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Abstract A proof of concept study was conducted to
investigate the safety and tolerability of a novel oral glu-
cokinase activator, LY2599506, during multiple dose
administration to healthy volunteers and subjects with
Type 2 diabetes mellitus (T2DM). To analyze the study
data, a previously established semi-mechanistic integrated
glucose-insulin model [1-5] was extended to include
characterization of glucagon dynamics. The model cap-
tured endogenous glucose and insulin dynamics, including
the amplifying effects of glucose on insulin production and
of insulin on glucose elimination, as well as the inhibitory
influence of glucose and insulin on hepatic glucose pro-
duction. The hepatic glucose production in the model was
increased by glucagon and glucagon production was
inhibited by elevated glucose concentrations. The contri-
bution of exogenous factors to glycemic response, such as
ingestion of carbohydrates in meals, was also included in
the model. The effect of LY2599506 on glucose homeo-
stasis in subjects with T2DM was investigated by linking a
one-compartment, pharmacokinetic model to the semi-
mechanistic, integrated glucose-insulin-glucagon system.
Drug effects were included on pancreatic insulin secretion
and hepatic glucose production. The relationships between
LY2599506, glucose, insulin, and glucagon concentrations
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were described quantitatively and consequently, the
improved understanding of the drug-response system could
be used to support further clinical study planning during
drug development, such as dose selection.
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Introduction

Models that incorporate dynamics of physiology and
pathophysiology with drug effects have been increasingly
used in the development of novel anti-hyperglycemic
agents over the past decade [6-9]. Mechanism-based
models, also known as mechanistic models, offer an
enhanced understanding of the mechanism of action of a
drug and can better describe the pharmacodynamics (PD)
associated with a drug [10]. Empirical models are depen-
dent on the existing observations and can only be used to
simulate in the range of observations [10]. In contrast, by
incorporating physiology, mechanistic models can be used
to make predictions and can be useful in guiding decisions
regarding choice of patient populations, dose selection and
other study design considerations encountered in drug
research and development [10]. However, the application
of a mechanistic model for diabetes mellitus may be
impractical in certain settings. The construction of a
mechanistic model often requires a large amount of clinical
data for robust parameter estimation and involves an
extended series of differential equations to characterize the
processes in the biological system [10]. Limitations of data
availability and computational resources have the potential
to hinder the use of mechanistic models in the early stages
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of drug development. A semi-mechanistic approach
includes only selected key physiology-based processes in
an attempt to reduce complexity and yet preserve the
informative and predictive ability of the model [10].

The enzyme, glucokinase, is a potential drug target for
anti-hyperglycemia agents due to its involvement in
glucose homeostasis by contributing to the control of
insulin secretion from B-cells in the pancreas and glucose
conversion to glycogen in the liver [11]. A proof of
concept study was conducted to investigate the safety
and tolerability of a novel oral glucokinase activator,
LY2599506, during multiple dose administration to
healthy volunteers and subjects with T2DM. A previ-
ously developed integrated glucose-insulin model served
as the starting point for describing glucose and insulin
dynamics, wherein the model was able to describe the
amplifying effects of glucose on insulin production and
insulin on glucose elimination, as well as the inhibitory
influence of glucose on hepatic glucose production [1-5].
While the previously published model was adequate for
glucose provocation experiments, a counter-regulatory
component describing periods of hypoglycemia was
absent. Therefore, the previously published model was
modified to include the influence of glucagon, such that
glucose production is increased by glucagon and gluca-
gon production is inhibited by elevated glucose concen-
trations. The integrated glucose-insulin model was also
adapted to respond to consumed meals and was linked to
a pharmacokinetic (PK) model to assess the effects of
individualized LY2599506 dose amounts on glycemic
response.

The goal of this analysis was to establish a model that
describes the pharmacokinetic-pharmacodynamic (PK/PD)
relationships that affect glucose homeostasis and the gly-
cemic control achieved by twice daily (BID) or four times
daily (QID) administration of LY2599506. The resulting
semi-mechanistic, integrated glucose-insulin-glucagon
model has the potential to aid future development of
LY2599506 by contributing simulations to guide clinical
design decisions, such as dose selection, for Phase 2 studies.

Methods
Study participants

Males or females between the ages of 21 and 70 years were
included in this study. For the first study part, healthy
subjects who had a body mass index (BMI) between 18.5
and 29.9 kg/m? and a fasting glucose <110 mg/dL were
enrolled. Subjects with a clinical diagnosis of T2DM, and
who were treated with diet and exercise alone or in com-
bination with a stable dose of metformin, were enrolled for
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the later parts of the study. Participants with T2DM were
included if the BMI was between 18.5 and 40 kg/m? and
hemoglobin Alc (HbAlc) was between 6.8 to 9.5 %.

The study was conducted in accordance with the ethical
principles in the Declaration of Helsinki.

