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ORIGINAL

Abstract

A computational model in the form of a whole-body physiologically based pharmacokinetic/phar-
macodynamic (PBPK/PD) model of dapagliflozin was developed to systematically evaluate the
influence of patient-specific factors on drug disposition. Based on curated data from 28 clinical
studies, the model simulates the absorption, distribution, metabolism and excretion (ADME) of
the drug as well as its pharmacodynamics. The model accounts for variability in renal and hepatic
function, and effects of food intake. The model is implemented in the Systems Biology Markup
Language (SBML) standard. Analysis were performed utilizing the libroadrunner simulation library.
Here, we demonstrate the computational reproducibility of the key findings from the primary
publication, thereby verifying the consistency of the model implementation with the published
results.
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1 Introduction

In the primary publication (Nemitz et al., 2026), a whole-body physiologically based pharmacoki-
netic/pharmacodynamic (PBPK/PD) model of dapagliflozin, an sodium-glucose co-transporter 2
(SGLT2) inhibitor prescribed for the management of type 2 diabetes mellitus (T2DM), was devel-
oped to mechanistically integrate factors driving variability. The model mechanistically integrates
the key factors driving variability of dapagliflozin pharmacokinetics and pharmacodynamics, such
as differences in renal (Kasichayanula et al., 2011a, 2013b) and/or hepatic (Kasichayanula et al.,
2011c) function, and effects of food intake (Kasichayanula et al., 2011d). The model’s structure
and parameters were derived from a comprehensive dataset curated from 28 published clinical
studies. The dataset is available via the pharmacokinetics database PK-DB (Grzegorzewski et al.,
2021) and within the model files. The model’s development and scientific validation are described
in detail in the primary paper (Nemitz et al., 2026).
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Here, we present the original model, encoded in the Systems Biology Markup Language (SBML)
(Hucka et al., 2019; Keating et al., 2020), and the accompanying simulation scripts required to run
the simulations and reproduce the key results presented in the primary publication.

2 Model Description
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Figure 1. Whole-body PBPK/PD model of dapagliflozin and key factors influencing its
disposition. A) Whole-body model illustrating dapagliflozin (DAP) administration (oral and
intravenous), its systemic circulation via venous and arterial blood, and the key organs (liver,
kidney, GI tract) involved in DAP metabolism, distribution, and excretion. B) Intestine model

describing the absorption of DAP by enterocytes. DAP has a high bioavailability, with about
16% excreted in feces. C) Hepatic model depicting the uptake of DAP by hepatocytes and its
conversion by UGT1A9 into its primary metabolite dapagliflozin-3-O-glucuronide (D3G). D)
Renal model showing the uptake and excretion of DAP and D3G in urine and metabolic
conversion of dapagliflozin to D3G. In the kidneys, dapagliflozin inhibits SGLT2, resulting in
reduced glucose reabsorption and increased urinary glucose excretion.

D

The disposition of dapagliflozin is described using a whole-body physiologically based pharmacoki-
netic/pharmacodynamic (PBPK/PD) model. The model consists of interconnected compartments
that simulate key organs involved in the drug’s absorption, distribution, metabolism, and excretion
(ADME) as well as in its pharmacodynamics. The mathematical framework of the model consists
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of ordinary differential equations (ODEs). A schematic overview of the model structure is provided
in Figure 1.

The model integrates the three main organ submodels, which are interconnected via systemic
circulation. The gastrointestinal tract model simulates the dissolution of orally administered
dapagliflozin, its subsequent first-order absorption, and its fecal excretion. The liver model
describes the primary metabolic pathway, where dapagliflozin is converted to its major metabo-
lite dapagliflozin-3-O-glucuronide (D3G). The kidney model implements the renal excretion of
dapagliflozin, D3G, and glucose, as well as the conversion of dapagliflozin to D3G. The pharmaco-
dynamic component links dapagliflozin concentration in the kidneys to urinary glucose excretion
(UGE) through inhibition of renal glucose reabsorption. This process is affected by fasting plasma
glucose and the renal threshold for glucose.

