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Rationale 

Bile acids are amphipathic molecules synthesized by the liver and secreted 

into the intestine. The “traditional” functions of bile acids have been to stimulate 

bile production and the biliary secretion of endogenous and exogenous 

compounds, and to aid in the intestinal absorption of fat, cholesterol and fat-soluble 

vitamins by their solubilization into mixed micelles. In recent years, research on bile 

acids has extended beyond the traditional scope of bile secretion and lipid 

absorption and has shown involvement of bile acids as signaling molecules in 

many other processes in the body. Altering bile acids and their receptors affect 

gastrointestinal function, microbiota composition, liver function, cholesterol 

homeostasis, and glucose metabolism. This has led to a surge of novel therapeutic 

options modulating bile acid homeostasis in an attempt to affect disorders related 

to these functions. 

Among these therapeutic options is the modulation of intestinal reabsorption 

of bile acids and subsequent effects on receptor activation. Prevention of 

reabsorption of bile acids in the intestine has been studied as potential therapy for 

a variety of metabolic and hepatic conditions. Malabsorption of bile acids reduces 

farnesoid X receptor (FXR) activation and induces changes in bile acid pool size 

and composition. However, bile acid malabsorption can also cause unwanted 

symptoms and is a hallmark of diseases such as primary bile acid diarrhea and 

cystic fibrosis. Therefore, further exploration of the effects of bile acid 

malabsorption on both ends of the spectrum is necessary. This thesis addresses 

bile acid malabsorption as consequence of disease, specifically in cystic fibrosis, 

and as potential treatment in hypercholesterolemia, obesity and non-alcoholic fatty 

liver disease.  
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General introduction 

Bile acid synthesis 

Bile acids are amphipathic steroid molecules synthesized from cholesterol by 

the liver. They act as detergents and are required for efficient intestinal absorption 

of poorly soluble nutrients such as cholesterol, fatty acids and fat-soluble vitamins 

(A, D, E, and K). Synthesis of bile acids in the liver is achieved via two main 

pathways, the classical pathway, resulting in synthesis of cholic acid (CA) and 

chenodeoxycholic acid (CDCA), and the acidic or alternative pathway resulting in 

production CDCA (Fig. 1). In humans it was estimated that the alternative pathway 

contributes only about 9% to total bile acid synthesis (1).   

 
Figure 1. Hepatic bile acid synthesis in humans and mice. Bile acids are synthesized 

from cholesterol via two main pathways, the classic (‘neutral’) and the alternative (‘acidic’) 

pathway. The classic pathway is responsible of synthesis of both chenodeoxycholic acid 

(CDCA) and cholic acid (CA) via conversion of cholesterol by cholesterol 7α-hydroxylase 

(CYP7A1). Cholesterol 12 α-hydroxylase (CYP8B1) is necessary for synthesis of CA and its 

activity is important in determining the ratio of CA to CDCA. Synthesis via the alternative 

pathway results in chenodeoxycholic acid (CDCA) via by sterol 27-hydroxylase (CYP27A1) 

and oxysterol 7α-hydroxylase (CYP7B1). In mice CDCA as well as ursodeoxycholic acid 

(UDCA) are subsequently converted into α- and β-muricholic acid (MCA) respectively.  

1 
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The rate of bile acid synthesis is controlled by the enzyme cholesterol 7α-

hydroxylase (CYP7A1), the first step in the classical pathway. Synthesis of CA is 

completed by the sterol 12α-hydroxylase (CYP8B1). The alternative pathway starts 

with conversion by sterol 27-hydroxylase (CYP27A1) and subsequent conversion 

by oxysterol 7α-hydroxylase (CYP7B1) to form CDCA. Bile acid composition varies 

greatly between species (see for review (2)). In humans, CA and CDCA are the 

main primary bile acid species while in mice CDCA is converted to α- and β-

muricholic acid (MCA). Ursodeoxycholic acid (UDCA), which represents only a 

minor component of the bile acid pool, is generated from CDCA by the gut 

microbiota in humans (3). In mice, however, UDCA is considered a primary bile 

acid as it can be synthesized in the absence of gut microbiota (4). In mice both 

CDCA and UDCA undergo 6β-hydroxylation by the cytochrome P450 Cyp2c70, to 

generate α-MCA and β-MCA, respectively (5). These 6-hydroxylated bile acid 

species are more water soluble and therefore relatively poor detergents as 

compared to CA or CDCA (6). This is important to note when using mice to study 

bile acid metabolism as MCAs make up almost 50% of their biliary bile acids, 

resulting in a significantly lower biliary hydrophobicity as compared to humans.  

After secretion into the intestine bile acids are subject to transformation by 

intestinal microbiota, mainly in the distal small intestine and colon. Many intestinal 

bacteria harbor the ability to deconjugate bile acids via the bile salt hydrolase 

enzyme (7). After deconjugation, some bacterial species perform additional 

modifications, such as 7α-dehydroxylation, to create secondary bile acid species. 

In humans, conversion of CA and CDCA results in deoxycholic acid (DCA) and 

lithocholic acid (LCA), respectively. DCA and LCA are more hydrophobic than 

primary bile acids and have different affinities for bile acid activated receptors in 

the intestine. Additionally, in rats (and likely also in mice) β-MCA can be converted 

to ω-MCA. Subsequently, α-, β-, and ω-MCA can undergo 7α- or β-hydroxylation to 

form hyodeoxycholic acid (HDCA) or murideoxycholic acid (MDCA) (8). However, 

in general these bile acid species only represent minor quantities of cecal or fecal 

bile acid content in mice (9). 

 

The enterohepatic circulation of bile acids 

In the physiological situation, bile acid homeostasis is achieved by the 

enterohepatic circulation resulting in ~95% of total bile acids being reabsorbed and 

~5% being excreted via the feces every cycle (Fig. 2).  
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Figure 2. The enterohepatic circulation of bile acids (taken from (10)). Bile acids (BAs) are 

synthesized and conjugated in the liver after which they are actively secreted via the bile into the 

duodenum. In the ileum BAs are reabsorbed by the enterocytes through the apical sodium-dependent 

bile acid transporter (ASBT). Here bile acids activate the nuclear farnesoid X receptor (FXR) which 

leads to transcriptional regulation of genes involved in bile acid homeostasis including fibroblast growth 

factor 19 (FGF19 in humans or Fgf15 in mice). After its secretion into the plasma FGF15/19 travels to 

the liver where it binds fibroblast growth factor receptor 4 (FGFR4) β-Klotho complex, activation of 

which ultimately results in suppression of CYP7A1, the rate controlling enzyme of bile acid synthesis. 

Reabsorbed BAs can also travel to the liver and directly inhibit CYP7A1 via activating hepatic FXR. 

Microbiota in the intestine can biotransform BAs to deconjugated and secondary bile acid species. The 

non-reabsorbed fraction of intestinal BA (~5% per cycle in the physiological situation) is excreted in 

feces. 
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Reabsorption is mediated by active transport of conjugated bile acids into the 

ileal enterocyte via the apical sodium-dependent bile acid transporter (ASBT, 

SLC10A2) (11). In the ileal enterocyte bile acids activate the farnesoid X receptor 

(FXR, NR1H4), a ligand-activated transcription factor of the family of nuclear 

receptors, which leads to increased expression and subsequent release into the 

circulation of fibroblast growth factor 19 (FGF19,  Fgf15 in mice) (12). In the liver 

FGF19 can bind to and activate the FGF receptor 4 (FGFR4)/β-Klotho complex 

which in turn exerts negative feedback on the rate controlling enzyme of bile acid 

synthesis, cholesterol 7α-hydroxylase (CYP7A1). Reabsorbed bile acids can also 

cause negative feedback by directly activating hepatic FXR. However, studies in 

tissue-specific Fxr knockout mice indicated a much more prominent role for the 

FXR-FGF15/19 axis in CYP7A1 repression (13).  

Microbiota also play an important role in the enterohepatic bile acid feedback 

system. A bidirectional relationship between microbiota and FXR modulation 

exists. Both germfree and antibiotic treated mice have an increased CYP7A1 

activity, likely due to increased levels of TβMCA, a naturally occurring FXR 

antagonist (14,15). In turn, a recent study showed in both mice and humans that 

treatment with an FXR agonist changes microbiota (16). This makes the intestinal 

microbiome an interesting but complex potential target for modulating bile acid 

homeostasis and its related effects.   

 

The role of bile acids in cholesterol and lipid metabolism 

Cholesterol homeostasis is a tightly regulated and complex process involving 

synthesis, absorption, excretion and transport via lipoproteins (17,18). Cholesterol 

enters the body either via synthesis or via intestinal absorption from dietary 

sources . At the level of the enterocyte, cholesterol is absorbed via the Nieman-

Pick C1-Like 1 (NPC1L1) protein (19).  In the circulation cholesterol trafficking is 

mediated via lipoproteins. The liver secretes cholesterol in very low density 

lipoproteins (VLDL) and low density lipoprotein (LDL) that transport cholesterol to 

the peripheral tissues. Plasma levels are controlled by the rate of lipoprotein 

secretion and removal of lipoproteins by tissues expressing their corresponding 

receptors. High density lipoprotein (HDL) is regarded to be mainly involved in 

reverse cholesterol transport, the transport of cholesterol back from the periphery 

to the liver for subsequent secretion into bile and fecal disposal. However, this 

concept was challenged by data in mice that showed that the absence of HDL did 

not impair biliary or fecal cholesterol disposal, suggesting compensatory 

mechanisms to sustain reverse cholesterol transport in the absence of HDL (20). 
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There are significant species differences which are important to note when 

studying cholesterol homeostasis. Contrary to humans, mice carry most of their 

cholesterol in HDL particles and have a higher rate of LDL clearance (21,22).  

Elimination of cholesterol from the body occurs mainly via the feces either as 

neutral sterols (cholesterol and its bacterial metabolites) or as acid sterols (i.e. bile 

acids). Cholesterol is excreted into the intestine either via bile or via transintestinal 

cholesterol excretion (TICE) (23). TICE is at least partly mediated through active 

excretion by the ATP-binding cassette sub-family G members 5 and 8 (ABCG5/8). 

The concept of TICE has been based on multiple conditions in which fecal neutral 

sterol output exceeded biliary and dietary cholesterol input into the intestine 

(reviewed in (23,24)). However, to what degree reabsorption of a continuous 

(physiological) flux of cholesterol contributed to the observed effects of increased 

net TICE remains unclear. While treatment with ezetimibe, an NPC1L1 inhibitor, 

was shown to increase fecal neutral sterol excretion, it remained unexplained 

whether this was the result of activated secretion or inhibition of reabsorption (25–

27). Various other conditions including high-fat diet feeding, liver X receptor (LXR) 

activation and intestinal FXR activation have been shown to affect TICE (28–30).  

Conversion of cholesterol to bile acids represents about 45% of the daily total 

sterol elimination in both mice and humans (22). Bile acids are also required for 

solubilization of dietary cholesterol into mixed micelles to help it efficiently travel 

along the unstirred water layer for subsequent absorption into the enterocyte (31). 

Intestinal bile acids need to be present in a critical micellar concentration (CMC) to 

efficiently aid in the solubilization of cholesterol and hydrophobic fatty acids. When 

concentrations of bile acids are below the CMC in the small intestine, cholesterol 

absorption strongly decreases. Aside from the absolute concentration of intestinal 

bile acids, the composition of different bile acid species contributes to the efficacy 

of micellar solubilization (32). Hydrophobic bile acids such as DCA and CA have a 

lower CMC and are therefore more effective detergents than hydrophilic bile acids 

(33).   

Modulating bile acid activated receptor activity of mainly FXR has also been 

implicated in the regulation of lipid metabolism (see for overview Fig. 3). Mice with 

genetic inactivation of Fxr have elevated serum and hepatic levels of cholesterol 

and triglycerides (34,35). Conversely, activation of FXR via the synthetic agonist 

GW4064 decreased plasma cholesterol and triglycerides in db/db and wildtype 

mice (36). A derivative of the naturally occurring FXR agonist CDCA, 6α-ethyl-

CDCA (obeticholic acid, OCA), was shown to reduce plasma cholesterol levels in 

mice and this effect was abrogated upon liver specific knockout of Fxr, implying an 

1 
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hepatic FXR mediated effect on reverse cholesterol transport (37). Intestine 

specific FXR activation by the synthetic agonist PX20606 induced Fgf15 

expression and also lowered plasma cholesterol levels through increasing 

intestinal cholesterol excretion (30). In humans, treatment with the FXR agonist 

OCA resulted in an increase in plasma cholesterol, mainly in the low density 

lipoprotein (LDL) fraction (38). DCA and CDCA treatment also resulted in an 

increase in plasma LDL cholesterol in humans (39,40). The likely explanation 

provided for these effects is that activation of FXR leads to inhibition of bile acid 

synthesis via CYP7A1 suppression. Therefore, less cholesterol is catabolized to 

bile acids, increasing hepatic cholesterol content and inhibiting LDL receptor 

(LDLR) activity. This is supported by the observation that LDLR gene expression 

decreased with CDCA treatment in humans (40). Conversely, when FXR activity 

was decreased, by interrupting the enterohepatic bile acid circulation with 

cholestyramine, a bile acid sequestrant, LDL receptor gene expression was 

increased. FXR activation also reduces very-low-density lipoprotein (VLDL) 

secretion and increases VLDL receptor expression (41,42). Expression of 

apolipoprotein A1, a major protein component of high density lipoprotein (HDL) 

cholesterol, was shown to be decreased upon FXR activation (43). In the same 

study, patients with cholestasis due to progressive familial intrahepatic cholestasis 

and biliary atresia displayed lower serum HDL levels. In mice, FXR activation 

increased reverse cholesterol transport, via upregulation of the scavenger receptor 

class B type 1, thereby also reducing HDL levels (44).   

FXR modulation does not only affect cholesterol and lipoproteins but is also 

involved in triglyceride metabolism. In mice, administration of CA resulted in an 

FXR dependent decrease in triglycerides (42,45). Lipogenesis is decreased 

through repression of the sterol responsive element binding protein 1c (SREBP1c) 

both directly via hepatic FXR activation and indirectly via FGF15/19 action 

following intestinal FXR activation (42,46). Additionally, activation of FXR increases 

the activity of lipoprotein lipase (LPL), by induction of the obligatory cofactor apoC-

II and reducing apoC-III, an inhibitor of LPL (45,47). This in turn increases 

hydrolysis of triglycerides in chylomicrons and VLDL contributing to the triglyceride 

lowering effect of FXR agonists.  
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Figure 3. Effects of FXR activation (intestinal and hepatic) on lipoprotein metabolism 

* Contradicting results for the effects of FXR activation on total cholesterol and LDL cholesterol in 

humans exist. Total cholesterol and LDL went up in humans with FXR agonist treatment while in mice 

these parameters went down 

 

Bile acids in control of glucose metabolism  

Prevalence rates of obesity and related disorders such as type 2 diabetes 

mellitus and non-alcoholic fatty liver disease are rising worldwide at an alarming 

rate (48,49). Current treatment options are not sufficient to control this epidemic. 

Therefore, studies aimed at understanding alternative mechanisms involved in 

metabolism, subsequently leading to potential novel therapies, have emerged. 

Among the possible targets are microbiota, nuclear receptors and bile acid 

homeostasis. Bile acids and their receptors have been implicated in important 

signaling pathways eliciting various metabolic effects including lipid, glucose and 

energy metabolism (50,51). The most important bile acid activated receptors 

involved in these effects are nuclear receptors such as FXR, the vitamin D receptor 

(VDR, NR1I1) and the pregnane X receptor (PXR, NR1I2), and the G-protein 

coupled bile acid receptor 1 (GPBAR1, GPCR19 also known as TGR5) (52).  

1 
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FXR is expressed in several organs including the liver, intestine, kidneys, 

adrenal glands, adipose tissue and immune cells. Parks et al. discovered that bile 

acids act as natural ligands for FXR but with varying potency for different species 

(53). In order of decreasing potency the hydrophobic bile acid species CDCA, 

DCA, CA and LCA are the most effective FXR activators in vitro (54). In contrast, 

hydrophilic MCA species have been shown to antagonize FXR (4,55). 

Pharmacological modulation of FXR, especially in the intestine, has been 

extensively explored as a potential target for therapy in disorders of glucose 

metabolism. Activation of intestinal FXR leads to induction and release of the 

hormone FGF15/19 that, aside from regulating bile acid synthesis, has been 

implicated in liver regeneration and glucose metabolism (56–58). In humans, both 

obesity and T2DM are associated with lower plasma levels of FGF19 (59,60). The 

FXR agonist OCA was recently approved by the Food and Drug Administration 

(FDA) for the treatment of primary biliary cholangitis (PBC), and is in clinical trials 

for treatment of non-alcoholic steatohepatitis (NASH). Administration of OCA to 

patients with NAFLD and T2DM increased plasma FGF19 levels, decreased liver 

enzymes (alanine aminotransferase and γ-glutamyltransferase) and improved 

insulin sensitivity (61). In a phase 3 clinical trial, OCA ameliorated histology scores 

of NASH patients (38). Animal studies, however, have not generated unambiguous 

results regarding the effects of the FXR-FGF15/19 axis on metabolism. Transgenic 

mice with hepatic overexpression of FGF19 display an increased metabolic rate 

and decreased adiposity (62). Kir et al. found that administration of FGF19 to WT 

mice improved glucose metabolism by inducing hepatic glycogen and protein 

synthesis (63). Conversely, Fgf15
-/-

 mice showed glucose intolerance and a 

reduced hepatic glycogen content. Administration of FGF19 was even found to 

reverse diabetes mellitus in ob/ob mice (64). A direct involvement of Fxr-Fgf15 

signaling was demonstrated by intestinal inactivation of Fxr and by reducing 

intestinal Fxr signaling through remodeling the intestinal microbial composition by 

the anti-oxidant tempol, both conditions that reduced diet induced obesity and 

hepatic triglyceride accumulation in mice (65,66). The metabolic improvements by 

tempol were explained by the reduced presence of microbial species of 

Lactobacillus and their BSH activity, resulting in increased levels of tauro-βMCA, a 

naturally occurring FXR antagonist. This claim was further supported by a study in 

which administration of glyco-β-muricholic acid (Gly-MCA), a selective FXR 

inhibitor, reduced obesity and improved related metabolic abnormalities in mice 

(67). Paradoxically, intestine-specific FXR activation using the intestinally restricted 

FXR agonist fexaramine, also reduced diet-induced obesity, insulin resistance and 
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hepatic steatosis in mice fed a high fat diet (HFD) (68). In a recent study, however, 

these beneficial effects of fexaramine were explained by an indirect effect on the 

microbiota and pronounced alterations in bile acid metabolism, resulting in more of 

the secondary bile acids LCA and DCA, the most potent naturally occurring TGR5 

agonists (69).  

TGR5 is expressed by a variety of cell types including adipocytes, myocytes, 

immune cells, bile duct epithelium, Kuppfer cells and enterocytes. In brown 

adipose tissue TGR5 activation increases energy expenditure (70,71). Intestinal 

TGR5 is activated by bile acids and luminal nutrients in both the ileum and colon, 

and it enhances the secretion of glucagon like peptide-1 (GLP-1) (72). GLP-1 is an 

incretin hormone that induces insulin synthesis and release by the pancreas and 

acts to preserve β-cell function.  

The vitamin D receptor (VDR) is mainly known for its role in regulating calcium 

homeostasis. However, VDR activation induces more changes including effects on 

drug metabolism, bile acid homeostasis and inflammation (73). LCA is a potent 

ligand for VDR and is possibly involved in mediating bile acid induced toxicity and 

colon cancer risk (74). A role of VDR in regulating bile acid synthesis has been 

proposed but results have not been unambiguous. In earlier studies, VDR 

activation decreased CYP7A1 dependent bile acid synthesis both via intestinal 

Fgf15 levels and via direct effects in the hepatocyte (75,76). A more recent study 

showed that VDR activation induced a SHP dependent increase in CYP7A1 

expression both in vitro, in human hepatocytes, and in vivo, in mice (77). Despite 

these conflicting results, it is tempting to speculate that changes in VDR activation 

are involved in some of the pleiotropic metabolic effects observed when modulating 

bile acid homeostasis.  

The xenobiotic receptor PXR is activated by a wide variety of ligands including 

prescription drugs, environmental contaminants and steroids (78,79). It is also 

activated by bile acids, most notably by LCA, and involved in hepatic protection of 

liver toxicity (80). There is some evidence for both intestinal and hepatic PXR 

mediated repression of CYP7A1 (81). PXR is also implicated in energy metabolism 

by promoting lipogenesis and suppressing fatty acid β-oxidation and 

gluconeogenesis (79,82). However, similar to VDR, the role of PXR is complex and 

its effects are dependent on a variety of cofactors and receptors. Therefore, direct 

consequences of bile acid mediated PXR effects for metabolism have been difficult 

to assess.  

 

 

1 
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Bile acid malabsorption – disease or therapy? 

The importance of FXR-FGF15/19 signaling in controlling bile acid homeostasis 

is illustrated by various bile acid malabsorption syndromes. Clinically, bile acid 

malabsorption in patients causes diarrhea due to high bile acid concentrations in 

the colon that lead to secretion of water and electrolytes and stimulation of 

propulsive contractions (83). Patients with primary bile acid diarrhea, a condition in 

which bile acid malabsorption occurs in the absence of ileal or other obvious 

gastrointestinal disease, display lower levels of FGF19 and higher levels of 7α-

hydroxy-4-cholesten-3-one (C4), a surrogate marker for BA synthesis (84,85). Bile 

acid diarrhea patients are usually treated with bile acid sequestrants that bind free 

bile acids in the intestine, preventing them from exerting their colonic stimulatory 

effects that cause diarrhea (86). In a murine model of bile acid malabsorption it has 

been shown that Fxr activation or Fgf15 administration reduces fecal bile acid 

excretion (87). As patients with bile acid malabsorption display lower plasma levels 

of FGF19, it is tempting to speculate that treatment with an FXR agonist or FGF19 

could be a useful novel therapy in treatment of bile acid malabsorption (88).  

Bile acid malabsorption is also one of the features of the genetic disease cystic 

fibrosis (CF) (89–91). Although the mechanism underlying bile acid malabsorption 

in CF is not fully understood, it potentially affects other aspects of the disease 

phenotype which will be reviewed in more detail in Chapter 3.  

 

While bile acid malabsorption in the cases described above is a manifestation of 

disease resulting in unwanted symptoms, induction of BA malabsorption has also 

been studied as a potential therapy for several conditions. Induction of bile acid 

malabsorption either by directly inhibiting ASBT or by intestinal binding of bile acids 

via sequestrants, potentially improves outcomes of various metabolic and hepatic 

disorders (51,92). Both bile acid sequestrants and ASBT inhibitors have shown to 

improve liver outcomes in preclinical studies as treatment for cholestatic disorders 

by reducing toxic biliary bile acid concentrations (93–95). Unfortunately, while the 

bile acid sequestrant colesevelam successfully reduced serum bile acid 

concentrations, this did not result in a clinical reduction of cholestasis induced 

pruritis in humans (96). On the other hand, recent studies with ASBT inhibitor 

treatment showed potential benefits for treatment of cholestasis induced pruritus in 

patients with primary biliary cholangitis and Alagille syndrome (97,98). Both ASBT 

inhibition and bile acid sequestrants have been studied for their effect on 

hypercholesterolemia and atherosclerosis (99). Bile acid sequestrants such as 

cholestyramine and colesevelam are registered as adjunct therapy to statins for 
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lowering plasma cholesterol levels. Bile acid sequestrants lower plasma LDL 

cholesterol and elevate HDL cholesterol while increasing triglyceride levels in 

humans (92). The presumed underlying mechanism of lowering cholesterol is that 

interruption of the enterohepatic circulation of bile acids leads to increased 

catabolism of hepatic cholesterol to bile acids and their subsequent excretion. 

Subsequently, it results in a compensatory increased expression of hepatic LDL 

receptor and decreased levels of plasma LDL cholesterol.  

Although bile acid sequestrants are well studied and clinically available, data on 

interrupting the enterohepatic circulation of bile acids with ASBT inhibitors for 

improving lipid and glucose metabolism is more limited. Nevertheless, in several 

animal models, ASBT inhibition has shown to reduce hypercholesterolemia and 

atherosclerosis (100–103). Asbt
-/-

 mice have increased fecal bile acid excretion, a 

smaller total bile acid pool size and subsequently a lower intestinal cholesterol 

absorption and increased fecal lipid excretion (104). Experiments with ASBT 

inhibition and plasma lipid profiles have not created unambiguous results and are 

dependent on experimental conditions. For example, Dawson et al. showed that in 

chow fed conditions Asbt
-/-

 mice have decreased hepatic cholesterol levels but 

increased plasma cholesterol levels, mainly in the HDL fraction (104). However, 

when combining Asbt
-/-

 with apolipoprotein E-deficiency (ApoE
-/-

), creating a more 

humanized lipoprotein profile with more VLDL and LDL compared to HDL, and an 

atherogenic diet in mice, Asbt inactivation decreased plasma cholesterol, mainly in 

the VLDL and LDL fractions (100). In ob/ob mice, treatment with an ASBT inhibitor 

for 11 days decreased plasma triglycerides but did not affect total hepatic or 

plasma cholesterol levels (105). In WT mice fed a HFD with added cholesterol 

(0.2% w/w) combined with an ASBT inhibitor for 16 weeks, robust effects were 

observed in preventing hepatic cholesterol and triglyceride accumulation while 

plasma cholesterol was not changed compared to untreated WT mice (106). 

Differences in (nuclear) receptor signaling are possibly involved in the different 

changes observed in these experiments. ASBT inhibition clearly decreases 

intestinal FXR activation and subsequently FGF15/19 signaling in all experimental 

conditions. However, the effects on hepatic FXR signaling are less clear and Rao 

et al. speculated that a more FXR agonistic bile acid composition upon ASBT 

inhibition (more CA and DCA) could increase hepatic FXR signaling. Therefore, the 

effects on lipid profile resulting from low levels FGF15/19 could potentially be 

counteracted by increased hepatic FXR activation (Fig. 3).  
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Interruption of the enterohepatic circulation of bile acids has also been 

studied for its effects on glucose metabolism and related disorders. Both bile acid 

sequestration and ASBT inhibition have shown beneficial effects on glucose 

homeostasis in animal models and humans (51,92). Interestingly, partial disruption 

of the enterohepatic circulation by bile diversion to the ileum in mice also resulted 

in metabolic improvements that were similar to bariatric surgery (107).  

ASBT inhibitors have also shown to improve lipid and glucose metabolism in 

Zucker Diabetic Fatty (ZDF) rats, a model for type 2 diabetes, and ob/ob mice 

(105,108,109). In T2DM, the ASBT inhibitor GSK2330672 lowered serum glucose 

and LDL cholesterol levels (110). More recently, treatment with an ASBT inhibitor 

has shown to prevent development of NAFLD and improve glucose metabolic 

outcomes in long-term HFD feeding in C57BL/6J mice (106). The precise 

mechanism underlying these beneficial changes of interruption of the enterohepatic 

circulation on glucose homeostasis and related disorders, however,  remains 

unclear. In T2DM patients treated with a bile acid sequestrant, there was no 

correlation between changes in measured parameters of bile acid homeostasis and 

improvements in glucose metabolism (111). Chen et al. showed an increase in 

GLP-1 release after ASBT inhibitor treatment in ZDF rats, suggesting possible 

involvement of increased TGR5 signaling as a consequence of increased colonic 

bile acid concentrations (109). Hoffman argued that beneficial improvements in 

glucose homeostasis upon bile acid sequestrant therapy might be the result of 

defective fatty acid absorption, leading to higher ileal concentrations of 

triglycerides, subsequently entering enteroendocrine L-cells and resulting in higher 

GLP-1 release from the intestine (112). This is supported by the observation that 

medium and long chain fatty acids are sensed through G-protein-coupled receptors 

40 and 120 in the distal intestine to stimulate the release of GLP-1 (113,114). 

However, no direct proof of involvement of these mechanisms in the benefits of bile 

acid sequestrants nor ASBT inhibitors exist. Further studies are therefore needed 

to specifically address the underlying mechanisms of interruption of the 

enterohepatic circulation and its beneficial effects on metabolic homeostasis. 
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Outline 

The aim of this thesis was to study the effects of bile acid malabsorption in 

physiology, disease and as potential therapy. Under physiological conditions, the 

enterohepatic circulation of bile acids is a highly efficient and tightly regulated 

system. Normally 95% of bile acids secreted into the intestine are reabsorbed in 

the terminal ileum every cycle. Interruption of this enterohepatic circulation induces 

various changes, including effects on hormones, lipid absorption and microbiota. 

These changes may in some situations be beneficial to health while in others they 

might not. This thesis specifically explored the effects of interruption of the 

enterohepatic circulation of bile acids in several models. The objective of the first 

part of this thesis (Chapter 3-5) was to delineate the mechanism of bile acid 

malabsorption in cystic fibrosis (CF), a state in which bile acid malabsorption is part 

of the disease phenotype. The second part (Chapter 6-8) explores targeted 

induction of bile acid malabsorption through inhibition of the main intestinal uptake 

transporter for bile acids, the apical sodium-dependent bile acid transporter 

(ASBT), and its potential beneficial metabolic effects.  

CF is a genetic disease caused by a defect in the cystic fibrosis 

transmembrane conductance regulator (CFTR). CF is characterized by dysfunction 

of various organ systems due to defective transmembrane ion transport leading to 

thickening of mucus. With the increasingly effective treatment of pulmonary 

infections and the associated increase in patient survival, gastrointestinal problems 

have become more in focus. Liver involvement is relatively common in CF and 

displays a heterogeneous phenotype. Chapter 2 reviews how the liver can be 

affected and how to approach CF related liver involvement from a clinical 

perspective. Aside from liver involvement, CF patients also exhibit a disruption of 

bile acid homeostasis characterized by bile acid malabsorption and a subsequent 

increase in hepatic synthesis. In the early 1990s studies were performed to 

characterize this defect and explore its potential role in nutrient malabsorption. Life 

expectancy of CF patients has increased significantly over the last two decades 

and aside from pulmonary and nutritional issues, other complications such as 

diabetes, gastrointestinal problems and liver disease are more common. In 

chapter 3 the potential role of bile acid homeostasis in the development of these 

CF related complications is reviewed, together with possible therapies.   

In chapter 4 we aimed to characterize bile acid homeostasis in CF patients 

using novel biomarkers and assess to what extent this was affected upon CFTR 

modulator treatment. These results will provide us with more insight into the 

gastrointestinal effects of CFTR modulator therapies and the potential of using 
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these bile acid related biomarkers in future CF studies. To this end we measured 

plasma markers of bile acid absorption and synthesis in CF patients with a so 

called class III gating mutation of the CFTR protein. We investigated whether these 

markers are affected in the CF condition, consistent with the known bile acid 

malabsorption phenotype in CF patients, and whether they change upon treatment 

with ivacaftor, a novel CFTR potentiator.  

Improving bile acid homeostasis in CF could potentially affect many other 

gastrointestinal and metabolic complications (reviewed in chapter 3). Therefore, 

we studied in chapter 5 whether we could improve bile acid homeostasis in a 

mouse model of CF using polyethylene glycol, a commonly used laxative. Cftr 

knockout mice display a severe intestinal phenotype and, like CF patients, also 

exhibit bile acid malabsorption. Polyethylene glycol is widely used in CF mice to 

prevent intestinal obstruction and has been shown to improve certain intestinal 

features. However, the effects on bile acid homeostasis in the CF condition  have 

remained unknown . 

The second part of the thesis focuses on inducing bile acid malabsorption to 

improve specific features of metabolic conditions, such as hypercholesterolemia 

and obesity. To this end, ASBT inactivation, another bile acid malabsorption model, 

was used to explore implications of an interrupted enterohepatic circulation of bile 

acids. Cholesterol metabolism is highly intertwined with bile acid homeostasis. 

Therefore, studying the effects of bile acid malabsorption on cholesterol 

metabolism could provide us with novel insights in mechanisms and therapies for 

hypercholesterolemia. In chapter 6 we studied intestinal cholesterol excretion in 

models of (partial) impaired cholesterol absorption. We evaluated the effects of 

inhibition of the ASBT, responsible for ileal bile acid reabsorption, on intestinal 

cholesterol fluxes and compared this to directly inhibiting intestinal cholesterol 

absorption using the drug ezetimibe. Bile acids are crucial for the efficient intestinal 

absorption of lipids and involved in other processes regarding glucose and lipid 

metabolism. In chapter 7 we investigated the role of ASBT inhibition in diet 

induced obesity, insulin resistance and non-alcoholic fatty liver disease (NAFLD). 

