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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.



25

1

Introduction

ReFeRenCes
 1. Chait A, Bornfeldt KE. Diabetes and atherosclerosis: is there a role for hyperglycemia? J Lipid Res 2009; 50 

Suppl:S335-9.

 2. Downes M, Liddle C. Look who’s talking: nuclear receptors in the liver and gastrointestinal tract. Cell Metab 

2008; 7:195-199.

 3. Francis G A, Fayard E, Picard F, Auwerx J. Nuclear receptors and the control of metabolism. Annu Rev Physiol 

2003; 65:261-311.

 4. Hofmann A F. The continuing importance of bile acids in liver and intestinal disease. Arch Intern Med 1999; 

159:2647-2658.

 5. Canny G O, McCormick BA. Bacteria in the intestine, helpful residents or enemies from within? Infect Im-

mun 2008; 76:3360-3373.

 6. Albert R. Scale-free networks in cell biology. J Cell Sci 2005; 118:4947-4957.

 7. Brand M D. Regulation analysis of energy metabolism. J Exp Biol 1997; 200:193-202.

 8. Yang X, Lamia KA, Evans RM. Nuclear receptors, metabolism, and the circadian clock. Cold Spring Harb 

Symp Quant Biol 2007; 72:387-394.

 9. Salter M, Knowles RG, Pogson CI. Metabolic control. Essays Biochem 1994; 28:1-12.

 10. Irwin V C. Letter: Assessing immune status in calves. Vet Rec 1975; 96:477.

 11. Westerhoff H V, Groen AK, Wanders RJ. Modern theories of metabolic control and their applications (re-

view). Biosci Rep 1984; 4:1-22.

 12. Thomas C, Pellicciari R, Pruzanski M, Auwerx J, Schoonjans K. Targeting bile-acid signalling for metabolic 

diseases. Nat Rev Drug Discov 2008; 7:678-693.

 13. Lefebvre P, Cariou B, Lien F, Kuipers F, Staels B. Role of bile acids and bile acid receptors in metabolic 

regulation. Physiol Rev 2009; 89:147-191.

 14. Russell DW, Setchell KD. Bile acid biosynthesis. Biochemistry 1992; 31: 4737-4749.

 15. Begley M, Hill C, Gahan CG. Bile salt hydrolase activity in probiotics. Appl Environ Microbiol 2006; 72:1729-

1738.

 16. Hylemon P B, Harder J. Biotransformation of monoterpenes, bile acids, and other isoprenoids in anaerobic 

ecosystems. FEMS Microbiol Rev 1998; 22:475-488.

 17. Kitahara M, Takamine F, Imamura T, Benno Y. Clostridium hiranonis sp. nov., a human intestinal bacterium 

with bile acid 7alpha-dehydroxylating activity. Int J Syst Evol Microbiol 2001; 51:39-44.

 18. Ridlon J M, Kang DJ, Hylemon PB. Bile salt biotransformations by human intestinal bacteria. J Lipid Res 

2006; 47:241-259.

 19. Mallonee D H, Hylemon PB. Sequencing and expression of a gene encoding a bile acid transporter from 

Eubacterium sp. strain VPI 12708. J Bacteriol 1996; 178:7053-7058.

 20. Hu N J, Iwata S, Cameron AD, Drew D. Crystal structure of a bacterial homologue of the bile acid sodium 

symporter ASBT. Nature 2011; 478:408-411.

 21. Mallonee D H, Adams JL, Hylemon PB. The bile acid-inducible baiB gene from Eubacterium sp. strain VPI 

12708 encodes a bile acid-coenzyme A ligase. J Bacteriol 1992; 174:2065-2071.

 22. Begley M, Gahan CG, Hill C. The interaction between bacteria and bile. FEMS Microbiol Rev 2005; 29:625-

651.

 23. Inagaki T, Moschetta A, Lee YK, Peng L, Zhao G, Downes M et al. Regulation of antibacterial defense in the 

small intestine by the nuclear bile acid receptor. Proc Natl Acad Sci U S A 2006; 103:3920-3925.

 24. Hagenbuch B, Dawson P. The sodium bile salt cotransport family SLC10. Pflugers Arch 2004; 447:566-570.



Chapter 1

26

1
 25. Mekhjian H S, Phillips SF, Hofmann AF. Colonic absorption of unconjugated bile acids: perfusion studies in 

man. Dig Dis Sci 1979; 24:545-550.

 26. Schiff E R, Dietschy JM. Current concepts of bile acid absorption. Am J Clin Nutr 1969; 22:273-278.

 27. Hofmann A F, Cravetto C, Molino G, Belforte G, Bona B. Simulation of the metabolism and enterohepatic 

circulation of endogenous deoxycholic acid in humans using a physiologic pharmacokinetic model for bile 

acid metabolism. Gastroenterology 1987; 93:693-709.

 28. Dawson P A, Haywood J, Craddock AL, Wilson M, Tietjen M, Kluckman K et al. Targeted deletion of the ileal 

bile acid transporter eliminates enterohepatic cycling of bile acids in mice. J Biol Chem 2003; 278:33920-

33927.

 29. Groothuis G M, Hardonk MJ, Keulemans KP, Nieuwenhuis P, Meijer DK. Autoradiographic and kinetic dem-

onstration of acinar heterogeneity of taurocholate transport. Am J Physiol 1982; 243:G455-62.

 30. Twisk J, Hoekman MF, Mager WH, Moorman AF, de Boer PA, Scheja L et al. Heterogeneous expression of 

cholesterol 7 alpha-hydroxylase and sterol 27-hydroxylase genes in the rat liver lobulus. J Clin Invest 1995; 

95:1235-1243.

 31. Makishima M, Okamoto AY, Repa JJ, Tu H, Learned RM, Luk A et al. Identification of a nuclear receptor for 

bile acids. Science 1999; 284:1362-1365.

 32. Parks D J, Blanchard SG, Bledsoe RK, Chandra G, Consler TG, Kliewer SA et al. Bile acids: natural ligands for 

an orphan nuclear receptor. Science 1999; 284:1365-1368.

 33. Wang H, Chen J, Hollister K, Sowers LC, Forman BM. Endogenous bile acids are ligands for the nuclear 

receptor FXR/BAR. Mol Cell 1999; 3:543-553.

 34. Houten S M, Watanabe M, Auwerx J. Endocrine functions of bile acids. EMBO J 2006; 25:1419-1425.

 35. Jelinek D F, Andersson S, Slaughter CA, Russell DW. Cloning and regulation of cholesterol 7 alpha-hydroxy-

lase, the rate-limiting enzyme in bile acid biosynthesis. J Biol Chem 1990; 265:8190-8197.

 36. Li Y C, Wang DP, Chiang JY. Regulation of cholesterol 7 alpha-hydroxylase in the liver. Cloning, sequencing, 

and regulation of cholesterol 7 alpha-hydroxylase mRNA. J Biol Chem 1990; 265:12012-12019.

 37. Ness G C, Pendelton LC, Zhao Z. Thyroid hormone rapidly increases cholesterol 7 alpha-hydroxylase mRNA 

levels in hypophysectomized rats. Biochim Biophys Acta 1994; 1214:229-233.

 38. Shin D J, Plateroti M, Samarut J, Osborne TF. Two uniquely arranged thyroid hormone response elements 

in the far upstream 5’ flanking region confer direct thyroid hormone regulation to the murine cholesterol 

7alpha hydroxylase gene. Nucleic Acids Res 2006; 34:3853-3861.

 39. Twisk J, Hoekman MF, Lehmann EM, Meijer P, Mager WH, Princen HM. Insulin suppresses bile acid synthesis 

in cultured rat hepatocytes by down-regulation of cholesterol 7 alpha-hydroxylase and sterol 27-hydroxy-

lase gene transcription. Hepatology 1995; 21:501-510.

 40. Wang D P, Stroup D, Marrapodi M, Crestani M, Galli G, Chiang JY. Transcriptional regulation of the human 

cholesterol 7 alpha-hydroxylase gene (CYP7A) in HepG2 cells. J Lipid Res 1996; 37:1831-1841.

 41. Shin D J, Osborne TF. Peroxisome proliferator-activated receptor-gamma coactivator-1alpha activation of 

CYP7A1 during food restriction and diabetes is still inhibited by small heterodimer partner. J Biol Chem 

2008; 283:15089-15096.

 42. Chiang J Y. Bile acids: regulation of synthesis. J Lipid Res 2009; 50:1955-1966.

 43. Ma K, Xiao R, Tseng HT, Shan L, Fu L, Moore DD. Circadian dysregulation disrupts bile acid homeostasis. 

PLoS One 2009; 4:e6843.

 44. Janowski B A, Willy PJ, Devi TR, Falck JR, Mangelsdorf DJ. An oxysterol signalling pathway mediated by the 

nuclear receptor LXR alpha. Nature 1996; 383:728-731.



27

1

Introduction

 45. Lehmann J M, Kliewer SA, Moore LB, Smith-Oliver TA, Oliver BB, Su JL et al. Activation of the nuclear receptor 

LXR by oxysterols defines a new hormone response pathway. J Biol Chem 1997; 272:3137-3140.

 46. Allenby G, Bocquel MT, Saunders M, Kazmer S, Speck J, Rosenberger M et al. Retinoic acid receptors and 

retinoid X receptors: interactions with endogenous retinoic acids. Proc Natl Acad Sci U S A 1993; 90:30-34.

 47. Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore LB et al. A regulatory cascade of the nuclear 

receptors FXR, SHP-1, and LRH-1 represses bile acid biosynthesis. Mol Cell 2000; 6:517-526.

 48. Lu T T, Makishima M, Repa JJ, Schoonjans K, Kerr TA, Auwerx J et al. Molecular basis for feedback regulation 

of bile acid synthesis by nuclear receptors. Mol Cell 2000; 6:507-515.

 49. Seol W, Choi HS, Moore DD. An orphan nuclear hormone receptor that lacks a DNA binding domain and 

heterodimerizes with other receptors. Science 1996; 272:1336-1339.

 50. Lee Y K, Moore DD. Dual mechanisms for repression of the monomeric orphan receptor liver receptor 

homologous protein-1 by the orphan small heterodimer partner. J Biol Chem 2002; 277:2463-2467.

 51. Chanda D, Xie YB, Choi HS. Transcriptional corepressor SHP recruits SIRT1 histone deacetylase to inhibit 

LRH-1 transactivation. Nucleic Acids Res 2010; 38:4607-4619.

 52. Nitta M, Ku S, Brown C, Okamoto AY, Shan B. CPF: an orphan nuclear receptor that regulates liver-specific 

expression of the human cholesterol 7alpha-hydroxylase gene. Proc Natl Acad Sci U S A 1999; 96:6660-

6665.

 53. del Castillo-Olivares A, Gil G. Alpha 1-fetoprotein transcription factor is required for the expression of sterol 

12alpha -hydroxylase, the specific enzyme for cholic acid synthesis. Potential role in the bile acid-mediated 

regulation of gene transcription. J Biol Chem 2000; 275:17793-17799.

 54. Mataki C, Magnier BC, Houten SM, Annicotte JS, Argmann C, Thomas C et al. Compromised intestinal lipid 

absorption in mice with a liver-specific deficiency of liver receptor homolog 1. Mol Cell Biol 2007; 27:8330-

8339.

 55. Lee Y K, Schmidt DR, Cummins CL, Choi M, Peng L, Zhang Y et al. Liver receptor homolog-1 regulates bile 

acid homeostasis but is not essential for feedback regulation of bile acid synthesis. Mol Endocrinol 2008; 

22:1345-1356.

 56. Out C, Hageman J, Bloks VW, Gerrits H, Sollewijn Gelpke MD, Bos T et al. Liver receptor homolog-1 is critical 

for adequate upregulation of Cyp7a1 gene transcription and bile salt synthesis during bile salt sequestra-

tion. Hepatology 2011; 53:2075-2085.

 57. Kim I, Ahn SH, Inagaki T, Choi M, Ito S, Guo GL et al. Differential regulation of bile acid homeostasis by the 

farnesoid X receptor in liver and intestine. J Lipid Res 2007; 48:2664-2672.

 58. Houten S M, Volle DH, Cummins CL, Mangelsdorf DJ, Auwerx J. In vivo imaging of farnesoid X receptor 

activity reveals the ileum as the primary bile acid signaling tissue. Mol Endocrinol 2007; 21:1312-1323.

 59. Stroeve J H, Brufau G, Stellaard F, Gonzalez FJ, Staels B, Kuipers F. Intestinal FXR-mediated FGF15 production 

contributes to diurnal control of hepatic bile acid synthesis in mice. Lab Invest 2010; 90:1457-1467.

 60. Yu C, Wang F, Kan M, Jin C, Jones RB, Weinstein M et al. Elevated cholesterol metabolism and bile acid 

synthesis in mice lacking membrane tyrosine kinase receptor FGFR4. J Biol Chem 2000; 275:15482-15489.

 61. Holt J A, Luo G, Billin AN, Bisi J, McNeill YY, Kozarsky KF et al. Definition of a novel growth factor-dependent 

signal cascade for the suppression of bile acid biosynthesis. Genes Dev 2003; 17:1581-1591.

 62. Inagaki T, Choi M, Moschetta A, Peng L, Cummins CL, McDonald JG et al. Fibroblast growth factor 15 func-

tions as an enterohepatic signal to regulate bile acid homeostasis. Cell Metab 2005; 2:217-225.

 63. Kurosu H, Choi M, Ogawa Y, Dickson AS, Goetz R, Eliseenkova AV et al. Tissue-specific expression of betaK-

lotho and fibroblast growth factor (FGF) receptor isoforms determines metabolic activity of FGF19 and 

FGF21. J Biol Chem 2007; 282:26687-26695.



Chapter 1

28

1
 64. Lin B C, Wang M, Blackmore C, Desnoyers LR. Liver-specific activities of FGF19 require Klotho beta. J Biol 

Chem 2007; 282:27277-27284.

 65. Song K H, Li T, Owsley E, Strom S, Chiang JY. Bile acids activate fibroblast growth factor 19 signaling in hu-

man hepatocytes to inhibit cholesterol 7alpha-hydroxylase gene expression. Hepatology 2009; 49:297-305.

 66. Kir S, Zhang Y, Gerard RD, Kliewer SA, Mangelsdorf DJ. Nuclear receptors HNF4alpha and LRH-1 cooperate 

in regulating Cyp7a1 in vivo. J Biol Chem 2012; 287:41334-41341.

 67. Miao J, Xiao Z, Kanamaluru D, Min G, Yau PM, Veenstra TD et al. Bile acid signaling pathways increase 

stability of Small Heterodimer Partner (SHP) by inhibiting ubiquitin-proteasomal degradation. Genes Dev 

2009; 23:986-996.

 68. Shin D J, Osborne TF. FGF15/FGFR4 integrates growth factor signaling with hepatic bile acid metabolism 

and insulin action. J Biol Chem 2009; 284:11110-11120.

 69. Lin J Z, Martagon AJ, Hsueh WA, Baxter JD, Gustafsson JA, Webb P et al. Thyroid hormone receptor agonists 

reduce serum cholesterol independent of the LDL receptor. Endocrinology 2012; 153:6136-6144.

 70. Mitropoulos K A, Balasubramaniam S. The role of glucocorticoids in the regulation of the diurnal rhythm 

of hepatic beta-hydroxy-beta-methylglutaryl-coenzyme A reductase and cholesterol 7 alpha-hydroxylase. 

Biochem J 1976; 160:49-55.

 71. Li T, Kong X, Owsley E, Ellis E, Strom S, Chiang JY. Insulin regulation of cholesterol 7alpha-hydroxylase 

expression in human hepatocytes: roles of forkhead box O1 and sterol regulatory element-binding protein 

1c. J Biol Chem 2006; 281:28745-28754.

 72. Li T, Jahan A, Chiang JY. Bile acids and cytokines inhibit the human cholesterol 7 alpha-hydroxylase gene 

via the JNK/c-jun pathway in human liver cells. Hepatology 2006; 43:1202-1210.

 73. Crestani M, Sadeghpour A, Stroup D, Galli G, Chiang JY. Transcriptional activation of the cholesterol 7alpha-

hydroxylase gene (CYP7A) by nuclear hormone receptors. J Lipid Res 1998; 39:2192-2200.

 74. Hunt M C, Yang YZ, Eggertsen G, Carneheim CM, Gafvels M, Einarsson C et al. The peroxisome proliferator-

activated receptor alpha (PPARalpha) regulates bile acid biosynthesis. J Biol Chem 2000; 275:28947-28953.

 75. Marrapodi M, Chiang JY. Peroxisome proliferator-activated receptor alpha (PPARalpha) and agonist inhibit 

cholesterol 7alpha-hydroxylase gene (CYP7A1) transcription. J Lipid Res 2000; 41:514-520.

 76. Li T, Chiang JY. Mechanism of rifampicin and pregnane X receptor inhibition of human cholesterol 7 alpha-

hydroxylase gene transcription. Am J Physiol Gastrointest Liver Physiol 2005; 288:G74-84.

 77. Han S, Chiang JY. Mechanism of vitamin D receptor inhibition of cholesterol 7alpha-hydroxylase gene 

transcription in human hepatocytes. Drug Metab Dispos 2009; 37:469-478.

 78. Han S, Li T, Ellis E, Strom S, Chiang JY. A novel bile acid-activated vitamin D receptor signaling in human 

hepatocytes. Mol Endocrinol 2010; 24:1151-1164.

 79. Cooper A D, Chen J, Botelho-Yetkinler MJ, Cao Y, Taniguchi T, Levy-Wilson B. Characterization of hepatic-

specific regulatory elements in the promoter region of the human cholesterol 7alpha-hydroxylase gene. J 

Biol Chem 1997; 272:3444-3452.

 80. Chen W, Owsley E, Yang Y, Stroup D, Chiang JY. Nuclear receptor-mediated repression of human cholesterol 

7alpha-hydroxylase gene transcription by bile acids. J Lipid Res 2001; 42:1402-1412.

 81. del Castillo-Olivares A, Campos JA, Pandak WM, Gil G. The role of alpha1-fetoprotein transcription factor/

LRH-1 in bile acid biosynthesis: a known nuclear receptor activator that can act as a suppressor of bile acid 

biosynthesis. J Biol Chem 2004; 279:16813-16821.

 82. Jequier E. Effect of lipid oxidation on glucose utilization in humans. Am J Clin Nutr 1998; 67:527S-530S.

 83. Galgani J E, Moro C, Ravussin E. Metabolic flexibility and insulin resistance. Am J Physiol Endocrinol Metab 

2008; 295:E1009-17.



29

1

Introduction

 84. Bruce K D, Hanson MA. The developmental origins, mechanisms, and implications of metabolic syndrome. 

J Nutr 2010; 140:648-652.

 85. Tremaroli V, Backhed F. Functional interactions between the gut microbiota and host metabolism. Nature 

2012; 489:242-249.

 86. Kootte R S, Vrieze A, Holleman F, Dallinga-Thie GM, Zoetendal EG, de Vos WM et al. The therapeutic poten-

tial of manipulating gut microbiota in obesity and type 2 diabetes mellitus. Diabetes Obes Metab 2012; 

14:112-120.

 87. Conterno L, Fava F, Viola R, Tuohy KM. Obesity and the gut microbiota: does upregulating colonic fermenta-

tion protect against obesity and metabolic disease?. Genes Nutr 2011; 6:241-260.

 88. Vrieze A, Holleman F, Zoetendal EG, de Vos WM, Hoekstra JB, Nieuwdorp M. The environment within: how 

gut microbiota may influence metabolism and body composition. Diabetologia 2010; 53:606-613.

 89. Muegge B D, Kuczynski J, Knights D, Clemente JC, Gonzalez A, Fontana L et al. Diet drives convergence in 

gut microbiome functions across mammalian phylogeny and within humans. Science 2011; 332:970-974.

 90. Nakamura Y K, Omaye ST. Metabolic diseases and pro- and prebiotics: Mechanistic insights. Nutr Metab 

(Lond) 2012; 9:60-7075-9-60.

 91. Karlsson B, Knutsson A, Lindahl B. Is there an association between shift work and having a metabolic 

syndrome? Results from a population based study of 27,485 people. Occup Environ Med 2001; 58:747-752.

 92. Turek F W, Joshu C, Kohsaka A, Lin E, Ivanova G, McDearmon E et al. Obesity and metabolic syndrome in 

circadian Clock mutant mice. Science 2005; 308:1043-1045.

 93. Macfarlane D P, Forbes S, Walker BR. Glucocorticoids and fatty acid metabolism in humans: fuelling fat 

redistribution in the metabolic syndrome. J Endocrinol 2008; 197:189-204.

 94. Li T, Chiang JY. Bile Acid signaling in liver metabolism and diseases. J Lipids 2012; 2012:754067.





Chapter  2
Bile acid sequestrants: more than simple 
resins

Carolien Out, Albert K. Groen, Folkert Kuipers

Current Opinion in Lipidology, 2012 Feb;23(1):43-55.



Chapter 2

32

aBstRaCt

Purpose of review: Bile acid sequestrants (BAS) have been used for more than 50 years 

in the treatment of hypercholesterolemia. The last decade, bile acids are emerging as 

integrated regulators of metabolism via induction of various signal transduction path-

ways. Consequently, BAS treatment may exert unexpected side-effects. We discuss a 

selection of recently published studies that evaluated BAS in several metabolic diseases.

Recent findings: Recently, an increasing body of evidence has shown that BAS in ad-

dition to ameliorating hypercholesterolemia are also effective in improving glycemic 

control in patients with type 2 diabetes, although the mechanism is not completely un-

derstood. Furthermore, some reports suggested using these compounds to modulate 

energy expenditure. Many of these effects have been related to the local effects of BAS 

in the intestine by directly binding bile acids in the intestine or indirectly by interfering 

with signaling processes.

Summary: A substantial effort is being made by researchers to fully define the mecha-

nism by which BAS improve glycemic control in type 2 diabetic patients. A new chal-

lenge will be to confirm in clinical trials the recent discoveries coming from animal 

experiments suggesting a role for bile acids in energy metabolism.
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intROduCtiOn

Bile acids are amphipathic molecules that are synthesized in the liver from cholesterol. 

Until recently, they were considered to be simple detergents facilitating absorption of 

dietary fat and lipid-soluble vitamins. During the last decade, it has become clear that 

bile acids play an important role in the regulation of energy metabolism by acting as 

key signaling molecules, activating nuclear receptors and cell signaling pathways (1). 

Because bile acids are synthesized from cholesterol, their removal via sequestration in 

the intestine lowers LDL cholesterol (LDL-C) levels. Therefore, bile acid sequestrants 

(BAS) have been developed as a strategy to treat hypercholesterolemia. Interestingly, 

intestinal sequestration of bile acids also improves glycemic status in type 2 diabetes 

patients. Moreover, bile acid signaling influences energy expenditure. Modulating bile 

acid signaling via sequestration could, therefore, have multiple beneficial effects as 

therapy for the metabolic syndrome. Novel aspects of bile acid metabolism and the 

effects of intestinal sequestration in basal and clinical research will be covered in this 

review.

Regulation of bile acid metabolism

Bile acids are formed from cholesterol via a multistep process in two parallel metabolic 

pathways. The neutral (classic) pathway starts with 7-[alpha]-hydroxylation of choles-

terol by cholesterol [alpha]-hydroxylase (CYP7A1) and the acidic pathway is initiated 

by sterol 27-hydroxylase (CYP27A1). At the step catalyzed by hydroxy delta 5-steroid 

dehydrogenase, both pathways converge leading to the main end-product cholic acid 

for the neutral pathway and chenodeoxycholic acid (CDCA) for the acidic pathway (see 

for review (1)). Particularly, expression and activity of CYP7A1 is regulated via a complex 

mechanism. In contrast, little is known about the regulation of CYP27A1, despite its 

role in both pathways and severe phenotype in humans lacking this enzyme (2). In 

rodents, CDCA is rapidly converted into the hydrophilic [alpha]-muricholic and [beta]-

muricholic acids.

Conjugation of bile acids prior to their secretion increases their solubility. Human 

bile acids are mainly conjugated to glycine (3), whereas bile acids in rodents are almost 

exclusively taurine conjugated. Note that conjugated and most unconjugated bile 

acids are fully ionized at neutral pH and formally should be called bile salts. Bile salts 



Chapter 2

34

are secreted via the bile salt export pump from the liver into bile and induce secretion 

of cholesterol and phospholipids from the canalicular space (see for recent review 

(1)). In the intestine, bacteria deconjugate bile salts and convert primary bile salts into 

secondary bile salts. In humans, portions of cholic acid and CDCA are converted into 

the secondary bile salts deoxycholic acid (DCA) and lithocholic acid (LCA), respectively. 

In mice, DCA is formed from cholic acid and [beta]-muricholic acid is converted into 

[omega]-muricholic acid. Vice versa, bile salts are known to have antimicrobial activity. 

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

bacterial overgrowth (4). In the ileum and colon, about 95% of bile salts are reabsorbed 

(except for LCA) by both active and passive mechanisms (for review see (1)). The 

reabsorbed bile salts are transported back to the liver via the portal venous circula-

tion for resecretion into bile. This constant recycling of the bile salt pool is called the 

enterohepatic circulation. The remaining bile salts are lost in feces and are replenished 

by de novo synthesis from cholesterol in the liver. In humans, approximately 500 mg 

of bile salts are synthesized per day, being an important route for elimination of excess 

cholesterol.

Bile salts as signaling molecules

It has become clear that bile salts, in addition to solubilizing fat, act as important meta-

bolic signaling molecules. Bile salts can activate nuclear receptors such as the farnesoid 

X receptor (FXR/NR1H4) and thereby modulate the transcription of genes involved in 

bile salt, cholesterol and glucose metabolism (5–7). Furthermore, bile salts activate the 

G protein-coupled bile acid receptor 1 (TGR5/GPBAR1) and (secondary) bile salts have 

been shown to activate the constitutive androstane receptor (8), pregnane X receptor 

(PXR/NR1l2)(9) and vitamin D receptor (10). PXR and the vitamin D receptor are involved 

in detoxifying bile salts as well as inhibiting bile salt synthesis (10–13).

Bile salts regulate their own synthesis via signaling through the nuclear receptor FXR 

in the liver and intestine. Bile salt activation of hepatic Fxr induces the expression of 

small heterodimer partner (Shp/Nr0b2)(14). SHP functions as a potent repressor of the 

nuclear receptor liver homolog receptor-1 (Lrh-1/Nr5a2)(15). Initially, in-vitro studies 

identified Lrh-1 as a critical transcription factor for Cyp7a1 (16–21). However, as liver-

specific Lrh-1 gene deletion did not alter Cyp7a1 expression, the regulatory role of 

Lrh-1 on Cyp7a1 transcription remained controversial (19, 20). Recently, it was shown 
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that Lrh-1 is critical in vivo for the activation of Cyp7a1 as Lrh-1 knockdown mice could 

not increase bile salt synthesis during intestinal bile salt sequestration (18). Addition-

ally, Lrh-1 controls bile salt synthesis by inducing Cyp8b1 transcription (19–21)), hereby 

changing the pool composition. Thus, bile salt activation of hepatic Fxr via Shp prevents 

Lrh-1 from activating Cyp7a1 and Cyp8b1 and therefore inhibits bile salt biosynthesis. 

However, several studies suggest that hepatic Fxr is only activated when bile salt levels 

are pathologically elevated and under normal physiological conditions, intestinal Fxr 

mediates feedback regulation of bile salt synthesis (22, 23).

When bile salts are taken up in the ileum, bile salt activation of intestinal Fxr induces 

the expression of FGF19 (fibroblast growth hormone 19) or Fgf15 (mouse ortholog 

of the human FGF19), a secreted protein that binds to the hepatic receptor complex 

Fgfr4/[beta]-Klotho. Via subsequent signal transduction, Cyp7a1 expression is repressed 

(24–28). Concurrently, Fgf15/FGF19 decreases bile salt absorption by inhibiting the ileal 

apical sodium-dependent bile salt transporter (Asbt/Slc10a2)(29). Thus, bile salts regu-

late their own synthesis from two distinct sites in the body. Recently, it was shown that 

the intestinal Fxr-mediated Fgf15 production contributes to the regulation of hepatic 

bile salt synthesis in mice mainly during the dark phase (30). However, Fxr-independent 

mechanisms are likely to play a role in regulating Fgf15 production, as intestinal Fxr-/- 

mice are still able to upregulate Fgf15 and downregulate Cyp7A1 expression upon TCA 

feeding (30). There might be a role for Lrh-1 herein, as Fgf15 expression is decreased in 

Lrh-1 knockdown and intestinal-specific Lrh-1 knockout mice (18, 20). Furthermore, it 

remains to be investigated whether Lrh-1 might be involved in the downstream signal-

ing cascade of Cyp7A1 repression by Fgf15/FGF19.

There is a tight relation between bile salt and cholesterol metabolism. When cho-

lesterol is converted into bile salts, hepatic microsomal cholesterol content decreases. 

This causes upregulation of 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase 

(HMGCR) and increases LDL receptor (LDLR), as their expression is controlled by the 

sterol-sensing sterol regulatory element-binding proteins (SREBPs) (31). Consequently, 

more cholesterol is synthesized de novo and recruited from plasma LDL particles to 

deliver sufficient substrate for bile salt synthesis. Thus, modulation of hepatic cho-

lesterol conversion into bile salts serves as a key mechanism by which bile salts can 

impact on plasma cholesterol levels. In addition, bile salts can bind to TGR5/GPBAR1. 

The most potent natural agonist is LCA, but several other bile salts such as DCA, CDCA 
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and cholic acid are able to activate TGR5. TGR5 is expressed in multiple organs lining 

the enterohepatic axis, such as gallbladder, cholangiocytes and intestine. Tgr5–/– mice 

showed a decreased total bile salt pool size, for which the mechanism is still unknown. 

Furthermore, TGR5 is expressed in several organs important for energy homeostasis 

such as brown adipose tissue (BAT) and skeletal muscle (reviewed in (32)). Thus, as bile 

salts are important signaling molecules modulating bile salt homeostasis, they could 

serve as an attractive target to treat several conditions associated with the metabolic 

syndrome.

Bile aCid sequestRants

BAS are large polymers that bind negatively charged bile salts in the small intestine. 

Binding of bile salts in the intestine disrupts their enterohepatic circulation by prevent-

ing reabsorption from the gut, hence increasing their fecal excretion up to more than 

three times the normal (33). Consequently, bile salt synthesis is increased at the expense 

of plasma LDL-C concentrations. The cholesterol-lowering action of these drugs, thus, 

appears to be mainly mediated through increased bile salt excretion. Therefore, these 

compounds have been used as cholesterol-lowering agents since the early 1960s.

Three compounds are available on the market: cholestyramine, colestipol (first-

generation BAS) and colesevelam-HCl. Cholestyramine and colestipol have greater 

affinity for dihydroxy than trihydroxy bile salts, which in time creates an imbalance in 

the bile salt pool by increasing the trihydoxy bile salt fraction. In contrast, colesevelam-

HCl has been specifically engineered to bind bile salts via both hydrophobic and ionic 

sites, which enhances the affinity and specificity to bind bile salts compared to the 

traditional BAS and allows it to be used at lower doses (34, 35).

BAS are considered safe although they are associated with gastrointestinal com-

plaints (e.g., constipation, abdominal pain, nausea, etc.) which often results in treat-

ment discontinuation. Furthermore, BAS can decrease the absorption of fat, fat-soluble 

vitamins and other nutrients, which should be considered during long-term treatment 

(36–38). In addition, cholestyramine and colestipol may affect the absorption of several 

drugs, which may become dangerous in case of drugs with a narrow therapeutic win-

dow, such as warfarin. In contrast, studies using colesevelam-HCl treatment reported 

less side-effects and drug interactions than the traditional BAS (35, 39). Finally, BAS 
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treatment often results in increased triglyceride levels, which limits the use of these 

compounds in patients with high plasma triglyceride levels (34).

Cholesterol-lowering properties

BAS have been used for more than four decades as cholesterol-lowering agents in 

the treatment of dyslipidemias. As monotherapy, these compounds have proven their 

efficacy in reducing LDL-C levels by 9–28% without changing or slightly increasing 

HDL-cholesterol (HDL-C) by 0–9% in a dose-dependent manner (for review see (40)). 

