
XIV. CARBOHYDRATES IN NUTRITION* 

HARRY G. DAY AND WARD PIGMAN 

Part I 

General Aspects 

Carbohydrates are important in the nutrition of all people and nearly-
all domestic animals. The edible carbohydrates and fats provide approxi-
mately 90% of the calories in the diet of North Americans (Jf), and a large 
but variable percentage is furnished by the carbohydrates. No doubt a 
large portion of all the food energy ever used by humans was derived from 
starches and sugars, the major carbohydrates in nutrition. 

The principal sources of useful dietary carbohydrates are cereals (espe-
cially rice, wheat, rye, and maize), potatoes, manioc, sugar cane, and sugar 
beets. The nutritional needs in humans and common domestic animals are 
such that some carbohydrates seem to be necessary for the maintenance 
of physiological well-being, at least in civilized societies. Carbohydrate 
foods generally provide the cheapest source of body energy and on economic 
grounds alone are essential to the diet of most people. The increasing 
complexity and industrialization of modern societies have led to a defi-
nite trend from "natural foods" to refined and semirefined carbohydrates. 
The refining process has decreased the cost of foodstuffs, improved their 
stability and availability, and, in some instances, has enhanced the palata-
bility and usefulness. However, as a result of the increased use of refined 
foods, the nutritional requirements of humans must be known and consid-
ered. Good planning is necessary to avoid dietary imbalances and defi-
ciencies when the refined products are used in substantial quantity. To 
some extent at least, it would seem to be the duty of the refiners of food-
stuffs to provide the knowledge needed for the proper utilization of their 
products in the human diet. 

Some of the information concerning the role of carbohydrates in nutri-

* The present chapter has required the examination of a very large amount of 
literature. Some efforts will be made to give credit for the findings used. Since the 
original sources are numerous and sometimes ill-defined, proper acknowledgement 
cannot always be given. A list of general references is given in Chapter XV. 

1. "Recommended Dietary Allowances," Publ. 302, revised. National Research 
Council, Washington, D. C , 1953. 

779 



7 8 0 HARRY G. DAY AND WARD PIGMAN 

tion is presented in the current chapter. The actual pathways by which 
carbohydrates are converted into useful chemical energy in the body are 
discussed in more detail in Chapter XIII , particularly. Additional informa-
tion is also provided under the individual sugars and polysaccharides, 
Chapters II , IX and XII . Carbohydrates also function as specifically active 
biological materials. These are discussed under the individual substances 
such as ascorbic acid. 

1. CALORIC VALUE 

Much of the information on the energy values of the carbohydrates and 
other classes of foodstuffs was developed in the later part of the 19th cen-
tury. Rubner's (1885) and Atwater's (1899) estimates are generally used 
as the basis for calculations. The former showed that the oxidation of 1 
g. of starch in a bomb calorimeter yielded approximately 4.1 kcal, (large 
calories). The bomb value for D-glucose was 3.76 kcal. On the basis of 185 
dietary studies on groups of people in different parts of the United States, 
Atwater estimated the percentage of carbohydrate—as well as fat and pro-
tein—furnished by various groups of foodstuffs such as cereals, vegetables, 
meat, and milk. Then, on the basis of 97 digestion experiments on humans, 
he estimated the average coefficient of digestibihty of some of the different 
carbohydrates, fats, and proteins in "an average mixed diet." By multiply-
ing the values for the coefficients of digestibility by the heats of combustion, 
so-called metabolizable energy values were obtained for the components of 
the representative foods. From such data, averages were calculated in 
accordance with the proportions in which these components occurred in 
the "average mixed diet." Atwater concluded that this system gave figures 
suitable for the estimation of the caloric value of common foodstuffs. By 
this procedure, it became generally accepted that the figures should be 4, 
9, and 4 kcal, per gram of edible carbohydrate, fat, and protein, respec-
tively. 

I t is apparent that substantial errors may be introduced if the utiliza-
bility of the food components differ much from the calculations employed, 
or if there are differences in the utilizability of the energy liberated. For 
example, starch has a higher caloric value than glucose, as determined in a 
bomb calorimeter, because of the energy of the glycosidic bonds. But, 
the caloric value of the completely digested starch is the same as for D-glu-
cose. The energy liberated by the hydrolysis of the glycosidic bonds during 
the digestive process in the intestine appears to be unavailable for any 
function other than the maintenance of the body temperature, because it 
is not coupled to phosphorylation mechanisms for the storage and trans-
port of such energy. In some cases this is largely wasted heat energy. On 
the contrary, oxidation of glucose in the body is coupled to phosphorylation 
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mechanisms which convert the energy into forms such as chemical bonds 
which can be used to do work. Thus, the effective fuel value of starches 
may not be very different from that of glucose or other utilizable mono-
saccharides. 

2. DIGESTION AND ABSORPTION 

In general all carbohydrates must be converted to their constituent 
monosaccharides before they can be absorbed by the gastrointestinal tract. 
The digestive processes are largely dependent on the action of suitable 
enzymes. However, the acidity of the stomach may be great enough at 
times to cause the nonenzymatic hydrolysis of sucrose, and probably some 
other disaccharides. 

Digestion of the starches is initiated in the mouth through the action of 
a-amylase in the saliva. The attack is only on the glycosidic linkages in the 
interior of the susceptible polysaccharides thus forming oligosaccharides. 
The digestion is interrupted in the stomach due to the low pH, but in the 
intestines the pH is 7 or higher and digestion is resumed owing to various 
carbohydrases elaborated by the pancreas and small intestines. The re-
sultant monosaccharides are transported across the intestinal mucosa to 
the blood and enter the liver by the portal vein. Varying degrees of diges-
tion and assimilation may be effected by the microorganisms in the small 
intestines and large bowel. 

Absorption of the major monosaccharides, D-glucose, D-fructose, and 
D-galactose, apparently involves phosphorylation in the intestinal mucosa 
and liberation of the sugar in the blood stream (#). The mechanism is 
believed to be analogous to the formation of urine in the renal tubules. 
Mannose and the pentoses seem to be absorbed only by diffusion (8). 

3. STARCHES 

Starches from different plant sources differ substantially in histologie 
features and in the chemical heterogeneity of the granule components. 
Relatively scant information is recorded on the utilization of starches as 
food for man and animals. Such information has shown that uncooked 
starches from the cereal grains are well utilized and that from raw potatoes, 
in contrast to the starch in cooked potatoes, is poorly utilized by human 
subjects (4). 

In an extensive investigation of this problem by Booher and her asso-
ciates (£), there was confirmation of the high digestibility of several starches 

2. W. A. Darlington and J. H. Quastel, Arch. Biochem. and Biophys. 43, 194 (1953). 
8. F. Ver^ar and H. Sullman, Biochem. Z. 289, 323 (1947). 
4. C. F. Langworthy and H. J. Deuel, Jr., J. Biol. Chem. 52, 251 (1922). 
6. L. E. Booher, I. Behan, and E. McMeans, J. Nutrition 45, 75 (1951). 
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TABLE I 

UTILIZATION OF R A W (UNCOOKED) STARCHES AT A LEVEL OF 63.7% IN D I E T S F E D 

AD LIBITUM TO YOUNG R A T S FOR PERIODS OF 28 D A Y S 0 (5) 

Type of starch 

Wheat 
Wheat, acid-modified 
Wheat, oxidized 
Maize 
Maize, waxy 
Rice 
Cassava 
Sweet potato 
Arrowroot 
Sago palm 
Sago palm, ball-milled 2 hrs 
)Vhite potato 
White potato, ball-milled 40 hrs. 
White potato, dextrinized 

Net body weight gain 

Total 
(g. ± S.D.) 

127 
131 
126 
121 
130 
130 
123 
109 
91 
112 
135 
106 
111 
100 

10.8 
7.7 
6.8 
18.4 
5.2 
11.5 
21.9 
10.6 
7.2 
13.6 
18.2 
13.0 
11.7 
12.6 

Grams per 
gram dry 

food 

0.43 
0.43 
0.41 
0.39 
0.42 
0.40 
0.39 
0.38 
0.31 
0.32 
0.39 
0.31 
0.40 
0.31 

Starch coeff. 
of digesti-
bility (%) 

98.1 
98.3 
98.4 
97.7 
98.3 
97.5 
97.9 
96.0 
79.9 
65.3 
95.1 

98.2 
59.2 

α Basal diet: Starch 63.7%, casein 18.8%, roughage (Ruffex) 2.0%, cottonseed oil 
9.4%, salt mixture 4.0%, cod-liver oil 1.0%, wheat-germ oil 0.5%, liver concentrate 
powder 0.6%, and a daily vitamin supplement. 

from cereal grains and cassava roots, the degree of assimilability being 
about 98 % in test rats. As shown in Table I, no appreciable differences were 
observed between the raw starches from wheat, maize, rice, cassava, and 
sweet potatoes. Also, the high assimilation of raw wheat starch was not 
modified by partial hydrolysis with hydrochloric acid or partial oxidation 
with hypochlorite. 

The results from this study and those of others (6) suggest that the rela-
tively low utilizability of unmodified starches from potato, arrowroot, and 
sago is due to the degree of crystallization or character of the outermost 
layers of the starch granules. The factors which increase the digestibility 
of these starches must disrupt the granular structure. This may be accom-
plished by gelatinization as a result of cooking and by dextrinization as a 
result of chemical or enzymic hydrolysis. Ball-milling the starches with 
Ιθλν digestibility, even for 2 hours, markedly raises the utilizability, but 
this does not appear to fragment greatly the polysaccharides molecularly, 
as indicated by the relatively slight changes in reducing power. These fac-
tors have often been neglected in animal experimentation, e.g., in dental 

6. B. Jelinek, M. C. Katayama, and A. E. Harper, Can. J. Med. Sei. 30, 447 (1952). 



XIV. CARBOHYDRATES IN NUTRITION 783 

caries work, and undoubtedly affected the results, particularly in com-
parisons with human physiological conditions. 

Owing to the structural differences between the major components of 
starch, amylose and amylopectin, it is possible that the utilizability of such 
polysaccharides may be affected by these differences. The scanty data 
which can be brought to bear on the question suggest that there are no 
differences in utilization under normal conditions. For example, Booher 
and associates (5) found no difference between waxy maize, which is all 
amylopectin, and common maize (corn) which is approximately 22 % amyl-
ose and 78 % amylopectin. Limit dextrins produced by the action of ß-amyl-
ase on rice starch were utilized well by rats as determined by the deposition 
of glycogen in the liver following their administration via stomach tube or 
subcutaneous injection (7). The dextrins have a higher concentration of 
the 1,6-a-glucosidic linkages than the amylopectins from which they are 
formed. 

It has been demonstrated that the intestinal mucosa of rabbits can ac-
count for the complete digestion of the amylose and amylopectin of starch 
(#). In this important study it was shown that glucose is the chief product 
of digestion, but maltose and two other oligosaccharides were present in 
the portal blood of rabbits digesting starch. Thus, maltose and some of the 
other oligosaccharides in the body are absorbed intact through the intes-
tinal mucosa. More attention should be given to the utilizability of linear-
type polysaccharides as compared with branched-chain substances. 

