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Abstract

:

Type 2 Diabetes Mellitus (T2DM) is a burdensome problem in modern society, and intensive research is focused on better understanding the underlying cellular mechanisms of hormone secretion for blood glucose regulation. T2DM is a bi-hormonal disease, and in addition to 100 years of increasing knowledge about the importance of insulin, the second hormone glucagon, secreted by pancreatic alpha cells, is becoming increasingly important. We have developed a mathematical model for glucagon secretion that incorporates all major metabolic processes of glucose, fatty acids, and glutamine as the most abundant postprandial amino acid in blood. In addition, we consider cAMP signaling in alpha cells. The model predictions quantitatively estimate the relative importance of specific metabolic and signaling pathways and particularly emphasize the important role of glutamine in promoting glucagon secretion, which is in good agreement with known experimental data.
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1. Introduction


Diabetes is a significant public health problem worldwide, with global prevalence in 2019 estimated to be 9.3% and rising to 10.9% by 2040 [1]. Diabetes causes several microvascular and macrovascular complications, such as blindness, heart attack, stroke, kidney failure, and lower-limb amputations, and is also among the top 10 causes of death in adults. Type 2 Diabetes Mellitus (T2DM) accounts for ~90% of diabetes patients. It is generally accepted that T2DM initially results from insulin resistance, followed by the decreased ability of the pancreatic beta cells to produce sufficient insulin output. However, T2DM is increasingly recognized as a bi-hormonal disease caused by glucagon excess and insulin deficiency [2,3,4]. Therefore, it is not unexpected that the focus of research, long limited to studying the mechanisms of glucose-stimulated insulin secretion (GSIS) by beta cells, is shifting to glucagon-producing alpha cells. Moreover, while the mechanisms behind beta cell insulin secretion are largely understood by the »consensus model« [5], which is essentially based on the mechanism of beta cell energy sensing, the mechanisms that trigger alpha cell glucagon secretion are still obscure.



Pancreatic alpha cells are found both at the mantle and the core of the islets of Langerhans and make up ~35–40% of the human islet cells [4,6]. It has been shown that glucose inhibits glucagon secretion by a direct effect on alpha cells [7]. The glucose-stimulated glucagon secretion (GSGS) results from the increased glycolytic flux during hypoglycemic conditions, with its extent limited by the glucose-sensing glucokinase enzyme [8,9]. The catabolic pathways increase ATP production and intracellular concentration, coupled with membrane potential (MP) by the KATP channels conductance [10]. The closure of KATP channels results in lower MP amplitude, and since glucagon exocytosis depends primarily on Ca2+ entry through P/Q-type voltage-gated calcium channels (VGCC) with high activation threshold, hyperglycemia reduces Ca2+ entry [11]. Therefore, the overall intrinsic modulation of glucagon secretion strongly resembles the GSIS, but the effect is reciprocal. However, the model of GSGS is exclusively limited to the effects of plasma glucose elevation on alpha cells, while there is still an ongoing debate as to whether glucose is genuinely the primary modulator of glucagon secretion. Namely, it is increasingly acknowledged that alpha cells respond to various stimuli, such as free fatty acids (FFAs) and amino acids (AAs). Furthermore, paracrine signals from neighboring beta and delta cells, incretins from distant tissues, and neuronal stimulation play a significant role in glucagon secretion, probably depending on the physiological context [4].



The contribution of glucose and other nutrients to intrinsic mechanisms of glucagon secretion was estimated in our previously published computational models of alpha cell metabolism [12,13,14,15]. The results introduce some critical aspects of the intrinsic mechanisms of alpha cell activation. As suggested by Schuit et al. [16], the anaerobic nature of the alpha cell, which is characterized by high expression of lactate dehydrogenase (LDH) and consequent high lactic acid output, may play a critical role in switching glucagon secretion, which is confirmed by the model results [12]. The results also indicate that FFA oxidation enables glucagon secretion by ensuring sufficient ATP production, especially under hypoglycemic conditions when the glucose oxidation pathway is largely inhibited. Moreover, mitochondrial dysfunction in alpha cells contributes significantly to the dysregulation of glucagon secretion in T2DM, further highlighting the role of intrinsic mechanisms of glucagon exocytosis [13,14]. However, recent studies suggest that the role of intracellular Ca2+ in the intrinsic mechanisms of glucagon secretion may be overestimated [4,17]. Instead, experimental data suggest that Ca2+-independent changes in subplasmalemmal cyclic-AMP (cAMP) concentration correlate strongly with changes in glucagon release [18,19,20]. To incorporate these findings, our recently proposed computational model includes glucose-induced modulation of cAMP levels, elicited by changes in the metabolic mediators CO2 and lactic acid [15]. The model is based on the ability of bicarbonate (HCO3−), which is in Henderson-Hasselbalch equilibrium with CO2 and lactic acid, to modulate the activity of soluble adenylyl cyclases (sACs) [21,22]. The contribution of the cAMP pathway to the intrinsic modulation of glucagon secretion was estimated to be approximately 60%.



Several studies established a strong link between AA and glucagon metabolism in recent years. It was proposed that glucagon and AAs are linked through the liver-alpha-cell axis, with an elevation of AAs inducing alpha cell hyperplasia and hyperglucagonemia due to disturbances in hepatic glucagon signaling [23,24,25,26,27,28]. Which specific AAs participate in the liver-alpha-cell axis is still a matter of debate, but it has been suggested that alanine, arginine, cysteine, and proline are involved [29]. Apart from the liver-alpha-cell axis, AAs induce glucagon secretion directly, and some authors hypothesize that AAs may even be the primary nutrient for stimulating glucagon secretion [30,31]. The physiological role of AAs in stimulating glucagon secretion [32,33] is most likely to prevent hypoglycemia by increasing AA catabolism and liver gluconeogenesis after protein ingestion, counteracting the anabolic effects of insulin, since AAs also stimulate beta. AAs have various potencies to stimulate alpha cells and therefore modulate glucagon secretion via separate, mostly unknown mechanisms. Alanine has a potent effect on glucagonemia, which is not surprising since it is the primary AA derived from proteolysis in muscle [34] and can be rapidly converted to the gluconeogenic substrate pyruvate. A semi-essential AA arginine also plays a role in stimulating glucagon release [31,35,36], in addition to its physiological role in modulating immune function, contributing to wound healing, regulating vascular tone, insulin sensitivity, and endothelial function during periods of maximal growth, severe stress, and injury [37]. However, arginine plays a lesser role as a postprandial AA influencing glucagon secretion in the short term.



