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Abstract 

In this study primary hepatocytes were characterized on a metabolic and proteomic level in 

different cultivation setups, namely collagen sandwich (SW) and monolayer (ML) culture. 

The impact of insulin and glucose on the central carbon metabolism and hepatic function was 

addressed as well, also integrating species differences between murine and human 

hepatocytes. Overall, the central carbon metabolism was very robust in regard of the used 

cultivation condition. Hepatic function and the handling of stress as induced by ammonia, 

however, were clearly affected, with a rapid loss of hepatic function in the ML culture. 

Proteome analysis revealed a development away from freshly isolated hepatocytes in both 

setups, which was stronger in the ML culture. Differential handling of oxidative stress marked 

the strongest difference between the used cultivation setups. If exposed to insulin, human and 

murine hepatocytes reacted by an increased uptake of amino acids and glucose. 13C tracer 

experiments revealed a differential metabolic usage of carbon sources by both species, 

depending on the available amount of glucose. Hepatic function was differentially regulated 

by insulin, but also by glucose and the cultivation condition. Thereby, certain species-specific 

differences were detected, especially cytochrome P450 activity and insulin clearance. The 

susceptibility of primary hepatocytes to various factors has to be kept in mind when planning 

experiments and when comparing different studies. 

  



Zusammenfassung 

In dieser Arbeit wurden primäre Hepatozyten in Collagen Monolayer- (ML) und Sandwich-

Kulturen (SW) proteomisch und metabolisch charakterisiert. Der Einfluss von Insulin und 

Glukose auf den Zentralstoffwechsel und die Funktionalität der Hepatozyten wurde ebenfalls 

untersucht, wobei auch Speziesunterschiede zwischen humanen und murinen Hepatozyten 

addressiert werden konnten. Der Zentralstoffwechsel erwies sich als sehr robust gegenüber 

den unterschiedlichen Kultivierungsformen, die Funktionalität der Zellen und ihr Umgang mit 

Stress, z.B. durch Ammonium, wurden jedoch stark beeinträchtigt. In der ML-Kultur kam es 

zu einem beträchtlichen Funktionsverlust der Hepatozyten. Die Proteomanalyse zeigte, dass 

sich die Zellen in beiden Kulturen von frisch isolierten Hepatozyten weg entwickelten, was 

stärker in der ML-Kultur war. Der größte Unterschied zwischen den Kultivierungsformen 

zeigte sich im Umgang mit oxidativem Stress. Insulin führte zu einer vermehrten Aufnahme 

von Aminosäuren und Glukose. Eine unterschiedliche Verwendung von Kohlenstoffquellen in 

Abhängigkeit von der Glukosekonzentration konnte durch 13C-Markierungsexperimente 

gezeigt werden. Die hepatische Funktionalität wurde durch alle Faktoren beeinflusst, wobei 

diese sich in den beiden Spezies unterschiedlich auswirkten. Diese Empfindlichkeit von 

Hepatozyten gegenüber den verschiedenen Aspekten der Kultivierungsbedingungen muss 

beim Planen von Experimenten und beim Vergleichen von Studienergebnissen stets bedacht 

werden. 

  



Extended Abstract 

The liver is a highly complex organ essential to physiological body function. It is not only the 

major producer of plasma proteins as albumin but also responsible for detoxification of 

endogenous substances, such as ammonia, and xenobiotic substances, such as drugs or 

chemicals. One of the most important functions of liver is the maintenance of homeostasis for 

many metabolites and iron. Of these metabolites glucose is the most important. The liver 

thereby provides glucose for glucose-dependent tissues such as the brain during fasting and 

eliminates excessive glucose from the circulation after a meal. Hepatocytes, the parenchymal 

cells of the liver, are metabolically well equipped and adapted to these tasks and are mostly 

responsible for physiological liver function. Metabolic processes and other hepatic functions 

are regulated by numerous factors, such as hormones, substrate availability, pO2 or 

innervation. The regulation of glucose metabolism by the hormones insulin and glucagon is 

the most prominent example, but also the availability of glucose itself is an important factor. 

In an in vitro cultivation setup the maintenance of liver function of hepatocytes to a level as 

close as possible to the in vivo situation is the ultimate goal. However, traditional cultivation 

systems, such as monolayer (ML) cultures, are known for a rapid loss of hepatic function. In 

the more complex collagen sandwich (SW) culture this loss of function and also the loss of 

morphological integrity can be delayed. 

The metabolic and proteomic changes induced in primary mouse hepatocytes (PMH) by these 

two cultivation setups were addressed in the first part of the thesis presented here. In addition 

also the impact on hepatic function and the handling of certain stress factors, in this case 

ammonia, was analyzed. In these experiments two phases of cultivation were in focus, namely 

the first 24 h while the cells were still close to freshly isolated hepatocytes and adapting to the 

respective cultivation condition, and a time frame over five days, since hepatocytes in ML 

culture tend to lose their hepatic phenotype already. During the first 24 h hints for a stress 

response in the form of acetate and lactate production could be found in the ML culture. This 

could indicate that adaption of the cells to a rather artificial environment as the ML culture 

might induce a stressed phenotype. During the long-term cultivation over five days glucose 

metabolism seemed to be most susceptible to the cultivation condition, however, this time in 

the collagen SW culture. This indicates that also in the preferred cultivation setup the 

hepatocytes develop away from the original phenotype. Except for these findings the here 

analyzed part of the metabolome reflecting the central carbon metabolism remained 

surprisingly unchanged. Hepatic function, including the production of albumin and urea and 



the detoxification of certain substrates by cytochrome P450s (CYP) was in accordance to the 

literature decreased over time in the ML culture. The handling of ammonia stress was also 

significantly affected by the cultivation condition, with the capacity of the urea cycle seeming 

to reach a maximum in the ML culture. Instead the cells dealt with this stress by reducing the 

amount of glutamine uptake and at the highest concentration even produced glutamine. In the 

SW culture such a maximum was not reached and the urea synthesis rate was increased in a 

dose-dependent manner. Overall, this might indicate that for essential metabolic functions as 

provided by the central carbon metabolism, especially in regard of glucose homeostasis, a 

great robustness exists, whereas other functions are more susceptible to changed conditions.  

On the proteomic level no differences between PMH in collagen SW and ML culture have 

been detected after 24 h. If the intracellular proteome was compared at day 5 of cultivation 

between SW and ML culture, certain differences could be detected. The above described 

changes in albumin and urea production could also be confirmed at the proteomic level, with 

a significant higher amount in the SW culture. However, even in the SW culture these 

proteins were down-regulated to a certain degree compared to day 1 of cultivation. The most 

prominent effects were found for dealing of the cells with oxidative stress. In the ML culture 

proteins involved in oxidative stress defense were constantly down-regulated, whereas in the 

SW proteins related to oxidative stress were up-regulated. PMH in collagen SW and ML 

culture seem to be encountered with oxidative stress. However, in the SW culture the defense 

system is significantly up-regulated to deal with this, whereas in the ML culture a down-

regulation of these important enzymes takes place. Regarding the multiple effects of ROS and 

oxidative stress on cells, one can assume that the down-regulation of these enzymes might 

also play a role in the loss of hepatic function observed in ML cultivation. Overall, proteome 

analysis revealed a development away from freshly isolated hepatocytes in both culture 

conditions, which was, however, stronger in the ML culture. 

In the second part of the thesis here presented the influence of insulin and glucose on the 

central carbon metabolism and hepatic function was addressed. Thereby, also species 

differences between murine and human hepatocytes were analyzed. If exposed to insulin, 

human and murine hepatocytes generally reacted by increased uptake of amino acids. This 

was especially prominent for amino acids used as carbon sources, such as alanine and 

glutamine. However, insulin treatment also lead to an increase in albumin and urea production 

in both cell types under both cultivation conditions indicating that the amino acids taken up 

were also used for protein formation and also metabolized to a certain extent. Surprisingly, 



the present amount of extracellular glucose had only a minor impact on amino acid 

consumption. The independence of amino acid consumption of glucose concentration might 

imply that energy metabolism for their own cellular demand is mostly independent from 

glucose, especially since at the same time increased insulin also leads to an increase in 

glucose consumption or a decreased glucose production respectively. This seems to be 

especially true for human hepatocytes, since even the production of lactate is completely 

detached from glucose consumption. Further species-specific differences in carbon usage 

were detected by 13C tracer experiments. Depending on the amount of available glucose, 

PMH also used glucose to cover their own cellular demands, whereas in primary human 

hepatocytes (PHH) excessive glucose was almost entirely used for glycogen synthesis. These 

adaptions also reflect certain physiological differences between mice und humans in vivo, 

such as general higher metabolic activity in mice or their significantly lower overall glycogen 

stores, to name a few. Certain species specific differences were also detected for hepatic 

function, especially in regard of cytochrome P450 activity and insulin clearance. However, 

especially for CYP activity it cannot be excluded that in mice the used substrate to determine 

activity is metabolized by the same isoform as in humans. In addition, for these two 

parameters not only insulin played a role in regulation, but also glucose concentration and the 

cultivation condition. 

The susceptibility of primary hepatocytes to various factors, which are constantly used in 

different setups in the scientific community, is highly interesting. However, it is also 

something which has to be kept in mind when planning future experiments and when 

comparing different studies from literature. Species differences and loss of function of 

primary hepatocytes are also serious problems in regard of in vivo and in vitro testing, if the 

study results are used to extrapolate to humans in vivo. Especially, if metabolism or CYP 

activity is concerned, rodents do not seem to be the ideal organism, although e.g. there are 

countless rodent diabetic models available. However, these differences in metabolism might 

also explain, why there is no single rodent model available showing the complete phenotype 

of type II diabetes. In regard of the cultivation setup to choose for hepatocyte cultivation, the 

“fit for purpose”-principle should be applied. For certain questions, as long-term testing or 

transport studies, a more in vivo like setup is desirable. However, it also has to be kept in 

mind that certain assays or experiments are not feasible with these 3D-cultivation setups, and 

on the other hand they might in this certain aspect not necessarily represent a superior culture 

system.  
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1. Introduction 

1.1 The liver: A highly complex organ and its various tasks 

The liver is a reddish brown organ consisting of four differently sized lobes. It is the largest 

gland in the body, which accounts for about 2-5% of body weight, and is located in the right 

upper quadrant of the abdominal cavity (Si-Tayeb et al. 2010). The liver is supplied with 

blood by two major blood vessels, namely the hepatic artery, which carries blood from the 

aorta, and the portal vein, which brings nutrient-rich blood from the digestive system 

(Kietzmann et al. 2006). Together with a bile duct, the portal vein and the hepatic artery form 

the portal triad, which is the corner point of the basic architectural unit of the liver, the liver 

lobule. The lobule is more or less hexagonal with each of the corners marked by the presence 

of a portal triad. From the portal triad on the blood vessels subdivide into capillaries, named 

sinusoids, along the liver lobule until the 

central efferent vein is reached. The 

cellular structures from the portal triad to 

the central vein of the liver lobule form the 

functional units of the liver, the liver acinus 

(Figure 1-1) (Usynin and Panin 2008). A 

single layer of hepatocytes is arranged as 

irregularly folded sheets surrounding the 

sinusoids (Jungermann and Kietzmann 

1996, Klover and Mooney 2004). They are 

separated from the flowing blood only by a 

single layer of endothelial cells interspersed with Kupffer cells (KC). Hepatic endothelial 

cells are specially adapted to liver tasks, since they form fenestrae of about 100-200 nm and 

have no basement membrane (Iredale and Arthur 1994, Si-Tayeb et al. 2010). Hepatocytes are 

separated from the sinusoids by the Space of Disse, where one can find hepatic stellate cells 

(HSC) and a specialized basement membrane like matrix, consisting mainly of collagen type 

IV, laminin and proteoglycans (Iredale and Arthur 1994). Hepatocytes, thereby, have no 

direct contact with blood, but are in contact with plasma components, which can penetrate 

into the Space of Disse through the fenestrae or via transcytosis through the sinusoidal 

epithelial cells (Usynin and Panin 2008). Hepatocytes are organized as specially polarized 

epithelia, where the basolateral surfaces face the sinusoids and are bound by extracellular 

Figure 1-1 Schematic cross section of a liver lobule from the 
portal triad to the central vein (Si-Tayeb et al., 2010).
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Figure 1-2 Scheme of the functional unit of the liver, the acinus. The blood flows from the portal vein (PV) and the hepatic 
artery (HA) through the sinusoid to the central vein (CV) (adapted from Usynin and Panin, 2008). 

matrix (ECM), whereas the apical surfaces form bile canaliculi which are sealed by tight 

junctions between the hepatocytes (Ezzell et al. 1993, Berthiaume et al. 1996, Si-Tayeb et al. 

2010). Basolateral and apical poles, thereby, have discrete functions and are equipped with 

suitable transporters. For example, plasma proteins synthesized in hepatocytes are transported 

across the basolateral surface and enter circulation, whereas bile salts and bilirubin are 

excreted over the apical membrane into the bile canaliculi (Ezzell et al. 1993). The small bile 

canaliculi combine and form the larger bile ductules which finally lead into the bile duct, 

which is connected to the gut (Klover and Mooney 2004). Thereby, the bile flow is reverse to 

the blood flow, from the center of each lobule to the bile duct of the portal triad. 

During the blood passage through the lobule different gradients develop along the acinus 

(Kietzmann et al. 1997), e.g. oxygen, different hormones (insulin, glucagon, catecholamines 

and glucocorticoids) and substrates (glucose, amino acids) (Nauck et al. 1981, Usynin and 

Panin 2008). These gradients, as well as different sympathetic and parasympathetic 

innervation, lead to a zonal restriction of gene expression, that is often related to the position 

of the portal triad (periportal) or the central vein (pericentral / perivenous) (Figure 1-2) (Si-

Tayeb et al. 2010). This leads to a metabolic zonation along the acinus, meaning that different 

pathways are located in different areas of the liver acinus (Kietzmann et al. 2006). Well-

known examples for this phenomenon are e.g. the zonation of glucose metabolism, ammonia 

detoxification or the zonated expression of cytochrome P450 (CYP) enzymes (Gebhardt 1992, 

Ananthanarayanan et al. 2011). The main part of glucose is taken up perivenously correlated 

with a high activity of glycogen synthesis. If the glycogen stores are filled, glucose is 

degraded via glycolysis to lactate. Periportally, glycolysis shows only minor activity. Here, 

glycogen stores are filled via gluconeogenesis from lactate (Jungermann and Kietzmann 
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1996). Not only metabolic pathways are zonated, but also the distribution of some non-

parenchymal liver cells is depending on the position along the acinus (Usynin and Panin 

2008). 

The liver consists of various cell types. Apart from hepatocytes other resident liver cells are 

endothelial cells, cholangiocytes, KC, pit cells and HSC (Maher and Friedman 1993). 

Endothelial liver cells account for about 2.5% of the lobular parenchyma and form the 

sinusoids. As mentioned above, they are highly specialized, forming fenestrae between them, 

which permit free access for macromolecules but retain cellular components and large 

macromolecular aggregates. To further enhance this process they also lack a basement 

membrane. Endothelial cells also have an important role in signaling, since they secrete 

several cytokines and can even function as antigen presenting cells (Jungermann and 

Kietzmann 1996, Si-Tayeb et al. 2010). Cholangiocytes form the bile ducts and amount to 3% 

of liver cell population. They control not only the rate of bile flow, but also secrete water and 

bicarbonate, to control the pH of bile (Si-Tayeb et al. 2010). KC are resident liver 

macrophages. They are attached to the sinusoidal wall on the luminal surface, especially at 

branching points. KC are not only scavengers of foreign material, but also secrete a wide 

spectrum of regulators, for example cytokines, interleukins, prostaglandins and nitric oxide. 

There is also a metabolic cooperation between KC and hepatocytes in lipoprotein metabolism 

(Maher and Friedman 1993, Jungermann and Kietzmann 1996, Usynin and Panin 2008). Pit 

cells are resident liver killer cells. They are rather rare and show a high cytotoxic activity (Si-

Tayeb et al. 2010). HSC are star-shaped cells located in the Space of Disse. They are also 

known as perisinusoidal cells, Ito cells or lipocytes. HSC are the major source of ECM in the 

liver. Under normal conditions vitamin A storage is a typical feature of these cells, but the 

retinoid droplets do contain triglycerides, phospholipids, cholesterol and free fatty acids as 

well. Due to changes in the surrounding ECM, exposure to lipid peroxides or products of 

damaged hepatocytes HSC become activated, what is still enhanced by infiltration of KC. 

During activation HSC lose their vitamin A stores and change into ECM producing, 

proliferating myofibroblasts. This process plays a major role in several liver diseases and liver 

injury, especially in liver fibrosis and steatosis (Moreira 2007). HSC closely interact with 

other liver cells and produce a wide range of factors, e.g. epidermal growth factor (EGF), 

hepatocyte growth factor (HGF), transforming growth factor alpha and beta (TGF) and 

prostaglandins. Because of this, HSC play a major role in coordination of liver regeneration 

and inflammation processes (Dooley et al. 2000, Friedman 2008). Hepatocytes, as 

parenchymal liver cells, account for about 60% of the liver cell number and 80% of volume 
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and are therefore the major cell type of the liver (Gille et al. 2010). In mammals hepatocytes 

are organized as a one cell thick cord of cubical cells with a diameter of 13-30 µm 

(Berthiaume et al. 1996). Hepatocyte metabolism integrates a vast array of differentially 

regulated biochemical pathways, which are responsible for the main part of physiological 

liver function. Hereby, one of the most important functions of the liver is the homeostasis of 

the blood glucose level. This is regulated through the special adaption of glucose metabolism 

in hepatocytes together with a complex interplay of insulin and glucagon and the ability of 

hepatocytes to react to those, which will be discussed in more detail in “Metabolism in the 

liver: Adjusted to special needs” and “Insulin: A small molecule with huge impact” (Lu et al. 

2012). Another remarkable liver function, which is accomplished through clever adaption of 

hepatocyte metabolism, is the detoxification of ammonia via the urea cycle and glutamine and 

alanine synthesis to non-toxic nitrogen compounds (Kuepfer 2010). But not only ammonia is 

detoxified by the liver, but also a wide range of other endo- and xenobiotic compounds (Gille 

et al. 2010). CYPs and conjugating enzymes as gluthation-S-transferase, which are highly 

expressed in hepatocytes, are of utmost importance for this. Besides that, the liver is 

responsible for the homeostasis of many other metabolites and iron, the synthesis and 

secretion of plasma proteins, e.g. albumin and apolipoprotein, and of several hormones, e.g. 

insulin-like growth factor and thrombopoietin (Pan et al. 2009, Si-Tayeb et al. 2010). 

Additionally, also bile salts are formed by hepatocytes via CYP-mediated oxidation of 

cholesterol and finally transported into bile canaliculi. 

All these tasks make the liver one of the most important organs for physiological body 

function. There are still many pending questions on physiological liver function as well as the 

many different disease states of the liver. These aspects alongside the continuously growing 

incidence rates of liver diseases in industrialized countries, as for example hepatic fibrosis and 

cirrhosis, and the fact that the liver is the major organ for drug metabolism, proof the high 

relevance and interest for further examination (Ong and Younossi 2007, Bhala et al. 2011). 

1.2 In vitro cultivation systems for studying the liver 

In vitro cultivation systems are gaining more and more importance in fundamental research, 

but also in pharmaceutical, cosmetic and chemical industry. Animal testing used to be the 

major focus of pre-clinical testing of pharmaceuticals and of testing for cosmetics and new 

chemical entities. However, out of ethical reasons, the high financial effort and time 

constraints related to animal testing and questionable transferability of results from animal to 

human, it has become the overall goal to reduce animal testing as much as possible (Krewski 
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et al. 2010, Holmes et al. 2010). Because of these factors, there are also regulatory efforts to 

minimize animal studies, as for example the complete ban of animal testing for cosmetic 

products throughout the EU, which has come into effect in 2013. This strongly increases the 

pressure to further improve existing in vitro test-systems, especially of liver, to obtain 

valuable data to answer pending questions regarding physiological function and toxicity. 

1.2.1 The still pending question: Which cell type is most suitable? 

To develop effective in vitro liver systems the choice of the used cell type is not trivial 

(Alépée et al. 2014). There are a lot of available alternatives, ranging from different cell lines, 

such as HepG2, HepaRG, HepLi5, Fa2N-4 or Huh-7, to primary hepatocytes from different 

origins, such as rodents or human patient material (Soldatow et al. 2013). 

1.2.1.1 Hepatic cell lines 

Cell lines are valuable tools, which are widely used for investigation of the liver. Their 

availability is usually unlimited due to immortalization (De Waziers et al. 1995). Thereby, the 

cells can be immortalized artificially, as it was done for HepLi5, or they can be cancer-

derived, such as HepG2 (Maier et al. 2010, Pan et al. 2012). Because of their high availability, 

purchasing of cell lines often comes at comparably low costs. One of their greatest advantages 

is the stability of the phenotype and that most cell lines are well characterized due to their 

long-time use in in vitro cultivation systems. 

The HepG2 cell line originates from a hepatocellular carcinoma of a 15 year old caucasian 

male (ATCC), and has widely been used for in vitro toxicology studies (Allen et al. 2001, 

Feierman et al. 2002, Hewitt and Hewitt 2004, Mueller et al. 2011a). They are less expensive 

than primary hepatocytes and provide reproducible results. The cells maintain some liver 

specific functions, e.g. albumin production, however, they show only low levels of CYP 

activity and lack many other key hepatic functions (Mueller et al. 2013a, Kostadinova et al. 

2013). Because of the lack of hepatic functions, about 30% of toxic compounds tested with 

HepG2 cells were in-correctly classified as non-toxic (Takayama et al. 2013). Also the 

regulation of pathways leading to apoptosis seems to be differentially regulated in HepG2 

cells compared to primary hepatocytes (Latta et al. 2000). Hep2/C3A is a clonal derivative of 

HepG2, which shows an improved differentiated hepatic phenotype (Mueller et al. 2013a). 

However, certain key functions of hepatocytes are still lacking, as the Hep2/C3A cells are still 

not able to detoxify ammonia (Pan et al. 2012). After differentiation, the newly established 

hepatoma-derived HepaRG cell line consists of hepatocyte-like cells and biliary cells in a 
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ratio of 1:1 (Mueller et al. 2014). Hepatocyte-like cells are morphologically comparable to 

normal hepatocytes (polarized, bile canaliculi) and show promising characteristics regarding 

hepatic function, such as high activity of enzymes involved in phase I and II metabolism and 

functionality of important membrane transporters (Aninat et al. 2006, Kanebratt and 

Andersson 2008). Drug metabolizing enzymes and transporters respond to inducers and 

inhibitors comparably to primary hepatocytes (Jossé et al. 2008, Turpeinen et al. 2009). 

HepaRG cells also lack the inter donor-variability and functional instability over cultivation 

time, which are usually observed for primary human hepatocytes (PHH) (Lambert et al. 

2009). Mueller et al. could show, that the acetaminophen-induced toxicity in HepaRG cells, 

which is mainly caused by its metabolite NAPQI, is similar to PHH (Mueller et al. 2014). 

Gerets et al. investigated the sensitivity of different cellular systems to detect hepatotoxins 

(Gerets et al. 2012). They could show, that HepaRG cells, with a detection rate of 13%, are 

more sensitive than HepG2 cells, which only identified 6.3% of the toxins in a correct 

manner. However, both cells lines clearly were not comparable to freshly isolated PHH, 

which showed a detection rate of 31-44%, depending on the donor. An additional way of 

establishing hepatic cell lines is the immortalization of primary hepatocytes. The HepLi5 cell 

line, which was established and characterized by Pan et al., represents an example for this 

procedure (Pan et al. 2012). Immortalization of primary hepatocytes was achieved via 

transfection of Simian virus 40 large T antigen (SV40 LT). This resulted in a doubling time of 

about 8 h, but nevertheless the cells showed no tumorigenesis in mice even after 3 months. 

HepLi5 retained major characteristics of primary hepatocytes, such as albumin and urea 

production as well as the expression of glutamine synthetase and CYP enzymes. However, 

albumin and urea production remained significantly lower compared to primary hepatocytes. 

Stem cell-derived hepatocyte-like cells are a promising tool, which will gain more importance 

in the future. A comprehensive overview of the topic was given by Guguen-Guillouzo et al. 

(Guguen-Guillouzo et al. 2010). One generally differentiates between human embryonic stem 

cells (hESC), which are due to ethical concerns not commonly accepted, and induced 

pluripotent stem cells (iPSC) derived from somatic cells (Mandenius et al. 2011, Shtrichman 

et al. 2013). Thereby, the experimental protocol, namely the factors with which the cells are 

treated to differentiate, plays a most critical role. Takayama et al. showed, that in addition to 

treatment with optimized growth factors and cytokines the transient transduction of stem cells 

with FOXA2 and HNF1α is important to induce hepatocyte differentiation (Takayama et al. 

2013). 3D cultivation systems have an additional positive impact on differentiation 

(Takayama et al. 2013, Mueller et al. 2013a). Hepatocyte-like cells derived from iPSC show 
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many hepatocyte characteristics, such as glycogen storage, urea synthesis, drug metabolism 

capacity and the ability to take up low-density lipoprotein. One of the major advantages of 

hepatic cell lines derived from iPSC is the ability to use material from different donors, which 

can reflect the diverse genetic background of human population (Alépée et al. 2014). With 

this method even rare CYP polymorphisms could be analyzed and a further step towards 

personalized medicine could be taken (Takayama et al. 2013, Shtrichman et al. 2013). A 

crucial need is still to improve and standardize reprogramming protocols to gain higher 

efficacy. 

Hepatic cell lines are valuable tools, but as described above, there are also certain drawbacks. 

Most of the cell-lines in use are tumor-derived going along with drastic metabolic 

rearrangements away from oxidative to anaerobic metabolism (Kim and Dang 2006, Pan et al. 

2009). Pan et al. could also determine other up-regulated pathways in cell lines, such as cell 

cycle, DNA synthesis and RNA synthesis, due to immortalization (Pan et al. 2009). In 

addition to that, cell lines tend to lose hepatic functions in a more or less pronounced way and 

finally show a rather different phenotype compared to primary hepatocytes in vivo. Because 

of this, it is always necessary to validate findings from cell lines to the in vivo state, 

confirming that the cell line in use is physiologically relevant for a certain question. 

1.2.1.2 Primary hepatocytes 

Because of certain drawbacks of hepatic cell lines, primary hepatocytes, especially of human 

origin, still represent the gold standard (Mueller et al. 2014, Pfeiffer et al. 2015). The cells are 

usually isolated by collagenase perfusion as described by Seglen and Damm et al. (Seglen 

1972, Damm et al. 2013). The most common sources for PHH are small liver resects from 

patients or rejected donor organs. Cultured primary hepatocytes are valuable tools to analyze 

mechanistic liver function, since freshly isolated cells retain many of their liver specific 

characteristics, especially the expression of CYP enzymes, and are therefore closer to the in 

vivo situation compared to cell lines (Rowe et al. 2010, Lu et al. 2012). Cultured primary 

hepatocytes are used in pharmaceutical industry to study drug metabolism, enzyme induction 

and hepatotoxicity, but they are also used for studies of molecular mechanisms involved in 

liver diseases and regeneration (Nüssler et al. 2006, Brulport et al. 2007, Höhme et al. 2007, 

Lilienblum et al. 2008, Schug et al. 2008). In the future, primary hepatocytes could also be 

used for bioartificial liver devices after end-stage liver disease and acute liver failure (Strain 

and Neuberger 2002, Carpentier et al. 2009). However, the high amount of cells needed and 

the limited availability, at least of human origin, might be a limiting factor. In addition to this, 
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PHH are usually derived from patient material, what gives them a difficult background. Also 

other factors, as lifestyle of the donor and genetic variability, especially regarding CYP 

polymorphisms, complicate in vitro studies. Thereby, genetic variability can be seen both 

ways, positive and negative. On the one hand the genetic background of different donors 

resembles variability in the human population (Alépée et al. 2014). On the other hand, this 

strongly hinders the detection and formulation of effects in a significant way (Mueller et al. 

2011b). In comparison, primary mouse hepatocytes (PMH) show a strain dependent stable 

genetic background, as well as strictly regulated “lifestyle”, regarding diet and day- and night-

cycles. Of course, there is no possibility to reflect the variation found in human population 

with hepatocytes of murine origin and there are certain inherited differences between primary 

human and mouse hepatocytes. Mice in general, show rather strong physiological differences 

compared to humans, since they are much smaller and have a much faster metabolism. 

Because of this differing metabolic demand, enzyme levels and activities and also the 

regulation of certain pathways are diverse in both species (MacDonald et al. 2011, Bunner et 

al. 2014, Kowalski and Bruce 2014). CYPs especially show various isoforms with different 

activities and substrate specificities in different species and therefore, the metabolism, as well 

as the toxicological response to certain xenobiotics, vary between species (Olson et al. 2000, 

Vassallo et al. 2004, Martignoni et al. 2006, Mattes et al. 2014). Because of this, results 

gained from animal testing in vivo or in vitro cannot simply be extrapolated to humans. 

Another problem regarding primary hepatocytes in general, and especially of rodent origin, is 

rapid dedifferentiation and loss of hepatic function in conventional 2D in vitro systems 

(Tuschl and Mueller 2006, Klingmüller et al. 2006, Rowe et al. 2010). This makes long-term 

analyses and toxicological testing impossible and there is only rudimentary understanding, 

why hepatocytes in cultivation start to dedifferentiate (Si-Tayeb et al. 2010). However, the 

differentiated hepatic phenotype can be elongated by media optimization or by using certain 

cultivation methods as described below. 

1.2.2 How close do we have to get to in vivo conditions? 

Conventional 2D monolayer (ML) cultures are the simplest experimental in vitro setup (see 

Figure 1-3 a). They have long been used and are therefore well established regarding 

available assays and method optimization. Cells adapt fast to 2D cultivation conditions and 

are easy to manipulate (Tuschl and Mueller 2006, Lu et al. 2012, Kostadinova et al. 2013). 

However, this setup is a highly artificial environment for hepatocytes. The cells are attached 

directly to cell culture plastic, or in the best case to a layer of ECM, whereas the other side of 
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the cells is in direct contact with cell culture medium. Only a small percentage of the cell 

surface is involved in cell-cell- and cell-ECM-contacts, which is the opposite in vivo, where 

hepatocytes never are in direct contact with blood (Bryant and Mostov 2008). Therefore, 

conventional 2D culture does not resemble the complex 3D environment in vivo (Mueller et 

al. 2014). Adult hepatocytes are difficult to maintain in ML cultures (Jasmund et al. 2007). 

They show a rapid loss of hepatic function, including loss of gluconeogenesis within 2 d, 

albumin and urea synthesis and CYP activity within 4 d and a general change of metabolism 

towards permanent cell lines (Lu et al. 2012). Going along with a loss of hepatic function 

come morphological changes towards a fibroblastic phenotype and a loss of polarity. The 

cells are flattened and spread out with increased nuclei volume and granulated cytoplasm 

(Iredale and Arthur 1994, Tuschl and Mueller 2006, Rowe et al. 2010). This process is called 

epithelial-mesenchymal-transition and was described in detail by Godoy et al. (Godoy et al. 

2009, Godoy et al. 2010). To enhance hepatic phenotype and function, resembling the more 

complex three-dimensional in vivo situation, can help. The available possibilities range from 

rather simple setups, as collagen sandwich (SW) cultures over organoid-like spheroids to 

complex bioreactor systems. 

 

Figure 1-3 Schematic setup of collagen ML (a) and SW (b) culture. In the ML culture hepatocytes are spread out on a single 
layer of collagen with their surface directly in contact with the medium. In the SW culture hepatocytes are embedded within 
two layers of collagen, showing a much more cuboidal shape. 

 

SW cultures represent the simplest “3D”-cultivation system (Figure 1-3 b). Hepatocytes are 

cultivated between two layers of ECM, most often collagen or Matrigel (Kiang et al. 2011, 

Reif et al. 2015). The extracellular matrix gives the cells structural support and the possibility 

of cell-matrix-binding via integrins and non-integrin-receptors. This enables a direct 

interaction with the actin based cytoskeleton (Iredale and Arthur 1994). The binding of 

hepatic receptors to ECM leads to the recruitment and activation of focal adhesion kinase. 

This results in activation of downstream signals, which are important for survival and 

differentiation of hepatocytes (Godoy et al. 2009). In addition to the important structural 

support, ECM serves as a reservoir for nutrients as well as growth factors and cytokines, 
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which can be even bound to ECM to elongate their half-life (Iredale and Arthur 1994). If 

hepatocytes are cultivated in the SW configuration, they re-establish their polarized 

phenotype, maintain the polarized distribution of transport proteins combined with functional 

excretion and the formation of a two-dimensional bile canalicular network (Berthiaume et al. 

1996, Swift and Brouwer 2010). It was also shown in numerous studies, that hepatocytes in 

SW culture show a prolonged hepatic function, including CYP expression, albumin, as well as 

transferrin production (Ezzell et al. 1993, Peters et al. 2009, Kostadinova et al. 2013). 

Although this cultivation setup represents the current gold standard regarding polarization and 

functionality of hepatocytes and is applied in toxicity and drug-drug interaction studies as 

well as biliary transport studies, there are still certain drawbacks, which have to be mentioned 

(Kienhuis et al. 2007, Tuschl et al. 2009). Hepatocytes need distinctly longer to adapt to 

culture conditions compared to ML cultivation systems, which is important regarding 

experimental planning (Tuschl and Mueller 2006). Rowe et al. could show that even in the 

SW configuration hepatocytes show disturbances in steroid and vitamin metabolism already 

after 72 h of cultivation (Rowe et al. 2010). This somehow questions the stability of the 

hepatic phenotype over a longer cultivation period. In addition, the second layer of ECM 

might serve as a diffusion barrier for certain proteins, which might hinder kinetic studies 

(Berthiaume et al. 1996). However, it was shown that this is not the case for proteins of the 

size of albumin or fibrinogen (Peters et al. 2009). The reservoir function of the ECM can be a 

problem, if certain measurements are applied. Quantitative 13C labeling studies, as well as 

assays in which quantitative analysis is based on the production of a chromatic or fluorescent 

substance, are strongly complicated due to reservoirs formed in the ECM phase. As 

mentioned above, the SW 

configuration is a rather simple 

setup, which is of course highly 

simplified compared to the 

complex liver architecture in 

vivo. Another way of achieving 

a three-dimensional environ-

ment is to make use of cellular 

adhesion. In the absence of an 

attachment surface the cells 

aggregate and self-assemble to 

form a multi-cellular spheroid 

Figure 1-4 Formation of spheroids using the hanging drop technique (a) and a 
hepatic spheroid (b). Cells in the hanging drop of culture media settle under the 
pull of gravity to assemble as a miniature tissue. Spheroid formed of hepatic 
HepG2 cells (source: insphero.com).  
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(Figure 1-4 b). There are various techniques available to obtain spheroids, e.g. with a nano-

pillar plate, stirred bioreactor systems or rotating wall vessels, which have been reviewed in 

detail by Achilli et al. (Achilli et al. 2012, Takayama et al. 2013). The hanging drop 

technique, as an example, is depicted in (Figure 1-4 a). Improved hepatic function compared 

to conventional ML cultures, including phase I and II drug metabolizing enzymes, as well as 

long-time viability and the formation of liver structures, e.g. a complex bile canalicular 

network, has been shown not only for hepatocytes, but also for various cells lines and 

hepatocyte like cells derived from iPSC (Brown et al. 2003, Mueller et al. 2011a, Takayama 

et al. 2013, Mueller et al. 2014). However, due to the low cell number and the small sample 

volume, certain measurements are not easily applicable, depending on the sensitivity of the 

test method. It is not possible to increase spheroid size arbitrarily, since supply of the cells by 

diffusion is only guaranteed up to a diameter of 200-300 µm (Mueller et al. 2013a). 

Mass transport through complex liver-like structures can be provided by perfusion systems as 

applied in microfluidic devices or bioreactor systems. Microfluidic devices can be multi-well 

or chip based and have the advantage of a small necessary cell number and a controlled 

medium flow and microenvironment (Alépée et al. 2014). In addition several perfusion 

chambers can be either connected in series, to create a certain gradient as for example along 

the liver acinus, or in parallel, which makes analysis of biological replicates possible. 

Different setups of the “Lab on an chip” and their applications especially in drug testing have 

been described and discussed by Wu et al. and van Midwoud et al. (Wu et al. 2010, van 

Midwoud et al. 2011). 

Complex bioreactor systems have been originally developed as bioartificial livers (BALs) for 

patients waiting for a liver transplant after hepatic failure (Yu et al. 2009). BALs have been 

down-scaled to laboratory sizes for basic research. However, the cell number needed to 

guarantee in vivo like reorganization is still very high with 3-6 x 107 for HepG2 and 108 for 

PHH as described by Mueller et al. (Mueller et al. 2013b). This fact disqualifies bioreactors as 

a high throughput method and makes parallel approaches with cells from the same donor 

almost impossible. In a hollow fiber 3D bioreactor, as used by Zeilinger et al., hepatocytes 

aggregate around the fibers and form liver specific structures (Zeilinger et al. 2004). The 

hollow fibers themselves serve as a capillary network and allow the circulation of medium. 

This guarantees the supply with fresh medium, O2 and CO2 (Mueller et al. 2013a). Trostoes et 

al. cultivated primary rat hepatocyte (PRH) spheroids encapsulated with alginate and could 

show, that perfusion feeding had a positive effect on three independent liver specific functions 
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(urea synthesis, albumin production, phase I drug metabolism) (Tostões et al. 2011). Also 

improved maturation of hESCs towards the liver lineage could be shown in bioreactor 

systems compared to conventional 2D cultures (Sivertsson et al. 2012). However, not only the 

high amount of cellular mass needed is one reason why bioreactors are not regularly 

applicable, but also high costs related with the equipment and the high technical experience 

needed. Additionally, most bioreactors are closed systems, which makes only endpoint 

measurements possible. Due to the large perfusion volume, 13C tracer experiment or other 

experiments with expensive substrates are also very costly. 

Another way to further improve in vitro liver cultivation systems is to cultivate hepatocytes or 

hepatocyte-like cells together with other liver cells, as there are endothelial cells, 

macrophages or HSC. As described above, different liver cell types strongly influence each 

other by direct contact or the production of soluble factors, as for example cytokines, which is 

important for physiological liver function. Co-cultivation can be applied on the various levels 

of cultivation described above. Kim et al e.g., cultivated primary PRH as a ML and added a 

second layer of bovine endothelial cells (Kim et al. 2012). Hepatocytes could be cultivated for 

up to 28 d and hepatic function, namely the secretion of albumin and the expression of 

hepatocyte-specific genes was stable and higher in the co-cultivation system compared to the 

ML system. Krause et al. analyzed the effect of hepatic stellate cells on PRH cultivated as 

collagen ML culture (Krause et al. 2009). They could show that HSC lead to an enhanced 

hepatic phenotype, using the phosphoenolpyruvate carboxykinase activity in response to 

glucagon as a marker, even if no direct contact is established. However, this effect was much 

stronger, if direct contact was allowed. Co-cultivation of different liver cell types is a more 

physiological approach compared to conventional single cell type cultivation. At the same 

time, it represents also a further complication of the system, which might impact certain 

analytical aspects, e.g. metabolic flux analysis. 

Although collagen SW cultures are more simplified than spheroids or bioreactor setups, they 

are complex enough for the short-term characterization done in this thesis. In contrast to 

spheroids, the SW culture is not limited regarding cell number, which was a necessity for 

proteomic characterization via 2D-gelelectrophoresis and difference gel electrophoresis 

(DIGE). In addition, the cultivation system is an open one, which makes easy visual and 

hands-on access to the cells possible, which is often difficult in complex closed bioreactor 

systems. It has been made clear, that the choice of cell type and the cultivation system are not 

trivial ones. Both decisions strongly depend on the purpose of the experiment and the data, 
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which is wished to be gained and the experimental design should fit the requirements (fit for 

purpose principle) (Alépée et al. 2014). 

1.3 Metabolism in the liver: Adjusted to special needs. 

1.3.1 The central carbon metabolism 

The central carbon metabolism can be roughly subdivided into glycolysis/gluconeogenesis, 

pentose phosphate pathway (PPP), tricarboxylic acid (TCA) cycle and the fatty acid (FA) 

metabolism. The here described pathways are also depicted in Figure 1-5. Glycolysis converts 

glucose into two molecules of pyruvate thereby producing two molecules ATP and two 

molecules NADH. Glycolysis is strongly interconnected with other metabolic pathways. 

Pyruvate can be directly converted into acetyl-CoA by the pyruvate dehydrogenase complex, 

which can be further metabolized in the TCA cycle or it can be used for FA synthesis. 

Another connection exists via fructose 6-phosphate (F6P) and glyceraldehyde 3-phosphate to 

the PPP. Gluconeogenesis seems on first sight like an inversion of glycolysis. However, both 

pathways are regulated by differential irreversible steps. The first one of glycolysis is the 

phosphorylation of glucose catalyzed by hexokinase resulting in glucose 6-phosphate (G6P). 

