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Abstract

The purpose of this study is to investigate the effect of exenatide on glycemic control following
two administration routes in a streptozotocin/nicotinamide (STZ/NA)-induced diabetic rat model
and to develop a pharmacodynamic model to better understand disease progression and the action
of exenatide in this experimental system. Two groups of STZ/NA-induced diabetic rats were
treated for two weeks with 20 pg/kg/day of exenatide, either by continuous SC infusion or twice
daily SC injections. Disease progression was associated with slower glucose utilization. Fasting
blood glucose was significantly reduced by 30 mg/dL in both treatment groups at the end of two
weeks. A subsequent 1V glucose tolerance test (IVGTT) confirmed an improved glucose tolerance
in both treatment groups; however, overall glycemic control was similar between groups, likely
due to the relatively low and short-term drug exposure. A population indirect response model was
successfully developed to simultaneously describe STZ/NA-induced disease progression,
responses to an IVGTT, and exenatide effects on these systemic challenges. The unified model
includes a single set of parameters, and the cumulative area under the drug-receptor concentration
curve was used as a unique driving force to account for systemic effects long after drug
elimination.
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INTRODUCTION

Type 2 diabetes mellitus is a progressive metabolic disease associated with chronic
hyperglycemia. The incidence and prevalence continue to increase, and in 2010, 18.8
million people in the US were diagnosed with diabetes, 90-95% of which are type 21. The
causes of type 2 diabetes are not well understood, but abnormal B-cell function resulting in
relative insulin deficiency and resistance is a hallmark?2. Although diverse conventional
pharmacological agents are available for the treatment of type 2 diabetes, incretin mimetics
appear capable of long-term improvement in p-cell function3.

The first incretin-mimetic, exenatide, was originally isolated from the saliva of the Gila
monster lizard (Heloderma suspecturm)®. It is a 39-amino acid peptide, sharing 53%
sequence homology with the glucagon-like peptide-1 (GLP-1)°. Exenatide is less susceptible
to degradation by dipeptidyl pepdidase-4, and therefore has a longer half-life and enhanced
potency as compared to GLP-16: 7. Binding of exenatide to the GLP-1 receptor leads to
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multiple biological effects, including glucose-dependent stimulation of insulin secretion,
glucose-dependent suppression of glucagon secretion, slowing of gastric emptying,
reduction of food intake and body weight, and protection of B-cells®: ©.

An extended release formulation of exenatide (BY DUREON ™) was approved by the FDA
in 2012. Patients receiving this new formulation had greater reduction in HbA1. than those
given the immediate release formulation of exenatide twice dailyl0. The aim of our study
was to investigate the effect of exenatide administered as a continuous subcutaneous (SC)
infusion, which provides long-term exposure analogous to the new formulation, or by twice-
daily SC injection in a streptozotocin-nicotinamide (STZ/NA)-induced diabetic rat model.
This disease model is characterized by moderate stable hyperglycemia, glucose intolerance,
and reduced pancreatic insulin stores, and shares a number of syndromes with type 2
diabetes patients!1. The disease progression and drug effect on fasting glucose and glucose
tolerance challenge were evaluated and a population pharmacodynamic model was
developed to further characterize the mechanisms of exenatide action.

Male Sprague-Dawley (SD) rats, weighing 300-325 g, were purchased from Harlan
(Indianapolis, IN). All rats were maintained under 12-h light/dark cycle and were allowed
free access to standard pellet diet and water. Before the start of the study, all rats were
acclimatized for one week. Studies were carried out in accordance with the protocol that was
approved by the Institutional Animal Care and Use Committee of the University at Buffalo,
SUNY.