Study design

The study was conducted in three successive parts. The first
part of the study (Part A) was a single-period, multiple-dose
assessment in healthy subjects who were randomized to
receive either 50 mg of LY2599506 (n = 6) or placebo
(n = 3). Doses were administered prior to breakfast, lunch,
dinner and bedtime (QID) for 7 days and in the morning of
day 8. The second part of the study (Part B) was a dose-
titration assessment in two temporally staggered cohorts of
participants with T2DM. Subjects underwent titration of
LY2599506 (n = 14) or placebo (n = 5) administered on a
QID schedule for a total duration of 13 days. In the final part
of the study (Part C), twice daily dosing (BID; at breakfast
and dinner) of LY2599506 was compared to QID dosing in
subjects with T2DM (n = 13) using a randomized two-
period crossover design. The duration of LY2599506 dosing
in Part C was a total of 26 days (13 days for each treatment
period).

During the study, planned dose amounts of LY2599506
ranged from 50 mg to 300 mg. Doses were upwardly
titrated to achieve glucose measurements at hypoglycemic
thresholds or close to the limits, according to clinical
judgment. A point-of-care measurement of blood glucose
was obtained for immediate management decisions and for
evaluation of reported symptoms of hypoglycemia. If a
participant experienced blood glucose <60 mg/dL during
Part A or B, the dose was reduced. A hypoglycemia
threshold of 80 mg/dL was used for dose reductions in Part
C due to the outpatient setting.

Standard meals were administered at the clinical
research unit in a consistent manner for each participant.
Total daily caloric requirement was calculated based on the
individual’s body weight, allowing approximately 30 kcal/
kg distributed throughout the day as 20 % of the total daily
kcal for breakfast, 30 % of kcal for lunch, 40 % kcal for
dinner, and 10 % (~200 kcal) as an evening snack.
Macronutrient composition of the meals provided 55 % of
the calories from carbohydrate, 30 % of the calories from
fat, and 15 % of the calories from protein.

Data collection

Blood samples for determination of LY2599506 concen-
trations were collected at 0, 0.5, 1, 2, 3.5, 5, 7, 10, 12, 15,
and 24 h after the first LY2599506 dose of the day on study
days 1 and 7 in Part A, on study days 1, 3, 6, and 12 in
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Part B, and on study days 1, 13, and 26 in Part C. Plasma
samples were analyzed for LY2599506 concentrations
(Advion BioServices Inc, Ithaca, NY, USA) using a vali-
dated liquid chromatography/electrospray ionization-tan-
dem mass spectrometry (LC/MS/MS) method to generate a
linear response over the concentration range of 0.1 to
250 ng/mL.

Venous blood samples for glucose were collected at 0, 1,
2, 3.5, and 5 h after meals (breakfast, lunch, and dinner)
and 4.5 h after the snack provided at bedtime on the
baseline day and study days 3, 6, and 12 in Part B and on
the baseline day and study days 13 and 26 in Part C. The
venous blood samples collected for insulin and glucagon
concentrations were obtained at 0, 1, 2, 3.5, and 5 h after
the morning meal (breakfast) on the baseline day and study
days 3, 6, and 12 in Part B. Sampling for insulin and
glucagon occurred at 0, 1, 2, 3.5, 5 h after all daytime
meals (breakfast, lunch, and dinner) on the baseline day
and study days 13 and 26 in Part C. Glucose, insulin, and
glucagon were assayed using standard, validated methods
at a central laboratory.

LY2599506 concentration data collected from healthy
subjects (Part A) and subjects with T2DM (Part B and C)
were included in the PK analysis. Glucose, insulin, and
glucagon data collected from subjects with T2DM (Parts B
and C) were included in the PK/PD analysis.

Model description
Integrated glucose-insulin model

The glucose and insulin scheme used in this analysis was
based on the integrated glucose-insulin model developed by
Jauslin et al. and Silber et al., which has been discussed in
detail previously [1-5]. The key components of the glucose
and insulin feedback system are briefly described below.

In the glucose sub-model, the introduction of exogenous
glucose into the system is represented by an absorption rate
constant (k,,s) between the glucose absorption compartment
and the central glucose distribution compartment. Systemic
glucose is distributed into a central and a peripheral distri-
bution space. Movement of glucose in the system, both
elimination from the system and movement between com-
partments (Q), is parameterized in terms of clearance. The
removal of glucose from the system is accomplished by two
pathways: clearance of glucose independent from the
influence of insulin (CLg) and clearance of glucose affected
by insulin (CLgy), (see Fig. 1).

The insulin sub-model is comprised of a baseline
secretion of insulin and clearance of insulin from a central
insulin compartment (CLy), (see Fig. 1). The secretion of
insulin is stimulated by elevated glucose amounts and is
also characterized by a circadian rhythm [4].

Delays in the effects of glucose and insulin were
included in the model by the use of first-order rate con-
stants between the central compartments and the effect
compartments (Fig. 1).

The contribution of meal intake to the dynamics of
glucose was incorporated into the model by considering the
macronutrient composition of the meals. Carbohydrate
from meals in units of kcal was converted to grams of
glucose input by assuming that 1 kcal of carbohydrate was
equivalent to 0.25 grams of glucose.

Certain physiologically related parameters for glucose
and insulin, such as volumes of distribution, were fixed to
previously published values [4] in order to reduce the
computational intensity of the model (Table 3). The
parameters describing the circadian rhythmic pattern of
insulin secretion (MA, MW, and MT,,,,) were set to fixed
values since the deficiency of nighttime sampling for
insulin in the current study did not permit parameter esti-
mation (Table 3).

