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ABSTRACT

A physiologic model using anatomical organ and tissue compartments was deve-
loped for simulating glucose metabolism and its regulation by insulin and glu-
cagon in normal (nondiabetic) man. Mass balance equations were written to
account for blood flow, exchange betwee. compartments, and metabolic processes
causing addition or removal of glucose, insulin, and glucagon, yielding
simultaneous differential equations which were solved numerically. Physic-
lTogic parameters were selected to represent a 70 kg adult male. Metaboiic
processes were quantified from clinical data in the literature. Model predic-
tions of plasma concentrations, hepatic glucose output, and muscle gilucose
uptake agreed well (+10%) with clinicail data for a wide variety of glucose and
insulin inputs using a single set of model parameters. The model's unique

~ design gave better physiologic correspondence and accuracy thar prior models.

The model pancreas was removed from the normal modei to create a "controlled"
Type I (insuiin-dependent) diabetic model;, because this model represented the
idealized end state apparently achievable with improved therapies, it was em-
ployed for subsequent insulin therapy design and assessment. An "uncontrolled"
Type I diabetic model incorporating the reversible diabetes-related abnor-
malities secondary to pancreatic dysfunction (insulin resistance, insulin
antibody binding, and impaired glucose counterregulation) was demonstrated to
yield gond predictions of response data for typical Tvpe I diabetics.

Internal Model Control (IMC) was employed to design an optimal glucose-
controiled (closed-loop) insulin deiivery system using the controlled Type I
diabetic model to predict in vivo response. Optimal IMC analysis yielded a
mathematically simple control system that provided for blood glucose regula-
tion comparable to that resulting from normal pancreatic response in the non-
diabetic. Analysis was extended to explore the quality of IMC blood glucose
“control achievable in the presence of the following glucose sensor measurement
nonidealities: sensor dead time, sensor response time, variation in the
sampling intervail used for digital control, and introduction of systematic
measurement error. Measurament noise and its filtering were also investi-
gated. Results demonstrated that IMC control loop compensation methods pro-
vided a powerful approach to realizing effective blood glucose control in the
presence of glucose sensor measurement nonidealities.

Thesis Supervisor: Dr. Clark K. Colton

Title: Professor of Chemical Engineering
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I. INTRODUCTION

Considering all causes of death by disease, diabetes mellitus is
responsible for the third largest toll of life, after cardiovascular
disease and cancer (Ganda, 1983). In the United States, diabetes mellitus
affects 5% of the population, and the number of diabetics is increasing at
a rate of about 6% per year, or dbub]e the population growth rate
(Crofford, 1975). In general, diabetes mellitus is caused by an insuf-
ficiency of insulin relative to the requirements of the tissues for this
hormone, the major manifestation of which is an excessive level of glucose
in the circulation. Since the discovery of insulin in 1921, the overt
symptoms of diabetes have been controllable and the risk of death by diabe-
tic coma substantially reduced. The traditional therapies, such as insulin
injectio.. and dietary management, however, have proven inadequate in pre-
venting the chronic complications, including kidney disease, blindness, and
various cardiovascular and nervous system disorders, that are responsible
for the severe morbidity and mortality associated with diabetes today
(Matas et al., 1976). The life expectancy of the diabetic is currently
about one-third less than that of the general population (Crofford, 1975),
and the total health costs due to diabetic morbidity alone have been esti-
mated at over $15 billion a year in the United States (National Diabetes
Advisory Board, 1981).

In normal (nondiabetic) man, glucose metabolism is controlled by pre-
cise minute-to-minute pancreatic insulin response to changes in circulating
glucose levels, resulting in the regulation of blood glucose concentration
within a narrow range of about 80-120 mg/d1 during the daily transitions

between the fed and fasted metabolic states (Service et al., 1970). In



contrast, such precise control is not realized in the diabetic since -on-
ventional therapy, typically consisting of a single daily injecticn ¢/
intermediate-acting insulin, only provides a gross compensation for diabe-
tic insulin deficiency by simply maintaining relatively constant in vivo
insulin levels over the course of a 24 h day (Soeldner et al., 1973); as a
result, blood glucose concentration varies over a characteristic range of
about 100-300 mg/d1 in the diabetic on conventional injection therapy
(Service et al., 1970). Increasing clinical evidence suggests that the
inability to maintain blood glucose within normal physiologic ranges by
conventional means of treatment may contribute to the development of the
chronic complications associated with diabetes (National Diabetes Data
Group, 1979). Thus, a great deal of effort is being directed toward deve-
lTopment of new diabetic therapies that could provide for better glycemic
control through more physiologic patterning of insulin delivery (Soeldner,
1981).

Because of the analogy tr the physiologic control offered by the nor-
mal pancreas, treatment of diabetes by glucose-controlled insulin delivery
will probably represent the ultimate approach to effective therapy.
Potentially implantable devices for glucose-controlled insulin delivery are
currently under development (Soeldner, 1981), but inherent in potential
designs will be .arious factors, such as lag times and measurement noni-
dealities, that will tend to degrade performance. Considering the precise
minute-to-minute regulation of blood glucose resulting from normal
pancreatic insulin response, serious questions arise concerning tolerable
performance limits for improved therapy systems. Although the efficacies
of new therapies will ultimately be established by clinical studies, animal

and human experimentation is extremely expensive and must be Timited in



scope for ethical reasons. An alternative and complementary approach
involves use of physiologic modeis of glucose metabolism (Figure 1) to pre-
dict the theoretical responses of a diabetic to a wide variation of insulin
input specifications; a physiologic model of glucose metabolism can thus be
used as a powerful tool for designing and assessing the effectiveness of
potential therapy systems.

The potential usefulness of glucose metabolism models has fostered the
appearance of numerous formulations in the liturature. Upon review,
however, all of the literature models of glucose metabolism were found sub-
ject to one or more of the following drawbacks: 1) selection of model
design resulting in poor correspondence between important physiology and
its mathematical modeling, 2) iack of direct quantification of metabolic
processes within respective models, 3) insufficient testing of model per-
formance to establish general predictive capacity over a wide range of
inputs, and 4) errors in mathematical documentation resulting in noanfunc-
tional equation systems.

Because of problems associated with the existing literature models,
the first thesis objective was to develop a new mode! for the distribution
and metabolism of glucose and its regulation by insulin and glucagon in
normal man. Using the model of glucose metabolism in normal man as a foun-
dation, the second thesis objective was to develop a model of glucose meta-
bolism in the insulin-dependent diabetic suitable for insulin therapy
assessment. Finally, employing the modei of glucose metabolism in the
insulin-dependent diabetic, the third thesis objective was to design an
optimal scheme for glucose-controlled insulin delivery and to assess how
the presence of glucose sensor measurement limitations affect the quality

of achievable blood glucose control.
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IT. MODELING OF GLUCOSE METABOLISM IN NORMAL MAN

A) General Overview

Model formulations vary in form and detail as primarily cetermined by
their intended purpose. The recent trend in modeling giucose metabolism
has been toward develoobment of explanatory physioiogical system models. An
explanatory model (Finkelstein and Carson, 1979) provides a description of
the ways in which different features of system structure and behavior
depend upon each other. Models of this type are extremely useful, as they
can promote insight and understanding, be used for hypothesis testing, and
may possibly define quantitative interactions which are normally inac-
cessible to measurement. An explanatory model, if valid, must describe not
only those specific features of structure and detail which entered into its
formulation, but alsc correctly predict all relevant system behavior over a
general spectrum of inputs.

The present modeling effort has been directed toward development of an
exdblanatory physiologic model of glucose metabolism in the human body. In
general, develcpment of explanatory mathematical representations requires
independent knowledge of the component unit metabolic processes involved.
This is because complex physiologic systems generally encompass a number of
nonlinear processes, and conventional identification and parameter estima-
tion techniques neither guarantee structural nor parametric uniqueness
(Carscn and Finkelstein, 1973). Thus, models which are valid explanatory
representations, and which must therefore mirror structurally and para-
metrically the component regulatory processes, generally require indepen-
dent validation of the functional aspects of these component processes.

With respect to modeling glucose metabolism, experimental techniques

12



which provide a means of independently varying and maintaining glucose and
insulin levels in vivo (known as clamping) have recently been developed.
Such procedures have been coupled with measuring arterial-venous glucose
and insulin concentration differences across organ and tissue regions of
the body; results of such studies have given a direct measure of tissue and
organ responses to local changes in glucose and insulin concentrations over
a wide spectrum of conditions. Within the Tast few years, a wealth of
experimental data of this type has appeared in the literature, thus pro-
viding a unique opportunity to formulate and validate component metabolic
processes of the model on the whole crgan and tissue level. It was decided
to structure the present model using a tissue and organ compartmen-
talization approach such that one-to-one correspondence was maintained bet-
ween quantifiable features of the glucose metabolic processes and their
mathematical representations in the model.

The model has been formulated by techniques similar to those oriqgi-
nally developed for simulating drug distribution (Teorell, 1937; Bischoff
and Brown, 1966; Dedrick, 1973; Himmelstein and Lutz, 1279). For this phy-
siologic modeling approach, the body is divided into a number of physiolo-
gic compartments that represent the capillary beds of various organs and
tissues. A general representation for such a compartment (Figure 2) inciu-
des three well-mixed spaces throughout which the solute concentration is
assumed tc be uniform. The capiliary blood space is fed by arterial blocd
inflow and drained by venous biood outflow. The interstitial fluid space
may exchange mass with the capiliary blood space by diffusion of solute
through the capillary wall. The intracellular space may exchange mass with
the interstitial fluid space through transport of solute across the cell

membrane. For the purpose of modeling glucose metabolism, however, at most
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only two spaces are required to represent any given physiologic compart-
ment. In some cases (see Figure 2), the capillary wall permeability is
sufficiently high that rapid equilibration cccurs between the capillary
blood and interstitial fluid spaces, in which case these two spaces may be
combined into a single spdce of uniform concentration. Likewise, solute
transport across thz cell menbrane is sufficiently rapid in some cases that
the interstitial and intracellular spaces may be combined into a single
space of uniform concentration. Another pussibility is that both the
capillary wall and cell membrane permeabilities are high such that all
fluid spaces may be combined into a single space of uniform concentration.
For regions in which no extravascular solute exchange occurs, the extra-
vascular fluid spaces may be excluded from the formulation. Finally, when
the rate of solutr transport across the cell membrane is not limited by a
significant buildup of solute within the intracellular fluid, the intra-
cellular fluid space may be omitted.

Mass balances are written for each physiologic compartment. As an
example, illustrated in Figure 3 is a typical physiologic compartment with
capillary wall resistance and negligible intracellular solute accumulation

Timitations. Tne mass balances for this compartment may be written

Capillary Blood

dC
Vg —ge> = O (Cgj - Cgo) * PA (€[ = Cp) = rpge (1)
accumulation convection diffusion metabolic
sink
Interstitial Fluid
ch \
Vi = PA(Cgy - Cp) - ry (2)
accumuiation convection metaboiic

sink

15
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16



where: VB = capillary blood voiume
V, = interstitial fluid volume
QB = volumetric blood flow rate
PA = permeability-area product

cBi = arterial blood solute concentration
CBo = capillary blood (and venous) solute concentration

C; = interstitial fluid solute concentration
regc = rate of red blood cell uptake of solute
rr = rate of tissue cellular removal of solute through the cell
membrane

Since the capillary blood space is represented by a well-mixed volume, the
rate of mass accumulation in the capillary blood is equal to the capillary
blood volume multiplied by the time rate of change of the solute con-
centration in the capillary blood. This rate of mass accumulation is the
net additive resultant of contributions by convection, diffusion, and any
metabolic sources or sinks which add or remove mass from the capillary
blood space. An example of a metabolic sink for capillary blood solute is
the rate of red blcod cell uptake. A similar mass balance is written for
the interstitial fluid space, except in this case there is no convective
contribution. Thus, the rate of mass accumulation is the result of contri-
butions from diffusion and any metabolic sources and sinks which add or
remove mass from the interstitial fluid, an example being the rate of
tissue cellular removal of solute across the cell membrane.

The permeability-area product which characterizes diffusive resistance
of the capillary walls is often expressed in terms of an alternate para-
meter, the transcapillary diffusion time T, as

vy
PA = — (3)
-

The transcapillary diffusion time may be interpreted as the characteristic

17



time for diffusion between two well-mixed regions of uniform concentration.

This may be illustrated as follows (Figure 4); for diffusion

S e - o (4)
a¢ 1 0o I

Imposing a step change in capillary blcod solute concentration at time
equals zero

_ (C(0) tx<oO
Cao = {C(=) >0 (5)
the resulting interstial fluid solute concentration as a function of time

may be written

C;(t) = [C(=) - C(0)IL1 - exp(- —';—)1 +¢(0) (6)
Thus, when time is equal to the transcapillary diffusion time

C;(T) = [C(=) - C(0)]1(0.63) + C(0) (7)
Therefore, the transcapillary diffusion time represents tre time required

for interstitial solute concentration to reflect 63% of a capillary blood

solute step change. In addition,

C;(0.69T) = [C(=) - €(0)](0.50) + C(0) (8)

Thus, the transcapillary diffusion time multiplied by 0.69 is the time
required for interstitial fluid solute concentration to reflect 50% of a
capillary blood solute concentration step change.

Physical parameters such as blood flow rates and distribution volumes
were selected *. represent a normal 70 kg adult male. Hormonal regulation
by insulin and glucagon were included in the model formulation. The base-
Tine initial conditions were defined as basal postabsorptive metabolism.

The model is a physio]ogicd]ly structured explanatory representation of the

18
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glucose regulatory system and is used for generating predictions of
response to a wide spectrum of glucose and 1nsulin inputs. Because of the
basis of parameter selection, rodel simulations predict mean response of a
70 kg male population.

With respect to limitations of the model, a few comments are in order.
First, hormona! effects of epinephrine (adrenalin), cortisol, and growth
hormone have been neglected. In a recent review, Gerich et al. (1981) have
shown that the normal daily variations of these agents are unlikely to
cause quantitative effects on giuccse regulation; these potent insulin
antagonistic hormones, however, can induce hyperglycemia (stimulation of
liver glucose output and inducement of peripheral insulin resistance) at
levels associated with various diseased states, stress, and trauma.

Second, physiology related to changes in amino acid and free fatty acid
substrate levels has not been considered. Following ingestion of a mixed
meal, postprancial variations in the circulating levels of these substrates
could interact with the glucose regulatory system by altering pancreatic
hormonal secretion and influencing hepatic metabolism. During glucose
lToading alone, however, effect of these substrate level variations are
generally assumed to be second order with respect to glucose regulation.
Third, initial conditions for the model reflect normal basal postabsorptive
metabolism, and changes in fuel utilization associated with prolonged
fasting and starvation (Cahill and Soeldner, 1969), such as hepatic glyco-
gen depletion and displacement of brain glucose utilization, have not been
incorporated into the model formulation. Finally, the physiologic modeling
approach employed here uses fixed parameters representative of a 70 kg man
to predict average responses to a wide variety of inputs. This may be

distinguished from the modeling efforts of Bergman et al. (1982) in which

20



individual responses to an intravenous glucose tolerance test are used to
fit model parameters, thus providing diagnostic information about the insu-
1in (Bargman et al., 1979) and bteta cell (Toffolo et al., 1980) sen-
sitivities of the individual.

A general overview of the model will now be presented. Detailed
discussion of parameter selection and unit metabolic process formulation
will be deferred until later in the text.

A schematic representation of the glucose model is shown in Figure 5.
The body has been divided into six physiologic compartments: 1) brain,
which represents the central nervous system; 2) heart and lungs, which
represents the rapidly mixing vascular volumes of the heart, Tungs, and
arteries; 3) periphery, which includes skeletal muscle and adipose tissue;
4) qut; 5) liver; and 6) kidney. Arrows connecting the physiologic com-
partments represent the direction of blood flow. This physiologic compart-
mentalization is similar to that employed by Tiran et al. (1975) and gives
the minimai set of physiologic compartments required to isolate the unit
metabolic processes on the organ and tissue level. The heart and lungs
compartment serves to close the circulatory loop, representing simply the
blood volume of the cardiopulmonary system and the major arteries; the
small contribution of arteriovenous blood flow through capillaries of these
tissues has been lumped into the periphery. For reasons which will be
discussed later, blood contained in the major veins has been distributed on
the basis of relative regional Hlood flow rates among the remaining organ
and tissue blood voiume spaces.

The physiologic processes that lead to metabolic sources and sinks in
the glucose model are summarized in Table 1. In general, these physiologic

processes occur at a constant rate or at a rate which is mediated in a
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TABLE 1. Summary of physiologic processes leading to metabolic sources and sinks in the glucose model.

Physiologic Process Rate is Function of Process is
Sinks
Red Blood Cell Uptake Constant -
Brain Uptake Constant -
Gut Uptake Constant -
Peripheral Uptake Peripheral Interstitia! Glucose Linear
Peripheral Interstitial Insulin Nonlinear
Urirary Excretion Kidney Plasma Glucose Nonlinear
Hepatic Uptake Liver Glucose Nonlinear
Liver Insulin (first-order response time) Nonlinear
Sources
Hepatic Production Liver Glucose Nonlinear
Liver Insulin (first-order response time) Nonlinear
Plasma Glucagon (first-order response time) Nonlinear




nonlinear manner by relevant local changes in glucose, insulin, and gluca-
gon concentrations. As indicated, hormonal effects of insulin and glucagon
on hepatic glucose metabolism were formulated to include the time depen-
dence associated with their mediatory action.

