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Objective: This study aimed to present a quantitative modeling and simulation approach for oral henagliflozin, a selective sodium-
glucose cotransporter 2 (SGLT2) inhibitor primarily metabolized by uridine diphosphate-glucuronosyltransferase (UGT) enzymes.
Methods: A physiologically-based pharmacokinetic (PBPK) model for henagliflozin was developed using in vitro metabolism and clinical
pharmacokinetic (PK) data, with validation across multiple contexts, including healthy adults, and hepatic impairment populations.
Additionally, empirical pharmacodynamic (PD) modeling was employed to optimize pediatric dosing based on exposure-response
relationships for urinary glucose excretion (UGE). Predicting henagliflozin exposure in pediatric patients poses challenges due to
UGT enzyme ontogeny and the scarcity of clinical PK data in younger age groups. Using twofold acceptance criteria, model-predicted
and observed drug exposures and PK parameters (area under the curve and peak concentration) were compared in diverse scenarios,
including monotherapy in healthy adults (single/multiple doses), hepatic impairment, and extrapolation to pediatric age groups.
Results: The PBPK model accurately captured observed exposures within a twofold range in both adults and adolescents, supporting
the model’s predictive utility. The verified PBPK and empirical PD models informed dosing recommendations in pediatric popula-
tions aged 1 month to 18 years, achieving henagliflozin exposures comparable to those in adult patients receiving a 5-10 mg dose.
Conclusion: This study shows that PBPK and PD modeling effectively guide pediatric dosing of henagliflozin, reducing trial
reliance and supporting real-world validation.

Keywords: Chinese population; henagliflozin; pediatric dosing; pharmacodynamic (PD) modeling; physiologically-based
pharmacokinetic (PBPK) modeling

1. Introduction

Henagliflozin is a novel, orally administered, and highly selec-
tive sodium-glucose cotransporter 2 (SGLT2) inhibitor with
over 800-fold greater selectivity for SGLT2 compared to
SGLT1 [1]. It was developed and approved in China and shares
structural similarities with other SGLT2 inhibitors like

ertugliflozin and dapagliflozin (Figure 1) [2]. Clinical studies,
including two phase 3 trials, have demonstrated that henagli-
flozin effectively improves glycemic control, reduces body
weight, and lowers blood pressure in adult patients with type
2 diabetes mellitus (T2DM) when used as monotherapy at
5-10 mg once daily, or in combination with metformin or
retagliptin [3-5].
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FIGURE 1: Structures for selected SGLT2 inhibitors.

The pharmacokinetic (PK) profile of henagliflozin in type 2
diabetic patients is consistent with that in healthy subjects.
Following oral administration, henagliflozin reaches peak
plasma concentration within 1.0-2.0 h, with peak concentra-
tion (Chay) and area under the concentration—time curve
(AUCQ) increasing proportionally to the dose. Food intake has
no clinically significant impact on its absorption. Henagliflozin
is highly bound to plasma proteins (94.5%—95.9%) and pri-
marily metabolized by uridine 5-diphospho-glucuronosyl-
transferase isoform 2B4/7, 1A9, 1A3, and 1A6 enzymes,
forming three inactive glucuronide metabolites. It is predomi-
nantly excreted as metabolites in urine (30.1%) and unchanged
in feces (50.0%), with an elimination half-life of 9.1-14.0 h and
a total cumulative excretion rate of 80.1%. Figure S1 shows the
henagliflozin disposition pathway based on absorption, distri-
bution, metabolism, and excretion (ADME) studies with
assumptions illustrated.

SGLT?2 inhibitors, such as dapagliflozin and empagliflozin,
are established treatments for adults with T2DM, chronic kid-
ney disease (CKD), and heart failure [6]. While SGLT2 inhibi-
tors are well-established in adults, their translation to pediatrics
is delayed by developmental maturation of drug metabolizing
enzymes, resulting in age-dependent PKs that preclude simple
dose scaling from adult data [7]. Recently, empagliflozin (mar-
keted as Jardiance) received Food and Drug Administration
(FDA) approval for pediatric use in children 10 years and older
based on positive results from the DINAMO phase 3 clinical
trial [8]. Despite this advancement, other SGLT2 inhibitors,
including henagliflozin remain uncertain in pediatric care, pri-
marily due to the lack of robust clinical data [9]. However,
clinical trials for these populations often face challenges such
as ethical concerns, recruitment difficulties, and the need for
age-appropriate formulations. To date, no clinical trials for
henagliflozin have enrolled participants under 18 years of
age, and registrational studies explicitly exclude pediatric popu-
lations. These gaps indicate the need for quantitative modeling

approaches to inform pediatric dosing strategies across a full
age spectrum, especially for adolescents with increased risks
of T2DM.

Fortunately, physiologically-based PK (PBPK) modeling
has emerged as a valuable and recognized tool for overcoming
these challenges [10]. By integrating age-specific physiological
parameters, PBPK models enable the prediction of drug PKs
across different subpopulations, including geriatrics and pedi-
atrics. This approach allows for the simulation of various dos-
ing scenarios, accounting for ontogeny and population
variability without exposing children to unnecessary risks
[11]. Numerous PBPK models have been successfully verified
to reproduce adult clinical PK profiles with high reliability.
These verified models can be further leveraged to predict
drug PK in pediatric populations when direct clinical study
data is unavailable [12—14]. By incorporating pediatric-specific
physiological factors, such as enzyme ontogeny, body weight,
and renal excretion maturity, PBPK models offer a framework
to predict age-appropriate drug exposure, optimize dosing
strategies, and support clinical decision-making in children
[15, 16]. In recent years, the U.S. FDA, the European Medicines
Agency (EMA), and the International Council for Harmoniza-
tion of Technical Requirements for Pharmaceuticals for
Human Use (ICH) have released guidelines supporting pediat-
ric extrapolation and advocating for the use of modeling and
simulation to inform pediatric drug development and optimize
dose selection [17, 18].

This study aims to develop and validate a PBPK model for
henagliflozin to predict its PK in special populations. By
leveraging an established adult PBPK model, we seek to simu-
late age-appropriate dosing regimens for pediatric populations,
considering developmental physiological changes. The objec-
tive is to provide a scientific foundation for optimal pediatric
dosing, thereby reducing the need for extensive pediatric trials
and supporting regulatory and clinical decision-making for
henagliflozin’s use in pediatric patients with T2DM.
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FiGURE 2: The workflow of PBPK model in adult and pediatric populations for henagliflozin.

2. Materials and Methods

2.1. Software and Tools. In this study, the PBPK model devel-
opment was conducted using the Open Systems Pharmacology
Suite, incorporating PK-Sim (Version 11, Open Systems Phar-
macology Suite, https://www.open-systems-pharmacology.org/).
PK parameters and statistical analyses were performed using
R software (Version 4.0, https://www.r-project.org/) and
graphical visualizations were created using GraphPad Prism
(Version 8.0, https://www.graphpad.com/). Physicochemical
properties were retrieved using the DrugBank database
(https://go.drugbank.com/drugs/DB11939), PubChem data-
base (https://pubchem.ncbi.nlm.nih.gov/compound/Hena
gliflozin), and related literature sources. PK data were col-
lected by searching literature databases, including PubMed
and China National Knowledge Infrastructure (CNKI).
Plasma drug concentration—time curve data were digitized
using the GetData Graph Digitizer (Version 2.22, http://
www.getdata-graph-digitizer.com/).

