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Introduction

RatiOnale

Metabolic diseases, associated with obesity, are world-wide health problems. Obesity is 

one of the hallmarks of the metabolic syndrome, which increases the risk for diabetes 

and cardiovascular diseases (1). The prevalence of metabolic diseases is associated 

with dynamic changes in dietary macronutrient intake during the past decades. Over-

consumption of energy-dense foods (i.e., high-fat and high-sugar diets) and physical 

inactivity lead to energy imbalance and result in obesity. 

To maintain systemic energy homeostasis, metabolic information is communicated 

among organs. The liver is a central player that integrates and processes signals derived 

from other tissues including intestine, pancreas and adipose tissue. Humoral factors 

such as hormones (e.g., insulin, adipocytokines and glucocorticoids) and the autonomic 

nervous system are important for this inter-organ communication. Additionally, the role 

of dietary signals (e.g., fatty acids and glucose) in molecular regulation of diet-related 

diseases has become evident in the past decade. They are sensed by (nuclear) receptors 

that in response regulate nutrient signaling pathways (2, 3). Bile acids, mainly known as 

essential detergents required for the intestinal absorption of lipids (4), can also activate 

nuclear receptor signaling pathways and have emerged as important regulators of me-

tabolism. The role of the intestine in whole body metabolic homeostasis, goes beyond 

the digestion and extraction of nutrients. The intestine also produces enteroendocrine 

hormones and harbors the gut microbial community, which is increasingly considered 

as an important factor modulating metabolic function (5). 

Traditional approaches, such as diet and physical activity, have been unsuccessful 

in decreasing the prevalence of metabolic diseases. Therefore, novel science-based 

strategies are explored for prevention and therapy, such as pharmaceuticals target-

ing nuclear receptors, bile acid signaling or modulation of gut microbiota. To do so 

it is crucial to understand the molecular signaling pathways involved in regulation 

of metabolism. This thesis addresses metabolic pathways of bile acids and lipids and 

their regulation in response to nutrients, bile acids, hormones, nuclear receptors or gut 

microbiota.
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1 GeneRal intROduCtiOn

Metabolism of nutrients

The term metabolism refers to all enzyme-catalyzed chemical reactions that occur in 

living organisms, including digestion and transport of substances into and between 

cells. Metabolic reactions can be divided into two general categories: catabolism 

(breakdown) and anabolism (buildup) of macromolecules, reactions that release or 

store energy. The chemical reactions of metabolism are organized into metabolic 

pathways, in which one chemical is transformed through a series of steps into another 

chemical, by a sequence of enzymes. 

The three major constituents of food that serve as fuel molecules for the human body 

are: carbohydrates, lipids, and proteins. These nutrients are digested in the gastrointes-

tinal tract and the digestive end products, e.g. monosaccharides, monoacylglycerol, 

fatty acids, small peptides and amino acids, are absorbed and subsequently used by 

different cells as substrate or to produce ATP. The three major nutrients are degraded 

in different pathways: glycolysis, fatty acid oxidation and transamination/deamination, 

but ultimately all products of nutrients’ degradation converge to a central pathway in 

metabolism: the TCA cycle, were they enter as acetyl-CoA.

As the environment of most organisms is constantly changing, the reactions of 

metabolism must be flexible and tightly regulated to maintain homeostasis (6, 7). 

Most living organisms exhibit behavioral and physiological rhythms, including activity, 

sleep, feeding and fasting. These rhythms are controlled by an evolutionarily conserved 

internal circadian clock and are subject to regulation by light–dark cycles. The type of 

food substrate that is oxidized must change according to the supply and physiological 

situation. Catabolic functions are turned on during the active awaken phase, whereas 

anabolic processes usually take place during the rest phase. In order to do so, enzymes 

and nutrient transporters must be produced at appropriate times, since metabolic 

pathways are controlled by regulation of enzyme activity.

The mammalian circadian timing system comprises a cental pacemaker in the su-

prachiamatic nucleus of the hypothalamus and numerous peripheral tissue oscillators. 