The mass balance equations for the glucose model are given in Table 2.
The mathematical nomenclature is defined in Table 2 and corresponds to the
symbols used in the glucose model schematic of Figure 5. In general,
subscripts distinguish physiologic compartments and, if required, a second
subscript is included to indicate fluid spaces within combartments.
Superscripts indicate respective models (glucose, insulin, or glucagon) and
are used to distinguish those variables for which different numerical
values are emplcyed for the different models. Mass balances for the glu-
cose model result in a set of 8 simultaneous ordinary differential
equations which are nonlinear as a result of the metabolic source and sink
rates. In addition, it is through those metabolic rates which depend on
insulin and glucagon concentrations that the glucose model is coupled to
the insulin and glucagon models, respectively. The mass unit of milligrams
was employed for glucose modeling since glucose concentrations are
generally expressed in these terms. Mathematical equations for the metabo-
lic rates of glucose addition and removal are summarized in Section II.S.
'These rate formulations, as well as selection of physiologic parameter
values, will be discussed in detail in the body of the text.

A schematic diagram of the insulin model is presented in Figure 6.
The body was divided into the same physioclogic compartments described for
the glucose model. Differences arise, however, with respect to extravascu-
lar fluid space access in the brain and liver compartments. Studies have

shown (Davson and Spaziani, 1959; Mahon et al., 1962) that the blood-brain
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TABLE 2. Glucose model mass balance equations.

dG v
. G "BY _ G BI
BRAIN: Vpy—— = QB(GH - GBV) -— (GBv - GBI) (9)
dt TB
dG v
BI _ 'BI
Vgr — = — (Ggy - ) - Tagy (10)
dt TB
6 9% g G 6 G 6
HEART AND LUNGS: Vy —;; = QBGBv + QLGL + QKGK + QPGPV' QHGH - TRBCU (11)
dG
. G G _ .G v
GUT: VG-—— = QG(GH - GG) - Teay (12)
dt
LlveR: VB L, S, + 8. - oG, + ry.o- v (13)
' L dt A"H GG L™L HGP HGU
dG
) G K _ 4G
dG,, )
. G PV _ G PI
PERIPHERY: Voy —;;— = O (GH - GPV) - 4—5— (GPV- GPI) (15)
T
P
dG v
Pl PI
Vpy (Gpy= Bpy) - Tpgy (16)
dt TG
P
Variables: Second Subscript; Physiglogic
G = glucose concentration (mg/d1) Subcompartment (if required)
Q = vascular blood water flow rate (d1/min) I = interstitial fluid space
r = metabolic source or sink rate (mg/min) V = vascular blood water space
T = transcapillary diffusion time (min)
V = volume (d1) Metabolic Rate Subscripts:
t = time (min) BGU = brain gliucose uptake
. . GGU = gut glucose utilization
First Subscript: Physiologic Comparment HGP = hepatic glucose production
B = brain HGU = hepatic glucose uptake
G = gut KGE = kidney glucose excretion
H = heart and lungs PGU = peripheral giucose uptake
L = liver RBCU= red blood cell glucose uptake
P = periphery ]
(A = hepatic artery) Superscript:

G = glucose model
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Fig. 6 Schematic representation of the insulin model.
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barrier capillary structure is impermeable to insulin passage into
cerebrospinal fluid; thus, the brain interstitial fluid space (cerebro-
spinal fluid) has been omitted from the insulin formulation. Also, unlike
the case for glucose, the livar cell membrane is not freely permeable to
insulin and the intracellular fluid volume has thus been omitted as insulin
is degraded via binding to cell membrane receptors.

Physiologic processes leading to metabolic sources and sinks for insu-
1in are summarized in Table 3. Since pancreatic insulin is released into
the portal vein which perfuses the liver, and since separate compartments
have nct been included in the model for vessel blood volumes, pancreatic
insulin release appears as a source term in the Tiver insulin compartment.
A separate compartmental model for pancreatic insulin release is used to
predict insulin release rates; the pancreas model, which is an adaptation
of that developed by Landahl and Grodsky (1982), relates insulin relea.:
rate to arterial (heart and lung compartment) glucose concentration via a
system of three simultaneous nonlinear ordinary differential equations.

Mass balance equations and mathematical nomenclature for the insulin
model are given in Table 4. Masc balances for the insulin formulation
result in a set of 7 simultaneous ordinary differential equations which are
linear except for the liver (Equation 20) where the rate of pancreatic
insulin release as an insulin source term is computed from an additional
set of three nonlinear ordinary differential equations which constitute the
model pancreas formulation (a nonlinear coupling to the glucose model).

For insulin modeling, the mass unit of milliunits of insulin was selected
as this choice is convenient for expressing insulin concentrations.
Mathematical equations for calcuiating metabolic rates of insulin addition

and removal are summarized in Section II.S. Details of the model of
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TABLE 3. Summary of physiologic processes leading to metabolic sources and sinks in the insulin

model.

Physiologic Process

Rate is Function of

Process is

Sinks
’Liver Clearance
Kidney Clearance
Peripheral Clearance
Sources

Pancreatic Insulin Release

Liver Insulin
Kidney Insulin

Perioheral Interstitial Insulin

Heart and Lung Glucose
(time dependent)

Linear
Linear

Linear

Nonlinear




TABLE 4. Insulin model mass balance equations.

(A = hepatic artery)

29

(17)

(18)

(19)

(20)

(21)

(22)

(23)

dl
. 41 B 1
BRAIN: VB —E; QB(IH - IB)
HEART AND LuNGS: V1 M . ofr, + ofr, + olr, + olr, - ql1
° 'H dt BB L°L KK PPV “H'H
dI
I "G I
GUT: Vo -— = Q.(I, - I.)
G 4¢ G''H G
dl
. I L _ I I I
LIVER: VL-—E; = QAIH + QGIG - QLIL + ToIR™ rLIC
dI |
. 17K _ 1
KIDNEY: VK'_;; = QK (IH - IK) - rKIC
dl v
) 1 %py 1 PI
PERIPHERY: VPV— = QP (IH - IPV) - —_— (IPV- IPI)
dt Tl
P
o Her Ve
P1 PV Pl PIC
dt T
)
Variables: Second Subscript: Physiologic
I = insulin concentration (mu/d1l) Subcompartment (if required)
Q = vascular plasma flow rate (1/min) I = interstitial fluid space
r = metabolic source or sink rate (mU/min) V = vascular plasma space
T = transcapillary diffusion time (min)
V = volume (1) Metabolic Rate Subscripts:
t = time (min) KIC = kidney insulin clearance
. : LIC = liver insulin clearance
First Subscript: Physiologic Compartment PIC = peripheral insulin clearance
B = brain PIR = pancreatic insulin release
G = qut
H = heart and lungs Superscript:
L = liver = ;
P = periphery I = insulin model



pancreatic insulin release, selection of physiologic parameter values, and
metabolic rate formulations are included later in the text.

The glucagon model is presented in Figure 7. Here, a simple one-
compartment formulation was employed, representing the whole-body fluid
distribution volume for glucagon. As summarized in Table 5, glucagon is
cleared from the body at a rate which is a linear function of its plasma
level, and glucagon is released from the pancreas as a ronlinear function

of arterial glucose and insulin concentrations. The glucagon model mass

balance equation is given by

VEE S e T Thrc (24
where: T = glucagon concentration (pg/ml)
vl = glucagon distribution volume (m1)
"prR = pancreatic glucagon release rate (pg/min)
rprc = plasma glucagon clearance rate (pg/min)
t = time (min)

Details of the metabolic rate formulations are included in the text and
summarized in Section II.S.

With respect to modeling of the various metabolic processes, a major
consideration in formulating mathematical representations concerns
selecting an appropriate level at which to scrutinize these biological pro-
cesses. At the molecular level, typical enzyme reactions involved in glu-
cose metabolism are very complex. For example, reactions associated with
phosphofructokinase, an enzyme in the pathway of glycolysis, would require
at least a system of 15 nonlinear differential equations for an accurate
representatica (Finkelstein and Carson, 1979). Even if sufficient infor-
mation were available, incorporation of enzymatic reactions into a complete

system model of glucose metabolism is obviously not feasible. Acknowledg-
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TABLE 5. Summary of physiologic processes leading to metabolic sources and sinks in the glucagon

model.

" Physiologic Process Rate is Function of Process is
Sinks
Plasma Ctearance Plasma Glucagon Linear
Sources
Pancreatic Glucagon Release Heart and Lung Glucose Nonlinear
Heart and Lung Insulin Nontinear




ing the importance of being able to quantify the component metabolic pro-
cesses which add or remove mass from the system, available data in the
literature strongly supported characterizing these metabolic processes on
the whole-organ or tissue level. This may be considered a grey box
approach. Formulations for organ and tissue responses were quantified
directly from experimental data compiled from the literature. Considera-
tion of underlying mecharisms, at least in a qualitative sense, however,
was often important for insuring proper interpretation.

The general approach employed for the modeling of physiologic pro-
cesses was as follows. Metabolic rates causing addition or removal of mass

were assigned methematical equations of the general form

r = MO(r,t) Mi(1,t) M8(c) r (25)

basal

where r = metabolic rate of mass addition or removal (mass/time)
Ml - multiplicative effect of glucagon (dimensionless)
Ml - multiplicative effect of insulin (dimensionless)
MG = multiplicative effect of glucose (dimensionless)
basal = basal metabolic rate (mass/time)

This method of representing regulatory effects in terms of separable
multiplicatives functions is commonly utilized in the modeling of biologi-
cal processes (Carson et al., 1983). As indicated irn Equation 25, the hor-
monal effects of glucagon and insulin could in general incorporate time
dependence. The form of the above equation is particularly suited to
correlating experimental data. Normalizing with respect to the basal rate
yields

basal

Since hyperbolic tangent functions have been found to be readily suitable
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for representing the sigmoidal nonlinearities commonly observed in biologi-
cal data correlation, the rate multiplier functions were generaliy given

the mathematical form

Mi(i) = A + B tanh[C(i-D)] (27)
whare the ith multiplier function was fit to clinical data by adjustment
of the four constants A, B, C and D. In cases where sufficient data was
available for the metabolic process being modeled, experimental data for
normalized rates was compliled from the literature over a wide variation in
zhe relevant local concentrations of glucose, insulin, and glucagon, and
least syuares techniques were employed to fit the multiplier functions to
the data. For some processes, however, cicossive scatter in the data
required assuming appropriate shapes of curves. Finally, for metabolic
processes that were time dependent, the above procedures were applied to
fitting initial value or steady state rate data, and the time dependence
was incorporated via first order response time dynamics in the rate
multiplier functions. Use of these methods to model metabolic rates will
be further detailed in the text with respect to quantification of each
respective physiologic process.

A problem which was often encountered in attempting to correlate
experimental data was that results in the literature were not always
reported directly in terms of variable of interest in the model. For
example, rates of organ glucose uptake were generally reported as a func-
tion of arterial glucose concentration, whereas the local oryan slucose
concentration is actually reflected by the venous effluent concentration.
In such cases, variables of interest were estimated from reporied values by
simply using steady state mass balance relationships as emploved in the

model formulation.
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B) Distribution and Flow Parameters for a 70 kg Man

Estimated distribution volumes and blood flow rates for an average 70
kg man are summarized in Table 6. Organ massses (total wet masses
including contained blood) were compiled from Altman and Dittmer (1974).
Values for regional blood flow rates and total cardiac output ware repre-
sentative of those found in the literature (Spector, 1956; Mapleson. 1963;
Bischoff and Browﬁ, 1966; Mountcastle, 1974; Tiran et al., 1975; Guyton,
1976), where the peripheral blood flow rate was taken as the difference
between total cardiac output and the sum of the blood flow rates to the
remaining tissues.

Anatomic volumes were estimated using methods described by Bischoff
and Brown (1966). A 70 kg man has a total blood volume of about 5.60 1
(Gibson and Evans, 1937) which is roughly distributed as shown in Table 7.
The total capillary (plus arteriole and venule) blood volume is about 0.56
1. This was distributed among the tissue regions by assuming that the
ratio of capillary blood volumes between the ith and jth organs is given by

(Bischoff and Brown, 1966)

Qg

(nB—) (28)

‘i.
J
where V¢ is capillary blood volume and M and Qg represent organ mass and
blood flow rate, respectively. Equation 28 was based on the postulate that
capillary flow rates are about the same in every body region and that the
average capillary length is related to the total size of the region
(Bischoff and Brown, 1966). Capillary blood volumes calculated in this
manner are presented in Table 8.

In order to reduce computing costs, capillary blood volumes were not
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TABLE 6. Estimated distribution volumes and btood flow rates for an average 77kg man.

Organ or Tissue Massd Blood Flow Rate® | Blood Equilibration | Interstitial Fluid| Intraceliular Fiuid
(kg) (1/min) Yolume (1) Yolume (1) Volume (1)

Brain 1.35 0.70 0.41 0.45 8.60

Heart and Lungs a (5.20) 1.64 a a

Liver 1.85 1.50 0.90 0.60 1.15

Gut 1.60 (1.20) 0.71 0.52 1.01

Kidney 0.32 1.20 0.63 0.09 0.18
Periphery 29,84P 1.80 1.26 6.74 19.65
(Hepatic Artery) - {0.30) - - -

TOTAL 34.96° 5.20 5.60 8.40° 22.05

37issue (Extravascular) spaces of the heart and lungs have been lumped into periphery

bgased on total fluid volume (sece Tabie 9)

Cconnective tissue fluid volume of 3.15 1 assumed inaccessible and thus excluded from volume (see text)

dTot«‘. wet mass including contained blood

®Entries in parenthesis represent branch flows or branch flow summations and thus do not contribute to the
total blood flow rate summation value




TABLE 7. Totai blood volume distribution.

% Blood Volume? Volume (1)
Capillaries, Arterioles, and Venules 10 0.56
Heart, Lungs, and Arteries 30 1.64
Veins 60 3.40
TOTAL ico 5.60°

‘Guyton, 1976; Bischoff.and Brown, 1966
bGibsou and Evans, 1937
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TABLE 8. Regional distribution of blood volume.

Yenous Equilibration Capillary Blood Equilibration

Organ or Tissue| % Blood Flow Yolume (1) volume (1) Volume (1)
Brain 10.9 0.370 0.040 0.41

Heart and Lungs - - - 1.64

Liver 23.4 0.800 0.100 0.90

Gut 18.8 0.635 0.075 0.71

Kidney 18.8 0.635 0.045 0.68
Periphery 28.1 0.960 6.300 1.26

TOTAL 100.0 3.400 0.560

5.60




directly employed in modeling. Instead, regional blood volumes were repre-
sented in terms of blood equilibration volumes (Table 8). At any given
time, the majority of blood is contained in the venous vessels (see Table
7). For modeling, it was assumed that a certain fraction of the venous
pool is essentialiy in equilibrium with the capillary blood of the region
from which it flows (Mapleson, 1963). Thus, venous equilibration volumes
were computed by distributing the total venous volume among the body
regicns on the basis of their respective fractional blood flows. Regional
blood equilibration volumes were then obtained by summing the respective
venous equilibration and capillary blood volumes. These calculations are
summarized in Table 8. Blood contained in the arterial vessels was Tumped
with cardiopulmonary blood volume of 1.64 1 (see Tables 7 and 8). The
alternative tn using regional blood equilibration volumes would be to use
the actual capillary blood volumes with additional blood volume compart-
ments inserted into the circulatory loop to account for the venous vessel
blood volumes. There are two major disadvantages to this alternative: 1)
addition of venous blood volume compartments increases the number of mass
balance differential equations to be solved, and 2) since the capillary
blood volumes are about an order of magnitude smaller than respective blood
equilibration volumes, their use in model formulation would increase com-
puting time by roughly a factor of ten.

Interstitial and intracellular fluid volumes were estimated using the
approximate whole-~body fluid distribution volumes tabulated in Table 9.
These values are representative of estimates reported in the literature
from results of various in vivo tracer dilution studies. In general, total
body fluid volume is measured using a small tracer such as D20, extracellu-

lar fluid volume is determined by measuring distribution of saccharides
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TABLE 9. Approximate body fluid distribution of 70kg man.

Extracellular Fluid

Blood Plasma

Interstitial-Lymph

Dense Connective Tissue, Cartilage
Intracellular Fluid

Blood CTells

Extravascular

TOTAL

Volume (1)

14.91

25.09

40.00°

b
3.36

8.40%
3.152

2.24P
22.85

;sde1man and Lefbman, 1959
cBased on total blood volume of 5.60 1 and hematocrit of 0.40
Guyton, 1976 :
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such as inulin which are excluded from cells, and intracellular fluid
volume is taken as the difference between these volumes (for review see
Edelman and Leibman, 1959). For modeling, it was assumed that the ratio of
interstitial fluid to cellular fiuid volume is the same for all body
regions (Bischoff and Brown, 1966) since more detailed information is not

available. Thus, from Table 9,

V. L.
v1nterst1t1a] - 8.40 + 3.15 - 0.51 (29)
intracellular 22.85

Using this expression, and noting that for each body region

v ] +V (30)

total = Vcapillary * Vinterstitial intracellutar
where total volume is approximated by equating with total crgan or tissue
mass, the interstitial and intracellular fluid volumes were approximated
for each body region, and these values are given in Table 6. It has been
reported (Edelman and Leibman, 1959) that a portion of the extravascular
extracellular fluid volume, associated with the deep connective tissues and
cartilage, is relatively inaccessible to normal solute penetration; whereas
insulin equilibrates within about 6 h with an extravascular fluid volume of
8.40 1, an additional fluid volume of about 3.15 1 apparently equilibrates
much more slowly (see Table 9). For modeling, the peripheral interstitial
fluid volume calculated from Equations 29 and 30 was corrected tc account
for this inaccessible region such that the interstitial fluid volumes of
Table 6 sum to 8.40 1. Although intracellular volumes calculated for

regions other than the liver were not utilized for glucose homeostasis

modeling, these values have been included in Table 6 for completeness.
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C) Glucose Distribution in the Blood

In blood, glucose is distributed in plasma water and erythrocyte
intracellular water. Plasma protein displacement represents about 7 to 7.5
percent of plasma volume (Harper et al., 1979). Under isotonic conditions,
the water content of normal red cells is approximately 71 volume percent
(Harris, 1965); the displacement volume in red cells is primarily attri-
buted to the large intracellnlar hemoglobin content. Based on the above
relationships and a normal hematocrit of 0.40, the distribution volume for
glucose equals 84.2% of whole blood volume with a ratio of intracellular
glucose concentration to plasma glucose concentration of 0.76. This ratio
is in good agreement with the average value of 0.73 reported by Clauvel et
al. (1965) for blood samples for 46 normal subjects.