This reaction has the advantage, that G6P can no longer leave the cytoplasm since it is not a 

substrate of glucose transporters. The second irreversible step in the pathway is catalyzed by 

phosphofructokinase-1 (PFK-1). The conversion of F6P into fructose 1,6-bisphophate 

(F1,6BP) is mostly regulated by the ratio between ATP and AMP. Is the cellular energy state 

high, PFK-1 is inhibited. ATP thereby works as an allosteric inhibitor of PFK-1 leading to a 

reduced affinity of the enzyme towards its substrate. Pyruvate kinase catalyzes the last 

regulatory reaction of glycolysis, the conversion of phosphoenol pyruvate (PEP) into 

pyruvate. Here as well, ATP is an allosteric inhibitor. Alanine, in addition, works as a final 

product inhibitor, since it can be synthesized in one step from pyruvate. Gluconeogenesis 

usually does not use pyruvate as a direct substrate but lactate or oxaloacetate, an intermediate 

of the TCA cycle. Pyruvate can be directly converted into oxaloacetate catalyzed by pyruvate 

carboxylase. Through the reaction catalyzed by PEP carboxykinase oxaloacetate is 

decarboxylated and at the same time phosphorylated resulting in PEP. The next irreversible 

step of glycolysis is circumvented by the enzyme fructose 1,6-bisphosphatase (F1,6BPase). It 

dephosphorylates F1,6BP resulting in F6P. In most organs G6P is the endpoint of 

gluconeogenesis. In all other tissues except for liver no free glucose is produced, which could 

be transported over the cellular membrane. 
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As mentioned above, pyruvate, which is produced by glycolysis, can be further metabolized. 

Under anaerobic conditions it can be metabolized to lactate by the enzyme lactate 

dehydrogenase. Through this reaction NAD+, which was reduced to NADH during glycolysis, 

is recycled. Pyruvate can also be decarboxylated and transferred to coenzyme A by a multi 

enzyme complex called pyruvate dehydrogenase complex. The resulting acetyl-CoA can then 

be used as a precursor for the synthesis of fatty acids or can be further metabolized via the 

TCA cycle. The TCA cycle is a major intersection of carbon metabolism since not only 

acetyl-CoA, derived from carbohydrate and fatty acid metabolism, can enter the pathway, but 

also amino acids at different stages. At the same time its intermediates serve as precursors for 

numerous molecules such as nucleobases or porphyrines. The first step of the TCA cycle is 

the condensation reaction of acetyl-CoA and oxaloacetate to form citrate. This reaction is 

catalyzed by citrate synthase. In the first half of the TCA cycle the two carbon atoms derived 

from acetyl-CoA are further metabolized finally resulting in CO2. This is accomplished by the 

isomerization of citrate to isocitrate, which is then decarboxylated and oxidized to α-

ketoglutarate. In this step NADH is produced. α-ketoglutarate is then further decarboxylated 

and under NADH production succinyl-CoA is formed. In the second half of the cycle 

oxaloacetate is recycled via several intermediates as there are succinate, fumarate and malate. 

Thereby another molecule of NADH and also one molecule of the related redox cofactor 

FADH2 are formed as well as one molecule GTP. The intermediates of oxaloacetate recycling 

also serve as entry points for certain amino acids and as precursors for other reaction. Overall, 

the TCA cycle itself does not produce a lot of energy with only 1 GTP per entering acetyl-

CoA, but it produces energy rich electrons in form of NADH and FADH2. These can be used 

for the formation of ATP when the electrons are transferred over several electron carriers to 

O2 during oxidative phosphorylation. This process yields about 26 ATP per molecule glucose, 

which entered glycolysis.  

The PPP has two major functions: Based on G6P it first produces NADPH and second C5-

carbohydrates. NADPH is needed for reductive anabolic reactions, as the biosynthesis of fatty 

acids, cholesterol or nucleotides. The produced ribose 5-phosphate (R5P) (C5) is a precursors 

for the production of DNA, RNA, ATP and reduction equivalents as NADH or FADH2. As 

already mentioned above, the PPP is interconnected with glycolysis. Therefore, R5P, which is 

not needed for biosynthesis can enter glycolysis and be further metabolized in the TCA cycle. 

Because of this interconnectivity these pathways need to be regulated together to avoid a 

waste of resources and energy. The activity of the different pathways or to which level they 

are executed strongly depends on the cellular demand. As described above the energy level of 
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the cell is a major regulator of glycolysis. In concordance with this, NADP+, as a necessary 

reaction partner and indicator of the available amount of NADPH, regulates the rate-

determining irreversible step of the pathway, the conversion of G6P to R5P. The complex 

interplay of these regulators enables the cell to react to its varying metabolic demands. 

Fatty acids are well known for their role in energy storage in the form of triglycerides. 

However, they also have other important biological functions. As components of 

phospholipids and glycolipids they form cellular membranes, and fatty acid derivatives can 

also serve as important hormones or intracellular messengers. The synthesis and degradation 

of fatty acids work in an opposite manner, namely through the addition or removal of C2-

units. Acetyl-CoA is the precursor for fatty acid synthesis. NADPH serves as reduction 

equivalent. Degradation of fatty acids is in contrast to the synthesis an oxidative process 

called β-oxidation resulting in acetyl-CoA which can then be further metabolized by the 

above described pathways. 

1.3.2 Adaption and regulation in liver 

To understand the differences in the regulation and utilization of metabolic pathways in the 

liver one has to understand its differential function. The liver is the major site for the 

synthesis, metabolism, storage and redistribution of carbohydrates, proteins and lipids 

(Bechmann et al. 2012). Its role as metabolic hub and modulator of plasma concentrations of 

different metabolites and proteins, make certain adaptions necessary, which are depicted in 

Figure 1-5. The liver metabolically connects various tissues, especially skeletal muscle and 

adipose tissue (Rui 2014). Its special role in glucose homeostasis first of all makes it a 

necessity that liver itself is not solely dependent on glucose as a carbon source for its own 

energy metabolism. Since it is not only responsible to remove excessive glucose from the 

blood but also has to guarantee glucose supply for other tissues during fasting, a possibility to 

store and to produce glucose from other sources has to be given. The possibility to store 

glucose is given in hepatocytes in the form of glycogen. The first step of hepatic glucose 

utilization is determined by Glut2 (glucose transporter 2), the major hepatic glucose 

transporter. In contrast to other glucose transporters Glut2 mediated transport is not insulin 

sensitive and the transporter only saturates above plasma glucose concentrations of 30 mM 

(Bechmann et al. 2012, Mueckler and Thorens 2013). The actual synthesis of glycogen starts 

from G6P, which is isomerized to glucose 1-phosphate (G1P) by the enzyme 

phosphoglucomutase. G1P is then activated by being transferred to UTP resulting in UDP-

glucose, which acts as glucosyl-group donor for glycogen synthesis. 
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Figure 1-5 The central carbon metabolism and its special adaptions in liver. Detailed explanations are given in the 
text. Double headed arrows: Reversible reactions; Dashed arrows: Several reaction are condensed; Blue: Amino 
acids entering metabolism for degradation; Green; Gluconeogenic precursers; Red: Special adaptions in liver; 
Crossed out: In all other tissues but not in liver. Abbreviation: Amino acids are abbreviated by their three letter 
code; α-KG α–ketoglutarate; Ace acetyl; CoA coenzyme A; DHAP dihydroxyacetone phosphate; ER 
Endoplasmatic Reticulum; F16BP fructose-1,6-bisphosphate; F26P fructose-2,6-bisphosphate; F6P fructose-6-
phosphate; G6P glucose-6-phosphate; G6Pase glucose-6-phosphatase; GA3P glyceraldehyde 3-phosphate; OXA 
oxaloacetate; PEP phosphoenolpyruvate; PPP pentose phosphate pathway; TAG triglyceride. 
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The degradation of glycogen during fasting is catalyzed by glycogen phosphorylase and 

moves more or less contrary to the synthesis resulting in G1P. Of course these reactions need 

to be strictly regulated. This is achieved by the opposing regulation of the two rate-limiting 

enzymes: glycogen synthase and glycogen phosphatase. Both enzymes are regulated by 

phosphorylation, however in an opposing manner. The phosphorylase is more active when 

phosphorylated, the synthase is more active when dephosphorylated (Hers et al. 1970). These 

enzymes are complexly regulated, amongst others by cyclic AMP (cAMP) and G6P. cAMP, 

an intracellular messenger, is increased due to glucagon signaling (Exton et al. 1971). This 

increase leads to the activation of protein kinase A (PKA), which then phosphorylates and 

therefore activates glycogen phosphatase (Rui 2014). The enzyme thereby also serves as a 

glucose sensor. G6P, on the other hand, acts as an allosteric activator of glycogen synthase, 

which can activate glycogen synthase even when it is highly phosphorylated (Srivastava and 

Pandey 1998, Bechmann et al. 2012). Glycogen synthase is also a target of insulin mediated 

signaling.  

The first step of glycolysis is usually accomplished by hexokinase, which is only found in low 

amounts in liver. Instead, in liver glucokinase (GK) carries out this task (Katz and McGarry 

1984). In contrast to hexokinase, GK has a low affinity for glucose and is not feedback-

inhibited by its product G6P. Its activity increases sigmoidal with increasing glycemia 

(Wilson 2003). Since glucose is transported into hepatocytes by facilitated diffusion GK 

keeps intracellular glucose levels low and determines glucose clearance (Pilkis and Granner 

1992). During fasting GK is bound to the glucokinase regulatory protein in the nucleus, which 

keeps it in an inactive state. Glucose itself leads to the dissociation of the complex and to its 

translocation to cytoplasma (Bechmann et al. 2012). The transcriptional control of GK is 

highly complex and influenced by many transcription factors, e.g. the sterol regulatory 

element binding protein-1c (SREBP-1c), which mediates insulin dependent transcription 

(Kim et al. 2004). 

Gluconeogenesis is a pathway not only active in liver, but it has some specialties compared to 

other cell types. The most remarkable of these is that the last enzyme glucose-6-phosphatase 

(G6Pase), which catalyzes the production of free glucose from G6P, is only expressed in 

hepatocytes (Jitrapakdee 2012). G6P is transported into the endoplasmatic reticulum (ER), 

where it is dephosphorylated by G6Pase, which is the rate limiting step in gluconeogenesis 

(Rui 2014). Because of this, hepatocytes are the only cell type which is able to produce free 

glucose, which can be transported over the cellular membrane.  
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Another special regulator of glucose metabolism in liver is fructose-2,6-bisphosphate 

(F2,6BP). This metabolite is produced and degraded from and to F6P by the bifunctional 

enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (6PFK2/FBP2). When levels 

of F2,6BP are high, the activity of glycolysis is increased, whereas gluconeogenic activity is 

decreased. This is achieved by allosteric regulation of two major regulation enzymes of both 

metabolic pathways. These enzymes are 6-phosphofructo-1-kinase, which is allosterically 

activated and fructose-1,6-bisphosphatase, which is inhibited by F26BP (Wu et al. 2006). 

Both enzymes are directly connected to the precursor of F2,6BP, fructose 1-phosphate (F1P). 

The amount of F1P is tightly connected to the amount of available glucose. F2,6BP thereby 

serves as a sensitive glucose sensor for the liver. The expression of 6PFK2/FBP2 is 

hormonally regulated by insulin and glucocorticoids (Okar et al. 2004). 

Not only glucose serves as a valuable energy source for extrahepatic tissues during fasting but 

also ketone bodies as acetoacetate and β-hydroxybutyrate. All enzymes involved in their 

production are also present in extrahepatic tissues. However, the enzyme catalyzing the rate-

limiting step of ketogenesis, namely HMG-CoA synthase, is only found in liver in large 

quantities. The rate limiting step for ketone body utilization, 3-oxoacid-CoA-transferase, 

however, can be found in all tissues but liver (McGarry and Foster 1980) (Figure 1-5).  

Liver metabolism comprises an immense spectrum of interrelated anabolic and catabolic 

functions which are performed simultaneously without wasting energy. To cope with this 

challenge, liver parenchyma shows a considerable heterogeneity known as metabolic zonation 

(Gebhardt and Matz-Soja 2014). Liver zonation is thereby established by displaying different 

morphological features, such as different number of mitochondria, or by differential enzyme 

expression. The most prominent zonated pathways of liver are glucose metabolism with 

glycolysis being located in the pericentral and gluconeogenesis being most prominent in the 

periportal region of the lobule. Also amino acid degradation (periportal), as well as fatty acid 

degradation (periportal) and lipogenesis (pericentral) are zonated. However, also hepatic 

functions such as detoxification of xenobiotics or detoxification of ammonia are zonated 

along the sinusoids. Ammonia detoxification is strictly separated with urea synthesis taking 

place in the periportal region and glutamine synthesis only occurring in the two innermost 

pericentral cell layers. CYPs are mainly expressed in pericentral hepatocytes as well 

(Braeuning et al. 2006). How these processes are exactly regulated and zonation is maintained 

is still not completely understood. However, gradients formed along the sinusoids, such as 

pO2 and various hormones and nutrients, together with β-catenin signaling seem to play a 
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major role. Recent insights on this topic are given in an excellent review by Gebhardt and 

Matz-Soja (Gebhardt and Matz-Soja 2014). Working with primary hepatocytes the aspect of 

liver zonation has to be kept in mind, since the isolated cells usually represent a mixture of 

periportal and pericentral hepatocytes also resulting in a mixture on a metabolic level. 

The adaptions described here are only a few examples and are described only very 

superficially. Especially the regulation of all these processes is much more complex. 

However, these examples are well suited to show, how liver metabolism is adapted to its tasks 

in homeostasis with differential gene expression and differential metabolic regulation. 

Especially glucose metabolism, ammonia and xenobiotic detoxification will be in the focus of 

this thesis. 

1.4 Insulin: A small molecule with huge impact 

Insulin is a small peptide hormone with a molecular 

weight of about 5800 Da. It is produced by the β-cells 

of the islets of Langerhans in the pancreas. Insulin 

itself consists of an α- and a β-chain, which are 

covalently linked by two disulfide bonds (Figure 1-6). 

However, it is first synthesized as one polypeptide, 

from which a signaling sequence is cleaved off which 

results in the generation of proinsulin, which is then 

further cleaved by intracellular enzymes to become the 

final active form of the hormone. Until needed, insulin 

is stored within the β-cells. The release of the hormone 

is regulated by several factors. The nutritional 

component, mainly an elevated blood glucose level, 

but also other nutritional factors as amino acids 

(arginine or leucine) or malonyl-CoA, an intermediate of fatty acid metabolism, play a major 

role in the regulation of insulin release (Sener et al. 1981, Corkey et al. 1989, Henningsson 

and Lundquist 1998, Yaney and Corkey 2003). Additionally, also hormonal signals, e.g. 

catecholamines, and neuronal signals are important for regulating the release (Malaisse et al. 

1979, Cherrington 1999). The different factors, which lead to the release of insulin and the 

interplay of different organs are depicted in Figure 1-7 a. There are several insulin sensitive 

tissues, but the liver, skeletal muscle and adipose tissue are the major targets of insulin 

regarding glucose homeostasis. The blood from the pancreas is directly led into the portal 

Figure 1-6 Structure of insulin. The final 
molecule consists of a α- (blue) and β-chain
(yellow), which are covalently linked by two 
disulfide-bonds. Additionally, a third 
disulfide bond is found within the α-chain.
(Adopted from Stryer Biochemie, 6. Auflage) 
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vein and therefore the pancreatic hormones first of all reach the liver sinusoids (Roden and 

Bernroider 2003). This underlines the special status the liver has in glucose regulation. But 

not only insulin gives an input to the liver. After a meal, the portal glucose concentration is 

elevated. Glucose itself can push its own uptake and metabolism and at the same time inhibit 

endogenous glucose production. This effect is known as glucose effectiveness (Tonelli et al. 

2005). The impact of glucose effectiveness, which seems to be impaired during type II 

diabetes, is also depending on another factor: the free fatty acid (FFA) concentration. FFA 

and glycerol can be used as precursors for gluconeogenesis. Postprandial insulin secretion has 

an inhibitory effect on lipolysis and therefore the production of FFA in adipose tissue (Roden 

and Bernroider 2003, Kowalski and Bruce 2014). Glucose effectiveness is highest, if FFA 

blood levels are low. Additionally, also an altered neuronal input directly affects liver 

metabolism. The sympathic and the parasympathic nervous system both directly innervate the 

liver. The sympathic nervous system has a positive influence on hepatic glucose production, 

whereas the parasympathic system antagonizes glucose production and promotes the storage 

of fuels in the liver (Stanley et al. 2010, Rui 2014). 

After reaching the hepatocytes, insulin binds to its receptor, which is expressed in almost all 

mammalian tissues with varying numbers, but highest in adipose and liver tissue. The insulin 

receptor consists of two α- and two β-subunits, which are covalently linked through disulfide 

bonds forming a α2β2-heterotetramer. Binding of insulin leads to autophosphorylation of the 

receptor and starts a signaling cascade. It leads to the inactivation of glycogen synthase 

kinase-3 (GSK-3). Active GSK-3 inhibits glycogen synthesis and at the same time, the 

transcription of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6 phosphatase 

(G6Pase) is downregulated, which leads to reduced gluconeogenesis (Saltiel and Kahn 2001, 

Klover and Mooney 2004). Apart from activation of glycogen synthesis and decreased 

gluconeogenesis, insulin also leads to an increased uptake of glucose by the cells. This is 

caused by the induced translocation of Glut4 (glucose transporter 4) to the plasma membrane 

and the decreased internalization of the transporter. Glut4 is the major glucose transporter on 

insulin-sensitive cells, but until stimulated by insulin, it is mostly located in the membranes of 

intracellular vesicles (Zierler 1999). Upon uptake glucose can follow three different paths. It 

can be stored, either as glycogen or in form of triglycerides or it can be metabolized via 

glycolysis. All three possibilities are positively influenced by insulin as depicted in Figure 1-7 

b. On the other hand, the opposite pathways, as glycogenolysis, gluconeogenesis or lipolysis 

are inhibited by insulin. 
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Figure 1-7 The cycle of glucose homeostasis after a meal and the various inputs on the liver from different organs; 
abbreviations: FFA – free fatty acids; � increase; � decrease; (a) and the direct effects of insulin on the liver (b) (adapted 
from Kowalski and Bruce 2014 and Saltiel and Kahn 2001). 

Furthermore, insulin leads to an increased uptake of amino acids in hepatocytes, which is in 

accordance with an increased protein production. Although one might think, that insulin has 

only metabolic influence on different cells to guarantee glucose homeostasis, this is by far not 

true. The small peptide hormone has also drastic effects on gene transcription and mRNA 
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turnover, ion transport, protein degradation, and also on DNA synthesis, cell growth and 

differentiation and even on fertility (Draznin 1996, Duckworth et al. 1998a, Woodcroft and 

Novak 1999, Bunner et al. 2014). In accordance with this, Godoy et al. could show that in 

vitro insulin and dexamethasone antagonize epithelial to mesenchymal transition of 

hepatocytes and therefore dedifferentiation (Godoy et al. 2010). All these different effects of 

insulin cannot solely be explained by a simple ligand-receptor-interaction and it could be 

shown that there are different receptor signal transduction systems to initiate the different 

insulin effects (Duckworth et al. 1998a). It has also been long known, that other factors, as 

e.g. the internalization and intracellular processing of insulin by hepatocytes have a direct 

effect on increased amino acid consumption, whereas glucose metabolism is completely 

unaffected (Duckworth et al. 1988). However, the complete mode of action of insulin is still 

not fully understood. 

To guarantee fast adaption to varying conditions, insulin has to be cleared from the blood 

rather fast. Postprandial insulin secretion in humans peaks after about 1 h and then goes back 

to basal levels (Kowalski and Bruce 2014). Thereby, the liver is the primary site of clearance 

and about 50% of secreted insulin are removed during its first pass (Jungermann and 

Kietzmann 1996). Impairment of insulin clearance is closely related to metabolic diseases as 

glucose intolerance, obesity or non-alcoholic fatty liver disease (Lee et al. 2013a).  

The counter-regulatory player of insulin is glucagon. It is another peptide hormone produced 

by the α-cells of the pancreas. It is produced during fasting, if the blood glucose level falls too 

low. The complete pathway regulating glucagon secretion is, as for insulin, highly complex. It 

seems to involve paracrine and intrinsic regulation, comprising amongst other things 

stimulation by low glucose levels and inhibition by secreted insulin (Walker et al. 2011). Also 

amino acid and FFA levels are important regulators. In hepatocytes, binding of glucagon to its 

receptor leads to an activation of PKA and adenylate cyclase, which increases intracellular 

cAMP levels. This leads to activation of the glycogenolytic enzymes glycogen phosphorylase 

kinase (GPK) and glycogen phosphorylase and at the same time to transcription of 

gluconeogenic enzymes (Klover and Mooney 2004). Regarding their final outcome insulin 

and glucagon act more or less contrary, with insulin leading to increased glucose uptake and 

storage and glucagon leading to endogenous glucose production. 

The complex interplay of hormones and metabolites in glucose homeostasis are disturbed in 

many metabolic diseases as obesity or non-alcoholic fatty liver disease (NAFLD) (Roden and 

Bernroider 2003). However, type II diabetes (TIID) is the most well-known and widespread 
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disease directly associated with insulin, with 171 million people affected in the year 2000 and 

with 552 million people estimated in 2030 (Friedrich 2012). The two forms of diabetes, type I 

and type II, can be distinguished by their completely different cause. Type I is characterized 

by an autoimmune destruction of insulin producing β-cells with a strong genetic component. 

TIID, on the other hand, is characterized by a constantly increasing insulin resistance of 

tissues, mainly skeletal muscle, adipose tissue and liver, leading to inappropriate endogenous 

glucose production and diminished glucose utilization. This is followed by impaired β-cell 

function due to constant hyperglycemia (Cheatham and Kahn 1995, Friedrich 2012, Bunner et 

al. 2014). Thereby, TIID is strongly influenced by the lifestyle of a person regarding diet, 

physical activity and stress, and is strongly related with obesity, with about 60-70% of TIID 

patients being obese (Klover and Mooney 2004, Temelkova-Kurktschiev and Stefanov 2012). 

The epidemic dimension of the disease, especially in western countries, and the high 

economic burden related to it, with alone 218 billion $ in the U.S. in 2007, underscores the 

urgency to completely understand metabolic glucose regulation and to find suitable in vitro 

systems to analyze the disease (Dall et al. 2010). 

 1.5 ‘omics studies 

In the last decade systems biological approaches have gained more and more interest in life 

sciences. Systems biology seeks to achieve a global understanding of mechanisms on all 

organizational levels by which a system adapts to its environment (Wright et al. 2012). 

Thereby it has to be seen as clearly marked off from the traditional reductionist thinking of 

molecular biology in the last few decades. The paradigm of science in classical molecular 

biology was: 1 gene - 1 protein – 1 function. It postulated a direct link between gene and 

protein function and in conclusion the knowledge of all genes should be able to explain 

biological function (Hollywood et al. 2006, Bensimon et al. 2012). However, the more 

knowledge was gained, the clearer it became that biological systems are not that simple. 

Genotype and phenotype are not uniquely directed due to epigenetic marks, alternative 

splicing, non-coding RNAs, protein interaction networks and posttranslational modifications 

(Espina et al. 2008, Altelaar et al. 2013). Therefore, now a paradigm shift has taken place 

away from reductionist thinking to an integrative approach of interpretation of biological data. 

The driving forces of systems biology are omics techniques, including genomics, 

transcriptomics, proteomics, metabolomics and also fluxomics. By integrating the huge 

amounts of data created with the different omics techniques a holistic understanding of 

biological systems is now approached. 
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Figure 1-8 Different levels of cellular organization and exemplary regulatory influences. The genome 
thereby contains the full cellular potential, which is decreased alongside the organizational levels 
resulting in the actual phenotype. 

 

1.5.1 Metabolomics: Gaining insight into cellular metabolism 

The metabolome comprises all low-molecular weight molecules (< 3000 m/z), which are 

present in a system in a particular defined state (Hollywood et al. 2006). A system can thereby 

range from a single cell or a tissue to even a whole organism. Overall, the metabolome 

represents the endpoint of transcriptional, translational and environmental interactions, which 

includes regulation on all levels of organization (Rochfort 2005). Therefore, the metabolome 

closely reflects the actual phenotype (Figure 1-8). Compared to the transcriptome or the 

proteome, the metabolome is also the most rapid and sensitive representation of a systems 

phenotype, since it reflects changes in conditions already within seconds (Cox et al. 2014). 

The term metabolomics, analogous to other omics techniques, describes the measurement of 
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the metabolome and provides a snapshot of the actual metabolic state of the biological system 

(Friedrich 2012, Milburn and Lawton 2013). Although, certain metabolites have been related 

to certain disease conditions and analyzed for decades, e.g. glucose determination in urine in 

diabetes, the age of holistic metabolomics started about 20 years ago. In 1999 Nicholson et al. 

first used and defined the term metabonomics, which is often used synonymously with 

metabolomics (Nicholson et al. 1999, Ryan and Robards 2006). Since then metabolomics 

enjoys increasing popularity with more than 2400 publications in 2015. 

1.5.1.1 Different metabolomics approaches 

Metabolomic approaches in general can be roughly subdivided in targeted and un-targeted 

approaches. In metabolomic profiling, a targeted approach, a set of chosen metabolites, e.g. 

from a specific pathway or a chemical class, are quantitatively analyzed (Kasture et al. 2012). 

This was also the method of choice in this study, since the central carbon metabolism was of 

particular interest. The advantage of this approach is, that the most suitable analytical 

technique for the metabolites of interest can be chosen and that these can be quantified 

absolutely using calibration standards. On the other hand, considerable influences of the 

experimental conditions on other pathways can be missed. Untargeted approaches, or 

“classical” metabolomics, have the aim to give an unbiased holistic snapshot of the 

metabolome. Under certain perturbations, as disease or drug treatment, the term metabolic 

fingerprinting is also used. In this case, the snapshots from the set condition are compared to 

the control condition to identify possible target pathways (Ellis et al. 2007). Analogous to 

that, there is also metabolic footprinting, when only the extracellular metabolome is 

concerned. This method can be used in cell cultures and for the analysis of body fluids as 

blood or urine (Hollywood et al. 2006). The advantage of this un-targeted approach is clearly 

that it represents a hypothesis-free holistic analysis. However, quantification of all 

metabolites, or rather as many as possible, is a difficult undertaking. This is why metabolites 

mostly are only quantified in a semi-quantitative manner (Oldiges et al. 2007). A deeper 

insight on how metabolites are connected and how different substances are metabolized is 

gained, if a labeled substrate is used. 13C labeling is the most common, but there are also 

approaches with 15N or 2H. Due to high mass accuracy of analytical methods mass differences 

of one neutron can be detected and conclusions on the activity of metabolic pathways can be 

gained. This is often supported by modeling metabolic networks (Kohlstedt et al. 2010, 

Nicolae et al. 2014, Dersch et al. 2016). 
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1.5.1.2 Analytical techniques in metabolomics 

To analyze the metabolome it is most common to couple a method of separation, as gas 

chromatography (GC) or liquid chromatography (LC) with mass spectrometry (MS). But also 

nuclear magnetic resonance (NMR) spectroscopy is an often used technique (Lindon et al. 

2006). NMR spectroscopy provides highly reproducible quantitative results as well as 

structural information on the analytes (Lindon et al. 2006, Athersuch 2016). In addition it is a 

non-destructive method, which covers a wide range of chemical classes (Rochfort 2005, 

Athersuch 2016). However, it is by far not as sensitive as MS-based methods and the obtained 

spectra are highly complex, which complicates data interpretation (Cox et al. 2014). The 

identification by MS is based on the characteristic ionization and fragmentation pattern of 

each metabolite. By measuring the mass to charge ratio (m/z) of these, MS allows the 

simultaneous detection of multiple analytes with high sensitivities (Boccard et al. 2009). MS 

thereby allows detection in the picomole to femtomol range (Lei et al. 2011). There are 

numerous different high-resolution mass spectrometers in use with orbitrap, time of flight 

(ToF)-MS, and Fourier transform ion cyclotron resonance (FT-ICR) –MS being the most 

common (Wang et al. 2015). Coupling of MS with a separation method as GC or LC in 

advance adds a further dimension to the data, namely the retention time based on the physico-

chemical properties of the respective analyte. This increases the resolution and also gives 

valuable information for identifying the respective metabolites. The GC based methods use an 

inert gas, often helium, as mobile phase which carries the analytes through the column. In 

order to be transported in the carrier gas (mobile phase) the metabolites must be volatile. This 

can be achieved by heating or through additional derivatization, using e.g. silylating agents as 

BSTFA or MBDSTFA. By derivatization, active hydrogens present in functional groups are 

blocked by silylation (Monteiro et al. 2013). By this also polar and higher molecular weight 

compounds can be analyzed. Compared to LC-MS GC-MS highly profits from extensive 

databases of spectra, which help identifying metabolites (Griffiths et al. 2010). The high 

reproducibility of retention times further improves identification (Kopka 2006). Besides the 

additional derivatization step, which can lead to a loss of metabolites, the molecular ions of 

the analytes may be absent from the spectra, due to extensive fragmentation. Information on 

the molecular weight of the starting molecule might therefore be missing (Griffiths et al. 

2010). Also incomplete derivatization or different forms of the same metabolite can occur. 

This also represents a problem regarding quantification. The basic principle of LC is the 

separation of metabolites on the basis of their interaction with a mobile and a stationary 

phase, with the mobile phase being liquid. With this method a wide range of molecules can be 
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analyzed and normally no derivatization is necessary. In addition, only very low sample 

volumes are needed for LC-MS analysis. Reversed phase (RP) chromatography is the most 

widely used technique, but also others as hydrophilic interaction chromatography (HILIC) are 

well used. More recent devises as ultra high performance liquid chromatography (UPLC) by 

using sub-2 µm particles are able to decrease the run time while at the same time leading to an 

increased resolution (Guillarme et al. 2010). The most prominent problem regarding LC-MS 

is the limited databases available. Compared to GC-MS this greatly hinders metabolite 

identification. The most commonly used ionization technique coupling LC and MS is 

electrospray ionization (ESI). Due to the high voltage applied to the liquid an ionized aerosol 

can be formed. This enables a direct connection between LC and MS. However, this can also 

lead to ion suppression effects further complicating quantification (Yanes et al. 2011, 

Monteiro et al. 2013). For targeted approaches also HPLC coupled with UV detection is used 

frequently (Mueller et al. 2011b, Wahrheit et al. 2013). UV detectors do not identify 

compounds directly as in MS, but identification is possible through retention time when 

adequate standards are used. Here also no derivatization is necessary unless it is needed for 

the detection. 

1.5.1.3 Application of metabolomics in science 

The applications of metabolomics approaches are numerous and include (1) basic research (as 

provided in this study, Wahrheit et al. 2014); (2) metabolic engineering and biotechnology, 

e.g. improvement of microbial strains for the industrial production of biologicals (Klein et al. 

2015); (3) functional genomics and proteomics, identifying the function of unknown genes 

and proteins (Fiehn et al. 2000, Saghatelian and Cravatt 2005); (4) toxicology, in the risk 

assessment of drugs and chemicals (Wang et al. 2009, van Ravenzwaay et al. 2012, Mattes et 

al. 2013); (5) drug discovery and development (Birkenstock et al. 2012, O’Sullivan et al. 

2013); (6) disease diagnosis by biomarker identification (Gowda et al. 2008); (7) with the 

ultimate goal of personalized medicine, e.g. to identify responders and non-responders to 

certain treatments (Weiss and Kim 2012, Raz et al. 2013). 

In contrast to other omics techniques metabolomics has the advantage, that it determines a 

real biological endpoint. Metabolite levels reflect the activity of metabolic pathways, which 

directly reflect the actual phenotype without further regulatory interventions (Ryan and 

Robards 2006, Kamp et al. 2012). Due to the significant lower number of metabolites 

(~ 2500), compared to the number of genes (~ 40000), transcripts (~ 150000) and proteins 

(~ 1000000), metabolomics provides less complex and more precise quantitative data, which 
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makes it a more sensitive approach compared to other omics techniques to detect biological 

changes (Kasture et al. 2012, den Ouden et al. 2016). In addition, cellular pathways are highly 

conserved between different species and therefore a large part of metabolites are not species 

specific (Hollywood et al. 2006). Since metabolomics can also be used in a minimally 

invasive manner, using blood or urine as a matrix, it can easily be adapted from the lab to the 

clinics. Thereby, metabolomics highly profits from the robust and stable analytical platforms 

in use, which guarantee an excellent reproducibility. The low cost per single sample analysis 

as well as the ease of sample preparation and data acquisition further speak for metabolomics. 

However, the analytical methods in use can still be improved regarding sensitivity and their 

dynamic range. The high physico-chemical diversity of metabolites is another problem, since 

so far there is not a single method available to determine all metabolites of a sample. This can 

be somehow circumvented by complementary approaches using different analytical platforms 

on one sample. Differentiating between stereoisomers of metabolites is also a problem, which 

needs to be addressed. There are already techniques available, however, these are so far 

highly specific for particular analytes (Athersuch 2016). The most urgent issue that needs to 

be addressed in the context of metabolomics is the missing standardization of methods in 

different labs. This makes data comparison almost impossible and establishing of 

comprehensive metabolome databases very challenging. 

1.5.2 Proteomics: Identifying the working machinery of life 

Proteomics is defined as the detailed analysis of proteins and their function in an organ, tissue 

or in a cell culture system. It thereby also includes the identification, modification, 

quantification and localization of these proteins (Yates et al. 2009, Uto et al. 2010). The 

proteome is highly dynamic and depends not only on cell type but also on differentiation 

state, cellular environment, extracellular signals and other factors (Mueller et al. 2013a). 

Analytical methods used for the analysis of the proteome can be roughly classified into gel-

based and LC based approaches. Both methods, however, rely on MS for the identification of 

the respective proteins. 

A well-known gel based separation method is the two-dimensional sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). It is a well-established method and was 

already introduced in the seventies (O’Farrell 1975). The first dimension of the separation is 

usually an isoelectric focusing (IEF). The separation is based on the amphoteric nature of 

proteins. At low pH basic groups become positively charged, at basic pH acidic groups 
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become negatively charged. Proteins will attain a zero net charge at their isoelectric point (pI) 

(Righetti and Bossi 1998). Today a good separation can be achieved using immobilized pH 

gradients (IPG). The second dimension is usually based on the molecular weight of the 

protein. They are coupled to the denaturizing and negatively charged agent SDS. Because of 

the negative charge all proteins migrate towards the anode when an electric field is applied. 

The separation is driven by the pore size of the polyacrylamide gel since larger proteins 

migrate slower than smaller ones (Garfin 2003). The proteins are then usually stained with 

Coomassie Blue, which has a dynamic range of 101, cut out and digested with trypsin and 

then identified using MS. Silver nitrate is another commonly used staining method, which is 

more sensitive and has a higher dynamic range of up to 102, but it is incompatible with MS-

based identification (Lilley and Friedman 2004). Due to the low dynamic range of these 

staining methods and since every sample is run on a separate gel protein quantification with 

this setup is not reliable. 

1.5.2.1 Gel-based proteomic approaches 

A variant of conventional SDS-PAGE called DIGE highly improves protein quantification. 

This technique was introduced by Unlü et al. and is based on the labeling of two samples, 

which are to be compared, with fluorescent dyes (Unlü et al. 1997) (Figure 1-9). The used 

fluorescent dyes are N-hydroxy succinimidyl ester reagents for low-stoichiometric labeling of 

the ε-amine groups of lysine side-chains and fluorescing in the red (Cy3) and blue (Cy5) part 

of the spectrum (Lilley and Friedman 2004). The protein samples can therefore be run on the 

same gel, which facilitates quantitative comparison enormously. An internal standard, 

consisting of the same amount of protein from the samples, which are to be compared, is also 

labeled with a third dye (Cy2) and run on the same gel. This enables intra- and inter-gel 

comparability (Lilley and Friedman 2004). DIGE is capable of detecting about 2000 soluble 

proteins without need to limit investigation to proteins relative to a certain hypothesis and the 

used dyes have a dynamic range of five orders of magnitude with a detection limit of 150-

500 pg (Prabakaran et al. 2007, Gozal et al. 2009). Up to now DIGE has been used in 

numerous studies with a multitude of cell types including human breast cancer cells, human 

liver, brain tissue of genetically modified mice and rat heart tissue (Gharbi et al. 2002, 

Skynner et al. 2002, Sakai et al. 2003, Prabakaran et al. 2007). Thereby DIGE can be applied 

for in vitro cultivation systems as well as for patient material from various diseases, ranging 

from schizophrenia to sleep apnea in children (Prabakaran et al. 2007, Gozal et al. 2009, Haas 
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et al. 2012). DIGE has the great advantage that no hypothesis has to be generated in advance 

of analysis, but that the proteome can be analyzed in an unprejudiced manner.  

Valuable information about the physiological isoelectric point and the molecular weight of the 

respective proteins is obtained and can be very useful to confirm MS-based protein 

identification (Diamond et al. 2006). Through to the use of the more sensitive fluorescent 

dyes the dynamic range of conventional SDS-PAGE could be improved as well as the high 

inter-gel-variability by the use of an internal standard. However, reproducibility is still an 

issue of all gel-based approaches and spot-matching on different gels can still be tedious and 

error-prone work. The number 

of samples, which can be 

compared with this approach is 

not necessarily limited to two 

samples, but the more samples 

are compared the more complex 

the setup becomes. Membrane-

proteins, as well as proteins 

with a very high or a very low 

pI as well as low abundant 

proteins are also difficult to 

analyze with this method 

(Gonnet et al. 2003, Wright et 

al. 2012). In addition, DIGE and 

other gel-based approaches are 

far from high-throughput, since 

the whole procedure of sample 

preparation, protein separation 

and identification takes several 

days, and the data obtained has 

to be considered qualitative rather 

than quantitative. However, DIGE 

has undergone a rapid 

development and will have a 

major impact in fields as disease 

Figure 1-9 General principle of differential gel electrophoresis (DIGE). 
Each protein sample is labeled with a fluorescent dye (Cy3 and Cy5) and 
an internal standard (IS), consisting of the same amount of protein of 
both samples, is labeled with another dye (Cy2). All preparations are 
mixed and run on the same gel. Pictures with each respective fluorescent 
filter are obtained and an overlay of all three pictures is created. Proteins, 
which are only present in the protein extract 1 and the IS appear pink, 
proteins present in protein extract 2 and the IS appear green. Proteins, 
which are present in the same amounts in all three preparations, are 
white. The amount of protein is determined by peak intensity compared 
to the internal standard. Abbreviations: PE protein extract. 
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diagnosis in the future (Lilley and Friedman 2004). 

1.5.2.2 Non-gel-based proteomic approaches 

Non-gel-based approaches for proteome analysis mostly use different LC-MS methods for 

protein separation. One of the major differences compared to gel-based approaches is, that the 

proteins are in most cases turned into peptides by tryptic digestion before the separation takes 

place. However, also with LC-MS labeling of the samples in one or the other way is helpful 

for quantification. The labeling methods can thereby be differentiated as metabolic and 

chemical labeling and synthetic spiking. The most common metabolic labeling method is 

stable isotope labeling by amino acids in cell culture (SILAC). The isotopically labeled amino 

acids 15N4-arginine or 13C6-lysine are added to the cell culture medium and are incorporated 

by the cells into their proteins. This enables a direct comparison of the protein samples and, as 

for DIGE, a semi-quantitative comparison between two experimental conditions. An 

alternative to metabolic labeling is chemical labeling. Here, no high protein turn-over rate is 

necessary, since the labeling takes place after protein extraction from the cells. Two 

representatives of this approach are isotope-coded affinity tags (ICAT) and isobaric tags. The 

quantification principle is thereby analogue to the metabolic labeling approach. ICATs are 

often specified for labeling of the cysteine side chain, whereas isobaric tags label free amines 

in peptides (Patton et al. 2002, Yates et al. 2009). A general problem of chemical labeling is 

that the peptides are labeled relatively late in the workflow. Differences in the protein amount 

resulting from sample preparation can therefore not be detected. Another problem can be the 

labeling efficiency of the respective tag used. To circumvent the problem of labeling 

efficiency there is also the possibility to use an external peptide standard of a known 

concentration. This method is called synthetic spiking and the standard usually consists of 

synthetically produced signature peptides, with incorporated stable isotopes, corresponding to 

a specific protein identity (Gerber et al. 2003). Due to the known concentration of standard 

peptides, this method can be used for absolute quantification of the protein amount in a 

sample. There are also protein quantification approaches without using any kind of labeling. 

Thereby, signal intensity is used for quantification. The great advantage of label-free 

quantification is that the number of conditions, which can be compared is not limited 

(Bantscheff et al. 2012). However, reproducibility remains the point of question in this 

approach, since peptide intensities can vary from run to run, which makes direct comparison 

of different samples questionable. A problem, which is common to all the above-mentioned 

LC-based approaches is co-elution of identical peptides from different proteins. This occurs 
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when a bottom-up approach, also called shotgun-proteomics, in which the whole proteome is 

digested into peptides by trypsin before separation, is used. This can be reduced to a certain 

degree if e.g. the samples are somehow pre-fractionated. 