2.2. Development and Evaluation of Adult PBPK Model

2.2.1. Model Structure and Parameterization. A combination
of “top-down” and “bottom-up” modeling strategies was
applied to develop the models. The modeling workflow is illus-
trated in Figure 2. A whole-body, 18-compartment PBPK
model was developed using PK-Sim for modeling and simula-
tion. Each compartment consisted of four subcompartments:
blood, plasma, interstitial, and intracellular space [19]. A virtual
individual representing a typical 30-year-old male of East Asian
ethnicity was created using average physiological parameters,
and the virtual population of 100 individuals was generated
based on this profile using the “population” building block in
the software. Each population consisted of 50 males and 50
females within the age range of 1845 years. The adult model
for henagliflozin was developed using collected physicochemi-
cal properties, in vitro characteristics, and in vivo ADME
parameters. Initial parameters were optimized using the Monte
Carlo algorithm, with detailed parameter information provided
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TasLE 1: Input parameters for developing the henagliflozin PBPK model.
Parameter Initial value Reference Final value Source
Physiochemical properties/formulation
LogP 1.8-2.46 DrugBank; PubChem 2.1 Optimized
MW (g/mol) 454.9 DrugBank; PubChem 4549 —
Solubility (mg/mL) 0.182 DrugBank 0.182 —
Dissolution time (50% dissolved, min) 240 Default 87 Optimized
Dissolution shape 0.92 Default 1.70 Optimized
Absorption
Specific intestinal permeability (cm/s) 6.7x107* [20] 6.7x107* —
Distribution
fu ' 5% 20] 5% —
B/P ratio 0.55 0.55 —
Partition coefficients PK-Sim standard Default Poulin and Theil Optimized
Cellular permeabilities PK-Sim standard Default PK-Sim standard Default
Metabolism
CLintcyp 0.05 uL/min/pmol rec. enzyme Calculated 0.08 uL/min/pmol Optimized
CLintucT1A9 21.6 uL/min/mg Calculated 32.4 yL/min/mg Optimized
Content in liver microsomes 61.2 pmol/mg mic. protein (21] 61.2 pmol/mg mic. protein —
CLintucT2B7 13.8 uL/min/mg Calculated 20.7 uL/min/mg Optimized
Content in liver microsomes 200 pmol/mg mic. protein [21] 200 pmol/mg mic. protein —
CLincucTias 4.1 yL/min/mg Calculated 6.3 uL/min/mg Optimized
Content in liver microsomes 20.6 pmol/mg mic. protein [21] 20.6 pmol/mg mic. protein —
Elimination
GEFR fraction 1 Default 0.70 Optimized

Abbreviations: B/P ratio, blood/plasma ratio; CL;y,, intrinsic clearance; CYP, cytochrome P450; f,,, fraction unbound; GFR, glomerular filtration rate; LogP,

lipophilicity; MW, molecular weight.

in Table 1. All dosing protocols corresponding to each clinical
study were accurately reproduced within the “administration
protocol” building block of PK-Sim, ensuring that dosing regi-
mens, including both single and multiple doses under fasted or
fed states, reflected the clinical conditions without altering
other parameters. Additionally, a “feeding event” was incorpo-
rated in PK-Sim using a default 1000 kcal meal to simulate the
impact of food on PK.

Henagliflozin is structurally similar to the SGLT2 inhibitor
ertugliflozin, sharing a comparable metabolic pathway (Figure
S1) [22]. In humans, two glucuronide metabolites of ertugli-
flozin have been identified: a minor metabolite, ertugliflozin 2-
O-glucuronide (mediated by UGT2B7/2B4), and a major one,
ertugliflozin 3-O-glucuronide (mediated by UGT1A9) [23].
Based on human mass balance studies, ertugliflozin shows sig-
nificant oxidative metabolism (fCL=0.12), with systemic
clearance largely mediated by UGT1A9 (70%), UGT2B7/2B4
(16%), CYP3A4 (10%), CYP3A5 (1.2%), CYP2C8 (0.5%), and
renal elimination (2%). Similarly, data from in vitro studies and
human mass balance for henagliflozin suggest that its clearance
is primarily through UGT1A9 (47%), UGT2B7/2B4 (30%), and
UGT1A3 (9%), with a smaller contribution from CYP enzymes
(11%) [24, 25]. Approximately 1.9%—3% of henagliflozin is
cleared renally as the unchanged drug [26, 27]. To assign enzy-
matic clearance rates in PK-Sim, a retrograde translation strat-
egy was employed, using these fraction metabolized (fm) values
to calculate intrinsic clearance (CLy,,) for each enzyme. In vitro
studies with human liver and kidney microsomes indicated

that 10% of UGT clearance occurs in the kidneys, and 90%
in the liver [23]. For modeling, metabolism by UGT2B4/2B7
was attributed to UGT2B7, and CYP3A4 represented the
CYP family, with optimized abundance in the PBPK model.
Initial input parameters for henagliflozin were set to UGT1A9
CLiy at 21.6 uL/min/mg, UGT2B7 CL;,, at 13.8 uL/min/mg,
UGT1A3 CL;, at 4.1 pL/min/mg, and CYP family CL;,, at
0.05 uL/min/pmol.

2.2.2. Model Optimization and Validation. Clinical PK data
for oral administration of henagliflozin in healthy subjects were
obtained from the clinical research, as detailed in Table SI.
These training dataset encompassed a range of single and mul-
tiple dosing regimens, with doses from 1.25 to 200 mg, admin-
istered both as single doses and daily over multiple days [26].
Validation of the model relied on studies from others involving
healthy individuals under both fasting and fed conditions,
receiving 5-25mg single and multiple doses [25, 28-33]. In
addition to healthy subjects, the model was also evaluated using
data from studies involving patients with T2DM [34]. Since
T2DM has been reported to have no significant impact on the
PK of henagliflozin, no additional adjustments were made for
the disease (except the age range for the virtual population was
modified to 45-60 to match clinical demographics). The same
model structure and parameterization applied to healthy sub-
jects were used for T2DM patients, ensuring consistent evalua-
tion of PK parameters. The geometric mean of the predicted
plasma concentrations as well as urine excretion profile (if
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TasLE 2: Physiological changes associated with hepatic impairment.
Parameter Healthy CP-A CP-B CP-C
Blood flow rate fraction
Portal 1 0.40 0.36 0.04
Hepatic arterial 1 1.30 2.30 3.40
Renal 1 0.88 0.65 0.48
Brain 1 1 1 1
Other organs 1 1.75 2.25 2.75
Liver volume fraction 1 0.69 0.55 0.28
Hematocrit value 0.47 0.39 0.37 0.35
Ontogeny factor (albumin) 1 0.81 0.68 0.50
Ontogeny factor (al-acid glycoprotein) 1 0.60 0.56 0.30
Enzyme reference concentration
UGT1A9 (pmol/L) 1 1 0.48 0.28
UGT2B7 (pmol/L) 1 1 0.30 0.13
CYP3A4 (pmol/L) 4.32 4.32 0.86 0.86
GEFR fraction 1 1 0.70 0.36

Abbreviations: CP-A/B/C, chil-pugh A/B/C; GFR, glomerular filtration rate.

available) was obtained through software simulation. Time-
concentration curves predicted by the model were visually
compared to the observed clinical data. Model performance
was evaluated by comparing predicted and observed PK
parameters with goodness-of-fit plots, including C,,,, and
AUC for single-dose administration, as well as steady-state
Ciax (Ciaxss) and AUC (AUC,) for multiple-dose adminis-
tration. The fold error (FE) was calculated, while the average
FE (AFE) and absolute AFE (AAFE) were computed for all
plasma concentrations to quantify prediction accuracy
(Equations (1)—(3)). Predictive performance was considered
acceptable when these values were within a twofold range
(0.5-2), and a stricter 1.25-fold limit (0.8-1.25) indicated
higher predictive accuracy. Additionally, average absolute
prediction error (AAPE) was calculated to measure prediction
error scaled to percentage units (Equation (4)). A model is
deemed satisfactory if the AAPE is less than 20%, acceptable if
the AAPE is between 20% and 50%, and poor if the AAPE is
50% or higher [35].