It can be further calculated that under equilibrium conditions about
33.7% of the glucose in whole blood is inside erythrocytes; thus, it is
important to consider the rate at which gluuse equilibrates across the red
cell membrane. Measurements in human erythocytes have indicated that red
cell permeability to glucose is relatively insensitive to insulin
(Wilbrandt, 1961; Zipper and Mawe, 1972). Glucose is transported across
the erythrocyte membrane by facilitated rather than simple diffusion
(Widdas, 1954; Britton, 1964; Widdas, 1968). Although all aspects of the
facilitated diffusion process are not fully understood, it has been experi-
mentally verified that rates of glucose diffusion across red cell membranes
can be accurately predicted using the carrier system modei of Widdas

(1954):

dG G G
W o g PW L (31)

dt Gpw + ¢ Gcw + ¢
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where: G, = Glucose concentration in RBC water (mg/d1 RBC water)
Gpw = Glucose concentration in plasma water (mg/dl plasma water)
K = T~ansfer constant (mg/d1 RBC water.s)

¢ = Half-saturation concentration (mg/dl system water)

For human erythrocytes, Sen and Widdas (1962) have reported values of K and
¢ measured at 37°C and pH 7.4 as 1.06 isotonic units/min and 72 mg/d1,
respectively. Since these measurements were made in 342 milli-osmolar
saline solutions, and assuming a red blood cell water content of 71 volume
percent, the value of K converted to the units used herein equals 153.2
mg/d1 RBC water.s.

The Widdas model was used to simulate red blood cell water glucose
concentration response to step changes in plasma water glucose con-
centration between 100 and 200 mg/dl1 (Figure 8). Red blood cell water glu-
cose equilibrated within about 20 s following the 100 mg/dl step increase
in plasma water glucose concentration, and equilibrated within about 15 s
following the step decrease; the lorger response time required for glucose
entry into the red blood cell results from intracelluiar glucose accumula-
tion (Zipper and Mawe, 1972). For the purpose of modeling glucose dynamics
and distribution in the human body, the most extreme change in plasma glu-
cose occurs during the infusion period of an intraverous glucose tolerance
test when plasma glucose concentration may rise at a rate of 100 mg/d1 per
minute. Sinca the 100 mg/dl step change equilibration time is only about
20 s, it is safe to assume that red blood celi water glucose is essentially
equilibrated with plasma water glucose even during the rapid dynamics of an
intravenous glucose infusion.

For the glucose model, it was assumed that glucose equilibration

exists across the red cell membrane, and thus glucose is uniformly distri-
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buted throughout the entire water volume in whole blood. Since the water
content of whole blood is rocughly 84 volume percent, the blood volumes and
flow rates as estimated for a 70 kg man (Table 6) were reduced by 16% for
glucose modeling. The resulting vascular pairameter values as incorporated
into the glucose model are included in Table 10. Using whole blood water
conteﬁt as the volume basis 7or modeling vascular distribution of glucose,
the vascular glucose concentrations in the glucose model mass balance
equations represent whole blood water glucose concentrations. Thus, in
order to compare model predictions with clinical data, the following con-
versions are required: 1) plasma glucose concentration is 92.5% of whole
blood water glucose concentration, and 2) blood glucose concentration is
84% of whole blood water glucose concentration.

Although protein displacement of water in whole blood is significant
(about 16%), protein displacement is only abcut 2% in interstitial fluids
(Pitts,1963). This small correction for glucose distribution in the

interstitial fluid volumes has been neglected.

D) Kidney Glucose Excretion

In the kidney, the rate of glucose excretion is equal to its rate of
glomerular filtration minus its rate o7 tubular reabsorption (Pitts, 1974;
Vander, 1975; Robinson, 1967). Presented in Figure 9 is experimental data
for the rates of glucose filtration, reabsorption, and excretion as func-
tions of kidney plasma glucose concentration in humans (Brod, 1973).
Clucose is transported against a concentration gradient by the epithelial
cell layer of the kidney tubules; thus, glucose is not normally excreted
into the urine but is reabsorbed from the glomerular filtrate back into the

blood. The maximum tubular reabsorption rate for glucose, however, is
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TABLE 1G. Vascular volumes and flow rates used in glucose model.
(based on whole blood water)

vascular Flow Rate? Vascular Equilibration

Organ or Tissue (1/min) Volume (1)

Brain 0.59 0.35

Heart and Lungs (4.37) 1.38

Liver 1.26 0.76
Gut (1.01) 0.60

Kidney 1.01 0.57
Periphery 1.51 1.04

(Hepatic Artery) (0.25) -

TOTAL 4.37 4.70

qntries in parentheses represent redundant flows and are thus excluded in
total sum value

46



800r Filtered

700
GLucose O Excreted
FILTERED 500}
EXCRETED | . . .
oR L2 o8 Reabsorbed
REABSORBED 300} . v
(mg/min) 200l //
100F .‘.o &/
0 100 200 300 400 500 600 700 800 900
Kidney Plasma Glucose Conc. (mg/dl)
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(Adapted from Brod, 1973.)
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approximately 361 mg/min, and any amount in excesss of this load is
excreted rather than reabsorbed. The maximum reabsorption rate is
approached somewhat gradually, along a curve (see Figure 9); this behavior
probably results from a gradual saturation of the glucose "carrier" asso-
ciated with the active transport mechanism of glucose reabsorption.

The data in Figure 9 was used to quantify the rate of kidney glucose
excretion:

71 + 71 tanh[0.011(Gy-460)] 0 < Gy < 460 mg/d1

rKGE(mg/min)={ (32)
-330 + 0.872 GK GK > 460 mg/d1

where Gg represents whole blood water glucose concentration. The kidney
excretion data of Figure 9 has been replotted and compared with the model

function fit of Equation 32 in Figure 10.

E) Red Blood Cell Uptake

Red blood cells derive energy from anaerobic glycolysis of intracellu-
Tar glucose to lactate. As with other glycolytic tissues, glucose utiliza-
tion is relatively insensitive to changes in glucose and insulin
concentration (Bishop and Surgenor, 1964). The rate of glucose consumption
by human erythrocytes has been measured by a number of investigators. A
summary of their results is presented in Table 11. Also included in the
table are extrapolations of total red blood cell uptake for an average 70
kg man based on these results. The rate of human lTeukocyte glucose con-
sumption has been measured at 7.z4 ug/lo6 cells«h (Guest et al., 1953).
Although this rate is much greater per cell than that observed for erythro-
cytes, the dehsity of leukocytes is only about 1.5 x 10° cells/ml whole
blcod (Guest et al., 1953); thus, assuming a total blood volume of 5600 ml

for an average 70 kg man, white cell glucose uptake only totals about 0.1
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TABLE 11. Literature values for the rate of rbc glucose uptake and extrapolated total rbc glucose uptake

foir & 70 kg man based on these values.

Estimated Rate of RBC Glucose

Brewer et al., 1970 0.80 :.12 mg/ g hemoglodin/h

Reference Rate of RBC Glucose Uptake Uptake for 70 kg Man® {=g/min)
Guest et al, 1953 0.019 ug/10° cells/h 8.9 tt
Murphy, 1960 2.10 ug/m blood/min* 9.4
Del.oecker and Prankerd, 1961 2.05 ymol/ml cells/h 13.8
Jacob and Janol, 1964; :
Janol, 1965 360 ug/ml cells/h 13.4
11.9 ttt

* Hematocrit = .80 in cellular suspensiohs of this experiment
Assuming: t Total Blood Volume = 5600 ml; Hematocrit = 0.40

t+ 5 x 10° RBC/m whole blood
tt+ 16 g hemoglobin/1G0 ml whole blood




mg/min.

Red blood cell uptake of glucose was assigned a constant rate of 10
mg/min in the glucose model. Although an exacting approach would require
uniform volumetric distritbution of red cell uptake throughout all of the
vascular compartments of the glucose model, it has been assumed for simpli-
city that the total red blood cell uptake can be assigned to the large
vascular volume of the heart and lungs with Tittle error. Red cell uptake
is a relatively small metabolic sink for glucose in the model, never

accounting for more than about 5% of the total rate of glucose uptake.

F) Brain Glucose Uptake

Under normal conditions, the brain derives its entire fuel requirement
from glucose. Of the glucose consumed, about 8% is glycolized to lactic
and pyruvic acid, and 92% is oxydized to CO» (Gottstein et al., 1963). The
brain contains only 0.1 weight percent glycogen (Fenn and Rahn, 1965) and
thus must rely nn & minute-to-minute suppiy of glucose from the blood.

Estimates of cerebral glucose consumption in man have been obtained by
measuring cerebral blood flow together with arterial and jugular glucose
concentrations. In a review, Sokolov (1960) has reported that normal adult
brain glucose metabolism figures in the literature range from 4.9 to 6.2
mg/100 g brainomin. In a study of 45 sgbjects having no known brain
disease, Gottstein et al. (1963) reported a mean cerebral glucose conéump-
tion of 5.3 myg/100 g brainemin.

The rate of glucose entry into cerebral tissue is not affected by
insulin (Sokolov, 1960; Crone, 1965). In addition, brain glucose uptake
remains constant with respect to changes in blood glucose concentration

except in the case of severe hypoglycemia. Experiments on dogs by Himwich

51



and Fazikas (1937) indicated that cerebral glucose and oxygen uptake
remained essentially unchanged over a blood glucose range of 25 to 245
mg/d1, but that both glucose and oxycen consumption dropped significantly
when blood glucose was reduced from 25 to 7 mg/d1. Intravenous injection
of glucose during hypoglycemia restored normal brain metabolism. Cerebral
metabolism in humans during hypoglycemia has been studied during treatment
of schizophrenia by insulin shock (Kety et al., 1948; Porta et al., 1964).
During insulin-induced hypoglycema in schizophrenic patients, Kety et al.
(1948) reported that when arterial glucose fell from 74 to 19 mg/d1, glu-
cose and oxygen metabolism decreased from normal values. At a mean
arterial glucose concentration of 8 mg/dl, deep coma developed, and glucose
metabolism decreased further. Since brain cells are relatively permeable
to glucose, brain hexokinase is the rate-iimiting factor in glucose metabo-
Tism (Fromm, 1981). When circulating glucose levels fall below a critical
level, usually accepted to be about 40 to 50 mg/d! in humans, glucose
uptake begins to decrease because of an inadequate gradient for normal
rates of facilitated transport of glucose across the blood-brain barrier
(Cahill, 1981).

Another case in which brain glucose uptake may change is during star-
vation. Partial oxidation of fatty acids in the liver provides circulating
ketone bodies, namely acetoacetate and g-hydroxybutyrate. During a pro-
longed fast, the vascular concentration of these water-soluble fuels rises
due to diminuation of their utilization by peripheral tissues. These cir-
culating concentrations become sufficient to provide a gradient for
transport across the blond-brain barrier. Ketone body utilize ion thus
displaces about two-thirds of the cerebral gludcose requirement. This adap-

taticen in man is important to survival because it conserves body protein by

52



reducing the amount of glucose r;:hired from hepatic gluconeogenesis
(Cahill and Owen, 1968; Cahill and Soeldner, 1969).

For the glucose model, brain glucose uptake was assumed to occur at a
constant rate of 5.3 mg/100 g brainemin. Assuming the brain of a normal
70-kg adult has an average mass of 1350 g (Altman and Dittmer, 1974), the

total rate of brain glucose uptake was estimated to equal about 70 mg/min.

G) Peripheral Glucose Uptake
1) Pathways of Glucose Metabolism in Muscle and Adipose Tissue

The peripheral compartment represents the lumped contributions of ske-
letal muscle and adipose tissue to glucose metabolism. In these tissues,
the rate of glucose transport across the cell membrane is enhanced by insu-
1in and is most likely the rate-1imiting step for all subsequent intra-
cellular glucose metabolism (Levine et al., 1950).

In muscle tissue, the main pathways for glucose meatbolism are
“1lustrated in Figure 11. Under basal conditions, resting muscle derives
the majof portion of its energy from oxidation of circulating fatty acids
and ketone bodies. The balance of energy is obtained from uptake of plasma
glucose which undergoes aerobic glycolysis and oxidation to carbon dioxide
via the citric acid cycle. During exercise, the capacity of these oxida-
tive pathways to supply energy becomes limited due to lack of tissue oxygen
avai]ability; NADH produced by the citric acid cycle accumulates as its
rate of usag? for ATP production becomes limited by oxygen availability,
and thus the available NADH is instead utilized in the conversion of
pyrurate to lactate. Under these conditions, the primary source of energy
is thus derived from the anaerobic conversion of glucose 6-phosphate to

lactate. Since glucose transport across the muscle cell membrane does not
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increase as a direct result of exercise, glucose 6-phosphate is provided by
the breakdown of muscle glycogen stores.

The major pathways for glucose metabolism in adipose tissue are shown
in Figure 12. Upon entry into the adipose cell, glucose is irreversibly
phosphorylated by he#okinase enzyme. The subsequent conversion of glucose
6-phosphate to fructose 6-phosphate may occur either directly, or
indirectly via the hexose monophospate shunt; this alternate pathway is
important because it provides fat cells with the NADPH required for the
synthesis of long-chain fatty acids. The main pathways for fructose
6-phosphate metabolism are oxidation to carbon dioxide via the citric acid
cycle and incorporation of the skeletal carbons into triglyceride, either
in the glycerol moiety via glycerol 3-phosphate, or in the fatty acids via
lipogenesis. Under normal conditions, the major source of energy for adi-

pose tissue is derived from oxidation of fatty acids.

2) Glucose Disposal in Peripheral Tissues

When circulating levels of glucose and insulin increase, such as in
the postprandial state, glucose uptake in peripheral tissues increases. In
view of the above discussion, glucose entering muscle may be oxidized to
carbon dioxide, converted to lactate, or stored as glycogen, whereas glu-
cose taken up by adipose tissue may be oxidized to carbon dioxide or incor-
porated into triglyceride. The relative contributions of these different
pathways are important to consider in interpreting the role of peripheral
tissues in overall glucose tolerance.

The capacity of adipose cells to convert glucose to triglyceride has
been extensively investigated in rat (Mehlman and Hanson, 1971), which can

incorporate large quantities of glucose carbon into fatty acids (Jeanrenaud
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and Renold, 1959). Mounting evidence would suggest, however, that the rat
is a poor experimental model for studying the regulation of human 1ipid
metabolism (Shrago et al., 1971). In contrast to the rat, it has been
reported tnat the ability of human adipose cells to synthesize fatty acids
(Sjostrom, 1973; Patel et al., 1975) and glycerol (Bjorntorp et al, 1968)
from glucose is extremely limited, and that certain key enzymes in the
lipogenic pathway are present at negligible levels (Shrago et al., 1971).
Based on a comprehensive review of data obtained from in vitro and in vivo
studies of human adipose tissue metabolism, Bjorntorp and Sjostrom (1978)
have concluded that conversion to triglyceride is a quantitatively insigni-
ficant route for glucose disposal, totaling at most 1-2 g/day in nonobese
subjects.

With respect to the importance of anaercbic glycolysis in muscle,
Jackson et al.(1973), Aoki et al. (1382), and Radziuk and Inculet (1983)
have reported no significant increase in measured lactate production across
human forearm during a 100g OGTT in normal subjects. Similar results have
been obtained from lactate balance measurements across human leg (DeFronzo
et al., 198la) and forearm (Rabinowitz and Zierler, 1962) during insulir-
induced stimulation of peripheral glucose uptake and across human forearm
during intravenous glucose (Radziuk and Inculet, 1983). In addition, Aoki
et al. (1983) have recently made extremely precise measurcments of carbon
dioxide production across human forearm using volumetric blood gas analysis
methods (Peters and Van Slyke, 1932) tc elucidate the importance of glucose
oxidation. During a 100g OGTT in normal subjects, mean carbon dioxide pro-
duction did not rise above a maximum value of 7.3 + 1.1 ymol/100 mil
forearmemin, representing an insignificant increase from the basal value of

6.2 + 1.1.
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Glycogen storage in human skeletal muscle has been studied in relation
to exercise physiology by a number of investigatnrs (Morgan et al., 1971;
Hultman et al., 1971; Bergstrom et al., 1967). Using needle biopsy studies
on 228 normal subjects, Hultmarn et al. (1970) have reported a mean resting
muscle glycogen content of 13.5 g/kg wet muscle (range 9.é - 24.9). In
non-exercised muscle, fasting over a period of 10 days only results in
about a 30% reduction in muscle glycogen content (Hultman et al., 1971).
Heavy exercise combined with a carbohydrate-rich diet, however, can elevate
glycogen levels significantly above normal (Morgan et al., 1971),
increasing muscle content by 200% within a period of several days (Hultman
et al., 1971). Assuming skeletal muscle cconstitutes 40 percent of total
body weight (Andres et al., 1956; Heymsfield et al., 1982; Yki-Jarvinen and
Koivisto, 1983), the normal muscle glycogen stores of a 70 kg man would
average about 400 g, increasing to a kilogram or more with exercise and
carbohydrate availability. Thus, skeletal muscle has a large buffering
potential for storage of glucose. Llarner et al. (1981) have demonstirated
that both insulin and glucose 6-phosphate stimulate activation of glycogen
synthetase, a key enzyme in the regulation of muscle glycogenesis (see
Figure 11).

