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I. Introduction 

With the exception of the liver, the pancreas is the largest gland con-
nected with the alimentary tract. It is a pink-white organ which lies in 

1
 This article does not purport to be a complete review of all existing information 

on the subject. For detailed description and bibliography concerning the earlier 
investigations the reader is referred to various reviews (52,55,76,80,88,91,157,173,181). 
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the retroperitoneum at about the level of the second and third lumbar 
vertebrae. In the adult it measures from 20 to 25 cm. in length and 
varies in weight from 65 to 160 g. Its right extremity, the "head," is 
the larger and is directed downward; the left extremity, or "tail," is 
transverse and terminates close to the spleen. The pancreas consists of 
an exocrine portion, which elaborates certain digestive enzymes, and an 
endocrine portion, whose internal secretion plays an important part in the 
control of the carbohydrate metabolism of the body. The exocrine and 
endocrine functions of the pancreas are carried out by distinctly different 
groups of cells. 

The present review is concerned only with the endocrine function of 
the pancreas. The importance of this endocrine function becomes 
apparent upon examination of the physiological disturbances in the body 
which may be observed in total pancreatectomy or diabetes mellitus. 
The following symptoms have been found to be characteristic: 

(1) Pronounced hyperglycemia and glycosuria. 
(2) Depletion of the glycogen stores in certain tissues (liver, muscle). 
(3) Lowering of the respiratory quotient. 
(4) Increase in the NPN excretion. 
(5) Increased formation of ketones (ketosis). 

II. History
2 

The first observations on the effects of the removal of the pancreas 
from animals were made at a time when a relationship between the func-
tion of the pancreas and diabetes was unsuspected. As early as 1682, 
von Brunner (22) and, several years later, Haller (19, cited from Bouch-
ardat), removed the pancreas from dogs, but they could observe no ill 
effects, the animals continuing to live apparently in good health. Bérard 
and Colin (11) also extirpated the pancreas from dogs and likewise were 
unable to note any unfavorable effects after the operation. Klebs and 
Münk (102) in 1869 seem to have been the first to undertake such extirpa-
tion for the purpose of demonstrating a possible relation of the pancreas 
to diabetes. Their results, however, were also negative. The failure of 
these earlier experimenters to demonstrate the essential nature of the 
pancreas was due, without doubt, to incomplete removal of the organ. 
Experiments of a different type were performed by Claude Bernard (12) 
in 1856, and later by Schiff (154), in 1872, who observed that blocking 
the pancreatic ducts with paraffin did not affect the health of the animals. 

In 1890 two clinicians, von Mehring and Minkowski (122), discovered 
that the complete removal of the pancreas from dogs was followed by 
symptoms which closely resembled those observed in human diabetes 
mellitus. They deduced that these diabetic symptoms were evoked by 

2
 See also the comparative history of different hormones in Chapter I. 
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the lack of some specific function of the pancreas. At that time clinical 
evidence already indicated that diabetes mellitus was associated in some 
way with the pancreas. The experiments of von Mehring and Minkow-
ski were the first decisive demonstration of such a relationship. At the 
same time, and independently, de Dominicis (42) made a similar obser-
vation. Lépine in 1893 repeated these experiments and confirmed these 
findings (110). He advanced the theory that the pancreas elaborates an 
internal secretion which controls carbohydrate metabolism. Proof of 
this was furnished by transplantation experiments performed in 1892 by 
both Minkowski (127,128) and Hédon (74,75). Portions of the pancreas 
were removed, grafted under the skin of dogs, and allowed to remain 
there until the circulation had been re-established; the rest of the gland 
was then removed. In this way diabetic symptoms could be prevented, 
or at least greatly delayed. On removal of the graft, the typical symp-
toms of pancreatectomy immediately appeared. Gley (60,61) observed 
that tying the pancreatic veins, thereby stopping the supply of blood 
from the pancreas, was followed by diabetic symptoms. All these 
results could obviously be explained on the basis of the theory of an 
internal pancreatic secretion. It was already known at that time that 
the pancreas formed an enzyme secretion necessary for digestion. It was 
hardly to be expected, how

r
ever, that the principle regulating carbohy-

drate metabolism was produced by the same tissue of the pancreas that 
was responsible for the elaboration of the digestive enzymes. 

III. Islets of Langerhans 

In 1869 Langerhans (108) described the presence in the pancreas of an 
epithelial tissue different from the alveoli and the ducts which convey the 
external secretion (enzymes) to the duodenum. Langerhans described 
these cells but had no knowledge of their actual function. 

These "islets of Langerhans" originate from the pancreatic ducts, as 
do the alveoli. The islets are structures distinct and apart from the rest 
of the pancreas and can easily be differentiated from the acinar tissue. 
The islet tissue is present in abundance in the pancreas of most animals. 
In normal human adults the pancreas contains 0.9%-2.7% of islet tissue, 
while the majority of diabetic people have less than 0.9%. On the other 
hand, children may possess as much as 3.6% (171). It has been found 
that there are more islets in the tail (splenic end) than in the body or 
head of the pancreas. The rich blood supply of the islets is an indication 
of their physiological significance. The islets have been found to vary 
widely in size and number, even within a single species. The total num-
ber of the islets in the human pancreas lies between 250,000 and 2,500,000, 
the majority of cases approximating 500,000 each. In a wide variety of 
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vertebrates, three granular cell types (termed " A , " " B , " and " D " ) con-
stitute the islet tissue. There is evidence for assigning the insulin pro-
duction to the Β cells, which compose the major part of the islets. These 
cells alone are found to degenerate when the islet tissue in the pancreas 
of partially depancreatized dogs is exhausted by carbohydrate over-
feeding. For additional information on the histology and pathology of 
the pancreatic islets the reader is referred to recent reviews by Gomori 
(65,66). 

Diamare (40) in 1889, and Laguesse (106) in 1893, were probably the 
first to suggest that the islet tissue is concerned in the production of an 
internal secretion whose function is the control of carbohydrate metabo-
lism. Schulze (155) in 1900, and Ssobolew (167) in 1902, found that 
when they blocked the pancreatic duct with paraffin, the resultant 
sclerosis led to the destruction of the acinar tissue but left the islets 
unimpaired, and observed no symptoms of diabetes. Many other 
investigators also noticed that although the gland atrophied after the 
ducts had been ligated, the islet tissue continued to function and diabetes 
did not occur. When, on the other hand, the atrophied gland was 
removed, diabetes at once resulted. Warthin (177) has given an excel-
lent historical account of the discoveries which established the endocrine 
function of the islet tissue. 

After the discovery of insulin, Macleod's studies (120) definitely 
established the fact that insulin is elaborated only by the islet tissue. 
This work was done on teleostean fish (hake, cod, pollock, haddock, etc.) 
in which the islets are anatomically distinct from the acinous tissue. 
Acid alcohol extraction of the islets yielded relatively large amounts of 
the hormone, while similar treatment of the zymogenous tissue yielded 
no insulin. 

Needham (132), studying the carbohydrate metabolism of the 
developing chick, found that the formation of the islet tissue in the 
pancreas is simultaneous with the glycogenic functioning of the liver. 

Homans (77) and Allen (2) showed that removal of a large part of the 
pancreas from dogs led to diabetes. Kauer and Glenn (97) found it 
necessary to remove 84% of the pancreas from dogs before diabetes 
developed. Houssay and his associates (81) have reported similar 
observations. 

