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General introduction, scope and outline of the investigation

General introduction

Drug development process

The drug development process is a comprehensive and multi-stage procedure
that involves discovery, compound identification, preclinical testing and clinical
trials. This is a costly and long process as it takes on average 10-15 years and
$1-2 billion for each new drug to be approved for clinical use’. It is observed
that 90% of drug candidates to not make it do the market'=. A majority of drugs
in development tend to fail in phase Il of phase Ill due to the inability to predict
toxicity and efficacy in vivo*>. The disparate findings during the preclinical phase
using animal models and human clinical trials typically manifest during late-
stage clinical assessment or during post-market stages?®. To illustrate, recently
the drug fenebrutinib for the treatment of multiple sclerosis resulted in
elevated levels of hepatic transaminases and elevated bilirubin levels in some
patients in a phase Il clinical trial, suggesting a potential risk for drug-induced
liver injury®. Besides drug induced toxicity, drug-drug interactions (DDI) are also
major concerns during the drug development process’8. DDI can occur when
patients use multiple drugs which can affect the systemic concentration of the
drug. This can potentially result in reduced efficacy, severe adverse reactions or
can even result in toxicity leading to withdrawal from the market’. It is observed
that compounds which are inhibitors or substrates of hepatic transporters are
more prone to cause DDI and/or drug induced liver injury, therefore
assessment of the hepatic first pass effect and biliary excretion of drugs in
development is of major importance. An example is a phase | study where Mita
et al.? demonstrated that a compound showed non-linear kinetics at the
highest dose levels. This could possibly be the effect of saturation in biliary
excretion pathway of the compound, as a biphasic plasma profile was cbserved
in the lower dose levels, demonstrating enterohepatic circulation of the
compound, however this was not observed in preclinical models and animal
studies. Current models that predict biliary excretion often fail due to species
differences (rodent/dog) or due to differences in transporter expression in in
vitro assays (e.g. sandwich cultured hepatocytes)'®'?. Thus characterization of
these complex pharmacokinetic (PK) processes request comprehensive,
complete and dynamic preclinical models which can recapitulate the complexity
of the human body'>', which is crucial to enhance the likelihood of successfully
concluding a clinical trial and obtaining approval for a new drug'. Developing
physiologically relevant models is not only limited to study the DDI potential of
newly developed drugs but also to study the outcomes of polypharmacy.
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Patients and elderly patients in particular, often receive more than one drug at
the same time as they can suffer from multiple conditions. As a result, the
uptake or excretion can be mediated by the same transporters and thereby
interfering which each other's clearance'®®,

Drug ADME processes and models involved

Intestine

Oral delivery of a drug is the most preferred route of administration in terms of
costs and medication adherence’. After oral absorption, the gastrointestinal
tract serves as the first barrier for the entry of drugs into the bloodstream.
After passive or active (transporter-mediated) absorption, drugs can be
metabolized by cytochrome P450 (CYP450) enzymes located within the gut-
wall’. These drug transporters and CYP450 enzymes are broadly and
heterogeneously expressed along the gastrointestinal tract and they can have a
major impact on the drug absorption into the portal vein?°. The intestinal tract
expresses a broad range of efflux transporters which belong to the ATP-binding
cassette (ABC) family, using ATP as energy source to efflux drugs and
endogenous compounds out of cells?'?2. Main transporters in the intestine are
multidrug resistance protein 1 (MDR1), also known as P-glycoprotein (Pgp),
breast cancer resistance protein (BCRP) and multidrug resistance protein 2
(MRP2) and they belong to the ABC transporter family and efflux compounds
from the apical membrane back into the lumen, thereby limiting the absorption
of substrates for these transporters such as rosuvastatin and digoxin?.
Additionally, CYP450 drug metabolism by the gut wall, which is known as the
intestinal extraction (Eg), contributes to the first-pass effect and thereby limits
the oral bioavailability?*?. Midazolam for instance, a CYP3A4 substrate,
undergoes partial metabolism in the gut wall before reaching the liver242627,
Multiple intestinal preclinical models have been established to measure the
absorption from the lumen (apical side) to the portal venous blood (basolateral
side). The Caco-2 transwell model is often used to study intestinal
permeability®. However a major drawback of this cell-based model is the
limited expression of CYP450 enzymes and altered transporter protein
expression levels compared to human intestinal tissue?. The use of ex vivo
intestinal tissue models is therefore preferred since the morphological
structure is intact as well as the presence of uptake and efflux transporters and
CYP450 enzymes thereby properly reflecting in vivo conditions®. In preclinical
intestinal models, the intestinal transport is reflected as the apparent

12
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permeability (P.pp) Which represents the apical to basolateral permeability per
centimeter per second®?'. Subsequently, the P, can be incorporated in
physiologically based pharmacokinetic modelling (PBPK) modeling to predict
the intestinal absorption and clearance®. Current intestinal models are
predominantly static, while in vivo, the intestinal luminal flow as well as the
superior mesenteric artery flow affect the absorption and metabolism of
drugs®3. This shows the importance of incorporation of flow in preclinical
intestinal models to properly predict absorption and metabolism. The
developments in the field or organ on-a-chip have therefore the capacity of
better reflecting the in vivo intestinal transport®=’,

Liver

After intestinal absorption, the drug reaches the liver via the portal vein. Similar
to the intestine, transporter proteins and CYP450 enzymes play an important
role in the uptake, efflux and metabolism of drugs and endogenous
compounds. The organic anion transporting peptides (OATPs) belong to the
superfamily of the solute carrier class of organic anion transporters and are key
uptake transporters expressed on the basolateral membrane of hepatocytes®,
This is exemplified by guidelines from the FDA for drugs in development,
emphasizing the significance of testing whether a drug is a substrate for
OATP1B1/1B3 when biliary secretion of hepatic metabolism constitutes >25%
of the total drug clearance®. Moreover, OATP1B1/1B3 play also an important
role in the uptake of endogenous compounds and toxins. (Un)conjugated
bilirubin, coproporphyrin | (CPI) and lll and (un)conjugated bile acids are for
instance transported by OATP1B1/1B3 into the hepatocyte. Clinical studies**
showed that direct bilirubin, CPI and also the bile acids like
glycochenodeoxycholic acid-sulphate (gCDCA-S) are elevated upon dosing the
OATP1B1/1B3 inhibitor rifampicin. Utilization of endogenous biomarkers is
particularly valuable in in vivo studies to enhance drug safety, serving as an
early indicator for potential transporter-mediated drug-drug interactions.
Besides the expression of OATPs, other important proteins expressed on the
basolateral membrane are the organic cation transporters (OCTs) and the
natrium taurocholate transporting peptide (NTCP) which are uptake
transporters and MRP3 and MRP4 which are efflux transporters*#. Next to
basolateral transporters, CYP450 enzymes are abundantly present in the liver,
to a higher extent than in the intestine?. This higher abundance in the liver
plays a crucial role in the hepatic extraction (En), which represents the fraction
of a drug that is extracted by the liver (converted to metabolites of excreted
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into the bile) during one passage through the liver®®. The clearance of a drug by
the liver is affected by transporter mediated uptake, CYP450 metabolism and
hepatic blood flow*. The hepatic clearance refers to the amount of drug
removed from the blood flow per unit of time and a greater (portal) blood flow
will therefore lead to faster absorption into the hepatocytes. Liver diseases as
non-alcoholic-fatty liver disease (NAFLD), currently known as metabolic
associated fatty liver disease (MAFLD), alcoholic liver disease (ALD) and primary
sclerosing cholangitis (PSC) can affect the hepatocellular function and lead to
fibrosis which can progress to liver cirrhosis®. Subsequently, cirrhosis can
affect the hepatic blood flow and lead to an increased resistance in the hepatic
vascular bed resulting in a decreased portal hepatic flow®%, Rane et al.*®
reported that the clearance of hepatically cleared drugs with a high extraction
ratio are related to blood flow and thus a major decrease in portal flow as in
cirrhosis can dramatically affect the first passage across the liver®®>!. Therefore,
it is of major importance and of interest to include (portal)flow into hepatic
preclinical models to better predict clinical outcome.

After CYP450 metabolism (phase | metabolism), drugs and endogenous
compounds can undergo phase Il metabolism (conjugation) which involves
glucuronidation or sulfation by uridine diphosphate-glucuronosy-ltransferases
(UGTs) or sulfotransferase (SULT) enzymes respectively*>>3. Thereafter, carrier
mediated processes are required to transport phase Il conjugated across the
canalicular or basolateral membrane or transport the parent compound in
unchanged form>3%4 Drugs and endogenous compounds can also be excreted
into the bile which is a carrier-mediated and energy-dependent process. BCRP,
MRP2, P-gp, multidrug and toxin extrusion proteins 1 (MATE-1) and bile salt
export pump (BSEP) are located on the canalicular membrane of the
hepatocyte and are involved in the excretion of drugs, metabolites and
endogenous compound as unconjugated and conjugated bile acids®®. BSEP,
and MRP2 to a lesser extent, are considered important transporters involved in
the efflux of conjugated bilirubin and bile acids into the bile making them
noteworthy endogenous biomarkers®. After a meal, the gallbladder contracts
and the bile is excreted into the duodenum enhancing digestion of lipids and
aid in the absorption of fat-soluble nutrients®. In the intestine the biliary
excreted drug metabolite can undergo hydrolysis back to parent compound by
the microbiome, whereafter the parent compound can be re-absorbed by the
intestine ending up in the portal venous blood again. This is known as the
enterohepatic circulation (EHC). These dynamic liver processes which include

14
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portal and arterial flow, interplay between drug transporters and phase |, phase
[l metabolism and biliary excretion is challenging to mimick in preclinical
models™. In in vitro studies, microsomal fractions and hepatocyte cultures are
often applied to determine the hepatic clearance of drugs. By measuring the
rate of unbound drug elimination followed by scaling the incubation cell
content to average liver cell content, an estimate of the hepatic clearance is
generated®°, More advanced models which are used are precision cut liver
slices, the isolated perfused liver, sandwich cultured hepatocytes or the liver-
duct-on a chip which have the ability to study phase | and Il metabolism and/or
biliary excretion08" Although the isolated perfused liver model closely mimics
the in vivo conditions by incorporating flow and allowing the measurement of
biliary excretion, its primary application in studying drug pharmacokinetics is
currently restricted to rodents®?,

Kidney

After gut-wall and hepatic metabolism, known as the first-pass effect, the drug
reaches the systemic circulation. Systemic bioavailability after oral absorption is
defined as (F) = fraction absorbed (F.) * fraction escaping gut metabolism, (Fg) *
fraction escaping hepatic metabolism (F)%, showing the influence of the
intestine (F, and Fg) and the liver (Fu). After reaching the systemic circulation,
the drug reaches various organs including the kidneys. The kidneys are
responsible for the elimination of mainly hydrophilic drugs. The renal clearance
is the result of glomerular filtration, tubular secretion and reabsorption®. The
basolateral and apical membrane of the proximal tubule cell contain many
different transporters which play a pivotal role in the elimination of drugs and
metabolites which function in a secretive or a reabsorptive manner®. Organic
anion transporter 1 (OAT1) and OAT3, and OCT2 and OCT 3 are important
uptake transporters on the basolateral membrane. On the apical membrane,
MATE1 and MATE2 and BCRP have a significant role in the elimination. The FDA
and the international transporter consortium recommended evaluation of
OAT1, OAT3, OCT2 and MATE transporter involvement when the active
secretion of the drugs is >25% of the systemic clearance®*%. This is primarily
since their significant role in drug clearance and inhibition of these transporters
can result in potential DDI and renal toxicity®®. Endogenous markers have also
been established for several kidney transporters as early indicators in plasma
and urine to investigate potential transporter mediated DDI. Taurine, the bile
acid gCDCA-S and creatinine are known to be transporter into the renal
proximal cells by OAT1, OAT3 and OCT2, respectively. Subsequently, creatinine




Chapter 1

and thiamine are known to be excreted by MATE into the urine®. In general it is
considered that the kidney has less metabolizing capacity compared to liver
and intestine given the net weight of the organ and the microsomal content®’.
Preclinical renal clearance is often assessed using primary human cells or
immortalized cells to study transporter affinity and transporter involvement in
the renal uptake and efflux of compounds®®. Nowadays, renal clearance is
assessed in more complex preclinical models like the isolated kidney perfusion
model, proximal tubule on a chip, or animal studies” "4,

Currently, PBPK modeling is broadly applied in drug discovery to estimate the
PK profile of a compound based on the preclinical absorption, distribution,
metabolism and elimination (ADME) data’>. Prediction could aid in the
determination of the first dose for a clinical trial in the absence of in vivo data,
assess dose regimen or to study potential population variability’®. The more
accurate the input data into these models, the more reliable the outcome
which could facilitate early identification of drug with a high potential for DDI in
the drug discovery process’”. To exemplify, the use of isolated intestine, liver
and kidney perfusion in the past have demonstrated to be value models gaining
mechanistic insights into the physiology and the role of transporters and
enzymes including their interplay in the organs’®. Using ex vivo organ perfusion
with rat organs, Pang et al., demonstrated important DMPK concepts as hepatic
zonation, hepatic and renal metabolism and blood flow dependent hepatic
elimination”83, For the isolated organ perfusion experiments mainly rodent
organs are used, however translation of these findings to clinical practice
remains challenging due to, among others, species differences in transporter
expression® Currently, advancements in the development and application of
ex vivo organ perfusion are occurring in the field of organ transplantation. The
use of pressure driven machine perfusion facilitates organ preservation under
hypothermic conditions and also provides the opportunity to assess organ
viability and functionality under normothermic conditions® . The use of these
novel pressure driven perfusion machines opens new opportunities for the
field of pharmacology since it allows to study the function of human or porcine
whole organ(s) under conditions that are as close as possible to
the in vivo situation®. The inclusion flow, intact cellular morphology and
preservation of excretion pathways make the model attractive to study
pharmacological processes such as the hepatic first pass effect, renal clearance,
biliary and urinary elimination or DDI. Compared to the isolated perfused-organ
systems using rat organs, the human/porcine machine perfusion models have
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relatively high circulating perfusion volume and urinary and biliary output which
allows easy sample collection to assess drug PK®¥. Furthermore, and of utmost
significance, the use of human organs enables direct translation of the findings
to the human in vivo condition.

The objective of this thesis

The aim of this thesis was to explore the applicability of pressure driven
normothermic organ perfusion to study pharmacological processes in the liver,
intestine and kidney.

Qutline of this thesis

Preclinical models are a crucial part of the drug development process, however
to study complex ADME processes more advanced preclinical models are
needed. The first part of this thesis, chapter 2, provides an overview of the
currently used ex vivo models in drug development research. The review
describes the novel developments using ex vivo tissues to improve the
predictions of human ADME profiles and DDlIs in health and disease.

In part Il of this thesis, the focus is on ex vivo liver perfusion to study drug
pharmacokinetic processes and endogenous substrate handling. Porcine
organs are often used for method validation and device development and it has
been shown that normothermic machine perfusion (NMP) of the porcine liver is
an excellent platform to study hepatic processes®?'. Additionally, the pig liver
model is considered a proper translational model because of anatomical,
physiological and biochemical similarity to humans and nowadays this model is
increasingly used in biomedical research®. In chapter 3, we evaluate the use
of normothermic machine perfusion of porcine livers as a novel model to
predict pharmacokinetic processes. Using three statins as OATP1B1/1B3
substrate model drugs (rosuvastatin, atorvastatin and pitavastatin) we studied
the transporter mediated hepatic extraction and biliary excretion. Furthermore,
we examined the effect of rifampicin on the disposition of these three statins.
In clinical data, a rank-order relationship has been observed in the DDI with
rifampicin and we aimed to study if the ex vivo liver perfusion model could
mimick the rank-order relationship.

Established in vitro and animal models are often used to study the pathology
and pharmacological characteristics of drugs of varying diseases. However,
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translation of these findings to clinical practice remains challenging due to,
among others, species differences in transporter expression and the difficulty
to mimic dynamic liver processes®'®#. In chapter 4, we developed a novel
hepatic model using diseased explanted human livers. Four model drugs
(rosuvastatin, digoxin, furosemide and metformin) with and without perpetrator
drugs were used to study hepatic extraction, clearance, biliary excretion and
DDI. These model drugs are known substrates for different important hepatic
uptake and efflux transporters and enabled comparison of the model to in vivo
reported data.

In the field of ex vivo liver perfusion, limited research is performed regarding
characterization of bile acid composition, cholesterol homeostasis and
transporter gene expression during ex vivo liver perfusion. Moreover, in the ex
vivo perfused liver model the enterohepatic circulation is absent. Nevertheless,
the bile acid recirculation plays a crucial role, particularly in supporting the
function of specific drug transporters and homeostasis of cholesterol levels®*%,
In chapter 5, we aimed to characterize the de novo bile acid production,
cholesterol levels and transporter gene expression during ex vivo liver perfusion
in pig and human livers. Additionally, we aimed to decreased the metabolic
burden of the de novo bile acid synthesis by incorporating a pool of
(un)conjugated bile acids during ex vivo liver perfusion and study subsequently
its effects.

Part Il is aimed to unravel drug pharmacokinetics through multi-organ
perfusion. While the majority of organ perfusion studies focus on perfusion
with a single organ, a few studies have investigated the possibility of a multi-
organ perfusion model to study physiological processes?'®. The possibly to
perfuse multiple organs allows in-depth analysis of ADME processes like gut
wall metabolism, portal vein concentrations, hepatic uptake and biliary
excretion and thus generating novel pharmacological insights. In chapter 6, we
aimed to explore the applicability of a porcine ex vivo perfusion model to study
gut-hepatobiliary metabolism by characterization of oral absorption, gut wall
metabolism, pre-systemic hepatic metabolism and biliary excretion using
midazolam as a CYP3A4 model compound.

In part IV - chapter 7, the results and conclusions of this thesis are
summarized, discussed and future perspectives are presented. As the
application of ex vivo organ perfusion for pharmacokinetic research is quite
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novel, major potential lies ahead for future pharmacokinetic questions
regarding DD, studying the first-pass effect and the enterohepatic circulation in
the multi-organ model and the use of explanted human diseased livers.
Furthermore, the first steps towards translation of ex vivo data to in vivo PK
profiles will be shown and discussed.
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Abstract

To predict the absorption, distribution, metabolism and excretion (ADME)
profile of candidate drugs a variety of preclinical models can be applied. The
ADME and toxicological profile of newly developed drugs need to be available
before assessment in humans, which is associated with long time-lines and high
costs. Therefore, good predictions of ADME profiles earlier in the drug
development process are very valuable. Good prediction of intestinal
absorption and renal and biliary excretion remain especially difficult, as there is
an interplay of active transport and metabolism involved. To study these
processes, including enterohepatic circulation, ex vivo tissue models are highly
relevant and can be regarded as the bridge between in vitro and in vivo models.
In this review the current in vitro, in vivo and in more detail ex vivo models for
studying pharmacokinetics in health and disease are discussed. Additionally, we
propose novel models of which we envision these will generate valuable
pharmacokinetic information in the future due to improved translation to the in
vivo situation. These machine perfused organ models will be particularly
interesting when combined with biomarkers for assessing functionality of
transporter and CYP450 proteins.
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1. Introduction

Upon oral intake of a drug, intestinal absorption is the first barrier affecting the
final drug concentration in the circulating blood’. Following intestinal
absorption, drugs reach the liver via the portal vein, where they can be
absorbed, metabolized and/or excreted into the bile. The liver is an important
and complex organ, is responsible for the biotransformation of many
endogenous and exogenous compounds and involved in the storage and biliary
excretion of these compounds and their metabolites. In addition to the liver,
extrahepatic tissues significantly contributes to the clearance of drugs as a
diverse range of transporters and metabolizing enzymes have been
characterized in the Gl-tract and the kidneys'. Influx and efflux transporters,
expressed on apical or basolateral membranes of these organs, and
cytochrome P450 (CYP450) enzymes regulate the absorption of drugs across
the intestinal wall into the portal blood, the clearance of drugs in the liver (and
kidneys) and excretion by the biliary and renal pathways®. To determine how
transporters and enzymes are involved with these processes is challenging as
conventional research models are (too) simplified and do not properly reflect
the conditions in vivo. For example, several studies have characterized the
interplay between efflux transporter P-glycoprotein (Pgp) and CYP3A478,
However, knowledge about the role and contribution of transporters in biliary
and renal clearance processes, the involvement of the enterohepatic cycle, and
drug-drug interactions (DDI) in healthy and diseased tissues are still poorly
understood.

Over the past decade, a variety of in vitro, ex vivo, in vivo and in silico preclinical
models have been developed to characterize and predict absorption,
distribution, metabolism and excretion (ADME) processes in the human
situation. The ability to predict the ADME profile of a candidate drug in the
preclinical phase is important to determine whether the drug is safe, effective
and can advance to phase | clinical trials. Furthermore, the potential of the drug
to interact with the kinetics of other drugs needs to be taken into account as
predicting potential DDI is important for the patients health. Concomitant
administration of drugs can affect the pharmacokinetic and pharmacodynamic
profile of one or both compounds. This can lead to a change in the systemic
exposure or site specific concentration of the drug, thereby altering the
therapeutic outcome or increasing the risk of serious adverse events®'.
Extensive research regarding the potential interactions between drugs is
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needed prior to clinical trials, as significant interactions can result in withdrawal
of the drug from the market'?. The impact on the development of new drugs in
relation to DDI was shown in a systemic review by the FDA demonstrating that
almost all new molecular entities had been found to be perpetrators of
metabolic interactions on the basis of in vitro tests''3. Therefore, it is important
to study the functionality of transporters and enzymes, and their interplay in
the liver, kidneys and Gl tract as the most dominant organs involved in drug
uptake, metabolism and excretion using proper preclinical models™. This
review describes the current models and novel developments using ex vivo
tissues to improve the predictions of human ADME profiles and DDIs.

2. Invitro and in vivo models for the prediction of
pharmacokinetics

In vitro DMPK

Multiple preclinical in vitro models have been developed to predict the
pharmacokinetic profile and metabolic clearance of drugs. These models are
mainly based on cell lines (e.g. caco-2, HEK293, MDCKII, HePaRG cells), primary
cell cultures (e.g. hepatocytes), and isolated microsomes and vesicles to study
organ function, drug metabolism, evaluation of transporter function and drug
induced organ toxicity'. Genetically modified cell lines overexpressing a specific
uptake or efflux transporter allow specific assessment of the interaction
between drugs and transporter proteins. A major advantage of in vitro models
is the possibility to study isolated processes such as phase | and Il metabolism
or to compare metabolism and transporter affinity across species'®. The
medium- to high throughput nature of in vitro models makes them highly
attractive in drug development screening processes. However, complex
processes such as transporter-enzyme interplay are difficult to evaluate in vitro
models as transport directionality and transporter-enzyme interactions at the
organ level often cannot be established®. Additionally, cell based models
frequently lack specific aspects of the organ, such as the presence of and
interaction between different cell types or the ability to excrete bile or urine' 8,
An example of an in vitro model which overcomes the problem of lacking bile
excretion is the sandwich-cultured hepatocyte model. The hepatocytes are
cultured between two layers of collagen form canalicular networks so that
hepatobiliary disposition of compounds can be studied™. A limitation of this
model is the use of non-human hepatocytes leading to results that remain
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difficult to translate to the human in vivo situation due to differences in
transporter expression between species'.

New developments in in vitro DMPK

Currently, the development of new predictive preclinical in vitro models is a field
that attracts a lot of attention. The discovery of organoids, a stem-cell based 3D
model derived from patient biopsy material, is generating serious attention
especially in the field of disease development modelling®. Furthermore, major
improvements have been established lately in conventional cell models using a
combination of 3D cell models and microfluidic technology, commonly referred
to as ‘organ-on-a-chip’ (OOC). These models incorporate microfluidics and the
flow thereby generated induces shear stress and mechanical strain to the cells,
with a major effect on cell adhesion, growth rate and differentiation
processes?’. The OOC models can better mimic the complexity of in vivo organs
and it is expected that they will be more useful than conventional in vitro cell
lines'™2223 Kim et al.,, for example reported a gut-on-a-chip model with the
incorporation of a cyclic strain mimicking peristaltic motions, important for
intestinal absorption processes and the ability to co-culture with intestinal
bacteria®. An advantage of OOC models is the ability to connect multiple
organs cultured on a chip using microfluidics and thereby studying the
interconnection between metabolizing organs. Tsamandouras et al., developed
a coupled gut-liver-chip model to study PK of multiple organs and the
interconnection between the organs using diclofenac and hydrocortisone. A
minor but significant difference was the formation of the CYP2C diclofenac
metabolite 4-OH-DCF in gut-liver chip compared to the Liver-chip alone?.
Maschmeyer et al.,, reported a four-organ-chip including the intestine, liver,
kidney and skin which is able to study ADME processes®. Although these
systems are more complex compared to the conventional in vitro models, these
systems remain cell based and as such limitations remain.

In vivo animal DMPK models

To study in vivo processes in the preclinical phase, a variety of laboratory animal
models are used. Laboratoy animals are useful in different stages of drug
discovery and development and are systematically used to find bioavailable
compounds, compare pharmacokinetics (PK) across species, determine the no-
observed-adverse-effect-level (NOAEL), test DDI potential and ensure safety?.
To study the contribution of specific transporters in absorption or clearance
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processes of a drug, knock-in or knock-out mouse models are often used®,
However, most results obtained in pre-clinical studies using experimental
animals do not translate well to the human situation®. An important
contributor to this loss-in-translation is that PK processes are very different in
animals and humans; i.e. the amount of drug that enters the circulation in
animals shows little correlation to the relative amount measured in the blood of
humans?. This is not only a result of different physiology between animals and
humans, but also due to differences in transporter expression between
species®. Humanized mouse models are a step towards human in vivo DMPK?',
Katoh et al., demonstrated the metabolism of CYP2D6 substrate debrisoquin in
a humanized liver mouse model and showed the presence of human albumin
in the blood of the chimeric mice indicating the presence of human
hepatocytes®. However the predicting intestinal absorption (or biocavailability)
and renal and biliary excretion remain difficult, as there is an interplay of active
transport and metabolism involved. Predicting of biliary excretion based on bile
cannulation in rats or dogs often fail due to species differences'®**%, The
enterchepatic circulation (EHC) adds complexity to predicting biliary excretion.
An increasing number of compounds is subjective to EHC, making it difficult to
predict plasma profiles after oral or intra venous (iv) administration.

In vivo human DMPK

There are limited methods to study clinical ADME processes in humans early in
the drug development phase. One of these methods includes microdosing
studies using a microtracer of the newly developed pharmaceutical compound
labelled with ['“C] radiolabel to characterize the PK of the drug using highly
sensitive accelerator mass spectrometry technology®*3°. There are also some
unique examples of studies using human subjects undergoing surgery where it
is possible to measure intestinal permeability or biliary clearance. For example,
in vivo intestinal permeability can be assessed using a Loc-I-Gut perfusion
system, placed in the jejunum where during a single-pass perfusion, the
permeability of a certain compound can be studied®’. To date, studying biliary
excretion in humans is, up to now only possible in postsurgical patients
suffering from hepatobiliary diseases and remains very challenging®'.
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3. Ex vivo models

By using whole or partial organs and tissues, ex vivo models are recognized as
the bridge between in vitro and in vivo models. When studying PK and DDI in
health and disease it is important that the complexity of the organ is
represented in the preclinical model. It is expected that this will lead to better
predictions of DMPK than predictions from more simplified, single cell type in
vitro systems*“. In ex vivo models the tissue morphology is maintained
including cell-cell interactions, cell-matrix interactions, the complex
efflux/uptake transporters and CYP enzyme expression. In the upcoming
section the importance, advantages and limitations of existing ex vivo models
for applications in preclinical DMPK research will be discussed (Table 2.1)
(Figure 2.1).

3.1. Precision cut organ slices

Precision cut organ slices (PCS) are widely used in the field of pharmacology
and toxicology research®> It is an easy and medium throughput technique
where drug metabolism in an experimental and controlled situation can be
studied with the main advantage that the tissue organization and cell-cell and
cell-matrix interaction is maintained’44/. Multiple studies show the
applicability of precision cut slices for metabolic capacity assessment, drug
induction, inhibition and drug transport to determine phase | and phase Il
metabolism and drug uptake by measuring the intracellular concentration in
the slices at different time intervals*®4>'. The intestines, liver and kidneys are
heterogenous organs with regional expression of transporters and enzymes in
the intestine, metabolic zonation in the liver and cellular heterogeneity and
structural complexity of the kidney. Therefore the PCS technique can be very
useful in understanding the heterogeneity of the organ, an advantage over
cellular in vitro systems#®2 Li et al, for example used the precision cut
intestinal slices (PCIS) technique to study regional expression of Pgp and the
potency of Pgp inhibitors®. Recently, Arakawa et al., studied azasetron uptake
as substrate drug of efflux transporter mdr1a in rat kidney slices®. Additionally,
increased accumulation of azasetron was measured in the presences of mdra’
inhibitor zusuquidar showing the ability to use organ slices for DDI studies.
However, whether DDI leads to a higher systemic exposure or alters biliary or
renal clearance cannot be fully mimicked since the tissue is freely floating in
culture medium with direct communication of intraluminal and extraluminal
compartments.

w
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Chapter 2

Organ slices are widely used is still a relevant technique in the field of DMPK.
Researchers use PCS to study nanoparticle formulations®*>®, anticancer drugs
or molecular transport mechanisms>¢*’. Additionally, the PCS technology and
microfluidics can also be combined®®*°. However, the main limitation of the
model is that it is qualitative rather than quantitative as basic pharmacokinetic
questions such as prediction of intestinal absorption, biliary and urinary
excretion, enterohepatic circulation and the effect of DDI on these processes
cannot be studied.

3.2. Intestinal two-compartmental models

As described in section 3.1.1., PCIS are freely floating in culture medium, so that
there is no intestinal barrier between the luminal and the serosal compartment.
However, to study intestinal absorption it is important to have two separate
compartments. Therefore, several dual compartmental ex vivo methods have
been developed which allow study of intestinal absorption of drugs and
nutrients while maintaining barrier integrity.

3.2.1. The ussing system

The Ussing chamber is a model in which excised mucosal intestinal tissue is
mounted vertically in the system under continuously oxygenated conditions.
Subsequently, vectorial transport and intestinal wall metabolism of drugs can
be studied. Several studies have demonstrated the applicability of the Ussing
system in determining transporter expression and the transport of different
drugs including substrates for efflux transporters®®®.  For instance, the
presence and activity of the efflux transporter Pgp was demonstrated by
incubating the Ussing system with the Pgp substrates digoxin, cimetidine,
vinblastine, quinidine and verapamil, and a clear efflux effect was demonstrated
for the first 4 of the 5 compounds®?. Hence, the Ussing system is a useful
method to predict whether newly developed drugs can affect the intestinal
absorption of another compound when dosed at the same time, or if they are a
substrate for efflux transporters located in the gut. Unfortunately, the model is
limited by its low throughput and the difficult laboratory preparation work
involved.

3.2.2. InTESTine system

Based on the Ussing system, Westerhout et al., developed a new intestinal two-
compartmental model with easier handling and higher throughput called the
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INTESTine system®. In this system, segments of the mucosal intestinal layer can
be mounted horizontally in a 6-well or a 24-well plate device. Smaller tissue
segments and reduced apical and basolateral volumes can be used when
compared to the Ussing system®®. Using this model, CYP3A-mediated
testosterone metabolism as well as the intestinal permeability of a subset of
compounds was determined. Additionally, it demonstrated the suitability of the
two-compartmental model to study DDI with PhIP as a BCRP substrate and
elacridar as inhibitor®. Recently, the same group demonstrated the applicability
of the InTESTine system with human intestinal tissue to predict the fraction
absorbed (F,) in humans®. Besides determining the transport of a subset of
compounds across the intestinal wall, regional differences in transporter activity
were assessed following the regional variability in Pgp expression in ileum and
mid-colon tissue. This shows the additional value of a two-compartmental
intestinal model where drugs can be applied at both sides to study the
interaction of the compounds at the transporter levels as well as differential
expression transporters along the Gl tract®.

3.3.3. Everted Sac method

In contrast to the Ussing and InTESTine model, the everted sac method uses
whole enclosed small parts of the intestines®®®. In this model, the excised
intestines are inverted, closed at both ends and placed in an oxygenated buffer.
Drug metabolism, transport and the contribution of transporters in drug
absorption can subsequently be studied®. Several studies showed the use of
the everted sac method to determine the Pgp activity and to test compounds
which are potential Pgp modifiers’. For example, Barte et al., assessed the
activity of the Pgp transporter by showing an increase in digoxin transport upon
co-incubation with Pgp inhibitors verapamil and quinidine’. Limitations from
this model are that it is restricted to the use of animal tissue, relative large
surface area and the presence of the muscularis mucosa layer which can result
in an underestimation of drug transport’®. While the model is very suitable for
different animal species, the model is rather low throughput with difficult set-up
and preparation work involved and therefore not widely applied.

3.4. Perfusion models

The ex vivo tissue models discussed thus far study the fat of a drug in a static
environment. However, in vivo blood flow continuously stimulates cells with
chemical, electrical and mechanical cues which can alter the behavior of a
drug’. Ex vivo perfusion models make use of hemodynamics and therefore
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these models are suitable to determine specific functions of the whole organ in
an isolated environment in the absence of other systemic effects®. In the next
section we focus on whole organ (liver and kidney) that have been developed to
study biliary and renal excretion, the two most important excretion routes of
drugs and tissue (intestine) perfusion models.

3.4.1. Intestinal perfusion models

Multiple intestinal perfusion methods have been developed. For a long time,
the incorporation of fluidics into conventional preclinical models using tissue
explants has been reported by several research groups’”°. For example, the
everted sac model has been developed into a perfusion model by Gandia et
al.”>. An advantage of using perfusion in contrast to the static everted gut sac
model is that the serosal side is continuously perfused which can affect the
kinetics of rapidly absorbed drugs during long term incubations. Additionally,
the blood supply, intestinal tissue, innervation and clearance capabilities
remain intact’"’®. The isolated perfused intestine is often used to asses the
effect of flow on intestinal permeability and to determine the involvement of
transporters and enzymes on drug absorption’”’8. Many researchers used the
isolated perfused intestine technique to study CYP3A4-Pgp interplay or the
specific contribution of drug transporters by using knockout animals’®. A minor
limitation of the perfusion technique involves the difficulty to properly measure
the disappearance of a compound from the perfusion solution, especially for
low permeable compounds’®. Moreover, although the isolated perfused
intestine is very useful for mechanistic evaluation, the limited viability of the
tissue restricts the assessment of processes aside from drug transport or the
assessment of transporter function’, such as host-microbe interactions and
immune responses which play a significant role in gut health and barrier
function but also the absorption and metabolism of drugs®. Extending the
viability of the tissue would enable to study long-term exposure to drugs,
intestinal absorption of low permeable drugs and the potential effects of drugs
on the inflammatory state of the tissue. Here lies potential for OOC models that
use fluidics to create a more physiologic relevant environment for the tissues.
Although many studies show gut-on-a-chip perfusion models using single cell
lines (e.g. Caco-2, HT-29 cells) or using intestinal organoids, limited gut-on-a-
chip models are known using the perfusion of tissue segments. Dawson et al.,
showed the perfusion of Inflammatory Bowel Disease (IBD) tissue segments
into an in-house developed dual-perfusion ‘gut-on-a-chip-model’ up to 72 hours
of incubation®'. Proper viability was demonstrated by the presence of the crypts
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and goblet cells and also the Ki67 staining showed the proliferative capacity of
the tissue after incubation. However barrier function and drug absorption was
not studied. Together, these studies demonstrate the beneficial effect of
fluidics on tissue viability enabling to study prolonged exposure of compounds
on intestinal tissue.

