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Abstract

Childhood obesity continues to rise in the United States, and with it the off-label use of metformin
for weight loss. The influence of age and obesity on the drug’s disposition and exposure has

not previously been studied using a mechanistic framework. Here, an adult physiologically based
pharmacokinetic (PBPK) model of metformin was scaled to pediatric populations without obesity,
with overweight / obesity, and with severe obesity; a published virtual population of children and
adolescents with obesity was leveraged during model evaluation. When the pediatric model was
simulated in groups 10 — 18 y of age, oral clearance (CL/F) following 1,000 mg of metformin
was higher (~1200 mL/min) in those with obesity and severe obesity compared to the groups
without and with overweight (~1000 mL/min). In addition, simulated AUC in older children

and adolescents with obesity and severe obesity was comparable to that in adults with a similar
dose-exposure relationship. Overall, simulations using the pediatric PBPK model support the

use of adult doses of metformin in older children and adolescents with obesity. Moreover, the
virtual population of children and adolescents with obesity offers a valuable tool to facilitate
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development of pediatric PBPK models for studying populations with obesity and, in turn,
contribute information to inform drug labeling in this special population.
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INTRODUCTION

Today, nearly 20% of children and adolescents in the United States have obesity, with 6%
considered to have severe obesity.> Childhood obesity increases the likelihood of having
obesity during adulthood and developing other serious health conditions, including type 2
diabetes and cardiovascular disease.2 Although lifestyle modification is the first-line therapy
for the treatment of pediatric obesity, the long-term success of these efforts alone often

fails, and the addition of pharmacotherapy becomes the next best option.3 Metformin is a
glucose-lowering agent approved by the United States Food and Drug Administration (FDA)
to treat type 2 diabetes in persons =10 y of age* and is being increasingly used off label for
weight loss in children and adolescents with obesity.>

Metformin is a hydrophilic drug with high solubility and low permeability (BCS Class 111),
positively charged at physiologic pH, and requires membrane transporters for absorption,
distribution, and excretion.® Absorption of the drug is saturable and occurs primarily in

the upper small intestine with an oral bioavailability of ~40 — 60%; food reduces the rate
and extent of absorption.8 Largely unbound in circulation, metformin rapidly distributes

to tissues with a large apparent volume of distribution (V/F; ~600 L5). The drug is not
metabolized or secreted in bile. Instead, metformin is primarily excreted unchanged in urine
via active tubular secretion and, to a lesser extent (~20%), glomerular filtration, with renal
clearance ~500 mL/min.8 Using these properties as a foundation, Hanke et al.? developed a
physiologically based pharmacokinetic model (PBPK) of metformin in adults; several active
transport processes were implemented, and the model was rigorously evaluated in humans
using plasma concentrations, the fraction of drug excreted in urine, and tissue concentrations
measured via positron emission tomography.

Physiological changes associated with obesity are likely to alter drug pharmacokinetics

(PK) and pharmacodynamics1011 and, as a result, may require dose adjustments; however,
labeling information in children and adolescents with obesity remains limited. To date,
metformin PK has been studied in three pediatric populations: a small group of 9 y old girls
without overweight (n=6),12 adolescents with overweight / obesity (n=22),13 and children
and adolescents with severe obesity and insulin resistance (n=30).14 Based on population PK
modeling, the area under the concentration-time curve (AUC) decreased with body weight in
adolescents with obesity, corresponding to an increase in CL/F explained by developmental
and excess body weight3; similarly, body weight was found to be a covariate of CL/F in
children and adolescents with severe obesity.24 In addition, metformin CL/F in pediatric
patients with obesity13-14 appears to be ~2 times higher than that in children without obesity,
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but comparable to values reported in adults without and with obesity and with type 2
diabetes mellitus..7

Here, to explore the influence of obesity on metformin PK in children and adolescents using
a mechanistic framework, PBPK modeling was employed. Specifically, a published adult
PBPK model of metformin® was scaled to pediatric populations without and with obesity;
the pediatric model was evaluated using the virtual population of children and adolescents
with obesity developed by Gerhart et al.1> that incorporates age- and obesity-related
physiological changes. Overall, the current analysis aims to provide a deeper understanding
of the influence of age and obesity on metformin PK and offer guidance on dosing, as well
as expand the previous work1® to evaluate the assumptions of the virtual population for the
primarily renally eliminated drug metformin, especially in the context of severe obesity.