More than fifty years ago Minkowski (127) and Weintraud (179) 
made the suggestion that the occurrence of glycosuria following pan-
createctomy is associated with the food habits of the animal. They 
found that, while pancreatectomy in the duck, chicken, or pigeon does not 
result in glycosuria, carnivorous birds like the hawk, falcon, buzzard, and 
raven on the other hand develop glycosuria and hyperglycemia on 
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removal of the pancreas. These findings have recently been substan-
tiated and extended by Mirsky and his associates (130,133). 

IV. The Preparation of Insulin 

Following the demonstration by von Mehring and Minkowski (122) 
in 1890 that the pancreas plays a role in the control of carbohydrate 
metabolism, many attempts were made to prepare an active extract of 
the pancreas which would alleviate the symptoms of diabetes mellitus. 
The credit for the preparation of a pancreatic extract capable of effecting 
a lowering of the blood and urinary sugars, and serviceable in mitigating 
the symptoms of experimental diabetes in animals, and of human dia-
betes, belongs to Banting, Best, Macleod, and Collip. The first active 
extract was prepared in 1922 in the following way: after the pancreatic 
ducts of several dogs had been ligated, the animals were kept for a period 
of several weeks to allow the acinar tissue of the pancreas to degenerate. 
This was done in order to circumvent the destructive action of the 
pancreatic enzymes on the hormone. At the end of several weeks the 
degenerated pancreatic tissue was removed, sliced, and extracted with 
Ringer's solution. The filtrate was found capable of reducing the hyper-
glycemia and glycosuria of depancreatized dogs (6). The name " insu-
lin" was assigned to the active principle present in the pancreatic extracts. 
It is interesting to note that, much earlier, de Meyer (123) in 1909, and 
independently Sharpey-Schafer (161) in 1916, had proposed the term 
" insulin" to designate the internal secretory product of the islet tissue 
of the pancreas. 

Since the initial successful preparation of insulin, various improve-
ments in procuring therapeutically serviceable extracts have been intro-
duced by other workers. Detailed descriptions of the various methods 
employed in the preparation of insulin may be found in several reviews 
(55,76,80,88,157). 

Practically all of the procedures are based on the extraction of the 
minced pancreas with acidulated or alkaline solutions, aqueous, acetone, 
methyl or ethyl alcohol. Acid- or alkaline-aqueous extractions have 
been found impracticable, especially for large-scale production. Purifi-
cation has generally been achieved by fractional precipitation with 
alcohol, by isoelectric precipitation, by salting out, by adsorption, or by 
the separation of the hormone as an insoluble salt. Commercial insulin 
is at present prepared from the pancreas of beef or pig. 

CRYSTALLINE INSULIN 

Following the preparation of potent extracts of the hormone from the 
pancreas, numerous efforts were made to isolate the active principle as a 
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crystalline chemical entity. Insulin was first obtained in crystalline 
form from highly purified commercial preparations by Abel and his asso-
ciates (1) in 1926. Their method for obtaining crystalline preparations 
consisted of the isoelectric precipitation of the hormone from a strongly 
buffered acetic acid solution by the addition of a weak base. The pH of 
the final solution was found to be about 5.6. Crystalline insulin was 
found to exhibit all the properties of a typical protein. The isolation of 
insulin in crystalline form is probably the first instance in which a protein 
possessing a specific physiological action has been obtained in crystalline 
form. 

Modified procedures for obtaining crystalline insulin preparations 
have been worked out by several investigators (55,76,80,88,157). Addi-
tion of certain metal ions such as zinc, cobalt, nickel, and cadmium was 
found to facilitate greatly the formation of insulin crystals. Crystalline 
insulin is now prepared on a commercial scale and is readily available 
(148). Although crystalline insulin is usually prepared from beef pan-
creas, it has also been obtained from the islet tissue of certain fish (92), 
from pig and sheep (156), and from bison and human pancreas (159). 
The crystalline preparations obtained from these various sources were 
found to possess the same maximal activity, 24 international units per 
mg., which remained constant on repeated recrystallizations, and to have 
the same sulfur content, approximately 3.3%. It is pertinent to note 
here that insulins derived from various species have been found to be 
immunologically identical (178). Whether or not the active principle 
isolated from the pancreas represents the circulating natural hormone is 
still undetermined. 

V. Chemistry of Insulin 

Knowledge of the chemistry of insulin has not advanced greatly in 
the past few years. Earlier reviews (52,55,76,80,88,89,91,157,173,181) 
on the chemistry of insulin are still intrinsically up to date. For this 
reason the present discussion will be limited to a brief outline of present 
knowledge of the chemistry of the hormone. 

Solutions of insulin are levorotatory, as are those of all proteins. 
The absorption spectrum of insulin can be accounted for by the tyrosine 
and cystine present in the molecule (37). Insulin does not show in its 
near-infrared absorption any difference in selective absorption from that 
shown by other proteins (8). The isoelectric point of insulin has been 
established at pH 5.3-5.35 (183). X-ray studies of insulin have given 
little information as to the structure of the molecule, the patterns being 
similar to those obtained with other crystalline proteins (38). 

It has been observed that crystalline insulin, prepared by different 
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methods, contains zinc. The zinc content of the human pancreas has 
been found to range from 18.5 to 30.4 mg./kg. of fresh gland. Electro-
metric titration showed that the complex formed by zinc and insulin is 
analogous to that formed by zinc and glycine. The zinc content of 
insulin varies with the preliminary treatment of the protein (49). Cohn 
and his associates (29), employing radioactive zinc, have determined the 
zinc content of insulin, crystallized in various ways. They found that 
the amount of zinc varies from 0.3% to 0.6%, depending on the pH of 
crystallization. Crystalline insulin with a low zinc content (0.15%) has 
been prepared by Sahyun (153). The optical cystallographic properties 
of crystalline "zinc-insulin" have been reviewed by Keenan (98). 

Crystalline insulin, studied by the Tiselius moving-boundary electro-
phoretic technique, was found to be homogeneous. However, various 
amorphous insulin preparations of lesser potency, as low as 16 units per 
mg., have been found to be indistinguishable from crystalline insulin (71). 
This illustrates the well-recognized limitation of this method in determin-
ing the homogeneity of a protein preparation. 

Solubility of insulin in various solvents and its dielectric properties 
have been investigated by Cohn and his associates (29). Lens (109a) has 
determined the solubility curve of insulin samples in a sodium acetate-
acetic acid buffer of pH 4.95. The molecular weight of insulin estimated 
from data obtained on redetermination of ultracentrifugal sedimentation 
and diffusion constants of carefully recrystallized insulin was 46,000, as 
against the previously found 36,000 (124,125). 

A . AMINO ACIDS IN INSULIN 

Since crystalline insulin was found to be a protein, investigations on 
the individual components, obtained on hydrolysis, were carried out with 
the object of determining whether insulin contained amino acids of 
unknown composition or whether constituents other than amino acids 
were present in the molecule. The amino acids found to be present and 
their percentage are given in Table I. 

