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propanolol [propranolol; Inderal; 1-(isopropylamino)-3-(1-naphthyl-

oxy)-2-propanolj

chiorpropamide [Diabinese; 1-(p-chlorophenylsulfonyl)-3-propylurea]

acetohexamide [Dymelor; 1-[p-acetylphenyl)sulfonyl]-3-cyclohexylurea]

carbutamide [1-butyl-3-sulfanilylurea]

phenformin [1-phenethylbiguanide]

chlorothiazide [Diuril; 6-chloro-2H-1 , 2, 4-benzothiadiazine-7-sulfonamide

1,1-dioxide]

I. INTRODUCTION

Glucose is the major stimulus for insulin release from the pancreas, but the

response of the islet to this agent may be markedly altered by physiological,

pharmacological, and pathological interactions. Thus it would appear that

intestinal factors released during glucose absorption enhance insulin release due

to alimentary hyperglycemia. A variety of drugs (sulfonylureas, adrenergic

agents, chiorothiazides) and hormones can either inhibit or stimulate insulin

release in the presence of glucose. The normal response of the pancreas to glucose

may also be modified in obesity and pregnancy and in certain “genetic strains

of mice.” Accumulation of this information has resulted from the development

of techniques for the isolation of mammalian islets and assays sufficiently

sensitive and specific to measure in vitro the secretion of insulin by pieces of

pancreas (27, 127), isolated islets (78), and the perfused pancreas (63).

The first studies on the regulation of insulin secretion were undertaken with

fish islets. In mammals, the islets comprise about 1 % of the total pancreatic
mass, and separation of these cells from the acinar tissue seemed a formidable

task. In the fish, however, the islet tissue exists as a distinct body within the
mesentery and is easily separated from the more diffuse acinar tissue. A system-

atic analysis of the metabolic and enzymatic pathways in the fish islet was

undertaken by Lazarow et al. (101, 102) in order to provide a useful frame of

reference for analyzing the insulin secretory mechanism. These studies indicated

that the pentose phosphate pathway of glucose metabolism is operative in the

islet and provided data on the existence of various glycolytic and oxidative

enzyme systems within islet tissue.

Fish islets also provided a good system for the study of incorporation of

labeled amino acids into insulin. The glycogen content of islets was examined

under various conditions, particularly after the effects of toxic concentrations

of alloxan. Attempts to study the regulation of insulin secretion from the iso-

lated fish islet were not quite as successful. In initial experiments the “fat pad”

assay was used to estimate insulin release, and neither glucose nor tolbutamide

appeared to influence insulin secretion in this system. Studies in other species

with the fat pad assay indicated that glucose and other agents could modify

insulin release.

The first extensive experiments with mammalian pancreas were performed by

Coore and Randle (27). They used pieces of rabbit pancreas and incubated the

tissues for only short periods of time. These experiments proved successful for



REGULATION OF INSULIN SECRETION 185

several reasons. First of all, insulin is destroyed more slowly by enzymes of the

acinar tissue of the rabbit than by those of many other species. The relatively

short period of incubation further minimized insulin degradation by proteolytic

enzymes elaborated by the acinar tissue. Equally important was the fact that

insulin was measured by a radioimmunoassay of sufficient specificity and sensi-

tivity to detect the quantities of insulin released during the incubation period.

Evaluation of insulin secretion in vivo is more difficult since the hormone is

released into the portal vein and must traverse the liver before entering the

systemic circulation. The extent to which the liver may remove insulin from the

portal blood has yet to be fully investigated. Thus, direct measurement of

insulin secretion in vivo still presents practical problems when, as in man, samples

of peripheral blood are the only ones readily available for study. Yet, much use-

ful information on the regulation of insulin secretion has been derived from

measurements of the hormone in plasma. These studies on regulation of insulin

release in vitro and in vivo are reviewed in some detail and various limitations in

evaluating such results are discussed.

II. MEASUREMENT OF INSULIN SECRETION

A. Assay of insulin

Initial attempts to assay insulin were based upon the biological activity of

the hormone. Quantities of insulin required to produce hypoglycemic convul-

sions, even in hypophysectomized mice, were several orders of magnitude greater

than quantities readily recovered from blood. Since these assays in vivo lacked

sufficient sensitivity, various tissue methods in vitro were developed. These

included glucose uptake or glycogen deposition by the rat diaphragm (213) and

the oxidation of ‘4C-labeled glucose by rat epidydimal fat pads (132). The former

method proved to be lacking in sensitivity and the latter proved to be too non-

specific for the assay of insulin in biological systems (55, 213). The solution to

the insulin assay problem was found in the various modifications of the radio-

immunoassay as developed by Yalow and Berson (228).

Insulin induces production of antibodies in guinea pigs after repeated injection

in a water-in-oil emulsion (151, 225) or as a suspension (12). Anti-insulin serum

from such animals will react with insulin in vitro (12) and will induce insulin

deficiency in a variety of experimental animals in vivo (150, 222). For this reason,

amongst others, antibodies to insulin produced by the guinea pig are thought to

be capable of reacting with both endogenous and extracted insulin (222), but

insulin antibodies produced by other species do not appear to react very strongly,
if at all, with this hormone (149, 223). Guinea pig anti-insulin serum is therefore

the only one now used for the immunoassay of insulin.

Various techniques are used to assay insulin and all are based on the same

fundamental reaction. A constant amount of anti-insulin serum is allowed to react

with an excess of insulin, a trace amount of which is radioactively labeled with

1311 or 125J� At the end of the period of incubation, commonly carried out over 1 to

4 days at 4#{176}C,two forms of insulin can be discerned: part of the hormone is

bound by antibodies in the anti-insulin serum, and the excess remains free in
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solution. The two forms will be termed “bound” and “free.” To separate and

measure the amounts of bound and free insulin in all such incubated mixtures,

several techniques have been used. Yalow and Berson (228), who developed the

first practical method for immunoassay of insulin in plasma, use chromato-

electrophoresis on filter paper; free insulin then adheres to the filter paper at

the point of application and the bound hormone migrates with the $-y globulins.

I\Iorgan and Lazarow (156) and Hales and Randle (68) precipitate bound insulin

with an antibody to guinea pig globulins produced in the rabbit and goat; free

insulin remains in solution. Bound insulin can also be precipitated with sodium

sulfite under suitable experimental conditions (67). Free insulin in the incubated

mixture can also be adsorbed from solution with dextran-coated charcoal (71) or

cellulose (224, 232) and can be destroyed selectively with insulinase (8) or a

similar proteolytic enzyme (148). The specific activities of bound and free insulins

will be identical if the labeled and unlabeled hormones behave identically in

their reactions with the antibodies during incubation. Thus the greater the

amount of unlabeled insulin in the original mixture, the greater will be the amount

of radioactivity associated with the free insulin separated after incubation.

From the relative amounts of radioactivity associated with the free and bound

fractions of insulin obtained with samples and with standard solutions of insulin,

the insulin contents of the samples can be determined. These various techniques,

which are extensively used to assay insulin in plasma, should be used with care

if meaningful results are to be obtained. For example, insulin from the species of

animal under investigation should always be used for reference, since guinea pig

anti-insulin serum exhibits some degree of species-specificity in its reactions with

the hormone. These and other theoretical considerations have been discussed in

detail and need not be considered further here (12).

B. Techniques for the study of insulin secretion

Insulin secretion has been examined in vivo and in vitro, but these studies are

as yet in their infancy. Interpretations of experimental observations have there-

fore to be viewed with caution and will be dependent upon characteristics of the

techniques employed. Of the two basic procedures carried out in vitro, one,

introduced many years ago by Anderson and Long (2), involves perfusion of the

rat’s isolated pancreas with diluted blood or a synthetic medium. The second,

more recent in origin, involves media of known composition in which pieces of

pancreatic tissue, isolated islets, or explants of cultured pancreatic tissue are

incubated.