Experimental Procedure

The timeline for the experimental design is shown in Figure 1. Diabetes was induced on Day
0 by intraperitoneal injection of STZ/NALL Briefly, after an overnight fast (5:30 pm — 9:30
am), all rats were given a single intraperitoneal injection of NA (Sigma-Aldrich Co., St.
Louis, MO; 110 mg/kg in normal saline), followed after 15 min by STZ (Sigma-Aldrich Co.,
St. Louis, MO; 60 mg/kg in 0.1 M citrate buffer, pH 4.5). One week later, fasting blood
glucose was measured on three occasions. Animals with glucose concentrations greater than
130 mg/dL and less than 180 mg/dL, and mild weight loss were selected for further study.
Drug administration (exenatide or saline) was initiated on Day 13 and continued for two
weeks. Rats were divided into three groups: (1) The first treatment group (n=5) received SC
injection of exenatide (10 pg/kg, GenScript Inc., Piscataway, NJ) in the back twice daily
(9:30 am and 5:30 pm); (2) the second treatment group (n=6) received continuous SC
infusion of exenatide (20 pg/kg/day); (3) the control group (n=6) received SC infusion of
saline. The SC infusion was delivered using Alzet osmotic pumps (Model 2002, flow-rate
0.5 pL/h, DURECT Corp., Cupertino, CA) that were implanted subcutaneously between rat
shoulder blades under isoflurane anesthesia. Fasting blood glucose was measured every 4-5
days. Two blood samples were collected from the saphenous vein in the SC infusion group
for measuring exenatide plasma concentrations. On Day 25, all rats underwent right jugular
vein cannulation under isoflurane anesthesia. On Day 27, an intravenous glucose tolerance
test (IVGTT) was performed for all groups after an overnight fast. Glucose (2.78 mmol/kg)
was intravenously injected and glucose and insulin were measured at —60, —20, —10, 5, 10,
15, 20, 30, 45, 60, and 120 min.

Analytical Assays

Blood glucose was measured using a BD Logic blood glucose meter (BD Medical, Franklin
Lakes, NJ). Exenatide was measured using a commercial ELISA kit (Phoenix
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Pharmaceuticals, Burlingame, CA); and the linear range was from 0.08 to 0.86 ng/mL
(19.1-205 pM). Plasma insulin was measured using a commercial rat ELISA kit (Millipore
Corporation, Billerica, MA); the range was 0.2 to 10 ng/mL. All procedures strictly followed
the protocols provided by manufacturers.

Pharmacokinetic Model

Exenatide exhibits nonlinear pharmacokinetics in rats, which has been attributed to limited
capacity and high-affinity binding to the GLP-1 receptor. A target-mediated drug disposition
(TMDD) model was used to describe the pharmacokinetics (PK) of exenatide in diabetic
Goto-Kakizaki rats12. Similarly, a TMDD model with an integrated Michaelis-Menten
function for nonlinear absorption kinetics was used to investigate interspecies differences in
preclinical PK parameters and for predicting exenatide disposition in humans13. According
to the diagram in Figure 2, the model can be described by the following equations:14

43C —Tnput — %Ti%cc SC(0)=0 Eq.1

.S A
=R ve — (katkpe) - Ckip - 75 —kon - R+ Ckorr - RC C(0)=0  Eq.2

d_?ltizkpt -C-Ve—kyp A AL(0)=0 Eq.3

dR __
Tt —Ksyn

—kon - R - C+kyg - RC — kdeg -R R(O):Rtot Eq. 4

R on R+ C — (kog+hine) - RC RC(0)=0 Eq.5

The absorption Kinetics of exenatide after SC injection is nonlinear and was previously well
described using a Michaelis-Menten function, where Vs represents the maximum
absorption rate and Ky, is the amount of exenatide at the absorption site (SC) when the
absorption rate is half of Vhax. The /aputin Eq. 1 is either a constant zero-order infusion
rate constant or the d-Dirac function for rapid SC injection. Free exenatide (C) in the central
compartment binds to free receptor (R) to form the drug-receptor complex (RC). The
second-order association rate constant ko, and first-order dissociation rate constant kqgf are
used to describe binding processes. Free exenatide also can distribute to and from a
peripheral compartment (Ar) with first-order rate constants, kpt and kyp. There are two
pathways for exenatide elimination: free drug can be eliminated directly from the central
compartment with the first-order rate constant kej and RC can also be internalized and
degraded (Kint) by receptor-mediated endocytosis. The free receptor is assumed to undergo
turnover, with zero-order production rate constant (ksyn) and first-order degradation rate
constant (Kgeg)- Ksyn is @ secondary parameter which is equal to the product of Kgeq and
Ri0t(0) (the concentration of receptor at baseline). The PK profiles of SC infusion and SC
injection were simulated using the parameters obtained from a prior analysis!3. The
simulated profile for SC infusion was compared to the measured concentrations for SC
infusion group.

