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ABSTRACT

The objective of this project was to compare the rapid insulin sensitivity test
(RIST), insulin tolerance test (ITT) and the hyperinsulinemic euglycemic clamp (HIEC)
in their ability to detect Hepatic Insulin Sensitizing Substance (HISS) -dependent insulin
action, and to determine the effect of pulsatile and continuous insulin infusions on HISS-
dependent insulin action. This was accomplished by setting up conditions where HISS
release was known to occur and where it was blocked, then assessing insulin sensitivity
with the RIST, ITT and HIEC. By giving insulin in pulses or continuously, before and
frer atropine, it was possible to determine HISS action in response to continuous and
pulsatile insulin infusion. Performing the RIST before and after continuous, bolus, and
pulsatile insulin infusions assessed the change in insulin sensitivity due to the infusion
pattern. The ITT and RIST were equally able to detect HISS release and the two tests
had a significant relationship (r*= 0.84). In conirast, the HIEC and RIST were not
comparzble. The HIEC was only able to detect HISS release during its initial rising slope
and not during the classically reported final 30 minutes. Also, use of the HIEC blocked
HISS release in subsequent tests, as determined by both the RIST and ITT. HISS-
dependent, HISS-independent and total insulin action were similar in quantity for the
continuous and pulsatile insulin infusions. However, continuous, but not pulsatile or
bolus, insulin infusions caused full HISS-dependent insulin resistance in subsequent tests.
The conclusions drawn from these experiments were that the RIST and ITT are
comparable, thus, the RIST has been validated against this standard. The HIEC and
RIST are not comparable probably because use of the HIEC induces HISS-dependent

insulin resistance. The HIEC-induced msulin resistance is very likely due to the



continuous insulin infusion used during this methodology since continuous but not

pulsatile insulin infusions induced HISS-dependent insulin resistance in subsequent tests.



CHAPTER 1 - Introduction to Type 2 Diabetes and the research methods used to
explore it

1.1 Introduction

The work presented in this thesis as well the work conducted in the past and
present, by colleagues of the laboratory, represent work done under a new paradigm. A
paradigm is defined as the philosophical and theoretical framework of a scientific school
or discipline within which theories, laws and generalizations and the experiments
performed in support of them are formulated (Merriam-Webster online dictionary). Our
general research area is type 2 diabetes. The paradigm under which we work in based on
the characterization of a putative neurohumoral factor called Hepatic Insulin Sensitizing
Substance (FHISS), which acts in concert with insulin to prc;duce maximal insulin action.
This thesis is divided into two areas, the first being a validation of the method that was
used in the characterization of HISS, which was developed within the fab. The second
arose from observations made during the validation and is an investigation of the
importance of insulin pulsatility in the maintenance of HISS release.
1.2 Type 2 diabetes

Type 2 diabetes is a condition characterized by a defect in insulin action and
snsulin secretion. Which occurs first is much like the age-old question, which came first
the chicken or the egg; thus, there are arguments for each situation. One idea is that the
progression of type 2 diabetes is from a state where body tissues become less sensitive, or
resistant, to insulin and the pancreas attempts to compensate by increasing the insulin

output, to a state where the pancreas fails and can no longer produce adequate amounts of



insulin (DeFronzo et al 1992). Another idea is that a defect in insulin release must exist
for type 2 diabetes to develop (Ostenson 2001).

Type 2 diabetes is preceded by a period of glucose intolerance, which may be
asymptomatic and unrecognized for many years before diagnosis. Studies on twins have
concluded that there is a genetic factor that predisposes people to develop type 2 diabetes
(Barnett et al 1981). The thrifty genotype theory, described by Neel (1962), proposes
that the people which develop diabetes today are the people that would have survived
periods of famine because their bodies are efficient in food intake and use. This ‘gene’
would have survived evolution because it was beneficial, however, we presently live in a
society of abundance where such a trait is troublesome. High fat diets of convenience are
common, and both obesity and weight gain during aduithood are associated with diabetes
(Chan et al 1994). The progression from impaired glucose tolerance to diabetes can be
prevented, by 50%, with a low fat and high complex carbohydrate diet and exercise (Pan
et al 1997). Even persons diagnosed with diabetes can decrease its severity and
progression with exercise and diet medifications (Bourn et al 1994). Thus, while there is
evidence for a genetic predisposition to the disease there is a definite lifestyle component.
This is best exemplified by a study that compares two groups of Pima Indians, one that,
because of westernization, was unable to grow and eat a traditional diet and another that
continued in traditional ways. The amount of physical labor was significantly less and
blood cholesterol levels and body mass index were higher, in the westernized compared
to the traditional population. Thus, the finding that only 6.3 % of men and 10.5% of
women in the traditional population had diabetes, compared to 54% of men and 37% of

women in the westernized population, is not surprising (Ravussin et al 1994).



1.3 Defects in insulin action

Defect in insulin action is otherwise known as insulin resistance. The exact
mechanisms of insulin resistance and why certain conditions, such as hyperglycemia or
hyperlipidemia, cause insulin resistance are still unknown. Thus, all we have are
observations from which researchers hope to devise mechanisms, some of which are
presented here.  Skeletal muscle is the most significant site of peripheral insulin
resistance and there are 4 general areas that could be implicated, insulin binding, signal
transduction, GLUT4 translocation and glycogen synthesis (DeFronzo et al 1992).

1.3.1 Defects in binding

Insulin binding must occur to stimulate efficient glucose uptake mto a muscle
cell. However, insulin receptor binding is decreased in muscle biopsies taken from
diebetic subjects, compared to control (Maegawa et al 1991). /n vitro, cells chronically
exposed to insulin display decreased insulin binding at low concentrations (Livingston et
al 1978). In vivo, animals made insulin resistant by high fat feeding display a decrease in
insulin receptor quantity and glucose transport (Grundleger and Thenen 1982).
Decreased receptor numbers cannot totally account for the degree of impaired glucose
transport, indicating that post-receptor signaling defects significantly contribute to insulin
resistance (Grundleger and Thenen 1982). Receptor and post receptor defects are
involved in msulin resistance.

1.3.2 Defects in signal transduction

Insulin binds to its receptor initiating the first step of signal transduction,
autophosphorylation of tyrosine kinase. In diabetic individuals autophosphorylation is

decreased, potentially impairing further signal transduction (Maegawa et al 1991). The
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activated tyrosine kinase phosphorylates insulin receptor substrate (IRS) proteins; muscle
biopsies from diabetic subjects display decreased IRS-1 phosphorylation (Bjornholm et al
1997). Gene-therapy reversible insulin resistance occurs in IRS-1 knock out mice (Ueki
et al 2000), and restoring the IRS-1 protein restores insulin sensitivity, indicating its
importance to the signal transduction pathway. There are numerous targets for IRS-1
including the phosphorylation of phosphatidylinositol 3-kinase (PI3-kinase), which has
decreased activity in diabetic subjects (Bjomnholm et al 1997). In some instances, the
decreased activation of PI3-kinase is due to an amino acid polymorphism in IRS-1,
(Gly—Arg’ %), this mutation is most often observed in people with type 2 diabetes
(Hribal et al 2000). PI3-kinase is involved in activating both the glycogen synthesis
pathway and Atk kinase, an initiator of GLUT-4 transiocation (Zierath et al 2000). Atk
kinase protein levels are unchanged in obese animal models but display decreased insufin
stimufated phosphorylation (Shao et al 2000). Animals made insulin resistant with high
fat feeding also exhibit decreased Akt kinase activity (Tremblay et al 2001). Atk kinase
activity can be restored with normalization of glycemia in diabetic animal models (Krook
et al 1998). Just a few of the many proteins involved in insulin signal transduction have
been mentioned here. There are more to be identified and any of these may also be
defective in insulin resistance.
1.3.3 Defects in GLUTY translocation

Transtocation of GLUT4 to the cell surface is necessary for glucose entry into
the cell, and defects in GLUT4 translocation machinery can contribute to insulin
resistance (Garvey et al 1998). When muscle biopsies from insulin stimulated control

and diabetic subjects are analyzed, the cellular localization of GLUT4 differs. This



indicates that GLUT4 does not reach its proper destination in people with type 2 diabetes
(Garvey et al 1998). High fat feeding decreases the amount of GLUT4 in the cell
membrane, possibly because it decreases PI3-kinase activity (Zierath et al 1997,
Tremblay et al 2001). Whatever the cause, abnormal trafficking or decreased signal
transduction, decreased GLUT4 transporters in the cell membrane equals decreased
glucose transport. However, even if normal amounts of GLUT4 are present in the cell
membrane, glucose transport can be diminished due to decreased GLUT4 activation by
p38 MAP kinase {(Sweeny et al 2001).

1.3.4 Defects in glycogen synthesis

Glycogen synthesis is decreased in insulin resistant individuals (Cefalu 2001), and
in prolonged experimental hyperinsulinemia (fozzo et al 2001). With good glycemic
control it is possible to increase glucose disposal and glycogen synthesis in people with
type 2 diabetes (Pratipanawatr et al 2002). A target for PI3-kinase is the glvcogen
synthase pathway, thus, one could infer that decreases in PI3-kinase activity could
contribute to decreased glycogen synthesis. Some, (Shulman 2000), befieve that rather
than a specific defect in any of the glycogen synthesis pathway enzymes the problem is
decreased glucose transport into the cell. Others, (Thorburn et al 1990), believe that the
reduction in glycogen synthesis is independent of glucose uptake.

Besides skeletal muscle, the liver is an important site of insulin resistance. Type 2
diabetic subjects, in the postabsorptive phase, show 30% more glucose release from their
liver compared to control (Meyer et al 1998). Increased glucose output can contribute to
hyperglycemia. Contrary to these results, a study by Pigon et al (1996) showed that in

lean diabetics, with moderate fasting hyperglycemia (7 mmol/l), gluicose release did not



differ from control. They (Pigon et al 1996) proposed that in the early stages of diabetes,
when glucose levels are still near normal, liver tissue is not yet insulin resistant and
increased glucose output develops with progression of the disease; it is not a primary
defect.
1.4 Defects in insulin secretion

According to Kabhn (2001), it is an accepted fact that for hyperglycemia to exist in
type 2 diabetes there must be B-cell dysfunction. There are many potential causes of
dysfunction including B-cell overwork, glucose toxicity, disturbed glucose handling,
lipotoxicity, and amyloid deposition. There are also many manifestations of altered
secretion including increased proinsulin levels, abnormal pulsatility, loss of first phase
insulin response and decreased glucose-stimulated insulin response.

1.4.1 Beia cell overwork

Diabetic subjects have decreased glucose-stimulated insulin secretion (Ward et al
1984). Subjects made acutely insulin resistant with nicotinic acid show an increase in -
cell secretion so that fasting plasma insulin levels are doubled and euglycemia is
maintained (Kahn et al 1989). When presented with a glucose stimulus the insulin
response is heightened in these insulin resistant subjects (Kahn et al 1989). Cockbum et
al (1997) showed that, in response to glucose, the isolated islets from 5-week old Zucker
Diabetic Faity rats secreted more insulin compared to control, but at 12 weeks they
secreted less insulin than control. The beta cell is initially able to adapt to insulin

resistance with hypersecretion but this adaptation eventually fails.



1.4.2 Glucose toxicity

Glucose toxicity is more than just glucose desensitization because it creates
irreversible changes in P-cell function. The process from desensitization to toxicity is
gradual and can probably be prevented by tight glycemic control. When hyperglycemia is
corrected in diabetic patients, there is an observed improvement in insulin secretion and
sensitivity (Rossetti et al 1990), High glucose levels impair insulin gene transcription,
which leads to a decrease in insulin production (Robertson et al 1994), possibly
accounting for the decrease i insulin secretion. Beta cells incubated with high glucose
concenirations are subject to apoptosis (Efanova et al 1998), indicating that uncorrected
hyperglycemia could reduce $-cell mass.

1.4.3 Disturbed glucose handling

Glucose handling can be disturbed by a decrease in GLUT2 transporters in the
pancrezs. GLUT2 transporters are primarily responsible for glucose transport into B-
cells. Diabetic rat models show a decrease in GLUT2 mRINA that is related to a decrease
in insulin secretion (Johnson et al 1990), or an increase in hyperglycemia (Thorens et al
1990). Arginine-stimulated insulin release is still possible without GLUT2 transporters,
hut becsuse the animals are unable to respond to glucose they are left in a diabetic state
{Johnson et al 1990).

1.4.4 Lipotoxicity

Lipotoxicity can occur in obese subjects. In dogs, fed a high fat diet, there isa
decrease in insulin sensitivity that is not accompanied by an increase i glucose-
stimulated insulin release (Kaiyala et al 1999). Animal models of diabetes show that free

fatty acid levels rise before the occurrence of hyperglycemia and loss of glucose-



stimulated insulin secretion (Lee et al 1994). In obese Zucker diabetic fatty rats, high
levels of circulating free fatty acids cause fat deposition in islets, followed by apoptosis
within the islet (Shimabukuro et al 1998). Cell cultures acutely (8 hr) exposed to
palmitate showed increased insulin release, but chronic (48 hr) exposure led to decreased
msulin release, decreased GLUT-2 protein levels and suppressed insulin biosynthesis
(Yoshikawa et al 2001). Cell cultures exposed to the monounsaturated fatty acid
palmitoleic acid caused beta cell proliferation (Maedler et al 2001). Exposure to the
saturated fatty acid palmitic acid did not cause proliferation but rather induced apoptosis
{Maedler et al 2001).