The above results would suggest two important conclusions. First,
glucose storage as muscle glycogen represents the only quantitatively
significant metabolic pathway for insulin-mediated glucose uptake by
peripherai tissues. Second, adipose tissue does not significantly contri-
bute to the disposal of glucose in nonobese humans. This general interpre-
tation of peripheral glucose metabolism is further supported by the recent
studies of Finebereg and Schneider (1982) in which glucose uptake was

simultaneously measured across both superficial (mainly adipose tissue) and
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deep (mainly muscle, with a small amount of intramuscular adipose tissue)
beds in the human forearm. During insulin perfusion, no significant
increase in superficial tissue uptake was observed, whereas deep tissue
uptake increased significantly. In studies relating insulin sensitivity to
body composition, Yki-Jarvien and Koivisto (1983) have recently reported
that the rate of glucose metabolism in normal man is directly related to

muscle mass and inversely proportional to adiposity.

3) Basal Metabolism of Peripheral Tissues

Studies of human forearm glucose metabolism provide a basis for
modeling peripheral glucose uptake. Forearm uptake is determined experi-
mentally by measuring arterial-venous differences in glucose concentration
coupled with forearm blood flow. Values for the basal rate of forearm
uptake calculated from data in the literature are presented in Table 12.
AMso included in the table are total rates of basal peripheral glucose
uptake for a 70 kg man. These values were extrapolated from the forearm
data using following assumptions: 1) muscle and adipose account for
respectively 89 and 11 percent of basal forearm uptake (Jackson et al.,
1973); 2) in nonobese subjects muscle and adipose tissuves constitute
respectively 64 and 8 percent of total forearm volume (Cooper et al.,
1955); 3) a normal 70 kg man has a total muscle mass of 30 kg and a total
adipose tissue mass of 10 kg (Dole, 1965; Yki-Jarvinen and Koivistc, 1983;
Anyan, 1978). The values from Table 12 yield a mean #+ sd basal rate of
peripheral glucose uptake of 47.7 + 27 mg/min. The wide range of values
(22.7 - 88.8 mg/min) and large scatter are attributed to the uncertainty in
determining forearm blood flow and the difficulty in measuring small

arterial-venous concentration differences. Additional uncertainty is
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TABLE 12. Basal forearm glucose uptake rates compiled from the literature and estimated total rates of basal
peripkeral (muscle and adipose) glucose uptake based on these values.

Estimated Basal Rute of

Basal Rate of Glucose Periphera) Glucose for
Reference Subjects Uptake® (mg/d1 forearm/min) 70 kg man't (mg/min)
Rabinowitz and Zierler, 1962 5 .047* 26.1
Pozefsky et al., 1969 16 .083* 46.0
Razio et al., 1972 9 .139 77.1
Jackson et al., 1979 25 .044 24.4
Kalant et al., 1979 7 .048 26.6
Fineberg and Schneider, 1982 17 16" 88.8
Acki et al., 1983 5 .072 39.9

* Assuming Ratio of Deep Venous to Superficial Venous Blood Flow Equals 4:1
{Cooper et al., 1962)

¥ Glucose Uptake Calculated as Product of Forearm Blood Flow and Arteriai-
Verous Difference in Glucose Concentration

tt See text for assumptions



introduced in extrapolation of forearm to whole-body values. Under steady
state basal conditions, however, the rate of liver glucose production must
balance the rate of glucoce uptake by the remaining tissues of the body.

In order to close this balance on the basis of available data for the rate
of basal liver glucose production, a basal peripheral glucose uptake rate
of 35 mg/min was used for the glucose model. Although this value falls
below the mean extrapolated rate of 47.7 mg/mir, it is well within the
standard deviation of the available data. Additional discussion of closing
the basal Jlucose uptake and production balance will be deferred to the

section of the text on basal liver glucose metabolism,

4) Mediation of Peripheral Glucose Uptake

The rate of glucose uptake by peripheral tissues is mediated by
changes in the interstitial insulin and glucose concentrations that bathe
these tissue cells. For modeling, it was assumed that fthese effects are

multiplicative, and the rate of peripheral glucose uptake was is expressed

1 .G B
rpau = Mpeu Mpgu "Pau (33)

or, normalizing with respect to basal uptake

N o1 .G
rpau = Mpau Mpeu (34)

where basal state values are denoted by superscript B and normalization of
values through division by basal values is indicated by superscript N.
Compiled in Table 13 are data of forearm studies of glucose uptake
takgn from the literature. Normalized uptake rates were computed directly
from reported steady staté and basal values. Since interstitial fluid
measurements of glucose and insulin concentration were not available, these

quantities required estimation from reported arterial and venous con-
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JABLE 13. Peripheral glucose uptake rates based on forearm glucose studies from the literature.

Normalized Normalized Normalized
Basal Steady Peripheral | Arterial Plasma Peripheral Arterial Plasma Peripheral
Forearm Forearm Glucose Insulin Conc. Interstitial Glucose Conc. Interstitia)l
Glucose 6lucose Uptake fmt/1) Insutin (mg/d1) Glucose
Uptake Uptake Rate [b]) Conc., [c] Conc. [e)
Rate Rate .
Sub- (wg/min/ {mg/min/ o N N
Reference Jects | di forearm) | d! forearm L Basal Steady Pl Basal Steady Gp)
Razio et al., 1972 9 0.139 0.181 1.3 10 30 3.0 86 86 0.9
Jackson et al., 1973 25 0.044 0.55 12.5 io 72[f) 7.2 85 150[ f) 1.4
Kalant et 2., 1979 4 0.034 0.041 1.2 [} 8 1.0 106 206 1.3
4 0.041 0.155 3.8 7 17 2.4 170 264 1.5
6 0.045 0.321 7.1 6 29 4.8 99 130 1.7
Fineberg and Schneider, 1982 5 0.20 0.40 2.0 10[2] 43[a] 4.3[d] 93 93 0.8
5 0.10 0.75 7.5 8[a) 74[a) 9.4{d) 93 93 ‘0.6
Aoki et al, 1982 4 0.09 0.60 6.7 10 60 6.0 95 95 0.7
7 0.0y 0.65 7.2 10 110 11.0 95 95 0.6

[a] venous Plasma Insulin Concentration

[b] Diatetic Subjects

[c] Calculated from Equation 42

{d] Calculated from Equation 44

{e] Calculated from Equation 49

[f] Quasi-Steady Values obtained from mean dats 45-75 min avter OGTT acmintstration




centrations. For insulin, the mass balance equations for the peripheral

compartment (Equations 22 and 23) at steady state give

0= ol Vo1 . .
= O (I - Tpy) - — (Ipy - Ipp) (35)
Tp
v
_Vpr
0=— (Ipy = Ipp) = rprc (36)
Tp
Addition of these equations yields
I
0 =0 (Iy - Ipy) - rppc (37)

which states that the rate of insulin removal from the vascular space
equals its rate of tissue clearance at steady state. Solving Equation 36
for peripheral vascular insulin concentration
7
Tey = Tprc ) * Loy . (38)
PI
and substituting into Equation 37 gives
o1
Ipp = Iy rppe b= - —1 (39)
Yor O
It will be shown liter in the text that the rate of peripheral insulin

clearance is proportional to the rate of insulin presentation to peripheral

tissues, or

el
prct F O Iy (40)

where F is a constant of proportionality. Equation 39 may thus be rewritten
Tp O
= IH [1 - F ( - 1)] (41)
Vp1

I

P1
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It can be seen from this expression that

L. O (42)
PI H

BB

Pl IH

and therefore normalized peripheral interstitial insulin concentration
equals normalized arterial insulin concentration at steady state. In a

similar manner to the above, it can be shown that

I 4l

F,'p%
I,, = I, [1 - (—) ~] (43)
PI PV v
PI
and thus
N oA
Tpr = Ipy (44)

and the normalized peripheral interstitial insulin concentration also
equals the normalized peripheral venous insulin concentration at steady
state. Since the normalizad interstitial, arterial, and venous insulin
concentrations are equal at steady state, the peripheral interstitial insu-
1in concentrations in Table 13 were computed directly from reported
arterial or venous data in the literature. For glucose, the peripheral

compartment mass balance equations (15 and 16) at steady state give

G Vp
0= Qp (8 - Bpy) - —= (Gpy - Gpp) (45)
Tp
0 -XEE (Gyy - Gpy) - 1 (46
6 PV © 7PI PGU /
P
Solving Equation 46 for peripheral vascular glucose concentration
;
Spy = Cpp * Tpgy ) (47)
Ypr
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and substituting into Equation 45 yields

76 ]
G .
Gpp = 6y = rpgy — +—) (48)
v Q8
pr 9

The values for normaiized peripheral interstitial glucose concentration in

Table 13 were estimated from the steady state relationship

7%
Gy - P (—— )
H ™ TPGU +
g v Q
N Bpr PI p
AL S (49)
& 6
PI B _ B Pl
H " Trey T TG
1 O

where uptake rates and arterial concentrations were taken as those reported
in the respective studies.

Presented in Figure 13 is a plot of normalized peripheral glucose
uptake rate as a function of normailized interstitial insulin conceniration.
Data points in the figure represent results of forearm studies tabulated in
Table 13. Examination of the data indicates that peripheral glucose uptake
is a strong function of the interstitial insulin level as the rate of
uptake varies over an order of magnitude within a physiologic range of
insulin concentration. In addition, there is indicated a secondary
mediation of peripheral uptake by interstitial glucose. In order to fit
the insulin and glucose multiplier functions of Equation 34 to the data,
each of the functions was assumed to have the hyperbolic tangent from of
Equation 27. Parameter adjustment using a Levenberg-Marquardt algorithm
(IMSL library computer subroutine ZXSSQ) was employed to obtain a least
squares fit of the multiplier functions; for n adjustable parameters, the

routine utilizes a finite-difference (derivative free) method to search for
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a minimum in the n-dimensional least squares error space. Results of ini-
tial fitting yielded an effect of interstitial glucose on glucose uptake
that was essentially a linear function passing through the origin; there-

fore, the glucose hyperbolic tangent fitting function was simply replaced

by

6 N
Mpgu = Gpr (50)

subsequent parameter adjustment of the insulin multiplier function then

yielded

MgGU = 7.03 + 6.52 tanh[o.338(1'§I - 5.82)] (51)

This function, shown as the curve in Figure 13, represents the rate at which
glucose uptake would occur at a normalized interstitial glucose concentra-
tion of unity (MgGU= 1 in Equation 34). Using the insulin multiplier
function of Equation 50, values of the glucose multiplier for each of the

forearm data points were calculated from Equation 34

N

G "pau .

MPGU = - (51.)
Mbau

and these values are plotted as a function of interstitial glucose con-
centration in Figure 14. The data plotted in this manner shows the iso-
lated effect of interstitial glucose concentration on the rate of glucose
uptake, the line in the figure illustrating the glucose multiplier function
of Equation 50. As shown in Figure 15, the model multiplier functions for
the effects of interstitial glucose and insulin yield accurate predictions
for the rate of peripheral glucose uptake over the range of available data.
Although'the action of insulin in promoting peripheral glucose uptake

has long been recognized, the extent to which the mass action of glucose

67



Fig. 14
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alone affects peripheral uptake has remained controversial. In vitro stu-
dies on isolated perfused cat hind 1imb (Lundsguard et al., 1939) and rat
heart (Morgan et al. 1961) have demonstrated dependence of muscle glucose
uptake on glucose concentration over a physiologic range. The applicabi-
1ity of these studies to human physiology has been questioned on the basis
of an early dye dilution forearm study in which Adres and Zierler (1958)
reported "stability” of glucose uptake during Tocal arterial hyperglycemia.
To date, however, definitive experiments using glucose perfusions to change
forearm glucose concentrations in the presence of fixed insulin levels have
never been performed. Human forearm data as correlated in Figure 14
suggests that increasing glucose concentration over a physiologic range can
roughly double the rate of peripheral glucose uptake. This is in good
agreement with results of in vivo studies on eviscerated rabbits (Wick and
Drury, 1953) in which elevating blood glucose concentration in ‘the presence
of fixed insulin levels increased g]ucose disappearance by a factor of two.
Since insulin binds to specific cell membrane receptors to affect
increases in cell membrane glucose transport, it is the quantity of bound
insulin that should reflect insulin enhancement of peripheral glucose
uptake. With this in mind, it might seem reasonable that the rate of
peripheral tissue glucose uptake would correlate with the rate of removal
of insulin from plasma by these tissues. IIn the early forearm studies of
Rasio et al. (1972) and Jackson et al. (1973), however, simultaneous
measurements of glucose uptake and insulin clearance showed no significant
correlation between these factors. The high degree of correlation that has
been demonstrated between glucose uptake rate and peripheral insulin con-
centration suggests that the sigmoidal curve of Figure 13 may represent a

rapid equilibrium binding curve relating interstitial insulin concentration
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to the relative quantity of bound insulin on the tissue cell membranes.

H) Hepatic Glucose Metabolism
1) Pathways of Glucose Metabolism in the Liver

The liver displays tremendous metabolic flexibility with respect to
glucose processing. The major pathways of hepatic glucose metabolism are
illustrated in Figure 16. Disposal routes for glucose entering the liver
cell are similar to those discussed for muscle and adipose tissue.
Following intracellular phosphorylation, glucose may be 1) stored as glyco-
gen, 2) oxidized to carben dioxide via the hexose monophosphate shunt
and/or the citric acid cycle, or 3) converted to triglyceride, either in
tne glycerol moiety via glycerol 3-phosphate, or in the fatty acids
(acyl1-CoA) via lipogenesis. An important feature of liver cells is the
presence of glucose-6-phosphu.tase enzyme (Nordlie, 1981) which catalyzes
the conversion of glucose 6-phosphate to glucose (see Figure 16). This
enzyme gives liver cells the capacity to release glucose into the blood.
Metabolic pathways contributing to hepatic glucose release include glycogen
breakdown and gluconeogenesis. The major precursors available as substra-
tes for gluconeogenesis include circulating lactate (from RBC and gut glu-
cose metabolism), glvcerol (from adipose triglyceride breakdown), and
glycogenic amino acids (from muscle protein breakdown). The amino acids,
after deamination or transamination, may enter the gluconeogenic pathway as
citric acid cyle intermediates or via conversion to pyruvate (see Figure

16).

2) Experimental Measures of Splanchnic Glucose Metabolism
Before discussing liver glucose metabolism, it will be helpful to

define various terms with respect to measurement of hepatic processes and
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how these quantitities are determined from expeﬁimenta] studies. A schema-
tic diagram of the splanchnic bed is shown in Figure 17. Anatomical posi-
tioning of the liver and gut tissues with respect to blood flow is the same
as that illustrated for the glucose model in Figure 5. Also indicated are
the metabolic processes which add or remove glucose from the spalanchnic
organs; these processes are the same as those employed in the glucose model
except for the inclusion of a giucose input from qut absorption following
oral glucose. There are two experimental methods that are commonly
employed for study of splanchnic glucose metabolism, the hepatic venous
catheterization technique and the tritiated glucose infusion method. In
the hepatic venous catheterization technique (Wahren et al., 1976),
arterial and hepatic venous glucose concentrations are measured together
with hepatic blood flow rate. These values permit calculation of the rate

of net splanchnic glucose appearance rysgAs given by

rnsga = Q{6 - Gy) (53)

which represents the net rate at which the splanchnic metabolic processes

simultaneouly add and remove glucose (see Figure 16)

*NSGA = "HGP = THau * T0GA - "GGU (54)

The hepatic venous cathetarization technique thus provides an experimental
measure of the net glucose release rate from the splanchnic bed as a result
of the four simultaneous metabolic processes indicated in Equation 54 and
Figure 17. The rate of hepatic glucose production rygp €an be determined
experimentally using isotope dilution methods (Hentenyl and Norwich, 1974).
In general, a glucose tracer such as [3H-3]-glucose is infused at a
constant rate and both labeled and cold vascular glucose concentrations are

measured over the duration of the experiment. The rate of glucose turnover
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under steady (Wall et al., 1957) or nonsteady (Radziuk et al., 1974)
corditions is calculated from consideration of isotope dilution relative to
the rate of tracer infusion. Simultaneous application of hepatic venous
catheterization and tritiated glucose infusion provides an experimental

measure of the rate of net splanchnic glucose uptake *NSGU® defined by

"NSGU © "NSGA ~ THGP (55)
which according to Equation 54 and Figure 17 represents
*Nseu = THeu * Teeu (- Toga) (56)

The contribution of oral glucose absorption has been included in parentheses
for completeness in Equation 56. For experiments in which glucose is
administered orally (and thus r0GA is nonzero), the oral glucose is labeled
with a tracer such as [D-114C]-glucose such that a double tracer analysis
can be employed to distinguish between liver glucose production and gut
absorption of oral glucose (Radziuk et al., 1978; Ferrannini et al., 1981).
Unfortunately, portal vein measurements are not available for humans.
From the above discussion, it is thus apparent that clinical studies do not
distinguish between liver and gut contributions to splanchnic metabolism.
As will be shown, quantification of hepatic glucose metabolism required
assumptions with respect to gqut glucose metabolsm in order to estimate
Tiver contributions to observed splanchnic response reported in the litera-

ture.