1.5.2.3 MS-based detection of proteins 

DIGE as well as the different LC-based methods available for proteome analysis both rely on 

MS or MS/MS based protein identification. Thereby, soft ionization methods are necessary to 

keep proteins and peptides intact (Yates et al. 2009). Most widely used are ESI-MS and 

matrix assisted laser desorption/ionization (MALDI) –ToF–MS (Fenn et al. 1989, Tanaka 

2003). MALDI-ToF-MS is often used together with gel based approaches. The protein spots 

are picked from the gel, digested into peptides by trypsin and after purification and 

preparation of the samples mixed with a matrix. The matrix analyte mixture is then spotted on 

a designated metal plate. The matrix absorbs the energy of the laser and transfers it to the 

peptides. Laser heating causes desorption of the matrix, which finally leads to [M+H]+ ions 

omitting into gas phase (Karas and Krüger 2003). There are different matrices available for 

MALDI, which have special characteristics for different analytes. α-Cyano-4-

hydroxycinnamic acid (HCCA) is well suited for peptides with a mass lower than 2500 Da. 

Sinapinic acid (SA) on the other hand should be used for the analysis of peptides with a mass 

higher than 2500 Da. 2,5-Dihydroxybenzoic acid (DHB) or 3-hydroxypicolinic acid (3-HPA) 

are well suited for hydrophobic peptides and phosphorylated or glycosylated peptides (Gonnet 

et al. 2003). ESI is mostly coupled with LC since this technique enables a continuous 

measurement (Diamond et al. 2006). Ions are here directly produced from solution driven by 

high voltage applied between the emitter at the end of separation pipeline and the inlet of the 

MS (Yates et al. 2009). The assignment of the found peptides to their respective protein with 

both methods is based on database comparison. There are several databases, as e.g. 

UniProtKB/Swiss-Prot or PRIDE, publically available. The experimentally gained spectra can 

then be matched against these databases with professional search algorithms as e.g. 

MASCOT. This finally leads to the identification of the analyzed proteins. 

None of the above described methods is optimal for a comprehensive analysis of proteome, 

since each of the methods has certain drawbacks and is not suitable for all proteins or all 

experimental setups. However, the strength in the different proteomic approaches lies in the 

combination of the different techniques, which offers a wider spectrum of information. 
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1.5.2.4 Application of proteomics in liver science 

Large efforts are undertaken to understand liver function on a proteomic level. The most 

popular field of application is the detection of biomarkers for certain disease states and 

toxicity, e.g. Rodriguez-Suarez et al. used DIGE and MALDI-ToF/ToF to find protein 

signatures associated with NAFLD and NASH (Rodriguez-Suarez et al. 2012). Also in the 

field of cultivation optimization proteomics is used to analyze the factors leading to 

dedifferentiation of hepatocytes in culture (Heslop et al. 2016). Rowe et al. used proteomics 

to compare the profiles of freshly isolated hepatocytes, cultivated adult hepatocytes, freshly 

isolated fetal hepatocytes and HepG2 cells (Rowe et al. 2013). These profiles can then be 

used to characterize stem-cell derived hepatocyte models and to guarantee their state of 

differentiation. However, since the liver not only consists of hepatocytes the proteomic 

characterization of other liver cell types, as done by Azimifar et al., is of high importance as 

well and can give us new insights into their actual roles in liver (Azimifar et al. 2014). To 

achieve a holistic understanding of the hepatic proteome there are also major initiatives as 

The Chinese Human Liver Proteome Profiling Consortium or The Human Liver Proteome 

Project, which collect and analyze the proteomic liver profiles of human adult liver of 

multiple donors to characterize the hepatic proteome on a broad level and to build up 

reference databases (https://www.hupo.org/human-liver-proteome-project/). 

Experiments like these especially in combination with other omics techniques can lead to an 

in-depth understanding of this highly complex biological system. This knowledge can be used 

to create improved cultivation systems urgently needed, to understand complex disease 

mechanisms and ultimately to treat these in a personalized fashion. 

1.6 Aim and outline of the thesis 

The aim of the presented thesis was to increase the knowledge of metabolic and proteomic 

behavior of primary hepatocytes in dependence of the cultivation technique used in a 

quantitative way. A lot is known about hepatic function, which is prolonged in SW 

cultivation. This includes the extended production of liver specific metabolites and proteins as 

urea and albumin as well as the constantly higher activity of CYP enzymes, which are of 

utmost importance for xenobiotic metabolism. Also the regained polarity of hepatocytes in 

SW culture and the long time maintenance of it is a well-known and well-described 

phenomenon. Although a lot is also known about differentiated gene expression in 

consequence of the cultivation condition, only little information is available about metabolic 

and proteomic changes, especially not in a quantitative manner. 
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First, a general metabolic characterization of PMH in collagen ML and SW culture was 

accomplished which is presented in Chapter 3 of this thesis. Thereby the focus lay on the 

phase of repolarization directly after seeding of the cells and on dedifferentiation during a 5 d 

period of cultivation. In addition to the metabolic characterization, a throughout analysis of 

hepatic function was accomplished. In a systemic approach the collected metabolic data were 

completed with data gained from proteomic analysis (Chapter 4). For that purpose, the 

intracellular proteome of PMH in collagen ML and SW culture was compared after day 1 and 

day 5 of cultivation. To also characterize possible influences of the cultivation time itself, 

samples from day 1 and day 5 of the same cultivation condition were compared as well. 

Changes in protein expression were determined in a semi-quantitative manner with DIGE and 

in a second step identified with MALDI-ToF-MS. Due to the results gained by the general 

metabolic characterization of PMH in SW and ML culture, namely the susceptibility of 

glucose metabolism, the focus of Chapter 5 is on the direct influence of glucose 

concentration itself and its major regulator, insulin. A low initial glucose concentration 

resembling fasting conditions (7 mM) and a high concentration resembling postprandial 

conditions (25 mM) were chosen for this approach. Additionally, five different insulin 

concentrations were tested. To further elucidate metabolic processes, 13C labeling was applied 

with [U13C]-glucose and [U13C]-glutamine serving as substrates. In this study not only the 

metabolome of PMH in both culture conditions was characterized, but also that of PHH. This 

comparative approach was performed to determine, if metabolic species differences in vivo 

are also displayed in in vitro cultivation systems. The final chapter deals with the effects of 

glucose and insulin on the hepatic function of primary human and mouse hepatocytes 

(Chapter 6). Therefore, insulin degradation, CYP 3A activity and albumin and urea synthesis 

were analyzed. 
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2. Material and Methods 

2.1 Chemicals  

Dexamethasone, ammonium chloride, amodiaquine, phenacetin, bupropion hydrochloride 

tolbutamide, calcein AM, human insulin, 4',6-diamidino-2-phenylindole (DAPI), bovine 

serum albumin (BSA), trichloroacetic acid (TCAA), tetrahydrofuran, N-laurylsarcosine, 3-

[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS), sodium 

dodecyl sulfate (SDS), glycerol, ammonia bicarbonate, bromophenol blue, N,N,N′,N′-

tetramethylethylenediamine (TEMED), ammonium persulfate (APS), 4-chloro-α-

cyanocinnamic acid (CCA), trifluoro acetic acid (TFA), N,N-dimethylformamide (DMF), L-

lysine, indoleacetic acid (IAA), methoxyamine hydrochloride, acetonitrile and methanol were 

obtained from Sigma Aldrich (Steinheim, Germany). 5-chloromethylfluorescein diacetate 

(CMFDA) and insulin/transferrine/selenium (ITS) were purchased from Invitrogen 

(Molecular Probes, Gibco, Darmstadt, Germany) and lyophilized collagen from Roche 

(Penzberg, Germany). Rhodamine/phalloidin was obtained from Cytoskeleton Inc. (Denver, 

CO, USA) and propafenone from Abbott GmbH & Co. KG (Wiesbaden, Germany). S-

mephenytoin and atorvastatin were purchased from Toronto Research Chemicals (Toronto, 

Canada). Labeled substrates ([U-13C]-glucose and [U-13C]-glutamine) were obtained from 

Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). Tris(hydroxymethyl)-

aminomethane (TRIS), dithiothreitol (DTT) and urea were purchased from Carl Roth 

(Karlsruhe, Germany). Ethylene diamine tetraacetic acid (EDTA) was obtained from ICN 

Biomedicals GmbH (Eschwege, Germany) and thiourea from Merck (Darmstadt, Germany). 

Mineral oil, Bio-lyte 3-10 and 10x Tris/Glycine/SDS-buffer were bought from Bio-Rad 

Laboratories, Inc. (Hercules, CA, USA) and NaCl from VWR International GmbH (Bruchsal, 

Germany). LE Agarose was purchased from Biozym Scientific GmbH (Hessisch Oldendorf, 

Germany). Pyridine and acetic acid were obtained from Thermo Fisher Scientific (Waltham, 

MA, USA). N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and N-(tert-butyldi-

methylsilyl)-N-methyl-trifluoroacetamide (MBDSTFA) were purchased from Macherey-

Nagel (Düren, Germany). 
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2.2 Cell culture 

2.2.1 Primary mouse hepatocytes  

PMH were isolated from livers of male C57/BL6 mice using collagenase perfusion as 

described by Seglen et al and Zellmer et al. (Seglen 1972, Zellmer et al. 2010). After over-

night shipping in suspension or directly after isolation, the transport medium was removed via 

centrifugation (Heraeus Laborfuge 400R Functionline, Thermo Scientific; 50 x g, 5 min, RT). 

If not mentioned otherwise, the cells were seeded at a density of 6*105 cells per well in 6 well 

plates precoated with 400 µl collagen solution with a concentration of 1 mg/ml. The cultures 

were prepared as collagen SW and collagen ML cultures (Tuschl and Mueller 2006). 

Hepatocytes were cultivated in William’s medium E (WME) (Pan Biotech GmbH, 

Aidenbach, Germany) containing 100 U/ml penicillin, 100 μg/ml streptomycin, 0.00001% 

ITS and 100 nM dexamethasone at 37 °C in a humidified atmosphere containing 95% air and 

5% CO2 for up to 5 days. 

2.2.2 Primary human hepatocytes 

PHH were isolated from human liver resectates using a two-step collagenase perfusion 

technique as described by (Damm et al. 2013) at Charité Berlin. After an overnight transport 

in suspension the transport medium was removed via centrifugation (Heraeus Laborfuge 

400R Functionline, Thermo Scientific; 70 x g, 5 min, RT) and the cells were resuspended in 

WME containing 10% FCS. After determination of the living cell number with trypan blue 

staining the cells were further purified with percoll (Easycoll Separation Solution, Biochrom, 

Berlin, Germany) gradient centrifugation if the determined viability was below 75%. The 

cells were seeded at a density of 1*106 cells per well in 6 well plates precoated with a 

collagen solution according to the procedure for PMH. 

2.2.3 Determination of living cell number 

2.2.3.1 Trypan blue staining 

A 10 µl aliquot of cells was mixed with the same volume of trypan blue (Invitrogen, 

Karlsruhe, Germany). 10 µl were transferred into a Neubauer chamber and then counted 

under the microscope (IX70 microscope, Olympus, Hamburg, Germany). Cells appearing 

white were counted as living cells, whereas blue ones represented dead cells. 
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2.2.3.2 Calcein AM staining 

Calcein AM was diluted with serum free WME to a final concentration of 4 µg/ml. Cells were 

stained and analyzed as described by Priesnitz et al. (Priesnitz et al. 2014). 

2.3 Microscopy 

For phase contrast and fluorescence recordings an IX70 microscope (Olympus, Hamburg, 

Germany) linked with a digital CC12 camera (Olympus, Hamburg, Germany) was used. 

2.3.1 Fluorescence stainings 

PMH were incubated with 5 µM CMFDA in WME for 30 min at 37 °C. After washing twice 

with phosphate-buffered saline (PBS; Invitrogen, Gibco, Darmstadt, Germany) the 

fluorescence intensities were documented immediately (Absorption: 492 nm; Emission: 

517 nm). Following this, the cells were fixed and permeabilized as described by Dooley et al. 

(Dooley et al. 2003). A staining solution with DAPI (100 nM) (Absorption: 358 nm; 

Emission: 461 nm) and rhodamine/phalloidine (100 nM) (Absorption: 535 nm; Emission: 

585 nm) in PBS was prepared. The cells were incubated with the staining solution for 1 h in 

the dark. After staining, the cells were washed twice for 15 min with PBS. Fluorescence was 

then documented immediately. 

2.4 Characterization of extracellular metabolome 

2.4.1 Quantification of extracellular metabolites 

Amino acids were determined with an Agilent 1100 Series HPLC (Agilent Technologies, 

Waldbronn, Germany) equipped with a C18-column (Phenomenex, Aschaffenburg, Germany) 

following a protocol described by Strigun et al. (Strigun et al. 2011). Quantification of 

glucose and organic acids were carried out by HPLC (Kroma Systems, Kontron Instuments, 

Neufahrn, Germany) using an Aminex HPX-87H column as described by Strigun et al. 

(Strigun et al. 2011). Urea was determined with HPLC using the method described by Clark 

et al. (Clark et al. 2007). 

2.4.2 Determination of 13C labeling in extracellular metabolites 

[U13C]-glucose and [U13C]-glutamine were used as labeled substrates in separate 

experimental setups. Labeling was determined using a HP 6890 gas chromatograph (Hewlett 

Packard, Paolo Alto, CA, USA) equipped with a HP-5 MS column (5% phenyl-methyl-

siloxan-diphenylpolysiloxane; 30 m x 0.251 m x 0.25 µm; Agilent, Waldbronn, Germany) 



Universität des Saarlandes  Material & Methods 

 38

and a quadrupole mass spectrometer (MS 5973, Agilent, Waldbronn, Germany). Labeled 

amino acids and lactate were separated and detected after the method described by Nicolae et 

al. (Nicolae et al. 2014). 

For the detection of labeled glucose 25 µl of sample were lyophilized over night. Samples 

were resuspended in 80 µl methoxyamin solution (75 mM in pyridine) and incubated for 

30 min at 80 °C. After cooling down at room temperature, 50 µl BSTFA were added followed 

by 30 min incubation at 80 °C. Samples were centrifuged at maximum speed (Heraeus 

Biofuge Fresco; 12300 g, 5 min, 4 °C) and the supernatants transferred into glass vial inserts. 

The injected sample volume was 1 µl. Separation of metabolites was carried out with a flow 

rate of 1.1 ml/min with helium as carrier gas. The temperature gradient started from 160 °C 

for 1 min and was then increased up to 320 °C with a rate of 20 °C/min. The inlet temperature 

was increased from 160 °C to 280 °C with a rate of 720 °C/min. The interface temperature 

was set to 320 °C and the quadrupole temperature to 150 °C. For the determination of labeling 

distribution in glucose, a fragment with the mass to charge ratio 319 (unlabeled) was chosen. 

This fragment only contains four carbon atoms of glucose. However, it is the fragment with 

the highest stability and intensity. Since only fully labeled or unlabeled substrates were used, 

it served to detect glucose production from other substrates. 

Correction of labeling for the natural isotope abundance was accomplished as described by 

Yang et al. (Yang et al. 2009). 

2.5 Determination of hepatic function 

2.5.1 Albumin quantification 

Albumin, as a serum protein specifically produced and secreted by hepatocytes, was 

quantified using a two-site enzyme linked immunoassay (ELISA) purchased from Genway 

(Immunoperoxidase Assay for determination of albumin in mouse samples, Genway, San 

Diego, CA, USA). For supernatants of PHH the according assay for human samples was 

chosen. ELISAs were used according to manufacturer’s instructions. 

2.5.2 Determination of aspartate aminotransferase activity 

Aspartate aminotransferase (AST) activity can be used as a hepatocyte specific marker in 

liver cell cultures. The enzyme is released into the culture supernatant when membrane 

integrity is no longer given. Therefore, it can be used as a hepatocyte specific viability 
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marker. AST activity in the culture supernatants of PMH was determined using the Fluitest® 

GOT AST test kit from Analyticon Biotechnologies AG (Lichtenfels, Germany). 

2.5.3 Cytochrome P450 activity 

2.5.3.1 LC-MS/MS 

The CYP assay solution contained phenacetine (50 µM), bupropion (25 µM), amodiaquine 

(5 µM), tolbutamide (100 µM), mephenytoin (100 µM), and atorvastatine (35 µM) in WME. 

With this assay solution it was possible to determine the activity of human CYP 1A2, 

CYP 3A4, CYP 2B6, CYP 2C8, CYP 2C9 and CYP 2C19. PMH were incubated for 2 h while 

samples (50 µl) were taken every 30 min. 5 µl of 250 mM formic acid were added directly 

into each sample and mixed thoroughly to stop metabolic activity. Samples were kept at -

20 °C until shipping. The samples were analyzed by LC-MS/MS (by the group of Ute 

Hofmann (IKP Stuttgart, Germany)) according to the method described by Feidt et al. (Feidt 

et al. 2010). 

2.5.3.2 Luminescence assay 

To determine CYP3A activity in primary hepatocytes the P450-GloTM CYP3A4 Assay 

(Luciferin-IPA) (Promega GmbH, Mannheim, Germany) was used. Cells were incubated with 

3 µM Luciferin-IPA in serum free WME for 1 h. Supernatants were collected and transferred 

into a 96 well plate (Cell Culture Microplate 96 Well Black, Greiner bio-one, Kremsmünster, 

Austria). Luciferin Detection Reagent was added followed by another 20 min of incubation. 

Luminescence was detected using a Glomax 96 Microplate Luminometer (Promega GmbH, 

Mannheim, Germany). 

2.6 Proteome analysis 

2.6.1 Protein extraction 

Supernatants were collected and the ML and SW cultures of PMH were washed with PBS 

(4 °C) two times followed by addition of 600 µl cold lysis buffer (50 mM Tris, pH 7.4; 

150 mM NaCl; 0.1% N-laurylsarcosine; 1 mM EDTA; 0.4 mM Pefabloc® SC Plus (Roche 

Diagnostics GmbH, Mannheim, Germany)). Cells were incubated for 30 min at 4 °C. 

Collagen and cells were scraped of the dishes, transferred into Eppendorf reaction tubes and 

centrifuged at maximum speed (Heraeus Biofuge Fresco; 12300 x g, 10 min, 4 °C). TCAA 

was added to the supernatant to reach a final concentration of 7.5% to precipitate protein and 

the mixture was incubated for 2 h on ice followed by another centrifugation step at maximum 
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speed (Heraeus Biofuge Fresco; 12300 x g, 10 min, 4 °C). The pellet was washed with 2 ml 

tetrahydrofuran (4 °C) twice, centrifuged as mentioned above and resuspended in 125 µl 

rehydration buffer (7 M urea; 2 M thiourea; 4% CHAPS; 0.6% Bio-lyte 3-10 (Bio-Rad 

Laboratories, Inc., Hercules, CA, USA); 40 mM DTT) by sonication for 30 min. 

2.6.2 Bradford Assay 

The determination of the intracellular protein content was carried out using the method 

described by Bradford (Bradford 1976). BSA in a concentration range of 0-1 mg/ml served as 

calibrator. Samples were diluted accordingly with MilliQ water to be within calibration range. 

The Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories, Inc., Hercules, CA, 

USA) was also diluted 1:5 with MilliQ water. 10 µl of calibrator or sample were prepared in 

duplicates in a 96-well plate and 200 µl reagent added per well. The plate was shaken for 

10 min then absorbance was determined at 595 nm with an iEMS absorbance Reader MF 

(Labsystems, Helsinki, Finland). 

2.6.3 Protein purification 

After determination of protein content using Bradford assay, intracellular protein extracts 

were cleaned from ionic detergents, salts, lipids and nucleic acids prior to 2D-

gelelectrophoresis using the ReadyPrep 2-D cleanup kit (Bio-Rad Laboratories, Inc., 

Hercules, CA, USA) according to manufacturer’s instructions. 500 µg protein were 

transferred into an Eppendorf reaction tube and diluted with MilliQ water to a final volume of 

150 µl. To precipitate protein, 300 µl of agent 1 were added and well mixed with the sample 

by vortexing. After 15 min incubation on ice, 300 µl of agent 2 were added. Samples were 

vortexed and then centrifuged at maximum speed (Heraeus Biofuge Fresco; 12300 x g, 

10 min, 4 °C). Supernatants were completely discarded and pellets washed with 40 µl of wash 

reagent 1. Again supernatants were discarded and pellets vortexed for 20 sec with 25 µl 

MilliQ water. 1 ml of wash reagent 2 (pre-chilled at -20 °C) and 5 µl of wash 2 additive were 

added. The samples were incubated for 30 min on ice and thereby vortexed every 10 min for 

30 sec. After centrifugation at maximum speed (Heraeus Biofuge Fresco; 12300 x g, 10 min, 

4 °C), supernatants were again completely discarded and protein pellets resuspended in an 

appropriate amount of rehydration buffer (7 M urea; 2 M thiourea; 4% CHAPS; 0.6% Bio-

lyte 3-10; 40 mM DTT). 
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2.6.4 2D-gel electrophoresis 

IPG strips (pH 3-10, non-linear) (Bio-Rad Laboratories, Inc., Hercules, CA, USA) were 

thawed at room temperature 1 h before use. 100 µg protein were transferred into an 

Eppendorf reaction tube and diluted with rehydration buffer (7 M urea; 2 M thiourea; 4% 

CHAPS; 0.6% Bio-lyte 3-10; 40 mM DTT) to a final volume of 125 µl. The sample was 

pipetted at the edge of a lane avoiding air bubbles, with the IPG strips carefully gliding over 

the sample. Afterwards, the strips were overlaid with 1 ml mineral oil and left for 16 h at 

room temperature to passively rehydrate. After rehydration mineral oil was carefully dapped 

away with filter paper. Paper wicks were moisturized with MilliQ water and laid on the 

contacts of the focusing tray. The IPG strips were laid on top of the paper strips and overlaid 

with 1.5 ml mineral oil. IEF was carried out in a Protean IEF cell (Bio-Rad Laboratories, Inc., 

Hercules, CA, USA) according to the program described in Table 2-1 with a total of 46000 

volthours. 

Table 2-1 Program used for isoelectric focusing (25 h) 

Stage Voltage [V] Duration [h] 

S1 100 1 

S2 200 1 

S3 500 2 

S4 700 1 

S5 2500 6 

S6 2500 14 

S7 500 Unlimited 

 

After, IEF strips were again freed from mineral oil with filter paper and equilibrated on a 

rocking table in equilibration buffer I (6 M urea; 2% SDS; 0.375 M TRIS; 30% glycerol; 1% 

DTT) for 15 min followed by 15 min incubation in equilibration buffer II (as buffer I, but 

2.5% IAA instead of 1% DTT). For second dimension the IPG strip was placed on a 12.5% 

SDS-gel avoiding air bubbles and overlaid with agarose (1% low-melt agarose (w/v) and 

0.4% bromphenol blue in 5x Tris/glycine/SDS-buffer). The gels were put in the Mini- 
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PROTEAN Tetra cell (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and the chamber was 

filled with an appropriate amount of 1x Tris/Glycine/SDS-buffer. A constant current of 

15 mA per gel was applied until the bromophenol blue tracking lane reached the end of the 

gel. 

2.6.5 2D protein staining 

For Coomassie blue staining, gels were rinsed 3 x 5 min with deionized water to wash away 

SDS. Gels were fixed in 50% methanol, 10% acetic acid for 15 min followed by washing in 

deionized water for another 15 minutes. Gels were stained with EZBlueTM staining reagent 

(Bio-Rad Laboratories, Inc., Hercules, CA, USA) for 1 h and washed with water to reduce 

background staining. 

2.6.6 Difference gel electrophoresis (DIGE) 

The AmershamTM CyDyeTM DIGE Fluor (minimal dye) labeling kit (GE Healthcare, Little 

Chalfont, UK) was used to prepare protein samples according to manufacturer’s instructions. 

CyDyes were solved in DMF to obtain a stock solution of 1 mM. Each condition (internal 

standard, untreated and treated) contained 15 µg of protein, which were diluted with lysis 

buffer (30 mM TRIS; 7 M urea; 2 M thiourea; 4% CHAPS) to a final volume of 7.5 µl. For 

each measurement 3 gels were prepared to allow statistical evaluation to guarantee 

significance of the results. 1 µl of CyDye was added to each preparation followed by 30 min 

incubation in the dark on ice. To stop the labeling reaction 1 µl of 10 mM lysine were added 

and mixed with the samples. For another 10 min the preparations were incubated in the dark 

on ice, followed by the addition of 9.5 µl sample buffer (8 M urea; 4% CHAPS; 2% Biolyte; 

130 mM DTT). Again, the samples were incubated for 10 min on ice in the dark and then the 

three preparations for each gel (internal standard, untreated and treated) were pooled. In the 

end each sample contained 45 µg protein per gel. 2D gel electrophoresis was carried out 

according to paragraph 4.2 “2D-gel electrophoresis” using special low-fluorescence glass 

plates (NH Dyeagnostics, Halle, Germany) to prepare SDS-gels. Fixation of the gels was not 

necessary since the gels were directly documented within the glass plates using a Typhoon 

Trio Variable Mode Imager (GE Healthcare, Little Chalfont, UK). The obtained fluorescence 

images were analyzed with DeCyder 2D v 7.0 software according to developer’s instructions. 

Statistical evaluation was accomplished by applying one-way analysis of variance (ANOVA) 

and Student’s t-test. Only proteins with a threshold change of at least 1.5 or -1.5 and a 
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minimum significance level of p=0.05 were accepted as significantly changed in the treated 

group. 

2.6.7 In-Gel digest  

For the identification of proteins which show significantly changed expression in DIGE 

analysis, Coomassie stained spots were picked using a clean scalpel and transferred into a 

0.5 ml Eppendorf tube. Gel pieces were washed with 100 μl water and with 100 μl 50% 

acetonitrile for 2 x 5 min at 37 °C in a Thermomixer Comfort (Eppendorf AG, Hamburg, 

Germany). Gel pieces were destained completely by washing with 100 μl 50% acetonitrile 

several times. The destained gel-pieces were dehydrated with 100 μl of 100% acetonitrile, 

5 μl of sequencing-grade modified trypsin (0.15 μg/μl in 40 mM ammonia bicarbonate buffer; 

Promega Corp., Madison, USA) were added and incubated at room temperature until the 

trypsin solution was soaked completely into the gel. The gel pieces were covered with 40 mM 

ammonia bicarbonate buffer followed by incubation overnight at 37 °C for digestion. Trypsin 

proteolysis was stopped by adding 0.5 μl of 10% TFA. For further peptide extraction, gel 

pieces were covered with 60% acetonitrile, 0.1% TFA and sonicated for 15 min. This step 

was repeated with 100% acetonitrile. All supernatants were pooled and the volume was 

reduced in a SpeedVac (Jouan RC 10.22). The peptide samples were concentrated and 

purified using ZipTip C18 (Merck, Billerica, USA) according to manufacturer’s instructions 

and eluted in a matrix solution (5 mg/ml CCA in 70% acetonitrile, 0.1% TFA) prior to 

spotting onto a MALDI-target (384 well Opti-TOF, Applied Biosystems, Darmstadt, 

Germany). 

2.6.8 Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) 

MS and MS/MS analysis was performed on an Applied Biosystems 4800 MALDI TOF/TOF 

Analyzer (Applied Biosystems). The analyzer was calibrated using the 4700 Proteomics 

Analyzer Calibration Mixture (Applied Biosystems). MS-data was generated in positive 

reflector-mode in a mass range of 700-4000 m/z with 50 shots per subspectrum accumulating 

1000 shots in total. Common fragments of the calibrant and matrix were added to an 

exclusion list. Laser frequency was set to 200 Hz using a Nd:YAG laser operating at 355 nm 

and laser intensity was adjusted according to spectrum quality (usually 2700- 3000). For 

MS/MS analysis a total of 5 precursor ions per fraction were selected by the software (4000 

series explorer software, version 3.5.1, Applied Biosystems) for MS/MS-analysis. 
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The threshold criteria for MS/MS were a minimum signal-to-noise ratio of 20 and a precursor 

mass tolerance between spots of 100 ppm. MS/MS data was produced with 100 shots per 

subspectrum with 2000 shots in total or after achieving stop criteria of a signal-to-noise ratio 

of 20 for at least 10 peaks in the MS/MS spectrum and accumulation of at least 12 subspectra. 

Peptides were fragmented by 1 kV collisions via collision-induced dissociation (CID).  

Generated spectra were searched with MASCOT search algorithm (Perkins et al. 1999) 

(version 2.1.03) against the SwissProt database with mouse taxonomy using GPS explorer 

software v. 3.6 (Applied Biosystems). Search parameters were: maximum missed cleavages: 1; 

precursor mass tolerance: 100 ppm; MS/MS fragment tolerance: 0.3 Da; variable modifications 

allowed: oxidation of methionine and carbamidomethylation of cysteine. 
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3. Metabolic characterization of polarized and 

non-polarized primary mouse hepatocytes 

3.1 Introduction 

Non-alcoholic fatty liver disease (NAFLD), alcoholic liver disease and other liver related diseases, 

e.g. diabetes, are very common in western countries with increasing incidence (Stewart et al. 2001, 

Rombouts and Marra 2010). Especially NAFLD, strongly connected to carbon and fatty acid 

metabolism, is expected to become the most common cause of advanced liver disease in the 21st 

century (Davis and Roberts 2010). It is estimated that 20% of the general adult population in the 

USA has NAFLD. 2-3% of these have non-alcoholic steatohepatitis (NASH) and 20% of these 

patients develop liver cirrhosis with up to 40% requiring liver transplantation or dying of liver 

failure (Neuschwander-Tetri 2005, Kanuri and Bergheim 2013). A thorough understanding of the 

liver and its metabolism under normal and disease conditions would be most useful to improve the 

treatment of these diseases and to find better drug targets. An in vitro model, which resembles the 

in vivo situation as closely as possible is most desirable. Different hepatic cell lines, e.g. HepG2 or 

HepaRG cells, have been and are currently used as liver models. Since these cell lines are usually 

derived from cancer cells or liver progenitor cells, they do not show the full spectrum of hepatic 

functions (Koebe et al. 1994). For this reason primary hepatocytes are still the gold standard as in 

vitro liver model, although they also have their limitations. If primary hepatocytes are cultivated 

under standard conditions, namely on a collagen ML, they tend to dedifferentiate into a fibroblast-

like morphology, lose hepatocyte functions and show a decrease in viability within one week of 

cultivation (Iredale and Arthur 1994, LeCluyse et al. 1994, Hengstler et al. 2009). There are 

several methods to optimize culture conditions in order to delay the dedifferentiation process of 

primary hepatocytes in culture. They range from relatively simple methods, such as the addition of 

a second layer of extracellular matrix (e.g. collagen SW cultivation) (Koebe et al. 1994) or media 

optimization (Mueller et al. 2012), to co-culture with other liver cell types (Peters et al. 2010) or 

complex bioreactor-systems (Mueller et al. 2011b). 

Compared to other epithelial cells, hepatocytes show a complex form of polarity. Apical poles 

develop at cell-cell-contacts with other hepatocytes and form the bile canalicular network. A 

hepatocyte can therefore have several apical poles. The basolateral sites on the other hand face the 

sinusoids with the blood. Both poles are separated by tight junctions and have different secretory 

and absorbing functions (Decaens et al. 2008). During the isolation process of primary hepatocytes 
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via collagenase I perfusion, the hepatocytes lose polartity (LeCluyse et al. 1994, Vinken et al. 

2006). However, in collagen sandwich culture, the primary hepatocytes show a more in vivo like 

polarized morphology and develop functional bile canaliculi at cell-cell-contacts (Godoy et al. 

2009). As compared to monolayer cultures, primary hepatocytes maintained in collagen sandwich 

cultures show higher liver specific albumin and urea production in addition to higher expression 

and activity of CYPs (Dunn et al. 1991, Hamilton et al. 2001). However, cultivation of 

hepatocytes in collagen SW culture also has certain drawbacks compared to standard cultivation 

conditions. The extracellular matrix in vivo not only serves as structural support but also as a 

reservoir for cytokines, proteins in general and nutrients (Badylak 2002, Hynes 2009). In this 

respect sandwich culture mimics the in vivo situation more closely, but at the same time can 

complicate sampling and analysis. Harvesting of cells is more complex as well, since the upper 

collagen layer has to be dissolved, which might affect cell viability. Therefore, the cultivation 

system used must be chosen carefully depending on the question to be answered. 

It is still an open question whether and to which extent central metabolism of hepatocytes differs 

between 2D and 3D sandwich cultures. In this study the influence of these two cultivation 

methods on the central carbon metabolism as well as on hepatocyte functionality was analyzed. 

On the one hand we focused on the short-term effect of repolarization after seeding in collagen 

sandwich culture and on the other hand on the long-term effect of dedifferentiation in collagen 

monolayer culture. Hepatic metabolism was examined by determining the consumption of 

substrates and the secretion of products. In addition, an analysis of hepatocyte function was 

carried out, including not only the secretion of liver specific serum-protein albumin and urea, but 

also the functionality of formed bile canaliculi, CYP activity and the ability to detoxify ammonia.  

3.2 Results 

3.2.1 Morphological characterization of polarized and non-polarized PMH 

Hepatocellular polarity was confirmed by several visual markers as described by LeCluyse et al. 

(LeCluyse et al., 1994) (Figure 3-1). The typical hexagonal hepatocyte shape could be observed in 

both cultures, although the hepatocytes were much more spread out in the ML culture. The cell-

cell-contacts are clearly visible between the cells cultivated in the SW culture. In vivo, actin 

accumulates at the cell-cell-contacts of hepatocytes, as could be observed for hepatocytes 

cultivated in SW cultures (Ezzell et al. 1993). Only few cells in ML culture showed this actin 

accumulation, instead actin was widespread all over the cells. Functionality of the bile canaliculi 

can be observed using CMFDA. The fluorescent dye 5-chloromethylfluorescein (CMF) is 

produced from the colorless substrate by intracellular enzymatic deacetylation. This dye is 
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specifically transported into the bile canaliculi by the bile salt pump mrp2, which is located at the 

apical pole of the cells (Cantz et al. 2000). In the SW culture, the dye accumulated specifically 

within the bile canaliculi as early as 24 h after seeding whereas in the ML culture most of the dye 

remained within the cells. 

 

Figure 3-1 Primary mouse hepatocytes in collagen ML (upper row) and SW (lower row) culture. Phasecontrast (a and 
d), rhodamin/phalloidin and DAPI staining (b and e) and CMFDA staining (c and f) at day 3 of cultivation showing 
cell-cell contacts and polarity. 

 

3.2.2 Metabolic characterization of primary mouse hepatocytes 

3.2.2.1 Central carbon metabolism in repolarization phase 

PMH were cultivated in SW and ML cultures. In the early phase of cultivation, namely the first 24 

to 48 h, the cells redeveloped their polarized phenotype in the SW cultures. The extracellular 

metabolome, namely proteinogenic amino acids, organic acids and glucose, was determined in SW 

and ML cultures and uptake and secretion rates calculated (Figure 3-2). The metabolic profiles 

found for both culture conditions were comparable.  
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Figure 3-2 Secretion and uptake rates of metabolites in primary mouse hepatocytes maintained in collagen 
monolayer culture (grey) and collagen sandwich (black) for 24 hours of cultivation. Positive values indicate 
consumption and negative values indicate production. Error bars indicate standard deviations (n = 3). Living cell 
number was determined after 24 h using calcein AM staining. 

 

Glutamine, alanine and pyruvate served as the major carbon sources for hepatocytes in both 

culture conditions. Thereby, pyruvate was almost completely used up within the first 3 h of 

cultivation with a rate of 167 ± 5 fmol/cell/h in ML and 165 ± 4 fmol/cell/h in SW cultures (data 

not shown). Glucose production was observed at the beginning for both culture conditions and at 

the end of cultivation in the ML culture. In between the net uptake rate was around zero. Lactate 

was constantly produced within the first 9 h. Afterwards, lactate excretion ceased. In SW culture, 

even a slight net uptake of lactate was observed. Acetate showed a continuously higher production 

in ML culture. 

3.2.2.2 Central carbon metabolism during dedifferentiation 

Primary hepatocytes, especially of rodent origin, cultivated on a collagen ML dedifferentiate 

within a few days of cultivation (Godoy et al. 2009, Hengstler et al. 2009). In SW culture, on the 

other hand, polarization and hepatic function can be maintained for several weeks (LeCluyse et al. 

1994). In order to test for possible alterations in the central carbon metabolism during the process 
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of dedifferentiation, hepatocytes were cultivated over a period of 5 days in ML and SW culture. 

The extracellular metabolome was analyzed every 12 h. The consumption rates of proteinogenic 

amino acids, selected organic acids and glucose are depicted in Figure 3-3. As observed during 

repolarization (Figure 3-2) the metabolic profiles of both cultures are mostly very similar. 

 

Figure 3-3 Secretion and uptake rates of metabolites in primary mouse hepatocytes maintained in collagen 
monolayer culture (grey) and collagen sandwich culture (black) for 5 days of cultivation. Samples were taken 
every 12 hours. Positive values indicate consumption and negative values indicate production. Error bars indicate 
standard deviations (n = 3). Living cell number was determined every 24 h using calcein AM staining. 

 

The production rates of acetate and lactate decreased over time under both conditions. Most amino 

acid consumption rates were more or less identical at the beginning and at the end of cultivation, 

whereas between 48 and 84 h an elevated consumption could be observed for the majority of 

amino acids. This was most prominent for alanine, arginine, asparagine, glutamine and threonine. 

In the ML culture this is temporally shifted compared to the SW culture and is observed earlier 

than in the SW culture. A remarkable difference between the two culture conditions could be 

found for glucose. After three days of cultivation with a nearly constant rate around zero for both 

conditions the consumption rate of glucose in SW cultures showed a marked increase compared to 

ML cultures.  
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3.2.3 Albumin and urea production and AST activity 

Within the first 24 h albumin was constantly produced by PMH under both culture conditions 

(Figure 3-4). Urea was produced in a large amount by cells in both culture conditions within the 

first 3 h of cultivation (not shown). Within the remaining 21 h, however, urea production 

decreased. AST is only released into the culture supernatant if the integrity of the cellular 

membrane is impaired. Therefore, it can be used as a viability marker. The highest AST release 

was found within the first 3 h of cultivation, namely 158 ± 7 nU/cell/h in ML and 

104 ± 9 nU/cell/h in SW culture (data not shown). Afterwards, the activity reached a more or less 

constant level in both cultures. Hence, the hepatocytes released AST during the stressful first 

phase after seeding and showed a constant high viability during the remaining cultivation phase. 

 

Figure 3-4 Liver specific production rates of albumin, AST and urea in primary mouse hepatocytes maintained in 
collagen monolayer culture (grey) and collagen sandwich (black) during the first 24 hours of cultivation. Positive 
values indicate production of a metabolite whereas negative values indicate degradation. Error bars indicate 
standard deviations (n = 3). Living cell number was determined after 24 h using calcein AM staining. 

 

The liver specific albumin and urea production and AST activity was also monitored during long 

term cultivation of PMH for 5 days in both cultures as depicted in Figure 3-5. The albumin 

production rate slowly increased for 48 h in both culture conditions reaching the same values and 

then remained constant in the SW cultures. After 48 h, the production rate strongly decreased to 

almost zero at the end of cultivation in ML cultures. AST was released into the medium from 

dying cells during the first 48 h after seeding. Then AST activity reached a basal level and 

remained constant for the rest of cultivation. Urea production was significantly higher in the ML 

culture at the beginning of cultivation but decreased to a similar production rate as in the SW 

cultures. 
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Figure 3-5 Liver specific production rates of albumin, AST and urea in primary mouse hepatocytes maintained in 
collagen monolayer culture (grey) and collagen sandwich (black) during 5 days of cultivation. Samples were taken 
every 12 hours. Positive values indicate production of a metabolite whereas negative values indicate consumption. 
Error bars indicate standard deviations (n = 3). Living cell number was determined every 24 h using calcein AM 
staining. 

 

3.2.4 CYP activity 

The drug metabolizing competence of PMH in SW cultures was compared to that in ML cultures 

as depicted in Figure 3-6. At day one of cultivation hepatocytes in both cultures showed 

comparable CYP activities for mouse homologues of human CYP 2C8, 2C9 and 2C19 while 

activities of CYP 1A2, 3A and 2B6 were significantly higher in ML compared to SW culture, by 

40 - 50% roughly. After five days of cultivation CYP2B6 activity was strongly induced, about 7-

fold in SW and about 3-fold in ML culture, resulting in a comparable activity. All other CYP 

activities showed a considerable decrease compared to day 1 in ML culture. For SW culture, the 

decrease was less pronounced. CYP 3A even showed a slight induction to 128% in SW culture, 

while in ML culture a reduction to 28% was observed. 
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Figure 3-6 Cytochrome P450 activities in primary mouse hepatocytes in collagen sandwich (black) and collagen 
monolayer culture (grey) at day 1 (d1) and day 5 (d5) of cultivation. Hepatocytes were incubated with substrates 
specific for the CYPs and the formation of the corresponding products was quantified. Production rates of 
acetaminophen from phenacetin by the mouse homologue of human CYP 1A2 (a), of o-OH-atorvastatin from 
atorvastatin by the mouse homologue of human CYP 3A4 (b), of OH-bupropion from bupropion by the mouse 
homologue of human CYP 2B6 (c), of N-DE-amiodiaquine from amiodiaquine by the mouse homologue of human 
CYP 2C8 (d), of OH-tolbutamide from tolbutamide by the mouse homologue of human CYP 2C9 (e) and of 4’-OH-
mephenytoin from S-mephenytoin by the mouse homologue of human CYP 2C19 (f) as indicators for the activity of 
the respective CYPs are shown. Error bars indicate standard deviations (n=3). *, ** and *** indicate significance at 
p=0.05, p=0.01 and p=0.001, respectively. Living cell number was determined after day 1 and 5 using calcein AM 
staining. 