A number of papers have been published on refection in experimental 
rats given certain diets containing large amounts of starch and devoid of 
B-complex vitamins. The first report was by Fridericia in 1926. The condi-
tion is characterized by the production of light-colored and bulky feces, 
and the ability to survive without a dietary source of the B-complex vita-
mins, if the animals have access to their feces. Also, there is a marked 
change in the microflora of the alimentary tract. Unmodified potato starch 
is the most effective in producing the condition, but raw rice starch also 
causes refection. Apparently the resistance of the starch to digestion is 
accompanied by a marked increase in the production of the necessary 
B-complex vitamins by the microorganisms of the lower alimentary tract. 

4. DEXTRINS 

Dextrins are formed by the partial hydrolysis, oxidation, or heat-treat-
ment of starch. (See p. 677.) Various other reactions, such as polymeriza-
tion, may be involved; thus various kinds of dextrins occur. Quantitatively 

7. A. D. Deckard and R. C. Corley, Proc. Indiana Acad. Sei. 59, 123 (1950). 
8. J. Larner and C. M. McNickle, / . Am. Che.m. Soc. 76, 4747 (1954); Federation 

Proc. 14, 242 (1955). 
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their dietary uses are not very important, but "malt-dextrin" mixtures and 
"corn sirups" are prescribed commonly in infant feeding. These products 
contain D-glucose, maltose, and other oligosaccharides in variable amounts. 

Apparently dextrins are well utilized, but there is little if any scientific 
evidence that they are superior to some other carbohydrates in infant 
nutrition (9). I t is reported that "the enthusiasm for malt-dextrin mixtures 
goes back to the Germen chemist Liebig, who, when his own child developed 
diarrhea, tried the effect of feeding dextrinized starch, following which the 
diarrhea ceased." 

5. MALTOSE 

This disaccharide needs to be hydrolyzed before it can be utilized, al-
though small amounts may pass directly through the intestinal mucosa 
(8). The commercial foods for infants and children, which contain partially 
hydrolyzed starch or cereal—so-called "dextri-maltose"—may furnish con-
siderable amounts of free maltose. There seems to be little, if any, evidence 
that this sugar has any unique nutritional qualities. 

6. SUCROSE 

Although sucrose is present in nearly all edible plants, a considerable 
proportion of the amount used as a food is refined sugar. Hockett (10) has 
estimated that sucrose, in the purified form and as it occurs in fruits, vege-
tables, molasses, and sirups, constitutes about one-fourth of the carbohy-
drate consumed in the United States. Its stability in transit and storage, 
pleasing taste, low cost, and versatility in the production and preservation 
of foods makes this sugar of outstanding economic and dietary significance. 

Among the remarkable properties of sucrose is the rapidity of digestion 
and absorption from the digestive tract. For a long time it was assumed 
without question that glucose is utilized more rapidly because it is the 
"physiological" sugar and requires no digestive process. This was in spite 
of the fact that sucrose given orally caused a marked rise in the respiratory 
quotient within 4 minutes, whereas with glucose the elevation occurred only 
after 20 minutes (11). The first more direct experiment showing the rapid 
utilization of sucrose was by Rabinowitch (12). Diabetics being treated with 
protamine zinc insulin and who suffered hypoglycemia before breakfast 
were given 10 g. of sucrose in solution by mouth. Blood samples were taken 
immediately before the ingestion of sugar and other samples were removed 
at 1-minute intervals until the patients felt better. Marked elevations in 
blood sugar had occurred in all subjects within 5 minutes. 

9. L. E. Holt, Jr., Advances in Chem. Ser. No. 12, 104 (1955). 
10. R. C. Hockett, Advances in Chem. Ser. No. 12, 114 (1955). 
11. H. L. Higgins, Am. J. Physiol. 41, 258 (1916). 
12. I. M. Rabinowitch, / . Nutrition 29, 99 (1945). 
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TABLE II 
EFFECT OF DIFFERENT SUGARS IN A SYNTHETIC MILK ON THE GROWTH 

AND SURVIVAL OF DAY-OLD PIGS FOR NINE DAYS (18) 

No. of pigs 
No. of deaths 
Av. initial wt. (kg.) 
Av. gain per pig (kg.) 
Solids intake per pig (kg.) 

Glucose 

7 
1 
1.24 
1.12 
1.53 

Sugar used in "milk" 

Sucrose 

7 
6 
1.29 

-0.32 
0.43 

Fructose 

7 
5 
1.33 

-0.31 
0.61 

Glucose 
+ 

fructose 

6 
1 
1.29 
0.49 
1.46 

The sucrase (invertase) necessary for the digestion of sucrose is secreted 
by the intestinal mucosa. Apparently the activity is not great enough to 
permit the utilization of sucrose in newborn animals. At least it has been 
shown (18) that newborn Duroc pigs were unable to survive on a synthetic 
milk diet containing sucrose as the only source of carbohydrate, whereas 
survival and growth occurred in pigs given glucose or an equimolar mix-
ture of glucose and fructose. A summary of the findings (13) is given in 
Table II . 

I t is evident that under these conditions with newborn pigs, neither 
sucrose nor fructose is capable of promoting growth or appreciable survival 
even during a rather short period of time. Because the growth response to 
a mixture of glucose and fructose was only about one-half that for glucose 
alone, it is apparent that glucose does not promote the utilization of fruc-
tose under these conditions. Experiments should be done to determine the 
activity of sucrase and fructokinase, and perhaps related enzymes, in the 
intestines of young animals to determine when the activity becomes high 
enough to account for good utilization of sucrose and fructose. 

7. D-GLUCOSE (DEXTROSE) 

D-Glucose has a central position in animal nutrition because it is the 
principal carbohydrate metabolite; it is utilized directly by the tissues, 
and it is absorbed from the alimentary tract in far greater amounts than 
any other monosaccharide under nearly all situations. Under most dietary 
conditions much of it enters the body as the structural unit of starch, but 
owing to its use in candies and as a sweetening agent, with sucrose, in many 
fruits, carbonated beverages, and various confections, considerable amounts 

18. D. E. Becker, D. E. Ullrey, S. W. Terrill, and R. A. Notzold, Science 120, 345 
(1954). 
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of free D-glucose may be consumed. Apparently D-glucose could serve satis-
factorily in meeting at least 50 % of the entire energy needs of humans and 
various animals. The utilization of this sugar has tended to be accepted as 
a basis for the evaluation of other carbohydrates. Commercial "glucose" 
is a mixture of D-glucose and oligosaccharides (p. 93). As used herein, 
glucose is the pure sugar, D-glucose. 

8. D-FRUCTOSE (LEVULOSE) 

Owing to its great sweetness and high utilizability in the body, D-fruc-
tose has been of special interest in nutrition for many decades. In the first 
quarter of this century, a large demand for this ketose was predicted if 
economical methods could be developed for its production. In addition to 
sucrose, many plants store the sugar in their tubers in the form of fruc-
tosans, of which inulin is the most common. Fructose can be prepared 
(p. 96) most conveniently from dahlia tubers and from Jerusalem arti-
chokes, but the yield from the latter is not as favorable as from the former. 
Acid hydrolysis is commonly employed to liberate the fructose. 

In one study designed to compare the utilization of fructose with glucose 
(14), young rats were given an experimental diet containing 68% of the 
test sugar. The fructose-fed rats grew at the same rate as those given glu-
cose. Also, the total glycogen in the tissues was the same in the two groups. 
However, the livers of the animals given fructose were 22 % heavier than 
those fed glucose. 

Whether or not fructose or fructose-containing substances are ingested, 
the blood contains appreciable amounts of the sugar. In the blood of fetal 
sheep and newborn babies, the level of fructose is considerably higher than 
in adults (15). I t is remarkable that fructose is the principal sugar of seminal 
fluid. Spermatozoa, but none of the somatic cells, derive energy from fruc-
tose (16). 

In many respects the metabolism of fructose is different from glucose. 
This has been revealed over a number of years, but the proportion of papers 
on fructose since approximately 1945 is unusually large, several of which 
are reviewed by Hockett (10). Fructose is rapidly removed from the blood 
and has a low renal threshold in humans (17). Another favorable fact is 
that the infusion of fructose in hospitalized adults during the post-operative 
period is followed by a much smaller loss as urinary sugar than with glu-
cose (18). 

Nutritional interest in fructose has been focused upon its potential use-

14. G. Bachmann, J. Haldi, W. Wynn, and C. Ensor, J. Nutrition 16, 229 (1938). 
15. J. S. D. Bacon and D. J. Bell, Biochem. J. 42, 397 (1948). 
16. T. Mann, Biochem. J. 40, 481 (1946). 
17. J. J. Weinstein and J. H. Roe, / . Lab. Clin. Med. 40, 39 (1952). 
18. J. A. Moncrief, K. B. Coldwater, and R. Elman, Arch. Surg. 67, 57 (1953). 
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fulness in persons with impaired utilization of D-glucose, notably those with 
diabetes mellitus. Even as early as 1896, Minkowski noted that fructose is 
utilized to a greater degree than glucose by the diabetic animal. I t has been 
shown that liver slices of diabetic animals are impaired in their ability to 
oxidize glucose, but their capacity to oxidize fructose is unchanged from 
normal. In patients with diabetes mellitus or parenchymal hepatic disease, 
the impairment of fructose tolerance was relatively small and not at all 
comparable to the dimunition in tolerance of the same patients to glucose 
(19). The livers from rats made diabetic by the administration of alloxan 
were able to oxidize fructose at a normal rate, but the metabolism of glu-
cose under similar conditions was greatly inhibited (20). In another study 
it has been reported that alloxan-diabetic rats utilize more fructose than 
glucose (21). The effect is not transitory because it could be demonstrated 
even after fructose had been fed for 25 consecutive days. Moreover, the 
nitrogen utilization was greater in the animals given fructose than in those 
fed glucose. However, there is evidence that the advantages of orally ad-
ministered fructose decrease after some time (22). 

The vast amount of research on the intermediary metabolism of fructose 
and glucose has demonstrated that fructose follows at least one pathway 
in the liver which is independent of glucose metabolism. (See Chapter XII I 
for additional discussion.) This pathway involves the direct conversion of 
fructose 1-phosphate to dihydroxy acetone phosphate and glyceraldehyde 
(23). I t apparently can occur without the aid of any of the enzymes required 
in the glucose to triose phosphate. These findings and clinical evidence (24) 
suggest that the metabolism of fructose may be somewhat more independ-
ent of the influence of insulin than the metabolism of glucose. Neverthe-
less, it has not been demonstrated that fructose is a thoroughly reliable 
substitute for other carbohydrates in the feeding of diabetics. Although the 
research results show some promise, fructose apparently can serve as a 
diabetic food only under limited circumstances, and under all conditions 
the metabolic status of diabetic patients must be determined periodically. 
The evidence suggests that fructose may prove to be preferable to glucose 
in the parenteral nutrition of certain patients in whom glucose utilization 
is impaired. 

