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LITERATURE REVIEW



INSULIN

Von Mering and Minkowski, in 1889, showed that removal of the
pancreas of dogs caused serious disturbances of. glucose metabolism, with
elevation of the blood glucose concentration and the clinical picture éf
diabetes mellitus. The assumption that this effect wés due to removal
of a necessary hormone was confirmed in 1921 when Banting, Best and
MacLeod prepared a pancreatic extract capable of decreasing blood-glucose
concentration. This substance, insulin, has since been purified and its

composition determined.7

Biosynthesis

Insulin is synthesiéed by the beta cells of the islets of Langerhans
as a single chain precursor, proinsulin, which is later cleaved to insulin.
Biosynthesis of proinsulin occurs on the rough endoplasmic reticulum, is
passed into the Golgi apparafus and transferred to storage granules formed
by vesiculation from the Golgi periphery. Insulin is released from beta
cells by extrusion (emiocytosis) of intact granules.65 Transformation of
proinsulin to insulin by proteoiytic cleavage occurs either in the Golgi

45,68976 In either case, inSUlin

.apparatus or during granule maturation.
rather than proinsulin is the storage and secretory form of the hormone:

however, small amounts of proinsulin do escape into the circulation.

" ’ ; , " . 3
Proinsulin does cross-react to some degree with antibodies to insulin.

Circulating Insulin

The earliest attempts to determine insulin in body fluids depended
on bioassay in animals ma&e sensitive by hypophysectomy and adrenalectomy.
In vitro assays using tissue slices to measure the glucose uptake replaced

earlier techniques. It became apparent that measurement of glucose uptake



is, by itself, nonspecific for the action of insulin. A more precise
method of measuring insulin was introduced by Berson and Yalow, who used
antibody against insulin to measure the concentration of immunologically

45,68,76 Immunoreactive insulin

reactive insulin-like material in plasma.

(IRI) rises éppropriately after a glucose lead, is absent after pancreatec-

tomy and is absent from the plasma and pancreas of juvenile diabetics.

It is now generally accepted that immunoreéctive insulin is the mnst_speci-.

fic and reliable measurement of biologically active insulin available,
Insulin is secreted directly into the portal vein, with 40 per cent

or mofe removed by the liver; consequently the concentration of insulin

in the portal vein is three to ten times greater than in peripheral

b 26 This portal-peripheral gradient is of physiological signi-

plasma.
ficance inasmuch as small increments in insulin secretion may result in
alterations of hepatic glucose metabolism in the absence of changes in

periﬁheral glucose utilization.5’28

CONTROL OF INSULIN SECRETION

It is not yet possible to determine directly the rate of insulin
secretion, and calculationé of insulin delivery rates involve a large
number of assumptions and fail to take into account the portal-peripheral

26,79 Studies with radioiodinated insulin reveal a

insulin gradient.
direct linear correlaﬁion between insulin degradation and plasma insulin
concentration over a wide range of steady state insulin levels, suggésting
lack of saturability of the insulin removal mechanism.77 It appears

that changes in plasma insulin concentration reflect changes in hormone

secretion rather than alterations in the rate of insulin removal.6



Effect of the administration of carbohydrate
Among the factors capable of stimulating insulin secretion,
glucose is preeminent. However, the precise mechanismrof glucose action
on the beta cells to cause insulin release has not been entirely clarified.76
In vitro studies have demonstrated that in addition to glucose, other
metabolizable sugars (e.g., mannose) stimulate insulin release; whereas
galactose, which is not metabolized by the islet-cell, does not stimulate
secretion.46 Inhibitérs of glucose metabolism such as mannoheptulose
(which blocks phosphorylation of glucose) interfere with glucose-stimulated
insulin secretion.46 Apparently, it is not glucose but a metabolite formed
within the beta cell which ultimately gives rise to discharge of secretory‘
granules.5’18 Data implying a requirement for glucose metabolism by the
beta cell have been taken from in vitro incubation studies using pieces
of pancreas or isoclated islets, When rat pancreas was pérfused, non-
metabolizable sugars such as galactose and glucosamine have been effective
insulin secretogoues. The theory has béen proposed that a "glucoreceptor"
situated on the beta cell membrane maf be stimulated by glucose or by other
sugars.18’48 Further metabolism of glucose within the beta cell may
increase the response generated by initial contact with the glucoreceptor.
The adenyl cyclase system is an intricate part of the secretory
mechanism of insulin, but the precise manner in which cyclic AMP augments
insulin secretion has not been identified.15’18’48’55
A characteristic feature of the insulin response to glucose is its

9,68,69,76,79 An initial rapid secretory burst begins

biphasic nature.
within two minutes and declines over the ensuing three to five minutes,
A second phase, characterized by a more gradual increase in insulin levels,

begins about five to ten minutes after the injection of a large bolus of

glucose and gradually declines as the plasma glucose returns toward a
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normal level. Puromycin, an inhibitor of protein synthesis, prevents
the second phase but has no effect on the early phase of insulin release.25
These observations suggest that insulin exists within the beta cell as
a two-pool systeﬁ.69 An immediate release pool of preformed insulin is
rapidly discharged during the early secretory phase, while a delayed

release pool, composed of newly synthesized insulin, small amounts of

proinsulin and some stored,rpreformed insulin, is gradually discharged

during the second phase.6,69,76,79

Gastrointestinal hormones

In addition to its direct action on the beta cell, a major stimulus
to insulin secretion occurs as a result of the interaction ofrglucose
with receptors outside the pancreas but within the gastrointestinal tract.
As a result, the plasma concentration of insulin is higher after adminis-
tration of a given dose of glucose into the jejunum than when it is given
intravenously.

The mechanism by which glucose administered into the intestinal tract
stimulates insulin release is related to hormones released by cells of

Lttt There is general agreement

the stomach or upper small intestine.
that intravenously administered secretin, pancreozymin, and gastrin
enhances insulin release.22 0f these hormones, secretin probably has an
importdnt physiclogical reole in insulin response to carbohydrate ingestion.
The action of secretin may involve direct effects on thg beta cell, par-
ticularly on the immediate releasable pool, as well as potentiation of
insulin release in response to hyperglycemia.4 |

Another factor which may contribute to carbohydrate induced insulin

release is "gut glucagon" or "glucagon-like immunoreactivity' (GLI).



This polypeptide hormone of extrapancreatic origin, produced by the upper
portion of the intestinal tract, cross-reacts immunologically with gluca-
gon and stimulates insulin secretion. In contrast to pancreatic glucagon,
GLI lacks glycogenolytic or gluconeogenic activity, and its secretion ié

stimulated rather than inhibited by glucose ingestioﬁ.75’82’90’92

Amino acids

Ingestion or intravenous administration of proteins or amino acids
stimulate insulin-secretion, although the exact means by which these
substance stimulate the release of insulin is not clear. Probably more
than one mechanism is involved since patients who respond to the intraven-
ous infusion of leucine may not respond to the other amino acids, and

diazoxide suppresses insulin release after leucine but not after arginine.zé’?6

Feedback control of insulin secretion

Both glucose and glucogenic amino acids have a feedback control
loop in their relation to insulin secretion. Each stimulates the release
of insulin when its concentration in the plasma is increased. In each
instance insulin increases the entry of the stimulating substance into
cells and into the formation of polymers (glycogen or protein). In the
case of glucose, increased oxidation to carbon dioxide and water occurs
as well. As a result of these effects of insulin, the concentration of
glucose and of amino acids in the plasma is decreased, the stimulus to

secretion of insulin its removed and the feedback loop is completed.

Other hormones
A variety of hormones have been demonstrated to influence insulin

secretion both in vivo and in vitro. Growth hormone administratiom, in



normal subjects, induces an elevation in basal insulin levels which
precedes a change in blood glucose, suggesting a direct beta-cytotropic
effect of this hormone.Z?