METHODS

Clinical data

The adult PBPK model of metformin was evaluated using data digitized from studies of
girls without overweight,12 adolescents with overweight / obesity,13 and individual-level
data obtained from a study of children and adolescents with severe obesity.1* Details on
participant characteristics and experimental design are summarized in Table 1. Observed
concentrations for the 9y old girls without overweight12 included individual-level data for
two girls who received the highest (850 mg; 37 mg/kg) and lowest (425 mg; 13 mg/kg)
doses of metformin when normalized to body weight as well as the mean of four girls
who received intermediate weight-normalized doses (850 mg; 21 — 29 mg/kg) (Figure 1).
For the group of adolescents with overweight / obesity,13 median concentrations were used
for model evaluation. Data from these two studies were digitized using PlotDigitizer 2.6.8
(plotdigitizer.sourceforge.net).

In the study by Sam et al.,24 30 children and adolescents with severe obesity and insulin
resistance received 1,000 mg (or 500 mg for two subjects) of metformin twice daily during
a 6-month clinical trial; for the PK arm of the study, performed during a hyperglycemic
clamp, serial blood samples were collected from each participant at 0, 0.25, 0.5, 1, 1.5, 2,
2.5, 3, 4, 6, 8 and 12 h after the dose and analyzed for metformin concentration using ultra
performance liquid chromatography. Clinical measures and metformin concentration-time
profiles for each participant were available, providing a rich dataset for model evaluation;
observed concentration data are shown in Figure 2 and Supplementary Figures S1 - S3.

PBPK modeling

PBPK modeling was performed using the PK-Sim® software (version 9.1, Open Systems
Pharmacology Suite, open-systems-pharmacology.org). The metformin PBPK model
developed and verified in adults [available in the Open Systems Pharmacology PBPK model
repository with detailed documentation in the publication®] was scaled to children and
adolescents without and with obesity. Information on drug properties and transport processes
used in the model are summarized in Supplementary Methods and Table S1.
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Following previously established guidelines for scaling PBPK models from adults to
pediatric populations, it was assumed that clearance processes, model structure, and
variability were similar between adults and children.16 In the pediatric model, drug-specific
inputs were maintained the same as in the adult model, and system-specific inputs (including
anatomical and physiological variables known to change with age) were modified as
appropriate. Variability in the reference concentration for each transporter was incorporated
into the pediatric simulations assuming log-normal distribution using the mean and
geometric standard deviation implemented in the adult model (Supplementary Table S2).
Because metformin is not approved for use in persons <10 years of age* and clinical data
were only available in children =8 years of age, no transporter ontogeny was incorporated in
the model.1” Modifications to the adult model were explored as needed, and changes were
considered when sufficient evidence was available for justification.

For model evaluation, virtual subjects and populations were simulated based on observed
demographics and dosing protocols for the corresponding study; each population comprised
100 virtual children and adolescents, unless otherwise specified. For those without obesity,
simulations were performed using the virtual individuals and populations embedded in the
PK-Sim® software.18 For those with obesity, simulations were performed using either the
virtual individuals within PK-Sim® and then scaling organ sizes to reflect the redistribution
of body composition known to occur during obesity, as described previously,® or the virtual
population of children and adolescents with obesity developed by Gerhart et al.1> Because
densely sampled data were available for each subject within the group with severe obesity,4
simulations were performed for each patient using a demographic-matched virtual subject
and, to evaluate PK variability, an “individualized population” within + 1 y of age; a
composite population of 1,000 children and adolescents was also simulated based on the
mean demographics for the group.