1.4.5 Istet amyloid

Isiet amyloid deposits are found in healthy individuals and those with diabetes
(Johnson et al 1989). Islet volumes are decreased in diabetic subjects, compared to non-
diabetic subjects, due to amyloid deposits, and amyioid deposits are associated with beta
cell damage (Westermark and Wilander 1978). While islet amyloid polypeptide is a
natural product of the beta cell, it is unknown what initiates the deposits. Isolated islets
culiured with high levels of glucose, to stimulate hormone secretion, produce a greater
proportion of amyloid precursors, however, it is unknown if they are able to form into the
fibrils (Hou et al 1999). This may not be important, since Janson et al (1999) showed
that beta cell death is not induced by exposure to mature amyloid fibrils, in vitro, instead
beta cell death is induced by intermediate-sized amyloid peptide aggregates that cause

membrane disruption.



1.4.6 Manifestations of decreased insulin secretion

Increased proinsulin is a manifestation of B-cell dysfunction. Proinsulin levels are
increased in both the fasting and glucose stimulated states of subjects that have impaired
glucose tolerance or type 2 diabetes (Yoshioka et al 1988). When insulin secretion is
over-stimulated for many days, an increase in circulating proinsulin is observed in normal
individuals. An even greater increase is observed if B-cell dysfunction is already present
(Ward et al 1987). Another mamifestation is an aberration in pulsatile insulin release.
Normal insulin release is puisatile and oscillatory. Healthy individuals have insulin
puisations every 10.5 minutes while diabetic subjects have pulses every 8.8 minutes
(Lang et al 1981). It has been suggested that insulin semsitivity decreases as pulse
frequency increases (Zarkovic et al 1999). When presented with equivalent glycemic
stimuli diabetic patients secrete less insulin, compared to control individuals {Perely and
Kipnis 1967). When presented with a glucose stimulus, the normal insulin response
includes a rapid first phase that peaks within five minutes and subsides, followed by a
sustained second phase response (Daniel et al 1999). When diabetic subiects are
presented with a glucose stimulus the first phase response is absent (Bagdade et al 1967).
A significant refationship exists between glucose intolerance and decreased first phase
insulin response (Bagdade et al 1967).

The information presented in the past two sections is only a small portion of the
research done in an attempt to understand the mechanisms of type 2 diabetes. There is
proof for defects at nearly every identifiable stage of insulin signaling or release, making

it a complex disease for which no definitive mechanism has ever been found.



1.5 Introduction to a new idea

“Under physiologic conditions, the concentration of blood glucose fluctuates
only in a narrow range despite alterations in periods of food intake and fasting. This
stability is due to a remarkably efficient hormonal system that exerts opposite effects on
the organs of glucose storage and production. Whereas several hormones can prevent the
blood glucose level from falling dangerously low by stimulating glycogenolysis and
gluconeogenesis, insulin is the only efficient means by which the orgamsm can prevent
exaggerated elevations in blood glucose level” (Henquin 1994). This statement sums up
the paradigrn under which conventional diabetes research is conducted. To paraphrase,
glucose homeostasis is very important and essential, and while there are many ways the
body prevents glicose levels from decreasing too much it only has one, single, solitary
way to prevent it from becoming too high, and that is insulin. Considering that normal
physiology ofien displays redundant control mechanisms it is very difficult to believe that
insulin acts aione.

QOur laboratory’s research is unique. It defines that the mechanism of insulin
resistance in many situations to be the loss of hepatic insulin sensitizing substance
~{HISS), a putative neurohumoral factor with insulin-like action. Conventional findings
are applicable to this theory because conventional findings do not focus on a mechanism,
only characterized events in the disease. For instance, insulin hypersecretion could be
compensatory for loss of HISS action. Hyperglycemia will have the same cellular
toxicity and hyperlipidemia could result in pancreatic damage and loss of pulsatility or

first phase insulin secretion. Decreased post-receptor enzyme activity could be due to

10



lack of activation by HISS. As we learn more about the nature of HISS we will be better
able to answer these questions.
1.6 Characterization of HISS action

Xie et al {1993) observed that when the hepatic antenior plexus in cats was
denervated there was an inhibition in the whole body response to insulin, as assessed by
the insulin tolerance test. Neither total hepatic denmervation or biiateral vagotomy
changed the level of insulin resistance; the authors concluded that glucose balance is
dependent on an intact functional hepatic anterior nerve plexus. Further, it was suggested
that the parasympathetic, rather than sympathetic, nerves played a permissive role in
allowing full expression of insulin effects. Support for this idea was provided when an
intraportal venous (i.p.v.) atropine infusion caused a similar decrease in insulin sensitivity
as the denervation (Xie and Lautt 1994, 1995a). Atropine, however, is a nonselective
muscarinic antagonist and, to date, 5 receptor subtypes have been identified. Pirenzepine,
a selective M antagonist, produced the same degree of insulin resistance as atropine,
suggesting that the M receptor subtype may be specifically responsible for regulating the
insulin resistance (Xie and Lautt 1995b). Using arterial-venous glucose gradients,
- skeletal muscle was identified as the site of insulin resistance (Xie and Lautt 1996a). The
resistance induced by hepatic denervation was further shown to be reversible by
intraportal but not intravenous acetyicholine (Xie and Lautt 1996b). This confirmed that
the liver was the target organ for reversing the resistance. Acetylcholine itself has no
effect on blood glucose levels, since it is only after insulin infusion that the greater
glucose uptake response is triggered. This supports the idea that the parasympathetic

nerves play a permissive role in insulin sensitivity.
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Fasted rats are insulin resistant compared to fed rats (Lautt et al 1998). Insulin
resistance induced by fasting is gradual and based on the length of time an animal is
fasted. Insulin sensitivity can be increased by placing food in an anesthetized rat’s
stomach (Lautt et al 2001). It was proposed that the liver releases a factor called hepatic
insulin sensitizing substance, or HISS, which affects the whole body response to insulin.
Sadri et al {1997) and Sadri and Lautt (1998) also observed that blocking nitric oxide
(NO) synthase with N-nitro-L-arginine methyl ester (L-NAME) or N-monomethyl-L-
arginine acetate (L-NMMA) caused a decrease in insulin sensitivity, identifying nitric
oxide as a mediator of the HISS release pathway. Sadri and Lautt (1999) showed that
intravenous {i.v.) L-NAME does not cause insulin resistance but i.p.v. L-NAME does,
indicating that the liver is the controlling organ. Intraportal venous, and not iv.,
administration of SIN-1, an NO donor, causes reversal of L-NMMA induced insulin
- resistance (Sadri and Lautt 1969).

Insulin resistance observed in many disease models was also identified as being
caused by a decrease in HISS action. Chronic bile duct ligation was shown to produce

insulin resistance that was reversible by intraportal acetylcholine administration (Lautt

- and-Xie-1998). Thicacetamide-induced- cirrhotic rats displayed decreased.insulin-action ... ...

due to a blockade of HISS release (unpublished observation). Ribeiro et al (2001a)
suggested that insulin resistance in spontaneously hypertensive rats was HISS-dependent.
Insulin resistance in Zucker fa/fa rats, a model of obesity, is both HISS-dependent and
HISS-independent (Ribeiro et al 2001b). Rats fed a high sucrose diet display HISS-

dependent insulin resistance (Ribeiro et al 2001c). Fetal ethanol exposure has also been
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shown to induce insulin resistance in the adult rat via HISS blockade (Sadr, Legare,
Takayama and Lautt, unpublished results).
1.7 RIST methodology

The development of the Rapid Insulin Sensitivity Test (RIST) has been key to the
characterization of HISS action, and has been described and revised in the literature (Xie
et al 1996; Lautt et al 1998). In all except the first experimental series the RIST has been
used to quantify insulin sensitivity.

To perform the RIST insulin, 50 mU/kg, is infused intravenously into the animal
over 5 minutes. FEuglycemia, as dictated by the animals own basal glvcemia, is
maintained with a variable rate glucose infusion that is adjusted according to blood
sarples taken every 2 minutes and analyzed for blood glucose levels.  Once the animal
can maintain euglycemia on its own with no glucose infusion, the RIST is completed.
Insulin sensitivity is measured as the amount of glucose infused, expressed in mg/kg, and
is called the RIST index. The duration of the RIST is variable but is usually complete
within 30-335 minutes in a sensitive animal and in less time in an insulin resistant animal.

1.7.1 Standardizing feeding

surgery, This ensures a high response to insulin. Lautt et al (2001) reported a decrease in
insulin sensitivity that is related to increased duration of fasting. By fasting the animals
we ensure that they will want to eat, and doing experiments within two hours of refeeding
standardizes the prandial status of the animal. Anesthesia maintains the prandial status
for many hours, since five consecutive RISTs can yield the same response (Xie et al

1996), however, in the conscious animal insulin sensitivity decreases about 10% per hour

13

. Control animals are generally fasted for 8 hours and then fed for 2 hours before



after feeding (Latour and Lautt 2002b). It is quite possible that HISS has been
overlooked because most studies use fasted subjects.

1.7.2 HISS-dependent vs. HISS-independent insulin action

Generally, the RIST index after blocking HISS release physiologically by fasting,
pharmacologically by blockade of muscarinic receptors with atropme or hepatic NO
synthase with L-NMMA or L-NAME, or surgically by denervating the liver is very
~.similar. This portion of insulin sensitivity is referred to as HISS-independent insulin
sensitivity because HISS action had no part of the response since it was blocked. In a fed
animal, where HISS release occurs, the insulin sensitivity is much higher and is made up
of both the HISS-dependent and HISS-independent portions of insulin sensitivity. By
subtracting the blocked response from a paired control response it Is possible to
determine the HiSS-dependent portion of insulin sensitivity. Generally fluctuations in
whole body insulin sensitivity are, in fact, fluctuations in HISS-dependent msulin
sensitivity. When HISS release is blocked, a state of HISS-dependent insulin resistance
{HDIR) occurs, where the whole body glucose uptake in response to insulin is decreased
by approximately 55% (Lautt et al 2001).
1.8 Summary of HISS hypothesis
Hepatic Insulin Sensitizing Substance (HISS) is a putative neurohumoral hormone that is
released from the liver in response to a bolus of insulin. HISS acts on skeletal muscle to
aid glucose uptake (Xie and Lautt 1996a). When HISS release is blocked, a state of
HISS-dependent insulin resistance occurs, and insulin sensitivity is reduced by
approximately 55% (Lautt et al 2001). HISS release can be blocked physiclogically by

fasting (Lautt et al 2001; Sadri and Lautt 2000), pharmacologically by blockade of
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hepatic muscarinic cholenergic receptors using atropine (Takayama et al 1999, 2000; Xie
and Lautt 1994, 1995a) or blockade of hepatic nitric oxide synthase using L-NMMA or
L-NAME (Sadri and Lautt 1998, 1999), and surgically by denervating the liver (Xie and
Lautt 1994, 19964, 1996b; Sadri and Lautt 2000; Xie et al 1993; Latour and Lautt 2002a).
Two important things allowed for the characterization of HISS, the prandial status of the
animal and the development of the Rapid Insulin Sensitivity Test (RIST).

1.9 Commonly used methods of assessing insulin seesitivity

There are numerous methods for assessing insulin sensitivity described in the
literature, Fach method has its place in research or clinical practice and has yielded
vaiuable information.

Clinicaily, the World Health Organization (W.H.O.) recommends that the
diagnostic criteriz for diabetes mellitus be a fasting plasma glucose concentration of 7.0
nmnol T and above or 6.1 mmol I'' and above for whole blood. They recommend that for
epidemiclogical studies the oral glucose tolerance test {OGTT) be employed. After an
overnight fast and blood sample, subjects are presented with an oral glucose challenge,

which consists of 75g of anhydrous glucose. A blood sample is taken after 2 hours to

__determine.plasma glucose levels, and a concentration above 11,1 mmol I' is indicative of

Giahetes mellitus (W.H.O. 1999). This test is easy to perform in large populations,
however, 2 limitation of this test is that it requires endogenous insulin release.

The intravenous glucose tolerance test (IVGTT) counsists of an intravenous
glicose injection that will stimulate an insulin response. In the simple IVGTT, the rate of
glucose disappearance reflects the sensitivity of tissues to endogenous insulin (Scheen et

al 1994). If both insulin and glicose concentrations are monitored, a mathematical
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model, called the minimal model, can be applied to the collected data to define the insulin
sensitivity index, which is the dependence of fractional glucose disappearance on plasma
insulin concentrations (Bergman et al 1979). The IVGTT with minimal modeling is
feasible for large populations because it is easy to perform. It also allows the mvestigator
1o observe both first and second phase insulin secretion (Bergman et al 1979). By
including a labeled glucoese tracer it is possible to determine which tissues are responding
10 insulin-and to monitor glucose disposal without the influence of hepatic glucose output ...
{Avogaro et al 1996). This test is more favorable than the OGTT, even though they are
based on the same principle, because it eliminates variation due to gut motility and
absorption. However, the response is also different between the two tests and the OGTT
provides a higher insulin release to glucose concentration, indicating that blood glucose
concentration is not the only factor controlling the insulin response (Perely and Kipnis
1967). A limitation: of this test is that it requires endogenous insulin release.

The hyperglycemic clamp technique consists of a constant glucose infusion that is
adjusted to keep biood giveemia at a predetermined level, basal glucose plus 5 mmol

Elahi 1996). 1t assesses glucose stimulated msulin secretion, or beta cell sensitivity to
r g

-glucose,..and. quantifics . the.. amount .. of . glucose. metabolized by .the body following. .. ...

hyperglycemia (DeFronzo et al 1979). By measuring insulin levels both first and second
phase insulin responses are easily identifiable. This is important because iirst phase
mnsulin secretion is lost early in the progression of diabetes (DeFronzo et al 1979). Tissue
sensitivity to endogenously secreted insulin is expressed as the ratio of glucose
metabolized to plasma insulin concentration (DeFronzo et al 1979) and 15 well correlated

to tissue sensitivity determined by the euglycemic clamp (DeFronzo et al 1979; Mitrakou
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et al 1992). The hyperglycemic clamp works only if insulin secretion is possible, and
under the assumption that hepartic glucose cutput is suppressed (DeFronzo et al 1979).
The hyperinsulinemic euglycemic clamp (HIEC) techmique is considered to be the
‘gold standard’ test for insulin sensitivity. This test provides an estimate of tissue
sensitivity to insulin while euglycemia is maintained (DeFronzo et al 1975). It mvoives a

constant insulin infusion and a variable ghicose infusion to maintain euglycemia. Ideally

the test period is 2-3.hours, making this test extremely long and laborious for researchers. .. ... . . ...