A stimulatory action of glucagon on beta cell secretion has been
demonstrated with the perfused pancreas,37 and with,physioldgic doses of
this hormone administered in vivo via the portal vein.43’?5 Interest
in glucagon as a possible regulator of insulin secretion was initially
evoked by the report that glucose ingestion was associated with a rise
in serum glucagon levels which preceded the increment in serum insulin.73
Subsequently, the seeming hyperglucagonemia caused by carbohydrate inges-
tion was demonstrated to be entirely due to an elevation in the plasma
concentration of the gastrointestinal factor (GLI) which cross-reacts

564 Inasmuch as alpha cell

immunologically with pancreatic glucagon.
secretion is decreased by glucose, it is unlikely that endogenous pan-
creatic glucagon contributes significantly to the physiologic regulation
of insulin secretion.80

Adrenocorticosteroids increase gluconeogenesis and impair glucose
utilization by insulin requiring cells which results in hyperglycemia.
Hyperinsulinemia is greater than would be expected for the hyperglycemia
alone; this is a consequence of peripheral insulin resistance. An endo-
genous hyperaminoacidemia is also induced which, along with the insulin
resistance of the alpha cells, results in,hyperglucagonemia.56’67

Hyperinsulinemia has been observed with exogenous administration of
estrogens, progestins and parathyroid hormone. Since glucose levels are

not decreased in these situations, it may be inferred that resistance to

the effectiveness of insulin accompanies these hormonal changes.7



PHYSIOLOGIC ACTION OF INSULIN

Although the most dramatic effect of insulin is its ability to
reduce the concentration of glucose in plasma, insulin influences fat and
protein metabolism as well. Insulin stimulates synthesié of glycogen in
liver and muscle, and fat in liver and adipose tissue. Protein synthesis
is stimulated and insulin is eésential for growth and maturation. Plasma
potassium, free fatty acid and free amino acid concentrations are decreased
in association with these functions.84 The actions of insulin om the
majﬁr metabolic fuels are synergistic so that the net result is conserva-

tion of body fuel supplies.

Insulin receptor

It has been shown that insulin must become bound to a specific
protein in the plasma membrane in order for it to exert its action.
Insulin binding is limited almost entirely to the plasma membrane, with
none attached to nuclei, microsomes, mitochondria, or other cytoplasmic
components. When insulin is covalently bound to agarose beads, it is
still bioclogically active.ll This suggests that the insulin receptor is
on the surface of the cell membrane. The receptor has a high degree of
specificity for binding insulin and insulin derivatives.l8 Physiologic
changes that decrease insulin action, produced by hydrocortisone or fast-

ing, do not alter insulin bin‘ding.l?”67

Effects on carbohydrate metabolism
Although direct action of insulin on the liver was long the subject
. of debate, it is currently recognized that the liver occupies a central

role in the action of insulin on carbohydrate homeostasis. The membrane



of the liver cell is freely permeable to glucose. The level of insulin
in portal blood is three to ten fold greater than in peripheral bloodﬁ'26
and absorbed hexoses reach the liver via the portal vein prior to delivery
to peripheral tiSSues.5
The effects of insulin on the liver differ from those on other target
tissues. Insulin acts on the liver not only to promote glucose uptake
but to suppress intracellular processes involved in glucose production
and release and this action is mediated by altering enzyme activity rather
than by directly influencing transport processes. Small increases in
glucose concentration and insulin secretion result im an effect on the
liver in the absence of stimulation of peripheral glucose utilization,S’28
In view of the permeability of the hepatocyte to glucose, uptake of
glucose In the liver is not rate-limiting. A crucial step in the glyco-
lytic pathway involves the phosphorylation of fructose-6-phosphate by
phosphofructokinase. In the absence of insulin, the activity of this
enzyme is diminished favoring reversal of the glycolytic scheme and the
formation of glucose.5 i
Insulin activates glycogen synthetase within minutes after it is
administered. Glycogen accumulation is further facilitated by insulin.
inhibition of phosphorylase, the enzyme catalyzing the rate-limiting
step in glycogen breakdown. Insulin decreases the output of glucbse
from the liver not only by its action on glycogen synthesis and breakdown,
but also by inhibiting gluconeogenesis.13’28
Unlike the situation in the hepatocyte, at physiological concentra-
tions of plasma glucose, the rate of entry of the sugar into themuscle

cell is the rate-limiting step. A major effect of insulin in this tissue

is to control the transport of glucose across the cell membrane.l
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In the fat celi, the situaticn is similar to muscle, in that

insulin acts primarily to stimulate transport of glucose across the cell

membrane.

Effect on fat metabolism

In the liver the synthesis of fatty acids is reduced when insulin
is absent but is restored to normal by insulin administration. Although
the insulin deprived liver does not synthesize fatty acids actively, it
is capable of esterifying free fatty acids with glycerol, which can be
activated in the liver by phosphorylation under the control of glycero-
phosphokinase. The availébility of this enzyme in liver cells permits
the esterification of fatty acids in the absence of glycolytic breakdown
of glucose to ac-glycerophosphate.

In adipose tissue the formation of fatty acids in the absence of
insulin is affected much as it is in the liver. 1In addition, the absence
of phosphorylated 3-carbon compounds derived from glycolysis, especially
u—glycefophosphate, prevents esterification of the free fatty acids which
are constantly being released from the triglycerides of the fat cell.

The rate of triglyceride breakdowm is increased in the absence of insulin.
This is due to an increase in a hormonally sensitive lipase, the activity _
of which is normally inhibited by insulin. The administration of insulin
restores the glycolytic pathway providing a-glycerophosphate, enhancing
fatty acid synthesis, and reducing triglyceride breakdown, returning the

metabolism of the fat cells to normal.

Effects on amino acid and protein metabolism
Insulin increases uptake of most amino acids into muscle, but may

be difficult to demonstrate unless the simultaneous stimulation of protein
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synthesis is blocked. Growth studies of insulin deprived animals and
human beings indi;ate that the effect of insulin on growth is a general
one, involving almost all tissues. The effects of growth hormone on
somatic protein synthesis cannot be observed unless adequate amouhts of

insulin are available.84

METABOLISM OF INSULIN

Insulin is rapidly removed from the blood by the liver, which clears
about 40 to 60 percent of the hormone presented to it in a single pas-
sage.s’él Most of the insulin taken up by the liver is destroyed by
"insulinase" activity, especially glutathion-insulin transhydrogenase,4
which reduces the disulfide bonds joining the A and B chains ﬁhich,
separately, are inactive.

In the kidney, insulin is apparently filtered by the glomerulus and
concentrated in the pro#imal tubule cells, where it is absorbed and
destroyed., In patients with renal insufficiency insulin uptake by the

kidney may fall to 9 per cent.30 This results in diminished insulin

requirements for patients with certain chronic renal disease.
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GLUCAGON

Shortly after the discovery of insulin, Kimball and Murlin described
the presence of a substance in pancreatic extracts which caused an increase
of blood glucose concentrafion when injected intravenously and which they
named "glucagon".

The alpha cells of the islets of Langerhans of the pancreas are
believed to be the.course of glucagon Based on the following evidence:
(1) The concentration of glucagon is 10 to 20 times higher in the pan-
creaticoduodenal venous blood than in peripheral blood; (2) Extracts of
the uncinate process of the dog pancreas, which lacks alpha cells, lack
glucagon activity; (3) Extirpation of all of the dog pancreas except the
uncinate process decreases pancreaticoduodenal veinous glucagon concen-

tration to undetectable levels.26’80

GLUCAGON IN PLASMA

The determination of the concentration of pancreatic glucagon in
plasma by immunoassay techniques has been fraught with difficulty.39’82
Most anti-glucagon sera prepared by immunization of rabbits with pan-
creatic glucagon reacts to varying degrees with a glucagon-like material
(glucagon-like immunoreactivity, GLI) derived from the gastrointestinal
tract.23 This material differs in chemical structure and biologic activity

571,80,80,33 . Gu1 frem the gastrointes-

from true pancreatic glucagon.
tinal tract is biologically and immunclogically indistinquishable.from
pancreatic glucagon or true glucagon. One source of true or pancreatic
glucagon, as shown by histochemical techniques, is from alpha cells in the
stomach and duodenum in man85 and the stomach in the dog.75 These alpha
cells are indistinquishable from pancreatic islet alpha cells.?S’91 GLI
represents over 80 per cent of the total measurable plaéma glucagon in the

fasting state.57’64’85,92
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Mechanism of glucose control of glucagon secretion

It is reasonable that the secretory activity of cells designed to
maintain an appropriate rate of endogenous glucose production should vary
inversely with their own supply of fuel. Glucagon éecretion, ig_gigig,
can be decreased By energy-vielding fuels, such as glucose, free'fatty
acids, and ketones, and this suppression can be prevented'by blocking ATP
formétion.s4 Agents that block intracellular glucose metabolism, such
as 2-deoxyglucose or mannoheptulose, when given intravenously, result in
paradoxical'hyperglucagénemia despite the presence of extracellular
hyperglycemia.62 Insulin lack, whether produced by anti—insulin'serum,
alloxan, or streptozotocin, also results in paradoxical hyperglucagonemia
irrespective of the magnitude of hyperglycemia. Moreover, the glucagon
response to a vafiety of stimuli is greatly exaggerated during insulin

insufficiency.62’74’86

In experimental diabetes loss of the response to
extracellular'hyperglycemia is instantly corrected by insulin, even in
very small amounts,‘suggesting that the alpha cell is an insulin-requiring
cell, Severe insulin lack is, therefore, a cause of increased basal
glucagon secretion, and in the asbence of insulin, the alpha cell is

incapable of responding appropriately to plasma glucose concentration,20’23’86

Glucose ''need"

