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Abstract

PB201 is an orally active, partial glucokinase activator targeting both pancreatic and hepatic glucokinase. As the second
glucokinase activator studied beyond phase I, PB201 has demonstrated promising glycemic effects as well as favorable
pharmacokinetic (PK) and safety profiles in patients with type 2 diabetes mellitus (T2DM). This study aims to develop a
population PK/pharmacodynamic (PD) model for PB201 using the pooled data from nine phase I/II clinical trials conducted
in non-Chinese healthy volunteers and a T2DM population and to predict the PK/PD profile of PB201 in a Chinese T2DM
population. We developed the PK/PD model using the non-linear mixed-effects modeling approach. All runs were performed
using the first-order conditional estimation method with interaction. The pharmacokinetics of PB201 were well fitted by a
one-compartment model with saturable absorption and linear elimination. The PD effects of PB201 on reducing the fasting
plasma glucose and glycosylated hemoglobin levels in the T2DM population were described by indirect response models
as stimulating the elimination of fasting plasma glucose, where the production of glycosylated hemoglobin was assumed to
be stimulated by fasting plasma glucose. Covariate analyses revealed enhanced absorption of PB201 by food and decreased
systemic clearance with ketoconazole co-administration, while no significant covariate was identified for the pharmacody-
namics. The population PK model established for non-Chinese populations was shown to be applicable to the Chinese T2DM
population as verified by the PK data from the Chinese phase I study. The final population PK/PD model predicted persistent
and dose-dependent reductions in fasting plasma glucose and glycosylated hemoglobin levels in the Chinese T2DM popula-
tion receiving 50/50 mg, 100/50 mg, and 100/100 mg PB201 twice daily for 24 weeks independent of co-administration of
metformin. Overall, the proposed population PK/PD model quantitatively characterized the PK/PD properties of PB201 and
the impact of covariates on its target populations, which allows the leveraging of extensive data in non-Chinese populations
with the limited data in the Chinese T2DM population to successfully supported the waiver of the clinical phase II trial and
facilitate the optimal dose regimen design of a pivotal phase III study of PB201 in China.

1 Introduction Among all diabetes cases, type 2 diabetes mellitus (T2DM)
accounts for more than 90% [1] with metformin (MET)
Diabetes mellitus is a worldwide-impacting metabolic dis- remaining its first-line pharmacological therapy. In the case

ease featuring elevated blood glucose. Long-standing dia- ~ Where the target glycosylated hemoglobin (HbAlc) levels
betes, if not well managed, can cause chronic damage and ~ cannot be effectively achieved by MET monotherapy, dual or
functional disabilities to various tissues/organs in the body, ~ triple therapies combining MET with other drugs employing
especially the eyes, kidneys, heart, blood vessels, and nerv-  differed mechanisms of action (e.g., insulin secretagogues,

ous systems, seriously affecting patients’ quality of lives. ~ alpha-glucosidase inhibitors, dipeptidyl peptidase 4 inhibi-
tors, thiazolidinediones, sodium-glucose cotransporter 2

inhibitors, insulin or glucagon-like peptide-1 receptor ago-
Ling Song and Fangrui Cao equally contributed to this study. nists) are often required to provide better and persistent gly-

cemic control [2]. Despite such a wide variety of available
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This work applied a population pharmacokinetic/
pharmacodynamic strategy in the drug development of
glucokinase activator PB201.

This study developed and qualified a population pharma-
cokinetic/pharmacodynamic model for PB201 using the
pooled data from nine phase I/II clinical trials conducted
in a non-Chinese population to predict the pharmacoki-
netic/pharmacodynamic profile of PB201 in a Chinese
type 2 diabetes mellitus population.

The model-informed strategy in this work allowed us to
predict the 24-week glycosylated hemoglobin level in a
Chinese type 2 diabetes mellitus population and success-
fully supported the waiver of a clinical phase II study in
China.

Additionally, this population pharmacokinetic/pharma-
codynamic analysis informed the optimal dose selection
(100 mg twice daily) for the Chinese phase III pivotal
trial without conducting any additional clinical trials.

treatment options, only less than one third of the T2DM
population had achieved the desired glycemic effects accord-
ing to a large-scale survey in China [3]. With the increasing
prevalence of T2DM [4], there is an urgent need to develop
new chemical entities with the novel mechanism of action
to be used either as monotherapy or in combination with the
existing antidiabetic therapies to pursue further improve-
ments in the management of T2DM.

Glucokinase (GK) [also called hexokinase IV] has
become an emerging and outstanding target for the devel-
opment of new antidiabetic drugs for T2DM owing to its
critical role in glucose metabolism and regulation [5, 6].
It is primarily distributed in pancreatic p cells and hepat-
ocytes facilitating the conversion of glucose to glucose-
6-phosphate. Serving as a glucose sensor, GK increases or
decreases insulin release by pancreatic p cells and glucose
consumption by hepatocytes in response to rising or falling
glucose levels, thus maintaining the homeostasis of glucose
[7].

Glucokinase activators (GKAs) are a novel family of
anti-diabetic drugs that targets GK. By controlling the con-
firmation of GK, GKAs maintain the activity of GK and
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accelerate the phosphorylation of glucose in both pancre-
atic P cells and hepatocytes, thus offering dual correcting
effects to restore/improve glucose homeostasis, for example,
eliciting glucose-stimulated insulin secretion from the pan-
creas, and promoting hepatic glucose uptake and glycogen
synthesis [8]. A number of small-molecule GKAs has been
developed with some currently undergoing clinical investi-
gation, which offers alternative strategies for the treatment of
T2DM [8-11]. However, the clinical development of GKAs
into later stages has experienced challenges because of the
commonly occurring adverse effects (AEs) including hypo-
glycemia, increased liver burden, and diminishing efficacy
over time [12—15]. Thus far, only two of the clinically tested
GKAs have been studied beyond phase 11, i.e., dorzagliatin
and PB201, both of which have showed good research poten-
tial owing to high activity and low toxicity. Dorzagliatin, an
orally bioavailable, dual-acting, full GKA that acts simulta-
neously on the pancreas and liver, has completed the phase
IIT trial where it was shown to be effective in lowering blood
glucose and well tolerated in a T2DM population who expe-
rienced inadequate control with MET alone when used as an
add-on to MET [16].

PB201 (previously PF-04937319), initially developed by
Pfizer and has been renamed PB201 since purchased by Peg-
bio Co., Ltd. (Suzhou, China) in 2016, was the second GKA
to enter the phase III trial, which is currently recruiting par-
ticipants in China (NCT05102149). PB201 is also an orally
active, dual-acting GKA but was rationally designed as a
partial GKA to maintain glucose-lowering efficacy while
reducing the incidence of common AEs caused by GKAs
[17]. So far, there has been a total of ten clinical trials of
PB201 completed worldwide, which include nine phase I/II
studies conducted in countries outside China and one phase
I study conducted in a Chinese T2DM population. Exist-
ing clinical evidence has demonstrated promising glycemic
effects of PB201 as well as favorable pharmacokinetic (PK)
and safety profiles in both Chinese and non-Chinese popula-
tions [18-20].

