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Abstract: In this study, a pharmacokinetic-pharmacodynamic simulation will describe a 
system of glucose and insulin in the human body based on an oral glucose tolerance test 
with Metformin treatment. This is presented using the oral glucose tolerance test process 
by adding glucose absorbed function, insulin secretion in the pancreas, and metformin 
dose. This model can describe the rate of glucose concentration at the same time as 
Metformin administration. This model applies to subjects with impaired glucose 
tolerance (pre-diabetes) and type 2 diabetes mellitus. Experimental data are referenced 
from research that Møller and co-workers have carried out. This model can describe the 
reduction rate of glucose. This process reduces hepatic glucose production caused by the 
glucose absorption rate in peripheral tissues. This model also showed that adding a 
metformin dose could reduce the glucose concentration. The results of the present model 
show that the value of the deterministic coefficient (R2) has reached above 95%, which 
means that the results of the present model are good.  
 
Keywords: oral glucose tolerance test; pre-diabetes; simulation model; type 2 diabetes 

mellitus. 

  

 

Introduction  
A mathematical model of pharmacokinetics-

pharmacodynamics is usually described only as a profile 
of the measured concentration and time of a drug 
administered in blood plasma. The main advantage of 
the pharmacokinetics-pharmacodynamics model is that 

this mathematical model is based on the theory of 
dynamic systems that can describe a drug 
administration in body response after an administered 
drug. This mathematical model based on 
pharmacokinetics-pharmacodynamics can also be used 
for the intravenous administration of solution drugs 
(Ďurišová, 2016; Ciccolini et al., 2017; Lazebnik et al., 
2022).  

In recent years, an oral drug the anti-
hyperglycemic, is usually used to control blood glucose 
in an insulin-dependent diabetes mellitus (IDDM) or 

type 2 diabetes mellitus (T2DM) is biguanide metformin 
(dimethyl biguanide). Metformin has been applied for a 
subject with T2DM, a common disease that combines 
defects of both insulin secretion and insulin action. 
Blood glucose concentration levels can be reduced by 
metformin, predominantly by improving hepatic and 
peripheral tissue sensitivity to insulin without affecting 
the secretion of this hormone (Graham et al., 2011; Pala 
et al., 2007; Scheen, 1996; Sheleme, 2021).  

The oral glucose tolerance test (OGTT) is applied 
clinically to diagnose impaired glucose tolerance (IGT) 
or prediabetes and T2DM, as a standardized insulin 
secretion test. The standard OGTT procedure is after an 
8-10 hour overnight fast, then 75 g of glucose is 
administrated orally. It is intended to monitor glucose 
and insulin concentration levels over time. A prolonged 
elevation (>120 min) in both blood glucose and insulin 
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shows a patient with IGT, it identifies insulin resistance. 
The standard OGTT can also be used in conjunction with 
fasting hyperglycemia in diagnosing T2DM (Cobelli et 
al., 2014; Thewjitcharoen et al., 2019; Bartlette et al., 
2021).  

To describe the concentration data of glucose and 
insulin for 2 hours after an oral administration of glucose 
using an OGTT, it is necessary to develop a 
mathematical model to assess both the glucose and 
insulin systems and their interactions. The mathematical 
model combined with extrapolation and interpolation 
methods is used to measure insulin secretion and 
sensitivity. It is commonly called the oral glucose 
minimal model (Seike et al., 2011; Kartono et al, 2017).  

Sun and co-authors have introduced a 

pharmacokinetics-pharmacodynamics (PK-PD) model 
of metformin for the treatment of T2DM. This model 
describes the relationship between the measured 
concentration and time of the metformin drug. This 
model also describes the glucose-lowering effect for 
subjects with T2DM after intravenous and oral 
administration of metformin. It is constituted of three 
compartments including the gut, liver, and periphery 

(Sun et al., 2011).  
This study proposes a new model based on the 

OGTT and pharmacokinetic-pharmacodynamic models 
to analyze the action of metformin drugs in subjects with 
IGT and T2DM during an OGTT. This model is expected 
to explain the mechanism relevant to drug 
administration and the body's response to oral drug 
administration. 
 

