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Abstract

English

Talinolol is a cardioselective beta-blocker used for the treatment of various cardiovas-
cular diseases and tachyarrhythmia. The gastrointestinal absorption of talinolol is de-
termined via its uptake in the intestine via the organic anion transporting polypeptide
2B1 (OATP2B1) and its efflux via the P-glycoprotein (P-gp). After intestinal absorp-
tion talinolol can be transported into the liver via OATP1B1 talinolol where it undergoes
enterohepatic circulation. Talinolol is excreted unchanged in the urine and feces.

In addition to its clinical application, talinolol is widely used as a probe drug for the
intestinal eflux transporter P-glycoprotein. P-gp plays a crucial role in the human body
as it is expressed in various tissues to protect against potentially toxic substances, facil-
itating the elimination of xenobiotics. The application of talinolol for P-gp phenotyping
enables evaluation of factors influencing P-gp-mediated transport in vivo such as genetic
polymorphisms of P-gp as well as the distribution of P-gp along the intestine.

Within this thesis, an extensive dataset of talinolol pharmacokinetics was established
and used to develop a physiologically based pharmacokinetic (PBPK) model for talinolol.
The model was applied to investigate the influence of various factors on the pharmacokinet-
ics of talinolol, including: (i) genetic variants of P-gp; (ii) enzymatic activity of the trans-
porters OATP2B1 and OATP1BI; (iii) site-specific distribution of P-gp and OATP2B1
proteins in the intestine, and (iv) the impact of diseases such as liver cirrhosis and renal
dysfunction.

The model enables precise predictions of the concentration-time profile of talinolol in
various tissues following oral or intravenous administration. Furthermore, the model accu-
rately describes the effect of genetic variants of P-gp on the pharmacokinetics of talinolol.
The detailed description of the limiting intestinal absorption of intestinal provided by the
model, along with the precise prediction of talinolol’s pharmacokinetics in different renal
functions, holds significant clinical relevance.



German

Talinolol ist ein kardioselektiver Betablocker, der zur Behandlung verschiedener kardio-
vaskularer Erkrankungen und Tachyarrhythmien eingesetzt wird. Die gastrointestinale
Absorption von Talinolol erfolgt {iber die Aufnahme im Darm iiber das organische anion-
ische Transportpeptid 2B1 (OATP2B1) und den Efflux iiber das P-Glykoprotein (P-gp).
Nach der intestinalen Absorption kann Talinolol iiber OATP1B1 in die Leber transportiert
werden, wo es einem enterohepatischen Kreislauf unterliegt. Talinolol wird unverandert
iiber den Urin und den Stuhl ausgeschieden.

Neben seiner klinischen Anwendung wird Talinolol héufig als Testsubstanz fiir den
intestinalen Effluxtransporter P-Glykoprotein verwendet. P-gp spielt eine entscheidende
Rolle im menschlichen Korper, da es in verschiedenen Geweben exprimiert wird, um vor
potenziell toxischen Substanzen zu schiitzen und die Eliminierung von Xenobiotika zu
erleichtern. Die Anwendung von Talinolol zur Phéanotypisierung von P-gp ermdglicht die
Bewertung von Faktoren, die den P-gp-vermittelten Transport in vivo beeinflussen, wie
genetische Polymorphismen von P-gp sowie die Verteilung von P-gp entlang des Darms.

Im Rahmen dieser Arbeit wurde ein umfangreicher Datensatz zur Pharmakokinetik
von Talinolol erstellt und zur Entwicklung eines physiologisch basierten Pharmakokinetik
(PBPK)-Modells fiir Talinolol verwendet. Das Modell wurde angewendet, um den Ein-
fluss verschiedener Faktoren auf die Pharmakokinetik von Talinolol zu untersuchen, ein-
schlielich: (i) genetische Varianten von P-gp; (ii) enzymatische Aktivitdt der Trans-
porter OATP2B1 und OATP1B1; (iii) ortspezifische Verteilung von P-gp- und OATP2B1-
Proteinen im Darm und (iv) Auswirkungen von Krankheiten wie Leberzirrhose und Nieren-
funktionsstorungen.

Das Modell ermoglicht prazise Vorhersagen des Konzentrations-Zeit-Verlaufs von Tal-
inolol in verschiedenen Geweben nach oraler oder intravenéser Verabreichung. Dartiber
hinaus ist das Model in der Lage den Effekt von genetischen Varianten des P-gp auf die
Pharmakokinetik Talinolols wieder zu geben.Von grofler klinischer Bedeutung ist die de-
taillierte Beschreibung der limitierenden intestinalen Absorption durch das Modell sowie
die genaue Vorhersage der Pharmakokinetik von Talinolol fiir unterschiedlichen Nieren-
funktionen.



1 Introduction

The beta-blocker talinolol is used in the treatment of cardiovascular diseases, including
arterial hypertension and coronary heart failure. In addition, talinolol is an important
probe drug for the intestinal P-glycoprotein (P-gp) and organic anion transporter proteins
(OATP).

1.1 Talinolol

Talinolol is a highly cardioselective antagonist of 1-adrenoceptors. By blocking these
receptors, beta-blockers can reduce heart rate, blood pressure, and cardiac output, thereby
decreasing the heart's workload. This can be bene cial in conditions such as hypertension,
heart failure and angina pectoris [15]. A daily dose of 50 - 300 mg is recommended [54,
24,115,/49]. In 1975, talinolol (Cordanum, Arzneimittelwerk Dresden GmbH, Dresden,
Germany) was introduced in Germany and Eastern Europe|[18].

Talinolol consists of a 1:1 racemate mixture of R- and S-talinolol|[6, 92, 98]. However,
it is not undergoing enantiomer speci ¢ kinetic behavior. Talinolol shows low plasma
protein binding [84], minor enterohepatic recirculation [78, 92], and no signi cant rst
pass metabolism [82] which makes it a very good model substrate for phenotyping enzymes
involved in talinolol pharmacokinetics such as P-gp and OATP transporters [83, 69].