FE — Predicted value (1)
~ Observed value’
N Predicted;
1% Jo —
AFE = 10N i§1 810 (Observed,»)_ (2)
N Predicted;
Ly 1lo i
AAFE = 10 1‘; glO (Observed,) ’ (3)

Predicted; — Observed;
Observed,;

AAPE = Average <

> L@

2.3. Extrapolation to Hepatic Impaired PBPK Model and
Evaluation. The healthy adult PBPK model was extrapolated
to simulate PK in populations with hepatic impairment. For the

simulations, virtual individuals and populations (n = 100) were
created with demographic characteristics aligned with clinical
study data [36]. Patients were categorized based on the child-
pugh classification: child-pugh A (CP-A), child-pugh B (CP-
B), and child-pugh C (CP-C). Hepatic impairment leads to
significant morphological and functional changes, including
reduced hepatocyte function, altered hemodynamics,
decreased plasma protein levels, and compromised renal func-
tion. These changes influence drug behavior and necessitate
adjustments to enzyme expression abundance and other phys-
iological factors. Several physiological changes were adapted for
hepatic impairment, including reduced portal and renal blood
flow, increased liver blood flow, and adjusted organ flows
except for the brain [37, 38] (Table 2). Specifically, the expres-
sion of key metabolic enzymes, such as UGT1A9, UGT2B4/7,
and CYP3A4, which play a major role in henagliflozin clear-
ance, were reduced [39]. Additionally, the variability of plasma
protein scale factor in PK-Sim was defined to reflect changes in
plasma protein concentration and binding among populations
[40]. These adjustments were made to capture the impact of
hepatic impairment on PK, and simulations were performed
for 20 mg single-dose administration. Model performance was
evaluated by comparing predicted and observed plasma
concentration-time profiles and key PK parameters like Cyax
and AUC across healthy controls and hepatic-impaired popu-
lations [36].

2.4. Extrapolation to Pediatric PBPK Model and Dose
Optimization. Age-related physiological and anatomical
parameters, such as height, weight, organ volume, and blood
flow, were scaled using the built-in algorithms of PK-Sim. The
ontogeny of key metabolic enzymes involved in henagliflozin
clearance, including UGT1A9, UGT2B7, and CYP3A4, was
integrated into the pediatric PBPK model using built-in ontog-
eny database in PK-Sim (Figure S2) [41]. Additionally, key
parameters for clearance, including unbound fraction, GFR,
and enzyme ontogeny factors, were adjusted to reflect pediatric
physiology. Four virtual pediatric subgroups were created
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TasLE 3: Prediction performance for henagliflozin PBPK model in adults.

Group Parameter AFE AAFE" AAPE%
Training dataset: fasting, healthy, single dose
AUC) 54 0.79 0.79 21.3
2.5mg Conas 0.70 0.70 29.6
A. 0.70 0.70 0.30
AUC, 54 0.77 0.77 227
5mg Conas 0.63 0.63 372
A. 0.58 0.58 0.42
AUC, 54 0.94 0.94 6.2
10mg Conax 1.08 1.08 7.6
Ae 0.69 0.69 0.31
AUC, 54 0.93 0.93 7.4
25mg Coax 0.83 0.83 16.7
A. 0.71 0.71 0.29
AUCy 24 0.90 0.90 10.3
50 mg Conas 0.77 0.77 22.8
A. 0.65 0.65 0.35
AUC) 54 0.96 0.96 43
100 mg Conas 111 111 11.0
A. 0.67 0.67 0.33
AUC, 54 0.94 0.94 6.1
200 mg Conas 0.96 0.96 44
A, 0.65 0.65 0.35
Training dataset: fasting, healthy, multiple dose
AUC,, 1.07 1.07 7.28
1.25mg Conaxcss 0.99 0.99 1.19
A, 0.91 0.91 0.09
AUC,, 0.77 0.77 23.15
2.5mg Conaxss 0.75 0.75 2451
A, 0.72 0.72 0.28
AUC,, 0.93 0.93 6.79
5mg Conaxss 0.93 0.93 6.68
Ae 0.88 0.88 0.13
AUC,, 1.03 1.03 320
10 mg Conaxss 1.01 1.01 0.54
A. 0.95 0.95 0.05
AUC 0.89 0.89 11.01
25mg Conaxss 0.93 0.93 7.22
A. 0.72 0.72 0.28
AUC 0.88 0.88 11.81
100 mg Conax, 55 1.01 1.01 0.54
A, 0.57 0.57 0.43
Validation dataset: 5mg
Fasting healthy single dose AUC 089 124 19.52
Cinax 0.74 1.35 25.13
Fed healthy single dose AUC 1.02 121 19.66
Cinax 0.92 1.28 22.86
AUC 1.15 1.24 25.02
. . Cinax 0.96 1.28 23.69
Fasting healthy multiple doses AUC,. 0.96 191 19.09
Conaxss 1.02 1.24 21.03
AUC 1.28 1.34 36.08
Fasting T2DM multiple doses Cmax 114 118 1897
AUC,, 1.05 1.23 22.30

Conaxss 1.02 1.15 14.05
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TasLE 3: Continued.
Group Parameter AFE AAFE" AAPE%
Validation dataset: 10 mg
AUC 0.99 1.21 19.20
Fasting healthy single d
asting hiealthy sngie dose Conas 0.93 115 12.63
AUC 1.22 1.29 30.27
Fed healthy single d
ed hiealthy single dose Conas 1.06 1.29 26.54
AUCy, (Huang2022) 1.09 1.22 22.15
Cinaxess (Huang2022) 1.01 1.14 13.22
AUC., ou 1.16 1.24 25.16
Fasting healthy multiple doses s (Que2021)
Conaxss (Que2021) 1.20 1.22 23.38
AUCq, (t1e2023) 1.00 1.21 19.67
Conaxss (He2023) 0.88 1.19 15.45
AUC, 1.11 1.11 11.02
Fed healthy multiple doses *
Conaxcss 0.82 121 17.60
AUC 1.30 1.35 37.77
C 1.23 1.25 25.72
Fasting T2DM multiple d e
asting mufhple doses AUC,, 1.14 126 26.55
Conaxcss 1.18 1.22 22.70
Validation dataset: 20 mg
AUC 1.18 1.28 29.23
C 0.93 1.15 12.96
Fasting T2DM multiple d e
astiig mutiple doses AUC,, 1.01 123 21.09
Crnax,ss 1.07 1.16 15.61
Validation dataset: 25 mg
AUC, 0.89 1.12 10.90
Fasting healthy multiple doses *
Conaxcss 0.81 124 19.35

Note: A,, percentage of the administered dose recovered in urine; AUC, area under the time-concentration curve.
Abbreviations: AAFE, absolute average fold error; AAPE, average absolute prediction error; AFE, average fold error; Cax peak concentration.
“The AAFE and AFE were identical in the training datasets because testing was conducted on a single virtual individual rather than a population.

based on the ICH classification of pediatrics: neonates
(0-27 days), infants and toddlers (28 days—23 months), chil-
dren (2-11 years), and adolescents (12-18 years) [42]. Each
subgroup consisted of 100 virtual individuals (50% female).

