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Disclaimer

The image analysis workflow for lobule detection (Section [3.1), the statistical analysis of
the lobule geometries (Section , and the zonated expression patterns (Section [3.4.1)
that | developed in the context of this thesis, including the figures, were published as part
of a research paper [1]. Figures that have been published as part of this publication are
marked with a note in the figure caption.



Summary

The mammalian liver is organized into three-dimensional structures called lobules that are
integral to its function. According to the widely accepted hexagonal model, the cross-section
of each lobule is characterized by a central vein and portal triads at the corners. These
portal triads consist of a hepatic portal vein, a hepatic arteriole, and a bile duct. Blood
is delivered through the hepatic artery and portal vein and flows inward from the outer
periportal region toward the central vein through sinusoids lined with hepatocytes. These
hepatocytes express a wide variety of metabolic enzymes, including cytochrome P450 (CYP)
isoforms that are critical for xenobiotic metabolism. Notably, many hepatic enzymes,
including CYPs, exhibit di [erkntial expression along the periportal-to-perivenous axis, a
spatial variation known as liver zonation.

Non-alcoholic fatty liver disease (NAFLD) is one of the most common liver diseases
characterized by the accumulation of fat in the liver (steatosis) in the absence of significant
alcohol consumption. Histopathologically, NAFLD is characterized by the presence of
microvesicular fat droplets within hepatocytes.

Although liver zonation has been extensively studied, the protein gradients of CYPs
and their alterations in response to steatosis have not been systematically quantified or
compared across species. This study aimed to develop an image analysis workflow to
accurately derive these lobular expression gradients and quantify macrosteatosis in whole
slide images (WSI) of liver histology.

A comprehensive analysis was performed on whole slide images (WSIs) of mouse, rat,
pig, and human liver specimens. These images included hematoxylin and eosin (H&E)
stained slides and immunohistochemically stained slides for glutamine synthetase (GS) and
cytochrome P450 isoforms 1A2, 2E1, 2D6, and 3A4. To achieve the study objectives, two
image analysis workflows were developed: one using classical methods and the other using
convolutional neural networks (CNN). These workflows were designed to perform two key
tasks: (1) segmentation of liver lobules and (2) detection of macrosteatosis droplets.

Key findings were that there was significant variability in lobular geometry within
subjects, with strong consistency across species, with inter-species di[erences observed
primarily in lobular size. A slight increase in lobular size was observed in steatotic samples,
with a moderate to strong correlation between lobular size and steatosis content. In addition,
interspecies di Lerknces in zonation patterns were observed for CYP1A2 in pigs, CYP2EL1L in
rats, and CYP3A4 in humans. Importantly, zonation patterns in steatotic subjects were
not qualitatively di [erent from those in non-steatotic subjects across species.

In summary, | have successfully developed and implemented an image analysis workflow
for whole slide images (WSIs) that allows detailed examination of liver lobule geometry
and macrosteatosis droplets. Furthermore, the resulting datasets were integrated to facil-
itate a comprehensive analysis of the zonal distribution of CYP protein expression and
macrosteatosis within the lobules.



Graphical abstract of the image analysis workflow presented in this thesis: The
workflow begins with a set of whole slide images (WSIs), including a hematoxylin and eosin
(H&E) stained WSI and immunohistochemically stained WSIs for glutamine synthetase (GS)
and cytochrome P450 isoforms 1A2, 2E1, 2D6, and 3A4. During preprocessing, these images
were aligned, and the hematoxylin and eosin/DAB staining components were separated to
produce grayscale images representing each staining component. The DAB components
from the GS and CYP images were then processed through a lobule detection pipeline to
identify lobule and vessel boundaries. Meanwhile, the registered H&E slide was processed
through a steatosis detection pipeline to identify macrosteatosis droplets. The resulting
datasets from both pipelines were then analyzed to assess (1) the geometric properties of
lobule boundaries and macrosteatosis droplets, and (2) the zonal distribution of protein
expression and macrosteatosis.



