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Abstract
Background: There is growing evidence that diabetes mellitus modifies the pharmacokinetics of several medications, changing their pharmacodynamics. To understand 
these changes, in this study, we develop a physiologically based pharmacokinetic (PBPK) model to predict drug disposition in diabetic patients.

Methods: The PBPK model coupled with the GastroPlusTM version 9.5 software (Simulation Plus Inc., Lancaster, CA) was utilized to predict the means and 
variability of pharmacokinetic parameters. A whole-body PBPK model with key diabetic-related physiological changes was developed, in order to characterize the 
pharmacokinetics of the tested drugs in diabetic patients and compare these parameters to those in healthy subjects. Data related to physiological and biological 
changes in diabetic patients were obtained from the literature and incorporated into a structural PBPK model describing the PK data of healthy subjects.

Results: Glibenclamide (mainly metabolized by CYP2C9) and chlorzoxazone (metabolized by CYP2E1 and CYP1A2) were used for model development and 
validation. Changes in glibenclamide and chlorzoxazone area under the curve (AUC) and maximum concentration (Cmax) values in diabetic patients were predicted. 
The simulated PK profiles were comparable with the observed values, with predicted-to-observed ratio in the range of 0.8–1.2. 

Conclusion: In vitro data and information from a healthy population were successfully used to predict the pharmacokinetic profiles of medications in diabetic patients 
using the developed DM-PBPK model, which included changes in numerous anatomical, physiological, and biochemical characteristics caused by diabetes. When 
no clinical trials are available to guide dose recommendations in diabetic patients, the DM-PBPK model offers a workable substitute for empirical dosage selection.
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Introduction
Diabetes Mellitus (DM) is a growing global health concern. It is 

a metabolic disease of multiple etiologies, characterized by elevated 
blood sugar resulting from defects in insulin secretion, insulin action, 
or both [1]. In addition, DM is associated with carbohydrate, fat, and 
protein metabolism disturbances. Patients with long-term diabetes 
usually experience serious macro- and micro-vascular complications 
including cardiovascular and renal disease [1].

There have been a limited number of studies related to the influence 
of DM on drug pharmacokinetics. This limited information translates 
to an absence of available guidelines that help healthcare providers, in 
terms of adjusting dosages for diabetic patients to reach an appropriate 
therapeutic effect. Pathophysiological changes during diabetes have the 
potential to affect the absorption, distribution, metabolism, and excre-
tion (ADME) of various medications [2].

Considering  absorption, studies have shown  that an increase in 
extracellular glucose can affect membrane permeability, thus affecting 
the absorption of various medications (i.e., bioavailability) [2,3]. More-
over, it has been reported that 28‒65% of diabetic patients experience 
delayed gastric emptying, which may have a significant impact on the 
absorption of oral medications [2,3]. In the context of distribution, DM 
can affect the distribution of medications by affecting blood proteins 
[4,5]. Albumin is a major protein in blood that binds with medications 
[4,5]. It can become glycated in the presence of high glucose concentra-
tions [4,5], leading to a conformational change in the albumin structure 

that alters the fraction of unbound drugs [4,5]. Moreover, increased lev-
els of free fatty acids in diabetes patients may decrease the ability of 
drugs to bind to albumin [2]. In terms of metabolism, it has been stat-
ed that diabetes is associated with a significant change in Cytochrome 
(CYP3A4), which is responsible for the metabolism of medications in 
the liver [2,6].

Regarding excretion, it is well-known that long-term uncontrolled 
diabetes can lead to an increased glomerular filtration rate (GFR) [2]. 

A report has shown that the plasma concentrations of drugs predomi-
nantly excreted by the kidney were negatively correlated with GFR [7]. 
Furthermore, 40% of DM patients were suggested to develop nephrop-
athy, also affecting the clearance of medications [8]. Obesity is often 
associated with type 2 diabetes mellitus, leading to metabolic abnor-
malities under diabetic conditions [9]. Moreover, the changes in tissue 
blood flow induced by diabetes have an impact on the pharmacokinetic 
behaviors of drugs [7].
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All of these changes could lead to significant alterations to the phar-
macokinetic parameters of drugs, especially narrow therapeutic drugs. 
Therefore, it is necessary to predict pharmacokinetic behaviors accu-
rately in diabetic patients, in order to optimize the dose appropriately. 
Accordingly, we decided to build a Physiologically Based Pharmacoki-
netic (PBPK) model that can predict the alteration of pharmacokinetics 
in diabetic patients using data available in the literature.

