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LIVER 
FUNCTION



Liver function

● Diagnostics
● Monitoring disease progression & 

interventions
● Functional capacity 

○ hepatectomy
○ transplantation
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How to measure liver function?

Liver biopsy
“gold standard”

● histology not function
● highly invasive
● sampling & interobserver 

variability
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Static liver function tests

● single point biochemical 
parameter

● AST, ALT, prothrombin, 
albumin

● no reliable marker to 
quantify liver function

Dynamic liver function tests



Dynamic liver function tests
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● Liver specific elimination of test 
substance in vivo

● Rate of disappearance as proxy for 
liver function

● Metabolic phenotyping of 
pathways/enzymes

○ caffeine (CYP1A2)
○ indocyanine green (OATP1B3, excretion)
○ dextromethorphan (CYP2D6)
○ chlorzoxazone (CYP2E1)
○ …

● Challenge
○ large interindividual variability



6



Pharmacokinetic models

● Elimination of drugs can be 
studied via compartmental 
models

● Main processes
○ absorption
○ distribution
○ metabolization
○ elimination

● Ordinary differential equations 
(ODE)
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Pharmacokinetic models

● Elimination of drugs can be 
studied via compartmental 
models

● Main processes (ADME)
○ absorption
○ distribution
○ metabolization
○ elimination

● Ordinary differential equations 
(ODE)
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Drug metabolism in a nutshell

● metabolism of xenobiotics is often divided into 3 
phases: modification, conjugation, and excretion.

● Cytochrome P450 (CYP) main players in phase I 
(modification)

● UDP-glucuronosyltransferases (UGT) main players 
phase II (conjugation)

● ATP-binding cassette (ABC) and Solute Carrier 
(SLC) transporters are main drug transporters

● Multiple isoforms of CYP, UGT, ABC and SLC with 
different substrate specificity

● Multiple organs
○ Intestine: often metabolization during 

absorption
○ Liver: main organ of drug metabolism
○ Kidneys: minor metabolism & excretion of 

(modified) compounds in the urine
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CYP

UGT

https://en.wikipedia.org/wiki/Drug_metabolism 
Created with Biorender.com. 

https://en.wikipedia.org/wiki/Drug_metabolism


Physiologically based pharmacokinetics (PBPK) models

● Human physiology in 
silico - Digital Twin

● Multi-scale
Body-Organs-Cells

● High pharmacological 
& clinical relevance
○ Individualization & 

Stratification
○ Pathophysiology
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Physiologically based pharmacokinetics (PBPK) models

● Metabolite time 
courses
blood, urine, tissues
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Caffeine

Paraxanthine



Large interindividual variability
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Variability in physiology
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● large differences in body 
weight, organ volumes, 
perfusion

● age & sex dependencies
● changes in disease



Variability in protein amounts
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Pharmacogenomics
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Pharmacokinetics Database (https://pk-db.com) 
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Grzegorzewski J, Brandhorst J, Green K, Eleftheriadou D, Duport Y, Barthorscht F, Köller A, Ke DYJ, De 
Angelis S, König M.
PK-DB: pharmacokinetics database for individualized and stratified computational modeling
Nucleic Acids Res. 2020 Nov 5:gkaa990. doi: 10.1093/nar/gkaa990.

● Database of pharmacokinetic 
time courses and parameters

● liver function tests
○ icg, caffeine, LiMAx, galactose, 

Gd-EOB-DTPA
● metabolic phenotyping

○ dextrometorphan, 
chlorzoxazone, talinolol

● important drugs
○ paracetamol, omeprazol, 

pravastatin, simvastatin, 
metoprolol, midazolam, 
diazepam, sorafenib, ramipril, 
…

https://alpha.pk-db.com
https://doi.org/10.1093/nar/gkaa990
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Individuals

Intervention
s

OutputsTime courses



PK-DB content
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A physiologically based pharmacokinetic model for CYP2E1 phenotyping via chlorzoxazone
J. Küttner, J. Grzegorzewski, HM. Tautenhahn, M. König
bioRxiv 2023.04.12.536571 (preprint). doi:10.1101/2023.04.12.536571

https://doi.org/10.1101/2023.04.12.536571
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J.Grzegorzewski, F.Bartsch, A.Köller, and M.König
Pharmacokinetics of caffeine: A systematic analysis of reported 
data for application in metabolic phenotyping and liver function 
testing
Frontiers in Pharmacology 2022, Vol12; doi: 
10.3389/fphar.2021.752826

Grzegorzewski J, Brandhorst J, Green K, Eleftheriadou D, Duport 
Y, Barthorscht F, Köller A, Ke DYJ, De Angelis S, König M.
PK-DB: pharmacokinetics database for individualized and 
stratified computational modeling
Nucleic Acids Res. 2020 Nov 5:gkaa990. doi: 
10.1093/nar/gkaa990.

