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ABSTRACT

Modeling glucose metabolism is challenging because of the complex inter-
actions between the hormones involved and the simultaneous effect on
glucose in the system. This is particularly true for models incorporating the
contribution of glucagon to glucose homeostasis; in fact models incorporating
modulation the glucagon receptor have not been described yet. Therefore we
have developed a semi-mechanistic model to describe the glucagon-insulin-
glucose homeostasis in 36 healthy subjects during a glucagon challenge.
Briefly, this challenge consisted of a 3 hrs infusion of somatostatin to block
endogenous release of insulin and glucagon with simultaneous infusion
of high dose glucagon and physiological dose insulin. The model captured
glucagon and glucose dynamics, including the amplifying effects of glucagon
on hepatic glucose production with the magnitude of the effect being
dependent on the prevailing insulin concentration. Glucagon production was
inhibited by elevated glucose concentrations. We observed a rapid increase of
the glucose concentration in response to glucagon followed by a slow decrease
in the HGP, which is consistent with the internalization of glucagon receptors
(ccaRr) upon stimulation by glucagon, which was captured by incorporating
an effect compartment. The model also captured the effects of glucose on
insulin production and the insulin-independent and insulin-dependent effect
on glucose elimination.

This model, based on glucagon challenge data, could contribute to a better
understanding of pathophysiology of diabetes mellitus. It describes the general
trend and can therefore serve as a basis for drug development. Furthermore, an
extension of this model could probably be incorporated in the recently devel-
oped automated, bihormonal, bionic pancreas for type 1 diabetes mellitus
patients.

INTRODUCTION

In recent years, an increased interest has re-emerged in the role of the glu-
cagon receptor (GcGR) in diabetes and its utility as a therapeutic target [1;2].
In healthy subjects the endocrine pancreas regulates glucose production and
metabolism by a synchronized reciprocal release of insulin and glucagon in
response to changes in blood glucose levels, free fatty acids (FFA), amino acids,
incretin hormones (such as GLP-1 and cip), among many other signals. In type
2 diabetes mellitus (T12DpM), there is evidence for a dysregulation of glucose-
insulin-glucagon interaction [3-5]. Elevated fasting and postprandial glucagon
concentrations in T2DM patients could suggest a combination of dysregulated
glucagon secretion and insulin resistance. The most important consequence
of chronic hyperglucagonemia seems to be related to increased glucose

EXPLORING THE ROLE OF GLUCAGON IN GLUCOSE HOMEOSTASIS
80

production (gluconeogenesis but not glucogenolysis) aggravating hyperglyce-
mia in diabetic patients [6]. Understanding the contribution of glucagon on the
glucose metabolism is important for (patho)physiological insight and may also
be important in guiding drug development for compounds targeting glucagon.

Glucose metabolism is challenging because of the complex interactions
between the hormones involved and the simultaneous effect on glucose in the
system. More than 3 decades ago Bergman et al. [7] developed the first model
for glucose regulation. With help of this model the estimation of glucose tis-
sue uptake sensitivity to insulin levels hypothesis was corroborated in clinical
experiments, the biphasic insulin secretion profile was defined and the rela-
tionship between insulin and glucose concentrations as a possible mechanism
of the disease was suggested.

Basic models in animals and in vitro have helped to understand underly-
ing mechanisms and to explore new possible therapeutic targets for diabetes
[8-10]. Farhy et al. [g] integrated glucagon into the physiological model, creat-
ing an explanation of the system from an intercellular level, suggesting high
glucagon concentrations as lack of inhibition by glucagon counter regulation
in 3-cell deficiency.

Several models based on clinical endpoints in healthy subjects and/or
T2DM patients have been developed to describe and better understand the
relationship between glucose and insulin [11-17]. Pk/PD models have quickly
evolved from minimalistic models describing glucose plasma concentrations
to complex system pharmacology models that take multiple interactions into
account[13;16-19]. Based on earlier models we can describe the general trends
between insulin and glucose very well, and find that additional regulators in
glucose homeostasis are required to improve our understanding of drug action
in healthy volunteers, but more important in diabetes patients. For instance,
since 2008 mathematical models of glucagon secretion and glucagon counter
regulation based on in vitro studies were published [g]. Recently, a semi-mech-
anistic, integrated glucose-insulin-glucagon model was developed to assess
the effects of individualized glucokinase activator on glycemic response
[20-22].

