A l acetate. S i m i l a r negative results were repor ted b y 
V a n R e e n et al. (200). 
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I t appears to counteract denta l fluorosis (201, 203). T h i s effect is 
p r o b a b l y a result of decreased deposi t ion of F , since the F stores i n bones 
a n d teeth were r e d u c e d b y concurrent A l feeding . 

N I C K E L . N i c k e l is w i d e l y d i s t r ibuted i n p lant a n d a n i m a l tissues. It 
acts as a n act ivator of several enzyme systems, such as arginase a n d 
t r y p s i n . 

Forbes a n d S m i t h (56) f o u n d that N i salts exert a m a r k e d i n h i b i t i n g 
ac t ion o n a c i d p r o d u c t i o n i n sal iva. Hendershot et al. (83) r epor ted that 
N i C l 2 caused a n increase of caries i n rats, that w h e n N i - E D T A was g iven , 
caries was i n h i b i t e d i n male b u t not i n female rats, a n d that N i acetate 
h a d no effect o n either sex. 

I R O N . T h i s element is impor tant to h e m o g l o b i n format ion a n d is a n 
essential element. T h o u g h n o r m a l l y i t is not cons idered a par t of the 
apatite molecule , i t appears essential for the f o r m a t i o n of the orange-
b r o w n p igment that is characterist ic of the enamel of the rodent incisors. 

M c C l u r e (113) f e d 2 5 0 a n d 5 0 0 p p m ferr ic citrate i n the die t of rats 
a n d noted no dist inct effect. T h e same result was repor ted b y W y n n et al. 
(215) a n d b y Hendershot a n d F o r s a i t h (82) w h e n f e d F e - E D T A . T o r e l l 
( 1 9 5 ) suggested the poss ib i l i ty that ferr ic solutions m a y establ ish layers 
of h y d r o l i z e d ferr ic precipitates o n enamel w h i c h c o u l d increase caries. 

P A L A D I U M . P a l a d i u m chlor ide h a d no effect o n caries (210). 
T I T A N I U M . V a n R e e n et al. (200) f o u n d this element to be caries-

inert w h e n tested w i t h the N M R I - D rats, a l though a s m a l l r e d u c t i o n 
(about 1 0 % ) was observed w h e n A l , T i , a n d M o w e r e f e d together i n 
the diet . 

Experimental Factors Which Contribute to the Discrepancy in the 
Effect of Minerals on Dental Caries 

T h e r e v i e w e d results of a large n u m b e r of experiments i n humans 
a n d animals to investigate the re lat ionship be tween certa in trace elements 
a n d denta l caries are conf l ic t ing. T h e reason for this apparent confus ion 
is p r i m a r i l y that m a n y factors are i n v o l v e d i n this p r o b l e m . E x p e r i m e n t s 
i n w h i c h only some of the factors are taken into considerat ion cannot be 
c o m p a r e d w i t h other experiments w h e r e a different set of factors has 
been contro l led . 

I n order to c lar i fy this point , i t w o u l d be of advantage to r e v i e w 
brief ly the exper imenta l factors w h i c h influence denta l caries research 
w i t h regard to trace elements. 

Species. T h e sensit ivity of a n i m a l species to the effect of certa in 
elements has a w i d e var ia t ion , o w i n g p r i n c i p a l l y to their anatomica l , 
b i o c h e m i c a l , phys io log ica l , a n d m i c r o b i o l o g i c a l differences. These di f ­
ferences are not o n l y present w i t h i n a n i m a l species (rats, hamsters, 
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m o n k e y s ) a n d even strains, b u t also between a n i m a l species a n d h u m a n 
beings, m a k i n g the extrapolat ion of results a di f f icul t task. T h e a n i m a l 
is an exper imenta l m o d e l , w h e r e assumptions have to be m a d e a n d , there­
fore, results f r o m this type of s tudy can o n l y be used to unders tand better 
the pathology of h u m a n caries, a n d not to exp la in i n its entirety the 
h u m a n caries phenomena. 

Route of Administration. E lements can influence the tooth a n d its 
environment b y enter ing the organism t h r o u g h diet , water , air, or cage 
environment . E x p e r i m e n t a l l y , elements also c a n be adminis tered b y 
in ject ion a n d b y t o p i c a l appl icat ions o n the tooth surface ( 7 3 ) . T h e 
effectiveness of these different routes i n fac i l i ta t ing the effect of the 
c h e m i c a l agent is dependent o n the a v a i l a b i l i t y of the c o m p o u n d a n d 
its par t i cu lar mechanism of ac t ion o n the tooth—i .e. , incorpora t ion into 
enamel , o n the p l a q u e , or surface adsorpt ion, etc. T h e effects of elements, 
therefore, can be c o m p a r e d o n l y w h e n the f o r m of adminis t ra t ion is 
t h r o u g h e q u a l routes. 

Time (Age) of Administration. T h e t ime at w h i c h the element is 
g iven has a p r o f o u n d influence w i t h regard to the deve lopment of the 
a n i m a l a n d the stage of deve lopment of the tooth. C e r t a i n elements m a y 
exhibi t toxic propert ies w h e n f e d to y o u n g i m m a t u r e animals a n d , there­
fore, i n h i b i t their g r o w t h a n d development , the result b e i n g a sick a n d 
a b n o r m a l a n i m a l w i t h u n p h y s i o l o g i c a l responses. T h e stage of deve lop­
ment of the tooth is a n even m o r e important factor, for i f the element 
is to be incorporated or adsorbed b y the tooth, this can take place on ly 
at the i n i t i a l stages of development or e r u p t i o n a n d not w h e n the enamel 
m i n e r a l has m a t u r e d a n d lost its react iv i ty (133). 

Chemistry and Availability of the Mineral Compound. T h e chem­
i c a l structure, valence, a n d so lub i l i ty are f u n d a m e n t a l factors w h i c h also 
determine the ac t iv i ty of the element w i t h regard to denta l caries. T h e 
c h e m i c a l propert ies of a c o m p o u n d b e i n g tested inf luence the intest inal 
absorpt ion, the o r a l a n d intest inal flora, a n d the d i rec t l o c a l uptake b y 
the tooth or p laque . Exper iments , therefore, even t h o u g h they m a y use 
s imi lar levels of a cer ta in element, are not comparable i f the c h e m i c a l 
structure of the c o m p o u n d is different. E x a m p l e s have been c i t e d w h e r e 
a c h e m i c a l f o r m is effective at a par t i cu lar tooth development stage a n d 
not at another later stage. 

Requirement and Toxicity Levels: Biological Reserves. T r a c e ele­
ments p l a y a par t i n m a n y b i o l o g i c a l reactions, a n d some are def ini te ly 
essential nutrients ; no n o r m a l development can take place i n their ab­
sence. T h e amounts r e q u i r e d are usual ly extremely smal l , a n d i t is 
v e r y di f f icul t to investigate the part p l a y e d b y such l o w concentra­
tions of elements. It is not at a l l surpr is ing , therefore, that uncerta inty 
exists about the significance of some trace elements w i t h regard to 
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nutr i t ion a n d denta l heal th . A n o t h e r p r o b l e m that confronts the 
investigator is that a l l l i v i n g matter contains trace elements, a n d they 
store t h e m i n organs such as the l iver i n vertebrates or other structures i n 
the lower forms. T h e e n d result is that i t is qu i te imposs ib le to deplete 
the organ isms b i o l o g i c a l reserves of nutrients enough to observe a 
clear denta l effect or n u t r i t i o n a l symptoms of a trace element def ic iency. 

T h e l o w requirements of these trace elements together w i t h the 
h i g h toxic i ty exhib i ted b y m a n y elements fur ther complicates their inves­
tigations, for s l ight ly h igher levels usual ly b r i n g about toxic effects w h i c h 
influence the phys io log ica l status a n d thereby obscure the interpretat ion 
of experiments, as is the case w i t h se len ium or m o l y b d e n u m . 

Type of Diet. I n denta l caries research, the type of diet used deter­
mines to a large extent the amount , type , a n d d i s t r i b u t i o n of carious 
lesions i n the molars . N u t r i t i o n a l l y , diet determines the degree of w e l l -
b e i n g a n d n o r m a l development a n d maintenance of exper imental an i ­
mals , b u t i n caries research, certain diets have b u i l t - i n imbalances , m a i n l y 
i n the amounts of prote in a n d minerals w h i c h are responsible for its 
car iogenic i ty . C a r i e s - p r o m o t i n g diets, to be effective, have to a l l o w the 
development of different types of lesions at the same t ime that they satisfy 
the requirements for n o r m a l development . D i e t s c a n b e d i v i d e d into 
natura l , pur i f i ed , a n d c h e m i c a l l y def ined (130). W o r k w i t h trace elements 
requires the use of pur i f i ed diets made u p of a carbohydrate a n d p r o t e i n 
source p lus some o i l a n d a salt a n d v i t a m i n mixture . T h i s type of die t has 
the advantage that its composi t ion can be contro l led a n d the trace ele­
ments can be kept constant, a v o i d i n g the fluctuations d u e to variat ions 
i n the composi t ion of p lant f o o d ingredients used i n n a t u r a l diets. D i e t 
composi t ion , f eed ing f requency , p h y s i c a l structure, a n d o r a l clearance 
are important factors i n the conduct of exper imenta l caries research. 

