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Glucagon is secreted from the pancreatic alpha cells and plays an important role in the
maintenance of glucose homeostasis, by interacting with insulin. The plasma glucose
levels determine whether glucagon secretion or insulin secretion is activated or inhibited.
Despite its relevance, some aspects of glucagon secretion and kinetics remain unclear. To
gain insight into this, we aimed to develop a mathematical model of the glucagon kinetics
during an oral glucose tolerance test, which is sufficiently simple to be used in the clinical
practice. The proposed model included two first-order differential equations -one
describing glucagon and the other describing C-peptide in a compartment remote from
plasma - and yielded a parameter of possible clinical relevance (i.e., Sgiucalt), glucagon-
inhibition sensitivity to glucose-induced insulin secretion). Model was validated on mean
glucagon data derived from the scientific literature, yielding values for Sg ycalt) ranging
from -15.03 to 2.75 (ng of glucagon-nmol of C-peptide™). A further validation on a total of
100 virtual subjects provided reliable results (mean residuals between -1.5 and 1.5 ng-L™")
and a negative significant linear correlation (r = -0.74, p < 0.0001, 95% CI: -0.82 — -0.64)
between S ucalt) and the ratio between the areas under the curve of suprabasal remote
C-peptide and glucagon. Model reliability was also proven by the ability to capture different
patterns in glucagon kinetics. In conclusion, the proposed model reliably reproduces
glucagon kinetics and is characterized by sufficient simplicity to be possibly used in the
clinical practice, for the estimation in the single individual of some glucagon-
related parameters.

Keywords: alpha-cell insulin sensitivity, glucagon secretion, glucose challenge, minimal model, parameter
estimation, glucose homeostasis
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INTRODUCTION

Glucagon is secreted from the pancreatic alpha cells and plays an
important role in the maintenance of glucose homeostasis. In
fact, glucagon and insulin interact to maintain euglycemia. The
plasma glucose levels determine whether glucagon secretion or
insulin secretion is activated or inhibited. Low plasma glucose
and related decrease in plasma insulin stimulates glucagon
secretion, which in turn promotes hepatic glucose production,
through gluconeogenesis and glycogenolysis, to normalize the
glucose levels (1-3). As reviewed in (4), regulation of glucagon
secretion is a complex phenomenon and involves endocrine/
paracrine mechanisms—the so-called “intra-islet interaction”
(5, 6)—as well as intrinsic mechanisms in the alpha cell related
to glucose sensing.

Glucagon also plays a role in the pathophysiology of type 2
diabetes (T2DM). Indeed, in patients with T2DM elevated
plasma glucagon levels have been observed in the fasting state,
and defective suppression of glucagon secretion exists in the
postprandial state, resulting in elevated plasma glucagon levels
(7), which have been shown to reflect an altered insulin
inhibition of alpha-cell glucagon exocytosis (8). Such kind of
alterations appears already at an early stage of T2DM
development. In fact, defective suppression has been also
found in impaired glucose tolerance (9). Moreover, increased
fasting glucagon and delayed glucagon suppression have been
shown to go along with insulin resistance in individuals with
normal and impaired glucose regulation (10). The interest for
the study of glucagon is also due to the reason that in patients
with diabetes suffering for severe hypoglycemic events the
administration of glucagon, by either injection or nasal intake,
is an important therapeutic option (11). However, despite
the relevance of glucagon in glucose metabolism and as
pharmacological agent in glucometabolic diseases, some
aspects of its secretion and kinetics remain unclear. To gain
insight into this, we aimed to develop a mathematical model,
with features adequate for possible use in the clinical settings.

A relatively large set of mathematical models were developed
with focus on glucagon secretion at cellular level (12-21). Other
models were developed for whole-body analyses, but they were
complex and with the inclusion of several parameters hard to
assess in the single individual, thus useful for simulation
purposes rather than for clinical applications (22, 23). Similar
considerations hold for studies where a glucagon model was
included as a block of a more general model of blood glucose
regulation, such as in studies (24, 25).

Studies presenting models analyzing glucagon kinetics for
possible clinical applications are rare. One study analyzed the
kinetics of glucagon administered exogenously (26), without
however accounting for the interplay with insulin or glucose;
another study performed similar analyses for the case of therapy
based on glucagon (plus insulin) infusion (27). Some other
studies developed models for the analysis of the glucagon
challenge test, which is however not widely used (28, 29). The

Abbreviations: OGTT, oral glucose tolerance test; T2DM, type 2 diabetes; IVGTT,
intravenous glucose tolerance test; SD, standard deviation; CI, confidence interval.

study (30) had purposes more similar to those of our study, but
the developed model analyzed glucagon kinetics during an
intravenous glucose tolerance test (IVGTT), or an insulin-
infusion test. To our knowledge, no study has been focused on
modeling the glucagon kinetics during an oral glucose tolerance
test (OGTT), despite the fact that OGTT has remarkable
advantages compared to the IVGTT (or other glucose
tolerance tests) in terms of simplicity, and hence applicability
in the clinical context.

The specific aim of this study was therefore to develop a
mathematical model of the glucagon kinetics during an OGTT,
which is sufficiently simple to be used in the clinical practice. For
the model development, we exploited glucagon data derived
from the study (31). In more details, our main aim was to
develop a “minimal model” allowing estimation of glucagon-
related parameters in single individuals, with specific interest for
one parameter with considerable potential for clinical
applications, i.e., the sensitivity to glucose-induced insulin
secretion of the glucagon inhibition. This may be denoted as
alpha-cell insulin sensitivity.

MATERIALS AND METHODS

Model Formulation

Model Equations

The proposed mathematical model of glucagon kinetics during
an OGTT is based on the hypothesis of the “intra-islet
interaction” (5, 6). This hypothesis assumes that inhibition of
glucagon secretion during an OGTT—which reflects at plasma
level in a suppression of plasma glucagon concentration—is
mainly determined by glucose-induced insulin secretion. To
model insulin secretion, plasma C-peptide concentration has
been exploited, since plasma C-peptide is the best marker of
insulin secretion at plasma level. In fact, C-peptide is co-secreted
with insulin by the beta cells but, differently from insulin, it is not
significantly affected by degradation operated by the liver.