We also measured the absorption of individual fatty acids upon ASBT inhibition. 

Subsequently, we modified fat composition of a high fat diet and assessed 

differential effects on obesity, insulin resistance and hepatic fat accumulation in 

Asbt
-/- 

mice and their littermate controls.  

It was previously shown that ASBT inhibition prevents hepatic steatosis in 

high fat diet fed mice, highlighting its potential role in treatment of NAFLD. 

However, it is not known whether ASBT inhibition can actually prevent the 
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progression of steatosis to the more clinically relevant steatohepatitis and fibrosis. 

Therefore, in chapter 8 we use a dietary choline deficiency model to induce 

hepatic steatosis and subsequent fibrosis in mice with and without an ASBT 

inhibitor.  

In chapter 9, we discuss the findings of the different studies in relation to the 

current literature on the enterohepatic circulation in health and disease and 

conclude with the implications of the present findings for our evolving 

understanding and future research.  
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Abstract  

Purpose of review 

To provide an insight and overview of the challenges in the diagnosis, follow-up, 

and treatment of cystic fibrosis-related liver disease (CFLD).   

Recent findings 

The variable pathophysiology of CFLD complicates its diagnosis and treatment. 

A ‘gold standard’ for CFLD diagnosis is lacking. Over the past years, new 

techniques to diagnose features of CFLD, such as transient elastography, have 

been investigated. While most of these tests confirm CF-related liver involvement 

(CFLI), they are, however, not suitable to distinguish various phenotypical 

presentations or predict progression to clinically relevant cirrhosis or portal 

hypertension. A combined initiative from the European and the North American 

Society for Pediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN and 

NASPGHAN, respectively) has been started, aimed to obtain consensus on CFLD 

criteria and definitions. Currently, only ursodeoxycholic acid (UDCA) is used in 

CFLD treatment although it has not been convincingly demonstrated to change the 

natural course of the disease . Drugs that directly target CFTR protein dysfunction 

show promising results, however more long-term follow-up and validation studies 

are needed.   

Summary 

CFLD is an umbrella term referring to a wide variety of liver manifestations with 

variable clinical needs and consequences. CFLD with portal hypertension is the 

most severe form of CFLD due to its significant implications on morbidity and 

mortality. The clinical relevance of other CFLI is uncertain. Consensus on CFLD 

definitions is essential to validate new diagnostic tools and therapeutic outcome 

measures.  
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Key points 

 The current diagnostic CFLD criteria are effective at identifying liver 

involvement in CF or, in other words,  Cystic Fibrosis Liver Involvement 

(CFLI). However, they do neither distinguish between phenotypical 

presentations nor predict progression to cirrhosis or portal hypertension 

once CFLI has been identified.  

 Among the new techniques for CFLD diagnosis and follow-up, transient 

elastography (TE) and acoustic radiation force imaging (ARFI) show some 

promising results, although not as single diagnostic tests. 

 Currently, ursodeoxycholic acid (UDCA) is the only widely used treatment 

for CFLD despite the lack of convincing studies showing long-term efficacy.  

 Novel treatments directly targeting the underlying CFTR defect or the bile 

acid metabolism show potential benefits in (pre)clinical studies, but clinical 

data regarding relevant key outcomes on CFLD are not yet available.  
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Introduction 

With improvements in the treatment of pulmonary complications of cystic 

fibrosis (CF), gastrointestinal and hepatological problems are increasingly affecting 

morbidity. Hepatic involvement in CF is common and has variable manifestations. 

The term CFLD is used rather non-specifically and can refer to a multitude of 

hepatobiliary problems, ranging from (neonatal) cholestasis, biliary tract disease, 

abnormal liver biochemistry to histological changes such as steatosis and cirrhosis, 

and complications such as portal hypertension (1). CFLD with portal hypertension 

is the most severe form and accounts for 3.3% of CF-related mortality (2). CFLD 

often presents early in life with a median age of 10 years at diagnosis (3). Recently 

Koh et al. suggested that adult-onset CFLD might be more common than 

previously thought (4).  

 

The mechanisms underlying CFLD are not clear, and various 

pathophysiological mechanisms may underlie the different hepatobiliary changes 

grouped together in CFLD. In the liver, CFTR is exclusively expressed in 

cholangiocytes lining the bile ducts (5).The most widely accepted hypothesis states 

that loss of CFTR function occludes the small bile ducts causing focal biliary 

retention, ultimately leading to focal biliary cirrhosis, which in some cases 

progresses to multilobular cirrhosis and portal hypertension (1). Recently, 

inflammation secondary to intestinal translocation of bacterial products has been 

proposed as a crucial factor in CFLD pathophysiology (6). Others suggest vascular 

changes, namely obliteration of portal vein branches with fibrosis leading to portal 

hypertension (7).  

 

The variable pathophysiology and phenotype of CFLD make its diagnosis and 

optimization of treatments challenging. This review analyzes the most recent 

advances in the diagnosis, follow-up and treatment of CLFD. The need for a 

consensus on the definition of CFLD for the validation of new diagnostic tools and 

treatments will be highlighted.  
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Diagnosis and follow-up 

Due to the variable manifestations and the pathophysiology of CFLD, a 

diagnostic gold standard is unavailable. Yet, the early diagnosis of CFLD which 

has the potential to develop into cirrhosis and/or portal hypertension, is essential to 

offer sufficient clinical follow-up and potential preventive treatment.  

 

Classification, definition and diagnostic criteria 

The definition and classification of the spectrum of hepatobiliary disease in 

CF strongly influence how the diagnosis of CFLD is made. The phenotypic CFLD 

classification (Table 1, adapted from Flass and Narkewicz  (8)), based on a 

consensus among hepatologists at a meeting of the North American CF 

Foundation in 2007, includes three main categories: 1) CF-related liver disease 

(CFLD) with cirrhosis/portal hypertension, 2) CF-related liver involvement (CFLI) 

without cirrhosis/portal hypertension and 3) Preclinical: no evidence of liver 

disease. The third category has no clinical relevance and was included only for 

research purposes.  

Debray and Colombo (1) proposed diagnostic criteria that have been widely 

used for the assessment of novel diagnostic tools. According to these, CFLD is 

diagnosed when at least two of the following features are present: 1) 

hepato/splenomegaly, 2) abnormal liver function tests, 3) hepatobiliary 

abnormalities in ultrasound studies or signs of portal hypertension or biliary tract 

abnormalities (bile duct dilatation). It is apparent that using these criteria a 

heterogeneous group of CFLI is included in CFLD diagnosis.  Very recently, new 

criteria that reflect the recent developments in diagnostic techniques for CFLD 

were proposed by Koh et al. (4). These criteria do not include findings from 

physical examination, but rather signs of cirrhosis or diffuse liver disease on 

radiological imaging, abnormal findings in transient elastography (TE) and elevated 

fibrosis markers such as the AST/ Platelets-Ratio-Index (APRI). These criteria 

permit more frequent diagnosis of CFLI rather than CFLD with (an increased risk of 

developing) cirrhosis or portal hypertension. Finally, at the European Society for 

Paediatric Gastroenterology Hepatology and Nutrition (ESPGHAN) monothematic 

conference on CFLD (Paris 2016), efforts have been started to reach a uniform 

international definition and classification of CFLD. Both the Debray-Colombo 

criteria and the criteria by Koh et al. include a heterogenous group of liver 

involvement. It is not clear whether and how these types of CFLI relate to clinically 

relevant cirrhosis or portal hypertension. Therefore, this review will be structured 

based on the phenotypical classification described by Flass and Narkewicz. (8). 
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Diagnosis of CFLD with cirrhosis/portal hypertension 

CFLD with cirrhosis and/or portal hypertension is clinically the most relevant 

presentation because it carries a direct risk of morbidities, such as severe bleeding 

from esophageal varices, and mortality. Additionally, CFLD with portal 

hypertension is often directly clinically recognizable, unlike many other types of 

CFLI. In the following section various tests with their sensitivity and specificity 

values will be discussed. The values presented are measured in CF patients and 

cannot necessarily be translated to other forms of liver cirrhosis or portal 

hypertension. 

The gold standard for the diagnosis of liver fibrosis and end-stage cirrhosis is by 

liver biopsy, but this requires an invasive procedure with inherent risk, which 

strongly limits its broad application. The use of biopsy-derived histopathology is 

also hampered by the focal nature of CFLD lesions (1). Its sensitivity can be 

increased by performing large dual pass biopsies (sampling two rather than one 

area of the liver) and more quantitative histochemical analyses (9).  

In clinical practice, the diagnosis of cirrhosis is frequently based on ultrasound 

findings of a heterogeneous nodular liver with irregular margins. The diagnosis of 

portal hypertension is highly suspected in the presence of splenomegaly and 

persistent or progressive thrombocytopenia (platelet count <150-200 10
9
/l). In CF, 

portal hypertension has also been reported without the histologic or radiological 

signs of cirrhosis (7,10). Liver function tests (LFTs) like transaminases have no 

specific value for the diagnosis of portal hypertension or cirrhosis (9) and may even 

be normal in the presence of multilobular cirrhosis (1). 

It was reported that the degree of histological liver fibrosis can predict the 

development of portal hypertension in CFLD (9). Using non-invasive tests to 

assess the extent of liver fibrosis is a long-standing goal to avoid the risks of liver 

biopsies. New non-invasive techniques to assess liver fibrosis include transient 

elastography (TE) and acoustic radiation force impulse (ARFI). TE is a non-

invasive procedure that measures liver stiffness, which correlates to the degree of 

fibrosis. ARFI quantification is a variant of TE, with the advantage of being 

incorporated in conventional ultrasound equipment. TE was reported to be fairly 

accurate (sensitivity 67-89%; specificity 82-98%) in detecting portal hypertension in 

several studies (11–14) and cirrhosis in one study (sensitivity 100%; specificity 

75%) (15), which also assessed ARFI for the same purpose (sensitivity 100%; 

specificity 62.5% in the right liver lobe). APRI, a combined measure calculated as 

((AST/ULN AST) x 100/Platelets), was similarly accurate in detecting portal 
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hypertension (sensitivity 67-88%; specificity 89-93%), (11,13). However, for both 

TE and APRI, highly variable cut-off values were used.  

Hepascore (which combines age, gender, gamma-glutamyltransferase (GGT), 

alpha-2-macroglobulin, total bilirubin and hyaluronic acid levels) and Forns index 

(which combines age, GGT, cholesterol, and platelet count), performed well in 

detecting portal hypertension (Hepascore: sensitivity 88%; specificity 83%, Forns 

index: sensitivity 88%; specificity 86%), but their performances have only been 

reported in one study so far (13). Large variations in cut-off values in these studies 

may be explained by the small sample sizes utilized. In a large pediatric cohort, 

persistently high-normal values of GGT (>35U/L) were associated with the 

diagnosis of cirrhotic CFLD within 2 years (sensitivity 64%; specificity 95%) (16). 

 

Follow-up of CFLD with cirrhosis/portal hypertension 

After diagnosis, follow-up of CFLD with cirrhosis/portal hypertension is essential 

to assess treatment efficacy and to prevent complications. Debray-Colombo 

recommend at least annual screening for portal hypertension complications such 

as esophageal varices, ascites, and signs of liver function deterioration or failure 

(1). Patients should be regularly screened for the development of hepatocellular 

carcinoma via alpha-fetoprotein levels and via ultrasound. A recent paper reported 

two cases of hepatopulmonary syndrome (HPS) in patients with CFLD (17). This 

complication might be suspected when oxygen saturation is lower in supine than in 

upright position (orthodeoxia). However, clinical symptoms of HPS can be masked 

in CF patients due to coexisting respiratory morbidity. Therefore, HPS is likely 

underdiagnosed in CF, and we propose to perform a contrast-enhanced 

echocardiogram if HPS is suspected.   

 

Diagnosis of CFLI without cirrhosis/portal hypertension 

CFLI without cirrhosis or portal hypertension refers to various other 

hepatobiliary changes frequently observed in CF patients. The challenge in the 

diagnosis of CFLI lies in distinguishing patients with hepatic changes that will 

progress to cirrhosis or portal hypertension from patients with hepatic changes that 

do not have a progressive clinical course. The rate of progression of many forms of 

CFLI to cirrhosis and portal hypertension has not (yet) been clearly established. 

Therefore, currently, all CF patients are screened for CFLI.  

Physical examination aims at detecting hepatomegaly and splenomegaly. LFTs 

and ultrasound of the liver are currently recommended to assess CFLI (1). LFTs 

can reflect hepatocyte damage (transaminases), biliary tract pathology (GGT, 
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alkaline phosphatase (ALP) or synthetic dysfunction (albumin). LFTs are frequently 

increased in CF patients, either intermittently or persistently (18,19). Often the 

cause and clinical significance of elevated LFTs cannot be identified. Antibiotic 

usage and idiosyncratic reactions contribute to abnormal LFTs in CF (18). An 

isolated increase in transaminases may also suggest steatosis (1). Ultrasound of 

the liver is frequently abnormal in CF patients. Hepatomegaly with increased, 

homogeneous echogenicity is mostly due to steatosis, which may be caused by 

nutritional deficiencies or other unknown causes.  

Le Maitre et al. recently highlighted the importance of magnetic resonance 

imaging (MRI) in assessing CFLI through visualization of the liver parenchyma and 

bile tract without contrast agents (14). In clinical practice, the use of MRI may be 

valuable but held back by high costs and extended examination times. TE and 

ARFI also play a role in detecting CFLI, aside from their role in identifying CFLD 

with portal hypertension. Studies assessing TE (12,13,15,20–23) and ARFI 

(15,21,24,25) have identified highly different cut-off values for the detection of 

CFLI. Both TE and ARFI seemed reliable for the exclusion of CFLI due to their high 

specificities (TE: 81-100%; ARFI: 90-94%), however, their sensitivities (TE: 43-

92%; ARFI: 50-57%) were far from ideal in most studies. Altogether, TE and ARFI 

show potential to become implemented in CFLD screening, likely in combination 

with other tests. However, consensus needs to be reached concerning cut-off 

values for different age groups as well as on their value for individual patients. The 

studies discussed in the following sections made use of the Debray-Colombo 

criteria for CFLD diagnosis (1). Therefore, they include a heterogeneous group of 

CFLI, unless otherwise stated. The fibrosis serum markers tissue inhibitor of 

metalloproteinase-1 (TIMP-1) (adult population: sensitivity 63%; specificity 80%) 

and TIMP-2 (pediatric population: sensitivity 73%; specificity 72%) have also been 

tested for the diagnosis of CFLI (12). In this study, CFLI was diagnosed according 

to the Debray-Colombo criteria and therefore included a heterogeneous group of 

hepatic phenotypes. A recent study using serum proteome profiling identified 

TIMP-4 and Endoglin as possible serum markers for CFLI (20). Combining TIMP-4 

or Endoglin with TE improved the sensitivity of TE, at the expense of specificity for 

CFLI diagnosis. As TE is a marker of liver stiffness, specifically diagnosing liver 

fibrosis was more successful with this combination of markers compared to using 

TIMPs alone. Altogether, these biomarkers show potential for early detection of 

CFLI; however, their availability is limited, validation studies are required, and costs 

may be a concern.  
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Whereas elevated LFTs in CF are nonspecific and therefore have limited value 

for the detection of identifying various types of CFLI, combination measurements 

that incorporate LFTs with other measurements (e.g. the APRI and Fibrotest) may 

be more valuable. The isolated value of APRI was suboptimal (adults: sensitivity 

47-86%; specificity 71-96% (15,20,22); in children even lower (26)). This was likely 

due to the heterogeneity of types of CFLI included and high variability in used cut-

off values among studies. Fibrotest, which combines alpha-2-macroglobulin, 

haptoglobin, apolipoprotein A1, GGT, total bilirubin, and ALT with patient age and 

gender, showed very low sensitivity (38%; specificity 90%) in one study (21) and 

better performance in another (sensitivity 82%; specificity 57%) (22). MicroRNAs 

(miRNAs) are involved in post-transcriptional regulation of gene expression. 

MiRNAs are tissue- and disease-specific and can be detected in serum (27). A 

recent study used the combination of serum miR-122, miR-21, and miR-25 for 

detecting liver involvement in CF, and found low sensitivity (47%) but a high 

specificity (94%) (28). These combinations of microRNAs were also able to 

distinguish mild from advanced fibrosis. 

 

Follow-up of CFLI without cirrhosis/portal hypertension 

While it is unclear to what extend CFLI actually increases the risk of developing 

cirrhosis or portal hypertension, annual follow-up visits should include screening for 

cirrhosis and portal hypertension. General tests for follow-up of liver involvement 

include a physical examination by a gastroenterologist, serum biochemical 

evaluation and abdominal ultrasound with CT or MRI in case of doubt (1).  

 

Diagnosis of CF-related biliary tract abnormalities 

Biliary tract disease is common in CF patients, even though it is usually 

asymptomatic. Biliary tract abnormalities include cholangiopathy, gallstones, 

neonatal cholestasis and gallbladder abnormalities such as a micro gallbladder 

(1,8). Cholangiopathy can be diagnosed by MRI, hepatobiliary scintigraphy, and 

magnetic resonance cholangiography (MRC), which shows findings similar to 

primary sclerosing cholangitis. Gallbladder abnormalities are diagnosed via 

ultrasound, MRI or MRC. Moreover, up to half of CF patients show intermittent 

GGT elevation (19). It is unclear whether these GGT elevations are related to 

biliary tract abnormalities. The clinical relevance of biliary tract abnormalities is 

unclear and tests to diagnose them are not routinely performed as part of CFLD 

screening. 
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Treatment 

Treatment in CFLD should be aimed at prevention of portal hypertension and, if 

nevertheless present, on its treatment and prevention of complications. 

Unfortunately, current treatment options are limited and their potential to prevent 

portal hypertension has never convincingly been demonstrated. The complex 

pathophysiology, different phenotypical presentations and the lack of long-term 

studies certainly contributes to this phenomenon. Specific phenotypical 

presentations might require more targeted treatment. In the past few years, new 

treatments targeting liver diseases that show similarities in pathogenesis (e.g. 

primary biliary cholangitis (PBC)) have shown promising results in (pre)-clinical 

trials. Additionally, novel CFTR modulators targeting the underlying defect in CF 

may also prove to be of great importance in prevention or treatment of CFLD in the 

near future.   

 

Ursodeoxycholic acid 

Currently, ursodeoxycholic acid (UDCA) is the most commonly used drug for 

CFLD. UDCA increases hepatocellular and cholangiocellular secretion, thereby 

improving bile flow and reducing biliary toxicity (29). Additionally, it may increase 

bicarbonate secretion and has direct anti-inflammatory and anti-apoptotic effects in 

animal models (30,31).   

The role of UDCA in CFLD treatment, however, remains controversial. In 2014 

authors of a Cochrane Review concluded that there is insufficient evidence to 

justify the routine use of UDCA in CFLD on the basis of ten clinical trials (32). A 

recent paper argues that portal hypertension often precedes cirrhosis in CFLD, 

suggesting biliary cirrhosis might not be the leading pathophysiological mechanism 

for CFLD and thereby limiting the efficacy of UDCA (7). Other authors propose that 

the pathophysiology of CFLD relates more to inflammation than to cholestasis 

thereby also arguing against the usefulness of UDCA (6).   

There is limited clinical evidence suggesting that UDCA improves liver 

biochemistry markers at moderate to high doses (33). A recent observational study 

showed minor improvement of liver stiffness in CFLD patients who started UDCA 

based on the Debray-Colombo criteria after one year of treatment (34). However, 

patient numbers were limited, and no improvements were observed in patients 

receiving UDCA for other reasons or patients with overt cirrhosis.   

As stated above, the lack of studies on long-term effects of UDCA treatment 

constitutes a major drawback. Nevertheless, Debray-Colombo recommend starting 

treatment early after diagnosis with a relatively high dose of UDCA (20 mg/kg/day 
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in contrast to 10-15 mg/kg/day for PBC) (1). Concerns have been raised about 

long-term safety of these high UDCA dosages (35).  

Taken together, short-term studies suggest that UDCA could improve serum 

LFTs, but it has remained unclear to what extend UDCA is able to change the 

natural course of CFLI and especially cirrhosis. Evidently, more studies 

investigating long-term effects and possible alternative treatments are needed.  

 

Experimental treatments targeting bile acid metabolism 

Recently, novel drugs that target bile acid receptors and metabolism to improve 

liver disease have gained more attention. Nor-UDCA is a synthetic homologue to 

UDCA which is currently under investigation for several liver diseases such as 

primary sclerosing cholangitis, PBC and non-alcoholic fatty liver disease. It has 

shown some promising results in pre-clinical studies (36). The supposed 

advantage of nor-UDCA over UDCA is that nor-UDCA mainly induces bile flow by 

increasing bicarbonate secretion. In contrast, UDCA increases bile flow by 

increasing bile acid secretion which may increase cellular toxicity. No data on the 

use of nor-UDCA in CF patients is currently available.  

Obeticholic acid is a semi-synthetic bile acid analogue that functions as a potent 

farnesoid-X-receptor (FXR) agonist. It has been shown to improve outcomes in 

various liver diseases such as nonalcoholic steatohepatitis (37) and PBC (38). 

Activation of intestinal and hepatic FXR decreases hepatic bile acid synthesis and 

hepatobiliary toxicity in various cholestatic conditions. In this regard, FXR activation 

might be especially interesting for CF patients since hepatic bile acid synthesis is 

already increased due to intestinal bile acid malabsorption (39) Additionally, 

activation of FXR has anti-inflammatory effects which as mentioned previously, has 

been implicated in the pathophysiology of CFLD. 

 

CFTR modulators 

Major advances have been made in directly targeting CFTR to improve 

outcomes in CF. Ivacaftor (VX-770), a CFTR potentiator, improved pulmonary 

function of CF patients with specific CFTR gating mutations (40). More recently, a 

combination of ivacaftor with the CFTR corrector lumacaftor (Orkambi
®
) improved 

pulmonary outcomes in CF patients who are homozygous for the F508del mutation 

(41). Unfortunately, not much is known about the effects of CFTR modulators on 

CFLD. In the aforementioned studies, CF patients with abnormal liver function tests 

were excluded from participation. While during these trials elevated liver enzyme 

measurements were similar between ivacaftor/lumacaftor and ivacaftor treatment 
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versus placebo, more serious adverse events related to abnormal liver function 

tests have been observed with ivacaftor/lumacaftor treatment (41). This 

observation could indicate that these drugs have hepatotoxic side effects, even in 

the absence of overt CFLI or cirrhosis. One case report showed improvement of 

hepatic steatosis after two years of ivacaftor treatment (42).  

Ivacaftor has been shown to improve extra-pulmonary parameters such as 

gastrointestinal function (43). However, this effect does not correlate well with the 

effect of ivacaftor on sweat chloride levels (a surrogate marker for CFTR function) 

or pulmonary function, suggesting a  degree of organ specificity possibly due to 

other modifying factors (44). More studies are needed to determine whether CTFR 

modulators have a specific effect on CFLD. 

 

Managing portal hypertension and liver transplantation  

In patients where CFLD results in portal hypertension, various complications 

could arise including esophageal varices. Treatment options are determined on a 

case by case basis but include primary prophylaxis by either endoscopic variceal 

ligation or non-specific beta receptor blockade (e.g. propranolol) (1). However, the 

use of non-specific beta receptor blockade should be used with extreme caution in 

CF due to the potential of significant bronchoconstriction. One approach could be 

to perform a detailed pulmonary function test with and without non-specific beta 

receptor blockade, to assess the occurrence and severity of medication–induced 

bronchoconstriction. If life-threatening bleeding cannot satisfactorily be prevented 

by these treatments, either a portosystemic shunt or liver transplantation may 

become indicated. Liver transplantation may be combined with a lung and/or 

pancreas transplantation. However, combined liver-lung transplantation programs 

are only available in select centers due to the difficulty of the procedure and the 

high risk for complications. Unfortunately, there are limited publications regarding 

this matter and there is likely a publication bias (i.e. only successful case 

reports/series are published), making the estimation of success rate and 

complications difficult to assess. The timing and indication of liver transplantation 

for CF has been a matter of debate. Post-transplantation survival in CFLD patients 

is lower than in patients who received a liver transplantation for other indications 

(45). This decreased survival is likely due to an increased risk of other CF-related 

complications, such as CF-related diabetes in CFLD patients, and to pulmonary 

complications of CF. Making an extensive estimation of possible post-

transplantation complications for each patient and considering a combined liver-

(pancreas)-lung transplant is, therefore, warranted (46).  



Diagnosis, follow-up, and treatment of cystic fibrosis-related liver disease 

 

47 

Conclusion 

A combined European and North American initiative (ESPGHAN and 

NASPGHAN), has been initiated to reach a uniform definition and classification of 

CFLD, which will likely shape diagnostic criteria. In current clinical practice, the 

diagnosis of CFLD frequently is based on the Debray-Colombo criteria (1). A 

drawback of using these criteria is that varying phenotypical types of liver 

involvement are included and it is not always clear whether these are clinically 

relevant or play a role in development of cirrhosis or portal hypertension. Advances 

in understanding CFLD pathophysiology will likely guide the discovery of more 

phenotype-specific markers and treatments. It seems reasonable to assume that 

longitudinal rather than single measurements may become important for the 

diagnosis and follow-up of CFLD, as well as combinations of diagnostic tests rather 

than an isolated test or modality. Prospective studies are needed to validate the 

performance of the novel tests reviewed here. Yearly screening or follow-up for 

CFLD should include abdominal examination by a gastroenterologist, serum 

biochemical evaluation and abdominal ultrasound with, in case of doubt, follow-up 

by CT or MRI.  

Current treatment options for CFLD are limited. UDCA does seem a relatively 

safe treatment (1), but its long-term efficacy and safety have not been 

demonstrated. Novel treatments for liver disease are being developed. Together 

with the implementation of CFTR modulators, these might prove to be beneficial for 

CFLD in the coming years.   
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Abstract 

With the improved treatment of the pulmonary complications of cystic fibrosis 

(CF), gastrointestinal problems have become more important in the morbidity in 

CF. A hallmark of the gastrointestinal phenotype of CF, apart from pancreatic 

insufficiency, is a disruption of bile acid homeostasis. Bile acid homeostasis is 

important for many gastrointestinal processes including fat absorption, 

inflammation, microbial composition, as well as regulation of whole body energy 

metabolism. This review describes the impairment of bile acid homeostasis in CF, 

its possible consequences for gastrointestinal and metabolic complications and its 

potential as a target for therapy.  
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Introduction 

Cystic fibrosis (CF), caused by a mutation in the gene encoding the CF 

transmembrane conductance regulator (CFTR), results in production of abnormally 

thick, viscous mucus in various organ systems (1). Aside from pulmonary 

problems, CF patients often suffer from GI disorders, hepatobiliary problems and 

cystic fibrosis related diabetes (CFRD). A specific GI feature common among CF 

patients is impaired bile acid (BA) homeostasis manifesting via BA malabsorption 

and subsequent increased fecal excretion (2). Recent studies show the 

interrelation of BA homeostasis with various other intestinal, hepatic and metabolic 

parameters. In this review we discuss the role of impaired BA homeostasis in CF, 

explaining its potential role in other GI and metabolic complications and as a 

therapeutic target.  

 

Gastrointestinal complications of cystic fibrosis 

A functional GI system is essential for maintaining adequate nutritional status 

and whole body homeostasis. Similar to pulmonary complications, viscous mucus, 

as a consequence of deficient surface fluid and bicarbonate flux is an important 

underlying factor in the GI phenotype of CF (3). Exocrine pancreatic insufficiency 

(EPI) is used as a marker for severity of the CF phenotype. However, other 

manifestations of the GI phenotype of CF are often highly variable and do not 

strongly correlated to allelic CFTR variation (4). Patients experience various 

symptoms including malabsorption, fatty stools (steatorrhea), abdominal pain, 

nausea, anorexia, bloating, gastro-esophageal reflux, constipation, distal intestinal 

obstruction syndrome (DIOS) and flatulence. Although most of the GI 

complications are interrelated, they can be subdivided in pancreatic, hepatobiliary 

and intestinal-luminal categories.  

A severe CFTR gene mutation in both alleles results in little or no CFTR Cl
–
 

channel activity and destruction of the exocrine pancreas (5). EPI is an early sign 

of CF and can present at birth or develop in the first months of life (6). Ultimately, 

around 85% of CF patients develop EPI and these patients are prone to nutritional 

deficiencies, severe malnutrition and growth retardation (7). Fortunately, EPI can 

be successfully treated with pancreatic enzyme replacement therapy (PERT). 

However, even with optimal PERT, fat malabsorption and GI complaints are often 

not fully corrected (8–10). Mice with targeted mutations in the Cftr gene do not 

display EPI but nevertheless have a lower bodyweight upon ad libitum feeding, 

possibly due to bacterial overgrowth or from impaired epithelial absorption of 
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nutrients (11). This suggests that, in addition to EPI, there are other changes in the 

intestinal tract in CF that have important effects on nutrient absorption and growth.  

CF patients can suffer from a multitude of hepatobiliary problems including gall 

stones, hepatitis, steatosis and cirrhosis. Hepatobiliary problems are common in 

pediatric CF patients with reported prevalence rates up to 25% (12,13). Cystic 

fibrosis related liver disease (CFLD) was thought to develop mainly in early 

childhood. However, a recent follow-up study of a cohort of CF patients into 

adulthood incorporated novel markers into the CFLD diagnostic algorithm and 

suggests an additional wave of adult-onset CFLD with a median age of 37 years 

(14). Another recent study that assessed a large retrospective cohort of French CF 

patients found that CFLD incidence increased by approximately 1% every year 

reaching 32.2% by the age of 25 (13).   

In the liver, CFTR is exclusively expressed at the apical membrane of 

cholangiocytes lining the bile ducts (15). CFLD is characterized by focal biliary 

cirrhosis which can lead to multilobular cirrhosis and portal hypertension in 1-10% 

of patients (16). The pathophysiology of biliary cirrhosis has been hypothesized to 

be secondary to occlusion of small bile ducts and/or to increased bile toxicity. In CF 

mouse models, however, evidence to support the hypothesis that increased bile 

toxicity contributes to CFLD has not been reported (17).  

Luminal GI complications are highly prevalent in CF. Approximately 15-20% of 

CF infants present with meconium ileus, an obstruction of the distal small intestine 

by dehydrated mucofeculent material (18). After the neonatal phase, acute fecal 

obstruction of the ileocecum known as DIOS can occur and incidence increases 

with age (19,20). Nearly half of pediatric CF patients suffer from constipation and 

this is even more prevalent in adulthood (21). Another common luminal GI feature 

of CF is a change in intestinal microbiota characterized by small intestinal bacterial 

overgrowth (SIBO) and colonic dysbiosis (22). Important contributing factors 

include delayed intestinal transit time, luminal hyperacidity due to decreased 

bicarbonate secretion by pancreas and intestinal epithelium, frequent antibiotic use 

and inspissated mucus. Intestinal microbial composition is important for immune 

function and various metabolic processes in the body (23). Its disruption in CF is 

therefore likely to contribute to various aspects of the phenotype (24). 

Along with the increased life expectancy the CF population has been shown to 

become exposed to an increased risk of malignant tumors especially of the small 

intestine and colon (22,25,26), possibly due to an increased proliferation rate of 

epithelial cells and disruption of anti-apoptotic pathways (27). Additionally, a recent 

study has shown a direct role of CFTR as a tumor suppressor gene in intestinal 
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cancer (28). After lung transplantation the risk for malignancies in CF patients is 

even further increased due to the use of immunosuppressant drugs (25,29).  

 

Impaired bile acid homeostasis and farnesoid X receptor signaling in cystic 

fibrosis 

One of the hallmarks of the GI complications in CF patients as well as in murine 

CF models is an up to 3-fold increase in fecal bile acid (BA) excretion (2,30–32). 