While alanine and arginine stimulate alpha cells, the most potent AA in postprandial stimulation of glucagon secretion is most likely glutamate [31,35,36,38,39,40,41]. Specifically, it is strongly suggested that alpha cells are the site of glutamate production in the endocrine pancreas because of their high glutaminase expression [42,43]. Alpha cells also express vesicular glutamate transporters, which are found on the glucagon-containing secretory granules of alpha cells, enabling the co-release of glucagon and glutamate [44]. The co-released glutamate has been found to be a positive autocrine signal for glucagon secretion, acting on ionotropic glutamate receptors (iGluRs) [45]. On the other hand, glutamine, the precursor of glutamate, is the AA preferred for transport in the blood [46,47] and is consequently the most abundant [48]. While the ingestion of a protein-rich meal elicits an increase of virtually all AAs, the increase in absolute glutamine concentration is the greatest [48]. It also plays a central role in nitrogen metabolism [46], and its concentration increases during prolonged fasting due to increased hepatic output. Due to glutamine’s vital physiological role in postprandial metabolism, the present study complements the existing computational model [15] with the effects of plasma glutamine levels on glucagon output from alpha cells. The effect of glutamine, reflecting the general AA status, is roughly modeled by its conversion to glutamate, co-release of glutamate with glucagon, increased interstitial glutamate concentration, and glutamate action on iGluRs. Since relative glucagon secretion (RGS) does not drop 40% below maximal, even during hyperglycemia [12,13], the triggering signal for glucagon granule exocytosis persists and ensures constant co-release of glutamate in the interstitial space, mirroring the plasma glutamine concentration.



Finally, the model incorporates the autocrine effect of increased glucagon output by including the production of intracellular cAMP due to stimulation of transmembrane adenylyl cyclases (tmACs) bound to the glucagon receptor (GcgR). Thus, with GSGS and AA action mechanisms on glucagon secretion, the model covers a large portion of physiological conditions. We compare our model predictions with published experimental data on glucagon secretion during AA-enhanced GSGS [31,35,36,45].




2. Results


We present the results on glucose- and AA-dependent RGS obtained with the computational model introduced in Section 3 and illustrate the fundamental mechanisms behind the glucose- and AA-induced changes in MP oscillations, intracellular cAMP concentrations, and their influence on RGS.



2.1. Glucose- and AA-Dependent RGS


RGS at different glucose- and AA levels is shown in Figure 1. The computational analysis was performed for the interval of plasma glucose concentration between 0 and 10 mM and for low (   f  A A   = 0  ), medium (   f  A A   = 0.5  ), and high (   f  A A   = 1  ) AA concentrations. The relative AA levels represent physiological levels of the AA concentration, where    f  A A   = 0   and    f  A A   = 1   characterize the AA concentration occurring in the fasting state and during a protein-rich meal, respectively [35,49].



Figure 1A shows the glucose-dependent RGS at different relative AA levels. The RGS curves are shown relative to the RGS value at   G = 0  , presented by [50] and our previous works [12,13,15]. While    f  AA     corresponds to physiological AA levels, ranging from 0 to 1, hypoaminoacidemic levels (i.e., subphysiological AA concentration in plasma) can also be simulated by negative values of    f  AA    . In contrast, hyperaminoacidemic levels (i.e., supraphysiological AA concentration in plasma) can be represented by    f  A A   > 1  .



In Figure 1B, the relative changes in RGS during the addition of a solution with a high AA concentration are compared. The changes are shown separately at fixed plasma glucose concentrations of 1 and 6 mM. During the addition of the high AA concentration at 1 mM glucose, RGS increased 3.5-fold. In contrast, the addition of the high AA concentration at 6 mM glucose resulted in a smaller but still convincing 2-fold increase. These results are compared with the experimental observations of Zhang et al. [35], who measured ~4-fold and ~2.2-fold increases at 1 mM and 6 mM glucose concentrations, respectively. The low-concentration (2 mM) AA mixture contained eight different AAs in the experimental study, with glutamine representing 25% of the AA content. On the other hand, the high-concentration (8 mM) AA mixture contained the same relative content (~33%) of alanine, glutamine, and arginine. Similarly, in an older study by Östenson and Grebing [39], a 2-fold increase in glucagon release was observed after adding glutamine in the presence of 5.5 mM glucose.



These results are broadly consistent with experimental data, demonstrating that AAs indeed play an essential role in triggering the glucagon response of pancreatic alpha cells. Between the extreme high-glucose-low-AA and low-glucose-high-AA states, the glucagon secretion rate can increase up to ~7-fold. Moreover, recent experimental results suggest that AAs may play a similar or even more critical role than glucose in responding to metabolic status [30,31].




2.2. The Intracellular Mechanisms behind Glucose- and AA-Dependent RGS


The RGS is modulated by fluctuations in intracellular Ca2+ and cAMP concentrations. In addition to intracellular ATP concentration and interstitial glutamate concentration, distal pathways of cAMP signaling also modulate Ca2+ entry. Consequently, the behavior of intracellular mechanisms behind the glucose- and AA-elicited RGS is complex. In this subsection, we present the basic intracellular mechanisms by which AAs increase the magnitude of glucose-stimulated glucagon release, including changes in MP dynamics and changes in cAMP signaling.



2.2.1. Effects of MP Oscillations on RGS


The computational model presented assumes a good correlation of plasma AA concentration, especially of glutamine, with glutamate concentration in the interstitial space because alpha cells synthesize and co-secrete glutamate with glucagon. As described in Equations (6)–(8), the binding of glutamate to iGluR directly affects the dynamics of MP by modulating cation fluxes across the plasma membrane and increasing intracellular Ca2+ concentration and RGS. Figure 2 shows the direct effects of AAs on the dynamics of MP at different glucose concentrations in a time frame of 500 ms.



Figure 2A shows the effect of glucose on the dynamics of MP at low AA. This effect of glucose on MP oscillations is somewhat contradictory, as the higher frequency increases while the lower amplitude decreases Ca2+ entry. However, the effect of the lower MP amplitude predominates and results in lower RGS. Previously developed models of glucose-dependent suppression of glucagon secretion have shown that, in hypoglycemia, the amplitude is sufficiently high to cause the opening of P/Q-type Ca2+ channels. On the other hand, hyperglycemia leads to faster MP oscillations, but their amplitudes are not sufficient to reach the activation threshold of P/Q channels [5,11,35,51].



Figure 2B,C show the effects of increasing AA levels at low and high glucose concentrations, respectively. While the effects of glucose on MP are opposite and prevent a maximal response of the RGS, this is not true for the effects of AAs on MP. The increase in AA concentration amplifies RGS levels, which the model partly explains by the synchronous increase in both frequency and amplitude of the MP oscillations. The resulting increase in Ca2+ entry due to the more frequent and prolonged opening of VGCC leads to a higher intracellular Ca2+ concentration, which triggers a maximal RGS response. This effect occurs at both low (Figure 2B) and high (Figure 2C) glucose concentrations, with the effect being more pronounced at the low glucose concentrations.




2.2.2. Effects of cAMP and ATP Concentrations on RGS


Increased RGS, due to the intrinsic effects of glucose and AAs on MP dynamics, results in higher interstitial glucagon content, which further stimulates glucagon receptors. These receptors are bound to tmACs, leading to an acceleration of cAMP production. Here, we present the glucose- and AA-induced changes in relative cAMP levels. In addition, the glucose-dependent changes in relative ATP concentration are shown, reflecting the changes in the metabolic component of the model. The glucose- and AA-dependent relative cAMP and ATP concentrations are shown in Figure 3.