In this study, we aim to best utilize all the existing clinical
PK and pharmacodynamic (PD) data of PB201 across differ-
ent populations to develop a population PK/PD (PopPK/PD)
model. We hope to quantitatively characterize the relation-
ships between PB201 plasma concentrations and the levels
of PD markers (including fasting plasma glucose [FPG] and
glycosylated hemoglobin [HbAlc]). We also aim to assess
the potential covariates explaining the inter-individual vari-
abilities (IIVs) of PK/PD (e.g., ethnic factors, disease sta-
tus, food effects, co-medications). This PopPK/PD analy-
sis aimed to leverage the quantitative PK/PD relationships
from a non-Chinese population to a Chinese population and
to facilitate the optimal dose selection and rationale study
design for the subsequent clinical investigation of PB201
in China.
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2 Methods
2.1 Clinical Study Design

The PopPK/PD model was developed and evaluated using
data from seven phase I (NCT01044537, NCT01272804,
NCTO01513928, NCT01468714, NCT02206607,
NCT02292433, and NCT01933672) and two phase II
(NCTO01517373 and NCT01475461) clinical trials. The
study populations comprised healthy volunteers and a
T2DM population of both sexes (age > 18 years, body mass
index: 17.5-45.4 kg/m?). PB201 was administered orally
either as tablets or capsules with doses that ranged from 3
to 640 mg. The external validation of the PopPK/PD model
was performed using the data from the phase I study con-
ducted in 16 Chinese patients with T2DM (NCT03973515).
A detailed summary of the clinical studies included in this
PopPK/PD analysis is provided in Table 1.

2.2 Data Management

Patients and healthy individuals receiving placebo were
excluded from the PopPK modeling database. Patients
receiving the positive control drugs (i.e., glimepiride,
sitagliptin) were excluded from both the PopPK and
PK/PD datasets. If the missing data rate for PK or PD
data was less than 10%, including missing data or values
below the lower limit of quantification, these data were
excluded from the dataset [21]. In multiple-dose studies,
the administration time of the first dose was set to 0 with
those of the subsequent doses calculated based on the dif-
ference between their actual dosing time and that of the
first dose. Missing administration time for a later dose was
imputed according to its dosing interval from the theoreti-
cal administration time of the first dose. Missing values
of a covariate were replaced by the corresponding median
values based on subjects of the same sex from the same
study and the missing rate was less than 10%. For the PD
model, the subject and/or study that lacked the PD data
(FPG and HbA1c) after PB201 administration was also
excluded from the analysis because of missing information
on the PD characteristics.

2.3 Population PK/PD Model Development

The PopPK/PD model was developed by non-linear mixed-
effects modeling with NONMEM (version 7.4; ICON Devel-
opment Solutions, Ellicott City, MD, USA). NONMEM
was implemented with PIRANA (version 2.8.0), PsN (perl-
speaks-NONMEM, version 4.7; Uppsala, Sweden). All runs
were performed using the first-order conditional estimation

method with interaction. R (version 3.6.2; Foundation for
Statistical Computing, Vienna, Austria; http://www.rproject.
org) was used for data management, statistics, and plotting.

A sequential modeling approach was utilized, i.e., a
PopPK model was first developed using PK data of PB201
from both healthy subjects and the T2DM population. The
individual PK parameters obtained from the PopPK model
were used to estimate the PB201 plasma concentration at
each of the timepoints for the subsequent development of
the PopPK/PD model. For the PopPK/PD model, the FPG
and HbAIc data in the T2DM population were utilized for
the model development. The plasma concentration of PB201
was linked to the dynamic changes of FPG and then the FPG
was driven by the dynamic characteristics of HbAlc.

The development of the PopPK and PK/PD models each
involved three stages. First, a base structural model with-
out considering the covariate effects was developed, which
included the estimation of IIV and the residual variability
using simplistic error models. For the PopPK model, we
tested the one-compartment and two-compartment models
with a first-order or non-linear absorption process. For the
PK/PD model, various placebo model structures and drug
effect structures were tested in the model development pro-
cess (as shown in Appendix 1 of the Electronic Supplemen-
tary Material [ESM]). Second, a full multi-covariate model
was developed after the addition of all statistically signifi-
cant covariates to the base model. In the last stage, the final
model was developed by removing the covariate-parameter
combinations that made no statistically significant contribu-
tion to the model improvement.

As shown in Fig. 1, the base PK model features a one-
compartment model with non-linear absorption of PB201
from the oral depot to the central compartment characterized
by Michaelis—Menten kinetics and linear clearance from the
central compartment. The differential equations are:

dA, VXA,
dt K, +A,

A,(0) =Dose x H, D

dexVC 3 V., XA,
d K +A

m

~CLxC, C,(0)=0, @)

a

I..« X DOSE

where V, and K, are the maximum absorption rate and the
PB201 dose achieving 50% of V,,, A, is the drug amount in
the absorption compartment, C,, and V, are the plasma con-
centration and volume of the central compartment, CL is the
systemic clearance, H is the relative bioavailability, /., and
ICs are the maximum reductions of H and the PB201 dose

achieving half I, ., and DOSE refers to the dose of PB201.

ax?
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Fig.1 Schematic of the pharmacokinetic/pharmacodynamic model
structure. V,, and K, are the maximum absorption rate and the PB201
dose achieving 50% of V,,, A, is the drug amount in the absorp-
tion compartment, C, and V, are the plasma concentration and vol-
ume of the central compartment, and CL is the systemic clearance;
we assumed that the percent changes in unphosphorylated glucose
in pancreatic B cells and liver from baseline driven by the placebo

The base PopPD model consists of multiple linked turno-
ver models describing the dynamics of FPG and HbAlc. We
assumed that the percent changes in unphosphorylated glu-
cose in panceatic f cells and liver from baseline were driven
by the placebo (Rjyceno) and drug effects (Ryyy,)- Ryjacebo and
Ry Were characterized by the indirect response models with
placebo effects (placebo) and PB201 concentrations in the
central compartment (C,,) as the driving forces stimulating
the loss of responses (Kout,, ., and Kouty,,,.). The decreases
of FPG were proportional with (1 — Rjj,ceho) and (1 — Ryp,)
with different scale factors, i.e., fraction for (1 — Ry,) and
(1 — fraction) for (1 — Rp,cepo)- The synthesis of HbAlc (K,)
was further stimulated by FPG [22]. The differential equations
are as follows:

% = —K, X Placebo  Placebo(0) = Placeboy,jine-
4)

dRjacebo . Placebo
Pd:e ( = Klnplacebo - KOUtplacebo X Rplacebo X (1 + 1000 >
(5)

where Rplacebo(o) = 1; K inplacebo =K Outplacebo X Rplacebo(o)

1
\
\
\
\

Kg

AN

~~ao
~—~-9

(Rplacebo) and drug effects (Ryyg). KiNpjaeeno and Kouty, ., are the
synthesis and loss of Rj,ccno, Kingry, and Kouty,,, are the synthesis
and loss of Ry, The decreases of fasting plasma glucose (FPG)
were proportional with (I — Rpjceno) and (1 — Ryp,,) with differ-
ent scale factors, i.e., fraction for (1 — Ry.,) and (1 — fraction) for
(1 = Rpjaceno)s K, and Ky are the synthesis and loss of glycosylated
hemoglobin (HbAlc)

derug
dt

= King,,, — Kouty, X Rype X (1+K X C,),  (6)

where Ry, (0) = 1; King,,, = Kouty, X Ry, (0)

AFPGyp,, = FPGyyjine X Fraction X (1 = Ry )- (7
AFPG, 1y eno = FPGyyqetine X (1 — Fraction) X (1 = Rpjaceno)-
(®
FPG = FPGbascline - Al:;PGdrug — AFP Gplacebo’ (9)
dHbAlc
—a =Kg><FPG—Kd><HbAlc, (10)
where HbA1c(0) = HbAlc,,ine
_ Kd x HbA1 Chaseline , (1 1)

. =
FPGbaseline

where FPG is the fasting plasma glucose, placebo is the
placebo effect, and Kp is the elimination rate constant of
placebo. We assumed that the Rjjj,ceh, and Ry, are the per-
centage changes from baseline in unphosphorylated glucose
in panceatic f cells and the liver for the placebo-treated and
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drug-treated groups, Kin,,..p,, and Kiny,,, are the production
rate constants of Rpj,cepo and Ry, Kout and Kouty,,,
are the elimination rate constants of Rjj,ceno and Rypyer K
represents the inhibitory effects of PB201 concentrations on
Rirug FPGpagerine and HbA ey, o jine are the baseline values of
FPG and HbA 1c without any treatments, fraction is the per-
cent reduction in FPG by Ry, AFPGy,,, and AFPGj,cepo
are the changes of FPG in subjects after receiving PB201
and placebo, and K, and K are the synthesis and degrada-
tion rate constants of HbAlc.

In the base model, the IIV of PK or PD parameters were
described by the exponential model, and a proportional error
model was applied to describe the residual variability:

placebo

P;=0;x e, (12)

Yops = Ypred X (1+e), (13)

where P;; represents the ith parameter of the jth individual,
0, is the typical value of population parameters, 7;; is the I[IV
of Pt.'i’ ;i follows a normal distribution with a mean of 0 and
variance of @?, Y, and Y, cq are the observed and predicted
concentrations, and ¢ is the residual error following normal
distribution with a mean of 0 and variance of &°.

The potential correlations between individual PK or PD
parameters of the final base structural model and various
covariates including demographic covariates, disease status,
relevant co-medications, and food effect were assessed to
explore the sources of variability in the pharmacokinetics
and pharmacodynamics of PB201. A complete list of covari-
ates investigated was provided in Table S1 of ESM. An ini-
tial graphical analysis was performed to examine the extent
and nature of the covariate—parameter relationships, for
example, scatterplots for continuous covariates and boxplots
for categorical covariates. A covariate was further included
in a stepwise covariate screening procedure (i.e., forward
selection followed by backward elimination) only when the
covariate—parameter relationship showed a correlation coef-
ficient > 0.3. In the forward selection process, the selected
covariates were added to the model individually and tested
for statistical significance. The covariates were considered
statistically significant and retained in the model when the
change in the minimum value of the objective function was
> 3.84 (based on )(2“:0‘05‘ 4r=1)- Subsequently, each covari-
ate was removed from the full multi-covariate model using
backward elimination and exlcuded from the final model if
the change in the minimum value of the objective function
was < 10.83 (based on 42, _ 0.001, d=1)- The IIV and residual
error models were evaluated upon inclusion of all siginifi-
cant covariates in the final base model.
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2.4 Model Qualification and Evaluation

The qualifications of both the base structural model and
the final model were evaluated by standard goodness-of-
fit plots. The predictive ability and accuracy of parameter
estimates by the final model were evaluated by visual pre-
dictive check and bootstrap methods. The visual predictive
check was performed with 1000 simulated datasets that were
obtained based on the parameter values from the final model.
The 5th, 50th, and 95th percentiles of the predicted con-
centration—time data were plotted and compared to those
of the observed data to assess the agreement graphically.
The bootstrap procedure involved fitting the final model to
500 datasets, each consisting of subjects resampled from the
original dataset. The 95% confidence interval (CI) for the
parameter obtained from each of the successful minimized
models was calculated and compared to the original model-
fitted parameter values.

2.5 Model Simulation to Support the Phase lll Dose
Regimen

To assess the applicability of the final PopPK model in
Chinese populations, the concentration—time profiles of
PB201 in 16 T2DM populations from the Chinese phase I
study were simulated for 500 times and compared with the
observed data. In the model simulations, PB201 was given
with breakfast/lunch for 7 days with dosages of 50/50 mg,
50/100 mg, or 100/100 mg. A non-compartmental analy-
sis (NCA) was performed using the linear up-log down
approach in Phoenix WinNonlin version 8.1.0 (Certara,
Princeton, NJ, USA). Descriptive statistics of the derived
individual PK parameters (i.e., area under the concentra-
tion—time curve from time zero to 24 hours [AUC_,,],
maximum concentration [C,,,,], and half-life) based on the
simulated data on days 1 and 7 were provided and compared
to those obtained based on the observed data.

