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The liver is the central metabolic hub in organisms and a complex, intertwining regulatory 

network guarantees efficient liver processes. The morphogenic Hedgehog pathway was 

recently shown to play a role in regulating the underlying genetic program. Transgenic 

mouse models with hepatocyte-specific inactivation of Hedgehog signaling showed 

alterations in insulin-like growth factor homeostasis and in energy metabolism associated 

with increased lipid accumulation in the liver. In this thesis, it was possible to connect the 

observed infertility of female knockout mice with an unexpected activation of sex steroid 

synthesis in the liver. Associated with increased steroidogenic gene expression exclusively in 

hepatocytes, the plasma testosterone level was significantly elevated, which led to 

androgenization and an anovulatory phenotype. With these characteristics, the mouse model 

mimicked the human polycystic ovarian syndrome and suggested an influence of liver and 

hepatic Hedgehog signaling on reproduction under disease conditions. 

Further, murine liver metabolism was challenged with starvation starting at different times of 

day. The transcriptomic results were analyzed with a self-organizing map approach, allowing 

an intuitive interpretation of data and a thus far unknown diurnally different response of 

hepatic regulatory mechanisms due to starvation was revealed. In contrast to the manifoldly 

published and observed switch from energy-consuming to energy-providing processes due to 

starvation started in the morning, evening starvation led to a novel hepatic expression 

signature with decreased gluconeogenic gene expression and increased levels of lipid and 

steroid metabolism-related genes. These differences can be explained by the equally 

diurnally regulated expression of the corresponding regulatory transcription factors and 

hormones. Additionally, lipidome analysis confirmed the diurnal differences after starvation. 

Thus, this study emphasized the immense impact of circadian regulation on liver metabolism 

and suggests high accuracy when starvation is the focus of research to avoid varying results. 
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SUMMARY 

The liver is the central metabolic hub in organisms. Both the synthesis and the degradation 

of carbohydrates, lipids and proteins are carried out by the liver to ensure energy 

homeostasis. Many essential serum proteins, such as albumin and coagulation and 

complement factors, are synthesized and secreted by the liver. Furthermore, the liver 

synthesizes bile acids, which are used to eliminate metabolites and increase the solubility of 

lipophilic molecules in the intestine. All these functions can be simultaneously carried out by 

hepatocytes because of the special architecture of the tissue, which separates opposing 

reactions spatially. 

A complex, intertwining regulatory network is the basis for efficient liver metabolism. In 

addition to hormones and growth factors, the morphogenic pathways Wnt/β-catenin and 

Hedgehog were recently identified to contribute to the regulation of the underlying genetic 

program. Additionally, metabolites act as signaling molecules, and the absence of food and 

prolonged starvation lead to regulatory mechanisms that dramatically alter liver metabolism 

to ensure a sufficient supply for the organism. Further, the role of the endogenous oscillation 

of physiological processes, called circadian rhythm, has gained much of importance in recent 

decades, and it was shown that the entire liver metabolism is synchronized with daytime and 

periods of activity. In the present thesis, the alterations in hepatocyte metabolism caused by 

i) changed signaling and ii) diurnally timed starvation were investigated in murine systems. 

 

To study the role of morphogenic signaling in adult hepatocytes, mouse models with a 

hepatocyte-specific deletion of Smoothened (Smo) were established. Since the trans-

membrane receptor SMO is essential to activate intracellular signaling and finally target gene 

expression, the Hedgehog pathway is down-regulated in these murine systems. Our previous 

work demonstrated a key role of hepatic Hedgehog signaling in the insulin-like growth factor 

axis and lipid metabolism associated with steatosis, which were new functions beside the 

long-known involvement in embryogenesis, regeneration and tumorigenesis. In the current 

work, female mice were examined, and it was possible to characterize the observed infertility 

and identify possible causes.  

Two Smo knockout (KO) mouse models were used. The hepatocyte-specific Smo deletion 

was induced embryonically in the SAC mice, which were analyzed at 3 months of age. 

Alternatively, the KO was induced conditionally in the SLC mice after adolescence at 

2 months of age to avoid the possible influence of the deleted Smo gene on prenatal liver 

development. The SLC mice were analyzed at 3 and 8 months of age. In addition to histo-
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logical evaluations, the transcriptome was investigated by microarrays and quantitative real-

time PCR (qPCR), and the steroid levels were determined by liquid chromatography-tandem 

mass spectrometry. 

The embryonic KO of Smo in female SAC mice was associated with androgenization 

characterized by a 3.3-fold increase in plasma testosterone level at 3 months of age 

compared to that of the wild type (WT). These changes resulted from an unexpected 

induction of expression of genes related to sex steroid synthesis, such as the steroidogenic 

acute regulatory protein (Star) and the steroid 17α-hydroxylase (Cyp17a1), in hepatocytes of 

SAC-KO mice but not in the classic steroidogenic organs. Generally, steroidogenesis is 

located in the ovaries and adrenal glands, and thus far, it was assumed that steroidogenesis 

occurs in the liver only during embryogenesis and is down-regulated afterwards. Along with 

the elevated testosterone levels, infertility characterized by juvenile reproductive organs and 

acyclicity was observed in the female SAC-KO mice. Further, folliculogenesis was disturbed 

and associated with an anovulatory phenotype and lack of corpora lutea formation. Analysis 

of the SLC mice, the second Smo KO model, revealed that at 3 months of age, the fertility 

was not significantly altered, indicating that Hedgehog KO in the adult liver could not directly 

reverse the already initiated ovarian cycle. However, after an extended period of 8 months, 

the results of SAC-KO mice were confirmed in SLC-KO mice with a similar induction of 

steroidogenic gene expression in the liver and a reduced number of corpora lutea in the 

ovaries. 

Infertility is a major medical issue, and human polycystic ovarian syndrome (PCOS) is the 

most common cause of this condition in women of childbearing age. PCOS is characterized 

by chronic anovulation, hyperandrogenism and/or polycystic ovaries and is associated with 

steatosis. The infertility caused by the deletion of hepatic Hedgehog signaling in the SAC-KO 

mice resembles the clinical symptoms of PCOS. These parallels suggest further investigation 

of the regulation of Hedgehog signaling and liver parameters in general in PCOS patients. 

Overall, down-regulation of hepatic Hedgehog signaling was shown to lead to an impaired 

hormonal balance by induction of steroidogenesis in the female liver and to result in 

androgenization and infertility. This finding indicates that the liver may influence reproduction 

crucially under disease conditions. 

 

In the second part, feeding alterations were used to challenge the liver and investigate its 

regulatory and metabolic responses. Fasting has been studied for decades, and it is 

commonly accepted that upon prolonged starvation, liver metabolism switches from 

lipogenesis and glycogenesis to β-oxidation, gluconeogenesis and ketogenesis, which are 

regulated by hormones such as insulin and glucagon. It is also known that the oscillation of 
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processes adapts the physiology to external factors. In addition to the master regulator in the 

brain, the suprachiasmatic nucleus (SCN), each organ maintains its own circadian regulation 

coupled with that of the SCN. Beside the synchronization by the SCN, the liver clock is 

entrained and can be disturbed by sleeping and eating alterations, which can dramatically 

influence lipid homeostasis and lead to metabolic syndrome. However, knowledge of the 

effects of starvation started at different times of day is scarce. Thus, the present work 

examined the influence of diurnally timed starvation periods on liver metabolism and 

revealed immensely different transcriptomic and metabolic effects. 