Tnsulin sensitivity is defined as the rate of glucose infusion used to maintain euglycemia
during the fina! 30 minutes of the test, which is also considered to be the amount of
otucose metabolized in response to the insulin (DeFronzo et al 1979); others define it as
the ratio of glucose metabolized to plasma insulin concentration during the clamp
(Bonora et al 1989). When combined with radioactive glucose, this test, as well as the
hyperglveemic clamp, can identify the tissues most responsive to insulin (DeFronzo et al
1679). A further discussion on this method follows in Chapter 2.

The insulin tolerance test (ITT) is a very simple test. It involves injecting a bolus
of insulin and observing the change in blood glucose concentration. It is a very rapid test

_since it measures. insulin. sensitivity by the rate of decline in blood glucose (Akinmokun

et al 1992) or by the ratio of change in blood glucose to basal levels (Scheen et al 1994).
The greatest concern when using this test is the potential to develop hypoglycemia. This
has been averted by lowering the amount of nsulin given (Gelding et al 1994) or by
administering glucose after 30 minutes (Bonora et al 1989), since counter-regulatory
hormones would influence any data collected after this point. A further discussion of this

method follows in Chapter 2.
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1.19 Hypothesis tested and rationale
In the following chapter the hypothesis, that the RIST method is comparable to
the ITT and the HIEC, is tested. We felt that each of these tests has been vahdated and

extensively used in the literatare. - Since an early study in the HISS series used the ITT it

_becaine a good candidate against which to validate the RIST, The HIEC, considered to .

be the gold standard, is simply a longer version of the RIST, and is therefore, another
excelient comparative test. It was essential to validate the RIST against other methods to

provide credibility to our work and the method itseif.
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CHAPTER 2 — Comparison of the Rapid Insulin Sensitivity Test, Insulin Tolerance
Test and Hyperinsulinemic Euglycemic Clamp, in their ability to
detect HISS-dependent insulin action”

2.1 [utroduction:

The Rapid Insulin Sensitivity Test (RIST) has been described in the literature (Xie
et al 1996; Lautt et al 1998), but has not been directly validated against other methods
used to determine insulin sensitivity. The RIST methodology has aliowed for the
characterization of Hepatic Insulin Sensitizing Substance (HISS), which has been
reviewed carlier in this thesis. Tt became essentizl to validate the RIST method to
ephance the credibility of our work, and so that other research groups will use ir.

There are many tests against which to compare the RIST, but for this series the
HIEC and ITT were chosen. This series provides support for the hypothesis that the
RIST is comparable to the ITT, and that each test can equally identify HISS-dependent

and HISS-independent insulin action. The RIST, however, is not comparable to the

observation that use of HIEC induces HISS-dependent insulin resistance in our rat model.
There is evidence, however, that the initial response during the clamp can detect some
HISS-dependent msulin action, which does show a significant relationship when

compared to the RIST.

* The experiments reported in this chapter were done by M. Reid (the author), M. Latour, D. Legare, and N.
Rong.
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2.2 Methods:

2.2.1 Surgical preparation

Male Sprague-Dawley (SD) rats were anesthetized with an intraperttoneal
injection of pentobarbital sodium (65 mg/kg, Somnotol, Bimeda- MTC Animal Health
Inc.). Body temperature was monitored by a rectal probe, and kept at 37.5=035°Cbya

heated surgical table and overhead lamp. A tracheotomy was performed to allow

__spontaneous breathing. The femoral artery and vein were isolated and prepared for

canulation with an arterial-venous blood sampling shunt, which allows for small volume
blood samples. The blood-sampling shunt is illustrated in figure 2.1. Both the femoral
artery and vein were cannulated with PE60 tubing. Blood is allowed to flow from the
artery to the vein via two silicon sleeves attached to a T-junction. A third line runs from
the T-junction to a pressure transducer allowing the operator to monitor shunt pressure,
which is an indicator of blood flow in the open shunt and arterial pressure when the
venous silicon sleeve is clamped. Blood samples (25 uL) are collected by puncturmg the
arterial side of the shunt and drug infusions are made into the venous side of the shunt.

The jugular vein was cannulated for a continuous infusion of supplemental sodium

__pentobarbital (2.16 mg/ml) at a rate of 0.5 mVhr/100g body weight. A glicose infusion

linc was inserted into the supplemental line through a small length of silicon tubing.
Animals were heparinized, 100IU/kg, to prevent clotting in the shunt. After the surgery
was completed the animal was allowed to recover for 30 minutes before any blood
samples are taken. Blood samples were then taken every 5 minutes and analyzed for
blood glucose concentration using the glucose oxidase method (glucose analyzer by

Yellow Springs Instruments, Yellow Springs, Ohio), until 3 successive stable
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measurements were taken. Stable measurements are within 4 mg% of one another and
cannot be following the same trend; they must be fluctuating (i.e. 116, 114, 115 mg/dL

would constitute a stable animal). The mean of these 3 samples is the basal glucose level.

Infusion Line

Figure 2.1: Arterial —venous blood sampling shunt. The shunt allows for blood to
fiow, unhindered, from the artery to the vein. Pharmacological agents can be
infused into the venous side of the shunt, and blood samples can be taken from the
arterial side of the shunt. Using the shunt minimizes the volume of blood lost

during sampling.
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2.2.2 Comparison of the RIST fo the ITT

Male SD rats (281.6 = 21.7 g} were divided into 2 groups, control (n=5) and HISS
blocked (n=6). Control animals were fasted for 8 hours and fed for 2 hours prior to
surgery; this prandial status is referred to as fed. Blocked animals were treated in one of
three ways - either atropine (3 mg/kg i.v.) or L-NMMA (30 mg/kg i.v.) was infused over

5 minutes in fed rats, or the rats were fasted for 18 hours with no refeed. Surgery was

. performed as deseribed (AV.shunt, jugular cannulation, and tracheotomy). Onceabasal . . . ...

blood glucose level was established, a RIST was performed as described by Lautt et al
(1998). Upon completion, the basal blood glucose was determined and an ITT
performed.

To perform the RIST, insulin was infused into the venous side of the AV shunt
using an infusion pump (Harvard Apparatus, Millis, MA) that administered a 50 mU/’kg
dose over 5 minutes (0.5 ml volume @ 0.1 mlV/min). After 1 minute of infusion an
arterial blood sample was taken and a variable glucose infusion {10%) was mitiated.
Blood samples were taken every 2 minutes and the glucose infusion rate was adjusted to
maintain euglycemia. The RIST index is the amount of glucose infused per kilogram

.body weight.to maintain euglycemia over the test period that terminated when no further.

glucose infusion was required, approximately 30 to 35 minutes.

To perform an ITT, 50 mU/kg of insulin was infused into the venous side of the
AV shunt over 5 minutes (0.5 ml volume @ 0.1 mU/min). Blood samples were taken
every 2 minutes, starting at ! minute into the infusion, and analyzed for glucose

concentration. The ITT index of insulin sensitivity is the nadir of the decline in blood



glucose in response to insulin, and is usually reached between 13-15 minutes. The test
ended when blood glucose levels returned to a basal level or stabilized at a new level.

2.2.3 Comparison of the RIST to the HIEC

Male rats (267.7 £ 13.0 g) were divided into 2 groups, control (n=4) and HISS
blocked (n=10). The blocked group consisted of animals that were fed and treated with
L-NMMA (30mg/kg i.v., n=3) or atropine (3 mg/kg i.v., n=3) or fasted for 18 hours (n=4)

. with no refeed. Once basal blood glicose levels were determined, a RIST was performed, . ...
followed by a stabilization period and the HIEC.

To perform the HIEC, insulin was infused at 10 mU/kg/min for 180 minutes (0.01
ml/min). After one minute of insulin infusion, a variable glucose infusion (20%) was
initiated and a blood sample was taken. Blood sampling continued every 2 minutes until
the glucose infusion rate was relatively stable (approximately 40 to 50 minutes), then
blood samples were taken every 5 minutes. The glucose infusion rate was adjusted to
maintain euglycermia.  Insulin infusion was terminated at 18C minutes but glucose
infusion was continued until the znimal could maintain euglycemia on its own, if

subsequent tests were required. The HIEC’s measure of insulin sensitivity was the

2.2.4 Effect of the HIEC on insulin sensitivity

In another comparison of the RIST with the HIEC, animals (265.1 £ 18.9 g) were
either in a control group (n=9) or had HISS release suppressed by fasting for 18 hours
(n=6). An initial RIST was performed followed by the HIEC, a second RIST, an infasion
of atropine (3 mg/kg i.v.), and a third RIST. Blood samples were taken at 5-minute

intervals between each test to establish basal blood glucose levels.
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2.2.5 Effect of the HIEC on insulin sensitivity, using the ITT

The animals (277.4 £ 16.0g) were all tested after fasiing and refeeding (n=7).
Surgical preparation was as described. Once basal glucose levels were determined, an
1TT was performed (50 mU/kg insulin) followed by the HIEC (10 mU/kg/min insulin), a
second ITT, atropine (3 mg/kg i.v.) and a third ITT. Blood samples were taken at 5-
mimizte intervals between each test to establish basal blood glucose levels.

2.6 Drugs.

Human insulin (Humulin Rj was purchased from Eli Lilly and Company
{Toronto, Canada). Atropine and D-glucose were purchased from Sigma Chemical Co.
(St. Louis, Mo.), and L-NMMA was purchased from Research Biochemicals
Incorporated, (Natick, MA). All drugs were dissolved in saline.

2.2.7 Data analysis:

Data were analyzed using repeated-measures analysis of variance followed by the
Tukey-Kramer multiple comparison test in each group or, when applicable, the paired
and unpaired Student’s t-test was used. Correlation and regression amalysis were also

used when necessary. The analyzed data were expressed as means £ SE throughout.

- Differences. were. accepied. as. statistically. significant

als. were treated.. oo

according to the guidelines of the Canadian Council on Animal Care, and an ethics

committee on animal care at the University of Manitoba approved all protocols.
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2.3 Results

2.3.1 Comparison of the RIST to the ITT:

In this experimental series, control animals (n=>5) had a mean RIST index of 225.5
+ 16.8 mg glucose/kg body weight (mg/kg) while animals with HISS release blocked
(n=6) had a mean RIST index of 134.8 + 15.5 mg/kg. Insulin sensitivity in the blocked

oroup was 40% less than control, using the RIST. The mean ITT nadir for the control

. group-represented a-decline In-arterial -glucose-devels-of 17.2 & 1.7mg% and 10.2 = 1.5

mg% for the blocked group. Insulin sensitivity in the blocked group was 41% less than
control, using the ITT. A correlation of the two tests under all conditions is shown in
figure 2.2 and profiles of the msulin response and HISS component of insulin action are

presented in figure 2.3.
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Figure 2.2: Correlation comparison of the ITT and RIST obtained in fed rats
(control} and in rats with HISS action blocked by fasting, or by L-NMMA or

atropine in fed rats, r’= 0.84, P<0.0001). The RIST and ITT are comparable.
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Figure 2.3: A.) Plotting the average glucose infusion rate, during the RIST, at 0.1

minute intervals in the control state reveals a dynamic curve of total insulin action

“(aL57A similar plot in the HISS-blocked statc reveals a dynamic curve of HISS:
independent insulin action (n=6); B.) Plotting the average change in glucose
concentration, during the ITT, at 2 minute intervals reveals a dynamic curve of total
insulin action {n=%5). A similar plot in the HISS-blocked state reveals a dynamic
curve of HISS-independent insulin action; C.) Dyramic profiles of HISS-dependent
insulin action are calculated by subtracting the dynamic curves in the HiSS-blocked

state from dynamic curves in the control state, for both the RIST and ITT.
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2.3.2 Comparison of the RIST to the HIEC:
Control animals (n=4) had a mean RIST index of 222.2 + 46.1 mg/kg and the
group with HISS release blocked (n=10) had a RIST index of 105.0 + 11.4 mg/kg. There
was a 53% difference (£<0.05) in insulin sensitivity between the two groups when tested
with the RIST. The mean GIR of the control group HIEC was 21.4 £ 1.0 mg glucose/kg
body weight/min (mg/kg/min) and the blocked group HIEC had a GIR of 22.34 + 1.2
~me/ke/min: - The GIR was not significantly-different between the two-groups {(figure 2.4)c - romnniig

Figure 2.5 shows a correlation comparison between the RIST and HIEC under both

conditions.
g JU R —— Control
2] T e - HISS blocked
SE /5447‘»
o £ )4
S !
£ == '
2 2 q0.
3 E
P
=
7]
0 1 T 1 1
0 50 100 150 200

Figure 2.4: The solid line represents the average GIR during the HIEC for rats in
the control condition and the dashed line represents the GIR for rats where HISS

release has been blocked. There is no significant difference between the lines during

the last 30 minutes of glucose infusion.
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Figure 2.5: Correlation comparisor of the GIR from the last 30 minutes of the
HIEC to the RIST showed no relationship between the two tests. The RIST and

HIEC are noi comparable during this time period.