The model (Figure 1) is composed by two compartments,
namely plasma glucagon compartment and remote (from
plasma) C-peptide compartment, described by the following
two ordinary differential equations:

dGluca(t
T() = —Kgruea - Gluca(t) = Sgruca(t)
ACP,
% Gluca(0)= Gluca, (1)

d. tell) _
%ﬂm(” = —Kcoreum * ACPopmore (1)
+(Cpplusma(t) - Cpb)

where Gluca(t) (ng-L’l) is the glucagon concentration in the plasma
compartment, Sgruca(t) (ng of glucagon-nmol of C-peptide"l) isa
time-varying parameter expressing glucagon-inhibition sensitivity
to glucose-induced insulin secretion during the test (i.e., alpha-cell
insulin sensitivity) and Kgruca (min™) represents the glucagon
elimination rate from plasma due to clearance operated by liver and

(2)
ACPremate(O) =0
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FIGURE 1 | Compartmental representation of the model. The model is
composed by two compartments, namely plasma glucagon compartment
and remote (from plasma) C-peptide compartment. Suprabasal C-peptide
concentration in the remote compartment [ACP,emote(t)], Used to model insulin
secretion, exerts a control action on the concentration of glucagon in the
plasma compartment [Gluca(t)] through the time-varying parameter Sg uca(t).
KaLuca represents the glucagon elimination rate from plasma whereas
Kacprewm is the C-peptide elimination rate from the remote compartment.
ACP,emotelt) represents a delayed version of suprabasal plasma C-peptide
concentration measured during the test (CPpjasmalt) - Cpy).

kidneys (32, 33); Gluca, represents the basal plasma glucagon
concentration measured during the test. ACP epore(t) (nmol-L) is
the suprabasal C-peptide concentration in a compartment remote
from plasma, which represents a delayed version of suprabasal
plasma C-peptide concentration measured during the test, CPpjasma
(t) (nmol-L), with Cpy, being its basal value; Kacprem (min™) is the
C-peptide elimination rate from the remote compartment. The
parameters to be estimated in the model in the single individual are:

Karuca Saruca(t), Kacprem-

Structural Identifiability Analysis

Structural (a priori) identifiability of the model was tested by
using DAISY (Differential Algebra for Identifiability of SYstems),
a software tool that performs structural identifiability analysis for
linear and nonlinear dynamic models described by polynomial
or rational ordinary differential equations with either known or
unknown initial conditions (34).

Model Implementation

All the steps for model implementation are outlined in
Supplementary Figure 1. Model has been implemented in
MATLAB® R2017b as a discrete-time system (considering 7
time points, equally spaced) and its response in terms of
glucagon and remote C-peptide concentrations has been
obtained using the Ititr built-in function. Model parameter
vector p = [Kgruca, Scruca(t), Kacprem] has been estimated
by solving, through the Isgnonlin function, the following
nonlinear least-squares curve fitting problem:

mpi"Hf(P)H 5 = mpin[RSS + Kgruca + w1 - Saruca “(1) + wy - (Sgruca(t)

<0)] 3

where the first term represents the residual sum of squares (being
the residuals the differences between model glucagon response
and glucagon curve measured during the OGTT), whereas all the
others are regularization terms added as constraints to provide
more information to the problem and facilitate practical
(a posteriori) identifiability. In particular, the second term has
been added on the consideration that, during the OGTT, the
main contribution to glucagon suppression is given by C-peptide
action and not by glucagon clearance, thus Kgryca has to be
small; the third and the last term, weighted through w; and w,,
have been added to limit Sgyca(t) rapid changes during the test
and the number of samples where Sgruca(t) becomes
negative, respectively.

The optimal values of w; and w, were selected by an iterative
procedure in which 100 possible combinations of values -
considering 10 different values for w; and 10 different values
for w,, randomly generated - were tested. A combination of
values for w; and w, was considered acceptable if it provided
mean residual values lower that 10%, otherwise was discarded.
Such threshold was chosen on the consideration of the
uncertainty on the glucagon measurements [10% in fact is a
suitable value for the inter- and intra-assay coefficient of
variation for glucagon (35)]. The optimal combination, among
all the combinations tested, was the one that provided the lowest
mean residual.

To find the global minimum among several possible local
minima, a total of 10 runs of the Isgnonlin local solver from
different starting point (randomly generated, between 0 and 1)
have been performed using the MultiStart algorithm (36), which
repeatedly runs the solver of the model starting from different
initial values of the parameters, to improve the possibility of
reaching the optimal solution.

The trust-region-reflective algorithm has been used by
Isgnonlin to solve the problem and the following lower and
upper bounds have been applied to the parameters: (0;1) for
Koruca and Kacprems (<003 +90) for Sgruca(t). Function and
step-size tolerances have been set to 10°°.

Kgruca and Kacprem estimates have been obtained
considering the two parameters as constant for the whole test
duration, whereas estimates have been obtained for Sgruca(t)
corresponding to the time samples where plasma glucagon and
C-peptide concentrations have been measured. For all model
parameters, the 95% ClIs for the parameter estimates have been
computed by using the nlparci function.

Model Validation

Reported Mean Experimental Data

Mean experimental data reported by Pepino et al. (31) have been
used to initially validate the model. The original study by Pepino
et al. (31), from which the mean data have been drawn, included a
total of seventeen non-diabetic subjects undergoing a 5-h 75-g
OGTT. Plasma C-peptide and glucagon concentrations at 2 min
before (considered as 0 min) and at 10, 20, 30, 60, 90, 120, 150, 180,
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240, and 300 min after glucose ingestion have been considered. As
indicated by Pepino et al. (31), plasma glucagon was measured by a
direct, double-antibody radioimmunoassay (Millipore).

Virtual Population Generation

Starting from mean and standard deviation (SD) values reported
by Pepino et al. (31), a total of 100 virtual subjects have been
generated using sort of Monte Carlo approach (37). Each virtual
subject is characterized by glucagon and C-peptide curves in
response to an OGTT, in which glucagon and C-peptide
concentrations at each time sample were randomly generated,
based on normal distributions with mean and SD values derived
by the study of Pepino et al. (31) (considering all samples within
the 95% confidence interval, CI). Furthermore, in order to obtain
curves that are physiologically plausible, some additional
constraints have been added [e.g., sign of the derivative
between two time samples equal to that of the reference
curves (31)].

Ability of the Model to Capture Different Patterns in
Glucagon Kinetics

The ability of the model to capture different patterns in glucagon
kinetics was tested on four characteristics mean glucagon curves
in response to a five-point 75g - OGTT reported by Gar et al.
(38), as representative of the four clusters identified in glucagon
curve shapes of individuals with different metabolic phenotypes
(i.e., normal glucose tolerance, prediabetes, type 2 diabetes). The
four clusters are characterized as follow: 1) Cluster 1 had high
mean fasting glucagon and delayed suppression; 2) Cluster 2 had
high mean fasting glucagon and rapid suppression; 3) Cluster 3
had low mean fasting glucagon and rapid suppression; 4) Cluster
4 had low mean fasting glucagon and a rising curve after glucose
ingestion. For each cluster, mean glucagon and C-peptide
concentrations measured at 0 min and at 30, 60, 90, 120 after
glucose ingestion have been considered. As indicated by Gar et al.
(38), plasma glucagon was measured with an ELISA (Glucagon
ELISA; Mercodia, Uppsala, Sweden; catalog no: 10-1271-01).

Sensitivity to OGTT Duration

In order to test sensitivity of the Sgryca(t) estimation to test duration,
in the 100 virtual subjects, the Sgruca(t) mediated on the full 5-h
OGTT has been compared to Sg;yca(t) mediated considering shorter
OGTTs (limiting the 5-h OGTT to 2-h and 3-h).

Calculations and Statistical Analysis

The Kolmogorov-Smirnov test was used to evaluate the hypothesis
that each variable had a normal distribution with unspecified
mean and variance. Values were reported as mean + SD.

