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Glucagon, a hormone secreted by pancreatic alpha cells, contributes to the maintenance of normal blood glucose concentration by
inducing hepatic glucose production in response to declining blood glucose. However, glucagon hypersecretion contributes to the
pathogenesis of type 2 diabetes. Moreover, diabetes is associated with relative glucagon undersecretion at low blood glucose and
oversecretion at normal and high blood glucose. The mechanisms of such alpha cell dysfunctions are not well understood. This
article reviews the genesis of alpha cell dysfunctions during the pathogenesis of type 2 diabetes and after the onset of type 1 and
type 2 diabetes. It unravels a signaling pathway that contributes to glucose- or hydrogen peroxide-induced glucagon secretion,
whose overstimulation contributes to glucagon dysregulation, partly through oxidative stress and reduced ATP synthesis. The
signaling pathway involves phosphatidylinositol-3-kinase, protein kinase B, protein kinase C delta, non-receptor tyrosine kinase
Src, and phospholipase C gamma-1. This knowledge will be useful in the design of new antidiabetic agents or regimens.

1. Introduction
The hormone glucagon, produced by pancreatic alpha cells,
contributes to the regulation of blood glucose by promoting
hepatic glucose production in response to declining blood
glucose. However, its excessive secretion contributes to the
development of type 2 diabetes [1, 2]. Moreover, in both type
1 and type 2 diabetes, its secretion is dysregulated; with
hypersecretion at moderate and high glucose, aggravating
hyperglycemia; and failure of secretion at low glucose, leading
to life-threatening hypoglycemia [2, 3]. The mechanisms of
such alpha cell dysregulations are not well understood. This
article discusses the related literature to present an up-todate understanding of these processes, beginning with an outline of the pathways of glucagon secretion. The mechanism of
induction of hyperglucagonemia in otherwise healthy individuals and how this contributes to type 2 diabetes is discussed. A
synthesis of the literature unveils a signaling pathway that
contributes to glucose- and/or hydrogen peroxide-induced
glucagon secretion. Excessive activation of this pathway in

diabetes dysregulates glucagon secretion through alpha cell
oxidative stress and reduced ATP synthesis. The relevance of
such a pathway to the antihyperglycemic and antihypoglycemic eﬀects of some antidiabetic agents is discussed.

2. Glucagon Secretion Pathways
Glucagon synthesis involves transcription of the preproglucagon (Gcg) gene to produce proglucagon mRNA, which is
translated to proglucagon, whose cleavage by prohormone
convertase 2 produces glucagon [4]. The synthesized glucagon molecules are packaged into secretory vesicles (SVs),
which need to be translocated to the plasma membrane
(PM) where they get docked through protein-protein interactions [5, 6]. Before secretion, the vesicles get primed for
exocytosis through protein interactions that promote their
rapid calcium-dependent fusion with the PM [5].
As illustrated in Figure 1, one of the hypothesized pathways leading to primed glucagon granule exocytosis begins
with potassium eﬄux through ATP-dependent K+ channels
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Figure 1: Pathways of glucagon secretion. VDCC: voltage-dependent calcium channel; ER: endoplasmic reticulum; SOCE: store-operated
calcium entry.

(K-ATP channels) [7, 8]. According to this hypothesis, glucagon secretion requires the closure of most of these channels,
allowing limited K+ eﬄux to alter the membrane potential to
a range that permits the opening of voltage-dependent Na+
channels; the resulting Na+ inﬂux causes subsequent opening
of P/Q type voltage-gated calcium channels (VDCCs); calcium
inﬂux through these VDCCs is coupled to fusion of glucagon
vesicles with the plasma membrane, resulting in glucagon
secretion; and too low or too high ATP levels induce excessive
opening or closure of the K-ATP channels, respectively, leading
to the inhibition of this pathway [7–9]. K+ channels activated
by intracellular calcium (calcium activated K+ channels) were
recently found to contribute to glucagon secretion and were
suggested to be useful in limiting voltage-dependent inhibition
of P/Q type VDCCs during prolonged periods of low glucose
[10]. Nevertheless, this K-ATP channel hypothesis is not fully
accepted [7, 11]. For example, at low glucose, reduction in
alpha cell ATP by inhibition of fatty acid oxidation was found
not to aﬀect K-ATP channel conductance, and no membrane
hyperpolarization due to K+ eﬄux was observed; instead, there
was membrane depolarization due to Na+/K+ ATPase
inhibition [11]. Likewise, as reviewed by Gylfe [7], it has been
reported in some studies that glucose, which increases ATP,
promotes membrane hyperpolarization rather than the
expected depolarization due to K-ATP channel closure.
Other glucagon secretion pathways depend on the reduction of ER calcium content (Figure 1). For example, at low glucose, the ER calcium pump SERCA is relatively inhibited, and
the low ER calcium levels cause the ER transmembrane protein, stromal-interacting molecule 1 (STIM 1), to oligomerize
and move to interact with the plasma membrane calcium
channel orai1, thus activating this ‘store-operated channel’
and inducing store operated calcium entry (SOCE) [7, 12].
SOCE depolarizes the membrane, thus inducing calcium entry

through L-type VDCCs which promote exocytosis [7, 12].
High glucose inhibits SOCE by reverse translocation of STIM
1 to the ER, and this eﬀect is maximal by 3 mM glucose [7, 12].
ER calcium release and glucagon secretion can be
induced even at high glucose subsequent to the intracellular
increase in cyclic adenosine monophosphate (cAMP) or
inositol triphosphate (IP3) [6, 13, 14]. For example, fatty acids
promote glucagon secretion at both low and high glucose by
binding to the FFAR1 receptor, which is coupled to phospholipase C activation and generation of IP3, which induces the
release of calcium from the ER, thus raising the cytosolic
calcium, which is ampliﬁed by SOCE and L-type VDCCs to
promote glucagon exocytosis [11, 14–16]. Besides, fatty acids
are also metabolized to produce ATP, which is required for a
variety of processes, including glucagon synthesis, glucagon
vesicle traﬃcking, docking and priming, maintaining Na+/KATPase activity for membrane repolarization, and preventing
excessive opening of K-ATP channels [8, 11, 14, 17].