In addition, BAS have also been used in combination with other lowering drugs (such 

as statins, niacin, fibrates and ezetimibe) in order to achieve stronger LDL-C-lowering 

effects (Table 1).

table 1. Effects of bile acid sequestrant therapy on improving plasma lipid profile.

study Compound
ldl-c baseline 

(mmol/l)
% change from baseline Ref

ldl-c Hdl-c tG

as monotherapy

Patients with TC > 6.8 mM; 
7.4 years; n=3806
 

Placebo 5.3 -3 2 13 [41]

Cholestyramine 24 g/d 5.3 -15* 5 17

Patients with LDL-c > 6.0 mM; 
5 years; n=143
 

Placebo 5.9 -5* 2 26* [42]

Cholestyramine 24 g/d 6.3 -26* 8* 28*

Patients with LDL-c > 4.5 mM; 
4 weeks; n=264

Cholestyramine 12 g/d 6.7 -23 8 11 [43]

Lovastatin 20 mg/d 7.3 -32 9 -21 

Lovastatin 40 mg/d 7.0 -42 8 -27 

Patients with LDL-c > 4.1 
mM; and < 6.5 mM; 8 weeks; 
n=196

Placebo 4.9 0.3 0.4 11.4* [44]

Colestipol 4 g/d 4.8 -5.2* -0.9 14.8* 

Colestipol 4 g/d 4.9 -10.9* 0.4 10.2* 

Colestipol 8 g/d 4.7 -19.8* -0.5 11.6* 

Colestipol 16 g/d 4.9 -25.8* -0.8 15.0* 

Patients with LDL-c > 4.14 
mM; 6 weeks; n=137

Placebo 5.0 -0.3 -0.7 3.2 [35]

Colesevelam-HCl 1.5 g/d 5.0 -2.1 0.7 1.5 

Colesevelam-HCl 2.25 g/d 5.2 -5.4 0.7 -1.1 

Colesevelam-HCl 3.0 g/d 5.2 -9.3* 8.9* 1.3 

Colesevelam-HCl 3.75 g/d 5.2 -19.3* 8.4* 9.2 
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table 1. Continued

study Compound
ldl-c baseline 

(mmol/l)
% change from baseline Ref

ldl-c Hdl-c tG

Patients with LDL-c 3.4-5.7 
mM; 24 weeks; n=494

Placebo 4.0 0 0 2 [45]

Colesevelam-HCl 2.3 g/d 4.2 -9* 4* 7* 

Colesevelam-HCl 3.0 g/d 4.1 -12* 4* 3 

Colesevelam-HCl 3.8 g/d 4.1 -15* 4* 9* 

Colesevelam-HCl 4.5 g/d 4.0 -18* 4* 7* 

in combination with other cholesterol-lowering drugs

Patients with LDL-c 4.14-5.69 
mM; 3 months; n=26 

Cholestyramine 8 g/d 4.5 -13* 2.8 15.4 [46]

Cholestyramine 8 g/d + Lovastatin 5 mg/d 4.5 -24.7* 4.7 12.3* 

Lovastatin 5 mg/d 4.5 -20.7* 7.5 -4.6 

Patients with previous 
coronary bypass surgery; TC 
4.79-9.07 mM; 2 years; n=162
 

Placebo 4.4 -5* 2 -5* [47]

Colestipol 30 g/d + Niacin (range 3-12 g/d) 4.4 -43* 37* -43* 

Patients with previous 
coronary bypass surgery; TC 
4.79-9.07 mM; 4 years; n=103
 

Placebo 4.4 -6 2 -5 [48]

Colestipol 30 g/d + Niacin (range 3-12 g/d) 4.4 -40* 37* -18 

Patients with apoB > 3.2 mM; 
2.5 years; n=146

Placebo 4.5 -7* 5* 15.5 [49]

Colestipol 30 g/d + Lovastatin 40 mg/d 5.1 -46* 15* -8.8 

Colestipol 30 g/d + Niacin 4 g/d 4.9 -32* 43* -22.9* 

Patients with LDL-c < 4.1 mM; 
4 weeks; n=135

Placebo 4.4 1 1 2 [50]

Colesevelam-HCl 2.3 g/d 4.4 -7* 4* 14* 

Lovastatin 10 mg/d 4.3 -22* 3 5 

Colesevelam-HCl 2.3 g/d + Lovastatin 10 mg/d      

 Dosed together 4.5 -34* 3 9 

 Dosed separately 4.4 -32* 3 -3 

Patients with LDL-c < 4.1 mM; 
6 weeks; n=258

Placebo 4.8 -4* 3 6 [51]

Colesevelam-HCl 3.75 g/d 5.1 -16* 2 11* 

Simvastatin 10 mg/d 4.7 -26* 3* -17* 

Colesevelam-HCl 3.75 g/d + Simvastatin 10 mg/d  5.1 -42* 10* -12 

Colesevelam-HCl 2.3 g/d 4.8 -8* 3* 11 

Simvastatin 20 mg/d 4.7 -34* 7* -12* 

Colesevelam-HCl 2.3 g/d + Simvastatin 20 mg/d 4.9 -42** 4* -12* 
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table 1. Continued

study Compound
ldl-c baseline 

(mmol/l)
% change from baseline Ref

ldl-c Hdl-c tG

Patients with LDL-c < 4.1 mM; 
4 weeks; n=94

Placebo 4.8 3 4* 9 [52]

Colesevelam-HCl 3.75 g/d 4.8 -12* 3* 10 

Atorvastatin 10 mg/d 4.7 -38* 8* -24* 

Colesevelam-HCl 3.75 g/d + Atorvastatin 10 mg/d  4.8 -48* 11* -1 

Atorvastatin 80 mg/d 4.7 -53* 5* -33* 

Patients with LDL-c 3.4-4.9 
mM; 1 year; n=123

Atorvastatin 30 mg/d 3.8 -47* 12* -25* [53]

Atorvastatin 20 mg/d+ niacin 2 g/d  4.1 -47* 25* -33* 

Colesevelam-HCl 3.8 g/d + Atorvastatin 20 mg/d 
+ ER niacin 2 g/d 

4.1 -57* 29* -42* 

Patients with LDL-c > 3.4 mM 
and TG < 4.5 mM; 6 weeks; 
n=86
 

Placebo + ezetimibe 10 mg/d 4.5 -22* 3 4 [54]

Colesevelam-HCl 3.8 g/d + Ezetimibe 10 mg/d 4.6 -54* 3 3 

Patients with LDL-c > 3.4 mM; 
12 weeks; n=20
 

Ezetimibe 10 mg/d 4.3 -24* 0.9 -19* [55]

Colesevelam-HCl 1.875 g/d + Ezetimibe 10 mg/d 4.1 -30- 5.0 36* 

Patients with LDL-c 4.9 mM; 6 
weeks; n=12

Ezetimibe 10 mg/d 5.2 -26* 8 4 [56]

Colesevelam-HCl 3.75 g/d 4.5 -23* -2 23 

Colesevelam-HCl 3.75 g/d + Ezetimibe 10 mg/d 4.9 -39* 2 11 

Patients with LDL-c > 3.0 mM; 
6 weeks; n=129
 

Fenofibrate 160 mg/d 4.1 -6* 10 -37* [57]

Colesevelam 3.75 g/d + Fenofibrate 160 mg/d 4.1 -17* 12 -32* 

in combination with diet

Patients with LDL-c < 6.9 mM; 
5 years; n=143
 

Diet 6.0 0 40* 2.5 [58]

Cholestyramine 24 g/d + Diet  6.3 -25* 35* 9 

Patients with TC > 6.0 mM; 
3.25 years; n=90

Placebo 4.8 -3 0 1 [59]

Lipid-lowering diet 5.0 -16* 0 -20* 

Cholestyramine 16 g/d + lipid-lowering diet 5.3 -36* -4 0 

ApoB; apolipoprotein B; TC: total cholesterol concentration; LDL-c: cholesterol concentration in low-density 
lipoprotein; HDL-c: cholesterol concentration in high-density lipoprotein; TG: triglyceride concentration. *p<0.05 
compared to baseline
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Bile salts influence plasma triglyceride levels by inhibiting the production of triglyc-

eride-rich very low density lipoprotein (VLDL) particles and accelerating their clearance 

from the circulation (reviewed in (60)). The impact of BAS on triglyceride metabolism is 

partly mediated by Fxr. BAS treatment changes the bile salt pool composition towards 

a pool composed of less potent Fxr agonists (61). Therefore, reduced Fxr activity influ-

ences the transcription of several genes involved in triglyceride metabolism, such as 

ApoC-II [a component of VLDL which activates lipoprotein lipase (Lpl) in capillaries]

(62). Indirectly, Fxr also decreases triglyceride synthesis via Shp by inhibiting Srebp1c 

expression and the Fxr target gene Fgf15/FGF19 has been reported to induce fatty 

acid oxidation (63, 64). Accordingly, Fxr-/- mice develop severe fatty liver and elevated 

circulating free fatty acid, plasma cholesterol and triglyceride levels (65,66), whereas 

Fxr activation by feeding a cholic acid diet (62, 67) or administration of a synthetic Fxr 

agonist GW4064 (67) prevents hypertriglyceridemia. Thus, by attenuating FXR activa-

tion, bile salt sequestration impairs triglyceride metabolism.

One could speculate that BAS treatment in addition to reducing bile salt (re)absorp-

tion could also reduce cholesterol absorption, as cholesterol needs to be incorporated 

into mixed micelles in order to be absorbed. However, the fact that combined treat-

ment of BAS with ezetimibe has additive effects in reducing plasma LDL-C levels, dis-

cards this hypothesis. Furthermore, it is likely that binding between BAS and bile salts 

takes place in the lower small intestine when the acidic pH of the stomach content has 

been neutralized. Therefore, micelle formation and cholesterol absorption can still take 

place in the upper small intestine. Taken together, the use of BAS as monotherapy or in 

combination with other cholesterol-lowering agents will depend on the sensitivity and 

tolerability of the patients to these drugs.

Cholesterol-lowering treatment is often initiated to reduce the risk of atherosclerosis 

and cardiovascular diseases, which can lead to ischemic heart disease and stroke. 

Cholestyramine and colestipol (either as monotherapy or in combination with other 

cholesterol-lowering agents) have proven their efficacy in reducing the risk of coronary 

heart disease which is related to the degree of LDL-C reduction and HDL-C increase 

(Table 2). Although the effects of colesevelam-HCl on reducing the risk of coronary 

heart disease have not yet been addressed, colesevelam-HCl treatment has been suc-

cessful in decreasing the total amount of LDL particles, increasing LDL particle size 
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(68) and decreasing the levels of high-sensitive C-reactive protein (69,70), markers of 

cardiovascular risk and inflammation, respectively.

Bile acid sequestrants in diabetes

Type 2 diabetes mellitus (T2DM) is currently an epidemic disease worldwide. The initial 

treatment of T2DM consists of weight loss, control of hypertension, management of 

dyslipidemia as well as lifestyle modifications. However, if this is insufficient, a phar-

macological approach must be established. Currently, there are 12 antidiabetic drugs 

available (including insulin) that target different pathological defects. Among them, 

colesevelam-HCl has been approved as an adjuvant to diet and exercise interventions 

table 2. Effects of bile acid sequestrant therapy on reducing the coronary heart disease risk.

study Compound
% change from 

baseline
CHd risk (%) Ref

ldl-c Hdl-c

Patients without CHD; 7.4 
years; n=3806

Placebo
Cholestyramine 24 g/d

-3
-15*

2
5

Definitive CHD death: 2
Definitive CHD death: 1.6

[41]

Patients with Type II 
hyperlipoproteinemia and 
coronary artery disease; 5 
years; n=143

Placebo
Cholestyramine 24 g/d

-5*
-26*

2
8*

Progression: 33; Regression: 10
Progression: 12; Regression: 12

[42]

Patients with previous 
coronary bypass surgery; 
2 years; n=162

Placebo
Colestipol 30g/d + Niacin (range 3-12 g/d)

-4*
-26*

2
37*

Progression: 35.6
Progression: 25.0

[47]

Patients with previous 
coronary bypass surgery; 
4 years; n=103

Placebo
Colestipol 30g/d + Niacin (range 3-12 g/d)

-6
-40*

2
37*

Progression: 21.3
Progression: 17.9

[48]

Patients with previous 
CHD; 2.5 years; n=146

Placebo
Colestipol 30 g/d + Lovastatin 40 mg/d
Colestipol 30 g/d + Niacin 4 g/d

-7
-46*
-32*

5
15
43

Progression: 46; Regression: 11
Progression: 21; Regression: 32
Progression: 25; Regression: 39

[49]

Patients with previous 
CHD; 3.25 years; n=90

Placebo
Lipid-lowering diet
Lipid-lowering diet + Cholestyramine 16 g/d

-3
-16*
-36*

0
0
-4

Progression: 46
Progression: 15
Progression: 12

[59]

CHD: coronary heart disease; LDL-c: cholesterol concentration in low-density lipoprotein; HDL-c: cholesterol 
concentration in high-density lipoprotein. *p<0.05 compared to baseline
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in order to improve glycemic control in patients with T2DM. One of the first studies 

that reported the beneficial effects of cholestyramine in type 2 diabetes appeared in 

the mid-1990s. Cholestyramine treatment (8 g/day for 6 weeks) achieved reductions 

in fasting plasma glucose of around 13% (71). Since then, the efficacy of BAS alone or 

in combination with other antidiabetic drugs (e.g., insulin, sulfonylurea or metformin) 

on improving glucose control has been tested in several clinical trials (Table 3). The 

glucose-lowering effects of colesevelam-HCl treatment used as monotherapy was 

tested in a 16-week, randomized, double-blind study in adults with untreated predia-

betes (72). As expected, colesevelam-HCl treatment reduced LDL-C, total cholesterol 

and apolipoprotein B levels. Additionally, fasting plasma glucose and HbA1c were re-

duced (-4% and -2%, respectively). The combination of colesevelam-HCl with other 

antidiabetic drugs achieved additive reductions in fasting plasma glucose and HbA1c 

of around 10% (61, 75–78). The efficacy of other BAS (colestimide and cholestyramine) 

in improving glycemic control has been addressed in two different studies. Treatment 

resulted in both reductions in fasting plasma glucose and HbA1c of around 10% (71, 73).

table 3. Effects bile acid sequestrant therapy on glycemic control.

study Compound % change from baseline Ref

ldl-c Hdl-c Hba1c FPG

Without concomitant anti-diabetic drugs

Untreated prediabetic subjects; 16 
weeks; n=216

Placebo
Colesevelam HCl 3.75 g/d

2
-14*

4
4

0
-2*

-2
-4*

[72]

With concomitant antidiabetic drugs

T2DM subjects with glyburide 
and/or insulin treatment; 6 weeks; 
n=21

Placebo
Cholestyramine 16 g/d

-2
-29*

0
3

-4
-10

4
-11*

[71]

T2DM subjects with oral anti-
diabetic or insulin treatment; 12 
weeks; n=70

Pravastatin 10 mg/d 
Colestimide 3 g/d

-16*
-23*

-6
-6

0
-12*

0
-9*

[73]

T2DM subjects with sulfonylurea 
and/or metformin treatment; 12 
weeks; n=65

Placebo
Colesevelam-HCl 3.75 g/d

2
-8*

-4
-7

2
-4*

1
-3*

[74]
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The exact mechanism of how BAS improve glycemic control has not been fully defined 

yet; however, multiple hypotheses have been proposed (79–81). One of the proposed 

mechanisms is based on the ability of BAS to alter the composition of the bile salt pool 

(1, 79, 82). In a recent study, bile salt pool sizes and synthesis rates were determined 

before and after 8 weeks of colesevelam-HCl treatment in patients with T2DM and in 

healthy controls (61). Although colesevelam-HCl treatment resulted in a more hydro-

philic bile salt pool, no associations were found between these bile salts and glucose 

levels. It has been speculated that changes in bile salt pool composition may result in 

changes in FXR activity, which may result in improving insulin resistance (83). However, 

this could not be confirmed in two different studies in diabetic rats receiving BAS (84, 

85).

A second proposed mechanism involves increased release of incretins after BAS treat-

ment (84, 85, 86, 87). The decrease in bile salt reabsorption caused by BAS treatment 

table 3. Continued

study Compound % change from baseline Ref

ldl-c Hdl-c Hba1c FPG

Controls and T2DM subjects with 
glipizide or dietary treatment; 8 
weeks; n=28

Colesevelam-HCl 3.75 g/d
 Controls
 T2DM

-11.1*
-9

0
0

0
-8*

0
-13*

[61*]

T2DM subjects with insulin or 
in combination with oral anti-
diabetic; 16 weeks; n=287

Placebo
Colesevelam-HCl 3.75 g/d

0.5
-12.3*

0.4
-0.5

1
-5*

13*
-2

[75]

T2DM subjects with metformin, 
sulphonylurea or insulin 
treatment; 16-26 weeks; n=509

Placebo
Colesevelam-HCl 3.75 g/d

0
-19*

1
0

0
-7*

6
-7*

[76]

T2DM subjects with metformin 
or in combination with oral anti-
diabetic; 26 weeks; n=316

Placebo
Colesevelam-HCl 3.75 g/d

3
-13*

0
0

2
-5*

7*
-3

[77]

T2DM subjects with sulfonylurea 
and/or oral anti-diabetic 
treatment; 26 weeks; n=461

Placebo
Colesevelam-HCl 3.75 g/d

0.6
-16*

0
0

2
-5*

4
-3

[78]

FPG: fasting plasma glucose; HbA1c: glycosylated hemoglobin; LDL-c: cholesterol concentration in low-density 
lipoprotein; HDL-c: cholesterol concentration in high-density lipoprotein; T2DM: type 2 diabetes mellitus. *p<0.05 
compared to baseline
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might increase the luminal concentration of bile salts which in turn would be able to 

activate TGR-5 (88, 89). This activation would ultimately stimulate the release of incre-

tins such as glucagon-like protein 1 (GLP-1)(88), a potent glucose-lowering hormone 

produced in enteroendocrine L cells. GLP-1 is secreted into the blood and increases 

glucose-stimulated insulin release, likely by increasing the sensitivity of pancreatic 

[beta]-cells to glucose (84, 85, 90). Evidence supporting this hypothesis comes from 

studies in diabetic rats and T2DM patients receiving either control or BAS treatment 

(84, 85, 87, 91). BAS treatment resulted in increased glucose-stimulated Glp-1, peptide 

YY and insulin release (84). T2DM patients treated with colestimide had increased 2-h 

postprandial GLP-1 levels (87), whereas plasma glucose levels decreased. Similarly, 

treatment of type 1 diabetic patients with colesevelam-HCl resulted in reductions in 

HbA1c, which were inversely related to increased GLP-1 levels (91). Thus, the increase in 

incretin release could be responsible for the observed decrease in fed serum glucose 

and increase insulin after BAS treatment, which is associated with improved insulin 

sensitivity.

In addition, it has been proposed that BAS treatment is able to modulate hepatic 

glucose metabolism (83), although the available data are contradictory. On the one 

hand, several studies indicate that bile salts suppress expression of genes involved 

in gluconeogenesis and decrease blood glucose levels (92–94). Bile salts modulate 

hepatic glucose metabolism via signaling pathways mediated by the nuclear receptor 

Fxr (92, 95). Fxr-null mice exhibit elevated serum glucose levels and impaired glucose 

tolerance and insulin sensitivity (96). Moreover, activation of Fxr by GW4064 or hepatic 

Fxr overexpression lowered blood glucose levels in both diabetic db/db and wild-type 

mice (97). This effect was the result of repression of hepatic gluconeogenic genes 

and increased hepatic glycogen synthesis and glycogen content, while increasing 

insulin sensitivity (97). On the other hand, recently it has been shown that long-term 

Fxr activation by GW4064 reduced basal energy expenditure and resulted in glucose 

intolerance and insulin resistance, whereas cholic acid administration had opposite 

effects. The authors hypothesized these effects to be due to differences in bile salt pool 

size and decreased Tgr5 activation, although plasma bile salts were unchanged (98). 

The glucose-lowering effects of bile salts may be mediated by Fgf15/FGF19. Kir et al. 

(99) recently showed that Fgf15-null mice exhibit enhanced blood glucose levels after 

an oral glucose bolus and decreased postprandial liver glycogen storage. Like insulin, 
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Fgf15/FGF19 inhibits hepatic gluconeogenesis (100) and FGF19 was shown to increase 

glucose uptake in 3T3-L1 adipocytes (26). Moreover, treatment with FGF19 prevented 

or even reversed the development of diabetes in two different mouse models (64). 

However, unlike FGF19, treatment of ob/ob mice with an FGF19 variant with selective 

activation of Fgfr4 failed to improve glucose levels and insulin sensitivity (101). Taken 

together, it is conceivable that changes in FXR activity resulting from BAS treatment 

may affect hepatic glucose fluxes. The exact mechanism, however, still needs to be 

elucidated.

Finally, it has been speculated that BAS may decrease glucose absorption in the 

intestine (102). However, this could not be confirmed in in-vivo studies (61, 103). In a 

recent pilot study, the effects of colesevelam-HCl on insulin sensitivity and potential 

binding to glucose were assessed in T2DM patients (103). Colesevelam-HCl treatment 

improved whole-body insulin resistance, although not by altering glucose absorption. 

Therefore, it seems unlikely that the glucose-lowering effects of BAS therapy are be-

cause of changes in glucose absorption in the intestine.

Bile acid sequestrants in energy metabolism

Recent data from mouse studies suggest a role for bile salts on energy metabolism. 

A diet enriched in cholic acid has been shown to increase energy expenditure and 

prevented diet-induced obesity (104). This effect was mediated by activation of BAT. 

Bile salt signaling through Tgr5 activated the enzyme deiodinase iodothyronine type 2 

(D2) that converts the inactive thyroid hormone thyroxine into its active form, hereby 

increasing thyroid hormone receptor saturation. Furthermore, peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (Pgc-1[alpha]) was activated, which is 

a master regulator of mitochondrial biogenesis (104). During high-fat feeding, female 

Tgr5-/- mice gained more weight than controls. Moreover, administration of the Tgr5 

agonist INT-777 resulted in attenuation of weight gain as a consequence of enhanced 

energy expenditure (32, 105).

On the basis of mouse data, the role of bile salts in modulating (postprandial) energy 

metabolism would suggest that long-term BAS treatment would result in decreased 

energy expenditure and fat accumulation. To date, only one study investigated the rela-

tionship between plasma bile salt levels and energy expenditure in patients with T2DM 

and healthy controls before and after BAS treatment. Total plasma bile salts tended to 
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be lower in T2DM; however, no differences were found in resting energy expenditure 

(REE) between T2DM and controls at baseline or after BAS treatment, neither did plasma 

bile salts correlate with REE (106). More research needs to be performed in order to 

define the role of bile salts and their sequestration in regulating energy expenditure in 

human populations.

Other signaling by bile salts (possible effects of bile acid sequestrants)

BAS treatment results in a more hydrophillic bile salt pool, which is associated with 

decreased susceptibility for gallstone disease (107). Hydrophobic bile salts activate Tgr5 

and decrease gallbladder smooth muscle function, which is a hallmark of gallbladder 

disease (108). It has been shown that Tgr5–/– mice fed a lithogenic diet are protected 

against cholesterol gallstone formation (109). A shift towards a more hydrophillic 

bile salt pool during BAS treatment might therefore lead to decreased TGR5 activa-

tion in the gallbladder which could protect against gallstone disease. In addition, the 

intestinal Fxr target gene Fgf15/FGF19 stimulates gallbladder filling, possibly involving 

the fibroblast growth factor receptor 3 (110). The fact that Fgf15/FGF19 is decreased 

during BAS treatment may contribute to diminished gallbladder relaxation. Therefore, 

BAS treatment might be beneficial for preventing gallstone formation, which has an 

increased prevalence in type 2 diabetic patients (111).

Furthermore, binding bile salts might interfere with their antimicrobial actions which 

might lead to bacterial overgrowth. Bacteria are known to have great impact on bile 

salt, cholesterol and glucose metabolism (reviewed in (112)). The composition of the 

gut microbiota is linked to energy extraction from the diet, synthesis of gut hormones 

involved in energy homeostasis, production of butyrate and the regulation of fat 

storage (112). Therefore, it is increasingly acknowledged that gut microbiota might 

contribute to the pathophysiology of obesity and T2DM, as these patients exhibit a 

different bacterial flora (reviewed in (113)). Thus, studies are warranted to investigate 

the effects of BAS treatment on gut microbiota composition.

COnClusiOn

Bile salt sequestration has major beneficial effects on disturbed human metabolism, it 

lowers LDL-C and ameliorates hyperglycemia in T2DM patients, thus seems a treatment 
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of choice in disorders such as the metabolic syndrome. Yet, some future challenges 

remain in deciphering the mechanisms responsible for the glucose-lowering effects 

of BAS and exploring possible consequences on energy metabolism, gallstone disease 

and gut microbiota composition.
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aBstRaCt

Liver receptor homolog-1 (LRH-1) is a nuclear receptor that controls a variety of meta-

bolic pathways. In cultured cells, LRH-1 induces the expression of CYP7A1 and CYP8B1, 

key enzymes in bile salt synthesis. However, hepatic Cyp7a1 mRNA levels were not 

reduced upon hepatocyte-specific Lrh-1 deletion in mice. The reason for this appar-

ent paradox has remained elusive. We describe a novel conditional whole-body Lrh-1 

knockdown (LRH-1-KD) mouse model to evaluate the dependency of bile salt synthesis 

and composition on LRH-1. Surprisingly, Cyp7a1 expression was increased rather than 

decreased under chow-fed conditions in LRH-1-KD mice. This coincided with a signifi-

cant reduction in expression of intestinal Fgf15, a suppressor of Cyp7a1 expression, and 

a 58% increase in bile salt synthesis. However, when fecal bile salt loss was stimulated 

by feeding the bile salt sequestrant colesevelam, Cyp7a1 expression was upregulated in 

wildtype mice but not in LRH-1-KD mice (+593% in wildtype versus +9% in LRH-1-KD). 

This translated into an increase in bile salt synthesis of +272% in wildtype versus +21% 

in LRH-1-KD mice. Conclusion: Our data provide mechanistic insight into a missing link 

in the maintenance of bile salt homeostasis during enhanced fecal loss and support the 

view that LRH-1 controls Cyp7a1 expression from two distinct sites, i.e., liver and ileum, 

in the enterohepatic circulation.
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intROduCtiOn

Bile salts are synthesized from cholesterol exclusively in the liver by a complex multien-

zyme process. Crucial steps in the synthesis pathway comprise the addition of one or 

two hydroxyl groups to the sterol nucleus and the oxidative cleavage of the side chain 

of cholesterol, resulting in a highly amphipathic class of bile salt molecules. Bile salts 

are potent surfactants that solubilize phosphatidylcholine and cholesterol in bile and 

promote lipid absorption in the small intestine. Next to being the primary driving force 

for hepatic bile formation, the role in intestinal lipid digestion has long been thought to 

be the most important function of bile salts (1). The landmark discovery of bile salts as 

endogenous ligands for the nuclear hormone receptor farnesoid X-receptor (FXR) and, 

more recently, for the G-protein-coupled receptor TGR5 has completely transformed 

the field of bile salt research. In addition to mediating the feedback control of bile salt 

synthesis, FXR influences many pathways involved in lipid metabolism and has recently 

also been implicated in control glucose metabolism (2). TGR5 seems particularly impor-

tant in regulating energy metabolism (3).

Accordingly, it is essential to fully understand the factors that regulate synthesis of 

the various types of bile salts. Liver receptor homolog-1 (LRH-1) has been implicated 

herein, but its exact role has remained elusive so far. LRH-1 belongs to the NR5A family 

of nuclear receptors together with steroidogenic factor-1 and the Drosophila melano-

gaster ortholog Fushi tarazu factor-1 (4-6). In contrast to most other nuclear receptors, 

members of the NR5A subfamily bind DNA as monomers (7, 8) LRH-1 is essential for 

embryogenesis, as targeted gene disruption results in early embryonic lethality.9 In the 

adult mouse, LRH-1 is expressed predominantly in the ovaries, the exocrine pancreas, 

and the organs that constitute the enterohepatic axis, i.e., liver and small intestine 

(9-11). In the small intestine, LRH-1 has been shown to stimulate cell proliferation in 

intestinal crypts (12) and to regulate extra-adrenal glucocorticoid synthesis (13) that 

protects against inflammatory bowel disease (14). In line with these antiinflammatory 

effects, hepatic LRH-1 acts as a potent suppressor of the acute phase response (15, 16). 

Functional LRH-1 binding sites have been found within the promoter regions of several 

genes implicated in lipid metabolism and transport such as Abcg5/Abcg8, APOA1, and 

SR-B1 (17-19).
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LRH-1 has been proposed to function as an important transcription factor in control 

of bile salt synthesis. The first and rate-controlling step in the classic pathway of bile 

acid synthesis is catalyzed by the enzyme cholesterol 7α-hydroxylase (CYP7A1)(20). 

Subsequently 7α-hydroxycholesterol is converted into cholic acid by 12α-hydroxylase 

(CYP8B1), which determines the ratio in which the primary bile salt species cholate 

(3α,7α,12α-trihydroxy-5β-cholate) over chenodeoxycholate (3α,7α-dihydroxy-5β-

cholate) are being produced (21).

Hepatic bile salt synthesis is tightly regulated by complex feedback mechanisms 

involving the consecutive and/or simultaneous actions of a number of hepatic nuclear 

receptors and transcription factors such as LXR, SREBPs, and HNF4 (3, 22-25). In addition, 

LRH-1 binding sites have been identified in the proximal promoter parts of CYP7A1 and 

CYP8B1 (8, 26). Data from cell studies showed that LRH-1 is able to induce the expression 

of CYP7A1 (8, 22, 23) and CYP8B1 (26). Therefore, LRH-1 has been proposed to function 

in feedback regulation of CYP7A1 expression as part of the FXR-SHP-LRH-1 cascade, in 

which bile acids can inhibit their own synthesis. In this cascade bile salt-activated he-

patic FXR induces the expression of small heterodimer partner (SHP) that functions as 

a potent repressor of hepatic LRH-1 activity (27) which then results in less activation of 

CYP7A1 by LRH-1. In addition, upon activation of intestinal FXR, the endocrine growth 

factor FGF15 is produced and transported to the liver, where it binds its receptor FGFR4 

and represses CYP7A1 expression in the liver (28, 29). Thus, bile salt synthesis is under 

negative feedback control from at least two distinct sites in the enterohepatic system.

Although the results from the initial cell studies (8, 22, 23) were consistent with re-

spect to the regulation of Cyp7a1 by LRH-1, they were in apparent contrast with those 

of subsequent in vivo studies using conditional Lrh-1 deletion (30, 31). Two independent 

studies showed that Cyp7a1 messenger RNA (mRNA) levels and protein activity were 

not reduced upon hepatocyte-specific Lrh-1 knockout, whereas, as expected, Cyp8b1 

levels were (30, 31). These studies hence suggest that LRH-1 regulates composition 

and thus physicochemical properties of the bile salt pool but does not control bile 

salt synthesis rate in mice. Furthermore, heterozygous Lrh-1 knockout mice exhibited 

5-7-fold higher Cyp7a1 expression levels and increased total bile acid pool sizes (32). 

Therefore, the proposed role of LRH-1 in the FXR-SHP-LRH-1 cascade, regulating Cyp7a1 

expression, remained uncertain.
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It has been speculated that the reason for the discrepancy between in vitro and in 

vivo approaches could be a redundant factor that maintains Cyp7a1 transcription in 

mice in the absence of LRH-1 (31). As previous in vivo experiments were all performed 

under normal physiological feeding conditions, it is at this stage unclear whether LRH-1 

functions as an important transcriptional regulator for Cyp7a1 expression under condi-

tions in which bile salt synthesis rates must be enhanced to maintain homeostasis, 

such as during increased fecal bile salt loss.