Interferences from Components of Diet. T h e nature of the cario­
genic diet influences the a v a i l a b i l i t y of trace elements f r o m f o o d mate­
rials , the storage of those elements i n the tissues, their incorporat ion into 
their f u n c t i o n a l posit ions i n the ce l l a n d , finally, their excretion. T h e 
metabol i sm of copper is m a r k e d l y affected b y m o l y b d e n u m a n d that of 
m o l y b d e n u m b y the levels of inorganic sulfate i n the diet . T h e z i n c 
requirement apparent ly is increased w h e n isolated soy-bean p r o t e i n is 
used instead of casein as a prote in source i n p u r i f i e d diets. P h y t i c a c i d 
influences the uptake of c a l c i u m a n d i r o n i n certa in species, such as 
the p i g . 

Die ts used i n caries research s h o u l d be s tudied care fu l ly a n d screened 
out for possible interferences a n d m i n e r a l interactions w h i c h m a y b r i n g 
about a d d i t i o n a l a n d u n k n o w n sources of var ia t ion i n the experiments. 

Trace Elements or Contaminants. T h e very l o w requirement of trace 
elements a n d the ub iqui tous presence of trace elements i n nature d e m a n d 
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a r i g i d contro l of the environment s u r r o u n d i n g exper imenta l animals used 
i n caries research. T r a c e element contaminants can come f r o m the cage, 
especial ly i f these are g a l v a n i z e d or have m e t a l parts to w h i c h the animals 
have r e a d y access; the water , i f this is not care fu l ly d i s t i l l e d a n d stored 
i n tanks m a d e of inert materials ; d iet ingredients ; a n d the atmosphere, i f 
a i r is not filtered a n d c o n d i t i o n e d to proper temperature a n d h u m i d i t y . 

Methods of Analysis and Caries Evaluation. T race element content 
of diets a n d water s h o u l d be a n a l y z e d care fu l ly i n order to s tandardize 
the exper imenta l condit ions . C e r t a i n organs, besides teeth a n d other o r a l 
structures, s h o u l d be dissected a n d a n a l y z e d for trace elements i n order 
to unders tand their effects on the organism a n d , i n par t icular , on the den­
ta l structures. T h e l o w levels of elements i n v o l v e d a n d the poss ib i l i ty of 
contaminat ion d u r i n g prepara t ion of samples for analysis requi re the use 
of p h y s i c a l methods such as neutron ac t ivat ing analysis a n d electron 
probe microanalysis to unders tand their d i s t r ibut ion i n microstructures . 
R e c e n d y , the electron probe m e t h o d of analysis has been greatly i m ­
p r o v e d , enab l ing the researcher to scan a tooth structure a n d determine 
levels of elements such as P a n d C a as w e l l as l ighter elements i n 1 - m i c r o n 
areas. I n cases w h e r e this is not feasible, spectrographic analysis or the 
a tomic absorpt ion spectrophotometry become the methods of choice , for 
they are able to detect elements i n parts per m i l l i o n levels. L a r g e n u m ­
bers of analyses can be car r ied out w i t h the latter m e t h o d , w h i l e the 
spectrographic procedure is use fu l i n that several elements can be assayed 
readi ly i n a sample. 

T h e m e t h o d used i n the est imation of caries extent a n d severity is 
important , for i t s h o u l d be adequate for the type of les ion b e i n g f o r m e d 
b y the car iogenic diet used a n d the d u r a t i o n of the experiment. Car ies 
scoring methods differ i n their r e p r o d u c i b i l i t y a n d i n their specificities, 
a n d care fu l thought s h o u l d be g i v e n to the choice of m e t h o d a n d to the 
compar i son of exper imental results obta ined i n the different caries scor ing 
procedures. 

O t h e r methods are used i n caries research, such as hardness tests, 
so lub i l i ty tests, dye penetrat ion tests, etc., w h i c h are used to evaluate the 
effects of trace elements o n tooth structure, b u t they a l l r e q u i r e a h i g h 
degree of s tandardizat ion i n order to obta in m e a n i n g f u l a n d comparable 
results. These in vitro models s h o u l d be caut iously evaluated, for they 
m a y be total ly unre la ted to the in vivo phenomena . 

Experimental Design. A m u l t i p l i c i t y of factors affect the results of 
denta l caries experiments a n d interact be tween them, p r e c l u d i n g the 
poss ib i l i ty of ob ta in ing m e a n i n g f u l results f r o m experiments w h e r e one 
of the factors is v a r i e d a n d the rest are m a i n t a i n e d constant (65, 9 8 ) . 

Therefore , i n the des ign of experiments i n w h i c h m a n y factors are 
i n v o l v e d , the so-cal led fac tor ia l experiment (i.e., a l l combinat ions of a l l 
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levels of all factors) or fractional factorials in which only some of the 
factors are statistically evaluated wi l l allow estimates of existence of 
interactions. Factorial analysis has the disadvantage that as the number 
of factors increases, the experiment becomes extremely large. For in­
stance, for 6 factors at only two levels, the factorial experiment requires 
2 6 = 64 trials. Statistical designs have been described for reducing the 
number of runs in large-scale fractional replication studies which enable 
the experimenter to draw up schedules which permit the examination of 
results at various stages of the research work. The selection of subse­
quent trials can be made as the results of the previous trials are obtained. 
Experimental designs of this type wi l l make dental caries research experi­
ments fruitful and effective. 

Conclusion 

The results of an exhaustive literature review on the effect of trace 
elements in dental caries has been presented. Epidemiological data as 
well as experimental data obtained with animal studies indicate that the 
mineral portion of foods influences the prevalance of dental caries. 

Trace elements may act as "bone-seeking" elements and accumulate 
in the skeleton and teeth to modify their development and composition 
as well as their chemical-physical properties. This influence, in the case 
of those elements in high concentration in surface enamel, may extend 
into the plaque, the oral flora, and the surrounding environment of the 
tooth. 

When the literature is evaluated, a highly tentative classification can 
be made of the type of effect shown by trace elements with regard to 
dental caries, in spite of the fact that a large number of experiments 
present conflicting results. The source of confusion in these observations 
can be traced to the multiplicity of factors which enter into dental caries 
research and its relation to mineral nutrition. 

Research work in which these factors are taken into consideration 
should be attempted in order to clarify the influence of mineral elements 
on dental caries. 
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Application of Chemical Agents for the 

Control of Dental Caries 

ROBERT C. C A L D W E L L 

School of Dentistry, University of California, Los Angeles, Calif. 90024 

JOE P. THOMAS 

School of Dentistry, University of Alabama, Birmingham, Ala. 35233 

Vehicles for caries-preventive agents include dentrifices, 
mouthwashes, chewing gum, drinking water, cereals, flour, 
milk, table salt, tablets, and concentrated solutions which 
are applied by dentists. Many chemicals reduce dental 
caries in experimental animals. Those which have been 
subjected to clinical trials on humans include NaF, SnF2, 
Na2PO3F, and other fluorides; CaHPO4, anionic detergents, 
antibiotics, chlorophyll, urea, and vitamins. As a group, the 
fluorides have been most effective, and no single procedure 
has yet been as effective at the public health level as water 
fluoridation. However, several new approaches have prom­
ise. For example, topical application of acidulated sodium 
or stannous fluoride solutions once a year has resulted in a 
substantial reduction in caries, and fluoride mouthwashes 
prevent caries more effectively than dentifrices. 

Many approaches have been developed to reduce dental caries by 
chemical means; however, even the most effective procedures can­

not yet be expected to eradicate the disease. A complete program of 
dental caries prevention includes dietary management, good oral hygiene, 
patient education and motivation, and early treatment of initial carious 
lesions, as well as the utilization of the various chemical agents. The use 
of a therapeutic agent is, in some instances, part of the oral hygiene 
technique, while in other cases it may be in the form of a dietary sup­
plement. Very large caries reductions are possible in individuals who 
receive complete preventive care, but the 55-65% reduction resulting 
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f r o m water fluoridation remains the best protect ion avai lable at the 
p u b l i c hea l th l eve l at this t ime. 

T h e most effective regime for the c h e m i c a l prevent ion of denta l 
caries p r o b a b l y consists of a c o m b i n a t i o n of procedures , i n c l u d i n g water 
fluoridation or some other means of fluoride ingest ion d u r i n g c h i l d h o o d , 
p e r i o d i c appl i ca t ion of a caries-preventive agent i n a re la t ive ly h i g h 
concentrat ion to the tooth enamel surface, a n d regular a p p l i c a t i o n of a 
less concentrated booster preparat ion of the caries-preventive agent. T h e 
t ime interval r e c o m m e n d e d for the appl i ca t ion of the concentrated agent 
varies somewhat d e p e n d i n g on the agent b e i n g discussed, w h i l e the less 
concentrated booster agent is for more frequent use to m a i n t a i n the 
c h e m i c a l at or i n the enamel surface between concentrated appl icat ions . 