Male and non-transgenic C57BL/6N mice were starved for 24 h beginning in the morning and 

the evening, coupled with refeeding for different lengths of time, and were compared with 

ad libitum-fed control mice. The transcriptomic and lipidomic profiles of primary hepatocytes 

were analyzed on a global level. The transcriptomic results, obtained by microarrays, were 

analyzed with a rarely used but powerful approach called self-organizing map (SOM). SOMs 

are artificial neural networks used to reduce the complexity of high-dimensional data by 

clustering similarly expressed genes. For each resulting so-called metagene it can be 

determined whether its expression is higher or lower compared to the mean expression of 

this metagene in the analyzed pool. The metagenes are visualized on two-dimensional 

maps, and a color gradient indicates the expression levels. Thus, SOMs provide an overview 

of expression trends and allow an intuitive and unbiased interpretation of the data. 

In contrast to the manifoldly published starvation response explained above, which was 

observed after starvation initiated in the morning, evening starvation led to a novel hepatic 

expression signature. The expression of gluconeogenic genes was decreased, and genes 

involved in β-oxidation and ketogenesis were unchanged after 24 h of starvation started in 

the evening compared to those of ad libitum samples. Genes related to lipid and steroid 

metabolism showed increased expression levels. Further, we showed an induction of 

steroidogenic gene expression, especially Cyp17a1, following starvation. One reason for this 

unexpected expression pattern may be the levels of the corresponding regulators. Key 

transcription factors of the hepatic fasting response include the peroxisome proliferator 

activated receptor (PPAR) family, whose expression was increased in a known manner after 

starvation started in the morning but decreased in the evening. Also the expression of 

fibroblast growth factor 21 (Fgf21), which activates gluconeogenesis and ketogenesis, was 

only highly elevated following morning starvation and much less in the evening. The 

differential regulation after morning and evening starvation was also reflected at the lipidomic 

level. The accumulation of hepatocellular storage lipids (triacylglycerides and cholesteryl 

esters) was significantly higher after the initiation of starvation in the morning compared to 

the evening. In a further approach, the mice were refed for 12 h and 21 h after the same 24 h 
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starvation period started in the evening. The gene expression pattern after 12 h of refeeding 

largely resembled that of the corresponding starvation state but approached the ad libitum 

control level after refeeding for 21 h. 

The results demonstrate that the timing of food restriction altered the influence of starvation 

on hepatocytes and provide new knowledge about expression levels after starvation started 

and terminated in the evening. Due to differences in the timing and lengths of starvation 

periods used in different research groups, the variance in published results is considerable 

and suggests that a circadian influence cannot be neglected when different feeding regimes 

and starvation are the focus of research or medical treatment. 
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ZUSAMMENFASSUNG 

Die Leber ist eines der größten Organe des Organismus und für vielfältige katabole und 

anabole Prozesse essentiell. Durch den Auf- und Abbau von Kohlenhydraten, Lipiden und 

Proteinen leistet die Leber einen entscheidenden Beitrag zur Aufrechterhaltung der Energie-

homöostase. Zusätzlich synthetisiert und sekretiert sie viele essentielle Serumproteine wie 

Albumin, Koagulations- und Komplementfaktoren. Ferner ist die Leber für die Gallensäure-

bildung und damit den Fremdstoffmetabolismus unerlässlich, um Metabolite auszuscheiden 

und die Löslichkeit von lipophilen Molekülen im Darm zu erhöhen. Bedingt durch die einzig-

artige Architektur der Leber wird eine räumliche Trennung von Prozessen ermöglicht, wo-

durch die beschriebenen Stoffwechselreaktionen parallel ablaufen können. 

Grundlage für einen effizienten Leberstoffwechsel ist eine komplexe, ineinandergreifende 

Regulation. Zusätzlich zu Hormonen und Wachstumsfaktoren wurden die morphogenen 

Signalwege Wnt/β-Catenin und Hedgehog identifiziert, die maßgeblich zur Regulation des 

zugrundeliegenden Transkriptoms beitragen. Auch Metabolite haben eine Signalfunktion und 

das Ausbleiben von Nährstoffen und Hunger sorgen für eine Adaptation des Leber-

metabolismus, um auch dann eine ausreichende Energieversorgung des Körpers zu sichern. 

Seit einigen Jahren kommt außerdem der endogenen Oszillation von physiologischen Pro-

zessen, der circadianen Rhythmik, eine erhöhte Beachtung zu und es wurde gezeigt, dass 

auch der gesamte Lebermetabolismus einer Synchronisierung in Abhängigkeit der Tageszeit 

und Aktivität unterliegt. In der vorliegenden Arbeit wurde die Adaptation des hepatischen 

Metabolismus nach 1) Eingriff in die Signalgebung und 2) zu verschiedenen Tageszeiten be-

gonnenen Hungerphasen im murinen System untersucht. 

 

Um die Bedeutung des morphogenen Hedgehog-Signalwegs in der adulten Leber zu er-

forschen, wurden transgene Mäuse mit einer hepatozytenspezifischen Deletion von 

Smoothened (Smo) gezüchtet. Da der Transmembranrezeptor SMO essentiell für die Akti-

vierung des intrazellulären Signalwegs und der Zielgenexpression ist, wird der Hedgehog-

Signalweg in diesen Mausmodellen inhibiert. In früheren Arbeiten konnten wir dadurch 

zeigen, dass der hepatische Hedgehog-Signalweg die Insulin-like growth factor Expression 

reguliert und den Lipidmetabolismus so beeinflusst, dass es zur Ausbildung einer 

Lipidakkumulation in der Leber (Steatose) kommt. In der vorliegenden Arbeit konnte die zu-

sätzlich auftretende Infertilität der weiblichen transgenen Mäuse charakterisiert werden. 

Für die Untersuchungen wurden zwei Mausmodelle mit hepatozytenspezifischem Smo 

Knock-out (KO) verwendet. In den SAC-Mäusen wurde Smo während der embryonalen Ent-
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wicklung ausgeschaltet und die Mäuse wurden im Alter von drei Monaten analysiert. In den 

SLC-Mäusen wurde der KO nach Abschluss der Wachstumsphase im Alter von zwei Mo-

naten induziert, um einen möglichen Einfluss der Smo Deletion auf die pränatale Leberent-

wicklung auszuschließen. Die SLC-Mäuse wurden ebenfalls im Alter von drei und zusätzlich 

nach acht Monaten untersucht. Neben histologischen Untersuchungen wurde das 

Transkriptom mittels Microarray und quantitativer real-time PCR (qPCR) analysiert sowie die 

Konzentration der Steroidhormone durch Flüssigkeitschromatografie gekoppelt mit Massen-

spektrometrie bestimmt. 

