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Abstract

Purpose The objective of this study was to develop a pop-
ulation pharmacokinetic model and investigate the effect of
several demographic covariates on metformin pharmacoki-
netics in patients with type 2 diabetes mellitus, over a wide
range of weights.

Methods A total of 105 patients received different metfor-
min regimens, and pharmacokinetic sampling included a
minimum of two concentrations per patient. Plasma deter-
mination of metformin was assayed by high performance
liquid chromatography. Population pharmacokinetics was
modelled using a nonlinear mixed effects model program
(Monolix version 3.1 s).

Results An open one-compartment model adequately described
metformin data. Lean body weight was a better size descriptor
than actual body weight or ideal body weight for clearance
(CL/F) and volume (V/F) parameters. CL/F was negatively
related to age and serum creatinine (SCr). The estimation of
specific coefficients for these effects gave better results than the
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use of renal function descriptors (Cockroft or MDRD). A dose
effect in the relative bioavailability was demonstrated.
Conclusion The pharmacokinetics of metformin was influ-
enced by lean body weight on an allometric basis and was
related to markers of renal function, age, and serum creati-
nine in this population of 105 patients.

Keywords Metformin - Population pharmacokinetics -
Obese patient - Size descriptors - Diabetology

Introduction

Metformin hydrochloride alone or in combination is the first
line therapy for the management of type 2 diabetes mellitus.
Metformin is an insulin-sensitizing agent, which is effective
in combination with sulfonylureas, insulin, thiazolidine-
diones, and incretin mimetics [1].

Obesity is a worldwide problem with major health con-
sequences, especially in patients with diabetes mellitus.
However, little is known about the influence of obesity on
the drug exposure profile, resulting in few clear dosing
guidelines for the obese. Physiologic changes in obesity
can alter both the volume of distribution and clearance of
many drugs. Drug distribution into tissues is affected by
body composition, regional blood flow, and drug lipophi-
licity [2, 3]. Obesity increases both fat and lean masses;
however, the percentage of fat tissue increases more than
does the lean mass, affecting the apparent volume of distri-
bution of drugs according to their lipid solubility. Neverthe-
less, predictability based on lipid solubility is difficult, and
selection of the optimum size descriptor for dose calculation
is drug-specific and must be founded on specific prospective
studies [3, 4]. The current dosing of metformin was deter-
mined empirically. Garber et al. [5] demonstrated that the
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antihyperglycemic activity of metformin was generally
dose-dependent. Individualization of the dosage of metfor-
min based on pharmacokinetic variability has also recently
been suggested [6]. Nevertheless, few studies have been
done to identify patient characteristics that could influence
metformin pharmacokinetics. Regarding obese patients with
type 2 diabetes mellitus, it is necessary to have information
about size descriptors in these patients to optimize drug
safety and to insure optimal dosage of metformin.

The objectives of this study were to develop a population
pharmacokinetic model for metformin in patients with type
2 diabetes mellitus over a wide range of body weights and to
evaluate more specifically different size descriptors.

Methods
Study design

Adult patients with type 2 diabetes mellitus were hospital-
ized in the diabetology unit for teaching purposes and re-
ceived metformin hydrochloride (Glucophage® or generic
drugs) or metformin embonate (Stagid®) orally for at least
1 month so they were at pharmacokinetic steady state.
Metformin was prescribed either alone or combined with
oral antidiabetes drugs and/or insulin. Dosage regimens
ranged from 500 to 3,000 mg/day (1,000 mg /8 h) according
to biological and clinical settings. None of the patients
showed recent alteration of renal function, so they could
also be considered to be in a steady state concerning renal
function. Obese and nonobese patients were included to
evaluate a wide range of body size descriptors. Ethics com-
mittee approval and patient consent are not compulsory in
France in order to use therapeutic drug monitoring data, and
thus they were not collected.