A relatively large amount of dietary niacin is required by the rat when 

19. L. H. Smith, Jr., R. H. Ettinger, D. Seligson, and S. Lightcap, J. Clin. Invest. 
32, 273 (1953). 

20. S. S. Cernick and I. L. Chaikoff, J. Biol. Chem. 188, 389 (1951). 
21. E. Geiger and J. J. Pinsky, Metabolism Clin. Exptl. 4, 166 (1955). 
22. H. P. Sarett and L. P. Snipper, J. Nutrition 52, 525 (1954). 
28. H. G. Hers, T. Kusaka, and C. deDuve, 2nd Intern. Congr. Biochem. Paris 

p. 291 (1952). 
24. M. Miller, W. R. Drucker, J. E. Owens, J. W. Craig, and H. Woodward, Jr., 

/ . Clin. Invest. 31, 115 (1952). 
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TABLE III 

E F F E C T OF N I A C I N ON UTILIZATION OF SOME CARBOHYDRATES BY R A T S (25) 

No. of rats 

10 
10 
15 
10 

Carbohydrate 

Fructose 
Sucrose 
Glucose 
Starch 

Growth per wk. per rat (gm.) 

No niacin added 

1.5 ± 0.7 
3.3 db 0.94 
9.4 ± 0.71 

12.9 ± 1.04 

2 mg. per cent 
niacin added 

12.0 
17.2 
23.0 
22.7 

fructose is the only dietary carbohydrate. This was demonstrated {26) by 
young rats fed a purified diet low in tryptophan, a niacin precursor, and 
deficient in niacin. This diet consisted of casein 9%, gelatin 3%, L-cystine 
0.15%, carbohydrate 81 %, corn oil 3%, salt mixture 4%, and substantially 
all the known vitamins except vitamin Bi2 . A comparison of the growth 
effects of fructose and certain other carbohydrates in the diet is given in 
Table III . In other data reported by Hundley {26), glucose gave about 4 
times as much growth as sucrose and approximately 5 times as much as 
fructose. Also, when niacin was furnished, glucose and starch gave a higher 
growth maximum than either fructose or sucrose. Thus, there are unknown 
factors other than niacin that affect the utilization of fructose in this type 
of diet. Possibly this action is related to the rapid removal of fructose from 
the blood {17) and a consequent impairment of its value as a sparer of 
protein. In animals given adequate protein, there was no difference in 
growth rate between fructose and glucose {14). 

9. D-MANNOSE 

Relatively little is known regarding the metabolism and nutritional 
value of D-mannose, even though it is widely distributed in animal tissues 
as well as in plants and some microorganisms {26). There are indications of 
the direct utilization of mannose by higher animals. Rabbits utilized 96 % 
of the sugar when it was administered orally or intraperitoneally {26). I t 
increases the blood glucose level without any elevation of the fructose. Also, 
the concentration of liver glycogen is promptly raised to approximately 
the same levels that result from the administration of comparable amounts 
of glucose. Thus, it seems probable that a large proportion of ingested man-
nose is converted to glucose. (See also Chapter II.) 

25. J . M. Hundley, J. Biol. Chem. 181, 1 (1949). 
26. W. H . Bailey, III , and J . H . Roe, / . Biol. Chem. 152, 135 (1944). 
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10. D - G A L A C T O S E AND LACTOSE 

The major source of absorbable D-galactose in the diet of man and many 
of the higher animals is lactose. The latter occurs only in milk as a product 
of the mammary gland; hence, these sugars are of special importance in 
the nutrition of all young mammals and older persons and animals that 
ingest appreciable amounts of milk. 

The rate of absorption of galactose from the alimentary tract exceeds 
that of D-glucose, D-fructose, and D-mannose. In the rat, glycogen is formed 
more slowly from galactose than from glucose (#7), and galactose differs 
from glucose in many respects. 

Young rats on a mineralized skim milk diet excreted considerable 
amounts of a sugar which proved to be galactose {28). This surprising galac-
tosuria did not occur when whole milk was fed. Thus, the idea arose that 
nature has put lactose and milk fat together as an optimum combination 
for the young animal. Most of the subsequent research has confirmed the 
conclusion that dietary fats promote lactose utilization, and that some 
vegetable fats are as effective as milk fat {29). The effect of the fat seems 
to be on the utilization of the galactose moiety, and not on the hydrolysis 
of lactose {SO). Fat influences the excretion of galactose whether the diet 
contains free galactose or lactose. The rate of intestinal absorption of 
galactose varies inversely with the concentration of fat in the diet. The 
addition of glucose to skim milk lowers the galactose excretion but not to 
the same extent as does fat {81). I t appears that fat acts largely, if not en-
tirely, by delaying the gastric emptying and by reducing the rate of ab-
sorption of galactose. Rapid absorption of galactose results in increased 
galactosuria {82). 

A. LACTOSE AND THE MICROFLORA OF THE DIGESTIVE TRACT 

An important property of lactose is its ability to promote an aciduric 
microflora in the alimentary tract. Lactobacillus acidophilus is commonly 
regarded as the most responsive to the presence of lactose. However, the 
concentration of several other aciduric microorganisms is greatly increased 
when the milk sugar is ingested in considerable amounts regularly. Several 
days are required for the sugar to effect a change in the microflora. The 

27. C. F. Cori, Proc. Soc. Exptl. Biol. Med. 23, 459 (1926). 
28. E. J. Schantz and C. A. Elvehjem, J. Biol. Chem. 122, 381 (1938). 
29. M. L. Nieft and H. J. Deuel, Jr., J. Biol. Chem. 167, 521 (1947). 
SO. L. K. Riggs and A. Beaty, J. Dairy Sei. 30, 939 (1947). 
81. R. P. Geyer, R. K. Boutwell, C. A. Elvehjem, and E. B. Hart, J. Biol. Chem. 

162, 251 (1946). 
32. V. H. Barki, P. Feigelson, R. A. Collins, and E. B. Hart, J. Biol. Chem. 181, 

565 (1949). 
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change is accompanied by a decrease in the pH of the intestinal contents. 
For example, when a cow's milk formula for young infants was supple-
mented with lactose, the extra milk sugar was sufficient to lower the fecal 
pH to approximately 5. This is in contrast to the pH of about 6.5 which is 
typical when cow's milk is fed with or without other added sugar (33). 
The lowered pH is due to lactic acid and other products of lactose fermen-
tation. 

Lactose has been used extensively in conjunction with L. acidophilus 
milk for the treatment of constipation, and as a general "health" food. 
The relation of lactose to the microflora of the intestines and to gastro-
intestinal mobility has been extensively reviewed (84). 

B. «-LACTOSE VS. 0-LACTOSE 

Because ß-lactose is initially more soluble than ordinary lactose (a-lac-
tose), it may be supposed that the ß-form is utilized more efficiently in 
nutrition, but the opposite appears to be true. Young rats on a low-fat 
diet fail to survive when the only source of carbohydrate in the diet is 
either a-lactose or ß-lactose. Although alopecia occurs regardless of the 
form of lactose used, it occurs sooner and survival is shorter in rats fed 
iô-lactose. Whether or not the greater deleterious effect of the jö-lactose is 
due to a more rapid rate of hydrolysis and absorption does not seem to be 
known (85). An industrial demand for ß-lactose has resulted in the develop-
ment of practical processes for the manufacture of this sugar. (See Chapter 
IX, under Lactose.) 

C. INFLUENCE OF THE GLYCOSIDIC LINKAGE ON THE 

UTILIZATION OF LACTOSE 

Certain of the deleterious effects of lactose in large amounts are obviously 
related to an impairment in the ability to hydrolyze the glycosidic linkage 
which holds the galactose and glucose moieties together. For example, 
young rats on a low-fat diet grow less rapidly when the carbohydrate is 
lactose than in the case of animals given equivalent amounts of galactose 
and glucose. This is illustrated by the data of Riggs and Beaty (80) as 
given in Table IV. Intestinal disturbances, particularly diarrhea, which 
occur when the lactose intake is high, are minimal when equivalent amounts 
of the constituent monosaccharides are substituted. It has been concluded 
that impairment in the hydrolysis of lactose accounts for its laxative ef-
fects (36). 

88. A. Primnig and M. Turkus, Z. Kinderheilk. 63, 595 (1943). 
34. J. E. Fischer and T. S. Sutton, J. Dairy Sei. 32, 139 (1949). 
85. B. H. Ershoff and H. J. Deuel, Jr., J. Nutrition 28, 225 (1941). 
86. H. S. Mitchell, G. M. Cook, and K. L. O'Brien, J. Nutrition 18, 319 (1939). 
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T A B L E I V 

E F F E C T O F G A L A C T O S E A N D L A C T O S E O N T H E G R O W T H O F R A T S 

Carbohydrate in diet 

7.5% Glucose plus 7.5% galactose 
15% Lactose 
15% Glucose plus 15% galactose.. 
30% Lactose 
25% Glucose plus 25% galactose.. 
50% Lactose 

No. of 
rats 

Av. initial 
weight (g.) 

55 
53 
52 
51 
57 
53 

Av. weight 
at end of 12 
wks. (g.) 

330 
332 
313 
292 
288 
219 

D. ADAPTATION TO LACTOSE INGESTION 

Several investigations have shown that rats seem to become adapted to 
lactose feeding, as indicated by the eventual subsidence of diarrhea (80). 
It has been proposed that this effect is due to increased lactase (ß-galac-
tosidase) activity in the alimentary tract, but there seems to be little if 
any evidence in support of this suggestion (34, 37). 

In investigations of the effects of very large amounts of lactose in the 
diet (36), it was found by chance that a small amount of calcium gluconate 
or sodium gluconate in the diet caused extremely severe diarrhea and sub-
sequent death of the animals. Such compounds have no known adverse 
effects when lactose is absent from the diet. I t was suggested that the glu-
conate radical inhibits lactase, thus accounting for the apparent toxicity 
of lactose when gluconate is fed. This important question should be inves-
tigated further. 

E. LAXATIVE ACTION OF LACTOSE 

The laxative effect of large amounts of lactose in the diets of both mam-
mals and birds has been widely observed. Farmers know that the feeding 
of large amounts of skim milk or whey to pigs and calves results in a purga-
tive action. This seems to be due principally to the lactose in the milk 
products. When the lactose level of purified diets was 20, 25, and 30%, 
transitory symptoms of injury appeared. The symptoms were diarrhea and 
"pot bellies." However, at these levels, growth and food consumption were 
not affected (30). 

Few reports are available on the amounts of lactose which will produce 
diarrhea in man although considerable use has been made of the sugar in 
connection with investigations of L. acidophilus milk in treating constipa-
tion. Pediatricians have considered lactose in connection with problems 

87. J. E. Fischer, Federation Proc. 14, 433 (1955). 
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of constipation in infants. Hurst (1919) commented on the fat and lactose 
of breast milk as the components which promote intestinal motility in 
babies. The common practice of diluting cow's milk to a protein concentra-
tion equal to that of breast milk greatly reduces the concentration of lac-
tose below that of breast milk, because the initial concentration of lactose 
in cow's milk is only two-thirds as high. Some pediatricians recommend 
the addition of lactose when cow's milk is made to substitute for breast 
milk in feeding infants. 

