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ABSTRACT

The minimal model method has been developed and validated in large
animals and humans to estimate in vivo insulin action and glucose
metabolism. The present studies were carried out to determine if the
model could be applied to the rat, by modification of the frequently
samplied intravenous glucose tolerance test (FSIGT) protocol, to achieve
reliable and accurate estimation of the parameters. Glucose (300 mg/kg)
was injected at 0 minute and frequent blood samples were taken for
glucose and insulin concentrations. Insulin sensitivity {S1) and
glucose effectiveness (Sg) could be estimated from the GLUCOSE protocol
with only 7 or 8 blood samples, but the fractional standard deviation
(FSD) and the identifiabiiity were poor. The protocol was moedified by
additional injections of somatostatin just prior to glucose and
tolbutamide at 8 minutes. Experimental results suggested that the
parameter estimation was significantly improved by the modified protocol
as compared to the GLUCOSE protocol. Computer simulation was applied to
test four protocols: {GLUCOSE} (GLU), {SOMATOSTATIN + GLUCOSE} (SRF),
{GLUCOSE + TOLBUTAMIDE} (TOL), and {SOMATOSTATIN + GLUCOSE +
TOLBUTAMIDE} (SGT). The SRF and SGT protocols resulted in overall
better quantification of parameters evidenced by simulation. The number
of samples, in particular for glucose, were increased without further
blood loss, such that the dynamic changes of glucose and insulin could
be better characterized. The identifiability was 100 % and FSD was
plausible with a protocol of 24 blood samples. A {GLUCOSE + INSULIN}
protocol was performed in control and high-fat-diet fed animals, the

results indicated that without somatostatin injection, the model may not



be able (o differentiate the parameters S; and Si.  In conclusion: 1)
The parameters of the minimal model can be obtained from the rat FSIGT
experiments with only 7 or 8 samples; 2) With the increased number of
blood samples, the ability of the model to quantify the parameters can
be markedly improved; and 3) Somatostatin must be added in the rat FSIGT
experiment to augment the model®s ab:lity to differentiate the

parameters SI and Sg.
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INTRODUCTION

1. Glucose Regulation and Insulin Actinn

(1). Glucose homeostasis and its regulation

Carbohydrate is a primary source of fuel for the whole body. Al1l
cells can use glucose for energy and some cells virtually consume only
glucose, such a. mature erythrocytes [1]. The blood glucose
concentration is maintained in a relatively constant range despite the
intermittent feeding behavior of man. The blood glucose level is
determined by the net balance between glucose utilization (disappearance
from the blood) and glucose production (entry into the blood). This
glucose homeostasis results from multiple regulatory mechanisms
involving many factors. Insulin is considered to be ihe primary

reguiator.

Glucose uptake and utilization by muscle, fat and liver are
controlled by insulin. The central nervous system, erythrocytes and the
renal medulla constitute the major tissues in which glucose metabolism
is not regulated by insulin [2]. The overall effect of insulin is
anticatabolic with anabolic regulation of carbohydrate, protein and
Tipid metabolism. The net results of insulin action are manifested as a

decrement in blood glucose, amino acids and free fatty acids [2].

In the fasting state, the major site of glucose uptake is the brain,

smaller amounts of giucose being utilized by the blood cells and by



resting muscle [2]. Approximately 75% or more of glucose utilization
during fasting is not dependent on insulin [2]. This glucose is
disposed of by tissues not dependent on insulin, e.g., brain,
gastrointestinal tract, erythrocytes, renal medulla, as well as by the
insulin sensitive tissues where glucose uptate is dependent only on
glucose itself at basal insulin levels, without the effect of elevated
insulin [3]. During the postabsorptive state an important effect of the
basal plasma insulin on glucose homeostasis is the promotion of glucose
production such that normoglycemia is maintained [2]. If insulin levels
fall below normal fasting concentrations, e.g., insulin deficiency in
untreated ketoacidosis, hepatic glucose production increases markedly

[4] and results in fasting hvperglycemia.

Food ingestion elevates the blood glucose level via intestinal
glucose absorption. Normal blood glucose levels are restored by
increasing glucose uptake via facilitated diffusion and by suppressing
hepatic glucose output (HGO) via a negative feed-back mechanism. The
increase in the plasma glucose also stimulates insulin secretion.
Elevated insulin increases glucose uptake by insulin sensitive tissues
and suppresses HGO [6]. Thus, insulin sensitivity can be considered to
be the ability of incremental insulin concentrations to augment glucose

disappearance from plasma.

Because glucose transport across the plasma membrane is mediated by
a transport protein, the effect of insulin on glucose uptake is
dependent on the ambient glucose concentration [7, 8], and insulin’s

action to activate and translocate carrier protein to the cell membrane.



Therefore, insulin action can be considered to synergize the ability of
glucose to normalize its own concentration. During the fed state,
approximately 75% of the total glucose ingested is utilized via the

insulin-mediated glucose uptake into insulin sensitive tissues [9].

(2). Insulin secretion and action

Insulin is a polypeptide hormone secreted by B cells of the
pancreatic islets ¢f Langerhans. Preproinsulin is synthesized in
ribosomes attached to the rough endoplasmic reticulum (RER) in the B
cells. Preproinsulin is cleaved in the RER yielding proinsulin, which
is transferred to the Golgi apparatus by transitional budding from RER.
Proinsulin-containing granules are condensed and bud from the Golgi,
migrate towards the plasma membrane, and transform into mature secretory
granules in which proinsulin is cleaved into insulin and connecting-
peptide (C-peptide). The secretory vesicles marginate and fuse with the
plasma membrane and release their content into the extracellular space
by exocytosis. Insulin then crosses the capillary endothelial barrier
to reach the blood circulation [101. This insulin synthesis and
secretion sequence is regulated by a variety of parameters including
nutritional, hormonal, and neurophysiological factors [11]. Glucose
serves as a prominent secretogogue by exerting its stimulatory effects
on the biosynthesis of insulin [12] and on the margination and

exocytosis of insulin secretory granules [13].

Insulin is delivered by the circulation to the peripheral

capillaries, and transported across the capillary endothelium layer into



the interstitium via a receptor-mediated process [107, 109], where
insulin binds to its receptor on the target cell. The cellular effects
of insulin are diverse [15]. Insulin modulates many cellular events,
“ncluding the transportation of molecules across the plasma membrane;
activities of key enzymes in intermediary metabolism; rates of protein
synthesis and degradation; rates of DNA and RNA synthesis; and cellular

growth and differentiation.

The binding of insulin to its receptor is the initial step of
insulin action. The insulin receptor is a tetramer composed of two a-
subunits and two B-subunits linked by disulfide bonds. The
extracellular a-subunits have insulin binding domains and the B-subunits
transverse the plasma membrane and have protein tyrosine kinase in the
cytosolic segments. The mechanisms of signal transduction for insulin
are not completely known; however, hypotheses have been proposed with
experimental support. The binding of insulin to the «-subunits
stimulates autophosphorylation of tyrosine residues on the intracellular
domains of the B-subunits [16, 19]. The autophosphorylation of the
insulin receptor triggers the activation of a ligand-independent
tyrosine kinase which presumably leads to a cascade of phosphorylations
of substrates [19, 26]. The protein tyrosine kinase is essential for
many of insulin’s actions. Saltiel proposed that two distinct pathways
of signal transduction coordinate intracellular changes in protein
phosphorylation: a phosphorylation cascade initiated by the tyrosine
kinase activity of the receptor, and the generation of a second
necccnger [15]. The two pathways may operate synergistically to produce

the series of cellular responses te insulin. The proposed second



messenger has a structure of an inositol glycan and acts in a manner
analogous to cyclic nucleotides or inositol phosphates. By activation
of protein phosphatases and protein kinases, the activities of some
enzymes can be regulated by dephosphorylation and phosphorylation, e.g.,
glycogen synthetase, pyruvate dehydrogenase, acetyl-CoA carboxylase, and

ATP-citrate lyase, which catalyze different pathways of fuel metabolism.

it the insulin sensitive tissues (fat and muscle), insulin
stimulates the glucose uptake which occurs by facilitated diffusion via
glucose transporters (GLUT) in the plasma membrane. In fact, all cells
express glucose transporters, and families of transporters have been
characterized and their amino acid sequences have been deduced [14, 17].
Five glucose transporters have been identified, named GLUT1 to GLUTS.
The insulin sensitive glucose transporter, GLUT4 (muscle/fat), has been
found in both the plasma membrane and an intracellular pool (low-density
microsomes). Following binding of insulin to its receptor, the
intracellular GLUT4 was activated, mobilized and inserted into the
plasma membrane so that the number of transporters in the membrane, as
well as, their intrinsic activities were increased [14]. The GLUT4
recycled to their intracellular pooi when insulin was withdrawn. In
human skeletal muscle, acute insulin treatment caused recruitment of
glucose transporters to the plasma membrane, and prolonged exposure to
insulin could increase expression of GLUT] mRNA and GLUTI protein [18],
which was distributed in most cells responsible for constitutive glucose
uptake. The mechanism by which insulin stimulates translocation of

glucose transporters remains to be clarified. The transduction may be



mediated by a phosphorylation cascade or may involve the guanine

nucleotide-binding protein G; and protein kinase C [49].

Following the insulin-receptor interaction, the ligand-receptor
complexes move along the plasma membrane to the coated pits, and
concentrate in these membrane invaginations, where the insulin-receptor
complexes are internalized through endocytosis [19]. This process
results in the formation of coated vesicies in the cytoplasm. The
coated vesicles lose their coats, which are made of the protein
clathrin, by as yet unknown mechanisms. The complexes are then found in
endosomes which are endowed with proton pumps capable of acidifying
their internal milieu. The ligands are dissociated from the receptors
in the acidic environment [19]. The insulin reaches the digestive
vacuoles, i.e., secondary lysosomes, where insulin is degraded.
Alternatively the receptors are recycled to the plasma membrane before
reaching the lysosomes. The internalization of the ligand-receptor
complex and the degradation of insulin are crucial to the

desensitization and termination of the hormonal signal.

2. Insulin Resistance and Glucose Intolerance

Diabetes was thought to be entirely due to insulin deficiency before
the late 1930’s. At that time Himsworth suggested and it was afterwards
confirmed by the radicimmunoassay of the plasma insulin level, that
diabetes mellitus could be divided inte insulin-sensitive and non-
insulin sensitive types. Indeed, insulin resistance exists in many

patho- and physiological situations, such as obesity [27, 28, 29],



pregnancy [71], high fat diet [20, 21], aging [72], chronic uremia [67].
liver cirrhosis [76, 77], trauma [22, 23], hypertension [24], and type I
[73, 74] and type II diabetes {79].

Glucose tolerance is determined by a complex system involving
glucose sensing, insulin secretion, transportation of insulin molecules,
the actions of insulin, and the ability of glucose per se to normalize
its own concentration. Defects in any of these factors may lead to
glucose intolerance. These defects can be classified into three
categories [25]. (I) Insufficient or abnormal 8 cell secretory
products. Either a mutation in the insulin gene can lead to a
biologically defective insulin molecule or the conversion of proinsulin
to insulin is incomplete. (II) Circulating insulin antagonists.
Elevated plasma hormonal and non-hormonal insulin antagonists include
glucocorticoids (Cushing’s syndrome), growth hormone (acromegaly),
placental lactagen (pregnancy), glucagon, catecholamines, and free fatty
acids. The existences of anti-insulin and anti-insulin receptor
antibodies can also cause insulin resistance. {(III) Target tissue
defects in insulin action. Reduction in the numbers of cellular insulin
receptors ard in receptor intrinsic activity or affinity can be
considered as receptor defects. The post-receptor defects might include
abnormalities in the counling mechanism between the insulin-receptor
complex and the glucose transport system, in the glucose transport
system, or in the intracellular enzyme activity of the various pathways

of glucose metabolism.



Numerous publications have demonstrated that insulin resistance is a

prominent characteristic of obesity and non-insulin dependent diabetes
mellitus (NIDDM). In obesity, insulin resistance appears to be
heterogeneous and due to combined receptor binding and postreceptor
binding defects at the target tissue level [27, 28]. Mild insulin
resistance displays only the receptor defect due to both reduced
receptor numbers {27] and abnormal coupling between binding and
postbinding events [29], whereas more severe insulin resistance is
typically characterized by a postrece;tor defect [25] manifested as
reduced maximal insulin responsiveness. The magnitude of this
postreceptor defect is positively related to the degree of

hyperinsulinemia [27].

Although both impaired insulin secretion and insulin resistance
contribute to the pathogenesis of type Il diabetes, insulin resistance
appears to be present in all NIDDM patients. Since the majority of
NIDDM patients are overweight (approximately 80%), obesity is closely
related to NIDDM. However, insulin resistance exists in NIDDM

independent of obesity. Obese NIDDM subjects exhibit greater insulin

resistance than non-diabetic obese subjects [31] and lean NIDDM patients

are also insulin resistant [32]. Combined binding and postbinding
defects, i.e., insulin receptor defects, abnormal signal transduction,
and impaired glucose transport system (both reduced numbers and
intrinsic activity of glucose transporters), may be responsible for

insulin resistance in NIDDM [30].

8



3. Methodologies of In Vivo Estimatic. of Insulin Sensitivity

Many of the investigations of insulin action have been carried cut
in vitro to help our understanding of the occurrences and mechanisms of
insulin insensitivity; e.g., studies on insulin-receptor binding
(calculation of the affinity and the number of receptors), glucose
transport system, glucose uptake, and glucose metabolism by oxidative
and non-oxidative pathways. However, it is also important and critical
to quantify insulin sensitivity and define insulin resistance in vivo at
the whole body level. Several techniques which have been previously

employed to measure insulin sensitivity are briefly discussed.

(1). Insulin-Glucose test

In the 1930’s, Himsworth introduced the insulin-glucose tolerance
test to measure insulin sensitivity in vivo in diabetic subjects
[33,34,35]. An individual received two oral glucose tolerance tests;
one of which had an intravenous (i.v.) insulin injection prior to the
oral glucose load (insulin-glucose test). The areas under the blood
sugar curves were determined; and the difference between the area of the
glucose tolerance curve and the area of the insulin-glucose tolerance
curve could be viewed as the measurement of the effect of the injected
insulin. Himsworth defined insulin sensitivity as the ratio of the
glucose area from the insulin-glucose test to that of glucose tolerance
test. He demonstrated insulin insensitivity in aging [36] and in obese

non-diabetic subjects [35].



