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Abstract

Cytochrome P450 (CYP) phenotyping and dynamic liver function testing are essen-
tial methods in clinical practice. These methods utilize the pharmacokinetics (PK) of
test substances and their metabolites to gain insight into the liver’s metabolic capac-
ity and the activity of enzymes and transporters. Despite an extensive body of litera-
ture, many aspects affecting liver function and CYP activity are not well understood.
Liver function tests are not only influenced by numerous characteristics of a studied
subject but also by the specifics of individual study procedures. A key challenge
is to disentangle the various factors which influence the outcome of the measure-
ments from each other to study their influence on the dynamic liver function and
CYP phenotype. In this work, the challenge was addressed through meta-analysis
and physiologically based pharmacokinetic (PBPK) modeling.

As a foundation, an open pharmacokinetics database (https://pk-db.com) was
developed and pharmacokinetics data were curated for a wide range of test sub-
stances. To my knowledge, PK-DB currently contains the largest open pharmacoki-
netic dataset on substances used for phenotyping and dynamical liver function test-
ing. The dataset allowed for identifying and quantifying demographic and racial
bias (sex, ethnicity, age, health), reporting errors, and inconsistencies in pharma-
cokinetic literature.

Based on the data, a caffeine pharmacokinetics meta-analysis was conducted
concerning various factors affecting liver function and CYP1A2 activity. In particu-
lar, meta-analysis and data integration solidified existing knowledge on the effects
of smoking, oral contraceptives, multiple diseases, and co-medications on caffeine
pharmacokinetics. Similarly, the measurement accuracy of caffeine concentration in
saliva versus plasma was quantified, and the effect of dosing amount and sampling
timing for phenotyping were analyzed.

In addition, the impact of CYP2D6 polymorphism was investigated. Therefore,
a PBPK model of dextromethorphan (DXM) and its metabolites dextrorphan (DXO)
and dextrorphan O-glucuronide (DXO-Glu) was developed, and calibrated and val-
idated with pharmacokinetics data. The variability in CYP activity was modeled
based on in vitro data. The model can predict individual plasma concentrations and
urinary amounts of DXM, DXO, and DXO-Glu and the metabolic phenotype based
on the individual’s CYP2D6 genotype and physiological characteristics. The analy-
ses suggest that most of the variability in the pharmacokinetics of dextromethorphan
can be attributed to the variability in CYP2D6 and CYP3A4 enzyme kinetics. Among
various other investigations, the influence of ethnicity on CYP2D6 activity was also
investigated.

Contributions to PK data curation and PBPK model development were also
made for other phenotyping and liver function test substances (chlorzoxazone,
codeine, diazepam, galactose, indocyanine green (ICG), metoprolol, midazolam,
omeprazole, pravastatin, simvastatin, talinolol, and torasemide). For ICG, in
particular, the impact of hepatic blood flow, cardiac output, and body weight,
as well as the survival probability after partial hepatectomy, were investigated

https://pk-db.com
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by PBPK modeling. Notably, the studying of the various test substances was
only made possible by a systematic and standardized workflow that facilitated
data integration, data sharing, the creation of reproducible PBPK models, and the
standardized integration of data and models.

In conclusion, a pharmacokinetic database, methods, and workflows for the anal-
ysis of test compounds used in dynamical liver function testing and CYP phenotyp-
ing were established. Factors affecting CYP phenotyping and liver function testing
were investigated by meta-analysis and PBPK modeling. The models developed in
this effort have the potential to impact personalized medicine and to increase the
precision of dynamic liver function tests in clinics.
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Zusammenfassung

Die Phänotypisierung von Cytochrom P450 (CYP) und Leberfunktionstests sind
wichtige Methoden in der klinischen Praxis. Diese Methoden nutzen die Phar-
makokinetik (PK) von Testsubstanzen und ihren Metaboliten, um Einblicke in die
Stoffwechselkapazität der Leber und in die Aktivität von Enzymen und Trans-
portern zu gewinnen. Trotz umfangreicher Literatur sind viele Aspekte, die sich auf
die Leberfunktion und die CYP-Aktivität auswirken, nicht gut verstanden. Diese
Leberfunktionstests werden nicht nur von zahlreichen Proband:innenmerkmalen,
sondern auch von den Besonderheiten der jeweiligen Untersuchung beeinflusst.
Eine zentrale Herausforderung besteht darin, die verschiedenen Faktoren, die
das Ergebnis der Messungen beeinflussen, voneinander zu trennen, um ihren
jeweiligen Einfluss auf die dynamische Leberfunktion und den CYP-Phänotyp zu
untersuchen. In dieser Arbeit wurde diese Herausforderung durch Metaanalysen
und physiologisch basierte pharmakokinetische (PBPK) Modellierung angegangen.

Als Grundlage wurde eine offene Pharmakokinetik-Datenbank (https:
//pk-db.com) entwickelt und Pharmakokinetik-Daten für ein breites Spektrum von
Testsubstanzen kuratiert. Meines Wissens enthält die PK-DB derzeit den größten
offenen pharmakokinetischen Datensatz zu Substanzen, die für die Phänotyp-
isierung und dynamische Leberfunktionstests verwendet werden. Der Datensatz
ermöglichte die Identifizierung und Quantifizierung von demografischen und
rassischen Bias (Geschlecht, ethnische Zugehörigkeit, Alter, Gesundheitszustand),
Meldefehlern und Unstimmigkeiten in der Pharmakokinetik der berichteten
Testsubstanzen.

Auf der Grundlage der Daten wurde eine Metaanalyse der Pharmakokinetik von
Koffein im Hinblick auf verschiedene Faktoren durchgeführt, die die Leberfunktion
und die CYP1A2-Aktivität beeinflussen. Insbesondere wurde das vorhandene Wis-
sen über die Auswirkungen des Rauchens, der Einnahme oraler Verhütungsmittel,
verschiedener Krankheiten und Begleitmedikationen auf die Pharmakokinetik von
Koffein durch eine Metaanalyse und Datenintegration konsolidiert. Ebenso wurde
die Messgenauigkeit der Koffeinkonzentration im Speichel im Vergleich zum Plasma
quantifiziert und die Auswirkungen der Dosierungsmenge und des Zeitpunkts der
Probenahme für die Phänotypisierung analysiert.

Darüber hinaus wurde der Einfluss des CYP2D6-Polymorphismus untersucht.
Hierzu wurde ein PBPK-Modell für Dextromethorphan (DXM) und seine Metabo-
liten Dextrorphan (DXO) und Dextrorphan O-Glucuronid (DXO-Glu) entwickelt
und mit den Pharmakokinetik-Daten kalibriert und validiert. Die Variabilität
der CYP-Aktivität wurde auf der Grundlage von In-vitro-Daten modelliert. Das
Modell ermöglichte die Vorhersage individueller Plasmakonzentrationen und
Urinmengen von DXM, DXO und DXO-Glu und des metabolischen Phänotyps
auf der Grundlage des CYP2D6-Genotyps und der physiologischen Merkmale der
Person. Die Untersuchungen suggerieren, dass der größte Teil der Variabilität in
der Pharmakokinetik von Dextromethorphan auf die Variabilität der CYP2D6-
und CYP3A4-Enzymkinetik zurückgeführt werden kann. Neben verschiedenen

https://pk-db.com
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anderen Analysen wurde auch der Einfluss der ethnischen Zugehörigkeit auf die
CYP2D6-Aktivität untersucht.