Various ideas have been considered by which lactose promotes its laxa-
tive effect. Perhaps the most probable one is that the sugar acts as a hy-
dragog and, as such, results in a water purgation. Possibly this is due to 
slow hydrolysis and absorption of lactose, thus maintaining a high osmotic 
pressure in the lumen of the intestines. This increases the water content 
and distends the intestines which, in turn, stimulates peristaltic action. 
The subject has been extensively reviewed (&£). 

F. CATARACTOGENIC ACTION OF LACTOSE 

The history of scientific discovery is replete with instances of significant 
findings made accidentally by observant investigators. As an example, the 
important results which have been reported concerning cataracts and lac-
tose had their beginning in "The accidental observation of mature cata-
ract in the first three rats which had received a 70 per cent lactose ration 
in connection with another experiment (88)." Various experimental inves-
tigations in different laboratories have extended these findings. I t was soon 
learned that the effect of the lactose is due to its galactose moiety. Conse-
quently most of the information on carbohydrate-induced cataracts centers 
about this monosaccharide. 

Day and associates (39) extended the discovery that lactose and galac-
tose are cataractogenic. In addition, the Day group found that D-xylose, a 
pentose, is cataractogenic in young rats. In some cases at a level of 35 % 
of the diet, the cataracts developed in as little as 11 days. The progressive 
lens opacities may begin first as a zone of diffraction, which is a fine line 
in the lens around the periphery of the nucleus. This zone of diffraction 
increases in size, width, and density. Eventually it may outline the entire 
nucleus of the lens, followed by a complete opacity of the nucleus. At first 
the changes can be seen only with an ophthalmoscope, but later the opacity 
is evident even with casual inspection by the unaided eye. 

As yet the reason for these changes has not been clarified, but some of 
the experimental data already available may furnish the basis of an ex-
planation. Some attention has focused on the concentration of glucose and 

88. H. S. Mitchell and W. M. Dodge, / . Nutrition 9, 37 (1935). 
89. W. J. Darby and P. L. Day, J. Biol. Chem. 133, 503 (1940). 
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the cataractogenic sugar in the blood. The concentration of the sugar in 
the blood becomes much higher than that of glucose following the ingestion 
of equal amounts. For example, in the experiments of Darby and Day (89) 
the mean blood sugar level of rats fed galactose was 372 mg. per 100 ml. 
of blood, whereas in those given glucose it was 121 mg. per 100 ml. Rats 
fed D-xylose had a lower concentration of blood sugar than those given 
D-galactose. The cataractogenic nature of galactose and xylose led Darby 
and Day to suggest that the difference between these sugars and those 
which do not cause cataracts is related to stereochemical configuration. 
The known cataractogenic sugars are derivatives of D-threose and the 
known noncataractogenic sugars are derivatives of D-erythrose, as indicated 
by the following formulas: 

CHO CHO 

CHO 
1 1 

:o—c—H 
1 
1 

H—C—OH 
I 
1 
CH2OH 

D-Threose 

CHO 
1 1 

H—C—OH 
1 1 

HO—C—H 
1 

H—C—OH 
I 

1 
CH2OH 

D-Xylose 

H—C—OH 
1 

HO—C—H 

HO—C—H 

H— C—OH 

CH2OH 

D-Galactose 

CHO 

H—C—OH 

H— C—OH 

CH2OH 

D-Erythrose 

H— C—OH 
1 

HO—C—H 
1 1 

H— C—OH 

H—C—OH 
I 

1 
CH2OH 

D-Glucose 

That the apparent antagonistic effect is confined to the metabolic proc-
esses of the lens seems to be improbable. More likely the functional status 
of many tissues is affected. The question of biochemical antagonism in 
the sugar series ought to be more fully investigated. More information is 
especially needed concerning the intermediary metabolism of the catarac-
togenic sugars as compared with that of glucose. (See Chapter XIII.) 

Other attempts to discover the nature of the biochemical defect due to 
lactose or galactose in the diet have revealed some facts which are of in-
terest. In Handler's studies (40), rats fed large amounts of galactose or 
lactose underwent no specific changes which could be detected histologi-
cally. There was marked impairment in the skeletal mineralization of ado-
lescent rats; this might be expected because of an elevation of serum 
calcium and an increase in the urinary excretion of calcium. The severe diar-
rhea, profound diuresis, and acidosis could hardly suffice to account for the 
severity of the symptoms and mortality. The information on changes in 
the carbohydrates of the tissues suggest that this is the primary biochemi-
cal defect. Moribund rats on both galactose and lactose diets had blood 
galactose level varying from 210 to 640 mg. per 100 ml., but the true blood 

40. P. Handler, J. Nutrition 33, 221 (1947). 
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glucose concentration varied from 26 to 73 mg. per 100 ml. The liver gly-
cogen was almost nil. This suggests that the ability to synthesize glucose 
is greatly impaired and that the mechanism for the utilization of galactose 
is not adequate. 

Some effects on protein metabolism are suggested by the finding that 
rats on a diet containing 70 % galactose excrete peptides and amino acids 
in greater amount than in animals given glucose (4-/). 

G. GALACTOSEMIA ASSOCIATED WITH CATARACTS IN HUMANS 

Although lactose is undoubtedly a desirable constituent of the dietary, 
within certain limitations, it is not surprising that there have been some 
unfortunate experiences from the ingestion of it by humans. These have 
been rare and they have apparently occurred only in infants (42, 4$)-
Galactosemia may be characterized by a high concentration of galactose 
in the blood and the excretion of it in the urine. In the case of a 7-week-old 
infant with galactosemia there were bilateral cataracts and associated 
pathological changes including anemia, albuminuria, and enlargement of 
the liver (42). The cataracts and the accompanying symptoms disappear 
gradually after milk is omitted from the diet (42, 4$)- When galactose was 
administered to a galactosemic infant on a milk diet, the level of blood 
galactose rose from an initial value of 100 mg.% to a maximum of 297 
mg. % after 1.5 hours. At the same time, the blood glucose fell to a mini-
mum level of 30 to 40 mg. % in 2 hours. The galactose level fell after feed-
ing glucose. This is additional evidence that the two sugars act in a compet-
itive manner, and that galactosemia in infants is similar in its metabolic 
pattern to the condition induced in rats by feeding large amounts of lac-
tose or galactose. Impairment in galactose utilization has been recognized 
only rarely. This fact and the fact that large amounts of lactose or galac-
tose are necessary to induce the condition in rats suggests that most human 
beings are fully capable of metabolizing these sugars in the amounts which 
are normally ingested. 

H. LACTOSE AND CALCIUM METABOLISM 

Several different types of investigations have shown that lactose pro-
motes the utilization of calcium and phosphorus. For example in chicks 
given a milk-grain rachitogenic diet containing 40% lactose, the lactose 
had a favorable effect on calcium utilization and it aided in preventing 
rickets (44). This effect has been repeatedly demonstrated in connection 

41. J. M. Craig and C. E. Maddock, Arch. Pathol. 55, 118 (1953). 
42. F. A. Norman and G. J. Fachena, Am. J. Diseases Children 66, 531 (1943). 
43. E. Brück and S. Rapaport, Am. J. Diseases Children 70, 267 (1945). 
44. O. L. Kline, J. Α. Klemm, C. A. Elvehjem, and E. B. Hart, J. Biol. Chem. 

98, 121 (1932). 
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with the relief of tetany due to parathyroid deficiency. In these instances 
tetany was relieved by lactose and calcium salts, but calcium alone was 
useless. Particularly significant are the studies of Mills and co-workers 
(45), who showed that preschool boys had increased calcium retention when 
each received 36 g. of lactose per day, the equivalent of that quantity pres-
ent in one quart of milk. Of the various dietary factors which have been 
studied, lactose appears to be second only to vitamin D in promoting the 
utilization of calcium and phosphorus. 

The significance of lactose in nutrition has been extensively reviewed 
(46). 

11. CELLOBIOSE 

This 0-D-glucopyranoside, unlike lactose, is not used in practical feeding, 
but it is of some interest. The disaccharide is derived from cellulose by 
partial acid hydrolysis or by the action of cellulase (p. 664). Experimental 
rats utilize it as completely as glucose (47). This indicates that cellobiose 
is hydrolyzed to D-glucose, but apparently little if anything has been re-
ported on the nature of the enzyme of higher animals that catalyzes the 
reaction. 

12. RARE SUGARS 

The utilizability of carbohydrates is generally determined by estimating 
the concentration of glycogen in the liver of fasted animals a few hours 
after the administration of a carbohydrate to be tested. If the glycogen 
level is substantially elevated, it is concluded that the test substance is 
utilized and converted, in part at least, to glucose which then forms glyco-
gen. On this basis it has been reported that sugars which are utilized in some 
degree by the rat include D-xylulose (48), melezitose (49), turanose (49), 
and trehalose (49). I t is of interest that D-xylulose is utilized, by rats 
L-Xylulose, which is excreted in some forms of human pentosuria, is con-
verted to glucose by the depancreatized dog (50). The status of D-arabinose 
and D-xylose is quite uncertain, but there is little if any evidence that either 
is utilized. Apparently all the D-arabinose and D-xylose absorbed from the 
digestive tract by man or dogs is excreted in the urine (51). 

45. R. Mills, H. Breiter, E. Kempster, B. McKey, M. Pickens, and J. Outhouse, 
J. Nutrition 20, 467 (1940). 

46. E. O. Whittier, / . Dairy Sei. 27, 505 (1944). 
47. C. E. Vaniman and H. J. Deuel, Jr., / . Biol. Chem. 152, 565 (1944). 
48. H. W. Larson, N. R. Blatherwick, P. J. Bradshaw, M. E. Ewing, and S. D. 

Sawyer, / . Biol. Chem. 117, 719 (1937). 
49. F. Clarke, R. Solkot, and R. C. Corley, / . Biol. Chem. 131, 135 (1939). 
50. H. W. Larson, W. H. Chambers, N. R. Blatherwick, M. E. Ewing, and S. D. 

Sawyer, / . Biol. Chem. 129, 701 (1939). 
51. M. Rangier, P. M. de Traverse and M. Bonvallet, Bull. soc. chim. biol. 30, 583 

(1948). 
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D-Ribose is synthesized in the rat and presumably in all forms of higher 
life. However, it is utilized rather poorly. After the ingestion of 20 g. of 
D-ribose, 7.8% was excreted in the urine of one man and 16.6% in another 
{52). The low urinary excretion is probably due to low absorption from the 
intestine. 

Among other sugars which are not utilized in the nutrition of the rat 
are: raffinose {49, 53), melibiose {49), "mannoheptulose" {54), and L-rham-
nose {55). 

13. XYLOSE TOXICITY 

Owing to its fairly sweet taste and abundance, D-xylose continues to be 
of interest as a possible "nonfattening" sugar for special uses such as in 
reducing diets. It is not utilized by monogastric animals {51, 56), and it 
has laxative effects. However, the possible inclusion of xylose in foods im-
mediately raises the question as to whether any health hazard would be 
involved. It has been pointed out that the continuous ingestion of xylose, 
like galactose or lactose, causes cataracts in rats {89). Diarrhea and ab-
dominal distension occurs when rats are given considerable amounts of 
the pentose {57). (See also under D-xylose, Chapter II.) 

