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1. Introduction (research questions and hypotheses) 

The influence of steatosis on drug metabolism has been discussed controversially. Information 

about the impact of the zonal distribution of steatosis on centrally located hepatic functions, such 

as drug metabolism, is not available. Additionally, the translational relevance of the complex 

underlying biological processes should be considered when addressing fundamental science 

questions. Therefore, we designed two subsequent studies addressing these two aspects in the 

context of steatosis and drug metabolism. 

On the biological side, we were interested in the impact of zonated steatosis on drug metabolism 

features using a mouse model. On the translational side, we investigated the differences in lobular 

geometry and spatial distribution of CYP expression to get a notion regarding the potential 

translation of the results to the human situation. 

The following section outlines the scientific questions and underlying hypotheses in detail.   

1.1. Research questions 

1.1.1. How does zonated periportal steatosis impact centrally located drug-metabolizing 

enzymes? 

Diseases such as fatty liver disease may impact the zonated expression of CYP enzymes and 

possibly the zonation of function. So far, little attention has been paid to previous studies to 

describe the severity, type, and zonation pattern of fat accumulation. These factors may affect 

CYP expression pattern and/or activity and, consequently, the drug-metabolizing function of the 

corresponding CYP enzyme.  

Therefore, we studied the impact of periportal steatosis on pericentrally located drug metabolism 

functions, focusing on the major CYP isoforms CYP1A2, CYP2D6, CYP2E1, and CYP3A4 

(Albadry et al. 2022). 

1.1.2. How similar are lobular geometry and zonal expression of key CYP as two key 

features governing drug metabolism in frequently used animal models? 

Animal models are frequently used in preclinical research, but their translational relevance is 

discussed controversially. The current literature provides little insight regarding the cross-species 

similarities or differences in microscopical lobular structure, expression pattern, or function of CYP 

enzymes. However, these differences are potentially affecting the translatability of drug 

metabolism studies.  

Therefore, we want to investigate the lobular geometry and the expression pattern of key CYP 

enzymes in different species. In addition, we want to identify the minimum number of liver lobules 
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in the four species (mice, rats, pigs, and humans) needed for reliable quantification of zonated 

expression of a given CYP enzyme (Albadry et al. 2024). 

1.2. Scientific hypothesis 

We raised two hypotheses:  

1.2.1. Periportal steatosis may affect zonated drug metabolism parameters. 

1.2.2. Lobular geometry as an anatomical feature is species-independent (low interspecies 

variability), whereas CYP expression as a functional parameter is species-dependent 

(high interspecies variability). 
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2. Literature 

2.1. Liver 

2.1.1. Morphology 

The liver is crucial in coordinating major physiological processes in the human body. It is known 

for its complex anatomical structure and functional heterogeneity (Trefts et al. 2017). Anatomically, 

the human liver comprises four major lobes: the right, left, caudate, and quadrate lobes. Each of 

these lobes consists of thousands of lobules (Vernon et al. 2023). Liver lobules are arranged as 

irregular polygons, made up of hepatic cords that extend outwards from the central vein in the 

center of the lobule to the portal triad in the periphery. The hepatic acinus is the key functional 

structure in the liver. Hepatocytes are arranged in alignment with the afferent vascular systems 

(portal veins and hepatic arteries) as they merge into the hepatic capillaries, the so-called 

sinusoids (Figure 1) (Washabau 2013). 

The liver structure comprises two main seamlessly integrated components: the parenchymal cells 

called hepatocytes as well as the biliary and vascular tree supplying and draining the organ (Guido 

et al. 2019). In addition, the liver has various non-parenchymal cells: Cholangiocytes, stellate cells, 

Kupffer cells, oval cells, and hepatic sinusoidal endothelial cells. Each cell type has a distinct role 

in contributing to overall metabolic homeostasis in the body. Hepatocytes are the primary 

functional unit of the liver and are responsible for metabolic functions such as protein and 

carbohydrate metabolism, as well as detoxification (Trefts et al. 2017). 

2.1.2. Metabolic Zonation 

Liver function is spatially organized along the hepatic sinusoids extending from the portal area to 

the central vein (porto-central axis), a phenomenon called “metabolic zonation” (Gebhardt 1992). 

He reported for the first time that there are intralobular gradients of oxygen, nutrients and 

metabolites.   

According to these gradients along the porto-central axis of the liver, liver lobules are separated 

into three functional zones that are specialized in carrying out specific metabolic functions in 

metabolism, detoxification, and bile generation (Kietzmann 2017;Manco and Itzkovitz 2021) 

(Figure 1). Zone 1, also known as the periportal zone, is in the closest vicinity to the arterioles and 

bile duct and has high oxygen levels and nutrients. Zone 1 is the central location for oxygen-

requiring processes such as gluconeogenesis, cholesterol biosynthesis, ureagenesis, and fatty 

acid β-oxidation. Zone 2, or the midzone, performs a mixture of functions, including special ones 

like maintaining iron homeostasis and regulation of insulin-like growth factors. Zone 3, also called 

the pericentral zone (around the central vein), has a lower oxygen level and is primarily 
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responsible for glycolysis, bile-acid biosynthesis, glutamine synthesis, lipogenesis, and xenobiotic 

metabolism. The term xenobiotic metabolism refers mainly to metabolizing (potentially toxic) drugs 

by rendering less polar compounds into more polar compounds that can be excreted (Kietzmann 

2017;Ben-Moshe et al. 2019;Manco and Itzkovitz 2021;Yap and Mitchell 2022). 

 

 

Figure 1. Overview of hepatic lobule structure and zonal distribution of functions. Hepatocytes are arranged in alignment 

with the afferent vascular systems (portal veins and hepatic arteries) as they merge into sinusoids. The liver acinus is 

divided into three adjacent zones (zone 1, 2, and 3). Hepatocytes located in zone 1, which is in the closest vicinity to 

the arterioles, receive the highest oxygen content. Zone 1 is the main location for oxidative processes such as 

gluconeogenesis, cholesterol biosynthesis, ureagenesis, and fatty acid β-oxidation. Hepatocytes are located in zone 2, 

which is the midzone between zone 1 and zone 3. Zone 2 is the main location for a mixture of functions, including iron 

homeostasis and regulation of insulin-like growth factors. Hepatocytes in zone 3 are located at the outside border of the 

acinus, close to the central vein, and have a lower oxygen level. Zone 3 is the main location for glycolysis, bile-acid 

biosynthesis, glutamine synthesis, lipogenesis, and CYP-mediated drug metabolism, clearance, and detoxification. 

“Created with BioRender.com.” 
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2.1.3. Drug metabolism 

Drug metabolism refers to the enzymatic modification of drug molecules within the body (Almazroo 

et al. 2017). Drug metabolism occurs in three phases: modification, conjugation, and elimination. 

Phase I involves the oxidation, reduction, and hydrolysis of drugs with the help of the hepatic 

microsomal enzyme Cytochrome P450 (CYP) enzyme system. Following Phase I, Phase II 

requires conjugation of the metabolized drug to a low-molecular-weight polar compound, which 

renders the drug water-soluble. Phase III involves the elimination of low molecular weight 

molecules with the help of drug transporters (Almazroo et al. 2017;Garza et al. 2022). 

CYP enzymes are the most widely recognized key drug-metabolizing enzymes involved in phase 

I (Almazroo et al. 2017;Garza et al. 2022). CYPs involve a group of isoenzymes in the 

mitochondria and smooth endoplasmic reticulum of hepatocytes, proximal renal tubules, and small 

intestinal epithelium (Almazroo et al. 2017). Among CYPs, the CYP3A subfamily (3A4, 3A5) 

constitutes approximately 40% of total hepatic CYP content, followed by CYPs 2C (25%), 1A2 

(18%), 2E1 (9%), 2A6 (6%), 2D6 (2%), and 2B6 (<1%) (Figure 2) (Shimada et al. 1994;Paine et 

al. 2006). CYP1A2, 2C8, 2C9, 2E1, and 3A4 are the most abundant hepatic CYPs, whereas 

CYP2A6, 2B6, 2C19, 2D6, and 3A5 are less expressed (Paine et al. 2006;Zanger and Schwab 

2013;Almazroo et al. 2017). 

.  

Figure 2. Average relative hepatic CYP protein content. Liver pie values were obtained from (Shimada et al. 1994;Paine 

et al. 2006). “Created with GraphPad Prism version 9.3.1(471) for Windows, a software developed by GraphPad 

Software, San Diego, California, USA, www.graphpad.com”. 

http://www.graphpad.com/
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2.1.4. Portalization 

Hepatic CYP enzymes have a distinct zonation pattern, characterized by their strong expression 

and selective induction in the pericentral zone (Lindros 1997;Kietzmann 2017;Ben-Moshe et al. 

2019). Little is described about the extent of pericentral expression of the different CYP enzymes.  

Our current understanding of how morphological alterations in the different lobular zones affect 

CYP-dependent drug expression and function is limited. Damage to the pericentral zone is known 

to directly impact the pericentral expression of certain CYP enzymes (Schenk et al. 2017;Ghallab 

et al. 2019). In contrast, the impact of periportal damage or alterations on pericentral processes 

remains unclear.  

Recent research by Ghallab and their colleagues (2019) suggests that alterations in the periportal 

zone may also affect metabolic processes in the pericentral zone. Their findings indicate that 

pericentral and periportal fibrosis can have a comparable impact on the zonated expression of 

hepatic CYP proteins. Both conditions resulted in a partial or complete loss of pericentral CYP 

expression. They also observed a phenomenon called "portalization of pericentral hepatocytes," 

where pericentral hepatocytes acquire features similar to periportal hepatocytes (Ghallab et al. 

2019). However, they did not investigate the impact of portalization on the functional activity of 

different CYP proteins. 

This gap of knowledge emphasizes the importance of conducting further studies to gain a 

complete understanding of the phenomenon of portalization.  

2.2. Steatosis 

Hepatic Steatosis is the accumulation of fat in more than 5% of the hepatocytes, either in a micro- 

or macrovesicular pattern (European Association for the Study of the Liver et al. 2016). 

2.2.1. Epidemiology 

Hepatic steatosis is a global health burden characterized by excessive fat accumulation in the 

liver, potentially causing hepatic dysfunction (Pereira et al. 2017). Steatosis affects individuals of 

all ages and ethnicities, and its prevalence is increasing. Steatosis, often also called fatty liver 

disease, does not have one common cause but has different etiologies. Dietary nonalcoholic and 

alcoholic fatty liver disease are the most common types, followed by chemotherapy- or drug-

induced fatty liver disease. Other causes of steatosis include inflammatory diseases such as viral 

hepatitis and autoimmune hepatitis (Burt et al. 2015). 

The overall global prevalence of steatosis is approximately 30%, with the highest rates observed 

in Latin America (44.37%), followed by the Middle East and North Africa (36.53%), South Asia 
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(33.89%), North America (31.20%), East Asia (29.71%), Asia Pacific (28.02%), and Western 

Europe (29.71%) (Figure 3) (Younossi et al. 2023).  

 

 

Figure 3. Global and regional data collected from 1990 to 2019 reveals the prevalence of NAFLD. “Obtained from 

(Younossi et al. 2023), “used with friendly permission of journal of Hepatology, Wolters Kluwer Health, Inc (license 

number: 5710940825018)”. 

The anticipated prevalence of nonalcoholic fatty liver disease (NAFLD) in the United States is 

expected to rise by more than 20%, from 83 million cases in 2015 to 100 million cases in 2030. 

Similarly, the prevalence of nonalcoholic steatohepatitis (NASH) is expected to rise from 16 million 

cases to 27 million cases. It is estimated that by 2030, around one-third of adults aged 15 years 

and older will suffer from NAFLD. Furthermore, the median age of people with NAFLD is expected 

to increase from 50 to 55 years between 2015 and 2030 (Estes et al. 2018). These findings 

suggest that NAFLD is a growing global health concern, with the prevalence of steatosis 

increasing steadily over the years. 

2.2.2. Pathogenesis 

The liver is the central organ for lipid metabolism. The pathogenesis of fatty changes in the liver 

centers around the biochemical process of free fatty acid (FFA) metabolism. FFA, originating from 

triglycerides, constitutes a substantial portion of the fundamental energy requirements of 

parenchymal cells. FFA are mostly derived from dietary intake and digestion, chylomicrons in the 

bloodstream, or adipose cells in body fat reserves (adipose tissue). Chylomicrons carry dietary 

lipids, primarily triglycerides, from the digestive system to the liver, muscles, and adipose tissue. 

The lipase enzyme within chylomicrons interacts to release fatty acids from triglycerides, which 
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are used as a basis for energy production. In the liver, free fatty acids either undergo esterification 

to form triglycerides, or are transformed into cholesterol or phospholipids, or are oxidized to 

ketones. Triglycerides can be released by hepatocytes only when apolipoproteins transform them 

into lipoproteins for transportation. Alterations in these metabolic pathways can lead to the 

accumulation of triglycerides and other lipid metabolites within the hepatocyte, causing hepatic 

steatosis (Vetelainen et al. 2007;Zachary and Mcgavin 2012) (Figure 4).   

.  

 

Figure 4. Overview of free fatty acid (FFA) catabolism by the liver. Alteration in one of these metabolic pathways leads 

to the accumulation of fat in the hepatocytes and results in hepatic steatosis. Information extracted from (Vetelainen et 

al. 2007;Zachary and Mcgavin 2012). “Created with BioRender.com.” 

Steatosis most commonly develops due to caloric overload or dietary imbalance, such as a lack 

of essential nutrients like choline and methionine deficiency (Santhekadur et al. 2018). Steatosis 

can also result from exposure to toxic substances like alcohol or certain drugs such as 

methotrexate (Kolaric et al. 2021). Alcohol is the most frequent toxin that can lead to hepatic 

steatosis in patients. Experimentally used toxic substances such as Carbon tetrachloride (CCL4) 

can cause hepatic steatosis by decreasing the oxidation of free fatty acids. Hepatic steatosis can 

also be caused by conditions that result in increased mobilization of the fat stores due to a higher 

demand for energy over a short period. Additionally, steatosis may occur in cases of malnutrition, 

where apolipoprotein synthesis is impaired, and in case of starvation, where triglycerides are 

mobilized (Vetelainen et al. 2007;Zachary and Mcgavin 2012). 

In general, the etiology of steatosis in humans is not entirely clear and can result from various 

processes, as mentioned above, which may even occur simultaneously. Patients can suffer from 

caloric overload due to an unbalanced diet together with excessive alcohol consumption and/or 
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therapy with hepatotoxic drugs (Osna et al. 2017). Therefore, in clinical studies, etiology is often 

multifactorial and cannot be attributed to one clear cause (Stefan et al. 2008;Lonardo et al. 2015). 

As a result, the histological pattern (macro- versus microvesicular steatosis) and the lobular zonal 

distribution (periportal versus pericentral) (Figure 5) can be less clear and often appear mixed. 

In contrast, the etiology is known in animal studies, but studies are also hardly comparable due to 

abundant variations of steatosis induction protocols (Stärkel et al. 2003;Kulkarni et al. 2016;Soret 

et al. 2020). Several well-established animal models mimic different etiologies of steatosis. For 

instance, the Zucker diabetic fatty (ZDF) rat is a genetic model of obesity-related steatosis (Kanuri 

and Bergheim 2013). Griffen showed in 2001 that the ZDF rat carries a genetic defect in beta-cell 

transcription inherited independently from the leptin receptor mutation and insulin resistance 

(Griffen et al. 2001). In contrast, the ob/ob mouse is also a genetic model but lacks the leptin 

hormone (Kanuri and Bergheim 2013). 

2.2.3. Zonation and drug metabolism 

Hepatic steatosis may affect liver function. Regardless of the cause, hepatic steatosis can 

influence liver function by interfering with regular metabolic processes. Advanced NAFLD is 

associated with systemic metabolic disorders, including disturbances in glucose metabolism, such 

as insulin resistance (Farrell et al. 2008;Lu et al. 2021). At the cellular level, surplus fat 

accumulation also affects the functional activity of hepatocytes. Fat accumulation can impair 

various metabolic processes such as glycolysis, gluconeogenesis, lactate generation, tricarboxylic 

acid cycle, and mitochondrial oxidation, ultimately leading to disease progression (Lu et al. 2021).  

There are controversial reports regarding the impact of steatosis on drug metabolism (Weltman et 

al. 1996;Stärkel et al. 2003;Bell et al. 2010;Hata et al. 2010;Merrell and Cherrington 

2011;Kostrzewski et al. 2017), for details see Appendix, Tables S 2 - S 4. One reason for the 

controversial results could be that the etiology, zonation pattern, type, and severity of steatosis 

were not reported and considered.  

Therefore, the impact of the zonal (periportal or pericentral) distribution of fat (Figure 5) on the 

function and expression of centrally located drug-metabolizing enzymes needs to be investigated.   
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Figure 5. Overview of HE-stained liver section with two different zonated steatosis patterns. (A) HE staining of human 

liver tissue with pericentral steatosis. Fat is mainly located in hepatocytes in zone 3 around the central vein (CV). (B) 

HE staining of mouse liver tissue with periportal steatosis. Fat is mainly located in hepatocytes in zone 1 around the 

portal vein (PV). Unpublished images; scale bar: 250 µm. 

Doing so allows us to address whether and which type and distribution of steatosis could also lead 

to portalization, as described by Ghallab for fibrosis. Spatially resolved expression data are of 

utmost importance in addressing this question. 

2.3. Translational medicine   

The relevance of animal studies to human situations is discussed controversially. It is not always 

possible to immediately apply the results of basic science studies of biological phenomena in the 

clinical setting. There is a clear need for basic science investigations to be more focused on their 

clinical relevance rather than simply exploring biological phenomena for their own sake. 

Translational medicine aims to apply the knowledge obtained from animal studies to human 

applications (Wehling 2011). Adopting a systems medicine approach can accelerate the process 

by integrating observations acquired from laboratory experiments and clinical trials using 

simplified computational models (Murad 2022).  

Scientific research involving animal studies aims to enhance our comprehension of health and 

illness. At the same time, animal experiments may yield crucial insights for the development of 

future strategies for prevention and treatment (Nih 2022). Therefore, many animal models are 

used in pre-clinical scientific studies. According to Bf3R (The German Centre for the Protection of 

Laboratory Animals), the number of animals used in research and the number of animals 

euthanized for scientific purposes in 2022 in Germany amount to approximately 2.4 million 

laboratory animals. Liver-related basic research accounts for around 4% of animal studies (Bf3r 

2022).  

A B 

PV 

CV CV 
PV 



LITERATURE 

11                                                               
 

Lab animals are used for drug metabolism experiments, especially for pharmacokinetic and 

pharmacodynamic, as well as for toxicological studies. However, the relevance is discussed 

controversially. Bailey and Balls stated that there is currently no significant and publicly available 

evidence to support the scientific validity of these tests in accurately predicting human responses 

(Bailey and Balls 2019). Bailey and co-workers analyzed the most extensive quantitative database 

of publicly accessible experimental toxicology studies. He did find that experiments conducted on 

animals, specifically rats, mice, and rabbits, are remarkably inconsistent in their ability to predict 

toxic reactions in humans (Bailey et al. 2014). 

In contrast, Claude Bernard, widely recognized as the father of physiology, declared, "Animal 

experiments provide clear evidence for the study of the effects of toxins and the maintenance of 

human health." He claimed that the effects of these chemicals were identical in humans and 

animals, the only difference being the degree of effect (Hajar 2011). 

Therefore, translation of drug metabolism studies is difficult due to unknown species differences 

in terms of anatomy and functional activity of the liver. As a result, there is a need to explore the 

relevance of observations obtained in animal experiments for the clinical situation in a given 

scientific question. 

2.3.1. Cross-species differences in liver anatomy and lobular geometry 

In drug metabolism studies, different species are used. Larger animals, such as pigs or non-

human primates, are often preferred as animal models when addressing surgical questions. This 

is because larger animals have anatomical and physiological similarities to humans, making them 

suitable for surgical procedures. For example, the size and structure of pig organs, blood vessels, 

and tissues closely resemble those of humans, allowing researchers to simulate surgical 

procedures and assess their efficacy and safety (Cozzi et al. 2009). On the other hand, smaller 

animals, such as mice and rats, are often preferred as animal models when investigating 

molecular processes. Their smaller size and shorter lifespan make them more cost-effective and 

easier to handle in laboratory settings. Additionally, mice and rats share a significant amount of 

genetic similarity with humans, making them valuable models for investigating the molecular 

pathways that underlie diseases and the interactions of drugs (Bryda 2013;Vinod and 

Mahalakshmi 2023).  

The following striking variations are apparent when comparing liver gross anatomy, histology, and 

physiology in different species. Rat, mouse, and pig livers are composed of different lobes, 

whereas the human liver lacks distinct lobes. Humans, pigs, and mice possess gallbladders; 

however, rats do not have this organ (Kruepunga et al. 2019). Pigs possess interlobular septa 
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separating the liver lobes, whereas humans, rats, and mice do not exhibit this anatomical feature 

(Teutsch et al. 1999).  

Lobular geometry is generally assumed to be of perfect regular structure and geometrical 

symmetries, as stated by (Rohan et al. 2021). However, little is known about the actual geometry. 

Therefore, the lobule is generally described as either a hexagon or polygon in shape, respectively 

polyhedron shape, when referring to 3D. 

Even less is known about potential differences in lobular geometry in different species. However, 

this information is needed to better understand the potential impact of the hepatic microstructures 

on functional parameters. Anatomical and functional variations in the liver of different species may 

interfere with the accurate interpretation of findings. 

2.3.2. Cross-species differences in zonation of CYP 

The extent of species differences in the zonation of drug metabolism in relation to lobular geometry 

remains unknown. Few studies have investigated the expression, zonation, and distribution of 

CYP enzymes across species. The spatial resolution of expression was rarely taken into account.  

Prior work, such as that of Hammer and colleagues, has used targeted proteomics to obtain cross-

species information regarding the abundance of CYP proteins. These investigations mainly 

focused on comparing various experimental settings, both in vivo and in vitro, in mice, rats, 

humans, and undifferentiated HepaRG cells (Hammer et al. 2021). Based on their observation, 

they found comparable and abundant expression levels of the CYP2D and CYP2E1 proteins 

across mice, rats, and humans. At the same time, CYP3A expression were similar but relatively 

moderate in clinical liver biopsies, rats, and mice. Moreover, they demonstrated moderate 

expression of CYP3A in humans, rats, and mice. Hrycay and Bandiera also comprehensively 

reviewed the similarities and differences in expression levels between mouse-human CYP 

proteins (Hrycay and Bandiera 2009). By analyzing a database of CYP gene expression, they 

concluded that the laboratory mice serve as an essential tool for understanding CYP-mediated 

activities. The findings suggest that using laboratory mice can provide valuable insights into the 

mechanisms of CYP-mediated reactions that support drug development and medical research. 

However, in both studies, the spatial distribution of CYP expression was not investigated. 

A spatially resolved cross-species comparison of CYP expression based on histological data is 

not yet available. The expression pattern and the extent of expression variability need to be 

investigated in different species. This is important since the variability directly influences the 

number of liver lobules to be examined.  

Such knowledge is crucial for comprehending drug metabolism and toxicity variations among 

different species. It is also useful for selecting a suitable animal model for evaluating drugs in 
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preclinical stages. This knowledge is equally important for clinical investigations, as liver tissue is 

frequently acquired through minimally invasive needle biopsies. Due to the limited size of these 

samples, there is also a need to determine the minimum number of lobules for reliable zonated 

quantification of CYP expression in a given species. 

2.3.3. Implementation of Image analysis approaches for quantification of lobular 

geometry and zonation 

Several approaches have been used to describe liver lobular geometries and their zonation 

patterns. Lau and co-workers employed Voronoi theory to examine the lobular geometry of the 

liver in both normal porcine and human livers to obtain a deeper understanding of the structural 

organization of classical liver lobules (Lau et al. 2021). In another study, zonal image analysis via 

Voronoi tessellation was used to determine the distribution of hypoxia markers in the hepatic 

lobule of steatotic livers in mice (Peleman et al. 2023). Both cases involved the manual annotation 

of central veins in stained porcine and human or mouse and human liver sections. This approach 

included the use of hematoxylin-eosin and immunohistochemical staining for glutamine 

synthetase (GS), which serves as a functional marker for hepatocytes located pericentrally. In a 

recent study by Rong and co-workers, a tissue positioning system was proposed as a deep 

learning-based analysis pipeline. This system aims to achieve spatial analysis and quantification 

of zonation within the liver lobule by utilizing differentially expressed markers in a mouse model 

(Rong et al. 2023). Nevertheless, the primary emphasis of this study was on zonation analysis, 

with no consideration given to lobular geometry. 

