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Abstract
Background and Objectives  Dorzagliatin is a first-in-class small molecule glucokinase activator (GKA) that improves pan-
creatic insulin secretion behavior and regulates hepatic glucose conversion in a glucose concentration-dependent manner. The 
primary objective of this study was to develop a population pharmacokinetic model of dorzagliatin to evaluate the influence 
of covariates, such as demographic characteristics and liver and kidney function, on the pharmacokinetics of dorzagliatin 
and provide a basis for medication guidance.
Method  The pharmacokinetic data of dorzagliatin in this study came from six clinical trials. Based on the combined data, 
a population pharmacokinetic model of dorzagliatin was established using NONMEM software (ICON, MD, USA, version 
7.4.3). The algorithm used was first-order conditional estimation with interaction (FOCEI). The dorzagliatin population 
pharmacokinetic modeling analysis included 1062 subjects and 7686 observable concentrations. Covariates, including age 
(AGE), sex (GEND), body weight (TBW), body mass index (BMI), body surface area (BSA), albumin (ALB), alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), serum creatinine (CR), creatinine clearance (CRCL), and total 
bilirubin (TBIL), were screened using the forward-backward method. Model evaluation was performed using goodness-of-fit 
plots, prediction corrected visual prediction check (pcVPC), and bootstrap.
Results  Concentration data of dorzagliatin in the dose range were best characterized by a two-compartment model with 
sequential zero-order then first-order absorption and first-order elimination. The final model estimated dorzagliatin data for 
typical male subjects (69 kg body weight, 18 U/L AST and 55 years old); the apparent total clearance (CL/F) was 10.4 L/h, 
apparent volume of central compartment distribution (Vc/F) was 80.6 L, inter-compartmental clearance (Q/F) was 3.02 L/h, 
apparent volume of peripheral compartment distribution (Vp/F) was 26.5 L, absorption rate constant (Ka) was 3.29 h-1, and 
duration of zero-order absorption (D1) was 0.418 h. The inter-individual variation of CL/F, Vc/F, Vp/F, and D1 was 22.5%, 
14.9%, 48.8%, and 82.8%, respectively.
Conclusion  The two-compartment linear pharmacokinetic model with zero- and first-order sequential absorption adequately 
described the pharmacokinetic characteristics of dorzagliatin. Body weight, aspartate aminotransferase, and age had a sta-
tistically significant effect on the CL/F of dorzagliatin. Body weight and sex had a statistically significant effect on Vc/F. 
However, considering the clinically insignificant changes in the magnitude of steady-state exposure caused by these covari-
ates, as well as the minimal changes in the steady-state exposure for individuals with mild and moderate impaired hepatic 
function and all stages of renal impairment, dose adjustments based on the tested covariates or for specific populations are 
deemed unnecessary.

1  Introduction

Dorzagliatin is a first-in-class small molecule glucokinase 
activator (GKA) that improves pancreatic insulin secretion 
behavior and regulates hepatic glucose conversion in a glu-
cose concentration-dependent manner. It can also regulate 
glucose-controlling hormones by activating intestinal glu-
cokinase (GK), exerting multiple synergistic hypoglycemic 

effects. Dorzagliatin has a unique way to activate GK, which 
increases the affinity of GK to its substrate (glucose) with-
out significant alteration of the Hill coefficient. In addition, 
dorzagliatin increases the maximum reaction rate without 
significantly lowering the glucose S0.5 when glucose concen-
tration is low. Therefore, dorzagliatin is a glucose-dependent 
glucokinase activator. In September 2022, dorzagliatin as 
monotherapy and as an add-on to metformin was approved 
in China for improving glycemic control in adult patients 
with type 2 diabetes mellitus (T2DM) [1].

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s40262-023-01286-8&domain=pdf
http://orcid.org/0000-0002-6192-3752


1414	 K. Wang et al.

Key Points 

Dorzagliatin pharmacokinetics are characterized by a 
two-compartment linear pharmacokinetic model with 
zero- and first-order sequential absorption.

Body weight, age, aspartate aminotransferase, and sex 
were found to be significant covariates on clearance and 
volume; however, the impact on steady-state exposure of 
dorzagliatin is minimal and not expected to be clinically 
meaningful.

The estimated population parameter values may assist 
drug labeling and clinicians in the individualization of 
dorzagliatin dosage regimens.

The results from the first-in-human single ascending dose 
study of dorzagliatin showed that dorzagliatin exposure (area 
under the concentration–time curve [AUC​0–t] and maximum 
concentration [Cmax]) increased dose proportionally from 5 to 
50 mg [2]. Previous clinical trials in adult patients with T2DM 
showed that dorzagliatin had a beneficial effect on glycemic 
control, and all adverse events were mild in intensity and 
resolved without any treatment [2–6]. The half-life of dorzagli-
atin is about 4.5–8.6 h [7]. The results of phase II clinical trial 
demonstrated the good efficacy and safety profiles of dorzagli-
atin. The change in HbA1c from baseline was −1.12% (−1.39 
to −0.86) in the 75 mg twice-daily group, which was better than 
the other dosage groups as well as the placebo group (−0.35%) 
[4]. The number of adverse events was similar between the 
treatment groups and the placebo group [4]. The results pro-
vide supporting information for dorzagliatin 75 mg twice a day 
as monotherapy in drug-naive patients or as an add-on therapy 
for patients tolerating metformin in the dosage selection of later 
phase III trials, which turned out to be a great success.