A limited number of experiments have shown that xylose is toxic to rats. 
In weanling rats, xylose in the amount of 15 % or more in the diet produces 
lens opacities, and rats made diabetic with alloxan develop more severe 
lens opacities when fed xylose than do diabetic controls {58). Thus, on the 
questionable basis that rats and humans would react in a comparable 
manner, it would appear that xylose could be more toxic for persons with a 
tendency toward cataract, as in diabetes, than for normal persons. 

Like D-xylose, L-xylose is poorly absorbed by the rat and it does not ap-
pear to be glycogenic {59). 

14. SUGAR ALCOHOLS (ALDITOLS) 

The sugar alcohols of greatest interest are sorbitol and mannitol, and 
their derivatives {60). (See Chapter V.) Mannitol is the most abundant of 

52. H. M. Wuest and U. V. Solmssen, Arch. Biochem. 11, 199 (1946). 
68. S. Kuriyama and L. B. Mendel, / . Biol. Chem. 31, 125 (1917). 
64. E. W. Cohn and J. H. Roe, J. Lab. Clin. Med. 29, 106 (1944). 
66. A. K. Silberman and H. B. Lewis, J. Biol. Chem. 101, 741 (1933). 
66. M. M. Miller and H. B. Lewis, J. Biol. Chem. 98, 133 (1932). 
67. N. R. Blatherwick, P. J. Bradshaw, O. S. Cullimore, M. E. Ewing, H. W. Lar-

son, and S. D. Sawyer, J. Biol. Chem. 113, 405 (1936). 
68. A. N. Booth, R. H. Wilson, and F. DeEds, J. Nutrition 49, 347 (1953). 
69. H. W. Larson, N. R. Blatherwick, P. J. Bradshaw, M. E. Ewing, and S. D. 

Sawyer, / . Biol. Chem. 136, 1 (1940). 
60. C. J. Carr and J. C. Krantz, Jr., Advances in Carbohydrate Chem. 1, 175 (1945). 
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all the naturally occurring sugar alcohols. In fungi, the amount may ex-
ceed the glucose content or in some it may displace glucose entirely. Sor-
bitol occurs in many fruits and berries, and it is an important industrial 
product. (See Chapter V.) 

D-Mannitol is only slightly utilized if at all by higher animals and man 
(60, 61), and dulcitol (galactitol) is definitely inactive in the rat (57). 

Unquestionably sorbitol (D-glucitol) is utilized by various higher animals 
as a source of energy (60, 62), When it is administered to dogs and to rab-
bits, there is only a moderate amount of sorbitol in the blood, but there is 
a prompt increase in blood reducing sugar. The sugar is D-fructose, and it 
is supposed that the ketose is formed directly from sorbitol (62). 

Because mannitol and sorbitol are both moderately sweet and relatively 
inexpensive, they have been considered as special dietary constituents (63). 
The content of sorbitol in diabetic foods should be counted as available 
carbohydrate, and the label of foods containing sorbitol should indicate the 
amount present. Probably owing to the slow intestinal absorption of sor-
bitol, doses greater than 50 g. are laxative in humans, but smaller doses are 
well tolerated. Care needs to be exercised in determining more fully the 
possible harmful effect of ingesting considerable amounts of sugar alcohols, 
before their general use as food additives is accepted. 

15. HEXOSAMINES 

D-Glucosamine and D-galactosamine are the principal natural occurring 
sugar amines (Chapter VII). They are ingested almost entirely as compo-
nents of mucoproteins and mucopolysaccharides. Quantitatively they are 
of little importance in nutrition, but they are of interest. It has been re-
ported that glucosamine is not required in the nutrition of rats (64). Also, 
the synthesis of hexosamine in rats has been demonstrated by a method 
utilizing C14-labeled glucose and glucosone (66). Thus, there is little doubt 
that hexosamines are dispensable components of the diet. 

16. CELLULOSE AND RELATED SUBSTANCES 

Cellulose is the main component of the cell walls of plants. The so-called 
hemicelluloses and other related polysaccharides constitute a considerable 
proportion of plants (Chapter XII). Therefore, these substances are pres-
ent in nearly all dietaries. None of the higher forms of life appears to be 

61. C. Johnston and H. J. Deuel, Jr., J. Biol. Chem. 149, 117 (1943). 
62. V. P. Seeberg, E. B. McQuarrie, and C. C. Secor, Proc. Soc. Exptl. Biol. Med. 

89, 303 (1955). 
68. Anonymous, Nutrition Revs. 12, 178 (1954). 
64. W. C. Rose and S. S. Fierke, J. Biol. Chem. 143, 115 (1942). 
66. C. E. Becker and H. G. Day, / . Biol. Chem. 201, 795 (1953). 
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capable of digesting these carbohydrates (65a). Even the termite which is 
widely recognized as a glutton for wood has no more ability alone to digest 
the cellulose than has man. However, the termite's alimentary tract, unlike 
that of man, is well stocked with protozoa which furnish the necessary 
digestive enzymes, thus benefiting the host as well as the parasites. Rumi-
nants have a related symbiotic system in the form of bacteria and other 
microorganisms which digest cellulose, hemicellulose, etc., forming short-
chain fatty acids and other products utilizable by the hosts (66). 

The disappearance of crude fiber from the digestive tract is extremely 
variable and depends in part upon the proportion of cellulose and hemi-
celluloses, or pentosans, and also upon the presence of specific bacteria in 
the alimentary tract. The digestibility of the fibrous fraction appears to be 
inversely proportional to the lignin content of the foodstuff. Lignin does 
not appear to be digested. 

The content of fibrous material affects the biological value of various 
dietary essentials (67). In studies on children, Macy and co-workers (68) 
found that the content of fibrous material influenced the nitrogen retention 
and also the acid-base and the mineral balances. 

In dietaries particularly high in fibrous material, these facts must be given 
careful consideration in all quantitative determinations of nutritional 
value (69). Thus, the value that cellulose and related materials might have 
in human nutrition is concerned with their effect simply as bulk, which may 
be desirable in some instances (70). 

It has been claimed that the growth of chickens is promoted by the pres-
ence of cellulose in amounts from 5 to 15 % in complete but purified diets 
(71). Whether chickens have any ability to utilize cellulose, except through 
such microbiological activity as may occur in their alimentary tracts, has 
not been established. There is evidence that they can utilize sawmill wood 
waste when it is mixed with sugar molasses and fed in amounts up to 50 % 
of the entire ration (72). There are numerous evidences that cattle, and to 
some extent other domestic animals, are able to utilize different sources 
of cellulose, especially when the sawdust or other product is mixed with 
molasses. 

65a. W. W. Pigman, "The Enzymes" (J. B. Sumner and K. Myrbäck, eds.) Vol. I, 
p. 725. Academic Press, New York, 1951. 

66. F. Baker, Nature 149, 582 (1942). 
67. E. W. Crampton and L. A. Maynard, J. Nutrition 15, 383 (1938). 
68. F. C. Hummel, M. L. Sheperd, and I. G. Macy, / . Am. Dietet. Assoc. 16, 199 

(1940). 
69. L. C. Kung, J. Nutrition 28, 407 (1944). 
70. C. A. Hoppert and A. J. Clark, J. Am. Dietet. Assoc. 21, 157 (1945). 
71. F. Davis and G. M. Briggs, J. Nutrition 34, 295 (1947). 
72. J. McGinnis, H. I. MacGregor, and J. S. Carver, Poultry Sei. 27, 459 (1948). 
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Wood saccharification and sulfite waste liquor utilization has been dis-
cussed extensively as a means of increasing the food resources (73). Sub-
stantial progress has been made in solving -the technical aspects of such 
problems. I t has been estimated that not more than half of the saw logs 
are converted to finished lumber. The sawmill waste alone is approximately 
one ton, dry basis, per thousand board feet of lumber produced. Such waste 
contains 50 to 65 % carbohydrates as cellulose and hemicellulose. In large 
part, wood saccharification processes have been developed to furnish sugars 
for the growth of yeast, which may be used for food, and the microbiological 
production of ethanol, butanol, etc. However, production costs and other 
economic aspects of wood saccharification are usually not favorable. 

Pectin and related substances occur in nearly all plant materials, espe-
cially in fruit and young tissues (Chapter XII) . They are sometimes classed 
as hemicelluloses. On acid hydrolysis, crude pectins yield L-arabinose, 
D-galactose, D-galacturonic acid, and methanol. Investigation of the meta-
bolic fate of pectin in normal persons has indicated that the polysaccharide 
may be broken down in the alimentary tract through the action of several 
groups of microorganisms. However, the galacturonic acid liberated by the 
bacteria is not absorbed. I t has been concluded that the favorable effect 
of pectin in some forms of diarrhea is confined to the alimentary tract (74). 

Alginic acid, which yields D-mannuronic acid upon hydrolysis, is a com-
plex polysaccharide obtainable from seaweed and various other marine 
plants (Chapter XII) . It is used in large amounts as a stabilizer by the food 
industry. Also, owing to its occurrence in Chlorella, the principal algae of 
potential value in human nutrition, knowledge of the nutritional effects of 
this material is of interest. Presumably alginic acid is not utilized by hu-
mans. 

17. SWEETNESS AND FLAVORING CHARACTERISTICS 
OF SUGARS 

From time immemorial the desire for sugars as sweetening agents has 
been great enough in many cases to cause highly damaging imbalances in 
diets. Nevertheless, the sweetness and flavor-enhancing qualities of sugars 
are greatly advantageous to humans when properly used. I t appears that 
sugars are at least as valuable as monosodium glutamate as flavor enhancers 
and broadeners. The general subject has been reviewed (75). 

It has been found that changes of sweetness will modify the impressions 

73. E. E. Harris, Advances in Carbohydrate Chem. 4, 153 (1949). 
74. S. C. Werch, R. W. Jung, A. A. Day, T. E. Friedmann, and A. C. Ivy, J. In-

fectious Diseases 70, 231 (1942). 
75. L. B. Sjöström and S. E. Cairncross, Advances in Chem. Ser. No. 12, 108 

(1955). 
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TABLE V 
EFFECT OF VARIOUS FACTORS ON THE SWEETNESS OF SUCROSE 

Taste factor 

Sucrose 
Sucrose 
Acetic acid 
Sucrose 
Sucrose 

Concn. (%) 

3-10 
5-7 

0.04-0.06 
1-5 

6 and above 

Additive 

Salt 
Salt 
Sucrose 
Acetic acid 
Acetic acid 

Concn. (%) 

1 
0.5 
1-10 

0.04-0.06 
0.04-0.06 

Effect 

Sweetness reduced 
Sweetness augmented 
Sourness reduced 
Sweetness not affected 
Sweetness reduced 

of saltiness, sourness, or bitterness and can be used frequently to make high 
levels of these factors tolerable {75). This property of sugar is widely used in 
the meat industry to minimize the harshness of salt used in curing. Some 
illustrations of the effect of certain basic taste factors on each other are 
given in Table V, which is taken from Sjöström and Cairncross, work {76). 

