
ARTÍCULO DE INVESTIGACIÓN

Vol. 35, No. 2, Agosto 2014, pp. 157-170

Effects of Impaired ATP Production and Glucose Sensitivity
on Human β-Cell Function: A Simulation Study

G.J. Félix-Martínez ∗

J. Azpiroz-Leehan ∗

R. Ávila-Pozos ∗∗

J.R. Godínez Fernández ∗

∗ Departamento de
Ingeniería Eléctrica

Universidad Autónoma
Metropolitana Unidad

Iztapalapa
∗∗ Área Académica de
Matemáticas y Física

Universidad Autónoma del
Estado de Hidalgo

ABSTRACT
In this paper we used a mathematical model to explore the effects
of impaired ATP production and glucose sensitivity on the electrical
response and insulin secretion of human β-cells. The model was
extended by the addition of explicit empirical equations that describe
recent experimental observations, namely, the increase of ATP as
a function of glucose concentration and the oscillations in ATP at
high glucose levels. Simulations were performed at selected glucose
concentrations from an oral glucose tolerance test in normal subjects to
evaluate the response of the human β-cell in normal and pathological
scenarios. Our simulations reproduced experimental observations, such
as the impaired insulin secretion as a consequence of β-cell dysfunction
and restoration of electrical activity by the use of a sulfonylurea. Our
results suggest that both reduced glucose sensitivity and impaired ATP
production could be related to the pathogenesis of type 2 diabetes.

Keywords: action potentials, β-cell, diabetes, insulin, OGTT,
calcium, ATP.
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RESUMEN
En este artículo usamos un modelo matemático para explorar los efectos
de alteraciones en la producción de ATP y sensibilidad a la glucosa en
la respuesta eléctrica y la secreción de insulina en células β humanas.
El modelo fue extendido al añadir ecuaciones empíricas explícitas que
describen recientes observaciones experimentales, como el incremento en
el ATP como función de la concentración de glucosa y las oscilaciones en
el ATP a altos niveles de glucosa. Se realizaron simulaciones a niveles
de glucosa alcanzados durante una prueba de tolerancia a la glucosa
para evaluar la respuesta de la célula β humana en escenarios normales
y patológicos. Nuestras simulaciones reprodujeron varias observaciones
experimentales, tales como la secreción de insulina alterada como
consecuencia de la disfunción de la célula β y la restauración de
la actividad eléctrica al aplicar una sulfonilurea. Nuestros resultados
sugieren que tanto una reducción en la sensibilidad a la glucosa como
la alteración en la producción de ATP podrían estar relacionadas a la
patogénesis de la diabetes tipo 2.

Palabras clave: potenciales de acción, célula β, diabetes, insulina,
OGTT, calcio, ATP.

INTRODUCTION

Insulin is the only hormone capable of lowering
blood glucose levels. At the systemic level,
insulin inhibits the release of glucose from kidney
and liver, facilitates glucose uptake in muscle and
adipose tissue, and promotes the formation of
glycogen in the liver[1]. Insulin is secreted by
the pancreatic β-cells, located in the islets of
Langerhans, where the glucagon-, somatostatin-,
and pancreatic polypeptide-producing cells (α,
δ and PP cells respectively) are also located[2].
Under normal conditions, insulin is secreted
from the pancreatic β-cells by means of
a well-established process known as glucose-
stimulated insulin secretion (GSIS) or KATP

dependent pathway: An increase in the external
glucose concentration stimulates metabolism
of β-cells, leading to ATP production and
the closure of ATP-sensitive K+ (KATP )
channels. The resulting depolarization promotes
the onset of electrical activity, allowing the
influx of calcium ions (Ca2+) through voltage-
dependent Ca2+ channels, which eventually
triggers insulin secretion (Fig. 1). It is known

that GSIS is potentiated by the activation
of both a neurohormonal (external) and
metabolic (intrinsic) amplifying pathways[3].
The former involves the regulatory effects of
hormones and neurotransmitters on insulin
secretion, e.g. incretins, hormones secreted by
the gastrointestinal tract that amplify the
insulin response especially during oral glucose
stimulation. On the other hand, the mechanisms
involved in the metabolic amplifying pathway
remain elusive, though it is known that a Ca2+-
independent effect of glucose on insulin secretion
is involved. Furthermore, cell-cell interactions
also participate in the regulation of insulin
secretion, via paracrine interactions between
the β, α, δ and PP-cells within the islets of
Langerhans[4] and the direct coupling of β-cells
through gap-junctions[5].