3.4.2. Liver perfusion models

Liver perfusion models have attracted far greater attention than intestinal
perfusion models. Using PCLS, various perfusion techniques have been
developed; e.g. intra-tissue microneedle flow models, perfusion of the top and
bottom of liver slices and flow through models®?#. The isolated perfused liver
(IPL) model, a preclinical tool used to study the function of the whole liver and
hepatobiliary disposition of drugs, utilizes perfusion of both the portal vein and
the hepatic artery. Furthermore, IPL can be used to evaluate the physiology and
pathophysiology of the liver and to study treatment of acute liver failure®. A
unique aspect of the model is the close representation to the in vivo
morphology since the 3D architecture of the tissue is maintained. The control
over physiological conditions, and determining specific functions of the whole
organ in an isolated environment in the absence of other systemic effects are
major advantages over in vitro and in vivo studies. For example, assessment of
the effect of albumin concentration on clearance processes are widely studied
using the IPL model. Tsao et al studied warfarin uptake in the IPL in absence
and presence of bovine serum albumin (BSA) to clarify the albumin-mediated
uptake of warfarin®#’. Schary and Rowland found that unbound fraction
tolbutamide varied in the perfusate upon varying concentrations of albumin or
when using albumin from different species®. Shand et al., clearly showed a
decrease in hepatic extraction of phenytoin upon increasing the albumin
concentration form 0.5 g/dl to 5.0 g/dI®. Another physiological condition that
can be controlled during perfusion is the applied flow rate. This is especially
interesting since the overall hypothesis is that the clearance of drugs is related
to the organ perfusion flow and the extraction ratio. Lidocaine, a high hepatic
extraction ratio drug is often used as model drug in these studies showing flow
dependent extraction, in comparison with the low extraction ratio drug
antipyrine which is not affected by hepatic flow® . Additionally, the same
researchers show in another study that the metabolite of lidocaine, MEGX,
appears flow dependent. Showing that the parent drug and metabolites are in
equilibrium with the concentration of the drug in the liver demonstrating that
the well-stirred model describes the hepatic drug clearance®™. To study the
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physiology of the liver and to understand the metabolic zonation of the liver,
experiments have been performed using antegrade and retrograde perfusion
directions®™2. Livers from different species can be assessed where pig and rat
liver are most studied. Furthermore, an advantage of the IPL compared to the
in vivo situation is the ability to study biliary secretion which is also an important
improvement to the sandwich cultured hepatocyte model™. As the interaction
between two drugs may affect the biliary clearance of a drug, the IPL is an
excellent model to study the effect on hepatobiliary clearance and the
involvement of uptake and efflux transporters. Pfeifer et al used the IPL to
demonstrate the biliary clearance of the rosuvastatin, studying the involvement
of basolateral efflux transporters MRP2 and BCRP®3. Using perfused livers from
MRP2 deficient mice in the absence and presence of the BCRP inhibitor
elacridar the researchers showed a strong reduction in rosuvastatin excretion
of MRP2 deficient mice in the presence of elacridar®. Booth et al studied the
concentration of Pgp substrate doxorubicin in the presence and absence of
Pgp inhibitor quinidine. The biliary clearance was significantly reduced upon
inhibition while perfusate and liver concentrations were not altered. The
researchers also showed increased intracellular concentration of the
metabolite doxorubicin thus showing the added value of using the IPL model
since the perfusate, liver and biliary secretion can be studied at the same
time®. The effect of enzyme-transporter interplay using the IPL was
demonstrated by Lau et al,, who studied the disposition of digoxin and the
effect on the systemic concentration when dosed with organic anion
transporting protein 1B1/1B3 (OATP1B1/OATP1B3) inhibitor rifampicin and Pgp
inhibitor quinidine®. Although the IPL is a standardized and validated model, it is
mainly applicable to rodents when studying drug pharmacokinetics.
Furthermore, it is labor intensive, has a low throughput and the functional
integrity is limited up to a few hours®. The model is still used to study liver
diseases as the model includes immune cells which are involved in many liver
diseases. However, it remains difficult to recapitulate the metabolic and
excretion function of the liver in a chip model, therefore the IPL is still the best
model®.

3.4.3 Isolated perfused Kidney (IPK)

Most drugs, and in particular water soluble ones, are eliminated by the kidneys
and excreted by the urine®. Renal secretion involves several processes such as
glomerular filtration, tubular secretion and reabsorption®”. The current main
preclinical kidney models (based on primary cells or cell lines) primarily focus
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on the function of proximal tubuli cells. Therefore, ex vivo models where all
main renal processes can be studied, including urinary excretion, are very
valuable. Although isolated perfused kidney (IPK) is an interesting method to
predict renal metabolism as well as renal clearance, only a handful of studies
used the IPK model to study renal metabolism and excretion. Using IPK,
Nishiitsutsji-Uwo et al, demonstrated the clearance of creatinine in the
perfused rat kidney showing the function of the multidrug and toxin extrusion
protein transporter 1/2K (MATE 1/2K) and the organic anion transporter
(OCT)®. Although perfusion and the urinary flow remained constant, a decrease
in clearance function in time was observed. Crugten et al, used the IPK
technique to elucidate the renal mechanism involved in morphine clearance®.
They showed the additive value of a complex whole organ model since
glomerular filtration, active tubular secretion and possibly active reabsorption
were processes involved in the metabolism and excretion of morphine. Besides
elucidation of clearance mechanisms, also DDI can be predicted using the IPK
technique. For instance, the renal tubular secretion of the Pgp substrate
digoxin was shown in a study by Hori et al., where the researchers showed the
dose-dependent inhibition of urinary secretion of digoxin upon co-incubation
with Pgp inhibitor quinidine'®.

4. Novel ex vivo perfusion models

Although substantial relevant information regarding PK using the isolated
perfused organ method has been obtained, a major limitation of the model is
the short viability of 3 to 4 hours, animal origin and the decline in integrity of
the perfused organs'®'%". At present, there is much development in the field of
organ transplantation regarding organ preservation techniques using machine
perfusion. Clearly, organ preservation is of main importance, but there is also
increasing interest in the viability and functional assessment of discarded donor
organs which, after machine perfusion, might be used for transplantation when
found to be of sufficient quality’®'%, The use of pressure driven perfusion
pumps allows study of the function of a whole organ under conditions that are
as close as possible to the in vivo situation. Many studies showed viability and
functionality of porcine and human livers during machine perfusion under
normothermic conditions (37°C) using a red blood cell based perfusate'1%
even up to 7 days'” Similar to normothermic machine perfusion (NMP) of the
liver, NMP of the kidney is a method for quality assessment of extended criteria

41



Chapter 2

donor kidneys'®. Porcine organs are often used for method validation and
device development and it is shown that normothermic machine perfusion
(NMP) of organs is an excellent platform to study hepatic and renal
processes'0113,

4.1 Normothermic machine perfusion for DMPK research

Ex vivo machine perfused whole organs might be an interesting new platform to
study pharmacokinetics and DDI in the liver and kidney. The commercially
available pressure driven perfusion machines for kidney and liver have the
ability to manually apply and adjust pressure to the artery and portal vein'#'",
Adjusting the pressure will result in an altered flow through the organ and this
opens the possibility to study for instance flow dependent clearance of
compounds. Additionally, researchers are able to take samples from multiple
locations in the circulation (e.g. portal vein and vena cava inferior) in order to
study the hepatic first pass effect, or to study IV versus portal dosing and the
effect of DDI. Compared to isolated perfused organ systems using rat organs or
cannulated animal studies, the human or porcine machine perfusion models
have relatively high circulating perfused volume (approximately 2L) and bile and
urine output (approximately >10mL). This has several advantages. Collection of
perfusate and urine and bile samples over time and to tissue biopsies to study
intracellular accumulation is easy which makes these models ideal to study
drug pharmacokinetics, metabolism, excretion and potential DDIs in a
controlled setting. The applicability of machine perfusion for whole intestines is
not (yet) developed, probably because intestinal transplantations are not widely
performed.

4.2 Opportunities involved in the perfusion of whole organs for DMPK

The major advantage of using whole organ perfusion models which are
perfused with a red blood cell based perfusate is the unique opportunity to
study renal and biliary excretion pathways, allowing to study more complex
pharmacokinetic processes which leads to a better understanding of in vivo
processes. Currently, research is focusing on finding novel endogenous
biomarkers in bile, urine and blood which reflect the function and the status of
organ-specific drug metabolizing enzymes and drug transporters'''"”,

An example of such an endogenous biomarker is bilirubin, a degradation
product of heme, which is transported by the hepatic Organic Anion
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Transporting Protein 1B1 (OATP1B1) and OATP1B3 into the liver. In the liver,
bilirubin is conjugated to bilirubin glucuronide by UGT1A1 and subsequently
excreted by MRP2 in the bile or by MRP3 in the blood. This means that
potential interaction of drugs with OATP1B1 and/or -1B3 transporter can be
assessed by measuring the unconjugated bilirubin concentration in the blood.
As OATP1B1 and OATP1B3 are involved in the clearance of a variety of drugs by
the liver, applying an endogenous biomarker reflecting the function of these
transporters is of major value'®. The conjugated bilirubin concentration in the
bile is reflecting the involvement of MRP2 while conjugated bilirubin in the
blood is a biomarker for MRP3. In contrast to the IPL where often radiolabel
[®H] bilirubin is used to measure bilirubin in a limited volume, a recent study by
Eshmuminov et al, showed the bilirubin levels in the plasma and bile of
perfused livers without using [*H] bilirubin™’. Thereby showing proper
OATP1B1/1B3 function during perfusion of the livers. Additionally,
coproporphyrin | (CPI) and Il (CPII) (byproduct of the heme synthesis),
dehydroepiandrosterone sulfate, conjugated and unconjugated bile acids and
fatty acid dicarboxylates can function also as biomarker of OATP1B1 and -1B3
function''8119 The application of endogenous biomarkers as a useful tool to
study transporter involvement in clinical trials was demonstrated by Jones et
al.,'® The researchers measured the endogenous biomarker CPI and CPIIl in a
clinical study to elucidate the involvement of OATP1 transporters for DDI of
fenebrutinib with midazolam, simvastatin and rosuvastatin'®. As CPI and CPIII
concentrations remained unchanged upon fenebrutinib administration the
researchers concluded the observed DDI was due to involvement of CYP3A and
BCRP rather than the OATP1B transporters. Likewise, different endogenous
biomarkers for transporter functionality have been established for the kidney:
hippurate and taurine (for transporter OAT1), 6B-hydroxycortisol (OAT3),
thiamine (OCT/MATE1/2K), tryptophan (OCT2) and creatinine (MATE1/2K and
OCT2). Besides endogenous biomarkers for transporter function it is found that
4B-hydroxycholesterol (4BHC) is an endogenous metabolite formed by the
major hepatic metabolizing enzyme CYP3A4, thus functioning as a marker for
CYP3A4 functioning''®. In a clinical study by Kasichayanula et al., it was shown
that upon administration of ketoconazole, an inhibitor of CYP3A4, 4B3HC
decreased. Subsequently upon administration of rifampicin, increased 4BHC
was measured'?'. Endogenous biomarkers can play a significant role in organ
perfusion as the biomarkers reflect the condition of the organ during perfusion.
The ability to administer victim and perpetrator drugs in a controlled setting
and the easy accession to plasma, bile and urine lead to valuable




Chapter 2

pharmacokinetic and DDI knowledge. On the other hand, organ perfusion
models can contribute to the validation of endogenous biomarkers e.g. the
inhibition of specific transporters and studying the effect of a compound on the
biomarker profile. Additionally, perfusion models can play a major role by the
identification of new endogenous biomarkers.

Moreover, the novel perfusion machines with incorporated pressure,
temperature and flow sensors can also be a major advantage for the field of
advanced physiologically based pharmacokinetic modelling (PBPK) modeling.
PBPK models are mathematical multicompartmental models were assumptions
based generated in in vitro and also ex vivo models regarding transporter
abundance, metabolizing enzymes and biliary and urinary excretion are made
to predict the clearance of a drug'?'#. Using these assumptions, simulated
profiles are generated and subsequently validated with in vivo animal studies to
see whether PBPK models match the in vivo data. The incorporation of
experimental data derived from perfused organs into advanced PBPK models
can be highly interesting. Clearance, excretion processes, intracellular
concentrations, CYP enzymes and transporter expression can all be
determined. At the same time, flow settings can be controlled. Of special
interest for PBPK modelling are diseased organs since it is known that in liver
disease for instance, different processes as the hepatic blood flow, CYP
enzymes and transporter expression are altered as well as changes in liver and
renal function'#.

5. Application of ex vivo models in disease

Accurate predictions in diseased patients remain difficult as proper preclinical
models for human diseases are often lacking. It would be a major advantage if
diseased human tissues could be used earlier in the drug development process
to assess disease-specific drug efficacy and safety. The challenge of using
human tissue is the donor-to-donor variability and differences in disease status.
However, this can be seen as an advantage since the use of ex vivo models is a
step closer to the in vivo situation and thus a better prediction of in vivo DMPK
processes. To measure the disease status or quality of the organs, endogenous
biomarkers can play a role. This is currently widely applied in the field of organ
transplantation using biomarkers in the bile, urine and blood as quality
assessment of perfused organs'031¢,

44



Towards human ex vivo models to elucidate drug pharmacokinetics

Ex vivo models in intestinal disease

Inflammatory bowel disease (IBD), which includes ulcerative colitis and Crohn'’s
disease, is a group of intestinal diseases showing increased prevalence
numbers'®, It is reported that the expression of certain transporters is altered
in the inflamed intestinal regions of patients suffering from IBD'?'% For
example, it was shown that in mice with intestinal inflammation, Pgp
transporter expression and activity was reduced'?. Interestingly, in the non-
inflamed regions an increased activity of Pgp was detected, showing a possible
compensatory mechanism in the intestines. Using inflammatory and non-
inflammatory regions from IBD patients, the application of PCIS or tissue
segments mounted in a two-compartmental setting can be helpful to
determine the F, of compounds, the effect of drug substrates for certain (efflux)
transporters, DDI and the potential altered effect on first-pass metabolism. On
the other hand, when specific drugs in the treatment for IBD need to be tested,
an intestinal perfusion model using dual fluidics would be crucial to assess the
effect of immune modulating drugs on the inflamed intestinal tissue as a longer
incubation period is needed and thus extended viability of the tissue needs to
be guaranteed.

Ex vivo models in liver disease

Altered hepatobiliary transporter expression as well as affected CYP expression
are found in patients suffering from liver diseases such as cirrhosis,
nonalcoholic steatohepatitis and primary sclerosing cholangitis'®3°. This may
drastically affect drug treatment and drug efficacy in these patients. The use of
PCLS of diseased human liver tissue generated useful information regarding
the altered metabolic capacity of the diseased liver'®'. Additionally, using human
fibrotic tissue in PCLS has proven to be beneficial when studying potential
antifibrotic drugs, DDl and drug induced liver injury (DILI) in fibrotic liver
tissue™'. Despite the fact that perfusion models can be very informative and
unravel underlying mechanisms in liver disease, the perfusion of the isolated
liver is only limitedly used for studying liver diseases using rodent livers as liver
diseases need to be induced. Promising models include diet-induced
(genetically modified) murine models of non-alcoholic steatohepatitis, reflecting
the key inflammatory and cirrhotic processes involved'3%'33,

Machine perfusion of redundant whole human organs would be the holy grail,
but obviously the use of this technology for pharmacokinetic application is
hampered by the availability of healthy human donor organs. There are
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however opportunities when applying this technology (or machine perfusion) to
'diseased’ organs which, following a pathological assessment are currently
discarded after transplantation. Studying the pathophysiology of diseased livers
using human orthotopic tissue is particularly helpful as animal models and
human disease remains difficult to compare, however limited studies evaluated
PK processes of these redundant human organs. Villeneuve et al., described
the use of perfused whole human cirrhotic livers to study drug disposition and
metabolism in diseased livers as one of the first'**'*>. Their research showed
that the application of diseased liver in a perfusion setting is very useful in
studying the clearance function of the liver in healthy and diseased state™*. As
very little is known regarding the uptake of drugs in humans and especially in
cirrhotic patients, studying site-specific delivery of drugs in an isolated
environment of the other organs is of additional value'®. Melgert et al., and
Schreiter et al., studied the functionality of a liver lobe and resected tissue of
cirrhotic and non-cirrhotic livers while being perfused under normothermic
conditions. Melgert et al., showed phase | and phase Il metabolism of lidocaine
and 7-hydroxycoumarin in the liver lobe perfusion model'®*, while Schreiter et
al., compared the metabolic activity of resected tissue of cirrhotic livers to non-
cirrhotic livers™’. The metabolism of paracetamol, midazolam and diclofenac,
metabolized by CYP1A1, CYP3A4 or CYP2C9 respectively, was studied and
showed that cirrhotic resected tissue had diminished and slower phase | and
phase Il transformation of those drugs compared to non-cirrhotic tissue'™’. The
same researchers demonstrated acetaminophen-induced liver injury of
resected liver tissue as they were able to keep the tissue viable up to 30 hours
by making use of NMP. Thereby they show the potential of using diseased
perfused livers for the pharmacokinetic application and prolongation of the
viability of resected tissue'®,

Ex vivo models in kidney disease

A kidney disease affecting kidney function is polycystic kidney disease (PKD).
Patients develop fluid-filled cysts in their kidneys which can affect the PK of
drugs. Besides altered kidney function, PKD can also affect other organs like the
liver and thereby altering liver transporter expression and function'. A case
report from 1988 described the association of liver cysts with polycystic kidney
disease (PKD) and the relation to MRP2 function™. Although the use of human
tissue is preferred in the prediction of drug metabolism, the use of animal
models can be useful in understanding the development of disease processes
or the effect of diseases on the function of other metabolic organs. Benzecon
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et al., used the IPL model using PKD induced rats to determine the effect of
PKD on hepatic transporter function and biliary excretion which in this case
showed to be a very suitable model for this disease'®. On the other hand, in
patients with liver disease compensatory mechanisms in extrahepatic tissues
were observed as a result of the reduced hepatic elimination of drugs. For
example, it was studied in humans in vivo as well as in rat models that with end-
stage liver disease the transporters OATP1 and OATP2 were upregulated in the
kidney''. This renal compensation mechanism was also found for the
clearance of N-methylnicotinamide, which was related to the severity of liver
cirrhosis™?. As a consequence, increased renal exposure can result in a higher
risk for renal DDI and drug induced injury showing the difficulty in vivo to study
DMPK in diseased tissues. Another effect of kidney disease is that it might affect
the plasma protein concentration and the ability of plasma proteins to bind to
drugs, resulting in a higher unbound fraction of the circulating drug'®. Kidney
machine perfusion models not only create the possibility to assess the
functionality of the organ and study the involvement of transporters, also
different perfusate compositions can be tested and subsequently the effect on
plasma protein binding can be assessed in an experimental environment.

6. Conclusion

This review provides an overview of available experimental predictive models to
study drug absorption, metabolism and excretion processes, as well as DDI, in
health and disease. The use of ex vivo models to predict pharmacokinetics has
shown to be very useful and valuable considering the intact morphology and
presence of the metabolizing enzymes and transporters in the tissue. A diverse
range of ex vivo models are nowadays available, each with their own advantages
and limitations. Maintenance of the viability and integrity of the tissue is a major
challenge observed for every model and tissue type. With increasing complexity
also more complicated problems and challenges arise as more factors and
unknown processes are involved. However, these complex models are
expected to provide better translatability to the in vivo situation. The
multifactorial and complex development of disease is often not fully
characterized and therefore make it a huge challenge to properly predict
pharmacokinetic processes in diseased patients. This indicates that improved
preclinical models remain needed to generate reliable translational results for
both healthy and diseased patients.
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Abstract

There is a lack of translational preclinical models that can predict hepatic
handling of drugs. In this study we aimed to evaluate the applicability of
normothermic machine perfusion (NMP) of porcine livers as a novel ex vivo
model to predict hepatic clearance, biliary excretion and plasma exposure of
drugs. For this evaluation we dosed atorvastatin, pitavastatin and rosuvastatin
as model drugs to porcine livers and studied the effect of common drug-drug
interactions (DDI) on these processes. After 120 min of perfusion, 0.104 mg
atorvastatin (n=3), 0.140 mg pitavastatin (n=5) or 1.4 mg rosuvastatin (n=4) was
administered to the portal vein, 120 min later followed by a second bolus of the
statin co-administrated with OATP perpetrator drug rifampicin (67.7 mg).
Following the first dose, all statins were rapidly cleared from the circulation
(hepatic extraction ratio > 0.7) and excreted into the bile. Presence of human
specific atorvastatin metabolites confirmed the metabolic capacity of porcine
livers. The predicted biliary clearance of rosuvastatin was found to be closer to
the observed biliary clearance. A rank-order of the DDI between the various
systems upon co-administration with rifampicin could be observed: atorvastatin
(AUC Ratio 7.2)> rosuvastatin (AUC Ratio 3.1)> pitavastatin (AUC Ratio 2.6) which
is in good agreement with the clinical DDI data. The results from this study
demonstrated the applicability of using NMP of porcine livers as a novel
preclinical model to study OATP-mediated DDI and its effect on hepatic
clearance, biliary excretion and plasma profile of drugs.
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Introduction

The liver is a complex organ involved in the uptake, metabolism and biliary
excretion of xenobiotics and endogenous compounds. Transporters located at
the basolateral side of the plasma membrane, like the Organic Anion-
Transporting Peptides (OATP) 1B1, 1B3, 2B1, Na*-taurocholate cotransporting
polypeptide (NTCP) and the Organic Anion Transporter (OAT) 2, are involved in
the uptake of drugs and endogenous compounds from the portal and arterial
circulation into hepatocytes'3. After uptake, compounds can be metabolized,
for example by the cytochrome P450 (CYP450) family of enzymes, and
subsequently effluxed into the bile across the canalicular membrane or back
into the systemic circulation across the sinusoidal membrane® Several
transporters are involved in the hepatic efflux, including multidrug resistance
protein 1 (MDR1; P-glycoprotein), breast cancer resistance protein (BCRP), bile
salt export pump (BSEP) and multidrug resistance-associated protein 2 (MRP2)
at the canalicular membrane and multidrug resistance-associated protein 3
and 4 (MRP3 and MR4) at the basolateral membrane. Concomitant
administration of drugs that are substrates for the same transporters and/or
metabolizing enzymes can result in a drug-drug interaction (DDI) affecting
plasma as well as biliary levels of one of the drugs . As a result, this can change
the drug concentration at the target, or it can even lead to toxicity (e.g. drug
induced liver injury (DILI)). Therefore, interactions affecting hepatic uptake and
biliary excretion are important to characterize in the preclinical phase of drug
development®®,

To evaluate the potential DDI for newly developed drugs, the FDA stated that it
is important to understand the principal route of the drug's elimination and to
understand the contribution and effect of the drug on transporters and
metabolizing enzymes. Especially DDI at the transporter level is important to
characterize since they control the absorption, distribution and elimination of
the drug in various organs’. When a newly developed drug for example is
intended to be used by a population which is likely to also use statins, the
sponsor should examine the potential of the investigational drug to interact
with OATP1B1/1B3".

To study complex processes such as transporter-enzyme interplay, potential
DDI and biliary excretion, physiologically relevant models are needed which
recapitulate all functions of the liver including the ability to produce bile® The
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sandwich cultured hepatocyte and rat liver perfusion models are known to
capture these complex processes and are currently used to investigate
hepatobiliary disposition of drugs. Unfortunately, these models have their own
limitations. In vitro to in vivo translation often fails due to species differences or
due to differences in transporter expression resulting in difficulties in the
prediction of plasma profiles after oral and intravenous administration?.
Therefore, extrapolation of data obtained using rodent models is not feasible
for the prediction of human PK and DDI°'",

At present, research in the field of organ transplantation is focused on organ
preservation techniques using machine perfusion. These pressure driven
perfusion machines are able to perfuse human and porcine livers at a
physiological pressure under oxygenated and normothermic conditions.
Porcine organs are often used for method validation and device development
and it has been shown that normothermic machine perfusion (NMP) of the
porcine liver is an excellent platform to study hepatic processes'*'3. The pig
model is considered as a proper translational model because of anatomical,
physiological and biochemical similarity to humans and nowadays this model is
increasingly used in biomedical research™. Compared to the rat model, the size
of the pig model supports the collection of larger sample volumes and there is
the ability to take tissue biopsies in time. Furthermore, an advantage of using
livers from pig origin is the similarity of Phase | and Phase Il biotransformation
reactions', which was recently confirmed in a quantitative proteomic analysis
comparing transporter and metabolizing enzyme expression in human and
porcine liver',

In this study, we evaluate using normothermic machine perfusion of porcine
livers as a novel preclinical model to predict pharmacokinetic processes. Using
three statins as model drug compounds (rosuvastatin, atorvastatin and
pitavastatin) we studied the transporter mediated hepatic extraction and biliary
excretion. Additionally, we examined the effect of rifampicin on the disposition
of these three statins.
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Materials and method

Chemicals

Atorvastatin, Pitavastatin and rifampicin were purchased from Bio-Connect
(Huissen, the Netherlands). Rosuvastatin calcium, Heparin, taurocholate and
insulin - were purchased Sigma-Aldrich  Chemie B.V. (Zwijndrecht, the
Netherlands). Atorvastatin  lactone, 2-hydroxy atorvastatin, 2-hydroxy
atorvastatin lactone, 4-hydroxy atorvastatin and 4-hydroxy atorvastatin lactone
were obtained from Toronto Research Chemicals (Toronto, ON, Canada).
Epoprostenol was purchased from R&D systems (Minneapolis, USA). Vitamin
solution, L-glutamine, MEM essential acids and glutamax were obtained from
Gibco (Paisley, Scotland). Calcium gluconate 10% was obtained from
Pharmamarket (Hove, Belgium).

Porcine livers

Livers were obtained from a local slaughterhouse (Sus scrofa domesticus,
approximately at age of 6 months with body weight between 100 and 120 kg).
Pigs were sacrificed by a standardized procedure of electrocution followed by
exsanguination. Thereafter, three liters of blood was collected in a container
supplemented with 25000 1U of heparin. All abdominal organs were dissected
outside the animal and collected. Within 20 min after termination, the vena
porta was cannulated and directly flushed by gravity with 3L of NaCl 0.9%
(Baxter BV, Utrecht the Netherlands) supplemented with 5000 IU of heparin
followed by 2L of ice-cold Histidine-Tryptophan-Ketoglutarate (HTK) solution
(Plegistore, Warszawa in Poland). In the meantime, the arteria hepatica was
dissected, cannulated and subsequently flushed with HTK. At the laboratory,
side branches were ligated, the common bile duct was cannulated while the
ductus cysticus, derived from the gall bladder, was ligated.

Normothermic machine perfusion

The porcine livers were perfused using the LiverAssist device (Organ Assist,
Groningen, the Netherlands). The machine consists of two rotary pumps that
provide a pulsatile flow to the hepatic artery and a continuous flow to the portal
vein. The system was filled with 2L perfusion fluid containing red blood cells
and plasma (Supplemental Table S3.1). Insulin, taurocholate, heparin and
epoprostenol were provided as continuous infusion at a rate of 10U/h,
1041U/h, 10 mL/h 2% w/v) and 8 pg/h, respectively, in order to maintain liver
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functioning including bile flow. Additionally, amino acids and vitamins were
continuous provided to keep the liver metabolically active (Supplementarl Table
S3.1). Gas delivery to the LiverAssist consisted of 95% oxygen and 5% carbon
dioxide at 2L/min and the temperature was set at 39°C (body temperature
pigs). The livers were perfused with a portal pressure of 11 mmHg and a mean
arterial pressure of 50 mmHg. Upon perfusion, additional boluses of sodium
bicarbonate and glucose were applied depending on perfusate pH (range 7.35-
7.45) and glucose concentration (>5 mmol/L). Arterial blood gas samples were
taken hourly to monitor liver viability (pH, glucose, Na, K, lactate etc.) using the i-
STAT clinical analyzer (Abbot Point of Care Inc., Princeton, NJ).

Drug administration during perfusion

The plasma and biliary concentration of atorvastatin, rosuvastatin and
pitavastatin and rifampicin were determined. Additionally, atorvastatin
metabolite formation was determined. The statins and rifampicin were selected
based on clinically known DDI and in vitro transporter study data and are
presented in Table 3.1. Initial portal doses for atorvastatin and rifampicin
applied to the system were based on simulations by SimCyp. After pilot
experiments, the doses were increased 2x for atorvastatin (0.052 mg to
0.104 mg) and 3x for rifampicin (22.6 mg to 67.7 mg) to facilitate proper
detection by LCMS. For the other two statins, rosuvastatin and pitavastatin, the
compound profiles were not available in SimCyp. Therefore the portal doses of
rosuvastatin and pitavastatin were based on the oral dosage and corrected for
the fraction absorbed (F.), average correction for Fraction escaping the gut (Fg)
(0.7) (16) and corrected for the total circulating volume of 2L in the perfusion
system (compared to 5L in vivo). To study DDI, the set-up as depicted in Figure
1 was applied. After a stabilization period of 120 min, the statin was
administered at as a slow bolus at a rate of TmL/min during 10 min to the
portal vein. Time of starting the slow bolus was set at t=0 min. Subsequently,
plasma and bile samples were taken for the following 120 min. Arterial blood
samples were taken at t=0, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60, 90 and 120 min.
Portal samples were taken during the administration of the drug at t=5 and
t=10 min to determine the first pass effect. This portal sampling point was
~30cm from the portal dosing point. Bile samples were collected in 10-minute
fractions. Blood samples were centrifuged directly after collection at 1.3 g for
10 min at 4°C and thereafter plasma (and bile) samples were immediately
stored at <-70°C until further processed. Drug concentrations in plasma, bile
and liver biopsies were determined by LC-MS/MS analysis as described below.
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At 120 min, biopsies were taken (n=2) to determine the intracellular
concentration in the hepatocytes. After the first 120 min, a slow bolus 10 min
(TmL/min) of 67.7 mg rifampicin was administered to the liver and after 5 min
(t=125 min), a subsequent slow bolus of the statin was administrated to the
portal vein of the liver. The same sampling schedule for the following 120 min
was applied. After the last sampling time point of the perfusion experiment,
again a biopsy was taken from the liver to determine the intracellular
concentration of the substrate and perpetrator. The biopsies were snap frozen
and immediately stored at <-70°C.

Table 3.1 - General properties on statins and rifampicin as perpetrator drug. mg oral doses applied
in vivo, fraction absorbed and mg bolus applied to the portal vein of ex vivo perfused livers.

Substrate Transporters Metabolism Fraction mg oral mg bolus
(victim drug) involved absorbed (%) doses applied to ex
vivo liver
Atorvastatin NTCP, OATP1B1, CYP3A4'? 12%3 10 mg’ 0.104 mg
OATP1B3 and
OATP2B1'?
Pitavastatin BCRP, NTCP, CYP2C9? 60%° 2 mg? 0.141 mg
OATP1B1 and CYP2C8
OATP1B3"?
Rosuvastatin OATP1BT1, CYP2C9* 50%° 10 mg? 1.400 mg
OATP1B3, NTCP,
MRP2, BCRP'?
Perpetrator drug
Rifampicin 95%° 600 mg'? 67.7 mg

1(2), 2(1),7 (43), % (44), °(45) %(46), "(47), *29)

Bioanalysis

The concentration of atorvastatin and its metabolites, pitavastatin, rosuvastatin
and rifampicin in plasma and bile were quantified using LC/MS. Briefly, 20 pL of
sample was extracted by adding 100 pL of acetonitrile containing internal
standard. Samples were vortexed, centrifuged at 3000 rpm for 5 minutes and
100 pL of supernatant was collected in a clean sample plate. Samples were
then mixed with 50 pL of water, vortexed and injected into LC/MS for
quantification. The details of LC/MS conditions used for the analysis of each
compound are shown in Supplemental Table S3.2. The mass spectrometer (AB
Sciex APl 5500) was operated in electrospray positive ion mode with the
capillary voltage of 5.5 kV and Spray temperature of 550°C. The multiple
reaction monitoring transitions used for all the compounds are shown
Supplemental Table S3.3.




Chapter 3

Liver function assessment

During the perfusion experiment, blood gas analysis was executed every hour
by measuring amongst others pH, pO. pCO, SO, glucose and lactate
concentrations using a blood gas analyzer (iISTAT Alinity, Abbott). Additionally,
hepatic artery and portal vein flow and resistance values were reported from
the LiverAssist machine.

Multiple parameters were measured in perfusate and bile samples from the
perfused livers to study liver viability. Total bilirubin, alanine transaminase (ALT)
and aspartate transaminase (AST) concentration in the plasma and bile samples
were measured using a Reflotron (Roche). Additionally, at the end of the
perfusion period (360 min of perfusion) a bolus (10 mg) of Indocyanine green
(ICG) was applied to the ex vivo liver to assess liver functionality by studying the
clearance of ICG from the perfusate. Samples were taken at t=0, 1, 2, 4, 6, 8, 10,
15, 20, 30, 40, 50 and 60 min after dosing. Sample were centrifuged to obtain
plasma and thereafter, 100 pl was sampled and measured at 788 emission and
813 excitation using a microplate reader (Tecan infinite m200 pro).

Liver perfusion studies were approved when the following acceptance criteria
were met: 1) stable bile production and bile flow throughout the whole
experiment, with >12 mL/h during 120 after 120 min of perfusion; 2) plasma
bilirubin levels <20 pmol/L after 120 min of perfusion; 3) bile bilirubin levels
>200 pmol/L after 120 min of perfusion; 4) plateau phase of AST and ALT
reached within 60 min of perfusion; 5) plasma ICG reduced by 50% within
40 min after administration of ICG.