The master clock in the hypothalamus generates rhythmic patterns, in response to light 

via the retinohypothalamic tract, by regulating gene expression in peripheral tissues 

(by yet-to-be-identified neuronal and hormonal mechanisms), mainly those encod-
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ing nuclear receptors and metabolic enzymes. Peripheral oscillators integrate several 

neuronal and hormonal signals from the central clock and other environmental cues to 

maintain their rhythmicity (8). Diurnal expression of nuclear receptors, or transcription 

factors, control gene expression by binding to specific DNA sequences, thereby affect-

ing the amount of enzyme in a metabolic pathway. By sensing fat-soluble hormones, 

vitamins, lipids, cholesterol derivatives and other substances, nuclear receptors control 

a wide range of genes that regulate for example lipid and carbohydrate metabolism (2, 

3). Thus, the expression levels of nuclear receptors per se may fluctuate in a circadian 

manner and elicit metabolic rhythms, and circadian variations in the levels of hormones 

or nutrients activating nuclear receptors may trigger metabolic rhythms and affect the 

peripheral clock.

Besides quantity, the activity of an enzyme can be modulated. In response to 

changes in the levels of substrates or products a metabolic pathway self-regulates the 

flux through the pathway (9, 10). Following receptor binding on the cell surface, second 

messengers can alter the activity of an enzyme, e.g. by phosphorylation of the protein. 

The effect that the change in enzyme activity has on the overall rate of the pathway, 

i.e. the flux through the pathway (9, 11), defines the control exerted by this enzyme on 

the pathway. 

dynamics of bile acid homeostasis

The liver is particularly responsive to circadian rhythm regulation, with many processes 

under coordinated circadian control, including metabolism of glucose, lipids, choles-

terol and bile acids. Within the liver, metabolic pathways do not operate independent of 

each other, one pathway can highly influence other pathways or endocrine secretions. 

Hereby, intake of lipid substances is for example coupled to synthesis and secretion of 

bile acids.

Bile acids are essential detergents required for the intestinal absorption of hydropho-

bic nutrients, including cholesterol, fatty acids and lipid-soluble vitamins (i.e. vitamins 

A, D, E and K)(4). The detergent properties of bile acids are determined by the number 

of hydroxyl groups, their orientation on the sterol ring and the conjugation profile (12, 

13). In the liver, bile acids are synthesized from cholesterol via a cascade of enzymatic 

reactions carried out in the endoplasmic reticulum, mitochondria, cytosol, and peroxi-

somes of hepatocytes. Bile acid synthesis represents the major route for elimination 
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1 of cholesterol from the body. There are two parallel metabolic pathways; the classical 

(neutral) and the alternative (acidic) pathway (13)(Figure 1). The microsomal cholesterol 

7α-hydroxylase (CYP7A1) catalyzes the first and rate-controlling step in the classical 

pathway yielding 7α-hydroxycholesterol (14), whereas sterol 27-hydroxylase (CYP27A1) 

initiates the alternative pathway forming 27α-hydroxycholesterol. Cholic acid (CA) 

and chenodeoxycholic acid (CDCA) represent the two main end products of these 

pathways. Sterol 12α-hydroxylase (CYP8B1) is responsible for the generation of CA by 

introducing a hydroxyl group at position 12 of the steroid nucleus. Thus, CYP7A1 deter-

mines the bile acid pool size, whereas CYP8B1 is crucial for bile acid pool composition 

by determining the ratio of CA to CDCA synthesis.

In rodents, the majority of CDCA is converted into the highly hydrophillic bile acid 

α-muricholic acid (α-MCA) and subsequently to β-muricholic acid (β-MCA) in the liver. 

Prior to their secretion nearly all bile acids are conjugated at the C24-position in liver 

peroxisomes, thereby increasing their solubility. In humans the majority of bile acids 

are conjugated with glycine, whereas rodent bile acids are mainly taurine-conjugated 

(Figure 1). Under physiological pH, bile acids are present as sodium salts (referred to as 

bile salts), which enhances their solubility and renders them more amphipathic.

Secretion of bile acids into the bile canaliculi induces the secretion of cholesterol 

and phospholipids, whereas Na+ and water follow by diffusion across the tight junction 

between hepatocytes (13). Under normal conditions, bile acids are stored along with 

cholesterol and phospholipids in the gallbladder and concentrated by the absorption 

of water and electrolytes. On the cholangiocyte apical membrane transporters are 

localized that move small amounts of bile acids from ductal bile back to the circulation. 

Via the peribiliary plexus they recycle back to the liver for re-secretion into bile, which is 

referred to as the cholehepatic shunt pathway. In response to food intake, enteroendo-

crine cells of the upper small intestine release cholecystokinin (CCK), which stimulates 

gallbladder contraction releasing the bile into the upper duodenum. 

