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  Metformin, an oral antihyperglycemic agent, is widely used as the first-line pharmacotherapy 
for type 2 diabetes mellitus (T2DM). It has been in use for several decades as numerous different 
formulations. However, despite its use, population pharmacokinetic (PK) modeling of metformin 
is not well developed. The aim of the present study was to evaluate the effect of formulation on PK 
parameters by developing a population PK model of metformin in Koreans and using this model to 
assess bioequivalence. We used a comparative PK study of a single agent and a fixed-dose combina-
tion of metformin in 36 healthy volunteers. The population PK model of metformin was developed 
using NONMEM (version 7.3). Visual predictive checks and bootstrap methods were performed to 
determine the adequacy of the model. The plasma concentration–time profile was best described 
by a two-compartment, first-order elimination model with first-order absorption followed by zero-
order absorption with lag time. From the covariate analysis, formulation had significant effect (p < 
0.01) on relative bioavailability (F = 0.94) and first-order absorption constant (Ka = 0.83), but the 
difference was within the range of bioequivalence criteria. No other covariate was shown to have 
significant effect on PK parameters. The PK profile of the disposition phase was consistent with the 
published literature. However, in the present study, the multiple peaks found during the absorption 
phase implied the possible diversity of absorption PK profile depending on formulation or popula-
tion. Unlike traditional bioequivalence analysis, the population PK model reflects formulation dif-
ferences on specific parameters and reflected simulation can be performed.
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Introduction
  Metformin, an oral antihyperglycemic agent, is widely used 
as the first-line pharmacotherapy for type 2 diabetes mellitus 
(T2DM), particularly in people who are overweight. In the 

United States, metformin was approved in 1995. Since then, ei-
ther alone or as a combination, metformin has been considered 
useful and relatively safe.[1] Currently, numerous metformin 
IR and modified-release products are marketed worldwide as a 
treatment for T2DM.[2] Development of a fixed-dose combina-
tion (FDC) has increased, aimed at the increasing number of 
patients with chronic disease. Despite its widespread use, popu-
lation pharmacokinetic (PK) modeling of metformin is not well 
developed.
  After oral administration, metformin has a prolonged (6~10 
h) and incomplete absorption limited to the small intestine. 
The bioavailability (F) is 55 ± 16%, showing high variability 
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between individuals.[3,4] The peak plasma concentration of 
metformin occurs approximately 3 h after administration, with 
a large volume of distribution (63~276 L), which indicates the 
considerable uptake from the tissue.[5] Metformin is not bound 
to plasma protein and its elimination half-life is 1.7~4.5 h, pri-
marily eliminated by renal excretion (> 99%).[4,6] Change of 
formulation can affect the PK profile of metformin especially 
during the absorption process.
  This study sought to evaluate the effect of formulation on PK 
parameters by developing a population PK model of metformin 
in Koreans and using this model to assess bioequivalence.

Methods

Overall Study Design and Ethical Considerations
  A phase I, open-label, randomized, single-dose, 2-way cross-
over, comparative PK study of a single agent and FDC of met-
formin was conducted at Seoul St. Mary’s Hospital. This study 
complied with the Declaration of Helsinki, the Good Clinical 
Practice Guidelines of the International Conference on Har-
monization, and local laws and regulations. The protocol was 
approved by the institutional review board of Seoul St. Mary’s 
Hospital (KC14MDSF0913).

Eligibility Criteria
  Korean male volunteers aged between 19 and 55 years who 
were healthy based on their medical history, detailed physi-
cal examination, laboratory test results, and lifestyle including 
alcohol intake and smoking were recruited. Volunteers were ex-
cluded if they had any history of allergic reaction to metformin 
or any disease history that could affect the status of their health. 
Volunteers who were expected to have a different PK profile 
from the normal group were also excluded. Moreover, volun-

teers who could not abstain from drinking alcohol, smoking, 
or taking any other medication during the period of the clinical 
trial were excluded.

Study Procedures
  Participants who were considered eligible after a screening 
test were randomized into two sequence groups and received 
either a test or reference formulation with 150 mL of water after 
10 h of fasting during each period. To control conditions, sub-
jects were hospitalized one day before each administration and 
were discharged after the 24 h post-dose sampling. There was a 
1-week wash-out period between administrations. To assess PK, 
blood sampling was performed at 0 (predose), 0.25, 0.5, 0.75, 1, 
1.5, 2, 3, 4, 6, 8, 12, and 24 h after administration. Venous blood 
(8 mL) was collected into sodium heparin tubes and 1 mL of 
normal saline was flushed into the line to prevent clotting. The 
collected samples were centrifuged (3,000 rpm, 10 min, 4°C) 
within 1 h to obtain plasma. Plasma (1.2 mL) from each sample 
was transferred to microcentrifuge tubes and stored frozen at 
–70°C until the assay. Plasma concentration of metformin was 
assayed by liquid chromatography followed by tandem mass 
spectrometry (LC-MS/MS). The observed time-concentration 
profile is shown in Figure 1.