2.3.3 Effect of the HIEC on insulin sensitivity, using the RIST

. Tnthe control rats, the initial RIST was 192.2 + 10.6 mgkg, the post HIECRIST

was 98.7 + 5.6 mg/kg, and the post atropine RIST was 91.5 = 4.4 mg/kg. In the fasted
rats, the initial RIST was 84.8 = 14.7 mg/kg, the post clamp RIST was 65.4 + 7.7 mg/kg,
and the post atropine RIST was 62.5 + 10.2 mg/kg. The mean GIR was 18.4 + 0.9
mg/kg/min for the control group of animals and 23.4 £ 0.9 mg/kg/min for the fasted
group. There is a significant, 49%, decrease in the RIST index of insulin sensitivity after

the HIEC in the control group but not in the fasted group (Figure 2.6). When only the
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initial RIST index from the two groups is compared, insulin sensitivity is significantly
higher in the control group. The GIR does not reflect this difference, as there is no
difference in the GIR between contro] and fasted animals, in this sertes.

A secondary analysis was performed where the RIST index was compared to the
upslope of the GIR at the beginning of the HIEC. Specifically, we took the slope of the
line from time zero to the time where the glucose infusion reached one half of the final

GIR. There is a significant {P< 0.01) correlation between the RIST index and the

upslope of the HIEC, = 0.26 (figure 2.7). Further, a HISS profile similar to that

obtained by the RIST and ITT it seen when the HISS blocked HIEC is subtracted from
the control HIEC during its first 30 minutes {Figure 2.8).

2.3.4 Effect of the HIEC on insulin sensitivity, using the ITT

In fed anesthetized rats the mean nadir for the initial ITT was 12.0 £ 0.9 mg% and
the GIR was 20.6 = 1.6 mg//kg/min. The mean nadir was 6.4 = 1.0 mg % post HIEC, and
54 + 0.7 mg Y% post atropine. There was a significant, 47%, decrease in insulin
sensitivity after the HIEC, which was not changed by the administration of atropine

(figure 2.9).  The post-HIEC ITT response indicated that use of the HIEC induced

«+=insulinresistance-that. was not worsened by atropine. ..
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Figure 2.6: Initial RIST indexes for fed and fasted rats, after a 3 hour HIEC and
after atropine. The HIEC caused a significant (P<0.001) decrease in insulin
sensitivity in the fed animals that was not affected by atropine, indicating that full
HISS-dependent insulin resistance (HDIR) existed after the completion of the HIEC.
There was no significant impairment of insulin sensitivity by the HIEC in the fasted
rat since fasting physiologically blocked HISS release, indicating that the decrease in
insulin sensitivity induced by the HIEC in the control animal is HISS-dependent.
The lack of additional atropine effect shows that HISS blockade was complete and
that the HISS-independent component of insulin action was unaltered by either

edBgting orhy the HINC,. .
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Figure 2.7: Correlation analysis of the initial rate of rise of glucose infusion during

the HIEC compared to the RIST reveals a significant relationship, r* = 0.26. The

RIST may be comparable to the HIEC at its onset.
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Figure 2.8: Subtracting the first 30 minutes of the HISS-blocked HIEC from the

control HIEC reveals a curve that is similar in shape to the HISS curve calculated

from the RIST.
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Figure 2.9: The control ITT is reduced significantly (P<0.01) after the HIEC, but
not further after atropine administration. These resuits are similar to those
produced by the RIST, indicating that the ITT can detect insulin resistance caused

by use of the HIEC.
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2.4 Discussion

The objective of this experimental series was to compare the ability of three
insulin sensitivity tests to detect and guantify HISS-dependent insulin action in rats tested
under a vanety of conditions. This study was conducted to validate the RIST, which has
been described earlier in this thesis and in the literature (Lautt et al 1998, Xie et al 1996).
The RIST has been used to test insulin sensitivity, and has been a tool in the
charactenzation of the physiology, pathophysiology and pharmacclogical manipulation
of the putative hormone, hepatic insulin sensitizing substance (HISS). In a fed animal,
HISS is released from the liver in response to insulin to stmulate glucose uptake by
skeietal muscle (Xie and Lautt 1996a). When HISS release is blocked, the glucose
disposal effect of a bolus of insulin 1s reduced by approximately 35%, and a state of
HISS-dependent insulin resistance occurs {Lautft et al 2001). 1t is possible to block HISS
refease by fasting (Lautt et al 2001; Sadni and Lautt 2000), blocking hepatic muscarinic
receptors with atropine (Takayama et al 1999, 2000; Xie and Lautt 1994, 1995a),
blocking hepatic nitric oxide synthase with L-NAME or L-NMMA (Sadn and Lautt
1998, 1999), or by denervation of the liver (Xie and Lautt 1994, 1596a, 1996b; Sadri and

Lautt 2000; Xie et al 1993; Latour and Lauit 2002a). Since there is a significant

difference in insulin sensitivity when HISS release occurs compared to when it is
blecked, any test that we compare the RIST to should be able to distinguish between the
two states.
The results are conmsistent with the proposed hypothesis that the RIST is
comparable to the ITT. This is not surprising based on the fact that the original studies in

the characterization of HISS used the ITT (Xie et al 1993), and the RIST was developed



to avoid the hypoglycemia of the ITT. The same conclusion could not be drawn about
the HIEC. The data suggest that the RIST may be comparabie to the HIEC at its onset
but not during the final glucose infusion rate, suggesting that the HIEC may be able to
detect HISS action in the beginning but not at the end of the insulin infusion. Aside from
its inability 1o detect HISS-dependent insulin action, use of the HIEC causes a maintained
biockade of HISS release that can be shown using both the RIST and ITT. The
meehargism for post HIEC resistance is not yet known. This work validates the RIST
methodology anéd exposes a limitation of the HIEC.

2.4.1 Comparison of the RIST and ITT

There is a significant correlation between the RIST and the ITT (figure 2.2). The
fzll in blood glucose due to ar insulin bolus {Norgaard and Thaysen 1929) along with its
hypoglveemic dangers are well known. The ITT has been used with a conventional dose
of 100 mU/kg (Bonora et al 1989), and, more recently, with a safer low dose of 50 mU/kg
because it is rapad and simple (Akinmokun et al 1992; Hirst et ai 1993; Gelding et al
1994}, Our data show that the RIST and the ITT have a similar abilitv to detect insulin

sensitivity, quantifying both HISS-dependent and HISS-independent insulin action. Both

tests show a similar (40% VS. 41%) decrease in msuhn sef131t1v1tjy when HIQS release is

moeked nowewr tHe RIST metnod has advamages over the ITT By maxntammg

cuglycemia during the RIST, potentially dangerous hypoglycemia and counter-regulatory
responses (Garber et al 1976) are avoided. The scale on which insulin sensitivity.during
the RIST is measured also has advantages over that of the ITT since the range over which
insulin sensitivity is measured is greater. For instance in this series the difference

between the control and blocked RIST values is 90.7 mg/kg, but the difference between
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the control and blocked ITT is only 7.0 mg%,; it is much easier to misinterpret data when
the difference between a sensitive subject and insensitive subject is small. Although the
RIST and ITT are comparable, the RIST is a safer, more easily interpreted test. Figures
2.3 A and B show the average curves of the whole body response to insulin using the
RIST and ITT, which serves to visualize that the insulin response pattern is similar
between the tests. The RIST has the added advantage that by the termination of insulin
and HISS action, aboui 35 minutes, a full dynamic curve of HISS action can be obtained.
This 1s done by subtracting the glucose infusion rate of the RIST over time in the HISS-
blocked test from the control test. When the change in glucose coneentration in the HISS
blocked ITT is subtracted from the change in glucose concentration in the control ITT a
HISS pattern that is qualitatively similar to that of the RIST is evident uniil near the end
where 1t deviates because exira iime is required to recover from hypoglycemia. As a
result, the down slope of the HISS action curve is distorted (figure 2.3C).  In some
instances the animal does not return to its pretest glycemia by the completion of the ITT,
unilike the RIST, making it a less feasible test for numerous paired interventions in the
same animal on the same experimental day.

2 4 2 Re[atlonsth between tl:e RIS T and HIE C ......

We were unab‘ne io show a correlatlon betwef‘n the RIST and HIEC (ﬁgure 2. 4) “
The HIEC is considered to be the ‘gold standard” test for assessing insulin sensitivity and
has been used in humans (DeFronzo et al 1979) and rats (Kraegen et al 1983). There is,
however, no specific standard operating procedure for this test outlined in the literature.

Factors that vary include the length of the test, amount of insulin infused, whether

somatostatin 1s infused, if a supplemental KCI infusion is provided, and whether a
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priming dose of insulin is used. Studies assessing reproducibility are lacking and those
conducted were done days (Kraegen et al 1983; Soop et al 2000) or weeks (DeFronzo et
al 1979; Bokemark et al 2000) apart. In comparison, the RIST is reproducibie in up to
four (Lautt et al 1998) or five (Xie et al 1996) consecutive tests, allowing for numerous
paired interventions in the same experimental day. Since we were comparing the HIEC
to the RIST, we used the same amount of insulin on a per minute basis to compare the
twe tests; we did not use a priming dose of insulin or somatostatin. The dose of insulin
used, 10mU/kg/min, is not unusual. Many studies employ a much lower dose (1.67
mU/kg/min; 1 mU/kg/min) (Kraegen et al 1983; Moore et al 2002 respectively) or a
higher dose (12 mU/kg/min) (Baron et al 1995).  Since the effect of somatostatin on
HISS release has not been determined it could not be used. Another point that can differ
during HIEC protocols is where cuglycemia is set. In the originally cited paper the
pretocol states that euglycemia is set at the subject’s own mean glycemia (DeFronzo et al
1879}, however, other studies arbitrarily pick 5 mmol/l as what euglycemia should be
{Bonora et al 1989; Bokemark et al 2000}, In hyperglycemic subjects plasina glucose

tevels must fall to this concentration before glucose infusions are even started (Bonora et

al 1989). __

The results indicete that there is a significant difference in insulin sensitivity
between the control fed group and groups where HISS release was inhibited
physiologically by fasting or pharmacologically vusing atropine or L.-NMMA using the
RIST, which agrees with previous studies (Lautt et al 2001; Takayama et al 1999; Xie
and Lautt 1994; Sadd and Lautt 1998,1999). The same conclusion cannot be drawn

when examining the glucose infusion rate during the HIEC since it does not differ



significantly between control and blocked conditions. Figure 2.4 presents the average
dynamic curve of the HIEC in the control and HISS biocked states, and it is clear that the
infusions are very similar. During the initial upsiope of the curve the control HIEC curve
has a higher GIR. As time progresses the blocked HIEC curve surpasses the control
HIEC curve and during the last 30 minutes the GIR in the HISS blocked animals is
actually higher than the GIR in the control animals. Although not significant, the
infusion curves for the HIEC indicate that the HISS blocked group is slightly more
sensitive than control. Since we were unable to correlate the RIST index to the HIEC
GIR (figure 2.5) we concluded that the RIST index and HIEC GIR were not comparable.
Our results indicaied that there was no difference in the GIR of an animal that
should have full HISS action compared to one where HISS action was blocked. We
designed another comparison of the two tests to examine if HISS release was possible
after the HIEC. By doing a post-HIEC RIST we assessed if the animal had the same
ievel of msulin sensitivity as 1t had prior to the HIEC. By administering atropine to
comptletely block HISS release and then repeating the RIST, we assessed the extent of

HISS action that remained in the post-HIEC RIST. Our results show (figure 2.6) thatin a

_normal fed animal, insulin sensitivity is reduced 49% after the HIEC due to a full

.'t;].,oclcad.e of HIS.S release as shown by no further decline after atropine. The blocked
(fasted) animals have low insulin sensitivity during the first RIST, as expected, and there
was no significant decrease in insulin sensitivity after the HIEC or atropine infusion.
This confirms that fasting decreased the HISS-dependent component of insulin action but
not the HISS-independent (post-atropine) component. Similarly, use of the HIEC caused

a blockade of HISS-release in the post-HIEC state but did not alter the HISS-independent



component of insulin action. Combined with the HIEC GIR data, which failed to show a
difference between control and blocked animals, this indicates that by the end of the
clamp the animal is in a state of HISS-dependent insulin resistance that extended bevond
the test period.

The secondary analysis comparing the RIST to the HIEC was done under the
premise that while HISS release may not occur by the end of the HIEC it should still
oceur at its onset, since the initial 5 minutes of the RIST are identical to that of the HIEC.
The RIST index correlated with the upslope of the infusion rates obtained using the HIEC
{figure 2.7}, indicating that at this time HISS aciion was present, but by the end of the
HIEC 1 was absent. Similar to these findings, Kingston et al (1986) found that when
human subjects were given oral glucose loads (15-25 g} approximately 2 hours before an
HIEC the slope of the GIR in the first 30 minutes was 1.5 times greater than persons not
given the giacose.  Since it is customary to analyze the HISS profile by subtracting
tlocked curves from control curves, this was done using the firsi thirty minutes of the
HIEC aata, since it was felt that HISS action might be present. Figure 2.8 shows a

potential HISS profile that is similar in shape to that obtained by the RIST and ITT

( igure 2 3) except that 1t has a iateL onset ThlS 51m11ar ploﬁie strengthens the 1dea that

| hIQb action is plEbEDt at the onset ofthe clamp

Pentobarbital anesthesia has been shown to affect insulin sensitivity, and clamp
studies reported in the literature often use conscious animals (Baron et al 1995; Kraegen
et al 1983). Latour and Lautt (2002b) showed that there is no difference in the mean
RIST index when conscious animals are compared to anesthetized animals. When the

RIST and HIEC were compared in conscious animals the HIEC caused a 54% decrease in
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insulin sensitivity (Reid et al 2002). The decrease in insulin sensitivity is similar to the
decrease found in anesthetized animals, thus, the post HIEC resistance is not due to
anesthesia.

