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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 Sl-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 beneficial in conditions such as hypertension,
heart failure and angina pectoris [15]. A daily dose of 50 - 300 mg is recommended [54,
24}, (15, 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 specific kinetic behavior. Talinolol shows low plasma
protein binding [84], minor enterohepatic recirculation [78, 92], and no significant first
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 efflux 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
ABCBI 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 numerous substances out of the cell along the apical side under ATP
consumption [16]. Thus, it causes both limited absorption and excretion of substances
and detoxification 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 affecting talinolol pharmacokinetics are absorption, distribution, meta-
bolism and excretion, in short: ADME.

Absorption Talinolol can be administered via different routes, either orally, intra-
venously, or by intestinal infusion. The most common form of administration is a tablet
that dissolves in the stomach. Different formulations of talinolol tablets exist, which can
be distinguished in immediate- and controlled-released. These formulations have different
release kinetics, with immediate-release tablets releasing almost the entire dose within
three hours. In contrast, controlled-release tablets have slower release times and signifi-
cantly reduced bioavailability [84]. Due to the long half-life of 10-32 h, talinolol can be
taken once daily |84} |90].
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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 efflux 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 influence 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. . 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 efflux 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. [I] Genetic variants of these transporters and drug-drug
interactions can have a particular influence on their activity. For instance, rifampicin and
St. Johns wort have been identified as substrates of the pregnant X receptor (PXR) which
positively affects 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-specific 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 efflux of talinolol from the liver into the bile which
is secreted into the intestinal lumen. Consequently, talinolol can be reabsorbed from the
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intestine, a process called enterohepatic circulation. Terhaag et al. (1989) 78], Wetterich
et al. (1996) [92], and Haustein et al. (1981) [24] showed that around 10 % of a talinolol
dose are excreted via the bile. I.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

Significant parameters affecting oral drug absorption include the anatomy and enzyme
distribution of uptake and eflux 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 differentiated into three sections: duodenum, jejunum, and ileum, see Fig.

D | duodenum

J1) upper part of jejunum

@ lower part of jejunum
@ upper part of ileum
@ lower part of ileum
@ duodenum

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 significant 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 different regions of
the intestine are site-specific infusions of talinolol. For instance, the results of Gramatte
et al. (1996) [18] supported the assumption of a regioselective absorption of talinolol.
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1.5 Genotypes and genetic variants

Genetic polymorphisms which alter the enzyme activity P-gp in the intestine and liver and
the OATP isoforms OATP2B1 in the intestine and OATP1B1 could have a major effect
on talinolol pharmacokinetics. Most genetic polymorphisms are due to single nucleotide
polymorphisms (SNPs), which can affect 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 3435C>T [28]. Other SNPs
are on exon 12 (1236C>T) and 21 (2677G>T/A) |28, |52].

The wobble polymorphism 3435C>T and 1236C>T have no impact on the amino acid
sequence, whereas 2677G>T/A results in the incorporation of Thr or Ala, respectively,
instead of Ser at position 893 [3]. The mutations of 1236C>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, |3§]. This
suggests that there may exist a correlation between these specific genetic variants.

The genetic polymorphism of ABCB1 may affect 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 1236C>T, 2677G>T/A individually, and in combination
with the 3435C>T polymorphic genotype. However, contrasting findings 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 effect on the expres-
sion of P-glycoprotein [71]. Therefore, there is conflicting 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 influence of these SNPs on pharmacokinetics is also inconclusive. Several
studies have found no significant effect 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 by Schwarz et al. (2007) [65]: For the 1236CC genotype,
AUC of 1012 £+ 510 ng-h/ml were measured, for CT 692 + 407 ng-h/ml; for 2677GG,
1012 £ 510 ng-h/ml was measured, for GT 715 £+ 466 ng-h/ml, and for TA 597 ng-h/ml;
for 3435CC, 1281 + 701 ng-h/ml was measured, for CT 730 £+ 359 ng-h/ml, and for TT
564 ng-h/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] and Wang et al. (2013) |88 not only observed generally
lower plasma concentrations of talinolol but also found no difference or lower concentra-
tions for the wild-type 3435CC compared to 3435TT (cmax 584.9 + 115.2 vs. 500.3 +
96.2 29, p<0.05 und auc_inf 12681.2 4 4828.2 vs. 9000.8 + 3153.2 ng-h/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.



1.5.2 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 OATP2B1 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] and Meier et al. (2007) [53] led to the
finding that mRNA expression and protein levels of OATP2B1 differ slightly between
segments of the intestine.

Besides some endogenous molecules, xenobiotics are among the main substrates of
OATP2BI1. 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 influence the pharmacokinetics and pharmacodynamics of drugs transported by this
transporter [55].

The nucleotide exchanges C1457C>T and G935G>A lead to a change in the amino
acid Ser486Phe and Arg312Gln, respectively [39].

Not much has been reported about the effect 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-specific 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.

1.5.3 OATP1B1

The findings of Bernsdorf et al. (2006) [5] provide evidence that OATP1BI1 plays a crucial
role in the hepatic uptake of talinolol. OATP1B1, encoded by the SLCO1B1 gene [1], is
a liver-specific uptake transporter [44], and various SNPs exist for this gene, similar to
ABCBI.

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 SLCO1B11a/*1a genotype.
Consequently, talinolol is more efficiently absorbed into the liver in individuals with the
*1b allele, resulting in a significantly reduced half-life when compared to the wild-type
genotype (12.2 & 1.6 h vs. 14.5 & 1.4 h, p = 0.01) [5).

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



1.6 Physiologically based pharmacokinetic (PBPK) model

Physiologically based pharmacokinetic (PBPK) models allow mathematical description
and simulation of drug pharmacokinetics based on coupled ordinary differential 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 hypotheses in silico.
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], caffeine [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 effect of P-gp and OATP activity on talinolol pharmacokinetics. Two ap-
plications are the study of the effect of genetic polymorphisms of these transporters or
drug-drug interactions with P-gp and OATPs. Specifically, a PBPK model of talinolol
was developed to systematically analyse the following questions:

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

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

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

e (iv) How does hepatic and renal impairment affect talinolol pharmacokinetics?
The main objective was to describe the influence of P-gp on the talinolol pharmacoki-

netics and apply the model to clinically relevant questions such as: How is phenotyping
via talinolol affected 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 fitting for parameter optimization.

2.1 Literature research

For an overview of the available pharmacokinetic literature for talinolol, an initial search
via PKPDALI 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.
nlm.nih.gov/?term=talinolol+AND+pharmacokinetics).

The resulting publications were screened and filtered 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 LibreOffice based on established data curation work-
flows [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 file 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, Cmax [#M] cmax is calculated from the maximum of the
concentration curve.

Area under the curve, AUC [*Z }l”] AUC is proportional to the bioavailable amount
of the drug of the administered dose and is calculated using the trapezoidal rule. AUCgpnq
describes AUC up to the end time of measurement and can be described by the following
equation [T}

11


https://pkpdai.com/pkdocsearch
https://pubmed.ncbi.nlm.nih.gov/?term=talinolol+AND+pharmacokinetics
https://pubmed.ncbi.nlm.nih.gov/?term=talinolol+AND+pharmacokinetics
https://pk-db.com

n—1

AUCena = % ;((tiﬂ —t:)(Ci — Ciy1)) (1)
AUC,,¢ is the extrapolation of the AUC,,q 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, kg [ﬁ] ke describes the rate at which a drug is eliminated from
the blood. Assuming that the elimination is exponential, the log-transformed equation
yields equation [3] from which ke can be calculated using linear regression.

Ctal(t) = Ctal(o) ce et (2)

log(Ciai(t)) = 10g(Crar(0)) — key - t (3)

Half-life, tpar [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

n(2
thalf = k(l) (4)

Volume of distribution, Vg4 [1] V4 describes a fictitious volume required to obtain the
same concentration with the amount of drug available in the body as in the blood.

V= AUC - ky (5)

Clearance, Cl1 [7;% ] Clearance describes the volume which can be cleared from the drug

per unit of time. Cl is calculated via equation [0]

Cl=Fkeg -Vy (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

Cltotal - Clhepatic + Clrenal + 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. Cl.renal and Cl_fecal is
reflected in the equation [6] and [9] respectively.

Clrenal = Aurine -AUC (8)

leecal = 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 differential 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 flow. 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 differential 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 from https:
//github.com/matthiaskoenig/talinolol-model. Within this work, version 0.9.2 of
the model was used [75].