In this study we describe a novel conditional systemic LRH-1 knockdown mouse 

model (LRH-1-KD) to evaluate the dependency of bile salt synthesis on LRH-1 under 

normal, chow-fed conditions, and under conditions of high fecal bile salt loss. Our data 

show that under physiological (low flux) conditions, LRH-1 determines pool compo-

sition rather than bile salt synthesis rate: bile salt synthesis is even slightly increased 

rather than decreased in LRH-1-KD mice likely due to suppressed ileal Fgf15 expression. 

However, using bile salt sequestrants to deplete the bile salt pool by enhancing their 

fecal excretion, we found that LRH-1 does function as a critical factor in the compensa-

tory induction of hepatic Cyp7a1 expression and bile salt synthesis. Our data provide 

mechanistic insight in a missing link in the maintenance of bile salt homeostasis and 

support the view that LRH-1 functions in a compensatory safeguard mechanism for 

adequate induction of bile salt synthesis under conditions of high bile salt loss.

MateRials and MetHOds

Standard methods and assays can be found in the Supporting Information.

animals

LRH-1-KD mice were obtained from Taconic Artemis (Cologne, Germany). Details can 

be found in the Supporting Experimental Procedures. Twenty to 27-week-old male (n = 

8) and female (n = 4) LRH-1-KD mice on the C57BL/6J background and wildtype (WT) 

male (n = 5) and female (n = 3) littermates were housed in individual cages in a tem-

perature- and light-controlled facility with 12 hours light-dark cycling. All mice were 

fed commercially available laboratory chow (RMH-B; Hope Farms, Woerden, The Neth-

erlands) containing 200 mg/kg doxycycline (Sigma, St. Louis, MO) and supplemented 

with colese velam HCl 2% (w/w) (Daiichi Sankyo, Parsippany, NJ) when indicated. All 
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experiments were approved by the Ethical Committee for Animal Experiments of the 

University of Groningen. All animals received humane care according to the criteria 

outlined in the “Guide for the Care and Use of Laboratory Animals” prepared by the 

National Academy of Sciences and published by the National Institutes of Health.

Genotyping

Detailed information for genotyping can be found in the Supporting Experimental 

Procedures.

experimental animal procedures

All mice were fed chow with 200 mg/kg doxycycline for 4 weeks. Thereafter, mice were 

transferred for 14 days to chow with doxycycline only or to chow with doxycycline 

supplemented with 2% (w/w) colesevelam HCl. Weight gain was followed during the 

course of the study. Mice were anesthetized by intraperitoneal injection of Hypnorm (1 

mL/kg) (fentanylcitrate 0.315 mg/mL and fluanisone 10 mg/mL, VetaPharma, Leeds, UK) 

and diazepam (10 mg/kg) (Centrafarm, Etten-Leur, The Netherlands) and subjected to 

gallbladder cannulation for 20 minutes as described (35). During bile collection, body 

temperature was stabilized using an incubator. Bile was stored at −20°C until analyzed. 

Directly following bile collection, heart puncture was performed under isoflurane 

anesthesia and animals were sacrificed by cervical dislocation.

Blood obtained by heart puncture was collected in ethylenediaminetetraacetic acid 

(EDTA)-containing tubes. Plasma was stored at −20°C until analyzed. The liver was re-

moved, weighed, and snap-frozen in liquid nitrogen. The intestine was excised, flushed 

with phosphate-buffered saline, and placed in a Z-form. Three samples of ≈1 cm were 

removed from the proximal, medial, and distal part of the intestine, representing 

duodenum, jejunum, and ileum, and snap-frozen in liquid nitrogen. Liver and intestinal 

samples were stored at −80°C until RNA isolation or biochemical analysis. Fecal excre-

ment was collected from individually housed mice over a continuous 48-hour period. 

After air-drying, feces were kept at room temperature until analysis.

analysis in plasma and liver

Triglycerides, cholesterol, free fatty acids were determined with commercial kits. 

Activities of alanine and aspartate aminotransferases were measured using commer-
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cial kits. Quantification of bile salt and neutral sterol species was performed by gas 

chromatography. Details on analytical measurements can be found in the Supporting 

Experimental Procedures.

Rna isolation and polymerase chain reaction (PCR) procedures

Gene expression was measured using quantitative PCR (qPCR) performed with a 

7900HT FAST system using FAST PCR master mix, Taqman probes, and MicroAmp FAST 

optical 96-well reaction plates (Applied Biosystems Europe, Nieuwekerk ad IJssel, The 

Netherlands). Primer and probe sequences can be obtained at RTprimerDB (http://

www.rtprimerdb.org) (see Supporting Experimental Procedures for details).

statistics

All values are presented as Tukey’s Box-and-Whiskers plot using median with 25th 

to 75th percentile intervals (P25-P75). Plots were created using the GraphPad Prism 5 

software package. Statistical analyses were performed using SPSS 16.0 (Chicago, IL). 

Differences between the groups were analyzed by the nonparametric Mann-Whitney 

U test. When multiple comparisons were made (wildtype versus knockdown and chow 

versus colesevelam), the Kruskal-Wallis H test was performed, which was followed by 

the Conover Posthoc Test using Brightstat.36 Differences were considered statistically 

significant when P < 0.05.

Results

Metabolic parameters in chow-fed conditional systemic lRH-1 knockdown mice

A conditional short hairpin RNA (shRNA) knockdown strategy was utilized to obtain an 

inducible and reversible whole body Lrh-1 knockdown model. The model is based on 

a shRNA sequence targeting Lrh-1 (NR5A2) cloned behind a doxycycline-responsive 

promoter. The construct is targeted at the Rosa26 locus along with the enhanced tet-

repressor (Figure 1A). The resulting C57BL/6J mice were bred to be heterozygous for 

the knockdown cassette and WT littermates lacking the targeting construct were used 

as controls. Lrh-1 gene knockdown was induced by doxycycline administration by way 

of the food for 5 weeks. As shown in Figure 1B, hepatic Lrh-1 mRNA levels were reduced 

by ≈90%-95%, whereas the reduction of Lrh-1 expression in small intestine was ≈60%-
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70% in male and female mice (Figure 1B). The expression of Shp, a well-established 

Lrh-1 target gene (22, 23) was robustly reduced in liver (Figure 1B). In contrast, levels 

of steroidogenic factor-1, the closest paralog of LRH-1, in the ovaries were unaltered 

upon expression of the shRNA (data not shown), indicating that knockdown is specific 

for Lrh-1. There were no overt abnormalities noticed in either group. Plasma aspartate 
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Figure 1. Efficient knockdown of LRH-1 in a novel LRH-1 transgenic mouse model. (A) Schematic representation of 
the Tet-inducible LRH-1-KD system. (B) Gene expression shows a strong reduction in mRNA levels of Lrh-1 and the 
LRH-1 target-gene Shp. (C) Plasma aspartate aminotransferase (ASAT) and alanine aminotransferase (ALAT) levels 
were not altered in LRH-1-KD mice compared to WT littermates (n = 3-8 animals per group) (*P < 0.05).
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aminotransferase and alanine aminotransferase activities were unchanged (Figure 1C), 

implying that knockdown of hepatic Lrh-1 has no detrimental effect on hepatocyte cell 

integrity. As our model is fundamentally different from two previously reported ones 

(30, 31), we first analyzed a number of general metabolic parameters. As shown in Sup-

porting Table 1, plasma cholesterol and triglyceride levels were unaltered and plasma 

lipoprotein profiles were found to be unchanged between wildtype and knockdown 

animals (data not shown).

lRH-1 knockdown affects bile salt composition and bile salt synthesis under chow-fed 

conditions

Two previous reports showed that bile salt composition rather than synthesis rate 

was altered in liver-specific Lrh-1 knockout mice (30, 31). Consistent with this, hepatic 

Cyp7a1 mRNA levels remained unaltered or were even slightly induced, whereas those 

of Cyp8b1 were reduced. We also found that knockdown of LRH-1 resulted in a signifi-

cant reduction of Cyp8b1 mRNA levels (Figure 2A). Surprisingly, hepatic Cyp7a1 mRNA 

levels were increased upon LRH-1 knockdown (Figure 2A). Several genes implicated 

in hepatic bile salt transport (e.g., Ntcp, Abcb11/Bsep, and Abcb4/Mdr2) were all mildly 

reduced upon LRH-1 knockdown (Figure 2A), in agreement with previous findings (31).

We next tested whether the physicochemical properties of the neutral sterol fraction 

as well as the bile salt pool were affected upon LRH-1 knockdown. LRH-1 knockdown 

did not significantly alter amounts or relative abundances of each of the major neutral 

sterols in feces (Supporting figure 1A-C). In agreement with induced Cyp7a1 levels, 

the total amount of fecal bile salts secreted per day, reflecting hepatic synthesis, was 

slightly increased (males +57%, females +59%) (Figure 2B). The primary bile salts cho-

late (CA) and chenodeoxycholate (CDCA) are the direct products of de novo bile salt 

synthesis. Modifications of these bile salts in liver and intestine give rise to differentially 

structured primary and secondary bile salts, respectively. Consistent with suppressed 

hepatic Cyp8b1 expression levels, the profile was shifted towards CDCA-derived bile 

salts relative to CA-derived bile salts (Figure 2C). Specifically, fecal contents of deoxy-

cholate (DCA) were greatly reduced (Figure 2D), whereas the relative and absolute 

abundances of CDCA and α-muricholate were increased (Figure 2D). These data show 

that bile salt synthesis is shifted towards the CDCA production upon LRH-1 knockdown, 

in agreement with previous findings (30, 31). For most of these observations, no gender 
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Figure 2. LRH-1-KD in chow-fed animals reduces Cyp8B1 expression and changes the physicochemical properties 
of the bile salt pool. (A) LRH-1-KD altered gene expression of LRH-1 target genes. (B) LRH-1-KD caused a small but 
significant increase in fecal bile salt excretion. (C) LRH-1-KD induces a shift in the relative abundance of fecal CA 
versus CDCA-derived bile salts. (D) Relative abundance of fecal bile salt species in WT versus LRH-1-KD animals 
(n = 3-8 animals per group) (*P < 0.05). CA, cholate; DCA, deoxycholate; CDCA, chenodeoxycholate; HDCA, 
hyrodeoxycholate; alpha-MCA, alpha-muricholate; beta-MCA, beta-muricholate; omega-MCA, omega-muricholate.
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differences were observed. However, fecal bile salt composition was slightly different 

between males and females under chow-fed conditions (Figure 2D).

lRH-1 is critical for upregulation of Cyp7a1 expression during bile acid sequestration

As LRH-1 seems to be dispensable for maintenance of Cyp7a1 expression under chow-

fed conditions, we evaluated whether LRH-1 is essential for upregulation of Cyp7a1 

expression under conditions when high rates of bile salt synthesis are required to 

compensate fecal loss. Colesevelam-HCl is a widely used bile salt sequestrant and its 

administration massively induces fecal bile salt excretion in mice without affecting pool 

size (33). LRH-1-KD and WT littermates were fed chow with doxycycline for 4 weeks 

to induce LRH-1 silencing. Thereafter, mice were fed doxycycline-containing chow 

with or without colesevelam for 2 weeks. Also in this experiment, Lrh-1 mRNA levels 

were robustly reduced in livers of LRH-1-KD animals and reduced to about 60% to 40% 

along the small intestinal tract (Figure 3A). Colesevelam results in enhanced conversion 

of hepatic cholesterol to bile salts that must be compensated for by induction of de 

novo cholesterol synthesis by way of upregulation of HMG-CoA reductase (HMGCR), 

the rate-controlling enzyme of cholesterol synthesis. Indeed, robust Hmgcr induction 

was observed in the colesevelam-treated WT mice (Figure 3B). Colesevelam treatment 

did not alter hepatic Lrh-1 expression but reduced hepatic Shp levels in wildtypes 

(Figure 3C). Consistent with a previous report (31) we found a small but significant 

reduction in hepatic Fxr mRNA levels in LRH-1-KD mice (Supporting figure 2A), whereas 

small intestinal Fxr mRNA levels were unaltered (Supporting figure 2B). Colesevelam did 

not alter hepatic or intestinal Fxr expression (Supporting figure 2A, B). Hepatic Hnf4α 

transcript levels were also slightly reduced in LRH-1-KD mice, whereas those of the Liver 

X receptor (Lxrα), a nuclear receptor involved in Cyp7a1 transcription in mice (34), were 

found unchanged (Supporting figure 2A).

In agreement with data from the previous experiment, knockdown of LRH-1 resulted 

in an increase of hepatic Cyp7a1 expression (Figure 3C). Interestingly, whereas cole-

sevelam treatment resulted in the expected and robust increase of Cyp7a1 transcrip-

tion in wildtype mice, such an induction was not observed in the knockdown animals 

(Figure 3C). Rather, hepatic Cyp7a1 mRNA levels were comparable in knockdown animals 

on and off colesevelam. The same pattern was seen for Hmgcr expression (Figure 3B). 

As in the first experiment, Cyp8b1 mRNA levels were reduced in the LRH-1-KD animals. 



Chapter 3

66

Transcription of the Cyp8b1 gene was tremendously induced upon colesevelam treat-

ment in the wildtype but not in the knockdown animals (Figure 3C).

These results show that LRH-1 is a critical transcription factor for adequate upregula-

tion of Cyp7a1 and Cyp8b1 transcription under conditions of bile salt sequestration. 

In addition, the apparent paradoxical behavior observed for Cyp7a1 transcription in 
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Figure 3. LRH-1-KD animals cannot adequately up-regulate Cyp7a1 expression. (A) Gene expression shows a strong 
reduction in mRNA levels of Lrh-1 in LRH-1-KD animals. (B) Colesevelam-mediated fecal bile salt excretion up-
regulates HMG-CoA reductase expression. (C) Hepatic gene expression of WT versus colesevelam-treated animals. 
Colesevelam induces Cyp7a1 and Cyp8b1 in WT animals but not in LRH-1-KD animals (D) Ileal gene expression of 
WT versus colesevelam-treated animals. LRH-1-KD causes a reduction of ileal Fgf15 expression (n = 4-5 animals per 
group) (*P < 0.05).
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the LRH-1-KD mice suggest that two LRH-1-dependent, but mechanistically different, 

mechanisms are involved in the transcriptional regulation of Cyp7a1 expression.

A previous study in mice deficient for intestinal Lrh-1 showed a reduction of intestinal 

Fgf15 mRNA expression, suggesting that intestinal LRH-1 directly or indirectly regulates 

Fgf15 expression (31). Colesevelam did not alter intestinal Lrh-1 expression in wildtype 

mice but did suppress Shp and Fgf15 expression (Figure 3D), which is consistent with 

previous findings (33). Intestinal Shp levels were significantly reduced in LRH-1-KD 

mice on and off colesevelam (Figure 3D). Interestingly, we also found a tremendous 

reduction in Fgf15 mRNA levels in Lrh-1-KD mice on and off colesevelam, indicating 

that (intestinal) Lrh-1 regulates the expression of the Fgf15 gene. To further support 

this relationship, we tested whether LRH-1 would increase expression of FGF19, the hu-

man ortholog of murine FGF15, in DLD cells. Transduction of DLD cells with increasing 

amounts of recombinant LRH-1 encoding adenoviral particles (Supporting figure 3A,B) 

caused a dose-dependent increase in FGF19 mRNA expression (Supporting figure 3C). 

These data indicate that LRH-1 indeed induces Fgf15/19 expression.

alterations in bile salt metabolism in lRH-1-Kd mice during bile acid sequestration

We tested whether altered Cyp7a1 expression in colesevelam-treated LRH-1-KD animals 

also had physiological consequences. Knockdown of LRH-1 did not cause significant 

alterations in bile flow rate and only tended to reduce biliary bile salt output (Figure 4A, 

B). Treatment with colesevelam did not affect bile flow, but reduced biliary bile salt 

output in both WT mice and LRH-1-KD mice (Figure 4A, B), in agreement with previous 

studies from our laboratory (33). In agreement with the observed increase in Cyp7a1 

expression levels (Figure 3C), knockdown of LRH-1 caused a modest increase (+10%) of 

fecal bile salt output (Figure 4C). As expected, sequestrant treatment led to a massive 

induction (+272%) of fecal bile salt output in WT mice. Because colesevelam was given 

for 2 weeks, a new steady state is established in which fecal loss depicts enhanced bile 

acid synthesis. In LRH-1-KD mice there was no increase in fecal bile acid output after 2 

weeks (Figure 4C), indicating that LRH-1-KD mice cannot upregulate bile acid synthesis 

during colesevelam treatment.

As Cyp8b1 expression was also dysregulated in LRH-1-KD mice, we expected that 

LRH-1 knockdown combined with sequestrant would have profound effects on bile 

salt composition. Supporting figure 4 provides details on both the relative and abso-
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lute fecal and biliary bile salt compositions. In agreement with previous findings (33) 

colesevelam treatment resulted in increased relative and absolute contents of fecal 

DCA (Supporting figure 4A, B). Under sequestrant-fed conditions, the loss of bile salts is 

mainly compensated by an increased hepatic synthesis of CA that results in an increased 

relative abundance of CA-derived bile salts in bile (Figure 4D and Supporting figure 4C, 

D). However, LRH-1-KD animals cannot compensate for the sequestrant-induced loss of 

bile salts by upregulating CA and DCA synthesis (Supporting figure 4B) and this results 

in a decrease in the relative abundance of CA-derived bile salts and an increase in the 

relative abundance of CDCA-derived bile salts in bile (Figure 4D, Supporting figure 4C, 

D).

Figure 4
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Figure 4. LRH-1-KD animals cannot adequately up-regulate bile salt synthesis. (A) Bile flow was unchanged whereas 
(B) biliary bile salt output was slightly reduced in colesevelam-treated animals. (C) Fecal bile salt excretion is strongly 
induced in WT animals but not in LRH-1-KD mice reflecting a lack in the up-regulation of bile salt synthesis in LRH-1-
KD mice. (D) Synthesis of CA-derived bile salts was massively increased upon colesevelam treatment in WT but not 
LRH-1-KD mice (n = 4-5 animals per group) (*P < 0.05).
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disCussiOn

LRH-1 is a nuclear receptor that regulates the expression of a variety of genes involved 

in cholesterol and bile salt metabolism. Cultured cell studies have shown that both 

CYP7A1 and CYP8B1, two key enzymes in bile salt synthesis, are regulated by LRH-1. 

Cyp7a1 was initially identified as an LRH-1 target gene in an unbiased screen (8). Subse-

quent cell studies showed that LRH-1 acts as a positive transcription factor as well as a 

docking site for the transcriptional repressor SHP (22, 23). Comprehensive analysis of the 

physiological importance of LRH-1 in vivo has been hampered by the embryonic lethal-

ity of Lrh-1 knockout mice. Two laboratories independently generated conditional liver-

specific Lrh-1 knockout models (30, 31). Surprisingly, hepatocyte-specific deficiency of 

Lrh-1 had no significant effect on Cyp7a1 expression (30, 31), and heterozygous Lrh-1 

knockout mice exhibited 5 to 7-fold higher Cyp7a1 expression levels (32). Proposed 

explanations for these surprising findings were that LRH-1 either does not regulate 

Cyp7a1 in vivo, or that compensatory responses or redundant factors maintain Cyp7a1 

expression in the absence of LRH-1 (31). In this study we used conditional whole-body 

LRH-1 knockdown mice to establish the involvement of LRH-1 on Cyp7a1 transcription 

in vivo. Our data unequivocally demonstrate that LRH-1 is a critical transcription fac-

tor that is required for adequate upregulation of Cyp7a1 expression under conditions 

associated with high fecal bile salt loss, as caused by sequestrant treatment. Hence, 

the inability to upregulate Cyp7a1 expression translated into relatively low bile salt syn-

thesis rates in LRH-1 knockdown animals compared to wildtypes during sequestrant 

treatment. Together, our data resolve the apparent discrepancy between the outcomes 

of in vitro cell studies (8, 22, 23) and in vivo mouse studies (30, 31). This proves the previ-

ously predicted role of LRH-1 in CYP7A1 expression and complements the proposed 

mechanism of bile acid inhibition of CYP7A1 expression by way of the FXR-SHP-LRH-1 

cascade. In this pathway bile acid activation of FXR leads to induction of SHP, which in 

turn inhibits CYP7A1 activation by LRH-1. In agreement with cell studies (26) and previ-

ous in vivo studies (30, 31), our data demonstrate that LRH-1 is critical for maintenance 

of Cyp8b1 expression, also under normal feeding conditions. Our data also show that 

LRH-1 is critical for adaptation of Cyp8b1 expression during high bile salt loss. In physi-

ological terms, the reduction of Cyp8b1 expression levels in the knockdown animals 
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was accompanied by the anticipated proportions of CA-derived versus CDCA-derived 

bile salts in bile and feces.

Together, the data clearly indicate that Cyp7a1 and Cyp8b1 expression are differentially 

regulated. LRH-1 appears to be critical for both Cyp7a1 and Cyp8b1 transcription under 

conditions of high bile salt loss yet dispensable for Cyp7a1 but not for Cyp8b1 expres-

sion under “normal” conditions. This strongly indicates that compensatory mechanisms 

or redundant transcription factors exist for maintenance of Cyp7a1 expression. Indeed, 

we and others showed that several transcription factors, including LXR/RXR, HNF4alpha 

and SHP contribute to Cyp7a1 transcription (Supporting figure 5). Unfortunately, several 

attempts to study Cyp7A1 and Cyp8B1 promoter occupancy by LRH-1 and HNF4alpha 

using chromatine immunoprecipitation analysis on liver material failed. Therefore, the 

nature of the differential regulation for Cyp7a1 and Cyp8b1 under normal conditions 

remains obscure and can even be mediated by epigenetic regulators such as GPS2 (37).
Figure 5
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Figure 5. Lrh-1 regulates Cyp7a1 expression from two distinct sites in the enterohepatic circulation. Schematic 
representation of physiological pathways that regulate Cyp7a1 transcription. Hepatic LRH-1 positively contributes 
to Cyp7a1 transcription, whereas intestinal LRH-1 represses Cyp7a1 transcription by way of the induction of Fgf15 
expression.
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Careful examination of our data revealed that systemic knockdown of LRH-1 actu-

ally resulted in a significant upregulation of hepatic Cyp7a1 expression that was ac-

companied by a small increase of bile salt synthesis. This indicates that two different 

pathways with a reciprocal outcome modulate Cyp7a1 expression in our model. Lrh-1 

was significantly reduced in the small intestine of LRH-1-KD mice and, in agreement 

with the results from a conditional intestinal Lrh-1 knockout model (31), we also found 

that intestinal Fgf15 expression was significantly reduced. Experiments in DLD cells 

further support evidence that LRH-1 modulates FGF19 expression. However, it remains 

to be elucidated whether these effects result from a direct transcriptional induction by 

LRH-1, or by way of indirect mechanisms.

Surprisingly, Lee et al (31) reported that the reduction of intestinal Fgf15 expression in 

intestine-selective Lrh-1 knockouts did not result in an altered hepatic Cyp7A1 expres-

sion. However, the reduction of intestinal Fgf15 expression was relatively mild in these 

mice and these authors also found that hepatic Lrh-1 knockout resulted in a reduction 

of intestinal Fgf15 expression, possibly as a result of a reduction in FXR agonist activity 

in the hepatic Lrh-1 knockout mice (31). Thus, the separate deletion of either hepatic 

or intestinal Lrh-1, each reducing intestinal Fgf15 expression levels, appears not to alter 

hepatic Cyp7a1 expression levels. Yet when combined, as is the case in our LRH-1-KD 

mice, the reduction of Fgf15 expression is strong enough to affect hepatic Cyp7a1 ex-

pression. Indeed, Lrh-1 haploinsufficiency resulting in a whole-body reduction of LRH-1 

showed higher Cyp7a1 levels compared to littermates harboring both alleles (9). This 

provides additional insights into the central role of FGF15 in bile acid homeostasis. 

Interestingly, our data show that only Cyp7a1 and not Cyp8b1 is induced upon LRH-1 

knockdown. The involvement of Fgf15 herein is supported by data from Kim et al. (38), 

who showed that Cyp7a1 is suppressed much more efficiently compared to Cyp8b1 by 

FGF15 signaling.

In summary, our data demonstrate that LRH-1 is a critical transcription factor 

for upregulation of Cyp7a1 expression and bile salt synthesis in vivo during bile salt 

sequestration. In addition, our data support the view that LRH-1 affects Cyp7a1 expres-

sion from at least two sites in the enterohepatic system. Hepatic LRH-1 together with 

other transcription factors positively regulates Cyp7a1 expression, whereas intestinal 

LRH-1 causes an opposing effect by stimulating the expression of Fgf15 expression in 

enterocytes resulting in a repression of CYP7A1 (Figure 5). The finding that LRH-1 is 
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indispensable for upregulating bile salt synthesis indicates that it could serve as an 

attractive target to combat hypercholesterolemia.
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aBstRaCt

The transcription factor liver receptor homolog-1 (LRH-1/NR5A2) has been shown to 

be of vital importance to sustain life in mice. In the liver, LRH-1 is important in the 

regulation of glucose and bile acid metabolism. Here we show that expression of the 

LRH-1 gene in liver biopsies of obese human subjects correlates negatively with the 

extent of NAFLD and NASH, indicating that LRH-1 also may play a crucial role in hepatic 

triglyceride metabolism. The causality of this effect was investigated in conditional 

whole-body Lrh1 knockdown mice. We show here that Lrh1 knockdown impairs PPARα 

signaling and decreases fatty acid β-oxidation and ketogenesis, whereas in vitro Lrh1 

overexpression induces Pparα expression. Conditional Lrh1 knockdown mice develop 

a fatty liver phenotype, characterized by low circulating ketone bodies, high levels of 

plasma non-esterified fatty acids and hepatic steatosis in concordance with the human 

data. Conclusion: we show that LRH-1 plays a pivotal role in the control of hepatic 

triglyceride levels. 
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intROduCtiOn

Nutrient sensing transcription factors play a critical role in the maintenance of meta-

bolic homeostasis in most species. The concerted action of the transcriptional network 

fine-tunes the interaction of an organism with its environment. The liver receptor 

homolog-1 (LRH-1/NR5A2) has a vital role in this network. Systemic disruption of the 

Lrh1 gene in mice was shown to be embryonically lethal (1), but the vital importance 

of LRH-1 is not restricted to the embryonic phase. Recent data show that conditional 

Lrh1 knock-out mice die 9-14 days after tamoxifen-induced disruption of the gene (2). 

LRH-1 belongs to the NR5A family of nuclear receptors. It binds DNA as a monomer 

and is closely related to the orphan receptor SF-1. LRH-1 is expressed predominantly in 

liver and intestine, but also in pre-adipocytes, ovaria, pancreas and various other tissues 

(3, 4). LRH-1 exerts diverse functions depending on its site of expression. In the liver, 

LRH-1 is involved in the regulation of bile acid and glucose metabolism (5-9). 

Recently, it has been shown that LRH-1 is involved in the control of lipid metabolism 

as well (10). Analysis of hepatic LRH-1 DNA binding sites by ChIP-seq followed by Gene 

ontology analysis revealed that LRH-1 binding occurs in proximity of genes related to 

lipid metabolism. Moreover, the presence of LRH-1 appeared to be required for the 

anti-steatotic effects of 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine (DLPC; C12:0/

C12:0)(11), a natural LRH-1 agonist (12). These data suggest involvement of LRH-1 in the 

regulation of hepatic triglyceride metabolism. Abnormal accumulation of triglycerides 

in the liver, i.e., hepatic steatosis, represents one of the hallmarks of the metabolic syn-

drome (13). Hepatic steatosis or non-alcoholic fatty liver disease (NAFLD) can remain 

a benign, non-inflammatory condition without adverse effects, but may also progress 

to non-alcoholic steatohepatitis (NASH) and cirrhosis, conditions that severely com-

promise normal liver function and ultimately may result in end-stage liver disease and 

hepatic carcinoma (14).

To investigate the role of LRH-1 in the pathophysiology of human hepatosteatosis, 

we determined LRH-1 expression in liver tissue of a cohort of 125 extensively pheno-

typed obese patients with varying degrees of NAFLD and NASH. These data showed 

a negative correlation between LRH-1 expression and steatosis in human liver lipid 

metabolism. To further evaluate the role of LRH-1 in the control of hepatic lipid me-

tabolism we used a conditional whole-body Lrh1 knockdown mouse model (7). The 
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advantage of this model is that a hypomorph mouse of the Lrh1 gene is generated that 

does survive for over a year. Moreover, due to the residual activity of LRH-1, regulatory 

network structure is kept intact as much as possible and less compensatory regulation 

of adjacent network genes can be expected. Our study shows that Lrh1 knockdown 

(LRH-1-KD) disturbs hepatic triglyceride homeostasis primarily via downregulation of 

PPARα, resulting in decreased fatty acid oxidation and ketogenesis. LRH-1-KD mice 

develop hepatic steatosis specifically in periportal areas of the liver. Circulating ketone 

bodies are decreased, whereas plasma NEFA levels and medium- and long-chain 

acylcarnitines are increased. Thus, our data demonstrate that LRH-1 is an important 

regulator of hepatic lipid metabolism. 

exPeRiMental PROCeduRes

Liver biopsies were obtained from patients visiting the obesity clinic of the Antwerp 

University Hospital, as recently described by Francque et al. (15) and analyzed by two 

experienced pathologist for histological features of NASH. LRH-1 knockdown (LRH-1-

KD) mice were obtained commercially from Taconic Artemis and described before (7). 

All experiments were approved by the Ethical Committee for Animal Experiments of 

the University of Groningen.

ChiP-Seq data analysis was performed on the dataset kindly provided by Dr. Timothy 

F Osborne, University of California, USA, and visualized onto UCSC genome browser 

(16). For gene array, hybridization of cRNA and washing of Affymetrix GeneChip Mouse 

Genome 430 2.0 arrays was performed according to standard Affymetrix protocols. 

AML12 cells (ATCC CRL-2254) were maintained in Dulbecco’s Modified Eagle’s Me-

dium and HEK293AD cells were grown in DMEM for transient transfection. Adenoviral 

transductions were performed as described previously (7).

All values are presented as Tukey’s Box-and-Whiskers plot using median with 25th to 

75th percentile intervals (P25-P75) or bar charts with median +/- range. Statistical analyses 

were performed using SPSS 16.0 (SPSS Inc., Chicago, USA). 

For more detailed Experimental Procedures see Supplemental Information.
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Results

lRH-1 expression correlates with nasH in human liver

To study LRH-1 expression in human liver, LRH-1 mRNA levels were analyzed in liver 

biopsies of 125 patients presenting to the Antwerp University Hospital (15). LRH-1 

expression was significantly different between patients without or with the presence 

of NASH according to Brunt et al. (17) (p=0.016) with the lowest values in the NASH 

group. LRH-1 expression was also different according to the steatosis grade (p=0.011), 

the severity of the necroinflammation as reflected by the NASH Activity Score (NAS) 

(p=0.004) and fibrosis stage (p=0.014) with highly significant negative correlations in 

regression analysis (p=0.006, 0.001 and 0.023 for steatosis, NAS and fibrosis (18) respec-

tively). Thus, LRH-1 expression negatively correlates with the severity of NAFLD and 

NASH in humans.

Phenotypic analysis of conditional lRH-1-Kd mice

To further evaluate the role of LRH-1 in the control of hepatic lipid metabolism we used 

a conditional whole-body Lrh1 knockdown mouse model. This model circumvents the 

early embryonic lethality caused by complete Lrh1 deficiency, by using a conditional 

short hairpin RNA (shRNA) knockdown strategy (7). Lrh1 knockdown (LRH-1-KD) mice 

exhibited less than 5 percent of liver Lrh1 expression compared to wildtype mice (7). 

Such so-called hypomorphic alleles are very useful for studying essential genes at the 

organism level (19).

Chow-fed LRH-1-KD mice displayed a significantly increased liver weight compared 

to their wildtype littermates and hence an increased liver-to-bodyweight ratio (Table 1). 

Conversely, gonadal WAT mass was significantly reduced in the LRH-1-KD mice (Table 1).