Understanding liver lobular geometry in different species is still elusive. Likewise, it is necessary 

to establish a more precise tool to determine zonation patterns of CYP enzymes across different 

species, as the degree of their similarities or differences is still largely undetermined. Moreover, 

the intrahepatic interlobular variability in the zonal expression of CYP enzymes has not been 

thoroughly investigated despite its relevance. Interlobular variability is a major concern in human 

studies, especially when obtaining liver tissue through minimally invasive needle biopsies. 

Considering the limited availability of such samples, it is crucial to ascertain the minimum number 

of lobules necessary for accurate qualitative and quantitative diagnosis. One limitation in the field 

is the lack of a readily applicable mathematical framework that can accurately identify geometries 

and zonation patterns from whole slide images (WSI). This mathematical framework is necessary 

for standardized, accurate, and reproducible analysis. 
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3. Materials and methods 

3.1. Experimental design 

First, we studied the impact of zonal periportal steatosis on pericentrally located drug-metabolizing 

enzymes. As described before by Albadry and co-workers, male C57BL6/J mice were fed a high-

fat diet, low in methionine and choline content (HF-diet) for a duration of either two weeks or four 

weeks (n=6/group) (Albadry et al. 2022). Unlike the methionine-choline deficient diet (MCD), this 

dietary protocol leads to the development of periportal steatosis in rats and mice but does not 

result in any weight reduction (Sun 2011;Deng et al. 2014;Schwen et al. 2016;Homeyer et al. 

2018). The control group received a regular maintenance diet (n=4-6/group). 

Pharmacokinetics was evaluated by injecting an intraperitoneal (i.p) drug cocktail of caffeine, 

midazolam, and codeine, followed by taking micro-blood samples at ten scheduled intervals over 

six hours. The micro-blood samples were analyzed using ultra-performance liquid 

chromatography-tandem mass spectrometry (UPLC-MS/MS) to measure drug elimination rate 

and level.  

The animals were euthanized 24 hours after i.p injection of the drug cocktail. After applying 

buprenorphine in a dose of 0.3mg/kg subcutaneous (s.c.), the animals were anesthetized using 

3% Isoflurane and subjected to laparotomy. Death was induced by an overdose of isoflurane, 

followed by exsanguination. Liver tissue samples were then obtained from four distinct liver lobes: 

the left lateral lobe (LLL), the right median lobe (RML), the right superior lobe (RSL), and the 

inferior caudate lobe (ICL). Afterward, the samples were either formalin-fixed, followed by paraffin 

embedding, or snap-frozen and stored at -80°C until needed. 

The severity of steatosis was evaluated by measuring triglyceride levels (TG). Hepatic steatosis 

was also assessed histologically, considering the pattern (micro vs. macrovesicular), zonal lobular 

distribution (periportal vs. pericentral), and severity using automated computer-based quantitative 

analysis with Whole-Slide Image (WSI) scans. 

Immunohistochemical staining was used to visualize the spatial distribution of four drug-

metabolizing enzymes, namely, CYP1A2, CYP2D6, CYP2E1, and CYP3A4, and glutamine 

synthetase as a marker for pericentral hepatocytes. The activity of these enzymes was evaluated 

through five model reactions using either a photometric or a fluorometric assay, as depicted in 

(Figure 6A).  

Second, we investigated the differences in liver lobular geometry and CYP distribution in mice, 

rats, pigs, and humans based on the WSI of the HE-stained liver section. We also determined the 

minimum number of liver lobules required for conducting a drug metabolism study across these 
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species. As described before by Albadry and co-workers, normal liver samples from four species 

(mice, rats, pigs, and humans) were selected and retrieved from the sample archive of the 

Experimental Transplantation Surgery Lab, Department of General, Visceral, and Vascular 

Surgery, University Hospital of Jena (Albadry et al. 2024).  

Immunohistochemistry of the same four different CYPs was performed to visualize and semi-

quantify the zonal expression pattern of CYP enzymes across the four species. An image analysis 

pipeline was established using WSI scans to quantify lobular geometries and zonation patterns. 

The minimum number of required lobules was calculated based on the method of determining 

sample size for estimating a population means, with a confidence level of 95% and a margin of 

20% error (Figure 6B). 

 

Figure 6. Overview of the experimental design for the two experiments. (A) Experiment A was designed to investigate 

the effects of periportal steatosis on the CYP enzymes in the pericentral region. (B) Experiment B was designed to 

determine the translational relevance of drug metabolism studies across different species in terms of lobular geometry 

and zonal distribution of CYP expression. The minimum number of liver lobules required for a reliable drug metabolism 

study in four species was also quantified. “Created with BioRender.com.” 
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3.2. Animals 

3.2.1. Establishment of periportal steatosis model 

First, to establish the model for periportal steatosis, a series of in-vivo studies were conducted 

using male C57BL6/J mice (Janvier, France) with a body weight of 28-30g and aged between 8-

10 months (ex-breeder), with 4-6 mice per group. The mice were randomly housed in three groups 

and provided unrestricted access to food and water. The cages were maintained in a conventional 

animal facility under constant environmental conditions, including a twelve-hour light/dark cycle, a 

room temperature of 21±2°C, and relative humidity levels between 45-65%.  

In this study (Albadry et al. 2022), mice were subjected to a high-fat (HF) low in methionine and 

choline diet for two or four weeks. The HF diet low in methionine and choline (E15652-94 EF R/M, 

high-fat MCD mod, Ssniff Spezialdiäten GmbH, Sulzfeld, Germany) was used to induce varying 

degrees of steatosis, as detailed in the appendix (Table S 1). The control group was fed a standard 

maintenance diet from Altromin Spezialfutter GmbH in Germany. Throughout the study, food 

intake and body weight gain were monitored daily. 

3.2.2. Animal selection for quantifying cross-species variations in lobular geometry and 

CYP zonation 

Archived formalin-fixed and paraffin-embedded from normal mice, rats, pigs, and human liver 

samples (n = 6/species) were used for the study. 

The imaging data from the study (A) were used for the mouse liver tissue samples.  

Normal male Lewis rats (Charles River, France) weighing 300-400 g and aged three months were 

used for in-vivo animal studies (n = 6/group). They were randomly housed in groups of three and 

given free access to food and water. The cages were maintained in a conventional animal facility 

under constant environmental conditions, including a twelve-hour light/dark cycle, a 21 ± 2 °C 

temperature, and a 45–65% relative humidity. The animals were euthanized humanely using an 

overdose of isoflurane with exsanguination. 

Normal pig liver tissue samples were also collected for the study. The Prestice black-pied pigs, 

weighing 25-33 kg and aged three months, were used (n = 6; three males and three females). 

Pigs were kept in a conventional animal facility under constant environmental conditions with a 

twelve-hour light/dark cycle, room temperature of 21 ± 3 °C, and 60% relative humidity. General 

anesthesia was induced and maintained by intravenous injection of 10mg/kg ketamine 

(Narkamon-Spofa, Prague, Czech Republic), 5 mg/kg azaperone (Strensil - Jannsen 

Pharmaceutica NV, Beerse, Belgium), and 1 mg of atropine (Atropine Biotika - Hoechst Biotika, 

Martin, Slovak Republic), followed by intravenous injection of a 1% mixture of 5-10 mg/kg propofol 
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(Fresenius Kabi Norges, Halden, Norway). Under general anesthesia, animals were sacrificed 

with intravenous administration of potassium-rich T61 solution (MSD Animal Health, Kenilworth, 

NJ, USA) (Palek et al. 2020). 

Normal human liver samples were collected in 2019 during liver surgeries at the University 

Hospital Jena. The human samples consisted of six individuals, two males and four females aged 

between 45 and 59 years, with normal liver morphology. The collection of human liver samples 

was supervised by Prof. Dr. Med. Utz Settmacher (Head of the Department of General, Visceral, 

and Vascular Surgery, University Hospital Jena, Jena, Germany) and PD. Dr. med.  Hans-Michael 

Tautenhahn (previously UKJ and now Deputy Head of Hepatobiliary Surgery and Visceral 

Transplantation, Clinic and Polyclinic for Visceral, Transplantation, Thoracic and Vascular 

Surgery, University Hospital Leipzig, Leipzig, Germany). A board-certified hepato-pathologist, PD 

Dr. Med. Olaf Dirsch, Unfallklinikum Berlin., confirmed the absence of abnormal pathological 

findings such as fibrosis or steatosis.  

3.3. Ethics statement 

All procedures in the animal experiments were carried out in compliance with the German Law on 

the Protection of Animals/European Communities Council Directive (Directive 2010/63/EU), 

animal welfare guidelines, and the ARRIVE Guidelines for Reporting Animal Research.  

The studies involving mice and rats were approved by the Thuringia State Office for Food Safety 

and Consumer Protection, Thuringia, Germany. Approval number for the mouse study: UKJ-19-

020 (Albadry et al. 2022), and for the rat study Reg.-Nr.02-043-10. 

The pig study was approved by the Commission of Work with Experimental Animals under the 

Czech Republic’s Ministry of Agriculture, project ID: MSMT-15629/2020-4. 

The human samples were collected at the University Hospital Jena during clinically indicated liver 

surgeries in 2019. The human study was approved by the institutional review board of the 

University Hospital of Jena, Germany (ethical vote: UKJ_2018-1246-Material). This ethical 

approval certifies that the study was performed according to the ethical standards in the 

Declaration of Helsinki.  

3.4. Pharmacokinetics assessment 

3.4.1. Drug cocktail injection 

In experiment A, a combination of caffeine, midazolam, and codeine (at doses of 5 mg/kg, 2 mg/kg, 

and 2 mg/kg, respectively) was applied (Albadry et al. 2022). This drug cocktail is a commonly 

used combination of test compounds for studying pharmacokinetics, thereby indirectly measuring 

the activity of specific CYP isozymes (Schenk et al. 2017); see Table 1. To prepare the drug 

cocktail, 200 µl of sterile water was mixed with each drug to achieve the desired concentration (1 
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mg/ml for midazolam and codeine and 2.5 mg/ml for caffeine). The resulting three aliquots were 

combined to create a total volume of 600 µl. The amount of the drug cocktail given to a mouse 

was determined based on its weight, with a recommended amount of 180 µl/30 g of body weight.  

The administration of the drug cocktail was carried out via i.p injection. This method was preferred 

over oral and intravenous injections for several reasons. Firstly, it aimed to prevent any stress 

potentially caused to the animal by oral application via gavage. Secondly, it aimed to reduce any 

complications arising from the intravenous injection of the drug into the penis vein. Finally, it aimed 

to minimize the risk of drug contamination during injection and sampling from the same site, i.e., 

the tail vein, which may result in false-positive outcomes (Turner et al. 2011). 

Table 1. Overview of drug concentration, dose, and source used to prepare the drug cocktail. (*dose per 

body weight; #needed volume of stock solution (µl)/100 g mouse diluted in a final volume of 200µl; *# final 

volume of diluted drug cocktail per 100gr  body weight). 

 
For evaluation of drug elimination rates and blood levels, a total of ten micro-blood samples were 

collected from the animals at scheduled intervals over six hours (before injection, 15 minutes, 30 

minutes, 1 hour (h), 1.5 h, 2 h, 2.5 h, 3 h, 4 h, and 6 h). The blood samples were collected from 

the tail vein using 9 μl heparinized calibrated end-to-end capillary tubes (Minicaps, Hirschmann). 

The accuracy was 0.5%, and the CV was less than 1%. 

3.4.2. Ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-

MS/MS) 

The concentration of the parent drugs and their metabolites was determined in heparinized whole 

blood, as described previously by Albadry and co-workers (Table 2) (Albadry et al. 2022). The 

measurement was conducted utilizing three specialized and highly sensitive UPLC-MS/MS 

methods using an Acquity UPLC System coupled to either the Xevo TQ-XS or TQ-S detector, both 

manufactured by Waters in Eschborn, Germany. The 9µL capillaries were completely 

shredded using an OMNI Bead Ruptor 24 (Bebensee, Germany) with a Yttrium-coated ceramic 

sphere. After that, they were enhanced with the corresponding deuterated internal standards: 12.5 

ng/mL midazolam-d4 and OH-Midazolam-d4, or 250 ng/mL caffeine-d9, or codeine-d6, 

norcodeine-d3, codeine-6-glucuronide-d3, morphine-3-glucuronide-d3, and morphine-d6 (5.5 

ng/mL each in whole blood). Following the process of protein precipitation and liquid/liquid 

extraction, the diluted supernatant was injected into the UPLC machine. A distinct 

CYP test drug Company 
Respective 

CYP isoforms 
Dose*(Schenk 

et al. 2017) 

Concentration 
stock solution 

volume stock 
solution# 

final 
volume*# 

Midazolam B. Braun CYP3A4 2 mg/kg 5 mg/ml 40 µl/100 g 

600 µl/100 g Caffeine citrate Cooper CYP1A2 5 mg/kg 25 mg/ml 20 µl/100 g 

Codeine phosphate 
hemihydrate 

Lipomed CYP2D6 2 mg/kg 5 mg/ml 40 µl/100 g 
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chromatographic technique was employed for each test substance. The midazolam/OH-

Midazolam analysis was performed using a Waters CSH C18 1.7 µm, 2.1 x 150 mm column 

maintained at a temperature of 50°C. The process of gradient separation was performed within 6 

minutes. A Waters BEH-Phenyl 1.7 µm, 2.1 x 100 mm column, maintained at a temperature of 

40°C, was utilized for gradient separation of caffeine, completed within 2.5 minutes. A Waters 

HSS T3 column measuring 2.1 x 150 mm and having a pore size of 1.8 µm, maintained at a 

temperature of 50°C, was selected for gradient separation of codeine and metabolites. The 

duration of the chromatographic process was 9 minutes. The mass spectrometer was operated in 

ESI+ mode, monitoring three transitions in SRM for each analyte and two for the internal 

standards. The lower limits of quantification for caffeine were 10 ng/mL, while for all other analytes, 

it was at least 1.0 ng/mL. A multi-point matrix calibration was performed for each analyte. All 

methods were certified according to the DIN EN ISO 15189 standard. Midazolam, OH-Midazolam, 

and Opiates underwent accreditation for forensic use under DIN EN ISO 17025. 

Table 2. A list of metabolites selected to assess CYP activity in vivo for indirect pharmacokinetic analysis. 

Model reaction CYP enzymes Measured metabolite 

Midazolam CYP3A4 OH-Midazolam 

Caffeine CYP1A2 No metabolites 

Codeine CYP2D6 Norcodeine, Codeine-6-Glucuronide, Morphine-3-Glucuronide, Morphine) 

 
3.4.3. Pharmacokinetic analysis 

3.4.3.1. Area under the curve (AUC) 

As described by Albadry and co-workers, the time course for clearance of the three test drugs 

after drug cocktail injection was parameterized for each replicate, assuming that there is an 

exponential decay after an increase to a maximum turning point. The experimental data was fitted 

using the function 𝐱(𝐭) = 𝐭 ⋅ 𝐞𝐁−𝐀𝐭 with parameters A and B (Albadry et al. 2022). The Python 

toolbox lmfit (Newville et al. 2016) was used to independently estimate these parameters for each 

replicate via least squares minimization. From each fitted curve, the peak concentration 𝐱𝐩𝐞𝐚𝐤, the 

time of peak concentration 𝐭𝐩𝐞𝐚𝐤, the time it took for the concentration to decrease by half (half-

life) 𝐭𝟏/𝟐 and the area under the curve (AUC) was calculated (Figure 7).  

The AUC was computed explicitly for the decay phase. This involved calculating the integral from 

the maximum turning point to t=6h of the fitted curve with scipy (Virtanen et al. 2020). The peak 

time 𝐭𝐩𝐞𝐚𝐤 was calculated by minimizing the function −𝐱(𝐭) where x_peak represents the 

corresponding peak concentration at t_peak ( 𝐱𝐩𝐞𝐚𝐤 = 𝐱(𝐭𝐩𝐞𝐚𝐤)). 
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The half-life time 𝐭𝟏/𝟐 was calculated by measuring the time it took for the peak concentration to 

decrease by half. For this, the equation 
𝐱𝐩𝐞𝐚𝐤

𝟐
− 𝐭 ⋅ 𝐞𝐁−𝐀𝐭 = 𝟎  was solved for 𝐭, whereby the half-life 

time results in 𝐭𝟏/𝟐 = 𝐭 − 𝐭𝐩𝐞𝐚𝐤. 

 
Figure 7. Pharmacokinetic parameters are computed by fitting exponential decay curves to the experimental data. The 

graph displays sample data from codeine-6-glucuronide control replicate 4 with parameters A=2.168 and B=5.397. The 

following pharmacokinetic parameters have been extracted: peak concentration 𝐱𝐩𝐞𝐚𝐤, time of the peak concentration 

𝐭𝐩𝐞𝐚𝐤, half-life 𝐭𝟏/𝟐,  and area under the curve from the maximum (AUC). “Reproduced with permission from Springer 

Nature” (Albadry et al. 2022). 

3.4.3.2. Bayesian uncertainty quantification 

The solution of an ordinary differential equation (ODE) �̇� = (𝟏 − 𝐀 ⋅ 𝐭) ⋅ 𝐞𝐁−𝐀⋅𝐭  was interpreted as 

model 𝐱(𝐭), and implemented in the Systems Biology Markup Language (SBML) format introduced 

by (Hucka et al. 2003;Keating et al. 2020). To create a parameter estimation problem, a PEtab 

parameter estimation problem (Schmiester et al. 2021) was generated using yaml2sbml, a tool 

developed by (Vanhoefer et al. 2021). Parameter estimation was performed using maximum 

likelihood estimation. Assuming independent additive normally distributed noise 𝛔, the likelihood 

function 𝐋(𝛉) was calculated. 

L(θ, σ) = ∏ ∏
1

√2πσ
exp (−

(x(tk,θ)−mj(tk))
2

2σ2 )T
k=1

N
j=1 , 

where N represents the number of replicates conducted at T distinct measurement time points. 

𝐱(𝐭𝐤, 𝛉) represents the solution of the ODE while 𝐦𝐣(𝐭𝐤) represents the measurement value of the 

j-th replicate at the time point 𝐭𝐤. The likelihood function or probability density is encoded in the 

PEtab format and was employed to quantify Bayesian uncertainty. A uniform prior distribution 

within the interval [0, 100] was employed for the parameters A and B. Similarly, the previous for 𝛔 

was consistently selected within the range of [0, 1000]. 
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The parameters were sampled using Markov Chain Monte Carlo (MCMC) with the pyPESTO 

software package (Schälte et al. 2021). The adaptive parallel tempering sampler (Vousden et al. 

2016), consisting of four chains and 200,000 samples, was conducted to evaluate the posterior 

distribution. To ensure the accuracy of our results, we used the Geweke test (Geweke 1991) to 

check the convergence of the MCMC chains and remove the burn-in samples. If the Geweke test 

recommended a smaller number, we cut the initial 100 samples to ensure that only samples from 

the converged chain were included in the ensemble. The convergence of the chains was also 

inspected visually and via computation of the Effective Sample Size (ESS) to ensure reliability. All 

chains had an ESS of over 13,900 samples. An ensemble of parameters was generated using the 

posterior distribution of the parameters in pyPESTO and then simulated using AMICI (Fröhlich et 

al. 2021). The credibility intervals of the posterior prediction distributions for the model outputs 

were calculated using forward simulations. All the necessary files, including the comprehensive 

data, the SBML model, the YAML file that outlines the parameter estimation problem, the complete 

parameter posterior sample, the estimated parameters, AUC values, half-lives, and a visualization 

of the sampling traces, are available on FAIRDOMHUB 

[https://doi.org/10.15490/FAIRDOMHUB.1.STUDY.1070.1]. 

3.5. Histology 

3.5.1. Hematoxylin-Eosin (HE) staining 

The liver samples were fixed in 5% neutral buffered formaldehyde (PZN 02653137, Otto Fischer 

GmbH & Co. KG, Germany) and then embedded in paraffin. Sections of 3µm thickness were cut. 

Some were subjected to HE-staining to evaluate steatosis, whereas others were used for 

immunohistochemistry. For HE staining, paraffin-embedded sections were subjected to 

deparaffinization using xylol and rehydration using a descending ethanol series. The sections 

were then rinsed with distilled water and stained with hematoxylin (CS700, Dako, Denmark) at 

room temperature for 15 minutes. Following the staining, the sections were washed and 

submerged in tap water for 15 minutes. Eosin (HT110132, Sigma-Aldrich, Germany) was applied 

to the sections for 2 minutes at room temperature. Finally, the slides were dehydrated, mounted, 

and covered using coverslips. 

The stained sections were digitized at 40x magnification using a whole slide scanner (L11600, 

Hamamatsu, Japan) equipped with the NDP.view2Plus Image viewing software (Version U12388-

02). 



MATERIALS AND METHODS 

22                                                               
 

3.5.2. Qualitative steatosis assessment 

A qualitative assessment of the type and distribution of steatosis was performed on WSI obtained 

from HE-sections. Based on the size of lipid droplets in hepatocytes, we distinguished between 

micro- and macrovesicular steatosis as well as the mixed pattern. Steatosis was also analyzed 

based on zonation patterns such as periportal, midzonal, and pericentral steatosis. In mouse 

livers, the intrahepatic distribution of steatosis was studied by analyzing one section from each of 

the four collected liver lobes. 

3.5.3. Image analysis-based steatosis quantification 

In order to determine the severity of steatosis, we analyzed sections from four distinct liver lobes 

of the same animal (Albadry et al. 2022). Our objective was to increase the relative sample size 

to ensure the validity of our findings. The mean severity of steatosis was calculated based on the 

total surface area occupied by each lobe, which is proportional to the surface area covered by 

lipid droplets, including macro- and microvesicular steatosis. 

The severity and extent of steatosis were measured using Histokat, a proprietary software based 

on a machine-learning algorithm developed by Fraunhofer MEVIS, Germany. The algorithm splits 

the entire slide scan into small square tiles of a predetermined size. By utilizing a minimum of 30 

tiles per image from the four separate liver lobes on one section and various representative images 

of the series, the software was trained to recognize single events such as lipid droplets (event 

recognition algorithm) or specific patterns (pattern recognition algorithm). 

We first evaluated the relative surface area in the WSI covered by lipid droplets, regardless of 

their size (Figure 8B and C). Figure 8A displays the results for a normal liver.  

Next, we utilized a pattern recognition algorithm (generic classification 128) to determine the 

relative surface area covered by hepatocytes containing lipid droplets. We then calculated the 

relative surface area covered by micro- and macrovesicular steatotic hepatocytes separately. 

The sum of these areas gives the total surface area covered by steatotic hepatocytes (Figure 8E 

and F). Figure 8D displays the results for a normal liver.  

 

 

 

 

 

 

 



MATERIALS AND METHODS 

23                                                               
 

  Control, scale bar 7µm 2 wks HF-diet, scale bar 7µm 2 wks HF-diet, scale bar 400µm 

 (A) (B) (C) 

L
ip

id
 d

ro
p

le
t 

a
n

a
ly

s
is

 

   
 (D) (E) (F) 

S
te

a
to

s
is

 p
a

tt
e

rn
 

a
n

a
ly

s
is

 

   
 (G) (H) (I) 

C
Y

P
 p

a
tt

e
rn

 a
n

a
ly

s
is

 

   

Figure 8. Image analysis of WSI with sections from four different liver lobes using Histokat event recognition and pattern 

recognition algorithm. (A) An overlay WSI of a normal liver with lipid droplets color-coded in yellow. (B, C) An overlay 

WSI of a steatotic liver with lipid droplets color-coded in yellow. (D) An overlay image of a normal liver with different 

patterns color-coded for quantification. (E, F) Overlay images of a steatotic liver with different patterns color-coded for 

quantification. Square tiles are classified into three color classes (orange for microvesicular steatosis, yellow for 

macrovesicular steatosis, and red for non-steatotic hepatocytes; the lumen of the vessels was excluded). (G) An overlay 

WSI of normal liver following color-coding the immunohistochemical visualization of CYP3A4 zonal expression. (H, I) 

Overlay images of the steatotic liver following color-coding of the immunohistochemical visualization of CYP3A4 zonal 

expression. Square tiles are categorized into two color classes (blue for the CYP-negative or mild-stained hepatocytes 

and red for strong to moderate CYP-stained hepatocytes). “Reproduced with permission from Springer Nature” (Albadry 

et al. 2022). 