The model accounts for patient-specific factors through the corresponding scaling parameters.
Renal impairment was modeled as a progressive decline in renal function by scaling the factor
frenal- Hepatic impairment was modeled as a gradual increase in cirrhosis by scaling liver function
with the parameter fg.hosis. Food effect was incorporated via the intestinal absorption scaling
factor fabsorption-

The PBPK/PD model and its tissue-specific submodels were developed using the Systems Biology
Markup Language (SBML) (Hucka et al., 2019; Keating et al., 2020). Programming and visualization
of the models were performed using the sbmlutils (Kénig, 2024) and cy3sbml (Konig et al.,
2012) libraries. Numerical solutions for the ordinary differential equations (ODEs) underlying the
model were computed using sbmlsim (Konig, 2021), which is powered by the high-performance
SBML simulation engine 1ibroadrunner (Welsh et al., 2023; Somogyi et al., 2015). The tissue
submodels were developed as SBML submodels and coupled with the whole-body model using
the hierarchical model composition (comp) SBML extension (Smith et al., 2015). The complete
model, submodels, reference simulations, and visualizations are available as a COMBINE archive
(OMEX) (Bergmann et al., 2014, 2015). The model is annotated with extensive metadata using
the open modeling and exchange (OMEX) metadata specification (Neal et al., 2020, 2019). The
model was validated using the SBML validator, with the model passing all validation tests without
errors or warnings. The FAIRness of the model was increased by following the FAIRification of
computational models in the biological workflow (Balaur et al., 2025).

The model and all associated materials (mathematical formulation, simulation scripts, parameters,
and documentation) are publicly available in SBML format and OMEX archive under a CC-BY
4.0 license at https:/github.com/matthiaskoenig/dapagliflozin-model, with version 0.9.8 Nemitz
et al. (2025) used in the publication and for model validation.

3 Computational Simulation

All simulations were performed using Python 3. 13 together with the high-performance 1ib-
RoadRunner simulation engine. The workflow was tested across multiple platforms, including
Ubuntu 24.04/25.10 and Windows 11. For SBML model handling and simulation, we relied on the
sbmlutils and sbmlsim libraries, while data management and figure generation were carried
out with standard scientific Python packages.

To ensure reproducibility, we provide two equivalent setups for regenerating all figures presented
in Section 4: (1) a local Python installation using uv, and (2) a containerized workflow using
Docker. Both approaches reproduce all results from the primary publication. Reproducibility
is continuously validated through automated integration tests, with results available at https:
//github.com/matthiaskoenig/dapagliflozin-model/actions.

3.1 Python with uv (local install)
This workflow installs the package directly on your machine using uv.

Prerequisite: uv must be installed on your system (https:/docs.astral.sh/uv/getting-started/
installation/).
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Clone the repository and move into its folder:
git clone https://github.com/matthiaskoenig/dapagliflozin-model.git
cd dapagliflozin-model

Set up the uv virtual environment and install all dependencies:

|uv sync

Run the complete analysis:

|uv run run_dapagliflozin -a all -r results

All reproduced figures and outputs are written to . /results/ inside the repository.

Alternatively, you can use any other way to setup a local python environment (e.g. conda) and
install the package after cloning the repository via:

|pip install -e .

or directly from the main branch via:
pip install git+https://github.com/matthiaskoenig/dapagliflozin-model.
git@main
The full analysis can be run in the python environment via:

\(env) run_dapagliflozin -a all -r results

3.2 Docker (containerized)
This workflow runs the analysis in a preconfigured Docker container.

Prerequisite: Docker must be installed on your system (https:/docs.docker.com/get-docker/).
Start the container and mount a local results/ directory:
docker run -v "${PWD}/results:/results" -it matthiaskoenig/dapagliflozin:
latest /bin/bash
Inside the container, run the analysis. Results will be written to the mounted folder:

\uv run run_dapagliflozin -a all -r /results

The reproduced figures and outputs are then accessible on the host systemin . /results/.
If file access is restricted on Linux due to permissions, adjust ownership and rights as follows:

sudo chown $(id -u):$(id -g) -R "${PWD}/results"
sudo chmod 775 "${PWD}/results"

3.3 Available Options

Specific parts of the analysis can be executed by providing command-line arguments. A full
overview of the available options is obtained via:

|uv run run_dapagliflozin --help
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3.4 Outputs
The workflow reproduces all figures and results from the primary publication, including:

e Study simulations (Figures 2-3)
¢ Simulation experiments and scans (Figures 5-6)

All results are stored in the results/ directory. This directory contains the individual figure
panels in PNG format as well as an automatically generated HTML report (index.html) that
consolidates all figures into a single document. The content of this report directly corresponds to
Figures 2-6 in the manuscript.

4 Reproducibility Goals

The reproducibility of the dapagliflozin PBPK/PD model was confirmed by reproducing key
figures from the original publication and its supplementary material. The figures presented here
are a selection chosen to demonstrate consistent reproduction of results across different dose
levels, pathophysiological, and prandial states. Tables 1-2 provide an overview of the simulation
observables and the parameter changes specific to each study, experiment, or scan. The model
and simulation scripts can be used to reproduce the full set of results from the original study and
its supplements.

Table 1. Plotted observables and parameter changes per study simulation. Square brackets
around SBML species ids indicate concentrations (amount/volume units). Square brackets
enclosing numerical values indicate parameter ranges, whereas curly brackets indicate sets of
discrete choices.

StudyID Plotted Changes
Boulton2013 [Cve_dap] PODOSE_dap = 10 mg
(Boulton et al., 2013) IVDOSE_dap = 80pug
Cho2021 [Cve_dap] BW = 72.8 kg
(Cho et al., 2021) PODOSE_dap = 10 mg
FDAMB102002 [Cve_dap], PODOSE_dap € {2.5,10,20,50,100} mg
(FDA, 2013a) KI__UGE
FDAMB102003 [Cve_dap], PODOSE_dap € {5,25,100} mg
(FDA, 2013b) Aurine_dap, KI__glc_ext = 7.5 (T2DM)
KI__UGE
FDAMB102006 Aurine_daptot, PODOSE_dap = 50 mg
(FDA, 2013c) Aurine_dap,
Aurine_d3g,
Afeces_daptot,
Afeces_dap
FDAMB102007 Aurine_dap, PODOSE_dap € {20,50} mg
(FDA, 2013d) Aurine_d3g, KI__glc_ext = 7.5 (T2DM)
KI__UGE f_renal_function € {0.69,0.32,0.19}
Gould2013 KI__UGE PODOSE_dap € {0,0.001,0.01,0.1,0.3,1,2.5,5,
(Gould et al., 2013) 10, 20, 50, 100, 250, 500} mg
Hwang2022a [Cve_dap] PODOSE_dap = 10 mg
(Hwang et al., 2022) BW € {67.05,68.09,71,71.03,71.13,71.18,71.43,
71.79,72.44,72.78,73.44,73.61} kg
Imamura2013 [Cve_dap] PODOSE_dap = 10 mg
(Imamura et al., 2013) KI__glc_ext = 9 mM (T2DM)
Jang2020 [Cve_dap] PODOSE_dap = 10 mg
(Jang et al., 2020) BW = 71.45 kg
Kasichayanula2011 [Cve_dapl, PODOSE_dap = 10 mg
(Kasichayanula et al., 2011c) [Cve_d3g] f_cirrhosis € {0.399,0.698,0.813}

BW € {80.9,81.8,87.5,89.2} kg
f_renal_function e {1.278,1.38,1.428,
1.583}
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Table 1. Plotted observables and parameter changes per study simulation (continued). Square
brackets around SBML species ids indicate concentrations (amount/volume units). Square
brackets enclosing numerical values indicate parameter ranges, whereas curly brackets indicate

sets of discrete choices.