Inter-individual variability for parameters was estimated
using a log-normal distribution. Residual error was esti-
mated for glucose and insulin separately using a propor-
tional error structure.

Glucagon regulation

The glucose-insulin scheme described above was extended
by incorporating a glucagon component. The glucagon sub-
model included a central compartment and glucagon
clearance (CLgy). Baseline glucagon secretion (Eq. 1), the
inhibitory influence of glucose (Eq. 2) and insulin (Eq. 3),
and the stimulatory influence of ingested exogenous pro-
tein on glucagon secretion (Eq. 4) were combined in a
differential equation to describe glucagon dynamics
(Eq. 6), (see Fig. 1). Protein content in meals was con-
verted from kcal to grams similar to the approach used for
carbohydrate to glucose conversion. The absorption rate of
protein was assumed to equal the absorption rate of glucose
in the glucose sub-model (k,»s). An effect compartment
was utilized to represent a delayed effect of glucagon
within the system. Residual error was estimated for glu-
cagon using a proportional error structure.

GNpropo = GNss - CLgn 1

(1)
Egiucose = (Ge / Gss)_NPRG (2)
Einsutin = (Ig [ Iss) ™™ (3)
Eprorein = 1 + (GSLP - Aproein) (4)
ken = CLgn/Von (5)
d((}lll\fc = (GNprop,0 * Eglucose * Einsulin * Eprotein )

— (ke - GN,) (6)
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Fig. 1 Schematic
representation of the model.
Full arrows indicate flows,
broken arrows indicate control
mechanisms, dashed lines with
triangle endpoints denote
stimulating effects, dashed lines
with circle endpoints denote
inhibitory effects. Refer to
Table 1, Table 3 and Eq. 7 for
abbreviations
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where GNj,04,0 is baseline glucagon production, GNgg is
glucagon concentration at steady-state, CLgy is the glu-
cagon clearance, Egjycose 15 the inhibitory effect of glucose
on glucagon production, Gg is the glucose effect com-
partment concentration, Ggg is the glucose concentration at
steady-state, NPRG is the negative power coefficient
describing the relationship between effect on glucagon
production and glucose amount, E; ¢, is the inhibitory
effect of insulin on glucagon production, Ig is the insulin
effect compartment concentration, Igg is the insulin con-
centration at steady-state, NPRI is the negative power
coefficient describing the relationship between effect on
glucagon production and insulin amount, Epein is the
stimulatory effect of protein on glucagon production, and
GSLP is the slope coefficient describing the relationship
between the effect on glucagon production and protein
amount ingested with a meal (Aprorcin), Ko is the glucagon
elimination rate constant, and Vgy is the volume of dis-
tribution of glucagon.

A stimulatory effect on hepatic glucose production was
captured by a factor termed “GIG Index”, which represents
the composite effect of glucose, insulin and glucagon
concentrations (Eq. 7).

GIG Index = (G / Gys) - (Ie / Iss) - (GNy / GNE) (7)

where, Gg is the glucose amount in the glucose effect
compartment, Ggg is the glucose concentration at steady-
state, Ig is the insulin amount in the insulin effect com-
partment, L is the insulin concentration at steady-state,
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GNg is the glucagon effect compartment concentration,
and GNgg is steady-state glucagon concentration.

The GIG index was then related to a fold effect on
baseline hepatic glucose output (Eq. 8, Fig. 2).

GproD total = GPROD,0 .GIG*GPRG (8)

where, Gprop tota 15 total glucose production, Gpropo 1S
basal glucose production, and GPRG is the effect of glu-
cagon on glucose.

Initially, the integrated glucose-insulin-glucagon model
was applied to data in the absence of LY2599506, that is,
data collected at baseline prior to drug administration and
from subjects given placebo, in order to assess the integrity
of the glucose-insulin-glucagon model.

Pharmacokinetics and drug effect

The plasma LY2599506 concentration data from healthy
subjects and subjects with T2DM were characterized by a
one-compartment PK model parameterized in terms of
absorption rate constant (ka), apparent plasma clearance
(CL/F), and apparent volume of distribution (V/F). The
potential effects of subject characteristics, such as age,
body weight, body mass index (BMI), creatinine clearance,
gender, and disease status (healthy subjects versus subjects
with T2DM), on LY2599506 PK were examined. Inter-
individual variability was included on ka, CL/F, and V/F
according to a log-normal distribution of individual
parameters. Residual error was characterized with a pro-
portional error model.
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Fig. 2 Effect of glucagon on hepatic glucose output. Left: glucose,
insulin, and glucagon concentrations were treated as a composite
factor, Glucose-Insulin-Glucagon (GIG) index (Eq.7), and were
linked to the hepatic glucose output in the model (Eq. 8), where
GIG =1 corresponds to steady-state and GIG <1 results in

The PK model of LY2599506 was integrated with the
glucose-insulin-glucagon model by employing the
“sequential” approach [12, 13], wherein the PK of indi-
viduals was estimated prior to the fitting of PK/PD
parameters. The relationship between LY2599506 con-
centration and glycemic control was investigated by
including parameters for the effect of LY2599506 on
insulin secretion and glucose production. The model was
structured to have circulating LY2599506 in the body enter
a biophase compartment, which represented the drug con-
centration at the site of action [14]. Each considered site of
action (i.e. liver or pancreas) had an estimated rate constant
(kgy, kgp) for drug elimination from the biophase com-
partment and the rate of elimination was assumed to equal
the rate of entry. Various linear and nonlinear relationships
(Egs. 8, 9, and 10) between the PD and biophase concen-
tration were explored and the most stable parameterization
based on biological feasibility was selected. The influence
of LY2599506 was assessed on each potential physiolog-
ical site (i.e. liver or pancreas) separately and concurrently.