Then, the FPG and HbAlc profiles of 24 weeks were
simulated under the potential phase III dose regimens (50
mg BID to 100 mg BID). The impacts of other selected
covariates on the pharmacokinetics and pharmacodynam-
ics of PB201 were also assessed using the final PopPK/PD
model with the same dosing regimens of PB201 applied in
PopPK model simulations. All model simulations in the Chi-
nese T2DM population were performed based on the same
demographic and laboratory covariate information as those
in the original Chinese phase I study.
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3 Results
3.1 Final PopPK/PD Model

For the PopPK model study, a total of 5061 PB201 con-
centrations from 555 subjects (22 healthy individuals and
533 individuals with T2DM) of all nine phase I/II stud-
ies were included in the final PopPK analysis. Subjects
administered osmotic capsules (short and long durations
of release) of study B1621005 and modified-release tablets
of study B1621015 were excluded from the PopPK dataset
as the exposure of these two special formulations were not
bioequivalent for the immediate-release (IR) tablet. Twelve
healthy subjects of study B1621005 and 39 individuals
with T2DM with a single period of administered IR tab-
lets were involved in the current PopPK model. No below
the limit of quantification data were excluded from the
current PPK model study. For the PopPD model, the final
model was developed based on 3829 FPG and 2102 HbAlc
concentrations from 596 patients with T2DM receiving
placebo (146 patients) or PB201 (450 patients) of five
phase I/II studies (B1621003, B1621018, B1621019,
B1621002, B1621007). Studies B1621005 and B1621011
were excluded because no clinical PD data were collected
in these two studies. Studies B1621001 and B1621015
were also excluded from the PopPD model study as these
two studies lacked FPG data after muti-administration of
PB201, which could not support the dynamic characteris-
tics of FPG. No below the limit of quantification data were
excluded from the current PopPD model study. In addition,
six outlier FPG concentrations with conditional weighted
residuals >6 were excluded from the current PopPD data-
set. Detailed demographic and baseline information for
the included subjects is listed in Table S1 of the ESM. As
shown by the parameter estimates in Table 2, the phar-
macokinetics of PB201 in both healthy subjects and the
T2DM population were described by the one-compartment
base model with non-linear absorption and linear elimina-
tion, with IV being modeled on all PK parameters except
for K,,: 34.4% for clearance, 11.6% for V., 51.6% for V,,,
16.7% for 1,,,, and 136% for IC,. Initial graphical assess-
ments revealed potential parameter covariate combina-
tions (correlation coefficient > 0.3) for the PopPK model
(Figs. S1-S4 of the ESM), and then stepwise covariate
screening was performed. The ETA shrinkage for most PK
parameters were within 30%. The shrinkage of [IV_V, was
larger than 30%, which might interfere with the correlation
assessment. In this study, we tested all available covariates
(listed in Table S1 of the ESM) in the stepwise process.
Finally, co-administration of ketoconazole and food effect
were shown to significantly impact the pharmacokinetics

of PB201. The final covariate—parameter relationships
were quantitatively described by the following equations:

CL = 0c X (1 + 0y _xrz X KTZ), (14)
Vi =0y X (1+ 6y _roop X FOOD), (15)
Loy =0, X (146, _roop X FOOD), (16)
ICs5y = i, X (1 + b, _poop X FOOD), a7

where 0, is the typical clearance value of PB201 in the
absence of ketoconazole co-administration; 6y, &y, and
O\csp are the typical value of V, I .., and ICs, of PB201
when taken without food, KTZ and FOOD are the covariate
indictors for co-administration of ketoconazole and food, the
values of which equal to 1 or 0 indicate that PB201 is admin-
istered in the presence or absence of the covariates, and
Ocr k17> Ovm-FooD» Gimax-Foop» ad Gicso roop represented the
covariate effect on corresponding typical parameter values.

The parameter estimates obtained by the final PopPK
model are listed in Table 2. After inclusion of the covari-
ates into the base PopPK model, the IIV on clearance, V_,
Vi Imax> and IC5, were decreased by 0.4%, 1.1%, 2.7%,
4.9%, and 11%, respectively, indicating that the covariate
effects explained part of the IIV in these PK parameters.
The systemic clearance of PB201 decreased by 10.5% when
co-administered with ketoconazole. When PB201 is ingested
with food, the maximum absorption rate (V,,) increased by
91.1%, the maximum reduction in bioavailability (/,,)
decreased by 13.4%, and the dose achieving half /_,, (ICs)
increased by 85.5%, suggesting that both the rate and extent
of PB201 absorption were significantly increased by food.

With the individual PK parameters estimated from the
final PopPK model, the plasma concentrations of PB201
of all timepoints were obtained and used in the subsequent
PopPK/PD model development. The PK/PD relationships
of PB201 were modeled using indirect response models
where placebo effects and PB201 concentrations in the cen-
tral compartment acted as the driving forces of stimulating
FPG removal and the synthesis of HbAlc was stimulated
by FPG (Fig. 1).

For the PopPD model, initial graphical evaluation of
the covariate—parameter relationships (Figs. S3—S4 of the
ESM) suggested that no covariates were significantly cor-
related with any PD parameters and thereby the base struc-
tural model was used as the final model. The parameters
of the PK/PD model were estimated with low coefficient
of variation values. The IIV estimated on PD parameters
are 21.4% for FPGyjine> 42.3% for fraction, and 11.6% for
HbAIlc,,jine> and all the ETA shrinkage was within 30%
(Table 3).
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Table 2 Population pharmacokinetic model parameters in the base model and final model (inclusion of covariates) of PB201

Parameters  Definition Base model Final model with covari-  Bootstrap
(unit) ates results
Estimates RSE (%) Estimates RSE 95% CI
(%)

CL (L/h) Clearance from central compartment 16.6 4.6 15.4 5.3 13.5-17.8

V. (L) Volume of distribution in central compartment 182 4.9 166 5.6 147-192

V., (mg/h)  Maximum absorption rate constant 107 11.2 66.9 119 424-1142

K, (mg) Dose corresponding to half of the maximum absorption rate ~ 96.6 17.0 96.0 18.1 48.9-201.4

Iax Maximum percentage reduction in bioavailability 0.575 55 0.667 4.7  0.609-

0.744

ICs, (mg)  Dose corresponding to half the maximum reduction in bio- 58.5 25.5 28.6 26.7 14.6-67.3

availability

CL-KET Effect of ketoconazole co-administration on CL NA NA —0.105 16.1 —0.202to

—0.021

I,.,-FOOD Effect of food on I, NA NA -0.134 226 —0229t0

—0.065

V,-FOOD  Effect of food on V,, NA NA 0911 9.2  0.609-1.30

IC5,-FOOD  Eftect of food on ICs, NA NA 0.855 47.1 0.201-1.58

?CL IV for CL 34.4% [7.6%] 3.5 34.0% [6.9%] 35  30.9-
[shrink- 36.8%
age]

@* V, 11V for V, 11.6% [9.4%] 30.6 10.5% [11.2%] 40.5 2.3-17.1%
[shrink-
age]

*V, IV for V,, 51.6% [32.2%] 6.9 48.9% [29.6%] 74  47.1-
[shrink- 67.9%
age]

0K, IV for K, 0 (fixed) NA 0 (fixed) / /

O - 11V for 1, 16.7% [26.2%] 23.3 11.8% [27.0%] 27.8 1.7-15.8%
[shrink-
age]

* ICs, 11V for ICy, 136% [11.2%] 12.6 125% [10.8%] 11.8 77.0-
[shrink- 166.6%
age]

o [shrink-  Variance of proportional residual error in a pharmacokinetic  0.364 [6.3%] 0.7 0.353 [6.0%] 0.7 0.334—
age] model 0.370