2.5 Parameter fitting

Parameter fitting was used to minimize the distance between experimental data and model
predictions by optimizing a subset of parameters of the model. The fitting procedure
was performed in a two step procedure: (i) first parameters relevant for the intravenous
application of talinolol were optimized using the subset of intravenous data (such as the
tissue-plasma partition coefficient of talinolol). (ii) 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 residuals r; ; for all time courses
k and data points ¢ were minimized, equation Time courses were weighted by the
participants in the respective study wy and individual time points with the error associated
with the measurement wj j.
1 2
F(p) =5 > (wg - wige 7o) (10)

i,k

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

To this end, extensive data collection and curation was performed (Sec. , which
served as the basis for model development (Sec. . In Sec. 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

PKPDAI PubMed
(n=72) (n=125)

Identified | Search results combined and duplicates (n=67) removed
(n=130)

'

Screened Full text accessible studies
(n=111)

'

Articles screened on full text basis

| Studies excluded due to wrong species (n=70)
Studies excluded due to missing time course
(n=4)
Studies excluded due to missing in vivo data
(n=2)
'
Eligible Eligible studies (n=35)
Studies excluded due to wrong fasting protocol
(n=1)
Studies excluded due to radiochemical talinolol
(n=1)
'
Included ‘ Included studies (n=33)

Figure 3: PRISMA flow 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. [[)). 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 flow diagram, Fig.[3]
the 130 studies were filtered, with duplicates and studies that did not contain available
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fulltext PDF's being the first 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 | 18 4 v iv (solution): 30 mg
po (tablet): 100 mg

15637528| [PKDB00565 Bogman2005 [6] 9 v intraintestinal (solution): 50 mg
8606523, PKDB00564, DeMey1995 12 v v po (capsule): 25, 50, 100, 400 mg
19280523 [PKDB00566| Fan2009a [13] 12 v v po (tablet): 100 mg
19401473, PKDBO00608| Fan2009b 10 v v po (tablet): 100 mg
15371980, PKDBO00609, Giessmann200: 8 v v iv (solution): 30 mg v
po (IR tablet): 100 mg
8646825 PKDB00610 Gramattel1996 6 v intraintestinal (solution): 100 mg
19555315/ PKDB00555| Han2009 |2: 18 4 v po (tablet): 100 mg
17466606] [PKDB00569| He2007 12 v v po (tablet): 50 mg
22725663, PKDB00611] He2012 18 v v po (tablet): 100 mg C3435T
17468862 [PKDB00561| Juan2007 |- 12 v v po (tablet): 50 mg
11270803| PKDB00704| Krueger2001 |4 32 v v v po (NR): 100 mg v
24472704 PKDB00612| Nguyen2014 @' 10 v po (FC tablet): 100 mg
25486333 PKDB00705| Nguyen2015 . 10 v v po (FC tablet): 100 mg
21312289 PKDBO00572| Ruike2010 12 v v po (tablet): 50 mg
10096260, [PKDB00613| Schwarz1999 6 9 v v po (tablet): 50 mg
10783825 [PKDB00706, Schwarz2000 9 4 v po (tablet): 50 mg
15903127, PKDB00563 Schwarz2005 |6 24 4 v po (tablet): 50 mg
17392718 [PKDB00614| Schwarz2007 9 v v iv (solution): 30 mg
v po (tablet): 50 mg
12587122) ' PKDBO00615, Siegmund2003 |71 36 v v po (SC tablet): 2X50, 100 mg
v (FC tablet): 100, 200 mg
6688379 PKDB00707, Terhaagl983 3 v v po (NR): 200 mg
2565889 PKDB00708/ Terhaagl989 6 v v v iv (solution): 20, 30 mg
8527689, PKDB00619| Trausch1995 12 4 v iv (solution): 30 mg
po (NR): 50 mg
16713700, PKDBO00556, Tubic2006a 7 v v po (IR tablet): 100 mg
(CR tablet) 100, 200 mg
23422925 PKDB00567 Wang2013 18 v po (NR): 100 mg
10945310, PKDB00562] Westphal2000a |¢ 10 4 v iv (solution): 30 mg
v po (tablet): 100 mg
11061574, PKDB00620, Westphal2000b |9 8 v v iv (solution): 30 mg v
po (tablet): 100 mg
8710739, PKDB00709 Wetterich1996 6 v v v iv (solution): 30 mg
v po (tablet): 100 mg
21943317) PKDBO00570] Xia02012 18 4 v po (tablet): 100 mg
22983284 [PKDB00571| Yan2013 |95 14 v v po (tablet): 100 mg
19845435, PKDBO00617| Zeng2009 16 v v po (tablet): 100 mg
16170863, PKDBO00568, Zhang2005 27 v v po (tablet): 100 mg G2677T/A, C3435T
v v iv (solution): 30 mg v

11835190, PKDB00618| Zschiesche2002 98] 8
po (FC tablet): 100 mg

NR: not reported, SC: sugar-coated tablet, FC: film-coated tablet, IR: immediate-release tablet, CR:
controlled-release tablet
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https://identifiers.org/pkdb:PKDB00617
https://pubmed.ncbi.nlm.nih.gov/16170863/
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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[dl 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 flow. 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, fit, and scan parameters is provided in Tab. 2]
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Figure 4: PBPK model of talinolol (TAL). (A) The whole body model representing the
blood flow 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
efflux 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, fit, and scan parameters. The Prefixes GU, LI, and KI are
used for the intestinal, liver, and kidney model, respectively.

Model parameter

Description

‘ Value ‘ Unit ‘ References

BW Body weight 75 kg | ICRP (2002)
HEIGHT Body height 170 cm | ICRP (2002)
COBW Cardiac output per body weight 0.83 kT;‘_ls de Simone et al.  (1997) [72]; ICRP
(2002) |85
HCT Hematocrit 0.51 - Vander al.  (2001) ; Herman
(2016) |27
Fblood Fraction of organ volume that is blood ves- 0.02 - .
sels
FVgu Fractional tissue volume gut 0.0171 kiq ICRP (2002) [85]; Jones and Rowland-Yeo
) (2013)
FVki Fractional tissue volume kidney 0.0044 kiq ICRP (2002) [85; Jones and Rowland- Yeo
’ (2013) |35
FVli Fractional tissue volume liver 0.021 kig ICRP (2) ; Jones and Rowland-Yeo
(2013)
FVlu Fractional tissue volume lung 0.0297 kig ICRP (2002) ; Jones and Rowland-Yeo
(2013) |35
FVve Fractional tissue volume venous blood 0.0514 k—lg ICRP (2) ; Jones and Rowland-Yeo
(2013) |35
FVar Fractional tissue volume arterial blood 0.0257 kiq ICRP (2) ; Jones and Rowland-Yeo
) (2013)
FVbi Fractional tissue volume bile 0.00071 kig ICRP (2002) ; Jones and Rowland-Yeo
(2013)
FVpo Fractional tissue volume portal vein 0.001 kig ICRP (2002) ; Jones and Rowland-Yeo
(2013)
FVhv Fractional tissue volume hepatic vein 0.001 %g ICRP (2002) ; Jones and Rowland-Yeo
(2013)
FQgu Fractional blood flow gut 0.18 - ICRP (2002) ; Jones and Rowland-Yeo
(2013) |35
FQki Fractional blood flow kidney 0.19 - ICRP (2) ; Jones and Rowland-Yeo
(2013)
FQh Fractional blood flow hepatic vein 0.215 - ICRP (2002) ; Jones and Rowland- Yeo
(2013) [35]
Mr tal Molecular weight of talinolol 363.495 | L CHEBI:135533
Fit parameter ‘ Description Value ‘ Unit
ftissue_tal Rate of distribution in tissues 0.6413 mlm
Kp_tal Tissue/plasma partition coefficient 6.6214 -
KI__TALEX k Urinary excretion rate 0.9592 ﬁ
LI__TALIM Vmax Vimax of liver import 0.01 %ﬁlf
LI_TALEX k Excretion rate of liver 0.1501 mlm
Ka_dis_tal Dissolution of talinolol 0.6819 %
GU__F_tal_abs Fraction of absorbed talinolol 0.4548 -
GU__TALABS Vmax Viax of absorption 2.0577 ZLIZ'IOZZ
GU__TALEFL_Vmax Vimax Of enterocytes efflux 0.3286 | —L
GU__TALEX_Vmax Vimax Of excretion 0.0007 | L
Scan parameter ‘ Description Value ‘ Unit
GU__f_0ATP2B1 Scaling factor of OATP2B1 activity 1 -
GU__f_PG Scaling factor of PG activity 1 -
LI__f OATP1B1 Scaling factor of OATP1B1 activity 1 -
KI_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.