With the exception of serine and threonine, all other amino acids 
given in the table actually have been isolated and identified from the 
hydrolytic products of insulin. The percentages of tyrosine, cystine, 
arginine, histidine, lysine, proline, and phenylalanine have been deter-
mined either by colorimetric methods or by calculation from the Van 
Slyke nitrogen distribution (52,55,76,80,88,89,157). Chibnall (28) has 
reported a value of 10.7% for histidine. The presence of serine and 
threonine is based on the finding of Nicolet and Shinn that hydroxy-
amino acids on treatment with periodic acid evolve ammonia (134). The 
content of glutamic acid (112,135) and of leucine (20,151) has been deter-
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mined by microbiological methods. The presence of alanine in insulin 
has recently been reported (28a, 10la). Hydroxyproline seems to be 
absent, and it appears therefore that the nonamino nitrogen as found in 
the Van Slyke nitrogen distribution is present in the form of proline. No 
evidence of the presence of aspartic acid has as yet been obtained, and it 
therefore appears that the amide nitrogen, as found in the Van Slyke 
nitrogen distribution, is present in the form of glutamine. Tests for 
tryptophan have given negative results but indication of the presence of 
isoleucine and of valine in the crude leucine fractions has been obtained 
(90). No evidence has been found thus far for the occurrence in the 

T A B L E I 

A M I N O A C I D S IN INSULIN 

Amino acids Per cent Method of determination 

Tyrosine 12 Colorimetrically 

Cystine 12 Colorimetrically 
Arginine 3 Colorimetrically and calculated from Van Slyke nitro-

gen distribution 
Histidine 4 Colorimetrically and calculated from Van Slyke nitro-

gen distribution 

Lysine 2 Calculated from Van Slyke nitrogen distribution 
Proline 10 Calculated from nonamino nitrogen of Van Slyke 

nitrogen distribution 
Glutamic acid 17.5 Microbiologically 
Leucine 13.5 Microbiologically 
Threonine 2 .6 Oxidation with periodic acid 
Serine 3 .6 Oxidation with periodic acid 
Phenylalanine 7 .0 Colorimetrically 
Alanine 4 . 7 

insulin molecule of any constituent differing in its structure from the 
known amino acids. 

The number and nature of the free amino groups of insulin have been 
determined by the employment of 2,4-dinitrofluorobenzene. It was 
found that an insulin submolecule of molecular weight of 12,000 contained 
two glycine and two phenylalanine residues containing free α-amino 
groups and two lysine residues containing free e-amino groups (153a). 
Jensen and Evans (91a) have previously shown by a related method that 
the amino groups of phenylalanine in insulin are free. These results 
suggest that the insulin submolecule is made up of four open polypeptide 
chains, two of these having terminal glycyl residues and the other two 
terminal phenylalanine residues, the chains being bound together most 
probably by —S—S— linkages. 
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B. CHEMICAL MODIFICATIONS AND DERIVATIVES 

Insulin can be inactivated and reactivated by bringing about and 
then reversing certain structural changes. Structural changes can be 
obtained without inactivating the hormone. By focusing the chemical 
attack on different points of the architecture of the molecule, it should 
be possible to determine whether insulin activity results from some force 
emanating from essentially the w

T
hole structure or from a specific field 

of force localized at some definite position or positions. 

C . SULFUR 

Of particular interest is the high sulfur content of insulin, approxi-
mately 3.3%. In recent years it has been found that certain other hor-
mones of protein nature also contain high amounts of sulfur. It has been 
established that all the sulfur of insulin is present as a disulfide linkage 
and can be accounted for as cystine (175). 

Reduction of the disulfide linkages in the insulin molecule under 
various experimental conditions results in a loss of physiological activity 
(52,55,76,80,88,157). It has been found that no proportionality exists 
between maximal reduction and physiological activity, and that total 
inactivation occurs with the reduction of approximately one third of the 
total sulfur. Freudenberg and Münch (53) claim to have been able to 
produce some reactivation of cysteine-reduced and partially inactivated 
insulin by the addition of hydrogen peroxide. However, experiments of 
other investigators have shown that re-oxidation of the reduced insulin 
does not restore its biological activity (52,89). 

According to Miller and Anderson (125,126), the primary change in 
properties of the insulin on reduction with thioglycolic acid at pH 7-7.5 
consists in an aggregation of the reduced molecules to form particles of 
much greater size than the original protein. 

D . ALKALI 

Insulin, on treatment with alkali, is irreversibly inactivated with the 
simultaneous liberation of ammonia and hydrogen sulfide (55,76,80,88, 
157). Freudenberg and Münch (53) have stated that, if insulin is heated 
in a solution of pH 10.5 for 15 hrs. at 30°C, inactivation occurs without 
the liberation of ammonia and hydrogen sulfide or the appearance of 
sulfhydryl groups; no reactivation can be achieved. Lanthionine has 
been isolated from insulin treated with dilute alkali (174). 

E . ACID AND ENZYMES 

Hydrolysis of insulin by either acid or proteolytic enzymes leads to 
irreversible inactivation. The failure of earlier attempts to prepare an 
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active extract from the pancreas was mainly due to the destructive action 
of the proteolytic enzymes present in the organ. Inactivation by 
hydrolysis rapidly precedes the splitting of all peptide linkages. 

When insulin is heated with iV/10 hydrochloric acid at 100°C., a 
"heat precipitate" is formed which is physiologically inactive. Simul-
taneously ammonia is liberated, probably arising from the amide group 
of the glutamine portion of the molecule. On treatment of the precipi-
tate with dilute alkali, a product is obtained which exhibits approxi-
mately 80% of the physiological activity of the original material (55,76, 
80,88,157,173). 

F. ACETYLATION 

By the treatment of insulin with acetic anhydride or ketene in the 
cold, acetylated products with greatly diminished activity are obtained. 
The inactivation is partially reversible since on hydrolysis of the ace-
tylated insulin with weak alkali a substance more active than the ace-
tylated compound, but less active than the original insulin, is obtained 
(55,76,80,88,157,181). 

Ketene is well suited for the acetylation of a protein because it is 
possible to work in aqueous solution and at low temperatures. It has 
been found that this reagent reacts much more rapidly with free amino 
groups than with the hydroxyl groups of the protein molecule. 

G . ACID ALCOHOL 

Insulin, when allowed to stand in acid alcohol for several hours, is 
converted into a relatively inactive product. On treatment of this com-
pound with very dilute alkali, about 60% of the original activity is 
restored. A part of the reactivated material may be recovered in a 
crystalline form identical with that of crystalline insulin. Scott and 
Fisher (157) have shown that inactivation also occurs with such organic 
solvents as acetone, in the presence of certain amounts of hydrochloric 
acid. Inactivation therefore cannot be due to esterification but proba-
bly involves a reversible intramolecular rearrangement (55,76,80,88,157). 

H . IODINE 

Iodine in faintly alkaline solution was found to inactivate insulin 
irreversibly in a short time, probably due to oxidation (55,76,80,88,157). 
Insulin iodinated according to the method of Neuberger is assumed to 
yield a product in which the hydrogen of tyrosine is substituted by 
iodine in the 3,5 positions. The iodinated insulin was found to retain 
only 5-10% of the original activity; partial removal of the iodine by 
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catalytic reduction was accompanied by an approximate proportional 
restoration of activity (72). 

I. MISCELLANEOUS EXPERIMENTS 

Several azo derivatives of insulin containing up to fifteen azo groups 
per molecule were prepared by Reiner and his associates; two of the azo 
compounds were obtained in crystalline form. The activity of the hor-
mone was somewhat impaired by positively substituted azo groups and 
less impaired by those containing negative substituents (107,141). 
Complexes of insulin with piperidine and primary bases have been 
obtained in crystalline form (160). 

Treatment of insulin with either aliphatic or aromatic aldehydes or 
isocyanates in weakly alkaline solution was found to yield insulin deriva-
tives retaining only a small percentage of the physiological activity of the 
hormone. Chemical reaction between either amino or hydroxy groups 
of the insulin molecule and the reagent used can take place under the 
experimental conditions employed (55,76,80,88,157). The action of 
phenyl isocyanate on insulin has been studied in detail by Hallas-Moeller 
(71a). 