Der embryonale Smo KO in den weiblichen SAC-Mäusen ging mit einer Androgenisierung 

einher, die durch eine 3,3-fache Erhöhung der Testosteronkonzentration im Plasma gekenn-

zeichnet war. Dieser Anstieg war die Folge einer unerwarteten Aktivierung der Expression 

von Genen der Steroidhormonsynthese, wie des steroidogenic acute regulatory protein (Star) 

und der Steroid-17α-Hydroxylase (Cyp17a1), die ausschließlich in den Hepatozyten der 

SAC-KO-Mäuse jedoch nicht in den Gonaden beobachtet wurde. Grundsätzlich ging man 

davon aus, dass die Steroidhormonsynthese in den Ovarien und Nebennieren stattfindet und 

in der Leber nur während der Embryonalentwicklung eine Rolle spielt. Die enorme Erhöhung 

der Testosteronwerte wurde als wesentliche Ursache von unvollständig entwickelten Repro-

duktionsorganen und der damit einhergehenden Infertilität in den SAC-KO-Mäusen identi-

fiziert. Es wurde weder ein Menstruationszyklus noch eine vollständige Follikelreifung beob-

achtet, sodass keine Ovulation und Entstehung von Gelbkörpern festgestellt werden 

konnten. Analoge Untersuchungen an den SLC-Mäusen, dem zweiten Smo KO Mausmodell, 

im Alter von drei Monaten zeigten keine signifikante Beeinflussung der Fertilität, da ver-

mutlich die Hedgehog-Inhibition in der adulten Leber einen bereits begonnenen Ovarial-

zyklus nicht beeinflussen kann. Dahingegen konnten nach acht Monaten die Ergebnisse der 

SAC-KO-Mäuse bestätigt werden. In den SLC-KO-Mäusen wurde ebenfalls eine Induktion 

von Genen der Steroidhormonsynthese in Hepatozyten und eine signifikant verminderte An-

zahl von Gelbkörpern in den Ovarien nachgewiesen. 

Infertilität ist ein bedeutsames medizinisches Thema und das humane polyzystische Ovar 

Syndrom (PCOS) ihre häufigste Ursache bei Frauen im gebärfähigen Alter. PCOS ist 

gekennzeichnet durch chronische Zyklusstörung, erhöhte Androgenspiegel und/oder poly-

zystische Ovarien häufig einhergehend mit Steatose. Die durch die hepatische Deletion des 

Hedgehog-Signalwegs ausgelöste Infertilität der SAC-KO-Mäuse ähnelt dem klinischen Bild 

der PCOS sehr stark. Diese Parallelen legen Untersuchungen der Regulation des 

Hedgehog-Signalwegs und allgemeinen Leberparametern in PCOS Patientinnen nahe. 

Außerdem zeigen die Ergebnisse, dass die Leber die Reproduktion entscheidend beein-

flussen kann, wenn krankhafte Veränderungen im Organismus vorliegen. 
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Im zweiten Teil der Studie wurden Veränderungen in der Fütterung von Mäusen genutzt, um 

die darauffolgende regulatorische und metabolische Reaktion der Leber zu untersuchen. Der 

Einfluss von Hunger wird seit Jahrzehnten untersucht und es ist allgemein anerkannt, dass 

der Lebermetabolismus durch längere Hungerphasen von der Lipid- und Glykogensynthese 

auf β-Oxidation, Gluconeogenese und Ketogenese umschaltet. Dies wird durch Hormone wie 

Insulin und Glucagon reguliert. Außerdem ist bekannt, dass durch circadiane Regulations-

mechanismen physiologische Prozesse an veränderte Umweltbedingungen angepasst 

werden. Zusätzlich zu dem Nucleus suprachiasmaticus (SCN) im Gehirn, dem überge-

ordneten Regulator der circadianen Rhythmik, generiert jedes Organ eine eigene Rhythmik. 

Neben der Synchronisierung mit dem SCN kann die Leberrhythmik durch Veränderungen im 

Schlaf- und Essverhalten beeinflusst oder gar gestört werden, was große Auswirkungen auf 

die Lipidhomöostase hat und zum metabolischen Syndrom führen kann. Das Wissen 

hinsichtlich des unterschiedlichen Einflusses von zu verschiedenen Tageszeiten gestarteten 

Hungerperioden ist jedoch sehr gering, sodass in der vorliegenden Arbeit die zugrunde-

liegende Regulation des Lebermetabolismus untersucht wurde. 

Dazu wurde männlichen, nicht-transgenen C57BL/6N Mäusen, beginnend am Morgen und 

am Abend, das Futter für 24 h entzogen. Zusätzlich wurden Mäuse nach der Hungerphase 

für verschiedene Perioden wieder gefüttert. Als Kontrolle erhielt eine dritte Gruppe das Futter 

ad libitum. Das Transkriptom und das Lipidspektrum der primären Hepatozyten wurden an-

schließend umfassend untersucht. Die Expressionsdaten wurden mittels Microarrays 

erhoben und mit Selbstorganisierenden Karten (SOM), einer wenig verwendeten aber 

wirkungsvollen Methode, analysiert. SOMs sind künstliche neuronale Netzwerke, die es er-

möglichen Gene mit ähnlichem Expressionsprofilen zu Metagenen zu gruppieren und so die 

Komplexität von Daten zu verringern. Für jedes resultierende Metagen kann definiert 

werden, ob dessen Expression höher oder niedriger ist, verglichen mit der durchschnittlichen 

Expression dieses Metagens in allen untersuchten Proben. Die Metagene werden auf einer 

zweidimensionalen Karte dargestellt, wobei ein Farbgradient das Expressionslevel wider-

spiegelt. Dadurch bietet die SOM einen intuitiven und unverzerrten Überblick über die Ex-

pressionssignatur und erlaubt einfachere Vergleiche zwischen einzelnen Experimenten. 

Entgegen der vielfach publizierten Regulationen in Folge von Hunger, die weiter oben be-

schrieben und nach der am Morgen begonnenen Hungerphase beobachtet wurden, zeigte 

die am Abend initiierte 24-stündige Hungerphase eine andere, neue Expressionssignatur. 