Figure 3A shows the glucose-dependent cAMP concentrations at three AA levels (   f  AA    ). Coloring under the curves represents the signaling pathway that contributed to the relative cAMP concentration. Light and dark orange colors indicate sAC- and tmAC-induced cAMP concentrations. The results show a ~3-fold increase in tmAC-induced cAMP concentration at the lower end of the physiological glucose concentration, consistent with experimental data on cAMP dynamics in response to glucagon receptor signaling [52,53]. Specifically, concentrations of glucagon corresponding to the EC50 (1.7 nM) of the glucagon-dependent cAMP concentration elicited an approximately 2-fold increase in cAMP response [52]. Since the sAC-induced cAMP production is strongly coupled to alpha cell metabolism, particularly glucose oxidation, AA signaling is independent of the cAMP concentration.



Figure 3B shows the glucose-dependent increase in ATP concentration. The model predicts an increase in ATP concentration of ~20% between 1 mM and 6 mM plasma glucose concentration due to a glucose-dependent increase in glycolytic flux. We have shown that ATP produced from anaerobic glycolysis is necessary for the sufficient increase in ATP level above the glucagon switching point, which occurs at ~6 mM glucose [12].



The cAMP signaling pathway appears to play the dominant role in both glucose- and AA-dependent glucagon signaling. As estimated in our previous work [15], the sAC-dependent increase in cAMP concentration is responsible for most of the intrinsic glucose-dependent change in RGS. More specifically, the results indicated that ~6% change in ATP concentration and ~40% change in cAMP concentration were the energy-driven and signaling-driven switches, contributing ~40% and ~60%, respectively, to RGS. While AAs affect MP oscillations approximately uniformly across all plasma glucose concentrations, high AA levels at low glucose concentrations have the strongest indirect influence on tmAC-derived cAMP concentration. Both effects contribute to the sufficient AA-induced increase in RGS, which is much more pronounced at low glucose concentrations.






3. Discussion


As research focuses more on pancreatic alpha cells due to the increasingly recognized importance of glucagon in glucose homeostasis, a growing body of publications provides new insights into the underlying intracellular mechanisms, intra-islet coordination, and role in systemic regulation of metabolites [4,54,55]. While the consensus model for GSGS from alpha cells has yet to be determined, several computational models have been proposed that reproduce experimental results [12,30,31,50,56]. Despite the majority of computational models focusing on glucose-glucagon coupling, it should not be neglected that recent evidence also points to a vital role of alpha cells in systemic regulation of AA metabolism [30,31], with experimental measurements showing a solid response of glucagon secretion to the addition of AAs [29,35].



In this work, we have presented a comprehensive computational model of GSGS that allows simulation of the effects of plasma AA concentration on glucagon secretion and extends our previous modeling of the effects of glucose and fatty acid metabolism on glucagon secretion [12,13,15]. The model predictions successfully reproduce the experimental results of Zhang et al. [35], showing that AAs contribute substantially to the glucagon response of pancreatic alpha cells. An increase in AA levels resulted in a robust maximal glucagon response up to 7-fold stronger than the maximal glucagon response elicited by glucose alone. The mechanisms responsible for this phenomenon are modeled by glutamate-induced modulation of MP oscillations (via iGluR-induced depolarization) and autocrine glucagon-induced stimulation of GcgR-bound tmACs, which increases intracellular cAMP concentration. Model predictions showed that AAs enhance Ca2+ entry by synergistically increasing the frequency and amplitude of MP oscillations. However, modulation of MP mainly indirectly affects glucagon exocytosis, whereas most of the net effect is due to increased cAMP concentration.



Systemically, glucagon raises plasma glucose levels [2,57] by acting primarily on the liver glucagon receptors [28,58], counteracting the effects of insulin [59]. However, the systemic role of the strong AA-alpha-cell coupling, also found in the present model, and its role in nutrient homeostasis is not clear but could be related to the need for glucagon secretion during different specific metabolic states [60]. This hypothesis is consistent with clinical data showing that the AA composition of a meal, the form of food intake, the digestibility rate, and the absorption rate have different effects on endocrine responses [61,62]. A critical role of solid AA-alpha-cell coupling may be the adaptation of systemic metabolism to prevent postabsorptive hypoglycemia after a protein-rich meal [63]. Indeed, postprandial metabolism is associated with an increase rather than a decrease in alpha cell activity. The simultaneous AA-induced increase in plasma glucagon levels and insulin levels allows both insulin-induced energy-consuming processes to coincide with the processes of glycogenolysis or gluconeogenesis to prevent hypoglycemia. Considering the crucial role of glutamine in the plasma after food up and digestion [46], the present computational model could have important implications for accurately modeling postprandial glucagon levels.



Apart from preventing postabsorptive hypoglycemia, AA-induced glucagon secretion may also play a role in modulating hepatic gluconeogenesis during fasting, which increases the plasma concentration of various AAs [64]. This transient increase in AAs is likely accompanied by other hormones that counteract insulin, such as cortisol, somatotropin, and thyroid hormones. AA-induced glucagon secretion could signal the liver to further accelerate gluconeogenesis because of the increased availability of AAs, especially alanine, as a gluconeogenic substrate. The prolonged fasting state, in contrast, initiates the AA-sparing mechanisms (such as lipolysis and ketogenesis) to prevent respiratory arrest followed by excessive respiratory muscle atrophy. While the present model may also help distinguish responses to different fasting states, other hormones, such as corticosterone, have been implicated in addition to glucagon in the induction of maximal glucogenesis levels [65].



Although the present study essentially clarifies the principles of AA-induced glucagon secretion and the systemic role of alpha cells in glucose and AA metabolism, the underlying mechanisms are still very elusive. They are controlled by a highly complex and diverse signaling system. To confirm the molecular mechanisms predicted by our computational, experimental studies measuring cAMP and MP dynamics should be conducted. Furthermore, while there is no doubt that AAs play a crucial role in modulating alpha cell activity, several other signals also influence the dynamics of glucagon exocytosis, which we did not consider in the present model. All these aspects should be further investigated in the future, focusing on the cell-to-cell interactions and the integration of humoral and local signals to mimic the exact glucagon response.




4. Materials and Methods


The intracellular processes, including the action of AAs and the autocrine action of glucagon on the alpha cell, are implemented based on the previously published models of alpha cell’s metabolic and signaling pathways [12,15], coupled with the model of alpha cell’s electrophysiological properties and glucagon exocytosis by Montefusco et al. [50]. Apart from more precise modeling of alpha cell’s GSGS, these additional mechanisms are certainly important for understanding the nature of the alpha cell’s response to nutrient stimuli other than glucose. The model equations are divided into three distinct but interrelated components (see Figure 4). The first component (called the metabolic component) describes the metabolic response of alpha cells to glucose and FFAs and the resulting increase in CO2 and lactic acid, as well as ATP production, leading to an increase in ATP concentration. The second component (signaling component) describes the increase in intracellular cAMP due to the increase in intracellular CO2 and lactic acid production. Finally, the third component (secretion component) describes the dynamics of MP and the exocytosis of glucagon granules in response to the conductance of KATP channels, intracellular cAMP concentration, and extracellular AA concentration.



As illustrated in Figure 4, the three components of the model are described in the continuation: the metabolic, signaling, and secretion components. The corresponding model equations and parameters are presented and related to previous references.