The effects of various other reagents, such as methyliodide, diazo-
methane, and nitrous acid, on insulin have also been studied and found to 
yield physiologically inactive products (55,76,80,88,157). 

Attempts have been made to interpret the results obtained on treat-
ment of insulin with various reagents, as indicating that certain groups 
of the insulin molecule, such as phenolic hydroxyl, primary amino, and 
the disulfide linkage, are essential for the physiological activity of the 
hormone. 

The pharmacodynamic function of insulin may be due to: 
(I) The presence of a prosthetic group in the insulin molecule. As 

already indicated, no evidence of such a group in the insulin molecule has 
yet been obtained. 

(II) The occurrence in the insulin molecule of an unknown specific 
amino acid. Only known amino acids have thus far been isolated from 
the hydrolytic products of insulin. 

(III) The existence in the protein molecule of a specific grouping of 
certain component amino acids embedded in the molecule, and which by 
virtue of their chemical and spatial configuration impart a specific phar-
macodynamic function to the protein molecule. For this reason, the 
entire molecule is necessary for the physiological activity of the protein. 

It is the author's opinion that, from the evidence at present available 
and outlined, it must be assumed that the hypoglycemic activity of 
insulin is a specific property of the whole protein molecule. Any reaction 



312 H. JENSEN 

which may produce a change in the architecture of the protein molecule 
is likely to cause a loss of physiological activity. The complex protein 
structure of insulin permits little hope at present for the elucidation of the 
exact structure and for the synthesis of this hormone. 

VI. Standardization of Insulin 

Up to the present, only biological methods of assay have proved 
applicable for the determination of the physiological activity of insulin. 
Various suggested chemical methods of assay have been found nonspecific. 

The potency of an insulin preparation is expressed in international 
units, the unit being defined as "the activity contained in 0.125 mg. of 
the international standard preparation." Recently a standard insulin 
preparation of crystalline zinc-insulin has been proposed by the National 
Institute for Medical Research in London. A unit is mg. of this 
preparation. 

Two procedures have been devised to determine the activity of 
insulin preparations by comparison with the standard and are now gen-
erally employed: (I) a method dependent upon the production of con-
vulsions, and (II) a method based upon the determination of the decrease 
in blood sugar. 

Briefly stated, method I, which employs mice as test animals, is 
based upon the comparison of the incidence of convulsions produced in 
white mice kept at 38°C, half of the mice being injected intraperitoneally 
with the standard preparation and the other half with the solution of 
unknown potency. The mouse unit is defined as the quantity producing 
convulsions in one half the number of mice injected. 

Method II consists of injecting subcutaneously a suitable dose of 
the standard insulin preparation into one half of a series of rabbits of 
2 kg. weight and previously starved for eighteen to twenty-four hours, 
the other half simultaneously receiving a dose of the sample of unknown 
potency. Several days later the groups are crossed over and used for the 
injection of the same preparations. Blood samples are usually taken at 
one-and-a-half-, at three-, and at five-hour intervals after the injections. 
From the relation between the lowering of blood sugar produced by the 
standard insulin and that produced by the insulin of unknown potency, 
the activity of the latter can be calculated. A few recent references 
on the standardization of insulin are included in the bibliography 
(15,16,25,50,51,87,162). 

Gellhorn and associates (56) have described a sensitive method for the 
assay of insulin based on the use of adrenodemedullated-hypophysec-
tomized rats. In such animals administration of insulin in amounts of 
0.001 units per 100 g. of body weight may cause convulsions and coma. 
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Employing this method these investigators estimate that the normal 
content of insulin in human blood is 0.002 units per ml. Opdyke (136) 
has described a method for the biological assay of insulin based upon the 
blood sugar response of the fasting chick. 

VII. Administration of Insulin 

Since insulin is of proteinlike nature the hormone has no effect when 
taken orally as it is inactivated by the proteolytic enzymes (pepsin and 
trypsin) and therefore must be administered parenterally. This con-
stitutes one of the chief difficulties and objections to its use. While 
administration of insulin remains effective in spite of repeated injections, 
other protein hormones, such as the anterior pituitary principles, become 
progressively less effective on continued administration. 

Clinical assays conducted on patients with uncomplicated diabetes, 
on certain standard dietary regimens, reveal that one insulin unit will on 
an average promote the metabolism of approximately 1.5 g. of glucose. 

Insulin is usually administered to diabetic patients by the subcuta-
neous route, and sometimes in cases of emergency by intravenous injec-
tion. There are associated with these generally accepted methods of 
administration certain practical difficulties which investigators have 
recognized for many years and attempted to remedy. Chief among 
these difficulties are the discomfort accompanying injection, and the 
frequency of dosage with its attendant inconvenience. 

Since the parenteral injection of regular insulin causes wide fluctua-
tions in blood glucose levels and requires several daily injections, experi-
ments were carried out with the object of combining or mixing insulin 
with certain substances in order to decrease its rate of absorption from 
the tissues. Such delayed absorption would permit the use of larger 
doses and thus reduce the number of daily injections required. Hagedorn 
and his associates (67) were the first to produce an insulin preparation 
possessing prolonged blood-sugar-lowering action and suitable for thera-
peutic use. These investigators demonstrated that when a solution of 
protamine in sodium phosphate buffer is added to an insulin solution, an 
insulin-protamine complex is formed at pH 7.2, which on subcutaneous 
injection produces prolonged hypoglycemia. 

Shortly after Hagedornes finding, Scott and Fisher (158) reported 
that the addition of zinc as a salt to insulin prior to the addition of 
protamine prolonged still further the hypoglycemic effect of the hormone. 
The hope that a single injection daily of protamine-zinc insulin w^ould 
suffice to establish good control in the majority of diabetics unfortunately 
has not been realized; only the milder cases can be so regulated. 

For practical purposes a combined form of insulin therapy is often 
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employed: two separate injections are given each morning, one of pro-
tamine-zinc insulin and one of regular insulin. It is obvious that this 
mode of duplicate administration is not entirely satisfactory. 

Efforts have therefore been made to obtain an insulin preparation 
which, with a single injection daily, would establish good control in 
severe as well as mild cases. First, proteins other than protamine, such 
as globin and histone, have been combined with insulin. Apparently 
neither of these modifications seems to offer any significant advantage 
over protamine-zinc insulin. Second, modifications of protamine-zinc 
insulin have recently been suggested : (I) an insulin preparation contain-
ing about 25% of the hormone in quickly absorbable form, and 75% in 
precipitated, slowly absorbable form, designated "modified protamine-
zinc insulin" by MacBryde (118,119); and (II) an insulin preparation 
which is obtained by mixing crystalline insulin with protamine-zinc 
insulin, as suggested by Colwell (31). Reference is made to several 
comparative clinical studies of the more recently developed insulin prepa-
rations (5,9,14,31,39,48,109,117,118,119,121,131,138,145,172). Attempts 
to prolong the action of insulin by implantation of "insulin tablets" 
under the skin have not proved encouraging (184). 

The absorption rates of different forms of insulin which were labeled 
with radioactive iodine have been studied in rabbits (140,142). The 
decrease in radioactivity at the site of injection was the index of the rate 
of absorption. The order of rapidity of absorption was regular insulin, 
globin insulin, and protamine-zinc insulin. Employing the same pro-
cedure, the rate of absorption of insulin in human patients has been 
studied. In uncomplicated diabetes the absorption rate of insulin was 
normal but patients with idiopathic insulin resistance showed a signifi-
cant delay in absorption (149). 