In total thirteen livers were perfused for a period of 420 min. Of these livers,
three perfusions were excluded from the PK analysis to study DDI: one liver
exposed to atorvastatin was excluded due to an experimental dosing error
(Figure S3.1 and S3.2) and two livers exposed to pitavastatin showed acute
hepatotoxic effects. The PK data of these livers is shown in the supplemental
figures (Figure S3.1 and S3.2).
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Figure 3.1 - Schematic representation of the experimental set-up. Livers were connected to the
perfusion device and after 120 min a 10 min bolus (TmL/min) with a statin was administered to the
liver. Plasma and bile samples were taken for 120 min. At t=120, rifampicin was administrated for
10 min at TmL/min and at t=125 the second bolus of the statin was administrated. Subsequently
plasma and bile samples were taken for the following 120 min.
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Figure 3.2 - Pharmacokinetic profile of atorvastatin (dosed as slow bolus of 0,104 mg over 10 min to
portal vein) in plasma (A) and bile (B), pitavastatin (dosed as slow bolus of 0.141 mg over 10 min to
portal vein) in plasma (D) and bile (E), and PK profile of rosuvastatin (dosed as slow bolus of 1.400
mg to portal vein) on plasma(G) and bile (H) Plasma pharmacokinetic profile of rifampicin (dosed as
bolus of 67.7 mg to the portal vein) shown for each experiment (C,F and 1)
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Quantitative LC-MS/MS analysis of hepatic transporters in porcine and
human livers

To study transporter and enzyme expression in porcine liver tissue compared
to the expression in human liver tissue, from five healthy domestic pigs (Sus
scrofa domesticus, 2 male and 3 female, age 10-14 weeks and body weight
between 15 and 25 kg) was collected. These animals were additionally used for
educational purposes at the Utrecht University (Utrecht, The Netherlands). The
local animal welfare office approved the use of these animals for these
purposes which was in full compliance with the aim to contribute to the
reduction, refinement, and replacement of animal experiments. Before
termination, pigs had free access to food and water. Liver tissue of domestic
pigs was collected only when defined healthy as judged by a veterinarian.

Human liver samples derived from 15 individuals, of which 5 were anonymously
collected at the University Medical center of Groningen (UMCG, Groningen, The
Netherlands) and were kindly provided by Prof. Dr. G.M.M. Groothuis
(University of Groningen, The Netherlands) and 10 were collected at the
Department of Surgery, Uppsala University Hospital (Uppsala, Sweden) and
were kindly provided by Prof. Dr. P. Artursson (7 male and 3 female donors;
human liver specimens also used in previously published study'’. Collection of
redundant tissue from surgeries (collected as waste material) was approved by
the Medical Ethical Committee of the UMCG or the Uppsala Ethical Review
Board (ethical approval no. 2009/028 and 2011/037). No clinically relevant or
identifiable information from the patients was collected.

To determine the protein levels of BCRP, BSEP, MDR1, MRP1, MRP2, OATP2B1,
OCT1, GLUT1, MCT1, MRP3, NTCP, OATP1B1, OATP1B3 in porcine and human
liver tissue, we followed the protocol of membrane isolation and trypsin
digestion as previously described for tissue samples and cell lines ("8'). All
samples were processed in duplicate. LC-MS/MS settings were as previously
described (19). For each peptide 3 transitions were chosen (Q3-1, Q3-2, and
Q3-3) for quantitation and confirmation (Supplemental Table S3.4). In case no
suitable prototypic peptide could be selected for the human and porcine
transporter proteins, two separate peptides were selected and synthesized
(Supplemental Table S3.4). Peptides labeled with 15N and 13C (AQUA peptide)
were synthesized (Sigma Aldrich Chemie, Steinheim, Germany) and used as an
internal standard for quantification. For each peptide, a calibration curve of
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0.01-50 ng/ml and quality controls were included in every run. Data are
expressed as fmol transporter protein/mg liver.

Data analysis

Data obtained during the perfusion studies was analyzed using Graphpad
prism version 8. Values for the area under the concentration time curve (AUC)
were calculated using the linear trapezoidal method. The area under the
concentration time curve ratio (AUCR) was determined by dividing the
AUC120240min / AUCo20 min. Student's t test was used to analyze differences
between two groups.

Results

Assessment of liver functionality during perfusion

During the perfusion of the livers, flow and bile production were monitored.
The perfused livers (n=3 for atorvastatin, n=3 for pitavastatin and n=4 for
rosuvastatin) included in the PK analysis showing a stable portal and arterial
flow of 1548229 mL/min and 175167 mL/min respectively and substantial bile
production throughout the experiment (on average 79.2+27.6 mL in a period of
360 min) (Figure S3.1). With 57.1+15.7 mL, the livers exposed to pitavastatin
produced the least amount of bile during the total perfusion period. For
atorvastatin and rosuvastatin exposed livers, bile production was 78.9+24.7 mL
and 107.2+12.5 mL respectively.

Plasma concentration profiles and biliary excretion of atorvastatin,
pitavastatin and rosuvastatin

In order to study plasma and biliary clearance of the statins, atorvastatin (0.104
mg), pitavastatin (0.141 mg) or rosuvastatin (1.400 mg) was administered via the
portal vein in a slow bolus (10 min, 1 mlL/min), resulting in initial portal
concentrations of 7.02 ng/mL, 8.50 ng/mL and 108.73 ng/mL for atorvastatin,
pitavastatin and rosuvastatin respectively. During the dosing period and
thereafter, multiple perfusate and bile samples were taken to assess the
pharmacokinetic profile of the drugs. Sampling at the portal vein during the 10
min dosing period and simultaneously at the arterial side, enabled us to
calculate the hepatic extraction ratio. Table 3.2 and Figure 3.2 show the plasma
and biliary profile of the statins and plasma rifampicin concentration. The livers
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showed a hepatic extraction ratio of 0.8+0.1 for all statins (Figure 3.2A-B, D-E,
G-H, Table 3.2). Within 10 minutes after the start of the bolus administration,
atorvastatin was detected in the bile with @ Tma of 35.0¢5.0 min. A total of
13.045.6% of the parent compound was secreted into the bile within 120 min
of perfusion. Pitavastatin secretion into the bile was slower, and was detected
in the bile 20 min after the start of the administration with a substantially lower
total biliary excretion of 1.14£0.1% within 120 min. Rosuvastatin was detected in
the bile 10 min after the start of the administration, reaching peak levels at
22.5+4.3 min. In total 10.1+2.5% rosuvastatin was excreted into the bile during
120 min of perfusion.

Table 3.2 - Overview of PK of atorvastatin, pitavastatin and rosuvastatin and the effect of rifampicin
on the hepatic uptake and biliary clearance of these statins. Values are mean + SD (n=3 for
atorvastatin, n=3 for pitavastatin and n=4 for rosuvastatin).

Statin PK Plasma Bile
Substrate  + Rifampicin ~ Fold ~ Substrate  + Rifampicin  Fold
alone change alone change
Atorvastatin Crax (ng/mL) 1.79+£0.84 516+ 1.03 288 216.88 + 161.73 = 0.75
114.98 86.17
AUCo-120 min 120-240 min 18.09 £ 112.79 = 7.24 1351733 % 778025+ 0.58
(ng/mL) 10.73 46.06 5809.52 3676.67
% biliary excretion - - - 13.00+559 7.48+3.54 0.58
Biliary clearance (L/h) - - - 87.78+7842 6.31+6.38 0.07
Hepatic extraction 0.82+0.08 051+009 062 - - -
ratio
Pitavastatin Crax (Ng/ML) 147+ 043 243+0.70 3.03 6507+x727 7212+£2035 1.11
AUCo - 120 min/ 120-240 min 19.51 £ 3264+ 2.63 144833 + 128833 0.89
(ng/mL) 11.89 17.62 129.39 281.69
% biliary excretion - - - 1.03+0.09 091+0.20 0.89
Biliary clearance (L/h) - - - 533+273 1.16 £0.86 0.22
Hepatic extraction 0.84+0.01 0.72 £0.08 0.87 - - -
ratio
Rosuvastatin = Crax (ng/mL) 18.43 £ 48.28 + 262 8927+1302 638425+ 0.72
3.15 10.25 207.58
AUCo- 120 min/ 120-240 min 186.57 = 578.73 + 3.10 140123 = 118572.00+  0.85

(ng/mL) 44.90 152.91 34948 28916.47

% biliary excretion - - - 10.01£2.50 8.47+2.07 0.85
Biliary clearance (L/h) - - - 46.66+ 1327 13.18+539 0.28
Hepatic extraction 0.82+0.03 0.71+0.07 0.87 - - -
ratio

Effect of rifampicin on statin kinetics and biliary clearance

To study the effect of rifampicin on statin plasma kinetics and biliary clearance,
a second bolus of the statin was co-administrated with a bolus of rifampicin
(67.7 mg). Upon co-administration of rifampicin, the plasma Cmax increased
~3-fold for all statin drugs: from 1.840.8 ng/mL to 52+1.1 ng/mL for
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atorvastatin, from 1.5+0.4 ng/mL to 4.5+1.9 ng/mL for pitavastatin and from
18.443.2 ng/mL to 48.3+10.3 ng/mL for rosuvastatin (Figure 3.2, Table 3.2).
Additionally, all plasma AUCs of the statins increased upon co-administration of
rifampicin: livers exposed to atorvastatin showed the highest AUC ratio (AUCR)
of 7.2, followed by rosuvastatin (AUCR 3.1) and pitavastatin (AUCR 2.6) upon
rifampicin co-administration (Figure 3.3A). In line with these data, the most
profound effect of rifampicin on the hepatic extraction was also observed for
atorvastatin that decreased from 0.8+0.1 to 0.5%0.1, while it decreased from
0.840.1 to 0.7£0.1 for both pitavastatin and rosuvastatin. The addition of
rifampicin resulted in a biliary secretion of 6.80+3.85% of administered
atorvastatin  corresponding to 0.47-fold reduction in biliary clearance.
Interestingly, a more profound reduction in biliary excretion was observed for
rosuvastatin and pitavastatin upon co-administration with rifampicin, i.e., 0.15-
fold and 0.11-fold, respectively.
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Figure 3.3 - (A) Showing the rank-order of DDI in AUCR for atorvastatin (ATV), pitavastatin (PTV) and
rosuvastatin (RSV) (B) Relation of AUCR to AUCiampicin.

Pharmacokinetics of rifampicin

Figures 3.2C, F and | show the concentration time profile of the perpetrator
rifampicin in the three statin groups. The livers exposed to atorvastatin showed
the lowest Cray, 3.4+ 1.3 pg/mL for rifampicin compared to livers exposed to
pitavastatin (5.1+ 1.2 pg/mL) and rosuvastatin (5.3+1.0 pg/mL; Figure 3.2C,F and
|, Table 3.3). After administration, rifampicin was rapidly detected in the bile
with a Tmax Of 46.744.7 min, 30.0£0.0 min and 35.0+11.2 min for livers exposed
to atorvastatin, pitavastatin, and rosuvastatin respectively. The biliary clearance
of rifampicin was 6.7+4.8%, 5.7£2.5%, 10.9£1.6% respectively in livers treated
with atorvastatin, pitavastatin and rosuvastatin livers.
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Table 3.3 - Overview of PK of rifampicin during ex vivo liver perfusion. Values are mean + SD (n=3
for Atorvastatin, n=3 for pitavastatin and n=4 for rosuvastatin).

Plasma Bile

Atorvastatin Crmax (Hg/mL) 343 +£1.25 63.27 +£31.08
Tmax(mMin) 1533 £ 3.68 46.67 £ 4.71
AUC 120-240min (Ug/ML) 328.58 + 150.18 5622.59 +2934.09
% biliary excretion - 8.39+4.38

Pitavastatin Crmax (Ug/mL) 509+1.18 64.96 £+ 1.92
Tmax(mMin) 10.33 £ 2.05 30.00 £ 0.00
AUC 120-240min (Ug/ML) 42532 +111.98 4690.66 + 1066.66
% biliary excretion - 7.00 + 1.59

Rosuvastatin Crmax (Hg/mL) 5.53 £0.95 88.18 + 7.56
Tmax(mMin) 12.00 £ 1.00 35.00 £ 11.20
AUC 120-240min (Ug/ML) 446.61 £ 49.48 728419 + 1053.33
% biliary excretion - 10.87 +1.57

Metabolism of atorvastatin and the effect of rifampicin on metabolism

Since atorvastatin is subjected to CYP3A4 mediated hepatic metabolism, we
also investigated the presence of its known metabolites (atorvastatin lactone,
2-OH atorvastatin, 2-OH atorvastatin lactone, 4-OH atorvastatin and 4-OH
atorvastatin lactone) in plasma and bile samples obtained from the perfused
livers exposed to atorvastatin (Figure 3.4, Table 3.3). All five clinically known
metabolites were detected in the bile, but no metabolites were detected in
plasma. For all metabolites, the biliary secretion was decreased upon the co-
administration of rifampicin (Table 3.4). Main inhibition was shown for the
metabolites atorvastatin lactone (AUCR of 0.1), followed by 2-OH atorvastatin
(AUCR of 0.8) and 4-OH atorvastatin (AUCR of 0.7).

—e— Atorvastatin lactone

-=- 2-Hydroxy Atorvastatin

--a-- 2-Hydroxy Atorvastatin Lactone
- 4-Hydroxy Atorvastatin

-+ 4-Hydroxy Atorvastatin Lactone

Atorvastatin
metabolites (ng)

- T T T 1
0 60 120 180 240 300
Time (min)

Figure 3.4 - Atorvastatin metabolite excretion into the bile (n=1) upon dosing atorvastatin (0,104
mg) to the portal vein of perfused porcine liver, before (0-120 min) and after co-administration with
perpetrator rifampicin (125-245 min).
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Table 3.4 - % Biliary excretion of atorvastatin (0.104 mg) metabolites for atorvastatin alone and
atorvastatin + rifampicin n=1.

% biliary clearance of metabolites Atorvastatin Atorvastatin+ Rifampicin AUCR
Atorvastatin lactone 1.45 0.17 0.1
2-hydroxy atorvastatin 3.49 2.64 0.76
2-hydroxy atorva lactone 0.07 0.00 0.00
4-hydroxy atorvastatin 4.91 333 0.68
4-hydroxy atorvastatin lactone 0.00 0.00 0.00

Bilirubin as potential endogenous biomarker for OATP function

Total bilirubin levels were measured in plasma and bile samples of the perfused
livers (Figure 3.5), as bilirubin was recently recommended as an endogenous
biomarker for OATP1B1/1B3 function3%°. Rifampicin, an inhibitor of multiple
transporters including OATP1B1/1B3, should therefore also block the
(re)uptake of (glucuronidated) bilirubin from the plasma. During the first
120 min of perfusion, when only the statins were administered to the livers, a
stable concentration of plasma bilirubin was measured (Figure 3.5A). Upon
rifampicin exposure (120-240 min of perfusion), an increase in total plasma
bilirubin was measured in all livers. For all three statins, the AUC 120-240/AUC 0.120
ratio showed an mean ratio of 1.6 indicating interference of rifampicin on the
hepatic uptake of (glucuronidated) bilirubin. Total bilirubin concentration in the
bile decreased upon rifampicin exposure and a mean AUCR of 0.5+0.14 was
measured (Figure 3.5B).
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Figure 3.5 - Total bilirubin levels in plasma (A) en bile (B) of all liver perfusion experiments,
discriminating atorvastatin (closed circles), pitavastatin (closed squares), and rosuvastatin (closed
triangles), before (0-120 min) and after co-administration with perpetrator rifampicin (125-245 min).
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First signs of drug induced toxicity by pitavastatin

Two out of 5 livers exposed to pitavastatin co-administrated with rifampicin
were excluded from the PK analysis. Compared to the other three livers
exposed to pitavastatin, these two livers demonstrated a delay in plasma
clearance of pitavastatin and rifampicin with a plasma AUCR of 19.8 and 11.8
after the second bolus of pitavastatin (Figure 3.6A,C) and a lower hepatic
extraction ratio of 0.5 for both affected livers (Figure 6H). Immediately after the
second administration of pitavastatin, a reduction in the bile flow was observed
for these two livers and the bile production completely stopped after 360 min
of perfusion (Figure 3.6G). Upon the addition of rifampicin, these same livers
showed an increase in plasma bilirubin compared to all the other perfused
livers (60.1 umol/L and 62.9 pymol/L at 360 min of perfusion) compared to the
atorvastatin and rosuvastatin perfused livers (23.2+7.4 pmol/L at 360 min of
perfusion) (Figure 6D). Plasma rifampicin concentrations were also elevated
compared to the other livers exposed to pitavastatin (Figure 3.6C). To verify liver
toxicity, plasma alanine aminotransferase (ALT) and aspartate transaminase
(AST) levels were assessed (Figure 3.6E-F). The 2 livers showed increasing AST
levels indicating induced liver toxicity. No effect on ALT was measured as all
livers showed stable ALT levels reaching a plateau phase after 60 min (Figure
3.6F). Altogether, these results indicate a potential (start of) pitavastatin-
induced hepatotoxicity in the form of impaired drug and bilirubin clearance and
compromised bile production.

Protein expression of hepatic transporters

Figure 3.7 shows the absolute expression of drug transporters in liver tissue of
porcine (domestic pig) and human origin. While the expression of the main
transporter proteins BCRP, MDR1, MRP1, MRP2, GLUT1 and MCT1 was similarly
abundant in porcine and human livers, the expression of OCT1 was
approximately 1.8-fold higher in human livers compared to porcine livers
(P<0.001). In contrast, the expression of BSEP, MRP3, NTCP, and OATP2B1 was
1.9, 1.7, 1.7 and 2.6 fold higher respectively in porcine livers than in human
livers (P<0.01). OATP1B4 is the porcine ortholog for OATP1B1 and OATP1BS3.
The expression of OATP1B1 and OATP1B3 in human liver together, was
significantly lower (P<0.05) to the protein expression level of OATP1B4 in
porcine livers (2.8+1.0 fmol/mg tissue in human livers 5.8+1.8 fmol/mg tissue in
porcine liver).
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Figure 3.6 - First signs of drug induced liver toxicity in 2 of 5 livers exposed to pitavastatin (0.141
mg). These 2 livers are indicated with red lines, compared to the other three livers in grey. (A)
plasma pitavastatin levels of 2 livers which showed signs of pitavastatin induced liver toxicity by the
disability to take up pitavastatin compared to the other livers (B) biliary clearance of pitavastatin (C)
plasma rifampicin concentration (D) plasma bilirubin increases dramatically after rifampicin co-
administration compared to the atorvastatin and rosuvastatin perfused livers (black line) ( E )
plasma AST levels (F) plasma ALT levels and (G) total bile production during 360 min of perfusion (H)

hepatic extraction during dosing ex vivo perfused livers (dotted lined represents the co-
administration of rifampicin)
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Figure 3.7 - Absolute expression (fmol/mg tissue) of various uptake and efflux transporter proteins
within the plasma membrane of porcine livers (n=5) compared to the protein expression in human
liver (n=15). Significant differences are denoted as asterisks (Students t-test * P<0.05, ** P<0.01,
***p<(0.001).

Discussion

The ability to study biliary excretion and intracellular concentrations provides
valuable information regarding metabolism and excretion of the drug. Thus far,
to predict the hepatobiliary disposition of drugs, experimental studies have
been performed using sandwich cultured hepatocytes, isolated perfused organ
systems with rat livers or cannulated animal studies. In this study we perfused
porcine livers using a novel advanced pressure driven perfusion machine, with
a red blood cell-based perfusate which is suitable for normothermic and
oxygenated conditions'>?22, We describe for the first time the use of NMP of
porcine livers to predict human hepatobiliary disposition - and DDI of drugs as
demonstrated by using known OATP substrate drugs such as atorvastatin,
pitavastatin and rosuvastatin with known OATP inhibitor, rifampicin as a
perpetrator drug. Hepatobiliary toxicity in humans is poorly predicted from
animal studies, primarily due to the fact that many animals differ markedly from
humans in response to pharmacological agents'. In contrast to dogs, mice and
rats, there is not much data on pigs in preclinical testing. Nevertheless, for
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more complex research questions, ex vivo models from pig origin are regularly
used to study intestinal absorption or the hepatic and biliary disposition of
drugs®?. In a comprehensive overview, Vaessen and co-workers provided
protein and mRNA expression in human and pig intestinal tissues for a variety
of transporters and enzymes. In general the protein and mRNA expression
were well comparable between humans and pigs'. Furthermore, Elmorsi and
co-workers recently showed a proteomic characterization of drug metabolizing
enzymes and transporters in the pig liver showing the high resemblance with
humans'. These data on transporters are in line with the proteomic data we
show here comparing transporter protein expression in pig livers to the
expression in human liver tissue. Except for the expression of BSEP, MRP3,
NTCP, OATP2B1 and OCT1, no significant differences were observed in the
expression of other transporter proteins. There is no porcine homologue for
the human OATP1B1 however, porcine livers shown to express OATP1B4,
which is the homologue of OATP1B3 showing 849% similarity ('>%).Although an
almost 2-fold difference in human OATP1B1/1B3 vs pig OATP1B4 protein
expression was observed, the obtained AUCR's were comparable to the human
in vivo condition. Despite these differences, we here provide evidence that
AUCR can be predicted by making use of ex vivo porcine NMP. The compounds
tested are very good OATP (and NTCP) substrates and the results suggest that
the hepatic uptake contributes to a similar percentage to the total clearance in
humans and pigs. Other factors such as permeability differences between
species and Km differences (for OATP-mediated uptake transporters) may
compensate for the protein expression differences.

For this study, three statins were selected to study transporter-mediated DDI at
the hepatic level. These statins, atorvastatin, rosuvastatin and pitavastatin, are
listed as clinical substrates for the assessment of OATP1B1 and OATP1B3-.
Additionally, the clearance of these drugs is mediated via diverse mechanism:
CYP3A4 and OATP for atorvastatin, MRP2 and BCRP for rosuvastatin and BCRP
for pitavastatin. All three statins showed to be good substrates for the uptake
transporters, since a hepatic extraction ratio of >0.7 was observed. This is in
line with clinically observed data?3° demonstrating that the experimental set-
up is sufficient to predict the hepatic extraction ratio in humans.

In previous studies, statins have been applied to several preclinical models to
predict rifampicin induced DDI. Bergman et al. performed an in vivo human
study where rosuvastatin was administered into the jejunum via a Loc-I-Gut-
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catheter?. The biliary clearance of rosuvastatin was measured after intestinal
administration®. The Cna Of rosuvastatin was detected 40 min after
administration with a total biliary secretion of 11%,; these data correspond very
well to that from our experiments, showing a biliary secretion of 10%. Using the
IPRL model, Lau et al. studied the interplay between transporters and enzymes
in the disposition of atorvastatin (Lau et al. 2005). Compared to our porcine
perfusion model, the IPRL model showed an extensively reduced interaction
between atorvastatin and rifampicin. The biliary secretion in the IPRL model of
atorvastatin was 7.4% while in our model the biliary clearance was 13.0+£5.6%.
Also, the effect of rifampicin on the inhibition of the biliary clearance was
remarkably lower (21% in the IPRL vs. 50% in our model). The IPRL may
therefore underpredict the DDI for atorvastatin and rifampicin. Together, these
data show the IPRL model underpredicts the biliary clearance whereas a good
comparability is observed between the porcine and human in vivo situation to
the ex vivo perfused pig liver model. The metabolic activity of porcine livers
during perfusion was shown by the presence of five different atorvastatin
metabolites in the bile. The presence of all these metabolites in our study
indicates that CYP3A4, CYP2C8 and UGT1A3 are metabolically active in the
perfused pig liver3"3,

In the experiments with atorvastatin, variability in AUCR was observed between
replicates. Although rifampicin was administered in a similar slow bolus in each
experiment, variability in plasma rifampicin concentrations were observed,
possibly due to experimental handling and difference in total perfusate volume.
Additionally, in clinical studies, the highest variation in AUCR is also observed for
atorvastatin compared to the pitavastatin and rosuvastatin groups'*3*. Our
results showed a relation between plasma rifampicin AUC and AUCR for
atorvastatin, while minor variation was observed for the pitavastatin and
rosuvastatin  group (Figure 3.3B). A comparable concentration-dependent
inhibition effect of rifampicin on atorvastatin clearance was previously shown in
vivo by Takehara et al. 2018 and Mori et al. 2019 and in vitro by Lau et al.*.
Upon co-administration with rifampicin, the most profound effect was observed
for atorvastatin (AUCR of 7.24), followed by rosuvastatin (AUCR of 3.07) and
pitavastatin (AUCR of 3.03). As can be observed in Table 3.5, this same absolute
AUCR as well as rank order of DDI magnitude was observed in studies with
healthy volunteers™3,




Pig liver perfusion model to study drug PK and DDI using statins

Table 3.5 - Comparison of plasma AUCR between the NMP porcine liver model and in vivo studies.
In all three clinical studies, the statins were dosed as a cocktail in healthy volunteers.

NMP porcine liver Mori et al. Takeharaetal.  Prueksaritanont et
model 2019! 20182 al. 2016*
(current study)
Atorvastatin 7.24 7.29 6.1 10.01
Pitavastatin 2.63 4.01 2.8 4.45
Rosuvastatin 3.10 2.48 24 5.38

In this study, pitavastatin exposure showed to affect hepatic function in 2 out of
5 perfused livers. Pitavastatin is one of the least prescribed statins®* and
although there are infrequent cases known of pitavastatin induced liver injury, it
is known that pitavastatin can increase plasma AST, ALT and bilirubin
concentration in the clinic3“. Here, increased plasma AST was observed in 2
out of 5 livers exposed to pitavastatin. These same livers also showed the
lowest bile production, the lowest bile bilirubin AUCR, the most profound effect
on the hepatic extraction ratio and a prolonged ICG half-life (Figure S3.3).
Together, these results indicate the first signs of acute drug-induced
hepatoxicity. The therapeutic dose of pitavastatin is between 1-4 mg daily.
However, the FDA prescribes not to exceed 2 mg once daily when patients also
take rifampicin. Rifampicin significantly increases the Cmax of pitavastatin and
therefore also increases the risk of rhabdomyolysis and myopathy*'. In our
study, the repeated dosing of pitavastatin could have resulted in hepatic injury
due to affecting the ATP levels of the liver. Viola et al. showed a dramatic
depletion of ATP in keratinocyte-irradiated cells which were exposed to
pitavastatin®. Since the uptake and excretion of pitavastatin, bilirubin and
rifampicin are ATP dependent processes, depletion of ATP resulted in a
deteriorated functioning of these processes. A decrease in ATP levels may
result in apoptosis and eventually necrosis®. This might be an explanation of
our observations. To our knowledge, there is no other preclinical model which
showed these acute adverse effects of pitavastatin in the liver.

Lately, the interest in endogenous biomarkers reflecting transporter
involvement has increased. An example of such an endogenous biomarker is
bilirubin. Due to the role of OATP1B1 and OATP1B3 in bilirubin uptake, bilirubin
could serve as an endogenous biomarker for OATP1B1 and -1B3 related DDlIs
in the liver>?°. In our model, after administration of rifampicin, a direct increase
in plasma bilirubin concentration was measured (AUCR 1.89) showing the direct
inhibition of OATP-mediated hepatic uptake of (glucuronidated) bilirubin.
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Furthermore, a decrease in biliary total bilirubin concentration was measured
after the addition of rifampicin reflecting the inhibition of MRP2 and possibly
UGT1A1. Unfortunately, no good correlation between plasma rifampicin
concentration and plasma and bile bilirubin AUCR was observed, indicating that
bilirubin fits more as a control marker rather than a precise biomarker. The
current practice involves the use of CP-I, CP-lll and conjugated bile salts as
clinical biomarkers for OATP's'. Therefore, studies should incorporate these
suggested biomarkers upon assessing DDI potential of drugs.

Conclusion

In conclusion, we have demonstrated that NMP of porcine livers is a potential
novel and reliable model to study OATP-mediated DDI and its effect on hepatic
clearance, biliary excretion and plasma (metabolite) profile of statins. Overall,
the rank order of DDI severity indicated in our experiments is in good
agreement with clinical data, the lowest DDI for pitavastatin and the highest for
atorvastatin, indicating the potential importance of this new ex vivo model in
early drug discovery.
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Supplementary materials

Table S3.1 - Perfusate composition.

Components Quantity
Red blood cells 1000 mL
Plasma 1000 mL
Calcium gluconate (10%) 10 mL
Sodium bicarbonate 8.4% solution To pH of 7.4
Heparin 1000 U

Fast-acting insulin
Taurocholate
Epoprostenol

Heparin

Continuous infusion
(10 U/mL; 1mL/h)
Continuous infusion
(2% w/v; 10 mL/h)
Continuous infusion
(80 pgin 100 mL; 10mL/h)
Continuous infusion
1041 U/h (TmL/h)
Continuous infusion

Vitamin solution, (1 mL/hr)
L-glutamine, (1 mL/hr)
MEM essential acids and (2 mL/hr)
Glutamax (1 mL/hr)
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Table S3.2 - Details of the LC/MS conditions used for the analysis of atorvastatin and atorvastatin

metabolites, pitavastatin, rosuvastatin and rifampicin.

Compound Column Mobile Phase Time Mobile Flow
A B (sec) Phase B (ml/min)
(%)
Atorvastatin, Macmod;  0.1% Formic  0.1% Formic Acid 15 (Step) 45 0.800
atorvastatin ACE 3 C18- Acid in 95:5 in 50:50 60 (Ramp) 95
lactone, 2- AR; Water:Acetonit Acetonitrile:Meth 5 (Ramp) 95
hydroxy 30x2.1 mm rile anol 30 (Step) 95
atorvastatin, 4-
hydroxy-
atorvastatin, 4-
hydroxy
atorvastatin
lactone
Pitavastatin 15 (Step) 30
60 (Ramp) 70
5 (Ramp) 95
30 (Step) 95
40 (Step) 30
Rosuvastatin 15 (Step) 40
60 (Ramp) 80
30 (Step) 95
40 (Step) 40
Rifampicin Waters; 30 (Step) 30 0.700
Xbridge C8; 120(Ramp) 70
50x2.1T mm 50 (Step) 95
40 (Step) 30

Table S3.3 - The Multiple Reaction Monitoring Transition (MRM) of Compounds.

Compound

MRM Transition(m/z)

Atorvastatin

Atorvastatin lactone

2-hydroxy atorvastatin
2-hydroxy atorvastatin lactone
4-hydroxy atorvastatin
4-hydroxy atorvastatin lactone
Pitavastatin

Rosuvastatin

Rifampicin

Glyburide (internal standard)
Carbamazepine (internal standard)
Rifampicin_d3 (internal standard)
Chrysin (internal standard)

559.30—466.00
541.30—448.10
575.40—440.00
557.30—448.10
575.30—440.20
557.40—448.10
422.20-318.10
482.10—258.20
823.50—399.20
494.20—-369.10
237.10—194.10
826.50—794.70
255.10—153.00
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Table S3.4 - Multiple reaction monitoring (MRM) transitions of the various peptides and the
corresponding internal standard (AQUA) used. The peptide sequences were chosen according to
the in silico peptide criteria defined by Kamiie et al.*® and are exclusively present in the selected
protein of interest.

Name Labelled Peptide sequence® MW Q1 Q31 Q3-2 Q3-3

BCRP unlabelled SSLLDVLAAR 1.0442 5228 6443 757.5 529.4
AQUA SSLLDVLAAR 1.060.2 5263 6513

BSEP unlabelled STALQLIQR 1.029.2 5153 6574 841.6 529.4
AQUA STALQLIQR 1.0452 5188 6643

GLUT-1 unlabelled VTILELFR 990.2 4958 790.5 677.4 201.2
AQUA VTILELFR 1.00.2 500.8 800.5

MCT-1 unlabelled SITVFFK 841.0 4212 1733 641.3 201.1
AQUA SITVFFK 851.0 4262 6513

MDR1 unlabelled AGAVAEEVLAAIR 12695 4677 7194 216.1 618.4
AQUA AGAVAEEVLAAIR 12765 4712 7265

MRP-1 unlabelled TPSGNLVNR 957.1 479.2 4288 759.4 672.4
AQUA TPSGNLVNR 973.1 4827 4323

MRP2 unlabelled VLGPNGLLK 910.1 4558 698.5 185.3 2133
AQUA VLGPNGLLK 926.1 4592 7054

MRP3 unlabelled ALVITNSVK 9441 4728 760.4 661.4 548.4
AQUA ALVITNSVK 950.1 4758  766.5

NTCP-pig unlabelled GIYDGTLK 866.0 4337 6963 1432 171.2
AQUA GIYDGTLK 882.0 4372 7034

NTCP-human  unlabelled GIYDGDLK 880.0 440.7 7103 1432 171.2
AQUA GIYDGDLK 896.0 4442 7173

OATP-1B1 unlabelled LNTVGIAK 815.0 4082 3994 588.3 288.2
AQUA LNTVGIAK 831.0 4117 4029

OATP-1B3 unlabelled IYNSVFFGR 11023 5518 8265 2491 526.2
AQUA IYNSVFFGR 11123 5568 8364

OATP-1B4-pig  unlabelled LTLVGIAK 816.0 4082 3994 588.3 288.2
AQUA LTLVGIAK 832.0 4117 4029

OATP-2B1 unlabelled SSISTVEK 8499 4257 5633 676.3 1751
AQUA SSISTVEK 8559 4287 5693

OCT-1 unlabelled LPPADLK 7529 3772 5433 1833 260.3

AQUA LPPADLK 7689 380.7 5504
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Table S3.5 - Absolute expression (fmol/mg tissue) of various uptake and efflux transporter proteins
within the plasma membrane of porcine livers (n=5) compared to the protein expression in human
liver (n=15). Values are mean + SD. (ND = non detected).

Porcine livers (n=5) Human livers (n=15)

BCRP 0.66 +£0.20 0.60 £0.52
BSEP 515 +1.77 2.62 +0.82
GLUT-1 0.20 +£0.08 0.27 +£0.06
MCT1 0.27 +£0.09 0.19 +£0.05
MDR1 1.90 £0.76 1.50 £0.71
MRP1 0.30 +£0.23 0.21 +£0.09
MRP2 2.31 +£0.99 1.50 £0.68
MRP3 1.71 £0.48 0.98 +0.39
NTCP 562 +1.82 3.30 +0.86
OATP1B1 ND 1.97 £1.01
OATP1B4 576 £1.79 ND

OATP1B3 ND 0.86 +£0.58
OATP2B1 537 +2.68 2.06 £0.71
OCT1 553 +2.09 9.68 £3.16
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Figure S3.1 - Flow characteristics of all porcine livers during 360 min of normothermic perfusion,
showing portal flow (A, D and G), arterial flow (B, E and H) and the cumulative bile production (C,F
and 1) livers exposed to atorvastatin, pitavastatin and rosuvastatin, respectively.
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Figure S3.2 - Plasma en bile pharmacokinetic profiles of all perfused livers (n=14). Data excluded
from PK analysis are represented with a black line, included data are presented in grey. PK of
atorvastatin in (A) plasma and (B) bile, (C) showing the plasma rifampicin concentration of the livers
exposed to atorvastatin, (D) PK of pitavastatin in plasma and (E) bile and (F) the plasma profile of
rifampicin in livers exposed to pitavastatin. (G) PK of rosuvastatin in plasma and (H) bile and the
plasma concentration of rifampicin in livers exposed to rosuvastatin
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Figure S3.3 - indocyanine green (ICG) clearance from plasma upon dosing ICG as an IV bolus
(10 mg) to the perfusate 360 min after starting the liver perfusion and exposing livers to

atorvastatin 1-4 (A), pitavastatin 2-5 (pitavastatin 1 NA: due to decrease in portal and arterial and
bile flow) (B) and rosuvastatin (C).
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Abstract

Realistic models predicting hepatobiliary processes in health and disease are
lacking. We therefore aimed to develop a physiologically relevant human liver
model consisting of normothermic machine perfusion (NMP) of explanted
diseased human livers that can assess hepatic extraction, clearance, biliary
excretion and drug-drug interaction

Eleven livers were included in the study, seven with a cirrhotic and four with a
non-cirrhotic disease background. After explantation of the diseased liver, NMP
was initiated. After 120 minutes of perfusion, a drug cocktail (rosuvastatin,
digoxin, metformin and furosemide; OATP1B1/1B3, Pgp, BCRP and OCT1 model
compounds) was administered to the portal vein and 120 minutes later, a
second bolus of the drug cocktail was co-administered with perpetrator drugs
to study relevant drug-drug interactions.

