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Supplemental material 

Defective amplifying pathway of b-cell secretory response to glucose in type 2 diabetes: integrated 

modeling of in vitro and in vivo evidence. 

E. Grespan, T. Giorgino, S. Arslanian, A. Natali, E. Ferrannini and A. Mari 

 

1 Model and simulation details 

1.1 Model equations 

1.1.1 Exocytosis and refilling functions 

Both the exocytosis and the refilling functions fk(C) and fr(C,G) are based on the function of Mari et al. 

[1]: 
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The function is represented in Figure S1. The parameter  divides the C axis (C  0) in two regions in 

which h(C) is a quasi-linear function with low sensitivity 1 (left to ) or high sensitivity 2 (right to ). 

The parameter  influences the curvature around . The function was obtained analytically as the 

integral of the hyperbolic tangent function, shifted and scaled to satisfy the above requirements and, 

additionally, h(0) = 0 [1]. 

The exocytosis function is simply: 
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The parameters , , 1 and 2 for fk(C) are thus p1 to p4. The refilling function is: 
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In the refilling function, the sensitivities for C, 1 and 2, are modulated by glucose concentration G via 

the sigmoidal function w(G). In addition, the ratio of the sensitivities is the constant 1/2 = p8 and 

fr(0,G) = p5. 

 

1.1.2 Delay 

 

The delay with which calcium and glucose exert their actions on exocytosis and refilling is a 

combination of a time shift  and a first-order delay with time constant 1/. This composite delay is 

indicated with the operator  (·); 

y(t) =  (x(t)) is obtained by the following delay differential equation: 
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For exocytosis (k), the parameters are p12 =  and p13 = ; for the refilling (r), p14 =  and p15 = . 

 

1.1.3 Glucose-calcium relationship 

 

The calcium response to a glucose stimulus is obtained as a sum of a static function of glucose 

concentration, Cs(G), 

and a dynamic component, Cd(t) (Figure S2): 

 

       s dC t C G t C t   (S6) 

In the sigmoidal static function 
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the parameters are derived from the glucose-calcium relationship reported in Henquin et al. [2]. 

The dynamic component Cd(t) is obtained from a simple zero-gain linear system (with bi-dimensional 

state vector z) that generates a peak when glucose concentration is abruptly raised and a nonlinear 

function of glucose concentration that modulates the peak: 
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1.2 Simulation of the modulation of first-phase insulin secretion 

 

1.2.1 Simulation of the hyperglycemic clamp (Figure 6 in the main text) 

 

In the simulation of the hyperglycemic clamp of Figure 6 of the main text, the target glucose level is 15 

mmol/L. Basal glucose is 5.27 mmol/L both with normal and reduced insulin sensitivity; diabetic 

glucose is 7 mmol/L. Insulin resistance is simulated by selectively increasing p5 in the refilling function 

(Equation S.3) to raise basal insulin secretion from 91.5 to 183 pmol·min
−1

·m
−2

. The diabetic condition 

is simulated with no alterations except for basal glucose. 

In all conditions, calcium (C) follows its normal relation to glucose. Except for p5, the simulation uses 

the parameters of the stepped hyperglycemic clamp (Figure S4E, Table 1). 
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1.2.2 Simulation of the IVGTT (Figure 7 in the main text) 

 

In the simulation of the modulation of first-phase insulin secretion with insulin resistance or basal 

hyperglycemia (Figure 7 of the main text), an IVGTT is simulated and the acute insulin secretion 

response (AISR) is calculated as the mean secretion increment over basal insulin secretion from 0 to 8 

min. 

The effects of insulin resistance are simulated using the data in the quartiles of insulin sensitivity from 

the original study [3]. In the quartiles, basal insulin secretion is progressively increased with insulin 

resistance (from 59.7 to 92.4 pmol·min
−1

·m
−2

); this condition is obtained by gradually shifting upwards 

the refilling function (by increasing selectively p5 in Equation S.3), so that the experimental and 

simulated basal insulin secretion values are matched. Basal glucose is kept at a constant value of 5 

mmol/L in all quartiles, as experimentally observed. The IVGTT glucose for the simulations is obtained 

from the mean glucose profiles in the insulin sensitivity quartiles. Except for p5, the model parameters 

are those of the IVGTT in normal subjects (Figure S4A, Table 1). 

The effects of basal hyperglycemia are simulated increasing basal glucose from 5 to 8 mmol/L, in steps 

of 0.5 mmol/L. 

For each basal glucose level, the slope of the refilling function is progressively decreased (by decreasing 

p9 in Equation S.3), to simulate a defective amplifying pathway with hyperglycemia. IVGTT glucose is 

obtained from the average incremental glucose profiles from the original study [4], added to the basal 

glucose values. Except for p9, the model parameters are those of the IVGTT in normal subjects Figure 

S4A, Table 1). 

 

1.3 Model code 

 

An implementation of the model in the Matlab and Simulink languages is provided at the address 

https://github. com/CNR-IN-MatMod/BetaCell2017. 
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2 Supplementary Table 

 

Supplementary Table S1. Model parameters in mouse and human studies. [S] indicates the unit of insulin secretion, which is experiment-

dependent. 

 

 
 

a
 Normal glucose tolerance; 

b
 Type2 diabetes; 

c
 Hyperglycemic clamp; 

d
 Intravenous glucose tolerance test; 

e
 Glucose infusion test mimicking 

an OGTT. 
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3 Supplementary Figures 

Supplementary Figure S1. Function h(C) used for exocytosis and refilling (Equation S.1). The scale of 

C, h(C) and the parameters used in the plot are illustrative. 
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Supplementary Figure S2. Scheme of the glucose-calcium model. The model predicts calcium from 

glucose based on the static dose-response (Cs, Equation S.7) and the addition of a calcium peak when 

glucose increases abruptly (Cd, Equations S.8- S.9). 