Given the lack of clinical data for validation, a sensitivity
analysis was performed to evaluate the impact of key physio-
logical parameters on henagliflozin’s PKs in pediatric popula-
tions. Parameters such as enzyme activity (UGT1A9 and
UGT2B7), renal function (GFR), and other physiological
parameters were varied within plausible ranges to assess their
influence on AUC and C,x [13]. Both local and global sensi-
tivity analyses were conducted. Local sensitivity analysis (LSA)
evaluated the impact of individual parameters (e.g., UGT
enzyme activity and GFR) on AUC and C,,,x using a one-at-
a-time perturbation approach. In addition, global sensitivity
analysis (GSA) was performed using Morris screening and
extended Fourier amplitude sensitivity test (EFAST) methods
to account for parameter uncertainty, nonlinearity, and poten-
tial interactions [43, 44]. Full methodological details and sen-
sitivity index values are presented in Table S2.

Pediatric doses were optimized to achieve a systemic expo-
sure comparable to adults. To further optimize pediatric doses
and ensure clinical efficacy, a pharmacodynamic (PD) model
was integrated into the pediatric PBPK framework. Previously
reported exposure-response relationships, as shown in the

following equations (Equations (5) and (6)), were utilized to
link henagliflozin doses and exposure to therapeutic outcomes,
particularly focusing on urinary glucose excretion (UGE) [26].

Emax X Cmax
o (5)
EC50 + Cmax
 Epax XAUC ©)
~ ECs + AUC’

where E is the effect (UGE, g), Cp.y is the maximum con-
centration of the drug in plasma, AUC is the area under the
concentration—time curve, and ECs, is the concentration or
AUC at which 50% of the maximum effect is achieved. Based
on the results from clinical studies, E,,,,, and ECs, were deter-
mined to be 48.8 g and 62.0 ng/mL for C,,,, based relation-
ships, respectively. For AUC based equation, E,,.x and ECs
were determined to be 48.2 g and 356 ngh/mL, respectively.

3. Results

3.1. Adult PBPK Model Development and Validation. The
henagliflozin PBPK model was successfully developed for
adults and validated using clinical data from both healthy indi-
viduals and patients with T2DM. Simulated PK profiles closely
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matched the observed data, with predicted values for C,,,, and
AUC (and fraction of dose in urine in the training datasets)
within a two-FE range for FE and less than 50% for AAPE
(Table 3), which summarizes all PK comparisons. GOF plots
further demonstrated strong concordance between predicted
and observed plasma concentrations across all single and

multiple dose regimens, with Figure 3 displaying results for the
training dataset and Figures 4 and 5 for the validation dataset.

3.2. Validation Through Extrapolation to Hepatic Impaired
Populations. The henagliflozin PBPK model was extrapolated
to populations with varying degrees of hepatic impairment
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TasLE 4: Prediction performance for henagliflozin PBPK model in hepatic impaired populations.

Group Parameter AFE AAFE AAPE%
AUC,_ 1.15 1.26 26.59
Control 20 mg single dose 072
Conas 1.04 1.13 13.06
AUC,_ 1.01 1.27 24.59
CP-A: 20 mg single dose 072
Cinax 0.79 1.29 21.29
AUC,_ 1.20 1.24 25.43
CP-B: 20 mg single dose 072
Crnax 0.90 1.15 12.70
AUC,_ 1.61 1.61 27.60
CP-C: 20 mg single dose 072
Conax 0.90 1.15 12.47

Note: AUC, area under the time—concentration curve; Cp,,, peak concentration.

Abbreviations: AAFE, absolute average fold error; AAPE, average absolute prediction error; AFE, average fold error.

(CP-A, CP-B, and CP-C) and compared against a control
group of healthy individuals. Performance indicators, including
AFE, AAFE, and AAPE, were calculated for both AUC,,_, and
Cinax providing insights into the model’s predictive accuracy
across different impairment levels (Table 4 and Figure S3). In
the control group, the model performed well, with an AFE of
1.15 for AUC and 1.04 for C,,. both within an acceptable
range. Predictions in CP-A and CP-B groups showed slightly
higher errors, with AAFE values for AUC ranging from 1.24 to
1.61, while C,,, errors remained moderate. However, in the
CP-C group, representing severe hepatic impairment, the
model showed a larger deviation in AUC predictions, with
an AAPE of 27.60%, indicating increased variability in this
population. Despite these variations, the overall performance
remains consistent within an acceptable range for clinical appli-
cation, suggesting the model’s utility in predicting henagliflozin
exposure in hepatic impaired populations.

3.3. Extrapolation to Pediatric Populations. The PBPK model
predictions for henagliflozin across various pediatric subgroups
(neonates, infants/toddlers, children, and adolescents) were
evaluated in terms of Cp,.x s, AUC,, and corresponding
UGE. As shown in Table 5, the predicted C,,,x and AUC values
increased with higher doses in all age groups, consistent with
the dose—exposure relationship observed in adults. However,
younger age groups, particularly neonates and infants, exhib-
ited disproportionately higher C,,.xss and AUC values com-
pared to older pediatric populations at equivalent doses. The
UGE results demonstrated a dose-dependent increase across all
pediatric age groups.

Based on the exposure and UGE results (Table 5 and
Figure 6), pediatric dosing recommendations can be made by
comparing to adult exposures at 5 and 10 mg once daily. In
adolescents (12-18 years), 5 and 10 mg doses achieve Cyax
AUC, and UGE levels comparable to adults, suggesting adult
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TasLE 5: Predicted parameters for henagliflozin in pediatric populations.
Group Regimen Crax,ss (Mg/mML)  UGEcmax (8) AUC (ngh/mL)  UGE,uc (8)
5 dail 88.09 (14.64 28.64 (4.76 592.02 (146.27 30.10 (7.44
Adult (18-60 years) g once a1.y ( ) (4.76) ( ) (7.44)
10mg once daily ~ 176.18 (29.28)  36.10 (6.00)  1184.03 (292.54)  37.06 (9.16)
5 dail 96.27 (17.37 29.68 (5.36 670.61 (175.38 31.49 (8.23
Adolescents (12-18 years) g onee al.y ( ) (5.36) ( ) (823)
10mg once daily 19254 (34.74) 3691 (6.66) 134123 (350.76)  38.09 (9.96)
1.25mg once daily ~ 47.47 (12.95) 2116 (5.77) 31196 (105.63)  22.51 (7.62)
2.5mg once daily 94.93 (25.89) 29.52 (8.05) 623.92 (211.26) 30.69 (10.39)

Children (2-11 years) 5 mg once daily

10 mg once daily

189.87 (51.78)
379.73 (103.56)

36.79 (10.03)
41.95 (11.44)

1247.84 (422.52)
2495.68 (845.05)

37.50 (12.70)
42.18 (14.28)

1.25 mg once daily
2.5mg once daily

Infants and toddlers (28 days—23 months) .
5mg once daily

10 mg once daily

123.6 (61.61)
247.19 (123.22)
494.38 (246.45)
988.77 (492.89)