NA not available, CI confidence interval, CL clearance, ICs,, IIV inter-individual variability, 7,

The quality of the final PopPK/PD model was evalu-
ated by the standard diagnostic plots (Figs. S5-S6 of the
ESM), which revealed no significant systemic deviation
or major bias. The visual predictive check plots (Figs.
S7-S9 of the ESM) showed that the 5th, 50th, and 95th
percentiles of the observed data generally fell within their
corresponding 95% prediction intervals of the simulated
data generated by 1000 model simulations, representing a
good predictive performance of the PopPK/PD model. We
also evaluated the current PopPK/PD model with the boot-
strap approach. As shown in Tables 2 and 3, the param-
eter estimates obtained from the original models were
included in the 95% bootstrap CI and were very close to
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K,, , NA , RSE relative standard error, V. V,,

ax

the bootstrap median values with sufficiently small relative
standard errors (< 50%). These model evaluation results
represented a good qualification of the final PopPK/PD
model in describing the PK/PD characteristics of PB201
in non-Chinese healthy subjects and the T2DM population.

3.2 Simulation and Validation of the PK Profiles
of PB201 in the Chinese Population

The applicability of the final PopPK model in Chinese popu-
lations was validated by the data from the Chinese phase I
clinical study. The plasma concentration—time profiles of
PB201 were simulated in 16 Chinese patients with T2MD
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Table 3 Pharmacokinetic/pharmacodynamic model parameters of PB201

Parameters (unit) Definition Estimates RSE (%) Bootstrap results, 95% CI

FPG, ,scline (mmol/L) Baseline value of FPG 9.00 1.2 8.83-9.17

Kpl (L/h) Placebo bio-phase rate constant of a short-period trial 0.00954 29.7 0.01-0.02

Kp2 (L/h) Placebo bio-phase rate constant of a long-period trial 0.0593 15.8 0.035-0.082

Kouty,, (L/h) Elimination rate constant of variable drug-driven FPG 0.038 22.1 0.029-0.053
change

K (mL/ng) Drug effect of reducing drug-driven FPG change variable  0.527 3.1 0.442-0.613

Koutyjaceno (L/h) Elimination rate constant of placebo-driven FPG change ~ 0.000510 12.2 0-0.001
variable;

Fraction Maximal fraction of drug-lowering effect of FPG 0.915 2.7 0.862-0.958

Kd (L/h) Degradation rate constant of HbAlc 0.000628 12.3 0.000486-0.000808

HbAlcy,iine (%) Baseline value of HbAlc 7.80 0.8 7.71-7.89

®” FPG ojine [shrinkage] 1TV for FPGy,line 21.4% [2.4%] 3.8 11.8-33.0%

o’ Fraction [shrinkage] ITV for fraction 42.3% [18.2%] 8.8 33.8-52.1%

®% HbA Ley,eine [shrinkage] IV for HbAlcy, jine 11.6% [14.6%] 4.5 15.1-23.8%

o? [shrinkage] Variance of proportional residual error in a pharmacody- ~ 0.0803 [11.5%] 0.5 0.076-0.084

namic model

CI confidence interval, FPG fasting plasma glucose, HbA I ¢ glycosylated hemoglobin, //V interindividual variability

receiving 50/50-mg, 50/100-mg, or 100/100-mg oral doses
of PB201 with food in the morning/noon for 7 consecutive
days in the absence of ketoconazole. As shown in Fig. 2, the
observed PB201 concentrations from all dosing groups fell
within their corresponding 90% prediction interval of the
simulated data and were evenly distributed around the 50th
percentile of the simulated predictions, indicating a good
agreement between the observations and model simulations.
In addition, the PK parameters (AUC_,4, C,,.«, and half-life)

obtained by the NCA based on the observed time course data

Fig.2 Model simulated and [

50/ 50 mg

after the first dose on day 1 and at steady state on day 7 were
included in the 90% prediction interval of those obtained
based on the simulated data (Table 4), further confirming
the good predictive performance of the PopPK model on
the pharmacokinetics of PB201 in Chinese populations.
Additionally, current FPG and HbA 1c¢ models indicated no
significant ethnic difference in the efficacy of PB201, which
supported the long-term simulation of FPG and HbAlc in
the Chinese T2DM population.

‘ ‘ 100/ 50 mg

observed PB201 concentration—
time profiles in a Chinese type

2 diabetes mellitus population.
Blue dots represent observations
and black lines represent the
5th, 50th, and 95th prediction
intervals. hr hour
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Table 4 Simulated pharmacokinetic parameters of multi-administration of PB201in a Chinese type 2 diabetes mellitus population [median (90%

prediction interval)]

Parameters Units 50/50 mg 100/50 mg 100/100 mg
Day 1 Day 7 Day 1 Day 7 Day 1 Day 7

AUC 4 hr*ng/mL 4621 (1923-6307) 5379 (2186-8809) 6620 (2777-9541) 7910 (3233-13,264) 9281 (3391-11,663) 11,122 (3897-
16,230)

AUC;¢ hr*ng/mL 4818 (2025-8975) 5494 (2291-12,792) 7016 (2903-13,442) 8422 (3356-19,068) 9623 (3561-16,667) 11,641 (4064—
23,566)

Crnax ng/mL 279 (164-397) 271 (178-513) 555 (237-576) 561 (264-754) 504 (287-732) 554 (315-932)

tiy hr NA 7.7 (4.3-12.9) NA 7.2 (42-13.0) NA 9.5 (4.3-12.8)

AUC,_,, area under the concentration—time curve from time zero to 24 hours, AUC;,,area under the concentration—time curve from time zero to

infinity, C

max

3.3 Simulation of Long-Term PK/PD of PB201
in a Chinese T2DM Population and the Waiver
of the Clinical Phase Il Trial

We simulated the steady-state exposure and long-term
FPG and HbA lc profiles of PB201 in the Chinese T2DM
population by considering the covariate effects. Food and
co-administration of ketoconazole were found to increase
the steady-state exposure of PB201 according to the final
PopPK model-simulated PK profiles of PB201 in the Chi-
nese T2DM population receiving 50 mg BID to 100 mg
BID (Fig. 3 and Table 5). Steady-state AUC 54, Cpaxs
and C_;, of PB201 100 mg BID in patients computed by
an NCA were increased by 12%, 8%, and 20% with the
co-administration of ketoconazole, and were increased by
24%, 37%, and 8% as a result of the food effect. Although
co-administration of MET was not found to be a significant
covariate for the pharmacokinetics/pharmacodynamics of
PB201 during the development of the PopPK/PD model
using data from the non-Chinese populations, the base-
line FPG of MET-treated patients are in general higher
than those of the MET-naive patients. Therefore, to better
mimic the real situation of the phase II trials in the T2DM
population where co-medication of MET is common,
the quantitative relationship between FPGy,..;,. and co-
administration of MET obtained from the previous covari-
ate selection process was included in the final PopPK/PD
model to predict the PD characteristics of PB201 with
or without the co-administration of MET in the Chinese
T2DM population:

FPGyetine = Oppa,, . X (1+ OrpG,, .. ~MET X MET), (18)

where Ogpg, is the typical baseline FPG value of MET-
naive patients, MET is the covariate indicator, with the value
of 1 or O indicating that PB201 is taken with or without
MET, and 6pps, —MET represents the proportional
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maximum concentration, Ar hour, t;,, half-life, NA not available

change in FPG baseline with the co-administration of MET,
which estimated as 0.684.