4.1. Metabolic Component


The metabolic component describes the catabolic pathways of glucose and FFAs, and the production of ATP by the electron transport chain. These catabolic pathways include glycolysis, beta-oxidation of FFAs, and the tricarboxylic acid (TCA) cycle. In alpha cells, a significant fraction of the glycolysis-derived pyruvate and NADH flux is diverted into lactate production. This anaerobic metabolic pathway appears to be crucial for the physiology of the alpha cell [12,15]. The rate of lactate production (   J  lac    ) is described by:


   J  lac   = 2  p L     J  G 6 P   ,  



(1)




where    p L    is the fraction of pyruvate diverted to lactate production and    J  G 6 P     is the rate of conversion of glucose to glucose-6-phosphate (G6P), a rate-limiting step in glycolysis (for definitions of    p L    and    J  G 6 P    , see [15]).



The TCA cycle results in the production of CO2, the rate of which (   J    CO  2     ) is described by:


   J    CO  2    =  J    CO  2  , G   +  J    CO  2  , FFA   ,  



(2)




where    J    CO  2  , G     is the rate of CO2 production by the glucose oxidation pathway and    J    CO  2  , FFA     is the rate of CO2 production by the FFA oxidation pathway. Assuming the respiratory quotient (RQ) for glucose oxidation and FFA oxidation 1 and 0.7, respectively,    J    CO  2      can also be expressed by:


   J    CO  2    =  J   O 2  , G   + 0.7    J   O 2    −  J   O 2  , G     ,    



(3)




where    J   O 2      is the net rate of oxygen consumption and    J   O 2  , G     is the rate of oxygen consumption due to glucose oxidation. The latter expression replaces the influx of FFAs into alpha cell catabolic pathways as the model’s input parameter by the net rate of oxygen consumption. For definitions of fluxes in Equations (2) and (3), see [15].




4.2. Signaling Component


The signaling component of the model describes the CO2- and lactate-dependent changes in intracellular cAMP concentrations. The mechanism is described in detail in our previous paper [15]. Briefly, intracellular acidification occurs mainly due to the increased rate of lactate production (in response to the increase in extracellular glucose concentration), which perturbs the Henderson-Hasselbalch equilibrium, resulting in lower bicarbonate (    HCO  3 −   ) concentration. Consequently, the sACs are less stimulated by the bicarbonate ions, leading to lower cAMP production. At steady-state, cAMP production by the sACs and cAMP hydrolysis by the phosphodiesterases (PDE3B and PDE4, specifically) are in equilibrium, allowing calculation of the absolute cAMP concentration ([cAMP]).



Focusing on the relative effects of [cAMP] on the secretory mechanisms, we introduced the relative cAMP concentration due to sAC stimulation (   f  cAMP , sAC    ), as defined in [15]:


   f  cAMP ,    sAC    =     c A M P   −     c A M P     min         c A M P     max   −     c A M P     min     .  



(4)







However, here, we consider not only the stimulation of ubiquitously expressed sACs by bicarbonate ions as the sole source of intracellular cAMP but also the contribution of tmACs, which are located at the plasma membrane and are modulated by the extracellular signals via the G protein-coupled receptors (GPCRs). The tmAC-induced cAMP production and the net intracellular cAMP concentration are described in detail in Section 4.3.2.



As described, cAMP concentration is intrinsically raised due to acidification of the intracellular space and consequent activation of sACs following the increased lactic acid production due to enhanced glucose metabolism. However, intracellular cAMP concentration can also be increased by the binding of extrinsic (autocrine, paracrine, and humoral) signals to the membrane bound GPCRs. Specifically, the glucagon molecule binds to the glucagon receptors, which stimulates the tmACs and leads to the production of cAMP. Considering this, we can divide the effects of relative intracellular cAMP concentration due to intrinsic effects of glucose (   f  cAMP , intrinsic   )   and extrinsic effects of extracellular signals (   f  cAMP , extrinsic   )  :


   f  c A M P   =  f  cAMP , intrinsic   +  f  cAMP ,    extrinsic    ,    



(5)




where we assume the contribution of each effect to the net relative cAMP concentration to be 75% and 25%:


   f  cAMP , intrinsic   = 0.75  f  cAMP , sAC   ,    



(6)






   f  cAMP , extrinsic   = 0.25  f  cAMP , tmAC   .    



(7)







Here, the sAC-derived relative cAMP concentration (   f  cAMP , sAC    ) is calculated from the signaling component (Equation (4)), and the calculation of tmAC-derived relative cAMP concentration (   f  cAMP , tmAC    ) is presented Section 4.3.2.




4.3. Secretion Component


The secretion component incorporates the MP and Ca2+ dynamics, which are influenced by the KATP channel conductance, intracellular cAMP concentration, and extracellular AAs concentration. As in previous models [12,15], we used the model introduced by Montefusco et al. [50] for the secretion component of the model. The time evolution of the MP, considered in the current model, is obtained by solving the voltage equation:


    d V   d t   = −    I  Na , AA   +  I  Ca , AA   +  I  K , AA   +  I   K  ATP     +  I L  +  I  SOC      C m    ,    



(8)




where  V  is the MP and    I  Na , AA    ,    I  Ca , AA    ,    I  K , AA    ,    I   K  ATP      ,    I L   , and    I  SOC     are the voltage-gated sodium, voltage-gated calcium, voltage-gated potassium, ATP-dependent potassium, leak, and store-operated currents, respectively, and    C m    is the membrane capacitance. To account for the effects of cAMP and AAs on the MP, given by Equation (8), we modified the definitions of the ion currents. The changes are described in the next subsection.



4.3.1. The Effects of Glutamate and cAMP on the MP and Glucagon Granule Exocytosis


In the original model given in [50], the voltage-dependent ion currents are independent of the influence of cAMP and other signaling pathways. The alpha cell metabolism and electrophysiology are coupled via KATP channels conductance (   g   K  ATP      ), which influences the magnitude of the    I   K  ATP       current and modulates the oscillatory response to the glucose concentration. In our previous model [15], we introduced parameter    f  cAMP    , which modulates the magnitude of the VGCC currents (   I  Ca    ).



In the present model, we additionally implemented the concentration-dependent parameter    f  AA    , which occupies values between 0 and 1, representing the relative range of physiological AA levels (as calculated in Results). The stimulatory effect of AAs on glucagon secretion was modeled by considering the binding of the excitatory AA glutamate on the iGluRs [45,66]. It was reported that the glutamate acts on iGluRs of the AMPA/kainate type, resulting in membrane depolarization and consequent increase in cytoplasmic Ca2+ concentration [45]. Binding of glutamate to these receptors triggers the opening of cation channels that are permeable to Na+, K+, and Ca2+ ions, which is modeled by the following modifications of cation currents:


   I  Ca , AA   =  f  cAMP , Ca      f  AA , Ca        I  CaL   +  I  CaT   +  I  CaPQ     ,    



(9)






   I  Na , AA   =  f  AA , Na    I  Na   ,    



(10)






   I  K , AA   =  f  AA , K      I   K  DR     +  I  KA     .  