Pharmacodynamic Model

An indirect response model was proposed to characterize glycemic changes in this chemical-
induced diabetic rat model (Figure 2):

J Pharm Sci. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chenetal.

Page 4

%:kin —kout - Glu - (1+S- AURCB—F% Glu(0)=Gluo Eq.6

dhout e - kout - (1 — 245} kout(0)=kouto Eq.7

koutgg

This model includes the zero-order glucose production rate constant kj, and first-order
glucose elimination rate constant kq,; to define glucose turnover. The onset of diabetes in
STZ/NA-induced diabetic rats was attributed to an impaired ability to utilize glucose.
Therefore, a change in kg was used to explain the increasing glucose and ky was used as
the rate constant for ko; degradation (Eqg. 7). As glucose concentrations usually stabilize
after one or two weeks, the kgt was assumed to reach a plateau Kqytss. In treatment groups,
various approaches were tested and the cumulative area under the drug-receptor

concentration-time curve (AURCY) serving as the driving force to stimulate glucose
utilization was chosen as the final one to describe the drug effect. S is the stimulation index
of drug effect on glucose utilization, /nput s the product of the Dosegyy at the time of the
glucose 1V challenge (2.78 mmol/kg) and the 3-Dirac function, and Vg, is glucose volume
of distribution. All parameters were shared across the three groups and all data were fitted
simultaneously.

Data Analysis

RESULTS

The PK profiles of exenatide were simulated without inter-animal variability using
parameters estimated in a previous study (Table 1 from13). Glucose baselines of each group
were fixed to measured values. The individual blood glucose profiles from three study
groups were analyzed simultaneously using ADAPT 5 (Biomedical Simulations Resource,
University of Southern California, Los Angeles, CA) with the maximum likelihood
expectation maximization method. The variance model was V; = (o - Y)?, where V; is the
variance of the ith data point, o is the variance model parameter, and Y is the it predicted
value from the PD model. Model selection was based on visual inspection of curve fitting,
Akaike information criterion, confidence of parameter estimation, and goodness of fit.

Exenatide Pharmacokinetics

The simulated steady-state blood exenatide concentration after continuous SC infusion was
slightly greater than measured values (Figure 3A). In Figures 3A and 3B, solid lines
represent free exenatide concentrations, and dashed lines show concentrations of exenatide—
receptor complex, which are approximately 40-fold greater than free exenatide
concentrations. The dosing intervals for the twice-daily regimen (dosed at 9:30 am and 5:30
pm) are much longer than the exenatide half-life (2.4 hrs after SC injection)’, and therefore
accumulation of exenatide was not expected (Figure 3B). The cumulative areas under the
drug-receptor concentration-time curves, which were used as the pharmacodynamic effect
driver for both administration routes, are shown in Figure 3C. The simulated AURCs after
SC infusion and SC injection were nearly superimposable.

Pharmacodynamics

The mean fasting blood glucose was 70-80 mg/dL in healthy SD rats and increased to
around 150 mg/dL in one week after the induction of diabetes (Figure 4). At the end of the
two-week drug regimen, the fasting blood glucose in both treatment groups decreased by 30
mg/dL, which was significantly less than the control group (p<0.05). However, the fasting
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blood glucose in both treatment groups was unexpectedly similar. The slight increase in
glucose around the 400-hr time-point may be caused by a stress response to the implantation
of osmotic pumpl® or experimental error. In order to compare glucose tolerance among the
three groups, glucose concentrations during the IVGTT were normalized to baseline values
(figure not shown). Glucose tolerance improved with blood glucose concentrations
significantly lower at 45, 60 and 120 mins in treatment groups (p<0.05). Nevertheless, the
time courses of glucose after IV glucose injection for the two exenatide treatment groups
were almost superimposable. Fasting insulin concentrations did not change during disease
progression or during drug treatment (data not shown). Following the IVGTT, insulin
concentrations were sustained around fasting concentrations (0.5-0.9 ng/mL), and thus,
insulin was not included in the PD analysis.

