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Type 2 diabetes mellitus (T2DM) has been associated with
insulin resistance and the failure of β-cells to produce and
secrete enough insulin as the disease progresses. However,
clinical treatments based solely on insulin secretion and action
have had limited success. The focus is therefore shifting
towards α-cells, in particular to the dysregulated secretion
of glucagon. Our qualitative electron-microscopy-based
observations gave an indication that mitochondria in α-cells are
altered in Western-diet-induced T2DM. In particular, α-cells
extracted from mouse pancreatic tissue showed a lower density
of mitochondria, a less expressed matrix and a lower number of
cristae. These deformities in mitochondrial ultrastructure imply
a decreased efficiency in mitochondrial ATP production, which
prompted us to theoretically explore and clarify one of the most
challenging problems associated with T2DM, namely the lack
of glucagon secretion in hypoglycaemia and its oversecretion
at high blood glucose concentrations. To this purpose, we
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1. Introduction
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For several decades, diabetes research has been focusing on insulin resistance and the consequent defects
in pancreatic β-cells and insulin secretion. Clinical therapies have evolved around this concept; however,
with only limited success. Therefore, the role of pancreatic α-cells and glucagon secretion has been
revisited and type 2 diabetes mellitus (T2DM) is considered as a bi-hormonal defect proposing that
diabetic hyperglycaemia would not develop unless the lack of insulin was accompanied by
hypersecretion of glucagon. Moreover, as Unger & Cherrington [1] have noted, glucagon excess, rather
than insulin deficiency, is the sine qua non condition of diabetes. Glucagon secretion from α-cells most
probably involves both intrinsic and paracrine mechanisms. Whether glucose inhibits α-cells directly
or by paracrine mechanisms has been a matter of debate, and probably, the predominant level of
control may depend on the physiological situation and species [2,3]. Moreover, it has been shown that
glucose inhibits glucagon release at concentrations below the threshold for β-cell activation and insulin
secretion, which would point more to intrinsic mechanisms of glucagon secretion in α-cells, at least in
hypoglycaemic conditions [4]. Several concepts of this intrinsic glucagon secretion have been evolved,
from store-operated models [5,6] to KATP-channel-centred models [7–9]; for a recent review of these
α-cell-intrinsic models for glucagon secretion, see [2]. In this huge body of evidence supporting the
intrinsic mechanisms of glucagon secretion in hypoglycaemic conditions, the KATP-channel-dependent
glucose regulation of glucagon release is one of the most documented concepts [7–11]. The proposed
mechanism is based on experimental results showing that glucose-induced inhibition of KATP channels
in α-cells results in inhibition of glucagon secretion [10]. The α-cell KATP-channel open probability is
very low in low glucose, the net KATP-channel conductance at 1 mM glucose being around 50 pS,
which is only around 1% of that in β-cells (3–9 nS) [10,12,13]. Therefore, in low glucose (1 mM), α-cells
are electrically active and secrete glucagon. At higher glucose levels, the open probability of KATP
channels decreases even more, causing a further membrane depolarization, closing the voltagedependent Na+ channels, and decreasing the amplitude of action potential firing. This in turn reduces
the amplitude of P/Q-type Ca2+-currents and glucagon secretion [10].
In diabetes, secretion of glucagon is inadequately high at high glucose, exacerbating hyperglycaemia,
and inadequately low at low glucose, possibly leading to fatal hypoglycaemia. Although the complete
causal mechanisms remain unrevealed, there is experimental evidence showing that an increase in
KATP-channel conductance mimics the glucagon secretory defects associated with T2DM. Treatment of
non-diabetic mouse islets with oligomycin [10] and dinitrophenol [14], which inhibit mitochondrial
ATP synthase and thus increase the KATP-channel conductance, cause typical T2DM ‘right-shift’ in
glucagon secretion, i.e. inadequate secretion at low glucose and unsuppressed secretion at high
glucose. Conversely, the KATP-channel blocker tolbutamide is at least partly able to restore glucose
inhibition of glucagon secretion in T2DM islets [10,11]. In summary, these data indicate that
metabolism importantly controls glucagon secretion. α-Cells need sufficient ATP supply, in particular
an efficient mitochondrial function to maintain glucagon secretion at low glucose, and effective
glycolysis as a switch for glucose-induced inhibition of glucagon secretion. The oxidative metabolism
in mitochondria needs to produce enough ATP to keep KATP-channel conductance low and ensure a
fine-regulated glucagon secretion [10]. This indicates that impaired mitochondrial structure and
function in α-cells could be one of the main culprits for the dysregulated glucagon secretion.
In pancreatic tissue, mitochondrial dysfunction was established as one of the major causes for
impaired secretory response of β-cells to glucose [15,16]. Also, it has been proposed that functional
and molecular alterations of β-cells, rather than a decrease in β-cell mass, account for insufficient β-cell
functional mass in T2DM [17–19]. In T2DM, β-cells contain swollen mitochondria with disordered
cristae [20–22] and display an impaired stimulus-secretion coupling. An insufficient insulin secretion is
also linked with a reduced hyperpolarization of mitochondrial inner-membrane potential, partially via
increased UCP-2 expression, and a reduced glucose-stimulated ATP/ADP ratio [20,21]. In good
agreement with the above, it has been shown that mitochondrial oxidative phosphorylation decreases
by 30–40% in insulin-resistant subjects [23,24].
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constructed a novel computational model that links α-cell metabolism with their electrical activity
and glucagon secretion. Our results show that defective mitochondrial metabolism in α-cells can
account for dysregulated glucagon secretion in T2DM, thus improving our understanding of T2DM
pathophysiology and indicating possibilities for new clinical treatments.

2.1. Animals, diets and metabolic parameters
Animal experiments were performed in 12-week-old male C57BL6/J mice purchased from Charles River.
Animals were housed three per cage in a constant 12 : 12 light/day cycle and with ad libitum access to
food and water. At start, 12 mice with equivalent body weight were randomly divided into two groups
of 6 mice each and given either the Western diet (WD) (4.7 kcal g−1, % kcal: 43 carbohydrates, 40 fat,
17 proteins, Research Diets Inc.) or the regular chow diet (3.0 kcal g−1, % kcal: 71.7 carbohydrates, 10.5
fat, 17.7 proteins, R70, Lantmännen) ad libitum for eight weeks. At the end of the diet intervention, body
weight was determined, blood glucose was measured using a FreeStyle Glucometer (Abbot Diabetes
Care), and blood samples were collected from the tail vein into Microvette tubes (Sarsted) for serum
analyses. Thereafter, mice were euthanized by cervical dislocation, and their abdomens exposed to
isolate the pancreatic tissue for electron microscopy. Serum insulin levels were determined using an
ultrasensitive mouse insulin ELISA kit (Crystal Chem Inc.). All animal studies were done in accordance
with the guidelines from local authorities and ethical committees, i.e. the Stockholm Northern Animal
Experiments Ethics Board, and in accordance with the Directive 2010/63/EU of the European
Parliament and of the Council on the Protection of Animals Used for Scientific Purposes.

2.2. Tissue preparation for transmission electron microscopy
Small pieces of pancreas were fixed in 2.45% glutaraldehyde and 2.45% paraformaldehyde in a 0.1 M
sodium cacodylate buffer ( pH 7.4) at room temperature for 3 h and at 4°C for 14 h, washed in a 0.1 M
sodium cacodylate buffer ( pH 7.4) at room temperature for 3 h and postfixed with 2% OsO4 at room
temperature for 2 h. The tissue was dehydrated in a graded series of ethanol (50, 70, 90, 96, 100%,
each for 30 min at room temperature) and embedded in TAAB epoxy resin (Agar Scientific Ltd, Essex,
UK). For transmission electron microscopy (TEM), ultrathin sections (75 nm) were transferred onto
copper grids, stained with uranyl acetate and lead citrate and analysed by a Zeiss EM 902
transmission electron microscope. Pancreatic tissue slices that contained islets of Langerhans from
normal and WD-fed mice were examined.
The tissue of six mice fed with a WD for eight weeks and the tissue of six mice fed with the regular
chow have been examined. From the pancreas of each individual, we analysed six different pieces of
tissue containing islets of Langerhans. The person evaluating the electron microscopy slices was
blinded to the treatment group.