3.5.4. Immunohistochemistry 

Immunohistochemistry was conducted using 3 µm thick liver tissue sections fixed in formalin and 

embedded in paraffin. We employed different antibodies to detect CYP3A4, CYP1A2, CYP2D6, 

CYP2E1, and GS (Table 3). The liver tissue sections underwent deparaffinization and rehydration 
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using descending ethanol concentration. Antigen retrieval was then carried out with Trisodium-

citrate buffer (ph 6.1) in a steamer at 100°C for 30 minutes. The sample was then allowed to cool 

for 20 minutes. Peroxidase blocking was performed on the tissue segment to inhibit the activity of 

the endogenous peroxidase enzyme. A commercially available protein block (ab64226, Abcam, 

Germany) was used to inhibit non-specific binding to hydrophobic protein side chains or Fc 

receptors in the tissue. The tissue slides were incubated with the respective CYP antibody 

overnight at 4°C, as shown in Table 3. For rabbit polyclonal primary antibodies (CYP3A4, 

CYP2D6, and CYP2E1), the signals were amplified using a Rabbit-specific HRP/DAB IHC 

detection system (ab236469, Abcam, Germany) for 40 minutes at room temperature. For mouse 

monoclonal primary antibodies (CYP1A2 and GS), primary antibodies were first biotinylated using 

the Dako Animal Research Kit Peroxidase (K3954, Dako, Denmark). In this instance, an extra 

step of blocking was carried out using the Avidin/Biotin Blocking kit (ab64212, Abcam, Germany) 

before the application of the biotinylated primary antibody. Subsequently, the Avidin-HRP complex 

was applied. 

The reaction was visualized by applying the 3,3′-Diaminobenzidine (DAB)-chromogen for 3 

minutes at room temperature. The counterstaining was performed using Dako hematoxylin 

(CS700, Dako, Denmark) for 6 minutes. A negative reagent-control slide was included in each run 

using identical techniques but without applying the primary antibody. 

Table 3. List of CYP antibodies employed for IHC-detection of CYP and GS spatial distribution and zonal 

expression pattern in liver tissue sections (m for mouse, r for rat, p for pig, and h for human). 

 

Antibody Company Order-Nr Dilution Detection systems 

Anti-CYP2D6 (Rabbit 

polyclonal antibody) 
Abcam, Germany ab230690 

1/3000 (m), 3000 (r), 

1/2000 (p), 1/200 (h) Rabbit-specific HRP/DAB 

Detection IHC Detection Kit 

- Micro-polymer (ab236469, 

Abcam, Germany) 

Anti-CYP2E1 (Rabbit 

polyclonal antibody) 

Sigma-Aldrich, 

Germany 
HPA009128 

1/400 (m), 1/300 (r), 

1/800 (p), 1/800 (h) 

Anti-CYP3A4 (Rabbit 

polyclonal antibody) 
Abcam, Germany ab3572 

1/2000 (m), 1/2000 (r), 

1/1000 (p), 1/1500 (h) 

Anti-CYP1A2 (Mouse 

monoclonal antibody) 
Abcam, Germany ab22717 

1/500 (m), 1/200 (r), 

1/2000 (p), 1/2000 (h) 

Dako Animal Research Kit 

Peroxidase for Mouse 

primary antibody, (K3954, 

Dako, Denmark) 

Anti-GS (Mouse monoclonal 

antibody) 
Merck, Germany MAB302 

1/1000 (m), 1/1000 (r), 

1000 (p), 1/1000 (h) 
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3.5.5. Qualitative assessment of CYP expression 

To perform a qualitative assessment, we evaluated the zonal distribution of the CYP signal, with 

specific attention paid to its localization within periportal, midzonal, and pericentral areas in the 

liver lobules. We also classified the signal intensity as mild, moderate, or strong. 

3.5.6. Image analysis-based quantification of zonal expression of CYP enzymes 

To perform a quantitative assessment of CYP zonal expression, we used the HistoKat generic 

128 algorithm, which was also used for steatosis analysis. This algorithm was utilized to determine 

the relative surface area of hepatocytes expressing a certain CYP signal (Figure 8H and I). For a 

normal liver, see Figure 8G.  

3.5.7. Pipeline for automatic quantification of lobular geometries and zonation patterns 

in WSI 

The image analysis pipeline involved several successive processes, including detecting 

the region of interest (ROI) from the WSIs (where ROI represents large contiguous tissue 

regions), image registration, stain separation, and segmentation of liver lobules. The WSIs were 

supplied as RGB images shown in NDPI format. HE and hematoxylin 3,3′-Diaminobenzidine 

(HDAB)-stained WSI for GS, CYP1A2, CYP2D6, GYP2E1, and CYP3A4 were provided for each 

subject. All WSIs of a singular subject were derived from a series of consecutive sections. 

3.5.7.1. Region of Interest Detection 

First, the tissue samples on the WSIs, provided in NDPI format, were annotated using QPath. The 

slide images were imported onto the lowest resolution level using an open slide (Goode et al. 

2013). The images were then converted to grayscale and subjected to thresholding using a binary 

threshold. The contour detection was applied to convert the binary mask into polygons, 

subsequently enabling an in-depth analysis of the tissue annotation. The polygons were 

meticulously examined and assigned based on their inclusion of the coordinates corresponding to 

the tissue annotation.  

Subsequently, the bounding boxes of the assigned polygons were utilized to import the ROI of the 

liver tissue from the source image in full resolution. The ROIs were stored in the OME-TIFF format. 

Subsequently, the bounding boxes of the assigned polygons were utilized to import the ROI of the 

liver tissue from the source image in full resolution. The ROIs were stored in the OME-TIFF format. 

In the case of mouse tissue, each slide comprised four ROIs, each representing a separate liver 

lobe. Once the ROI was detected, the ROIs were matched by assessing the similarity of the tissue 

mask created from Otsu's thresholding. However, the matching process was unsuccessful in 

cases where lobes had similar shapes, and the ROIs had to be mapped manually. Contour 
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detection and thresholding techniques were implemented using OpenCV (Bradski and Kaehler 

2008). 

3.5.7.2. Image registration 

The images for each ROI set were registered using VALIS, a virtual alignment tool for multi-

gigapixel pathology WSI developed by Gatenbee and his team in 2023 (Gatenbee et al. 2023). 

The default settings were used during registration, and the registered ROIs were saved in OME-

TIFF format. 

3.5.7.3. Stain separation 

After the registration process, stain separation was performed, generating two distinct single-

channel pictures for the H-stain and the DAB or E-stain, respectively. The images obtained were 

saved in the ZARR format with eight pyramidal layers. The color deconvolution algorithm proposed 

by Macenko et al. (2009) was employed for stain separation (Macenko et al. 2009). 

3.5.7.4. Lobule segmentation 

A conventional image analysis methodology was employed to segment the boundaries of the 

lobules. The image set for each subject and the ROI of the dataset were subjected to the following 

procedures:  

(1) The DAB stain for the image sets (GS, CYP1A2, CYP2D6, GYP2E1, and CYP3A4) was loaded 

with a resolution level of 5 (equivalent to a magnification of 1.25x). The registered protein 

ROIs were stacked in a 5-channel image. Protein images with a foreground pixel count of less 

than 80% of the median foreground pixel count across all protein images were excluded from 

the analysis.  

(2) The protein images were inverted to align bright sections with high absorbance (high 

expression). Pixels in which one of the channels was zero, specifically the background 

channel, were assigned a value of zero. Subsequently, image filters were implemented on 

each channel. Initially, a median filter was implemented, followed by convolution of the picture 

to achieve a resolution level of 6 (0.625x). Adaptive histogram normalization was employed to 

mitigate global disparities in illumination and staining. Subsequently, after applying a median 

filter, the image was convolved to a resolution level of seven (0.3125x). Additionally, each 

channel was normalized to the maximum intensity of that channel. 

(3) OpenCV's super-pixelization implementation was used to segment the 5-channel images by 

merging comparable pixels into a larger superpixel. 
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(4) The image superpixels were sorted into two categories based on their pixel values - foreground 

and background. A superpixel was considered background if more than 10% of its pixels had 

a zero value. 

(5) Foreground pixels were further classified into three zones - pericentral, midzone, and 

periportal - for better analysis and understanding. As a result, the superpixels were 

transformed into linear vectors consisting of 5-channels, with each element representing the 

mean intensity of the channel within the superpixel. The K-means algorithm implementation of 

scikit-learn (Pedregosa et al. 2011) was applied to cluster the vectors into three distinct 

clusters. The cluster labels were arranged in ascending order based on the Euclidean distance 

of the cluster centers. The ordered labels corresponded to the periportal, midzonal, and 

pericentral regions based on the high expression of CYPs in the pericentral zone and low 

expression in the periportal zone. The superpixel representation was employed to assign 

labels to each foreground pixel, classifying them as pericentral, periportal, or midzone. 

The background pixels were used to generate a mask, which was subsequently subjected to 

contour detection, resulting in the identification of vascular contours and tissue boundaries. 

The vascular contours were then categorized as pericentral and periportal. The binary mask 

was generated by transforming each contour. Furthermore, a second mask was generated by 

expanding the dimensions of this contour mask. The XOR operator calculated the disparity 

between the contour and the dilated mask. The utilization of the difference mask facilitated the 

identification of the neighboring pixels of the vessel within the foreground image. Each label 

(pericentral, midzone, periportal) was quantified. A higher number of pericentral labels was 

expected for pericentral vessels, while a lower number was anticipated for periportal vessels. 

Based on this reasoning, the count vectors for all vessels were clustered into two groups using 

the K-means algorithm. 

(6) A grayscale image was generated by combining the clustered foreground and vessel outlines. 

The pericentral vessels were assigned a color of black (zero), whereas the periportal vessels 

were assigned a color of white (255). The foreground zones were uniformly distributed 

throughout the grayscale spectrum, with the pericentral and periportal zones being 

characterized by dark and light, respectively. 

(7) The grayscale image was skeletonized using an OpenCV version of a thinning algorithm. The 

remaining layers accurately depict the central positions of periportal zones and vessels, thus 

marking the potential boundaries. 

(8) The line segments that could be polygonized were extracted from the skeletonized images. A 

line segment comprises neighboring pixels, each having a maximum of two neighbors in the 
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intersecting pixels. A pixel-walking method was implemented, resulting in the generation of 

line segments that include the connected pixels. The algorithm iteratively expands a line 

segment. The algorithm examines the adjacent pixels of the most recent appended pixel for a 

specific line segment. Appending a neighbor to a segment is repeated if only one neighbor is 

identified. The section is ended if no neighbor is identified. The segment is terminated if several 

neighbors are identified, and new segments are generated for each neighbor. Upon 

completion of a segment, the subsequent beginning segment is selected from the designated 

list of initial segments. The procedure above is iterated until there are no initial segments left.  

(9) Finally, the shapely library was employed (Gillies et al. 2023) to polygonize the line segments 

obtained in the preliminary stages. This process involved excluding all line segments that did 

not form a complete closed circle. The resulting polygon represented the shape of the initial 

set of line segments and served as a valuable tool for subsequent analyses. 

3.5.7.5. Generating the portality map 

To analyze the gradients of expression, we calculated the relative position of each pixel within a 

lobule. The portality p was depicted as 

𝑝(𝑥, 𝑦)  = 1 −
𝑑𝑐(𝑥,𝑦)

𝑑𝑐(𝑥,𝑦)+𝑑𝑝(𝑥,𝑦)
 ∈ [0,1] , 

where dc and dp are the distance of a position to the nearest central and portal pixel, respectively. 

A periportal and pericentral border mask were constructed for each identified lobule. Within the 

pericentral boundary mask, any pixels within a central vessel or having a weighted intensity across 

all channels falling within the 99% quantile were designated as false. Within the portal boundary 

mask, any pixel that fell outside the lobule boundary or was situated within a portal vessel was 

assigned a false value. The OpenCV distance transform function was used to calculate the portal 

and center distance of these masks. This function computes the distance between each pixel and 

the closest background pixel. The lobule border polygon and the vessel polygons were used to 

create the periportal and pericentral masks. The distance transformation for these masks was 

subsequently computed using the OpenCV implementation. 

For each protein, the intensity was background corrected and normalized by 

𝐼𝑁(𝑥, 𝑦)  =  (𝐼(𝑥, 𝑦)  −  𝐼𝑏𝑔)/(𝐼𝑚𝑎𝑥 − 𝐼𝑏𝑔) ∈ [0,1], 

Where I(x,y), Ibg, and Imax represent the pixel intensity, background intensity, and the maximum 

intensity of the slide, respectively, the maximum intensity was assumed to be the 99% quantile of 

the foreground pixels. The background intensity was estimated for each subject using the 20% 

percentile of the foreground pixels on the GS slide. The expression of GS is limited to a tiny region 
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of the lobule, whereas the rest serves as a robust background estimate. The normalized intensity 

and portality of each pixel were recorded in a data frame for further investigation.  

3.5.7.6. Lobular geometries 

The geometric parameters for each identified lobule were calculated using the polygon 

representing the lobule boundary. These values include perimeter, area, compactness, and 

minimum spanning distance. 

3.5.8. Calculation of the number of required lobules 

3.5.8.1. Geometric parameters 

The number of lobules (n) required for quantifying lobule geometries was calculated using the 

sample size determination method for estimating a population mean. The methodology relies on 

the margin of error (ME), which determines the desired degree of accuracy for the results. It also 

considers a confidence level of 95%, denoted as α = 0.05, which indicates the desired 

confidence level for the results. Additionally, it considers the estimated values for the mean and 

standard deviation (sd). 

𝑃 (|𝑥 − µ| > 𝑧𝛼/2 ⋅ √
𝑁 − 𝑛

𝑁
⋅

𝜎2

𝑛
)  =  𝛼 

𝑧𝛼/2 ⋅ √
𝑁 − 𝑛

𝑁
⋅

𝜎2

𝑛
= 𝑑 = 𝜇 ⋅ 𝑀𝐸 

𝑛  =  
1

𝑑2

𝑧𝛼/2
2 ⋅ 𝜎2  +  

1
𝑁

 

For an analyzed subject and a geometric parameter, N represents the total number of lobules, μ 

is the mean of the parameter over all lobules of a subject, 𝜎 the corresponding sd (provided in 

Appendix Tables S 8 - S 10), d represents the distance to the mean based on the ME, and z is 

the z statistic for a given α value. 

3.5.8.2. Zonation patterns 

The quantification of zonation patterns was determined by calculating the number of lobules 

(n) similar to the geometric parameters. One n was determined for every subject and protein in the 

12 zones. The mean µ represents the mean intensity value for a specific location over the lobule, 

𝜎 represents the standard deviation, and N represents the total number of lobules for a given 

subject. A margin of error ME of 20% and a confidence level of 95% (α=0.05) were used for the 

calculation. 
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3.5.8.3. Normalized intensity of CYP expression 

The normalized expression of each lobule was calculated for each protein by summing all of the 

normalized intensities in that lobule. We then used the mean (μ) and standard deviation (𝜎) of the 

normalized expression for all lobules in a subject to determine the required number of lobules (n), 

where N is the total number of lobules for that subject. A margin of error (ME) of 20% and a 

confidence level of 95% (α=0.05) were used for the calculations. 

3.6.  Hepatic triglyceride assessment 

As described before (Albadry et al. 2022), hepatic TG concentration was assessed using a TG 

quantitative colorimetric assay kit per the manufacturer's instructions (ab65336 Abcam, Germany). 

Lipids were extracted from 100 mg of snap-frozen liver tissue through homogenization in a 1 ml 

5% Igepal/double-distilled water solution. The samples were gradually heated in a thermomixer at 

95°C for four minutes before being cooled and then re-heated to solubilize all triglycerides in the 

solution. Following centrifugation to remove insoluble material, the supernatants were diluted 1:10 

with double-distilled water. All reactions were performed in duplicate. A transparent 96-well plate 

was utilized, and 50 µl of the respective samples, standard, and 50 µl of sample for background 

control were added. 2 µl lipase and assay buffer were added for standard and sample wells, while 

2 µl TG assay buffer was added to the sample background control. The reactions were incubated 

at room temperature with constant agitation for 20 minutes. After that, the triglyceride reaction mix 

was added to all reaction wells. The 96-well plate was then incubated in the dark at room 

temperature with constant agitation for 60 minutes. The output was measured on a microplate 

reader (Synergy™ Neo2 Multi-Mode Microplate Reader, BioTek Instruments Inc, USA) at OD570. 

3.7. CYP activity assessment 

The determination of CYP activity was performed using model reactions. These included 

ethylmorphine-N-demethylation (EMND), which serves as an indicator of CYP3A activity 

(Kleeberg and Klinger 1982), Ethoxycoumarin-O-Deethylation (ECOD) which indicates CYP1A, 

2A, 2B, and 2C activity (Aitio 1978), Ethoxyresorufin-O-Deethylation (EROD) which represents 

CYP1A activity (Pohl and Fouts 1980), p-Nitrophenol-Hydroxylation (PNPH) which measures 

CYP2E1 activity (Chang et al. 2006), and Pentoxyresorufin-O-Depentylation (PROD) which 

reflects CYP2B activity (Pohl and Fouts 1980).  

To prepare the samples, a 0.1 M sodium phosphate buffer (pH 7.4) was used to homogenize the 

liver samples (1:2 w/v). Subsequently, the homogenized samples were centrifuged at 9000 xg for 

20 minutes at 4 °C. The resulting 9000g supernatants were used to assess the CYP activities. 
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The protein content was determined using a modified Biuret method, and the CYP activity was 

related to the protein content of the 9000g supernatant. 

For each model reaction, the reaction mixture contained the 9000g supernatant, substrate, 

NADPH, MgCl2, glucose-6-phosphate, and buffer. The reaction was initiated by adding NADPH, 

and the samples were incubated at 37 °C for 5 minutes (EROD), 10 minutes (ECOD, PROD, 

EMND), or 30 minutes (PNPH), respectively. The reaction was then stopped by adding ice-cold 

trichloroacetic acid (ECOD, PNPH, and EMND) or methanol (EROD, PROD). The main 

metabolites were determined in the supernatant using photometric or fluorometric techniques. For 

PNPH and EMND, the main metabolites 4-nitrocatechol or formaldehyde were measured 

photometrically using Spekol 1100. The ECOD reaction was assessed fluorometrically by 

quantifying the concentration of the main metabolite 7-hydroxycoumarin. For EROD and PROD, 

the concentration of the main metabolite resorufin was determined fluorimetrically using RF-1502 

(Shimadzu, Kyoto, Japan); see Table 4. 

 
Table 4. Overview of model reactions used to assess hepatic CYP activity.  

Model reaction CYP enzymes CYP-isoforms Measured metabolite 

Ethylmorphine-N-Demethylation (EMND) 
CYP3A 

(Kleeberg and Klinger 1982) 

3A1, 3A11, 3A13, 

3A16, 3A2, 3A4 
formaldehyde 

Ethoxycoumarin-O-deethylation (ECOD) 
CYP1A, 2A, 2B, 2C 

(Aitio 1978) 

1A2, 2A1, 2A6, 2B1, 

2B6, 2C11, 2C9 
7-hydroxycoumarin 

Ethoxyresorufin-O-deethylation (EROD) 
CYP1A 

(Pohl and Fouts 1980) 
1A1, 1A2 resorufin 

p-Nitrophenol-hydroxylation (PNPH) 
CYP2E1 

(Chang et al. 2006) 
2E1 4-nitrocatechol 

Pentoxyresorufin-O-Depentylation 

(PROD) 

CYP2B 

(Pohl and Fouts 1980) 
2B1, 2B6, resorufin 

 
 
3.8. Statistical analysis 

A descriptive ordinary one-way ANOVA was utilized to investigate the effects of the dietary 

induction protocol on TG levels (biochemical assay), steatosis severity (relative surface covered 

by lipid droplets, macro-, and microvesicular steatosis), CYP zonal expression levels (relative 

surface covered by a given CYP signal), CYP activity (model reaction), immunohistochemistry 

expression, and the AUC derived from the PK-analysis. Furthermore, the same test was employed 

to evaluate the CYP zonal expression across four distinct species (mice, rats, pigs, and humans). 

Tukey's multiple comparisons test was conducted using GraphPad Prism version 9.3.1(471) for 

Windows, GraphPad Software, San Diego, California USA, www.graphpad.com. The resulting 
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data was presented as mean ± sd. Statistical significance was considered when p-values were 

below 0.05. 

Geometrical parameters were tested for significance using the Kruskal–Wallis and  Mann–Whitney 

U tests with significance levels as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

3.9. Correlation analysis 

The Pearson correlation coefficient (r) was employed to evaluate the potential linear correlation 

between steatosis severity, measured by lipid droplet analysis, relative percentage of hepatocytes 

containing lipid droplets, and CYP activity. The correlation analysis was conducted with a 95% 

confidence range and a two-tailed P value. GraphPad Prism was utilized to evaluate the linear 

relationship between macrovesicular and microvesicular steatosis and the area under the curve 

(AUC). A linear correlation (r-value) less than zero shows a negative correlation. In contrast, a 

positive correlation is indicated by an r-value greater than zero.  

According to (Mukaka 2012), a correlation is deemed strong when the r-value is greater than 0.7, 

moderate when the r-value falls between 0.7 and 0.5, fair when the r-value falls between 0.5 and 

0.3, and weak when the r-value is less than 0.3. This classification applies regardless of whether 

the coefficient is positive or negative. 

The Pearson correlation coefficient was also used to compute the correlation matrix. The 

Benjamini and Hochberg method was employed to adjust the p-values for multiple testing. The R 

version 4.2.1 and the corrplot package were utilized for the analysis. 
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4. Results 

4.1. Periportal steatosis affects certain parameters of zonated drug metabolism 

4.1.1. Characterization and quantification of hepatic steatosis 

4.1.1.1. Histology 

All animals tolerated the dietary intervention, which consisted of a high-fat (HF), methionine, and 

choline-reduced diet without showing any apparent side effects. They did not experience any 

weight loss as observed when applying a methionine choline-deficient diet (Deng et al. 2014). The 

feeding regimen resulted in mixed steatosis, predominantly localized in the periportal and 

midzonal regions of liver lobules (Deng et al. 2014;Albadry et al. 2022). Moreover, a non-uniform 

heterogeneous distribution was observed within and between the liver lobes (Figure 9). 

 

Figure 9.  Inhomogeneous distribution of fat-laden hepatocytes in a mouse liver (animal-ID MNT-042); (A) 

Intralobar variation: in this lobe (left lateral lobe) the relative surface covered by fat-laden hepatocytes 

ranged from 10%-50%; (B) Interlobar variation: comparing regions of interest in 3 different lobes, the relative 

surface covered by steatotic hepatocytes ranged from 5% in the left lateral lobe (see B2), to 20% in the right 

superior lobe (see B4) and 60% in the left median lobe (see B3). “Reproduced with permission from Springer 

Nature” (Albadry et al. 2022). 

The histological evaluation indicated a transition from predominantly micro- to predominantly 

macrovesicular steatosis over time. A mixed but predominantly microvesicular steatosis pattern 
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was observed when feeding the animals for two weeks. In the immediate vicinity of the portal tract, 

a small rim of hepatocytes was found to contain large fat vacuoles. However, most hepatocytes 

contained microvesicular lipid droplets in the outer periportal and midzonal areas.  

The ratio of microvesicular to macrovesicular steatosis patterns was reversed when feeding the 

mice for four weeks. Large fat vacuoles were found to fill the hepatocytes in the periportal zone 

and part of the midzonal area. In contrast, a relatively small rim of hepatocytes in the midzonal to 

the pericentral area contained small lipid vesicles.  

4.1.1.2. Image analysis-based quantification of steatosis 

We utilized two distinct image algorithms to quantify the severity and pattern of steatosis.  

First, we examined the relative surface area covered by lipid droplets, a commonly used method 

for image analysis-based severity assessment (Mashek 2020;Seebacher et al. 2020). In animals 

fed HF-diet for two weeks, the lipid droplets covered a relative surface area ranging from 8% to 

11%. However, in animals fed HF-diet for four weeks, the relative surface covered by lipid droplets 

was significantly larger (p = 0.001). Although the "relative surface" difference was not high, it was 

still notable (9.3 ± 1.3 % versus 13.9 ± 2.7 %), as demonstrated in Figure 10A. However, this type 

of analysis may underestimate the impact of microvesicular steatosis, as a high number of 

hepatocytes containing small fat vacuoles may not contribute substantially to the relative surface. 

Subsequently, we assessed the relative percentage of hepatocytes containing lipid droplets, which 

is a more accurate method compared to the traditional histological evaluation used in clinical 

practice. Clinicians estimate the relative number of hepatocytes containing lipid droplets, 

regardless of their size, which is a more reliable indicator of the severity of fatty liver disease (Brunt 

2007).  Steatosis was categorized as mild if it ranges between 5% and 33% of hepatocytes 

containing fat, moderate if it ranges between 33% and 66%, or severe if it exceeds 66% (Kleiner 

et al. 2005). The two-week feeding period resulted in severe steatosis compared to the rat model, 

as evidenced by the relative surface area covered by fat-laden hepatocytes exceeding 66% 

(Figure 10A). Applying a pattern recognition algorithm to determine the total area covered by fat-

laden hepatocytes revealed no significant difference between the two groups that underwent 

either a two-week or a four-week steatosis-induction period. This finding was also observed in the 

TG analysis (Figure 10B). 