Cerebral glucose delivery is endangered in starvation, hypoglycemia,
strenucus exercise, and during peripheral vascular collapse. In each of
these situations, glucagon secretion rises to a varying degree, and insulin
secretion eithar remains in the basal level or decreases to subbasal levels,
i.e., the molar ratio of insulin to glucagon is decreased. This increases

the hepatic production of glucose.16’51
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In normal subjects starvation is accompanied within 48 hours by a
rise in plasma glucagon, averaging approximately 50 per cent, and a 60

1,84 The molar insulin:glucagon ratio is

per cent decline in insulin.
reduced. Howevér, as starvation continues glucagon declines to slightly
above baseline levels. The recession of the plasma glucagon level from
its 4B-hour peak coincides with decreased cerebral glucose requirements
resulting from increased central nervous system utilization of ketones as
a fuel,14 an adaptation that reduces the need for gluconeogenesis.12’81
When arterial glucose concentration declines, glucagon secretion
rises dramatically and insulin falls. At glucose levels less than
60 mg/dl hyperglucagonemia is invariably present.64 This is the case in

L and sulfonylureas,l0 and in

acute hypoglycemia induced by insulin,
chronic hypoglycemia caused by phloridzin administration.87

The enormous increase in fuel consumption generated by strenuous
exercise is associated with a marked increase in hepatic glucose produc-
tion. In dogs and man exercise is accompanied by a progressive increase
in plasma glucagon concentrations to four to six times the normal basal

.3’29’84 The marked hyperglucagonemia is accompanied by a rise in

level
glucose, excluding hypoglycemia as the stimulus to glucagon secretion.
In rats the response of the islets to exercise is apparently mediated by
catecholamine secretion and/or sympathetic nerve discharge to the islets
of Langerhans.

Impaired cerebral blood flow may be the most desperate category of
glucose need, involving an immediate threat to cerebral nutrient delivery
and to live itself. Glucagon levels rise in many types of shodk;21’ﬁl’7l

in normal man traumatic shock elicits hyperglucagonemia that averages four

. - 84
times the normal basal concentration;49 cardiogenic shock in man and
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hemorrhagic shock in dogs49 are also associated with striking hyperglu-
cagonemia, even though concomitant hyperglycemia is the rule. 1In each of
these conditions insulin concentrations are in or near the normal basal
range and are low in relation to the aécompanying hyperglycemia. The-
decreased molar insulin:glucagon ratio increases arterial glucose con-
centration and maintains more adequa;e cerebral glucose delivery in the
face of a declining cerebral blood flow. |
Hyperamincacidemia may, in a sense, be regarded as a form of glucose
need. Infused aﬁino acids or ingested protein, in a normal well-fed
individual, stimulates the release of insulixi,s4 without which incorpora-
tion of the ingested amino acids into protein cammot occur.- The aminogenic
rise in insulin allows glucose to move from extracellular to iIntracellular
space; glucose concentration remains constant, although its turnover
increases, presumably because precisely the amount of glucose required

61,52 The magnitude of the glucagon response

is released from the liver.
to hyperaminoacidemia varies with the need for an increase in hepatic
“glucose secretion. If exogenous glucose is available, as when carbohydrates
are consumed with proteins, this action of glucagon is unnecessary and
glucagon secretion does not oceur. Hyperglycemia completely prevents
amincogenic release of glucagon in normal subjects.ﬁl’ﬁz’go’84
It is known that.thé primary source of glucagon is the alpha cells
from the islets of Langerhans but several investigators have reported a
persistent, glucagon-like immunoreactivity in the plasma of depancreatized
dogs. Some investigator557’92 report that both fractions of gastrbintes-
tinal glucagon (true glucagon and GLI) are increased in the plasma of

depancreatized dogs, while otherszo report that only true glucagon is

increased and GLI remains at normal levels. The glucagon of depancreatized
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dogs mimics the secretory behavior of pancreatic glucagon with respect

to its response to arginine, insulin or somatostatin infusion.20’57’58'92’93

EFFECTS OF GLUCAGON

Although a variety of biologic effects have been attributed to glu-
cagon, the physiologic role of this hormone has been difficult to assess.
A proper experimental model for glucagon deficiency has ﬁot been developed.

Glucagon has a hyperglycemic action resulting primarily from stimula-
tion of hepatic glycogenolysis. In addition, studies with perfused liver
have demonstrated that glucagon enhances, gluconeogenesis as indicated
by increased incorporation of carbon from amino acids and lactate into
glucose, and increased urea formation. |

Glucagon is believed to enhance glycogenolysis and glyconeogenesis
by interacting with a hormone sensitive adenyl cyclase present in the
plasma membrane of hepatic cells. The increase in intracellular cyclic
AMP results ultimately in an elevation in phosphorylase activity and in
more rapid conversion of pyruvate to glucose. The hyperglycemic effects
of glucagon do not involve alterations in peripheral giucose utilization.8

Glucagon has also been implicated in the regulation of lipid metabo-
lism. Administration of small doses of the hormone to anesthetized dogs
results in an elevation in plasma free fatty acids.47 In céntrast,
administration of large doses of glucagon to normal man results in an
initial fall in plasma FFA followed by arsecondary rise.l4 It is probable
that the early fall in FFA is not a direct effect of glucagon but a con--
sequence of glucégon-stimulated insulin seéretion demonstrable when glucagon

is administered in pharmacologic but not in physiologic doses.7
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INSULIN/GLUCAGON RATIO

In a net sense, insulin and glucageon exert diametrically opposing
actions upon hepatic glucose balance. Glucagon, through powerful gluco-
neogenic and glycogenolyfic effects, promotes hepatic glﬁcose production,
while iﬁsulin opposes these actions.

The relative concentrations of these two hormones in the portal vein
controls the uptake énd release of glucose into the blood by the livér.26
These hormones also control the disposition of other nutrients in tissues
thfough out the body in accordance with energy needs and the supply of
exogenous fuels in the environment. An increase in the concentration of
insulin perfusing the liver, relative to that-of glucagon, decreases
glucose production and favors net storage of glucose, sparing available
amino acids from gluconeogenesis for other purposes such as protein syn-
thesis. An increase in glucagon concentration relative to that of insulin
increases glycogenolysis and glﬁconeogeuesis, using available amino acids
for glucose productinn.26;8l

The calculated molar ratio of insulin to glucagon varies, depending
on conditions of energy availability. After a carbohydrate meal, when
the liver is storing glucose at a maximal rate, the insulin/glucagon ratio
is about 70:1. After an overnight fast, when the liver is producing
'glucose,.thé ratio is about 3:1 and after a three-day fast, when gluco-

8
neogenesis is maximal, the ratio declines to less than 1:l. Estd 08
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RADIOIMMUNOASSAY

Radioimmunoassays are based on the ability of an unlabeled antigen
(Ag) to competitively inhibit the binding of labeled antigen (Ag*) by
antibody (Ab). The process may be viewed as a simple competition in
which Ag reduces the amount of freg Ab, decreaéing the availability of
Ab to Ag*. When the assay is performed, Ag* and Ab are incubated together
in the presence and absence of saﬁples containing unlabeled Ag. After
equilibration free Ag* and Ag*-Ab are separated. Commonly used separa-
tion procedures include solid phase absorption, precipitation of Ap*-Ab
complexes with either a second antibody or a salt, and chromatoelectro-
phoreis. Ag**'Ab (or free Ag*) is then determined by radiocactive counting.
The antigen concentration of the samplé is determined by comparing the
diminished Ag* binding of the sample to that of a standard curve
obtained by adding graded, known amounts of Ag to Ag* and Ab. A new
standard curve is determined in each assay to allow for variation in

‘antigen binding from assay to assay.66’78
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GLUCOSE TOLERANCE TESTS

The theory of the glucose tolerance test is that a normal animal
should be able to remove a glucose load from the plasma within a specific
period of tiﬁe. If unable to do so, the blﬁod glucose concentration
remains elevated longer than normal and the patient is said to have a
"reduced glucose tolerance'. Many factors alter the ability of the body
to remove glucose from the blood. These include a numbér of incidental
conditions such as caloric restriction, restricted previous carbohydrate

25,94

intake, and surgical, infectious, emotional or other gtress.
glucose tolerance test performed on a patient who has not been well fed,
or who has been seriously ill or émotionally disturbed immediately before
the test can not be interpretated critically. To avoid these difficulties
it usually is important that the patient has had an adequate carbohydrate
intake for several days prior to the examination.