The PBPK model incorporates a wide range of physiological and 
biochemical parameters that are altered under the diabetic condition, 
including the gastric emptying rate, intestinal transit time, drug 
metabolism capacity with respect to liver and kidney functions, tissue 
volume, and blood flow. This allows for extrapolation of the in vivo 
pharmacokinetics of drugs in diabetic populations [2].

Glibenclamide (mainly metabolized by CYP2C9) and chlorzoxaz-
one (metabolized by CYP2E1 and CYP1A2) were used for model devel-
opment and validation. For chlorzoxazone, virtual trials using the Gas-
troPlusTM version 9.5 software, embedded with the Advanced Com-
partmental Absorption Transit (ACAT) model and PBPKPlus™ module, 
were used for analysis of the inter-subject variability of the model and 
for internal model validation. The plasma concentration–time profiles 
of drugs in healthy subjects and diabetic patients were simultaneously 
simulated and compared with clinical reports.

Methods 
General workflow of PBPK model development and validation 

process: All the PBPK simulations were carried out using the commer-
cially available software GastroPlusTM version 9.5 (Simulation Plus 
Inc., Lancaster, CA), embedded with the Advanced Compartmental 
Absorption Transit (ACAT) model and PBPKPlus™ module. The gen-
eral workflow of PBPK modeling and simulation of test compounds in 
non-diabetic and diabetic subjects are presented in Figure 1. 

Glibenclamide PBPK model development: The glibenclamide 
PBPK model was initially developed using physicochemical, biophar-
maceutical, and PK parameters obtained from the literature or estimat-
ed using the ADMET Predictor (summarized in Table 1). Absorption 
was predicted by the ACAT model, which was used as an input into the 
PBPK model, in order to predict the plasma and tissue concentration–
time profiles after oral administration. We assumed that glibenclamide 
reaches rapid partitioning equilibrium between homogenous tissues 

and plasma/blood and, thus, perfusion-limited distribution kinetics 
was considered for all tissues in the PBPK model. The steady-state vol-
ume of distribution (Vss) and tissue–plasma partition coefficients (Kp) 
were predicted using the algorithms of Rodgers et al. [10]. 

Glibenclamide is mainly cleared through metabolism by the CYP 
system, primarily by CYP3A family enzymes [11]. CYP2C19, CYP28, 
and CYP2C9 contribute to the metabolism of glibenclamide, to a lesser 
extent [11]. The hepatic intrinsic metabolic clearance (CLint,H) of glib-
enclamide was predicted using in vitro to in vivo extrapolation from in 
vitro studies [11]. The contribution of intestinal metabolism was also 
considered in the simulation, using the in vitro KM and Vmax values for 
CYP3A4, CYP3A5, CYP2C19, CYP28, and CYP2C9.  

The initial model was verified by comparing the simulated PK 
profiles with the observed data from several single and multiple dos-
ing studies in healthy subjects and patients [12,13]. If the predicted PK 
profile and parameters significantly deviated from the observed data, 
the model would then be refined by parameter optimization by fitting 
against the observed clinical data. The GastroPlus optimization mod-
ule was utilized to estimate the parameters that significantly influence 
PK profiles. The estimated Kp values were optimized to fit the plasma 
profiles reported in clinical trials. Initial scaling using enzyme kinetics 
values for both enzymes (determined in vitro) significantly under-pre-
dicted in vivo IV clearance (CLIV) and CLORAL. The enzyme kinetics 
parameters were, therefore, optimized using the GastroPlus build-in 
optimization moduleTM, in order to capture the PK profile of glibencla-
mide in healthy volunteer clinical studies. The verified PBPK model was 
then used to evaluate the effect of diabetes mellitus on the dynamics of 
glibenclamide. 

Chlorzoxazone PBPK model development: Similarly, the chlorzoxa-
zone PBPK model was initially developed using physicochemical, biophar-
maceutical, and PK parameters obtained from the literature or estimated 
by the ADMET Predictor (summarized in Table 2). Perfusion-limited dis-
tribution kinetics were considered for all tissues in the PBPK model. Vss 
and Kp were predicted using the algorithms of Rodgers et al. [14]. 

Chlorzoxazone is extensively metabolized after administration [15]. 
CYP2E1 is the enzyme responsible for the metabolism of chlorzoxazone 
[15,16]. The hepatic intrinsic metabolic clearance (CLint,H) of chlorzoxa-
zone was predicted using in vitro to in vivo extrapolation from in vitro 
studies [15]. The metabolism parameters (Vmax and Km) were taken from 
the literature and optimized to fit the observed data [15]. The contribu-
tion of intestinal metabolism was also considered in the simulation. 