32.50 (16.20)
39.01 (19.45)
43.36 (21.62)
45.92 (22.90)

961.6 (640.45)
1923.21 (1280.91)
3846.41 (2561.81)
7692.83 (5123.63)

35.18 (23.43)
40.67 (27.09)
44.12 (29.38)
46.07 (30.68)

1.25 mg once daily

2.5 dail

Neonates (0-27 days) mg once ?1 y
5mg once daily

10 mg once daily

331.47 (65.16)
662.93 (130.32)
1325.87 (260.64)
2651.73 (521.27)

41.11 (8.08)
44.63 (8.77)
46.62 (9.16)
47.69 (9.37)

2999.04 (919.3)
5998.09 (1838.6)
11,996.18 (3677.2)
23,992.33 (7354.4)

43.09 (13.21)
45.50 (13.95)
46.82 (14.35)
47.50 (14.56)

Note: Parameters are presented as mean values with standard deviations in parentheses. AUCg, area under the time—concentration curve at steady state; Cax s>
peak concentration at steady state; UGEAyc, urinary glucose excretion calculated by AUC-response relationship; UGECmax, urinary glucose excretion

calculated by Cp,y-response relationship.
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Cmax boxplot across different age groups with adult reference lines
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FiGure 6: Boxplots of AUC, Cy,.x, and UGE across different age groups with adult reference lines. (A) AUC values across age groups from
neonates to adults, with adult 5 and 10 mg reference ranges indicated by solid and dashed lines, respectively. (B) Cy,.x values across age
groups, with the solid line representing the adult 5mg reference range and the dashed line indicating the adult 10 mg range. (C) UGE
calculated from AUC values, with reference lines as in (A). (D) UGE calculated from C,,,, values, with reference lines as in (B).

doses can be applied directly. For children (2-11 years), 2.5 mg
corresponds to adult-equivalent exposure for 5 and 5mg corre-
sponds to adult-equivalent exposure for 10 mg. In infants and
toddlers (28 days—23 months), 1.25 mg produces exposure and
UGE values similar to adults on 5 mg, while 2.5 mg aligns with
adult 10 mg doses. For neonates (027 days), 1.25mg provides
exposures comparable to adults on 10 mg, suggesting lower doses
are needed. These findings support tailored pediatric dosing that
achieves adult-equivalent exposure and therapeutic outcomes.
The sensitivity analysis showed that the pediatric PBPK
model was generally robust, with most input parameters having
relatively low sensitivity scores for both AUC and C,,,, (Figure
S4). Parameters such as UGT ontogeny factors, kidney GFR
(specific), and gastrointestinal transit times had slightly more
pronounced effects, but their overall influence on the model
outputs was still moderate, with negligible interaction effects
between parameters (Figure S5). This suggests that the extrap-
olation of adult data to pediatric populations, based on the
current model, is solid and reliable, with minimal impact
from small variations in individual physiological parameters.
Thus, the model is suitable for pediatric dose optimization and
provides confidence in the proposed dosing recommendations.

4. Discussion

This study demonstrates the utility of PBPK and empirical PD
modeling in addressing the unique challenges of Chinese pedi-
atric dosing for henagliflozin, a locally developed SGLT2

inhibitor. The Research to Accelerate Cures and Equity for
Children Act, along with FDA guidance, further emphasizes
the inclusion of children in clinical trials when possible to
improve the availability of pediatric-specific safety and efficacy
data [45]. These initiatives highlight the need for early PK
predictions to ensure appropriate and safe exposure levels dur-
ing pediatric studies. Modeling and simulation have been
instrumental in expanding the use of other SGLT2 inhibitors,
such as ertugliflozin and dapagliflozin, to pediatric populations
[46, 47]. Although neither drug was originally intended for
pediatric populations, pharmacometric models have facilitated
their adaptation for younger age groups by incorporating
developmental PK considerations, including age-related
changes in enzyme abundance and activity. For SGLT2 inhibi-
tor uses in pediatric populations, age-related maturation of
physiological processes, particularly the ontogeny of enzymes
like UGT1A9 and UGT2B7, plays a crucial role in drug metab-
olism and disposition. Young children, particularly those aged
2-11 years old, have altered maturation of these physiological
factors, impacting ADME and ultimately affecting drug efficacy
and safety.

Importantly, this study’s focus on Chinese pediatric
patients fills a significant gap in current SGLT2 inhibitor
research, where much of the available data are based on Asian
adult or non-Asian pediatric populations. Following the suc-
cessful modeling approaches used for henagliflozin’s analogs
(ertugliflozin and dapagliflozin), our study leveraged available
adolescent data to refine a PBPK model for henagliflozin,
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incorporating age-specific physiological and metabolic param-
eters. Our model addressed these developmental differences by
incorporating age-specific physiological parameters, which
were further refined through sensitivity analyses. By validating
this model against clinical data from healthy adults and patients
with hepatic impairment, we confirmed its predictive accuracy
and built a foundation for henagliflozin exposure predictions in
pediatric subgroups. The model integrates enzyme ontogeny
profiles to reflect age-dependent metabolic activity and proposes
initial dosing recommendations for pediatric patients that
achieve systemic exposure levels comparable to a 5-10 mg
adult dose. The empirical PD model further complemented
the PBPK framework by linking dose-exposure relationships
to therapeutic outcomes, focusing on UGE as a key PD marker.
In adolescents (12-18 years), 5 and 10 mg doses achieve compa-
rable PK and PD levels to adults, suggesting adult doses can be
applied directly. For children (2-11 years), 2.5 mg corresponds
to adult-equivalent exposure for 5 and 5mg corresponds to
adult-equivalent exposure for 10 mg. The combined PBPK
and PD models thus offer a robust approach to establishing
clinically meaningful dose adjustments for children at various
developmental stages, supporting the growing interest in apply-
ing quantitative pharmacology to personalize dosing regimens
in China, particularly for drugs developed domestically, like
henagliflozin.

A significant aspect of this study is the broader applicability
of SGLT?2 inhibitors beyond T2DM, as recent studies highlight
their benefits in managing CKD and congestive heart failure
(CHEF) across adult populations [48, 49]. These additional indi-
cations, alongside the growing interest in pediatric treatment
options, underscore the need for age-appropriate dosing of
SGLT?2 inhibitors in pediatric populations with complex health
profiles. Pediatric CKD and CHF represent significant unmet
needs, where safe and effective drug exposures are essential yet
challenging to establish due to age-related physiological
changes [9]. Our PBPK and PD models provide a foundation
for these broader applications by predicting dose-response
relationships in pediatric populations, potentially guiding safe
and effective dosing in CKD and CHF pediatric patients as
further clinical evidence becomes available.

This study has limitations that warrant consideration.
While hepatic modeling was primarily used for adult valida-
tion, its ability to capture reduced enzyme activity supports its
relevance for pediatric extrapolation, where enzyme matura-
tion similarly influences clearance. Nonetheless, due to the lack
of direct clinical data in neonates and infants, predictions in
these subgroups should be interpreted cautiously. The model
currently relies on standard ontogeny functions, which may
not fully capture age-specific variability. More refined quanti-
tative data, including sex-specific enzyme expression during
adolescence, could improve future predictions. On the PD
side, our model assumes similar UGE relationships across
ages, though renal glucose thresholds may vary. Future studies
collecting pediatric UGE or HbAlc data are needed to refine
the PD model [20]. Additionally, incorporating kidney-specific
exposure and absorption variability, particularly in infants,
would enhance mechanistic insights. We also recommend
real-world pediatric studies to externally validate and adjust
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dosing strategies, especially as safety and effectiveness data
emerge in broader clinical settings.