The aim of this study was to develop a population phar-
macokinetic model to quantitatively describe the pharma-
cokinetic characteristics of dorzagliatin and assess the effect 
of relevant covariates on the pharmacokinetics of dorzagli-
atin based on a very large dataset obtained from the clinical 
development program.

2 � Methods

2.1 � Study Design and Population

The analysis included data from healthy volunteers and 
patients recruited in six clinical trials (two phase I, one 
phase II, and two phase III studies in T2DM patients, and 
one study in subjects with impaired renal function and 

matched healthy volunteers). Doses of dorzagliatin ranged 
from 25 to 400 mg/day. The details of these dosages, sample 
sizes, plasma sampling schedules, and study descriptions are 
presented in Table 1. All participants gave written informed 
consent before participating in the studies, and the protocols 
were approved by the Institutional Review Boards/Ethics 
Committees of the study sites.

2.2 � Population Pharmacokinetic Analysis

A non-linear mixed-effects modeling approach was uti-
lized to analyze dorzagliatin concentration versus time data 
[8–10]. NONMEM 7.4.3 software (ICON Development 
Solutions, Ellicott City, MD, USA); Perl Speaks NONMEM 
(PsN) Ver 4.2 (Uppsala University, Sweden) [11, 12], and 
R ver. 3.5.1 were used in the study. All models were fitted 
using the first-order conditional estimation (FOCE) method 
with interaction.

2.3 � Structure Pharmacokinetic Model

A two-compartment disposition model with sequential 
zero- and first-order absorption processes were selected as 
the structural model after evaluation. The inter-individual 
variability (IIV) of pharmacokinetic (PK) parameters was 
modeled using the exponential error model:

where θi is the individual parameter estimate of the ith sub-
ject; θT is the population typical value of the PK parameter 
after logarithmic transformation, and ηi(ETA) is a random 
effect among individuals, which obeys the random inter-
individual variation of a normal distribution with a mean of 
0 and a variance of ω2.

Additive, proportional, and a combination of additive and 
proportional models were explored for residual variability. 
The final residual error model included additive and propor-
tional error terms:

where C(t)is and Ĉ(t)ij are the measured and the correspond-
ing model-predicted plasma concentration for subject i at 
time j. ε1ij and ε2ij are normally distributed independent 
residual random error terms with a mean of zero and vari-
ances of σ1

2 and σ2
2, respectively.

2.4 � Covariate Analysis Development

Intrinsic covariates of age (AGE), sex (GEND), body weight 
(TBW), body-mass index (BMI), body surface area (BSA), 
albumin (ALB), alanine aminotransferase (ALT), aspartate 

�i = e(�T+�i)

C(t)ij = Ĉ(t)ij ∗
(

1 + 𝜀
1ij

)

+ 𝜀
2ij



1415Population Pharmacokinetic Analysis of Dorzagliatin

Ta
bl

e 
1  

S
um

m
ar

y 
of

 st
ud

ie
s i

nc
lu

de
d 

in
 th

e 
po

pu
la

tio
n 

ph
ar

m
ac

ok
in

et
ic

 a
na

ly
si

s

BI
D

 tw
ic

e 
da

ily
, P

K
 p

ha
rm

ac
ok

in
et

ic
s, 

Q
D

 o
nc

e 
da

ily
, T

2D
M

 ty
pe

 2
 d

ia
be

te
s m

el
lit

us

St
ud

y 
no

D
os

e 
re

gi
m

en
N

St
ud

y 
de

sc
rip

tio
n

PK
 sa

m
pl

in
g 

de
si

gn
Re

fe
re

nc
es

H
M

M
01

02
 (N

C
T0

20
77

45
2)

25
 m

g 
B

ID
50

 m
g 

B
ID

10
0 

m
g 

B
ID

15
0 

m
g 

B
ID

20
0 

m
g 

B
ID

53
A

 ra
nd

om
iz

ed
, d

ou
bl

e-
bl

in
de

d,
 p

la
ce

bo
-c

on
tro

lle
d 

stu
dy

 to
 

as
se

ss
 th

e 
sa

fe
ty

, t
ol

er
ab

ili
ty

, p
ha

rm
ac

ok
in

et
ic

s, 
an

d 
ph

ar
m

a-
co

dy
na

m
ic

s o
f m

ul
tip

le
 a

sc
en

di
ng

 d
os

es
 o

f d
or

za
gl

ia
tin

 in
 

ad
ul

t p
at

ie
nt

s w
ith

 ty
pe

 2
 d

ia
be

te
s m

el
lit

us

D
ay

 1
 a

nd
 8

: p
re

-d
os

e,
 0

.2
5 

h,
 0

.5
 h

, 1
 h

, 1
.5

 h
, 2

 h
, 3

 h
, 4

 h
, 

8 
h,

 1
2 

h,
 1

6 
h,

 2
4 

h,
 3

6 
h,

 a
nd

 4
8 

h 
po

st-
do

se
; D

ay
 3

 a
nd

 7
: 

pr
e-

do
se

, 0
.2

5 
h,

 0
.5

 h
, 1

 h
, 1

.5
 h

, 2
 h

, 3
 h

, 4
 h

, 8
 h

, a
nd

 1
2 

h 
po

st-
do

se

H
M

M
01

03
 (N

C
T0

23
86

98
2)