Theloral glucoée tolerance test (OGIT) consists of orally adminis-
tering a standard dose of glucose to a fasting patient and measuring the
blood glucose at standard intervals over a three hour period. The OGIT
is used extensively in human medicine to evaluate the endocrine function
of the pancreas. The major advantage in using the OGIT is that the test
simulates the normal sequence of digestion whereas the intravenous glu-

' cose tolerance (IVGTT) bypasses the gastrointestinal hormone release

44,57,75,90 & sEvisis

which has been shown to augment insulin secretion.
disadvantage of the OGIT is its poor reproducibility.59 Since the OGTT
is based on the gastrointestinal absorption of glucose, small changes in

the rate of gastric emptying and intestinal absorption can affect the

tolerance curve significantly.
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Both the OGTT and the IVGIT have been used in veterinary medicine to
diagnosis pre-diabetic states based on glucose iptolerance.Bs’36’40’42’53’54
The IVGTT has been studied extensively in normal dogs and dogs with
various types of pancreatic disease. The K-value has been adapted as
the measure of glucose disappearénce based on the Eoncept that clearance

of excess blood glucose is an exponential function.2’19’60
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PREVIOUS REPORTS ON H-IVGTT IN DOGS

Greve, et a1.36 provided guidelines for use of the glucose toler-
ance test and calculation of a K-value in order to establish the degree
of glucose intolerance when thé plasma glucose is not markedly increased,
i.e., prediabetEs.

Mahaffey and Anderson54 extended this work into an extensive study
of the H-IVGTIT in the dog using normal dogs, 50% partial pancreatized
dogs and partially pancreatectomized dogs with staphylocoecal alpha-toxin
induced pancreatitis. The K-value was found to clearly separate these

groups of dogs.



10.

11.

12,

13.

22

REFERENCES

Aguilar-Parada, E., Eisentraut, A. M., Unger, R. H.: Effects of
starvation on plasma pancreatic glucagon in normal man. Diabetes,
18:717, 1969. -

Amatuzio, D. S., Stutzman, F. L., Vanderbilt, M. J., and Nesbitt, S.:
Interpretation of rapid intravenous glucose tolerance test in normal
individuals and in mild diabetes. J. Clin. Invest. 32:428, 1953.

Battger, I., Faloona, G. R., Knochel, J. P. and Unger, R. H.: The
effect of exercise on glucagon secretion. J. Clin. Endocrinol.
Metab., 35:117, 1972.

Benson, S. A., and Yalow, R. S.: Insulin in blood and insulin
antibodies. Am. J. Med., 40:676, 1966.

Berman, R. N., and Bucole, R. J.: Interaction of insulin and glucose
in the control of hepatic glucose balance. Am. J. Physiol., 227:1314,
1974.

Blackard, W. G., and Nelson, N. C.: Portal and peripheral vein
immunoreactive insulin concentrations before and after glucose
infusion. Diabetes, 19:302, 1970.

Bondy, P. K., and Felig, P.: Disorders of Carbohydrates Metabolism
in Duncan's Diseases of Metabolism. Philadelphia, W. B. Saunders
Co., 1974.

Bondy, P. K., and Cardillo, L. R.: The effect of glucagon on
carbohydrate metabolism in normal human beings. J. Clin. Invest.,
35:494, 1956.

Brunzell, J. D., Robertson, R. P., Lerner, R. L., Hazzard, W. R.,
Ensinek, J. W., Bierman, E. L., and Porte, D.: Relationships between
fasting plasma glucose levels and insulin secretion during intravenous
glucose tolerance tests. J. Clin. Endocrinol. Metab., 42:222, 1976.

Buchanan, K. D., Vance, J. E., Dinsil, K., and Williams, R. H.:
Effects of blood glucose on glucagon secretion in anesthetized dogs.
Diabetes, 18:11, 1969.

Butcher, R. W., Crofford, 0. B., Gammeltoff, S., and Gliemann, J.:
Insulin activity: The solid matrix. Science, 182:396, 1973.

- Cahill, G. F., Jr.: Starvation in man. New Engl. J. Med.,

282:668, 1970.

Cahill, G. F., Jr.: Physiology of insulin in man. Diabetes,
20:785, 1971.



14,

15,

16.

17.

18.

19,

20.

21.

22,

23.

24,

25.

26.

23

Cahill, G. F., Jr., Herrera, M. G., Morgan, A. P., Soeldner, J. S.,
Steinke, J., Levy, P. L., and Reichard, G. A.: Hormone-fuel
interrelationships during fasting. J. Clin. Invest. 45:1751, 1966.

Charles, M. A., Fanska, R., Schmid, F. G., Forsham, P. H., and
Grodsky, G. M.: Adenosine 3',5'-monophosphate in pancreatic islets:
Glucose-induced insulin release. Science, 179:569, 1973.

Cherrington, A., and Vranic, M.: Role of glucagon and insulin in
control of glucose turnover. Metabolism, 24:625, 1971.

Creutzfeldt, W., Fuerle, G., and Ketterer, H.: Effect of gastro-
intestinal hormones on insulin and glucagon secretion. New Engl.
J. Med., 282:1139, 1970.

Cuatrecasas, P.: Insulin receptors, cell membranes and hormone
action. Biochem. Pharmacol., 23:2353, 1974.

Denis, I., and Luft, R.: On the intravenous glucose tolerance
test. Acta endocrinologica, 25:312, 1957.

Dobbs, R., Sakurai, H., Sasaki, H., Faloona, G., Valverde, I.,
Boetens, D., Orci, L., and Unger, R. H.: Glucagon: Role in the
hyperglycemlia of diabetes mellitus. Science, 187:544, 1975.

Donowitz, M., Hendler, R., Spiro, H. M., Binder, H. J., and Felig, P.:

Glucagon secretion in acute and chronic pancreatitis. Ann. Int., Med.
83:778, 1975,

Dryne, J., Curtis, J. D,, Unger, R. H., Waddell, R. W., and Beck, J. C.:
Effects of secretin, pancreaozymin, or gastrin on the response of the

endocrine pancreas to administration cf glucose or arginine in man.
J. Clin. Invest., 4B:745, 1969.

Eisentraut, A., Ohneda, A., Aguilar-Parada, E., and Unger, R, H.:
Immunologic discrimination between pancreatic glucagon and enteric

glucagon-like immunoreactivity (GLI) in tissues and plasma. Diabetes,

17 (Suppl. 1):321., 1968.

Fajans, S. 8., Floyd, J. C., Jr., Guntsche, E. M., Rull, J. A.,
Thiffault, C. A., and Conn, J. W.: A difference in mechanism by
which leucine and other amino acids induce insulin release. J.
Clin. Endocr., 27:1600, 1967.

Felig, P.: Pathophysioclogy of diabetes mellitus. Med. Clin.
North Amer., 55:821, 1971.

Felig, P., Gusberg, R., Hendler, R., Gump, F. E., and Kinney, J. M.:
Concentrations of glucagon and the insulin:glucagon ratio in the -
pertal and peripheral circulation. Proc. Soc. Exp. Biol. Med.,
147:88, 1974, '



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39,

40.

41.

24

Felig, P., Marliss, E. B. and Cahill, G. F., Jr.: Metabolic
response to human growth hormone during prolonged starvation.
J. Clin. Invest., 50:411, 1971.

Felig, P., and Wahren, J.: Influence of endogenous insulin on
splanchnic glucose and amino ancid metabolism. J. Clin. Invest.,
50:1702, 1971. '

Felig, P., Wahren, J., Hendler, R., and Ahlborg, G.: Plasma glucagon
levels in exercising man. New Engl. J. Med., 287:184, 1972.

Fine, A., Thomson, R. M., Jones, J. V., Murray, R. G., Tweedle, A.,
and Gray, C. E.: The renal handling of insulin and thyroid hormones
in normal man. Clin. Sc. Mol. Med., 50:435, 1976.

Floyd, J. C., Jr., Fajans, S. S., and Conn, J. W.: Stimulation
of insulin secretion by amino acids. J. Clin. Invest., 45:1487, 1966.

Garcia, A., Williamson, J. R., and Cagill, G. F., Jr.: Studies on
the perfused rat liver: Effect of glucagon on gluconeogenesis.
Diabetes, 15:188, 1966.

Gerich, J. E., Tsalikian, E., Lorenzi, M., Karam, J. H., and Bier,
D. M.: Plasma glucagon and alanine responses to acute insulin

deficiency in man. J. Clin. Endocrinol. Met., 40:526, 1975,

Gorden, P., and Roth, J.: Circulation insulins, "Big" and "Little".
Arch. Intern. Med., 123:237, 1969. '

Greve, T.: M. S. Thesis. Kansas, 1972.

