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ABSTRACT

(l-Ncc^-trinitrophenylhistidine 12 homoarginine )-glucagon 
(THG), an antagonist of glucagon on rat liver adenylate cyclase, 
was tested on streptOzotocin-diabetic rats. In the initial ex
periments, after glycosuria had stablized (1-5 weeks), THG 
-l.Omg/kg in 0.2 ml of saline, was infused into the jugular vein. 
Mean blood glucose decreased 26% below control levels five min
utes after THG infusion, but returned to normal by 20 minutes. A

V
second experimental protocol was designed to determine a, dose/ 
response curve for THG. Diabetic rats were given a THG bolus-
1.0 mg/kg, 0.5 mg/kg, 0.1 mg/kg, 0.04 mg/kg or 0.01 mg/kg fol
lowed immediately by continuous infusion of THG- 34 pg/kg/min,
17 pg/kg/min, 3.4 pg/kg/min, 1.3 pg/kg/min, or 0.34 pg/kg/min re
spectively. The infusion was continuous for 60 minutes. Glucose, 
determined from tail blood samples, was decreased to as low as 
47.9 * 2 . 7 %  of baseline at five minutes after drug administration 
for the larger three dosage amounts, and remained below baseline 
levels for 90 minutes, suggesting that THG could be effective in 
treating ketoacidosis. Ketoacidotic rats were given a THG bolus,
1.0 mg/kg, followed by continuous infusion of THG 0.034 mg/kg/min 
for 60 minutes. Serum electrolytes remained unchanged. The de
crease in blood glucose in all experiments suggests that THG is 
useful in ameliorating hyperglycemia of diabetes.

x



CHAPTER 1

INTRODUCTION

Diabetes
Diabetes mellitus is defined by Skillman and Tzagournis 

(1973) as a disorder of carbohydrate, 'protein, and lipid metabo
lism and is characterized by hyperglycemia and glycosuria. It 
is important to disgress at this point to discuss normal glucose 
homeostasis. Glucose is the major energy source for the central 
nervous system, particularly the brain. Therefore, the mainte
nance of an adequate supply of glucose at all times is critical. 
At times of feeding the glucose supply is plentiful. Insulin is 
secreted in response to an increase in plasma glucose with food 
ingestion. With the secretion of insulin, glucagon secretion is 
reduced. A metabolic state is in effect then, which favors the 
uptake and storage of glucose as glycogen, fat and protein. 
Gluconeogensis and lipolysis are inhibited. During fasting, the 
only source of glucose is from gluconeogensis and glycogenolysis. 
Lipolysis is also increased. These catabolic processes ensure 
that the glucose supply to the brain is maintained. Insulin se
cretion is greatly reduced and glucagon secretion is increased. 
These hormone levels also reduce the uptake of glucose by muscle 
and adipose tissue. In short, the previously stored glucose is

1



mobilized for the brain at the exclusion of other tissues. Thus, 
glucose homeostasis is ultimately concerned with the maintenance 
and delivery of glucose to the central nervous., system.

In humans there are two traditionally recognized types of 
diabetes— insulin dependent (also known as juvenile onset diabet
ics) and non-insulin dependent (also known as adult onset dia
betics). In both types, an abnormality in the secretion and/or 
action of insulin is the primary metabolic aberration. However, 
due to the complexity of the disorder, the etiology remains un
clear. Three factors, though, have been linked with the develop
ment of diabetes mellitus-environmenta1 factors, autoimmunity, 
and genetics.

Environmental factors play a significant role in the pro
cess of diabetes. Of particular importance are obesity, stress, 
and viral diseases. Obesity is accepted as being responsible for 
the decrease in cell membrane receptors for insulin (Johnson, 
1979). In obese individuals, target tissues such as liver, 
muscle and adipose tissues are less sensitive to insulin due to 
defective binding of insulin to the cell membrane receptors■ 
(Jubiz, 1979). These effects, often accompanied by an increase 
in pancreatic insulin secretion, are commonly seen in non-insulin 
dependent diabetics.

Stress, attributed to surgery or infection, often in
duces the occurrence of diabetes mellitus— particularly in pre
disposed individuals. (These individuals exhibit abnormal 
glucose tolerance tests but no classical diabetic symptoms.)



Plasma glucose concentration is increased during stress due to an 
increase in secretion of glucagon, catecholamines, growth hor
mone and glucocorticoids (Jubiz, 1979). These hormones stimulate 
the production of glucose and inhibit insulin release and its 
action on tissues.

' The role of viruses.in the etiology of diabetes mellitus 
has recently been examined. Based primarily upon epidemiological 
studies, the incidence of mumps, infectious mononucleosis, hepa
titis, rubella and Coxsackie B4 infections have been linked to 
the development of diabetes (Johnson, 1979). Yoon et al. (1979) 
have shown histologically that a strain of the Coxsackie B4 virus 
produced an inflammatory response in pancreatic beta cells—  

leading to tissue damage. It is possible that pancreatic tissue 
damaged by a viral infection could be metabolically inoperable 
and diabetes mellitus would result.

Viruses are also linked to the development of diabetes 
via the process of autoimmunity (Johnson, 1979), Antibodies re
active to pancreatic islet cells have been found in the plasma 
of diabetic individuals. The highest titers of the anti-islet 
cell antibody are found in the early stages of diabetes melli
tus. Therefore, it has been suggested that an inciting agent 
(possibly a virus) damages the beta cell. The beta cell is 
altered such that antibodies are produced specifically for the 
beta cell.. These antibodies then lead to the destruction of the 
beta cell and diabetes mellitus develops.
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Viruses then play an important role in the production of 

diabetes via two possible mechanisms. First, the virus can at
tack the beta cell specifically and produce diabetes directly 
through the destruction of the beta cell, as evidenced by the 
studies of the Coxsackie B4 virus (Yoon et al., 1979). Secondly, 
the virus can damage the beta cell and render it susceptible to 
destruction through the autoimmune process.