75
 m

g 
B

ID
75

 m
g 

Q
D

24
A

 si
ng

le
-c

en
te

r, 
ra

nd
om

iz
ed

, o
pe

n-
la

be
l, 

2-
ar

m
, 4

-w
ee

k 
tre

at
-

m
en

t s
tu

dy
 to

 in
ve

sti
ga

te
 th

e 
be

ta
 c

el
l f

un
ct

io
n 

an
d 

re
la

te
d 

ph
ar

m
ac

od
yn

am
ic

s i
n 

ty
pe

 2
 d

ia
be

te
s m

el
lit

us
 (T

2D
M

) 
pa

tie
nt

s

D
ay

 7
, 1

4 
an

d 
21

: p
re

-d
os

e;
 D

ay
 2

8:
 p

re
-d

os
e,

 0
.5

 h
, 1

 h
, 1

.5
 h

, 
2 

h,
 4

 h
, 6

 h
, 8

 h
, 1

2 
h,

 1
2.

5 
h,

 1
3 

h,
 1

3.
5 

h,
 1

4 
h,

 1
6 

h,
 1

8 
h,

 
24

 h
, 3

6 
h,

 4
8 

h,
 7

2 
h,

 a
nd

 9
6 

h 
po

st-
do

se

[6
]

H
M

M
02

01
 (N

C
T0

25
61

33
8)

50
 m

g 
B

ID
75

 m
g 

B
ID

75
 m

g 
Q

D
10

0 
m

g 
Q

D

25
8

A
 m

ul
ti-

ce
nt

er
, r

an
do

m
iz

ed
, d

ou
bl

e-
bl

in
d,

 p
la

ce
bo

-c
on

tro
lle

d,
 

12
-w

ee
k 

ph
as

e 
II

 st
ud

y 
to

 e
va

lu
at

e 
th

e 
sa

fe
ty

, t
ol

er
ab

ili
ty

, 
effi

ca
cy

 a
nd

 p
op

ul
at

io
n 

PK
 o

f d
or

za
gl

ia
tin

 in
 ty

pe
 2

 d
ia

be
tic

 
ad

ul
t s

ub
je

ct
s

V
4,

 5
, 6

, a
nd

 7
: p

re
-d

os
e

V
8:

 p
re

-d
os

e,
 0

.5
 h

, 1
 h

, a
nd

 2
 h

 p
os

t-d
os

e
[4

]

H
M

M
03

01
 (N

C
T0

31
73

39
1)

75
 m

g 
B

ID
46

3
A

 2
4-

w
ee

k 
m

ul
ti-

ce
nt

er
, r

an
do

m
iz

ed
, d

ou
bl

e-
bl

in
d,

 p
la

ce
bo

-
co

nt
ro

lle
d,

 p
ha

se
 II

I s
tu

dy
 to

 e
va

lu
at

e 
th

e 
effi

ca
cy

 a
nd

 sa
fe

ty
 

of
 d

or
za

gl
ia

tin
 w

ith
 a

dd
iti

on
al

 2
8-

w
ee

k 
op

en
-la

be
l t

re
at

m
en

t 
to

 e
va

lu
at

e 
th

e 
sa

fe
ty

 o
f d

or
za

gl
ia

tin
 a

lo
ne

 in
 T

2D
M

 su
bj

ec
ts

V
5:

 p
re

-d
os

e
V

7,
 V

10
, V

15
: p

re
-d

os
e,

 2
 h

 p
os

t-d
os

e
[5

]

H
M

M
03

02
 (N

C
T0

31
41

07
3)

75
 m

g 
B

ID
76

7
A

 2
4-

w
ee

k 
m

ul
ti-

ce
nt

er
, r

an
do

m
iz

ed
, d

ou
bl

e-
bl

in
d,

 p
la

ce
bo

-
co

nt
ro

lle
d,

 p
ha

se
 II

I s
tu

dy
 to

 e
va

lu
at

e 
th

e 
effi

ca
cy

 a
nd

 sa
fe

ty
 

of
 d

or
za

gl
ia

tin
 a

dd
-o

n 
to

 m
et

fo
rm

in
 w

ith
 a

dd
iti

on
al

 2
8-

w
ee

k 
op

en
-la

be
l t

re
at

m
en

t t
o 

ev
al

ua
te

 th
e 

sa
fe

ty
 in

 T
2D

M
 su

bj
ec

ts

V
5:

 p
re

-d
os

e
V

7,
 V

10
, V

15
: p

re
-d

os
e,

 2
 h

 p
os

t-d
os

e
[3

]

H
M

M
01

10
 (N

C
T0

43
24

42
4)

25
 m

g
16

A
n 

op
en

-la
be

l, 
pa

ra
lle

le
d 

stu
dy

 o
f t

he
 p

ha
rm

ac
ok

in
et

ic
s o

f 
do

rz
ag

lia
tin

 fo
llo

w
in

g 
a 

si
ng

le
 o

ra
l d

os
e 

in
 re

na
l i

m
pa

ire
d 

su
bj

ec
ts

 a
nd

 m
at

ch
ed

 h
ea

lth
y 

vo
lu

nt
ee

rs

Pl
as

m
a 

w
as

 c
ol

le
ct

ed
 a

t p
re

-d
os

e,
 0

.2
5 

h,
 0

.5
 h

, 1
 h

, 1
.5

 h
, 2

 
h,

 2
.5

 h
, 3

 h
, 4

 h
, 6

 h
, 8

 h
, 1

2 
h,

 2
4 

h,
 3

6 
h,

 4
8 

h,
 a

nd
 7

2 
h 

po
st-

do
se

[7
]