(11)







Here, the indirect effect of cAMP on Ca2+ currents (   f  cAMP , Ca    ) are modeled by


   f  cAMP , Ca   =   1 −  k  c AMP , Ca     1 −  f  cAMP        



(12)




and the indirect effect of AAs on Na+ (   I  Na , AA    ), K+ (   I  K , AA    ) and Ca2+ (   I  Ca , AA    ) currents via the action of glutamate on iGluR are modeled by:


   f  AA , Na   = 1 +  k  AA , Na      f  AA   ,  



(13)






   f  AA , K   = 1 +  k  AA , K      f  AA   ,  



(14)






   f  AA , Ca   = 1 +  k  AA , Ca      f  AA   ,  



(15)




respectively. In Equations (13)–(15), parameters    k  AA , Na    ,    k  AA , K    , and    k  AA , Ca     reflect the relative effects of iGluR on whole-cell magnitudes of Na+, K+, and Ca2+ currents. The coefficients are defined in Table 1. It was reported that the magnitude of Na+ current through iGluR predominates over the magnitude of K+ current and that most AMPA receptors have a low permeability for Ca2+ cations [67,68,69].



In the present model, we assume    g L    to be a constant parameter, rather than    g   K  ATP      -dependent function (see Table 1):


   I L  =  g L    V −  V L       



(16)







The net rate of glucagon secretion, which is a function of    g   K  ATP      ,    f  cAMP    , and    f  AA     parameters, is given by:


  GS    g   K  ATP     ;  f  cAMP   ;  f  AA     =  f  cAMP , GS       GS  L  +   GS   PQ     +   GS  m  ,  



(17)




where the direct effect of cAMP on the glucagon secretion (   f  cAMP , GS    ) is modeled by:


   f  cAMP , GS   =   1 −  k  cAMP , GS     1 −  f  cAMP       .    



(18)








4.3.2. Autocrine Effects of Glucagon on cAMP Concentration


This subsection addresses the autocrine effects of GSGS and the resulting increase in glucagon concentration in the interstitial space. We assume that the increased interstitial glucagon concentration activates tmACs via glucagon receptor agonism and increases cAMP concentration, which further stimulates glucagon exocytosis. We first define RGS by:


  RGS    g   K  ATP     ;  f  cAMP   ;  f  AA     =   GS    g   K  ATP     ;  f  cAMP   ;  f  AA         GS   norm     ,    



(19)




where   GS   is the absolute glucagon secretion rate, defined by Equation (17), and     GS   norm     is the normalization constant, which is the rate of glucagon secretion in the absence of extrinsic stimuli (glutamate and glucagon) and glucose, defined by:


    GS   norm   = GS    g   K  ATP     G = 0   ;    f  cAMP , intrinsic   ; 0   .    



(20)







The glucose- and AA-dependent intrinsic RGS (    RGS   intrinsic    ), accounting only for the effects of the intrinsically produced cAMP concentration, can then be calculated by:


    RGS   intrinsic   = RGS    g   K  ATP     ;  f  cAMP , intrinsic   ;  f  AA     .  



(21)







    RGS   intrinsic     is used to approximately evaluate the interstitial concentration of glucagon, which is the autocrine signal for the alpha cell. In the final step, the glucagon-induced increase in cAMP concentration via tmACs (   f  cAMP , tmAC    ) is calculated from the     RGS   intrinsic    . We model the glucagon concentration-dependent increase in cAMP concentration due to tmAC activation based on the experimental data [52,53] by:


   f  cAMP , tmAC   =   1 +  f 0      RGS   intrinsic  n     k n  +   RGS   intrinsic  n        RGS   intrinsic   ,  



(22)




where    f 0   ,  K , and  n  are the fitted parameters, defined in Table 1.




4.3.3. Net Glucose- and AAs-Dependent RGS


Previous sections presented the metabolic component, which yields the intracellular ATP concentration, the signaling component, which considers the calculation of relative cAMP concentration, and the secretion component, introducing the effects of ATP (via    g   K  ATP      ), cAMP (via    f  c A M P , C a     and    f  c A M P , G S    ), and plasma AA concentration (via    f  AA    ) on the glucagon secretion. The intrinsic and extrinsic cAMP concentrations are derived by Equations (4) and (22), respectively. The net relative cAMP concentration (   f  cAMP    ) is given by Equation (5).



Using the above defined values of    g  KATP    ,    f  cAMP    , and    f  AA    , the net RGS (    RGS   net    ) can be calculated using Equation (19), yielding:


    RGS   net   = RGS    g   K  ATP     ;  f  cAMP   ;  f  AA     ,    



(23)







Parameter values used in Equations (1)–(23) are listed in Table 1.









Author Contributions


Conceptualization, M.M.; software, J.Z.; writing—original draft preparation, J.Z., R.M. and M.M.; writing—review and editing, R.M. and V.G.; visualization, V.G.; supervision, M.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Javna Agencija za Raziskovalno Dejavnost RS, grant numbers P1-0055, N3-0133, J3-9289.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The source code for the computational model is available as a GitHub repository (https://github.com/janzmazek/Alpha-Beta-Model, accessed on 31 March 2022).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.; Ogurtsova, K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from the International Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res. Clin. Pract. 2019, 157, 107843. [Google Scholar] [CrossRef] [PubMed]

	



Unger, R.H.; Cherrington, A.D. Glucagonocentric restructuring of diabetes: A pathophysiologic and therapeutic makeover. J. Clin. Investig. 2012, 122, 4–12. [Google Scholar] [CrossRef]

	



Girard, J. Glucagon, a key factor in the pathophysiology of type 2 diabetes. Biochimie 2017, 143, 33–36. [Google Scholar] [CrossRef] [PubMed]

	



Gilon, P. The Role of α-Cells in Islet Function and Glucose Homeostasis in Health and Type 2 Diabetes. J. Mol. Biol. 2020, 432, 1367–1394. [Google Scholar] [CrossRef] [PubMed]

	



Rorsman, P.; Braun, M.; Zhang, Q. Regulation of calcium in pancreatic α- and β-cells in health and disease. Cell Calcium 2012, 51, 300–308. [Google Scholar] [CrossRef]

	



Bosco, D.; Armanet, M.; Morel, P.; Niclauss, N.; Sgroi, A.; Muller, Y.D.; Giovannoni, L.; Parnaud, G.; Berney, T. Unique Arrangement of α- and β-Cells in Human Islets of Langerhans. Diabetes 2010, 59, 1202–1210. [Google Scholar] [CrossRef]

	



Vieira, E.; Salehi, A.; Gylfe, E. Glucose inhibits glucagon secretion by a direct effect on mouse pancreatic alpha cells. Diabetologia 2007, 50, 370–379. [Google Scholar] [CrossRef]

	



Heimberg, H.; De Vos, A.; Moens, K.; Quartier, E.; Bouwens, L.; Pipeleers, D.; Van Schaftingen, E.; Madsen, O.; Schuit, F. The glucose sensor protein glucokinase is expressed in glucagon-producing alpha-cells. Proc. Natl. Acad. Sci. USA 1996, 93, 7036–7041. [Google Scholar] [CrossRef]

	



Basco, D.; Zhang, Q.; Salehi, A.; Tarasov, A.; Dolci, W.; Herrera, P.; Spiliotis, I.; Berney, X.; Tarussio, D.; Rorsman, P.; et al. α-cell glucokinase suppresses glucose-regulated glucagon secretion. Nat. Commun. 2018, 9, 546. [Google Scholar] [CrossRef]

	