Two groups of investigators have been mainly responsible for recent observa-

tions obtained with the perfused pancreas. Sussman et al. (203) used pancreatic

tissue completely separated from surrounding organs while Grodsky et at. (62)

left the stomach, spleen, and duodenum attached. Diluted blood or bicarbonate-

buffered medium is infused through the aorta or celiac axis, and effluent fluid is

collected from the portal vein. These media are either recycled or allowed to

collect after a single passage, substances under study being incorporated in

recycled media or injected as “pulses” for a single passage through the tissue.
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Insulin output from the perfused pancreas is stated either in absolute units or,

more commonly, in terms of its concentration in the effluent medium.

Pieces of pancreatic tissue from a number of species have been incubated for

periods up to about 2 hrs in bicarbonate-buffered media. Under these conditions,

with tissue from the rabbit, Coore and Randle (27) found that some secreted

hormone is destroyed during the period of incubation. The lytic substance

released by pancreatic tissue of the rat appears to be more abundant (127). The

lytic substance must be derived from acinar tissue since isolated islets of the rat

do not destroy added or secreted insulin during incubation for 60 mm (122).

The lytic agent appears to be a proteolytic enzyme but does not resemble either

trypsin or chymotrypsin (27). It has no detectable effect on proteins of high

molecular weight but destroys small polypeptides such as glucagon (123). Two

approaches have been used in attempts to prevent or allow for destruction of

secreted insulin. Coore and Randle (27) found that meaningful but variable

results could be obtained by incubating pieces of tissue in successive media for

short periods of 15 to 30 mm. Malaisse et al. (127) added known amounts of

guinea pig anti-insulin serum to all media and used it for two purposes: the

antibodies prevented destruction of insulin when added in excess (123, 127) and

could be used to assay induced secretion (127). To protect glucagon and other

polypeptides that might exert some action on the secretory process in vitro,

kallikrein inhibitor (Trasylol, Bayer; FBA Research, New York) has proved

useful. In high concentrations this agent reduces but does not abolish the

destruction of insulin (123) and has proved essential to demonstrate an effect

with glucagon in vitro (123). These techniques have been extensively used in

recent years and have proved valuable in screening the actions of potential

stimulants and inhibitors of insulin secretion. However, secretion rates under

identical conditions do show wide variation between pieces of tissue from the

same animal or groups of pieces from animals of the same or different species.

Individual islets have been isolated by several methods. By manual dissection

at moderate magnification (10 to 20 x), Hellerstrom (69) has been able to obtain

them from pancreatic tissue of the mouse, rat, and guinea pig. The relatively

large islets of obese hyperglycemic mice have been isolated by this method in

several centers; they are largely (90%) composed of beta cells. Alternatively, the

techniques first used to destroy acinar tissue and extract insulin from the dog’s

pancreas have been applied to isolation of islets. One or more of the pancreatic

ducts of the rat are ligated and islets are dissected out 4 to 6 weeks later, when

they stand out as distinct ovoid bodies against a background of translucent

fatty or fibrous tissue (16, 91, 144). These techniques are likely to be superceded

by a method based on observations by Moskalewski (158) and described in more

detail by Lacy and Kostianovsky (98), Vance et al. (214), and Howell and Taylor

(73). In this procedure, pancreatic tissue is disrupted by injection of saline into

the main pancreatic duct or directly into the pancreatic tissue. The resultant

gelatinous mass is cut into small pieces and incubated with collagenase. The

digested tissue is then suspended and washed in buffered or unbuffered medium,

and the islets are allowed to separate out. Under gravity or light centrifugation,
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islets are deposited more rapidly than the acinar elements and can therefore be

concentrated. Eventually they have to be picked out individually under a dis-

secting microscope with either small glass loops (98) or a micropipette (214).

By this means 50 to 100 islets can be obtained from the pancreas of a single

adult rat, and 120 to 450 have been isolated from that of the rabbit. During 60

mm, a single islet incubated in the presence of a high concentration of glucose

(300 mg/100 ml) will secrete about 150 �U of insulin (120). With suitable experi-

mental conditions and a method sensitive enough for assay of insulin, it should

therefore now be possible to obtain much useful information by using very small

numbers of islets for individual incubations.

Finally, mention must be made of the technique described by Vecchio and

Gonet (215) for the culture of fetal pancreatic tissue. They removed pancreatic

tissue from fetal rats after 18 days of gestation, when granulation is first observed

in the � cells. This tissue was incubated for 4 days in a medium containing an

extract of fetal rat tissue, normal rat serum, and a high concentration of glucose

(300 mg/100 ml). Explants removed after this time contained well granulated

beta cells, no identifiable alpha cells, and few acinar elements. When these were

incubated in simple bicarbonate-buffered medium, they secreted insulin in re-

sponse to a number of stimulants.

Since blood leaving the pancreas drains into the portal circulation, direct

measurement of insulin secretion in vivo requires surgical intervention. To

circumvent this difficulty, various devices are used to get an approximate esti-

mate. In early studies in experimental animals, glucose was infused in high

concentration but in small absolute amounts into the pancreatic artery. It was

then found that glucose (18) and other sugars (172) administered in this manner

produced systemic hypoglycemia in dogs. More direct evidence of the stimulant

effect of glucose was obtained by Metz (143) and Seltzer (188), who collected

blood from the pancreaticoduodenal veins of anesthetized dogs and measured its

insulin content (insulin-like activity) with the rat diaphragm. Similar techniques

with indwelling plastic catheters placed in a pancreatic vein have been described

(83, 131). In many recent studies, no attempt has been made to measure pan-

creatic blood flow, and changes in rate of insulin secretion have been inferred

from corresponding changes in the concentration of insulin in pancreatic venous

blood. Most of the studies have been carried out in anesthetized animals, but in

some cases chronic surgical preparations have been used.

In an attempt to estimate total pancreatic insulin secretion in conscious rats,

Wright et al. (227) injected guinea pig anti-insulin serum intravenously. This

serum induces transient hyperglycemia and, as the blood sugar concentration

approaches its maximum, the concentration of reactive insulin antibodies in the

injected animal’s plasma falls. ‘25I-labeled human albumin was injected to

measure the volume of distribution of unneutralized insulin antibodies. In

alloxan-diabetic rats, the concentrations of the antibodies and of labeled albumin

fall at the same rate. From the concentrations of reactive insulin antibodies and

their volumes of distribution at intervals (15 to 45 mm) up to about 2 hrs after

injection, rates of insulin secretion in the intervening periods could be calcu-
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lated. It should be emphasized that during the period of study the injected

animals were hyperglycemic to varying degrees according to circumstances.

Studies in man are based largely upon estimates of the insulin content of

peripheral blood measured under varying experimental conditions. Ever since

the first methods for assay of insulin in plasma became available, it has been

assumed that any rapid increase in plasma-insulin concentration in peripheral

venous blood is due to a corresponding increase in pancreatic insulin secretion.

In order to confer some numerical value upon changes induced by some pro-

cedures, Kalkhoff et al. (82) estimated the area subtending the insulin response

curve; the bigger the area, they argued, the larger the secretion evoked. 1\Iany

investigators have since adopted the same method and some have actually done

statistical comparisons of responses evoked in different subjects or under different

experimental conditions. Metz (143) has shown in dogs that output of insulin

from the pancreas is proportional to a function of the blood sugar concentration.

Seltzer and Harris (190) related observed concentrations of insulin in peripheral

blood to those of glucose, and the ratio of these values has been termed the

“insulinogenic index.” A low insulinogenic index, they reasoned, implies reduced

secretory activity of the pancreatic islets. In diabetic Chinese hamsters, a good

correlation between “insulinogenic index” and insulin release in vitro has been

obtained (119). Neither of these devices can be used to get accurate quantitative

estimates of rates of pancreatic insulin secretion, but both have proved useful

in the study of pancreatic function in man.