1416	 K. Wang et al.

aminotransferase (AST), serum creatinine (CR), creatinine 
clearance (CRCL), and total bilirubin (TBIL) were assessed 
for their effects on dorzagliatin pharmacokinetics. For the 
two-compartment model, the most important parameters are 
clearance rate and central compartment distribution volume. 
If the impact of covariates on these two parameters is sig-
nificant, it could potentially have a significant impact on the 
exposure level. Therefore, in this analysis, the focus is on 
significant covariates that affect these two parameters. Con-
tinuous covariates were normalized to the population median 
values and modeled using the following general equation:

Categorical covariates were modeled using the general 
equation:

where θi is the PK parameter of the ith subject, θT is the 
population typical value of the PK parameter after logarith-
mic transformation, Covi is the continuous covariate value of 
the ith subject, and Covpop represents the median value of the 
continuous variable in the population. Xi is the categorical 
variable index of the ith subject, where 0 value indicates the 
most common category of covariate and other integer values 
indicate other categories, kcov describes the influence of cat-
egorical covariates, and ηi is the random between-individual 
variable with a normal distribution of mean 0 and variance 
ω2.

Covariate–parameter relationships were identified based 
on scientific interest, mechanistic plausibility, or prior 
knowledge. Pairwise correlation screening was performed, 
and highly correlated covariates and the more clinically 
relevant covariates were examined further using stepwise 
covariate modeling approaches, including forward inclusion 
and backward elimination. In the forward inclusion step, 
covariates were added to the structure model one by one 
and a drop in the objective function value (OFV) of 6.63 
corresponding to a p < 0.01 level for one degree of freedom 
was required for inclusion in the model. In the following 
step, each selected covariate was entered into a full model. 
A criterion of an increase of OFV by backward elimination 
from the full model of at least 10.83 corresponding to a 
p < 0.001 level for one degree of freedom was used to retain 
covariates in the model.

�i = exp

(

�T + kcov ⋅ ln

(

Covi

Covpop

)

+ �i

)

�i = e�T+kcov∗Xi

2.5 � Model Evaluation

The model evaluation was accomplished by assessing the 
models for the goodness-of-fit plot, which included indi-
vidual and population-predicted versus observed concen-
trations, conditional weighted residual versus time and 
population-predicted concentrations. The reliability and 
stability of the final population pharmacokinetic model were 
further assessed by a nonparametric bootstrap resampling 
method. One thousand bootstrap datasets were generated 
by randomly sampling with replacements from the original 
dataset to form new datasets containing the same number 
of patients as the original dataset. The median parameter 
values and nonparametric 95% confidence intervals (CI) 
were derived from the NONMEM fit based on the 1000 
bootstraps dataset and compared with the final parameter 
estimates [13]. Furthermore, prediction-corrected visual 
predictive checks (pcVPCs) were performed to explore the 
predictive capability of the final PK model [14]. The final 
model parameter estimates and the demographics informa-
tion of subjects were used for simulating 1000 new virtual 
clinical trials. The median and the 95% prediction interval 
simulated plasma concentration was plotted and compared 
with the observed data.

2.6 � Model Simulation for Evaluating the Impact 
of Covariates

Sensitivity analyses were conducted to examine the impact 
of statistically significant covariates on the expected dorza-
gliatin steady-state exposure, including the peak concentra-
tion of the last administration (Cmax,ss), the trough concentra-
tion of the last dose (Cmin,ss) and the area under the plasma 
concentration–time curve (AUC​tau,ss). AUC​tau, ss was calcu-
lated using the linear trapezoidal approximation. Cmax,ss and 
Cmin,ss were the maximum and minimum observed post-dose 
concentrations in the simulated plasma concentration–time 
profile, respectively. The simulated exposure of patients with 
extreme covariate values (5th and 95th percentiles) was com-
pared with that of a typical patient with median covariate 
values for each of the statistically significant covariates in 
the final model.

To further determine the predicted effect of covariates of 
interest, the steady-state exposure in each subject was simu-
lated using the individual post-hoc parameter estimates from 
the final population PK (popPK) model. The purpose of this 
simulation was to compare exposures between BMI quartiles, 
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age groups (age < 65 years vs. age ≥ 65 years), hepatic func-
tion groups (normal vs. mild vs. moderate), and renal func-
tion groups (normal vs. mild) [15, 16]. The differences in 
drug exposure up to 20% are not clinically significant. Of 
note, this simulation accounts for potential correlations among 
covariates.

3 � Results

3.1 � Data Summary and Demographics

A total of 7686 plasma concentrations from 1062 subjects 
from six clinical trials were included in the analysis. Base-
line characteristics for subjects included in the analyses by 
study are summarized in Table 2.

3.2 � Population Pharmacokinetic Model

The PopPK structural model of dorzagliatin is a two-com-
partment model with zero-order and first-order sequential 
absorption and first-order linear elimination in the central 
compartment. The PopPK model of dorzagliatin is com-
posed of the following parameters: apparent total clearance 
(CL/F), apparent volume of central compartment distribu-
tion (Vc/F), inter-compartmental clearance (Q/F), appar-
ent volume of peripheral compartment distribution (Vp/F), 
absorption rate constant (Ka), and duration of zero-order 
absorption (D1).