The primary general structures explored were as
follows:

DE=x-CE+1 9)
DE = (14 CE)" (10)
(Emax - CEY)

DE = ——= 11

(ECso + CE) (11)
where DE is drug effect, CE is the LY2599506 concen-
tration in the biophase, x represents either a slope or power
coefficient, E ., is the maximum effect, and ECs is the

concentration related to 50 % of maximal effect.

Effect on Hepatic Glucose Output

T T T T T T T T T T T T T
0 40 80 120 160 200 240
Glucagon (pg/mL)
Insulin fixed to 10 mU/L

increased hepatic glucose output. Right: the magnitude of the
amplifying fold-effect of glucagon on hepatic glucose output
(Eq. 2) was dependent on concurrent glucose and insulin concentra-
tions. BG, blood glucose in mg/dL

Model implementation

Models were implemented using nonlinear mixed effects
modeling in NONMEM, version 7.2 software [15]. The PK
analysis was conducted using the first order conditional
estimation (FOCE) method with interaction. The Expecta-
tion Maximization (EM) estimation method known as
Monte Carlo Importance Sampling assisted by Mode A
Posteriori IMPMAP) and the differential equation solver
ADVANI13 were used to execute the PK/PD model [15]. To
optimize computational efficiency, parallel computing was
used to run NONMEM [15]. Objective function evaluations
of individual subjects were split among 4—-6 CPUs on a Li-
nux networked cluster of computers, which allowed for a
reduced run time for the PK/PD model. Tabulations and
plots summarizing results were produced in Spotfire S-Plus,
version 8.2 (TIBCO Software Inc, Palo Alto, CA).

Model selection and evaluation

Model selection was based on goodness-of-fit plots, the
plausibility of the physiological system, and the objective
function value provided by NONMEM. Goodness-of-fit
plots such as observed values (DV) versus population
predictions (PRED), DV versus individual predictions
(IPRED), and population and individual weighted residual
errors versus time or versus concentrations were used for
graphic assessment of the quality of the model fit. A dif-
ference in the objective function value in hierarchical
models of at least 6.635(ax = 0.01) for PK models and
10.828 (o0 = 0.001) for PK/PD models was considered
significant.
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The predictive performance of the model was assessed
by applying a visual predictive check [16]. For the evalu-
ation of the final model, 100 data sets were simulated in
NONMEM. The median and the 90 % prediction intervals
of the individual concentration—time profiles of glucose,
insulin, and glucagon were superimposed on the respective
observed data. To assess the reliability of the standard
errors estimated, the Markov Chain Monte Carlo Bayesian
Analysis method (BAYES) in NONMEM was applied to
generate 1000 sets of probable population parameters [15]
and the median, 5th and 95th percentiles of the estimated
population parameters were calculated.

Results
Demographics

A total of 41 subjects, 27 male and 14 female, between the
ages of 28 and 69 years, inclusive, participated in this study.
With the exception of one subject, all subjects were cate-
gorized as Caucasian. The average duration of T2DM in the
subjects was approximately 7 years (range 1-18 years). The
mean baseline HbAlc of subjects with T2DM was 7.4 %
(range 6.5-8.7 %). Approximately 80 % of subjects with
T2DM were treated with stable doses of metformin. The
subjects with T2DM in Part B (9 females/10 males) had a
mean (range) age, BMI, and HbA1C of 57 (37-69), 30
(20-34) and 7.4 % (6.7-9.1 %). The subjects with T2DM in
Part C (3 females/10 males) had a mean (range) age, BMI,
and HbA 1C of 57 years (48—69 years), 31 kg/m?* (24-37 kg/
mz) (6.7-8.7 %). The Cockcroft-Gault creatinine clearances
of all study participants were greater than 60 mL/min.

At the end of the treatment period for subjects with
T2DM in Part B, the mean (range) of the total daily dose of
LY2599506 was 500 mg (50-1100 mg). In Part C, the
mean (range) of the total daily dose of LY2599506 for
subjects with T2DM was 220 mg (60-530 mg) for subjects
on QID dosing schedule and 130 mg (40-200 mg) for
subjects on BID dosing schedule.

On average, daily caloric consumption was 2620 kcal
(range: 2090-3160 kcal) in Part B and 2800 kcal (range:
2130-3170 kcal) in Part C. Carbohydrate intake ranged
from 20.7 grams to 177 grams and 10.5 grams to 177 grams
in Parts B and C, respectively. The range of protein amounts
from meals varied from 7 to 50.7 grams in Part B and 3.1 to
50 grams in Part C. The observed values for consumed
carbohydrate and protein in each individual were used as the
inputs into the integrated glucose-insulin-glucagon model.