5. Conclusion

In summary, this study demonstrates the effectiveness of inte-
grating PBPK and empirical PD modeling to inform pediatric
dosing strategies for henagliflozin, with a focus on the Chinese
population. Our modeling approach successtully predicts age-
appropriate dosing regimens, providing a science-based frame-
work that minimizes the need for extensive pediatric trials.
Future work incorporating real-world pediatric data and mech-
anistic refinements will further enhance the accuracy and clini-
cal relevance of this model.
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Table S1. The clinical studies used for developing and validat-
ing the PBPK model. Table S2. Summary of sensitivity analysis
approaches used in the study. Figure S1. Flow chart showing
ertugliflozin (A) and henagliflozin (B) metabolism, disposition,
and elimination model development strategy. Percentages have
been scaled to 100% of the dose compared to reported values in
the mass balance study. CLint, intrinsic clearance; CLint,u,
unbound intrinsic clearance; CLiv,p, intravenous plasma
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clearance; CLiv,metab, intravenous metabolic blood clearance;
CLr, renal clearance; CYP, cytochrome P450; Fe, fraction
excreted; UGT, uridine 5 -diphosphate-glururonosyltransfer-
ase. Figure S2. Ontogeny curve for CYP3A4 (duodenum, A),
CYP3A4 (liver, B), UGT2B7 (C), and UGT1A9 (D). Figure S3.
Concentration-time profiles and goodness of fit for henagliflo-
zin in hepatic impaired populations. (A) Concentration-time
profiles of henagliflozin in control and hepatic impaired groups
(CP-A, CP-B, and CP-C), showing observed data points and
model-predicted curves across various levels of hepatic
impairment. (B) GOF plot comparing predicted and observed
plasma concentrations for hepatic impaired populations. Solid
lines represent the 1.25-FE, while dashed lines indicate the 2-FE
boundaries. Figure S4. Sensitivity analysis of henagliflozin
across different age groups. Panels (A) and (B) display sensitiv-
ity analysis results for adults, while panels (C) and (D) corre-
spond to adolescents aged 12 years. Panels (E) and (F) show
sensitivity analysis for children aged 2 years, and panels (G)
and (H) represent infants aged 1 month. Each pair of panels
provides insights into the impact of various parameters on
henagliflozin PKs across these age groups. Figure S5-1. Morris
sensitivity analysis of henagliflozin across different pediatric
groups. Panel (A) shows results for infants aged 1 month, panel
(B) for children aged 2 years, panel (C) for children aged 11
years, and panel (D) for adolescents aged 12 years. Each plot
illustrates the relative influence of physiological and drug-
specific parameters on PK outputs, with the main effect (pn*)
on the x-axis and interaction or nonlinearity (o) on the y-axis.
Both axes are presented on logarithmic scales. Parameters are
color-coded, and the plots highlight age-related differences in
dominant factors contributing to henagliflozin exposure.
Figure S5-2. EFAST sensitivity analysis of henagliflozin across
pediatric age groups. Panels (A) to (D) present the extended
Fourier amplitude sensitivity test (EFAST) results for henagli-
flozin in infants and children at four representative ages: 1
month (A), 2 years (B), 11 years (C), and 12 years (D). Each
age group includes two plots: the upper plot shows sensitivity
indices for AUC, and the lower for C,,. For each parameter,
first-order and total effect indices are shown side-by-side. The
analysis highlights both the direct (main effect) and combined
(interaction-inclusive) influence of physiological and drug-
specific parameters on henagliflozin PKs, with clear shifts in
dominant factors across pediatric development.

References

[1] P. Yan, L. Zhang, Y. Feng, et al., “SHR3824, a Novel Selective
Inhibitor of Renal Sodium Glucose Cotransporter 2, Exhibits
Antidiabetic Efficacy in Rodent Models,” Acta Pharmacologica
Sinica 35, no. 5 (2014): 613-624.

[2] L. Guo and X. Xiao, “Guideline for the Management of
Diabetes Mellitus in the Elderly in China (2024 Edition),”
AGING MEDICINE 7, no. 1 (2024): 5-51.

[3] Y. Wang, C. Jiang, X. Dong, et al., “Combination of Retagliptin
and Henagliflozin as Add-on Therapy to Metformin in
Patients With Type 2 diabetes Inadequately Controlled With
Metformin: A Multicentre, Randomized, Double-Blind,
Active-Controlled, Phase 3 Trial,” Diabetes, Obesity and
Metabolism 26, no. 7 (2024): 2774-2786.

17

[4] J. Weng, L. Zeng, Y. Zhang, et al., “Henagliflozin as Add-on
Therapy to Metformin in Patients With Type 2 Diabetes
Inadequately Controlled With Metformin: A Multicentre,
Randomized, Double-Blind, Placebo-Controlled, Phase 3
Trial,” Diabetes, Obesity and Metabolism 23, no. 8 (2021):
1754-1764.

[5] J. Lu, L. Fu, Y. Li, et al, “Henagliflozin Monotherapy in
Patients With Type 2 Diabetes Inadequately Controlled on
Diet and Exercise: A Randomized, Double-Blind, Placebo-
Controlled, Phase 3 Trial,” Diabetes, Obesity and Metabolism
23, no. 5 (2021): 1111-1120.

[6] P. M. Grube and R.D. Beckett, “Clinical Studies of
Dapagliflozin in Pediatric Patients: A Rapid Review,” Annals
of Pediatric Endocrinology & Metabolism 27, no. 4 (2022):
265-272.

[7] J. Badée, N. Qiu, A. C. Collier, et al., “Characterization of the
Ontogeny of Hepatic UDP-Glucuronosyltransferase Enzymes
Based on Glucuronidation Activity Measured in Human Liver
Microsomes,” Journal of Clinical Pharmacology 59, no. Suppl
1 (2019): S42-s55.

[8] E. Harris, “Oral Empagliflozin Receives FDA Approval for
Children With Diabetes,” JAMA 330, no. 4 (2023): 307.

[9] O. Gross, D. Haffner, F. Schaefer, and L. T. Weber, “SGLT2
Inhibitors: Approved for Adults and Cats but not for Children
With CKD,” Nephrology Dialysis Transplantation 39, no. 6
(2024): 907-909.

[10] J. Freriksen, M. de Hoop-Sommen, J. van der Heijden,
R. Greupink, and S. de Wildt, “6 PBPK Model-Informed
Dosing Guidelines in Pediatric Clinical Care—Initiation and
Drug Prioritization,” Archives of Disease in Childhood 108,
no. 6 (2023): A2.

[11] J. J. M. Freriksen, J. E. M. van der Heijden, M. A. de Hoop-
Sommen, R. Greupink, and S. N. de Wildt, “Physiologically
Based Pharmacokinetic (PBPK) Model-Informed Dosing
Guidelines for Pediatric Clinical Care: A Pragmatic Approach
for a Special Population,” Pediatric Drugs 25, no. 1 (2023): 5-
11.

[12] W. Shao, C. Shen, W. Wang, et al, “Development and
Validation of Physiologically Based Pharmacokinetic Model of
Levetiracetam to Predict Exposure and Dose Optimization in
Pediatrics,” Journal of Pharmaceutical Sciences 112, no. 10
(2023): 2667-2675.