This increase is independent of exocrine pancreatic insufficiency and fat 

malabsorption. In the physiological situation the enterohepatic circulation of BAs is 

a tightly regulated system in which ~95% of total BAs are reabsorbed and the 

remaining ~5% is excreted via the feces (Fig. 1).  
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Figure 1. Schematic representation of the enterohepatic circulation of bile acids. Bile acids (BAs) 

are synthesized and conjugated in the liver after which they are actively secreted via the bile duct into 

the duodenum. In the ileum BAs are reabsorbed by the enterocytes through the apical sodium-

dependent bile acid transporter (ASBT). In the enterocyte BAs activate the nuclear farnesoid X receptor 

(FXR) which leads to subsequent release of fibroblast growth factor 19 (FGF19 or 15 in mice). 

FGF15/19 travels to the liver where it binds to fibroblast growth factor receptor 4 (FGFR4) β-Klotho 

complex and inhibits cholesterol 7α-hydroxylase (CYP7A1), the rate controlling enzyme of BA synthesis. 

Reabsorbed BAs can also travel directly to the liver and inhibit CYP7A1 by activating hepatic FXR. 

Microbiota in the intestine can further biotransform BAs to deconjugated and secondary BA species. 

After reabsorption, the remaining 5% of BAs (in the physiological situation) is excreted in feces. 
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Reabsorption mainly takes place by active transport of conjugated BAs into the 

ileal enterocyte by the apical sodium-dependent bile acid transporter (ASBT, 

SLC10A2) (33). In the ileal enterocyte BAs activate the farnesoid X receptor (FXR), 

a ligand-activated transcription factor of the family of nuclear receptors, which 

leads to increased expression and subsequent release of fibroblast growth factor 

19 (FGF19,  Fgf15 in mice) in the circulation (34). In the liver FGF19 can bind to 

and activate the FGF receptor 4 (FGFR4)/β-Klotho complex which in turn exerts 

negative feedback on the rate controlling enzyme of BA synthesis, cholesterol 7α-

hydroxylase (CYP7A1). Reabsorbed BAs can also cause negative feedback by 

directly activating hepatic FXR. However, organ specific Fxr knockout studies in 

mice indicated a much more prominent role for the FXR-FGF15/19 axis in CYP7A1 

repression (35).  

The importance of FXR-FGF15/19 signaling in BA homeostasis is illustrated by 

various BA malabsorption syndromes. Clinically, BA malabsorption causes 

diarrhea due to high BA concentrations in the colon that lead to secretion of water 

and electrolytes and stimulation of propulsive contractions (36). Patients with 

primary BA diarrhea, a condition in which BA malabsorption occurs in the absence 

of ileal or other obvious GI disease,  display lower levels of FGF19 and higher 

levels of 7α-hydroxy-4-cholesten-3-one (C4), a surrogate marker for BA synthesis 

(37,38). Additionally, in a murine model of BA malabsorption it has been shown 

that Fxr activation or Fgf15 administration reduces fecal BA excretion (39).  

Even though CF patients display BA malabsorption, (BA) diarrhea is rare and 

constipation due to inspissated mucus and delayed intestinal transit is more 

common (further explained in section 6). However, BA malabsorption in CF 

patients does result in impaired FXR-FGF19 signaling. Our group recently 

demonstrated that plasma FGF19 levels are lower and C4 levels higher in CF 

patients with a G551D gating-mutation as compared to healthy controls (40). 

Conversely, improving CTFR function by treatment with the CFTR potentiator 

ivacaftor, altered the levels of these parameters towards normality, supporting a 

role for CFTR involvement in BA homeostasis. These results also indicate the 

possibility of using plasma C4 and FGF19 as surrogate biomarkers for CFTR 

function in the GI tract in CF. This is important as currently GI markers in CF are 

limited and/or difficult to obtain (41). 

BA homeostasis has been more extensively studied in CF mouse models than 

in CF patients. Debray et al. showed that Cftr
-/- 

mice have lower ileal expression 

levels of Fgf15 compared to wild type controls, while having similar fecal BA 

excretion rates (42). Interestingly, most other studies in CF mouse models showed 
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an about 3-fold increase in fecal BA excretion, similar to what has been observed 

in CF patients, but did not directly assess FXR-FGF15/19 signaling (31,32). This 

discrepancy in fecal BA excretion might be explained by genotypic and dietary 

differences between studies and requires further investigation (43). Indeed, 

unpublished data from our group confirms lower ileal expression levels of Fgf15 in 

combination with increased hepatic Cyp7a1 levels in Cftr
-/- 

mice, supporting the 

disruption of FXR-FGF15/19 signaling. The exact mechanism underlying the 

impaired FXR-FGF15/19 signaling in CF, however, remains unknown.  

In wild type mice it has been shown that uptake of BAs by Asbt activates Cftr 

(31). Altered functionality or expression of ASBT might also be involved in BA 

malabsorption in CF. However, results on ileal Asbt expression in murine CF 

models have been conflicting, (31,42,44), likely due to differences in experimental 

setups. Additionally, gene expression might not adequately reflect protein 

expression or activity. When looking at protein abundance, Debray et al. (42) found 

decreased expression of Asbt by western blot in Cftr
-/-

 mice, while Bijvelds et al. 

(31) showed a robust Asbt immunohistochemistry staining pattern and intensity in 

both Cftr
-/-

 and F508del-Cftr mice indistinguishable from WT mice. The regulation 

of ASBT expression is complex and can be influenced by many factors including 

intestinal BA concentrations and microbial composition (33). ASBT expression is 

under a negative feedback regulation by intestinal BA concentrations in mice and 

humans (45,46). The proposed mechanism of this feedback regulation is that BAs 

activate FXR in the enterocyte which leads to subsequent small heterodimer 

partner (SHP) and liver receptor homologue-1 (LRH-1) activation which 

downregulate ASBT expression. This hypothesis is supported by the fact that BA 

depletion by feeding mice a BA binding resin increased Asbt expression (47). 

However, Debray et al. showed, besides decreased Asbt expression in Cftr
-/- 

mice, 

a decrease in expression of ileal Fxr target genes, Fgf15 and Shp, arguing against 

suppression of ASBT by FXR (42). Conversely, while decreased intestinal BA 

concentrations seemed to induce ASBT expression, Stravitz et al. showed an 

induction of Asbt gene and protein expression in rats by feeding cholic acid or 

perfusing the intestine with taurocholic acid (48). Intestinal dysbiosis or SIBO could 

contribute to altered ASBT expression in CF. Germfree or antibiotic treated mice 

generally show higher expression levels of Asbt and a decrease in fecal BA 

excretion (49–51). Higher expression levels of Asbt were also observed more 

proximal in the intestine when mice were treated with antibiotics, regulated through 

reduced expression of the transcription factor Gata4 (50).   
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Next to their indirect effect on ASBT expression, microbiota are also directly 

involved in BA homeostasis and FXR-FGF15/19 signaling. Different species of 

intestinal microbiota have the ability to biotransform BAs mainly by deconjugation 

and subsequent de-hydroxylation, the latter resulting in more hydrophobic 

secondary BAs. The various BA species have different properties regarding 

absorption and receptor activation. Many species of microbiota express bile salt 

hydrolase (BSH) activity which results in deconjugation of part of the luminal BAs, 

thereby making them unable to be reabsorbed by ASBT but, due to decreased 

polarity (more hydrophobic), easier to be passively reabsorbed. Germ-free mice 

lack the microbial ability to deconjugate BAs, resulting in higher concentrations of 

tauro-β-muricholic acid, a conjugated BA that acts as an Fxr antagonist that can 

lower Fgf15 levels (49).  

CF patients and murine CF models display intestinal dysbiosis and sometimes 

even bacterial overgrowth, potentially affecting BA handling. Cftr
-/- 

mice generally 

show a decreased intestinal microbiota biodiversity with an increase in species 

associated with inflammation (52). Decreases within the Bacteroides and 

Firmicutes phyla were observed in Cftr
-/- 

mice as well as CF patients (24). The 

Firmicutes phylum contains species known to be involved in de-hydroxylation of 

BAs (53). A decrease in one of the most important secondary BAs, deoxycholic 

acid (DCA), has been observed in feces of Cftr
-/- 

mice (17,32). These observations 

suggest an important relation between intestinal dysbiosis in CF and BA handling. 

The exact role, however, of microbiota in BA homeostasis in CF remains to be 

elucidated.  

 

Bile acid homeostasis and its relation to metabolic function in cystic fibrosis 

BAs are primarily known as detergents with their main function to aid in 

digestion and absorption of fat and fat soluble vitamins. However, recent studies 

show that BAs also act as ligands for receptors resulting in the release of 

hormones that affect other metabolic processes in the body such as glucose 

metabolism (54). CF patients often display metabolic abnormalities, such as 

hyperglycemia, hypertriglyceridemia or steatosis, and these are more common with 

increasing age (55). Malnutrition is generally regarded as an important problem in 

CF management. However, due to better nutritional and supportive therapy, the 

prevalence of malnutrition in CF has declined and some CF patients even develop 

overweight or obesity (56). A recent study showed that some CF patients display 

“normal weight obesity”, defined by a normal body mass index (BMI) but increased 

fat percentage that was associated with decreased pulmonary function (57).  
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 Effects of BA 

homeostasis 

Result  Findings in CF patients 

Lipid 

metabolism 

Catabolism of 

cholesterol for BA 

synthesis 

Lower plasma 

cholesterol 

 

Often low plasma 

cholesterol (55,58)  

BA synthesis is elevated 

(40) 

Glucose 

metabolism 

Intestinal bile acids 

activate TGR5 signaling 

and GLP-1 release 

 

GLP-1 improves 

post-prandial insulin 

secretion 

 

Reduced GLP-1 release 

in CF patients (59–61) 

Intestinal bile acids 

activate FXR to release 

FGF19 

FGF19 inhibits bile 

acid synthesis and 

improves insulin 

sensitivity 

Lower FGF19 due to 

reduced BA absorption 

(40) 

Table 1. Summary of the metabolic effects of bile acid homeostasis and the phenotype in CF 

as discussed in section 4. BA: bile acid; CF: cystic fibrosis; TGR5: G-protein coupled bile acid 

receptor 1; FGF19: fibroblast growth factor 19; GLP-1: glucagon-like peptide-1; CFRD: cystic fibrosis 

related diabetes. 

 

BA homeostasis is also highly involved in lipid and cholesterol metabolism (54). 

Conversion of cholesterol to BAs and subsequent fecal excretion is one of the main 

routes of cholesterol disposal. Most CF patients display serum low-density 

lipoprotein cholesterol (LDL-C) levels that are lower compared to control subjects 

of similar age (55,58). However, some CF patients display elevated LDL-C and 

triglyceride levels which are associated with older age and other metabolic 

abnormalities such as a high BMI and lower insulin sensitivity (62–64). With 

increasing age the incidence of CF related diabetes (CFRD) is also rising. The 

pathophysiology of CFRD is not completely understood but its incidence is 

correlated with EPI and fibrosis (65). A combination of partial insulin deficiency and 

episodes of insulin resistance are often present. Interestingly, CF patients display 

lower levels of glucagon like peptide 1 (GLP-1), an incretin hormone regulating 

postprandial insulin secretion, that is improved by pancreatic enzyme replacement 

therapy (59–61). Intestinal activation of the G-protein coupled bile acid receptor 1 

(GPBAR1, GPCR19 also known as TGR5) by BAs enhances the secretion of GLP-

1 (66). Secondary BAs lithocholic acid (LCA) and DCA are the most potent 

naturally occurring TGR5 agonists. As these BA species are lower in murine CF 

models, it is tempting to speculate that TGR5 activation is reduced in CF due to 

impaired BA homeostasis. Unfortunately, however, no studies directly addressing 

this relationship have been performed.  
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In addition to the role of TGR5, the FXR-FGF15/19 axis has been implicated in 

other aspects of glucose metabolism and metabolic disorders. In humans, both 

obesity and type 2 diabetes mellitus (T2DM) are associated with lower plasma 

FGF19 levels (67,68). A derivative of the naturally occurring FXR agonist CDCA, 

6α-ethyl-CDCA (obeticholic acid, OCA), was recently approved by the Food and 

Drug Administration (FDA) for the treatment of primary biliary cholangitis (PBC), 

and is in clinical trials for treatment of non-alcoholic steatohepatitis. Administration 

of OCA to patients with non-alcoholic fatty liver disease and T2DM increased 

plasma FGF19 levels, decreased liver enzymes (alanine aminotransferase and γ-

glutamyltransferase) and improved insulin sensitivity (69). In a phase 3 clinical trial, 

OCA ameliorated histology scores of non-alcoholic steatohepatitis patients (70). 

Animal studies, however, have not generated unambiguous results regarding the 

effects of the FXR-FGF15/19 axis on metabolism. Transgenic mice with hepatic 

overexpression of FGF19 display an increased metabolic rate and decreased 

adiposity (71). Kir et al. found that administration of FGF19 to WT mice improved 

glucose metabolism by inducing hepatic glycogen and protein synthesis (72). 

Conversely, Fgf15
-/-

 mice showed glucose intolerance and a reduced hepatic 

glycogen content. Administration of FGF19 was even found to reverse diabetes 

mellitus in ob/ob mice (73). A direct involvement of Fxr-Fgf15 signaling was 

demonstrated by intestinal inactivation of Fxr or reducing intestinal Fxr signaling 

through remodeling the intestinal microbial profile by the anti-oxidant tempol, both 

of which reduced diet induced obesity and hepatic triglyceride accumulation in 

mice (74,75). The metabolic improvements by tempol were explained by reduced 

species of Lactobacillus and their BSH activity resulting in increased levels of 

tauro-β-muricholic acid, a naturally occurring FXR antagonist. This claim was 

further supported by a study in which administration of glyco-β-muricholic acid 

(Gly-MCA), a selective FXR inhibitor, reduced obesity and improved related 

metabolic abnormalities in mice (76). On the other hand, intestine-specific FXR 

activation using the intestinally restricted FXR agonist fexaramine, reduced diet-

induced obesity, insulin resistance and steatosis in mice fed a HFD (77). However, 

a recent study explained the beneficial effects of fexaramine by an indirect effect 

on the microbiota and activation of TGR5 via pronounced alterations in BA 

composition (78).  

As the pathology of CFRD is thought to be mainly due to (relative) insulin 

deficiency rather than insulin resistance as in T2DM, the effects of modulating the 

FXR-FGF15/19 axis in CFRD could be less pronounced. On the other hand, CF is 

associated with direct impairment of BA homeostasis and FXR-FGF15/19 
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signaling. It will therefore be interesting to evaluate strategies to improve FXR-

FGF15/19 signaling in CF, especially in the prevention of metabolic complications 

such as CFRD and hepatic steatosis.  

 

Bile acid homeostasis and its role in cystic fibrosis liver disease  

Cystic fibrosis liver disease (CFLD) is a severe complication of CF and an 

independent risk factor for mortality (79,80). According to the 2016 CF patient 

registry report, CFLD accounted for 2.7% of mortality in CF patients (81). CFLD is 

an umbrella term used to describe various types of liver dysfunction in CF of which 

the pathophysiology is often not completely understood (82). In the liver, CFTR is 

expressed exclusively at the apical membrane of cholangiocytes lining the bile 

ducts (15,83). One proposed mechanism for the development of CFLD is that loss 

of CFTR function leads to obstruction of the bile ducts by thickening of the mucus, 

eventually resulting in obstructive biliary cirrhosis. Murine CF models generally do 

not display CFLD except upon ageing (84,85). The absence of CFLD in murine CF 

models might be partially explained by lower BA toxicity due to differences in biliary 

BA composition between mice and humans. Mice generally have a higher 

concentration of hydrophilic BAs which is regarded as less cytotoxic since 

hydrophilic BAs have a lower detergent capacity than hydrophobic BAs (86). High 

concentrations of hydrophobic BAs, mainly DCA, have been associated with 

increased risk of cholesterol gallstone disease, colon cancer and liver cancer 

(53,87).  

FXR-FGF15/19 signaling and hepatic FXR activation have been consistently 

shown to affect liver regeneration and proliferation (88–91). This 

regenerative/proliferative response, measured by hepatic staining of the 

proliferation marker Ki67,  is absent in Cftr
-/- 

mice upon feeding cholic acid (CA),  a 

strong FXR agonist (17). This suggests that a CF liver might have reduced 

regenerative ability due to BA malabsorption. Interestingly, in humans the presence 

of CFLD is associated with normalization of fecal BA excretion which could be due 

to impaired production as declining liver function occurs but this has not been 

further investigated (2).  

Currently, ursodeoxycholic acid (UDCA) is the only recommended and widely 

used drug in the treatment of CFLD. However, the clinical efficacy of UDCA is 

controversial. The most recent Cochrane review only identified a small number of 

trials assessing the effectiveness of UDCA (92). The authors concluded that there 

is ‘currently insufficient evidence to justify its routine use in cystic fibrosis’. UDCA 

treatment is often started early in life to prevent severe CFLD and related 
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complications. This was also challenged by the results of a recent study, showing 

that treatment with UDCA started earlier in life had no effect on development of 

severe CFLD (13).  

The effects of UDCA on BA homeostasis and FXR signaling have not been fully 

elucidated. UDCA increases hepatocellular and cholangiocellular secretion thereby 

increasing bile flow and reducing biliary toxicity (93). UDCA is also suggested to 

decrease hepatic steatosis in mice (94–96). In obese subjects UDCA was reported 

to lower FGF19 and subsequently increase hepatic bile acid synthesis (97). The 

authors explained this as UDCA having FXR antagonistic effects which was 

supported by showing decreased FXR activation in an avidin biotin complex DNA-

assay. However, in vitro assays suggest UDCA has neither FXR agonistic nor 

antagonistic properties (96,98). UDCA is readily absorbed and constitutes a 

predominant part of the BA pool in UDCA treated patients (from 40% in PBC 

treated patients (99) to almost 90% in obese patients (97)), which is likely to 

contribute to the effects on the FXR-FGF15/19 axis. Fujita et al. showed a clear 

decrease in relative and absolute levels of muricholic acid levels in mouse livers 

after UDCA treatment, arguing the beneficial effects on hepatic steatosis (at least 

in mice) might be due to a reduction of the FXR antagonistic muricholic acid 

species (96).  

FXR agonism has been shown to protect against hepatoxicity in a rat model of 

intrahepatic cholestasis (100). In that study a systemic FXR agonist (i.e. GW4064) 

was used and effects could therefore be at least partly due to hepatic FXR 

activation. Direct evidence of the benefits of intestinal FXR-FGF15/19 signaling has 

been shown by Modica et al. (101) who demonstrated that transgenic 

overexpression of intestinal FXR or administration of FGF19 in mice protects 

against liver damage in three different models of cholestasis. The beneficial effects 

were attributed to a reduced BA pool size and more hydrophilic (i.e. less cytotoxic) 

biliary BA composition. However, FGF19 is a growth factor and is also associated 

with the induction of liver proliferation and growth of cancer cells (102). To 

overcome the potential tumorigenic effects of FGF19, a modified variant of FGF19 

(M70) has been produced, with reduced tumorigenicitiy but retained benefits in 

cholestatic liver disease in mice (103,104).  

These results make intestinal FXR an interesting target in developing treatment 

and prevention strategies for CFLD. Unfortunately, CF mice have not been an ideal 

model for CFLD. Recently, however, other potentially more useful CF animal 

models have been developed, including the CF pig which already shows signs of 
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CFLD at birth (105,106). CF pigs could therefore be interesting to study CFLD 

(107,108).     

 

Modulating bile acid homeostasis to improve gastrointestinal outcomes in 

cystic fibrosis  

Considering the close relation between BA homeostasis and GI and metabolic 

function, it is interesting to speculate about the effect of modulating the factors 

involved. In the previous section the effects of altering FXR-FGF15/19 and TGR5 

signaling to improve metabolism were considered. Modulating the FXR-FGF15/19 

axis might also ameliorate GI outcomes. In turn, modulating certain GI factors 

could improve BA homeostasis and metabolic outcomes.  

CF patients often display SIBO or colonic dysbiosis. Not only do these 

conditions generate direct symptoms including abdominal discomfort, diarrhea and 

flatulence, they also increase the risk of developing metabolic abnormalities and 

liver disease (109). The relationship between BAs and intestinal microbiota is 

complex, with mutual interactions (87,110). In the CF intestine, inspissated mucus 

accumulates, making it easier for harmful bacteria to thrive (27). Other factors 

contributing to an altered microbial profile include a low intestinal pH due to 

reduced bicarbonate secretion, a longer intestinal transit time and exposure to 

antibiotics that CF patients frequently receive for (suspected) pulmonary infections. 

Interestingly, bacterial overgrowth itself has also been suggested to contribute to 

mucus secretion. Antibiotic treatment aimed at eradication of bacterial overgrowth 

in Cftr
-/-

 mice reduced mucus accumulation without a major effect on mucin gene 

expression, suggesting a more direct role for bacteria on mucus secretion by 

intestinal epithelium (111).  

Treatment with probiotics can also be used to alter the microbiota profile of CF 

patients. One study reports that administration of the probiotic Lactobacillus 

Reuteri improved digestive health and inflammation (112). The fecal microbial 

profile changed, showing a decrease in Proteobacteria and an increase of the 

Firmicutes phylum. As numerous species of the Firmicutes phylum are involved in 

BA biotransformation, one could speculate that this change affects BA 

homeostasis. Treatment with another probiotic, Lactobacillus GG, decreased fecal 

calprotectin, a marker for intestinal inflammation, and changed microbial 

composition partially towards that of healthy controls (113,114). However, in a 

large trial in CF children, one year of treatment with Lactobacillus GG versus 

placebo did not affect hospitalization, pulmonary outcomes or BMI (115). 
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Nevertheless, as probiotic use does seem to improve the GI phenotype of CF, it 

will be interesting to evaluate its effects on BA homeostasis and metabolic function.   

Another GI feature of CF patients is a delayed intestinal transit time, possibly 

leading to constipation or in severe cases distal intestinal obstruction syndrome 

(DIOS) (116–118). Interestingly, Bijvelds et al. showed that active BA absorption in 

the ileum triggered CFTR activation and subsequent local salt and water excretion 

(31). It is therefore tempting to speculate that the absence of this postprandial ileal 

water release contributes to specific distal localization of obstruction occurring in 

CF patients. The inability to sufficiently hydrate intestinal content and mucus likely 

explains the fact that BA malabsorption does not lead to diarrhea in CF.  

As CF patients often suffer from constipation, laxatives are commonly 

prescribed. Laxative treatment shortens intestinal transit time and is able to alter 

microbiota and BA homeostasis. In rats, the commonly used laxative polyethylene 

glycol (PEG) decreased BA dehydroxylation, increasing the amount of primary BAs 

in the BA pool (119). Whole body Cftr
 
knockout mice display a severe intestinal 

phenotype and need to be kept either on a liquid diet or a solid diet in combination 

with laxative. A study by De Lisle et al. compared the effects of either a solid diet 

with PEG or a liquid diet with or without n-acetylcysteine (NAC), a mucolytic agent, 

on various aspects of the intestinal phenotype (120). Laxative treatment had 

pronounced effects on the intestine and improved markers of intestinal 

inflammation and reduced bacterial overgrowth. In CF patients, laxative treatment 

was also found to be associated with a decrease in occurrence of SIBO (121). 

Considering these beneficial effects of laxative treatment on the CF intestine, it is 

tempting to speculate that laxative treatment could decrease fecal BA excretion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3 



Chapter 3 

 

 
70 

Summary 

The presently increased life span of the CF population changes the frequency 

and spectrum of symptoms regarding GI and metabolic function including intestinal 

dysbiosis, constipation, intestinal cancer, liver disease and diabetes. One part of 

the CF phenotype that recently received more attention is the GI tract, including 

impaired BA homeostasis, characterized by increased fecal BA excretion and 

reduced FXR-FGF15/19 signaling. Modulating BA homeostasis directly by altering 

FXR-FGF15/19 or TGR5 signaling or indirectly by improving intestinal transit or 

modifying intestinal microbiota are potential strategies to improve other GI and 

metabolic CF complications. Lastly, emerging research into BA homeostasis and 

the GI phenotype of CF could provide novel easily measurable surrogate 

biomarkers (e.g. C4, FGF19). Especially in the current era of new CFTR modulator 

therapies (e.g. ivacaftor and lumacaftor), the need for such biomarkers has 

increased.  
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Abstract  

Objective: Disruption of the enterohepatic circulation of bile acids (BAs) is part 

of the gastrointestinal phenotype of cystic fibrosis (CF). Ivacaftor (VX-770), a cystic 

fibrosis transmembrane conductance regulator (CFTR) potentiator, improves 

pulmonary function in CF patients with class III gating mutations. We studied the 

effect of ivacaftor on the enterohepatic circulation by assessing markers of BA 

homeostasis and their changes in CF patients.  

Methods: In CF patients with an S1251N mutation (N=16; age 9-35 years 

TICTAC-2 study/NTR4873) or a G551D mutation (N=101; age 10-24 years; GOAL 

study/ NCT01521338) we analyzed plasma fibroblast growth factor 19 (FGF19) 

and 7α-hydroxy-4-cholesten-3-one (C4) levels, surrogate markers for intestinal BA 

absorption and hepatic synthesis, respectively, before and after treatment with 

ivacaftor.  

Results: At baseline, median FGF19 was lower (52% and 53%, P < 0.001) and 

median C4 higher (350% and 364%, P < 0.001), respectively, for the S1251N and 

G551D  mutation patient groups compared to healthy controls. Treatment with 

ivacaftor significantly increased FGF19 and reduced C4 levels towards 

normalization in both cohorts but this did not correlate with CFTR function in other 

organs, as measured by sweat chloride levels or pulmonary function.  

Conclusions: We demonstrate that patients with CFTR gating mutations display 

interruption of the enterohepatic circulation of BAs reflected by lower FGF19 and 

elevated C4 levels. Treatment with ivacaftor partially restored this disruption of BA 

homeostasis. The improvement did not correlate with established outcome 

measures of CF, suggesting involvement of modulating factors of CFTR correction 

in different organs.  
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Introduction 

Cystic fibrosis (CF) is the most common autosomal recessive disorder in the 

Caucasian population and is characterized by the production of abnormally thick, 

viscous mucus in the lungs, digestive system and various other tissues (1,2). The 

defect is caused by mutations in the cystic fibrosis transmembrane conductance 

regulator (CFTR/ABCC7) gene that encodes a chloride channel protein (3). The 

diagnosis of CF is confirmed by an increased sweat chloride concentration which is 

considered a surrogate for the CFTR protein chloride channel function and/or by 

genetic testing. CF patients primarily suffer from progressive pulmonary disease as 

determined by a reduced forced expiratory volume in 1 second (FEV1). 

Additionally, they frequently display exocrine pancreatic insufficiency, poor growth 

and weight gain resulting in a low body mass index (BMI) and intestinal 

complications like e.g. distal intestinal obstruction syndrome (1).
 
 

Gastrointestinal problems are common among CF patients. Increased fecal bile 

acid (BA) loss is an intrinsic part of the gastrointestinal phenotype of CF, found 

consistently in both CF patients and CF animal models (4,5). Compared to healthy 

controls, CF patients have an up to three-fold increase in fecal BA loss. This fecal 

BA loss is independent of  CF-related exocrine pancreatic insufficiency and 

intestinal fat malabsorption (4,6). The higher fecal BA excretion indicates a partial 

interruption of the enterohepatic circulation of BA and is associated with a 

compensatory increase of de novo hepatic BA synthesis (6). Adequate BA 

homeostasis is essential to hepatic, intestinal and metabolic function (7). CF 

patients regularly display complications such as colonic dysbiosis and small 

intestinal bacterial overgrowth (SIBO) (8). The disruption in BA homeostasis may 

contribute to these complications and drugs affecting BA homeostasis could 

potentially benefit CF patients (9).  

 

The enterohepatic circulation comprises hepatobiliary secretion and intestinal 

reabsorption of BA and is controlled via a negative feedback system (10). After 

uptake in the distal small intestine, BAs bind to the Farnesoid X receptor (FXR) 

which is localized in the enterocytes and induces the expression and secretion of 

fibroblast growth factor 19 (FGF19) into the portal circulation (11). In the liver, 

FGF19 binds to the FGF receptor 4 (FGFR4), leading to suppression of the 

cholesterol 7α-hydroxylase (CYP7A1) gene, encoding the rate-limiting enzyme in 

BA synthesis. The protein activity of CYP7A1 can be inferred from the 

concentration of the BA intermediate, 7α-hydroxy-4-cholesten-3-one (C4), that is 

used as a surrogate marker for BA synthesis (12). Clinically, altered plasma levels 
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of FGF19 and C4 have been used as markers for disrupted BA metabolism. For 

example patients with primary bile acid diarrhea (BAD) display BA malabsorption 

and increased BA synthesis, resulting in decreased plasma FGF19 levels, and 

elevated plasma C4 levels (13-16). Based on the CF phenotype of BA 

malabsorption, it is expected that FGF19 levels are low and C4 levels are high in 

CF patients, however, this has never been documented.  

 

Ivacaftor, a drug developed for the treatment of CF patients, potentiates CFTR 

channel activity and thereby enhances chloride transport in patients with class III 

gating mutations, such as the S1251N and the G551D CFTR missense mutations 

(17,18). In The Netherlands, the S1251N mutation is the most common class III 

mutation with an occurrence of 1.2% in 2016 (19). The G551D mutation is present 

in ~4% of all CF patients in the United States and is the third most common CFTR 

mutation worldwide (20). In randomized placebo-controlled trials, it has been 

shown that ivacaftor improves sweat chloride levels, pulmonary function (FEV1) 

and BMI in G551D and S1251N patients (21-23). Recently, a study also showed 

the efficacy of ivacaftor in the intestine where it improved the small intestinal pH 

after gastric emptying by increasing bicarbonate secretion (24). 

 

The TICTAC-2 clinical trial was an open label observational study that assessed 

the effects of ivacaftor in a small Dutch cohort of patients with the S1251N 

mutation. In this study, fecal and plasma samples were obtained before and eight 

weeks after treatment with ivacaftor.  

The multicenter clinical G551D observational (GOAL) study was a six months 

follow-up, phase 4 study exploring the therapeutic effect of ivacaftor in patients with 

a G551D mutation. The GOAL study confirmed, in these specific CF patients, the 

positive treatment effects observed earlier in the original clinical trials for ivacaftor 

on sweat chloride, FEV1 and BMI (25). Within the GOAL study, blood samples 

were taken and stored before and at six months after the start of the treatment.  

 

We aimed to evaluate the effects of CFTR modulation on the gastrointestinal 

tract. Specifically, we investigated whether ivacaftor treatment induces a recovery 

of the enterohepatic circulation of BAs in CF patients as reflected by the effects on 

FGF19 and C4 plasma levels. 
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Methods 

Subjects  

For the S1251N mutation study, samples were obtained before and 2 months 

after treatment with ivacaftor. A total of 16 patients (age 9-35 years) were recruited. 

All patients had an S1251N mutation at one allele. At the other allele 12 patients 

had a deltaF508 mutation, 2 patients a R117H mutation, 1 patient an 1717-IGA 

mutation and 1 an A455E mutation. 13 (81%) patients were reported to be exocrine 

pancreatic insufficient. Plasma samples before and after ivacaftor treatment were 

obtained for 14 participants. From 10 patients, random fecal samples were also 

obtained before and at 2 months after starting treatment with ivacaftor. Clinical 

data including age, BMI, FEV1 scores, sweat chloride levels, comorbidity and 

medication use was gathered for all patients. The ethics committees of the 

University Medical Center Utrecht and 3 other Medical Centers (Erasmus MC, 

Rotterdam; AMC Amsterdam; HAGA The Hague) approved this study, and 

informed consent was obtained from all participating subjects. 

 

Plasma samples from 101 CF patients (age 10-24 years) before and after six 

months of ivacaftor treatment were obtained from the G551D observational 

(GOAL) study (clinicaltrials.gov number, NCT01521338) (25). The protocol was 

reviewed and approved by the GOAL study review board. Patients enrolled in this 

study were six years and older, had a G551D gating mutation on at least one allele 

and no prior history of ivacaftor use. Patients using UDCA were excluded from the 

GOAL cohort. Available BMI, FEV1 scores, and sweat chloride levels before and 

after ivacaftor treatment were obtained from the GOAL study database. Additional 

ethical approval was obtained from the medical ethical committee of the University 

Medical Center Groningen. Two patients were excluded based on a baseline sweat 

chloride level of ≤39 mEq/L, which indicated a sweat chloride level below the upper 

limit of normal (26). The final data analysis was performed on the data of the 

remaining 99 patients.  