1.2 P-glycoprotein (P-gp)

The e ux transporter P-gp, also known as multi-drug resistance protein 1 (MDR1), is
part of the ATP-binding cassette (ABC) transporter superfamily and is encoded by the
ABCBL1 gene [8]. P-gp is localized in the enterocytes of the small intestine, the canalicular
membrane of the liver, the proximal renal tubular cells and the blood-brain barrier [16,
80]. P-gp transports humerous substances out of the cell along the apical side under ATP
consumption [16]. Thus, it causes both limited absorption and excretion of substances
and detoxi cation of organs. P-gp plays an important role in the outward transport of
talinolol in the small intestine [18].

1.3 Talinolol pharmacokinetics

The main processes a ecting talinolol pharmacokinetics are absorption, distribution, meta-
bolism and excretion, in short: ADME.

Absorption Talinolol can be administered via di erent routes, either orally, intra-
venously, or by intestinal infusion. The most common form of administration is a tablet
that dissolves in the stomach. Di erent formulations of talinolol tablets exist, which can
be distinguished in immediate- and controlled-released. These formulations have di erent
release kinetics, with immediate-release tablets releasing almost the entire dose within
three hours. In contrast, controlled-release tablets have slower release times and signi -
cantly reduced bioavailability [84]. Due to the long half-life of 10-32 h, talinolol can be
taken once daily [84, 90].



Figure 1: Absorption of talinolol . In the intestine, talinolol is taken up via the OATP2B1
transporter into the enterocytes from which it is further transported into the bloodstream. P-
gp functions as an e ux transporter of talinolol which exports part of the talinol back into the
intestinal lumen. The interplay between OATP2B1 and P-gp and the site-dependent distributions
of these transporters in uence the amount of talinol absorped in the systemic circulation. Created
with https://biorender.com

Once talinolol reaches the small intestine, it is absorbed across the apical membrane
of the enterocytes by the uptake transporter OATP2B1 (Fig. 1). OATP2B1 belongs to
the family of organic anion-transporting polypeptides (OATP), which are key transporters
not only in the intestine but also in the kidney and liver. Their substrates include a wide
range of xenobiotics such as talinolol, endogenous molecules, and food components.

Talinolol is an important substrate of the P-gp [83] and can consequently be applied
as a probe drug to characterize P-gp by the use of talinolol pharmacokinetics. P-gp can
export talinolol from the enterocytes to the intestine across the apical membrane. This
reverse e ux transport leads to limited absorption and pre-systemic elimination, resulting
in an oral availability of 55 - 75 % for talinolol [82, 18, 17, 5, 65].

The activity of the transporters, P-gp and OATP2B1, have a decisive impact on the
disposition of talinolol, see Fig. 1. Genetic variants of these transporters and drug-drug
interactions can have a particular in uence on their activity. For instance, rifampicin and
St. Johns wort have been identi ed as substrates of the pregnant X receptor (PXR) which
positively a ects the expression of P-gp due to the resulting ligand-activated transcription
process [4, 11, 23]. In contrast, drugs, such as erythromycin, inhibit P-gp activity [67].

A second protein which could play a role in the reverse transport from enterocytes is
the multi-drug resistance-associated protein 2 (MRP2) [17].

Distribution and Metabolism Blood from the intestine enters the liver via the portal
vein. Here, the liver-speci c uptake transporter OATP1B1 in the sinusoidal membrane
of hepatocytes is involved in the uptake of talinolol [5]. In the liver, a small amount of
talinolol undergoes metabolism € 1 %) via CYP3A4 dependent hydroxylation of talinolol
to 2-cis, 3-cis, 3-trans, and 4-trans talinolol with 4-trans talinolol accounting for the largest
fraction of metabolites [5, 62, 82, 98].

Talinolol is removed from the liver via biliary excretion. P-gp is not only localized
at the apical membranes of intestinal enterocytes, but also at the bile canalicular side of
the hepatocytes, responsible for the e ux of talinolol from the liver into the bile which
is secreted into the intestinal lumen. Consequently, talinolol can be reabsorbed from the



intestine, a process called enterohepatic circulation.Terhaag et al. (1989) [78], Wetterich
et al. (1996) [92], andHaustein et al. (1981) [24] showed that around 10 % of a talinolol
dose are excreted via the bile. l.e., enterohepatic circulation is an important, but minor
route of excretion.

Excretion  Talinolol is eliminated from the body after oral administration via urinary ex-
cretion which contributes approximately 60 % and via feces contributing around 40 % [82,
84] (unabsorbed talinolol and talinolol via the enterohepatic circulation). Consequently,
renal elimination is the the major route of excretion and elimination of talinolol via the
kidney is highly dependent on renal function [49]. In addition to the unchanged talinolol,
minor quantities of talinolol metabolites can be found in urine and feces, with amounts in
each being comparable but very low [5, 82, 62].

1.4 Intestinal architecture

Signi cant parameters a ecting oral drug absorption include the anatomy and enzyme
distribution of uptake and e ux transporters within the intestine.

The intestine, along with the esophagus, stomach, liver, and bile, is part of the gas-
trointestinal tract and can be divided into the small intestine and colon, whereby the small
intestine plays a central role in the absorption of substances. With a length of 4.45 - 6.6
m, the small intestine comprises the longest section of the gastrointestinal tract which can
be di erentiated into three sections: duodenum, jejunum, and ileum, see Fig. 2.

Figure 2: Intestinal anatomy. The intestine is divided into the duodenum, the upper and
lower part of the jejunum, the upper and lower part of the ileum, and the colon. Created with
https://biorender.com.

The intestine is lined with enterocytes, in whose membrane the transporters relevant
for talinolol disposition are localized. Whereas the mRNA expression and protein amount
of OATP2B1 is constant along the small intestine, a signi cant increase in both mRNA
expression and protein amount of P-gp can be observed from duodenum, over the jejunum
to the ileum [10]. The transporter distribution along the intestine forms an absorption
window for talinolol in the upper region of the small intestine.

Important experiments to determine the absorption of talinolol in di erent regions of
the intestine are site-speci ¢ infusions of talinolol. For instance, the results ofGramatte
et al. (1996) [18] supported the assumption of a regioselective absorption of talinolol.



1.5 Genotypes and genetic variants

Genetic polymorphisms which alter the enzyme activity P-gp in the intestine and liver and
the OATP isoforms OATP2BL1 in the intestine and OATP1B1 could have a major e ect
on talinolol pharmacokinetics. Most genetic polymorphisms are due to single nucleotide
polymorphisms (SNPs), which can a ect the expression and protein's function.