Car ies -prevent ive c h e m i c a l agents can be incorpora ted into a var ie ty 
of vehicles w h i c h can be d i v i d e d into four m a i n categories. 

(1 ) Agents a p p l i e d b y the denta l t e a m : These i n c l u d e concentrated 
solutions of various fluorides for t o p i c a l a p p l i c a t i o n , prophylax is pastes 
conta in ing fluoride, var ious fluoride gels, a n d agents a p p l i e d to i n h i b i t 
the g r o w t h of denta l bac ter ia l p laque . 

(2 ) T h e r a p e u t i c agents prescr ibed for personal a p p l i c a t i o n : These 
i n c l u d e fluoride tablets, lozenges, drops, mouthwashes , prophylax is pastes. 

(3 ) P u b l i c heal th measures: These i n c l u d e water fluoridation, large 
scale supervised se l f -appl icat ion of fluoride-containing agents, a n d the 
use of m i l k , table salt, b r e a d , breakfast cereals, a n d flour as vehicles for 
fluoride or other caries-preventive agents such as certa in phosphates. 

( 4 ) Over- the-counter preparat ions : These i n c l u d e denti fr ices , 
mouthwashes , a n d c h e w i n g g u m . 

Agents Applied by Dental Team 

T h e current status of top ica l fluoride solutions has been r e v i e w e d 
b y H o r o w i t z a n d H e i f e t z ( 4 5 ) . I n general , there appears to be mer i t i n 
the use of t o p i c a l solutions a n d prophylax is pastes conta in ing fluoride 
for the r e d u c t i o n of denta l caries; however , i n spite of 25 years of c l i n i c a l 
investigations into various solutions a n d techniques, no c lear ly super ior 
solut ion or technique to date has been ident i f ied . C l i n i c a l testing meth­
ods today are re la t ive ly unref ined w h e n c o m p a r e d w i t h methods avai lable 
i n the p h y s i c a l sciences. Treatment effects, therefore, can be only esti­
m a t e d grossly. D e P a o l a has appropr ia te ly commented that independent 
tests of the same or s imi lar agents " f requent ly s h o w m a r k e d differences 
i n the percentages of r e d u c t i o n i n denta l caries; therefore, w e s h o u l d not 
take percentage reduct ion figures too l i tera l ly , a n d reduct ions f r o m one 
s tudy to another s h o u l d be c o m p a r e d w i t h c a u t i o n " (16). 

T h e w e l l - k n o w n m e t h o d of t o p i c a l a p p l i c a t i o n of s o d i u m fluoride 
to the enamel surface descr ibed first b y B i b b y (7) has been w i d e l y used. 
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T h e procedure was d e v e l o p e d b y K n u t s o n a n d coworkers (30, 31 , 54, 
56-59), w h o used a 2 % s o d i u m fluoride solut ion w h i c h was a l l o w e d to 
d r y o n the teeth for 3 to 5 minutes . T h e 2 % s o d i u m fluoride is a p p l i e d 
at 4 w e e k l y intervals w i t h a prophylax is b e i n g done at the first appoint ­
ment only . T h i s series of appl icat ions is repeated at age 3, 7, 11, a n d 
13. These investigators reported reduct ions i n denta l caries ( D F T ) of 
39.7, 41.4, a n d 36 .7% after 1, 2, a n d 3 years, respect ively. T h e major i ty 
of studies us ing this technique have s h o w n denta l caries inc idence to be 
r e d u c e d 30 to 4 0 % i n the permanent teeth of c h i l d r e n r e s i d i n g i n an 
area w i t h fluoride-deficient water . T h e major disadvantage of this thor­
o u g h l y s tudied technique has been the necessity of four pat ient visits over 
a short p e r i o d of t ime. 

W i t h the advent of stannous fluoride, m a n y dentists swi tched to the 
technique of M u h l e r (78 ) . T h e r e c o m m e n d e d procedure involves thor­
o u g h i n i t i a l prophylax is a n d i n t e r p r o x i m a l flossing a n d the a p p l i c a t i o n of 
a fresh 8 % solut ion of stannous fluoride, k e e p i n g the teeth moist w i t h 
the solut ion for 4 minutes . T h i s technique has the advantage of i n v o l v i n g 
a s ingle vis i t for the i n i t i a l treatment. It requires reappl i ca t ion i n 6 
months to a year, d e p e n d i n g on the i n d i v i d u a l caries suscept ib i l i ty 
of the patient. H o r o w i t z a n d H e i f e t z (45) s u m m a r i z e d the extensive 
c l i n i c a l investigations of stannous fluoride solutions b y M u h l e r a n d 
his associates, w h o have repor ted a range of benefit of 47 to 7 8 % 
reduct ion i n D M F surfaces i n c h i l d r e n . T h i s range of benefit is also 
assessed b y Stookey (51) at f r o m 40 to 6 0 % , w h i c h is i n excess of the 
range of benefit repor ted for the 2 % N a F technique. A f e w studies have 
s h o w n negative results w i t h stannous fluoride (47, 104, 113), a n d d i sad­
vantages of taste, g i n g i v a l b l a n c h i n g , ins tabi l i ty of aqueous solutions, 
a n d unesthetic pigmentat ions have been p o i n t e d out ( 5 1 ) . 

A c i d u l a t e d phosphate fluoride has been r e v i e w e d b y D e P a o l a (16). 
T h i s re la t ive ly n e w agent consists of a solut ion of s o d i u m fluoride a d ­
justed to p H 3 b y the a d d i t i o n of 0.1 M phosphor ic a c i d . T h e solut ion 
contains 1.23% s o d i u m fluoride a n d , i n i n i t i a l c l i n i c a l studies, seemed to 
surpass agents a l ready i n use (11, 81, 112). T a b l e I inc ludes representa­
t ive data s h o w i n g that at the e n d of a two-year study a r e d u c t i o n i n 
denta l caries ( D M F S ) of 7 0 % (112) resulted. W e l l o c k , M a i t l a n d , a n d 
B r u d e v o l d , i n an invest igat ion (113) i n w h i c h hal f the m o u t h was treated 
w i t h 2 % N a F a n d hal f w i t h a c i d u l a t e d phosphate fluoride ( A P F ) , re­
p o r t e d 5 0 % fewer n e w carious lesions o n the A P F side of the m o u t h . 
T h i s technique was also more successful w i t h subjects w h o m a i n t a i n e d 
g o o d o r a l hygiene . T h e a d d i t i o n of a c i d to stannous fluoride was s tudied 
b y M u h l e r , Stookey, a n d B i x l e r (86) w i t h g o o d results reported . T a b l e I 
shows that M e r c e r a n d M u h l e r (74) a n d Scola a n d O s t r u m (97) r e d u c e d 
the 4-minute stannous fluoride treatment to 15 or 30 seconds w i t h no 
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T a b l e I . Recent Developments 

Principal 
Investigator 

Age 
Group, 
Years Solution Used 

W e l l o c k (112) 
Pamei j e r (87) 
M u h l e r (86) 

Acid Phosphate-
8-11 1.23% N a F i n 0.1 M phosphoric ac id 
4 -10 2 % N a F i n 0.15 M phosphoric ac id 

G r a d e School 1 0 % N a H 2 P 0 4 p lus 8 % S n F 2 

Scola (97) 

M e r c e r (74) 

H o r o w i t z (46) 

15-30-Sec. 
5-12 8 % S n F 2 (4 min . ) 

1 0 % S n F 2 (30 sec.) 
17-24 S n F 2 p r o p h y paste, top ica l & dent i f r i ce : 

4 m i n . top ica l 
15 sec. top ica l 

7-9 8 % S n F 2 4 m i n . t o p i c a l 
1 0 % S n F 2 30 sec. top ica l 

apparent loss of effectiveness. H o w e v e r , i n an evaluat ion of a 30-second 
a p p l i c a t i o n of a stannous fluoride solut ion, H o r o w i t z a n d H e i f e t z (46) 
h a d d i s a p p o i n t i n g results w i t h this r a p i d technique. A v e r i l l et al. (2) i n 
a 2-year s tudy of the effects of three t o p i c a l fluorides ( 2 % aqueous s o d i u m 
fluoride, 4 % stannous fluoride, a n d 2% A P F ) a p p l i e d t w i c e annual ly i n 
c h i l d r e n l i v i n g i n a nonf luor idated c o m m u n i t y f a i l e d to show conclusive 
super ior i ty of any one of these agents. 