Briefly, the virtual population of children and adolescents with obesityl® was developed by
incorporating the following pathophysiological changes. Compared to those without obesity,
body weight was increased to reflect a BMI greater than the 95! percentile and redistributed
from adipose tissue to lean body mass organs, including ~15% larger kidney and liver
volumes. As a result of larger organ sizes, absolute blood flow (and thus cardiac output)
was also higher. In addition, the increased kidney size resulted in a greater glomerular
filtration rate. For more details on the development of the virtual population of children and
adolescents with obesity, see Gerhart et al.1>

Model evaluation
Multiple methods were used to evaluate model performance. First, to compare model
simulated concentrations to observed data, average fold error (AFE) was calculated as
follows:

pred)

1
AFE = 1002 1°g( obs @
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where nis the number of samples, and pred and obs are the predicted and observed
concentrations. For population simulations, the number of observed values that fell within
the 90% prediction interval was determined.

Next, predicted and observed values for specific PK parameters, including maximum
concentration at steady state (Crmax), AUC calculated over the dosing interval at steady
state, CL/F, and V/F, were evaluated. So that parameters were calculated using the

same methodology, both predicted and observed plasma concentration data were analyzed
using noncompartmental analysis in Phoenix WinNonlin (version 6.4; Certara, Princeton,
NJ, USA). Observed PK parameters calculated for the three pediatric populations are
summarized in Supplementary Table S3. Results were compared using AFE and the ratio of
predicted / observed values. Overall, model evaluation criteria were considered acceptable
when simulated concentrations and/or parameter estimates fell within 2-fold of the observed
values.

Dosing simulations

Pediatric dosing regimens for metformin were evaluated based on target exposure (i.e.,
AUC) simulated in adults. Specifically, a virtual population of 1,000 persons aged 45

— 64 y was simulated using the adult PBPK model for metformin and the system-

specific parameters generated by PK-Sim® from a normal distribution. Based on dosing
recommendations for adults and pediatric patients with type 2 diabetes, which are often
used to guide off label dosing in children and adolescents with obesity, simulations were
performed with a starting dose of 500 mg twice daily and an upper dosage of 2,000 mg
per day, divided into two 1,000 mg doses, given with meals.*19 Metformin concentrations
simulated over 12 h were exported into Phoenix WinNonlin for noncompartmental analysis;
predictions were confirmed against values reported in adults. Assuming that the dose-
exposure-response relationship in children and adolescents is similar to that in adults,13:20
AUC at these lower and upper dosages referred to target exposure.

Using the final pediatric PBPK model, population simulations were performed to evaluate
dosing regimens for metformin in older children and adolescents with obesity. To do this, a
virtual population of individuals (n=1,000) aged 10 — 18 y were simulated, grouped into the
following BMI classifications (n=250/group): non-overweight (51 — 851" BMI percentile),
overweight (85t — 95t BMI percentile), obesity (951 — 99t BMI percentile), and severe
obesity (=99t BMI percentile); BMI percentile was calculated based on the Centers for
Disease Control and Prevention BMI-for-age growth charts.2! Groups with overweight and
without overweight were generated using the virtual populations embedded in PK-Sim;
obesity and severe obesity groups were generated using the external virtual population.1®
Simulations were performed using the same dosing as the adults (500 and 1,000 mg given
twice daily), and exposure was compared to adults. To explore the influence of obesity, PK
parameters for metformin were compared across the 4 groups and BMI classifications.

In addition, it has been suggested13:14 that the current maximum daily dose of 2,000 mg/d
for pediatric patients with type 2 diabetes be increased to 3,000 mg/d in children and
adolescents with obesity. However, because lactic acidosis is a rare but potential serious
complication of metformin use, associated with plasma concentrations >5 mg/L,* it is
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important to evaluate the safety of this recommendation. Using the groups with obesity
and severe obesity (as described above), simulations for doses of 1,000 mg three times per
day and 1,500 mg twice daily were compared to those for 1,000 mg twice daily; model
predictions were evaluated to confirm that Cp,;x did not exceed 5 mg/L.

PBPK modeling and model evaluation

When scaling the PBPK model of metformin from adults to pediatric populations without
and with obesity, all drug-related parameters from the adult model (Supplementary Table
S1) were retained.