Dabei wurde die Expression von Genen der Gluconeogenese herunterreguliert. Gene der β-

Oxidation sowie Ketogenese waren dabei unverändert verglichen mit der Expression in 

ad libitum gefütterten Mäusen. Gene verantwortlich für den Lipid- und Steroidmetabolismus 

wurden hingegen höher exprimiert. Auch die Expression der Gene, die für die Steroid-
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hormonsynthese nötig sind und insbesondere Cyp17a1, war erhöht durch diese Hunger-

phase. Ein Grund für dieses unerwartete Expressionsmuster könnten die Level der 

dazugehörigen Regulatoren sein. Die Mitglieder der Peroxisom-Proliferator-aktivierten 

Rezeptoren (PPAR) Familie sind entscheidende Transkriptionsfaktoren bei der Anpassung 

des Lebermetabolismus an Hunger und zeigten die bekannte erhöhte Expression nach der 

Hungerphase am Morgen, wohingegen am Abend eine reduzierte Expression nachgewiesen 

wurde. Auch der Fibroblasten-Wachstumsfaktor 21 (Fgf21), der für die Aktivierung von 

Gluconeogenese und Ketogenese unerlässlich ist, wurde nur nach der morgendlichen 

Hungerphase deutlich erhöht exprimiert, zeigt am Abend jedoch lediglich einen geringen 

Anstieg. Die unterschiedliche Regulation in Folge von Hunger beginnend am Morgen und am 

Abend wurde auch in den Lipidprofilen der Hepatozyten deutlich. Die Akkumulation von 

hepatischen Speicherlipiden, wie Triacylglyceriden und Cholesterinestern, war signifikant 

höher nach der Hungerphase, die am Morgen begonnen hat, als nach der am Abend. In 

einem weiteren Versuch wurde Mäusen nach der gleichen 24-stündigen Hungerphase 

beginnend am Abend entweder 12 h oder 21 h wieder Zugang zu Futter ermöglicht. Das 

Muster der Genexpression nach 12 h Fütterung glich größtenteils dem der dazugehörigen 

Hungerphase, wohingegen nach 21 h eine Annäherung an die Expression der ad libitum 

Kontrolle erfolgte. 

Die Ergebnisse zeigen, dass die Uhrzeit des Nahrungsentzugs die Reaktion der Leber 

deutlich beeinflusst und liefern somit neue Erkenntnisse über die Effekte von einer am Abend 

begonnenen Hungerphase. Durch die unterschiedlichen Startzeiten und Längen von 

Hungerphasen, die in verschiedenen Forschungsgruppen verwendet werden, ist die Varianz 

in publizierten Ergebnissen sehr hoch. Dies legt nahe, dass es essentiell ist, auf den 

circadianen Einfluss zu achten, wenn verschiedene Fütterungsregime und Hunger in der 

Forschung oder Medizin untersucht werden. 
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INTRODUCTION 

Liver architecture and metabolism 

In mammals, the liver has a central role in orchestrating metabolic processes. This role is 

realized by hepatocytes, representing approximately 70% of the total cell quantity 

(Jungermann et al., 1986). On one hand, the liver is the center of regulating energy 

homeostasis. Nutrients absorbed by the intestine are carried to the liver by the portal vein. 

Dependent on the energy balance, hepatocytes store excess glucose as glycogen and 

synthesize fatty acids or secrete glucose originating from glycogenolysis and gluconeo-

genesis and metabolize lipids (Rui, 2014). On the other hand, the liver produces essential 

serum proteins, including albumin, coagulation and complement factors and growth factors, 

such as insulin-like growth factor 1 (IGF1) (Heinrich et al., 2014). In addition, the liver is 

essential for bile acid synthesis coupled with detoxification and xenobiotic metabolism. 

 

Figure 1. Architecture of the 
liver lobule. The liver consists 
of liver lobules. The blood of a 
branch of the portal vein and the 
liver artery (periportal region) 
flows through the sinusoids, 
which are wrapped up with 
hepatocytes and is collected in 
the central vein (pericentral 
region). Bile acids are secreted 
to the canaliculi, which enter a 
bile duct. The arrows indicate 
the flow direction. 

 

The special architecture of the liver thereby allows the simultaneous performance of these 

diverse functions. The smallest units of the liver are the liver lobules, which have an almost 

hexagonal shape. Each lobule is characterized by the portal triads at the corners with a 

branch of the portal vein and the hepatic artery, delivering the blood, and a bile duct, 

collecting the produced bile acids. Each lobule is crossed by radially arranged sinusoids, the 

smallest capillary of the liver. In the sinusoids, nutrient-rich blood from the portal vein and 

oxygen-rich blood of the artery pass through towards the central vein (Ishibashi et al., 2009). 

Along all sinusoids formed by endothelial cells, hepatocytes are located, exchanging 

metabolites with the blood (Figure 1). 
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Diverse possibilities of liver metabolism regulation 

Liver metabolism needs to be regulated to ensure i) efficient processes within the 

hepatocytes and ii) the adaption to the requirements of the entire organism. 

The first point is guaranteed by the so-called metabolic zonation. Even if the hepatocytes 

along the sinusoids appear homogeneous by light microscopy, they are enormously hetero-

geneous on the cellular level with regard to the achieved physiological functions. The 

partially energetic opposing, biochemical processes are localized in different parts of the 

parenchyma. In the periportal region around the portal triads, gluconeogenesis, fatty acid 

oxidation and urea synthesis occur, while the hepatocytes around the central vein in the peri-

central region carry out glucose uptake, bile acid synthesis and biotransformation (Gebhardt, 

1992). In recent decades, many concepts have been postulated regarding how metabolic 

zonation is established and maintained in the liver parenchyma. In addition to gradients of 

nutrients, oxygen and hormones, the morphogenic Wnt/β-catenin signaling pathway was 

identified as a major regulator of zonation and the underlying genetic program 

(Benhamouche et al., 2006; Kietzmann, 2017). 

Concerning the adjustment of liver metabolism to the organism’s needs, on one hand, 

hormones and growth factors are responsible, as well as metabolites acting as signaling 

molecules, such as bile acids, which were recently shown to regulate nutrient absorption and 

homeostasis in addition to their long-known function as solubilizers in the intestine (Chiang, 

2013). On the other hand, environmental factors, such as the diet and circadian rhythms, 

make a significant contribution to liver metabolism regulation. 

Connection of Hedgehog signaling to hepatic metabolism 

In addition to the Wnt/β-catenin signaling, the morphogenic Hedgehog pathway was recently 

associated to liver metabolism regulation (Gebhardt and Matz-Soja, 2014). Generally, the 

Hedgehog pathway, initially discovered in Drosophila melanogaster (Nüsslein-Volhard and 

Wieschaus, 1980), is involved in various developmental processes during embryogenesis 

(Ingham and McMahon, 2001). In the adult organism, the Hedgehog pathway retains its 

function to regulate proliferative processes of stem cells and regeneration, but malfunction 

leads to malignant degeneration of cells and tumor development (Fattahi et al., 2018). In the 

adult liver, non-parenchymal cells (stellate cells and cholangiocytes) are known to express 

Hedgehog pathway components. In particular, if regenerative processes are activated, such 

as after partial hepatectomy, this pathway is essential (Ochoa et al., 2010). However, the 

expression of Hedgehog components in hepatocytes is at a lower level and was controversial 

for a long time (Omenetti et al., 2011; Kietzmann, 2017). With the establishment of trans-
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genic mouse models with a hepatocyte-specific knockout (KO) of Smoothened (Smo), it was 

possible to show the relevance of Hedgehog signaling in hepatocytes. 