Beiträge zur Kuratierung von PK-Daten und zur Entwicklung von PBPK-
Modellen wurden auch für andere Phänotypisierungs- und Leberfunktionstestsub-
stanzen geleistet (Chlorzoxazon, Kodein, Diazepam, Galaktose, Indocyaningrün
(ICG), Metoprolol, Midazolam, Omeprazol, Pravastatin, Simvastatin, Talinolol
und Torasemid). Insbesondere für ICG wurden die Auswirkungen auf den
hepatischen Blutfluss, das Herzzeitvolumen und das Körpergewicht sowie
die Überlebenswahrscheinlichkeit nach partieller Hepatektomie durch PBPK-
Modellierung untersucht. Die Untersuchung der verschiedenen Testsubstanzen
war nur durch einen systematischen und standardisierten Workflow möglich,
welcher die Datenintegration, die gemeinsame Nutzung von Daten, die Erstellung
reproduzierbarer PBPK-Modelle und die standardisierte Integration von Daten und
Modellen umfasst.

Zusammengefasst wurden im Rahmen dieser Arbeit eine pharmakokinetische
Datenbank, Methoden sowie Workflows für die Analyse von Prüfsubstanzen, die bei
dynamischen Leberfunktionstests und der CYP-Phänotypisierung verwendet wer-
den, erstellt. Dabei wurden Faktoren, die sich auf die CYP-Phänotypisierung und
die Leberfunktionstests auswirken, mittels Metaanalyse und PBPK-Modellierung
untersucht. Die dabei entwickelten Modelle können einen Beitrag zur person-
alisierten Medizin liefern und die Präzision dynamischer Leberfunktionstests in
Kliniken erhöhen.
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Chapter 1

Preface

The presented work is a cumulative dissertation consisting of three publications in
peer-reviewed scienti�c journals with me as the primary author and several other
scienti�c outcomes (publications, preprints, and bachelor theses) with non-primary
contributions from my side. The methods in the work are computational, involving
primarily mathematical modeling and software development. The objective was to
contribute scienti�cally in two ways, �rst, by building open and accessible resources
for mathematical modeling of pharmacokinetics and secondly, by computationally
studying the cytochrome P450 (CYP) system and liver function in humans.

I believe in the high relevance of open data and code that is accessible in a FAIR
manner, especially in the messy world of biology and the corporate world of phar-
macology. Along that theme and regarding my �rst objective, I authored “PK-DB:
Pharmacokinetics Database for Individualized and Strati�ed Computational Modeling”as
the primary author and contributed to “Ten Simple Rules for FAIR Sharing of Experi-
mental and Clinical Data with the Modeling Community [preprint]”as a co-author. The
former is an ongoing project. All of the following computational investigations were
only possible due to the existence of PK-DB and contributed to PK-DB as a byprod-
uct. With respect to my second goal, I studied two closely related and highly rele-
vant clinical and medical methods in this thesis, (i) dynamical liver function testing
and (ii) in vivo CYP phenotyping. Both methods are performed by the administra-
tion of test substances in order to diagnose or monitor speci�c characteristics related
primarily to the liver. Experimentally, they do not differ much, except for the appli-
cation of different test substances and slightly modi�ed protocols. The main differ-
ences are purpose and setting. Dynamical liver function tests are predominantly per-
formed to quantify liver function, often in patients with liver-related diseases or in
the context of liver surgery such as liver transplantation or hepatectomy. In contrast,
in vivo CYP phenotyping primarily aims to characterize the cytochrome P450 detox-
i�cation system, for instance, to individualize drug dosing or study inter-individual
differences in the pharmacokinetics of drugs. Due to the similarity of both methods,
they were covered together in this thesis. The two publications, “Pharmacokinetics of
Caffeine: A Systematic Analysis of Reported Data for Application in Metabolic Phenotyping
and Liver Function Testing”and “Physiologically based pharmacokinetic (PBPK) modeling
of the role of CYP2D6 polymorphism for metabolic phenotyping with dextromethorphan”, as
well as the coauthored publications on indocyanine green-based liver function test-
ing “Physiologically Based Modeling of the Effect of Physiological and Anthropometric Vari-
ability on Indocyanine Green Based Liver Function Tests”and “Prediction of Survival After
Partial Hepatectomy Using a Physiologically Based Pharmacokinetic Model of Indocyanine
Green Liver Function Tests”, are related to my aforementioned second objective. Other
minor contributions are mentioned in suitable passages in the text.

This dissertation is structured into �ve chapters, Preface, Introduction, Results
and Publications, Discussion and Outlook, and Appendix. The introduction is not
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particularly technical and provides the necessary background in physiology, phar-
macokinetics (PKs), and mathematical modeling. There, I introduce the most rel-
evant concepts in pharmacokinetics, liver function testing, CYP phenotyping, and
ordinary differential equation (ODE)-based modeling. In the third chapter, the re-
sults of my dissertation are presented, i.e., the three primary-authored publications
in chronological order, followed by other related work. They build up on each other,
starting from database engineering, over quantitative, and �nally, to mechanistic
modeling. The individual sections contain the original publication and a contextu-
alization of the work with respect to liver function testing and CYP phenotyping,
followed by additional analyses, which were not included in the publications. In the
fourth chapter, the results are discussed and an outlook is provided on what I be-
lieve to be interesting follow-up investigations and how this work could potentially
be translated into an application in healthcare. The �nal chapter contains supple-
mentary information in the form of an appendix.

For all three publications, I carried out the mathematical analysis and wrote the
software and the manuscript. For PK-DB, which is an ongoing project, I maintain the
web service, curated data, and trained new collaborators. Up-to-date, 14 people con-
tributed to PK-DB by curating data from over 700 publications, which makes PK-DB
presumably the biggest openly available pharmacokinetic database. For the caffeine
meta-analysis, the data curation was performed collaboratively by Florian Bartsch,
Adrian Köller, Matthias König, and me. For the PBPK model of dextromethorphan,
the data was collaboratively curated by Janosch Brandhorst and me. Matthias König
supervised all of the projects and edited the manuscripts.

I am deeply grateful for Matthias' invaluable insights, guidance, and integrity
in all aspects of my thesis and also the project prior to the thesis. Most of all, he
sowed the seed for the, not so mundane after all, topic of standardization and au-
tomation. Without him, I would not have had the perseverance and vision to delay
tackling scienti�c questions before having a solid reusable infrastructure in place.
I am delighted to see that this infrastructure is being increasingly used and that I
thereby contribute to and gain insights into related projects. Thank you, Matthias,
all the members of König group, and the co-authors of my papers. Next, I also want
to thank the members of the Institute of Theoretical Biology (ITB), it has been not
only my scienti�c home for the last several years but also the place where I made
new friends. In addition to that, I want to thank all the members of my dissertation
committee for investing time and effort in the evaluation. Last but not least, I am
deeply grateful for my supporting and caring friends, family, and Julia.
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Chapter 2

Introduction

2.1 History and Relevance of Pharmacokinetics Modeling

The application of substances in order to cure diseases or increase well-being dates
back at least 3000 years to ancient Egypt and Mesopotamia [RC07]. In some sense,
it is probably as old as humanity or older as even some animals self-medicate, e.g.,
dogs eating grass in order to remove toxins [Shu14]. Nonetheless, it was not until
the 19th century that pharmacology emerged as a scienti�c discipline that systemat-
ically studies the interactions between substances and cells, tissues, organs, and or-
ganisms. In the following decades, the science around what happens to substances
due to processes in living organisms matured and was named “pharmacokinetics”
(PK) [Nel61].

The �rst mathematical models in pharmacology emerged in the 20th century,
with mathematical equations describing enzyme kinetics [MMa13] and simple
compartment models of drug elimination from the body [WT24]. In the six-
ties, these models progressed from one- to multi-compartment models leading
to early physiologically-based pharmacokinetic (PBPK) models and allowed to
more accurately describe the kinetics of compounds in the body [Wag81]. These
models enabled for the �rst time to study the role of tissues and organs on the
pharmacokinetics of substances, for instance, the impact of liver function on the
pharmacokinetics of drugs. However, understanding the fate of drugs is not an
end in itself. Medical scientists are primarily interested in treating diseases and
hence investigating the effect of drugs on the body, named “pharmacodynamics”
(PD). In order to study and predict drug treatment effects, both, PK and PD are
relevant. Consequently, shortly after the emergence of the �rst PK models, the �rst
PD models were developed and both coupled to so-called PK/PD models. Initially,
they were utilized to investigate the impact of chemotherapy on cell survival rates
[Jus73].