Nevertheless, we could distinguish between micro- and macrovesicular steatosis by applying our 

pattern recognition algorithm. As previously mentioned, the short feeding duration was associated 

primarily with a microvesicular steatotic pattern. Microvesicular steatotic hepatocytes occupied 

approximately 48.6 ± 12.9% of the relative surface, while macrovesicular steatotic hepatocytes 

occupied 20.7 ± 7.1%, indicating a 2.4:1 ratio of micro-to macrovesicular steatosis. On the other 
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hand, the more extended induction period resulted in a macrovesicular steatotic pattern. Following 

a four-week feeding period, the relative surface covered by microvesicular steatotic hepatocytes 

was 33.4 ± 10.2%. In contrast, the relative surface covered by macrovesicular steatotic 

hepatocytes was 39.9 ± 8.6%, resulting in a ratio of 0.8:1. In other words, there was a substantial 

shift in the micro- to macrovesicular steatosis ratio.  

This pattern illustrates how steatosis develops, beginning in the periportal region and progressing 

to the pericentral zone, where little lipid droplets accumulate. As more fat accumulates in the 

hepatocytes over time, the droplets grow more extensively, resulting in macrosteatosis, as 

previously reported by (Gluchowski et al. 2017). 

4.1.1.3. Biochemical assessment of triglycerides 

Biochemical assessment of severity showed a similar level of TG. After administering the 

steatosis-inducing diet, the average TG amount per 100 mg homogenized liver significantly 

increased. In both experimental groups, the TG concentration was at least twice as high as in the 

control group. We found that the lowest value was 192.7 nmol/100mg tissue in the two 

experimental groups compared to the mean of 99.6 ± 42.3 nmol/100mg tissue in the control group. 

This resulted in a highly significant difference between the control and experimental groups (p = 

0.0002), as demonstrated in Figure 10B. 

The mean TG level in the livers of animals fed for four weeks was higher than those fed for two 

weeks. After four weeks, the concentration was 296.1 ± 91.6 nmol/100mg of tissue, while after 

two weeks, it was 252.8 ± 43.0 nmol/100 mg of tissue. However, the difference between the two 

sets of animals was not statistically significant (p=0.48). 
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Figure 10. Overview of severity assessment of hepatic steatosis. (A) Image analysis using different algorithms detected 

specific differences in severity when subjecting animals either to two or four weeks of feeding the special diet. Analysis 

of lipid droplets revealed a significantly higher surface area covered by the droplets. When micro- and macrovesicular 

steatosis were separately assessed using a pattern analysis, a significantly larger surface area covered by 

microvesicular steatotic hepatocytes was observed after two weeks of feeding, while a larger surface area covered by 

macrovesicular steatotic hepatocytes was observed after four weeks of feeding. The total surface area covered by 

steatotic hepatocytes was similar in both groups. (B) Total triglyceride level depending on diet. Total triglyceride levels 

varied, with significantly higher levels observed in the HF-diet groups compared to the control group, but no significant 

differences were observed between the groups subjected to two and four weeks of HF-diet. (*significance level < 0.05, 

**significance level < 0.01, *** significance level < 0.001, **** significance level < 0.0001, sample size of each group 

displayed at the bottom of the bar). “Reproduced with permission from Springer Nature” (Albadry et al. 2022). 

4.1.2. Zonal expression of CYP enzymes 

Steatosis did not affect the zonal distribution and extent of CYP expression. As expected, CYP 

enzymes were expressed in the pericentral region, albeit with varying extent. Quantitative 

assessment of the relative surface area covered by CYP3A4-positive hepatocytes revealed no 

significant difference among the three groups (Figures 11 and 12). 

CYP1A2 staining was characterized by a strong signal in the initial 2-3 lines of perivenous 

hepatocytes, followed by a moderate signal extending across the pericentral third of the lobule. 

The steatosis-inducing diet did not affect the pattern or extension of the signal (Figure 11C and 

12A). 

The zonal expression of CYP2D6 was observed throughout the whole lobules (panlobular). 

Nevertheless, the intensity of the signal was highest in the vicinity of the central vein. A total of 1-

2 lines of hepatocytes stained with dark brown were detected in the vicinity of the central vein. 
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The hepatocytes that remained exhibited a moderate signal across the lobules. The steatosis-

inducing diet did also not affect the pattern or extension of the CYP2D6 signal (Figures 11D and 

12B). 

The pattern of CYP2E1 staining was slightly different compared to CYP1A2. In the control and 

experimental groups, we observed 4 to 5 lines of hepatocytes presenting signals of strong intensity 

around the central vein. Also, for CYP2E1, the pattern and extension were not affected by the 

steatosis-inducing diet (Figure 11E and 12C). 

The zonal expression of CYP3A4 exhibited a comparable pattern to that of CYP1A2. CYP3A4 

staining showed a consistent pattern in the first 2-3 lines of hepatocytes surrounding the central 

vein and a moderate signal intensity in the pericentral area of the lobule. Upon calculating the 

relative surface covered by strong and moderate signals, we found no significant difference in the 

CYP3A4 surface between the three groups (Figure 11F and 12D). 
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Figure 11. Visualization of steatosis and CYP expression in normal and experimental animals subjected to two weeks, 

respectively, four weeks of HF diet. (A) HE-staining shows periportal steatosis with a predominantly microvesicular 

pattern after two weeks of feeding and a predominantly macrovesicular pattern after four weeks of feeding. (B) 

Glutamine synthetase (GS)-staining was performed to mark pericentral hepatocytes for better discrimination of 

periportal from pericentral zones. (C) CYP1A2 staining also present in pericentral location without substantial 

differences in the distribution of positive signals between the three groups. (D) CYP2D6 expressed almost in the whole 

lobules with 1–2 lines of dark brown stained hepatocytes around the central vein with a similar pattern in all three groups. 

(E) CYP2E1 staining was present in pericentral location with 4-5 lines of hepatocytes presenting signals of strong 

intensity around the central vein, but also no differences between groups. (F) CYP3A4 was slightly different compared 

to CYP2E1 without substantial differences in the distribution of positive signals between the three groups. Scale bar 

250µm. “Reproduced with permission from Springer Nature” (Albadry et al. 2022). 
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Figure 12. Quantification of zonal distribution of CYP expression using the pattern recognition algorithm (A, B, C, D). 

There was no significant difference in the expression pattern of CYP1A2, CYP2D6, CYP2E1, and CYP3A4 in terms of 

the relative surface covered by positively stained hepatocytes. The sample size of each group is displayed at the bottom 

of the bar. “Reproduced with permission from Springer Nature” (Albadry et al. 2022). 

4.1.3. Ex-vivo activity of selected CYP enzymes 

The activity of CYP in liver tissue was assessed by utilizing four model reactions that spanned 

various combinations of CYP enzymes. We first calculated the protein content per gram of liver 

and then correlated the activity to the mg protein in the tissue. The relative protein content of the 

normal control samples varied between 67.4 and 79.2 mg/ml (Figure 13A). In contrast, the 

steatotic liver samples had a significantly reduced relative protein content, ranging from 64.0 to 

69.2 mg/ml after two weeks of feeding and from 62.2 to 69.2 mg/ml following four weeks of feeding. 

The activity of CYP1A (EROD assay), CYP3A (EMND assay), and CYP2E1 (PNPH assay) was 

affected by the duration of feeding (Figure 13 but not ECOD and PROD (Appendix Figure S 1). In 

the first step of the analysis, we investigated the influence of feeding duration on CYP activity. 

CYP3A activity, as measured by the EMND reaction, and CYP1A activity, as measured by the 

EROD reaction, were both significantly lower in the livers of animals that had been fed for four 

weeks compared to control tissue from healthy animals (p = 0.029 and p = 0.005, respectively) 

(Figures 4B and D). The activity of CYP2E1 was nearly twice as high in the livers obtained from 

animals fed for an extended period compared to the control group (p = 0.0003) (Figure 4C). 
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Figure 13. Overview of Ex-vivo CYP activity assessment. (A) The protein content in liver samples was considerably 

lower in steatotic samples compared to the control group, while both experimental groups had equal protein 

concentrations. (B) The EROD assay results indicated a notable decrease in CYP1A activity in the samples from animals 

exhibiting severe steatosis. (C) The PNPH assay for CYP1E1 activity revealed increased activity with increasing 

steatosis severity. (D) The EMND assay showed that the CYP3A activity was much lower in samples from animals with 

severe steatosis, as shown by the lipid droplet analysis. “Reproduced with permission from Springer Nature” (Albadry 

et al. 2022). 

The severity of steatosis influenced the ex-vivo activity of CYP1A2 and CYP2E1. The linear 

correlation between the severity of steatosis and the CYP activity was calculated in the second 

step of the analysis using the lipid droplet quantification results of the individual animals. 

Consistent with our initial analysis, we observed a strong negative correlation between CYP1A 

activity and the EROD assay (Figure 14A1). A strong positive correlation was observed between 

the severity of steatosis and the activity of CYP2E1, as assessed using the PNPH assay (Figure 

14A2). Additionally, we demonstrated a moderate negative correlation between the relative 

surface of hepatocyte-containing lipid droplets and CYP3A activity, as determined by the EMND 

assay (Figure 14A3).  

The pattern of steatosis modulated the ex-vivo activity of CYP1A and CYP2E1. In the third step, 

we investigated the correlation between the prevalent pattern of steatosis and CYP activity. In 

contrast to the droplet analysis, the extent of microvesicular steatosis (%) showed a moderate 

negative correlation with CYP1A activity (Figure 14B1). However, it was not significantly correlated 

with the results of EMND and PNPH, reflecting primarily the activity of CYP2E1 and CYP3A 

(Figure 14B2 and B3). Additionally, the degree of macrovesicular steatosis exhibited a moderate 

correlation with CYP1A, a strong positive correlation with CYP2E1 activity, and no significant 

correlation with CYP3A (Figure 14C1-3). 

Overall, specific characteristics of periportal steatosis significantly influenced the functionality of 

CYP enzymes located in the pericentral region of the hepatic lobule. There was a negative 
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correlation between the severity of steatosis and the activity of CYP1A and CYP3A, while there 

was a positive correlation with the activity of CYP2E1.  

In addition to the severity, the steatosis pattern also influenced CYP activity. The activity of CYP1A 

exhibited a negative correlation with macrovesicular steatosis, while the activity of CYP2E1 had a 

positive correlation. The observations above indicate an intricate relationship between alteration 

in the periportal zone and the corresponding molecular response in the pericentral area.   

 1. EROD (CYP1A) 2. PNPH (CYP2E1) 3. EMND (CYP3A) 
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Figure 14. Correlation between steatosis severity and CYP activity. (Row A) Severity of steatosis as determined by lipid 

droplet analysis in percent of surface; (Row B) Extent of microvesicular steatosis, in percent of surface; (Row C) Extent 

of macrovesicular steatosis, expressed in percent. (Column 1) Correlation of steatosis type and severity with activity of 

CYP3A; (Column 2) Correlation of steatosis type and severity with activity of CYP1A; (Column 3) Correlation of steatosis 

type and severity with activity of CYP2E1. Control as magenta circles, two weeks HF-diet as blue squares, four weeks 

HF-diet as green triangles. “Reproduced with permission from Springer Nature” (Albadry et al. 2022). 
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4.1.4. Pharmacokinetic study (to assess the in-vivo activity of CYP enzymes) 

First, we analyzed the drug clearance curves for all three experimental groups. Second, we 

calculated the half-lives, peak concentrations, and peak times for each drug (supplemental Table 

S 5) and compared the AUCs of the experimental and control groups. In the third and fourth 

experiments, we used the linear correlation to examine the effects of steatosis pattern and severity 

on the AUC. 

As anticipated, the pharmacokinetic analysis revealed that all three drugs exhibited a comparable 

exponential clearance pattern. The drugs were eliminated within 4-6 hours, with the highest 

concentration observed within 15-60 minutes (Figure 15); for metabolites, see 

supplementary Figure S 3. The shaded region represents the 95% confidence interval derived 

from the Bayesian analysis. Credibility intervals that do not overlap show a significant variation in 

the dynamics at this particular moment. Nonetheless, when credibility intervals partially overlap in 

time, it becomes challenging to predict an overall different behavior. 

The duration of feeding influenced the AUC of all three test drugs. We calculated the 

pharmacokinetic parameters and assessed each group for statistically significant disparities. AUC 

values were employed as a comprehensive tool for analyzing the time courses to draw definitive 

conclusions on overall variations between conditions. This parameter includes the time required 

to attain the maximum concentration (Cmax) and the half-life, making it the most appropriate for 

conducting a comprehensive analysis. 

Two weeks of feeding, which resulted in primarily microvesicular steatosis, accelerated caffeine 

clearance, as seen by the smaller AUC. Notably, after four weeks of the same diet, the AUC levels 

returned to normal, suggesting they were becoming "tolerant" of the effect. Conversely, four weeks 

of feeding decreased the rate at which midazolam and codeine were eliminated, as seen by the 

larger AUC. 
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(C)   

 

 

Figure 15. Drug clearance curves of the test drugs and their metabolites, as well as their corresponding AUC. 

Midazolam, caffeine, and codeine are represented in figures A, B, and C, respectively. *significance level < 0.05, 

**significance level < 0.01, *** significance level < 0.001, **** significance level < 0.0001. The sample size for each 

group is displayed at the bottom of the bar. The solid lines in the figures represent the mean, while the shaded areas 

correspond to the 95% credibility interval from the Bayesian analysis. “Reproduced with permission from Springer 

Nature” (Albadry et al. 2022). 

Next, we analyzed the correlations between the severity of steatosis, irrespective of feeding time, 

and the corresponding AUC (see Figure 16 for the parent drugs and Figures S4, S5, and S6 in 

the Appendix for the metabolites). The severity of steatosis exhibited a moderately positive 

correlation with the AUC of midazolam and codeine, indicating a slower clearance of both 

test drugs (Figure 16, row A and row C). However, as expected based on the group analysis 

results (Figure 16, row B), we did not observe a correlation between the severity of the transiently 

occurring microvesicular steatosis and the AUC of all three test drugs. 

The AUC of codeine and midazolam correlated with the steatosis pattern as well. Correlating the 

steatosis patterns with the AUC yielded similar results. As seen in Figure 16, rows C, the 

macrovesicular steatosis pattern had a moderate positive correlation with the AUC of midazolam 

and codeine, indicating a slower rate of midazolam and codeine clearance. 
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Figure 16. Correlation between the severity of steatosis and AUC (A-C). (Row A) The severity of steatosis is assessed 

by lipid droplet analysis of the relative percentage of the surface. (Row B) The extent of microvesicular steatosis is 

expressed in the relative percentage of the surface. (Row C) The extent of macrovesicular steatosis is expressed in 

percent. (Column 1) Correlation of steatosis type and severity with AUC of Midazolam. (Column 2) Correlation of 

steatosis type and severity with AUC of caffeine. (Column 3) Correlation of steatosis type and severity with AUC of 

codeine. Magenta color circles indicate the control group, blue color squares represent the two weeks HF-diet group, 

and green color triangles show the four weeks HF-diet group. “Reproduced with permission from Springer Nature” 

(Albadry et al. 2022). 

4.1.5. Summary of correlation analysis 

We conducted a comprehensive matrix correlation analysis, briefly summarizing the main findings 

and relationships identified (Figure 17).  
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To summarize,  

(a) The variables related to steatosis, such as lipid droplets, microvesicular steatosis, 

macrovesicular steatosis, and triglyceride levels, exhibited a highly significant positive 

correlation with each other.  

(b) The zonal expression of CYP3A4 and CYP1A2 did not show any significant correlation with 

steatosis variables, whereas CYP2E1 showed a slightly positive correlation. 

(c) Steatosis parameters and protein content exhibited a significant negative correlation. 

(d) Steatosis parameters displayed a negative correlation with CYP activity, as measured by 

EROD (CYP1A) and EMND (CYP3A), while PNHP (CYP2E1) showed a strong positive 

correlation. 

(e) The AUC of midazolam and codeine positively correlated with lipid droplets and 

macrosteatosis. 

 

Figure 17. Correlation matrix based on Pearson correlation. Positive correlations are in blue, while negative ones are 

in red. The size of the circles corresponds to the strength of the correlation coefficient. Significance levels are *0.05, 

**0.01, and ***0.001, with p-values adjusted for multiple testing using Benjamini & Hochberg. Features have been sorted 

by category. “Reproduced with permission from Springer Nature” (Albadry et al. 2022). 
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4.2. Cross-species variability in liver lobular geometry and CYP zonation 

When evaluating drug metabolism in various species, three important characteristics must be 

considered: lobular geometry, spatial distribution, and zonation of CYP enzymes. Lobular 

geometry in four species (mouse, rat, pig, and human) was quantified using HE-stained liver 

tissue sections. The five enzymes (GS, CYP1A2, 2D6, 2E1, and CYP3A4) were subsequently 

visualized in the four species. We systematically analyzed these features within the liver lobule, 

employing two distinct approaches. 

Initially, the WSIs underwent classical analysis, which included a qualitative assessment of lobular 

geometry and staining patterns. Subsequently, a statistical comparison was conducted to 

determine the relative surface area occupied by the target protein. However, this method is not 

suitable for quantifying zonation patterns. 

In the second step, we established an automated image analysis approach to determine and 

compare lobular geometry in all four species. This approach was followed by quantifying CYP 

zonation and calculating the minimal number of lobules needed for the reliable assessment of a 

given target protein. 

4.2.1. Classical descriptive approach for identifying species-specific differences in 

lobular geometry and spatial expression of CYP enzymes 

Comparing the lobular geometry across different species has always posed a challenge owing to 

their subtle differences. On the contrary, it is relatively more straightforward to describe the extent 

of zonal expression, which varies among target proteins within a given species and for the same 

protein across different species, as illustrated in Figure 18. 

Regarding lobular geometry, the most striking difference between various species is the presence 

of interlobular septa in pigs. In porcine liver lobules, septa encircle the hepatic lobule, allowing for 

convenient identification of the lobule. The portal fields are interconnected by the septa, resulting 

in an appearance analogous to bridging fibrosis in other species. Even the portal fields of terminal 

vessels in pigs contain a substantial amount of connective tissue. 

Assessing lobular geometry is difficult in the other three species because of the absence of well-

defined boundaries. The radial structure of the sinusoids can aid in identifying lobular boundaries. 

However, measuring lobular architecture through quantitative morphometric analysis presents a 

challenge. Mice and rats resemble each other to a great extent, and even experienced 

pathologists find it challenging to differentiate between their livers by using morphological criteria. 

In contrast to pigs, the portal area of the terminal vessels lacks extracellular connective tissue and 

contains few histiocytes. While human and porcine livers have visible arteries, those in rodent 

livers are poorly visualized. As a result, human lobular geometry appears to be more similar to 
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that of rodents than to that of pigs. Nevertheless, hepatic arteries are easily visible due to the 

distinct appearance of the tunica media of the vascular wall. 

Qualitative and quantitative evaluation of CYP expression confirmed that all CYP enzymes are 

expressed to varying degrees in the pericentral zone of the hepatic lobules in all four species 

(Figure 18 and Appendix Tables S 6 and S 7) 

The zonal expression of GS in humans, pigs, rats, and mice follows a comparable pattern (Figure 

18, row B). GS is expressed in two to three lines of pericentral hepatocytes. A quantitative analysis 

of the relative surface area showed that the relative coverage of lobules ranged from 5 to 13%. 

The species difference between mice and pigs was nearly two times greater. No statistically 

significant difference was observed in the relative coverage of GS-stained hepatocytes across all 

species compared to human tissue. 

The zonal expression of CYP1A2 is likewise remarkably similar in humans and mice, with a strong 

pericentral signal that extends from zone 3 into zone 2 (Figure 18, row C). In the rat, the signal 

was primarily restricted to the pericentral three to four lines of hepatocytes in zone 3 and was less 

intense. Pigs did not exhibit zone-specific expression of the enzyme; instead, it was distributed 

throughout the lobule. A quantitative examination of the percentage area covered by CYP1A2 in 

humans and mice revealed a similar zonated expression pattern, covering the hepatic lobule by 

around 55.1 ± 11.9% and 60 ± 5.1%, respectively. Pigs had a far higher amount of expression, 

covering around 81.76 ± 7.7% of the lobular surface, while rats had a significantly lower extent of 

expression, covering only 32.5 ± 5.5% of the lobular surface. 

The zonal expression of CYP2D6  followed a panlobular pattern across all four species, with 

homogeneous expression in humans and pigs. (Figure 18, row D). The expression pattern in rats 

was rather heterogenous. In contrast, we observed a stable expression pattern in mouse livers 

with a strong signal in the first pericentral line of hepatocytes and relatively weaker signals in the 

remaining zones. A quantitative examination of the relative lobular area covered by CYP2D6 

revealed similar levels of zonal spatial expression. For more information, see Appendix Tables S 

6 and S 7. 

The zonal expression of CYP2E1 exhibited a consistent pattern and spatial distribution across the 

four species (Figure 18, row E). Specifically, a prominent pericentral signal extended from zone 3 

to zone 2. The quantitative examination of the relative area covered by CYP2E1 positive 

hepatocytes in the liver showed coverage rates of 61.3% ± 7.2%, 65.4% ± 7%, and 56 ± 8.4% in 

mice, rats, and pigs, respectively. In humans, it was approximately 72.2% ± 9.4%. 

CYP3A4 zonal expression was similar in humans and mice, with a moderate to strong pericentral 

signal limited to zone 3 and extending into zone 2 (Figure 18, row F). On the contrary, the rat liver 
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exhibited a strong signal limited to the first line of pericentral hepatocytes, with a moderate to weak 

signal extending into the second zone of the liver. CYP3A4 was shown to be distributed throughout 

the lobule in pigs, spanning all three hepatic zones. A consistent pattern was seen in the 

quantitative study of CYP3A4 across humans, rats, and mice, covering roughly 50% of the lobular 

surface. The inter-individual heterogeneity in the extent of zonal expression and distribution of 

CYP3A4 was larger in rat liver tissues. Conversely, in the porcine liver, CYP3A4-positive 

hepatocytes occupied roughly 90.6 ± 2% of the lobular surface. 

In conclusion, mice are the ideal choice for pre-clinical experimental drug metabolism research 

unless larger species are needed, such as in studies looking into the impact of intricate 

hepatobiliary surgery on drug metabolism. This conclusion is based on the observed similarities 

between humans and animals. The CYPs should be chosen according to the species under 

investigation, with CYP2E1 being the preferred choice for cross-species studies in mice, rats, pigs, 

and humans. When conducting a comparative analysis between rodents (mice and rats) and 

humans, CYP1A2 can be selected. In addition, CYP3A4 is also relevant if the investigation is 

restricted to mice and humans. 
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Figure 18. Overview of HE and extent of zonal expression as indicated by the relative surface covered by GS and CYP 

in liver tissue in mice, rats, pigs, and humans. The different stainings are depicted in rows, with columns 1-4 

corresponding to the different species and column 5 presenting the results of the statistical analysis. (A) HE staining of 

normal liver tissue was used to depict lobular morphology in all species. The lobular structure appears similar except 

for the pig liver, where the lobules are separated by interlobular collagenous septae. (B) Glutamine synthetase (GS) 

staining is used to identify pericentral hepatocytes surrounding the central vein and to distinguish periportal from 

pericentral zones. Zonated expression is relatively similar across species, except for mouse and pig liver tissue, which 

show a significantly different distribution. (C) CYP1A2 staining shows a similar pericentral spatial distribution and 

zonated expression in mice and humans while demonstrating a significantly different zonated expression pattern in rats 

(pericentral) and pigs (panlobular). (D) CYP2D6 exhibits almost panlobular and similar distribution across four species. 

(E) CYP2E1 is observed in the pericentral region in all four species, with no substantial difference. (F) CYP3A4 shows 

almost identical pericentral to midzonal expression patterns in mice and humans but panlobular in both rats and pigs. 