Proper functioning of β-cells is essential for
glucose homeostasis, since alterations in β-cells
are highly related to impaired fasting glucose
(IFG) and/or impaired glucose tolerance (IGT),
which eventually progress to type 2 diabetes
(T2D)[7], a disease characterized by insulin
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resistance and β-cell dysfunction. At the cellular
level, several factors could impair the adequate
secretion of insulin. For example, mutations in
ionic channels from human β-cell have been
associated to a higher diabetes risk [9,10]. Other
authors have demonstrated that a defective β-
cell sensitivity and impaired metabolism could
result in hyperglycemia and eventually T2D[12].

Regulation of insulin secretion has
been studied extensively in rodents both
experimentally and theoretically. As a
complement to experimental work, mathematical
models have contributed to the knowledge of
β-cell physiology (reviewed in [14]). However,
several important differences between human
and rodent β-cells have been reported. For
example, some ion channels expressed in humans
are different compared to those expressed in
rodents[6,10,15,16]. It is thought that these
differences are responsible for the variations in
the electrical behavior and secretory response.
Mathematical models for human β-cells have
been developed recently[6,17], aiming to analyze
the mechanisms involved in the regulation of
insulin secretion.

The oral glucose tolerance test (OGTT) is
commonly used to assess the possible defects in
β-cell function in terms of glucose sensitivity and
insulin secretion [7,12,18]. In this paper we use
a mathematical model and data from an OGTT
in normal subjects to explore the possible causes
of β-cell dysfunction in humans, one of the key
aspects leading to T2D.

METHODS

Model of the human pancreatic β-cell

The model developed by Fridlyand, Jacobson
and Philipson[6] was selected in this study
to describe the electrical activity of human
β-cells. The model was designed to evaluate
the role of ionic channels in the regulation
of the firing of action potentials (APs),
Ca2+ dynamics and insulin secretion. Plasma
membrane ion transport comprised ten ion
channels (L,T and P/Q-type Ca2+ currents,
voltage-gated and background Na+ currents,
delayed rectifier K+ current, SK and BK Ca2+-

Fig. 1. Schematic diagram of the model of
Fridlyand, Jacobson and Philipson [6]. The
model structure composed 10 ion channels:
Type L, T, and P Ca2+ current (ICaL, ICaT,
ICaP), voltage-gated Na+ current (INa), Na+

background current (INab), delayed rectifier K+

current (IKDr), ERG K+ current (IKhe), ATP-
sensitive K+ current (IKATP ), Ca2+ and high
voltage K+ current (IKCaB), Ca2+-activated
K+ current (IKCa). The plasma membrane
Ca2+-ATPase is represented by IPCa. Glucose-
dependent ATP production is described by Eq.
1 and 2. Adapted from ref. [6].

dependent K+ currents, ERG K+ current,
ATP-sensitive K+ current) and one transporter
(plasma membrane Ca2+-ATPase). The model is
shown schematically in Fig. 1.

In the original model, the relation between
glucose and nucleotides concentrations was not
considered. Instead, an increase in glucose
was simulated by arbitrarily reducing the
concentration of ADP, thus regulating the
conductance of the KATP channels.

Moreover, the affinity and inhibition
constants used in the original model are based on
previous models of rodent β-cells[19]. In contrast,
we extended the model by deriving empirical
equations from experimental observations of the
production of ATP as a function of glucose
concentration in human β-cells (see below) [13].
To our knowledge, the KATP channels expressed
in the human β-cell have not been characterized
in terms of the affinity and inhibition constants
for ADP, ATP and MgADP. Values for these
parameters were estimated in order to reproduce
the known electrical behavior of the human β-
cell (i.e. the glucose threshold at which firing
of APs has been detected), while maintaining
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Table 1. Modified and added
parameters

Parameter Value
Kdd 78 µM
Ktd 100 µM
Ktt 16.7 µM
NT 6500 µM

ATP0 3500 µM

the other known parameters (nucleotide total
concentration and ATP basal concentration)
fixed at the reported values. In addition, in our
simulations the amount of MgADP was slightly
reduced to 0.4ADP (0.55 ADP in the original
model). Estimated and added parameters are
shown in Table 1. Besides these changes, all the
other parameters and formulations of the original
model were adopted without modifications.