Greve, T,, Dayton, A. D., and Anderson, N. V.: Acute pancreatitis
with coexistion diabetes mellitus: An experimental study in the
dog. Am. J. Vet. Res., 34:939, 1973.

Grodsky, G. M., Bennett, L. L., Smith, D. F., and Schmid, E. F.:

Effect on pulse administration of glucose or glucagon on insulin

secretion in vitro. Metabolism, 16:222, 1967.

Harvey, W. 0., Faloona,.G. R., and Unger, R. M.: The effect of
adrenergic blockage on exercise-induced hyperglucagonemia.
Endocrinology, 94:148, 1974.

Heding, L. G.: Radioimmunological determination of pancreatic and
gut glucagon in plasma. Diabetologia, 7:10, 1974.

Hill, F. W. G., and Kidder, D. E.: The oral glucose tolerance
in canine pancreatic malabsorption. Br. Vet. J., 128:207, 1972.

Kaden, M., Curtin, R., Carey, L., Taylor, F., and Field, J. B.:
Evaluation of factors regulating hepatic extraction of insulin.
Clin. Res., 19:571, 1971,



42.
43.
44,

45.

46.

47.

48,
49.
50.
51.
52.

53.

54.

55.

25

Kaneko, J. J.: Carbohydrate metabolism in Clinical Biochemistry of
Domestic Animals. Volume 1, Ed. by J. J. Kaneko and C. E. Cornelius.
Academic Press, New York, 1970.

Ketterer, H., Eisentraut, A. M., and Unger, R. H.: Effect upon
insulin secretion of physiologic doses of glucagon administered via
the portal vein. Diabetes, 16:283, 1967.

Kraegen, E. W., Chisholm, D. J., Young, J. D., and Lazarus, L.: The
gastrointestinal stimulus to insulin release. J. Clin. Invest.,
49:525, 1970. '

" Lacy, P. E.: Beta cell secretion-from the standpoint of a pathologist.

Diabetes, 19:895, 1970.

Lacy, P. E., Young, D. A., and Fink, C. J.: Studies on insulin
secretion in vitro from isolated islets of rat pancreas. Endocrino-
logy, 83:1155, 1968. '

Lefebere, P.: The physiological effect of glucagon on fat mobiliza-
tion. Diabetologia, 2:130, 1966.

Lin, B. J., and Horst, R. E.: Insulin biosynthesis: The mono-
aminergic mechanisms and specificity of ‘'glucoreceptors”. Endocrinology,
96:1247, 1975.

Lindsey, A. Santeusanio, F., Braaten, J., Faloona, G. R., and Unger,
R. H.: Pancreatic alpha-cell function in trauma. J. A. M. A.,
227:757, 1974. '

Lockwood, D. H., Livingston, J. N., and Amatruda, J. M.: Relation
of insulin receptors to insulin resistance. Fed. Proc., 34(7): 1564,
1975. ‘

Mackrell, D. J., and Sokal, J. E.: Antagonism between the effects
of insulin and glucagon upon the isolated liver. Diabetes, 18:724,

1969.

Madison, L. L., Seyffert, W. A., Jr., and Unger, R. H.: Effects of
plasma free fatty acids on plasma glucagon and serum insulin concen-
tration. Metabolism, 17:302, 1968.

Mahaffey, M. B.: M. S. Thesis. Kansas, 1975.

Mahaffey, M. B., and Anderson, N. V.: Effect of staphylococal
alpha-toxin pancreatitis on glucose tolerance in the dog. Am. J.
Vet. Res. (in press).

Malaisse, W. J., Malaisse-Lagae, F,, and Mayhew, D.: A pbssible
role for the adenyl cyclase system in insulin secretion. J. Clin,.
Invest., 46:1724, 1967. '



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68,

69.

26

Marco, F., Calle, C., Roman, D., Diaz-Fierros, M., Villanueva, M. L.,
and Vallverde, I.: Hyperglucagonism induced by glucocorticoid treat-
ment in man. New Engl. J. Med., 288:128, 1973.

Matsuyama, T., and Foa, P. P.: Plasma glucose, insulin, pancreatic
and enteroglucagon levels in normal and depancreatized dogs. Froc.
Soc. Exp. Biol. Med., 147:97, 1974.

Maugh, T. H.: Diabetes (III): New hormones promise more effective
therapy. Science, 188:920, 1975.

McDonald, G. W., Fischer, G. A., and Burnham, C.: Reproducibility
of the oral glucose tolerance test. Diabetes, 14:473, 1965.

Moorhouse, J. A., Grahame, G. R., and Rosen, N. J.: Relationship
between intravenous glucose tolerance and the fasting blood glucose
level in healthy and in diabetic subjects. J. Clin. Endocr.,
24:145, 1964.

Muller, N. A., Faloona, G. R., Aguilar-Parada, E., and Unger, R. H.:
Abnormal alpha-cell function in diabetes; Response to carbohydrate
and protein ingestion. New Engl. J. Med., 283:109, 1970.

Muller, W. A., Faloona, G. R., and Unger, R. H.: The effect of
experimental insulin deficiency on glucagon secretion. J. Clin.
Invest., 50:1892, 1971.

Noacco, C., Karam, J. H., and Forshan, P. H.: Lack of glucagon
response to hypoglycemia in diabetes: Evidence for an intrimsic
pancreatic alpha-cell defect. Science, 182:171, 1973.

Ohneda, A., Aguilar-Parada, E., Eisentraut, A, M., and Unger, R. H.:
Control of pancreatic glucagon secretion by glucose. Diabetes,
18:1, 1969.

Oreci, L., Gabbay, K. H., and Malaisse, W. J.: Pancréatic beta-cell
web: Its possible role in insulin secretion. Science, 175:1128, 1972,

Parker, C. W.: Radioimmunoassay in Progress in Clinical Pathology.
Ed. M. Stefanini, Grune and Stratton, New York, 1972, Vol. IV:103.

Perley, M., and Kipnis, D. M.:  Effects of glucocorticoids on
plasma inculin. New Engl. J. Med., 274:1237, 1966.

Permutt, M. A., and Kipnis, D. M.: Insulin biosynthesis and secretion.
Fed. Proc., 34:1549, 1975.

Porte, D., Jr., and Prepo, A. A.: Insulin responses to glucose:

-Evidence for a two pool system in man. J. Clin. Invest., 48:2309,

1969.



70.

71.

72,

73.

74,

75,

76.

77.

78.

79.

80.

81.

32.
83.

B4,

85.

27

Robkin, R., Simon, N., Steiner, S., and Colwell, J. A.: Effect of
renal disease on renal uptake and excretion of insulin in man.
New Engl. J. Med., 282:182, 1970.

Rocha, D. M., Santeusanio, F., Faloona, G. R., and Unger, R, H.:
Abnormal pancreatic alpha-cell function in bacterial infections.
New Engl. J. Med., 288:700, 1973.

Samols, E., and Ryder, J. A.: Studies on tissﬁe uptake of insulin
in man using a differential immunocassay for endogenous and exogenous
insulin. J. Clin. Invest., 40:2092, 1961.

Samols, E., Tyler, J., Marri, G., and Marks, V.: Stimulation of
glucagon secretion by oral glucose. Lancet, 2:1257, 1965.

Santeusanio, F., Faloona, G. R., Knochel, J. P., and Unger, R. H.:
Evidence for a role of endogenous insulin and glucagon in the
regulation of potassium homeostasis. J. Lab. Clin. Med., 81:809, 1973.

Sasaki, H., Faloona, G. R., and Unger, R. H.: Enteroglucagon.
Gastroenterology, 67:746, 1974,

Sharp, G. W. G., Wollheim, G., Muller, W. A., and Gutziet, A.,:
Studies on the mechanisms of insulin release. Fed. Proc., 34:1548,

1975,

Stern, M. P., Farquhar, J. W., Silvers, A., and Reaven, G. M.:
Insulin delivery rate into plasma in normal and diabetic subjects.
J. Clin. Invest., 47:1947, 1968.

Stremple, J. F., and Meade, R. C.: Radioimmunoassay of hormones
associated with the pancreas in The Pancreas. Ed. L. C. Carey,
C. V. Mosby Company, 1973.

Turner, R. C., Grayburn, J. A., Newman, G. B., and Nabarro, J. D. N.:
Measurement of the insulin delivery rate in man. J. Clin. Endocr.,
33:279, 1971.

Unger, R. H.: Pancreatic glucagon in health and disease. Adv.
Intern. Med., 17:265, 1971.

Unger, R. H.: Glucagon physiology and pathophysiology. New Engl.
J. Med., 285:443, 1971. - ‘

Unger, R. H.: Radioimmunocassay of glucagon. Metabolism, 22:979, 1973.
Unger, R. H.: Insulin-glucagon ratio. Isr. J. Med. Sci., 8:252, 1972,

Unger, R. H.: Alpha- and Beta-cell interrelationships in health and
disease. Metabolism, 23:581, 1974.