efflux talinolol (PG)
|

. i / \ talinolol export plasma .
talinolqf (inyeStinal talinolol (enterocytesy i o asma)

v

absorption talinolol
(OATP2B1)

excretion ti\olol (feces)

talinalol (feces)

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 first-order Michaelis-Menten
kinetics and is described by equation

TALABS Ve - tal
tal + TALABS K,

The absorption equation consists of the parameters oatp2bl, the protein amount
of OATP2B1 in the gut, Vgu, the volume of the intestine, TALABS_V 1.y, 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 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 f_tal_abs describes the fraction of talinolol
which is absorbed from the intestine, which is approximately 55 % [82, 18].

absorption = oatp2bl - Vgu - (11)

absorptiony = f_ OATP2B1 - F tal_abs - absorption (12)

The efflux transport via P-gp, which occurs from enterocytes back into the intestinal
lumen, was described by a mass action law, as seen in equation The concentration
of talinolol in enterocytes is denoted by tal_entero. The protein amount of P-gp, which
is the responsible efflux protein for the back-transport of talinolol, is represented by the
parameter pgp. The enzymatic activity of P-gp, denoted by the factor {_ 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.

ef fluryy = PG -pgp- TALEFL V. - 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 [T4] with TALEX_V ., the maximum velocity of talinolol export.

excretionyy = TALEX Vmax - Vgu - tal_entero (14)

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

Site-specific 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 in Gramatte
et al. (1996) |18] and Bogman et al. (2005) [6].

The simple intestinal model presented above was extended by dividing the intestine
into different segments, i.e., duodenum, jejunuml, jejunum?2, ileuml, ileum2, and colon
with site specific parameters and transport rates. The segments differ in length and volume
as well as in the enzymatic activity of the individual transporters, see Tab. 3] and [d] The
overall equations from the simple compartmental model were used, but extended via site-
specific parameters and transport equations between the different sites corresponding to
movement within the intestine. An overview of the site-specific intestine model is shown in
Fig.[6] This extended model allowed to study the effect of site-specific infusion of talinolol
in the intestine as performed in [6} |18].

Table 3: Overview of parameters in site-specific intestine model (GU). The relative
protein levels for P-gp and OATP2B1 and the transport rates in the intestinal compartments
duodenum, jejunum_1, jejunum_2, ileum_1, ileum_2 and colon.

Model parameter Description Value Unit References
GU__pgp-duodenum 0.3 - Drozdzik et al.
GU,,pgp,J. e_].unum,l protein amount 0.4 - (2014) [10];
GU__pgp-jejunum 2 P-op in intestine 0.5 - Englund et al.
GU_pgp-ileum_1 seftli)on 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 Fotein amount 0.5 - (2014) [10];
GU__oatp2bl_jejunum 2 I())ATPQBl 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__TALFLUX_DUODENUM k 0.067 L
GU__TALFLUX_JEJUNUM_1_k 0.019 L

GU__TALFLUX_JEJUNUM_ 2 k Transport rate in 0.019 L
GU__TALFLUX_ILEUM_1 k intestine section 0.012 L
GU__TALFLUX_ILEUM_2_k 0.012 L
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Table 4: Overview of anatomical parameters in site-specific 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 .

Compartment Length Diameter Velocity

duodenum 30 cm 3.7 cm o
jejunum_1 105 cm 2.7 cm 2 o
jejunum_2 105 cm 2.7 cm 2 o
ileum_1 165 cm 2.7 cm 2 2
ileum 2 165 cm 2.7 cm 2 o
colon 135 cm 6 cm 0.5 o0
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Figure 6: Site-specific intestine model for talinolol. The division of the intestine into
duodenum (D), jejunum (J1 and J2), ileum (I1 and I2), and colon (C), allows the infusion of
talinolol in specific segments. Within each segment, the model incorporates the uptake and eflux
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 significant 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 simplified transport reaction which directly exports talinolol from the plasma in the
kidneys into the urine, as depicted in equation [I5] and Fig. [7}

excretion talinolol
— —
talinolottplasma) talino urine)

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- Vki - 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 f_renal_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.

talinolol enterohepatic

talinolol import N\ talinolol bile export circulation
] - n - ™ -
talinolottplasma) talinélb‘fjtliver) talinolol (bile) talinolol (duodenum)

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

TALIM _Vmaz - 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 Biliary export
depends on TALEX Kk, the rate of talinolol export, the liver volume VIi, the concentration
of talinolol in the liver.

importyy = f OATP1B1-Vli- (16)

exportyy = f_.PG-V0i-TALEX k - tal (17)
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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 which depends on liver volume, talinolol concentration in bile, and the
rate of enterohepatic circulation of talinolol.

EHC,y = TALEHC k - Vi - taly, (18)

with
TALEHC k=TALEX k

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 effect 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. f_cirrhosis is a combination of the parameters f_tissue_loss
and f_shunt. f_tissue_loss describes the proportion of liver tissue which is no longer func-
tional (e.g. due to scarring or advanced fibrosis) and results in a decreased functional liver
parenchymal volume in cirrhosis, described by equation

Vii_tissue = Vi - (1 — f_tissue_loss) - (1 — Fblood) (19)

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 affected by cirrhosis, renal dysfunction usually also co-occurs, so called
hepatorenal disfunction. Kriger et al. (2001) [49], investigated the pharmacokinetics of
talinolol in patients with different renal insufficiency and healthy volunteers. Impairment
of renal function was modeled via the parameter f_renal_function which scales all reactions
in the kidney (see Sec. . A similar approach of modeling renal impairment allowed
to study the effect of renal impairment on pravastatin recently [63].
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3.3 Parameter fitting

The curated talinolol pharmacokinetic data was used to determine model parameters based
on parameter fitting. 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 fitting indi-
cated in Tab. [1l

The parameter fitting 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 fitting: 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 with Nguyen 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 fitting were representative and in line with the observed trends in talinolol
pharmacokinetics.

Parameter fitting was performed as a two step procedure based on the route of ad-
ministration. First, the parameters ftissue_tal, LI_TALEX k, and KI_TALEX_k were
optimized using intravenous data for calibration. The optimized parameters are given in
Tab. [5] with the goodness-of-fit 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 mlm
Kp_tal Tissue/plasma partition coefficient 6.6214 -
KI__TALEX k Rate of urinary excretion 0.9592 mlm
LI__TALIM_Vmax Vpax of liver import 0.01 %Ts.lf
LI_TALEX k Rate of biliary excretion 0.1501 mlm
, 160000 = o fiescnez00z
10714 S
¢ 140000 A
9595
sch1995
ausch194s N 120000+
~ 1072 2B
x @ e 199G 2291989 § 100000 +
g % dl
5 13 80000
) 0
o _ ischiesche! [
% 10 3 Zschi he2002 ; 60000 4
& 2
= 40000 1
o
10744 20000 4
0 T3
1d'5 10"“ 16'3 10"2 16'1 1d'4 10"2 160 162 164 10°
Experiment y; « Experiment y; «

Figure 9: Parameter fitting results. Overview of predicted vs. experimental intravenous data
and the corresponding residuals.
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The parameters determined on iv data were integrated into the model and fixed for the
subsequent parameter fitting based on oral data. The optimized parameters are given in
Tab.[6] The goodness-of-fit plot in Fig. [I0]demonstrates that the fitted model exhibitsgood
agreement between simulated and experimental data points. Only exception are some data
points from Trausch1995 [82], where the residuals show a significant discrepancy compared

to the clinical data.

Table 6: Final parameters. Fitted model parameters based on oral data.