It is important to mention that both in
the original and the modified model, the
mechanism of insulin secretion was modeled in
a minimal manner. It is known that insulin
granules are distributed in distinct pools in
the intracellular space, and that in response
to a Ca2+ signal, granules are mobilized in
order to be docked and fused with the cell
membrane where the SNARE proteins (soluble
N-ethylmaleimide-sensitive factor attachment
protein receptor) play a key role[20]. In mouse
β-cells, it was demonstrated that the exocytotic
sites are closely associated with the Ca2+

ionic channels[21]. Surprisingly, similar studies
in human β-cells have not been performed.
However, it is reasonable to hypothesize that a
similar distribution is present in the human β-
cell. Recently Braun et al.[16] described the role
of the Ca2+ channels in the secretory response
of the human β-cell. The minimal model used in
this work correctly takes into account the role of
Ca2+ channels and cytosolic Ca2+ concentration
in the exocytosis of insulin, though the details
of the molecular machinery involved in the
mobilization of insulin granules and the fusion
with the cell membrane were not considered.

Glucose-induced ATP dynamics

ATP links changes in glucose metabolism to
electrical activity in β-cells via the influence of
ATP in the conductance of the KATP channels[8].
Early studies in human β-cells reported a
glucose-dependent increase in the ATP/ADP
ratio[11] which is consistent with recent
experimental observations[13] that showed the
relationship between glucose concentration ([G])
and the increase of sub-membrane ATP (∆ATP).
This relationship was fitted to a Hill function
with a half-maximal effect (K∆ATP ) of 5.2 mM,
as reported in ref. [13]. The best fit was obtained
with a Hill exponent of 5:

∆ATP = 0.59 [G]5

[G]5 +K5
∆ATP

[mM ] (1)

Both the experimental data and the fitted Hill
function are shown in Fig. 2A. A basal ATP
concentration (ATP0) of 3.5 mM and a total
nucleotide concentration (NT ) of 6.5 mM were
assumed in accordance with the ranges reported
in other studies[19].

According to experimental observations
in human β-cells, high glucose ([G] >
9mM) produce oscillations in ATP, while at
low glucose, oscillations were only observed
occasionally[13,22]. The glucose-dependent ATP
and ADP concentrations were calculated as:

ATP = kP (ATP0(1 + ∆ATP ) +AATP sin(ft))
(2)

ADP = NT −ATP (3)

For low and intermediate glucose ([G] < 9mM),
we assumed the frequency of oscillations f = 0
in Eq. 2 (non-oscillatory ATP). For high glucose,
Li et al. [13] reported periods of oscillation (T )
of 330, 296 and 180 seconds at 9, 11 and 20 mM
[G] respectively, with an approximate constant
amplitude (AATP ). An amplitude of 12% of the
basal ATP concentration was estimated from the
data reported by Ainscow et al.[22] and Li et
al.[13] (AATP = 0.12ATP0).

For the high glucose scenarios, the frequency
of oscillations (f in Eq. 2) was calculated as
f = 2π/T . The parameter kp is a scaling factor
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Fig. 2. A. Glucose-dependent increases of sub-
membrane ATP measured experimentally by Li
et al.[13] Data were fitted (dashed line) by a Hill
equation (Eq. 1). B. Resulting nucleotides (ATP
and ADP) assuming a basal ATP concentration
of 3.5 mM and a total nucleotide concentration
of 6.5 mM [19]. C. Average glucose measured
during an oral glucose tolerance test (data from
ref. [23]). Input glucose levels for the model are
shown (arrows). At t= 0, 15, 45 and 240 minutes,
the corresponding glucose levels are 3.97, 5.35,
6.48 and 3.29 mM.

used to simulate an impaired ATP production.
The resultant glucose-dependent nucleotides
concentrations (ATP0 + ∆ATP) are shown in
Fig. 2B. For high glucose concentrations ([G] >
9mM), oscillations generated by the second term
of Eq. 2 are added to the values of ATP shown
in Fig. 2B.

Oral Glucose Tolerance Test (OGTT)

The model was tested in selected glucose
concentrations achieved during an oral glucose
tolerance test (OGTT). Data from Ganda et
al.[23] consisting in two OGTTs in 26 normal
subjects were used to estimate the glucose
concentrations (Fig. 2C). All simulations at
selected glucose levels were performed in steady
state ([G] constant).