C a r i e s - r e d u c i n g c h e m i c a l agents have been a d d e d to prophylax i s 
pastes. T h e a d d i t i o n of stannous fluoride a n d A P F to prophylax is pastes 
has been s tudied c l in i ca l ly . A caries r e d u c t i o n of 3 4 % ( D M F S ) w i t h a 
stannous fluoride prophylax is paste was reported b y B i x l e r a n d M u h l e r 
( 9 ) , w h i l e G i s h a n d M u h l e r (34) have obta ined about a 4 0 % r e d u c t i o n 
( D M F S ) w i t h the same paste. In this s tudy, the c o m b i n e d use of stan­
nous fluoride paste a n d t o p i c a l stannous fluoride was more effective than 
paste alone. Scola a n d O s t r u m (97) reported a caries r e d u c t i o n of 1 2 % 
after the use of a stannous fluoride prophylax i s paste, w h i c h is p r o b a b l y 
not a signif icant r e d u c t i o n ; however , the paste seemed to enhance the 
effect of a t o p i c a l solut ion a n d a stannous fluoride dent i f r ice . 

H o r o w i t z a n d L u c y e (48) i n a 2-year s tudy of c h i l d r e n rece iv ing 
a n n u a l prophylax is w i t h the stannous fluoride-lava p u m i c e paste observed 
no protect ion against caries inc idence as c o m p a r e d to controls. Peterson 
a n d others (89) s tudied an a c i d u l a t e d fluoride-lava p u m i c e prophylax is 
paste a p p l i e d annua l ly i n c h i l d r e n i n communit ies w i t h fluoridated a n d 
others w i t h nonf luor idated water suppl ies , a n d repor ted m i n i m a l reduc­
t ion i n denta l caries increments . 

H o r o w i t z (42-44) s t u d i e d the car ies-reducing effect of an A P F gel 
a n d solut ion. A f t e r 3 years, those r e c e i v i n g a n n u a l a p p l i c a t i o n of the 
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i n T o p i c a l F l u o r i d e T h e r a p y 

No. in 
Frequency of Exptl. 
A pplication Group 

Fluoride 
1 per year 115 
4 X i n 2 weeks 77 
1 a p p l i c a t i o n 100 

Application 
2 per year 135 
2 per year 132 

Length 
of Study, 

Years 

2 
15 m o . 

9 m o . 

2 
2 

Caries 
Reduction 
(DMFS) 

70 
50° 
75 

56 
59 

1 per year 200 1 45 
1 per year 194 1 54 
1 per year 420 3 21 
1 per year 421 3 3.8 

1 Compared to effect of 2% NaF. 

A P F solut ion experienced a 2 4 % r e d u c t i o n i n denta l caries ( D M F S ) 
w h i l e those r e c e i v i n g semiannual appl i ca t ion of the A P F solut ion h a d 
a 4 1 % r e d u c t i o n i n caries inc idence . T h e A P F ge l was a p p l i e d i n a w a x 
tray a n d p r o d u c e d a 2 4 % r e d u c t i o n as c o m p a r e d w i t h the controls. I n -
graham a n d W i l l i a m s (52) evaluated an A P F ge l a n d solut ion. A f t e r 2 
years, those treated w i t h the ge l demonstrated a 4 1 % effect as c o m p a r e d 
w i t h controls. Benef ic ia l results f r o m treatment w i t h the A P F solut ion 
were m i n i m a l . B r y a n a n d W i l l i a m s (12) repor ted a 2 8 % denta l caries 
r e d u c t i o n after 1 year us ing an A P F gel i n a f o a m r u b b e r t ray i n one 
appl i ca t ion . O n e report s h o w e d no effect as c o m p a r e d w i t h controls of 
1 a p p l i c a t i o n of A P F ge l (102). C o n s , Janer ich, a n d Senning ( 1 5 ) , i n a 
3-year s tudy to evaluate the caries-preventive effect of four t o p i c a l flu­
or ide procedures as c o m p a r e d w i t h controls, f o u n d that, stat ist ical ly, the 
group treated w i t h A P F gel experienced s ignif icant ly fewer n e w carious 
teeth than the contro l group but the actual difference was smal l . T h e 
agents s tudied were s o d i u m fluoride, 2 % ; stannous fluoride, 8 % ; A P F 
fluoride solut ion, 1.23% at p H 3; a n d an A P F fluoride gel , also 1.23% 
at p H 3. T h e treatments were g iven annual ly . T h e difference be tween 
the other treatments a n d the controls was not statist ical ly significant. T h e 
technique for a p p l y i n g c h e m i c a l b y the use of an appl icator tray or m o u t h ­
piece w h i c h holds the act ive agent against the enamel surface was re­
p o r t e d b y H o r i i a n d Keyes (41). 

Stralfors (99) has descr ibed a "dis infectant cap s p l i n t " conta in ing 
a t h i n layer of a fine-grained p o w d e r e d dis infectant such as C h l o r a m i n e - T . 
T h e spl int conta in ing the dis infectant is w o r n over the teeth for 5 m i n ­
utes, a n d Stralfors repor ted an almost 100% decrease i n the n u m b e r of 
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s u r v i v i n g bacter ia . A f t e r about 6 hours the bacter ia l count rises, a n d b y 
12 hours has almost reached the o r i g i n a l level . 

Therapeutic Agents Prescribed for Personal Application 

I n areas w h e r e the water is deficient i n fluoride supplements , various 
other forms of fluoride have been prescr ibed for systemic use. A br ie f 
discussion of certa in aspects of systemic fluoride therapy fo l lows . F o r 
more extensive i n f o r m a t i o n , the r e v i e w of B i r c h (8 ) is r e c o m m e n d e d . 

Tablets usual ly conta in 2.21 m g of s o d i u m fluoride (1 m g F " ) , w h i c h 
is equiva lent to the average amount of fluoride ingested d a i l y f r o m water 
w h i c h contains 1 p p m fluoride. A p a r t f r o m A r n o l d , M c C l u r e , a n d W h i t e s 
s tudy ( I ) i n w h i c h the benef ic ia l effect of fluoride tablets was equated 
w i t h that of fluoridated water , most studies indicate fluoride tablets to 
be no more than hal f as effective i n r e d u c i n g denta l caries as fluoridated 
water . B i r c h states i n his r e v i e w that the r e d u c t i o n i n denta l caries i n ­
c idence i n eight studies r a n g e d f r o m 12 to 8 7 % b u t that the use of flu­
or ide i n tablets to reduce caries inc idence remains to be p r o v e d fac tua l ly 
i n long- term c l i n i c a l invest igat ion. T h e use of fluoride i n tablets appears 
to have great potent ia l b u t requires fur ther s tudy. 

M u l t i p l e v i t a m i n - f l u o r i d e tablets have been prescr ibed b y physic ians 
a n d dentists. H e n n o n , Stookey, a n d M u h l e r (39) i n 1967 repor ted o n an 
invest igat ion of the effect of the d a i l y use of fluoride v i tamins b y infants 
a n d b y c h i l d r e n u p to 5 years of age. A f t e r 48 months , a r e d u c t i o n i n the 
prevalence of carious lesions of 6 8 % (de f surfaces) i n p r i m a r y a n d 4 6 % 
( D M F sur faces ) in permanent teeth h a d resulted. D o h e r t y (17) re­
v i e w e d the use of d ie tary fluorides a n d does not encourage the use of 
v i t a m i n - f l u o r i d e s because of the need to adjust the dose w i t h v a r y i n g 
water fluoride content a n d the need for further s tudy on the effect o n 
permanent teeth. A l s o , the C o m m i t t e e on N u t r i t i o n of the A m e r i c a n 
A c a d e m y ot Pediatr ics questions the rout ine adminis t ra t ion of v i t a m i n 
supplements . 

F l u o r i d e passes t h r o u g h the placenta a n d is deposi ted i n the bones 
a n d teeth of the d e v e l o p i n g c h i l d . T h e r e seems to be a regulatory mecha­
n i s m i n v o l v e d w h i c h l imits the amount c f fluoride transferred because 
even i n areas of endemic fluorosis one does not see m o t t l i n g of p r i m a r y 
teeth. T h e effect of prenata l exposure to fluoridation has been r e v i e w e d 
b y H o r o w i t z a n d H e i f e t z ( 4 7 ) , w h o reported no m e a n i n g f u l benefits to 
be d e r i v e d f r o m dietary supplements of fluoride to pregnant w o m e n . T h e 
F o o d a n d D r u g A d m i n i s t r a t i o n i n its "Statements of general p o l i c y or 
interpretat ion, o r a l prenata l drugs conta in ing fluorides for h u m a n use" 
( 2 9 ) , b a n n e d m a r k e t i n g b y manufacturers of die tary supplements of 
fluoride offered to g r a v i d w o m e n for "prenata l decay prevent ion . " 
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V a r i o u s U . S . p h a r m a c e u t i c a l companies apparent ly do not adhere to 
the dosage schedule r e c o m m e n d e d b y the A m e r i c a n C o u n c i l o n D e n t a l 
Therapeut ics . T h e dosages suggested on the labels of different m a n u ­
facturers of fluoride tablets a n d drops vary , as do the instructions as to 
w h e n or w h e n not to use systemic fluoride therapy. It is not surpr i s ing 
that there s h o u l d be some confusion about fluoride prescr ipt ions because 
there are over 40 different k i n d s of fluoride tablets, lozenges, or drops 
o n the U . S . market . 

F l u o r i d e mouthwashes w i l l be discussed a long w i t h other m o u t h ­
washes i n the section on over-the-counter preparat ions. 