10

Himsworth’s method was inferential as various mechanisms could
influence the measurement of insulin sensitivity. These factors include
differences in gastrointestinal glucose absorption, endogenous insulin
release in response to glucose, variation in the inhibitory effects of
injected insulin on endogenous insulin secretion, and differences in
rates of insulin clearance. Following the development of the insulin
radioimmunoassay by Yalow and Berson in 1960 [37], other methods were

developed for in vivo quantification of insulin sensitivity.

(2). Glucose tolerance test (GTT)

Oral (OGTT) and intravenous glucose tolerance tests (IVGTT), during
which both glucose and insulin concentrations were intermittently
measured for 3 hrs after a glucose load, was employed for the
determination of insulin sensitivity in vivo. Insulin insensitivity is
evident as hyperinsulinemia at the face of a normal or supranormal
plasma glucose patterns during glucose tolerance testing [38,39].
Diminished insulin sensitivity has been demonstrated in obese non-
diabetics [40], patients with diabetes mellitus [41], aging [42,43],
pregnancy and patients with gestational diabetics [44,45] by means of

the glucose tolerance test.

There is, however, a continuous interaction between the B cells of
the pancreatic islets and the insulin-target tissues during a GTT. That
is, changes in the plasma glucose level stimulate insulin secreticn from
the B cells; and the released insulin will affect the plasma glucose

concentration. This closed-loop relatisnship between glucose and
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insulin limits the interpretation of the results of glucose tolerance

testing such that the relative contributions to glucose tolerance of B

cell function and insulin sensitivity cannot be distinctly quantified.

The difficulty of interpreting closed Toop data was illustrated by
computer simulation [46]. The simulation predicted that an 86% decrease
in insulin sensitivity without other defects would not result in
impaired glucose tolerance because hyperglycemia caused by insulin
insensitivity can be compensated for by the B cell response. Likewise,
in the insulin insensitive individual with up tc 75% decrement in B cell
function, the integrated insulin response would not be less than in a
normal subject. As a result of the difficulties in interpreting closed
Toop data, it is necessary to utilize an approach which opens the
glucose-insulin feedback loop. Two techniques have been widely applied
in animals and humans to quantify insulin sensitivity in vive: the

pancreatic suppression test and the glucese clamp.

(3). Pancreatic suppression test (PST)

A. Principle

Reaven et al. introduced the pancreatic or ins:lin suppression test
(PST or IST) in 1970 [47], in which pharmacolegicai ¢ ants were used to
block pancreatic insulin release in response to an :levated plasma
glucose concentration. Commonly epinephrine and propranolol infusion
(E/P) or altarnatively somatostatin (SRIF) infusion were employed to

inhibit the endogenous insulin secretion. Simultaneously exogenous
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glucose and insulin were infused at a constant rate at which plasma

insulin was raised to a physiological concentration (approximately 100
pU/ml).  After a period of equilibration (usually 90 min), plasma
insulin and glucose levels reached a steady-state. Thus, the levels of
steady-state plasma glucose (SSPG, defined as the average glucose during
the steady-state observation period) at fixed rates of insulin and
glucose infusion represented the measurement of tissue sensitivity to

insulin.

A fundamental assumption of the PST was that the combined infusions
of epinephrine, propranolol, glucose and insulin would absolutely
inhibit endogenous glucose production [47, 481. Under this condition,
the exogenous glucose infusion (GINF) was the total entry of glucose
into the body. When steady-state plasma glucose and insulin levels were
achieved, GINF (glucose appearance) should equal the total glucose
utilization (glucose disappearance) which was composed of insulin-
independent and insulin-dependent gl'cose uptake. Therefore, for a
given rate of glucose infusion, SSPG would represent the efficiency of

both glucose-mediated and insulin-mediated glucose clearance.

In the normal individual, SSPG is near the basal level. In the case
of insulin resistance, the insulin-dependent glucose utilization is
reduced. This reduction of glucase outf]ow from the plasma into the
insulin sensitive tissues will force the plasma glucose to rise and
reach a higher steady-state level, at which the greater impetus
increases the peripheral glucose uptake via both mass action and

insulin-stimulated effect. Thus, the new balance between glucose influx
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and efflux is achieved at a higher SSPG in the insulin-insensitive

state.

B. Application

The PST has been applied to estimate insulin sensitivity in both
human and experimental animals. Insulin resistance was demonstrated in
subjects with various states of glucose intolerance and diminished
insulin sensitivity, including NIDDM [S0, 51}, impaired glucose
tolerance [52], obesity [53, 54], as well as, insulin-dependent diabetes
mellitus (IDDM) and ketoacidosis [55, 56]. Dogs made diabetic with
alloxan treatment had a significantly higher SSPG [57]. Insulin
insensitivity was reported in streptozotocin-induced diabetic rats (58]
in which exercise could reverse the insulin sensitivity to normal. The

insulin resistance was also found in aging rats using the PST [59].

In order to compare SSPG among individuals, it is ideal to match
steady-state plasma insulin (SSPI) levels in different individuals by
adjusting the rate of insulin infusion. Nevertheless, identical SSPI
may not be true in many situations, and the relationship between SSPG
and SSPI is nonlinear in man (00] and rats [59]. Thus, increased SSPG
may not reflect the proportional decline in insulin sensitivity, and the
comparison of insulin sensitivity (SSPG/SSPI) among individuals with

different SSPI levels would not necessarily be accurate.
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C. Interpretation of SSPG

Although the 3SPG largely reflects the degree of insuiin
sensitivity, glucose-mediated glucose utilization cannot be derived
directly from the PST. Approximately 75% of basal glucose clearance was
estimated as glucose’s effect on its own clearance [2]. However, SSPG
may vary from the basal plasma glucose level . 'd among individuals.
Therefore, the glucose-dependent glucose clearance at steady-state would
be different from basal as well as ameng individuals since various
levels of SSPG could result in a different impetus for glucose uptake
via facilitated diffusion. SSPG is determined by the effect of both
glucose and insulin, thus the inconsistancy of glucose effect at various

SSPG levels could influence the estimation of insulin sensitivity.

Though the pancreatic suppression test was the first direct measure
of insulin sensitivity, many factors may influence the quantification of
insulin action. The effects of combined infusion, the stability of
SSPG, and the various degrees in suppression of hepatic glucose
production among individuals could affect the measurement of insulin
sensitivity. The inability of the PST to determine the difference
between the non-insulin-mediated and insulin-mediated glucose
utilization could further contribute to the error in the estimation of

‘nsulin sensitivity.



(4). Glucose Clamp Technique

A. Principle

As discussed, the existences of the glucose-insulin feedback inter-
relationship complicates the estimation of insulin action. Another
technique, the glucose clamp, which was developed and introduced by
Andres and his colleagues [61-64], interrupts the feedback loop by
axternally controlling the blood glucose and insulin concentrations.
Ouring the clamp studies, the plasma glucose is maintained constant by a
exogenous insulin and glucose infusion. In contrast to the PST, the
maintenance of basal blood glucose during the clamp eliminates the
counter-regulatory response which may confound the glucose regulation
and influence the estimation of insulin sensitivity during the PST in an
insulin-sensitive individual. No pharmacelogical agents are required
for the inhibition of glucose production in the clamp in comparison with
the PST. Over the last 15 years, the glucose clamp method has been
widely employed by many groups of investigators for the in vivo
determination of insulin sensitivity in human subjects and experimental

animals.

Insulin sensitivity determination is usually accomplished by using «
euglycemic clamp and the quantification of B cell sensitivity to glucose

can be determined by hyperglycemic clamping.

Euglycemic clamp: Fasting plasma glucose is relatively constant for

a given individual, thus glucose production (Ra) should be equal to
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glucose utilization (Rd) in the postabsorptive state. In the euglycemic

clamp, exogenous insulin is infused at a predetermined rate to raise the
plasma insulin to a desired level (commonly 100 pU/r1. [64]). Insulin
infusion Towers the plasma glucose by increasing Rd and decreasing Ra.
This decline of blood glucose is compensated by a rate of exogenous
glucose infusion which is calculated to match the effect of insulin on
lowering plasma glucose. Arterial blood is frequently sampled to
determine glucose values and to adjust the rate of glucose infusion in
order to maintain the basal glucose level. After a period of
equilibration, plasma insulin and glucose reach a steady-state, and the
glucose infused to maintain euglycemia (M) is considered to indicate the
insulin action at the prevailing insulin level (I). The ratio of
glucose infusion (corrected for urine loss) to the plasma insulin (M/1)
is the measure of the quantity of glucose metabolized per unit of plasma
insulin concentration and thus is the index of insulin sensitivity [64,
67]. The underlying assumptions of this calculation are that the
endogenous glucose production is completely suppressed, and that the M

is Tinearly related to I, and there is no intercept of M on I.

Hyperglycemic clamp: 1In the postabsorptive state, plasma glucose is
acutely elevated by exogenous glucose infusion. After the desired
hyperglycemia is achieved, the hyperglycemic plateau is maintained by
adjustment of the glucose infusion rate. When the steady-state glycemia
plateau is held, the glucose infusion rate is essentially a measure of
glucose tolerance (index of glucose metabolism), and the plasma insulin
response to the fixed hyperglycemia is a measure of B cell response to

glucose [64, 67]. DefFronzo et al. [64] also reported that the insulin
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response to the sustained hyperglycemia was biphasic, with an early

burst of insulin release (0-10 min) followed by a phase of gradually
increasing insulin concentration until the end of the study (10-120
min). The quantification of two phases of insulin secretion is
particularly important because it has been suggested that the loss of
the initial phase of insulin response is the earliest detectable

abnormality in diabetes [65, 66].

When the glucose clamp technique is used in conjunction with
isotopic measurement of glucose turnover, the individual effect of
insulin on glucose production and glucose utilization can be estimated
[67, 27]. A primed continues infusion of [3—3H]g1ucose is frequently
used. Endogenous glucose production (Ra) and glucose utilization
(alternatively, glucose disappearance, glucose uptake, or glucose
disposal; Rd) are éa]cu]ated from the glucose specific activity during
the steady-state plateau using the tracer dilution method of Steele et

al. [68].
B. Insulin dose-response curve

A fixed rate of insulin infusion may result in different levels of
steady-state insulin in various individuals as the metabolic clearance
rate of insulin may not be the same. It is difficult to obtain a
desired steady-state insulin concentration from a predetermined rate of
insulin infusion and to match insulin levels between individuals.

Therefore, the compzrison of insulin sensitivity may not be appropriate
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since the insulin levels could be different between individual

experiments.

The insulin dose-response curve for glucose metabolism can better
characterize the action of insulin. Alteration of insulin action may be
due to changes in insulin sensitivity which can be described by the
insulin concentration required for half-maximal effect (Kp)s and/or to
insulin responsiveness which is the maximal response to insulin (Vimax) -
In order to define both the dose-response relationship and the maximum
effect of insulin on glucose metabolism, at least three euglycemic
clamps with different rates of insulin infusion were required in the
same subject [27]. To simplify the procedure, Rizza et al. introducad a
method to determine the ir ulin dose-response characteristics in a
single clamp experiment [6]. Sequential infusions of insulin were used
to raise the plasma insulin in a stepwise fashion; and each rate of
insulin infusion was maintained for 2 hours. The glucose utilization
determined during the last 40 minutes at each of the insulin infusion
rates was plotted vs. the steady-state insulin concentration tp yield

the insulin dose-response curve.

Though insulin dose-response clamping can be employed to describe
the kinetics of insulin sensitivity, the requiremeni of steady-state
glucose and insulin levels may complicate the interpretation of the
resuits, especially in the method of sequential insulin infusion. The
insulin action on glucose metabolism is relatively slow and there was no
actual steady-state glucose metabolism even over 5 or 8 hours of

prolonged hyperinsulinemia plateau [91]. The approach of sequential
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insulin infusion has been frequently used by other investigators [97,

98, 100]. Nosadini et al. infused insulin at four constant rates within
10C min [97]. In these studies, each steady-state hyperinsulinemia
Tevel was less than 2 hours, as a result, the glucose utilization
measured at each insulin level may be affected by the previous insulin
concentration. Whether the glucose metabolism represented the effect of

prevailing or previous steady-state insulin levels was not clarified.

C. Sampling site

If the glucose concentration perfusing glucose-utilizing tissues
(i.e., arterial glucose concentration) are matched, the glucose
disappearance rates during a fixed rate of insulin infusion can be
directly compared under various physiological conditions. Arterial
sampling for determination of glucose concentration was employed in the
early clamp development [62, 63, 64, 67]. To avoid the difficulty of
arterial sampling, venous blood obtained from a dorsal vein of a heated
hand (68 OC; was suggested by McGuire et al. [69]. The differences
between arterial and venous kinetics of substances are due to 1) the
transi* times of substances through the circulatory paths between the
two sampling site, and 2) the loss of substances to the intervening
tissues [69]. By the heated vein method, the blood transit time was
shorter (0.3 vs. 1.0 minute) and the glucose loss was reduced (1.9 vs.
2.9 % at basal insulin levels) compared to antecubital vein sampling
[69]. This "arterialization" of venous blood using the warmed hand
technique has been widely accepted with various temperatures employed

ranging from 55 to 72 9C [6, 27, 70, 71, 72, 73, 97, 98].
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Though the heated vein method provides a realistic alternative for
blood sampling, the differences between venous and arterial kinetics
cannot be completely eliminated. The venous blood transit time and
irreversible glucose loss may be variability associated with the
different temperatures applied for heating hands. Furthermore, the
identical venous glucose concentrations may not represent the same
arterial glucose levels if the insulin sensitivity is different. In the
more insulin-sensitive subjects glucose utilized by tissues is greater,
thus the difference of arterial and venous glucose concentrations is
also greater. Under the identical venous glucose levels, the arterial
glucose would be higher in a insulin-sensitive individual. This could
result in overestimation of glucose disposal. Thus, although
impractical in human studies, the arterial blood sampling gives more

accurate estimations of insulin sensitivity.

D. Applications

The glucose clamp technique has been extensively applied to measure
insulin sensitivity and/or B cell sensitivity to glucose in a variety of
normal and pathophysiological circumstances. By this method, insulin
resistance has been demonstrated in patient with type 1 diabetes
mellitus [73, 74], type II diabetes mellitus [79], maturity-onset
diabetes [70], uremia [67], obesity [27], aging [72], pregnancy and
gestational-onset diabetes [71], hypertension [75], liver cirrhosis [76,
77], and hyperinsulinemia [78]. Recently, the glucose clamp has been

developed in rats for 7n vivo estimation of insulin sensitivity under
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anesthetized or conscious conditions [80 - 82]. Decreased insulin

sensitivity measured by the clamp was reported in streptozotocin-induced
diabetic rats [83], fructose-fed rats [84], sucrose-fed normal [85] and
diabetic rats [86], human growth hormone (hGH)-treated rats [87].
Glyburide administration in normal rats [88] and vanadate treatment in
diabetic rats [89] demonstrated increased insulin sensitivity as

assessed by the clamp.