control
smoking
oral 
contraceptives

Caffeine meta-analysis

https://doi.org/10.3389/fphar.2021.752826
https://doi.org/10.3389/fphar.2021.752826
https://doi.org/10.1093/nar/gkaa990
https://doi.org/10.1093/nar/gkaa990


METDETOX - METabolization and DETOXification protein database

22

● Protein distributions (interindividual variability) 
are key to understand variability in drug 
metabolism and hepatic function

● Cytochrome P450 (CYP, n=35) 
UDP-glucuronosyltransferases (UGT, n=16)
ATP-binding cassette transporter (ABC, n=24)
Solute carrier organic anion transport (SLC, 
n=102)

● Objective: Determine distributions and 
correlations in protein abundance of CYP, UGT, 
ABC and SLC isoforms



Large variability & multitude of isoforms (Human Liver)
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Cytochrome P450 (CYP)
UDP-glucuronosyltransfe
rases (UGT)

ATP-binding cassette 
(ABC)

Solute Carrier (SLC)

A. Hossain, S. Silberhorn, M. König. Protein distributions of drug metabolizing and transporting enzymes in the human Liver. In preparation.
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Models
1. dextromethorphan



CYP2D6 Polymorphism

[5]

AlleleActivity Value

0

0.25

0.5

1

>1

*3,*4, *5, *6, *7, *8,*11,*12,*13,*15,*42,*44, …

*10

*9,*10x2,*14,*17,*29,*41,*49,*50,*54,*55,*59

*1,*2,*9x2, *17x2, *33,*34,*35,*45,*46,*53,

*1x2, *1x>2, *2x2, *1x>3, …

[5] M. Whirl-Carrillo1, R. Huddart1, L. Gong, K. Sangkuhl, C.F. Thorn, R. 
Whaley and T.E. Klein. "An evidence-based framework for evaluating 
pharmacogenomics knowledge for personalized medicine" Clinical 
Pharmacology & Therapeutics (2021) online ahead of print.

[4]

[4] K. E. Caudle et al., “Standardizing CYP 2D6 Genotype to 
Phenotype Translation: Consensus Recommendations from 
the Clinical Pharmacogenetics Implementation Consortium 
and Dutch Pharmacogenetics Working Group,” Clin Transl Sci, 
vol. 13, no. 1, pp. 116–124, Jan. 2020, doi: 10.1111/cts.12692.

poor 
metabolizer

(PM)

intermediate 
metabolizer

(IM)

extensive 
metabolizer

(EM)

ultrarapid 
metabolizer

(UM)

Activity Score (AS): 

● genetic variants have 

different activity values

● subjects carry 

combinations of these 

variants

● sum of individual 

activity values is the 

activity score (AS)

http://www.ncbi.nlm.nih.gov/pubmed/34216021
http://www.ncbi.nlm.nih.gov/pubmed/34216021


Dextromethorphan - Genetic polymorphisms CYP2D6
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J.Grzegorzewski, J.Brandhorst, M.König
Physiologically based pharmacokinetic (PBPK) modeling of the role of CYP2D6 polymorphism for 
metabolic phenotyping with dextromethorphan
https://doi.org/10.1101/2022.08.23.504981 [in print, Frontiers in Pharmacology]

Tissue models

Substance/Metabolites

Whole-body model

https://doi.org/10.1101/2022.08.23.504981


Model of CYP2D6 polymorphism and variability

“in vitro” data 2D gaussian 
mixture model

located along the vector of 
highest variance

AlleleActivity Value

0

0.25

0.5

1

>1

*3,*4, *5, *6, *7, *8,*11,*12,*13,*15,*42,*44, …

*10

*9,*10x2,*14,*17,*29,*41,*49,*50,*54,*55,*59

*1,*2,*9x2, *17x2, *33,*34,*35,*45,*46,*53,

*1x2, *1x>2, *2x2, *1x>3, …

Michaelis Menten: 

Assumptions

Activity Score (AS): 



Effect of polymorphism on pharmacokinetics 

● Prediction of effect of genetic variants

● Time course of dextromethorphan (DXM) and metabolites



Metabolic phenotyping
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J.Grzegorzewski, J.Brandhorst, M.König
Physiologically based pharmacokinetic (PBPK) modeling 
of the role of CYP2D6 polymorphism for metabolic 
phenotyping with dextromethorphan
https://doi.org/10.1101/2022.08.23.504981
In print, Frontiers in Pharmacology