First, the model was evaluated in children without obesity based on predictions in
demographic-matched virtual subjects (Supplementary Table S4) and population simulations
[illustrated in Figure 1 for 425 (A) and 850 mg (B) metformin doses compared with
corresponding observed data]. For the girls who received the lowest and intermediate
weight-based doses, AFE for predicted plasma concentrations was within 2-fold of the
observed values (1.08 and 0.51, respectively), and 90 and 100% of observed concentrations
fell within the 90% prediction interval for the virtual population, respectively. For the child
who received the highest weight-based dose, while the AFE for plasma concentrations was
0.46, 80% of observed values fell within the 90% prediction interval. Taken together, 90%
of all observed data points (27/30) fell within the 90% prediction interval (Figure 1). In
addition, in all cases, predicted values for Cyax, AUC, CL/F, and V/F were within 2-fold

of the observed values (Supplementary Table S4); briefly, observed and predicted values
ranged from 1.1 — 4.0 and 1.2 — 2.1 mg/L for Cyax, 7.0 — 27 and 7.4 — 14 h*mg/L for AUC,
and 408 — 785 and 742 — 985 mL/min for CL/F, respectively.

Next, the model was evaluated using data for adolescents with overweight / obesity.
Simulated median plasma concentrations for the virtual population followed a similar

trend to that for the observed data (data not shown), and the AFE was 1.2. When PK
parameters derived using the median simulated plasma concentrations were compared to
those calculated using the median observed concentrations, predictions were within 2-fold of
the observed values for Cax, AUC, CL/F, and V/F (Supplementary Table S4).

As a final step, the model was evaluated using the rich dataset for children and adolescents
with severe obesity and insulin resistance of Sam et al.14 Predicted and observed plasma
concentrations for the 30 subjects are illustrated in Supplementary Figure S1 for each
patient; the AFE was within 2-fold for 83% (25/30) of subjects (Figure 3A). When predicted
and observed values for Cp,y, AUC, CL/F, and V/F were compared, the AFE was within
2-fold (Table 2), and the ratios were within 2-fold for 86, 90, 90, and 66% of patients,
respectively (Figure 3B). When the model was evaluated for each of these 30 subjects
using an “individualized population” (Supplementary Figure S2), plasma concentrations
fell within the 90% prediction interval for 82% of samples (288/352). For the composite
virtual population simulations, 86% of all samples (304/352) fell within the 90% prediction
interval, with 87% (286/329) accounted for by patients who received 1,000 mg (Figure
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2 and Supplementary Figure S3B) and 78% (18/23) from those who received 500 mg
(Supplementary Figure S3A).

Dosing simulations

To obtain target exposure for metformin, simulations were performed in 45 — 64 y old adults.
Overall, simulated plasma concentration profiles and PK parameters were comparable to
values reported in the literature.5.7 Using the usual starting dose of 500 mg twice daily,
median AUC was 5.5 h*mg/L, and for the upper dose of 1,000 mg twice daily, median AUC
was 9.3 h*mg/L (Figure 4).

Pediatric simulations were performed in groups 10 — 18 y of age classified as non-
overweight, overweight, obesity, or severe obesity based on BMI percentile; population
demographics are compared in Supplementary Figure S4. As expected, body weight, kidney
size, and GFR were higher in the virtual groups with obesity compared to non-obesity
(Supplementary Figure S5). Using the same dosing schedules as in the adult simulations,
median AUC following the 500 mg dose was 7.0, 7.4, 6.0, and 6.3 h*mg/L for the non-
overweight, overweight, obesity, and severe obesity groups, respectively, and 12.4, 13.0,
10.5, 11.0 h*mg/L following the 1,000 mg dose (Figure 4); compared to the corresponding
median AUC in adults, values were within 109 — 118% for the obesity and severe obesity
groups and within 127 — 140% for the non-overweight and overweight groups. As expected,
simulated CL/F across groups was inversely related to AUC and comparable for the two
doses (median values were within 11 — 16%), and the increased CL/F with obesity was a
function of increased kidney volume. Simulations also showed that metformin exposure was
similar across the age range studied.