Placebo model

The appropriateness of the integrated glucose-insulin-
glucagon model for the evaluation of data from subjects
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with T2DM was first assessed in the absence of
LY2599506 by using the data collected at baseline (prior to
drug treatment) and for all days when subjects were given
placebo. Published values for select fixed and random
effects [4] were applied to the model (Table 3) and allowed
for adequate characterization of the glucose, insulin, and
glucagon dynamics as demonstrated by the concordance of
the prediction intervals from the visual predictive check
with the observed values at baseline (Fig. 3). The hepatic
glucose production at steady-state (Gprop,o) for subjects
with T2DM in this study had a mean population value of
120 mg/min (Fig. 2) with estimates for individuals ranging
between 90 and 220 mg/min (0.9-2.4 mg/kg/min). The
hepatic glucose output predicted by the model was in
alignment with other studies [17-20].

Drug effects

The final model for the system describing LY2599506
concentration, glucose, insulin, and glucagon is depicted in
Fig. 1.

Plasma LY2599506 concentrations in healthy subjects
and patients with T2DM were adequately described by a
one-compartment PK model. The mean population values
for ka, CL/F, V/F, time of observed maximum concentra-
tion (tyax), half-life (t;;), and accumulation index (Al) are
summarized in Table 1. The model estimates of ka, CL/F
and V/F, following oral administration of LY2599506,
were 1.44 hfl, 15,6 L/h, and 188 L, respectively.
LY2599506 plasma concentration peaked around 2.3 h
(range 1-4.3 h) following administration of the drug. The
mean ty,, was 8.3 h (range 3.7-19 h), which equated to an
average accumulation (AI) of approximately 2.7 following
QID dosing.

No statistically significant effect of body weight, BMI,
creatinine clearance, gender, or disease status (healthy
subjects versus subjects with T2DM) on LY2599506 PK
parameters was noted. Inclusion of age as a covariate on
CL/F reduced inter-individual variability on this parameter
from 47 % to 36 %. Based on this exploratory model, CL/F
was inversely related to age. The PK model predicted that a
subject who was 57 years old had a CL/F approximately
half that of a subject who was 30 years old (16 L/h vs. 30
L/h, respectively, see Table 1). A simulation of plasma
LY2599506 concentration—time profiles from subjects
treated with LY2599506 is depicted in Fig. 4.

Following QID administration of LY2599506 for up to
13 days in subjects with T2DM in Part B, there was a sig-
nificant reduction in the fasting plasma glucose (—34 mg/dL
on Day 3, and —47 mg/dL on Day 6 and Day 12). A con-
siderable effect of LY2599506 on time-matched, baseline-
corrected postprandial glucose concentrations was also
observed, ranging from ~ 50-80 mg/dL after each the three
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Fig. 3 Visual predictive check of glucose, insulin, and glucagon.
Observations in the original data set are plotted as points. Data from
Parts B and C are included in the baseline plots while LY2599506
treatment plots were restricted to 50 mg and 100 mg QID dosing in

main meals on Days 6 and 12 in Part B and from
~25-40 mg/dL on Days 13 and 26 in Part C. The onset of
significant effects of LY2599506 on glucose appeared
within 2-3 days. On Day 6, near-to-maximum glucose
normalization was achieved (Fig. 5). The changes in fasting
glucose following BID vs. QID dosing of LY2599506 (Part
C) were comparable (Fig. 6), with QID dosing offering
slightly better glucose control than BID dosing (—28 and
—18 mg/dL following QID and BID dosing of LY2599506
for 13 days, respectively). For a dose in Part C, steady-state
glycemic response was achieved approximately three days
following initial dosing. Overall, no significant changes in
glucagon (Figs. 5, 6) or GLP-1 were observed.

The PK/PD model was run on the data from baseline and
treatment days for both placebo and LY2599506 treated
subjects with T2DM and the objective function value
(OFV; —2.og(likelihood)) was set as the reference
(Table 2). The effect of LY2599506 on insulin secretion
was best described by a linear stimulatory relationship
with the biophase LY2599506 concentration with a

Time (h)

Time (h)

Part B for clarity purposes. One hundred data sets were simulated.
The black lines show the median, 5th and 95th percentiles of the
simulated individual predictions. Meals were given at times 0, 5, 10,
and 15 h after the first dose of the day

positive slope (DIPR), (Eq. 9). The relationship between
LY2599506 and glucose production (DEgjycose) Was found
to improve the model fit when structured to be inhibitory
with a negative power value (—DGPR), (Eq. 10). Incor-
poration of a drug effect parameter on insulin secretion and
on hepatic glucose production resulted in a decrease in
OFV compared to the reference OFV when effects were
tested separately and included simultaneously (Table 2).
Addition of a drug effect parameter on glucagon produc-
tion was investigated and was deemed to have no detect-
able statistical influence on model predictions (no
significant decrease in OFV was noted) and had no impact
on biological plausibility. Estimated parameter values for
the model retaining a drug effect on insulin secretion and
hepatic glucose production are shown in Table 3.