Unger, R. H.: Glucagon in pathogenesis of diabetes. Lancet, 1:1036,
1975. ‘ '



B6.

87.

88.

89.

90.

91.

92.

93.

94.

28

Unger, R. H., AguilarQParada, E., Muller, W. A,, and Eisentraut,
A, M.: Studies of pancreatic alpha cell function in normal and
diabetic subjects. J. Clin. Invest., 49:837, 1970.

Unger, R. H., Eisentraut, A. M., MecCall, M. S., and Madison, L. L.:
Measurements of endogenous glucageon in plasma and the influence

of blood glucose concentration upon its secretion. J. Clin. Invest.,
41:682, 1962,

Unger, R. H., Muller, W. A., and Faloona, G. R.: Insulin/glucagon
ratio. Trans. Assoc. Am. Physicians, 84:122, 1971.

Unger, R. H., Ohneda, A., Aguilar-Parada, E., and Eisentraut, A. M.:
The role of aminogenic glucagon secretion in blood glucose hemeo-
stasis, J. Clin. Invest., 48:810, 1969.

Unger, R. H., Ohneda, A., Valverde, I., Eisentraut, A. M., and

Exton, J.: Characterization of the responses of circulating glucagon-
like immunoreactivity to intraduodenal and intravenous glucose. J.
Clin. Invest., 47:48, 1968.

Unger, R. H., and Orci, L.: The essential role of glucagon in the
pathogenesis of diabetes mellitus. Lancer, 1:14, 1975.

Valverde, I., Dobbs, R., and Unger, R. H.: Heterogeneity of plasma
glucagon immunoreactivity in normal, depancreatized, and alloxan
diabetic dogs. Metabolism, 24:1021, 1975.

Vranic, M. Pek, S., and Kawamori, R.: Increased "glucagon immuno-
reactivity" in plasma of totally depancreatized dogs. Diabetes,
23:905, 1974.

Williams, R. H., and Porte, D.: The Pancreas in Textbook of Endo-
crinology. Ed. Williams, R. H. Philadelphia, W. B. Saunders Co.,,
1974.



THE EFFECTS OF PARTIAL PANCREATECTOMY AND ACUTE STAPHYLOCOCCAL
ALPHA-TOXIN PANCREATITIS ON THE PLASMA GLUCOSE, INSULIN AND

GLUCAGON DURING A H-IVGTT IN THE DOG

29



30
INTRODUCTION

The bihormonal control of plasma glucose is mediated by insulin and
glucagon released from islet tissue of the pancreas. The importance of
insulin in the regulatién of plasma glucose was recognized before the role
of glucagon was determined. The radioimmunoassay (RIA) technique for plasma
insulin was developed over a decade ago by Yalow and Berson and has allowed
accurate measurement of plasma insulin. Insulin was well suited for early
RIA techniques because the hormone is very similar between species and is
readily immunogenic. In addition, there is only one type of functional
insulin released from the pancreas. Early RIA measurements of glucagon
weré extremely variable resulting in conflicting theories of glucagon
phsyiology. These early RIA studies of glucagon were hampered by lack of
specificity of anti-glucagon antibodies and by cross-reactions with a
similar substance which did not have strong gluconeogenic properties and
was believed not to be true glucagon.

The development of highly specific anti-glucagon antibody has clearly
separated glucagon from a cross-reactivity polypeptide with glucagon-like

5,28,31

immunoreactivity (GLI). Pancreatic or true glucagon secreted by

alpha cells has potent gluconeogenic and glycogenolytic properties. Its
secretion is inhibited during hyperglycemia in the normal animal. GLI does
not have gluconeogenic or glycogenolytic properties and its biologic func-

23,28,31,33,35,36 However, when glucose is

tions are largely unknown.
administered orally, GLI and insulin are released into the plasma; it is

proposed that GLI augments the oral glucose stimulation of insulin release

from the pancreas.
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While insulin is produced only in the pancreas, true glucagon is pro-
duced and secreted from alpha cells in the pancreas and stomach in the
dog. True glucagon plasma concentration correlates directly with the
hyperglycemia of diabetes mellitus,6’7’23’32’34 trauma,19 acute pancreati-
t153 and bacterial infecfionsz4 and may be involved in the hyperglycemia
in these conditions.

Dogs that are subjected to total pancreatectomies.are found to have
undetectable immunoreactive insulin (IRI) within 48 hours. As IRI approaches
undetectable levels, plasma glucagon femains normal and then increases to
levels of 8 to 10 foid the normal values. The total plasma glucagon is
found to consist of an increase in both true glucagon and GLI.5’22’35’36
This data originally lead investigators to search for other sources of
glucagon production in the body. In the dog, cells indistinct from the
alpha cells of the pancreas, both morphologically and histochemically,
are found in the fundus of the stomach.28 These cells secrete glucagon
biologically and immunologically identical to pancreatic glucagon.35 In
the upper small intestine of the dog are found alpha-like cells which
secrete only GLI.28 In man, alpha cells are present in the stomach and
duodenum and alpha-like cells are found in the upper small intestine.2

Totally pancreatectomized dogs are similar to human juvenile dia-
betics and canine diabetics in that IRI is greatly reduced and plasma
true glucagon is elevated. Exogenous insulin administered to these

6,22,23 It

patients decreases plasma glucose and glucagon simultaneously.
is theorized that insulin is essential for membrane transport and intra-
cellular metabolism of glucose by the alpha cell. When insulin concen-

tration is very low, as in human juvenile diabetes and canine diabetes,

the alpha cell can not recognize hyperglycemia and increases secretion of
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true glucagon which further contributes to the hyperglycemic state.6’22'31’36

Canine diabetes mellitus is similar to human juvenile diabetes in that
IRI is very low and incapable of increasing significantly when hypergly-

21,26,31
e Manns and Martin21 measured the plasma glucose,

cemia is present.
IRI and total plasma glucagon during a H-IVGTT in control and naturally
occuring diabetes in the dog. Their data for the diabetic dog were.similar
to data for jﬁvenile diabetic humans in that insulinopenia, hyperglucagon-
emia, and hyperglycemia were present after a l2-hour fast.

Somatostatin is a hormone that completely inhibits secretion of
insulin and glucagon, and when administrated to a human juvenile diabetic
with very léw IRI, hyperglycemia decreases as the secretion of true
glucagon is suppressed. With cessation of somatostatin administration,
true glucagon secretion increases and plasma glucose increases to the
hyperglycemic range without IRI significantly changing throughout the

” 2,8,9,18,26,27
experiment.

Totally pancreatectomized dogs have no detectable IRI and elevated
true glucagon, GLI and plasma glucose. Sun g;_gl.zg showed removal of
50% of the pancreas is required before the exponential decline in plasma
glucose concentration (k-value) is altered during the high-dose intraven-
ous glucose tolerance test (H-IVGTT). Greve and Andersbn,lo Greve gg.él.ll
and Mahaffey and Anderson20 characterized the H-IVGIT in normal dogs,
dogs with 50% partial pancreatectomies and dogs with 507% partial pancrea-
tectomies combined with staphylococcal alphatoxin pancreatitis and showed
that although the fasting plasma glucose levels remained in the normal
range, each group had distinctly different H-IVGTT k-values.

The purpose of this present study was to explore the relationship

between pancreatic injury, plasma glucose, plasma insulin, plasma glucagon
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and the k-value of normal dogs, dogs with 507% partial pancreatectomies,
and dogs with 50% partial pancreatectomies combined with staphylococcal

alpha-toxin pancreatitis.
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MATERIALS AND METHODS

Eight adult mongrel dogs weighing 17.2 to 28.2 kg were allotted to 2
groups as follows: Group I (5 dogs)--50% partial pancreatectomy and
staphylococcal alpha-toxin induced pancreatitis affected dogs (acute
pancreatitis); and Group II (3 dogs)--50% partial pancreatectomy dogs.
Each dog served as a normal control prior to surgery. Food wasvwithheld
for 12 to 16 hours before all experimental procedures.
The distal half of each pancreatic lobe was removed surgically on
day 5 from all dogs as described by Mahaffey and Anderson.20 The ventral
pancreatic duct was catheterized through a transverse incision in the
duodenum opposite the ductal papilla and 0.1 ml/kg of a 1:2 dilution of
staphylococcal alpha-toxin was infused into the pancreatic duct under
light manual pressure (Group I); the duct was not ligated. The dogs of
Group II received no toxin. |
The high dose intravenous glucose tolerance test (H-IVGTT) as modi-
fied by Dyck and Moorhouse4 was performed on days 1, 6 (day after surgical
operation), and 9. Glucose (k g/kg as a 50% solution) was injected over
a 30-second period into a cephalic vein; that vein was not used again
the same day. Blood samples were collected from a peripheral vein prior
to (0) and 5, 10, 15, 30, 45, 60, 90 and 120 minutes after injectidn of
glucose. The k-value, calculated from the H-IVGTT, has been described.4’10’11’20
Samples were collected for insulin and gluéagon assay at the same
times the glucose samples were collected during the H-IVGTT. Radioimmuno-
assay for immunoreactive insulin12 and true glucaéon were performed on

blood collected in tubes to which Trasylola had been added. The highly

a Bayer A 128, FBA Pharmaceuticals, Inc., New York.
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specific antibody to true glucagon was obtained from the laboratory of
R. H. Unger.b

Clotted blood samples were taken for blood chemical determinations
prior to each glucose tolerance.test. The following analyticalrmethods
were used: glucose (hexokinase method),l6 amylasel7 (using commercial
dye substrate),c lipase,14 alkaline phosphatase,l glutamic pyruvic trans-
aminasel5 and creatinine.l3
All dogs were euthanitized and necropsied on day 9.