The final model (Figure 3) was fitted to all groups simultaneously and parameters were
independent of the route of administration. The modified indirect response model adequately
characterized both fasting glucose concentrations and IVGTT profiles. The measured and
model-fitted glucose profiles of three representative animals from each group are shown in
Figure 5 (goodness-of-fit plots can be found in the online Supplemental Materials). The
effect of exenatide on glucose regulation is triggered once free exenatide binds to free
GLP-1 receptor, and the concentration of the exenatide-receptor complex was used to
stimulate the removal of glucose instead of free exenatide concentration. The improvement
in glucose tolerance for the SC injection group during the IVGTT, when there is essentially
no drug in the body, supports the selection of the cumulative AURC instead of the drug-
receptor complex concentration as the driving force to stimulate the removal of glucose. The
estimated parameters and inter-subject variability terms are summarized in Table 2. All
population mean parameters were estimated with good precision and comparable with
literature reported values® 17, The estimated volume of distribution of glucose is equivalent
to a literature reported value (0.201 L/kg) when pooled data were analyzed and thus fixed in
the final model. Inter-subject variability terms were not precisely estimated for all
parameters (Table 2), which might result from the relatively small study population.

DISCUSSION

The pharmacokinetics and pharmacodynamics of exenatide have been extensively
investigated in animals and in humans and are assumed to be dependent on binding to the
GLP-1 receptor in all species®. Exenatide exhibits multiple clinical effects including dose-
dependent reduction in HbAlc, fasting blood glucose, postprandial glucose, and body
weight!8: 19, A new extended-release formulation (BYDUREON™) shows efficacy in type
2 diabetes and may be more convenient for patient compliance2C. In this study, we sought to
determine whether continuous SC infusion or multiple acute SC injections of exenatide
would result in differences in disease progression or glucose tolerance in STZ/NA-induced
diabetic rats. In addition, a population-based PD model was developed to simultaneously
characterize glucose dynamics and to quantitatively assess any potential changes in
exenatide pharmacology following the two routes of administration.

The performance of the TMDD model (Figure 2) for describing the nonlinear kinetics of
exenatide was consistent with prior studies?13, The slight discrepancy might be attributed
to measurement error (relatively low drug concentration) or the fact that parameters were
obtained from a prior study with different experimental settings and dose range. Some drug
may have been lost during the loading procedure into the osmotic pumps; however, a
bioavailability term was not incorporated into the model based only on two sample points.
The concentration of the drug-receptor complex was greater than free drug, with steady-state
target occupancy around 97% (calculated as RC/[RC+C]). Thus, the 2-fold greater
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prediction in free drug concentration would have little influence on the prediction of the
exenatide-receptor complex concentrations, which was used as the driver for the PD model.

STZ-NA induction of diabetes is a well-developed and useful animal model. However, the
doses of STZ and NA vary across studies, which may result in inconsistencies in the severity
of diabetes11:21.22 For example, we evaluated different dose combinations of STZ and NA
in a pilot study, and the fasting blood glucose increased up to 170 mg/dL after 3 days by
injection of 50 mg/kg STZ and 110 mg/kg NA and returned to baseline around one week
later. The doses of 60 mg/kg STZ with 110 mg/kg NA were finally selected. The mean
fasting glucose increased to around 150 mg/dL after induction among the three groups
(Figure 4). In contrast, the fasting plasma insulin did not change before or after induction of
diabetes (data not shown), which is consistent with prior studies?3.