Scale bars 500 µm. Colors represent different species, with blue for mice, orange for rats, gray for pigs, and green for 

humans. Significance levels according to descriptive one-way ANOVA: * Significance level < 0.05, ** Significance level 

< 0.01, *** Significance level < 0.001, **** Significance level < 0.0001 (One-way-ANOVA) . “Reproduced from Frontiers 

in Pharmacology” (Albadry et al. 2024). 
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4.2.2. Image analysis pipeline for determination of lobular geometry, quantification, and 

analysis of zonation patterns 

An image analysis pipeline was established using WSI of stained liver sections to quantitatively 

assess lobular geometry and zonation patterns of proteins (Figure 19; additional details provided 

in the Method section). The pipeline comprises the subsequent steps:  

(a) ROI detection in the WSI field enables tissue section identification. 

(b) Registration of adjacent WSI ROIs applying Valis (Gatenbee et al. 2023) enables the 

generation of multiplexed protein WSIs for subsequent analysis.  

(c) Color channel separation in the immunostained whole slide image enables color 

deconvolution-based access to the corresponding protein data.  

(d) Lobular segmentation of WSIs yields positional information and lobule boundaries (portality). 

Notably, the approach described in this study does not necessitate the manual annotation of 

central veins. Furthermore, it has been effectively utilized in examining lobular geometries and the 

quantification of proteins in WSI, encompassing single and multiple liver lobes, in various animal 

models, including mice, rats, pigs, and humans. 

Using this image analysis approach, we systematically compared the lobular geometry and 

zonation patterns of key CYP450 enzymes across four species (Figure 20). Lobular geometry was 

quantified by measuring the lobular perimeter, area, compactness, and minimum bounding radius. 

Subsequently, a statistical analysis was performed to examine the variations among the different 

species. The zonal gradient intensity and expression of GS and the four CYPs (CYP1A2, 2D6, 

2E1, and CYP3A4) were analyzed to ascertain the variations in zonation patterns in mice, rats, 

pigs, and humans. 
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Figure 19. Overview of the image analysis pipeline for quantifying lobular geometry and CYP zonation patterns. The 

pipeline consists of three main steps: (A) Registration of HE, GS, and CYP WSI using Valis, allowing multiplexed WSIs 

to be generated. (B) Color channel separation in the WSI. HE WSIs are separated into blue (hematoxylin) and pink 

(eosin), and IHC WSIs are separated into blue (hematoxylin) and brown (DAB) using color deconvolution. (C) Lobular 

segmentation of WSIs consists of several steps: 1. Load a stack of DAB stains for CYPs and GS. 2. Perform black and 

white image inversion and filter application. 3. Perform Image segmentation using SLIC (Simple Linear Iterative 

Clustering) superpixel algorithm to generate uniform size and regular contour superpixels. 4. Classify superpixels into 

background (black color) and foreground (white color). 5. Classify the superpixels: 5. A. Find vessel contours and 

classify vessels as central (cyan) and portal (magenta), 5.B. Cluster foreground pixels, intro central (bright) to portal 

(dark) clusters. 6. Combine vessel contours and foreground clusters to create a grayscale map of central (dark) and 

portal (light) regions. 7. Apply a thinning algorithm to the grayscale map to create a skeleton. 8. Segment the 

skeletonized image into line segments. 9. Polygonize the line segments to create closed polygons. Reproduced from 

Frontiers in Pharmacology” (Albadry et al. 2024). 
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Figure 20. Lobular detection and position calculation. (A) HE staining of normal liver tissue from all four species showing 

lobular architecture. (B) Image normalization and stain separation to ensure optimal comparisons across species. (C) 

Detection of lobular regions providing a clear visual representation of lobular boundaries, distribution of lobules, central 

vessel, and portal vessels on CYP2E1 staining. (D) Mapping of the central-portal distance on each lobule, allowing a 

quantitative analysis of the spatial arrangement of the lobules. “Reproduced from Frontiers in Pharmacology” (Albadry 

et al. 2024). 
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4.2.2.1. Species-specific lobular geometry 

Four main measurements were used to determine the species-specific lobular geometry of the 

segmented lobule. These were the perimeter, the area, the compactness, and the minimum 

bounding radius. The perimeter is calculated as the circumferential length of the outer edge of the 

lobule. The area represents the surface area of the lobule. The compactness is calculated as the 

ratio of the area of the lobule polygon to the area of a circle with an identical perimeter. The 

minimum bounding radius is calculated as the radius of the minimum bounding circle enclosing 

the lobule. The geometric parameters obtained for the various species and the correlation between 

them are illustrated in Figure 21. The corresponding numerical values are in the Appendix, Tables 

S 8 - 10. 

Geometric parameters were determined for segmented lobules in mice, rats, pigs, and humans, 

with 1530, 669, 698, and 1074 lobules examined, respectively. The findings suggest that lobule 

size increases proportionally with species size, with larger species having larger lobules. The 

smallest lobule radius and perimeter were measured in mice, whereas human lobules were twice 

as large. In detail, the murine lobular boundary radius had a mean value of 375 ± 216 µm, whereas 

the mean bounding radius for human lobules was 637 ± 473 µm.  

Similarly, the mean perimeter of liver lobules was found to increase with species size, with mice 

having a mean perimeter of 2233 ± 1397 µm and humans having a mean perimeter of 3966 ± 

3200 µm. The minimum bounding radius of the lobules, a measure of their size, also nearly 

doubled from 375 ± 216 µm in mice to 637 ± 473 µm in humans. As expected, the area of the 

lobules increased significantly from 299281 ± 36009 µm² in mice, 467614 ± 729369 µm² in rats, 

718451 ± 57536 µm² in pigs, to 966234 ± 1357480 µm² in humans, representing a four-fold 

increase across species. 

Conversely, the compactness of the lobules, a measure of their roundness, decreased slightly 

with increasing species size. Mice had the highest compactness (0.64 ± 0.10), followed by rats 

(0.62 ± 0.11), pigs (0.61 ± 0.10), and humans (0.59 ± 0.12). The results of this study indicate that 

as the size of the species increases, the lobes exhibit an increase in size and a decrease in 

roundness. 

The statistical comparison of medians revealed significant differences in lobular size, while 

compactness varied little between species. All species exhibited a similar level of individual 

variability in geometric parameters, with humans displaying slightly more significant variability than 

the other species. A high degree of consistency was observed in the geometric parameters of 

different subjects. Sections from four liver lobes were available for mice and were also compared. 

However, geometric parameters for the different lobes were comparable, and no differences were 
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detected between the left lateral lobe (LLL), median lobe (ML), right lobe (RL), and caudate lobe 

(CL). In other words, neither intra-lobe variability in mice nor intra-subject variability in mice, rats, 

pigs, and humans were observed in the geometric parameters, but significant differences were 

observed between species. 

Nevertheless, high interlobular variability in geometric parameters was observed, possibly due to 

variations in the lobular position, size, and 3D shape relative to the 2D sectioning plane, as 

evidenced by the large standard deviations and interquartile ranges in all four species. 

The correlation structure for the various geometric parameters was highly consistent across 

species, as depicted in Figure 21B. In particular, area and perimeter exhibited a strong positive 

correlation (r=0.99) across all species, indicating that hepatic lobules with a larger area also have 

a larger perimeter. Conversely, compactness was observed to have a weak to moderate negative 

correlation with perimeter (r in [-0.54, -0.63]) and area (r in [-0.44, -0.55]), implying that larger 

lobules are less compact and may appear ovaloid due to variable sectioning angles.  

The similarities in the median and range of the geometric parameters across species (Figure 21A) 

and the comparable correlation structure between species in the geometric parameters (Figure 

4B) suggest that the internal, complex 3D structure of the hepatic lobule may be rather similar. As 

such, lobular geometry is a robust feature with low inter-individual and interspecies variability but 

high variability between different lobules. 
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Figure 21. Comparison of lobular geometry in the four different species. (A) Quantification of species-specific lobular 

geometry. For all species, the lobular perimeter, area, compactness, and minimum bounding radius were calculated for 

all lobuli per section. Box blots and point clouds of these parameters are depicted. Boxes represent quartiles Q1 and 

Q3. The upper whisker and lower whisker extend to the last datum less than Q3 + 1.5 * IQR and the first datum greater 

than Q1 - 1.5 * IQR, respectively. IQR denotes interquartile range (Q3-Q1). Significance levels: * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001. (B) Correlation between the geometric parameters was assessed using the Spearman rank 

correlation coefficient. Colors represent different species, with blue for mice, orange for rats, gray for pigs, and green 

for humans. “Reproduced from Frontiers in Pharmacology” (Albadry et al. 2024). 
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4.2.2.2. Quantification of zonated expression from whole slide images: Gradient 

intensities and zonation patterns 

In the subsequent analysis, the zonated expression of CYP enzymes along the portal-venous axis 

was assessed in all liver lobules of the four species (Figure 22). We identified the position-

dependent protein expression based on the computed positions within the segmented lobules. In 

particular, we assigned each pixel in a lobule, from periportal (0) to perivenous (1), according to 

its proximity to the closest periportal or perivenous area. Using these positions, we identified the 

GS and CYP protein zonation patterns across lobules and species. Examining the collective zonal 

expression of all markers unveiled unique patterns corresponding to the various species and 

proteins. 

HE staining appeared consistent and flat across all species. This result was expected as HE 

staining is used to delineate the morphological structure of the hepatic lobule. There are no 

anticipated zonation differences in HE staining.  

GS exhibited similar gradient and zonal distribution patterns in the four species studied along the 

portal-venous axis. The superimposed plots of normalized staining intensity showed that GS was 

predominantly localized in zone 3, encompassing the 2-3 lines of pericentral hepatocytes. No 

periportal distribution pattern was observed in any of the four species. 

CYP1A2 displayed relatively similar gradient and zonation patterns in mice, rats, and humans. It 

was mainly localized in zone 3 and extended into zone 2 within the adjacent 5-6 rows of pericentral 

hepatocytes. However, in pigs, the gradient distribution of normalized intensity was mainly 

observed in zones 3 and 2 and extended into zone 1 of the periportal hepatocytes. 

CYP2D6 presented a uniform and constant zonal distribution pattern across the four species 

studied. It exhibited a panlobular distribution within the liver lobules along the portal-venous axis. 

Of all the CYP enzymes analyzed, CYP2D6 was the only one that did not show a clear zonation 

pattern and had higher protein content in the perivenous region than in the periportal region. 

CYP2E1 revealed a linear gradient distribution of normalized intensity throughout the liver lobules 

of different species. It was mainly observed in zones 3 and 2. In rats, there was a higher intensity 

in zone 1, with a flatter gradient than in the other species. 

The gradient intensity of CYP3A4 was comparable between humans and mice, particularly in zone 

3 and extending to zone 2. Rats and pigs, on the other hand, showed a gradient distribution across 

the liver lobules that was similar to but distinct from that of mice and humans. The normalized 

intensity of CYP3A4 was higher in zones 3 and 2, and it extended to periportal hepatocytes in 

zone 1. Humans were shown to have the strongest periportal to perivenous gradient. 
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This automated image analysis approach to quantify zonation enables quantitative comparative 

analysis of zonation patterns of multiple target proteins (like the four different CYP proteins) in a 

single species and between different species. The overlaid curves reveal the zonated expression 

patterns in humans and mice to be quite similar, while those in rats and pigs are more dissimilar. 
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Figure 22. Species comparison of protein zonation. Zonation patterns of HE, GS, CYP1A2, CYP2D6, CYP2E1, and 

CYP3A4 in mouse (blue), rat (orange), pig (gray), and human (green). Normalized staining intensity (per slide) is plotted 

against portality (relative position between periportal (PP) and perivenous (PV) zones in each lobule). Data were binned 

in 12 bins from PP to PV. Median values are shown for all lobuli of all individuals. Box plots correspond to the median, 

interquartile range with whiskers at 5%, 95% percentile. Colors represent different species: blue for mice, orange for 

rats, gray for pigs, and green for humans. n: number of lobuli for the respective analysis. “Reproduced from Frontiers in 

Pharmacology” (Albadry et al. 2024). 
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4.2.2.3. Number of lobules required to determine geometric parameters and relative 

expression 

Subsequently, we calculated the number of lobules needed for a representative evaluation of 

geometric characteristics, zonation patterns, and relative expression (Figure 23).  

We first calculated the number of lobules required to calculate mean geometric parameters with a 

95% confidence at a specified margin of error (Figure 23A, data in Appendix Tables S 9 - 11). For 

instance, in mice, rats, pigs, and humans, the minimum number of liver lobules needed to compute 

compactness with a 95% confidence level and a 20% margin of error is 2.2 ± 1.1, 2.7 ± 1.5, 2.4 ± 

0.8 and 3.8 ± 2.9, respectively. 

Key findings of the analysis indicate that:   

(a) A larger margin of error results in fewer lobules being required for analysis. The relationship 

between the number of lobules required and the margin of error is highly non-linear, meaning 

that a minor relaxation of the potential margin of error necessitates far fewer lobules.  

(b) The accurate determination of human geometric parameters requires a higher number of 

lobules than needed for mice. The number of lobules required for pigs and rats is 

intermediate to those required for humans and mice. 

(c) Different geometric parameters require different numbers of lobules for accurate evaluation. 

For instance, the area requires more lobules than the perimeter and minimum boundary 

radius, while compactness requires the fewest for precise quantification. 

(d) There is a significant amount of variability between biopsies of the same species. This 

variability raises the possibility of some intrahepatic variability in geometric parameters, 

leading to marginally differing lobule counts needed for a given level of targetting accuracy 

in a given biopsy. 

We then calculated the number of lobules necessary to calculate zonation patterns with 95% 

confidence and a 20% margin of error (Figure 23B). The number of lobules necessary for the 

zonation pattern varied depending on the protein of interest and the species. 

In some instances, less than 25 lobules were sufficient to calculate mean expression levels for 

several positions and proteins in a given zone. For the investigation of GS and CYP2E1 in mice, 

however, the required number of lobules increased to 150 and 100, respectively. Similarly, 120 

lobules were needed to quantify human periportal protein levels for CYP3A4. An essential factor 

in determining the number of lobules required was the coefficient of variance of the intensity at the 

given position. A high variability in protein expression at a specific location resulted in more lobules 

needed to determine the mean intensity. Although the protein pattern in a liver lobule is similar for 
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most proteins, the degree of interlobular and interindividual variability differs among the four 

species. 

Moreover, the number of lobules was determined to ascertain the normalized expression of 

proteins within a lobule with a 95% confidence level and 20% error (Figure 23C, data in Appendix 

Table S 11). The number of lobules required for GS staining was almost the same across different 

species, with up to 42 in humans. When determining the normalized expression of different CYP 

proteins in mice and rats, the required number of lobules was relatively similar and fewer than in 

other species, with a maximum of 35 lobules for CYP1A2, 17 for CYP2D6, 27 for CYP2E1, and 

31 for CYP3A4 in humans.  

A significant finding is that determining the normalized expression of a protein in a lobule requires 

significantly fewer lobules than determining the lobular pattern. Regarding determining normalized 

protein expression, the highest number of lobules was required for human liver tissue, followed by 

pig, rat, and mouse liver tissue. 
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Figure 23. Number of lobules required to determine geometric parameters, zonation patterns, and relative expression. 

Species are color-coded as mouse (blue), rat (orange), pig (gray), and human (green). (A) Number of required lobules 

to determine the geometric parameters area, perimeter, compactness, and minimum boundary radius for a given margin 

of error (5% to 35%) and a confidence level of 95%. Data expressed as mean ± SD for the subjects. (B) Number of 

required lobules to determine the protein zonation pattern, i.e., the normalized intensity for the 12 bins with a confidence 

level of 95% and a margin of error of 20%. Depicted are the normalized intensity mean ± SD for the subjects (top), the 

coefficient of variation of the normalized intensity as mean ± SD for the subjects (middle), and the required number of 

lobules for estimation of the zonation pattern as mean ± SD for the subjects (bottom). (C) Number of required lobules 

to determine the relative protein expression per lobule with a confidence level of 95% and a margin of error of 20%. 

Relative expression as mean values for individual subjects (averaged over all lobuli per subject) and the corresponding 

boxplot of the means (top). Number of lobules required for individual subjects and the corresponding boxplot (bottom). 

“Reproduced from Frontiers in Pharmacology” (Albadry et al. 2024).
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5. Discussion and perspectives 

5.1. Summary of findings and perspectives 

In this thesis, we obtained two seemingly unrelated key results.  

In experiment A, we investigated the impact of zonated steatosis patterns on specific zonated 

features of drug metabolism in a mouse model. As described above, periportal steatosis did affect 

certain distinct features of the pericentrally located drug metabolism, a phenomenon named 

portalization. Here, mainly the activity of CYP1A and CYP3A was reduced, and  CYP2E1 activity 

was induced, whereas clearance of midazolam and caffeine reflecting the activity of CYP1A2 

respectively, CYP3A4 was delayed. As a next step, we want to investigate the translational 

relevance of these findings to human liver function and disease. Therefore, we plan an 

observational clinical study to study this phenomenon in depth.  

In experiment B, we performed a detailed comparison regarding the spatial expression of key 

drug metabolizing enzymes using a newly established image analysis pipeline. Using this pipeline, 

we observed the increasing similarity in lobular geometry and CYP expression between pigs, rat, 

mice, and humans. However, it is crucial to understand that the results obtained in controlled 

laboratory conditions may only partially reflect the complexity of the human liver. To ensure that 

the findings are applicable to clinical translation, we want to conduct further cross-species studies, 

taking into account species-specific features of drug metabolism and comparing them to human 

counterparts.  

5.1.1. Periportal steatosis affected specific parameters of pericentrally zonated drug-

metabolizing enzymes 

Experiment A resulted in four main findings: 

(1) A high-fat diet low in methionine and choline resulted in periportal steatosis distributed 

heterogeneously throughout the liver. 

(2) The severity and pattern of periportal steatosis did not correlate with the zonated 

expression of the different CYP proteins as visualized by IHC. 

(3) The degree and pattern of periportal fat accumulation were correlated with the alterations 

in the ex-vivo activity of CYP1A, CYP2E1, and CYP3A. 

(4) The severity and pattern of fat accumulation in the periportal hepatocytes correlated with 

alteration in the in-vivo pharmacokinetics of caffeine and midazolam but not codeine.  

To investigate the impact of a clearly defined zonated distribution of steatosis on pericentrally 

located processes, we selected a dietary model of periportal steatosis. Our primary objective was 

to investigate the effect of this periportal pathology on drug metabolism, which is one of the key 
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metabolic processes taking place in the pericentral zone. Based on previous experiences with the 

rats, we used a high-fat diet with reduced methionine and choline content to induce periportal 

hepatic steatosis (Deng et al. 2014). After two weeks of feeding, the mice developed periportal, 

mainly microvesicular, steatosis. In contrast, after four weeks of feeding, the type of steatosis 

changed from mainly microvesicular to predominantly macrovesicular pattern.  

Interestingly, the same diet also caused periportal, mainly macrovesicular steatosis, in rats within 

one week of feeding (Sun 2011;Deng et al. 2014). Extension to the midzonal region was seen 

within two weeks of feeding. Severe steatosis spanning from the periportal to the pericentral region 

was induced within four weeks of feeding.  

Mice did react slower to this induction protocol, as expected based on a recent review by Zhong 

and co-workers (Zhong et al. 2020). They concluded that rats were more susceptible to a high-fat 

diet than mice, as indicated by a faster progression of the histological alterations.  

Furthermore, the pattern of steatosis observed in mice showed specific differences compared to 

rats. Mice exhibit both macrovesicular and microvesicular steatosis. Microvesicular steatosis was 

more pronounced after two weeks of feeding than four weeks. This finding conforms to the 

pathogenesis of steatosis, that the accumulation of tiny lipid droplets in a few hepatocytes is 

involved in the development of steatosis (Satapathy et al. 2015;Gluchowski et al. 2017). The small 

droplets can coalesce into a single large vacuole, giving the hepatocyte the signet-ring 

appearance that characterizes macrovesicular steatosis. Hence, the development of 

macrovesicular steatosis takes more time and is rather the result of a more chronic process, 

whereas microvesicular steatosis represents an early stage of disease. 

Microvesicular steatosis can result from several underlying causes. It may arise due to an acute 

or toxic insult to the liver (Miele et al. 2017), e.g., drug-induced liver injury (Fromenty 2019). 

Furthermore, it may manifest as a result of a mitochondrial disorder that impairs beta-oxidation of 

fatty acids (Silva et al. 2011), potentially impacting metabolic function. 

The severity of hepatic steatosis has been assessed through four complementary approaches. 

We quantified hepatic TG levels biochemically. We determined the relative surface of fat-laden 

hepatocytes to differentiate between normal and steatotic livers. Lipid droplet analysis was 

employed to determine the more subtle differences between the type of steatosis resulting from 

two induction protocols for steatosis. This analysis is frequently used and involves the 

quantification of the white area of lipid droplets in relation to the remaining area (Marsman et al. 

2004;Yersiz et al. 2013;Homeyer et al. 2015;Homeyer et al. 2018). However, the tiny droplets of 

microvesicular steatosis cannot be identified unambiguously, making an exact quantification 

difficult. To overcome this limitation, a pattern recognition algorithm has been trained to separately 
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quantify micro- and macrovesicular steatosis more precisely. This approach is similar to previous 

research in the field (Brunt 2007;Deng et al. 2014) and more comparable to clinical routine 

diagnosis. The clinical assessment of the severity of steatosis is based on estimating the relative 

percentage of hepatocytes with lipid droplets (Kleiner et al. 2005;Brunt 2007). However, 

pathologists must also report zonal distribution (periportal versus pericentral steatosis) and the 

steatosis pattern (macrovesicular versus microvesicular steatosis), albeit only qualitatively. 

The present study has revealed three observations that provide insight into the influence of 

periportal steatosis on drug metabolism, deserving further verification. As mentioned, periportal 

steatosis did not influence the pericentral zonal expression pattern of the four essential CYP 

enzymes examined. However, the activity of CYP1A, CYP2E1, and CYP3A was found to be 

impacted by periportal steatosis. Additionally, the elimination of caffeine (CYP1A2) and midazolam 

(CYP3A4) was found to be decelerated by periportal steatosis, whereas that of codeine (CYP2D6) 

remained unchanged. 

5.1.1.1. Influence of periportal steatosis on the zonal expression of CYP enzymes 

The influence of steatosis patterns or zonal distribution on the level and distribution of CYP 

expression was rarely investigated. We characterized steatosis in terms of severity, type, and 

zonal distribution. Neither micro- nor macrovesicular periportal steatosis affected the spatial 

distribution of CYP enzyme expression. However, we saw distinct effects on CYP activity and drug 

clearance. It is plausible that even if zonation patterns remain unaffected, total mRNA and protein 

expression levels may be reduced in a severely steatotic liver. Additional spatial profiling 

techniques are required to elucidate this issue better.  

Most currently available publications dealing with the impact of steatosis on drug metabolism 

studies do not report the type or zonal distribution of steatosis (as outlined in Appendix, Table S 2 

and S 3). These studies focus on the reduced protein or mRNA expression level in steatotic livers 

from human patients (Fisher et al. 2009), rats (Stärkel et al. 2003;Zhang et al. 2019), and mice (Li 

et al. 2017), as demonstrated by western blot or qPCR (presented in Appendix, Table S 4). 

However, alterations in mRNA levels do not necessarily indicate corresponding changes in protein 

levels and are even less suitable as reliable indicators of protein activity. Various 

posttranscriptional, translational, and posttranslational regulatory mechanisms can influence 

protein expression and activity (Jamwal et al. 2017). 

In conclusion, the regulation of CYP zonal expression levels, distribution, and activity in steatosis 

appears rather complex, as it may be related to the etiology or the animal model used. For 

instance, the upregulation of CYP2E1 in fatty liver disease is attributed to diverse mechanisms, 

as recently outlined in a comprehensive review by (Massart et al. 2022). Conversely, in alcoholic 
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liver disease, it was postulated that the heightened levels of CYP2E1 result from the inhibition of 

degradation by ethanol. However, the mechanism inducing an increased CYP2E1 expression in 

non-alcoholic fatty liver disease still needs to be elucidated. A vicious cycle has been proposed, 

commencing with elevated concentrations of fatty acids and insulin resistance that promote the 

expression of CYP2E1. The resulting increased protein levels of CYP2E1 may, in turn, elicit lipid 

peroxidation and oxidative damage and exacerbate insulin resistance, ultimately exacerbating 

liver fat accumulation.  

Nevertheless, there are certain liver pathologies that affect the zonation and staining intensity of 

the CYP protein. This is evident when the vitality of pericentral hepatocytes is impacted, as often 

happens after intoxication. CCl4-induced toxic liver injury with pericentral necrosis results in a 

decrease in the expression and staining intensity of CYP proteins (Schenk et al. 2017). However, 

changes in CYP expression can also arise in the event of periportal morphological impairment. 