 Data was analyzed by analysis of variance with unequal subclasses

with treatment as the only source of variation. -

b Department of Internal Medicine, The University of Texas Health
Science Center and Veterans Administration Hospital, Dallas, Texas.

¢ AmylochromeR, Division Roche,Diagnostics, Hoffmann-La Roche, Inc.
Nutley, New Jersey.
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RESULTS

The packed cell volume (P.C.V.) and hemoglobin (Hb) decreased signi-
- ficantly** on day 6 compared to day 1 in both groups I and II (Table l).
However, there was no significant change (p > .10) on day 9 compared to day 6.

The total leukocyte (W.B.C.) count increéased above the normal range
on day 6 in each group (Table 1) and returned to nearrnormal in group I
but remained elevated in group II on day 9. There was a changé in the
distribution of leukocytes on day 6; neutrophilia, lymphopenia, monocy—.
tosis and eosinopenia were present. The leukocyte distribution returned
to normal on day 9 (Table 1).

Among the chemistries measured, only alkaline phosphatase (A.P.)
increased above the normal range on days 6 and 9. Serum amylase (Table 1)
and lipase activity did not change significantly (p > .10) or increase
above the normal range throughout the experiment'in either group. Urea
nitrogen (U.N.), creatinine and glutamic pyruvic transaminase (G.P.T.)

did not change during the experiment.

The fasting, morning plasma glucose was measured each day for each
dog and the means determined for each group (Table 2). 1In group I, the
mean plasma glucose elevated slightly but not significantly (p > .10) on
days 7 and 8. In group II, the mean plasma glucose remained unchanged
throughout the experiment. |

The concentration of plasma glucbse during the H-IVGTT was plotted
from 5 minutes to 60 minutes and the removal of plasma glucose (mg/dl/min)
was determined. The rate of glucose rémoval from the plasma decreased in

a similar manner in both groups (Table 3). The decrease in glucose removal

%% p < .05
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réte in group I was significantly* lower on day 6 compared to day 1 and
significantly** lower on day 9 compared to day 6. The decline in glucose
reﬁoval rate in group II was not significant (p > .10) on day 6 compared
to day 1 but was significantly* lower on day 9 compared to day 6. The
decline in both groups on day 9 was not significant (p > .10) between
groups;

The k~values of group I decreased significantly*** on day 6 compared
to day 1 and significantly** on day 9 compared to day 6. In group II, the
k-values also decreased significantly** on day & compared to day 1 and
significantly* on day 9 compared to day 6. There was a significant¥*
difference between grdups I and II on day 9 with group I having the lower
k-value.

The fasting, wmorning plasma IRI was measured each day of the experi-
ment for each dog and the means determined for each group (Table 2).

There waé no change in means of IRI for either group throughout the
experiment.

The total amount of IRI measured during the H-IVGIT was calculated
by adding the IRI values obtained at 5, 10, 15, 30, 45 and 60 minutes
minus the initial fasting plasma IRI from each of the individual time
measurements. This calculation for the net increase in measured IRI dur-
ing the H-IVGTT will be designated EIt. The decrease in the EIt was not
significant (p > .10) on day 6 compared to day 1 for either group. However,
EIt was significantly* decreased for each group on day 9 compared to day 1.

Comparisons between the groups can not be drawn because the normal values

*p < .10
*%k P < .05
k% p < 001
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of zIt for group II on day 1 are markedly greater than the_zlt of group

I on day 1 (control period). It appears that the randomly chosen dogs

of group II had markedly greater zIt values than the dogs of group I.
Graphs of the plasma glucose, IRI and glucagon are presented to show the
relation of the hormones to glucose conéentratidn during a H-IVGTT (figures
1 and 2).

The fasting, morning plasma glucagon was measufed each day of the
experiment for each dog and the daily mean determined for each group
(Table 2). There was a significant* increase in the fasting plasma
glucagon on day 6.and day 7 of group I. The elevation of plasma glucagon
of group I on days 6 and 7 was not significantly (p > .1l0) greater than
the elevation éf group II for the same days.

The total glucagon measured during the H-IVGTT was calculated by
adding the plasma glucagon values obtained at 5, 10, 15, 36, 45 and 60
minutes. This calculated figure will be symbolized by th. In each
group, on day 6, the ZGt was significantly* greater than the control
value calculated for day 1. On day 9, in each group, the zGt returned
to control levels. There was a significant* difference between group I
and II on day 6, with the increase of ZGt greater for group I.

Histopathological examination of the remnant pancreatic tissue of
all dogs showed only slight morphological éhanges. There was no observ-

able difference between the pancreases of group I and those of group II.
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DISCUSSION

Manns and Martin21 documented the hyperglucagonemia of naturally
occurring canine diabetes mellitus. Diabetic humans have been shown
repeatedly to have elevated plasma glucagon levels and it has been strongiy,
suggested that the hyperglucagonemia is an integral part of the pathogenesis
of diabetes mellitus in man. 7' Hyperglucagonemia and hyperglycemia caﬁ
be produced readily in totally pancreatectomized dogs indicating that
other sources of glucagon are present. Our results show that a transient,
mild hyperglucagonemic and insulinopenic state can be produced experimen-
taily by using the model for canine pre-diabetes described by Mahaffey
and Anderson.20

Our data for the H-IVGIT and K-values agree with Greve EE‘E;,ll for
normal dogs and dogs with 50% partial pancreatectomy. Our data for each
group of dogs (normal, 50% partial pancreatectomy and acute pancreatitis)
agree with Mahaffey and Anderson; 20 except that the k-values of our
ppancreatitis dogs were not decreased as much as in that study. Serum
amylase and lipase activities and histopathological examination of the
pancreatic remnants indicated that we did not induce as severe a pan-
creatitis as Mahaffey and Anderson.

Since the fasting, morning plasma glucose and IRI did not change
throughout the experiment and true glucagon remained in or above the
normal control range, we conclude that neither the partial pancreatec-
tomy or the acute pancreatitis decreased the ability of the remaining

pancreas to synthesize sufficient IRI to maintain the fasting plasma

glucose and fasting true glucagon within the normal range.
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The k-value and plasma glucose removal rate décreased significantly
on day 6 as compared to day 1 and on day 9 as compared to day 6 in both
groups. The decrease was more severe in the acute pancreatitis dogs
(group I). This pattern of continual loés of endocrine-pancreatic func-
tion fiom day 6 to day 9 was similarly noted by Mahafféy'and Anderson.20
When the pancreas was challenged to respond méximally (H-IVGTT), dificien-
cies in the measured amount of IRI released during theH-IVGTT (ZIt) could
be noted from the ;ontrol period. The EIt'decreased moderately in both
groups on daf 6 as compared to day 1 (cont;ol period) and the EIt decreased
further on day 9 as compared to day 6 in both gfoups. The further reduc-
“tion in insulin-releasing ability of the pancreas more than 24 hours after
surgery could be due to progressive damage to pancreatic tissue; the normal
activity of serum amylase and lipase suggest this was not the case. The
" lower ZIt on day 9 may represent progressive inability of the remaining
beta cells to maintain the optimum insulin secretion necessary to establish
normoglycemia.