3) Basal Liver Metabolism
Based on over 200 studies using [3H-3]-glucose infusions to quantitate
hepatic glucose production, DeFronzo et. al. (198la) have reported a mean

basal rate of 2.2 * 0.1 mg/kg (body weight).min. In 45 subject (DeFronzo
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et al., 197%; 198la), hepatic venous catheterization techniques were
simultaneously employed. In these studies, arteriai-hepatic venous glucoze
concentration differences multiplied by hepatic blood flow rates indicated
a net basal rate of splanchnic glucose appearance (rysgA in Equations 53
and 54) of 1.6 + 0.1 mg/kgemin. Thus, of the total amount of 3lucose pro-
duced by the liver (2.2 mg/kgemin), 1.6 mg/kg.min is available for use by
the nonsplanchnic tissues of the body, and the remaining 0.6 mg/kg.min is
taken up by tissues in the splanchnic bed. Based on studies in dogs using
combined portal and hepatic catheterizations (Barrett et al., 1980), it can
be estimated that the liver accounts for approximately half of the basal
splanchnic glucose utilization, while extrahepatic splanchnic tissues
(primarily the gut) account for the other half. Presented in Table 13A and
Figure 18 is a summary of glucose metabolism in a 70 kg man during the
basal postabsorptive state. As previously discussed, due to difficulties
in determining the basal rate of peripheral tissue giucose uptake directly
from extrapolations of experimental forearm studies, this value was deter-
mined from the difference between the basal hapatic glucose production rate
and the sum of the basal glucose uptake rates of the remaining tissues.
From studies examinina the splanchnic balance of gluconeogenic
substrates (Wahren et o1 . 1672; Nilsson et al., 1973; Dietze et al.,
1976), it can be estimated that in the basal state approximately 70 to 80
percent of hepatic glucose release results from glycogen breakdown and the
remaining 20 to 30 percent is due to gluconeogenesis. A summary of these
studies is presented in Table 14. These results are in good agreement with
studies of liver glycogen content. Nilsson and Hultman (1973) have
reported that measurements of giycogen in serial liver biopsy specimens

obtained over a 4 h period in postabsorptive humans indicate a glucose
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TABLE 13A. Summary of basal glucose balance in a 70kg man.

RATE
(mg/min)
Hepatic Glucose Production 155 (2.2 mg/kg. min)
Total Glucose Uptake 155
Brain 70
tPeripheral (Muscle and Adipose) 35
Liver 20 (0.3 mg/kg. min)
Gut 20 (0.3 mg/kg. min)
Red Blood Cells 10

tThe rate of peripheral tissue glucose uptake determined from the difference
between the rate of hepatic glucose production and the sum of the remaining
tissue uptake rates.

77




8.

NORMAL FASTING MAN

70 mg/min

MUSCLE

LIVER

PROTEIN

BREAKDORN AMINO ACIDS 20 mg/min

N
35 mg/min

-
GLUCOSE ——-ﬂ

155 mg/min

RED BLOOD CELLS
ADIPGSE L 10 ng/min @
g oj
TRIGLYCERIDE) GLYCEROL __J . LACTATE & PYRUVATE
GUT
20 mg/min L
ENERGY

Fig. 18 Basal glucose metabolism in a normal 70 kg man.
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TABLE 14. Relative contributions of glycogenolysis and gluconeogensis to hepatic glucose output in normal

postabsorptive man. (adapted from Gerich et

al., 1981)

Wahren
et al., 1972

Nilsson
et al., 1973

Dietze
et al., 1976

Net Splanchnic Uptake (mg/min glucose equivalents)
Lactate
Glycerol
Amino Acids
Pyruvate
Sum of Uptake {mg/min glucose equivalants)
6lucose Production (mg/min)
Gluconeogenic Contribution
Glycogenolysis (mg/min)
Glycogenoiysis Contribution

23
2.8
9.6
1.4

36
1m

21%
135

79%

22
7.2
16

a5

157
293

112
1%

21
6.5
11
1.6
41
162
25%
121
15%




release of 1.49 mg/kgemin. If total hepatic glucose output is assumed to
be 2.2 mg/kgomin, this corresponds to a 68 percent contribution from glyco-
genolysis.

Based on the splanchnic balance data presented in Table 14, the rela-
tive contributions of gluconeogenic substrates to hepatic glucose output
are compiled in Table 15. Data indicate that the lactate released from
extrahepatic tissues as a product of anaerobic glycolysis is quantitatively
the most important gluconeogenic precurser, the remaining glucose produc-
tion resulting from glycerol uptake and conversion of amino acids.

Since lactate and pyruvate resulting from anaerobic glycolysis are
reincorporated into glucose (the Ccri cycle), amino acids represent the
most important de novo source of carbon for hepatic glucose production (see
Figure 18). Alanine is the primary amino acid precursor for hepatic gluco-
neogenesis, acccunting for roughly 50 percent of the glucose production
from amino acid conversion. The primary source for circulating amino acids
is proteolysis in skeletal muscle, Muscle tissues release large propor-
tions of glutamine and, to a lesser extent, alanine relative to release of
other amino acid entities; however, glutamine removal and conversion to
alanine by the nonhepatic splanchnic bed (Wahren et. al., 1972) results in
the liver primarily seeing alanine as a gluconeogenic precursor. The net
quantitative importance of alanine to total hepatic glucose production is

similar to that of circulating glycerols.

4) Time Dependence of Hormonal Action in the Liver
Insulin binds to specific receptor molecules on the plasma memoranes
of target cells, forming a hormone-receptor complex which stimulates cellu-

lar activation (Goldfine, 1978; Roth et al., 1979; Olefsky, 1981). The
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TABLE 15. Relative contributions of gluconeogenic precursors to
gluconeogenesis and total hepatic glucose production

% of % of Total Hepatic

Gluroneogenesis Glucose Production
Lactate 54 13
Pyruvate 4 1
Glycerol 13 4
Amino Acids 29 7
(Alanine) (15) (4)
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effects of insulin on cells are diverse and occur over different charec-
teristic time scales. In general, the effects of insuiin may be charac-
terized as follows (Goldfine, 1978): 1) rapid alteration of plasma
membrane transport properties that occur within seconds to minutes; 2)
intermediate effects on cytoplasmic enzyme activation and protein synthesis
that occur within minutes to hours; and 3) delayed mediation of RNA and DNA
synthesis that occurs after hours to days. In peripheral tissues, the
dominant effect of insulin is to increase glucose transport across the cell
membrane (Levine et al., 1950). The liver cell membrane, however, is
highly permeable to glucose, resulting in free equilibrium of glucose bet-
ween plasma and liver intracellular water (Cahill et al., 1958). Thus,
insulin mediation of hepatic glucose metabolism must result from alteration
of intracellular enzyme functions. The liver is also the site of glucagon
action. Like insulin, glucagon binds tc specific liver cell membrane
receptors (Rodbell, 1972) and exerts its action through a2ffects on intra-
cellular en;;me function (Harper et al., 1679). In view of the above
discussion, it would be expected that, whereas insulin action on peripheral
tissues is rapid, hormonal effect of insulin and glucagon on the liver are
more time dependent. As will be shown, such time dependence is supported
by experimental data, and this time dependence of hepatic hormonal action

has been included in the model formulation.

5) Hepatic Glucouse Production
Hepatic glucose production is mediated by changes in insulin, gluca-
gon, and glucose. These effects were modelad in a multiplicative manner,

expressed

=Ml mI M& B

"uap = Migp Muep Mhap THep (57)
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a) Insulin Mediation of Hepatic Glucose Productqion

Presented in Table 16 are literature data establishing the steady
state effects of insulin on the rate of endogenous hepatic glucose produc-
tion. Data were correlated from literature studies in which tritiated glu-
cose infusions were used to measure endogenous glucose production during
euglycemic hyperinsulinemia in normal subjects (Gerich et al., 1981;
DeFronzc et al., 1983) and following insulin withdrawal in Type I diabetics_
(Miles et al., 1980).. Normalized rates of glucose production were computed
directly from reported basal and steady state values. Liver insulin con-
centrations were estimated from reported arterial values. For this pur-
pose, the insuiin model equations (17-23) were solved at steady state using
reported arterial insulin concentrations, correcting basal pancreatic insu-
1in release to account for insulin feedback inhibition ohserved during
euglycemic hyperinsulinemia (Liljenquist et al., 1978; Beischer et al.,
1979; DeFronzo et al., 198lc). Data from the euglycemic clamp studies
directly reflect the isclated effects of insulin on hepatic glucose produc-
tion, because plasma glucagon and liver glucose concentrations remained
essentially normal in these experiments. The data for insulin withdrawai
was more difficult to interpret since arterial glucose and glucagon levels
initially increased to roughly 1.5 times their basal levels; nevertheless,
the data indicated that hypoinsulinemia roughly doubled the rate of liver
glucose production since the effects of increasing glucese and glucagon
levels would tend to counteract each other.

Presented in Figure 19 is a plot of normalized rate of hepatic glucose
production as a function of normalized liver insuiin concentration. Data
points in the figure represent results of the clinical studies listed in

Table 16. Since the data essentially reflect the isolated effects of
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TABLE 16. Literature studies establisiiing the steady state effects of insulin on the rate of endogenous
hepatic ¢lucose production.
Normalized tNormalized
Rate of Hepatic Rate of Arterial Plasma| Liver
Gluccse Production | Hepatic Insulin Conc. Plasma
(mg/kg/min) Glucose (mu/1) Insulin
Production Conc,
N N
Reference Subjects | Basal Steady | HGP Basal Steady | L
Miles, et al., 1980 72 2.38 4,3b 1.81 19 10b 0.53
Gerich et al., 1981 6 2.0¢ 0.80 0.40 11¢ 27 1.3
0.50 0.25 42 1.9
0.03 0.02 96 4.0
DeFronzo et al., 1983 4 2.27¢ 0.73 0.32 12¢ 37 1.6
3 0.31 0.14 53 2.2
6 0.05 0.02 101 3.8

aTyne | Diabetics

bMean Response over 2 h Quasisteady Period Following Insulin Withdrawal

CMean Basal Value for all Subjects

tEstimated on the basis of changes in arterial plasma insulin concentration

as predicted by solution of the insulin model equations at steay state

(see text).




Fig. 19

® Miles et al.,1980
@ Gerich et al., 1981
2 L 4 DeFronzo et al., 1983 -

Normalized Rate of Hepatic Glucese Production, rgGP

Normalized Liver Insulin Conc., I

Plot of normalized rate of hepatic gluccse production as a
function of normalized Tiver insulin concentratinn. The solid
curve shows the model function f.:r the steady state effect of
liver insulin concentration on glucose productior rate
(Equation 58).
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changes in liver insulin concentration on the rate of hepatic glucose pro-
s r _ w6 _ 4 . . i . .

duc*ion (MHGP = MHGP" 1 in Equation 57), the steady state insulin

multiplier function of hepatic glucose production rate was determined by

assuming a hyperbolic tangent form and adjusting the function parameters to

obtain a least squares fit to the data in Table 16 and Figure 19. The

resulting function

Iw N
MHGP = 1.21 - 1.14 tanh[1.66(IL - 0.89] (58)

is shown by the solid curve in Figure 19. The superscript « has been
included in Equation 58 to indicate that this the steady state effect of
insulin., The shape of the curve below a normalized liver insulin con-
centration of about 0.5 is somewhat arbitrary, but the data of Miles et al.
(1980) is the only hypoinsulinemic data available for gquantification in
this region. A rough approximation over hypoinsulinemic ranges is adequate
for modeling purposes, however, since hypoinsulinemia is never observed to
any appreciable extent in normal man.

The data presented in Figure 19 indicate the steady state effect of
insulin on hepatic glucose production. The time course of insulin action
will now be considered. Application of the euglycemic insulin clamp tech-
nique results in a very rapid step increase in arterial insulin con-
centration (DefFronzo et al., 1979b). Presented in Figure 20 is data of
DeFronzo et al. (1983) for the time course of the rate of net splanchnic
glucose appearance rysgA (hepatic venous catheterization technique)
following graded euglycemic hyperinsulinemia. Since the net splanchnic
glucose uptake rate rysgy remained approximately constant in these studies
(about 0.5 mg/kgemin), the dynamic changes in rysga as shown in Figure 20

are a direct indication of the time course of insulin suppression of the
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Fig. 20
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Data of DeFronzo et al. (1983) for the time course of the rate
of net splanchnic glucose appearance, rysga (hepatic venous
catheterization technique) following graded euglycemic hyperin-
sulinemia. Numbers annotating curves indicate insulin infusion
rates in units of mU/kg/min.
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hepatic glucose production rate rygp following step increases in insulin
concentration (see Equation 55). It may be noted that the "steady state"
data points presented in Figure 19 are the 60 to 120 min average values
following initiation of the euglycemic insulin clamps.

From the time course data of Figure 20 it was inferred that following
a step change in insulin concentration, the rate of hepatic glucose produc-
tion changes from its basal to its steady state value in an exponential
manner with time. To test the validity of this hypothesis, it was assumed

that the data of Figure 20 could be represented by

rnscalt) = Tasgal=)

= exp[- —-] (59)
"nsA(Q) = Tnsgal=) I

where 1 is the time constant for the first order process, and the data of
Figure 20 was replotted in semilog form as shown in Figure 21. The
resulting plot was linear within the scatter of the data, and the slope of

the best fit line yielded the time constant as given by

- —t = L =25 min (60)
(slope) (-0.040 min )

For step changes in liver insulin concentration, Equation 59 is the

solution to

d . 1
at [nseale) " [ryseal=) = rysgalt)] t>0 (62)
or, normalizing with respect to basal rate
N =1 t <o 63
rnsealt) = < (63)
d - N N N
Felruseat)] = - [rysgal=) = rysea(t)] t>0 (64)

B
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Fig. 21 Replotting of the data of DeFronzo et al. (1983) from Figure 20
in a semilog form for determination of the first order time
constant associated with the time dependent effect of insulin
step changes on the rate of net splanchnic glucose appearance.
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Since the data in Figures 20 and 21 essentially reflect tihe isolated effects

of step changes in liver insulin concentration on the rate of hepatic glu-

cose production (MgGP = MgGP = 1 in Equation 57), the above is equivalent to
I
MHGP(t) =1 t<o0 (65)
d I 1 I I .
a_f [MHGP(t)] = TI [MHGP(“’) = MHGP(t)] t >0 (66)

This expression was generalized from step changes to arbitrary changes in

Tiver insulin concentration as a function of time by

FelMep 1161 = T IMZp(I) - Migp(t)] (67)
subject to the initial condition
Mio(0) =1 (68)
HGP

where Magpfrom Equation 58 can vary with time as liver insuiin levels (Iﬂ)
change. Equation 67 together with Equation 58 for MaE}(If) give the

relationship between liver insulin concentration and its dynamic effect on

the rate of hepatic glucose production.

b) Glucagon Mediation of Hepatic Glucose Production
Glucagon is the primary hormone of glucose counterregulation. When

blood sugar drops to hypoglycemic levels, circulating glucagon con-
centration increases, which in turn stimulates hepatic glucose production.
Glucagon directly stimulates both glycogen breakcdown and gluconeogenesis in
the liver (Cherrington et al., 1981). The differential time course of
glucagon's effect on these pathways (a rapid transient increase in glycogen

~eakdown followed by a slow steady increase in the rate of gluconeogenesis)
results in a rapid hepatic response which wanes with time. The time course

of hepatic glucose production in response to an isolated step change in
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lTiver glucagon concentration has been most definitively studied in the dog
where intraportal access is experimentally acceptable. Cherrington et al.
(1982) have given somatostatin (to block endogenous pancreatic insulin and
glucagon release) plus basal intraportal replacement amounts of insulin and
glucagon to conscious dogs. After 2 h, arterial glucose concentrations
were raised and maintained constant (hyperglycemic clamp technique). After
an hour of nyperglycenic stabilization, the glucagen infusion rate was
increased fourfold. Infusion of 3H-g]ucose was used to measure hepatic
glucose production. Mean results for six studies are presented in Figure
22. Of interest here is the data for the time course of hepatic glucose
production from 0-240 min, where an isolated step increase in glucagon con-
centration was introduced at 60 min. Following the glucagon step increase
there was a rapid increment in hepatic glucose production, and this incre-
mental effect decreased to roughly half its initial value within 180 min.
The reason for introduction of hyperglycemia prior to increasing the gluca-
gon level was to eliminate the changes in glucose concentrations which
would have otherwise resulted from the increase in liver glucose produc-
tion, as the glucose infusion rate could be adjusted so as to maintain
steady arterial glucose levels under the chosen experimental condicions
(see Figure 22). Together with the ability to independently adjust and
maintain liver insulin and glucagon Tevels, the experiment was carefully
designed so as to isolate the singqular effects of a glucagon step increase
on the in vivo rate of hepatic glucose production.