At the end of the two-week exenatide treatment regimens, fasting blood glucose
concentrations for both routes of administration decreased to similar values, and contrary to
expectations, the time courses of glucose following the IVGTT were superimposable (Figure
4). A four-week SC infusion of exenatide resulted in a dose-dependent reduction in blood
glucose concentrations in mice on standard and high-fat diets (24 nmol/kg/day vs. 300 pmol/
kg/day)®. Our relatively low dose (20 pg/kg/day, 4.7 nmol/kg/day) and short duration of
therapy may explain the lower response and lack of differences between routes of
administration. Our final steady-state free exenatide concentration (96 pmol/L) was less than
model-estimated SCsgq values for its insulinotropic effects — 960 pmol/L in high-fat/
streptozotocin-induced diabetics rats?4 and 1290 pmol/L in GK rats!2. In a prior study, a
pronounced reduction in HbA . was not observed until the last two weeks of a six-week
treatment in fatty Zucker rats?®. A comparison between once weekly and twice daily
treatment was evaluated clinically, and the reduction of HbA 1 was distinguishable between
the two groups after 10 weeks of therapy20.

Glucose-insulin homeostasis is controlled by multiple factors, and diverse mathematical
models have been developed to quantitatively describe the PK/PD properties of antidiabetic
drugs?6. The effects of exenatide on glucose-insulin homeostasis under hyperglycemic
clamp conditions in healthy and type 2 diabetic subjects were successfully quantified with a
modified minimal PD model; however, PK was assumed to be linear owing to a lack of PK
data?’. An integrated TMDD-PD model was derived to quantitatively describe the acute
effect of exenatide on the glucose-insulin system in Goto-Kakizaki rats!2. Disease
progression is an important element in diabetes models and quantification of the type 2
diabetes disease progression by modeling approaches can facilitate the understanding of type
2 diabetes and drug effects. Post and colleagues proposed a series of indirect response
models to emulate disease progression with altered synthesis or elimination parameters28,
Ultimately, type 2 diabetes disease progression was attributed to a time-dependent change in
the removal or utilization of glucose. In our study, STZ/NA-induced diabetes progression
was characterized with a decreasing first-order glucose elimination rate constant (Kqy)
controlled by the rate constant ky after the onset of diabetes and the final steady-state value
Kout ss- The initial value koyo Was estimated at 1.66 hr=2, which is slightly less than a
previously reported value (2.67 hr™1)2%, probably due to the slower rate of glucose turnover
in the fasting state. A more complex mechanism-based model was developed to describe the
disease progression in Goto-Kakizaki rats and two components, progressive worsening of
insulin resistance and gradual deterioration of B-cell function were included in the

model3% 31,

The indirect response model has served as a platform for describing mechanisms of action of

diverse antidiabetic drugs32. Based on the multiple actions of exenatide, such as simulation
of insulin secretion, inhibition of glucagon secretion, and induction of satiety, both indirect
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response models Il and 1V could be justified. Indirect response model 1V was eventually
selected based on model fitting criteria (Methods). After the IVGTT, the production of
glucose may be inhibited by the high concentration of glucose itself; hence the elimination
rate of glucose could reflect the ability of the body to utilize glucose, which was gradually
altered by exenatide over two weeks. Our final modeling approach is unique in co-modeling
disease progression, drug treatment, and the IVGTT simultaneously. The final model
successfully integrates major determinants of this response system, including: target-
mediated drug disposition, chemically induced disease progression, and the indirect effect of
the drug on glucose homeostasis. Although model refinements are needed (e.g., more dose
levels and longer duration of treatment), the model framework could be extended to study
the short- and long-term effects of other compounds acting through this incretin pathway.