However, models incorporating contribution of glucagon to glucose homeo-
stasis while modulating the glucagon receptor, have not been described yet.
Therefore we developed a semi-mechanistic model to describe the glucagon-
insulin-glucose homeostasis in healthy subjects during a glucagon challenge.
Briefly, this challenge consisted of a 3 hrs simultaneous infusion of high glu-
cagon concentrations (supra-physiological) and insulin, while somatostatin
was given to block endogenous release of these hormones. The model was
subsequently used to predict the influence of the amount of hepatic glucagon
receptors in the glucose plasma availability and to perform simulations with
hypothetical scenarios for altered glucagon conditions, such as a glucagon
challenge.
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METHODS
SUBJECTS

Thirty-six healthy male volunteers participated in the clinical study, which was
conducted atasingle center (cHDR). Their mean (+sp) age was 40.5 +18.3 years,
weight 78.9 +10.3 kg, body surface area 1.98 + 0.156 m2 and body mass index
(BMI) 24.0 3.1 kg/m2. Mean fasting glucose and glycosylated hemoglobin A1c
baseline values were 5.1 0.4 mmol/L and 5.2 +0.3%, respectively. The pro-
tocol was approved by the Central Committee on Research involving Human
Subjects of the Netherlands (ccmo). Written consent was obtained from all
participants included in the study. The study has already been published [23].

STUDY DESIGN

Subjects were required to continue their normal diet and activities. After an
overnight fast, the hyperglucagonemic clamp test was performed, consist-
ing of two phases: a run-in period of 3 hrs to achieve stable glucose isotope
enrichmentand a 3 hr pancreatic clamp study (Figure 1). After a priming dose of
5mg. kg™, [6,6-2H,] glucose was infused continuously throughout the study at
a rate of 0.05 mg.kg™".min~"1 (Cambridge Isotope Laboratories, MA, usA). The
pancreatic clamp study consisted of a simultaneous 3 hrs infusion of soma-
tostatin (0.1 gg.kg ™ .min~7; uce, The Netherlands), glucagon (3 ng.kg™".min~7,
Novo Nordisk, The Netherlands) and insulin (4 mU.m™2min~"; Novo Nordisk,
The Netherlands). A second catheter was inserted into a contra-lateral dorsal
hand vein for blood sampling. The hand was placed in a heated-box (50°C) to
arterialize venous blood for labeled glucose sampling. Venous blood samples
were drawn to determine (non-) labeled glucose, glucagon, and insulin con-
centrations. Samples for isotope analyses, glucose, glucagon and insulin were
collected every 15 minutes from 30 minutes before the start of the challenge
until the end of the glucagon challenge (t=360 min). After the challenge capil-
lary bedside (finger prick) glucose was measured for informative purposes in 16
subjects at 420, 450 and 480 min.

LABORATORY ANALYSIS

Blood samples for insulin were collected in plain tubes and analyzed using
standard validated immune-radio-metric assays (Biosource Europe s.A.,
Belgium; assay cv 5.9-7.9% for insulin). Glucagon samples were collected in
plain tubes with aprotinin (Trasylol™ (500 kiE/5o pl) Bayer, The Netherlands)
and analyzed using a radioimmunoassay (Linco research, Missouri, usa; assay
cVv 4.3%). Blood samples for glucose and [6,6-2H,] glucose were analyzed
using a validated gas chromatography with mass spectrometry as detection
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method as described previously [24]. All samples were analyzed in batches to
reduce assay variability.

MODELING GLUCAGON CHALLENGE
INHIBITION

Somatostatin infusion during the glucagon challenge, which inhibits the
endogenous glucagon and insulin secretion, was modeled by an inhibitory
function /; (t) equal to 1, except during the inhibition, when they take on a lower
- but still non-negative - value.

The inhibitory functions /5(t) and /5(t) in, respectively, equations {4} and {6},
are given by:

=1 ’/i,max x H(t; tbegin Jtend, i), (1=1,3) {1}

Where Imaxdenotes the maximal inhibition (i.e., 0 < /max< 1). The function H

(t; tstart, tend, o) denotes a smooth step function defined by: {2}
o for 0 <t <tpegin

H (t; tbegin » tend ,0i) = 1= g 4 ean) for t pegin< t < tend
(1 = ¢ % end Ttoegin)) | =i (tend) ¢ teng<t<e

Here ai> O is the rate at which the inhibition reaches its maximum value =
Imax. The times tpegin and tend denote when the inhibitions begin and end.
INFUSIONS

The functions Q4(t), Qz(t) and Q5(t) which model the infusions in, respectively,
equations {4}, {5}, and {6}, are given by:

Q)= Qj,mgx x Step (t, Tbegin Tend), (1=1,2,3) {3}

Where Step (t; Thegin, Tend), is a simple step-function, which is equal to 1 for
Thegin < t < Teng and O elsewhere.