The time course of the hepatic glucose production rate following a
step increase in glucagon concentration in the above studies suggested use
of the general mathematical step response representation shown in Figure

23. The step response function was modeled in terms of two component func-
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Fig. 22 Data of Cherrington et al. (1982) showing time course of hepa-
tic glucose production in dogs following an isolated step
increase in plasma glucagon concentration.
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by the difference in component functions, fj(t) and rp(t).
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tions fi(t) and f2(t) where, as shown in the figure

rgGP(t) -1 t <0 (69)
rhap(t) = F1(t) - F,(t) + 1 t >0 (70)
and
F1(t) = rgp(0) - 1 (71)
N +
ruep(0) -1
dre,(t)] = Lo )= F,(t)] (72)

In these equations, rgGP(0+) equals the initial normalized rate of
hepatic glucose production resulting from the glucagon step change. Thus,
function fl(t) provides for the initial maximal effect of glucagon action,
and fz(t) serves to degrade the maximal response to half its initial impact
at a rate proportional to the inverse of the first order time constant Tpe

Since the solution fo Eoquation 72 is given by

ruep(01)-1
Figp(t) ~(——)
E— 2 = exp[- f;—] (73)
rHGP(O ) +1 r

( )

2
the data in Figure 22 was replotted in semilog form as presented in Figure
24 for determination of the time constant; linear regression fitting of the
data in Figure 24 yielded

ro=e—1 o L =65 min (74)
! (slope) (-0.015 min )

Since the data of Cherrington et al. (1982) reflect the isolated
effects of a step change in liver glucagon concentration on the rate of

nepatic glucose production (MaGP= MﬁGP= 1 in Equation 57), Equations 69-72
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Fig. 24 Semilog replotting of the data of Cherrington et al. {1982} for
the time course of the rate of hepatic glucose production
following an isolated step increase in plasma glucagon con-
centration. Upper scale indicates experimental time
corresponding to data as presented in Figure 22.
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are equivalent to

Mgep(t) =1 t <o (75)
M:;GP(t) = leﬁp(o“) - f,(t) t >0 (76)
where
MI (0% -1
5 F0)] =+ [(—”—‘5—'-’—2—— ) - £,(t)] (77)

In the general case, however, plasma glucagon concentration varies as an
arbitrary function of time; thus, generalizinqg the above step change for-

mulations yielded

MEoo(rae) = mie ey - f, (Mt (78)
MI0 (M) -1
d N HGP N
g [, ()] 1—r () - (1] (79)
subject to the initial condition
f,(0%) = 0 (80)

where the initial effect of glucagon on the rate of hepatic glucose produc-
. ro
tion MHGP

PN vary. Equations 78-79 give the relationship between plasma glucagon con-

has become an arbitrary function of time as plasma glucacon levels

centration and its dynamic effect on the rate of hepatic glucose production.

The glucagon formulation was completed by quantifying the initial
ncrmalized response of hepatic glucose productiun rate Mé%p as a function of
plasma glucagon concentration. This relationship was formulated on the
basis of data from various human studies as correlated from the literature
in Table 17. Data points in the table were taken from studies of normal

subjects in which hepatic giucose productiorn was measured during acute step
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TABLE 17. Literature studies relating initial response of hepatic glucose production rate to acute changes
in arterial plasma glucagon level.

Normalized Normalized
Rate of Hepatic Rate of Arterial Plasma| Liver
Glucose Production | Hepatic Glucagon Conc. Plasma
{mg/min) Glucose (pg/ml) Glucagon
Production Concentration
Taitial | rN (oY) Post
Reference Subjects | Basal Response | HGP Basal | Basal N
Felig et ai., 1976 6 155 345 2.5 102 403 3.9
Bomboy et al., 1977 4 95 219 2.3 100 { 450 4.5
Gerich, et al., 1981 8 1302 84a 0.65 119 70 0.65
8 1263 1612 1.3 120 165 1.4

3Assuming 70 kg body weight



~hangas in arterial glucagon csacentration induced by glucagon infusion
alone (Felig et al., 1975; domboy et al., 1977) or giucagon infusion com-
bined with somatostatin and basal replacement of insulin (Gerich et al.,
1981). Normalized hepetic glucose production rates were computed irom .
basal velues and the initial peak response following the glucagon step
changes. Normalized plasma glucagon concentrations were computed directly
from the arterial data. In all of these studies, the initial incrcments in
hepatic glucose production preceded significant changes in the arteriail
concentrations of either glucose or insulin; thus, the data as presented
reflect isolated responses to glucagon changes.

Results of the clinical studies listed in Table i7 are plotted in
Figure 25. Since the data reflect the isolated initial effects of acute
glucagon changes on the rate of hepatic glucose production at constant
rormal liver insuiin and glucose levels (MéGP = MSGP = 1 in Equation 57),
the glucagon multiplier Mégp was determined by assuming a hyperbolic
tangent functionality and adjusting the parameters to cbtain a least

squares fit to the data in Table 17 and Figure 25. The resulting function

o
Miep

= 2.7 tanh[0.39 ] (81)
is shown by the curve in Figure 25. Equations 78-79 and 81 give the overall
analytical formulation relating plasma glucagon concentration to its dyna-

mic effect on hepatic glucose production rate.

c) Glucose Mediation of Hepatic Glucose Production

The degree to which glucose alone mediates hepatic glucose production
is difficult to interpret, especially during hypoglycemia. Presented in
Table 18 are data correlated from various human studies reported in the

literature. Normalized rates were computed from values of glucose produc-
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Normaiized Rate of Hepatic Glucose Production, rgGP(0+)

Fig. 25
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Plot of normalized initial rate of hepatic glucose production
as a function of normalized plasma glucagon concentration. The
curve shows the model function for the initial effect of acute
plasma glucagon changes on the rate of hepatic glucose produc-
tion (Equation 81).
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TABLE 18. Literature data used to quantify the effect of liver glucose concentration on the rate of

hepatic glucose production.

Data at hypoglycemic levels have been correlated to account for the

effects of simultaneous insulin and glucagon changes which resulted at steady state in these

Studies.

Normalized Thormalized
Rate of MHepatic Rate of Arterial Plasma| Liver
Glucose Production | Hepatic Insulin Conc. Glucose
(mg/kg/min) Glucose (mu/d1) Concentration
Production
&
Reference Subjects Basal Steady ":GP Basal Steady
Sacca et al., 1978 63 1.9 0.40 0.21 7710 200b 2.6
Liljenquist et al., 1979 4 1.8¢ 0.64 0.36 110 225¢ 2.1
Gerich et al., 1981 8 1.8 1.5 0.83 90 65 0.72
8 1.5d 1.8 i.20 90 80 0.89

aType 1 diabetics receiving constate rate of insulin infusion
byenous plasma glucose values

tEstimated from change in artertal glucose concentration
Cuean vliaue for euglycemic control group (N=7)
Estimte from insulin model steady state mass balances
dreference value taken at stabilized insulin levels
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TABLE 18. Literature data used to quantify the effect of Viver glucose concentration on the rate of

(Continued) hepatic glucose production.
effects of simultaneous insulin and glucagon changes which resulted at steady state in these

Data at hypoglycemic levels have been correlated to account for the

studies.
t+ Insulin Plasma Glucagon
Arterial Plasma Normal{ized Multiplier Glucagon Normalized Nultiplier of
Insulin Conc. Liver of Hepatic Conc. Plasma Hepatic Glucose
(wu/1) Insulin Glucose (pg/ml) Glucagon Production
Conc., Production Conc. Rate
f Basal | Steady| IF e Basal | Steady N r
Reference asa tea asa tea r
L Micp Micp
Sacca et al., 1978 - - - - - - - -
Liljenquist et al., 1979 - - - - - - - -
Gerich et al., 1981 14 16 1.1 0.81 110 70 0.64 0.83
18 18 1.0 1.00 110 120 1.2 1.09




tion (measured by hepatic vencus catheterization or tritiated glucose
infusion) before and after changes in glycemia. Hyperglycemic data was
taken from studies in which glycemic levels were acutely elevated in the
presence of fixed insulin and glucagon levels by 1) infusion of glucose
into Type I diabetics stabilized by constant basal insulin infusion (Sacca
et al., 1978), or 2) by infusion of glucose into normals following blockage
of endogenous insulin and glucagon secretion with somatostatin infusion
(Liljenquist et al., 1979). "Isolated" hypoglycemia cannot be observed
directly, because low blood sugar levels must be induced by hypoglucagone-
mia or hyperinsulinemia. However, relative effects of glucose could be
estimated by using the previously determined multiplying factors to correct
for the glucagon or insulin contributions to the steady state hepatic glu-
cose production rates. The hypoglycemic data points in the table were
correlated from studies in which somatostatin infusion was combined with
either basal insulin replacement or basal glucagon replacement with mild
hyperinsulinemia (Gerich et al., 1981). It was assumed for all studies
that the normalized liver glucose concentration was roughly reflected by
the reported changes in systemic arterial glucose concentration; rigorous
preliminary analysis using steady state glucose mass balances for the liver
indicated that liver glucose concentration seldom varies by more than a few
percent from inflowing arterial glucose concentration independent of the
rate of endogenous hepatic glucose production.

A plot of the glucose multiplier of hepatic glucose production rate as
a function of normalized liver plasma glucose concentration is presented in
Figure 26. Data points in the figure were based on the tabulated values in
Table 18, where the isolated effects of liver glucose concentration have

been estimated for the hypoglycemic data by correcting the normalized hepa-
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Glucose Multiplier of Hepatic Glucose Production Rate, MSGP

Fig. 26

Normalized Liver Plasma Glucose Conc., G?

Plot of glucose multiplier of hepatic glucose production rate
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as a function of normalized 1iver plasma glucose concentration.

The curve indicates the model function (Equation 82) resulting

from a least squares fitting of the data.
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tic glucose production rates by the proper insulin and glucagon multipliers

(M:!GP and MgGP in Equation 57). A hyperbolic tangent functionality for
MgGP was fit to the data of Figure 26 by least squares optimization,
yielding

M3eo (6)) = 1.42 - 1.41 tanh[0.620(6; - 0.497)] (82)

which is shown by the curve in the figure. Although there was insufficient
data available for characterizing the precise shape of the curve in the
hypoglycemic range, the function fitting procedure gave essentially a linear
relationship in this region; this would seem like the most reasonable guess
in view of the limited data and should yield acceptable extrapolated
predictions down to a hypoglycemic level of about one-half normal. The
general validity of the glucose model is questionable at hypoglycemic levels
lower than this level anyway because of exclusion of factors such as changes
in brain glucose uptake rates and regulaticn by stress-induced hormones such
as epiniphrine which would become imporant at extremely low glycemia.
Presented in Figure 27 is a plot of actual versus predicted values for
normalized rate of hepatic glucose production. Date points in the figure
represent experimental values employed for quantification of the insulin,
glucagon, and glucose mediation effects, and predicted values were calcu-
lated from Equation 57 using the model multiplier functions. Good
agreement was obtained between model predictions and experimental data over

the entire range of normalized hepatic glucose production rates.

6) Hepatic Glucose Uptake
Liver is the only site of mediated glucose uptake aside from muscle.
Thus, hepatic glucose uptake is important to overall glucose tolerance,

especially following oral ingestion. Hepatic uptake of glucose is mediated
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by changes in liver insulin and glucose concentration, modeled

I .6 B |
"ueu = Migu MHsu MHeu (83)

where, as previously discussed, the basal rate of uptake is 20 mg/min.

The interactions of glucose and insulin in regulating Tiver uptake of
glucose have been extensively studied. Considerable controversy has arisen
over the relative importance of portal vein insulin in the control of hepa-
tic glucose uptake. Some investigators (Madison, 1969; Felig and Wahren,
1971) have promoted the view that insulin rather than glucose provides the
dominant stimulus for hepatic uptake of glucose. This opinion has been
formulated on the basis of studies demonstrating the inability of glucose
infusions to induce hepatic glucose uptake in portacaval shunted diabetic
dogs (Madison et al., 1963) and the observation that hyperglycemic diabe-
tics maintain normal or elevated hepatic glucose output which, during infu-
sion of glucose, is not suppressed as in normal subjects (Wahren et al.,
1972). It should be noted that dogs used in the former study were rendered
diabetic (by partial pancreatectomy and alloxan) at least three weeks prior
to investigation (Madison et al., 1960). Thus, the evidence cited above
reflects the response of livers subjected to the diabetic state for pro-
16nged periods of time prior to study. This is an important consideration
in view of the mounting evidence that hepatic response to glucose is
impaired by chronic insulin deficiency. Bishop (1970) has reported that
glucose administration fails to activate glucose synthetase in pancreatec-
tomized dog:. In studies of extracts from alloxan diabetic rats, Gold
(1970) has demonstrated that several hours of insulin exposure can reverse
impairment of glucose synthetase phosphatase activity and increase glycogen

formation. Diminished response to glucose has also been observed in the
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perfused liver (Whitton and Hems, 1975) and isolated hepatocytes (Katz et
al., 1979) of alloxan diabetic rats. Insulin is also required for the
maintenance of normal intracellular glucokinase levels (Sols et al., 1964).
In addition, recent studies have shown that intensive insulin therapy can
restore normal glucose tolerance in Type I diabetics (Foss et al., 1982)
through reactivation of the hepatic component of the glucose disposal
system (Aoki et al., 1983).

More than 40 years ago Soskin et al. (1938) observed a reciprocal
relationship between hepatic glucose output and blood glucose concentration
following dextrose administration in dogs, thus establishing the classical
view that glucose provides the major stimulus for liver glucose uptake
(Soskin, 1940). By the early 1970's, results of extensive studies with
animal livers had clearly demonstrated the capacity of insulin to inhibit
hepatic glucose release, but definitive evidence suggesting any significant
effect of insulin on hepatic glucose uptake remained elusive (for review,
see Mortimore, 1972). A series of systematic studies (Bergman and Bucolo,
1973; Bucolo et al., 1974; Bergman and Bucolo, 1974) has since been under-
taken to determine the relative contributions of glucose and insulin in the
control of hepatic glucose balance. In these experiments, isolated puppy
livers were cross-perfused with blood from large adult dogs (pilot-liver
technique of Urquhart and Keller, 1971). In this system, source dogs pro-
vided blood with'constant basal levels of glucose and insulin, to which
additional quantities were added to produce controlled increments in the
portal concentrations perfusing the isolated livers. A summary of results
from these studies is presented in Table 19. Reported values for the rate
of net hepatic glucose appearance rpyHgA were determined by measurements of

flow rates and glucose concentration differences across the perfused
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TABLE 19. Effects of portal glucose and insulin levels on the steady state
glucose balance across the isolated, blood-perfused canine liver.
(Data taken from Bucolo et al., 1972 and Bergman and Bucolo, 1972)

Number Portal Vein Increment Steady State
of NHGB
Glucose Insulin
Studies (mg/d1) (mu/1) (mg/min/100 g Liver)
6 0 0 + 3.6 2.0
5 70 0 - 5.0 £1.3
7 140 0 -10.3 + 1.6
2 210 0 -14.1 * 0.5
4 of 500 - 1.0 £1.5
6 140 500 - 9.5 £2.6
7 140 200tt -20.8 * 2.3

tPortal glucose decreased due to hyperglycemia in source dog.

Ttinsulin preinfused for 90 min.
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livers; since measurements were made across the iiver,

"NHGA = THGP ~ "HGU (84)

and the contributions of gut metabolsm as reflected by in vivo splanchnic
balances were excluded (compare Equation 54 for rNSGA)' In control studies
(no glucose or insulin infusion), livers released gluccse at a mean output
rate of 3.6 mg/min.100g liver. Incrementing portal glucose cver a range of
70 to 210 mg/d1 in the presence of basal insulin resulted in rapid
suppression of glucose output and stimulation of uptake, demonstrating
direct glucose autoregulation. In the reverse situation, however, raising
portal insulin by 500 mU/1 in the presence of basal glucose suppressed
hepatic production but failed to stimulate any significant uptake.

Finally, the effects of insulin on glucose-stimulated uptake were examined.
When portal glucose was incremented 140 mg/d1 together with a simultaneous
insulin increment of 500 mU/1, hepatic uptake was not significantly dif-
ferent than that observed for the glucose stimulation alone. However, when
insulin was incremented 200 mU/1 for 90 min prior to addition of a 140
mg/d1 glucose increment, glucose uptake was almost exactly double that
observed for the isolated glucose stimulation.

Results of the canine liver perfusion studies suggest that glucose
provides the primary signal for glucose uptake, and that insulin serves to
modulate the glucose-stimulated response. Furthermore, the insulin
mediation appears to be time dependent and can be quantitatively signifi-
cant, capable of doubling the glucose-stimulated response within physiolo-
gic portal insulin levels.