The ITT is capable of determining HISS action (figures 2.2 and 2.3). We showed
that the ITT was decrcased 47% when repeated afier the HIEC and atropine
administration did not cause a further decrease in insulin sensitivity (figure 2.9). Both
the RIST and ITT demonstrate that the HIEC produces HISS blockade resulting in HISS-
dependent insulin resistance.

Contrary to the idea that use of the HIEC cannot detect HISS-dependent insulin
resistance, Moore et al (2002) were able to show a 25 % decrease in insulin sensitivity
caused by hepatic denervation in conscious dogs using the HIEC. The difference
between our results and theirs could be due to the difference in animal model, the dose of
insulin used (I mU/kg/min in their study), or that they infused somatostatin into their
dogs. It is possible that in the dog a 3-hour low dose insulin infusion is not as detrimental
to insulin sensitivity as the higher dose in the rat. Since we do not know how
somatostatin effects HISS action, its administration could account for the ability to detect

HISS at the end of the HIEC in dogs. Baron et al (1995) was able to show a difference in

" the HIEC GIR between control rats and those treated with L-NMMA. ‘However, in that

study the investigators (Baron et al 1995) mixed insulin with blood from a littermate
(prandial status not reported), and the basal glucose levels reported for the rats are higher
than expected in fasted, unstressed rats. Either of these factors may have contributed to

their results,
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The mechanism by which the HIEC causes HISS-dependent insulin resistance in
the rat is not yet kmown. Although levels of the counter-regulatory hormone
norepinephrine were not measured in this study we have previously shown that there is
no increase during the RIST (Xie énd Lautt 1996a). Others (Anderson et al 1991; Rowe
et al 1981) have shown an increase in norepinephrine during the HIEC. The effect of
norepinephrine on HISS release is not known. Perhaps the nonphysiological delivery
pattern of insulin blocks HISS release. Endogenous insulin release in pulsatile (Goodner
et al 1977; Lang et al 1979), and while continuous insulin infusions in humans have
produced insulin resistance (Marangou et al 1986), pulsatile infusions of the same
duration have not (Ward et al 1990). Pulsatile insulin release and the effect of pulsatile
and continuous insulin administration on HISS-dependent insulin action will be discussed

further in chapters 3 and 4.
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CHAPTER 3 — Introduction to Pulsatile Insulin Release
3.1 Normal physiology of pulsatile insulin release

Insulin release is pulsatile. This observation was first made in monkeys (Goodner
et al 1977) and later in man (Lang et al 1979). Insulin secretion is also pulsatile in rats
(Chou et al 1991). It is estimated that in the fasted state a minimum of 70% of all insulin
is released in pulses (Porksen et al 1995), with a period of 10 — {5 minutes (Lang et al
1979). In vitro preparations of isolated human islets release insulin with a period of 6
(Song et al 2002) to 10 minutes (Marchetti et al 1994). Pulsatile insulin release allows for
a 40% change in peripheral insulin concentration over 7 minutes (Matthews et al 1983b).
The reported period of insulin release is not consistent within the literature.  Some
studies measure insulin in peripheral blood where small pulses could be missed and older
studies use detection methods where sensitivity may have been low. Portal venous blood
samples from dogs have 8 insulin pulses per hour (7.5 minutes/pulse) (Porksen et al
1995). Porksen et al (1997) reported a peripheral insulin interpulse interval (peak to
peak) of 5 minutes when human subjects were given a low-dose glucose stimulus; they
attributed their results to a high sampling frequency and more sensitive insulin assay.

Song et al (2000) reported that both human portal venous and peripheral arterial blood

"samples have an msulm pulse frequency of 5 mmutes the 1nsuhn pulse mass and""” B

amplitude are severely dampened in the arterial samples. Reviewing the literature is
difficult when measurement discrepancies exist, however, the basic principles still hold
true and that is the focus of the data presented. A recent review by Porksen (2002)

outlines some of the reported periods of insulin release, the methods of analysis used, and
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sampling sites; he also provides an excellent discussion of pulse analysis methods which
are not reviewed in this thesis.

Insulin profiles have shown that, along with high frequency pulses, insulin is
released in an ultradian rhythm (S;)nnenberg et al 1992). Ultradian is defined as more
frequently than circadian, thus, ultradian oscillations occur more than once a day. In
healthy individuals the ultradian oscillation period for insulin is 75 — 115 minutes, in both
the fasted and fed state (Sonnenberg 1992). High frequency insulin pulses (5-15 minutes)
are superimposed on the low frequency oscillations (75-115 minutes) (Sonnenberg et al
1992).

3.2 Control of insulin pulsatility

3.2.1 Rapid pulses (5-15 minutes)

The mechanism of pulsatile insulin release is poorly understood even though it
has been greatly explored. Insulin, glucagon and somatostatin are released in bursts from
the perfused pancreas (Stagner et al 1980). Isolated islet preparations also demonstrate
pulsatile insulin and glucagon release (Opara and Go 1991). Blocking sodium channels
within the islets with tetrodotoxin causes an increase in the frequency of insulin but not
glucagon release (Opara and Go 1991). Opara and Go (1991) concluded that their results
" suggested an intrinsic pacernaker for insulin producing beta cells, which was different
from éhat of alpha cells. Porksen et al (1994) demonstrated that intraportally transplanted
islets could secrete insulin, but reinnervation of the islet is required for coordinated
pulsatile insulin secretion. Coupling of adjacent beta cells through gap junctions perhaps
allows certain cells within the islet to be pacemaker cells that initiate synchronized

insulin release (Meissner 1976).
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In vitro pancreatic preparations, with intact intra-pancreatic ganglia, show that
insulin release occurs without a change in neural membrane potential (Sha et al 2001).
However, the amplitude of insulin release increases when the nerves are stimulated (Sha
et al 2001). This indicates that neural activity, while not the generator of the pulses, may
serve to regulate and modify the amount of insulin released. Considering that pulsatile
insulin release occurs regardiess of feeding or fasting (Polonsky et al 1988), it is probable
that insulin release can occur without a neural stimulus, as in fasting, but neural
stimulation, during feeding (Strubbe and Steffens 1993; Benthem et al 2000), could serve
to increase the pulse amplitude. Fasting has no effect on the period of insulin release but
does decrease the amplitude by 50% (Juh! et al 2002). In healthy control subjects,
atropine has no effect on the period or amplitude of insulin release while propranolol
decreases the amplitude but does not affect the period (Matthews et al 1983b). These
results suggest that, the sympathetic branch of the autonomic nervous system helps to
regulate insulin release. Naloxone, phentolamine, and glucose increase the amplitude but
have no effect on the period of insulin release (Matthews et al 1983b). Patients with
truncal vagotomy have a pulse period of 33 minutes so even though cholinergic blockade
did not affect pulsatile insulin release the vagus nerve plays an important role in insulin
- .puisati.l.it.y"(MattheWs et al 1983’0) ‘Neural p.fes'en.éé is important, but not.ne.c.es'safy; for
pulsatile insulin release.

Rapid insulin pulses lag glucose fluctuations by two minutes (Lang et al 1979),
and pulsatile glucose infusions can be used to entrain insulin release in healthy subjects
(Hollingdal et al 2000). Glucose is the most potent stimulant of insulin release, but

others also exist, such as, arginine, other amino acids, and other sugars. One theory is
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that oscillatory glucose metabolism within the beta cell is responsible for pulsatile insulin
release. In a review, Tornheim (1997) explains that glycolysis within the beta cell is
oscillatory, therefore, the production of ATP is oscillatory. Fluctuating ATP levels cause
opening and closing of ATP gated potassium channels within the beta cell. Closing the
channel causes membrane depolarization, an influx of calcium, and a release of insulin;
this pathway is potassium and calcium dependent. Insulin release is pulsatile, in vitro, in
the absence of calcium (Aizawa et al 2000), indicating that potassium channel-dependent
fluctuations in calcium are not the only mediator of pulsatile insulin release. In a review
by Komatsu et al (1997) potassium-dependent, calcium-independent insulin release and
potassium-calcium-independent insulin release are discussed. The potassium-calcium-
independent pathway of insulin release is reported to be mediated through GTP and
initialized by vagal and incretin stimulation (Komatsu et al 1997). Further exploration of
this pathway could shed light onto the role of neural stimulation in pulsatile insulin
release.

3.2.2 Ultradian oscillations (75 — 115 minutes)

Ultradian oscillations, compared to rapid pulses, are different in control and
origin, Sonnenberg et al (1992) suggested that, since ultradian insulin oscillations have a
similar frequency to pituitary hormones they might use a common pulse generator: this
has not been proven. Oscillations occur during fasting (Sturis et al 1992), in the prescence
of enteral nutrition (Simon et al 1987), and during a glucose stimulus (Sturis et al 1993).
Ultradian insulin oscillations are concomitant with C-peptide oscillations, indicating that
their appearance is due to a release, rather than a clearance, pattern (Simon et al 1987).

Patients with pancreatic transplant are used to demonstrate that insulin oscillations occur
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without extrinsic innervation, however, the amplitude of insulin release is much higher
compared to healthy control subjects (Sonnenberg et al 1992). This suggests that neural
stimuli may serve to regulate ultradian insulin release. Ultradian oscillations are not
related to glucagon or cortisol fluctuations but possibly to glucose fluctuations, since
85% of glucose oscillations are coupled to an insulin oscillation (Shapiro et al 1988).
While insulin oscillations can be entrained by oscillatory glucose (Sturis et al 1991), both
rapid pulses and slow insulin oscillations are independent of a constant glucose stimulus
(Sturis et al 1993). In response to a continuous glucose stimulus the amplitude of the
ultradian oscillation increases more than the amplitude of the rapid insulin pulse in the
peripheral circulation (Sturis et al 1993). There is a stronger relationship between
ultradian oscillations and glucose oscillations compared to rapid pulses and glucose
pulses (Sturis et al 1993). These observations led to the hypothesis that rapid pulses (5-
15 minutes) are, to a greater extent, cleared by the liver and are most important for
controlling hepatic glucose output, whereas the ultradian oscillations may be more
important for peripheral ghucose disposal (Sturis et al 1993). Marsh et al (1986) showed
that a constant glucose infusion, 10.18 mg/kg/min, triggered less of an insulin response
than a hyperglycemlc cIamp, even though the target blood glucose level for the clamp
b :'(144 mg/di) was the same as that seen w1th the constant glucose mfus1on (142 mg/dl)
While total glucose uptake did not differ between the constant glucose infusion and the
glucose clamp, the amount of glucose taken up per unit insulin concentration in the blood
was much higher for the constant glucose infusion. Marsh et al (1986) suggested that,
based on insulin and glucose profiles, the constant glucose infusion permitted

endogenous insulin and circulating glucose levels to oscillate but the hyperglycemic

46



clamp did not. Every time glucose tended to oscillate the glucose infusion rate was
increased and this prevented insulin from oscillating. They (Marsh et al 1986) concluded
that insulin and glucose oscillations were necessary for efficient glucose uptake, and
glucose oscillations cause negative feedback to the pancreas to prevent hyperinsulinemia.
3.3 Pulsatile insulin release and insulin sensitivity

3.3.1 People with type 2 diabetes

People with type 2 diabetes have altered pulsatile insulin release. The insulin
pulse period is reduced in diabetic patients (Lang et al 1981; Zarkovic et al 1999) and the
amount of insulin released in response to glucose is decreased (Hollingdal et al 2000).
There is, in fact, a significant relationship between increasing pulse frequency and
decreasing insulin sensitivity (Hunter et al 1996). Hunter et al (1996) proposed that an
abnormal pulse frequency induces receptor and post receptor defects. This remains to be
studied. Contrary to these results, Laedtke et al (2000) reported no difference in the pulse
period between diabetic patients and control subjects.

Rapid insulin pulses can be entrained by pulsatile glucose infusions in healthy
subjects but not in people with type 2 diabetes (Hollingdal et al 2000). Glucose pulses

can be used to entrain insulin pulses in the isolated perfused pancreas from normal

o ﬁcaithjf .I"c.ltS but n.(_')t'Zuc.;_kér ._“D'iabetic Fatty rats (Sturis et al 1994). Ultradian insulin

oscillations become uncoupled from glucose oscillations in diabetic patients, as shown by
a decrease in glucose but not insulin oscillations (Sturis et al 1993). Ultradian insulin
oscillations can be entrained with oscillatory glucose (96 or 144 minute period) infusions
in healthy people, but not in patients with impaired glucose tolerance or type 2 diabetes

(O’Meara et al 1993).
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In an attempt to clarify whether reduced beta cell mass is responsible for impaired
pulsatile insulin release, Kjems et al (2001) experimentally reduced the beta cell mass, in
the minipig and assessed insulin secretion. They found that the amplitude of the insulin
pulse was reduced but not the frequency. Hepatic extraction of insulin was also reduced
and glucagon levels were not suppressed by the ensuing hyperglycemia (Kjems et al
2001). Thus, the irregular pattern of insulin release seen in diabetic patients is not due to
reduced beta cell mass.

Sulfonylureas arc a class of drugs prescribed to control blood glucose levels in
people with type 2 diabetes. Their mechanism of action involves blocking ATP-
dependent potassium channels in the pancreas thereby causing insulin release. Whether
this class of drugs affects insulin pulsatility has been examined, Matthews et al (1983b)
found that in healthy subjects tolbutamide increased the amplitude of insulin release with
no effect on the period. Gliclazide was shown to increase both basal and pulsatile insulin
release with no effect on the period of release in people with type 2 diabetes (Juhl et al
2001). During a five week administration of gliclazide a relationship between improved
glycemic control and improved insulin pattern regularity was observed (Juhl et al 2001).
Sulfonylurea drugs may not be able to change the period of insulin release but they may
" enhance its orderliness. |

3.3.2 Relatives of patients with type 2 diabetes

Are there early markers for developing type 2 diabetes? O’Rahilly et al (1986)
tested normoglycemic first-degree relatives of type 2 diabetic patients and found that
20% had impaired glucose tolerance that could be related to reduced beta cell function.