Hepatic lipid content is increased by Lrh1 knockdown

Hepatic total fatty acid and triglyceride levels were significantly elevated in LRH-1-KD 

mice compared to their wildtype littermates (Table 1, Figure 1A/B). No changes were 

observed in either hepatic protein, cholesterolester or phospholipid levels (Table 1): 

the latter implying that the increase in fatty acid content is solely due to triglyceride 

accumulation. 
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table 1. Basic characteristics of wildtype and LRH-1-KD mice.

animal characteristics Wildtype lRH-1-Kd Change

Bodyweight (g)
Liverweight (g)
Liver/bodyweight (%)
White adipose tissue weight (g)
White adipose tissue/bodyweight (%)

28.7 (25.5 – 29.4)
1.0 (1.0 – 1.1)
3.8 (3.7 – 3.9)
0.8 (0.6 – 1.2)
2.7 (2.5 – 3.5)

24.8 (24.0 – 25.8)
1.3 (1.2 – 1.3)*
5.2 (4.7 – 5.4)*
0.3 (0.2 – 0.4)*
1.2 (0.8 – 1.2)*

↑
↑
↓
↓

Plasma parameters Wildtype lRH-1-Kd Change

Triglycerides (mM)
Total cholesterol (mM)
NEFA (mM)
β-hydroxybutyrate (mM)

0.10 (0.08 – 0.13)
1.8 (1.7 – 1.8)

0.28 (0.20 – 0.35)
0.42 (0.42 – 0.59)

0.12 (0.11 – 0.13)
2.1 (2.0 – 2.3)

0.38 (0.36 – 0.44)*
0.15 (0.14 – 0.27)*

↑
↓

Hepatic metabolic parameters Wildtype lRH-1-Kd Change

Triglycerides (μmol/g liver)
Total cholesterol (μmol/g liver)
Free cholesterol  (μmol/g liver)
Cholesterolesters  (μmol/g liver)
Phospholipids  (μmol/g liver)
Proteins (mg/g liver)

19.0 (18.4 – 24.3)
2.3 (2.1 – 2.6)
1.9 (1.9 – 1.9)
0.5 (0.4 – 0.7)

35.0 (34.0 – 50.3)
182 (146 – 223)

34.0 (32.9 – 34.4)*
3.0 (2.9 – 3.6)*
2.7 (2.4 – 2.9)*
0.6 (0.2 – 0.7)

36.0 (35.5 – 40.0)
171 (164 – 173)

↑
↑
↑

*p < 0.05
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Figure 1. lrh1 knock-down results in hepatic steatosis. (A) Hepatic triglyceride levels are increased in LRH-1-KD 
mice. (B) Hepatic fatty acid levels are increased in LRH-1-KD mice. Liver histology upon hematoxylin/eosin staining 
shows fat accumulation in livers of LRH-1-KD mice (D) but not in wildtype littermates (C), portal and central venes 
indicated as P and C respectively.
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Liver histology upon hematoxylin/eosin staining confirmed fat accumulation in livers 

of LRH-1-KD mice (Figure 1C/D). Fat appeared to be mainly deposited in periportal 

regions of the liver lobules, i.e., the predominant site of oxidative energy metabolism 

(20). Conversely, in perivenous zones, the predominant sites of de novo lipid synthesis 

(20), virtually no fat deposition was observed. As a control, no steatosis was observed 

in wildtype doxycycline-treated mice (Figure 1) or in mice expressing a control 

doxycycline-inducible shRNA against DCL1, a protein important for corticogenesis 

(21) (data not shown), indicating that doxycycline treatment or the expression of a 

doxycycline-inducible shRNA did not cause the observed disturbance of hepatic tri-

glyceride metabolism.

Lrh1 knockdown changes metabolic routes involved in lipid metabolism

In order to get insight in the mechanism underlying hepatic accumulation of triglyc-

erides in LRH-1-KD-mice, a comparative Affymetrix microarray analysis was performed 

on liver tissue obtained from 4h fasted mice. Gene ontology analysis revealed that 

Lrh1 knockdown affects transcriptional networks involved in inflammatory responses 

and lipid metabolism (Table 2). Several genes found to be upregulated upon Lrh1 

knockdown are mainly involved in inflammatory responses, which is consistent with 

previous studies showing that Lrh1 has anti-inflammatory effects and negatively 

regulates the acute phase response (22-24). Interestingly, downregulated genes ap-

peared to be mainly associated with lipid and steroid metabolism. Careful analysis of 

this gene set revealed that many of the downregulated genes are actually involved in 

fatty acid catabolism (Table 2). Quantitative real-time PCR (qPCR) confirmed decreased 

expression of genes involved in fatty acid oxidation. Expression of Pparα, a lipid-sensing 

nuclear receptor and key regulator of fatty acid β-oxidation, ketogenesis and the adap-

tive response to fasting (25), was significantly decreased (Figure 2A). Also PPARα target 

genes involved in beta-oxidation and ketogenesis were downregulated, including 

carnitine palmitoyltransferase I (Cpt-1a), acyl-CoA oxidase (Acox1), HMG-CoA synthase 

(Hmgcs2) and fibroblast growth factor 21 (Fgf21)(26, 27) (Figure 2A), recently identified 

as a ‘hepatokine’ that is controlled by PPARα and stimulates hepatic fatty acid oxidation 

and ketogenesis (26-30). However, plasma Fgf21 levels were not different between 

LRH-1-KD mice and wildtype mice (Figure S1).
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table 2. Gene ontology analysis on livers of wildtype and LRH-1-KD mice.

Function annotation p value # Molecules % of gene set

Ge
ne

 o
nt

ol
og

y

lipid metabolic process 
defense response  
organic acid metabolic process  
cellular ketone metabolic process  
sterol metabolic process  
innate immune response  
regulation of response to stimulus  
response to other organism  
cellular lipid metabolic process  

5.40E-14 
1.90E-10  
1.60E-09  
3.10E-09  
1.30E-08  
3.40E-08  
1.60E-07  
4.20E-07 
4.40E-07  

63
43 
43 
43 
16 
18 
31 
25 
38 

10.3
7.0 
7.0 
7.0 
2.6 
2.9 
5.1 
4.1 
6.2 

up
re

gu
la

te
d

defense response 
response to other organism  
innate immune response  
regulation of immune system process  
positive regulation of response to stimulus  
positive regulation of immune response  
positive regulation of immune system process  
immune effector process  

5.70E-14 
6.40E-11  
9.50E-11  
2.10E-10  
1.30E-09  
3.60E-09  
7.30E-09  
9.50E-09  

37
24
17 
27 
20 
17 
20 
16 

9.6
6.2
4.4 
7.0 
5.2 
4.4 
5.2 
4.2 

do
w

nr
eg

ul
at

ed

lipid metabolic process 
sterol metabolic process  
organic acid metabolic process  
cellular ketone metabolic process  
lipid biosynthetic process  
cellular lipid metabolic process  
lipid transport  
lipid localization  

5.70E-20 
9.00E-13  
3.40E-12  
5.90E-12  
7.80E-10  
3.00E-09  
2.40E-05  
4.20E-05  

46
15 
30 
30 
21 
26 
10 
10 

20.2
6.6 

13.2 
13.2 
9.2 

11.4 
4.4 
4.4 

Gene id name Function

li
pi

d 
m

et
ab

ol
ic 

pr
oc

es
s

19013
56794
433256
26897

320024
12894
76267
20249
22359

56690

peroxisome proliferator activated receptor alpha 
2-hydroxyacyl-CoA lyase 1 
acyl-CoA synthetase long-chain family member 5 
acyl-CoA thioesterase 1 

arylacetamide deacetylase-like 1
carnitine palmitoyltransferase 1a, liver 
fatty acid desaturase 1 and 2 
stearoyl-Coenzyme A desaturase 1 
very low density lipoprotein receptor 

malonyl-CoA decarboxylase

nuclear receptor, transcription factor involved in lipid metabolism
hydrolysis of fatty acids in peroxisomes
lipid biosynthesis and fatty acid degradation
hydrolysis of long-chain acyl-CoAs of C12-C20-CoA in chain 
length to free fatty acid and CoA
hydrolysis of lipids
transport of fatty acids into mitochondria
desaturation of fatty acids
desaturation of fatty acids
metabolism of apoprotein-E-containing triacylglycerol-rich 
lipoproteins (such as VLDL)
malonyl-CoA to acetyl-CoA conversion
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Figure 2. decreased β-oxidation in lRH-1-Kd animals. (A) Decreased gene expression of Pparα and its target 
genes is in LRH-1-KD mice. (B) Relative levels of medium- and long-chain acylcarnitines are increased in plasma of 
LRH-1-KD mice. Plasma NEFA levels (C) are increased, whereas 3-hydroxybutyrate levels (D) are decreased in fasted 
LRH-1-KD mice. (E) Ex vivo [9,10-3H] myristic acid oxidation is decreased in primary hepatocytes isolated from LRH-1-
KD mice compared to wildtype mice.
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Lrh1 knockdown decreases hepatic oxidation of fatty acids

Thus, knockdown of Lrh1 appears to affect hepatic lipid metabolism, particularly the 

breakdown of fatty acids in mitochondria and/or peroxisomes. Hepatocytes oxidize fatty 

acids to form acetyl-CoA that can subsequently be used for ketone body production. 

Defects in fatty acid oxidation are therefore routinely detected by acylcarnitine spec-

trum analysis. Determination of hepatic and plasma acylcarnitine profiles revealed ac-

cumulation of medium- and long-chain acylcarnitines (C6-C18) in both compartments 

of LRH-1-KD mice compared to wildtype mice (Figure 2B), suggestive of incomplete 

oxidation of fatty acids. An increase in plasma non-esterified fatty acid (NEFA) levels 

was also observed in LRH-1-KD mice (Table 1, Figure 2C), suggesting that decreased 

hepatic oxidation results in their accumulation in plasma. Moreover, β-hydroxybutyrate, 

a marker of fatty acid oxidation and subsequent ketogenesis in liver, was decreased 

in plasma of LRH-1-KD mice under fed and fasted conditions (Table 1, Figure 2D). To 

directly assess hepatic fatty acid oxidation, ex vivo myristic acid oxidation was measured 

in primary hepatocytes isolated from wildtype and LRH-1-KD mice by assessing the rate 

of conversion of [9,10-3H] myristic acid into 3H2O. Primary hepatocytes isolated from 

LRH-1 KD mice indeed showed decreased rates of β-oxidation compared to wildtype 

hepatocytes (Figure 2E).

To evaluate whether other changes in lipid metabolism could contribute to the de-

velopment of hepatic steatosis, the hepatic fatty acid profile was analyzed. In addition to 

accumulation of non-essential fatty acids, LRH-1-KD mice exhibited increased concen-

trations of the essential fatty acids linoleic acid (C18:2ω6) and linolenic acid (C18:3ω3) 

(Figure 3A) which cannot be synthesized de novo and are hence derived from the diet. 

The expression of several genes involved in fatty acid synthesis such as Lxra, Srebp1a, 

Srebp1c, and Acc1 remained unchanged (Figure 3B), whereas the expression of Scd1 

and the LRH-1 target gene Fas was even decreased. Assessment of de novo lipogenesis 

by MIDA (31), revealed no differences in lipogenesis between wildtype and LRH-1-KD 

mice (Figure 3C), which is consistent with the observed location of fat deposition, as 

no fat accumulation was observed in the perivenous zone, where lipogenesis occurs.

Hepatic export of very low-density lipoprotein (VLDL) particles was not different 

between LRH-1-KD and control mice (Figure 3D). The mRNA expression levels of apo-

protein B100 (apoB) and microsomal triglyceride transfer protein (Mttp), both essential 

for VLDL synthesis, remained unchanged in livers of LRH-1-KD mice (data not shown). 
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Figure 3. De novo lipogenesis and Vldl production are unaltered in lRH-1-Kd mice. (A) Accumulation of 
both essential and non-essential fatty acids in livers of LRH-1-KD mice. (B) Expression of genes involved in de novo 
lipogenesis is unaltered or decreased in LRH-1-KD mice. (C) De novo lipogenesis measured by MIDA analysis is 
unchanged in LRH-1-KD mice. (D) The rate of very low-density lipoprotein (VLDL) production by the liver is similar in 
LRH-1-KD and wildtype mice.
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In addition, total plasma TG concentrations and TG distribution in plasma lipoproteins 

were found to be unchanged between wildtype and LRH-1-KD animals (Table 1, 

Figure S2). Finally, total intestinal fatty acid absorption was calculated and found to be 

not different between wildtype and LRH-1-KD mice (data not shown).

Taken together, these data indicate that hepatic fat accumulation in LRH-1-KD mice 

is not due to alterations in either de novo synthesis of fatty acids, triglyceride export 

in VLDL particles or increased intestinal lipid absorption, but rather to suppressed 

β-oxidation capacity.

lRH-1 binds the lRH-1 site in the PPaRα promoter and regulates its transcriptional 

activity

Whereas whole-body knockdown of Lrh1 was shown to impair the expression of 

Pparα and its target genes, adenoviral-mediated overexpression of Lrh1 in HepA1.6 

cells consistently induced the mRNA expression of Pparα (Figure 4A). The effects of 

LRH-1 on fatty acid β-oxidation and ketogenesis in vivo and on PPARα and its target 

genes suggest that LRH-1 might regulate PPARα expression. Recently, Chong et al. (10) 

suggested a role for LRH-1 in lipid metabolism based on a non-biased genome-wide 

ChIP-seq approach on mouse liver. Using this ChIP-seq dataset, LRH-1 binding to the 

PPARα promoter was visualized. Several LRH-1 binding peaks were identified in the 

PPARα proximal promoter (-1500 bp upstream of the transcription start site)(Figure 4B). 

In contrast, no peaks were detected on the FGF21 promoter (Figure 4C).

Alignment of the mouse PPARα promoter sequence with the known LRH-1 con-

sensus binding site identified several motifs with partial (-670, -861) or total (-571) 

homology with the consensus at -861, -670 and -571 base pairs upstream of the PPARα 

transcription start site (Figure 5A). To determine whether LRH-1 directly binds to those 

sites electrophoretic mobility shift assays were performed. Only the -670 and -571 

sites specifically bound LRH-1 under these conditions with the -571 site displaying 

the strongest affinity for LRH-1 (Figure 5B). Interestingly, these two sites match with 

the strongest peak within the Pparα gene as determined by the LRH-1 ChIP-seq data 

analysis (Figure 4B). These strong protein-DNA complexes were efficiently competed 

by preincubation with increasing amounts of unlabeled wildtype probes, but not by 

the mutated oligonucleotides (Figure 5C). These results demonstrate that LRH-1 binds 

to the PPARα promoter in vitro and in vivo. Furthermore, a dose-dependent increase 
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in transcriptional activity was observed when a luciferase reporter gene driven by 

the -926 to +131 sequence of the mouse PPARα promoter was co-transfected with 

increasing amounts of LRH-1 (Figure 5D). Thus, PPARα regulation by LRH-1 occurs at the 

transcriptional level.
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Figure 4. lRH-1 is recruited to the mouse PPaRα promoter. (A) mRNA expression of Pparα is dose-dependently 
increased by adeno-LRH-1 transduction in HepA1.6 cells. Promoter regions of PPARα and FGF21 were inspected for 
the presence of LRH-1 ChIP-seq peaks visualized onto UCSC genome browser. (B) Representative view of ChIP-seq 
peaks on the mouse PPARα promoter. Promoter region and transcription start site (TSS) are indicated as described 
(50). (C) Representative view of ChIP-seq peaks on mouse FGF21 gene and promoter region. TSS is indicated as 
described (25). Shown are chromosomal locations according to the July 2007 Mouse Genome Assembly (mm9). 
Blue and red tags represent sequence reads from opposite DNA strands. The ability of LRH-1 to bind putative 
response elements in the PPARα gene was examined by EMSA as outlined in Materials and Methods. 
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Figure 5

A B

C

D

Figure 5. lRH-1 binds to two adjacent regions of the mouse PPaRα promoter and increases its 
transcriptional activity. (A) Partial sequences of the oligonucleotides probes (antisense strand only) corresponding 
to the putative LRH-1 responses elements from the PPARα gene and the mutated derivative of this site (mutant). 
The sequences -861, -670 and -571 starting respectively 861, 670 and 571 base pairs downstream of the PPARα 
TSS are aligned with the consensus LRH-1 response element (matching bases are indicated by bold-typed letters 
and mutated bases are underlined). (B) EMSA was performed using in vitro synthesized LRH-1 or unprogrammed 
rabbit reticulocyte lysate (RRL) and 32P-labeled probes as indicated. (C) Competition EMSA was performed using in 
vitro synthesized LRH-1 and increasing concentrations (2X, 5X, 25X) of unlabeled competitor probes or mutated, 
unlabeled probe as indicated. (D) AML12 cells were transfected with a luciferase reporter construct driven by the 
mouse PPARα promoter or with pGL3basic as a control and increasing amounts of LRH-1 expression vector (50, 100, 
200 ng) or of the empty expression vector (e.v.). Luciferase activity was assayed 48h after transfection. RLU values 
were normalized to pGL3mPPARα basal activity. 
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Lrh1 knockdown mice show a decrease in white adipose tissue mass

Compared to wildtype mice, LRH-1-KD mice show decreased gonadal white adipose 

tissue mass (Table 1). Furthermore, total body fat content measured by DEXA scanning 

was decreased in these mice (Figure S3A). In line with these results, mRNA expression 

of hormone-sensitive lipase (Hsl) and adipose triglyceride lipase (Atgl) was increased in 

WAT isolated from LRH-1-KD mice (Figure S3B). However, HSL and ATGL protein levels 

were not changed in the knockdown animals (Figure S3C). 

disCussiOn

Nutrient-sensing transcription factors play key roles in the maintenance of organismal 

energy homeostasis and are active in complex networks. In this study, we show that 

the expression of the pivotal transcription factor LRH-1 in livers of a large cohort of 

patients with NAFLD, correlated negatively with the extent of steatosis as well as with 

the severity of the necroinflammatory changes and fibrosis in NASH. Using an inducible 

knockdown mouse model, we subsequently investigated the molecular mechanism 

by which LRH-1 may control hepatic triglyceride metabolism. We identified PPARα to 

be an important bona fide downstream target of LRH-1 in the liver. LRH-1 is able to 

directly bind and activate PPARα, which is known as a major regulator of hepatic fatty 

acid metabolism, particularly during fasting: its actions promote uptake, utilization and 

catabolism of fatty acids and ketogenesis. FGF21 is a downstream target of PPARα that 

also stimulates hepatic fatty acid oxidation, ketogenesis and energy metabolism (26-28, 

30, 32). In LRH-1 KD mice the expression of Fgf21 was decreased, however plasma levels 

were unchanged. Since no promoter binding was detected from ChIP-seq data (10), 

decreased expression is more likely to represent an indirect effect via PPARα. The reduc-

tion in PPARα signaling in LRH-1-KD mice resulted in decreased fatty acid oxidation 

and suppressed ketogenesis, leading to the development of hepatic steatosis because 

excess free fatty acids are stored as triglycerides. These results are in line with recent 

data showing that activation of LRH-1 by the phospholipid 1,2-dilauroyl-sn-glycero-3-

phosphatidylcholine (DLPC; C12:0/C12:0) has anti-steatotic effects (11). Upregulation 

of inflammatory responses in LRH-1-KD mice, as evident from microarray data analysis, 

might contribute to progression of hepatic steatosis to NASH, which is in line with the 

human data. 
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Since we used a conditional whole-body Lrh1 knockdown mouse model, the 

contribution of decreased Lrh1 expression in other tissues to the overall phenotype 

cannot be ruled out. LRH-1-KD mice show decreased white adipose tissue mass and 

increased plasma NEFA levels. However, in WAT Lrh1 expression is very low compared 

to expression in the liver or the intestinal tract. The expression of Hsl and Atgl in WAT 

was increased, but protein levels were not different (Figure S3). This suggests that - at 

least at the time of sacrifice - enhanced lipolysis was not present. We cannot rule out 

that this occurred at an earlier time point leading to decreased levels of WAT, thereby 

increasing the lipid load on the liver and exacerbating hepatic fat accumulation. Previ-

ously we have shown that LRH-1-KD mice exhibit decreased expression of intestinal 

Fgf15 (7), which may contribute to the development of a fatty liver. It has been shown 

that the human ortholog FGF19 influences hepatic beta-oxidation (33, 34). However, 

also plasma TG-raising effects of FGF19 have been shown (35), possibly through differ-

ent FGF receptors and target tissues. The exact role of FGF15/19 in lipid metabolism 

therefore remains to be determined.

Previously, two hepatic Lrh1 knock-out models have been studied and showed 

no major differences in hepatic triglyceride content (6, 8). Apart from differences in 

background strain which may influence the phenotype, we speculate that complete 

knock-out of a gene, even when organ specific, induces a much more pronounced 

compensatory effect of adjacent network genes which may partly rescue the pheno-

type. Indeed, surprising differences were seen between embryonic and inducible Lrh1 

knock-out mouse models. For example, Lrh1 deficiency in livers of albumin-Cre mice 

did not significantly alter Cyp7a1 mRNA levels, whereas acute knock-out of hepatic 

Lrh1 in Lrh-1fl/fl mice did decrease basal Cyp7a1 mRNA levels (36) and conditional Lrh1 

knockdown mice could not upregulate Cyp7a1(7). Moreover, Lrh1+/- mice show a re-

markable distinct phenotype (37, 38), whereas (conditional) systemic disruption of Lrh1 

is lethal (1). Thus, we speculate that due to its vital importance, chronic LRH-1 depletion 

leads to important compensatory regulation of adjacent network genes. 

Given our results that LRH-1 knockdown leads to accumulation of hepatic triglyc-

erides, we hypothesized that liver-specific Lrh1 overexpression might protect against 

high fat diet-induced steatosis. Wildtype mice fed a high fat diet were injected with 

PBS or a self-complementary adeno-associated virus containing either the murine Lrh1 

gene, or GFP as a control. Unfortunately, only a 3-fold induction of hepatic Lrh1 mRNA 
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expression could be achieved without substantial changes in the expression of well-

known target genes, whereas GFP was observed (using fluorescence microscopy) in 

80% of hepatocytes transfected with scAAV-GFP (data not shown). Apparently, liver 

Lrh1 expression is tightly regulated by feedback control mechanisms, which compli-

cates overexpression experiments in vivo.

Hepatic LRH-1 is essential for the expression of CYP8B1, a key enzyme in the synthesis 

of the primary bile acid species cholic acid (CA). Hence, depletion of liver Lrh1 decreases 

the contribution of CA-derived bile acids to the bile acid pool (6-8). It has recently been 

reported that secondary bile acids, in particular deoxycholic acid (DCA) that is derived 

from CA, can have impact on hepatic triglyceride metabolism by potently inhibiting 

the NEFA importer protein FATP5(39) in the liver. Furthermore, 12-hydroxylated bile 

acids such as CA and DCA have been linked to dyslipidemia (40), providing another 

site of interaction between LRH-1 and triglyceride homeostasis. In addition, Chong et 

al. suggested that LRH-1 recruits the bile acid activated nuclear receptor FXR to lipid 

metabolic genes, thereby regulating genes of lipid metabolism in concert with FXR (10). 

Alterations in FXR activity may therefore also contribute to the observed phenotype.

To ensure energy supply during alternating periods of fasting and feeding, hepatic 

lipid and carbohydrate metabolism are tightly synchronized (41, 42). Several nuclear 

receptors, such as PPARα, show a strong circadian expression pattern (43, 44) and 

may link nutrient sensing (a.o. by fatty acids) to circadian control of metabolism. Co-

ordinated regulation of both lipid and bile acid metabolism, couples intake of lipid 

substances to synthesis and secretion of bile acids to ensure proper lipid solubilization 

in the intestine. Because LRH-1 interacts with different nuclear receptors, transcription 

factors, including PGC-1α, SHP and SIRT1 (3, 45, 46, 46-49) and target genes involved in 

lipid and bile acid metabolism, it may be a key component of the coordinated response 

necessary to relay circadian signals into metabolic responses. 

It should be noted that although there is a striking concordance between LRH-1 

expression and hepatic steatosis in mice and man, there are also differences. The mice 

show a decrease in WAT, humans obviously not. Another interesting difference is that 

the steatosis in mice is periportal whereas steatosis in humans is mostly pericentral. 

Importantly, however, the LRH-1-KD mice show upregulation of inflammatory path-

ways which is in line with the correlation between LRH-1 expression and the severity of 

NASH in the human cohort. 



Chapter 4

94

In conclusion, LRH-1 is a key player in the metabolic network controlling hepatic 

lipid homeostasis. In human liver LRH-1 is negatively correlated with NASH severity. 

Targeted activation of LRH-1 may therefore be beneficial and additional to fibrates in 

combatting hepatic steatosis and its complications. On the other hand, when inhibiting 

LRH-1 as a potential target for contraception (50), lipid metabolic side-effects should 

be monitored.
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aBstRaCt

Background & aim: Regulation of bile acid homeostasis in mammals is a complex pro-

cess regulated via extensive cross-talk between liver, intestine and intestinal microbiota. 

Here we studied the effects of gut microbiota on bile acid homeostasis in mice. 

Methods: Bile acid homeostasis was assessed in four mouse models. Germfree mice, 

conventionally-raised mice, Asbt-KO mice and intestinal-specific Gata4-iKO mice were 

treated with antibiotics (bacitracin, neomycin and vancomycin; 100mg/kg) for 5 days 

and subsequently compared with untreated mice.

Results: Attenuation of the bacterial flora by antibiotics strongly reduced fecal excre-

tion and synthesis of bile acids, but increased the expression of the bile acid synthesis 

enzyme Cyp7A1. Similar effects were seen in germfree mice. Intestinal bile acid absorp-

tion was increased and accompanied by increases in plasma bile acid levels, biliary bile 

acid secretion and enterohepatic cycling of bile acids. In the absence of microbiota, 

the expression of the intestinal bile salt transporter Asbt was strongly increased in the 

ileum and was also expressed in more proximal parts of the small intestine. Most of the 

effects of antibiotic treatment on bile acid homeostasis could be prevented by genetic 

inactivation of either Asbt or the transcription factor Gata4. 

Conclusions: Attenuation of gut microbiota alters Gata4-controlled expression of Asbt, 

increasing absorption and decreasing synthesis of bile acids. Our data support the con-

cept that under physiological conditions microbiota stimulate Gata4, which suppresses 

Asbt expression, limiting the expression of this transporter to the terminal ileum. Our 

studies expand current knowledge on the bacterial control of bile acid homeostasis. 
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intROduCtiOn

The dynamic community of bacteria colonizing the intestinal tract interacts symbioti-

cally with the human host (1). These bacteria – also known as gut microbiota – exert 

a variety of effects on the host, ranging from shaping the structure and functions of 

the gut and the immune system, to altering host energy metabolism (1). In return, the 

bacteria benefit by inhabiting a protected, nutrient-rich environment.  

Intestinal bacteria are also known to be involved in the metabolism of bile acids (BAs). 

BAs are produced in the liver from cholesterol through a complex multi-enzyme path-

way. The key enzyme in this pathway is cholesterol 7 alpha-hydroxylase (CYP7A1). Prior 

to their secretion in bile, BAs are conjugated with the amino acids taurine or glycine. In 

the intestine, they facilitate the absorption of lipids and lipid-soluble vitamins. Intestinal 

bacteria can deconjugate BAs and metabolize primary BAs (i.e. those synthesized in 

the liver) through oxidation and dehydroxylation into more hydrophobic, so-called 

secondary Bas (2-4). Under physiological conditions, BAs are efficiently reabsorbed by 

ileal enterocytes and transported back to the liver via the portal circulation, in a cycle 

known as the enterohepatic circulation. Normally, relatively small amounts of BAs reach 

the colon, where some are absorbed and the remainder is excreted in the feces. To 

maintain a constant circulating pool, a small amount of BAs is synthesized each cycle, 

which is equivalent to the loss in feces under steady state conditions. 

Active BA absorption is mediated by the apical sodium-dependent BA transporter 

(Asbt)(5), which is almost exclusively expressed in the terminal part of the ileum, thus 

ensuring that BAs have sufficient time to aid lipid digestion in the more proximal parts 

of the small intestine. In Asbt knock-out (Asbt-KO) mice, fecal BA excretion is 10 to 20 

times higher than in wildtype mice. Despite increased BA synthesis in these mice, the 

BA pool size is reduced by 80%, indicating that alternative (absorptive) mechanisms are 

unable to compensate for loss of Asbt function (6). Asbt is clearly a key regulator of BA 

recycling and homeostasis. 

The expression of Asbt in the small intestine is under direct negative control of the 

transcription factor Gata4 (7). In the adult mouse, Gata4 expression is repressed in the 

terminal ileum, thereby allowing expression of Asbt in the enterocytes of this part of 

the intestine. Consequently, intestinal-specific Gata4 knock-out (Gata4-iKO) induces 

the expression of Asbt in the duodenum and jejunum (8).
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Previous studies in germfree animals have observed that these animals have less 

fecal BA excretion (9, 10), while the total concentration of BAs in the small intestines is 

higher (9, 11). Accordingly, germfree animals have an increased half-life of 14C-labeled 

tauro-cholic acid (12). Similar results have recently been reported in mice treated with 

antibiotics (13, 14). A possible explanation for these results is that microbial deconjuga-

tion of BAs is thought to enhance fecal BA excretion (15). However, when germfree 

rats are colonized with a bacterial strain capable of deconjugating BAs, this has no 

effect on the excretion levels of either fecal BAs or of the tracer (12, 16). The fact that 

conventional animals have higher levels of fecal BA excretion than those in germfree 

animals is therefore likely to be due to mechanisms other than enhanced microbial 

deconjugation of BAs.

BAs are made from cholesterol and plasma cholesterol levels are a major risk fac-

tor for cardiovascular diseases. If we know how bacteria affect BA homeostasis, this 

could offer opportunities to modulate cholesterol levels in the future. In this study, we 

compared germfree and conventional mice and gave mice short-term antibiotic treat-

ment. We demonstrate that germfree and antibiotic-treated mice reabsorb BAs more 

efficiently than control animals do. Antibiotic treatment in Asbt-KO and Gata4-iKO mice 

showed that an increase and proximal shift in the expression of Asbt mediated the 

effects of antibiotic treatment on BA homeostasis and that the induction of Asbt was 

partly Gata4-dependent. Thus, normally gut microbiota decrease the recirculation of 

BAs, which results in higher rates of cholesterol catabolism for de novo BA synthesis.

MateRials and MetHOds

animal experiments

All experiments were performed on male mice. C57Bl/6J mice (Charles River, France), 

Asbt-KO mice (kindly provided by Prof. P.A. Dawson, Wake Forest University School of 

Medicine, Winston-Salem, NC, USA), Gata4-iKO mice (8) and their control littermates 

were housed individually in a temperature and light-controlled facility with a 12-hour 

light-dark cycle. All mice were fed commercially available laboratory chow (RMH-B; 

Hope Farms, Woerden, the Netherlands) ad libitum, which was supplemented with 

antibiotics (bacitracin, neomycin and vancomycin; 100mg/kg) as required. Germfree 
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NMRI mice and their conventional counterparts were housed in groups of five and fed 

an irradiated diet (Ssniff® M-Z, Ssniff Spezialdiäten GmbH, Soest, Germany).

After 5 days of antibiotic or control treatment, gallbladder cannulation was per-

formed to collect hepatic bile. Bile was collected during 20 minutes under Hypnorm 

(fentanyl/fluanisone; 1 ml/kg) and diazepam (10 mg/kg) anesthesia using a humidified 

incubator to maintain body temperature. Blood was obtained via heart puncture and, 

after sacrificing the mice, the liver and ileum were excised and snap-frozen in liquid 

nitrogen for gene expression and protein analysis. All experiments were approved by 

the Ethics Committee for Animal Experiments of the University of Groningen.

Measurements

Analysis of BAs, cholesterol and phospholipids, as well as cDNA measurements and 

western blotting were all performed as described previously. For detailed information 

please refer to supplemental material and methods.