Mathematical Model  
The Modified Oral Glucose Minimal Model 
A mathematical model of the glucose and insulin as a 
dynamic system method of test results from 2-h OGTTs 
as one of the diagnostic criteria for pre-diabetes and 
T2DM is the standard test by the World Health 
Organization (WHO). Seike and co-workers have 
introduced a mathematical model of the oral glucose 
minimal model to provide an accurate method for 
assessing insulin secretion and insulin sensitivity in pre-
diabetes and T2DM during an OGTT protocol (Seike 
et.al., 2011; Kartono et.al, 2017). In this study, we will 
modify the oral glucose minimal model with a function 
of the orally administered glucose being absorbed from 
the intestines before entering the systemic circulation 
(Seike et.al., 2011; Kartono et.al, 2017). The minimal 
model was modified with the addition of an oral glucose 
function. This model takes the form of two coupled 
ordinary differential equations. The first equation 
describes the rate of plasma glucose concentration, while 
the second describes the rate of insulin concentration: 

𝑑𝐺(𝑡)

𝑑𝑡
= −[𝑝1 + 𝑋(𝑡)]𝐺(𝑡) + 𝑝1𝐺𝑏 +

𝑅𝛼

𝑉
, 

𝐺(𝑡0) = 𝐺0         (1) 
 

  
𝑑𝑋(𝑡)

𝑑𝑡
= −𝑝2(𝑡) + 𝑝3[𝐼(𝑡) − 𝐼𝑏],  

  𝑋(𝑡0) = 0   (2) 
 

𝑅𝛼(𝑡) = {
𝛼𝑖−1 +

𝛼𝑖−𝛼𝑖−1

𝑡𝑖−𝑡𝑖−1
(𝑡 − 𝑡𝑖−1)

0
       

  

{
𝑡𝑖−1 ≤ 𝑡 ≤ 𝑡, 𝑖 = 1. . .8

others
   (3) 

 
The RI parameter describes the rate of pancreatic insulin 
secretion. The parameter RI consists of two components: 

(1) dynamic insulin secretion (RI1) and (2) static insulin 
secretion (RI2). The rate parameter pI1 (min-1) describes 
the circulating rate for insulin loss. The total insulin rate 
(dI/dt) of the single-compartment model is determined 
by the following equation: 
 

𝑑𝐼(𝑡)

𝑑𝑡
= −𝑝𝐼1[𝐼(𝑡) − 𝐼𝑏] + 𝑅𝐼,  

𝐼(𝑡0) = 𝐼𝑏 (4) 

𝑅𝐼 = 𝑅𝐼1 + 𝑅𝐼2    (5) 

 
The parameter RI1 (μU.mL-1.min-1) describes the rate of 
insulin secretion stored in β-cells. This is in response to 
increased levels of glucose concentration: 
 

𝑅𝐼1 = {
𝑝𝐼2

𝑑𝐺

𝑑𝑡
,

0,
   

𝑑𝐺

𝑑𝑡
> 0

𝑑𝐺

𝑑𝑡
≤ 0

  (6) 

 
where the parameter pI2 (μU.mL-1.mg-1.dL) represents 
the rate of dynamic insulin secretion by β-cells. New 
insulin secretion induced in response to increased 
glucose concentration levels is described by the 
parameter RI2: 
 

𝑑𝑅𝐼2

𝑑𝑡
= {

−
1

𝑝𝐼3
[𝑅𝐼2 − 𝑝𝐼4(𝐺 − 𝐺𝑏)],

−
1

𝑝𝐼3
𝑅𝐼2,

  

   
𝐺 − 𝐺𝑏 > 0
𝐺 − 𝐺𝑏 ≤ 0

 (7) 

 
where the parameter pI4 (μU.mL-1.mg-1.dL.min-1) 
describes the rate of static insulin secretion by β-cells 

caused by an increase in glucose levels with the time 
constant parameter pI3 (min).  
 
Pharmacokinetics Model 

In this study, the pharmacokinetic-
pharmacodynamic model is used to describe the mass of 
oral metformin in a periphery compartment. A mass of 
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oral metformin is combined with the OGTT model 
during an OGTT to predict its glucose-lowering effect 
for the subject with pre-diabetes and T2DM after oral 
administration of metformin. A set coupled first-order 
kinetic function with corresponding rate constants 
process along the mass transfer of oral metformin 
between different compartments was presented by (Sun 
et al., 2011): 

 
𝑑𝑋1

𝑑𝑡
= 𝑋1(𝑘𝑔𝑜 + 𝑘𝑔𝑔) + 𝑋𝑜  (8) 

 
𝑑𝑋2

𝑑𝑡
= 𝑋1𝑘𝑔𝑔 + 𝑋4𝑘𝑠𝑔 − 𝑋2𝑘𝑔𝑙  (9) 