A partial explanation of the flavor-enhancement properties of sucrose 
may be related to its ability to promote dissociation of weakly ionized 
compounds. 

Sweetness is also markedly affected by temperature. For example, in 
one study {76) the sweetness of D-fructose was reported to be almost twice 
as great at 5°C. as at 60°C. The values were 143.7 at 5°, 128.5 at 18°, 100.0 
at 40° and 79.0 at 60°. (See also under Fructose, Chapter II.) 

The taste sense and the relative sweetness of sugars and other sweet 
substances have been critically reviewed {77). At certain concentrations 
mixtures of isosweet solutions of sucrose and corn sirup are slightly sweeter 
than either parent solution. a-D-Glucose is somewhat sweeter than ß-D-
glucose. Therefore, fresh α-D-glucose solutions are sweeter than those in 
which there is an equilibrium between the a- and jö-forms. Because fructose 
is almost twice as sweet as glucose, it would seem that inversion of sucrose 
ought to increase its sweetness. This occurs, but it is not noticeable at con-
centrations below 10%. 

18. APPETITE FOR CARBOHYDRATE 

When laboratory animals are used under suitable conditions for experi-
mentation in nutrition, interesting preferences are shown for different 
carbohydrates. Adult rats seem to have the greatest preference for solu-
tions of the various common sugars when they are offered in concentrations 
near 10% {78). They show the greatest preference for maltose, next for 
glucose and sucrose, only a slight appetite for galactose, and none for lac-

76 Y. Tsuzuki and J. Yamazaki, Biochem. Z. 323, 525 (1953). 
77. A. T. Cameron, Sugar Research Foundation, Sei. Rept. Ser. 9, (1947). 
78. C. P. Richter and K. H. Campbell, J. Nutrition 20, 31 (1940). 
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tose. This experience with lactose has been confirmed (79) with the obser-
vation that corn starch, dextrin, and sucrose are accepted to different 
extents, although the three materials are approximately equivalent nutri-
tionally. The order of preference was starch > dextrin > sucrose. Although 
humans may have a stronger preference for sucrose than for starch, it is 
common experience that the desire for sugar becomes dulled by considera-
ble amounts, and bland foods rich in starch are readily accepted day after 
day without satiation. Thus, the choices made by the animals are not 
surprising. 

19. BLOOD GLUCOSE AND THE URGE TO EAT 
Because D-glucose is the principal sugar in the body and it is a major 

source of energy, it is plausible to consider that its concentration in the 
blood may influence the urge to eat. However, the part played by the blood 
glucose concentration in actually conditioning the caloric intake has never 
been explained. I t has been proposed (80) that gluco-receptors are located 
in the hypothalamic centers and that, through their great sensitivity to 
blood glucose, they affect the appetite for food. 

One attempt to study the problem was based on the use of hypophy-
sectomized alloxan-treated rats in which the blood glucose levels may be 
caused to fluctuate greatly through variations in the intake of sugar (80). 
A comparison was made on the effect of food intake of nutrients which were 
capable of exerting a direct influence on blood glucose, through the paren-
teral administration of glucose and fructose, with that of nutrient mixtures 
of similar caloric value which do not directly affect the concentration of 
blood glucose. 

I t was found that the procedures which induced hyperglycemia without 
appreciably decreasing the utilization of glucose were accompanied by sub-
stantial reductions in food intake. Whether the changes are due to definite 
cause-and-effect relationships has not been established. The observations 
suggest that normally the urge to eat may be controlled by the concentra-
tion of blood glucose. 

The theory concerning gluco-receptors and the importance of blood glu-
cose concentrations are attracting much attention for the control of human 
weight. Systems of dieting are based upon the deliberate inclusion of small 
amounts of sugar in the diet before meals. This procedure is supposed to 
raise quickly the level of blood sugar and, thus, promptly diminish the 
desire for food; some evidence suggests that this mechanism is operative 
(80), but further data are required. A further significance would relate to 

79. E. M. Scott and E. L. Verney, J. Nutrition 34, 401 (1947). 
80. J. Mayer, in "Weight Control," Chapter 3. Iowa State College Press, Ames, 

Iowa, 1955. 
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the eating of candy or the use of soft drinks. An impairment of growth 
might be expected of normal children who are allowed to have sugar-rich 
food and drink without restraint. 

20. SYNTHESIS OF VITAMINS BY THE 
INTESTINAL MICROFLORA 

Since the early experiments of Fridericia in 1926 on refection (see p. 
783), it has been recognized that the type of carbohydrate ingested is im-
portant in determining the activity of the intestinal microflora. Now it 
can be generalized that some carbohydrates in the diet have greater in-
fluence than others in determining the extent of synthesis of certain vita-
mins by microorganisms in the alimentary tract (81). The common carbo-
hydrates may be arranged (81) in the following decreasing order as to their 
general effect on vitamin synthesis in the alimentary tract: dextrin, starch, 
lactose, glucose, and sucrose, but this varies with different vitamins. For 
example, lactose favors the production of riboflavin and vitamin Be (81), 
but it does not seem to promote biotin synthesis in the mature fowl (82). 
Dextrin causes the greatest synthesis of both niacin and folic acid. Although 
these effects are well established, vitamins synthesized through the changes 
in the microflora often do not become available in quantity in the non-
ruminant except through the feces. 

The rapid development of awareness of the practical importance of cer-
tain antibiotics in animal nutrition has been accompanied by searches for 
the cause of the observed effects. The effects involve changes in the intes-
tinal microflora, and these are influenced to a marked degree by the type 
of dietary carbohydrate (sucrose or dextrin) (88). 

It has been already pointed out that, in general, starch and some dex-
trins appear to be superior to any of the sugars in promoting the growth of 
young animals on purified diets in which the content of certain vitamins 
may be suboptimal. In addition to the effect of the structure of these prod-
ucts on the microflora, they may be effective, in part, owing to the presence 
of one or more unrecognized nutritional factor (84). The choline content of 
corn starch is too low to account for its action in the prevention of the 
hemorrhagic kidney syndrome of choline deficiency (85). Possibly this ef-
fect is due to the same factor which seems to be necessary to promote 
growth and good feathering in ducks and prevent the development of acute 

81. C. A. Elvehjem, Federation Proc. 7, 410 (1948). 
82. J. R. Couch, W. W. Cravens, C. A. Elvehjem, and J. G. Halpin, J. Nutrition 

35, 57 (1948). 
88. G. E. Peterson, E. C. Dick, and K. R. Johansson, J. Nutrition 51, 171 (1953). 
84. O. N. Miller, J. Nutrition 50, 13 (1953). 
85. J. H. Baxter, J. Nutrition 34, 333 (1947). 
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pancreatic fibrosis (84). Effort should be directed toward the isolation and 
identification of the factor. 

21. PROTEIN SPARING ACTION 

It is well established that carbohydrates are utilized in the synthesis of 
certain amino acids in the body and that the oxidation of amino acids is 
increased when the dietary source of carbohydrate or fat is inadequate to 
meet the caloric needs. Therefore, the differences between carbohydrates 
in promoting the efficient utilization of protein are of interest. 

In the investigations by Harper and associates (86, 87) it was shown 
that corn starch supports better growth of rats receiving 9 % casein rations 
than does sucrose. The growth differences were eliminated by increasing 
either the level of casein or the level of five essential amino acids in the 
ration containing sucrose but were unchanged when liver extract and 
other sources of B vitamins were furnished. I t seems probable that the ben-
eficial effect of the corn starch is due to its action in reducing the rate of 
passage of food through the alimentary tract, thus promoting more efficient 
utilization of the low casein rations. This explanation is probably unsatis-
factory in accounting for the superiority of starch and dextrin in diets con-
taining suboptimal amounts of certain vitamins (84, 85). 

22. SUGAR IN CANDY AND CARBONATED BEVERAGES 

The important and necessary function of carbohydrates in nutrition is 
to furnish energy. When the intake of sugar-rich foods such as candy and 
carbonated beverages is high in an individual, some imbalance in the diet 
might occur. The imbalance may well involve deficiencies in protein, min-
eral elements, various vitamins, and even possibly a deficiency of essential 
fatty acids. Conflicting strong convictions exist regarding the place of 
candy and carbonated beverages in the nutrition of persons of all ages, 
especially growing persons. Unyielding adherence to such opinions is 
justifiable only when relevant facts have been carefully assembled and 
objectively appraised. 

I t is estimated that in 1952 carbonated beverages accounted for approxi-
mately 2,122,000,000 lb. of sucrose and glucose used in the United States 
(88), and that the confectionery industry used about 2,225,000,000 lb. (89). 
Thus, the average consumption per capita is about 27 lb. per year, or 
approximately 130 cal. per person per day. This amount might be harmless 

86. A. E. Harper and M. C. Katayama, J. Nutrition 49, 261 (1953). 
87. A. E. Harper, W. J. Monson, D. A. Arata, D. A. Benton, and C. A. Elvehjem, 

/ . Nutrition 51, 523 (1953). 
88. C. Gortatowsky, Advances in Chem. Ser. No. 12, 70 (1955). 
89. L. F. Martin, Advances in Chem. Ser. No. 12, 64 (1955). 
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or even beneficial depending upon the effect it would have on the consump-
tion of foods furnishing the numerous dietary essentials. Since there is 
much variation between individuals and groups in the consumption of 
candy and carbonated beverages, a considerable percentage must consume 
far more than the average amount. These are the persons who may be most 
adversely affected. 

Acting upon the basis of the facts and in the interests of good health, 
the American Dietetic Association, the American Medical Association, 
and the American Dental Association have each made public announce-
ments of policy regarding candy and carbonated beverages. The statement 
of the American Dietetic Association is given herewith (89a) : 

"The American Dietetic Association does not accept advertising 
or exhibits for candy and soft drinks or carbonated beverages. 
This policy is established because our association is concerned 
professionally with the improvement of the nutritional status of 
human beings. We are concerned with the healthy individual as 
well as with the sick person and with children as well as adults and 
older people. And all of these groups must be considered when we 
recommend the use of any food or dietary supplement. A profes-
sional organization such as the American Dietetic Association 
must meet its responsibility to the general public on problems of 
food and nutrition, and particularly in regard to the nutrition of 
children, and not accept foods and drinks which may contribute 
to nutritional injury of children. . . . " 

Candy and soft drinks are delightful developments of our civilization, 
but many persons use them in great excess and without suffcient regard for 
necessary foods which they may displace from the dietary. When used in 
moderation and with good oral hygiene, they may give pleasure without 
being appreciably harmful. 

23. CARBOHYDRATES AND WEIGHT CONTROL 

Problems of body weight control involve primarily the limitation of fat 
deposition or the removal of excess fat. Because carbohydrates may be 
converted to fat, systems of weight control invariably consider the carbo-
hydrate intake as well as the fat intake. Both need to be controlled, but 
there are various interrelated factors involved in energy metabolism and 
the deposition or mobilization of fat. 