Parameter Description Value Unit
Ka_dis_tal Dissolution rate of talinolol 0.6819 %
GU__F_tal_abs Absorbed fraction of talinolol 0.4548 -
GU__TALABS_Vmax V. of absorption via OATP2B1  2.0577 %Trf.lf
GU__TALEFL Vmax Vpax of enterocytes efflux via P-gp  0.3286 mlm
GU__TALEX_Vmax  Vpax of export in plasma 0.0007 mlm
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Figure 10: Parameter fitting results. Overview of predicted vs. experimental oral data and

the corresponding residuals.
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3.4 Model performance

The performance of the developed PBPK model of talinolol was evaluated by comparing
predicted timecourses against against curated time curves from clinical studies. In the
following, the model performance is described according to the type of administration and
tissue. In the figure legends, the administered amount and the number of subjects (n) is
provided. If experimental errors were reported these are displayed as standard deviation
(SD). The solid line represents the respective simulation, while experimental data points
are connected via dashed lines.

3.4.1 Single dose intravenous

In nine studies, talinolol was administered intravenously as a single dose. The standard
solution contained 30 mg of talinolol. An exception is one subject in Terhaag et al.
(1989) (78], who received a 20 mg injection of talinolol.

Plasma Except Giessmann et al. (2004) [17], all studies reported time curves for tal-
inolol concentration in plasma, see Fig. Both the simulation and experimental data
show a rapid increase in talinolol concentration after injection. The simulations account
for the respective injection protocol. The model predictions demonstrate a very agree-
ment with the experimental data. Only exceptions are that the study by Terhaag et al.
(1989) [78], one subject demonstrated a cpmax value approximately twice as high as the
simulation predicted. Another disparity is a slightly slower decline of concentration in the
prediction compared to the data. This suggests a slower elimination rate of talinolol in
the model, although the difference is minimal.
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Figure 11: Simulation experiments, single dose iv, plasma. In these studies, each subject
was treated with 30 mg of talinolol. One subject in the study, Terhaagl989 et al. (1989) [78§],
received a lower dose of 20 mg (blue) instead. The time course predicted by the model is represented
by the solid line, the dashed line represents the data from the curated studies.

Urine The model predicts a urinary excretion of talinolol ranging between 40 and 50
nmole (15.5 - 18.2 mg), corresponding to a recovery of 52 - 60 % of the dose Fig. This is
in very good agreement with the reported values of urinary recovery and model predictions
agree well with the experimental data. However, it is important to acknowledge the
high variability observed across different individuals in the dataset and between different
studies. Furthermore, it should be noted that the model accurately captures the expected
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temporal profile, with the majority of talinolol being eliminated within a few days through
urine. The presented model is a mean model and does not account for the intra-individual
variability.
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Figure 12: Simulation experiments, single dose iv, urine. In these studies, all subjects
were treated with 30 mg of talinolol. The time course predicted by the model is represented by
the solid line; the single data points are the data from the curated studies and are connected by
the dashed line only when measured more than once over time.

Feces and bile The elimination of talinolol through feces and its pharmacokinetics in
the bile are depicted in Fig. Among the studies examined, only Bernsdorf et al. (2006)
[5] provide data on talinolol excretion in feces. The simulation suggests an elimination of
talinolol within the first two days in the feces, with fecal excretion being much lower than
urinary excretion (3 pole corresponding only to 1.1 mg or 3.7 % of the dose). However,
this finding deviates significantly from the measured value of 6.3 mg [5].

The model’s predictions on the amount of talinolol excreted in the bile align more
closely with the experimental data. Although the model indicates that the excretion
amount varies depending on the dosage, the differences observed in the experimental
data are minimal. Nevertheless, it is essential to acknowledge that the extent of talinolol
excretion in bile can exhibit interindividual variability.
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Figure 13: Simulation experiments, single dose iv, feces (A) and bile (B). In these
studies, each subject was treated with 30 mg of talinolol. One subject in the study, Terhaag1989
et al. (1989) [78], received a lower dose of 20 mg (blue) instead. The time course predicted by
the PKDB model is shown by the solid line; the single data points are the data from the curated
studies and are connected by the dashed line only when measured more than once over time.

3.4.2 Single dose oral

In 27 studies, talinolol was administered orally as a singel dose in solid form. In most
cases, the standard dose of 50 or 100 mg of talinolol was given in tablet form.
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Figure 14: Simulation experiments, single dose po, plasma. The standard amount was 50
(A) or 100 (B) mg. In these studies, subjects received a dose of talinolol in various tablet forms,
ranging from 25 to 400 mg (C). The time course predicted by the model is displayed by the solid
line, and the data from the curated studies are indicated by the dashed line. The different doses
are indicated by different colors.
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Plasma The ¢y, values for 50 mg and 100 mg of talinolol are approximately 0.25 nM
and 0.5 uM, respectively, reached around three to four hours post-dose, aligning with the
measured values. For the 200 mg dose, similar trends hold, with the cpax value of 1 pM
matching the empirical data. The model exhibits a good agreement with the experimental
data, as shown in Fig. Furthermore, it is important to consider that, as demonstrated
in Trausch et al. (1995) [82], the concentration of talinolol in blood can vary significantly
among individuals.

The studies DeMey et al. (1995) [54], Nguyen et al. (2015) [58], and Siegmund et al.
(2003) |71] do not yield notable findings concerning tablet formulations when compared
to other studies. DeMey et al. (1995) [54] examines various doses ranging from 25 to
400 mg and demonstrates a dose-dependent relationship, which the model very accurately
predicts up to a dose of 400 mg. However, as the talinolol dose increases, the simulation
deviates more from the measured data.

No discernible differences can be observed between talinolol concentrations in plasma
and serum in the model’s predictions and the experimental data.

Urine The model predicts that administration of 50 mg and 100 mg of talinolol results
in the excretion of approximately 40 pmol and 80 pmol, respectively, in the urine. This
is not only consistent with the actual measured values but also indicates a similar rate
of talinolol excretion in the urine, as illustrated in Fig. Notably, a substantial degree
of intraindividual variability is observed across the conducted studies with the model in
good agreement with the mean data.
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dashed line only when measured more than once over time.
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Feces and bile Bernsdorf et al. and Wetterich conducted studies on the excretion
of talinolol via the feces and bile. Within a day, almost the entire amount of talinolol is
excreted via the feces. The model predicts amounts of 120 pmole talinolol in the feces with
the data from at around 90 pmole. The excretion of talinolol through bile reaches a value of
6.65 + 1.9 mg after one day, which surpasses the predicted value. The comparison between
curated data and simulation results is illustrated in Fig. Overall some descrepancies
can be obvserved in the amounts in feces and bile, but very large variability is observed
as can be seen from the large standard deviation.
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Figure 16: Simulation experiments, single dose po, feces (A) and bile (B). In these
studies, subjects received 100 mg of talinolol. The time course predicted by the PKDB model is
displayed by the solid line and the single data points are the data from the curated studies.

3.4.3 Multiple dose oral

Finally, the model performance after multiple doses of talinolol are presented. In general,
100 mg of talinolol was taken orally in tablet form once daily. The model with recurring
daily peaks represents the concentration of talinolol in plasma and the corresponding
daily amount in the urine. The curated data were plotted at the time points defined in
each study, as the measurement time points varied between studies. The results of the
simulation experiments with multiple administrations of talinolol in plasma and urine are
depicted in Fig. Importantly, none of the multiple dose data was used for model
parametrization, i.e., the multiple dose predictions are all model validations.

Plasma Following the administration of talinolol, rapid absorption leads to a peak con-
centration in the bloodstream within approximately 3 hours. Subsequently, talinolol un-
dergoes gradual elimination over the remainder of the day, resulting in a slight accumula-
tion over multiple doses. Consequently, a minimla concentration of approximately 0.1 pM
is maintained in the subsequent days. Steady-state conditions (i.e. a stable dosing profile)
are typically achieved within 48 hours.

Overall, the model’s predictions shows a very good agreement a favorable agreement
with the observed data, with the exception of a minor overestimation of talinolol accumu-
lation compared to the measured values after several days.

Urine A large fraction of talinolol is eliminated via the urine. While the model ac-
curately predicts the quantity of talinolol excreted in the urine after multiple days, the
predicted amounts align closely with the data reported by Giessmann et al. and Krueger
et al. (2001) [49].However, there is a significant deviation from the findings reported by
Westphal et al. (2000b) [91], which is surprising because single dose urinary data is in
very good agreement as well as plasma concentrations. The possible deviation could be
due to a reporting error in the study.
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Figure 17: Simulation experiments, multiple dose po, plasma and urine. In these studies,
subjects received 100 mg of talinolol daily. The time course predicted by the model is displayed
by the solid line and the single data points are the data from the curated studies.
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3.5 Model application

After establishing the PBPK model of talinolol, testing its performance and validating
some of the predictions via multiple dose applications, we applied the model to investigate
scientific questions.