3. Isolated Alpha Cells Exhibit a V-Shaped
Glucagon Secretion Curve in Response to
Increasing Glucose: The Influence of ATP and
a Signaling Pathway Leading to
Phospholipase C Gamma-1 Activation and
ER Calcium Release
Isolated alpha cells have a V-shaped glucagon secretion curve
in response to increasing glucose concentrations from 0 mM,
with maximal suppression at moderate glucose concentrations of 5-7 mM [6, 18]. At low glucose concentrations,
ATP plays a signaling role in glucagon secretion through
cAMP elevation, which is important for accelerating the
mobilization of glucagon granules to the readily releasable
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pool [13, 19]. Suppression of glucagon secretion in response
to glucose has been attributed to increasing ATP concentrations and resultant closure of K-ATP channels, membrane
hyperpolarization through increased Na+/K+ ATPase activity, inhibition of ER calcium release, and reduction of cAMP
concentrations [6–8, 13]. cAMP level reduction may be
explained by ATP-induced ER ﬁlling and reverse translocation of STIM to the ER, since, at the plasma membrane,
STIM 1 activates adenylyl cyclase [12, 13]. The increasing
ATP also coincides with decreasing activation of adenosine
monophosphate kinase (AMPK), a promoter of glucagon
secretion by an unknown mechanism [20, 21].
The reason for increasing glucagon secretion above the 57 mM glucose range is less well understood. However, as
suggested hereafter, a signaling pathway beginning with
sodium-glucose cotransporter 1 (SGLT-1) and involving the
generation of reactive oxygen species (ROS) can explain this
phenomenon (Figure 2). This is partly because ROS released
from beta cells at 16.7 mM glucose were found to increase
alpha cell glucagon content and secretion and alpha cell
proliferation [22]. Similarly, hyperglycemia induces alpha
cell hydrogen peroxide production, PI3K-Akt signaling, cell
proliferation, and glucagon secretion [23]. This is in contrast
to the hyperglycemia- and hydrogen peroxide-induced inhibition of PI3K-Akt in beta cells [23]. In the Goto-Kakizaki
diabetes-prone rat model, the elevation in pancreatic islet
PI3K-Akt is associated with increased activation of the
nonreceptor tyrosine kinase Src and related ROS production,
which can be inhibited by Src inhibitors [24, 25]. Src
activation has similarly been found in pancreatic islets of
db/db mice [26]. Inhibitors of the epidermal growth factor
receptor (EGFR) were found to reduce ROS in islets from
Goto-Kakizaki rats, and it was postulated that Src may
transactivate this receptor [25]. In addition, an increase in
glucagon secretion in hyperglycemia is associated with an
increased activity of protein kinase C delta (PKC-δ) [27].
Thus, PI3K-Akt, PKC-δ, Src, and EGFR should be important
components of the suggested signaling pathway (Figure 2).
According to Figure 2, transport of glucose and sodium
(Na+) through SGLT-1 is responsible for initiating signaling,
through PI3K activation that leads, via PKC-δ and Src, to
NADPH oxidase (Nox) and the production of hydrogen
peroxide (H2O2). This is based on the analogy that in cardiomyocytes exposed to high glucose, glucose transport through
SGLT-1 induces Nox2 activation in a process dependent on
sodium and glucose transport but not metabolism, and which
is associated with PKC activation [28]. SGLT1 was reported to
contribute to glucagon secretion when islets were incubated
for 2 hrs with both 5 mM and 20 mM glucose, by a mechanism
dependent on transport rather than glucose metabolism [29].
Membrane depolarization, as can be induced by Na+ entry
through SGLT-1, can trigger activation of PI3K and Akt,
upstream of Nox2 [30]. Akt promotes alpha cell proliferation
via mammalian target of rapamycin (MTOR) [31] and also
activates CREB [32], which promotes glucagon synthesis [4].
Human alpha cells express the melatonin 1 receptor (MT1)
[33]. Melatonin signaling through this receptor induces PI3KAkt signaling [34] and promotes glucagon secretion via PI3K
and PLC-γ1, even at high glucose such as 16.7 mM [35].
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PI3K activates PLC-γ1 through production of phosphatidylinositol 3-phosphate, but Akt can also activate this
phospholipase, especially when EGFR is also activated [36].
PLC-γ1 generates IP3, which causes ER calcium release and
glucagon secretion as already described in Glucagon Secretion
Pathways. PKC-δ promotes traﬃcking of glucagon secretory
granules to sites close to L-type VDCCs that participate in
ER-dependent glucagon secretion [37]. Thus, by activating
PI3K-Akt, glucose can induce glucagon secretion similarly to
melatonin. At increasing glucose above the 7 mM glucose, the
ATP level in alpha cells remains constant and maximal [20,
38]. Therefore, the increase in glucagon secretion with
increasing glucose may be due to increasing activation of the
signaling pathway in Figure 2 rather than changes in ATP.
Nox activity may increase with increasing glucose because of
higher NADPH availability from the pentose phosphate
pathway, since this pathway was found to be required for
hyperglycemia-induced Nox activity elevation in cardiomyocytes [28]. Moreover, with increasing glucose, there is
increased nonenzymatic protein glycation, which further
promotes the activation of Nox and Src [28, 39, 40].
PI3K activates PKC-δ [41], which activates Akt, Nox, and
Src [41–43]. Src activates Nox, PLC-γ1, and EGFR [25, 44,
45]. EGFR activates both PLC-γ and PI3-K [36]. Nox
produces superoxide anions that are converted by superoxide
dismutase to hydrogen peroxide (H2O2). Hydrogen peroxide,
via Src, activates PI3K [46], thus establishing a positive
feedback loop for sustained P13-Akt activation and hydrogen
peroxide generation. This also explains the fact that hydrogen peroxide can promote glucagon secretion, increase
glucagon content, and cell proliferation [22].
Hydrogen peroxide-mediated Src activation depends on
sulfenylation of two cysteine residues [47]. ROS-mediated
carbonylation of speciﬁc proline and threonine residues of
Na+/K+ ATPase additionally promotes Src signaling by
freeing the latter from an inhibitory interaction with the
former, and this has been reported to be involved in the pathogenesis of obesity and cardiovascular dysfunctions [48, 49].
Although it has been suggested that such carbonylation
involves hydroxyl radicals generated by the Fenton reaction
between hydrogen peroxide and ferrous ions [48], this is
unlikely due to the very high reactivity of hydroxyl radicals,
which makes them react unselectively [50]. Singlet oxygen
(1O2) is a more selective ROS, which can be formed by the
reaction of hydrogen peroxide with glucose [51], oxidizes
amines [52], and such oxidation was recently suggested as
being involved in the formation of biologically relevant
amide-type adducts such as Nε-(hexanoyl) lysine [53]. Thus,
it is proposed that the carbonylation of Na+/K+ ATPase may
be mediated by singlet oxygen according to Figure 3.