In patients totally pancreatectomized for the removal of carcinomas, 
the insulin requirement was found to be very small, about 40 units per 
day (62,146). This observation is in agreement with the finding that 
dogs with 90 to 94% of the pancreas removed seem to require more insulin 
than completely pancreatectomized dogs (44). According to Lerman 
(111) insulin resistance is dependent upon the appearance and concentra-
tion in the body of antibodies to insulin. 

VIII. Physiological Action of Insulin 

Insulin plays an important role in the regulation of various phases of 
metabolism. Metabolism is commonly defined as the sum total of the 
chemical changes which occur in the various tissues of the body. The 
distribution and excretion of inorganic ions is referred to as "inorganic 
metabolism" while the turnover of carbohydrate, fat, and protein is 
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referred to as "organic metabolism." The different phases of carbo-
hydrate, protein, and fat metabolism are intimately linked together. 

It is perhaps advisable to present at this point a brief description of 
the main phases of carbohydrate metabolism in normal animals. Glucose 
is the sugar which is most efficiently metabolized by the tissues of the 
organism and other sugars are generally converted into glucose by the 
liver before they can be utilized. Certain amino acids present in pro-
teins can be converted into carbohydrates, and carbohydrate can be 
converted into fat in the body. The possibility of a conversion of 
physiologically important amounts of fat into carbohydrate, however, 
has not yet been definitely proved. Foodstuff passes through a common 
metabolic pool and in this sense all three foodstuffs are interconvertible. 

Absorbed sugar is either oxidized in the tissues or converted into 
glycogen or fat. The oxidation of glucose and the synthesis and break-
down of glycogen are evidently rapid and constantly occurring processes. 
Glucose is burned for energy in the various tissues of the body. Muscle 
glycogen is oxidized to lactic acid, thus furnishing part of the energy for 
muscular activity. Some of the lactic acid is transformed into glycogen 
in the liver. 

The concentration of glucose in the blood is of importance in supply-
ing the various cells with sugar. The liver is the organ of major impor-
tance in the regulation of the blood sugar level; in its absence the blood 
sugar rapidly falls. It is the function of hepatic glycogen to maintain 
the blood sugar level; muscle glycogen is not a source of blood sugar. 

The blood sugar level represents the resultant of oxidation, storage, 
and excretion on the one hand, and of formation and absorption on the 
other. Hyperglycemia may result from: (a) excessive carbohydrate 
intake, (b) inadequate carbohydrate utilization, (c) carbohydrate over-
production. Conversely, hypoglycemia may be due to: (a) starvation, 
(b) excessive carbohydrate utilization, (c) inadequate carbohydrate for-
mation. These extremes of glycemia act as stimuli to the regulatory 
mechanisms, which in turn tend to reestablish the normal blood sugar 
level. The efficiency with which these regulatory mechanisms can 
counteract the extremes of glycemia depends in a large part on the 
normal endocrine balance (164). 

Metabolism is controlled by the proper physiological coordination of 
various active agents in the body; hormones, vitamins, and enzymes may 
be classified as such agents. The efficiency with which the mechanisms 
of the endocrine system counteract each other in regulating metabolism 
depends to a large extent upon normal endocrine balance. Any relative 
or absolute deficiency or preponderance of certain endocrine secretions 
may result in a definite abnormal shift of general metabolism. Cog-
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nizance should also be taken of whether or not any specific physiological 
change observed is an immediate manifestation of those reactions into 
which the hormone enters in order to produce a certain physiologic 
response. Apparently hormones do not initiate any new metabolic 
processes but rather influence the rate of speed of existing processes by 
accelerating or inhibiting certain enzymatic reactions in the cell upon 
which they act. 

The influence of the various endocrine secretions on metabolism is 
briefly outlined. The exact role which each of the different endocrine 
principles plays in the process of metabolism has not been fully estab-
lished as yet. 

A. PANCREAS 

The importance of insulin with regard to metabolism becomes evident 
upon examination of the physiological disturbances in the body which are 
observable in the absence of the secretion of insulin (pancreatectomy, 
diabetes mellitus). The following symptoms have been found to be 
characteristic : 

( 1 ) Pronounced hyperglycemia and glycosuria. 
(2) Depletion of the glycogen stores in certain tissues (liver, muscle). 
(3) Lowering of the respiratory quotient, indicating a decrease in the 

rate of the oxidation of glucose. 
( 4 ) Increase in the NPN of the urine, which is due to an increase in 

the conversion of protein into glucose. 
( 5 ) Increased formation of ketone bodies (ketosis), caused by an 

acceleration of fat catabolism. 
Injection of insulin will relieve all these symptoms and re-establish a 

practically normal metabolism. 

B . PITUITARY ( 7 8 , 1 1 4 , 1 8 5 , 1 8 6 ) 

Injection of a posterior pituitary extract causes a diminution of liver 
glycogen but effects no change in muscle glycogen. Knowledge of the 
action of the anterior pituitary on metabolism is still incomplete. While 
some of the principles (growth and lactogenic) of this endocrine organ 
act directly on the tissues, others (thyrotrophic, adrenocorticotrophic 
and gonadotrophic) exert their influence by stimulating their respective 
end organs (thyroid, adrenal cortex, and gonads). 

That the anterior pituitary influences metabolism is shown by the 
following observations: 

( 1 ) Removal of this organ renders the animal more sensitive to 
insulin. The glycogen stores of the liver and muscles are more rapidly 
depleted on fasting than in normal animals. Injection of anterior 
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pituitary extracts prevents this depletion of the glycogen stores and 
renders the animal more resistant to insulin. Hypophysectomized 
animals show a decreased excretion of nitrogen in the urine, indicating 
a decreased breakdown of body protein. A decrease in the total metabo-
lism of the body is also observed. 

(2) The symptoms of experimental diabetes (removal of the pancreas) 
are greatly ameliorated following hypophysectomy. The diabetic symp-
toms are manifested again upon injection of anterior pituitary extracts 
into such doubly operated animals. 

( 3 ) A diabeteslike effect can be produced in normal dogs by the daily 
injection of increasing amounts of anterior pituitary extracts over a 
period of several days or weeks. The same effect can be obtained more 
readily in partially depancreatized animals. 

C. ADRENAL ( 8 4 , 8 5 , 9 9 ) 

In general it may be said that the influence of this endocrine organ is 
similar to that of the anterior pituitary, since part of its functional 
integrity is under the control of the anterior pituitary. 

The principle of the adrenal medulla accelerates glycogen breakdown 
in the liver and muscle tissue. 

The function of the adrenal cortex may be classified into two main 
groups : 

( 1 ) Control of the distribution and excretion of inorganic ions. 
(2) Control of organic metabolism. 
The adrenocortical principles which influence primarily the distribu-

tion and excretion of electrolytes are not the same as those that affect 
primarily organic metabolism. 

The effects of those adrenocortical hormones that influence organic 
metabolism may be due to: 

( 1 ) An inhibition of the peripheral utilization of glucose. 
(2) An inhibition of liver glycogenolysis or an acceleration of the 

conversion of glucose to glycogen. 
( 3 ) A control of the rate of deamination of amino acids and in con-

sequence of the rate of gluconeogenesis from protein. 

D . THYROID ( 7 9 ) 

The rate of oxygen uptake of all tissues is increased following the 
injection of the thyroid hormone. Prolonged administration of the 
thyroid principle produces diabetes in partially depancreatized dogs. 

E . GONADS ( 1 0 1 ) 

The relation of the secretion of the various sex glands to metabolism 
has not yet been well defined. 