The initial model was verified by comparing the simulated PK 
profiles with the observed data from several single and multiple dos-

Parameter Value references
Molecular weight 494 g/mol -
Log P 4.5 [19]
pKa 5.3 [19, 20]
Solubility 0.08 mg/ml ADMET Predictor 
Effective permeability 5.6 × 10-4 cm/s [19]
Fraction unbound 0.01 [21-23]
Blood:Plasma ratio 0.55 [24]
Vd (L/kg) 0.125 L/kg [25]
CLR (L/h) 0 L/h [21]

Metabolism Vmax (pmol/min/pmol of 
isoform) Km (μM)

CYP3A4 14.4 5.2 [11]
 CYP3A5  1.9 4.2 [11]
CYP2C19 9.6 15.1 [11]
CYP2C8 2.5 7.7 [11]
CYP2C9 1.0 4.7 [11]

Table 1. Physicochemical and in vitro data used in the glibenclamide PBPK model

Parameter Value references
Molecular weight 169.5 g/mol -
Log P 1.94 ADMET Predictor
pKa 9.3 ADMET Predictor
Solubility 2.96 ADMET Predictor 
Effective permeability 6.5 × 10-4 cm/s [26]
Fraction unbound 0.05 PBPK Plus 
Blood:Plasma ratio 0.05 PBPK Plus 
Vd (L/kg) 0.125 L/kg [17]
CLR (L/h) 0 L/h [16]

Metabolism Vmax (nmol/min/mg) Km (μM)
CYP2E1 1.6 70.5 [15]

Table 2. Physicochemical and in vitro data used in the chlorzoxazone PBPK model
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ing studies in healthy subjects and patients [17,18]. If the predicted PK 
profile and parameters significantly deviated from the observed data, 
the model would then be refined by parameter optimization by fitting 
against the observed clinical data. Initial scaling using enzyme kinetics 
values for both enzymes, determined in vitro, significantly under-pre-
dicted in vivo CLORAL. The enzyme kinetics parameters were, therefore, 
optimized using the GastroPlus build-in optimization moduleTM, in 
order to capture the PK profile of chlorzoxazone in healthy volunteer 
clinical studies. In addition, the Kp values for all tissues were optimized 
using GastroPlus, in order to fit the plasma profiles and to match the 
observed Vss. The verified PBPK model was then used to evaluate the 
effect of diabetes mellitus on the dynamics of chlorzoxazone.

Development and verification of PBPK model in diabetes mel-
litus: In the present study, we simulated the PK of tested compounds 

in subjects with diabetes mellitus using the PBPK models. The diabetes 
mellitus PBPK (DM-PBPK) model incorporates physiological parame-
ters, physiochemical properties of the tested compounds, ADME data, 
and information obtained from clinical studies. The DM-PBPK model 
was developed by taking into consideration the physiological changes 
that occur in DM (e.g., changes in the absorption, changes in the pro-
tein binding and distribution, and CL changes contributed by CYP450 
enzymes). Table 3 summarizes all of the changes that occur in diabe-
tes mellitus which may have direct impact on the pharmacokinetics of 
the tested compounds. Changes in gut physiology, including delayed 
gastric emptying time and slow transient times in the gastric system 
and small intestine, were applied directly to the ACAT models, in order 
to reflect the changes in the absorption rate of the tested compounds. 
The hepatic uptake of the tested compounds was kept constant, due to 
the lack of reports investigating the effect of DM on the hepatic uptake 
of drugs. Various physiological changes in DM patients can alter the 
volume of distribution of drugs, mainly affected by changes in body 
weight and protein binding. Obesity, which is very common in diabet-
ic patients, directly affects the Vd of lipophilic drugs. In the proposed 
DM-PBPK model, the DM subjects were considered to be obese in the 
construction of the models for the tested compounds. In addition, both 
compounds have high protein binding and, so, are affected by changes 
in the protein binding (decreased by 10%) during DM [2]. Drug elim-

Figure 1. Diagram representing the general workflow of the PBPK model development and 
verification for the test compounds

Diabetic Reference
Absorption 
Gastric mucosal blood flow ↓ 50% [27]
Gastric emptying ↓ 35–72% [28, 29]
Gastric transit time ↓ 70% [30]
Small bowel transit time ↓ 40–50% [31]
Muscle blood flow ↓ 20% [32]
Distribution
Protein binding ↓ 10% [2]
Metabolism 
CYP2E1 ↑ 50% [2]
CYP3A4 ↓ 40–80% [2]
CYP3A5 ↑ 30% [2]
CYP1A2 ↓ 15–45% [2]
UGT1A1 ↓ 40% [2]
UGT1A9 ↓ 45% [2]
UGT2B7 ↓ 75% [2]