A third important factor in the etiology of diabetes is 
heredity. Although it is suspected that diabetes mellitus is • 
genetically transmitted, no conclusive evidence can be found to 
confirm this suspicion. It has been found that certain genotypes 
occur more frequently in insulin-dependent diabetics than in the 
general population. These are the HLA genotypes, HLAB8, B18, 
BW15, DW3, and DW4 (Nerup, 1978). In addition, another factor—  

properdin factor B (BfFI) also occurs more frequently in 
insulin-dependent diabetics (Raum, 1979), and this factor is 
closely related to the HLA genes in the genetic foci. Thus, 
there is a good possibility that the predisposition for insulin- 
dependent diabetes mellitus may be genetically transmitted. Also 
it is possible that the transmission is not via a single gene, 
but rather a number of genes. This generalization cannot be ex
tended to include non-insulin-dependent diabetics, since no such 
genetic correlation is yet determined.

There are many metabolic disorders with many, varying 
causes encompassed by the term diabetes mellitus. In all cases 
there is a primary disorder in the secretion and/or the action



of insulin. It has been established that glucagon, however, may 
also exercise an important pathogenic role in the development of 
diabetes mellitus.

Glucagon
Glucagon is another hormone produced by the pancreas 

which is involved in glucose hemeostasis. Glucagon secretion is 
promoted by amino acids, the sympathetic nervous system and hy
poglycemia. Its major target organ in non-diabetic conditions is 
the liver, where it stimulates glycogen breakdown and promotes 
the activation of glue one oge ne s i s by the production of cAMP. 
Another important target tissue is adipose tissue. Glucagon 
stimulates lipolysis, thereby causing an increase in circulating 
free fatty acids. It is concluded by Liljenquist et al. (1977), 
that glucagon is important in the maintenance of basal hepatic 
glucose production in non-diabetic normal humans.

The relationship between glucagon and diabetes is much 
more controversial.• It has been established that relative or 
absolute hyperglucagonemia is present in every form of diabetic 
hyperglycemia, including that produced experimentally in rats 
(Unger and Orci, 1975). However, the role of this excess gluca
gon in the pathogenesis of diabetes mellitus remains unclear.
Two arguments have been proposed to explain this role. The 
first argument involves the concept of "unihormonal abnormali
ty” in which all metabolic disorders of diabetes mellitus are 
attributed to an abnormality in the secretion and/or action of



insulin (Unger, 1978). Thus the findings of Buchanan and 
McCarroll in 1972, that glucagon levels- rise in conjunction with 
a decrease in insulin, is explained as a direct consequence of 
the insulin deficiency. With appropriate insulin therapy, the 
hyperglueagonemia is corrected. Further studies have shown that 
diabetic ketoacidosis is not reversed with glucagon suppresion 
(Lundbaek et al., 1976). Totally depancreatized human patients 
do exhibit mild hyperglycemia and hyperketonemia (Barnes et al., 
1977). These studies plus the accepted fact that conventional 
insulin therapy does correct hyperglycemia, hyperglucagonemia 
and diabetic ketoacidosis lend credence to the "unihormonal ab
normality" theory.

The second argument— the "bihormonal abnormality" hypoth
esis— states that although insulin deficiency causes impairment 
of glucose utilization, an increase in circulating free fatty 
acids from increased lipolysis and an increase in the release of ■ 
amino acids from muscle protein are glucagon-related. A relative 
hypersecretion of glucagon causes excess production of glucose 
and ketones by the liver (Unger, 1978). Uncontrolled diabetes 
is then the end result of both glucagon and insulin 
abnormalities.

With the discovery in the early 1970's of somatostatin 
which inhibits both insulin and glucagon, two aspects of the bi- 
hormonal abnormality concept, could be examined. Indeed many- 
studies (Gerich et al., 1974; Dobbs et al., 1975; McEvoy and 
Hegre, 1977; and Verdock, Rizza, and Gerich, 1980) have shown



conclusively that the presence of glucagon in conjunction with 
a lack of insulin are responsible for the development of severe 
diabetic hyperglycemia. Gerich et al. (1974) suggested that as 
much as 25% of the fasting plasma glucose level in diabetic hu
mans is a direct consequence of excessive glucagon secretion. 
Unger and Orci (1975) have shown that hyperglucagonemia causes 
an increase in glucose production at a rate which is much higher 
than glucose utilization. Thus endogenous hyperglycemia 
develops.

Another metabolic aberration of uncontrolled diabetes 
mellitus is diabetic ketoacidosis. Gerich et al. (1975) studied 
the effect of glucagon suppression by somatostatin on the devel
opment of human diabetic ketoacidosis. They found that when 
glucagon was suppressed in insulin-dependent diabetics, the onset 
of ketoacidosis was delayed following acute insulin withdrawal. 
Thus they concluded that the presence of glucagon was required in 
the development of ketoacidosis.

With these studies in mind, it can be surmised that the 
presence of glucagon plays an important pathophysiologic role in 
the development of diabetes mellitus.

Streptozotocin
To study glucose metabolism is diabetes mellitus, the 

model of the streptozotocin-diabetic rat was utilized. Strep
tozotocin is an antibiotic extracted from Streptomyces achromo- 
genes with a molecular weight of 265 gm (see Figure 1). The
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compound streptozotocin is extremely unstable at room temperature 
and neutral pH. Rerup (1970) advised that the stability in solu
tion is best at low temperatures and in an acidic medium - pH 4. 
Because of the low stability of streptozotocin, the recommended 
route of administration is intravenous. The intravenous LDgg 
for rats has been estimated to be 140 mg/kg (Rerup, 1970). This 
corresponds to a relatively wide margin of safety as the usual 
diabetogenic dose (recommended) is 60 mg/kg for animals weighing 
more than 100 gms (Masiello, DePaoli, and Bergamini, 1957, and 
Ganda, Rossini, and Like, 1976).