In the intestine bile acid solubilize dietary lipids, which renders them accessible to 

digestion by lipases, and facilitate the formation of micelles. Intestinal bacteria convert 

primary (liver synthesized) bile acids into secondary bile acids. Deconjugation oc-

curs before further modifications are possible and is catalyzed by bile salt hydrolase 

enzymes, which have been detected in several gram-positive bacteria (15). Conse-

quently, oxidation of hydroxyl groups produces oxo-bile acids, which can be reduced 
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Figure 1. (a) Structure of the 
most common bile acids*. (b) 
Simplified scheme of bile acid 
synthesis via the classic ‘neutral’ 
and alternative ‘acidic’ pathways.
* Adopted from Thomas C, 
Pellicciari R, Pruzanski M et al. 
Targeting bile-acid signalling for 
metabolic diseases. Nat Rev Drug 
Discov. 2008 Aug;7(8):678-93. 
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1 to either an α- or β-configuration. The most important bacterial biotransformation 

is 7α-dehydroxylation, which in contrast to deconjugation, is carried out by a minor 

population of gram-positive anaerobic bacteria (16), including C. scindens, C. sordellii, 

and B. fragilis (17, 18). Bile acids are believed to be actively transported into the bacterial 

cell (19, 20) and ligated to coenzyme A (21) prior to the six-step biochemical pathway 

of 7α-dehydroxylation (16). It is still unclear how the secondary bile acid is transported 

out of the bacterial cell. The primary bile acid CA is 7α-dehydroxylated into deoxycholic 

acid (DCA), whereas CDCA can be converted to lithocholic acid (LCA) or ursodeoxy-

cholic acid (UDCA). In mice β-MCA is converted into ω-MCA and/or hyodeoxycholic 

acid (HDCA). Vice versa, bile acids are known to have antimicrobial activity (18, 22). 

Conditions with decreased bile acid secretion, such as liver cirrhosis, are associated 

with bacterial overgrowth (23).

Due to their relatively low pKa value, passive intestinal absorption of conjugated bile 

salts is minimal and their intraluminal concentrations remain high along the length of 

the small intestine (13). Only in the terminal ileum they are actively removed from the 

intestinal lumen by the apical sodium-dependent bile salt transporter (ASBT; SLC10A2), 

expressed at the brush border membrane of enterocytes. ASBT transports all major 

species of bile salts, but favors trihydroxy (e.g. CA, MCAs) over dihydroxy bile salts (e.g. 

DCA, CDCA, HDCA, UDCA), and conjugated over unconjugated bile salt species (24). 

Following bacterial metabolism secondary bile acids can undergo passive nonionic dif-

fusion in the colon (16). Although only a minor contributor under normal physiologic 

conditions, it has been proposed that colonic absorption of unconjugated bile acids 

becomes a major route of intestinal absorption when ileal function is impaired and bile 

acid flux into the colon is high (25-28). 

Under normal conditions, bile acids are almost completely reabsorbed from the 

intestine (except for LCA) and return to the liver via the portal venous circulation. Only 

around 5% of the bile acid pool escapes reabsorption and is excreted via the feces ev-

ery day, which is balanced by hepatic de novo synthesis from cholesterol to maintain a 

constant bile acid pool. Bile acids that return from the intestine to the liver are taken up 

by pericentral hepatocytes, the area where portal blood enters the liver acinus (29), and 

are transported to the canalicular membrane for resecretion into bile (Figure 2). Due 

to the concentration gradient in the liver acinus, synthesis of bile acids predominantly 

occurs in the perivenous hepatocytes, i.e. the cells surrounding the central hepatic vein 
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(29, 30). This continuous flow of bile acids from hepatocytes to the biliary tree, intestine, 

portal blood and back to liver is called the enterohepatic circulation.

Bile acids as signaling molecules

In recent years is has become clear that bile acids are more than simple detergents, 

they are natural ligands of nuclear and cell surface receptors (e.g. FXR and TGR5) that 

act as bile acid sensors and upon activation control gene expression and initiate sig-

naling pathways (13, 31-33). Thereby, bile acids are directly involved in regulating the 

expression of genes in the enterohepatic circulation involved in bile acid synthesis, 

metabolism and transport, essential for the maintenance of bile acid homeostasis. 