Simulating β-cell dysfunction

Impaired glucose sensitivity was simulated by
shifting the half-maximal concentration of the
curve of ATP production (K∆ATP , Eq. 1) to
higher levels of glucose (see Fig. 5). On the
other hand, a defective ATP production was
simulated by decreasing the scaling factor kp in
Eq. 2. Values used for K∆ATP and kp are given
in the figure captions. The normal physiological
conditions are given by K∆ATP = 5.25 mM[13]
and kp = 1 (normal production of ATP).

Numerical methods

Numerical simulations were performed in
Matlab, Version 2011b (MathWorks, Natick,
MA). The 4th order Runge-Kutta method was
used to solve the system of ordinary differential
equations.

RESULTS

Onset of electrical activity

Simulations at low glucose concentrations are
shown in Fig. 3. For 2 mM G, the β-cell remains
electrically silent at a membrane potential of -
64 mV, while [Ca2+] and insulin secretion (IS)
are maintained at basal levels. As glucose is
increased to 3 mM, low amplitude oscillations
in Vm and [Ca2+] become apparent, with no
noticeable effect on IS. Above the critical value
of 3.5 mM G, low frequency action potentials
emerged after a short delay, ranging from -70
to 10 mV. Changes of [Ca2+] are shown in Fig.
3C. As expected, [Ca2+] oscillates in synchrony
with the changes in membrane potential, given
that calcium entry depends on the activity of
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Fig. 3. Onset of the electrical activity.
Simulations of A. Membrane potential (Vm),
B. Insulin secretion (IS) and C. Intracellular
Ca2+ concentration ([Ca2+]). Glucose changes
are shown at the top of the figure.

the voltage-gated Ca2+ channels. Low amplitude
oscillations of [Ca2+] were incapable of triggering
insulin secretion at 3mM G. When proper
electrical activity occurred (∼3.5 mM G), each
action potential produced a greater increase in
[Ca2+], which in turn triggered IS. Henquin et
al.[24] reported a glucose threshold between ∼3-
4 mM for initiation of secretion in humans.

The onset of electrical activity results from
the increased production of ATP at expenses
of ADP as glucose levels rise, promoting
the inhibition of KATP channels, membrane
depolarization and activation of the voltage-
dependent channels responsible for the upstroke
of the APs. A threshold ATP concentration of
3.74 mM was needed to trigger electrical activity.

Electrical response of human β-cell
during an OGTT

Selected input glucose levels from the OGTT
curve and the corresponding ATP values
are displayed in Fig. 2C. Average glucose
levels during an OGTT in normal subjects
range from ∼3.2mM to ∼6.5 mM[23]. At low
and intermediate glucose concentrations ATP
remains approximately constant [13]. Eq. 2
was used to calculate the ATP level, resulting
in a constant glucose-dependent increase from
basal ATP (Fig. 2B). Steady state simulations
were performed for each input glucose both for
physiological and altered conditions (Fig. 4).

In normal physiological conditions (kp= 1,
Fig. 4A), as glucose was increased from 3.97
mM to the maximal level of 6.48 mM ([G]
at t = 0 and t = 30 min during an OGTT
respectively), APs showed a higher frequency,
reflected in the oscillations of IS, which is
always in synchrony with the electrical activity
and the changes of [Ca2+]. The amplitude of
the APs remained approximately constant (not
shown). Once glucose was decreased to the
minimum value of ∼3.29 mM ([G] after 240
min during an OGTT), insulin secretion ceased
as a consequence of the repolarization of the
membrane to the resting potential.