C. Factors that may influence estimates of insulin secretion

Each of the techniques outlined above has its value, but it should be remem-

bered that each also has its limitations. These should be recognized if meaningful

interpretations are to be placed on experimental observations. There seems little

doubt that any rapid increase in plasma-insulin concentration in peripheral

blood is usually due to increased endogenous secretion of insulin. However, it is

also true to say that changes in concentration of insulin in plasma reflect altera-

tions in the equilibrium between pancreatic secretion on the one hand and up-

take of the hormone by tissues on the other. It is known that exogenous ‘�‘I-

labeled (13) or unlabeled (133, 160) insulin and endogenously secreted insulin

(181) are rapidly taken up by the tissues; half-lives of less than 20 mm have

been reported. A large proportion of this insulin is removed by the liver (111,

157, 185), and the rate of hepatic uptake of insulin may be markedly and rapidly

affected by acute physiological processes. Thus it should not be assumed that
increased pancreatic insulin secretion is necessarily the only cause for an increase

in the level of circulating insulin.

Failure to demonstrate increased secretion as judged by absence of any rise

in peripheral venous insulin concentration could be factitious. This is well

illustrated by some observations of Kaneto et al. (85). Within minutes of stimu-

lating the thoracic dorsal vagus trunk of the dog, they found that insulin con-

centration in portal venous plasma rose from 200 to 300 �U/ml but observed no

significant change in the femoral vein (14 to 17 �U/ml). Thus, extensive dilu-
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tion of insulin upon entering the systemic circulation and removal of insulin by

the liver could mask actual increases in pancreatic secretion. For similar reasons,

inhibition of secretion might not be detectable. It is difficult or impossible to

show any decrease in plasma-insulin concentration when the resting level is

at the lower limit of sensitivity for methods of plasma-insulin assay now in use.

Schalch (187), for example, detected no change in plasma-insulin concentration

in venous blood after exercise, and Cochran et at. (23) were able to do so only in

subjects with high resting levels. To demonstrate inhibition in vivo, it may be

necessary to apply some known stimulant first. By inducing hyperglycemia

with anti-insulin serum, Wright and Malaisse (226) were able to show that

epinephrine, exercise, and stress will inhibit insulin secretion in rats. Porte et al.

(171) used a similar device in man when studying the effects of epinephrine.

This drug, like glucose, induces hyperglycemia but, unlike glucose, it does not

raise plasma-insulin concentration until the infusion of epinephrine is stopped.

When peripheral blood is studied, it may not therefore be possible to demonstrate

stimulation of insulin secretion, and to show inhibition, it may first be necessary

to induce secretion with some stimulant.

Whether effects upon secretion are observed in vivo or in vitro, they could be

the result of indirect rather than direct actions of the agents concerned. It is

now well established, for example, that 2-deoxyglucose can inhibit the stimulant

effect of glucose upon secretion of insulin in vitro (93, 127). It has a similar effect

in vivo but, in this case, part of its action may be mediated through the adrenal

medulla by stimulating the secretion of catecholamines (89, 93, 94, 100). The

inhibitory effects of urethan (87), glucosamine (134), and diazoxide (193) may

also be mediated, at least in part, through the adrenal medulla. As a corollary

to this phenomenon, it might also be mentioned that surgical operations, coronary

infarction, and acute infection (1, 191) produce effects consistent with inhibition

of insulin secretion. Failure to observe a stimulant effect upon insulin secretion

in acute experiments with animals under anesthesia may be due to increased

sympathetic stimulation under these conditions. Even in vitro, an observed effect

could be the result of indirect action. Glucagon, for example, has a striking

stimulant effect upon insulin secretion in vivo (21, 29, 89, 92, 184) and in vitro

(38, 66, 123, 208) and is produced by the alpha cells in the islets. It is possible,

therefore, that increased insulin secretion observed in vitro could be due to stimu-

lation of glucagon release. Vecchio et al. (216, 217) have postulated this thesis on

the basis of their observations with explants of fetal rat pancreas. This tissue,

which does not appear to contain any alpha cells, does not secrete much insulin

when incubated in the presence of high concentrations of glucose unless glucagon

is also present. Until more is known of factors controffing glucagon secretion and

maturation of the function of beta cells, it will not be possible to tell whether

this hypothesis is tenable.

It is perhaps too early to assess the physiological significance of many of the

observations now being reported. In many cases, the concentrations of agents

that have been shown to have effects are extremely high. In addition, the tissues

upon which they are being tried may be in an unphysiological condition. In rats
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injected with anti-insulin serum (227), for example, estimated rates of secretion

(6 mU/100 g body weight/mn) for normal animals are far in excess of the doses

of injected insulin (0.55 to 0.88 mU/100 g/min) needed to control alloxan-

diabetes in this species (197). For reasons that are not yet clear, it seems that for

a few hours after an injection of anti-insulin serum, the islets are abnormally

hyperresponsive to glucose, an effect observed in vitro that could well explain the

findings in vivo (128). As another example, it has been shown in the perfused rat’s

pancreas (66, 202) and in vivo in the dog (83) that glucose and some other stimuli

evoke very prompt increases in insulin secretion. Yet in pieces of pancreas (127)

and in rats injected with anti-insulin serum (227) no secretion is normally de-

tected for about 15 mm. This discrepancy could be factitious since small changes

in secretion rate cannot be detected when anti-insulin serum is used in vivo or in

vitro, and there is some evidence that the pancreatic response, at least to glucose,

occurs in two phases. The first is rapid and transient and the second is prolonged

and generally seems to involve greater absolute rates. In addition to apparently

incompatible results obtained in different systems, different species in vivo and

their tissues in vitro show varying responses to the same agent. In the rat, car-

bamylcholine and acetylcholine do not appear to have any consistent effect in

vitro when glucose is present in almost physiological concentrations (100 to 150

mg/100 ml) but inhibit secretion at high levels of glucose (136). In the dog in vivo

(56, 85) and in pancreatic tissue from the dog, the rabbit, and man in vitro (136),

on the other hand, vagal stimulation or the addition of carbamylcholine result in

stimulation. In the sheep, unlike the dog or rat, glucose has a much weaker stimu-

lant effect than propionate or butyrate (130, 131). These and other examples,

some of which are considered in more detail later, will suffice to show that it is

unwise at this stage to be dogmatic in assessing differences in effects observed in

different systems or with different species. As further evidence accumulates and

methods, especially in vitro, are made more specific and precise, the true values of

existing observations will become clearer.

III. PHYSIOLOGICAL AND PHARMACOLOGICAL STIMULATION

A. Glucose and oxidative metabolism

Glucose is clearly one of the major physiological stimuli for insulin secretion.

Tables 1 and 2 summarize the effects of glucose and numerous other agents that

cause its secretion.
Many investigations have clearly shown that when the glucose concentration

is altered in vivo or in vitro there is a parallel change in insulin release from pan-

creatic tissue (27, 63, 127, 143, 203). In studies with the perfused pancreas,

“pulse” administration of glucose leads to an almost immediate transient release

of insulin (31, 32, 62, 203). Recent work with the perfused rat pancreas indicates

that when glucose is perfused for periods up to 1 hr there is a second and more

sustained phase of insulin release. Glucose appears to act directly on the secretory

mechanism, for quantities of dinitrophenol sufficient to block insulin synthesis do

not block the initial secretory response (63). However, the secondary rise in

insulin secretion is partially inhibited (30%) by addition of puromycin (31, 32),
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and the concentration of puromycin used was enough to block insulin biosyn-

thesis. Under these conditions the initial rise in insulin secretion not was blocked

by puromycin, and it may be concluded that the secondary rise in secretion is,

in part, due to release of newly synthesized hormone. Quantitative relation-

TABLE 1

Effects of various compounds on insulin release

Agent Conditions Effect on Insulin
Secretion Species References

Glucose fn vivo Stimulates Man, dog, rat 82, 83, 131, 143, 190
In vitro Stimulates Rat, rabbit, hamster 27, 119, 127, 153

Mannose In vitro Stimulates Rat, rabbit 27, 127, 153
Galactose In vitro No effect Rat 127
Xylitol In vitro Stimulates Rat 153

Ribitol In vitro Stimulates Rat 153
Ribose In vitro Stimulates Rat 153
Xylose In vitro No effect Rat 62, 127