Nowadays, PK, PD, and PK/PD modeling have high relevance in various areas
of science, clinical practice, and drug development, e.g., animal-to-human trans-
lation, dosage protocol selection in clinical trials, investigation of the effect of co-
medications, or the individualization of drug treatment. In any case, PK modeling
is challenging, as it requires knowledge of mathematical modeling and underlying
biology and physics.

2.2 Pharmacokinetics

Pharmacokinetics is the �eld in which the fate of substances applied to the human
body is studied. The main interest hereby is how a substance administered to the
body appears and disappears in tissues, plasma, and urine. Four main processes
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contribute to the PK of a substance: absorption (how the drug reaches the body),
distribution (how the drug distributes within the body), metabolism (how the drug
is converted), and excretion (how the drug is eliminated), or short “ADME”. In the
following, each of the processes will be described in detail. A schematic overview of
all the processes is shown in Fig. 2.1.

2.2.1 Absorbtion

Absorption describes the process of substances entering the body, which primarily
refers to the steps until the compound reaches the systemic blood circulation. Drugs
or test substances can be applied via various routes (e.g., intravenously, orally, in-
tranasally, buccally, sublingually, rectally, or via inhalation). The choice of the appli-
cation route depends on various considerations, such as the physicochemical prop-
erties of the drug, the onset of action, or the �rst-pass effect (i.e., only a part of the
dose can reach the systemic circulation, which is described in detail below). Most
drugs are applied orally and enter the body via the digestive tract, i.e., they are ab-
sorbed via the intestine after the passage through the stomach, see Fig. 2.1B. For
some substances, the digestive process can already start in the oral cavity allowing
them to be directly absorbed into the systemic circulation via the oral mucosa [YL93],
and bypassing the �rst pass effect and accelerating the onset of action. These are
the main advantages of buccal and sublingual applications by the way. In the oral
cavity, the metabolism is initiated by enzymes contained in saliva. For solid ap-
plication forms, the early absorption and metabolism in the oral mucosa are less
important. Capsules and tablets do not signi�cantly dissolve before entering the
stomach. Extended-release tablets or drugs with low solubility do not even dissolve
until reaching the intestine [Wei+05]. Low solubility is one of the biggest challenges
in drug design as substances must be present in dissolved form at the site of ab-
sorption for it to occur [SGS12]. On the way through the gastrointestinal tract, the
substances �rst enter the stomach. The high acidity of the gastric juice (i.e., < 4pH)
can facilitate drug dissolution, metabolism, or degradation, more so for acid-labile
substances (e.g., omeprazole). Subsequently, substances leave the stomach and enter
the upper part of the intestine via gastric emptying. Most of the absorption occurs in
the �rst two sections of the small intestine (i.e., duodenum and jejunum) via the en-
terocytes in the intestinal epithelium. To reach systemic circulation, substances must
be transported from the intestinal lumen through the enterocytes to the intestinal
blood.

Lipophilic drugs pass the intestinal epithelial barrier predominantly via transcel-
lular transport, hydrophilic substances, on the other hand, typically bypass intracel-
lular metabolism via paracellular transport. The physicochemical properties of the
applied substances (i.e., electrical charge, lipophilicity, hydrophilicity) and various
transporters (e.g., sodium-glucose cotransporter) regulate the absorption velocity
across the apical plasma and basolateral membrane of the intestinal epithelial cells.
Generally speaking, small and lipophilic chemicals can freely pass cell membranes
while large or charged compounds only pass cell membranes with the aid of in�ux
and ef�ux transporters such as the organic anion transporting polypeptides (OATPs)
[KN09]. Transport proteins are also important at the later stages of the ADME pro-
cesses, anytime large or charged molecules have to cross biological membranes, e.g.,
during bile secretion in the liver, tubular reabsorption and secretion in the kidneys,
or the crossing of the blood-brain barrier.
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FIGURE 2.1: Schematic overview of the ADME processes for intravenously and orally
applied substances : A) An illustration of the general roles of the central organs involved
in absorption, distribution, metabolism, and excretion (ADME). The fate of a stereotypical
drug is illustrated by arrows. The extent to which each of the tissues actually satis�es the
depicted role depends on the properties of the speci�c substance. Narrow arrows depict
the absorption and excretion from the body. Blue and brown arrows represent the venous
and arterial blood �ow, respectively. The yellow arrow depicts the bile �ow. B) The role
of the three central organs which are involved in the ADME process and a schematic repre-
sentation of their “functional units”. On the left, the dissolution and subsequent absorption
over the intestinal epithelial cells. In the center, a liver sinusoid with blood �owing from top
to bottom (blue), bile �owing in the opposite direction (green), and the metabolism taking
place in the hepatocytes (light brown). On the right, the urinary excretion of metabolites
through a nephron is shown. For more detail on all of the processes see the ADME section

in the text. The illustration was created with https://biorender.com/ .
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The fraction of a given dose entering the systemic circulation is referred to as
“bioavailability”. Partial absorption of substances by the intestine as well as me-
tabolization on the �rst pass through the intestinal wall and liver, the so-called
“�rst-pass effect”, contribute to reduced bioavailability. Incidentally, some highly
lipophilic drugs are capable of bypassing the liver on the �rst pass by the mesenteric
lymphatic circulation, which leads to higher bioavailability [Tru+07; Yáñ+11]. The
bioavailability of a drug has high practical relevance for the route of application and
dosing regime.

In summary, absorption regulates the amount and speed of the appearance of a
substance in the systemic circulation that is subsequently available for distribution,
metabolization, and excretion.

2.2.2 Distribution

Nutrients, oxygen, waste products, and other substances are transported by the
blood through the body via the circulatory system, which comprises the heart, lungs,
blood, and blood vessels, see Fig. 2.1A. Blood is essential for transport in the human
body and accounts for approximately 10 percent of the body weight. At rest, the
heart pumps about 5 [l/min] through the body, referred to as cardiac output. In a
nutshell, the blood leaves the right ventricle of the heart, �ows to the lungs, gets oxy-
genated, and continues through the arteries to the organs and into the tissues. The
deoxygenated blood leaves the tissues and is carried through the veins back to the
heart, and the cycle starts again. Orally applied drugs and substances (e.g., nutrients
via food) reach the systemic circulation via the digestive system. Approximately 15
percent of the blood �ow passes through the intestine and thereby absorbs the sub-
stances. The exiting nutrient-rich blood �rst passes through the portal vein and liver
before circulating back to the heart. In contrast, intravenously applied substances
directly enter the systemic circulation.

In addition to the systemic circulation, substances can circulate in the body via
the “enterohepatic circulation”. Certain substances are excreted from the liver in
the bile which is secreted back into the gastrointestinal tract. Substances in the bile
can subsequently be reabsorbed from the intestine and reach the liver again, closing
the circle. Enterohepatic circulation is, however, less important in comparison to
the systemic circulation and takes place on much longer time scales in the range of
hours.