4. Elevated Plasma Nonesterified Fatty Acids
(NEFA) Induce Alpha Cell Insulin Resistance
and Associated Dysfunctions That Promote
the Pathogenesis of Type 2 Diabetes
Dysregulation of glucagon secretion starts before the
development of type 2 diabetes [54, 55]. The path towards
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type 2 diabetes involves two major types of prediabetic states,
namely, impaired fasting glucose (IFG, deﬁned by fasting
glucose of 5.6-6.9 mM) and impaired glucose tolerance
(IGT, deﬁned by 2-hour glucose of 7.8-11 mM after oral consumption of 75 g equivalent of glucose) [56]. Elevated hepatic
glucose production is the key characteristic of IFG and
decreased suppression of postprandial hepatic glucose
production contributes to IGT [57]. Fatty acids induce a
dose-dependent elevation of glucagon secretion at both lowand moderate-glucose concentrations [14, 16, 58]. Thus,
conditions such as obesity that elevate plasma NEFA expose
alpha cells to the latter’s glucagon-elevating eﬀects [59]. However, both glucagon and fatty acids induce insulin secretion
[16, 60], which inhibits glucagon secretion. Hence, elevated
fatty acids may initially promote fasting hyperinsulinemia
but not hyperglucagonemia (Figure 4). Sustained NEFA eleva-

tion and resultant hyperinsulinemia can induce insulin resistance in alpha cells, hepatocytes, and other cell types [61–63].
Palmitate induces both insulin resistance and ER stress in alpha
cells [61, 64]. ER stress upregulates glycogen synthase kinase 3
(GSK3) [65], which causes insulin resistance by phosphorylating insulin receptor substrate 1 (IRS1), which subsequently
undergoes ubiquitination and proteosomal degradation [66].
Insulin inadequately inhibits glucagon secretion in
insulin-resistant alpha cells [61], resulting in fasting hyperglucagonemia, which promotes fasting hepatic glucose production and IFG, especially in the setting of hepatic insulin
resistance (Figure 4). Fasting hyperglucagonemia may
promote muscle wasting and is associated with IGT due to
decreased postprandial uptake of glucose by muscles [1, 67].
Likewise, alpha cell insulin resistance reduces postprandial
glucagon suppression, and thus sustains hepatic glucose
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Figure 4: Fatty acid- and oxidative stress-induced alpha cell dysfunction upstream of type 2 diabetes.

production in the postprandial state, which contributes to IGT
[68]. Chronic exposure of beta cells to palmitate induces ER
stress and apoptosis [64], which reduces insulin production,
thus contributing to IGT. Although alpha cells are subject to
ER stress, they are resistant to apoptosis [69]. Thus, the alpha
cell to beta cell ratio with associated glucagon to insulin ratio
may increase with time, further elevating blood glucose [31].
Prediabetic individuals either revert to normoglycemia or
progress to diabetes. Systemic oxidative stress is an important
factor associated with progression to diabetes [70–73].
Hypertension is also strongly related to the progression to
diabetes [74], and this can be linked to oxidative stress [75].
During systemic oxidative stress, alpha cells may be chronically exposed to hydrogen peroxide from beta cells and endothelial cells, and this may lead to chronic activation of PI3KAkt signaling in alpha cells according to Figure 2. Although
Akt ordinarily phosphorylates and inhibits GSK3, chronic
Akt activation desensitizes GSK3 from this inhibition [76].
GSK3 activation promotes mitochondrial damage, including
inhibition of complex 1, mitochondrial ﬁssion, dissolved cristae, and overall change in morphology [77–80]. Alpha cells
with such mitochondrial damage may be under elevated
superoxide anion production even at basal glucose [81]. As
described in the next section, oxidative stress and mitochondrial alterations increase glucagon secretion at normal and
high glucose and are therefore likely to accelerate the occurrence of frank hyperglycemia characteristic of diabetes.
Hence, chronic infratherapeutic treatment of Goto-Kakizaki
young rats with the GSK3 inhibitor, lithium, prevented islet
inﬂammation and diabetes [82].

5. Alpha Cell Insulin Resistance, Mitochondrial
Abnormalities, and Chronic Oxidative Stress
Dysregulate Glucagon Secretion in Diabetes
In normal pancreatic islets, unlike isolated alpha cells, the rise
in glucagon secretion at glucose concentrations above 7 mM
is suppressed by paracrine action of somatostatin and insulin
produced by beta cells and delta cells, respectively, and by gap
junction coupling between these cells [11, 83]; but, this
paracrine suppression is lost in diabetes because of alpha cell
insulin and somatostatin resistance [18, 55]. Chronic
exposure of alpha cells to high glucose upregulates the
expression of SGLT-1 [9, 29] and overactivates the signaling
pathway in Figure 2, as evidenced by increased activation of
PI3K-Akt, PKC-δ, Src, and ROS generation in diabetic islets
[24–27, 81]. Oxidative stress and mitochondrial abnormalities
cause reduced ATP production in alpha cells [9, 84, 85].
Decreased ATP increases glucagon secretion at both moderate
and high glucose [9, 85]. On the other hand, at low glucose,
ATP can drop below the level required for glucagon secretion,
thus leading to failure of glucagon counterregulation and
hypoglycemia [9, 84, 85]. Accordingly, the antioxidant
epigallocatechin-3-gallate prevented oxidative stress and
restored glucagon secretion in a TC1-6 pancreatic alpha cell
line, leading to the suggestion that combining conventional
antihyperglycemia therapy with antioxidant therapy may
avert hypoglycemia in clinical treatment of diabetes [86]. Oral
administration of glucose restores glucagon secretion [87].
Apart from its role as a substrate for ATP synthesis, glucose
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is metabolized through the pentose phosphate pathway to
generate NADPH for reduction of oxidized glutathione, and
hence alleviation of oxidative stress [88]. Notably, in response
to hypoglycemia, activation of the hypothalamic-pituitaryadrenal axis occurs, resulting in release of catecholamines that
greatly increase plasma free fatty acids, yet this does not necessarily resolve the hypoglycemia [89]. Although fatty acids may
supply energy to prevent hypoglycemia [11], it is likely that they
do not eﬃciently promote hypoglycemia recovery because they
cannot resolve the oxidative stress and might even aggravate it.