Two or three blood samples per patient were drawn,
including morning trough levels just before intake and 1,
2.5, 4, or 6 h after drug intake. Precise time elapsed between
administration and sampling time, dosage regimen, age,
body weight (BW), height (HT), and serum creatinine levels
were recorded. Whole blood was collected in heparinized
tubes and centrifuged within 30 min at 4,000x g for 15 min.
Plasma was transferred into glass tubes and stored at —20°C
until analysis. Regarding size descriptors, body mass index
(BMI), ideal body weight (IBW), and lean body weight
(LBW) were calculated using the following equations:

BMI = BW/(HT?/100)

IBW =45.4+0.89 x (HT — 152.4) + 4.5(if male) [7]

LBW = 9279 x BW/[6680 + (216 x BMI)]for females [8]
LBW = 9279 x BW/[8780 + (244 x BMI)]for males [8],
where BW is body weight (in kg) and HT is height (in cm).
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Creatinine clearance (CLcr) was predicted with the
Cockroft equation:

BW x (140 — age/SCg) x 1.04 if female
x 1.23 if male(SCg, serum creatinine zmol/L).

CLcr was standardized to 70 kg and calculated as
CLcr x 70/BW.

Glomerular filtration rate normalized for body surface
area was estimated with the MDRD equation:

MDRD = 186 x SCx !5 x age 0203

x 0.742 if female(SCg, serum creatinine mg/dL).

Metformin dosage was expressed in metformin base from
embonate or hydrochloride salts.

Bioassay

Concentrations of metformin base in plasma were deter-
mined using a modified version of a validated high-pressure
liquid chromatography (HPLC) assay with UV absorbance as
initially described by Amini et al. [9]. Liquid-liquid extraction
of metformin was performed as follows: 200 pL of plasma
sample was buffered by adding 200 pL of sodium hydroxide
8 M and spiked with 40 uL phenylbiguanide (internal stan-
dard). Then 2.6 mL of a mixture of 1-butanol/n-hexane 50/50
was added, and the mixture was shaken for 2 min. After being
centrifugated, 200 uL of acetic acid 1% was added to the
upper organic layer. Mixture was vortex-mixed and centri-
fuged. The upper organic layer was discarded, and 50 uL of
the aqueous layer was then injected onto a Spherisorb® S5W
column (250x4.6 mm ID, 5 um) maintained at 30°C. Flow
rate was set at | mL/min, and compounds were detected at
234 nm on a Dyonex Ultimate 3000 variable-wavelength
detector. Retention times for metformin and phenylbiguanide
were 7.0 and 5.8 min, respectively. Lower limit of quantifica-
tion was 15 ng/mL. Based on quality control samples, intraday
and between-day precision and accuracy were less than 10%
over the entire range of quantification. The mean absolute
recoveries for metformin and internal standard were 94 and
91%, respectively.

Population pharmacokinetic modelling

Data were analyzed using the nonlinear mixed effect model-
ling software program Monolix version 3.1 s [10] (http://wfn.
software.monolix.org). Parameters were estimated by com-
puting the maximum likelihood estimator of the parameters
without any approximation of the model (no linearization)
using the stochastic approximation expectation maximization
(SAEM) algorithm combined with a MCMC (Markov Chain
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Monte Carlo) procedure. The number of MCMC chains was
fixed to 10 for all estimations. A constant error model was
used to describe the residual variability, and the between-
subject variabilities (BSV) were ascribed to an exponential
error model. Parameter shrinkage was calculated as [1 — sd
(eta)/omega], where sd(eta) and omega are the standard devi-
ation of individual eta parameters and the population model
estimate of the BSV, respectively. The likelihood ratio test
(LRT) including the log-likelihood, the Akaike information
criterion (AIC), and the Bayesian information criterion (BIC)
were used to test different hypotheses regarding the final
model, covariate effect on pharmacokinetic parameter(s), re-
sidual variability model (proportional versus proportional plus
additive error model), and structure of the variance-covariance
matrix for the BSV parameters. The normalized prediction
distribution error (NPDE) metrics and the visual predictive
check (VPC) were used as the main diagnostic tools to eval-
uate the final model. The mean (m) and variance (v) of the
NPDE must be 0 and 1, respectively, with a normal distribu-
tion. Diagnostic graphics and other statistics were obtained
using the R program [11].

Results

From the 105 patients investigated, 317 time-plasma con-
centrations were available for analysis. Patient character-
istics are summarized in Table 1. Distribution of BW and
BMI among the 105 patients is depicted in Fig. 1.

An open one-compartment model adequately described
metformin data. BSV was estimated for all structural param-
eters with a significant covariance term between the clearance
(CL/F) and central volume of distribution (Vc/F). Residual
variability was described by a constant error model. At this
step, CL/F was 27.5 L/h [relative standard error (rse) 6%], and
the corresponding BSV was 0.53 (rse 7%).