The model simulated FPG and HbAlc concentra-
tion—time profiles in the T2DM population after taking
PB201 50/50 mg, 100/50 mg, or 100/100 mg with or
without the co-administration of MET were displayed in
Fig. 4 and Fig. S10 of the ESM. After correction by the
placebo effects, the decreases in predicted mean concen-
trations from baseline in PB201 50/50-mg, 100/50-mg,
and 100/100-mg treated groups are:

e (0.664 mmol/L, 0.894 mmol/L, 1.07 mmol/L for FPG,
and 0.617%, 0.814%, and 0.964% for HbAlc when
PB201 was given alone;

e (0.652 mmol/L, 0.952 mmol/L, 1.12 mmol/L for FPG, and
0.622%, 0.900%, and 0.980% for HbAlc when PB201
was co-administered with MET.

The model simulation results showed that persistent and
dose-dependent decreases in FPG and HbAlc levels in the
T2DM population were achieved by taking PB201 for 24
weeks with or without the co-administration of MET.

4 Discussion

PB201 was designed as a partial agonist for GK that exhibits
a moderate binding affinity and fast dissociation [17, 23],
aiming to maintain the desired glucose-lowering efficacy
while mitigating the AEs caused by many other GKAs. As
the second GKA that has entered phase II, the clinical devel-
opment strategies and efficiencies for PB201 are of critical
importance. The previous phase II clinical trials conducted
in non-Chinese populations have demonstrated promising
glycemic effects as well as good tolerance of PB201 [18,
19]. In the current study, we applied a popPK/PD approach
to leverage extensive data in non-Chinese populations of
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Table 5 Simulation of the covariate effect on the pharmacokinetic parameters of PB201in Chinese patients with type 2 diabetes mellitus [median

(range)]

Group Parameters Units Naive KET combination Ratio_ KET* FE Ratio_FE"

50/50 mg AUC, », hr¥*ng/mL 3896 (3527-4430) 4356 (3942-4951) 1.12 4652 (4314-5227) 1.19
Crax ng/mL 246 (226-270) 266 (244-291) 1.08 324 (307-347) 1.32
Chin ng/mL 76 (65-98) 92 (79-118) 1.21 82 (69-104) 1.07
Tax hr 8 8 NA 7 NA

100/50 mg AUC, », hr¥*ng/mL 5308 (4534-5923) 5923 (5067-6613) 1.12 6627 (5746-7233) 1.25
Croax ng/mL 326 (281-345) 352 (304-374) 1.08 431 (383-453) 1.33
Chiin ng/mL 103 (85-131) 126 (103-156) 1.21 116 (94-141) 1.12
T ax hr 8 8 7

100/100 mg AUC, ,, hr¥*ng/mL 7117 (6060-7660) 7954 (6773-8560) 1.12 8836 (7733-9470) 1.24
Crax ng/mL 426 (379-464) 461 (410-502) 1.08 583 (532-630) 1.37
Chiin ng/mL 154 (116-167) 184 (142-200) 1.20 167 (131-182) 1.08
T, hr 8 8 7

NA not available, AUC,,_,, area under the concentration—time curve from time zero to 24 hours, C,,,,
concentration, FE food effect, hr hour, KET ketoconazole, T,,,.

“Ratio_KET is Exposure_gp/Exposure_y,ive

Ratio_FE is EXpOSUre_pooq gfiect’ EXPOSUTE_yyive

time to C,,

maximum COHCBHII’a[lOl’l C minimum

min

liiegt;)zori(;\(lsg?glie"l{f)eg:)ﬁfb?na A naive ‘ ‘ B.KET combination H C.Food effect
tion and food effect on the
pharmacokinetics of PB201 in a 750- N
Chinese type 2 diabetes mellitus 500- =
population. The line and ribbon - 3
represent the median and 90% 250- q%
pharmacokinetics. ir hour é 0-
! -
2750 -
£ g
£ 500- o
5 =
£ 250- @
)
s 0 L
S —_—
&
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15
=
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nine phase I/II studies of PB201 to successfully support the
waiver of a clinical phase II trial and facilitate the optimal
dose regimen design of a pivotal phase III study of PB201
in China.

In this study, we utilized PopPK/PD modeling and a sim-
ulation approach to support the optimal dose selection of 100
mg BID in a phase III study in a Chinese T2DM population
without requiring additional clinical trials to be conducted.
The dose of 100 mg QD studied in the non-Chinese phase Ib/
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Fig.4 Model-simulated fasting
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II studies exhibited comparable glucose-lowering efficacy to
that offered by sitagliptin (NCT01475461), while it was not
as effective as glimepiride (NCT01517373). Therefore, it is
necessary to further evaluate the risk-to-benefit profiles at
doses higher than 100 mg QD. The PK/PD of multiple doses
of PB201 50/50 mg, 100/50 mg, and 100/100 mg BID have
been assessed in the phase I study (NCT03973515) con-
ducted in 16 drug-naive Chinese T2DM populations [20].
This study showed that PB201 was well tolerated with low
risks of hypoglycemia and other GKA-related side effects
at doses up to 100 mg BID for 7 days [20]. In addition, dose
dependent glucose-lowering effects were observed after the
administration of placebo, PB201 50/50 mg, 100/50 mg,
and 100/100 mg BID for 7 days. The least-square mean
change in FPG from baseline was 0.31, — 0.74, — 1.23, and
— 1.47 mmol/L, respectively; the least-square mean change
in 2-hour post-prandial plasma glucose from baseline was
0.83, — 0.87, — 1.59, and — 1.88 mmol/L, respectively [20].

The results of the Chinese phase I study suggest that the
100-mg BID dose provides potentially better glycemic con-
trol than phase Ib and phase II doses tested (100 mg QD) in
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non-Chinese populations [18, 19]. We developed the popPK/
PD model by pooling the data of nine non-Chinese clinical
trials of PB201 to simulate the long-term FPG and HbAlc
profiles in a Chinese T2DM population. The model simu-
lated results showed that the HbAlc decreased 0.769% and
0.974% after 12-week and 24-week administration of PB201
100 mg BID. The simulated glucose-lowering efficacy was
comparable to that of glimepiride (NCT01517373) and bet-
ter than that of sitagliptin (NCT01475461).