Via bile acid-activated receptors bile acids also serve specific functions as “metabolic 

integrators” that inform cells and organs concerning the fasting/feeding state, thereby 

regulating the expression of various metabolic pathways, including fat, glucose and 

energy metabolism (discussed in more detail in Chapter 2)(12, 34).

Figure 2. Structure of a liver lobule with histologically (classical, portal and acinus lobules) and functionally distinct 
domains within the liver.  * Reproduced with permission of themedicalbiochemistrypage, LLC.
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1 Regulation of bile acid synthesis

The genes encoding enzymes of bile acid synthesis are under tight regulatory control 

to ensure that bile acid production is coordinated to changing metabolic conditions, 

and to prevent cytotoxic actions of excess bile acids. Bile acid synthesis is mainly con-

trolled by regulation of the pathway’s rate-limiting enzyme cholesterol 7α-hydroxylase 

(CYP7A1). The activity of CYP7A1 is primarily controlled at the transcriptional level in 

response to a variety of hormonal and dietary signals (35-42). Various liver specific 

transcription factors, mostly nuclear receptors, have been found to regulate CYP7A1 

transcription. Glucose and insulin are major postprandial factors that induce CYP7A1 

(43). When cholesterol levels (specifically oxysterols) are high, CYP7A1 is upregulated by 

the liver X receptor (LXR)(44, 45), whereas CYP7A1 is down regulated by sterol regula-

tory element binding proteins (SREBPs) when plasma cholesterol levels are low. 

Via a classical negative feedback system of control bile acids tightly regulate their 

own synthesis. In the liver they can bind and activate the farnesoid X receptor (FXR; 

NR1H4) which binds DNA mainly as a heterodimer with the 9-cis-retinoic acid receptor 

(RXR/NR2B1), activated by a metabolite of vitamin A (46). Ligand-activated FXR directly 

binds to the promoter of the small heterodimer partner (SHP/NR0B2) and induces its 

expression (47, 48). SHP does not bind DNA directly but exerts its effects through direct 

protein-protein interactions with other DNA binding nuclear receptors (49). The most 

widely recognized target of SHP repression is the nuclear receptor liver receptor homo-

log-1 (LRH-1/NR5A2). SHP functions as a potent repressor by blocking its transcriptional 

activity (50), together with recruiting of SIRT1 (51). In vitro, LRH-1 has been shown to 

be a critical transcription factor for CYP7A1 and CYP8B1 expression (47, 52-56). Thus, in 

vivo it is believed that bile acid activation of hepatic FXR via SHP prevents LRH-1 from 

activating CYP7A1 and CYP8B1 and therefore, inhibits bile acid biosynthesis. The role of 

Lrh1 in regulating Cyp7a1 expression and bile acid synthesis in vivo is further studied 

in Chapter 3. 

Several studies have recently suggested that regulation of bile acid synthesis by 

hepatic FXR is only important when bile acid levels are pathologically elevated and 

under normal physiological conditions, intestinal FXR mediates feedback regulation of 

bile acid synthesis (57, 58). In the enterocyte, upon activation of FXR, the fibroblast 

growth hormone 19 (FGF19) or mouse ortholog Fgf15 is produced. Also FXR-indepen-

dent mechanisms are likely to play a role in regulating Fgf15 production as intestinal 
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Fxr-/- mice are still able to upregulate Fgf15 and downregulate Cyp7A1 expression upon 

TCA feeding (59). FGF15/19 binds to the hepatic receptor complex FGFR4/β-Klotho, via 

activation of various signal transduction routes, including the extracellular signal-regu-

lated kinase 1/2 (ERK1/2) pathway, CYP7A1 and to a lesser extent CYP8B1 expression are 

repressed, resulting in decreased bile acid synthesis (60-65). Recently is was shown that 

SHP is also involved in the transcriptional repression of CYP7A1 by FGF19, via binding 

to HNF4α and LRH-1 (62, 66). FGF19 signals to increase SHP protein phosphorylation, 

which directly blocks its ubiquitination and proteasomal degradation (67), elevating 

SHP protein levels. However, the exact downstream factors of the FGF15/19 pathway 

that inhibit CYP7A1 gene transcription remain unknown. In addition to downregulation 

of bile acid synthesis upon intestinal bile acid absorption, intestinal activation of FXR 

decreases bile acid absorption by inhibiting the ileal apical sodium-dependent bile 

salt transporter (ASBT). FXR-induced expression of SHP represses ASBT transcription by 

inhibiting LRH-1, whereas FGF15/19 represses ASBT directly (68). Thus, bile acids tightly 

regulate their own synthesis from two distinct locations within the enterohepatic 

circulation. 