Population PK Model Development
  Nonlinear mixed-effect modeling was conducted for the popu-
lation PK analysis. A first-order conditional estimation method 
with interaction (FOCE-I) was used whenever applicable. The 
adequacy of the model was evaluated using previous reported 
parameter values, changes of the objective function value (OFV), 
visual inspection of various diagnostic plots (goodness-of-fit 
plot), precision of parameter estimates, and model stability. The 
significance of improvement of the model was evaluated using 

Figure 1. Individual plasma concentration versus time plots of metformin. The bold red line is the median value; (A) single agent (B) FDC agent.
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a likelihood-ratio test. When a parameter was added with a sig-
nificance level of 0.05, and if the OFV decreased more than 3.84, 
it was considered significant. To compare non-nested models, 
the Akaike Information Criteria (AIC) were used. NONMEM 
(version 7.3, Icon Development Solutions, Ellicott City, MD, 
USA) was used for population PK analysis. R (version 3.2.2, 
R Foundation for Statistical Computing, Vienna, Austria) was 
used for data preparation, graphical analysis, model diagnostics, 
and statistical summaries.
  Based on literature values, a two-compartment model with 
first-order absorption was used initially. However, further ab-
sorption models (e.g. Dual and Weibull-type absorption) were 
evaluated to describe multiple peaks of individual data. Each 
parameter was assumed to follow a log-normal distribution and 
described as:

Pi = PTV * exp(ŋi),

where Pi is the individual parameter for i-th individual, PTV is 
the typical value of the model parameter for the population, 
and ŋi is the interindividual random effect following a normal 
distribution with a mean of 0 and variance of ω2 accounting for 
i-th individual’s deviation from the typical value PTV. Propor-
tional and combined error models were used to test the residual 
error. When the correlation between the random variables was 
significant, the OMEGA BLOCK option was used to reflect the 
relationship.
  Covariate analysis was conducted after using the base structur-
al model including age, weight, height, serum creatinine level, 
creatinine clearance, and formulation. The effect of formulation 
on parameters was described as:

PTV = θref * (1 – formulation) + θtest * formulation,

where θref is the value of the parameter when a single agent was 
administered (formulation = 0) and θtest is the value of the pa-
rameter when FDC was administered (formulation = 1).
  Continuous covariates were centered on their median value. 
To assess the significance in this step, covariates were forward 

selected using likelihood-ratio tests (based on OFV values) 
and a backward elimination process was used on the resulting 
model. However, covariates that were significant in the selection 
process could be excluded from the final model if they were not 
physiologically plausible.

Model Evaluation
  Visual predictive checks (VPCs) of the graphical evaluation 
and bootstrap analysis were conducted for nonparametric 
evaluation. A simulated concentration of 300 datasets using 
the final model were collected and grouped by formulation. 
The 5th and 95th percentiles of the simulated concentration were 
calculated at each time point and observed concentrations were 
overlaid by group to evaluate the accuracy of final model. Wings 
for NONMEM (version 741, wfn.sourceforge.net/) were used 
for nonparametric bootstrap analysis of the stability of the final 
model. We generated 1,000 bootstrap replicates of the original 
dataset, and median values and 95% confidence intervals of 
parameters from the 1,000 datasets were calculated to compare 
with the final parameters.

Results

Dataset
  The demographic characteristics of the participants (n = 36) 
are summarized in Table 1. Mean ± standard deviation (SD) of 
age was 23.9 ± 5.0 years. Mean height and weight were 176.0 ± 
3.5 cm and 70.9 ± 7.9 cm, respectively. There was no significant 
difference in collected demographic characteristics between the 
sequence groups.