E. Assumptions

Several assumptions were made during the development of the clamp

techriique. They are briefly discussed below.

1) The metabolism of exogenous insulin is assumed to be
indistinguishable from that of endogenous insulin [62). The biological
effect of exogenous insulin (usually porcine insulin) is possibly
different from that of human insulin because of the structural
variation. Concomitant with endogenous insulin secretion, a small
percentagz of proinsulin is released which is biologically less potent
than insulin and not distinct from insulin by radioimmunoassay. In the
hyperglycemic clamp in which the endogenous insulin is measured, the
existences of proinsulin may result in an underestimation of insulin

action.

2) When a constant level of insulin is obtained, there is presumably
a steady-state of glucose metabolism. The plasma steady-state insulin

will be achieved within 30 minutes after insulin infusion, while the
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effect of elevated insulin on glucose metabolism is a much slower
process [62]. The effect of insulin on glucose uptake is not directly
related to insulin in the plasma pool, but is associated with insuiin in
an extra-vascular compartment which equilibrates siowly with the plasma
pool [62]. The establishment of a ralative steady-state in insulin
action is related to the time required to achieve equilibration between

plasma and extra-vascular insulin compartment.

tuglycemic clamp studies were performed by Doberne et al. to
investigate whether glucose utilization changed during the steady-state
period [91]. With a fixed rate of glucose infusion and sustained
hyperinsulinemic plateau (80 - 100 pU/ml), they observed a mean of 18 %
decrease in plasma glucose concentration over 60 minutes of the 3rd hour
of clamping. When the clamp was extend»? to 5 or 8 hours, the glucose
metabolic clearance rate (MCR) continuously increased for 5 hours after
the initiation of hyperinsulinemia (mean = 88 uU/ml), and slightly
decreased thereafter. Therefore in their experiment, no actual steady-

state of glucose utilization was achieved even over 8 hours of clamping.

3) The underlying mathematical assumption of M/I ratio as an insulin
sensitivity index is that M is linearly related to I and there is no
intercept of Mon I [64]. This assumption may not be true as there was
an intercept of M on I plotted by Bergman et. al. [46]. The insulin
dose-response curve for overall glucose metabolism was measured by the
steady-state glucose infusion rate (M) at the sequential insulin
infusion [6]. M was plotted versus the corresponding insulin level (I),

the resultant dose-response curve was sigmoidal with M increasing



steeply (almost Tinearly) at I from 28 + 2 to 101 + 4 pU/ml. With
further increases in insulin concentration, M increased only slightly
and saturated at insulin levels between 200 and 700 pU/ml [6]. In the
euglycemic clamp, as the insulin plateau s kept approximately 100
pU/ml, M is almost linear to I. When insulin approaches the saturate
value of the insulin dose-response curve, it is inappropriate to

calculate the M/I ratio as insulin sensitivity index.

4) The use of clamp technique to assess insulin sensitivity assumes
that non-insulin-dependent glucose uptake is unaffected by various
pathophysiological states [64]. The amount of glucose required for
maintaining steady-state glucose level (M) represents not only the
insulin-dependent glucose uptake but also the effect of glucose on its
own utilization. In normal individuals when euglycemia is kept and
steady-state glucose concentrations are matched, the non-insulin-
mediated glucose uptake should be similar. While in the insulin
resistant subjects, relatively more of the non-insulin-mediated effect
may contribute to M since the insulin action on glucose metabolism is

diminished.

A recent study by Edelman et al. was conducted to define the
insulin-mediated glucose uptake (IMGU) and non-insulin-mediated glucose
uptake (NIMGU) in humans [92, 93]. Somatostatin was infused in stepwise
manner to inhibit the endogenous insulin secretion. Either with or
without replacement of exogenous insulin (40 pU.mz.min'l), whole body
glucose uptake was measured at four glucose levels (4.5, 9, 12, 21 mM;

i.e., 81, 162, 216, 378 mg/d1) to study IMGU and NIMGU. NIMGU was
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determined by glucose uptake during somatostatin-induced insulircpenis
(no insulin replacement). IMGY was calculated by subtracting KIMii Trom
glucose disposal rate (GDR) during hyperinsulinemia (460 pM; i.: . 54
pU/ml), that is, IMGU = GDR - NIMGU. Their studies suggestec t. =%
NIMGU, IMGU, and whole-body GDR, were increased with the levels o” serum

glucose and were non-linear to the glucose concentrations being studied

[92].

5) The rate of glucose utilization (correcte: sy urine loss) under
steady-state is presumed to be equal to the sum of glucose infusion rate
and the rate of endogenous glucose production as determined by tracer
methodology [46]. The labeled glucose molecule is assumed to be
biologically and metabolically indistinguishable from unlabeled glucose
[94]. [3-3H]g1ucose given in a primed continues fashion has been
extensively applied to estimate endogenous glucose production (Ra). The
primed dose was usually 25 xCi and the constant infusion rate was often
0.25 uCi/min [27, 67]. During the steady-state, the glucose appearance
(both endogenous anu exogenous) should equal to the glucose

disappearance, i.e., Rd = Ra + GINF.

However, the clamp data of Rizza et al. [6] as replotted by Bergman
et al. [46] suggested that at high rates of exogenous glucose infusion
(GINF) the calculated glucose production (Ra) was significantly
negative. Mary other investigators have reported the negative values of
Ra determined by the tracer method [95, 96, 97, 98]. Negative values of

Ra were usually considered to represent complete suppression of glucose
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production [92, 94, 95], however, this results in an underestimation of

hepatic glucose production as well as the ¢lucose uptake.

The physiologically impossible negative numbers obtained for hepatic
glucose production with tracer methodology may be due to 1) the
difference in the metabolism of glucose tracer compared with unlabeled
glucose, i.e., apparent isotope discrimination [99], 2) insufficient
modeling of glucose kinetics which is assumed to be one-compartment with
a fixed-pool volume [99], and 3) a contamination in the tracer
preparation. The presence of a contamination or an isotope effect was
demonstrated by comparing [3-3H]g1ucose with other tracers (6-
14C]glucose and [2-3H]g1ucose [100]; or [6,6-2H2]g]ucose [101]).
However, insufficient modeling is thought to be more important.

Addition of glucose tracer to the exogenous glucose infusate (hot GINF)
during ciamping yielded a more accurate Ra value which was not
significantly less than zero and greater than that of cold GINF (no
tracer in the exogenous glucose infusate) [94]. Employment of a one
compartment model with a variable volume (regression approach) instead
of the oversimplified fixed-pool model of glucose kinetics also improved
the estimation of Ra [94, 99]. The hot GINF and regression methods
provide an alternative for more accurate estimation of Ra by

hyperinsulinemic-euglycemic clamp study.

The glucose clamp technique has provided an important tool to
estimate insulin sensitivity, glucose production and utilization. With
this approach the insulin action and glucose metabolism are determined

under steady-state of glucose and insulin dynamics, and a number of
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acsumptions are made which may not be mathematically and physiologically

correct. An alternative approach to assess glucose and insulin
interactions in the non-steady-state is the minimal model of glucose

kinetics.
(5). Minimal Model/FSIGT Technique

The minimal model of glucose and insulin kinetics, which was
introduced and developed by Bergman and colleagues [102, 103] in the
last decade, make it possible to quantify both irsulin sensitivity and B
cell sensitivity to glucose from a relatively simple glucose tolerance
test, namely, the frequently sampled intravenous glucose tolerance test
(FSIGT). In this paper the minimal model method will refer to the
minimal model cf glucose kinetics by which the insulin sensitivity and

glucose effect on glucose disappearance can be determined.

A. Principle

The minimal-model method describes the glucose dynamics and the
effect of insulin on glucose disappearance [Fig. 1]. In the glucose
dynamic model, the extracellular glucose space is assumed Lo be a
single, well-mixed compartment, and the rate of glucose disappearance is
dependent on glucose itself, and on insulin in a compartment remote from

the plasma. There are two differential equations of the model:

d6 / dt= - [py + X(t)] 6(t) + pyGy (1)
dX / dt = -ppX(t) + p3I(t) (11)
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Fig. 1. Diagrammatic representation of the minimal model of glucose

dynamics. The model assumes that the glucose space is a well mixed,
single compartment, and the net rate of glucose disappearance from
plasma is dependent on glucose itself and on insulin in a compartment

remote from plasma.



where X(t) = insulin in the remote compartment, p; = glucose
disappearance term independent of insulin response, pp = insulin
metabolism term of the remote compartment, p3 = insulin distribution
parameter, p;G, = net basal glucose production term. Equation I
describes the change of glucose after a intravenous glucose injection
which is dependent on 1) glucose itself at basal insulin, i.e., the
effect of glucose on the net hepatic glucose production and on the
glucose disposal to the periphery; and 2) the plasma insulin response,
which augments the ability of glucose to clear itself from plasma. 1In
the second equation, insulin action (X) is proportional to insulin in

the remote compartment, most likely, the inte. itial fluid.

The MINMOD computer program can solve the equations and define the
parameters from the dynamics of plasma glucose and insulin during a
single glucose tolerance test. Insulin sensitivity can be calculated
from these parameters. The frequently measured plasma insulin and
glucose concentrations from the FSIGT are submitted to a digital
computer. Using the time course of plasma insulin concentration as
input, the computer makes initial guesses of the parameters, solves the
equations, and generates the giucose dynamics as output which is
compared to the observed glucose data. Based on the initial results,
the computer repeats this process continuously until the best parameter
estimates are obtained, by which the model-generated glucose kinetics

fits best to the original glucose data.
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Glucose effectiveness (Sg): The model equation I states that the

decline of glucose concentration in the plasma (glucose decline) after
an i.v. glucese injection accounts for the glucose dependent component
[p1G(t)] and the component of the interaction of remote insulin and
glucose [X(t)G(t)]. Therefore, P1G(t) reflects the glucose disappearance
dependent on glucose and independent of the dynamic insulin response;
the parameter p; is a measure of the ability of glu=ose per se to
enhance its own disappearance independent of an inciement in plasma

insulin (glucose effectiveness), i.e., Sg = P1-

Insulin sensitivity index (Sy): In the model insulin sensitivity is
defined as the quantitative influence of insulin to increase the effect
of glucose on its own disappearance [102]. From the minimal medel, the
insulin sensitivity index can be calculated as the ratio of p3 to pp (S
= p3 / pp), which is similar to the clamp-based insulin sensitivity.

The model-estimated insulin sensitivity is analogous to the slope of the
relationship between glucose infusion and the plasma insulin
concentration, corrected for glucose level, during the euglycemic clamp
[46]. S represents the sensitivity of both the liver and the periphery

to dynamic insulin.

B. Remote insulin compartment

After the insulin appears in the plasma, sequential steps are
required for the manifestation of insulin action on glucose metabolism,
including the transport of insulin from plasma to cell surface, receptor

occupation, activation of tyrosine kinase, translocation and activation
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of glucose transporters, glucose phosphorylation and postphosphorylation

metabolic events. In the minimal model, the concept of the remote
insulin compartment is derived from the existences of a remote pool that
is intimately involved in the action of insulin [104]. The studies of
Andres et al. demonstrated that the extra-vascular insulin compartment,
slowly equilibrated with plasma pool, correlated remarkably with the
time course of glucose metabolism [62, 63]. They concluded that the
slow equilibrating insulin compartment (rather than plasma insulin) was

a more direct determinant of glucose utilization.

The remote insulin compartment was originally presumed to be related
to binding of the hormone to receptor, insulin mediator, and other
postreceptor events [105]. A recent study was carried out by Yang et
al. to examine the relationship between transcapillary insulin transport
and insulin action in dogs [106]. They reported that there was a
remarkable similarity (r = 0.95) in the dynamics of insulin in lymph and
glucose utilization (Rd), while only a modest correlation (r = 0.78)
between Rd and plasma insulin. This intimate relationship between 1ymph
insulin and Rd suggested that the transcapillary insulin transport is
primarily responsible for the delay between changes in plasma insulin
and changes in glucose disposal and may be the rate limiting step for
insulin action [106]. There has been evidence that the movement of
insulin across the capillary endothelial cells is a receptor-mediated
process [107]; and sulfonylurea alleviates hyperglycemia in diabetes by
preventing receptor down-regulation in endothelial cells [108]. In a
perfused rat heart study, insulin binding to the capillary endothelial

receptors appeared to be the central step in the transport of



intravascular insulin to cardiac muscle [109]. Therefore, the remote
insulin compartment in the minimal model may largely reflect the insulin
in the interstitial fluid; and the receptor-mediated insulin transport
across capillary endothelium may contribute to the delay in insulin

action.
C. Validation

The minimal model method has been validated against the glucose
clamp technique for the measurement of insulin sensitivity. The insulin
sensitivity index obtained from the minimal model (S1) was highly
correlated (r = 0.82, p < 0.005) with that from glucose clamp
(SI(clamp)) in dogs [110]. A strong correlation (r = 0.89, p < 0.001)
and similarity between S; and SI(c]amp) were also demonstrated in normal
man [111]. This relationship has been questioned since a weak
correlation between S; and SI(c]amp) was reported by Reaven et al. (r =
0.44, p = NS, [112]) and Beard et al. (r = 0.54, p = 0.11, [113]) in
normal humans. Bergman et al. introduced a modified FSIGT protocol by
the addition of tolbutamide at 20 minutes after the glucose injection
and changed the sampling schedule, to improve the estimation of St
[105]. The Sy determined from the modified protocol had a strong
positive correlation (r = 0.84, p < 0.002) with SI(clamp) [113]. The
failure to obtain a good correlation between St and SI(clamp) in some
studies may be due to the difference between model-derived Sy and

SI(c1amp)’ or that the inappropriate FSIGT protocol was used.

