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ORIGINAL

Abstract

A digital twin in the form of a whole-body physiologically based pharmacokinetic/pharmacody-
namic (PBPK/PD) model of losartan was developed to systematically evaluate the influence of
patient-specific factors on drug disposition and effects. Based on curated data from 25 clinical
studies, the model simulates the absorption, distribution, metabolism and excretion (ADME) as
well as pharmacological effects of the drug. The model accounts for variability caused by the
differences in renal and hepatic function, and by genetic polymorphisms of CYP2C9 and ABCB1.
The model is implemented in the Systems Biology Markup Language (SBML) standard. Simulations
were performed utilising the libroadrunner library. Here, we demonstrate the computational
reproducibility of the key findings from the primary publication, thereby verifying the consistency
and reproducibility of the model implementation with the published results.

Keywords: Losartan, PBPK/PD, SBML, Pharmacokinetics, Pharmacodynamics, Computational
Model

Curated Model Implementation
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1 Introduction

In the primary publication (Tensil et al., 2026), we developed a whole-body physiologically based
pharmacokinetic/pharmacodynamic (PBPK/PD) model of losartan, an inhibitor of angiotensin
Il receptor used for the treatment of arterial hypertension (Lo et al., 1995; Sica et al., 2005).
The goal of the study was to mechanistically integrate the key factors driving variability of its
pharmacokinetics and pharmacodynamics. The model accounts for effects of renal (Pedro et al.,
2000; Sica et al., 1995; Yoshitani et al., 2002) and hepatic (Mclntyre et al., 1997; Sica et al., 2005)
function, and of CYP2C9 and ABCB1 genetic polymorphisms (Fischer et al., 2002; Goktas et al.,
2016; Haufroid, 2011; Lo et al., 1995; Sekino et al., 2003; Shin et al., 2020; Yasar et al., 2002b).
The model’s structure and parameters were derived from a comprehensive dataset consisting of
25 published clinical studies. The data from these studies were digitised, analysed, and uploaded
to the pharmacokinetics database PK-DB (Grzegorzewski et al., 2021). The model’s development
and scientific validation are described in detail in the primary paper (Tensil et al., 2026).
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Here, we present the original model and the accompanying scripts. The model is encoded in
the Systems Biology Markup Language (SBML) (Hucka et al., 2019; Keating et al., 2020). The
scripts allow running the simulations and reproducing the key results presented in the primary
publication.

2 Model Description

A schematic overview of the model structure is provided in Figure 1.

The disposition of losartan is described using a whole-body physiologically based pharmacokinet-
ic/pharmacodynamic (PBPK/PD) model. The model integrates four submodels. Three of them
represent the main organs involved in the pharmacokinetics and metabolism of losartan (intestine,
liver, and kidneys), with the fourth one describing the pharmacodynamics. The gastrointestinal
tract model simulates the dissolution of orally administered losartan, its subsequent first-order ab-
sorption, and fecal excretion of the drug and its main metabolites. In the liver submodel, losartan is
converted by the CYP2C9/3A4 enzymes to its active metabolite E3174. The following conversion
of the E3174 to an inactive metabolite, L158, is catalysed by the UDP-glucuronosyltransferase.
All three substances, losartan, E3174, and L158, are exported to the systemic circulation, which
interconnects all three submodels. Moreover, losartan and its metabolites are excreted in bile
into the intestinal lumen. The kidney model implements the renal excretion of these substances.

The pharmacodynamic submodel of losartan represents the main components of the renin-
angiotensin-aldosterone system (RAAS). The pharmacodynamic effect of E3174 is modelled
through an inhibition of the effect of angiotensin Il on aldosterone secretion and an activation of
renin secretion.

The model accounts for patient-specific factors through scaling of corresponding parameters.
Renal impairment was modelled as a progressive decline in renal function by scaling the factor
frenal. Hepatic impairment was implemented as progressive cirrhosis by scaling liver function
with the parameter fgrhosis. CYP2C9 and ABCB1 genetic variability was incorporated using
allele-specific activity scaling with the corresponding parameters fcyp2c9 and fapch1. All parameters
were adjusted according to the published data.

The PBPK/PD model and its submodels were developed using the Systems Biology Markup
Language (SBML) (Hucka et al., 2019; Keating et al., 2020). Programming and visualisation 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 (Kénig, 2021), which is powered by the high-performance SBML
simulation engine 1ibroadrunner (Welsh et al., 2023; Somogyi et al., 2015). The submodels
were developed as SBML submodels and coupled with the whole-body model using the hier-
archical model composition (comp) SBML extension (Smith et al., 2015). The complete model
and submodels reference simulations and visualisations 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/losartan-model, with version 0.8.0 used in the
publication and for model validation.
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Figure 1. Whole-body PBPK/PD model of losartan.