Table 2. PK model development process

Model tested Objective function value

Two-compartment model with Weibull-type absorption followed by zero-order absorption with lag time 8750.3

Two-compartment model with first-order absorption followed by first-order absorption with lag time 8824.5

Two-compartment model with first-order absorption followed by zero-order absorption with lag time 8742.0

Two-compartment model with first-order absorption followed by zero-order absorption with lag time  
with formulation as a covariate for F

8727.3

Two-compartment model with first-order absorption followed by zero-order absorption with lag time  
with formulation as a covariate for F and Ka

8700.1

Two-compartment model with first-order absorption followed by zero-order absorption with lag time  
with formulation as a covariate for F and Ka with covariance between CL/F and Vc/F

8674.5

Table 1. Demographic characteristics of subjects

Variable Distributiona

Age (years) 23.9 (20.0-42.0)

Weight (kg) 176.0 (169.1-183.5)

Height (cm) 23.9 (20.0-42.0)

aMean (range) is presented for continuous variables.
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  From the exploratory analysis, metformin PK had multiple 
peaks and a biexponential elimination phase. The structural 
model included two-compartment models with first-order 
elimination kinetics. To describe the multiple peaks in many 
participants, the following methods were used to evaluate the 
absorption process: Weibull-type absorption followed by zero-
order absorption with a lag time, Weibull-type absorption fol-
lowed by first-order absorption with a lag time, first-order ab-
sorption followed by first-order absorption with a lag time, and 

first-order absorption followed by zero-order absorption with a 
lag time. The final structural model was selected based on AIC 
value (Table 2).
  Among the other models, metformin PK was best described by 
the 2-compartment PK model with first-order absorption fol-
lowed by zero-order absorption with a lag time and first-order 
elimination (Fig. 2). The parameters of the final structural mod-
el including the apparent clearance (CL/F), apparent volume 
of central compartment (Vc/F), apparent intercompartmental 
clearance (Q/F), apparent volume of peripheral compartment 
(Vp/F), rate constant of first-order absorption (Ka), duration of 
dosing for zero-order absorption (D2), lag time of zero-order 
absorption (ALAG2), fraction of the dose absorbed by the first-
order absorption(F1), and relative bioavailability (F) were esti-
mated and are shown in Table 3. Interindividual variability of 
CL/F, Vc/F, and Ka was incorporated into the structural model 
and the covariance between CL/F and Vc, was also incorporated 
in the base model. Both variabilities estimated are shown in 
Table 3.
  The goodness-of-fit plots of the final PK model are presented 
in Figure 3. The figure shows that there was no specific trend 
in the plots of CWRES versus the PRED or time, and good 
agreement between the observed data and IPRED. The mean 
population parameter estimates from the final model were close 
to median values of the parameter estimates and their 95% 

Metformin Korean pharmacokinetics

Table 3. Summary of final population PK parameter estimates

Parameter Description Estimate % RSEa Bootstrap median (95% CI)b

Structural model

  CL/F (L/h) Apparent oral clearance 76.7 3.62 77.2 (71.7-83.0)

  Vc/F (L) Apparent central volume 180 10.2 194 (139-269)

  Q/F (L/h) Apparent intercompartmental clearance 21.3 14.1 19.4 (11.1-29.8)

  Vp/F (L) Apparent peripheral volume 109 6.50 105 (82.0-127)

  Ka1 (1/h) Absorption rate constant 1.19 15.3 1.21 (0.873-1.66)

Influence of formulation on absorption rate constant 0.830 13.1 0.846 (0.657-1.06)

  F1 Fraction absorbed by first absorption 0.289 20.5 0.314 (0.202-0.484)

  D2 (1/h) Duration of zero-order absorption 4.49 3.30 4.44 (3.07-4.75)

  ALAG2 (h) Lag time 0.250 0.160 0.250 (0.249-0.251)

  F Influence of formulation on bioavailability 0.940 2.02 0.939 (0.888-0.991)

Interindividual variability (Estimate presented in CV%)

  ωCL/F (%) Interindividual variability of CL/F 19.8 4.53 19.6 (15.5-23.1)

  ωVc/F (%) Interindividual variability of Vc/F 32.8 10.3 29.7 (21.4-40.7)

  ωKa (%) Interindividual variability of Ka 63.6 24.4 56.7 (38.5-75.7)

  ρCL/F~Vc/F Correlation coefficient between CL/F and Vc/F 0.225 6.61 0.223 (0.190-0.268)

Residual error

  σprop Proportional error 0.259 2.73 0.254 (0.232-0.283)

aRelative standard error, b95% confidence interval (CI) was estimated by applying the final population PK model to 1,000 resampled.