32
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While the SI(c]amp) reflects the whole-body glucose disposal

involving insulin-dependent and noninsulin-dependent glucose
utilization, the model-based Sp accounts for the effect of insulin on
glucose disposal (insulin-mediated glucose uptake) and on the
suppression of hepatic glucose production. It should also be noted that
clamp-derived non-insulin-mediated glucose uptake (RIMGU, [92, 93]) is
not identical to Sg in the minimal model. NIMGU is the estimate of the
glucose utilization with Tittle or no insulin presented, whereas Sg is
the measure of noninsulin-mediated glucose uptake in the presence of

basal insulin concentrations.

The value of Sg estimated from the model was compared with a direct
measurement where the endogenous insulin response was completely
suppressed by somatostatin [122]. The pancreatic hormones were
maintained at the basal level by intraportal replacement of insulin and
glucagon. The 5g estimated from the model (0.033 + 0.004 min'l) was not
significantly different from that estimated from the exponential rate of
fall of plasma glucose in the absence of response insulin (0.025 + 0.004
min'l, P > 0.25). The value of Sg obtained from the tolbutamide
modified protocol (0.028 + 0.003 min'l) was nearly identical to th=
directly measured value. These results suggested that the computer
modeling approach is able to separate insulin-dependent and glucose-
dependent glucose utilization from a single FSIGT experiment, and

represented a direct confirmation of the minimal model.

The minimal model method has been applied to measure insulin

sensitivity in various insulin-resistant states, such as cbesity [103],
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aging [114], HLA-identical nondiabetic siblings of IDDM patients [115,

116], prior gestational diabetes [117], and GH-treated dogs [118].
Modification of the FSIGT protocol by addition of either tolbutamide
(TOLB) at 20 minutes or somatostatin (SRIF) at -1 minute can improve the
estimation of insulin sensitivity in humans and dogs [119]. SRIF
delayed insulin secretion without any change in magnitude and TOLB
injection provoked an immediate secondary peak in insulin response,
without directly affecting insulin sensitivity. Recently, the standard
180-min FSIGT protocol was modified for application in children by
abbreviating the protocol to 90 minutes [120]. This abbreviated
protocol was demonstrated to be a safe, accurate and valid technique‘for
the estimation of Sy in children, and impaired insulin sensitivity was

shown to exist at puberty and in obesity with this approach.

The minimal model / FSIGT protocol (either original or modified
method) requires sufficient endogenous insulin secretion in response to
secretogogues to allow for the estimation of insulin sensitivity. VYang
et al. stated that the minimum integrated insulin of 1000 xU/m?.min for
the modified protocol and of 1500 uxU/ml.min for the original protocol
was necessary for the reliable estimation of Sy or Sg [119]. In the
insulin deficient states, it is not possible to determine Sy without the
insulin response. With exogencus administration of insulin, Finegood et
al. were able to apply FSIGT in IDDM patients to estimate insulin
sensitivity [121]. Sp and S were not different from the exogenous
insulin-modified and TOLB-modified protocol in normal subjects. Their

results demonstrated that Sy was reduced in poorly controlled IDDM and
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normalized in well controlled subjects, and SG was decreased in all IDDM

patients [121].

4. High fat diet and insulin resistance

High fat diet has been documented to induce insulin resistance and
impaired glucose metabolism in rats both in vivo and in vitro (Table 1.
and 2.). Various degrees of insulin resistance have bz2en demonstrated
in rats fed with high fat diet in which the fat content ranged from 50 %
to 83.5 % in energy, for 5 days to 6 weeks. In the majority of the

reports, saturated fatty acids (lard) were used in the high fat diet.

Feeding a high fat (67% of calories), carbohydrate free diet for §
days to rats could cause a 50% decrease of insulin binding capacity in
purified Tiver plasma membranes [123], and decreased insulin binding and
glucose oxidation in response to insulin in rat adipocytes [124].
Kraegen et al. [21] reported that the rats fed with high fat (60% in
calories) diet for 21-23 days displayed widespread but varying degrees
of in vivo insulin resistance in peripheral tissues, with major effects
in the principally oxidative skeletal muscles (soleus, diaphragm and red

gastrocnemius).
5. Rationale
The minimal model/FSIGT method provides a new approach towards the

1n vivo quantification of insulin sensitivity independent of glycemia.

From a single frequently sampled intravenous glucose tolerance test,
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Table 1. The effects of short-term high fat diet on in vivo insulin action

in rats

start age % fat* dietary
in vivo effects or BWT in diet term reference
34% lower whole-body 67-99 d 60 21-23 d 21

net glucose utilization

>50% reduction in net whole 120-135 g 59 24 d 125
body glucose utilization

impaired glucose tolerance weaning 67 5wk 126
100-120 g 66 3wk 128

increased plasma glucose and 60-70 g 67 or 3-5 wk 127

FFA, decreased plasma insuin 83.5

decreased glucose utilization 100-120 g 66 2 wk 129

in liver and adipocyte

reduced metabolic index in muscle 67-99 d 60 21-23 d 21
(14-56%), in WAT(27%), in BAT(76%)

decreased glucose turnover weaning 70 4-6 wk 130
rate(79%)
double SSPG level during SRIF, 67-99 d 60 21-23 d 21

glucose and insuin infusion

*: Energy percentage of fat content in diet; BWT: body weight; WAT: white
adipose tissue; BAT: brown adipose tissue; SSPG: steady-state plasma
glucose; SRIF: somatostatin.
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Table 2. The effects of short-term high fat diet on in vitro insulin action

in rats
start age % fat* dietary
in vitro effects or BWT in diet term reference
decreased glucose weaning 72 6 wk 131
uptake in adipocyte 120-135 g 60 14 d i25
115-135 ¢ 60 10 d 132
4 wk 70 7d 133
weaning 67 & 83.5 3-4 wk 134
weaning 50 20-21 d 135
115-135 g 60 10 d 132
110-130 g 67 14 d 136
decreased glucose 100-120 g 67 5&10 d 124
metabolism in adipocyte 4 wk 70 7d 133
weaning 50 20-21 d 135
weaning 67 & 83.5 3-4 wk 134
115-135 g 60 10 d 132
decreased insulin 100-120 g 67 5&10 d 124
binding in adipocyte 120-135 g 60 14 d 125
70-80 g 67 7d 137
115-135 g 60 10 d 132
110-130 g 67 14 d 136
decreased insulin 120-135 g 60 14 d 125
binding in muscle 10 wk 67 10 d 138
reduced glucose uptake and 120-135 g 60 14 d 125
metabolism in muscle 10 wk 67 10d 138
reduced insulin 90-100 g 67 5d 123
binding in liver
decreased insulin 110-130 g 67 14 d 136
receptor kinase activity
decreased hepatic 100-110 g 66 3 wk 128

glucokinase activity

*: Energy percentage of fat content in diet

. BWT: body weight.
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insulin sensitivity, glucose effectiveness, as well as, the B8 cell
secretory function can be determined. As compared with the PST or
glucose clamp methods, the minimal-model technique is relatively simple,
less invasive, and less expensive to perform. The minimal-model allows
for the estimation of insulin sensitivity from the dynamics of insulin
and glucose following a glucose injection, whereas the clamp and PST
require that the plasma insulin and glucose be held at steady-state for

the estimation of insulin sensitivity.

The model-based approach does not require the same assumptions as
discussed for the PST and clamp methods. These assumptions include that
the plasma glucose and insulin reached steady-state during the clamp,
that the linearity between steady-state glucose and insulin levels was
held during PST, and that the non-insulin-mediated glucose uptake was
not affected by various pathophysiological conditions in both PST and
clamp. The model equations account for the kinetic parameters of the
glucose =rd inrulin dynamics rather than the absolute levels of glucose
and insulin concentratiens. However, the minimal model method does not
allow the separated estimations of glucose production and utilization.
The model approach relies on a fundamental assumption, that is, the

kinetic model being used is physiologically realistic.

6. Research objectives

The clamp technique has been employed in rats to determine insulin

sensitivity in vivo. No previous studies involving application of the

minimal model to an FSIGT in rats has been reported. The current
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investigations were carried out to 1) apply the minimal model to the rat

model, and adapt and develop the FSIGT protocol in the rat; 2) modify
the rat FSIGT protocol in order to improve the parameter estimation; and
3) examine the behavior of the modified method in a model of insulin
resistance by measuring insulin sensitivity in insulin resistant rats
induced by feeding a high fat diet. The final validation of the optimal

FSIGT protocol will require direct comparisons with glucose clamp.
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METHODS

Summary:

The frequently sampled intravenous glucose tolerance test (FSIGT)
calls for a bolus of glucose and frequent blood samples. Additional
injections were also required to modify the protocol. To conduct the
FSIGT experiment on a conscious rat, two chronic cannula were implanted,
one for injection of test substances and one for blood sampling. Two
venous catheters, the inferior vena cava (IVC) and jugular vein (JV),
were surgically implanted in each animal under general anesthesia. The
cannula were then fixed on a pedestal located at the back of the neck
for easy manipulation. After a week of recovery, the FSIGT experiment

was performed on the conscious rat.

Details of the surgical procedures and general aspects of the FSIGT
experiments are described in this section. The specific protocols for
each group of studies performed are detailed in the Results section.
Each specific protocol was designed according to the results from the

previous set of experiments.

sSurgical Preparation:

Cannula preparation Inferior vena cava and jugular catheters were
surgically implanted at least 6 days prior to the performance of an
FSIGT. For the IVC cannula, a 30 cm length of silastic tubing (0.020
inch ID x 0.037 inch OD) was bevelled at one end. A 3 mm long cuff of



41
silastic tubing (0.030 inch ID x 0.065 inch 0D) was slipped over the

catheter and placed 3.5 cm from the bevelled end. A 15 cm length of the
same tubing was used for the jugular catheter with a similar culf
sitting 2.5 cm from the end. The catheters were packed individually and

sterilized by gas sterilization.

Preparation of the pedestal The pedestal was made of two pieces of

stainless steel tubing fixed on a polypropylene mesh. Stainless stec]
(23-gauge) tubing was cut into 2.5 cm pieces. Each piece of steel
tubing was bent into a 90 degree right angle curve with two arms of 0.5
cm and 1.5 cm respectively. Two pieces of steel tubing were placed
through a piece of polypropylene mest (250 um hole size) in the same
direction with the longer end vertical to the mesh surface and the short
end parallel to the mesh. The steel tubing was fixed on the mesh by
dental cement. The pedestal was sterilized in 70% ethanol and then

rinsed in saline before implanting.

Surgical preparations The rat was anesthetized with 60-65 mg/kg
sodium pentobarbitol intraperitoneally (i.p.). Before the induction of
anesthesia atropine 0.12 mg was injected i.p. Penicillin (44,000 IU)
i.m. was administered to each animal. The back of the neck, the right
jugular area and the central abdominal regions were shaved and swabbed
with a Betadine solution. The surgical instruments were soaked in
antiseptic solution (Hibidil 1:2000) and rinsed with saline before each

surgery.
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Jugular cannulation A 1 cm incision was made in the skin over the

right jugular vein. The jugular vein was bluntly dissected and two
anchor sutures (4-0 silk) were placed under the vein. The cannula was
attached to a 23 gauge blunted needle and filled with heparinized saline
(10 U/m1). The vessel midline was lifted slightly with Durmont forceps
(blunt) and then punched using a 21 gauge needle until half of the
bevelled end entered the lumen of the vein. The needle was quickly
removed and the cannula was inserted. After the cannula was checked to
ensure blood withdrawal was possible, two anchor sutures were tied
around the cannula on either side of the cuff to prevent the catheter
from slipping. The cannula was placed to avoid kinks and checked for

patency with each step.

IVC cannulation A 3 cm incision was made in the abdominal midiine
starting approximately 1 cm below the xiphisternum. The gut was gently
pulled out of the abdomen placed to the right and wrapped with a saline-
wet sterile sponge. Special care was taken to avoid disturbing the
ureter. Two anchor sutures (4-0 silk) were placed in the psoas muscle
adjacent to the IVC. The cannula was attached to a syringe and then
filled with heparinized saline. The midline of the vessel was lifted
slightly and then punched with a 21 gauge needle so that half of the
bevel entered the lumen. Immediately after the removal of the needle
the bevelled end of the cannula was inserted into the vein directed
proximately. Two sutures were tied around the vein on each side of the
cuff. The cannula was positioned as a loop in the abdominal cavity to

avoid kinks. Another suture was anchored in the abdominal wall about
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1.5 cm from the right edge of the incision and tied around the cannula.

The catheter was checked for patency after each step.

Installation of pedestal A transverse incision was made about 1 cm

long at the back of the neck. Pockets were opened subcutaneously
anterior and posterior to the incision using a pair of hemostats. Two
holes were punched through the skin with a 19-gauge needle about 1 cm
anterior to the incision. The pedestal tubing was poked through the
holes made in the skin and the bulk of the pedestal was settled in the
anterior pocket. The short ends of pedestal tubing were in the pocket
parallel to the skin and the Tong ends of tubing were externalized. A
short piece of PESO tubing with a 1 cc syringe preloaded with
heparinized saline was attached to the exteriorized pedestal tube, both
PES0 and pedestal tubing were flushed to remove air. A silver probe
(with eye) was passed subcutaneously from the site, at which the IVC
cannula emerged from the abdomen, to the incision made at the back of
the neck. The end of cannula was detached from the syringe and passed
through the eye ¢f the probe, and both the probe and cannula were pulled
out at the weck 1sicision. The jugular cannula was passed subcutaneousiy
through the rigni side of the neck using the probe and exteriorized at
the back incision. The cannula tubing was slipped over the pedestal
tubing at the incision and secured by two sutures of 4-0 surgilene. The
Tines were cleared of blood or air, filled with heparinized saline, and
positioned in the posterior pock.:. - ith no kinks. After the skin was
closed, the PE50 line was folded uver the tip of the pedestal tubing and
capped using a 10 mm length of silastic tube. The rat was returned to a

clean cage with paper towel as nesting material.
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The rats were housed individually in plastic cages. The light cycle
was fixed with Tights on at 0700 and off at 1900 hr. Animals had free
access to water and a standard chow diet (Wayne Rodent BLOX 8604).

FSIGT Experiment:

The first FSIGT experiment was performed 6-8 days after the surgery
and there were 5-8 days between two experiments performed on the same
animal. PES0 tubing was coiled over steam and socaked in 70% ethanol.
The rat was placed in the experimental setting, a metabolic cage, 9 hrs
before experiment (except for group 5 experiment, see Results) with free
access to water, but no food. Before the experiment two pieces of
coiled PF50 tubing were attached to a 23 gauge blunted needle with a
syringe loaded with heparinized saline (10 U/ml), and flushed completely
to remove any residual ethanol. The rat was placed on a towel and the
pedestal caps were removed. The coiled PE50 tubing was connected to the
steel tubing of the pedestal. After checking the patency of the line,
the PE50 catheters were placed through the hole on the center of the
metabolic cage cover. The blood sampling and injections were
manipulated outside the cage without disturbing the animal. The rat

usually moved around or rested quietly during the experiment.