A) Whole body model showing circulation via the arterial and venous blood, with organs (liver,
gastrointestinal (Gl) tract, kidneys) influencing the pharmacokinetics of losartan (LOS). B)
Intestine model describing the dissolution and absorption of LOS by enterocytes and the

P-glycoprotein-mediated efflux back into the intestine. Approximately 50-60% of the dose is
excreted as losartan or its metabolites (E3174 and L158). C) Hepatic model depicting the uptake
of losartan by hepatocytes and its conversion by cytochrome p450 2C9 and 3A4 (CYP2C9,
CYP3A4) to losartan carboxylic acid (E3174, 14% of the losartan dose) and the following
conversion by UDP-glucuronosyltransferase (UGT) to L158. Losartan and its metabolites can
re-enter the intestinal model via biliary export. D) Renal model showing excretion of losartan,
E3174 and L158 via urine, approximately 5-12%, 6-7% and 24-25% of the losartan dose,
respectively. E) Pharmacodynamic model of E3174 acting on the RAAS. F) Key factors
influencing losartan PK and PD profiles are accounted for in the model. lllustrations for losartan
dose dependency, renal and hepatic impairments, and genetic polymorphisms.
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3 Computational Simulation

All simulations were performed using Python 3.14 together with the high-performance 1ibroad-
runner 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 sbm-
lutils 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 containerised 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/losartan-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/).

Clone the repository, move into its folder, and checkout correct version:

git clone https://github.com/matthiaskoenig/losartan-model.git
cd losartan-model
git checkout 0.8.0

Set up the uv virtual environment and install all dependencies:

|uv sync

Run the full analysis:

\uv run run_losartan -a all -r results

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

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

|pip install -e .

or directly from the tag via:

|pip install git+https://github.com/matthiaskoenig/losartan-model.git@0.8.0

The full analysis can be run in the Python environment via:

\(env) run_losartan -a all -r results

3.2 Docker (containerised)
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/losartan:0.8.0 /
bin/bash

Inside the container, run the analysis. Results will be written to the mounted folder:

|luv run run_losartan -a all -r /results
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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_losartan --help

3.4 Outputs
The workflow reproduces all figures and results from the primary publication, including:

e Study simulations (Figures 2-3)
e Simulation experiments and scans (Figures 4-5)

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 2-5 in the manuscript.

4 Reproducibility Goals

The reproducibility of the losartan PBPK/PD model was confirmed by reproducing key figures
from the original publication. The figures presented here are a selection chosen to demonstrate
consistent reproduction of results across different dose levels and pathophysiological states, as
well as across CYP2C9 and ABCB1 alleles. 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.

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
Azizi1999 [Cve_los], PODOSE_los € {0,50} mg
(Azizi et al., 1999) [Cve_e3174], [ren], ren_ref, [ren] = 58.5pg/ml

[ang1], [ang2], MAP angil_ref, [angl] = 11.8pg/ml
ang2_ref, [ang2] = 7.2pg/ml

SBP_ref = 120mmHg
DBP_ref = 70.5mmHg
Bae2011 [Cve_los], PODOSE_los = 50mg
(Bae et al., 2011) [Cve_e3174] LI_ f_cyp2c9 € {1.0,0.17}
Doig1993 [ren], [ald], PODOSE_los € {0,5,10,25,50,100} mg
(Doig et al., 1993) ald_change, BW = 76.5kg
ald_ratio, SPB, DBP ren_ref, [ren] = 44.8pg/ml
ald_ref, [ald] = 774.12pg/ml
SBP_ref = 115mmHg
DBP_ref = 63.5mmHg
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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
Donzelli2014 [Cve_los], PODOSE_los = 12.5mg
(Donzelli et al., 2014) [Cve_e3174]
FDA1995560 [Cve_los], PODOSE_los = 100mg
(FDA, 1995a) Aurine_los, IVDOSE_los = 30mg
Afeces_los, IVDOSE_e3174 = 20mg
[Cve_e3174], BW = 78.6kg
Aurine_e3174,
Afeces_e3174,
[Cve_1158],
Aurine_1158,
Afeces_1158,
[Cve_total],
Aurine_total,
Afeces_total
FDA1995567 [Cve_los], PODOSE_los = 50mg
(FDA, 1995b) Aurine_los, IVDOSE_los = 10mg
[Cve_e3174], IVDOSE_e3174 = 10mg
Aurine_e3174 BW = 82.3kg
f_cirrhosis € {0.0,0.67}
Fischer2002 [Cve_los], PODOSE_los = 50mg
(Fischer et al., 2002) Aurine_los, BW = 72kg

Goldberg1995
(Goldberg et al., 1995b)