The study of Ghallab and co-workers (2019) is the best example of this, as they found a loss of 

CYP expression not only in the case of pericentral but also in the case of periportal fibrosis 

(Ghallab et al. 2019). Nonetheless, morphological damage is not always a prerequisite for an 

altered CYP expression. Despite normal morphology in a mouse model of chronic intermittent 

hypoxia mimicking sleep apnea, Zhang and colleagues (2018) observed selective loss of CYP1A 

mRNA and protein expression (Zhang et al. 2018). 

The above observations indicate that certain cellular or molecular events in the periportal region 

may lead to a molecular response of cells in the pericentral areas. As previously mentioned, 

Ghallab proposed that in the case of periportal fibrosis, inflammatory mediators might stimulate 

the cellular response of hepatocytes located in the pericentral region, which is similar to what is 

observed in the case of pericentral fibrosis (Ghallab et al. 2019). 

5.1.1.2. Influence of periportal steatosis on CYP activity 

Periportal steatosis did affect the activity of certain CYP enzymes, but the expression pattern 

remained constant. In our study, we noticed a decrease in the activity of the CYP1A and CYP3A 

families in liver tissue as the severity of steatosis increased. In contrast, the activity of CYP2E1 

increased with increasing steatosis severity. The observations above align with the conclusions 

found by other research groups, as outlined in a recent review (Cobbina and Akhlaghi 

2017). Furthermore, as shown in Appendix (Table S 4), our literature work-up confirms these 

findings. Nevertheless, the aforementioned investigations primarily examined the global effects of 

steatosis without taking severity, patterns, or zonated distribution into consideration. 

The downregulation of enzymes belonging to the CYP3A family was observed in cases of 

steatosis, regardless of the species involved. This effect was shown in both humans with NASH 
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(Kolwankar et al. 2007;Fisher et al. 2009;Woolsey et al. 2015) and mice that were fed a high-fat 

diet (Woolsey et al. 2015), as well as rats (Day 2006). Similarly, others found that the activity of 

CYP1A enzymes was reduced in humans (Fisher et al. 2009) and rats (Zhang et al. 2019) but not 

mice.  

Limited research has been conducted on regulating CYP2E1 activity in relation to steatosis. Most 

studies focusing on CYP2E1 have primarily examined mRNA or protein expression. CYP2E1 

activity seems to be correlated with the dietary regimen. Stärkel and colleagues compared two 

distinct dietary models and found that applying 5% orotic acid resulted in increased activity. 

However, the animals fed an MCD diet for 2-6 weeks exhibited decreased activity (Stärkel et al. 

2003). In the latter case, the simultaneous and significant inflammation appeared to impact 

activities negatively. 

In our study, we examined the correlation between the degree of micro- and macrovesicular 

steatosis and the activity of CYP enzymes. We found substantial differences between the two 

patterns in terms of CYP2E1 activity. Microvesicular steatosis did not impair CYP2E1 activity. On 

the contrary, a positive correlation was observed between macrovesicular steatosis and CYP2E1 

activity. This observation differs from the findings reported by Stärkel, who observed a decrease 

in CYP2E1 expression in rats with macrovesicular steatosis induced by the MCD diet (Stärkel et 

al. 2003). Based on these findings, it becomes evident that the role of etiology, steatosis pattern, 

and concurrent inflammation needs additional investigation. 

Nevertheless, the scope of these considerations is limited by the challenge of differentiating and 

assessing CYP enzyme activity that aligns with the expression of individual CYP isoforms. 

However, it is essential to closely monitor the zonal distribution of CYP isoform expression to 

elucidate the correlation with the severity of steatosis. Limited information is available regarding 

the potential cross-reactivity of the CYP isoform antibodies employed. 

In contrast to the other four activity assays, one of them predominantly measures the activity of a 

single isoform, as demonstrated in Table 4. Specifically, the PNPH assay primarily evaluates the 

activity of a distinct isoform, the CYP 2E1. Conversely, the EROD assay assesses the activity of 

subfamily 1A and its major isoform 1A2, while the PROD assay is designed to assess the activity 

of the CYP2B family with key isoforms 2B6 and 2B1. In contrast, the EMND assay provides a 

more comprehensive assessment, covering subfamily CYP3A and its major isoforms 3A4, 3A1, 

and 3A2, as well as other isoenzymes such as Cyp3a11, 3a13, and 3a16 (Baillie and Rettie 2011). 

The ECOD assay is also broad in scope, as it measures the combined activity of isoforms 1A1, 

1A2, 2A1, 2A6, 2B1, 2B6, 2C9, and 2C11. 
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Furthermore, the typically used test drug midazolam is metabolized by other CYP isoenzymes 

found in other subfamilies (Van Waterschoot et al. 2008). Therefore, it is challenging to clearly 

attribute the enzyme activities to the expression of each isoform and pertain to the severity of 

steatosis. 

However, It should be noted that the zonal distribution pattern of CYP2E1 was unaffected by 

steatosis, while, the activity displayed a positive correlation to the severity of steatosis, with high 

significance (p<0.001) observed when comparing severely steatotic samples to controls. 

Additionally, the zonal distribution pattern of CYP1A2 was similar in all three groups, while the 

activity displayed a negative correlation to the severity of steatosis, with moderate significance 

observed when comparing severely steatotic samples to controls. It is important to note that we 

did not investigate the zonal protein expression levels of each isoform in mouse liver, as was done 

in the technically challenging study by (Tachikawa et al. 2018). 

5.1.1.3. Influence of periportal steatosis on pharmacokinetic parameters 

Additionally, we examined how the pattern and severity of steatosis affected the pharmacokinetics 

of three test drugs. We observed the pharmacokinetics of each test drug. It is challenging to 

compare our findings to those of other studies because the majority of them do not provide a 

detailed characterization of steatosis. However, there has been controversy regarding the effect 

of steatosis on drug metabolism in earlier research (Lickteig et al. 2007;Woolsey et al. 

2015;Kulkarni et al. 2016;Li et al. 2017;Bang et al. 2019). This implies that a multitude of factors, 

in addition to the presence or absence of steatosis, may influence drug metabolism. 

The smaller AUC suggests that microvesicular steatosis primarily accelerated the 

pharmacokinetics of caffeine. Nevertheless, this impact was temporary. After the animals 

exhibited a predominance of macrovesicular steatosis, the elimination rate returned to its normal 

state, as evidenced by the statistically significant increase in the AUC. In contrast, Li et al. (2017) 

observed a considerably greater AUC for caffeine in a model with more severe macrovesicular 

steatosis in ob/ob mice fed an MCD diet compared to the control group (Li et al. 2017). Based on 

these findings, the metabolism of caffeine, which is indicative of the activity of CYP1A2, is 

significantly influenced by the pattern of steatosis but with opposing effects. 

However, the pharmacokinetics of midazolam and codeine were unaffected by microvesicular 

steatosis. In contrast, midazolam clearance was slower in individuals with primarily 

macrovesicular steatosis, as evidenced by the significantly higher AUC compared to the group 

with microvesicular steatosis. Using an alternate steatosis induction protocol, Li and co-workers 

did not observe any effect of steatosis on midazolam clearance (Li et al. 2017). In contrast, 

Woolsey and colleagues found that the induction of NASH in humans resulted in an elevation of 
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the AUC of midazolam and a delay in the clearance rate (Woolsey et al. 2015). Nevertheless, they 

failed to provide details about the zonation and distribution pattern of steatosis. These results 

indicate that not only the species and pattern may have an impact but also the etiology of steatosis. 

In the present study, periportal steatosis did not significantly influence the clearance rate of 

intraperitoneally administered codeine, which is indicative of CYP2D6 activity. In a study 

conducted by (Bang et al. 2019), it was observed that severe steatosis in a rat model fed a diet 

containing 1% orotic acid had a notable influence on the AUC and clearance rate of orally 

administered metoprolol, which is also a drug substrate of CYP2D6. However, this effect was not 

observed when metoprolol was administered intravenously. This observation implies that the 

method of administration may potentially have an impact. The statistical analysis determined a 

moderate correlation between the severity and extent of macrovesicular steatosis and the AUC of 

midazolam and codeine. 

In contrast, no correlation was observed between the severity and the pattern of steatosis and the 

AUC of caffeine. In addition, no correlation between microvesicular steatosis and the AUC of any 

of the three test drugs under investigation was observed. These results support that severity and 

pattern are relevant factors affecting selected drug metabolism parameters. 

The findings of our study indicate a significantly greater level of complexity in the connection 

between steatosis and drug metabolism. This work is the initial documentation of the observation 

that drug metabolism is not only influenced by steatosis but also associated with the extent and 

pattern of fat accumulation. Although steatosis did not affect the distribution pattern, the severity 

of periportal macrovesicular steatosis was correlated with the activity of pericentrally expressed 

CYP enzymes and the corresponding drug elimination, as measured by the AUC. 

Consequently, regulation of the activity of pericentrally located CYP enzymes could potentially be 

influenced by factors beyond the presence or absence of fat in the pericentral hepatocytes, 

suggesting some signaling mechanism as proposed by Ghallab in the case of periportal fibrosis 

(Ghallab et al. 2019). 

This finding is consistent with the previous study by Ghallab and colleagues (Ghallab et al. 2019), 

which found that periportal fibrosis has a similar impact on metabolic zonation as pericentral 

fibrosis. In another study (Campos et al. 2020), they proposed an inflammation-associated 

suppression of metabolic gene networks in acute and chronic liver disease. Moreover, it was 

revealed that various types of acute and chronic inflammatory stimuli elicited activation of 

the same gene regulatory networks. Simultaneous upregulation of inflammatory genes and 

downregulation of metabolic genes were observed. The concept referred to as "Molecular 

economy of the hepatic acute phase reaction" was introduced by (Ramadori and Christ 1999). 
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The observation of periportal steatosis altering the activity of particular CYP enzymes could be 

explained by the assumption that hepatic steatosis, even without significant steatohepatitis, can 

serve as a moderate inflammatory stimulus. Nevertheless, the observation in the mouse model of 

chronic intermittent hypoxia suggests that drug metabolism can be modified even without 

morphological changes. This finding suggests the existence of alternative signaling pathways 

(Zhang et al. 2018). 

These observations call for additional and more comprehensive investigations to explore drug 

metabolism and potential intralobular signaling pathways. To obtain a comprehensive evaluation 

of drug metabolism, it is imperative to consider several facets, such as the distribution, expression 

level, activity, and pharmacokinetics of CYP enzymes. When considering steatosis, it is essential 

to consider not only the causes, degree, type, and location of fat accumulation but also the 

presence of inflammatory mediators or other signaling molecules. This approach will aid in 

understanding the currently observed controversial findings. 

5.1.2. Translational relevance and cross-species variability of lobular geometry and 

zonation of CYP protein expression 

The primary objective of experiment B was to examine the interplay between lobular geometry 

and the zonated expression of essential CYP proteins in four species, namely mice, rats, pigs, 

and humans.  

By utilizing WSIs and our newly developed image analysis pipeline, we successfully measured 

the lobular geometry and zonal expression of CYP proteins in the liver of all four species, 

eliminating the need for manual annotation. 

5.1.2.1. Automated image analysis pipeline 

Our image analysis pipeline facilitated a comprehensive and systematic evaluation of lobular 

architectures and the spatial arrangement of crucial CYP450 enzymes across four species: 

mouse, rat, pig, and human. Notably, our approach eliminates the need for manual annotation of 

the whole slide images, a laborious process that is required by prior techniques for segmenting 

hepatic lobules (Schwen et al. 2016;Lau et al. 2021;Peleman et al. 2023;Rong et al. 2023). Our 

pipeline can be seamlessly expanded to measure additional proteins and image modalities, 

including immunofluorescence, provided that stable zonation markers like GS are present in the 

staining data. Moreover, our pipeline has the potential to be effortlessly adapted to examine 

various other tissues, such as the kidney. 

Similar to our approach, the tissue positioning system (TPS) presented recently by Rong employs 

information from various stains to identify the position of the hepatocyte within the lobule based 
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on K-means clustering (Rong et al. 2023). Our methodology takes an additional step by using 

positional data to segment the lobular geometry. Compared to TPS, our approach relies on a 

sequence of serial sections stained with various antibodies, and the corresponding WSI is 

registered. In contrast, TPS necessitates a single fluorescence WSI involving DAPI, GS, and the 

proteins of interest. As previously stated, our method can be easily modified for 

immunofluorescence images, whereas implementing the TPS for conventional IHC may present 

more difficulties. Implementing image registration and stain separation would require additional 

computational steps and the recalibration of artificial intelligence (AI) vessel detection. We have 

successfully showcased the efficacy of our pipeline on samples from various species and liver 

lobes, while the TPS was exclusively employed on mouse samples. It is interesting to determine 

if the TPS can be applied to different species, as the geometric variations in size could pose a 

difficulty for the trained image algorithm. 

5.1.2.2. Lobular geometry 

Our study has demonstrated that lobular geometry exhibits high robustness and stability, 

displaying minimal variation within the liver. This holds for both liver lobes and biological replicates 

while displaying more pronounced differences across different species. We observed increased 

area and perimeter of the lobules with increasing species size, from mouse to rat, pig, and human.  

Although the absolute number of liver lobules differs according to the size of the organ in different 

species, the liver microarchitecture exhibits notable robustness among various species, with only 

slight variations observed in the corresponding two-dimensional (2D) geometric parameters. This 

finding has substantial implications for computational liver modeling. It enables the utilization of 

lobular mathematical models of the liver in various species for simulation purposes, with only slight 

adjustments required (Ricken et al. 2015;Lambers et al. 2023). 

The area and perimeter of the liver lobules were significantly correlated (correlation coefficient r = 

0.99), whereas compactness and area, respectively compactness and perimeter, were moderately 

and negatively correlated (r < 0.65). This observation implies that the three-dimensional (3D) 

structure of a hepatic lobule resembles a more or less asymmetric ovoid sphere. To achieve a 

comprehensive 3D reconstruction of entire hepatic lobules, it is necessary to undertake additional 

technical efforts beyond simply registering a stack of stained sections to extract the 2D lobular 

shape. It is imperative to ascertain the 3D structure and arrangement of the liver lobules within the 

framework of the vascular tree. However, the comprehensive 3D reconstruction of the hepatic 

lobule, vascular tree, and sinusoidal network presents further computational challenges beyond 

the current approach.  
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As part of the work, we created a robust method for non-rigid registration of a small stack of WSI 

sections, resulting in multiplex protein images. Although the registration process results in a loss 

of spatial resolution, the obtained results are adequate for identifying lobular geometries and 

zonation patterns of proteins. However, these results do not provide sufficient information to 

resolve subcellular details. The workflow described is highly suitable for 

immunofluorescence WSIs containing multiple proteins. This workflow enables the accurate 

determination of zonation patterns and lobular geometries with a high level of spatial resolution. 

Establishing an image processing workflow is essential for subsequent investigations in imaging 

and modeling. The established automatic registration and lobule segmentation without prior 

annotation are also essential for extending the analysis to larger datasets, such as 3D 

reconstruction of the hepatic lobule and extraction of the vascular and sinusoidal network. Both 

prerequisites are necessary for simulating flow using actual lobular geometry, which is essential 

for further simulating the relationship between perfusion and function. 

5.1.2.3. CYP zonal expression 

Drug metabolism studies have been conducted in human subjects and experimental animals from 

various species over many years. All these studies are based on the assumption that the findings 

obtained from animal studies reflect the clinical situation.  

However, there has been limited focus on the spatial distribution and zonal expression of CYP 

proteins in various species despite its potential relevance in elucidating variations in drug 

metabolism and toxicity across species. We systematically analyzed the spatial distribution and 

zonation patterns of four CYP450 enzymes (CYP1A2, CYP2D6, CYP2E1, and CYP3A4) in four 

species, namely mice, rats, pigs, and humans. We only found one other study regarding the zonal 

distribution and expression of CYPs, comparing the panlobular expression of CYP3A4 in the liver 

of adult minipigs. They also described the reported pericentral to midzonal expression observed 

in humans (Van Peer et al. 2014). 

The extent and zonal distribution of CYP expression are likely to impact metabolic activity 

significantly and can be crucial for interpreting translational studies. Significant similarities were 

observed in zonal GS and CYP2E1 expression across different species. Our findings are 

consistent with previous research conducted by (Martignoni et al. 2006), which also reported a 

high level of similarity in catalytic activity. The researchers concluded that there were no significant 

variations in CYP2E1 activity across different species, and the ability to extrapolate between 

species was quite reliable. On the other hand, our study has observed substantial interspecies 

variations in the expression pattern and catalytic activity of the species-specific isoforms of 

CYP1A, namely -2C, -2D, and -3A (Martignoni et al. 2006;Dalgaard 2015). The observed 
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variations in hepatotoxicity may be attributed to variations in the degree of expression and catalytic 

activity. 

Understanding the distinct characteristics of drug metabolism in different species, including 

variations and similarities in CYP patterns, will enhance our ability to predict efficacy and toxicity 

in a given species. This knowledge could influence drug testing and preclinical drug development 

and contribute to the development of safer and more efficient therapeutic strategies. 

5.1.2.4. Minimal number of lobules 

In clinical pathology, assessing a minimum number of lobules is strongly advised to achieve a 

sound pathological diagnosis. Misdiagnosis can occur due to insufficient sample size, particularly 

in cases where the minimum number of portal fields is not acquired, the disease process is 

confined to a specific area, and the interpreter needs more expertise. According to (Sherlock and 

Dooley 2002), the ideal length for a liver biopsy is 1-4 cm, and the weight should be between 10-

50 mg. According to (Bravo et al. 2001), most hepato-pathologists rely on biopsy specimens that 

include a minimum of six to eight portal triads. This is particularly relevant for diagnosing and 

grading chronic liver disease, where the severity may differ between hepatic lobules. According to 

a recent study conducted by (Agarwal et al. 2022), it has been found that to accurately diagnose 

allograft rejection, a clinical liver biopsy should represent a minimum of 10 complete portal fields. 

This number comes exclusively from pathological expertise and does not rely on precise 

measurement of lobular shape and staining patterns. 

In the present study, we determined the minimum number of lobules necessary for calculating 

geometric parameters such as area and perimeter, protein zonation patterns, and percentage of 

stained area. Notably, the minimum number of lobules necessary for a reliable quantitative 

examination of lobular geometry differed depending on the parameter and the accepted error 

margin for the estimate. On the one hand, the compactness exhibited the highest level of 

robustness, necessitating only 2.2 to 3.8 lobules for the desired diagnostic reliability. On the other 

hand, the area exhibited a lower level of robustness, requiring a range of 44.5 to 82.4 lobules to 

achieve a confidence level of 95% with a margin of error of 20%. The need for a substantial 

number of lobules to obtain a reliable estimation of lobular geometry arises from substantial 

variations in geometric parameters observed among different lobules within a single subject. On 

the contrary, the mean values among individuals or even species exhibit high similarity. 

The quantification of the minimum number of lobules necessary for evaluating the zonated 

distribution exhibited significant variations across different species. The primary determinant of 

the large number of required lobules was the substantial coefficient of variation in the protein 

quantity across spatial locations. In other words, as the zonation patterns between different lobules 
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within a sample became more heterogeneous, the number of lobules required for a dependable 

estimation increased. The observed variations in zonation patterns across distinct lobules may 

have significant consequences for the toxicity or the spatial regulation of drug metabolism. 

When conducting the same calculation for CYP staining, it was found that a significantly smaller 

number of lobules was needed to achieve the same level of confidence regarding the relative area 

covered by a specific stain. Reliable quantification in rat and mouse livers required fewer than ten 

lobules. For pig liver, 10-20 lobules were needed, and for human livers, 10-50 lobules, depending 

on the CYP enzyme. In other words, the number of lobules required was related to the specific 

protein and the species under investigation. 

In this study, we only examined normal livers from the four species. Structural abnormalities are 

highly likely to increase the minimum number of lobules. As anticipated, an increase in the 

variability of the measurement of interest across various lobules necessitates a greater number of 

lobules to obtain a dependable estimation of the parameter. Even basic measurements like the 

lobular area necessitate a substantial number of lobules, which can be acquired from a WSI of a 

large liver sample but not from a single liver core biopsy. Significant spatial variability in numerous 

parameters employed in histopathological scoring systems poses a considerable obstacle to 

achieving reliable assessment.  

Taken together, the minimum number of lobules is related to various factors, including the species, 

the parameters in question, and potentially the morphology of the liver. In numerous instances, 

this numerical value exhibits a significant disparity compared to the standard pathological criteria 

for clinical diagnosis. The findings of our study indicate that it is advisable to be cautious when 

interpreting quantitative analyses of clinical biopsies. The findings of this study may have 

significant implications for clinical pathology, where the number of lobules determined here cannot 

be acquired with a single biopsy. 

In conclusion, we have introduced an automated approach to evaluating the shape and pattern of 

lobular structures using WSI without manual image annotation. With this approach, we can 

systematically compare the lobular structures and the distribution and expression of crucial CYP 

enzymes (CYP1A2, CYP2D6, CYP2E1, and CYP3A4) and GS in different animal species (mouse, 

rat, pig, and human).  

Based on our resulrs, zonated CYP expression in mice is most similar to humans. Therefore, mice 

appear to be the most appropriate species for drug metabolism studies unless larger animals are 

required for other reasons, e.g., when studying the impact of surgical procedures on drug 

metabolism. CYP2E1 and CYP2D6 could be the CYP enzyme of choice to analyze when 

comparing the four different species. CYP1A2 could also be considered an additional CYP 
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enzyme for comparing rodents and humans. If only mice and humans were compared, CYP3A4 

could also be used.  

In summary, our image analysis pipeline and recommendations for species and CYP enzyme 

selection can help improve cross-species and translational drug metabolism studies. 

5.2. Implications for future studies 

5.2.1. Impact of steatosis on zonated parameters of drug metabolism in humans 

As mentioned before, the impact of steatosis on CYP-mediated drug metabolism has been 

discussed controversially. Experimental and clinical studies consistently reveal that CYP3A4 is 

downregulated in fatty liver, either in terms of its activity, expression level, and/or 

pharmacokinetics (Weltman et al. 1996;Stärkel et al. 2003;Bell et al. 2010;Hata et al. 2010;Merrell 

and Cherrington 2011;Kostrzewski et al. 2017). In contrast, most but not all human and animal 

studies report that CYP2E1 activity or expression is upregulated in non-alcoholic steatohepatitis 

(Weltman et al. 1996;Weltman et al. 1998;Bell et al. 2010;Jiang et al. 2016;Rey-Bedon et al. 2022). 

However, some authors observed contradictory observations, as summarized in Appendix, Table 

S 3. For example, Fisher et al. (2009) reported a decrease in the mRNA and protein expression 

of CYP2E1 in patients with hepatic steatosis (Fisher et al. 2009). Similarly, as mentioned before, 

Stärkel et al. (2003) observed that CYP2E1 activity and mRNA expression decreased in rodents 

fed an MCD diet (Stärkel et al. 2003). So far, little emphasis has been placed on a detailed 

description of the underlying etiology affecting the degree, type, and zonation of fat accumulation. 

These factors may influence CYP expression patterns and activity, thus, CYP-mediated functions 

such as drug metabolism. 

Our finding that periportal steatosis affects distinct parameters of pericentrally located drug 

metabolism supports the groundbreaking observation of Ghallab and his group (Ghallab et al. 

2019). He demonstrated that periportal fibrosis affects pericentral metabolic processes similarly 

to pericentral fibrosis. However, they did not investigate the functional activity of the CYP 

enzymes. Complementary to Ghallab, we observed that even moderate periportal steatosis did 

affect not all but distinct parameters of pericentral drug metabolism.  

Our findings from the first study are noticeable from a scientific point of view and could even have 

a certain translational impact. It is scientifically of interest to better understand metabolic zonation, 

the processes impairing it, and the resulting impact on overall function. The findings could also be 

of clinical relevance to better understand the potential side effects of drugs in patients with hepatic 

steatosis.  

For instance, patients with hepatic steatosis may experience altered clearance rates of certain 

drugs, such as paracetamol and tamoxifen, leading to increased drug concentrations and a higher 
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risk of toxicity (Massart et al. 2017). As reported by Miele in 2017, “there is growing awareness of 

the potential risk factors for drug-induced liver injury due to the underlying metabolic condition” 

(Miele et al. 2017). Furthermore, steatosis patients may suffer from aggravation of NAFLD in case 

of being treated with drugs affecting lipid metabolism (Tarantino et al. 2009). These examples 

highlight the importance of understanding the potential side effects of drugs in this patient 

population.  

In experiment A, we showed that steatosis did affect the activity of certain CYP enzymes that 

metabolize potentially hepatotoxic drugs such as methotrexate. This could increase the risk of 

developing drug-induced liver injury or drug-induced steatohepatitis.  