 

Control group 

The control group consisted of non-fasted plasma samples of 120 healthy 

subjects, aged 18-50 years and with a BMI between 18.5-30, from the Dutch 

multidimensional cohort study and biobank LifeLines (27). 
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Plasma levels of FGF19 and C4 

Plasma samples were stored at -20ºC. FGF19 levels were determined using a 

quantitative sandwich enzyme-linked immunosorbent assay (Human FGF-19 

Quantikine ELISA kit, cat no. DF1900; R&D systems). Plasma C4 levels were 

determined using high-performance liquid chromatography-tandem mass 

spectrometry (XLC-MS/MS) (28). All the samples were assayed in duplicate. 

 

Fecal and plasma bile acids 

Fecal samples were weighed, freeze-dried and mechanically homogenized. 

Samples were then solubilized in 1ml of methanol/0.1N sodium hydroxide (3:1) at 

80 °C for 2 hrs. As an internal standard 15 nmol of 5ß-Cholanic acid 7α,12α diol 

was added. Next, bile acids were extracted using Sep Pak C-18 columns 

(Mallinckrodt Baker, Deventer, The Netherlands) and eluted with 75% methanol 

followed evaporation at 65C under a stream of nitrogen. Dried samples were 

methylated with methanol/acetyl chloride for 25 minutes at 55 °C. Samples were 

dried under a stream of nitrogen and trimethylsilylated with a mixture of pyridine, 

N,O-Bis (trimethylsilyl) trifluoroacetamide and trimethylchlorosilane.  The bile acid 

samples were then diluted in 150µl of heptane and analyzed by GC (Agilent 6890, 

Amstelveen, the Netherlands) using a CPSil 19 capilliary column 

(25mx0.25mmx0.2µm) (Chrompack, Middelburg, The Netherlands) The total 

amount of bile acids was calculated as the sum of the individually quantified bile 

acids. 

Plasma bile acid profiles were measured using liquid chromatography-mass 

spectrometry (LC-MS). For the analysis 25µl of plasma was used to which a 250 µl 

internal standard solution was added. Samples were centrifuged at 15800 x g and 

the supernatant poured into a clean glass tube. The fluid was evaporated under 

nitrogen at 40C. Before measuring samples were reconstituted in 200 µl 50% 

methanol in water, vortexed and centrifuged for 3 minutes at 1800 x g. The 

supernatant was transferred into a 0.2 µm spin-filter and centrifuged at 2000 x g for 

10 minutes. After filtering, the samples were transferred into LC-MS vials and 

analyzed (10 µl injection volume).   

For the quantitative determination of bile acids we used a Nexera X2 Ultra High 

Performance Liquid Chromatography system (SHIMADZU, Kyoto, Japan), coupled 

to a SCIEX QTRAP 4500 MD triple quadrupole mass spectrometer (SCIEX, 

Framingham, MA, USA) (UHPLC-MS/MS). The LC-MS/MS system is controlled by 

Analyst MD 1.6.2  software. 
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Bile acids were separated with a ACQUITY UPLC BEH C18 Column (1,7 µm x 

2,1 x 100 mm) equipped with a ACQUITY UPLC BEH C18 VanGuard Pre-Column 

(1,7 µm x 2,1 x 5 mm), (Waters, Milford, MA, USA). Separation was achieved in 28 

minutes using 10 mM ammonium acetate in 20% acetonitrile (mobile phase A) and 

10 mM ammonium acetate in 80% acetonitrile (mobile phase B),  total flow rate: 

0.4 ml/min. 

 

Statistical analysis 

Statistical analysis was performed using SPSS Statistics 22 (International 

Business Machines, Armonk, New York). FGF19, C4 and fecal BA data were not 

normally distributed and are displayed as Tukey plots where boxes represent the 

median with interquartile range (IQR) and whiskers extend to the largest value or 

1.5 times the IQR if the largest value extends that. A Mann-Whitney U test was 

performed to compare CF patients versus controls. For the statistical analysis of 

treatment effect a Wilcoxon Signed Rank test was performed. Correlation analysis 

was performed only on the GOAL data as the sample size of the Tic-Tac study was 

considered too small for a reliable correlation analysis. For the relationship 

between FGF19 and C4 measurements a Spearman’s rank coefficient was used 

as data were not normally distributed. However, all changes in parameters were 

normally distributed (determined by Q-Q plot) and therefore these correlations 

were analyzed using a Pearson R correlation coefficient. P < 0.05 was considered 

significant. All authors had access to the study data and have reviewed and 

approved the final manuscript. 
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Results 

 

S1251N mutation cohort 

Ivacaftor improves sweat chloride level, BMI and FEV1 scores in CF patients with 

an S1251N mutation  

Table 1 shows the patient characteristics of the control subjects and CF 

patients with an S1251N mutation before and after 2 months of ivacaftor treatment. 

Of the 14 CF patients analyzed for FGF19 and C4 data, 10 were male. In the 

control group 60 of the 120 subjects were male. In line with improved CFTR 

function, the median sweat chloride level significantly decreased after ivacaftor 

treatment. Median FEV1 and BMI significantly increased, showing clinical efficacy 

of ivacaftor treatment.  

The median age of the controls was 33 years which was significantly higher 

than in the CF group (16 years) at baseline (P < 0.001). Controls had a median 

BMI of 24.4 kg/m
2
 which was significantly higher than in CF patients at baseline 

(19.0 kg/m
2
, P < 0.001) and after ivacaftor treatment (20.1 kg/m

2
, P < 0.001).  

 

  Tic-Tac study  

 controls Before ivacaftor After Ivacaftor p-value 

n 120 14 14  

Age  33 (25-41) 16 (9-35) + 2 months  

BMI 24.4 (22.5-26.6) 19.0 (16.3-22.8) 20.1 (17.2 -23.6) 0.017 

Sweat chloride 

(mEq/L) 

 72.0 (63.0-109.0) 20.5 (18.5-33.0) <0.001 

FEV1  

(% of predicted) 

 73 (66-95) 92 (92-102) <0.001 

Table 1. Basic characteristics of controls and CF patients before and after ivacaftor treatment in 

the Tic-Tac study cohort. Data displayed as median with interquartile range (IQR) between brackets. 

P-values displayed represent the differences before and after ivacaftor treatment; Wilcoxon signed rank 

test. 

 

Ivacaftor improves bile acid homeostasis in CF patients with an S1251N mutation  

Fig. 1 shows the changes in plasma FGF19 and C4 levels and fecal BA 

concentrations at 2 months after ivacaftor treatment. As a surrogate marker for BA 

absorption plasma FGF19 was measured. Fig. 1A shows the individual changes in 

FGF19 level of all patients with an S1251N mutation. One patient had diagnosed 

cystic fibrosis liver disease and received ursodeoxycholic acid treatment. However, 

as the measured plasma parameters were similar to untreated patients, these 
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results were included in the final analysis. No fecal samples were obtained for this 

patient. Median FGF19 level increased significantly from 45 to 113 pg/ml (increase 

in 12 of 14 patients, Fig. 1B, P = 0.003). In accordance with the BA malabsorption 

phenotype of CF, median FGF19 levels in CF patients at baseline were 

significantly lower as compared to healthy controls (45 vs. 94 pg/ml, P < 0.001). 

After 8 weeks of ivacaftor treatment median FGF19 levels were similar between CF 

patients and controls (113 vs. 94 pg/ml, P = 0.91). These results suggest that 

ivacaftor treatment induces an increased BA reabsorption in CF patients with an 

S1251N mutation . 

FGF19 inhibits hepatic BA synthesis. We, therefore, determined plasma C4 

levels as a surrogate marker for BA synthesis. Fig. 1C shows individual changes in 

plasma C4 levels. All except two patients showed a decrease in C4 level after 2 

months of ivacaftor treatment. These two patients showed an increase of 6 and 4 

ng/ml. The latter subject was the same patient that showed the highest decrease in 

FGF19 level (-54 pg/ml). The other subject showed despite the slight increase in 

C4 also an increase in FGF19 level (+83 pg/ml). In Fig. 1D the median change in 

plasma C4 level is shown. Median plasma C4 levels decreased significantly from 

49 to 24 ng/ml (P = 0.001) suggesting a decrease in hepatic BA synthesis. While 

median C4 levels improved towards normality, values at baseline and after 

ivacaftor treatment were still significantly higher than control values (49 vs 14 

ng/ml; P < 0.001 and 24 ng/ml; P = 0.001; respectively).  

Fig. 1E shows individual changes in fecal BA concentrations. Random fecal 

samples before and after ivacaftor treatment were available for 10 patients. Fig. 1F 

shows the median change in fecal BA concentrations. Median fecal BA decreased 

after Ivacaftor treatment from 8.8 to 6.8 mg/g but the difference did not reach 

statistical significance (P = 0.06). Fecal and plasma BA profiles were similar before 

and after treatment (table S1, S2).  

Together these results show that 2 months of ivacaftor treatment restores the 

enterohepatic circulation of BAs in CF patients with an S1251N mutation towards 

normality.  

4 



Chapter 4 

 

 
90 

 
Figure 1. Improvement of bile acid metabolism markers after ivacaftor treatment in the Tic-Tac 

study cohort. (A) change in plasma FGF19 of individual patients, (B) change in plasma FGF19 on 

group level n = 14; C) change in plasma 7α-hydroxy-4-cholesten-3-one (C4) of individual patients, (D) 

change in plasma C4 on group level n= 14 , dotted lines represent median in black and interquartile 
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range (IQR) in dark grey of healthy controls; (E) change in fecal bile acid (BA) concentrations of 

individual patients, (F) change in fecal BA concentrations on group level (n=10). **p<0,01; Wilcoxon 

signed rank test. Data expressed as Tukey plots, outliers represented as separate dots. 

 

G551D mutation cohort 

Ivacaftor improves sweat chloride level, BMI and FEV1 scores in CF patients with a 

G551D mutation 

Table 2 shows the characteristics of the control patients and of the patients with 

a G551D mutation before and 6 months after treatment with ivacaftor. 

Improvements in sweat chloride level, FEV1 and BMI were published before by 

Rowe et al. (29). Also in the GOAL cohort, median age was significantly lower 

compared to the control group (16 vs. 33 years, P < 0.001). BMI was also 

significantly lower before (20.4 vs. 24.4 kg/m
2
, P < 0.001) and after ivacaftor 

treatment (21.0 vs. 24.4 kg/m
2
, P < 0.001) compared to the control group.  

Of the 99 patients included, 49% was male. More detailed baseline 

characteristics and the effect of ivacaftor on the improvement in BMI, FEV1 and 

sweat chloride level of this cohort have recently been published as part of the first 

GOAL study report (25). 

 

 controls GOAL-study  

  Before ivacaftor After Ivacaftor  

p-value 

n 130 99 99  

Age  33 (25-41) 16 (10-24) + 6 months  

BMI 24.4 (22.5-26.6) 20.4 (17.2-23.2) 21.0 (18.4-24.1) <0.001 

Sweat chloride 

(mEq/L) 

 104.8 (99.9-

109.6) 

43.0 (29.0-58.3) <0.001 

FEV1  

(% of predicted) 

 93.4 (73.4-104.8) 99.6 (81.0-110.3) <0.001 

Table 2. Basic characteristics of controls and CF patients before and after ivacaftor treatment in 

the GOAL study cohort. Data displayed as median with interquartile range (IQR) between brackets. P-

values displayed represent the differences before and after ivacaftor treatment; Wilcoxon signed rank 

test. 

 

Ivacaftor improves plasma FGF19 and C4 levels towards healthy control 

values in CF patients with a G551D mutation  

Fig. 2A shows the FGF19 levels of CF patients with a G551D mutation at 

baseline and after 6 months of ivacaftor treatment. At baseline median FGF19 

levels were significantly lower in CF patients as compared to healthy controls (44 
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vs. 94 pg/ml; P < 0.001). After 6 months of ivacaftor treatment median FGF19 

levels significantly increased from 44 to 77 pg/ml (P < 0.001). An increase was 

observed in 73% of the ivacaftor treated patients. Ivacaftor treatment normalized 

FGF19 levels to healthy control values (77 vs. 94 pg/ml, P = 0.11), similar as found 

in patients with an S1251N mutation.  

Fig. 2B shows the median levels of plasma C4 before and after 6 months of 

ivacaftor treatment. At baseline median C4 levels, representing compensatory 

hepatic BA synthesis, were significantly higher in CF patients with a G551D 

mutation as compared to healthy controls (51 vs. 14 ng/ml, P < 0.001). In 

accordance with the observed increase in FGF19 level, C4 levels decreased in 

70% of patients and median C4 levels decreased from 51 to 30 ng/ml (P < 0.001). 

While median C4 levels improved towards normality after ivacaftor treatment, they 

still remained significantly higher than median levels of healthy control value (30 vs 

14 ng/ml, P < 0.001). While the increase in FGF19 level was significantly correlated 

with a decrease in C4 level (r = -0.43, P < 0.0001), the decrease in C4 can only 

partially be explained by the increase in FGF19 (r
2 

= 0.18). Fig. 2C shows the 

inverse correlation between C4 and FGF19 levels.  

 
Figure 2. Effect of ivacaftor treatment on bile acid metabolism markers in the GOAL study 

cohort. (A) change in FGF19 on group level and (B) change in C4 on group level (n=99). *** P<0.001; 

Wilcoxon signed rank test. Data expressed as Tukey plots, outliers represented as separate dots, 

dotted lines represent median in black and interquartile range (IQR) in dark grey of healthy controls; C) 

C4 and FGF19 levels are similarly inversely correlated before (Spearman r = -0.50, P < 0.001) and after 

(Spearman r = -0.42, P < 0.001) ivacaftor treatment, n = 99; 

 

Changes in FGF19 and C4 do not correlate with effects of ivacaftor on sweat 

chloride concentrations and FEV1 

An elevated sweat chloride level (Table 1 and 2) is considered a surrogate 

marker for a decreased in vivo CFTR chloride channel function.
24

 We, therefore, 

correlated the changes in FGF19 and C4 of patients with a G551D mutation to the 
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ivacaftor-induced decrease in sweat chloride levels (Fig. 3A-B). There was no 

significant correlation between the change in either FGF19 or C4 and the 

improvement in sweat chloride levels after ivacaftor treatment (r = -0.14, P = 0.19 

and r = 0.11, P = 0.28, respectively).  

To determine whether the difference in BA homeostasis upon ivacaftor 

treatment was related to improvement in clinical outcome parameters of CF, we 

correlated FGF19 and C4 level changes to ivacaftor induced changes in FEV1 (Fig. 

3C-D). No significant correlation was found between either FGF19 (r = 0.05, P = 

0.63) or C4 (r = 0.02, P = 0.85) and FEV1. Similarly, no significant correlation was 

found between FGF19 or C4 and BMI (Fig. S1).  

 
Figure 3. Correlation between FGF19 and C4 and sweat chloride and FEV1. (A) an increase in 

FGF19 (Pearson r = -0.14, P = 0.19) and (B) decrease in C4 (Pearson r = 0.11, P = 0.28) are not 

significantly correlated with a greater decrease in sweat chloride level n = 96; (C) an increase in FGF19 

(Pearson r = 0.05, P = 0.63) and (D) decrease in C4 (Pearson r = 0.02, P = 0.85) are not significantly 

correlated with an increase in FEV1 % of predicted, n = 97 
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Discussion 

In this study, we demonstrate, in two independent studies, that the 

enterohepatic feedback regulation of BAs is impaired in CF patients with a class III 

CFTR gating mutation as reflected by decreased plasma FGF19 and increased 

plasma C4 levels compared to control values. Our data also demonstrate that 

ivacaftor treatment restored these markers towards normalization. 

 

To establish baseline disturbances in FGF19 and C4 we compared CF values 

to healthy controls. We found that FGF19 levels were lower and C4 levels higher in 

both CF patients with an S1251N or a G551D mutation, in line with a disruption of 

BA homeostasis. Unfortunately, we could not obtain control samples of age and 

BMI matched patients. However, aside from a surge of FGF19 in very early life (2-

12 months of age) to our knowledge, there is no correlation with FGF19 and C4 

and age (30). Additionally, the median C4 level in our control group was 14 ng/ml 

which corresponds to healthy control values reported in the literature, ranging from 

9 to 19 ng/ml (31). To confirm that age did not play a role in our study we 

performed a sub-analysis of FGF19 and C4 in different age groups and did not find 

a significant difference (data not shown). As for BMI, it has been shown that 

overweight and obesity correlate with lower plasma FGF19 levels (32). As the 

median BMI in our control group was 24.4, control FGF19 values could represent a 

slight underestimation compared to a lower BMI controlled group. However, we 

found no correlation between BMI and FGF19 levels in our control group nor in CF 

patients (data not shown). Additionally, BMI values in children under 18 are 

dependent on age and could, therefore, represent an underestimation compared to 

similar values in adults (33).  

 

Even though ivacaftor treatment significantly improved median FGF19 and C4 

levels, there was a large variation between patients. We have identified several 

factors which may contribute to the variation. First, plasma FGF19 and C4 levels 

both express a diurnal rhythm and respond to food intake (10). Postprandial 

FGF19 levels are known to rise about 2-fold within 1-3 hours after having a meal 

and are also differentially affected by carbohydrates, lipids, and proteins (34). 

Especially for C4 diurnal variation is pronounced with two peaks of a 2 to 4 fold 

increase during the day (35). For the GOAL and TICTAC-2 study patients were not 

fasted and the time at which blood samples were taken was not standardized. This 

likely added more  variation to the measured parameters and could account for the 

small portion of patients for which FGF19 and C4 changed in the opposite 
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direction. However, on group level, we observed a similar change in FGF19 and 

C4 in two independent cohorts supporting our conclusion that parameters of bile 

acid metabolism improve on ivacaftor treatment in CF patients with specific 

mutations.  However it remains possible that the observed beneficial effects would 

be more pronounced if obtained after fasting and under more standardized 

conditions.  

 

These results elicit speculation on the exact mechanism underlying the effects 

of ivacaftor on the enterohepatic circulation of BAs. There could be a direct effect 

of potentiated CFTR on ileal BA uptake or on intestinal FXR activation. CFTR has 

previously been implicated in modulating the expression and in enhancing the 

function of the apical sodium bile acid transporter (ASBT), the main BA uptake 

transporter in the distal small intestine (5). Alternatively, the effect of ivacaftor could 

be indirect, for example on intestinal factors that could modulate BA metabolism 

such as BA absorption, inflammation or microbial composition. Absorption might 

also be increased by an alteration in the intestinal luminal mucus layer resulting in 

higher permeability for BAs towards the apical membrane of the enterocyte. 

Ivacaftor could ameliorate intestinal inflammation or dysbiosis, common features of 

the CF gastrointestinal phenotype (9,36,37). 

 

The relevance of an improved enterohepatic BA circulation is not limited to 

possible improvement of nutrient (particularly fat) absorption. Recent studies 

suggest an important role of BA homeostasis in various metabolic processes (38). 

In addition, FGF19 has hormone-like properties and is implicated to beneficially 

affect glucose homeostasis, metabolic syndrome, and liver regeneration (39,40). 

Since CF patients are prone to develop metabolic complications, an improved bile 

acid homeostasis could potentially ameliorate these disorders (41,42). 

 

The improvements in plasma FGF19 and C4 levels did not correlate with the 

improvement in sweat chloride levels. This suggests that the ivacaftor-induced 

improvement in CFTR function is quantitatively different in vivo between various 

organ systems (e.g. sweat gland and GI system) (43). However, a recent study in 

CF patients with a G551D mutation found that there is a high rate of inter-and intra-

subject variability in sweat chloride levels which could also account for some of the 

discrepancy (44). Another factor that could contribute to the difference is that 

ivacaftor is taken orally and results in a higher bioavailability in the intestine 

compared to other organs. The effect could, therefore, be more potent in the 
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intestine. A recent study supports this idea by showing that the combination of 

lumacaftor/ivacaftor treatment in CF patients with a Phe508del mutation showed 

greater improvements in vivo intestinal CFTR function (assessed by intestinal 

current measurement) compared to respiratory epithelial CFTR function (measured 

by nasal potential difference) (45). In this study there was also no correlation 

between these parameters and other  CF-related outcomes (FEV1, sweat chloride 

and BMI) supporting the notion of heterogeneity in the individual responses to 

CFTR correction therapies. Additionally, CFTR potentiation in the intestine could 

affect various other GI factors that are disturbed in CF and influence BA 

metabolism directly or indirectly. These include effects on intestinal pH, microbiota, 

small intestinal bacterial overgrowth (SIBO) and inflammation. Ivacaftor has also 

been shown to affect other ATP-binding cassette (ABC) transporters such as 

ABCB4 (MDR3), which mediates phosphatidylcholine secretion into the bile 

(46,47). BMI in CF is mainly dependent on pancreatic insufficiency and the 

pulmonary condition (48). Changes in BMI were not correlated to the changes in 

BA homeostasis. However, BMI is not only a representation of nutritional status or 

the functionality of the GI tract but is also related to whole body metabolism (49). 

FEV1 is a reflection of pulmonary function and dependent on many variables 

including pulmonary infection, inflammation, smoking, and exercise. Also, when 

baseline FEV1 level is low, there is usually some irreversible damage present 

making treatment induced improvement more tedious. It is known that there is a 

relatively large variation in the FEV1 improvement of individual patients treated with 

ivacaftor. The large inter-individual variation might corroborate the correlation 

between FEV1 and parameters of BA homeostasis.  

 

These observations indicate that the effect of CFTR modulation, potentially, 

varies in different organ systems, e.g. in the pulmonary system vs. the 

gastrointestinal tract. Different individual outcome parameters such as FEV1, BMI 

and sweat chloride concentration, may differ in the dependency on direct CFTR 

protein function. There could also be a variation in the involvement of gene and 

environmental protein function modifiers in the various organ systems. Based on 

these considerations, we conclude that it is sensible to use an extended panel of 

available outcomes measures in different organ systems to access the overall 

therapeutic effects of CFTR modulators (50). 

 

In conclusion, our data show that FGF19 and C4 provide information as 

parameters on the disruption BA homeostasis in CF and their improvement upon 
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CFTR modulation therapy. Since FGF19 and C4 can be measured in plasma, they 

are relatively easy to obtain and can be used even in young children and neonates 

with still preserved growth and lung function (51). However, additional studies are 

indicated to investigate the relationship between FGF19 and C4 and parameters of 

intestinal and liver function. Additionally, research is needed to validate FGF19 and 

C4 as potential biomarkers for clinical trials in CF.   
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Supplementary tables and figures 

 Fecal bile acid profile (Tic-Tac study)  

 Before ivacaftor After Ivacaftor p-value 

n 10 10  

Deoxycholic acid 26.1 (7.7-56.5) 34.3 (11.4-47.7) 0.77 

Cholic acid 18.6 (6.2-32.0) 12.9 (1.0-29.9) 0.49 

Ursodeoxycholic acid 6.5 (5.4-20.3) 9.3 (4.0-20.6) 1.00 

Chenodeoxycholic 

acid 

13.2 (5.3-20.0) 11.7 (5.1-23.8) 0.92 

Lithocholic acid 10.9 (4.8-22.0) 15.8 (3.2-34.3) 0.43 

Iso-lithocholic acid 1.4 (0.0-2.7) 2.4 (0.0-7.3)  0.49 

    

Total primary 35.9 (11.5-50.0) 23.5 (5.4-53.5) 0.56 

Total secondary  64.1 (50.0-88.5) 76.5 (46.5-94.7) 0.56 

Table S1. Profile of individual BA species in percentage before and 2 months after treatment 

with ivacaftor in S1251N patients. Data displayed as median (IQR). P-values displayed represent the 

differences before and after ivacaftor treatment; Wilcoxon signed rank test.  
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 Plasma bile acid profile (Tic-Tac study) 

 Before ivacaftor After Ivacaftor p-value 

n 14 14  

Total bile acid concentration (µM)  3.4 (1.9-6.7) 4.1 (3.0-5.8) 0.33 

    

All deoxycholic acid (%) 4.2 (0.2-11.7) 13.5 (0.4-27.8) 0.24 

All Cholic acid (%) 11.0 (8.1-15.8) 9.7 (5.3-12.9) 0.19 

All Ursodeoxycholic acid (%) 18.0 (13.4-21.6) 13.1 (10.3-27.7) 0.86 

All Chenodeoxycholic acid (%) 58.4 (44.6-69.3) 50.8 (38.4-65.8) 0.12 

All Lithocholic acid (%) 0.0 (0.0-0.0) 0.0 (0.0-0.1) n.d. 

    

Total unconjugated (%) 26.6 (9.8-40.9) 19.4 (8.4-30.6) 0.63 

Total glycine conjugated (%) 70.8 (58.5-77.9) 74.3 (65.2-82.8) 0.71 

Total taurine conjugated (%) 1.8 (0.7-2.7) 4.6 (2.2-8.7) 0.05 

    

Total primary (%) 73.9 (60.8-84.0) 61.9 (46.8-72.4) 0.09 

Total secondary (%) 26.1 (16.0-39.2) 38.1 (27.6-53.2) 0.09 

Table S2. Concentration and profile of individual BA species in plasma before and 2 months 

after treatment with ivacaftor in S1251N patients. Data displayed as median (IQR). P-values 

displayed represent the differences before and after ivacaftor treatment; Wilcoxon signed rank test.  

 

 
Figure S1. Correlation between changes in FGF19 and C4 and BMI. (A) correlation between an 

increase in FGF19 (Pearson r = -0.08, P = 0.42) and (B) decrease in C4 (Pearson r = 0.14, P = 0.17 ) 

with an increase in BMI, n=99. 
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Abstract  

The gastrointestinal phenotype of cystic fibrosis (CF) features intestinal bile acid 

(BA) malabsorption, impaired intestinal farnesoid X receptor (FXR) activation and 

consequently reduced fibroblast growth factor 19 (FGF19, FGF15 in mice) 

production. The osmotic laxative polyethylene glycol (PEG) has been shown to 

decrease intestinal mucus accumulation in CF mice and could, by doing so, 

improve BA reabsorption. Here we determined the effect of PEG on BA excretion 

and FXR-FGF15 signaling in CF mice. Male Cftr
-/-tm1Unc

 (CF) and wild type (WT) 

littermates were administered PEG 4000 in drinking water and fed either chow or a 

semisynthetic diet. PEG was withdrawn for three days before termination. Fecal BA 

excretion was measured at PEG dosages of 37 g/L (100%) and 0 g/L (0%). Ileal 

FXR activation was assessed by gene expression of its downstream targets Fgf15 

and Shp. In CF mice, PEG withdrawal increased fecal BA excretion on either diet 

as compared to full PEG dosage (chow, 2-fold, p=0.06; semisynthetic, 4.4-fold, 

p=0.007). PEG withdrawal did not affect fecal BA excretion in WT mice on either 

diet. After PEG withdrawal, gene expression levels of intestinal FXR target genes 

Fgf15 and Shp were decreased in CF mice, but unaffected in WT littermates. PEG 

did not affect the gene expression of the main intestinal BA transporter ASBT. PEG 

treatment ameliorates intestinal BA malabsorption in CF mice and restores 

intestinal FXR-FGF15 signaling, independently from Asbt gene expression. These 

findings highlight the potential of PEG in the prevention and treatment of the 

gastrointestinal phenotype of CF. 
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Introduction 

Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in 

the CFTR gene. CFTR functions as an ion channel to regulate chloride and 

bicarbonate transport and water volume on epithelial surfaces (1). In CF, reduced 

CFTR function in the epithelia of mucin-producing organs leads to the 

accumulation of viscous mucus, which promotes obstruction, infection and 

inflammation (2). Although the main cause of death in CF is lung disease (1), 

metabolic and gastrointestinal manifestations are becoming more frequent due to 

increased life expectancy thanks to improved treatment of pulmonary 

complications. The most prominent metabolic complication is CF-related diabetes 

mellitus (CFRD), affecting one third of patients (3). The CF gastrointestinal 

phenotype is characterized by obstruction, microbial dysbiosis and inflammation 

(4). Gastrointestinal complications include meconium ileus in the first days of life, 

as well as malnutrition in infancy. Exocrine pancreatic insufficiency and various 

degrees of CF-related liver disease (CFLD) mostly ensue during childhood. As 

patients age, abdominal pain, constipation and the more severe distal intestinal 

obstruction syndrome (DIOS) further decrease their quality of life (1). Impairment of 

gut health affects numerous processes in the body (5). In CF, intestinal dysbiosis 

and subsequent chronic low-grade inflammation are linked to gastrointestinal 

malignancies, CFLD, CFRD, osteoporosis, and increased cardiovascular risk (6). 

Improving gut health in CF may thus improve several complications of this 

multiorgan disease. 

The gastrointestinal phenotype of CF is further characterized by increased fecal 

loss of bile acids (BA) in both patients (7) and CF mouse models (8–12). BAs are 

synthesized by the liver and secreted into the duodenum, where they aid in fat 

absorption. Under physiological conditions, ~95% of secreted BAs are reabsorbed 

by the small intestine, mostly via the apical sodium-dependent bile acid transporter 

(ASBT, SLC10A2), to be returned to the liver and thereby complete the 

enterohepatic circulation (13). In CF, intestinal reabsorption of BAs is impaired, 

resulting in increased fecal BA loss (7–12). Besides their role in fat absorption, BAs 

exert important metabolic effects, mainly via the BA-sensing farnesoid X receptor 

(FXR) and its target fibroblast growth factor 19 (FGF19 in humans, FGF15 in mice) 

(13). Upon reabsorption, BAs activate FXR in ileal enterocytes, resulting in 

FGF15/19 production. FGF19 travels to the liver via portal blood to exert negative 

feedback on BA synthesis (13). In CF, BA malabsorption and possibly other 

mechanisms result in defective FXR-FGF19 signaling, as suggested by reduced 

ileal Fgf15 mRNA levels in mice (14) and reduced serum FGF19 in patients (15). In 
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patients, reduced FGF15/19 levels are associated with high fasting plasma glucose 

and type 2 diabetes (16). In lean mice, Fgf15 deficiency resulted in glucose 

intolerance and diminished hepatic glycogen storage (17). Additionally, FGF19 

administration protects against sclerosing cholangitis (18) and steatosis (19), 

lesions similar to those observed in CFLD. Impaired FXR-FGF19 signaling may 

therefore be implicated in the development and/or progression of CF complications 

such as CFLD and CFRD. Thus, restoring BA homeostasis in CF is an attractive 

avenue to improve CF complications. 

The mechanism underlying BA malabsorption in CF is unclear, however two 

hypotheses prevail. Firstly, the thickened intestinal mucus layer could impair the 

translocation of BAs from the lumen to the epithelium for their reabsorption. 

Secondly, intestinal dysbiosis could promote bacterial BA deconjugation and 

thereby decrease BA reabsorption, as ASBT preferentially transports conjugated 

rather than deconjugated BAs (20). Moreover, CF-mediated changes in ASBT 

expression or functionality could be involved. Some of the factors mentioned in 

these hypotheses were improved in CF mice upon treatment with the osmotic 

laxative polyethylene glycol (PEG) (21). PEG is routinely administered to mice 

lacking Cftr expression to prevent development of lethal intestinal obstruction (22). 

PEG decreased mucus accumulation in the small intestine, intestinal bacterial load, 

and the expression of certain inflammatory genes (21). We therefore hypothesized 

that PEG treatment could improve the reabsorption of BAs in CF. In this study, we 

aimed to determine the effect of PEG treatment on BA malabsorption and FXR 

signaling in CF mice. Our results indicate that indeed PEG treatment is associated 

with decreased fecal BA loss, as well as increased FXR-FGF15 signaling. 