318 H. J E N S E N 

For a more detailed description of the metabolic influence of the 
pituitary, adrenal, thyroid, and gonads the reader is referred to the 
chapters in this monograph dealing specifically with these endocrine 
glands. It is apparent from the foregoing brief outline of the influence 
of the secretions of the various endocrine organs on metabolism that the 
physiological action of insulin is in general antagonistic to that elicited 
by the pituitary, adrenal, and thyroid (113). 

IX. Endocrine Function of the Pancreas 

In the following paragraphs the endocrine function of the pancreas 
will be briefly discussed. It is not within the scope of this review to 
discuss all the publications dealing with the physiological action of 
insulin, and hence only those which appear to reflect the major trends of 
more recent work on this subject will be considered. For a discussion 
of the earlier investigations on this subject the reader is referred to various 
reviews (55,76,80,88). 

Pancreatic endocrine function has been studied from several points 
of view: (a) the effect of various factors on the insulin content of the islet 
tissue of the pancreas; (b) the control of the secretion of insulin; (c) the 
physiological effect of insulin. 

According to Haist (69), who reviewed the factors influencing the 
insulin content of the pancreas, there are two types of processes by which 
the amount of insulin in the pancreas may be reduced: those which 
decrease the need of insulin and so reduce its production, as fasting, high 
fat diets, the administration of insulin; and those which increase the need 
for insulin relative to the available supply, as partial pancreatectomy, 
treatment with diabetogenic anterior pituitary extracts, probably also 
treatment with adrenocortical extracts, since Ingle (83,86) has shown 
that glycosuria and hyperglycemia can be produced in normal rats by the 
administration of large amounts of 17-hydroxycorticosterone and 
17-hydroxy-ll-dehydrocorticosterone. Insulin injections enhance the 
effects of fasting and fat feeding in the rat, reducing the insulin content 
of the pancreas to very low values. Experimental evidence seems to 
support the view that fasting, fat feeding, and insulin administration 
reduce the need for endogenous insulin and lower the insulin content of 
the pancreas by making the islet cells less active (69). On the other 
hand, administration of insulin tends to prevent the lowering of the 
insulin content or the islet changes that may be observed following 
anterior pituitary injection or partial pancreatectomy. 

Allen (2), using partially depancreatized dogs, showed that the islets 
developed hydropic degeneration within a week after sugar was found in 
the urine. This change progressed until the fourth to sixth week of 
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glycosuria. Thereafter the islets underwent atrophy, becoming few and 
small. Copp and Barclay (33) demonstrated morphological recovery of 
hydropic islets in partially depancreatized dogs during treatment with 
insulin. Although the hydropic islets were restored, recovery of the 
animals was not possible because the pancreatic remnants had been 
originally too small. Bell, Best, and Haist (10) reported that in partially 
depancreatized dogs, when a sufficient amount of the gland was removed 
to produce diabetes, the insulin concentration in the remnant was reduced 
to very low values, whereas when enough gland was left to prevent the 
onset of diabetes, the insulin concentration in the remnant was usually 
found to be within the expected normal range. These findings support 
the previously expressed view of Allen (2) that the degenerative changes 
which occur in the islet cells of the diabetic partially depancreatized dog 
result from overstimulation of the insulin-secreting mechanism. Mirsky 
and his associates (129) observed that in partially depancreatized dogs a 
persistent diabetic condition could be produced by excessive and pro-
longed insulin administration. Gellhorn, Feldman, and Allen (57) could 
not detect any insulin in the blood of totally depancreatized dogs. 

Following the observation of Young and his associates (144) that 
permanent diabetes could be produced in dogs by the injection of anterior 
pituitary extracts and that this was associated with destruction of the 
islet tissues, Best and his associates (13) have shown that daily adminis-
tration of insulin along with the anterior pituitary extract tends to pre-
vent reduction in the insulin content of the pancreas and degranulation 
and hydropic degeneration in the beta cells of the islet tissue. Lukens 
and Dohan (115) have made the interesting observation that the diabetes 
produced in partially pancreatectomized cats by administration of 
anterior pituitary extracts may be allowed to continue for several weeks, 
after which, if the animals are adequately treated with insulin for a few 
weeks, the subsequent withdrawal of insulin is not followed by glyco-
suria. Indeed, the animals may be said to have recovered from the 
diabetes, and this conclusion was borne out by histological examination 
of the islet tissue, which showed that the characteristic hydropic degen-
eration present prior to insulin treatment had disappeared. 

From these and other experiments it appears that treatment with 
insulin can improve both anatomically and functionally the islets dam-
aged by anterior pituitary extract, if the lesions have not advanced too 
far. According to Lukens (116) hyperglycemia is the chief causative 
factor in the subsequent failure of the pancreas, and prevention of hyper-
glycemia by insulin protects the islet tissue. Hyperglycemia proba-
bly leads to an exhaustion of the beta cells in the islet tissue through 
overwork. 
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The view that diabetes mellitus is due solely to failure of the pan-
creatic islet cells to secrete adequate quantities of insulin is not very 
satisfactory in the light of the finding that a diabetic may display an 
apparently normal pancreas. Mirsky (128a) has proposed the thesis 
that diabetes mellitus in man is due to an insufficiency of insulin which 
is only rarely due to a decreased production of insulin by an inadequate 
pancreas. Mirsky proposed that in most instances of human diabetes 
there is an increased utilization, destruction, or inhibition of insulin by 
tissue proteinases or by an insulin antagonist which results in a decrease 
in the concentration of circulating insulin. The possibility of a dysfunc-
tion of the mechanism which controls the release of the active principle 
from the cells in which it is formed may also have to be considered. 

The prevention and cure of diabetes in experimental animals may 
arouse hope that similar procedures may some day be applicable to the 
human subject. However, this will not be easy until the potential human 
diabetic can be recognized much earlier than is possible at present, and 
until more information becomes available on the etiology of the diabetic 
state in man. Lukens (116) has reviewed the clinical and experimental 
data relating to the etiology of diabetes mellitus. (See also ref. 176.) 

A . CONTROL OF INSULIN SECRETION 

The present evidence seems to indicate that the production and 
secretion of insulin is not directly dependent on endocrine factors, since 
it has been found that hypophysectomized (68), adrenalectomized, 
and gonadectomized (70) animals do not exhibit any signs of insulin 
deficiency. 

It is generally assumed that the blood sugar level regulates the secre-
tion of insulin. There is some indication that the blood insulin level may 
be involved. The chemical factor is the principal and essential mecha-
nism; the nervous (vagal) factor is secondary and dispensable, and only 
acts as an accessory mechanism increasing the speed of the adjustment. 
Conditions that depress the blood sugar level lessen the requirements for 
insulin while those that result in an elevation of blood glucose stimulate 
an increased insulin production. A continued stimulation such as is 
produced by a continued high level of blood glucose appears to cause, at 
least in some species, an ultimate breakdown of the insulin secretory 
mechanism resulting in diabetes. However, in a recent communication 
Conn and Louis (32) claim to have obtained evidence of the presence in 
the anterior pituitary of an insulotrophic principle which directly stimu-
lates the islets of the pancreas. It is difficult to reconcile this view with 
the finding that hypophysectomy fails to cause any significant involution 
of the islets. 