Goldberg1995a
(Goldberg et al., 1995a)

Han2009a
(Han et al., 2009)

Huang2021
(Huang et al., 2021)

Kim2016
(Kim et al., 2016)

Kobayashi2008
(Kobayashi et al., 2008)

Lee2003b
(Lee et al., 2003)

Li2009
(Li et al., 2009)

[Cve_e3174],
Aurine_e3174

[Cve_los],
[Cve_e3174], [ren]

[Cve_los],
[Cve_e3174], [ren],
[ang2], [ald],
DBP_change

[Cve_los],
[Cve_e3174]

[Cve_los],
[Cve_e3174]

[Cve_los],
[Cve_e3174]

[Cve_los],
[Cve_e3174]

[Cve_los],
[Cve_e3174]

[Cve_los],
[Cve_e3174]

PODOSE_los € {0,50} mg
ren_ref, [ren] = 10.5pg/ml

PODOSE_los € {0,25,100} mg
ren_ref, [ren] = 5.02pg/ml
ang2_ref, [ang2] = 2.71pg/ml
ald_ref, [ald] = 11.2ng/dl

PODOSE_los = 50mg

LI_ f_cyp2c9 € {1.0,0.585}
PODOSE_los = 50mg

BW € {54,52} kg

LI_ f_cyp2c9 € {1.0,0.585}
PODOSE_los = 25mg

BW = 62.3kg

PODOSE_los = 50mg
PODOSE_los = 50mg
LI__f_cyp2c9 € {1.0,0.8,0.585}
PODOSE_los = 50mg

LI_ f_cyp2c9 € {1.0,0.17,0.525}
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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

Lo1995 [Cve_los], PODOSE_los € {50,100} mg

(Lo et al., 1995) Aurine_los, Ri_los €{0.0,1.0,1.5} mg/min
[Cve_e3174], Ri_e3174 € {0,1} mg/min
Aurine_e3174 BW € {75.6,78.6} kg

Munafo1992 [Cve_los], PODOSE_los € {0,40,80,120} mg

(Munafo et al., 1992) [Cve_e3174], [ald] BW = 66.5kg

0Oh2012 [Cve_los], PODOSE_los = 2mg

(Oh et al., 2012) [Cve_e3174],
mr_e3174_los_plasma

Ohtawa1993 [Cve_los], PODOSE_los € {0,25,50, 100,200} mg

(Ohtawa et al., 1993) Aurine_los, BW = 64.3kg

Puris2019
(Puris et al., 2019)

Sekino2003
(Sekino et al., 2003)

Shin2020
(Shin et al., 2020)

Sical995
(Sica et al., 1995)

Tanaka2014
(Tanaka et al., 2014)

Yasar2002a
(Yasar et al., 2002a)

[Cve_e3174],
Aurine_e3174,
[ren], [ang2],
[ald], SBP, DBP

[Cve_los],
[Cve_e3174]

mr_e3174_los_plasma,
mr_e3174_los_urine,
SBP_change,
DBP_change

[Cve_los],
[Cve_e3174],
[Cve_los_e3174],
Aurine_los_e3174

[Cve_los],
Aurine_los,
[Cve_e3174],
Aurine_e3174

[Cve_los],
[Cve_e3174],
mr_e3174_los_plasma

[Cve_los],
Aurine_los,
[Cve_e3174],
Aurine_e3174,
mr_e3174_los_urine

ren_ref, [ren] = 10pg/ml
ang2_ref, [ang2] = 10.3pg/ml
ald_ref, [ald] = 110.4pg/ml
SBP_ref 116 mmHg

DBP_ref 70.5mmHg

PODOSE_los = 12.5mg

PODOSE_los = 25mg
BW € {65.7,61.7} kg
LI_ f_cyp2c9 € {1.0,0.585}

PODOSE_los = 50mg
BW = 67.4kg
GU__f_abcb1 € {1.0,0.306,0.653}

PODOSE_los = 100mg
BW € {84.6,75.7,75.4} kg
KI__f_renal_function € {0.14,0.5,0.95}

PODOSE_los = 50mg

PODOSE_los € {25,50} mg
LI_ f_cyp2c9 € {1.0,0.17,0.385,0.585,0.6,0.8}

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_los], PODOSE_los € [10,100] mg
Aurine_los,

Afeces_los,
[Cve_e3174],
Aurine_e3174,
[Cve_1158], [ren],
[ang1], [ald]l, SBP,
DBP
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Table 2. Plotted observables and parameter changes per simulation experiment (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.