● Model predicts effect of 
CYP2D6 activity and genetic 
polymorphisms

● Urinary cumulative metabolic 
ratio (UCMR) for metabolic 
phenotyping

https://doi.org/10.1101/2022.08.23.504981


Dextromethorphan - CYP2D6 populations
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J.Grzegorzewski, 
J.Brandhorst, M.König
Physiologically based 
pharmacokinetic (PBPK) 
modeling of the role of 
CYP2D6 polymorphism for 
metabolic phenotyping with 
dextromethorphan
https://doi.org/10.1101/2022.
08.23.504981
In print, Frontiers in 
Pharmacology

https://doi.org/10.1101/2022.08.23.504981
https://doi.org/10.1101/2022.08.23.504981
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Models
2. pravastatin



Pravastatin - Hepatorenal impairment
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HL Pujol, J Grzegorzewski, F Bartsch, HM 
Tautenhahn, M.König
A physiologically based pharmacokinetic 
(PBPK) model of pravastatin: Impact of 
hepatorenal impairment and genetic 
polymorphisms of OATP1B1, OATP2B1 and 
MRP2 [submitted]
https://www.youtube.com/watch?v=ddQYx4
fGqRE 

https://www.youtube.com/watch?v=ddQYx4fGqRE
https://www.youtube.com/watch?v=ddQYx4fGqRE


Pravastatin - Renal impairment
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HL Pujol, J Grzegorzewski, F Bartsch, HM 
Tautenhahn, M.König
A physiologically based pharmacokinetic 
(PBPK) model of pravastatin: Impact of 
hepatorenal impairment and genetic 
polymorphisms of OATP1B1, OATP2B1 and 
MRP2 [submitted]
https://www.youtube.com/watch?v=ddQYx4
fGqRE 

https://www.youtube.com/watch?v=ddQYx4fGqRE
https://www.youtube.com/watch?v=ddQYx4fGqRE


Other models/data

● Omeprazol (CYP2C19)
● Indocyanine green (OATP1B3)
● Pravastatin (OATP1B1)
● Metacetin (LiMAx, CYP1A2)
● Talinolol (P-Glycoprotein)
● Chlorzoxazone (CYP2E1)
● Paracetamol
● Caffeine (CYP1A2)
● Metoprolol (CYP2D6)
● Simvastatin (OATP1B1)
● Midazolam (CYP3A4)
● Galactose
● Codeine/Morphine
● Glucose

○ Glucose, Insulin, C-Peptide, Glucagon, 
FFA, GIP, GLP-1, …

● Ramipril

34



35

REPRO-
DUCIBILITY



You have bugs in your model & analysis

● On average 85% of bugs 
introduced in design and 
development are caught before the 
code is released

● ~ 1 bug per 50 lines of code
● ~ 25% will be severity 1 show 

stoppers – real production 
problems that cause something 
significant to break

36

1🐛/
50 lines



COMBINE Standards

● SBML
○ reproducible models

● COMBINE archive
○ packaging & distribution

● SED-ML
○ simulation experiments

● OMEX metadata
○ annotation

● PETab
○ parameter fitting

37



Systems Biology Markup Language (SBML)

38

● Reproducible & exchangeable model 
encoding (SBML)

● Hierarchical models/multi-scale 
models (SBML comp)

● Annotations to modelling, biological 
and medical ontologies (SBML core)

● Unit validation, unit checking, unit 
conversion

● Distributions in models & uncertainty 
in data and parameters (SBML 
distrib)

● Mass- & charge balance (SBML fbc)
● Use wide range of tools 

(visualization, parameter fitting, 
simulation, ...)

SM Keating, D Waltemath, M König, F Zhang, A Dräger, C Chaouiya, FT Bergmann, A Finney, CS Gillespie, T Helikar, S 
Hoops, RS Malik-Sheriff, SL Moodie, II Moraru, CJ Myers, A Naldi, BG Olivier, S Sahle, JC Schaff, LP Smith, MJ Swat, 
DT, L Watanabe, DJ Wilkinson, ML Blinov, K Begley, JR Faeder, HF Gómez, TM Hamm, Y Inagaki, W Liebermeister, AL 
Lister, D Lucio, E Mjolsness, CJ Proctor, K Raman, N Rodriguez, CA Shaffer, BE Shapiro, J Stelling, N Swainston, N 
Tanimura, J Wagner, M Meier-Schellersheim, HM Sauro, B Palsson, H Bolouri, H Kitano, Akira Funahashi, H Hermjakob, 
JC Doyle M Hucka, and SBML Community members
SBML Level 3: an extensible format for the exchange and reuse of biological models
Mol Syst Biol. 2020;16(8):e9110. doi:10.15252/msb.20199110
M. Hucka, F. Bergmann, C. Chaouiya, A. Dräger, S. Hoops, S. Keating, M. König, N Le Novere, C. Myers, B. Olivier, S. 
Sahle, J. Schaff, R. Sheriff, L. Smith, D. Waltemath, D. Wilkinson, F. Zhang
The Systems Biology Markup Language (SBML): Language Specification for Level 3 Version 2 Core
J Integr Bioinform. 2019 Jun 20;16(2); 10.1515/jib-2019-0021
L Smith, S Moodie, F Bergmann, C Gillespie, S Keating, M. König, C Myers, M Swat, D Wilkinson, M Hucka
The Distributions Package for SBML Level 3
J Integr Bioinform. 2020 Aug 4; doi: 10.1515/jib-2020-0018

https://doi.org/10.15252/msb.20199110
https://doi.org/10.1515/jib-2019-0021
https://doi.org/10.1515/jib-2020-0018