First, some mechanistic details about the pathway will help to understand the regulation in 

the mouse models. The impact of canonical Hedgehog signaling is mediated by activator and 

repressor forms of the glioma-associated oncogene family zinc finger (GLI) transcription 

factors, which in turn depend on ligand binding. If the signaling pathway is inactive, the 

twelve-pass transmembrane receptors Patched 1 and 2 (PTCH1 and PTCH2) inhibit the 

G protein-coupled receptor SMO (Figure 2A). Consequently, a complex of kinases consisting 

of protein kinase A (PKA), casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3) 

phosphorylates the GLI transcription factors at six conserved serine residues, which lead to 

truncated GLI2 and GLI3 proteins lacking the transactivation domain and repressing target 

gene expression, while GLI1 is totally degraded (Wang et al., 2000; Pan et al., 2009). 

 

 

Figure 2. Hedgehog signaling pathway. (A) If no ligand is bound, PTCH inhibits SMO, which allows 
the kinase complex (PKA, CK1, GSK3) to phosphorylate the GLI transcription factors. The resulting 
truncated proteins GLI2 and GLI3 repress target gene expression. (B) By binding of Hedgehog ligands 
(IHH, SHH, DHH) to the PTCH receptors, the inhibition of SMO is abrogated, and SMO in turn inhibits 
the kinase complex and SUFU. Consequently, GLI transcription factors accumulate and activate target 
gene expression. 

 

To activate the Hedgehog pathway in vertebrates, the ligands Indian (IHH), Sonic (SHH) and 

Desert Hedgehog (DHH) need to undergo cholesterol-dependent self-cleavage and palmi-

toylation (Chen et al., 2011). These modified ligands bind to their PTCH receptors, which 
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subsequently abrogate the repression of SMO (Figure 2B). Consequently, SMO translocates 

into the membrane and induces the intracellular signaling cascade. The GLI transcription 

factors are no longer bound by the negative regulator suppressor of fused (SUFU), and the 

kinases are inhibited (Humke et al., 2010). However, neither the interaction of PTCH and 

SMO nor the inhibition of the kinase complex by SMO are fully understood so far (Taipale et 

al., 2002; Teperino et al., 2014). In particular, the regulation of PKA prevents the 

phosphorylation of GLI transcription factors at the six repressing residues mentioned above. 

However, other sites need to be phosphorylated to fully activate the GLI transcription factors 

so that a rearrangement of the phosphorylation pattern controls the signaling (Niewiadomski 

et al., 2014). Furthermore, the ratio of the individual GLI transcription factors seems to be 

critical for activating or repressing Hedgehog target genes (Ruiz i Altaba, 1999; Schmidt-

Heck et al., 2015). The identified target genes include pathway components itself such as 

Ptch1 and Gli1, cell cycle regulators (Myc, Cyclin D, and E) and Wnt ligands (Cohen, 2003; 

Ingham, 2012). 

The Smo KO mouse models showed that, independent of an embryonic (SAC mice) or 

conditional KO (SLC mice), Hedgehog signaling is down-regulated specifically in hepatocytes 

and revealed its immense impact on the balance of liver metabolism and zonation. 

Associated with the KO, the IGF axis is dysregulated and results in significantly reduced Igf1 

and increased Igfbp1 gene expression in hepatocytes with analogous changes in the serum 

levels (Matz-Soja et al., 2014). Further, without any nutritional impact, the KO mice develop 

steatosis, an accumulation of lipids in hepatocytes. Central metabolic transcription factors, 

such as members of the peroxisome proliferator activated receptor (PPAR) and the sterol 

regulatory element binding protein (SREBP) family, and enzymes, such as fatty acid 

synthase (FASN), exhibit significantly increased gene and protein expression in the liver, and 

their distinct zonation is abolished. A possible cause is a changed ratio of the GLI 

transcription factors in the KO mice, which is critical to balance the Hedgehog regulation 

(Matz-Soja et al., 2016). 

Studying the Smo KO mice revealed that the female SAC-KO mice are infertile, which needs 

to be investigated in detail. Further, microarray studies have suggested that Hedgehog 

signaling is involved in the regulation of steroidogenesis in the liver. During the synthesis of 

sex steroids, different cytochrome P450 enzymes (CYPs) and hydroxysteroid dehydro-

genase (HSDs) finally convert cholesterol to testosterone and estradiol. Generally, the 

synthesis of sex steroids is located in the gonads, and it was assumed that steroidogenesis 

occurs in the liver only during embryogenesis and is down-regulated afterwards (Pezzi et al., 

2003). 
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Impact of feeding schemes on hepatic metabolism 

Previous studies have shown that the expression of steroidogenic enzymes is induced in the 

liver due to starvation (Grasfeder et al., 2009) and demonstrated that under special con-

ditions, the liver is involved in sex steroid synthesis. It was speculated that steroids mediate 

starvation-dependent signaling. When the metabolic state is altered by environmental cues 

and nutrient availability, all tissues need to adapt their metabolism to allow a homeostatic 

response. In the case of starvation, the liver is the most prominent target because of its 

central role in energy homeostasis. Generally, in the postprandial state, the liver stores 

excessive metabolites or forwards them to storage organs, such as adipose tissue. During 

starvation, the liver releases glucose originating from glycogenolysis or gluconeogenesis, 

degrades lipids and synthesizes ketone bodies (Rui, 2014). At a systemic level, hormones, 

such as insulin and glucagon, balance metabolism. Molecular regulation is carried out by 

transcription factors such as the PPAR and SREBP families. 

Not only the availability of food but also the circadian clock regulates liver metabolism. Most 

processes have an endogenous oscillation of approximately 24 h, called circadian rhythm, 

which links body physiology with external conditions. Most prominent is the light-dark signal, 

which synchronizes the master clock in the brain, the suprachiasmatic nucleus (SCN). The 

SCN generates endocrine output signals coupling the central pacemaker with the peripheral 

tissues. Based on these signals, organs, such as the liver, synchronize their own circadian 

oscillation (Albrecht, 2012). The entire liver metabolism was shown to be synchronized with 

daytime and periods of activity based on tightly regulated transcription and translation 

(Reinke and Asher, 2016). In addition to the SCN synchronization, the liver clock is also 

entrained and can be disturbed by external factors. Short-term or chronic sleeping 

disturbances, as with jet lag and shift work, were shown to be associated with dramatic 

alterations in lipid homeostasis and an increased incidence of metabolic syndrome in mice 

and humans (Ferrell and Chiang, 2015a, 2015b). Furthermore, the consumed food volume 

and the starvation intervals between the meals can alter the liver clock (Vollmers et al., 2009; 

Hirao et al., 2010), and restricted feeding is even able to rapidly uncouple the liver rhythm 

from that of the SCN (Stokkan et al., 2001). Although starvation has been studied for 

decades, knowledge of how the diurnal timing of starvation periods influences the hepatic 

starvation response is scarce. 
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Aims of the thesis 

Liver physiology is regulated by multiple mechanisms to ensure efficient metabolism within 

the cells and adequate supply to the organism. Recently, it has been shown that morpho-

genic signaling pathways are involved in the adaption of liver metabolism. The role of the 

hepatic Hedgehog pathway was already characterized concerning lipid metabolism and the 

control of the IGF-axis in hepatocyte-specific Smo KO mouse models. Thus far, primary male 

mice have been studied. In the first part of this thesis, female SAC mice should be 

characterized further. The reason for the observed infertility of the female SAC-KO mice and 

the role of the liver in steroidogenesis should be elucidated. Additionally, the phenotype of 

the embryonic Smo KO in SAC mice should be compared with that of a conditional KO 

induced after adolescence in the SLC mice. 