 

 
 

 

Supplementary Figure S3: Influence of the calcium peak on first-phase insulin secretion. A-C) The 

hyperglycemic clamp from 8.5 to 11.1 (A), 16.7 (B) or 30 (C) mmol/L glucose in mice [2] is simulated 

with (purple line) and without (green line) the calcium (C) peak generated by the dynamic component of 

the calcium model. First-phase insulin secretion (S) is sharper when the calcium peak is present in all 

conditions but the contribution of the calcium peak is higher when the glucose step is lower. The model 

parameters are from the hyperglycemic clamp in mice (Table S1). D) The hyperglycemic clamp from 

5.27 to 15 mmol/L glucose is simulated in humans with (purple line) or without (green line) the calcium 

(C) peak. First-phase insulin secretion (S) is sharper when the calcium peak is present. The model 

parameters are from the stepped hyperglycemic clamp in humans (Table S1). 
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Supplementary Figure S4. Simulation of human studies. Experimental glucose concentration (G, left), 

and model-predicted calcium concentration (C, middle) and insulin secretion (S, right) in five in vivo 

tests, in subjects with normal glucose tolerance (red lines) and type 2 diabetes (blue lines). A) IVGTT 

[5]. B) Hyperglycemic clamp in young obese subjects [6]. C) Glucose ramp [7]. D) OGTT-like test [8, 

9]. E) Stepped hyperglycemic clamp [10]; in this test, not performed in diabetic subjects, the black line 

represents experimental insulin secretion. The model parameters for these studies are reported in Table 

S1 . 
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Supplementary Figure S5. Exocytosis ( fk, top) and refilling ( fr, middle and bottom) functions in the 

four experiments of Fig 4 (IVGTT, hyperglycemic clamp (HGC), glucose ramp test and OGTT-like test) 

performed both in subjects with normal glucose tolerance and type 2 diabetes. The exocytosis function 

(black) is the same for both subject groups. The refilling dose-response is shown as a function of 

calcium concentration at fixed glucose (G = 20 mmol/L, middle) or as a function of glucose 

concentration at fixed calcium (C = 200 nmol/L, bottom). Subject with type 2 diabetes (blue) have a 

lower response compared to those with normal glucose tolerance (red). This defect in refilling 

(amplifying pathway) translates into a blunted second-phase during a hyperglycemic clamp. 
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Supplementary Figure S6. Simulation of defective calcium (C) as an alternative explanation for the 

diabetic insulin secretion (S) response during a hyperglycemic clamp. The figure shows the normal 

response (black lines), the diabetic response obtained under the hypothesis of a defective amplifying 

pathway (purple lines), and the diabetic response obtained assuming a defect in calcium levels (dashed 

green lines). Reduced calcium levels are simulated by altering the function that predicts calcium from 

glucose (G) (Cs(G), Equation S.7) in two ways: by postulating lower calcium at all glucose levels (panel 

A, left) or selectively at suprabasal glucose (panel B, right). A, top) Normal (purple line) and defective 

(dashed green line) calcium concentration obtained from Equation S.7 assuming that calcium is 

decreased at all glucose concentrations. A, bottom) The model predicts a defective second-phase 

response, as calcium levels influence the refilling (r). However, decreased calcium in basal conditions 

lowers basal exocytosis, thereby increasing the IRP size (Q) and increasing, rather than decreasing, first-

phase insulin secretion. B, top) Normal (purple line) and defective (dashed green line) calcium 

concentration obtained from Equation S.7 assuming that calcium is decreased selectively at suprabasal 

glucose concentrations. B, bottom) Maintaining normal basal calcium with basal hyperglycemia causes 

the expected IRP reduction and a reduced first-phase response. Second-phase is also reduced, as in the 

simulation of panel A. However, assuming a normal refilling function and normal calcium levels in the 

basal state necessarily translates into a normal insulin secretion at 7 mmol/L glucose, i.e.,  140 pmol 

min
–1 

m
–2

 (inset of the figure, dashed green line). This contrasts with the experimental findings (data of 

Figure 4 in the main text and [8, 11]), which show that in type 2 diabetic subjects insulin secretion is 

reduced compared to normal subjects at this glucose level. The simulation in diabetic subjects of Figure 

4 in the main text in fact predicts an insulin secretion value of  110 pmol min
–1 

m
–2

 at 7 mmol/L 

glucose (as for the purple line). Therefore, assuming no defect in the refilling function and lower 

calcium at suprabasal glucose only, does not appear compatible with the experimental findings. The 

model parameters are from the stepped hyperglycemic clamp in humans (Table S1). 
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Supplementary Figure S7. Loss of the early insulin secretion response during the OGTT-like test due 

to basal hyperglycemia. The normal response observed in this test (purple line, as in Figure S4D) is 

compared with the response to a glucose (G) profile that is shifted upwards by 1.5 mmol/L (green line). 

Basal hyperglycemia results in increased basal insulin secretion (S) but depletion of the IRP (Q), as in 

the hyperglycemic clamp of Figure 6 in the main text. This causesthe loss of early insulin secretion 

response (inset of the third panel), which is more evident when insulin secretion is translated to match 

the normal basal value (arrow in the inset). Calcium (C) and refilling (r) follow their normal relationship 

with glucose. The model parameters are from the OGTT-like test in normal subjects (Table S1); in the 

two simulations the parameters are the same. 
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