1.5.1 P-glycoprotein

Large variability of P-gp expression and activity exists between individuals [5]. P-gp is
encoded by the gene ABCB1 with an important SNP being 3435€ T [28]. Other SNPs
are on exon 12 (1236€ T) and 21 (2677G> T/A) [28, 52].

The wobble polymorphism 3435CG T and 1236C> T have no impact on the amino acid
sequence, whereas 26772GT/A results in the incorporation of Thr or Ala, respectively,
instead of Ser at position 893 [3]. The mutations of 1236€T and 2677G>T on exon
12 and 21, respectively, are inherited more frequently than expected by chance with the
mutations 3435C> T on exon 26 and are thereby in linkage equilibrium [97, 29, 38]. This
suggests that there may exist a correlation between these speci ¢ genetic variants.

The genetic polymorphism of ABCB1 may a ect the mRNA expression, protein amount
and protein activity of P-gp resulting in altered pharmacokinetics of talinolol.

Schwarz et al. (2007) [65] found a correlation between SNPs of ABCB1 and its reduced
duodenal mRNA expression, for 1236€ T, 2677G> T/A individually, and in combination
with the 3435C> T polymorphic genotype. However, contrasting ndings from other stud-
ies suggest that the homozygous 3435TT genotype is responsible for the reduction in P-gp
expression [28, 38], and that none of the three polymorphisms have an e ect on the expres-
sion of P-glycoprotein [71]. Therefore, there is con icting evidence regarding the impact
of these SNPs on P-glycoprotein expression. Nonetheless, there is a clear consensus in the
literature that there is a positive correlation between the expression of duodenal ABCB1
MRNA and the bioavailability of orally administered talinolol [5, 6, 65].

Similarly, the in uence of these SNPs on pharmacokinetics is also inconclusive. Several
studies have found no signi cant e ect of the genetic variants 3435C T and the combi-
nation 2677G> T/A and 3435C>T on the pharmacokinetics of talinolol [5, 6, 22, 71, 97].
However, a trend has been observed in the literature that with an increasing number of
SNPs in exons 12, 21, or 26, the AUC of talinolol decreases [26, 65]. Particularly compre-
hensive results were presented byschwarz et al. (2007) [65]: For the 1236CC genotype,
AUC of 1012 £ 510 ngh/ml were measured, for CT 692+ 407 ngh/ml; for 2677GG,
1012+ 510 ngh/ml was measured, for GT 715+ 466 ngh/ml, and for TA 597 ng h/ml;
for 3435CC, 1281+ 701 ngh/ml was measured, for CT 730+ 359 ngh/ml, and for TT
564 ngh/ml. This trend is supported by the combination of polymorphisms in exons
12/21/26, which exhibit lower AUC compared to the wild type. In comparison to most
studies, Schwarz et al. (2005) [65] andWang et al. (2013) [88] not only observed generally
lower plasma concentrations of talinolol but also found no di erence or lower concentra-
tions for the wild-type 3435CC compared to 3435TT (cmax 584.9+ 115.2 vs. 500.3t
96.2 M, p<0.05 und aucinf 12681.2+ 4828.2 vs. 9000.8 3153.2 ngh/ml, p <0.05).
This observation regarding the AUC of talinolol in the blood was further supported by
Siegmund et al. (2002) [71] for the 2677TT/AT genotype compared to the wild-type.



152 OATP2B1

OATP2B1 (Organic Anion Transporting Polypeptide 2B1), encoded by the gene SLCO2B1,
is a protein that belongs to the solute carrier organic anion transporter family [77].

Kobayashi et al(2003) [40] showed that OATP2BL1 is localized at the apical membrane
of enterocytes in the intestine, in addition to the liver [87] and other tissues [50]. The
studies by Drozdik et al. (2014, 2019) [10, 9] andMeier et al. (2007) [53] led to the
nding that MRNA expression and protein levels of OATP2B1 dier slightly between
segments of the intestine.

Besides some endogenous molecules, xenobiotics are among the main substrates
OATP2B1. For instance statins, antibiotics, and besides talinolol also, other probe drugs
of P-gp (e.g., fexofenadine) are transported via OATP2B1 [39]. Polymorphisms in the
SLCO2B1 gene can lead to variations in the expression and function of OATP2B1, which
can in uence the pharmacokinetics and pharmacodynamics of drugs transported by this
transporter [55].

The nucleotide exchanges C1457€T and G935G> A lead to a change in the amino
acid Ser486Phe and Arg312Gin, respectively [39].

Not much has been reported about the e ect of polymorphisms of OATP2B1 on the
absorption of talinolol. For other substrates, such as fexofenadine [33] and the beta-blocker
celiprolol [32], the genetic variant SLCO2B1*3 with mutation ¢.1457C>T was associated
with reduced transport activity compared with wild-type SLCO2B1*1. The opposite was
shown by Akamine et al. (2010) [2].

The high allele frequency of 31 % of the SLCO2B1*3 genotype in Japan [61] is especially
remarkable. In contrast, the allele frequency of 2.8 % in Finns [51] is much lower.

It should be further noted that OATP2B1 has similar but lower substrate selectivity
than the liver-speci c OATP1B1. In addition, the expression and amount of OATP2B1
transporter is over 10-fold smaller in the basolateral membrane of hepatocytes compared
to OATP1B1 [60, 9].

As mentioned by Nakaishi et al. (2012) [57], OATP2B1 is likely important for drug
absorption from the small intestine, while OATP1B1 plays a determinant role in hepatic
basolateral uptake.

153 OATP1B1

The ndings of Bernsdorf et al. (2006) [5] provide evidence that OATP1B1 plays a crucial
role in the hepatic uptake of talinolol. OATP1B1, encoded by the SLCO1B1 gene [1], is
a liver-speci c uptake transporter [44], and various SNPs exist for this gene, similar to
ABCBL.

Of particular interest are the SNPs 388A> G and 521T> C, which result in amino acid
substitutions of Asn to Asp and Val to Ala, respectively. The wild-type allele is denoted as
*1a for the 388A-521T genotype. The other polymorphisms are described by the following
alleles: *1b (388G-521T), *5 (388A-521C), and *15 (388G-521C) [73, 81].