 
𝑑𝑋3

𝑑𝑡
= 𝑋2𝑘𝑔𝑙 + 𝑋4𝑘𝑝𝑙 − 𝑋3𝑘𝑙𝑝  (10) 

 
𝑑𝑋4

𝑑𝑡
= 𝑋3𝑘𝑙𝑝 − 𝑋4(𝑘𝑝𝑙 + 𝑘𝑝𝑔 + 𝑘𝑝𝑜) (11) 

 

where the variables, X1, X2, X3, and X4, represent the 

mass of metformin in the gastrointestinal (GI) lumen, GI 

wall, liver, and peripheral compartment. The variable 

XO represents the flow rate of metformin from oral 

administration with the rate constant represented by kgo 

(min-1). The rate of drug elimination via feces is 

expressed by kgg (min-1). The rate of drug transfer from 

the GI lumen to the GI wall compartment is expressed 

by kgl (min-1). The rate of drug transfer from the GI wall 

to the liver compartment is presented by klp and kpl (min-

1). The rate of drug transfer from the liver to the 

peripheral compartment and vice versa is expressed by 

kpg (min-1). The rate of drug elimination via the urinary 

tract is given by kpo (min-1). The equations are written in 

mass quantities of metformin and not concentrations, in 

order to avoid estimating the volume of the 

pharmacokinetic-pharmacodynamic compartment. The 

plasma concentration of metformin was calculated as the 

mass of metformin divided by blood flow (20.9 ± 4.1 

ml/min/kg body weight). 

 

The Modified Oral Glucose Minimal Model with 
Pharmacokinetics Model of Metformin 

The function 𝐺𝑏 = 𝐺0 −
𝑋4

𝑉𝑑
 is introduced which 

describes the glucose concentration in the periphery 
compartments. A differential equation describing this 
behavior of glucose blood concentration with the 
pharmacokinetics model of metformin is introduced 
with the following function: 

 
𝑑𝐺(𝑡)

𝑑𝑡
= 𝑝1(𝐺𝑏 − 𝐺(𝑡)) − 𝑋(𝑡)𝐺(𝑡) , 

 𝐺𝑏 = 𝐺0 −
𝑋4

𝑉𝑑
 ,   (12) 

 
Figure 1 The mechanism scheme of the modified oral 

glucose minimal model 
 

Table 1. Variables and parameters of Oral 

Glucose Minimal Model. 
   
Symbol Unit Notes 

G(t) mg/dL glucose concentration at a 
certain t, after 
administration of glucose 
input orally 

I(t) μU/mL insulin concentration at a 
certain t, after glucose is 
administered orally 

X(t) min-1 insulin concentration at a 
certain t, after glucose is 
administered orally 

Gb mg/dL basal glucose 
concentration, before 
glucose is given orally 

Ib μU/mL basal insulin 
concentration, before 
glucose is administered 
orally 

G0 mg/dL glucose concentration 
when t is zero 

I0 μU/mL insulin concentration 
when t is zero 

p1 min-1 rate of glucose uptake 
without insulin in tissues 

p2 min-1 rate of increase in the 
ability of glucose uptake 

p3 min-2(μU/mL)-

1 
rate of glucose-dependent 
uptake of insulin in 
tissues 

Rα(t) mg. kg-1min-1 rate of endogenous 
glucose input into the 
systemic circulation 

V dL/kg volume of glucose 
distribution 

αi mg. kg-1min-1 glucose uptake rate 
ti min glucose absorption time 

 
Result and Discussion 

The simulation of the combined model between the 
modified minimal oral glucose and the 
pharmacokinetic-pharmacodynamic model will be 
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programmed using MATLAB. It is to facilitate numerical 
calculations and graphing of glucose and insulin 
concentrations. The parameters of the model are 
optimized using experimental data. The analysis of these 
parameters uses a deterministic coefficient (R2). This is 
necessary to know the validation value between 
experimental data and model results. The deterministic 
coefficient (R2) is formulated by: 

 

 𝑋2 = ∑ [
𝑦𝑖−𝑦(𝑡𝑖)

𝜎
]𝑁

𝑖=1    (13) 

 𝑆𝑆𝑇 = ∑ [
𝑦𝑖−𝑦

𝜎
]

2
𝑁
𝑖=1    (14) 

𝑅2 = 1 −
𝑋2

𝑆𝑆𝑇
    (15) 

 

where 𝑦𝑖  is experimental data that contains deviation 

standard σ, 𝑦(𝑡𝑖) is model results, N is all data and 𝑦 is 

the average value of the sum from experimental data 

and model results.  