To evaluate whether increasing the maximum daily dose in children and adolescents with
obesity to 3,000 mg would result in Cax > 5 mg/L, simulations were performed using the
500 virtual subjects with BMI >95! percentile (i.e., the obesity and severe obesity groups).
Shown in Figure 5 are population simulations of plasma concentration-time profiles for the
current maximum daily dosage given as 1,000 mg twice daily (A) and the newly proposed
maximum given either as 1,000 mg three times per day (B) or 1,500 mg twice daily (C);
neither the median nor 90% prediction interval increased above 5 mg/L for the first 2 dosing
schemes, but the upper prediction interval slightly exceeded this cutoff for the third protocol.
At steady state, Crax Was >5 mg/L for 1.4% of individuals receiving 1,000 twice daily, 3.6%
of those receiving 1,000 mg three times per day, and 8.2% of subjects receiving 1,500 mg
twice daily.

DISCUSSION

As childhood obesity continues to rise,! understanding its effects on drug PK becomes even
more important for determining safe and effective dosing in this population. Although the
investigation of metformin for weight loss in children began more than 20 years ago,23
dosing recommendations for this indication in pediatrics have not yet been established.
Here, to address these gaps in knowledge, an adult PBPK model of metformin® was scaled
to pediatric populations with varying severity of obesity; overall, with all drug-related
parameters fixed at the adult values, the pediatric PBPK model adequately described the
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available clinical data.12-14 The simulated dose-exposure relationship in pediatric patients
aged 10 — 18 y with obesity was similar to that in adults following fixed dosing,
corresponding to similar CL/F in these populations. In addition, this work provided another
opportunity to verify the virtual population of children and adolescents with obesityl® as a
tool to facilitate development of PBPK models in pediatric populations with obesity.

Model predictions were comparable to the population mean values for CL/F derived using
nonlinear mixed effects (NLME) modeling in the original publications.1314 Specifically,
using a previously published covariate relationship3 and the mean body weight for the
virtual population of children and adolescents with obesity (79.8 kg), predicted CL/F was
1,235 mL/min, which agrees well with the mean of 1,229 mL/min estimated by the PBPK
model; predictions of V/F were also similar (485 and 468 L, respectively). Moreover,

when simulated values for CL/F were plotted as a function of body weight for virtual
individuals (Supplementary Figure S6), a positive correlation was observed that agreed
well with the same comparison presented as Figure 1 in the original publication.13 For
children and adolescents with severe obesity, CL/F predicted by NLME modeling (1,135
mL/min)14 normalized to the mean body weight of the virtual population (71.4 kg) was
1,037 mL/min, which is in-line with the mean CL/F predicted by the PBPK model of 764
mL/min. Moreover, when dosing simulations from Figure 4 in the original publicationl*
were replicated using the PBPK model (Supplementary Figure S7), plasma concentration-
time profiles were comparable. Overall, predictions by the PBPK model compared well with
results derived using NLME modeling, suggesting that, by leveraging available system- and
drug-related information, PBPK modeling can predict drug responses that can be verified
with potentially less data, addressing some of the challenges associated with data collection
in children with obesity.

The virtual population of children and adolescents with obesity® used during model
evaluation was developed to reflect a greater total body weight and lean body mass (organ
volumes) with obesity compared to without, and thus higher absolute blood flow (and
cardiac output) and GFR. As illustrated in Supplementary Figure S5 for the simulated
groups 10 — 18 y of age, body weight increased with obesity status; kidney volume was
similar between non-overweight and overweight as well as between obesity and severe
obesity groups (medians were within 3% for both comparisons), but higher in the groups
with obesity and severe obesity compared to the non-overweight group (by ~14 and 10%,
respectively); similar trends were observed for GFR. It is likely that kidney volume and
GFR are even further increased in the case of severe obesity,24 but more research is needed
to fully understand this relationship. Importantly, for the purpose of the current work, the
assumptions of the virtual population were adequate to predict metformin PK in children and
adolescents with severe obesity.