The regulation of CYP7A1 expression is complex and – besides cholesterol and bile 

acids – controlled by various other hormones (e.g. glucocorticoids, thyroid hormone, 

insulin)(40, 69-71), cytokines (JNK/c-Jun signaling pathway (72)), growth factors and 

transcription (co-)factors (e.g. PXR, VDR, PPAR alpha, PGC1α, SIRT1, FoxO1 and REV-ERBα)

(Figure 3), reflecting the need to carefully titrate the body’s bile acid load. Several do so 

by interacting with HNF4α (42, 73-78), which binds and activates CYP7A1 transcription 

via binding sites that overlap with the binding site for LRH-1 (66, 79-81). However, there 

are great species-specific differences in regulation of CYP7A1.

lipid and glucose metabolism

After solubilization and degradation in the intestine, dietary lipids (including triglycer-

ides, phospholipids, cholesterol and cholesterolesters) are taken up by the intestine. 

They are packed into lipoprotein particles, called chylomicrons, which are released into 

the blood via the lymph system for delivery to the peripheral tissues (e.g., adipose tis-

sue, muscle). By the action of lipoprotein lipase (LPL) free fatty acids are released from 

chylomicrons, they are taken up and stored as triglycerides or are oxidized to release 

energy. The remnant particle is taken up by the liver. In response to energy demands, 
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such as fasting, glucagon from the pancreas stimulates adipose tissue lipolysis, releasing 

free fatty acids to the blood for use as fuel by liver and muscle. In the liver oxidation of 

fatty acids occurs in the mitochondria and the peroxisomes, leading to the production 

of ketone bodies. Alternatively, fatty acids can be esterified to triglycerides in the liver 

and packaged into VLDL particles together with cholesterol and cholesterylesters. The 

fatty acid portion of VLDLs is released to adipose tissue and muscle in the same way 

as for chylomicrons, hereby VLDL is converted into an intermediate density lipoprotein 

(IDL) particle, which can be taken up by the liver or further degraded to a low density 

lipoprotein (LDL) particle. Furthermore, high density lipoprotein (HDL) particles are 

synthesized in the liver and small intestine, they acquire cholesterol from peripheral tis-

sues and transport it back to the liver, referred to as reverse cholesterol transport (RCT).

As stated before, nutrients can fine-tune metabolic processes; the utilization of 

one nutrient (e.g. fatty acids) directly inhibits the use of another (e.g. glucose) without 

Figure 3. Schematic overview of bile acid signaling within the enterohepatic circulation. * Adopted from Kuipers F, 
Bloks VW, Groen AK. Beyond intestinal soap-bile acids in metabolic control. Nat Rev Endocrinol 2014 May 13.
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hormonal mediation (82). Conversely, when blood glucose levels are elevated, the 

pancreas secretes insulin, promoting the use of glucose as fuel. Insulin prevents the 

inappropriate mobilization of stored fat. Instead, it stimulates de novo synthesis of fatty 

acids and inhibits fatty acid transport into the mitochondria preventing oxidation of de 

novo synthesized fatty acids. As a result, excess fat and carbohydrate are incorporated 

into triglycerides in the liver, packaged into VLDL particles and released into the blood. 

Long term excess of glucose can lead to excessive diversion of fatty acids into triglycer-

ides instead of oxidation. The imbalance between oxidation, synthesis and transport of 

fatty acids leads to fat accumulation in the liver, called non-alcoholic fatty liver disease 

(NAFLD). 

The inability to modify fuel oxidation in response to changes in nutrient availability 

has been implicated in the accumulation of lipids and insulin resistance. This impaired 

capacity to switch between fuel sources, referred to as metabolic inflexibility, is mostly 

the consequence of impaired cellular glucose uptake (83). However, the exact mecha-

nisms of crosstalk between fatty acid and glucose metabolism are not fully understood 

and still have to be elucidated.

Metabolic syndrome

The metabolic syndrome represents a combination of metabolic and cardiovascular 

risk determinants including insulin resistance, hyperinsulinemia, glucose intolerance, 

central adiposity, dyslipidemia, hypertension, pro-inflammatory status, and microalbu-

minuria, which together increase the risk of developing diabetes and cardiovascular 

disease (84).