Interestingly, individuals with the SLCO1B1*1b allele exhibit increased protein ac-
tivity and higher fecal excretion compared to the wild-type SLCO1Blla/*1a genotype.
Consequently, talinolol is more e ciently absorbed into the liver in individuals with the
*1b allele, resulting in a signi cantly reduced half-life when compared to the wild-type
genotype (12.2+ 1.6 hvs. 14.5+ 1.4 h, p = 0.01) [5].

These ndings highlight the importance of genetic variations in SLCO1B1 and their
impact on talinolol pharmacokinetics, providing insights into interindividual variability in
drug response.

of



1.6 Physiologically based pharmacokinetic (PBPK) model

Physiologically based pharmacokinetic (PBPK) models allow mathematical description
and simulation of drug pharmacokinetics based on coupled ordinary di erential equations
(ODE). For this purpose, physiological and pharmacokinetic parameters and biochemical
reactions are included in the model enabling a precise description of the respective com-
partments and transport via the blood via the systemic circulation. This serves as a basis
for the generation of predictive simulations.

Such models are a unique tool to study medical questions and test hypotheseassilico.
Not only is it a useful method for predicting the pharmacokinetics of a drug, but also a
great tool for studying metabolic phenotyping using test compounds (e.g. dextromethor-
phan [21], ca eine [19], or ICG [42]).

1.7 Question, scope and hypotheses

Within this project a PBPK model of the P-gp probe talinolol was developed and used
to study the e ect of P-gp and OATP activity on talinolol pharmacokinetics. Two ap-
plications are the study of the e ect of genetic polymorphisms of these transporters or
drug-drug interactions with P-gp and OATPs. Speci cally, a PBPK model of talinolol
was developed to systematically analyse the following questions:

~ (i) What are the e ects of genetic variants of P-glycoprotein, OATP2B1 and OATP1B1
on talinolol pharmacokinetics?

(i) What are the e ects of changes in P-glycoprotein protein amount on talinolol
pharmacokinetics?

" (iii) What is the role of enzyme distribution of OATP2B1 and P-gp within the
intestine?

" (iv) How does hepatic and renal impairment a ect talinolol pharmacokinetics?
The main objective was to describe the in uence of P-gp on the talinolol pharmacoki-

netics and apply the model to clinically relevant questions such as: How is phenotyping
via talinolol a ected by changes in P-gp activity (genotypes, protein amounts)?

10



2 Methods

The main methods applied in this work were literature research, curation of pharma-
cokinetics data, calculation of pharmacokinetic parameters, and development of a PBPK
model of talinolol, using parameter tting for parameter optimization.

2.1 Literature research

For an overview of the available pharmacokinetic literature for talinolol, an initial search
via PKPDAI for 'talinolol' was performed, a web service providing pharmacokinetic articles
(https://pkpdai.com/pkdocsearch ). The search results were extended via a Pubmed
search with the search terms 'talinolol AND pharmacokinetics' (https://pubmed.ncbi.
nim.nih.gov/?term=talinolol+AND+pharmacokinetics ).

The resulting publications were screened and ltered based on the following criteria:
the clinical trials had to contain pharmacokinetic parameters or time-course data for tal-
inolol. Data had to be for human subjects (i.e. other species were excluded such as rat
or mouse). Main focus was on data in healthy subjects but data for renal impairment
and hepatic impairment was included. Concerning the intervention, it was ensured that
talinolol was administered at least once alone or as a co-medication with another sub-
stance. Also of high interest were studies that published information on genotypes of
P-gp, OATP1B1, and OATP2B1 and associated mRNA or protein data. The literature
corpus was extended by additional literature available in the primary references.

2.2 Data curation

Data regarding study design and pharmacokinetic parameters were extracted from the
relevant studies and tabulated using LibreO ce based on established data curation work-
ows [20]. The study design provided information on the subjects, groups (genetic variants
of enzymes), and intervention. Information about the subjects was anthropometric data
(e.g., height and BMI), ethnicity, health status, lifestyle (e.g., non-smoking), and medica-
tion, such as oral contraceptives. In addition to the substance and dose administered, the
intervention also indicates the route of administration (oral, intravenous, intestinal infu-
sion) and the treatment course. Data on genetic variants and type of tablets (immediate-
or slow release) were included when available. The numerical data contained in the charts
and tables was manually extracted using the "PlotDigitizer" tool and digitized into spread-
sheets. After creation of a standardized JSON le encoding the meta-data of the study,
the curated data reviewed by a second curator and uploaded to the open database PK-DB
(https://pk-db.com ).

2.3 Pharmacokinetic parameters

The following pharmacokinetic parameters were calculated and used for evaluation of the
predicted pharmacokinetics:

Maximum concentration, c max | M] Cmax is calculated from the maximum of the
concentration curve.

Area under the curve, AUC [ ”?mhr] AUC is proportional to the bioavailable amount
of the drug of the administered dose and is calculated using the trapezoidal rule. AUgq
describes AUC up to the end time of measurement and can be described by the following
equation 1:

11



11Xt
AUCend = 5 ((tisn )G Cis)) 1)
i=1

AUC s is the extrapolation of the AUC¢nq assuming mono-exponential decrease.
Bioavailability, F [ %] The bioavailability expresses the proportion of the available
amount of the drug to the administered dose. Accordingly, there is a bioavailability of
100 % when administered intravenously.
Elimination rate, k ¢ [ﬁ] kel describes the rate at which a drug is eliminated from
the blood. Assuming that the elimination is exponential, the log-transformed equation 2
yields equation 3, from which k; can be calculated using linear regression.

Cral (t) = Cia1 (0) € o't ()

log(Crai (1)) = 109(Ctar (0)) kel t 3)
Half-life, t nhaf [hr] thar is the time in which the drug concentration falls by 50 %. This
can be calculated from the elmination rate by the following formula 4:

In(2)

that = ke (4)
e

Volume of distribution, V d [l] Vg4 describes a ctitious volume required to obtain the
same concentration with the amount of drug available in the body as in the blood.

Vd = AUC ke| (5)

Clearance, CI | %] Clearance describes the volume which can be cleared from the drug
per unit of time. Cl is calculated via equation 6

Cl = kel V4 (6)

Clearance takes place via various organs, in the case of talinolol via the kidneys and the
liver. The total clearance is the sum of all excretion fractions, equation 7.