The explanted livers showed good viability and functionality during 360 minutes
of NMP. Hepatic extraction ratios close to in vivo reported values were
measured. Hepatic clearance of rosuvastatin and digoxin showed to be the
most affected by cirrhosis with an increase in Cmax of 11.50 and 2.89 times,
respectively, compared to non-cirrhotic livers. No major differences were
observed for metformin and furosemide. Interaction of rosuvastatin or digoxin
with perpetrator drugs were more pronounced in non-cirrhotic livers compared
to cirrhotic livers.

Our results demonstrated that NMP of human diseased explanted livers is an
excellent model to assess hepatic extraction, clearance, biliary excretion and
drug-drug interaction. Gaining insight into pharmacokinetic profiles of
OATP1B1/1B3, Pgp, BCRP and OCT1 model compounds is a first step towards
studying transporter functions in diseased liver.
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Introduction

Accurate prediction of drug disposition in patients with and without hepatic
diseases remains difficult, as appropriate models are lacking. The liver plays an
important role in drug handling and impairment or alteration of its function
may greatly affect multiple processes. Upon first liver pass, after oral
administration, drug bioavailability as well as drug clearance may be altered
thereby affecting the drug's efficacy. Studies in liver cirrhosis have shown that
increased bioavailability as well as reduced clearance lead to a higher
prevalence of adverse drug reactions and drug-drug interactions which can
result in safety issues and ultimately an increased risk for hospital admission'2,
Therefore, drug dosing should be tailored according to the varying degree of
liver dysfunction among patients with liver diseases. However, with the
currently available preclinical and dlinical models, it remains difficult to quantify
the required tailoring of the dose related to the degree and type of liver
dysfunction?,

Established in vitro and animal models are often used to study the pathology
and pharmacological characteristics of drugs of varying diseases. However,
translation of these findings to clinical practice remains challenging due to,
among others, species differences in transporter expression and the difficulty
to mimic dynamic liver processes*®. Novel 3D models like liver-on-a-chip and
bile duct-on-a-chip models have gained significant interest as a predictive
platform to study liver processes due to the incorporation of
haemodynamics®’. Although these organ-on-a-chip models hold much promise,
they are still in their infancy owing to the difficulty of mimicking
(patho)physiological processes in the liver such as portal and arterial blood flow
and biliary excretion’. Normothermic machine perfusion (NMP) systems using
human ex vivo whole organs overcome this problem since hepatic architecture
is combined with (near) physiological hemodynamics. Thereby, use of human
explanted liver whole organ enables to study hepatobiliary processes as well as
liver disease specific pharmacokinetics®'®.

In this study we developed a novel hepatic model using diseased explanted
human livers. Four model drugs (rosuvastatin, digoxin, furosemide and
metformin) with and without perpetrator drugs were used to study hepatic
extraction, clearance, biliary excretion and drug-drug interaction. These model
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drugs are known substrates for different important hepatic uptake and efflux
transporters and enabled comparison of the model to in vivo reported data.

Materials and methods

Human livers

Patients undergoing liver transplantation were included in this study. After
providing informed consent, the patients approved the usage of the explanted
liver for experimental study (Figure 4.1). The use of explanted liver tissue was
approved by the medical ethical committee of the Leiden University Medical
Center (B19.040). Patients with polycystic liver disease, with a transjugular
intrahepatic portosystemic shunt, or waitlisted for recurrent- orthotopic liver
transplantation were excluded from participation. Eleven human livers were
included in the study. The underlying disease processes of these livers were
primary biliary cholangitis (PBC, n=1), non-alcoholic fatty liver disease (NAFLD,
n=2), alcoholic liver disease (ALD, n=3), hepatocellular carcinoma in the context
of Hepatitis B viral disease (HBV+HCC, n=2). In addition, three discarded non-
cirrhotic livers which were declined for transplantation were included in this
study. The reasons for decline were; steatosis (n=2) and an occlusion of right
hepatic artery (n=1). Immediately following explantation of the recipient
diseased liver, a portal and arterial flush with cold Histidine-tryptophan-
ketoglutarate (HTK) (Carnamedica, Warsaw, Poland) preservation solution was
performed. The period between explantation (i.e. clamping and transection of
the portal and hepatic veins as final step of the hepatectomy) and cold flush of
the explanted liver (ex vivo), is described as the warm ischemia time (WIT). After
a clean effluent flush, the liver was transported in cold preservation solution to
the Organ Preservation and Regeneration room in the OR complex. Here,
under sterile conditions, a back table reconstruction of the right and left
hepatic artery and portal vein was performed using surplus donor blood
vessels, in order to facilitate cannulation (portal vein- 25Fr cannula, hepatic
artery - 12Fr cannula) and connection to the machine perfusion device (Liver
Assist™ device, XVIVO, Groningen, the Netherlands). Thereafter, the bile duct
was cannulated.
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Ex vivo human explanted liver perfusion

Informed consent of patients on Removal of diseased liver during Reconstruction of hepatic artery
waitlist for liver transplantation liver transplantation and flush of and portal vein
the organ

%
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<
Normothermic perfusion at 37°C Infusion of drug cocktail into the Measurement of perfusate and
using the LiverAssist™ portal vein with and without bile profiles

inhibitors

Drug clearance
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Figure 4.1 - Schematic representation of normothermic explanted human liver perfusion set-up.

Normothermic machine perfusion

All human livers were perfused using the Liver Assist™ device. The machine
consists of two centrifugal pumps which provide a pulsatile flow to the hepatic
artery and a continuous flow to the portal vein'. The system reservoir was filled
with 2L perfusion fluid containing 1:1 ratio of human red blood cells and fresh
frozen plasma (Sanquin, Amsterdam, the Netherlands). Insulin, sodium
taurocholate, heparin and epoprostenol were provided as continuous infusion
at a rate of 10U/h, 1041U/h, 10 mL/h (2% w/v) and 8 pg/h, respectively, in order
to maintain liver functioning and to facilitate bile flow. Additionally, nutrients
(aminoplasmal 10E (B Braun Melsungen AG, Melsungen, Germany) and cernevit
(Baxter BV, Utrecht, the Netherlands) were continuously provided (23mL/hr) to
keep the liver metabolically active (Supplemental Table S4.1). Gas delivery to the
Liver Assist™ consisted of 95% oxygen and 5% carbon dioxide at 1.5 L/min and
the temperature was set at 37°C. The non-cirrhotic livers were perfused with a
portal pressure of 11 mmHg and the cirrhotic livers required perfusion at
14 mmHg to generate a sufficient portal flow. Mean arterial pressure was set at
50 mmHg. After 360 minutes of perfusion, the livers were submerged in
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formaldehyde and transported the pathology department and were examined
according to the institution’s clinical guidelines dependent on the patient’s
underlying pathophysiology.

Drug administration during perfusion

Drug clearance in perfusate and bile of the drug cocktail (rosuvastatin,
metformin, furosemide and digoxin) were determined in the absence and
presence of perpetrator drugs (quinidine, rifampicin, cimetidine and
probenecid)’?. The dosage applied to the system were based on clinically
prescribed oral dosage and calculated as previously described in Stevens et al.
20213, In short, portal doses of the drug cocktail compounds and inhibitors
were calculated based on the fraction absorbed in the intestine to the portal
vein, fraction of metabolism and circulating volume (Supplemental Table S4.2).
After 120 min. of perfusion, a slow bolus for 10 min of the drug cocktail was
administered via the portal vein at 1 mL/min to mimic oral absorption through
the gut. Subsequently, perfusate and bile samples were taken for the following
120 min. Arterial samples were taken at t=120, 122, 124, 126, 128, 130, 135,
140, 150, 160, 170, 180, 210, and 240 min. Additional portal samples were
taken during the administration of the drug at t=126 and t=130 min to
determine the hepatic extraction. Bile samples were collected in 10 minute
fractions from 120 min onwards. After 240 min., first a slow bolus 10 min
(1 mL/min) of perpetrator drugs (quinidine, cimetidine, rifampicin and
probenecid) was administered to the liver and after 5 min (at t=245 min.), again,
a subsequent slow bolus of the drug cocktail was administered via the portal
vein. Biopsies were taken at the end of the first dose (=240 min) and second
dosing with inhibitors (t=360 min). The same sampling schedule for arterial
samples and bile samples was followed. Perfusate and bile samples were
immediately stored at <-70°C until further processing.

Liver function assessment

Hepatic artery and portal vein flow were recorded from the Liver Assist™
machine. Perfusate samples and bile samples (collected under mineral oil to
prevent bile exposure to ambient air'¥) were taken hourly to monitor liver
viability (pH, glucose, lactate etc.) using a RapidPoint 500 blood gas analyzer
(Siemens, Germany). Alanine aminotransferase (ALT) concentration in the
perfusate samples was measured by reflectance photometry (Reflotron-Plus
system, Roche diagnostics, Almere, the Netherlands). Perfusate and bile
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parameters were compared to defined criteria used in clinical transplantation
studies; perfusate ALT <6000 and lactate <2.5 mmol/L after 120 min of
perfusion, biliary pH >7.5 (15-17).

Histological analysis

Pre-perfusion (n=2) and post-perfusion (n=2) biopsies were taken for each liver,
fixed in 10% formalin and subsequently embedded in paraffin. Slices of 4 um
were cut and stained with hematoxylin & eosin (H&E) for examination using
light microscopy.

Bioanalysis

The concentration of the drug cocktail was quantified using LC-MS/MS (Waters,
Etten-Leur, the Netherlands). Perfusate and bile sample (10 pL) were
deproteinized with 100 pL acetonitrile (ACN) with the addition of 10 of pL the
isotopically labelled internal standards (1 pg/mL). Thereafter samples were
vortexed, centrifuged and supernatant was transferred to 96 well plate and
dried under nitrogen. Thereafter, samples were dissolved in 100 uL 10% ACN +
0,1% formic acid and injected in to LC-MS/MS for quantification. Details of the
LC-MS/MS conditions used are shown in Supplemental Table S4.3 and S4.4.

Chemicals

Rosuvastatin, digoxin, furosemide, quinidine were obtained from Sigma-Aldrich
(Zwijndrecht, the Netherlands). Metformin and rifampicin and cimetidine were
obtained from Bioconnect (Huissen, the Netherlands). Heparin, sodium
taurocholate (Sigma-Aldrich, Zwijndrecht, the Netherlands), insulin (Novo
Nordisk, Alphen aan den Rijn, the Netherlands) and epoprostenol (Flolan;
GlaxoSmithKline Inc, Mississauga, ON, Canada) were obtained as indicated.

Data analysis and statistics

Data obtained during the perfusion studies was analyzed using Prism version 8
(GraphPad, California, USA). Values for the area under the concentration time
curve 0 -120 min (AUCo.u) were calculated using the linear trapezoidal method.
The area under the concentration time curve ratio (AUCR) was determined by
dividing the AUC125.245 min (With inhibitors) by the AUCq.120 min (Without inhibitors).
The hepatic extraction ratio was calculated during the 10 min dosing period as
following: concentration entering the liver (portal vein) - concentration leaving
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the liver / concentration entering the liver. Significance of differences between
the cirrhotic and non-cirrhatic livers was tested using the Mann-Whitney U test.
Data is presented as median and inter-quartile range (IQR) for non-parametric
distributed data. P-value below 0.05 was considered significant.

Results

Explanted livers showed good viability during perfusion

Both cirrhotic (n=7, characteristics Table 4.1) and non-cirrhotic (n=4,
characteristics Table 4.1) livers had a stable arterial flow with minimal variation
during perfusion; 235 mL/min (IQR:214.7-249) in cirrhotic livers vs. 230 mL/min
(IQR:21.3-239.5) in non-cirrhotic livers (Figure 4.2A). A significant lower portal
flow in cirrhotic livers was observed compared to non-cirrhotic livers of 523
mL/min (IQR:489-557) vs. 1678 mL/min (IQR:1596-1710)), respectively, p<0.001
(Figure 4.2B). Figure 4.2C demonstrates perfusate lactate, which is a marker of
liver function. Lactate clearance was observed after 30 min of perfusion in the
non-cirrhotic liver group and remained low (1.39 mmol/L (IQR:0.48-.29)), while
cirrhotic livers showed higher levels of perfusate lactate (13.25 mmol/L
(IQR:3.20-22.91) after 360 min of NMP). As marker of hepatocellular injury,
release of ALT was measured throughout the perfusion (Figure 4.2D). Levels of
ALT reached a plateau after 60 min of perfusion and remained stable until 360
min of perfusion. ALT levels were significantly higher in the non-cirrhotic livers
compared to the cirrhotic livers (p=0.017). All livers produced bile during
perfusion, but significantly more bile was produced by the cirrhotic livers 55 mL
(IQR:37-61) vs. 28 mL (IQR:22-60)) p=0.034 (Figure 4.2E). The pH of produced
bile during perfusion showed to be >7.5 in cirrhotic as well as non-cirrhotic
livers (Figure 4.2F), demonstrating good cholangiocyte viability and meeting the
defined viability criteria. To investigate the effect of perfusion on the integrity of
the livers, biopsies of the livers pre-, and post-perfusion were stained with H&E.
Figure 4.2G shows a representative example of a non-cirrhotic liver and a
cirrhotic liver, before perfusion and post-perfusion (t=360 min). The
histopathological analysis indicated that the perfusion did not have obvious
detrimental morphological effects on the liver tissue. Additional markers of
hepatocellular injury and function and cholangiocyte viability can be found in
Supplemental Figure S4.1. Gene expression data of housekeeping genes,
transporters and enzymes can be found in Supplemental Figure S4.2.
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Figure 4.2 - Liver functionality, viability, and injury markers measured in perfusate, bile, and tissue of
normothermic perfused cirrhotic and noncirrhotic livers. (a) hepatic artery flow, (b) portal flow, (c)
perfusate lactate, (d) perfusate ALT levels (e) bile production (f) biliary pH and of cirrhotic and
noncirrhotic livers measured during 360 minutes of normothermic perfusion. (g) H&E staining of a
cirrhotic liver and noncirrhotic liver, before perfusion (¢t=0) and after perfusion (360 minutes; 200x).
Data represent median and interquartile range in cirrhotic (n=7) and noncirrhotic livers (n=4).
Differences between groups were analyzed using the Mann-Whitney U test; P value is presented in
the right corner of each graph. ALT, alanine aminotransferase; H&E, hematoxylin and eosin; n.s., not
significant.
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Table 4.1 - Liver characteristics and ischemic times of cirrhotic and non-cirrhotic livers.

Cirrhotic livers Noncirrhotic livers Pvalues
NET N=4
Underlying disease ALD (n=3) NAFLD (n=2) Discarded liver (n=3) n.a.
HBV+HCC (n=1) PBC (n=1) HBV+HCC (n=1)

Age, years 59 (54-69) 63(30-67) 0.545
Gender

Male 6 4

Female 1 0
BMI, kg/m? 29.4(23.8-31.4) 26.8(26.0-28.8) >0.99
WIT, minutes 5(4-6) 12(5-14) 0.067
CIT, minutes 80(71-99) 270(105-507) 0.070
Weight of the liver, g 1,507 (1,297-2,005) 1,975(1,394-2,008) 0.648
MELD 11(9-23) 6 (6-6) 0.006

Differences between groups were analyzed using the Mann-Whitney U test. ALD, alcoholic liver
disease; BMI, body mass index; CIT, cold ischemia time; HBV, hepatitis B virus; HCC, hepatocellular
carcinoma; MELD, model of end stage liver disease; n.a., not applicable; NAFLD, nonalcoholic fatty
liver disease; PBC, primary biliary cholangitis; WIT, warm ischemia time..

Hepatic clearance and biliary excretion of rosuvastatin and digoxin are
affected by cirrhosis

To assess hepatic clearance and biliary excretion, a drug cocktail was infused to
the portal vein (Figure 4.3, Supplemental Figure S4.3, Supplemental Table S4.1).
Perfusate concentrations of rosuvastatin appeared to be the most affected by
liver cirrhosis, with an approximate 11.5-fold increased Cmax in cirrhotic livers
compared to the perfused non-cirrhotic livers (463.3 ng/mL (IQR: 243.2-555.2)
vs. 41.10 ng/mL (IQR: 7.01-71.02), p=0.024) and 190-fold increased AUCq.au Of
20.96 pg/mL (IQR: 11.61-29.98) vs. 0.11 pg/mL (IQR:0.10-5.15, p<0.001) (Figure
4.4A). A comparable effect was observed for digoxin, with a perfusate Cmax
that was more than 3-fold higher in cirrhotic livers (10.03 ng/mL (IQR:7.75-
11.78)) compared to non-cirrhotic livers (3.46 ng/mL ng/mL (IQR:2.33-7.80,
p=0.038)) and an AUCo.wu that was almost 3-fold higher; 629 ng/mL (IQR:282-
746) in cirrhotic livers versus 222 ng/mL (IQR:171-503) in non-cirrhotic livers,
p=0.003 (Figure 4.4D). Biliary excretion of rosuvastatin and digoxin was higher
in cirrhotic livers (66% and 51% respectively) compared to non-cirrhotic livers
(47% and 17%, respectively), however not significant (Figure 4.4B,E). Figure 4.4C
and 4.4F show lower intrahepatic levels of rosuvastatin and digoxin respectively
in cirrhotic livers compared to non-cirrhotic livers which is in line with the biliary
excretion. As can be observed in Figure 4.4G-L, cirrhosis had a minor effect on
furosemide and metformin concentrations as Cmax was 1.19 and 1.13 times
higher in cirrhotic livers compared to non-cirrhotic livers (not significant).
Metformin and furosemide were only minimally cleared through biliary
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excretion (in the range of 1-3%) which was not affected by the cirrhosis (Figure
4.4H,K) and also intrahepatic levels were comparable between cirrhotic and
noncirrhotic livers (Figure 4.41,L).
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@ e
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Figure 4.3 - Schematic representation of normothermic machine perfusion setup of the liver to
study drug hepatobiliary processes. DDI, drug-drug interaction.

Hepatic extraction of rosuvastatin affected by cirrhosis

A unique application of the perfusion model is to sample from the portal vein
(before the liver) and hepatic artery (after liver sample) during the dosing period
(Figure 4.5A), enabling to determine the hepatic extraction ratio (Figure 4.5B). A
high hepatic extraction by the non-cirrhotic livers of rosuvastatin was
measured; 0.70 (IQR:0.69-0.83), which showed to be affected by cirrhosis (0.57
(IQR:0.42-0.67)). The hepatic extraction of digoxin, furosemide and metformin,
which are low hepatic extraction ratio drugs, did not show to be affected by
cirrhosis.
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Figure 4.4 - Pharmacokinetic profiles of rosuvastatin, digoxin, metformin, and furosemide in
cirrhotic and noncirrhotic perfused livers. Rosuvastatin (applied dose of 1.80 mg) (a) perfusate
levels, (b) biliary excretion of rosuvastatin, and (c) intrahepatic rosuvastatin levels. Digoxin (applied
dose of 0.11 mg) (d) perfusate levels, (e) biliary excretion of digoxin, and (f) intrahepatic digoxin
levels. Furosemide (applied dose of 0.77 mg) (g) perfusate levels, (h) biliary excretion of furosemide,
and (i) intrahepatic furosemide levels. Metformin (applied dose of 74.40 mg) (j) perfusate levels, (k)
biliary metformin excretion, and (l) intrahepatic metformin levels. Data represent median and
interquartile range in cirrhotic (n=7) and noncirrhotic livers (n=4) for perfusate and bile. There were
five in the cirrhotic and three in noncirrhotic livers for intrahepatic data. Differences in AUC
between groups were analyzed using the Mann-Whitney U test; P value is presented in the right
corner of each graph. AUC, area under the concentration time curve; n.s., not significant.
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Figure 4.5 - Hepatic extraction of drug cocktail compounds. (a) Schematic representation of sample
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n.s., not significant.

Increased risk of drug-drug interaction for rosuvastatin and digoxin

Figure 4.6 shows the results of the studies in which different drugs were used
to inhibit the uptake and /or excretion of the drug cocktail from the previous
section (Figure 6A). In both cirrhotic and non-cirrhotic livers, rosuvastatin and
digoxin  AUCowu and Cmax were increased upon co-administration of a
perpetrator cocktail (Figure 4.6B,C). However, the drug-drug interaction,
expressed as an increase in Cmax, and increase in AUCR (i.e. ratio AUC of victim
drug with and without inhibitors over 120 min) was more profound but not
significant in the non-cirrhotic livers than the cirrhotic livers. More specifically,
the AUCR for rosuvastatin and digoxin was 5.6 (IQR: 3.1-13.3) and 8.1 (IQR: 4.6-
20.5) respectively in non-cirrhotic livers compared to 1.4 (IQR: 0.9-1.9) and 2.2
(IQR: 1.3-3.5) respectively in cirrhotic livers. No increase in AUCq..u and Cmax
was observed for the low-hepatic extraction ratio drugs furosemide and
metformin. The inhibition of biliary excretion (expressed in AUC ratio) of
rosuvastatin and digoxin which are highly biliary excreted is shown in Figure
4.6D. The Pgp mediated biliary excretion of digoxin is shown to be inhibited as
demonstrated by an AUCR ratio of 0.28 (IQR: 0.11-0.52) in cirrhotic livers and
0.66 (IQR: 0.12-1.14) in non-cirrhotic livers. Intrahepatic levels, demonstrated in
Figure 4.6F, showed to be 6-fold increased in cirrhotic livers and 1.6-fold
increased in non-cirrhotic livers upon co-administration of the inhibitors, which
is in line with the inhibition of the biliary excretion.
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Figure 4.6 - Effect of drug inhibitor mix on hepatic clearance of rosuvastatin, digoxin, metformin,
and furosemide. (a) Graphical representation of relevant hepatic drug transporters for the victim
drugs (rosuvastatin, digoxin, metformin, and furosemide) and the applied perpetrators (quinidine,
rifampicin, cimetidine, and probenecid). (b) Ratio of perfusate Cmax and (c) perfusate AUCR with
and without applied perpetrator drugs for the cirrhotic and noncirrhotic livers. (d) Bile AUCR of
digoxin and rosuvastatin with and without applied perpetrator drugs for the cirrhotic and non-
cirrhotic livers. (e) Intrahepatic levels upon dosing inhibitor mix on rosuvastatin and (f) intrahepatic
digoxin levels. Data represent median and interquartile range in cirrhotic (n=7) and noncirrhotic
livers (n=4) for perfusate and bile, five in cirrhotic and three in noncirrhotic livers for intrahepatic
data. Differences between groups were analyzed using the Mann-Whitney U test; P value is
presented in the right corner of each graph. AUCR, area under the concentration time curve ratio;
Cmax, maximum plasma concentration; n.s., not significant.
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The BCRP mediated biliary excretion of rosuvastatin showed to be inhibited in
the non-cirrhotic livers (0.78 (IQR:0.75-2.20)) while on average no inhibition of
rosuvastatin in bile produced by cirrhotic livers was measured (0.98 (IQR:0.61-
1.15)). Co-administration of the inhibitor mix showed to mildly increase the
intrahepatic accumulation by 1.6-fold and 2-fold in cirrhotic and non-cirrhotic
livers (Figure 4.6E). Metformin and furosemide showed to be minimally biliary
excreted (range 1-3%), therefore no interaction in bile was presented here.

Discussion

Here we show for the first time the use of explanted human diseased livers as a
model to assess hepatic extraction, biliary clearance and transporter function.
We successfully perfused 7 cirrhotic livers and 4 non-cirrhotic livers for a period
of 360 min, maintaining liver viability and functionality, as indicated by stable
flow, bile production, proper histology pre- and post-perfusion, stable ALT
values and stable gene expression throughout the perfusion.

The use of NMP has proven to be beneficial for organ transplantation''® and
NMP has become a widely accepted method to assess viability of the donor
liver prior to transplantation™®. Many criteria of hepatocellular and
cholangiocellular function have been described (e.g. lactate clearance,
perfusate ALT and biliary pH) to establish liver viability based on perfusion
results and post-transplantation outcomes, demonstrating the robustness of
the model in perfusion research™'. The explanted cirrhotic livers perfused in
this study met most of the criteria for hepatocellular function, except for lactate
clearance and portal flow whereas other hemodynamic parameters did not
show significant changes. As expected, portal flow was lower in cirrhotic livers
compared to non-cirrhotic livers as a result of portal hypertension?'.

Unique advantages of the whole organ perfusion model is the dynamic
environment; enabling to measure the hepatic extraction and the preservation
of the biliary excretion route, thus allowing for the assessment of biliary
excretion. The non-cirrhotic livers showed to rapidly take up rosuvastatin and
digoxin from the perfusate with a hepatic extraction ratio of 0.70 and 0.42
respectively which are close to in vivo reported measures of 0.63 and 0.3
respectively??3, In this study, hepatic extraction and clearance of rosuvastatin
showed to be the most affected by cirrhosis as hepatic extraction decreased to
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0.57 and a 190-fold AUC difference was observed. Rane et al.** reported that
the clearance of hepatically cleared drugs with a high extraction ratio are
related to blood flow and thus a major decrease in portal flow as in cirrhosis
can dramatically affect the first passage across the liver?>?¢, However, changes
in portal flow alone do not explain the 190-fold difference. Reduced uptake
(Cmax 11.5-fold higher), as well as delayed elimination was observed. We
hypothesize that decreased transporter abundance of OATP1B1/1B3 as
reported in literature also contributed to the delayed elimination as we
observed in the cirrhotic livers??°. Hardly any studies are known regarding the
effect of liver cirrhosis on for instance rosuvastatin pharmacokinetics. Only
Simonson et al. 2003 reported the effect of advanced liver cirrhosis on
rosuvastatin Cmax and AUC values for 2 patients®. This is substantiating the
need for more knowledge regarding the role of cirrhosis in hepatic handling of
drugs. In vivo studies demonstrated a high biliary excretion of rosuvastatin of
approximately 76.8% as measured by fecal excretion®'. The ex vivo non-cirrhotic
livers showed a biliary excretion of 37% in 120 min, extrapolation of the data
resulted in 77% total excretion of rosuvastatin which is in line with in vivo data.
Interestingly, digoxin showed a relative high biliary clearance in cirrhotic (51%)
and non-cirrhotic ( 17%) livers during 120 min of perfusion. In vivo studies have
shown that digoxin is extensively renally eliminated (75%)%. However, multiple
studies demonstrated that digoxin is highly involved in the enterohepatic
circulation, thereby decreasing the in vivo fecal excretion of digoxin®3*, The two
other compounds used in this study, furosemide and metformin, which are
mainly renally cleared, showed a low hepatic extraction ratio and minor biliary
excretion (£3%) in both cirrhotic and non-cirrhotic which is in line with human
in vivo data which showed that biliary eliminated was limited®. By showing the
biliary excretion of two compounds which are mainly biliary excreted and two
that are not/minorly excreted via the biliary route we demonstrated that the
perfused liver retained its function while in the ex vivo environment.
Interestingly, the percentage of biliary clearance was higher, for all compounds,
in the cirrhotic perfused livers and lower intrahepatic levels of digoxin and
rosuvastatin were measured. This might be due to an elevated bile flow which
has been observed in patients cirrhosis and is confirmed in our model,
resulting in a more efficiency biliary clearance®. Also, it has been reported for
digoxin that Pgp levels are significantly elevated in cirrhosis which can
contribute to a more efficient biliary clearance of digoxin?’.
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The effect of drug-drug interactions in cirrhotic and non-cirrhotic livers was
subsequently determined by using a cocktail of perpetrator drugs. The non-
cirrhotic livers showed an increased AUCR for a drug-drug interaction with
rosuvastatin (3.52) where values between 2.48-5.38 for rosuvastatin with
rifampicin as inhibitor have been observed®*%, showing good agreement with
clinical data. Although it is observed that rifampicin can inhibit MRP2 and
thereby limiting biliary excretion of rosuvastatin® we observed minimal
inhibition at the biliary level. It is possible that the observed results are a
consequence of inadequate portal dosing of rifampicin, as the perfusate
concentration likely did not reach the desired levels. In our porcine perfusion
we have measured Cma levels of 7.3 uM (n=10)"3, which is lower than 20 uM
plasma levels in other clinical studies®. Digoxin, showed a high increase in
AUCR upon dosing with inhibitors, which is potentially the result of inhibiting
uptake via OATP (rifampicin as inhibitor) as described by Lau and co-authors*,
A decrease in Pgp mediated biliary excretion was observed to an average
inhibition of 0.64 in non-cirrhotic livers. This is the same inhibition we have
observed in our porcine experiments. Since there is some variation between
the human livers, we do recommend more replicates for future experiments. It
remains difficult to compare to in vivo observations since a major part of the
drug-drug interaction takes place at the intestinal level, when orally absorbed,
thereby affecting the portal vein concentration. Still, the observations from this
study showed that we could mimic a drug-drug interaction with digoxin in this
perfusion model leading to an increased Cmax and AUCR.

Explanted livers obtained during orthotopic liver transplantation are currently
only used for pathological assessment and subsequently discarded. While
many preclinical and laboratory animal models try to mimic liver diseases as
best as possible, many models fail due to a lack of translation to the human
situation. This model can be widely applied in a variety of research settings,
however implementation will only be feasible in a limited number of centers
were liver transplantations are regularly performed. Considering the scarcity of
explanted human livers for research purposes the utilization of porcine livers in
early stages of drug development can prove to be a valuable approach as we
have previously shown'. Although we have used a limited time-window
perfusion, recent studies have shown the possibility to prolong organ perfusion
duration even up to 7 days' which will broaden the applicability of liver
perfusion.
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Liver disease can affect the abundance of transporter proteins and/or
metabolizing enzymes. In fact, multiple studies have analyzed liver biopsies
from patients with liver disease showing alterations in expression of specific
proteins relevant for pharmacokinetics?’?%, For instance, Drozdzik et al,
showed an increase in Pgp and multidrug resistance protein 4 (MRP4) and
decreases in NTCP, OCT1 and OATP1B1 in patients with severe liver disease?.
Although these studies already provided some hints towards altered
pharmacokinetics and metabolism of drugs in patients with liver diseases, ex
vivo perfusion of diseased livers offers a unique opportunity to directly study
the effect of altered expression levels of transporter proteins and metabolizing
enzymes. In this study we used known drug substrates for different important
hepatic uptake and efflux transporters. Gaining insight into pharmacokinetic
profiles of OATP1B1/1B3, Pgp, BCRP and OCT1 model compounds is a first step
towards studying transporter functions in diseased liver. Additionally, for many
drugs, dosing advice is currently incomplete for patients with cirrhosis because
of lacking evidence or showing major interindividual differences. Studying drug
pharmacokinetics using explanted human livers can serve as a basis to explore
the differences in hepatic handling of drugs for patients with hepatic
impairment even though to date it is yet too early to know what the exact place
of this model is for clinical practice or drug development*,

In conclusion, we demonstrated for the first time NMP of diseased human livers
explanted during liver transplantation and discarded donor livers to study
hepatic extraction, clearance, biliary excretion and drug-drug interactions. The
ability to sample perfusate, bile and tissue during- and after dosing is a unique
approach to gain insights into hepatobiliary processes, transporter function
and transporter abundance.
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Supplementary materials

Table 54.1 - Composition of perfusate and continuous infusions.

Components Quantity
Red blood cells (Sanquin) 4x 250 mL
Fresh Frozen plasma 4x 250 mL
Calcium gluconate (10%) 10 mL
Sodium bicarbonate 8.4% solution To pH of 7.4
Heparin 1000 U
Continuous infusion

Fast-acting insulin (10 U/mL; 1mL/h)
Taurocholate (2% w/v; 10 mL/h)
Flolan 0.026mg/mL/h
Heparin 1041 U/h (TmL/h)
Aminoplasmal (B. Braun) 23 mL/h
Cernevit (Baxter) 22.5 mg/mL/h

Table S4.2 - General properties of drug cocktail (rosuvastatin, digoxin, metformin and furosemide)
and drug cocktail inhibitor mix. Oral doses applied in vivo (mg), fraction absorbed and mg bolus
applied to the portal vein of ex vivo perfused livers.

Substrate Transporters Metabolism Fraction mg oral mg bolus

(victim drug) involved absorbed (%) doses applied to ex
vivo liver

Rosuvastatin OATP1BT1, CYP2C9 50% 10 mg 1.80 mg

OATP1B3, NTCP,
MRP2, BCRP, OST-

a/B
Digoxin OATP2B1, Pgp CYP3A4 81% 0.50 mg 0.11 mg
MDR3
Metformin OCT1, MATE1 53% 500 mg 74.20 mg
Furosemide OATP2BT1, 55% 5mg 0.77 mg
OATP1B1,
OATP1B3
MRP2
Inhibitor mix
Rifampicin OATP1B1 95% 600 mg 67.7 mg
OATP1B3
OATP2B1
Quinidine Pgp 80% 100 mg 224 mg
Cimetidine OCT1 72% 300 mg 59.89 mg
MATE1

Probenecid MRP2 50% 250 mg 25mg

112



Novel explanted human liver model to assess drug pharmacokinetic processes

Table S4.3 - Details of the LC/MS conditions used for the analysis of digoxin, rosuvastatin,
metformin and furosemide in perfusate and bile matrix.

Compound Column Mobile Phase Time Mobile Flow
A B (min) Phase B (mL/min)
(%)

Perfusate and Tissue
Digoxin Waters 0.1% 0.1% Formic 0 100 0 0.6
Rosuvastatin - Acquity Formic Acid 0.50 100 0
Metformin UPLC BEH Acid in in 1.00 50 50
Furosemide C18; 2.1x50 MiliQ Acetonitrile 1.50 5 95

mm, 1.7 ym; water 2.20 5 95

art.nr 2.30 100 0

186002350 3.20 100 0
Bile matrix
Digoxin Waters 0.1% 0.1% Formic 0 100 0 0.6
Rosuvastatin - Acquity Formic Acid 0.50 100 0
Metformin UPLC BEH Acid in in 6.50 40 60
Furosemide C18; 2.1x50 MiliQ Acetonitrile 6.60 5 95

mm, 1.7 ym; water 7.30 5 95

art.nr 7.40 100 0

186002350 8.30 100 0

Table S4.4 - Details of the LC/MS conditions; Quantification of masses and retention times.