Model evaluation

Diagnostic plots for the evaluation of the quality of the
model fit illustrate that the model described the data
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Table 1 LY2599506 pharmacokinetics

Parameter Population SEE
mean (%)*
Absorption rate constant (ka) (h™H 1.44 16
Apparent clearance (CL/F )b (L/h) 15.6 9
Apparent volume of distribution L) 188
(V/F)
Time of maximum concentration (h) 2.31 —
(Tiax)
Half-life (t1/,) (h) 8.30 -
Accumulation index (AI)¢ 271 -
Inter-individual variability (II'V)
1IV-ka (%) 74 28
v -CL/F (%) 47 22
1V -V/F (%) 24 26
Residual Error
Proportional (%) 33 21

* Standard error of the estimate
®For an individual subject, CL/F = 15.6 - (1 + (age — 57) - —0.0347)
¢ Parameter was not estimated

4 Al is estimated by 1/(1 —exp (—k-1)) (where k = 0.693/t,,,
T = dosing interval assuming QID dosing)

adequately (Fig. 7). Endogenous (hepatic glucose produc-
tion and insulin secretion) and exogenous (ingested meals
and the administration of LY2599506) influences on the
glucose-insulin system were sufficiently handled by the
model, as indicated by the satisfactory appearance of the
predictive check figures (Fig. 3). The medians of the sim-
ulated individual concentration—time profiles and the 5th
and 95th percentiles around them are plotted over the
observed profiles of glucose and insulin during baseline
and treatment with LY2599506 (Days 3, 6, and 12). This
visual check suggests that 90 % of the observations lie
within the predictive interval. The results of the Bayesian

Fig. 4 LY2599506
pharmacokinetic profile. The
line shows the prediction for
population median and the
shaded area represents the 90th
prediction interval for dose-
normalized concentrations
following LY2599506
administered QID on study days
1 and 3. Observations are dose-
normalized concentrations from
subjects administered either

50 mg (empty circle) or 100 mg
(empty triangle)

0037 Day1

0.02

o

o

=
1

LY2599506 Concentration (ug/mL/mg)

©
o
L

simulations are summarized in Table 3 and also support the
ability of the model to produce predictions with fidelity.
Representative profiles (Fig. 8) indicate that the model
adequately predicts glucose response following individu-
alized LY2599506 dosing and based on varying calories
consumed by subjects.

Discussion

The semi-mechanistic modeling approach was a practical
tool to enhance the learning gained from a proof-of-
concept clinical study during early development of
LY2599506, a novel oral anti-hyperglycemic agent.

The pharmacologic effects of LY2599506 on glucose
regulation were clearly demonstrated and were generally
consistent with the results observed after single doses
[21, 22]. Glycemic control was maintained over the duration
of the study and doses were increased in subjects if they did
not encounter hypoglycemia at lower doses. The glucose
profile in subjects with T2DM during treatment with
LY2599506 was notable for a consistent reduction in both
fasting and postprandial glucose values. Prandial glucose
excursion (from pre-meal baseline) did not appear to be
significantly affected by the dose amount of LY2599506.
The contrast of BID versus QID dosing in Part C was
intended to assess the PK/PD of continuous drug exposure
over the 24-hour dosing interval (QID dosing) compared to
the BID dosing profile. The total daily dose was lower under
BID conditions (40-200 mg) compared to QID conditions
(60-530 mg). This observation suggests that the maximum
BID dose is limited by hypoglycemia in the post-breakfast
and post-dinner periods, and that BID dosing cannot achieve
sustained high concentrations of drug exposure during
afternoon and nocturnal periods. In Part C, at the doses
achieved, QID dosing appeared to provide greater glucose
lowering during the afternoon compared to BID dosing.

Day 3

T
0 6
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Fig. 5 Mean observed glucose, insulin, and glucagon profiles for Part
administered placebo (first row) and LY2599506 (second row)

B. Baseline and study days 3, 6, and 12 for subjects with T2DM
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Fig. 6 Mean observed glucose, insulin, and glucagon profiles for Part C. Baseline and the last day of the treatment period (study days 13 and 26)
for subjects with T2DM administered LY2599506 on a BID or QID schedule

Overall, insulin concentrations were not significantly
greater during treatment with LY2599506, but glucose-
normalized insulin concentrations were increased by
LY2599506 [21, 22]. This observation is consistent with
augmentation of insulin secretion with respect to the
ambient glucose concentration, as expected for a glucoki-
nase activator. The physiological circadian rhythm for
endogenous insulin secretion in the model aided in a better

understanding of the onset, offset, and magnitude of drug
effect, in spite of the absence of extensive nocturnal insulin
sampling during the study [4].

LY2599506 produced dose-dependent hypoglycemia as
expected in this dose-escalation study. Hypoglycemia
occurred primarily in late post-prandial time periods,
between 2 and 5 h after dosing with the previous meal.
Subjects who were most sensitive to glucose lowering
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Table 2 Assessment of the effect of LY2599506 on glucose and insulin

Drug Effect Model

OFV change®

LY2599506 on pancreatic insulin secretion
LY2599506 on hepatic glucose production

LY2599506 on pancreatic insulin secretion and on hepatic glucose production

-505
—124
—581

OFYV objective function value
% The OFV of the reference model = 39420

Table 3 Parameter estimates for glucose, insulin, and glucagon dynamics

Parameter Unit Typical value v (%) Median (5-95th percentile)
Glucose central volume of distribution (V) L 9.33 30 -