Fernandez-Castaner et al (1996) reported that first-degree relatives showed beta cell
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dysfunction whether they were glucose tolerant or intolerant and the dysfunction
progressed with age. The abnormalities observed in glucose tolerant relatives are related
to the severity of family history (i.e. two diabetic parents vs. one) (Nyholm et al 2000).
Superficially, the insulin pulse frequency appears nérmal in glucose tolerant, first-degree
relatives (Nyholm et al 2000), however, the pattern of pulsatile insulin release is irregular
and nonstationary (Schmitz et al 1997; Nyholm et al 2000). First-degree relatives with
mild glucose intolerance do not show regular insulin pulses either (O’Rahilly et al 1988).
Irregular insulin release could be an early warning sign in the development of a blatantly
abnormal period of insulin release and diabetes.

3.3.3 Insulin pulsatility in relation to other conditions

Since diabetes is associated with hypertension, age, and obesity, many studies
have evaluated how insulin pulsatility is affected by these conditions. Wiggam et al
(2000) found that there was no significant difference in pulse frequency between
hypertensive patients and healthy individuals. However, pulse frequency could be related
to insulin sensitivity in healthy people but not in hypertensive patients.

Obeéity is another condition that can be associated with abnormal pulsatile insulin

release. Zarkovic et al (2000) found that weight loss in obese, non-diabetic subjects

- prolonged the interpulse interval of insulin release. Accompanying the decrease in pulse

frequency was a decrease in circulating insulin and glucose, and an increase in insulin
sensitivity. Obese, diabetic patients, however, have irregular insulin pulses that cannot be
corrected with weight loss (Gumbiner et al 1996). Ultradian insulin oscillations appear
normal and still respond to glucose entrainment in obese non-diabetic subjects (O’Meara

et al 1993).
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Insulin secretion and pulse regularity are reduced in healthy, non-obese, aged
people compared to healthy, non-obese, young people (Meneilly et al 1999). The
interpulse interval is slightly higher in the aged group, yet there is no statistical difference
in rapid pulse frequency (Meneili? et al 1999). Aging is associated with a decrease in
ultradian insulin oscillation frequency (Meneilly et al 1997).  Thus aging, unlike
diabetes, is associated with a slowing of insulin pulses and oscillations.

3.4 Efficacy and effects of pulsatile versus continuous insulin infusions

Following the observation that insulin release was pulsatile, a number of studies
were performed evaluating if pulsatile, rather than continuous, insulin delivery would be
advantageous. Matthews et al (1983a) found that, in the fasted state, insulin delivered in
pulses had a greater hypoglycemic effect compared to a continuous delivery. The
difference in glycemia, however, was seen only after 7 hours of insulin infusion.
Matthews et al (1983a) did not infuse glucose to maintain euglycemia; instead they
infused somatostatin to inhibit endogenous insulin and glucagon to maintain hepatic
glucose output. Therefore, glycemic differences were not influenced by large, abnormal
quantities of exogenous glucose or the resultant glycogen synthesis. Schmitz et al (1986)
found that more glucose was required to maintain euglycemia during a 354 minute
- pulsatile, rather than continuous, insulin infusion. Paolisso et al (1988b) fotind that, in
people with type 2 diabetes, the glucose infusion rate was higher by the end of a 325-
minute pulsatile, compared to continuous, insulin infusion. Verdin et al (1984), in
contrast, did not find a difference in glucose uptake between the insulin delivery patterns,
but the test period was only 4 hours. Ward et al (1989) failed to show a difference in

glucose uptake during a 2 hour continuous versus pulsatile insulin infusion.
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A potential mechanism for the increased efficiency of pulsatile delivery is a
greater inhibitory effect on the pancreas. Asphin et al (1981) showed that when
exogenous insulin was used to inhibit endogenous insulin secretion, arginine-stimulated
glucagon release was increased in Ahealthy people .and decreased in patients with type |
diabetes. Asplin et al (1981) concluded that their results indicated that beta cells suppress
alpha cells via a paracrine mechanism, and when healthy beta cells are suppressed during
an exogenous insulin infusion they cannot suppress alpha cells. Paolisso et al (1988a)
extended Asplin’s experiment to include both continuous and pulsatife insulin infusions,
In healthy subjects, pulsatile insulin infusions decreased plasma glucagon and C-peptide
levels to a greater extent than continuous insulin infusions. The arginine-stimulated
glucagon response was greater after a pulsatile insulin infusion indicating greater beta
cell suppression (Paolisso et al 1988a). In contrast to the earlier report {Asplin et al
1981), patients with type 1 diabetes showed a decrease in arginine-stimulated glucagon
release after pulsatile and not continuous insulin infusions (Paolisso et al 1988a). Paolisso
et al (1988a) concluded that pulsatile insulin administration was more effective at
inhibiting the alpha cell. Ward et al (1989) showed that pulsatile insulin infusions cause
greater inhibition of endogenous insulin, as assessed by C-peptide levels, and prolonged
. suppression of glucagon, compared to continuous insulin infusion. Pulsatile insulin
administration also causes greater inhibition of hepatic glucose output compared to
continuous insulin administration (Paolisso et al 1991). The frequency of insulin pulses is
important since pulses administered 26 minutes apart do not suppress hepatic glucose

output to the same degree as pulses given 13 minutes apart (Paolisso et al 199]). Even
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ultradian oscillations (120 minutes) are more effective than continuous insulin infusions
in promoting glucose uptake (Sturis et al 1995).

Aside from glycemic effects, pulsatile insulin infusions may have other
advantages. Paolisso et al (1988b). éhowed that in people with type 2 diabetes, pulsatile
insulin delivery caused a significant decrease in plasma triglycerides and very-iow-
density lipoproteins and an increase in high-density lipoprotein. Considering that
dyslipidemia is often associated with diabetes (Goldberg 2001), an alteration in pulsatile
insulin release, as seen in diabetic subjects, could be associated with some of the lipid
abnormalities. The progression of nephropathy is also decreased when patients with type
I diabetes are given weekly, 1-hour pulsatile insulin infusion treatments, along with their
normal intensive insulin therapy (Dailey et al 2000).

A study by Koopmans et al (1996) tested, in streptozotocin treated rats, whether
physiological pulsatile insulin infusion had any advantages over continuous insulin
infusion. They monitored insulin secretion in response to feeding and fasting before
streptozotocin  treatment. Following treatment, they simulated normal insulin
concentrations for 2 weeks by administering insulin in pulses or continuously using
programmable insulin pumps. They (Koopmans et al 1996) found that plasma glucose

levels were 50% lower in the rats given insulin in pulses, and glucose loss in the urine
was 1/5'th that of the rats given a continuous insulin infusion. After the 2 week period
they assessed insulin sensitivity with a four-step HIEC and found that the rats given
insulin continuously showed insulin resistance two clamp levels (3 and 48mU/kg/min).
The rats given insulin in pulses only showed resistance in the low dose (3 mU/kg/min)

HIEC. This indicates that pulsatile insulin administration is more effective than
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continuous, and programmable pumps should not use continuous delivery systems, since
it appears that continuous insulin infusions result in reduced insulin sensitivity.
3.5 Hypothesis tested and rationale

Considering that normal iﬁsulin release appears to be pulsatile, we hypothesized
that the insulin resistance observed after the use of the HIEC (as described in chapter 2)
was due to the continuous delivery during the test, and that pulsatile insulin delivery
would prevent HISS-dependent insulin resistance from developing.  Further, we
hypothesized that, since insulin release is pulsatile, HISS would be more responsive to a
pulsatile, rather than continuous insulin delivery pattern, and that glucose uptake would

be greater in response to a pulsatile, rather than continuous insulin infusion.
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CHAPTER 4 - The Effect of Insulin Delivery Pattern on Glucose Uptake and
Insulin Sensitivity
4.1 Introduction:

Endogenous insulin releaée is pulsatile (Goodner et al 1977; Lang et al 1979),
Pulsatile hormone secretion is not unique to the pancreas, since many hormones,
including gonadotropin-releasing hormone (GnRH), are released in pulses. When GnRH
is administered continuously, rather than in pulses, it is ineffective at stimulating
leutenizing hormone (LH) and follicle stimulating hormone (FSH) (Belchetz et al 1978).
Pulsatile insulin secretion, likewise, is required for proper glucose homeostasis. Diabetic
subjects and their close relatives, although asymptomatic, show aberrations in insulin
release patterns (Zarkovic et al 1999; Schmitz et al 1997, O’Rahilly et al 1988). Thus,
the loss of proper pulsatile insulin release could contribute to the progression of type 2
diabetes.

Previous experiments have shown that use of the HIEC causes HISS-dependent
insulin resistance (Chapter 2), possibly because it employs a continuous rather than
pulsatile insulin infusion. We, therefore, hypothesized that pulsatile insulin delivery
would cause greater glucose uptake and HISS release compared to a continuous delivery,
| and continuous, but not pulsatile or bolus insulin infusions, would induce HISS-
dependént insulin resistance. The results from the current study failed to show a
difference in glucose uptake between continuous and pulsatile insulin infusions. The
results did, however, show that a continuous insulin infusion caused full HISS-dependent

insulin resistance while pulsatile and bolus infusions did not.
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4.2 Methods:

4.2.1 Comparison of the efficacy of three delivery methods

Male SD rats were fasted for 8 hours and fed for 2 hours prior to surgical
preparation to standardize prandial status and ensure a high degree of HISS release (Lautt
et al 2001). Animals underwent surgical preparation as previously described and were
allowed to stabilize for 30 minutes. Glycemia was determined using a glucose analyzer
(Yellow Springs Instruments, Yellow Springs, Ohio). Once basal glycemia was
established the animals were treated in one of three ways. One treatment involved a 3-
puise infusion of insulin where 20 mU/kg of insulin was delivered over 1 minute (0.136
ml/min} at times 0, 20 and 40 minutes (n=8). Another treatment involved a 6-pulse
infusion of insulin where 10 mU/kg of insulin was delivered over | minute (0.136
ml/min) at times 0, 10, 20, 30, 40 and 50 minutes (n=8). The third treatment was a
continuous 1 mU/kg/min insulin infusion for 60 minutes (n=8). In each case, the animal
received 60 mU/kg of insulin during the test. One minute into the test a variable glucose
infusion was initiated (5 mg/kg/min for the 3 and 6 pulse tests and 2 mg/kg/min for the
continuous test) and a blood sample was taken and analyzed for blood glucose
concentration. Blood samples were continued every 2 minutes and the glucose infusion
was adjusted to maintain euglycemia. When all the insulin was infused and the animal no
longer ﬁeeded the glucose infusion to maintain euglycemia the test was complete. All
animals then received atropine (3 mg/kg i.v. over § minutes). After a brief rest period the

basal glucose levels were established and the test was repeated.
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4.2.2 Effect of a continuous insulin infusion on insulin sensitivity

Rats in this series (n=6) were fasted for 8 hours and fed for 2 hours prior to
surgical preparation. Each animal was prepared surgically, as previously described, and
allowed to rest for 30 minutes. The basal glycemia was determined and a RIST (50
mU/kg insulin, as previously described) was performed to establish insulin sensitivity.
The animal was stabilized and underwent a continuous (I mU/kg/min) insulin infusion
for 60 minutes. Blood samples were taken to monitor glucose levels and a variable
glucose infusion was adjusted to maintain euglycemia. After the test the animal was
allowed a brief rest period and basal glycemia was determined. A second RIST was
performed to assess the effect of the continuous infusion on insulin sensitivity, followed
by an atropine infusion (3 mg/kg i.v. over 5 minutes). A third RIST was conducted to
assess insulin sensitivity after atropine.

4.2.3 Effect of three insulin pulses given 20 minutes apart on insulin sensitivity

In this series, rats (n=7) were fasted for & hours, fed for 2 hours, and prepared
surgically as previously described. Basal glycemia was established and a control RIST
was performed to assess insulin sensitivity. The animal was restabilized and underwent a
3-pulse infusion where 20 mU/kg bolus of insulin was infused over | minute every 20
minutes (0, 20, 40), until three pulses were given. The animal received 60 mU/kg of
insulin 'in total. Euglycemia was assessed by blood samples taken every 2 minutes and
maintained with a variable glucose infusion. A second RIST was performed to assess the
effect of the pulsatile insulin infusion on insulin sensitivity, followed by atropine (3

mg/kg i.v. over 5 minutes) and a post-atropine RIST.
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4.2.4 Effect of three insulin pulses given according to glucose uptake on insulin
sensitivity

In this series, rats (n=7) were fasted for 8 hours and fed for 2 hours and prepared
surgically. Basal glycemia was established and a RIST was done to assess insulin
sensitivity. The second test was a 3-pulse insulin infusion similar to the test previously
described, but instead of the boluses being given 20 minutes apart the boluses were given
when the action of the previous bolus had ceased. Once the glucose infusion could be
held at 0 mg/kg/min for 4 minutes, the second and third boluses were administered.
Thus, no arbitrary time pattern was followed. A second RIST was conducted, followed by
atropine (3 mg/kg i.v. over 5 minutes) and a post atropine RIST.