 

Methods 

Animals 

Male Cftr
-/-

 (Cftr
tm1UNC

 on a >99% C57BL/6 background, CF) mice (n=15) and 

wild-type (WT) littermates (n=15) aged 8-20 weeks obtained from an in-house 

breeding colony were housed individually under conventional (non-specific 

pathogen-free) housing conditions in a light- and temperature-controlled facility 

(12-hour light-dark cycles, 21°C) with ad libitum access to water and food. Two 

diets were used to account for outcome dependency on dietary factors. The mice 

received either chow [RM3 (E) FG, Special Diet Services, England; composition by 

proximate analysis: fat 4.3% (cholesterol 0.05%), protein 22.4%, fiber 4.2% (of 

which 25% cellulose, 57% hemicellulose, 9% pectin, and 9% lignin), nitrogen-free 

extract 51.2%), or a semisynthetic diet (No. 4063.02, AB diets, The Netherlands; 
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composition: fat 5.2% (cholesterol 0.01%), protein 17.3%, fiber (100% cellulose) 

10.5%, nitrogen-free extract 55.7%]. Animal experiments were approved by the 

Ethics Committee for Animal Experiments of the University of Groningen. All 

experiments were performed in accordance with relevant guidelines and 

regulations (including laboratory and biosafety regulations). 

 

Experimental procedures 

PEG (polyethylene glycol 4000 with electrolytes, Ipsen Farmaceutica, The 

Netherlands, containing, in g/l: 32 PEG 4000, 0.73 NaCl, 0.375 KCl, 0.84 NaHCO3, 

and 2.85 Na2SO4, tot. 37g/l) was administered via drinking water in decreasing 

concentrations. All mice, irrespective of their genotype, were administered PEG (37 

g/l water) since weaning to prevent the intestinal obstruction often observed in 

these CF mice (22). On day 0, PEG dosage was decreased by 50% (18.5 g/l 

water) to determine the PEG-dependency of CF mice. On day 7, PEG treatment 

was stopped for three days until termination. Fecal pellets were collected over a 

24-hour period before decreasing PEG dosage (day 0, 100% PEG) and daily from 

day 8 to 10 (0% PEG). This procedure was followed for both groups, the one 

receiving chow (CF n=5, WT n=4) and the other receiving semisynthetic diet (CF 

n=3, WT n=5). Additionally, a separate group of mice (CF n=7, WT n=6) fed 

semisynthetic diet was administered PEG at full dosage (37 g/L water) until 

termination and was included for ileal gene expression only. Mice were 

anesthesized with isoflurane and euthanized by cervical dislocation. Terminal 

blood samples were collected in EDTA-coated tubes. Tissues were collected and 

immediately frozen in liquid nitrogen. 

 

Analytical methods 

Neutral sterol (NS) and bile acid (BA) analyses. NS and BAs were extracted 

and measured by gas chromatography (GC) as previously described (23). Total 

amounts were calculated as the sum of the individual species. BA species 

included: α-muricholic acid, β-muricholic acid, chenodeoxycholic acid, cholic acid, 

deoxycholic acid, hyodeoxycholic acid, ω-muricholic acid and ursodeoxycholic 

acid. NS species included: cholesterol, coprostanol and dihydrocholesterol.  

Gene expression analysis. The small intestine was divided into three segments 

of equal length. Total RNA was isolated from mid-sections of the most distal of the 

three segments (ileum) with TRI-Reagent (Sigma, St. Louis, MO, USA) and 

quantified by NanoDrop (NanoDrop Technologies, Wilmington, DE, USA). Primers 

were designed using Primer-BLAST and optimized for use with Hi-ROX SensiMix
TM
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SYBR Green master mix (Bioline, Taunton, MA, USA). Primers used are listed in 

Table 1. Real-time qPCR analyses were performed on a StepOnePlus
TM

 Real-

Time PCR system (Applied Biosystems, Foster City, CA, USA). Gene expression 

levels were normalized to 36B4 (Rplp0). 

Gene Forward primer 5'---3' Reverse primer 3'---5' 

Fgf15 GCC ATC AAG GAC GTC AGC A CTT CCT CCG AGT AGC GAA TCA G 

Shp AAG GGC ACG ATC CTC TTC AA CTG TTG CAG GTG TGC GAT GT 

Asbt ACC ACT TGC TCC ACA CTG CTT CCC GAG TCA ACC CAC ATC TT 

Gata4 GAG ATG CGC CCC ATC AAG GAC ACA GTA CTG AAT GTC TGG GAC AT 

Rplp0 CTG TTG GCC AAT AAG GTG CC GGA GGT CTT CTC GGG TCC TA 

Table 1 - qPCR primer sequences used in this study. 

 

Statistical analyses.  

GraphPad Prism v6.0 for Macintosh (GraphPad Software, La Jolla, CA, USA) 

was used for data analyses. We analyzed data using a mixed-model ANOVA with 

genotype as between-subjects factor, and PEG treatment as within-subjects factor 

using SPSS v25.0 for Windows IBM SPSS Statistics for Windows, Version 25.0 

(IBM, Armonk, NY). Statistical differences were subsequently tested using the 

Student’s T-test for unpaired data and the paired T-test for paired data. For 

correlation analyses, Spearman’s rank correlation coefficient was used. Alpha was 

set at 0.05. In figures 1-4, data concerning 100% PEG dosage refers to 24-hour 

feces collected on day 0. Data concerning 0% PEG dosage represents the average 

of 24-hour feces collected on days 8, 9 and 10. 
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Results  

PEG treatment ameliorates bile acid malabsorption in CF mice 

To investigate the effect of PEG on BA malabsorption in CF mice, PEG was 

reduced stepwise until complete withdrawal. All mice survived without signs of 

bowel obstruction or overt diarrhea. The body weight of CF mice tended to be 

lower than that of WT, however statistical significance was not reached (data not 

shown). The fecal output was higher in mice fed chow compared to mice fed the 

semisynthetic diet (Fig. 1A vs. 1B), despite similar food intake (data not shown). 

PEG withdrawal decreased the fecal output in WT mice on either diet (Fig. 1A,B), 

but not in CF mice. 
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Figure 1. Effect of PEG on fecal output in WT and CF mice. (A) Fecal output of mice receiving chow 

and (B) semisynthetic diet. Data refers to dry fecal weight and was normalized to body weight. Data are 

presented as meanSD, n=3-5. Data of WT mice was compared with that of CF mice by Student’s T 

test. Within-individual mouse changes in fecal output with 100% or 0% PEG treatments were compared 

by paired T test. PEG: polyethylene glycol. 

 

PEG withdrawal increased fecal BA excretion by two-fold in CF mice receiving a 

chow diet (Fig. 2A). In contrast, PEG withdrawal exerted little effect on the fecal BA 

excretion in WT mice (Fig. 2A). 

In CF mice, there is high variability in the absolute amount of fecal BAs 

observed in previous studies (8–12), which might be related to the diet, genetic 

background or environmental factors. In a previous study, fecal BA excretion was 

lower in rats fed a semisynthetic diet compared to chow (24). To investigate 

dependency of the outcome on diet, we also performed the same experiment with 

a semisynthetic diet, which has a different fiber content and composition. 

Compared to the groups maintained on chow, mice receiving semisynthetic diet 

showed a 5-to-10-fold lower fecal excretion of BAs (Fig. 2A vs. 2B). With PEG, 

fecal BA excretion was similar between CF and WT mice on a semisynthetic diet 
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(Fig. 2B), whereas in those fed chow this was different between the genotypes 

(Fig. 2A). In CF mice fed a semisynthetic diet, PEG withdrawal increased fecal BA 

excretion by about 4-fold (Fig. 2B). As observed on chow, PEG did not affect fecal 

BA excretion in WT mice (Fig. 2B). These findings indicate that PEG improves BA 

malabsorption in CF mice, on either diet. 
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Figure 2. Effect of PEG on fecal BA excretion in WT and CF mice. (A) Fecal BA excretion at 100% 

and 0% PEG concentrations in mice receiving chow and (B) semisynthetic diet. Fecal BA excretion was 

determined by gas chromatography and normalized to body weight. Data are presented as meanSD, 

n=3-5. Data of WT mice was compared with that of CF mice by Student’s T test. Potential changes in 

fecal BA excretion in individual animals, as a result of PEG withdrawal, were assessed by a paired T 

test.  

 

PEG treatment does not affect fecal neutral sterol excretion 

Since BAs are essential for intestinal absorption of fat, including cholesterol, 

fecal neutral sterol (NS) excretion was determined (Fig. 3). This was lower in mice 

receiving semisynthetic diet as compared to chow (Fig. 3A vs. 3B). In WT mice on 

either diet, PEG withdrawal was associated with a decrease in fecal NS excretion 

(Fig. 3A,B). Fecal NS excretion was higher in CF as compared to WT mice fed 

chow, independent of PEG treatment (Fig. 3A). Upon semisynthetic diet, fecal NS 

excretion was similar between CF and WT mice and was unaffected by PEG in CF 

mice (Fig. 3B). We found a positive relationship between fecal BA and NS 

excretion (Fig. 3C). Interestingly, coprostanol, a cholesterol metabolite formed by 

intestinal microbial conversion, was only found in 1 out of 8 mice fed a 

semisynthetic diet, whereas it was found in all mice of either genotype fed chow 

(data not shown). 
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Figure 3. Effect of PEG and diet on fecal neutral sterol (NS) excretion in WT and CF mice. (A) 

Fecal NS excretion at 100% and 0% PEG for mice receiving chow and (B) semisynthetic diet. Fecal NS 

excretion was determined by gas chromatography and normalized to body weight. Data is presented as 

meanSD, n=3-5. Data of WT mice was compared with that of CF mice by Student’s T test. Within-

individual mouse changes in fecal NS excretion while receiving 100% or 0% PEG treatment were 

compared by paired T test. (C) Correlation plot between fecal NS excretion and fecal BA excretion, 

including data from Fig. 2A,B and Fig. 3A,B. For correlation analyses, Spearman’s rank correlation 

coefficient was used. PEG, polyethylene glycol. 

 

PEG treatment partly normalizes the fecal BA composition in CF mice 

The fecal BA composition is altered in CF patients and mice, in whom the 

contribution of the primary BA cholic acid (CA) is high and that of deoxycholate 

(DCA) is generally low (9,10,25). We also found that the contribution of CA to the 

fecal BA composition was substantially higher in untreated CF as
 
compared to WT 

mice (Fig. 4), and this difference in CA contribution among the two genotypes was 

reduced by PEG treatment (Fig. 4). PEG treatment decreased the CA contribution 

in CF mice (Fig. 4). The contribution of the primary BA chenodeoxycholic acid 

(CDCA), a potent FXR activator, to the fecal BA composition, tended to be lower in 

untreated CF as compared to WT mice, and tended to be increased by PEG 

treatment in CF mice (Fig. 4). The contribution of -muricholic acid (-MCA) to the 

fecal BA composition was decreased in untreated CF as
 
compared to WT mice, 
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and was increased by PEG in CF mice (Fig. 4). Together, these findings indicate 

that PEG partially restored imbalances in the fecal BA composition in CF
 
mice. In 

contrast with previous studies in CF and WT mice fed a liquid diet (9,10), no fecal 

deoxycholic acid (DCA) was detected. 
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Figure 4. Effect of PEG on the fecal BA composition in mice fed semisynthetic diet. Data is shown 

as percentages of total fecal bile acids. Individual BA species were detected by gas chromatography. 

Bile acid species include: α-MCA, α-muricholic acid; CA, cholic acid; CDCA, chenodeoxycholic acid; β-

MCA, β-muricholic acid; ω-MCA, ω-muricholic acid. n=3-5. Data of WT mice was compared with that of 

CF mice by Student’s T test. Within-individual mouse changes in fecal BA composition while receiving 

100% or 0% PEG treatment were compared by paired T test. PEG, polyethylene glycol. 

 

PEG treatment restores FXR-FGF15 signaling in CF mice 

To investigate the effect of decreased fecal BA excretion on FXR signaling, we 

measured ileal gene expression levels of its downstream targets, Fgf15 and small 

heterodimer partner (Shp, NR0B2) in the ileum, where BA reabsorption is most 

pronounced. With PEG treatment, Fgf15 and Shp mRNA levels were similar 

between CF
 
and WT mice fed a semisynthetic diet (Fig. 5A). In contrast, after PEG 

withdrawal, both Fgf15 and Shp expression were suppressed in CF compared to 

WT mice. This suppression was stronger in mice receiving chow (Fig. 5B,C). In 

WT mice, PEG treatment did not affect Fgf15 or Shp gene expression. We found a 

strong inverse correlation between fecal BA excretion and Fgf15 expression and 

between fecal BA excretion and Shp expression, indicating that increased fecal BA 

excretion was associated with lower gene expression of the FXR target genes 

Fgf15 and Shp (Fig. 5D,E). No correlation was observed between CDCA levels 

and Fgf15 gene expression (data not shown). Interestingly, PEG had no major 

effect on the expression of the main intestinal BA transporter, Asbt. However, 
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without PEG treatment, its expression tended to be lower in CF mice fed 

semisynthetic diet as compared to WT mice (Fig. 5A,C). The transcription factor 

Gata4, known to repress expression of Asbt (27), was unchanged in CF as 

compared to WT mice on both diets (Fig. 5A-C). Accordingly, we found no 

correlation between Asbt and Gata4 gene expression (data not shown). 

Additionally, no correlation was found between Asbt and Shp (data not shown). 

Together, these findings indicate that improvement of BA malabsorption in CF mice 

by PEG treatment is associated with restored FXR-FGF15 signaling independent 

of Asbt expression. 

 
Figure 5. Effect of PEG on ileal gene expression in WT and CF

  
mice. (A) WT and CF mice on 100% 

PEG treatment with semisynthetic diet, n=3-5 (B) on 0% PEG with chow, n=4-5 and (C) on 100% PEG 

with semisynthetic diet, n=6-7. Primers used are listed in Table 1. Data are normalized to the 

housekeeping gene Rplp0 (36B4) and are expressed relative to WT values. Data are shown as mean ± 

SE. (D) Correlation plot between fecal BA excretion and Fgf15 and (E) Correlation plot between fecal 

BA excretion and Shp. For correlation analyses, Spearman’s rank correlation coefficient was used. 

PEG, polyethylene glycol; Fgf15, fibroblast growth-factor 15; Shp, small heterodimer partner; Asbt, 

apical sodium-dependent bile acid transporter; Gata4, GATA-binding factor 4. 
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Discussion 

In this study we show that PEG treatment completely prevented BA 

malabsorption in CF mice fed a semisynthetic diet, whereas this was partially 

prevented on a chow diet. In concomitance with improved BA absorption, FXR-

FGF15 signaling was restored in CF mice fed a semi-synthetic diet by PEG 

treatment. 

There are several mechanisms that can explain the decrease in fecal BA loss 

by PEG treatment. In CF, mucins remain abnormally aggregated, adhere strongly 

and accumulate on the epithelium (26). Such a thickened mucus layer could impair 

BA reabsorption by acting as a poorly penetrable barrier. PEG has previously been 

shown to reduce mucus accumulation in the intestine of CF mice (21) and could 

have therefore facilitated BA reabsorption in our study. Decreased intestinal transit 

time was proposed as underlying mechanism (21). We, however, did not assess 

the effect of PEG on mucus accumulation in intestinal crypts in the current study. 

Decreased ASBT-mediated BA reuptake in CF could also be responsible for BA 

malabsorption. This, however, was not supported by our data. Previous studies 

have shown changes in Asbt expression in CF mouse models, either decreased or 

increased expression (14,27,28). In the current study, expression tended to be 

lower in CF mice upon semisynthetic diet and was unchanged upon a chow diet, 

suggesting that dietary factors may influence Asbt expression. Intestinal FXR 

activation has been shown to inhibit Asbt expression via Shp (29). However, here, 

as well as in a previous study (14), Asbt expression in CF mice tended to be 

reduced concomitantly with reduced Shp, suggesting that the regulation of Asbt 

expression by FXR-SHP may not be pivotal in CF. Asbt expression is also affected 

by gut microbiota, which represses expression via the transcription factor Gata4 

(30). We found no correlation between Asbt and Gata4 expression. These findings 

suggest that other factors besides FXR and GATA4 regulate Asbt expression in 

CF. Whereas PEG treatment decreased fecal BA loss and restored FXR-FGF15 

signaling in CF mice, the ileal expression of Asbt was still decreased upon PEG 

treatment, indicating that the effects of PEG on BA homeostasis were not mediated 

by changes in Asbt expression. We cannot exclude, however, that ASBT protein 

function is compromised in CF and partially restored by PEG. 

 

Impaired FXR-FGF15 signaling in untreated CF mice is reflected in the fecal BA 

composition, where an increased contribution of CA observed by us and others 

(9,10,25) reflects increased hepatic BA synthesis, likely due to lack of inhibition by 

FGF15 signaling. PEG treatment was associated with restoration of FXR-FGF15 
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signaling in CF mice. Our finding that PEG reduced the contribution of CA to the 

fecal BA pool in CF mice could reflect the increased FXR-FGF15 signaling 

observed upon PEG treatment. The strong correlation between fecal BA excretion 

and Fgf15 and Shp expression suggests that FXR-FGF15 signaling was restored 

by improved BA reabsorption. 

PEG could also have affected FXR-FGF15 signaling in CF by affecting the gut 

microbial composition (31). Microbiota-induced changes in the BA pool 

composition can modulate FXR stimulation, as microbiota-dependent BAs such as 

the secondary BA deoxycholic acid (DCA) are FXR agonists (32). Small intestinal 

bacterial overgrowth (SIBO) has been reported in CF mice fed a liquid diet (21), 

therefore increased BA deconjugation could be expected. Since ASBT 

preferentially transports conjugated rather than deconjugated BAs (20), greater 

fecal BA loss could be expected in CF mice with SIBO. PEG was shown to 

decrease SIBO in CF mice (21) and to decrease secondary BAs such as DCA in 

WT rats (31). Although in previous studies DCA was found in small amounts in the 

feces of WT and CF mice (9,33), we could not detect any DCA or coprostanol (both 

microbial metabolites) upon semisynthetic diet, suggesting that the catabolic 

activity of the gut microbiota was decreased. This could be due to the fact that, 

although the semisynthetic diet contains cellulose, refined cellulose is digested 

poorly by the microbiota compared to cellulose derived from dietary fiber, at least in 

humans (32). Furthermore, no correlation between fecal CDCA levels and Fgf15 

gene expression was found, suggesting that the changes in FXR activation were 

not due to increased activation by CDCA. Together, these findings suggest that 

restoration of FXR-FGF15 signaling in CF mice occurred as a consequence of 

improved BA reabsorption upon PEG treatment, rather than microbiota-dependent 

changes in the BA composition that could have heightened FXR stimulation. 

 

In line with previous observations (24), we found that fecal BA excretion in both 

genotypes was up to 10-fold higher in mice receiving chow as compared to a 

semisynthetic diet. The macronutrient composition, including fat, was similar across 

the two diets used, although more simple rather than complex carbohydrates were 

found in the semisynthetic diet. The fiber content and composition, however, 

differed greatly. By proximate analysis, the semisynthetic diet contained 10.5% of 

fiber, consisting exclusively of cellulose. Chow contained 4.2% of fiber, composed 

of cellulose (25%), hemicellulose (57%), pectin (9%) and lignin (9%). In vitro 

binding of BAs by dietary fiber has been demonstrated. Cellulose, the sole fiber in 

the semisynthetic diet, does not bind BAs, whereas other fibers such as pectin and 
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lignin do, to varying extents (34). Therefore, the higher fecal BA excretion observed 

in chow-fed mice could be due to the presence of BA-binding fibers such as pectin 

and lignin in chow. Whereas we found an up to 10-fold increase in fecal BA 

excretion upon chow compared to semisynthetic diet, other studies reported 2-to-5-

fold increases in fecal labelled cholate excretion upon chow compared to 

semisynthetic diet (24,35). Besides the lack of BA-binding fiber, another 

mechanism that could contribute to the decreased fecal BA excretion upon 

semisynthetic diet compared to chow is a decrease in the microbial catabolic 

activity in the intestine upon feeding a semisynthetic diet. Our data show that upon 

semisynthetic diet there was a decrease in coprostanol and complete lack of the 

secondary bile acid deoxycholic acid, suggesting that the microbial catabolic 

activity was decreased.  

Compared to semisynthetic diet, besides increased fecal loss of BAs upon 

chow, we also observed increased loss of fecal NS upon chow. This could be due 

to the higher cholesterol content in chow (0.05%) compared to semisynthetic diet 

(0.01%), to decreased cholesterol absorption upon chow due to increased fecal BA 

loss, or to binding of cholesterol by dietary fiber along with BAs. As for binding of 

BAs, binding of cholesterol by cellulose was reported as negligible (36). The strong 

correlation between fecal BA and NS excretion could reflect all mechanisms. 

However, since in CF mice PEG treatment did not affect fecal NS to the extent it 

affected fecal BA excretion, this suggest that the effect of cholesterol binding by 

dietary fiber and difference in cholesterol content in the diet contributes more to 

this correlation. 

 

Our study shows that, in CF mice, the osmotic laxative PEG is associated with 

decreased BA malabsorption and restoration of FXR-FGF15 signaling, 

independently from Asbt expression. PEG is the most commonly prescribed and 

most effective osmotic laxative for constipation (37) and, as constipation is 

common in CF and its incidence increases with age (38), CF patients are already 

frequently prescribed PEG. PEG is virtually free of important side effects at 

standard dosage (39). Besides its indication for constipation in CF, based on the 

evidence provided in CF mice so far, PEG could also be useful for reducing SIBO 

and the consequences of gut dysbiosis and inflammation in CF (21). Our study 

shows that FXR-FGF15 signaling can be restored by PEG in CF. Given the 

metabolic implications of FXR-FGF19/15 signaling, it remains to be established 

whether this could improve CF-related complications such as cystic fibrosis-related 

diabetes (CFRD) and cystic fibrosis-related liver disease (CFLD). 
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Abstract   

Transintestinal cholesterol excretion (TICE) is a major route for cholesterol 

elimination from the body and a potential therapeutic target for 

hypercholesterolemia. The underlying mechanism, however, is largely unclear and 

its contribution to cholesterol disposal from the body is obscured by the 

counteracting process of intestinal cholesterol reabsorption. To determine the 

quantity of TICE independent from its reabsorption, we studied two models of 

decreased intestinal cholesterol absorption. Cholesterol absorption was inhibited 

either by ezetimibe or, indirectly, by genetic inactivation of the intestinal apical 

sodium-dependent bile acid transporter (ASBT, SLC10A2). Both ezetimibe 

treatment and Asbt inactivation virtually abrogated fractional cholesterol absorption 

(from 46% to 4% and 6%, respectively). In either model, fecal neutral sterol 

excretion and net intestinal cholesterol balance were considerably higher than in 

control mice (5- and 7-fold, respectively), suggesting that, under physiological 

conditions, TICE is largely reabsorbed. In both models, the net intestinal 

cholesterol balance was increased to a similar extent, but was not further 

increased when the models were combined, suggesting that the effect on 

cholesterol reabsorption was already maximal under either condition alone. Based 

on these findings, we hypothesize that inhibition of cholesterol (re)absorption 

combined with stimulation of TICE will be most effective in increasing cholesterol 

disposal.  
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Introduction   

Atherosclerosis, leading to coronary artery disease and cerebrovascular 

accidents, accounts for around 50% of deaths in Westernized countries and its 

prevalence is increasing in low- and middle-income countries (1,2). The aetiology 

of atherosclerosis is complex and risk factors are both genetic and environmental. 

Hypercholesterolemia can contribute to the development of atherosclerosis via 

accumulation of cholesterol from low-density lipoproteins (LDL-c) in the arterial 

vessel wall (2,3). Treatment options for hypercholesterolemia and atherosclerosis 

include lifestyle modifications (i.e. smoking cessation, increasing physical activity 

and improving diet quality (4,5)), as well as drugs targeted at cholesterol 

metabolism. The most widely prescribed class of drugs are statins that inhibit 

hepatic cholesterol synthesis. Unfortunately, statins only reduce the cardiovascular 

disease risk by 15-37% (6). Novel proprotein convertase subtilsinkexin type 9 

(PCSK9) inhibitors show promising results, but also limitations (7). Therefore, more 

effective or adjunct treatments are needed for the prevention and treatment of 

atherosclerosis.  

 

Cholesterol homeostasis in the body encompasses a highly regulated balance 

between cholesterol intake, de novo synthesis, and disposal, mainly via the feces 

as neutral sterols (NS; cholesterol and its metabolites produced by intestinal 

microbiota) or as bile acids (BAs). BAs are synthetized from cholesterol in the liver, 

secreted into the bile and predominantly stored in the gallbladder. Following a meal 

and gallbladder emptying, BAs are secreted via the bile into the duodenum, where 

they aid in the absorption of fat, cholesterol and fat-soluble vitamins. Under 

physiological conditions, about 95% of intestinal BAs are reabsorbed each cycle, 

mainly by ileal enterocytes via the apical sodium-dependent bile acid transporter 

(ASBT, SLC10A2), and transported back to the liver. This mechanism of 

enterohepatic circulation is tightly regulated by the BA-activated nuclear farnesoid 

X receptor (FXR) in both the liver and intestine (8).  

 

Inducing fecal excretion of both NS and BAs has been used as a strategy to 

lower plasma cholesterol levels. Blocking cholesterol absorption by inhibiting the 

main intestinal cholesterol transporter, the Niemann-Pick C1-Like 1 (NPC1L1), 

increases fecal cholesterol excretion and hepatic LDL-receptor (LDLR) expression, 

and is used as adjunct therapy to statins to further reduce plasma LDL-c levels and 

improve cardiovascular outcomes (9). Increasing cholesterol excretion from the 

body can also be achieved by targeting BA homeostasis. BA sequestrants bind 
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BAs inside the intestinal lumen, thereby preventing their reabsorption, ultimately 

resulting in increased fecal BA excretion and a compensatory increase in BA 

synthesis from cholesterol (10). BA sequestrants have been shown to effectively 

lower plasma LDL-c levels in animal models as well as humans (11). ASBT 

inhibition works via a similar mechanism and has also been shown to reduce 

hypercholesterolemia and atherosclerosis in several animal models (12–15). 

Inhibition of ASBT reduces reabsorption of BAs and, similar to BA sequestrants, 

this increases their fecal excretion which is compensated by increased hepatic 

synthesis from cholesterol. Interrupting the enterohepatic circulation by inhibiting 

ASBT decreases the BA pool (i.e. the total amount of BAs present in the 

enterohepatic circulation), because the induction of synthesis cannot completely 

compensate for the increased fecal loss (16). This results in a decreased 

availability of BAs in the intestinal lumen for the solubilisation of cholesterol, 

thereby lowering intestinal cholesterol absorption (17).   

 

Recently, a major non-biliary pathway that contributes to the fecal excretion of 

cholesterol has been identified. This pathway, known as transintestinal cholesterol 

excretion (TICE), is present both in mice and humans (18,19). The molecular 

mechanism underlying TICE has not been fully elucidated. However, TICE is at 

least partly dependent on cholesterol transport by the ATP-binding cassette sub-

family G members 5 and 8 (ABCG5/8) (20–22). Originally, Van der Velde et al. 

quantified TICE directly in intestinal perfusion studies (23). In subsequent, more 

physiological studies, TICE was measured indirectly by subtracting dietary input 

and biliary cholesterol output from fecal neutral sterol (NS) excretion (reviewed in 

(24,25)).  This yields a minimum estimation of TICE, since it is not clear to what 

degree reabsorption of transintestinally-excreted cholesterol influenced the 

contribution to fecal cholesterol excretion. The notion that reabsorption had a 

potential influence could be concluded from experiments with ezetimibe, an 

NPC1L1 inhibitor, which further increased fecal NS excretion beyond biliary and 

dietary input (19,26,27). Various other conditions, including high-fat diet feeding, 

liver X receptor (LXR) activation and intestinal FXR activation have been implied to 

affect TICE, but so far the possible role of reabsorption of cholesterol originating 

from TICE has not been addressed rigorously (21–23).  

In the current study, we investigated the contribution of cholesterol 

(re)absorption of intestinally excreted cholesterol by using two models of impaired 

cholesterol (re)absorption. Firstly, we inhibited intestinal cholesterol (re)absorption 

by using ezetimibe, which inhibits NPC1L1. Secondly, we used Asbt
-/-

 mice which 
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display a partial impairment in cholesterol (re)absorption through reduction of the 

BA pool (17). In both models, we quantitated cholesterol fluxes and measured 

fractional cholesterol absorption. Lastly, we combined both models to determine 

the combined effect of ezetimibe and ASBT inhibition on cholesterol disposal from 

the body. 

6 



Chapter 6 

 

 
130 

Methods 

Animals  

Asbt
-/-

 mice and wildtype (WT) littermates on a C57BL/6 were originally 

generated by P.A. Dawson (Emory University, Atlanta, GA) and bred at the UMCG 

animal facility. Male mice were used at ages between 10-18 weeks. Mice were 

conventionally housed in individual cages in a temperature- and light-controlled 

facility with a 12-hour light-dark cycle. The mice had ad libitum access to water and 

maintenance laboratory chow (macronutrient ratio as % of total calories: fat: 7.5%, 

proteins: 17.5%, carbohydrates: 75%) containing 0.008% cholesterol (RM1 FG, 

Special Diet Services, Witham Essex, England), with or without ezetimibe (0.005%, 

50mg/kg chow) (Ezetrol, Pharmacy UMCG, Groningen, The Netherlands).   

Animal experiments were approved by the Ethics Committee for Animal 

Experiments of the University of Groningen. All experiments were performed in 

accordance with relevant guidelines and regulations (including laboratory and 

biosafety regulations). 

 

Cholesterol flux measurements 

Mice received the ezetimibe-enriched diet for 3 weeks. Cholesterol fluxes were 

measured in the last 10 days by using a dual stable isotope tracer method as 

described (28). The experimental setup is shown in Figure 1. Three days prior to 

the start of the experiment, bloodspots and 24-hour feces were collected for 

baseline measurements and food intake and body weight were measured. On day 

0, the mice were anaesthetized with isoflurane and given a retro-orbital injection of 

0.3mg D5-cholesterol (Medical Isotopes Inc., Pelham, NH, USA) dissolved in 150μl 

Intralipid 20% (Fresenius Kabi, Den Bosch, The Netherlands) and an oral gavage 

of 0.6mg D7-cholesterol (Cambridge Isotope Laboratories, Inc, Andover, MA, USA) 

dissolved in 200μl medium chain triglyceride oil. Bloodspots were collected at the 

time points 3, 6, 12, 24, 48, 72, 96, 120, 144 and 168 hours after labelled 

cholesterol administration. At the time point 168h (day 8), mice received water 

containing 2% of 1-
13C

acetate until termination, and bloodspots were collected 24, 

32, 48 and 72 hours after starting the 1-
13C

acetate. Body weight and food intake 

were determined and feces were collected daily from day 0 to day 10 (figure 1).  

On day 10, the mice were anesthetized by intraperitoneal injection of a mixture 

of Hypnorm (fentanyl/fluanisone; 1 ml/kg) and diazepam (10 mg/kg). The 

gallbladder was cannulated as previously described (29). Bile collected in the first 5 

minutes was discarded to avoid collection of concentrated bile. After this first 5 min, 

bile was collected for 20 minutes in pre-weighed tubes with the mice placed in a 
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humidified incubator (37ºC) to maintain body temperature. Blood was obtained via 

cardiac puncture. The small intestines were flushed with ice cold phosphate 

buffered saline (PBS) containing a protease inhibitor (cOmplete, Roche, 

Mannheim, Germany) and cut in three segments of equal length, the middle-piece 

from each segment was excised for gene analysis. All intestinal segments were 

immediately snap-frozen in liquid nitrogen.  

 
Figure 1. Experimental schedule, adapted from (21). 