Effects of impaired production of ATP on
the electrical activity of human β-cell

Impaired production of ATP was simulated by
reducing ATP by a certain percentage from the
calculated value (kp = 0.85, 0.74, 0.68 in Eq.
2). Reducing ATP by 15% completely inhibited
electrical activity and insulin secretion at 3.97
mM G (Fig.4A, kp = 0.85). The same results
were obtained when basal ATP level was reduced
by the same amount (not shown). Increasing
glucose to 5.35 and 6.48 mM restored secretion,
though a reduced level was observed with respect
to the normal case. These results suggest that a
defective production of ATP or a reduced basal
ATP concentration could result in an impaired
insulin secretion, one of the key characteristics
of T2D. At the highest glucose level during an
OGTT (6.48mM), reducing ATP by 26% (kp =
0.74) completely inhibited electrical activity and
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Fig. 4. Steady state simulation of the secretory
response at the selected glucose levels from the
OGTT. Impaired ATP production is specified
as the percentage from the normal value (100%
ATP, kp = 1). A. Normal secretory response
(100% ATP, kp = 1). Impaired ATP production
(kp = 0.85, 85%ATP). Changes of glucose are
shown at the top of the figure. B. Secretory
response at the peak glucose value during an
OGTT (6.48 mM). Impaired ATP is shown
as in A. The vertical dashed line indicates
the addition of the sulfonylurea. C. Electrical
activity corresponding to the secretory response
of the case of impaired ATP production (74%
ATP, kp = 0.74) showed in B.

insulin secretion (Fig. 4B). This pathological
state was reverted by the action of a sulfonylurea,
simulated by reducing the maximal conductance
of the KATP channels (gKAT P

, Fig. 4B and C).

Both decreased (kp = 0.85) and full inhibited
secretion (kp = 0.74) were reverted to normal
levels by reducing gKAT P

by 20 and 33%
respectively from the normal value of 45nS[6]. In
Fig. 4C the restoration of the electrical activity
for the case of a reduction of 26% in ATP (kp =
0.74) is shown. Stimulation of insulin secretion
by tolbutamide, a commonly used sulfonylurea,
has been demonstrated experimentally in
human β-cells[25]. Our simulations satisfactorily
reproduce these observations.

Effects of impaired glucose sensitivity on
the electrical activity of human β-cells

Impaired glucose sensitivity was simulated by
shifting the function of the increase of ATP
(∆ATP). Fig. 5A illustrates the effect of shifting
the half-maximal increase of ATP (K∆ATP ) from
the normal value of 5.2 mM to higher glucose
levels. Shifting K∆ATP to 7.5mM reduced the
frequency of the APs, resulting in a decreased
secretion (Fig. 5B-C). On the other hand,
increasing K∆ATP further to 11mM inhibited
the upstroke of the APs, producing only low
amplitude oscillations in Vm while secretion
remained at the basal level (Fig. 5B-C).

β-cell glucose sensitivity represents the
dependence of insulin secretion on the glucose
concentration during an OGTT[12]. In Fig. 6,
simulated insulin secretion is plotted against
glucose levels achieved during an OGTT.
It can be seen that a shift in the half-
maximal concentration of the production of
ATP (K∆ATP ) resembles the glucose sensitivity
calculated for normal, IFG and IGT subjects
(compare Fig. 6 to Fig. 2A in ref. [12]).

Nucleotide oscillations and electrical
activity at high glucose levels

High glucose levels are not reached during an
OGTT under normal physiological conditions,
however, it has been shown that in IFG
and ITG subjects, glucose can achieve high
concentrations (∼9mM)[12]. In addition, during
an intravenous glucose tolerance test (IVGTT),
glucose measurements as high as ∼16 mM
have been reported in normal subjects[23].
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Fig. 5. Simulation of a reduced glucose
sensitivity. A. Glucose-dependent increase of
ATP (Eq. 1). B. Electrical response for normal
and impaired glucose sensitivity ([G] = 6.48
mM). C. Insulin secretion corresponding to the
electrical activity shown in B. Normal glucose
sensitivity (K∆ATP = 5.2 mM, solid line).
Impaired glucose sensitivity (K∆ATP = 7.5 and
10 mM, dotted and dashed line respectively).

Fig. 6. Maximal simulated secretory response
at different glucose levels. Normal glucose
sensitivity (K∆ATP = 5.2 mM, solid line).
Impaired glucose sensitivity K∆ATP = 7.5 and
10 mM, doted and dashed lines respectively).

Fig. 7. Role of the oscillations of ATP at
high glucose levels (9 mM). Simulations of
A. Electrical activity, B. Oscillatory ATP
concentration, C. Insulin secretion, D(E).
Membrane potential (Vm) at the maximal
(minimal) oscillatory ATP concentration (shown
in B). F. Action potentials shown in D and E
were superimposed to show the differences in
frequency at the maximal and minimal value of
the oscillatory ATP.