STRUCTURAL MODEL DEVELOPMENT

Using population approach nonlinear mixed effects modeling, glucose-, insu-
lin- and glucagon data from a glucagon challenge in healthy volunteers were
simultaneously analyzed. First, the somatostatin effect was modeled as an on-
off effect. However, as this led to numerical difficulties in the algorithms, this
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was expanded to an inhibitory function (Equation 1). The first-order conditional
estimation method with interaction (Foce 1) was used. The log-likelihood
ratio test was used to discriminate between hierarchical models, based on the
objective function value (oFv), where p<o.og [decrease oFv of at least 3.84
points for one degree of freedom, Chi-square (?2) distribution] was considered
to be statistically significant. Various goodness-of-fit plots such as: obser-
vations vs. population predictions, observations vs. individual predictions,
weighted residuals vs. time, (conditional)weighted residuals vs. observed con-
centrations, histogram and/or QQ plots of the post hoc individual estimates of
ETAS (When ETAs were available), population and/or individual predictions vs.
observed individual or population concentrations; were considered for diag-
nostic purposes. Covariate screening was performed by graphical analysis and
analysis of the correlation of the post hoc individual estimates of ETa for each
parameter versus the covariate values. Three different error types were tested
(additional, proportional and both). A model was considered acceptable if the
conditional weighted residuals with n-¢ interaction (cwRrEsI) was between -2
and 2. Whenever a new parameter was introduced or the robustness of the
model was to be evaluated, the mean population predictions plotted against
the observations was performed. The compartmental semi-mechanistic final
model structure that best described the observations, including the feedback
mechanisms, is illustrated in Figure 2.

GLUCAGON (A, IN NANOGRAM)

Glucagon dynamics was described by a turnover equation (Equation 4). The
production term (kins) is taken inversely proportional to the amount of glucose
(A,), as glucagon secretion by a-cells in the pancreas is inhibited by plasma
glucose [25;26].

dA’:k"i-/(t)—k A+ Qq (1) {4}
at A, 1 out1 A1 1 4

Glucagon elimination was modeled by a first order reaction term with a rate
constant kout7, and glucagon infusion was modeled by a function Q4(1).

PLASMA GLUCOSE (A, IN GRAMS)

Glucose dynamics was described by a turnover equation with hepatic glucose

production (HGP) and insulin-dependent elimination:

dA> A

— = kinz == - Kouta Az = Koutzp Az A3 +Qx(t) {5}
dt A,

Glucagon is a potent stimulus of hepatic glucose production, with the mag-

nitude of the effect being dependent on the prevailing insulin concentration;
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increasing insulin levels dampen the glucose production [27]. It is known that
continuous glucagon infusion results in glucagon receptor internalization (A ).
Intestinal incretin hormones GLP-1 and glucose-dependent insulinotropic
polypeptide (ci1p) were not included in our model, because all subjects were
in a fasting state. Incretin hormones are only released during absorption of
orally taken meals and then stimulate pancreatic f3-cells to secrete insulin [28].
Furthermore, the stimulatory effect of autonomic nervous system on hepatic
glucose production has not been incorporated in our model, because our pre-
vious study showed that changes in the autonomic nervous system tone do
not contribute significantly to the effects of the glucagon challenge [23].

Elimination of plasma glucose, which consists of glucose uptake by the liver
and muscles is modeled by an insulin independent term (koyt2A>) representing
e.g. brain glucose consumption and an insulin dependent term (koyt2p0A2-A3)
The directinhibition (negative feedback) of plasma glucose level (A,) on the liver
(HGP) via GLUT-1 transporter is incorporated in the equation as well. Labeled
glucose infusion was modeled by a function Q(t). Labeled glucose infusion
was assumed to have the same disposition properties as total plasma glucose
[23;24], therefore no difference in glucose has been made. Labeled glucose and
enrichment measurements were not considered in the model.