4.2.5 Effect of a bolus insulin infusion on insulin sensitivity

Animals (n=6) were fasted for 8 hours and fed for 2 prior to surgical preparation.
A RIST was performed to assess initial insulin sensitivity in the animal. In the second
test 60mU/kg of insulin was infused over 6 minutes, and euglycemia was maintained with
a variable glucose infusion. After a rest period and stabilization a second RIST was
performed, followed by atropine (3 mg/kg i.v. over 5 minutes). A third RIST was done
once the basal glycemia was determined.

4.2.6 Effect of various durations of continuous insulin infusion on insulin

| Sensitivity

In this series, animals (n=15) were fasted for 8 hours, fed for 2 hours and prepared
surgically. Basal glycemia was established and a RIST was conducted to assess insulin
sensitivity. In the second test, insulin was infused, 1 mU/kg/min, for 10, 15, 20, 25, or

30 minutes while euglycemia was maintained with a variable glucose infusion. The
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animal was stabilized and a second RIST was conducted to assess how the infision
affected insulin sensitivity. Atropine was then infused (3 mg/kg i.v.) and a post atropine
RIST was conducted after the animal had stabilized.

4.2.7 Drugs

Human insulin (Humulin R) was purchased from Eli Lilly and Company
(Toronto, Canada). Atropine and D-glucose were purchased from Sigma chemical Co.
(St. Louis, Mo). All drugs were dissolved in saline.

4.2.8 Data analysis

Data were analyzed using regular and repeated-measures analysis of variance
followed by the Tukey-Kramer multiple comparison test or, when applicable, the paired
Student’s t-test was used. Correlation and regression analysis were also used. The
analyzed data were expressed as means and + SE throughout. Differences were accepted
as significantly different at P<0.05. Animals were treated according to the guidelines of
the Canadian Council on Animal Care, and an ethics committee on animal care at the
University of Manitoba approved all protocols.
4.3 Results

4.3.1 Efficacy of different delivery methods

The mean glucose uptake, for animals (275.7 + 6.0 g) given three 20 mU/kg
pulses of insulin (n=8), was 458.0 + 34.4 mg/kg before atropine and 162.2 + 15.6 mg/kg
after atropine, a 64.6 % difference. Dynamic profiles of glucose uptake are created by
plotting the glucose infusion rate, at 0.]-minute intervals, in response to insulin. A
dynamic profile of glucose uptake for the two tests is presented in figure 4.1. The mean

glucose uptake, for the animals (274.6 + 7.1 g) given six 10 mU/kg pulses of insulin
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(n=8), was 374.1 + 31.2 mg/kg before atropine and 180.8 + 22.6 mg/kg after atropine, a
51.7% difference. A dynamic curve of the glucose infusion is presented in figure 4.2.
The mean glucose uptake, for the animals (269.1 + 5.2 g) given a continuous insulin
infusion (n=8), was 433.6 + 52.8 mg/kg before atropine and 190.3 + 29.7 mg/kg after
atropine, a 56.1% difference. A dynamic curve of the glucose infusion is presented in
figure 4.3. The difference in glucose uptake between the three groups in the control state
was not significant. While each test was significantly higher in the control test compared
to post-atropine test, there were no significant differences when post-atropine tests were
compared to each other. Subtracting the HISS blocked glucose infusion from the control
glucose infusion gives a dynamic profile of HISS action, which is presented in figure 4.4.

There was no difference in the quantity of HISS-dependent insulin action among the

tests.
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Figure 4.1: Glucose uptake, plotted in 0.1-minute intervals, for three pulses of

insulin administered in the control and HISS blocked condition.
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Figure 4.2: Glucose uptake, plotted in 0.1-minute intervals, for 6 pulses of insulin in

the control and HISS biocked candition.

10,0~ .
== control (433.6 mg/kg)
— = = HISS blocked (190.3 mglkg)w
5.0

glucose infusion rate
mag/kg/min

0 25 50 75 100

Figure 4.3: Glucose uptake, plotted in 0.1-minute intervals, during a coatinuous

insulin infusion in both the control and HISS blocked condition.
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Figure 4.4: HISS action profiles, calculated by subtracting glucose uptake in the

blocked condition from control, in response to different insulin delivery patterns.
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4.3.2 Effect of continuous insulin delivery on insulin sensitivity

Ammals (302.3 £ 9.9 g; n=6) in this series had an initial RIST index of 247.9 +
23.3 mg/kg, a post-continuous infusion RIST index of 73.2 * 5.0 mg/kg and a post-
atropine RIST of 72.8 + 4.5 mg/kg. The decrease, 70.5%, in insulin sensitivity between
the control and post-continuous infusion RIST is significant (P<0.001), and is represented
graphicaily in figure 4.5. The continuous infusion, 1 mU/kg/min for 60 minutes, vielded
a glucese uptake of 351.0 £42.8 mg/kg, in 77.2 + 1.7 minutes.

4.3.3 Effect of three insulin pulses given 20 minutes apart on insulin sensitivity

Anmimals (276.3 £ 3.4 g, n=7) in this series had an initial RIST index of 219.1 +
21.9 mg/kg, a post-pulse RIST index of 145.9 % 7.3 mg/kg and a post-atropine RIST of
71.0 £ 44 mg/kg. The decrease, 33.4%, in insulin sensitivity between the initial and
post-pulse RIST is significant (P<0.01). The 51.3% decrease in insulin sensitivity
between the post-puise ang post-atropine RIST is also significant (P<0.001). This data is
represented in figure 4.6, The three pulse insulin infusion, with pulses given 20 minutes
apart, produced a glucose uptake of 287.9 + 14.5 mg/kg, in 66.1 2.0 minutes.

4.3.4 Effect of three insulin pulses given according to glucose uptaie on insulin

sensitivity

Animals {284.7 £6.6 g; n=7) in this series had an initial RIST index of 211.6 + 7.8
mg/kg, a post-pulse RIST index of 191.1 £ 8.9 mg/kg and a post-atropine RIST index of
78.1 £ 3.9 mg/kg. There is no significant difference between the first two RISTs, only
after atropine is there a significant (P<0.001) decrease of 63% in insulin sensitivity.

Figure 4.7 shows these results graphically. The three pulse insulin infusion, where each
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pulse was given after the glucose infusion rate could be maintained at 0 mg/kg/min,

caused a glucose uptake of 297.4 + 17.1 mg/kg, in 71.42 £ 1.6 minutes.

300+ I Control (247.9 mg/kg)

Post Continuous
Infusion (73.2 mgl/kg)
[ Post Atropine

(72.8 mg/kg)

N

(=]

(=]
1

100

RIST index (mg/kg)

Figure 4.5: Effect of a continuous insulin infusion on insulin sensitivity. There is a
70.5 % decrease (P<0.001) in insulin sensitivity after the continuous insulin infusion
that is not changed by atropine. The results indicate that a 60-minute continuous

infusion of insulin causes full HISS-dependent insulin resistance.
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Figure 4.6: Effect of three pulses of insulin, given 20 minutes apart, on insulin
sensitivity, There is a 33.4 % inhibition (P<0.01) in insulin sensitivity after the
three pulse insulin infusion and a further 51.3% decrease (P<0.001) in insulin
sensitivity after atropine. The results indicate that the three pulses delivered 20

minutes apart cause partial blockade of HISS release, but not full HISS-dependent

insulin resistance.
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Figure 4.7: Effect of three pulses of insulin, given after the previous pulse’s action is
finished, on insulin sensitivity. There is no change in insulin sensitivity when insulin
is applied after the previous pulse has finished acting. Only after atropine is there a
63% decrease (P<0.001) in insulin sensitivity. The results indicate that there is no
blockade of HISS release when insulin pulses are delivered after the previous insulin

pulse has finished acting.
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4.3.5 Effect of a bolus insulin infusion

Animals (290.2 + 2.9 g) in this series had an initial RIST index of 205.8 + 8.2
mg/kg, a post-bolus RIST of 189.9 + 7.8 mg/kg, and a post-atropine RIST of 71.9 + 4.0
mg/kg. There is no difference in insulin sensitivity between the first two RISTs, only
after atropine is there a signiﬁcanrt 65% decrease (P<0.001) in insulin sensifivity. This
data is presented graphically in figure 4.8. The 60 mU/kg bolus of insulin caused a

glucose uptake of 233.4 + 8.9 mg/kg, in 32.1 + 1.4 minutes.
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o
°
£
lcT) 100+ *
o

0

Figure 4.8: Effect of a bolus of insulin on insulin sensitivity. The RIST index is not
different before and after the 60 mU/kg insulin bolus, only after atropine is insulin

sensitivity reduced (65%) significantly (P<0.001). A bolus of insulin similar to that

given during the RIST does not induce HDIR.
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4.3.6 Effect of different durations of continuous insulin infusion on insulin

sensitivity

The mean initial RIST index, for all animals (272.3 £ 4.0 g; n=15) in this series,
was 184.1 = 4.6 mg/kg and the mean post-atropine RIST index was 71.5 = 2.0 mg/kg.
Table 4.1 shows the mean post-continuous infusion RIST index for duration of
continuous insulin infusion and the glucose infused in response to each of the durations.
Significant differences exist between the mean control RIST and post 10-minute infusion
RIST, and between the mean post-atropine RIST and post 25-minute infusion RIST.
There is no difference between the mean post-atropine RIST and post 30-minute infusion
RIST. These results indicate that after a 10-minute continuous infusion a slight, but
significant, inhibition in HISS release occurred. Full HISS-dependent insulin resistance
is not evident until after the 30-minute continuous infusion. Significant differences exist
between some of the other durations but are not reported. Figure 4.9 shows the percent

inhibition from control caused by the continuous infusion,
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Tabie 4.1 Data from various durations of continuous (1 mU/kg/min) insuliz infusion.

The amount of glucose infused to maintain euglycemia in response to insulin, the

length of that glucose infusion, the control RIST index, the post-continuous insulin

infusion RIST index and the imhibitiorn from the controi RIST index that it

represents, and the post-atropine RIST index for each group.

Duration of Glucose Length of Control Post- %o Post-
continuous infused in glucose RIST index continuous Inhibition atropine
{imU/mg/min) | response o infusion {me/kg) mfusion RIST after RIST index
msulin continuous | {minutes) index (mg/kg) | continuous {mgrkg)
infusion insulin insutin
{minutes) infusion infusion
=3} {mg/ks)
16 474226 189=07 1710213 [ 1580=67*" | 76x2.1 76.4+3.6
15 §7.5%53 333412 | 1856+G9 | 1403+95°" [ 245223 | 68757
20 1 81.6+1.5 282+ 1.7 | 186.6+17.3 | 1309527 129143 | 72.7+5.8
25 1261+ 138 | 365+ 1.0 | 202071 [1083+£597" 146514 [68.9=27
30 1250 %114 | 40206 | 1751226 | 752+57° 57128 | 719=%5.1

* $<0.05, compared to mean control; # P<0.001, compared to mean control; P<0.01, compared to mean post-atropine;
@ P<{.001, compared io mean post-atropine.

68




751

50+

% Inhibition

0 10 20 30

duration of insuiin infusion {minutes)

Figure 4.9: Percent inhibition of insulin sensitivity after continuous insulin infusion

compared to the duration of continuous (1 mU/kg/min) insulin infusion, r* = 0.93,

n=3 for each time point. Insulin sensitivity decreases progressively with the

duration of the continwous infusion. Full HDIR is present after a 30-minute

continuous insulin infusion.
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4.4 Discussion:

Hepatic Insulin Sensitizing Substance (HISS) action accounts for 55% of insulin
action (Lautt et a] 2001). We previously demonstrated that use of the HIEC blocked
HISS action thereby causing HISS-dependent insulin resistance in the rat. Since
endogenous insulin release is pulsatile (Goodner et al 1979; Lang et al 1979), we
bypothesized that the insulin resistance observed after use of the HIEC was due to the
continuous insulin infusion, and resistance would be prevented if exogenous insulin was
applied in pulses or as a bolus. We tested this hypothesis by assessing insulin sensitivity,
with the RIST, before and after bolus, continuous or pulsatile insulin infusions. We
hypothesized that HISS release, and therefore glucose uptake, is greater in response to a
puisatile rather than continuous insulin infusion. The results do not support this
hypothesis as there were no differences betwesn continuous, 3-pulse, or 6-pulse insulin
infusions, in terms of their HISS-dependent, HiSS-independent or totai insulin action.
The results do indicate, however, that continuous, but not pulsatile or bolus, insulin
infusions can induce full HISS-dependent insulin resistance, in as little time as 30
minutes in the rat. These results can perhaps explain why, but not how, use of the HIEC
causes HISS-dependent insulin resistance.

4.4.1 Efficacy of Continuous versus Pulsatile Insulin Delivery

This series was conducted under the premise that pulsatile insulin infusions would
cause greater glucose uptake compared to continuous insulin infusions, because HISS
release would be a greater. Other studies (Verdin et al 1984; Ward et al 1989} failed to
show increased efficacy when using pulsatile insulin infusions for short periods of time,

however, these studies were done in the fasted state where HISS release is blocked (Lautt
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et al 2001; Sadri and Lautt 2000). The resuits may have been different, from previous
studies, since we used fed animals. The results do not support our hypothesis because the
amount of glucose infused to maintain euglycemia was similar among the pulsatile and
continuous insulin infusion groups (figures 4.1, 4.2 and 4.3).  Glucose upiake is
sigrificantly higher in the control rather than post atropine condition in each test, but the
HiSS-dependent {figure 4.4) and HISS- -independent compoenents of insulin action do not
differ between the pulsatile and continuous groups. Matthews et al (1983a) found that
ditfersnces in glucose uptake between pulsatile and continuous insulin infusions were

evident only after 7 hours of insulin infusion. If our insulin infusion had keen for a

longer time period our results may have been different. Tt is difficuit to say whether we

would have seen a diver gence in insulin effectiveness before 7 hours of insulin infusion.