StudylD Plotted (sid) Changes
Kasichayanula2011a [Cve_dap], PODOSE_dap € {0,2.5,10,20} mg
(Kasichayanula et al., 2011a) [Cve_d3g], KI__glc_ext = 7.5 (T2DM)
KI__UGE BW € {60.2,60.8,61.0,67.4} kg
f_renal_function € [0.88,0.95]
Kasichayanula2011b [Cve_dap], PODOSE_dap = 10 mg
(Kasichayanula et al., 2011d) [Cve_d3g] GU__f_absorption € {1.0,0.3}
Kasichayanula2011c [Cve_dap] PODOSE_dap € {20,50} mg
(Kasichayanula et al., 2011b)
Kasichayanula2012 [Cve_dap] PODOSE_dap = 20 mg
(Kasichayanula et al., 2012)
Kasichayanula2013 [Cve_dap], PODOSE_dap € {20,50} mg
(Kasichayanula et al., 2013b) [Cve_d3g], f_renal_function e {0.243,0.426,
Aurine_dap, 0.696, 1.185,1.332}
Aurine_d3g KI__glc_ext € {4.94,6.79,7.23,7.75,
9.32} mM
BW € {73.9,77.4,77.9,78.4,79.2} kg
Kasichayanula2013a [Cve_dap], PODOSE_dap = 10 mg
(Kasichayanula et al., 2013a) [Cve_d3g],
Aurine_dap,
Aurine_d3g
Khomitskaya2018 [Cve_dap] PODOSE_dap = 10 mg
(Khomitskaya et al., 2018) GU__f_absorption = 0.3
BW = 71.9 kg
Kim2023 [Cve_dapl, PODOSE_dap = 10 mg
(Kim et al., 2023a) KI__UGE BW = 69.1 kg
Kim2023a [Cve_dap] PODOSE_dap = 10 mg
(Kim et al., 2023b) BW = 71.5 kg
KI__glc_ext = 5.3 mM
Komoroski2009 [Cve_dap], PODOSE_dap € {0,2.5,5,10,20, 50, 100, 250,
(Komoroski et al., 2009) Aurine_dap, 500} mg
KI__UGE GU__f_absorption € {1.0,0.3}
BW = 79 kg
LaCreta2016 [Cve_dap] PODOSE_dap € {2.5,10} mg
(LaCreta et al., 2016) BW € {70.1,73.5} kg
GU__f_absorption € {1.0,0.3}
Obermeier2010 [Cve_dap], PODOSE_dap = 50 mg
(Obermeier et al., 2010) [Cve_daptot]
Sha2015 [Cve_dapl, PODOSE_dap = 10 mg

(Sha et al., 2015)

Shah2019a
(Shah et al., 2019)

vanderAartvanderBeek2020
(van der Aart-van der Beek
et al., 2020)

Watada2019
(Watada et al., 2019)

KI__UGE, KI__RTG

[Cve_dap]

[Cve_dap]

[Cve_dap],
[Cve_d3g],
KI__ UGE

BW = 78.9 kg
f_renal_function = 0.97

PODOSE_dap = 5 mg
BW = 68.4 kg
GU__f_absorption € {1.0,0.3}

PODOSE_dap = 10 mg

PODOSE_dap € {0,5,10} mg

BW € {57.2,59.8,61.6} kg

KI__glc_ext e {7.41,7.45,7.94} mM (T1DM)
f_renal_function € {0.916,0.946,0.954}
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Table 1. Plotted observables and parameter changes per study simulation (continued). Square
brackets around SBML species ids indicate concentrations (amount/volume units). Square
brackets enclosing numerical values indicate parameter ranges, whereas curly brackets indicate

sets of discrete choices.

StudylD Plotted (sid) Changes

Yang2013 [Cve_dap], PODOSE_dap € {5,10} mg

(Yang et al., 2013) [Cve_d3g], BW € {62.2,62.8} kg
KI__UGE

Table 2. Plotted observables and parameter changes per simulation experiment and scan.
Square brackets around SBML species ids indicate concentrations (amount/volume units).
Square brackets enclosing numerical values indicate parameter ranges, whereas curly brackets

indicate sets of discrete choices.