Compound Rt (min) Rt (min) Exactmass Polarity Fragment m/z
Perfusate/tissue  Bile

Metformin 0.27 0.28 129.1014 Pos M+H]+ 130.1087
Metformin ISTD 0.27 0.27 135.1391 Pos M+H]+ 136.1464
Digoxin 1.34 3.98 780.4296 Neg [M+HCOOH-H]- 825.4284
Digoxin ISTD 1.34 3.97 783.4484 Neg [M+HCOOH-H]- 828.4472
Furosemide 1.42 4.07 330.0077 Neg M-H]- 329.0004
Furosemide ISTD 1.42 4.04 335.0391 Neg M-H]- 344.0318
Rosuvastatin 1.48 4.83 481.1683 Neg M-H]- 480.1610

Rosuvastatin ISTD 1.57 541 468.1862 Neg [M+HCOOH-H]-  513.1850
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Figure S4.1 - Liver injury and liver function markers, measured in perfusate and bile during
normothermic machine perfusion. Liver injury maker (A) Perfusate AST. Liver function parameters
measured in perfusate, including; (B) relation of perfusate lactate AUC and MELD score, (C) albumin
and (D) total bilirubin. Liver function parameters measured in bile; (E) Aglucose perfusate vs bile, (F)
Abicarbonate bile vs perfusate and (G) bile bilirubin levels during 360 min of perfusion. Data
represents median and interquartile range in cirrhotic (n=7). and non-cirrhotic livers (n=4).
Differences in AUC between groups were analyzed using the Mann-Whitney U test; p value is
presented in right corner of each graph
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Figure S4.2 - mRNA expression of (A) housekeeping genes (B) CYP450 and (B) transporters during
ex vivo normothermic perfusion. Tissue biopsies taken at t=0 hour were compared to t=6 hour.
Data represents mean +SD (n=6; cirrhotic/non-cirrhotic).
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Figure S4.3 - Schematic representation of the experimental set-up for studying pharmacokinetics of
a cocktail of drugs and the effects of drug-drug interactions. Stable liver perfusion was maintained
in the first 120 min of perfusion. Between 120-130 min, the drug cocktail was infused into the
portal vein (TmL/min), during this time the hepatic extraction of the drugs was measured. Hepatic
clearance as well as biliary clearance was measured for 120 min (120 -240 min). Thereafter, at
t=240 min, drug inhibitors were infused into the portal vein for 10 min (240-250). Between 245-255
the drug cocktail was infused into the portal vein to study drug-drug interactions. Perfusate and bile
samples studying the extent of drug-drug interactions were taken between 245 and 365 min
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Abstract

Ex vivo liver normothermic machine perfusion (NMP) does not fully recapitulate
physiological liver function due to the absence of the enterohepatic circulation
as only infusion of the bile acid taurocholate (TCA) is applied in most protocols.
In this study we characterized the de novo bile acid synthesis and cholesterol
homeostasis during liver NMP. We hypothesized that addition of a more diverse
pool of (conjugated)bile acids during liver NMP would decrease the metabolic
burden of de novo synthesis and thereby improve liver function during NMP.

First, human and porcine livers were perfused for 360 min at 37°C and
perfusate containing TCA. Next, the infusion of different conjugated bile acid
mixes was assessed during porcine and human liver perfusion. Perfusate, bile
and tissue samples were obtained to study liver viability, functionality, gene
expression, cholesterol and bile acid levels.

During human and porcine perfusions with TCA infusion, composition of bile
was comparable to literature however, synthesis rates were above physiological
average and a decrease over time in cholesterol perfusate levels was observed.
Additionally, over time a decreased expression of bile acid synthesis related
genes, increased gene expression of cholesterol metabolism related genes and
decreased expression in bile acid-dependent uptake and efflux transporters
were detected. Upon infusion of a conjugated bile acid mix lower AST and ALT
values and stable cholesterol homeostasis was observed after 720 min of
perfusion. Perfused human livers showed appropriate function and good
functioning livers showed rapid bile acid clearance from the perfusate into the
bile.

In this study we reveal new insights that infusion of (un)conjugated bile acids in
NMP alleviated the burden of the de novo bile acid synthesis and improved liver
function.
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Introduction

Ex vivo normothermic machine perfusion (NMP) of the liver is a well-known
technique in the field of organ transplantation to assess metabolic processes
and liver function™. Additionally, NMP can be used as a platform for drug
intervention studies, drug pharmacokinetics and disease modelling®’. During
NMP, livers are perfused with a red-blood cell based perfusate through the
hepatic artery and the portal vein under oxygenated conditions at 37°C. Many
protocols depend on infusion of taurocholate (TCA) to induce bile flow?® as
current liver viability assessment is partly focused on bile production and bile
composition as well as biliary pH, glucose and bicarbonate levels''. However,
TCA is only one of many bile acids found in the bile acid pool which
encompasses a variety of (conjugated) bile acids, each with a specific function
and contribution to the overall bile metabolism' ™,

Under physiological conditions the liver synthesizes bile acids from cholesterol
through either the classic or alternative pathway, initiated by cholesterol 7a-
hydroxylase (CYP7A1) or sterol 27-hydroxylase (CYP27A1), respectively’. The
synthesized primary bile acids cholic acid (CA) and chenodeoxycholic acid
(CDCA) are subsequently conjugated with glycine (G) or taurine (T). After
synthesis, conjugated primary bile acids are excreted across the canalicular
membrane and drained via the biliary tree into the gall bladder, from where the
bile acids are subsequently secreted into the duodenum upon a postprandial
signal™. In the intestinal tract, bile acids are transformed by intestinal bacteria
into secondary bile acids such as deoxycholic acid (DCA), reabsorbed by the
intestinal cells and are transported back to the liver via the portal vein'#'>'¢, In
the portal vein, the bile acid composition predominantly comprises of GCA,
GCDCA and GDCAY. This efficient recirculation of bile acids is known as the
enterohepatic circulation, where approximately 95% of the total amount of bile
acids recirculates between the intestine and the liver'. The loss of bile acids
is mainly due to excretion of bile acids via the feces. As a consequence, the loss
of bile acids is compensated by de novo synthesis in the liver to maintain
homeostasis and a constant bile acid pool™ in which bile acids regulate their
own homeostasis by providing a negative feedback on bile acid biosynthesis
genes such as CYP27A1, CYP7A1 and sterol 12a-hydroxylase (CYP8B1). This
downregulation is mediated by activation of farnesoid X receptor (FXR) by bile
acids, which upon activation also prevents toxic intracellular accumulation of
bile acids by inhibiting bile acid uptake and stimulating bile acid export out of
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the liver?®2'. Thus, FXR activation suppresses gene expression of hepatocyte bile
acid influx transporters such as sodium taurocholate co-transporting
polypeptide (NTCP), organic anion transporter 2 (OAT2), and the organic anion-
transporting polypeptides (OATP) 1B1, 1B3 (humans) and 1B4 (pigs)®.
Concomitantly, FXR activation increases gene expression of canalicular efflux
transporters such as bile salt export pump (BSEP) and multidrug resistant-
related protein (MRP) 2, which secrete divalently conjugated bile acids into bile
and is bile acids are subsequently stored in the gallbladder?'. Alternatively, bile
acids can be exported basolaterally in the systemic circulation via MRP3, which
is also upregulated upon FXR activation?. As this hepatobiliary transporter
system is also responsible for the transport of other substances such as
nutrients, endogenous compounds and drugs, is tightly regulated#,

Current clinical and lab-based NMP protocols recreate physiological perfusate
compositions in order to maintain and assess liver vitality and functionality
thereby only including TCA as bile acid?®. Here we hypothesize that this imposes
a substantial burden on the liver during NMP as it is forced to engage in the de
novo bile acid synthesis without the support of endogenous bile acids. The de
novo bile acid synthesis is an energy consuming process using ATP'3. However
given the importance of maintaining optimal organ viability and functionality
during ex vivo liver perfusion prior to transplantation, it is critical to prevent the
depletion of ATP reserves which is essential for various other physiological
processes?. In our study, we addressed this issue and aimed to characterize
the de novo bile acid synthesis by profiling the biliary bile acid excretion,
cholesterol homeostasis and transporter expression during ex vivo liver NMP.
We hypothesized that introduction of a variety of bile acids during liver NMP
would alleviate the strain of the de novo synthesis by the liver and improve the
physiological resemblance.

Methods

Procurement, preservation and perfusion of porcine livers

Porcine livers were procured, preserved and perfused as previously
published®. Standard perfusion protocol consisted of infusion with TCA at a
fixed rate of 0.2 g/hr.




Unraveling the dynamics of hepatic bile acid and cholesterol metabolism during NMP

Porcine liver perfusion bile acid infusion studies

Porcine liver perfusions were performed using varying compositions of bile acid
mixes, summarized in Table 5.1:

Standard protocol

The standard protocol consisted of infusion of TCA at 0.2 g/hr
(0.39 mmol/hr), n=5 studies up to 360 min and n=2 up to 720 min of
perfusion.

Simple conjugated bile acid mix

A bile acid mixture was continuously infused in the portal vein during
porcine liver NMP at a rate of 0.15 g/hr (0.41 mmol/hr)® (n=2). The bile acid
mixture consisted of GCDCA, 40%, GCA, 40%, CDCA 10% and CA 10%,
representing the two most prevalent human bile acids supplemented with
unconjugated primary bile acids to alleviate the strain of the de novo
synthesis. Livers were perfused for a total time of 720 minutes.

Complete conjugated bile acid mix

To study the effect of a more completed conjugated bile acid mix was
continuously infused in the portal vein at a rate of 0.15 g/h (0.35 mmol/hr)
(n=3). This mixture consisted of GCA, 24%, GCDCA, 24%, GDCA, 24%, TCA,
11%, tCDCA, 11%, DCA, 5%, CA, 0.6% and CDCA, 0.6%, more closely
resembling human in vivo conditions'”. Additionally, 3 mL/hr of omegaven
(Fresenius, ‘s Hertogenbosch, the Netherlands) was infused. Livers were
perfused for a total time of 660 minutes.

Table 5.1 - Composition of bile acid mixes.

Standard protocol Conjugated simple bile acid mix Conjugated complete bile acid mix
TCA (100%) GCDCA (40%) GCA (24%)
GCA (40%) GCDCA (24%)
CDCA (10%) GDCA (24%)
CA (10%) TCA (11%)
TCDCA (11%)
DCA (5%)
CA (0.6%)
CDCA (0.6%)

Human liver perfusion

Human explanted and discarded livers were perfused as previously published®.
Standard perfusion protocol consisted of infusion with TCA at a fixed rate of
0.2 g/hr. The samples (perfusate, bile and tissue) used in this research with TCA
infusion were derived from a study which was previously published®.
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Human liver perfusion bile acid infusion studies

Livers were perfused with the simple conjugated bile acid mix consisting of
GCDCA, (40%), GCA, (40%), CDCA (10%) and CA (10%). An overview of the
condition and characteristics of the liver is shown in Table 5.2. Continuous bile
acid infusion was applied at 0.15 g/hr.

Table 5.2 -Donor characteristics and ischemic times of human and porcine livers.

Liver #1 Liver #2 Liver #3 Porcine livers
Reason for Declined after 13h Alcohol and Choledocholithiasis -
decline of NMP smoking history

Necrotic artery patch

DBD/DCD DCD DBD DCD DCD
Age (years) 51 63 51 ~ 6 months
Gender Female Female Male Male
BMI (kg/m?) 19.9 28 23 -
WIT (min) 16 0 14 9-15
CIT (min) 387 226 318 180-210
Weight of the 2025 1877 2177 2100 - 2500

liver (g)

Liver #1: Liver was perfused using the OrganOx machine (OrganOx, Oxford, UK),
with a perfusate of red blood cells and gelofusine. Continuous bile acid infusion
was given from t=15 hours till t=20 hours at 0.15 g/hr. To study clearance
capacity, indocyanine green (ICG) was added to the reservoir at t=19h and
subsequently, perfusate and bile sample were taken. Infusion speed was
increased after 20 hours to 0.3g/hr. An additional bolus (0.2 g) was given at
20.5 hours to study the effect of high bile acids concentrations on liver function.

Liver #2 - #3: Livers were perfused using the Liver Assist device, with a
perfusate of red blood cells and plasma. Continuous bile acid infusion was
given from t=0 hours till t=12 hours at 0.15 g/hr. ICG was dosed to the reservoir
at t=120 min to study liver clearance capacity. During perfusion of liver #2 a bile
acid bolus of 0.2 g was given after 6 hours of perfusion to study the effect of
high bile acids concentrations on liver function.

Liver function assessment

Several parameters were measured to assess liver viability and functionality.
Aspartate transaminase (AST) and alanine transaminase (ALT) and ICG
concentrations were measured as previously published. Data of ALT and AST
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was expressed as a percentage of AST (U/L) and ALT (U/L), where the highest
level of the control study was set at 100%.

Bile acid analysis

Bile acid composition was measured by reverse-phase high performance liquid
chromatography (HPLC) as described previously?®. Total bile acids levels in
perfusate and bile were measured by the Total Bile Acid Assay kit (Diazyme
Laboratories, Poway, USA) using a microplate reader set at 405 nm.

Cholesterol assay

Cholesterol levels were quantified using the enzymatic CHOD-PAP assay (Roche
Diagnostics, Basel, Switzerland). Perfusate total cholesterol was measured
spectrophotometrically using an enzymatic assay (Roche diagnostics, Aimere,
the Netherlands) according to the manufacturer's instructions.

RT-gPCR analysis

RNA was extracted from liver tissue using the RNeasy Mini Kit (Qiagen)
according to manufacturer’s instructions. ¢cDNA was synthesized from RNA
using the iScript™ Reverse Transcription Supermix (Bio-Rad, Hercules,
California, USA) according to manufacturer's description. Forward and reverse
primers, of which details can be found in Supplementary Table S5.1 and S5.2,
were designed for both human and porcine tissue. An Applied Biosystems™
7500 Fast Real-Time PCR System (Fisher Scientific) was used to run the RT-gPCR
using SYBR green (Bio-Rad, Hercules, California, USA).

RNA seqguencing

After RNA isolation, RNA quality was evaluated using a Fragment Analyzer
(tot.RNA conc. & RQN). Total RNA was processed into tagged random sequence
libraries (NEBNext Ultra Il Directional RNA Library Prep Kit for Illumina, NEB
#E7760S/L, Biolabs) and sample quality was checked for proper size
distribution (300-500 bp peak, Fragment Analyzer). The mixed (multiplex)
sample libraries were sequenced on an Illumina NovaSeq6000 sequencer with
a paired-read 150-cycle sequencing protocol at GenomeScan BV (Leiden, the
Netherlands), resulting in ~18-26 million read counts per sample. Clustering
and DNA sequencing using the NovaSeq6000 was performed according to
manufacturer's protocols. A concentration of 1.1 nM of DNA was used yielding
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paired end reads (2x 150bp). NovaSeq control software NCS v1.7 was used.
Image analysis, base calling, and quality check was performed with the lllumina
data analysis pipeline RTA3.4.4 and Bcl2fastq v2.20. Trimmed Fastq files
(Trimmomatic software) were merged (in case of Paired-end reads) and aligned
to the reference genomes (Human: Homo_sapiens.GRCh38.gencode.v29; Pig:
GCF_000003025.6_Sscrofa11.1_genomic) using the STAR 2.5 algorithm with
default settings (https://github.com/alexdobin/STAR). Based on the mapped
read locations and the gene annotation, Htseg-count 0.6.1p1 was used to
count the read mapping frequency/gene (transcript region) resulting in read
mapping frequency per gene. Expression was normalized based on total counts
per sample and corrected for GAPDH expression.

Data analysis

Data was analyzed and visualized using GraphPad Prism 8.0.1 (GraphPad Inc.,
La Jolla, California, USA). Statistics were performed as indicated in figure
legends. Values for the area under the concentration time curve (AUC) were
calculated using the linear trapezoidal method. Significance of differences
between the intervention and standard protocol was tested using the Mann-
Whitney U test. Data is presented as median and range for non-parametric
distributed data. P-values below 0.05 were considered significant.

Results

Characterization of the de novo bile acid synthesis

To study the de novo bile acid synthesis in the standard protocol with the
infusion of TCA, the produced bile during NMP of human and porcine livers was
characterized. TCA was not presented in the graphs since TCA was
administrated and the measured output was in line with the administration. In
human bile, GCA, GCDCA and TCDCA were the three most abundant bile acids,
followed by tauroursodeoxycholic acid (UDCA), taurchyodeoxycholic acid
(THDCA) and glycohyodeoxycholic acid (GHDCA) the least (Figure 5.1A). Porcine
bile showed the highest abundance of GHC, gHDC and GCDCA but with minimal
detection of TUDCA, HCA and GDCA (Figure 5.1B). Figure 5.1C-D show the bile
composition of hourly fractions from human and porcine bile. For human bile,
the bile acid GCDCA decreased significantly over time (36% at t=60 min, to 20%
at t=360 min compared to t=0). Porcine bile composition showed no significant
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changes and remained stable over time. The total bile acid excretion was
calculated and expressed as cumulative bile acid excretion in grams over time
to illustrate the total synthesis of bile acids during NMP (Figure 5.1E). The total
bile acid excretion showed to be higher in porcine bile compared to in human
bile during 360 minutes of perfusion with values of 0.67+0.22¢g in porcine bile
versus 0.14+0.04 in human bile. Figure 5.1F shows the biliary excretion of TCA
which is a marker for NTCP (uptake) and BSEP (excretion) function. The dotted
line shows the administrated TCA dose during ex vivo liver perfusion (0.2g/hr).
In human as well as porcine livers, the excretion of TCA was linear and constant
in time indicating proper NTCP as well as BSEP function. We also investigated
bile acid conjugation to glycine as main conjugated product (Figure 5.1G).
Human bile conjugation to glycine increased during perfusion from 76+11% to
82+7% after 240 minutes of perfusion, whereafter it remained stable thereafter
until 360 minutes of perfusion. In contrast, glycine conjugation in porcine livers
was stable over time, with 88+3% conjugation at t=60 min versus 84+1%
conjugation after 360 min of perfusion, showing no significant change. Lastly,
the perfusate cholesterol levels were quantified as cholesterol is the precursor
of bile acid synthesis. During human liver perfusion, perfusate cholesterol levels
remained stable until 240 minutes after perfusion, whereafter a decreasing
trend was observed (Figure 5.1H) whereas in pigs, perfusate levels of
cholesterol decreased throughout the perfusion, starting at 80 mg/dL at t=60
min and with a final concentration of 50 mg/dL after 360 min of perfusion.
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Figure 5.1 - Characterization of human and porcine de novo bile acid synthesis and cholesterol
metabolism (A) average human bile acid composition (t=60-360min), (B) average porcine bile acid
composition (t=60-360min), (C) human bile acid composition over time and (D) porcine bile acid
composition over time, (E) Cumulative bile acid excretion in grams during NMP for human and
porcine livers, (F) biliary excretion of taurocholate in human and porcine livers versus the
administered taurocholate dose, (G) % bile acids conjugated to glycine in human and porcine bile
and (H) perfusate cholesterol concentration during 360 min of perfusion. Data represents median +
range of n=4 human livers and n=3 porcine livers. Differences between groups were analyzed using
the Mann-Whitney U test

Dysregulated cholesterol- and bile acid gene expression during NMP
with TCA

RNA sequencing was performed on tissue biopsies taken at t=0 min and t=360
min of perfusions using the standard protocol with TCA. Genes involved in
cholesterol synthesis, cholesterol import and export, bile acid synthesis, bile
acid conjugation, and bile acid transporter expression were analyzed since bile
acid transporter gene expression is regulated through bile acid signaling®
(Figure 5.2). The genes LDL-r, HMG-CoA and NPC1, responsible for cholesterol
uptake, cholesterol synthesis and intracellular transport, respectively, exhibited
increased expression in human liver biopsies at t=360 min. Notably, NPC1
demonstrated a significant 1.8-fold upregulation (p<0.05) (Figure 5.2A),
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indicating the intracellular need for cholesterol. The genes ABCA1 and ABCGS,
involved in cholesterol efflux, showed a 0.8- and 0.3-fold decrease, however not
significant. In pig liver tissues the genes involved in cholesterol uptake and
synthesis showed a strong upregulation of which LDL-r (fold change of 3.4,
p<0.05), NPC1L1 (fold change of 4.5, p<0.05) and NPC1 (fold change of 4.5
p<0.01) (Figure 5.2B). Additionally, ABCGS strongly decreased to 0.3 fold change
(p<0.01). Regarding cholesterol metabolism, the effect on gene expression
were comparable, however, it was more pronounced in pig liver tissues. Figure
2C-D demonstrates the expression of bile acid synthesizing enzymes in human
and pig liver biopsies. In human liver biopsies, CYP27A1 and CYP8B1, and bile
acid conjugating enzymes (bile acid:amino acid transferase, BAAT [human] and
bile acid:CoA synthase, BACS) in general had a decreased gene expression
following 360 min liver NMP, though only CYP27A1 (p<0.05) and CYP8B
(p<0.05) were statistically significant in human liver tissues. In pig liver biopsies,
CYP27A1 (P<0.05) and CYP7A1 (P<0.05) were significantly decreased after 360
min of liver NMP and CYP8B1 and BACS showed decreasing trend over time.
Figure 52E and 5.2F present data on bile acid uptake and efflux transporter
expression showing that a decrease for all measured bile acid transporters was
observed over time. For example, in human liver biopsies, OAT2 (fold change of
0.43, p<0.05) and BSEP (fold change of 0.45, p<0.05) significantly decreased and
in porcine liver tissue, OATP1B4 (fold change of 0.41, p<0.01) and BSEP (fold
change of 0.32, p<0.05) showed a significant decrease. Together, similar trends
in gene expression were observed between porcine and human livers,
however, effects on cholesterol uptake, intracellular transport and synthesis
were more uniform in pig liver biopsies. These results combined with the bile
acid synthesis and cholesterol data strongly suggest that bile acid homeostasis
is dysregulated during liver NMP using current standard protocol of TCA
infusion.
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Figure 5.2 - Gene expression pattern before and after 360 min of human and porcine liver NMP (A)
gene expression pattern of various genes in cholesterol metabolism such as influx transporters
(LDL-r, NPC1L1), cholesterol biosynthetic enzyme (HMG-CoA reductase), intracellular cholesterol
transporter (NPC1) and efflux transporters (ABCA1, ABCG8) before and after 360 minutes of NMP in
human and (B) pig livers. (C) Gene expression pattern of enzymes involved in bile acid biosynthesis
(CYP27A1, CYP7A1, CYP8B1) and conjugation (BACS, BAAT) before and after 360 minutes of human
and (D) pig livers. (E) gene expression pattern of uptake and efflux transporters involved in bile acid
uptake and excretion before and after 360 min of NMP in human and (F) pig livers. Data was
expressed as FC relative to expression at t=0. Bars represent the mean of n=5 (porcine) or n=6
(human) independent experiments whereas lines represent individual livers. Differences between
groups were analyzed using the Mann-Whitney U test

Infusion of conjugated bile acid mix enhances liver viability and function
during NMP

After the observed increase in cholesterol-related gene expression and
decrease in bile acid transporter gene expression in livers during NMP, we
aimed to study the effect and addition of unprocessed bile on cholesterol and
bile acid transporter gene expression during NMP of the liver. Case studies
were performed by infusing unprocessed bile (10 mL/hr) during NMP, showing
stimulated expression of several genes (Supplemental Figure S5.1). Since the
use of unprocessed bile will never be applicable in the clinical setting, we aimed
to investigate whether infusion of a variety of specific bile acids during liver
NMP would alleviate the burden of the de novo synthesis by the liver and
improve organ physiology. Various combinations of bile acids, both conjugated
and unconjugated, were tested and compared to the standard protocol with
TCA only. First attempts to perfuse porcine livers with primary bile acids only
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(CDCA +CA) resulted in elevated ALT levels by potentially direct toxic effects of
these primary bile acids (Supplemental Figure S5.2). Thus different strategies
were explored. Figure 5.3 shows the liver viability and functionality parameters
of upon infusion of a simple conjugated bile acid mix and a complete
conjugated bile acid mix with Figure 53A showing the cumulative bile
production during 720 minutes of perfusion. All livers produced consistent
amounts of bile during 720 min of perfusion and no significant differences were
observed between the groups. Perfusate ALT and AST were measured to study
liver injury (Figure 5.3B-C). Figure 53B shows the AST release during
720 minutes of perfusion. Compared to the standard protocol using TCA, both
the simple conjugated- and complete conjugated bile acid mix tended to show
lower AST (average 56.3+9.9% and 63.5£10.8% respectively) and ALT levels
(average 57.1£10.1% and 84.7+17.5% respectively). To study liver clearance
capacity, a bolus of ICG was administered after 120 minutes of perfusion, as
ICG is cleared through transporter-mediated mechanisms (OATP, NTCP,
MRP2)*" (Figure 53D-E). Efficient ICG clearance from the perfusate was
observed in all livers, which was comparable to standard perfusions. The biliary
excretion on ICG into bile tended to be faster for the simple conjugated bile
acid mix, showing a steeper elimination curve compared to the standard and
complete conjugated bile acid mix, however this difference was not significant
(Figure 5.3E).
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Figure 5.3 - Liver functionality during porcine liver NMP comparing the standard protocol versus
continuous infusion with a simple conjugated bile acid mix versus continuous infusion with a
complete conjugated bile acid mix. (A) Bile production during 720 min of perfusion, (B) AST release
in the perfusate and expressed as % of highest AST release observed in the standard protocol, (C)
ALT release in the perfusate and expressed as % of highest AST release observed in the standard
protocol, (D) ICG elimination from the perfusate after a single bolus administration expressed as %
of highest observed concentration (Cmax) and (E) biliary excretion of ICG studies over 360 min after
administration. Data represents median + range of standard protocol n=2, conjugated simple bile
acid mix n=2, conjugated complete bile acid mix n=3.
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Conjugated bile acid mix moderates de novo bile acid synthesis in
porcine livers

Next, bile acid concentration in the perfusate and bile were determined of the
perfusion with simple-, complete conjugated bile acid and TCA infusion. Figure
5.4A demonstrates the perfusate total bile acid concentration. In the standard
protocol (TCA infusion), an increase in perfusate bile acid concentration was
observed at t=60 min of perfusion whereas the simple conjugated- as well as
complete conjugated bile acid mix showed lower perfusate bile acid levels
indicating the ability of the perfused liver to efficiently clear the infused bile
acids from the perfusate. Figure 54B shows the excreted bile acid
concentration in bile over time demonstrating no differences in the excretion of
total bile acids between protocols. The cumulative total bile acid output,
visualized in Figure 5.4C, also showed no significant differences among the
protocols. The total bile acid output was 4.18 mmol in 12h (4.8 mmol was
infused in 12h) for standard protocol, 3.9 mmol in 12h (4.9 mmol was infused in
12h) for the conjugated simple bile acid mix and 3.0 in 11h (3.9 mmol was
infused in 11hr). Cholesterol, which is the precursor of bile acids, remained at
higher concentrations in the perfusate throughout the perfusions when bile
acid mixes were supplemented, suggesting a reduced need for the intrahepatic
conversion of cholesterol into bile acids. This is visualized in Figure 5.4D by the
delta cholesterol (t=end - t=60 min of the perfusion), showing a drop of
25.9+4.4 mg/dL in perfusate levels of cholesterol in the standard protocol
group. That result likely indicates a high consumption of cholesterol by the liver,
needed for bile acid synthesis. The simple conjugated bile acid mix showed a
subtle increase in cholesterol perfusate (A 5.3+1.3 mg/dL, p<0.05) and the
complete conjugated bile acid mix demonstrated a small (not significant)
reduction in cholesterol consumption compared to the standard protocol
(A 12.8£15.2 mg/dL). Biopsies of the liver were taken at several time points
during perfusion to study gene expression (Figure 5.4E-). The simple
conjugated bile acid mix increased the FXR gene expression to some extent at
360 and 540 min of perfusion (fold change 1.5), thereafter FXR expression
returned to baseline (Figure 5.4E). In the complete conjugated bile acid mix FXR
expression was stable over the length of the perfusion. HMG Co-A reductase as
well as LDL-r gene expression increased upon the infusion of the different bile
acid mixtures, in a similar manner compared to the standard protocol (Figure
5.4F-G). The expression of OATP1B4 showed a delayed decrease (after 360 min
of perfusion) compared to the standard protocol showing a decrease after 240
min (Figure 5.4H). BSEP and NTCP (Figure 5.4l-)) both showed a fluctuating gene
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expression profile, however after 720 min of perfusion, a decrease was
observed in all protocols.

Bile and perfusate bile acid profiles
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Figure 54 - Bile and perfusate bile acid profiles and corresponding gene expression
characterization during 720 min of perfusion in the standard protocol versus continuous infusion
with a conjugates simple bile acid mix versus continuous infusion with a conjugated complete bile
acid mix. (A) perfusate bile acid concentration during NMP, (B) biliary bile acid concentration during
NMP, (C) total bile acid output during NMP as corrected for total bile flow, SP=standard protocol,
CS=conjugated simple bile acid mix, CC=conjugated complete bile acid mix, (D) delta cholesterol:
end of perfusate - t=60 min. Gene expression profile during porcine liver NMP of (E) FXR, (F) HMG-
CoA, (G) LDL-r, (H) OATP1B4, (1) BSEP and (J) NTCP. Data represents median + range of standard
protocol n=2 (n=8: 0-360 min, n=2: 360-720 min), conjugated simple bile acid mix n=2, conjugated
complete bile acid mix n=3.

Bile acid challenge as hepatobiliary function assessment in human livers

The simple conjugated bile acid mix was chose to be applied during 3
independent human liver perfusions (referred to as liver #1, #2 and #3)
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because of its positive effects on ALT AST release and ICG clearance observed
in the porcine liver experiments. Donor characteristics are presented in Table
5.2 and set-up of the liver perfusion is illustrated in Figure 5.5A. Human liver
perfusion demonstrated a proper bile flow during the infusion of the simple
conjugated bile acid mix in all three livers (Figure 5.5B). Human livers were able
to rapidly clear lactate, of which the subsequent levels remained stable during
the perfusion duration demonstrating appropriate hepatocellular function
(Figure 5.5C). ALT and AST levels in liver #1 and #2 remained low and stable
during the perfusion whereas liver #3 had relatively high ALT levels (1800 U/L)
from the start of the perfusion, likely relating to the presence of a pre-existing
pathological condition (including choledocholithiasis). Bile pH was alkalotic
(>7.5) from all three livers and remained stable throughout the perfusion
(Figure 5.5E). The plasma cholesterol levels were stable over time (Figure 5.5F).
The functionality of the livers was assessed by studying ICG clearance from the
perfusate after 4h and 2h for liver #1 and #2-#3 respectively (Figure 5.5G).
Overall, rapid elimination of ICG from the perfusate was observed with
subsequent biliary elimination detected 20 min after administration.
Additionally during perfusion, a bile acid challenge was performed to liver #1
and #2 by providing a bolus of simple conjugated bile acids (0.2g) to the
perfusate and assessing clearance of these bile acids as a functional parameter.
Prior to the bile acid bolus in liver #1 and #2, perfusate and biliary bile acid
concentrations remained stable over time (5.5+1.4 pmol/L in perfusate,
15.34£2.1 mmol/L in bile in #1, 4.3+2.2 pmol/L in perfusate, 16.3.7+1.5 mmol/L
in bile in #2). Upon administration of a bile acid bolus, the perfusate levels
showed to peak and rapidly decline indicating the ability to efficiently clear bile
acids from the circulation. This was also illustrated by an increase in bile acid
concentration in bile. Liver #3 suffered from choledocholithiasis as is visualized
by the limited bile acid output and decreased bile acid absorption from the
perfusate (Figure 5.51). The data shows that the simple conjugated bile acid mix
supports proper liver function and is safe to use however did not have
pronounced effects on bile acid-regulated genes (Supplemental Figure S5.3,
supplemental Figure S5.4).
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concentration, (D) perfusate ALT and AST concentration, (E) Bile pH, (F) cholesterol perfusate
concentration, (G) ICG perfusate and ICG biliary excretion measured after 4 hours of perfusion liver
#1, 2 hours of perfusion liver #2 and #3, (H) perfusate bile acid concentration during 15-20 hours
and 20 - 21,5 with increased bile acid infusion + additional bolus liver #1, (I) perfusate and biliary
bile acid concentration in liver #2 with a bile acid bolus at t=360 min and () perfusate and biliary
bile acid concentration in liver #3 min. Data represents mean + SD n=3 individual experiments.

Discussion

Bile acid metabolism, is a complex phenomenon in our body and often not
taken into account during ex vivo liver perfusion as standard protocols only
apply TCA. In the first part of this study, applying the standard protocol with TCA
only, we showed that during ex vivo liver NMP bile acid and cholesterol
homeostasis was dysregulated. In the second part of this study, we described
that infusion of a (un)conjugated bile acid mixture alleviated the burden of the
de novo bile acid synthesis in the liver by showing decreased ALT and AST levels
while retaining appropriate liver functions. These finding provide valuable new
insights for improving the physiological resemblance of bile acids (and
cholesterol) metabolism during NMP and thereby improving organ viability and
functionality.

The human body is a complex biological system with continuous feedback
systems and a dynamic interplay between organs, which is essential for
maintaining homeostatic processes. Interestingly, the perfused livers in the first
part of the study with TCA infusion appeared to be comparable to biliary
drainage models where the EHC is interrupted®3*. During NMP, a decrease in
perfusate cholesterol was observed accompanied by an increase in HMG-CoA
reductase expression and altered cholesterol gene expression profile, similar to
biliary drainage models. Kuipers et al.3? and Smit et al.3* demonstrated in rats
that interruption of the EHC rapidly reduced plasma cholesterol and biliary bile
acid output, and interestingly, increased food intake*. Additionally, a rapid
decrease in bile flow was observed in the first hours after cannulation®3* In
humans, a similar phenomenon was observed, with Shoda et al *® reporting the
low biliary secretion of bile acids just after biliary drainage. These findings
indicate that the absence of EHC in vivo profoundly impacts bile acid and
cholesterol homeostasis, suggesting that incorporating EHC during liver
perfusion could enhance liver function and homeostasis.
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The intervention studies with (un)conjugated bile acids indicated that
cholesterol consumption in the liver was equivalent to cholesterol synthesis,
since cholesterol perfusate levels remained more stable compared to control
perfusions with TCA only. Supplementation of an (un)conjugated bile acid
mixture reduced the requirement for de novo bile acid synthesis, demonstrated
by the reduced cholesterol consumption while retaining similar bile acid output.
Furthermore, peak bile acid concentration was observed in the standard
protocol at t=60 min, which was absent during the perfusions with conjugated
bile acid infusion. Higher levels of ALT and AST at t=60 were observed for the
standard protocol compared to the intervention protocols possibly attributed
to the elevated perfusate bile acid levels™. After static cold storage, the liver is
subjected to a sudden increase in temperature when connected to the
perfusion device resulting in a rapid increase in metabolic rate. The
(un)conjugated bile acid mix may support this recuperation phase as evidenced
by efficient bile acid clearance during the first hours of perfusion. However,
more research is needed to study the optimal bile acid infusion composition
especially given the potential for prolonged ex vivo liver perfusion. Current
studies show prolonged ex vivo liver perfusion duration up to 7 days or
longer®® and thus the need for bile acid supplementation will become more
substantial. Eshmuminov highlighted the utilization of UCDCA in-stead of TCA,
based on UCDCA's epithelial protection properties'. Yet, using a single bile acid
during perfusion does not replicate the diverse pool normally synthesized and
excreted by the liver. Infusing a pool of (un)conjugated bile acid could efficiently
extend perfusion duration by reducing the necessity for de novo synthesis, thus
resulting in reduced energy requirement as the de novo synthesis of bile acids
is an energy demanding process'>'3,

In the human liver perfusions using supplementation of the simple conjugated
bile acid mix, stable cholesterol perfusate levels were observed, indicating
reduced use of cholesterol for the conversion to bile acids. Good liver function
and safe use of the simple conjugated bile acid mix was observed by showing
lactate clearance, alkalotic bile pH and ICG clearance. In 2 out of 3 human livers
efficient removal of the bile acid bolus from the perfusate was observed and
subsequent increased excretion of total bile acids was measured as well as an
increase in bile production. This indicates presence and appropriate function
of the transporters NTCP and BSEP, highlighting the potential utility of a bile
acid challenge as a tool to assess viability and/or quality during NMP. Notable,
one of the livers (liver #3) from a patient with underlying pathology of gall
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stones, showed diminished clearance of bile acids, potentially explained by the
lower abundance of the transporters NTCP and BSEP in this donor®’.