The HISS action profiles (figure 4.4) and glucose uptake profiles, before and after
atropine (Figures 4.1, 42, and 4.3), differed greatly for the pulsatile and continucus

insulin infusions. When insulin was given in three pulses, three distinet glucose peaks
were evident {figure 4.1), and the HISS profile (Figure 4.4) showed two distinct peaks..

The six-pulse insulin infusion did not display 6 discrete glucose peaks (Figure 4.2). For
this reason, and because it did not differ in total glucose uptake, the six-pulse infusion
was not included in further studies. During the six-pulse infusion the peaks appeared to
blend together, probably because the amount of insulin given in each of the pulses was
t0o great for the frequency of administration. The continuous insulin infusion caused the
appearance of an oscillatory pattern in glucose uptake (Figure 4.3) and HISS action
(figure 4.4). Two-minute, instead of five-minute, blood samples during the continuous

nsulin infusion could have contributed to the shape of the glucose curve, since this
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allows for trequent adjustments to the glucose infusion. In fact, the oscillations are very
small in magnitude and only appear pronounced because the glucose infusion rate scale is
small. Whether or not HISS release is pulsatile deserves further investigation,

The HISS action profiles (figure 4.4) reveal that HISS release occurs throughout
each of the insulin infusions in the control condition, including the continuous infusion.
Previous results indicated that at the end of the 3-hour HIEC there was no difference in
the glucose infusion rate between the control and HISS blocked condition (Chapter 2).
The discrepancy could exist for many reasons, including the lower (1 mU/kg/min) dose
of insulin used in the present study as well as the shorter duration of insulin infusion.
Perhaps if the insuiin infusion had been extended past 1 hour there would have been a
point where the control and HISS blocked curves of insulin action converged. Depending
on the species this could occur after 180 minutes. Moore et al (2002) showed, in dogs,
thar the 3-hour HIEC (1 miJ/kg/min) could distinguish between the HISS blocked and
control state. However, the difference between the control and HISS blocked state was
only 25%, in thelr study. With the RIST Lautt ef al (2001} have reported a 55%
difference between the control and HISS blocked state, this indicates that the animals, in
the study by Moore et al (2002), may have been partially insulin resistant. [t was
necessary 1o investigate whether HISS action is present after the 60-minute continuous
and pulsatiie insulin infugions since it was not present in the post-HIEC RIST (Chapter

2).



4.4.2 Effect of Continuous and Pulsatile Insulin  Infusions on Insulin

Sensitivity

The rats tested exhibited fuil HiSS-dependent insulin resistance following the
continuous, but not the pulsatile or bolus insulin infusions. The bolus insulin infusion for
these tests was only 10 mU/kg greater than the insulin bolus administered during the
RIST. Since the RIST is reproducible in 4 (Lautt et al 1998) or 5 (Xie et al 1996)
consecutive tests the 60mUrkg bolus was not expected to affect insulin sensitivity. The
fact that a decrease in insuiin sensitivity was not seen, after the 60mU’kg bolus of insulin,
shows that the dose of insulin is not directly responsible for initiating insulin resistance
(figure 4.8). The amount of glucose infused in response to the pulsatile, bolus and
continuous insulin infusions is very similar; the only statistical difference is between the
continuous and bolus infusions. Thus, it is unlikely that the amount of glucose used to
maintain euglvcemia, in these studies, could be implicated as the cause of insulin
resistance, as it has in in viro studies {Richter et al 1988). The duration of glucose
mnfusion does not differ between the tests where msulin was given continuously or as 3-
pulses where the glucose infusion came to 0 mg/kg/min between the pulses. It is unlikely
that the duration of glucose infision could be implicated in inducing insulin resistance.
The cause of insulin resistance appears to lie in the pattern and timing of insulin infusion.

Both 20 and 40-hour continuous insulin infusions have been shown to induce
insulin resistance in healthy humans (Marangou et al 1986; Rizza et al 1985). In contrast,
a 20-hour pulsatile insulin infusion did not induce insulin resistance in humans (Ward et
al 1990). Our results allowed us to draw similar conclusions in a much shorter time

period. The 60-minute continuous insulin infusion induced full HISS-dependent insulin
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resistance, as assessed by a post-continuous infusion RIST that was not affected by
atropine administration (figure 4.5). This agrees with previocus results that demonstrate
tull HISS-dependent insulin resistance afier use of the HIEC (Chapter 2). Since HISS
release is not possible in the post-continuous insulin infusion RIST it is not known why
HISS action was detectable during the hour long continuous insulin infusion, as identified
by the HISS action profile (figure 4.4),

Three pulses of insulin did not initiate insulin resistance when the glucose
infusion rate was allowed to come to 0 mg/kg/min between pulses (figure 4.7), but caused
a partial inhibition (33.4%) of HISS release when given 20 minutes apart without
allowing re-establishment of the previous baseline of insulin action (figure 4.6). Pulsatile
insulin infusion is better at maintaining HISS release compared to continuous insulin
infusion, but the timing of the puises is obviously imporrant as well. This is not
surprising considering that diabetic subjects have irregalar and more frequent insulin
bursts compared to healthy people (Lang et al 1581; Zarkovic et al 19993, and insulin
sensitivity decreases as the number of insulin pulses in a given period increases (Hunter
et ai 1996). Normally, insulin pulses lag glucose pulses by 2 minutes {Lang et al 1979)
and glucose pulses can be used to entrain insulin pulses in healthy individuals but not
diabetic subjects (Hollingdal et al 2000). Insulin pulses occur more frequently and are
uncoupled from glucose pulses in people with type 2 diabetes. A study by Marsh et al
{1986} concluded that to maintain insulin sensitivity and normal feedback mechanisms
glucose had to oscillate, so that as it rose it stimulated insulin secretion and as it fell it
inhibited insulin secretion thereby preventing hyperinsulinemia. It is possible that

administering more insulin while circulating insulin is still causing glucose uptake, as
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done in the experiments where insulin was given every 20 minutes regardiess of glucose
uptake, interferes with normal feedback responses and causes a partial HISS blockade.
Or maybe, HISS release is blocked when circulating insulin levess do not fall below a
particular circulating concentration. A limitation of relating the work presented by Marsh
et al (1986) to our own is that they were locking at siow osciliations, and not rapid
pulses. There are no reports, within the literature, stating that rapid insuiin pulses are just
as important as the slow insulin oscillations for maintaining the msulin-glucose negative
feedback cycle. One could speculate that this is because the rapid pulses serve to control
the FISS~insulin feedback cycle.

4.4.3 Effect of Different Durations of Continuous Insulin infusion

The results from this series indicate that a 30-minute continucus insulin infusion
(1 mU/kg/min) can induce a full blockade of HISS action in the rat. Slhignt inhibiticn of
IS8 action occurs after a 10 minute insulin infusion and appears to progress with the
durarion of insulin infusion (figure 4.9). During the 30-minuie continnous insulin
infusion only 30 mU/kg of insulin was administered: it is unlikely that this amount of
insulin has any direct effect on insulin sensitivity, considering the 60 mU/kg bolus did
not affect insulin sensitivity. Both the duration of glucose infusion and quantity of
| glucose nfused (table 4.1) are similar to, or less than, that seen during the RIST and
probably had little effect on insulin sensitivity. It is possible that the coniinuous insulin
delivery caused changes in insulin receptor binding. Goodner et al (1988) showed, in
isolated hepatocytes, that surface insulin receptors recycled within 15 minutes of
exposure to a pulse or continuous, 60-minute administration of insulin with no change in

affinity. Mandarino et al (1984) found, in adipocytes, that there was no change in insulin
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recepior affinity when people were exposed 10 a continuous six-hour insulin infusion.
There was, however, a decrease in glucose transport. Whether HISS-dependent insulin
resistance would develop sooner if the dose of insulin were greater than 1mU’kg/min was
not tested.  The duration of continuous insulin infusion that induces HISS-dependent
nsulin resistance could differ between species, and if we had used a different animal
model there may have been a delay in the onset of insulin resistance.

To date, HISS has not heen identified, only characterized. For this reason, it is
impossible to know if the HISS-dependent insulin resistance that develops in response to
& conunvons insulin infusion is due to a loss of HISS release or HISS action.
Considening thet continuous GnRH ablates LH and FSH release (Relchetz et al 1978),
ome could speculate that, in a similar way, continuous insulin ablates HISS release.
Hewever, ungl HISS and itg receptor are identified we cannot definitivefy say whether

HIES refease or F1ISS action is blocked.
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CHAPTER 5 - Final Remarks
5.1 Conclusions

The RIST has been used to guantify HiSS-dependent and HISS-independent
insulin action in & series of studies that suggests that this novel pathway is of major
physiclogical, pathoiogical and therapeutic importance. While both the ITT and RIST
are equally able © detect HISS action, the ensuing hypoglycemia during the ITT requires
a. longer recovery time and is complicated by counter-regulatory hormones. For these
reasons it is more ditficult to obtain a profile of HISS action during the ITT and repeating
the I'TT is less feastbie. In contrast to the ITT and RIST, the HIEC can only detect HISS
action, in the rat, during the first 30 minutes of glucose infusion. By its conclusion HISS
action cannot be detected.  Further, HISS action cannot be detected in post HIEC tests

P Sad
iR

indicating that use of the clamp induces HISS-dependent
msulin resistance. Theretore, inany study attempting to evaluate HISS action the method
reing used musi first be shown to be capable of detecting HISS-dependent 'and HISS-
independent insulin action

Studies indicate that normal insulin release is pulsatile (Goodner et al 1977; Lang
et al 1979). Coutinuous and pulsatile insulin infusions stimulate ghucose uptake to a
similar extent. Both the HiSS-dependent and HISS-independent components of insulin
action are similar during a pulsatile or continuous 60-minute insulin infusion. However,
our resuits show that, continuous insulin infusions induced HISS-dependent insulin
resistance in the rat, while bolus and pulsatile infusions of the same dose did not. These

observations may explain whv HISS release was not possible during post-HIEC tests.

This finding lends support to the idea that continuous insulin infusions should be used
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with caution during both the HIEC and insulin treatment because they induce HISS-
dependent insulin resistance.
5.2 Speculations

Why does continuous insulin infusion block HISS release? We know that HISS
reiease is biocked during tasting (Lautt et al 2001), presumably to prevent hypoglycemia,
Centinuous insulin infusions maintain circulating insulin levels at a constant level but
pulsatile insulin infusions cause peaks and iroughs in the concentration. Perhaps, when
the body cannot sense insulin levels falling, or they do not fall past a particular
circulating concentration, it responds by blocking HISS release. 'HISS release would be |
blocked to prevent hypoglycemia.

To date, the feeding signal that allows HISS refease lias not been elucidated.
Placing food in the stomach of a iasted, anesthetized rat can increase the RIST index, but
the exact mechanism is wiknown {Lautt et al 2001}, Rased on the importance of insulin
pulsatility, and its ability to effect HISS release, an increase in insuiin pulse amplitude
could serve as part of the feeding signal. Farlier in this thesis, I speculated that rapid
insulin puises worked in a negative feedback loop with HISS. Because insulin release is
pulsatile during fasting and feeding there must be a way to distinguish the two conditions;
an increase in pulse amplitude may accomplish this and be part of the trigger.
Altemnatively, the signai that increases the insulin pulse amplitude works in a parallel
pathway to initiate HISS release. In this instance the insulin pulsations could serve to
modify HISS release.

The mechanism by which HISS causes glucose uptake has not been determined.

A recent paper by Manchem et al (2001} describes a small molecule that sensitizes the
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insulin receptor. When instlin is administered the small molecule causes increased
autophosphorylation of the insulin receptor and glucose uptake. It is possible that HISS
could act through a similar mechanism to enhance intraceilular signaling and resuitant
glucose uptake.  Whether or not HISS binds to the insulin receptor, and what the
mechanism for increased glucose uptake is, is unknown. Once HISS 1s identified these
questions can be directly addressed.

5.3 Future direction

Clearly, this is an interesting and exciting area of research. A major goal should
te to identify HISS and its receptor. The identification of HISS would aflow the many
Guestions its characterization has uncovered to be answered. Once HISS as been
icentified, new therapies for treating type 2 diabetes can be developed. Until HISS is
identified there are other questions that can be answered,

Other research groups use somatostatin tn inhibit endogenous insulin release
while doing their HIEC studies. Our inability to show a difference between a control and
biocked HIEC, as Moore et al (2002) did, could be because we did not use somatostatin,
The effect of somatostatin on HISS release and action needs to be determined. Until we
know that somatostatin does not block HISS release it cannot be incorporated into our
~experimental protocols.

There are numerous experiments that could follow the seres that investigated the
effect of pulsatile and continuous insulin delivery on HISS release. Whether or not HISS
release is pulsatile should be determined. Other experiments would be to extend the 1
mli/kg/min continuous infusion past | hour and determine at what duration of insulin

infusion do differences in glucose uptake between the control and HISS blocked
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conditions occur. Others (Matthews et al 1983a) determined, in the fasted state, that the
differences in blood glucose level were evident only after 7 hours of pulsatile vs.
continuous insulin infusion. Whether or not a divergence in glycemia will occur sooner in
the fed state should be determined. Determining the time point at which resistance
develops in different species could further the interpretation of the present results.

The duration of insulin resistance caused by continuous insulin delivery has not
been tested. Thus, the duration of rest that is needed for full HISS action to return should
be determined. The final question, which was unanswered by this thesis, is why HISS-
dependent insulin resistance is evident after just 30 minutes during the 10 mU/kg/min
HIEC and not during, but after, the 1 mU/kg/min insulin infusion.  Understanding the
mechanism by which continuous insulin infusions permit HISS release during the 1
mU/kg/min insulin infusion but result in a post-infusion block would further the

interpretation of the present results and the understanding of HISS regulation.
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