2.3. Mathematical α-cell model
We conducted a computational α-cell model to simulate and explore several interconnected steps in the
glucose-dependent signalling cascade from the initial metabolic processes to exocytosis. We combined a
mathematical model for glycolysis and glucose-driven mitochondrial activity [30] with a model for
simulating α-cell electrical and Ca2+ activity and finally with glucagon secretion [31]. This unique
coupling of the α-cell metabolism with the electrical activity enabled us to study the interplay
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2. Material and methods
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Pancreatic α-cells are also affected in obesity and T2DM. Experimental studies have shown that α-cell
area is reduced in obese mice as a result of cell hypotrophy, and that an increased apoptosis and
decreased proliferation are present [25]. The morphology of α-cells has also been studied with electron
microscopy [26,27]. However, to the best of our knowledge, there have been no systematic studies of
changes in α-cell ultrastructure in T2DM. Moreover, it is inherently challenging to functionally study
α-cell mitochondrial metabolism. They namely represent a minor proportion of islet cells, are located
at the periphery of the mouse islets, where they are subjected to stress during isolation, and they have
been reported to gradually disappear during culture [28,29]. In the present study, we address this
issue and reveal that the morphology of mitochondria in α-cells of Western-diet-induced diabetic mice
is changed considerably, which implies a less efficient metabolism in α-cells of mice with T2DM. This
observation directed us into constructing a mathematical model of the α-cell that incorporates cell
metabolism and energetics, electrical activity and glucagon secretion. Our theoretical findings suggest
that the attenuated mitochondrial oxidative capacity could explain the dysregulation of glucagon
secretion that is typical for T2DM.
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Figure 1. Overview of the main mechanisms of the holistic α-cell computational model. Glycolysis and mitochondria produce ATP
which reduces KATP-channel conductance and enhances Na+/K+ ATPases and in turn determines α-cell electrical activity. The latter
regulates exocytosis via voltage-gated P/Q- and L-type Ca2+ channels. For further explanations, see text.
between processes related to glucagon secretion and ATP production in mitochondria. Most importantly,
we adjusted the model and the parameters in order to fit several aspects of model predictions with
experimental findings. In addition, we interconnected glucose and free fatty acid (FFA) metabolism
with a mechanism that enables the α-cell to regulate its energetics in a stimulation-dependent manner.
We have also included an interaction between cytosolic ATP concentration and the activity of ATPases.
Figure 1 features the scheme of the computational model with highlighted crucial processes that are
involved in ATP production and regulation of glucagon secretion. The whole mathematical model was
written in Berkeley Madonna software (University of California at Berkeley, California, USA) and
C++. A detailed description of the individual model components is given in the continuation of the
text, whereas the sensitivity analysis of the model is presented in the electronic supplementary material.

2.3.1. Glucose uptake and glycolysis
The first step in glucose metabolism is glucose uptake. An accurate glucose sensing is linked with a rapid
transport of glucose from the interstitium to the cytosol. A fast transport of glucose avoids a delay in
equilibration between the extra- and intracellular glucose concentrations and prevents the drop in free
cytosolic glucose concentration due to phosphorylation [32]. A rapid glucose transport is a hallmark
of β-cells, since a good sensing is essential for their function. In β-cells, the rapid glucose transport is
principally ensured by the efficient glucose transporter Glut2. α-Cells, by contrast, do not express
Glut2, but Glut1. The mathematical formalism for describing glucose transport into the intracellular
space is based on the β-cells model proposed by Pedersen et al. [33]
JGK ¼

Vmax,GK G
,
Km,GK þ G

ð2:1Þ

where JGK is the glucokinase reaction rate, Vmax,GK is the maximum reaction rate, Km,GK is the halfsaturation constant and G is the stimulatory glucose concentration. Experiments with D-glucose and its
non-metabolizable analogue, 3-O-MG, showed that the glucose uptake is much slower in α-cells
compared with that in β-cells [34,35]. We adjusted the values of the maximum reaction rate Vmax,GK
and half-saturation constant Km,GK, so that they reflect experimentally determined differences in
glucose uptake between α- and β-cells. In particular, characteristic values of the 3-O-MG transport in
α-cells were Km,GK = 8.5 mM and Vmax,GK = 1 10−3 µM ms−1 [34,35].
In continuation, we link JGK to the glycolytic part of the model that is based on the theoretical
framework proposed by Smolen [30]. The aim of the model was to simulate the kinetics of skeletal
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Table 1. Parameter values for the glucose uptake and glycolysis model.
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Km,GK = 8.5 mM

kGPDH = 0.0005 µM ms−1

Vmax,PFK = 0.05 µM ms−1

λ = 0.06

K1 = 30 µM
f13 = 0.02

K2 = 1 µM
f23 = 0.2

K3 = 50 000 µM
f41 = 20

K4 = 220 µM
f42 = 20

f43 = 20

muscle phosphofructokinase (PFK) as a function of AMP, ATP, fructose 6-phosphate concentration (F6P),
glucose 6-phosphate (G6P), and fructose 1,6-bisphosphate concentration (FBP). An important feature of
the model is the activity level of the enzyme glucokinase (GK), a glucose sensor, which provides the input
for the enzyme PFK. The main components of the mathematical model are defined as
ð2:2Þ
ð2:3Þ
ð2:4Þ

abcd

and
JGPDH

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
FBP
mM ms1 :
¼ kGPDH
1 mM

ð2:5Þ

where JGPDH stands for the glyceraldehyde 3-P dehydrogenase (GPDH) reaction rate and JPFK is the PFK
reaction rate. G6P is assumed to be in rapid equilibrium with F6P (F6P = 0.3 G6P). JGK is the glucokinase
reaction rate and is a glucose-dependent parameter (see equation (2.1)). The selected values for JGK lead
to glycolytic oscillations as proposed by Smolen [30]. Additionally, the values of JGPDH are comparable
with experimentally measured values at 1 and 10 mM glucose [34,36]. Lastly, the parameter wabcd in
the PFK reaction rate is given by





1
AMP a FBP b F6P c ATP d
wabcd ¼ ab bc ad bd cd
,
ð2:6Þ
K1
K2
K3
K4
f13 f23 f41 f42 f43
where wabcd reassembles the fraction of PFK in state abcd, whereby a, b, c and d are either 1 or 0, as
described previously [30,33,37]. Parameter values for the glucose uptake and glycolytic part of the
model described in equations (2.1)–(2.6) are given in table 1.

2.3.2. Glucose and free fatty acid oxidation
Many tissues are using a variety of carbon-based energy sources to maintain ATP production,
predominately with β-oxidation of FFAs [3]. The latter has been shown to regulate glucose-induced
insulin secretion in pancreatic islets [38]. Much less is known about the role of FFAs in regulating
glucagon secretion. However, it has been shown that short-term exposure to supra-physiological levels
of FFAs increases glucagon secretion [39]. In particular at low glucose levels, when glucagon is
secreted in larger amounts, β-oxidation of FFAs can provide substantial amounts of ATP for the
processes regulating the glucagon secretion in α-cells. Under hypoglycaemic conditions, it has indeed
been shown that FFAs are pivotal and contribute to ATP production, which maintains glucagon
secretion by energizing the Na+/K+ pump [3]. We have developed a computational model that takes
into account both energy sources, glucose and FFA, for mitochondrial ATP production as follows:
JGO ¼ kGO (1  kmd )JGPDH

ð2:7Þ

JFFAO ¼ kFFAO (1  kR G)(1  kmd ):

ð2:8Þ

and

In the above equations, JGO is the glucose oxidation rate, kGO is the net yield of ATPs per glucose,
β-oxidation of FFAs is given JFFAO, kFFAO is the β-oxidation rate constant, kR is the glucose reduction
factor representing the effect of the Randle cycle [40] and kmd is the level of mitochondrial dysfunction
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JPFK

dG6P
¼ JGK  JPFK ,
dt
dFBP
1
¼ JPFK  JGPDH ,
dt
2
P
(1  l)w1110 þ l wabc1
abc
P
¼ Vmax,PFK
wabcd
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Vmax,GK = 1 × 10−3 µM ms−1

Table 2. Parameter values for the mitochondrial ATP production part of the mathematical model.
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kR = 0.01 mM−1

kFFAO = 0.1 µM ms−1

kATPase = 5 × 10−5 ms−1

kATPase,r = 0.7

Atot = 2700 µM

(i.e. kmd = 0.3 reflects a 30% decrease in mitochondrial function). The dynamics of cytosolic ATP
concentration is modelled as
JANT ¼ JGO þ JFFAO ,
JATPase ¼ kATPase (1  kATPase,r kmd )ATP,
dATP
¼ JGK  JPFK  JATPase þ 2JGPDH þ JANT
dt
Atot ¼ ATP þ ADP:

ð2:11Þ
ð2:12Þ

The mitochondria contribute to cytosolic ATP with the adenine nucleotide translocator (JANT), which
exchanges free ATP with free ADP across the inner mitochondrial membrane. Overall, glycolysis
(JGPDH) also contributes to ATP. Major consumers of ATP described in equation (2.11) are the
glucokinase (JGK), PFK (JPFK) and ATPases (JATPase). Equation (2.10) mimics the reduction in ATP
production due to mitochondrial dysfunction (kmd) and the corresponding ATPases reduction kATPase,r.
The cytosolic ADP concentration is acquired from the conservation law (equation (2.12)). The
parameter values for this segment of the model are given in table 2.
This mathematical model described with equations (2.7)–(2.12) enabled us to simulate several α-cellspecific features regarding glucose and FFA oxidation. In α-cells, it has been shown that the glucose
uptake mechanism probably represents a rate-limiting step in glucose metabolism [34]. Much more
glucose is oxidized in β-cells where the dose–response curve of glucose oxidation displays a sigmoidal
shape with an approximately sixfold larger saturated glucose oxidation rate in comparison with
α-cells [34]. Noteworthy, β-cells metabolize glucose essentially via aerobic glycolysis, whereas the
glycolysis in α-cells is largely anaerobic [41,42]. Consequently, the lower coupling between glycolysis
and ATP synthesis in mitochondria explains the fact that in α-cells only slight increases in relative
cytosolic ATP [43,44] and a nearly constant ATP/ADP ratio [36,45] can be observed.