6. Antioxidant Antidiabetic Agents Improve
Glucagon Hypersecretion and Hyposecretion
Glucagon-like peptide 1 (GLP-1) and GLP-1 receptor agonists
such as exendin reduce hyperglycemia and are associated with
lower risk of hypoglycemia [25, 90, 91]. They promote cAMP
formation, which, through Epac2, inhibits Src signaling and
induces Nrf2 antioxidant response [25, 92]. Thus, by reducing
ROS formation, GLP-1 and its receptor agonists increase ATP
production [25, 93], to improve glucagon hyposecretion and
hypersecretion. G protein-coupled receptor 119 (GPR119)
agonists induce glucagon secretion during hypoglycemia but
not hyperglycemia in diabetic mice [94]. Like GLP-1R signaling, GPR119 signaling involves cAMP production; and this
receptor has the advantage of being robustly expressed in
alpha cells, unlike the GLP-1 receptor [94].
Exogenous insulin administration promotes somatostatin
secretion, which aggravates hypoglycemia by reducing cAMP
formation; while somatostatin receptor antagonists improve
hypoglycemia by increased cAMP [3], and associated
reduction in oxidative stress. It is likely that, at high glucose,
somatostatin only lowers glucagon when in collaboration with
insulin, which activates Akt, thus inhibiting GSK3 and promoting Nrf2-associated expression of antioxidant enzymes.
Otherwise, somatostatin alone, by reducing cAMP, might
induce oxidative stress. Accordingly, diabetes patients, with
low insulin secretion, experience hyperglucagonemia although
their somatostatin secretion is even upregulated [95].
Although according to Figure 2, SGLT-1 inhibitors should
inhibit PI3K-Src-ROS signaling and thus prevent hypoglycemia, this is not the case in [29]. This can be explained by their
reduction of glucose entry for ATP synthesis and glutathione
reduction. A related result has been reported that in cardiomyocytes, SGLT-1 induces ROS generation at high glucose
but promotes survival at low glucose by replenishing ATP
stores through enhanced glucose availability [96].
There has been increasing interest in the antidiabetic
eﬀects of the ﬂavonoid quercetin, but this has mainly been
limited to animal studies [97]. Quercetin has been demonstrated to inhibit glucagon secretion through PKC-δ inhibition [27], and it is also known to be an antioxidant and
inhibitor of Src [98]. Further studies of this ﬂavonoid and
related phytochemicals in the prevention or management of
diabetes are warranted. The same applies to the peptide
pNaKtide which inhibits Na+/K+ ATPase-dependent Src
activation and has been found to be beneﬁcial against various
other metabolic disorders [49].
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7. Conclusion
In healthy individuals, glucose increases ATP to promote
glucagon secretion in hypoglycemia and to suppress glucagon
secretion at higher glucose levels to prevent hyperglycemia. At
high glucose, such as in the postprandial state, glucagon
secretion is suppressed by paracrine action of somatostatin
and insulin produced by beta cells and delta cells, respectively.
Alpha cell dysfunctions such as insulin resistance, mitochondrial alterations, and oxidative stress contribute to the
pathogenesis of type 2 diabetes and glucagon dysregulation
in diabetes. A signaling pathway that can be initiated by glucose and sodium transport through SGLT-1 or by hydrogen
peroxide promotes glucagon secretion and, if overactivated,
may induce oxidative stress and ATP reduction as key contributors to glucagon dysregulation in diabetes. This pathway can
be targeted in the search for new antidiabetic agents.

Conflicts of Interest
The author declares that there is no conﬂict of interests
regarding the publication of this paper.

References
[1] M. M. Adeva-Andany, R. Funcasta-Calderón, C. FernándezFernández, E. Castro-Quintela, and N. Carneiro-Freire, “Metabolic eﬀects of glucagon in humans,” Journal of Clinical &
Translational Endocrinology, vol. 15, pp. 45–53, 2019.
[2] A. Wendt and L. Eliasson, “Pancreatic α-cells – the unsung
heroes in islet function,” Seminars in Cell and Developmental
Biology, vol. 103, pp. 41–50, 2020.
[3] E. Vergari, J. G. Knudsen, R. Ramracheya et al., “Insulin
inhibits glucagon release by SGLT2-induced stimulation of
somatostatin secretion,” Nature Communications, vol. 10,
no. 1, p. 139, 2019.
[4] T. D. Müller, B. Finan, C. Clemmensen, R. D. DiMarchi, and
M. H. Tschöp, “The new biology and pharmacology of glucagon,” Physiological Reviews, vol. 97, no. 2, pp. 721–766, 2017.
[5] V. González-Vélez, G. Dupont, A. Gil, A. González, and
I. Quesada, “Model for glucagon secretion by pancreatic αcells,” PLoS One, vol. 7, no. 3, article e32282, 2012.
[6] A. Tengholm and E. Gylfe, “cAMP signalling in insulin and
glucagon secretion,” Diabetes Obesity and Metabolism,
vol. 19, Supplement 1, pp. 42–53, 2017.
[7] E. Gylfe, “Glucose control of glucagon secretion—‘There’s a
brand-new gimmick every year’,” Upsala Journal of Medical
Sciences, vol. 121, no. 2, pp. 120–132, 2016.
[8] Q. Zhang, R. Ramracheya, C. Lahmann et al., “Role of KATP
channels in glucose-regulated glucagon secretion and
impaired counterregulation in type 2 diabetes,” Cell Metabolism, vol. 18, no. 6, pp. 871–882, 2013.
[9] J. G. Knudsen, A. Hamilton, R. Ramracheya et al., “Dysregulation of glucagon secretion by hyperglycemia-induced sodiumdependent reduction of ATP production,” Cell Metabolism,
vol. 29, no. 2, pp. 430–442.e4, 2019.
[10] M. T. Dickerson, P. K. Dadi, M. K. Altman et al., “Glucosemediated inhibition of calcium-activated potassium channels
limits α-cell calcium inﬂux and glucagon secretion,” American
Journal of Physiology-Endocrinology and Metabolism, vol. 316,
no. 4, pp. E646–E659, 2019.