Scans were performed to investigate the influence of various factors on the pharma-
cokinetics of talinolol, including P-gp activity, OATP1B1, OATP2B1, renal function, and
site-dependent intestinal absorption of talinolol. In addition, the effects of different degrees
of cirrhosis were analyzed.

In the following, the results of the individual scans after taking 100 mg talinolol orally
will be presented. The corresponding scans under intravenous administration can be
obtained from the supplement Sec. [6]

In the scan results, an increase of the investigated independent factor is depicted by
the gradient of blue lines, while a reduction in the factor is represented by lines with a red
gradient.

3.5.1 Effect of P-glycoprotein activity

To study the effect of altered P-gp activity the corresponding factor was changed system-
atically and the effect on talinolol pharmacokinetics was studied.

The results, as depicted in Fig. [I§A, reveal a significant correlation between P-gp
activity and the disposition of talinolol in the body. Decreased P-gp activity leads to
elevated talinolol concentrations in plasma and liver, as well as increased excretion of
talinolol in urine and bile. In contrast, talinolol concentrations in the duodenum and
all other segments of the intestine, as well as the amount of talinolol excreted in feces,
demonstrate a parallel relationship with P-gp activity, i.e., the larger the eflux activity the
larger the respective values. Furthermore, the impact of reduced P-gp activity on talinolol
concentration intensifies along the course of the intestine. Enhanced P-gp activity has
limited effects on talinolol excretion in the human body and does not affect talinolol
concentration in the duodenum. Furthermore, the results indicate that an increase in the
severity of cirrhosis exhibits a diminishing effect on the excretion of talinolol into bile.
However, no differences are observed in all other compartments.

Fig. illustrates the impact of varying degrees of cirrhosis in relation to P-gp activity
on several pharmacokinetic parameters, including AUC, kg, tha, as well as total, renal,
and fecal clearance. In the presence of cirrhosis and increased P-gp activity, there is a slight
decrease or increase observed in ke and tyae, respectively. These findings complement the
previous results and highlight the influence of both cirrhosis severity and P-gp activity on
talinolol pharmacokinetics. While AUC, total clearance, and fecal clearance are dependent
on P-gp activity, renal clearance does not exhibit any dependence on either enzymatic
activity or the presence of cirrhosis.
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Figure 18: P-gp scan. (A) provides an overview of the effects of P-gp activity on talinolol
availability in different compartments at different degrees of cirrhosis. Increased and decreased P-
gp activities are marked by the blue and red gradients, respectively. (B) represents the influence
of the degree of cirrhosis on the pharmacokinetic parameters AUC, kg, thae, and clearance (renal,
fecal, and total) at different P-gp activities and degree of cirrhosis.

The model predictions were validated by utilizing appropriate time curves from He
et al. (2012) [26], Zhang et al. (2005) [97], and Schwarz et al. (2000) [67]. He et
al. (2012) [26] and Zhang et al. (2005) performed experiments with subjects with
different genetic variants of P-gp who received a single oral dose of 100 mg talinolol. The
experimental data were compared with the model’s prediction in Fig. revealing that an
increased number of T alleles correlated with a reduction in AUC. The reduction in plasma
concentration for the T variants are in good agreement with the observed reduction in He
et al. (2012). In contrast, Zhang et al. (2005) does not report any differences between the
CC and TT variants.
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Figure 19: Validation. Comparison between the predicted talinolol plasma concentrations of
different P-gp genotypes based on a model (solid line) and the experimental data (dashed line)
from the studies by He et al. (2012) and Zhang et al. (2005) [97] is shown. Increased P-gp
activity of 20 % and 40 % was assumed for the CT and TT variants.

Schwarz et al. (2000) studied the effect of drug-drug interactions after adminis-
tering 50 mg of talinolol alone or combined with the P-gp inhibitor erythromycin. The
outcomes were depicted in Fig. indicating that inhibition of P-gp results in a higher
Cmax and AUC of talinolol in plasma, which is in good agreement with the model’s pre-
diction.
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Figure 20: Validation. Shown is the model prediction (solid line) compared with curated time-
course (dashed line) of Schwarz et al. (2000) for the concentration of talinolol in serum.
Normal P-gp activity is represented by the black line, while the red line depicts decreased P-gp
activity due to inhibition by erythromycin. For the model simulation the P-gp activity was reduced
to 50 %.
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3.5.2 Effect of OATP1B1 activity

Next the effect of the hepatic uptake transporter OATP1B1 activity on the pharmacoki-
netics of talinolol was studied.
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Figure 21: OATP1B1 scan. (A) provides an overview of the effects of OATP1B1 activity
on talinolol availability in different compartments at different degrees of cirrhosis. Increased and
decreased OATP1B1 activity are marked by the blue and red gradients, respectively. (B) represents
the influence of the degree of cirrhosis on the pharmacokinetic parameters AUC, kg, thaf, and
clearance (renal, fecal, and total) at different OATP1B1 activities.

The scanning results highlight that OATP1B1 activity primarily affects talinolol con-
centration in the liver and the excretion of talinolol into bile. Particularly, induction of
OATP1B1 has a strong influence, resulting in increased concentrations and excretion of
talinolol in the liver and bile. In contrast, minimal opposing effects are observed in plasma
and urine. The inhibitory activity demonstrates contrasting effects on talinolol disposition
in the body. However, talinolol concentrations in individual intestinal segments do not
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significantly differ based on varying levels of OATP1B1 activity. Similarly, the severity of
cirrhosis does not exert an influence.

With increasing severity of cirrhosis, changes are only observed in the liver, and the
impact of OATP1B1 activity on talinolol disposition in the body is reduced. An overview
of the scanning results is presented in Fig. RTA.

The results depicting the influence of cirrhosis on the pharmacokinetic parameters,
depending on OATP1BI activity, are shown in Fig. 2IB. These findings reinforce the
previously mentioned results and demonstrate that with increasing OATP1B1 activity,
the severity of cirrhosis plays a role. This leads to a decrease in elimination rate, resulting
in lower fecal excretion and prolonged retention of talinolol in the body. Conversely, renal
clearance remains unaffected by both OATP1B1 activity and the severity of cirrhosis.

3.5.3 Effect of OATP2B1 activity

Next the effect of the intestinal uptake transporter OATP2B1 activity on the pharmacoki-
netics of talinolol was studied.

The scanning results, Fig. 22A, demonstrate that changes in the enzymatic activity
of intestinal OATP2B1 are associated with alterations in all examined compartments.
Augmenting OATP2B1 activity leads to a notable increase in talinolol absorption, conse-
quently resulting in a higher proportion of talinolol being excreted in urine rather than
feces. Conversely, diminishing OATP2B1 activity exerts an opposite effect, leading to a
greater retention of talinolol in the intestinal tract. Notably, this effect becomes more
pronounced as the distance from the duodenum increases. Furthermore, the influence of
various degrees of cirrhosis on talinolol availability in individual compartments was exam-
ined. The scan outcomes reveal a significant correlation between talinolol concentration
and the severity of cirrhosis. Interestingly, the concentration of talinolol and the impact
of OATP2B1 activity tend to diminish as the degree of cirrhosis intensifies.

Fig. illustrate the impact of cirrhosis severity on pharmacokinetic parameters,
dependent on OATP2B1 activity. The results demonstrate that an increase in OATP2B1
activity leads to an elevation in the AUC of talinolol. The influence of reduced OATP2B1
activity on the elimination rate constant (k) and half-life (tpa¢) of talinolol in the body
is contingent upon the severity of cirrhosis. In healthy conditions, OATP2B1 activity
exerts minimal effects on ke and ty,r. However, as the severity of cirrhosis increases, ke
decreases, while ty,,i¢ rises, for reduced OATP2B1 activity. Enhanced OATP2B1 activity is
associated with decreased total and fecal clearance of talinolol. Neither OATP2B1 activity
nor cirrhosis significantly impact renal clearance.