No covariate effect was observed on the absorption rate
constant (ka). The main covariate effects were size effects,
BW, LBW, and IBW. Finally LBW was the best size descriptor

Table 1 Characteristics of the 105 patients (66 males, 39 females)

Characteristic Mean Median Range
Age (years) 62.3 62.0 34-87
Height (cm) 167 169 145-190
Body weight (kg) 89.2 85.9 49-149
Lean body weight (kg) 57.0 57.2 31.8-86.5
Ideal body weight (kg) 61.5 63.8 38.8-83.4
Body mass index (kg/m?) 31.87 30.5 20.5-51
Serum creatinine (uUM) 89 79 44-184
CLcRr (mL/min) 102.8 103.3 32.5-226.8
MDRD (mL/min/1.73 m?) 82.9 88.8 25.5-151.3
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Fig. 1 Distribution of body weight in kg (BWKG) and body mass
index (BMI) among the 105 patients

for clearance and volume parameters. Table 2 summarizes the
model building steps for these size effects. The pharmacoki-
netic parameters were allometrically normalized for LBW to a
60 kg individual as follows:

Pi = Prypicar X (LBWi/60)™X,

where 7 denotes the ith individual. The PWR exponents were
3/4 and 1 for the clearance and volume terms, respectively.
Inclusion of LBW covariate decreased the BIC criterion by 9
units and improved the predictive performance of the model.

As summarized in Table 2, CL/F was also negatively
related to age and serum creatinine (SCr). Also the relative
bioavailability was influenced by the given dose as follows,
Frer=1x (dose/780) *2°.

The final population model included LBW as covariate
on metformin volume; LBW, age, and SCr as covariates on
metformin clearance; and a dose effect on Frgr. The effects
of these covariates decreased the BIC criterion by 48 units
and significantly improved the predictive performance of
the model (Fig. 2). The linear function of CL/F versus
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Table 2 Pharmacokinetic model building—effect of covariates

Model Relationship(s) AIC/BIC

0: No covariate NA 320/347

1: BW on CL/F, V/F CL/F=0x(BW/70)*7 318/345
V/F=0x(BW/70)’

2: IBW on CL/F, V/F CL/F=0x(IBW/70)""> 312/339
V/F=0x(IBW/70)

3: LBW on CL/F, V/F CL/F=0x(LBW/60)*7° 311/338
V/F=0x(LBW/60)

4: (3) plus age on CL/F CL/F=0x(LBW/60)*7° x (Age/60)? 286/315

5: (3) plus SCr on CL/F CL/F=0x(LBW/60)*7°x (SCr/90)? 302/331

6: (3) plus CLcg.70/BW on CL/F CL/F=0x(LBW/60)*7° x(CLcgr.70/BW)? 290/319

7: (3) plus MDRD index on CL/F CL/F=0x(LBW/60)*7° x (MDRD/90)" 299/328

8: (3) plus age and SCr on CL/F CL/F=0x(LBW/60)%7° % (SCr/90)?! x (age/60)* 275/307

9: (8) plus dose effect on Frgp Frer=1 ><(dose/780)B3 273/299

AIC and BIC Akaike and Bayesian information criteria,

BWbody weight in kg, /BW ideal body weight, LBW lean body weight, SCR serum creatinine, CLz/BW predicted creatinine clearance per kg, 6 typical
value of parameter, 3 influential covariate parameter, F; relative bioavailability

LBM [(LBM/60)'] as described by McLeay et al. [12] did
not improve the model, i.e., the AIC/BIC criteria (273/299)
were similar. An alternative model described by Mould et al.
[13] was also investigated. In this model, CL is thought to
be separated into non-renal and renal components, as

CL/F = (CLxg s + CLg sa-RF).(BW/70)*7,

where RF is a parameter estimating the renal function relative
to a standard CLg gq of 70 mL/min. Although all the popula-
tion parameters were well estimated, the AIC/BIC increased to
333/357, so this model was not retained. Also, the use of LBW
in this formula did not improve the fit (AIC/BIC 369/390).