2.3.3. Glucagon secretion
The model for simulating α-cell electrical activity and exocytosis is a modified version of previous
endeavours [31,46]. The aim of this part of the model is to link metabolic processes and glucagon
secretion. The α-cell electrical activity is defined as
ICaL þ ICaP=Q þ ICaT þ (INa þ IK þ IKA )pATP þ IKATP þ IL þ ISOC
dV
¼
,
dt
C

ð2:13Þ

where V and C are the membrane voltage and capacitance of the α-cell. ICaL, ICaP/Q and ICaT are voltagedependent Ca2+ currents, INa is a voltage-dependent Na+ current, IK is a delayed rectifier K+ current, IKA
is an A-type voltage-dependent K+ current, IL is a leak current, ISOC is a store-operated Ca2+ current
(SOC) and IKATP is an ATP-sensitive K+ current which we link to the ratio between cytosolic ATP and
ADP concentration. The ratio between cytosolic ATP and ADP is defined as
RAT ¼

ATP
:
ADP

ð2:14Þ

The relation between RAT and KATP-channel conductance is driven by a complex series of signalling
pathways [47,48]. To mimic the resulting transduction delays and smoothing of the activity profiles by
the signalling cascade [49], we compute the smoothed RATf signal as
dRATf
¼ kf (RAT  RATf ),
dt

ð2:15Þ

where kf regulates the level of smoothing. The smoothed signal RATf is then used for the calculation of the
KATP-channel conductance, with the following equation
gK,ATP (RATf ) ¼ g1 ekg,KATP RATf :

ð2:16Þ
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and

ð2:9Þ
ð2:10Þ

royalsocietypublishing.org/journal/rsos

kGO = 38/2
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pATP ¼

1
1 þ (gK,ATP (RATf )=0:35 nS)8

:

ð2:17Þ

The individual currents in (equation (2.13)) are defined by the following equations
ð2:18Þ

ICaP=Q ¼ gCaP=Q mCaP=Q hCaP=Q (V  VCa ),

ð2:19Þ

ICaT ¼ gCaT m3CaT hCaT (V  VCa ),

ð2:20Þ

INa ¼ gNa m3Na hNa (V  VNa ),

ð2:21Þ

IK ¼ gK m4K hK (V  VK ),

ð2:22Þ

IKATP ¼ gK,ATP ðRATf Þm2KATP hKATP (V  VK ),

ð2:23Þ

IKA ¼ gKA m2KA hKA (V  VK ),

ð2:24Þ

IL ¼ gL (V  VL )

ð2:25Þ

and

ISOC ¼ gSOC (V  VSOC ):

ð2:26Þ

In equations (2.18)–(2.26), gx and Vx represent the conductance and reverse potential of channels,
respectively, and x stands for the specific channel type. The activation and inactivation variables of
channel x are given by mx and hx and are defined as
dmx mx,1 ðVÞ  mx
¼
dt
tmx ðVÞ

ð2:27Þ

dhx hx,1 ðVÞ  hx
¼
,
dt
thx ðVÞ

ð2:28Þ

and

where τmx(V ) and τhx(V ) are time constants for mx and hx. The steady-state activation and inactivation
curves, mx,∞(V ) and hx,∞(V ), follow a Boltzmann function
mx,1 ðVÞ ¼

1
1 þ e(VVmx =Smx )

ð2:29Þ

hx,1 ðVÞ ¼

1
,
1 þ e(VVhx =Shx )

ð2:30Þ

and

whereas the time constants are bell-shaped functions

tmx ðVÞ ¼

tmVx
þ tm0x
e(ðVVtmx Þ=Stmx ) þ e(ðVVtmx Þ=Stmx )

ð2:31Þ

thx ðVÞ ¼

thVx
þ th0x :
eððVVthx Þ=Sthx Þ þ eððVVthx Þ=Sthx Þ

ð2:32Þ

and
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ICaL ¼ gCaL m2CaL hCaL (V  VCa ),
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The parameters g1 and kg,KATP in equation (2.16) were determined by fitting an exponential function
to the experimentally measured values of gK,ATP conductance and the average ATP/ADP ratio at 1 and
6 mM glucose [50]. In this manner, the cytosolic ATP concentration is directly linked to the conductance
of KATP channels. Lastly, the additional parameter pATP in equation (2.13) mimics the sodium–potassium
exchanger dependence on ATP. Namely, reduction in ATP concentration affects the activity of this
exchanger. It has been shown that the effect is more profound for very low ATP concentrations that
correspond to less than 1 mM glucose [3]. In the model, this aspect was incorporated by defining pATP as

This electrical activity triggers Ca2+ signals and glucagon secretion. Ca2+ dynamics is modelled as

iCaL ¼ gCaL
CaP=QC

ð2:34Þ

ðV  VCa Þ
,
NP=Q

ð2:35Þ

ðV  VCa Þ
,
NL
¼ Cam ,

NL Volmd
Volc
Volc
þf
Bmd mCaL hCaL (CaL0  Cam )  f
kPMCA Cam  f
Bm (Cam  Cac ),
Volm
Volm
Volm
dCac
¼ f(Bm (Cam  Cac ) þ pleak (Caer  Cac )  kserca Caer )
dt
dCaer
Volc
( pleak (Caer  Cac )  kserca Caer ):
¼ f
dt
Voler

ð2:36Þ
ð2:37Þ
ð2:38Þ
ð2:39Þ

ð2:40Þ

ð2:41Þ

Equations (2.33)–(2.41) describe the dynamics of five main Ca2+ domains: cytosol Cac, endoplasmic
reticulum Caer, submembrane (Cam) and the microdomain Ca+2 concentrations surrounding P/Q-type
(CaP/Q0, CaP/Qc) and L-type (CaL0, CaLc) channels. In α-cells, Ca2+ predominately enters through
L-type channels, but exocytosis is mediated by P/Q-type channels [51]. Finally, glucagon secretion in
the P/Q-type and L-type microdomains is defined as follows:
GSP=Q ðtÞ ¼ mCaP=Q hCaP=Q fH ðCaP=Q0 ,KP=Q ,nP=Q Þ þ (1  mCaP=Q hCaP=Q )fH ðCaP=QC ,KP=Q ,nP=Q Þ,

ð2:42Þ

GSL ðtÞ ¼ mCaL hCaL fH ðCaL0 ,KL ,nL Þ þ (1  mCaL hCaL )fH ðCaLC ,KL ,nL Þ,

ð2:43Þ

GSm ðtÞ ¼ fH ðCam ,Km ,nm Þ

ð2:44Þ

and
fH ðx,K,nÞ ¼

xn

xn
:
þ Kn

As described in more detail in [31]. The overall secreted glucagon is finally computed as
ðT
GS ¼ (GSP=Q (t) þ GSL (t) þ GSm (t)) dt:

ð2:45Þ

ð2:46Þ

0

Table 3 features the values of all parameters for equations (2.13)–(2.46).

3. Results
The systemic tests on WD-fed mice showed that after eight weeks, male C57BL6/J mice become obese
and develop partially decompensated T2DM with hyperglycaemia and hyperinsulinaemia (see
electronic supplementary material, table S1), which is in agreement with previously reported data
[52]. The examination of pancreatic tissue by electron microscopy showed diet-induced alterations of
mitochondrial morphology in α-cells. These morphological changes imply possible alterations in their
function; however, at this stage, we are lacking experimental evidence about the mitochondrial
function. Therefore, a link between the observed changes in the morphology and the corresponding
functional alterations in mitochondria and α-cell secretory function has been investigated by means of
mathematical modelling. The model predictions show that impaired bioenergetics with less efficient
ATP production in α-cells could explain the ‘right-shift’ of glucagon secretion to higher glucose
concentrations, as one of the usually observed hallmarks in T2DM. First, the results of the electron
microscopy are presented, and in the continuation, the results of the mathematical model.