Results

Bile acid homeostasis in germfree mice

When we compared BA homeostasis between germfree and conventional mice, we found 

the BA concentration in the feces of germfree mice to be less than one third of that in 

the feces of their conventional counterparts (Figure 1A). Only primary BAs were present in 

the feces of germfree mice and virtually all fecal BAs were conjugated, mainly with taurine, 

while in the feces of conventional mice also secondary BAs were present and only 19% of 

BAs were conjugated (Supplemental figure 1A). The main BAs detected in plasma were 

taurocholic acid (tCA) and tauro-beta-muricholic acid (tβ-MCA), levels that were much 

higher in germfree mice than in conventional controls (Supplemental figure 1B). 

Bile flow was higher in germfree mice than in conventional mice (Figure 1B). Secre-

tion of biliary BAs was also significantly higher in these mice (Figure 1C), and consisted 

mainly of CA and β-MCA (Supplemental figure 1C). When we compared the levels of 

cholesterol and phospholipids secreted in bile between the 2 groups of mice, we found 

germfree mice had 4.2-fold higher amounts of biliary cholesterol (3.3 ± 1.3 vs. 0.8 ± 0.2 

nmol/min/100g; p=0.04) and 2.4-fold higher amounts of phospholipids (26.3 ± 7.2 vs. 

10.8 ± 2.5 nmol/min/100g; p=0.04).
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Bile acid homeostasis in conventional mice treated with antibiotics

BA homeostasis in germfree mice is clearly different to that in their conventional coun-

terparts. However, since the differences in the colonization of the gut are present from 

birth, metabolic compensation may have occurred. Thus, to identify the short-term 

effects of a decrease in intestinal bacteria on BA metabolism, conventional mice were 

treated with cocktail of three non-absorbable antibiotics for 5 days, which significantly 

reduced fecal bacterial DNA concentrations (Supplemental figure 2A). Antibiotic treat-

ment markedly reduced total fecal BA excretion (Figure 2A), indicating an inhibition 

of BA synthesis. To validate this, we injected mice intravenously with 13C-cholate and 

subsequently determined the turnover and pool size of cholate. The cholate pool size 

was larger in antibiotic-treated mice than in control mice (34 ± 5 vs. 31 ± 8 μmol/100g), 

as apparent from the lower 13C-cholate enrichment seen in the plasma of these mice 

(Supplemental figure 2B). In line with the lower fecal BA excretion, cholate turnover rate 

(Figure 2B) and cholate synthesis were also lower in treated mice than in control mice 

(3.1 ± 2.5 vs. 6.7 ± 2.5 μmol/24h/100g).

In mice given antibiotics, we also observed higher levels of plasma BAs, bile flow and 

biliary BA secretion (Figure 2C-E), suggesting that antibiotic treatment enhanced intesti-

nal BA absorption and enterohepatic cycling. Biliary secretion of CA and β-MCA was far 

higher in treated mice than in controls, and also the secretion of several secondary BAs 
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Figure 1. Bile acid homeostasis in germfree mice. (A) Total BA concentration in feces (μmol/g feces) of germfree 
and conventional mice. (B) Bile flow (μL/min/100g bodyweight) measured by bile cannulation and (C) secretion of 
biliary BAs (nmol/min/100g bodyweight) in germfree and conventional mice. Median ± range; n = 6-9/group; * p < 
0.05.
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was higher (Supplemental figure 2C). As biliary BA secretion is the driving force behind 

the biliary secretion of cholesterol and phospholipids, it was not unexpected to see an 

increase in the biliary secretion of these lipids (Supplemental figure 2D-E). The fecal excre-

tion of neutral sterols was lower in antibiotic-treated mice (Supplemental figure 2F). Treat-

ment with a different antibacterial drug (ampicillin 100mg/kg) showed similar results, 

and treatment of germfree mice with antibiotics had no effect on any of the parameters 

related to BA and cholesterol metabolism studied above (data not shown).

effects of antibiotic therapy on gene expression and bile acid reabsorption

In order to study the mechanism by which gut microbiota influence BA reabsorption, we 

measured the gene expression of key enzymes and transporters within the enterohepatic 

circulation. While antibiotic treatment increased the hepatic expression of Cyp7A1, there 

were no significant differences between antibiotic-treated mice and controls with regard 

to the hepatic expression of the nuclear receptors Fxr and Lrh-1 or their target gene Shp, 

which are known to be involved in the regulation of Cyp7a1 expression (Figure 2F).

Antibiotic treatment strongly increased Asbt expression in all segments of the small 

intestine (Figure 2G), absolute amounts were highest in the terminal ileum. Western 

blot analysis showed that Asbt protein levels in the terminal ileum were higher than 

those in controls (Figure 2H). Despite increased Asbt expression, ileal expression of the 

BA-responsive genes Shp and Fgf15 was much lower than in controls (Figure 2I), sug-

gesting decreased BA activation of Fxr in this part of the small intestine. 

Increased Asbt expression in the proximal small intestine may induce BA absorption 

in this part of the intestine. We analyzed luminal BA concentrations in several segments 

of the small intestine,  luminal BA concentrations were lower in the jejunum and ileum 

of mice treated with antibiotics than in control mice (data not shown), indicating that 

enhanced absorption may have occurred in these parts. In line with proximal Asbt 

expression, antibiotic treatment induced the expression levels of the BA-responsive 

genes Shp and Fgf15 in the proximal small intestine (Figure 2J). These findings are com-

patible with enhanced import of BAs into proximal enterocytes. These data suggest 

that when there is a reduction of bacterial flora, BAs are also absorbed in the proximal 

small intestine, which may result in a reduction of BA absorption and of subsequent Fxr 

activation in distal parts. 
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Figure 2
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Figure 2. antibiotic treatment alters bile acid composition, recirculation and gene expression in the 
enterohepatic circulation. (A) Fecal excretion of BAs in antibiotic-treated and control mice (μmol/24h/100g 
bodyweight). (B) Cholic acid turnover rate (μmol/24h), (C) total plasma BA levels (μM), (D) bile flow (μL/min/100g 
bodyweight) and (E) secretion of biliary BAs (nmol/min/100g bodyweight) in antibiotic-treated and control mice. (F) 
Hepatic mRNA expression in antibiotic-treated and control mice. (G) Asbt mRNA expression in different segments of 
the small intestine. 
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effects of antibiotic therapy in asbt-KO mice

The results described above suggested that the bacterial flora may influence Asbt 

expression and thereby BA absorption. Recently, Annaba et al. showed that certain 

intestinal E. coli species can indeed inhibit Asbt expression (17). To identify the role of 

Asbt in the relationship between gut microbiota and BA absorption, we treated Asbt-

KO mice with antibiotics.

In untreated animals, fecal BA excretion was higer in Asbt-KO mice than in wildtype 

(WT) mice (Figure 3A), which coincided with lower biliary BA secretion, despite no 

changes in either bile flow rate or plasma BA concentration (Figure 3B-D). Secondary 

BAs made up 51% of the plasma BA pool in Asbt-KO mice, compared with only 12% in 

WT mice, suggesting that in Asbt-KO mice colonic absorption of secondary BAs com-
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Figure 3
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Figure 3. Bile acid homeostasis in asbt-KO mice treated with antibiotics. (A) Fecal BA excretion 
(μmol/24h/100g bodyweight) in wildtype and Asbt-KO mice upon antibiotic treatment. (B) Secretion of biliary BAs 
(nmol/min/100g bodyweight). (C) Bile flow (μL/min/100g bodyweight). (D) Total plasma BAs (μM) in antibiotic-
treated and control wildtype and Asbt-KO mice. (E) Hepatic mRNA expression of Cyp7a1, Cyp8b1 and Hmgr. (F) 
Biliary cholesterol secretion (nmol/min/100g bodyweight) in Asbt-KO and wildtype mice.
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pensates for enhanced fecal BA loss, as shown before (6). Hepatic mRNA expression 

of Cyp7a1, Cyp8b1 and Hmgr was higher in Asbt-KO mice than in WT mice (Figure 3E), 

findings compatible with compensation for the increased fecal BA loss.

 Antibiotic treatment reduced fecal BA excretion 9.1-fold in WT mice, but only 2.4-fold 

in Asbt-KO mice (Figure 3A). While in antibiotic-treated WT mice we observed a dramat-

ic 8.9-fold increase in plasma BAs, this increase was only 2.2-fold in antibiotic-treated 
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Asbt-KO mice (Figure 3D). Bile flow in Asbt-KO mice was not affected by antibiotic 

treatment (Figure 3C). Biliary BA secretion did increase in Asbt-KO mice upon antibiotic 

treatment, although not as much as in WT mice (1.8-fold versus 5.5-fold)(Figure 3B). 

Biliary cholesterol secretion was induced in WT mice upon antibiotic treatment, but 

unchanged in treated Asbt-KO mice (Figure 3F).

When we looked at the expression levels of BA-responsive genes in the intestine, 

we saw that antibiotic treatment induced ileal Asbt protein expression in WT mice, 

whereas it was absent in Asbt-KO mice (Figure 3G). Ileal expression of Fgf15 was also 

virtually absent in Asbt-KO mice, as was the expression of Shp; neither changed upon 

treatment with antibiotics (Figure 3H). Fgf15 protein levels were also undetectable in 

both Asbt-KO and WT mice treated with antibiotics (Figure 3I). In the proximal intestine, 

antibiotic treatment increased the expression of Fgf15 and Shp in WT mice, whereas 

their expression remained unaffected in Asbt-KO mice (Figure 3J). These results dem-

onstrate that the bacterial flora mediate transcriptional changes in enterocyte Asbt, 

which in turn govern BA reabsorption.

effects of antibiotic therapy in Gata4-iKO mice

It is not known how intestinal bacteria might influence the expression of Asbt. The 

major regulator of intestinal Asbt expression is the transcription factor Gata4, which is 

expressed throughout the small intestine apart from in the terminal ileum (18). Gata4 

inhibits the expression of Asbt, and therefore restricts Asbt expression to the terminal 

ileum (19, 20). 

Recently, it has been shown that intestinal bacteria influence the expression of genes 

regulated by Gata4 (21). We therefore used intestinal-specific Gata4 knock-out (Gata4-

iKO) mice to determine the role of Gata4 in BA reabsorption in response to changes 

in the intestinal microbiota. Compared with WT mice, untreated Gata4-iKO mice had 

higher expression levels of Asbt in proximal parts of the intestine (Figure 4A), in line with 

previous studies (7, 8, 18, 22). These higher Asbt expression levels were accompanied 

by lower fecal BA excretion; absolute values were similar to the levels of fecal BA excre-

tion seen in antibiotic-treated WT mice (Figure 4B). Bile flow and biliary BA secretion 

were higher in Gata4-iKO mice than in WT mice (Figure 4C/D), in accordance with the 

enhanced BA reabsorption observed in Gata4-iKO mice.
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Figure 4
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Figure 4. Bile acid homeostasis in Gata4-iKO mice upon antibiotic treatment. (A) Relative mRNA expression 
of Asbt in different segments of the small intestine from wildtype and Gata4-iKO mice. (B) Fecal excretion of BAs 
(μmol/24h/100g bodyweight). (C) Bile flow (μL/min/100g bodyweight). (D) Biliary BA secretion (nmol/min/100g 
bodyweight) in wildtype and Gata4-iKO mice. (E) Total plasma BA levels (μM). Median ± range; n = 6-7/group; * p < 
0.05 WT vs. WT + AB; ‡ p < 0.05 WT vs. Gata4-iKO; # p < 0.05 Gata4-iKO vs. Gata4-iKO + AB.
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Next, Gata4-iKO mice were treated with antibiotics. Antibiotic treatment influenced 

neither Asbt expression nor fecal BA excretion in Gata4-iKO mice (Figure 4A/B). Bile 

flow and plasma BA levels were also unaffected by antibiotic treatment in Gata4-iKO 

mice (Figure 4C/E). However, biliary BA secretion was induced by antibiotic treatment 

in Gata4-iKO mice (Figure 4D). When we looked at individual BAs, we found that this 

increase was mainly due to increased biliary secretion of β-MCA (Supplemental figure 

3). The induction of β-MCA secretion upon antibiotic treatment was 4.5-fold in WT mice 

and 1.6-fold in Gata4-iKO mice; some of the β-MCA detected in Gata4-iKO mice was 

present in the form of Δ22-β-MCA. Antibiotic treatment of WT mice greatly increased 

the biliary secretion of CA, which was unchanged in antibiotic-treated Gata4-iKO mice. 

Biliary cholesterol and phospholipid secretion were higher in Gata4-iKO mice than in 

wildtype animals, but were not induced upon antibiotic treatment (data not shown). 

Taken together, most of the effects seen in WT mice treated with antibiotics were 

absent in Gata4-iKO mice. 

disCussiOn

The regulation of BA homeostasis in mammals is a complex process regulated via ex-

tensive cross-talk between liver, intestine and intestinal microbiota. The role of bacterial 

metabolism was noted back in the early 1980s, when several studies reported that BA 

kinetics change considerably in germfree rats (9-12, 16, 23). After a long standstill, inter-

est in the underlying regulatory mechanisms has seen a revival, especially over the past 

three years. 

In this study we have shown that under physiological conditions gut microbiota 

inhibit enterohepatic recycling of BAs. One hypothesis regarding the effect of gut mi-

crobiota on BA kinetics involves interference with the activation of the BA receptor Fxr. 

Sayin et al. recently argued that the shift in BA composition to β-muricholate antago-

nizes intestinal Fxr, leading to a decrease in ileal Fgf15 expression and an increase in BA 

synthesis (24). Hu et al. have also recently postulated that α and β-muricholate antago-

nize Fxr (25). However, when Miyata et al. treated Fxr knock-out mice with ampicillin, 

they reported increased Asbt expression, decreased fecal BA excretion, increased levels 
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of portal BAs and decreased Fgf15 expression (13, 14), supporting an Fxr-independent 

pathway for the changes in BA metabolism seen upon antibiotic treatment. 

In the present study we investigated the effects of gut microbiota on BA physiology 

in more detail. Our data confirm that fecal BA excretion is decreased considerably in 

germfree animals and antibiotic-treated mice. We speculate that induction of Asbt 

expression throughout the ileum and expression in more proximal parts of the intes-

tine, contribute to more efficient absorption of BAs from the intestinal lumen, resulting 

in elevated plasma BA levels, increased biliary BA secretion and decreased fecal BA 

excretion. Absorption of BAs in proximal enterocytes induced BA-responsive genes 

proximally, whereas distal enterocytes may encounter fewer BA molecules than usual, 

leading to decreased activation of Fxr and lower expression of BA-responsive genes in 

the distal small intestine.

The fact that we observed increased hepatic expression of Cyp7a1 following antibiotic 

treatment suggested an increase in BA synthesis. However, the data presented in our 

study, as well as data presented by Miyata et al. and Sayin et al., show decreased fecal BA 

excretion in antibiotic-treated or germfree mice, indicating a decrease in BA synthesis. 

Both studies also speculated that intestinal BA reabsorption may be enhanced, con-

tributing to the enhanced total BA pool size (14, 24). Other studies in germfree animals 

have also reported increases in the uptake of tCA in the ileal epithelium (26) and in 

the half-life of 14C-labeled tauro-cholic acid (12), indicating enhanced BA reabsorption 

and decreased turnover. The “classic view” on BA homeostasis implies that the BA pool 

size is maintained by BA synthesis, which, under steady-state conditions, compensates 

for fecal BA loss. Therefore, despite increased hepatic Cyp7a1 expression, the strongly 

decreased fecal BA excretion rate in the face of increased intestinal Asbt expression, 

biliary BA secretion and circulating pool, command the conclusion that antibiotic 

treatment induces more effective intestinal BA conservation, instead of inducing BA 

synthesis (Supplemental figure 4). When we performed cholate kinetic studies in anti-

biotic-treated mice to validate the direct relationship between fecal excretion and BA 

synthesis once more, we saw a decrease in cholate synthesis, confirming that antibiotic 

treatment inhibited BA synthesis. One might question whether animals treated with 

antibiotics are in a steady state, however germfree mice certainly are. 

The homeostasis of cholesterol, the substrate for BA synthesis, has also been studied. 

In germfree animals hepatic cholesterol synthesis from labeled acetate is only 13% of 
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that of conventional animals (27). When germfree rats are injected with cholesterol-

26-14C they expire 50% less 14C as 14C02 than do conventional rats, with higher spe-

cific activities in plasma and liver (28). Also, 7α-hydroxylation of [4-14C]-cholesterol and 

5α-reduction and 12α-hydroxylation of the BA precursor 7α-hydroxy-4-cholesten-3-

one are lower in germfree rats (29, 30). These findings are in accordance with germfree 

animals having slower cholesterol turnover than conventional animals. Although at the 

time no mechanism was known for the differences observed between germfree and 

conventional animals, such valuable data should not be forgotten. 

Clearly, in the antibiotic-treated and germfree animals there is a discrepancy be-

tween Cyp7a1 mRNA expression and actual in vivo BA synthesis. If synthesis was in fact 

increased in these mice, along with enhanced intestinal BA reabsorption and decreased 

fecal excretion, then the BA pool would also be permanently increased. Previous stud-

ies on BA synthesis under different conditions have shown that altered synthesis of BAs 

is not always correlated with changes in Cyp7a1 mRNA expression (31-33). In a recent 

paper on Apobec-1 − an enzyme involved in the production of apolipoprotein B48 − 

Cyp7a1 mRNA expression was decreased by approximately 75% in Apobec-1−/− mice, 

while no difference in fecal BA excretion was found (34). The authors suggested that 

post-transcriptional regulation of Cyp7a1 expression and alteration in Cyp7a1 mRNA 

stability accounted for the changes observed in Apobec-1−/− mice. These findings un-

derscore the importance of physiological measurements − along with data on gene 

expression − to properly study the enterohepatic circulation of BAs in vivo.

Thus, increased intestinal BA reabsorption due to enhanced Asbt expression leads to 

a compensatory decrease in BA synthesis. The question then arises how the microbiota 

might regulate Asbt expression. Previously, Annaba et al. suggested a link between 

certain intestinal bacterial species and regulation of Asbt (17). Post-transcriptional 

regulation of Asbt has also been suggested (35). Our data confirm the importance of 

Asbt for the microbiota-induced alterations in BA homeostasis. The fact that a small 

effect remained in Asbt-KO mice treated with antibiotics could be related to the mas-

sive flow of BAs into the colon in the absence of Asbt, and hence increased uptake of 

these BAs across the colonocytes. This Asbt-independent BA absorption was also seen 

in untreated Asbt-KO mice, reflected in the higher amounts of circulating secondary 

BAs in these mice, DCA in particular. However, we cannot exclude the fact that DCA 

may also be taken up by the small intestine after coprophagic recycling of the excreted 
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BAs. Taken together, Asbt is important in the interaction between the bacterial flora 

and BA reabsorption. 

Asbt expression is thought to be primarily controlled by the transcription factor Gata4, 

which plays an important role in maintaining jejunal-ileal differences in absorptive en-

terocyte gene expression and restricts expression of Asbt to the terminal ileum (7, 18, 

20, 22). Studies in mice have shown that intestinal Gata4 deletion induces Asbt expres-

sion and BA absorption in the proximal small intestine, leading to tauro-β-muricholate 

enrichment of the BA pool (7). This phenotype shows a striking resemblance to that 

seen in our experiments with antibiotic treatment and it should also be noted that 

others have previously linked enterocyte Gata4 to the commensal flora (21). We now 

show that antibiotic treatment in Gata4-iKO mice failed to elicit the changes on Asbt 

expression, fecal BA excretion, bile flow rate and plasma BA concentrations that were 

observed in wildtype mice. Therefore, we postulate that under physiological conditions 

gut microbiota stimulate Gata4-dependent Asbt repression throughout the intestine 

expect in the terminal ileum – since Gata4 is not expressed here – thereby restricting 

BA reabsorption to this part of the small intestine. 

The exact mechanism by which intestinal bacteria regulate Gata4 remains to be 

elucidated. Shulzhenko et al. recently proposed a molecular switch between Gata4-

dependent metabolic and interferon-dependent immune processes within epithelial 

cells, influenced by gut microbiota (21). Munakata et al. have found that the absence 

of gut mirobiota induces the expression of several interferon regulatory factors, as well 

as IFN-α-inducible genes and IFN receptors. The authors suggested that the regulation 

of this small subset of genes reflects an adaptive response of the immune system to 

prevent excessive inflammation during continuous exposure to commensal bacteria 

(36). In line with these studies, the lack of bacteria-derived signals in germfree animals 

or following antibiotic treatment may change anti-inflammatory responses in these 

animals. This may shift the balance of enterocyte metabolism at the expense of Gata4-

dependent metabolic functions, ultimately leading to diminished inhibition of Asbt 

expression and increased BA reabsorption.

Since BA and cholesterol metabolism are tightly coupled, more efficient recirculation 

of BAs could result in slower rates of cholesterol catabolism for de novo BA synthesis. In 

fact, germfree rats are known to accumulate more cholesterol than their conventional 

counterparts (10). Long-term antibiotic treatment may therefore have negative effects 
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on plasma cholesterol levels, which are a major risk factor for cardiovascular diseases. 

Conversely, manipulation of gut microbiota by administration of probiotics is known 

to significantly reduce cholesterol levels in mice and man, and prevents hypercholes-

terolemia in mice fed a fat-enriched diet (37-40). It is therefore tempting to speculate 

that specific probiotics might reduce cholesterol levels via eliciting benign stimuli that 

downregulate immune responses. Such an immune downregulation may increase 

Gata4-dependent metabolic functions, which inhibits Asbt expression and promotes 

BA excretion, thereby increasing cholesterol catabolism for de novo BA synthesis. A 

further possible implication of our findings is that it may be possible to induce Asbt 

expression in the proximal small intestine by interventions that promote specific in-

testinal bacteria. Such interventions may be useful in the development of therapies for 

patients with BA malabsorption and associated maldigestion of fat due to ileal disease 

or resection.

Taken together, we demonstrate that antibiotic treatment induced a strong increase 

in the expression of Asbt in the ileum and a shift in expression in the direction of the je-

junum. We saw an increase in enterohepatic cycling of BAs, resulting in decreased fecal 

BA excretion, higher levels of β-muricholate and cholate in the BA pool, and increased 

biliary BA secretion. As a consequence, hepatic BA synthesis is reduced. Regulation of 

Asbt expression by Gata4 is crucial in mediating the effects that intestinal microbiota 

exert on host BA reabsorption. 
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aBstRaCt

Background & Aims: Obesity has been associated with changes in the composition 

and function of the intestinal microbiota. Modulation of the microbiota by antibiotics 

also alters bile acid and glucose metabolism in mice. Hence, we hypothesized that 

short term administration of oral antibiotics in humans would affect fecal microbiota 

composition and subsequently bile acid and glucose metabolism.

Methods: In this single blinded randomized controlled trial, 20 male obese subjects with 

metabolic syndrome were randomized to 7 days of amoxicillin 500 mg t.i.d. or 7 days 

of vancomycin 500 mg t.i.d. At baseline and after 1 week of therapy, fecal microbiota 

composition (Human Intestinal Tract Chip phylogenetic microarray), fecal and plasma 

bile acid concentrations as well as insulin sensitivity (hyperinsulinemic euglycemic 

clamp using [6,6-2H2]-glucose tracer) were measured.

Results: Vancomycin reduced fecal microbial diversity with a decrease of gram-positive 

bacteria (mainly Firmicutes) and a compensatory increase in gram-negative bacteria 

(mainly Proteobacteria). Concomitantly, vancomycin decreased fecal secondary bile ac-

ids with a simultaneous postprandial increase in primary bile acids in plasma (p <0.05). 

Moreover, changes in fecal bile acid concentrations were predominantly associated 

with altered Firmicutes. Finally, administration of vancomycin decreased peripheral 

insulin sensitivity (p <0.05). Amoxicillin did not affect any of these parameters.

Conclusions: Oral administration of vancomycin significantly impacts host physiology 

by decreasing intestinal microbiota diversity, bile acid dehydroxylation and peripheral 

insulin sensitivity in subjects with metabolic syndrome. These data show that intestinal 

microbiota, particularly of the Firmicutes phylum contributes to bile acid and glucose 

metabolism in humans.
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intROduCtiOn

The intestinal microbiota consists of several thousands of species, which collectively 

maintain gut physiology and homeostasis (1), including metabolic energy balance 

and immune responses (2, 3). Recent studies in both mice and humans revealed a 

novel concept in which, depending on genotype and lifestyle, the changes in intesti-

nal microbiota are thought to actively contribute to the development of obesity and 

systemic insulin resistance (4-7). In line, obesity has been found to be associated with 

significant alterations in the composition of the intestinal microbiota (7-10). Landmark 

experiments by Gordon and colleagues elegantly provided evidence for a regulating 

function of the gut microbiota in energy homeostasis (7, 9). Germ-free mice were 

shown to be protected from obesity and insulin resistance when consuming a high fat 

diet (11, 12), whereas colonization led to increased body fat content with concomitant 

insulin resistance (13). The fact that colonization of germ-free mice with microbiota 

obtained from obese mice induced an even greater increase in (visceral) adipose tissue 

lends further support to a causal relation between gut microbiota, systemic fat and 

insulin homeostasis (9, 14). Recently, we have extrapolated these experimental findings 

towards human pathophysiology as we demonstrated that transfer of lean donor fecal 

microbiota to obese subjects with the metabolic syndrome significantly altered the 

composition of the intestinal microbiota, which was associated with an improvement 

of peripheral insulin sensitivity (15).

Oral antibiotic treatment results in short- and long-term changes of the intestinal 

microbiota in both mice and humans (16-19). Long-term intravenous vancomycin 

administration was also reported to correlate with the development of obesity in a ret-

rospective study (20). Recently, animal and human studies implicated that prolonged 

antibiotic treatment early after birth is associated with an increased risk of overweight 

(21, 22). In line, it has been long recognized that antibiotic treatment can induce 

profound changes in bile acid metabolism (23). Primary bile acids (i.e., cholate and che-

nodeoxycholate) are produced in the liver from cholesterol by the enzyme cholesterol 

7α-hydroxylase (CYP7A1). Prior to their secretion into the small intestine, bile acids are 

conjugated with either taurine or glycine. Subsequently, intestinal microbiota further 

modify the bile acids within the intestine (24). Several gram-positive bacterial species, 

such as Lactobacilli deconjugate primary bile acids (24), which is in contrast to most 
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gram-negative intestinal bacteria, with the exception of two strains of Bacteroides (25). 

After deconjugation, additional microbial modifications occur, including oxidation and 

dehydroxylation, giving rise to the formation of secondary bile acids (26), which is only 

carried out by a minor population of gram-positive anaerobic Clostridium species (27-

30). Interestingly, bile acids have recently emerged as potential regulators of systemic 

energy homeostasis. For example, binding of particularly secondary bile acids (i.e., de-

oxycholate and lithocholate) to the G protein-coupled receptor TGR5 in the intestine 

strongly induces secretion of the incretin GLP-1, thereby affecting glucose homeostasis 

(31-33).

To date, it is poorly understood whether and to what extent intestinal bacteria are 

involved in the regulation of human bile acid and energy homeostasis. In view of the 

different role of gram-positive and -negative bacteria in intestinal bile acid metabolism, 

modification of either of these bacteria may have distinct effects on bile acid homeo-

stasis. We thus hypothesize that the intestinal microbiota composition can affect bile 

acid composition with subsequently altered FGF-19 signaling thereby affecting glu-

cose metabolism. In the present study, we thus set out to evaluate the impact of two 

different antibiotic regimens known to affect murine bile acid metabolism (amoxicillin 

and vancomycin orally administered) on intestinal microbiota composition, bile acid 

homeostasis and systemic insulin sensitivity in humans. We show that reduction of 

the gram-positive intestinal microbiota by vancomycin is associated with a decrease 

in peripheral insulin sensitivity in obese subjects and that modulation of the bile acid 

pool may be instrumental in mediating this effect.

Patients and MetHOds

subjects

Male Caucasian obese subjects were recruited via local advertisements and screened for 

characteristics of the metabolic syndrome, including waist circumference >102 cm and 

fasting plasma glucose >5.6 mmol/L (34). Subjects with a history of cholecystectomy, 

as well as subjects who used any medication (including probiotics and/or antibiotics in 

the past 3 months) were excluded. All subjects had a stable weight for 3 months prior 

to inclusion. Written informed consent was obtained from all subjects. The study was 

approved by the Institutional Review Board and conducted at the Academic Medical 
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Center Amsterdam, The Netherlands, in accordance with the Declaration of Helsinki 

(updated version 2008). The study was registered at the Dutch Trial Register (NTR 2566). 

All authors had access to the study data, reviewed and approved the final manuscript.

study design

A randomized, controlled single (physician) blinded intervention study was performed. 

Following assessment of eligibility and baseline measurements, participants were 

randomized to oral intake of 500 mg three times a day (t.i.d) of either amoxicillin or 

vancomycin, for a period of 7 days with daily dosages based on clinical used treatment 

regiments for systemic infection and enterocolitis, respectively. Two days before the 

antibiotic treatment and 2 days after cessation (to ensure proper wash-out of antibiot-

ics), weight and height were measured, a standardized mixed meal test (MMT) was 

performed (day 2 and day 9) and glucose kinetics were measured in the basal state 

and during a two-step hyperinsulinemic euglycemic clamp using [6,6-2H2]-glucose as 

an isotopic tracer (day 1 and day 10). All measurements were conducted following 

a 12 h overnight fast (Supplemental figure 1). Participants were allowed to continue 

their usual diet, but were asked to complete an online nutritional diary (www.dieet-

inzicht.nl) to monitor caloric intake including the amount of dietary carbohydrates, fat, 

protein, and fibers during the study. Compliance was tested by counted amount of 

pills returned after one week treatment. The complete methods are included in the 

Supplemental information.

statistical analyses

Statistical analyses were performed using SPSS 19.0 (SPSS Inc., Chicago, USA). Depend-

ing on the distribution of the data, data are expressed as mean  ±  SEM or median 

with range. The primary endpoint was change in intestinal microbiota composition, 

whereas secondary endpoints were changes in insulin sensitivity and bile acid metabo-

lism after antibiotic treatment. For significant changes between and within treatment 

groups, clinical parameters were tested with (paired) Student’s t test or Mann Whitney 

test (differences between groups) and Wilcoxon Signed (differences within treatment 

group) depending on distribution of the data. Also, correlations were calculated using 

Pearson (parametric) or Spearman (nonparametric) coefficients. With respect to intes-

tinal microbiota analyses, the microarray data were normalized and further analyzed 
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using a set of R-based scripts (http://www.r-project.org/) in combination with a custom 

designed relational database, which runs under the MySQL database management 

system (http://www.mysql.com). Hierarchical clustering of probe profiles was carried 

out using Pearson correlation-based distance and complete linkage method. False 

discovery rate q values were calculated to account for multiple testing. Significance 

level are expressed as p <0.05 or q value <0.05. Gut microbial diversity was determined 

by Simpson reciprocal index as previously described (35).