Additionally, in a total of ten completed clinical trials,
PB201 was well tolerated in both healthy subjects and the
T2DM population after multiple administrations [20]. No
serious drug-related AEs were reported. For the AEs, 90.5%
of them were mild in severity (Common Terminology Cri-
teria for Adverse Events [CTCAE] Grade 1). We further
analyzed the dose-dependent AEs (hypoglycemia and head-
ache) at doses higher than 100 mg BID. The dose groups
higher than 100 mg BID included five phase I studies in
non-Chinese populations (300-mg, 480-mg, and 640-mg QD
groups of B1621001; a 300-mg QD group of B1621003;
250-mg QD, 150/100-mg BID, and 300-mg QD groups of



Population Pharmacokinetic/Pharmacodynamic Analysis of the Glucokinase Activator PB201 105

B1621015; a 150/100-mg BID group of B1621018; 300-mg
QD and 150/100-mg BID groups of B1621019) and one
phase I study in a Chinese T2DM population (a 100/100
BID dose group in PB201116). There are 123 subjects with
267 AEs in these dose groups. Among them, the incidence
of hypoglycemia and headache was 1.498% and 4.494%,
respectively (unpublished data, Report No. PB-201-PM-01/
CSR).

Finally, the model-simulated long-term FPG-HbAlc
results after multiple administrations of PB201 were sub-
mitted to the Center for Drug Evaluation of China’s National
Medical Products Administration. Regulatory experts finally
agreed on the waiver of a clinical phase II trial of PB201.
The current model-simulated results supported the dose regi-
men of a pivotal phase III study with the dose of PB201 100
mg BID in China.

In the current popPK/PD modeling work, we aimed to
accurately simulate the long-term PK/PD profiles in a Chi-
nese T2DM population based on the short-term PK/PD data
obtained from a Chinese phase I study. To accelerate the
clinical development of PB201 in China, the main challenge
of this modeling study was to bridge the PK/PD characteris-
tics from non-Chinese to Chinese populations. We evaluate
the ethnic differences in current popPK/PD modeling work.
For the PK model, we first developed the popPK model of
PB201 by pooling the data of nine phase I/II clinical stud-
ies conducted in a non-Chinese population to quantitatively
characterize the PK/PD relationships of PB201 as well as the
sources of variability. This model was then used to simulate
the pharmacokinetics of PB201 based on the dose regimen
and demographic characteristics of a Chinese phase I study
(PB-201116). External validation was performed using the
PK data of a phase I clinical study conducted in a Chinese
T2DM population.

This PopPK model showed a favorable predictive perfor-
mance in a Chinese T2DM population and further indicated
no significant ethnic influences on PB201 pharmacokinet-
ics. For the PD model, to support the leveraging of PD from
the non-Chinese population to the Chinese population, we
compared the predicted FPG and HbAlc in the Chinese
population to the observed PD data in the non-Chinese
population. We simulated the 12-week FPG and HbAlc
profiles utilizing Chinese population characteristics based
on study PB201116. The simulated dose regimen was based
on two non-Chinese phase II clinical trials (B1621002 and
B1621007) for efficacy dose levels of 50 mg and 100 mg.
The simulated FPG and HbA 1c data after the administration
of PB201 for 12 weeks showed good agreements with clini-
cally observed data (Fig. S11 of the ESM). The predicted
FPG and HbA 1c of the Chinese T2DM population were 8.14
mmol/L [5.52-12.2 mmol/L] and 7.28% [range 5.98-8.98
%] (represented as median [90% prediction interval]) after
100-mg QD administration of PB201 for 12 weeks, which

were consisted with the corresponding observed FPG and
HbA 1¢ data of 8.02 mmol/L [6.31-12.5 mmol/L] and 7.10%
[6.31-9.30%] (represented as median [90% prediction inter-
val]) in non-Chinese Asian patients. The simulated results
initially supported the leveraging of the pharmacodynamics
from the non-Chinese population to the Chinese population.

The pharmacokinetics of PB201 in both healthy individu-
als and T2DM population were best described by a one-
compartment PopPK model with non-linear absorption. The
wide dose range (10-640 mg) of PB201 used in the clinical
studies allowed the characterization of the non-linearities
in pharmacokinetics. The pre-clinical PK study in rats also
supported the non-linear pharmacokinetics of PB201, in
which the exposure increasing was less than dose propor-
tional at the dose level of 50-1000 mg (unpublished data).
PB201 was not a potential substrate of intestinal transport-
ers. PB201 belonged to the Biopharmaceutics Classification
System IV with moderate permeability (16.7-27.5 x 10
cm/s) and poor solubility. Hence, the saturated absorption
might be attributed to the poor solubility of PB201 (unpub-
lished data), which resulted in the dose-dependent reduction
in bioavailability. In the current PPK model, we described
the dose-saturated relative bioavailability as model param-
eter H. This parameter decreased with the dosage increas-
ing. The H was around 50-60% at the dose level of 600 mg,
which was consistent with the results obtained by an NCA
(as shown in Table S2 of the ESM).

In addition, we also evaluated the effect of different for-
mulations on the bioavailability in the current PopPK model.
In this study, we only involved the subjects receiving the
tablets or capsules. The osmotic capsules (short and long
duration of controlled release [CR]) and the modified-release
tablets were not involved in the PopPK model, as the expo-
sure of these two special formulations were not bioequiva-
lent to the IR tablet. For the CR capsules (study B1621005),
the AUC,_,, of CR1 (shorter duration [~6 hours] of CR) and
CR2: (longer duration (~14 hours) of CR) were 88.0% and
69.0% of that for the IR tablet, the C,,,, of CR1 and CR2
were 64.0% and 31.0% of IR. For the MR tablets (study
B1621015), the AUC,,_,, of MR1, MR2 and MR3 were
31,1%, 25.0%, and 31.7% of IR, the C,,, of MR1, MR2,
and MR3 were 25.2%, 26.4%, and 36.9% of IR. While, for
the IR capsules and IR tablets, no significant difference in
the pharmacokinetic was observed. We compared the basic
PK parameters and PK profiles of the same dose group of
IR capsules (study B1621001, total 23 subjects of 10-mg,
30-mg, 100-mg, and 30-mg dose group) and IR tablets
(B1621003, total 36 subjects of 10-mg, 30-mg, 100-mg,
and 300-mg dose group). The ratios for C,,,, time to C,,,,
and AUC,_,, were within 0.99-1.51-fold, 0.83-1.17-fold,
and 0.96-1.36-fold (as shown in Table S3 of the ESM). Of
course, the covariates analysis also demonstrated that IR
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capsules or tablets did not affect the PK characteristics of
PB201.