As reported by Junod et al. (1967) in a highly purified 
form, streptozotocin exhibits a rapid, cytotoxic action on Beta 
cells of the pancreas. This action is irreversible and specific 
for the Beta cells (Rerup, 1970). The cytotoxic moiety in strep
tozotocin is the 1-methyl 1-nitrosurea grouping attached to the 
carbon -2 of D-glucose (Rossini et al., 1977). These authors 
suggested that the toxicity is mediated through Beta cell recog
nition, but the exact mechanism is unknown. Junod et al. (1967) 
reported massive Beta cell necrosis, however, in approximately 
seven hours with degranulation appearing after one hour. Pan
creatic insulin was reduced to 5% of normal or less in 24 hours.

Streptozotocin-diabetic rats exhibit hyperglycemia, but 
do not exhibit excess levels of ketones and/or free fatty acids 
in the plasma (Rerup, 1970)., Significant increases of glucagon 
in the plasma of streptozotocin-induced diabetic rats was estab
lished by Katsilambros et al. (1970). Amherdt et al. (1974)
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further studied this increase in plasma glucagon. They concluded 
that the hepatic autophagy evident in uncontrolled 
streptozotocin-diabetes in rats may be related to the elevated 
levels of plasma glucagon and/or the lack of insulin. Similar 
results were reported by Buchanan and Mawhinney (1973), who sug
gested that the lack of insulin and increased release of glucagon 
was mediated through glucose deprivation of the <=cell and abnor
malities in tissue levels of cMP. Levels of the three key en
zymes in gluconeogensis-glucose-6-phbsphatase,' fructose-1,
6-diphosphatase and phosphoenolpyruvate carboxykinase were en
hanced in streptozotocin-induced diabetes; while the liver levels 
of several enzymes important in glucose utilization were markedly 
decreased (Singhal, Parulekar, and Ling, 1971). All these ef
fects are reported to be consequences of the corresponding insu
lin lack and not from a direct toxic action of streptozotocin on 
hepatocytes.

Streptozotocin has been shown to produce the hyperglyce
mia in rats which is seen in uncontrolled diabetes in humans. 
Therefore, it is a useful model to study for diabetes mellitus. 
Corresponding metabolic aberrations such as excess plasma free 
fatty acids and excess ketones do not occur in streptozotocin 
induced diabetes. The focus then will be on hyperglycemia in 
this study of diabetic rats.



(l-Ncg-T'rinitrophenylhistidine 
12- Homoarginine)-Glucagon

(1-N cc-t rinitrophenylhistidine 12-homoarginine)-glucagon 
has been reported to be a potent inhibitor of glucagon in vitro 
(Bregman, Trivedi, and Hruby, 1980). This compound was synthe
sized from purified crystalline glucagon in essentially a two 
stage process. In the first step, the compound (12-homoargi
nine )-glucagon was synthesized from the addition of glucagon to 
a O-methylisourea-HgSOz). and Ba(0H)2 solution. After a time 
period of eight hours, the reaction was terminated by the addi
tion of glacial acetic acid, and the product was desalted on a 
Sephadex G-10 column (2.5 x 75 cm) developed with 30% acetic 
acid. This product was further purified by cation exchange using 
a SP - Sephadex C-25 column (2.5 x 18 cm) equilibrated in 10% 
acetic acid containing 1M urea and 2 0mM sodium acetate.

The product of pure (12-homoarginine)-glucagon was added 
to a 0.1% trinitrobenzenesulfonic acid solution containing
1.0 ml of 4% NaHCOj (pH 8.5) following the method developed by 
Epand and Wheeler (197.5). This solution was incubated in the 
dark for approximately two hours, after which time 0.5 ml of 
1M HC1 was added. Acidfying the solution was utilized as a means 
of purification, because the trinitrophenylated protein precipi
tated out of solution. Further purification was accomplished by 
ion exchange chromotography using a Q- AE - Sephadex A-2 5 column 
(1.5 x 30 cm) eluted with 0)08M Tris HC1 buffer (pH 8.6),
1M NaCl and 2M urea. The absorbance of the eluant was monitored
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at 350 nm where only the trinitrophenylated protrein .compound ab
sorbs. Acidifiction of the peak fraction to pM 4 with acetic 
acid allowed recovery of the final product. Bregman et al.
(1980) advocated one further test of purity. Aminopeptidase M 
digestion of the final product (THG) was shown not to release any 
histidine or.serine, while (12-homoarginine)-glucagon, the un
reacted compound, did. Thus, the importance of the synthesis 
procedure is in purification of each product, (12-homoarginine)- 
glucagon and THG.

. The addition of the lipophilic trinitrophenyl group to 
the histidine at the N-terminus and the addition of the bulky 
guanidyl group to the lysine in position 12 then changed the 
chemical conformation of the structure .(Figure 2). .The resultant 
analogue (THG) was shown to be a potent inhibitor of hepatic 
adenylate cyclase activity (Hruby et al., 1981).
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CHAPTER 2

STATEMENT OF PROBLEM

Diabetes has long been characterized as an abnormality of 
insulin secretion or action; The "unihormonal abnormality” theo-' 
ry was set forth with the discovery of Von Mering and Minkowski 
in 1889 that pancreatizing animals produced classical diabetic 
symptoms and subsequently reinforced in 1921 with the discovery 
of insulin which relieved those symptoms. This theory provided 
for the possible etiology and traditional treatment of the dis
order, until the recent discoveries of somatostatin and gluca
gon— two other hormones secreted by the pancreas. Careful 
analyses of all types of diabetes including insulin-dependent, 
non-insulin-dependent, and that experimentally produced in ani
mals have shown hyperglucagonemia. It has since been shown that 
inhibition of glucagon secretion by somatostatin relieved the 
hyperglycemia associated with uncontrolled diabetes. A possibly 
useful adjunct then to conventional therapy could be a specific 
suppressor of glucagon. (Somatostatin, which does inhibit gluca
gon secretion, is not specific. It also inhibits insulin secre
tion and growth hormone secretion.) THG, a known inhibitor of 
the hepatic adenyl cyclase system, is thought to be such a spe
cific suppressor of glucagon. In accordance with this hypothesis,



THG was tested in vivo to determine its effect on the glucose 
metabolism of streptozotocin-diabetic rats.