VIII. INTERNAL SECRETION OF THE PANCREAS 321 

B . ALLOXAN DIABETES 

It may be pertinent to refer here briefly to the effect of alloxan on the 
islet tissue of the pancreas. In 1943 Dunn and McLetchie (47) had 
reported the interesting finding that parenteral administration of alloxan 
may be followed, in rabbits and rats, by complete necrosis of the pan-
creatic islet tissue, together with a condition of persistent hyperglycemia 
and glycosuria, in which all the cardinal symptoms of diabetes mellitus 
may be manifest. The glycosuria could be abolished by the administra-
tion of insulin. These findings have been confirmed and extended by 
numerous investigators. Histological studies of the pancreas after 
treatment with alloxan have revealed an immediate degranulation and 
later degeneration of the beta cells. The alpha cells remain unaffected 
(63). This observation fortifies the hypothesis, derived from earlier 
studies of the pathological changes in diabetes, that insulin is secreted 
by the beta cells. This observation also paves the way for studies of the 
possible separate functions of the component cells of the islet tissue. 
Apparently alloxan affects the beta cells of the islet tissue directly and 
does not act through the medium of disturbed blood sugar regulation. 
The degeneration of the beta cells consequently leads to a decrease of 
insulin production. The reason for the necrotic effect of alloxan on the 
beta cells of the pancreatic islets is not known. Dunn, Kirkpatrick, 
McLetchie, and Telfer (46) have discussed the possibility that alloxan 
may be formed in the body under physiological conditions and may act as 
a regulator of islet activity. They refer to alloxan as a " possible cause 
of an initial disturbance of the islet system which may eventuate in 
diabetes mellitus." However, direct evidence for such a biological role 
for alloxan is at present lacking. For additional information the reader 
is referred to several reviews and reports on the mechanism of alloxan 
diabetes and on the pathological and metabolic changes obtained in 
various animals on treatment with alloxan (4,45,63a,64,82,93,100,150), 

C . T H E EFFECT OF INSULIN IN ANIMALS 

There is general agreement on the interpretation of the physiological 
responses observed on administration of insulin in depancreatized ani-
mals: restoration of blood sugar to normal, rise of the respiratory 
quotient, inhibition of excessive ketogenesis and gluconeogenesis, and 
adjustment of the glycogen stores to normal. In connection with the 
changes in glycogen in depancreatized animals, Pauls and Drury (137) 
found, on administration of insulin in fasted depancreatized rats, a 
marked augmentation in muscle glycogen (0.16%-0.60%) and also in liver 
glycogen (3.26%-9.78%), which is in agreement with earlier work of other 
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investigators (55,76,80,88). According to Pauls and Drury (137) the 
increases in glycogen stores, however, account for only about one quarter 
of the glucose which is metabolized. They suggest that one of the prin-
cipal effects of insulin is the promotion of a conversion of glucose to fat. 

Administration of insulin also affects the carbohydrate metabolism 
in the normal animal, as indicated, for example, by the reduction in the 
blood sugar level. The interpretation of the physiological responses, 
observed on administration of the hormone to normal animals, is how-
ever more complex than that in depancreatized animals. The lowering 
of the blood sugar level under the influence of insulin is a result of the 
more rapid withdrawal of sugar from the blood by the other tissues. 
Administration of insulin plus glucose to fasting normal animals causes 
a more pronounced rise in the R.Q. than does either glucose or insulin 
alone. According to Soskin and Levine (165) the administration of 
insulin to the normal animal does not increase the utilization of carbo-
hydrate in the organism as a whole. Bridge (2 l)has reinvestigated the 
glycogenic effect of insulin and glucose administration in normal 
rabbits under well-controlled conditions. From these experiments it 
seems that, of the aspects of carbohydrate metabolism observed, the 
action of insulin is seen only in the distribution of glycogen between 
liver and muscle tissue; without insulin, a large proportion of infused 
glucose is deposited as glycogen in the liver, whereas under the influence 
of insulin relatively little goes to the liver, most of it appearing in the 
muscles. This confirms earlier work of other investigators (17,18,34). 
The apparent contradiction that insulin injections do not increase glyco-
gen deposition in the liver of normal animals can be explained by the 
effect of the blood sugar level on the reaction glucose <=± glycogen, which 
will go to the left if the blood sugar is below normal, a mechanism which 
is essential for the regulation of the blood sugar level. Any insulin 
administered to a normal animal is in excess over the optimal amount 
already present, preventing liver glycogenolysis at first and then causing 
hypoglycemia, which stimulates the secretion of adrenaline, releasing 
glucose from liver glycogen. The sugar released is deposited in the 
muscle as glycogen, the blood remaining normal or low. Therefore we 
find that the glycogen stores of the liver either are not increased or are 
diminished after insulin administration to a normal animal, while the 
glycogen stores in the muscle are increased. 

In vitro studies have demonstrated that insulin enhances glycogen 
formation in muscle tissue. The increased deposition of glycogen is not 
associated with an increased oxygen consumption nor with an increased 
respiratory quotient (58,59,73). Stetten and Klein (170), studying the 
formation of glycogen in the previously fasted rat in response to insulin 
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by the isotope technique, found that the glycogen appearing in the muscle 
after administration of insulin plus glucose is apparently formed largely 
directly from glucose. 

The diabetic organism excretes abnormally high amounts of nitrogen 
in the urine, indicating that insulin inhibits protein catabolism. It has 
been reported that the transformation of certain amino acids into carbo-
hydrate, observed in excised liver slices in vitro, is inhibited by insulin 
(3a, 169a). The reduction of the amino acid concentration in the blood, 
observed after administration of insulin to normal animals, is secondary 
to an increased secretion of adrenaline produced by the hypoglycemia. 

Diet apparently has an influence on the sensitivity of the animal to 
insulin. Roberts and Samuels (147) found that adult male rats force-fed 
a high-fat diet were less sensitive to the action of injected insulin than 
rats force-fed an isocaloric high-carbohydrate diet. The decreased sen-
sitivity was manifest as a markedly increased rate of recovery from 
insulin hypoglycemia. The cause may have been the higher level of 
liver glycogen in the fasted fat-fed animals. Gaebler and Olszewski (54) 
observed that omission of yeast from the diet caused appearance of hyper-
glycemia and glycosuria in depancreatized dogs which were maintained 
with insulin. Resumption of yeast feeding abolished glycosuria in about 
12 days. Biskind and Schreier (14a) reported that intensive and per-
sistent oral, or oral and parenteral therapy with vitamin Β complex in 
diabetes, showing symptoms of deficiency of factors of the Β complex, led 
to striking improvement in general health and often to marked improve-
ment in carbohydrate metabolism, frequently with reduction in insulin 
requirement or its elimination altogether. 

D. INTERMEDIARY METABOLISM OF GLUCOSE 

It has already been pointed out that synthesis or breakdown of 
glycogen, as well as oxidation or formation of glucose, are evidently rapid 
and constantly occurring processes which proceed in a series of steps, 
each under the control of a specific system of enzymes (Table II). For 
additional information on the intermediates of glucose metabolism the 
reader is referred to various reviews (7,30,43,103,168). 

It has been found that the transformation of glucose and its inter-
mediates as outlined in Table II can take place without the mediation of 
insulin in cellfree extracts and in some systems consisting solely of suit-
able substrates, enzymes, and their cofactors. 

The question as to the way in which insulin exerts its physiological 
action is naturally of great interest. It is difficult to conceive the hor-
mone as reacting directly with the different metabolic substrates. It 
seems more likely that insulin, and also the other hormones, while not 
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participating in the actual enzymatic processes, may accelerate or inhibit 
certain enzymatic reactions or may cause an increased concentration of 
a given enzyme in the tissue upon which they act. Unfortunately, the 
mode of hormone action is a field which, in spite of its great importance, 
has remained almost unexplored thus far. 