SBML enabling model coupling & exchange & reuse

● coupling of submodels
○ scales: cells/organs/body
○ function: pharmacokinetics/pharmacodynamics 

● coupling between frameworks
○ ODE/PDE (porous media)
○ ODE/FBA (dynamic FBA)
○ ODE/Bayes (uncertainty)

● model composition
○ uncertainty models

Key challenges:

● interfaces
● units
● deletions/adaptations

39



FAIR Models & Data (CC-BY)

https://github.com/matthiaskoenig/dextromethorphan-model 

40

König* M, Grzegorzewski J, Golebiewski M., 
Hermjakob H, Hucka M,  Olivier B, Keating SM, 
Nickerson D, Schreiber F, Sheriff R, Waltemath D
Ten Simple Rules for FAIR Sharing of Experimental 
and Clinical Data with the Modeling Community
Preprints 2021, 2021080303, doi: 
10.20944/preprints202108.0303.v2
Ramachandran, K.*; König, M.*; Scharm, M.; 
Nguyen, T.V.N.; Hermjakob, H.; Waltemath, D.; 
Malik Sheriff, R.S. (* equal contribution)
FAIR Sharing of Reproducible Models of Epidemic 
and Pandemic Forecast
Preprints 2022, 2022060137 (doi: 
10.20944/preprints202206.0137.v1).

https://github.com/matthiaskoenig/dextromethorphan-model
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FUTURE



Digital twins

● personalized digital twin 
models based on patient 
data

○ improved 
diagnostics

○ improved decision 
support

● model & data integration

42

Laubenbacher R, Sluka JP, Glazier JA. 
Using digital twins in viral infection. 
Science. 2021 Mar 12;371(6534):1105-1106. doi: 10.1126/science.abf3370.



Digital twins + artificial intelligence (AI)

● AI and Simulation for 
Tumor Liver 
ASsessment 
(ATLAS)

● Combining 
computational models 
with AI

○ feature generation
○ capture expert & 

domain knowledge

● Open position (PhD)

43
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sbmlutils

Python utilities for working with 
SBML models 
https://github.com/matthiaskoenig/
sbmlutils 

Packages
● core, fbc, comp, distrib, layout

Features
● model creation, manipulation & 

merging
● unit support
● model annotation
● file converters (XPP)
● cy3sbml integration

45

https://github.com/matthiaskoenig/sbmlutils
https://github.com/matthiaskoenig/sbmlutils


SBML4Humans

https://sbml4humans.de 

● interactive SBML report with navigation 
between SBML objects

● web application (no setup)
● search and filter functionality
● resolve/render metadata
● hierarchical models (SBML comp)
● distributions and uncertainties

(SBML distrib)
● flux balance (SBML fbc)
● COMBINE archives (multiple models)
● URL endpoint for integration in tools/ 

workflows/ webpages/ presentations

https://sbml4humans.de/model_url?url=https://ww
w.ebi.ac.uk/biomodels/model/download/BIOMD00000
00001.2?filename=BIOMD0000000001_url.xml

46

https://sbml4humans.de
https://sbml4humans.de/model_url?url=https://www.ebi.ac.uk/biomodels/model/download/BIOMD0000000001.2?filename=BIOMD0000000001_url.xml
https://sbml4humans.de/model_url?url=https://www.ebi.ac.uk/biomodels/model/download/BIOMD0000000001.2?filename=BIOMD0000000001_url.xml
https://sbml4humans.de/model_url?url=https://www.ebi.ac.uk/biomodels/model/download/BIOMD0000000001.2?filename=BIOMD0000000001_url.xml


cy3sbml

Cytoscape app for visualizing SBML models 
https://github.com/matthiaskoenig/cy3sbml

Features
● kinetic & reaction-species view
● subgraphs & filtering
● annotation support
● works for large scale networks 

(genome-scale)
New

● sbmlutils integration (py2cytoscape)

47

König M., Dräger A. and Holzhütter HG.
CySBML: a Cytoscape plugin for SBML
Bioinformatics. 2012 Jul 5.

https://github.com/matthiaskoenig/cy3sbml