CItotal = CIhepatic + CIrenal + Clnonrenal (7)

Renal and fecal clearance can be calculated by dividing the measured amount of talinolol
excreted in urine and feces, respectively, by the plasma AUC. Cienal and Cl_fecal is
re ected in the equation 6 and 9, respectively.

Clrenal = Aurine AUC (8)

Cltecal = Afeces AUC 9)

2.4 Physiologically based pharmacokinetic (PBPK) model

A physiologically based pharmacokinetic (PBPK) model is a computational model in the
form of ordinary di erential equations (ODEs). The developed PBPK model consists of
a whole body model and submodels representing the organs and tissues. The individual
models contain the compartments, physiological properties, pharmacokinetic parameters,
and biochemical reactions of the respective organ or tissue. The PBPK model follows a
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hierarchical structure, with the parent whole-body model connected to the submodels via
blood ow. In the context of this work, an existing template of the whole body for the
blood transport was used in which the submodels of the liver, kidney, and with special
focus, the intestine were developed.

The PBPK model of talinolol was encoded in the Systems Biology Markup Language
(SBML) [31, 37]. For development and visualization, sbmlutils [46] and cy3sbml [47, 48]
were used. The model utilizes ordinary di erential equations (ODE) which were numer-
ically solved by sbmlsim [45] based on the high-performance SBML simulator libroad-
runner [74, 89]. The model is available in SBML under CC-BY 4.0 license fromhttps:
/lgithub.com/matthiaskoenig/talinolol-model . Within this work, version 0.9.2 of
the model was used [75].

2.5 Parameter tting

Parameter tting was used to minimize the distance between experimental data and model
predictions by optimizing a subset of parameters of the model. The tting procedure
was performed in a two step procedure: (i) rst parameters relevant for the intravenous
application of talinolol were optimized using the subset of intravenous data (such as the
tissue-plasma partition coe cient of talinolol). (i) With the intravenous parameters the
parameters for oral administration of talinolol were optimized using a subset of talinolol
data after oral application (e.g., aborption rate of talinolol).

In the cost function the sum of the quadratic weighted residualsri for all time courses
k and data points i were minimized, equation 10. Time courses were weighted by the
participants in the respective study wy and individual time points with the error associated
with the measurement w;.y .

X
FO= 5 (w wig rig)? (10
i:k

Multiple optimization runs based on a local optimizer were performed for (i) and (ii)
with the optimal parameters used in the nal model.
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3 Results

The main objective of this thesis was to develop a physiologically based pharmacokinetic
(PBPK) model for talinolol and apply it to study the research questions from Sec. 1.7.

To this end, extensive data collection and curation was performed (Sec. 3.1), which
served as the basis for model development (Sec. 3.2). In Sec. 3.4, the model performance
is analyzed and model simulations are compared with experimental data. The developed
model was applied to study various questions, Sec. 3.5.

3.1 Talinolol data

Figure 3: PRISMA ow diagram. Overview of data selection for the pharmacokinetics dataset
of talinolol established in this work. PubMed and PKPDAI were used for the literature search
on the pharmacokinetics of talinolol. Application of the eligibility criteria resulted in 35 studies,
of which 34 were curated for this work (see Tab. 1). The procedure is described in detail in the
Materials and Methods Sec. 2.1.

A large number of studies with data and information on the pharmacokinetics of talinolol
were retrieved via the literature research. As depicted in the PRISMA ow diagram, Fig. 3,
the 130 studies were ltered, with duplicates and studies that did not contain available
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fulltext PDFs being the rst to be excluded. The remaining 111 studies were screened
for criteria such that they studied human subjects, and that they included time course
and in vivo data. In addition to healthy subjects, studies involving patients with renal
dysfunction andcholecystectomy were included. Via a T-drain bile could be collected in
cholecystectomy patients, which provided essential information about the enterohepatic
circulation of talinolol. A single study was excluded because of an incorrect fasting pro-
tocol, and another study was excluded because radioachemic talinolol was administered.
This resulted in 33 clinical studies which were curated and formed the data basis for the
development and evaluation of the PKDB model. Tab. 1 provides an overview of the
curated studies, such as the number of subjects, dosing protocol, route of administration,
and genetic variants. All data was uploaded in the pharmacokinetics database PK-DB
and can be freely accessed via the respective PBPK-ID.

Table 1: Overview of curated clinical trials. From the number of subjects (n), health status,
dosing protocol, information on the route, iv: intravenous, po: oral, and dosing can be obtained.