Table 3. PK changes in diabetes

Figure 2. Predicted and observed plasma concentration–time profiles of glibenclamide 
following oral administration of a single dose of 0.875 mg (a) or 1.75 mg (b). The solid 
line represents the predicted mean glibenclamide profile. Mean observed (symbols) data 
are overlaid [12,13]
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ination is significantly altered during pregnancy due to alterations in 
metabolic enzyme activities. The change in hepatic enzyme activity in 
DM is CYP-isoform specific. Previous studies have shown that CYP3A4 
activity is down-regulated significantly in diabetic patients [2]. Mean-
while, the opposite occurs for CYP3A5 and CYP2E1. The predicted 
mean PK parameters (Cmax, AUC) for diabetic and non-diabetic sub-
jects were obtained based on simulations.

Results 
Glibenclamide: The PBPK model of glibenclamide in non-diabetic 

subjects was developed using reported values for individual CYP 
enzyme metabolism, free fraction in plasma, blood-to-plasma ratio, 
effective permeability, and physicochemical parameters (Table 1). The 
constructed PBPK model was first verified against reported disposition 
kinetics obtained from a single dosing study, and then further verified 
against the disposition kinetics of another set of single dosing studies. 
The simulated plasma concentration–time profiles captured the 
observed PK data (Figure 2a, 2b). Model-predicted AUC and Cmax 
met the verification criterion, with predicted/observed ratio in the 
range of 0.8–1.2 (Table 4). 

After establishing and verifying the PBPK model in non-diabetic 
subjects, the DM-PBPK model was constructed by incorporating 
all physiological changes during diabetes. The simulated plasma 
concentration–time profiles based on the DM-PBPK model captured 
the observed PK data in diabetic subjects (Figure 3). Again, the 
predicted AUC and Cmax were comparable with the observed values, 
with predicted-to-observed ratio in the range of 0.8–1.2 (Table 4). 

Chlorzoxazone: The PBPK model of chlorzoxazone in non-
diabetic subjects was developed using reported values for individual 
CYP enzyme metabolism, free fraction in plasma, blood-to-plasma 
ratio, effective permeability, and physicochemical parameters (Table 
2). The constructed PBPK model was first verified against reported 
disposition kinetics obtained from a single dosing study. The simulated 
plasma concentration–time profiles were similar to the observed PK 
data (Figure 4). Model-predicted AUC and Cmax met the verification 
criterion, with predicted/observed ratio in the range of 0.8–1.2 
(Table 4). After establishing and verifying the PBPK model in non-
diabetic subjects, the DM-PBPK model was built by incorporating 
all physiological changes during diabetes. Again, predicted AUC and 
Cmax were comparable with the observed values, with predicted-to-
observed ratio in the range of 0.8–1.2 (Table 5). 

Discussion
The goal of this work was to develop a PBPK model to predict 

the pharmacokinetic behaviors in diabetic patients by incorporating 
knowledge of changes in many parameters associated to diabetes 
disease, such as stomach and intestinal transit time, renal function, and 
hepatic enzyme activities. 

The PBPK model is a mathematical model that integrates drug and 
physiology data to simulate the pharmacokinetic profile of a drug in 
plasma and tissues. Physiological parameters are usually altered under 
disease conditions such as diabetes. This include changes in body 
weight, organ weights, blood flow rates, gut transit time, and enzyme 
activities (Table 3). The best method for testing how these factors affect 
the PK of medications is through PBPK modeling. 

Since it is unlikely that the PBPK model parameters used for healthy 
populations will apply to diabetic individuals, the variations to these 
physiological factors brought on by diabetes should be incorporated into 

Dose  Subjects 
Cmax (ng/mL)  Fold 

error 

AUC (ng.h/mL)  Fold 
error 

Observed  Predicted  Observed  Predicted 

0.875 mg PO  Healthy  42  45.7  1.08  137.3  136.4  0.99 

1.75 mg PO  Healthy  84  91.2  1.08  312.3  272.9  0.87 

2.5 mg PO  Diabetic   69  70  1.07  44  47  1.04 

10 mg PO  Diabetic  240  281.9  1.17  1724.9  1879.2  1.08 

Table 4. Glibenclamide PK parameters after oral dosing in healthy and diabetic subjects

Figure 3. Predicted and observed plasma concentration–time profiles of glibenclamide 
following oral administration of a single dose of 10 mg in diabetic subjects. The solid line 
represents the predicted mean glibenclamide profile. Mean observed (symbols) data are 
overlaid [12,13]