CHAPTER 3

METHODS

General Protocol 
The general protocol of this study called for the admin

istration of (1-Ncc-trinitrophenylhistidine 12 -homoarginine)- 
glucagon (THG) to diabetic male rats. The rats were made dia
betic with a single intravenous injection of streptozotocin 50 or 
55 mg/kg. Following administration of THG, blood samples were 
collected and subsequently analyzed for glucose.

Streptozotocin Administration 
Male Wistar rats (Hilltop, Chats worth, CA) weighing 250 

to 400 gms were obtained. Upon arrival to the Division of Animal 
Resources, they were allowed food--Purina Rat Chow— and water ad 
libitum for a seven-day period of acclimation. After the seven- 
day time period, the animals were placed individually in stain
less steel metabolic cages manufactured by Acme Metal Product, 
Chicago, XL, The animals were given food.and water ad libitum.
A 24-hour urine sample was collected for each animal in poly- 
thylene containers and the volume was recorded.

After obtaining the 24-hour urine sample, the animals 
were fasted overnight, 12-18 hours. After the fast, they were 
weighed to determine the appropriate amounts of streptozotocin

16



for administration. The method, as described by Ganda, Rossini, 
and Like (1976), which utilized 60 mg/kg streptozotocin per rat 
was modified to use 50 mg/kg. This modification was made to 
alleviate the number of animal deaths from renal failure. The 
streptozotocin (lot #60,273-4 U-9889, courtesy of Dr. W. E.
Dulin, Upjohn, Kalamazoo, MI) was dissolved in 0.46 ml of ci- 
trated buffer immediately prior to injection because of the 
unstable nature of the compound. The citrate buffer was pre
pared as a modification of the method described by Colowick and 
Koplah (1955). Equal amounts of 0.01M citric acid.(Monohydrate 
crystal, J. T. Baker Chemical Co., Phillipsburg, NJ) and 0.0IM 
sodium citrate (crystal, Allied Chemical, Morristown, NJ,
99.5% purity) were mixed. The pH was adjusted to 4.5. To fa
cilitate the administration of the streptozotocin, the rats were 
placed under light ether narcosis (diethyl ether USP) and re
strained in animal restraint bags from Cervical Dislocators,
Inc. (Madison, WI). The drug was administered into the tail 
vein. After administration of the diabetogenic agent, the ani
mals were placed again in the metabolic cages and allowed food 
and water at will. Urine was collected daily and 24-hours urine 
volumes were recorded for seven days after streptozotocin 
administration.

Surgical Procedure 
After a stabilization period of one-five weeks,'the rats 

were administered THG via a catheter inserted in the jugular vein.
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Initially the rat was anesthetized by means of an intra- 

peritoneal injection of sodium pentobarbital, 57 mg/kg (Harvey 
Laboratories, Inc., Philadelphia, PA, 65 mg/ml). An incision 
was made to one side of the midline in the ventral neck region 
of the animal. Using blunt disection techniques, the tissues 
were spread until the jugular vein was located. The vein was 
elevated and a ligature was tied around the .head end of the 
vein. Another ligature was loosely looped around the vein to be 
used later to secure the catheter. Using the tip of iris sharp 
pointed scissors, a nick was made in the vein. The bevelled end 
of a catheter (polethylene tubing, PE 2 0) was inserted into the 
jugular vein and advanced gently. Approximately 0.2 ml of iso
tonic saline was infused into the catheter to prevent clogging.
To secure the catheter, the second ligature was tied tightly 
around the tubing, taking care not to obstruct the flow.

To keep the animal anesthetized throughout the entire 
procedure, extra sodium pentobarbital in 37.1 mg/kg was adminis
tered intraperitoneally approximately every 60 minutes.

Drug Administration and Sample Collection
(1-N oc-trinitrophenylhistidine 12 -homoarginine ) -glucagon 

(THG) was obtained in powdered form from Dr. Victor Hruby, Pro
fessor of Chemistry, The University of Arizona. Due to the un
stable nature of the compound, it was kept frozen and protected 
from light prior to use. When utilized, the compound was freshly 
dissolved in isotonic saline, again taking care to protect it
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from light. When necessary the saline solution was adjusted to 
pH 8 to facilitate the dissolution of the compound. After dis
solution, the pH was readjusted to 7.4.

Two different experimental protocols were followed for 
drug administration. In the first set of experiments, seven 
rats were given only a bolus of THG as a dose of 1.0 mg/kg in 
0.2 ml saline. Prior to administration of THG, an initial blood 
sample was obtained utilizing the indwelling catheter. Two 
initial blood samples of 0.1 m. each were collected and immedi
ately placed into a 12 x 75 mm glass culture tube (VWR) contain
ing 1.0 ml of 3% trichloracetic acid (TCA) to precipitate 
protein.

Following the subsequent administration of THG, the tub
ing was flushed with approximately 0.2 ml of isotonic saline. 
Venous blood samples were obtained via the catheter at 5, 10,
20, 30, and 60 minutes after the infusion of THG. As before, 
each blood sample was placed in a 3% TCA solution. The animal 
was sacrificed after the collection of the last blood sample.
The sample-containing culture tubes, were centrifuged in a 
Beckman model TJ-6 centrifuge for 10 minutes at 2 500 RPM. The 
aqueous layer was decanted and saved in clean, labeled 12 x 75 
mm tubes. These were refrigerated until assayed for glucose.
The sediment was discarded.

In the second set of experiments, a bolus of the drug was 
administered and immediately followed by a continuous infusion of
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of THG. This was done to establish a steady state level of the
glucagon antagonist in the blood.

Approximately one-third of the dose to be administered 
was infused as a bolus through the catheter placed: in the jugular 
vein. Immediately after the bolus injection of the THG, the
animal was attached by means of the catheter tubing to a syringe
on the Hamilton Apparatus compact infusion pump, model 975. The 
pump was calibrated to deliver 0.34 ml per hour or 0.006 ml/min.