Oxidative Medicine and Cellular Longevity
[11] L. J. B. Briant, M. S. Dodd, M. V. Chibalina et al., “CPT1adependent long-chain fatty acid oxidation contributes to
maintaining glucagon secretion from pancreatic islets,” Cell
Reports, vol. 23, no. 11, pp. 3300–3311, 2018.
[12] G. Tian, A. V. Tepikin, A. Tengholm, and E. Gylfe, “cAMP
induces stromal interaction molecule 1 (STIM1) puncta but
neither orai1 protein clustering nor store-operated Ca2+ entry
(SOCE) in islet cells,” Journal of Biological Chemistry, vol. 287,
no. 13, pp. 9862–9872, 2012.
[13] Q. Yu, H. Shuai, P. Ahooghalandari, E. Gylfe, and
A. Tengholm, “Glucose controls glucagon secretion by directly
modulating cAMP in alpha cells,” Diabetologia, vol. 62, no. 7,
pp. 1212–1224, 2019.
[14] L. Wang, Y. Zhao, B. Gui et al., “Acute stimulation of glucagon
secretion by linoleic acid results from GPR40 activation and
[Ca2+]i increase in pancreatic islet α-cells,” Journal of Endocrinology, vol. 210, no. 2, pp. 173–179, 2011.
[15] K. Fujiwara, F. Maekawa, K. Dezaki, M. Nakata, T. Yashiro,
and T. Yada, “Oleic acid glucose-independently stimulates glucagon secretion by increasing cytoplasmic Ca2+ via endoplasmic reticulum Ca2+ release and Ca2+inﬂux in the rat islet αcells,” Endocrinology, vol. 148, no. 5, pp. 2496–2504, 2007.
[16] H. Kristinsson, E. Sargsyan, H. Manell, D. M. Smith, S. O.
Göpel, and P. Bergsten, “Basal hypersecretion of glucagon
and insulin from palmitate-exposed human islets depends on
FFAR1 but not decreased somatostatin secretion,” Scientiﬁc
Reports, vol. 7, no. 1, p. 4657, 2017.
[17] S. A. Andersson, M. G. Pedersen, J. Vikman, and L. Eliasson,
“Glucose-dependent docking and SNARE protein-mediated
exocytosis in mouse pancreatic alpha-cell,” Pﬂügers Archiv,
vol. 462, no. 3, pp. 443–454, 2011.
[18] M. Omar-Hmeadi, P.-E. Lund, N. R. Gandasi, A. Tengholm,
and S. Barg, “Paracrine control of α-cell glucagon exocytosis
is compromised in human type-2 diabetes,” Nature Communications, vol. 11, no. 1, p. 1896, 2020.
[19] J. Li, Q. Yu, P. Ahooghalandari et al., “Submembrane ATP and
Ca2+kinetics in α-cells: unexpected signaling for glucagon
secretion,” FASEB Journal, vol. 29, no. 8, pp. 3379–3388, 2015.
[20] I. Leclerc, G. Sun, C. Morris, E. Fernandez-Millan,
M. Nyirenda, and G. A. Rutter, “AMP-activated protein kinase
regulates glucagon secretion from mouse pancreatic alpha
cells,” Diabetologia, vol. 54, no. 1, pp. 125–134, 2011.
[21] G. Sun, G. da Silva Xavier, T. Gorman et al., “LKB1 and
AMPKα1 are required in pancreatic alpha cells for the normal
regulation of glucagon secretion and responses to hypoglycemia,” Molecular Metabolism, vol. 4, no. 4, pp. 277–286, 2015.
[22] C. A. Robson-Doucette, S. Sultan, E. M. Allister et al., “β-Cell
uncoupling protein 2 regulates reactive oxygen species production, which inﬂuences both insulin and glucagon secretion,”
Diabetes, vol. 60, no. 11, pp. 2710–2719, 2011.
[23] M.-k. Kim, H. M. Shin, H. S. Jung et al., “Comparison of pancreatic beta cells and alpha cells under hyperglycemia: Inverse
coupling in pAkt-FoxO1,” Diabetes Research and Clinical
Practice, vol. 131, pp. 1–11, 2017.
[24] R. Kominato, S. Fujimoto, E. Mukai et al., “Src activation generates reactive oxygen species and impairs metabolism–secretion coupling in diabetic Goto–Kakizaki and ouabain-treated
rat pancreatic islets,” Diabetologia, vol. 51, no. 7, pp. 1226–
1235, 2008.
[25] E. Mukai, S. Fujimoto, H. Sato et al., “Exendin-4 suppresses src
activation and reactive oxygen species production in diabetic