Simulation Plotted (sid) Changes
HepaticRenallmpairment [Cve_los], PODOSE_los = 50 mg
Aurine_los, KI__ f_renal_function € [-1.0,1.0]

GeneticPolymorphism

LosartanParameterScan

Afeces_los,
[Cve_e3174],
Aurine_e3174,
[Cve_1158], [ren],
[ang1], [ald]l, SBP,
DBP

[Cve_los],
Aurine_los,
Afeces_los,
[Cve_e3174],
Aurine_e3174,
[Cve_1158], [ren],
[ang1], [ald], SBP,
DBP

PODOSE_1los,

f_cirrhosis,
LI_ f_cyp2c9,
GU__f_abcb1,

f_cirrhosis € [0.0,0.9]

PODOSE_los = 50 mg
LI_ f_cyp2c9 €[-1.0,1.0]
GU__f_abch1 € [-1.0,1.0]

PODOSE_los € [10,100] mg

KI__f_renal_function € [-1.0,1.0] (PODOSE_los = 50 mg)
f_cirrhosis € [0.0,0.9] (PODOSE_los = 50 mg)
LI__f_cyp2c9 € [-1.0,1.0] (PODOSE_los = 50 mg)

KI__f_renal_function, GU__f_abcb1 € [-1.0,1.0] (PODOSE_los = 50 mg)

AUC;nf, Chax,
half-life, SBP,;.,
DBPpin
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4.1 Reproduction of Study Simulations

Dose dependency: pharmacokinetics
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Figure 2. Reproduction of study simulations (dose dependency) from the primary publication.
Data is taken from (Doig et al., 1993; Goldberg et al., 1995a; Munafo et al., 1992; Ohtawa et al.,
1993).
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Renal impairment
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Figure 3. Reproduction of study simulations (renal and liver impairment, CYP2C9 and ABCB1
polymorphism) from the primary publication. Data is taken from (Bae et al., 2011; FDA, 1995b;
Han et al., 2009; Huang et al., 2021; Lee et al., 2003; Li et al., 2009; Sekino et al., 2003; Shin et al.,

2020; Sica et al., 1995; Yasar et al., 2002a).
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4.2 Reproduction of Simulations, Experiments, and Scans
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Figure 4. Reproduction of simulation experiments (dose dependency, renal and liver
impairment, CYP2C9 and ABCB1 activity) from the primary publication.
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Figure 5. Reproduction of parameter scans (dose dependency, renal and liver impairment,
CYP2C9 and ABCBI activity) from the primary publication.

5 Discussion

We have demonstrated the computational reproducibility of the key findings from the losartan
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. In addition, the containerised 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
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reuse of the 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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Curation outcome summary: All results presented in this manuscript could be reproduced.

Box 1: Criteria for repeatability and reproducibility

B Model source code provided:
B Source code: a standard procedural language is used (e.g. MATLAB, Python, C)

B There are details/documentation on how the source code was compiled
B There are details on how to run the code in the provided documentation
B The initial conditions are provided for each of the simulations

Hl Details for creating reported graphical results from the simulation results

B Source code: a declarative language is used (e.g. SBML, CellML, NeuroML)

B The algorithms used are defined or cited in previous articles
B The algorithm parameters are defined
B Post-processing of the results are described in sufficient detalil

(] Executable model provided:
[0 The model is executable without source (e.g. desktop application, compiled code, online service)
[0 There are sufficient details to repeat the required simulation experiments
B The model is described mathematically in the article(s):
[0 Equations representing the biological system
B There are tables or lists of parameter values
H There are tables or lists of initial conditions
B Machine-readable tables of parameter values

B Machine-readable tables of initial conditions

H The simulation experiments using the model are described mathematically in the article:
B Integration algorithms used are defined
O Stochastic algorithms used are defined
0 Random number generator algorithms used are defined

[0 Parameter fitting algorithms are defined

B The paper indicates how the algorithms yield the desired output
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Box 2: Criteria for accessibility
B Model/source code is available at a public repository or researcher’s web site

HE License provided
W License is Open Source Initiative (OSl)-approved

B All simulation experiments are fully defined (events listed, collection times and measurements

specified, algorithms provided, simulator specified, etc.)

Box 3: Evaluation
B Model and its simulations could be repeated using provided declarative or procedural code

B Model and its simulations could be reproduced
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Summary comments: This reproducibility report is based on following the manuscript instructions for the 'Python
with uv (local install)’ workflow. By following the instructions provided in the manuscript, all presented results could
be reproduced using version 0.8.2 of the provided implementation (https://doi.org/10.5281/zenodo.19054230).

The 0.8.0 version described in the manuscript gave unicode errors when running the code on a Windows 11
laptop, with the changes introduced between versions 0.8.0 and 0.8.2 resolving these issues and not altering the
mathematical model and simulation experiments.
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David Nickerson', PhD
Curator at Center for Reproducible Biomedical Modeling

Contact: info@reproduciblebiomodels.org
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