In this study it was hypothesized that bile acid signaling would be one of the
main mechanism in regulating stable (ADME) gene expression during NMP.
However, the gene expression profile in pigs following intervention with the
(un)conjugated bile acid pools continued to exhibit effects on bile acid-
regulated genes. It is important to acknowledge that the porcine bile acid
composition differs from that of humans, showing higher presence of hyocholic
acid and its conjugates. The most optimal scenario would have been to mimic
porcine bile acids however obtaining hyocholic acids in mg scale was
economically unfeasible®. Although to a lesser and more delayed extent, also a
decreasing trend in relevant gene expression was observed during the human
liver perfusion. It could be that other mechanisms such as circadian rhythm
overpowered gene regulation. It is known that genes involved in bile acid
metabolism are regulated by central and hepatic circadian clock genes in
addition to the timing of food intake, which was not taken into account in this
study'®*, Therefore, longer term perfusion of the livers (>24 hours) is needed
to study potential fluctuation in gene expression regulated by circadian clock
genes.

Conclusion

In conclusion, replacing standard TCA infusion during liver NMP with a more
physiologically representative bile acid pool to stimulate the enterohepatic
recirculation of bile acids has yielded promising results. The infusion of a more
physiologically relevant bile acid mixture containing a variety of (un)conjugated
bile acids showed a decreased release of hepatic injury markers and better
maintenance of stable cholesterol levels in the perfusate, compared to
standard NMP. Moreover, the results demonstrated that the infusion of
(un)conjugated bile acids may enhance liver function during NMP, thereby
pointing towards potential advancements in liver preservation during the and
transplantation process.
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Supplementary materials

Table S5.1 - Human primer sequences.
Species Gene/protein Primer sequences forward (FW) and reverse (REV) '5-3'
Human  GAPDH/GAPDH FW: ATGGAAATCCCATCACCATCTT
REV: CGCCCCACTTGATTTTGG
ACTB/ACTB FW: GCTGCCCTGAGGCACTCTT
REV: GGATGCCACAGGACTCCATG
ABCB11/BSEP FW: AAAGCACTCATTTGCCCCTG
REV: TCTTGTAGATTCCTGCCGCC
NRTH4/FXR FW: TGTGAGGGGTGTAAAGGTTTCT

HMGCR/HMG-CoA reductase

LDLR/LDLR

SLCTOAT/NTCP

SLCO1B3/OATP1B3

REV: GCCAACATTCCCATCTCTTTGC
FW: TACCATGTCAGGGGTAC

REV: CAAGCCTAGAGACATAAT

FW: GTGCTCCTCGTCTTCCTTTG
REV: GCAAATGTGGACCTCATCCT
FW: CTTCTGCCTCAATGGACGGT
REV: AGGCCACATTGAGGATGGTG
FW: GGGTGAATGCCCAAGAGATA
REV: ATTGACTGGAAACCCATTGC

Table S5.2 - Porcine primer sequences.

Species Gene/protein Primer sequences forward (FW) and reverse (REV) '5-3'
Porcine GAPDH/GAPDH FW: ATCGTCAGCAATGCCTCCTG
REV: ACCGTGGTCATGAGTCCCTC
ABCB11/BSEP FW: GGATTCATGTGGTGTCTCATCTTT
REV: ACAAGGGTTCCTGCTGTGTATTC
ABCGS8/ABCGS8 FW: AGACGCAATCCTCAATGCCA
REV: GCAGGAGTCTGGGCTTGAAT
CYP27A1/CYP27A1 FW: TTGAGAAACGCATTGGCTGC
REV:ATCCAGGTATCGCCTCCAGT
NRTH4/FXR FW: ATGGGAATGTTGGCTGAATGT

HMGCR/HMG-CoA reductase
ABCC2/MRP2

SLCTOAT/NTCP
SLC22A7/0AT2
SLCO1B4/OATP1B4

ABCB1/P-gp

REV.TGTTGAGGTCACTTGTCGCA

FW: GACTCCGTTGACTGGAGACG

REV: AAAGAGGCCATGCATTCGGA

FW: TCACCTGCAACTTGGGTTGT

REV: GTCTCTAGATCCACCGCAGC

FW: TTACCCCCAAAAGCCTCACC

REV: TTTTATGCCTGTGGGGCACT

FW: CTGGGAATACGACCACTCGG

REV: GGCTCTGTTCAGGCCTTTCT

FW: CCTCTTCATTGGGAACCATCTC

REV: GAATTCCTCCTAGCGTTCGAATAGT
FW: AAATTGTGTGAATTGCCCAGATAAC
REV: GCCACAGTAATAATAGGCGTACACTG
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Figure S5.1 - Case studies showing gene expression profile upon standard protocol, infusion with
primary bile acids + unprocessed bile or continuous infusion of unprocessed bile during NMP in
porcine livers. (A-C) Gene expression of HMG-CoA, (D-F) FXR, (G-I) BSEP and (-L) NTCP. Data
represents median + + IQR, n=5 for the standard protocol and n=1 for primary bile acids + bile and
n=1 for bile condition. Primary bile acid infusion: To study the effect of primary bile acids and
porcine bile, tCA was replaced by the primary bile acids CDCA and CA (total rate of 0.2g/hr
(0.37mmol/hr)) (n=1). Liver was perfused for 360 minutes, thereafter bile from the gall bladder was
infused at a rate of 10mL/hr from 360 minutes until 540 minutes. Continuous bile infusion: To study
the effect of continuous bile infusion, tCA was replaced by porcine bile (pooled from n=5 pig gall
bladders) (n=1). Bile was infused at a rate of 10 mL/hr. Livers were perfused for a total time of 540
minutes.
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conjugated simple bile acid mix. (A) pO2, (B) pCO2, (C) perfusate glucose, (D) perfusate sodium, ( E)
perfusate potassium, (F) perfusate hematocrit level (G) delta HCO3 (bile-perfusate) and (I) delta
glucose (perfusate-bile). Data represents individual data of n=3 experiments.
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Abstract

To date, characterization of the first-pass effect of orally administered drugs
consisting of local intestinal absorption and metabolism, portal vein transport
and hepatobiliary processes remains challenging. Aim of this study was to
explore the applicability of a porcine ex-vivo perfusion model to study oral
absorption, gut-hepatobiliary metabolism and biliary excretion of midazolam.

Slaughterhouse procured porcine en bloc organs (n=4), were perfused via the
aorta and portal vein. After 120min of perfusion, midazolam, atenolol,
antipyrine and FD4 were dosed via the duodenum and samples were taken
from the systemic- and portal vein perfusate, intestinal faecal effluent and bile
to determine drug and metabolite concentrations.

Stable arterial and portal vein flow was obtained and viability of the perfused
organs was confirmed. After intraduodenal administration, midazolam was
rapidly detected in the portal vein together with 1-OH midazolam (Egp, Of
0.16+0.1) resulting from gut wall metabolism through oxidation. In the intestinal
faecal effluent, 1-OH midazolam and 1-OH midazolam glucuronide (Ec.intestine
0.051+0.03) was observed resulting from local gut glucuronidation. Biliary
elimination of midazolam (0.04+0.01%) and its glucuronide (0.01+0.01%) only
minimally contributed to the enterohepatic circulation. More extensive hepatic
metabolism (Fy 0.35£0.07) over intestinal metabolism (F¢ 0.78+0.11) was
shown, resulting in oral bioavailability of 0.27+0.05.

Ex vivo perfusion demonstrated to be a novel approach to characterize pre-
systemic extraction of midazolam by measuring intestinal as well as hepatic
extraction. The model can generate valuable insights into the absorption and
metabolism of new drugs.
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Introduction

In order to determine the oral bioavailability of a drug, characterization of gut-
wall, liver and biliary processes is of great importance’. Insight into the extent of
intestinal absorption and metabolism, portal venous blood concentrations and
hepatic metabolism and biliary excretion is crucial in the early stages of drug
development to understand the pharmacokinetics (PK) and select compounds
that achieve a desirable systemic exposure. This is especially the case for
compounds prone to CYP3A metabolism which reduce the oral bioavailability
due to first-pass metabolism in both the gut wall and liver. Oral bioavailability,
determined by the fraction absorbed (F.), fraction escaping gut-wall elimination
(Fe) and fraction escaping hepatic elimination (Fu) show the importance of the
intestine and liver in this process?.

However, the assessment of F,, Fe and Fy is extremely challenging and rarely
performed due to ethical and technical reasons®*. Therefore, preclinical
evaluation is needed to assess the oral absorption and concentrations of drug
and metabolite in the systemic circulation. The possibility to study Fe and Fy in a
preclinical in vitro model is also limited as it remains difficult to recapitulate
complete organ function behaviour within a single model. Such a single model
could provide highly relevant information in early drug development for several
fields of research, for example, in physiologically based pharmacokinetic (PBPK)
modelling prediction. This is especially crucial as precise predictions can
effectively reduce attrition and failure rates within the drug development
process, while also aiding in the determination of initial starting dosages of
compounds®. Recent advancements in organ perfusion techniques have
created new opportunities for studying physiological processes in an ex vivo
setting. Normothermic machine perfusion (NMP) has been demonstrated in
numerous studies to maintain ex vivo liver, kidney, pancreas and even intestinal
function for several hours®?. In the field of pharmacology, NMP has proven to
be advantageous for determining the hepatic and biliary clearance as well as
renal clearance'®'3, The intact vasculature and presence of the elimination
routes of these whole-organ models offers greater potential of studying
absorption, distribution, metabolism and elimination (ADME) process compared
to cellular preclinical systems™. While the majority of studies focus on perfusion
with a single organ, a few studies have investigated the possibility of a multi-
organ perfusion model to study physiological processes'™ ™. These studies,
combining liver and kidneys in one circuit, show that combination of organs is
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beneficial for the biochemical environment and as well can reduce the impact
of warm ischemia and reperfusion injury'®'. Together, the option to perfuse
multiple organs allows in-depth analysis of ADME processes like gut wall
metabolism, portal vein concentrations, hepatic uptake and biliary excretion.
Simultaneously, it maintains a favourable biochemical environment through the
inclusion of homeostatic organs.

The aim of the study was to explore the applicability of a porcine ex vivo
perfusion model to characterize oral absorption, gut wall metabolism, first pass
hepatic metabolism and biliary excretion by pre-systemic measurements of
midazolam and metabolite concentrations in portal vein, intestinal faecal
effluent and systemic and bile measurement.

Materials and methods

Chemicals

Heparin, sodium taurocholate, insulin, dexamethasone, atenolol, antipyrine and
FD4 were purchased from Sigma-Aldrich, Zwijndrecht, the Netherlands.
Epoprostenol was purchased from R&D systems (Minneapolis, USA). Calcium
gluconate 10% was obtained from Pharmamarket (Hove, Belgium).
Aminoplasmal 10E was obtained from (B Braun Melsungen AG, Melsungen,
Germany). Midazolam was obtained from Spruyt Hillen (ljsselstein, the
Netherlands).

Organ procurement

En bloc organs were obtained from a local slaughterhouse, in compliance with
the guidelines of the Dutch food safety authority. Pigs (Netherlands Landrace,
approximately 6 months of age with body weight between 100 and 120 kg)
were anesthetized by a standardized procedure of electrocution followed by
exsanguination (termination). Three liters of blood was collected during
exsanguination in a container supplemented with 25000 U of heparin. Per
industry guidelines, carcasses were cleaned in a pig washing & whipping
machine using 70°C water for approximately 3-5 minutes and dehaired through
scalding. Slaughter offal was dissected from the carcasses, keeping all organs
and vascular structures intact.
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Porcine en bloc organ preservation and model development

After receiving the organ package, the heart, lungs and esophagus were
dissected. Thereafter the abdominal aorta was proximally cannulated (25 Fr). In
order to create a closed abdominal compartment for arterial perfusion, the
abdominal aorta was ligated distal from the renal arteries. The lumbar arteries
were separately ligated. A cold flush was initiated within ~15 min after
termination (warm ischemic time), using Histidine-Tryptophan-Ketoglutarate
(HTK) solution (Plegistore, Warszawa in Poland) by applying a pressure of 80
mmHg (pressure bag Endomed, Uden, the Netherlands). During the flush, the
entire colon was dissected from the organ package. After approximately 7L of
HTK solution, an additional portal flush was performed. The portal vein was
partially dissected and cannulated at both ends (Supplemental Figure S6.1)
resulting in 1) portal vein - intestinal side cannulation (25 Fr) (efferent), and 2) a
portal vein - liver side (afferent), (25 Fr). Additional flush at the portal vein - liver
side was applied with 2L of HTK. Thereafter, the organs were transported on
static cold storage. At the laboratory, the stomach was removed and the small
intestine was shortened to approximately 2 meters preserving the duodenum
and the proximal part of the jejunum (~1.5 meter). A cannula was placed in the
orifice of the duodenum to allow for administration of (dissolved) compounds.
A clamp was placed on the cannula before and after administration of
compound(s) in order to prevent backflow. To make intestinal outflow possible
at the jejunal side, a second cannula was inserted. Thereafter the common bile
duct was cannulated to the liver side, while the cystic duct, derived from the gall
bladder, was ligated to restrict bile flow to the gall bladder. Lastly, the ureters
were cannulated which was the final step before initiation of normothermic
perfusion.

Normothermic machine perfusion

The porcine organs (n=4) were perfused using the Liver Assist™ device (XVIVO,
Groningen, the Netherlands) (Figure 6.1A-B). The reservoir included in the
disposable set was too small to fit the organs, therefore a custom made organ
reservoir was made. The newly developed reservoir consisted of a box
(60x40x20 cm box) with a built in drain connecting the box with the Liver Assist
reservoir. An mesh basket (60x40x15 cm) was suspended in the box. The
organs were placed in the mesh basket, enabling the venous outflow of the
organs flowing in the box and subsequently to the Liver Assist reservoir via the
drain. The system was filled with 3 liter perfusion fluid containing autologous
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red blood cells and plasma (ratio 1:1), supplemented with 10 mL (10%)
mannitol and 18 mg dexamethasone, 75ug epoprostenol and 10 mL 10%
calcium gluconate. Insulin, taurocholate, heparin, epoprostenol and
aminoplasmal 10E were provided as continuous infusion at a rate of 10 U/h,
1041 U/h, 10 mL/h (2% w/v), 8 pg/h and 10 mL/hr respectively to keep the liver
metabolically active'. Gas delivery to the Liver Assist™ device consisted of 40%
oxygen at 1.5 L/min and the temperature was set at 39°C. An arterial pressure
was set at 60-80 mmHg. Due to reduction in the intestinal length and thereby
reduction in the vascular bed, the portal vein flow could result in an insufficient
flow. Therefore, portal perfusion was applied via the portal vein-liver side
(Supplemental Figure S6.1), with a pressure between 8-11 mmHg. The aorta
and portal vein received perfusate from the reservoir, venous outflow of the
organs was open and flowed back to the reservoir (Figure 6.1B). Continuous
recirculation of the perfusate was applied. During normothermic perfusion,
absorption of fluid into the intestine was observed. To retain a sufficient
perfusate level, red blood cells and plasma of a blood type-matched pig was
used when a decrease in hematocrit was observed (<20% hematocrit),
otherwise ringers lactate was used to replenish the perfusate level. The en bloc
organs were perfused for a total time of 420 minutes.

Drug administration during normothermic perfusion

20 mg midazolam, 25 mg atenolol, 50 mg antipyrine and 1 mL of 10 mM FITC-
Dextran 4000 (FD4) were dissolved in Williams E medium (50 mL) and dosed via
the cannula in the duodenum. Exact luminal concentration of the compounds is
not known since luminal fluid was already present in the intestine resulting in
further dilution of the compounds. T=0 min was defined as time of starting the
bolus into the duodenum. Subsequently, intestinal faecal effluent, portal vein
perfusate, systemic perfusate and bile samples were taken for the following
240 min at time points t=0, 15, 30, 45, 60, 90, 120, 150, 180, 210 and 240 min
after dosing. Samples were centrifuged directly after collection and immediately
stored at <-70°C until further processing. Drug concentrations of midazolam,
1-OH midazolam, 1-OH midazolam glucuronide, atenolol and antipyrine in the
portal vein perfusate, systemic perfusate, intestinal faecal effluent, bile and
tissue were determined by LC-MS/MS and UPLC analysis as described below.




Development and application of the ex vivo Gut-Hepato-Biliary organ perfusion model

Bile &

=
- derls

Intestine Kidney Pancreas - Liver
(underneath)

Bile
17 sample

Arterial flow in <

v
\ 7‘
P Al
i Systemic
Portal vein i perfusate
flow in v sample
A -
: - Oxygenator
Portal vein
d perfusate oral
4 sample Intestine /g 40Sing
. L
@ : |
T~ H 3 Intestinal
| faecal
\_) H = effluent
: ' sample
. Kidneys
Reservoir
H N~ Urine
) sample

Pump.

Figure 6.1 - Representation of the ex vivo perfusion model including liver, spleen, pancreas,
intestine and kidneys. (A) Visual appearance of the model during normothermic machine perfusion
in one of the experiments. Organs and cannulas are indicated, pancreas is indicated since it is not
visible. (B) Simplified schematic representation of the gut-hepatobiliary perfusion model. Sample
points are indicated by the eppendorfs including the systemic perfusate, portal vein perfusate, bile,
urine and intestinal fecal effluent. Drug was dosed in the duodenum mimicking the oral dosing
pathway indicated by the arrow towards the intestine ‘oral dosing'.
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Organ function assessment

During the perfusion experiment, blood gas analysis was executed every hour
by measuring a blood gas panel, electrolytes and a hematology panel using a
blood gas analyzer (iSTAT Alinity, Abbot Point of Care Inc, Princeton, NJ).
Additionally, arterial and portal vein flow and resistance values were reported
from the Liver Assist™ device. Next to blood gas analysis, the following
parameters were measured in systemic perfusate and bile samples to study
viability of the organs. Intestine: Intestinal barrier integrity was characterized by
measuring FD4 and atenolol and antipyrine. FD4 was analyzed using a BioTek
Synergy HT microplate reader (BioTek Instruments Inc., Winooski, VT) with an
excitation/emission wavelength of 485 nm and 528 nm. FD4 concentration were
determined by measuring the fluorescence in relative fluorescence units (rfu).
Bioanalysis of atenolol and antipyrine is described below. Liver: lactate
concentrations in the perfusate were measured by bloodgas analysis, bile
production was collected in fractions and volume was measured from the
collection tubes throughout the perfusion. Total bilirubin, alanine transaminase
(ALT) and aspartate transaminase (AST) concentration were determined in the
systemic perfusate (Reflotron-Plus system, Roche diagnostics, Almere, the
Netherlands). Pancreas: C-peptide levels were measured using an ELISA (Sigma
Aldrich, Zwijndrecht, the Netherlands) according to manufactures description
and amylase in intestinal faecal effluent was measured (Reflotron-Plus system,
Roche diagnostics, Almere, the Netherlands). Kidney: systemic perfusate
sodium, potassium and blood urea nitrogen (BUN) were determined using
bloodgas analysis. No assessments were performed to study the viability of the
spleen.

Bioanalysis

The concentration of midazolam in systemic perfusate, portal vein perfusate,
bile and tissues was quantified using LC-MS/MS (Waters, Etten-Leur, the
Netherlands). Atenolol and Antipyrine in the different matrixes were measured
using UPLC (Waters, Etten-Leur, the Netherlands). Perfusate, bile and tissue
samples were deproteinized with acetonitrile (1:3) with the addition of 10 of pL
the isotopically labelled internal standards midazolam (1 pg/mL). Thereafter
samples were vortexed, centrifuged and supernatant was transferred to 96 well
plate and dried under nitrogen. Samples were then dissolved in 100 pL 10%
ACN + 0,1% formic acid and injected in to LC-MS/MS for quantification of
midazolam, 1-OH midazolam and 1-OH midazolam glucuronide (Supplemental
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Table S6.1 and $6.2) and UPLC for quantification of antipyrine and atenolol
(Supplemental Table S6.3 and S6.4). Chromatograms of midazolam, atenolol
and antipyrine are shown in Supplemental Figure S6.2.

Data analysis

Data obtained during the perfusion studies was analyzed using Graphpad
prism version 8 (Graphpad, California, USA). Values for the area under the
concentration time curve (AUC) were calculated using the linear trapezoidal
method. Oral bioavailability was calculated based on Fg and Fy:

(DF =F, «F;xFy =F, (1 —Eg) » (1 — Ey)

To calculate intestinal gut-wall extraction of midazolam (Eg), midazolam
metabolism into 1-OH midazolam in the intestinal lumen (Ecintesina lumMen) and
in the portal vein (Ec.p) was calculated?

mdz —metab .
A UClntest .ef fluent

mdz —metab .
A UCintest .ef fluent

—AUCd

Intest .ef fluent

(2) Intestinal extraction (Eg_itestine ) =

va % (AUC;U_OH _ AUCplv—OH—calc *)
va * (AUC;U—OH _ AUCz}v—OH—calc *)
+ va * (AUC;},dZ _AUcﬁdzfcalc*)

(3) Intestinal extraction (E;_,, ) =

Where Q, is the portal vein flow, superscripts mdz and mdz-metab. refer to the
parent drug and metabolites (Supplemental Figure S6.3). Subscripts pv, s and
intest. effluent refer to portal vein perfusate, systemic perfusate and intestinal
faecal effluent respectively. AUC represents the area under the plasma
concentration time curve. To determine Eg in the portal vein, a systemic sample
(without contribution of the liver is needed?, here considered as pv'"™m#<" and
pv' ot (Supplemental Figure S6.3). The AUCL, 9 —cale* was considered the
systemic circulation without liver, calculated as followed:

The portal vein - liver in concentrations of midazolam and metabolites were
calculated based on FD4 measurements. Since FD4 is not metabolized by the
liver, a dilution factor could be calculated based on FD4 portal vein perfusate
concentration and FD4 systemic perfusate concentration. Using the FD4 data,
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the pre liver in concentrations and subsequent AUC (AUCL9#~cale* ) was
calculated.

1-0H

Portal VelMNytestinal side

FD4
FD4

(4) Portal vein!=0H —caler =
portal side

systemic circulation

Where Portal vein intestinal side sample (Supplemental Figure S6.1) is the
portal vein blood flow directly coming from the intestine. The midazolam
concentration in the portal vein (AUCT ~<ale= ) as calculated in a similar
fashion as the 1-OH concentration in the portal vein.

Fraction escaping gut wall (Fs) metabolism was defined by intestinal gut-wall
extraction (Eg) of midazolam:

(5) Fg = (1 - Eg)

Hepatic extraction ratio (Ey) of midazolam was determined using portal vein
(based on FD4 diluted calculation) and perfusate samples.

mdz — calc *

Conc. midaZOIanpr — Conc. midaZOIamsystemic circulation

6) Hepatic extraction (Ey) =
(6) Hep (En) Conc.midazolamindz ~ cale=

Based on the hepatic extraction ratio, the fraction escaping hepatic elimination
could be calculated:

(7) Fy = (1= Ey)

Results

Organs show proper viability and function during perfusion

Figure 6.2A - N show organ specific viability and injury markers for the intestine,
liver, pancreas and kidney. The intestinal barrier function was assessed by
measuring the permeability FD4 and of atenolol, and antipyrine. Varying but
high levels of FD4 were collected from the intestinal faecal effluent
(1.2*%108+1.0%108 rfu/mL perfusate) while detection of FD4 in the portal vein
perfusate and systemic perfusate remained low (0.03*10%+0.03*108 rfu/mL
perfusate vs 0.02*108+0.02*10% rfu/mL perfusate respectively) indicating
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minimal leakage of FD4 into the perfusate and thus a proper intestinal barrier
(Figure 6.2A). Besides FD4, the permeability of atenolol and antipyrine was
measured. Atenolol has a moderately permeability and translocates via the
paracellular route while antipyrine is a high permeable drug which translocates
via the transcellular route. Atenolol was, on average, detected at slightly lower
concentrations in the portal vein perfusate compared to antipyrine
(Supplemental Figure S6.4), indicating proper preservation of transcellular and
paracellular transport routes (Figure 6.2B-C). Additionally, intestinal peristalsis
was observed in all experiments between 30-120 min after start of the
perfusion and intestinal peristalsis remained throughout the whole length of
the experiment (Supplemental Video S6.1). Regarding liver viability, lactate
levels showed to remain stable throughout the perfusion with a small decline
observed for 2 out of 4 experiments (Figure 6.2D). Figure 6.2E shows the bile
production of the livers. Bile production was very consistent throughout the
perfusion time with an average bile production of 148.42+36.81 mL after 420
min of perfusion. ALT and AST increased 60 min after starting perfusion and
remained stable throughout the perfusion (Figure 6.2F-G). Bilirubin showed to
be very stable in experiment 3 and 4 (9.1 and 9.3 pmol/L respectively), however
in experiment 1 and 2, increase in perfusate bilirubin was observed (23.1 and
35 pmol/L respectively at t=420 min) (Figure 6.2H). As a marker of endocrine
and exocrine pancreas viability, C-peptide secretion and intestinal amylase
concentration were measured in systemic perfusate and intestinal faecal
effluent respectively. C-peptide was detected in the systemic perfusate in all
experiments at t=60 min with a concentration of 8.47+1.38 ng/mL and
remained stable throughout the whole perfusion (Figure 6.21). The intestinal
faecal effluent showed to contain high concentrations of amylase (AUC 49472
+17565 U/L) indicating active secretion by the pancreas (Figure 6.2)). Figure
6.2K demonstrates the glucose kinetics during organ perfusion. In two the of
the multi-organ perfusion studies (study 1 and 4) stable glucose levels
throughout the perfusion were observed with a maximum glucose peak of
T1mmol/L at 30 min indicating possible glucose regulation by the pancreas. The
other perfusions showed a peak glucose levels of ~39 mmol/L 60 min after
perfusion, whereafter linear glucose uptake was observed indicating glucose
consumption by the various organs. In the absence of a kidney function
biomarker, systemic perfusate levels of sodium, potassium and blood urea
nitrogen (BUN) were measured (Figure 6.2L-N). Sodium and potassium levels
remained stable throughout the perfusion duration and minimally increased,
indicating maintenance of a proper biochemical environment. BUN increased
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during the perfusion reaching a final concentration of 38.75£5.90 mmol/L at
420 min of perfusion, retaining relatively low levels of perfusate BUN levels to
single organ perfusion (Supplemental Figure S6.5). Minimal urine output (0-10
mL) was observed during perfusion. Together, these data shown proper viability
as well as functionality up to 420 min of perfusion of different organs involved

in the perfusion model (Supplemental Figure S6.6).
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Figure 6.2 - General viability, functionality and injury markers of the intestine (A-C), liver (D-H),
pancreas (I-)) and kidney (L-M). (A) Area under the curve (AUC) of FD4 measured in the intestinal
faecal effluent, portal vein perfusate and systemic perfusate. (B-C) Concentration of Atenolol and
Antipyrine measured in the portal vein perfusate as markers for paracellular and transcellular
transport respectively. (D) systemic perfusate lactate concentration (E) cumulative bile production
during 420 min of perfusion, (F) ALT concentration measured in the systemic perfusate, (G) AST
concentration measured in the systemic perfusate, (H) bilirubin concentration measured in the
systemic perfusate. (I) C-peptide concentration was measured in the systemic perfusate, (J) AUC of
amylase measured in the intestinal fecal effluent and (K) systemic perfusate glucose concentrations
. (L) Systemic perfusate levels of sodium (M) Systemic perfusate levels of potassium and (n) systemic
perfusate levels of BUN. Data represents mean + SD of 4 individual experiments. Individual
experiments are presented by the dotted lines.

Active midazolam absorption, metabolism and excretion

Absorption and metabolism of midazolam was studied to characterize the
viability of the intestine and liver. Figure 6.3A-C illustrate the role of the intestine
(and liver) in midazolam metabolism. After an intraduodenal dose, midazolam
was detected in the portal vein perfusate to a higher extent than the systemic
perfusate indicating active midazolam absorption. The Cnax cOncentration in the
portal vein was 426.47 nM, 90 min after administration. Corresponding Cmax in
systemic perfusate was 80.16 nM at 90 min after administration. Portal vein
concentration decreased over time to 117.60 nM at 240 min after dosing, with
a perfusate concentration of 36.01 nM. Figure 6.3B shows the 1-OH midazolam
concentrations in the portal vein and systemic perfusate. 1-OH midazolam
concentrations showed to be higher in the portal vein compared to the
perfusate indicating active gut wall metabolism of midazolam to its metabolite.
Samples from the intestinal faecal effluent were taken to assess midazolam and
metabolite concentrations (Figure 6.3C). Midazolam was detected at higher
levels compared to the metabolites 1-OH midazolam and 1-OH midazolam
glucuronide (288942321 vs. 111.59£86.22 vs. 1.31£1.06 pM/0-240min
respectively) showing incomplete absorption of midazolam as well as gut-wall
metabolism and interestingly, excretion to the luminal side. Figure 6.3D and
6.33E demonstrates the liver contribution to the metabolism of midazolam. 1-
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OH midazolam glucuronide was measured at slightly higher levels in the
systemic perfusate compared to the portal vein perfusate. Biliary excretion of
midazolam was demonstrated with a Crax at 90 min (46.78 ng), and total biliary
excretion of 0.04% (£0.01%) of the administered dose. The metabolite 1-OH
midazolam glucuronide was also detected in the bile, however only in 1 out of 4
experiments, at minimal output (0.02% of administered dose). Figure 6.3F
shows the systemic midazolam profile. The metabolite, 1-OH midazolam was
detected in the perfusate 30 min after dosing and linearly increased
throughout the perfusion with a Crax of 57.20 nM at 210 min whereafter a
decrease was observed. The midazolam metabolite 1-OH midazolam
glucuronide was detected in the perfusate 30 min after perfusion. The
glucuronide demonstrated a more rapid increase in its detection in the
systemic perfusate over time (117.99 nM at 240 min) compared to 1-OH
midazolam. The relative slight increase in the detection of 1-OH midazolam with
the steep increase in the detection of 1-OH glucuronide suggest metabolism of
1-OH into its glucuronide.
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Figure 6.3 - Midazolam absorption, metabolism and elimination categorized for the contribution of
the intestine/liver (A-C), liver (D-E and systemic profile (F) measured in the ex vivo perfusion model
after duodenal administration of 20mg midazolam. Intestinal absorption and metabolism is shown
in: (A) midazolam concentration in the systemic and portal vein perfusate (B) 1-OH midazolam
concentration in the systemic and portal vein perfusate and (C) midazolam, 1-OH midazolam and 1-
OH midazolam glucuronide concentrations (AUC) detected in the intestinal faecal effluent. Liver
metabolism and elimination is shown in: (D) 1-OH midazolam glucuronide in the systemic and
portal vein perfusate, (E) biliary elimination of midazolam and 1-OH midazolam glucuronide and (F)
midazolam, 1-OH midazolam and 1-OH midazolam glucuronide PK profile measured in the systemic
perfusate. Data represents mean + SD of 4 individual experiments.
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High tissue levels of midazolam in the intestine

The concentration of midazolam, 1-OH midazolam and 1-OH midazolam
glucuronide after 240 min of perfusion were determined in intestine, liver and
kidney tissue (Figure 6.4A-B). Concentration of 1-OH midazolam showed to be
below the limit of quantification in all the organs. Compared to kidney
(0.1240.08 nM/mg tissue) and liver (0.10+0.03 nM/mg tissue), high
concentrations of midazolam were observed in the intestine (5.20£3.97 nM/mg
tissue) (Figure 6.4A). The conjugated metabolite, 1-OH midazolam glucuronide,
tended to show higher tissue levels in the liver (0.06+0.08 nM/mg tissue)
compared to intestine (0.02+0.01 nM/mg tissue) and kidney (0.03£0.02 nM/mg
tissue). However this was mainly observed in 1 out of 3 studies.
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Figure 6.4 - Tissue concentrations of midazolam and 1-OH midazolam glucuronide measured at the
end of the perfusion in the ex vivo perfusion model after duodenal administration of 20mg
midazolam. (A) tissue concentration of midazolam and (B) tissue concentration of 1-OH midazolam
glucuronide in intestine (n=3), liver (n=3) and kidney (n=4). Data represents mean + SD of 3-4
individual experiments. Multiple biopsies per experiment were taken (n=2-3)

Determination of the oral bioavailability

Based on the measured concentrations in the perfusate, portal vein and
intestinal lumen the Ey, Eg, Fe, Fn and subsequently Fea was calculated. The Eg,
metabolite formation to the gut lumen showed to be less than the metabolite
formation in the portal vein (0.0514+0.03 vs. 0.16+0.10 respectively). Together,
an Eg of 0.2140.11 was measured in our model (Figure 6.5A). The Ey varied
between 0.55-0.74 with an average of 0.65+0.07. The Fs and Fy showed a value
of 0.7840.11 and 0.35+0.07 respectively, indicating more extensive hepatic
metabolism than through intestinal metabolism. Assuming a fraction absorbed
of 1, the Forawas calculated to be 0.27+0.05.
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Figure 6.5 - Oral bioavailability of midazolam (A) Gut wall extraction of midazolam, determined in
the intestinal faecal effluent (Es-intestine), portal vein and systemic perfusate (Ec-pv), combined
showing the Eg total, and hepatic extraction of midazolam measured in the portal vein and systemic
perfusate. (B) Fraction escaping gut wall metabolism, fraction escaping hepatic extraction and oral
bioavailability of midazolam. Data represents mean + SD of 4 individual experiments.