Bokvist, K.; Olsen, H.; Høy, M.; Gotfredsen, C.; Holmes, W.; Buschard, K.; Rorsman, P.; Gromada, J. Characterisation of sulphonylurea and ATP-regulated K+ channels in rat pancreatic A-cells. Pflügers Arch. Eur. J. Physiol. 1999, 438, 428–436. [Google Scholar] [CrossRef]

	



Ramracheya, R.; Ward, C.; Shigeto, M.; Walker, J.N.; Amisten, S.; Zhang, Q.; Johnson, P.R.; Rorsman, P.; Braun, M. Membrane Potential-Dependent Inactivation of Voltage-Gated Ion Channels in α-Cells Inhibits Glucagon Secretion From Human Islets. Diabetes 2010, 59, 2198–2208. [Google Scholar] [CrossRef] [PubMed]

	



Grubelnik, V.; Zmazek, J.; Markovič, R.; Gosak, M.; Marhl, M. Modelling of energy-driven switch for glucagon and insulin secretion. J. Theor. Biol. 2020, 493, 110213. [Google Scholar] [CrossRef] [PubMed]

	



Grubelnik, V.; Markovič, R.; Lipovšek, S.; Leitinger, G.; Gosak, M.; Dolenšek, J.; Valladolid-Acebes, I.; Berggren, P.-O.; Stožer, A.; Perc, M.; et al. Modelling of dysregulated glucagon secretion in type 2 diabetes by considering mitochondrial alterations in pancreatic α-cells. R. Soc. Open Sci. 2020, 7, 191171. [Google Scholar] [CrossRef] [PubMed]

	



Grubelnik, V.; Zmazek, J.; Markovič, R.; Gosak, M.; Marhl, M. Mitochondrial Dysfunction in Pancreatic α and β Cells Associated with Type 2 Diabetes Mellitus. Life 2020, 10, 348. [Google Scholar] [CrossRef]

	



Zmazek, J.; Grubelnik, V.; Markovič, R.; Marhl, M. Role of cAMP in Double Switch of Glucagon Secretion. Cells 2021, 10, 896. [Google Scholar] [CrossRef]

	



Schuit, F.; De Vos, A.; Farfari, S.; Moens, K.; Pipeleers, D.; Brun, T.; Prentki, M. Metabolic Fate of Glucose in Purified Islet Cells. J. Biol. Chem. 1997, 272, 18572–18579. [Google Scholar] [CrossRef]

	



Hughes, J.W.; Ustione, A.; Lavagnino, Z.; Piston, D.W. Regulation of islet glucagon secretion: Beyond calcium. Diabetes Obes. Metab. 2018, 20, 127–136. [Google Scholar] [CrossRef]

	



Yu, Q.; Shuai, H.; Ahooghalandari, P.; Gylfe, E.; Tengholm, A. Glucose controls glucagon secretion by directly modulating cAMP in alpha cells. Diabetologia 2019, 62, 1212–1224. [Google Scholar] [CrossRef]

	



Tengholm, A.; Gylfe, E. cAMP signalling in insulin and glucagon secretion. Diabetes Obes. Metab. 2017, 19, 42–53. [Google Scholar] [CrossRef]

	



Elliott, A.D.; Ustione, A.; Piston, D.W. Somatostatin and insulin mediate glucose-inhibited glucagon secretion in the pancreatic α-cell by lowering cAMP. Am. J. Physiol. Metab. 2015, 308, E130–E143. [Google Scholar] [CrossRef]

	



Zippin, J.H.; Levin, L.; Buck, J. CO2/HCO3−—responsive soluble adenylyl cyclase as a putative metabolic sensor. Trends Endocrinol. Metab. 2001, 12, 366–370. [Google Scholar] [CrossRef]

	



Litvin, T.N.; Kamenetsky, M.; Zarifyan, A.; Buck, J.; Levin, L. Kinetic Properties of “Soluble” Adenylyl Cyclase. J. Biol. Chem. 2003, 278, 15922–15926. [Google Scholar] [CrossRef] [PubMed]

	



Holst, J.J.; Albrechtsen, N.J.W.; Pedersen, J.; Knop, F.K. Glucagon and Amino Acids Are Linked in a Mutual Feedback Cycle: The Liver—α-Cell Axis. Diabetes 2017, 66, 235–240. [Google Scholar] [CrossRef]

	



Kim, M.-K.; Shin, H.M.; Jung, H.; Lee, E.; Kim, T.K.; Kwon, M.J.; Lee, S.H.; Rhee, B.D.; Park, J.H. Comparison of pancreatic beta cells and alpha cells under hyperglycemia: Inverse coupling in pAkt-FoxO1. Diabetes Res. Clin. Pract. 2017, 131, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Gutierrez, G.D.; Xin, Y.; Cavino, K.; Sung, B.; Sipos, B.; Kloeppel, G.; Gromada, J.; Okamoto, H. Increased SLC38A4 Amino Acid Transporter Expression in Human Pancreatic α-Cells After Glucagon Receptor Inhibition. Endocrinology 2019, 160, 979–988. [Google Scholar] [CrossRef]

	



Solloway, M.J.; Madjidi, A.; Gu, C.; Eastham-Anderson, J.; Clarke, H.J.; Kljavin, N.; Zavala-Solorio, J.; Kates, L.; Friedman, B.; Brauer, M.; et al. Glucagon Couples Hepatic Amino Acid Catabolism to mTOR-Dependent Regulation of α-Cell Mass. Cell Rep. 2015, 12, 495–510. [Google Scholar] [CrossRef]

	



Galsgaard, K.D.; Winther-Sørensen, M.; Ørskov, C.; Kissow, H.; Poulsen, S.S.; Vilstrup, H.; Prehn, C.; Adamski, J.; Jepsen, S.L.; Hartmann, B.; et al. Disruption of glucagon receptor signaling causes hyperaminoacidemia exposing a possible liver-alpha-cell axis. Am. J. Physiol. Metab. 2018, 314, E93–E103. [Google Scholar] [CrossRef]

	



Wewer Albrechtsen, N.J.; Pedersen, J.; Galsgaard, K.D.; Winther-Sørensen, M.; Suppli, M.P.; Janah, L.; Gromada, J.; Vilstrup, H.; Knop, F.K.; Holst, J.J. The Liver–α-Cell Axis and Type 2 Diabetes. Endocr. Rev. 2019, 40, 1353–1366. [Google Scholar] [CrossRef]

	



Galsgaard, K.D.; Jepsen, S.L.; Kjeldsen, S.; Pedersen, J.; Albrechtsen, N.J.W.; Holst, J.J. Alanine, arginine, cysteine, and proline, but not glutamine, are substrates for, and acute mediators of, the liver-α-cell axis in female mice. Am. J. Physiol. Metab. 2020, 318, E920–E929. [Google Scholar] [CrossRef]

	



Dean, E.D. A Primary Role for α-Cells as Amino Acid Sensors. Diabetes 2019, 69, 542–549. [Google Scholar] [CrossRef]

	



Finan, B.; Capozzi, M.E.; Campbell, J.E. Repositioning Glucagon Action in the Physiology and Pharmacology of Diabetes. Diabetes 2019, 69, 532–541. [Google Scholar] [CrossRef] [PubMed]

	