The drug was administered for a period of 60 minutes by . 
infusion. As in the first set of experiments, two initial blood 
samples were obtained prior to drug administration. The bolus of 
THG was injected and the catheter was flushed with 0.2 ml of 
saline. However, due to the infusion of the drug, all subsequent 
blood samples could not be obtained from the jugular vein. In
stead a 3.8 cm portion of the tail was amputated and blood sam
ples were obtained from the resultant flow. Each sample of 
0.1 ml was collected in a Chase 75-.5 mm heparinized microcapil
lary tube which was evacuated into the appropriate TCA-containing 
culture tube. Blood samples were obtained again at 5, 10, 20,
30, and 60 minutes after the bolus injection. The infusion was 
then stopped and three additional blood samples were taken at 
75, 90, and 105 minutes respectively. The animal was then sacri
ficed. The blood samples were centrifuged as in the first set 
of experiments.

Several does levels of the glucagon antagonist were ad- 
minstered using the bolus/infusion method to establish a dose
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response (Table 1). In addition, two rats as controls were given 
isotonic saline only for the bolus and the infusion. The two 
smallest dosages of THG, 0.0824 mg/ml and 0.02 mg/ml were dis
solved in saline + 0.3% Pentex Bovine serum albumin (Miles Lab
oratory, Elkhardt, IND., Fraction V.). The BSA was added to 
prevent adsorption of the gulcagon antagonist to glass.

Induction of Ketoacidosis 
To study the action of THG on another phase of uncon

trolled diabetes, ketoacidosis, six rats were made ketoacidotic 
by a modification of the method of Weilan$ (1968).

Male Wistar rats (310-360 gms) were made diabetic with- 
an intravenous injection of streptozotocin following the method 
reported previously. They were housed in stainless steel meta
bolic cages and urine was collected in polyethylene containers. 
When polyuria had developed, 24 to 48 hours after the administra
tion of streptozotocin, the rats were given a subcutaneous in
jection of five units of Protamine Zinc Insulin (Lilly, 100 
Units per cc). This injection of insulin was given once daily 
for a period of ten days. After the tenth day, the insulin ad
ministration was terminated. The animals became ketoacidotic 
within 96 hours following the withdrawal of insulin.

The presence of ketones in the urine of the rats was de
tected by Acetest reagent tabs (Ames Division, Miles Laboratory, 
Elkhart, IND.) which are capable of detecting as little as 
5 mg/dl of acetoacetic acid in urine. The color key established
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Table 1. Dosages of the Glucagon Antagonist

Amount of THG Bolus (mg/kg) Infusion (g/kg min)
2.06 mg/ml 1.0 34
1.03 mg/ml 0.5 17
0.2 mg/ml 0.1 3.4
0.0824 mg/ml 0.04 1.4
0.02 mg/ml 0.01 0.34

by Ames for the tablets was utilized to classify the level of 
ketoacidosis in this study:

small = 2 0 mg acetoacetic acid/dl 
moderate = 30-40 mg acetoacetic acid/dl 

large = 80-100 mg acetoacetic acid/dl 
Acetoacetic acid comprises only a small portion of the ketones 
produced by the liver; beta-hydrozybutyrate comprises a much 
larger portion. Therefore, only those animals exhibiting large 
amounts of acetacetic acid (80-100 mg/dl) were utilized for this 
study.

Ketoacidotic animals were anesthetized with 56 mg/kg of 
sodium pentobarbital. A catheter was inserted into the jugular 
vein by the surgical method '■reported previously. Two initial 
blood samples were obtained and rinsed into TCA containing cul
ture tubes. In addition, a 1.0 ml sample of blood was collected



in a 12 x 75 mm culture tube that had been heparinized. A sample 
of 1.0 mg/kg of THG was infused as a bolus of 0.17 ml after which 
the animal was attached to the infusion pump. The glucagon an
tagonist was infused in a dose of 34 mg/kg min for 60 minutes. 
Blood samples were again collected at 5, 10, 20, 30, 60, 75, 90,
and 105 minutes from the amputated tail. At 105 minutes a 1.0 ml
sample of blood was collected in a 12 x 75 mm heparinized culture 
tube. The animal was then sacrificed. The sample tubes con
taining blood and 3% TCA were centrifuged for 10 minutes as de
scribed previously. The supernatant was decanted, saved and
refrigerated. The heparinized samples of blood were also cen
trifuged, but for a period of 15 minutes. The serum was de
canted and saved in fresh 12 x 75 culture tubes; the pellet was 
discarded. The serum samples were taken to the Pathology Labo
ratory, University of Arizona Hospital, for electrolyte analysis.

Analytical Method— Glucose Assay
The blood samples obtained during each experimental pro

cedure were assayed for glucose using the spectrophotometric 
method of Hultman (1959).

As reported earlier, all 0.1 ml blood samples were evac
uated into culture tubes containing 3% TCA, certified ACS.
These tubes were centrifuged for 10 minutes,-decanted and the 
supernatant saved and refrigerated. To ensure the freshness of 
the samples, no more than three days lapsed between the collec
tion of each sample and glucose analysis.
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For the analysis, 0.2 ml of the supernatant was pipetted 

into a 5 ml glass culture tube containing 3.0 ml of a 6% solu
tion of o-toluidlne, Eastman (Rochester, NY) reagent grade, plus 
glacial acetic acid (VWR Scientific, Inc., San Francisco, CA). 
(The Eastman o-toluidine, a slightly brown solution was purified 
by distillation as was necessary. Often with .repeated use, the 
pure reagent grade solution would become contaminated. The non
contaminated reagent grade and the purified solutions were kept 
at 80C and protected from light.) The reagent mixture was 
freshly made for each analysis and pipetted only with glass 
pipettes. Trace metal exposure was found to yield false re
sults (Hultman, 1959).