INSULIN (A3 IN MILLIUNITS)

Insulin dynamics was described by a turnover equation. Since insulin secre-
tion by f3-cells in the pancreas is stimulated by plasma glucose, the production
term is taken proportional to the amount of glucose A,.

This results in the equation:

dAs

dT = kin3 Ay l5t) - kout_a Az + Q5 {6}
Insulin elimination was modeled by a first order elimination process with rate
constant kout3, and insulin infusion was modeled by a function Qs(t), according

to equation 3.

INTERNALIZATION OF GLUCAGON RECEPTORS-EFFECT
COMPARTMENT (A, -DIMENSIONLESS)

We observed a rapid increase of the glucose concentration in response to glu-
cagon followed by a slow decrease in the HGP, which is consistent with the
internalization of glucagon receptors (GcGRr) upon stimulation by glucagon
[23;29;30]. Krilov et al. [29] have previously shown that, upon 30 minutes of
glucagon stimulation, GcaR are internalized in vivo. This internalization of the
GCGR was captured by incorporating an effect compartment (A4). With this we
also incorporated a delayed negative effect of hepatic glucose production into
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the model (Equation 5). The rate constant of removal from the effect compart-
ment characterized the effect delay.

dA 4

at = kin4 Az = koutgAy 73

In the equations 4-7 constitute a coupled system of feedback models: the Glu-
cagon-Glucose system interacting with the Glucose-Insulin system through
the effect of hepatic glucose production.

DATA ANALYSIS AND MODEL EVALUATION

The software used for the analysis included: PROMASYS v7.1 (PROMASYS BV,
Leiden, The Netherlands) for the database storing and exporting, NONMEM
v7.2.0 (Icon Development Solutions, Ellicott City, MD, usA) for the numerical
estimations for the established equations [ADVAN 13; tolerance 8], cNu Fortran
(ccc) 4.6.0 as compiler and R v2.13.1 (R Foundation for Statistical Computing,
Vienna, Austria) for the predictions (simulations), database editing, system
solution and graphics elaboration, and MATLAB R2013a (MathWorks, Natick,
MA, usa) for simulations.

RESULTS

A semi-mechanistic model simultaneously describing glucagon, plasma
glucose, insulin and glucagon receptor internalization, during a hyperglu-
cagonemic challenge was developed. The study cohort investigated in this
study covers a broad range of individual data for the model. For each of the 36
subjects, in total 16x glucagon-, 16x glucose- and 16x insulin concentrations
before and during the glucagon challenge were measured, and were used for
the model. The initial values at steady state for the three compartments were
obtained from the first observations (before the challenge was started), the
volumes of distribution were obtained from the literature and used as initial
estimates [13] and limits were given to values that would be physiological.
Also, inter- and intra-individual variability (11v) was considered but could not be
identified given the data.

MODEL EVALUATION 7 SIMULATIONS

Fitting the model to the data resulted in the following baseline values for glu-
cagon, glucose, insulin and effect compartment:

BL,=1170ng,BL,=4.208,BL;=17.7mU, BL, = 4.63 x10% {8}
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and volumes of distribution of the Glucagon-compartment, the Glucose com-
partment and the Insulin compartment:

Vi=21.1L,V,=4.44L, V;=1.53 Lrespectively. {9}

This results in the following baseline concentrations for the glucagon, plasma
glucose and insulin:

C,=55.45ng/L, C,=0.946 g/L, C;=11.6 mU/L respectively. {10}

The baseline values were used as initial values: A/(0) = BL;.

Fitting the model to the data yields parameter estimates listed in Table 1,
where the values for kins, kin2, kinz and king are computed from the estimated
values for koutr, kout2, kout2d, koutz and kout4, and the estimates of the baseline
amounts BL;(i=1, ...,3) obtained from (Equation 8).

Parameters involved in the glucagon challenge and the infusions are listed
in Table 2.

In computing the infusion rates Q, and @, in Table 2, we have assumed that
the average weight is 8o kg and the average body surface area1.984 m2.