Zusammenfassung

Die Leber von Sdugetieren ist in dreidimensionale Strukturen, sogenannte Lobuli, organisiert,
die fur ihre Funktion von entscheidender Bedeutung sind. GemaR dem weit verbreiteten
hexagonalen Modell ist der Querschnitt jedes Lobulus durch eine zentrale Vene und einem
Verbund aus einer Pfortader, einer Leberarteriole und einem Gallengang and den Ecken
gekennzeichnet. Das Blut aus der periportalen Region durch Sinusoide, die mit Hepatozyten
ausgekleidet sind, in Richtung der zentralen Vene. Diese Hepatozyten exprimieren eine
Vielzahl von Sto lwéchselenzymen, darunter Cytochrom P450 (CYP)-Isoformen, die fir den
Abbau von Xenobiotika entscheidend sind. Bemerkenswerterweise zeigen viele Leberenzyme,
einschliellich der CYPs, eine inhomogene Expression entlang der periportal-perivendsen
Achse, eine raumliche Variation, die als Leberzonierung bekannt ist.

Nicht-alkoholische Fettlebererkrankung (NAFLD) ist eine der haufigsten Lebererkran-
kungen, die durch die Ansammlung von Fett in der Leber (Steatose) in Abwesenheit eines
signifikanten Alkoholkonsums gekennzeichnet ist. Histopathologisch ist NAFLD durch das
Vorhandensein von mikrovesikularen Fetttropfen innerhalb der Hepatozyten charakterisiert.

Trotz intensiver Forschung zur Leberzonierung wurden die Protein-Gradienten der CYPs
und ihre Verédnderungen bei Steatose bisher nicht systematisch quantifiziert oder zwischen
Spezies verglichen. Diese Studie entwickelte einen Bildanalyse-Workflow, um diese lobuldren
Expressionsgradienten prézise zu erfassen und Makrosteatose in Ganzschnittbildern (WSI)
der Leberhistologie zu quantifizieren.

Eine umfassende Analyse wurde an Whole-Slide-Images (WSI) von Lebergewebe-
proben von Maus, Ratte, Schwein und Mensch durchgefiihrt. Diese Bilder umfassten
Hamatoxylin- und Eosin-(H&E)-gefarbte Schnitte sowie immunhistochemisch gefarbte
Schnitte fir Glutaminsynthetase (GS) und Cytochrom P450-Isoformen 1A2, 2E1, 2D6
und 3A4. Um die Studienziele zu erreichen, wurden zwei Bildanalyse-Workflows entwi-
ckelt: einer unter Verwendung klassischer Methoden und der andere unter Verwendung
von Convolutional Neural Networks (CNN). Diese Workflows wurden entwickelt, um zwei
Hauptaufgaben zu erflllen: (1) Segmentierung von Leberlobuli und (2) Erkennung von
Makrosteatose-Tropfen.

Die Ergebnisse zeigten signifikante Variabilitdten in der Lobulusgeometrie zwischen den
Probanden, konsistente Muster zwischen den Spezies und eine Zunahme der Lobulusgroiie
bei steatotischen Proben. Interspezifische Unterschiede in den Zonierungsmustern wurden
fur CYP1A2 bei Schweinen, CYP2EL bei Ratten und CYP3A4 beim Menschen festgestellt.
Interessanterweise unterschieden sich die Zonierungsmuster bei steatotischen Proben nicht
gualitativ von denen bei nicht-steatotischen.

Zusammenfassend habe ich erfolgreich einen Bildanalyse-Workflow flr Whole-Slide-
Images (WSI) entwickelt und implementiert, der eine detaillierte Untersuchung der Geome-
trie der Leberlobuli und von Makrosteatose-Tropfen ermdglicht. Dartiber hinaus wurden die
resultierenden Datensatze integriert, um eine umfassende Analyse der zonalen Verteilung
der CYP-Proteinausdriicke und der Makrosteatose innerhalb der Lobuli zu ermdglichen.
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1 Introduction

1.1 The Liver

The liver is a vital organ that serves as a central hub for a wide range of essential
physiological processes. It plays a critical role in macronutrient metabolism, blood volume
regulation, immune system support, endocrine control of growth signaling pathways, lipid
and cholesterol homeostasis, and detoxi cation of xenobiotic compounds, including many
pharmaceutical drugs. Among its key functions, the liver's ability to process, distribute,
and metabolize macronutrients is fundamental because it provides the energy necessary to
sustain these physiological activities|[11].