According to the observations of Li et al.[13], less
than 20% of the cells oscillated at 9mMG, 60% of
the cells presented oscillations at 11mM G, while
∼98% oscillated at 20mM G. Using these data,
an oscillatory ATP concentration was calculated
using Eq. 2. Simulations for the case of 9mM
G are presented in Fig. 7. Oscillations of ATP
between 5 and 5.8 mM produced changes in the
frequency of the APs (Fig. 7D-F), which in turn
caused an oscillatory insulin secretion.

Impaired production of ATP was evaluated
at high glucose and oscillatory ATP (Fig. 8).
Reducing ATP by 32% (kp = 0.68) produced
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trains of APs and a pulsatile release of insulin
at glucose levels greater than 9mM. As can be
seen in Fig. 8, trains of action potentials occurred
when the maximal values of the oscillating ATP
were achieved.

The resulting pulses of insulin had a reduced
amplitude compared to the normal case (see Fig.
9). In addition, the extent of the impairment
of ATP production needed to generate trains of
APs was glucose-dependent. While at 9mM G a
26% decrease (kp = 0.74) on ATP generated long
duration pulses of insulin secretion (Fig. 9A),
reducing ATP by the same amount at 20mM
G only produced a decreased level of secretion,
maintaining the same oscillatory behavior than
the normal case (Fig. 9B).

Fig. 8. Impaired ATP production simulated at
high glucose levels and oscillatory ATP (A. 9mM,
B. 20mM). Top : membrane potential (Vm),
Middle: ATP concentration, Bottom: Insulin
secretion.

The pulsatile secretion caused by the trains
of action potentials was reverted by the use
of a sulfonylurea (Fig.10 A-B), as in the case
of constant ATP. At 11 mM G, insulin pulses
produced by a reduction of 32% of total ATP
(kp = 0.68) returned to normal levels by
decreasing gKAT P

by 45%, though the amplitude
of the oscillations of insulin was slightly smaller
compared with the normal case.

Altered glucose sensitivity at high glucose
levels impaired insulin secretion but to a lesser
extent in comparison to the case for low glucose
and constant ATP (compare Fig. 10C and Fig.
5). As can be seen in Fig. 10C, at 11mM
G, increasing K∆ATP from 5.2 to 10mM only
reduced insulin secretion, while at ∼6.5mM G,
a K∆ATP of 10mM inhibited completely both
electrical activity and insulin secretion (Fig. 5B).
Trains of action potentials were generated for
K∆ATP = 15 mM, resembling the results for
impaired ATP production (Fig. 9).

Fig. 9. Insulin secretion for 9mM G (Top) and
20mM G (Bottom). Impaired ATP production
is indicated as the percentage from the normal
value (100% ATP, kp = 1). The same reduction
on ATP produced different responses depending
on the glucose levels.
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Fig. 10. Normal electrical activity was restored
by the addition of a sulfonylurea at high glucose
levels (11mM) and oscillatory ATP. Simulations
of A. Insulin secretion for normal (100% ATP,
kp = 1) and impaired (68% ATP, kp = 0.68)
ATP production. B. Membrane potential (Vm).
C. Effects of reduced glucose sensitivity on the
secretory response at 11mM G.

DISCUSSION AND CONCLUSIONS

Using a mathematical model of an isolated
human β-cell we explored possible mechanisms
of β-cell dysfunction under physiological and
pathological conditions. In a recent publication,
Fridlyand and Philipson[6] developed a model
for the human β-cell including Ca2+ dynamics
and a minimal model of insulin secretion.
This model does not consider the relationship
between glucose and metabolism explicitly. For
this reason, we extended this model by adding
empirical equations relating glucose and ATP
production based on recent experimental data
from human β-cells[13]. The proposed relations
allowed us to perform simulations in various
normal and pathological scenarios.