When an effort is made to reduce the body weight, the diet must be 
planned to furnish less energy than is used by the body; thus, a net loss of 

89a. Specific policy regarding candy and carbonated beverages, Dec. 15, 1952, 
Chicago, American Dietetic Association; Editorial in J. Am. Dent. Assoc. 47, 222 
(1953). 
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fat will occur. However, if the reducing diet tends to cause a decrease in the 
basal metabolic rate this will diminish the rate of fat mobilization and oxi-
dation. In a series of investigations at Michigan State University, the im-
portance of this relationship was emphasized (90). When the reducing diet 
was very low in fat, the basal metabolic rate decreased, thus necessitating 
a corresponding limitation of the caloric intake to achieve a given rate of 
weight reduction. A limited diet of moderate fat content, and furnishing 
some carbohydrate, resulted in a satisfactory loss of weight without caus-
ing excessive hunger and distress. (See also p. 801.) 

24. CARBOHYDRATES IN PARENTERAL NUTRITION 

Intravenous feeding involves many problems, some of which remain to 
be solved. The basic problem is the compounding of utilizable nutrients 
which can be dispersed in a suitable medium and administered without 
greatly disturbing the fluid distribution, acid-base balance, or metabolic 
status of the body. Because a major need in intravenous feeding is the pro-
vision of suitable energy-yielding food, carbohydrates are important. 

Glucose has been used as the principal source of energy. However it 
cannot be administered in concentrations appreciably higher in osmotic 
pressure than the osmotic pressure of the blood. Thus, it cannot furnish 
more than a small proportion of the total energy requirements without 
flooding the body with water. Moreover, feeding which needs to be con-
tinued more than a day or two must furnish other nutrients. Good prog-
ress has been made in compounding mixtures containing fat and carbo-
hydrate as the principal sources of energy, with other nutrients such as 
amino acids, inorganic salts, and vitamins being provided. 

It would seem that fructose or invert sugar might have some advantages 
in intravenous feeding. Glucose utilization is temporarily inhibited fol-
lowing a prolonged fast, a condition which may lead to a need for paren-
teral nutrients. Fructose utilization shows little or no impairment in fasted 
rats (91). The evidence seems to be conflicting regarding the renal tolerance 
to invert sugar as compared with glucose and with fructose (92), but on 
the basis of the present evidence fructose or mixtures of fructose and glu-
cose may prove to be preferable to glucose as the only carbohydrate in 
parenteral alimentation. 

Owing to the high osmotic pressure of hexose solutions in comparison 
to that of equivalent amounts of carbohydrate as water-soluble polysac-

90. D. C. Cederquist, W. D. Brewer, R. M. Beegle, A. N. Wagoner, D. Dunsing, 
and M. A. Ohlson, J. Am. Bietet. Assoc. 28, 113 (1952). 

91. G. H. Wyshak and I. L. Chaikoff, / . Biol. Chem. 200, 851 (1953). 
92. Anonymous, Nutrition Revs. 11, 299 (1953). 
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charide, consideration has been given to the effects of phytoglycogen 
(amylopectin) administered parenterally to rabbits (98, 94). The poly-
saccharide causes an elevation of the blood sugar and appears to be con-
verted into glucose in the body. More information needs to be obtained 
concerning the suitability of phytoglycogen for intravenous feeding. 

98. D . L. Morris, / . Biol. Chem. 148, 699 (1943). 
H. E. Maywald, R. Christensen, and T. J. Schoch, Agr. Food Chem. 3, 521 (1955). 
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Part II 

Dental Aspects of Carbohydrates (95) 

Teeth, as a part of a biological structure, are exposed to the same general 
metabolic influences of carbohydrates as the rest of the animal organism. 
These effects will be particularly important during the period of tooth 
formation. Formation occurs in the human in the prenatal period and be-
fore the age of about twelve years, at which time the permanent dentition 
has been completed, except for third molars. The erupted teeth, as shown 
by studies using radioactive tracer elements (96), are only slowly affected 
by general metabolic influences, much more slowly than the bones. The 
outer covering of the teeth, the enamel, is not capable of self-regeneration, 
and any changes which occur within the enamel are basically chemical 
exchanges with substances in the salivary secretions which bathe the teeth 
constantly. Human saliva, a mixed secretion exhibiting intrinsic variation, 
is also influenced in its composition by partial solution or emulsification of 
the foods entering the mouth. Since the saliva is in continuous contact with 
the teeth over many years, its composition and influence on the tooth sur-
faces obviously are of importance. The human mouth in common with the 
entire gastrointestinal tract as discussed earlier in this chapter also contains 
many types of microorganisms whose nature and distribution have not been 
adequately studied. The variable requirements of microorganisms for nu-
merous growth factors indicate that the type and growth of microorganisms 
within the mouth may be extremely dependent upon the composition of the 
saliva. Although saliva contains many growth substances, the amounts are 
very small and variations in their amount could greatly influence the 
growth of microorganisms. Numerous organisms require minimal amounts 
of carbohydrates, and some will grow in proportion to the amount of 
carbohydrates present. 

Strong evidence is available that the post-eruptive period may be divided 
into an early period of indefinite length, but perhaps lasting many years, 
during which the newly exposed surfaces mature. Before complete matura-
tion, the teeth may be much more susceptible to attack and to exchange 
with components of saliva and blood than in the subsequent period. 

Carbohydrates, then, are of dental interest through any general meta-
bolic effect that they may exert, this effect being primarily operative dur-
ing the pre-eruptive period of the tooth. Once the teeth are erupted, the 

95. G. Toverud, S. B. Finn, G. J. Cox, C. F. Bodecker, and J. H. Shaw, "A Survey 
of the Literature of Dental Caries," Publ. 225, National Academy of Sciences, Na-
tional Research Council, Washington, D. C , 1952. 

96. O. Chievitz and G. Hevesy, Kgl. Danske Vedenskab. Biol. Medd. 13, No. 9 
(1937) ; J. F. Volker and R. F. Sognnaes, Am. J. Physiol. 133, 112 (1941) ; R. F. Sogn-
naes and J. H. Shaw, J. Am. Dental Assoc. 44, 489 (1952). 
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carbohydrates apparently exert their main influence through the medium 
of the saliva on the exposed surfaces of the enamel. This post-eruptive ef-
fect may also operate through an influence on the microbiological flora of 
the mouth. 

1. PRE-ERUPTIVE EFFECTS 

Any pre-eruptive or general metabolic effects of the carbohydrates on 
teeth have not been well established. The work of Sognnaes (97) with ham-
sters indicated possible prenatal and pre-eruptive effects of high carbohy-
drate diets. Teeth formed when the hamsters received high carbohydrate 
diets subsequently showed high rates of decay. Because of the difficulty in 
establishing controls for such experimentation, the validity of these inter-
pretations is doubtful, and more recent experiments indicate that this 
supposed effect arises from differences in the inorganic portion of the diets 
(98). 

Indirect evidence of a pre-eruptive effect has been described by Sognnaes 
and by Toverud as a result of considerations of the caries incidence among 
children in European countries during and subsequent to World War II 
(99). The consumption of purified carbohydrates was greatly reduced 
during the war period and increased subsequently. However, changes in 
the rate of dental decay required several years to become apparent and 
appeared to be correlated with the time of mineralization of the develop-
ing teeth. 

2. POST-ERUPTIVE EFFECTS 

Several important experimental procedures have been devised to study 
the factors influencing the development of caries during the post-eruptive 
period. Three general procedures are of special importance. These are the 
controlled studies of human nutrition, the use of experimental animals, and 
the in vitro studies of caries development in extracted teeth. Because of the 
difficulty of the direct control of human groups, studies on human beings 
are difficult to carry out and interpret. On the other hand, much informa-
tion has been obtained by the use of experimental animals and by the in 
vitro studies. 

A. HUMAN NUTRITIONAL STUDIES 

Numerous attempts have been made to demonstrate a relationship be-
tween the presence of carbohydrates in the diets of human beings and the 

97. R. F. Sognnaes, J. Am. Dental Assoc. 37, 676 (1948). 
98. R. F. Sognnaes and J. H. Shaw, unpublished; see J. H. Shaw, J. Dental Med. 

9, 12 (1954). 
99. R. F. Sognnaes, Am. J. Diseases Children 75, 792 (1948); G. Toverud, reference 

95, page 34. 
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TABLE VI 
ACCUMULATED DENTAL DECAY AS AVERAGE DMF RATES PER PERSON 

FOR 12,753 ADULTS ACCORDING TO AGE.GROUP AND SEX (100) 

Age 

17-19 
20-24 
25-29 
30-34 
35-39 
40-44 

Male 

11.95 
15.72 
17.70 
20.08 
19.53 
20.64 

Female 

12.77 
15.84 
18.59 
20.34 
21.60 
22.61 

Age 

45-49 
50-54 
55-59 
60-64 
65 and over 

Male 

21.25 
21.18 
23.25 
23.59 
24.46 

Female 

23.72 
24.65 
25.62 
22.69 
27.50 

incidence of dental decay. The results are influenced greatly by the criteria 
used for the initial lesions, by the methods of examination (in particular 
whether radiographie methods have been used), and by the method of ex-
pression of the data. The most common method of expressing the caries 
experience of the population is as the DMF value per mouth or per 100 
teeth. The DMF is simply the number of decayed, missing, or filled teeth 
found in each individual or in 100 teeth examined. 

The DMF rate is strongly dependent on the age of the individuals ex-
amined. A typical example of the dental decay experience of the adult 
American population is given by the data of Hollander and Dunning (100) 
(Table VI). From an examination of more than 12,000 adults, the DMF 
value per individual for the 30-34 year age group was found to be about 
20 and thereafter increased only slowly, so that in the age group 60-64, 
the DMF value was about 24. No significant sex difference was observable. 

Ancient man, as observed from the skeletons of past civilizations, and 
primitive tribes, such as Eskimos and African tribes when isolated from 
civilization, generally show relatively low rates of dental decay. When 
placed in contact with modern civilization, primitive tribes show a greatly 
intensified rate of dental decay, presumably as a result of a change in diets. 
An example of such observations are those reported by Price (101). Some 
800 North American Indians and Eskimos were examined and classified 
according to their apparent contact with civilization. The Eskimos and 
Indians who had been completely isolated had very excellent teeth showing 
only one cavity per 1000 teeth. Those in close contact with civilization 
showed a much greater percentage of carious teeth, for the Eskimos, 13, 
and, for the Indians, 21.5 per 100 teeth. The isolated groups lived on meat 
and fish, primarily, whereas those in contact with trading posts included 
much flour, sugar, and other condensed foods. 

100. F. Hollander and J. M. Dunning, J. Dental Research, 18, 43 (1939). 
101. W. A. Price, J. Am. Dent. Assoc. 23, 417 (1936). 
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The enforced reduction in average consumption of purified carbohydrates 
during World War II has been used to explain the marked reduction of 
dental decay which occurred in the period subsequent to the war. Such 
studies assume that the only significant factor changing was the carbohy-
drate consumption. Actually, the delay in the appearance of a reduced 
caries rate, as indicated above, has been interpreted as signifying both pre-
emptive and post-eruptive effects of the diets. 