Results

Baseline characteristics

Twenty male subjects fulfilling the criteria of the metabolic syndrome were random-

ized to either amoxicillin (500 mg t.i.d.) or vancomycin (500 mg t.i.d.) (Supplemental 

figure 1). Table 1 shows the baseline characteristics for both groups. Almost half of the 

volunteers in each treatment group reported diarrhea during antibiotic treatment, and 

no difference was found in the reported stool frequency or compliance between the 

two treatment groups. No other side effects were noted and there was no change in 

body weight or daily caloric intake after either intervention. Moreover, there were no 

significant changes in both plasma lipopolysaccharide binding protein (LBP) levels and 

(postprandial) lipid profiles during the mixed meal test following antibiotic use in both 

groups (Table 1).

table 1. Characteristics of study subjects before and after antibiotic treatment.

amoxicillin group
(n = 10)

Vancomycin group
(n = 10)

p value

Before After Before After Baseline  After 
amoxicillin

After 
vancomycin

Age (yr) 61 (37-65) 51 (27-61) 0.06

Height (cm) 180 (172-194) 183 (174-198) 0.26

Weight (kg) 113 (89-129) 110 (88-130) 118 (96-140) 118 (97-141) 0.46 0.16 0.08

Body mass index (kg/m2) 33.0 (26.9-40.2) 32.6 (26.6-40.1) 34.0 (29.3-44.3) 34.0 (29.9-44.9) 0.99 0.17 0.09

Fasting plasma glucose 
(mmol/l)

5.6 (5.2-7.8) 5.6 (4.7-7.7) 5.3 (4.6-7.6) 5.5 (4.7-8.1) 0.28 0.77 0.07
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effects of antibiotics on intestinal microbiota composition

To determine the impact of amoxicillin and vancomycin, respectively, on fecal micro-

biota, the composition was compared before and after each intervention. Following 

vancomycin or amoxicillin, quantitative PCR analysis showed no significant changes in 

total numbers of fecal bacteria (vancomycin: from 10.4 ± 0.8 to 9.8 ± 0.9 log10 bacteria/

gram feces, ns vs. amoxicillin: from 10.3 ± 0.7 to 10.4 ± 0.7  log10 bacteria/gram feces, 

ns). Moreover, vancomycin significantly decreased gut microbial diversity (Simpson’s 

inverse index from 138 ± 44 to 62 ± 33, p <0.01), whereas the diversity in the amoxicillin-

treated group showed a trend toward increased diversity (from 161 ± 41 to 185 ± 37, 

p = 0.19). In line, vancomycin reduced the absolute number of gram-positive bacteria, 

with a compensatory increase in gram-negative bacteria. To specify, different groups of 

intestinal bacteria that were affected significantly by vancomycin but not by amoxicillin 

(Figure 1 and Supplemental table 1) belonged to the Firmicutes phylum (Clostridium 

cluster IV and XIVa, Lactobacillus plantarum and various butyrate-producing species in-

cluding Faecalibacterium prausnitzii and Eubacterium hallii) as well as known pathogens 

from the Proteobacteria phylum (Escherichia coli, Haemophilus and Serratia).

table 1. Continued

amoxicillin group
(n = 10)

Vancomycin group
(n = 10)

p value

Before After Before After Baseline  After 
amoxicillin

After 
vancomycin

Cholesterol (mmol/l)
   HDLc
   LDLc
   TG (mmol/l)

4.9 (3.6-8.0)
1.0 (0.7-1.4)
3.8 (2.5-6.5)
2.1 (0.9-4.5)

5.0 (3.6-7.8)
1.0 (0.8-1.6)
3.0 (2.2-5.6)
1.8 (0.7-6.6)

4.2 (3.3-7.2)
0.9 (0.7-1.4)
3.2 (2.3-5.8)
1.5 (0.7-4.2)

4.2 (3.6-8.3)
1.0 (0.7-1.4)
2.4 (1.4-4.4)
1.8 (0.7-6.6)

0.43
0.89
0.70
0.12

0.61
0.09
0.41
0.07

0.80
0.13
0.07
0.17

Plasma FFA (mmol/l) 0.5 (0.3-0.8) 0.6 (0.4-0.9) 0.5 (0.3-0.9) 0.4 (0.3-1.0) 0.42 0.53 0.73

CRP (mg/l) 2.5 (1.6-5.9) 2.4 (0.4-8.1) 2.7 (2.0-5.3) 1.8 (0.7-6.0) 0.98 0.16 0.18

LBP (µg/ml) 24.6 (11.5-31.1) 21.7 (12.0-29.4) 18.1 (9.2-33.1) 17.2 (9.9-26.4) 0.13 0.98 0.68

Fasting total GLP-1 
(pmol/l)

12.0 (5-17) 9.5 (6-17) 12.0 (7-18) 11.5 (8-17) 0.88 0.18 1.00

Fasting total GIP (pmol/l) 10.0 (2-15) 10.0 (2-17) 9.5 (2-14) 9.5 (2-28) 0.62 0.77 0.57

Values are expressed as median (range). HDLc, High density lipoprotein cholesterol; LDLc, Low density lipoprotein 
cholesterol; TG, Triglycerides; FFA, Free fatty acids; CRP, C-reactive protein; LBP, Lipopolysaccharide binding protein; 
GLP-1, Glucagon-like peptide-1; GIP, Glucose-dependent insulinotropic polypeptide. p Value denotes differences 
between group at baseline and after treatment.
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effect of antibiotics on bile acid metabolism

Following vancomycin treatment, fecal bile acid composition was markedly changed. 

Vancomycin considerably decreased the excretion of the secondary bile acids deoxy-

cholic acid (DCA), lithocholic acid (LCA) and iso-lithocholic acid (iso-LCA), whereas the 

amount of the primary bile acids cholic acid (CA) and chenodeoxycholic acid (CDCA) 

was increased (Figure 2A). In contrast, treatment with amoxicillin did not change the 

fecal composition of primary or secondary bile acids (Figure 2B). Moreover, vancomycin 

significantly decreased postprandial plasma concentrations of secondary bile acids 

(AUC from 5.4 to 1.5 μmol/L, p <0.05, Figure 3B), whereas there was a trend towards 

postprandial increased plasma primary (predominantly CDCA) bile acids (Figure 3A). 

Treatment with amoxicillin had no effect on plasma bile acid concentrations (Figure 3C 

and D). It is generally assumed that intestinal bile acids regulate the expression of 

fibroblast growth factor 19 (FGF19), an important regulator of bile acid synthesis in the 

liver, whereas another established surrogate marker for bile acid synthesis is plasma 

7-alpha-hydroxy-4-cholesten-3-one (C4)(36). Plasma levels of basal as well as postpran-

dial FGF19 were significantly decreased following vancomycin treatment (AUC from 

674 to 555 pg/ml, p <0.01 (Supplemental figure 2A) suggesting an increase in bile acid 

synthesis, whereas no effect was seen with amoxicillin (data not shown). In line, fasted 

C4 plasma levels increased more than 40% after vancomycin treatment with a sig-

nificant decrease upon the MMT (AUC from 185 to 283 nmol/L, p <0.01, Supplemental 

figure 2B). In contrast, no changes were observed after amoxicillin treatment (AUC from 

213 to 249 nmol/L, ns). Of note, both antibiotic regiments did not have an effect on 

either fasting or postprandial GLP1 and GIP plasma levels (Supplemental figure 2C-F). 

As previously published (24), L. plantarum content was associated with fecal primary 

bile acids (Pearson correlation coefficient r = 0.44, q <0.05). Interestingly, short chain 

fatty acid (butyrate) producing bacteria were positively correlated with fecal secondary 

bile acids (F. prausnitzii and E. hallii: Pearson correlation coefficients r = 0.69 and r = 0.63 

respectively, q  <0.05) and inversely correlated with fecal primary bile acids (F. praus-

nitzii and E. hallii: Pearson correlation coefficients r = −0.68 and r = −0.72 respectively, 

q <0.05, see also Supplemental figure 3). Of note, no significant correlations between 

bile acids and bacterial species were found upon amoxicillin treatment.
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Figure 2. effect of antibiotics on fecal bile acid excretion. (A) Fecal excretion of the secondary bile acids iso-LCA, 
LCA and DCA was decreased after vancomycin treatment (n = 10), whereas the excretion of the primary bile acids 
CA and CDCA was increased. (B) Amoxicillin treatment did not affect fecal bile acid excretion. Data are expressed as 
median with range (*p <0.05).
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Figure 3 

A B C D Figure 3. effect of antibiotics on 
plasma bile acid concentrations. 
After vancomycin treatment 
the postprandial rise in plasma 
concentrations of primary bile 
acids is increased (A), whereas the 
concentration of secondary bile 
acids is decreased (B). Amoxicillin 
treatment did not have an effect on 
either postprandial primary (C) or 
secondary (D) plasma bile acids. Data 
are expressed as medians (n = 10 per 
group), *p <0.05.
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effect of antibiotics on insulin sensitivity

Details of the hyperinsulinemic euglycemic clamp are shown in Supplemental table 

2. Basal endogenous glucose production (EGP) was not different at baseline (vanco-

mycin group: 9.9 ± 0.8 vs. amoxicillin group: 10.4 ± 1.4 μmol/kg/min, n.s.) and insulin 

concentrations during the clamp were similar between and within treatment groups 

(Supplemental table 2). EGP was equally suppressed in both groups during the hy-

perinsulinemic euglycemic clamps with no significant impact of either intervention 

(vancomycin group: 67.5 vs. 65.7% suppression, p  =  0.45 amoxicillin group: 62.8 vs. 

58.9% suppression, p = 0.72)(Figure 4B). In contrast, one week of vancomycin adminis-

tration significantly decreased peripheral insulin sensitivity (rate of glucose disposal Rd, 

median Rd decreased from 31.9 to 30.7 μmol/kg/min, p <0.05) and a positive correla-

tion was found between the change in fecal secondary bile acids (DCA, LCA and iso-

LCA) and change in peripheral insulin sensitivity in the vancomycin treatment group 

(Spearman rho  =  0.74, p  <0.05). No significant effects or correlations were observed 

in the amoxicillin-treated group (Median Rd from 26.7 to 25.8 μmol/kg/min, p = 0.84) 

(Figure 4A).

Figure 4. effect of antibiotics on insulin sensitivity. Peripheral insulin sensitivity was decreased after vancomycin 
treatment (A) (n = 10) (p <0.05), but was unchanged after amoxicillin treatment (B) (n = 10). Hepatic insulin 
sensitivity was unchanged after vancomycin (C) and amoxicillin (D) treatment.
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disCussiOn

We show that following 7 days of oral vancomycin administration in male subjects with 

metabolic syndrome, both peripheral insulin sensitivity and bile acid dehydroxylation 

were significantly impaired with a concomitantly marked change in intestinal micro-

biota composition. In contrast, treatment with amoxicillin did not have any effect on 

these parameters. Gram-positive bacteria (mostly affected by vancomycin) are thought 

to be more important in maintaining intestinal microbiota stability than gram-negative/

anaerobic bacteria (more affected by amoxicillin)(37). It is tempting to hypothesize that 

amoxicillin resistant intestinal bacterial species can blossom and therefore compensate 

for initial loss of microbial diversity. These data also imply that vancomycin aggravates 

insulin resistance, which may be caused by altered bile acid metabolism due to specific 

changes in intestinal microbiota (see Figure 5).

4.Fecal bileacid hydroxylation  

Primary bileacids(CA/CDCA) 

Secondary bileacids(DCA/LA)

 

 

Peripheral  insulin resistance  

 

 

FXR  

TGR5   

 

3. Bilacid deconjugation 

Lactobacillus plantarum  

 

2. SCFA (Butyrate) producing 
bacteria  :  

E. Hallii  

F. Prausznitzii

 

 

1. Gutmicrobiota diversity 

-Proteobacteria 

-Firmicutes 

 

 

Vancomycin treatment 

 

 

Plasma:  

C4  

FGF19  



 

Figure 5 

Figure 5. effect of vancomycin treatment (eradication of intestinal gram positive bacteria) on human 
metabolism. Interaction between altered intestinal microbiota and impaired bile acid hydroxylation resulting in 
increased primary bile acid concentrations and subsequent increased peripheral insulin resistance in obese insulin 
resistant subjects. SCFA, short chain fatty acids. FXR, farnesoid X receptor; TGR5, G protein-coupled receptor 5; C4, 
7α-hydroxy-4-cholesten-3-one; FGF19, fibroblast growth factor 19.
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intestinal microbiota and bile acid metabolism

It is well established that the intestinal microbiota has profound effects on bile acid 

metabolism by promoting deconjugation, dehydrogenation, and dehydroxylation of 

primary bile acids in the distal small intestine and colon. The recently published murine 

data by Sayin et al. corroborate with our human findings, underscoring the potential 

modulating role of intestinal microbiota in improved insulin sensitivity via FXR medi-

ated upregulation of FGF19 (38). In this respect, gram-positive bacteria belonging to 

the Clostridium clusters IV and XIVa of the Firmicutes phylum have been associated 

with bile acid homeostasis (24). Many gram-positive bacteria are able to deconjugate, 

oxidize and dehydroxylate primary bile acids into secondary bile acids (24, 26), whereas 

no deconjugating activity has been detected in gram-negative intestinal bacteria, with 

the exception of two strains of Bacteroides (25). In contrast to the widely spread trait 

of deconjugation, dehydroxylation is only carried out by a minor population of gram-

positive anaerobic Clostridium species (27-30). As a consequence of this differential 

impact of bacterial species on bile acids, eradication of either gram-positive or gram-

negative bacteria can be expected to have distinct effects on bile acid homeostasis, 

whereas bile acids themselves have endogenous bacteriostatic effects (39). Indeed, in 

the present study vancomycin significantly reduced the number of gram-positive bac-

teria, especially bacteria belonging to the Firmicutes phylum (e.g., species belonging to 

the Clostridium clusters IV and XIVa), which was associated with a significant reduction 

in fecal secondary bile acid levels (Supplemental figure 3). The decrease in secondary 

bile acid content probably reduced FGF19 secretion in plasma leading to an increase in 

bile acid synthesis as monitored via plasma C4 levels (36).

Bile acid metabolism and insulin sensitivity

Apart from their role in intestinal fat absorption, bile acids have also been shown to af-

fect human metabolism (31, 32). By activating specific bile acid receptors and triggering 

downstream signaling pathways, bile acids influence energy expenditure and glucose 

homeostasis, e.g., via their effects on gluconeogenesis, insulin secretion and insulin 

sensitivity in both mouse and human studies (31-33). Therefore, it has been suggested 

that manipulation of bile acid homeostasis might be an attractive treatment target for 

obesity induced insulin resistance (31, 32). Although various bile acid species differ in 

their in vitro capacity to activate specific receptors such as the farnesoid X receptor 
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(FXR) or TGR5, it is not known which subclasses of bile acids are responsible for these 

effects in humans, because most studies on the relationship between bile acid and 

glucose metabolism have either been performed with only one subgroup of bile acids 

(mostly CDCA) or with bile sequestrants (31, 32). Nevertheless, secondary bile acids 

were found to have a much stronger activating capacity for TGR5 than primary bile 

acids (31, 33, 40). Moreover, TGR5 activation by the secondary bile acids LCA and DCA 

is one of the proposed mechanisms, by which bile acids ameliorate insulin resistance 

(31, 32, 41, 42). Our finding of identical endogenous glucose production (EGP) in both 

treatment groups is most likely explained by the unaffected glucagon secretion (see 

Supplemental table 2)(43). However, our data on peripheral insulin sensitivity are in line 

with a recently published paper showing that specific FXR agonists can indeed further 

improve (peripheral) hepatic insulin sensitivity as supported by increased plasma FGF 

19 and decreased levels of 7α-hydroxy-4-cholesten-3-one (44). In line, we found a 

marked reduction in secondary bile acids after oral vancomycin treatment adminis-

tration, which correlated with a significant decrease in peripheral insulin sensitivity. 

This might be due to different effects on butyrate producing intestinal bacteria (e.g., F. 

prausnitzii and E. hallii) associated with secondary bile acids (3). It is therefore tempting 

to speculate about a potential bidirectional relationship between bile acids, short chain 

fatty acid producing bacteria and subsequent FXR mediated glucose homeostasis (15).

study limitations

Several limitations of the present study merit further consideration. Firstly, due to the 

potential development of bacterial resistance against these antibiotics, it was deemed 

ethically unacceptable to give prolonged treatment in these otherwise healthy 

subjects. Since we didn’t analyse intestinal microbiota composition after cessation of 

antibiotics, we are therefore unable to investigate and compare long-term impact of 

the 7  days antibiotic exposure on human metabolism (20). Nevertheless a previous 

study has shown that after 3 months intestinal microbiota composition is almost back 

to pre-treatment composition (17), pointing out towards potential reversibility of this 

adverse effect on insulin resistance. Secondly, we used the HITChip, a phylogenetic 

microarray, for the high throughput profiling of the microbiota in feces as described 

previously (2). Its advantage is that phylogenetic profiling of microbiota goes beyond 

the depth of canonical pyrosequencing in terms of intestinal microbiota composition 
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(45). However, it can only detect differences in microbiota composition and therefore 

assumptions regarding mechanistic effects of (i) specific species with their unique 

properties and (ii) their enzymatic enriched/depleted function are speculative yet 

informative (46). Moreover, possible cross-hybridization and detection limits for bacte-

rial species that are present at low levels in the feces may possibly affect accuracy. 

Finally, the activity of the microbiota is not addressed. Hence, functional metagenomic 

analysis in conjunction with repetitive (daily) fecal sampling would be an appropriate 

avenue for future studies. Finally, bile acids can affect energy expenditure via increased 

mitochondrial activity in rodents (31, 42, 47-50). Unfortunately, we were not able to 

perform resting energy expenditure and measurements of physical exercise (by ac-

celerometers) or muscle biopsies before and after antibiotics exposure and therefore 

we cannot speculate on the relative contribution of bile acids on energy expenditure 

and subsequent glucose metabolism.

Nevertheless, this study provides advances to our understanding towards human 

microbial-host metabolic interaction (partly) driven by bile acids in obese subjects with 

the metabolic syndrome. We furthermore show that vancomycin treatment reduces 

the amount of gram-positive bacteria, involved in human bile acid dehydroxylation. 

Even after short-term treatment, oral vancomycin significantly impaired peripheral 

insulin sensitivity and bile acid dehydroxylation, and gram-positive bacteria, especially 

those belonging to the Firmicutes phylum, may be responsible for these effects on glu-

cose metabolism via their effects on intestinal bile acid metabolism. Our findings are 

in line with recent epidemiological data showing a relation between use of antibiotics 

and obesity (22) and warrant further research on this detrimental effect of (cumula-

tive) antibiotics exposure on development of insulin resistance and subsequent type 2 

diabetes mellitus.
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aBstRaCt

Background & Aim: Glucocorticoids, produced by the adrenal gland under control of 

the hypothalamic-pituitary-adrenal axis, exert their metabolic actions largely via activa-

tion of the glucocorticoid receptor (GR). Synthetic glucocorticoids are widely used as 

anti-inflammatory and immunosuppressive drugs but their application is hampered by 

adverse metabolic effects. Recently, it has been shown that GR may regulate several 

genes involved in murine bile acid (BA) and cholesterol metabolism, yet the physiologi-

cal relevance hereof is controversial. The aim of this study is to provide a mechanistic 

basis for effects of prednisolone on BA and cholesterol homeostasis in mice.

Methods: Male BALB/c mice were treated with prednisolone (12.5 mg/kg/day) for 7 

days by subcutaneous implantation of slow-release pellets, followed by extensive 

metabolic profiling.

Results: Sustained prednisolone treatment induced the expression of the apical 

sodium-dependent bile acid transporter (Asbt) in the ileum, which stimulated BA 

absorption. This resulted in elevated plasma BA levels and enhanced biliary BA secre-

tion. Concomitantly, both biliary cholesterol and phospholipid secretion rates were 

increased. Enhanced BA reabsorption suppressed hepatic BA synthesis, as evident from 

hepatic gene expression, reduced plasma C4 levels and reduced fecal BA loss. Plasma 

HDL cholesterol levels were elevated in prednisolone-treated mice, this likely contrib-

uted to the stimulated flux of cholesterol from intraperitoneally injected macrophage 

foam cells into feces.

Conclusions: Sustained prednisolone treatment increases enterohepatic recycling of 

BA, leading to elevated plasma BA levels and reduced BA synthesis in the absence 

of cholestasis. Under these conditions, prednisolone promotes macrophage-derived 

reverse cholesterol transport.
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intROduCtiOn

Glucocorticoids (GCs) are steroid hormones produced by the adrenal gland under con-

trol of the hypothalamic-pituitary-adrenal axis (HPA-axis). Related to their well-known 

effects on the immune response, synthetic GCs, e.g. prednisolone, are widely used anti-

inflammatory and immunosuppressive drugs. GCs bind and activate the glucocorticoid 

receptor (GR) by dissociating receptor-bound heat shock proteins that maintain GR in 

an inactive state. Activated GR translocates to the nucleus and regulates the expres-

sion of target genes via transactivation or transrepression, by binding as a homo- or 

heterodimer. Besides the genes involved in the well-known anti-inflammatory function 

and those that influence glucose and lipid metabolism, GR also regulates several genes 

involved in bile acid (BA) metabolism (1, 2). Since BA act as integrators of metabolic 

regulation (3), modulation of BA metabolism by GR activation may underlie some of 

the side-effects on lipid and energy metabolism associated with chronic use of GCs. 

BA are synthesized from cholesterol via complex multi-enzyme pathways in the liver. 

The first committed step of this pathway is catalyzed by the rate-controlling enzyme 

CYP7A1, leading to the formation of 7α-hydroxycholesterol. The expression of CYP7A1 

is regulated by multiple signals and transcription factors, e.g. FXR, HNF4α and FoxO1 

(4). Glucose and insulin are major postprandial factors that induce CYP7A1, whereas 

bile acids down regulate the expression of CYP7A1 (4). CYP7A1 expression and activity 

exhibit a diurnal rhythm and, interestingly, the peak of hepatic CYP7A1 mRNA expres-

sion coincides with the peak in serum corticosterone levels in mice (5). Adrenalectomy 

results in a greatly decreased amplitude of CYP7A1 expression leading to decreased BA 

synthesis rate and BA pool size, which can be restored by cortisol administration (6). 

Absence of hepatic GR in mice substantially changed systemic BA metabolism, with 

enhanced fecal loss and a decrease in gallbladder BA content. Interestingly, mice har-

boring a DNA binding-defective GR mutant (GRdim) exhibit a very similar phenotype 

(7). These studies exemplify the important role of GCs in control of murine BA metabo-

lism. GCs also impact on human BA metabolism. For example, short-term prednisolone 

treatment led to elevated plasma BA levels in patients with chronic active hepatitis (8) 

and, accordingly, plasma BA levels were found to be significantly elevated in patients 

with Cushing syndrome (9).
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Recently, Lu et al. described a molecular mechanism by which GCs might interact 

with BA homeostasis, i.e., via blocking the transcriptional activity of the BA-activated 

nuclear receptor FXR (farnesoid X receptor; NR1H4) in the liver (9). However, FXR also 

exerts major control on BA homeostasis via the small intestine, by stimulating the 

production of Fgf15 in the terminal ileum. Fgf15 and the human homologue FGF19 

are circulating FGFs that inhibit CYP7A1 expression upon binding FGF receptor 4 (4). 

Actually, the vast majority of BA is reabsorbed in the terminal ileum, and transported 

back to the liver via the portal circulation. BA reabsorption in the terminal ileum occurs 

via active transport by the apical sodium-dependent BA transporter (Asbt; Slc10a2). 

Two functional glucocorticoid response elements (GREs) have been identified within 

the promoter region of Asbt (10). Therefore, GCs may have a dual action on BA me-

tabolism via hepatic and intestinal FXR. Yet, the complex nature of BA metabolism 

and its regulation prevents prediction of actual consequences on the basis of gene 

expression analysis only. In this study we therefore investigated the effects of synthetic 

GCs on BA physiology in vivo in mice. Changing BA metabolism can have great impact 

on cholesterol homeostasis as well. The impact of cholesterol and different classes of 

lipoproteins on the development of atherosclerosis has been investigated extensively 

during the past 50 years. Cholesterol is mainly eliminated from the body via the liver 

in the form of BA and, in general, biliary BA secretion is the driving force for biliary 

cholesterol secretion (11). HDL-cholesterol is the preferred substrate for BA synthesis 

(12), and the HDL receptor, SR-BI, is regulated in parallel with BA synthesis (13). SR-BI 

is a crucial factor in the pathway of reverse cholesterol transport (RCT), the transport 

of cholesterol from peripheral cells back to the liver for subsequent excretion into the 

bile (14), which is considered to be an important process to inhibit the development 

of atherosclerotic lesions (15). In the adrenal SR-BI supplies cholesterol required for GC 

synthesis (16). GCs can in turn influence the expression of several genes involved in 

cholesterol metabolism, e.g. ABCA1, SR-BI, LDL receptor (17, 18). Thus, GCs may influ-

ence cholesterol metabolism directly and indirectly via BA. However, the role of GCs in 

the development of atherosclerosis is not yet clearly established. Human data show 

contradictory influences of GCs on cardiovascular disease and cardiovascular risk, 

whereas animal studies suggest an atheroprotective role of GCs (19). The mechanism 

underlying these anti-atherosclerotic effects of GCs are incompletely understood. 
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In this study we show that treatment of mice with GCs is associated with increased 

enterohepatic cycling of BA leading to elevated plasma BA levels and choleresis, 

i.e., stimulation of bile formation. Prednisolone treatment also induced plasma 

HDL-cholesterol levels and biliary cholesterol secretion, which resulted in increased 

movement of cholesterol from macrophages to the feces. This may contribute to the 

anti-atherosclerotic effects of glucocorticoids, at least in animal models.

MateRials and MetHOds

animal experiments

Twelve-week old male BALB/c mice (Charles River, France) were housed individually in 

a temperature- and light-controlled facility with 12 hours light-dark cycling. All mice 

were fed commercially available laboratory chow (RMH-B; Hope Farms, Woerden, The 

Netherlands) ad libitum. Slow-release prednisolone pellets (15mg; 60 day release; In-

novative Research of America, Sarasota, Florida, USA) with a calculated release of 12.5 

mg/kg/day were implanted subcutaneously. After 7 days gallbladder cannulation was 

performed to collect hepatic bile. Bile was collected during 20 minutes under Hypnorm 

(fentanyl/fluanisone; 1 ml/kg) and diazepam (10 mg/kg) anesthesia using a humidified 

incubator to maintain body temperature. Blood was obtained via heart puncture and, 

after sacrificing the mice, the liver and ileum were excised and snap-frozen in liquid 

nitrogen for gene expression and protein analysis. All experiments were approved by 

the Ethical Committee for Animal Experiments of the University of Groningen.

Measurements

Bile acid analysis, cDNA measurements, Western blotting and RCT studies were all per-

formed as described before. For detailed information please go to supplemental mate-

rial and methods. For the quantification of 7α-hydroxy-4-cholesten-3-one (C4) in plasma 

samples, we developed a sensitive and highly specific automated on-line solid-phase 

extraction method coupled to high performance liquid chromatography-tandem mass 

spectrometry (XLC-MS/MS). Sample pretreatment consisted of addition of deuterium 

labelled C4 (C4-d7, Toronto Research Chemicals) as an internal standard, followed 

by acetonitrile protein crash. Subsequently 5 μL plasma equivalent was injected into 

the automated solid-phase extraction system (Spark Holland). On-line SPE cartridges 
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containing C8-sorbent (Spark Holland) were used. Reversed phase chromatography 

was applied using an XBridge RP18-column (Waters). Mass spectrometric detection 

was performed in selective reaction monitoring mode, using a quadrupole tandem 

mass spectrometer (Quattro Premier, Waters) with positive electrospray ionization. Total 

run-time including on-line SPE was 10 minutes. Intra- and interassay analytical variation 

were <3%. Linearity in the 0–550 nmol/L calibration range was excellent (R2 >0.99). 

Quantification limit was 0.5 nmol/L and no interferences were detected.

Results

Prednisolone treatment stimulates bile formation

Male BALB/c mice were treated with prednisolone (12.5 mg/kg/day) for 7 days by 

subcutaneous implantation of slow-release pellets. This induced dramatic effects on 

bile acid (BA) metabolism. Biliary BA secretion was more than doubled in treated mice 

compared to controls (Figure 1A). Since formation of bile is driven by BA secretion, bile 

flow was increased in mice that received prednisolone (2.0 ± 0.3 vs. 1.5 ± 0.1 μL/min; 

n=8-10; p=0.006). BA also drive the secretion of phospholipids and cholesterol into the 

bile, and correspondingly these processes were also strongly simulated (Figure 1B/C). 

Interestingly, prednisolone treatment significantly altered biliary BA composition: the 

primary BA cholic acid (CA) increased at the expense of deoxycholic acid (DCA) inducing 

a shift in the ratio of primary to secondary BA (Figure 1D). Secretion of β-muricholic acid 

(β-MCA), a murine-specific BA species derived from chenodeoxycholic acid (CDCA), 

increased as well after prednisolone treatment but the difference between groups was 

just not statistically significant (Figure 1D). Overall, the percentage of primary BA was 

higher in bile of prednisolone-treated mice (87.1 ± 2.4 % vs. 78.7 ± 2.3 % in controls; 

n=8-10; p<0.001).

Prednisolone treatment enhances bile acid reabsorption

Biliary BA mainly represent molecules that are maintained within in the enterohepatic 

circulation, de novo synthesized BA comprise only a minor fraction of biliary BA. In 

the terminal ileum, BA are efficiently reabsorbed by the apical sodium-dependent BA 

transporter (Asbt; Slc10a2) and transported back to the liver via the portal circulation. 

In line with the increased biliary BA secretion both Asbt gene expression as well as 
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Asbt protein expression in ileum were clearly enhanced by prednisolone treatment 

(Figure 2A/B). In contrast, ileal expression of the BA-responsive genes, Fgf15, Shp, 

Ibabp and Osta, were all markedly decreased (Figure 2A). The high expression of Asbt 

resulted in decreased fecal BA excretion (Figure 2C) and an increase in plasma BA 

levels (Figure 2D). The rise in plasma BA was mainly accounted for by increased plasma 

concentrations of both conjugated and unconjugated CA (Figure 2E). Furthermore, 

increased concentrations of tauro-α-MCA, β-MCA, DCA and ω-MCA were present in 

plasma of prednisolone-treated mice compared to controls. Analysis of fecal BA com-

position revealed a decreased excretion of all BA species after prednisolone treatment 

Figure 1
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Figure 1. Prednisolone treatment promotes biliary secretion of bile acids, cholesterol and phospholipids 
in mice. Biliary BA (A), cholesterol (B) and phospholipid (C) secretion are increased in prednisolone-treated 
BALB/c mice. (D) Biliary BA composition analysis revealed increased levels of CA and decreased levels of DCA in 
prednisolone-treated mice. Data are presented as median ± range, n = 8-10/group, * p < 0.05.
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Figure 2
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Figure 2. Prednisolone treatment increased ileal asbt expression leading to enhanced reabsorption of Ba 
and decreased Ba synthesis in mice. (A) Prednisolone treatment increased the ileal expression of Asbt, whereas 
the expression of other, FXR-responsive genes was decreased. Hepatic mRNA expression of Cyp7a1 and Cyp8b1 is 
decreased upon prednisolone treatment. (B) Increased ileal Asbt protein expression in prednisolone-treated mice. 
(C) Mice treated with prednisolone showed suppressed fecal BA excretion. (D) Plasma BA levels are clearly elevated 
in prednisolone-treated mice compared to controls. (E) Plasma BA profile analysis revealed elevated levels of all 
major BA species in prednisolone-treated mice. (F) Fecal BA composition analysis revealed lower concentrations 
of all major BA species in prednisolone-treated mice. Data are presented as median ± range, n = 8-10/group, * p < 
0.05.
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(Figure 2F). Analysis of the distribution of bile acids in the pool showed that the total 

amount of BA in plasma and liver was greater in prednisolone-treated mice (Table 1). 

The amount of BA in gallbladder bile and the small intestine showed an increasing trend 

(Table 1). Therefore, the total BA pool size in the enterohepatic circulation is enlarged in 

prednisolone-treated mice. The amount of BA in the large intestine, predetermined to 

be excreted, was decreased upon prednisolone treatment, consistent with decreased 

fecal excretion (Table 1).

Prednisolone treatment decreases Ba synthesis

The decreased fecal excretion of BA (Figure 2C) indicates a decrease in hepatic BA 

synthesis, because under steady-state conditions, fecal BA loss equals hepatic de 

novo synthesis. Indeed, hepatic gene expression of Cyp7a1, the rate-controlling en-

zyme for BA synthesis, and Cyp8b1, involved in the synthesis of CA, was decreased 

in prednisolone-treated mice (Figure 2A). Consistent with hepatic gene expression 

and fecal BA excretion, plasma levels of 7α-hydroxy-4-cholesten-3-one (C4), an inter-

mediate in BA synthesis with a strong correlation to the enzymatic activity of hepatic 

CYP7A1 (20), tended to be lower (59.5 ± 20.7 vs. 38.4 ± 20.4 nmol/L; n=8-10; p=0.19) 

upon prednisolone treatment. Bile acid kinetics were studied using deuterium labeled 

cholic acid. The cholic acid pool increased from 2.7 ± 0.2 to 8.7 ± 1.9 μmol, fractional 

turnover decreased from 0.54 ± 0.14 to 0.35 ± 0.20 day-1 and the cycling time of cholic 

acid was calculated to be 1.5 ± 0.1h and 2.2 ± 0.2h after prednisolone treatment. After 

prednisolone treatment the calculated cholic acid pool size was higher than chemically 

measured (Table 1), indicating possible overestimation because of a lack of steady state 

during the kinetic measurement. The hepatic expression of the nuclear receptors Fxr 

table 1. Total amount of bile acids in different compartments of the enterohepatic circulation in control and 
prednisolone-treated mice.