Glucose peripheral volume of distribution (Vp) L 8.56 10 -

Insulin-independent glucose clearance (CLg) L/min 0.0287 65 -

Insulin-dependent glucose clearance (CLg;) (L/min)/(mU/L) 0.00548 40 0.00492 (0.00413-0.00584)
Inter-compartmental glucose clearance (Q) L/min 0.442 104 -

Glucose effect compartment rate constant (kgg) 1/min 0.1016 21 -

Glucose bioavailability (BIOG) - 1.1 - -

Glucose and protein absorption rate constant (k) 1/min 0.0109 - 0.0109 (0.0102-0.0116)
Steady-state glucose concentration (Ggs) mg/dL 146 20 146 (137-158)

Glucagon effect on glucose production (GPRG) - 0.79 - 0.836 (0.631-1.40)

Insulin volume of distribution (V) L 6.09 42 -

Insulin clearance (CL;) L/min 1.22 30 -

Insulin effect compartment rate constant (k;z) 1/min 0.005685 31 -

Glucose effect on insulin production (IPRG) - 1.42 36 -

Incretin effect (SINCR) 1/mg 0.000994 52 -

Modulation amplitude on baseline insulin secretion (MA) % —24 - -

Modulation width on baseline insulin secretion (MW) min 138 - -

Time of maximal modulation of insulin secretion (MTmax) - 18.7 h;1:10 a.m. - -

Steady-state insulin concentration (Isg) mU/L 10.6 45 10.7 (9.26-12.3)
Glucagon volume of distribution (Vgy) L 28.0 - 21.7 (20.0-43.9)
Glucagon clearance (CLgy) L/min 1.16 - 2.27 (0.0438 — 7.26)
Glucose effect on glucagon production (NPRG) - 0.0303 - 0.0349 (0.00809-0.0625)
Slope for effect of protein on glucagon production (GSLP) 1/gm 0.00560 - 0.00616 (0.00407-0.0147)
Insulin effect on glucagon production (NPRI) - 0.0349 - 0.0228 (0.013-0.112)
Glucagon effect compartment rate constant (kyg) 1/min 0.118 - 0.172 (0.0142-0.548)
Steady-state glucagon concentration (GNg) pg/mL 136 15 135 (128-143)
L.Y2599506 effect compartment rate constant for insulin (kg;) 1/min 0.00169 - 0.00155 (0.00100-0.00264)
LY2599506 effect on insulin secretion (DIPR) - 0.00623 - 0.00618 (0.00534-0.00726)
L.Y2599506 effect compartment rate constant for glucose (kg,) 1/min 0.00963 - 0.021 (0.00771-0.0376)
L.Y2599506 effect on glucose production (DGPR) - 0.0329 - 0.0359 (0.0234-0.0561)
Glucose residual error (RESG) % 42 - 44 (43 - 45)

Insulin residual error (RESI) % 58 - 64 (62-65)

Glucagon residual error (RESN) % 35 - 36 (35-37)

Correlation (Vg—Q) - -0.75 - -

Correlation (Vg-V;) - 0.71 - -

Correlation (Q-V)) - -0.35 - -

11V inter-individual variability

Estimated parameters are in bold; all other parameters are fixed to values from Jauslin et al. [4]. Dashes mean parameters were not estimated

effects of LY2599506 underwent dose reduction, while
those least sensitive to LY2599506 proceeded in dose
escalation. For this reason, the true dose-dependency of
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LY2599506-induced hypoglycemia is likely to be greater
than that observed in this study. In Part B, where the dose
adjustment threshold for glucose was <60 mg/dL, the
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maximum tolerated total daily dose ranged from 50 to
1100 mg/day; in Part C where the dose adjustment threshold
for glucose was <80 mg/dL, the total daily dose ranged from
60-530 mg/day in the QID treatment arm. The highest
plasma LY2599506 concentrations were observed at bed-
time when the smallest meal of the day was administered
(that is, ~200 kcal snack). Despite this, the subjects toler-
ated bedtime doses that were similar to other times of day.
These observations suggest that LY2599506 is well-
tolerated throughout a 24-hour dosing period, including the
night.

Adding a glucagon and a PK component to an established
integrated glucose-insulin model allowed for the analysis of
data from study participants with several contributing factors
affecting the glucose response, especially with the intent of
understanding the anticipated incidence of hypoglycemia. It
is likely that the description of glucagon dynamics repre-
sented by the present glucagon structure in the model is basic

Individual Predicted Glucagon

and ignores many additional signaling pathways that con-
tribute to the regulation of glucagon [17, 18, 23]. However,
the results of the predictive check suggest that key influences
on glucagon regulation are reasonably captured in the model.
Combining the impact of glucose, insulin, and glucagon
concentrations jointly on hepatic glucose production is
conceptually similar to published studies suggesting that
glucagon potency is dependent on concurrent glucose and
insulin concentrations [17, 18, 23]. The shifting potency of
glucagon on hepatic glucose production in fluctuating con-
ditions of glucose and insulin concentrations has been
studied extensively in both animals and humans [17, 18, 23].
In circumstances of low insulin and low glucose, glucagon
was predicted by the model to increase hepatic glucose
production by at least threefold (Fig. 2), a rise that is in
alignment with published data [17]. To refine the glucagon
model component, it may be useful to incorporate the data
from both healthy subjects and subjects with T2DM from
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Fig. 8 Representative profiles for 3 subjects with T2DM in Part C at
baseline and with LY2599506 (study days 13 and 26). Observations
from the original data set are plotted as points. The /ines show the model

other studies to further investigate the dynamics of glucagon
and to ascertain a better understanding of the variability of
the physiological parameters for glucagon.