Since portal measurements are not available in human studies, the

hepatic glucose uptake rate cannot be determined directly. Instead, com-
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bined application of hepatic vein catheterization and isotope dilution
techniques provides an experimental measure of the rate of net splanchnic
glucose uptake rysgy as previously discussed (see Equation 55), and from
Equation 56

+r (85)

"HeU = "NSGU T "eeu T "0GA
The rate of hepatic glucose uptake can thus be determined from Equation 85
given appropriate estimates for the contributions of gut to the net

splanchnic glucose uptake rate. As discussed earlier with respect to basal

liver metabolism, the rate of gut glucose uptake constitutes about 50% of

the net rate of splanchnic glucose uptake in the basal state,

B _ B
regu = 0.5 "NSGU (86)

and, as will be shown later, the rate at which gut tissues remove glucose
for utilization as fuel remains essentially constant. Therefore, substi-

tuting the above expression into Equation 85,

) B
"ugu = "nsau - 9+ Twseu * TocA (87)

For irtravenous studies, the rate of oral glucose absorption is zero, and

Equation 87 was normalized to yield

8
- 005 l"
N _ "NsGU NSGU _ N
"Heu = 5 remai (rysgu) - 1 (88)
*nsey = 9+2 Tnsgu

which was employed to calculate normalized hepatic glucose uptake rates from
net aplanchnic glucose uptake rate data in the literature. For correlation
of data from oral glucose studies, Equation 87 was averaged cver the total

time required for gut absorption of the oral glucose load (TA),
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L ITA (t)dt = 1 " [ t) - 0.5 ro .+ (t)] dt (89
0 "Heu -y [0 [r nsgt) = 05 rysqu* ™ oga (89)
A A
OF  Typ = Trean = 0.5 Focn +F (90)
ngu = "nseu - 95 "nsgu * Toga

where overbars have been used to indicate time-averaged values. The reason
for time averaging was to allow estimation of the oral glucose absorption

rate term by

T

- _ ¢+ A Ora: Glucose Dose

Ta

Substituting into Equation 90 and normalizing with respect to basal uptake

yielded
- B Oral Glucose Dose
"nseu - 0% Tnsgu t -
=N A
"Hey = (92)
rB - 0.5 rB
NSGU * NSGU

and this expression was used to calculate mean normalized rates of hepatic
glucose uptake following oral glucese administration.

Presented in Tables 20 and 21 are human data correlated from various
intravenous and oral studies, respectively. For intravenous studies,
Equation 88 was employed to calculate normalized rates of hepatic glucose
uptake from repcrted net splanchnic glucose uptake rate data. Liver glu-
cose concentrations were estimated using arterial concentrations and
splanchnic glucose appearance data; under quasi-steady conditions (see

Equation 53)

r .
o2 (93)
o

which upon normalization yields

G =G, -

L H
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JABLE 20. Correlation of hepatic glucose upteke data taken from intravenous glucose loading studies in the Viterature,

Rate or Net
Splanchnic Glucose | Norwalized Normalized
Uptake, TNsSGU Rate of Arterial Plasma| Liver Arterial Plasma Normalized
Hepatic Glucose Conc. Glucose Insulin Conc. Liver
(mg/kg/min) Glucose (mg/d1) Conc. ++ {mu/1) Insulinttt
Uptaxe + Conc.,
y N
Reference Subjects | Basal Steady ":GU Basal | Steady Basal | Steady Iy
Defronzo et al., 1978 2a 0.5. 1.1 3.4 96 223 2.1 11 191 16
DeFronzo et al., 1983 3h 0.52 0.47 0.81 97 137 1.3 1 20 1.8
Sb 0.52 1.27 3.9 99 224 2.0 11 55 5
Sb 0.52 0.63 1.4 99 224 2.1 15 10 0.6
6 0.52 | 0.46 0.71 9 92 0.86 15 | 10 6.3
3® 0.52 | 1.02 2.9 9 222 2.0 15 a0 1.2

3Based on data for rysga assuming rﬁsp = 2.2 mg/kg/min (DeFronzo et al., 1981) and rygp = O at steady state due to insulin suppression

tCalculated from Equation 88
ttCaiculated from Equation 94

tttestimated on the basis of changes in arterial plasma insulin concentration as predicted by solution of the insulin model equations at

steady state.
buean basal value for entire study group
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TABLE 21.

Correlation of hepatic glucose uptake data taken from oral loading studies in the literature.

Number Orai Absorption Average Values Over Absorption Time Total
Splanchnic
of Glucose | Time, 1’A raﬁ . - IR . " (l‘lp(t)::: Reference
Studies Load (min) HsU NSGA HGP ToaA "Heu "Heu Load)
t4) (mg/min) | (mg/min) | {(mg/min) | (mg/min} | (mg/min)
g
10 100 180 22 - 220 0 555 312 14.2 60 Felig et al., 1975
sttt
3 95.5 2 15 - 213 40 440 194 14.9 ) Racziuk et al., 1978
10 100 180 18 - 287 0 555 251 13.9 48 Ferrannint et al., 1980
4 70t 210 L LLLH TT 67 333 183 9.6 61 Pilo et al., 1981
22 100 280 18 - 285 0 416 113 5.3 31 Katz et al., 1983

t Ora) Load of 1 g/kg body weight

ot 'lBlGU = 15 percent of '=sm\ (DeFronzo et al., 1981)

Tt rﬁm = 11 percent of "asP (DeFronzo et al., 1981)

» ., oral glucose load
GGA absorption time

- Computed from Equation 90, and noting that ?NSGU * TuseA - THGP
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TABLE 21. Correlation of hepatic glucose uptake data taken from oral loading studies in the literature.
(Continued) !

Normal{ized Norwalized
Arterial Plasma Liver Arterial Plasma Liver
Glucose Conc. Glucose Insulin Conc. ‘| Insulin
(mg/d1) Conc.,t (m0/1) Conc.,tt
Tine Ly e —1 ¢
Reference Basal Averaged Basal | Averaged
Felig et al., 1975 952 1502 1.7 6 35 6
Radziuk et al., 1978 100 140 1.6 b b -
Ferrannini et al., 1960 100 147 1.5 b 29 -
Pilo et a)., 1981 100 150 1.6 b b -
Katz et al., 1983 908 ¢ 1358 ¢ 1.5¢ 14 70 5

dassuming: (Plasma Glucose Conc) = (1.10)(Blood Glucose Conc.)
bInsulin Data not Reported

CComputed directly from reported heptatic venous glucose concentrations
tComputed from time averaging Equation 94 over absorption time T

ttEstimated on basis of changes in arterial plasma insulin concentration as predicted by solution
of insulin model equations at steariy state.
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Normalized liver insulin concentrations were estimated from reported
arterial plasma values using the steady state insulin model equations as
previously described for correlation of the hepatic glucose production rate
data of Table 16. For oral glucose studies, normalized hepatic glucose
uptake rates averaged over the time required for absorption of the oral
load were computed from Equation 92. Values of normalized liver glucose
concentration were approximated by averaging Equation 94 over the absorp-
tion time, except for the study of Katz et al. (1983) for which hepatic
venous glucose concentrations were reported and could be averaged directly.
Normalized liver insulin concentrations were estimated as for the case of
intravenous studies except that the arterial plasma insulin concentrations
were time averaged over the absorption period. No insulin data were
reported by Radziuk et al. (1978), Ferrannini et al. (1980), and Pilo et
al. (1981), but, based on similar studies, normalized values of about 5
were assumed.

Presented in Figure 28 is a plot of normalized rate of hepatic glucose
uptake as a function of normalized 1iver glucose concentration. Data
points in the figure correspond tu results of the intravenous (solid
symbols) and oral (open symbols) studies correlated in Tables 20 and 21,
respectively. Values in parentheses indicate normalized liver insulin con-
centrations.

The data of Figure 28 are difficult to interpret and demonstrate the
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Fig. 28 Plot of normalized hepatic glucose uptake rate as a function of
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the model function for the effect of 1iver glucose on uptake
rate of glucose (Equation 97).
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reasons why much controversy has surrounded discussion of hepatic glucose
uptake. First, scatter in the human data has not provided a basis for
assessing the direct effect of insulin on hepatic glucose uptake. Second,
reported values of total splanchnic uptake following oral glucose have
ranged from about 30 to 60 percent of the ingested load (see Table 21).
Further complicating the situation is the observation that measured rates
of hepatic glucose uptake in response to intravenous glucose have been
significantly lower than those reported during oral loading.

In order to model hepatic glucose uptake, it was first assumed on the
basis of the isolated canine liver perfusion studies that insulin exposure
doubles the rate of hepatic glucose uptake within a physiologic range of
insulin concentrations. Since this effect is time dependent, it was for-
mulated in a manner similar to that of insulin mediation of hepatic glucose
production. The asymptotic effect of liver insulin concentration on the

rate of hepatic glucose uptake was given by

lo N
MHGU = 2 tanh[0.55 IL] (95)
and the time dependent insulin multiplier was obtained by substituting this

expression into (see Equation 67)
e Migu(IL0)] = - DI - Mygy(t)] (96)

Equation 95 states that elevating the liver insulin concentration above
about three times normal will eventually double the rate of hepatic glucose
output according to the time dependence of Equation 96.

- Having established a formulation for mediated glucose uptake in
peripheral tissues, preliminary model simulations were run to investigate

quantification of hepatic glucose uptake. The standard 0.5 g/kg body
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weight Intravenous Glucose Tolerance Test (IVGTT) was employed for these
simulation studies. The IVGTT was selected for two reasons: 1) following
the rapid (3 min) infusion which acutely increases plasma glucose levels,
mediated glucose uptake by muscle and liver quickly disposes of the exoge-
nous glucose, and thus the time course for the decrease in plasma glucose
concentration is sensitive to these uptake rates; and 2) because of the
rapid insulin dynamics, the time dependent effect of insulin on hepatic
“glucose uptake (Equations 95 and 96) is minimal, and thus the hepatic
contribution disposal is dominated by the effects of glucose mediation.

For these simulations, pancreatic insulin release as a function of time was
adjusted and fixed such that plasma insulin concentrations predicted by the
model agreed closely with experimental data over the time course of the
IVGTT; in this manner it could be assumed that all insulin concentrations
were at their proper levels independent of changes in glycemia resulting
from adjustment of metabolic functions in the glucose model. Finally, a
hyperbolic tangent functionality was assumed for the effect of liver glu-
cose concentration on hepatic glucose uptake rate, and parameters in the
function were adjusted by least squares fitting of model predictions to
experimental data for peripheral blood glucose concentrations following

IVGTT administration. The resulting function,

Moy = 566 + 5.66 tanh[2.44(6) - 1.48)] (97)
is shown by the curve in Figure 28. This equation, together with the insu-
lin multiplier function of Equation 95 prcdict the hepatic glucose uptake
data of Tables 20 and 21 and Figure 28 as shown in Figure 29.

To date, the discrepancy between data for orally and intravenously

stimulated hepatic glucose uptake has not been explained. Noting the dif-
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ference resulting from the route of glucose administration, DeFonzo et al.
(1978) first suggested that orally consumed glucose may cause release of a
gastrointestinal factor that enhances insulin-mediated glucose uptake by
the liver. This idea has been chailenged on the basis of results obtained
in the dog (Bergman et al., 1982); when intraportil glucose and insulin
infusions were used to match the temporal patterns observed in the portal
vein during oral loading, there was no significant difference between the
uptake of intravenous and oral glucose. It is interesting to note from
Figure 29 that fitting of intravenous data (IVGTT) resulted in a model
function which yieided predicted liver glucose uptake rates of various glu-
cose and insulin levels that corresponded to data from the oral loading
studies in the literature, supporting the notion that intravenous and oral
glucose are processed by the liver in the same way. However, it should be
emphasized that the model liver functions cannot predict the low levels of
glucose uptake that have been reported during intravenous stimulation. It
is worth mentioning that if such low uptake rates actually occur in
response to intravenous glucose, some form of oral gut factor augmentation
would be required on the basis of normal daily liver glycogen turnover con-
siderations. During postabsorptive periods, the liver releases glucose at
a rate of about 155 mg/min to provide for the fuel requirements of the
extrahepatic tissues (primarily brain). Since glycogen breakdown accounts
for roughly 80% of basal hepatic glucose output, or 124 mg/min, liver gly-
cogen stores are depleated at a rate of about 7.5 g/hr during fasting. The
highest total splanchnic uptake rate reported during intravenous stimula-
tion was about 1.3 mg/kgemin (DeFronzo et al., 1983), or 90 mg/min, and
thus even total conversion of this glucose to liver glycogen (an

overestimate) would only provide about 5.5 g/hr. These estimates clearly
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indicate that hepatic glycogen deposition during postprandial periods
(about 10 h/day) must normally occur at a much higher rate than suggested
by intravenous data in the literature.

The disposal of glucose is dominated by liver and muscle uptake when
glycemia exceeds its normal level. Furthermore, it is the effect of
peripheral interstitial insulin concentration that predominantly regulates
the rate of peripheral tissue glucose uptake, and it is the changes in
Tiver glucose concentration that primarily regulate the hepatic glucose
uptake rate. Thus, there is a balance between the model functions for
these glucose disposal processes (M%GUfor periphery and MSGU for liver)
such that their underlying contributions sum to produce observed glucose
tolerance. Having established a function vor peripheral glucose uptake
sensitivity on the basis of forearm studies, hepatic glucose uptake rate
sensitivity was quantified by parameter adjustment during simulation of an
IVGTT because human data for the liver contained to much scatter for direct
assessment. The model is quite sensitive to changes in either of the domi-
nant glucose uptake functions, but there is a compensating symmetry between
the peripheral and liver uptake functions which can always combine to give
the observed glucose tolerance during an IVGTT. This is shown in the sim-
mulation studies of Figures 30 and 31. In these studies, the parameter
adjustment methods emplo ed for fitting of the liver glucose uptake rate
formulation on the basis of IVGTT simulations were repeated, but the
peripheral glucose uptake rate was arbitrarily increased and decreased from
normal sensitivity to insulin as shown in the upper panel of Figure 30.
These changes in peripheral glucose uptake sensitivity when combined with
the normal liver glucose uptake function caused deviations between model

predictions and clinical data for blood glucose levels during an IVGTT as
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shown in the upper plot in Figure 31; however, readjustments of the liver
uptake function (least squares refitting of Equation 97) to compensate for
changes in the peripheral sensitivity restablished agreement between model
predictions and the IVGTT data. The liver glucose uptake functions that
reestablished the balance between peripheral and hepatic glucose uptake are
shown in the lower plot of Figure 30. Results of these simulation studies
clearly demonstrate the nonuniqueness problems that occur in attempting to
quantify nonlinear metabolic processes by fitting data that reflect
simultaneous balances in their respective contributions. In the glucose
model, the relative roles of liver and peripheral glucose uptake were uni-
quely established only because peripheral glucose uptake rate could be
quantified independently from forearm studies, although the resulting liver
formulation yielded good predictions of the available data for hepatic glu-
cose uptake following oral glucose administration. In the model, however,
there is a relatively delicate balance between the normal liver and
peripheral uptake functions, and model performance quickly degrades if
either of these functions is altered without appropriate compensation in
the conjugate function.

Since peripheral glucose uptake is dominated by changes in insulin
levels and liver glucose uptake is primarily regulated by liver glucose
levels, the in vivo interplay between these modes of glucose disposal are
interesting to examine. Because ingested glucose must pass through the
liver prior to entering the systemic circulation, the efficiency of the
liver in disposing of the incoming glucose is inversely related to eleva-
tion of circulating glucose levels. As arterial glucose concentration
rises, however, insulin is released by the pancreas and the subsequent rise

in circulating insulin levels signals the peripheral tissues in turn to
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dispose of the excess glucose which has escaped from the liver.

I) Gut Glucose Uptake

As previously discussed, under basal conditions the extrahepatic
splanchnic tissues (gastrointestinal tract, pancreas, and spleen), pri-
marily the gut, metabolize glucose at a rate of about 20 mg/min. In the
fasted state, the primary fuel requirements of gut tissues are derived from
glutamine and ketone body metabolism (Windmueller and Spaeth, 1980).

Portal catheterization studies in dogs (Barrett et al., 1980) have shown a
significant step increase in alanine and lactate from artery to portal
vein, suggesting that a large fraction of the glucose taken up by gut
tissues is converted to three carbon compounds. Results from in vivo stu-
.dies of rat small intestine metabolism (Windmueller and Spaeth, 1980) have
supported this conclusion, indicating that only about 10 percent of the
glucose extracted under basal conditions is oxidized.

Glucose utilization by gut tissues appears to be relatively insen-
sitive to postprandial stimulations. In the fed state, both gut lumenal
and arterial glucose becomes available to gut tisues, and circulating insu-
1in levels increase. Windmueller and Spaeth (1980) have shown that
arterial glutamine remains the most important energy source for gut tissues
in the fed rat, and that only about 3 percent of the gut lumenai qlucece is
metabolized during transport across the intestine. For modeling, gut glu-
cose utilization was assumed insensitive to changes in glucose and insulin
levels, and the rate of gut glucose uptake recu Was assigned a constant

value of 20 mg/min.

J) Glucose Transcapillary Diffusion Time Constants

Since reliable values of glucose conc..tration in cerebrospinal fluid
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were available in the literature, the transcapillary diffusion time
constant for the brain compartment was estimated directly. The brain com-

partment glucose mass balance equations (9 and 10) at steady state give

0= 8 (6 - Gy) - Bl (g 5 ) (98)
= G (& - Ggy) - — (Ggy - S
B
v
Vgp
0‘—T (Ggy - Ggp) - rpgu (99)
B

Solving Equation 99 for brain vascular glucose concentration

Tp
+_B BGU (100)
v

G G

BV © "Bl

81

and substituting into Equation 98 yields upon rearrangement and simplifica-
tion

v v

BI BI (101)

(6 - Ggp) s
TBGU Qg

T

B=

Prvce et al. (1970) have correlated measurements of cerebrospinal fluid
glucose concentrations for 89 normal males and reported a mean fasting
value of 55.9 mg/dl. Assuming a fasting arterial plasma glucose con-
centration of about 90 mg/d1 and substituting values into Equation 101
yielded an estimated brain transcapillary diffusion time constant of 2.1
min.