Traditional PK/PD models often utilize drug concentrations to directly or indirectly alter a
biomarker. However, improved glucose tolerance was observed in the multiple SC injection
group, despite the fact that exenatide would be eliminated before the IVGTT. This supported
the use of the cumulative AURC as the driving force for stimulating glucose utilization
instead of the drug-receptor concentration (RC). It is common to use a secondary
pharmacokinetic parameter such as cumulative area under the concentration-time curve
(AUC) to investigate PK/PD relationships in long-term studies. For instance, the long-term
hypoglycemic effect of gliclazide was related to net gliclazide exposure (AUC) using an
Emax relationship33. The prior model of exenatide dynamics in Goto-Kakizaki rats included
an insulin compartment that was driven by free exenatide concentrations!2. GLP-1
stimulation of insulin after a glucose challenge has also been modeled using the Adair two
binding site model2?. Although such models include both capacity and sensitivity
parameters, the Hill function was replaced with a simple linear stimulation factor Sin our
final model (Eq. 6) due to the limited dose range.

A disadvantage of the selected model is that in the absence of a capacity term, the glucose
concentration could decrease to unlikely low values if the drug was continually administered
at high doses. Multiple dose levels might allow for the deconvolution of drug efficacy and
potency from the linear stimulation coefficient. Future studies should include greater dose
levels and longer treatment periods to further test whether SC infusion is superior to
multiple SC injections. The mode of exenatide action was simplified owing to the lack of
glucose-stimulated insulin secretion. The present study design is insufficient for evaluating
the multiple mechanisms by which exenatide influences glucuose-insulin homeostasis.
Furthermore, the cumulative AURC function will not decrease at later times, and hence will
not describe the eventual washout of the drug effect.

In conclusion, the effects of exenatide in STZ-NA-induced diabetic rats were evaluated for
two administration routes and glucose dynamics for fasting blood glucose and the IVGTT
were similar, which may result from the relatively low daily dose and short duration of
treatment. A population-based pharmacodynamic model well described the exenatide effects
on both fasting glucose during disease onset and the IVGTT following drug treatment. A
single model structure and parameter set were identified, and further research is needed to
determine whether this PK/PD model could be extended to other exenatide studies in other
animal models of type Il diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of the experimental design.
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Figure 2.

The final PK/PD model used to charactereize exenatide after two-week treatment in STZ/

NA-induced diabetic rats. [ f)RC - dt represents area under the drug-receptor complex
concentration-time curve. fyjsease(koOUt, t) represents the change in kg over time as a
function of disease state.
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Simulated pharmacokinetic profiles of exenatide. A) Free exenatide and drug-receptor
complex profiles following continuous SC infusion (20 pg/kg/day). Symbols are mean
measured concentrations (£SD), and lines are model-predicted profiles. B) Free exenatide
and drug-receptor complex profiles following multiple SC injections (10 pg/kg twice daily).
C) Cumulative AURC during 2-week exenatide therapy. Solid line is simulation of AURC
following continuous SC infusion and dashed line is simulated AURC following multiple

SC injections.
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Figure4.

Fasting blood glucose and IVGTT in STZ/NA-induced diabetic rats. Symbols represent
measured glucose concentrations (+SD) for the control group—a, and the SC infusion—e
and SC injection—o groups.
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Glucose concentration-time profiles for 3 representative animals from each treatment group.
Symbols are individual experimental data and solid lines are model fitted profiles. Insets
show fitting results of the IVGTT on a shortened time-scale.
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Table 1

Parameters used to simulate exenatide pharmacokinetics?

Parameter (units) | Description Value

Ve (L) Central volume of distribution 5.08x1072
ke (hr71) Elimination rate constant for free exenatide 2.50

Kot (hrh) Distribution rate constant 1.56

Kip (hr Distribution rate constant 1.62

Kgeg (hrd) Degradation rate constant for free receptor 9.3 x101
King (hr71) Rate constant of internalization for complex 1.43x107t
Kon (pPM~Lhr 1) Second-order association rate constant 1.02x1073
Kofr (hr1) First-order dissociation rate constant for rat 3.12x1073
Riot (PM) Receptor concentration at baseline 5.20x103
Vimax (pPmol-hr~2) Maximum absorption rate for rat 1.48x10%
Km (pmol) Amount of exenatide when absorption rate is half of the max | 3.41x10%
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