Public Health Measures 

It has been establ ished b e y o n d any reasonable doubt that water 
fluoridation is a h i g h l y desirable a n d effective p u b l i c hea l th measure. 
I n this country , the state legislature of C o n n e c t i c u t l e d the w a y i n m a k i n g 
fluoridation avai lable o n a state-wide basis, a n d n o w M i n n e s o t a , I l l inois , 
D e l a w a r e , M i c h i g a n , South D a k o t a , a n d O h i o require fluoridation of 
p u b l i c water supplies . Several other states are cons ider ing s imi lar legis­
la t ion . I n I re land , fluoridation has been a p p r o v e d for the entire country . 
H o p e f u l l y , these actions foretel l a nat iona l fluoridation act for the U n i t e d 
States. K n u t s o n (55) est imated that 7 0 % of the U . S . p o p u l a t i o n n o w 
has access to water fluoridation. I n areas w h e r e the water does not 
contain enough fluoride, a n u m b e r of other methods have been e m p l o y e d 
to make fluoride avai lable on a p u b l i c heal th leve l . 

Supervised Self- Application of Fluoride Agents 

T h e i d e a of large numbers of c h i l d r e n i n school a p p l y i n g fluoride to 
their o w n teeth apparent ly or ig inated i n Sweden. B e r g g r e n a n d W e l a n d e r 
(5 ) evaluated a 1 % solut ion of s o d i u m fluoride w h i c h 568 c h i l d r e n 
b r u s h e d on their teeth nine times over a 2-year p e r i o d , a c h i e v i n g a 2 5 -
3 0 % r e d u c t i o n i n caries on the u p p e r teeth. I n the past f e w years, several 
other studies have been p u b l i s h e d i n w h i c h a var iety of solutions have 
been used ( T a b l e I I ) . S o d i u m fluoride also has been used as a 0 .5% 
solut ion or as 1.23% s o d i u m fluoride i n 0.1 M p h o s p h o r i c a c i d . I n the 
case of the weaker solut ion, used five t imes a year, there was a 2 9 % reduc­
t ion i n caries ( D M F T ) ( 6 ) . T h e a c i d u l a t e d 1.23% s o d i u m fluoride used 
five times a year resulted i n a 1 5 % caries reduct ion ( D M F S ) ( 1 3 ) . G o a z 
et al (37) observed an a d d i t i o n a l 4 2 % caries r e d u c t i o n i n a c i ty w i t h 
fluoridated water b y d a i l y b r u s h i n g w i t h 6 % s o d i u m monofluorophos-
phate. A f t e r 21 months , G o a z et al ( 3 6 ) , u s i n g a caries index not i n 
c o m m o n use a n d h a v i n g a n u m b e r of reversals i n diagnosis , reported a 
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Table II. Caries Reduction with Fluoride 

Age 
Principal Group, Frequency of 

Investigator Years Solution Used Application 

Berggren (5) 8-15 1 % N a F 5 X 1st y r . , 
4 X 2nd y r . 

Rosenkranz (94) 12-14 Z i r c o n i u m - c i t r a t e - 6 /year 
f luoride (0 .42% N a F ) 

6 /year 

G o a z (37) 6-14 6 % S o d i u m m o n o - 1 /day 
fluorophosphate U n s u p e r v i s e d 

Berggren (6) 10 0 . 5 % N a F 5 /year 
2 /year 

Z i r c o n i u m fluoride 5 /year 
(0 .11% F ~ ) 2 /year 

Ferr i c fluoride 5 / y e a r 
(0.36% F - ) 2 /year 

H u n s t a d b r a t e n (50) 7-14 1 % N a F 4 / y e a r 
B u l l e n (13) 6-8 1.23% N a F i n 0.1 M 4 - 5 / y e a r 

phosphoric ac id 

5 0 % r e d u c t i o n i n rate of decay. A large-scale p r o g r a m a m o n g the m i l i ­
tary was reported b y K y e s (62 ) , w h i c h consisted of supervised tooth 
b r u s h i n g b y the patient w i t h an 8 % stannous fluoride-lava p u m i c e paste, 
a p p l i c a t i o n of 1 0 % stannous fluoride solut ion for 15 seconds or more , 
a n d the use of a stannous fluoride dent i fr ice . Scola (96) reported a 5 0 % 
r e d u c t i o n i n increment of denta l caries as c o m p a r e d to controls i n this 
m i l i t a r y p r o g r a m after 1 year. O t h e r studies have been reported regard­
i n g the use of se l f -administered stannous fluoride-zirconium sil icate p r o ­
p h y l a c t i c paste (73, 76, 81). It was est imated (92) that i n 1969 over 
1,500,000 appl icat ions b y this m e t h o d w o u l d be occurr ing . L a n g et al. 
(64) repor ted results of four appl icat ions at 6-month intervals of a 9 % 
stannous fluoride-zirconium sil icate prophylax is paste w h i c h also con­
ta ined 9 % m o n o s o d i u m d i h y d r o g e n phosphate. A reduct ion i n dental 
caries increment ( D M F S ) of about 4 0 % was noted. T h e c h i l d r e n s tudied 
res ided i n a fluoridated c o m m u n i t y . T h e a d d i t i o n of a stannous fluoride 
dent i f r ice resul ted i n no signif icant further decrease i n caries increments. 

E n g l a n d e r a n d others ( 2 4 ) , us ing a custom-fi t ted u p p e r a n d lower 
mouthpiece , s tudied repeated appl i ca t ion of a c i d u l a t e d a n d neutra l water-
soluble s o d i u m fluoride gels for 21 months. O n e group a p p l i e d an a c i d u ­
la ted phosphate s o d i u m fluoride ge l 6 minutes each school d a y for 2 
academic years a n d the second group f o l l o w e d the same procedure w i t h 
the neutra l s o d i u m fluoride gel . A t h i r d group served as control . A f t e r 
21 months, outs tanding results of 75 a n d 8 0 % reduct ion i n denta l caries 
increment ( D M F surfaces) occurred w i t h the t w o groups as c o m p a r e d 
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Solutions Brushed on the Teeth 

Per Cent 
No. in Length Caries 
Exptl. of Study, Reduction 
Group Years (DMFS) Comments 

568 2 25-30 M o r e effective o n upper 
teeth t h a n o n lower 

84 1 34 

96 14 m o . 42 D r i n k i n g water fluoridated 
(1 p p m ) for 10 y r 

177 2 29° 
174 2 17* 
176 2 17* 
162 2 0° 
167 2 33* 
170 2 8* 
800 2 " S i g n i f i c a n t r e d u c t i o n " 
235 2 15 

° D M F T values. 

w i t h controls (23). Recent ly , the authors repor ted that 23 months after 
the treatments h a d been d iscont inued, the c h i l d r e n avai lable for reex­
a m i n a t i o n s t i l l re ta ined the advantage of 55 a n d 6 3 % fewer n e w D M F 
surfaces than the contro l c h i l d r e n . I n the s tudy, the h igher percentage 
effect was obta ined w i t h the a c i d u l a t e d fluoride gel . M u h l e r et al. (82) 
repor ted o n the c l i n i c a l evaluat ion of pat ient -adminis tered stannous flu­
or ide z i r c o n i u m sil icate p r o p h y l a c t i c paste i n c h i l d r e n i n the V i r g i n 
Islands. A f t e r one year, c h i l d r e n u s i n g the treatment paste conta in ing 
9 % stannous fluoride obta ined a reduct ion i n n e w D M F surfaces of 6 4 % 
as c o m p a r e d w i t h c h i l d r e n a p p l y i n g a prophylax is paste conta in ing no 
fluoride. 

Fluoridation of the Diet 

U n t i l a l l the water supplies w h i c h can be fluoridated economica l ly 
i n this country have been supplemented w i t h fluoride, fluoridation of the 
diet w i l l be of secondary importance to most p u b l i c hea l th groups. H o w ­
ever, even w h e n a l l of the avai lable water supplies have been fluoridated, 
a v e r y large n u m b e r of cit izens i n r u r a l areas a n d i n s m a l l towns s t i l l 
w i l l not have the benefits of fluoride unless some m e t h o d other than water 
fluoridation is devised . A c c o r d i n g l y , some of the studies w h i c h have been 
c o n d u c t e d i n E u r o p e a d d i n g fluoride to the d a i l y diet of c h i l d r e n are 
of considerable importance . T a b l e salt has been fluoridated i n some 
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Table III. Reduction in Dental Caries 

Age Length Number in 
Principal Group, of Study, Exptl. 