Fig. 2 Observed metformin
concentrations (in mg/L) and
population predicted

covariatefree model

Intpt 0.676, Slope 0.403, r 0.615

Thus, regarding V/F and CL/F, the final model was as follows:

V/F(L) = 558 % (LBW/60)"7
CL/F(L/h) = 56 « (LBW/60)"" % (Age/60) "7 % (SCr/90) "%

Table 3 summarizes the final population pharmacokinetic
estimates. Inclusion of these covariates decreased BSV on
metformin clearance from 0.55 to 0.39 (rse 4%). Most of the
parameters were well estimated with low relative standard
errors. The empirical Bayesian estimate shrinkages were
generally low, except for ka.

As shown in Fig. 3, the NPDE values are randomly
distributed in time and concentration.The mean and variance

final model

Intpt 0.539, Slope 0.484, r 0.712

concentrations. Improvement of
the predictive performance
from the covariate-free model
(left) to the final model includ-
ing the effects of LBW, age,
SCr, and dose effect (right).
Black solid line is the identity
line, red line actual regression
line, blue curve spline function

Population_predicted_concentrations

1.0 1.5 2.0 25 3.0

Population_predicted_concentrations

0.5

0.0

0 1 2 3

Observed_concentrations
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Table 3 Parameter estimates of the final metformin population model in 105 diabetic obese and non-obese patients. Parameters are standardized to
a patient of 60 kg lean body weight according to allometric scaling

Parameter

Covariate effect

Estimate (%rse) [p value]®

n (Yrse) [shrinkage] correlations, r(n, 1)

CL/F ( L/h/60 kg LBW)

V/F (L/60 kg LBW)
ka (h™")
o, additive (mg/L)

l::REL

Typical value

(LBW/60)**
(Age/60) 17

(SCr/90) -8
(LBW/60)'
NA

NA
(Dose/780) %%

55.8 (6)

0.75 (NA) ) [p<0.001]
~1.17 (14) [p<0.0001]

~0.28 (29) [p<0.01]
558 (22)
0.51 (36)
0.21 (12)

1 (for a 780 mg dose)
0.23 (49)

0.39 (4) [0.19]
r(McL, Nv)=0.88

0.71 (5) [0.14]
NA
NA
NA

%rse Percent relative standard error, 7 between-subject variability, o residual variability, CL/F elimination clearance, V/F central volume of
distribution, ka absorption rate constant, Fzz; relative bioavailability, subscript “60” indicates the parameter estimates are standardized to a 60 kg

lean body weight

# p value of the likelihood ratio test, no covariate (HO) vs. inclusion of this covariate (H1) in the model

of these metrics must be 0 and 1, respectively, with a normal
distribution: m=-0.007 (p=0.923), v=1.04 (p=0.676) ,and
Shapiro-Wilk test normality test, p=0.373. All the criteria
were fullfilled. The results of the visual predictive check

Fig. 3 Diagnostic plots for
the final population
pharmacokinetic model—
normalized prediction
distribution error (NPDE)
metrics. Normal quantile-
quantile plot for NPDE

(top left), distribution (top
right), and NPDE metrics
versus time (bottom left) or
versus predictive (bottom
right). The mean (m) and
variance (v) of these metrics
must be 0 and 1, respectively,
with a normal distribution:
m=-0.007 (p=0.923), v=1.04
(p=0.676), and Shapiro-Wilk
test normality test, p=0.373
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Fig. 4 Metformin

THO.8

concentration versus time—
visual predictive checks for the
final population model. The < —
solid and dashed lines denote
the median and Sth and 95th
percentiles of 200 Monte Carlo
simulated concentrations from
the final model. 7op
Administration every 8 h
(THOS), dose normalized to
663 mg. Bottom Administration
every 12 h, dose normalized to
780 mg (THO12)

plasma metformin, mg/L

THO.12

12 h. For all groups, the observed concentrations were
centered about the model-predicted median, and the pro-
portion of observations out of the model-predicted Sth
and 95th percentile curves was not significantly different
from 10%.

Discussion

The pharmacokinetics of plasma metformin in patients with
type 2 diabetes mellitus was satisfactorily described by an
open one-compartmental model with linear elimination. The
metformin CL/F estimate, 56 L/h/60 kg LBW was slightly
higher than previously reported estimates in adult patients,
26.5-42.4 L/h [6, 14—-17]. Hong et al. reported a higher
metformin CL/F, 79.2 L/h [18].