The diagnostic plots of the final PopPK model for dor-
zagliatin are shown in Fig. 1. The observed and predicted 
concentrations are in good agreement, with no obvious bias. 
The estimated parameters of the final model of dorzagliatin 
and the estimated parameters of bootstrap are compared in 
Table 3. For typical male subjects with a TBW of 69 kg, 
AST of 18 U/L, and 55 years old taking dorzagliatin in trials 
201, 301, and 302, CL/F was 10.4 L/h, Vc/F was 80.6 L, Q/F 
was 3.02 L/h, Vp/F was 26.5 L, Ka was 3.29 h-1, and D1 was 
0.418 h. The inter-individual variability of CL/F, Vc/F, Vp/F, 
and D1 was 22.5%, 14.9%, 48.8%, and 82.8%, respectively. 
The median estimated parameters of the bootstrap model 
and the estimated parameters of the final PopPK model are 
similar. The bootstrap 95% CI (presented by the 2.5th–97.5th 
quantile interval) is highly overlapped with the final model-
predicted 95% CI, indicating that the final model is both 
stable and accurate. The pcVPC results presented in Fig. 2 
demonstrated that the model can fully reproduce the central 
tendency and variability of the original data.

Covariates were tested using the stepwise forward 
and backward method in NONMEM, and the final model 
results showed that body weight, AST, and age had an 
effect on CL/F of dorzagliatin, while body weight and sex 
had an effect on Vc/F. The correlation between covariates 
and post-hoc individual estimates of the corresponding 
parameters are illustrated in Fig. 3. Patients with higher 
body weight or lower age or AST tended to have higher 
CL; patients with higher body weight or who were male 
tended to have higher Vc. Other covariates, including 
ALT, serum creatinine, creatinine clearance, and total 

Table 2   Demographics summary for the population pharmacokinetic analysis dataset

Continuous variables were presented by median (min–max); Categorical variables were presented by N (%)
AGE age, ALB albumin, ALT alanine aminotransferase, AST aspartate aminotransferase, BMI body mass index, CR serum creatinine, GGT​ 
gamma–glutamyl transferase, HT height, RBC red blood cell count, TBIL total bilirubin, TBW total body weight

Variable Study 102 
(N = 43)

Study 103 
(N = 24)

Study 110 
(N = 16)

Study 201 
(N = 192)

Study 301 
(N = 417)

Study 302 
(N = 370)

Overall 
(N = 1062)

AGE, year 54.0 (29.0–63.0) 51.5 (42.0–63.0) 45.5 (22.0–63.0) 55.9 (40.1–74.2) 54.0 (27.0–73.0) 55.0 (19.0–74.0) 55.0 (19.0–74.2)
TBW, kg 66.0 (45.0–89.0) 68.5 (48.8–86.3) 55.5 (47.2–82.0) 68.0 (43.7–91.5) 69.0 (40.0–104) 70.0 (43.0–110) 69.0 (40.0–110)
HT, cm 166 (150–177) 165 (150–179) 159 (148–175) 165 (145–182) 165 (141–186) 167 (145–185) 165 (141–186)
BMI, kg/m2 24.1 (20.0–29.0) 25.3 (20.1–28.9) 23.1 (18.6–26.8) 24.9 (19.2–30.4) 25.4 (18.2–34.9) 25.3 (18.6–34.9) 25.2 (18.2–34.9)
RBC,1012/L 4.78 (3.95–5.42) 4.81 (3.96–6.03) 4.05 (3.07–5.38) 4.91 (2.81–6.92) 4.90 (3.70–6.70) 4.80 (3.70–6.10) 4.85 (2.81–6.92)
ALB, g/L 42.4 (36.7–47.5) 42.5 (38.0–48.0) 45.1 (33.2–49.5) 45.6 (39.4–53.7) 47.0 (39.0–56.0) 47.0 (39.0–57.0) 46.2 (33.2–57.0)
ALT, U/L 17.0 (7.00–66.0) 22.0 (9.00–50.0) 12.0 (4.00–49.0) 18.0 (2.50–61.0) 20.0 (8.00–87.0) 19.0 (6.00–110) 19.0 (2.50–110)
AST, U/L 18.0 (9.00–63.0) 17.5 (11.0–45.0) 16.0 (9.00–31.0) 18.0 (10.0–53.0) 18.0 (8.00–64.0) 17.5 (9.00–74.0) 18.0 (8.00–74.0)
GGT, U/L 22.3 (11.4–91.7) 31.0 (12.0–76.0) 13.5 (7.00–113) 27.0 (9.00–194) 26.0 (8.00–334) 21.0 (7.00–214) 24.0 (7.00–334)
CR, μmol/L 65.0 (39.9–99.5) 67.1 (41.5–102) 235 (42.0–943) 64.0 (35.0–107) 69.0 (36.0–111) 67.0 (39.0–108) 67.0 (35.0–943)
TBIL, μmol/L 12.0 (6.00–24.6) 15.9 (10.0–37.4) 10.1 (4.30–15.2) 8.75 (1.25–30.8) 11.0 (3.00–29.0) 10.0 (3.00–40.0) 10.0 (1.25–40.0)
Sex, N (%)
 Male 20 (46.5%) 17 (70.8%) 6 (37.5%) 117 (60.9%) 269 (64.5%) 236 (63.8%) 665 (62.6%)
 Female 23 (53.5%) 7 (29.2%) 10 (62.5%) 75 (39.1%) 148 (35.5%) 134 (36.2%) 397 (37.4%)
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bilirubin had no significant effect on the pharmacokinet-
ics of dorzagliatin.