Arabinose In vitro No effect Rat 62, 127
10 amino acid In vivo Stimulates Man 48, 49

mixture
Arginine In vivo Stimulates Man 48, 49

In vitro Stimulates Rat 117

Leucine In vivo Stimulates Man 48, 49
In vitro Stimulates Rat 117

Phenylalanine In vivo Stimulates Man 48, 49
In vitro Stimulates Rat 117

Lysine In vivo Stimulates Man 48, 49

In vitro Stimulates Rat 117

Propionate In vivo Stimulates Sheep, cow 72, 130, 131
In vivo No effect Rat, rabbit, pig 72

Butyrate In vivo Stimulates Sheep, cow 72, 130, 131
in vitro Stimulates Rat 154

Octanoate In vitro Doubtful Rat 154, 186
Acetoacetate In vivo Stimulates Dog 140

In vivo No effect Sheep 72

In vitro Doubtful Rat, rabbit 27, 117, 174, 177

jS-Hydroxybutyr- In vivo Stimulates Dog 140
ate

In vivo No effect Sheep 72

In vitro Doubtful Rat, rabbit 27, 117, 174,177

TABLE 2

Agents that inhibit insulin release induced by gluCo8e in vitro

Agent Species References

Mannoheptulose
2-Deoxyglucose
2,4-Dinitrophenol

Cyanide
Anoxia

Rat, rabbit

Rat
Rat, rabbit

Rat, rabbit
Rat, rabbit

27, 115

94, 127
27, 127
27, 127
27, 127
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ships between insulin secretion and glucose concentration have been reported for

incubated pancreatic tissue from the rabbit (27, 54, 144) and rat (127). In each

species, small increases insecretion were observed when the glucose concentration

wasincreasedfrom 0 to 100 mg/100 ml. A large and rapidincreaseininsulin release

occurs as the concentration is raised to 300 mg glucose/100 ml. In the rat, secre-

tion reaches a maximum at glucose concentrations of 300 to 500 mg/100 ml. A

similar relationship between glucose and insulinsecretionis also found withisolated

islets of rats (122, 214) and mice (4).

On direct infusion into the pancreatic artery, glucose stimulates insulin release

in vivo in dogs (143, 188). In man, in whom direct measurement of secretion is not

possible, the serum level rises in peripheral blood after an intravenous or oral

glucose load (82, 190). Reports on the histology of beta cells indicate there is a

marked degranulation after prolonged hyperglycemia (60, 103). Under these

conditions there is also a decrease in extractable insulin in the pancreas (103).
The mechanism of a glucose stimulation of insulin secretion is not known. Islets

appear to be freely permeable to glucose, since agents (e.g., phiorizin and 3-0-

methyl glucose) that inhibit active glucose transport in other tissues have no

effect on the stimulation of insulin secretion by glucose (27, 102, 115). It was

initially believed that glucose stimulates secretion by virtue of its structural

specificity, but it was subsequently shown that sugars with structures identical to

glucose in the first three carbons (galactose, xylose, and l-arabinose) do not stimu-

late secretion in vitro (27, 54, 62). Current investigations center on the hypothesis

that some direct or indirect product of glucose metabolism provides the stimulus.

i\iany of the enzymes involved in glycolysis, the hexose monophosphate shunt,

the tricarboxylic acid cycle (Krebs cycle), and glycogen synthesis have been

found in islet tissue (5, 17, 101, 204-206). Some of the enzymes have been studied

quantitatively, and others have been demonstrated histochemically. It therefore

appears that pancreatic islets contain a complement of enzymes similar to those

in other tissues.

Several observations indicate that insulin secretion involves oxidative metabo-

lism of glucose and energy production. Thus, glucose-stimulated insulin secretion

is blocked by anoxia (27, 127); an oxidative process is therefore necessary. This
observation would also suggest that glycolysis may play a minor role in triggering

secretion since glycolysis in other tissues is stimulated under anaerobic conditions.

Glucose-stimulated secretion is also inhibited by potassium cyanide or 2, 4-dial-

trophenol (27, 127), which are known to interfere with oxidative metabolism in

other tissues.

Sugars that are metabolized by pathways similar to that of glucose exert lesser

effects on insulin release. Mannose is utilized by pancreatic islets to a lesser extent

than glucose (78) and exerts a variable stimulant effect on secretion (27, 62, 127).

Fructose, which is not metabolized as well as glucose by islets (74,78), is consider-

ably less potent in stimulating secretion (62, 127). Galactose does not stimulate

insulin secretion (27, 62, 154) and is not metabolized by pancreatic islets (78).

The use of three agents (mannoheptulose, glucosamine, and 2-deoxyglucose)

that block glucose metabolism in other tissues and islets lends additional support

to the idea that glucose needs to be metabolized to stimulate secretion. In a recent
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review, several effects of mannoheptulose on carbohydrate metabolism and insu-

lin secretion were discussed (192). Mannoheptulose, a seven-carbon sugar, in-

hibits insulin secretion both in vivo (162, 227) and in vitro (28, 115). In liver

(26) and in isolated islets of the rat (115), it competitively inhibits the

phosphorylation of glucose. In addition, mannoheptulose completely blocks

glucose oxidation by isolated islets of the mouse (4). Glucosamine, which also

inhibits glucose phosphorylation in other tissues, also blocks insulin secretion

(115, 134). These studies indicate that glucose must first be phosphorylated

before it can stimulate insulin secretion. Insulin secretion is also inhibited (94,

123) by 2-deoxyglucose, a substance that competitively inhibits phosphohexose

isomerase in other tissues. If 2-deoxyglucose is acting in islets as it does in other

tissues, it appears that glucose not only must be phosphorylated but also must be

further metabolized before it can trigger insulin secretion.

Many recent studies on the isolated pancreatic islets indicate that metabolism

of glucose via the pentose phosphate pathway may be important in the release of

insulin. Xylitol, ribitol, and ribose stimulate insulin secretion from rat pancreatic

islets (153). The reduction of NAD� in islet homogenate and the stimulation of

insulin release in the presence of mannoheptulose and 2-deoxyglucose by xylitol

and ribitol suggest that glucose and mannose as well as xylitol and ribitol stimu-

late insulin release by their metabolism via the pentose pathway (153). Addition

of butyrate, octanoate, and citrate to glucose-containing media causes a parallel

increase in insulin release and glucose-6-phosphate levels in rat islets. Since citrate

inhibits phosphofructokinase and free fatty acids Inhibit glycolysisinother tissues,

it was suggested that the glucose-6-phosphate formed in the islets must be metab-

olized by a pathway other than glycolysis (154). Measurement of 6-phosphoglu-

conate levels in rat islets also suggests that this pathway is important in insulin

release. Intracellular levels of this metabolite are increased by increasing the glu-

cose concentration and by the addition of tolbutamide, citrate, glucagon, or

theophylline. These agents also enhance insulin release from islets. Epinephrine,

which inhibits the release of insulin induced by glucose, decreases the level of 6-

phosphogluconate in the islet (152). Additional support for this hypothesis is

found in the toadfish islet, where the reduced pyridine nucleotides (NADH and

NADPH) have a marked stimulant effect on insulin release (218).

Other observations on the metabolic functions of islets support the hypothesis

that glucose metabolism and insulin secretion by islets may be causally related.

Thus labeled CO2 production from labeled glucose by islets of the fish (101) and

rat (77) increases as the glucose concentration rises. In both fish and rat islets

a greater total amount of C-i-labeled than C-6-labeled glucose is converted to

labeled CO2, and hence there must be considerable activity of the hexose mono-

phosphate shunt. However, two dyes, p-phenylenediamine and phenazine metho-

sulfate, which stimulate hexose monophosphate shunt activity in other tissues, do

not stimulate insulin release from rabbit pancreas (27). Glucose oxidation by

isolated mouse islets increases as the glucose concentration increases (4). The

relationship between glucose concentration and glucose oxidation in mouse islets

is identical to that found with insulin secretion from rat pancreatic pieces (127).
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Mannoheptulose, which blocks insulin secretion, can also completely inhibit glu-

cose oxidation by isolated islets ofthe mouse (4). Oxygen consumption by isolated

islets of the obese hyperglycemic mouse increases as the glucose concentration is

raised (70). Mannoheptulose, which inhibits glucose-induced insulin secretion in

other species, reduces oxygen consumption in this system. On the other hand,

mannose and fructose, which have a variable stimulatory effect on insulin secre-

tion in a number of species, increase oxygen consumption only slightly.