7

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Goto-Kakizaki rat islets in an epac-dependent manner,” Diabetes, vol. 60, no. 1, pp. 218–226, 2010.
Y. Pan, G. Li, H. Zhong et al., “RIG-I inhibits pancreatic β cell
proliferation through competitive binding of activated Src,”
Scientiﬁc Reports, vol. 6, no. 1, article 28914, 2016.
K. Yamamoto, H. Mizuguchi, N. Tokashiki et al., “Protein
kinase C-δ signaling regulates glucagon secretion from pancreatic islets,” The Journal of Medical Investigation, vol. 64,
no. 1.2, pp. 122–128, 2017.
M. Balteau, N. Tajeddine, C. de Meester et al., “NADPH oxidase activation by hyperglycaemia in cardiomyocytes is independent of glucose metabolism but requires SGLT1,”
Cardiovascular Research, vol. 92, no. 2, pp. 237–246, 2011.
T. Suga, O. Kikuchi, M. Kobayashi et al., “SGLT1 in pancreatic
α cells regulates glucagon secretion in mice, possibly explaining the distinct eﬀects of SGLT2 inhibitors on plasma glucagon
levels,” Molecular Metabolism, vol. 19, pp. 1–12, 2019.
S. Chatterjee, E. A. Browning, N. Hong et al., “Membrane
depolarization is the trigger for PI3K/Akt activation and leads
to the generation of ROS,” American Journal of PhysiologyHeart and Circulatory Physiology, vol. 302, no. 1, pp. H105–
H114, 2012.
Z. Liu, W. Kim, Z. Chen et al., “Insulin and glucagon regulate
pancreatic α-cell proliferation,” PLoS One, vol. 6, no. 1, article
e16096, 2011.
V. Rondeau, A. Jain, V. Truong, and A. K. Srivastava, “Involvement of the Akt-dependent CREB signaling pathway in
hydrogen-peroxide-induced early growth response protein-1
expression in rat vascular smooth muscle cells,” Canadian
Journal of Physiology and Pharmacology, vol. 97, no. 9,
pp. 885–892, 2019.
R. D. Ramracheya, D. S. Muller, P. E. Squires et al., “Function
and expression of melatonin receptors on human pancreatic
islets,” Journal of Pineal Research, vol. 44, no. 3, pp. 273–279,
2008.
S. Owino, A. Sánchez-Bretaño, C. Tchio et al., “Nocturnal activation of melatonin receptor type 1 signaling modulates diurnal insulin sensitivity via regulation of PI3K activity,” Journal
of Pineal Research, vol. 64, no. 3, article e12462, 2018.
I. Bahr, E. Muhlbauer, E. Albrecht, and E. Peschke, “Evidence
of the receptor-mediated inﬂuence of melatonin on pancreatic
glucagon secretion via the Gαq protein-coupled and PI3K signaling pathways,” Journal of Pineal Research, vol. 53, no. 4,
pp. 390–398, 2012.
Y. Wang, J. Wu, and Z. Wang, “Akt binds to and phosphorylates phospholipase c-γ1 in response to epidermal growth factor,” Molecular Biology of the Cell, vol. 17, no. 5, pp. 2267–
2277, 2006.
Y. Z. De Marinis, E. Zhang, S. Amisten et al., “Enhancement of
glucagon secretion in mouse and human pancreatic alpha cells
by protein kinase C (PKC) involves intracellular traﬃcking of
PKCalpha and PKCdelta,” Diabetologia, vol. 53, no. 4,
pp. 717–729, 2010.
V. Grubelnik, J. Zmazek, R. Markovič, M. Gosak, and
M. Marhl, “Modelling of energy-driven switch for glucagon
and insulin secretion,” Journal of Theoretical Biology,
vol. 493, article 110213, 2020.
M. Zhang, A. L. Kho, N. Anilkumar et al., “Glycated proteins
stimulate reactive oxygen species production in cardiac myocytes: involvement of Nox2 (gp91phox)-containing NADPH
oxidase,” Circulation, vol. 113, no. 9, pp. 1235–1243, 2006.

8
[40] W. Zhang, Q. Xu, J. Wu et al., “Role of Src in vascular hyperpermeability induced by advanced glycation end products,”
Scientiﬁc Reports, vol. 5, no. 1, article 14090, 2015.
[41] S. Xia, L. W. Forman, and D. V. Faller, “Protein kinase Cδ is
required for survival of cells expressing activated p21ras,”
Journal of Biological Chemistry, vol. 282, no. 18, pp. 13199–
13210, 2007.
[42] M. Nitti, A. L. Furfaro, C. Cevasco et al., “PKC delta and
NADPH oxidase in retinoic acid-induced neuroblastoma cell
diﬀerentiation,” Cellular Signalling, vol. 22, no. 5, pp. 828–
835, 2010.
[43] D. T. Brandt, A. Goerke, M. Heuer et al., “Protein kinase C
delta induces src kinase activity via activation of the protein
tyrosine phosphatase PTP alpha,” Journal of Biological Chemistry, vol. 278, no. 36, pp. 34073–34078, 2003.
[44] R. M. Touyz, G. Yao, and E. L. Schiﬀrin, “c-Src induces phosphorylation and translocation of p47phox,” Arteriosclerosis
Thrombosis and Vascular Biology, vol. 23, no. 6, pp. 981–987,
2003.
[45] H. S. Kim, S. Yumkham, J. H. Choi et al., “Serotonin stimulates
GnRH secretion through the c-Src-PLC γ1 pathway in GT1–7
hypothalamic cells,” Journal of Endocrinology, vol. 190, no. 3,
pp. 581–591, 2006.
[46] M. Z. Mehdi, N. R. Pandey, S. K. Pandey, and A. K. Srivastava,
“H2O2-induced phosphorylation of ERK1/2 and PKB requires
tyrosine kinase activity of insulin receptor and c-Src,” Antioxidants and Redox Signaling, vol. 7, no. 7-8, pp. 1014–1020,
2005.
[47] D. E. Heppner, C. M. Dustin, C. Liao et al., “Direct cysteine
sulfenylation drives activation of the Src kinase,” Nature Communications, vol. 9, no. 1, p. 4522, 2018.
[48] Y. Yan, A. P. Shapiro, S. Haller et al., “Involvement of reactive
oxygen species in a feed-forward mechanism of Na/KATPase-mediated signaling transduction,” Journal of Biological Chemistry, vol. 288, no. 47, pp. 34249–34258, 2013.
[49] K. Srikanthan, J. Shapiro, and K. Sodhi, “The role of Na/KATPase Signaling in oxidative stress related to obesity and cardiovascular disease,” Molecules, vol. 21, no. 9, p. 1172, 2016.
[50] S. Gligorovski, R. Strekowski, S. Barbati, and D. Vione, “Environmental implications of hydroxyl radicals (•OH),” Chemical
Reviews, vol. 115, no. 24, pp. 13051–13092, 2015.
[51] A. N. Onyango, “Endogenous generation of singlet oxygen and
ozone in human and animal tissues: mechanisms, biological
signiﬁcance, and inﬂuence of dietary components,” Oxidative
Medicine and Cellular Longevity, vol. 2016, Article ID
2398573, 22 pages, 2016.
[52] G. Jiang, J. Chen, J.-S. Huang, and C.-M. Che, “Highly eﬃcient
oxidation of amines to imines by singlet oxygen and its application in ugi-type reactions,” Organic Letters, vol. 11, no. 20,
pp. 4568–4571, 2009.
[53] G. W. Wanjala, A. N. Onyango, D. R. Abuga, J. K. Muchuna,
C. Onyango, and M. Makayoto, “Lysine reacts with cholesterol
hydroperoxide to form secosterol aldehydes and lysinesecosterol aldehyde adducts,” Journal of Chemistry, vol. 2020,
Article ID 5862645, 8 pages, 2020.
[54] J. H. Stern, G. I. Smith, S. Chen, R. H. Unger, S. Klein, and P. E.
Scherer, “Obesity dysregulates fasting-induced changes in glucagon secretion,” Journal of Endocrinology, vol. 243, no. 2,
pp. 149–160, 2019.
[55] J. A. Kellard, N. J. G. Rorsman, T. G. Hill et al., “Reduced
somatostatin signalling leads to hypersecretion of glucagon