As an important side note, the effects of changes in OATP2B1 activity are opposite
to changes in P-gp activity. As expected an increase in the intestinal influx transporter
OATP2BI1 has a similar effect as an decrease in the eflux transporter P-gp, and vice versa.
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Figure 22: OATP2B1 scan. (A) provides an overview of the effects of OATP2B1 activity
on talinolol availability in different compartments at different degrees of cirrhosis. Increased and
decreased OATP2B1 activity are marked by the blue and red gradients, respectively. (B) represents
the influence of the degree of cirrhosis on the pharmacokinetic parameters AUC, ke, thaf, and
clearance (renal, fecal, and total) at different OATP2B1 activities.
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3.5.4 Effect of renal function

Next the effect of renal function on the pharmacokinetics of talinolol was studied.
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Figure 23: Renal function scan. (A) provides an overview of the effects of renal function
on talinolol availability in different compartments at different degrees of cirrhosis. Increased and
decreased renal function are marked by the blue and red gradients, respectively. (B) represents
the influence of the degree of cirrhosis on the pharmacokinetic parameters AUC, ke, thar, and
clearance (renal, fecal, and total) dependend on renal function.

The scanning results (Fig. ) demonstrate that the talinolol concentration in the
intestine and the amount excreted in feces remain unchanged even when renal function
is altered. A decrease in renal function leads to an increase in talinolol concentration in
plasma, liver, and bile, as well as a reduction in the amount of talinolol excreted in urine.
Conversely, an increase in renal function has the opposite effect, resulting in a decrease in
talinolol concentration in plasma, liver, and bile, along with an increase in the amount of
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talinolol excreted in urine. The increase in renal function exerts a stronger effect on the
disposition of talinolol compared to the decrease in renal function.

With increasing severity of cirrhosis, the impact of altered renal function on talinolol
disposition is predominantly observed in the concentration of talinolol in bile, exhibiting
an approximate 80 % reduction. Conversely, cirrhosis has no significant effect on the
overall disposition of talinolol in the body. Fig. illustrates the influence of cirrhosis
severity in relation to renal function on the pharmacokinetic parameters of talinolol. The
results indicate that only with impaired renal function are slight changes in AUC, tya,
and fecal clearance attributable to cirrhosis observed. Renal clearance, on the other hand,
is solely dependent on renal function. As renal function increases, ke and total, renal, and
fecal clearance of talinolol also increase, while AUC and ty,;¢ decrease.
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Figure 24: Validation. Comparison between the model prediction and the experimental data
of Krueger et al. (2001) for different degrees of renal impairment (green lines). Decreased
kidney function of approx. 50 - 70 % in case of elevated or severe renal insufficiency, respectively.
The time curves of talinolol in (A) plasma after a single dose, (B) multiple dose (C) in urine are
presented. The time course predicted by the model is displayed by the solid line, and the data
from the curated studies are indicated by the dashed line.

The model predictions for renal impairment were validated with experimental data.
Krueger et al. (2001) studied the pharmacokinetics of talinolol in 24 subjects with
different creatinine clearance levels corresponding to various degrees of renal impairment
after 100 mg of talinolol administration.

In Fig the experimental data, with single and repeated administration of talinolol,
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from plasma and urine, were compared with the model prediction. Regardless of the mode
of administration, it can be seen that with increasing renal impairment, the cpax in plasma
increases, and the amount excreted in urine decreases. Overall the model prediction is
in very good agreement with the data. However, it is important to note that the model
predicts a slightly lower trajectory but greater accumulation of talinolol in both plasma
and urine compared to what is suggested by the experimental data.

Fig. illustrates the relationship between renal clearance and creatinine clearance,
which serves as a measure of renal function. In healthy subjects and those with severely
impaired renal function, the average renal clearance is approximately 0.03 and 0.15 mlin’
respectively. With improved creatinine clearance, the variability of renal clearance in-
creases. The model enables the representation of the correlation between renal clearance
and renal function.
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Figure 25: Validation. Shown is the correlation between renal clearance of talinolol and cre-
atinine clearance in the model and the Krueger et al. (2001) [49] study. The degrees of renal
insufficiency are shown in different green colors. The gray dots describe the subjects from the
study, and the black squares are the mean+SD of the group. The solid black line represents the
model prediction.

3.5.5 Site-dependency of intestinal absorption

Next the effect of site-specific infusion of talinolol in the intestine on pharmacokinetics of
talinolol was studied.

In addition to oral administration of talinolol in solid form, it is possible to infuse tal-
inolol specifically into different intestinal segments. The intestinal site-dependency scan
depending on the P-gp activity allows a detailed investigation of the pharmacokinetics
of talinolol after administration into the individual segments, duodenum, jejunum_1, je-
junum_2, ileum_1, ileum_2, and colon. The infusion is applied as an infusion at constant
rate for five hours. In the investigation of the site-specific infusions, an immediate decrease
in talinolol concentration is observed in plasma, liver, bile, and individual segments of the
intestine following the end of infusion, except in urine and feces, which show further in-
crease after the infusion ends due to the cumulative character of the quantities (i.e. total
amount in feces and urine).

Furthermore, minimal talinolol is detected in regions prior to the infusion site, which
is due to the minimal enterohepatic circulation of talinolol.
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Figure 26: Site-dependency scan. (A) provides an overview of the effects of site-dependency
intestinal infusion on talinolol availability in different compartments at different P-gp activities. In-
testinal infusion in duodenum (black), jejunum_1 (orange), jejunum_2 (red), ileum_1 (pink), ileum_2
(purple), and colon (blue) are shown. (B) shows the influence of P-gp activity on pharmacokinetic
parameters AUCgq, Cpax, and the amount in urine and feces depending on the localization of
intestinal infusion.

Overall, the results (Fig. demonstrate a decrease in talinolol concentration in
plasma, urine, and bile with increasing distance from the duodenum. In contrast, the
amount of talinolol in feces increases. This observation is further supported by the infu-
sion of talinolol into the colon, where no talinolol is absorbed into the body, and 100 %
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of the administered talinolol is recovered in feces. While fecal excretion remains con-
stant during infusion into the colon, the bioavailability of talinolol decreases with both the
distance from the infusion site to the duodenum and increasing P-gp activity.
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Figure 27: Validation intestinal infusion. Talinolol plasma concentrations after 30 min
infusion in the duodenum (black line) or jejunum_1 (orange line) are shown. The model prediction
is shown by the solid line while the dashed line represents the data from the studies Gramatte et
al. (1996) (18] and Bogman2005 et al. (2005) [6].

Gramatte et al. (1996) |18] utilized the method of intestinal infusion to investigate
the absorption of talinolol along the intestine. The infusion was administered either in
the duodenum or jejunum. In contrast, Bogman et al. (2005) |6] performed the infusion
exclusively in the duodenum. Significant variations in talinolol concentrations in the serum
were observed among the subjects. In all cases, less talinolol was absorbed when the
infusion was initiated distal to the duodenum. Despite the model predictions not being
in good agreement for the plasma concentrations, the relative decrease in talinolol plasma
concentrations when varying the infusion site can be recapitulated by the model. These
regioselective absorption differences were effectively described by the model.

3.6 Summary

Within this study, a comprehensive physiologically based pharmacokinetic (PBPK) model
for talinolol was developed. Notably, the intestinal compartment of the model was subdi-
vided, facilitating the targeted infusion of talinolol into specific segments of the intestine.
This subdivision enabled an in-depth investigation of talinolol disposition in relation to
the varying levels of key intestinal proteins, P-gp and OATP2B1 and the site-dependent
effects in the intestine. Predictions of the developed model were rigorously compared to
experimental data from a multitude of curated studies. Overall, the model showed a very
good agreement with most of the experimental data covering different domains.

Additionally, the established PBPK model was utilized to investigate the impact of
multiple factors on the pharmacokinetics of talinolol, including the enzymatic activity of
P-gp, OATP2B1, and OATP1B1, as well as renal function, cirrhosis, and differential pro-
tein distribution within the intestine. To further validate the performance of the model,
additional validation was conducted using literature data that encompassed genetic vari-
ations of P-glycoprotein (P-gp), renal impairment, and the effects of intestinal infusion of
talinolol.
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4 Discussion

4.1 Data

Within this work an extensive quantitative data set of talinolol was established and used
to develop a PBPK model of talinolol. The data set contains information on time courses
and pharmacokinetics after single and multiple oral, intravenous, and intraintestinal ad-
ministrations of talinolol. To our knowledge this is the largest available resource on the
pharmacokinetics of talinolol with all data freely available from PK-DB. We envision that
the data set will be an important asset in further studies of talinolol.