 

Bile acid and neutral sterol measurements 

Neutral sterols (cholesterol and its bacterial metabolites in fecal samples) were 

extracted from 50mg of air-dried, ground fecal samples as described by Ronda et 

al. (28). Briefly, feces was heated for two hours at 80ºC with a mixture of 1M 

sodium hydroxide and methanol (1:3). Neutral sterols were then extracted 2 times 

with 2ml petroleum ether and derivatised with BSTFA-pyridine-TMCS (5:5:0.1). Bile 

acids were extracted from feces with Sep-Pak C-18 columns, methylated with 

methanol/acetyl chloride (20:1) and derivatised with BSTFA-pyridine-TMCS 

(5:5:0.1). Both neutral sterols and bile acids were measured by gas 

chromatography (GC) as previously described (30). The total amount of bile acids 

or neutral sterols was calculated as the sum of the individual species. 
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For biliary bile acid measurements, bile samples were diluted 1000-fold with 

Milli-Q water. Samples were centrifuged at 15800 x g and the supernatant poured 

into a clean glass tube. The fluid was evaporated under nitrogen at 40°C. Before 

measuring, samples were reconstituted in 200 µL 50% methanol in water, vortexed 

for 60 s and centrifuged for 3 min at 1800 x g. The supernatant was transferred into 

a 0,2 µm spin-filter and centrifuged at 2000 x g for 10 min. After filtering, the 

samples were transferred into vials and analyzed (10 µL injection volume). For the 

quantitative determination of bile acids we used a Nexera X2 Ultra High 

Performance Liquid Chromatography system (SHIMADZU, Kyoto, Japan), coupled 

to a SCIEX QTRAP 4500 MD triple quadrupole mass spectrometer (SCIEX, 

Framingham, MA, USA) (UHPLC-MS/MS). The LC-MS/MS system is controlled by 

Analyst MD 1.6.2  software. 

Biliary lipids were extracted from 15l of bile according to Bligh and Dyer (31) 

and, subsequently, biliary cholesterol was derivatised with BSTFA-pyridine-TMCS 

(5:5:0.1) for GC measurement (28). 

Net non-hepatobiliary cholesterol excretion was calculated as [fecal neutral 

sterol output - (dietary cholesterol intake + hepatobiliary secretion)]. Cholesterol 

synthesis and pool size were calculated as described in (28). 

 

Hepatic and plasma lipids  

Livers were mechanically ground in liquid nitrogen. Liver lipids were extracted 

from 15% homogenates in PBS according to Bligh and Dyer (31). Subsequently, 

liver total and free cholesterol and triglyceride levels were determined using 

commercially available reagents (DiaSys Diagnostic Systems, Holzheim, Germany 

and Roche Diagnostics, Mannheim, Germany). Plasma triglycerides, total 

cholesterol and free cholesterol were determined spectrophotometrically using the 

same kits. For plasma lipoprotein measurements, blood from individual mice was 

pooled for each experimental group. Plasma lipoproteins were fractionated using 

fast protein liquid chromatography (FPLC) on a Superose - 6 10/300 GL column 

(GE Healthcare, Uppsala, Sweden). Cholesterol and triglyceride concentrations of 

fractions were determined using commercially available reagents (DiaSys 

Diagnostic Systems and Roche Diagnostics). 

 

Gene expression analysis 

Gene expression analysis was performed in liver and duodenum. Total RNA 

was isolated with TRI-Reagent (Sigma, St. Louis, MO, USA) and quantified by 

NanoDrop (NanoDrop Technologies, Wilmington, DE, USA). cDNA synthesis was 
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performed from 1μg of total RNA. Primers were designed with Primer-BLAST and 

optimized for use with SYBR Green Master Mix (Roche Diagnostics, Mannheim, 

Germany) (maximum product size 150 nucleotides). Real-time qPCR analysis was 

performed on a StepOnePlus™ Real-Time PCR System (Applied Biosystems, 

Thermo Fisher, Darmstadt, Germany). Gene expression levels were normalized to 

36b4. Results were quantified using the comparative Ct method. 

 

Statistical analyses 

Unless otherwise stated, data are presented as Tukey plots where boxes 

represent the median with interquartile range (IQR) and whiskers extend to the 

largest value or 1.5 times the IQR if the largest value extends that. Statistical 

analyses were performed and graphs were created using GraphPad Prism 6 

(GraphPad Software, La Jolla, CA, USA). Differences between groups were 

assessed by 2-way ANOVA using Tukey’s post-hoc test. Significance is indicated 

as *P < 0.05,  **P < 0.01, ***P < 0.001. 
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Results 

Assessment of cholesterol (re)absorption in ezetimibe-treated mice  

We aimed to estimate the amount of cholesterol entering the intestine via TICE. 

To avoid interference of potential intestinal reabsorption, we first applied ezetimibe 

treatment and determined fractional cholesterol absorption using a dual stable 

isotope labelling approach (Fig. 2A). Ezetimibe prevents intestinal cholesterol 

absorption through inhibition of the internalization of the cholesterol transporter 

NPC1L1, which is required for intestinal cholesterol absorption in the small 

intestinal epithelium (32). Ezetimibe treatment virtually abrogated fractional 

cholesterol absorption (from 46% in untreated controls to 4% upon ezetimibe 

treatment, P < 0.001, Fig. 2A). In line with earlier studies (22), ezetimibe treatment 

increased fecal neutral sterol (NS) excretion 4-fold in WT mice (Fig.2B). 

Theoretically, there are three mechanisms possible for an increased fecal NS: 1) 

increased influx of cholesterol into the intestine (either via the bile, the diet or 

TICE), 2) decreased intestinal (re)absorption, or 3) a combination of these. Since 

cholesterol absorption is virtually abrogated by ezetimibe treatment, cholesterol 

(re)absorption can be considered minimal, leaving the three remaining fluxes as 

possibly causing the increased fecal NS: biliary secretion, dietary cholesterol intake 

and/or TICE (Fig. 3A). The resultant flux of excretion (i.e. TICE) minus 

(re)absorption was defined as net intestinal (cholesterol) balance. (Fig. 3A). Based 

on the difference between fecal NS excretion and the dietary and biliary cholesterol 

influx into the intestine, the net intestinal balance in ezetimibe-treated mice was 

estimated at 39 μmol/24h/100gBW (Fig. 3B-C). The estimated net intestinal 

cholesterol balance thereby largely exceeds the biliary and the dietary influx of 

cholesterol into the intestine. These data indicate that the profound increase in 

fecal NS is apparently for the largest part due to TICE, that is not reabsorbed upon 

ezetimibe treatment. 
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Figure 2. Intestinal cholesterol absorption and fecal neutral sterol excretion in WT and Asbt
-/-

 

mice with and without ezetimibe treatment. Fractional cholesterol absorption (A) measured by stable 

dual isotope method. Total neutral sterol excretion in feces (B); n=5-6 per group. 

 

Assessment of cholesterol (re)absorption in Asbt
-/-

 mice 

Theoretically, the results obtained in ezetimibe-treated mice could be specific 

for this mechanism of inhibition of cholesterol absorption and thereby not 

generalizable to other conditions of decreased cholesterol (re)absorption. We 

therefore performed similar experiments in another mouse model of decreased 

cholesterol absorption and increased fecal NS excretion, the Asbt
-/-

 mice. The 

fractional cholesterol absorption in Asbt
-/-

 mice was strongly decreased, to a similar 

level of that of ezetimibe-treated WT mice (6% vs 4%, P = ns, Fig. 2A). In 

agreement with previous reports, Asbt
-/-

 mice had a 3-fold increased fecal NS 

excretion as compared to WT controls (P < 0.001, Fig. 2B)  (17). Under these 

conditions of virtually no cholesterol (re)absorption, the net intestinal cholesterol 

balance was 26 μmol/24h/100gBW, slightly lower but in the same range as 

intestinal cholesterol balance in ezetimibe-treated WT mice (P < 0.01, Fig. 3B-C). 

TICE was several fold larger than the biliary and dietary cholesterol influx into the 

intestine and, again, the increased fecal NS fraction could largely be attributed to 

non-reabsorbed cholesterol originating from TICE.  

We then investigated whether combining the two mechanisms of inhibiting 

(re)absorption would further affect these cholesterol fluxes across the intestine. 

Treatment of Asbt
-/-

 mice with ezetimibe, however, did not result in a significant 

(further) reduction of cholesterol absorption compared to untreated Asbt
-/-

 mice  

(1% vs 6%, P = ns, Fig. 2A), nor did it affect either the fecal NS excretion in Asbt
-/-

 

mice (Fig. 2B), the biliary or dietary cholesterol influx or the calculated net 
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intestinal cholesterol balance (Fig. 3B-C). This observation establishes impaired 

cholesterol (re)absorption as the mechanism underlying the increased fecal NS 

excretion in (untreated) Asbt
-/-

 mice.  

 
Figure 3. Proposed model for intestinal cholesterol fluxes and calculated net intestinal 

cholesterol balance for WT and Asbt
-/-

 mice with and without ezetimibe treatment. Net intestinal 

(cholesterol) balance represents [intestinal excretion (i.e. TICE)]-[intestinal (re)absorption] (A), 

calculated net intestinal cholesterol balance (B) and resultant cholesterol fluxes according to the 

proposed model (C). Values in μmol/24h/100gBW; n=5-6 per group. 
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The mechanism of decreased cholesterol (re)absorption in Asbt
-/-

 mice 

For ezetimibe, the mechanism of inhibition of cholesterol (re)absorption has 

been directly related to inhibition of NPC1L1, the main protein responsible for 

cholesterol absorption (33). For Asbt
-/-

 inactivation, however, the mechanism of 

decreased cholesterol (re)absorption has been less clear (34). Intestinal 

cholesterol absorption is strongly dependent on the intestinal availability of 

(hydrophobic) BAs (35). Decreased biliary BA secretion, due to increased intestinal 

BA loss and contraction of the BA pool, could underlie the decreased cholesterol 

(re)absorption. We therefore determined whether the interrupted enterohepatic 

circulation in Asbt
-/-

 mice quantitatively and/or qualitatively affected biliary BA 

secretion and fecal BA excretion. Fecal BA excretion was about 3-fold higher in 

Asbt
-/-

 mice compared to WT mice (25 vs. 8 μmol/24h/100gBW,  P < 0.001, Fig. 

4A). At the same time, mRNA level of cholesterol 7 alpha-hydroxylase (Cyp7a1), 

the rate limiting enzyme in the conversion of cholesterol to BAs, was increased 7-

fold in Asbt
-/-

 mice as compared to WT mice (Fig. S1). Ezetimibe treatment did not 

change fecal BA excretion in WT mice, but slightly increased BA excretion in Asbt
-/-

 

mice (33 vs 25 μmol/24h/100gBW,  P < 0.05, Fig. 4A). In line with interruption of 

the enterohepatic circulation of BAs and the subsequent contraction of the BA pool, 

the biliary secretion of BAs was strongly decreased in Asbt
-/-

 mice as compared to 

WT controls (-86%, P < 0.001, Fig. 4B). Ezetimibe did not significantly affect total 

biliary BA secretion in WT mice or Asbt
-/-

 mice (Fig. 4B). The composition of biliary 

BAs was more hydrophobic in Asbt
-/-

 mice compared to controls, as quantified by 

an increased Heuman hydrophobicity index (+0.2 vs -0.2, P < 0.001, Fig. 4C) (36). 

The increase in hydrophobicity could be attributed to a fractional increase of  

taurodeoxycholic acid (TDCA)  (47% vs 4%, P < 0.001, Fig. 4D) and subsequent 

decrease in taurocholic acid (TCA) (35 vs 67%, P < 0.001, Fig. 4D) and tauro-β-

muricholic acid (TβMCA) (2% vs 21%, P < 0.001, Fig 4D) in Asbt
-/-

 mice compared 

to WT mice. Ezetimibe did not affect fecal BA composition (data not shown), biliary 

hydrophobicity (Fig 4C) or biliary BA profile (Fig 4D) in either WT or Asbt
-/-

 mice .  

Not only the absorption of cholesterol, but also that of dietary fatty acids was 

decreased in Asbt
-/-

 mice and this was slightly ameliorated by ezetimibe (Fig. 4E). 

Together, these findings indicate that the abrogated intestinal cholesterol 

absorption in Asbt
-/-

 mice primarily resulted from strongly reduced biliary BA 

secretion. Apparently, the decreased biliary BA secretion could not be 

compensated for by a more hydrophobic BA composition, despite the notion that 

hydrophobic BAs are more effective in aiding the micellar solubilization and 

subsequent absorption of cholesterol (35,37).  
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Figure 4. Changes in fecal and biliary bile acids and intestinal fat absorption upon ezetimibe 

treatment and Asbt deletion in mice. Total fecal bile acid excretion (A), total biliary bile acids 

secretion (B), biliary hydrophobicity index based on Heuman values (C), biliary bile acid composition (D) 

and intestinal fatty acid absorption (E); n=5-6 per group. 
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Intestinal and hepatic mRNA expression of genes involved in cholesterol 

homeostasis 

Theoretically, the decreased cholesterol absorption in Asbt
-/-

 mice could be due 

to downregulation of Npc1l1 expression in the duodenum, but the unaffected 

steady state mRNA levels did not support this possibility (Fig. 5A). A reduction in 

cholesterol absorption can affect intracellular cholesterol concentrations, which is 

sensed by the liver X receptor (LXR). Therefore, we measured the expression of 

LXR target genes, the ATP-binding cassette (ABC) subfamily A member 1 (Abca1) 

and ABC subfamily G members 5 and 8 (Abcg5/8). Abcg5/8 promote cholesterol 

efflux from the cell and are known to be crucial for TICE (24,38). Abca1 was 

decreased in WT ezetimibe-treated mice compared to WT controls and in Asbt
-/-

 

mice compared to WT controls (Fig. 5A). Abcg5/8 showed a similar trend to Abca1, 

but the difference did not reach statistical significance (Fig. 5A).  

To assess the consequences of decreased intestinal cholesterol (re)absorption 

and increased BA synthesis  on hepatic cholesterol homeostasis, we also 

measured LXR target genes in the liver (Fig. 5B). Levels of mRNA of the low 

density lipoprotein receptor 1 (Ldlr1), of Abca1 and of the sterol regulatory 

element-binding protein-1c (Srebp1c) were not statistically different.  

 
Figure 5. Expression of genes related to cholesterol homeostasis in WT and Asbt

-/-
 mice with and 

without ezetimibe treatment. Duodenal expression of genes related to cellular cholesterol 

homeostasis (A) and hepatic expression of LXR target genes (B),  mean ± SEM; n=5-6 per group. 
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Effects of ezetimibe treatment and Asbt inactivation on total sterol excretion and 

cholesterol synthesis  

Disposal of cholesterol from the body is achieved via excretion, either as NS or, 

after conversion, as BAs. We calculated the total sterol balance from total fecal 

sterol output and dietary sterol input without correction for de novo synthesis, 

which will be assessed later (schematically represented in Fig. 6). As this model 

includes all cholesterol fluxes into the intestinal lumen, it represents a total sterol 

input-output balance over the intestine. Dietary sterol input (composed of dietary 

cholesterol ingestion) was similar across the groups (Fig. 6A). Total fecal sterol 

output, calculated as the sum of NS and BA output, was elevated in Asbt
-/-

 control 

and WT ezetimibe-treated mice to a similar degree upon comparison to WT 

controls (Fig. 6B). In Asbt
-/-

 mice, ezetimibe treatment further augmented total 

sterol excretion in the form of BAs (by ~17%, P < 0.01, Fig. 6B). All mice displayed 

a negative intestinal sterol balance, implying that sterol output was greater than 

input (Fig. 6C). Total intestinal sterol balance in Asbt
-/-

 and ezetimibe-treated WT 

mice was similarly negative (implying more disposal than input), although Asbt
-/-

 

mice excreted more sterols in the form of BAs, whereas WT ezetimibe-treated mice 

excreted more in the form of NS. Ezetimibe treatment in Asbt
-/- 

mice caused a 

further decrease in the total sterol balance.  

To maintain a steady state in the body, a negative intestinal sterol balance 

needs to be compensated for by increased cholesterol synthesis. Indeed, 

enhancing cholesterol disposal via inhibition of reabsorption induces a 

compensatory increase in de novo cholesterol synthesis (39). We determined 

cholesterol synthesis in the four experimental groups, using 
13

C-acetate labelled 

drinking water (28). Fig. 7A shows the fractional contribution of newly synthesized 

cholesterol in plasma. Cholesterol synthesis was increased to a similar extent in 

Asbt
-/-

 and ezetimibe-treated WT mice, compared to untreated WT mice. The 

changes in cholesterol synthesis rates coincided with a similar trend towards 

higher gene expression of HmG-CoA reductase (Hmgcr) in both Asbt
-/-

 groups and 

WT ezetimibe-treated mice (Fig. 7B). Ezetimibe treatment in Asbt
-/-

 mice further 

increased cholesterol synthesis compared to Asbt
-/-

 controls (Fig. 7A). The 

changes in cholesterol absorption and synthesis did neither affect plasma 

cholesterol levels, lipoprotein distribution or hepatic cholesterol levels, nor the 

calculated total body cholesterol pool size (Fig. S2-S4). 
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Figure 6. Schematic representation of the total sterol balance over the intestine, calculated via 

dietary cholesterol intake and total sterol output of WT and Asbt
-/-

 mice with and without 

ezetimibe treatment. Dietary cholesterol intake (A), total fecal sterol excretion (B) and net total sterol 

balance over the intestine (C); n=5-6 per group. 

 
Figure 7. Changes in cholesterol synthesis upon ezetimibe treatment and Asbt

-/-
 in mice. 

Fractional contribution of newly synthesized cholesterol in plasma. Hepatic (A) and duodenal (B) 

Hmgcr gene expression; n=5-6 per group 
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Discussion  

We aimed to estimate to what extent cholesterol entering the intestinal lumen 

via TICE is reabsorbed, and thus does not contribute to fecal NS excretion. Our 

data demonstrate that, using two mechanistically different models of impaired 

cholesterol (re)absorption, the net intestinal cholesterol balance is similarly 

increased. This indicates that efficient reabsorption of TICE strongly limits the 

disposal of cholesterol from the body under physiological conditions. Therefore, to 

enhance cholesterol disposal from the body, strategies to stimulate TICE are 

expected to be most efficacious when they are combined with simultaneous 

inhibition of its reabsorption. 

 

Previous studies showed that ezetimibe increases fecal NS excretion beyond 

what is expected based upon the decrease in absorption of dietary and bile-derived 

cholesterol (18,19,22). Up to now, it had not been possible to distinguish 

conclusively whether the increase in fecal NS beyond dietary and biliary input was 

due to increased TICE or to decreased (re)absorption. In the present study, we 

used a simplified model based on a net intestinal cholesterol balance, calculated 

by subtracting dietary and biliary cholesterol input from fecal output (Fig. 2A). In 

this model, the net intestinal cholesterol balance could be induced via either 

stimulation of TICE, via reduced (re)absorption or via a combination of both. It 

should be noted that the net intestinal cholesterol balance encompasses the 

absorption of cholesterol originating from biliary and dietary origin and the loss of 

cholesterol in the form of shedding of intestinal cells (at least for the part that is not 

reabsorbed from the intestine). Based on the provided quantitative calculations and 

on the estimates in the literature (21,23), these individual contributions, however, 

are much smaller than the excretion and reabsorption of transintestinally excreted 

cholesterol. Our data show that abrogating cholesterol absorption, either via 

ezetimibe or Asbt inactivation, elevated the net intestinal cholesterol balance to a 

similar extent. Under the conditions of impaired cholesterol (re)absorption, the net 

intestinal cholesterol balance is almost completely determined by TICE. Therefore, 

we argue that blocking intestinal cholesterol absorption results in increased fecal 

NS excretion primarily via inhibiting the reabsorption of a basal flux of 

transintestinally excreted cholesterol into the intestine, which, under physiological 

conditions, would have been mostly reabsorbed. The reabsorption of 

transintestinally excreted cholesterol seems to be even more efficient than the 

(re)absorption of cholesterol from dietary or biliary origin. We cannot exclude that 

the excretion of transintestinally excreted cholesterol at the apical membrane of 
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intestinal epithelial cells, i.e. close to the site of possible reabsorption, is 

responsible for this.  

 

The molecular mechanism underlying the TICE is not fully understood. One 

explanation is based on the notion that there is spontaneous cholesterol transfer 

from lipoproteins to membranes in various tissues including the intestine (40). High 

intestinal bile phospholipid concentrations can potentially be involved in TICE due 

to their cholesterophilic properties (41). Free cholesterol can transfer to 

phospholipid rich intestinal bile content and subsequently be excreted in the feces. 

It might be that under physiological conditions there is a basal flux of cholesterol 

from the blood to the membranes, the intestinal lumen and back. With either 

ezetimibe or Asbt deficiency, this basal cholesterol flux is interrupted at the level of 

reabsorption into the enterocyte. Based on this theory, the slight difference in 

intestinal cholesterol balance between WT mice treated with ezetimibe versus 

inactivation of Asbt (Fig. 2B), could be due to the higher biliary phospholipid 

secretion in the bile of WT ezetimibe treated mice compared to Asbt
-/-

 mice (Fig. 

S5).  

Another explanation of differences in intestinal cholesterol balance might be 

found in the different mechanism underlying the reduction of cholesterol absorption 

in WT ezetimibe treated mice versus Asbt
-/-

 mice. It is proposed that cholesterol 

either from the intestinal lumen or from endogenous sources first has to translocate 

into the brush border membrane (BBM) before it can be internalized together with 

NPC1L1 into the enterocyte (27). In Asbt
-/-

 mice the absorption defect is likely due 

to reduced micelle formation: the decreased intestinal availability of micellar BAs 

prevents luminal cholesterol from (re-)entering the BBM and thereby its 

internalization by NPC1L1. Blocking NPC1L1 by ezetimibe is not expected to 

prevent cholesterol from entering the brush border membrane. Thus, there might 

be more cholesterol in the BBM upon ezetimibe treatment compared to inactivation 

of Asbt resulting in a higher intestinal efflux, partly mediated via Abcg5/8 (19,27), of 

cholesterol from the BBM to the lumen from both exo- and endogenous sources. 

This hypothesis is supported by the fact that ezetimibe in Asbt
-/-

 mice did not 

significantly affect net intestinal cholesterol balance. In Asbt
-/-

 mice cholesterol from 

the intestine is not expected to reach the BBM and therefore blocking the 

internalization with NPC1L1 process has no relevant additional effect on intestinal 

and subsequent fecal cholesterol concentrations.  
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We showed that Asbt
-/-

 mice had a 3-fold increase in fecal BA and NS excretion. 

While it was previously reported that Asbt
-/-

 mice have decreased fractional 

cholesterol absorption (55% versus 74% in WT littermates) (12), it remained 

unclear whether this could quantitatively account for the strongly increased fecal 

NS excretion (17,34). Our data show that fractional cholesterol absorption in Asbt
-/-

 

mice was much lower (~6%), and even similar to that of WT mice treated with 

ezetimibe (~4%), suggesting that the increase in fecal NS excretion was mainly 

due to impaired cholesterol (re)absorption. The differences between the fractional 

absorption in our experiment and those by Dawson et al. could possibly be 

explained by differences in genetic background (C57BL6 in this experiment versus 

129S6/SvEv by Dawson et al.), dietary composition (such as different cholesterol 

and fiber content) or methodology (dual tracer method with blood sampling in this 

experiment versus dual labeled isotope method with fecal sampling by Dawson et 

al.). Our conclusion that decreased absorption underlies the increase in fecal NS 

excretion in Asbt
-/-

 mice was further supported by the finding that treatment of Asbt
-

/-
 mice with ezetimibe did not result in an additional increase in fecal NS excretion. 

Our interpretation of these two observations is that the increase in fecal NS 

excretion in Asbt
-/-

 mice is due to decreased intestinal cholesterol (re)absorption.  

 

Although we were able to profoundly increase fecal sterol output via inactivation 

of Asbt and/or ezetimibe treatment, plasma cholesterol levels and total body 

cholesterol pool did not change (Fig S2-S4). Additionally, bodyweight was similar 

in WT and Asbt
-/- 

mice and unaffected by ezetimibe treatment (data not shown). 

Maintaining cholesterol homeostasis is essential to the body as it is an important 

component of cells and precursor for steroid hormones. It has been shown that 

mice have a great capability to maintain the whole body cholesterol pool size under 

various conditions (42). However, modulating cholesterol fluxes can impact 

cholesterol distribution over the different compartments in the body, especially 

hepatic, plasma and lipoprotein levels. Ezetimibe has been shown in humans to 

effectively lower LDL-c while maintaining a constant cholesterol body pool size 

(43). Present observations together with the previously shown effects on 

hypercholesterolemia in humans and mice show the profound capacity to modulate 

cholesterol fluxes and lipoprotein distribution without affecting homeostasis 

essential for sustaining development. Adaptation of the cholesterol de novo 

synthesis rate is a major mechanism to balance the body cholesterol pool size (Fig 

7, Fig S4). It can therefore be predicted that simultaneous interference with the 
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cholesterol synthesis capacity will allow more robust manipulations of cholesterol 

homeostasis, which could contribute to targeted therapeutic strategies. 

 

Ezetimibe did not affect fecal neutral sterol excretion in Asbt
-/- 

mice but did 

augment fecal BA excretion resulting in increased total fecal sterol excretion. Asbt
-/- 

mice have a profoundly induced Cyp7a1 expression (Fig. S1), a compensatory 

reaction to account for fecal BA loss. Therefore, the further augmented cholesterol 

synthesis by ezetimibe in Asbt
-/- 

mice compared to untreated Asbt
-/- 

mice (Fig. 6A) 

might be preferentially converted to BAs in the presence of high Cyp7a1 

expression. An elevation in hepatic BA synthesis upon ezetimibe treatment in Asbt
-

/- 
mice is supported by an increase in fecal BA excretion, which was absent upon 

ezetimibe treatment in WT mice. Previous studies on the effect of ezetimibe on 

fecal BA excretion have been conflicting, varying from no change in mice and an 

increase in humans (19) to no effect in either mice and humans (43). Both 

ezetimibe and ASBT inhibition have similar benefits on atherosclerosis 

development in mouse models (44). However, combining both therapies to combat 

atherosclerosis has to our knowledge not been investigated. While ezetimibe is not 

able to augment NS excretion further in addition to ASBT inhibition, a combination 

of these two therapeutic strategies might still be beneficial due to the added 

increase in cholesterol and subsequent BA synthesis.   

 

Altogether, our results demonstrate that most TICE is counteracted by 

(re)absorption. Based on these findings we propose a model of net intestinal 

cholesterol balance that represents the resultant flux of intestinal excretion (or 

TICE) and (re)absorption and is calculated as [fecal neutral sterol excretion] - 

[dietary + biliary cholesterol input] (Fig. 2A).  Additionally, we showed that 

inactivation of Asbt can be used as another model to potently inhibit intestinal 

cholesterol absorption. Combining inhibition of intestinal cholesterol (re)absorption 

with active induction of TICE is expected to further enhance the disposal of 

cholesterol from the body and is therefore an interesting target for the prevention 

and treatment of hypercholesterolemia, with or without additional manipulation of 

de novo cholesterol synthesis.  
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Supplementary figures 

 
Figure S1. Hepatic Cyp7a1 expression in WT and Asbt

-/-
 mice with and without ezetimibe 

treatment; n=5-6 per group 

 

 

Figure S2. Total plasma and hepatic cholesterol concentrations in WT and Asbt
-/-

 mice with and 

without ezetimibe treatment.  Total plasma cholesterol (A) and total liver cholesterol content (B); n=5-

6 per group 
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Figure S3. Pooled plasma lipoprotein fractions separated by fast performance liquid 

chromatography (FPLC). Measured for cholesterol (A) and triglycerides (B); n=5-6 pooled samples per 

group 

  

Figure S4. Whole body cholesterol pool in WT and Asbt
-/-

 mice with and without ezetimibe 

treatment. n=5-6 per group 

 

Figure S5. Biliary phospholipid secretion in WT and Asbt
-/-

 mice with and without ezetimibe 

treatment. n=5-6 per group  
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Abstract  

Scope: Inhibition of the intestinal apical sodium-dependent (ASBT, SLC10A2) 

decreases ileal absorption and enterohepatic cycling of bile acids (BAs). ASBT 

inhibition can improve apsects of the metabolic syndrome, but the mechanisms 

underlying these improvements are not fully elucidated. Here we investigated the 

mechanism by which ASBT inhibition mitigates diet-induced obesity, hepatic lipid 

accumulation and insulin sensitivity.   

Methods and results: Intestinal fat absorption was determined in mice receiving 

an ASBT inhibitor. In addition, Asbt
-/-

 mice and littermate controls were challenged 

with a low fat control diet or high fat diets (HFD) rich in saturated fatty acids (SFA) 

or PUFAs. ASBT inhibition reduced fat absorption, particularly of mono-

unsaturated and SFAs on all diets. Asbt
-/- 

mice had lower bodyweight gain and 

improved insulin sensitivity when fed a HFD rich in SFA but not PUFA. Hepatic lipid 

accumulation was reduced in Asbt
-/-

 mice fed both diets.  

Conclusions: ASBT inhibition reduced diet-induced hepatic steatosis 

independently of dietary fatty acid composition and was associated with an 

increase in fecal fat excretion. The effects of ASBT inhibition on diet-induced 

obesity and insulin sensitivity were only observed on the HFD rich in SFA. The 

HFD rich in PUFA induced less overall bodyweight gain compared to the HFD rich 

in SFA, possibly due to different handling and obesogenic potential of dietary 

PUFA compared to SFA. These effects highlight the importance of dietary fatty 

acid composition in diet induced obesity models and the potential of ASBT 

inhibition in treatment of diet-induced metabolic disorders.  
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Introduction 

Obesity is an important risk factor for the development of type 2 diabetes 

mellitus (T2DM), non-alcoholic fatty liver disease (NAFLD), cardiovascular disease 

(CVD) and certain types of cancer (1). Recently, bile acids (BAs) and their 

receptors have emerged as important regulators of glucose and lipid metabolism 

and as potential targets for the treatment of obesity and related metabolic disorders 

including T2DM, NAFLD and atherogenic dyslipidemia (2,3). BAs play an important 

role in the absorption and digestion of dietary lipids. This process starts in the 

stomach and intestinal lumen where fats in the form of triglycerides (TGs) are 

hydrolyzed by gastric and pancreatic lipases into glycerol and free fatty acids 

(FFAs). FFAs, cholesterol and fat soluble vitamins are then solubilized as mixed 

micelles by BAs, a process that facilitates the transport of these hydrophobic 

compounds through the aqueous phase of the small intestinal lumen and the 

unstirred water layer overlying the intestinal epithelium, for subsequent 

translocation into the enterocyte (4). BAs must be present above their critical 

micelle concentration (CMC) to promote efficient fat absorption. Reported values 

for these concentrations vary for different BA species, depending on the methods 

and conditions used to determine the CMC (5). Under intestinal bile-deficient 

conditions, lipolysis of TGs continues but fat absorption occurs more distal in the 

intestine and is slower and less efficient (6).  

Under physiological conditions, BA homeostasis is tightly regulated by the BA 

activated nuclear receptor, Farnesoid x receptor (FXR), present in both the liver 

and intestine. The enterohepatic circulation of BAs is highly efficient and results in 

reabsorption of about 95% of BAs per cycle. BAs and their receptors have 

emerged as important signaling pathways eliciting various metabolic effects 

including on glucose and lipid metabolism (2). The most important BA activated 

receptors involved in these effects are FXR and the G-protein coupled bile acid 

receptor 1 (GPBAR1, GPCR19 also known as TGR5) (7). The  vitamin D receptor 

(VDR, NR1I1), pregnane X receptor (PXR, NR1I2), and sphingosine 1-phosphate 

receptor-2 (S1PR2) can also be activated by BAs. Modulation of these receptors to 

affect metabolism can be achieved directly via receptor (ant)agonism or indirectly 

via interrupting or modulating the enterohepatic circulation of BAs. 

Previously, it has been reported that interruption of the enterohepatic circulation 

of BAs by genetic inactivation of the apical sodium-dependent bile acid transporter 

(ASBT, SLC10A2) in mice increased fecal fat excretion (8). Asbt
-/-

 mice have a 

lower total BA pool which could affect fat and cholesterol absorption. Micellar 

solubilization is most important for hydrophobic lipids such as cholesterol, fat-

7 



Chapter 7 

 

 
156 

soluble vitamins (A, D, E and K) and long chain saturated fatty acids (SFAs). 

Indeed, studies on fat absorption using cholestatic and bile-deficient rat models 

showed more pronounced effects on long chain SFAs than on long chain 

polyunsaturated fatty acids (PUFAs) (9,10). ASBT inhibition, however, not only 

decreases total BA concentrations, but also shifts the BA composition towards a 

more hydrophobic profile (8,11,12). The role of ASBT in the intestinal absorption 

and handling of individual fatty acid species is not known. 

Inhibition of ASBT has been explored as potential therapy for atherosclerosis as 

well as various metabolic disorders including hyperglycemia and NAFLD (12,13). 