The physicochemical properties of the circulating compounds largely determine
how freely they can cross various blood-tissue barriers but also how much bind-
ing to plasma proteins occurs. Almost all substances are at least partially bound to
plasma proteins (e.g., albumin, gamma globulin). Bound and unbound states are
typically in chemical equilibrium and described by the plasma binding coef�cient.
Proteins cannot passively cross cell membranes. So only the unbound fraction of the
substance can enter cells and be metabolized or excreted. E.g., over 95 percent of
the drug warfarin is bound to plasma proteins which results in a long half-life in the
body (approximately 40 hours) for warfarin. Again, large and polarized molecules
cannot pass cell membranes without ef�ux and uptake transporters. Approximately
10 percent of human genes are related to transporters, indicating their importance
[YH15]. So due to the blood tissue barriers, accumulation of various drug com-
pounds in speci�c areas of the body occurs. Lipophilic substances (e.g., polychlo-
rinated biphenyls) tend to stay for prolonged times in areas of high lipid density,
such as the fat tissue, leading to their dynamics behaving as if an additional slow
compartment is present.
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In essence, once a substance reaches the systemic circulation, it is non-trivially
distributed to various places in the body, consequently, also to particular organs
where metabolism and elimination occur.

2.2.3 Metabolism

Drug metabolism refers to the biochemical transformation of xenobiotics, and en-
zymes play a central role in that process. Most drug-metabolizing enzymes are lo-
cated in the liver, more speci�cally in the main cell type of the liver, the hepatocytes.

Metabolic reactions are classi�ed into three phases (I, II, and III). The phases do
not necessarily occur in order, but ultimately the biotransformation or sequence of
biotransformations evolved to have two major effects on the xenobiotic, (i) inactive
the drug, and (ii) increase its water-solubility so that it can be subsequently excreted
by the kidneys and bile [PL22]. Interestingly, for prodrugs like codeine, the phase I
metabolism actually activates the drug. Phase I metabolism can be either oxidation,
reduction, or hydrolysis. Among these, the most frequent reactions are oxidations
catalyzed by cytochrome P450 enzymes (CYPs) [RG15]. CYPs are an ancient su-
perfamily of enzymes present in all kingdoms of life, which evolved as a central
detoxi�cation system. In humans, they are involved in the metabolism of approx-
imately 70-80 percent of all drugs in clinical use [ZS13]. The subset of six CYPs
(CYP1A2, CYP3A4, CYP3A5, CYP2C9, CYP2C19, CYP2D6) metabolize 90 percent of
the subset of drugs [LP07]. The second most frequent biotransformation of xenobi-
otics and the most important phase II metabolism is glucuronidation performed by
the glucuronosyltransferases (UGT). Substrates undergoing glucuronidation result
in products with highly increased charge and, therefore, high hydrophilicity, which
facilitates the excretion via the bile and urine but requires ef�ux transporters for
membrane transport [Yan+17].

The liver evolved as the main metabolizing organ in the body but some drug-
metabolizing enzymes, such as certain isoforms of the cytochrome P450, are also
present in the intestinal wall or the kidneys. Depending on the compound, these
alternative routes of metabolization can play an important role, e.g., metabolization
of midazolam by CYP3A4 in the intestine.

2.2.4 Excretion

Excretion refers to the process of elimination of drugs and their metabolites from
the body. The four main routes of elimination are excretion via the kidneys in the
urine, excretion via the colon as feces, removal of gaseous substances such as carbon
dioxide via the lungs, and excretion via the skin as sweat.

Most drugs and also their metabolites are excreted via the kidneys in the urine.
With approximately 0.5 percent of total body weight and 19 percent relative tissue
blood �ow, the kidneys are a relatively small but highly perfused organ. They ac-
count for several important tasks in the body (i.e., excretion of waste products, assist-
ing in blood pH homeostasis, and blood pressure regulation). Each kidney contains
approximately one million nephrons, the functional units of the kidney, which per-
form four roughly consecutive processes (i.e., �ltration, reabsorption, secretion, and
excretion), see Fig. 2.1B. Renal �ltration takes place in the renal glomerulus, where
parts of the blood (i.e., a fraction of protein-unbound blood compounds with less
than 300 g/mol molecular weight) leave the blood vessel due to hydrostatic pres-
sure into a downstream process which eventually results in urine. The adjustable
difference in afferent and efferent glomerulus vessel diameter regulates the blood
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pressure and the leaving blood fraction. Red blood cells and macromolecules such
as most proteins can not pass the glomerular �ltration barrier. During the �ltration,
important compounds (e.g., sodium, potassium, chloride, magnesium, amino acids,
glucose, bicarbonate, and excess water) are initially �ltered out but are subsequently
reabsorbed back into the bloodstream (tubular reabsorption). In the opposing di-
rection, various not yet �ltered-out molecules (e.g., hydrogen ions, urea, creatine,
penicillin) are secreted into the renal tubules. Ion absorption and secretion assist in
blood pH homeostasis.

Substances that are not absorbed or metabolized during the passage through the
intestine and colon are removed from the body within the feces, which also applies
to substances contained in the bile. Biliary excretion is an important route, especially
for lipophilic and large compounds (300-500 g/mol). The bile comprises 95 percent
of water and 5 percent of organic and inorganic compounds (i.e., bile salts, phospho-
lipids, amino acids, porphyrins, steroids, cholesterol, immune globulin A, enzymes,
and due to biliary drug excretion also xenobiotics [Boy13]). Bile acids are synthe-
sized from cholesterol by the hepatocytes and secreted into the bile canaliculus via
highly regulated ABC transporters located at the apical membrane [DLR09]. The bile
�ows in opposite direction to the portal blood �ow, see Fig.2.1B, into the bile bladder
and subsequently via the common bile duct into the small intestine where it plays
a vital role in the absorption of lipids, fat-soluble vitamins, and cholesterol [HH08].
Many components and even xenobiotics are recovered from the bile by reabsorption
in the intestine resulting in enterohepatic circulation.

Mostly salt, heavy metals, and water can be excreted via the skin as sweat. Con-
trary to a widespread misconception, sweat is usually minorly involved in the re-
moval of toxins and waste products [Bak19]. Its dominant function is thermoreg-
ulation. For practical matters, activities leading to sweating typically also lead to
increased heart rate which in turn increases the cardiac output and clearance of xeno-
biotics [Cla+19].

2.3 Liver Function Testing and CYP Phenotyping

The health status and function of the liver can be examined using various meth-
ods, such as static and dynamic liver function tests, Fibroscan, and liver biopsy
[WP14]. Fibroscan and liver biopsy allow to diagnose pathophysiological changes,
while static and dynamic liver function tests quantify the function, which is the pri-
mary focus of the present work. Within the function tests, there are several variants
that examine complementary aspects.

2.3.1 Liver Function Testing

First, it is important to understand that the liver is, in many ways, a special organ
with various functions. The liver is the heaviest solid internal organ, accounting
for about two percent of body weight [ICR02; JR13]. Even more impressive is its
18 percent contribution to the total resting energy consumption, which hints at its
importance [Wan+10]. It is highly perfused, with over one-fourth of the total blood
�ow passing the liver [JR13], and the only organ that is supplied by a dual blood
supply with about one-fourth oxygenated blood via the hepatic artery and three-
fourths nutrient-rich deoxygenated blood via the portal vein. It has an exceptional
regenerative capacity (e.g., after hepatectomy), as up to 80 percent of its volume can
be recovered [Tru+07]. The high importance of the blood supply and regenerative
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function of the liver is only logical considering its tasks. Besides its function of me-
tabolizing xenobiotics and consequently its role in detoxi�cation, the liver syntheses
many plasma proteins and biochemicals necessary for digestion and growth, it has
iron, vitamin, and energy storage capabilities, the latter in the form of glycogen, it
regulates blood clotting, and it clears indigenous waste products like bilirubin. The
responsible processes occur in each of the hundreds of thousands of liver lobules
which are the functional units.