Notably, the data have some limitations: (i) most studies were performed on healthy
adult subjects, one of the exceptions being a group of patients with renal impairment [49].
(ii) The concentration-time curves of talinolol in the plasma and serum from most stud-
ies are consistent with a few exceptions [88, 68]. But the large standard deviation (if
reported) indicates significant variability between individuals. The same applies to the
excretion amounts of talinolol in urine and bile. (iii) very limited data was available on
talinolol recovery in the feces with only Bernsdorf et al. (2006) [5] providing data on
the excretion amount of talinolol in feces following both intravenous and oral administra-
tion. (iv) Although numerous studies have investigated the pharmacokinetics of talinolol
in relation to genetic variants of P-gp, the available data on the time courses of talinolol
depending on P-gp genetic variants are comparatively limited. Additionally, there is a
lack of available data on the relationship between OATP2B1, OATP1B1 and the phar-
macokinetic parameters of talinolol. (v) Information about talinolol pharmacokinetics in
liver disease was very limited and no data for cirrhotic patients was available.

Despite this limiations, the dataset comprising 33 studies from a total of 445 subjects
provides both quantitative and qualitative data to support the fitting and validation of
the talinolol PBPK model.

Importantly, our model predictions provided information about possible alterations of
pharmacokinetics in the cases were only minimal data was available, such as changes in
OATP2B1 activity, P-gp activity, or hepatic impairment. Our simulations could there-
fore fill an important gap of knowledge in talinolol pharmacokinetics and motivate target
experiments. Hopefully future research, will address these areas thereby allowing a more
comprehensive validation of the model and understanding of talinolol.

4.2 Model

Based on the established dataset, a physiologically based pharmacokinetic (PBPK) model
was developed to analyze the pharmacokinetics of talinolol. The model is based on five
key assumptions:

1. Talinolol is absorbed irreversibly across the apical membrane of enterocytes via
OATP2BI1.

2. Efflux of talinolol from enterocytes into the intestinal lumen occurs irreversibly
through P-gp.

3. Import of talinolol into the liver takes place irreversibly via OATP1B1.
4. No metabolism of talinolol takes place in the body.

5. Talinolol undergoes transport from the bile into the duodenum, leading to entero-
hepatic circulation.
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No information was available about the reversibility of talinolol transport via OATP2B1,
OATPI1B1 and P-gp. The assumption of irreversibility was used for simplification of the
model. Only minimal talinolol metabolism has been reported in the literature (< 1 %)
via CYP3A4 dependent hydroxylation of talinolol [5, |62} 82, 98].

The model was fitted using single-dose intravenous and exclusively fast-release oral
data. The current model is not applicable to controlled-release formulations which show
markedly altered pharmacokinetics with later and lower maximal plasma concentrations.
But the model could easily be extended to include such data, e.g., by adjusting the tablet
dissolution and absorption rates based on the tablet formulation. Because only a small
subset of the data was reported for slow-release tablets the focus of the model was on the
fast-release formulations.

According to the results, the model demonstrates a strong agreement with the overall
dynamics of talinolol disposition in the body, for both intravenous and single/multiple
oral administrations of talinolol.

The developed model was a mean model and we did not take intra-individual variabil-
ity into account, despite large variability oberserved in the curated data. Future model
extensions will account for these variability, e.g., via nonlinear mixed effect models or
sampling from underlying parameter distributions.

Intestinal model

An important part of the model was a subdivision of the intestine into subcompartments
corresponding to duodenum, ileum, jejenum, and colon which enabled to model the effect
of site-specific intestinal infusion of talinolol and the effect of site-dependent inflow and
efflux transporters.

The protein level of OATP2B1 remains relatively constant throughout the different
intestinal segments, whereas the protein level of P-gp increases along the small intestine.
This distribution of OATP2B1 as an importer and P-gp as an efflux transporter in the
intestine has the consequence that the bioavailability of talinolol in plasma decreases with
increasing distance from the duodenum. The model successfully described these differ-
ences. Such site-specific windows of absorption can be important determinants of drug
pharmacokinetics.

Interestingly, based on the site-dependency scan (see Sec. , the model shows
that talinolol does only appear in very small amounts in segments above the infusion
site due to the uni-directional motion within the intestinal model combined with minimal
enterohepatic circulation. This finding suggests that enterohepatic circulation in talinolol’s
disposition is relatively insignificant.

Nevertheless, it is crucial to acknowledge that the intestinal model only includes the
two primary transporters P-gp and OATP2B1, which are the main transporters reported
being responsible for the intestinal disposition of talinolol. The possible role of other trans-
porters, such as OATP1A2 [69] or MRP2 [17], was not considered in the model. Gaining
a more complete picture of the role of the various transporters for talinolol pharmacoki-
netics would be beneficial in understanding drug-drug interaction in the intestine. The
model allowed to characterize the effects of OATP2B1, P-gp and OATP1B1 on talinolol
pharmacokinetics, in a similar manner an extended model could be used to study the role
of additional transporters.
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4.3 Genetic variants

The present study focused on investigating the influence of the genotype of P-gp, OATP2B1,
and OATP1B1 on the pharmacokinetics of talinolol.

In particular, the results concerning the P-gp genotype were interesting. However, con-
flicting results were reported regarding the effect of variants of P-gp. Kim et al. (2001) [38]
demonstrated that the mutant genotype 1236 C>T, 2677 G>T, 3435 C>T (TTT) exhib-
ited a 40 % reduction in AUC compared to the wild-type genotype (CCC). This mutation-
induced change was modeled and compared with the studies of He et al.(2012) [26] and
Zhang et al.(2005) [97]. The model showed good agreement with the data of He et al.
(2012) [26]. It is worth noting that He et al. (2012) [26] only investigated the genetic
variants of the SNP on position 3435.

The impact of OATP1B1 gene polymorphisms on talinolol pharmacokinetics was only
reported by Bernsdorf et al.(2006) [5]. The model successfully corroborated the results
by revealing a correlation between the predicted half-life of talinolol and the activity of
OATPI1BI, as depicted in Fig. 2IB. Unfortunately, the data was very limited and no
timecourse data was reported which would have allowed for a more thorough validation
of our predictions. Given the limited sample size, future investigations should consider
further exploring the effects of genetic variants of OATP1B1 on the pharmacokinetics of
talinolol.

4.4 Disease

The thesis is also dedicated to the investigation of the influence of cirrhosis, a chronic liver
disease, and renal impairment on the pharmacokinetics oftalinolol. One of the objectives
of this project was indeed to utilize the developed model to make predictions regarding
the pharmacokinetics of talinolol for different stages of cirrhosis and renal function. The
presented model suggest that a higher degree of cirrhosis leads to a decrease in the up-
take of talinolol into the liver. This could result in a prolonged drug residence time in
the body and higher plasma levels. These effects are further reinforced by the reduced
activity of OATP1B1 and intestinal P-gp. The only pharmacokineticparameter not influ-
enced by cirrhosis is the renal clearance. To validate the model’s predictions and further
enhance understanding of the influence of cirrhosis on the pharmacokinetics of talinolol,
future research should include studies on the pharmacokinetics of talinolol in patients with
varying degrees of cirrhosis. Moreover, such studies could contribute to expanding the un-
derstanding of potential dosage adjustments when administering talinolol to patients with
cirrhosis.

The model demonstrates a clear correlation between renal clearance of talinolol and
renal function. Furthermore, renal function exerts a particularly strong influence on the
AUC of talinolol. When compared (see Fig. [24)) to Krueger et al. (2001) [49], who gathered
an extensive pharmacokinetic dataset of talinolol in subjects with varying renal functions,
the difference in AUC following single and multiple administrations of talinolol for different
renal functions was accurately captured. In an even stronger concordance, the model’s
prediction is consistent with the observed data regarding the dependency of renal clearance
on creatinine clearance, a well-established indicator of renal function.

In summary, the present work provides valuable insights into the influence of cirrhosis
and renal function on the pharmacokinetics of talinolol in the human body, particularly
in relation to the activity of P-gp, OATP2B1, and OATP1B1. The findings underscore
the need for further research in this field to optimize the use of talinolol in patients with
cirrhosis and renal insufficiency and ensure effective therapy.
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5 QOutlook

This work has demonstrated that talinolol is a suitable test substance to investigate the
activity of intestinal transport proteins such as P-gp and OATP2BI1, as well as the liver-
specific OATP1BI1.