@ Springer

time after dosing, h

In these patients, representing a wide range of BW and
BMI values, the effect of size descriptors on pharmacoki-
netic parameters could be accurately evaluated. The best
descriptor was LBW for volume, very close to IBW, as
expected from the hydrophilic nature of metformin, which
is completely ionized at plasma pH under physiological
conditions [19]. LBW was estimated using the LBW equa-
tion from Janmahasatian [8]. One key advantage of this
LBW equation is that the estimate never declines as BW
increases, and this appears to be the more appropriate meth-
od of calculating LBW in obese and nonobese individuals
[8, 20]. Indeed, the BW was a poor size descriptor because it
included a great proportion of fat mass, in which metformin
is not expected to distribute. Pharmacokinetic studies in
obesity show that the behavior of molecules with weak or
moderate lipophilicity is generally rather unpredictable, as
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these drugs are distributed mainly in lean tissues. The dos-
age of these drugs should be based on other body size
indexes that exclude the excess of fat mass, for example,
LBW or the ideal body weight (IBW). However, some of
these drugs (e.g., antibacterials and some anticancer drugs)
are partly distributed in adipose tissues, and their dosage is
based on IBW plus a percentage of the excess body weight
as a correction factor [3, 21, 22]. IBW and LBW have often
been considered as the best descriptors for weak lipophilic
drugs. In our study, IBW and LBW are the most relevant size
descriptors for volume with only one point different on AIC
and BIC. As a dosing scalar, IBW is not an optimum metric
and was developed initially for purposes unrelated to phar-
macokinetics. LBW is a potentially useful predictor of the
pharmacokinetic behavior of drugs that are highly water
soluble [8, 20, 23] and was the best size descriptor in our
model.

In the case of a chronic dosing regimen, CL/F is the main
pharmacokinetic parameter. Different renal function descrip-
tors were tested as covariates on CL/F [e.g., SCr, CLcr/BW
(CL¢R normalized for weight), and MDRD index]. CLcg was
normalized for weight to remove the effect of body size from
the predicted creatinine clearance, thereby separating renal
function from body size effects on the clearance of metformin
[13, 20]. Finally, combining different size and renal function
descriptors gave better results than the use of each covariate
taken alone, and the best model for CL/F included age, SCr,
and LBW as covariates. The design of the study did not allow
us to distinguish different allometric exponents for this LBW
effect. The 0.75 allometric exponent was ultimately retained
on the basis of a very small difference in the criterion values.
The effects of age and SCr on CL/F are related to the renal
metformin elimination as previously reported [24]. The esti-
mation of specific coefficients for these effects gave better
results than the use of renal function descriptors, i.e., CLcgr/
BW or MDRD index. Regarding the renal function, our results
are consistent with earlier studies. In a study by Tucker et al.
[16], a correlation was found between renal clearance of
metformin and creatinine or creatinine clearance. Thus adjust-
ing dosage to renal function could be satisfactory even in
elderly patients [25]. However, most of these studies did not
include a large number of obese patients. LBW was the best
size descriptor for metformin CL/F, which seems plausible as
the major drug clearing organ, kidney for metformin, is asso-
ciated with LBW.

There was a great between-subject variability in metformin
pharmacokinetics, which was probably related to bioavailabil-
ity issues. Metformin has an absolute oral bioavailability of
40-60%, and absorption is estimated to be complete within
6 h of administration with an active and saturable absorption
process [16, 26]. Our results confirmed a “dose effect” in
the relative bioavailability: Frrp=1 for a 780 mg dose
(expressed in metformin base) and Frgr=1.17 for a

390 mg dose (+17%) [27]. It has also been suggested
that genetic factors might contribute to the variability in
metformin pharmacokinetics because the organic cation
transporter OCT1 variants are associated with increased
renal elimination of metformin [28].

In conclusion, in a large population of obese patients with
type 2 diabetes mellitus, metformin apparent clearance and
volume of distribution were influenced by the lean body
weight on an allometric basis, and clearance was also related
to markers of renal function: age and serum creatinine.
Relative bioavailability was influenced by dose. The model
developed here suggests a dose individualization using these
covariates. These results should contribute to define dosage
guidelines in diabetic obese patients.
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