[13] L. F. M. Verscheijden, J. B. Koenderink, T. N. Johnson, S. N. de
Wildt, and F. G. M. Russel, “Physiologically-Based Pharmacoki-
netic Models for Children: Starting to Reach Maturation?”
Pharmacology & Therapeutics 211 (2020): 107541.

[14] S. Willmann, K. Thelen, D. Kubitza, et al., “Pharmacokinetics
of Rivaroxaban in Children Using Physiologically Based and
Population Pharmacokinetic Modelling: An EINSTEIN-Jr
Phase I Study,” Thrombosis Journal 16, no. 1 (2018).

[15] T. N. Johnson, B. G. Small, E. G. Berglund, and K. Rowland
Yeo, “A  Best Practice Framework for Applying
Physiologically-Based Pharmacokinetic Modeling to Pediatric
Drug Development,” CPT: Pharmacometrics & Systems
Pharmacology 10, no. 9 (2021): 967-972.

[16] Y. T. Huang, Y. M. Huang, F. L. Kung, C. J. Lin, T. Jao, and
Y. F. Ho, “Physiologically Based Mechanistic Insight Into
Differential Risk of Valproate Hepatotoxicity Between
Children and Adults: A Focus on Ontogeny Impact,” CPT:
Pharmacometrics & Systems Pharmacology 12, no. 12 (2023):
1960-1971.

[17] ICH, “Pediatric Extrapolation E11A 2022,” 2024, [cited
October 4] https://database.ich.org/sites/default/files/ICH_E
11A_Document_Step2_Guideline_2022_0404_0.pdf.


https://database.ich.org/sites/default/files/ICH_E11A_Document_Step2_Guideline_2022_0404_0.pdf
https://database.ich.org/sites/default/files/ICH_E11A_Document_Step2_Guideline_2022_0404_0.pdf
https://database.ich.org/sites/default/files/ICH_E11A_Document_Step2_Guideline_2022_0404_0.pdf
https://database.ich.org/sites/default/files/ICH_E11A_Document_Step2_Guideline_2022_0404_0.pdf
https://database.ich.org/sites/default/files/ICH_E11A_Document_Step2_Guideline_2022_0404_0.pdf

18

(18]

(19]

[20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

EMA, “Extrapolation of Efficacy and Safety in Paediatric
Medicine Development - Scientific Guideline 2018,” 2024,
[cited October 4] https://www.ema.europa.eu/en/extrapola
tion-efficacy-safety-paediatric-medicine-development-scie
ntific-guideline.

S. Willmann, J. Lippert, M. Sevestre, J. Solodenko, F. Fois, and
W. Schmitt, “PK-Sim: A Physiologically Based Pharmacoki-
netic Whole-Body Model,” BIOSILICO 1, no. 4 (2003): 121-
124.

Y. Zhang, P. Xie, Y. Li, Z. Chen, and A. Shi, “Mechanistic
Evaluation of the Inhibitory Effect of Four SGLT-2 Inhibitors
on SGLT 1 and SGLT 2 Using Physiologically Based
Pharmacokinetic (PBPK) Modeling Approaches,” Frontiers in
Pharmacology 14 (2023): 1142003.

M. B. Reddy, M. B. Bolger, G. Fraczkiewicz, et al, “PBPK
Modeling as a Tool for Predicting and Understanding
Intestinal Metabolism of Uridine 5-Diphospho-Glucurono-
syltransferase Substrates,” Pharmaceutics 13, no. 9 (2021):
1325.

E. Callegari, J. Lin, S. Tse, T. C. Goosen, and V. Sahasrabudhe,
“Physiologically-Based Pharmacokinetic Modeling of the
Drug-Drug Interaction of the UGT Substrate Ertugliflozin
Following Co-Administration With the UGT Inhibitor
Mefenamic Acid,” CPT: Pharmacometrics & Systems
Pharmacology 10, no. 2 (2021): 127-136.

K. Lapham, E. Callegari, J. Cianfrogna, et al, “In Vitro
Characterization of Ertugliflozin Metabolism by UDP-
Glucuronosyltransferase and Cytochrome P450 Enzymes,”
Drug Metabolism and Disposition 48, no. 12 (2020): 1350-
1363.

7. Chen, L. Li, Y. Zhan, et al., “Characterization and
Quantitative Determination of Henagliflozin Metabolites in
Humans,” Journal of Pharmaceutical and Biomedical Analysis
192 (2021): 113632.

Z. Chen, Q. Chen, Y. Zhu, et al., “Effects of Food on the
Pharmacokinetic Properties and Mass Balance of Henagli-
flozin in Healthy Male Volunteers,” Clinical Therapeutics 43,
no. 9 (2021): e264—e273.

Y. Zhang, Y. Liu, C. Yu, et al, “Pharmacokinetic, and
Pharmacodynamic Profiles of Henagliflozin, a Novel Selective
Inhibitor of Sodium-Glucose Cotransporter 2, in Healthy
Subjects Following Single- and Multiple-dose Administra-
tion,” Clinical Therapeutics 43, no. 2 (2021): 396-409.
“Technical Review of Applications for Henagliflozin Market-
ing Authorization (In Chinese) [Internet]. NMPA,” 2022,
[cited Oct 14, 2024] https://www.cde.org.cn/main/xxgk/
postmarketpage?acceptid CODE=833df1fc33c5dea2c14fe37a
b2882f5a.

Q. Chen, C. Yu, Q. Wu, et al,, “Evaluation of Drug-Drug
Interaction Between Henagliflozin and Hydrochlorothiazide
in Healthy Chinese Volunteers,” Drug Design, Development
and Therapy 18 (2024): 1855-1864.

X. He, G. Liu, X. Chen, et al, “Pharmacokinetic and
Pharmacodynamic Interactions Between Henagliflozin, a
Novel Selective SGLT-2 Inhibitor, and Warfarin in Healthy
Chinese Subjects,” Clinical Therapeutics 45, no. 7 (2023): 655—
661.

Y. Huang, R. Liu, Y. Wang, et al, “Evaluation of
Pharmacokinetic Interactions Between the New SGLT2
Inhibitor SHR3824 and Valsartan in Healthy Chinese
Volunteers,” Clinical Therapeutics 44, no. 7 (2022): 945-956.
L. Que, K. Huang, X. Xiang, Y. Ding, N. Chu, and Q. He, “No
Apparent Pharmacokinetic Interactions Were Found Between

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

[43]

(44]

Pediatric Diabetes

Henagliflozin: A Novel Sodium-Glucose Co-Transporter 2
Inhibitor and Glimepiride in Healthy Chinese Male Subjects,”
Journal of Clinical Pharmacy and Therapeutics 47, no. 8
(2022): 1225-1231.

L. Wang, C. Wu, L. Shen, et al., “Evaluation of Drug-Drug
Interaction between Henagliflozin, a Novel Sodium-Glucose
Co-Transporter 2 Inhibitor, and Metformin in Healthy
Chinese Males,” Xenobiotica 46, no. 8 (2015): 703-708.

Y. Liu, X. Huyan, Q. Zhang, et al., “Effects of Food and
Multiple-Dose Administration on the Pharmacokinetic
Properties of HR20033, a Sustained-Release Formulation of
Henagliflozin and Metformin for the Treatment of Diabetes, in
Healthy Chinese Volunteers,” Clinical Pharmacology in Drug
Development 12, no. 4 (2023): 376-384.