Nevertheless, it is important to acknowledge that the translation of findings from animal models to 

humans may not always be straightforward due to underlying biological differences. Results 

obtained in controlled laboratory conditions may only partially reflect the complexity of the human 

liver. Further research is required to validate the findings in humans and to determine the extent 

of their relevance in the clinical context. Therefore, we want to continue our cross-species analysis 

in two directions to improve prediction and select more species-independent parameters. Firstly, 

we need to examine the spatial expression of drug-metabolizing enzymes in steatotic samples 

from the four species. Secondly, we need to investigate other features of drug metabolism, such 

as mRNA expression, protein expression, and activity. 

In a further step, we plan to investigate the effect of zonal steatosis on drug metabolism in humans. 

We will compare the effect of predominantly periportal versus pericentral steatosis. If the results 

obtained by (Ghallab et al. 2019) using a mouse model of periportal fibrosis and our results using 

a mouse model of periportal steatosis can be translated. We anticipate a similar effect on periportal 

versus pericentral steatosis. However, this effect is likely to be limited to specific aspects of drug 

metabolism, such as CYP 1A2 and 2E1, but may not necessarily affect drug metabolism in total, 

which makes it impossible to come up with a general recommendation.  

5.2.2. Cross-species analysis of fat distribution and implications on spatial expression 

of drug-metabolizing enzymes 

So far, as described in the translational study in experiment B, we have examined exclusively 

normal livers in the four species. Structural abnormalities are quite likely to cause an increase in 

the minimum number of lobules. We expect that higher variability in the targeted readout among 

different lobules will require to examine a higher number of lobules to obtain a reliable estimate of 

the parameter. The spatial distribution of expression in healthy animals is not necessarily 

predictive of the expression under disease conditions. 
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Therefore, we want to develop our image analysis pipeline further for the zonated quantification 

of steatosis. Here, we plan to include livers with steatosis from the four species to assess the 

impact of the disease on lobule variability. By examining livers with steatosis, we aim to determine 

whether the structural abnormalities caused by the disease result in a further increase in the 

minimum number of lobules required for accurate parameter estimation. Additionally, we aim to 

investigate whether the spatial distribution of CYP expression in steatotic livers from different 

species differs from that of healthy livers. 

Furthermore, the spatial distribution of CYP expression is not necessarily predictive of the activity 

of the given CYP enzyme. Various factors influence enzyme activity, such as post-translational 

modifications, protein-protein interactions, and co-factors (Kokkinidis et al. 2020). Therefore, we 

plan a subsequent study to investigate mRNA expression, protein content, and in vitro activity 

across various species, including mice, rats, and humans. By doing that, we will gain insights into 

the impact of steatosis on features of drug metabolism in different species. This knowledge will 

help to better select a suitable animal model for translational drug metabolism studies.   

5.2.3. Heterogeneity of fat distribution as an additional factor influencing result 

interpretation  

Hepatic steatosis can manifest with a widespread, almost diffuse, segmental, or localized 

distribution. Diffuse fatty infiltration of the liver can result in hepatomegaly, which is even 

detectable upon clinical examination due to the round borders of the liver. In cases of non-diffuse 

steatosis, the fat might be distributed anatomically (segmental steatosis) or non-anatomically 

(focal steatosis) (Bazzocchi et al. 2008). This is not an uncommon finding and has been reported 

repeatedly (Capitan et al. 2012;Choi et al. 2015;Keramida et al. 2016). However, clinical 

assessment of hepatic steatosis is mainly based on imaging technologies with a much lower 

resolution compared to histology. In other words, the extent of heterogeneity in fat distribution and 

the impact of fat distribution on drug metabolism have not yet been fully explored clinically. 

Based on histological data, we observed in mice (Schwen et al. 2016), but also in rats (Homeyer 

et al. 2018), a striking heterogeneity in the lobar distribution of hepatic steatosis on all levels, in 

terms of interlobular variation, lobar variation, and inter-individual variation. One extreme example 

of this striking heterogeneity is shown in (Figure 9).  

However, the reason for the heterogeneous spatial distribution of fat in the liver is unclear. This 

heterogeneity may pose problems when only obtaining a small biopsy from the large liver, as done 

clinically (Arun et al. 2007). In this case, it remains rather unclear whether the given sample truly 

represents the condition of the total organ. Therefore, we subjected tissue from four distinct liver 
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lobes of each animal for histological analysis to reach a sound quantification. Using WSI facilitated 

the automated analysis of these large samples.  

To get a better idea of the spatial distribution of drug metabolism enzymes, we plan to examine 

not only the heterogeneity of steatosis but also the key parameters of drug metabolism in the 

mouse model. Here, we want to quantify steatosis in whole mouse livers based on image analysis 

of whole slide scans and biochemical quantification in cryo samples. Furthermore, we want to 

investigate CYP mRNA, protein, and activity in multiple samples of mouse livers. By doing so, we 

will estimate the heterogeneity of fat distribution and its eventual impact on drug metabolism.  

5.2.4. Computational modeling as an additional tool to support further investigations 

Improvement of study design Improvement of understanding using 

computational modeling 

Computational modeling is crucial for predicting physiological responses under different conditions 

and will, in the long run, facilitate the clinical translation of data (Lerapetritou et al. 2009). In a 

recent joint cooperative work (Lambers et al. 2024), we created a multiscale mathematical model 

to simulate fat zonation and metabolism by incorporating hepatic lobular geometry, physiologically 

relevant microperfusion, and oxygen distribution on lobular and cellular scales (Figure 21). This 

mathematical computational model facilitates the prediction of zonated fat accumulation in the 

hepatic lobule by considering aspects such as perfusion, oxygen levels, plasma-FFA content, 

oxidative processes, and triglyceride generation.  

 

Figure 24.  Overview of modeling implication for better understanding of NAFLD. “Created with BioRender.com.” 

In a subsequent recent computational study (Steffen et al. 2024), the perfusion-zonation-function 

relationship for drug-induced lobular necrosis pattern was modeled. A partial differential equation-
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based porous media approach for the liver lobule was coupled with Ordinary differential equation-

based models on a cellular scale. In this approach, the Ordinary differential equation-based 

models on a cellular scale were used to describe hepatic metabolism and distribution of drug-

metabolizing enzymes. In contrast, the porous media-based models represented transport and 

tissue-mechanical properties and deformations on the lobulus scale. 

Implementing these modeling approaches in the planned observational clinical study will hopefully 

contribute to a better understanding of the impact of periportal respectively pericentral steatosis 

on the portalization of drug-metabolizing enzymes. 
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6. Summary 

Background: It was recently reported that periportal fibrosis in mice did affect the expression of 

CYP proteins, a set of pericentrally located drug-metabolizing enzymes. This observation 

suggests an interplay between zonated morphological disorders and metabolic zonation, a 

potentially clinically relevant finding. Therefore, we raised the hypothesis that periportal steatosis 

in mice may affect zonated drug metabolism parameters. Cross-species variation has not yet been 

systematically explored with respect to hepatic lobular geometry and CYP expression as needed 

for clinical translation. We hypothesized that lobular geometry as an anatomical feature is species-

independent, whereas CYP zonal expression as a functional parameter is species-dependent. 

Method: We performed a detailed drug metabolism study in mice with periportal steatosis induced 

by feeding a high-fat methionine-choline reduced diet applied over two, respectively, four weeks. 

Drug metabolism was assessed in terms of the spatial distribution of drug-metabolizing CYP 

enzymes, CYP activity, and a pharmacokinetic study. For the cross-species analysis, we involved 

four species: mouse, rat, pig, and human. We developed an automated pipeline based on whole 

slide images (WSI) of hematoxylin-eosin-stained liver sections and immunohistochemistry to 

quantify lobular geometry and zonated expression of key cytochrome P450 (CYP) enzymes. 

Results: Periportal steatosis did not alter the pericentral expression pattern of the CYP enzymes. 

However, the activity of selected CYPs was related to the type and severity of steatosis. Caffeine 

elimination was accelerated by microvesicular steatosis, whereas midazolam elimination was 

delayed in macrovesicular steatosis. Using the newly developed automated image analysis 

pipeline, we observed that hepatic lobular geometry is rather robust, whereas zonated expression 

shows species-specific features, with mice being most similar to humans. 

Conclusion: In this thesis, we demonstrated that periportal pathology such as steatosis could 

affect certain features of hepatic drug metabolism, a metabolic process taking place in the 

pericentral region. We demonstrated the robustness of lobular geometry in four different species 

and described the impact of the given species on the spatial distribution of CYP proteins in normal 

livers.  

Perspective: Our planned future studies include assessing species-specific features of steatosis, 

including heterogeneity, and their implications for the spatial distribution of CYP expression. 

Based on this data, we want to perform a translational study using human samples to confirm the 

impact of periportal and pericentral steatosis on distinct parameters of drug metabolism.  
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7. Zusammenfassung 

Auswirkungen der Steatose auf den Arzneimittelstoffwechsel der Leber: Funktionelle und 

translationale Implikationen 

Hintergrund: Vor kurzem wurde berichtet, dass die periportale Fibrose bei Mäusen die 

perizentrale Expression von Proteinen des Arzneimittelstoffwechsel (CYP-Enzymen), 

beeinträchtigt. Diese Beobachtung impliziert eine Wechselwirkung zwischen zonierten 

morphologischen Störungen und metabolischer Zonierung, einem potenziell klinisch relevanten 

Phänomen. Daher stellten wir die Hypothese auf, dass die periportale Steatose bei Mäusen die 

Parameter des zonierten Arzneimittelstoffwechsels beeinflussen könnte. Speziesübergreifende 

Unterschiede in Bezug auf die hepatische Läppchengeometrie und CYP-Expression wurden noch 

nicht systematisch untersucht, was für weitere translationale Stedien jedoch wichtg ist. Daher 

postulierten wir, dass die lobuläre Geometrie als anatomisches Merkmal spezies-unabhängig ist, 

während die Zonale CYP Expression als funktioneller Parameter spezies-abhängig ist. 

Methode: Wir untersuchten den Arzneimittelstoffwechsels bei Mäusen mit periportaler Steatose, 

die durch eine fettreiche, methionin-cholinreduzierte Diät über 2 bzw. 4 Wochen induziert wurde. 

Der Arzneimittelstoffwechsel wurde anhand der räumlichen Verteilung der CYP-Enzyme, der 

CYP-Aktivität und einer pharmakokinetischen Studie untersucht. Für die speziesübergreifende 

Analyse haben wir vier Spezies herangezogen: Maus, Ratte, Schwein und Mensch. Wir haben 

eine automatisierte Bildanalyse-Pipeline entwickelt, die Ganzbildaufnahmen (WSI) von 

Hämatoxylin-Eosin- und immunhistochemisch gefärbten Leberschnitten nutzt, um die lobuläre 

Geometrie und die zonierte Expression von Cytochrom P450 Enzymen zu quantifizieren.  

Ergebnisse: Die periportale Steatose veränderte das perizentrale Expressionsmuster der CYP-

Enzyme nicht. Die Aktivität ausgewählter CYPs war jedoch mit Schweregrad und Typ der Steatose 

assoziiert. Die Eliminiation von Koffein wurde durch mikrovesikuläre Steatose beschleunigt, 

während die von Midazolam bei makrovesikulärer Steatose verzögert war. Mit der automatisierten 

Bildanalyse-Pipeline konnten wir feststellen, dass die lobuläre Geometrie der Leber recht robust 

ist, während die zonierte Expression artspezifische Merkmale aufweist. 

Zusammenfassung: Wir haben gezeigt, dass die periportale Steatose bestimmte Merkmale des 

hepatischen Arzneimittelstoffwechsels beeinflussen kann. Wir haben die Robustheit der lobulären 

Geometrie bei vier verschiedenen Spezies nachgewiesen und die Spezies-abhängige  räumliche 

Verteilung der CYP-Proteine in normalen Lebern beschrieben.  

Ausblick: Künftig wollen wir die speziesabhängigen Auswirkungen der Steatose und ihrer 

heterogenen Verteilung auf die zonierte Expression von CYP-Enzymen untersuchen. Auf der 

Grundlage dieser Daten planen wir eine translationale klinische Studie, um die Auswirkungen der 
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periportalen und perizentralen Steatose auf verschiedene Parameter des 

Arzneimittelstoffwechsels zu bestätigen. 
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9. Appendix 

9.1. Supplementary tables 

Table S 1. Formulation of a typical and high-fat diet with low levels of methionine and choline. “Reproduced 

with permission from Springer Nature” (Albadry et al. 2022). 

Nutrients Standard control diet [%] 
1320 formula, Altromin International 

High fat diet with low methionine [%] 
(www.ssniff.de) 

Dry matter 88,7 96.8% 

Crude protein (N x 6.25) 19.2 12.9% 

Crude fat 4.1 15.1% 

Sugar/Dextrins Not available 45.1% 

Starch Not available 14.1% 

N free extracts 55% 57.8% 

Crude ash 5.9% 5.9% 

Crude fibre 6.1% 5% 

Methionine 0.27% 0.14% 

Lysine 0.81% 1.25% 

Lys : Met+Cys Not available 1: 0.28% 

Met+Cys Not available 0.35% 

 

 

 

 

 

 

 

 

 

 

 

 

https://altromin.de/produkte/standarddiaeten/ratten/1320
http://www.ssniff.de/
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Table S 2. Compilation of studies investigating the impact of hepatic steatosis on drug metabolism. Those 

studies were mostly focusing on PK, CYP protein expression level and enzyme activity, but less on zonal 

distribution of CYP enzymes. “Reproduced with permission from Springer Nature” (Albadry et al. 2022). 

Study species Model PK Activity IHC WB mRNA 

Own study (Albadry et al. 2022) Mouse MCD+HF diet/4wks, NAFLD Y Y Y - - 

(Woolsey et al. 2015) Human NASH Y Y - - Y 

(Fisher et al. 2009) Human NASH - Y - Y Y 

(Kolwankar et al. 2007) Human NASH - Y - Y Y 

(Weltman et al. 1998) Human NASH - - Y - - 

(Hata et al. 2010) Human Steatosis (Type: NA) - - Y - Y 

(Bell et al. 2010) Human NASH - - - Y - 

(Aljomah et al. 2015) Human NASH - - - - Y 

(Kulkarni et al. 2016) Mouse 
HF diet+High fructose 

diet/8wks 
Y - - - - 

(Li et al. 2017) Mouse MCD dieet/ 4wks Y - - Y Y 

(Woolsey et al. 2015) Mouse HF diet/4wks - Y - - Y 

(Abdelmegeed et al. 2012) Mouse HF diet/ 10 wks - Y - - - 

(Lickteig et al. 2007) SD rat HF diet/ 8wks Y - - - - 

(Lickteig et al. 2007) SD rat MCD-diet/8wks Y - - - - 

(Bang et al. 2019) SD rat 
1% orotic acid-diet (OA)/ 4-

5wks 
Y - - Y - 

(Zhang et al. 2019) SD rat HF diet  - Y - Y Y 

(Stärkel et al. 2003) Wi Rat MCD/ 2-6wk - Y - Y - 

(Stärkel et al. 2003) Wi Rat 5% OA/ 2-6wk - y - Y - 

(Weltman et al. 1996) Wi Rat MCD-diet/ 13wks - Y Y - Y 

(Jiang et al. 2016) Wi Rat HF-diet/ 14wk - - Y - - 

(Woolsey et al. 2015) 
human hepatoma 

cells 
in vitro cellular steatosis - Y - - Y 

(Donato et al. 2006) Human hepatocytes in vitro cellular steatosis - Y - - Y 

(Donato et al. 2007) Human hepatocytes in vitro cellular steatosis - Y - - Y 

(Kostrzewski et al. 2017) Human hepatocytes in vitro cellular steatosis - Y - - Y 

(Rey-Bedon et al. 2022) human hepatocytes in vitro cellular steatosis - - - - Y 

 

 



APPENDIX 

105                                                               
 

Table S 3. Contradictory results regarding the impact of hepatic steatosis on expression and activity of selected CYP enzymes. (IHC=H, Western 

Blot = W, mRNA expression= m, Activity=A; pk=pharmacokinetics; blue color = ↓; light red color = ↑; yellow color= no difference). “Reproduced with 

permission from Springer Nature” (Albadry et al. 2022). 

Study species Model CYP3A CYP1A CYP3A4 CYP1A2 CYP2D6 CYP2E1 2A6 2A1 2B6 2B1 2C9 2C19 3A1 3A2 2C29 2C11 3A5 2D22 4A 4A1 7A1 

Own 
study 

Mouse MCD+HF diet ↓ A ↓ A 
↓ Pk 

No diff H 
↓ Pk 

No diff H 
No diff 
Pk, H 

↑A 
No diff H 

- - - - - - - - - - - - -  - 

(Fisher et al. 2009) Human NASH - - 
↓ 

A, m 
↓ 

W, A, m 
↓ 

W, m 
↓ 

W, m 
↑ 

W, A 
- 

↑ 
W 

- 
↑ 

W, A 
↓ 

A,m 
- - - - - - -  - 

(Weltman et al. 1998) Human NASH - - 
↓ 
H 

- - 
↑ 
H 

- - - - - - - - - - - - -  - 

(Kolwankar et al. 
2007) 

Human NASH 
↓A, 

No diff in m, W 
- 

↓A, 
No diff in m, 

W 
- - - - - - - - - - - - - - - -  - 

(Woolsey et al. 2015) Human NASH - - ↓ A, m, Pk - - ↑ m - - - - - - - - - - - - -  - 

(Aljomah et al. 2015) Human NASH - - - - - ↑ m - - - - - - - - - - - - -  - 

(Bell et al. 2010) Human NASH - - ↓ H - - ↑ H - - - - - - - - - - ↓ H - -  - 

(Hata et al. 2010) Human Steatosis - - ↓ m, H - - ↑ m, H - - - - - - - - - - - - -  - 
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(Woolsey et al. 2015) Mouse HF diet - - ↓ A,m - - ↑ m - - - - - - - - - - - - -  - 

(Abdelmegeed et al. 
2012) 

Mouse HF diet - - - - - ↑ A - - - - - - - - - - - - -  - 

(Li et al. 2017) Mouse MCD diet 
↓ 

W,M 
- No diff pk 

↓ 
W, m,pk 

No diff pk - - - - - 
No diff 

pk 
No diff 

pk 
- - 

↓ 
W, m 

- - 
↓ 

W, m 
-  - 

(Zhang et al. 2019) SD rat HF diet - - - 
↓ 

W, A, m 
- 

No diff W, 
A 

- - - ↓ A, m - - 
↓ m, A 

no diff W 
no diff 
W, A 

- 
↓ 

W, A, m 
- - - 

↓ 
A, m 

- 

(Bang et al. 2019) SD rat 
1% OA diet, 

Oral metoprolol 
- - - - 

↓ 
W, Pk 

- - - - - - - - - - - - - -  - 

(Bang et al. 2019) SD rat 
1% OA diet, 

i.v metoprolol 
- - - - 

↓W, 
No diff. Pk 

- - - - - - - - - - - - - -  - 

(Stärkel et al. 2003) Wi Rat MCD diet 
↓ A, 

No diff. W 
- - - - ↓ A, m - - - - - - - - - - - - 

↓ A, 
W 

 - 

(Stärkel et al. 2003) Wi Rat 5% OA diet 
↓ A, 
↑ W 

- - - - 
↑ 

W,A 
- - - - - - - - - - - - 

No 
diff 

 - 

(Weltman et al. 1996) Wi Rat MCD diet - - - - - 
↑ 

A, m, H 
- ↓ A - - - - - ↓A - ↓A - - -  - 

(Jiang et al. 2016) Wi Rat HFD diet - - - - - ↑H - - - - - - - - - - - - -  - 
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(Donato et al. 2006) 
Human 

hepatocytes 
in vitro cellular 

steatosis 
- - 

↓ 
A, m 

↓ 
A, m 

↓ 
A, m 

↓ 
A, m 

↓ 
A, m 

- 
↓ 

A, m 
- 

↓ 
A, m 

- - - - - - - -  - 

(Donato et al. 2007) 
Human 

hepatocytes 
in vitro cellular 

steatosis 
- - 

↓ 
A,m 

↓ 
A, m 

- 
↓ 

A, m 
- - - - 

↓ 
A, m 

- - - - - - - -  - 

(Kostrzewski et al. 
2017) 

Human 
hepatocytes 

in vitro cellular 
steatosis 

- - 
↓ 

A, m 
No diff No diff 

↑ 
A, m 

- - - - 
↓ 

A, m 
- - - - - - - - - 

↑ 
A, m 

(Woolsey et al. 2015) 
human 

hepatoma 
in vitro cellular 

steatosis 
- - 

↓ 
A, m 

- - 
↑ 
m 

- - - - - - - - - - - - -  - 

(Rey-Bedon et al. 
2022) 

human 
hepatocytes 

 

in vitro cellular 
steatosis 

- 
↓ 
m 

- - - 
↑ 
m 

- - 
↑ 
m 

- 
No diff 

m 
- - - - - - - -  - 
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Table S 4. Lack of characterization of steatosis in previous drug metabolism studies (NASH= Nonalcoholic 

steatohepatitis; HF= High fat; MCD= Methionine choline deficient; OA= Orotic acid). “Reproduced with 

permission from Springer Nature” (Albadry et al. 2022). 

Study species Model severity pattern zonation 
Drug 

Metabolism 
Assay 

Own  
Study 

Mouse MCD+HF diet moderate 
Micro and 

Macro 
periportal PK, IHC, Activity 

(Weltman et al. 
1998) 

Human NASH severe Macro diffuse IHC 

(Fisher et al. 
2009) 

Human NASH severe - - 
WB, Activity, 

mRNA 
expression 

(Kolwankar et al. 
2007) 

Human NASH - Macro - 
WB, Activity, 

mRNA 
expression 

(Woolsey et al. 
2015) 

Human NASH - - - 
PK, Activity, 

mRNA 
expression 

(Aljomah et al. 
2015) 

Human NASH - - - 
mRNA 

expression 

(Bell et al. 2010) Human NASH - - - IHC 

(Hata et al. 2010) Human Steatosis - - - 
IHC, mRNA 
expression 

(Woolsey et al. 
2015) 

Bl6 Mouse HF diet - - - 
Activity, mRNA 

expression 

(Abdelmegeed et 
al. 2012) 

Wild type 
Mouse 

HF diet 
 

- 
micro- 

and 
macro 

- Activity 

(Kulkarni et al. 
2016) 

Bl6 Mouse 
HF diet+High 
fructose diet 

- Micro - PK 

(Li et al. 2017) 
Leptin 

deficient 
ob/ob Mouse 

MCD/4wks Severe Macro - PK, WB, mRNA 

(Lickteig et al. 
2007) 

SD rat HF diet mild Micro? Periportal? Pk 

(Lickteig et al. 
2007) 

SD rat MCD diet severe Macro? Diffuse? PK 

(Bang et al. 2019) SD rat 1% OA diet severe - - PK, WB 

(Zhang et al. 
2019) 

SD rat HF diet - - - 
WB, Activity, 

mRNA 
expression 

(Weltman et al. 
1996) 

Wi Rat MCD diet severe macro diffuse 
IHC, Activity, 

mRNA 
expression 

(Jiang et al. 2016) Wi Rat HF diet - macro PC IHC 

(Stärkel et al. 
2003) 

Wi Rat MCD diet severe macro 
2wks diffuse 

6wks 
pericentral 

WB, Activity 

(Stärkel et al. 
2003) 

Wi Rat 5% OA diet severe micro 
2wks 

pericentral 
6wks diffuse 

WB, Activity, 
mRNA 

expression 
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Table S 5. Additional parameters of pharmacokinetic study (a = significance difference between Control vs. 

2Wks HF-diet; b = significance difference between Control vs. 4Wks HF-diet; c = significance difference 

between 2Wks HF-diet vs. 4Wks HF-diet HF-diet). “Reproduced with permission from Springer Nature” 

(Albadry et al. 2022). 

Group Control 2 Wks MCD+HFD 4 Wks MCD+HFD 

Midazolam 

 

AUC (hr·ng/mL) 38.38±28.32 37,80±13.36 76,47±25.07*c 

t1/2 (hr) 0.529±0.175 0.919±0.250 1.096±0.584 

Cmax (ng/ml) 59.05±38.42 36.04±16.53 75.29±40.82 

Time of Cmax (hr) 0.315±0.104 0.548±0.149 0.653±0.348 

Caffeine 

AUC (hr·ng/mL) 1999±350.4 1119±219.4**a 2434±306.6****c 

t1/2 (hr) 1.501±0.307 0.8215±0.383*a 1.156±0.206 

Cmax (ng/ml) 1165±227.2 1326±504.7 1833±547.4 

Time of Cmax (hr) 0.894±0.83 0.489±0.228*a 0.689±0.123 

Codeine 

 

AUC (hr·ng/mL) 155.1±10.39 144.1±26.30 190.1±21.11**c 

t1/2 (hr) 0.517±0.064 0.479±0.031 0.579±0.054**c 

Cmax (ng/ml) 254.9±37.12 251.8±35.69 276.2±29.97 

Time of Cmax (hr) 0.308±0.038 0.285±0.019 0.345±0.032 
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Table S 6. Overview of relative CYP zonal expression. “Reproduced from Frontiers in Pharmacology” 

(Albadry et al. 2024). 