PMID PKDB Study n Healthy Patient Fit Dosing protocol Multiple dose Genotype
16542205 PKDB00616 Bernsdorf2006 [5] 18 3 3 v (solution): 30 mg
3 po (tablet): 100 mg
15637528 PKDB00565 Bogman2005 [6] 9 3 intraintestinal (solution): 50 mg
8606523 PKDB00564 DeMey1995 [54] 12 3 3 po (capsule): 25, 50, 100, 400 mg
19280523 PKDB00566 Fan2009a [13] 12 3 3 po (tablet): 100 mg
19401473 PKDB00608 Fan2009b [14] 10 3 3 po (tablet): 100 mg
15371980 PKDBO00609 Giessmann2004 [17] 8 3 3 iv (solution): 30 mg 3
po (IR tablet): 100 mg
8646825 PKDB00610 Gramatte1996 [18] 6 3 intraintestinal (solution): 100 mg
19555315 PKDBO00555 Han2009 [22] 18 3 3 po (tablet): 100 mg
17466606 PKDB00569 He2007 [25] 12 3 3 po (tablet): 50 mg
22725663 PKDB00611 He2012 [26] 18 3 3 po (tablet): 100 mg C3435T
17468862 PKDB00561 Juan2007 [36] 12 3 3 po (tablet): 50 mg
11270803 PKDB00704 Krueger2001 [49] 32 3 3 po (NR): 100 mg
24472704 PKDBO00612 Nguyen2014 [59] 10 3 po (FC tablet): 100 mg
25486333 PKDB00705 Nguyen2015 [58] 10 3 3 po (FC tablet): 100 mg
21312289 PKDB00572 Ruike2010 [64] 12 3 3 po (tablet): 50 mg
10096260 PKDB00613 Schwarz1999 [66] 9 3 3 po (tablet): 50 mg
10783825 PKDB00706 Schwarz2000 [67] 9 3 3 po (tablet): 50 mg
15903127 PKDB00563 Schwarz2005 [68] 24 3 3 po (tablet): 50 mg
17392718 PKDB00614 Schwarz2007 [65] 9 3 3 iv (solution): 30 mg
3 po (tablet): 50 mg
12587122 PKDB00615 Siegmund2003 [70] 36 3 3 po (SC tablet): 2X50, 100 mg
3 (FC tablet): 100, 200 mg
6688879 PKDB00707 Terhaag1983 [79] 3 3 3 po (NR): 200 mg
2565889 PKDBO00708 Terhaag1989 [78] 6 3 3 iv (solution): 20, 30 mg
8527689 PKDB00619 Trausch1995 [82] 12 3 3 v (solution): 30 mg
po (NR): 50 mg
16713700 PKDB00556 Tubic2006a [84] 7 3 3 po (IR tablet): 100 mg
(CR tablet) 100, 200 mg
23422925 PKDB00567 Wang2013 [88] 18 3 po (NR): 100 mg
10945310 PKDB00562 Westphal2000a [90] 10 3 3 iv (solution): 30 mg
3 po (tablet): 100 mg
11061574 PKDBO00620 Westphal2000b [91] 8 3 3 iv (solution): 30 mg
po (tablet): 100 mg
8710739 PKDBO00709 Wetterich1996 [92] 6 3 3 iv (solution): 30 mg
3 po (tablet): 100 mg
21943317 PKDB00570 Xia02012 [93] 18 3 3 po (tablet): 100 mg
22983284 PKDB00571 Yan2013 [95] 14 3 3 po (tablet): 100 mg
19845435 PKDB00617 Zeng2009 [96] 16 3 3 po (tablet): 100 mg
16170863 PKDB00568 Zhang2005 [97] 27 3 3 po (tablet): 100 mg G2677T/A, C3435T
11835190 PKDB00618 Zschiesche2002[98] 8 3 3 v (solution): 30 mg

po (FC tablet): 100 mg

NR: not reported, SC: sugar-coated tablet, FC: Im-coated tablet, IR: immediate-release tablet, CR:
controlled-release tablet
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3.2 Computational model of talinolol
3.2.1 Physiologically based pharmacokinetic (PBPK) model

Based on the curated data PBPK model of talinolol was developed, see Fig.4. The PBPK
model follows a hierarchical structure, with the whole-body model describing the systemic
circulation of talinolol which connects the tissue submodels via the blood ow. An existing
template of a whole-body PBPK model was adapted to talinolol and extendedwith the
submodels for the small intestine, liver, and the kidneys. The submodels describe (i) in-
testinal dissolution, absorption, and excretion of talinolol in the feces (ii) liver uptake and
biliary excretion, and (iii) kidney excretion.
An overview of the model, t, and scan parameters is provided in Tab. 2.

Figure 4. PBPK model of talinolol (TAL). (A) The whole body model representing the
blood ow through the circulation connection the organs. Only organs of relevance were modeled;
the remaining organs were pooled in the rest compartment. Talinolol can either be administered
intravenously or orally. (B) Dissolution, absorption, and excretion via feces in the intestine model.
Talinolol can be absorbed via OATP2B1 from the intestine. Absorption is reduced due to the
e ux transport of talinolol via P-gp from enterocytes. (C) Within the liver model talinolol can
be taken up via OATP1B1 from the blood into hepatocytes and be eliminated via the bile and the
enterohepatic circulation (EHC). (D) Urinary excretion of talinolol via the kidney model. Created
with https://biorender.com
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Table 2: Overview of model, t, and scan parameters. The Pre xes GU, LI, and Kl are
used for the intestinal, liver, and kidney model, respectively.

Model parameter | Description | Value | Unit | References
BW Body weight 75 kg ICRP (2002) [85]
HEIGHT Body height 170 cm | ICRP (2002) [85] [85]
coBwW Cardiac output per body weight 0.83 %‘s de Simone et al. (1997) [72]; ICRP
(2002) [85]
HCT Hematocrit 0.51 - Vander et al. (2001) [86]; Herman
(2016) [27]
Fblood Fraction of organ volume that is blood ves-| 0.02 -
sels
FVgu Fractional tissue volume gut 0.0171 klig ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35] [35]
FVki Fractional tissue volume kidney 0.0044 kI*g ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
FVii Fractional tissue volume liver 0.021 k'—g ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
FViu Fractional tissue volume lung 0.0297 k'—g ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
FVve Fractional tissue volume venous blood 0.0514 klig ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
Fvar Fractional tissue volume arterial blood 0.0257 kIT; ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
FVbi Fractional tissue volume bile 0.00071 |<I*g ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
FVpo Fractional tissue volume portal vein 0.001 k'—g ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
FVhv Fractional tissue volume hepatic vein 0.001 k'—g ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
FQgu Fractional blood ow gut 0.18 - ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
FQki Fractional blood ow kidney 0.19 - ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
FQh Fractional blood ow hepatic vein 0.215 - ICRP (2002) [85]; Jones and Rowland-Yeo
(2013) [35]
Mr tal Molecular weight of talinolol 363.495 ﬁ CHEBI:135533
Fit parameter | Description Value | Unit |
ftissue _tal Rate of distribution in tissues 0.6413 ﬁ
Kptal Tissue/plasma partition coe cient 6.6214 -
KI__TALEXK Urinary excretion rate 0.9592 | L
LI __TALIMVmax Vmax Of liver import 0.01 | mmole
LI _TALEXk Excretion rate of liver 0.1501 %
Kadis _tal Dissolution of talinolol 0.6819 i
GU_F_tal _abs Fraction of absorbed talinolol 0.4548 -
GU_TALABS/max Vmax Of absorption 2.0577 ng"'l
GU_TALEFLVmMax Vmax Of enterocytes e ux 0.3286 W
GU_TALEXVmax Vmax Of excretion 0.0007 |
Scan parameter | Description | Value | Unit |
GU.f _OATP2B1 Scaling factor of OATP2B1 activity 1 -
GUf PG Scaling factor of PG activity 1 -
LI _f OATP1B1 Scaling factor of OATP1B1 activity 1 -
Kl _f _renal _function Scaling factor of renal function 1 -
f _cirrhosis Scaling factor of the severity of cir- 0 -
rhosis. Combination of f_shunts and
f _tissue _loss
f _shunts Fraction of blood shunted around the liver 0 -
f _tissue _loss Fraction of lost liver tissue 0 -

3.2.2 Intestinal model

Talinolol can be administred either intravenously, orally as a tablet or capsule, or by
intestinal infusion. After oral application of talinolol in solid form, talinolol is dissolved
reaches the intestine. Here it can be absorbed via OATP2B1 or the fraction unabsorbed
is excreted via the feces. Via P-gp talinolol can be exported back in the intestinal lumen.
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Simple intestinal model First a simple model of these processes was developed with
an overview of all reactions in the intestine is shown in Fig. 5.