Pyruvate, fumarate, and glutamate slightly enhance glucose-stimulated insulin

secretion in vitro (27). Pyruvate stimulates secretion from the pancreatic explant

of the fetal rat (A. E. Renold, personal communication) only when caffeine is

present in the medium. In this preparation, only a small effect of glucose is ob-

served unless caffeine is present. Citrate stimulates insulin secretion from pieces of

pancreas of the duck (176) and rat (58) and from isolated rat islets (154).

Acetoacetate and $-hydroxybutyrate stimulate secretion of insulin in vivo in

dogs (140) but have no effect in sheep (72). Ketone bodies either have no effect

(27, 174) or inhibit (177) insulin secretion by the rabbit pancreas in vitro; but in

the rat, stimulation of insulin release by �-hydroxybutyrate has been reported

(117). In sheep and cows insulin secretion appears to be regulated by propionate

and butyrate rather than by glucose (72, 130, 131). Since ruminant metabolism

centers around fatty acids rather than carbohydrate, the regulation of secretion

by propionate and butyrate is not unexpected. Octanoate has been shown to

stimulate (186) or have no effect (214) on insulin release from pieces of rat pan-

creas, but secretion induced by glucose from isolated rat islets is enhanced by

octanoate and butyrate (154).

Experimental elevation of free fatty acids in the plasma of dogs by infusion of

heparin and lipid is associated with an increase in serum insulin and a decrease in

glucagon (112). Similar observations have been made in man (164).

B. Amino acids and ions

Although glucose is clearly the major stimulus for insulin secretion, alternate

physiological mechanisms are also present in the mammalian islet. In ruminants

fatty acids are the major metabolic fuel and exert marked effects on insulin secre-

tion. In other species, notably fish (207), amino acids may serve as the major stim-

ulus for insulin secretion. Certain persons also exhibit an increased sensitivity to

amino acids to the extent that they may develop hypoglycemic episodes. Such

cases are rare but can be troublesome if the cause is not recognized and correctly

diagnosed. About 30 cases of leucine-induced hypoglycemia have been described
(25), and the fall in blood glucose associated with leucine or protein feeding is

accompanied by a rise in blood insulin levels (228).

Several amino acids, whether given together or individually, increase insulin

levels in human plasma (48,49). A group of 10 amino acids given together proved

the most potent stimulant in vivo, but individual acids have effects in decreasing

order of potency from arginine, to lysine, phenylalanine, and leucine, to methio-

nine, valine, bistidine, threonine, tryptophan, and isoleucine. In diabetics and

subclinical diabetics, the increase in plasma insulin induced by these 10 essential



196 MAYHEW, WRIGHT, AND ASHMORE

amino acids or arginine alone is significantly less than in healthy persons. Insulin

secretion from rat pancreatic pieces induced by glucose (100 mg/iOO ml) is further

enhanced by addition of leucine or arginine. In this system, other amino acids

have less stimulant action (phenylalanine, lysine, tryptophan, and glycine) or no

effect (histidine, valine, and methionine) (117).

Concentrations of inorganic ions appear to be involved in the release of insulin

in vitro. Zinc forms a complex with insulin (30), and its concentration in beta cells

decreases after stimulation of insulin release by glucose (105, 135). This fact sug-

gests that zinc may be involved in secretion, but injection of zinc does not pro-

mote insulin release (105). Calcium ions are required for both glucose and tolbu-

tamide to stimulate insulin secretion in the perfused rat pancreas (33, 64).

Magnesium does not appear to be essential if calcium is present (64). On the basis

of experiments with pieces of rabbit pancreas, Milner and Hales (147) have sug-

gested that sodium and calcium may have an interrelated role in the mechanism

of insulin release. In this tissue, a high level of magnesium inhibits insulin release

(146).

In the perfused rat pancreas, elevation of the potassium level from 4 to 8 mEq/

liter stimulates insulin release in the absence of glucose (64). This stimulation is

equivalent to that seen in the presence of 200 mg glucose/100 ml. Mimer and

Hales (146a) have reported that potassium will also stimulate secretion from the

rabbit pancreas in vitro, yet others have failed to obtain any effect with infusions

of potassium into dogs (137). Effects of the various ions on insulin secretion

suggest that an ion-membrane phenomenon may be involved. Substances that are

known to initiate insulin release from isolated islets also alter the membrane

potential of such preparations (36).

C. Effect of enteric hormones

That insulin secretion might be influenced by an intestinal hormone was first

considered by Moore et al. in 1906 (155). An extract of duodenum was adminis-

tered to several diabetics in an attempt to alleviate their symptoms, but the

results were inconclusive. In 1964 two lines of evidence indicated a possible role

for a humoral factor from the gastrointestinal tract in insulin release. It was

shown that intrajejunal or oral administration of glucose increases plasma insulin

levels more than a comparable intravenous infusion despite the fact that the

blood glucose often rose higher after intravenous than after intrajejunal adminis-

tration (45, 50, 138). Crude secretin-containing extracts of duodenal mucosa in

man accelerated the rate of disappearance of intravenously administered glucose

(42) and increased plasma insulin-like activity (43). Purified preparations of

secretin increase insulin secretion from pieces of dog and rabbit pancreas (139,

167). In anesthetized dogs, purified secretin, pancreozymin-cholecystikinin, and

gastrin increase insulin release, but after an immediate rapid rise in the concentra-

tion of insulin in the pancreaticoduodenal vein, a gradual decline in the insulin

concentration is observed (211). Both pancreozymin (113) and secretin (37)

increase peripheral insulin levels in man. Although the factor or factors responsi-

ble have not been clearly defined, it does appear that the process of glucose
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TABLE 3

Effect of drugs on release of insulin

Agent Condition Effe�ton�nsulin Species References

Epinephrine

Norepinephrine

In vivo
In vitro

In vitro

Inhibits
Inhibits

Inhibits

Man
Rat, rabbit

Rat

170, 171

27, 129
129

Isoproterenol In vivo

In vitro

Stimulates

Inhibits
Man

Rat
169

123, 129

Acetylcholine In vitro
In vitro

Stimulates
No effect

Rat
Rabbit

129, 136

27

Carbachol In vitro Stimulates Rat, rabbit, dog 129, 136

Methacholine In vivo Stimulates Man, dog 80, 84

Bethanechol In vivo Stimulates Dog 84

Theophylline

Glucagon

In vivo
In vitro

In vivo
In vitro

Stimulates
Stimulates

Stimulates
Stimulates

Rat
Rat

Man, dog
Rat, rabbit, duck

209

66, 123

21, 29, 89, 92, 184
38, 66, 123, 208

Secretin In vivo Stimulates Man, dog 37, 211

Pancreozymin In vivo Stimulates Man, dog 113, 211

Tolbutamide

Diazoxide

In vivo

In vitro

In vitro

Stimulates
Stimulates
Inhibits

Man, dog
Rat, rabbit
Rat

94, 114, 166, 229

27, 65, 124, 201
53, 189

Alloxan In vivo Cytotoxic Rat 103, 109

Streptozotocin In vivo Cytotoxic Rat 3, 46, 79, 173

absorption in some way increases the responsiveness of islets to hyperglycemia.

The effect of these and other agents mentioned below are summarized in Table 3.

D. Sulfonylureas

Sulfonylureas have been used for a number of years in treating the “maturity

onset” diabetic. These drugs have a hypoglycemic action which appears to be

produced by two mechanisms-stimulation of insulin release from the pancreas

and less clearly defined extrapancreatic effects. The absence of hypoglycemic

effect of the sulfonylureas in pancreatectomized dogs suggested to Loubati#{232}res

that these compounds may directly stimulate insulin release (107, 108). This

hypothesis is supported by numerous studies in man and experimental animals.