Figure 2. Metformin PK model. Ka, first-order absorption rate constant; 
F1, fraction of the dose absorbed through first-order absorption; D2, 
duration of zero-order absorption; ALAG2, lag time of zero-order ab-
sorption; CL/F, apparent clearance; Q/F, apparent intercompartmental 
clearance.



Vol. 26, No.1, Mar 15, 2018
29

TCP 
Transl Clin Pharmacol

confidence interval (CIs) from bootstrapping, showing the ro-
bustness of final model (Table 3). The VPC result grouped by 
formulation is presented in Figure 4, showing the predictive 
performance is adequate.

Covariate Analysis and Formulation Difference
From the covariate analysis, covariates including age, weight, 
height, and creatinine clearance did not show any significant 
effect on any of PK parameters. Formulation had a significant 
effect (p < 0.01) on relative bioavailability (F) and absorption 
rate constant (Ka). Influence of formulation on F was 0.94 and 
influence of formulation on Ka was 0.83 (Table 2).

Discussion
  The aim of the present study was to compare the effect of two 
different formulations (FDC and the corresponding single 
product) on PK parameters and to evaluate the relative bio-
availability of these formulations using mixed-effect modeling 
analysis. The population PK of metformin is best described by 
a two-compartment, first-order elimination model with first-
order absorption followed by zero-order absorption. Besides 
the PK parameters of the absorption phase, the values of PK 
parameters were consistent with values from literature.[5] In the 
present study, multiple peaks were observed during the absorp-
tion phase of metformin, which is not consistent with previous 
PK analysis of metformin. However, the combined absorption 

Figure 3. Basic goodness-of-fit plots of the final model. The black solid y=x or y=0 lines are included for reference. The bold red lines are the loess 
(local regression smoothing) trend lines.
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model has better fit to the data than the single absorption model.
  There are several possible mechanisms for the multiple peaks 
in the absorption part of the concentration profile. When the 
drugs follow a solubility-limited absorption pathway or have 
physicochemical properties such as low lipophilicity, multiple 
peaks may result from delayed absorption. Physiological fac-
tors such as enterohepatic recycling, gastric emptying, intestinal 
transit time, site-specific absorption, and gastroduodenal reflux 
can also result in multiple peaks in the absorption phase.[6] 
Metformin has low solubility and lipophilicity, and prolonged 
and incomplete absorption, which appears only limited to the 
small intestine with high interindividual variability of F.[7] 
Moreover, metformin induces gastroduodenal reflux, especially 
when an individual is fasting or has gastritis, which passes 
about 20% of the amount of drug that has been absorbed in the 
stomach onto the duodenum.[8] We consider that these features 
of metformin could have caused the multiple peaks observed 
occasionally. Although the two-process absorption model 
showed improved results over the single absorption model, the 
multiple peaks were not well captured by the model, because 
each individual underwent two observation periods with differ-
ent concentration profiles at each period, especially during the 
absorption phase.
  The formulation was shown to have significant effect on the F 
(ΔOFV ≈ 15) and Ka (ΔOFV ≈ 27). The influence of formula-
tion on F was 0.94, and the influence of formulation on Ka was 
0.83. This influence shows that there is a significant difference 
in the extent and rate of absorption between the different for-
mulations. However, the difference was within 20%, which is 
within the conventional range of bioequivalence criteria. F was 
assumed as relative bioavailability between the two formula-

tions from the population PK modeling and was comparatively 
consistent with the geometric mean ratio of AUClast (point esti-
mates = 0.9136) from the NCA analysis (data not shown). The 
effect of formulation on absorption rate can be assumed by the 
change of Ka. However, comparing Ka from the population PK 
modeling and Cmax was not appropriate because a combined 
absorption model was used. The interindividual variability of 
other PK parameters (D2, ALAG2), which can show the rate of 
absorption, was not estimated. Although metformin is excreted 
mostly by the renal pathway, which can be affected by creatinine 
clearance, none of the covariates including creatinine clearance 
was shown to have significant effect on any of the PK param-
eters. We used specific criteria to recruit healthy participants 
with narrow range of weight, height, age, and serum creatinine 
level into the present study. We assumed that covariates did not 
have any significant effect on any of the PK parameters because 
of the narrow range of covariates between subjects.
  The PK profile of the disposition phase was consistent 
with values from the literature.[5] However, in the pres-
ent study, multiple peaks during the absorption phase were 
found, which implies a possible diversity of absorption PK 
profile depending on the formulation and population. Un-
like conventional bioequivalence analysis, a population 
PK model can reflect the difference of formulation on spe-
cific parameters and reflected simulation can be performed. 
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