The culture tubes containing the supernatant and the 
toludine/acetic acid mixture were boiled for eight minutes, 
cooled on ice for approximately five minutes and read against a 
reagent blank at 62 5 nm on a Beckman model 25 spectrophotometer. 
Freshly made glucose standards were also boiled with each group 
of samples to be assayed. A standard curve is presented in 
Figure 3. According to Hultman (1959), detection limits were 
from 20 mg/dl to 800 mg/dl.

Statistical Analysis
Statistical analysis of the data was performed using the 

Student's t-Test for significance (Klugh, 1974).
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I CHAPTER 4

RESULTS

All rats were initially made diabetic with a single in
travenous administration of1streptozotocin. Glycosuria was pres
ent in 48 hours as evidenced by an increase in 24 hour urine 
volumes. The urine volume continued to increase for approximate
ly seven days after the administration of streptozotocin, after 
which the volume stablized (Table 2).

■ Bolus Administration of THG
The initial blood glucose concentration for the diabetic 

rats was 609.3 mg/dl ^ 57.0. Five minutes following a bolus dose 
of 1.0 mg/kg THG, the blood glucose had dropped to 435.5 mg/dl t 
62.3 (Figure 4). This drop in blood glucose is significant at 
p<0.02 and corresponds to a 28.5% decrease in blood glucose. At 
10 minutes after the drug administration, the blood glucose had 
returned to the baseline level of 613.8 mg/dl t 63.9. At 20 
minutes following the THG bolus, the blood glucose was 582.5 
mg/dl t 77.8. Samples at 30 minutes and 60 minutes were 701.3 
mg/dl t 71.3 and 653.8 mg/dl t 41.3.

As evidenced by the large standard errors, there is a 
wide variation in blood glucose concentrations for each indi
vidual rati This variation is normal; however, to observe

26
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Table 2. Urine Volumes in mis (Mean t SEM) for 10 Rats 

Following Administration of Streptozotocin

Day Urine Volume
1 43.1 + 6.3
2 102.0 + 10.6
3 103.8 + 9.3
4 116.4 + 9.3
5 145.5 + 10.9
6 138.1 + 11.3
7 152.8 + 11.9

significant changes in blood glucose unfettered by variations be
tween animals, each rat will be considered its own control. To 
normalize the data, subsequent glucose concentrations will be ex
pressed as a percentage of the initial blood glucose
concentration.

Continuous Infusion of THG

Dose = 2.06 mg/ml
In the dose of 2.06 mg/ml bolus/infusion" procedure, three 

rats were given the same bolus dose of the antagonist, 1.0 mg/kg
which was immediately followed by a continuous infusion of 34
yg/kg/min of THG. Using this method, five minutes after the 
bolus administration the blood glucose had dropped to 67.7% of
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the baseline level t 1.8%, p<;<:0.01 (Figure 5). The decrease was 
maintained 2 0-45% of the baseline value for the duration of the 
infusion and for 30 minutes after the infusion had ceased.

Dose = l.Ĵ Z mg/ml
At a bolus dose of 0.5 mg/kg and an infusion of 17 pg/kg/ 

min of the glucagon antagonist, the decrease in plasma glucose 
was even more pronounced. At five minutes the blood glucose was 
50.9% t 5.5% of the baseline value. This decrease is also sig
nificant, p<<.01. As evidenced by the graph in Figure 6, the 
blood glucose remained below the baseline level of glucose for 
105 minutes after the injection of the TEG bolus. Four rats were 
tested at this dose of TEG.

Dose = 0.2 mg/ml
Two rats were given a bolus of 0.1 mg/kg TEG in saline 

and a subsequent infusion of 3.4 pg/kg/min TEG (Figure 7). The 
decrease in blood glucose was 52.1% of the baseline level i 2.7% 
and was significant (p«0. 01). Again the blood glucose level did 
not come back to the baseline value even after 105 minutes.

All the decreases in blood glucose at the TEG dose levels 
previously described were significant with respect to the two 
saline control rats. These rats did exhibit a small decrease in 
blood glucose at five minutes after the infusion had started 
(Figure 8). Thereafter, the blood glucose was not statistically 
different from baseline blood glucose concentration.
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Two more dose levels of the glucagon antagonist were 

tested on diabetic rats. As was previously noted, the THG was 
dissolved in saline + 0.3% BSA to prevent adsorption to glass. 
Animals were also given THG in isotonic saline only. The mean 
blood glucose is shown in Table 3.

Dose = 0.0824 mg/ml
A dose of 0.0824 mg/ml THG (bolus of 0.04 mg/kg followed 

by infusion at 1.3 pg/kg.min) did not appear to be statistically 
different from the control rats. There was no decrease in blood 
glucose (Figure 9).

Dose = 0.02 mg/ml
The THG bolus of 0.01 mg/kg and infusion of 0.34 yg/kg. 

min was not statistically different from the saline control. The 
blood glucose decreased to 85.4% of the baseline t 8.5% at five 
minutes, but this decrease was not significant with respect to 
saline infusion. As depicted in Figure 10, the saline glucose 
concentrations were only higher significantly than the antagonist 
dose glucose concentrations at 10 minutes and 20 minutes follow
ing the administration of the drug. (Saline was without BSA in 
this illustration.)

Levels of Pancreatic Hormones 
Serum samples obtained from three diabetic rats being in

fused with a 1.0 mg/kg bolus of THG were assayed for insulin. 
(Samples were analyzed courtesy of Dr. David G. Johnson per the
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Table 3. Percent of Blood Glucose (Mean + SEM) for Rats Treated 

with THG + 0.3% BSft

Time (Minutes)_______________ 0.0824 mg/ml THGa ' 0.01 mg/ml THGb
0 100.0 +; 0.0 100.0 + ' 0.0
.5 98.4 + 2.7 105.4 + 5.7
10 93.5 + 3.3 106.8 + 3.4
20 94.1 + 2.9 105.4 + 0.3
30 91.7 + 3.2 103.9 + 3.2
60 93.9 + 6.6 106.8 + 0.6
75 95.4 + 10.1 108.0 + 1.1
90 98.6 + 12.2 106.3 + 2.3

105 113.0 + 2.4 106.4 4- 1.3

aN = 3. 
bN = 2.
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method of Zaharko and Beck, 1968.) Insulin was detectable in 
only five out of 16 samples in trace amounts.