Experimental protocol The jugular catheter was used for injections
and the IVC cannula was used for blood sampling. A basal blood sample
was taken at -5 or -2 minute, and glucose (300 mg/kg body weight) was

given intravenously within 30 seconds beginning at 0 min. Blood samples



were frequently drawn over a varied period of time (see specific
experiments) to define the glucose and insulin kinetics after the
glucose bolus. The catheters were flushed with heparinized saline
between samples. Blood samples were collected in heparinized microtubes
containing sodium fluoride (heparin 10 U/tube, and sodium fluoride 0.75
mg/tube) and centrifuged for 3 minutes in a Beckman Microfuge. The
plasma was transferred into microtubes and stored at -20 °C for
measuring glucose and insulin concentrations. The total blood loss was
limited to less than 10 % of the whole blood volume of the animal.
Specific protocols were modified by additional injections of

somatostatin (SRIF) and tolbutamide (TOLB) or insulin.

Data Analysis:

The insulin and glucose time courses were submitted to the MINMOD
computer program (Bergman, copyright RN, University of Southern
California), and the parameters of insulin sensitivity and glucose
effectiveness were estimated. Insulin area was calculated as the area
under the insulin curve above basal, and Kg (glucose tolerance
parameter) was expressed as the rate constant for the exponential
glucose fall following a glucose injection (from 2.5 to 16 minutes).
The data were statistically analyzed with student t-test, one-way and
two-way analysis of variance where appropriate using MINITAB or SAS
programs. The results were expressed as mean + SE unless otherwise

indicated.
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RESULTS

Overview of studies:

io determine the optimal protocol for estimation of insulin
sensitivity and glucose effectiveness in the rat model, a sequence of
specific protocols were undertaken. First, an FSIGT protocol with a
glucose injection and only 7 to 8 samples was performed to adapt the
technical details of performing an FSIGT to the rat model. Next, the
protocol was modified by additional injections of somatestatin and
tolbutamide. An effort was made to increase the number of samples for
better definition of the glucose and insulin dynamics without further
blood loss. Third, computer simulation was applied to determine the
optimal protocol for parameter estimation from the four possible
protocols. Finally, since the glucose plus tolbutamide protocol has
been standardized in both human and dog and the glucose + insulin
protocol was validated against the tolbutamide protocol in insulin
deficient subjects, the glucose with insulin protocol was performed in
the rat model. Animals were fed with standard chow diet and a high fat
diet intended to induce insulin resistance. It was expected that
insulin injection would be necessary for the determination of insulin
sensitivity in the insulin insensitive animals. A range of insulin
doses was applied in normal and high-fat-diet fed animals to determine

the optimal dose for the estimstion of insulin sensitivity.



47
Group 1. Glucose only protocols (GLU) in itong Evans (LE) rat

Hypothesis: An FSIGT experiment can be conducted in a conscious rat
with chronic IVC and JY catheters. The minimal model of alucose
kinetics can be applied to the dynamics of glucose and insulin in the

ra’ model to estimate insulin sensitivity and glucose effectiveness.

Methods: Thirty-seven FSIGT experiments were conducted on 17 male LE
rats with mean body weight of 360.7 + 1.6 aram. The rat was transferred
to a metabolic cage at 5 pm the day before the experiment to avoid
excitement. Some food was left overnight and it was assumed that the

rat would consume all the food by midnight.

After a basal sample collected at -5 min, glucose was injected at 0
min. Seven or eight blood samples (250 p1 each) were taken following
one of four sampling schedules:

Protocol I: 2, 3, 5, 9, 16, 25, 35, 50 min;

Protocol II: 2, 4, 6, 10, 18, 23, 28, 35 min;

Protocol III: 2, 3, 7, 12, 20, 27, 31, 40 min;

Protocol IV: 2, 4, 8, 14, 22, 30, 45 min.

Results: The glucose and insulin dynamics after glucose injection are
illustrated in Fig. 2. The four protocols (different sampling
schedules) were combined to yield the mear {ime course of glucose and
insulin concentrations. Considerable noise existed in both insulin and
glucose curves when the four protocols were combined. Glucose and

insulin were at their peak values at the first sample (2 min) after
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Fig. 2. The mean time course of glucose and insulin dynamics in Long

Evans rats following a single glucose bolus at 0 minute. A1l of the
data from the four sampling schedules were combined (protocol I, II,
IIT, IV). The to: panel shows the observed insulin and the observed

glucose was plotied in the bottom panel.
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glucose injection. The insulin level rapidiy declined to basal prior to

the glucose concentration.

The glucose and insulin kinetics from the individual protocols are
plotted in Fig. 3. Insulin dynamics appeared to have greater variation
among protocols than glucose kinetics; when the glucose time course was
plotted as the difference between each glucose value and its basal

concentration, the variation in the glucose curves was markedly reduced.

Table 3 lists the basic characteristics of the glucose and insulin
dynamics of the four protocols. One-way analysis of variance was
carried out for the statistical analysis. Body weight, basal insulin,
and insulin areas were not significantly different between the four
protocols. Basal glucose and Kg (rate of glucose disappearance) were
significantly different. This difference might be due to the fact that
the fasting period was not held constant for each experiment, and/or the
sampling schedules applied may not sufficiently describe the glucese

dynamics.

An example of a single FSIGT experiment and its model fit is shown
in Fig. 4. The observed insulin is plotted in the top panel, the
observed glucose concentrations and computer-derived model fit of
glucose dynamics are represented in the lower panel. The observed
glucose and insulin values were plotted as closed circles. In the lower
panel, the solid curve gives the computer generated model-fit and the
dashed line is the basal level of plasma glucose. The insulin

sensitivity index (S1), 9lucose effectiveness (Sg) and their respective
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Fig. 3. The glucose and insulin dynamics of {GLUCOSE} protocols in LE

rats. Closed circles, protocol I; filled triangles, protocol II;
filled squares, protocol III, and filled diamonds, protocol IV. The
observed insulin and glucose were plotted in the top and .:iddle panels
respectively. The A Glucese in *he botZom g ' -as calculated as the

difference between mea.ured glucose and the basa! giucose concs»“ration

(measured glucose - basal glucose).
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Table 3. Data of {GLUCOSE) protocol in Long Evans rat FSIGT.
Protocols
p* Mean
I Il 111 IV
N i 7 7 16 37
BWT (q) 366+15 349+17 350+13 368+13 >0.1 361+8
Basal GLU 148+3 149+3 14146 13143 <0.01 139+2
Basal INS 19+2 23+3 1442 24+4 >0.1 21+2
KG(%) 3.71+.20 4.43+.28 3.51+.21 4.46+.27 <0.025 4.1440.15

INS Area(pU/ml.min):

Total
>SS

3846 4345 28+4 33+4 >0.1 35+15
2245 2043 1543 16+3 >0.1 1842

*, P values were calculated from one-way analysis of variance testing

differences among the four protocols. N is the number of experiments in each

protocol;

BWT is the body weight in grams; Basal GLU is the basal glucose in

mg/d1; Basal INS is the basal insulin in xU/ml; INS Area Total is calculated

as the area under the insulin curve, and the INS Area >SS is the insulin area

above steady-state.
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Fig. 4. An example of rat FSIGT ({GLUCOSE} protocol) with 8 samples.

Glucose was injected at 0 minute. In the bottom graph the closed
circles give the observed glucose values, while the solid curve is the
calculated model fit of glucose dynamics by the computer MINMOD program.

The dashed 1ine shows the basal level of plasma glucose.
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fractional standard deviations (FSD) from the model estimation are

listed in Table 4. The FSD of the model parameter cuantifies the
certainty of the parameter estimate. In this paper I use the term
"identifiability" to refers to the ability of the MINMOD computer
program to obtain estimates of the model parameters from a given set of
data. A data set is considered identifiable if the FSDs for all four
parameters are less than 100 %. The data set is considered non-
identifiable if any FSD exceeds 100 %#. In this set of experiments in
which orly glucose was injected and 7 to 8 samples were taken, the

identifiability was only 43% (16 out of 37).

Conclusions: From the group 1 study, we concluded that it was possible
to perform an FSIGT experiment in the rats with the current techniques.
Insulin sensitivity and qlucose effectiveness could be estimated from an
FSIGT performed in rats with only seven or eight blood samples. The
poor identifiability and high FSD suggest that the protocol is not
adequate to describe the dynamics of insulin and glucose, and thus
modifications 5f the protocol were required for better estimation of

parameters.

Group 2. Glucose combined with SRIF and TOL8 protocols in LE rat
Hypothesis: Modification of the protocol by additional injections of
somatostatin and tolbutamide can improve the model parameter estimates

and decrease fractional standard deviaticns.

Somatostatin, or somatotropin releasing inhibiting factor (SRIF), is
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secreted by the hypothalamus, as well as, by pancreatic islet D cells.
It is knowa to inhibit the release of insulin and glucagon from the B
and « cells. Tolbutamide (TOLB) is a sulfonylurea which is known to
augment insulin secretion. By giving SRIF just before glucose and TOLB
during the glucose decline, the dynamics of insulin secretion could be
changed such that the initial insulin release evoked by the glucose
challenge is diminished and the peak concentration of insulin is delayed

so that it now occurred in the middle of the glucose decline.

Methods: Eleven FSIGTs, {SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE} (SGT)
protocol, were performed on 6 male LE rats with average body weight of
296.3 + 6.8 gram. The food was removed at midnight so that the rat was
fasted for 9 hrs before the experiment. After a basal blood sample,
SRIF (16 pg/kg) was injected at -0.5 min before the glucose given at 0
min. TOLB (3.5 mg/kg) was given at 8 min. Eight blood samples (250 ul
each) were taken after the glucose load according to one of the
following sampling schedules:

Protocol Ia: 2, 3.5, 6, 9, 11, 14, 20, 30 min;

Protocol Ila: 1.5, 3, 5, 7, 9.5, 12, 16, 25 min;

Protocol IIla: 2, 4, 6.5, 9, 10, 13, 20, 35 min.

Results: The three protocols of SGT were combined, and the mean insulin
and glucose concentrations are plotted in Fig. 5. The initial insulin
secretion was markedly (though not completely) suppressed by SRIF, and
the insulin peak followed the injection of TOLB. As a consequence, the
rate of initial glucose disposal was slightly reduced and then the rate

of glucose disappearance was augmented by insulin. Therefore, as
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Fig. 5. The mean glucose and insulin kinetics of {SOMATOSTATIN +
GLUCOSE + TOLBUTAMIDE} protocols. The initial insulin response was
suppressed but not completely by somatostatin injection. The insulin

peak evoked by tolbutamide was approximately 100 pU/m}



compared with the {GLUCOSE} protocol, the early glucose decline was
dependent more on glucose itself at basal insulin rather than on both

incremental glucose and insulin.

The SGT protocoi was compared with the {GLUCOSE} protocol (Table 5).
The two sets of experiments were not conducted on the same group of
animals. The fasting time for the SGT experiments was relatively
constant since the food was removed at midnight. The difference in the
basal glucose, basal insulin and Kg between the two protocols might be
due to the variation in the animal’s body weight and uncontrolled fast
time in the two protocols. Despite the delay of insulin peak in the
combined protocol, the total and above steady-state insulin area were
not different. The estimation of Sy was not improved by the modified
protocel. FSD for Sy was lower in the combined protocol though the
difference did not reach statistical significance. However, the ability
of the model te identify parameters was markedly increased from 43% in

glucose only protocol to 73% in the combined protocol.

The original FSIGT protocol (Glucose injection only) was modified by
additional injections of somatostatin prior to glucose and tolbutamide
at 8 minutes after glucose load (SGT protocolj. Though the modified
protocol improved the ability of the model to estimate parameters of
glucose dynamics, the FSD for both S and S were not significantly
reduced in the modified protocol. To enhance the identifiability and
accuracy of parameter estimation by the model, more data points were
desirable to better define the glucose and insulin dynamics.

Furthermore, since the comparison of protocols was made on two ceparate

01



Table 5. Comparison of {GLUCOSE)} and modified protocols in LE rat FSIGT
GLUCOSE SRIF+GLU+TOLB p*
N 37 11
BWT(qg) 36148 29647 .0001
Basal GLU(mg/d1) 139+2 12343 .0012
Basal INS(nU/ml) 2142 7+0.6 .0003
KG(%) 4.7443.15 3.37+0.26 .01
INS Area(uU/ml.min):
Total 35415 32+5 .55
>SS 18+2 14+2 .33
St 8.84+1.61 11.07+1.57 .41
FSD(%) 15+2 1643 .78
Sg 7.69+0.90 5.1340.82 .093
FSD(%) 2745 13+4 .088
Identify 16/37(43%) 8/11(73%)

*

, P is calculated from

student t test.
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groups of rats, it was deemed necessary to perform the different

protocols in the same group of animals.

Conclusions: The modified SGT protocol resulted in an increase of the
parameter identifiability, despite the fact that the FSD for S1

estimation was not improved.

Group 3. FSIGT experiment in the Sprague-Dawley (SD) rat

Hypothesis: By increasing the number of samples, the measurement of

model parameters should be improved.

The first two groups of studies were performed in Long Evans rats
because we were borrowing instruments and learning surgical techniques
from Dr. Susan Jacobs. Subsequently we were able to purchase tools and
conduct the animal surgeries in our laboratory, so we switched to male
Sprague Dawley rats since glucose metabolic studies have been usually

carried out on SD rats rather than on LE rats.

Methods: Direct comparison of two types of protocols in the same group
of animals was set up to allow for an unbiased assessment of the two
protocols. (GLUCOSE} protocol and SGT protocol were performed in a
randomized order in a group of SD rats. A total of 27 experiments were
completed on 8 male SD rats with average body weight of 357 grams. The
animals were fasted for 9 hours in the experimental setting before the
FSIGT. The experimental procedure was according to one of the two

protocols. Protocol A (GLUCOSE, n=13): glucose was injected at 0 min,

63
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150 41 blood samples were taken as the following schedule: -2, 2, 3, 4,

5, 6, 8, 10, 14, 18, 23, 28, 34, 40 min. Protocol B (SGT, n=14): SRIF
(16 ug/kg) was given at - 0.5 min prior to glucose injection (0 min),
and TOLB was injected at 8 min. Samples (150 u1) were drawn according to
the following schedule: -2, 2, 4, 7, 9, 10, 11, 12, 15, 18, 23, 34 min.
Additional blood samples (80 p1) were taken at 3, 5, 6, 40 min for
glucose measurement only, so that the number of data points for glucose
analysis could be increased to allow for a better description of the

glucose kinetics.