The metabolic syndrome has a multi-factorial etiology that involves a series of com-

plex interactions between a particular individual’s dietary habits, hormonal status, and 

genetic background. Several conditions influencing these factors have been associ-

ated with the metabolic syndrome. The gut microbiota is increasingly being accepted 

as a factor that affects host metabolism (85). They increase energy yield from diet by 

fermenting dietary carbohydrates, generating short-chain fatty acids (86), which are 

considered key metabolic regulators (87). Gut microbiota also regulate peripheral fat 

storage and influence the synthesis of gut hormones involved in energy homeostasis 

(88). Intestinal bacteria communicate with the mucosal epithelial cells and initiate 

“physiologic inflammation” signals. However, it is increasingly recognized that diet 
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1 can influence the composition of gut bacteria (89), and dietary macronutrients and 

microbial imbalance can induce chronic systemic low-grade inflammation, a condition 

associated with obesity and overnutrition, and considered as an early event in insulin 

resistance (90). 

Perturbations of circadian rhythms have also been associated with an increased risk 

for metabolic disorders (91, 92), supporting that circadian and metabolic regulatory 

networks are tightly connected. Glucocorticoids are an example of hormones with 

a striking diurnal release pattern that effect glucose and fatty acid metabolism (93). 

Bile acid homeostasis is also tightly coupled to the fasting-to-feeding cycles and as 

discussed above, gut microbiota are involved in metabolism of bile acids. Because of 

their role in nutrient absorption and metabolic signaling, bile acids influence glucose, 

lipid and energy homeostasis. Therefore, it has been suggested that impaired bile acid 

homeostasis may likely contribute to the pathogenesis of metabolic disorders (94). It 

also makes them attractive therapeutic targets for metabolic diseases.
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Outline

Metabolism is regulated by extensive inter-organ communication and complex inter-

actions of a great variety of signaling pathways. The importance of a balanced, well-

coordinated interplay is illustrated by metabolic derangements observed in metabolic 

diseases, e.g. obesity and type 2 diabetes. In this thesis several studies are presented 

that address factors influencing bile acid, lipid and glucose metabolism.

Since bile acids are emerging as integrated regulators of metabolism, pharmacologi-

cal alteration of bile acid metabolism or bile acid signaling pathways may be a promis-

ing therapeutic strategy for improving lipid and glucose homeostasis in obesity and 

diabetes. However, the molecular mechanisms mediating the bile acid effects are still 

not completely understood. Chapter 2 summarizes the effects of bile acid sequestrants 

in several metabolic diseases and the possible mechanisms underlying these effects. 

Recent advances in our understanding of bile acid signaling regulation of glucose 

and lipid metabolism are discussed and potentials of developing novel therapeutic 

strategies that target bile acid metabolism for the treatment of metabolic disorders are 

reviewed. In Chapter 3 bile acid sequestrants are used to investigate the mechanisms 

necessary for increasing bile acid synthesis. To meet the increased demand for bile acid 

synthesis the expression of Cyp7a1 needs to be increased. In particular the role of the 

transcription factor Lrh1 in regulating Cyp7a1 expression and bile acid synthesis is in-

vestigated. Since bile acid and lipid metabolism are highly interconnected and nuclear 

receptors are active in complex networks, Chapter 4 focusses on the role of Lrh1 in 

lipid metabolism. Triglyceride homeostasis is investigated in mice lacking Lrh1.

Gut microbiota contribute to host nutrition and are known to be involved in bile acid 

metabolism by converting primary into secondary bile acids. In Chapter 5 mice are 

treated with antibiotics or are completely devoid of a gut flora. The effects of these per-

turbations in the gut flora on bile acid metabolism are investigated. The gut microbiota 

is increasingly being accepted to serve as a factor that affects host energy metabolism. 

In Chapter 6 the effect of short term antibiotic treatment on bile acid and glucose 

metabolism in obese humans is investigated.

Glucocorticoids are secreted from the adrenal gland in circadian cycles, they are pri-

marily responsible for modulating the metabolism of carbohydrates and are therefore 

thought to be important for energy balance. Also various acute and chronic effects of 
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1 glucocorticoids on lipid homeostasis have been reported. In Chapter 7 the effect of 

glucocorticoid treatment on bile acid and cholesterol metabolism is investigated.
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