Figure 4. Predicted and observed plasma concentration–time profiles of chlorzoxazone 
following oral administration of a single dose of 50 mg in healthy subjects. The solid line 
represents the predicted mean chlorzoxazone profile. Mean observed (symbols) data are 
overlaid [17,18]

Dose  Subjects 
Cmax (ng/mL)  Fold 

error 

AUC (ng.h/mL)  Fold 
error 

Observed  Predicted  Observed  Predicted 

500 mg PO  Healthy  11  11.3  1.01  48.8  45.7  0.93 

500 mg PO  Diabetic  3.2  3.3  1.01  13.9  13.8  0.99 

Table 5. Chlorzoxazone PK parameters after single oral dosing in healthy and diabetic 
subjects
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the PBPK model. The accuracy of the PBPK model's predictions of the 
pharmacokinetic characteristics of two selected drugs (glibenclamide 
and chlorzoxazone) in the healthy population. Then, the DM-PBPK 
model was developed, taking into consideration the physiological 
changes that occur in DM (e.g., changes in absorption, changes in 
protein binding and distribution, and CL changes contributed by 
CYP450 enzymes).

The PBPK model for glibenclamide and chlorzoxazone was 
developed using physicochemical, biopharmaceutical, and PK 
parameters obtained from the literature or estimated using the ADMET 
Predictor. The initial model was verified by comparing the simulated PK 
profiles with the observed data from several single and multiple dosing 
studies in healthy subjects and patients. The predicted pharmacokinetic 
parameters after a single oral dose or multiple oral doses were in 
agreement with clinical reports, with fold-errors within 0.8–1.2 
(Tables 4 and 5). Then, the verified PBPK model was used to evaluate 
the effects of diabetes mellitus on the dynamics of glibenclamide and 
chlorzoxazone. We used this model to simulate the PK of the tested 
compounds in subjects with diabetes mellitus.  

Eventually, the corresponding pharmacokinetic parameters of the 
two drugs in diabetic patients were further predicted using model pa-
rameters for corresponding diabetes patients.  As a result, all clinical 
data were successfully predicted, with predicted mean population PK 
parameters (AUC and C max) falling within 80–120% of the observed 
values (Table 4 and 5). These results demonstrate that the PBPK model 
may accurately predict pharmacokinetic behavior in diabetes patients. 
The developed PBPK model, incorporating the alterations in various 
physiological and biochemical parameters induced by diabetes, was 
successfully used to predict the pharmacokinetic profiles of drugs in 
diabetic patients, according to information from the literature or a 
healthy population.

It remains difficult to anticipate accurately whether diabetes will 
affect a drug's pharmacokinetics. The hepatic clearance of some med-
ications can be influenced by hepatic CYP activity and hepatic blood 
flow, and medications that are mostly eliminated through the kidneys 
can also be affected by renal function and renal clearance. Interest in 
how changes in pharmacokinetics and drug formulation in diabetes af-
fect gut transit and intestinal absorption has recently grown. The fact 
that the present model takes into account how the changes in gut wall 
metabolism brought on by diabetes affect medication pharmacokinet-
ics provides a significant advantage. Moreover, data on gut transit time 
revealed that sustained-release medicines and medications with poor 
intestinal absorption are significantly influenced by changes in gut tran-
sit time. However, more investigations of the physiological and func-
tional changes that may occur in diabetic patients are required. In addi-
tion, more studies also need to be conducted to test the effects of these 
changes on the pharmacokinetic properties of various medications.

Conducting clinical investigations is never without ethical limita-
tions. Chemically induced animal models of diabetes have been de-
veloped to get around these limitations. In animal models of diabetes, 
the impact of the disease on these features have been well-described. 
However, there is relatively little information available for humans, and 
it is unclear how the disease affects these properties. Nevertheless, it 
has been demonstrated that diabetes alters the pharmacokinetics and 
pharmacodynamics of medicines.  At present, PBPK models and other 
modeling approaches could play a critical role in understanding such 
effects. The DM-PBPK model proposed in this work provides a feasi-
ble alternative to empirical dosage selection when no clinical studies 

providing guidance on dose recommendations in diabetic patients are 
available.

Conclusion 
In vitro data and information from a healthy population were 

successfully used to predict the pharmacokinetic profiles of medications 
in diabetic patients using the developed DM-PBPK model, including 
changes in numerous anatomical, physiological, and biochemical 
characteristics caused by diabetes. When no clinical trials are available 
to guide dose recommendations in diabetic patients, the DM-PBPK 
model offers a workable substitute for empirical dosage selection.
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