Oxidative Medicine and Cellular Longevity

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

in mice fed a high-fat diet,” Molecular Metabolism, vol. 40,
article 101021, 2020.
American Diabetes Association, “2. Classiﬁcation and diagnosis of diabetes: standards of medical care in diabetes—2020,”
Diabetes Care, vol. 43, Supplement 1, pp. S14–S31, 2019.
A. Niederwanger, C. Ciardi, T. Tatarczyk et al., “Postprandial
lipemia induces pancreatic α cell dysfunction characteristic
of type 2 diabetes: studies in healthy subjects, mouse pancreatic islets, and cultured pancreatic α cells,” The American Journal of Clinical Nutrition, vol. 100, no. 5, pp. 1222–1231, 2014.
L. C. Bollheimer, H. C. Landauer, S. Troll et al., “Stimulatory
short-term eﬀects of free fatty acids on glucagon secretion at
low to normal glucose concentrations,” Metabolism, vol. 53,
no. 11, pp. 1443–1448, 2004.
H. Manell, H. Kristinsson, J. Kullberg et al., “Hyperglucagonemia in youth is associated with high plasma free fatty acids,
visceral adiposity, and impaired glucose tolerance,” PaediatricDiabetes, vol. 20, no. 7, pp. 880–891, 2019.
G. Song, G. Pacini, B. Ahrén, and D. Z. D’Argenio, “Glucagon
increases insulin levels by stimulating insulin secretion without eﬀect on insulin clearance in mice,” Peptides, vol. 88,
pp. 74–79, 2017.
S. Piro, E. T. Maniscalchi, A. Monello et al., “Palmitate aﬀects
insulin receptor phosphorylation and intracellular insulin signal in a pancreatic alpha-cell line,” Endocrinology, vol. 151,
no. 9, pp. 4197–4206, 2010.
M. González, U. Böer, C. Dickel et al., “Loss of insulin-induced
inhibition of glucagon gene transcription in hamster pancreatic islet alpha cells by long-term insulin exposure,” Diabetologia, vol. 51, no. 11, pp. 2012–2021, 2008.
A. N. Onyango, “Cellular stresses and stress responses in the
pathogenesis of insulin resistance,” Oxidative Medicine and Cellular Longevity, vol. 2018, Article ID 4321714, 27 pages, 2018.
Y. S. Oh, G. D. Bae, D. J. Baek, E.-Y. Park, and H.-S. Jun, “Fatty
acid-induced lipotoxicity in pancreatic beta-cells during development of type 2 diabetes,” Frontiers in Endocrinology, vol. 9,
p. 384, 2018.
S. Srinivasan, M. Ohsugi, Z. Liu, S. Fatrai, E. Bernal-Mizrachi,
and M. A. Permutt, “Endoplasmic reticulum stress-induced
apoptosis is partly mediated by reduced insulin signaling
through phosphatidylinositol 3-kinase/Akt and increased glycogen synthase kinase-3β in mouse insulinoma cells,” Diabetes, vol. 54, no. 4, pp. 968–975, 2005.
S. Leng, W. Zhang, Y. Zheng et al., “Glycogen synthase kinase
3 beta mediates high glucose-induced ubiquitination and proteasome degradation of insulin receptor substrate 1,” Journal
of Endocrinology, vol. 206, no. 2, pp. 171–181, 2010.
K. Maliszewska, E. Adamska-Patruno, J. Goscik et al., “The
role of muscle decline in type 2 diabetes development: a 5year prospective observational cohort study,” Nutrients,
vol. 11, no. 4, p. 834, 2019.
B. Ahren, “Beta- and alpha-cell dysfunction in subjects developing impaired glucose tolerance: outcome of a 12-year prospective study in postmenopausal Caucasian women,”
Diabetes, vol. 58, no. 3, pp. 726–731, 2009.
L. Marroqui, M. Masini, B. Merino et al., “Pancreatic α cells are
resistant to metabolic stress-induced apoptosis in type 2 diabetes,” eBioMedicine, vol. 2, no. 5, pp. 378–385, 2015.
E. Selvin, M. K. Halushka, A. M. Rawlings et al., “sRAGE and
risk of diabetes, cardiovascular disease, and death,” Diabetes,
vol. 62, no. 6, pp. 2116–2121, 2013.