R. Soc. open sci. 7: 191171

CaLC ¼ Cam ,
NP=Q Volmd
dCam
aICaT
þf
Bmd mCaP=Q hCaP=Q (CaP=Q0  Cam )
¼f
dt
Volm
Volm

and

ð2:33Þ

iCaL
,
Bmd Volmd

CaL0 ¼ Cam  a
iCaP=Q ¼ gCaP=Q

iCaP=Q
,
Bmd Volmd

royalsocietypublishing.org/journal/rsos

CaP=Q0 ¼ Cam  a

8

Table 3. Parameter values for the membrane potential, Ca2+ dynamics and glucagon secretion model.
τmVK

1.5 ms

SmKa

10 mV

−75 mV

τm0K

15 ms

VhKa

−68 mV

VSOC
gCaL

65 mV
0.85 nS

VτmK
SτmK

−10 mV
25 mV

ShKa
τmVKa

−10 mV
0 ms

gCaT
VNa

0.4 nS
70 mV

SmCaT
VhCaT

4 mV
−52 mV

τm0Ka
τhVKa

0.1 ms
60 ms

VL
gSOC

−26 mV
0.028 nS

ShCaT
τmVCaT

−5 mV
15 ms

τh0Ka
VτhKa

5 ms
5 mV

gCaP/Q

0.35 nS

τm0CaT

0 ms

SτhKa

20 mV

gNa
gK

11 nS
4.5 nS

VτmCaT
SτmCaT

−50 mV
12 mV

Cm
kf

5 pF
0.01 s−1

gKa
gL

1 nS
0.2 nS

τhVCaT
τh0CaT

20 ms
5 ms

g1
kg,katp

0.5 nS
0.2

gKATP

0.3 nS

VτhCaT

−50 mV

f

0.01

VmCaL
SmCaL

−30 mV
10 mV

SτhCaT
VmNa

15 mV
−30 mV

Volµd
Volc

2.618 × 10−19 l
5.725 × 10−13 l

VmCaP/Q
SmCaP/Q

−1 mV
4 mV

SmNa
VhNa

4 mV
−52 mV

Volc/Voler
NP/Q

31
100

VhCaL, VhCaP/Q
ShCaL, ShCaP/Q

−33 mV
−5 mV

ShNa
τmVNa

−8 mV
6 ms

NL
kPMCA

400
0.3 ms−1

τmVCaL, τmVCaP/Q

1 ms

τm0Na

0.05 ms

kSERCA

0.1 ms−1

τm0CaL, τm0CaP/Q
VτmCaL, VτhCaL

0.05 ms
−23 mV

VτmNa
SτmNa

−50 mV
10 mV

pleak
nP/Q

3 × 10−4 ms−1
4

SτmCaL, SτhCaL
τhVCaL, τhVCaP/Q

20 mV
60 ms

τhVNa
τh0Na

120 ms
0.5 ms

KP/Q
nL

2 µM
4

τh0CaL, τh0CaP/Q

51 ms

VτhNa

−50 mV

Km

2 µM

VmK
SmK

−25 mV
23 mV

SτhNa
VmKa

8 mV
−45 mV

α
Volm

5.18 × 10−15 µmol pA−1 ms−1
5.149 × 10−14 l

3.1. Electron microscopy
The general structure of α-cells in WD-fed mice was comparable to that of control mice. The significant
difference was in the structure of the mitochondria. In the control sample, the mitochondria were
elongated and the inner and outer membrane showed a typical structure (figure 2a). In α-cells from
WD-fed mice, the mitochondria were oval in shape, and the membranes were changed, the matrix
was less well expressed and the number of cristae was decreased (figure 2b), which points towards a
less efficient metabolism in these α-cells. These findings indicate that the morphology of mitochondria
in α-cells is considerably altered in diabetic conditions. Additional electron microscopy images taken
from all animals subjected to WD and from the control group are presented in the electronic
supplementary material, figures S1–S12.

3.2. Theoretical insights
We have developed a comprehensive computational model that links the metabolic processes with the
known electrophysiological and exocytotic properties of α-cells. The model incorporates the glucose
uptake, glycolysis, glucose and FFA oxidation, mitochondrial ATP production, electrical activity,
compartmentalized Ca2+ dynamics and glucagon secretion mechanisms. The model is designed to
simulate the ATP production and the ATP-related glucagon secretion in α-cells. A more detailed
description of the processes and molecular mechanisms is given in Material and methods.
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Figure 2. Ultrastructure of α-cells under the electron microscope. Ultrathin section of the pancreatic endocrine cells: (a) control,
well-developed mitochondria; (b) WD, a lower density of mitochondria, a less expressed matrix and a decreased number of cristae.
G, glucagon granule; I, insulin granule; N, nucleus; RER, rough endoplasmic reticulum; S, somatostatin granule; the white arrows
point on mitochondria. Scale bar, 500 nm.
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Figure 3. Varying ATP levels at different glucose concentrations. (a) Changes in ATP concentrations at different glucose
concentrations (blue line) under physiological conditions (black line) and with mitochondrial oxidation ability reduced by 30%
(red line); (b) the corresponding bifurcation diagram of ATP oscillations.

3.2.1. Simulating ATP production
Mitochondria are the main source of intracellular ATP. Under physiological conditions, when blood
glucose levels decrease, mitochondria efficiently oxidize FFA and produce enough ATP to keep KATPchannel conductance low, which in turn provides the required secretion of glucagon. When the
concentration of glucose is increased, a part of FFA oxidation in mitochondria is replaced by glucose.
Additionally, glucose is metabolized via glycolysis in the cytoplasm. Figure 3 shows how ATP levels
are increased in α-cells upon glucose stimulation with normal and reduced (30%) mitochondrial
activity. The latter is being modelled as an inhibition in the glucose oxidation and β-oxidation rate,
which in turn decreases the cytosolic ATP/ADP ratio (see equations (2.7)–(2.11)). With both normal
and decreased function of mitochondria, the oscillatory values of ATP become larger when the
glucose concentration is increasing; however, the rise in ATP is lower in the case of dysfunctional
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Figure 4. Glucose regulates KATP-channel conductance and glucagon secretion. (a) KATP-channel conductance, gK,ATP, as a function of
glucose concentration for normal (black line) and 30% reduced (red line) mitochondrial oxidation; (b) the corresponding relative
glucagon secretion (RGS) ( purple line); (c) RGS in dependence on glucose concentration for physiological conditions (black line),
and for different levels of mitochondrial dysfunction, i.e. less efficient mitochondrial ATP production: 10% (dashed line), 20%
(dotted line), 30% (red line) and 40% (dash-dotted line).
mitochondria, which is shown in figure 3a, and the corresponding bifurcation with indicated amplitudes
in ATP concentrations is given in figure 3b.