Tolbutamide and other sulfonylureas cause degranulation of the pancreatic beta

cells in a number of species and decrease extractable insulin in the pancreas (75,

104, 221). Administration of tolbutamide leads to a detectable increase in plasma-

insulin in man and other species (114, 166, 229) and stimulates insulin release in

vitro from the pancreas of the rabbit (27) or dog (94) and an explant of rat fetal

pancreas (99). Tolbutamide also stimulates insulin release both from pieces of rat

pancreas (124) and from the perfused rat pancreas (65, 201) in the presence or

absence of glucose. In explants of fetal rat pancreas, tolbutamide stimulates

insulin release in the presence of glucose. If caffeine is added, tolbutamide stimu-

lates better whether glucose is present or absent (99).
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In the perfused rat pancreas and in pieces of rat pancreas a transient effect of

tolbutamide is observed (65, 124). Its persistence when the perfused pancreas is

treated with puromycin suggests that the insulin initially released by tolbutamide

is derived from stored rather than newly synthesized hormore (65). Pancreatic

islets also appear to become refractory after stimulation with sulfonylureas.

Bellens et al. (10) found in dogs that after a prolonged infusion of sulfonylurea

the pancreas no longer responds normally to a second dose of the drug or to glu-

cose. However, after prolonged hyperglycemia, produced by infusing glucose, the

dog’s pancreas can still be stimulated with sulfonylureas. A similar observation

has been made in vitro with pieces of rat’s pancreas (124). Tissue incubated in

glucose and tolbutamide for 1 hr fails to respond to a second tolbutamide stimula-

tion and exhibits a reduced response to glucose.

The mode of action of tolbutamide is not known, but It does appear to differ

from that of glucose. The stimulant effect of tolbutamide is often weak, and it

has less effect than high concentrations of glucose. The effect is transient and, as

mentioned above, pancreatic tissue becomes refractory to stimulation by both

tolbutamide and glucose. Stimulation by tolbutamide in rat pancreatic pieces is

not enhanced by theophylline, nor is it inhibited by mannoheptulose or diazoxide.

On the other hand, the stimulant effects of glucose and tolbutamide can both be

inhibited with epinephrine. Unlike other agents that release insulin, tolbutamide

can stimulate secretion in the absence of glucose.

The benzothiadiazines have been known for some years to produce hypergly-

cemia in man and animals (39, 220). The most thoroughly studied agent in this
group, diazoxide, is used to relieve spontaneous hypoglycemia (141, 182) and as a

research tool in the study of insulin secretion (47, 189). In vivo diazoxide releases

catecholamines (97), and this might influence insulin release, but diazoxide in-

hibits insulin secretion also in vitro (53, 189). A recent study showed that insulin

secretion induced by glucose from pieces of rat pancreas is inhibited by diazoxide

but is not affected by chlorothiazide, another benzothiadiazine (116). The inhibi-

tion is not affected by addition of an alpha blocker (phenoxybenzamine), which

prevents the inhibition produced by epinephrine. The inhibition produced by

diazoxide is counteracted by addition of tolbutamide, whereas the inhibition

produced by epinephrine is not. The above findings indicate that, while diazoxide

inhibits glucose-induced secretion, this inhibition is independent of its ability to

release catecholamines in vivo.

IV. ENDOCRINE REGULATION

A. Catecholamines

The catecholamines have been known for some time to induce hyperglycemia

due, it was thought, to increased hepatic glycogenolysis. Recent studies indicate

that catecholamines have a second action. Infusion of glucose alone into man

causes hyperglycemia and an increase in plasma insulin but, when epinephrine is

infused, there is a gradual rise in the blood glucose and the insulin level does not

change (171). If the epinephrine infusion is then stopped, there is an immediate

rise in the insulin level, followed bya decline in blood glucose. This action indicates



Effect of adrenergic agents on release of insulin

Drugs

Conditions (Species) Insulin Secretion CyclicAMP �ve1� Refer-
ence-

Catecholarnine Blocker

Decrease
Increase

Decrease

Epinephrine

Epinephrine

Epinephrine

Epinephrine

Epinephrine
Epinephrine

Isoproterenol

Isoproterenol

Epinephrine

Epinephrine

Epinephrine

Epinephrine
Epinephrine

Isoproterenol
Isoproterenol

Isoproterenol

Norepinephrine

Phentolamine
Propanolol

Phentolamine
Propanolol

Propanolol

Phenoxybenza-
mine

Phentolamine

Nethalide
Propanolol

Phenoxybenza-
mine

In vivo (man)

In vivo (rat)

In vivo (man)

In vitro

Glucose (100
mg%) stimu-
lated

(Rat)

170

210

169

123

129

Slight decrease
Increase
Slight decrease

Slight decrease
Increase
Decrease

Increase
No effect

Decrease
No effect

No effect

Decrease
Decrease

Decrease
Increase

No effect

Decrease
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* Level obtained in relation to that found in the presence of theophylline.

that epinephrine inhibits insulin release. This occurs in dogs in vivo (95) and in

the pancreas of the rabbit (27) and rat (129) in vitro.

The mode of action of the catecholamines is suggested by effects obtained with

the use of adrenergic blocking agents. These are summarized in Table 4. If an

alpha blocker (phentolamine) is infused with epinephrine into man or the rat,

serum insulin levels rise with the blood glucose (170, 209). In the pancreas of the

rat in vitro, an alpha adrenergic blocker prevents the inhibition of insulin release

produced by epinephrine (129). Infusion of isoproterenol, predominantly a beta

agonist, leads to a modest increase in serum insulin levels in man (169). In the

presence of an alpha blocker, this agent stimulates secretion from rat pancreas in

vitro at glucose concentrations of 100 mg/100 ml or more (123). These observa-

tions indicate that the catecholamines can, under proper conditions, exert differ-

ent effects on insulin secretion; alpha stimulation can inhibit secretion and beta

stimulation can promote insulin release.

Several observations have led to the hypothesis that the adenylcyclase system

TABLE 4
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is involved in insulin secretion. Various agents (beta adrenergic stimulants, theo-

phylline, and glucagon) that are thought to act through the adenylcyclase system

in liver and adipose tissue (19) also stimulate insulin secretion in vivo (89, 92, 169

209) and in vitro (123, 129). Recent studies (211) have demonstrated the presence

of 3’ , 5’-cycic adenosinemonophosphate (cyclic AMP) in pancreatic islets of

Langerhans of the rat. Theophylline, which enhances insulin secretion in vivo

(209) and in vitro (123), also increases the cyclic AMP level in pancreatic islets.

Glucagon, in the presence of theophylline, further enhances the level of cyclic

AMP. Epinephrine, in the presence of theophyffine, prevented accumulation of

3’ , 5’-AMP, but when an alpha adrenergic blocker (phentolamine) was added,

accumulation of the nucleotide occurred normally; beta adrenergic blockage

(propanolol) did not antagonize the action of epinephrine (210). This fact suggests

that production of cyclic 3’ , 5’-AMP is decreased to a very low level when an

alpha adrenergic stimulation is applied. These observations, taken in conjunction

with parallel effects upon insulin secretion in vivo and in vitro, suggest that the

cyclic 3’ , 5’-AMP level in beta cells can modify the rate of insulin release.

The mechanism by which the adenylcyclase system affects insulin release is not

known, but it has been suggested that cyclic 3’, 5’-AMP could activate glycogen

phosphorylase in the beta cells (123). This suggestion is based on the following

observations. Pancreatic tissue from normoglycemic rats, containing no detect-

able glycogen in the islet tissue, does not secrete insulin in the absence of glucose,

and the stimulant effects of glucose and theophyffine are reduced or abolished by

mannoheptulose or 2-deoxyglucose. Tissue obtained from rats made hyperglyce-

mic with infusions of glucose, and containing glycogen within the islet tissue,
responds to theophyffine even in the absence of glucose. This stimulant effect is

inhibited by 2-deoxyglucose but not by mannoheptulose, a result that suggests

that the glucose normally used by isolated pancreatic tissue is extracellular. In

tissue from the hyperglycemic rats, theophylline could stimulate glycogen phos-

phorylase (as it does in the liver) and so provide an intracellular source of glucose

from stored glycogen. Since no such glycogen store is present in normal islets,

this could not be the only operative mechanism. To explain this action of theo-

phylline under normal conditions, one would have to implicate an action else-

where in the glycolytic or oxidative pathways of glucose metabolism.