Various research initiatives have shown the relevance of circadian rhythms for almost all 

physiological processes. Even though starvation has been the focus of research for decades, 

the knowledge of how circadian regulation influences the hepatic starvation response is 

scarce. In the second part of the thesis, the effects of starvation started at different daytimes 

and the role of liver in steroidogenesis under fasting conditions should be studied in detail. 

Non-transgenic mice should be challenged with 24 h starvation starting either in the morning 

or in the evening. In a second approach, mice should be refed to estimate the duration 

required to restore the metabolic ad libitum profile. The translational and metabolic alter-

ations in primary hepatocytes should be studied using different omics approaches. The 

transcriptome should be analyzed using self-organizing maps (SOM), a powerful approach 

visualizing transcriptional changes by clustering similarly expressed genes. 
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Supplementary Material and Methods 

Histology of reproductive organs 
Organs were immediately fixed in phosphate buffered 4 % formalin, embedded in paraffin wax and cut into 8 µm 
thick sections.  
Vaginal sections were stained with H&E and vaginal epithelium characteristics were used to assign the mice diestrus, 
proestrus, estrus or metestrus as previously described in detail (Merkwitz et al. 2016). 
The left ovary of each mouse was serially sectioned along the longitudinal plane and analyzed as previously outlined 
(Sandrock et al. 2009). The sections were grouped into three alternate series of sections through the ovary at an interval 
of 28  series was stained with H&E to assess ovary size, follicle maturation, corpora lutea formation, and 
interstitial gland cells. The second series was subjected to the periodic-acid-Schiff (PAS) reaction to assess the 
occurrence of collapsed zonae pelucidae as representatives of follicular atresia. The third series was kept in reserve. 
To calculate the ovary area the shape of the ovary was estimated as ellipse and measured in the five largest consecutive 
sections defined by their horizontal and vertical axes. 
Corpora lutea and follicles were counted in the H&E stained sections. Follicles were considered when the nuclei of 
their oocytes were in focus (Szollosi et al. 1990; Spanel-Borowski et al. 1983). Each follicle was measured with an 
ocular scale and assigned to small (100 - 249 µm), intermediate (250 - 349 µm) and large (> 350 µm) follicles 
according its diameter (Kagabu and Umezu 2004). Simultaneously the follicles were classified as healthy or atretic, 
following established morphological criteria where follicular atresia is defined by deformation of the follicle and/ or 
oocyte, more than 5 % pycnotic granulosa cells and intercellular loosening of the granulosa cell layer (Oakberg 1979). 
For estimating interstitial gland cell activity, the nuclei of interstitial gland cells were counted in a representative area 
using ImageJ 1.48v, NIH, USA. The area had to be intact and free of prominent blood vessels. In PAS stained sections, 
about 150 µm apart from each other, remnants of zonae pelucidae were counted, summed up and used as marker for 
follicular atresia (Myers et al. 2004). 
 

Quantification of steroid hormones in mouse serum 
Steroid hormones were quantified by liquid chromatography tandem mass spectrometry (LC-MS/MS) similar to a 
described method (Johänning et al. 2015) using the respective deuterium labelled analogues as internal standards. 
Protein precipitation was performed by the addition of 200 µl of the internal standard solution in 1 % (v/v) acetic acid 
in acetonitrile to mouse serum (50  100 µl) followed by centrifugation. For determination of DHEAS and E1S, 30 µl 
of the supernatant were diluted with 45 µl of 0.1 % formic acid in water. After a second centrifugation step, 20 µl of 
the supernatant were used for LC-MS/MS analysis with electrospray (ESI) as ionization mode and negative polarity. 
The mass spectrometer was operated in the multiple reaction monitoring (MRM) mode. MRM transitions and MS 
parameters are summarized in Table S2. The remaining supernatant from the protein precipitation step was subjected 
to solid phase extraction (SPE) as described (Johänning et al. 2015). The dried SPE eluate was reconstituted in 50 µl 
of 0.1 % formic acid in water:acetonitrile 20:80 (v/v) and 20 µl were injected for LC-MS/MS analysis of testosterone, 
androstenedione and progesterone. Calibration samples were prepared in charcoal stripped human serum in the 
concentration range 0.04 nM to 10 nM for testosterone and androstenedione, 0.1 nM to 25 nM for progesterone, 
0.4 nM to 100 nM for E1S, and 100 nM to 25000 nM for DHEAS. 
Calibration samples were worked up as the samples, and analyzed together with the unknown samples. Calibration 
curves based on internal standard calibration were obtained by weighted (1/x) linear regression for the peak area ratio 
of the analyte to the respective internal standard against the amount of the analyte. The concentration of the unknown 
samples was obtained from the regression line. 
 
 
Affymetrix microarray 
For the microarray the RNA from primary hepatocytes were used for hybridization with GeneChip Mouse Genome 
430 2.0 Arrays (Affymetrix). The analysis was done in the Interdisciplinary Centre for Clinical Research Leipzig 
(Faculty of Medicine, Leipzig University) as described by Zellmer et al. (Zellmer et al. 2009). 
The results were processed with th
Cytoscape plugin BiNGO (Maere et al. 2005) to identify the overrepresented GO categories and ClueGO (Bindea et 
al. 2009) to analyze the interactions between these ones.  
The following link provides the raw data of the microarray: https://seek.lisym.org/data_files/6 
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Supplementary Tables 
 
Table S1 Primer sequences for qPCR analyses 

Gene forward primer reverse primer 
-Actin atccgtaaagacctctatgccaac atggagccaccgatccaca 

Cyp11a1 caataaagctgatgagtacaccc gtgccatctcataaaggttcca 
Cyp17a1 catcccacacaaggctaaca cagtgcccagagattgatga 
Cyp19a1 gagagttcatgagagtctggatca catggaacatgcttgaggact 
Hsd3b1 tggacaaagtattccgaccag aggcctccaataggttctg 
Hsd3b2 tgtcattcccaggcagacc tgacactcttcctcatggcc 
Hsd17b2 ccacaaaggcagctctaacc acctctctttcaaggtcggg 
Smo gcaagctcgtgctctggt gggcatgtagacagcacaca 
Star tgttcctcgctacgttcaag gtcgaacttgacccatccac 

 
 
 
Table S2 MRM transitions and MS parameters for determination of DHEAS, E1S and their internal standards with 
LC-MS-MS 

Analyte MRM transition 
[m/z] 

Dwell time 
[ms] 

Fragmentor 
[V] 