Results: Fig. 6 illustrates the mean time courses of insulin and
glucose dynamics in {GLUCOSE} and {SGT} protocols. In {SGT} protoco?,
the rate of glucose clearance was initially slightly lower as the
consequence of supn-ession of initial insulin secretion, and then was
augmented with the appearance of insulin peak following TOLB injection.
Although the time course of glucose decline was different between the
two protocols, the overall glucose tolerance (Kg) was not significantly

different (P=0.25).

The mean Sy, S, and their FSD were plotted for each prctocol (Fig.
7). Insulin sensitivity was not different between protocols; whereas Sg
as determined by the (SGT} protocol was lower than that using the
{GLUCOSE} protocol (P = 0.0087). The FSD was markedly reduced for both
Sy (P < 0.0001) and Sg (P = 0.015) in the {SGT} protocol. Furthermore,
the percentage of identifiable experiments was 84.6% (11/13) for
{GLUCOSE} protocol and 92.9% (13/14) for SGT protocol. If the criteria
for identifiability were increased to require that the FSDs of both St
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Fig. 6. The glucose and insulin dynamics in Sprague-Dawley rat. The
{GLUCOSE) protocol was given in open circles and the modified protocol
({SOMATOSTATIN + GLUCGSE + TOLBUTAMIDE}) was shown in filled circle.
Given the partial suppression of initial insulin respose, the rate of
glucose disappearance rate (Kg, from 2 to 16 minute) was not

significantly different (p = 0.25).
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Fig. 7. The parameters of FSIGT in SD rat. Protocol A ( {GLUCOSE}) was
plotted in open boxes, and protocol B (modified protocol) was shown in
hatched bars. The mean values of Sy and S; were given in the upper
panel, and the lower panel gives their fractional standard deviat ns.
Student t test was performed in comparison of tk~ means. *, p = 0. 087;

** p < 0.0001; and ***, p = 0.015.
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and Sg were less than 15%, the identified experiments were 1/14 in

protocol A and 12/14 in protocol B.

Conclusions: Direct comparison of the twe protocols suggests that the
modified {SGT} protocol results in more reliable and accurate
estimations of S; and S;. With more blood samples to describe the
glucose and insulin dynamics, the parameter estimation and the model

identifiability was improved.

Group 4. Simulation

Hypothesis: Given well defined glucose and insulin dynamics (25
samples), the computer simulation can determine the best protocol(s)
from the four given protocols: {GLUCOSE}, {SOMATOSTATIN + GLUCOSE}
(SRF), {GLUCOSE + TOLBUTAMIDE} (TOL), and {SOMATOSTATIN + GLUCOSE +
TOLBUTAMIDE} (SGT).

Methods: Computer simulation was carried out to determine the best
FSIGT protocol. The procedure is as outlined in Figure 8. The
simulation process was performed as follows: 1) An insulin profile and
a set of parameters were submitted to a program to generate a "perfect"
glucose dynamic, 2) A specified level of random error was added to the
perfect glucose to obtain an "experimental" glucose pattern, 3) The
insulin and glucose profiles were entered to the MINMOD program for
parameter estimation, and 4) The estimated parameters were compared with

the given parameter set.
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Fig. 8. Schematic of the simulation process. The parameter set obtained

from preliminary experiments and an insulin profile were submitted to
the MINMOD program, and the computer generated the "perfect glucose"
dynamics. Random error was added to the perfect glucose, which
resembled the experimentai uncertainty, to yield the "experimental
glucose". The generated experimental glucose and the insulin profile
were entared to the computer program, and the parameters of the model
were estimated. The resuiting parameters were compared with the given

parameter set by calculating their means and standard deviations.



Twenty-five data points were generated for each glucose pattern so
that the glucose kinetics were well described. For a given set of
parameters and an insulin profile, the addition of random error (3%) to
the perfect glucose dynamics was repeated 100 times to create 100
glucose patterns. Four insulin profiles corresponding to four specific
protocols were tested (Fig. 9): {GLUCOSE), {GLUCOSE + TOLBUTAMIDE},
{SOMATOSTATIN + GLUCOSE}, and {SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE}.
For each insulin pattern, four sets of parameters were assigned to the
computer simulation: (1) Sy = 7.5 x 1074 min~lzuu/m1, S5 = 7.1 x 1072
min~! (normal Sy and Sg); (2) Sy = 7.5, Sg = 3.5 (normal Sy and low Sg);
(3} Sy = 3.75, Sg =7.1 (Tow Sy and normal 3g); (4) Sy = 3.75, S5 = 3.5
(Tow Sy and Sg). The means of the parameters and their standard
deviations were calculated for each set of parameters and a given
insulin profile. Comparisons were made among four protocols; the lower

the SD, the better the precision rendered by an individual protocol.

Results: For each given set of parameters and insulin profile, the
means of Sy, Sg, their FSD, and the sguared difference between the
estimated parameter and its given value are tabulated in Table 6. Each
mean vajvc was calculated from 100 experiments generated by the
computer. The means from four sgts o% parameters were summarized for
each insulin profile corresponding to its specific protocol (Table 7).
The squared difference between astimated parameter and its given value,
the standard deviation of the parameter, and FSD for parameter
estimation were ranked among the four protocols. The values were
designated from the lowest to the highest (best to worst) as 1, 2, 3, 4.

The ranks were added up for each protocol; the lower the summed rank,



Ac:tv Wil

- - v v v 0
///\\ Yoc
108
ep|woinglo] + {08
Ji¥Ss + JiyS +
1088
v ™ ¢ - - - 0
10€
108
108
epjwo3nqo] + Ajug esoanin
L aﬂ

(lw/N7) ulnsu| pwsoid



Fig. 9. The four insulin profiles representing the four FSIGT
protocois. Upper left, insulin profile of {GLUCOSE} protocol obtained
from our experiments; Tower left, {SOMATOSTATIN + GLUCOSE} protocol
obtained from experiments by a collegue C.J. Longo [143]; upper right,
{GLUCOSE + TOLBUTAMIDE} protocol yielded from the combination of the
{GLUCOSE} and {SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE} protocols; and
lower right, {SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE} protocol cbtained

from our experiment.



Table 6.

Computer simulation

Insulin Profile

Parameter Variable
Set™ GLU SRF ToL SGT
MN Sy 7.56 6.35 6.05 6.13
(DIF Sp)2 0.00 1.32 2.09 1.89
STD 4.40 1.20 1.40 1.60
Set 1 MN FSD 31.50 9.70 7.70 14,50
MN Sg 5.52 5.61 5.99 6.72
(DIF Sg)2 2.48 2.23 1.24 0.15
STD 4.50 1.30 2.40 1.50
MN o £2.30 7.50 24,00 7.30
MN S 9.79 7.73 7.03 7.26
(DIF Sp)2 5.24 0.05 0.22 0.06
STD 4.50 1.80 2.40 2.00
Set 2 MN FSD 47.60 6.40  19.10  10.20
MN Sy 2.05 3.23 2.74 3.07
(DIF Sg)2 2.11 0.07 0.58 0.33
STD 3.50 1.40 2.70 1.50
MN FSD 112.50  14.10  79.10  16.50




(continued)

MN S, 6.23 4.01 4.60 4.68

(DIF $p)2 6.14 0.07 0.71 0.86

STD 3.20 1.20 1.60 1.80

Set 3 MN F5D 56.30  31.40  45.90  28.30
MN Sg 5.00 6.40 5.42 6.74

(DIF Sg)? 4.42 0.49 2.82 0.13

STD 3.20 1.50 2.40 1.40

MN FSD 64.20 6.40  21.40 6.60

MN S, 8.21 6.02 4.96 7.29

(DIF §;)2 19.85 5.13 1.47  12.56

STD 6.70 2.70 2.40 4.60

Set 4 MN FSD 63.00  32.10  36.30  26.10
M S 2.77 3.71 3.17 3.39

(DIF Sg)° 0.53 0.04 0.11 0.01

STD 3.80 1.40 2.10 1.20

MN FSD 86.30  10.90  40.30  15.90

*, Parameter Set: Set 1, SI=7.5, SG=7.1; Set 2, SI=7.5, SG=3.5; Sct
3, SI=3.75, SG=7.1; Set 4, SI=3.75, SG=3.5. MN Sy, mean estimated Sp;
(DIF SI)Z, the sum of squared difference between the compucer
estimated S; and the submitted Sy; STD, the standard deviation of the
parameter; Mi FSN, the mean fracticnal standard deviation; MN Sg» mean
estimated Sg; (DIF SG)Z, the squared difference between the computer
estimated S; and the submitted S;.



“{30IWVLNEI0L + 3S0ONTY + NILVLSOLVWOS} ‘19S pue
${301WvLNg10L + 3500n19} ‘10L £{3SCONTD + NILVISOLVKOS) ‘4¥S S =95 ‘sz ¢=Ig *p 188
‘171295 ‘gz7¢=Is ‘g 185 ‘57 ¢=9s ‘¢ z=ls ‘z 195 f1°7=9g ‘g-/=Ig ‘1 13¢5 :syas aajowesRy

6 11 61 56 b2 syuey jo ung
Z2 0911 € o I €6 ) €£° 9/ as4 NW
ST 0p'I £ Ov . S'T  ob'l b G/'¢ als
[ 900 ¢ 6I'1 2 IL0 b 62 .09 410}
£€2°6 £€ v bi'h b8 ¢ IS N
I 8L°6I € 8¢/ 2 0661 b 09°69 as4 NW
£ 052 2 S6°1 1 €1 ¥ 0Ly ais
€ 8¢ A 2 b9l b 18°/ 2(!s 410)
be°9 99°§ €0°9 S6° L Is Ny
(duey) 193 (juey) 101 (quey) Jys (zuey) 3502n19
- sJdajauedey
wm_._,.._.o.»n_ C_.Fsmcm
‘uoLje(nuts 431ndwod jo Auewwns 3y) -/ 3jqel



78
the better the estimation of parameters by the protocol. The {GLUCOSE}

protocoi had the highest rank; {SRF} and {SGT} protecols appeared to be
better than the {TOL} protocol.

Conclusions: The computer simulation study suggested that the
additional injection of somatostatin was important to improve the
overall estimation of parameters by the minimal model when compared to
the original protocol. In the testad protccols the {SRF} and {SGT}
protocols were better than the {GLUCOSE} and {TOL) protocols.

Group 5. Insulin dose response / high fat diet study

Hypothesis: Feeding of a high fat diet is proposed to lead to insulin
resistance in rats. Insulin dose-response studies should be able to
characterize the kinetics of insulin sensitivity (the saturation dose)
and determine the optimal insulin dose for the FSIGT protocol. Further
increasing the number of samples should augment the parameter

estimation.

Methods: Male SD rats were divided into two groups: high fat diet (HFD)
and control (CN). The CN animals were fed Wayne Rodent BOLX 8604 ad
libitum with 11.5 % of calories as fat (Table 8). A H4FD was prepared
with 53.5 % fat in calories with P/S ratio of 0.25 (polyunsaturated /
saturated fat) in Dr. T. Clandinin’s laboratory. The powdered
ingredients (proteins, carbohydrates, vitamins, mineral mix, and fiber)
were mixed, and the stearin was melted on hot plate and mixed with

unsaturated fat (safflower and linseed). The fat mixture was gradually
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Table 8. Components of standard chow diet and high-fat-diet

Chow High-Fat-Diet

Percent of energy (% kcal)

Protein 28.5 26.1
Fat 11.5 53.5
Carbohydrate 59.9 20.5
Percent of weight (%)
Protein 24.5 26.7
Fat 4.4 29.3
Carbohydrate 51.4 23.0
Total energy (kcal/g) 3.43 4.49
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added to the powder and well mixed. The animals had either HFD or

normal diet for at least three weeks prior to the experiments.

The insulin dose response of FSIGT study was conducted in high fat
diet fed SD rats, and in standard chow fed animals as a control group.
A total of sixty experiments were conducted on 11 HFD and 11 CN rats.
Glucose was given as before and insulin was injected at 9 min at various
doses. Five insulin doses were assigned in tne thirty experiments of CN
rats: 0.01, 0.015, 0.02, 0.025, 0.03 U/kg. In ihe HFD group, the
insulin dose was increased to 0.04 U/kg; seven doses from 0.0]1 to 0.04

at 0.005 interval were used in thirty FSIGTs.

In an effort to further increase the number of samples, csprcially
the samples for glucose pattern, a sampling device was desiqgi~: iy Dr.
Jonathan Tyler for direct blood sampling. Only 25 41 blood is required
for determination of whole blood glucose concentration by a Yellow
Springs Instrument Co. (YSI) glucase analyzer. The sampling device,
which has a cylindrical plexiglass sampling port with an injectable
rubber septum, was connected to the blood sampling catheter, so that the
YSI pipette needle can draw blood (25 u!) through the rubber septum

without any blood waste.

The animal was fasted in the plastic shoebox cage with free access
to water for 9 hours and transferred to the experimental setting
(plexiglass box with holes) half an hour before the experiment. The
sampling period was extended to 120 minutes to make sure that the

steady-state of glucose was achieved in normal or high-fat-diet fed
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animals. A total of 24 samples were taken ove- the period of 120 min.

Twenty-four samples (25 p1 each) were taken to measure blood glucose
values directly in the YSI glucose analyzer during the experiment and
fourteen blood samples (75 u1 each) were drawn for determination of
plasma insulin concentrations. The total blood loss is limited to
within 10% of the whole blood volume. The blood sampling for glucose
was followed the schedule with additicnal insulin samples at the
underlined times: -6, -2, 1, 2.5, 3.5, 5, 6.5, ¢, 10, 11, 12.5, 14, 16,

18, 20, 23, 26, 30, 35, 40, 50, 70, 90, 120 min.

Results: Fig. 10 shows an example of an experiment with 24 data points.
The initial insulin peak was stimulated by glucose administration and
the second peak of insulin was evoked by insulin injection (in this
particular experiment the insulin dose was 0.03 U/kg). The observed
glucose and model fit of the glucose kinetics are shown in the bottom
panel. The second insulin peak resulted in an undershont of glucose
dynamics and then a return to the basal value. Some animals became
infected after several experiments as Coagulase negative Staphylococcus

and Serratia marcescens were isolated from the blood cultures.