Species Subject GS CYP1A2 CYP2D6 CYP2E1 CYP3A4 

Mouse MNT-021 11.55 58.2 81.48 66.12 52.92 

Mouse MNT-022 12.32 57.47 89.12 67.25 51.58 

Mouse MNT-023 13.69 67.92 85.81 64.09 58.64 

Mouse MNT-024 10.65 52.95 68.41 60.53 66.21 

Mouse MNT-025 14.06 61.95 90.60 62.13 47.94 

Mouse MNT-026 7.05 61.28 74.43 47.45 63.52 

Rat NOR-021 6.23 29.25 93.71 59.84 47.09 

Rat NOR-022 6.79 33.61 78.80 59.81 33.69 

Rat NOR-023 8.12 41.21 97.55 72.60 72.25 

Rat NOR-024 6.81 30.99 95.00 69.50 53.21 

Rat NOR-025 6.73 24.99 95.54 57.81 84.50 

Rat NOR-026 9.64 34.92 91.78 72.91 62.79 

Pig SSES2021/10 4.94 86.44 87.97 60.18 91.56 

Pig SSES2021/12 4.47 85.07 87.08 55.13 88.24 

Pig SSES2021/14 4.99 68.01 92.23 44.55 88.82 

Pig SSES2021/9 8.30 89.02 90.06 68.51 93.99 

Pig VS11 3/8/21 6.71 84.12 91.28 49.70 91.18 

Pig VS12 3/8/21 3.86 77.90 88.06 58.01 89.83 

Human UKJ-19-026 4.12 33.31 89.15 70.02 54.69 

Human UKJ-19-036 10.04 63.14 90.19 82.80 59.94 

Human UKJ-19-033 10.49 61.43 83.52 72.36 38.45 

Human UKJ-19-049 8.58 50.80 96.31 83.18 59.20 

Human UKJ-19-041 10.21 65.39 87.76 64.70 56.14 

Human UKJ-19-010 x 56.43 x 60.03 39.11 

 

Table S 7. Overview of statistical analysis of relative CYP zonal expression (mean ± sd). “Reproduced 

from Frontiers in Pharmacology” (Albadry et al. 2024). 

Species GS CYP1A2 CYP2D6 CYP2E1 CYP3A4 

Mouse 11.55 ± 2.55 52.96 ± 5.05 81.64 ± 8.73 61.26 ± 7.2 56.8 ± 7.19 

Rat 7.39 ± 1.27 32.5 ± 5.52 92.06 ± 6.78 65.41 ± 7 58.92 ± 18.2 

Pig 5.55 ± 1.65 81.75 ± 7.68 89.45 ± 2.06 56.01 ± 8.36 90.6 ± 2.1 

Human 8.69 ± 2.66 55.08 ± 11.88 89.39 ± 4.63 72.18 ± 7.4 51.26 ± 9.86 
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Table S 8. Overview of geometric parameters between species. “Reproduced from Frontiers in 

Pharmacology” (Albadry et al. 2024). 

Species Parameter n mean sd se median min max q1 q3 unit 

mouse perimeter 1530 2233 1397 57 1939 157 16155 1436 2636 µm 

rat perimeter 669 2734 2052 106 2345 116 20607 1534 3407 µm 

pig perimeter 698 3562 1823 135 3561 157 11024 2403 4695 µm 

human perimeter 1074 3966 3200 121 3365 157 23206 1841 5091 µm 

mouse area 1530 299281 360094 7651 192697 1269 4462695 110097 350281 µm2 

rat area 669 467614 729369 18079 266095 846 9373817 121837 553765 µm2 

pig area 698 718451 572536 27194 637528 1269 3788785 303006 1008009 µm2 

human area 1074 966234 1357480 29484 530075 1269 10652257 157796 1174054 µm2 

mouse compactness 1530 0.64 0.10 0.02 0.65 0.19 0.85 0.59 0.70 - 

rat compactness 669 0.62 0.11 0.02 0.63 0.15 0.86 0.56 0.69 - 

pig compactness 698 0.61 0.10 0.02 0.62 0.20 0.81 0.55 0.68 - 

human compactness 1074 0.59 0.12 0.02 0.61 0.18 0.88 0.52 0.68 - 

mouse minimum_bounding_radius 1530 375 216 10 330 33 2068 249 442 µm 

rat minimum_bounding_radius 669 451 299 17 401 21 2488 263 563 µm 

pig minimum_bounding_radius 698 583 285 22 581 33 1737 405 770 µm 

human minimum_bounding_radius 1074 637 473 19 559 33 3889 309 830 µm 

 

Table S 9. Overview of required lobules to determine geometric parameters in different species (with 95% 

confidence and a 20% margin of error). “Reproduced from Frontiers in Pharmacology” (Albadry et al. 2024). 

species perimeter area (µm2 ) compactness minimum_bounding_radius (µm) 

mouse 31.9 ± 11.5 82.0 ± 20.9 2.2 ± 1.1 27.8 ± 7.5 

rat 34.4 ± 10.3 66.4 ± 9.2 2.7 ± 1.5 29.6 ± 8.9 

pig 21.7 ± 7.3 44.5 ± 14.1 2.4 ± 0.8 20.0 ± 6.7 

human 42.5 ± 29.4 82.4 ± 47.2 3.8 ± 2.9 37.6 ± 26.9 
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Table S 10. Overview of required lobules to determine geometric parameters in different subjects. 

“Reproduced from Frontiers in Pharmacology” (Albadry et al. 2024). 

species subject parameter unit mean sd n n0.05 n0.1 n0.1

5 
n0.2 n 

0.25 
n0.3 n0.

35 

human 

UKJ-19-

010_Huma

n perimeter µm 3741 2894 196 161.6 105.8 67.2 44.4 31.0 22.6 17.1 

human 

UKJ-19-

026_Huma

n perimeter µm 4000 2142 154 114.1 64.2 37.2 23.4 15.8 11.3 8.5 

human 

UKJ-19-

033_Huma

n perimeter µm 4017 3076 134 116.7 84.0 57.3 39.6 28.4 21.1 16.2 

human 

UKJ-19-

036_Huma

n perimeter µm 4940 4560 107 98.9 80.6 61.6 46.4 35.2 27.1 21.4 

human 

UKJ-19-

041_Huma

n perimeter µm 3873 3429 326 256.6 156.5 94.9 61.2 42.0 30.3 22.9 

human 

UKJ-19-

049_Huma

n perimeter µm 3701 2760 157 132.6 90.5 59.2 39.9 28.1 20.6 15.7 

pig 
SSES2021 

10 perimeter µm 3440 1811 180 126.5 66.9 37.5 23.2 15.6 11.1 8.3 

pig 
SSES2021 

12 perimeter µm 3418 1787 193 132.3 68.0 37.6 23.1 15.5 11.0 8.2 

pig 
SSES2021 

14 perimeter µm 3779 1862 219 138.0 65.4 34.9 21.1 14.0 9.9 7.4 

pig 
SSES2021 

9 perimeter µm 3584 1784 106 82.9 50.1 30.2 19.4 13.3 9.6 7.2 

rat NOR-021 perimeter µm 2910 1612 96 79.8 52.9 33.9 22.5 15.8 11.5 8.7 

rat NOR-022 perimeter µm 2636 2241 94 86.7 70.2 53.4 39.9 30.2 23.2 18.3 

rat NOR-023 perimeter µm 2734 2266 92 84.6 68.2 51.6 38.4 28.9 22.2 17.5 

rat NOR-024 perimeter µm 2890 2822 116 107.5 88.1 67.7 51.2 38.9 30.1 23.8 

rat NOR-025 perimeter µm 2840 1808 115 97.1 66.1 43.2 29.1 20.5 15.0 11.4 

rat NOR-026 perimeter µm 2493 1402 156 118.1 68.3 40.1 25.4 17.3 12.4 9.3 

mouse MNT-021 perimeter µm 2273 1371 307 198.2 96.1 51.7 31.4 20.9 14.8 11.0 

mouse MNT-022 perimeter µm 2072 1026 313 171.0 72.4 36.9 21.9 14.4 10.1 7.5 

mouse MNT-023 perimeter µm 2243 1402 265 183.8 95.8 53.2 32.8 22.0 15.7 11.7 

mouse MNT-024 perimeter µm 2276 1710 212 170.4 107.2 66.2 43.2 29.8 21.6 16.3 

mouse MNT-025 perimeter µm 2089 1131 275 170.7 79.8 42.3 25.5 16.9 12.0 8.9 

mouse MNT-026 perimeter µm 2645 1859 158 130.8 86.2 55.0 36.5 25.5 18.6 14.1 

human 

UKJ-19-

010_Huma

n area µm2 837915 
126492

2 196 185.6 160.1 
130.

3 
103.

4 81.7 65.0 52.4 

human 

UKJ-19-

026_Huma

n area µm2 878636 754435 154 135.6 99.8 69.3 48.5 35.0 26.1 20.1 

human 

UKJ-19-

033_Huma

n area µm2 976494 
137459

6 134 128.4 113.9 96.0 78.6 63.8 51.9 42.5 
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human 

UKJ-19-

036_Huma

n area µm2 
165651

9 
221790

3 107 103.0 92.6 79.3 66.0 54.3 44.6 36.9 

human 

UKJ-19-

041_Huma

n area µm2 942527 
135041

1 326 295.5 230.7 
168.

9 
122.

9 91.0 69.1 53.8 

human 

UKJ-19-

049_Huma

n area µm2 782376 954124 157 146.9 123.2 97.0 74.8 57.8 45.2 36.0 

pig 
SSES2021 

10 area µm2 664093 546665 180 153.5 106.4 70.4 47.8 33.8 24.9 19.0 

pig 
SSES2021 

12 area µm2 679547 540088 193 161.0 107.5 69.2 46.2 32.3 23.7 18.0 

pig 
SSES2021 

14 area µm2 808088 609002 219 175.1 109.3 67.2 43.7 30.1 21.8 16.5 

pig 
SSES2021 

9 area µm2 696395 573430 106 96.2 75.3 55.3 40.3 29.9 22.7 17.7 

rat NOR-021 area µm2 506794 562745 96 91.4 79.8 65.9 53.0 42.4 34.0 27.6 

rat NOR-022 area µm2 460569 
100700

5 94 92.8 89.4 84.3 78.0 71.2 64.4 57.8 

rat NOR-023 area µm2 507442 925985 92 90.4 85.8 79.2 71.4 63.5 55.9 48.9 

rat NOR-024 area µm2 531143 903934 116 113.1 105.0 94.0 81.9 70.2 59.8 50.9 

rat NOR-025 area µm2 478036 566090 115 109.2 94.8 77.7 62.0 49.3 39.4 31.8 

rat NOR-026 area µm2 369337 333639 156 138.7 104.2 73.6 52.2 38.0 28.5 22.0 

mouse MNT-021 area µm2 301442 335951 307 264.5 186.8 
125.

4 85.9 61.1 45.2 34.6 

mouse MNT-022 area µm2 250421 222950 313 249.0 154.3 94.5 61.2 42.2 30.5 23.0 

mouse MNT-023 area µm2 299576 373616 265 238.6 183.6 
132.

6 95.5 70.3 53.1 41.2 

mouse MNT-024 area µm2 325437 468968 212 198.8 167.5 
132.

7 
102.

8 79.7 62.5 49.8 

mouse MNT-025 area µm2 262029 262374 275 233.3 160.4 
105.

5 71.3 50.3 37.0 28.2 

mouse MNT-026 area µm2 421125 515680 158 147.9 124.0 97.7 75.3 58.2 45.6 36.2 

human 

UKJ-19-

010_Huma

n compactness - 0.60 0.12 196 44.5 13.4 6.2 3.5 2.3 1.6 1.2 

human 

UKJ-19-

026_Huma

n compactness - 0.59 0.10 154 33.2 9.9 4.6 2.6 1.7 1.2 0.9 

human 

UKJ-19-

033_Huma

n compactness - 0.59 0.11 134 38.1 12.1 5.7 3.2 2.1 1.5 1.1 

human 

UKJ-19-

036_Huma

n compactness - 0.59 0.13 107 43.4 15.6 7.6 4.4 2.8 2.0 1.5 

human 

UKJ-19-

041_Huma

n compactness - 0.59 0.13 326 64.1 18.8 8.6 4.9 3.2 2.2 1.6 

human 

UKJ-19-

049_Huma

n compactness - 0.58 0.13 157 49.3 16.1 7.6 4.4 2.8 2.0 1.5 



APPENDIX 

114                                                               
 

pig 
SSES2021 

10 compactness - 0.61 0.10 180 35.5 10.4 4.8 2.7 1.8 1.2 0.9 

pig 
SSES2021 

12 compactness - 0.62 0.10 193 30.8 8.8 4.0 2.3 1.5 1.0 0.7 

pig 
SSES2021 

14 compactness - 0.62 0.09 219 30.8 8.6 3.9 2.2 1.4 1.0 0.7 

pig 
SSES2021 

9 compactness - 0.61 0.10 106 28.0 8.7 4.1 2.3 1.5 1.0 0.8 

rat NOR-021 compactness - 0.62 0.09 96 25.1 7.8 3.6 2.1 1.3 0.9 0.7 

rat NOR-022 compactness - 0.60 0.11 94 33.4 11.4 5.4 3.1 2.0 1.4 1.0 

rat NOR-023 compactness - 0.62 0.10 92 28.4 9.2 4.3 2.5 1.6 1.1 0.8 

rat NOR-024 compactness - 0.62 0.12 116 37.6 12.4 5.9 3.4 2.2 1.5 1.1 

rat NOR-025 compactness - 0.61 0.10 115 29.0 8.9 4.2 2.4 1.5 1.1 0.8 

rat NOR-026 compactness - 0.63 0.10 156 33.2 9.9 4.5 2.6 1.7 1.2 0.9 

mouse MNT-021 compactness - 0.63 0.10 307 35.4 9.7 4.4 2.5 1.6 1.1 0.8 

mouse MNT-022 compactness - 0.64 0.09 313 26.6 7.1 3.2 1.8 1.2 0.8 0.6 

mouse MNT-023 compactness - 0.64 0.10 265 31.1 8.5 3.9 2.2 1.4 1.0 0.7 

mouse MNT-024 compactness - 0.64 0.10 212 31.9 9.0 4.1 2.3 1.5 1.0 0.8 

mouse MNT-025 compactness - 0.64 0.09 275 28.6 7.8 3.5 2.0 1.3 0.9 0.7 

mouse MNT-026 compactness - 0.63 0.11 158 34.5 10.3 4.8 2.7 1.7 1.2 0.9 

human 

UKJ-19-

010_Huma

n 
minimum_boun

ding_radius µm 609 428 196 155.7 96.2 58.8 38.1 26.2 19.0 14.3 

human 

UKJ-19-

026_Huma

n 
minimum_boun

ding_radius µm 652 334 154 111.3 60.8 34.6 21.6 14.6 10.4 7.8 

human 

UKJ-19-

033_Huma

n 
minimum_boun

ding_radius µm 655 456 134 113.6 78.0 51.2 34.6 24.4 18.0 13.7 

human 

UKJ-19-

036_Huma

n 
minimum_boun

ding_radius µm 765 662 107 97.9 78.0 58.2 43.0 32.2 24.6 19.3 

human 

UKJ-19-

041_Huma

n 
minimum_boun

ding_radius µm 619 513 326 248.9 145.6 86.1 54.8 37.3 26.8 20.2 

human 

UKJ-19-

049_Huma

n 
minimum_boun

ding_radius µm 588 394 157 127.9 82.2 51.5 33.9 23.5 17.1 12.9 

pig 
SSES2021 

10 
minimum_boun

ding_radius µm 557 280 180 123.0 63.1 34.8 21.4 14.3 10.2 7.6 

pig 
SSES2021 

12 
minimum_boun

ding_radius µm 560 278 193 128.0 63.6 34.6 21.1 14.1 10.0 7.5 

pig 
SSES2021 

14 
minimum_boun

ding_radius µm 620 293 219 133.7 61.7 32.5 19.6 12.9 9.1 6.8 

pig 
SSES2021 

9 
minimum_boun

ding_radius µm 594 280 106 80.9 47.3 28.0 17.8 12.1 8.7 6.6 

rat NOR-021 
minimum_boun

ding_radius µm 486 255 96 78.2 50.3 31.6 20.7 14.4 10.5 7.9 

rat NOR-022 
minimum_boun

ding_radius µm 433 320 94 84.5 64.9 46.7 33.6 24.7 18.6 14.5 

rat NOR-023 
minimum_boun

ding_radius µm 446 329 92 82.9 63.9 46.2 33.3 24.5 18.5 14.4 
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rat NOR-024 
minimum_boun

ding_radius µm 471 391 116 104.6 80.7 58.5 42.2 31.1 23.5 18.3 

rat NOR-025 
minimum_boun

ding_radius µm 467 270 115 94.0 60.7 38.2 25.1 17.5 12.7 9.6 

rat NOR-026 
minimum_boun

ding_radius µm 415 217 156 113.8 62.9 36.0 22.5 15.2 10.9 8.1 

mouse MNT-021 
minimum_boun

ding_radius µm 380 210 307 185.6 84.9 44.6 26.8 17.7 12.5 9.3 

mouse MNT-022 
minimum_boun

ding_radius µm 351 168 313 165.3 68.4 34.6 20.5 13.4 9.4 7.0 

mouse MNT-023 
minimum_boun

ding_radius µm 380 218 265 173.9 85.6 46.4 28.2 18.8 13.3 9.9 

mouse MNT-024 
minimum_boun

ding_radius µm 378 246 212 159.8 92.0 53.9 34.1 23.2 16.6 12.5 

mouse MNT-025 
minimum_boun

ding_radius µm 352 184 275 166.3 76.1 40.0 24.0 15.9 11.2 8.3 

mouse MNT-026 
minimum_boun

ding_radius µm 437 288 158 127.8 81.2 50.5 33.0 22.9 16.6 12.6 

 

Table S 11. Overview of required lobules to determine relative CYPs expression in different species (with 

95% confidence and a 20% margin of error). “Reproduced from Frontiers in Pharmacology” (Albadry et al. 

2024). 

species HE GS CYP1A2 CYP2D6 CYP2E1 

mouse 2.5 ± 1.5 20.1 ± 15.8 5.9 ± 2.0 2.0 ± 0.4 5.9 ± 1.6 

rat 8.1 ± 7.9 36.5 ± 9.5 8.9 ± 3.5 5.6 ± 1.1 7.1 ± 3.0 

pig 12.3 ± 8.1 28.9 ± 5.6 9.0 ± 4.7 7.3 ± 4.5 13.9 ± 3.5 

human 28.3 ± 20.0 42.1 ± 10.5 35.1 ± 16.4 16.8 ± 11.6 27.2 ± 22.1 
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9.2. Supplementary figures 

A B 

  

Figure S 1. CYP activity. (A) Using the ECOD assay covering the activity of CYP1A, CYP2A, CYP2B, and CYP2C, no 

differences between groups were detected; (B) The PROD assay covering the activity of CYP2B did not show any 

differences between the three groups (sample size of each group displayed in the bottom of the bar). “Reproduced with 

permission from Springer Nature” (Albadry et al. 2022). 
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We did not find a correlation between steatosis severity (lipid droplet, micro- or macrovesicular 

steatosis) and CYP2B Activity (PROD-model reaction), respectively, the results of the ECOD 

assay covering the combined activity of CYP1A, 2A, 2B, and 2C (Figure S 2). 
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Figure S 2. Correlation analysis between steatosis severity (lipid droplet analysis, micro-and macro-vesicular steatosis) 

and CYP activity; No correlation between (A, B) lipid droplet analysis, (B, C) microvesicular steatosis, and (C, D) 

macrovesicular steatosis and results of ECOD-model reaction determining CYP 1A, 2A, 2B,2C activity, respectively 

PROD-model reaction covering CYP2B. Control as magenta circles, two weeks HF-diet as blue squares, four weeks 

HF-diet as green triangles. “Reproduced with permission from Springer Nature” (Albadry et al. 2022). 
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(A)  

 

 

(B) (C) 

  

(D) (E) 

  

Figure S 3. Drug elimination curves of the test drugs metabolites and resulting AUC. (A) 1-OH-Midazolam; (B) 

Norcodeine; (C) Codeine-6-Glucuronide; (D) Morphine-3-Glucuronide; (E) Morphine. (*significance level < 0.05, 

**significance level < 0.03, *** significance level < 0.0021, **** significance level < 0.0001). sample size of each group 

displayed in the bottom of the bar. Solid lines are mean, shaded areas correspond to the 95% credibility interval from 

the Bayesian analysis. “Reproduced with permission from Springer Nature” (Albadry et al. 2022). 
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(A1) (A2) 

  

(B) (C1) 

  

(C2) (C3) 

  

(C4) (C5) 

  

Figure S 4. (A1-C5) Linear correlation between steatosis severity (lipid droplet analysis) and AUC of the test drugs and 

their metabolites. Moderate positive correlation between lipid droplet analysis and AUC of midazolam (CYP3A4), 

respectively codeine (CYP2D6), norcodeine and codeine-6-glucuronide. Correlation coefficient and p-value indicated in 

the figure. Control as magenta circles, two weeks HF-diet as blue squares, four weeks HF-diet as green triangles. 

“Reproduced with permission from Springer Nature” (Albadry et al. 2022). 
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(A1) (A2) 

  

(B) (C1) 

  

(C2) (C3) 

  

(C4) (C5) 

  

Figure S 5. (A1-C5) Linear correlation between microvesicular steatosis and AUC of the test drugs and their 

metabolites; (C2) Strong negative correlation between microvesicular steatosis and AUC of norcodeine. Correlation 

coefficient and p-value indicated in the figure. The heavier the weight of the box line, the stronger is the correlation. 

Control as magenta circles, two weeks HF-diet as blue squares, four weeks HF-diet as green triangles. “Reproduced 

with permission from Springer Nature” (Albadry et al. 2022). 
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(A1) (A2) 

  

(B) (C1) 

  
(C2) (C3) 

  

(C4) (C5) 

  
Figure S 6. (A1-C5) Linear correlation between macrovesicular steatosis and AUC of the test drugs and their 

metabolites. Moderate positive correlation between macrovesicular steatosis and AUC of midazolam (CYP3A4) and 

OH-midazolam, respectively codeine (CYP2D6) and codeine-6-glucuronide. The correlation coefficient and p-value are 

indicated in the figure. The correlation coefficient and p-value are indicated in the figure. Control as magenta circles, 

two weeks HF-diet as blue squares, four weeks HF-diet as green triangles. “Reproduced with permission from Springer 

Nature” (Albadry et al. 2022). 



APPENDIX 

122                                                               
 

 

Figure S 7. Intra- and inter-individual variability of lobular geometric parameters in human, pig, rat and mouse. Boxes 

represent quantiles Q1 and Q3. Upper and lower whiskers extend to the last date less than Q3 + 1.5 * IQR and the first 

date greater than Q1 - 1.5 * IQR, respectively. IQR denotes interquartile range (Q3-Q1). Significance levels: * p<0.05, 

** p<0.01, *** p<0.001, **** p<0.0001. “Reproduced from Frontiers in Pharmacology” (Albadry et al. 2024). 
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Figure S 8. Intra-lobe variability in lobular geometric parameters in mice. Boxes represent quantiles Q1 and Q3. Upper 

and lower whiskers extend to the last date less than Q3 + 1.5 * IQR and the first date greater than Q1 - 1.5 * IQR, 

respectively. IQR denotes interquartile range (Q3-Q1). Significance levels: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. CL: caudate lobe, LLL: left lateral lobe, ML: median lobe, right lobe; lCL in MNT-023 could not be evaluated 

due to lack of ROI registration. “Reproduced from Frontiers in Pharmacology” (Albadry et al. 2024). 
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9.3. Permissions amd license agreement 

License agreement to use Figure 3. Global, regional data collected from 1990 to 2019 (Younossi 

et al. 2023). 
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Springer nature agreement to use figures included in the first publication in own thesis 

(Albadry et al. 2022). 
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Frontiers agreement to use figures included in the second publication in own thesis 

(Albadry et al. 2024). 
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