Collision energy 
[V] 

d6-DHEAS 373.2 > 98 25 167 44 
DHEAS 367.2 > 97 25 177 36 
d4-E1-S 353.1 > 273.2 300 157 32 
E1-S 349.1 > 269.2 600 157 28 
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Table S3 Gene set enrichment analysis of isolated hepatocytes from SAC-KO compared to SAC-WT mice. All 
genes with an expression fold change equal or higher than 1.5 were considered a up-regulated b down-regulated 
genes 
 
a up-regulation
 

GO-ID description adjusted 
p Value 

regulated genes quantity of 
regulated genes 

 
GO:0008152 

 
metabolic 
process 

 
2.56E-24 

 
D14ertd436e, Slc23a2, Dclre1a, Il1rn, Pank1, Nab2, Sat2, 
Txndc13, C330018d20rik, Bach1, Cyp3a16, As3mt, Lipg, 
Pim1, Trim24, Pim3, Foxo3a, Pdk2, Zfp39, Cpt1a, Dio1, 
Usp2, Acot11, Atp11a, Foxp2, Pias1, Aldh3a2, Ren1, Mtap, 
Rfx4, Acot2, Acot1, Txnip, Ulk2, Trib3, Il6st, Atp6v0d2, 
Acot4, Acot3, Slc22a5, Retsat, Anp32a, Mgst3, Cugbp2, 
Zfp36l2, Dedd2, Mtmr7, Pctk2, Ldhb, Tert, Amdhd1, Afmid, 
Grpel2, Rdh16, Zkscan3, St3gal6, Decr2, Prodh, Ppargc1a, 
Decr1, Brap, Fn3k, Ube2h, Srd5a2, Nr1d2, Esrrg, Nr1d1, 
Nr0b2, Ell3, Eif1, Ssh1, Efna1, Vnn1, Bcl6, Vnn3, Cyp1a2, 
Id1, Lhx6, Sae1, 2310007h09rik, Phf17, Acy1, Rnf14, Pigq, 
Mogat1, Ppwd1, Gtdc1, Pctp, Vldlr, Csad, Serpina6, Pkd2, 
Elavl1, 6430573f11rik, Gys2, Aifm3, Dbp, Aldh2, Guk1, 
Senp8, Nfkbiz, Scd2, Pgm2, Gnpnat1, Upp2, Hmgcs2, Cd36, 
Ctse, Hibch, Cap1, Klf10, Rbm16, Klf11, Hsdl2, Gsto2, 
Dcakd, Mterfd3, Olig1, Klf15, Car5a, Tgfbr2, Rbl2, Ptp4a2, 
Sult1d1, Cyp2a5, Ivd, Ppap2b, Ehhadh, C1d, Ndufs4, Adssl1, 
Mvd, Aspa, Mtrf1l, Sgk2, Slu7, Samd8, Gls2, Rgs16, 
Hsd17b13, Ppm1k, Tenc1, Acaa1a, Usp18, Papss2, Slc7a2, 
Cyp17a1, Pbld, Ugp2, Gna12, Mknk2, Crym, Gbp2, Xdh, 
Gbp3, Nqo2, Gch1, Aadat, Bbox1, Fmo2, Sod2, Cyp8b1, 
Sulf2, Klf1, Gstz1, Aldh4a1, Klf6, Per3, Sbk1, Nfia, Tef, 
Qpct, Sardh, Chpt1, Gpd1l, Lpin1, Crat, Lpin2 

 
178 

GO:0006629 lipid metabolic 
process 

3.10E-08 Il1rn, Samd8, Retsat, Pigq, Mogat1, Rgs16, Pctp, Vldlr, 
Acaa1a, Serpina6, Cyp17a1, Dbp, Lipg, Rdh16, Scd2, 
Hmgcs2, Cd36, Cpt1a, Srd5a2, Acot11, Ppap2b, Ehhadh, 
Cyp1a2, Acot2, Acot1, Mvd, Chpt1, Il6st, Lpin1, Crat, Lpin2, 
Acot4, Acot3 

33 

GO:0006631 fatty acid 
metabolic 
process 

1.23E-04 Cpt1a, Acot11, Acaa1a, Ehhadh, Acot2, Scd2, Acot1, Cd36, 
Lpin1, Crat, Lpin2, Acot4, Acot3 

13 

GO:0044262 cellular 
carbohydrate 
metabolic 
process 

2.53E-03 Fn3k, Cpt1a, Mogat1, Rgs16, Car5a, Gys2, Ldhb, Ugp2, 
Pgm2, Gnpnat1, St3gal6, Gpd1l, Il6st, Pdk2 

14 

GO:0006720 isoprenoid 
metabolic 
process 

6.88E-03 Retsat, Cyp1a2, Rdh16, Mvd, Hmgcs2 5 

GO:0008202 steroid 
metabolic 
process 

7.21E-03 Dbp, Srd5a2, Pctp, Mvd, Hmgcs2, Vldlr, Cd36, Serpina6, 
Cyp17a1 

9 

GO:0006702 androgen 
biosynthetic 
process 

9.29E-03 Srd5a2, Cd36 2 

GO:0008203 cholesterol 
metabolic 
process 

2.84E-02 Pctp, Mvd, Hmgcs2, Vldlr, Cd36 5 

GO:0006694 steroid 
biosynthetic 
process 

2.95E-02 Srd5a2, Mvd, Hmgcs2, Cd36, Cyp17a1 5 
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b down-regulation 
 

GO-ID description adjusted 
p value 

regulated genes quantity of 
regulated genes 

 
GO:0032502 

 
developmental 
process 

 
7.42E-13 

 
Foxa1, Errfi1, Btg2, Aw548124, Ahctf1, B4galt1, Thrb, Rif1, 
Onecut1, Ccnf, Tcf21, Fmn1, Arhgap5, Cldn1, Cyr61, Ctgf, 
Foxq1, Tgm1, Csrp3, Hhex, Alcam, Cdh1, Myc, Dnmt3b, Bbs7, 
Prok1, Dsp, Hsp90aa1, Cxadr, Igfbp5, Igfbp3, F2r, Rps6, Ifrd1, 
Wnt5a, Lifr, Fos, Prox1, Prlr, Mtss1, Aprt, Ar, Ncor1, Olfm3, 
Smo, 1100001g20rik, Itga6, Irf6, Ppard, Rsl1, Cnp, Tshz3, 
Tshz2, Pik3r1, Nid1, Egfr, Socs2, C6, Aph1b, Pdgfc, Ela1, 
Plxna2, Apob, Pdlim5, Skil, Arsb, Egr1, Jun, D0h4s114, Hspa5, 
Srd5a1, Igf1, Inhba, Gadd45g, Bmp4, Nudt7, Lrg1, Fras1, Abi2, 
Nox4, Id3, Cd9, Plxnb1, Mkx, Reck, Foxa2 

 
86 

GO:0000003 reproduction 9.86E-04 Foxa1, Rsl1, B4galt1, Thrb, Rif1, Srd5a1, Rps6, Wnt5a, Tcf21, 
Igf1, Avpr1a, Prlr, Egfr, Aprt, Socs2, Bmp4, Ar, Cd9, Apob, 
Ppard 