Oxidative Medicine and Cellular Longevity
[71] C. Liu, X. Feng, Q. Li, Y. Wang, Q. Li, and M. Hua, “Adiponectin, TNF-α and inﬂammatory cytokines and risk of type 2 diabetes: a systematic review and meta-analysis,” Cytokine,
vol. 86, pp. 100–109, 2016.
[72] N. van der Schaft, J. D. Schoufour, J. Nano et al., “Dietary antioxidant capacity and risk of type 2 diabetes mellitus, prediabetes and insulin resistance: the Rotterdam study,” European
Journal of Epidemiology, vol. 34, no. 9, pp. 853–861, 2019.
[73] X. Li, X. Meng, X. Gao et al., “Elevated serum xanthine oxidase
activity is associated with the development of type 2 diabetes: a
prospective cohort study,” Diabetes Care, vol. 41, no. 4,
pp. 884–890, 2018.
[74] X. Li, J. Wang, X. Shen et al., “Higher blood pressure predicts
diabetes and enhances long-term risk of cardiovascular disease
events in individuals with impaired glucose tolerance: twentythree-year follow-up of the Daqing diabetes prevention study,”
Journal of Diabetes, vol. 11, no. 7, pp. 593–598, 2019.
[75] S. Gao, B. M. Park, S. A. Cha et al., “Oxidative stress increases
the risk of pancreatic β cell damage in chronic renal hypertensive rats,” Physiology Reports, vol. 4, no. 16, article e12900,
2016.
[76] X. Liu, “Overstimulation can create health problems due to
increases in PI3K/Akt/GSK3 insensitivity and GSK3 activity,”
Springerplus, vol. 3, no. 1, p. 356, 2014.
[77] T. D. King, B. Clodfelder-Miller, K. A. Barksdale, and G. N.
Bijur, “Unregulated mitochondrial GSK3β activity results in
NADH:ubiquinone oxidoreductase deﬁciency,” Neurotoxicology Research, vol. 14, no. 4, pp. 367–382, 2008.
[78] K. Yang, Z. Chen, J. Gao et al., “The key roles of GSK-3β in
regulating mitochondrial activity,” Cellular Physiology and
Biochemistry, vol. 44, no. 4, pp. 1445–1459, 2017.
[79] N. Tsao, C.-F. Kuo, M.-H. Cheng, W.-C. Lin, C.-F. Lin, and Y.S. Lin, “Streptolysin S induces mitochondrial damage and
macrophage death through inhibiting degradation of glycogen
synthase kinase-3β in Streptococcus pyogenes infection,” Scientiﬁc Reports, vol. 9, pp. 1–13, 2019.
[80] D. Wang, Y. Yang, X. Zou, Z. Zheng, and J. Zhang, “Curcumin
ameliorates CKD-induced mitochondrial dysfunction and oxidative stress through inhibiting GSK-3β activity,” The Journal
of Nutritional Biochemistry., vol. 83, article 108404, 2020.
[81] V. P. Bindokas, A. Kuznetsov, S. Sreenan, K. S. Polonsky,
M. W. Roe, and L. H. Philipson, “Visualizing superoxide production in normal and diabetic rat islets of Langerhans,” Journal of Biological Chemistry, vol. 278, no. 11, pp. 9796–9801,
2003.
[82] C. L. Pitasi, J. Liu, B. Gausserès et al., “Implication of glycogen
synthase kinase 3 in diabetes-associated islet inﬂammation,”
Journal of Endocrinology, vol. 244, no. 1, pp. 133–148, 2020.
[83] L. J. B. Briant, T. M. Reinbothe, I. Spiliotis, C. Miranda,
B. Rodriguez, and P. Rorsman, “δ-cells and β-cells are electrically coupled and regulate α-cell activity via somatostatin,”
Journal of Physiology, vol. 596, no. 2, pp. 197–215, 2018.
[84] C. M. Kusminski, S. Chen, R. Ye et al., “MitoNEET-Parkin
eﬀects in pancreatic α- and β-cells, cellular survival, and
intrainsular cross talk,” Diabetes, vol. 65, no. 6, pp. 1534–
1555, 2016.
[85] V. Grubelnik, R. Markovič, S. Lipovšek et al., “Modelling of
dysregulated glucagon secretion in type 2 diabetes by considering mitochondrial alterations in pancreatic α-cells,” Royal
Society Open Science, vol. 7, no. 1, article 191171, 2020.

9
[86] T. Cao, X. Zhang, D. Yang et al., “Antioxidant eﬀects of
epigallocatechin-3-gallate on the aTC1-6 pancreatic alpha cell
line,” Biochemical and Biophysical Research Communications,
vol. 495, no. 1, pp. 693–699, 2018.
[87] American Diabetes Association, “6. Glycemic targets: standards of medical care in diabetes-2020,” Diabetes Care,
vol. 43, Supplement 1, pp. S66–S76, 2019.
[88] A. Cherkas, S. Holota, T. Mdzinarashvili, R. Gabbianelli, and
N. Zarkovic, “Glucose as a major antioxidant: when, what for
and why it fails?,” Antioxidants, vol. 9, no. 2, p. 140, 2020.
[89] S. Caprio, S. Amiel, W. V. Tamborlane, R. A. Gelfand, and R. S.
Sherwin, “Defective free-fatty acid and oxidative glucose
metabolism in IDDM during hypoglycemia. Inﬂuence of glycemic control,” Diabetes, vol. 39, no. 2, pp. 134–141, 1990.
[90] H. S. Bajaj, K. Venn, C. Ye et al., “Lowest glucose variability
and hypoglycemia are observed with the combination of a
GLP-1 receptor agonist and basal insulin (VARIATION
study),” Diabetes Care, vol. 40, no. 2, pp. 194–200, 2017.
[91] N. Fushimi, T. Shibuya, Y. Yoshida, S. Ito, H. Hachiya, and
A. Mori, “Dulaglutide-combined basal plus correction insulin
therapy contributes to ideal glycemic control in non-critical
hospitalized patients,” Journal of Diabetes Investigation,
vol. 11, no. 1, pp. 125–131, 2020.
[92] Y. Oh and H.-S. Jun, “Eﬀects of glucagon-like peptide-1 on
oxidative stress and Nrf2 signaling,” International Journal of
Molecular Sciences, vol. 19, no. 1, p. 26, 2018.
[93] D. J. Hodson, A. I. Tarasov, S. G. Brias et al., “Incretin-modulated beta cell energetics in intact islets of Langerhans,” Molecular Endocrinology, vol. 28, no. 6, pp. 860–871, 2014.
[94] N. X. Li, S. Brown, T. Kowalski et al., “GPR119 agonism
increases glucagon secretion during insulin-induced hypoglycemia,” Diabetes, vol. 67, no. 7, pp. 1401–1413, 2018.
[95] P. Rorsman and M. O. Huising, “The somatostatin-secreting
pancreatic δ-cell in health and disease,” Nature Reviews Endocrinology, vol. 14, no. 7, pp. 404–414, 2018.
[96] Y. Kashiwagi, T. Nagoshi, T. Yoshino et al., “Expression of
SGLT1 in human hearts and impairment of cardiac glucose
uptake by phlorizin during ischemia-reperfusion injury in
mice,” PLoS One, vol. 10, no. 6, article e0130605, 2015.
[97] G.-J. Shi, Y. Li, Q.-H. Cao et al., “In vitro and in vivo evidence
that quercetin protects against diabetes and its complications:
a systematic review of the literature,” Biomedicine and Pharmacotherapy, vol. 109, pp. 1085–1099, 2019.
[98] Y.-W. Chen, H.-C. Chou, S.-T. Lin et al., “Cardioprotective
eﬀects of quercetin in cardiomyocyte under ischemia/reperfusion injury,” Evidence-Based and Complementary Medicine,
vol. 2013, article 364519, 16 pages, 2013.