Over the 100 virtual subjects, linear regression analysis has
been performed between mean Sgyyca(t) during the OGTT and
the ratio between the suprabasal area under the curve of remote
C-peptide (AUCacpremote) to the area of glucagon below the
basal condition (AUCguca); also, Pearson correlation coefficient
(r) has been reported. In the case of skewed distributions tests
were applied to the log-transformed values.

As regards the estimation of Sgruyca(t) according to the
different OGTT durations, comparisons have been performed

by means of a paired Student t-test in case of normally
distributed variables or Wilcoxon signed-rank test in case of
skewed distributed variables. The two-sided significance level
was set at 5% (p < 0.05).

RESULTS

Analysis of structural (a priori) identifiability provided that the
model was a priori identifiable (locally). Model validation on
mean experimental data reported by Pepino et al. (31) provided
the best fit shown in Figure 2 and the parameter estimates (with
related Cls) reported in Table 1. Trend of Sgryca(t) during the
whole OGTT is reported in Figure 3.

Glucagon and C-peptide curves in the 100 virtual subjects are
shown in Figure 4. Model validation on the virtual subjects
provided the mean best fit and the related residuals shown in
Figure 5. Distribution of values for Kgyca and Kacprem over
the virtual subjects is shown in Figure 6, whereas the Sgryca(t)
patterns are reported in Figure 7. A negative significant linear
correlation (r = -0.74, p < 0.0001, 95% CI: -0.82 - -0.64) has been
found between the log-transformed values of Sgruca(t) and
AUCxcpremote t0 AUCgc, ratio over the 100 virtual subjects.
Regression plot is reported in Figure 8. Regression line slope and
intercept was -0.6215 (95% CI: -0.7346 - -0.5084) and 0.2987
(95% CI: 0.2017-0.3956), respectively.

No significant difference has been found between average
Scruca(t) over the full 5-h OGTT and the 3-h OGTT (p = 0.08);
in contrast, average Sgruca(t) over the 2-h OGTT has been
found significantly different compared to that over the full 5-h
OGTT (p < 0.0001).

N ~ [0} ©
(@] o o o
1 | 1 )

Glucagon (ng-L™")

8)]
o
1

40 L I T T T © 1 L T T ™1
0 50 100 150 200 250 300 350
Time (min)

FIGURE 2 | Best-fit results for model validation on reference mean
experimental data by Pepino et al. (31). Grey squares are the reference
experimental values (mean + SD); red line is the model prediction.
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TABLE 1 | Values and 95% Cls for the estimates of Kg yca (min'1), Kacprem
(min™"), SaLucalt) (ng of glucagon-nmol of C-peptide’) on reference mean
experimental data by Pepino et al. (31).

Estimated parameter Value 95% CI
KeLuca 0.005 -0.002-0.013
Kacprem 0.155 0.119-0.191
SaLucat -15.03 -18.25 - -11.80
SaLucaz -0.11 -0.78-0.66
ScLucas -0.73 -1.23--0.22
SaLucas 2.34 2.17-2.60
SGLUCAs 1 53 1 30—1 75
SaLucas -0.58 -1.24-0.07
SaLuca? 1.62 0.42-2.81
SaLucas 2.75 2.13-3.37
SaLucae 2.51 1.88-3.14
ScLucato 1.07 0.22-1.93
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FIGURE 3 | SgLucalt) temporal estimates on reference mean experimental
data by Pepino et al. (31) (closed squares) and related Cls (dashed lines).

Mean glucagon and C-peptide concentrations for the four
clusters, used to assess the ability of the model to capture
different patterns in glucagon kinetics, are shown in Figure 9.
Best-fit results and Sgruca(t) patterns for the four clusters are
reported in Figure 10.

DISCUSSION

In this study, we developed a mathematical model of glucagon
kinetics during an OGTT, which is a test widely used in the
clinical practice for its simplicity, compared to other metabolic
tests. The specific characteristics of the model were including
parameters with clear physiological meaning and that can be
estimated in a single individual, the latter being a crucial feature
for potential applications in the clinical context.

Our mathematical model is based on the hypothesis that
inhibition of glucagon secretion during an OGTT is mainly
determined by glucose-induced insulin secretion due to an
intra-islet interaction (5, 6). This led to a simplified description
of glucagon regulation, thus disregarding other important

A
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Sl |
B0 -
éc’neo- \} f j,’
S N
N
90 %]
40 T T T T T T \
80__ 50 100 150 2(.)0 250 300 350
Time (min)
o
gw 70
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(o]
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o
=]
(O]
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40 T T T T T T 1
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Time (min)
54
B

o
|
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~
-"‘\-(-«_

o

0 5 100 150 200 250 300 350
Time (min)

C-peptide (nmol-L™)
N

0 50 100 150 200 250 300 350
Time (min)

FIGURE 4 | Glucagon (A) and C-peptide (B) curves in the 100 virtual
subjects (spaghetti plot). In the related inset plots, green continuous lines
represent the mean (+ SD) over the 100 curves; black dashed lines represent
mean (+ SD) taken from Pepino et al. (31), from which the virtual subjects
were derived.

regulation mechanisms, one of which is a possible direct effect
of glucose (i.e., not only mediated by insulin) (39). Moreover,
recent evidence supports the concept of the liver-alpha-cell axis,
in which hepatic amino acid metabolism and glucagon secretion
are linked in a feedback cycle (40, 41). There is also evidence for
insulin secretion being regulated by glucagon action via
glucagon-like peptide 1 (GLP-1) and glucagon receptors on
beta cells (42, 43). Possible regulators of insulin secretion, such
as GLP-1, have been considered in other models [also proposed
by us (44, 45)] but in the present model we considered insulin
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FIGURE 5 | Best-fit results for model validation on the 100 virtual subjects.
Green continuous line represents the mean (+ SD) over the 100 generated
curves; black continuous line represents the mean predicted glucagon curve.
Mean residuals over the 100 curves are displayed in the inset plot.

secretion as an input signal, regardless of how it has been
generated. This simplification, both in the input and in the
description of feedback mechanisms, was necessary to achieve
our aim to propose a “minimal model”, allowing estimation of
glucagon-related parameters in single individuals.

In the study of glucose metabolism, established methodologies
exist for the assessment of metabolic aspects of major relevance,
such as insulin sensitivity, insulin secretion and possible incretin-
based enhancement, and insulin clearance, as assessed for instance
in some of our previous OGTT-based studies (45-47). The model
of glucagon kinetics presented in this study will have the potential
to complement the information derived from an OGTT, provided
from the indicated established methodologies. Such new model
will add information related to the role of glucagon in maintaining
the glucose homeostasis, thus yielding to a more complete picture
of the glucometabolic condition of the subjects under study. To
our knowledge, this is the first study describing a mathematical
model of glucagon kinetics during an OGTT.