Bile acids (μmol) Control Prednisolone

Plasma
Liver
Gallbladder
Small intestine

0.02 (0.02 – 0.02)
0.58 (0.54 – 0.65)
1.78 (1.13 – 2.22)
1.54 (1.41 – 1.96)

0.05 (0.04 – 0.07)*
0.82 (0.72 – 1.06)*
2.40 (1.86 – 2.57)
1.90 (1.53 – 2.19)

total 4.03 (3.38 – 4.30) 5.36 (4.27 – 5.73)*

Large intestine 0.58 (0.57 – 0.77) 0.20 (0.16 – 0.24) 

*p <0.05
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and Lrh1 and their target gene Shp was unchanged (Table 2). Also, expression of the 

hepatic BA transporters Ntcp and Bsep was unchanged (Table 2).

effects of prednisolone treatment on cholesterol homeostasis

Changes in BA metabolism may impact on cholesterol homeostasis. Plasma cholesterol 

levels were significantly increased in prednisolone-treated mice (Figure 3A). FPLC analy-

sis to determine the effect of prednisolone treatment on the distribution of cholesterol 

over the different lipoprotein subfractions, revealed that the excess cholesterol upon 

prednisolone treatment was present in HDLsized fractions (Figure 3B). The hepatic 

expression of apolipoprotein A-I (ApoAI), the main apolipoprotein on HDL particles, 

was increased upon prednisolone treatment (Table 2), suggesting increased HDL 

formation as a potential underlying mechanism. The hepatic expression of scavenger 

receptor class B type I (Srb1) and ATP-binding cassette transporter Abca1 also increased 

significantly (Table 2). In addition to the increases in plasma cholesterol and in biliary 

cholesterol secretion, fecal neutral sterol excretion was significantly higher in response 

to prednisolone treatment (Figure 3C).

Prednisolone treatment increases macrophage-to-feces reverse cholesterol transport

Since prednisolone treatment increased plasma HDL cholesterol levels, as well as biliary 

cholesterol and fecal neutral sterol excretion, we next investigated if prednisolone treat-

ment would also have an impact on macrophage-specific reverse cholesterol transport 

(RCT). Therefore, in vivo RCT was traced in control and prednisolone-treated mice after 

intraperitoneal injection of primary mouse macrophages loaded with 3H-cholesterol. 

The appearance of tracer in plasma was significantly increased in the prednisolone-

table 2. Hepatic gene expression in control and prednisolone-treated mice.

Hepatic gene expression Control Prednisolone

Fxr
Lrh1
Shp
Ntcp
Bsep
ApoA1
Srb1
Abca1

1.00 (0.89 – 1.07)
1.00 (0.95 – 1.03)
1.00 (0.79 – 1.52)
1.00 (0.94 – 1.11)
1.00 (0.81 – 1.03)
1.00 (0.92 – 1.09)
1.00 (0.85 – 1.16)
1.00 (0.90 – 1.12)

0.85 (0.83 – 0.93)
0.81 (0.77 – 0.86)
0.84 (0.67 – 1.09)
1.21 (1.11 – 1.25)
1.06 (0.96 – 1.36)
1.21 (1.10 – 1.38)*
1.55 (1.46 – 1.65)*
1.22 (1.16 – 1.32)* 

*p <0.05
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treated group at 24h and 48h but not at 6h after macrophage injection (Figure 4A). 

Note that total plasma cholesterol also increased after treatment with prednisolone. 

The amount of macrophage-derived tracer recovered within the liver at 48h was not 

affected by prednisolone treatment (Figure 4B). Consistent with the higher biliary and 

fecal excretion of sterols, prednisolone treatment significantly enhanced the total 

excretion of 3H-cholesterol originating from macrophages into the feces (Figure 4C). 

Since tracer recovery in the fecal BA fraction remained unaltered this increase was at-

tributable to a 3.3-fold higher excretion of 3H-cholesterol in the fecal neutral sterol 

fraction (Figure 4C). These results demonstrate that prednisolone treatment increases 

the movement of cholesterol from macrophages to the feces.

Figure 3
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Figure 3. Prednisolone treatment alters cholesterol homeostasis in mice. (A) Plasma cholesterol levels are 
increased in prednisolone-treated BALB/c mice. (B) Total cholesterol levels separated by FPLC in pooled plasma 
samples of control (open symbols) and prednisolone-treated (closed symbols) mice. (C) Prednisolone treatment 
increased fecal neutral sterol excretion. Data are presented as median ± range, n = 8-10/group, * p < 0.05.
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disCussiOn

The glucocorticoid receptor has more than 8000 binding sites in nuclear DNA as shown 

by ChiP-seq studies (21). Although it is not yet clear whether all these sites are functional, 

it is not surprising that activation of GR by an exogenous agonist causes a plethora of 

effects. It is, however, surprising that the consequences of glucocorticoid activation on 

BA and in particular cholesterol homeostasis have received relatively little attention. In 

this study we show that sustained treatment of mice with prednisolone profoundly im-

pacts on both BA and cholesterol metabolism in mice. Treatment of BALB/c mice with 
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Figure 4. Prednisolone treatment increased in vivo macrophage-to-feces reverse cholesterol transport. 
Control mice and prednisolone-treated mice received intraperitoneal injections with 3H-cholesterol-loaded primary 
mouse macrophage foam cells. (A) 3H-cholesterol tracer appearance in plasma 6, 24 and 48 h after macrophage 
administration. (B) 3H-cholesterol tracer recovery within liver 48 h after macrophage injection. (C) 3H-cholesterol 
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*p<0.05, **p<0.01, ***p<0.001.
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prednisolone for 7 days appeared to increase enterohepatic cycling of BA, leading to 

altered compartmentalization of the BA pool with high concentrations in plasma and 

bile. Fecal BA excretion decreased whereas biliary BA secretion was induced, pointing 

towards enhanced BA reabsorption in the small intestine. Asbt (Slc10a2), the main in-

testinal BA transporter localized in the terminal ileum, was induced upon prednisolone 

treatment. Previously, two functional glucocorticoid response elements (GREs) have 

been identified within the promoter region of Asbt (10) and GC treatment was shown 

to enhance taurocholic acid absorption in in situ ileal loops (22) and to restore the 

diminished affinity for taurocholic acid uptake, as well as expression levels of Asbt, dur-

ing chronic ileitis (23). In our experiments, induced Asbt expression was associated with 

elevated plasma BA levels, indicating that GCs modulate BA reabsorption in vivo as well. 

Surprisingly, despite the increased uptake of BA by enterocytes, ileal expression of the 

BAresponsive genes, Fgf15, Shp, Ibabp and Osta, were all markedly decreased. It seems 

plausible that this is due to inhibition of the transcriptional activity of intestinal FXR by 

prednisolone-activated GR, as described by Lu et al. (9). Thus, both direct stimulation of 

Asbt by GR, and inhibition of intestinal FXR activity leading to decreased expression of 

SHP with derepression of LRH-1-mediated Asbt gene expression (24) and less FGF15-

mediated Asbt-repression (25), likely all contribute to the high Asbt expression during 

GC-treatment. Increased intestinal BA reabsorption induces higher portal influx of BA 

to the liver exceeding the first-pass hepatic uptake capacity and hence spillover to the 

peripheral circulation, resulting in elevated plasma BA levels (26). In response, hepatic 

BA synthesis is lowered, as is evident from the decreased expression of hepatic Cyp7a1 

and Cyp8b1, decreased levels of plasma C4 and decreased fecal BA excretion. Appar-

ently, the strongly increased influx of BA into the liver overruled GR inhibition of FXR 

activity in the liver as well as the putative stimulating consequences on BA synthesis of 

reduced Fgf15 production in the ileum. These results are consistent with the previously 

reported increase in plasma BA levels in patients treated with prednisolone or suffering 

from Cushing syndrome (9), yet detailed analysis of BA metabolism in these conditions 

has to the best of our knowledge not been reported.

Recently, Lu et al. showed that treatment of mice with dexamethasone, another 

frequently used synthetic GC, resulted in elevated plasma and hepatic BA levels. On the 

basis hereof the authors concluded that GR activation results in cholestasis (9). Although 

their experiment was performed in C57Bl6 mice using dexamethasone, which is far 
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more potent than prednisolone, our data challenge the concept that GC treatment 

induces cholestasis (27). The term cholestasis is derived from the Greek chole (bile) 

and stasis (standing still) and is therefore physiologically defined as an impairment of 

bile formation. Here we show that treatment of mice with GCs is indeed associated 

with elevated plasma BA levels but actually induces choleresis, i.e., stimulation of bile 

formation, instead of cholestasis. In our opinion, increased plasma BA levels during 

prednisolone treatment simply reflect an increase in enterohepatic cycling of BA. 

Therefore, the clinical definition of cholestasis, based on assessment of plasma levels of 

BA, by no means always reflects the existence or the severity of the pathological event, 

i.e., impaired formation of bile by the liver. Prednisolone-induced hypercholanemia 

clearly provides another example of such a dissociation. The reported effect of GCs 

on BA homeostasis may have consequences for clinical practice. For example, restora-

tion of BA absorption in patients with Crohn’s disease (10), which often suffer from BA 

malabsorption (28-30), should be considered a beneficial effect. On the other hand, 

when using GCs in patients at risk for developing high BA levels (cholestasis, NASH, 

hepatitis), plasma BA levels should be monitored during GC treatment, or treatment 

may be combined with a BA sequestrant to prevent too high plasma BA levels, and 

pruritus (31). In other situations, such as primary biliary cirrhosis, treatment with gluco-

corticoids can be used – and combined with UDCA – to prevent plasma bile acid levels 

from skyrocketing (32, 33).

The increased enterohepatic cycling of BA upon prednisolone treatment induced a 

concomitant increase in biliary cholesterol secretion. Increased cholesterol mobilization 

may indicate stimulated reverse cholesterol transport (RCT), although earlier studies 

have shown that the rate of biliary cholesterol excretion does not determine RCT (34). 

We assessed the effect of prednisolone treatment on efflux of cholesterol from injected 

foam cells using the method developed by the group of Rader (35). As depicted in 

figure 4, prednisolone increased cholesterol flux from macrophage foam cells to the 

feces indicating stimulated macrophage-derived RCT. This was mainly due to increased 

fecal tracer recovery within the neutral sterol fraction, while tracer excretion in the BA 

fraction was unaltered. However, total fecal BA excretion decreased about threefold 

after prednisolone treatment indicating that the relative contribution of macrophage-

derived cholesterol to BA synthesis actually did increase. This effect of GC treatment on 

cholesterol homeostasis indicates another potential beneficial effect. The increase in 
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HDL-cholesterol, probably attributable to increased ApoA-I expression, likely provides 

the underlying basis for the increase in RCT induced by prednisolone administration.

The question arises whether these results can be translated to the human situation. 

Increased ApoA-I synthesis upon GC treatment (36), is consistent with increased total 

cholesterol, HDL-C and ApoA-I levels in patients treated with prednisolone (8, 37-39). 

However, the role of GCs in the development of atherosclerosis is not clearly established 

in humans or animals. In humans, complex and inconsistent effects of GC on cardio-

vascular disease and cardiovascular risk have been reported (19). Primary adrenal insuf-

ficiency (Addison’s disease) is associated with a higher risk for cardiovascular mortality 

(40), while systemic GC excess, such as in Cushing’s syndrome, is also associated with a 

higher cardiovascular risk (41, 42). The effects of elevated GCs in animal models contrast 

to the human situation (43). In fat-fed rabbits, GCs and other anti-inflammatory steroids 

prevent or arrest atherosclerosis, despite causing hyperlipidemia (43). Atherogenic diet 

feeding to Ldlr-/- mice subjected to adrenalectomy resulted in a higher susceptibility 

for diet-induced atherosclerosis compared to control Ldlr-/- mice (44), whereas adrenal 

transplantation induced a reversal of the adrenalectomy-associated atherosclerotic le-

sion development in this model (44). Corticosterone treatment to APOE*3-Leiden.CETP 

mice fed a Western-type diet decreased macrophage content of the plaque and total 

atherosclerotic lesion area by -39% without lowering plasma cholesterol levels (45).

The mechanisms underlying this discrepancy in the effects of GCs on atherosclerosis 

are incompletely understood. GCs can negatively influence cardiovascular risk factors, 

interact positively with cells of the heart and vascular wall and inhibit inflammation (19). 

Our present data suggest that an increase in RCT contributes to the anti-atherosclerotic 

effects of GCs, at least in animal models. However, the various actions of GCs on the 

heart, vascular wall and inflammatory cells, combined with their ability to influence 

other cardiovascular risk factors (e.g. LDL-cholesterol, hypertension, insulin resistance 

and obesity), make it difficult to predict their overall effect on cardiovascular disease in 

vivo in the human situation (19).

In summary, we show that prednisolone treatment strongly affects sterol homeo-

stasis in mice. BA reabsorption via induction of Asbt is enhanced, resulting in elevated 

plasma BA levels, choleresis and a decrease in fecal BA excretion. Thus, GR activation, 

particularly in the intestine, plays an important role in regulating BA homeostasis by 

controlling enterohepatic recycling of BA and bile production. Concomitantly, GC 
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administration increases macrophage-to-feces RCT, pointing towards potential, non-

characterized, effects of this class of drugs to provide protection against development 

and progression of atherosclerotic cardiovascular disease.
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GeneRal disCussiOn

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 diabe-

tes and cardiovascular diseases (1). 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 targeting 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.

Bile acids are generated in the liver and are traditionally recognized for their role 

in bile formation, cholesterol solubilization and lipid absorption. Recently, bile acids 

emerged as signaling molecules that, as ligands for the bile acid receptors FXR and 

TGR5, activate and integrate multiple complex signaling pathways involved in lipid and 

glucose metabolism and energy homeostasis.

This thesis focuses on bile acid and lipid metabolism and the diverse cues in response 

to which they are regulated, including: signaling via ligand-activated nuclear receptors 

such as LRH-1, bile acids, glucocorticoids and gut microbiota.

Regulation of bile acid synthesis

Bile acids are synthesized in the liver by a complex multi-enzyme process. The rate-con-

trolling step in the classic pathway of bile acid synthesis – as explained in Chapter 1 – is 

catalyzed by the enzyme Cyp7a1, which converts cholesterol to 7α-hydroxycholesterol 

(2). Subsequently, 7α-hydroxycholesterol is converted into 7α-hydroxy-4-cholesten-

3-one, which can be converted by the enzyme Cyp8b1 into 7α,12α-dihydroxy-4-

cholesten-3-one, ultimately leading to synthesis of the primary bile acid cholic acid 

(3). Alternatively, cholesterol can be converted to chenodeoxycholic acid via multiple 

enzymes, independent of Cyp8b1. The expression of Cyp7a1 follows a circadian pattern 

and is tightly regulated by complex feedback mechanisms. Glucose and insulin are 

major postprandial factors that induce Cyp7a1 activity (4), whereas bile acids down-

regulate their own synthesis (5). Several hepatic nuclear receptors and transcription 

factors are implicated in regulating the expression of Cyp7a1, including Lxr, Shp, Fxr 

and Hnf4α (6).
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In addition, Lrh1 binding sites have been identified in the proximal promotor parts 

of the Cyp7a1 gene (7, 8). In vitro studies showed that Lrh1 is able to induce its expres-

sion (7, 9, 10). However, in subsequent in vivo studies in mice, hepatocyte-specific Lrh1 

knockout strategies did not reduce Cyp7a1 mRNA levels, nor protein activity (11, 12). 

Unexpectedly, heterozygous Lrh1 knockout mice exhibited 5-7-fold higher Cyp7a1 

expression levels and increased total bile acid pool sizes. It was suggested this effect 

was due to increased occupation of the overlapping Lrh1/Hnf4α binding site in the 

Cyp7a1 promotor by Hnf4α (13). Therefore, the proposed role of Lrh1 in regulating 

Cyp7a1 expression remained uncertain.

In Chapter 3 we used a novel conditional Lrh1 knockdown (LRH-1-KD) mouse 

model to evaluate the dependency of bile acid synthesis and composition on Lrh1. 

In LRH-1-KD and wildtype mice we performed an experiment under normal feeding 

conditions and during conditions with high fecal bile acid loss, induced by giving a 

bile acid sequestrant. Under these conditions bile acid synthesis must be enhanced to 

maintain homeostasis. We show that under physiological conditions, i.e. without the se-

questrant, knockdown of Lrh1 slightly increased Cyp7a1 expression, with a concomitant 

increase in fecal bile acid excretion. In contrast, in LRH-1-KD mice the mRNA expression 

of Cyp8b1 was reduced, with an according shift towards CDCA-derived bile acids versus 

CA-derived ones in the bile acid pool. Thus, under these conditions Lrh1 determines 

pool composition, but does not limit bile acid synthesis rate. However, when a bile acid 

sequestrant was used to deplete the bile acid pool by enhancing their fecal excretion, 

Cyp7a1 expression did not further increase in LRH-1-KD mice and neither did fecal bile 

acid excretion. Therefore, Lrh1 does function as a critical factor for adequate induction 

of hepatic Cyp7a1 expression and bile acid synthesis under conditions of high bile acid 

loss. Yet, Lrh1 is dispensable for Cyp7a1, but not for Cyp8b1, expression under normal 

conditions.

These observations strongly suggests that compensatory mechanisms or redundant 

transcription factors exist for maintenance of Cyp7a1 expression under physiological 

conditions. Recently, it was shown that Lrh1 cooperates with Hnf4α in maintaining 

basal Cyp7a1 expression (14). The nature of the differential regulation of Cyp7a1 and 

Cyp8b1 under normal conditions remains obscure. Cyp7a1 expression is rate-limiting 

for bile acid synthesis, which is of vital importance to sustain life (15), and is regulated 

by various transcription factors in response to a broad range of external cues. Therefore, 
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Cyp7a1 expression may be maintained constant by the concerted action of various 

factors and is less likely vulnerable to stochastic perturbation, e.g. loss of signaling by 

one factor.  

The increase in Cyp7a1 expression under normal conditions was likely due to sup-

pressed ileal Fgf15 expression, possibly caused by a decrease in Lrh1-dependent Asbt 

expression in the small intestine. The same mechanism could also explain the increased 

Cyp7a1 expression levels in heterozygous Lrh1 knockout mice. Taken together, these 

results indicate that Lrh1 modulates Cyp7a1 expression and bile acid synthesis via 

two different pathways at different sites in the enterohepatic system, with a reciprocal 

outcome on Cyp7a1 expression. Hepatic Lrh1, together with other factors, positively 

regulates Cyp7a1 expression, whereas intestinal Lrh1 causes an opposing effect by 

stimulating the expression of Fgf15 in enterocytes resulting in a repression of hepatic 

Cyp7a1. Moreover, it was recently shown that hepatic Lrh1 is involved in FGF19-mediat-

ed repression of Cyp7a1 expression (14). The fact that Cyp8b1 expression was decreased 

upon Lrh1 knockdown supports data from Kim et al. (16), who showed that Cyp7a1 is 

suppressed much more efficiently compared to Cyp8b1 by Fgf15 signaling, and sup-

ports that Lrh1 is important for Cyp8b1 expression, as shown before (11, 12).

the role of gut microbiota in the regulation of bile acid synthesis

In the intestinal lumen bile acids emulsify and solubilize dietary lipids so that the lipids 

can be digested and absorbed by intestinal epithelial cells. More and more it is recog-

nized that the intestine also plays an important regulatory role in controlling hepatic 

bile acid synthesis. In the ileal enterocytes bile acid bind and activate Fxr, which induces 

the expression of the hormone Fgf15. Consequently, Fgf15 is released into the circula-

tion and inhibits bile acid synthesis via binding the hepatic FGF receptor 4.

In the intestine, bacteria also influence bile acid homeostasis. The human intestinal 

tract is colonized by a huge bacterial population, consisting of several thousands of 

species (17). Certain bacteria can deconjugate bile acids and metabolize primary bile 

acids into secondary ones (18-20). It has been shown that germfree conditions and 

antibiotic treatment decrease fecal bile acid excretion (21-24). Studies using radiola-

belled or stable isotopes showed that germfree conditions decrease the turnover of 

bile acids and cholesterol, whereas bile acid pool size increased (25-28). The underlying 

regulatory mechanisms have remained unidentified so far. It has been suggested that 
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the gut microbiota interfere with intestinal Fxr activation (29, 30). However, antibiotic 

treatment in Fxr-KO mice induced similar effects as in wildtype mice (23, 24).

In Chapter 5 we aimed to elucidate the mechanism(s) by which absence of gut 

microbiota affects bile acid metabolism. In germfree and conventional mice, and in 

mice treated with antibiotics we studied bile acid metabolism. We show that germfree 

and antibiotic-treated mice reabsorb bile acids more efficiently than control animals 

do, leading to a larger bile acid pool. Induction of Asbt expression in the ileum and 

a proximal shift in protein expression mediates the effects on bile acid absorption. 

Subsequent studies in Asbt-KO mice showed that in these mice only a small effect of 

antibiotic treatment remained, which could be related to enhanced uptake of bile acids 

by the colon. The increased venous return of bile acids to the liver upon antibiotic 

treatment resulted in increased biliary bile acid secretion. More effective intestinal bile 

acid conservation led to a compensatory decrease in bile acid synthesis, as apparent 

from decreased fecal bile acid excretion, which in steady state equals de novo synthesis, 

and bile acid kinetic studies. The increased bile acid pool size may reflect a new steady-

state after an initial increase in bile acid reabsorption, with spillover of bile acids to the 

systemic circulation, before de novo synthesis is decreased.

In the antibiotic-treated and germfree animals there is a discrepancy between in 

vivo bile acid synthesis and Cyp7a1 mRNA expression. Antibiotic treatment increased 

hepatic Cyp7a1 expression, whereas it actually decreased bile acid synthesis, measured 

by fecal bile acid excretion and turnover of labeled cholic acid. Previous studies on bile 

acid synthesis under different conditions have shown that altered bile acid synthesis is 

not always correlated to changes in Cyp7a1 mRNA expression (31-33), but the reason 

for this apparent discrepancy has remained puzzling. Possibly, post-transcriptional 

regulation of Cyp7a1 expression may play a role. Unfortunately, Cyp7a1 protein expres-

sion is unknown in these experiments. These findings underscore that changes in the 

expression and/or abundance of metabolic enzymes may not always truly reflect actual 

metabolic fluxes. This highlights the importance of physiological measurements, in 

particular metabolic fluxes, to properly study bile acid homeostasis in vivo.

In Chapter 5 we also show that Gata4 is crucial in mediating the effects that gut 

microbiota exert on host bile acid reabsorption via Asbt. Antibiotic treatment in 

Gata4-iKO mice did not increase Asbt expression, neither did it change fecal bile acid 

excretion, bile flow rate or plasma bile acid concentrations. Thus, under physiological 
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conditions, gut microbiota induce Gata4-dependent Asbt repression, thereby inhibiting 

enterohepatic recycling of bile acids. The exact mechanism by which intestinal bacteria 

regulate Gata4 remains to be elucidated. An interaction between the gut microbiota, 

the immune system and Gata4-dependent metabolic processes within epithelial cells 

has been described (34). 

the immune system in bile acid and cholesterol homeostasis

To protect the enormous epithelial surface of the intestinal mucosa that is responsible 

for the absorption of nutrients and separates outside from inside, the intestinal mucosa 

contains the largest number of immune cells in the body (35). The challenge for this 

extensive immune system is to distinguish harmless food antigens and commensal bac-

teria from potentially dangerous pathogenic bacteria, parasites, and viruses. Therefore, 

the gut immune system is tightly regulated to prevent excessive immune responses to 

foods and gut bacteria. A critical factor for the symbiotic relationship between the gut 

microbiota and the host is the emergence of adaptive immunity. Failure to control T cell 

activation in the intestine leads to the development of intestinal inflammation (36). T 

cell activation triggers immunological responses, which impair the intestinal epithelial 

barrier function (37) and further accelerate inflammatory responses. 

The metabolic and immune systems are closely integrated and functionally depen-

dent on each other. Activation of inflammatory responses can lead to chronic low-grade 

inflammation, which is associated with various metabolic diseases. Inflammation ro-

bustly downregulates of the expression of a number of nuclear receptors, including Fxr 

(38, 39). Because the regulatory effects of nuclear receptors expressed in the intestine 

may not remain confined to the intestine, dysregulation might have systemic effects on 

metabolic processes. One example could be intestinal Fxr, which can regulate hepatic 

bile acid synthesis via induction of intestinal Fgf15 expression. However, little is known 

about the influence of the immune system on bile acid homeostasis. Therefore, the 

question arises whether modulation of the immune system may also impact on bile 

acid metabolism.

Glucocorticoids are steroid hormones that are produced in response to inflamma-

tion, with strong anti-inflammatory and immunosuppressive effects, such as inhibition 

of T cell activation (35). Glucocorticoids are common first line therapy options in non-

infectious inflammatory diseases. Recently, it has been shown that the glucocorticoid 
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receptor (GR) may also regulate several genes involved in murine bile acid and cho-

lesterol metabolism (40, 41), yet, the physiological relevance hereof is controversial. It 

has been suggested that GR blocks the transcriptional activity of Fxr in the liver (42). 

However, Fxr also exerts major control on bile acid homeostasis via the small intestine. 

Also, two functional glucocorticoid response elements have been identified within the 

promoter region of Asbt (43), and glucocorticoids enhance taurocholic acid absorption 

in in situ ileal loops (44). Therefore, glucocorticoids may have a dual action on bile acid 

metabolism via hepatic and intestinal signalling, yet, the complex nature of bile acid 

metabolism and its regulation prevents prediction of actual consequences on the basis 

of gene expression analysis only. 

In Chapter 7 we aimed to provide a mechanistic analysis of the effects of gluco-

corticoids on bile acid and cholesterol homeostasis in mice. Sustained prednisolone 

treatment induced the expression of Asbt in the ileum and stimulated bile acid absorp-

tion. Higher portal influx of bile acids to the liver induced biliary bile acid secretion and 

spillover to the peripheral circulation resulted in elevated plasma bile acid levels. In 

response, hepatic bile acid synthesis was lowered, as is evident from decreased Cyp7a1 

expression, decreased plasma C4 levels and decreased fecal bile acid excretion. Despite 

the increased bile acid uptake by enterocytes, ileal expression of bile acid-responsive 

genes such as Fgf15 markedly decreased. It seems plausible that this is due to inhibi-

tion of the transcriptional activity of intestinal Fxr by prednisolone-activated GR, as 

described by Lu et al. (42). Decreased intestinal Fxr activity may also contribute to 

increased Asbt expression (45, 46). Apparently, the strongly increased influx of bile acid 

into the liver overruled GR inhibition of Fxr activity in the liver as well as the putative 

stimulating consequences on bile acid synthesis of reduced Fgf15 production in the 

ileum, since the hepatic expression of Cyp7a1 was decreased. Taken together, we now 

show that enhancing bile acid reabsorption in the small intestine via induction of Asbt 

expression is the principal effect that glucocorticoids exert on bile acid homeostasis in 

vivo. In future experiments, it would be interesting to test whether glucocorticoids still 

affect bile acid homeostasis in Asbt-KO mice. 

Changing bile acid metabolism can have great impact on cholesterol turnover. 

Moreover, glucocorticoids are also known to directly influence the expression of sev-

eral genes involved in cholesterol metabolism (47, 48). The impact of cholesterol and 

different classes of lipoproteins on the development of atherosclerosis is well known 
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(49). However, the role of glucocorticoids in the development of atherosclerosis is 

not yet clearly established. In Chapter 7 we therefore also investigated the effects 

of prednisolone treatment on cholesterol homeostasis. The increased enterohepatic 

cycling of bile acids upon prednisolone treatment induced biliary cholesterol secretion. 

In addition, prednisolone treatment increased plasma HDL-cholesterol levels, probably 

attributable to increased hepatic ApoA-I expression. In contrast, systemic inflamma-

tion is invariably associated with reduced HDL cholesterol and ApoA-I levels (50, 51). 

Prednisolone treatment increased fecal neutral sterol excretion. Together, the increased 

cholesterol transport capacity and increased hepatic secretion into bile resulted in in-

creased movement of cholesterol from macrophage foam cells to the feces, indicating 

stimulated macrophage-derived reverse cholesterol transport. This may contribute to 

the anti-atherosclerotic effects of glucocorticoids, at least in animal models.

Taken together, inflammation can downregulate the expression of several nuclear 

receptors, including Fxr, which may be due to the actions of glucocorticoids. Glu-

cocorticoids induce the expression of Asbt, which has systemic effects on bile acid 

homeostasis. The question arises why one receptor may regulate the immune system 

and metabolic functions simultaneously. Perhaps during times of inflammation there is 

an increased energy need, which asks for simultaneous adaptation of fuel metabolism.

In Chapter 7 we have shown that synthetic glucocorticoids exert their principal 

effect on bile acid homeostasis via the small intestine. Besides synthesis in the adrenal 

glands, glucocorticoids are also synthesized by intestinal epithelial cells (35). Their 

intestinal synthesis is regulated in a circadian manner (52), is ACTH-independent and 

critically regulated by Lrh1 (53-55). Recently, it has emerged that the diurnal produc-

tion of corticosterone in the ileum is controlled by gut microbiota via Toll-like receptor 

(TLR) signaling (56). TLRs are cell surface receptors that recognize molecular patterns 

expressed by bacteria. TLR expression by intestinal epithelial cells is rhythmically 

regulated by the circadian clock. As a consequence, signaling through these innate 

immune receptors triggered by the constant exposure to the host microbiota also 

follows a rhythmic pattern. These signals prevent the production of corticosterone by 

the ileal intestinal epithelial cells. Thereby, the absence of cues from the microbiota 

disrupts the circadian rhythm and phasic production of corticosterone by the ileum, 

resulting in hypercorticosterolism (56). Thus, intestinal microbiota exert a significant 

effect on host immune response via TLR signaling and inhibiting glucocorticoid pro-
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duction. In turn, glucocorticoids repress a large set of inflammatory response genes, 

involving disruption of TLR-4 of TLR9-dependent transcriptional activation (57). The 

immune system, in turn, shapes the commensal microbial communities, as exemplified 

by aberrant microbiota compositions in several TLR-deficient mice (58), which affects 

host metabolic homeostasis (59). Taken together, the immune system and the gut 

microbiota are tightly interconnected and can influence host metabolism. We have 

seen that both gut microbiota (Chapter 5) as well as glucocorticoids (Chapter 7) are 

able to modulate bile acid metabolism via regulating Asbt expression. Moreover, gut 

microbiota inhibit intestinal glucocorticoid synthesis. These observations may imply 

that gut microbiota inhibit Asbt expression via inhibition of intestinal glucocorticoid 

synthesis. In Chapter 5 we have also seen that Gata4 is crucial in mediating the ef-

fects that gut microbiota exert on Asbt expression and suggested that gut microbiota 

induce Gata4. It is therefore not surprising that glucocorticoids can inhibit the expres-

sion of Gata4 (60). These observations may therefore suggest that microbial signaling 

inhibits intestinal glucocorticoid synthesis, resulting in decreased induction of Asbt 

expression and increased Gata4 expression, which limits Asbt expression to the distal 

small intestine. Together, this promotes fecal excretion of bile acids. It is known that ileal 

Asbt expression follows a diurnal rhythm (61), it would be interesting to see whether 

the expression also diurnally shifts between the distal and proximal intestine.

Gut microbiota and glucose homeostasis

Besides regulation of bile acid metabolism, glucocorticoids and gut microbiota are 

both associated with alterations in glucose homeostasis. Previous studies suggested 

that gut microbiota contribute to the development of obesity and systemic insulin 

resistance (62-65). Germfree mice are protected from high fat diet-induced obesity and 

insulin resistance (66, 67) and transfer of lean donor fecal microbiota to obese subjects 

with the metabolic syndrome significantly altered the composition of the intestinal 

microbiota and improved peripheral insulin sensitivity (68). The mechanism(s) under-

lying the effects of gut microbiota on glucose homeostasis are poorly understood. 