B. Glucagon

Glucagon stimulates insulin release in man (37, 89, 183) and dogs (21, 92).

Since this stimulation in man precedes any increase in blood sugar level, glucagon

appears to stimulate secretion directly, and indeed glucagon added in vitro in-

creases secretion of insulin from the pancreas of the rat (38, 123), rabbit (208),

and duck (175). Turner and McIntyre (208) have suggested that glucagon has a

greater stimulant effect at higher glucose concentrations. Glucose appears to be

necessary for glucagon to stimulate insulin secretion by pancreas (123), but other

studies indicate that glucagon can initiate insulin secretion in vitro in the absence

of glucose (38, 66, 202). Glucagon does not appear to stimulate secretion through

a beta receptor, as the catecholamines do, since addition of propanolol in vitro

has no effect on its action (123).
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C. Adrenal corticoids and adrenocorticotropin (ACTH)

Corticoids, added in vitro to pancreas from the rabbit (27) and rat (126), do not

alter insulin secretion. After adrenalectomy the pancreas of the rat in vitro has a

decreased responsiveness to glucose; administration of cortisol in vivo restores the

normal response to glucose in vitro (126). An excess of corticoids, as seen in hyper-

adrenocorticism or in persons receiving therapeutic doses (15, 165), is accom-

panied by an elevated insulin response to glucose. Cortisol administration to

sheep also leads to an increased serum insulin level (6). ACTH administered to

intact dogs (161) or perfused through the isolated rat pancreas (202) leads to in-

creased release of insulin. At a high glucose concentration (300 mg/i#{174} ml),

ACTH stimulates insulin release from rat pancreatic pieces, but it has no effect

at lower glucose concentrations (123). ACTH has no effect on insulin release

from rabbit pancreas in vitro (27).

D. Growth hormone

Clinical studies in which plasma levels of insulin and growth hormone have

been measured suggest that there is an inverse relation between the concentra-

tions of these substances (35, 59). After glucose loading, the level of insulin rises

while growth hormone levels tend to fall. In fasting or prolonged starvation, low

levels of insulin and high levels of growth hormone are observed. In either case,

hormone concentrations appear to be regulated in response to glucose.

That growth hormone administration to experimental animals over prolonged

periods will produce permanent diabetes (20, 230) has suggested a direct effect of

the hormone on insulin secretion and islet function. However, growth hormone

added in vitro does not initiate insulin release from either the rat (121) or the

rabbit (27) pancreas. In persons deficient in growth hormone, serum insulin re-

sponses to glucose or arginine are depressed (57, 142); subsequent administration

of human growth hormone to these persons increased insulin release in response to

glucose. Insulin release in vitro in response to glucose is also depressed in hypophy-

sectomized rats, and administration of growth hormone in vivo increases the re-

sponsiveness of the pancreas to glucose but does not restore the response to nor-

mal. Chronic administration of growth hormone to normal rats for 4 days has no

effect on the response of pancreatic pieces, but pancreatic tissue from rats bearing

growth-hormone-producing tumors is hyperresponsive to glucose (121). Adminis-

tration of growth hormone to dogs and to people (228, 231) and the high endoge-

nous levels of growth hormone in acromegalics (14, 228) are accompanied by in-

creased serum insulin levels. Campbell and Rastogi (20) have suggested that
growth hormone causes a readjustment of the homeostatic control of pancreatic

islets such that there is increased insulin release at any particular level of glucose.

E. Thyroid hormones

Thyroxine in vitro has no effect on insulin release from pancreatic tissue from

normal or thyroidectomized rats (125). Pancreatic tissue from thyroidectomized

rats has a decreased response to glucose when incubated in vitro, and administra-

tion of thyroxine in vivo restores the response. Administration of the thyroxine

in vivo to normal rats for 4 days leads to a decreased insulin response to glucose
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in vitro. Thyrotropin stimulates insulin release from rat pancreatic pieces at a

high glucose concentration (300 mg/i#{174} ml) but has no effect at lower concentra-

tions (123).

This evidence suggests that the above hormones (corticoids, growth hormone,

and thyroxine) do not alter insulin release when added in vitro. When they are

given in vivo to deficient subjects (adrenalectomized, hypopituitary, or thyroidec-

tomized), they restore to normal the response of pancreatic tissue to glucose. An

increased level of these hormones in vivo is associated with increased (corticoids or

growth hormone) or decreased (thyroxine) response of the pancreas to glucose.

These findings suggest that the above hormones do not have sufficient time to act

when added in vitro but, given in vivo, they modify the responsiveness of pancre-

atic tissue to glucose. On the other hand, ACTH and thyrotropin have direct

effects on insulin secretion in vitro.

F. Oxytocin and vasopressin

Oxytocin and vasopressin (lysine vasopressin and arginine vasopressin) stimu-

late insulin release in the anesthetized dog (86). Oxytocin appears to stimulate

secretion by a direct action on the islet since the plasma insulin level rises before

the blood glucose. In rat pancreatic pieces, these two hormones do not stimulate

insulin release (123).

G. Pregnancy and sex hormones

Lund and Weese (110) have noted that 44% of women who had previously de-

livered heavy infants developed impaired carbohydrate tolerance during a subse-

quent pregnancy. The impaired glucose tolerance would appear to be directly

related to a defective insulin response during the initial � to 1 hr after glucose

administration (81). When the subject is not pregnant, a normal response is usu-

ally observed, but impaired glucose tolerance and a reduced plasma insulin re-

sponse may be reproduced by pretreatment with a glucocorticoid. It is possible

that the altered response in pregnancy is associated with production of a growth

hormone-like substance (placental lactogen) by the placenta (7,88).

A marked elevation in plasma insulin in response to a standard glucose load has

been reported in normal women treated for 33 weeks with Enovid (195) although

the glucose tolerance was essentially unchanged. The increased plasma insulin

response could not be correlated with either a family history of diabetes or weight

gain. A second study (168) reported no change in glucose tolerance or plasma

insulin after only 17 to 20 days of therapy with oral contraceptive preparations.

Additional reports on possible effects of oral contraceptives on glucose tolerance

and insulin release tend to be equivocal at best and do not permit any definitive

conclusions regarding the action of these substances on islet function (194, 196,

198). Although changes in glucose tolerance have been noted during the menstrual

cycle (76), parallel studies on insulin release have not been performed.

H. Obesity

In obese persons, levels of plasma insulin tend to be high in the fasting state

and rise to abnormally high values after oral glucose (90, 96, 163). Such hyperin-
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sulinism h.as been attributed to overproduction (96), but it could also be due t�

increased sensitivity of the islets to a natural stimulus such as glucose. In experi-

mental forms of obesity, hyperplasia of the islets has been reported in the obese

spiny mouse (61), and increased sensitivity of the islets to glucose has been

found in vitro with pancreatic tissue from the hereditarily obese diabetic mouse

(C57BL/K8). As these latter obese mice grow older, the insulin content of their

pancreatic tissue falls, and their secretory response to glucose in vitro falls (118).

If normal islets are transplanted into obese littermates of this strain, further gain

in body weight is reduced and blood-sugar concentration is returned to normal

(200). Whether these experimental obese syndromes are associated with lesions

analogous to those occurring in the obese human subject is not yet known, but

they do provide useful tools for research in this field.