Detailed data about the relationship between
glucose and electrical activity in human β-cell
is lacking. Human β-cell exhibits a variable
electrical activity pattern in response to a glucose
stimulus. According to several studies[6,10,16],
at intermediate glucose levels (∼6mM), firing
of individual action potentials occurs in most
of the cases, while bursting is only occasionally
observed. To our knowledge, the threshold
glucose level for the onset of electrical activity in
human β-cell is unknown. Physiological glucose
levels in humans are maintained between 3
and 7 mM[10,23]; however, insulin secretion
has been detected at glucose concentrations as
lower as 3mM [10,26], probably as a result
of a low metabolic activity maintaining a low
basal rate of insulin secretion. Interestingly,
experimental measurements of [Ca2+] in human
β-cells showed that at 3mM G, [Ca2+] remains
at the basal level[27]. Our simulations were
consistent with these observations. First we
evaluated the response of the model at low
glucose concentrations. At 2mM, a steady
basal level was observed for Vm, [Ca2+] and
insulin secretion. Increasing glucose to 3mM
G triggered low amplitude oscillations both in
the membrane potential and [Ca2+]. The onset
of electrical activity occurred at 3.5 mM G.
This glucose threshold seems reasonable given
that the glucose transporters found in human
β-cells, GLUT1 and GLUT3[10,15,25,28], have
a half maximal activity of 6 and 1mM G
respectively, and glucokinase, a key enzyme in
glucose metabolism have a half maximal activity
at ∼4mM G[29].

We can speculate that at low concentrations,
glucose could be transported into the cell
even at very low concentrations through
GLUT 3, producing only a small amount
of ATP unable to trigger electrical activity
in form of action potentials. As glucose
increases to higher levels, both GLUT 1 and
GLUT 3 would transport glucose, accelerating
metabolism further, resulting in an elevated ATP
concentration, membrane depolarization and the
onset of electrical activity, triggering insulin
secretion.

In order to evaluate the model under realistic
conditions, input glucose values were estimated
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from data obtained from normal subjects during
an OGTT by Ganda et al.[23]. Glucose levels at
t = 0, 15, 30 and 240 min, corresponding to G =
3.97, 5.35, 6.48 and 3.29 mM respectively were
selected (Fig.2C). Insulin secretion increased in a
glucose dependent manner as expected (Fig. 6).

Based on experimental data, Mari et al.[30]
concluded that hyperglycaemia results from
an intrinsic β-cell defect rather than an
inadequate compensation for insulin resistance.
We simulated the electrical and secretory
response of a human β-cell to a glucose stimulus
under pathological conditions (defective glucose
sensitivity and impaired ATP production).

It has been demonstrated recently that in
mouse and clonal β-cells, an impaired function
of the Ca2+-selective mitochondrial uniporter
(MCU) reduces the glucose-induced ATP/ADP
increases [31]. This can be explained by the fact
that the uptake of Ca2+ into the mitochondria
activates metabolism, enhancing the production
of ATP through the activation of mitochondrial
enzymes[22,31]. We simulated such alterations
by reducing the calculated ATP concentration
(kp < 1 in Eq. 2). Our results showed
that reducing ATP by 15% abolished electrical
activity and insulin secretion at ∼3.97mM G,
while at the peak of glucose during an OGTT
(6.48mM), insulin secretion was considerably
impaired due to a reduced AP frequency.
Application of a sulfonylurea, simulated by
reducing the conductance of the KATP channels,
restored the normal cell function. Based on
these results, we hypothesize that a perturbation
in the metabolism of β-cells (e.g. oxidative
stress) could impair the adequate closure of the
KATP channels, resulting in a decreased insulin
secretion in human β-cells. Recently, Doliba
et al.[29] showed that a defective metabolism
resulting in a decreased ATP production is a
key factor on the onset of TD2. Our simulations
support these observations.

Oscillations of sub-membrane ATP in human
β-cells were reported at high glucose levels, with
a period of several minutes[13], resembling the
periodicity of the well known pulsatile release
of insulin in normal subjects[32]. Interestingly,
in T2D, these oscillations of insulin are
disrupted[32,33]. Our simulations showed that

oscillations in ATP at high glucose (9, 11, 20mM)
cause an oscillatory secretion with the same
time period. According to the model, the cause
of the oscillatory secretion is the change in
frequency of the APs due to the effects of ATP
in the KATP channels. When ATP production
was reduced by certain amount, simulating an
impaired metabolism, the average secretion level
decreased (kp = 0.85), or a pulsatile secretion
appeared (kp = 0.68). It should be noticed
that while at 9mM G, reducing ATP by 24%
(kp = 0.76) was enough to cause an impaired
pulsatile secretion, at 20mM G the same effect
was obtained by a greater reduction (∼32%, kp
=0.68).