Discussion

To date, complete ADME profiles with a focus on oral bioavailability can only be
studied in in vivo models as it remains difficult to recapitulate all organ
functions within a single in vitro model. However, with the innovations into
state-of-the-art perfusion devices we have demonstrated the ability to perfuse
multiple abdominal organs en bloc in an ex vivo setting. The model showed a
stable flow, intestinal peristalsis was observed throughout the experiment and
viability of the organs was demonstrated by bloodgas analysis, specific viability
assays and by showing absorption, metabolism and excretion of midazolam.

Although ex vivo NMP is typically conducted with a single organ, the
simultaneous perfusion of multiple organs occurs less frequently. Our data
indicates that the inclusion of multiple homeostatic organs (e.g. liver, kidneys
and pancreas) holds significant advantages, especially in maintaining the acid-
base balance and glucose regulation of the perfusate. This is also observed by
Chung et al.,"»" and He et al.,'® showing the addition of a kidney to the liver
circuit improved the biochemical environment. During liver perfusion, a spike in
glucose concentration is typical®®. Interestingly, in two out of four perfusions
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only a slight increase occurred. We hypothesize that the addition of the
pancreas to the circuit was beneficial for the glucose regulation and
homeostasis, as evidenced by a concurrent production of C-peptide. Moreover,
no additional glucose infusion was needed, suggesting effective glucose
regulation by the pancreas. Delayed warm-up of organs in two of the
perfusions might explain the glucose rise at t=60 min, affecting the pancreas
functionality and viability. Using a multi-organ perfusion approach, including
homeostatic organs, achieving prolonged perfusion will become more feasible.
Previous studies demonstrated prolonged abdominal organ perfusion, with
viability up to 24 hours?' and 45 hours'®. Both above mentioned studies used
organs obtained before sacrificing the animal, allowing for minimal warm
ischaemic time before preservation. To our knowledge, no other previous
studies demonstrated a multi-organ model using slaughterhouse organs, in
which warm ischemia times are inherent. With this study we show the
possibility to use slaughterhouse material (waste material), contributing to the
3R principle of reduction in the use of animal testing??. Additionally, the
availability of slaughterhouse organs is a significant advantage allowing for
experimentation without the need for an animal laboratory?. However, good
agreements with the slaughterhouse is essential to ensure proper quality of the
organs during resection of the en bloc organs out of the carcass. The
complexities encountered in small intestinal and multivisceral organ
transplantation show similarities to our developed ex vivo model*. We
observed extensive fluid secretion into the small intestines. It is known that the
small intestine secretes 8-9 liters water including electrolytes per day which is
reabsorbed by the ileum and the colon tissue?>?. Extensive excretion is a
phenomena known in small intestine transplantation; colectomy patients suffer
from severe diarrhea after surgery indicating the inability to reabsorb the
secreted fluid. Furthermore, in a rat intestine-transplant model obtained after
circulatory death, abnormalities were shown in intestinal secretion?’?¢. Also
Pang et al.?® reported the hypersecretion into the lumen of the intestine in a
gut-liver in situ rat perfusion model, however this could be overcome by the
infusion of norepinephrine and dexamethasone. This strategy limiting
hypersecretion is promising for future multi-organ experiments and would
possibly enable to include the whole small intestine allowing for even better
absorption studies.

To demonstrate the applicability of the perfusion model to study the first pass
effect and oral bioavailability, the metabolism of midazolam was studied. Since
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midazolam is metabolized by the intestine as well as the liver by CYP3A in both
of these organs, valuable insight can be generated regarding the extent of
involvement of the organs into the first-pass metabolism. Intestinal absorption
of midazolam was observed followed by detection of 1-OH midazolam and
1-OH midazolam glucuronide in the portal vein and systemic perfusate
indicating CYP3A metabolism and UGT1A4 and UGT2B4/2B7 activity in the
intestine and liver. Additionally, the presence of these metabolites in the
intestinal faecal effluent suggest gut wall metabolism and intestinal
glucuronidation to some extent. High levels of 1-OH midazolam in the portal
vein perfusate indicate gut-wall metabolism, while extensive hepatic
glucuronidation was observed. This was evidenced by increasing levels of the
glucuronide in the systemic perfusate assuming a higher expression of UGT
enzymes in the liver compared to intestinal UGT expression. Minor urine
excretion was observed during the perfusion and thus urinary elimination of
midazolam and the metabolites could not be studied. We hypothesize that the
limited urine production could be due to perfusate conditions, ischemia
reperfusion injury or the water flux from the perfusate to the intestinal lumen,
limiting the 'need’ to produce urine for the kidneys.

The hepatic extraction ratio calculated in the multi-organ model showed to be
0.65 (x0.07). Although minor to no hepatic extraction data of midazolam in pigs
is known, the reported human hepatic extraction ratio showed to be slightly
lower (0.44+0.14)*. Midazolam extraction is affected by the blood flow and the
activity of metabolizing enzymes3'. Multiple studies have demonstrated that
porcine liver microsomes possess a higher CYP3A4 activity compared to human
liver microsomes®?*, Also our lab demonstrated a higher activity of porcine
liver microsomes compared to human liver microsomes (Supplemental Figure
S6.7). A higher activity of CYP3A can result in a higher hepatic extraction ratio
and thus a higher first-pass effect, confirming the results observed in our
perfusion model. Ochs et al.,** demonstrated the intestinal and hepatic
extraction of midazolam in pigs by comparing oral administration versus iv
administration. The systemic venous / portal venous ratio of midazolam
showed to be 0.15 indicating extensive hepatic extraction. IV administration
showed almost similar AUC values in systemic venous and portal venous
samples suggesting minimal intestinal extraction. This study showed that the
extraction of midazolam after duodenal administration could be contributed to
almost entirely hepatic metabolism. In humans, intestinal extraction plays a
more dominant role since extraction values of 0.43-0.44 have been reported
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for the intestine, indicating substantial involvement of the intestine in the
extraction process>*. Thummel et al.,*® demonstrated a large variation within
the intestinal extraction (0.0-0.77), as also shown by Brill et al.,* predicting
extraction values between 0.05-0.8 in morbidly obese patients. One possible
explanation for the disparity in observed intestinal extraction data between
humans and pigs could be variations in the abundance of CYP3A4 enzymes.
Schelstraete et al.* compared the CYP450 enzymatic status in porcine livers
and intestine to human enzymatic status. Duodenal relative quantitative results
showed to be remarkably similar between pigs and men (CYP3A4 88% in pig vs
82% in humans). However, intestinal CYP450 microsomal activity was
significantly lower in porcine microsomes for CYP3A, even up to 6-10 times
lower as reported in human®. Subsequently, the overall oral bioavailability
showed to be 27% in our model. Only two in vivo studies using pigs (micro
minipigs and Gottinger minipigs) reported the bioavailability of midazolam after
oral intake, showing values between 3.0% and 14%323438_ Although our reported
oral bioavailability data is close to the reported in vivo data, slight
underprediction of the intestinal metabolism in our model could affect the Fg
and thus affect the oral bioavailability. The slight underprediction of the
intestinal metabolism could be due to the inclusion of only ~2 meter of small
intestinal tissue. Although the highest expression of CYP3A4 is detected in the
duodenum and gradually decreases along the intestinal tract, metabolism
further along the intestine could have contributed to a higher intestinal
metabolism?3*4!. Moreover, temperature of the ex vivo organs might have
influenced the metabolism of midazolam. Despite maintaining the perfusate
temperature at 38°C which was monitored at the arterial and venous flow, the
ex vivo organs placed in a box were susceptible to cooling down. This could
result in lower tissue temperature that could have impacted the (intestinal)
absorption and metabolism of midazolam and be a reason for variation in the
results**#. Besides detection of 1-OH midazolam and 1-OH midazolam
glucuronide, we observed multiple hydroxy and glucuronide metabolites
(Supplemental Figure S6.8) however, not quantified. This could also partly
account for the slight underprediction of metabolism. Also differences in pig
species used in these studies compared to our study can affect the Fs and Fy
and thus affect the oral bioavailability. Clinical studies using human subjects
show a higher midazolam bioavailability; between 29-44%334 Taking into
account the higher CYP3A4 activity in the liver in pig studies, human in vivo
studies show lower Fyy values resulting in a higher oral bioavailability which is in
line with our data. In summary, the generated hepatic and intestinal extraction
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data is in line with in vivo pig data. To translate this data to humans, the use of
physiologically based pharmacokinetic (PBPK) modeling with allometric scaling
could be applied. Multiple pig PBPK models have been developed since there is
a growing use of pigs as preclinical species®. On the other hand, multi-organ
perfusions can generate novel insights and input for these PBPK modelling
exercises. One of the challenges in PBPK modeling is to dissect out the
contributions of the intestines and liver, two serially arranged organs in first-
pass metabolism*. Studying PK processes of organs involved in ADME in an
isolated environment gives the ability to control the process. The ability to take
(unlimited) samples from different locations (e.g. different venous outflows) and
tissues over time can generate valuable information regarding the contribution
of each organ into the metabolism of a drug. Especially sampling from the
intestinal faecal effluent and the portal venous blood generating insight into
gut-wall metabolism is very unique. The model presents numerous future
perspectives; it offers the potential for studying regional absorption as the
expression of transporters like Pgp, OATP and CYP enzymes varies along the
intestinal tract*’. Since the model closely resembles physiology, including intact
intestinal tissue and peristalsis the model could be used to study formulation
effects since sampling from the intestinal faecal effluent and portal venous
blood stream is feasible and dosing at a physiological pH can be applied as the
tissue is able to handle the enzymatic and pH environment. A pre-digestion
protocol designed to mimick stomach digestion can even more accurately
stimulate gastrointestinal conditions, thus better simulate in vivo conditions.
This is particularly important as the stomach’s acidic environment aids in
solubilizing and dissolving drugs®. Furthermore, the gut-hepatobiliary model
offers an excellent opportunity to study drug-drug interactions (DDI) as DDI can
occur at the intestinal as well as the hepatic level as currently a combination of
both models is needed in order to properly predict the magnitude of DDI.

Conclusion

We have successfully developed a porcine ex vivo perfusion model of multiple
abdominal organs and demonstrated its capabilities and potential use in
studying ADME processes. Using this model we were able to characterize pre-
systemic extraction of midazolam by measuring the intestinal as well as hepatic
extraction. As a result, oral bioavailability could be determined. Fy, Fs and oral
bioavailability findings were in line with pig in vivo data. This model,
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complemented with physiologically based pharmacokinetic modelling is a
valuable approach to investigate the first-pass effect and oral bioavailability of
novel pharmaceutical compounds. By employing this approach, valuable
insights can be generated into the absorption and metabolism of new drugs,
thereby facilitating the development and optimization of drug candidates for
human use.
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Supplementary materials

Table 56.1 - Details of the LC/MS conditions; Quantification of masses and retention times.

Compound Rt (min) Exact mass Polarity Fragment m/z
Midazolam 14.81 326.0855 Positive thd thd
1-OH midazolam 16.66 342.0804 Positive thd thd
1-OH midazolam glucuronide 10.36 518.1125 Positive thd thd

Table S6.2 - Details of the LC/MS conditions used for the analysis midazolam and metabolites.

Compound Column Mobile Phase Time Mobile Mobile Flow
A B (min) Phase Phase (mL/min)
A (%) B (%)
Midazolam Waters Acquity 5mM Acetonitrile 100 0 0.4
1-OH HSS-c18(100 x 2.1 ammonium 85 15
midazolam mmid., 1.8 ym),  formate in 16.00 75 25
(glucuronide) serial no. water pH 16.50 0 100
#01593022418354 4.0 20.00 0 100

Table S6.3 - Details of the UPLC conditions; Quantification of masses and retention times of

atenolol and antipyrine.

Compound Rt (min) Exact mass Polarity
Atenolol 3.81 266.336 positive
Antipyrine 7.01 188.226 positive

Table S6.4 - Details of the UPLC conditions used for the analysis atenolol and antipyrine.

Compound (pre) Column Mobile Phase Time Mobile  Mobile Flow
A B (min) Phase Phase (mL/min)
A (%) B (%)
Atenolol Waters 0.1% FA 0.1% FAiIn 0.00 100 0.0 0.6
Antipyrine VanGuard BEH in MilliQ ACN 1.1 100 0.0
C- 6.00 90 10
18 (2.1x 5 mm; 8.00 74 26
1.7 um 9.00 0.0 100
10.00 0.0 100
Water Acquity- 10.10 100 0
BEH C-18 (2.1x 12.00 100 0

100mm; 1.7)
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Figure S6.1 - Schematic representation of the dissected portal vein. By dissecting the portal vein,
cannulation of the portal vein to the intestinal side is visualized allowing for collection of the portal
venous outflow. The portal vein - liver side is also cannulated for an additional flush of the liver
during the isolation procedure and to apply a portal flow during NMP.
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Figure S6.2 - Chromatograms of antipyrine, atenolol, midazolam and midazolam metabolites. (A)
Detection of atenolol and antipyrine, (B) midazolam, (C) midazolam 1-OH, (D) midazolam 1-OH
glucuronide and (D) midazolam internal standard.
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Figure S6.4 - Concentration of Atenolol (UM) and Antipyrine (uM) measured in the portal vein. Data
shows average concentration of n=4 experiments + SEM
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Figure S6.5 - Comparison of systemic perfusate levels of sodium, potassium, pH and BUN between
multi-organ perfusion model, liver only and liver+kidney combined perfusion. (A) sodium levels in
the systemic perfusate are relatively lower throughout the perfusion compared to liver only and
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nitrogen (BUN) levels measured in the systemic perfusate increase in all conditions however remain
the lowest in the multi-organ model compared to the liver only and combined liver+kidney
perfusion model.
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Figure S6.6 - Histological overview of intestine, liver and kidney. (A) H&E staining of the small
intestine, taken after flush and before the start of the perfusion of the excised small intestinal
tissue, showed intact palisade enterocytes at the villi (40x), (B) visibility of the enterocytes and goblet
cells (200x). (C) After 420 min of perfusion partly intact epithelial layer of the intestine was observed,
including presence of the villi with enterocytes and goblet visible (40x). (D) In 3 out of 4 studies
vessel dilation (erythema) was observed (200x). (E) Morphology of the liver; chord structure was
maintained with minimal to mild multifocal hepatocellular single cell necrosis associated with
dilated sinusoids (E) Presence of erythrocytes in the portal venous area (200x) (G) Morphology of
the kidney; Intact glomeruli were detected in all kidney slices (40x) (G) mild to moderate tubular
single cell necrosis was present as indicated by the arrows (200x).
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Figure S6.8 - Chromatogram of portal vein sample, 120 min after intraduodenal dose of midazolam
(20 mg) showing multiple midazolam metabolites. (A) midazolam, (B) 1-OH midazolam, (C), 1-OH
midazolam glucuronide and (D) midazolam internal standard.
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Summary

The ability to predict the PK profile of drugs in development remains a
challenging process with a very poor success rate’. Preclinical studies are an
important part of the drug discovery process, which aim to provide information
regarding the efficacy and safety of the drug? To this end, a comprehensive
understanding of the ADME and PK profile is essential. To study ADME
processes, ex vivo preclinical models can be regarded as the bridge between in
vitro and in vivo models which is discussed in Part | of this thesis. In chapter 2
we provided an overview of the experimental predictive ex vivo models available
to study drug ADME processes as well as DD, in health and disease. The use of
normothermic machine perfusion facilitates to study organ function under
dynamic and as close as possible to the in vivo setting. The intact morphological
structure, application of physiological blood flow rates and presence of intact
elimination pathways are important characteristics in the field of pharmacology.
These aspects, which cannot be adequately simulated in simplified in vitro
models, provide valuable insights into substrate affinity for transporters, DDI
and elimination routes. The objective of this thesis was to explore the
applicability of pressure driven normothermic organ perfusion to study
pharmacological processes in liver, intestine and kidney. In the different
chapters we have shown the use of liver perfusion and the multi-organ model
to characterize pharmacokinetic processes like DDI, endogenous substrate
handling, pre-systemic intestinal and hepatic metabolism and excretion
profiles.

In part Il, we studied the applicability of normothermic machine perfusion of
the liver to study drug pharmacokinetics and endogenous substrate handling.
As a first step, in chapter 3, we used the porcine NMP model to investigate
whether the perfusion model is a suitable platform to mimic clinical observed
OATP mediated DDI?#. We have demonstrated that NMP of porcine livers is a
potential novel and reliable model to study OATP-mediated DDI and we showed
its effect on hepatic clearance, biliary excretion and perfusate (metabolite)
profile of statins. Overall, the rank order of DDI magnitude indicated in our
experiments was in good agreement with clinical data. The lowest DDI for
pitavastatin (AUC ratio 2.6) and the highest for atorvastatin (AUC ratio 7.2),
indicating the potential importance of this new ex vivo model in early drug
discovery.
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Translation of preclinical findings using animal derived tissue like the porcine
liver model to clinical practice remains challenging due to, among others,
species differences in transporter expression®®. On top of this, liver disease in
humans leading to cirrhosis can affect liver morphology and transporter
expression thereby affecting drug PK profiles. However, with the currently
available preclinical and clinical models, it continues to be difficult to study the
effect of these pathological changes on drug PK. In chapter 4 we showed for
the first time the use of explanted human diseased livers as a model to assess
the effect of liver cirrhosis on drug PK by measuring hepatic extraction, biliary
clearance, DDI transporter function using 4 model drugs. We successfully
perfused 7 cirrhotic livers and 4 non-cirrhotic livers for a period of 360 min,
maintaining liver viability and functionality. Hepatic clearance of rosuvastatin
and digoxin showed to be the most affected by cirrhosis with an increase in
Cmax Of 11.5 and 2.9 times, respectively, compared to non-cirrhotic livers. No
major differences were observed for metformin and furosemide. Interaction of
rosuvastatin or digoxin with perpetrator drugs were more pronounced in non-
cirrhotic livers (AUC ratio of 5.6 and 8.1 respectively) compared to cirrhotic
livers (AUC ratio of 1.4 and 2.2 respectively). Studying drug pharmacokinetics
using explanted human livers can serve as a basis to explore the differences in
hepatic handling of drugs for patients with different types of hepatic
impairment.

An advantage of the perfusion model is to determine specific functions of the
whole organ such as the hepatic first pass effect and biliary excretion in an
isolated environment in the absence of other systemic effects. However, the
liver is a central organ in the human body and is in close connection to the
intestines linked by the portal blood flow receiving nutrients, bile acids and
hormones which activate or inhibit certain pathways’®. Bile acids regulate their
own homeostasis by providing negative feedback on bile acid biosynthesis. Bile
acids inhibit CYP27A1, CYP7A1 and CYP8B1 by activating FXR, which upon
activation also prevents toxic intracellular accumulation of bile acids by
inhibiting bile acid uptake and stimulating bile acid export''". The currently
used NMP protocols, which are widely applied in clinical as well as research
settings, fall short of mimicking the natural functioning of the liver. This
limitation arises from the absence of a recirculating bile acid pool as they rely
solely on the infusion of taurocholic acid. This places a substantial burden on
the liver during NMP as it is forced to engage in the de novo synthesis without
the support of endogenous bile acids. In chapter 5, we addressed this gap and
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aimed to characterize the de novo bile acid synthesis by profiling the biliary bile
acid excretion, cholesterol homeostasis and transporter expression during ex
vivo liver NMP. We showed that in porcine and human perfused livers, bile acid
synthesis rates were above average reported values in vivo and decreased
cholesterol perfusate levels were observed. Additionally, a decreased
expression of bile acid synthesis related genes, increased gene expression of
cholesterol metabolism related genes and a decreased expression in bile acid-
dependent uptake and efflux transporters was observed after 360 min of
human and porcine liver perfusion. Replacing taurocholate infusion with a more
representative bile acid pool for the enterohepatic circulation has yielded
promising results. The infusion of a bile acid mixture containing (un)conjugated
bile acids showed a decreased release of hepatic injury markers and the
maintenance of stable cholesterol levels in the perfusate. This approach has
also shown that the infusion of (un)conjugated bile acids enhanced liver
function pointing towards potential advancements in liver preservation and
transplantation techniques.

In Part Ill, we studied PK processes through the perfusion of en-bloc porcine ex
vivo abdominal organs. Real time characterization of the first-pass effect of
orally administered drugs consisting of local intestinal absorption and
metabolism, portal vein transport and hepatobiliary processes remains
challenging'?. In chapter 6, we showed the development of a porcine ex vivo
perfusion model consisting of multiple abdominal organs and demonstrated its
capabilities and potential use in studying ADME processes. Using this model, we
were able to characterize pre-systemic extraction of midazolam by measuring
the intestinal (Eg of 0.22) as well as hepatic extraction (E 0.65). As a result, oral
bioavailability showed to be 0.27+0.05 which is in line with pig in vivo data. By
employing this approach, valuable insights can be generated into the
absorption and metabolism of new drugs, thereby facilitating the development
and optimization of drug candidates for human use.

Future perspectives

NMP holds major potential for the field of pharmacology and drug
development. Besides offering the opportunity to enhance the mechanistic
understanding of ADME and PK processes of known and marketed drugs, it
may also serve a platform to study the PK and efficacy of novel types of drugs.
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The close to physiology representation and ability to control experimental
settings is a hugh asset over conventional preclinical models. However, can ex
vivo models, particularly normothermic machine perfusion, provide a better
understanding of DDI? In this thesis, we showed the development and
application of novel perfusion models like the human explanted liver model and
the multi-organ perfusion model. How can multi-organ perfusion models
enhance our understanding of drug pharmacokinetics? And the future potential of
explanted human diseased organs for ex vivo perfusion research will be
discussed. Finally, the key question remains; How do ex vivo models translate to
in vivo PK profiles?

Better understanding of DDI through ex vivo perfusion models?

In chapter 3 and 4 of this thesis, the applicability to study DDI in perfused
porcine and human livers was studied. The FDA guidance for industry, for in
vitro and in vivo drug interaction studies, states that it is important to determine
if a new drug is a substrate for Pgp, BCRP, OATP1B1/1B3, MATE and/or OCT2
since these transporters interact with drugs in clinical use'". In chapter 3, we
showed that it was possible to mimic DDI at the transporter level and showed
that the rank-order of DDI between statins was in good agreement with clinical
data*'™. The porcine liver model showed to be a suitable platform to study
transporter mediated hepatic uptake and/or transporter mediated biliary
excretion. This is particularly valuable for drugs in development that are
suspected to have the potential to induce or inhibit transporters or face other
potential transporter mediated challenges. To illustrate, compound X, a drug in
development, showed non-linear kinetics upon increasing dose levels in a
phase | study. The underlying mechanism was suspected to be Pgp mediated
saturation of biliary excretion. This was evaluated in our normothermic
perfusion model using pig livers (Figure 7.1). Upon a step wise 3-fold increasing
dose levels (0.56 mg, 1.67 mg, 5.0 mg, and 15.0 mg), we demonstrated that the
AUC increased 3.3, 3.9, and 7.1 times, respectively (Figure 7.1A). This non-
linearity effect was observed at dose levels >1.67 mg of compound X.
Additionally, an increase in Tmax from 6 to 15 min was observed in this study,
also pointing towards decreased excretion rate at higher dose levels. The
excretion of compound X into the bile decreased upon increasing the dose
level from 0.56 mg (26% of dose excreted into bile) to 15.0 mg (15% of dose
excreted into bile) (Figure 7.1B). Additionally, compound X showed to
accumulate in the liver upon higher dose levels (Figure 7.1C). These results
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indicated saturation of biliary excretion of compound X at dose levels >1.67 mg,
which might be caused by transporter mediated saturation of biliary excretion.

Perfusate B Bile C
15 40 0.56 mg Bg
L~ 2
25 0.56 mg —_ 1.67 mg b3
32 o
£ 1.67 mg LE 3 -+ 5.00mg 2s
a=10 —+ 5.00 mg x 2 - 15.00 mg 8
X & T g £
52 -+ 15.00 mg €5 2 34
Ep 8L A £
05 gz \ ]
g 8 8 & 10 I §?
388 I 8 {‘ s o
- 2
0.0+ o-om Sl eed L — T T T 1 T eleee®
o 60 120 180 240 300 0 60 120 180 240 300 B
[N

Time after 1st dosing (min) Time after 1st dosing (min)

Figure 7.1 - Studying increasing dose levels to determine non-linear kinetics in the ex vivo porcine
liver perfusion model. Increasing dose levels of 0.56 mg, 1.67 mg, 5.00 mg and 15.00 mg in (A)
perfusate, (B) Biliary excretion of compound X upon increasing dose levels and (C) intrahepatic
accumulation of compound X in biopsies taken at the end of each dosing.

To confirm Pgp mediated biliary efflux of compound X, a DDI experiment was
designed like in chapter 3 was performed of this thesis. The Pgp inhibitor
quinidine was applied as perpetrator drug and upon co-infusion with
compound X a potential DDl was simulated (Figure 7.2A-C). Upon co-
administration of Pgp inhibitor quinidine (22.4 mg), the plasma AUC increased
1.37-fold (Figure 7.2A) compared to the PK profile of compound X alone. The
increased plasma AUC can be explained by diminished biliary excretion of
compound X in the presence of Pgp inhibitor quinidine, resulting in 44%
decrease in biliary excretion (AUC ratio 0.56) (Figure 7.2B). These results
suggest that Pgp is actively involved as a biliary efflux transporter for clearance
of compound X upon hepatic uptake. The results were also in line with digoxin,
which was used as a positive control and known Pgp substrate (data not
shown). After assessing Pgp involvement, in a follow up study also the
OATP1B1/1B3 involvement was studied as OATP1B1/1B3 was suspected to be
the main hepatic uptake transporter. In a separate study, this was studied by
applying cyclosporin as inhibitor for OATP1B/1B3 (Figure 7.2D). Upon co-
administration of cyclosporin A, the plasma AUC increased 1.27 times,
demonstrating a slight inhibition of OATP-mediated hepatic uptake of
compound X. To give more insight into OATP1B/1B3 involvement, bilirubin, the
endogenous biomarker for OATP1B1/1B3 function was measured in perfusate
(Figure 7.2G-H). The results illustrate that following each administration of
compound X, there was a noticeable increase in bilirubin levels, indicating
competition for hepatic uptake of bilirubin through the OATP transporter.
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Pgp involvement
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Figure 7.2 - Determination of Pgp and OATP involvement with the use of inhibitor dosing using the
ex vivo porcine liver perfusion model. (A) perfusate (B) biliary excretion and (C) intrahepatic
accumulation of compound X (dosed 1.67 mg) in the absence and presence of P-gp inhibitor
quinidine dosed at 22.4 mg. Studying OATP involvement in (D) perfusate of compound X (dosed
1.67 mg) in the absence and presence of OATP inhibitor Cyclosporin A (22.4 mg). Bilirubin in
perfusate was assessed as endogenous biomarker for OATP in (E) studies with infusion of 0.56 -
15.00 mg and (F) 10.3-41.2 mg.

Together these data clearly show that the porcine liver perfusion model holds
great potential to study transporter involvement in a DDI design, which helps
towards a better understanding of the uptake and excretion of drugs.
Moreover, the ability to study DDl is crucial because it helps to ensure safe and
effective medication use, minimizing potential risk and optimizing patient
outcomes.

During the liver perfusion studies we infused the perpetrator drug, 5 minutes
prior to the victim drug thereby simulating DDI. This setup has been employed
in various other isolated liver perfusion studies as well'. However, in vivo,
following oral administration of a drug, the rate and extent of intestinal
absorption determines the portal vein concentration which differs between
drugs. Bioavailability of a drug is therefore also affected by factors as
dissolution, intestinal transit time and permeability, biotransformation by the
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intestinal flora and gut wall metabolism'. Consequently, measuring DDI in a
multi-organ perfusion model approach by dosing both drugs via the duodenum
would result in an even more physiological representation of the biology. As
demonstrated in chapter 3, varying perfusate rifampicin levels were observed in
the condition with atorvastatin, leading to variation in the degree of DDI. The
intestine thus plays a crucial role in the regulating the portal vein concentration
and thus regulating the magnitude of hepatic DDI'®,

Besides DDI at the transporter level, the interaction can also occur at the
(metabolizing) enzyme level as drugs can be an inhibitor or an inducer of these
enzymes'3, Rifampicin, for instance, showed to interact with the PK of several
statins via interaction with drug transporters, while long term rifampicin
administration (>7 days) results in the induction of the metabolizing CYP3A4
enzyme, thereby also showing that studying long-term effects can be crucial™.
Interestingly, the first few reports in literature demonstrated the ability to
extent normothermic perfusion times which offer a promising avenue to
investigate drug induced CYP450 modulation over time?*22, Bridging the field of
transplantation and pharmacology highlights the importance of long-term liver
perfusion as a valuable approach to study CYP450 modulation. To take it one
step further, several publications now report the possibility to perfuse split
livers?'232> which is an interesting and safe approach for studying drug induced
CYP450 enzyme expression. Splitting the liver into two parts enables exposure
of one half to the drug while the other half serves as a control. The use of for
instance the ‘Basel cocktail' containing specific substrates for: CYP1A2 (caffeine),
CYP2B6 (Efavirenz), CYP2C9 (Flurbiprofen), CYP2C19 (omeprazole), CYP2D6
(metoprolol) and CYP3A4 (midazolam) can be applied to determine effects on
the PK of these certain compounds?.

Next to the potential that drugs can modulate drug metabolizing enzymes,
some drugs have the potential to modulate cytokine release and induce an
inflammatory environment which subsequently can suppress of elevate CYP450
enzymes which is known as a drug-biologic interaction. These type of drugs are
commonly used for the treatment of cancer as well as inflammatory and
immunologic diseases indicating a broad therapeutic range and use?. Drug-
biological interactions are currently being studied in primary hepatocyte
cultures, which are treated with different concentrations of cytokines to study
the effect on CYP450 activity and mRNA/protein expression?®3°, To illustrate,
multiple in vitro studies show effects of IL-6, IL-13, TNF-a and IFN-y on the
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expression of different CYP450 enzymes in primary hepatocytes?®3'34, Klein et
al.*® showed a significant reduction in the formation of the CYP3A4-derived
atorvastatin metabolite after 48h and 72h incubation upon dosing 10 ng/mL of
IL-6 in HepaRG cells. Additionally, a significant reduction was shown in the
CYP3A4 gene expression. The liver perfusion model described in this thesis
would be an interesting platform to study whether certain biologics modulate
cytokine levels and subsequently alter CYP450 status and function. However,
crucial in these studies is the understanding that the cytokine releasing effect of
the biologic drug comes specifically from the drug itself and is not elicited by
the perfusion process. Conducting a literature search on cytokine release
during ex vivo organ perfusion highlighted the complexities inherent in this
process, revealing that this subject is more challenging than initially anticipated.
In a study by Gravante et al.*, the researchers studied the potential cytokine
response to ischemia reperfusion injury in an ex vivo porcine liver perfusion
model. Significant elevation of IL-6 and IL-8 was observed after 6 hours of
perfusion. Additionally, Chung et al.?’, Weissenbacher et al.*® and Hosgood et
al.* also showed release of a subset of cytokines (e.g. IL-6, IL-8, IFN-y) during
liver and/or kidney perfusion®. In healthy individuals, baseline IL-6, IL-8 and IFN-
y concentrations are around 5, 12 and 50 pg/mL respectively*'. IL-6 levels
reported in perfusion studies are in the range of ng/mL showing a thousand-
fold difference between in vivo conditions and ex vivo perfusion studies®3° To
put this in perspective, IL-6 levels in the ng/mL range have been reported for
critically ill patients with severe infections like sepsis*. This indicates ongoing
cytokine release and inflammatory environment which could also influence the
CYP450 expression. The wuse of a hemoadsorption filter has been
recommended for eliminating cytokines in the treatment of severe
inflammatory driven medical conditions. Hosgood et al.** showed that the use
of a hemoadsorption filter during kidney perfusion resulted in lower and stable
cytokine levels during 6 hours of perfusion. The addition of the cytosorb filter
reduced the IL-6 and IL-8 concentration by 87% and 59% respectively*. From a
pharmacological perspective and for future PK perfusion studies, it would be
recommended to include an adsorbent membrane to diminish the
inflammatory environment and thereby not affecting the CYP450 enzyme
abundance and activity.
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How can multi-organ perfusion models enhance our understanding of
drug pharmacokinetics?

In chapter 6, we showed the possibility to perfuse multiple organs and
subsequently study the ADME profile of midazolam. The ability to study the gut-
liver axis offers a unique opportunity to unravel the dynamic interplay between
gut-wall metabolism and hepatic uptake and metabolism. We showed the ability
to measure pre-systemic intestinal and hepatic metabolism for midazolam, a
widely applied CYP3A4 substrate model compound. Up to now, no preclinical
models have been developed which directly give insight into the gut wall
absorption and metabolism. This is mainly because the intestine is a
heterogenous organ and therefore difficult to capture all its function into one in
vitro model*#°. Therefore, PBPK modeling is often needed to generate insight
into the extent of the fraction escaping first pass gut wall metabolism, the Fe.
Gertz et al.“® did build a PBPK model to predict the Fg, using microsomal
fractions as input data. The authors showed that drugs with a low intestinal
extraction could in general be well predicted, however the prediction of high
intestinal extraction drugs was less accurate®. Current assessment of the Fg is
based on plasma concentration time profiles of IV versus oral dosing or
concentration time profiles after dosing an inhibitor'®#47  Although the
abundance of CYP3A4 in the intestine is around 1% of the abundance in liver,
CYP3A4 substrate drugs as midazolam show extensive intestinal wall
metabolism“*. The lower blood flow in the intestinal mucosa compared to the
liver blood flow, results in an extended duration of a compounds presence in
the intestinal tissue and thereby increasing the likelihood of CYP450 mediated
metabolism in the intestine compared to the liver which underscores the
difficulty to predict CYP450 mediated metabolism in in vitro models'. The
utilization of the multi-organ perfusion model can provide helpful insights into
determination of the Fg since it allows the opportunity to collect samples from,
among others, the portal vein. The ability to take portal vein samples has only
been described by Paine et al,* who studied the intestinal midazolam
metabolism in patients undergoing liver transplant surgery in the anhepatic
phase. Interestingly, the researchers demonstrated that after IV dosing, there is
a higher concentration of the midazolam metabolite 1-OH midazolam in the
portal vein compared to the systemic circulation. This indicates that there is
basolateral uptake of midazolam with subsequent midazolam oxidation to 1-
OH midazolam which is transported back to the portal vein. Studies comparing
IV versus oral dosing, like those exemplified here, represent a future application
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of the multi-organ model. Such investigations offer valuable insights into the
precise metabolism of (new) drugs and serve as input for PBPK modeling.