3.2.2. Simulating glucagon secretion
Glucagon secretion depends mostly on the level of ATP via the conductance of KATP channels, electrical
activity and intracellular Ca2+ concentration. ATP is needed to decrease the KATP-channel open
probability; hence, the KATP-channel conductance, gK,ATP , decreases with increasing ATP
concentrations at higher glucose levels (figure 4a). When mitochondrial oxidation is impaired, the
KATP-channel conductance shifts to higher values, accounting for dysregulated KATP-channel
conductance (see the red line in figure 4a, which corresponds to mitochondrial function decreased by
30%). This in turn deteriorates glucagon secretion as well. The dependence of glucagon secretion on
KATP-channel conductance, gK,ATP , is presented in figure 4b.
Glucagon secretion for different glucose concentrations is shown in figure 4c. Under physiological
conditions with intact mitochondria (black line in figure 4c), the highest glucagon secretion occurs at
low glucose levels, in particular when glucose drops considerably below the physiological value. This
is crucial to avoid fatal consequences of hypoglycaemia. On the other hand, our computational results
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We generated and evaluated a novel computational model for glucagon secretion in which mitochondrial
efficiency can be varied to simulate glucagon secretion in dependence on different levels of mitochondrial
ability to produce ATP. The basic premise of the model is that the effectiveness of mitochondrial function
is altered upon a specific diet and that the mitochondrial dysfunction is linked to the pathological
morphological changes. The modelling was inspired by the experimental results of our group
showing that the morphology of mitochondria in α-cells is altered in mice subjected to WD that were
obese and developed partially decompensated T2DM with hyperglycaemia and hyperinsulinaemia
(see electronic supplementary material, table S1). The changes in these α-cells were remarkable.
Electron microscopy images of ultrathin sections of pancreatic tissue indicate that mitochondria in
α-cells of diabetic mice are swollen, with a dissolved matrix, and with a considerably reduced number
of cristae. A direct comparison of the WD-induced mitochondrial alterations in α-cells with the control
group is shown in figure 2. The differences between the mitochondrial morphology in mice subjected
to WD and the control group are further supported in the electronic supplementary material. The
electron microscopy images taken from all animals subjected to WD (electronic supplementary
material, figures S1–S5 and S8) show characteristic alterations in mitochondrial structure, similar to
that described in figure 2b; whereas the electron microscopy images for animals from the control
group (electronic supplementary material, figures S9–S12) share the similar mitochondrial structures
as presented in figure 2a.
Our model predicts, with a high level of robustness to model parameters (electronic supplementary
material, Sensitivity analysis), that less efficient mitochondria in α-cells of T2DM mice induce glucagon
dysregulation. The glucose-dependent secretion of glucagon is right-shifted, characterized by a lack
of glucagon secretion at low glucose and oversecretion at high glucose concentrations. The lack of
glucagon secretion at low glucose would eventually lead to hypoglycaemia, which would be in
accordance with the experimental observations of Kusminski et al. [53]. Their findings suggest that an
α-cell-specific induction of mitoNEET, a dimeric mitochondrial membrane protein, perturbs glucagon
homeostasis and causes fasting-induced hypoglycaemia.
Furthermore, Kusminski et al. [53] show remarkable evidence of normoglycaemic retainment when
altering mitochondrial function in both α-cells and β-cells. A dual overexpression of mitoNEET in
both α-cells and β-cells is protective against the mitoNEET-driven β-cell dysfunction typically
observed in β-cell-specific induction of mitoNEET [53]. Although our experimental set-up and the
present results do not allow us to make a direct and more comprehensive comparison with the results
with mitoNEET, there are some interesting observations. For example, we also found mitochondrial
alterations in β-cells (electronic supplementary material, figures S6 and S7), and according to the dual
mitochondrial impairment with the induction of mitoNEET [53], this might lead to more
normoglycaemic conditions. We do not have any results on that, but it might be a matter of stage of
the T2DM development. In some cases, we have observed that mitochondrial alterations are more
pronounced in β-cells than in α-cells (e.g. electronic supplementary material, figure S5, where also
autolysosomes are present). We can only hypothesize that in the course of T2DM development, the
mitochondrial destruction first affects β-cells and then α-cells. Although this is only a hypothesis, a
‘mild’, not too destructive, α-cell perturbation at an early stage of T2DM development, would make
sense in the context of the revealed protective effects of α-cell-activated mediators on the neighbouring
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4. Discussion
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indicate an effective ‘glycolytic switch’ for reducing glucagon secretion when glucose rises above the
physiological levels of about 4–5 mM. However, when the ATP production is impaired due to
mitochondrial dysfunction, glucagon secretion is pathologically ‘right-shifted’ (see the red line in
figure 4c, and also the dashed, dotted and dash-dotted lines for 10%, 20% and 40% of mitochondrial
dysfunction, respectively).
The results of the sensitivity analysis of the model, provided in the electronic supplementary material,
show that the model robustly predicts the glucagon secretion in dependence on variations in model
parameters. For a broader range of parameter changes, the model predictions realistically reflect those
shown here for the reference set of the model parameters (tables 1–3). Moreover, the sensitivity
analysis gives a more in-depth insight into the model behaviour revealing the crucial parameters that
considerably affect the energetic processes in α-cells and have the main impact on glucagon secretion,
which additionally highlights the bioenergetic disruptions that might be related, or even unrelated, to
the mitochondrial dysfunction presented here.
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β-cells [53]. Additionally, the more pronounced mitochondrial alterations in β-cells than in α-cells may
also be related with the overall higher resistance of α-cells to oxidative stress due to UCP2
overexpression [54] and effective protection by abundant anti-apoptotic protein expression Bcl2l1 (also
known as Bcl-xL) [27]. However, again, we lack the experimental evidence on that, and further
experimental studies would be needed to explain these phenomena.
There is a general lack of studies in α-cells, and much more knowledge has been accumulated about
changes in β-cell morphology, their inability of insulin secretion and even their complete destruction
during the course of diabetes [15,20–22,24,55]. Here, we contribute to a better understanding of the
processes in α-cells by linking the experimental observation of altered mitochondrial structure in
α-cells with a biophysical model which is able to account for dysregulated glucagon secretion usually
observed in T2DM. The theoretical prediction of the right shift in glucagon secretion of T2DM mouse
substantiates previous studies showing that T2DM is associated with the loss of glucose-induced
suppression of glucagon secretion, when the physiological threshold is reached, and stimulation may
occur instead [10,56]. It has been shown that this dysregulated glucagon secretion is intrinsic to the
islet [10]. Indeed, it was experimentally demonstrated that the glucose-induced inhibition of KATP
channels is the key intrinsic mechanism in α-cells that is responsible for the inhibition of glucagon
secretion. Moreover, the glucagon secretory defects associated with T2DM were mimicked by
experimental conditions leading to a small increase in KATP-channel conductance [10]. On the other
hand, it has been shown that glucose-regulated glucagon secretion can be restored in diabetic or
metabolically compromised islets by low concentrations of the KATP-channel blocker tolbutamide [10].
Similarly, for UCP2-deleted (UCP2−/−) mouse α-cells, the impaired glucagon secretion could be
restored by slightly opening KATP channels with a low dose of diazoxide (1 µmol l−1) [57]. Because
UCP2-deletion (UCP2−/−) increases ATP levels and decreases KATP-channel conductance, the treatment
with diazoxide, a KATP-channel opener, can correct the glucagon secretion defect observed in UCP2deleted α-cells. Our mathematical model incorporates this KATP-channel dynamic as characterized
experimentally. However, several other mechanisms, as discussed in the continuation, are also
important, and should be considered in further extensions of the mathematical model presented here.
In particular, at higher glucose concentrations, paracrine effects of somatostatin on glucagon secretion
are important [58,59], and under specific circumstances, as demonstrated for genetically modified mice,
completely KATP-channel-independent mechanisms might also be involved [60,61]. Although there is less
doubt that Ca2+ is required for activation of glucagon granules, there is even more evidence that the
glucagon secretion is additionally regulated by cyclic AMP (cAMP) as a second messenger [62,63].
The hypothesis is that glucose concentrations, at least in the hypoglycaemia range, can directly
influence the cAMP concentrations and modulate the glucagon secretion. If Ca2+ is a critical trigger of
glucagon exocytosis in α-cells, then the magnitude of glucagon secretion appears to be mainly
controlled by cAMP-mediated amplification of granule exocytosis [63]. In future, these findings need
to be incorporated into a more detailed model of glucagon secretion in α-cells, possibly also together
with the often neglected α-cell heterogeneity, as outlined in a recent computational study [64].
It has been recently shown that efficient energy production in α-cells, in particular via fatty acid
oxidation in mitochondria, is required for normal glucagon secretion, and that inhibiting this
metabolic pathway profoundly decreases glucagon output. Interestingly, this is not mediated by the
KATP-channel, but instead due to reduced operation of the Na+/K+ pump [3]. These data suggest that
glucagon secretion at low levels of glucose is driven by fatty acid metabolism, and that the Na+/K+
pump is an important ATP-dependent regulator of α-cell function. Thus, KATP channels are not the
only regulatory mechanism responsible for regulation/dysregulation of glucagon secretion in α-cells;
in addition, the energy demanding Na+/K+ pumps represent another important co-regulator of
glucagon secretion. When mitochondria are less efficient, providing less energy, also the Na+/K+
pumps are affected, and this needs to be taken into account (see Material and methods for a detailed
description on how this is implemented in our mathematical model).
Mitochondrial functioning could also be directly impaired by hyperglycaemia, which is a hallmark of
T2DM. Recent evidence [65] shows that hyperglycaemia might impact glucagon secretion through an
increased Na+ uptake. The elevation in intracellular Na+ concentration leads to acidification, as a
direct consequence of a lower Na+ gradient across the plasma membrane that cannot drive efficiently
the uphill transport of H+. The cytoplasmic acidification results in a marked reduction in
intramitochondrial (matrix) pH, which leads to a lower H+ flux through ATP synthase and hence to
an impaired ATP production. These recent findings are fully in line and further support our results
indicating that the energy-driven processes, mainly provided by mitochondria, are crucial for normal
regulation of glucagon secretion in α-cells.
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When less energy is produced in the cell, due to mitochondrial impairment, the ATPases of the cell and ER
membrane are also affected. The ER and related ER stress is another important issue that needs to be
considered under the condition of mitochondrial dysfunction, also because of the importance of the
mitochondria-associated ER membrane (MAM) [66,67]. In general, it is known that α-cells are much more
resistant to ER stress; however, the influence of reduced energy production on the ER in α-cells is not well
understood. Although it has been shown that efficient energy production via both FFA [3] and glucose
[68] is indispensable for normal physiological glucagon secretion, the exact interplay between the energyproviding processes, in particular in mitochondria, and the energy consumption by the ER and plasma
membrane ATPases, the ATP-driven ion exchangers and ion channels need to be further investigated.
In addition to glucose and FFA studied here, amino acids play an important role in glucagon secretion.
There is a large body of evidence that glucagon regulates amino acid metabolism at a systemic level,
probably even more efficiently than the glucose homeostasis [69,70]. By way of a feedback loop, an
elevation in circulating amino acids causes enormous glucagon secretion, known for decades [71], e.g. an
intravenous arginine infusion of 5 g may result in a 10-fold increase in plasma glucagon level [72].
Amino acids also promote α-cell proliferation via a nutrient-sensing circuit [73,74]. Whereas the
signalling role of amino acids on glucagon secretion is well established, its contribution to the energy
production in α-cells is of much less importance. In particular, in hypoglycaemia, it is hardly to expect
that amino acids would be used for ATP production in α-cells, especially in significant quantities. The
glucagon-induced skeletal muscle wasting aims to supply amino acids as a gluconeogenic precursor.
Importantly, amino acids do not fuel ATP production in hepatocytes, but instead, the hepatic FFA
oxidation is enhanced to supply the energy required to sustain gluconeogenesis [75]. A similar scenario,
with a preference for FFA consumption in hypoglycaemia, would be expected in α-cells. If under specific
conditions there were some contribution of amino acids to the energy production in α-cells, from the
perspective of our mathematical model, it only requires a separate quantification of this process;
however, no qualitative changes in the model predictions would be expected.
Why and how exactly the mitochondria in α-cells are damaged in the course of diabetes development
remains a matter of further studies. Our first evidence of structural changes in the shape of mitochondria
and alterations in their inner structure needs to be further evaluated, first, on larger samples of α-cells,
and second, by providing quantitative analyses of different morphological parameters concerning the
main characteristics of mitochondria in α-cells. Moreover, the link between the structural changes and
the functioning of mitochondria needs to be established. Further experiments with, for example,
tolbutamide or diazoxide would be needed to evaluate the mitochondrial function, or even more
sophisticated methods for changes in mitochondrial DNA, and some metabolomics, would be needed to
see the physiological processes being altered in the process of mitochondrial dysfunction.
Further studies will also be needed to investigate the complex interplay between the energy-driven,
anabolic and signalling mechanisms. Recognizing the mitochondria as multi-functional bioenergetic,
biosynthetic and signalling organelles [76–78] may result in completely new clinical treatments of
diabetes. We may in the future improve the future treatment of diabetes considerably by stimulating and
regenerating the mitochondrial function, partly already with increased physical activity and weight loss
that restore mitochondrial content and functional capacity, particularly in skeletal muscle [79], and with
the development of new medications stimulating mitogenesis and influencing mitochondrial function
more efficiently than the currently known agents, e.g. coenzyme Q10 [15,80] or metformin [81–83].