 

3.2.5 Ammonia detoxification 

Hepatocytes have the ability to detoxify ammonia via the urea cycle and glutamine synthesis. To 

test the influence of the cultivation method on ammonia detoxification, cells in both cultures were 

incubated with different ammonia concentrations for 24 h after 5 days of cultivation. The 

production rate of urea as well as the consumption rate of glutamine are depicted in Figure 3-7. 

Urea production increased with increasing ammonia concentration under both conditions but the 

increase in SW culture was significantly higher. For 10 mM ammonia urea production in SW 

culture was about 2.5-fold of the control condition without ammonia, while for ML culture only a 

change to 1.5-fold was observed. Glutamine consumption was not altered in SW culture compared 

to control conditions. In ML culture the consumption rate of glutamine decreased significantly 

with increasing ammonia concentration with a shift to glutamine production at the highest 

ammonia concentration. 
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Figure 3-7 Urea production rates and glutamine consumption rates in primary mouse hepatocytes in collagen 
sandwich (SW) and monolayer (ML) culture challenged with different ammonia concentrations after 5 days of 
cultivation. Cells were incubated with increasing ammonia concentrations. Error bars indicate standard deviations 
(n = 3). *** indicate significance at p=0.001. Living cell number was determined after day 5 using calcein AM 
staining. 

 

3.3 Discussion 

During the cultivation PMH showed a cuboidal shape as typically observed for hepatocytes in 

vivo, which was maintained in the SW culture for the whole cultivation period. In the ML culture 

the hepatocytes were much more spread out and lost their typical morphology within 3 days of 

cultivation (Ezzell et al. 1993, Berthiaume et al. 1996). This epithelial-mesenchymal transition has 

been described previously for hepatocytes in ML culture (Bryant and Mostov 2008). PMH 

cultivated within SW culture showed clear cell-cell barriers and formed bile canaliculi within the 

first 24 h after seeding (about 94% of hepatocytes, which were in contact with other cells) whereas 

this took place only partly in the ML culture (about 13% of hepatocytes, which were in contact 

with other cells) (LeCluyse et al. 2000). Also the development of sealed bile canaliculi in SW 

culture could be confirmed by the specific transport of the fluorescent mrp2 substrate CMF into 

the bile canaliculi. 

We analyzed the extracellular metabolome of PMH during the process of repolarization to 

investigate if the alteration of cellular architecture is going along with changes in the central 

carbon metabolism. The first sampling timepoint (after 3 h) was not depicted since medium 

change resulted in a strong stress response of the cells. Thereby large amounts of glucose and 

amino acids were released by the hepatocytes in both culture conditions. To enhance resolution 

and comparability, rates are shown from the second sampling timepoint (6 h) on. The different 

experimental setups for the metabolic characterization during repolarization, namely sampling 
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every 3 h without medium change, and during long-time cultivation, complete medium change 

every 12 h, is also the reason why rates from both experiments cannot be directly compared, since 

rates obtained from the long-time cultivation are not corrected for this stress response. However, 

metabolic profiles of PMH cultivated in SW and ML culture were more or less comparable, except 

for glucose and acetate. Glucose homeostasis is one of livers major functions (König et al. 2012, 

Lu et al. 2012). Thereby blood glucose levels are kept constant in the narrow range of 5.5–6 mM, 

with a maximum of approximately 9 mM postprandially and a minimum of 3 mM in a prolonged 

state of fast, respectively (Nuttall et al. 2008). This is regulated by a complex interplay of insulin, 

glucagon and other factors, controlling glycogen synthesis and gluconeogenesis. The sudden 

change to glucose production in collagen ML at the end of the cultivation period is therefore 

especially remarkable. However, only the very last timepoint showed this change in glucose 

metabolism. At this point there already might be a shortage of some substrates, which could lead 

to this reaction. Acetate constantly showed a higher production rate in ML cultures. It is produced 

by degradation of acetyl-CoA and acetoacetate, which are produced during amino acid metabolism 

and ketogenesis. Ketogenesis hints at a stressed phenotype. Higher acetate production in ML 

culture indicates stress in this type of culture. The constantly higher production rate of lactate in 

ML culture as well points towards this direction. It can be concluded that hepatocytes in ML are 

slightly more susceptible to initial stress after seeding. 

During the process of epithelial-mesenchymal transition we also determined the extracellular 

metabolome. As during repolarization no significant differences in the central carbon metabolism 

could be found except for glucose metabolism. After 96 h of cultivation PMH in SW culture 

started utilizing glucose to a certain extent whereas in ML culture hepatocytes increased glucose 

production. How this contrary behavior can be interpreted is still unclear. However, glucose 

metabolism seems to be the most sensitive to different cultivation conditions.  

Albumin production decreased extensively after 3 days in ML culture whereas it remained 

constant in the SW culture for the remaining cultivation period. This finding is in accordance with 

other studies (Peters et al. 2010). Urea production, however, decreased constantly with time in 

both culture conditions. 

The liver is the main organ of xenobiotic metabolism and detoxification (Hamilton et al. 2001) 

(Wen et al. 2013). Therefore, the activity of drug metabolizing enzymes (CYPs) and other 

detoxification reactions, as e.g. the urea cycle, are of utmost importance for understanding liver 

physiology and establishing a useful in vitro liver model. Additionally, hepatocytes are widely 

used as in vitro test systems during drug development (Messner et al. 2012, Martínez Sánchez et 
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al. 2012). An in vivo like CYP activity is therefore most desirable to predict drug metabolism and 

toxicity. A rapid loss of CYP activity in hepatocytes cultivated on a collagen monolayer has long 

been reported (Smet et al. 2000), whereas in collagen sandwich culture, CYP activity is 

maintained for a longer cultivation period (Kern et al. 1997). In our study, we tested the CYP 

activity of PMH in collagen sandwich and monolayer culture after 24 and 120 h of cultivation. At 

day 1, 3 of the 6 tested CYPs showed significantly higher activity in ML culture. However, after 

5 days of cultivation activity dropped under both conditions for most CYPs. The drop was 

significantly stronger in ML culture. Especially CYP3A, which is responsible for the metabolism 

of a vast majority of xenobiotics (Zuber et al. 2002), shows a high activity in SW cultures after 

5 days compared to ML cultures. This indicates that polarized hepatocytes in SW culture represent 

a superior in vitro system for toxicity testing after long-term cultivation, especially of CYP 3A. 

Hepatocytes possess the ability to detoxify ammonia resulting from amino acid metabolism via the 

urea cycle and the synthesis of glutamine (Dunn et al. 1991). These two pathways are strictly 

zonated along the liver acinus. Urea cycle is active in the periportal region, whereas the 

detoxification via the synthesis of glutamine takes place in only 1-3 cell layers around the central 

vein (Ghafoory et al. 2013). After ammonia challenge, urea production was increased under both 

cultivation conditions in a dose dependent manner, which was significantly stronger in SW 

culture. Glutamine consumption, on the other hand, was completely unchanged in collagen SW 

culture. In ML culture, however, glutamine consumption was dose dependently reduced and 

glutamine even produced at the highest ammonia concentration. This is not observed under 

standard culture conditions. There are two possible explanations for this phenomenon. First of all, 

with an increasing ammonia challenge urea cycle reaches its maximum capacity. To avoid further 

ammonia stress, glutamine consumption is decreased accordingly. Synthesis of glutamine in 

addition allowed to fix NH4
+ and reduce ammonia stress accordingly. On the other hand, it is 

known that cultivation conditions, e.g. hormone concentration, can increase the fraction of 

hepatocytes with periportal or perivenous phenotype in culture (Jungermann and Kietzmann 

1996). The used cultivation conditions could have a similar effect, with hepatocytes in ML culture 

showing a more perivenous behavior. This could be confirmed by determining the fraction of 

glutamine synthase positive hepatocytes. However, not only ammonia detoxification is zonated 

along the liver acinus but also glucose metabolism or CYP expression. The activity of CYPs can 

in our case not serve as a representative marker, since primary hepatocytes loose CYP activity 

within the first days of cultivation (Figure 3-6). To confirm if collagen ML culture leads to a more 

perivenous phenotype, these other aspects of zonation need to be addressed as well. 
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In conclusion the cultivation condition determines cellular morphology and functional 

performance. Metabolically, however, neither the process of repolarization nor dedifferentiation of 

hepatocytes seem to have a major influence on the central carbon metabolism. Reorganization of 

cellular architecture und morphology are dramatic events and morphology has a significant 

influence on hepatic function, as could be seen for albumin production, CYP activity and the 

ability to detoxify ammonia. The central carbon metabolism, however, except for glucose 

metabolism, seems to be very robust and is not directly influenced by these events. Studies on 

other organisms as E.coli, S. cerevisiae or plants also showed that the central carbon metabolism, 

even after deletion of several genes, is robust enough to counterbalance even drastic disturbances 

(Blank et al. 2005, Spielbauer et al. 2006, Nakahigashi et al. 2009). Hiroaki Kitano defines 

robustness as a property that allows a system to maintain its functions despite external and internal 

perturbations and as an essential feature of complex evolving systems to adapt to environmental 

perturbations (Kitano 2004). It might therefore be understandable that although certain hepatocyte 

features are influenced by the cultivation system of choice, the central carbon metabolism is more 

or less unaffected. However, further studies with 13C-labeling and also the inclusion of bile acid 

formation could give further insight into flux distribution so that an advanced understanding of 

how hepatocytes deal with disturbances concerning cellular polarity will be gained.
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4. Proteomic characterization of primary 

mouse hepatocytes in collagen monolayer 

and sandwich culture 

4.1 Introduction 

Dedifferentiation of primary hepatocytes in in vitro cultures is a well-known problem 

hindering long-term studies, which are necessary for e.g. in vitro drug toxicity testing (Alépée 

et al. 2014). There are several approaches to abate this dedifferentiation process, ranging from 

media optimization over co-cultivation with other liver cells to cultivation of hepatocytes in 

scaffolds of ECM (Klingmüller et al. 2006, Peters et al. 2010, Kostadinova et al. 2013, 

Mueller et al. 2014). Cultivation of hepatocytes in a SW of the extracellular matrix protein 

collagen is one of these approaches. It is well described in the literature that the cultivation of 

primary hepatocytes in collagen SW culture leads to improved hepatic function over a period 

of several weeks. That includes prolonged albumin and urea production and the activity of 

CYP enzymes (Iredale and Arthur 1994, Chapter 3). Also morphologically, hepatocytes 

cultivated in the SW configuration regain a more in vivo like structure compared to 

hepatocytes cultivated in the standard ML condition. The cells maintain their typical cuboidal 

shape, actin is assembled close to cell-cell contacts and functional bile canaliculi are formed 

in between (Berthiaume et al. 1996, Rowe et al. 2010, Figure 3-1). It is also well known that 

the SW cultivation method leads to changes in gene expression (Dunn et al. 1992, Schug et al. 

2008). However, proteome changes do not necessarily correlate with the transcriptomic 

changes (Slany et al. 2010, Altelaar et al. 2013). This can be due to differences in synthesis 

rates and half-lives of mRNA and proteins, phenotypic modifications of proteins, e.g. 

numerous post-translational modifications, interaction of proteins with other proteins or 

molecules as well as the subcellular distribution of the different components (Diamond et al. 

2006). Because of this, the proteome is closer connected to the actual phenotype than the 

transcriptome. 

Proteomics is defined as the study of the protein complement of cells, including identification 

and quantification of proteins (Yates et al. 2009). In this study we used 2D DIGE and matrix 

assisted laser desorption ionization time of flight mass spectrometry (MALDI ToF MS/MS) to 

analyze the intracellular proteome of primary mouse hepatocytes (PMH) cultivated in 

collagen SW and ML culture. In 2D gel electrophoresis proteins were separated in the first 
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dimension based on their isoelectric point (pI), whereas separation in the second dimension is 

based on the molecular weight of the protein. Subsequent, MALDI Tof MS/MS was used to 

identify the respective proteins based on the mass of their peptides. The technique of DIGE 

was established by the lab of Jon Minden (Unlü et al. 1997). The proteins of the samples are 

labeled with fluorescent dyes and an internal standard consisting of a mixture of all samples, 

also labeled with a fluorescent dye. Two samples and the internal standard were then run on 

the same gel, enabling a direct quantitative comparison of the protein samples. Our results 

show, that on a proteomic level, PMH in collagen SW culture are closer to the in vivo 

phenotype than in ML culture, but still show signs of dedifferentiation. 

4.2 Results 

PMH were cultivated in collagen SW and ML culture for 5 days. The intracellular proteome 

was extracted 24 h and 120 h after the start of the experiment. The exact experimental setup 

can be found in Figure 4-1.  

 

Figure 4-1 Experimental setup of the proteomic characterization of PMH in collagen SW and ML culture. The 

intracellular proteome was extracted 24 and 120 h after experimental start. Proteins were separated by 2D 

gelelectrophoresis and quantified using 2D DIGE. 

 

The samples were purified and proteins further concentrated before starting 2D gel 

electrophoresis. 2D gel electrophoresis was accomplished in two variants: First as preparative 
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Coomassie- stained gels to separate proteins for further identification with MALDI-ToF-MS 

and second with fluorescent labeled proteins for quantification (2D DIGE). 

DIGE enables a quantitative comparison between two different conditions at a time. In this 

experimental setup, all available conditions were compared to each other. The primary aim of 

this study was to characterize differing protein expression in collagen SW and ML culture. 

Therefore, the samples from ML d1 were compared to SW d1 and ML d5 to SW d5 for three 

individual mice. Representative gels are shown in Figure 4-2.  

 

Figure 4-2 Overlay of representative DIGE gels to analyze differential protein abundance between PMH in 

collagen ML and SW culture. Comparison between samples at day 1 (a) and at day 5 (b). Spots that are only 

present in the ML culture: green; SW culture: red; both conditions: white. 1 gel per mouse was prepared (n=3).  

 

When the intracellular proteomes of PMH in collagen SW and ML from day 1 of cultivation 

were compared to each other (Figure 4-2 a), it could directly be observed that only few spots 

were only present in one of the conditions and most spots were white. This indicates a good 

overlap of the proteomic profiles. After statistical evaluation it could be confirmed that there 

were no differentially expressed proteins 24 h after start of the experiment. After 5 days of 

cultivation (Figure 4-2 b), clear differences between the two culture types could be observed. 

Statistical evaluation of the DIGE-gels revealed 51 significantly altered spots. 

In addition to the comparison of collagen SW and ML culture, it was analyzed, if incubation 

time influences protein expression in both cultivation conditions. This was achieved by 

comparing samples from ML d1 with ML d5 and SW d1 with SW d5 (Figure 4-3). 
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Figure 4-3 Overlay of representative DIGE gels to analyze differential protein abundance between PMH in 

collagen ML and SW culture due to cultivation time. Comparison between ML samples from day 1 and day 5 (a) 

as well as for SW (b). Spots that are only present at day 1: green; day 5: red; both conditions: white. 1 gel per 

mouse was prepared (n=3). 

 

Both DIGE-gels revealed major differences in protein expression after optical examination. 

With one-way ANOVA and student’s t-test (p ≤ 0.05) it could be confirmed that the duration 

of incubation has a strong influence on the intracellular proteome. In collagen ML culture 75 

significantly altered spots could be detected. In the SW culture still 32 were significantly 

changed.  

The differentially expressed proteins, which were detected and quantified with DIGE, were 

then identified with MALDI-ToF-MS/MS. To achieve this, the intracellular proteins were 

first separated with 2D-gel electrophoresis (Figure 4-4). The according spots on the gels were 

digested by trypsin and then identified using MALDI-ToF-MS/MS and a Swissprot database 

search.  

Using conventional 2D gel electrophoresis with colloidal Coomassie Blue (G250) staining of 

the protein spots, significantly less spots were detectable on the gels compared to the DIGE 

gels. This also implicated, that some spots, which were identified as differentially expressed 

under certain conditions, could not be found on those gels. The major reason for this is the 

higher sensitivity, which is reached by using fluorescent dyes, as in DIGE, compared to 

Coomassie Blue staining. 
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Figure 4-4 2D-gels to separate the intracellular proteins of PMH in collagen ML and SW culture for 

identification of spots with MALDI-ToF-MS. Isoelectric focusing was used in the first dimension, followed by 

SDS page in the second dimension. Intracellular proteome samples from collagen ML (a) and SW (b) culture at 

day 1 of cultivation and from collagen ML (c) and SW culture (d) at day 5 of cultivation. 1 gel per mouse was 

prepared (n=3). 

 

Spot identification with MALDI ToF MS/MS showed, that for some proteins, e.g. albumin, 

more than one isoform could be found. In addition, only proteins are listed for which MALDI 

ToF MS/MS identification was clearly unequivocal. These two facts, in combination with the 

reduced sensitivity of Coomassie Blue staining compared to fluorescence staining, explain, 

why the number of identified differentially expressed proteins is significantly lower than the 

number of spots, which were originally identified as differentially expressed on DIGE gels. 

In the following tables the significantly changed proteins, which were identified are listed. No 

difference was detected when PMH in collagen ML and SW culture were compared at day 1 

of cultivation. The results of the comparison of the expressed proteins at day 5 are depicted in 

Table 4-1.  
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Table 4-1 Identified proteins, which were significantly different in PMH cultivated in collagen ML and SW 

culture after 5 d of incubation. The proteome of the ML culture served as control to which the proteome of the 

cells in SW culture was compared. Positive values indicate a higher abundance of the detected protein in the 

tested condition compared to the control, whereas negative values indicate a lower abundance. Shown are the 

means of the fold change from the different gels (n=3) and if more than 1 spot per protein was available 

(n=variable). Abbreviations: Std. dev. - Standard deviation.  

Accession no. Protein 
Fold 

change 
Std. dev. Protein function 

Q03265 ATP synthase -2.02 0.07 ATP formation (proton gradient) 

P11588 Major urinary protein -1.95 0.13 Male pheromone 

Q64374 Regucalcin -1.88 0.34 
Calcium-binding protein; 

oxidative stress defense 

P60710 Actin -1.53 0.01 Cytoskeleton 

P11725 
Ornithine 

carbamoyltransferase 
1.71 0.01 Urea cycle 

Q91Y97 
Fructose-bisphosphate 

aldolase B 
1.82 0.19 Glycolysis and gluconeogenesis 

P08226 Apolipoprotein E 2.45 1.09 

Binding, internalization, and 

catabolism of lipoprotein 

particles and oxidative stress 

P07724 Serum albumin 2.52 0.39 

Main plasma protein produced 

by liver; ligand for 

macromolecules and for 

antioxidant defense 

 

From the 2D gels 24 spots per gel could be assigned to differentially expressed spots on the 

according DIGE gels. For albumin, ATP synthase and actin we found several isoforms. In 

total we could identify 8 differentially expressed proteins in PMH cultivated in ML compared 

to SW culture after 5 days of cultivation. The detected proteins covered different metabolic 

pathways such as the urea cycle, glycolysis and gluconeogenesis as well as the formation of 

ATP during oxidative phosphorylation. However, no proteins involved in TCA cycle were 

significantly changed in abundance (Supplementary Table 2). In addition to metabolic 

pathways, the cytoskeleton, Ca2+-signaling and pheromone production were concerned as 
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well. The amounts of major urinary protein, regucalcin and actin were clearly lower in the 

SW culture with the highest difference found for ATP synthase. Ornithine 

carbamoyltransferase, fructose-bisphosphate aldolase B, apolipoprotein E, on the other hand, 

showed a significantly higher abundance in the SW culture with the highest difference found 

for serum albumin, which was more than twice as abundant as in the ML culture. 

The results found for the influence of cultivation time on the proteome of PMH in collagen 

ML culture are listed in Table 4-2. From the 2D-gels 34 spots per gel could be assigned to 

differentially expressed spots on the according DIGE gels. More than 1 spot was detected for 

albumin, ATP synthase and actin. In total we could identify 12 differentially expressed 

proteins in PMH cultivated in ML culture after 1 and 5 days of cultivation. In this case as well 

the detected proteins covered different metabolic pathways as the urea cycle, detoxification as 

well as the formation of ATP by oxidative phosphorylation. In addition to metabolic 

pathways, the cytoskeleton, serum protein production, iron storage, Golgi transport, oxidative 

stress and pheromone production were also affected. 

Sarcosine dehydrogenase, argininosuccinate synthase, glutathion-S-transferase, carbamoyl-

phosphate synthase, aldehyde dehydrogenase, selenium-binding protein and 75kD glucose 

regulated protein showed a significantly lower abundance after 5 days cultivation in ML 

culture with the highest difference found for serum albumin, which was reduced more than 

fivefold. Ferritin, ATP synthase and transitional ER ATPase were upregulated with increasing 

cultivation time. The highest increase was found for major urinary protein, a male pheromone 

binding protein, which showed a two times higher abundance compared to the culture 1 day 

after seeding. 
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Table 4-2 Identified proteins, which were significantly different in PMH cultivated in collagen ML culture after 

1 and 5 d of incubation. The proteome of the ML culture at day 1 served as control to which the proteome of the 

cells of day 5 was compared. Positive values indicate a higher abundance of the detected protein in the tested 

condition compared to the control, whereas negative values indicate a lower abundance. Shown are the means of 

the fold change from the different gels (n=3) and if more than 1 spot per protein was available (n=variable). 

Abbreviations: Std. dev. Standard deviation. 

Accession no. Protein Fold change 
Std. 

dev. 
Protein function 

P07724 Serum albumin -5.07 1.10 

Main plasma protein produced by 

liver; ligand for macromolecules 

and for antioxidant defense 

P38647 
75kD glucose regulated 

protein 
-1.97 0.02 

Binds estrogens, fatty acids and 

metals/heat shock or stress proteins 

P17563 Selenium-binding protein -1.91 0.29 
Involved in Golgi transport, 

sensing of reactive xenobiotics 

P30416 Aldehyde dehydrogenase -1.81 0.28 
Detoxification of alcohol-derived 

acetaldehyde 

Q8C196 
Carbamoyl-phosphate 

synthase 
-1.77 0.14 Urea cycle 

P13745 Glutathione-S-transferase -1.75 0.04 
Conjugation of reduced 

glutathione 

P16460 
Argininosuccinate 

synthase 
-1.67 0.13 Urea cycle 

Q99LB7 
Sarcosine dehydrogenase, 

mitochondrial 
-1.63 0.13 

Reduction of electron transfer 

proteins 

Q3SXD2 Ferritin 1.54 0.01 Iron storage 

Q03265 ATP synthase 1.56 0.06 ATP formation (proton gradient) 

Q01853 Transitional ER ATPase 1.69 0.14 
Role in fragmentation of Golgi 

stacks 

P11588 Major urinary protein 2.3 0.02 Pheromone binding protein 
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Of the found proteins, albumin, ATP synthase and the major urinary protein were detected as 

changed in the comparison of ML and SW culture at day 5 of cultivation as well. Not exactly 

the same enzymes of the urea cycle were detected in both approaches, but the urea cycle was 

a common target. 

The results found for the influence of cultivation time on the proteome of PMH in collagen 

SW culture are listed in Table 4-3. From the 2D gels 32 spots per gel could be assigned to 

differentially expressed spots on the according DIGE gels. More than 1 spot were detected for 

albumin, carbamoyl-phosphate synthase and ATP synthase. In total we could identify 8 

differentially expressed proteins in PMH cultivated in SW culture after 1 and 5 days of 

cultivation. In this case as well the detected proteins covered different metabolic pathways as 

the urea cycle, glycolysis and gluconeogenesis as well as the formation of ATP during 

oxidative phosphorylation. In addition to metabolic pathways the serum protein production, 

Ca2+-signaling, oxidative stress and protein rearrangement were also concerned. In contrary 

no proteins involved in lipid metabolism are significantly changed in abundance 

(Supplementary Table 2). 

Glutathione S-transferase, ATP synthase, superoxid dismutase and fructose-bisphosphate 

aldolase showed a significantly higher abundance after 5 days cultivation in SW culture with 

the highest difference found for regucalcin, which showed a two times higher abundance after 

5 days. Protein disulfide-isomerase and carbamoyl-phosphate synthase were downregulated 

with increasing cultivation time. The highest decrease was found for the serum albumin, 

which showed a three times lower abundance compared to the culture 1 day after seeding. 

ATP synthase, regucalcin, fructose-bisphosphate aldolase and serum albumin were also 

detected as differentially expressed in the comparison between SW and ML culture. However, 

although not the same enzymes could be found, urea cycle, which was differential in ML and 

SW culture after 5 days of cultivation, was also affected over time in the SW culture. 

In both culture conditions it could be observed that after 5 days of cultivation ATP synthase, 

carbamoyl-phosphate synthase and serum albumin were differentially expressed with 

comparable magnitude. 
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Table 2-3 Identified proteins, which were significantly different in PMH cultivated in collagen SW culture after 

1 and 5 d of incubation. The proteome of the SW culture at day 1 served as control to which the proteome of the 

cells of day 5 was compared. Positive values indicate a higher abundance of the detected protein in the tested 

condition compared to the control, whereas negative values indicate a lower abundance. Shown are the means of 

the fold change from the different gels (n=3) and if more than 1 spot per protein was available (n=variable). 

Abbreviations: Std. dev. Standard deviation. 

Accession no. Protein 
Fold 

change 
Std. dev. Protein function 

P07724 Serum albumin -3.08 1.06 

Main plasma protein produced by 

liver; ligand for macromolecules and 

for antioxidant defense 

Q8C196 
Carbamoyl-

phosphate synthase 
-2.00 0.22 Urea cycle 

P09103 
Protein disulfide-

isomerase 
-1.83 0.06 

Rearrangement of -S-S- bonds in 

proteins 

P13745 
Glutathione S-

transferase 
1.71 0.12 Conjugation of reduced glutathione 

Q03265 ATP synthase 1.71 0.24 ATP formation (proton gradient) 

P08228 
Superoxide 

dismutase 
1.88 0.02 Destroys superoxide anion 

P05064 

Fructose-

bisphosphate 

aldolase 

1.90 0.18 Glycolysis and gluconeogenesis 

Q64374 Regucalcin 2.00 0.04 
Calcium-binding protein; oxidative 

stress defense 

 

4.3 Discussion 

In this study the intracellular proteome of PMH in collagen SW and ML culture was 

compared after 1 and 5 days of cultivation. In addition to this, the samples of each cultivation 

condition at day 1 and day 5 were compared to each other as well. This gave us not only the 

opportunity to analyze the effect of cultivation time on protein expression, but also guaranteed 

a correct interpretation of the results gained from the comparison of the ML and SW culture. 

The quantification of proteins using DIGE is not absolute, but only relative to a set control 
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condition. In the comparison of the proteome of the ML and the SW culture the ML culture, 

as the commonly used standard cultivation condition, was used as control. This gives us 

information on higher or lower protein abundance in the SW culture. A direct conclusion, if 

the protein has been e.g. up-regulated in the SW culture or down-regulated in the ML culture 

is not possible. This can only be said, if the samples are compared to the original condition at 

day 1 of cultivation.  

In accordance with the findings in Chapter 3 the concentration of albumin in the SW culture 

was more than twice as high as in the ML culture after 5 days of cultivation (Table 4-1). 

However, also in the SW culture the intracellular amount of albumin was decreased after 

5 days of cultivation compared to beginning of the cultivation (Table 4-3). It was however 

found in Chapter 3, that the albumin production rate remained constant throughout the whole 

cultivation time. This discrepancy could indicate, that the excretion of albumin represents the 

rate-limiting step and the intracellular formation of albumin is already affected before this can 

be detected on the basis of the excretion rate.  

The concentration of ornithine carbamoyltransferase, which catalyzes the formation of L-

citrulline from L-ornithine in the urea cycle, was about 70% higher in the SW culture (Table 

4-1). In the ML comparison ornithine carbamoyltransferase was not found as differentially 

expressed. However, carbamoyl-phosphate synthase and argininosuccinate synthase, two 

other enzymes of the urea cycle, were down-regulated after 5 days of cultivation (Table 4-2). 

This indicates a strong negative effect on the urea cycle triggered by the cultivation in 

collagen ML. These findings reflect the significant down-regulation of urea production 

observed for PMH in other studies (Figure 3-5). However, also in PMH cultivated in collagen 

SW carbamoyl-phosphate synthase was down-regulated after 5 days of cultivation (Table 4-

3). No effect on urea production was observed as described in Chapter 3. The formation of 

carbamoyl-phosphate and thereafter the formation of argininosuccinate represent the rate 

limiting steps of the urea cycle. However, this formation rate is mostly limited by substrate 

availability and not by enzyme activity (Shambaugh 1977). Since in both cultivation 

conditions the enzyme is down-regulated to about the same extent, other factors might play a 

role. These could involve post-translational modifications, leading in addition to a lower 

activity of the enzymes, or a lower formation rate of ammonia. An example could be the 

acetylation status. SIRT5, a protein induced by oxidative stress, is known to lead to the 

deacetylation of carbamoylphosphate synthase, which is then activated (Nakagawa et al. 

2009, Bell and Guarente 2011). The expression of actin was also influenced by the cultivation 
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condition. The amount of the cytoskeletal protein was clearly lower in PMH cultivated in 

collagen SW (Table 4-1). Since actin could not be confirmed as differentially expressed in the 

comparison of SW and ML culture at day 1 and day 5, respectively, no clear conclusion could 

be drawn, if the protein was up-regulated in the ML culture or down-regulated in the SW 

culture. The possible reasons for this are discussed below in detail. However, Beigel et al. 

showed that actin was up-regulated in primary rat hepatocytes cultivated in ML culture 

already after 48 h of cultivation (Beigel et al. 2008). This supports an up-regulation of the 

protein in PMH in collagen ML culture as well. The reason for this might be found in the 

differential distribution of actin in the cell, which is described in Chapter 3 (Figure 3-1). In 

the SW culture actin was accumulated close to the cell-cell contacts, where bile canaliculi are 

formed (Figure 3-1, LeCluyse et al. 2000). In the ML culture actin stress fibers were found 

throughout the cytoplasma. Stress fiber formation may therefore go along with increased actin 

production. Besides typical hepatic functions and cellular morphology also carbon and energy 

metabolism were affected. Fructose-bisphosphate aldolase, the glycolytic enzyme which 

catalyzes the split of F1,6BP into glyceraldehyde 3-phosphate and dihydroxyacetone 

phosphate, was up-regulated over time to about two times its original amount in the collagen 

SW culture (Table 4-3). This enzyme does not catalyze an irreversible step in glycolysis and 

gluconeogenesis. This is why it cannot be said, if glycolysis or gluceoneogenesis activity is 

increased in PMH in SW culture. However, it gives us a strong hint, that these pathways may 

be affected, which is also in accordance to our findings described in Chapter 3, where glucose 

utilization was changed in the SW culture over time. Thereby, enzymes catalyzing reversible 

steps of the respective pathways do not necessarily have to be altered regarding the total 

amount of protein, but can also be strongly regulated by post-translational modification. ATP 

synthase was up-regulated over time in SW and ML culture (Table 4-2, 4-3), but if the 

proteome was compared at day 5 of cultivation the amount in the SW was two times lower 

compared to the ML culture (Table 4-1). The most prominent effects were found with 

proteins dealing with oxidative stress. Reactive oxygen species (ROS) are constantly 

produced by aerobic metabolic processes such as respiration (Apel and Hirt 2004). ROS cause 

oxidative damage to proteins, DNA, and lipids. Therefore, cells have special defense systems, 

which prevent the formation of ROS or which repair the damage created by it (Halliwell 

1991). However, our results indicate that, with the exception of superoxide dismutase, no 

proteins directly scavenging free radicals are changed in abundance (Supplementary Table 2). 

In the ML culture proteins involved in oxidative stress defense were down-regulated (Table 4-

2), whereas in the SW culture proteins related to oxidative stress were up-regulated (Table 4-
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3). PMH in collagen SW and ML culture seem to be confronted with oxidative stress. 

However, in the SW culture the defense system is significantly up-regulated to deal with this, 

whereas in the ML culture a down-regulation of these important enzymes takes place. 

Regarding the multiple effects of ROS and oxidative stress in cells, one can assume that the 

down-regulation of these enzymes might also play a role in the loss of hepatic function 

observed in ML cultivation. Surprisingly, no changes of enzymes involved in phase I and II 

metabolism of xenobiotics were detected (Supplementary Table 2). However, many of these 

proteins are only weakly expressed and information on low abundant proteins are often lost 

on protein gels (Beigel et al. 2008, Natarajan et al. 2009). Therefore, it is not surprising that 

non of these enzyme have been detected. 

The gel-based approach to detect differences in protein abundance used in this experiment has 

certain drawbacks. The inter-gel variability is rather high, which leads to difficulties regarding 

reproducibility. Using two separate gels for quantification and identification makes it 

necessary to assign matching spots manually. This is tedious work and can be prone to errors. 

An automated spot-picker, as used by Gozal et al., could reduce the risk of wrong spot 

assignment (Gozal et al. 2009). In their approach, they loaded the DIGE-gel in addition to the 

fluorescent-labeled proteins with a higher amount of unlabeled protein, which could be used 

for tryptic digestion and identification using MALDI-ToF-MS/MS subsequent to DIGE-based 

quantification. This spares the necessity of a second gel-separation. Due to sample preparation 

to reduce the amount of the most abundant proteins, which is necessary to increase the 

resolution of protein separation, a loss of low-abundant proteins is possible. The proteins can 

for example be bound to albumin or other proteins. In general, every step of sample 

preparation can lead to a loss of protein. This may also lead to a reduced sensitivity of the 

approach. Further analysis with LC-MS/MS, which offers high resolution, needs less sample 

preparation and is the most commonly used technique in proteomics, might give further 

insight into differential protein expression in hepatocytes in collagen ML and SW culture 

(Yates et al. 2009, Bantscheff et al. 2012). However, the gel-based approach also has a major 

advantage since with this method the physiological molecular weight as well as information 

on the pI of the respective proteins is gained. This can be used for example to differentiate 

between different isoforms of proteins, which cannot be achieved with direct LC-MS 

approaches (Diamond et al. 2006). General top-down approaches with LC-MS in addition do 

have other problems. It requires back mapping of identified peptides to parent proteins, which 

can be difficult due to insufficient protein sequence coverage and sequence redundancy (a 

sequence can be present in multiple proteins) and it can also lead to a loss of labile post-
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translational modifications (Diamond et al. 2006, Yates et al. 2009). As there is no perfect 

experimental approach for the analysis of the proteome, a combination of different analysis 

methods leads to the most promising and holistic results. 

Overall, the most protein changes were induced by the cultivation in ML culture. Proteins 

involved in multiple pathways were concerned. The loss of hepatic function, which could be 

observed in Chapter 3, could be confirmed by this study. However, protein expression was 

also changed to a certain extent in PMH cultivated in collagen SW culture, although the 

changes were not as pronounced as in the ML culture. Still also in SW culture various 

pathways were affected. This is in accordance with the results gained by Farkas et al. with 

primary rat hepatocytes in collagen SW cultivation (Farkas et al. 2005). In this study it was 

shown, that also the secretome of primary hepatocytes is changed over time towards 

dedifferentiation. Other studies, which were also conducted with PRH found similar results 

for hepatocytes cultivated in ML over time and if the two cultivation methods were compared 

(Beigel et al. 2008, Rowe et al. 2010). In this studie oxidative stress, cytoskeletal remodeling 

and glucose metabolism were identified as major disturbed pathways. Overall, a more in-

depth analysis of the detected pathways, e.g. using a targeted LC-MS/MS approach, could 

reveal if other enzymes of the detected pathways in both cultivation conditions are concerned, 

which could not be detected due to the above-mentioned reasons. In conclusion, it can be said, 

that on a proteomic level, PMH in collagen SW culture are closer to the original phenotype. 

However, although this cultivation condition better resembles the in vivo situation, a 

development away from the original phenotype could be observed. 
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5. Influence of insulin and glucose on 

central carbon metabolism of primary 

mouse and human hepatocytes 

5.1 Introduction 

Metabolomics approaches have been widely used in science and pharmaceutical industry to 

characterize cultivation systems, to improve production strains and to detect early markers 

of toxicity or disease (Peifer et al. 2012, Wahrheit et al. 2014, Klein et al. 2014, Mattes et al. 

2014). The metabolome and fluxome are closest to the actual phenotype of a system, 

compared to the genome, transcriptome or proteome, and additionally are highly sensitive to 

environmental changes (Beger et al. 2010). An in-depth understanding of metabolic 

reactions can therefore lead to a substantial increase in knowledge about physiological 

processes. Through the general characterization of metabolic processes in mouse 

hepatocytes in collagen ML and SW culture, we could show that the direct metabolism of 

glucose is most susceptible to changes during long-time cultivation (Figure 3-3). The brain 

is strongly dependent on glucose as a carbon source and one of the livers major tasks is to 

guarantee its supply. Therefore, glucose is taken up from the blood, if the concentration is 

high after a meal and stored as glycogen or triglycerides. If the blood glucose levels are low, 

e.g. during fasting, it is produced via glycogenolysis or gluconeogenesis and secreted into 

the blood. These processes are mostly regulated by the complex interplay of two major 

hormonal players, namely insulin and glucacon. Insulin, which is secreted by the β-cells of 

the pancreas if blood glucose levels are increased, leads to an increased uptake of glucose in 

insulin sensitive tissues. In hepatocytes glycogen synthesis is stimulated and at the same 

time glycogenolysis and gluconeogenesis are diminished. Glucagon generally leads to the 

exact opposite effects, through an increase in glucose production via the respective pathways 

(Zierler 1999). The regulation of glucose homeostasis is not a straightforward process, since 

also various other factors such as other hormones and metabolite levels play a significant 

role, and the whole process is still not completely understood (Draznin 1996). Additionally, 

insulin itself has also many other effects in insulin sensitive tissues, which cannot directly be 

related to glucose homeostasis (Takenaka et al. 1989, Saltiel and Kahn 2001). This 

complicates a thorough understanding. Another problem, which arises during the 

investigation of insulin and glucose effects is that at least in vivo these processes are 
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regulated differently in different species. This is also the case in rodents and humans. Still, 

primary hepatocytes from mice, rats and humans represent the major sources for in vitro 

studies in this field (Kowalski and Bruce 2014). This significantly complicates comparison 

of data from different studies and makes a generalization of data gained from different 

species almost impossible, although this can be regularly found in literature (König et al. 

2012, König and Holzhütter 2012). 

In this study the effects of glucose itself and insulin as its major regulator on the central 

carbon metabolism are in the focus. Therefore, a quantitative characterization of the 

response to insulin and glucose in primary hepatocytes from mice and humans was 

conducted to make a direct comparison possible. Additionally, hepatocytes from both 

origins were, as for the general metabolic characterization (Chapter 3), cultivated in SW and 

ML culture to determine if the cultivation condition influences the reaction of the cells to 

certain glucose or insulin concentrations.  

5.2 Results 

PMH and PHH were cultivated with different insulin and glucose concentrations for 24 h to 

investigate the influence of both on the central carbon metabolism. The standard glucose 

concentration in WME especially designed for cultivating hepatocytes is 2 g/l which makes 

11.1 mM. We choose 7 mM as a concentration to represent fasting and 25 mM to represent 

postprandial conditions. The peripheral plasma insulin concentration in humans lies between 

10-10 – 10-9 M (Cheatham and Kahn 1995) and is about three times higher in the portal vein 

(Roden and Bernroider 2003). The chosen insulin concentration ranges from 0.1 to 100  nM 

(0.1, 1, 10 and 100 nM) included the physiological range of insulin in the liver. 

Additionally, hepatocytes were not only cultivated in collagen ML but also collagen SW 

culture to examine if the cells react identically to insulin and glucose under both culture 

conditions. 
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Figure 5-1 Experimental setup to examine the influence of insulin and glucose on the central carbon 

metabolism of PMH in vitro. PMH were isolated at Universitätsklinikum des Saarlandes by the group of Prof. 

Dr. F. Lammert (Homburg, Saar). The used insulin concentrations were 0, 0.1, 1, 10 and 100 nM. Glucose was 

used at a concentration of 7 or 25 mM. The cells were cultivated as collagen ML and SW. 

 

5.2.1 Influence on the central carbon metabolism of mice 

PMH were seeded in ML and SW and were allowed to adapt to culture conditions over night 

under standard cultivation conditions (1.2 nM insulin and 11.1 mM glucose) (Figure 5-1). 

The medium was then changed to experimental conditions and samples taken after 4, 8 and 

24 h. The extracellular metabolome, namely proteinogenic amino acids, organic acids and 

glucose, was determined using HPLC and uptake and secretion rates were calculated. 

In order to analyze if insulin has an influence on the hepatocyte metabolome and if so, 

which metabolites are most influenced, a principle component analysis (PCA) was 

performed. The PCA is a mathematical method which is used to structure, simplify and to 

illustrate complex data sets first formulated by Pearson (Pearson 1901, Bollard et al. 2005). 

The PCA concentrates strongly correlating variables in a data set into a new variable, called 

principal component, by linear combination of the original variables (van der Werf et al. 

2005). To make sure, that the levels or variance were similar for all metabolites, range 

scaling was applied. Hereby, the measured intensities are divided by the range of those 

intensities, namely the standard deviation, over all the samples (Smilde et al. 2005). 
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Figure 5-2 Principal component analysis of the uptake and secretion rates of metabolites of primary mouse 

hepatocytes in collagen sandwich and monolayer culture incubated with different insulin (0-100 nM) and 

glucose concentrations (7 and 25 mM). The results for the first 4 h of incubation treated with 0 (black), 1 (red) 

and 100 nM insulin (green) are shown for 3 mice (means of 3 technical replicates) (N=3; n=9) with a 

confidence interval of 95%. Values were normalized by range scaling. 