Each lobule is a hexagonal structure with its own blood supply. The blood �ows
through vascular channels, called sinusoids, from the outside, i.e., portal vein and
hepatic artery, to the inside, i.e., central vein. The content in the blood �owing
through the sinusoid gets bidirectionally exchanged with the adjacent metaboliz-
ing cells, the hepatocytes. Thereby passing the perisinusoidal space, the space be-
tween the sinusoidal endothelial cells and the hepatocytes. Of note, this space is
majorly involved in �brotic scaring leading to cirrhotic liver disease [San+21]. Not
all compounds entering the hepatocytes are secreted back to the sinusoids. Some are
secreted into the bile, which �ows in an opposing direction to the blood via the bile
canaliculi to the outside of the liver lobule until it �nally reaches the common duct
and the gall bladder. The whole process is depicted in the middle of Fig. 2.1B.

In the case of diseases and disorders in the liver, one or many aspects of the
processes are malfunctioning often resulting in altered liver function. A common
symptom, e.g., is bilirubin jaundice (i.e., the eyes' whites and the skin's getting yel-
lowish) which is related to a problem with bilirubin excretion through the bile. Cer-
tain routinely performed liver function tests are grouped together under the name
static liver function tests and are part of the comprehensive metabolic panel. These
tests are characterized by the fact that they analyze the contents of the blood for
speci�c biological molecules (biomarkers) which are related to different functions of
the liver. Among these are alanine transaminase (ALT), aspartate aminotransferase
(AST), gamma-glutamyl transferase (GGT), lactate dehydrogenase (LD), and alka-
line phosphatase (ASP) which are enzymes released or leaked by the liver in case
of a liver injury, blocked bile duct, or other liver diseases. Elevated levels of these
biomarkers and bilirubin, a substance created during the breakdown of red blood
cells and secreted into the bile, indicate liver-related problems. Decreased levels of
other markers, i.e., total protein amounts, even more so albumin, indicate problems
in hepatic protein synthesis. In essence, bilirubin informs about excretion, GGT and
ASP inform about cholestasis, ALT and AST informs about liver damage, and albu-
min informs about synthesis capacity. The outcomes of the tests get compiled with
other information to severity scores for evaluation of the liver, i.e., CHILD PUGH or
MELD. These static tests, however, suffer high intra-individual variability and a lack
of reproducibility [LSC08]. Another major problem of the static tests is the long half-
lifes of the biomarkers resulting in delayed insights. Nonetheless, they are a very
valuable tool for clinical evaluation due to their simplicity and general availability.

In contrast, dynamic liver function tests measure selective aspects of the capac-
ity of the liver to eliminate and metabolize substances from the body, wich is often
quanti�ed by the elimination rate of the test substance in plasma, see e.g. Fig. 2.2A.
Advantageously, these tests can be performed in short intervals and previous mea-
surements can be used as a baseline to quantify the relative change. Therefore, they
are particularly well suited for monitoring liver function in rapidly progressing dis-
eases and changes in liver function in the context of liver surgery such as partial hep-
atectomy or liver transplantation. Historically, a multitude of test substances (e.g.,
bromosulfophthalein (BSP), caffeine, galactose, ICG, Lidocaine (MEGX), methacetin)
have been utilized. Nowadays, ICG is by far the most widely applied substance.
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Other substances are either not as practical or potentially hazardous, especially for
critically ill patients [Sak07].

2.3.2 Phenotyping of Cytochrome P450 Enzymes

The capacity of the liver to eliminate substances from the body depends on
substance-speci�c cellular mechanisms with metabolization via CYPs being one of
the most important factors. 70-80 percent of prescribed drugs are metabolized by
CYPs located in the hepatocytes. CYP activity is related to dynamical liver function
and most of the procedure of in vivo CYP phenotyping resembles dynamical liver
function testing. Caffeine, e.g., is used as well for dynamical liver function testing as
for CYP1A2 phenotyping. For CYP phenotyping, the test substances are selected to
be predominantly metabolized only by a single CYP isoform. A selection of typical
CYP test substances can be found in Tab. 3.1.

FIGURE 2.2: Illustration of CYP phenotyping by (cumulative) metabolic ratios and liver
function testing by elimination rates. The example was generated by the simple dynamic
model depicted in Fig. 2.3. A) Plasma amounts of the test substance A (orange) and metabo-
lite B (blue).; B) Urine amounts of the test substance A (orange) and metabolite B (blue).; C)
Metabolic ratio A/B in plasma; and D) The cumulative metabolic ratio of A/B in urine. The
plasma and urinary amounts and metabolic ratios can be used to evaluate liver function and
the enzymes involved in the conversion of A to B. Time and amounts are in arbitrary units

[a.u.].

After the administration of the test substance, the amount of the drug and the
main metabolite is measured either in the plasma and/or urine at single or multiple
time points. Speci�cally, the concentration in blood or the amounts in the urine of
the test substance and the metabolite produced by the CYP of interest are quanti�ed
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and the ratio between them is calculated. Often, due to its simplicity, the so-called
(cumulative) metabolic ratio, i.e., the ratio of the cumulative drug and metabolite
in the urine, is measured at a single time point. Small values of the metabolic ratio
correspond to fast metabolizers and high values to poor metabolizers. This concept
is visualized in Fig. 2.2. In the case of extensive phase 2 and 3 metabolisms resulting
in multiple metabolites, the metabolic ratio is normally calculated by dividing the
quantity of the test substance by all downstream metabolites. In blood, the sampling
times are typically chosen to be in the range of the half-life of the test drug. Earlier
sampling might be too much in�uenced by the absorption phase. Later sampling
time on the other hand can decrease the accuracy of the measurement due to smaller
substance amounts which might be dif�cult to quantify accurately. Additionally,
metabolic ratios tend to shift slightly over time in plasma, which has to be accounted
for when comparing results from different sampling times. In urine, the cumulative
metabolic ratios tend to be more stable over time [Grz+22; GBK22].

An important concept in metabolic phenotyping is the so-called cocktail ap-
proach. Hereby, the activity of multiple enzymes (e.g., CYP isoforms) or transporters
can be measured simultaneously by applying a cocktail of multiple probe drugs si-
multaneously. For this purpose, test substances are selected so that they have only
minor interactions with other test substances and are speci�c for different enzymes.

2.3.3 In�uencing Factors

Many factors related to the ADME process can potentially alter the results of dy-
namical liver function tests and the results of CYP phenotyping tests. As discussed
earlier. In practice, test substances are selected to be primarily eliminated by the
liver and for CYP phenotyping by particular CYPs in the liver. So, it should not be
surprising that the results are �rst and foremost in�uenced, as intended, by the func-
tional liver volume and CYP activity, respectively. As already noted, also dynamical
liver function tests are in�uenced by substance-speci�c mechanisms on the cellular
level. The effect of various factors will be exempli�ed below.

Important and well-study are drug-drug and drug-food interactions due to
shared CYP450-mediated metabolic pathways. Various molecular mechanisms
lead to inhibition or induction of the involved enzymes [Deo+20] (e.g., competitive
inhibition, non-competitive inhibition). Examples are the inhibition of CYP3A4 by
grapefruit juice or the induction of CYP1A2 by smoking [Grz+22].

In addition, genetic polymorphisms can have high relevance, as many enzymes
and transporters are known to be polymorphic (e.g., CYP2A6, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6, OATP1B1) [ZS13]. In this context, CYP2D6 is one of
the most extensively studied enzymes. Until now, over 130 different CYP2D6 genetic
variants have been identi�ed with very different enzyme activities [GBK22]. The
change in enzyme activity can be due to differences in binding af�nities or protein
abundance. Even for highly polymorphic enzymes like CYP2D6, there is a good
correlation between CYP activity and protein amounts [Lee+09]. Much of the large
intra-individual differences in liver function can be explained by the large variability
in CYP protein amounts [Ach+14; Nin+18]. In addition, there is some evidence that
CYPs are affected by the circadian clock [Fro09], resulting in changes in CYP protein
amounts during the day.