A portion of the insulin dynamics during the FSIGT are shown in Fig.
11 to illustrate the insulin peak values with different insulin doses.
The CN and HFD animals had similar values for both the initial and the
second insulin peaks. When the insulin areas above basal were plotted
against the insulin doses (Fig. 12), insulin areas from 0 to 8 minute
(before the insulin administration) rerained unchanged as expected at

the various insulin doses, while the 8 to 120 minute insulin areas
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Fig. 10. An experiment of {GLUCOSE + INSULIN} protocol on a control

animal in the insulin dose response / high-fat-diet study. The glucose
was injected at O minute and insulin (0.03 U/kg in this experiment) was
given at the 9th minute. The blood glucose was shown in closed circles
in the lower panel, and the solid line is the computer generated model

fit. The dashed line gives the basal glucose level.
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8
Fig. 11. A section of insulin dynamics (from 0 to 20 minutes) of FSIGT

[91]

in the insulin dose response / high-fat-diet study. The control group
was given in the lower pannel and high-fat-diet group in the upper
pannel. The open circles, insulin dose 0.01 U/kg; filled circles, 0.015
U/kg; open triangles, 0.02 U/kg; filled triangles, 0.025 U/kg; open
squares, 0.03 U/kg; filled squares, 0.035 U/kc; and open diamonds, 0.04
U/kg.
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Fig. 12. The insulin areas vs. the insulin doses. The open circles ad
triangles show the insulin areas from 0 to 8 and 8 to 120 minutes
respectively in the control group. The close circles and triangles
correspond the insulin are:s from 0 to 8 and 8 to 120 minutes
respectively in the high-fat-diet groups. WNo significant difference was

given by student t test between the two diet groups.
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increased along with the insulin dose. The insulin areas were not

significantly different betweer control and high-fat di t groups for

both 0 to 8 minute and 8 to 120 minute periods.

To clarify the effect of different insulin doses on the glucose
utilization, the rate of glucose disappearance was plotted vs. time for
each of the insulin doses (Fig. 13). The glucose disappearance rate was
almost superimposable for CN and HFD groups except that greater
variation existed in HFD animais. Additionally, the rate of glucose
disappearance was not changed desiiiie the fact that various insulin

doses were used at 9 minutes.

Table 9 1lists the parameters of the model, and of insulin and
glucose kinetics. Two-way analysis of variance was performed using the
SAS computer program to determine the individual effect of diet and/or
insulin dose on these parameters. No significant difference of the
effects of diet or insulin dose was found for S; and K;. The Sg
estimation appeared to be statistically different between the two groups
of diets according to two-way ANOVA. As expected, the overall insulin
area and insulin area from 8 to 120 minute were affected by the factor
of insulin dose. The parameters were summarizead and analyzed for each
diet, and no significant difference was observed between these
parameters for the two diets (Table 10). Overall, the mean FSDs for 5
and Sg were greatly reduced as compared to provious protocols, and the
parameter identifiability of the minimal model was 100 % using the

current protocol with 24 data points and 120 minute period.
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S0
Fig. 13. The rate of glucose disappearance in the insulin dose response

/ high-fat-diet study. This glucose disappearance rate was calculated
as the change in glucose concentration over the change in time. The
bottom pannel shows the control group and the top graph plots the high-
fat-diet group. The open circles, insulin dose 0.01 U/kg; filled
circles, 0.015 U/kg; open triangles, 0.02 U/kg; filled triangles, 0.025
U/kg; open squares, 0.03 U/kg; filled squares, 0.035 U/kg; and open
diamonds, 0.04 U/kg.



Table 9. Rat FSIGT in insulin dose response / high-fat-diet study

Diet
Parameters 000 e
Chow HFD
Insulin Dose 0.01 U/kg
N 6 2
Kg 4.30 + 0.14 4.85
Total insulin :-ea
0-8 min 558 + 111 853
8-120 min 2009 + 202 1451
S 4.74 + 1.18 3.87
FSD(Sy) 2.07 +£ 0.33 2.56
S 5.24 + 0.78 3.70
FSD(Sg) 7.93 + 0.68 10.53
Insulin Dose 0.015 U/kg
N 6 1
Kg 4.27 + 0.47 6.00
Total insulin area
0-8 min 556 + 71 580
8-120 min 2337 + 257 1727
Sy 3.30 + 0.81 5 2
FSD(Sy) 3.10 + 0.53 0..7
S 6.91 + 0.70 1.49
FSD(Sg) 6.98 + 0.81 9.92
Insulin Dose 0.02 U/kg
N 6
Kg 4.15 + 0.40 3.93 £ 0.30
Total insulin area
0-8 min 518 + 150 434 + 139
8-120 min 2756 + 320 2279 + 547
S1 2.50 + 0.64 5.55 + 1.96
FSD(Sy) 3.26 + 0.74 2.72 + 0.42
Sg 6.39 + 0.47 5.04 + 0.23
FSD(Sg) 6.97 + 0.67 5.28 + 0.80

- m = A ———— " IR " o —— - —— > O - ——— Y A " v = D — - T Y - S - > oS



(continued)

Diet
Parameters o
Chow HFD
Insulin Dose 0.025 U/kg S
N 6
Kg 3.97 + 0.26 3.86 + 0.50
Total insulin area
0-8 min 396 + 75 398 + 129
8-120 min 3425 + 548 2489 + 352
St 1.79 + G.18 2.85 + 0.67
FSD{S1) 3.04 + 0.54 4.45 +1.19
S 6.17 + 1.36 5.82 + 0.83
FSD(Sg) 6.04 + 0.94 4.77 + 0.47
Insulin Dose 0.03 U/kg
N 6
Kg 4.52 + 0.37 4.10 + 0.35
Total insulin area
0-8 min 546 + 57 496 + 58
8-120 min 4455 + 498 4286 + 782
St 1.67 + 0.23 2.34 + 0.42
FSD(Sy) 2.23 + 0.07 2.21 + 0.37
) 5.35 + 0.22 4.18 + 0.60
FSD(Sg) 5.05 + 0.65 4.92 + 0.91
Insulir. 2ose 0.035 U/kg
N 5
Kg 3.88 + 0.18
Total insulin area
0-8 min 4;5 + 101
8-120 min 3350 + 385
S1 2.71 + 0.19
FSD(Sy) 3.68 + 0.81
S 7.17 + 0.90
FSD(Sg) 4.54 + (.55
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(continued)
Diet
Parameters = el
Chow HFD
Insulin Dose 0.04 U/kg
N 5
KG 4.72 + 0.34
Total insulin area
0-8 min 724 + 150
8-120 min 6063 + 428
SI 1.35 + 0.17
FSD(Sy) 2.29 + 0.47
S 6.02 +1.21
FSD(Sg) 5.59 + 1.34
*P values
Diet Dose Diet x Dose
Kg 0.3225 0.2415 0.3589
Total insulin area
0-8 min 0.6920 0.2475 0.7233
8-120 min 0.1989 0.0001 0.9658
SI 0.1250 0.0827 0.4888
FSD(SI) 0.6722 0.1678 0.3159
SG 0.0075 0.0895 0.4242
FSD(SG) 0.4991 0.06035 0.1727

*, P values were calculated by two-way analysis of variance by SAS
compuier program to test the significance of the diet, insulin dose,
and the interaction of the diet and dose. Kg was calculated from 2.5
to 20 minutes of the glucose dynamics. In the insulin dose of 0.0l
and 0.015 U/kg, only two and one experiments were performed in the
high-fat-diet group. The insulin dose of 0.035 and 0.04 U/kg was only
conducted on the high-fat-diet group.



Table 10. Summary of FSIGT experiments in insulin dose response /

high-fat-diet study.

Diets
Variables p*
Control High-Fat-Diet

N 30 30
Kg

2-8 min 4.18 + 0.19 3.68 + 0.17 0.26

2.5-20 min 4.24 + 0.16 4.21 + 0.17 0.32
St 2.80 + 0.38 3.17 + 0.50 0.13
FSD(Sy) 2.74 + 0.24 2.91 + 0.33 0.67
Sg 6.01 + 0.38 5.31 + 0.40 0.01
FSD(Sg) 6.59 + 0.38 5.56 + 0.46 0.50
% ldentify 100 100

*, P values were derived from two-way analysis of variance testing the
factor of diet. The Insulin Area >BAS is the insulin area above basal

level.
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Conclusions: The parameter estimation was significantly imz:ovesd and
the identifiability reached 100 % using the protocol with ¢4 samples.
The insulin sensitivity was not significantly different between diets
and insulin doses. The optimal insulin doses for rat FSIGT in control
and high fat diet groups cannot be determined since the glucose
disappearance rates were not different for various insulin doses. This
result suggests that the second insulin peak does not affect the rate of
glucose clearance, and without the suppression of the initial finsulin
response, the elevated glucose was back to the basal level before the
expression of the action of exogenous iisulin. Therefore, the
estimation of insulin sensitivity based on the second insulin peak may
not be appropriate. Tne {GLUCOSE + INSLLIN} or {GLUCOSE + TOLBUTAMIDE}
protocol are not adequate for the rai minimal model/FSIGT. Somatostatin
must be used to inhibit the initial insulin response so that the effects

of insulin and glucose on glucose disappearance can be differentiated.
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DISCUSSION

1. Summary

The minimal model / FSIGT method has already been applied and
validated to quantify insulin sensitivity in vivo in humans and dogs.
This study initiated the adaptation of this model-based approach to the
assessment of insulin sensitiviiy in the rat. Initial studies
demonstrated the feasibility of performing an FSIGT in conscious
unrestrained rats. With the chronic cannulation of the jugular vein and
inferior vena cava, the FSIGT experiment, including intravenous
administration of agent(s) and frequent blood sampling, could be
performed in rats. Our pilot study in Long Evans rats sugcested that
the model parameters could be estimated from the FSIGT proiwcol with
only 7 to 8 blood samples, but the percentage of the experiments with
identified parameters was low and the fractional standard deviations
were high. Injections of somatostatin and totbutamide were introduced
to the FSIGT protocol to alter the insulin dynamics, so that the effects

of glucose and insulin on the glucese dynamics could be differentiated.

In comparison to the {GLUCOSE} protocol, the modified {SOMATOSTATIN
+ GLUCOSE + TOLBUTAMIDE} protocol resultad in a significant improvement
in the parameter identifiability and fractional standard deviations.
The computer simulation study revealed that the {SOMATOSTATIN + GLUCOSE)
and {SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE} protocols resulted in a more
accurate and precise parameter estimation than the {GLUCOSE +

TOLBUTAMIDE} and {GLUCOSE} protocols. The FSIGT simulation showed that
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the protocols with somatostatin resulted in overall better
characterization of the parameters. Furthermore, in the high-fat-diet
study, without the use of somatostatin, the glucose dynamics remained
relatively constant regardless of the amount of the insulin injected,
thus the second insulin peak did not have any effect on the glucose
dynamics. It appears that somatostatin should be used to suppress the
initial insulin response in order to facilitate the model’s ability to
differentiate the glucose effectiveness and the insulin action. Our
experimental results and computer simulation indicate that the
{SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE} protocol is the optimal protocol
for estimation of insulin sensitiv .y and glucose effectiveness in the

rat.

2. Adaptation of Minimal Model / FSIGT to rat

The minimal model of glucose kinetics was developed and validated in
dogs and humans under a variety of normal and pathophysiological
conditions. Adaptation of this appro:ch to the rat required
consideration of the blood volume available for sampling and the
difference of glucose and insulin kinetics between dogs and rats. The
optimal protocol and sampling schedule which could accurately
characterize the glucose and insulin dynamics are constrained by these

factors.

The greatest impediment to accurately describe the dynamic change of
glucose and insulin is the limited blood volume of the rat as compared

to dogs or humans. If acute losses of epproximately 10 % of the total
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blood volume are exceeded, the adrenal medulla and sympathetic nerve

endings could release sympathetic amines which would resuit in an
increase of the heart rate, constriction of arteriolar beds in muscle
and skin, constriction of veins and venous reservoirs, and insulin
resistance [139]. The total blood volume of rat is about 6.5 % of the
body weight [139]. Previous reports suggested that removal of 5-11 % of
total blood volume at a rate of 1 ml1/7.5 minutes resulted in no change
in plasma corticosterone [139]. It was assumed that a safe sampling
volume is 10 % of the total blood volume, which was overestimated to be
10 % of the animal’s body weight [139]. McGuill et. al. tentatively
recommended that investigators limit blood sampling to 15 percent of
total blood volume for a single sample and provide special justification
for taking volumes greater than 15 percent [139]. However, in our rat
FSIGT study, the total blood Toss was spread throughout the experiment,
and the volume of blood lost was immediately replaced by saline. The
total blood loss was less than or equal to the 10 % of the whole blood
volume, estimated as 6.5 % of the animal’s body weight. For example,
the biood taken for a single experiment was less than or equal to 1.95

ml for a typical 300 gram rat.

During an FSIGT, the injection of glucose into normal, conscious
dogs resulted in a variety of temporal responses of plasma insulin and
glucose; this variation was observed not only between animals but
between experiments in the same animal [140]. However, despite wide
variation, the insulin response after glucose injection can generally be
described as a biphasic pattern with an early peak and a prominent

second phase [119, 140]. The insulin levels returned to basal at 70
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minute after glucose injection [122]. The insulin action on glucose

disappearance was delayed for about 10 minutes with respect to the
plasma insulin response [122]. In our rat experiments, the insulin
response after glucose injection was a single peak which declined to
basal levels by 10 - 12 minutes. The insulin action reached its peak
range from 5 to 8 minutes in the rat FSIGT experiments while the plasma
insulin peak was detected at 2 min. This suggests that in the rat FSIGT
the insulin action was delayed for about 4 minutes with respect to the
plasma insulin concentration. The dynamic pattern of glucose is an
early exponential fall followed by an undershoot, and then a climb back
to basal Tlevel in insulin sensitive dogs and rats. In an insulin
‘nsensitive animal there is no undershoot during the FSIGT. These
glucose dynamic changes are much more rapid in rats than in dogs or
humans. The glucose normalized its basal concentration by 15 minutes in
rat and between 30 and 60 minutes in normal dogs after the glucose

injection.