The inclusion of a drug effect on pancreatic insulin
secretion produced a much greater effect on the model fit than
the inclusion of a drug effect on hepatic glucose production.
The model represents a simplification of actual physiology
and thus, it is unlikely to discriminate between the direct
effects of LY2599506 on hepatic glucose production and the
suppression of hepatic glucose production secondary to
insulin secretion stimulated by LY2599506. However, the
more evident effect of LY2599506 on insulin secretion in the
model is consistent with literature from animal models sug-
gesting that glucokinase may be more active in B-cells in the
pancreas, in contrast to hepatic glucokinase and thus, the
pancreatic glucokinase may yield a more detectable response

@ Springer

predicted response. Arrows are labeled with the administered BID or
QID LY2599506 dose amounts in mg. Meals were provided during the
day (8 am, 1 pm and 6 pm) and a snack given at bedtime (11 pm)

when affected [5, 24, 25]. An intriguing path of future
development would be to improve the linkage of this model to
non-clinical pharmacology and mechanistic studies and
include more specific details describing the means by which
the drug affects the liver and pancreas.

Assessment of glucose, insulin, and glucagon data was
restricted to subjects with T2DM since the majority of data
from this study was from subjects with T2DM and also
physiological-based parameters are expected to differ
between healthy subjects and subjects with T2DM [2].
Using fixed values based on literature for the physiological
based parameters for subjects with T2DM reduced the
computational time required by the model by decreasing the
number of parameters to be estimated. Experience with the
current modeling approach suggests that the continual
expansion of technology for computation may greatly aid in
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the advancement of the semi-mechanistic modeling
approach. Initial efforts towards modeling employed the first
order condition estimation method (FOCE) in NONMEM
VI using a single CPU that resulted in run times up to a week
long and often produced unsuccessful convergence. Imple-
menting the model in S—FADAPT [26] decreased the run time
and improved the ability to estimate parameters. The opti-
mal approach for the analysis described here was to use the
“expectation method” (Monte Carlo Importance Sampling
assisted by model a posterior estimation) in NONMEM 7.2,
which facilitated reasonable parameter estimation and the
most efficient use of computation resources. Depending on
the number of estimated parameters included in the model
and the number of available parallel processing CPUs, the
run time of the model was minimized to between 12 to 24 h.
Along with supporting parameter estimation, NONMEM 7.2
was also used to help evaluate model performance by
applying the method of Markov Chain Monte Carlo
Bayesian Analysis (BAYES) [15].

The established integrated glucose-insulin model [1-5]
has proven to be adaptable, which makes it a valuable tool in
anti-hyperglycemic drug development. The integrated glu-
cose-insulin model could be customized to work with oral or
intravascular routes of drug administration, to aid in the
characterization of drug mechanism of action of drug, and to
evaluate the effects of combination drug therapy. Including
the glucagon component with the integrated glucose-insulin
model may support the development of drugs that directly
affect glucagon secretion from pancreatic o-cells. The model
developed in this study was used to describe LY2599506,
glucose, insulin, and glucagon concentrations and has the
potential to advance the development of LY2599506 by
producing simulations to guide the design of dose regimens
for larger clinical studies. Future opportunities for model
enhancement may also include linkage to a model that is able
to assess drug effects, such as HbAlc changes, that develop
gradually over longer time periods [27].
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Appendix

Glucose submodel equations

dGy
- _G . 12
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G, is glucose in the absorption compartment, k, is first-
order absorption, G¢ and Gp are the glucose in the central
and peripheral compartments, Gprop 1S endogenous glu-
cose production, Q is intercompartmental clearance, Vg
and Vp are the central and peripheral volumes of distri-
bution, CLg; is insulin-dependent clearance and CLg is
insulin-independent clearance, Ggg is glucose in the central
compartment at steady-state, Gg is the glucose effect
compartment, kgg is the equilibration rate constant to and
from the glucose effect compartment, Ig is the insulin
effect compartment, Igg is insulin concentration at steady-
state.

Insulin submodel equations

dl CL,

a_, ~ 210, 1(0) = Igs - V, 17
d sec(t) 7 (1), 1(0) ss VI (17)
Isgco = Iss - CLy (18)

Gr()\ [PRG
Geul(r) = (G—“) (19)
ss

IngsG(t) = 1+ Siner - Ga(2) (20)
Isgc(t) = Iseco - Gem(t) - Lupsa(?) (21)
dl, I(t

d_f = ki - ‘(/—I) — kg - Ig(t), Ig(0) = Isg (22)

Isgc is endogenous insulin secretion, CL; is insulin clear-
ance, Vj is the volume of distribution of insulin, Iggc is
baseline insulin secretion, G¢y is the fraction of insulin
secretion regulated by the glucose concentration in the
effect compartment, IPRG is the estimated power in the
relationship, Iagsg is the fraction of insulin secretion
triggered by the incretin effect following glucose absorp-
tion from the gut, S;,, is the slope of a linear relationship,
ki is the equilibration rate constant to and from the insulin
effect compartment.
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