The time courses of FPG and HbA1c concentrations in
the T2DM population after receiving placebo or PB201 were
reasonably characterized by a PopPD model with multiple
indirect response models where the removal of FPG was
stimulated by both the placebo effects and the plasma con-
centration of PB201. For the placebo model structure, we
have tested various classic placebo models during the model
development process (including the simpler time-variant
placebo effect model; the time-variant placebo effect model
incorporating disease progression), the detailed model test-
ing process was shown in Appendix 1 of the ESM. However,
we could not use the above model structures to describe the
current placebo effect, which might be owing to the com-
plexity of the placebo data in the current study. The indi-
vidual placebo FPG profiles had large IIV, even the FPG
changed direction (increase, unchanged, or decrease) of
different placebo groups was not consistent. All the above
placebo model structures were difficult to fit the observed
FPG data in the placebo group. Hence, we finally described
the placebo effect with a fit-for-purpose model, which han-
dled the placebo effect with a hypothetical bio-phase placebo
compartment as previously reported [22]. In addition, for
the drug effect model, we adopted FPG as the PD marker to
drive the HbA 1c with the following considerations: (1) FPG
was the primary PD marker in clinical phase I/II trials of
PB201, which provided rich data for model development; (2)
pre-prandial glucose values had a stronger association with
HbA 1c than post-prandial glucose for type 1 and 2 diabetes,
particularly for T2DM [24]; and (3) although the continu-
ous glucose monitoring data also have the better association
with HbAlc [24], the CGM data of PB-201 were limited
(only collected in one phase I study, PB201116). Based on
the above considerations, the hypothetical bio-phase pla-
cebo compartment and drug compartment were linked to
two indirect response models (Rplacebo and Rdrug) to rep-
resent the percent changes in un-phosphorylated glucose in
pancreatic B cells and the liver from baseline driven by the
placebo and PB201. The PB201 concentration was added
on the elimination of Rdrug owing to the mechanism of
GKA, i.e., accelerating the hypothetical phosphorylation
of un-phosphorylated glucose. We tested the linear model
and Emax model to describe the FPG effect, and the linear
model described the model well (as shown in Appendix 1 of
the ESM). For most of the hypoglycemic drugs (including
the GKAs), the drug effect diminishes over time because of
disease progression and placebo effects [25]. In this study,
we used the indirect response model of Rdrug to character-
ize the diminished effect of PB201 over time because of the
disease progression. Then, the placebo effect and drug effect
simultaneously described the FPG profiles [22]. Finally,
another indirect response model structure was adopted to
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describe the synthesis of HbAlc that was driven by FPG. We
involved 3829 observed FPG data points and 2102 HbAlc
data points from 596 patients with T2DM in our PD model.
For two pivotal phase II studies, each individual subject
had eight to nine FPG data points and six to seven HbAlc
data points, all of these data were included in the current
PD model. Hence, the FPG and HbA 1c data were relatively
rich for estimating the PD model parameters, which could
be demonstrated by the small ETA shrinkage of all the PD
parameters (less than 30%).

We accessed the correlation between the IIV of PK/PD
model parameters and potential covariates based on the
established ETA shrinkage values of model parameters
being within a good acceptable range (within 30%) [26].
All the potential covariates listed in Table S1 of the ESM
were included in the correlation analysis (Figs. S1-S4 of
the ESM). We involved all the continuous covariates and
categorical covariates in the stepwise analysis although the
Exploratory data analysis showed that all correlation coef-
ficients of continuous covariates were less than 0.3. The
covariate screening revealed that food and co-administra-
tion of ketoconazole were statistically significant covariates
on the PK parameters of PB201. When PB201 was given
with food, its maximum percentage reduction in the bio-
availability (/,,) was decreased. The PB201 dose achiev-
ing 50% I,,,, (ICs) and the maximum absorption rate (V)
was increased, suggesting that both the rate and extent of
absorption of PB201 was increased by food. It was reported
that PB201 is metabolized primarily mediated by CYP3A
and CYP2C isoforms [27]. Thus, it is not surprising that the
co-administration of ketoconazole, a potent CYP3A inhibi-
tor, reduces the systemic clearance of PB201. However,
the steady-state area under the concentration—time curve
of PB201 was not significantly affected by food and co-
administration of ketoconazole (within 80-125%) as shown
in Fig. 3 and Table 5. Although the datasets used to develop
the PopPK/PD model consisted of multiple ethnic groups
including Caucasian, African American, and non-Chinese
Asian individuals, ethnicity was not shown to be a signifi-
cant covariate on either the pharmacokinetics or pharmaco-
dynamics of PB201. The PK characteristics in the T2DM
population and healthy subjects showed no significant dif-
ference. The forward step showed that the OFV decreased
less than 3.84 when this categorical covariate (healthy sub-
jects or patients with T2DM) was involved in the PK base
model, which initially indicated that the T2DM disease state
has no significant effect on PB201 pharmacokinetics. How-
ever, the sample size was small for healthy subjects in the
current PopPK study and the influence of the disease state
needs to be verified in future larger populations. For the PD
model, no covariates were found to significantly impact the
pharmacodynamics of PB201. Metformin is one of the first-
line hypoglycemic drugs. The metformin added-on T2DM
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population often features a higher FPG baseline and a longer
disease progression than the naive T2DM population, which
is consistent with our data exploratory analysis results (as
shown in Fig. S4 of the ESM). Hence, we involved the MET
effect on FPG baseline in the current model to quantify the
differences between add-on and naive T2DM populations.
Nevertheless, because of the data limitation (only phase I
and phase II populations), the non-significant covariates
informed by the current PK/PD model should not be com-
pletely ignored in the subsequent phase III clinical study. In
future work, the model-informed covariate effects on the PK/
PD characteristics of PB201 still need further evaluation by
phase III clinical trials by combining other pharmacometric
approaches, such as physiologically based pharmacokinetic
model and exposure-response analyses.

5 Conclusions

The PopPK/PD model developed in this work allowed the
quantitative characterization of the PK/PD relationships of
PB201 as well as the identification of potential covariates
explaining the IIVs. The PopPK/PD model was initially
developed in non-Chinese populations, externally validated
by the PK profiles of multiple administrations in a Chinese
T2DM population. Then, the model was applied to simulate
the time courses of FPG and HbA 1c concentrations in a Chi-
nese T2DM population. According to the PopPK/PD model-
predicted long-term glucose-lowering efficacy of PB201 in
a Chinese T2DM population as well as the exposure—safety
relationship analysis, the dose of PB201 100 mg taken twice
daily exhibited a favorable risk-benefit profile. This PopPK/
PD analysis has played a significant role in bridging the
existing clinical data of PB201 from multiple non-Chinese
populations to inform the optimal dose selection for the Chi-
nese phase III pivotal trial without the need for conducting
any additional clinical trials.
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