Four representative individuals were selected from the whole dataset and
are presented in Figure 4. The medians of the simulated individual concentra-
tion-time profiles are plotted over the observed profiles of glucose, glucagon
and insulin during baseline and during challenge. Individual diagnostic plots
for the evaluation of the quality of the model fit, illustrate that the model
described the data. During challenge, glucagon data show a decreasing trend,
which is captured by the model. As inter- and intra-individual variability could
not be identified, the height of the glucagon concentrations could not be
captured on an individual level. For plasma glucose concentration during chal-
lenge, the increase in glucose levels over time is well captured by the model.
There seems to be a slight decreasing trend in glucose concentrations at the
end of the challenge, which is better fitted by including the effect compart-
ment (A4). Even though the fitting is not completely optimal towards the end of
the challenge, because it does not describe in some individuals the diminished
response to glucagon (glucagon desensitization), inter-individual variability
could better explain this phenomenon.

Regarding the recovery phase of plasma glucose levels after challenge, only
assumptions were made based on the minor finger prick glucose data points.
No laboratory data were collected in the recovery phase.

During challenge a standard insulin dose was infused, and endogenous
insulin production was inhibited by somatostatin, therefore insulin concentra-
tions are almost stable during challenge.

However, the predicted insulin concentrations exhibit a peak at the start
of the challenge and a drop immediately at the stop of the infusion. These are
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artifacts caused by the step function, involving instantaneous onset and ter-
mination, while the inhibition of insulin release by somatostatin takes time
as does the release of endogenous insulin upon cessation of somatostatin.
We decided to not further model this artifact. Firstly, the exact nature of the
simultaneously occurring increase in insulin (by the infusion) and the decline
in endogenous insulin (by somatostatin) is not very well known. Secondly, the
additional parameters required to describe a gradual increase would cause
over-parameterization of the model.

In addition to the four representative individuals, Figure 5 shows the diag-
nostic plots of the entire dataset. It clearly shows that the general trend of all
glucagon and glucose data is well captured by the model. The insulin data is
also well captured with exception for the peaks at the start and end of the chal-
lenge, for reasons mentioned before.

Concentration population predictions vs. conditional weighted residuals
graphs for glucagon, glucose and insulin are shown in Figure 6. The glucagon
and glucose observations are randomly spread around the identity line and
most observations lie within the acceptance criterion. The insulin conditional
weighted residuals over time plots show a clear structural bias; the high pre-
dicted concentration range is overpredicted (peaks at the start and end of
challenge), which is corrected for towards the lower predicted concentration
range that, as a result, ends in underpredicted values. The steady state condi-
tions and calculations are supplied in Appendix A.

DISCUSSION

This glucagon receptor (ccGr) modeling approach was a practical tool to
describe the glucagon-insulin-glucose homeostasis in healthy subjects dur-
ing a glucagon challenge [23]. Although this model represents a simplification
of complex physiology, the main counter-regulatory elements in the glucose
regulation system (glucagon and insulin) were used to describe glucose’s pro-
file in a semi-mechanistic way. Application to clinical data showed that the
model is able to describe the levels of insulin, glucagon and glucose before and
during the glucagon challenge.

Somatostatin was infused during the glucagon challenge to suppress the
endogenous hormone production. The model assumed a maximal inhibi-
tion (Imax) of 1, representing 100% inhibition. Although there is consensus in
the literature on the inhibiting effect of somatostatin on endogenous hor-
mone production, the extent of maximal inhibition has not been irrefutably
demonstrated. The measured individual glucagon profiles (Figure 4) show a
decreasing trend in the glucagon concentrations during the constant glucagon
infusion period. The glucagon pattern could be explained by a small reduction
of endogenous production on top of the glucagon infusion or the increasing
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plasma glucose concentration that have an inhibiting effect on the remaining
endogenous glucagon excretion.

For the subjects in this study, glucagon levels at baseline were higher when
plasma glucose levels were lower. This could be explained by the glucose-
dependent regulation of glucagon secretion in the a-cell, as reported in animal
studies [26;31]. At low glucose concentrations, the moderate activity of Karp
channels situates the a-cell membrane potential in a range that allows the
opening of Na* and Ca2*-channels triggering the exocytosis of glucagon gran-
ules and vice versa.

The amount of plasma glucose concentrations in this model (Equation 5) is
highly dependent on glucagon (A,) because during the glucagon challenge a
supraphysiologic concentration of glucagon was reached. The effect of insulin
infusion results in glucose uptake by fat and muscles and a reduction of the
supply of gluconeogenic precursors reaching the liver. The data of the study
of Sindelar et al. [32] strongly suggest that the liver responds directly, rapidly,
and sensitively to the plasma insulin levels by a reduction in Hcp. The slight
decreasing trend in glucose concentrations at the end of the challenge has not
been completely captured by the effect compartment (internalization of glu-
cagon receptors). No data were collected for the recovery phase after stopping
the glucagon challenge. Therefore, no firm conclusions can be drawn regarding
the recovery phase, only assumptions based on the minor finger prick glucose
data points.