X. Yong, A. Wen, X. Liu, et al, “Pharmacokinetics and
Pharmacodynamics of Henagliflozin, a Sodium Glucose Co-
Transporter 2 Inhibitor, in Chinese Patients With Type 2
Diabetes Mellitus,” Clinical drug investigation 36, no. 3 (2016):
195-202.

X.J.H. Pepin, S.M. Hynes, H. Zahir, D. Walker,
L. Q. Semmens, and S. Suarez-Sharp, “Understanding the
Mechanisms of Food Effect on Omaveloxolone Pharmacoki-
netics Through Physiologically Based Biopharmaceutics
Modeling,” CPT: Pharmacometrics & Systems Pharmacology
13, no. 10 (2024): 1771-1783.

L. Ding, L. Yang, D. Ren, et al., “Pharmacodynamic, and Safety
Profiles of Proline Henagliflozin in Chinese Subjects With
Varying Degrees of Liver Dysfunction,” The Journal of Clinical
Pharmacology 64, no. 8 (2024): 1015-1022.

A. N. Edginton and S. Willmann, “Physiology-Based Simula-
tions of a Pathological Condition,” Clinical Pharmacokinetics
47, no. 11 (2008): 743-752.

T. N. Johnson, K. Boussery, K. Rowland-Yeo, G. T. Tucker,
and A. Rostami-Hodjegan, “A Semi-Mechanistic Model to
Predict the Effects of Liver Cirrhosis on Drug Clearance,”
Clinical Pharmacokinetics 49, no. 3 (2010): 189-206.

E. El-Khateeb, B. Achour, Z. M. Al-Majdoub, J. Barber, and
A. Rostami-Hodjegan, “Non-Uniformity of Changes in Drug-
Metabolizing Enzymes and Transporters in Liver Cirrhosis:
Implications for Drug Dosage Adjustment,” Molecular
Pharmaceutics 18, no. 9 (2021): 3563-3577.

B. Gerner and O. Scherf-Clavel, “Physiologically Based
Pharmacokinetic Modelling of Cabozantinib to Simulate
Enterohepatic Recirculation, Drug-Drug Interaction With
Rifampin and Liver Impairment,” Pharmaceutics 13, no. 6
(2021): 778.

A. N. Edginton, W. Schmitt, and S. Willmann, “Development
and Evaluation of a Generic Physiologically Based Pharmaco-
kinetic Model for Children,” Clinical Pharmacokinetics 45,
no. 10 (2006): 1013-1034.

K. M. Job, M. Gamalo, and R. M. Ward, “Pediatric Age
Groups and Approach to Studies,” Therapeutic Innovation &
Regulatory Science 53, no. 5 (2019): 584-589.

N. Hanke, S. Frechen, D. Moj, et al, “PBPK Models for
CYP3A4 and P-gp DDI Prediction: A Modeling Network of
Rifampicin, Itraconazole, Clarithromycin, Midazolam, Alfen-
tanil, and Digoxin,” CPT: Pharmacometrics & Systems
Pharmacology 7, no. 10 (2018): 647-659.

A. Najjar, A. Hamadeh, S. Krause, A. Schepky, and
A. Edginton, “Global Sensitivity Analysis of Open Systems
Pharmacology Suite Physiologically Based Pharmacokinetic
Models,” CPT: Pharmacometrics & Systems Pharmacology 13,
no. 12 (2024): 2052-2067.


https://www.ema.europa.eu/en/extrapolation-efficacy-safety-paediatric-medicine-development-scientific-guideline
https://www.ema.europa.eu/en/extrapolation-efficacy-safety-paediatric-medicine-development-scientific-guideline
https://www.ema.europa.eu/en/extrapolation-efficacy-safety-paediatric-medicine-development-scientific-guideline
https://www.ema.europa.eu/en/extrapolation-efficacy-safety-paediatric-medicine-development-scientific-guideline
https://www.ema.europa.eu/en/extrapolation-efficacy-safety-paediatric-medicine-development-scientific-guideline
https://www.ema.europa.eu/en/extrapolation-efficacy-safety-paediatric-medicine-development-scientific-guideline
https://www.cde.org.cn/main/xxgk/postmarketpage?acceptidCODE=833df1fc33c5dea2c14fe37ab2882f5a
https://www.cde.org.cn/main/xxgk/postmarketpage?acceptidCODE=833df1fc33c5dea2c14fe37ab2882f5a
https://www.cde.org.cn/main/xxgk/postmarketpage?acceptidCODE=833df1fc33c5dea2c14fe37ab2882f5a
https://www.cde.org.cn/main/xxgk/postmarketpage?acceptidCODE=833df1fc33c5dea2c14fe37ab2882f5a
https://www.cde.org.cn/main/xxgk/postmarketpage?acceptidCODE=833df1fc33c5dea2c14fe37ab2882f5a
https://www.cde.org.cn/main/xxgk/postmarketpage?acceptidCODE=833df1fc33c5dea2c14fe37ab2882f5a

Pediatric Diabetes

(45]

[46]

(47]

(48]

(49]

T.J. Hwang, L. Orenstein, A.S. Kesselheim, and
F. T. Bourgeois, “Completion Rate and Reporting of
Mandatory Pediatric Postmarketing Studies Under the US
Pediatric Research Equity Act,” JAMA Pediatrics 173, no. 1
(2019): 68-74.

H. Jo, V. Pilla Reddy, J. Parkinson, D. W. Boulton, and
W. Tang, “Model-Informed Pediatric Dose Selection for
Dapagliflozin by Incorporating Developmental Changes,”
CPT: Pharmacometrics & Systems Pharmacology 10, no. 2
(2021): 108-118.

D. J. Fediuk, G. Nucci, V. K. Dawra, et al., “End-to-End
Application of Model-Informed Drug Development for
Ertugliflozin, a Novel Sodium-Glucose Cotransporter 2
Inhibitor,” CPT: Pharmacometrics & Systems Pharmacology
10, no. 6 (2021): 529-542.

K. Yau, A. Dharia, I. Alrowiyti, and D. Z. 1. Cherney,
“Prescribing SGLT2 Inhibitors in Patients With CKD:
Expanding Indications and Practical Considerations,” Kidney
International Reports 7, no. 7 (2022): 1463-1476.

N. A. Mordi, I. R. Mordi, J. S. Singh, R.J. McCrimmon,
A. D. Struthers, and C. C. Lang, “Renal and Cardiovascular
Effects of SGLT2 Inhibition in Combination With Loop
Diuretics in Patients With Type 2 Diabetes and Chronic Heart
Failure: The RECEDE-CHF Trial,” Circulation 142, no. 18
(2020): 1713-1724.

19



	Physiologically-Based Pharmacokinetics and Empirical Pharmacodynamic Modeling for Pediatric Henagliflozin Dosing: Clinical Insights for Chinese Patients
	1. Introduction
	2. Materials and Methods
	2.1. Software and Tools
	2.2. Development and Evaluation of Adult PBPK Model
	2.2.1. Model Structure and Parameterization
	2.2.2. Model Optimization and Validation

	2.3. Extrapolation to Hepatic Impaired PBPK Model and Evaluation
	2.4. Extrapolation to Pediatric PBPK Model and Dose Optimization

	3. Results
	3.1. Adult PBPK Model Development and Validation
	3.2. Validation Through Extrapolation to Hepatic Impaired Populations
	3.3. Extrapolation to Pediatric Populations

	4. Discussion
	5. Conclusion
	Data Availability Statement
	Conflicts of Interest
	Author Contributions
	Funding
	Acknowledgments
	Supporting Information
	References