3.3 � Sensitive Analysis

The final model demonstrated that body weight, AST, and 
age had a significant impact on the subject's CL/F, while 
body weight and sex had a significant impact on the sub-
ject's Vc/F. The sensitivity analysis results of the impact 
of these significant covariates on dorzagliatin steady-state 
exposure are shown in Fig. 4. The change in exposure (AUC​
tau,ss, Cmax,ss, and Cmin,ss) for subjects weighing 55 kg and 
83 kg (10th to 90th quantiles) relative to a typical subject 

weighing 69 kg was 1.63% to 9.62% and −7.1% to  −1.35%. 
Subjects with AST of 13  U/L and 28  U/L (10th ~ 90th 
quantile) relative to a typical subject with AST of 18 U/L 
had exposure changes of −5.77%  to  −1.73% and 2.45% 
to 8.24%, respectively. Subjects aged 41 years and 66 years 
(10th–90th quantiles) relative to a subject aged 55 years had 
lower (−6.82% to −2.04%) and higher (1.31% to 4.41%) 
exposure, respectively. The difference in AUC​tau,ss, Cmax,ss, 
and Cmin,ss between females and males were 0.01%, 9.09%, 
and −11.6%, respectively. The time to starting to eat after 
taking the drug had a significant impact on D1; however, no 
difference in AUC​tau,ss, and almost no difference in Cmax,ss 
and Cmin,ss (−1.26% and 2.71%, respectively) were observed 

Fig. 1   Diagnosis plot final dorzagliatin model. Left panel: observed 
dorzagliatin concentrations versus individual predicted dorzagliatin 
concentrations (IPRED) in logarithmic (top) and original (bottom) 
scale. Median panel: observed dorzagliatin concentrations versus 
population predicted dorzagliatin concentrations (PRED)  in loga-
rithmic (top) and original (bottom) scale. Right panel: conditional 

weighted residuals (CWRES) versus time after first dose (top) and 
population prediction (bottom). Points are individual data. Red solid 
lines represent the unit diagonal (left and median) or line at zero 
(right). Green dashed lines represent the |CWRES|=5. Blue dashed 
lines are smooth curves (lowess) showing the relationship between 
two variables.
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in the comparison between started to eat ≥ 1 h after dosing 
and 0.5 h after dosing.

3.4 � Impact of Covariates of Interest on Dorzagliatin 
Exposure

The pharmacokinetic exposure of dorzagliatin (AUC​tau,ss, 
Cmax,ss, and Cmin,ss) and comparison is shown in Fig. 5 and 
Appendix Table  S1–S4 (see Electronic Supplementary 
Material [ESM]). The range of geometric mean differences 
of exposure was − 10% to 5.57% across the quartiles of BMI 
groups compared with overall subjects. Age was a significant 

covariate for CL/F in the population pharmacokinetic analy-
sis. The exposures of subjects aged ≥ 65 years was 7.08% 
to 13.4% higher than that for those aged < 65 years. AST 
was also a significant covariate for CL/F. The estimated 
pharmacokinetics of dorzagliatin were grouped by hepatic 
function and renal function according to the FDA guideline 
[15, 16]. The range of geometric mean differences in expo-
sure was −20.2% to 5.67% across all hepatic function groups 
compared with overall subjects while it was no more than 
12.4% for subjects with mild renal function compared with 
subjects with normal renal function.

Table 3   Population pharmacokinetic parameters of dorzagliatin and bootstrap results

IIV for CL, Vc, Vp, D1, and proportional error are reported as approximate CV%
AGE age, AST aspartate aminotransferase, BW body weight, D1 duration of zero-order absorption, GEND sex, IIV interindividual variability, Vc 
volume of central compartment, Vp volume of peripheral compartment
Parameter covariate relations were described as:

CL∕F(L∕h) = 10.4 × exp(0.203 × Study + 0.255 × log

(

BW

69

)

− 0.103 × log

(

AST

18

)

− 0.135 × log

(

AGE

55

)

+ �CLi)

Vc∕F(L) = 80.6 × exp
(

0.553 × log
(

BW

69

)

− 0.170 × GEND + �Vci

)

D1(h) = 0.418 × exp(0.816 × FOOD + �D1i)

Study: 1 for study 102/103/110, 0 for others; GEND: 1 for female, 0 for male; FOOD: 0 and 1 for the time of food consumption after 0.5 h and ≥ 
1 h of drug administration, respectively
The shrinkage of CL/F, Vc/F, Vp/F and D1 are 22.5%,14.9%, 48.8% and 82.8%, respectively

Parameter Parameter description Final model Bootstrap estimates median (2.5th–97.5th)

Estimate (%RSE) 95% CI

CL/F (L/h) Apparent total clearance 10.4 (0.923) 10.2–10.6 10.4 (10.2−10.6)
Vc/F (L) Apparent volume of central compartment 

distribution
80.6 (1.23) 78.7–82.6 80.6 (77.7−83.1)

Q/F (L/h) Inter-compartmental clearance 3.02 (9.70) 2.50–3.66 3.01 (2.29−4.14)
Vp/F (L) Apparent volume of peripheral compartment 

distribution
26.5 (6.95) 23.1–30.4 26.7 (22.8−31.0)