The lumenally restricted ASBT inhibitor (ASBTi) SC-435 has been shown to reduce 

hepatic fat accumulation and improve glucose tolerance in mice (12). In the current 

study we investigated how ASBTi treatment affects fatty acid absorption of different 

individual fatty acid species. We further examined the effect of genetic ASBT 

deficiency on diet-induced obesity using high fat diets rich in either SFAs or 

PUFAs.  
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Materials and methods 

Animals  

For the experiment with the ASBT inhibitor (ASBTi), male C57Bl/6J mice aged 8 

weeks were obtained from Jackson Laboratories. Animals were initially group 

housed and then individually housed for 1 week during the fat absorption 

measurements in laboratory cages at 23° C and a 12-hour light/dark cycle. Mice 

received a 45% trans-fat HFD, containing 200g/kg hydrogenated vegetable 

shortening, (tHFD, Harlan Teklad TD130885, ALIOS custom diet with 0.2% added 

cholesterol) plus 0.006% (w/w) of an ASBT inhibitor (SC-435) ad libitum for 2 

weeks. The Emory University Institutional Animal Care and Use Committee 

approved these experiments. 

Asbt
-/-

 mice and wildtype littermates on a > 99% C57BL/6 background were 

originally created by P.A. Dawson and bred the animal facility in the University 

Medical Center Groningen. Males aged 8-15 weeks were used in this study. Mice 

were conventionally housed in a temperature- and light-controlled facility with a 12-

hour light-dark cycle. The mice had ad libitum access to water and a 60% SFA rich 

high fat diet (sHFD) or PUFA rich high fat diet (pHFD) or matched SFA based low 

fat control diet (sLFD). See Table 1 for the fat compositions of the different diets 

used. Mice were individually housed and received the experimental diet for a total 

of 16 weeks; measurements of glucose metabolism were performed after 11 weeks 

on diet. These animal experiments were approved by the Ethics Committee for 

Animal Experiments of the University of Groningen. All experiments were 

performed in accordance with relevant guidelines and regulations (including 

laboratory and biosafety regulations). 

 

Animal experiments 

For the experiments using Asbt
-/- 

 mice, bodyweight was determined biweekly. 

Body composition was determined by magnetic resonance using a MiniSpec LF90 

Body Composition Analysis (Bruker Biospin, Germany).  After 16 weeks mice were 

anesthetized using a mixture of intraperitoneal Hypnorm (fentanyl/fluanisone; 1 

ml/kg) and diazepam (10 mg/kg). The common bile duct was cannulated as 

described (14). Bile collected in the first 5 minutes was discarded. Afterwards, new 

bile was collected for 20 minutes in pre-weighed tubes with the mice placed in a 

humidified incubator (37ºC) to maintain body temperature. Blood was obtained via 

cardiac puncture, centrifuged and the plasma stored at -20 ºC. Livers were 

excised, weighed and snap frozen in liquid nitrogen. The small intestines were 

flushed with ice cold PBS containing protease inhibitor and cut in three segments 
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of equal length, the middle-piece from each segment was excised for gene 

expression analysis. All intestinal segments were snap-frozen in liquid nitrogen.  

 

Fat absorption 

Mice were individually-housed during the second week of the experiment and 

received powdered tHFD containing 0.7% sucrose polybehenate (w/w) (SEFOSE 

2275; Proctor and Gamble, Cincinnati, OH) as a nonabsorbable marker (15). 

Sucrose polybehenate is a non-hydrolysable sucrose ester and passes into the 

stool unchanged. Chemical hydrolysis of the diet or fecal samples liberates the 

behenic acid permitting determination of the fatty acid to behenic acid ratios. This 

measurement yields the absorption efficiency of each dietary fatty acid with a 

single analysis, without the being reliant on often less accurate food intake data. 

Powdered diet was placed in a feeding jar in the cage and replaced every 2-3 

days. Feces were collected for the final 3 days of the experiment. After, mice were 

sacrificed and tissues collected for further analysis.  

 

Insulin and glucose tolerance tests 

Oral glucose tolerance tests (OGTT) were performed following oral 

administration of D-glucose at 2 g/kg body weight after an overnight fast. Insulin 

tolerance tests (ITT) were performed following intraperitoneal administration of 

insulin (Novorapid, Novo Nordisk, Denmark) at 0.5U/kg bodyweight for LFD mice, 

0.75 U/kg bodyweight for pHFD mice and 1 U/kg body weight for sHFD mice after a 

6h fast. Blood glucose was measured at 0, 15, 30, 60, 90, 120 and 180 min after 

glucose or insulin administration using a OneTouch Ultra glucometer (Lifescan Inc, 

USA). Plasma insulin concentrations were determined using the ultra-sensitive 

mouse insulin ELISA kit from Crystal Chem (Cat. 90080, USA).  

 

Indirect calorimetry 

Indirect calorimetry was performed using a Comprehensive Laboratory Animal 

Monitoring System (TSE systems GmbH, Bad Homburg, Germany). Mice were 

acclimatized for 24h followed by real-time analysis of carbon dioxide (CO2) 

production, oxygen (O2) consumption, respiratory exchange ratio (RER), food 

intake and activity for 72h in individual mice. Measurements were performed in 

mice fed a sHFD and sLFD after 11-12 weeks.  
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Histology 

Paraffin embedded hematoxylin and eosin (H&E) stained slides of liver and 

epididymal adipose tissue (n = 5) were used for histopathologic examination. 

Slides were examined and scored blindly and findings reviewed by a board-

certified veterinary pathologist (author AB). H&E liver specimens were evaluated 

using the modified version of NAS scoring for non-alcoholic fatty liver disease 

published by Kleiner et al. (16) which combines scores from each component of 

the NAS; steatosis (0 < 5%; 1= 5-33%; 2= 33-66%; 3= > 66%), lobular 

inflammation (0–3), ballooning (0–2): Counts were performed for five x200 fields 

per mouse. Using conventional H&E staining and light microscopy, ballooned 

hepatocytes are recognized as being enlarged with pale staining and a rarefied 

cytoplasm and rounded cell shape. Lobular inflammation was recognized as small 

clusters  (>5 cells) of mixed inflammatory cells scattered throughout the hepatic 

parenchyma; in many cases these were characterized by groups of mixed 

inflammatory cells, occasionally associated with single cell necrosis. Paraffin 

embedded H&E stained slides of adipose tissue were analyzed using digital image 

analysis software (17). Crown-like structures, indicative of adipocyte death and 

macrophage infiltration (18), were counted for five x200 fields per mouse.  

 

Fatty acid absorption 

Diet and feces were saponified with methanolic NaOH, extracted with hexane, 

converted to methyl esters, and analyzed by gas chromatography to quantitate the 

amounts of behenic acid (C22:0), saturated (14:0, 16:0, 18:0, C20:0, C22:0, C24:0, 

C26:0), monounsaturated (C18:1ω7, C18:1ω9, C20:1ω9, C22:11ω9, C24:1ω9), 

and polyunsaturated (18:2ω6, 18:3ω3, 20:2ω6, 20:3ω6, 20:4ω6, 20:5ω3, 22:6ω3) 

fatty acids (19). For the experiment using the ASBTi and sucrose polybehenate, 

the coefficient of absorption for each FA was calculated as {1 − (FA/C22:0)feces / 

(FA/C22:0)diet} × 100.  

 

Bile acid analysis 

Bile samples were diluted 1000-fold with Mili-Q water. After homogenizing, 25 

µL of diluted bile was aliquoted into a clean tube for bile acid analysis. For every 10 

samples prepared, one quality control standard bile was included. To each sample 

250 µL internal standard solution was added and vortexed for 60s. Samples were 

centrifuged at 15800 x g and the supernatant poured into a clean glass tube. The 

fluid was evaporated under nitrogen at 40°C. If samples were not measured 

immediately, they were stored in this stage at -20°C. Just prior to analysis, samples 
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were reconstituted in 200 µL of 50% methanol in water, vortexed for 60s and 

centrifuged for 3 min at 1800 x g. The supernatant was transferred into a 0.2 µm 

spin-filter and centrifuged at 2000 x g for 10 min. After filtering, the samples were 

transferred into LC-MS vials and analyzed (10 µL injection volume). If 1000 times 

dilution was not sufficient, a new sample was prepared with a higher dilution factor. 

For the quantitative determination of bile acids we used a Nexera X2 Ultra High 

Performance Liquid Chromatography system (SHIMADZU, Kyoto, Japan), coupled 

to a SCIEX QTRAP 4500 MD triple quadrupole mass spectrometer (SCIEX, 

Framingham, MA, USA) (UHPLC-MS/MS). The LC-MS/MS system is controlled by 

Analyst MD 1.6.2  software.   

 

Hepatic lipids 

Hepatic lipids for the experiment with the ASBTi were extracted according to a 

protocol based on the Folch method (20). Briefly, lipids were extracted from ~60mg 

liver tissue using 3 ml of chloroform:methanol (2:1) and incubated at 55C for at 

least 2h. Phases were seperated by adding 0.05% (v/v) sulfuric acid in water and 

centrifugation at 1500rpm for 15 minutes. Part of the bottom layer was transferred, 

dried down under nitrogen and dissolved in 2% (v/v) TritonX-100 in water. Hepatic 

concentrations of total cholesterol (Pointe Scientific, C7510-01-906), free 

cholesterol (Wako Diagnostics, Cat# 993-02501) and triglyceride (Wako 

Diagnostics, Cat#994-02891 and 990-02991) were subsequently measured by 

enzymatic assays. 

Livers from the experiments with Asbt
-/-

 mice were mechanically homogenized 

in liquid nitrogen. Lipids were extracted from 15% homogenates in PBS according 

to Bligh and Dyer (21). Subsequently, total and free cholesterol and triglyceride 

levels were determined using commercially available reagents (DiaSys Diagnostic 

Systems, Holzheim, Germany and Roche Diagnostics, Mannheim, Germany).  

 

Statistical analyses 

Data are presented as means ± standard errors (SEM), unless stated otherwise 

Statistical analyses were performed and graphs were created using GraphPad 

Prism 6 (GraphPad Software, La Jolla, CA, USA). Differences between 4 groups 

were assessed by 2-way ANOVA using Sidak’s post-hoc test. Differences between 

2 groups were assessed using Mann-Whitney U test.  Significance is indicated as 

*P < 0.05,  **P < 0.01, ***P < 0.001. 
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Results 

Effect of ASBT inhibition on absorption of different fatty acid species 

To investigate the role of ASBT in the absorption of different fatty acids, we first 

examined the effect of the ASBT inhibitor SC-435 (ASBTi) on intestinal fat 

absorption in mice. To this end, mice were fed a trans-fat-enriched high fat diet 

(tHFD) containing 45% fat, mainly from hydrogenated soybean oil, (see Table S1 

for detailed fatty acid profiles of the different diets used) with or without the ASBTi 

for 2 weeks. There were no differences in bodyweight, liver weight, liver TGs or 

food intake (Table S2). Total hepatic cholesterol content, however, was decreased 

by the ASBTi (Table S2). Overall intestinal fat absorption was reduced by about 

8% with ASBTi treatment (Fig. 1A, 92.4 vs 84.7%, P<0.001). Absorption of mono-

unsaturated fatty acids (MUFAs), C18:1w7 (vaccenic acid) and C18:1w9 (oleic 

acid) was reduced in ASBTi treated mice by 1.8% and 4.0%, respectively (Fig. 1B). 

Absorption of C18:1t9 (elaidic acid), a trans-fatty acid accounting for 18% of total 

fat in the tHFD (Table S1), was reduced by 5.9% in the ASBTi-treated mice (Fig. 

1B). The absorption of the PUFA C18:2w6 (linoleic acid) was not different between 

control and ASBTi treated mice (Fig. 1B, 97.6 vs 97.5%, P=0.9). Absorption of the 

SFAs 14:0 (myristic acid, -6.5%), C16:0 (palmitic acid, -14.8%) and C18:0 (stearic 

acid, -19.3%) was more strongly reduced (Fig. 1C). In agreement with their BA-

dependency for absorption, the absorption of long chain SFAs was least efficient. 

This is illustrated in Fig. 1D where the absorption of the major SFA species are 

plotted related to their reverse phase high performance liquid chromatography 

(HPLC) retention time, a reflection of hydrophobicity (7). Fatty acids with a longer 

retention time are more hydrophobic and thus more reliant on intestinal bile acids 

to aid in their micellar solubilization and absorption. 
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Figure 1. The effect of ASBTi treatment on intestinal absorption of fatty acids. A) Total fat 

absorption, B) fat absorption of the main dietary monounsaturated and polyunsaturated fatty acid 

species and C) fat absorption of different saturated fatty acid species in WT mice fed a tHFD with and 

without ASBT inhibitor (ASBTi); D) fat absorption of the 3 major saturated fatty acids plotted against 

their reverse phase high performance liquid chromatography (HPLC) retention time for WT mice fed a 

tHFD with and without an ASBTi,; n=8.  

 

Effect of modulation of dietary fat composition on diet induced obesity in Asbt
-/-

 

mice  

To assess the consequences of ASBT deficiency on the handling of different 

fatty acids in vivo we determined the effect of high fat diets (HFD) composed of 

different fatty acids on body weight gain and metabolic homeostasis in mice with 

genetic inactivation of Asbt (Asbt knockout mice, Asbt
-/-

 mice). First, Asbt
-/-

 mice 

and wildtype (WT) littermates were fed a lard based 60% HFD (containing 91% of 

fat calories from lard), from now on referred to as saturated fat high fat diet (sHFD), 

and a matched 10% low fat control diet (sLFD). Second, mice were fed a 60% HFD 

mainly composed of soybean and canola oil, from now on referred to as 

polyunsaturated HFD (pHFD). The fatty acid composition of the fats in the sHFD 

and sLFD were identical and included 35% saturated and 29% polyunsaturated 
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fatty acids (Table S1). The pHFD contained only 11% of fat calories from lard and 

the rest from soybean and canola oil, and included 17% saturated and 49% 

polyunsaturated fatty acids (Table S1). 

Asbt
-/-

 mice displayed reduced weight gain in response to sHFD as compared to 

WT littermates (Fig. 2A). In contrast, no difference in weight gain was observed for 

the sLFD between genotypes (Fig. 2A). After 11 weeks on diet, Asbt
-/-

 mice had a 

significantly lower body weight than WT mice on a sHFD (Fig. 2B, 36.0 vs 44.4 g, 

P=0.001), but not on a sLFD (Fig. 2B, 29.7 vs 31.1 g, P=0.8). Food intake and 

energy expenditure were not different between the four groups (Fig. S1A-B). The 

percentage of fat mass was significantly reduced in Asbt
-/-

 mice compared to WT 

mice as determined by magnetic resonance imaging (Fig. 2C, 34.2 vs 41.4%, 

P=0.03) whereas lean mass was not significantly affected (Fig. 2C, 55.3 vs 50.3%, 

P=0.08). Assessment of the different fat depots showed significantly lower mass of 

omental, inguinal and brown, but not epididymal (visceral) adipose tissue in Asbt
-/-

 

mice as compared to WT mice (Fig. S1C). Histological examination of epididymal 

adipose tissue of sHFD fed mice revealed a reduction in crown-like structures in 

Asbt
-/-

 mice as compared to WT mice, indicative of a reduction in dead adipocytes 

and subsequent inflammation (18) (Fig. S2A-C). Together these data show that 

Asbt
-/-

 mice are protected from obesity induced by a HFD rich in saturated fats. 

Previously, it has been shown that the obesogenic effects of a HFD in mice is 

depend on the lipid composition (22,23). Fig. 1 shows that upon ASBT inhibition 

the absorption of SFA is reduced to a greater extent than the absorption of mono- 

and polyunsaturated fats, which is in line with their dependence on BA micellar 

solubilization. We next assessed bodyweight gain in Asbt
-/-

 mice on a HFD rich in 

PUFAs (pHFD). Food intake of mice receiving the pHFD was similar to the sHFD 

and not different between Asbt
-/-

 and WT mice (Fig. S1D). The pHFD was less 

effective at inducing obesity compared to the sHFD, and both WT and Asbt
-/-

 mice 

displayed a similar bodyweight gain over the course of 11 weeks on the pHFD diet 

(Fig. 2D). There was no significant difference in bodyweight (Fig. 2E, 33.6 vs 36.0 

g, P=0.3), fat composition (28.3 vs 30.8%, p=0.4) or lean mass (59.0 vs 56.9%, 

P=0.3) (Fig. 2F) between the Asbt
-/-

 and WT mice after 11 weeks of pHFD. A 

comparison of the body weight gain of the Asbt
-/-

 mice fed the sHFD and pHFD 

suggests different handling of individual fatty acids by Asbt
-/-

 could contribute to 

their protection against diet induced obesity.  
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Figure 2: Role of ASBT in the longterm effects of diets with a different fatty acid composition. A) 

Time course of bodyweight gain expressed as percentage of starting bodyweight, B) bodyweight at 

week 11 of WT and Asbt
-/-

 mice on LFD and sHFD, n=9-10; C) body composition after 13 weeks of 

sLFD and sHFD diet, n=9-10. D) weight gain in percentage of starting bodyweight on pHFD, n=6; E) 

bodyweight at week 11 of pHFD, n=6 F) body composition after 13 weeks of pHFD diet, n=6. 

 

Effect of modulating dietary fat composition on glucose tolerance and insulin 

sensitivity in Asbt
-/-

  

To assess whether sHFD feeding induced a difference in glucose metabolism in 

Asbt
-/-

 mice, we performed an oral glucose tolerance test (OGTT), intra-peritoneal 

insulin tolerance test (ITT) and measured plasma insulin levels. sLFD feeding for 

12 weeks did not induce differences in OGTT, ITT and plasma insulin between 

Asbt
-/-

 and WT mice (Fig. S3A-C). Asbt
-/-

 mice fed a sHFD for 12 weeks did not 

display a difference in OGTT compared to WT controls, represented by the area 

under the curve (AUC) (Fig. 3A, AUC 2324 vs 2155, P=0.1). However, an ITT 

showed a pronounced improvement in insulin sensitivity (Fig. 3B, AUC 1438 vs 

898, P<0.001). This was also reflected by a significantly lower plasma insulin after 

a 4 hour fast in Asbt
-/-

  compared to WT mice (Fig. 3C, 0.7 vs 3.6 ng/ml, P=0.001).  

To assess whether the dietary fatty acid profile affected changes in glucose 

metabolism, we performed the same tests in the pHFD fed cohort. There was no 

difference in oral glucose tolerance or insulin tolerance between Asbt
-/-

 mice 

compared to WT mice fed a pHFD (Fig. 3D-E). In line with a lower total overall 

bodyweight gain for mice on the pHFD compared to the sHFD (Fig. 2), insulin 
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sensitivity was largely preserved on the pHFD for both WT and Asbt
-/-

 mice (Fig. 

3B,E). However, plasma insulin was slightly lower in Asbt
-/-

  compared to WT mice 

on a pHFD (Fig. 3F, 0.4 vs 1.1 ng/ml, P=0.05).  

 
Figure 3. Glucose homeostasis in Asbt

-/-
 and WT mice fed different HFD. A) Oral glucose tolerance 

test (OGTT) and area under the curve (AUC) (inset); B) Intraperitoneal insulin tolerance test (ITT) and 

AUC (inset); C) plasma insulin levels in WT and Asbt
-/- 

mice fed a sHFD; n=9-10; D) OGTT and AUC 

(inset); E) ITT and AUC (inset); F) plasma insulin levels in WT and Asbt
-/- 

mice fed a pHFD; n=6. 

 

Effect of modulating dietary fat composition on hepatic lipid accumulation in Asbt
-/-

 

mice  

Previously, it was shown that treatment with an ASBT inhibitor in mice prevents 

the development of NAFLD (12). To determine whether these effects are also 

observed in Asbt
-/- 

mice, we determined hepatic lipid content in mice challenged 

with a sHFD for 16 weeks. Liver to bodyweight ratio was similar in Asbt
-/-

 compared 

to WT mice fed a sLFD but was lower in Asbt
-/-

 compared to WT mice on a sHFD 

(Fig. 4A, 0.04 vs 0.03, P=0.02). Absolute liver weights were also significantly lower 

in Asbt
-/-

 mice compared to WT mice fed a sHFD (Fig. S4A). Liver triglyceride (TG) 

content was low in the sLFD fed mice, and was not significantly different between 

Asbt
-/-

 compared to WT mice fed a sLFD (Fig. 4B, 23.8 vs 33.9 µmol/g, P=0.7). 

However, liver TG levels were markedly increased after feeding the sHFD and this 

increase was blocked in Asbt
-/-

 versus WT mice (Fig. 4B, 46 vs. 221 µmol/g, 

P<0.001), The biochemical findings were supported by evaluation of the liver 

histology, with a significantly lower NAFLD activity score (NAS) in Asbt
-/-

 mice 
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compared to WT mice fed a sHFD (Fig. S5A-C). Inactivation of Asbt was also 

highly effective in reducing hepatic cholesterol concentrations, both in sLFD and 

sHFD fed mice (Fig. 4C, 4.1 vs 6.1 µmol/g, P=0.02; 4.2 vs 9.5 µmol/g, P<0.001; in 

Asbt
-/-

 and WT  mice, respectively).  

We also assessed the effect of Asbt deficiency on hepatic lipid accumulation in 

the pHFD cohort. Liver to bodyweight ratio as well as absolute liver weights were 

not different between Asbt
-/- 

and WT mice fed a pHFD (Fig. 4D and Fig. S4B). 

Liver TG content was only modestly increased in the pHFD-fed mice, reflecting the 

reduced dietary content of SFA, and showed a trend towards reduced levels in 

Asbt
-/- 

compared to WT mice (Fig. 4E, 40.4 vs 65.0 µmol/g, P=0.07). Total 

cholesterol was significantly lower in Asbt
-/- 

versus WT mice (Fig. 4F, 6.1 vs 8.0 

µmol/g, P=0.01) after 16 weeks of pHFD feeding. These data demonstrate that 

Asbt inactivation reduced hepatic lipid accumulation independent from dietary fatty 

acid composition.   

 
Figure 4. Heptic lipid content in WT and Asbt

-/-
 mice fed different HFD. A) Liver weight to body 

weight ratio; B) Liver triglycerides and C) Hepatic total cholesterol in mice fed the sHFD, n=8-10 D) 

Liver weight to body weight ratio; E) Hepatic TGs and F) Hepatic total cholesterol in mice fed the pHFD, 

n=6. 
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Effect of modulating dietary fat composition on biliary BA secretion and fecal fat 

excretion in Asbt
-/-

 mice  

We hypothesized that the reduced fat absorption observed upon Asbt inhibition 

in mice is due to a lower intestinal BA concentration. Indeed, biliary BA secretion in 

Asbt
-/-

 mice was 47% lower compared to WT mice fed a sHFD (Fig. 5A, 70 vs 132 

µmol/24h/100gBW, p=0.03) and 41% lower in Asbt
-/-

 compared to WT mice on the 

pHFD (Fig. 5B, 63 vs 106 µmol/24h/100gBW, p=0.004). The bile of Asbt
-/-

 mice 

contained relatively more tauro-deoxycholic acid and less tauro-beta-muricholic 

acid as compared to WT mice for the sLFD and sHFD which resulted in a more 

hydrophobic BA composition as calculated using the hydrophobicity index values of 

Heuman (24) (Fig. S6). A similar change in profile was observed on the pHFD 

(data not shown). Fecal fat excretion after 15 weeks of sHFD or pHFD feeding is 

shown in Fig. 5 and 6. Similar results were observed after 5 weeks of sHFD 

feeding (data not shown). Total fecal fat excretion was significantly higher in Asbt
-/-

 

mice compared to WT mice fed a sHFD  (Figure 5C, 79.3 vs 24.2 µmol/24h, 

P<0.001). On the pHFD overall fecal fat excretion was lower than on the sHFD but 

increased in Asbt
-/-

 mice compared to WT mice (Fig. 5D, 50.8 vs 12.4 µmol/24h, 

P<0.001).  Fig. 5E shows the fecal excretion of the major unsaturated fatty acids in 

the diet. Absolute fatty acid excretion was higher for the monounsaturated fatty 

acids, vaccenic (C18:1ω7) and oleic acid (C18:1ω9) and lower for the 

polyunsaturated fatty acids, linoleic (C18:2ω6) and alpha linoleic acid (C18:3ω3). 

Fecal excretion of all unsaturated fatty acids was significantly increased by about 

3-fold in Asbt
-/-

 compared to WT mice. Similar results were observed on the pHFD, 

although the fecal excretion of oleic acid (C18:1ω9) was increased by about 5-fold 

while this was about 3-fold for the other unsaturated species (Fig. 5F). .  

For the SFA, fecal excretion was significantly increased by 2.2 fold for myristic 

acid (C14:0), 3.3 fold for palmitic acid (C16:0) and 3.4 fold for stearic acid (C18:0) 

(Fig. 6A) in Asbt
-/-

 compared to WT mice on a sHFD, confirming earlier results 

obtained using a pharmacological inhibitor of the ASBT (Fig. 1). On the pHFD fecal 

excretion was significantly increased for myristic acid by 1.3 fold, palmitic acid by 

4.9 fold and stearic acid by 4.5 fold (Fig. 6B). To assess the effect of Asbt 

inactivation on excretion of hydrophobic saturated fatty acids compared to 

polyunsaturated fatty acids, we calculated the fecal ratio of saturated to 

polyunsaturated fatty acids. On both the sHFD and pHFD diet, Asbt
-/-

 mice 

excreted more saturated fatty acids than polyunsaturated fatty acids compared to 

WT mice (Fig. 6C-D) confirming earlier results on fat absorption obtained using a 

pharmacological inhibitor of ASBT (Fig. 1). 
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Figure 5. Biliary bile acid secretion and fecal fatty acid excretion in Asbt

-/- 
mice fed a sHFD and 

pHFD. Biliary bile acid secretion of WT and Asbt
-/-

 mice A) after 16 weeks of sHFD, n=9-10, and B) after 

16 weeks of pHFD, n=6. Total fecal fat excretion of WT and Asbt
-/-

 mice on C) sHFD, n=10, and D) 

pHFD, n=7. Fecal excretion of the main poly- and monounsaturated fatty acids of WT and Asbt
-/-

 mice 

on E) the sHFD, n=10, and F)  the pHFD, n=7. 
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Figure 6. Fecal excretion of saturated fatty acids Asbt

-/- 
mice fed a pHFD. Fecal excretion of the 

main dietary saturated fatty acids in WT and Asbt
-/-

 mice on A) the sHFD, n=10, and on B) the pHFD, 

n=7. Ratio of the fecal excretion of all saturated fatty acids and polyunsaturated fatty acids on C) the 

sHFD, n=10, and on D) the pHFD, n=7.  
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Discussion 

In the current study we investigated the role of ASBT function in the intestinal 

absorption of individual fatty acid species and how this affects diet-induced 

metabolic dysfunction. The efficacy of intestinal absorption varies for different fatty 

acid species (25). Cholesterol and long chain SFAs are more dependent on 

micellar solubilization by BAs for their absorption from the intestinal lumen by the 

enterocyte (6,26,27). Here we show that inhibition of ASBT in mice results in 

decreased intestinal absorption of long chain mono-unsaturated and particularly 

SFA species, which is likely to contribute to its protection against hepatic steatosis. 

Significant beneficial effects on obesity and insulin resistance were only observed 

in the SFA rich HFD but not in the PUFA rich HFD. However, the PUFA rich HFD 

did not induce obesity in WT mice to the same extent as the SFA rich HFD, 

suggesting different handling of dietary fatty acids.  

Upon inhibition of ASBT, the enterohepatic circulation of BAs is interrupted 

resulting in fecal BA loss and a compensatory upregulation of BA synthesis. The 

increase in BA synthesis, however, only partially compensates for the loss, 

resulting in approximately a 60 to 80% reduction in BA pool size in Asbt
-/-

 mice 

(28). Previously, it was reported that Asbt
-/-

 mice on a low fat diet displayed only 

slightly increased fat excretion and decreased cholesterol absorption (8). Based on 

these findings it was speculated that lipid absorption in Asbt
-/-

 mice is relatively 

preserved due to a change in BA pool composition towards a more hydrophobic 

profile containing proportionally more taurocholic acid (TCA) and less tauro-β-

muricholic acid (Tβ-MCA), shown to be more efficient in micellar solubilization 

(29,30). Indeed, previous studies in mice have shown that a high abundance of 

MCA results in a more hydrophilic BA profile and reduced intestinal cholesterol 

absorption even when the total BA pool is increased (30–32). Recently, we 

demonstrated that genetic inactivation of ASBT in mice nearly abrogates intestinal 

cholesterol absorption (fractional absorption <5%) in the presence of a similar 

hydrophobic biliary BA profile as the current study (11). Therefore, although we did 

not measure intestinal BA concentrations directly, it is tempting to speculate that 

the total intralumenal BA concentrations in Asbt
-/-

 mice were rate-limiting in 

enhancing the absorption of cholesterol and fat. Indeed, a previous measurement 

of the bile acids and cholesterol in the liquid phase of the proximal small intestine 

lumenal contents in Asbt
-/-

 mice revealed a 64% decrease in the molar ratio of bile 

acids to cholesterol versus WT mice [8].  

 



Inhibition of ASBT mitigates diet-induced hepatic steatosis and increases fecal fat excretion 

 

171 

 It was previously shown in various in vivo models that ASBT inhibition improves 

features of obesity such as hepatic steatosis and hyperglycemia (12,33,34). The 

mechanism underlying these changes, however, has remained unclear. In the 

current study, Asbt
-/- 

mice fed a lard based HFD, containing over 30% saturated fat, 

gained less weight than WT littermates fed the same diet. This could be explained 

either by a direct effect of absorbing less calories from fat or due to an indirect e.g. 

hormonal or microbial effect. It has been suggested that, when more fatty acids 

reach the distal intestine, they affect glucagon like peptide-1 (GLP-1) release, 

resulting in improved glucose homeostasis (35). As fat absorption was most 

profoundly affected for long chain MUFA and SFA, we also fed Asbt
-/- 

mice a 

soybean and canola oil based HFD, containing about 15% saturated fat. 

Bodyweight gain of Asbt
-/- 

mice on the pHFD was similar to WT littermates, 

however overall bodyweight gain of WT mice was less on the pHFD compared to 

the sHFD. This indicates that the pHFD was less effective in inducing metabolic 

abnormalities and therefore, the impact of ASBT inactivation was also smaller. 

Total fecal fat excretion was lower on the pHFD, suggesting either more efficient 

absorption or lower dietary fatty acid intake on the pHFD. The sHFD and pHFD 

experiments were conducted at different times and, therefore, differences cannot 

be statistically tested. Average food intake (measured over 48 hours) was slightly 

lower in the pHFD compared to the sHFD (~2.5g/day/mouse vs ~2.7g/day/mouse) 

but could be overestimated as food intake, especially on the pHFD, was difficult to 

measure due to the diet consistency. Additionally, the fat source in rodent chow 

diets affects the degree of weight gain even when amount of food intake is similar 

(22,23). However, in contrast to our observations, in the study by Ikemoto et al., a 

soybean oil based HFD increased bodyweight more significantly than a lard based 

HFD after 19 weeks of diet in C57BL/6J mice (23).  

Interestingly, Asbt
-/-

 mice had increased fecal fat excretion and lower hepatic 

cholesterol levels, as well as a similar trend for hepatic TG and fasting plasma 

insulin levels, independent of diet. The strong effects of ASBT inhibition on 

lowering hepatic cholesterol levels are likely explained by decreased absorption of 

cholesterol and increased catabolism of cholesterol to BAs (11). As for hepatic lipid 

content, Rao et al. previously described significant differences in liver TG 

accumulation in Asbt
-/- 

mice compared to WT mice after only 1 week of HFD 

feeding (12). The benefits of genetic ASBT inactivation on hepatic steatosis were 

very clear on the sHFD and a trend towards lower hepatic TG levels was also 

observed in Asbt
-/- 

mice on the pHFD. It is therefore likely that these effects are 

mediated by the effects on fat absorption, although changes in activation of FXR or 
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TGR5 or in microbiota may also contribute. The trend towards lower insulin levels 

in Asbt
-/- 

mice fed a pHFD could be related to the trend in liver TG levels. Insulin 

resistance is highly correlated to hepatic TG levels and can occur independent of 

intra-abdominal fat accumulation (36).  