Pathophysiological alternations are extremely important, especially in the organs
involved in the ADME processes, which typically results in a reduction in clearance
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of many drugs, like, e.g., pravastatin, with chronic renal insuf�ciency [LP22]. In dy-
namic liver function, the most severe changes obviously occur in liver diseases, par-
ticularly in late-stage liver disease [Grz+22]. This is of high relevance as liver-related
chronic conditions (e.g., non-alcoholic and alcohol-related fatty liver diseases) and
diseases (hepatitis, cirrhosis, hepatocellular carcinoma) are prevailing at a very high
level worldwide, leading to approximately 2 million death per year, and on average
1.6 years of life lost [Asr+19]. In early-stage liver diseases, an increased amount of
fat in the liver, called steatosis, typically does not change liver function, and most
patients with steatotic livers never progress to the later stages. However, obesity is
the number one risk factor for non-alcoholic fatty liver disease (NAFLD), 90 percent
of obese and 65 percent of overweight patients are diagnosed with NAFLD [AC09],
and extended amounts of adipose tissue also alter lipophilic substances' clearance
rates. Testosterone usedin vitro for the phenotyping of CYP3A4, e.g., sequesters into
adipose tissue, which increases the apparent volume of distribution and thereby also
the half-life.

Perfusion of the liver can be an important factor affecting the clearance of sub-
stances by the liver. See for instance the large effect of hepatic perfusion and cardiac
output on the elimination of ICG [Köl21]. Steatosis can have as well a marked effect
on the perfusion of the liver as do changes after liver surgery, e.g., portal hyperten-
sion after partial hepatectomy.

Anthropometric factors also play a notable role. Liver function is proportional to
the functional liver volume; consequently, the natural variation in liver volume due
to age, sex, heritage, and body size also affects liver function. Liver function deterio-
rates with age [Cie+16], as does kidney function with reduced glomerular �ltration
rate (GFR) by 4-12 mL/min per decade [Del+12]. Men tend to have slightly larger
livers (approximately 8 percent) than women [Kra+03]. Increased alcohol consump-
tion is also associated with larger livers but not necessarily with higher functional
liver volume.

In summary, high inter-individual differences in liver function CYP activity are
caused by many different factors. Besides very obvious interactions, the impact and
interplay of the different factors quickly extend straightforward comprehensibility
and require mathematical modeling even if only a small fraction of them are studied
or controlled for in vivo.

2.4 Physiologically Based Pharmacokinetics (PBPK) model-
ing

Computational modeling is a unique tool to study complex systems. Generally
speaking, there are two broad categories of computational models that can be used
to model the pharmacokinetics of tests substances: (i) Phenomenological models (re-
gression) that aim to describe the PK and (ii) models based on “�rst principles” that
incorporate prior knowledge of the system. PBPK modeling belongs to the latter cat-
egory and is very well suited to study liver function and CYP phenotypes based on
the pharmacokinetics of test substances. In PBPK models, the ADME processes, such
as metabolism in the liver or distribution via the blood �ow are implemented via a
system of ordinary differential equations (ODEs). The compartments (e.g. liver, kid-
ney, and blood) in such models are assumed spatially homogeneous. In the model,
they are connected via transport equations to account for the distribution, e.g., the
systemic and biliary circulation. The state variables of the model correspond to the
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amounts or concentrations of substances in the respective compartments and can be
compared to in vivo measurements.

FIGURE 2.3: Simple ODE-based pharmacokinetics model. A) The system consists of three
compartments (tablet, central, urine) that are connected via transport reactions. The model
contains two substances the test substance A (orange); and the metabolite B (blue). The test
substance A is metabolized to metabolite B in the central compartment. B) The resulting
system of ordinary differential equations (ODEs). The rate of absorption, metabolism, and
excretion (va, vm, vu,A , vu,B) are modeled via irreversible mass-action kinetics. C) With an
initial amount of A tablet = 10 and rateska = 1, km = 1, and ke = 1, all in [a.u.], the resulting
amounts over time of the substances in the tablet, central, urine compartments are depicted.

In the following, the concept of modeling pharmacokinetics is described by the
example of an administered test substance, see Fig. 2.3. In this example, the sys-
tem consists of three compartments (i.e., tablet, central, and urine). The applied
test substance (A) is absorbed from the tablet into the central compartment, where
it can be transformed into a single metabolite (B). Both substances can be excreted
from the central compartment into the urine compartment. All processes (absorp-
tion, metabolism, excretion) were implemented by �rst-order kinetics (irreversible
mass-action kinetics), i.e., the speed of the process is proportional to the current
concentration of the substance. This illustrative model is very much an oversimpli-
�cation for didactic purposes. Nonetheless, it is complex enough to simulate and
study concentration-time pro�les of two substances in the central and the urinary
compartment. This simple model is able to describe typical measurements taken for
liver function testing (i.e., elimination rates calculated by plasma concentrations) or
CYP phenotyping (i.e., metabolic ratios of parent drug and metabolite in plasma or
urine). The model was used to simulate timecourses in plasma and urine to explain
both concepts, see Fig. 2.2.

In this example, it is assumed that the concentration in the central compartment
corresponds to the concentration in plasma. For the simulations, the compartments
have a volume of 1 liter, transport rates and metabolic rates of 1 [1/hr], and the
initial amount of the test substance in the tablet of 10 [mmol]. The model was im-
plemented in the Systems Biology Markup Language (SBML), see Sec. 5, a free and
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open model format capable of representing many different biological phenomena
and best practices to facilitate model reusability and more [Huc+19; Kea+20].

FIGURE 2.4:Physiologically based pharmacokinetic (PBPK) model . A generic PBPK model
for a given probe substance. The arrows represent the blood �ow between the different
compartments, with the arrow width indicating the relative amounts. Intravenous (IV) ad-
ministrations are typically conducted in the venous blood compartment, and orally applied
drugs end up in the intestine compartment. The details of the tissue models for the liver,
kidney, intestine, lung, and rest compartment are omitted. The �gure was illustrated with

https://biorender.com/ .

For more sophisticated models, the body is subdivided into more spacial com-
partments, which are connected via transport equations. The compartments typ-
ically resemble the physiology, i.e., organs, smaller units within organs, or blood
vessels. The blood �ow to the organs is well described by constant rates based on
the cardiac output, the circulatory connections, and the fraction of the blood �ow to
the individual organs, for an illustration of the generic model, see Fig. 2.4.

In the models implemented in this thesis, substance-speci�c tissue models are
created and connected to the whole-body model. None-relevant organs are lumped
into a rest compartment. The individual organs are modeled by at least two com-
partments, the plasma and tissue compartments. The transport between plasma and
the tissues is typically modeled by a combination of passive and active transport,
with the rate being dependent on the concentration difference between plasma and
the tissue. As described in previous sections, the transport rate is thereby in�uenced
by many factors, e.g., blood plasma binding, physicochemical properties of the sub-
stance, and activity of transporters. Many of the factors are, in principle, measurable,
calculable, or at least estimable within reasonable ranges. This is similarly true for
the metabolic capacity of enzymes responsible for the bio-transformation of the sub-
stances within the tissues such as the liver. The metabolism takes place inside the
tissue. Depending on the substance, the kinetics of the transformation is modeled
either by (irreversible or reversible) mass action, as in the simple example above,

v = kmax � [S] (2.1)



2.5. Objectives 15

or via Michaelis-Menten kinetics to account for the saturation of the enzymes.

v =
Vmax[S]
Km + [ S]

(2.2)

With the Michaelis-Menten coef�cient ( Km = k2+ k� 1
k1

) and maximal reaction veloc-
ity ( Vmax = k2[E] + [ ES]). The equation is derived from a reversible binding process

(steady-state assumption) and irreversible catalytic process (E + S
k1�� *) ��

k � 1
[ES]

k2��!