References
1.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

functions but reciprocal effects on secretion.
Diabetologia 57, 1749–1761. (doi:10.1007/
s00125-014-3279-8)
Göpel SO, Kanno T, Barg S, Weng X-G, Gromada
J, Rorsman P. 2000 Regulation of glucagon
release in mouse α-cells by K ATP channels and
inactivation of TTX-sensitive Na+ channels.
J. Physiol. 528, 509–520. (doi:10.1111/j.14697793.2000.00509.x)
Zhang Q, Galvanovskis J, Abdulkader F,
Partridge CJ, Gopel SO, Eliasson L, Rorsman P.
2008 Cell coupling in mouse pancreatic betacells measured in intact islets of Langerhans.
Phil. Trans. R. Soc. A 366, 3503–3523. (doi:10.
1098/rsta.2008.0110)
Ostenson CG, Agren A, Brolin SE, Petersson B.
1980 Adenine nucleotide concentrations in
A2-cell rich and normal pancreatic islets of the
guinea pig. Diab. Metab. 6, 5–11.
Maechler P, Wollheim CB. 2001 Mitochondrial
function in normal and diabetic β-cells. Nature
414, 807–812. (doi:10.1038/414807a)
Nunemaker CS, Zhang M, Satin LS. 2004 Insulin
feedback alters mitochondrial activity through
an ATP-sensitive K+ channel-dependent
pathway in mouse islets and beta-cells.
Diabetes 53, 1765–1772. (doi:10.2337/
DIABETES.53.7.1765)
Del Guerra S et al. 2005 Functional and
molecular defects of pancreatic islets in human
type 2 diabetes. Diabetes 54, 727–735. (doi:10.
2337/diabetes.54.3.727)
White MG, Shaw JAM, Taylor R. 2016 Type 2
diabetes: the pathologic basis of reversible
β-cell dysfunction. Diab. Care 39, 2080–2088.
(doi:10.2337/dc16-0619)
Stožer A, Hojs R, Dolenšek J. 2019 Beta cell
functional adaptation and dysfunction in insulin
resistance and the role of chronic kidney
disease. Nephron 143, 33–37. (doi:10.1159/
000495665)
Anello M et al. 2005 Functional and
morphological alterations of mitochondria in
pancreatic beta cells from type 2 diabetic
patients. Diabetologia 48, 282–289. (doi:10.
1007/s00125-004-1627-9)
Lu H, Koshkin V, Allister EM, Gyulkhandanyan
AV, Wheeler MB. 2010 Molecular and metabolic
evidence for mitochondrial defects associated
with β-cell dysfunction in a mouse model of
type 2 diabetes. Diabetes 59, 448–459. (doi:10.
2337/db09-0129)
Sivitz WI, Yorek MA. 2010 Mitochondrial
dysfunction in diabetes: from molecular
mechanisms to functional significance and
therapeutic opportunities. Antioxid. Redox

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Signal. 12, 537–577. (doi:10.1089/ars.2009.
2531)
Petersen KF, Dufour S, Befroy D, Garcia R,
Shulman GI. 2004 Impaired mitochondrial
activity in the insulin-resistant offspring of
patients with type 2 diabetes. N. Engl. J. Med.
350, 664–671. (doi:10.1056/NEJMoa031314)
Patti M-E, Corvera S. 2010 The role of
mitochondria in the pathogenesis of type 2
diabetes. Endocr. Rev. 31, 364–395. (doi:10.
1210/er.2009-0027)
Merino B, Alonso-Magdalena P, Lluesma M,
Ñeco P, Gonzalez A, Marroquí L, García-Arévalo
M, Nadal A, Quesada I. 2015 Pancreatic alphacells from female mice undergo
morphofunctional changes during compensatory
adaptations of the endocrine pancreas to dietinduced obesity. Sci. Rep. 5, 11622. (doi:10.
1038/srep11622)
Brereton MF, Vergari E, Zhang Q, Clark A. 2015
Alpha-, delta- and PP-cells: are they the
architectural cornerstones of islet structure and
co-ordination? J. Histochem. Cytochem. 63,
575–591. (doi:10.1369/0022155415583535)
Marroqui L et al. 2015 Pancreatic α cells are
resistant to metabolic stress-induced apoptosis
in type 2 diabetes. EBioMedicine 2, 378–385.
(doi:10.1016/j.ebiom.2015.03.012)
Kharouta M, Miller K, Kim A, Wojcik P, Kilimnik
G, Dey A, Steiner DF, Hara M. 2009 No mantle
formation in rodent islets—the prototype of
islet revisited. Diab. Res. Clin. Pract. 85,
252–257. (doi:10.1016/j.diabres.2009.06.021)
Dolenšek J, Rupnik MS, Stožer A. 2015
Structural similarities and differences between
the human and the mouse pancreas. Islets 7,
e1024405–16. (doi:10.1080/19382014.2015.
1024405)
Smolen P. 1995 A model for glycolytic
oscillations based on skeletal muscle
phosphofructokinase kinetics. J. Theor. Biol.
174, 137–148. (doi:10.1006/jtbi.1995.0087)
Montefusco F, Pedersen MG. 2015 Mathematical
modelling of local calcium and regulated
exocytosis during inhibition and stimulation of
glucagon secretion from pancreatic alpha-cells.
J. Physiol. 593, 4519–4530. (doi:10.1113/
JP270777)
Heimberg H, De Vos A, Moens K, Quartier E,
Bouwens L, Pipeleers D, Van Schaftingen E,
Madsen O, Schuit F. 1996 The glucose sensor
protein glucokinase is expressed in glucagonproducing alpha-cells. Proc. Natl Acad. Sci. USA
93, 7036–7041. (doi:10.1073/pnas.93.14.7036)
Pedersen MG, Bertram R, Sherman A. 2005
Intra- and inter-islet synchronization of

R. Soc. open sci. 7: 191171

2.