Investigator Years Years Group 

M u h l e r (84) 5-15 1 214 
M u h l e r (85) 5-15 1 219 
M u h l e r (83) 17-36 2 131 
M u h l e r (79) 6-15 1 257 
J o r d a n (53) 8-11 2 190 J o r d a n (53) 

104 
M u h l e r (80) 6-18 2 189 
Peffley (88) 10-19 10 m o . 156 

H i l l (40) 9-16 2 189 
K y e s (63) 17-24 2 180 
M u h l e r (75,77) 6-18 3 165 
B i x l e r (9) 6-17 1 219 

230 
Zacher l (1/4) 6-7 1.5 461 

12 1.5 408 
G i s h (54) 6-14 1 206 
G i s h (35) 6-14 1 207 
T o r e l l (105) 10 2 169 
H e l d (38) 13-17 4 66 

T h o m a s (103) 7-16 2 158 
H o r o w i t z (49) 6-10 3 288 

parts of S w i t z e r l a n d , resul t ing i n a r e d u c t i o n i n denta l caries. I n dis­
cussing these Swiss findings, Er i csson (25) p o i n t e d out that too l i t t le 
fluoride was a d d e d to the salt a n d that a substantial effect on the i n c i ­
dence of denta l caries is possible w i t h the correct fo rmula t ion . It is gen­
era l ly considered that the d is t r ibut ion p r o b l e m i n the U . S . w o u l d be too 
great to make fluoridated table salt a prac t i ca l denta l p u b l i c hea l th 
measure. 

F l u o r i d a t i o n of m i l k is a l o g i c a l i d e a because the d i s t r i b u t i o n of 
school m i l k is a l ready i n effect i n m a n y areas. F l u o r i d e is compat ib le 
w i t h m i l k a n d i n the s tudy b y Rossoff et al. (95) i n L o u i s i a n a , 1 m g 
fluoride i o n as s o d i u m fluoride was a d d e d b y 6-10 year o l d c h i l d r e n to 
the hal f p i n t of m i l k consumed d a i l y . A f t e r 3Vi years, i t appeared that 
caries was r e d u c e d b y 7 0 % i n n e w l y erupted permanent teeth as c o m ­
p a r e d w i t h teeth of controls. T h i s invest igat ion a n d others r e v i e w e d b y 
B i r c h (8) po int out the need for further s tudy of the effectiveness of 
d ie tary supplement w i t h fluoride i n m i l k . 

T h e a d d i t i o n of caries-preventive chemicals to flour used for b r e a d 
or b a k e d goods has been the subject of studies i n several countries. F l o u r 
used for b r e a d b a k i n g is often enr iched b y C a H P 0 4 or C a C 0 3 to p r o v i d e 
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with Stannous Fluoride Dentrifices 

Per Cent Caries 
Reduction (DMFS) 

1 yr. 2 yr. 8 yr. Comments 

49 
36 
41 34 
23 
34 21 - Supervised brushing once d a i l y 

12 
23 25 
57 Supervised brush ing 3 X d a i l y 
14 15 

1 14 
19 19 22 

1° - - P l u s S n F 2 p r o p h y l a x i s paste 
4 0 a - - P l u s S n F 2 paste a n d t o p i c a l 
39 42 - 10 a n d 18 m o n t h results 
34 39 - 10 a n d 18 m o n t h results 

7a P l u s S n F 2 paste a n d t o p i c a l 
3 5 a - - 0.91 p p m fluoride i n water 

21° 
Signif icant reduct ion Supervised brushing 2 X d a i l y 

w i t h N a F - S n F 2 denti fr ice 
17 3 0 ( D F S ) - Supervised brushing 3 X d a i l y 
10 12 21 B r u s h i n g at home a n d school 

° Calculated from authors1 data. 

a dietary calcium. With the comprehensive evidence available for a 
caries-protective effect of various phosphates in experimental animals, 
Stralfors (100) incorporated 2% C a H P 0 4 • 2HoO into soft bread, hard 
bread, wheat flour used for cooking, and sugar in a 2-year study of 2102 
children, half of whom ate the phosphate-enriched bread and half of 
whom ate the bread without phosphate. Although caries was inhibited by 
50% in the experimental group the first year and 40% the second year, 
evaluation was difficult since the dicalcium phosphate used contained 
250 ppm fluoride the first year and only 25 ppm fluoride the second year. 
This made separation of the phosphate effect impossible. Since Averill 
and Bibby (3) and Ship and Mickelsen (98) failed to find a significant 
caries reduction with 2% dicalcium phosphate incorporated into bread, 
pastries, desserts, or sugar, it seems that this approach to caries preven­
tion requires further study. The use of phosphates as a diet supplement 
to effect dental caries activity has been reviewed by Gilmore (33). 

The addition of fluoride to bread has been proposed from time to 
time. Ericsson (25) has reviewed the feasibility of this procedure and 
points out that in Holland there is less variation in bread consumption 
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than i n water consumpt ion . L i k e w i s e , E g e (20) has s h o w n that i n D e n ­
m a r k the consumpt ion of cereals varies less than d r i n k i n g water . T h e r e ­
fore, i n these t w o countries at least, the fluoridation of cereals seems 
feasible. 

Over-the-counter Preparations 

D e s p i t e a l l of the scientif ic a n d adver t i s ing furor , none of the dent i ­
frices avai lable at the present t ime is l i k e l y to reduce denta l caries i n 
c h i l d r e n u n d e r condit ions of home use b y more than 2 5 - 3 0 % . Less 
w o u l d be expected i f adults used these products . V o l k e r a n d C a l d w e l l 
( 109) , W a l l a c e (110), M a n d e l a n d C a g a n (68), Bartelstone et al. (4), 
a n d H i l l (40) have r e v i e w e d the ear ly investigations of dentifr ices con­
t a i n i n g therapeut ic agents for denta l caries reduct ion . F o r the purpose 
of this paper , stannous fluoride dentifr ices w i l l be r e v i e w e d a n d some 
recent developments w i t h other agents w i l l be discussed. T a b l e I I I con­
tains the pert inent data . T h e U n i v e r s i t y of I n d i a n a School of D e n t i s t r y 
a n d the I n d i a n a D e p a r t m e n t of P u b l i c H e a l t h have been responsible for 
the major i ty of reports d e a l i n g w i t h stannous fluoride dentifr ices. U s u a l l y 
their results have been favorable , a l though t w o reports are dif f icul t to 
evaluate. B i x l e r a n d M u h l e r (9 ) f o u n d no denti fr ice effect after use of 
a stannous fluoride p r o p h y paste b u t they observed a 4 0 % dent i f r ice 
effect f o l l o w i n g stannous fluoride p r o p h y paste a n d stannous fluoride 
top ica l . T h i s contrasts w i t h G i s h a n d M u h l e r ' s (34) finding of l i t t le o r 
no dent i f r ice effect w i t h stannous fluoride p r o p h y paste a n d stannous 
fluoride top ica l . A p a r t f r o m favorable results f r o m the m a n y I n d i a n a 
studies, Jordan a n d Peterson ( 5 3 ) , H i l l ( 4 0 ) , K y e s , O v e r t o n , a n d M c K e a n 
(63) have h a d negative results i n studies of unsupervised b r u s h i n g , w h i l e 
T o r e l l a n d E r i c s s o n (105) have obta ined about a 2 5 % r e d u c t i o n , Z a c h e r l 
a n d M c P h a i l (114) a 4 2 % reduct ion , a n d T h o m a s a n d Jamison (103) a 
3 0 % r e d u c t i o n w h e n the teeth were b r u s h e d three times d a i l y . H e l d a n d 
S p i r g i (38) i n a s tudy of a N a F - S n F 2 dent i f r ice also have observed a 
signif icant reduct ion i n caries. 

A n interest ing series of papers o n fluoride dent i f r i ce trials appeared 
i n the British Dental Journal (10). F i v e studies were descr ibed, a l l i n ­
v o l v i n g stannous fluoride dentifr ices . I n some studies, the dent i f r ice 
abrasive was insoluble metaphosphate . I n one of the studies, a s o d i u m 
monofluorophosphate was also evaluated. These w e l l p l a n n e d a n d exe­
cuted studies were carr ied out under r igorous condit ions i n v o l v i n g use 
of the d o u b l e b l i n d technique w i t h adequate sample sizes f o l l o w e d l o n g 
enough to demonstrate rea l differences be tween groups. Some general 
conclusions came out of the five studies. F i r s t , apparent ly the early p r o b ­
l e m of i n c o m p a t i b i l i t y be tween the abrasive i n the dent i f r ice a n d the 
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Table IV. Therapeutic Dentrifices for Dental Caries 

Type of 
Active 

Ingredient 

Detergent 

Mechanism 
of Action 

Chemical 
Agents Used 

General 
Conclusions 

about Effectiveness 

A n t i e n z y m e S o d i u m dehydroacetate L i m i t e d effect 
S o d i u m l a u r o y l sarcosinate possible; v a r i ­

able results 

U r e a B u f f e r i n g , D i b a s i c a m m o n i u m 
prote in phosphate 
denaturat ion U r e a 

A n t i b i o t i c A n t i b a c t e r i a l 

F l u o r i d e 

Surface-
coat ing 
agent 

A n t i e n z y m e , 
decreased 
enamel 
dissolut ion , 
increased 
reminera l ­
iza t ion 