P + E). In the limit of Km � [S], the reaction exhibits �rst-order kinetics (e.g., caf-
feine metabolism), where a constant proportion of the drug concentration is elim-
inated, which leads to an exponential decline in the concentration over time. The
reaction kinetics in the limit of Km � [S] result in zero-order kinetics (e.g., alcohol
metabolism), where a constant amount is eliminated and resulting in a linear de-
cline in the concentration over time. These reaction rates, depending on the kinetic
parameters, is where much inter-individual biological variation can be observed.

Many of the parameters of PBPK models are based on physiological parameters
or can be derived from physicochemical properties of the studied substances. These
parameter values must be acquired from the literature. Unfortunately, not all pa-
rameters can be resolved, but remain uncertain (e.g., maximal rates in the in vivo sit-
uation are dif�cult to infer from in vitro data. Missing parameters are often resolved
using parameter �tting based on pharmacokinetics data. In this method, parameter
values are changed under the subjective to minimize a loss function which is a met-
ric that describes the difference between simulation results and the data. The data
is crucial not only for �tting model parameters but also in the model development
process. Poor model performance can be due to poor parameter values and �awed
model assumptions. Notably, the performance of the model should be evaluated on
an independent data set. Otherwise, the model might end up highly over�tted.

In summary, many details should be considered when building predictive PBPK
models, and explicitly crucial among them are pharmacokinetics data and standard-
ization of data and models.

2.5 Objectives

The objective of the work was to address the following key open questions:

What does a standardized representation of the pharmacokinetics data as re-
ported in literature look like, and is it possible to use a single data representation to
investigate many different scienti�c questions?

Can a dataset of available pharmacokinetics data on liver function testing and
CYP phenotyping be established?

Can the data be used to better understand what factors affect CYP phenotyp-
ing and liver function testing; (i) by systematically integrating data for caffeine; (ii)
by PBPK modeling of dextromethorphan?

(to i) What are the shortcomings in reporting pharmacokinetics data in the
area of CYP phenotyping and liver function testing?

(to ii) Despite the sparsity of available data, can the data be used to calibrate
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and validate PKPB models for phenotyping and liver function testing?

(to ii) What would a systematic PBPK modeling work�ow based on literature
data look like?



17

Chapter 3

Results and Publications

3.1 Overview

The main results of this thesis consist of three publications with me as a primary
author. They are presented in chronological order, followed by other relevant sci-
enti�c outcomes. The three publications follow a natural progression from phar-
macokinetic data to meta-analyses of data and �nally to PBPK modeling informed
by data. The chosen approach is empirically driven and shows a concept of how
to perform pharmacokinetic modeling in the scenario of plenty of data from vari-
ous data sources and with a large degree of heterogeneity (e.g., intervention proto-
col, sampling site and sampling timing, characteristics of the participants, substance
quanti�cation methods, selective reporting).

Along that theme, the �rst publication is titled “PK-DB: pharmacokinetics database
for individualized and strati�ed computational modeling”and covers the �rst open phar-
macokinetics database (https://pk-db.com). Within the scope of that publication
and from prior investigations, an initial pharmacokinetics data corpus was estab-
lished. PK-DB is an ongoing project, and additional pharmacokinetics data is contin-
uously added to the database, mostly from the curation of existing pharmacokinetics
literature.

It is dif�cult to draw comprehensive conclusions from a single investigation with
small or medium sample size, even more so when large mathematical models are be-
ing used or high uncertainty is expected in the parameter values of the models used
for the analysis. In the �eld of pharmacokinetics, clinical trials are quite elaborate
and only a few large clinical trials are conducted. Seventy-�ve percent of the phar-
macokinetic studies have fewer than thirty participants, and many of these studies
have a case-control design, leading to half the effective sample size of subjects with
similar characteristics, see Fig. 3.1B. Further, PBPK models are often quite large and
dif�cult to parameterize, even if most of the parameters are physiologically con-
strained. In this kind of scenario, data integration from multiple studies comes as a
very handy technique. Data integration and sophisticated techniques to account for
heterogeneity in the data are traditionally applied in the domain of meta-analysis
and systematic reviews. Consequently, the second publication is a meta-analysis
which is titled, “Pharmacokinetics of Caffeine: A Systematic Analysis of Reported Data for
Application in Metabolic Phenotyping and Liver Function Testing”. An important result
from the analysis was the quanti�cation of some in�uencing factors on liver function
and CYP1A2 phenotype. Nevertheless, identifying and, more so, quantifying effects
from heterogeneous data is very challenging with “simple” statistical methods. Still,
the established work�ows coming from systematic reviews and meta-analyses, e.g.,
PRISMA [Moh+09; Tri+18], proved to be very valuable and are currently only little
noticed in the �eld of PBPK modeling.
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PBPK is a perfect �t to study scienti�c questions if large heterogeneity is present
in the data. This led to my third paper, titled “Physiologically based pharmacokinetic
(PBPK) modeling of the role of CYP2D6 polymorphism for metabolic phenotyping with dex-
tromethorphan”. In this approach, reported differences in the intervention protocol
(e.g., route of application, amount of applied dextromethorphan, sampling timing),
as well as characteristics of the subjects (e.g., CYP2D6 genotype, body weight), were
directly accounted for in the model parameters which among other things led to
insights on the role of CYP2D6 polymorphism for metabolic phenotyping.

As a result of the three investigations, a pharmacokinetic data and modeling
work�ow was established and applied to other studies on liver function or pheno-
typing using PBPK modeling with other primary investigators. In short, the work-
�ow consists of: (1) a systematic PubMed and PKPDAI [GH+21] search via search
queries; (2) sorting and reducing the retrieved literature corpus based on systematic
eligibility and priority criteria; (3) curating data from eligible publications into PK-
DB; (4) conducting meta-analysis or physiological-based pharmacokinetic model-
ing to address scienti�c questions. An overview of liver function and phenotyping-
related data and projects addressed in this manner is provided in Tab. 3.1.

Test
substance

Primary
proteins

Reference
publication

PK-DB
studies

Primary
PKPB modeler

caffeine CYP1A2 (P05177) [Grz+22] 147 M. König
chlorzoxazone CYP2E1 (P05181) 23 J. Küttner
codeine / morphine CYP2D6 (P10635) 42/12 J. Grzegorzewski
dextromethorphan CYP2D6 (P10635)

CYP3A4/5 (P08684, P20815)
[GBK22] 51 J. Grzegorzewski

diazepam CYP3A4/5 (P08684, P20815) 28 D. Ke
galactose galactokinase (P51570) 3 M. König
indocyanine green (ICG) OATP1B3 (Q9NPD5) [Köl21; KGK21; Köl+21] 51 A. Köller
metoprolol CYP2D6 (P10635) 13 P. Ogata
midazolam CYP3A4/5 (P08684, P20815) [Dup20] 65 Y. Duport
omeprazole CYP2C19 (P33261) [Bal21] 16 S. Balci
pravastatin OATP1B1 (Q9Y6L6) [LP22] 33 H. Leal Pujol
simvastatin CYP3A4/5 (P08684, P20815)

OATP1B1 (Q9Y6L6)
[Bar20] 48 F. Bartsch

talinolol P-glycoprotein (P08183) 13 B. S. Mallol
torasemide CYP2C8 (P10632)

CYP2C9 (P11712)
18 S. De Angelis

TABLE 3.1: Overview of prioritized probe substances in PK-DB. The primary protein (with
UniProt identi�er) refers to a transporter or CYP that modulates the elimination process for
the test substance. References/publication refers to a publication or bachelor thesis con-
ducted on the test substance. PK-DB studies and primary PBPK modeler describe the num-
ber of studies curated from the literature and present PK-DB, and the person modeling the

test substance. The data was accessed on 2022-11-08.
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An open issue in the �eld of pharmacokinetics is the reusable storage of data from
experimental and clinical studies, which is especially important for computational
modeling. The need for a standardized representation of pharmacokinetics data led
to the development of PK-DB, published in January 2021. The aim was to create an
open online resource on pharmacokinetics that adheres to FAIR principles [Wil+16].
The database is in active use, and since its publication, it has grown to include phar-
macokinetics content on many substances used for dynamical liver function testing
and CYP phenotyping, see Tab. 3.1, as a result, it perfectly complements the theme of
the thesis. Since the publication of PK-DB, the content of the database has increased
by approximately 300 studies to a total of more than 700 studies, to which I have
contributed in part, see Fig. 3.1A. It contains a representative cross-section of the lit-
erature on the clinical investigation in the �eld of pharmacokinetics focused on test
compounds relevant for CYP phenotyping and liver function testing.