3. The Number of Blood Samples

As the dynamic change of glucose and insulin is a rather rapid
process in the rat compared to that in dog, blood sampies should be
taken more frequently in order to precisely and accurately define the
glucose and insulin dynamics in the rat FSIGT. However, without the
apparent disturbance of the animal’s physiological state, only limited

volume of blood was allowed to be taken for individual experiments.



Though the model was able to estimate the parameters with the
protocol using only 7 or 8 blood samples, the identifiability and the
fractional standard deviation of the parameters were very poor by the
{GLUCOSE} only protocol. From the pilot FSIGT study in Long Evans rats,
the timing of insulin peak and of normalization of stimulated insulin
was relatively consistent. In the analysis of an FSIGT experiment by
the MINMOD computer program, insulin is considered an input variable and
glucose is an output variable. The magnitude of insulin dynamics (the
basal levels and peak values of insulin, and the time of insulin return
to basal) is more important than the description of the moment to moment
changes in concentration. The model uses the insulin and a guessed set
of parameters as input, solves the equations, and generates a glucose
curve. This model-fit is compared to the observed glucose dynamics and
a new set of parameters are determined until the best model-fit is
achieved. Thus characterization of the moment-to-moment changes in the
glucose concentration is important to obtaining the best model-fit and

model parameters.

In our original studies we drew 250 u1 of blood to allow for
duplicate determination of plasma glucose and plasma insulin
concentrations. Since the insulin radioimmunoassay (RIA) provides a
sensitive method for measuring insulin concentrations, we decided to
draw only enough blood of a single determination of plasma insulin.

Also in an effort to increase the numbers of samples without more blood
Toss, the plasma for insulin RIA was diluted such that less plasma could
be taken. 75 1 of blood is required for insulin RIA, whereas only 10

pl plasma is needed with the Beckman Glucose Analyzer 2, or 25 ul blood
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is necessary by the YSI Glucose Analyzer for determination of glucose
concentration. Thus for each insulin sample we could draw 3 or 4
glucose samples. By not doing duplicate assay of insulin both the
glucose and insulin samples coulc be increased, and the glucose samples
could be further increased by giving up a few insulin determinations for
extra glucose samples. Providing that the magnitude of insulin dynamics
was well defined, it should not significantly affect the parameter
estimation with fewer insulin samples than glucose samples in the

protocol.

Glucose concentration can be determined from 25 ul whole blood in
the YSI glucose analyzer. With a sampling device placed in the blood
sampling line, we were able to have direct access for blood sampling
using the YSI analyzer pipette without any blood waste during sample
processing. As the minimal model of glucose dynamics counts on the
change of the rate of glucose disappearance rather than the absolute
value of the glucose concentration, it is reasonable to use the dynamics
of whole blood glucose instead of plasma glucose in the model. With the
sampling device, we were able to take 24 glucose samples and 14 samples

for insulin in a single FSIGT experiment.

When the number of blood samples was increased for better
characterization of glucose and insulin dynamics, the insulin action and
other model parameters could be more accurately and precisely estimated.
In the preliminary FSIGT study where 7 or 8 samples were taken for
glucose and insulin, the percentage of experiments with identified

parameters was 50 %. As the number of samples increased to fourteen or
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seventeen, the ability of the model to identify parameters was enhanced

(89%). Having 24 glucose and 14 insulin samples in the rat FSIGT
experiments, the identifiability reached 100 % and the fractional

standard deviations were markedly reduced.

4. High Fat Diet

In the insulin dose response / high-fat-diet study, the rates of
glucose disappearance were not different between the control and high-
fat-diet animals, and the insulin response to the glucose load
(calculated as the insulin area between 0 to 8 minutes) were also not
different between groups. This indicated that the high-fat-diet did not
have an effect on the glucose tolerance. Our results were different to
previous reports where a high-fat-diet was documented to induce impaired
glucose metabolism and insulin action [20, 21, 129]. One difference to
account for this discrepancy may be in the age of the animal at the
commencement of the diet. The animal age at which the high-fat-diet
feeding was started was on weaning or within one month of birth in most
of the reports, whereas the start age for the diet in our study was a
month after weaning or 7 to 8 weeks of age. The diet which was stated
to lead to insulin resistance had 67 or 70 % of the energy as fat [124,
126, 133, 136]. In one report, a diet in which fat composed 50 % of the
calories, with feeding beainning at the age of weaning, led to impaired
glucose tolerance [135]. In our insulin dose rasponse / high-fat-diet
study, the animals were fed a diet with 53.5 % energy as fat, but this
may have been too low because of the age at which the diet was

initiated.
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Another factor which may account for our not obtaining a difference
in insulin action between high fat and chow fed rats was the presence of
sepsis. Whale body insulin resistance has been demonstrated in septic
patients [149, 150]. At three month after sepsis, the insulin
sensitivity was not fully recovered [150]. Lang et. al. reported that
infection caused a decreased rate of insulin-mediated glucose uptake
(IMGU) [151] and an increase in the NIMGU (noninsulin-mediated glucose
uptake) [152] in rats. Sepsis increased the rate of glucose
disappearance in nondiabetic rats but had no effect in diabetic animals
[153]. In the diabetic rats infection did not further worsen the
insulin resistance [153, 154], while in nondiabetic animals sepsis
produced peripheral insulin resistance [154]. In our study of insulin
dose response / high fat diet, there was evidence of sepsis in both
control and high-fat-diet rats. Sepsis may further compiicate the

effect of a high-fat-diet on glucose tolerance and insulin sensitivity.

5. Insulin Dose Response Study

The {GLUCOSE + INSULIN} protocol was performed in control and high-
fat-diet fed animals using various insulin doses. The insulin
sensitivity index was poorly distinct despite that varying insulin doses
were used. With the {GLUCOSE + INSULIN} protocol, the rates of glucose
clearance were unaffected by the different insulin boluses given. It
appears that the injected insulin did not influence the glucose
disappearance rate. Without the suppression of the initial insulin

response by somatostatin, the first insuliu peak accelerated the rate of



glucose disposal; and the glucose concentration declined to the basal
level before the expression of insulin action from the injected insulin.
The S estimation might contain the effect of elevated insulin, and the
model parameters S; and S might not be fully differentiated. Given the
similar rate of glucose cleararce and insulin sensitivity between diet
groups, the glucose effectiveriess was lower in high-fat-diet animals
than that in control group. The results suggest that the use of
somatostatin is essential for the model to differentiate the S and Sg

in the rat FSIGT protocol.

6. Computer Simulation

Simulation is a process of calculating the response of a model by
substituting values for its parameters, and a range of values of the
independent variables. Thus it is possible to investigate the
characteristics of the model under a variety of conditions. Testing the
responses of a model provides an understanding of its potential, and it
can be used to study the effects of experimental uncertainty on the

characteristics of a model [141].

"Monte Carlo" simulation is used to investigate the statistical
properties only of the model equations, rather than their ability to
describe the real system [141]. Monte Carlo simulation cannot prove
whether or not a model is "true". The behavior of the real system can
be only studied by experimentation. Monte Carlo simulation was employed
to assess the possible protocols in the rat FSIGT. Parameter values,

estimated from the initial experiment, were used to simulate or
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artificially generate output from the model equations. Appropriate

errors were added to the output to resemble the measurement
uncertainties of the experiment. The model was then fitted to the
simulated data and new parameter estimates were made. This process was
repeated to generate a .eries of parameter estimates frum which a mean
and standard deviation could be calculated. The parameters were then
compared with the estimates from the simulation to determine whether the
original parameter uncertainties were plausible. Therefore, simulation
was used to gain information about the way in which the model would
behave under varying conditions, and its response to the magnitude and
distribution of measurcment uncertainty. In the current study,

simulation was applied to test four different FSIGT protocols .

The {GLUCOSE}, {SOMATOSTATIN + GLUCOSE}, {GLUCOSE + TOLBUTAMIDE}, and
{SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE} protocols which result in four
distinct insulin dynamics were examined by computer simulation. When
the overall precision, accuracy and identifiability of the parameter
estimation were compared among the four protocols, the {SOMATOSTATIN +
GLUCOSE)} and {SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE} protocols appeared
to be better than the {GLUCOSE} and {GLUCOSE + TOLBUTAMIDE} protocols.

This suggested that somatostatin is necessary in the rat FSIGT protocol.

7. The Role of Somatostatin an Tolbutamide in Rat FSIGT

Somatostatin (SRIF) is a peptide hormone distributed widely in the

body. In rats the highest concentrations of SRIF have been found in

isolated pancreatic islets and in the pituitary stalk median eminence



106
region [142]. The most dominant function of SRIF is to inhibit the

release of peptide or amine hormones in three areas: hypothalamus-
hypophysis, stomach and small intestine, and pancreas. In the endocrine
pancreas somatostatin inhibits the secretion of insulin and glucagon.

In the exocrine pancreas SRIF suppresses bicarbonate, water, and
pancreatic enzymes. Pathophysiologically, the somatostatin content of
the pancreas and the number of somatostatin-secreting D cell appears to
be increased in type I diabetes mellitus in man and alloxan diabetes in

animals [142].

In dogs the FSIGT protocol has been modified by somatostatin
injection at 1 minute prior to glucose load or tolbutamide at 20 minutes
post glucose injection [119]. The computer simulation demonstrated that
with the tolbutamide or somatostatin protocols the variability of Sg
estimates was reduced and FSDs for the parameter estimates were
decreased [119]. The TOLB protocol has been used as a standard FSIGT
protocol in humans and dogs. Tolbutamide injection rapidly induced a
second insulin peak which was about equal to the first peak, while the
insulin secretion during first 19 minutes was not different between
GLUCOSE and TOLB protocols [119]}. With the SRIF protocol, the insulin
response was delayed and increased gradually whereas the total insulin
secretion was not statistically below that of the GLUCOSE protocol in
normal dogs [119].

As somatostatin or tolbutamide has been used in the dog FSIGTs to
improve the quantification of model parameters, the rat FSIGT protocol

was modified by the addition of somatostatin. Data collected by o*hers
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suggests that a protocol of {SOMATOSTATIN + GLUCOSE} led to an

inadequate insulin response resulting from the suppression of insulin
release by somatostatin [143]. Thus insulin secretogogues or insulin
may be necessary to induce a sufficient insulin peak. In the modified
rat FSIGT protocol, {SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE}, somatostatin
was given -0.5 minute before glucose and tolbutamide were injected at 8
minutes post glucose (at about the middle of the glucose decline). Our
experimental results suggested that the ability of the model to identify
and quantify parameters was significantly enhanced in the {SOMATOSTATIN
+ GLUCOSE + TOLBUTAMIDE} protocol as compared to the {GLUCOSE} protocol.
The FSD for S; and S was reduced from 27.3 + 4.4 and 27.0 : V.0 in
{GLUCOSE} to 6.7 + 0.6 and 10.1 + 2.5 percent in the modified protocol
(P < 0.0001 and P = 0.015 respectively). Thus, the experiments have
demonstrated that the {SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE} protocol

results in a significant improvement of the parameter estimation.

In the rat FSIGT, the physiological disturbance of glucose
homeostasis induced by glucose injection only lasted about 15 minutes.
During the rapid dynamics of giucose and insulin, it is difficult for
the minimal model to distinguish insulin action and glucose
effectiveness from the {GLUCOSE} protocol. With the limitation of blood
loss and time for sampling, the subtle changes in the rate of glucose
disappearance may not h=ve been brecise]y characterized. The injection
of somatostatin suppressed the initial insulin response, so that the
early phase of glucose disappearance was attributed to glucose itself
without the action of additional imsulin (glucose effectiveness) and the

delayed insulin appearance in the plasma accelerated the glucose
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clearance (insulin sensitivity). Therefore, the addition of

somatostatin to the rat FSIGT protocol could facilitate differentiation
between the effects of glucose and insulin on the rate of glucose

disappearance.

In the group 3 study where the (GLUCOSE} and {SOMATOSTATIN + GLUCOCSE
+ TOLBUTAMIDE} protocols were directly compared, the Sg estimation was
statistically lower in the modified protocol than that in (GLUCOSE)
protocol, whereas the S; estimation was not different in the two
protocols. The better parameter estimation from the (SOMATOSTATIN +
GLUCOSE + TOLBUTAMIDE} protocol were evidenced by the lower FSD. The
estimation of Sg in the {GLUCOSE} protocol might be contaminated with
the effect of insulin since the initial insulin peak was not inhibited,
while in the modified protocol the somatostatin augmented the model’s

ability to differentiate between Sg and S:.

Though the use of SRIF was necessarj in the rat FSIGT experiment,
the effect of somatostatin on insulis action is controversial in the
Titerature. Continuous infusizz of <omatostatin (200 ug/h for 2 hours)
during hyperinsulinemic-euglycemic clamping was reported to potentiate
insulin-stimulated glucose uptake in normal individuals but not in NIDDM
subjects [144]. During normal insulinemia clamp, somatostatin infusion
(0.8 wpg/kg/min for 150 min) resulted in an increase in glucose clearance
in dogs [145]. However, others reported that infusion of somatostatin
(0.8 pg/kg/min for 3 hours) during a hyperinsulinemic-euglycemic clamp
did not have an effect on epinephrine-stimulated glucose production in

dogs [147], and somatostatin infused at 250 ug/h for 3 hours did not



alter insulin-mediated glucose disposal in normal subjects {148]. Baron
et. al. demonstrated that somatostatin infused at a higher dose (600

pg/h for 3 hours) did not increase glucose disposal in humans [146].

In our rat FSIGT experiments somatostatin was used as a single
injection of 16 pg/ky, and the administered dose was much lower than
these used in previous reports of SRIF effects on insulin action {e.g.,
0.8 ng/kg/min for 3 hour equal to 144 ug/kg). Also the previous reports
were documented in humans and dogs, and the effect of somatostatin in
rat should be further investigated. Thus, at this much lower dose being
used, the injection of somatostatin appeared not likely to have an

effect on insulin action in rat FSIGT.

8. Conclusions

The current studies suggest that the minimal model / frequently
sampled intravenous glucose tolerance test can be applied to the rat to
estimate insulin sensitivity. The ability of the model to quantify the
parameters can be markedly improved by increasing the number of blood
samples to measure glucose and insulin concentrations. Somatostatin
must be added to the protocol to achieve a more precise, accurate
estimation of parameters and a higher identifiability. The
(SOMATOSTATIN + GLUCOSE + TOLBUTAMIDE)} protocol is the eptimal protocol
for rat FSIGTs. Further validation of the rat FSIGT protocol requires

direct comparison of glucose clamp and minimal model / FSIGT techniques.
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