Our model of glucagon kinetics simply requires the measure
of plasma glucagon and C-peptide. It is based on two ordinary
differential equations, and it includes two parameters with
specific physiological meaning: the glucagon clearance from
plasma, Kgruyca, mainly due to liver and kidneys (32, 33), and
the sensitivity of the glucagon secretion from the pancreatic
alpha cells to the inhibitory effect of insulin, Sgryca(t). In short,
this can be named as sensitivity to glucose-induced insulin
secretion of the glucagon inhibition and can be denoted as
alpha-cell insulin sensitivity. This may parallel the concepts of
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FIGURE 6 | Distrioution of Kguca (A) and Kacpraw (B) over the 100 virtual subjects.

sensitivities of the beta cells, such as the established concept of
beta-cell glucose sensitivity (48), and the more recently proposed
beta-cell incretin sensitivity (49).

In addition to Sgryca(t), the model also includes one further
parameter, i.e., the clearance of C-peptide from a compartment
remote with respect to plasma. It should be acknowledged that
the physiological interpretation of this parameter may not be
possible, since such remote compartment cannot be defined
precisely. In fact, the concept of a compartment remote from
plasma is not new in mathematical models of glucose
metabolism, being used as an example in the well-known
original Minimal Model (for the assessment of insulin
sensitivity and glucose effectiveness from an IVGTT) (50), and
more recently in other models, such as our model for the
assessment of non-esterified fatty acids kinetics (51). However,
though it is sometimes believed that the compartment remote
from plasma may be identified in the interstitial fluid, this may
not be totally correct. Indeed, the remote compartment should be
seen as a mathematical trick, without strict physiological
meaning, which is useful to introduce a time delay between the
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FIGURE 7 | Sgucalt) estimates over the 100 virtual subjects (spaghetti plot).
Black continuous line represents the mean ( + SD) Sgucalt).
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FIGURE 8 | Linear regression analysis between Sgica(t) and the ratio
between the areas under the curve of the remote C-peptide and glucagon
(AUC acpremote/AUCGg1uca) OVer the 100 virtual subjects. Analysis has been
performed on the log-transformed values. Regression line equation is: y=
-0.6215-x+0.2987. This means that a change of 1 unit in log transformed
AUC rcpremote/AUCGIuca CaUSes a change of log transformed Sg ucalt) by
0.6215.

action of the input/forcing variable and the effect on the output
variable (i.e., C-peptide and glucagon, respectively, in the
presented model), for a better description of the system under
analysis. Therefore, Kacprem has precise physiological meaning
(clearance), but it is applied to a variable (remote C-peptide) that
is not clearly physiologically defined.
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FIGURE 9 | Glucagon (A) and C-peptide (B) curves in the four clusters of
patterns in glucagon kinetics, modified from Gar et al. (38).

In our approach, we hypothesized that the glucagon
inhibition during the OGTT is due to the action of the secreted
insulin, as suggested in several studies and summarized in some
reviews, such as (4). However, in the model we exploited plasma
C-peptide, rather than insulin. This is due to the reason that C-
peptide may be more accurate than insulin for the assessment of
insulin secretion, since they are secreted equimolarly, but the
former does not significantly undergo partial degradation from
the liver. Thus, we hypothesized that plasma C-peptide may be
more adequate than insulin as marker of insulin secretion, i.e., to
assess its inhibitory effect on glucagon. This appeared confirmed
by the data of the study (31). Indeed, in linear regression analysis
over the average data of the analyzed population in study (31), we
verified that C-peptide time samples were significantly inversely
related to those of glucagon, whereas those of insulin (as well as
those of glucose) were not. In addition, surprisingly, insulin
secretion values, as assessed in study (31) were similarly not
related to glucagon. This may be due to limitations in the method
used for insulin secretion assessment, and/or to the fact that we
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FIGURE 10 | Best-fit results (A) and Sgucalt) estimates (B) on the four
clusters of patterns in glucagon kinetics. Squares in panel (A) are the
reference experimental values; lines are the model predictions.

analyzed average curves, rather than individual curves that were
not available. Moreover, it should be acknowledged that insulin
may inhibit glucagon secretion by stimulation of somatostatin
secretion rather than through a direct effect on the alpha cells
(52). Nonetheless, above all, the reported findings suggest that
the choice of plasma C-peptide as marker of the insulin effect on
glucagon may be the most reasonable option: on one hand, not
requiring further mathematical modeling for the calculation (as it
is for insulin secretion assessment), and on the other hand
showing more strict relationship with glucagon compared to
both plasma insulin and insulin secretion.

In our model, sensitivity to insulin of glucagon inhibition was
defined as a time-variant parameter, Sgryca(t), differently to
glucagon and remote C-peptide clearance, Kgryca and
Kacprems respectively, which were assumed constant during the
OGTT. This choice was based on the consideration that
estimating an average clearance of glucagon (and of remote C-
peptide) during the OGTT is sufficient for our purposes, whereas
at contrast the sensitivity to insulin of glucagon inhibition has to

be assessed with higher accuracy, being the parameter of major
interest in our approach. Thus, Sgryca was defined as varying at
each time sample of the OGTT reported in the study (31). This
choice may arise questions about the identifiability of our model
parameters, which is a crucial issue for the possibility to estimate
the parameters in single individuals and hence for the potential
clinical applicability of the model. To this purpose, we first
performed a priori identifiability analysis. We found that, if the
model assumes constant Sy yca, absolute a priori identifiability is
obtained. If the model assumes the time variant Sgyyca, absolute
identifiability is lost, but still local identifiability is reached,
meaning that there is a finite number of solutions of the
minimization problem for the estimation of the parameters.
Moreover, to further reducing the uncertainty in parameters
estimation, we exploited the concept of regularization, that is,
the process of adding information for the solution of a possibly ill-
posed problem thus preventing overfitting (53), similarly to what
was done in previous studies (45, 48). Indeed, in the cost function
minimized by the nonlinear least-squares solver we included
further factors, in addition to the traditional sum of squares of
the difference between data and model prediction (fit). First, we
assumed that Sgryca(t) cannot undergo excessively rapid
variations, as this would be unphysiological: thus, in the cost
function we added a term to penalize the entity of Sgryca(t)
second-order derivatives. In addition, we assumed that Sg; yca(t)
should typically show positive values, though some negative values
are sometimes possible: thus, we included a term penalizing the
number of Sgryca(t) negative values. Furthermore, among the
regularization factors we included Kgryca. This means having
assumed that during the OGTT the clearance of glucagon is small,
based on the reasonable hypothesis that, during the test, the
sensitivity to insulin of glucagon inhibition has more influence
than glucagon clearance for glucagon disappearance. Of note, such
constraint explains the small values observed for Kgyyca. The
described regularization strategy allowed us to overcome the
problem of incomplete a priori identifiability, and to include
physiologically-based constraints for greater reliability and
improved meaning of the estimated model parameters
[especially with regard to Sgruca(t)].