Some aspects of the content of the database are investigated in the following.
The results probably generalize to the whole body of literature on PK clinical inves-
tigation and have not been published in the original publication. When looking at
the content of PK-DB, it becomes apparent that demographic and racial bias exists
in pharmacokinetics studies (e.g., sex, ethnicity, age, health). Speci�cally, studies in

FIGURE 3.1: PK-DB statistics : A) Cumulative number of pharmacokinetic studies over time
in PK-DB. Studies curated primarily by me (blue) and curated secondarily by me (orange); B)
the distribution of participants in clinical trials in PK-DB, presented in log scale. 25 percent
of studies have less than 10 participants (Q1 = 10). 50 percent of studies have less than 16
participants ( Q2 = 16), and 25 percent of studies have more than 30 participants (Q3 = 30);
C) the total number of study participants in PK-DB, strati�ed by the reported ethnicity; D)
the cumulative number of female (green) and male (orange) participants in pharmacokinetic

studies versus the date of publication. The data was accessed on 2022-11-17.
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PK-DB, published from 1970 until today, show a strong bias towards male partici-
pants, see Fig. 3.1A, with males being approximately twice as often studied in PK
investigations as women. Regarding ethnicity, Caucasians are strongly overrepre-
sented, see Fig. 3.1C. There is also a bias in the individual participant age between
healthy and unhealthy subjects, see Fig. 3.2. Healthy subjects are, on average more
than 20 years younger than unhealthy subjects.

In addition, most of the studies in the �eld of pharmacokinetics contain rather a
moderate number of individuals, with 75 percent of them having less than 30 par-
ticipants, see Fig. 3.1B. Small sample sizes are more prone to bias, often lack the
diversity needed to represent the population accurately, and are also more likely to
be impacted by random chance. This is especially problematic because large inter-
individual variability exists in pharmacokinetics. In conclusion, the results based on
the data should either take into account the confounding factors or be treated with
some caution as they might not generalize very well.

In summary, a high-quality open online pharmacokinetics database was devel-
oped. Importantly, the data is enriched with the required meta-information for com-
putational modeling and data integration.
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Publication

PK-DB: pharmacokinetics database for individualized and strati�ed computa-
tional modeling
Grzegorzewski J , Brandhorst J, Green K, Eleftheriadou D, Duport Y, Bartsch
F, Köller A, Ke DYJ, De Angelis S, König M. Nucleic Acids Res. 2021 Jan
8;49(D1):D1358-D1364. doi: 10.1093/nar/gkaa990. PMID: 33151297

The PK-DB frontend, API, and the source code of PK-DB were released alongside
the publication. For the PAGE 2021 conference, a short video of me presenting a
poster on PK-DB was made available as well:

• Source code: https://github.com/matthiaskoenig/pkdb

• Web application (API): https://pk-db.com/api/v1/swagger/

• Short tutorial on API: https://github.com/matthiaskoenig/pkdb/blob/
develop/docs/pkdb_api.ipynb

• Web application (frontend): https://pk-db.com

• Poster presentation: https://www.youtube.com/watch?v=g6U47dc_nuY&t=4s
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In this work, data integration and meta-analysis were performed to gain insights
into the pharmacokinetics of caffeine in the context of metabolic phenotyping and
liver function testing. Caffeine is the most common substance to phenotype CYP1A2
activity and also �nds some application for general liver function testing. In terms
of PK, caffeine is presumably one of the most studied substances, with a very large
body of PK literature. The ubiquitous amounts of data motivated a systematic ap-
proach inspired by the guidelines for systematic reviews, named "Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses" (PRISMA) [Moh+09; Tri+18].
By applying the principles and curating the available information in great detail, the
data were harmonized and made available for the investigation of factors affecting
the pharmacokinetics of caffeine and biases. In this work, a total of 141 clinical stud-
ies on caffeine pharmacokinetics were curated and made available via PK-DB. This
makes it presumably the largest currently openly available dataset on caffeine phar-
macokinetics. Only certain aspects of the data were used for the meta-analysis. The

FIGURE 3.2: Correlation between age and body weight of individual subjects in PK-DB.
Subjects are strati�ed based on their health status (i.e., healthy=blue, unhealthy=yellow, and

not reported=red). Data were accessed on 2022-11-17.
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extent of the dataset enabled the investigation of the state of caffeine reporting more
generally. It was found that many factors which are known to in�uence the PK of caf-
feine were poorly reported. Further, the PKs themselves were rarely reported on an
individual level but rather only strati�ed into heterogeneous groups, making it im-
possible to account for individual differences in the analysis. Time course data, the
gold standard for PKPB modeling, was only infrequently reported. In terms of liver
function testing and phenotyping, existing knowledge on the effects of smoking,
the use of oral contraceptives, various diseases, and comedications on caffeine phar-
macokinetics were solidi�ed. Similarly, drug-disease, drug-drug interactions, and
the accuracy of caffeine concentrations by salivary sampling in contrast to plasma
sampling were quanti�ed, and the effect of dosing amount and sampling timing for
phenotyping (metabolic ratio, i.e., paraxanthine/caffeine in plasma) were analyzed.

Drug-disease interaction studies are usually designed as case-control studies.
Subjects in the groups to be compared are selected so that the groups are as simi-
lar as possible apart from the disease of interest. Of course, this is only possible to a
certain extent, and differences between groups can confound the results. For exam-
ple, there are always some differences in age or weight between the groups. This is
relevant as liver function, and even more so kidney function, deteriorates with age,
and clearance is affected by body weight. These might be confounding factors in
effect size analyses of drug-disease interaction studies. Obviously, there are many
more relevant factors. From a meta-analysis of all individuals in PK-DB with re-
ported body weight and age, it can be seen that there is a big difference between
the average age of healthy and unhealthy subjects. Healthy subjects are, on aver-
age, over 20 years younger than ill subjects, see Fig. 3.2. Body weight, in contrast,
does not differ very much. With PBPK modeling, it is possible to account for such
differences between individuals and more accurately quantify the effect sizes.

The meta-analyses and data integration performed in this paper was only possi-
ble due to prior work on data standardization and very extensive amounts of curated
data.
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Publication

Pharmacokinetics of Caffeine: A Systematic Analysis of Reported Data for
Application in Metabolic Phenotyping and Liver Function Testing
Grzegorzewski J , Bartsch F, Köller A, Eleftheriadou D, König M. Front. Phar-
macol., 25 February 2022 Sec. Gastrointestinal and Hepatic Pharmacology. doi:
10.3389/fphar.2021.752826. PMID: 35280254

The data used for the analysis can be accessed via PK-DB:

• PK-DB (frontend): https://pk-db.com/data [Open the search panel on the
left and enter caffeine as the intervention substance.]

• PK-DB (data): https://pk-db.com/api/v1/filter/?concise=false&
download=true&interventions__substance=caffeine [Warning: slow
download, data processing can take up to a minute. Further, it is unclear if the
URL will break at some time in the future due to major updates.]
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