Insulin and glucagon are fundamental components of the regulator mecha-
nisms that control glucose homeostasis. These counter-regulatory hormones
help to keep the blood glucose level within optimum limits. In this work, the
insulin, glucagon and glucose interactions following a glucagon challenge have
been described in a single model. The adequate descriptive performance of this
model has been confirmed by the diagnostic plots per subject and for the total
population.

This model, based on glucagon challenge data, could contribute to a better
understanding of pathophysiology of diabetes mellitus. It describes the general
trend and can therefore serve as a basis for drug development. Furthermore, an
extension of this model could probably be incorporated in the recently devel-
oped automated, bihormonal, bionic pancreas for type 1 diabetes mellitus
patients [33].
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APPENDIX A

STEADY STATE AMOUNTS

In the absence of inhibitions and infusions, i.e., when /i (t) = 0 fori =1, 3 and
Qi(t) =0 fori=1, 2, 3 we denote the steady state amounts of the four com-
pounds by Apss (n=1,...,4).

We denote the quotients of ki, and kout for each of the four equations by:
Kiny Kinz kin3 kin4

R,= ,R,= ,R.= ,R,= {a1}
! Kout: ? Koutz 3 koutg ¢ kout4

With this notation, A; ss, Az,ssand A, ss can readily be expressed in terms of A, ss:

R;
A1,ss = A3,ss = R3A2,ss , A4,ss = R4A2,ss
Azss {a.2}

When we substitute these expressions into the right hand side of Equation 5
for dA./dt, we obtain an equation for x = A, ssalone:

def Ry R

FooS =2 — x* —yR;- x*=0, y =
4 Kout

koutzo

{a.3}

The function F(x) is seen to have a unique zero: x = Az,ss = 4.20. For the param-
etervalues of Table 1, we obtain:

R1= 4914, R2=2.16 X105, R3 = 4.21, R4=1.10 X106, y = 0.650 {A.4}

Using these values in the expressions of Equation 5, we obtain for the steady
state amounts

Ai,5s=1170Ng, Az ss= 4.20 8, Az ss=17.7 MU, Ay ss= 4.63 X 106 {A.5}

In the light of the estimated volumes, given in Equation g, the corresponding
steady state concentrations are:

Cq,5s=55.45ng/L, C,5s=0.946 g/L, C3,5s=11.6 mU/L {a.6}
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TABLE 1 Parameter estimates for glucagon, plasma glucose, insulin,
glucagon receptor internalization and volume of distribution. Parameters with
an asterix denote calculated parameters (not directly estimated by NONMEM).

Parameter Estimate Unit

kina 559% ng-g-min~1

k outt 0.114 min~1

kin2 275% g-(ng-min)~’
kout2 0.00127 (mU - min)™1
kout2p 8.26x1074 min~1

kins 2.09* mU - (g - min)~?
kouts 0.496 min~1

kina 655* (g-min)™"
kouta 5.94x1074 min~1

TABLE 2 Parameter values involved in glucagon challenge and infusions.

Parameter Estimate Unit

o 7.00x 1074 min~?

a3 1.18x 1071 min~1

Qq* 240 ng-min~1
Q,(5 min bolus)* 0.001 g kg1

Q,* 0.00001 g-kg™1-min~1
Qs* 7.936 mU - min~7

* fixed parameters

FIGURE 1 Glucagon challenge; infusion of somatostatin, glucagon, insulin
and labeled glucose.