To explore the effect of age and obesity on metformin exposure and CL/F, model simulations
were performed in pediatric groups ranging from non-overweight to severe obesity and
compared to those in adults. In agreement with van Rongen et al.,13 predicted AUC in

older children and adolescents with obesity was lower (and thus CL/F higher) than in
children without obesity but similar to adults (Figure 4). In addition, simulated CL/F was
similar between the obesity and severe obesity groups, which is supported by values for
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CL/F reported in the literature for pediatric populations with overweight / obesity and
severe obesity (1,170 and 1,135 mL/min, respectively).13:14 Overall, the observed trends
in exposure and CL/F correspond to obesity-related physiologic changes including greater
body size / body weight in the obesity and severe obesity groups (within ~14% of that in
adults; Supplementary Figure S5) and greater kidney volume and GFR compared to the
non-overweight and overweight groups.

Model simulations were performed to evaluate metformin dosing in older children and
adolescents with obesity. Since information on exposure-response in this population is
limited, the relationship was assumed to be similar to that in adults. Specifically, since

the dose-exposure-response to metformin therapy is comparable in adults and pediatric
patients with type 2 diabetes29:25 and the dose-exposure relationship in adults is similar

to that in children and adolescents with obesity,!3 it seems reasonable to assume that the
pharmacodynamic response to metformin for treatment of obesity would also be comparable
between these age groups. Overall, adult doses of metformin resulted in simulated exposure
in older children and adolescents with obesity comparable to that in adults, which is in-line
with the knowledge that approved dosing in adolescents and adults are often the same.26

While the adult PBPK model of metformin was successfully scaled to pediatric populations
without and with obesity, some limitations are worth mentioning. Although regulatory
agencies continue to increase focus on studying drug PK in pediatrics,2’ this population

is still largely underrepresented in the literature which limits the available data for

model evaluation; three pediatric studies provided metformin PK data and the non-
overweight population was represented by only six girls. Moreover, some comparisons
were complicated by the large interindividual variability characteristic of metformin PK.
Fortunately, for the population of most interest for this analysis, children and adolescents
with severe obesity, densely sampled PK data were available along with detailed information
on subject characteristics and trial design. In addition, as noted in the original publication,
double peaks in the concentration-time profiles were observed for the majority of patients
with severe obesity; since the possible explanations suggested by the authors relate to study
design or physiochemical properties of the drug (see Supplementary Methods), and not
obesity status, changes to capture these doubles peaks were not incorporated into the PBPK
model. Although exploring potential areas of model misspecification was also challenged
by sparse data in pediatrics, this investigation led to results that support the hypothesis

that metformin undergoes saturable paracellular absorption?® (Supplementary Methods). In
addition, the virtual population of children and adolescents with obesity?® included a greater
proportion of individuals with BMI between the 95 — 99t percentile compared to those with
BMI >99t" percentile (severe obesity). To evaluate the model in pediatric populations with
severe obesity, virtual children and adolescents were filtered by BMI and the heaviest were
selected for the corresponding population simulation; using this approach, the PBPK model
adequately captured the clinical data.

In conclusion, simulations using the pediatric PBPK model of metformin support the

use of adult dosing regimens in older children and adolescents with obesity. The model
offers a framework for future research studying metformin in pediatric populations with
obesity that can be expanded, for example, to younger age groups; to predict relevant drug-
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drug interactions; to account for other disease states; to incorporate a pharmacodynamic
component; or to simulate metformin concentrations at the site of action. In addition, results
presented herein support the future use of the virtual population of children and adolescents
with obesity to facilitate development of pediatric PBPK models for studying populations
with obesity and, as a result, contribute information to inform drug labeling in this special
population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Population simulations (h=100) of plasma concentration in non-overweight young girls at

steady state following a 425 mg (A) or 850 mg (B) dose of metformin. Shown are simulated
mean concentrations (solid line) and the 90% prediction interval (shaded region) for each
population overlaid with the corresponding observed data. Demographics for the virtual
populations were matched to reflect the observed data. Observed data were collected over
12 h from 9 y old non-overweight girls who received once daily doses of metformin for 8
months for early-normal puberty.12
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Figure 2.