Rocha, D.M.; Faloona, G.R.; Unger, R.H. Glucagon-stimulating activity of 20 amino acids in dogs. J. Clin. Investig. 1972, 51, 2346–2351. [Google Scholar] [CrossRef] [PubMed]

	



Pipeleers, D.G.; Schuit, F.C.; in’t Veld, P.A.; Maes, E.; Hooghe-Peters, E.L.; Van De Winkel, M.; Gepts, W. Interplay of Nutrients and Hormones in the Regulation of Insulin Release. Endocrinology 1985, 117, 824–833. [Google Scholar] [CrossRef] [PubMed]

	



Wood, E.J. Medical Biochemistry (4th ed.): Bhagavan, N.V. Biochem. Mol. Biol. Educ. 2002, 30, 270–271. [Google Scholar] [CrossRef]

	



Zhang, Q.; Ramracheya, R.; Lahmann, C.; Tarasov, A.; Bengtsson, M.; Braha, O.; Braun, M.; Brereton, M.; Collins, S.; Galvanovskis, J.; et al. Role of KATP Channels in Glucose-Regulated Glucagon Secretion and Impaired Counterregulation in Type 2 Diabetes. Cell Metab. 2013, 18, 871–882. [Google Scholar] [CrossRef]

	



Capozzi, M.E.; Svendsen, B.; Encisco, S.E.; Lewandowski, S.L.; Martin, M.D.; Lin, H.; Jaffe, J.L.; Coch, R.W.; Haldeman, J.M.; MacDonald, P.E.; et al. β Cell tone is defined by proglucagon peptides through cAMP signaling. JCI Insight 2019, 4, e126742. [Google Scholar] [CrossRef]

	



Tong, B.C.; Barbul, A. Cellular and physiological effects of arginine. Mini-Rev. Med. Chem. 2004, 4, 823–832. [Google Scholar] [CrossRef] [PubMed]

	



Eisenstein, A.B.; Strack, I. Amino Acid Stimulation of Glucagon Secretion by Perifused Islets of High-protein-fed Rats. Diabetes 1978, 27, 370–376. [Google Scholar] [CrossRef] [PubMed]

	



Östenson, C.-G.; Grebing, C. Evidence for metabolic regulation of pancreatic glucagon secretion by l-glutamine. Eur. J. Endocrinol. 1985, 108, 386–391. [Google Scholar] [CrossRef]

	



Li, C.; Liu, C.; Nissim, I.; Chen, J.; Chen, P.; Doliba, N.; Zhang, T.; Nissim, I.; Daikhin, Y.; Stokes, D.; et al. Regulation of Glucagon Secretion in Normal and Diabetic Human Islets by γ-Hydroxybutyrate and Glycine. J. Biol. Chem. 2013, 288, 3938–3951. [Google Scholar] [CrossRef]

	



Li, C.; Buettger, C.; Kwagh, J.; Matter, A.; Daikhin, Y.; Nissim, I.B.; Collins, H.W.; Yudkoff, M.; Stanley, C.; Matschinsky, F.M. A Signaling Role of Glutamine in Insulin Secretion. J. Biol. Chem. 2004, 279, 13393–13401. [Google Scholar] [CrossRef] [PubMed]

	



Montero, F.; Baglietto-Vargas, D.; Moreno-González, I.; López-Tellez, J.; Cuesta-Munoz, A.; Gutiérrez, A.; Aledo, J. Glutaminase activity is confined to the mantle of the islets of Langerhans. Biochimie 2007, 89, 1366–1371. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, H.; Yokoi, N.; Seino, S. Glutamate as intracellular and extracellular signals in pancreatic islet functions. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2019, 95, 246–260. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, M.; Yamada, H.; Uehara, S.; Morimoto, R.; Muroyama, A.; Yatsushiro, S.; Takeda, J.; Yamamoto, A.; Moriyama, Y. Secretory Granule-mediated Co-secretion ofl-Glutamate and Glucagon Triggers Glutamatergic Signal Transmission in Islets of Langerhans. J. Biol. Chem. 2003, 278, 1966–1974. [Google Scholar] [CrossRef] [PubMed]

	



Cabrera, O.; Jacques-Silva, M.C.; Speier, S.; Yang, S.-N.; Köhler, M.; Fachado, A.; Vieira, E.; Zierath, J.R.; Kibbey, R.; Berman, D.M.; et al. Glutamate Is a Positive Autocrine Signal for Glucagon Release. Cell Metab. 2008, 7, 545–554. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhry, F.A.; Reimer, R.J.; Krizaj, D.; Barber, D.; Storm-Mathisen, J.; Copenhagen, D.R.; Edwards, R.H. Molecular Analysis of System N Suggests Novel Physiological Roles in Nitrogen Metabolism and Synaptic Transmission. Cell 1999, 99, 769–780. [Google Scholar] [CrossRef]

	



Gammelsaeter, R.; Jenstad, M.; Bredahl, M.; Gundersen, V.; Chaudhry, F. Complementary expression of SN1 and SAT2 in the islets of Langerhans suggests concerted action of glutamine transport in the regulation of insulin secretion. Biochem. Biophys. Res. Commun. 2009, 381, 378–382. [Google Scholar] [CrossRef]

	



Schmid, R.; Schusdziarra, V.; Schulte-Frohlinde, E.; Maier, V.; Classen, M. Role of Amino Acids in Stimulation of Postprandial Insulin, Glucagon, and Pancreatic Polypeptide in Humans. Pancreas 1989, 4, 305–314. [Google Scholar] [CrossRef]

	



Rudman, D.; Mattson, D.E.; Feller, A.G.; Cotter, R.; Johnson, R.C. Fasting plasma amino acids in elderly men. Am. J. Clin. Nutr. 1989, 49, 559–566. [Google Scholar] [CrossRef]

	



Montefusco, F.; Pedersen, M.G. Mathematical modelling of local calcium and regulated exocytosis during inhibition and stimulation of glucagon secretion from pancreatic alpha-cells. J. Physiol. 2015, 593, 4519–4530. [Google Scholar] [CrossRef]

	



MacDonald, P.E.; De Marinis, Y.Z.; Ramracheya, R.; Salehi, A.; Ma, X.; Johnson, P.R.V.; Cox, R.; Eliasson, L.; Rorsman, P. A KATP Channel-Dependent Pathway within α Cells Regulates Glucagon Release from Both Rodent and Human Islets of Langerhans. PLoS Biol. 2007, 5, e143. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Zhang, Y.; Gromada, J.; Sewing, S.; Berggren, P.-O.; Buschard, K.; Salehi, A.; Vikman, J.; Rorsman, P.; Eliasson, L. Glucagon Stimulates Exocytosis in Mouse and Rat Pancreatic α-Cells by Binding to Glucagon Receptors. Mol. Endocrinol. 2005, 19, 198–212. [Google Scholar] [CrossRef] [PubMed]

	



Tian, G.; Sandler, S.; Gylfe, E.; Tengholm, A. Glucose- and Hormone-Induced cAMP Oscillations in α- and β-Cells within Intact Pancreatic Islets. Diabetes 2011, 60, 1535–1543. [Google Scholar] [CrossRef]

	