Basal period Hyperglucagonaemic period

O min ---5min 5min ---180 min 180min - - - 360 min

[6.6'-2H2] glucose

bolus 5 o1 [6.6'-2H2] glucose continuous 0.05 mg.kg™".min~"
olus 5 mg.kg

Somatostatin 0.1 ug.kg™".min~"

Glucagon 3 ng.kg™.min~1

Insulin 4 mU.m™2min™"
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FIGURE 2 Schematic representation of the model. Full arrows indicate flows, FIGURE 4 Representative profiles for glucagon, glucose and insulin of four

broken arrows indicate control mechanisms, dotted arrows indicate infusion typical healthy subjects. Observations from the original data set are plotted as
of somatostatin, glucagon, insulin and labeled glucose. points. The lines show the average predicted values of the model. The vertical
Q dashed lines represent the time of start and stop of the glucagon challenge
;
....... » | GLUCAGON test.
I(T.IA CO;C::;:I;AELNT) kout1 g GLUCAGON g GLUCOSE 9 INSULIN
0 . % Subject 1001 ‘é“ o Subject 1001 E Subject 1001
©,, ! <R ] ] Z & ] 1 zu] ] 1
- LT o 5 o e o 237 (P 2 1 I
S P 5 9 | ,5_5!003:(?’ O — l-D |° JT !
- £ — 2 oA IR 2 ]
Qs : br----- e et . ol o i gF T g P e
°“) @I ! @ 1 ! 5 n | c \ \ c A \ (I)
SOMATOSTATIN \ X ! (v T T T T T S © 4 T T T T S e+ T T T T
(INHIBITION FUNCTION) k—> cLucost |Kouts ! 0 100200300 400 0 100200300 400 0 100200300 400
in2 — 1 Time (min) Time (min) Time (min)
T s > (CENTRAL A |
: Q, COMPARTMENT) ) ® 1 = 3 J
T T L = R
: | | : GLUCAGON EO o Subject 2901 E“ o Subject 2901 % Subject 2901
n L— - — — ~ O - _ ~ N
femmmmm s N T RECEPTOR 5N :m““i g : o 52_ : :
o' | @ R INTERNALIZATION 597 £ 2] 6;/’“‘1 %]
1l \ (EFFECT COMPARTMENT) = ! £ 7 e 4 ! = ] Qonnd
\A/ : Y ofo.. o | g o | g ] | ¥ oo
— g n S ;A 9 in
k]n3 INSULIN 8 T T I| T T 8 °© T T I| T 1 T 8 © T I| T T
p | (CENTRAL COM- —> 0 100200300 400 0 100200300 400 0 100200300 400
Q3 PARTMENT) out3 Time (min) Time (min) Time (min)
= 3 =
W Subject8 B Subject8 2 Subject8
% o Subject 8o1 g ubject 801 £ ubject 801
R ) ) ] c &1 ] ] z | | = | |
FIGURE 3 The inhibition functions /;(t), with o = 0.0007, and /5(t), with 2 o | | 88 | ({,’J,% 8 o | |
. i @ N © i
0. = 0.118, for thegin = 5 and tend = 180 min. £ 2 o™ 5 - Ie 1 £ 00l
Y ol | g 8 1° @d0 | g o P i
cwn° asd g2 o g
t,...=5.t 180, a=0.0007 t,, =5t =180,0=0.118 S +—*+t—*+— s Lb—~_t—— Sot—rI—L
15 & 15 cgn_ en 0 100200300 400 0 100200300 400 0 100200300 400
Time (min) Time (min) Time (min)
o 3 S
S . S . 3 .
1 — — — ———— — T ] % Subject 501 %" Subject 5o1 £ Subject 501
- - g S 1 1 . 1 1 g 0 ] 1 1
e 2 S ] S 8 Sy S ] oy sl
= ) "o [ | 5 b5 | (,)/ ® 1o @ 9
05 05 e = Moty 2 o1 e ! 27 ]
Y o ts e g | g 3o & | Y |
é ° T T I| T T g ” T T w'l T ! T § 8 T T I| T T
0 100200300 400 “ 0 100200300 400 0 100200300 400
0 0 Time (min) Time (min) Time (min)
0 100 200 300 400 500 0 100 200 300 400 500
Time (min) Time (min)
EXPLORING THE ROLE OF GLUCAGON IN GLUCOSE HOMEOSTASIS MODELING GLUCAGON'S INFLUENCE ON GLUCOSE HOMEOSTASIS

92 93



FIGURE 5 Diagnostic plots representing the mean population prediction
(black) over time for glucagon, plasma glucose and insulin, with the obser-
vations (circles).The vertical dashed lines represent the time of start and
stop of the glucagon challenge test.
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FIGURE 6 Glucose, glucagon and insulin conditional weighted residuals
graphed versus predicted population concentrations. Data points are plotted
as circles. The horizontal line is the identity line at zero and the dotted line
represents the acceptance criterion.
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