 

In Figure 5-2 the PCAs for the metabolite uptake and secretion rates of PMH in SW and ML 

culture are depicted. On grounds of clarity and since only little variation between the 

technical replicates was found, the mean values of each mouse are shown. PMH in ML 

culture incubated with 7 mM glucose show a clear segregation between the different insulin 

concentrations used after 4 h of incubation. For all other conditions the segregation is not as 

explicit, but a trend towards segregation between 0 and 100 nM insulin is clearly 

recognizable, at least for the SW cultivation incubated with 7 mM glucose. 

With PCA it is possible to calculate which metabolites have the most influence on 

segregation between two conditions. In Figure 5-3 (a) an example for this can be found for 

7 mM glucose ML. The metabolites with the highest loading coefficients (positive or 

negative) also have the highest influence. In Figure 5-3 (b) the nine metabolites are listed 

which had taken together the highest coefficients in all four conditions depicted in Figure 5-

3. Glucose metabolism thereby was by far the most influenced, but also other typical carbon 
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sources as glutamine and alanine were influenced by insulin. The metabolites with the 

highest coefficients were chosen for closer examination. The influence of insulin and 

glucose on typical hepatic functions including albumin and urea production will be 

discussed in detail in Chapter 6. 

 

Figure 5-3 Metabolites with the greatest influence on segregation on the extracellular metabolome of primary 

mouse hepatocytes incubated with different insulin concentrations. (a) The loading coefficients of principle 

component 1 of PMH cultivated in collagen ML culture incubated with 7 mM glucose are depicted. (b) List of 

metabolites with the highest positive or negative loading coefficients in all four culture conditions (SW, ML, 7 

and 25 mM glucose). 

 

The uptake and secretion rates of glucose and selected organic acids, acetate, lactate and 

succinate, of PMH cultivated in ML culture over 24 h are depicted in Figure 5-4. Acetate 

was produced independently from the used glucose concentration and constantly during the 

cultivation period. After 8 h significant differences between 0, 10 and 100 nM insulin 

developed at 7 mM glucose, whereas changes were not significant in the cells treated with 

25 mM glucose. Glucose uptake or production by the cells is largely dependent on the 

extracellular glucose concentration. If the extracellular glucose concentration is low and 

insulin is lacking, glucose is produced by PMH with a secretion rate of about 

700 fmol/cell*h-1. If 25 mM extracellular glucose is administered, it is taken up by the cells 

with a rate of about 1000 fmol/cell*h-1. Additional to the sensitivity to extracellular glucose 

levels, this was also significantly influenced by the applied insulin concentration.  
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Figure 5-4 Conversion rates of glucose and selected organic acids of primary mouse hepatocytes 

cultivated in collagen monolayer culture under the influence of different insulin (0-100 nM) and glucose 

(7 and 25 mM) concentrations. Positive values indicate uptake, negative values production. Error bars 

indicate standard deviation (N=3; n=9). Statistical significance was determined with student’s t-test. *, 

** and *** indicate significance at p=0.05, p=0.01 and p=0.001, respectively. Living cell number was 

determined after 24 h of cultivation using calcein AM staining. Abbreviations: Ins Insulin. 

R
a

te
 [

fm
o

l 
*

 (
ce

ll
*

h
)-1

] 



Universität des Saarlandes  Insulin & Metabolism 

 77

In the first 4 h insulin decreased glucose production in the low glucose condition, until 

glucose was even consumed with the highest tested insulin concentration, and accordingly 

increased glucose uptake with high extracellular glucose levels. After 8 h glucose uptake or 

production was strongly diminished in both culture conditions, however the influence of 

insulin was still apparent, even if not significant. 

Lactate is a final product of non-oxic fermentational glycolytic metabolism. Its production at 

high extracellular glucose levels was nearly doubled compared to that at a low glucose 

concentration. After 8 h of incubation lactate production was significantly enhanced in 

accordance with increasing insulin concentration. After 24 h lactate was no longer produced 

but taken up by the cells. However, increasing insulin concentration led to a further 

production. Succinate is an important intermediate of the TCA cycle and was strongly 

produced within the first 4 h of cultivation. The concentration of extracellular glucose had 

no influence on the production rate. After 8 h of cultivation, however, insulin significantly 

influenced succinate production in a concentration dependent manner, which even led to 

uptake of extracellular succinate. 

In contrast to ML culture, hepatocytes cultivated in collagen SW culture produced acetate 

with a high rate of 1300 fmol/cell*h-1 within the first 4 h of cultivation as depicted in Figure 

5-5. After that the production declined to 500 fmol/cell*h-1 and remained constant for the 

residual cultivation time. Thereby, production was completely unaffected by glucose or 

insulin. As in the ML culture, hepatocytes in the SW culture produced glucose if the 

extracellular glucose concentration resembled fasting conditions and took up glucose at 

postprandial conditions. In both conditions insulin had a significant dose-dependent effect, 

diminishing glucose production and enhancing glucose consumption. The highest 

production rate as well as the highest consumption rate were thereby slightly lower as in the 

ML culture. The amount of produced lactate was strongly dependent on the applied 

extracellular glucose concentration and about twice as high with the postprandial glucose 

level. After 8 h lactate production was significantly increased by insulin in a concentration 

dependent manner. In general lactate production was slightly lower in SW culture compared 

to ML culture. Succinate was produced at comparable rates in ML and SW culture. In 

collagen SW culture insulin had also the effect of significantly reducing succinate 

production. In contrast to insulin, the applied glucose concentration had no influence on the 

production of succinate. 
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Figure 5-5 Conversion rates of glucose and selected organic acids of primary mouse hepatocytes 

cultivated in collagen sandwich culture under the influence of different insulin (0-100 nM) and 

glucose (7 and 25 mM) concentrations. Positive values indicate uptake, negative values production. 

Error bars indicate standard deviation (N=3; n=9). Statistical significance was determined with 

student’s t-test. *, ** and *** indicate significance at p=0.05, p=0.01 and p=0.001, respectively. 

Living cell number was determined after 24 h of cultivation using calcein AM staining. Abbreviations: 

Ins Insulin. 
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Because of the results from the PCA (Figure 5-3) certain amino acid were chosen for 

presentation, namely alanine, glutamic acid, glutamine and glycine. The uptake and 

production rates for PMH in ML culture are depicted in Figure 5-6, whereas for SW culture 

they are presented in Figure 5-7. Glutamine and alanine were, apart from glucose, the major 

carbon sources in ML as well as in SW culture. PMH in ML showed high initial 

consumption of alanine with an uptake rate between 200 and 400 fmol*(cell*h)-1. If 7 mM 

glucose were applied, alanine consumption was significantly increased by insulin from the 

beginning of cultivation. The rate thereby constantly decreased from 4 to 24 h of incubation. 

If postprandial conditions were simulated, namely 25 mM glucose applied, alanine was 

strongly consumed, however hardly influenced by the used insulin concentrations. As for the 

fasting conditions, the uptake rate decreased over time as well, however after 8 h of 

incubation insulin showed a rate increasing effect. Even if this was not significant after 24 h, 

a trend to that effect could clearly be observed. The overall amount of consumed alanine was 

thereby completely independent of the extracellular glucose concentration. Glutamic acid 

was strongly produced in the beginning of cultivation in a glucose independent manner. 

Insulin, however, significantly increased the production rate in both cases. As well as for 

alanine, the rate decreased over time until glutamic acid even showed a net consumption at 

the end of cultivation. Glutamic acid can be directly converted into glutamine by glutamine 

synthetase and produced from glutamine by glutaminase. Both amino acids are therefore 

closely connected. Glutamine was strongly consumed independently of the extracellular 

glucose concentration. Insulin on the other hand increased the consumption in a 

concentration dependent manner. Although all three mice showed the same trend, due to 

varying absolute rates this was not as significant as for the other amino acids. During the 

cultivation the rates also decreased strongly. Glycine consumption was as well strongly 

increased by insulin, so that at 8 h the uptake rates were about thrice as high with the highest 

insulin concentration compared to standard conditions without insulin. From 8 h onwards 

the absolute consumption of glycine was not significantly influenced by the applied 

extracellular glucose concentration, although initially higher at 7 mM glucose. 

PMH cultivated in collagen SW culture showed a more or less comparable amino acid 

profile (Figure 5-7). Insulin had a rate increasing effect, regardless of the consumption of 

alanine, glutamine and glycine or the production of glutamic acid.  



Universität des Saarlandes  Insulin & Metabolism 

 80

 

Figure 5-6 Conversion rates of selected amino acids (alanine, glutamic acid, glutamine and glycine) of 

primary mouse hepatocytes cultivated in collagen monolayer culture under the influence of different 

insulin (0-100 nM) and glucose (7 and 25 mM) concentrations. Positive values indicate uptake, negative 

values production. Error bars indicate standard deviation (N=3; n=9). Statistical significance was 

determined with student’s t-test. *, ** and *** indicate significance at p=0.05, p=0.01 and p=0.001, 

respectively. Living cell number was determined after 24 h of cultivation using calcein AM staining. 

Abbreviations: Ins Insulin. 
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Figure 5-7 Conversion rates of selected amino acids (alanine, glutamic acid, glutamine and glycine) of 

primary mouse hepatocytes cultivated in collagen sandwich culture under the influence of different insulin 

(0-100 nM) and glucose (7 and 25 mM) concentrations. Positive values indicate uptake, negative values 

production. Error bars indicate standard deviation (n=9). Statistical significance was determined with 

student’s t-test. *, ** and *** indicate significance at p=0.05, p=0.01 and p=0.001, respectively. Living cell 

number was determined after 24 h of cultivation using calcein AM staining. Abbreviations: Ins Insulin. 
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In general, the overall rates were independent of the glucose concentration chosen. 

Remarkably, the rates were only about half as high as for PMH in ML culture. 

5.2.2 Influence on the central carbon metabolism of humans 

PHH were seeded in collagen SW and ML culture after an overnight transport. To adapt to 

culture conditions and to give them the chance to replenish glycogen stores they were kept 

over night under standard cultivation conditions (1.2 nM insulin and 11.1 mM glucose). On 

the next morning they were treated completely identical to PMH with different insulin (0, 

0.1, 1, 10 and 100 nM) and glucose concentrations (7 and 25 mM). Sampling took place at 

the same intervals as for PMH after 4, 8 and 24 h and the determination of the extracellular 

metabolome was done accordingly. 

 

Figure 5-8 Experimental setup to examine the influence of insulin and glucose on the central carbon metabolism 

of PHH in vitro. PHH were isolated at Charité Berlin. The used insulin concentrations were 0, 0.1, 1, 10 and 

100 nM. Glucose was used in a concentration of 7 or 25 mM. The cells were cultivated as collagen ML and SW. 
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Figure 5-9 Principal component analysis of the uptake and secretion rates of metabolites of primary human 

hepatocytes in collagen sandwich and monolayer culture incubated with different insulin (0-100 nM) and 

glucose concentrations (7 and 25 mM). The results for the first 4 h of incubation treated with 0 (black), 1 

(red) and 100 nM insulin (green) are shown for 3 donors (means of 3 technical replicates) (N=3; n=9) with a 

confidence interval of 95%. Values were normalized by range scaling. 

 

In order to determine if insulin has a concentration dependent effect on the metabolome of 

PHH a PCA was accomplished with metabolome data. The results are depicted in Figure 5-

9. On grounds of clarity and since only little variation between the technical replicates was 

found the mean values of each donor are shown. For all chosen conditions, except the 

collagen SW culture incubated with 7 mM glucose, a clear segregation between 0 and 

100 nM insulin could be observed. The metabolome of PHH incubated with 1 nM insulin 

showed an intermediate state between the ones incubated with 0 and 100 nM insulin, which 

was not clearly distinguishable. 
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Figure 5-10 Metabolites with the greatest influence on segregation on the extracellular metabolome of primary 

human hepatocytes incubated with different insulin concentrations. (a) The loading coefficients of principle 

component 1 of PHH cultivated in collagen ML culture incubated with 7 mM glucose are depicted. (b) List of 

metabolites with the highest positive or negative loading coefficients in all four culture conditions (SW, ML, 7 

and 25 mM). 

 

According to the procedure applied to PMH, the loading coefficient of every analyzed 

metabolite was calculated. Metabolites with the highest positive or negative coefficients had 

the greatest influence on the segregation of the metabolic data. In Figure 5-10 (a) an 

example of the distribution of the loading coefficients of the first principal component of the 

different metabolites is shown for PHH cultivated in collagen ML culture with 7 mM 

glucose. Metabolites with the highest loading coefficients in all four used culture conditions, 

namely hepatocytes in ML culture incubated with 7 and 25 mM glucose, as well as SW 

culture with the same glucose concentrations are depicted in Figure 5-10 (b). Albumin had 

the highest loading coefficient in all culture conditions. Together with urea production it will 

be further discussed in Chapter 6 with other hepatic functions. Of all the available carbon 

sources, glucose had the highest coefficient in all culture conditions and therefore the 

greatest influence on the segregation in the PCA. As for PMH acetate, alanine, glutamic 

acid, glutamine, glycine and succinate were also the major factors which were influenced by 

insulin in PHH. Because of this overlap we focus on these metabolites and have a closer 

look at their metabolic profile over time. 
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Figure 5-11 Conversion rates of glucose and selected organic acids of primary human hepatocytes 

cultivated in collagen monolayer culture under the influence of different insulin (0-100 nM) and glucose 

(7 and 25 mM) concentrations. Positive values indicate uptake, negative values production. Error bars 

indicate standard deviation (N=3; n=9). Statistical significance was determined with student’s t-test. *, ** 

and *** indicate significance at p=0.05, p=0.01 and p=0.001, respectively. Living cell number was 

determined after 24 h of cultivation using calcein AM staining. Abbreviations: Ins Insulin. 
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Interestingly, lactate was not amongst the most influential metabolites in PHH. Since lactate 

production, however, is closely linked with glucose metabolism and can hint at glycolytic 

activity, lactate is included in the closer examination. 

The consumption and production rates of glucose and selected organic acids of PHH 

cultivated in collagen ML culture are shown in Figure 5-11. Acetate was strongly produced 

independent of the glucose concentration with a more or less constant rate over time. Within 

the first 4 h of cultivation acetate production was also independent of the applied insulin 

concentrations. From 8 h on, however, the production of acetate was significantly increased 

with increasing insulin concentration. This effect was slightly stronger if 25 mM glucose 

were used. If the hepatocytes were exposed to fasting conditions, glucose was strongly 

produced with a maximum rate of about 1200 fmol*(cell*h)-1 within the first 4 h of 

cultivation if no insulin was added to the medium. Glucose production was decreased with 

increasing insulin concentration down to a rate of about 700 fmol*(cell*h)-1 with the highest 

used insulin concentration of 100 nM. Afterwards the production rate strongly decreased and 

oscillated around zero between 4 and 8 h of cultivation without a noticeable insulin 

influence. Within the last sampling period glucose was produced again in an insulin 

dependent manner, however with much lower rates compared to the initial production and 

was even consumed if the highest insulin concentration was applied. 25 mM extracellular 

glucose were used to simulate postprandial conditions. If no insulin was applied, which 

served as control, glucose was still produced even though the extracellular concentration 

already was high. If insulin was added to the medium, glucose was initially taken up by the 

cells in an insulin dependent manner with a maximum rate of 1500 fmol*(cell*h)-1 reached 

with the highest insulin concentration. As for fasting conditions the rate strongly ceased after 

the initial cultivation period with no noteworthy dependence on insulin. At the end of the 

cultivation period glucose was produced again with a very low rate at the three lowest 

insulin concentrations. With both glucose conditions lactate production was insulin 

independent during the first 4 h of cultivation. Then insulin significantly increased the 

production of lactate for the remaining cultivation period. Remarkable, however, was, that 

the extracellular glucose concentration had no influence on the amount of produced lactate. 

Succinate was produced by PHH in ML culture with a strongly decreasing rate after 4 h. 

Neither glucose nor insulin, however, showed a significant effect on the rates. 
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Figure 5-12 Conversion rates of glucose and selected organic acids of primary human hepatocytes 

cultivated in collagen sandwich culture under the influence of different insulin (0-100 nM) and glucose (7 

and 25 mM) concentrations. Positive values indicate uptake, negative values production. Error bars indicate 

standard deviation (N=3; n=9). Statistical significance was determined with student’s t-test. *, ** and *** 

indicate significance at p=0.05, p=0.01 and p=0.001, respectively. Living cell number was determined 

after 24 h of cultivation using calcein AM staining. Abbreviations: Ins Insulin. 
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The uptake and production rates of glucose and organic acids of PHH cultivated in collagen 

SW culture are depicted in Figure 5-12. Acetate was strongly produced within the first 

sampling period, whereas in contrast to the ML culture, the rate ceased afterwards. Only 

between 4 and 8 h of cultivation with 7 mM glucose, an insulin dependent increase of the 

production rate could be observed. Acetate production was additionally independent of the 

applied extracellular glucose concentration. As for the ML culture, glucose was strongly 

produced within the first 4 h if fasting conditions were applied. Insulin had a rate decreasing 

effect, which was only significant for the highest used insulin concentration, due to higher 

donor variation. For the remaining culture period rates were alike rates of the ML culture. 

25 mM glucose led to a high uptake by PHH during the first sampling period, which was 

significantly increased by insulin. During the remaining cultivation period absolute rates of 

the different donors varied so much, that no statement could be made, except that the 

consumption rates in general seemed to decrease. Results for single donors are shown in 

Supplementary Figure 6. However, also here no clear trend could be observed except for the 

decreasing of the absolute rates. Interestingly, lactate production was about 40% higher in 

the SW culture if the extracellular glucose concentration was 25 mM. After 4 h an insulin 

dependent increase of the production rate could be observed, but only if the cells were 

incubated with 7 mM glucose. For the cells exposed to 25 mM glucose no such development 

could be observed due to high variation between the different donors. The rates in general 

decreased over time in both culture conditions in contrast to PHH cultivated in collagen ML 

culture. Succinate showed a significantly higher production rate with both glucose 

concentrations if no insulin was added to the culture medium. After 4 h or 8 h the rate 

however strongly decreased to remain around zero. 

The uptake and production rates of the amino acids of PHH cultivated in collagen ML and 

SW culture determined as important features by PCA are depicted in Figure 5-13 (ML) and 

Figure 5-14 (SW). Although the consumption rates of amino acids in general were much 

lower in PHH compared to PMH, alanine and glutamine were the major carbon sources 

besides glucose. With both glucose concentrations, alanine was increasingly consumed in an 

insulin dependent manner during the first 4 h. After that the influence of insulin could only 

be observed during the last sampling period, although this was only significant for 25 mM 

glucose. The amount of extracellular glucose had no significant influence on the 

consumption rates. Glutamic acid was increasingly produced with higher insulin 

concentrations during the first 4 h of cultivation. After that the production rate strongly 

decreased and was not further influenced by insulin for the remaining cultivation period. 
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Figure 5-13 Conversion rates of selected amino acids (alanine, glutamic acid, glutamine and glycine) of 

primary human hepatocytes cultivated in collagen monolayer culture under the influence of different 

insulin (0-100 nM) and glucose (7 and 25 mM) concentrations. Positive values indicate uptake, negative 

values production. Error bars indicate standard deviation (N=3; n=9). Statistical significance was 

determined with student’s t-test. *, ** and *** indicate significance at p=0.05, p=0.01 and p=0.001, 

respectively. Living cell number was determined after 24 h of cultivation using calcein AM staining. 

Abbreviations: Ins Insulin. 
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Glutamine was increasingly consumed by the cells in an insulin dependent manner 

particularly in the first 4 h, but clearly less in later phases. The rates slowly decreased over 

time and were not dependent on the glucose concentration administered. Glycine showed a 

comparable profile to glutamine. Primary human hepatocytes consumed glycine, which was 

increased if insulin was added to the medium. As for glutamine, the glycine uptake rate 

decreased slightly over time and the extracellular glucose concentration had no influence on 

the rates. 

For alanine and glycine the metabolic profiles of primary human hepatocytes in collagen 

ML and SW culture resembled each other, even if the alanine consumption rates were 

slightly higher in the SW culture (Figure 5-14). Both amino acids were consumed and this 

consumption was increased by insulin. Even if this was not significant due to a high 

variability of absolute rates between the different donors, a trend could clearly be observed. 

The rates of single donors cultivated in ML culture for glycine are depicted in 

Supplementary Figure 8. The observed trend could be confirmed for Donor 1 and 2, whereas 

Donor 3 showed a somehow inconclusive picture at least if incubated with 25 mM glucose. 

The single donor results for PHH in SW culture are depicted in Supplementary Figure 10. 

Here, Donor 2 incubated with 25 mM glucose showed divergent results compared to all 

others. Glutamic acid showed a different behavior depending if 7 or 25 mM were applied in 

the culture. If fasting conditions were simulated, glutamic acid production was diminished 

by increasing insulin concentrations until the amino acid was even consumed. Within the 

first 4 h of cultivation glutamic acid production increased by added insulin if postprandial 

conditions were applied. During the last sample period this trend changed again. Glutamine 

was strongly consumed during the first 4 h of cultivation if the cells were incubated with 

7 mM glucose with a rate up to 300 fmol*(cell*h)-1. Glutamine uptake was strongly 

increased by insulin. Afterwards the rate decreased to a minimum, with insulin having the 

exactly opposite effect. On the other hand, if the cells were incubated with 25 mM glucose, 

net glutamine uptake was almost zero at the beginning of cultivation. During the remaining 

cultivation time the standard deviation between different donors was so high, that no 

conclusion could be drawn. The rates for single donors cultivated in collagen ML culture are 

depicted in Supplementary Figure 7. As for glycine, a general increase of the glutamine 

consumption rate was observable, except for donor 3 cultivated with 25 mM glucose. 

Consumption rates of glutamine for single donors cultivated in SW culture are depicted in 

Figure 9. As for glycine, Donor 1 and 3 showed a very good overlap reflecting the increased 

uptake caused by insulin. The results for Donor 2 were inconclusive. 
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Figure 5-14 Conversion rates of selected amino acids (alanine, glutamic acid, glutamine and glycine) of 

primary human hepatocytes cultivated in collagen sandwich culture under the influence of different 

insulin (0-100 nM) and glucose  (7 and 25 mM) concentrations. Positive values indicate uptake, 

negative values production. Error bars indicate standard deviation (N=3; n=9). Statistical significance 

was determined with student’s t-test. *, ** and *** indicate significance at p=0.05, p=0.01 and 

p=0.001, respectively. Living cell number was determined after 24 h of cultivation using calcein AM 

staining. Abbreviations: Ins Insulin. 
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5.2.3 Carbon use of primary mouse and human hepatocytes 

The metabolic profiles of PMH and PHH in collagen ML and SW culture were determined. 

Thereby, glucose consumption or production were strongly dependent on the administered 

insulin concentration as well as on the extracellular glucose concentration in the medium. If 

fasting conditions were applied, glucose was produced by both cell types in all culture 

conditions. Glucose was taken up, however, if postprandial conditions were simulated. The 

question arising from this was, where does the produced glucose come from? Does it derive 

from glycogenolysis or gluconeogenesis? On the other hand, what does happen to the high 

amounts of glucose taken up by the cells if 25 mM extracellular glucose were applied? Was 

it used to fill up glycogen stores or was it metabolized by the cells for their own metabolic 

needs? To answer these questions the cells were cultivated with U13C labeled glucose and 

glutamine. Glucose was chosen as a tracer to track possible metabolites resulting from 

glycolysis and TCA cycle. Glutamine was the major carbon source besides glucose almost 

in all culture conditions. As a potential carbon origin for gluconeogenesis, fully labeled 

glutamine was chosen as a tracer as well. Since the effects of increasing insulin on the 

metabolic rates were observed to be gradual and to keep the sample number at bay, only 0 

and 100 nM insulin were tested, where the highest effects were expected. 

Hepatocytes were seeded in collagen SW and ML culture as described above. After the cells 

were allowed to adapt to culture conditions and to refill glycogen stores, medium was 

changed to experimental conditions, namely to WME containing 7 or 25 mM fully labeled 

glucose or 2 mM U13C glutamine with either 0 or 100 nM insulin. Samples were taken at the 

same interval as described above and labeling of metabolites was determined using GC-MS. 

5.2.3.1 Determination of background contamination from unlabeled glucose and 

glutamine 

The collagen coating used not only serves as a mechanical support for the seeded 

hepatocytes but also is a reservoir for proteins and metabolites. Since the cells were seeded 

with medium which was not labeled, one has to expect that, although the cells were washed 

twice before adding the medium with labeled substrate, a certain amount of unlabeled 

glucose or glutamine will remain within the gel and falsify results. To quantify the 

background contamination, empty wells coated with collagen as ML or SW were treated in 

exactly the same way as during cultivation with cells. The results are depicted in Figure 5-

15. 
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Figure 5-15 Background determination of substrate labeling. Shown are the percentages of fully 13C labeled 

(red) and unlabeled (black) glucose and glutamine mass isotopomers in SW (dashed line) and ML (block 

line) culture with m+x pointing at the number of labeled carbons. Values were corrected for natural 

abundance of isotopes. Error bars indicate standard deviation (n=3). 

 

For glucose instead of the fully labeled molecule (m+6) a fragment with four carbon atoms 

(m+4) was chosen due to higher stability. In addition, this fragment was also the most 

common and therefore easier to detect. The percentage of unlabeled substrate was strongly 

dependent on its concentration in the unlabeled medium and the concentration of the 

substrate under experimental conditions. The glucose concentration in standard WME, 

which was used for seeding and over-night cultivation of hepatocytes, was 11.1 mM. The 

concentration of glucose was then changed to 7 or 25 mM. If 7 mM were applied the 

falsification with unlabeled glucose was about twice as high as if 25 mM glucose was added. 

The concentration of glutamine was identical during seeding and in the experimental setup, 

namely 2 mM. Here a contamination of 10% unlabeled glutamine could be observed in ML 

culture. The percentage of unlabeled substrate in SW culture was about twice as high as in 
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the ML culture for all substrates. Within the first 4 h an equilibrium was established and the 

contamination with unlabeled substrate from the collagen reservoir was constant for the 

remaining cultivation period. 

5.2.3.2 Metabolism of glucose by primary murine and human hepatocytes 

The labeling results for glucose and lactate, if PHH were incubated with [U-13C]-glucose in 

ML culture, are depicted in Figure 5-16. Figure 5-17 shows the same for PMH. 

 

Figure 5-16 Percentages of unlabeled and fully labeled glucose and lactate of PHH cultivated in 

collagen ML culture with [U-13C6] glucose. Shown are the percentages of fully labeled (dashed line) 

and unlabeled (block line) glucose and lactate mass isotopomers if 0 nM insulin (black) or 100 nM 

insulin (red) were used with m+x pointing to the number of labeled carbons. Error bars indicate 

standard deviation (N=2; n=6). Glucose values were corrected for background contamination. 

Abbreviations: Ins Insulin. 
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If PHH were exposed to fasting conditions a slight production of unlabeled glucose could be 

observed over time. This was not the case if the medium contained 25 mM glucose. Labeled 

lactate was only produced in negligible amounts. 

 

Figure 5-17 Percentages of unlabeled and fully labeled glucose and lactate of PMH cultivated in collagen 

ML culture with [U-13C6] glucose. Shown are the percentages of fully labeled (dashed line) and unlabeled 

(block line) glucose and lactate mass isotopomers if 0 nM insulin (black) or 100 nM insulin (red) were used 

with m+x pointing to the number of labeled carbons. Error bars indicate standard deviation (N=2; n=6). 

Glucose values were corrected for background contamination. Abbreviations: Ins Insulin. 

 

For human hepatocytes almost no difference could be found in glucose use if cells were 

incubated with or without insulin. Only a slightly higher production of lactate from glucose 

was observed if cells were incubated with 7 mM glucose. PMH on the other hand produced 
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more unlabeled glucose over time if incubated with 7 mM glucose. Production of glucose 

m+0 was considerably less when 100 nM insulin were applied. The same effect could be 

observed if the cells were incubated with 25 mM, where no more unlabeled glucose was 

produced if 100 nM insulin were added to the medium. No labeled lactate was produced by 

PMH if incubated under fasting conditions with no insulin administered. This can directly be 

read from Figure 5-17, since glucose was the only labeled substrate available. Figure 5-18 

shows the fractions of selected amino acids (alanine, glutamine and glycine) which were 

produced from labeled glucose by PMH in collagen ML culture. Alanine was produced from 

glucose for the first 8 h of cultivation if the cells were incubated with 7 mM glucose and no 

insulin. If insulin was added to the medium the percentage of produced alanine more than 

doubled and was constant over the whole cultivation period. 25 mM glucose still enhanced 

this effect. Glycine with the mass m+1 was constantly produced by PMH over the whole 

cultivation time. Up to 60% of glycine were labeled after 24 h of cultivation under fasting 

conditions. If insulin was added, the production of labeled glycine was even enhanced up to 

85%. If no insulin was added, postprandial conditions had the same effect on glycine 

production. With insulin the enhancing effect however was still stronger with about 95% of 

glycine produced from glucose. For glutamine the fraction of m+4 is depicted since in this 

fraction an enrichment took place. Fully labeled glutamine (m+5) was not formed from 

glucose. No glutamine was produced from glucose if no insulin was added to the medium 

independent of the applied glucose concentration. If insulin was added, however, a slight 

increase in glutamine originating from glucose could be found under fasting conditions. 

25 mM glucose increased this percentage to about 10%. The labeling profiles of amino acids 

derived from PHH cultivated in ML with fully labeled glucose were determined as well. 

However, no labeling changes could be detected in any amino acid, even if insulin was 

added to the medium. PHH and PMH cultivated in collagen SW culture closely resembled 

the carbon usage profiles of the ML cultures. 

The addition of insulin to the medium made for a slight increase in lactate production from 

glucose, although glucose showed a net production under fasting conditions, which is 

possible due to reversibility of glucose uptake from the medium and release from the cytosol 

(compare to Figure 5-4 and Figure 5-5). This effect was a lot stronger if the cells were 

incubated with 25 mM glucose. PMH produced about 20% of lactate from glucose within 

the first 8 h of cultivation, which was enhanced to 40% if insulin was added. 
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Figure 5-18 Percentages of unlabeled and labeled alanine, glycine and glutamine of PMH cultivated in 

collagen ML culture with [U-13C6] glucose. Shown are the percentages of labeled (dashed line) and unlabeled 

(block line) alanine, glycine and glutamine mass isotopomers if 0 nM insulin (black) or 100 nM insulin (red) 

were used with m+x pointing to the number of labeled carbons. Error bars indicate standard deviation (N=2; 

n=6). Abbreviations: Ins Insulin. 
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Figure 5-19 Percentages of unlabeled and fully labeled glucose and lactate of PHH cultivated in collagen ML 

culture with [U-13C5] glutamine. Shown are the percentages of fully labeled (dashed line) and unlabeled (block 

line) glucose and lactate mass isotopomers if 0 nM insulin (black) or 100 nM insulin (red) were used with m+x 

pointing to the number of labeled carbons. Error bars indicate standard deviation (N=2; n=6). Abbreviations: 

Ins Insulin. 

 

5.2.3.3 Metabolism of glutamine by primary murine and human hepatocytes 

Primary human and mouse hepatocytes were not only cultivated with [U13-C]-glucose but 

also with [U-13C5]-glutamine. The amino acid represents the major carbon source besides 

glucose and therefore a potential source for gluconeogenesis. In Figure 5-19 the labeling 

patterns of glucose and lactate are depicted for PHH cultivated in collagen ML.  
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Figure 5-20 Percentages of unlabeled and fully labeled glucose and lactate of PMH cultivated in collagen 

ML culture with [U-13C5] glutamine. Shown are the percentages of fully labeled (dashed line) and unlabeled 

(block line) glucose and lactate mass isotopomers if 0 nM insulin (black) or 100 nM insulin (red) were used 

with m+x pointing to the number of labeled carbons. Error bars indicate standard deviation (N=2; n=6). 

Abbreviations: Ins Insulin. 

 

If glutamine was used as carbon source and gluconeogenesis was active, labeling should be 

found in glucose. However, this was not the case. No matter if the cells were incubated with 

7 or 25 mM no labeling in glucose could be found. Insulin had an increasing effect on lactate 

production from glutamine, especially if the cells were incubated with 7 mM glucose. 

PMH showed a similar pattern (Figure 5-20). No labeling of glucose could be detected 

independent of the used glucose concentration. Lactate production from glutamine was 

about two times higher in PMH if incubated with 7 mM glucose within the first 8 h of 
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cultivation. After that, lactate was only further produced if insulin was added to the media. 

Murine hepatocytes incubated with 25 mM glucose produced lactate originating from 

glutamine only within the first 8 h of incubation. Under postprandial conditions insulin 

showed no increasing effect. 

Alanine was not only produced by PMH from glucose but also from glutamine (Figure 5-

21). As for glucose alanine production from glutamine was increased if PMH were 

incubated under fasting conditions with 100 nM insulin. This was not the case if the cells 

were incubated with 25 mM glucose. The same could be observed for glycine which was as 

well produced from both carbon sources, but exclusively mass isotopomer m+1. If PMH 

were incubated with [U-13C] glutamine and 7 mM glucose, the effect of insulin on glycine 

production was stronger compared to postprandial conditions where the increasing effect 

was still there but not as pronounced. The percentage of labeled glutamine however 

constantly decreased over time independently of the extracellular glucose concentration. 

This was still enhanced if insulin was present in the medium. There was no difference in the 

carbon usage if the PMH were cultivated in collagen SW culture. 

PHH were cultivated with fully labeled glutamine in collagen SW and ML culture as well. In 

both cultivation conditions alanine was not produced from glutamine independent of the 

used glucose or insulin concentration. Glycine with the mass m+1 was produced over time 

with a percentage of 10% after 24 h in SW and in ML culture (Supplementary Figure 12). 

However, in contrast to PMH neither insulin nor glucose had an influence on the produced 

amount.  
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Figure 5-21 Percentages of unlabeled and labeled alanine, glycine and glutamine of PMH cultivated in 

collagen ML culture with [U-13C5] glutamine. Shown are the percentages of labeled (dashed line) and 

unlabeled (block line) alanine, glycine and glutamine mass isotopomers if 0 nM insulin (black) or 100 nM 

insulin (red) were used with m+x pointing to the number of labeled carbons. Error bars indicate standard 

deviation (N=2; n=6). Values for glutamine were corrected for background contamination. Abbreviations: Ins 

Insulin. 
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5.3 Discussion 

To characterize the metabolic influence of insulin and glucose on PMH and PHH, the cells 

were cultivated in collagen ML and SW culture with different insulin and glucose 

concentrations. The chosen glucose concentrations were 7 and 25 mM whereas the insulin 

concentrations were in the range of 0.1-100 nM. The blood glucose level normally lies 

within the narrow range of 4-6 mM in humans and 7-9 mM in mice and it is one of the 

liver’s major tasks to keep the glucose concentration in this range after a meal or during 

fasting (Kowalski and Bruce 2014). However, the glucose concentrations applied in vitro in 

specialized hepatocyte media as WME (11 mM) or high glucose Dulbecco’s modified Eagle 

Medium (25 mM) are much higher than typically found in vivo (Ananthanarayanan et al. 

2011). Therefore, we chose 7 mM glucose as lower and 25 mM as higher glucose 

concentration compared to standard cultivation methods. Basal blood insulin levels in 

humans are around 0.11 nM, whereas in mice basal levels are significantly higher with 0.2-

0.3 nM (Cherrington 1999, Kowalski and Bruce 2014). The experimental insulin 

concentrations cover the basal insulin levels found in vivo and higher concentrations to 

simulate postprandial conditions. The cells were cultivated only for 24 h to avoid metabolic 

changes induced by dedifferentiation. The extracellular metabolome was then determined 

using HPLC and GC-MS and uptake and production rates were calculated. 

With the metabolic rates determined for glucose, organic acids, proteinogenic amino acids, 

urea and albumin a PCA was performed (Figure 5-2 and Figure 5-9). A clear separation 

between the metabolic sets for 0 and 100 nM insulin could be achieved for almost all culture 

conditions, whereas 1 nM insulin showed an intermediate state in all conditions. Insulin, 

therefore, has a significant influence on the metabolome of primary hepatocytes, which was 

then examined in more detail. The metabolites which were most involved in segregation of 

the metabolome profiles were more or less identical in humans and mice, namely glucose, 

acetate, glutamine, glutamic acid, alanine, albumin and urea (Figure 5-3, Figure 5-10). 

Additionally, pyruvate, lactate, succinate and glycine played a major role either in mice or 

humans. The metabolic profiles of these were closer examined except for albumin and urea, 

which will be discussed in detail in Chapter 6. 

If fasting conditions were simulated, namely the incubation of hepatocytes with 7 mM 

glucose and no or low insulin levels, PHH and PMH showed a strong net production of 

glucose within the first 4 h of cultivation (Figure 5-4, 5-5, 5-11, 5-12). Increasing insulin 

concentration had a significant rate decreasing effect and even led to net glucose 
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consumption in PMH cultivated in ML culture. This finding is in accordance with the in vivo 

reaction of hepatocytes to increasing insulin plasma levels. Insulin thereby has an inhibitory 

effect on gluconeogenesis. At the same time it leads to translocation of the insulin dependent 

GLUT4 glucose transporters to the plasma membrane and increases glycogen synthesis 

(Saltiel and Kahn 2001, Lu et al. 2012). Glycogenolysis seems to be the origin of the 

produced glucose, since no labeling was found in glucose if the cells were incubated with 

[U13-C]-glutamine (Figure 5-19, Figure 5-20). However, also alanine and lactate have to be 

considered as possible substrates for gluconeogenesis. In Chinese hamster ovary (CHO) 

cells a certain gluconeogenic activity could be proven by newly synthesized glycine from 

[U13-C]-glutamine (Nicolae et al. 2015). Glutamine enters the TCA cycle via glutamate and 

is metabolized to oxaloacetate, which can enter gluconeogenesis. 3-phosphoglycerate, an 

intermediate of glycolysis and gluconeogenesis then serves as a precursor for serine and 

glycine production (Wang et al. 2013). A reason for this gluconeogenic activity might be 

seen in the generally stronger dependence of mice on gluconeogenesis compared to humans. 

Mice usually show a rapid depletion of liver glycogen stores, which are also lower compared 

to humans (100-200 compared to 250-300 µmol/g wet weight) (Kowalski and Bruce 2014). 

However, although gluconeogenesis is at least partly active in mice, glucose resulting from 

the pathway is not released into the culture medium to cope with the low extracellular 

glucose concentration. This can be taken as a sign that neither in mice nor humans the 

glycogen stores are completely emptied after the first 4 h of incubation. Although 

hepatocytes of both origins show a net production of glucose, lactate is still produced 

(Figure 5-4, 5-5, 11, 5-12). Thereby, the lactate production rates within the first 4 h of 

cultivation in PMH were about 4 times higher compared to PHH. Metabolization of glucose 

via glycolysis represents a minor source for lactate production, since almost no labeling 

could be found in lactate if the cells were incubated with fully labeled glucose (Figure 5-16, 

Figure 5-17). Only if 100 nM insulin were used, labeling could be detected at all. Alanine 

and pyruvate are other possible sources for lactate production. In PMH pyruvate can make 

up for about 10% of lactate production, whereas in PHH this share is much bigger with 50-

100% (compare consumption rates of pyruvate depicted in Supplementary Table 3 to 10). In 

PMH amino acid metabolism therefore seems to play a more important role than in PHH. 

The influence of insulin on lactate production is delayed in time compared to the uptake or 

production of glucose, where insulin directly shows a decrease of glucose production. After 

8 h increasing insulin concentration leads to a doubling of lactate production in PMH 

(Figure 5-4, Figure 5-5). In PHH lactate production was increased to 1.5 times the initial rate 
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in the ML culture and 3-fold in the SW culture (Figure 5-11, Figure 5-12). This increase 

might result partly from decreased net glucose production and from increased amino acid 

consumption, which will be discussed later in detail. The overall rates were significantly 

higher in hepatocytes from both origins, if the cells were incubated in ML culture. However, 

in PHH this effect was much more pronounced with rates three times as high compared to 

SW culture (Figure 5-11, Figure 5-12). If this was the case for all metabolites one could 

assume that the second layer of collagen is hindering or delaying insulin action. However, 

this was not the case. A possible explanation could be that the cultivation condition has an 

influence on glucose sensitivity of the hepatocytes.  

To simulate postprandial condition, the hepatocytes were incubated with 25 mM glucose. 

Hepatocytes of both origins and in both culture conditions took up glucose in large amounts 

(Figure 5-4, 5-5, 5-11, 5-12). This was strongly enhanced with increasing insulin 

concentrations of up to 4 times the initial rate in the ML cultures, whereas in the SW 

cultures the rate increase was only about 50%. The uptake rate of glucose of PMH in ML 

culture was only about 60% of the uptake rate of PMH cultivated in the SW system if 

incubated without insulin. However, if insulin was added to the medium the enhancing 

effect of the hormone was significantly higher in the ML culture compared to the SW 

culture. This could also be observed for PHH, where in ML culture glucose was even 

produced if the cells were incubated without insulin. This also hints at a differentiated 

glucose sensitivity in the two culture conditions, as observed with 7 mM glucose. If glucose 

is taken up into the cells, it can mainly enter two pathways: glycogen synthesis or glycolysis 

(Klover and Mooney 2004). Regarding the use of the glucose taken up there are distinct 

differences between primary human and primary mouse hepatocytes. For PHH no labeling 

in any metabolite could be found, except for a small fraction in lactate (Figure 5-16). This 

indicates that almost the whole glucose taken up by the cells is used to fill glycogen stores. 