In a broad sense, the above evidence has been deduced by studies of 
geographically isolated groups, and the normal population in civilized areas 
is taken as the control group. The same concept has been used directly to 
establish groups for which the diets could be assigned and controlled. Such 
groups include institutions such as orphan asylums and homes for the in-
sane. Another type is composed of individuals with some medical disturb-
ance requiring careful dietary control. Particularly suitable for the latter 
type are diabetics. Boyd {102) found that groups of diabetic children with 
carefully controlled consumptions of carbohydrates showed an incidence 
of dental decay much less than that of the average population. A very 
extensive comparison of institutionalized children on diets having 
variable amounts of carbohydrates was made by Mack and Urbach (103). 
Three orphan asylums were selected, and three standardized diets, differing 
in the amount of total carbohydrates and in many other nutritional factors, 
were used for the institutions. After two years, no correlation between the 
carbohydrate content of the diets and the caries incidence could be estab-
lished. 

In most dietary studies, the fluoride factor usually has not been given 
proper consideration. Since fluoride exerts a major influence, dietary ef-
fects ascribed to carbohydrates could in some instances be the results of 
varying amounts of fluoride. Also, as will be shown below, comparisons 
based on the crude establishment of total carbohydrate components of the 
diet is an undue oversimplification, since not only the amount but the type 
and the physical condition are important influences. 

B. STUDIES USING EXPERIMENTAL ANIMALS (104) 

Although rats had been used earlier, the introduction of the Syrian ham-
ster as an animal for caries research allowed animal experimentation to 
become important. The earlier lesions obtained with rats were not typical 
of human lesions, and factors such as the granule size of foods were of 
critical importance. More recently, suitable methods of using rats have 

102. J. D. Boyd, Am. J. Diseases Children 66, 349 (1943). 
103. P. B. Mack and C. Urbach, Soc. for Research in Child Development Monograph 

No. 46, 13, No. 1 (1948). 
104- G. J. Cox, reference 95, p. 55. 
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been developed. On the other hand, Syrian hamsters present the grave dif-
ficulty that hereditary and nutritional factors have not been established to 
the same extent as for experimental rats. By the use of hamsters, rats, 
and monkeys, it has been clearly shown by numerous investigators that 
diets rich in some types of carbohydrates will induce decay in the teeth. 
The experiments of Kite, Shaw, and Sognnaes demonstrated that the ef-
fect occurs directly in the mouth (105). The general metabolism is not 
involved because when the same diets were fed to rats by stomach tubes, 
the animals' teeth were unaffected. The necessity for bacteria in the decay 
process has been shown at the experimental "germ-free" laboratory at the 
University of Notre Dame (106). The existence of a period, following erup-
tion, of enhanced susceptibility to attack has been established by a num-
ber of investigators who placed rats or hamsters on cariogenic carbohydrate 
diets, at various intervals after the teeth had erupted (107). 

It must be noted, however, that hereditary influences exist, and caries-
resistant and caries-susceptible strains of rats have been developed (1C8). 
Most dietary compositions used for experimentation have contained sucrose 
or starch as the principal carbohydrate material. But carbohydrates are not 
identical in their effects, and both chemical and physical differences may 
influence their cariogenicity (109). 

C. I N VITRO CARIES STUDIES 

Carious-like lesions can be produced in extracted human teeth by ex-
posure to a nutrient medium suitable for bacterial growth and by innocula-
tion of the solution with oral microorganisms. Lesions were produced in 
the early work of E. Magitot (around 1870) and later by W. D. Miller and 
many subsequent research workers (110). In vitro studies of this type have 
been greatly improved by the introduction of the ' 'Artificial Mouth" in 
which many of the important oral conditions are reproduced. Under appro-
priate conditions, the entire tooth structure will be destroyed. In order to 
produce localized lesions, regular cleansing of the exposed tooth surfaces is 
required (111). 

105. O. W. Kite, J. H. Shaw, and R. F. Sognnaes, J. Nutrition 42, 89 (1950). 
106. F. J. Orland, J. R. Blayney, R. W. Harrison, J. A. Reyniers, P. C. Trexler, 

M. Wagner, H. A. Gordon, and T. D. Luckey, / . Dental Research 33, 147 (1954). 
107. D. F. Mitchell and W. G. Shafer, J. Dental Research 28, 424 (1949); F. J. Mc-

Clure, / . Nutrition 43, 303 (1951); J. C. Muhler, / . Dental Research 33, 245 (1954). 
108. See R. F. Keller, H. R. Hunt, and C. A. Hoppert, J. Dental Research 33, 558 

(1954). 
109. See H. C. Elliott, Jr., and W. W. Pigman, J. Dental Research 33, 27 (1954). 
110. See W. Pigman, J. Am. Dental Assoc. 51, 685 (1955). 
111. W. Pigman, W. Hawkins, H. West, and C. Gaston, Oral Surg. Oral Med. and 

Oral Pathol. 7, 427 (1954); W. Pigman, H. C. Elliott, and R. O. Laffre, J. Dental Re-
search 31, 627 (1952). 
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By the use of the Artificial Mouth, it has been demonstrated that two 
general types of attack on teeth can be distinguished. These, in turn, are 
dependent upon the amount of available carbohydrate in the nutrient 
medium. When glucose is present in the medium to an extent of about 
100 mg. % or less, sound teeth are not attacked, but any previously decal-
cified matrix protein is rapidly destroyed. When glucose is present to an 
extent greater than about 300 mg. %, the inorganic portion of the tooth 
is rapidly removed, but the exposed matrix is attacked only slowly. At in-
termediate concentrations, probably 200 to 300%, both types of attack 
proceed simultaneously, and the entire tooth substance is destroyed {112). 

3. THE ORAL CLEARANCE FACTOR 
Carbohydrates differ greatly in their rate of clearance from the oral 

cavity. Important factors in the rate of disappearance of foodstuffs from 
the mouth are the solubility, the physical consistency, and the chemical 
structure. Some enzymes, particularly salivary amylase, will quickly af-
fect compounds of certain structures, such as starches. 

Sticky carbohydrates or foods may cling to the oral structures and require 
long periods for their complete removal. Even soluble carbohydrates, how-
ever, require an appreciable period for their disappearance from the mouth. 
Ingestion of glucose will raise the apparent reducing sugar levels quickly, 
and the original reducing power of the saliva will be attained again only 
after 30 to 60 minutes (113). Individual foodstuffs differ greatly in the rate 
at which they leave the oral cavity {114). 

Oral clearance in its relationship to dental health has been considered 
further by Lundqvist (115). In an extensive study, the values for the reduc-
ing sugar in the saliva were determined for a large group of persons at 15-
minute intervals during the waking period. The subjects were divided into 
groups having the same basic diets, but with supplements of various types 
of carbohydrates. The control group without supplements exhibited an 
increased salivary reducing sugar value (as glucose) at meal times. The 
enhanced value lasted 30 to 60 minutes at each meal period and sometimes 
reached a peak of 2500 mg. % (Fig. 1). Individuals of other groups showed 
even higher peak reducing sugar values and a greater average period of 
duration. Persons consuming certain sticky candies at will had elevated 
reducing sugar values throughout the waking period (Fig. 1). A survey of 

112. W. W. Pigman, W. Hawkins, J. Watson, R. Powell, and C. Gaston, J. 
Dental Research 34, 537 (1955). 

US. J. F. Volker and D. M. Pinkerton, J. Dental Research 26, 225 (1947); G. W. 
Teuscher and L. S. Fosdick, J. Dental Research 16, 354 (1937). 

1U. B. G. Bibby, H. J. V. Goldberg, and E. Chen, J. Am. Dental Assoc. 42, 491 
(1951). 

115. See C. Lundqvist, Odontologisk Revy 3, Suppl., 1-121 (1952). 
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7 8 9 10 11 12 13 14 15 16 17 18 19 
Time of day 

FIG. 1. Reducing sugar values (as g. apparent glucose per 100 cc.) for salivas of 
two individuals during waking period. Upper curve, supplements of molasses candy. 
Lower, supplements of bread. 

the caries incidence of the individuals on these various diets (made in con-
junction with Gustaf son) exhibited a marked degree of correlation between 
the average reducing sugar level of the salivas and the dental caries in-
cidence of the various groups (Fig. 2). 

All the factors involved in the rate of clearance of dietary carbohydrates 
from the oral cavity are not understood. The consistency, adhesiveness, 
and rate of solubility of the materials obviously are important. The chemi-
cal nature of the carbohydrates should influence the clearance time in rela-
tion to the ease of solubilization by the enzymes and microorganisms of the 
mouth. Both enzymes and microorganisms undoubtedly would be in 

Bread Control Sucrose Chocolate 8 Toffee Caramel 24 Toffee 

FIG. 2. Group comparison between sugar clearance and caries activity. Shaded 
areas—mean values for clearance: all individuals studied. Dark areas—mean values 
for caries activity: all individuals in the groups. 
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fluenced by the structure and the configuration of the individual carbo-
hydrates. 

4. SALIVA 

Saliva is a mixed secretion from a number of glands within the mouth 
and surrounding structures. Three pairs of major salivary glands contrib-
ute separate types of secretions, and, in addition, numerous small glands 
add a portion of unknown extent to make up the total saliva. The major 
salivary glands are the parotid, submaxillary, and sublingual glands. In 
most individuals the major contribution is probably made by the parotid 
and submaxillary glands. The rate of flow of these glands is quite variable 
and depends upon psychic and mechanical stimulation. Methods have been 
developed for collecting secretions of the salivary glands (116). 

The whole saliva is a very dilute secretion with only about 0.5 % of total 
solids. Of this, approximately one-half is composed of inorganic salts made 
up mainly of calcium, sodium, and potassium cations and chloride, phos-
phate, and thiocyanate anions. Many diverse organic materials are present 
in small amounts (117), but the major material is a "mucin". This "mucin" 
is a mixture whose composition is discussed in Chapter XII . The apparent 
reducing sugar level of whole saliva usually falls in the range of 10 to 30 
mg. %, calculated as glucose. The actual level of endogenous free sugars 
including glucose is very low, probably less than 1 mg. % (115, 118). Ap-
parently, no direct relationship exists between blood sugar level and sali-
vary reducing substance. 

A portion of this reducing power arises from the mucin and the remainder 
from unknown substances, dialyzable and undialyzable. The blood-type 
polysaccharides are excreted in salivas. 

Since microorganisms exhibit considerable difference ii their ability to 
utilize specific carbohydrates and in their growth requirements for carbo-
hydrates, the composition of the carbohydrate material in saliva may be 
of great importance in establishing the actual oral flora. In any case, it is 
remarkable that the oral cavity, although exposed consistently to foreign 
microorganisms, rarely contains pathogenic species. The general nature of 
the inhibitions is still uncertain, although lysozyme and mucin may con-
tribute to this action. 

116. See L. Schneyer, J. Dental Research 34, 257 (1955). 
117. See W. Pigman and A. J. Reid, / . Am. Dental Assoc, 45, 325 (1952). 
118. J. Reid Patton, Thesis, University of Alabama, Medical Center, Birmingham, 

1956. 