Composite population simulation (n=1,000) of plasma concentration in children and
adolescents with severe obesity following a 1,000 mg dose of metformin. Shown are
simulated median concentration (solid line) for the population and the 90% prediction
interval (shaded region); the corresponding simulation for the 2 patients who received 500
mg doses is shown in Supplementary Figure S3; the composite virtual population was
generated using the mean demographics from the published study (Table 1). Observed data
presented in this figure were collected over 12 h from 28 children with severe obesity who
had been receiving 1,000 mg twice daily metformin therapy for 6 months.1# Individual-level
data are also presented in Supplementary Figures S2 and S4. Extended BMI percentile was
calculated as BMI divided by the 95t percentile for a subject's age and sex.
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Figure 3.
Average fold error of predicted to observed metformin plasma concentrations compared

across extended BMI percentile (A) and the ratios of predicted to observed values for
pharmacokinetic parameters (B) in children with severe obesity. Dashed lines represent the
2-fold error range. Panel A includes comparisons for 30 children and, due to missing data,
panel B includes comparisons for 29 children. Extended BMI percentile was calculated as
BMI divided by the 95t percentile for a subject's age and sex. Parameters include AUC, or
area under the concentration-time curve (calculated from 0 to 12 h at steady state); CL/F,
or oral clearance (calculated as dose / AUC); Cinax, OF maximum plasma concentration of
metformin at steady state; and V/F, or apparent volume of distribution (calculated as CL/F
divided by the elimination rate constant).
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Simulated metformin plasma AUC (A, B) and CL/F (C, D) for adults (n=1,000) and groups
of children with non-overweight, overweight, obesity, and severe obesity (n=250/group) at
steady state following a 500 mg (A, C) or 1,000 mg (B, D) dose. AUC was calculated from
0 to 12 h at steady state and CL/F was calculated as dose/AUC. Adult values were used

as a reference for comparison; median simulated CL/F agrees well with values reported in
the literature for healthy adults following oral 1,000 mg twice daily doses (1,265 + 274 mL/
min).® For pediatric populations, non-overweight was classified as BMI between 5 and 85t
percentile, overweight as BMI between 85 and 95™ percentile, obesity as BMI between
95t and 99t percentile, and severe obesity as BMI =99 percentile. Boxplots show median
or 50t percentile (middle band), 25t and 75t percentiles (lower and upper quartiles), range
(vertical line), and outliers (symbols). AUC, area under the concentration-time curve; CL/F,

oral clearance.
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Figure5.
Populations simulations (n=500) of metformin plasma concentration in children with obesity

based on the current recommended maximum dose of 2,000 mg/d (A) and the newly
proposed maximum of 3,000 mg/d (B-C). Simulations reflect steady state concentrations
over the last 24 h following 1,000 mg twice daily (A), 1,000 mg three times per day (B),
and 1,500 mg twice daily (C). The virtual population includes children with BMI >95t
percentile. The shaded regions represent the 90% model prediction interval, and the dashed
line represents the median simulated concentration. The dashed horizontal line represents 5
mg/L, the plasma concentration threshold associated with lactic acidosis.?
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Population demographics for metformin pediatric pharmacokinetic studies.

Table 1.
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Non-over weight a

Overweight / obesity b

Severe obesity,
) . . c
insulin resistant

n

Dose (mg)

Formulation
PK study
Prandial state

Steady state

Duration, h
Population

Age,y
Weight, kg
Female, %
BMI, kg/m?

eGFR, mL/min/1.73 m?