Direct, reliable measurements of peripheral interstitial glucose con-
centrations are not available, thus the transcapillary diffusion time con-
stant required estimation by indirect means. This was done Ly model
simulation. For a rapid intravenous infusion oi glucose, the initial time
course of vascular glucose is determined by the balance between 1) the

rate at which glucose enters the circulation by infusion, and 2) the rate
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at which glucose leaves the circulation by dispersion into the peripheral
interstitial fluids. Presented in Figure 32 is a plot of peripheral blood
glucose concentration as a function of time for the initial period of a
standard IVGTT (0.5 g glucose per kg body weight infused over 3 min). Data
points represent mean * SEM values correlated from 111 studies of normal
males performed at the Joslin Research Laboratory. Lines in the figure
illustrate the effect of varying the peripheral transcapillary diffusion
time constant on the simulated time course of blood glucose concentration.
The solid lines result from fixing all glucose metabolic rates at their
basal values in the glucose model. The dashed lines result from elevating
all of the mediated glucose metabolic uptake rates to their maximum values
upon initiation of the glucose infusion. It can be seen from the figure
that the initial simulated time course was sensitive to changes in the
value of the peripheral transcapillary diffusion time constant, and com-
parison between solid and dashed 1ines shows the relative insensitivity of
these results to changes in the rate of metabolic clearance of glucose.
Based on the simulation studies presented in Figure 32, a vaiue of 5 min
was selected for the peripheral transcapillary diffusion time constant Tg.
This value is in good general agreement with results of studies on the rate
of glucose diffusion from blood into dog hind 1imb 1ymph following IVGTT
administration (Rasio et al, 1968); these results were difficult to
interpret due to the transient nature of the experiment but suggested an

equilibration time constant on the oirder of 5 min.

K) Insulin Distribution in the Blcod
The red blood cell membrane is impermeable to insulin; thus, unlike

glucose, insulin is only distributed thoughout the plasma volume of whole
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blood. The measured hematocrit of normal male blood, based on the volume
of packed red cells, is 0.45 liters per liter of whole blood (Harper et
al., 1979). The average body hematocrit is approximately 87 percent of the
measured hematocrit (Guyton, 1976) because: 1) packed red blood cell
volume is a nonideal measure of hematocrit as a small quantity of plasma
becomes entrained in the interstices of the packed cell matrix, and 2)
axial streaming of red blood cells during flow through the smaller vessels
would reduce the total average in vivo hematocrit value. Therefore, the
average body hematocrit for a normal male is about 0.40 liters per liter.
Although red blood cells are insulin insensitive with respect to glu-
cose metabolism, insulin binds to specific plasma membrane receptors of
erythrocytes (Kappy and Plotnick, 1979). It is thus important to consider
the extent to which RBC receptor binding may act as a reversible buffer for
insulin storage and release. The buffering capacity of red blood cells can
be estimated from the binding data reported by Kappy and Plotnick (1979);
presented in Figure 33 is a plot of insulin bound to RBC's as a function of
plasma insulin concentration. The ordinate has been normalized with
respect to the number of RBC's normally contained in 1 ml whole blood
(about 3.6 x 109 RBC's/ml1). For a fasting plasma insulin concentration of
i5 uU/ml, one miililiter of whole blood would contain roughly 9 uU of free
insulin in plasma and 1.1 pU of insulin bound to RBC's. During a standard
intravenous or oral glucose tolerance test, plasma insulin concentration
peaks at about 100 pU/ml; at this maximum, one milliliter of whole blood
would contain roughly 60 pU plasma insulin and 4.4 uU bound insulin.
Therefore, to increase plasma insulin concentration from 15 uU/ml to 100
uU/ml would require the addition of 54.3 uU/ml whole blood, of which only

3.3 uU (6%) would bind to RBC's. Based on this estimation, neglect of RBC
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Fig. 33 Total insulin specifically bound to red blood cells as a func-
tion of insulin concentration in surrounding medium. (Adapted
from Kappy and Plotnick, 1979.)
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buffering capacity in the model introduces at most a 6% error into calcu-
laion of plasma insulin concentration. Since ho data is available for
determining the time course of reversible RBC binding (data points in
Figure 33 represent steady state values), and since the maximum error is
quantitatively small, no correction for RBC binding was introduced into the
model.

For the insulin model, it was assumed that insulin is uniformly
distributed in the plasma volume of whole blood. Since fhe average red
blood cell content of whole blood is about 40 volume percent, the blood
volumes and flow rates as estimated for a 70 kg man (Table 6) were reduced
by 40 percent for insulin modeling. The resulting vascular parameter

values as incorporated into the insulin model are included in Table 22.

L) Insulin Clearance

The primary sites of insulin clearance are the liver and kidney, with
a smaller contribution by peripheral tissues. Insulin clearance results
from a degradation process that occurs at the target tissue plasma membrane
and is associated with binding of .nsulin to a degrative enzyme complex
(Kahn, 1979). It is possible that degradation is linked in some manner to
insulin receptor binding, but this relationship is unclear at present

(Terris and Steiner, 1975; Duckworth, 1979).

1) Liver Insulin Clearance

Harding et al. (1975) have studied hepatic insulir clearance in
anesthetized dogs using intraportal insulin infusions. In 14 dogs, basal
clearance averaged 42 + 20 percent of the insulin presented to the liver,
and the percentage of insulin cleared did not change when intraportal insu-

lin infusions were increased tenfold, elevating the portal iasulin con-
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TABLE 22. Vascular volumes and flow rates used in insulin model.
(Based on whole blood plasma)

Vascular Flow Ratef Vascular Equilibration

Organ or Tissue (1/min) Volume (1)

Brain 0.42 0.25
Heart and Llungs (3.12) 0.98
Liver 0.90 0.54
Gut (0.72) 0.43

Kidney 0.72 0.41
Periphery 1.08 ' 0.75

(Hepatic Artery) (0.18) -

TOTAL 3.12 3.36

fEntries in parentheses represent redundant flows and are thus excluded in

total sum value
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centration from 50 to 500 mU/1. Madison and Kaplan (1958) have injected

131 into the portal veins of 15 patients undergoing abdominal

insulin-I
surgery. Based on arterial insulin concentrations measured 10 seconds
later, they have estimated that about 50 percent of the insulin presented
to the liver is cleared during a single transhepatic passage. Samols and
Ryder (1961) have studied the hepatic clearance of insulin in humans by
measuring the arteriohepatic insulin concentration differences in patients
with portal-systemic shunts. In four subjects, basal hepatic insulin
clearance averaged 41 percent, and in two subjects, elevation of arterial
insulin levels to 250 mU/1 by infusion of exogenous insulin did not result
in any significant change in the percentage of insulin clearance.

Both glucagon and glucose may affect hepatic insulin clearance (Field
et al., 1980). Rojomark et al. (1978) have reported that simultaneous
infusion of insulin and glucagon into dogs results in a significant
decrease in the fraction of insulin cleared by the liver. Studies of insu-
1in clearance in the perfused rat liver (Terris and Steiner, 1976; Honey
and Price, 1979), however, have shown no effect of glucagon variation.
Kadcn et al. (1973) have reported that intraduodenal glucose administration
significantly increases the percentage of insulin cleared in the dog liver.
This conflicts with the rat liver perfusion results of Honey and Price
(1979) which indicate a significant drop in insulin clearance as a result
of increasing glucose concentration. To date, results of animal studies
are inconclusive, and further experimentation will be required to charac-
terize the effects, if any, of glucagon and glucose on hepatic insulin
clearance.

For the insulin model formulation it was assumed that, within phy-

siologic limits, the liver clears 40 percent of the insulin presented to it
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independent of plasma insulin levels. This was expressed

_ I I
reic = FriclQ Iy * Qg Igy * rprpd (102)

where the fractional clearance of insulin by the liver FLIC equals 0.40.

2) Kidney Insulin Clearance

Chamberlain and Stimmler (1967) have studied the renal handling of
insulin by comparing insulin levels in arterial blood, renal venous blood,
and urine in normal subjects before and after an oral glucose load. Their
results indicate that the kidney clears about 30 percent of the insulin
presented to it independent of the arterial insulin concentration, and that
less than 2 percent of the insulin filtered at the glomerulus is excreted
into the urine.

In the insulin modei, the kidney was assumea to clear 30 percent of
the insulin presented to it independent of the arterial insulin level.

This was given by

) I
rerc = Frae [9 Iyd (103)

where the fractional clearance of insulin by the kidney FKIC equals 0.30.

3) Peripheral Insulin Clearance

The clearance of insulin by peripheral tissues has been studied by
measuring arteriovenous insulin concentration differences across human
forearm and leg. Presented in Table 23 is a summary of results compiled
from the literature. Included in the table for each study is a value for
the percentage of insulin cleared which is representative of the data

collected over the indicated arterial insulin concentration range. A
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TABLE 23. Peripheral tissue insulin clearance data compiled from the literature.

Arterial Insuiin Concentration

Reference Study Range (mu/1) % Insulin Clearance

Butterfield et al.,
1963 Forearm 100 - 1400 13

Samols & Ryder, 1961 Leg 15 - 230 10
Razio et al., 1972 Forearm 5 - 60 30
Jackson et at., 1973 Forearm 10 - 80 15
Kalant et al., 1979 Forearm 5 - 250 23
Fineberg &

Schneider, 1982 Forearm 80 - 330 43




review of the available literature indicates that peripheral tissues are
observed to clear a relatively constant percentage of the insulin presented
to them, but that the reported value for this percentage varies over a wide
range from study to study. Whether this is an artifact of experimental
technique or an indication of large individual variability is uncertain.
For the insulin model, it was assumed that 15 percent of the insulin

presented to peripheral tissues is cleared, which was expressed

) I
rerc = Fpic O Iy (104)

where the fractional clearance of insulin by peripheral tissues FPIC equals
0.15. From a physiologic standpoint, however, it was desirable to formulate
peripheral insulin clearance as a function of the peripheral interstitial
fluid insulin concentration, since insulin is actually removed from the
interstitial fluid space by binding and subsequent degradation on the

tissue cell membrane. Under psuedo-steady conditions, the peripheral insu-

1in mass balance formulations (Equations 22 and 23) give

I Vp1
0= 0 (Iy - Ipy) - —= (Ipy = Ipp) (105)
Tp
Vo1
0=— Upy = Tpp) - Tpre (106)
T

It thus follows from these expressions and Equation 104,

= 0.15 Q¢ 1, = ol(1 1)—_VPI(1 1) (107
Fprc = 0-15 Qp Ty = Qplly = Ipy) = —= {lpy = Iy )
T

p

from which the arterial and peripheral vascular insulin concentrations were

eliminated to yield the desired relationship,
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= (108)

M) Peripheral Insulin Transcapillary Diffusion Time Constant

Diffusion is the most important process by which solutes are exchanged
between the blood and interstitial fluids. The rate of diffusion is pri-
marily dependent upon the size of the solute and the permeability of the
capillary wall. Insulin is less readily accessible to peripheral extra-
vascuiar fluids than glucose, due in part to its large size (MW~5800) rela-
tive to glucose (MW 180) (Rasiv, 1982). In addition, insulin diffusion is
restricted by the continuous capillaries of skeletal muscle and adipose
tissue which are less permeable than the sinusoids of liver or the
fenestrated capillaries of kidney and gut (Yoffey and Courtice, 1970).
Studies in dogs (Rasio et al., 1968; Camu and Rasio, 1972) and humens
(Rasio et al., 1967) have shoﬁn rapid equilibration of glucose and insulin
between blood plasma and thoracic duct 1ymph. Since thoracic duct 1ymph
drains the extravascular fluid spaces of the liver and gastrointestinal
tissues, these results provide direct confirmation that the capillaries of
these viscera are highly permeable. Similar measurements of insulin dif-
fusion into the hind leg lymph of dogs (Rasio et al., 1968), however, indi-
cate that the capillaries of peripheral tissues are much less permeable to
insulin; following an acute increase in arterial insulin concentration,
insulin measured in leg lymph rose to 60 percent of its equilibrium con-
centration in about 20 min. Based on these results, a transcabi]lary dif-

fusion time constant of 20 min was selected to characterize diffusional
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exchange of insulin in the peripheral compartment of the insulin model.

N) Pancreatic Insulin Release

Insulin is produced by beta cells located in the islets of Langerhans
of the pancreas. Here, insulin is synthesized and stored in a labile form
that can be rapidly released in response to stimulatory factors. In
humans, the islets are about 100 - 200 u in size and are distributed
throughout the exocrine pancreas, constituting only 1 to 2% of the total
pancreatic tissue (Steiner et al., 1972). The high vascularity and
fenestrated endothelial structure of the pancreatic islet microcirculation
(Lacy and Greider, 1972) provide for rapid transfer of newly secreted
insluin into the blood stream. Measurements of insulin in venous effluent
of the perfused rat pancreas (Curry et al., 1968) have demonstrated insulin
response within 30 s after a stimulating concentration of glucose reached
the pancreas. Because of anatomical positioning in the circulation, insu-
1in released by the pancreas in vivo enters the portal vein and thus tra-

verses the liver prior to entry into the systemic circulation.

1) Biosynthesis and Storage of Insulin in the Beta Cell

The insulin biosynthetic mechanism of the pancreatic beta cell
(Steiner et al., 1974) is summarized in Figure 34. The sequence of events
is initiated with the synthesis of proinsulin by ribosomes associated sith
the rough endoplasmic reticulum; proinsulin (see Figure 35), the biosynthe-
tic precursor of insulin, is a single-chain polypeptide (MW 9600) con-
sisting of C-peptide and the disulfide linked A- and B-chains of insulin
(MW 5800). Proinsulin is next transferred by an energy-dependent process,
possib]y within microvesicles, to the Golgi complex. Within the Golgi

apparatus of the cell, eariy storage granules form as proinsulin is incor-
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Fig. 35 The structure of human proinsulin. (Steiner et al., 1972)

140



porated into membranous sacs derived from the Golgi tubules. As the
storage granules move away from the Golgi region and collect in the
cytoplasm, proinsulin is converted to insulin through cleavage of the C-
peptide segment by proteolytic enzymes. As insuiin is liberated from
proinsulin, it forms a dense crystalline matrix with zinc (beta granule).
With electron microscopy, the process of granule maturation is evidenced by
appearance of the beta granule surrounded by a fluid region (presumably
containing C-peptide) within the membranous sac. Finally, 1nsulin release
occurs by the process of emiocytosis; the sacs fuse with the plasma
membrane of the beta cell, and the mature granules are extruded into the
extracellular space. Upon release, the crystaliine granules undergo rapid
dissolution due to the high concentration of sodium in the extracellular
fluid (Lacy and Greider, 1972; Howell et al., 1969).

The times required for each of the major stages in the biosynthetic
sequence are indicated in the time scale on the right side of Figure 34.
These values refect experimental results obtained by introducing radioac-
tive amino acids into beta cells (primarily of rats) and monitoring the
movement of label through the synthesis sequence. Although label can be
detected in proinsulin within 1-2 min of incubation, 10-15 min are required
before small amounts of labeled insulin begin to accumulate in granules
(Steiner et al., 1972). The conversion of proinsulin tc insulin behaves
Tike a first-order reaction with a half-life of about 1 hour (Steiner,
1967). Overall, there is an observed time delay of about 1 hour before
newly made insulin begins to appear as a secretary product {Steiner, 1967;
Sando and Grodsky, 1973: Howell and Taylor, 1967). In rabbit pancreas sli-
ces (Howell and Taylor, 1967), newly synthesized insulin was maximally

released 2.5-3.5 hour after start of a 20-min incubation with 3H-1eucine
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label. The above evidence suggests that newly synthesized insulin does not

significantly contribute to short-term pancreatic response.

2) Factors Regulating Release of Insulin
a) Glucose

Glucose provides the primary stimulus for insulin release (Wilson,
1983; Gerich et al., 1976). A step change in glucose concentration elicits
a biphasic insulin response (see Figure 36) characterized by an initial
rapid release lasting about 5-10 min. (firct phase) followed by a more
sustained and gradual increase in the rate of release (sccond phase)(Curry
et al., 1968; Grodsky et al., 1969; Bergman and Urquhart, 1971). Dose-
response relationships in humans (Figure 37)(Cerasi et al., 1974) have
shown that the response of insulin to glucose is sigmoidal, with little
stimulation of release by glucose concentrations below normal fasting
levels, and the most sensitive secretory response induced by glucose con-
centrations just above fasting levels. The relatively high threshold for
glucose-stimulated insulin release (about 80-100 mg/d1)(Malaisse, 1972;
Cerasi et al., 1974; Grodsky, 1972) suggest that glucose alone does not
regulate fasting insulin levels. An important action of fasting glucose is
most likely its modification of insulin release in response to other sti-
muli, such as gut hormones, glucagon, fatty acids, arginine, and neuronal
factors that elicit little insulin secretion alone but are effectively
potentiated by the presence of low glucose concentrations (Gerich et al.,

1976).

b) Amino Acids
A variety of amino acids stimulate insulin secretion in man (Fajans

and Floyd, 1972; Gerich et al., 1976). The most potent stimulator is argi-
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Fig. 37
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nine, followed by lysine and leucine (Fajans et al., 1967; Fioyd et al.,
1966b). Amino acids cause a monophasic release of insulin in the absence
of glucose, whereas biphasic release is restored upon addition of small
quantities of glucose (Gerich et al., 1974). Resuits of studies comparing
the effects of various combinations of glucose and amino acid stimulations
of insulin release suggest that amino acids mimic but do not potentiate
glucose-induced secretion (Malaisse, 1972). Postprandial increases in
plasma levels of amino acids following protein feeding have been shown to
cause physiological stimulation of insulin release in man (Floyd et al.,
1966a; Berger and Vongaraya, 1966; Rabinowitz et al. 1966). It is unli-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>