Simulation Plotted Changes
DoseDependencyExperiment [Cve_dap], PODOSE_dap € [0,500] mg
[Cve_d3g], KI__glc_ext €[3,15] mM at fixed
Aurine_dap, PODOSE_dap = 10 mg
Aurine_d3g,
Afeces_dap,
KI__RTG, KI__UGE
FoodEffect [Cve_dap], PODOSE_dap = 10 mg
[Cve_d3g], GU__f_absorption € [0.1,10]
Aurine_dap,
Aurine_d3g,
Afeces_dap,
KI__RTG, KI__UGE
HepaticRenallmpairment [Cve_dap], PODOSE_dap = 10 mg
[Cve_d3g], f_cirrhosis € [0.0,0.81]
Aurine_dap, KI__f_renal_function € [0.19,1.0]
Aurine_d3g,
Afeces_dap,
KI__RTG, KI__UGE
DapagliflozinParameterScan [Cve_dap], f_cirrhosis € [0.0,0.9] (PODOSE_dap = 10 mg)
[Cve_d3g], KI__f_renal_function € [0.1,10] (PODOSE_dap € {20, 50} mg)
Aurine_dap, GU__f_absorption € [0.1,10] (PODOSE_dap = 10 mg)
Aurine_d3g, PODOSE_dap € [0.001,500] mg
Afeces_dap, Kl__glc_ext € [3,15] mM
KI__UGE, AUCi.f,
Cmax, thalf:
UGE(24 hr)
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4.1 Reproduction of Study Simulations
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Figure 2. Reproduction of study simulations (dose dependency) from the primary publication.
Data is taken from FDA (2013a,b); Gould et al. (2013); Kasichayanula et al. (2011a); Komoroski
et al. (2009); Watada et al. (2019); Yang et al. (2013).
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effects) from the primary publication. Data is taken from FDA (2013d); Kasichayanula et al.
(2011¢,d, 2013b); Komoroski et al. (2009); LaCreta et al. (2016); Shah et al. (2019).
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Figure 4. Reproduction of supplementary study simulations from the primary publication. Data
is taken from Boulton et al. (2013); Cho et al. (2021); FDA (2013c); Hwang et al. (2022);
Imamura et al. (2013); Jang et al. (2020); Kasichayanula et al. (2011c,b, 2012, 2013a);
Khomitskaya et al. (2018); Kim et al. (2023a,b); Obermeier et al. (2010); Sha et al. (2015); van

der Aart-van der Beek et al. (2020).
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4.2 Reproduction of Simulations Experiments and Scans
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Figure 5. Reproduction of simulation experiments from the primary publication.
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Parameter Scan: Dose Dependency
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Figure 6. Reproduction of parameter scans from the primary publication. Data is taken from
Boulton et al. (2013); Cho et al. (2021); FDA (2013a,b,c,d); Gould et al. (2013); Hwang et al.
(2022); Imamura et al. (2013); Jang et al. (2020); Kasichayanula et al. (2011c,a,d,b, 2012,
2013b,a); Khomitskaya et al. (2018); Kim et al. (2023a,b); Komoroski et al. (2009); LaCreta et al.
(2016); Obermeier et al. (2010); Shah et al. (2019); Yang et al. (2013).

5 Discussion

We have demonstrated the computational reproducibility of the key findings from the dapagliflozin
PBPK/PD model presented in the primary publication. Using the provided simulation scripts, all
figures were regenerated without modifying parameters or structure, verifying the consistency
of the model. Reproducibility was confirmed across different operating systems using both a
local installation with uv and a Dockerized workflow. The uv-based approach allows users to
install the package and dependencies natively, while the containerized workflow provides a
fully preconfigured environment and ensures consistent results independent of the local setup.
Encoding the model in SBML with hierarchical composition removes ambiguity and allows modular
reuse of the tissue submodels. Together with the use of community standards and FAIR practices,
this provides a transparent and reusable resource that can be applied or extended in future
pharmacokinetic/pharmacodynamic modeling work.
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