R e d u c e d 
adhesion of 
food a n d 
bacter ia to 
enamel 

P e n i c i l l i n 
T y r o t h r y c i n 

A m i n e fluoride 
S o d i u m fluoride 
S o d i u m monof luoro-

phosphate 
Stannous fluoride 

Te t radecy lamine 

Ineffective i n the 
low concentra­
t ions used 

D o u b t f u l if 
suitable for 
general use 

L i m i t e d effect 

Ineffective 

fluoride has been largely overcome, a n d stable products w i t h act ive 
fluorides are n o w avai lable . Second, i n a l l five studies, stannous fluoride 
dentifr ices caused s ta ining of the teeth. I n one report , the increase i n 
s ta in ing was descr ibed as a tremendous increase i n b r o w n stain. T h i s 
undesirable effect of stannous fluoride denti fr ices indicates that non- t in -
conta in ing dentifr ices seem to h o l d more promise for future s tudy a n d 
use. A s o d i u m monof luorophosphate dent i f r ice was s l ight ly , a l though 
not s ignif icantly, more effective than stannous fluoride dent i f r ice a n d d i d 
not stain the teeth. I n a previous s tudy b y F i n n a n d Jamison (27) i n 
the U . S . , i t was s h o w n that monof luorophosphate was more effective than 
a stannous fluoride dent i fr ice . A t h i r d finding i n the B r i t i s h studies was 
that girls benefitted more f r o m the use of the therapeut ic denti fr ices t h a n 
boys, p r o b a b l y because of their better o r a l hygiene habits . It is some­
w h a t d i s a p p o i n t i n g to observe that l i t t le i m p r o v e m e n t i n o r a l hygiene h a d 
resul ted at the e n d of a 3-year p r o g r a m of o r a l hygiene ins truct ion a n d 
regular tooth b r u s h i n g . T h e reduct ion i n caries repor ted ranged f r o m 
no r e d u c t i o n i n caries to 3 6 % r e d u c t i o n i n p r o x i m a l caries of posterior 
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Table V . Reduction in Dental Caries 

Principal 
Investigator 

Weisz (111) 

Age 
Group j 
Years Solution Used 

5-6 
8-9 

0 .25% N a F 
0 .25% N a F 

T o r e l l (106) 8-9 0 . 2 % N a F 
0 . 2 % K F 

L u n d s t a m (67) 

T o r e l l (105) 

7-15 0 . 2 % N a F 

10 0 .05% N a F 
0 . 2 % N a F 

M c C o r m i c k (72) 6-8 C a , P 0 4 , F " (3 p p m ) 
F ~ (3 p p m ) 
F ~ (40 p p m ) 

tooth surfaces. W h e n the D M F S index was used, the reduct ion i n caries 
was m a r g i n a l . O n l y b y m a k i n g spec ia l computat ions o n teeth w h i c h h a d 
erupted d u r i n g the s tudy c o u l d the observers detect any substantial effect 
of the fluoride dent i fr ice . These B r i t i s h studies tend to conf i rm the o p i n ­
i o n concern ing stannous fluoride denti fr ices that they have a m a r g i n a l 
effect i n r e d u c i n g denta l caries. D u c k w o r t h (19) r e v i e w e d fluoride 
denti fr ices , i n par t i cu lar trials i n the U n i t e d K i n g d o m , a n d c o n c l u d e d 
that dentifr ices conta in ing stannous fluoride h a d a s m a l l b u t useful role 
i n the prevent ion of denta l caries i n teen-age school c h i l d r e n . T h e greater 
benefits s h o w n b y girls demonstrated that prevent ion depends u p o n 
conscientious use. 

T a b l e I V summarizes i n a v e r y general w a y the current status of the 
various dentifr ices w h i c h have been f o r m u l a t e d to prevent denta l caries. 
T h e most effective dentifr ices contain fluoride i n some f o r m , b u t even 
these have a l i m i t e d ab i l i ty to protect against denta l caries. 

Some studies have been des igned to p r o v i d e a more stable dent i f r ice 
f o r m u l a t i o n b y u s i n g either non-ca lc ium-conta in ing abrasives or fluorides 
other than stannous fluoride. M a n l y (69) a n d Er i csson (24) have d r a w n 
attention to the p r o b l e m of t i n a n d fluoride react ing w i t h the abrasive, 
w h i c h , as m e n t i o n e d earl ier , was a p r o b l e m w i t h earl ier stannous fluoride 
denti fr ices . Dent i f r i ces can v a r y w i d e l y i n the c o m p a t i b i l i t y of the i n ­
gredients, m a k i n g i t di f f icul t to compare the effectiveness of different 
denti fr ices or even the same dent i f r ice f r o m t ime to t ime w h e n s l ight 
modif icat ions i n the f o r m u l a have been made . 

A n amine fluoride dent i f r ice has been d e v e l o p e d i n S w i t z e r l a n d (71), 
the rat ionale for the amine fluoride b e i n g that i t has ant ienzyme act ion 
a n d is reta ined better on the enamel surface than other fluorides. M a r -
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with Fluoride Mouthwashes 

No. in 
Exptl. 
Group 

Length 
of Study, 

Years 

21 
11 

10 
4 

912 
520 

1 
1 

Signif icant decrease i n 
anter ior p r o x i m a l caries 

1 / two weeks 

1 /day 
1 / two weeks 

2400 

160 
172 

2 
2 

9 m o . 

49 
21 

36 

1 /day 
1 /day 
1 /day 

90 
90 
90 

30 m o . 
30 m o . 
30 m o . 

45* 
0 

23* 

° Reduction calculated for mesial surfaces of 6-year molar. No effect on occlusal 
surfaces. 

thaler (70) repor ted caries i n h i b i t i o n after 7 years of unsupervised use 
of an amine dent i f r ice . T h e dent i f r ice conta in ing the amine fluorides 
i n h i b i t e d n e w carious lesions b y 3 2 % based o n n e w D F surfaces. Less 
p r o m i s i n g results were obta ined b y L u d w i g (66) w i t h a te tradecylamine 
dent i f r ice . T h e i d e a of r e d u c i n g f o o d a n d bacter ia l p l a q u e retent ion o n 
the tooth surface is l o g i c a l , b u t so far no effective m e t h o d has been de­
v i s e d for a c h i e v i n g this w i t h a dent i f r ice . 

It is amus ing to notice i n H e l d a n d S p i r g i s (38) art ic le that the name 
of one of the dentifr ices tested was D r a b — a name h a r d l y l i k e l y to excite 
the U . S . advert i s ing c o m m u n i t y . 

M o u t h w a s h e s have been p o p u l a r for centuries because of their re­
f reshing propert ies a n d a b i l i t y to mask m o u t h odor . H o w e v e r , not u n t i l 
recent ly have t r u l y therapeut ic mouthwashes been f o r m u l a t e d to prevent 
denta l caries. F o r several years, W e i s z (111) has c l a i m e d that c h i l d r e n 
i n his pract ice have very h i g h resistance to caries w h e n an 0.25% N a F 
m o u t h w a s h is used t w i c e d a i l y . T a b l e V summarizes some of the a v a i l ­
able studies on fluoride mouthwashes . It can be seen f r o m T a b l e V that 
fluoride mouthwashes offer definite possibi l i t ies for contro l l ing denta l 
caries. It is not k n o w n whether or not these benefits w o u l d be a d d i t i o n a l 
to other methods of caries contro l such as t o p i c a l fluoride or fluoride 
pastes a p p l i e d b y the dentist , b u t i t is qui te possible that mouthwashes 
w i l l prove to be more effective than dentifr ices i n r e d u c i n g denta l caries. 
T h e s imple fact is that no i n c o m p a t i b l e or inac t iva t ing agents such as 
a n abrasive or b i n d e r need be i n c l u d e d i n a m o u t h w a s h . A n appra isa l of 
T a b l e V indicates that t w o factors influence the results, the f requency of 
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m o u t h w a s h i n g a n d the strength of the fluoride solut ion. A l t h o u g h an 
ed i tor ia l comment w h i c h a c c o m p a n i e d one of Weisz ' s papers (111) sug­
gested that an 0.25% N a F m o u t h w a s h is too concentrated for safe home 
use, as a p r a c t i c a l matter , no problems seem to have been encountered 
b y W e i s z or other investigators. C e r t a i n l y , the d a i l y use of 0.05% N a F 
as s tudied b y T o r e l l a n d E r i c s s o n (105) is v e r y safe. 