V. NEURAL REGULATION

In the early 1920’s, several studies were done on the role of the vagus nerves in

insulin secretion. It was indicated that repeated vagal stimulation definitely

changes the histologic appearance of the islets of Langerhans, and there were

conflicting reports as to whether insulin secretion was stimulated or inhibited. At

that time methods to measure secretion of insulin quantitatively or histologically

were not available. With present methods for assaying insulin, investigators are

now reexamining the possible “neurogenic” control of secretion. Present studies

on epinephrine’s inhibitory effect on insulin release indicate a possible role for the

adrenergic system, and several studies indicate that the cholinergic system may

also play a role in regulating secretion.

Frohman et at. (56) have shown that stimulation of the vagus nerve in anesthe-

tized dogs is followed by an increase in serum immunoreactive insulin. Vagotomy

alone is accompanied by a decrease in insulin levels and no change in blood sugar.

Stimulation of the cut distal end of the vagus leads to a prompt rise in portal

insulin and a small rise somewhat later in peripheral plasma insulin. Stimulation

of the right and left vagus produce the same effect, but when they are stimulated

in succession, the first stimulation always produces an increase greater than the

second. The rise in insulin was blocked by atropine. Kaneto et at. (85) have made

similar observations in the dog, but they stimulated the cut vagus at different

levels. An immediate increase in pancreatic vein insulin was found by stimulating

the right or left cervical vagi or the dorsal vagus at the level of the diaphragm.

The femoral venous plasma insulin also rose somewhat later than the level in the

pancreatic vein. Stimulation of the ventral vagus trunk at the diaphragm had no
effect on insulin secretion. Nelson et at. (159) under similar conditions found no

increase in insulin in dogs after stimulation of the vagi at the cervical and dia-

phragmatic levels. Daniel et at. (34) found that stimulation of the cut right vagus

of the baboon is followed by an appreciable increase in insulin in the inferior vena

cava and a moderate increase in the splenic vein. Vagal stimulation did not affect

the blood sugar, and it was therefore concluded that this was a direct effect of the

nerve on secretion. Studies in the vagotomized dog and monkey indirectly indi-

cate that cholinergic innervation of the islets may regulate insulin release (22,

145).
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Additional evidence for the role of cholinergic involvement in insulin secretion

has been obtained with acetylcholine and other cholinergic agents given in vitro

and in vivo. Acetylcholine and carbachol enhance the release of insulin by glucose

(100 mg/i#{174} ml) from pieces of rat pancreas (129, 136), and this effect is blocked

in the presence of atropine. Carbachol, added in vitro, stimulates the glucose-

induced release of insulin from the pancreas of the rabbit and the dog (136). In

vivo, plasma-insulin levels are increased in man by the injection of methacholine

(80) and in dogs by injection of methacholine or bethanechol (84). The stimulant

effect observed in dogs is blocked by pretreatment with atropine. In view of the

above evidence, it appears that cholinergic innervation of the islets could play a

role in the regulation of insulin secretion.

VI. CLINICAL APPLICATIONS

Several drugs and hormones known to influence insulin secretion have been

used for diagnostic or therapeutic purposes in man. In essence, they are used

either to assess the insulin secretory potential of islet tissue or to modify the rate

of endogenous insulin secretion for therapeutic purposes.

A. Diagnosis

As already mentioned, it is not possible to make direct measurements of endog-

enous insulin secretion in man. Indirect methods are therefore employed to

assess insulin secretory activity of the human pancreas.

To assess the degree of a patient’s insulin insufficiency, glucose Is most com-

monly used as the secretory stimulant, the response of the pancreatic islets being

inferred from the succeeding changes in blood-sugar concentration. Thus, when

glucose (1.75 g/kg ideal body weight) is given by mouth to the normal subject,

the blood-sugar concentration should not exceed 100 mg/i#{174} ml in the fasting

state and should not rise above 160 mg/i#{174} ml at 1 hr, 140 mg/i#{174} ml at 90 mm,

and 120 mg/i#{174} ml at 2 hr after the glucose load (24). The dose of glucose may be

varied and different standards for a normal response may be set in different cen-

ters, but in each case insulin insufficiency is inferred from an excessive rise in

blood-sugar concentration after the oral load of glucose. Where no abnormality

can be detected by this means, a mild degree of insufficiency can sometimes be

detected by first administering a dose of glucocorticoid (24). Misleading responses

may be obtained in the presence of abnormal gastro-intestinal function such as

may occur in pregnancy (ii) or thyrotoxicosis (44) or after gastrectomy (178).

Under these conditions more reliable evidence of impaired insulin secretory ac-

tivity may be obtained by administering the glucose intravenously (52). Using

these relatively simple but crude methods for the assessment of pancreatic func-

tion, it has proved possible to classify patients into various categories from the

earliest to the most profound stages of islet failure (24).

Intravenously injected tolbutamide has also been used to assess pancreatic

insulin secretory activity. In the very early stages of juvenile diabetes, for ex-

ample, tolbutamide has been used to demonstrate that the pancreas is still capa-

ble of secreting some insulin; this abifity is lost as the disease progresses (9). In
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normal subjects, a single dose (1.0 g in 1.0 ml water) will reduce blood-sugar con-

centration in 20 ruin to a level which is less than 75 % of the pre-injection value

(212). In conjunction with a glucocorticoid, tolbutamide has been used to detect

minor degrees of insulin insufficiency (106). It may also be employed in the diag-

nosis of hypoglycemia. Islet-cell adenomas or carcinomas can often be diagnosed

on clinical grounds (219), but it has also been shown that in many such cases the

plasma-insulin level will rise at an abnormally rapid rate after intravenous tolbu-

tamide (51, 180). This is not invariably so, for the most marked rises appear to be

associated with tumors that have high insulin contents, and no increase may be

seen when the tumor is devoid of stored hormone (199). In reviewing their experi-

ences with tolbutamide, Samols and Marks (179) emphasized that excessive

responses are not specific for islet-cell tumors and concluded that the intravenous

tolbutamide test is a “valuable adjunct in the recognition and differential diagno-

sis of hypoglycemia provided that its limitations are appreciated.”

In normal subjects, oral leucine has little or no effect upon blood-sugar concen-

tration or the level of circulating insulin unless a sulfonylurea has been adminis-

tered previously (50). In some children, however, leucine can induce profound

hypoglycemia associated with marked elevation in plasma-insulin concentration

(25, 228).

B. Therapy

When the pancreas shows evidence of insulin secretory activity, sulfonylureas

can sometimes be used for therapy. In cases of hyperinsulinism and some other

clinical syndromes, a variety of means has been used to prevent onset of poten-

tially dangerous attacks of hypoglycemia.

Many diabetics, and especially those who develop the disease in later life, are

able to synthesize and secrete insulin and can sometimes survive without develop-

ing ketosis. If selected with care, such patients are likely to profit from therapy

with one or other of the sulfonylureas (40). Of those who fail to respond in the

face of apparently adequate treatment with sulfonylureas, some are found to

benefit from additional therapy with a biguanide. Phenformin, which has no effect

upon insulin secretion, could potentiate the action of the sulfonylurea by inhibit-

ing gluconeogenesis and possibly increasing anaerobic metabolism of glucose (41).

Sulfonylureas are also being tried in patients who show no evidence of insulin in-

sufficiency, but it is still too early to assess the prophylactic value of these drugs

in subjects who may be genetically prone to develop diabetes.

For the treatment of recurrent attacks of hypoglycemia, a variety of techniques

has been employed but none has proved universally satisfactory. Alloxan, which

is extensively used to induce diabetes in experimental animals (109), has proved

of little use in cases of islet tumors in man (103). Streptozotocin, a compound iso-

lated from the media used to cultivate Streptomyces achromogens, has a similar

specific destructive effect upon pancreatic beta cells in animals (3, 46, 79, 173) but

has yet to be used in man. Glucagon and epinephrine in long-acting forms have

been given clinically in attempts to reduce the severity and frequency of hypo-

glycemic attacks but with little success. More recently, however, it has been
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shown that diazoxide has a marked beneficial effect in the control of hypoglyce-

mic attacks among patients with hypoglycemia of infancy, glycogenoses, and

islet-cell adenomas and carcinomas (193). It is not free of undesirable side effects,

but it promises to be of real value in the treatment of these distressing conditions.
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