Unger RH, Cherrington AD. 2012
Glucagonocentric restructuring of diabetes: a
pathophysiologic and therapeutic makeover.
J. Clin. Invest. 122, 4–12. (doi:10.1172/
JCI60016)
Gylfe E. 2016 Glucose control of glucagon
secretion—‘There’s a brand-new gimmick every
year’. Ups. J. Med. Sci. 121, 120–132. (doi:10.
3109/03009734.2016.1154905)
Briant LJB, Dodd MS, Chibalina MV, Rorsman
NJG, Johnson PRV, Carmeliet P, Rorsman P,
Knudsen JG. 2018 CPT1a-dependent long-chain
fatty acid oxidation contributes to maintaining
glucagon secretion from pancreatic islets. Cell
Rep. 23, 3300–3311. (doi:10.1016/j.celrep.2018.
05.035)
Gromada J, Franklin I, Wollheim CB. 2007
α-Cells of the endocrine pancreas: 35 years
of research but the enigma remains.
Endocr. Rev. 28, 84–116. (doi:10.1210/er.
2006-0007)
Liu Y-J, Vieira E, Gylfe E. 2004 A store-operated
mechanism determines the activity of the
electrically excitable glucagon-secreting
pancreatic α-cell. Cell Calcium 35, 357–365.
(doi:10.1016/j.ceca.2003.10.002)
Vieira E, Salehi A, Gylfe E. 2007 Glucose
inhibits glucagon secretion by a direct
effect on mouse pancreatic alpha cells.
Diabetologia 50, 370–379. (doi:10.1007/
s00125-006-0511-1)
MacDonald PE, De Marinis YZ, Ramracheya R,
Salehi A, Ma X, Johnson PRV, Cox R, Eliasson L,
Rorsman P. 2007 A KATP channel-dependent
pathway within α cells regulates glucagon
release from both rodent and human islets of
Langerhans. PLoS Biol. 5, e143. (doi:10.1371/
journal.pbio.0050143)
Rorsman P, Salehi SA, Abdulkader F, Braun M,
MacDonald PE. 2008 KATP-channels and
glucose-regulated glucagon secretion. Trends
Endocrinol. Metab. 19, 277–284. (doi:10.1016/j.
tem.2008.07.003)
Braun M, Rorsman P. 2010 The glucagonproducing alpha cell: an electrophysiologically
exceptional cell. Diabetologia 53, 1827–1830.
(doi:10.1007/s00125-010-1823-8)
Zhang Q et al. 2013 Role of KATP channels in
glucose-regulated glucagon secretion and
impaired counterregulation in type 2 diabetes.
Cell Metab. 18, 871–882. (doi:10.1016/j.cmet.
2013.10.014)
Rorsman P, Ramracheya R, Rorsman NJGG,
Zhang Q. 2014 ATP-regulated potassium
channels and voltage-gated calcium channels in
pancreatic alpha and beta cells: similar

15

royalsocietypublishing.org/journal/rsos

This work was also supported by the Swedish Diabetes Association, Funds of Karolinska Institutet, The Swedish
Research Council, Novo Nordisk Foundation, The Family Erling-Persson Foundation, Strategic Research Program in
Diabetes at Karolinska Institutet, The Family Knut and Alice Wallenberg Foundation, The Stichting af Jochnick
Foundation, Skandia Insurance Company, Ltd, Diabetes and Wellness Foundation, The Bert von Kantzow
Foundation, Svenska Diabetesstiftelsen, AstraZeneca, Swedish Association for Diabetology and The ERC-2013-AdG
338936-BetaImage. We thank Mark Graham, now retired from IONIS, for support. The funders had no role in
study design, data collection and analysis, decision to publish or preparation of the manuscript.

35.

36.

38.

39.

40.

41.

42.

43.

44.

45.

46.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hopkins W, Fatherazi S, Peter-Riesch B, Corkey
B, Cook D. 1992 Two sites for adeninenucleotide regulation of ATP-sensitive potassium
channels in mouse pancreatic beta-cells and HIT
cells. J. Membr. Biol. 129, 287–295. (doi:10.
1007/BF00232910)
Magnus G, Keizer J. 1998 Model of β-cell
mitochondrial calcium handling and electrical
activity. I. Cytoplasmic variables. Am. J. Physiol.
274, C1158–C1173. (doi:10.1152/ajpcell.1998.
274.4.C1158)
Grubelnik V, Dugonik B, Osebik D, Marhl M.
2009 Signal amplification in biological and
electrical engineering systems: universal role of
cascades. Biophys. Chem. 143, 132–138.
(doi:10.1016/J.BPC.2009.04.009)
Malmersjö S et al. 2013 Neural progenitors
organize in small-world networks to promote
cell proliferation. Proc. Natl Acad. Sci. USA 110,
E1524–E1532. (doi:10.1073/pnas.1220179110)
Rorsman P, Braun M, Zhang Q. 2012 Regulation
of calcium in pancreatic α- and β-cells in
health and disease. Cell Calcium 51, 300–308.
(doi:10.1016/j.ceca.2011.11.006)
Valladolid-Acebes I, Daraio T, Brismar K,
Harkany T, Ögren SO, Hökfelt TGM, Bark C. 2015
Replacing SNAP-25b with SNAP-25a expression
results in metabolic disease. Proc. Natl. Acad.
Sci. USA 112, E4326–E4335. (doi:10.1073/pnas.
1511951112)
Kusminski CM et al. 2016 MitoNEET-Parkin
effects in pancreatic α- and β-cells, cellular
survival, and intrainsular cross talk. Diabetes 65,
1534–1555. (doi:10.2337/db15-1323)
Diao J, Allister EM, Koshkin V, Lee SC,
Bhattacharjee A, Tang C, Giacca A, Chan CB,
Wheeler MB. 2008 UCP2 is highly expressed in
pancreatic α-cells and influences secretion and
survival. Proc. Natl Acad. Sci. USA 105,
12 057–12 062. (doi:10.1073/pnas.0710434105)
Petersen KF, Befroy D, Dufour S, Dziura J, Ariyan
C, Rothman DL, DiPietro L, Cline GW, Shulman
GI. 2003 Mitochondrial dysfunction in the
elderly: possible role in insulin resistance.
Science 300, 1140–1142. (doi:10.1126/science.
1082889)
Ferrannini E, Baldi S, Frascerra S, Astiarraga B,
Heise T, Bizzotto R, Mari A, Pieber TR, Muscelli
E. 2016 Shift to fatty substrate utilization in
response to sodium–glucose cotransporter 2
inhibition in subjects without diabetes and
patients with type 2 diabetes. Diabetes 65,
1190–1195. (doi:10.2337/db15-1356)
Allister EM et al. 2013 UCP2 regulates
the glucagon response to fasting and
starvation. Diabetes 62, 1623–1633. (doi:10.
2337/db12-0981)
Briant LJB, Reinbothe TM, Spiliotis I, Miranda C,
Rodriguez B, Rorsman P. 2018 δ-cells and
β-cells are electrically coupled and regulate
α-cell activity via somatostatin. J. Physiol. 596,
197–215. (doi:10.1113/JP274581)
Lai B-K et al. 2018 Somatostatin is only partly
required for the glucagonostatic effect of
glucose but is necessary for the glucagonostatic
effect of K ATP channel blockers. Diabetes 67,
2239–2253. (doi:10.2337/db17-0880)
Cheng-Xue R, Gomez-Ruiz A, Antoine N,
Noel LA, Chae H-Y, Ravier MA, Chimienti F,