I n c o m p a r i n g various procedures , T o r e l l a n d Er i csson (105) f o u n d 
a d a i l y m o u t h w a s h of 0 .05% N a F was more effective than a 2 % N a F 
m o u t h w a s h used once every 2 weeks. L i k e w i s e , the m o u t h w a s h was 
more effective than the s tandard techniques for t o p i c a l 2 % N a F or 1 0 % 
S n F 2 , or dentifr ices conta in ing stannous fluoride, or s o d i u m monof luoro­
phosphate . Fjaestad-Seger a n d others (28) repor ted that a w e e k l y rinse 
w i t h 0 .2% neutra l s o d i u m fluoride or an i r o n fluoride solut ion s h o w e d 
a signif icant caries reduct ion i n c h i l d r e n . T o r e l l a n d Sibert (106) s tudied 
m o n t h l y supervised r ins ing of a 0 .2% s o d i u m fluoride solut ion a m o n g 
school c h i l d r e n . A s i n the case of the other S w e d i s h s tudy ( 2 8 ) , the 
effect was expressed as percentage of c h i l d r e n rece iv ing n e w restorations 
after one year. U s i n g this less precise assessment, 13 to 2 7 % fewer c h i l ­
d r e n rece ived care after one year. Swerdlof f a n d Shannon (101), s tudy­
i n g the feas ib i l i ty of the use of a stannous 0.4% fluoride m o u t h w a s h d a i l y 
i n a school prevent ive dentistry p r o g r a m , were able to report a 30 .5% 
r e d u c t i o n i n n e w carious surfaces after o n l y 5 months. T h i s t ime p e r i o d 
a n d the smal l n u m b e r of subjects s tudied m a d e the results not signif icant 
other than to l e n d support to the other studies quoted . 

A n e w development is the use of a ' r e m i n e r a l i z i n g " m o u t h w a s h . T h e 
rat ionale for this m o u t h w a s h is based on the evidence of K o u l o u r i d e s , 
C u e t o , a n d P i g m a n (60) a n d K o u l o u r i d e s a n d R e e d (63) that softened 
enamel can be rehardened b y solutions of c a l c i u m a n d phosphorus a n d 
that the process is accelerated b y smal l amounts of fluoride. M c C o r m i c k 
a n d K o u l o u r i d e s (72) repor ted that the r e m i n e r a l i z i n g m o u t h w a s h is 
capable of r e d u c i n g caries on the mesia l surface of the first molar b y 4 5 % . 

T h e use of c h e w i n g g u m as a vehic le for caries-preventive compounds 
predates several of the other methods descr ibed i n this paper . A good 
r e v i e w of the subject has been p u b l i s h e d b y R i c h a r d s o n a n d C a s t a l d i 
(93). T a b l e V I summarizes the effect of c h e w i n g g u m on denta l caries. 
T h e first fact w h i c h s h o u l d be ment ioned is that i n no p u b l i s h e d s tudy 
have g u m chewers h a d more caries than nonchewers . A c t u a l l y , as s h o w n 
b y D r e i z e n a n d Spies ( 1 8 ) , V o l k e r (108) , a n d T o t o , R a p p , a n d O ' M a l l e y 
(107) , o rd inary c h e w i n g g u m seems neither to cause nor prevent dental 
caries. P r o m i s i n g results b y incorpora t ing v i t a m i n K , F u r a d o x y l ( a n i t ro-
f u r a n ) , or c h l o r o p h y l l i n g u m have been reported b u t none of these has 
been f o l l o w e d u p . I n a country such as the U . S . A . , w h e r e c h e w i n g g u m 
is w i d e l y used, this approach has u n t a p p e d potent ia l . It has been re-
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Table VI. Effect of Chewing Gum on Dental Caries 

Number in 
Principal Type of Exptl Type of Duration Caries 

Investigator Gum Additive Group Subjects of Study Reduction 

Burr i l l (14) Synthetic 55 Dental 18 mo. 60-90% 
vit. Κ students 

Dreizen (18) Furadoxyl 30 Age 6-38 12 mo. 80% 
Gerke (32) Chlorophyll 102 Adults 12 mo. 20% 

(bakers) (approx.) 
Lind (65) Potassium 229 Age 11 12 mo. None 

fluoride 
Age 11 

Burr i l l (14) None 45 Dental 18 mo. 13-80% 
students 

Volker (108) None 50 Age 18-32 18 mo. None 
Dreizen (18) None 25 Age 8-35 12 mo. None 
Toto (107) None 275 Primary 12 mo. None 

school 

ported that fluoride or dicalcium phosphate can be released from a gum 
while chewing (21, 90, 91). In a clinical study of phosphate-containing 
chewing gum (27), F inn and Jamison demonstrated reduction of caries 
incidence in children after a 2-year period of 39.7 to 52.9% considering 
proximal surfaces of teeth only. 
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calcium and 116 
in dental caries, role of 118 
of oat hulls, total 65 
radioactive 137 
vs. dental caries development . . 117 

Pilocarpine 83 
Pit-and-fissure caries 4 
Plants, inorganic fluoride in 94 
Plaque p H 11 

foods vs 12 
Platinum 142 
Polymyxin 47 
Polyphenols 63,70,71,86 

antioxidant 71 
Population studies 23 

Pre-emptive nutrition 
animal 9,27,34 
human 40,107,117,166 

Prophylaxis pastes 164 
Protein 23 

associated with dental caries 
relationships 29 

in saliva 24 
in sera 24 
natural food 24 
synthetic 26 
vs. tooth solubility 30 

Pueblo Indians, ancient teeth of . . 132 
Pyridoxine 37 

R 
Radioactive 

calcium and phosphorus 137 
isotopes 133 

Rats 
cotton 56,57 
Osborne-Mendel albino 75 
Sprague-Dawley 61 

Reducing sugar in saliva 15 
Remineralizing mouthwash 176 
Rice hulls 62 
Role of phosphorus in dental caries 118 

S 
Saliva 

and dental caries 8 
vs. mineralization 136 
oxidation-reduction potential of 73 
protein in 24 

Salivary glands 83 
Salt, fluoridated table 109 
Sardines 95 
Seed hull 56-8,65 

activity 61,63 
factors 

lability of 63 
mode of action of 63 

Selenium, dental caries vs. urinary 138 
Self-application of fluoride 

agents 167,168 
Sera, protein in 24 
Serum fluoride, human 99 
Sialogogue 83 
Silicon 149 
Silicone oil 80 
Silver, staining properties of 133 
Skeletal 

concentrations of fluoride 104 
fluorosis 94 

Smooth surface caries 4 
Sodium 

fluoride 47,166 
iodoacetate 75 
monofluorophosphate dentifrice . 173 
-N-lauroyl sarcosinate 73 

Softening of enamel surfaces . . . . 14 
Sorbitol 10 
Southwestern states, incidence of 

caries in the 126 
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Spark source mass spectrography . . 134 
Speramycin 53 
Sprague-Dawley rats 61 
9<>Sr 133 
Staining 133 
Stannous fluoride 135,163, 168 

dentifrices vs. reduction in dental 
caries 170, 171 

Steroid hormones 83 
Stickiness 25 
Straws 62 
Streptococci 46 
Streptomycin 47,51,53 
Strontium 145 
Subtilin . 47 
Sucrose 10, 18 

-casein ratio 26 
Sugar beets 67 
Sulfites 77,86 
Sweets, dmft vs 107 
Synthetic proteins 26 
Syrup 67 
Systemic influences 3, 4, 8 

T 

Table salt, fluoridated 109 
Tablets, fluoride 108 
Tahitians, edentulous 124 
Tannins 68,69,78 
Teeth 

citric acid content of human . . 132 
composition of outer and inner 

enamel of 130 
in humans and experimental ani­

mals, mineral composition of 129 
inorganic composition of 129 
of Indian Knoll, ancient 132 
of Pueblo Indians, ancient . . . . 132 
trace element distribution in . . . 133 

Terramycin 47 
Tetracycline 53 
Tetracyn 48 
Tetradecylamine 80 
Tetrahydroxybenzoquinone 79 
Texas diet 127 
Therapeutic dentifrices for dental 

caries 173 
Thiamine 35 
Thiocyanate 78 
Thiostrepton 48, 53 
DL-Threonine 28 
Thyroid gland 83 
Tin 148 

in teeth 133 
Titanium 150 
Tooth 

decalcification, inhibition of . . . 64, 66 
enamel, adhesion of food prod­

ucts to 15 
health, mechanism by which 

fluoride improves 110 
substance, discoloration of the . . 133 

solubility, protein and amino 
acids vs 30 

Topical fluoride solutions 162 
Trace elements 

distribution in teeth 133 
geographic variations in caries 

and 125 
Tyrothricin 47,50,51 

U 
Unrefined 

foods 65 
sugars 67 

Urea 75 
Urinary selenium, dental caries vs. 138 
Urine, fluorides in the 101 
Usnic acid 48 

V 

Vanadium 144 
Vancomycin 53 
Variability of caries experience . . 20 
Vehicles for fluoride administration, 

other 108 
Vipeholm dental caries study 10,16 
Vitamin 

A 34 
B 35,37 
C 39 
D 40 
deficiency, effects of . .34-7, 39, 40, 42 
-dental caries relationship . . . . 34 
E 41 
excess, effects of 35-7,39,40 
-fluoride combinations 108 
K 41 
mixtures 52 
P 42 
supplements, effects of 42 

W 
Water 

-borne fluoride 105 
consumed, fluoride ingested vs. 

that in 97,101 
fluoridation 167 

Wheat 
bran, decalcification-inhibitory 

activity in 66 
flours 66 

White spots 135 
in the enamel 4 

Woods 62 

X 
Xanthine 72 

Y 
Yellow permanent teeth 124 

Z 
Zinc 148 

bacitracin 47 
in teeth 133 
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