6
850, qd (n=5)
425, qd (n=1)

Immediate-release tablet

Fed

Yes
12

Northern Spanish / Catalan
(Barcelona, Spain)

9.5(9.3-9.9)

33.3(23.0 - 40.7)
100

18.5 (15.7 - 21.0)

22
1,000, bid (n=19)
500, bid (n=3)

Immediate-release tablet

Fasted ¢
Yes
8

White ('s-Hertogenbosch, the
Netherlands)

14 (11 - 18)
79.3 (54.7 - 105)
73
29.1 (22.9 - 39.3)

112 (94.1-136)

30
1,000, bid (n=28)
500, bid (n=2)

Immediate-release tablet a

Fasted ¢
Yes
12

57% White, 40% African American, 3%
Asian (United States); 10% Hispanic /
Latino

11(7.7-14)

77.0 (50.5 - 118)
57

335 (24.2-43.6)

129 (91.7 - 188) 9

Data are expressed as mean (range) for continuous variables.

aCIinicaI trial (isrctn.com ISRCTN49334271) in non-overweight girls with history of low birth weight and early-normal onset of puberty who were
receiving 850 mg/day for 8 months; for the PK study, all girls received 850 mg metformin with dinner, except for 1 girl who accidentally received

half that dose (425 mg).]-2

bCIinicaI study (ClinicalTrials.gov NCT01487993) in 22 adolescents classified as either overweight or obese receiving 1,000 mg (or 500 mg for

three subjects) of metformin twice daily for 37 weeks; blood samples for the PK study were collected during an oral glucose tolerance test.13

cSix—month clinical trial (ClinicalTrials.gov NCT00005669) in children and adolescents with severe obesity receiving 1,000 mg (or 500 mg for two

patients) of metformin; blood samples for the PK study were collected during a hyperglycemic clamp.14

d . . . . .
Metformin capsules were manufactured and packaged by the National Institutes of Health Pharmaceutical Development Section.

e Lo .
Pharmacokinetic study was performed during a glucose tolerance test.

fPuinshed values were calculated using the Bedside Schwartz Equation

gPuinshed values were calculated using the CKiD Schwartz Equation.

bid, twice daily; BMI, body mass index; eGFR, estimated glomerular filtration rate; PK, pharmacokinetic; qd, once daily.
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Table 2.

Observed and predicted pharmacokinetic parameters for children and adolescents with severe obesity.

Parameter b AFE

Observed 2 Predicted
Cinax (Mg/L) 2.80+0.978 (1.17 - 5.18); 1.56, 405 2.82+0.577 (1.96—4.98); 1.56, 1.87 1.02

AUC (h*mg/L) 143 +5.00 (7.15-28.4); 104,204  18.6+6.10 (13.4-46.7); 10.0, 11.3  1.27
CL/F (mL/min) 1007 + 326 (457 — 1817); 627, 318 737 + 136 (278 - 973); 649,574 0.786
VIF (L) 345 + 150 (180 — 766); 125, 71.7 202 +30.3 (140 — 274); 185, 145  0.672

eGFR (mL/min) 131+24.1 (9.7 - 188) L‘; 134, 102 84.5+6.79 (70.4 - 94.8); 82.6, 704  0.654

Results for observed and predicted values for parameters are expressed as mean + SD (range) for 27 children who received 1,000 mg doses of
metformin twice daily and single values (in szalics) for two subjects who received 500 mg doses twice daily. One patient who received 1,000 mg
of metformin twice daily was excluded from the table due to missing data. AFE was calculated for the 29 paired values for PK parameters and 28
paired values for eGFR due to a missing observed estimate.

a . N .
Observed values were calculated by noncompartmental analysis of observed plasma concentration-time data collected over 12 h following 6
months of metformin therapy.

Predicted values were calculated by noncompartmental analysis of simulated plasma concentration data at times used in the published sampling
protocol.

cPuinshed values for eGFR (mL/min/1.73 m2) were converted to absolute eGFR (mL/min) using an estimate for body surface area (m2) calculated

by the Haycock Equation.22

AFE, average fold error; AUC, area under the concentration-time curve calculated from 0 to 12 h at steady state; CL/F, oral clearance calculated as
dose (mg) divided by AUC; Cmax, maximum plasma concentration of metformin at steady state; eGFR, estimated glomerular filtration rate; SD,

standard deviation; V/F, apparent volume of distribution calculated as CL/F divided by the elimination rate constant.
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