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Schuit FC, Gilon P. 2013 Tolbutamide
controls glucagon release from mouse
islets differently than glucose: involvement
of KATP channels from both α-cells and
δ-cells. Diabetes 62, 1612–1622. (doi:10.2337/
db12-0347)
Gylfe E. 2013 Glucose control of glucagon
secretion: there is more to it than KATP
channels. Diabetes 62, 1391–1393. (doi:10.
2337/db13-0193)
Elliott AD, Ustione A, Piston DW. 2015
Somatostatin and insulin mediate glucoseinhibited glucagon secretion in the
pancreatic α-cell by lowering cAMP.
Am. J. Physiol. Metab. 308, E130–E143. (doi:10.
1152/ajpendo.00344.2014)
Yu Q, Shuai H, Ahooghalandari P, Gylfe E,
Tengholm A. 2019 Glucose controls glucagon
secretion by directly modulating cAMP in alpha
cells. Diabetologia 62, 1212–1224. (doi:10.
1007/s00125-019-4857-6)
Montefusco F, Cortese G, Pedersen MG. 2019
Heterogeneous alpha-cell population modeling
of glucose-induced inhibition of electrical
activity. J. Theor. Biol. 485, 110036. (doi:10.
1016/j.jtbi.2019.110036)
Knudsen JG et al. 2019 Dysregulation of
glucagon secretion by hyperglycemia-induced
sodium-dependent reduction of ATP production.
Cell Metab. 29, 430–442.e4. (doi:10.1016/j.
cmet.2018.10.003)
Madreiter-Sokolowski CT, Gottschalk B,
Parichatikanond W, Eroglu E, Klec C, WaldeckWeiermair M, Malli R, Graier WF. 2016
Resveratrol specifically kills cancer cells by a
devastating increase in the Ca2+ coupling
between the greatly tethered endoplasmic
reticulum and mitochondria. Cell. Physiol.
Biochem. 39, 1404–1420. (doi:10.1159/
000447844)
Prasad M, Pawlak KJ, Burak WE, Perry EE,
Marshall B, Whittal RM, Bose HS. 2017
Mitochondrial metabolic regulation by GRP78.
Sci. Adv. 3, e1602038. (doi:10.1126/sciadv.
1602038)
Basco D et al. 2018 α-cell glucokinase
suppresses glucose-regulated glucagon
secretion. Nat. Commun. 9, 546. (doi:10.1038/
s41467-018-03034-0)
Holst JJ, Wewer Albrechtsen NJ, Pedersen J,
Knop FK. 2017 Glucagon and amino acids are
linked in a mutual feedback cycle: the liver–αcell axis. Diabetes 66, 235–240. (doi:10.2337/
db16-0994)
Janah L, Kjeldsen S, Galsgaard KD, WintherSørensen M, Stojanovska E, Pedersen J, Knop
FK, Holst JJ, Wewer Albrechtsen NJ. 2019
Glucagon receptor signaling and glucagon
resistance. Int. J. Mol. Sci. 20, 3314. (doi:10.
3390/ijms20133314)
Unger RH, Ohneda A, Aguilar-Parada E,
Eisentraut AM. 1969 The role of aminogenic
glucagon secretion in blood glucose
homeostasis. J. Clin. Invest. 48, 810–822.
(doi:10.1172/JCI106039)
Orskov C, Jeppesen J, Madsbad S, Holst JJ. 1991
Proglucagon products in plasma of noninsulindependent diabetics and nondiabetic controls in
the fasting state and after oral glucose and

16

R. Soc. open sci. 7: 191171

37.

47.

royalsocietypublishing.org/journal/rsos

34.

metabolically driven insulin secretion. Biophys.
J. 89, 107–119. (doi:10.1529/biophysj.104.
055681)
Gorus FK, Malaisset WJ, Pipeleerss DG. 1984
Differences in glucose handling by pancreatic
A- and B-cells. .J. Biol. Chem. 259, 1196–1200.
Heimberg H, De Vos A, Pipeleers D, Thorens B,
Schuit F. 1995 Differences in glucose transporter
gene expression between rat pancreatic α- and
β-cells are correlated to differences in glucose
transport but not in glucose utilization. J. Biol.
Chem. 270, 8971–8975. (doi:10.1074/jbc.270.
15.8971)
Detimary P, Dejonghe S, Ling Z, Pipeleers D,
Schuit F, Henquin J-C. 1998 The changes in
adenine nucleotides measured in glucosestimulated rodent islets occur in β cells but not
in α cells and are also observed in human
islets. J. Biol. Chem. 273, 33 905–33 908.
(doi:10.1074/jbc.273.51.33905)
Nunemaker CS, Bertram R, Sherman A, TsanevaAtanasova K, Daniel CR, Satin LS. 2006 Glucose
modulates [Ca2+]i oscillations in pancreatic islets
via ionic and glycolytic mechanisms. Biophys. J.
91, 2082–2096. (doi:10.1529/BIOPHYSJ.106.
087296)
Itoh Y et al. 2003 Free fatty acids regulate
insulin secretion from pancreatic β cells through
GPR40. Nature 422, 173–176. (doi:10.1038/
nature01478)
Olofsson CS, Salehi A, Gopel SO, Holm C,
Rorsman P. 2004 Palmitate stimulation of
glucagon secretion in mouse pancreatic α-cells
results from activation of L-type calcium
channels and elevation of cytoplasmic calcium.
Diabetes 53, 2836–2843. (doi:10.2337/diabetes.
53.11.2836)
Hue L, Taegtmeyer H. 2009 The Randle cycle
revisited: a new head for an old hat.
Am. J. Physiol. Metab. 297, E578–E591. (doi:10.
1152/ajpendo.00093.2009)
Schuit F, De Vos A, Farfari S, Moens K, Pipeleers
D, Brun T, Prentki M. 1997 Metabolic fate of
glucose in purified islet cells. J. Biol. Chem. 272,
18 572–18 579. (doi:10.1074/jbc.272.30.18572)
Quesada I, Todorova MG, Soria B. 2006 Different
metabolic responses in α-, β-, and δ-cells of
the islet of Langerhans monitored by redox
confocal microscopy. Biophys. J. 90, 2641–2650.
(doi:10.1529/biophysj.105.069906)
Ravier MA, Rutter GA. 2005 Glucose or insulin,
but not zinc ions, inhibit glucagon secretion
from mouse pancreatic α-cells. Diabetes 54,
1789–1797. (doi:10.2337/diabetes.54.6.1789)
Li J, Yu Q, Ahooghalandari P, Gribble FM,
Reimann F, Tengholm A, Gylfe E. 2015
Submembrane ATP and Ca2+ kinetics in α-cells:
unexpected signaling for glucagon secretion.
FASEB J. 29, 3379–3388. (doi:10.1096/fj.14265918)
Quesada I, Tudurí E, Ripoll C, Nadal Á. 2008
Physiology of the pancreatic α-cell and
glucagon secretion: role in glucose homeostasis
and diabetes. J. Endocrinol. 199, 5–19. (doi:10.
1677/JOE-08-0290)
Watts M, Sherman A. 2014 Modeling the
pancreatic α-cell: dual mechanisms of glucose
suppression of glucagon secretion. Biophys. J.
106, 741–751. (doi:10.1016/j.bpj.2013.11.4504)

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Wheaton WW et al. 2014 Metformin inhibits
mitochondrial complex I of cancer cells to
reduce tumorigenesis. eLife 3, e02242. (doi:10.
7554/eLife.02242)
Cordero MD, Viollet B. 2016 AMP-activated
protein kinase. Cham, Switzerland: Springer
International Publishing.
Soberanes S et al. 2019 Metformin targets
mitochondrial electron transport to reduce
air-pollution-induced thrombosis. Cell Metab.
29, 335–347.e5. (doi:10.1016/j.cmet.2018.
09.019)
Grubelnik V et al. 2020 Data from: Modelling of
dysregulated glucagon secretion in type 2
diabetes by considering mitochondrial alterations
in pancreatic α-cells. Dryad Digital Repository.
(doi:10.5061/dryad.9n2k1vk)

17

R. Soc. open sci. 7: 191171

Chandel NS. 2015 Evolution of mitochondria as
signaling organelles. Cell Metab. 22, 204–206.
(doi:10.1016/j.cmet.2015.05.013)
Weinberg SE, Chandel NS. 2015 Targeting
mitochondria metabolism for cancer therapy.
Nat. Chem. Biol. 11, 9–15. (doi:10.1038/
nchembio.1712)
Toledo FGS, Menshikova EV, Ritov VB, Azuma K,
Radikova Z, DeLany J, Kelley DE. 2007 Effects of
physical activity and weight loss on skeletal
muscle mitochondria and relationship with
glucose control in type 2 diabetes. Diabetes 56,
2142–2147. (doi:10.2337/db07-0141)
Hernández-Camacho JD, Bernier M, López-Lluch
G, Navas P. 2018 Coenzyme Q10
supplementation in aging and disease. Front.
Physiol. 9, 44. (doi:10.3389/fphys.2018.00044)

royalsocietypublishing.org/journal/rsos

73.

intravenous arginine. J. Clin. Invest. 87,
415–423. (doi:10.1172/JCI115012)
Solloway MJ et al. 2015 Glucagon couples
hepatic amino acid catabolism to mTORdependent regulation of α-cell mass. Cell Rep.
12, 495–510. (doi:10.1016/j.celrep.2015.06.034)
Dean ED et al. 2017 Interrupted glucagon
signaling reveals hepatic α cell axis and role for Lglutamine in α cell proliferation. Cell Metab. 25,
1362–1373.e5. (doi:10.1016/j.cmet.2017.05.011)
Adeva-Andany MM, Funcasta-Calderón R,
Fernández-Fernández C, Castro-Quintela E,
Carneiro-Freire N. 2019 Metabolic effects of
glucagon in humans. J. Clin. Transl. Endocrinol.
15, 45–53. (doi:10.1016/j.jcte.2018.12.005)
Chandel NS. 2014 Mitochondria and cancer.
Cancer Metab. 2, 8. (doi:10.1186/2049-3002-2-8)