Ka (h−1) Absorption rate 3.29 (5.30) 2.96–3.65 3.29 (2.94−3.64)
D1 (h) Duration of zero-order absorption 0.418 (7.49) 0.361–0.484 0.415 (0.322−0.485)
CLSTUDY Influence of study on CL/F 1.23 (2.39) 1.17–1.28 1.22 (1.17−1.28)
D1,FOOD Influence of food consumption time on CL/F 2.26 (12.8) 1.76–2.91 2.28 (1.85−3.10)
CLBW Influence of body weight on CL/F 0.255 (19.4) 0.158–0.352 0.254 (0.161−0.351)
Vc,BW Influence of body weight on Vc/F 0.553 (9.94) 0.445–0.661 0.553 (0.446−0.667)
CLAST Influence of AST on CL/F − 0.103 (21.3) − 0.146 to − 0.0601 − 0.102 (− 0.149 to − 0.0589)
CLAGE Influence of AGE on CL/F − 0.135 (28.5) − 0.211 to − 0.0599 − 0.133 (− 0.215 to − 0.0564)
Vc,GEND Influence of sex on Vc 0.843 (1.74) 0.815−0.873 0.843 (0.813−0.870)
IIV_CL IIV on CL 22.5 (2.65) 21.3−23.6 22.4 (21.0−24.0)
IIV_Vc IIV on Vc 14.9 (5.56) 13.1−16.4 14.8 (13.0−16.5)
IIV_Vp IIV on Vp 48.8 (9.25) 38.9−57.0 48.5 (40.6−57.1)
IIV_D1 IIV on D1 82.8 (8.16) 68.3−95.2 81.8 (65.8−98.4)
Cor_CL,Vc Covariance (CL, Vc) 0.0181 (10.9) 0.0142−0.022 0.0181 (0.0136−0.023)

σ1 (%) Proportional error 32.9 (1.34) 32.0−33.7 32.8 (31.2−34.5)

σ2 (ng/mL) Additive error 109 (1.38) 106−112 109 (103−115)
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4 � Discussion

This analysis included the data from six clinical studies for 
population pharmacokinetic analysis. The results showed 
that the two-compartment with zero- and first-order sequen-
tial absorption and first-order elimination pharmacokinetic 
model could well describe the pharmacokinetic characteris-
tics of dorzagliatin within the dose range in this study. Body 
weight, AST, and age had a statistically significant effect 
on the CL/F of dorzagliatin. Body weight and sex have a 
statistically significant effect on Vc/F. Patients with higher 
body weight exhibited higher CL/F and Vc/F in response to 
dorzagliatin treatment. Additionally, patients with lower age 
and AST exhibited higher CL/F. Male patients had higher 
Vc/F than female patients. Further, patients with time to food 
consumption of ≥1 h after drug administration had higher D1 
than those who consumed food after only 0.5 h.

During the modeling process, it was found that the data 
predictions from clinical studies 102, 103, and 110 had 
biased results, with slightly lower exposure compared with 
studies 201, 301, and 302. This difference in exposure may 
be related to the dosage formulation, as studies 301 and 302 
used near commercial preparations and there may be differ-
ences in bioavailability compared with earlier formulations 
or for other unknown reasons. Attempts were made to find 
that the model was unable to correct for prediction bias by 

bioavailability. The three studies (201, 301, and 302) were 
mainly sparsely sampled, the difference in bioavailability 
is likely reflected in the difference in clearance rate during 
the modeling process. For the purpose of better parameter 
estimation and model application, the between-trial differ-
ence was adjusted for the clearance of subjects in trials 102, 
103, and 110 using fixed effects. The estimated CL in stud-
ies 102, 103, and 110 was 22.5% higher than that in studies 
201, 301, and 302.

Body weight is a statistically significant covariate on 
CL/F and Vc/F. For subjects with body weights of 55 kg and 
83 kg (10th–90th quantiles) compared with a typical subject’s 
weight of 69 kg, the changes in CL/F were −5.63% to 4.83%, 
and the changes in Vc/F were −11.8% to 10.8%. Age is a 
statistically significant covariate on CL/F. For subjects aged 
41 years old and 66 years old (10th–90th quantile) compared 
with the typical subject aged 55 years, CL/F changes were 
4.06%  to  −2.44%. AST is a statistically significant covari-
ate on CL/F. For subjects with AST of 13 U/L and 28 U/L 
(10th to 90th quantile) compared with typical subjects with 
AST of 18 U/L, CL/F changed by 3.41% to − 4.45%, respec-
tively. Sex had a statistically significant impact on the Vc/F; 
females were 15.7% lower than male subjects. Despite statis-
tical significance indicating a relationship between a covari-
ate and a PK parameter, this does not necessarily imply a 
clinical relevance or meaningful impact on patient outcomes. 
It could be that the observed impact of the covariate on PK 
parameters is too small to have a significant impact on the 
overall clinical response. TBW, AGE, and AST were identi-
fied as being statistically significant baseline covariates for 
dorzagliatin clearance in the final PopPK model. However, 
the extreme values (10th–90th quantile) of a single covariate 
on clearance or Vc resulted in a < 12% change from a typical 
patient. Given the limited impact of these covariates on the 
parameters, it is not expected to be clinically meaningful 
in terms of the magnitude of the change in exposure. Other 
covariates including BMI, BSA, ALB, ALT, CR, CRCL, 
and TBIL did not have a statistically significant impact on 
the PK parameters.