In PMH a small fraction of labeled glucose was found in intermediates or endproducts of 

glycolysis or TCA cycle as in lactate, alanine, glycine and glutamine (Figure 5-17, Figure 5-

18). This is a sign that the respective pathways are active in hepatocytes of murine origin in 

both culture conditions and that glucose is used as a carbon source. The activity of these 

pathways is thereby also strongly dependent on the applied insulin concentration. The 

hormone significantly increased the fractions of labeled metabolites resulting from glucose 

metabolism in accordance with a strongly increased uptake of glucose. The overall amount 

of produced lactate was also about twice as high if postprandial conditions were applied in 

PMH compared to fasting conditions (Figure 5-4, Figure 5-5). This was not the case for 



Universität des Saarlandes  Insulin & Metabolism 

 105

PHH. Insulin had no enhancing effect on glycolytic glucose use, which is evident from the 

lacking incorporation of labeling into intermediates of the central carbon metabolism. 

It was remarkable that especially the uptake or secretion of glucose showed its highest rates 

during the first 4 h of cultivation (Figure 5-4, 5-5, 5-11, 5-12). Afterwards, the rates in all 

conditions strongly decreased and then settled down around zero. It seems that at 

extracellular glucose concentrations between 8.4±1.1 and 17.8±1.76 mM, hepatocytes no 

longer showed a net production or consumption of glucose. This effect has already been 

observed earlier (Figure 3-3). Thereby, the range found in vitro seemed to be slightly shifted 

to higher glucose levels and to be much wider compared to the close range found in vivo. In 

humans the blood glucose levels are between 3 and 9 mM including phases after a meal, but 

are usually kept within the narrow range of 5.5 to 6 mM (Nutall et al. 2008, König et al. 

2012, Lu et al. 2012). As discussed before, this again might be a hint that hepatocytes in 

vitro show a decreased glucose sensitivity compared to in vivo conditions. A reason for this 

can be seen in the simplified cultivation setup, in which the complex environment, in which 

glucose regulation usually takes place, is not given. In vivo glucose homeostasis is not only 

dependent on blood glucose and insulin levels, but also signals from the sympathic system 

as well as concentrations of other metabolites, e.g. free fatty acids, and hormones, such as 

glucagon or growth hormones, play a role in the regulation, as well as the formation of 

gradients along the acinus (Jungermann and Kietzmann 1996, Roden and Bernroider 2003). 

The accumulation of toxic waste products can be avoided and a metabolic steady state can 

be reached by continuous cultivation. Thereby the culture medium is constantly diluted by 

fresh medium and „spent“ medium is removed at the same rate (Europa et al. 2000). This 

can be further improved by perfused systems, which also allow the formation of nutritional 

and hormonal gradients as found in vivo (Bhatia and Ingber 2014). However, in an in vitro 

cultivation system simplification and focusing on certain aspects is always necessary and 

inevitable. This explains why not the complete spectrum of hepatic regulation and zonation 

can be analyzed by the setup used in this approach.  

Succinate, an intermediate of the TCA cycle, was produced in all culture conditions by 

hepatocytes of both origins (Figure 5-4, 5-5, 5-11, 5-12). The secretion of this metabolite 

could hint at a stress response leading to an overflow of the TCA cycle. In all cases insulin 

had a decreasing effect on the secretion of succinate. It is widely discussed in the literature 

that the presence of insulin in the culture media is important for hepatic functionality and 

cultivation of cells in general (Chan et al. 2003, Johnson et al. 2006). Therefore, it can be 
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reasoned that insulin not only has direct metabolic consequences regarding glucose 

metabolism, but also acts as a reducer of cellular stress. Stress for the hepatocytes in this 

condition is created by the medium change at the beginning of the experiment, leading to a 

sudden concentration change and over-availability of extracellular metabolites. Wellen and 

Thompson have discussed how this can lead to a general metabolic stress response in cells 

(Wellen and Thompson 2010). Another reason for a stressed hepatocyte phenotype might be 

the complete absence of insulin in the “control” condition, which also showed the highest 

secretion of succinate. In vivo, even under fasting condition, still a basal level of the 

hormone is sustained which lies in humans between 30 and 60 pM insulin (Zierler 1999). 

The combination of these two factors can explain the stress response, which is amongst 

others characterized by the decoupled TCA cycle during cultivation, and why insulin can, at 

least to some extent, decrease it. 

Alanine and glutamine were strongly taken up by the cells in both culture conditions and 

represented the major carbon sources of the cells except for glucose (Figure 5-6, 5-7, 5-13, 

5-14). Although glutamine showed a constant net uptake in all culture conditions, it could be 

shown that it was at the same time synthesized in PMH under both, fasting and postprandial 

conditions, which was still increased if insulin was present. This could be proved by the 

constant decrease of the labeled faction when [U-13C]-glutamine was used as a tracer (Figure 

5-21). If 25 mM glucose were used for cultivation even glucose served as a precursor for 

glutamine synthesis (Figure 5-18). Nicolae et al. could show as well that the glutamine 

synthesis pathway was active in CHO-K1 cells even at high glutamine consumption rates 

(Nicolae et al. 2014). The synthesis of glutamine from glucose as a precursor also indicates 

that not only glycolysis but also the TCA cycle must be an active pathway in PMH. In PHH 

no labeling from glucose could be found in glutamine. However, a small increase of 3% in 

the non-labeled fraction could be found if [U-13C]-glutamine was used as a tracer 

(Supplementary Figure 11). This does not directly hint at an active TCA cycle in PHH using 

other carbon sources as pyruvate, since the increase in the non-labeled fraction of glutamine 

could also result from a direct interconversion of glutamate and glutamine via glutamine 

synthase or glutamate dehydrogenase. It should also not be forgotten, that extracellular 

glutaminolysis and thereby the conversion to glutamate slightly falsifies the absolute uptake 

rates, which were determined. In 24 h 0. 84 µM unlabeled glutamine were produced. Niklas 

et al. computed the rate constant kG for glutamine/glutamate hydrolysis to be 0.00198 h-1 

(Niklas et al. 2011). If calculated, 0.32 µM unlabeled glutamine are produced from 

glutamate hydrolysis accounting for 37% of the unlabeled fraction. Therefore, the remaining 
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63% have to result from actual production of the cells. In the special case of hepatocytes one 

always has to keep in mind that in vivo the detoxification of ammonia takes place via two 

distinct pathways, namely the urea cycle and the synthesis of glutamine. Thereby, 

detoxification via the synthesis of glutamine in vivo plays a minor role compared to urea 

synthesis since only about two layers of hepatocytes around the central vein of each liver 

lobule are glutamine synthetase positive (Gebhardt 1992). However, one has to keep in mind 

that after isolation a mixture of periportal and perivenous hepatocytes is obtained. It is not 

completely understood, how or if periportal or perivenous phenotype is sustained in vitro 

under conventional culture conditions, since the gradients of certain factors, as pO2, 

nutrients or hormones, along the acinus are no longer given (Kietzmann et al. 1999, 

Jungermann and Kietzmann 2000, Allen et al. 2005). Therefore, the exact contribution of 

hepatocytes with perivenous phenotype to the formation of glutamine could not be 

determined. Insulin led to an increase in the consumption not only of the shown amino acids 

alanine, glutamine and glycine but as a general trend of increased amino acid consumption 

could be observed (Figure 5-6, 5-7, 5-13, 5-14, Supplementary Table 3 to 10). The 

production of glutamic acid was significantly decreased in PHH to up to 30% the initial rate 

if insulin was added to the medium. This is in accordance with the effects of insulin in vivo. 

There, the hormone also leads to an enhanced amino acid transport into hepatocytes 

(Takenaka et al. 1989). Surprisingly, the general uptake of amino acids was completely 

independent of the extracellular glucose concentration. So even under fasting conditions, 

when amino acids like glutamine and alanine served as major carbon sources, the uptake 

rates were more or less identical compared to postprandial conditions. The basic uptake rate 

found for amino acids and their degradation seems to be sufficient to provide enough ATP 

and carbon to meet the cellular demand. The reason for the increased amino acid uptake 
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might be a combination of two factors. First of all, in vivo insulin leads to a higher protein 

production of hepatocytes, which could be confirmed in vitro and will be further discussed 

in Chapter 6 (Takenaka et al. 1989). At the same time, it was shown that insulin has an 

inhibitory effect on the proteasome activity (Duckworth et al. 1998a). This can lead to 

smaller intracellular pool sizes of freely available amino acids. The increased demand of 

amino acids through enhanced protein production coupled with decreased availability of 

amino acids from intracellular sources can explain the strongly increasing effect of insulin 

on amino acid consumption rates in general (Figure 5-6, 5-7, 5-13, 5-14, Supplementary 

Table 3 to 10). Ammonia from excessing amino acids is detoxified into urea, which is also 

increasingly produced if the cells are 

incubated with insulin (Chapter 6). 

Glycine showed a strong increase in its 

m+1 labeled fraction of up to 80% in 

PMH independent of the labeled carbon 

source used (Figure 5-18, Figure 5-21). 

Usually one would expect an increase 

in the fully labeled fraction of glycine 

if it was directly produced from 

glucose. However, there are various 

resources for the production of glycine, 

labeled and unlabeled, resulting in a 

mixed glycine pool. Additionally, 

glycine is metabolized to CO2 and NH3 

by the glycine cleavage system, thereby 

resulting in one molecule of N5-N10-

methylene tetrahydrofolate, which again can be used for the synthesis of serine (Figure 5-

22). Because of the strong exchange of C1-units between glycine and serine and the loss of a 

C-atom from glycine as CO2 the m+1 fraction is finally accumulating. This also explains 

how more than 50% of labeling can be reached with labeled glucose as well as with 

glutamine as tracer. 

In this study not only the effects of insulin and glucose on the metabolism of hepatocytes 

from two different species were analyzed, but also if the cultivation form has an influence on 

these effects. As already mentioned, the cells were only cultivated for 24 h to guarantee that 

Figure 5-22 Glycine metabolism in mammalian cells. Glycine 

can be formed from glyoxlate and from serine. It can be degraded 

by the glycine cleavage system to CO2 and NH3. Thereby MTF is 

formed, which can be used again for the formation of serine. 

Abbreviations: GS Glycine cleavage system; MTF N5-N10-

methylene tetrahydrofolate; SHMT Serine hydroxymethyl-

transferase; TF Tetrahydrofolate. Adapted from Wang et al. 

2013. 



Universität des Saarlandes  Insulin & Metabolism 

 109

dedifferentiation has no significant influence on the metabolism. In general, the cells showed 

the same trends, if exposed to insulin, meaning a decrease in glucose production under 

fasting conditions, an increased consumption of glucose during postprandial conditions and 

a generally stronger consumption of amino acids. The absolute rates were slightly higher in 

the collagen ML cultures. However, regarding the carbon use determined by the labeling 

studies no differences between the used culture conditions could be found. PMH and PHH 

showed also similar behavior with respect to the uptake and production rates as function of 

insulin and glucose concentration. The same trends as already discussed above could be 

observed in both conditions, although for most metabolites the rates, which were calculated 

here, were slightly lower in human hepatocytes. This can be explained by the different sizes 

of the hepatocytes. PMH have a diameter of about 50 µm whereas PHH only have a 

diameter of about 20 µm. If the respective cellular volumes are regarded, PMH have a 15 

times higher volume compared to PHH. Since the metabolic rates in this study are 

normalized to the living cell number and calculated per cell the cell size has an influence on 

the calculated metabolic rate. An often used reference is total protein content. However, 

determination of the living cell number was chosen as a reference, since the determination of 

the protein content in collagen SW and ML is disturbed by the ECM, which not only serves 

as a structural support for the cells but also as a reservoir for growth factors and other 

proteins. Additionally, the use of the actual living cell number is more exact, since dead cells 

are excluded and the protein content of cells is not constant in all situations (Priesnitz et al. 

2014). However, this must be considered, if the uptake and consumption rates are compared. 

If the metabolic rates are calculated per cellular volume PHH show a considerable higher 

metabolic activity compared to PMH. 
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Figure 5-23 Activity of pathways in primary mouse and human hepatocytes under fasting conditions (7 mM 

extracellular glucose). Fluxes are estimated (not calculated) based on the uptake and consumption rates and 

on the labeling studies with glutamine and glucose. Width of arrows indicates activity of the respective 

pathway. The dashed line indicates the cell membrane. Abbreviations: alpha-KG – alpha-ketoglutarate; CoA 

– coenzyme A; ex – extracellular; PHH – primary human hepatocytes; PMH – Primary mouse hepatocytes. 

 

Although a more or less identical reaction of the cells to insulin and glucose could be 

observed if only extracellular rates were compared, a rather different situation is presented 

when the intracellular carbon use was analyzed with the help of 13C labeling. Figure 5-23 

and Figure 5-24 show which pathways of the central carbon metabolism are active in PMH 

and PHH under fasting and under postprandial conditions. As already discussed above, PHH 

seem to use glucose, if available abundantly, solely for the refilling of glycogen stores and 

not for energy metabolism and biosynthesis. PMH, on the other hand, metabolize glucose, if 

postprandial conditions were applied, also via glycolysis for their own cellular energy 

demand. 
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Figure 5-24 Activity of pathways in primary mouse and human hepatocytes under postprandial conditions 

(25 mM extracellular glucose). Fluxes are estimated (not calculated) based on the uptake and consumption 

rates and on the labeling studies with glutamine and glucose. Width of arrows indicates activity of the 

respective pathway. The dashed line indicates the cell membrane. Abbreviations: alpha-KG – alpha-

ketoglutarate; CoA – coenzyme A; ex – extracellular; PHH – primary human hepatocytes; PMH – Primary 

mouse hepatocytes. 

 

At the same time, gluconeogenesis is active in PMH during fasting as well as during high-

glucose conditions as shown by the formation of labeled glycine if the cells are incubated 

with [U13C5]-glutamine (Figure 5-21). In vivo various differences in metabolic activity and 

glucose metabolism are described (MacDonald et al. 2011, Bunner et al. 2014, Kowalski and 

Bruce 2014). The contribution of different tissues to blood glucose homeostasis and glucose 

use are different in these two species. In humans, skeletal muscle, an insulin sensitive tissue, 

plays a major role regarding the storage of glucose in form of glycogen. In mice only about 

10% of the glucose available after a meal is taken up by skeletal muscle, whereas in humans 

this tissue is responsible for up to 25% of glucose clearance (Kowalski and Bruce 2014). 

However, in mice brown adipose tissue plays a major role in glucose clearance. Brown 

adipose tissue, which seems to be related to skeletal muscle tissue, does also exist in 

humans, but its role and its contribution to whole body glucose metabolism is mostly not 

understood (Nedergaard et al. 2007, Celi 2009). Furthermore, also the activation of 

pancreatic β-cells seems to be achieved by the use of different pathways in both species. 
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Metabolically mice tend to a rapid depletion of glycogen stores, which are completely 

emptied after about 16 h of fasting. Additionally, glycogen content, alone in liver, is also 

significantly lower compared to humans. Mice are therefore strongly dependent on the 

energetically expensive pathway of gluconeogenesis, which could be also confirmed in vitro 

by this study. This and the differential use of glucose by PMH compared to PHH confirms 

that hepatocytes, which are cultivated in vitro still sustain metabolic specificities derived 

from their original environment. This strongly hinders the use of PMH as a substitute for 

PHH to analyze carbon metabolism or insulin reactions. Bunner at al. reviewed diabetes 

mouse models and concluded that none of them can accurately represent the full spectrum of 

symptoms and complications of type II diabetes (Bunner et al. 2014). Taken together this 

leads to questioning the usefulness of murine in vitro cultures as well as mouse models in 

this special field of studying metabolism and metabolic disorders. 
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6. The influence of glucose and insulin on 

hepatic function 

6.1 Introduction 

The liver is a highly complex organ with numerous essential functions to guarantee 

physiological body function. It regulates glucose homeostasis, maintaining the blood 

glucose within the narrow range of 3.9 to 7.8 mM during fasting and after meals (American 

Diabetes Association, 1998, Klover and Mooney 2004). Furthermore, the liver is also the 

major producer of plasma proteins such as albumin (Pan et al. 2009). Albumin is the most 

abundant protein in human blood plasma accounting for about 50% of the total serum 

protein (Nicholson et al. 2000). Albumin transports hormones, e.g. thyroid hormones, fatty 

acids, and other compounds, buffers pH, and maintains oncotic pressure, among other 

functions. The production of albumin is known to react to physiological changes such as the 

concentration of insulin and can be impaired in diabetic subjects (Tessari et al. 2006). 

Another essential function of the liver is detoxification. In the course of amino acid 

metabolism ammonia is produced. Ammonia is a toxic metabolite leading to severe 

disorders if detoxification is impaired (Butterworth et al. 1987). In the liver ammonia is 

detoxified by the urea cycle, in which it is metabolized to urea which can be excreted via the 

urine. The metabolic activity of the urea cycle is also known to be influenced by hormonal 

regulation in vivo, e.g. by glucagon. The availability of glucose as a substrate also seems to 

play a role in regulation of urea production (Hamberg and Vilstrup 1994). In addition to the 

detoxification of endogenous compounds as ammonia, the liver is also the main site of 

xenobiotic metabolism (Hamilton et al. 2001). CYPs play a central role in the first phase of 

drug metabolism. Their main task is to introduce reactive and polar groups into their 

substrate, which enhances excretion or further conjugation reactions. This is achieved by 

hydroxylation, dealkylation or oxidation of the compound, but also ring-opening and 

reduction can be mediated by CYPs (Martignoni et al. 2006). The human CYP 3A is 

responsible for the biotransformation of 50% of oxdatively metabolized drugs (Williams et 

al. 2002, Zuber et al. 2002). Therefore, maintaining the activity of CYP 3A at a level close 

to the in vivo level is highly desirable. The activity of CYPs can be influenced by many 

factors, e.g. CYP 3A by grapefruit juice or drugs as phenytoin (Lynch and Price 2007). 

However, also endogenous factors as glucose can influence CYP activity. It has long been 

known that e.g. increased consumption of glucose can decrease metabolism of numerous 
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drugs (Buchholz et al. 1989). Normal CYP function can also be impaired in disease 

conditions related to metabolic changes, such as diabetes (Hasegawa et al. 2010). The 

clearance of insulin is an important feature of physiological body function and guarantees 

the maintenance of insulin sensitivity (Ader et al. 2014). The liver is the major site of insulin 

clearance. Approximately 80% of endogenous insulin is removed by the liver. The 

remaining 20% are cleared by the kidneys and muscles (Duckworth et al. 1998b). Insulin 

clearance is impaired in various metabolic disease conditions such as obesity and non-

alcoholic fatty liver disease (NAFLD) and can subsequently lead to type II diabetes (TIID) 

(Meistas et al. 1983, Goto et al. 1995, Lee et al. 2013b). This indicates a strong effect of 

metabolic components on the activity of insulin clearance. In this study the influence of 

cultivation conditions on the hepatic functions of primary human and mouse hepatocytes 

described above was investigated. Therefore, the cells were cultivated in collagen SW and 

ML culture and were incubated with different concentrations of glucose and insulin. The aim 

of this study was to determine, if the in vivo changes induced by insulin and glucose are 

regulated in the same way in in vitro cultivation systems and to characterize inter species 

differences between mouse and human if existent. 

6.2 Results 

The experimental setup of this experiment largely resembles the one described in Chapter 5 

to analyze the influence of glucose and insulin on the central carbon metabolism. PMH and 

PHH were cultivated with different insulin and glucose concentrations for 24 h to investigate 

the influence of both on the central carbon metabolism. The same concentrations, namely 7 

and 25 mM glucose and 0-100 nM insulin, were chosen to analyze albumin and urea 

production and the metabolic clearance of insulin. The influence on CYP activity, namely 

CYP 3A, was only tested with 0 and 100 nM insulin. As described in Chapter 5, hepatocytes 

were not only cultivated in collagen ML but also collagen SW culture to examine if the cells 

react identically to insulin and glucose under both culture conditions. 

6.2.1 Albumin production 

Albumin is the main serum protein produced by the liver. The influence of insulin and 

glucose on the production of albumin was analyzed and the protein quantified after 4, 8 and 

24 h. Then the production rates were calculated. Over time the production rate of albumin 

increased in all conditions. Thereby, the production of albumin in PMH was not 

significantly influenced by the applied glucose concentration neither in the SW nor in the 

ML culture (Figure 6-1). Insulin, on the other hand, led to a significant dose-dependent 
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increase in the production of albumin, which was most prominent after 24 h. In the ML 

culture incubated with 25 mM glucose the effect was, due to high differences in the absolute 

rates per mouse, not significant. However, a clear trend, in accordance with the other culture 

conditions, was evident.  

 

Figure 6-1 Albumin production rates in primary mouse hepatocytes in collagen sandwich (SW) and monolayer (ML) 
culture incubated with different combinations of insulin (Ins) (0-100 nM) and glucose (Gluc) (7 and 25 mM) for 24 h. Error 
bars indicate standard deviations (n = 3). * indicate significance (* p=0.05; ** p=0.005; *** p=0.001). Living cell number 
was determined after 24 h using calcein AM staining. 

 

The production rate of albumin in PHH was overall slightly lower, if they were cultivated in 

the collagen SW culture (Figure 6-2). In contrast to PMH, the production of albumin 

decreased over time. As in PMH glucose concentration did not influence the production rate 

of serum albumin. In the ML culture incubation with insulin led to significantly increased 

production of albumin. In the SW culture this effect was not significant due to high standard 

deviation. This is mostly caused by differences in the absolute production rates of the 

donors. However, a trend towards increased production was still observable. Albumin 

production rates of single donors are depicted in Supplementary Figure 13 and 14. 
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Figure 6-2 Albumin production rates in primary human hepatocytes in collagen sandwich (SW) and monolayer (ML) 
culture incubated with different combinations of insulin (Ins) (0-100 nM) and glucose (Gluc) (7 and 25 mM) for 24 h. Error 
bars indicate standard deviations (n = 3). * indicate significance (* p=0.05; ** p=0.005; *** p=0.001). Living cell number 
was determined after 24 h using calcein AM staining. 

 

6.2.2 Urea Production 

To determine if insulin and glucose have an influence on the activity of the urea cycle PMH 

and PHH were cultivated in collagen ML and SW culture with different concentrations of 

the hormone and glucose. The production of urea was determined after 4, 8 and 24 h and 

production rates were calculated. For PMH in the SW culture the inducing effect of glucose 

was slightly higher compared to the hepatocytes in ML culture (Figure 6-3). However, after 

4 h of incubation a general decrease in production rates was observed and the metabolic 

rates adjusted on the same levels. Insulin had a very interesting effect. In the beginning 

insulin led to a dose-depending decrease of urea production. In the later course of 

cultivation, most prominently in the ML culture, insulin, however, increased the production 

of urea. 
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Figure 6-3 Urea production rates in primary mouse hepatocytes in collagen sandwich (SW) and monolayer (ML) culture 
incubated with different combinations of insulin (Ins) (0-100 nM) and glucose (Gluc) (7 and 25 mM) for 24 h. Error bars 
indicate standard deviations (n = 3). * indicate significance (* p=0.05; ** p=0.005; *** p=0.001). Living cell number was 
determined after 24 h using calcein AM staining. 

 

For PHH the cultivation condition in respect of the collagen setup had the greatest influence 

on the production of urea (Figure 6-4). In the ML culture the rate of urea production was two 

times higher than for PHH in the collagen SW culture. As in PMH the production rate of 

urea constantly decreased within 24 h. Glucose had no influence on the activity of the urea 

cycle. Overall, insulin had an increasing effect on the production rate of urea in both culture 

conditions. If PMH are compared with PHH, the production rate of urea was significantly 

lower in the PHH. However, if the uptake rates are not calculated on the absolute cell 

number but on the cellular volume, the rates are comparable. The influence of glucose and 

insulin was differential in both cell types and in the case of insulin, more ambivalent. 
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Figure 6-4 Urea production rates in primary human hepatocytes in collagen sandwich (SW) and monolayer (ML) culture 
incubated with different combinations of insulin (Ins) (0-100 nM) and glucose (Gluc) (7 and 25 mM) for 24 h. Error bars 
indicate standard deviations (n = 3). * indicate significance (* p=0.05; ** p=0.005; *** p=0.001). Living cell number was 
determined after 24 h using calcein AM staining. 

 

6.2.3 CYP 3A activity 

The activity of the phase I metabolism enzyme CYP 3A was determined after 24 h of 

incubation with the respective combination of insulin and glucose. The results for PMH and 

PHH are depicted in Figure 6-5 and Figure 6-6, respectively. In both culture conditions the 

CYP 3A activity was lower after 24 h of incubation compared to the initial activity. The 

glucose concentration had no significant influence on the activity of the phase I metabolism 

enzyme. Insulin, however, significantly increased the activity of CYP 3A in the ML culture. 

In the SW culture, the effect was rather opposite. If no insulin was present in the medium, 

CYP 3A activity was significantly higher than if insulin was present, although the initial 

activity was not reached. 
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Figure 6-5 Relative activity of CYP 3A in primary mouse hepatocytes incubated with insulin (ins) (0 or 100 nM) and 
glucose (gluc) (7 and 25 mM) for 24 h. The cells were cultivated in collagen sandwich (SW) and monolayer (ML) culture. 
Activity was normalized to the activity at start of the experiment [% control] (timepoint 0 h). Error bars indicate standard 
deviations (N=3; n = 9). * indicate significance (* at p=0.05; **at p=0.005; *** at p=0.001). 

 

In PHH the situation was a rather different one. As for PMH the activity of CYP 3A in the 

ML culture was around 75% when incubated with 100 nM insulin compared to the initial 

activity. Without insulin the activity was significantly higher, further enhanced by the low 

glucose concentration. The cultivation of the cells in the collagen SW culture itself had an 

inducing effect on CYP 3A activity. Insulin and glucose concentrations only had a minor 

impact on the activity of the enzyme, with the high insulin and glucose concentration 

leading to a slight increase in activity.  

 

Figure 6-6 Activity of CYP 3A in primary human hepatocytes incubated with insulin (Ins) (0 or 100 nM) and glucose 
(Gluc) (7 and 25 mM) for 24 h. The cells were cultivated in collagen sandwich (SW) and monolayer (ML) culture. Activity 
was normalized in % to the activity at start of the experiment [% control] (timepoint 0 h). Error bars indicate standard 
deviations (N=3; n = 9). * indicate significance (**at p=0.005; *** at p=0.001). 
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6.2.4 Metabolic clearance of insulin 

The hepatic clearance of insulin was determined after 4, 8 and 24 h of incubation with 

insulin and glucose. The remaining amount of insulin after 4 h of incubation is depicted in 

Figure 6-7. In none of the tested conditions insulin was cleared completely, so a basal level 

of insulin was always present. Thereby the rate of clearance strongly depended on the 

insulin concentration. The higher the administered concentration, the higher the overall 

clearance rate was. However, after the initial 4 h insulin was, independent of the remaining 

amount, almost not further decreased (Supplementary Figure 15 and 16). Glucose, on the 

other hand, had no significant influence on insulin clearance in the tested cell culture setup. 

If PMH and PHH were compared, insulin clearance was overall higher in PMH. However, 

PHH were more susceptible to the cultivation method used. With the lowest insulin 

concentration the clearance rate was significantly higher in the ML culture, whereas with the 
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highest concentration it was exactly the other way around.

 

Figure 6-7 Remaining amount of insulin after 4 h of incubation. Primary mouse hepatocytes (PMH) and primary human 
hepatocytes (PHH) were cultivated in collagen sandwich (SW) and monolayer (ML) culture with different insulin (ins) (0-
100 nM) and glucose (Gluc) concentrations (7 and 25 mM). The amount of insulin was normalized in % to the respective 
initially administered amount of insulin at start of the experiment [%]. Error bars indicate standard deviations (N=3; n = 6). 
* indicate significance (*at p=0.05). 
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6.3 Discussion 

Hepatic function in vivo is influenced by numerous factors such as genetic predisposition, 

nutrition, disease state or drug intake (Hamberg and Vilstrup 1994, Zhou et al. 2009, 

Agustanti et al. 2014, Elcombe et al. 2014). Also under in vitro conditions hepatic 

functionality is susceptible to different cultivation conditions. The most prominent and most 

studied example is the loss of hepatic function, regarding albumin and urea synthesis as well 

as CYP activity, in collagen ML within a few days of cultivation (Iredale and Arthur 1994, 

Lu et al. 2012, Alépée et al. 2014). Thereby, this effect is mostly caused by dedifferentiation 

of hepatocytes, called epithelial to mesenchymal transition (Godoy et al. 2010). To abate this 

dedifferentiation effect in the here presented study, all experiments were conducted within 

the first 48 h of cultivation. Four major hepatic functions, namely albumin and urea 

production, CYP 3A activity and insulin clearance, have been chosen to investigate the 

influence of insulin, glucose and the cultivation condition in vitro. Due to the use of primary 

mouse and human hepatocytes species differences could also be addressed. 

In PMH insulin led to a significant increase in albumin production, which was observable 

after 8 h of insulin treatment (Figure 6-1). The production rates were about twice as high 

with the highest insulin concentration administered, compared to control conditions (no 

insulin). Neither glucose nor the cultivation setup had an influence on the production of 

albumin. In PHH the overall albumin production rate decreased over time to about 50% the 

initial rate in the ML culture and even 25% in the SW culture. This was in contrast to PMH, 

which showed a constant production of the serum protein (Figure 6-2). The effect of insulin 

was not as prominent as in PMH, however a significant increase of up to 30% could still be 

observed. Among other things, this might be caused by the higher variance between the 

single donors and the larger differences regarding absolute production rates. The single 

donor profiles of albumin production can be found in Supplementary Figure 13 and 14. If 

the overall amount of taken up amino acids was concerned, only a minor part of the amino 

acids (1.3-2.2% in PMH and 1.2-3.8% in PHH) were used to form albumin (Supplementary 

Figure 17 and 18). In both PMH and PHH, the percentage of amino acids used for albumin 

production was constant, regardless of the applied insulin concentration. However, in PHH 

cultivated in ML culture the percentage was about twice as high compared to the SW 

culture, which is in accordance with the higher decrease of the albumin production rate in 

the SW culture. The in vivo described influence of insulin on albumin production could be 

confirmed for both culture conditions and for hepatocytes of both origins (Jeschke et al. 

2005, Tessari et al. 2006). This is also in accordance with the increased amino acid uptake 
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caused by insulin, which was described in Chapter 5 (Figure 5-6, 5-7, 5-13, 5-14). Dahn et 

al. showed that under tumor necrosis factor α (TNFα) mediated inflammatory conditions, 

albumin production is also susceptible to the intra- (glycogen content) and extracellular 

glucose concentration (Dahn et al. 1994). However, under non-inflammatory conditions 

used in our experimental setup, this could not be confirmed for any of the tested conditions. 

In PMH neither glucose nor the cultivation setup seemed to influence the production rate of 

urea (Figure 6-3). Insulin, however, in the beginning of cultivation led to concentration 

dependent decrease in urea production of up to 30%, which was most prominent in the SW 

culture. During the further course of cultivation, cells switched to an increase of the 

production rate, which was, with an increase of about 50% of the initial rate, most prominent 

in the ML culture. PHH were also not influenced by glucose regarding the production of 

urea (Figure 6-4). However, in the ML culture the production rates were about twice as high 

compared to the SW culture. This cannot be explained by differential amino acid uptake, 

since the uptake rates for amino acids were not lower in the SW culture (Chapter 5.2, 5-13, 

5-14). However, also for PMH a lower initial urea cycle activity has been observed (Figure 

3-1). Since urea cycle activity is mostly regulated by transcriptional control, this delay might 

be caused by an elongated adaption phase of primary hepatocytes in SW culture, in which an 

in vivo like structure of hepatocytes is regained (Morris 2002). In contrast to PMH, urea 

production in PHH was immediately increased due to the exposure to insulin (Figure 6-4). 

Exton et al. also found a reduction of urea and ketone bodies caused by insulin in perfused 

rat livers (Exton et al. 1971). This is in accordance with our initial findings for PMH (Figure 

3-5). Due to the increased amino acid uptake the increase in urea production can be 

explained since the major part of consumed amino acids was degraded into urea 

(Supplementary Figure 17 and 18). In PMH the percentage of formed urea was between 100 

and 68% in the ML culture, whereas in the SW culture it even was between 133 and 81%. 

PMH cultivated in the SW culture produced even more urea than they took up amino acids. 

However, this can also originate from protein degradation, which is known to be inhibited 

by insulin (Duckworth et al. 1998a). In both conditions the percentage of formed urea from 

the taken up amino acids decreased with increasing insulin concentration. The increasing 

effect of insulin on amino acid consumption is stronger than on the urea production (Figure 

5-6, Figure 5-7). In human hepatocytes this increasing effect of insulin was directly 

observable (Figure 6-4). The percentage of urea formed from consumed amino acids was 

131-87% in the ML culture and 37-26% in the SW culture. The above described effects of 

insulin were also observed in PHH. The most striking difference, however, was the three 
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times lower percentage of produced urea in the SW culture. The production rate of urea in 

the SW culture was 50% lower compared to the ML culture. Still, there must be a large 

amount of other proteins, which must be formed by PHH cultivated in SW culture as well. 

In vivo no influence of insulin on urea production was detected in humans (Hamberg and 

Vilstrup 1994). Glucagon via cAMP and the availability of nutrients seemed to be the major 

regulators of urea cycle activity (Hamberg and Vilstrup 1994, Morris 2002). This could not 

be tested with the setup used here, since only insulin and glucose were used as nutritional 

and hormonal variables. In addition, also other factors, as the pO2 seem to play a role in the 

transcriptional control of urea cycle enzymes, since also the detoxification of ammonia is 

zonated along the acinus, with urea cycle enzymes expressed periportally and the 

detoxification via glutamine synthesis pericentrally. Mimicking this highly complex 

situation in vivo is probably only possible with a perfused cultivation system.  

The activity of CYP 3A was significantly influenced by insulin but not by glucose in PMH 

(Figure 6-5). However, depending on the cultivation condition, insulin treatment resulted in 

an increased activity of up to 30% in the ML culture whereas it led to a decrease of activity 

of about 35% if the cells were incubated in collagen SW culture. In PHH the effect was 

exactly the other way around (Figure 6-6). Additionally, also glucose influenced the enzyme 

activity. Although CYPs are a highly conserved protein family, there are certain CYP 

subfamilies, such as CYP 1A, 2C, 2D and 3A, which show significant interspecies 

differences regarding their catalytic activity and substrate specificity (Whalen et al. 1999, 

Martignoni et al. 2006). Perloff et al., e.g. could show, that even structurally highly similar 

substances as midazolam and triazolame are differentially metabolized in humans and mice 

(Perloff et al. 2000). From the six CYP 3A isoforms, in contrast to the four isoforms in 

humans, murine CYP 3A11 is the isoform most similar to human CYP 3A4, having 76% 

amino acid homology (Yanagimoto et al. 1992). This however must not necessarily mean, 

that the test substance used in this assay is metabolized by this isoenzyme in mice. 

Numerous factors influencing the activity of CYPs have been identified. In vivo, a certain 

decrease of drug metabolism mediated by certain CYPs has been observed in mice, rats and 

humans with a high consumption of glucose (Stewart and Strother 1999). However, this was 

also no general effect, but different CYPs were differentially regulated due to glucose 

exposure. The authors further hypothesize, that not glucose directly is responsible for the 

regulatory events, but the changed lipid environment induced by the availability of glucose. 

Diseases, such as diabetes, seem to influence CYP activity as well. Hasegawa et al. found an 

enhanced CYP 3A activity in a rat model of diabetes and that insulin treatment was able to 
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decreased this enhanced activity in the diabetic group (Hasegawa et al. 2010). These 

findings are in accordance with our in vitro rodent model in the collagen SW culture, 

however, not the findings in the human cell culture model. This might indicate that the two 

CYP 3A isoforms are regulated differentially in mice and humans or that two different CYP 

subfamilies are responsible for the turn-over of luciferin-IPA to luciferin. Further 

characterization of rodent CYP isoforms compared to human isoforms, which has been 

mostly neglected over the last few years, is necessary to answer this question (Martignoni et 

al. 2006). Overall, we could show, that for PMH as well as for PHH, the cultivation 

condition does not only significantly influence the general activity of CYPs, but also how 

these enzymes react to regulatory factors.  

The clearance of insulin represents an important physiological function, which also regulates 

the cellular response to insulin due to reducing its availability (Duckworth et al. 1997). 

Overall, the standard deviation of the results depicted in Figure 6-7 was rather high 

independent of the used cell type. The reason for this can be seen in the relatively low 

insulin concentrations used in this approach. In this case, also relatively small differences in 

the clearance activity of the different donors and mice can lead to a high standard deviation. 

Also the sensitivity of the insulin ELISA assay might be a problem. However, still general 

trends could be observed. In the used cell cultures the clearance of insulin was slightly 

higher in PMH compared to PHH (Figure 6-7). Glucose had no influence on the clearance 

rates. However, the more insulin was administered to the cells the more insulin was 

degraded. After the first 4 h of incubation almost no more changes in the amount of insulin 

was detectable (Supplementary Figure 15 and 16). It is known, that the insulin degrading 

enzyme (IDE) is down-regulated after a prolonged insulin exposure (Duckworth et al. 

1998b). This regulatory mechanism seems to be independent of the still present extracellular 

insulin concentration. Duckworth et al. also describe an influence on insulin clearance 

dependent on the nutrient intake (Duckworth et al. 1998b). However, they also make clear, 

that to achieve that, certain signaling by the gut is necessary and altered glucose 

concentration in the liver alone is not enough. This is also the case in both of our 

characterized cultivation setups. Also Lee et al. describe a dependence of the insulin 

clearance rate on the fasting glucose concentration, as well as on other factors as high 

density lipoprotein or cholesterol (Lee et al. 2013b). However, also these findings are based 

on in vivo data, including whole system signaling. The greatest difference regarding the 

clearance of insulin was observed between PHH cultivated in collagen SW and ML culture. 

Insulin clearance was 30% lower in the SW culture, if a low amount of insulin was present 
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(Figure 6-7). The highest used insulin concentration, however, lead to a 15% increase in the 

insulin clearance rate. In this case the applied concentration of insulin does play a role. This 

is another example that the cultivation condition cannot only influence the enzyme activity, 

but also how it is regulated. 

Overall, hepatic function is susceptible to multiple factors. In literature it is discussed, that 

insulin leads to gene expression related to pericentral hepatocytes (Jungermann and 

Kietzmann 1996). Although this might be the case regarding the expression of certain 

enzymes of glucose metabolism, a conversion of hepatocytes in general to a more pericentral 

phenotype in this direction is not observed in our study. In all conditions insulin lead to a 

significant increase in albumin production. However, in vivo albumin is produced by all 

hepatocytes but to a higher extent by the ones located periportally (Racine et al. 1995). The 

findings related to urea could also not support this theory, since under both cultivation 

conditions and in both cell types urea production was initially increased and also urea is a 

typical parameter related to periportal hepatocytes. Both urea and albumin production are 

strongly related to the uptake and metabolism of amino acids. An increased amino acid 

consumption was described in Chapter 5.2 (Figure 5-6, 5-7, 5-13, 5-14) due to insulin 

exposure, which might be partly used for albumin synthesis and partly be degraded leading 

to the production of urea. Thereby the major part of consumed amino acids was used for 

urea production and only a very small percentage of taken up amino acids (up to 3%) is used 

for albumin synthesis (Supplementary Figure 17 and 18). These hepatic functions might 

therefore depend on the amount of available substrate, which is initially altered by insulin. 

The numerous effects of insulin on hepatocytes make differentiation between single 

pathways very difficult. In addition, hepatic function can also be altered by other cultivation 

factors as glucose or the in vitro culture setup used. Thereby these factors can also influence 

each other, as seen for the activity of CYP 3A (Figure 6-5, Figure 6-6) or the insulin 

clearance in PHH (Figure 6-7). This has to be kept in mind when choosing the culture 

conditions for future experiments, but also if results from different studies are compared, 

since even a small change in the concentration of a certain factor can have a significant 

influence on the cells. 
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7. Discussion and Outlook 

Due to increasing concerns with drug induced liver injury in drug development, liver toxicity 

induced by many chemicals and increasing incidence of metabolic diseases such as TIID or 

NAFLD, an in-depth understanding of liver physiology is more important than ever 

(Rombouts & Marra 2010, Mattes et al. 2014). It is therefore a substantial need in industry 

and science to develop valid and reliable in vitro test systems for the liver. There are different 

in vitro cultivation techniques available, ranging from conventional ML culture, over the 

more in vivo like collagen SW culture, liver spheroids up to complex bioreactor systems 

(Koebe et al. 1994, Mueller et al. 2011b, Mueller et al. 2012). Each of these cultivation setups 

has advantages and disadvantages, which are described in detail in the general introduction. In 

the thesis presented here the influence of collagen ML and SW cultivation on primary 

hepatocytes was analyzed. 