In contrast to the decrease in-ZIt on day 6 and 9, the ZGt increased
significantly on day 6 and then decreased into the control range by day 9.
It can be seen in figures 1 and 2 that the hyperglucagonemia of day 6 is
due to ‘an elevated basal level which returned to normal on day 9. The
‘hyperglucagonemia on day 6 ﬁas nevertheless responsive to the inhibiting
effects of hyperglycemia and hyperinsulinemia during the H-IVGTT. This
transient hyperglucagonemia was probably due to the stress of the surgery
on day 5 and is evident by the neutrophilia, lymphopenia, monocytosis and
eosinopenia in the mean leukocyte differentials on day 6 (Table 1). Trauma
is associated with hyperglucagonemia in man.lg Experimentally, stress in
animals causes hyperglucagonemia which can be prevented by B-adrenergic

blocking agents.lg’Sl
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It is apparent the model of canine pre-diabetes by Mahaffey and
Anderson20 produces an insulin deficient state that can only be detected
during a H-IVGTT even though the fasting plasma glucose and IRI remains in
the normal range. This is compatible with spontaneous canine pre-diabetes.
However, the significant hyperglucagonemia of spoptaueous canine diabetes

is not present in this pre-diabetes model,



TABLE 1: Hemogram and serum chemistry means t+ one S.D. for

Groups I and II on days 1, 6 and 9.

Variable Day Group I Group II
Hemogram:
P.C.V. (%) 1 49.2 + 3.1 47.3 + 4.0
6 45.2 + 4.4 44.7 * 2.5
& 43.2 + 2.6 44.0 + 3.6
Hb. (g/dl) 1 17.1 + 0.9 16.1 + 1.7
6 15.4 + 1.7 - 14.9 + 0.6
e 9 14.9 + 0.8 15.1 + 1.1
W.B.C. (/mm3) -
total b | 15120 + 8691 15833 + 3233
bands 1 901 + 1232 257 + 222
neutrophils 1 19980 + 7386 12733 + 1955
lymphocytes 1 2022 + 645 2521 + 766
monocytes 1. 1129 + 668 510 + 394
eosinophils 1 1095 + 603 1214 + 432
total 6 26640 + 6679 23700 + 18784
bands 6 360 + 504 0
neutrophils 6 22577 + 4289 20933 + 18312
lymphocytes 6 1121 + 1664 963 + 1035
monocytes 6 1999 + 825 1270 + 990
eosinophils 6 40 + 90 261 + 432
total 5 17920 + 5954 23266 + 11107
bands 9 714 + 1192 - 0
neutrophils 9 10881 + 3760 20063 + 8193
lymphocytes 9 2718 + 976 2573 + 506
monocytes 9 2299 + 1266 613 + 141
eosinophils 9 1285 + 870 1190 + 1074
Chemistries
Amylase 1 800 + 262 1026 + 214
{(dve units) 3] 1376 + 554 1077 + 686
‘ ; 9 1088 + 237 1094 + 52
U.N. (mg/dl) 1 13.2 + 3.8 19.5 + 1.2
' 6 12.8 + 2.9 12.2 + 5.0
9 13.8 + 4.5 15.8 + 3.8
Creatinine (mg/dl) 1 1.10 + 0.2 1.33 + 0.12
6 1.03 + 0.15 1.10 + 0.24
g 1.04 + 0.17 1.20 + 0.06
G.P.T. (IU/L) 1 52.6 + 49.5 42.3 + 14.9
6 77.8 + 55.4 59.3 + 20.0
9 47.8 + 17.1 41.0 + 12.8
A.P. (IU/L) 1 57.8 + 27.8 33:7 + .11:9
6 340.0 + 117.5 211.7 + 138.4
9 141.6 + 7.4 135.3 + 78.5
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TABLE 2: Fasting and range means of plasma glucose, insulin

and glucagon for groups I and II.

Variable Day Group I Range Group 1T Range
Glucose 1 92.3 80-107 94.3 86-106
(mg/dl) 2 88.7 81-106 99.0 88-112
3 92.7 88-100 96.3 91-101
4 93.5 86-112 97.0 92-105
5 94.5 83-123 95.3 85-106
6 92.0 78-110 88.7 82-98
7 107.5 97-130 - 95.0 86-113
8 107.5 90-127 99.0 90-111
9 96.5 85-114 96.7 96-98
Insulin 1 14.3 13-15 12.0 8-17
(WU /ml) 2 15.0 13-19 17.0 12-25
3 15.8 13-21 15.0 10-18
4 16.5 12-21 19.3 8-30
5 14.2 12-17 15.7 9-22
6 15.7 12-19 11.3 7-16
7 16.3 15-19 17.0 6-33
8 17.2 16-20 17.0 9-27
9 16.2 14-18 157 9-24
‘Glucagon 1 295 250-380 170 72-255
(pg/ml) 2 292 180-390 282 236-370
3 268 163-420 290 260-328
4 310 230-390 244 181-335
5 223 100-370 259 192-340
6 518 425-720 362 236-480
7 365 240-600 421 302-639
8 266 200-340 300 153-505
9 270 160-440 239 132-430



TABLE 3: The mean values for glucose disappearance,
K values, II; and IG; for groups I and II
on days 1, 6 and 9.

Glucose
Disappearance 1 6.99 7.72
(mg/d1/min) 6 6.05 Bt
| 9 4,58 5.32
K values 1 3.04 3.46
2.36 2.82
9 1.92 2.42
Hormones
Insulin (ZI¢) 1 124 269
(WU/m1) 6 96 217
9 77 194
Glucagon (IG.) 1 1470 827
(pg/ml) 6 2422 1813

9 1428 1278
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TABLE 4: Means for all dogs of fasting plasma glucose,

Variable

VGlucose
(mg/d1l)

Insulin
(pU/ml)

Glucagon
(pg/ml)

insulin and glucagon.

C-T N I T TS U R Eg'

o o0 Ny W N

w0~ O BN

Plasma
Level

93.3
93.8
94.5
95.2
94.9
90.3
2
2
6

~101.

103.
96.

13.
16,
15.
17.
14.
13.5
16.7
17.1
15.9

L =R« .~ N~

232
287
279
277
241
440

- 393

283
255

Standard
Error

W W W W w w w Ww w

e i i e e e e

30.
34.
34.
29.
34.
32,
34.
34.
32.

.15
b5
.15
.15
.15
.15
.15
.15
.15

.14
.14
.14
.14
.14
.14
.14
.14
.14

QO ~F o~ 00~ o~~~ 0

Range

80-107
81-112
88-101
86-112
83-123
78-110
86-130
90-127
88-114

8-17
12-25
8-21
9-30
9-22
7-19
6-33
9-27
9-24

72-380
180-390
163-420
181-230
100-370
236-720
240-639
153-505
132-440
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- ABSTRACT

The relationship between pancreatic injury and the K-value of the
high-~dose intravenous glucose tolerance test (H-IVGTT), plasma glucose,
plasma insulin and plasma giucagon was exploied. Two grouﬁs of dogs were
used: group I had a 50% partial pancreatectomy combined with staphylococecal
alpha-toxin pancreatitis, and group II had a 507% partial pancreatectomy.
The surgery was done oﬁe day 5. One days 1, 6 and 9, H-IVGIT's were
performed and radioimmunoreactive insulin (IRI) and true glucagon were
measured prior to (0) and 5, 10, 15, 30, 45, and 60 minutes. Various
other perameters were measured prior to the H-IVGTT (U.N., CR., S.A.P.,
S.G.P.T., CBC). Morning, fasting samples of plasma glucose immunoreactive
insulin (IRI) and plasma glucagon were measured for each dog, each day of
the experiment, |

The K-value, as calculated from the H-IVGTT, was found to signifi-
cantly decrease in both groups on day 6 compared to day 1 and on day 9
compared to day 6. However, the decrease in K-value was greatest for
group I on day 9.

A morning, fasting IRI was measured for each dog and did not change
significantly for any of the dogs throughout the experiment. The morning,
fasting plasma glucose values, likewise, did not change significantly,

The fasting, ﬁorning glucagon values were significantly increased on days
6 and 7 in.both groups with the greater increase in group I. This mild
hyperglucagonemia caused a slight but not significant rise in plasma
glucose in group I on days 7 and 8.

Although the fasting IRI was normal, deficiencies of insulin secre-
tion could be noted during the H-IVGTT. The total amount of measured

IRI released during the H-IVGTT (ZI.) decreased significantly on day 6



compared to day 1 and on day 9 compared to day 6 in both groups. The
total glucagon released during the H-IVGIT (zGt) increased on day 6
significantly and then removed to normal on day 9 in each group.

We were able to demonstrate that the pancreas, after a 507 partial
pancreatectomy, could maintain fasting levels of plasma glucose, IRI
and glucagon. The ability of the pancreas to release insulin was
impaired during the H-IVGTT (decreased $I,) but the total glucagon
measured during the H-IVGTT (zGt) did not decrease after partial

pancreatectomy, suggesting another source of glucagon besides the

pancreas.