Despite negative values of Sgryca(t) are penalized, they are
allowed in our model approach, this meaning that glucagon
inhibition by insulin may not be effective in some time periods.
This appears in fact clearly indicated by the inspection of average
curves of study (31). Indeed, such curves suggest that during an
OGTT glucagon may increase in some time periods, though
slightly, whereas C-peptide (as well as insulin) is not decreasing
as one would expect, thus indicating that in those periods the
relationship between insulin action and glucagon variations is
lost. A clear explanation for this phenomenon is still elusive, but
non-suppressed (increasing glucagon) during OGTT may
surprisingly be associated to even healthier metabolic
phenotype (less hepatic fat, higher insulin sensitivity)
according to some studies, such as (54).This may be also due
to reason that, despite insulin is often reported as the major
determinant of glucagon inhibition (4), other studies suggest a
possible direct effect of glucose (i.e., not only mediated by
insulin) (39), as well as several other factors (4, 39). It should
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also be observed that in different glucose tolerance tests, such as a
mixed meal test, the effect of such factors other than insulin may
be even more relevant. From this point of view our model,
accounting for possibly negative values of the sensitivity to
insulin of glucagon inhibition, appears adequate for future
model developments, also including other factors that may
influence glucagon inhibition (though adding further variables
may affect the clinical applicability, and hence should be
considered with caution).

Another aspect that we addressed in the model development is
the choice of the initial condition of the parameters to be estimated.
To this purpose, we exploited the MultiStart algorithm (36). We are
aware that other approaches may be possible such as genetic
algorithm strategy, as done in some of our previous studies (55-
57). In this study, we opted for the indicated approach, as it
appeared somehow simpler to implement. Similar problem was
the choice of the optimal weights of the regularization factors.
However, since for some technical difficulties it appeared hard to
exploit the MultiStart algorithm for such aspect as well, in this case
we simply randomly generated different values for the weights.

In our study, we also computed the 95% CI of the estimated
parameters [though for brevity we presented results only for the
case of the data derived from the study (31)]. We found that CI of
Kacprem did not include the zero value, probably due to its small
estimated values, whereas Kgryca did. As regards Sgruca(t),
during the OGTT the algorithm estimated six positive values and
four negative values. For the positive values, the CI did not
include zero, thus indicating the robustness of the positive value
estimations. For the negative values, two did not include zero as
well, whereas the other two included, this indicating that for
those two values the estimation was somehow uncertain. On the
other hand, it should be acknowledged that these findings are
related to average data, rather than actual individual human data,
and this may have an effect on CI calculation. In addition, as the
used method for CI calculation required the exploitation of the
Jacobian matrix provided by the solver, it cannot be excluded
that the tolerance in the matrix accuracy numeric (rather than
analytic) calculation may have an effect as well.

Our model proved to perform properly, as indicated by the
good fit for each virtual subject (considering the tolerance that
we assumed in relation to the accuracy and precision of plasma
glucagon measurement), and by the physiologically plausible
values of the estimated parameters, varying within a range
appearing reasonable, especially with reference to Sgryca(t). In
addition, it should be noted that, as expected, we found
significant relationship between mean Sgyyca(t) and mean C-
peptide to glucagon ratio, this further indicating reliability and
robustness of our model approach. Our model approach can also
be easily extended to the study of subjects characterized by
different metabolic phenotypes. In fact, the model was
successfully tested on characteristic OGTT curves as
representative of different clusters of glucagon kinetics (low or
high fasting glucagon; rapid or delayed suppression).

We also found interesting results regarding the model
performances in relation to different OGTT durations. Indeed,
data used in our study are related to a 5h-OGTT (31), which is
not usually performed in clinical settings. However, when testing

sensitivity of the Sgryca(t) estimation to OGTT duration, in the
population of virtual subjects our approach provided comparable
results with data limited to 3h-OGTT; in contrast, it appears that
the present approach cannot be extended to shorter OGTT (2h).
Analysis over 2 h limits glucagon kinetics only to the suppression
phase, thus neglecting the phase in which glucagon restores to
the basal conditions, thus it is not surprising that 2h-OGTT did
not provide results comparable to those of the 5-h OGTT.
Nonetheless, since our model is not constrained to work with a
specific OGTT duration, we tested it on five time-point 2h OGTT
curves, which have been identified by Gar et al. as representative
of different clusters of glucagon kinetics (38). As shown, our
model was able to reproduce all characteristic patterns observed
during the five time-point OGTT. Thus, if we aim to consider the
complete glucagon kinetics we have to resort to 3h-OGTT, but if
we are interested only to the suppression phase we can limit
analysis to 2h-OGT'T, and to five time-point only (i.e., the typical
2h-OGTT time samples: 0, 30, 60, 90, 120 min).

Comparison of our findings to those of previous studies is
difficult. As previously outlined, some mathematical models were
developed with the aim to investigate glucagon secretion at cellular
level (12-21), whereas other models, more similarly to ours, were
developed for whole-body analyses, but mainly for simulation
purposes rather than for clinical applications (22-25). Other
studies presented models of glucagon kinetics for possible
clinical applications, but they were focused on the analysis of
glucagon administered exogenously, or for the analysis of the not
common glucagon challenge test (26-29). The study having more
aspects in common with ours is that of Kelly et al. (30). In that
study, a comprehensive model of glucagon kinetics and dynamics
was developed for possible clinical applications, i.e., for possible
assessment of model parameters in individuals. That model has
merits in the details of the physiological phenomena analyzed. For
instance, the model allows to address aspects not analyzed in our
study, such as the ability of glucagon to promote hepatic glucose
production, sometimes denoted in study (30) as glucagon
sensitivity. However, that model, which is to some extent an
extension of the traditional Minimal Model (50), applies to
glucose tolerance tests other than the OGTT, such as the IVGTT
(consistently with the field of application of the Minimal Model).
In addition, both the model versions (based on nonlinear or linear
relationships between glucose, glucagon and insulin) are relatively
complex and including several parameters (five equations with 11
unknown parameters, and four equations with 10 unknown
parameters, for nonlinear and linear model versions,
respectively). Thus, doubts may arise whether all these
parameters are identifiable in a single individual. Of note,
analyses of model identifiability were not presented. As regards
the concept of sensitivity to insulin of glucagon inhibition, which is
the focus of our study, it has to be acknowledged that the study
(30) addresses the issue as well, though it does not appear the
aspect of major interest in the presented analyses. In fact, one
parameter similar our Sgryca(t) is presented, defined as the
maximum rate at which insulin suppresses glucagon secretion.
However, in study (30) the parameter is assumed constant, thus
not considering its possible variations during a test. In addition,
and most importantly, study (30) presents simulations where such
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parameter was varied in a given interval, whereas the estimation of
the parameter based on glucagon and insulin data is not reported,
and hence it was not proved that the model may allow estimation
of such parameter. Thus, to our knowledge our study is the first
showing the possibility to assess the sensitivity to insulin of
glucagon inhibition in single individuals, having proved the
feasibility of Sgruca(t) estimation with individual data curves.