An assay for glucagon concentrations in serum samples was 
found not to be possible at this time (personal communication 
with Dr. David Johnson, 1981). The assay which followed the 
method described in Ensinck; et al. (1972) utilized an antibody 
for glucagon which was also found to cross-react with THG.

Ketoacidosis Study 
Diabetic ketoacidosis was induced in six rats using tech

niques described in the methods. All six were anesthetized and 
catheterized in the jugular vein. The rats received a bolus of 
1.0 mg/kg of the glucagon antagonist 34 yg/kg.min for one hour.
In addition, by the method previously described, two serum sam
ples were obtained from each rat— one just prior to drug admin
istration and one at 105 minutes after bolus drug administration. 
These samples were analyzed for the following electrolytes: Na+ , 
K+ , Cl", and for COg.

Because of the difficulty in obtaining adequate amounts 
of blood for serum samples for two rats, serum electrolyte analy
sis was conducted on the samples of four rats only (Table 4). 
There was no change in electrolytes and therefore no change in 
the ketoacidotic state following the administration /infusion of 
the glucagon antagonist.
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Table 4. Serum Electrolytes in Meq (Mean ± SEM for Four Rats)

Na+ K+ ci- C°2

Initial 150.3 - 5.1 5.4; ± 0.6 106.0 - 2.7 11.0 ± 1.1
105 Minutes 143.3 ± 1.2 5.6 ± 0.2 103.5 ± 1.2 . 9.4 ± 0.7

The hyperglycemia also associated with the condition of 
diabetic ketoacidosis was somewhat relieved (Figure 11). Blood 
glucose was decreased to 87.7% of baseline values 1 10.0%.

Non-Hyperglucagonemic Rats 
In several rats THG was ineffectual, regardless of the 

dose administered. In all these rats, the initial blood glucose 
was 300 mg/dl or less. A table showing the blood glucose con
centrations of these rats before and after administration of the 
glucagon antagonist is shown in Table 5.
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Table 5. Blood Glucose Concentrations in Non-Hyperglucagonemic 

Rats in mg/dl

Rat Number Before Drug Administration After THG
1 275 352
2 202 170
3 300 256
4 158 170
5 116 200
6. 238 302
7 2 54 260



CHAPTER 5

DISCUSSION

This project represents the first demonstration of the in 
vivo efficacy of a potent glucagon antagonist in ameliorating the 
hyperglycemia of diabetes mellitus. The infusion of a single 
bolus of the antagonist (1-Ncc-trinitrophenylhistidine 12- 
homoarginine)-glucagon in the amount of 1.0 mg/kg in 0.2 ml of 
saline, to streptozotocin-diabetic rats resulted in a significant 
decrease in blood glucose at five minutes following drug 
administration.

The decrease in blood glucose was transient, however, as 
the plasma glucose concentration had returned to the control lev
el 10 minutes after the bolus administration of THG. Three dif
ferent theories were suggested to explain the transient effect of 
the glucagon antagonist:

1. The antagonist was being rapidly degraded.
2. The liver became adapted to the effects of the antagonist.
3. A steady state concentration of the drug was not reached

with the injection of the dose of 1.0 mg/kg THG.

To test the validity of these theories, it was decided to 
infuse THG for one hour in addition to the administration of the 
bolus dose. If the liver had become tolerant of THG, or the drug

42
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was being rapidly degraded, the continuous infusion would have 
shown similar results to the bolus only experiment. But if the 
third theory was correct, it was possible that a continuous in
fusion of the drug would achieve a steady state concentration and 
the results would differ from the first experiment.

After conducting the bolus/infusion studies, it was found 
that the third theory was valid. A bolus of 1.0 mg/kg of THG 
followed by an infusion of 34 ug/kg/min for 60 minutes caused a 
significant decrease in blood glucose. This decrease was sus
tained for a period of 90 minutes after drug administration.

It is interesting to note that no decrease in blood glu
cose was found at three minutes following bolus drug administra
tion. This suggests that a specific concentration of THG is 
required for competitive inhibition of glucagon at the receptor 
level to be successful.

The sustained decrease in the blood glucose concentration
was suggested to be the result of the effect of THG on gluconeo-
genesis. Glucagon is known to be important in both glycolysis
and gluconeogenesis. Studies by Cherrington et al. (1981) have
determined that the effect of hyperglueagonemia is first on 
glycolysis and later on gluconeogenesis. Therefore, the sus
tained effect of the glucagon antagonist is most likely through 
the suppression of gluconeogenesis. Cherrington et al. (1981) 
have also determined that during gluconeogenesis, glucose utili
zation is reduced through inhibition of pyruvate kinase. The



suggestion is made that THG may also reverse this inhibition of 
pyruvate kinase through its effect on gluconeogenesis.

As was reported, other lower doses of THG were tested on 
the strepto'zotocin-diabetic rats to determine the lowest effec
tive dose. At doses of 2.06 mg/ml, 1.03 mg/ml, and 0.2 mg/ml, 
the decrease in blood glucose was very similar. At the highest 
dose, there was a slight inhibition of the response. Two hy
potheses are proposed to explain this reversal at the high dose. 
First, the possibility exists that THG acts as a partial agonist 
at the dose of 2.06 mg/ml. This would explain why the decrease 
in blood glucose is more pronounced at the doses of 1.03 mg/ml 
and 0.2 mg/ml. v Secondly, it is suggested that THG is metabolized 
to a partial agonist, possibly similar to des-his-glucagon.
At the high concentration of THG, the enzymes are activated and 
THG is metabolized. But at the lower doses of THG, the enzymes 
are not activated. Therefore, the response is greater at these 
lower doses. Both hypotheses are proposed as correct; however, 
metabolism studies are not possible currently. As was reported 
in the methods section, the RIA for glucagon was shown to be 
impossible at this time. Cross-reactivity with the 3OK antibody 
prevents the acquisition of accurate results. Subsequent pharma
cokinetic studies are also not possible.