One of the primary functions of the liver is to regulate glucose levels. It stores glucose
as glycogen during periods of feeding and produces glucose through gluconeogenesis in
response to fasting|[43, 33]. In addition, the liver is central to lipid metabolism, not only
oxidizing lipids for energy but also packaging excess lipids for secretion and storage in other
tissues, such as adipose tissug| [3, |40].

The liver also plays a critical role in protein and amino acid metabolism. It is responsible
for synthesizing a signi cant portion of the proteins found in the blood, both in terms of
total mass and protein diversity. In addition, the liver processes amino acids for energy
production and manages the disposal of nitrogenous waste from protein degradation through
the urea cycle [60].

1.2 Hepatic Zonation

The liver is a highly structured organ composed of three-dimensional anatomical units
called liver lobules. These lobules are traditionally described by a hexagonal model (Figure
1.1). In this model, each lobule features a central vein at its core, with branches of the
hepatic artery, portal vein, and bile duct situated at the corners, forming what is known as
the portal triad. Oxygen-rich blood enters the liver lobule through the portal tracts and
ows inward toward the central vein, while bile produced by hepatocytes ows outward
toward the bile ducts in the portal triads [18]. Hepatocytes, the primary functional cells
of the liver, are arranged in layers along the portal-venous axis, absorbing oxygen and
nutrients as blood passes through. This directional blood ow creates a gradient of oxygen,
nutrients, and signaling molecules, resulting in a zonated microenvironment that drives the
heterogeneous expression of various enzymes and metabolic pathways within the lobule.
As a result, metabolic functions are not uniformly distributed: energetically demanding



processes such as protein synthesis, urea production, and gluconeogenesis predominantly
occur in the oxygen-rich periportal zones, while processes like xenobiotic metabolism, bile
acid biosynthesis, and glycolysis, which are less dependent on high oxygen levels, are
concentrated in the pericentral zones [49]. This spatial partitioning of metabolic functions
within the liver is known as liver zonation, and it is essential for the organ's ability to

e ciently manage its diverse roles [41, 10].

Figure 1.1. The hexagonal model of a liver lobule . Created with Biorender.com.

Liver zonation provides insight into the localized drug-induced damage observed in
liver pathology. For example, acetaminophen is the leading cause of drug-induced acute
liver failure in the US, UK, South America, Australia, and Sweden [20]. This damage is
primarily due to the accumulation of reactive metabolites produced by the metabolizing
enzymes CYP2E1 and CYP1A2, which are predominantly expressed in the pericentral
zones resulting in pericentral necrosis [36].

The cytochrome P450 (CYP) superfamily is expressed primarily in the liver and is
responsible for catalyzing over 90% of all reported enzymatic reactions [58]. The CYP
isoforms 3A4 (20%), 1A2 (10%), 2D6 (10%), and 2E1 (5%) collectively contribute to about
45% of these reactions. In humans, approximately 80% of oxidative metabolism and 50% of
overall drug elimination can be attributed to CYP enzymes [76].

It has long been established that most members of the CYP superfamily are preferentially
expressed in the periportal zone of liver lobules in rats [31, 9, 13]. Notably, Buhler et al.
[13] analyzed the expression of CYP isoforms 2A1, 2B, 2E1, and 3A in immunochemically
stained adjacent liver sections and found nearly identical expression patterns for these
proteins. However, this research was conducted exclusively in rats [54], and little is known
about the quantitative expression patterns within liver lobules or their potential di erences
between species.

Example sections of immunostained WSI for GS and the CYPs 1A2, 2D6, 2E1, 3A4 are



shown in Figure 1.2 for normal mouse, rat, pig, and human samples.

Figure 1.2: Overview of HE and zonated expression of GS and CYP in liver
tissue in normal mice, rats, pigs, and humans. The di erent stainings are depicted in
rows, with columns corresponding to the di erent species. Adapted from Albadry et al. [1].

A thorough analysis of CYP expression patterns requires a method to automatically detect
liver lobules in histological whole slide images (WSI) in order to establish the spatial portal-
venous reference system across which protein expression can be analyzed. Identifying liver
lobules in WSI is a challenging task and existing methods require manually annotated image
data. Peleman et al. [56] employed a semi-automated approach by manually annotating
central veins on tissue slides and then using Voronoi tessellation to segment the lobules.
Similarly, Lau et al. [46] used a fully automated approach in which slides were stained
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