Figure 5: Simple intestine model. Talinolol is transported from the intestinal lumen into the

enterocytes by OATP2B1. Simultaneously, a reverse transport of talinolol from the enterocytes
back into the intestinal lumen via P-glycoprotein (PG) takes place. From the enterocytes talinolol

can enter the systemic circulation (plasma). Unabsorbed talinolol is excreted via the feces.

The absorption of talinolol was modeled via an irreversible rst-order Michaelis-Menten
kinetics and is described by equation 11.

TALABS Vmax tal
tal + TALABS K

The absorption equation 11 consists of the parameters oatp2bl, the protein amount
of OATP2B1 in the gut, Vgu, the volume of the intestine, TALABS _V nhax, the maximum
velocity of talinolol absorption, and TALABS K, the Michaelis-Menten constant for the
absorption of talinolol.

Talinolol absorption occurs actively via OATP2B1 on the apical side into enterocytes
and is represented in equation 12. The activity of OATP2B1 can vary due to genetic
variants. Regulation of OATP2B1 activity is controlled by the factor f _OATP2B1. A
value of 1 represents normal activity, while values< 1 correspond to reduced activity and
values>1 to increased activity. The parameter ftal _abs describes the fraction of talinolol
which is absorbed from the intestine, which is approximately 55 % [82, 18].

absorption = oatp2bl V gu (1)

absorption = f _ OATP2B1 F _tal _abs absorption (12)

The e ux transport via P-gp, which occurs from enterocytes back into the intestinal
lumen, was described by a mass action law, as seen in equation 13. The concentration
of talinolol in enterocytes is denoted by talLentero. The protein amount of P-gp, which
is the responsible e ux protein for the back-transport of talinolol, is represented by the
parameter pgp. The enzymatic activity of P-gp, denoted by the factor f PG, refers to the
functionality or catalytic capability of P-gp. Similar to OATP2B1, the enzymatic activity
of P-gp can be modulated. A value of 1 indicates normal activity, while values less than
1 reduce P-gp activity, and values greater than 1 increase P-gp activity.

efflux o = f PG pgp TALEFL Vmax Vgu tal_entero (13)
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The export of talinolol to the blood via the basal side of the enterocytes is described
via equation 14, with TALEX _Vmax, the maximum velocity of talinolol export.

excretiony = TALEX Vmax Vgu tal_entero (14)

The fraction of talinolol that is not absorbed in the intestine is excreted in the feces.

Site-speci c intestinal model Talinolol can be administred via intestinal infusion, as
mentioned above. In this procedure, a tube is passed into the appropriate segment of the
intestine. This procedure is used to study the absorption windows of talinolol inGramatte
et al. (1996) [18] andBogman et al. (2005) [6].

The simple intestinal model presented above was extended by dividing the intestine
into di erent segments, i.e., duodenum, jejunuml, jejunumz2, ileum1, ileum2, and colon
with site speci ¢ parameters and transport rates. The segments di er in length and volume
as well as in the enzymatic activity of the individual transporters, see Tab. 3 and 4. The
overall equations from the simple compartmental model were used, but extended via site-
speci ¢ parameters and transport equations between the di erent sites corresponding to
movement within the intestine. An overview of the site-speci c intestine model is shown in
Fig. 6. This extended model allowed to study the e ect of site-speci c infusion of talinolol
in the intestine as performed in [6, 18].

Table 3: Overview of parameters in site-speci ¢ intestine model (GU). The relative
protein levels for P-gp and OATP2B1 and the transport rates in the intestinal compartments
duodenum, jejunum.l, jejunum_2, ileum_1, ileum_2 and colon.

Model parameter Description Value Unit References
GU_pgp_duodenum 0.3 - Drozdzik et al.
GU_pgp-jejunum _1 . 0.4 - (2014) [10];
GU_pgp.jejunum _2 gr_otelir;] ?r?t]eosutinr:e 0.5 - Englund et al.
GU_pgp.ileum 1 Seggon 0.7 - (2006)[12];
GU_pgp.ileum _2 1.1 - Bruckmueller et al.
GU_pgp_colon 0.25 - (2017) [7]
GU_oatp2bl_duodenum 0.45 - Drozdzik et al.
GU_oatp2bl _jejunum _1 rotein amount 0.5 - (2014) [10];
GU_oatp2bl _jejunum _2 E'))ATPZBI in 0.45 - Englund et al.
GU_oatp2bl _ileum _1 intestine section 0.45 - (2006) [12];
GU_oatp2bl _ileum _2 0.45 - Bruckmueller et al.
GU_oatp2bl _colon 0.5 - (2017) [7]
GU_TALFLUXOUODENWM 0.067 $
GU_TALFLUXIEJUNUNI K 0.019 ——

GU_TALFLUXEJUNUM k Transport rate in  0.019
GU_TALFLUXLEUM1 k intestine section 0.012
GU_TALFLUXLEUM2 k 0.012
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Table 4: Overview of anatomical parameters in site-specic intestine model (GU).
Given are length, diameter and transport velocity for the intestinal subcompartments duodenum,
jejunum_1, jejunum_2, ileum_1, ileum_2 and colon [30, 56, 94].