20 

GO:0043627 response to 
estrogen 
stimulus 

1.43E-03 Ar, Prdm2, Pik3r1, Arsb, Strn3 5 

GO:0048009 insulin-like 
growth factor 
receptor 
signaling 
pathway 

2.24E-02 Pik3r1, Igf1 2 

GO:0060180 female mating 
behavior 

2.24E-02 Thrb, Avpr1a 2 

GO:0034637 cellular 
carbohydrate 
biosynthetic 
process 

3.27E-02 Ar, B4galt1, Atf3, Gck 4 

GO:0009566 fertilization 4.54E-02 B4galt1, Rif1, Cd9, Apob 4 
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Supplementary Figures
 
Figure S1 
 

 
 
Fig. S1 Timeline of Smo deletion in SAC-KO and SLC-KO mice a In SAC-KO mice Smo deletion occurs at day 
9.5 post coitum and mice were studied at 3 months of age b In SLC-KO mice the Smo deletion was induced by 
doxycycline at 2 months of age and the studies were performed at 3 and 8 months of age. 
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Fig. S2 Morphological features of SAC-WT and SAC-KO ovaries a H&E stained sections of SAC-KO ovaries. 
According to their diameter follicles are classified as small (100  249 µm), intermediate (250  349 µm) and large 
(> 350 µm) (upper row from left to right). Oocyte fragmentation (star), apoptotic bodies in a loosened granulosa cell 
layer (arrow) and PAS stained remnants of zona pellucidae in the interstitial tissue (circle) (lower row from left to 
right) (magnification: 20x) b Quantity of small, intermediate and large healthy and atretic follicles in SAC-WT and 
SAC-KO ovaries (n = 5) c Ratio of atretic to healthy follicles in SAC-WT and SAC-KO ovaries (n = 5) for all three 
groups of follicle sizes d Quantity of zonae pellucidae remnants in the interstitial tissue of SAC-WT and SAC-KO 
ovaries (n = 5) e H&E stained clusters of interstitial cells in a SAC-WT and SAC-KO ovary (magnification: 20x) f 
Quantity of interstitial gland cells in SAC-WT and SAC-KO mice (n = 5). Data are plotted as mean ± standard 
deviation, p<0.05 (*).  
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Fig. S3 Gene expression of Star, Cyp11a1, Cyp17a1, Cyp19a1 and Hsd3b1 in a adrenal glands and b ovaries of female 
SAC-KO (n = 10) compared to SAC-WT (n = 8) quantified by qPCR. Data are plotted as mean ± standard deviation. 
 
 
 

 
Fig. S4 Concentration of testosterone in plasma of SLC-WT (n = 7) and SLC-KO (n = 8) mice measured by LC-
MS/MS. Data are plotted as mean ± standard deviation. 
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1 Supplementary Figures and Tables 

1.1 Supplementary Figures 

 

 

Supplementary Figure 1. The protein interaction network obtained from the STRINGv10.5 
database displays the connections of the studied genes/proteins related to hepatic starvation response. 
The related pathways are marked in blue, transcription factors are marked in pink. The networks were 
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 4 

 

Supplementary Figure 3. Lipidome profile of primary hepatocytes. Mice were fed ad libitum (white 
bars) or starved 24 h and refed 12 h (until ZT 3) and 21 h (until ZT 12) (grey bars). Concentration of 
tri- and diacylglycerides (TAG/DAG), cholesteryl esters (CE), sphingomyelins (SM), 
phosphatidylethanolamines (PE) and phosphatidylcholines (PC) (n = 3). Data are plotted as mean ± 
standard deviation, p < 0.05 (*). 
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1.2 Supplementary Tables 

Supplementary Table 1. Primer sequences for qPCR analyses. 

gene forward primer reverse primer 

18S gcaattattccccatgaacg gggacttaatcaacgcaagc 

Fgf21 agatggagctctctatggatcg gggcttcagactggtacacat 

Ppara cgtacggcaatggctttatc tcatctggatggttgctctg 

Pparg atggaagaccactcgcattc gctttatccccacagactcg 

Srebf1a cagacactggccgagatg aaacaggcccgggaagtc 

Srebf1c gagccatggattgcacatttg aggccagagaagcagaagag 

Supplementary Table 2. (A) Gene-enrichment analysis (GEA) of all genes with an absolute 
expression change  1.5-fold. (B) Annotation of the SOMs by k-means clustering and following 
gene-enrichment analysis. List of all GO terms with Benjamini-Hochberg corrected p value < 0.05. 
BP = Biological Process, MF = Molecular Function, CC = Cellular Component  

Supplementary Table 2  

https://www.frontiersin.org/articles/10.3389/fphys.2018.01180/full#supplementary-material 

Supplementary Table 3. Regulated genes detected by Illumina microarrays. The list contains log2 
expression values of all genes with an absolute expression change  1.5-fold (log2(1.5)) between at 
least two of the six groups. Hepatocytes were isolated from mice fed ad libitum, starved 24 h or 
starved 24 h and refed 12 h (until ZT 3) and 21 h (until ZT 12). 

see separate Excel file Supplementary Table 3  

https://www.frontiersin.org/articles/10.3389/fphys.2018.01180/full#supplementary-material 
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PERSPECTIVE 

The present studies revealed an unexpected involvement of liver and hepatic Hedgehog 

signaling in steroid synthesis and reproduction. Since infertility is a major issue, the results 

gained with the mouse models can help to elucidate similar diseases in humans. Most of the 

characteristics of PCOS - anovulation, hyperandrogenism and steatosis - were generated in 

the SAC mice by a hepatocyte-specific KO of Smo, which altered signaling in the liver but not 

in the gonads. Analyzing liver samples of human PCOS patients could provide valuable 

knowledge about the underlying regulations and help to understand and treat the causes and 

not only the symptoms. 

To date, two developmental disturbances have been associated with hepatic Smo KO mouse 

models: the persistence of steroidogenesis after embryogenesis in the liver associated with 

infertility and reduced levels of IGF1 gene and protein expression associated with short 

stature. It was shown that the short stature was not solely caused by growth hormone 

deficiency but was correlated with the IGF1 level. The liver seems to have a significant role in 

development-dependent processes, and further research should consider liver parameters in 

general and the regulation of hepatic Hedgehog signaling in particular. 

The second part of the present thesis revealed the immense impact of the timing of 

starvation periods on the response of liver metabolism. To date, the transcriptome and 

lipidome of hepatocytes have been studied. Because both transcription and translation can 

be regulated differently, it would be interesting to study the corresponding proteome data and 

detect those genes with a diurnal translation. The quantification of hormones, such as insulin, 

glucagon, leptin and FGF21, after differently timed starvation and refeeding periods would be 

essential to understand the underlying regulation. The extension of the studied starvation 

and refeeding periods would allow us to distinguish between effects caused by different 

starvation and refeeding durations and different circadian times of sampling. The transfer of 

this knowledge to humans may help to develop treatment strategies for victims of sudden 

starvation events. Estimating their metabolic state in regard to the starvation period may 

allow optimized medical care. 
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