When insulin is added to suspensions of pigeon breast muscle, the 
respiration of the tissue is maintained for a longer period of time than 
with other similar control suspensions (104). This effect has been shown 

T A B L E I I 

INTERMEDIARY C A R B O H Y D R A T E M E T A B O L I S M * 

Glucose 

Adenosine triphosphate 

Hexokinase 

Myokinase 

Fructose-6-Phosphate < > Glucpse-6-Phosphate 

Phosphoglucomutase 

Fructose-1,6-Diphosphate G lucose-1- Phosph ate 

Phosphorylase 
1. 

Triose Phosphate 

Phosphopyruvic Acid 

Glycogen + Phosphate 

Pyruvic Acid 

C 0 2 + H 20 Lactic Acid 

* This scheme omits the detailed steps b y which phosphate is transferred between 

the carbohydrates and the adenosine triphosphate and phosphocreatine systems, and 

also omits the tricarboxylic acid cycle operating between pyruvic acid and C 0 2. 

by Rice and Evans (143) to be reflected in the sustained ability of the 
insulin-supplemented tissue to oxidize pyruvate. When insulin is 
absent, practically no pyruvate is utilized after 60-90 minutes, although 
the oxygen uptake of the suspension is of considerable magnitude. 

The in vitro relationship between insulin and pyruvate oxidation 
shown by these experiments may be indirect, however, since results 
obtained in humans and dogs seem to exclude any participation of insulin 
in pyruvate oxidation (23,24,26). Bueding and his co-workers (23) have 
shown that pyruvic acid does not accumulate in the blood of the diabetic 
animal after the administration of glucose until insulin has been injected, 
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after which it appears in large quantities. These findings indicate that 
insulin may act at some intermediary stage between glucose and pyruvic 
acid. 

Researches in recent years have demonstrated the importance of 
phosphate intermediates in carbohydrate metabolism (35,163,169). The 
influence of insulin and glucose administration upon several phosphate 
fractions of the blood, liver, and muscle of various animals has been 
investigated. The diabetic organism exhibits an abnormally high level 
of inorganic phosphate in the blood, which is corrected by treatment with 
insulin. Soskin, Levine, and Hechter (166) reported that the reduction 
in the amount of inorganic phosphate in the blood found in normal ani-
mals on administration of insulin is due to insulin, while the rise in the 
hexose monophosphate content of the muscle observed under the same 
experimental conditions is due to adrenaline and results from the break-
down of muscle glycogen. It is sometimes difficult to differentiate 
between insulin and adrenaline actions in normal animals, since hyper-
glycemia causes a stimulation of the pancreatic islets and hypoglycemia 
a stimulation of the adrenals. These findings of Soskin, Levine, and 
Hechter have been substantiated by Weissberger, employing labeled 
phosphate (180). Administration of insulin apparently causes an accu-
mulation of hexose monophosphate in the blood (95,180). Using radio-
active phosphorus as a tracer, Sacks (152) observed that injection of 
insulin into cats caused a marked increase in the turnover rates of phos-
phocreatine and adenosine triphosphate in resting muscle during glucose 
absorption, but there was no increase in the turnover of glucose-6-phos-
phate beyond that produced by glucose alone. Sacks postulated that 
the increased turnover was associated with the increased oxidation of 
glucose which insulin produced in resting muscle. Phosphate in the 
liver was found by Kaplan and Greenberg (94,95) to be increased at the 
expense of the plasma inorganic phosphate after injection of insulin to 
rabbits given radioactive phosphate. Both insulin and glucose caused 
an increase in the radioactive adenosine triphosphate and a decrease in 
the residual and alcohol-soluble radioactive phosphate of the liver. 
Injection of malonate inhibits the degree of increase in liver adenosine 
triphosphate which follows the injection of insulin. Coincident with the 
lower adenosine triphosphate values, there is an increase in inorganic 
phosphate (96). 

Stadie (169), reviewing the problem as to whether insulin affects the 
metabolism of phosphate, concluded: "There is good evidence that 
insulin plays a role in the metabolism of phosphate. This is particularly 
true when the interrelations of carbohydrate and phosphate metabolism 
are considered. The precise chemical mechanisms by which this effect 
of insulin is brought about are however far from elucidated.

7
' 
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The recent finding of Price, Cori, and Colowick (139) that the inhibi-
tory effect of certain anterior pituitary fractions in the transformation of 
glucose to glucose-6-phosphate could be released by insulin, is of great 
interest in this connection. As can be seen from Table II, the first step 
in the utilization of glucose by animal tissues, a step common to its trans-
formation to glycogen or its oxidation, is the formation of glucose-6-
phosphate. The action of insulin in the tissues, therefore, is to promote 
the conversion of glucose into glucose-6-phosphate, an intermediate sub-
stance which is necessary for both utilization and glycogenesis. 

Employment of labeled agents such as radioactive phosphorus and 
the isotopes of carbon, nitrogen, sulfur, and other elements will, no doubt, 
be of great help in obtaining a more precise knowledge concerning the 
mode of action of insulin. 

From experimental data at present available, the following functions 
may be attributed to insulin: 

(1) Acceleration of glucose oxidation in the tissues. 
(2) Increase in the rate at which glucose is converted to glycogen and 

fat in the various tissues. It is still undetermined whether insulin has a 
direct influence on the formation of liver glycogen or whether it inhibits 
hepatic glycogenolysis which is caused by certain other hormones. This 
inhibitory effect of insulin would enable the liver of the normal animal to 
retain its glycogen, and would also account for the disappearance of liver 
glycogen in the depancreatized animal (absence of insulin). 

Increase in glucose oxidation and in the rate of glycogen formation 
probably accounts for the fall in blood sugar observed after insulin injec-
tion in depancreatized animals. 

(3) Inhibition of carbohydrate formation in the liver from noncarbo-
hydrate sources. Gluconeogenesis is under the partial control of certain 
other endocrine principles (anterior pituitary and adrenal cortex). 

( 4 ) Inhibition of excessive formation of ketones. 
Decrease in glucose oxidation and increase in hepatic glycogenolysis 

and gluconeogenesis cause hyperglycemia, which may be due to the 
following factors: 

(a) Deficient supply of insulin. 
(b) Liberation, either at a normal or excessive rate, of those prin-

ciples which enhance glycogenolysis and gluconeogenesis, and of those 
which reduce glucose utilization. 

Two apparently opposing view
T
s regarding the mechanism of the 

metabolic actions of insulin on the one hand and the secretions of the 
anterior pituitary, the adrenal cortex, and the thyroid on the other hand, 
have been expressed : 



VIII. INTERNAL SECRETION OF THE PANCREAS 327 

I. Nonutilization theory. In the absence of insulin, the capacity 
of peripheral tissue to metabolize glucose is greatly diminished. Further-
more, certain of the anterior pituitary and adrenal cortical principles 
depress the utilization of glucose and in addition either directly or 
indirectly stimulate glucose production in the liver from protein. 

II. The overproduction theory, on the other hand, postulates that 
glucose utilization in the peripheral tissue is not influenced to a great 
extent by insulin or by the anterior pituitary and adrenal cortical prin-
ciples. The excess amount of glucose is due solely to a stimulation of 
increased glucose production not only from amino acids but also from 
fatty acids in the liver by certain of the anterior pituitary and adrenocor-
tical hormones. The overproduction theory has been mainly developed 
by Soskin and his associates (165a). 

The two opposing views are not necessarily mutually exclusive, but 
each, to a lesser or greater degree, may constitute one aspect of a more 
comprehensive understanding of metabolism. 
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