In conclusion, we developed a model of glucagon kinetics
during the OGTT, with special interest for the sensitivity to
insulin of glucagon inhibition, denoted as alpha-cell insulin
sensitivity. Strength of our model is simplicity and the possibility
to estimate parameters with clear physiological meaning (i.e., the
parameters of glucagon kinetics) in a single individual, thus being
potentially adequate for use in clinical settings. Future
investigations may consider the option to introduce some model
improvements, including description of further factors possibly
affecting glucagon suppression during the OGTT, but paying
attention to avoid model approaches not adequate for possible
clinical applications. Another aspect for future studies will be the
assessment of the actual clinical relevance of our model approach,
by studying populations including subjects with different degree of
glucometabolic impairment.

REFERENCES

1. Cherrington AD, Liljenquist JE, Shulman GI, Williams PE, Lacy WW.
Importance of hypoglycemia-induced glucose production during isolated
glucagon deficiency. Am ] Physiol Metab (1979) 236:E263. doi: 10.1152/
ajpendo.1979.236.3.E263

2. Jiang G, Zhang BB. Glucagon and regulation of glucose metabolism. Am |
Physiol Metab (2003) 284:E671-8. doi: 10.1152/ajpendo.00492.2002

3. Senthil VPSI]. Physiology, Glucagon. StatPearls. Treasure Island (FL:
StatPearls Publishing (2020). Available at: https://www.ncbi.nlm.nih.gov/
books/NBK537082/.

4. Gromada J, Chabosseau P, Rutter GA. The o-cell in diabetes mellitus. Nat Rev
Endocrinol (2018) 14:694-704. doi: 10.1038/s41574-018-0097-y

5. Banarer S, McGregor VP, Cryer PE. Intraislet hyperinsulinemia prevents the
glucagon response to hypoglycemia despite an intact autonomic response.
Diabetes (2002) 51:958-65. doi: 10.2337/diabetes.51.4.958

6. Meier JJ, Kjems LL, Veldhuis JD, Lefebvre P, Butler PC. Postprandial
suppression of glucagon secretion depends on intact pulsatile insulin
secretion: further evidence for the intraislet insulin hypothesis. Diabetes
(2006) 55:1051-6. doi: 10.2337/diabetes.55.04.06.db05-1449

7. Dunning BE, Gerich JE. The role of alpha-cell dysregulation in fasting and
postprandial hyperglycemia in type 2 diabetes and therapeutic implications.
Endocr Rev (2007) 28:253-83. doi: 10.1210/er.2006-0026

8. Omar-Hmeadi M, Lund PE, Gandasi NR, Tengholm A, Barg S. Paracrine
control of a-cell glucagon exocytosis is compromised in human type-2
diabetes. Nat Commun (2020) 11:1-11. doi: 10.1038/s41467-020-15717-8

9. Ahrén B, Larsson H. Impaired glucose tolerance (IGT) is associated with
reduced insulin-induced suppression of glucagon concentrations.
Diabetologia (2001) 44:1998-2003. doi: 10.1007/s001250100003

10. Feerch K, Vistisen D, Pacini G, Torekov SS, Johansen NB, Witte DR, et al.
Insulin resistance is accompanied by increased fasting glucagon and delayed
glucagon suppression in individuals with normal and impaired glucose
regulation. Diabetes (2016) 65:3473-81. doi: 10.2337/db16-0240

11. Thieu VT, Mitchell BD, Varnado O], Frier BM. Treatment and prevention of
severe hypoglycaemia in people with diabetes: Current and new formulations
of glucagon. Diabetes Obes Metab (2020) 22:469-79. doi: 10.1111/dom.13941

12. Grubelnik V, Markovi¢ R, Lipovsek S, Leitinger G, Gosak M, Dolensek J, et al.
Modelling of dysregulated glucagon secretion in type 2 diabetes by

DATA AVAILABILITY STATEMENT

The datasets for this study include already published data and
virtually generated data. The virtually generated data are
available upon request to the corresponding author.

AUTHOR CONTRIBUTIONS

MM and AT conceived and designed the study. MM, and AT
analyzed and interpreted the data. LB, CG, BA, and GP validated
the analysis. MM and AT wrote the first draft of the manuscript.
LB, CG, and BA critically revised the manuscript. All authors
contributed to the article and approved the submitted version.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2021.
611147/full#supplementary-material

considering mitochondrial alterations in pancreatic o.-cells. R Soc Open Sci
(2020) 7:191171. doi: 10.1098/rs0s.191171

13. Grubelnik V, Zmazek J, Markovi¢ R, Gosak M, Marhl M. Modelling of energy-
driven switch for glucagon and insulin secretion. J Theor Biol (2020)
493:110213. doi: 10.1016/j.jtbi.2020.110213

14. Montefusco F, Cortese G, Pedersen MG. Heterogeneous alpha-cell population
modeling of glucose-induced inhibition of electrical activity. J Theor Biol
(2020) 485:110036. doi: 10.1016/j.jtbi.2019.110036

15. Edlund A, Pedersen MG, Lindgvist A, Wierup N, Flodstrém-Tullberg M,
Eliasson L. CFTR is involved in the regulation of glucagon secretion in human
and rodent alpha cells. Sci Rep (2017) 7:90. doi: 10.1038/s41598-017-00098-8

16. Pedersen MG, Ahlstedt I, El Hachmane MF, Gépel SO. Dapagliflozin stimulates
glucagon secretion at high glucose: experiments and mathematical simulations of
human A-cells. Sci Rep (2016) 6:31214. doi: 10.1038/srep31214

17. Briant L, Salehi A, Vergari E, Zhang Q, Rorsman P. Glucagon secretion from
pancreatic o-cells. Ups J Med Sci (2016) 121:113-9. doi: 10.3109/
03009734.2016.1156789

18. Watts M, Ha J, Kimchi O, Sherman A. Paracrine regulation of glucagon
secretion: the B/a/d model. Am ] Physiol Metab (2016) 310:E597-611.
doi: 10.1152/ajpendo.00415.2015

19. Montefusco F, Pedersen MG. Mathematical modelling of local calcium and
regulated exocytosis during inhibition and stimulation of glucagon secretion
from pancreatic alpha-cells. J Physiol (2015) 593:4519-30. doi: 10.1113/
JP270777

20. Watts M, Sherman A. Modeling the pancreatic o-cell: dual mechanisms of
glucose suppression of glucagon secretion. Biophys ] (2014) 106:741-51.
doi: 10.1016/j.bpj.2013.11.4504

21. Fridlyand LE, Philipson LH. A computational systems analysis of factors
regulating o cell glucagon secretion. Islets (2012) 4:262-83. doi: 10.4161/
is1.22193

22. Wendt SL, Ranjan A, Moller JK, Schmidt S, Knudsen CB, Holst JJ, et al. Cross-
validation of a glucose-insulin-glucagon pharmacodynamics model for
simulation using data from patients with type 1 diabetes. J Diabetes Sci
Technol (2017) 11:1101-11. doi: 10.1177/1932296817693254

23. Farhy LS, McCall AL. Models of glucagon secretion, their application to the
analysis of the defects in glucagon counterregulation and potential extension
to approximate glucagon action. J Diabetes Sci Technol (2010) 4:1345-56.
doi: 10.1177/193229681000400608