Optimization of the parameters of the modified 

minimal oral glucose model has been carried out. The 

range of values for model input is given in Table 2. Then 

the model results were extrapolated and interpolated 

using experimental data from observed glucose and 

insulin concentrations (Møller et.al., 2014). The model 

calculation results are shown in Figures 2(a) and 3(a). At 

300 minutes, the glucose concentration returned to the 

basal level. However, based on the curve results 

reported in Figures 2(a) and 3(a), the peak points 

between IGT and T2DM are different. The difference in 

the peak points in the curve can identify the parameter 

values related to insulin secretion. These parameters are 

also related to glucose metabolism. The estimated 

parameters can be used as a diagnostic analysis of 

subjects with IGT or T2DM.  

This study uses a pharmacokinetic-

pharmacodynamic model as a system theory of glucose 

dynamics that can predict the dynamic relationship 

between oral drug intake in the human body. The 

prediction profile is expressed between glucose 

concentration and time, as shown in Figures 2(b) and 

3(b). The present model can be used clinically so that the 

estimated drug dose administered can be predicted by 

the present model. 

In the present model, the simulation of the modified 

oral glucose minimal model combined with and without 

(the pharmacokinetic-pharmacodynamic model) for 

subjects with IGT have calculated as shown in Figure 2. 

In Figure 2(a), the value of the deterministic coefficient 

(R2) between the experimental data and the present 

model yield is above 95%. In Figure 2(b), after oral 

administration of metformin (500 mg), the plasma 

glucose concentration decreased slowly and then 

decayed exponentially. Due to metformin treatment, 

plasma glucose concentrations are low. The peak plasma 

glucose concentration without the effect of metformin is 

approximately 190 mg/dL which is reached after 50 

minutes. In this present model, the peak plasma glucose 

concentration is approximately 150 mg/dL after 

administration of the drug. 

The simulation was also carried out on subjects 
with T2DM, as shown in Figure 3. In Figure 3(a), the 
value of the deterministic coefficient (R2) between the 
experimental data and the current model results is above 
95%. Glucose concentration in subjects with T2DM 
decreased significantly after the administration of 
metformin (500 mg). The concentration peak of plasma 
glucose with the effect of metformin is around 250 
mg/dL which is reached after 75 minutes. Then the 
glucose concentration will decrease to basal glucose. The 
current model has shown that oral administration of 
metformin produces significant plasma glucose-
lowering effects.  

The results of the present model have shown 
that it has the potential to be an accurate tool for 
controlling subjects with pre-diabetes or diabetes in 
clinical practice with metformin administration. 
Analysis based on OGTT for 5 hours showed a good 
correlation between experimental data and model 
results. Therefore, OGTT for 5 hours has been used for 
the diagnosis of diabetes based on WHO criteria. This 
method is also more cost-effective and not time-
consuming to apply clinically. Current model accuracy 
estimates with experimental data obtained from OGTT 
for 5 hours (Møller et.al., 2014). 

 
Table 2. Parameters value of this present model. 
  

Parameters Values 

Gb 115-160 
Ib 10-20 
G0 115-160 
I0 10-20 
p1 0.05-0.2 
p2 0.0001-0.0003 
p3 1.0 - 4.0 × 10-4 
kgo 1.50 - 2.0 × 10-3 
kgg 1.80 - 2.2 × 10-3 
kgl 0.40 - 1.00 
klp 0.70 - 0.10 
kpl 1.0-1.2 × 10-2 
kpg 3.0 - 5.0 
kpo 0.20 - 0.60 
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Figure 2 (a) Plasma glucose concentration of IGT patients 
before following the administration of metformin (500 mg) and 
(b) after following the administration of metformin (500 mg). 

 

 
Figure 3 (a) Plasma glucose concentration of T2DM patients before 
following the administration of metformin (500 mg) and (b) after 

following the administration of metformin (500 mg). 

 

Conclusion  

This model can present the successful use of a 
mathematical model from the theory of the 
pharmacokinetic-pharmacodynamic dynamic systems 
of an oral drug of metformin. The simulation results 
clearly show that the effects of the treatment using 
metformin can significantly lower the glucose 
concentration than no therapy of metformin. This 
present model has also shown successfully described the 
pharmacokinetic-pharmacodynamic simulation of 
metformin administrated orally to IGT and T2DM 
subjects. For future works, this present model will be 
used with some other oral drugs of anti-hyperglycemic 
for the IGT and T2DM subjects, to evaluate the accuracy 
of this present model. 
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