Besides phase | metabolism, the liver and intestine are also involved in phase |l
metabolism e.g. glucuronidation and sulfation®. After CYP450 mediated
metabolism, compounds can undergo further biotransformation, for instance
by glucuronidation, whereafter the glucuronidated product can be excreted via
the biliary system. Interestingly, it is observed in ex vivo fermentation platforms
that the gut microbiota also can also contribute to metabolism®. An example is
the metabolism of irinotecan. Irinotecan is a pro-drug and is metabolized by the
liver to SN-38 and subsequently glucuronidated to SN38-glucuronide and
eliminated via biliary excretion®'. After biliary excretion, the intestinal microbiota
can deconjugate the SN38-G to SN-38. This is followed by intestinal absorption
of SN38 to the portal venous blood, whereafter again glucuronidation can
occur, thereby resulting in a prominent secondary plasma peak. This process
involving phase |, phase Il metabolism, biliary excretion and intestinal
absorption is extremely difficult to capture in in vitro models as well as via PBPK
modelling. Nevertheless, its significance is exemplified by Gupta et al.,”" who
showed that patients with lower rates of hepatic glucuronidation would have
higher concentrations of biliary SN38, leading to gastrointestinal toxicity. The
multi-organ perfusion model presented in this thesis holds potential to study
these dynamic processes to understand the specific role of each organ
contributing to the metabolism of the drug. To gain even a better
understanding of organ specific drug metabolism during multi-organ perfusion,
microdialysis emerges as a powerful tool as it allows for real-time monitoring
and in-depth insights into the metabolic pathways. Microdialysis sampling is a
technique often used in the field of neurosciences to study biochemical
conversions in the extracellular fluid>. The techniques consists of a probe with
a hollow fiber dialysis membrane which can easily be implanted in a (perfused)
organ. This allows for real time monitoring of the extracellular fluid and thus
real-time monitoring of PK processes like phase | and Il metabolism®3, study
drug unbound concentrations® or (blood flow dependent) tissue penetration.
Until now, the use of microdialysis in organ perfusion has only be described in
the field of ex vivo lung perfusion. Mazzeo et al.® described the use of
microdialysis during ex vivo lung perfusion and reported that microdialysis was
more effective and specific in studying lung metabolism compared to perfusate
levels. Continuous sampling from the microdialysis flow in the intestine and
liver would be beneficial and informative to study the distribution and

192



SUH’HTWGTV, future FJGTS{JGCU\/’GS and conclusions

metabolism profile of drugs with complex ADME processes (e.g. phase |, phase
I, EHC). Thereby in depth characterization of the metabolic pathway will enable
better PBPK predictions.

Use of explanted human diseased organs for ex vivo perfusion research

The use of human tissues for pharmacological studies is superior over other
species. In chapter 4, we showed the use of explanted human diseased livers
for PK research. So far, the utilization of human diseased explanted livers is
mentioned in a limited number of publications®*® However, the applicability of
human diseased livers for ex vivo perfusion research has major potential for
instance to gain in depth information on disease-specific processes and the
role in PK and even pharmacodynamic processes. For example, MAFLD is one
of the most important causes of liver disease worldwide®. Non-alcoholic liver
disease (NASH) is an advanced form of MAFLD and can potentially progress to
cirrhosis and hepatocellular carcinoma. NASH is one of the most common
indications for liver transplant, alongside alcoholic cirrhosis, hepatocellular
carcinoma, hepatitis C related cirrhosis and cholestatic disease®®. There are
currently no therapies available for the treatment of MAFLD, NASH or ALD.
Nevertheless, notable progress is being made in drug development regarding
oligonucleotide-based treatments®'. Oligonucleotide- based therapeutics are
currently an emerging class of drugs which include short interfering RNA
(siRNA) that degrade target mRNA®. So far, only a limited number of
oligonucleotides have progressed to clinical stages®”. The predominant
challenge thus far has been securing the safe and effective intracellular delivery
of these compounds in human tissues. A disadvantage of lipid nanoparticle
delivery is for instance the high concentration needed and inducing a pro-
inflammatory effect®%4 Given the abundance of disease targets in the liver
which are susceptible to modulation, the liver is an interesting target for
oligonucleotides therapies® . Therefore, ex vivo organ perfusion and especially
ex vivo perfusion using diseased human livers would be a first step bridging the
gap between preclinical in vitro and clinical in vivo studies. Utilizing explanted
diseased human livers with NASH or ALD, uptake and gene modification can be
assessed by leveraging the disease characteristics. Several oligonucleotides
have been described which target NASH®%667 | inden et al.®’” for instance,
demonstrated in a mice model the use of a conjugated antisense
oligonucleotide which mediated silencing of the gene Pnpla3 and subsequently
reduced liver steatosis score and fibrosis®’. Exploring the application of these
type of therapeutics in a liver perfusion model with explanted NASH or MAFLD
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livers would provide a valuable opportunity to study tissue uptake, potential
local toxicity effects or immune effects. First reports already describe the use of
SIRNA during ex vivo liver perfusion®7°, Bonaccorsi et al.®? aimed to inhibit an
apoptosis-associated gene using an siRNA approach in a rat transplant model
to reduce ischemia reperfusion injury. The siRNA was administered during
hypothermic machine perfusion (HMP) followed by liver transplantation. While
the results on apoptosis inhibition by the siRNA remained inconclusive, the
researchers were able to show hepatic uptake of the siRNA’". Recent studies
have adapted machine perfusion to demonstrate the possibility to prolong
organ perfusion duration’?74, with perfusion of human and porcine livers for up
to 7 days’. Prolonged perfusion would allow to study hepatic uptake of an
oligonucleotide-based therapeutic and at the same time study changes in RNA
and protein levels in time. Besides liver perfusion, first studies have also been
reported with kidney perfusion. Thompson et al.”* demonstrated the delivery of
antisense oligonucleotide in a human kidney during perfusion and showed to
block microRNAs function implicated in ischemia reperfusion injury.

Explantation of diseased organs followed by ex vivo organ perfusion for PK
research is a concept which can be extrapolated to other research fields. The
application of ex vivo organ perfusion may also find relevance in pediatrics as
livers and kidneys are explanted due to conditions such as cancer’””®. In
pediatric research, key research questions involve understanding the ontogeny
of drugs transporters and drug metabolizing enzymes as well as studying age-
related variations in the pharmacokinetics of specific drug classes in
children®#' Ex vivo organ perfusion complemented with PBPK modelling can
subsequently contribute to the development of age-appropriate dosing
guidelines. This concept can also be applied for other special population groups
such as morbidly obese individuals for investigating specific pathophysiological
changes related to obesity that impact drug metabolism®#, An illustrative
example is the study conducted by de Hoogd et al.%* demonstrating reduced
elimination of morphine glucuronide metabolites (morphine-3-glucuronide and
morphine-6-glucuornide) in morbidly obese patients in comparison to healthy
volunteers. Although the primary route of the glucuronide metabolites
elimination is via renal excretion (80%), there was no difference in kidney
function between the morbidly obese and healthy subject group. Therefore the
researchers hypothesized, based on reports on Dubin-Johnson syndrome
where dysfunctional mutations in the MRP2 gene caused impairment in biliary
excretion of bilirubin glucuronides, that hepatic transporters in the biliary
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elimination of morphine glucuronide metabolites plays a significant role in the
morbidly obese subject group®. To test this hypothesis, ex vivo liver perfusion
could be conducted if there are morbidly obese patients with an underlying
liver disease awaiting transplantation®. With this approach, the metabolism and
excretion as well as transporter abundance can be studied to investigate and
characterize the underlying mechanism. Besides changes in CYP450 enzymes
and uridine diphosphate glucuronosyltransferase (UGT) enzyme activity in
morbidly obese patients affecting drug metabolism?®#’, hepatic blood flow can
also be altered®#8 Hepatic clearance is a result of an interplay between
CYP450 abundance and activity and hepatic flow. To understand the observed
differences in midazolam clearance in morbidly obese adults or obese
adolescents compared to healthy subjects®<°, it would be of great value to
study the impact of obesity on hepatic flow. Ex vivo perfusion using pressure
driven perfusion machines is a solution to study the effect of obesity on hepatic
flow as well as CYP3A4 activity.

How do ex vivo models translate to in vivo PK profiles?

Compared to traditional in vitro models, ex vivo (whole organ) models are a
promising platform and thereby paving the way to apply PBPK modeling in a
more reliable and accurate way. It is hypothesized that accurate predictions of
PK profiles would result in better translation of preclinical data to in vivo, which
is accompanied by a lower attrition rate®" . In this thesis, multiple ex vivo liver
perfusions were performed, generating concentration-time profiles of the
disappearance of the drug from the perfusate and appearance of the drug into
the bile. The concentration-time profiles give an estimate regarding the hepatic
elimination rate and percentage biliary clearance. However, interpretation to
clinical in vivo profiles lack as ‘only’ the hepatic extraction of a drug and the
biliary clearance can be determined. This is also true for the previously
published InTESTine system; a platform with ex vivo tissue explants to study
(regional) intestinal absorption and permeability®*®. As mentioned in the
introduction of this thesis, the intestines, liver and kidneys are key organs
involved in ADME processes and together define the PK profile of a drug.

To study the potential of ex vivo platforms to predict the in vivo PK profile of a
drug, we here combined predlinical ex vivo data from the InTESTine system,
combined liver-kidney perfusion all integrated by PBPK modeling to predict in
vivo PK profiles using the drug cocktail rosuvastatin, digoxin, metformin and
furosemide. First, regional intestinal transport was assessed using the
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INTESTine system. Figure 7.3 shows the regional transport P, values derived
from the INTESTine system with porcine intestinal tissue.
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Figure 7.3 - Assessment of the regional intestinal transport of rosuvastatin, digoxin, metformin and
furosemide using the INTESTine system with porcine intestinal tissue. (A) Schematic representation
of the InTESTine system where porcine intestinal tissue is mounted in the system creating an apical
(lumen) and basolateral (portal blood side) compartment. Determination of the regional
permeability of (B) Rosuvastatin in jejunum (n=1), ileum (n=3), colon (n=2) tissue (C) Digoxin jejunum
(n=6), ileum (n=3) and colon (n=4) tissue, (E) Metformin jejunum tissue (n=2) and (E) Furosemide
jejunum (n=1), ileum (n=1) and colon (n=1) tissue.
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The reported observed fraction absorbed of rosuvastatin, digoxin, metformin
and furosemide in vivo is 0.50, 0.81, 0.55 and 0.53 respectively®™?. The
reported range of the InTESTine system showed P, values of 0 to ~18
(x10%cm/s) translating to a F, of 0 - 1%4 Intestinal permeability of rosuvastatin
was limited in the InTESTine system (mainly due to the fact that it is a strong
BCRP substrate), with average Papp value of 0.21+0.09 for more proximal Gl
tract and 0.44+40.07 for distal Gl tract, which does not correspond to the
reported fraction absorbed of 0.50%. Comparable results were found for
digoxin (average P.qp 0.65+0.23, due to high affinity of digoxin for Pgp), and also
showing higher P, values in the distal parts of Gl tract (Papp: 2.44+1.69) (Figure
7.3C). The absorption of metformin and furosemide across the intestinal wall
showed to be faster with 3.98+0.16 for metformin jejunum and 8.74+6.01,
4.06+2.41 and 16.67+7.49 in jejunum, ileum and colon respectively for
furosemide (Figure 7.3D-E).

To assess hepatic and renal clearance and subsequent biliary and renal
excretion, the dual perfusion of liver+kidney was explored using the LiverAssist
perfusion device (XVIVO, the Netherlands) (Figure 7.4). In this perfusion model
the arterial blood supply is splitted to the 1) hepatic artery and 2) the renal
artery. The liver receives also blood via the portal vein. The simultaneous
perfusion of ex vivo kidney and liver is a novel and unique approach to
determine the hepatic and renal clearance and excretion of drugs within one
experiment®. The drug cocktail was dosed via the portal vein (1.4 mg
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rosuvastatin, 0.056 mg digoxin, 74.2 mg metformin and 0.77 mg furosemide)
and samples were taken from the perfusate, bile and urine.
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Figure 7.4 - Schematic representation of the perfused liver+kidney model using porcine organs and
the perfusate and excretion profiles of rosuvastatin, digoxin, metformin and furosemide using the
combined liver+kidney perfusion model. (A) The liver+kidney perfusion model: applied portal
pressure of 8-11 mmHg and arterial pressure of 75-85 mmHg, with a total circulating volume of
2.5 L of perfusate. Drug cocktail was dosed to the portal vein of the liver mimicking oral dosing.
Systemic perfusate profiles of (B) rosuvastatin dosed 1.4 mg, (C) Digoxin dosed 0.056 mg,
(D) Metformin dosed 74.2 mg and (E) Furosemide dosed 0.77 mg. Urine and biliary elimination of
(F) Rosuvastatin, (G) Digoxin, (H) Metformin (l) Furosemide. Data represents n=2 mean + SD.

The combined liver+kidney perfusion model showed stable arterial and portal
flow during 360 min of perfusion with constant bile and urine production (data
not shown). Figure 7.4 shows the systemic profiles and excretion patterns after
a single administration of the drug cocktail. Rosuvastatin was rapidly cleared
from the circulation (Figure 7.4B) and was mainly eliminated via bile (20.245.8
%) and only a minor part was excreted into urine (2.1+1.5%). Digoxin was highly
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biliary excreted (100%) and only a minor part was eliminated via urine (5.6%).
Metformin clearance demonstrated slow uptake from the perfusate suggesting
saturation of the OCT2 and MATE1/2 transporters, however was rapidly
excreted into urine (120+£29%) and to a minor extent via bile (6.5+£0.3%).
Furosemide was mainly excreted into urine (80.3+6.4%) and only a minor part
in bile (7.7£1.8%). Data is in line with literature showing rosuvastatin and
digoxin being mainly eliminated via bile and minorly into urine while metformin
and furosemide are known to be mainly renally excreted''®, To integrate ex
vivo data into PBPK modeling, as a first step the concentration-time profiles of
perfusate and cumulative amounts of bile and urine were fitted (Figure 7.5) to
the developed liver+kidney PBPK model using R programming (R Studio, version
4.3.2). This liver+kidney PBPK model presented in Figure 7.6, generating the
model-specific PK parameters Clpie, Clurine, Kurine aNd Kyiie (Figure 7.6B).
A B

Furosemide mass balance
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Amountin blood
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Amount n filtrate

Amount (ug)
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— Amountin Iiver
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z -~ . b
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.

Cumulative amount in bile (ug)

Time (min)
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Cumulative amount in urine (ug)

Time (min)
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Time (min)

Figure 7.5 - Fitted concentration-time profiles of furosemide. (A) Furosemide mass balance per
compartment (B) Concentration-time profile of furosemide perfusate perfusion experiment (C)
cumulative amount of furosemide in bile and (D) Cumulative amount of furosemide in urine.
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Figure 7.6 - Representation of the ex vivo liver+kidney PBPK model and simulated values derived
from the sub PBPK model. (A) Schematic representation of the ex-vivo liver+kidney PBPK model and
(B) Simulated pharmacokinetic parameters derived from the fitted ex vivo perfusion data of
perfusate bile and urine determined in the generated ex vivo liver+kidney PBPK model.

Secondly, the PK parameters from the liver+kidney PBPK model (Figure 6A-B)
together with the P, data from the INnTESTine system were integrated into a
generic PBPK model using R programming. Figure 7.7 demonstrates the
predicted concentration time profiles of the arterial blood following oral intake
of the rosuvastatin, digoxin, metformin and furosemide. The predicted Crmax and
Tmax Of rosuvastatin showed to be within the range of the (lower) observed
clinical values. Digoxin, displayed a systemic profile with a 7-fold lower Cyax and
a delay in Tmax (Tmax OF 5 hours vs. 1.2 hours in vivo). Predictions for furosemide
reached a maximum concentration at 0.105 mg/L which is nicely within the
range of the clinically observed profiles. The Tna was predicted after 5 hours
which was compared to clinical in vivo data showing a Tmax Of 1.2 hours, slightly
delayed. In the case of metformin, our predictions showed a Cmax level of
1.5 mg/L which is a 2-fold overestimation of the average Crmax0bserved in clinical
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profiles. Tmax was close to reported in vivo data (Tmax Of 4 hours vs 3.35 hours
in vivo). Both furosemide and metformin showed an underestimation of the

elimination of the drugs from the circulation.
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Figure 7.7 - Simulated blood concentration profiles after single oral dose of the drug cocktail.
Simulation profiles of oral dosing of (A) 10 mg rosuvastatin, (B) 0.5 mg digoxin (C) 500 mg Metformin
and (D) 40 mg furosemide. The simulation duration was 48 hours.

The prediction for Cmnax Of rosuvastatin showed to be within the range of
clinically observed data, but on the lower side. The intestinal transport of
rosuvastatin showed to be relatively low when using porcine intestinal tissue.
Rosuvastatin is a substrate for the BCRP efflux transporter, limiting the influx
into while facilitating the efflux out of the cells'®. Sjoberg et al."® reported a
Papp Value of 6.95+1.05 in human jejunum tissue while in porcine jejunum tissue
a Papp value of 0.24 was measured. Vaessen et al.** demonstrated differences in
abundance of BCRP expression between pig and human. A significant higher
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expression of the protein was measured in jejunum tissue of pigs (0.75 pmol
protein/g tissue) compared to human (045 pmol protein/g tissue),
hypothesizing more efflux of rosuvastatin by BCRP in porcine intestinal tissue
resulting in a lower permeability. Underestimation of the intestinal absorption
resulted in a slightly lower Cnax compared to clinical in vivo data'® "%, However,
important to note is the variation observed in clinical studies. Cooper et al.'®
demonstrated a Cmax Of 53.5 ng/mL after an oral dose of 80 mg rosuvastatin,
while Li et al.’ showed a Cna Of 45 ng/mL after an oral dose of 40 mg
rosuvastatin. These differences highlight the importance of considering and
understanding the variability in drugs response among individuals. Similar as
rosuvastatin, the same effect was observed for digoxin regarding intestinal
transport and regional variability''°. Although a fraction absorbed of 80% is
observed in human, ex vivo tissue models and the Caco-2 model report rather
low values of intestinal permeability which are not in line with a fraction
absorbed of 809%°4°>1%° Using the ex vivo data, the prediction of Cnax Showed to
be 7 fold lower™ "6 The protein expression of OATP2B1 (furosemide) and
OCT1 (metformin) showed no major difference between intestinal regions*°
and the P, values were in line with literature® %7 The predicted Cmax levels
showed to be close to in vivo observed data for metformin™®'?? as well as
furosemide'3120123126 However, the predicted systemic profiles for metformin
and furosemide showed delayed elimination compared to in vivo profiles with
ClLunne as a factor contributing to the elimination. In a clinical study by Stopfer et
al.' human subjects receiving the drug cocktail showed complete elimination
of furosemide after 8 hours and metformin after 24 hours while in our model
this process takes approximately 48 hours. This indicates an underestimated
rate of renal elimination during ex vivo experiments compared to in vivo which
could be the result of diminished ex vivo kidney function during normothermic
perfusion. However, there are currently no established parameters for ex vivo
kidney function. Parameters such as flow, urine output, creatine clearance and
fractional sodium excretion are commonly investigated'” ', Multiple studies
demonstrate the creatine clearance (GFR) during ex vivo kidney perfusion. In
these studies, using slaughterhouse kidneys, GFR values around the 1.0 - 5.0
mL/min are measured™*'¥? In contrast, Leadrup et al."”* measured the GFR
from a single kidney in vivo and showed an average GFR of 33.9+8.9 mL/min
thus indicating that ex vivo, kidney GFR is diminished compared to in vivo. Inulin
is often used as a model compound to measure the GFR and Markgraf et al.'®
studied inulin clearance as function assessment test in perfused kidneys
derived from laboratory pigs and slaughterhouse pigs with different time of
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warm ischemia (WIT). The researchers demonstrated that none of the
slaughterhouse derived kidneys were within the limits for consideration of
functional kidneys' which was determined by the inulin uptake and excretion
behavior independent of the WIT'®, Together, the combination of ex vivo data
with PBPK modeling provides a first 'real’ insight into ex vivo kidney function by
studying the clearance of transporter mediated drugs and subsequent
translation to in vivo situation. This could aid in the generation of function
assessment tests or parameters to study kidney function in an ex vivo
environment which is needed in the field of transplantation.

The ex vivo models are complex models and may better represent physiological
conditions than purely in vitro data and thereby enhancing the models’
predictive capabilities. This is particularly relevant when studying transporter
mediated processes as transporter mediated processes are typically more
complicated than that of drug metabolizing enzymes. However, translation of
the ex vivo data towards in vivo profiles with PBPK modeling has some
challenges. First, we used a perfusate with at total concentration of 1% albumin
which is lower compared to the physiological concentrations ranging between
3.5 - 5.0% albumin* Many of our kidney perfusion experiments showed the
inability to produce urine when using a perfusate consisting of red blood cells
with plasma. Lowering the albumin concentration in the perfusate showed
urine production by the ex vivo kidneys. Since urine production is essential to
measure the renal elimination of a compound, we chose to use these sub-
physiological concentrations. Many drugs are however highly bound to plasma
proteins and changes into plasma protein concentration will therefore affect
the elimination rate from the perfusate into the organ'®. Although ex vivo to in
vivo extrapolation was performed to adjust for the percentage of albumin in the
system, it introduces additional uncertainties to the data. Moreover, to better fit
the experimental data, tissue concentrations are needed which can easily be
obtained from the ex vivo perfused organ.

Here we present for the first time the use of porcine ex vivo tissue models in
combination with PBPK modeling, predicting PK profiles which are close to
clinical observed human profiles. Currently, more abundant data is available
regarding transporter abundance in intestine, liver and kidney between pig and
humans*3%137 which can be used to refine profiles with greater accuracy. The
use of human tissues in ex vivo models have been described before by our
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group for intestine® and liver'®, showing the potential for even further
enhancement of PK prediction in human.

Conclusion

In conclusion, in this thesis we aimed to study to pharmacokinetic application of
pressure driven normothermic organ perfusion. Using a novel pressure driven
perfusion machine, we endeavored to bridge the fields of transplantation and
pharmacology. Our studies demonstrated the utilization of NMP to examine
various drug PK processes such as the hepatic first pass effect, hepatic
clearance, biliary excretion, transporter function and DDI using porcine and
human explanted diseased livers. The use of porcine livers was an appropriate
substitute for human livers to mechanistically study transporter contribution in
drug uptake, drug excretion and to study DDI. These studies enabled the
investigation of OATP1B1/1B3 mediated DDI, with results aligning closely with
clinical data. Moreover, explanted diseased human livers showed to be suitable
for perfusion research and can serve as a basis to explore the differences in
hepatic handling of drugs for patients with different types of hepatic
impairment. Hepatic clearance of rosuvastatin and digoxin showed to be the
most affected by cirrhosis while no major differences were observed for the
renally cleared drugs metformin and furosemide. The 3-fold lower portal flow in
cirrhotic livers showed to diminish the hepatic extraction of rosuvastatin
showing the importance of portal flow in a preclinical model to determine
hepatic clearance. Furthermore, optimalisation of the liver perfusion model was
studied by infusion of a (un)conjugated bile acid pool to replicate physiological
conditions for a more accurate assessment of hepatic PK processes. This
approach demonstrated that the infusion of (un)conjugated bile acids alleviated
the burden of the de novo bile acid synthesis and enhanced liver function
pointing towards potential advancements in liver preservation and
transplantation techniques. The possibilities of the pressure driven perfusion
system are numerous, as we demonstrated the development and application of
multi-organ perfusion to understand the interplay between the intestine and
liver by characterization of the first-pass effect and pre-systemic CYP3A4
metabolism. Use of perfusion showed to be an excellent tool to study drug
concentrations in blood flows and tissues which are otherwise impossible to
reach, thereby generating a novel and in depth insights into the ADME profile of
drugs.
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De karakteriseren van het farmacokinetische profiel van een stof is een
uitdagend en ingewikkeld proces met een lage slagingskans. Preklinische
experimenten zijn een belangrijk onderdeel in het proces van medicijn
ontwikkeling met als doel om informatie te voorzien over het veiligheidsprofiel
en de werkzaamheid van het medicijn. Dit maakt dat het essentieel is dat alle
aspecten van medicijn zoals de absorptie, distributie, metabolisme en excretie
(ADME) gekarakteriseerd zijn. Om ADME processen te karakteriseren zijn
preklinische ex vivo modellen zeer waardevol en kunnen ze worden beschouwd
als de schakel tussen in vitro en in vivo modellen zoals besproken in deel | van
deze dissertatie. In Hoofdstuk 2 wordt een overzicht gegeven van de huidige
preklinische ex vivo modellen om medicijn absorptie, metabolisme en excretie
te bestuderen. Daarnaast wordt de toepassing om drug-drug interacties (DDI)
in gezondheid en de toepassing van ziekte (ex vivo) modellen bediscussieerd.
Het gebruik van normotherme machine perfusie in het veld van transplantatie
onderzoek heeft laten zien dat orgaan functie en dynamische processen op
een representatieve manier kunnen worden bestudeerd. Toepassing voor het
preklinische farmacologie veld zou een toepassing kunnen zijn; de intacte
morfologische structuur van het orgaan, applicatie van fysiologische
bloedstroom en de aanwezigheid van intacte galwegen en urine structuren zijn
belangrijke karakteristieken nodig om bepaalde ADME processen in kaart te
brengen. Deze hiervoor genoemde aspecten zijn vaak afwezig in preklinische
simplistische in vitro modellen maar zijn van essentieel belang om inzichten te
bieden in transporter affiniteit, DDI en eliminatie routes. Het doel van deze
dissertatie was het exploreren van de toepasbaarheid van ex vivo
orgaanperfusie om farmacologische processen in darm, lever en nier te
karakteriseren. In de verschillende hoofdstukken hebben we het gebruik van
0.a. leverperfusie en multi-orgaan perfusie laten zien dat farmacokinetische
processen zoals DDI, endogene substraten processen, pre-systemische darm
en lever metabolisme en excretieprofielen kunnen karakteriseren.

In deel Il van deze dissertatie hebben we de toepasbaarheid van normotherme
machine perfusie (NMP) van de lever bestudeerd om medicijn farmacokinetiek
en het metabolisme van endogene substraten te karakteriseren. Als eerste stap
hebben we in hoofdstuk 3 het perfusie model met varkenslevers opgezet en
onderzocht of het model een geschikt platform is om klinische geobserveerde
OATP-gemedieerde DDI na te bootsen. We hebben aangetoond dat NMP van
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varkenslevers een nieuw en betrouwbaar model is om OATP-gemedieerde DDI
te bestuderen. We hebben de DDI effecten op hepatische klaring, galexcretie
en perfusate(metaboliet) profielen van verschillende statines bestudeerd. De
rangorde in de mate van DDI die we in onze experimenten hebben gevonden
kwamen goed overeen met klinisch gevonden mate van DDI waarbij de laagste
DDI werd gevonden voor Pitavastatine en de hoogste interactie voor
Atorvastatine. Dit wijst naar het potentiéle toepassing van het nieuwe ex vivo
model in de vroege fase van geneesmiddel ontwikkeling.

Het vertalen van preklinische bevindingen met behulp van dierlijke materiaal,
zoals het varkenslever model, naar de klinische setting blijft uitdagend vanwege
onder andere de verschillend in de eiwitexpressie van transporters en CYP-
enzymen. Bovendien kan een leveraandoening en ziekte zoals cirrose leiden tot
morfologische afwijkingen en verschillen de eiwit expressie van verschillende
transporters en CYP-enzymen waardoor de farmacokinetische profielen van
medicijnen worden beinvlioed. Met de huidig beschikbare preklinische modellen
blijft het een uitdaging om effecten van deze pathologische veranderingen op
het farmacokinetische profiel te bestuderen. In hoofdstuk 4 hebben we het
gebruik van geéxplanteerde humane levers laten zien als toepassing voor
machine perfusie. Met het model hebben we de invioed van cirrose op de
hepatische extractie, galklaring en DDI van 4 geneesmiddelen voor
verschillende transporter substraten onderzocht. We hebben succesvol 7
cirrotische levers en 4 niet-cirrotische levers voor 360 minuten geperfundeerd
waarbij viabiliteit en functionaliteit behouden bleven. De hepatische klaring van
rosuvastatine en digoxine bleken het meest te worden beinvioed door cirrose,
deze stoffen lieten een toename zien in Cmax van respectievelijk 11.5 en 2.89
keer vergelijke met niet-cirrotische levers. Er werden geen grote verschillen
waargenomen voor metformin en furosemide. De interactie van rosuvastatine
of digoxine met een interacterend geneesmiddel was duidelijker in niet-
cirrotische levers vergeleken met cirrotische levers. Het bestuderen van de
farmacokinetiek van geneesmiddelen met behulp van geéxplanteerde humane
levers kan als basis dienen om verschillen in de hepatische klaring van
geneesmiddelen voor patiénten met leverziekten te bestuderen.

Een voordeel van het perfusiemodel is het bepalen van specifieke functies van
het hele orgaan zoals het karakteriseren van het hepatische first-pass effect en
de biliaire excretie in een geisoleerde omgeving zonder de aanwezigheid van
andere systemische effecten. De lever is echter een centraal orgaan in het
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menselijke lichaam en via is via de poortader in connectie met de darmen die
voedingsstoffen, galzouten en hormonen transporteert richt de lever. Deze
(endogene) stoffen remmen en/of stimuleren vaak bepaalde processen in de
lever  zoals lipide  metabolisme, glucose huishouding en  het
galzoutmetabolisme. Galzouten regelen hun eigen homeostase door negatieve
terugkoppeling op de biosynthese van galzouten. Galzouten remmen CYP27A2,
CYP7A1 en CYP8B1 door FXR activatie. Na activatie zal het ook galzout import
remmen en export stimuleren en daarbij voorkomen dat galzouten in de lever
accumuleren wat toxisch kan zijn. Echter, de momenteel gebruikte NMP
protocollen, die veel worden toegepast in zowel klinische als onderzoek setting,
limiteren de nabootsing van de in vivo galzout fysiologie. Tijdens perfusies
wordt namelijk alleen taurocholaat (TCA) gebruik als galzout infusie wat slechts
een van de vele geconjugeerde circulerende galzouten is. Dit legt een
aanzienlijke last op de lever tijdens NMP gezien de novo synthese van
galzouten aanslaat maar er geen teruggave is van een gevarieerde galzout pool.
In hoofdstuk 5 hebben we dit bestudeerd en geprobeerd de de novo synthese
van galzouten te karakteriseren door het profileren van de galzout excretie in
de gal, cholesterol homeostase te karakteriseren en hebben we de
genexpressie van transporter eiwitten tijdens machine perfusie in kaart te
brengen. We hebben aangetoond dat de galzout synthese (g/h)
bovengemiddeld is tijdens machineperfusie wat resulteerde in een afname van
perfusaat cholesterol levels in varkensperfusies. Bovendien was er een afname
in de expressie van genen gerelateerd aan de galzout synthese en een
toename van de genexpressie van genen gerelateerd aan cholesterol
metabolisme en een afname van galzout afhankelijke opname en efflux
transporter expressie. Het vervangen van TCA infusie door een
representatievere galzout pool met (on)geconjugeerde galzouten heeft
veelbelovende resultaten opgeleverd. De infusie van een fysiologische relevante
geconjugeerde galzoutmix resulteerde in een verminderde levels van ALT en
AST en behield stabiele perfusaat cholesterol waarden. Daarnaast konden we
een link leggen tussen galzout klaring en leverfunctie.

In deel Ill hebben we farmacokinetische processen bestudeerde door middel
van perfusie van abdominale organen. Real-time karakteriseren van het first-
pass effect van oraal toegediende geneesmiddelen, bestaande uit darm
absorptie en metabolisme, transport via de poortader en hepatobiliaire
processen, blijft een uitdaging. In hoofdstuk 6 laten we de ontwikkeling en
applicatie van een ex vivo varkens perfusie model zien met abdominale
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organen wat het potentieel laat zien voor het bestuderen van ADME
gerelateerde processen. Met behulp van dit model konden we pre-systemische
extractie van midazolam karakteriseren voor zowel de darm als lever. Als gevolg
daarvan kon de orale biobeschikbaarheid worden bepaald. De hepatische
extractie (Fy) en darm extractie (Fg) en de berekende orale bio beschikbaarheid
hieruit waren in overeenstemming met in vivo data van varkens. Door deze
aanpak kunnen waardevolle inzichten worden verkregen in de absorptie en
metabolisme van nieuwe geneesmiddelen waardoor de ontwikkeling en
optimalisatie van geneesmiddelen in ontwikkeling voor humaan gebruik.

In  conclusie, in deze dissertatie hebben we ons gericht op de
farmacokinetische toepassing van NMP. Met behulp van deze techniek hebben
we geprobeerd de vakgebieden van transplantatie en farmacologie samen te
brengen. De verschillende studies hebben aangetoond dat NMP ingezet kan
worden om verschillende farmacokinetische processen van geneesmiddelen in
kaart te brengen zoals het hepatische first-pass effect, hepatische klaring,
galkaring, transporterfunctie en DDI met behulp van geexplanteerde zieke
humane levers en uit het slachthuis verkregen varkenslevers. Het gebruik van
varkenslevers bleek een geschikt alternatief voor menselijke levers om de
mechanistische  bijdrage van transporters in  geneesmiddelopname,
geneesmiddeluitscheiding en DDI te bestuderen. Deze studies maakten het
mogelijk om DDI, gemedieerd door OATP1B1/1B3, te onderzoeken, met
resultaten die goed in overeenstemming waren met klinische data. Bovendien
bleken geéxplanteerde zieke humane levers geschikt te zijn voor
perfusieonderzoek en kunnen ze dienen als basis om de verschillen in
hepatische verwerking van geneesmiddelen bij patiénten met verschillende
soorten leveraandoeningen beter te bestuderen. De hepatische klaring van
rosuvastatine en digoxine bleek het meest beinvioed door cirrose, terwijl er
geen grote verschillen werden waargenomen voor de renaal geklaarde
geneesmiddelen metformine en furosemide. De 3-voudig lagere portale flow in
cirrotische levers verminderde de hepatische extractie van rosuvastatine, wat
het belang van portale flow in een preklinisch model voor het bepalen van
hepatische klaring aantoont. Verder werd de optimalisatie van het
leverperfusiemodel bestudeerd door infusie van een (on)geconjugeerde
galzuurpool om fysiologische omstandigheden na te bootsen voor een
nauwkeurigere beoordeling van hepatische farmacokinetisce processen. Deze
strategie toonde aan dat de infusie van (on)geconjugeerde galzuren de
belasting van de de novo galzuursynthese verlichtte en de leverfunctie
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verbeterde, wat wijst op potentiéle vooruitgangen in leverpreservatie en
transplantatietechnieken. De mogelijkheden van het perfusiesysteem bleken
talrijk, zoals we aantoonden bij de ontwikkeling en toepassing van multi-
orgaanperfusie om de interactie tussen de darm en lever te begrijpen door
karakterisatie van het first-pass effect en pre-systemische CYP3A4
metabolisme. Het gebruik van perfusie bleek een uitstekend hulpmiddel te zijn
om geneesmiddelconcentraties in bloedstromen en weefsels te bestuderen die
anders onmogelijk te bereiken zijn, waardoor nieuwe en diepgaande inzichten
kunnen worden verkregen in het ADME-profiel van geneesmiddelen.
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