In first part of the thesis (Chapter 3 and 4) PMH were characterized functionally, 

metabolically and proteomically. Many effects of cultivation on hepatocyte function have 

been known for years already. In ML culture hepatocytes lose hepatic function, such as urea 

and albumin production or CYP activity, within a few days of cultivation, whereas in the SW 

culture hepatic function can be maintained over weeks (Hengstler et al. 2009). Going along 

with this, hepatocytes in collagen SW culture show a morphology resembling the in vivo 

situation, regaining polarization with functional bile canaliculi and an in vivo like distribution 

of actin right below cell-cell-contacts (LeCluyse et al. 2000). Our findings were in accordance 

with these and can therefore serve as a quality marker for functional SW cultivation (Figure 

3-1). Because of these substantial differences induced by the cultivation setups, it suggested 

itself, that also on the metabolic and proteomic level of organization major differences could 

be expected. However, metabolically this could not be confirmed. The focus was set on two 

phases of the cultivation period. First, the adaption phase in which polarization is regained 

and second the first 5 days of cultivation, in which epithelial-mesenchymal transition takes 

place in hepatocytes in ML culture (Figure 3-2 and Figure 3-3). In the first phase only a 

change to glucose production in collagen ML at the end of the cultivation period was found as 

well as a constantly higher production of acetate and lactate. Since glucose was only produced 

at the last sampling timepoint, a general trend could not be identified and the production of 

glucose could also be due to shortage of other substrates in the medium. Acetate itself is a 

degradation product of ketogenesis. Both elevated acetate and lactate production indicate a 

stressed phenotype during the adaption phase in ML culture. During the epithelial-
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mesenchymal transition phase also only glucose metabolism was susceptible to the cultivation 

condition. However, surprisingly PMH in the SW culture started to use glucose after 96 h, 

whereas glucose consumption remained stable in the ML culture. The interpretation of these 

findings is unclear, however, it showed us that glucose metabolism itself is most susceptible 

to the used cultivation condition.  

On the proteomic level, the loss of hepatic function could be confirmed. Albumin itself and 

certain enzymes of the urea cycle were down-regulated in the ML culture during the first 

5 days of cultivation (Table 4-2). Also in the SW culture hepatic function was affected to a 

certain extent (Table 4-3). Extracellularly, the production of albumin decreased to almost zero 

after five days of ML cultivation. In the SW culture, however, the albumin production 

remained unaffected (Figure 3-5), which might indicate that albumin excretion is the critical 

step. Also the morphological changes induced by ML cultivation, which were observed in 

Chapter 3 through fluorescence staining, could be confirmed by proteomics (Figure 3-1). 

Actin was significantly up-regulated in the ML culture in the course of cultivation. However, 

in the comparison of the SW and ML culture at day 5 of cultivation, actin was not identified 

as a significantly changed protein and the finding was therefore not fully conclusive. The 

most prominent differentially expressed proteins in SW and ML culture were related to 

oxidative stress. ROS are constantly produced by aerobic metabolic processes such as 

respiration and can harm proteins, DNA or other cellular structures. In the ML culture 

proteins involved in oxidative stress defense were constantly down-regulated, whereas in the 

SW proteins related to oxidative stress were up-regulated. The down-regulation in defense 

mechanisms might substantially increase the vulnerability of PMH in ML culture to oxidative 

stress. This could be one of the reasons driving the cells into epithelial-mesenchymal 

transition and finally into cell death. 

Overall, metabolomics and proteomics in combination with traditional functional 

characterization revealed a detailed picture of hepatocytes in cultivation. Although substantial 

morphological and functional changes occur in PMH in ML culture, the central carbon 

metabolism proved to be surprisingly robust towards extreme outer influences. The changes 

in glucose metabolism could be further analyzed determining the activity of glucose utilizing 

enzymes or by using 13C tracers to track the metabolism of glucose. Quantification of 

intracellular glycogen would have been most useful, however, we were not able to quantify it 

due to insufficient analytical sensitivity. However, with more sensitive MS-based methods 

this could be achieved. On the proteomic level we could identify a snapshot of differentially 
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expressed proteins. However, with DIGE only a qualitative comparison between two 

conditions is possible and identification of differentially expressed proteins is additionally 

complicated by gel-to-gel-differences. Because of this, it is difficult to identify proteins with 

less prominent differences. DIGE itself is a very sensitive method with a detection limit of up 

to 125 pg (manufacturer’s data, GE Lifesciences). However, in this approach the limiting 

factor is the protein quantification with Coomassie Brilliant Blue. The detection limit of this 

method lies at a range of 36-47 ng (manufacturer’s data, Bio-Rad Laboratories). Therefore, no 

conclusions on proteins below this range can be drawn. With a more targeted approach, as 

described in the general introduction, the here identified pathways could be analyzed in more 

detail to confirm these findings. Additionally, further experiments with a focus on the 

handling of oxidative stress in the two cultivation setups would be most interesting. Thereby, 

the influence of e.g. anti-oxidative substances such as ascorbic acid, on the epithelial-

mesenchymal transition would be most interesting. It could be shown, that a characterization 

not only focusing on a certain level of organization can provide complementary information 

on cellular aspects and is able to reveal findings, which were not yet detectable by classical 

approaches, such as the effects on hepatic function in PMH cultivated in collagen SW culture. 

Of course, also the integration of transcriptomic data would have been desirable in this study.  

The metabolic characterization of PMH identified glucose metabolism to be most susceptible 

to the cultivation condition. This special issue was addressed in the second part of the thesis, 

in Chapter 5 and 6. Glucose metabolism is strictly controlled by hormones, such as insulin 

and glucagon amongst other factors, but also glucose itself is able to stimulate its own uptake. 

Therefore, it was analyzed how insulin and glucose treatment influence the central carbon 

metabolism and hepatic function in collagen SW and ML culture. Since there are substantial 

differences in glucose metabolism and regulation of mice and humans, these species-specific 

aspects were addressed as well by analyzing primary human and murine hepatocytes in both 

cultivation setups (Kowalski & Bruce, 2014). Only the first 24 h after over night adaption to 

the cultivation condition were considered to reduce the influence of epithelial-mesenchymal 

transition. The chosen insulin (0-100 nM) and glucose concentrations (7 and 25 mM) are in 

the range of physiological levels found in the liver. Thereby, PHH cultivated in collagen SW 

showed a generally higher standard deviation compared to PMH and PHH in the ML culture. 

PHH are generally more variable due to donor to donor differences, caused by different 

genetic background und individual lifestyle. However, in the SW culture this effect was even 

more prominent. An explanation for this might be an elongated adaption phase to the 

cultivation conditions and re-establishing of polarity.  
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PMH showed higher consumption and production rates than PHH, if the rates were 

normalized to the absolute cell numbers. However, PMH have a 15 times higher volume than 

PHH. If the rates are normalized to the overall available cellular mass, metabolic activity of 

PHH is comparable and in some cases, such as glucose, glutamine and alanine, even 

considerably higher than for PMH. Insulin had an increasing effect on amino acid 

consumption in all tested setups (Figure 5-6, 5-7, 5-13, 5-14). Thereby, the applied glucose 

concentration did not influence amino acid consumption in any way. The metabolism of 

glucose and amino acids seems to be independent from each other in hepatocytes. The 

increased uptake of amino acids was going along with an increased production of albumin and 

also urea. The amino acids taken up are only used to a very low percentage of maximally 3% 

for albumin synthesis and are mostly degraded to urea (Supplementary Figure 17 and 18). 

These trends were observed for primary mouse and human hepatocytes, independent of the 

cultivation setup. The uptake of glucose by the cells was impacted by insulin as expected with 

a dose dependent increase (Figure 5-4, 5-5, 5-11, 5-12). However, if glucose was produced or 

consumed, was mostly dependent on the extracellular glucose concentration, at least at the 

beginning of cultivation. Although the general trends were identical in PMH and PHH 

already, on this level certain differences could be observed. Whereas in PMH lactate 

production was dependent on the amount of consumed glucose, this was not the case for 

PHH. If human hepatocytes were cultivated, lactate production was independent of the 

glucose concentration. This indicates a certain difference in the use of glucose by the two cell 

types. To elucidate that in more detail, hepatocytes were also cultivated using fully labeled 

13C glucose and glutamine as substrates. The labeling patterns revealed that in PHH glucose 

was almost completely used for synthesis of glycogen. In contrast to that, PMH used glucose 

also for glycolysis and TCA cycle (Figure 5-23 and Figure 5-24). Glutamine was an important 

carbon source in both cases, however, gluconeogenesis is only active in PMH. This might 

partly reflect the smaller glycogen stores in mouse liver in vivo. It would have been most 

interesting to determine the amount of stored glycogen, which was however not possible due 

to the above mentioned reasons. Calculation of the intracellular metabolic fluxes used in 

metabolic network models, which are however only estimated in Chapter 5, would be able to 

shed light on the activity of metabolic pathways in a quantitative way. In this case a 

calculation of the metabolic fluxes was not possible due to the unknown amount of nutrients 

stored in the collagen reservoir. The differential use of glucose by PMH compared to PHH 

confirms that hepatocytes, which are cultivated in vitro still sustain metabolic specificities 

derived from their original environment. 
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Especially in the field of drug metabolizing enzymes such as CYPs, a lot has to be learned 

about human and murine homologues (Whalen et al., 1999). Also small changes in the amino 

acid sequence can lead to different substrate specificity, which implicates that even if a 

certain enzyme in mouse shows a high correlation to a human CYP in regard of the amino 

acid sequence, it does not necessarily metabolize the same substrates (Perloff et al., 2000). 

Since most assays are based on the specific turnover of a certain substrate by a certain human 

CYP, translation to rodents is challenging. In addition, single CYPs can also be regulated 

differentially by certain factors such as the cultivation conditions, which further complicates 

comparability. The clearance of insulin represents another hepatic function, which is 

regulated by a combination of certain factors, in this case SW or ML culture as well as insulin 

and glucose concentration (Figure 6-7). Also in this case the regulatory effect was dependent 

on the origin of hepatocytes.  

Urea and albumin production were also susceptible to the applied insulin concentration, 

which can be partly explained by the increased amino acid uptake. Thereby, the major part of 

consumed amino acids was degraded into urea with only a small percentage of maximally 3% 

going into albumin production (Supplementary Figure 17 and 18). In PMH the percentage of 

formed urea was between 100 and 68% in the ML culture, whereas in the SW culture it even 

was between 133 and 81%. PMH cultivated in the SW culture produced even more urea than 

they took up amino acids. However, this can also originate from protein degradation, which is 

known to be inhibited by insulin (Duckworth et al. 1998a). In both conditions the percentage 

of formed urea from the taken up amino acids decreased with increasing insulin 

concentration, indicating that the increasing effect of insulin on amino acid consumption is 

stronger than on the urea production (Figure 5-6, Figure 5-7). In PHH the percentage of urea 

formed from consumed amino acids was 131-87% in the ML culture and 37-26% in the SW 

culture. The above described effects of insulin were also observed in PHH. The most striking 

difference, however, was the three times lower percentage of produced urea in the SW 

culture. The production rate of urea in the SW culture was 50% lower compared to the ML 

culture. Still, there must be a large amount of other proteins, which must be formed by PHH 

cultivated in SW culture as well. 

Many of the here analyzed metabolic pathways and hepatic functions are zonated. Glycolysis 

is primarily active in the pericentral regions, whereas gluconeogenesis is mostly active in the 

periportal region of the liver lobule. Ammonia detoxification, which is achieved by two 

different processes is zonated as well. Urea formation is a typical periportal pathway with 
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glutamine synthesis being active in only the two innermost cell layers. In addition, also the 

detoxification of xenobiotics is settled in the pericentral region of the liver lobules (Brauning 

et al. 2006, LeCluyse et al. 2012). It has long been discussed how cultivation conditions, such 

as presence of insulin or glucagon or the configuration of ECM, influence the phenotype of 

hepatocytes in culture. Already in 1982 Probst et al. reported a pericentral hepatocyte 

phenotype, if insulin was present in culture, whereas glucagon induced a periportal phenotype 

(Probst et al. 1982). Also in our studies, we could observe how these factors can influence the 

cells. The cells were shown to handle ammonia stress rather differently depending on the 

cultivation setup, indicating a more pericentral phenotype in the ML culture (Figure 3-7). 

Also the lactate production rates were higher in the ML culture speaking for a higher activity 

of glycolysis (Figure 3-3, 5-4 and 5-5). However, the activity of CYP 3A does not fit to the 

pericentral phenotype, since it was considerable lower compared to the SW culture even after 

24 h (Figure 6-5). Also on the proteomic level no changes were detected supporting this 

theory. Insulin did induce some pericentral features such as increased lactate production and 

glucose consumption (Figure 5-4 and 5-5). However, insulin influence on hepatic functions, 

e.g. urea production and CYP 3A activity, was contrary to these findings (Figure 6-3, 6-4, 6-5 

and 6-6). Therefore, also in the case of insulin a shift to a certain hepatic phenotype in culture 

could not be confirmed. A more targeted proteomic approach directly addressing the enzymes 

involved in these pathways could give more insight on this topic. 

The strong susceptibility of hepatic function to numerous factors such as cultivation condition, 

insulin concentration, nutrient availability or disease states, just to name a few, makes 

planning of in vitro liver studies challenging. Also comparability between different studies in 

literature becomes an issue, since in vitro cultivation protocols are not standardized in any 

way. The species-specific differences of CYP 3A activity also showed that especially in 

regard of drug metabolizing enzymes, it cannot directly be translated from humans to rodents 

or the other way around. In addition, the physiological differences of energy metabolism 

between mice and humans, which was shown to be reflected in in vitro culture, strongly 

hinders the use of PMH as a substitute for PHH to analyze carbon metabolism or insulin 

reactions. It is already known that rodent models of metabolic diseases such as TIID cannot 

accurately represent the full spectrum of symptoms and complications (Bunner et al., 2014). 

Taken together this leads to questioning the usefulness of murine in vitro cultures as well as 

mouse models in this special field of metabolism and metabolic disorders. Of course, in vitro 

cultures in general are always highly simplified and only represent an approximation of the 

actual in vivo physiology. Therefore, a reasonable compromise must always been made 
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between in vivo relevance (primary animal cells or cell lines), the complexity of the 

cultivation setup and feasibility of the planned studies.  
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8. Abbreviations 

3-HPA      3-hydroxypicolinic acid 

6PFK2/FBP2     6-phosphofructo-2-kinase/fructose-2,6- 

      bisphosphatase 

ACP      Acetyl carrier protein 

AMP      Adenosine monophosphate 

ANOVA     Analysis of variance 

APS      Ammonium persulfate 

AST      Aspartate aminotransferase 

ATP      Adenosine triphosphate 

BALs      Bioartificial livers 

BSA      Bovine serum albumin 

BSTFA     N,O-Bis(trimethylsilyl)trifluoroacetamide 

cAMP      Cyclic AMP 

CCA      4-chloro-α-cyanocinnamic acid 

CHAPS     3-[(3-cholamidopropyl)dimethylammonio]-1- 

      propanesulfonate hydrate 

CHO      Chinese hamster ovary 

CID      Collision-induced dissociation 

CMFDA     5-chloromethylfluorescein diacetate 

CMF      5-chloromethylfluorescein 

CoA      Coenzyme A 

CYP      Cytochrome P450 

DAPI      4',6-diamidino-2-phenylindole 

DHB      2,5-Dihydrobenzoic acid 

DIGE      Difference gel electrophoresis 

DMF      N,N-dimethylformamide 
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DNA      Deoxyribonucleic acid 

DTT      Dithiothreitol 

ECM      Extracellular matrix 

EDTA      Ethylene diamine tetraacetic acid 

EGF      Epidermal growth factor 

ELISA      Enzyme-Linked Immunosorbent Assay 

ER      Endoplasmatic reticulum 

ESI      Electrospray ionization 

F1P      Fructose 1-phosphate 

F1,6BP     Fructose 1,6-bisphosphate 

F1,6BPase     Fructose 1,6-bisphosphatase 

F2,6BP     Fructose-2,6-bisphosphate 

F6P      Fructose 6-phosphate 

FA      Fatty acids 

FAD/FADH2      Flavin adenine dinucleotide 

FCS      Fetal calf serum 

FFA      Free fatty acids 

FT-ICR     Fourier transform ion cyclotron resonance 

G1P      Glucose 1-phosphate 

G6P      Glucose 6-phosphate 

G6Pase      Glucose 6-phosphatase 

GC      Gas chromatography 

GDP      Guanosine diphosphate 

GK      Glucokinase 

Glut2/4     Glucose transporter 2/4 

GPK      Glycogen phosphorylase kianse 

GSK-3      Glycogen synthase kinase-3 

GTP      Guanosine triphosphate 
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HCCA      α-cyano-4-hydroxycinamic acid 

hESC      Human embryonal stem cells 

HGF      Hepatocyte growth factor 

HILIC      Hydrophilic interaction chromatography 

HPLC      High performance liquid chromatography 

HSC      Hepatic stellate cells 

IAA      Indoleacetic acid 

ICAT      Isotope-coded affinity tags 

IEF      Isoelectric focusing 

IPG      Immobilized pH gradient 

iPSC      Induced pluripotent stem cells 

ITS      Insulin/transferrine/selenium 

KC      Kupffer cells 

LC      Liquid chromatography 

m/z      Mass to charge ratio 

MALDI     Matrix-assisted laser desorption/ionization 

MBDSTFA     N-(tert-Butyldimethylsilyl)-N-methyl- 

      trifluoroacetamide 

ML      Monolayer 

mRNA      Messenger RNA 

MS      Mass spectronomy 

mTor      Mechanistic target of rapamycin 

NAD+/NADH     Nicotinamide adenine dinucleotide 

NADP+/NADPH    Nicotinamide adenine dinucleotide phosphate 

NAFLD     Non-alcoholic fatty liver disease 

NASH      non-alcoholic steatohepatitis 

NMR      Nuclear magnetic resonance 

PAGE      Polyacrylamide gel electrophoresis 
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PBS      Phosphate-buffered saline 

PCA      Principle component analysis 

pI      Isoelectric point 

PI(3)K      Phosphatidylinositol-3 kinase 

PKA      Protein kinase A 

PEP      Phosphoenol pyruvate 

PEPCK     Phosphoenol pyruvate carboxykinase 

PFK-1      Phosphofructokinase-1 

PHH      Primary human hepatocytes 

PKA      Protein kinase A 

PMH      Primary mouse hepatocytes 

PPP      Pentose phosphate pathway 

PRH      Primary rat hepatocytes 

R5P      Ribose 5-phosphate 

RNA      Ribonucleic acid 

ROS      Reactive oxygen species 

RP      Reversed phase 

RT      Room temperature 

SA      Sinapinic acid 

SDS      Sodium dodecyl sulfate 

SILAC      Stable isotope labeling by amino acids in cell 

      culture 

SREBP-1c      Sterol regulatory element binding protein-1c 

SV40LT     Simian virus 40 large T antigen 

SW      Sandwich 

TIID      Type II diabetes 

TCA      Tricarboxylic acid 

TCAA      Trichloroacetic acid 
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TEMED     N,N,N′,N′-tetramethylethylenediamine  

TFA      Trifluoro acetic acid 

TGF      Transforming growth factor 

TNFα      Tumor necrosis factor α 

ToF      Time of flight 

TRIS      Tris(hydroxymethyl)aminomethane 

UDP      Uridine-5'-diphosphate 

UPLC      Ultra high performance liquid chromatography 

UTP      Uridine-5'-triphosphate 

UV      Ultraviolet 

w/v      weight per volume 

WME      William’s medium E 
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10. Supplementary material 

 

Supplementary Figure 1 2D gel electrophoresis of the intracellular proteome of PMH in ML 
culture at day 1 of cultivation. 1) 75 kDa glucose regulated protein 2) Selenium-binding protein 3 
and 4) Aldehyde dehydrogenase 5, 6 and 7) Carbamoyl-phosphate synthase 8 and 9) Sarcosine 
dehydrogenase 10) Ferritin 11) Transitional ER ATPase 12) serum albumin 13) ATP synthase 14) 
Major urinary protein 16) Argininosuccinate synthase. 

 

Supplementary Figure 2 2D gel electrophoresis of the intracellular proteome of PMH in ML 
culture at day 5 of cultivation. 1 and 2) ATP synthase 3) Major urinary protein 4) Regucalcin 
5and 6) Actin 7) Ornoithine carbamoyltransferase 8) Fructose-bisphosphate aldolase 9) 
Apolipoprotein E 10 and 11) Serum albumin 12) 75 kDa glucose regulated protein 13) Selenium 
binding protein 14) Aldehyde dehydrogenase 15,16 and 17) Carbamoyl-phosphate synthase 18) 
Sarcosine dehydrogenase 19) Ferritin 20) Transitional ER ATPase 21 and 22) Glutathion-S 
transferase. 
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gure 3 2D gel electrophoresis of the intracellular proteome of PMH in SW culture at day 1 of 

cultivation. 1, 2 and 3) Carbamoyl phosphate synthase 4) Protein disulfate isomerase 5) 

Glutathion S transferase 6 Superoxid dismutase 7) Serum albumin 8 and 9) ATP synthase 10) 

Regucalcin 11) Fructose-bisphosphate aldolase. 

 

Supplementary Figure 4 2D gel electrophoresis of the intracellular proteome of PMH in SW 
culture at day 5 of cultivation. 1) ATP synthase 2) Major urinary protein 3) Regucalcin 4 and 5) 
Actin 6) Ornithin carbamoyltransferase 7) Apolipoprotein E 8) 9, 10 and 11) Carbamoylphosphate 
synthase 12) Protein disulfate isomerase 13 and 14) Glutathion S transferase 15) Superoxid 
dismutase 16) Fructose-bisphosphate aldolase. 
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Supplementary Figure 5 2D gel electrophoresis of the intracellular proteome of PMH. In total 91 proteins and protein 
isoforms could be identified with MALDI ToF MS/MS. Each spot is assigned to a protein in Supplementary Table 1. 

 

Supplementary Table 1 List of all intracellular proteins of primary mouse hepatocytes 
identified with MALDI ToF MS/MS. Spot numbers correlate to Supplementary Figure 5. 

Spot no. Protein 

1  Calreticulin 

2  78 kDa glucose-regulated protein   

3  Protein disulfide-isomerase   

4  Obscurin-like protein 1   

5  60 kDa heat shock protein, mitochondrial   

6  ATP synthase subunit beta, mitochondrial   

7  Apolipoprotein A-IV   

8  S-adenosylmethionine synthase isoform type-1  

9  Selenium-binding protein 2   

10  Adenosine kinase   
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Spot no. Protein 

11  Regucalcin   

12  Ketohexokinase   

13  Lactoylglutathione lyase   

14  Apolipoprotein A-I   

15  Major urinary proteins   

16  Ferritin light chain 1   

17  Ferritin heavy chain   

18  Heat shock cognate 71 kDa protein  

19  Serum albumin   

20  Selenium-binding protein 1   

21  Bifunctional epoxide hydrolase 2   

22  Carboxylesterase 3A   

23  Fructose-1,6-bisphosphatase 1   

24  Indolethylamine N-methyltransferase  

25  Peroxiredoxin-4   

26  Carbamoyl-phosphate synthase [ammonia],  

27  Pyruvate carboxylase, mitochondrial   

28  Sarcosine dehydrogenase, mitochondrial   

29  Aldehyde dehydrogenase, mitochondrial   

30  Alpha-enolase  

31  Adenosylhomocysteinase   

32  Alpha-enolase  

33  Superoxide dismutase [Cu-Zn]  

34  Peroxiredoxin-6   

35  Retinol-binding protein 4   
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Spot no. Protein 

36  Keratin, type II cytoskeletal 73   

37  Carbonic anhydrase 3   

38  FAST kinase domain-containing protein 2  

39  Triokinase/FMN cyclase  

40  Pyruvate kinase PKLR   

41  Glutamate dehydrogenase 1, mitochondrial   

42  Transketolase   

43  Aconitate hydratase, mitochondrial   

44  Transketolase   

45  Non-specific lipid-transfer protein   

46  Catalase   

47  Catalase   

48  Delta-1-pyrroline-5-carboxylate dehydrogenase,  

49  UTP--glucose-1-phosphate uridylyltransferase   

50  Delta-1-pyrroline-5-carboxylate dehydrogenase,  

51  Hydroxymethylglutaryl-CoA synthase, mitochondrial  

52  Argininosuccinate lyase   

53  Long-chain specific acyl-CoA dehydrogenase,  

54  Fumarylacetoacetase   

55  Arginase-1   

56  Isocitrate dehydrogenase [NADP] cytoplasmic  

57  Ornithine carbamoyltransferase, mitochondrial   

58  Glycine N-methyltransferase   

59  Electron transfer flavoprotein subunit alpha,  

60  Retinal dehydrogenase 1   
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Spot no. Protein 

61  4-aminobutyrate aminotransferase, mitochondrial  

62  Hydroxymethylglutaryl-CoA synthase, mitochondrial  

63  Argininosuccinate synthase  

64  Betaine--homocysteine S-methyltransferase 1   

65  3-ketoacyl-CoA thiolase, mitochondrial   

66  Acetyl-CoA acetyltransferase, mitochondrial   

67  Glyceraldehyde-3-phosphate dehydrogenase   

68  Hydroxyacyl-coenzyme A dehydrogenase,  

69  Glyceraldehyde-3-phosphate dehydrogenase   

70  Glutathione peroxidase 1   

71  Glutathione S-transferase P 1   

72  Phosphoglycerate mutase 1   

73  Triosephosphate isomerase   

74  Glutathione S-transferase Mu 1   

75  Carbonic anhydrase 3   

76  Carbonic anhydrase 3   

77  Triosephosphate isomerase   

78  Electron transfer flavoprotein subunit beta   

79  Glutathione S-transferase Mu 1  

80  Glutathione S-transferase  

81  Electron transfer flavoprotein subunit beta   

82  Superoxide dismutase [Mn], mitochondrial   

83  Glutathione S-transferase Mu 1   

84  Glutathione S-transferase P 1   

85  Nucleoside diphosphate kinase B   
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Spot no. Protein 

86  Peptidyl-prolyl cis-trans isomerase A   

87  Betaine--homocysteine S-methyltransferase 1   

88  Fructose-bisphosphate aldolase B   

89  Glutaryl-CoA dehydrogenase, mitochondrial   

90  Ornithine carbamoyltransferase, mitochondrial   

91  Alcohol dehydrogenase [NADP(+)]   

 
 
Supplementary Table 2 Identified proteins, which were not significantly different in PMH cultivated in collagen ML culture 
and SW culture after 1 or 5 days of cultivation. DIGE analysis showed mean fold changes between – 1.5 and + 1.5. Spot 
numbers correlate to Supplementary Figure 5. 

Spot no. 
Accession 

no. 
Protein Protein function 

1 P14211 Calreticulin 
response to hormones, cell cycle 

arrest 

2 P20029 78 kDa glucose-regulated protein protein folding, stress response 

3 P09103 Protein disulfide-isomerase oxidative stress response  

4 D3YYU8 Obscurin-like protein 1 regulation of mitotic nuclear division 

5 P63038 60 kDa heat shock protein protein folding, stress response 

7 P06728 Apolipoprotein A-IV oxidative stress response 

8 Q91X83 S-adenosylmethionine synthase S-adenosylmethionine biosynthesis 

10 P55264 Adenosine kinase AMP synthesis from adenosine 

12 P97328 Ketohexokinase fructose catabolic process 

13 Q9CPU0 Lactoylglutathione lyase glutathione metabolic process 

14 Q00623 Apolipoprotein A-I lipid transport 

16 P63017 Heat shock cognate 71 kDa protein 
protein folding, inflammatory 

response 

21 P34914 Bifunctional epoxide hydrolase 2 xenobiotic metabolism, lipid 
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Spot no. 
Accession 

no. 
Protein Protein function 

phosphatase activity 

22 Q63880 Carboxylesterase 3A xenobiotic metabolism 

23 Q9QXD6 Fructose-1,6-bisphosphatase  gluconeogenesis 

24 P40936 Indolethylamine N-methyltransferase response to toxic substances 

25 O08807 Peroxiredoxin-4 oxidative stress response 

27 Q05920 Pyruvate carboxylase gluconeogenesis 

30 P17182 Alpha-enolase glycolytic process 

31 P50247 Adenosylhomocysteinase amino-acid biosynthesis 

34 O08709 Peroxiredoxin-6 oxidative stress response 

35 Q00724 Retinol-binding protein 4 response to insulin 

37/75/76 P16015 Carbonic anhydrase 3 oxidative stress response 

38 Q922E6 
FAST kinase domain-containing 

protein 2 

assembly of the mitochondrial large 

ribosomal subunit 

39 Q8VC30 Triokinase/FMN cyclase 
cellular carbohydrate metabolic 

process 

40 P53657 Pyruvate kinase PKLR glycolysis 

41 P26443 
Glutamate dehydrogenase 1, 

mitochondrial 
TCA cycle 

42 P40142 Transketolase binds cofactors and metal ions 

43 Q99KI0 Aconitate hydratase TCA cycle 

45 P32020 Non- specific lipid- transfer protein steroid biosynthetic process 

46/47 P24270 Catalase oxidative stress response 

48/50 Q9Z110 
Delta-1-pyrroline-5-carboxylate 

dehydrogenase 

cellular amino acid biosynthetic 

process 

49 Q91ZJ5 
UTP-glucose-1-phosphate 

uridylyltransferase 

glucosyl donor in cellular metabolic 

pathways 
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Spot no. 
Accession 

no. 
Protein Protein function 

52 Q91YI0 Argininosuccinate lyase L- arginine biosynthesis, urea cycle 

53 P51174 
Long-chain specific acyl-CoA 

dehydrogenase 

mitochondrial fatty acid beta-

oxidation 

54 P35505 Fumarylacetoacetase amino- acid degradation 

55 Q61176 Arginase-1 urea cycle 

56 O88844 
Isocitrate dehydrogenase [NADP] 

cytoplasmic 
TCA cycle 

58 Q9QXF8 Glycine N-methyltransferase gluconeogenesis 

59 Q99LC5 
Electron transfer flavoprotein subunit 

alpha 
fatty acid beta-oxidation 

60 P24549 Retinal dehydrogenase 1 retinol metabolic process 

61 P61922 
4-aminobutyrate aminotransferase, 

mitochondrial 
response to ethanol and hypoxia 

52/62 P54869 
Hydroxymethylglutaryl-CoA 

synthase, mitochondrial 
response to various stress stimuli 

63 P16460 Argininosuccinate synthase urea cycle 

64/87 O35490 
Betaine-homocysteine S-

methyltransferase 1 
amino- acid biosynthesis 

65 Q921H8 
3-ketoacyl-CoA thiolase, 

mitochondrial 
lipid metabolism 

66 Q8QZT1 
Acetyl-CoA acetyltransferase, 

mitochondrial 
response to hormones and starvation 

67/69 P16858 
Glyceraldehyde-3-phosphate 

dehydrogenase 
glycolysis 

68 Q61425 
Hydroxyacyl-coenzyme A 

dehydrogenase 
lipid metabolism 

70 P11352 Glutathione peroxidase 1 response to oxidative stress 

72 Q9DBJ1 Phosphoglycerate mutase 1 glycolysis regulation 
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Spot no. 
Accession 

no. 
Protein Protein function 

73/77 P17751 Triosephosphate isomerase glycolysis 

78/81 Q9DCW4 
Electron transfer flavoprotein subunit 

beta 
fatty acid beta-oxidation 

85 Q01768 Nucleoside diphosphate kinase B Nucleotide metabolism 

86 P30416 Peptidyl-prolyl cis-trans isomerase A 
response to mitochondrial oxidative 

stress 

89 Q60759 
Glutaryl-CoA dehydrogenase, 

mitochondrial 
amino- acid metabolism 

91 Q9JII6 Alcohol dehydrogenase [NADP(+)] response to xenobiotics and drugs 
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Supplementary Figure 6 Conversion rates of glucose of the three single donors of primary human hepatocytes cultivated 
in collagen sandwich culture under the influence of different insulin (0-100 nM) and glucose (7 and 25 mM) 
concentrations. Positive values indicate uptake, negative values production. Error bars indicate standard deviation (n=3). 
Living cell number was determined after 24 h of cultivation using calcein AM staining. Abbreviations: Ins Insulin. 

C
o

n
su

m
p

ti
o

n
 r

a
te

 [
fm

o
l 

*
 (

ce
ll

*
h

)-1
] 



Universität des Saarlandes  Supplementary Material 

 177

 

Supplementary Figure 7 Conversion rates of glutamine of the three single donors of primary human hepatocytes 
cultivated in collagen monolayer culture under the influence of different insulin (0-100 nM) and glucose (7 and 25 mM) 
concentrations. Positive values indicate uptake, negative values production. Error bars indicate standard deviation (n=3). 
Living cell number was determined after 24 h of cultivation using calcein AM staining. Abbreviations: Ins Insulin. 
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Supplementary Figure 8 Conversion rates of glycine of the three single donors of primary human hepatocytes cultivated in 
collagen monolayer culture under the influence of different insulin (0-100 nM) and glucose (7 and 25 mM) concentrations. 
Positive values indicate uptake, negative values production. Error bars indicate standard deviation (n=3). Living cell number 
was determined after 24 h of cultivation using calcein AM staining. Abbreviations: Ins Insulin. 
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Supplementary Figure 9 Conversion rates of glutamine of the three single donors of primary human hepatocytes cultivated 
in collagen sandwich culture under the influence of different insulin (0-100 nM) and glucose (7 and 25 mM) concentrations. 
Positive values indicate uptake, negative values production. Error bars indicate standard deviation (n=3). Living cell number 
was determined after 24 h of cultivation using calcein AM staining. Abbreviations: Ins Insulin. 
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Supplementary Figure 10 Conversion rates of glycine of the three single donors of primary human hepatocytes cultivated in 
collagen sandwich culture under the influence of different insulin (0-100 nM) and glucose (7 and 25 mM) concentrations. 
Positive values indicate uptake, negative values production. Error bars indicate standard deviation (n=3). Living cell number 
was determined after 24 h of cultivation using calcein AM staining. Abbreviations: Ins Insulin. 
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Supplementary Figure 11 Percentages of unlabeled glutamine of PHH cultivated in collagen ML culture with [U-13C5] 
glutamine and 7 mM glucose. Black indicates incubation without insulin, red indicates incubation with 100 nM insulin, m+0 
pointing to the number of labeled carbons. Error bars indicate standard deviation (N=2; n=6). Values were corrected for 
background contamination. Abbreviations: Ins Insulin. 
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Supplementary Table 3 Uptake rates of amino acids and organic acids, which are not depicted in Chapter 3, of primary mouse hepatocytes cultivated in collagen monolayer culture 
under the influence of different insulin concentrations (0-100 nM) and 7 mM glucose (n=3). Positive values indicate uptake, negative values production in [fmol*(cell*h)-1]. Amino 
acids are abbreviated by the official three letter codes, FUM fumarate, PYR pyruvate. 

Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

0 nM 

4 h 
mean 182.56 36.87 4.56 -0.60 7.97 16.68 16.08 35.66 11.34 5.43 40.87 24.59 24.61 0.69 5.30 1.06 

SD 49.21 13.74 12.19 0.41 5.16 32.34 37.20 35.64 6.55 8.62 36.96 11.62 18.13 3.10 13.27 25.31 

8 h 
mean 18.73 10.50 3.08 -0.45 3.60 -14.36 -18.04 8.90 0.46 -0.45 -1.65 7.04 2.70 1.13 3.25 -6.72 

SD 23.02 5.77 12.33 0.09 5.06 25.20 40.64 30.00 12.86 10.33 3.85 5.52 18.65 3.30 13.63 32.41 

24 h 
mean 3.11 6.58 7.98 -0.46 3.31 -2.91 -0.33 21.34 3.78 7.52 -2.70 4.55 10.55 2.25 14.79 -3.56 

SD 4.43 2.75 3.96 0.12 1.74 5.22 7.99 10.48 4.28 3.82 3.37 2.85 6.04 0.92 9.00 5.77 

0.1 nM 

4 h 
mean 188.81 36.60 3.57 -0.52 21.91 16.03 11.72 43.21 13.26 7.57 39.06 36.60 67.41 0.15 8.56 2.26 

SD 49.31 14.97 7.04 0.37 15.05 27.26 30.67 36.42 7.81 5.17 37.28 4.87 59.94 1.10 6.39 11.33 

8 h 
mean 15.46 13.27 6.21 -0.38 -1.78 -2.63 -2.69 20.45 4.84 2.66 -1.45 1.44 -9.04 2.92 6.60 1.20 

SD 21.65 4.45 3.68 0.09 13.65 11.85 15.34 14.98 8.80 3.04 3.88 18.01 45.80 1.55 3.92 10.32 

24 h 
mean 2.56 6.27 8.21 -0.43 1.02 -4.29 -1.80 18.24 2.09 6.39 -2.97 3.49 5.10 1.70 12.77 -2.73 

SD 4.07 2.26 4.32 0.11 3.95 2.90 3.71 8.68 5.20 2.68 3.75 3.79 14.13 0.62 7.19 5.52 

1 nM 

4 h 
mean 195.04 36.98 2.09 -0.43 8.51 17.26 12.61 42.70 13.78 8.66 37.61 26.31 24.20 0.27 10.20 7.50 

SD 65.70 14.80 5.94 0.32 5.29 20.54 21.77 34.66 5.14 3.57 38.60 13.00 14.96 1.04 4.69 7.11 

8 h 
mean 13.97 16.96 4.05 -0.24 4.66 1.05 4.14 12.98 8.49 5.99 -0.67 12.63 13.08 3.51 7.55 3.41 

SD 19.15 7.10 3.05 0.04 3.30 6.25 9.29 10.90 5.92 3.81 2.66 6.29 9.10 1.50 5.03 6.15 

24 h 
mean 1.76 6.89 8.82 -0.40 2.14 -4.73 -1.13 16.91 2.62 4.95 -3.22 4.62 11.56 1.30 11.63 -3.22 

SD 2.42 2.84 4.91 0.11 1.03 2.38 3.79 8.49 5.68 2.08 3.72 2.86 6.77 0.46 7.90 4.92 

10 nM 

4 h 
mean 195.49 44.66 3.50 -0.50 11.33 29.50 25.76 56.06 21.61 11.75 39.99 32.48 34.75 1.44 16.03 13.56 

SD 59.73 20.98 14.18 0.38 6.59 44.15 55.42 60.07 22.12 10.66 37.48 19.00 20.56 3.11 14.01 15.63 

8 h 
mean 17.47 19.07 3.34 -0.19 5.13 4.78 9.70 15.06 11.27 6.34 -1.89 15.40 17.18 3.06 7.25 5.18 

SD 23.43 6.17 4.15 0.08 2.23 6.46 8.90 10.18 3.09 3.32 1.26 5.79 8.24 1.53 4.24 6.47 

24 h 
mean 2.49 7.63 9.47 -0.39 2.96 -3.64 1.63 18.31 4.49 5.45 -2.63 5.68 14.75 1.58 14.52 -1.43 

SD 3.73 3.16 4.00 0.11 1.18 1.65 2.85 5.91 4.79 2.50 3.69 2.81 6.82 0.28 8.68 4.13 
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Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

100 nM 

4 h 
mean 201.79 43.35 -16.62 -0.48 9.66 10.21 0.61 40.09 12.75 6.67 38.25 31.10 25.61 0.17 6.74 7.63 

SD 48.27 16.94 12.63 0.35 5.00 27.09 35.24 43.16 12.98 7.77 36.22 14.31 19.82 2.05 11.55 17.64 

8 h 
mean 15.16 22.44 6.26 -0.23 7.53 9.40 17.83 19.04 13.95 9.02 -2.53 17.49 22.57 2.90 8.84 9.73 

SD 17.54 8.64 9.27 0.03 3.70 24.01 32.30 23.38 15.01 7.21 3.05 7.64 13.57 3.15 9.24 11.80 

24 h 
mean 1.77 7.37 10.62 -0.33 3.42 -2.09 4.22 18.81 5.16 6.41 -1.94 6.01 17.65 1.74 16.56 -0.01 

SD 2.56 2.58 3.36 0.06 0.80 1.67 3.16 5.66 4.52 2.68 3.65 2.30 6.74 0.44 7.58 3.45 

 

 

 

Supplementary Table 4 Uptake rates of amino acids and organic acids, which are not depicted in Chapter 3, of primary mouse hepatocytes cultivated in collagen monolayer culture under the 
influence of different insulin concentrations (0-100 nM) and 25 mM glucose (n=3). Positive values indicate uptake, negative values production in [fmol*(cell*h)-1].  Amino acids are abbreviated by 
the official three letter codes, FUM fumarate, PYR pyruvate. 

Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

0 nM 

4 h 
mean 184.79 33.68 3.38 -0.57 7.12 7.01 10.72 32.88 5.89 4.61 0.86 22.11 19.72 0.53 4.75 0.30 

SD 46.42 10.95 5.22 0.39 4.46 14.73 13.24 20.32 11.58 4.48 18.29 9.73 13.47 1.69 6.97 9.75 

8 h 
mean 17.25 11.28 7.68 -0.43 3.56 -7.30 -6.29 16.60 0.57 2.42 1.54 7.98 5.63 2.33 5.22 1.13 

SD 22.69 4.92 8.08 0.13 3.80 16.22 21.47 26.21 14.24 5.39 17.02 4.55 13.54 2.64 8.36 11.19 

24 h 
mean 2.45 5.10 8.80 -0.46 2.01 -4.01 0.02 16.86 2.66 6.35 -0.35 3.79 8.80 1.69 11.84 -4.09 

SD 3.48 1.76 2.25 0.11 0.64 4.63 6.98 7.40 3.77 1.94 22.81 2.22 2.87 0.50 5.40 6.61 

0.1 nM 

4 h 
mean 186.42 33.27 7.07 -0.49 7.77 10.85 17.63 43.28 7.92 7.86 -7.07 21.97 21.09 1.88 8.76 1.73 

SD 49.15 11.52 3.76 0.33 4.53 14.64 8.58 17.67 9.18 2.17 24.25 10.67 12.33 1.01 4.34 5.62 

8 h 
mean 13.66 11.85 6.32 -0.39 2.97 -6.57 -5.43 13.60 2.76 2.48 1.83 8.94 5.84 2.22 5.96 -1.19 

SD 18.04 4.17 4.09 0.11 2.75 12.17 13.41 20.09 10.84 2.65 19.95 4.31 7.77 1.99 3.81 7.96 

24 h 
mean 2.58 4.63 8.17 -0.42 1.93 -3.36 0.21 15.61 2.07 5.99 1.18 2.96 7.72 1.28 10.38 -2.07 

SD 3.67 1.19 5.76 0.11 1.15 4.17 4.97 6.14 4.51 1.79 23.35 1.37 5.58 0.50 5.09 5.86 



Universität des Saarlandes    Supplementary Material 

 184

Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

1 nM 

4 h 
mean 186.73 28.57 -4.43 -0.41 9.94 23.35 31.98 51.29 10.01 12.92 4.74 15.30 37.23 2.68 13.05 11.74 

SD 53.32 15.29 33.43 0.28 8.01 19.62 28.28 28.96 7.36 5.72 10.77 13.82 55.61 2.60 5.55 4.49 

8 h 
mean 20.12 27.13 32.29 -0.28 7.14 25.03 21.21 85.73 33.64 11.72 1.82 23.64 19.70 4.20 16.65 8.51 

SD 27.98 31.07 53.19 0.09 10.36 137.20 181.26 161.40 81.87 27.77 20.32 29.70 78.42 8.32 38.19 16.69 

24 h 
mean 1.49 4.56 8.75 -0.41 0.60 -5.68 -7.22 2.84 0.28 3.14 -0.41 3.12 9.25 0.75 6.68 -3.44 

SD 2.68 5.26 8.77 0.09 2.14 26.15 36.87 28.51 17.07 6.19 20.82 4.58 10.42 1.72 9.91 5.12 

10 nM 

4 h 
mean 191.10 34.17 14.26 -0.44 13.02 48.98 29.43 104.47 33.21 17.75 6.88 23.55 49.96 4.27 12.19 21.51 

SD 54.21 18.04 19.23 0.36 8.64 63.53 48.88 110.69 30.24 12.32 17.82 14.89 24.88 5.02 9.66 13.42 

8 h 
mean 11.88 15.59 4.19 -0.28 -0.03 -41.83 -41.46 -39.94 -22.12 -4.51 -3.08 11.75 -0.74 -0.97 -4.22 -4.15 

SD 35.38 45.30 36.80 0.12 12.51 105.58 173.60 110.87 70.51 28.10 16.85 36.43 39.59 7.78 49.41 10.57 

24 h 
mean 0.09 5.13 4.52 -0.48 1.52 -5.56 3.62 8.23 2.90 3.16 0.66 3.71 7.67 0.96 10.08 -1.86 

SD 6.44 7.37 12.48 0.16 1.50 9.33 4.11 13.65 7.86 3.33 23.17 6.16 13.67 0.94 10.21 1.93 

100 nM 

4 h 
mean 198.08 40.69 -24.41 -0.41 12.50 15.99 20.49 52.36 10.21 11.90 5.42 27.14 23.08 2.00 11.28 90.36 

SD 57.89 13.48 48.84 0.40 7.28 13.51 12.38 29.56 8.81 5.27 17.15 10.41 17.58 2.56 4.16 150.85 

8 h 
mean 13.59 24.89 23.06 -0.27 5.37 2.79 19.14 21.22 11.25 9.45 3.16 20.64 22.30 3.55 10.17 -71.14 

SD 14.76 13.09 35.11 0.05 3.44 12.73 13.50 21.68 8.42 4.39 21.58 9.95 21.48 1.52 9.08 154.94 

24 h 
mean 1.04 6.21 14.09 -0.45 2.84 9.77 17.62 22.25 11.08 6.23 2.86 5.37 17.15 1.83 14.27 1.71 

SD 1.93 2.33 4.12 0.11 1.30 27.96 27.21 16.25 15.04 3.38 22.71 2.34 6.62 0.94 7.59 2.27 
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Supplementary Table 5 Uptake rates of amino acids and organic acids, which are not depicted in Chapter 3, of primary mouse hepatocytes cultivated in collagen sandwich culture under the 
influence of different insulin concentrations (0-100 nM) and 7 mM glucose (n=3). Positive values indicate uptake, negative values production in [fmol*(cell*h)-1]. Amino acids are abbreviated by 
the official three letter codes, FUM fumarate, PYR pyruvate. 

Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

0 nM 

4 h 
mean 90.47 19.92 0.55 -0.71 3.45 -12.94 -13.74 -1.70 6.00 -2.92 45.44 11.52 6.80 -0.01 -5.33 -16.43 

SD 11.09 3.94 10.50 0.57 3.43 13.74 31.82 20.90 3.91 6.66 14.54 4.99 12.87 2.15 8.61 14.79 

8 h 
mean 18.69 5.57 1.14 -0.42 2.22 -5.08 -6.27 7.75 4.47 0.64 0.08 3.96 5.41 0.38 3.57 -5.48 

SD 6.64 4.54 7.38 0.16 3.03 15.11 23.82 17.35 3.77 5.90 0.73 3.46 12.16 2.05 7.57 17.31 

24 h 
mean 3.32 2.20 2.76 -0.47 1.25 -4.91 -6.10 13.77 2.68 2.85 -0.65 1.63 3.74 2.06 8.92 -6.70 

SD 2.48 0.66 1.85 0.15 0.67 3.51 5.16 3.21 0.72 2.02 0.88 0.53 2.21 0.48 3.93 3.85 

0.1 nM 

4 h 
mean 87.83 18.65 -3.27 -0.69 2.73 -11.14 -22.19 -6.19 4.72 -5.77 44.94 10.24 0.84 -1.08 -9.31 -24.53 

SD 11.11 2.71 8.28 0.56 2.11 18.38 23.81 15.08 2.30 5.08 14.61 4.04 9.37 1.66 6.40 11.42 

8 h 
mean 21.07 4.34 -7.38 -0.42 1.05 2.93 5.28 18.40 5.73 3.41 0.54 2.77 -0.87 1.40 6.39 1.28 

SD 6.69 6.71 21.34 0.16 5.73 15.52 23.23 18.47 3.97 6.32 0.53 5.50 21.70 1.86 7.22 17.69 

24 h 
mean 3.56 2.72 4.15 -0.52 1.43 -5.77 -4.74 13.54 2.79 2.81 -0.78 2.14 5.39 1.93 8.70 -5.36 

SD 2.56 0.84 2.58 0.18 0.80 3.92 4.61 4.96 0.52 2.64 1.11 0.99 2.78 0.78 5.17 3.42 

1 nM 

4 h 
mean 91.87 19.48 -5.58 -0.65 3.50 -11.93 -14.86 0.21 5.53 -3.31 45.06 11.28 3.52 -0.78 -6.44 -19.44 

SD 9.89 3.36 10.66 0.51 2.44 15.43 28.57 17.62 2.81 5.79 14.43 4.67 9.88 1.98 7.46 12.48 

8 h 
mean 20.25 6.99 2.98 -0.32 2.68 -4.77 -2.71 5.26 4.85 1.69 0.44 5.07 8.87 0.57 3.52 -2.94 

SD 6.95 2.07 6.94 0.13 1.00 12.38 10.86 9.63 1.48 3.16 0.72 1.37 5.32 0.92 4.31 7.89 

24 h 
mean 3.00 2.65 4.12 -0.44 1.47 -3.24 -2.73 13.29 3.27 2.95 -1.04 2.05 5.21 1.67 8.19 -4.34 

SD 1.81 0.62 1.85 0.14 0.60 1.64 2.48 1.49 0.85 1.31 0.84 0.39 1.65 0.32 2.90 2.06 

10 nM 

4 h 
mean 101.59 22.84 -0.15 -0.70 6.34 -7.56 -4.14 9.09 7.62 -0.35 45.13 13.77 11.44 -0.29 -2.09 -11.97 

SD 17.24 4.94 9.10 0.56 2.82 12.13 26.86 15.81 2.38 5.33 14.84 5.04 11.94 1.87 7.42 12.70 

8 h 
mean 16.67 7.14 -3.83 -0.30 2.15 -0.99 -4.04 -0.24 4.39 1.05 0.13 5.66 5.30 -0.30 0.54 -4.76 

SD 7.45 1.58 5.89 0.17 1.62 12.43 12.49 10.59 1.44 3.72 0.69 1.12 6.11 1.25 5.75 9.46 

24 h 
mean 2.17 3.70 3.80 -0.30 1.41 -1.87 -0.91 7.81 4.43 2.80 -0.40 2.58 6.70 0.92 5.95 -2.48 

SD 1.78 0.36 1.10 0.11 0.43 2.83 2.81 3.03 0.67 1.51 0.64 0.40 1.85 0.44 2.47 2.26 
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Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

100 nM 

4 h 
mean 107.77 26.58 -1.51 -0.75 7.40 -3.37 -5.29 8.47 8.29 1.21 44.96 15.87 12.50 2.26 -3.30 -10.77 

SD 17.42 5.34 13.05 0.49 3.48 16.45 32.86 20.37 2.68 6.07 14.84 5.27 12.89 1.86 10.94 15.57 

8 h 
mean 14.88 9.70 -0.43 -0.31 3.20 -4.47 -1.21 2.73 8.86 3.56 0.22 7.69 12.62 0.83 3.90 -2.03 

SD 6.73 4.82 12.20 0.17 2.87 7.14 12.23 16.23 8.85 5.01 0.66 3.50 15.06 1.98 9.51 7.37 

24 h 
mean -1.13 2.78 3.86 -0.25 1.33 0.00 3.12 8.39 3.91 2.89 -0.12 2.34 7.49 0.60 6.67 0.08 

SD 8.91 5.06 2.76 0.10 1.68 2.17 2.64 5.21 4.80 2.05 0.34 3.45 7.79 0.76 4.07 2.39 

 

 

 

Supplementary Table 6 Uptake rates of amino acids and organic acids, which are not depicted in Chapter 3, of primary mouse hepatocytes cultivated in collagen sandwich culture under the 
influence of different insulin concentrations (0-100 nM) and 25 mM glucose (n=3). Positive values indicate uptake, negative values production in [fmol*(cell*h)-1]. Amino acids are abbreviated by 
the official three letter codes, FUM fumarate, PYR pyruvate. 

Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

0 nM 

4 h 
mean 116.62 29.83 17.90 -0.64 11.48 9.99 22.19 28.67 15.54 10.62 46.00 18.10 30.28 5.28 10.55 13.15 

SD 64.18 18.74 21.82 0.56 10.87 37.98 45.74 53.50 13.93 18.33 17.30 10.60 34.19 7.28 20.80 43.53 

8 h 
mean 23.80 7.73 2.70 -0.36 2.68 -0.42 2.63 14.72 4.89 -0.55 0.29 5.75 7.89 0.81 3.98 -3.01 

SD 8.78 4.27 4.67 0.27 1.71 13.39 18.58 16.39 2.77 6.14 0.76 3.05 7.48 1.17 5.27 9.95 

24 h 
mean 3.42 2.29 4.03 -0.51 1.44 -3.12 -4.25 14.19 2.95 2.80 -1.16 1.80 4.52 1.97 7.86 -5.53 

SD 2.55 1.08 2.55 0.23 0.80 2.18 3.70 3.01 1.38 2.38 1.57 0.47 2.40 0.37 2.97 2.64 

0.1 nM 

4 h 
mean 120.65 33.15 23.60 -0.62 13.96 21.61 32.43 50.36 18.65 13.32 45.10 21.02 35.79 7.21 20.07 14.74 

SD 58.37 18.61 25.60 0.57 11.00 38.52 53.13 51.39 15.55 18.62 17.45 10.75 38.11 8.10 26.17 55.81 

8 h 
mean 13.43 5.05 2.77 -0.34 2.44 5.04 6.96 7.98 3.58 -0.26 0.18 3.46 6.19 0.05 -0.43 5.25 

SD 27.03 7.58 8.35 0.26 3.83 14.52 20.48 31.52 7.22 7.85 1.18 6.26 14.34 4.66 20.62 18.03 

24 h 
mean 3.81 1.97 3.18 -0.46 1.01 -5.53 -5.09 10.80 2.58 2.08 -1.18 1.49 3.53 1.41 5.84 -6.13 

SD 1.90 0.89 2.19 0.18 0.67 3.32 4.16 4.16 1.27 2.31 1.75 0.47 2.29 0.82 4.08 3.49 
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Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

1 nM 

4 h 
mean 119.47 34.16 26.22 -0.59 16.29 32.83 51.12 56.09 19.72 8.50 45.24 22.15 39.95 7.21 20.20 29.40 

SD 60.10 22.13 33.72 0.59 14.89 49.35 69.26 72.35 19.20 17.46 16.75 13.80 49.68 10.31 31.08 65.23 

8 h 
mean 20.20 4.80 -3.41 -0.24 0.47 -10.82 -14.94 -2.11 3.04 7.67 0.84 3.53 0.29 -0.48 -1.49 -12.52 

SD 4.45 1.22 8.37 0.22 2.59 14.59 20.98 18.20 1.34 15.34 1.99 1.11 7.56 2.00 8.41 15.41 

24 h 
mean 3.55 2.37 4.82 -0.43 1.19 -3.50 -1.65 12.56 3.23 2.87 -2.15 1.72 5.46 1.60 7.36 -3.95 

SD 1.57 1.09 3.51 0.24 0.94 3.01 4.57 6.15 1.57 0.93 1.24 0.67 3.58 0.67 2.91 3.10 

10 nM 

4 h 
mean 131.22 34.98 24.94 -0.61 17.65 33.63 51.14 59.25 19.77 1.91 44.08 22.15 41.04 6.33 20.89 29.96 

SD 64.71 21.77 33.47 0.63 15.45 49.26 68.23 74.89 19.04 2.34 17.32 13.05 48.69 10.22 31.93 64.34 

8 h 
mean 16.47 5.86 -5.94 -0.29 0.91 -10.06 -12.18 -5.07 3.14 10.92 -0.35 4.65 -0.04 -0.48 -2.74 -11.87 

SD 8.26 2.83 9.90 0.22 2.53 17.52 22.01 16.88 2.63 19.91 0.84 2.80 11.12 2.44 8.58 16.85 

24 h 
mean 2.43 3.50 5.74 -0.28 1.37 -0.87 3.37 9.62 4.33 3.44 0.22 2.51 7.73 1.19 5.27 0.56 

SD 1.96 1.05 3.03 0.14 0.64 4.25 5.30 3.46 1.55 4.15 1.03 0.97 2.94 0.78 1.79 4.11 

100 nM 

4 h 
mean 128.81 37.49 24.78 -0.59 17.73 33.81 54.55 57.44 21.00 20.08 45.37 24.69 41.88 9.08 22.43 33.09 

SD 57.79 21.63 35.48 0.56 14.72 53.05 72.66 74.03 20.23 27.29 16.89 12.25 50.91 10.72 33.31 66.84 

8 h 
mean 19.03 8.05 -3.12 -0.29 2.22 -3.05 -1.77 0.53 5.46 2.37 -1.18 6.72 6.68 0.46 1.37 -3.18 

SD 4.10 2.14 8.15 0.22 1.89 10.74 17.47 14.34 2.36 3.78 0.85 1.87 7.16 2.04 6.64 12.17 

24 h 
mean 2.73 3.87 5.41 -0.26 2.82 8.97 16.01 16.97 5.33 6.01 -1.08 3.75 14.61 1.72 8.88 10.54 

SD 1.83 0.47 1.92 0.12 2.36 18.52 25.42 16.52 1.42 5.35 1.72 2.05 10.39 1.53 7.59 19.98 
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Supplementary Table 7 Uptake rates of amino acids and organic acids, which are not depicted in Chapter 3, of primary human hepatocytes cultivated in collagen monolayer culture under the 
influence of different insulin concentrations (0-100 nM) and 7 mM glucose (n=3). Positive values indicate uptake, negative values production in [fmol*(cell*h)-1]. Amino acids are abbreviated by 
the official three letter codes, FUM fumarate, PYR pyruvate. 

Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

0 nM 

4 h 
mean 40.98 -13.44 -18.98 -0.55 -13.49 -45.98 -69.55 -54.22 -8.23 -18.50 10.08 -11.24 -45.39 -4.33 -26.92 -51.59 

SD 18.87 12.75 33.55 0.24 10.13 41.79 77.73 50.55 10.87 18.28 5.17 11.46 35.21 4.52 29.53 45.41 

8 h 
mean 18.77 2.70 1.40 0.05 1.89 7.46 9.34 10.33 4.78 5.41 1.23 3.24 6.80 1.90 7.74 8.26 

SD 16.36 9.40 20.99 0.35 7.40 29.97 45.40 34.59 6.93 12.24 0.91 7.08 28.74 3.75 20.07 35.46 

24 h 
mean 5.82 1.62 1.89 -0.05 1.29 3.56 8.00 7.27 3.11 3.47 0.02 1.64 3.52 1.16 4.27 3.92 

SD 3.16 0.66 3.59 0.05 0.52 2.91 8.00 2.97 0.96 1.45 0.14 0.65 2.38 0.35 2.34 2.99 

0.1 nM 

4 h 
mean 54.25 -5.28 -13.51 -0.33 -6.80 -18.48 -29.12 -22.85 -2.08 -7.40 9.77 -4.04 -19.49 -1.21 -8.68 -20.57 

SD 17.26 3.15 5.99 0.15 3.43 10.40 28.30 16.54 3.01 4.95 5.06 3.64 9.60 1.34 7.13 10.33 

8 h 
mean 17.13 3.15 5.83 -0.06 3.17 9.22 12.88 15.16 4.62 5.96 1.63 2.93 7.86 1.94 8.44 9.30 

SD 8.96 2.51 4.81 0.08 2.52 8.49 13.62 11.76 2.55 4.05 1.26 2.19 8.32 1.42 6.98 9.65 

24 h 
mean 3.88 0.59 0.99 -0.06 0.53 0.40 3.08 3.38 2.29 1.99 0.00 0.82 0.36 0.68 2.06 0.07 

SD 2.43 0.39 1.04 0.01 0.31 1.49 5.35 1.45 0.46 0.91 0.13 0.37 1.31 0.15 1.17 1.54 

1 nM 

4 h 
mean 57.14 -2.25 -7.04 -0.36 -2.56 -9.37 -14.44 -7.80 0.78 -2.52 9.62 -1.62 -9.28 -0.12 -0.80 -10.27 

SD 16.07 1.37 8.18 0.31 2.12 4.92 10.70 5.18 0.63 2.23 4.70 1.27 11.78 1.72 3.23 8.72 

8 h 
mean 14.08 -0.05 -0.94 -0.01 0.03 -1.98 -4.30 -0.47 2.35 1.29 2.02 0.41 -0.21 0.62 1.23 -2.11 

SD 5.62 2.37 6.63 0.23 1.97 7.83 12.29 8.38 1.25 3.54 0.64 1.67 8.04 1.14 4.73 9.92 

24 h 
mean 4.10 0.83 1.63 -0.05 0.58 1.31 4.46 3.71 2.42 2.28 -0.10 1.16 1.32 0.88 2.29 1.37 

SD 2.56 0.59 2.12 0.03 0.50 2.69 6.43 1.90 0.55 1.31 0.24 0.50 2.34 0.23 1.33 2.96 

10 nM 

4 h 
mean 60.48 -1.76 -5.63 -0.32 -2.43 -8.14 -13.80 -9.16 1.19 -2.30 9.99 -1.04 -5.05 -0.09 -0.01 -7.49 

SD 16.38 1.52 8.48 0.16 1.80 4.80 13.82 5.78 0.64 2.59 4.63 1.45 10.86 1.89 2.07 9.75 

8 h 
mean 13.94 1.40 1.31 -0.05 1.11 2.62 3.20 5.99 3.36 2.93 1.54 1.82 3.06 1.09 3.56 2.55 

SD 4.14 1.17 3.59 0.07 0.87 3.77 5.63 3.92 1.23 2.27 0.86 1.17 3.80 0.79 2.39 4.50 

24 h 
mean 3.50 0.91 1.12 -0.07 0.61 1.35 4.65 3.96 2.51 2.27 -0.23 1.40 0.89 0.88 2.23 1.02 

SD 1.90 0.47 1.02 0.01 0.32 1.15 3.67 1.41 0.35 0.66 0.31 0.46 0.95 0.18 0.98 1.38 
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Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

100 nM 

4 h 
mean 49.12 16.73 -0.54 -1.11 -0.24 -1.76 -30.21 -5.01 1.63 1.00 5.19 1.73 -7.07 -0.12 0.19 0.96 

SD 38.74 24.75 4.75 1.28 0.96 2.82 29.17 5.59 1.51 0.97 11.97 1.49 14.15 2.72 3.09 4.71 

8 h 
mean 13.49 1.47 0.24 -0.05 1.21 0.38 -0.04 4.61 3.76 2.96 1.18 2.32 0.01 1.89 2.85 -0.23 

SD 5.80 1.88 5.83 0.07 1.31 5.42 7.18 5.82 1.88 3.31 1.64 2.04 4.71 2.72 2.64 7.78 

24 h 
mean 2.94 1.62 1.64 -0.08 0.96 2.41 6.83 5.31 3.06 3.00 -0.08 1.89 2.21 1.13 3.19 2.45 

SD 1.69 0.16 0.85 0.03 0.17 0.69 4.25 0.88 0.52 0.77 0.50 0.63 0.52 0.23 0.54 0.63 

 

 

 

Supplementary Table 8 Uptake rates of amino acids and organic acids, which are not depicted in Chapter 3, of primary human hepatocytes cultivated in collagen monolayer culture under the 
influence of different insulin concentrations (0-100 nM) and 25 mM glucose (n=3). Positive values indicate uptake, negative values production in [fmol*(cell*h)-1]. Amino acids are abbreviated by 
the official three letter codes, FUM fumarate, PYR pyruvate. 

Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

0 nM 

4 h 
mean 66.68 -1.86 -6.57 -0.57 -1.53 -12.34 -19.77 -19.99 0.01 -1.81 7.99 -1.61 -3.63 1.93 -3.61 -3.76 

SD 15.29 2.81 8.83 0.32 1.45 12.47 15.04 14.04 1.30 2.08 6.09 2.84 4.63 1.27 4.45 14.65 

8 h 
mean 13.49 1.51 3.28 -0.18 1.01 4.00 10.74 6.11 3.28 3.64 1.07 1.59 4.07 1.46 4.84 4.29 

SD 7.41 2.09 5.13 0.20 1.58 6.95 16.56 7.59 1.51 3.49 1.70 1.52 6.14 1.05 4.12 8.17 

24 h 
mean 2.90 0.74 1.30 -0.07 0.55 1.14 3.21 3.98 2.29 2.17 0.00 0.96 1.07 0.78 2.48 1.15 

SD 1.94 0.33 0.99 0.02 0.25 1.04 2.85 1.13 0.28 0.76 0.15 0.23 0.91 0.12 0.75 1.18 

0.1 nM 

4 h 
mean 70.39 0.06 -2.60 -0.62 -0.76 -6.28 -10.98 -14.92 1.16 0.75 7.61 -0.20 2.11 2.54 0.62 3.52 

SD 19.65 1.91 6.83 0.36 0.80 8.74 16.02 9.93 1.73 1.39 5.76 2.55 2.86 1.07 2.00 10.65 

8 h 
mean 10.49 0.75 2.70 -0.07 0.97 2.76 7.67 4.91 2.72 2.59 1.69 1.01 2.77 1.45 3.62 2.27 

SD 7.58 1.63 5.46 0.07 0.81 5.51 17.66 6.04 1.09 2.79 0.79 0.91 4.87 1.12 2.58 6.61 

24 h 
mean 2.79 0.60 1.04 -0.07 0.49 0.80 3.90 3.64 2.27 2.03 -0.12 0.89 0.65 0.75 2.21 0.56 

SD 2.09 0.32 1.33 0.02 0.24 0.93 3.92 0.93 0.23 0.74 0.28 0.13 1.03 0.11 0.52 1.27 
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Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

1 nM 

4 h 
mean 68.90 1.12 -1.01 -0.59 0.24 -1.60 -5.53 -9.03 1.70 1.45 7.69 0.55 4.87 2.75 2.44 5.59 

SD 15.08 2.30 3.99 0.29 1.09 7.23 18.90 10.34 2.62 3.32 5.56 3.26 5.00 0.47 2.31 4.54 

8 h 
mean 13.19 0.24 -0.93 -0.01 0.49 -0.93 -1.10 4.33 2.48 1.69 1.31 0.95 -1.50 1.00 1.77 -2.17 

SD 6.84 0.97 3.55 0.08 0.83 2.99 4.74 4.79 0.64 1.40 1.35 0.90 3.49 0.84 1.97 4.37 

24 h 
mean 2.63 0.67 1.28 -0.06 0.46 1.06 8.88 3.43 2.43 2.20 -0.02 1.04 0.77 0.83 2.21 0.84 

SD 1.83 0.34 0.81 0.02 0.33 0.63 14.22 1.42 0.52 0.69 0.22 0.41 0.64 0.13 0.80 0.56 

10 nM 

4 h 
mean 76.55 1.08 -2.30 -0.58 0.20 -3.68 -9.56 -10.81 1.26 0.55 7.32 0.30 8.07 1.96 1.17 3.95 

SD 13.66 1.56 6.73 0.34 1.59 3.58 17.64 5.13 3.19 4.47 5.07 1.94 6.37 1.63 5.62 10.35 

8 h 
mean 10.02 0.38 -0.97 -0.04 0.52 -0.75 2.58 4.05 2.77 1.08 1.57 0.98 -1.43 1.13 2.34 -1.59 

SD 5.76 0.93 2.42 0.10 0.86 2.45 11.37 4.28 0.63 1.54 1.26 0.65 3.19 0.98 1.93 2.74 

24 h 
mean 1.74 1.01 1.38 -0.05 0.39 2.09 5.99 5.55 2.76 2.50 -0.28 1.43 1.55 0.87 2.79 1.56 

SD 1.39 0.41 1.46 0.02 1.09 1.39 4.23 1.36 0.51 0.61 0.48 0.38 1.11 0.27 0.98 1.65 

100 nM 

4 h 
mean 65.81 -1.13 19.82 0.11 43.60 15.03 -6.27 -19.10 2.24 -3.24 8.57 10.32 6.31 -7.68 4.42 4.92 

SD 21.41 1.95 30.24 1.44 74.36 21.65 14.58 33.35 3.90 2.66 3.52 18.61 7.07 13.28 6.63 11.66 

8 h 
mean 12.86 1.32 6.88 -0.08 -0.81 4.88 1.74 5.19 2.48 4.05 1.64 0.80 3.35 1.33 3.51 5.28 

SD 9.40 1.38 6.08 0.10 6.59 5.76 4.47 8.10 1.27 2.95 1.06 4.16 4.80 3.20 1.73 4.27 

24 h 
mean 2.20 1.36 1.30 -0.08 1.13 1.92 3.98 5.13 3.01 2.66 -0.22 1.74 1.39 1.09 3.13 1.72 

SD 1.83 0.34 1.63 0.02 0.28 1.00 1.32 1.10 0.64 0.80 0.34 0.89 0.67 0.41 0.58 1.25 
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Supplementary Table 9 Uptake rates of amino acids and organic acids, which are not depicted in Chapter 3, of primary human hepatocytes cultivated in collagen sandwich culture under the 
influence of different insulin concentrations (0-100 nM) and 7 mM glucose (n=3). Positive values indicate uptake, negative values production in [fmol*(cell*h)-1]. Amino acids are abbreviated by 
the official three letter codes, FUM fumarate, PYR pyruvate. 

Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

0 nM 

4 h 
mean 54.28 2.61 -5.56 -442.31 -2.39 -7.51 -9.35 -10.87 -1.09 -3.09 47.46 -4.19 -6.41 0.38 -2.21 -8.69 

SD 13.80 3.50 17.93 89.34 2.99 6.17 10.28 7.39 1.99 3.42 35.69 2.07 7.19 1.28 4.32 7.62 

8 h 
mean 18.74 11.35 18.11 58.96 8.49 35.04 50.72 42.70 9.49 16.09 5.63 10.16 30.35 4.56 21.57 40.85 

SD 16.28 15.08 23.74 77.97 9.43 37.92 53.23 42.09 9.44 17.26 4.70 11.23 34.50 4.87 23.49 44.90 

24 h 
mean 4.73 2.31 2.25 -26.60 1.57 5.68 8.33 7.41 2.13 2.88 0.11 1.88 5.12 0.94 3.84 6.57 

SD 3.57 2.57 2.26 30.94 1.84 7.38 10.47 8.18 1.67 3.31 0.17 2.10 6.72 0.94 4.58 8.74 

0.1 nM 

4 h 
mean 52.74 4.19 3.47 -340.72 -0.52 -5.24 -3.17 -2.42 -0.34 -2.18 49.13 -3.97 -4.26 1.12 -0.61 -6.59 

SD 13.32 1.82 2.39 116.19 2.40 6.24 8.40 7.55 2.20 3.53 37.04 3.28 8.48 0.88 4.27 8.26 

8 h 
mean 19.81 9.92 7.98 37.71 6.61 27.56 39.57 31.60 7.79 13.12 3.91 8.16 23.38 3.80 17.33 32.49 

SD 17.33 15.40 11.94 46.83 11.25 42.97 61.05 48.61 10.41 19.49 3.11 12.25 39.73 6.03 26.52 50.92 

24 h 
mean 4.80 2.16 2.13 6.28 1.55 5.82 8.21 6.68 2.19 3.03 0.18 1.98 5.26 0.94 4.04 6.78 

SD 3.26 2.53 1.61 58.79 1.74 6.93 9.95 8.16 1.59 3.13 0.20 1.95 6.26 0.99 4.51 8.21 

1 nM 

4 h 
mean 53.16 2.68 -9.86 -208.48 -1.55 -3.46 -2.11 -1.41 -0.11 -0.97 49.03 -2.29 -4.52 0.59 0.48 -5.37 

SD 10.80 1.30 25.86 275.92 2.40 5.84 9.43 8.74 2.31 2.38 36.88 2.21 6.12 0.72 2.81 6.76 

8 h 
mean 20.86 10.89 14.98 10.80 8.41 29.54 41.43 32.69 8.04 13.75 4.26 8.40 28.66 4.23 18.82 35.13 

SD 16.36 15.21 31.03 68.04 11.04 43.80 61.73 49.31 10.59 20.00 3.34 12.23 38.78 5.68 27.07 52.41 

24 h 
mean 3.96 2.08 3.76 -0.64 1.31 5.06 7.08 5.86 1.96 2.64 0.09 1.67 4.47 0.92 3.53 5.93 

SD 2.86 2.80 6.14 41.25 2.15 7.92 11.08 8.74 1.82 3.58 0.16 2.22 7.22 1.06 5.02 9.39 

10 nM 

4 h 
mean 57.43 3.58 -4.07 -158.60 -0.39 -3.28 -2.27 -0.94 -0.13 -1.36 49.90 -2.45 -2.03 0.38 0.85 -4.97 

SD 9.66 3.16 18.80 258.15 2.94 6.81 10.17 7.41 2.54 3.39 37.83 3.16 7.30 0.94 4.08 7.50 

8 h 
mean 20.39 12.85 8.39 -103.28 7.87 29.00 39.91 29.90 8.17 14.08 3.19 8.28 24.16 5.31 18.40 35.10 

SD 16.64 18.76 20.07 87.03 11.81 43.24 59.65 42.29 10.74 20.26 3.77 12.08 36.16 7.80 27.13 52.66 

24 h 
mean 3.51 1.69 3.19 13.28 1.25 5.18 7.84 7.07 2.04 2.78 0.16 1.82 4.78 0.84 3.79 5.91 

SD 2.40 1.78 3.59 57.98 1.71 7.06 10.41 8.63 1.54 3.18 0.22 1.88 6.90 0.77 4.39 8.20 
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Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

100 nM 

4 h 
mean 67.16 10.54 -8.28 -31.93 2.15 1.32 2.66 2.87 2.75 2.69 49.57 -0.18 -2.05 3.25 5.00 1.87 

SD 11.70 10.37 19.94 123.60 3.49 6.64 8.30 6.03 3.88 4.37 37.13 3.97 3.04 3.05 4.46 9.73 

8 h 
mean 11.33 5.38 12.15 -8.80 4.61 21.73 30.58 23.47 5.57 9.50 3.45 5.99 20.94 2.18 13.64 25.38 

SD 18.51 11.31 23.64 87.41 10.68 43.09 61.72 49.39 10.24 19.04 3.06 11.34 42.23 4.79 26.13 50.46 

24 h 
mean 3.69 2.59 4.46 -0.07 1.52 5.79 8.63 7.33 2.13 2.96 0.10 1.86 5.73 0.90 4.10 6.60 

SD 2.42 2.53 4.05 0.00 1.56 6.79 10.07 8.58 1.56 3.07 0.17 1.89 6.38 0.75 4.28 7.82 

 

 

 

Supplementary Table 10 Uptake rates of amino acids and organic acids, which are not depicted in Chapter 3, of primary human hepatocytes cultivated in collagen sandwich culture under the 
influence of different insulin concentrations (0-100 nM) and 25 mM glucose (n=3). Positive values indicate uptake, negative values production in [fmol*(cell*h)-1]. Amino acids are abbreviated by 
the official three letter codes, FUM fumarate, PYR pyruvate. 

Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

0 nM 

4 h 
mean 51.27 2.91 3.86 -0.20 -1.56 -7.63 -6.88 -6.77 -0.88 -3.02 47.23 -4.57 -6.27 1.16 -2.25 -8.85 

SD 21.28 2.63 2.79 0.03 0.88 3.72 9.35 6.18 0.77 1.16 34.80 0.74 3.16 0.55 1.72 3.32 

8 h 
mean 34.92 6.67 12.54 -0.25 4.66 16.58 21.45 18.93 6.18 8.43 5.39 4.04 16.17 3.08 12.66 20.30 

SD 36.36 7.41 14.83 0.09 5.72 18.79 23.37 22.35 6.38 9.61 3.64 4.06 18.72 3.48 14.28 23.80 

24 h 
mean 8.35 2.45 4.83 -0.01 1.74 6.93 9.56 7.84 2.34 3.40 0.23 1.85 6.19 1.10 4.73 8.44 

SD 8.70 3.81 7.18 0.00 2.87 11.90 16.31 13.02 2.32 5.06 0.17 2.73 10.99 1.47 7.32 14.59 

0.1 nM 

4 h 
mean 56.40 3.90 4.50 -0.12 -0.84 -6.51 -5.18 -0.77 -0.05 -2.26 47.81 -4.13 -6.13 1.64 -1.15 -8.23 

SD 18.16 2.70 3.41 -0.21 1.45 4.85 10.87 7.45 1.78 2.74 35.24 1.93 4.78 0.87 2.95 5.05 

8 h 
mean 36.97 6.88 11.15 -0.29 4.69 14.88 18.74 20.18 6.83 8.76 4.84 4.56 14.07 3.61 13.23 17.51 

SD 39.64 10.82 18.66 0.01 7.00 26.77 35.76 31.47 9.43 14.31 3.60 7.73 25.40 5.59 20.45 32.39 

24 h 
mean 8.93 3.08 6.01 -0.01 2.14 8.68 11.90 10.45 2.70 4.08 0.22 2.34 7.80 1.27 5.73 10.37 

SD 8.59 3.37 7.30 0.00 2.62 10.85 14.63 11.54 2.06 4.59 0.12 2.39 10.07 1.34 6.63 13.37 
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Ins conc Time   ARG ASN ASP FUM HIS ILE LEU LYS MET PHE PYR SER THR TRP TYR VAL 

1 nM 

4 h 
mean 62.23 4.84 5.79 -0.21 0.72 -0.16 2.06 7.83 1.23 0.27 48.49 -1.69 0.35 1.89 2.96 -2.26 

SD 15.05 4.67 6.33 0.02 2.37 14.38 22.69 21.42 2.73 4.52 35.74 3.41 9.41 1.31 6.97 13.31 

8 h 
mean 36.52 7.30 12.39 -0.36 4.57 16.59 21.64 21.25 7.20 9.49 3.93 4.98 16.60 3.85 14.36 19.42 

SD 41.91 10.57 17.55 0.04 7.02 25.04 33.66 31.69 9.40 13.72 2.68 7.48 23.51 5.33 20.09 29.53 

24 h 
mean 8.47 2.58 5.08 -0.02 1.87 7.44 10.04 8.52 2.40 3.53 0.28 1.92 6.90 1.17 4.99 8.95 

SD 9.38 3.73 7.04 0 2.84 11.71 16.04 13.05 2.33 5.01 0.20 2.69 10.78 1.42 7.23 14.22 

10 nM 

4 h 
mean 66.25 5.37 7.03 -0.23 1.39 2.07 3.94 11.33 1.75 0.97 48.63 -1.19 4.24 2.20 4.59 -0.19 

SD 11.16 6.54 9.15 0.03 3.08 19.73 30.42 25.95 4.21 6.88 35.85 5.09 12.08 1.67 10.14 19.46 

8 h 
mean 35.11 6.66 10.61 -0.34 5.03 14.86 19.51 20.93 6.94 8.84 4.10 4.41 16.87 2.98 12.96 17.25 

SD 44.82 10.98 18.22 0.02 7.15 25.71 33.88 32.25 9.80 14.31 2.94 7.76 24.04 5.79 20.93 30.00 

24 h 
mean 8.87 2.94 5.69 -0.02 2.13 8.37 11.51 10.07 2.67 4.03 0.23 2.23 7.67 1.33 5.56 10.04 

SD 8.93 3.51 6.68 0 2.67 11.11 15.04 12.13 2.17 4.66 0.15 2.48 10.19 1.35 6.86 13.50 

100 nM 

4 h 
mean 63.92 4.64 5.33 -0.24 1.82 -0.23 -0.72 9.17 1.26 -0.01 49.50 -2.60 22.55 2.23 3.07 -2.03 

SD 8.79 3.94 5.37 0.02 1.78 13.67 23.75 19.15 3.37 4.98 36.54 3.45 36.80 1.91 6.95 11.94 

8 h 
mean 39.68 8.51 13.13 -0.36 5.19 17.73 24.35 24.67 8.36 10.76 3.34 5.86 25.54 4.41 16.05 20.85 

SD 41.28 10.31 16.90 0.02 6.76 21.94 28.12 29.48 9.53 13.42 2.15 7.00 26.76 5.98 19.37 26.74 

24 h 
mean 10.58 6.03 11.37 0 4.26 18.97 27.01 21.24 4.81 8.62 0.14 5.09 12.38 2.48 11.80 22.84 

SD 11.68 5.42 10.40 0 4.18 18.16 25.20 19.40 3.67 7.72 0.11 4.35 17.29 2.09 10.95 22.10 
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Supplementary Figure 12 Percentages of glycine with the mass m+1 of PMH cultivated in collagen ML and SW culture 
with [U-13C5] glutamine. Black indicates incubation without insulin, red indicates incubation with 100 nM insulin, m+1 
pointing to the number of labeled carbons. Error bars indicate standard deviation (N=2; n=6). Abbreviations: Ins Insulin. 
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Supplementary Figure 13 Separate albumin production rates of the three single human donors cultivated in collagen 
monolayer culture 7 or 25 mM glucose and different concentrations of insulin (ins) (0-100 nM). Error bars indicate standard 
deviations (n=3). 
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Supplementary Figure 14 Separate albumin production rates of the three single human donors cultivated in collagen 
sandwich culture 7 or 25 mM glucose and different concentrations of insulin (ins) (0-100 nM). Error bars indicate standard 
deviations (n=3). 
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Supplementary Figure 15 Degradation of insulin by primary mouse hepatocytes cultivated in collagen monolayer (ML) 

and sandwich (SW) culture. The cells were cultivated with 7 and 25 mM glucose (gluc) und different concentrations of 

insulin (ins) (0-100 nM). The remaining amounts of insulin [%| are depicted. Error bars indicate standard deviations 

(n=3). 
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Supplementary Figure 16 Degradation of insulin by primary human hepatocytes cultivated in collagen monolayer (ML) 
and sandwich (SW) culture. The cells were cultivated with 7 and 25 mM glucose (gluc) und different concentrations of 
insulin (ins) (0-100 nM). The remaining amounts of insulin [%| are depicted. Error bars indicate standard deviations 
(n=3). 
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Supplementary Figure 17 Nitrogenbalance of PMH. Percentage of nitrogen from taken up amino acids found in produced 
urea and albumin over 24 h. 
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Supplementary Figure 18 Nitrogenbalance of PHH. Percentage of nitrogen from taken up amino acids found in produced 
urea and albumin over 24 h. 
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