Two lower dosages of THG were also tested, 0.0824 mg/ml 
and 0.02 mg/ml. Both doses'were found to be ineffective. It 
does appear that the procedure of dissolving the THG in saline + 
BSA was unnecessary. The binding of the glucagon antagonist to
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BSA must have been much stronger than was first theorized, and 
the free THG concentration was too low to interact at the recep
tor. It is suggested that another method of preventing the ad
sorption of the glucagon antagonist be utilized. The procedure 
of silinizing the glassware might be effective.

THS was shown to be; ineffective in the presence of rela
tively normal levels of glucagon. There was no significant 
change in the blood glucose concentrations of these mildly dia
betic rats given THG. It is important to note that all the rats 
no affected by THG were assumed to have normal levels of glu
cagon. All these rats showed initial blood glucose values of 
300 mg/dl or less., This suggests that THG is only effective in 
conjunction with higher than normal levels of glucagon.

THG was also shown to be ineffective as utilized in the 
treatment of induced ketoacidosis in rats. Although the blood 
glucose concentrations did decrease, the serum electrolytes were 
not affected. Thus, the condition of ketoacidosis was not re
lieved. Serum bicarbonate levels remained approximately 11 MEq 
as opposed to normal bicarbonate levels of approximately 18 MEq.

Two theories are proposed to account for this lack of 
effect. (1) Ketoacidosis is not a normal physiological state in 
the diabetic rat. Diabetic rats can be maintained without insu
lin for many months (Weiland, 1968). Ketoacidosis does not oc
cur, nor is there a build up of ketones. The forced state of 
ketoacidosis in the rat is induced with withdrawal of ipsulin 
support. It is therefore suggested, that this induced rat model
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is not appropriate for the study of an effect which occurs na
turally in uncontrolled diabetes in humans. (2) The glucagon
antagonist was infused for a period of 60 minutes. As expected, 
the blood glucosed concentrations did decrease, but there was not 
relief of the ketoacidotic condition. However, much the same re
sults occur with the infusion of. insulin for 60 minutes. Common 
clinical practice requires the infusion of insulin for four to 
six hours as.treatment of ketoacidosis. It is suggested then, 
that the THG bolus/infusion procedure was not utilized for a suf
ficient length of time. Perhaps an infusion of four to six hours 
in length would yield more favorable results. It is interesting 
to note that Lundbaek et al. (1976) reported the failure of soma
tostatin to correct diabetic ketoacidosis. This raises the ques
tion of whether a glucagon suppressor and insulin would be more 
effective in the treatment of diabetic ketoacidosis. This study 
supports the conclusion that some insulin is required. Although 
only trace amounts of insulin were detectable, there was a great
er decrease in the blood glucose than with somatostatin infusion 
alone. Gerich et al. (1974) reported a 25% decrease in blood 
glucose with infusion of SRIF. The decrease reported in this 
study is at least 28.5%, approximately 45% of the bolus-infusion 
procedure. THG is thought to be more effective than SRIF because 
of the residual insulin levels. With somatostatin, both insulin 
and glucagon are inhibited and the decrease in blood glucose is 
smaller (Gerich, 1981). ••This theory supports the. conclusion of 
linger (1978), that both insulin and glucagon abnormalities are
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important in the pathogenesis of diabetes. Both basal levels of 
glucagon and insulin are required for glucose homeostasis 
(Liljenquist et al., 1977).

The effect of the THG bolus/infusion was reported to per
sist, even after cessation of the drug. Several theories are 
suggested to explain this effect. (1) The enzymes important in 
the degradation of THG become saturated with the infusion.'
(2) THG affected a substantial change in its hepatic degradation. 
This caused the clearance of THG to be decreased. (3) THG af
fected a major change in the hepatic enzymes necessary for metab
olism, such that the normal function was disrupted. To test 
these hypotheses, it is suggested that the time after the cessa
tion of the drug be increased such that more samples are taken 
to be analyzed. Possibly then, the metabolism and/or clearance 
of THG will be more fully understood.

In summary, THG has been shown to be a potent and specif
ic antagonist of glucagon in vivo. This effect is thought to be 
mediated through the inhibition of glueoneogenesis in conjunction 
with the action of basal levels of insulin. It is suggested that 
THG may be clinically useful in ameliorating the hyperglycemia 
of diabetes mellitus in humans.



CHAPTER 6

CONCLUSIONS

The effect of (l-N^trinitrophenylhistidine 12- 
homoarginine) glucagon metabolism of the diabetic rat has been 
studied. Two important conclusions can be made as a result of 
these studies.

First, the hypothesis that diabetes mellitus is a conse
quence of a bihormonal abnormality is supported. The reported 
glucagon antagonist significantly lowered the blood glucose of 
diabetic rats. A possible mechanism for this decrease in plasma 
glucose is an inhibition of glucagon-stimulated gluconeogenesis. 
This hypothesis is further supported by the observation that a 
large excess of glucagon as evidenced by hyperglycemia (>300 
mg/dl) is a necessary prerequisite. THG had little or no effect 
on plasma glucose when initial glucose levels were below 300 
mg/dl (a condition suggestive of relatively normal levels of 
glucagon).

Secondly, the glucagon antagonist was not effective when 
utilized to relieve diabetic ketoacidosis. A small drop in 
plasma glucose levels was realized, but electrolytes remained 
unchanged after a one hour infusion of THG. Although this could 
suggest a basic error in the ketoacidotic rat model, it is more
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likely that a one hour infusion is not long enough. (Correction 
of the condition by insulin infusion does require four to: six 
hours of treatment.) It can also be concluded that the keto- 
acidotic state is caused by abnormalities■of glucagon and in
sulin; and that correction of one abnormality does not relieve 
the condition immediately. .Thus, the suggestion of Unger (1978) 
that a glucagon suppressor would be a useful adjunct to conven
tional therapy in diabetes is supported by these studies.
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