Sensitivity analysis results further showed that body 
weight, AST, age, and sex had limited effect on exposure, 
the 10th or 90th percentile, or different sex relative to typical 
subjects; exposure quantitative changes are all within 12%. 
As expected, the time to food consumption after dosing (≥ 
1 h vs. 0.5 h) had almost no influence on exposure (−1.26% 
to 2.71%).

The application of the model also examined the differ-
ences in exposure between different covariate groups includ-
ing BMI quartiles, age groups (< 65 vs. ≥ 65 years), hepatic 
function (normal vs. mild vs. moderate) and renal function 
(normal vs. mild). Additionally, the results of a two-part 
renal impairment study showed limited difference between 
patients with end-stage renal disease (ESRD) and healthy 

Fig. 2   Prediction-corrected visual predictive check (pcVPC) of dor-
zagliatin concentration–time profiles across all studies. The final 
model parameter estimates and the demographics information of 
subjects were used for simulating 1000 new virtual clinical trials. 
Points are observed concentrations, solid line represents the median 
observed value, and dashed lines represent 2.5th percentiles and 97.5th 
percentiles of the observed values. The upper and lower shaded areas 
represent the 95% confidence interval (CI) spread of the 2.5th–97.5th 
percentile predicted values, and middle shaded areas represent the 
95% CI spread of medium predicted values.
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volunteers (geometric mean ratio of ESRD to HV at 0.81 for 
Cmax and 1.11 for AUC), suggesting that no dose adjustment 
is needed for dorzagliatin in patients with T2DM at all stages 
of renal impairment [7]. The above differences also included 
the confounding effects of multiple factors. AUC​tau,ss and 
Cmax,ss are within ±12.6% relative to the overall difference; 
the Cmin,ss is within ±21% of the overall difference. Of note, 
Cmin,ss is associated with greater variability than AUC​tau,ss 
and Cmax,ss. Given the low IIV of dorzagliatin’s key PK 
parameters (CL and Vc) and the low-to-moderate effect of all 
statistically significant covariates on dorzagliatin exposure 
(AUC​tau,ss, Cmaxss, and Cmin,ss), no covariate is expected to 
have clinically meaningful effects on dorzagliatin exposure.

5 � Conclusion

The two-compartment linear pharmacokinetic model with 
zero- and first-order sequential absorption well described 
the pharmacokinetic characteristics of dorzagliatin within 
the dose range in this study. Body weight, age, aspartate 
aminotransferase, sex, mild and moderate impaired hepatic 
function, and all stages of renal impairment had a small 
effect on the exposure. The effect of these covariates on 
the exposure was not expected to be clinically meaningful 
and no dose adjustment is needed.

Fig. 3   Final model pharmacokinetic (PK) parameter–covariate rela-
tionships. Final model PK parameter–covariate relationships for 
baseline body weight (left panel), age (mid-top), AST (right-top), and 
gender (mid-bottom). The solid red lines indicate a typical (popula-
tion) predicted covariate relationship. The blue squares represent 

the geometric mean within the group for categorical covariates. The 
black circles are the empirical Bayes estimates of individual PK 
parameters after correcting for all other covariates except for the one 
plotted on the x-axis. CL/F clearance, Vc/F volume distribution of 
central compartment
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(a) (b)

(c)

Fig. 4   Sensitivity analysis plot comparing the effect of covariates 
on dorzagliatin steady-state exposure (AUC​ss, Cmax,ss, and Cmin,ss). 
Base, as represented by the black vertical line and values, refers to 
the predicted exposure (AUC​tau,ss, Cmax,ss, and Cmin,ss) of dorzagliatin 
in a typical subject after 10 repeated doses of 75 mg twice a day. The 
black-shaded bar with value at each end shows the 5th–95th percentile 
exposure range across the entire population. Each blue-shaded bar 
represents the influence of covariates on the exposure. The label at 
the left end of the bar represents the covariate being evaluated. The 

upper and lower values for each covariate capture 80% of the plau-
sible range in the population. The length of each bar describes the 
potential impact of the covariates on dorzagliatin exposure, with the 
percentage value in parentheses at each end representing the percent 
change of exposure from the base. The most influential covariates are 
at the top of the plot for each exposure parameter. AST aspartate ami-
notransferase, AUC​tau,ss steady-state area under the plasma concentra-
tion–time curve, CI confidence interval, Cmax,ss steady-state maximum 
concentration, Cmin,ss steady-state trough concentration, Gender sex.
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Fig. 5   Impact of covariates of interest on dorzagliatin steady-state 
exposure. Circles are the simulated dorzagliatin exposure (AUC​tau,ss, 
Cmax,ss, and Cmin,ss) in individual subjects with 75  mg twice daily 
based on post-hoc pharmacokinetic parameters. The boxes represent 
the 25th to 75th percentiles (IQR). The solid black horizontal line in 
the middle of each box represents the median. The bars extend to the 

most extreme data point which is no more than 1.5×IQR from the 
box. AUC​tau,ss steady-state area under the plasma concentration–time 
curve, BMI body mass index, Cmax,ss steady-state maximum concen-
tration, Cmin,ss steady-state trough concentration, IQR interquartile 
range.
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