Frontiers in Endocrinology | www.frontiersin.org

March 2021 | Volume 12 | Article 611147


https://www.frontiersin.org/articles/10.3389/fendo.2021.611147/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.611147/full#supplementary-material
https://doi.org/10.1152/ajpendo.1979.236.3.E263
https://doi.org/10.1152/ajpendo.1979.236.3.E263
https://doi.org/10.1152/ajpendo.00492.2002
https://www.ncbi.nlm.nih.gov/books/NBK537082/
https://www.ncbi.nlm.nih.gov/books/NBK537082/
https://doi.org/10.1038/s41574-018-0097-y
https://doi.org/10.2337/diabetes.51.4.958
https://doi.org/10.2337/diabetes.55.04.06.db05-1449
https://doi.org/10.1210/er.2006-0026
https://doi.org/10.1038/s41467-020-15717-8
https://doi.org/10.1007/s001250100003
https://doi.org/10.2337/db16-0240
https://doi.org/10.1111/dom.13941
https://doi.org/10.1098/rsos.191171
https://doi.org/10.1016/j.jtbi.2020.110213
https://doi.org/10.1016/j.jtbi.2019.110036
https://doi.org/10.1038/s41598-017-00098-8
https://doi.org/10.1038/srep31214
https://doi.org/10.3109/03009734.2016.1156789
https://doi.org/10.3109/03009734.2016.1156789
https://doi.org/10.1152/ajpendo.00415.2015
https://doi.org/10.1113/JP270777
https://doi.org/10.1113/JP270777
https://doi.org/10.1016/j.bpj.2013.11.4504
https://doi.org/10.4161/isl.22193
https://doi.org/10.4161/isl.22193
https://doi.org/10.1177/1932296817693254
https://doi.org/10.1177/193229681000400608
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Morettini et al.

Glucagon Kinetics Model during OGTT

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Palumbo MC, Morettini M, Tieri P, Diele F, Sacchetti M, Castiglione F.
Personalizing physical exercise in a computational model of fuel homeostasis.
PloS Comput Biol (2018) 14:e1006073. doi: 10.1371/journal.pcbi.1006073
Vahidi O, Kwok KE, Gopaluni RB, Knop FK. A comprehensive compartmental
model of blood glucose regulation for healthy and type 2 diabetic subjects.
Med Biol Eng Comput (2016) 54:1383-98. doi: 10.1007/s11517-015-1406-4

Lv D, Breton MD, Farhy LS. Pharmacokinetics modeling of exogenous
glucagon in type 1 diabetes mellitus patients. Diabetes Technol Ther (2013)
15:935-41. doi: 10.1089/dia.2013.0150

Shirin A, Della Rossa F, Klickstein I, Russell J, Sorrentino F. Optimal
regulation of blood glucose level in Type I diabetes using insulin and
glucagon. PloS One (2019) 14:¢0213665. doi: 10.1371/journal.pone.0213665
Masroor S, van Dongen MGJ, Alvarez-Jimenez R, Burggraaf K, Peletier LA,
Peletier MA. Mathematical modeling of the glucagon challenge test.
] Pharmacokinet Pharmacodyn (2019) 46:553-64. doi: 10.1007/s10928-019-
09655-2

Mojto V, Rausova Z, Chrenova J, Dedik L. Short-term glucagon stimulation
test of C-peptide effect on glucose utilization in patients with type 1 diabetes
mellitus. Med Biol Eng Comput (2015) 53:1361-9. doi: 10.1007/s11517-015-
1416-2

Kelly RA, Fitches MJ, Webb SD, Pop SR, Chidlow SJ. Modelling the effects of
glucagon during glucose tolerance testing. Theor Biol Med Model (2019) 16:21.
doi: 10.1186/s12976-019-0115-3

Pepino MY, Tiemann CD, Patterson BW, Wice BM, Klein S. Sucralose affects
glycemic and hormonal responses to an oral glucose load. Diabetes Care
(2013) 36:2530-5. doi: 10.2337/dc12-2221

Herold KC, Jaspan JB. Hepatic glucagon clearance during insulin induced
hypoglycemia. Horm Metab Res (1986) 18:431-5. doi: 10.1055/s-2007-
1012339

Assan R, Tchobroutsky G, Derot M. Intervention of kidney and liver in
glucagon catabolism and clearance from plasma. Acta Isot (Padova) (1970)
10:285-94.

Bellu G, Saccomani MP, Audoly S, D’Angio L. DAISY: A new software tool to
test global identifiability of biological and physiological systems. Comput
Methods Prog BioMed (2007) 88:52-61. doi: 10.1016/j.cmpb.2007.07.002
MERCK. GLUCAGON RIA KIT . Available at: https://www.merckmillipore.com/
IT/it/product/Glucagon-RIA,MM_NF-GL-32K (Accessed August 7, 2020).
Ugray Z, Lasdon L, Plummer J, Glover F, Kelly J, Marti R. Scatter Search and
Local NLP Solvers: A Multistart Framework for Global Optimization.
INFORMS ] Comput (2007) 19:328-40. doi: 10.1287/ijoc.1060.0175

Bekisz S, Holder-Pearson L, Chase JG, Desaive T. In silico validation of a new
model-based oral-subcutaneous insulin sensitivity testing through Monte
Carlo sensitivity analyses. BioMed Signal Process Control (2020) 61:102030.
doi: 10.1016/j.bspc.2020.102030

Gar C, Rottenkolber M, Sacco V, Moschko S, Banning F, Hesse N, et al.
Patterns of plasma glucagon dynamics do not match metabolic phenotypes in
young women. J Clin Endocrinol Metab (2018) 103:972-82. doi: 10.1210/
jc.2017-02014

Yu Q, Shuai H, Ahooghalandari P, Gylfe E, Tengholm A. Glucose controls
glucagon secretion by directly modulating cAMP in alpha cells. Diabetologia
(2019) 62:1212-24. doi: 10.1007/s00125-019-4857-6

Knop FK. EJE PRIZE 2018: A gut feeling about glucagon. Eur ] Endocrinol
(2018) 178:R267-80. doi: 10.1530/EJE-18-0197

Wewer Albrechtsen NJ, Ferch K, Jensen TM, Witte DR, Pedersen J,
Mahendran Y, et al. Evidence of a liver-alpha cell axis in humans: hepatic
insulin resistance attenuates relationship between fasting plasma glucagon
and glucagonotropic amino acids. Diabetologia (2018) 61:671-80.
doi: 10.1007/s00125-017-4535-5

Sandoval D. Updating the Role of a-Cell Preproglucagon products on GLP-1
receptor-mediated insulin secretion. Diabetes (2020) 69:2238-45.
doi: 10.2337/dbi19-0027

Ahreén B, Yamada Y, Seino Y. The mediation by GLP-1 receptors of glucagon-
induced insulin secretion revisited in GLP-1 receptor knockout mice. Peptides
(2021) 135:170434. doi: 10.1016/j.peptides.2020.170434