One hypothesis involves the role of gut microbiota on bile acid homeostasis. Several 

gram-positive bacterial species, such as Lactobacilli, are able to deconjugate primary 

bile acids (69). The subsequent formation of secondary bile acids is only carried out by 

a minor population of gram-positive anaerobic Clostridium species (70-73). Bile acids 
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can act as regulators of systemic energy homeostasis and are known to affect glucose 

homeostasis (74).

We hypothesized that short term administration of oral antibiotics in humans would 

affect intestinal microbiota composition and subsequently bile acid and glucose me-

tabolism. In Chapter 6 we performed a single blinded randomized controlled trial in 

male obese subjects with metabolic syndrome. These subjects were randomized to 

either 7 days of amoxicillin or 7 days of vancomycin treatment. Vancomycin treatment 

reduced fecal microbial diversity, with a decrease in gram-positive bacteria (mainly Fir-

micutes). Concomitantly, vancomycin treatment decreased peripheral insulin sensitivity 

and fecal excretion of secondary bile acids, with a simultaneous postprandial increase 

of primary bile acids in plasma. Amoxicillin did not affect any of these parameters. 

The distinct effects of the antibiotic therapies may be explained by the difference in 

bacterial killing. Vancomycin mostly affects gram-positive bacteria, whereas amoxicillin 

affects more gram-negative/anaerobic bacteria (75). Gram-positive bacteria belonging 

to the Clostridium clusters IV and XIVa of the Firmicutes phylum are known to metabo-

lize primary bile acids into secondary ones (69-73), but until today no gram-negative 

bacterium has been reported to dehydroxylate primary bile acids. Therefore, the results 

presented in Chapter 6 indicate that gram-positive intestinal microbiota, particularly 

of the Firmicutes phylum, increase insulin sensitivity in humans by affecting bile acid 

homeostasis.

Bile acids can influence energy expenditure and glucose homeostasis by activating 

bile acid receptors and triggering downstream signaling pathways, e.g., via their ef-

fects on gluconeogenesis, glycogenolysis, insulin secretion and insulin sensitivity (74, 

76-78). Although various bile acid species differ in their in vitro capacity to activate 

specific receptors such as FXR or TGR5, it is not known which subclasses of bile acids are 

responsible for these effects in humans. Nevertheless, the secondary bile acids LCA and 

DCA were found to have a much stronger activating capacity for TGR5 than the primary 

bile acids CDCA and CA (76, 77, 79). Thus, theoretically, the decrease in secondary bile 

acids after vancomycin treatment could lead to decreased TGR5 activation, thereby 

affecting glucose homeostasis via GLP-1, PYY and/or modulation of energy expendi-

ture in peripheral tissues (80-82). However, plasma GLP-1 levels were unchanged after 

vancomycin treatment, indicating unchanged intestinal TGR5 activation. 



Chapter 8

172

Vancomycin treatment decreased the plasma levels of FGF19 and increased the 

levels of 7α-hydroxy-4-cholesten-3-one (C4), a marker of hepatic bile acid synthesis. 

These observations may suggest decreased activation of FXR in the intestine. FXR is 

strongly activated by hydrophobic deconjugated bile acids, especially deconjugated 

CDCA binds with high affinity, whereas conjugated bile acids bind FXR in a reverted 

orientation with lower affinity (83). Thus, possibly, a decrease in deconjugated bile acids 

in the intestinal lumen during antibiotic treatment could contribute to decreased FXR 

activation. Fxr-deficiency in mice reduces peripheral insulin resistance with a reduction 

of glucose disposal and decreased adipose tissue and skeletal muscle insulin signal-

ing (74). Decreased Fgf15/FGF19 levels have been associated with increased plasma 

glucose levels (84-87), whereas administration of obeticholic acid, a semisynthetic 

derivative of the human FXR-agonist CDCA, increased insulin sensitivity and plasma 

FGF19 levels (88). Fgf15/FGF19 influences glucose homeostasis by inhibiting hepatic 

gluconeogenesis and stimulating glycogen synthesis (89, 90), furthermore it increases 

glucose uptake in 3T3-L1 adipocytes (91) and increases energy expenditure (85). De-

creased FXR activation in pancreas and in white adipose tissue may impact on glucose 

homeostasis as well (74, 92), which is explained in Chapter 2. 

Gut microbiota and bile acids may also impact on glucose homeostasis via regulation 

of low-grade inflammation. It has been shown that FXR is required for immune-regula-

tory activities of TLR-9 in intestinal inflammation (39). Through FXR and TGR5 signaling, 

bile acids can regulate the intestinal barrier and immune function (93). They regulate 

maintenance of cell integrity, prevent pathogenic bacterial invasion and inhibit inflam-

mation (94). Bile acid deficiency results in increased intestinal permeability, dysregula-

tion of the immune response (95-98) and intestinal inflammation (93). Increased gut 

permeability and activation of inflammatory signaling pathways can lead to chronic 

low grade inflammation, a condition associated with obesity and insulin resistance (93).

Taken together, changes in bile acid signaling resulting from antibiotic treatment may 

affect glucose homeostasis. Metabolization of bile acids by gut microbiota has several 

effects: it alters the activation of bile acid receptors, which influences the expression 

of genes involved in glucose homeostasis. In addition, it modulates gut permeability 

and activates inflammatory signaling pathways (99, 100), resulting in low-grade inflam-

mation, which influences insulin resistance (101). However, impaired gastrointestinal 

barrier function and chronic inflammation in obesity and insulin resistance may be 
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both cause and effect, the precise molecular mechanisms are yet unknown. We cannot 

exclude that other mechanisms also contribute to the effects of vancomycin treatment 

on insulin sensitivity. Several other hypotheses by which gut microbiota may influence 

glucose homeostasis have been suggested, including short-chain fatty acids (SCFAs) 

such as butyrate (101, 102). In rodents there is evidence that SCFAs are able to modu-

late low-grade inflammation, influence satiety and increase energy expenditure (101). 

However, there is conflicting evidence in humans.

The data discussed above suggest that administration of specific probiotics may be 

beneficial for the prevention and treatment of a number of health disorders (94). By re-

establishing intestinal bile acid deconjugation and metabolization via delivering probi-

otics capable for these functions, normal bile acid homeostasis may be restored, which 

may reduce cholesterol levels, improve glycemic control and re-establish disrupted 

intestinal homeostasis in inflammation. In contrast, gut microbiota may contribute to 

atherosclerosis through promoting atherosclerotic plaque formation via TMAO produc-

tion from dietary phosphatidylcholine (103-105).

In both mouse (Chapter 5) and human studies (Chapter 6) antibiotic treatment de-

creased the concentration of fecal and plasma secondary bile acids and plasma levels 

of Fgf15/FGF19. However, in mice antibiotic treatment decreased total fecal excretion 

of bile acids, in contrast to unchanged excretion levels in the human experiment. In 

the human study plasma C4 levels increased, suggesting enhanced hepatic bile acid 

synthesis, whereas synthesis was decreased in the mouse studies. In the human experi-

ment it could be that steady state was not (yet) reached due to the short experimental 

time. Possibly, differences in bile acid species and intestinal microbiota between mice 

and humans could also contribute to this apparent contrast. 

Regulation of hepatic triglyceride metabolism

As stated above, bile acids are important for intestinal lipid absorption and bile acid 

synthesis represents a major pathway of cholesterol catabolism. Manipulation of bile 

acid metabolism by bile acid sequestration significantly impacts on systemic lipid 

concentrations. In Chapter 2 we review the impact bile acid sequestrants have on lipid 

and glucose metabolism and the roles of several nuclear receptors herein. Bile acid 

sequestrants interrupt the enterohepatic circulation of bile acids and decrease plasma 

total and LDL cholesterol while increasing levels of HDL cholesterol and triglycerides 
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(106). The conversion of cholesterol into bile acids is increased, whereas increased he-

patic Ldl receptor expression harvests more cholesterol from the systemic circulation, 

which accounts for the decline in total and LDL cholesterol. Bile acids can influence 

triglyceride levels via activation of Fxr, which modulates triglyceride production and 

increases triglyceride clearance by influencing lipoprotein lipase activity (106). 

Recently, it has been shown that Lrh1 is involved in the control of lipid metabolism as 

well (107). Lrh1 binds in proximity of genes related to lipid metabolism and is required 

for the anti-steatotic effects of the phospholipid DLPC (108), a natural Lrh1 agonist 

(109). These data suggest involvement of Lrh1 in the regulation of hepatic triglyceride 

metabolism. To further delineate the effects of Lrh1 on lipid metabolism, we analyzed 

lipid metabolism in conditional whole-body Lrh1 knockdown mice and compared 

them to wildtype mice in Chapter 4. We show that conditional Lrh1 knockdown mice 

develop a phenotype characterized by low circulating ketone bodies, high levels of 

plasma non-esterified fatty acids and medium- and long-chain acylcarnitines, and 

hepatic steatosis specifically in periportal areas. Lrh1 knockdown impaired hepatic 

Pparα signaling and decreased fatty acid β-oxidation and ketogenesis, whereas Lrh1 

overexpression in vitro induced Pparα expression. We show that Lrh1 is able to directly 

bind and activate Pparα, a major regulator of hepatic fatty acid metabolism. Thus, Lrh1 

knockdown disturbs hepatic triglyceride homeostasis in mice primarily via downregu-

lation of Pparα, resulting in decreased fatty acid oxidation and ketogenesis. 

Since we used a conditional whole-body Lrh1 knockdown mouse model, the con-

tribution of decreased Lrh1 expression in other tissues, besides the liver, to the overall 

phenotype cannot be ruled out. Also changes in CA-derived bile acids, which are 

decreased in LRH-1-KD mice, have been linked to lipid metabolism (110, 111). In addi-

tion, recently it was suggested that Lrh1 recruits Fxr to lipid metabolic genes, thereby 

regulating genes of lipid metabolism in concert with Fxr (107). Alterations in Fxr activity 

may therefore also contribute to the observed phenotype.

We also show in Chapter 4 that expression of the LRH-1 gene in liver biopsies of 

obese human subjects correlates negatively with the extent of NAFLD and NASH. These 

results indicate that LRH-1 may also play a crucial role in human hepatic triglyceride 

metabolism. The influence of Lrh1 on inflammation, described previously (112-114) and 

also evident from upregulated genes involved in inflammatory responses in LRH-1-KD 

mice, might contribute to progression of hepatic steatosis to NASH. Taken together, we 



175

8

Discussion

show in Chapter 4 that LRH-1 plays a pivotal role in the metabolic network controlling 

hepatic triglyceride levels.

Nutrient-sensing transcription factors are active in complex networks that regulate 

multiple metabolic pathways. In Chapter 4 we have shown that Lrh1 is important in 

the regulation of bile acid metabolism. Lrh1 interacts with different nuclear receptors, 

transcription factors and target genes involved in lipid and bile acid metabolism. The 

coordinated regulation of both lipid and bile acid metabolism couples intake of lipid 

substances to synthesis and secretion of bile acids to ensure proper lipid solubilization 

in the intestine. Several nuclear receptors show a strong circadian expression pattern 

and their ligands, including lipids, bile acids and glucocorticoids, also exhibit strong 

daily fluctuation, thereby linking nutrient sensing to circadian control of metabolism. 

Therefore, we propose Lrh1 may be a key component of the coordinated response 

necessary to relay circadian signals into metabolic responses.

FutuRe PeRsPeCtiVes

The metabolic syndrome is characterized as a clustering of health disorders associated 

with an increased risk of cardiovascular disease and type 2 diabetes, and is becoming 

more and more common. Nuclear receptors are ligand-dependent transcription factors 

that control a diverse set of biological activities by translating dietary and endocrine 

signals into changes in expression of gene networks. Nuclear receptors are attractive 

therapeutic targets for the treatment of metabolic syndrome because their dysfunc-

tion – due to naturally occurring mutations – can result in metabolic disorders and 

their activity can be modulated by small molecules that can be substituted by synthetic 

ones, despite the challenge of achieving functional selectivity. 

Characterization of new receptors and further elucidation of the roles of known 

nuclear receptors and their ligands in bile acid, glucose and lipid homeostasis and the 

intestinal immune system will contribute to our understanding of metabolic pathways 

and their interactions in health and disease. The development of pharmacological com-

pounds that specifically activate or inhibit proteins, enzyme activities, cell receptors or 

transcription factors will provide valuable insight in their roles in the system and may 

help to combat disease. The discovery of key roles played by gut microbiota in inter-

organ crosstalk and in the development of metabolic diseases, opens new windows for 
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better understanding of microbiota-to-host signaling pathways, the pathophysiology 

of diseases and potential starting points for studying possible therapeutic intervention.

To further understand the link between gut microbiota, bile acid metabolism and 

disease, large-scale metagenomic sequencing studies in both healthy and diseased 

populations should continue to evaluate the microbial community structure. In the 

future, specific microbial fingerprints may be able to reliably predict disease risk in 

the host. In addition, knowledge on the ability of specific bacteria to influence host 

metabolism, will contribute to targeted therapy to either eliminate or stimulate these 

species. Therefore, probiotics should continue to be explored to help restore bile acid 

metabolism and potentially aid in the treatment of obesity, type 2 diabetes, athero-

sclerosis and gastrointestinal disease. Towards understanding the functional metabolic 

interactions between gut microbiota and the host, the use of metatranscriptomics, 

metaproteomics and metabolomics could provide information on genetic potential, 

transcripts, proteins and metabolites. However, changes in the expression of transcrip-

tion factors and/or abundance of metabolic enzymes may not always truly reflect the 

actual metabolic fluxes. Therefore, in vivo evaluation of metabolic fluxes is critical to 

obtain a complete physiological picture.

The role of diet in shaping the microbiota and influencing disease states should be 

further explored to uncover more details about the influence of specific food com-

ponents upon the gut microbiota, which may lead to the development of specific 

dietary interventions to prevent and treat disease. Also the impact of antibiotic therapy, 

glucocorticoids and other commonly used medications upon the gut microbiota 

and metabolic homeostasis remains to be fully established. In turn, the ability of an 

individual’s microbiota to influence the pharmacokinetics of drugs will contribute to 

personalized medicine.

Finally, the role of membrane or intracellular receptors in various tissues in binding 

microbial- or nonmicrobial-derived physiological ligands and their connection with the 

peripheral circadian clocks should also be further explored. It is insufficiently known 

how arrhythmic signals or the oscillation of (nuclear) receptors are converted into circa-

dian rhythmic outputs, which time homeostatic functions with physiologically-relevant 

circadian events, such as food intake, exposure to infection or variation in light and dark. 

Elucidation of the molecular mechanisms that underlie the dialog between ligands, 
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receptors and the peripheral circadian clock, may pave the way to new therapies aimed 

at treating pathologies originating from disruption of these interactions.

COnClusiOns

Nutrient-sensing transcription factors play key roles in the maintenance of organismal 

energy homeostasis and are active in complex networks. Upon ligand binding they 

translate dietary and endocrine signals into changes in expression of gene networks. 

Bile acids are among the substances that can act as signaling molecules and thereby 

exert diverse endocrine and metabolic actions by activating receptors such as FXR and 

TGR5. In addition, the nuclear receptor LRH-1 also plays an important role in bile acid 

and lipid metabolism. Regulation of bile acid homeostasis in mammals is complex 

and regulated via extensive cross-talk between liver, intestine and gut microbiota. 

Understanding the relationship between the gut microbiota and human health is of 

utmost importance since our health appears to be partly dependent upon the balance 

within this ecosystem. A disbalanced microbiotic flora impairs bile acid metabolism 

and gastrointestinal barrier function and activates inflammatory signaling pathways, 

leading to altered activation of bile acid receptors and chronic low grade inflamma-

tion. Altered activation of bile acid receptors can influence gene expression involved 

in various metabolic processes, i.e. glucose homeostasis, whereas low-grade inflamma-

tion has also been associated with insulin resistance and obesity. These observations 

highlight the importance of a balanced intestinal bacterial flora. The function of the gut 

microbiota to transform bile acids may be of pivotal importance to maintain bile acid 

signaling and energy homeostasis.
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 Summary

suMMaRy

Metabolic syndrome refers to the combination of obesity, hypertension, dyslipidemia 

and insulin resistance. Metabolic syndrome is associated with a pro-inflammatory state 

and it greatly increases the chance on cardiovascular disease and type 2 diabetes. 

Strategies to prevent and treat these metabolic derangements are therefore urgently 

needed. For this purpose better insight in the regulation of inter- and intra-organ meta-

bolic pathways is of key relevance. 

The role of nutrients, like glucose and fatty acids, as important regulators of meta-

bolic processes has become evident, especially after their identification as ligands of 

transcription factors. In response to ligand binding, transcription factors adjust the 

expression of metabolic enzymes. Several nuclear receptors show a strong circadian 

expression pattern and are interconnected with the peripheral clock, thereby linking 

nutrient sensing to circadian control of metabolism. 

After a meal, bile acids increase in the intestine, liver and systemic circulation. The 

role of bile acids as signaling molecules in metabolism and inflammation has been 

identified through the discovery of their receptors, including Fxr, Tgr5, Vdr and Pxr. 

In Chapter 2 we review the various effects that bile acids exert on metabolism. By 

binding to Fxr, bile acids can regulate several metabolic pathways including bile acid 

synthesis, triglyceride metabolism and gluconeogenesis, whereas bile acid activation 

of Tgr5 influences macrophage function, energy homeostasis and the secretion of 

gastro-intestinal insulinotropic hormones. Hereby, bile acids relay information regard-

ing ingestion and energy availability to peripheral tissues. The nuclear receptor Lrh1 is 

a transcription factor that is expressed predominantly in the organs that constitute the 

enterohepatic axis. Lrh1 has been implicated in the regulation of bile acid synthesis. 

In Chapter 3 we show that Lrh1 functions as a critical factor for adequate induction 

of hepatic bile acid synthesis under conditions of high bile acid loss. In Chapter 4 we 

show that Lrh1 is also an important factor in regulating liver triglyceride metabolism in 

both mice and man.

The importance of a balanced, well-coordinated interplay within a metabolic network 

is illustrated by the various metabolic derangements observed in relation to aberrant 

nuclear receptor signaling. An increasing level of evidence reveals that gut microbiota 

are associated with metabolic diseases such as obesity, diabetes and cardiovascular 
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disease. The human intestine harbors nearly 100 trillion intestinal bacteria, whose com-

position is partly influenced by dietary factors. They contribute to human nutrient 

metabolism, for example by breaking down non-digestible dietary polysaccharides, 

which enhances energy extraction from the diet, and by synthesizing vitamins and 

other substances which cannot be made by the host. Bacteria also deconjugate bile 

acids and convert primary bile acids into secondary ones. In Chapter 5 we show that 

gut microbiota inhibit the enterohepatic recycling of bile acids by repressing intestinal 

Asbt expression via a Gata4-mediated mechanism. In Chapter 7 we show that gluco-

corticoids, in contrast to gut microbiota, enhance bile acid reabsorption in the small 

intestine via induction of Asbt expression. It is known that gut microbiota inhibit intes-

tinal glucocorticoid synthesis and influence the immune system. They are recognized 

by TLRs, which activate immune-cell responses crucial for maintaining epithelial barrier 

integrity, preventing inflammation and the development of a durable immune system. 

The bile acid receptors Fxr and Tgr5 are involved in this regulation of the intestinal 

barrier and immune function. By metabolizing bile acids, gut microbiota may thus alter 

the bile acids’ capacity to activate their receptors and influence the intestinal immune 

system. Altered activation of bile acid receptors may however also have effects on other 

metabolic processes. In Chapter 6 we show that gram-positive intestinal microbiota, 

particularly of the Firmicutes phylum modulate bile acid and glucose homeostasis in 

humans. Vancomycin treatment reduced fecal microbial diversity, changed bile acid 

composition in feces and plasma, and decreased peripheral insulin sensitivity in obese 

subjects.

Thus, microbial disbalance alters bile acid homeostasis, modulates gut permeability 

and activates inflammatory signaling pathways, leading to altered activation of bile acid 

receptors and chronic low grade inflammation. These observations link gut microbiota 

with metabolic disorders and highlight the importance of a balanced microbial flora. 
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 Nederlandse samenvatting voor niet-ingewijden

nedeRlandse saMenVattinG VOOR niet-inGeWijden

Overgewicht (BMI > 25 kg/m2) is een conditie waarbij er meer energiereserve is op-

geslagen in vet dan normaal. Dit ontstaat wanneer de inname van calorieën niet in 

evenwicht is met de verbranding daarvan door lichaamsbeweging. De opbouw en 

afbraak van stoffen, ook wel de stofwisseling genoemd, is niet in balans. Een body mass 

index (BMI) van meer dan 30 kg/m2 wordt beschouwd als obesitas. Obesitas vergroot 

het risico op gezondheidsproblemen zoals het metabool syndroom. Dit is een combi-

natie van hoge bloeddruk, verhoogde bloedsuikers en een verstoord vetgehalte in het 

bloed (zoals een hoog cholesterol). Patiënten met het metabool syndroom hebben een 

verhoogd risico op het ontwikkelen van diabetes type 2 en hart- en vaatziekten. Het 

aantal mensen met obesitas en het metabool syndroom is de laatste jaren aanzienlijk 

toegenomen. Leefstijladviezen blijken niet voldoende effectief om deze epidemie te-

gen te gaan. Daarom is er dringend behoefte aan nieuwe therapieën. Door de stofwis-

seling te verhogen, zou de balans tussen calorie inname en verbranding weer hersteld 

kunnen worden. Het is bekend dat galzouten de stofwisseling kunnen beïnvloeden, 

daarom wordt er de laatste jaren steeds meer onderzoek gedaan naar het verband 

tussen galzouten en het metabool syndroom. 

Galzouten worden in de lever gemaakt uit cholesterol. Vervolgens worden ze opge-

slagen in de galblaas. Na het eten van een (vette) maaltijd wordt de gal uitgescheiden 

in de dunne darm. Daar functioneren galzouten als een soort zepen die vetdeeltjes 

uit de voeding oplossen. Hierdoor kunnen de vetdeeltjes gemakkelijker verteerd en 

opgenomen kunnen worden. Het is niet voor niets dat beren- en ossengal al jaren 

worden verwerkt in zeep en bekend staan als de beste remedie tegen vetvlekken.

Wanneer de voeding verteerd is, worden de galzouten heropgenomen in het laatste 

deel van de dunne darm. Ze worden terug getransporteerd naar de lever, waar ze op-

nieuw uitgescheiden kunnen worden in de gal. Door dit efficiënte hergebruik gaat er 

maar een klein deel van de galzouten verloren met de ontlasting. Dit deel wordt door 

de lever aangevuld met de aanmaak van nieuwe galzouten. Hierdoor blijft de totale 

hoeveelheid galzouten in het lichaam gelijk. De productie van nieuwe galzouten is 

echter niet continu over de dag, maar wordt nauw gereguleerd in reactie op verschil-

lende signalen. Het eten van suikers en cholesterol zorgt bijvoorbeeld voor verhoging 

van de productie. 
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In de afgelopen jaren is duidelijk geworden dat galzouten meer zijn dan zepen, ze 

kunnen ook verschillende stofwisselingsprocessen in het lichaam beïnvloeden. Deze 

invloed op de stofwisseling wordt bewerkstelligd doordat de galzouten in de lever 

en de darm kunnen binden aan receptoren in en aan het oppervlak van de cel. Deze 

receptoren brengen in de cel een cascade aan reacties teweeg. Dit heeft als resultaat 

dat bepaalde genen op het DNA ‘aan’ of ‘uit’ worden gezet. Via dit mechanisme wordt 

de aanmaak van het enzym gereguleerd dat ervoor zorgt dat er nieuwe galzouten ge-

maakt worden. Op deze manier kunnen galzouten dus hun eigen aanmaak reguleren. 

Daarnaast kunnen via dit mechanisme ook genen beïnvloedt worden die betrokken 

zijn bij de stofwisseling van suikers en vetten. Omdat bij het metabool syndroom deze 

stofwisseling ontregeld is, worden galzouten en hun receptoren gezien als aantrek-

kelijke aangrijpingspunten voor nieuwe behandelingen hiervan. De verschillende 

effecten die galzouten hebben op de stofwisseling en hun toepassing als potentiële 

therapie worden besproken in hoofdstuk 2.

In hoofdstuk 3 hebben we gekeken naar het enzym in de lever (Cyp7a1) dat ver-

antwoordelijk is voor de omzetting van cholesterol naar galzouten. Door een middel 

toe te dienen dat galzouten bindt in de darm, kan een grote hoeveelheid galzouten 

niet heropgenomen worden door de dunne darm. Deze galzouten gaan vervolgens 

verloren met de ontlasting. Hierdoor moet de aanmaak van nieuwe galzouten flink 

verhoogd worden. In voorgaande onderzoeken is gesuggereerd dat het eiwit Lrh1 in 

de lever mogelijk een rol speelt bij het activeren van het gen Cyp7a1. Om te onderzoe-

ken of dit het geval is, hebben we een galzoutbinder gegeven aan gewone muizen en 

aan muizen waarin het eiwit Lrh1 is uitgeschakeld. We laten zien in hoofdstuk 3 dat 

Lrh1 inderdaad belangrijk is voor het ‘aan’ zetten van het gen Cyp7a1. In muizen waarin 

Lrh1 is uitgeschakeld kan Cyp7a1 niet ‘aan’ gezet worden, waardoor de productie van 

nieuwe galzouten niet verhoogd kan worden. 

Het eiwit Lrh1 heeft nog andere functies, in hoofdstuk 4 laten we zien dat Lrh1 ook 

betrokken is bij het reguleren van het vetgehalte in de lever van muizen en mensen. 

Mensen met een hoog vetgehalte in de lever bleken een lager niveau van Lrh1 te 

hebben. De hoeveelheid Lrh1 bleek omgekeerd evenredig met het vetgehalte in de 

lever. Daarnaast zagen we dat uitschakeling van Lrh1 in muizen eveneens leidt tot een 

verhoogd vetgehalte in de lever. Dit wordt veroorzaakt door een verminderde afbraak 

van vetzuren in de lever, zonder dat de aanmaak van nieuwe vetzuren wordt geremd. 
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Samengevat laten we dus zien in hoofdstuk 3 en 4 dat het eiwit Lrh1 een belangrijke 

rol speelt bij de afbraak van cholesterol en vetzuren. Dit betekent dat medicijnen die 

Lrh1 kunnen activeren, mogelijk een positief effect hebben op de afbraak van deze 

stoffen. 

In hoofdstuk 5 hebben we gekeken naar de invloed van darmbacteriën op de 

galzouthuishouding. De darmflora bestaat uit meer dan 2000 verschillende soorten 

bacteriën. Een ongeboren dier heeft nog geen bacteriën in zijn maagdarmstelsel. 

Tijdens en na de geboorte komt het in contact met bacteriën en ontwikkelt de darm-

flora zich, met een voor ieder wezen unieke samenstelling. In hoofdstuk 5 hebben 

we een experiment gedaan met muizen zonder darmflora en muizen die behandeld 

werden met antibiotica om hun darmflora te verminderen. We zagen dat dit leidde tot 

een verhoogde heropname van galzouten in de dunne darm. Dit werd veroorzaakt 

door een verhoging van het eiwit dat galzouten kan (her)opnemen. Blijkbaar hebben 

darmbacteriën dus invloed op de aanmaak van dit eiwit. Als reactie op de verhoogde 

heropname van galzouten werd de aanmaak van nieuwe galzouten in de lever verlaagd. 

Omgekeerd, zou dit dus betekenen dat in de normale situatie (zonder antibiotica) 

darmbacteriën juist de (her)opname van galzouten in de dunne darm verlagen. Dit zou 

een positief effect kunnen hebben op de afbraak van cholesterol om nieuwe galzouten 

te vormen.

Zoals hierboven beschreven kunnen galzouten de stofwisseling van suikers en vet-

ten beïnvloeden. Er zijn steeds meer aanwijzingen dat ook darmbacteriën de stofwis-

seling van hun gastheer beïnvloeden. Darmbacteriën zijn in staat om de structuur van 

galzouten te veranderen. Het zou dus zo kunnen zijn dat darmbacteriën de stofwis-

seling beïnvloeden via hun effect op galzouten. In hoofdstuk 6 hebben we daarom 

gekeken naar de invloed van de darmflora op de stofwisseling van suikers. Patiënten 

met overgewicht kregen gedurende een week een antibioticakuur. Dit veranderde de 

samenstelling van de darmflora, wat negatieve gevolgen had op de suikerstofwisse-

ling. De patiënten kregen een ‘voorstadium’ van diabetes type 2. Tegelijkertijd waren er 

minder galzouten aanwezig die bewerkt waren door bacteriën. Ieder type galzout heeft 

een ander effect op de receptor waar ze aan binden. Door de veranderde samenstelling 

van de galzouten kunnen de receptoren daarom andere signalen afgeven, wat effect 

heeft op het ‘aan’ en ‘uit’ zetten van genen die betrokken zijn bij de suikerstofwisseling. 

Dit zou kunnen verklaren waarom er veranderingen optreden in de suikerstofwisse-
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ling na het geven van antibiotica. Deze resultaten benadrukken het belang van een 

gebalanceerde darmflora voor een goede stofwisseling.

Ook veranderingen in het immuunsysteem in de darm kunnen invloed hebben op 

de stofwisseling. Het is bekend dat darmbacteriën het immuunsysteem in de darm 

beïnvloeden en de aanmaak van ontstekingsremmende hormonen in de darm rem-

men. In hoofdstuk 7 hebben we muizen behandeld met het ontstekingsremmende 

hormoon prednisolon. Ook dit resulteerde in verhoogde heropname van galzouten in 

de dunne darm. Als reactie hierop werd de aanmaak van nieuwe galzouten geremd. 

Daarnaast zagen we dat er meer cholesterol uitgescheiden wordt naar de ontlasting, 

wat een gunstig effect zou kunnen hebben op de cholesterolwaarden in het bloed. Dit 

zou de kans op aderverkalking kunnen verlagen.

Vanwege de effecten die darmbacteriën hebben op galzouten en het immuunsys-

teem – twee factoren die invloed hebben op de stofwisseling – wordt de darmflora 

steeds meer gezien als een belangrijke factor die de stofwisseling kan beïnvloeden. 

Een ongebalanceerde darmflora wordt steeds vaker in verband gebracht met een 

verstoorde stofwisseling, zoals bij het metabool syndroom. Het biedt echter ook mo-

gelijkheden tot therapie, bijvoorbeeld het beïnvloeden van de darmflora met behulp 

van bepaalde stoffen. Zo heeft de toediening van probiotica (voeding met levende 

bacteriën) een positieve invloed op het cholesterol niveau in het bloed. Doordat er 

meer galzouten worden uitgescheiden met de ontlasting in de aanwezigheid van 

bepaalde bacteriën, moet het lichaam meer nieuwe galzouten produceren. Dit wordt 

gedaan door cholesterol om te zetten in galzouten.

Om in de toekomst nieuwe en specifiekere therapieën te kunnen ontwikkelen te-

gen de verschillende onderdelen van het metabool syndroom, is het belangrijk om 

meer kennis te vergaren over de factoren die betrokken zijn bij het ontstaan van het 

metabool syndroom. Daarvoor is het van belang dat allereerst de effecten van darm-

bacteriën op hun gastheer nog beter in kaart worden gebracht. Ook is het belangrijk 

om te weten: hoe het dieet de darmflora kan beïnvloeden, hoe darm en lever met 

elkaar communiceren, aan welke receptoren galzouten en andere voedingsstoffen 

kunnen binden en wat voor signalen deze receptoren afgeven. In het laboratorium 

kunnen dan synthetische stoffen worden geproduceerd die deze receptoren kunnen 

stimuleren of blokkeren. Dit alles kan informatie opleveren over de ontstaanswijze van 
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ziekten en aanknopingspunten bieden voor het ontwikkelen van nieuwe therapieën 

gericht tegen het metabool syndroom.
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