We showed that at high glucose
concentrations a decreased oscillating ATP level
could produce trains of action potentials with
a period of several minutes, accompanied by a
decreased pulsatile insulin secretion. In contrast
to rodent cells, human β-cells show a very fast
bursting behavior only occasionally[10,14]. A
standard model for bursting is still unknown,
even for rodent β-cells. The model of Fridlyand
and Philipson[6] is capable of generating a
complex electrical behavior, consisting in spikes
with several maximums with a period of a few
seconds. This complex behavior is obtained by
reducing the maximal conductance of the KATP

or KCa channels. To our knowledge, there is
not experimental evidence relating a reduced
channel conductance with the appearance of
bursting electrical activity. In contrast, the
extended model here presented produced slow
bursting electrical activity when an impaired
oscillatory ATP was considered (Fig. 8-10)
while maintaining the maximal conductances
of the ionic channels unchanged. These results
resemble the slow bursting pattern obtained
with the model of Bertram et al. [34]. In rodent
cells, both fast and slow oscillations have been
observed, and several hypothesis have been
proposed to explain this heterogeneous behavior
(see for example ref. [14]). A feedback cycle
during glycolysis resulting in an oscillatory
production of ATP has been proposed as
a mechanism explaining slow oscillations in
rodent cells[34,35]. This proposal is consistent
with experimental observations of metabolic
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oscillations with a similar periodicity [36,37].
On the other hand, some authors propose that
the interplay between Ca2+-dependent ATP
production and ATP-consuming processes have
a role in the oscillations[22,38]. The periodical
release of insulin could have its origin at the
oscillations of ATP, via cyclic periodic changes in
KATP channel activity[8]. Although oscillations
in the cytosolic ATP concentration have been
observed in human β-cells[13,22], more studies
are needed to elucidate the mechanisms involved
and the differences with other species.

Impaired glucose sensitivity is a key
characteristic of T2D, and it is decreased in
both IFG and IGT subjects[12]. In rat β-cells it
has been associated to glucose phosphorylation
rather than glucose transport [39]. Our
simulations of decreased glucose sensitivity were
based on this idea. We explored this pathology
by shifting the curve for ∆ATP to higher glucose
value. At low glucose concentrations (constant
ATP), shifting the curve from K∆ATP = 5.2mM
(normal value) to 7.5mM produced a reduced
insulin secretion while K∆ATP = 10 completely
inhibited electrical activity and insulin secretion.
On the other hand, at high glucose levels
(oscillatory ATP), the same scenarios caused
a noticeable but small impairment on insulin
secretion. In fact, only shifting K∆ATP to 15mM
inhibited normal functioning.

It is worth noting that the extended model
only includes the mechanisms involved in
the KATP -dependent pathway in an isolated
human β-cell, thus omitting other regulatory
processes. An important extension to the
model would be to incorporate the effect
of incretins such as glucagon-like peptide 1
(GLP-1) and glucose-dependent insulinotropic
polypeptid (GIP), which are known to potentiate
the secretory response during oral glucose
estimulation (as in an OGTT)[40]. This would
allow us to address the known differences in the
secretory response during oral and intravenous
stimulation, namely, that oral glucose produces
a greater secretory response in comparison to
intravenous glucose[41]. On the other hand, both
the original and the extended model use a
minimal model to simulate the exocytosis of
insulin granules. A more detailed model could

be incorporated in future work to describe in
more detail the mechanisms of cell secretion,
including the mobilization to the cell membrane
and exocytosis of insulin granules in β-cells.

In the extended model presented here,
simulations assuming a steady state were
performed. In other words, we have simulated
the response of the isolated human β-cell due to
a constant glucose stimulus estimated from the
plasma glucose concentration curve following an
OGTT.

Future modeling work should be done using
a multiscale approach in order to incorporate
both cell-cell interactions and crucial systemic
processes (e.g. glucose uptake by muscle an
adipose tissue, the effects of insulin on liver
and kidney and the neurohormonal amplifying
pathway), which will allow us not only to
evaluate the function of the β-cell dinamically,
but also to simulate the response of the glucose-
insulin system in the healthy, prediabetic and
diabetic states.

We can conclude that the proposed
relationship between glucose and ATP
production, in conjunction with the model
of human β-cells of Fridlyand, Jacobson and
Philipson[6] was able to reproduce several
experimental observations, both in normal
and impaired conditions. The results of the
simulations showed that at the cellular level,
both reduced glucose sensitivity and impaired
ATP production could be related to the
pathogenesis of T2D.
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