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Burattini R, Morettini M. Identification of an integrated mathematical model
of standard oral glucose tolerance test for characterization of insulin
potentiation in health. Comput Methods Prog BioMed (2012) 107:248-61.
doi: 10.1016/j.cmpb.2011.07.002

Tura A, Muscelli E, Gastaldelli A, Ferrannini E, Mari A. Altered pattern of the
incretin effect as assessed by modelling in individuals with glucose tolerance
ranging from normal to diabetic. Diabetologia (2014) 57:1199-203.
doi: 10.1007/s00125-014-3219-7

Tura A, Chemello G, Szendroedi J, Gébl C, Farch K, Vrbikova J, et al.
Prediction of clamp-derived insulin sensitivity from the oral glucose insulin
sensitivity index. Diabetologia (2018) 61:1135-41. doi: 10.1007/s00125-018-
4568-4

Tura A, Gobl C, Morettini M, Burattini L, Kautzky-Willer A, Pacini G.
Insulin clearance is altered in women with a history of gestational diabetes
progressing to type 2 diabetes. Nutr Metab Cardiovasc Dis (2020) 30:1272-80.
doi: 10.1016/j.numecd.2020.04.004

Mari A, Tura A, Gastaldelli A, Ferrannini E. Assessing Insulin Secretion by
Modeling in Multiple-Meal Tests: Role of Potentiation. Diabetes (2002) 51:
$221-6. doi: 10.2337/diabetes.51.2007.5221

Tura A, Bagger JI, Ferrannini E, Holst JJ, Knop FK, Vilsbell T, et al. Impaired
beta cell sensitivity to incretins in type 2 diabetes is insufficiently compensated
by higher incretin response. Nutr Metab Cardiovasc Dis (2017) 27:1123-9.
doi: 10.1016/j.numecd.2017.10.006

Pacini G, Bergman RN. MINMOD: a computer program to calculate insulin
sensitivity and pancreatic responsivity from the frequently sampled
intravenous glucose tolerance test. Comput Methods Prog BioMed (1986)
23:113-22. doi: 10.1016/0169-2607(86)90106-9

Tura A, Pacini G, Winhofer Y, Bozkurt L, Di Benedetto G, Morbiducci U,
et al. Non-esterified fatty acid dynamics during oral glucose tolerance test in
women with former gestational diabetes. Diabetes Med (2012) 29:351-8.
doi: 10.1111/j.1464-5491.2011.03477.x

Vergari E, Knudsen JG, Ramracheya R, Salehi A, Zhang Q, Adam J, et al.
Insulin inhibits glucagon release by SGLT2-induced stimulation of
somatostatin secretion. Nat Commun (2019) 10:1-11. doi: 10.1038/s41467-
018-08193-8

Lopez CDC, Barz T, Korkel S, Wozny G. Nonlinear ill-posed problem analysis
in model-based parameter estimation and experimental design. Comput Chem
Eng (2015) 77:24-42. doi: 10.1016/j.compchemeng.2015.03.002

Wagner R, Hakaste LH, Ahlqvist E, Heni M, Machann J, Schick F, et al.
Nonsuppressed glucagon after glucose challenge as a potential predictor for
glucose tolerance. Diabetes (2017) 66:1373-9. doi: 10.2337/db16-0354
Morbiducci U, Di Benedetto G, Kautzky-Willer A, Deriu MA, Pacini G, Tura
A. Identification of a model of non-esterified fatty acids dynamics through
genetic algorithms: The case of women with a history of gestational diabetes.
Comput Biol Med (2011) 41:146-53. doi: 10.1016/j.compbiomed.2011.01.004
Morbiducci U, Di Benedetto G, Kautzky-Willer A, Pacini G, Tura A.
Improved usability of the minimal model of insulin sensitivity based on an
automated approach and genetic algorithms for parameter estimation. Clin
Sci (2007) 112:257-63. doi: 10.1042/CS20060203

Morbiducci U, Tura A, Grigioni M. Genetic algorithms for parameter
estimation in mathematical modeling of glucose metabolism. Comput Biol
Med (2005) 35:862-74. doi: 10.1016/j.compbiomed.2004.07.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Morettini, Burattini, Gobl, Pacini, Ahrén and Tura. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Endocrinology | www.frontiersin.org

March 2021 | Volume 12 | Article 611147


https://doi.org/10.1371/journal.pcbi.1006073
https://doi.org/10.1007/s11517-015-1406-4
https://doi.org/10.1089/dia.2013.0150
https://doi.org/10.1371/journal.pone.0213665
https://doi.org/10.1007/s10928-019-09655-2
https://doi.org/10.1007/s10928-019-09655-2
https://doi.org/10.1007/s11517-015-1416-2
https://doi.org/10.1007/s11517-015-1416-2
https://doi.org/10.1186/s12976-019-0115-3
https://doi.org/10.2337/dc12-2221
https://doi.org/10.1055/s-2007-1012339
https://doi.org/10.1055/s-2007-1012339
https://doi.org/10.1016/j.cmpb.2007.07.002
https://www.merckmillipore.com/IT/it/product/Glucagon-RIA,MM_NF-GL-32K
https://www.merckmillipore.com/IT/it/product/Glucagon-RIA,MM_NF-GL-32K
https://doi.org/10.1287/ijoc.1060.0175
https://doi.org/10.1016/j.bspc.2020.102030
https://doi.org/10.1210/jc.2017-02014
https://doi.org/10.1210/jc.2017-02014
https://doi.org/10.1007/s00125-019-4857-6
https://doi.org/10.1530/EJE-18-0197
https://doi.org/10.1007/s00125-017-4535-5
https://doi.org/10.2337/dbi19-0027
https://doi.org/10.1016/j.peptides.2020.170434
https://doi.org/10.1016/j.cmpb.2011.07.002
https://doi.org/10.1007/s00125-014-3219-7
https://doi.org/10.1007/s00125-018-4568-4
https://doi.org/10.1007/s00125-018-4568-4
https://doi.org/10.1016/j.numecd.2020.04.004
https://doi.org/10.2337/diabetes.51.2007.S221
https://doi.org/10.1016/j.numecd.2017.10.006
https://doi.org/10.1016/0169-2607(86)90106-9
https://doi.org/10.1111/j.1464-5491.2011.03477.x
https://doi.org/10.1038/s41467-018-08193-8
https://doi.org/10.1038/s41467-018-08193-8
https://doi.org/10.1016/j.compchemeng.2015.03.002
https://doi.org/10.2337/db16-0354
https://doi.org/10.1016/j.compbiomed.2011.01.004
https://doi.org/10.1042/CS20060203
https://doi.org/10.1016/j.compbiomed.2004.07.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Mathematical Model of Glucagon Kinetics for the Assessment of Insulin-Mediated Glucagon Inhibition During an Oral Glucose Tolerance Test
	Introduction
	Materials and Methods
	Model Formulation
	Model Equations
	Structural Identifiability Analysis

	Model Implementation
	Model Validation
	Reported Mean Experimental Data
	Virtual Population Generation
	Ability of the Model to Capture Different Patterns in Glucagon Kinetics
	Sensitivity to OGTT Duration

	Calculations and Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