5.1 Drug-drug interactions

Drug-drug interactions can cause undesirable pharmacokinetic effects that also impact
the pharmacodynamics of medications. Studies have shown that the combined intake of
talinolol with rifampin leads to reduced talinolol plasma concentration due to increased
activity of P-gp [91} 98]. The talinolol database and curated studies encompass a variety
of drug-drug interactions involving talinolol and other medications such as simvastatin [5],
St. John’s Wort [65], erythromycin [67], and many more. A promising avenue is to
extend the existing physiologically-based pharmacokinetic (PBPK) model with models for
additional substances which would allow to study and better understand these drug-drug
interactions. In summary, the PBPK model of talinolol and the existing curated data
provide a solid foundation for future research on drug-drug interactions with P-gp.

5.2 Drug formulations

The model allows accurate predictions for the pharmacokinetics of talinolol after intra-
venous infusion and administration of fast-release formulations. The composition of a
medication formulation can have a crucial impact on the bioavailability of the drug in the
body. While there are no differences in the pharmacokinetics between film-coated and
sugar-coated tablets [70] or capsules [54] of talinolol, the ingestion of controlled-release
tablets leads to significantly reduced bioavailability of talinolol compared to fast-release
tablets (Cmax 43.9 £ 11.6 vs. 204.5 £ 121.8 ™4 and AUC 1580.9 £ 605.1 vs. 2933.9 £

738.4 %lh) [84]. The slower dissolution of the tablet results in the release of talinolol in
more distal segments of the intestine.

Overall, these findings highlight the importance of considering the specific formulation
and its impact on drug bioavailability. Future research should focus on exploring the
relationship between tablet formulations or site-specific intestinal infusion, and protein
distribution in the intestine to enhance our understanding of the factors influencing drug

absorption and bioavailability.

5.3 Gastrointestinal surgery

The model demonstrated that talinolol undergoes region-selective absorption, primarily
mediated by the intestinal distribution of OATP2B1 and P-gp proteins, with the absorp-
tion window located in the upper region of the duodenum. However, this window can be
closed by gastrointestinal interventions, such as bariatric surgery [76]. Bariatric surgery
is a long-term effective method [34] for treating adipositas (BMI > 35 %), which affects
19 % of adults in Germany [41].

Examining the influence of gastrointestinal resection on talinolol’s pharmacokinetics
would not only enhance our understanding of drug absorption in post-surgical patients but
also expand the applicability of the model to a broader range of patient populations. Such
investigations would contribute to optimizing medication dosing and treatment strate-
gies for individuals who have undergone gastrointestinal resection, ultimately improving
therapeutic outcomes and patient care.
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Figure 28: P-gp scan. (A) provides an overview of the effects of P-gp activity on talinolol
availability in different compartments at different degrees of cirrhosis. Increased and decreased
P-gp activities are marked by the blue and red gradients, respectively, in color. (B) represents the
influence of the degree of cirrhosis on pharmacokinetic parameters of AUC, ke, thair, and clearance
(renal, fecal, and total) at different P-gp activities.
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Figure 29: OATP1B1 scan. (A) provides an overview of how the activity of OATP1B1 affects
the availability of talinolol in different compartments at various degrees of cirrhosis. The color
gradients indicate increased (blue) or decreased (red) OATP1BI1 activities. (B) illustrates the
impact of cirrhosis severity on pharmacokinetic parameters such as AUC, k), thair, and clearance

(renal, fecal, and total) at different levels of OATP1B1 activity.

48



Effect of OATP2B1 (iv application)

>

Control Mild cirrhosis Moderate cirrhosis Severe cirrhosis Control Mild cirrhosis cirrhosis Severe cirrhosis
H Zos
) )

a 05
H £
g HE
4 ]
B Soa
g0 °
3 30
Sos 3
£ £o
3 s
o =
o

g0 2

=

E} o.

S g
5

H

2o 2,
2010 s

£ 3o

Eoos £

s

talinolol jejunum2 [uM]

talinolol ileum1 [uM]

NNEI

?’
-

talinol

TIENNTT

talinolol bile [uM]

-

o. s ﬂao ":s] 60 125 00 25 "sn "7'5 100 125 00 25 “su [;.51 100 125 00 25 ﬂao ":s] 100 125 time [hr] time [hr] time [hr] time [hr]
me hl me hrl me [hr me hl
0 05 1 15 2
B OATP2B1 activity in gut [-]
i - onad 8 - 0.200 — —
3535555088800 e Contro e Contro
a0 0.08 030 ; o Midcinhosis 0.0175 1% "o wia cinnoss
- - 7 i 0.175{ e Moderate cirthosis o Moderate cirthosis
! —o— Severe cirhosis 0.0150] |~ severecinnosis
35 0.07 . 025 : T 0.150 g :
T30 0.06 - £ : £ € 0.0125
L3 T £5 5 0.20 ; 9 0125 ™
T - i
25 £0.05 N g 1 g £ 0.0100
2 =) £4 s ! § 0.100 I
320 5 0.04 < §0.15 1 H H
S.s ~ 003 $3 < : < 0.075 g 0.0075
Caa : To.10 | [ s
] i 0.050 $ 0.0050
1.0 0.02 2 " ! £o =
—e— Control —e— Control e Control —e— Control
0.5 -0 Mid cirhoss 0,01 o Mid cirhosis 1] - midcirhosis 0.0571 o wilg cirrhosis 0.025 0.0025
-5 ~@— Moderate cirrhosis N ~@— Moderate cirrhosis ~@- Moderate cirrhosis ~@— Moderate cirrhosis
o~ Severe cirthosis o Severe cirthosis - Severe cirthosis o~ Severe cirhosis '
0.0 0.00 0 0.00 0.000 0.0000 ;
107t 10° 10! 107! 10° 10! 107t 10° 10! 107t 10° 10! 107! 10° 10! 1071 10° 10t
OATP2B1 activity [-] OATP2B1 activity [-] OATP2B1 activity [-] OATP2B1 activity [-] OATP2B1 activity [-] OATP2B1 activity [-]

Figure 30: OATP2B1 scan. (A) provides an overview of the effects of OATP2B1 activity on
talinolol availability in different compartments at various degrees of cirrhosis. The color gradients
indicate increased (blue) or decreased (red) OATP2B1 activities. (B) illustrates the influence of
cirrhosis severity on pharmacokinetic parameters such as AUC, kg, thar, and clearance (renal,
fecal, and total) at different levels of OATP2B1 activity.
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Effect of renal function (iv application)
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Figure 31: Renal function scan. (A) provides a comprehensive assessment of the influence
of renal function on the availability of talinolol in different compartments across varying degrees
of cirrhosis. The color-coded gradients indicate the impact of renal function on the transport
and availability of talinolol. (B) presents the relationship between the severity of cirrhosis and
key pharmacokinetic parameters, including AUC, ke, thar, and clearance (renal, fecal, and total),
considering different levels of renal function.
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Excluded data sets

The exclusion of the following datasets was based on the reasons provided in the legend.
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Figure 32: Simulation experiments Nguyen2014 , data was duplicate data from
Nguyen2015 , which provided a more comprehensive dataset.
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Figure 33: Simulation experiments Schwarz2005 7 reported data was much too low for the
given dose. Most likely slow release tablets, but no information provided in the study.

Tubic2006a Tubic2006a
1.0
Sim 200 IR [mg] Sim 200 IR [mg]
—— Sim 100 IR [mg] @ 150{ — Sim 100 IR [mg]
0.8 -#- 100 IR [mg]SD (n=7) ° --=- 100 IR [mg] (n=1)
= ~#- 100 CR [mg]£SD (n=7) £ 125{ % 100 IR [mg]2SD (n=7)
r:-‘_ 200 CR [mg]£5D (n=7) 2 =~ 100 CR [mg] (n=1)
—=0.6 o 100 #® 100 CR [mg]£SD (n=7)
3 £ 200 CR [mg] (n=1)
Qo4 5 75 200 CR [mg]+SD (n=7) &=
[ -
= o >
2 so
©
0.2 .g 2 R
©
-
0.0 0
0 10 20 30 40 50 0 10 20 30 40 50
time [hour] time [hour]

Figure 34: Simulation experiments Tubic2006a , controlled release (CR) tablets were not
used. Only immidiate release (IR) data was used.
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Figure 35: Simulation experiment Wang2013 [88], reported data was much too high for the given
dose.
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