Compartment Length Diameter Velocity

duodenum 30 cm 3.7 cm 2sn
jejunum _1 105 cm 2.7 cm =
jejunum _2 105 cm 2.7 cm =t
ileum _1 165 cm 2.7cm 25m
ileum _2 165 cm 2.7cm 25m
colon 135 cm 6cm 055
Figure 6: Site-specic intestine model for talinolol. The division of the intestine into

duodenum (D), jejunum (J1 and J2), ileum (I1 and 12), and colon (C), allows the infusion of
talinolol in speci ¢ segments. Within each segment, the model incorporates the uptake and e ux
of talinolol by OATP2B1 and P-gp, respectively, into the enterocytes, as well as the transport of

talinolol from the enterocytes into the bloodstream. Created with https://biorender.com and
Cytoscape.
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3.2.3 Kidney model

The kidney plays a signi cant role in the excretion of talinolol from the blood into the
urine. The renal excretion of talinolol was modeled using a irreversible mass-action kinetics
and a simpli ed transport reaction which directly exports talinolol from the plasma in the
kidneys into the urine, as depicted in equation 15 and Fig. 7.

Figure 7: Kidney model. Renal excretion pathway of talinolol via the kidney into the urine.
Created with Cytoscape.

renal _excretion = f _renal _function TALEX k VKki tal_ext (15)

The parameters correspond to the urinary excretion rate TALEX k, the plasma con-
centration tal _ext of talinolol in the kidneys, and the kidney volume Vki. The kidney
function is modulated by the parameter frenal_function, which is set to 1 for normal
function. Values below or above 1 allow to model impaired or enhanced renal function,
respectively.

3.2.4 Liver model

An overview of the reactions in the liver is given in Fig. 8.

Figure 8: Liver model. Talinolol can be taken up by the liver via OATP1B1. No metabolism
of talinolol takes place in the liver but unchanged talinolol is excretion into bile and can reach the
duodenum via the enterohepatic circulation. Created with Cytoscape.

Talinolol reaches the liver either via the portal vein (e.g. after oral absorption) or
via the hepatic artery. Talinolol can be taken up by the liver from the plasma into
the hepatocytes via OATP1B1. Import was modeled as an irreversible Michaelis-Menten
kinetics described by the following equation 16:

TALIM _Vmax tal_ext
tal _ext+ TALIM _K,_tal

Talinolol metabolization is < 1 % and recovery of talinolol metabolites in the urine is
negligible, so that no metabolic conversions were included in the liver model.

The biliary export of talinolol from the liver depends on the enzymatic activity of
P-gp f_.PG and was modeled as mass-action kinetics following equation 17. Biliary export
depends on TALEX_k, the rate of talinolol export, the liver volume VIi, the concentration
of talinolol in the liver.

importi = f OATP1B1 Vi (16)

exporty = f PG VIi TALEX Kk tal a7)
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Talinolol reaches the lumen of the duodenum via the enterohepatic circulation where it
can either be reabsorbed or excreted. Enterohepatic circulation of talinolol was described
via equation 18 which depends on liver volume, talinolol concentration in bile, and the
rate of enterohepatic circulation of talinolol.

EHC. = TALEHC k VI taly (18)

with
TALEHC k= TALEX Kk

This allowed to model the enterohepatic circulation explicitely without adding additional
free parameters into the model.

3.2.5 Model of cirrhosis and renal impairment

To study the e ect of hepatic and renal impairment model changes were implemented
which correspond to the respective pathophysiology.

The parameter f_cirrhosis describes the degree of cirrhosis in the model and can take
values between 0 (no cirrhosis) and 0.95 (criticial cirrhosis). As the value increases, the
severity of cirrhosis increases. firrhosis is a combination of the parameters ftissue loss
and f_shunt. f_tissueloss describes the proportion of liver tissue which is no longer func-
tional (e.g. due to scarring or advanced brosis) and results in a decreased functional liver
parenchymal volume in cirrhosis, described by equation 19.

Vli_tissue = VIi (1 f _tissue_loss) (1 Fblood (29)

f_shunts describes the fraction of portal blood that is shunted via the liver. Blood
which is shunted around the liver can not reach the liver. The implementation of cirrhosis
is based on a recent indocyanine green model in cirrhosis [42, 43] with parameters for mild,
moderate and severe cirrhosis taken from the original model.

In patients a ected by cirrhosis, renal dysfunction usually also co-occurs, so called
hepatorenal disfunction. Knager et al. (2001) [49], investigated the pharmacokinetics of
talinolol in patients with di erent renal insu ciency and healthy volunteers. Impairment
of renal function was modeled via the parameter frenal_function which scales all reactions
in the kidney (see Sec. 3.2.3). A similar approach of modeling renal impairment allowed
to study the e ect of renal impairment on pravastatin recently [63].
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3.3 Parameter tting

The curated talinolol pharmacokinetic data was used to determine model parameters based
on parameter tting. For this purpose, selected parameters and a sub-dataset of curated
time curves of healthy subjects were used with the subset of studies used for tting indi-

cated in Tab. 1.

The parameter tting was performed for healthy subjects, with wildtype transporter
activity and intravenous or immediated-release oral application of talinolol. The following
data was excluded from parameter tting: Studies involving controlled-release tablets,
patients with renal failure, and individuals with detected P-gp mutants. Furthermore, the
study by Nguyen et al. (2014) [59] was excluded as it was duplicate data wittNguyen et
al. (2015) [58], and including both studies would introduce redundant information. Addi-
tionally, Wang et al. (2013) [88] was excluded due to exceptionally high values observed
for the administered dosage. These exclusions were made to ensure that the data used
for parameter tting were representative and in line with the observed trends in talinolol
pharmacokinetics.

Parameter tting was performed as a two step procedure based on the route of ad-
ministration. First, the parameters ftissue_tal, LI _TALEX Kk, and KI__TALEX _k were
optimized using intravenous data for calibration. The optimized parameters are given in
Tab. 5 with the goodness-of- t plot given in Fig. 9. An overall good agreement between
the prediction of the model and the experimental data can be observed. Only exception
is a single data point from Zschiesch2002 [98].

Table 5: Final parameters. Fitted model parameters based on intravenous data.

Parameter Description Value Unit
ftissue _tal Volume of distribution 0.6413 -
Kp.tal Tissue/plasma partition coe cient 6.6214 -
KI__TALEXK Rate of urinary excretion 0.9592 -
LI __TALIMVmax Vpmax of liver import 0.01 mmole
LI __TALEXK Rate of biliary excretion 0.1501 -
Figure 9: Parameter tting results. Overview of predicted vs. experimental intravenous data

and the corresponding residuals.
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