Briant, L.; Salehi, A.; Vergari, E.; Zhang, Q.; Rorsman, P. Glucagon secretion from pancreatic α-cells. Upsala J. Med. Sci. 2016, 121, 113–119. [Google Scholar] [CrossRef] [PubMed]

	



Wendt, A.; Eliasson, L. Pancreatic α-cells—The unsung heroes in islet function. Semin. Cell Dev. Biol. 2020, 103, 41–50. [Google Scholar] [CrossRef]

	



Watts, M.; Sherman, A. Modeling the Pancreatic α-Cell: Dual Mechanisms of Glucose Suppression of Glucagon Secretion. Biophys. J. 2014, 106, 741–751. [Google Scholar] [CrossRef] [PubMed]

	



Alford, F.; Bloom, S.; Nabarro, J.; Hall, R.; Besser, G.; Coy, D.; Kastin, A.; Schally, A. Glucagon control of fasting glucose in man. Lancet 1974, 304, 974–977. [Google Scholar] [CrossRef]

	



Lee, Y.; Berglund, E.D.; Yu, X.; Wang, M.-Y.; Evans, M.R.; Scherer, P.E.; Holland, W.L.; Charron, M.J.; Roth, M.G.; Unger, R.H. Hyperglycemia in rodent models of type 2 diabetes requires insulin-resistant alpha cells. Proc. Natl. Acad. Sci. USA 2014, 111, 13217–13222. [Google Scholar] [CrossRef]

	



Wasserman, D.H.; Cherrington, A.D. Hepatic fuel metabolism during muscular work: Role and regulation. Am. J. Physiol. Metab. 1991, 260, E811–E824. [Google Scholar] [CrossRef]

	



Marroquí, L.; Alonso-Magdalena, P.; Merino, B.; Fuentes, E.; Nadal, A.; Quesada, I. Nutrient regulation of glucagon secretion: Involvement in metabolism and diabetes. Nutr. Res. Rev. 2014, 27, 48–62. [Google Scholar] [CrossRef]

	



Lang, V.; Bellisle, F.; Alamowitch, C.; Craplet, C.; Bornet, F.; Slama, G.; Guy-Grand, B. Varying the protein source in mixed meal modifies glucose, insulin and glucagon kinetics in healthy men, has weak effects on subjective satiety and fails to affect food intake. Eur. J. Clin. Nutr. 1999, 53, 959–965. [Google Scholar] [CrossRef] [PubMed]

	



Markova, M.; Hornemann, S.; Sucher, S.; Wegner, K.; Pivovarova, O.R.; Rudovich, N.; Thomann, R.; Schneeweiss, R.; Rohn, S.; Pfeiffer, A.F.H. Rate of appearance of amino acids after a meal regulates insulin and glucagon secretion in patients with type 2 diabetes: A randomized clinical trial. Am. J. Clin. Nutr. 2018, 108, 279–291. [Google Scholar] [CrossRef] [PubMed]

	



El, K.; Capozzi, M.E.; Campbell, J.E. Repositioning the Alpha Cell in Postprandial Metabolism. Endocrinology 2020, 161, bqaa169. [Google Scholar] [CrossRef] [PubMed]

	



Sherwood, L.M.; Parris, E.E.; Cahill, G.F. Starvation in Man. N. Engl. J. Med. 1970, 282, 668–675. [Google Scholar] [CrossRef]

	



Korenfeld, N.; Finkel, M.; Buchshtab, N.; Bar-Shimon, M.; Charni-Natan, M.; Goldstein, I. Fasting Hormones Synergistically Induce Amino Acid Catabolism Genes to Promote Gluconeogenesis. Cell. Mol. Gastroenterol. Hepatol. 2021, 12, 1021–1036. [Google Scholar] [CrossRef]

	



Bertrand, G.; Gross, R.; Puech, R.; Loubatières-Mariani, M.-M.; Bockaert, J. Glutamate stimulates glucagon secretion via an excitatory amino acid receptor of the AMPA subtype in rat pancreas. Eur. J. Pharmacol. 1993, 237, 45–50. [Google Scholar] [CrossRef]

	



Seifert, G.; Steinhäuser, C. Ionotropic glutamate receptors in astrocytes. Prog. Brain Res. 2001, 132, 287–299. [Google Scholar] [CrossRef]

	



Gaisano, H.Y.; Leung, Y.M. Pancreatic Islet α Cell Commands Itself: Secrete More Glucagon! Cell Metab. 2008, 7, 474–475. [Google Scholar] [CrossRef]

	



Bettler, B.; Mulle, C. AMPA and kainate receptors. Neuropharmacology 1995, 34, 123–139. [Google Scholar] [CrossRef]








[image: Metabolites 12 00348 g001 550] 





Figure 1. The influence of AAs on the GSGS. (A) Glucose-dependent RGS at various relative AA concentration levels. The results are normalized to the RGS at low AA concentration levels. The addition of high AA concentration raises the glucose-dependent RGS curve. (B) The comparison of the relative change of RGS at 1 mM and 6 mM glucose concentration during low- and high-AAs levels. The increase is most prominent at 1 mM glucose concentration (light blue bars, up to ~3.5-fold increase). On the other hand, the increase during 6 mM glucose concentration is less pronounced (dark blue bars, ~2-fold increase). 
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Figure 2. Dynamics of MP at different glucose and AA concentrations. (A) At high glucose concentration, the amplitude of the MP oscillations decreases and the frequency increases. (B) At low glucose concentration, the increase in AA concentration increases both amplitude and frequency of MP oscillations. (C) At high glucose concentration, the increase in AA concentration increases both the amplitude and frequency, but the change is not as significant. 
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Figure 3. Glucose-dependent intracellular cAMP and ATP concentrations. (A) The cAMP concentration is composed of the sAC (light orange) and tmAC (dark orange) contributions. The sAC contribution is invariant with changes in AA concentration. The tmAC contribution increases significantly at low glucose concentration and high AA concentration. (B) ATP concentration is only glucose-dependent and increases by ~20% with hyperglycemia. 
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Figure 4. Schematic representation of the computational model. The computational model is governed by three interconnected components—metabolic, signaling, and secretion. The metabolic component is mainly responsible for producing ATP via glucose and FFA oxidation. ATP concentration is coupled to the secretion component via the conductance of KATP channels. AAs, such as glutamine, which also enter the metabolic component, do not (considerably) contribute to ATP production but can be converted to other types of AAs, such as glutamate, which enters the secretory component. Waste products of metabolism (lactate and CO2) interact with the signaling component, influencing the rate of sAC-induced cAMP production. The second contribution to the cAMP concentration is tmAC-induced cAMP production, which is stimulated by the binding of glucagon to the glucagon receptor. The signaling component interacts with the secretory component via cAMP-PKA/Epac signaling pathways, directly and indirectly (via VGCC) influencing glucagon secretion. Finally, glutamate from the metabolic component, which is co-secreted with glucagon, binds to the iGluRs, further modulating glucagon secretion. 
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Table 1. Model parameters and their values.
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	Parameter
	Value





	    k  c A M P , C a     
	0.2



	    k  c A M P , G S     
	0.5



	    k  A A , N a     
	0.4



	    k  A A , K     
	0.2



	    k  A A , C a     
	0.16



	    g L    
	0.25



	    f 0    
	175



	  k  
	2.8



	  n  
	8
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