 

Together, our data show that ASBT deficiency impairs long chain MUFA and 

particularly SFA absorption, which might be responsible for the beneficial effects 

observed on hepatic steatosis. Future experiments are necessary to directly 

assess the role of reduced fat absorption by ASBT inhibition on metabolic 

outcomes.   Additionally, we found that a HFD rich in SFA was more effective in 

inducing obesity in mice compared to a HFD rich in PUFA. This observation 

highlights the importance of dietary fat source and composition in metabolic 

research interpretation and design in mice.  

The implications of this study for human physiology require further investigation 

as human BA profiles are different (i.e. the absence of hydrophilic MCAs) and fat 

absorption might be affected differently by ASBT inhibition. These findings advance 

our understanding of the underlying mechanisms of modulating BA homeostasis to 

combat hepatic steatosis and obesity. With the growing epidemic of NAFLD, 

obesity, and associated metabolic diseases, new treatment options are necessary 

and the findings suggest that interruption of the enterohepatic circulation by ASBT 

inhibition may be a promising target. 
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Supplementary figures 

 LFD sHFD pHFD tHFD 

Total fat percentage 10 60 60 45 

     

Profiles (%)     

All polyunsaturated 29 27 49 10 

C18:2W6 [linoleic] 26 25 42 10 

C18:3W3 [α-linoleic] 3 2 7 <1 

rest - - - - 

     

Monounsaturated 34 38 34 39 

C18:1w7 2 2 3 7 

C18:1w9 30 33 30 32 

rest 2 3 1 - 

     

Trans - - - 21 

C18:1 [elaidic] - - - 21 

rest - - - - 

     

Saturated 37 35 17 30 

C16:0 [palmitic] 25 23 12 18 

C18:0 [stearic] 10 11 4 12 

rest 2 1 1 <1 

Table S1. Fatty acid profiles measured by gas chromatography of the different diets used in this 

study. Total fat percentage expressed as percentage of calories. LFD: low fat diet, sHFD: saturated fat 

(mainly lard based) high fat diet, pHFD: polyunsaturated fat (mainly soybean and canola oil based) high 

fat diet, tHFD: trans-fat (mainly hydrogenated soybean oil based) high fat diet.  
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 tHFD tHFD + ASBTi p-value 

Food intake (g/24h) 3.4 (0.1) 3.2 (0.1) 0.2 

Feces (g/24h) 0.3 (0.04) 0.4 (0.03) 0.001 

Bodyweight (g) start 27.6 (1.9) 28.8 (2.2) 0.3 

Bodyweight (g) after 2 weeks tHFD 27.6 (1.7) 28.6 (2.1) 0.3 

    

Liver weight (g) 1.4 (0.3) 1.4 (0.2) 0.8 

Liver weight/bodyweight 0.05 (0.007) 0.05 (0.004) 0.9 

Liver triglycerides (µg/g) 24.1 (17.6) 22.4 (16.8) 0.4 

Liver total cholesterol (µg/g) 3.5 (0.5) 2.4 (0.2) 0.001 

Liver free cholesterol (µg/g) 2.3 (0.16) 2.1 (0.17) 0.06 

Table S2. Bodyweight, liver weight and hepatic lipid content in mice with and without ASBTi 

treatment 

 

 
Figure S1. Food intake, energy expenditure and fat depots weights in WT and Asbt

-/-
 mice fed 

different HFD. A) Food intake of WT and Asbt
-/-

 mice fed a sLFD and sHFD, n=9-10, B) energy 

expenditure after 12 weeks of sLFD and sHFD in WT and Asbt
-/-

 mice, n=5-6, C) weight of different fat 

depots in WT and Asbt
-/-

 mice fed a sLFD and sHFD, n=9-10, D) food intake of WT and Asbt
-/- 

mice fed 

a pHFD, n=6 
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Figure S2. Adipocyte histology in Asbt
-/-

 and WT mice after longterm sHFD feeding. A) H&E 

staining of adipocytes of WT mice after 16 weeks of sHFD showing crown like structures (indicated by 

black arrows) B) H&E staining of adipocytes of Asbt
-/- 

mice after 16 weeks of sHFD showing no crown 

like structures, representative samples; C) quantification of crown-like structures on adipocyte histology; 

n=5 

 

 

 

Figure S3. Glucose homeostasis in WT and Asbt
-/-

 mice fed a sLFD. A) Oral glucose tolerance test 

(OGTT) of WT and Asbt
-/- 

mice on a sLFD, B) insulin tolerance test (ITT) of WT and Asbt
-/- 

mice on a 

sLFD, C) plasma insulin levels of WT and Asbt
-/- 

mice on sLFD; n=9-10 
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Figure S4. Absolute liver weights in WT and Asbt

-/-
 mice fed different HFD. A) Liver weight in WT 

and Asbt
-/-

 mice fed a sLFD and sHFD B) liver weight in WT and Asbt
-/-

 mice fed a pHFD 

 

 

Figure S5. Liver histology of WT and Asbt
-/-

 mice fed a sHFD. A) H&E staining of WT mouse liver 

after sHFD feeding B) H&E staining of Asbt
-/-

 mouse liver after sHFD feeding, representative samples; 

C) NAFLD activity score (NAS) based on histology, n=4-5 
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Figure S6. Biliary bile acid profile and hydrophobicity index in WT and Asbt

-/-
 mice fed a sLFD 

and sHFD. CA: cholic acid, G-CA: glycol-cholic acid, T-UDCA: tauro-ursodeoxycholic acid, T-CA: tauro-

cholic acid, T-CDCA: tauro-chenodeoxycholic acid, T-DCA: tauro-deoxycholic acid, T-LCA: tauro-

lithocholic acid, αMCA: α-muricholic acid:  βMCA: β-muricholic acid, ωMCA: ω-muricholic acid, T- 

αMCA: tauro- α-muricholic acid, T-βMCA: tauro-β-muricholic acid, T-HDCA: tauro-hyodeoxycholic acid; 

n=9-10 
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Abstract 

Background: Non-alcoholic fatty liver disease (NAFLD) is a major growing 

worldwide health problem. We previously reported that interruption of the 

enterohepatic bile acid (BA) circulation using a non-absorbable apical sodium-

dependent BA transporter inhibitor (ASBTi; SC435) reduced the development of 

NAFLD in high fat diet fed mice. However, fibrosis was not observed using this 

dietary model. Therefore, the ability of ASBTi treatment to impact the progression 

of NAFLD to fibrosis using a diet induced model remains untested.  

In the current study, we assessed whether ASBTi treatment is hepatoprotective 

in the choline-deficient, L-amino acid-defined (CDAA) dietary model of NASH-

induced fibrosis. 

Methods: Male C57Bl/6 mice were fed for 22 weeks with: A) choline-

supplemented L-amino acid defined diet (CSAA) (31 kcal% fat), B) CSAA diet plus 

ASBTi (SC-435; 60 ppm), C) CDAA, or D) CDAA diet plus ASBTi. Body weight and 

food intake were monitored. Liver effects were assessed by histology, biochemistry 

and gene expression. Additionally, fecal excretion of BAs and intestinal fatty acid 

absorption were measured.  

Results: ASBTi treatment reduced bodyweight gain in both mice fed either the 

CSAA and CDAA diet. The ASBTi prevented the increase in liver to body weight 

ratio observed in CDAA mice. ASBTi-associated reductions in hepatic triglyceride 

levels and steatosis scores were observed in CSAA but not CDAA mice. 

Interestingly, intestinal fat absorption was significantly reduced with ASBTi 

treatment in mice fed a CSAA (85% vs 95%, P < 0.001) but not CDAA (94% vs 

94%, P = ns) diet. The CDAA diet induced hepatic fibrosis which was increased 

upon ASBTi treatment, as quantified by the Ishak Scoring system.  

Conclusion: ASBT inhibition reduced intestinal fat absorption, body weight gain 

and hepatic steatosis in CSAA fed mice. The effects of the ASBTi on steatosis and 

fat absorption were attenuated in the context of choline-deficiency. Inhibition of 

intestinal absorption of fatty acids may be involved in the therapeutic effects of 

ASBTi treatment. 
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Introduction 

Parallel to the global rise in obesity, the disease burden related to nonalcoholic 

fatty liver disease (NAFLD) is emerging as a major worldwide problem. NAFLD 

prevalence increases steadily every year with the current global prevalence 

estimated at 24% (1,2). NAFLD comprises a spectrum of disease states, from non-

symptomatic hepatic steatosis to non-alcoholic steatohepatitis (NASH) and varying 

degrees of liver fibrosis. NAFLD activity also increases morbidity and mortality due 

to other diseases such as type 2 diabetes mellitus, cardiovascular disease and 

chronic kidney disease (3). Unfortunately, an incomplete understanding and a lack 

of experimental NAFLD/NASH models that faithfully reproduce the human 

pathophysiology has slowed the development of new therapies (4).    

Recently, bile acid (BA) homeostasis has emerged as an important therapeutic 

target for disorders of glucose and lipid metabolism (5). Under physiological 

conditions, BA synthesis and enterohepatic cycling are tightly regulated to maintain 

relatively a constant whole-body BA pool size and restrict the systemic distribution 

of BAs. After their secretion along with bile into the duodenum, about 95% of the 

BAs are reabsorbed by the apical sodium-dependent bile acid transporter (ASBT) 

in the distal small intestine. This system is tightly controlled by BA signaling via the 

farnesoid-X receptor (FXR) in the liver and intestine. Intestinal microbiota harbor 

enzymes to deconjugate and biotransform primary BAs into secondary BAs, 

changing the BA pool size and composition, and thereby altering FXR signaling 

and activation of other BA activated receptors, modulating metabolic responses 

(6).  

Several BA based treatments are being studied for their effect on metabolic 

disorders including NAFLD. Obeticholic acid, a derivative of the naturally occurring 

FXR agonist chenodeoxycholic acid, improved liver biochemistry and histology 

scores in NASH patients (7,8). Conversely, we have previously shown that 

interruption of the enterohepatic circulation by the ASBT inhibitor SC-435 (ASBTi) 

prevented hepatic lipid accumulation in mice fed a high fat diet (9). The ASBT 

inhibitor Volixibat is currently in phase 2 clinical trials for treatment of NASH 

(ClinicalTrials.gov Identifier: NCT02787304).  

Although previous data showed a robust effect of ASBT inhibition on hepatic 

lipid accumulation, the effects of ASBT inhibition on the progression from steatosis 

to steatohepatitis and fibrosis remained unclear (9). Feeding a Western type diet 

(high fat, high sucrose and high cholesterol) to mice typically models the human 

condition and successfully induces hepatic lipid accumulation. However, 

progression from steatosis to NASH and fibrosis is generally limited and highly 
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variable (10). Therefore, various other dietary, genetic or toxic models, or 

combinations thereof, are required to study NASH progression. One widely used 

model of dietary induction of NASH and subsequent fibrosis is the MCD diet. 

Depriving mice of dietary choline impairs hepatic secretion of very low density 

lipoproteins (VLDL) and results in hepatic steatosis, oxidative stress, cell death and 

changes in cytokines (11). Combined with methionine deficiency, mice develop 

extensive inflammation after 2 weeks and significant fibrosis after 6 weeks (10). 

However, when fed the MCD diet, mice generally lose considerable bodyweight 

and show no insulin resistance (or even increased sensitivity), conditions that 

poorly correlated with development of NASH in humans (12,13).  

In this current study we assessed the effects of ASBTi treatment on 

development of NAFLD induced fibrosis using a choline deficient L-amino acid 

defined (CDAA) diet which has been shown to successfully induce hepatic 

steatosis and subsequent fibrosis after 22 weeks without bodyweight loss (14,15).   
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Methods 

Animals  

Male C57Bl/6J mice aged 10 weeks were obtained from Jackson Laboratories. 

Animals were group housed with 4 mice in laboratory cages at 23° C and a 12-hour 

light/dark cycle. Mice were fed either a choline deficient L-amino acid defined diet 

(CDAA, Catalog # 518753; Dyets Inc., Bethlehem, PA, USA) containing 36% fat by 

calories or a choline sufficient L-amino acid defined control diet (CDAA, Catalog # 

518754; Dyets Inc., Bethlehem, PA, USA) with or without 0.006% (w/w) of an 

ASBT inhibitor (SC-435) ad libitum for 22 weeks. During the final week mice were 

individually housed for 1 week during the fat absorption measurements. The Emory 

University Institutional Animal Care and Use Committee approved these 

experiments. 

 

Animal experiments 

During the final week of CSAA/CDAA (+/- ASBTi) diet feeding, mice received 

powdered diet containing 0.7% sucrose polybehenate (w/w) (16). Sucrose 

polybehenate is not absorbed in the intestine. Therefore, by using the ratio of 

behenic acid to fatty acids in the diet and comparing this to the ratio in the feces, 

one can calculate absorption without the being reliant on often less accurate food 

intake data.  Powdered diet was placed in a feeding jar in the cage and replaced 

every 2-3 days. Feces were collected for individual mice during the final 3 days of 

the experiment and used for fatty acid, neutral sterol and bile acid measurements. 

After, mice were sacrificed and tissues collected for further analysis. Mice were 

anaesthetized using isoflurane. Blood was obtained via cardiac puncture, 

centrifuged and obtained plasma stored at -80ºC. Livers were excised, weighed 

and pieces collected for subsequent histology analysis. Remaining liver tissue was 

snap frozen in liquid nitrogen. The small intestines were excised, measured, cut 

into five equal segments, flushed with ice cold phosphate buffered solution (PBS) 

and snap frozen for gene expression analysis. The length of the colon was 

measured, divided into proximal (60%) and distal (40%) segments, flushed with ice 

cold PBS and immediately snap frozen in liquid nitrogen. 

Fatty acid measurements 

Weighed samples of the synthetic diet and feces were saponified with 

methanolic NaOH, extracted with hexane, converted to methyl esters. Samples 

were analyzed via gas chromatography (GC) for fatty acid methyl esters as 

previously described (17–19). Each chromatogram was examined for correct 

identification of constituent fatty acids and quality control.  
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Histology 

The livers were removed and weighed, and a portion was formalin-fixed, 

embedded in paraffin, and stained with hematoxylin and eosin. Sirius red staining 

was performed on paraffin- embedded liver sections (method adapted from 

Picrosirius Red Stain Kit, Polysciences, Inc.). The liver histology was blindly 

assessed by S.G. for steatosis, lobular inflammation, and hepatocellular ballooning 

to derive the NAS scale as described (20). Sirius red stained sections were blindly 

assessed by S.G. for Ishak Stage using the scores in table 1 adapted from (21). 

 

Ishak Stage, Categorical description Score 

No fibrosis 0 

Expansion of some portal areas with or without short fibrous septa 1 

Expansion of most portal areas with or without short fibrous septa 2 

Expansion of most portal areas with occasional portal to portal bridging 3 

Expansion of portal areas with marked bridging (portal-portal and/or portal-central) 4 

Marked bridging with occasional nodules (incomplete cirrhosis) 5 

Cirrhosis, probable or definitive 6 

Table 1. Ishak stage scoring system adapted from (21) 

 

Hepatic lipids 

Hepatic lipids were extracted according to a protocol based on the Folch 

method (22). Briefly, lipids were extracted from ~60mg liver tissue using 3 ml of 

chloroform:methanol (2:1) and incubated at 55C for at least 2h. Phases were split 

by adding 0.05% (v/v) sulfuric acid in water and centrifugation at 1500rpm for 15 

minutes. Part of the bottom layer was transferred, dried down under nitrogen and 

dissolved in 2% (v/v) TritonX-100 in water. Hepatic concentrations of total 

cholesterol (Pointe Scientific, C7510-01-906), free cholesterol (Wako Diagnostics, 

Cat# 993-02501) and triglyceride (Wako Diagnostics, Cat#994-02891 and 990-

02991) were subsequently measured by enzymatic assays. 

 

Gene expression  

Total RNA was isolated from proximal colon and liver using miRNeasy kit 

(Qiagen, Cat# 74106). Reverse transcriptase polymerase chain reaction (RT-PCR) 

was performed with 1µg RNA using a high capacity cDNA reverse transcription kit 

(Applied Biosystems, Cat# 4368814). Real-time quantitative PCR was performed 

with a Sybr Green master mix (Applied Biosystems, Cat# 4309155) using a 
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StepOne Plus real time PCR system (Applied Biosystems). Gene expression levels 

were normalized to Cyclophilin.  

 

Fecal bile acids and neutral sterols 

Fecal pellets were sorted, air-dried, weighed and mechanically homogenized. 

Neutral sterols and bile acids were extracted from 50mg feces and diet as 

described (23). Briefly, samples were heated for two hours at 80ºC with a mixture 

of 1M sodium hydroxide and methanol (3:1). Neutral sterols were then extracted 2 

times with 2ml petroleum ether and derivatised with BSTFA-pyridine-TMCS 

(5:5:0.1). Bile acids were quantitatively extracted from feces, isolated on Sep-Pak 

C-18 columns, methylated with methanol/acetyl chloride (20:1) and derivatised with 

BSTFA-pyridine-TMCS (5:5:0.1). Both neutral sterols and bile acids were 

measured by gas chromatography (GC) (24). The total amount of bile acids or 

neutral sterols was calculated as the sum of the individual species. 

 

Statistical analyses 

Data are presented as means ± standard deviation (SD), unless stated 

otherwise. Statistical analyses were performed and graphs were created using 

GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). Differences between 

groups were assessed by a two-tailed ANOVA with Tukey’s post-hoc test except 

for Ishak Stage which was tested using a Chi-Squared test. Different lowercase 

letters indicate statistical significant differences (P<0.05) between groups.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8 



Chapter 8 

 

 
190 

Results 

The effect of ASBT inhibitor treatment on bodyweight gain in mice fed CSAA and 

CDAA diets 

To determine whether ASBT inhibition could prevent development of NASH and 

fibrosis, male C57Bl/6J mice were fed a choline-deficient L-amino-defined diet 

(CDAA) or a choline-sufficient control diet (CSAA) with or without ASBTi for 22 

weeks (Fig. 1A). ASBTi treatment was successful in increasing total fecal BA 

excretion by about 5-fold in CSAA fed mice (4.1 vs 21.4 µmol/24h/100gBW, 

P<0.001) and in CDAA fed mice by about 4-fold (5.3 vs 19.1 µmol/24h/100gBW, 

P<0.001) (Fig. 1B). Analysis of the BA composition of the feces revealed that 

ASBTi treatment was associated with increased excretion of the secondary BAs, 

deoxycholic acid (DCA) and lithocholic acid (LCA), as well as the primary BA, α-

muricholic acid (MCA) (Fig. S1).  Interruption of the enterohepatic circulation of 

BAs was confirmed by increased levels of hepatic BA synthesis, assessed by gene 

expression of cholesterol 7 alpha-hydroxylase (Cyp7a1), and increased levels of 

colonic gene expression of the intestinal bile acid-binding protein (Ibabp) 

suggesting ileal BA malabsorption (Fig. 1C-D). Together these data indicate that 

the ASBTi treatment was successful in interrupting the enterohepatic circulation of 

BAs in both CSAA and CDAA diet fed mice. 
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Figure 1. The effects of ASBTi treatment on fecal bile acid secretion and hepatic bile acid 

synthesis in mice fed a CSAA and CDAA diet. (A) Study design showing the four experimental 

groups, B) Total fecal bile acid excretion, (C) Hepatic Cyp7a1 gene expression, (D) Colonic Ibabp gene 

expression; n=9-12 per group 

 

To assess whether choline deficiency and/or ASBTi treatment affected body 

mass, we recorded bodyweight weekly (Fig. 2A). Bodyweight gain was similar for 

mice fed the CSAA and the CDAA diets. After 22 weeks, mice on the CSAA diet 

gained weight similar to mice on the CDAA diet (54% vs 49%, P=0.8, Fig. 2B). 

ASBTi treated groups gained less weight over the course of 22 weeks, irrespective 

of the diet, and significantly lowered bodyweight gain to about 38% on the CSAA 

diet and 39% on the CDAA diet. Caloric intake was slightly lower in the CDAA 

group treated with ASBTi (15.1 vs 15.9 kcal/day/mouse in the untreated CDAA 

group, P=0.02, Fig. 2C). Hepatomegaly due to steatosis and inflammation is a 

common feature of NAFLD. After 22 weeks both absolute liver weight (2.4 vs 3.4 g, 

P=0.001, Fig. 2D) and liver to bodyweight ratio (0.06 vs 0.08, p<0.001, Fig. 2E) 

were increased in mice on the CDAA diet compared to the CSAA diet. On the 
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CSAA diet, ASBTi treatment did not significantly affect liver weight (1.9 vs 2.4 g, 

P=0.2, Fig. 2D) and liver to bodyweight ratio (0.05 vs 0.06, P=0.5, Fig. 2E) in mice 

as compared to the CSAA controls. On the CDAA diet, liver weight (2.4 vs 3.4, 

P=0.001, Fig. 2D) and liver to bodyweight ratio (0.07 vs 0.08, P=0.002, Fig. 2E) 

was lower upon ASBTi compared to the untreated CDAA diet group and were 

similar to CSAA control values.  

 

 
Figure 2. The effect of ASBTi treatment on bodyweight gain and liver weight in mice 

fed a CSAA and CDAA diet. (A) Bodyweight gain over time in ad libitum fed mice, (B) 

Bodyweight gain in percentage of initial bodyweight after 22 weeks, (C) Calories consumed 

per mouse per day, (D) Absolute liver weights after 22 weeks, (E) Liver to bodyweight ratio; 

n=9-12 per group 
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The effect of ASBT inhibitor treatment on hepatic cholesterol and triglyceride 

accumulation on a CSAA and CDAA diet  

To assess the key features of the pathophysiology and progression of NAFLD 

we examined the liver histology of the diet-fed mice. Untreated mice on both the 

CSAA and CDAA diet showed clear features of NAFLD, including steatosis, lobular 

inflammation and hepatocyte ballooning (Fig. 3A, B). Treatment with an ASBTi 

reduced visible lipid accumulation in mice fed the CSAA diet (Fig. 3C) whereas the 

ASBTi effects on lipid accumulation were attenuated in mice fed the CDAA diet 

(Fig. 3D). Slides were assessed by a certified pathologist (author S.G.), who was 

blinded to the 4 groups, to determine a NAFLD activity (NAS) and steatosis scores 

(Fig. 3E-F). NAFLD activity (6.1 vs 6.3, P=0.9, Fig 3E) and steatosis (2.6 vs  2.8, 

P=0.7, Fig. 3F) were similar for mice fed the CSAA and CDAA diets. ASBTi 

treatment reduced the NAS and steatosis in mice fed the CSAA but not on a CDAA 

diet. To quantify hepatic lipid accumulation, we measured hepatic triglyceride and 

cholesterol content biochemically. In agreement with the NAS results, hepatic 

triglyceride levels were similar in mice fed the CSAA and CDAA diets (201 vs 236 

µg/mg, P=0.6, Fig. 3G). ASBTi treatment significantly reduced hepatic triglyceride 

accumulation significantly for mice fed the CSAA diet (90 vs 201 µg/mg, P=0.002, 

Fig. 3G), but the ASBTi-associated reduction in hepatic triglyceride was attenuated 

in mice fed the CDAA diet (183 vs 236 µg/mg, P=0.2, Fig. 3G). Total hepatic 

cholesterol content in the liver was similar between the mice fed the CSAA and 

CDAA diets (5.2 vs 7.0 µg/mg, P=0.1, Fig. 3H). Upon ASBTi treatment, both total 

(3.6 vs 7.0 µg/mg, P<0.001) and free liver cholesterol (2.3 vs 3.9 µg/mg, P=0.01) 

levels in the CDAA diet were reduced and a similar trend was observed for the 

CSAA diet (Fig. 3H, I). Cholesteryl esters were significantly reduced upon ASBTi 

treatment for both CSAA and CDAA fed mice (Fig. 3J).    

Altogether, these show that ASBTi treatment lowers hepatic steatosis on the 

CSAA diet, in agreement with earlier observations (9). However, choline deficiency 

partially attenuated these effects.  
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Figure 3. The effect of ASBTi treatment on hepatic lipid accumulation in mice fed a CSAA and 

CDAA diet. Hematoxylin and eosin stained liver sections from (A) CSAA, (B) CSAA+ASBTi, (C) CDAA 

and (D) CDAA+ASBTi fed mice after 22 weeks; Scale bars=100µm, representative samples; (E) non-

alcoholic fatty liver disease activity score (NAS), (F) Steatosis score, (G) Hepatic triglyceride content, 

(H) Hepatic total cholesterol content, (I) Hepatic free cholesterol content, (J) Hepatic cholesteryl ester 

content;, n=9-12 per group 

 

The effect of ASBT inhibitor treatment on development of hepatic inflammation and 

fibrosis on a CDAA diet 

Although it was previously shown that administration of an ASBTi reduces 

hepatic steatosis, the effects this treatment on the progression to NASH and 

fibrosis remained unclear (9). The CDAA diet has been shown to successfully 

induce fibrosis after 22 weeks of diet (14,15,25). To visualize fibrosis on histology, 

collagen was stained with Sirius Red. The CSAA diet did not visually induce 

fibrosis, whereas hepatic fibrosis was readily apparent in the mice fed the CDAA 

diet (Fig. 4A, 4C). On the CSAA diet, treatment with the ASBTi had no visual 

impact on histologic Sirius Red staining (Fig. 4B). On the CDAA diet ASBTi 

treatment showed visible fibrosis comparable to the CDAA diet alone (Fig. 4D). To 

quantify the degree of fibrosis, slides were analyzed and scored by a certified 

pathologist (author S.G., blinded to diet/treatment) and quantified using the Ishak 

Scoring system (Table 1) (21,26). Livers of mice on the CSAA diet with and without 

ASBTi did not show any signs of fibrosis resulting in an Ishak score of 0. Mice on 

the CDAA diet had significantly higher fibrosis compared to the CSAA diet 

quantified as an average Ishak score of 1 (Fig. 4E, P<0.001), corresponding to a 

Sirius Red stained proportion of 3.0%, fibrous expansion of some of the portal 

areas with or without fibrous septa. Treatment with the ASBTi on a CDAA diet 

resulted in a significantly higher Ishak score of 2 (Fig. 4E, P=0.02), corresponding 
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to a Sirius Red stained proportion of 3.6% Sirius with fibrous expansion to most of 

the portal areas with or without short fibrous septa. 

 

 
Figure 4. The effects of ASBTi treatment on hepatic fibrosis in mice fed a CSAA and CDAA diet. 

Sirius red stained liver sections from (A) CSAA, (B) CSAA+ASBTi, (C) CDAA and (D) CDAA+ASBTi fed 

mice after 22 weeks; Scale bars= 100µm, representative samples; (E) Fibrosis score (Ishak stage); n=9-

12 per group 

 

Hepatic gene expression of a panel of fibrosis related genes, shown before to 

be upregulated in fibrosis caused by a CDAA diet (25), was measured to assess 

whether the changes in histology were reflected on the mRNA level. Collagen type 

I alpha 1 (Col1a1) encoding the main component of collagen type 1 fibers was 

upregulated in the CDAA diet and unaffected by SC-435 treatment (Fig. 5A). 

Hepatic expression of tissue inhibitor of metalloproteinase-1 (TIMP-1), a protein 

involved in degradation of extracellular matrix and promoting proliferation, was 

similarly increased in the mice fed the CDAA diet and CDAA diet plus the ASBTi 

(Fig. 5B). Interestingly, alpha-smooth muscle actin (α-SMA), a marker used for 

hepatic stellate cell activation (27), was unaffected by diet or treatment (Fig. 5C). 

Connective tissue growth factor (CTGF) and transforming growth factor beta (TGF-

β) play an important role in fibrogenesis, both together and separately. CTGF 

expression was not significantly increased in the CDAA diet compared to the CSAA 

diet (Fig. 5D). However, ASBTi treatment significantly lowered CTGF expression in 

the CDAA diet compared to the corresponding control. TGF-β was similar between 

the CSAA and CDAA diet (Fig. 5E). ASBTi treatment significantly lowered TGF-β 

expression on the CSAA diet but not on the CDAA diet.  
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Figure 5. The effects of ASBTi treatment on hepatic gene expression related to fibrosis in mice 

fed a CSAA and CDAA diet. (A-E) Relative hepatic mRNA expression of genes related to fibrosis, 

normalized to cyclophilin; n=9-12 per group 

 

As progression of liver steatosis to fibrosis generally involves inflammation, we 

measured hepatic gene expression of several important inflammatory genes. 

Expression of the proinflammatory genes tumor necrosis factor  (TNF), inducible 

nitric oxide synthase (iNOS), monocyte chemoattractant protein 1 (MCP1), were 

upregulated on a CDAA diet compared to the CSAA diet and unaffected by ASBTi 

treatment (Fig. 6A-C). Hepatic cell damage and increases in inflammation are 

often paired with oxidative stress. Therefore, we measured glutathione S-

transferase A1 (GST1) expression, the gene encoding a key enzyme in the anti-

oxidative glutathione pathway. GST1 expression was increased upon feeding a 

CDAA diet compared to a CSAA diet but unaffected by ASBTi treatment (Fig. 6D).  

Altogether, these data suggest that ASBTi treatment was not able to prevent 

inflammation, oxidative stress or fibrosis in this dietary choline deficiency model of 

NAFLD/NASH.  
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Figure 6. The effects of ASBTi treatment on hepatic gene expression related to inflammation in 

mice fed a CSAA and CDAA diet. (A-D) Relative hepatic mRNA expression of genes related to 

inflammation, normalized to cyclophilin; n=9-12 per group 

 

The effects of ASBT inhibitor treatment on fat absorption on a CSAA and CDAA 

diet  

We previously reported that genetic ASBT knockout or pharmacological 

inhibition in mice lowers fat absorption, particularly for saturated longer chain fatty 

acids (Van de Peppel IP et al. In preparation). This partially explained the lower 

bodyweight gain and metabolic benefits observed in ASBT knockout mice 

compared to wildtype mice when feeding a high fat diet. Therefore, we measured 

fat absorption using the sucrose polybehenate method (16). On the CSAA diet, 

ASBTi treatment lowered total fatty acid absorption by about 10% (85.3% vs 

94.6%, P<0.001, Fig. 7A). We found no difference in total fat absorption between 
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the CSAA and the CDAA diet (94.6% vs 93.6%, P=0.9, Fig. 7A). Additionally, total 

fat absorption was comparable between the CDAA diet with and without ASBTi 

treatment (93.5 vs 93.6%, P=1.0, respectively, Fig. 7A). In line with previous 

observations by our laboratory (Van de Peppel et al. In preparation), the decrease 

in fat absorption by the ASBTi on the CSAA diet was the greatest for saturated 

fatty acids (C14:0, C16:0, C17:0 and C18:0) and difference increased with longer 

chain lengths which in turn corresponds to a higher hydrophobicity (28), followed 

by the trans fatty acid, C18:1 (Fig. 7B). Reductions in fat absorption for the mono- 

and polyunsaturated fatty acids (C18:1ω9, C18:1ω7, C18:2ω6) by ASBTi 

treatment on the CSAA diet were statistically significant but remained preserved in 

terms of the absolute differences (Fig. 7B).  

Previous data has shown that Asbt knockout mice have severely impaired 

intestinal absorption of cholesterol (Van de Peppel et al. in preparation). While we 

did not directly assess cholesterol absorption in the current study, we measured 

fecal excretion of neutral sterols (NS), cholesterol and its fecal metabolites (Fig 

S2A,B). Fecal NS excretion was significantly higher in CSAA mice treated with an 

ASBTi compared to CSAA control mice (12.0 vs 7.5 µmol/24h/100gBW, P=0.02, 

Fig. S3A). On the CDAA diet, fecal NS excretion was comparable to the CSAA diet 

(9.7 vs 7.5 µmol/24h/100gBW, p=0.4, Fig. S2A. ASBTi treatment did not 

significantly affect fecal NS excretion on the CDAA diet (8.0 vs 9.7 

µmol/24h/100gBW, P=0.6, Fig. S3A). It is suggested that upon choline deficiency, 

triglycerides translocated into the enterocyte accumulate because they are not 

efficiently secreted into chylomicrons (29–31). However, triglyceride and total 

cholesterol content were not different in small intestinal tissue (Fig. S3A,B). We 

previously suggested that the effects of ASBT inactivation on fat absorption 

partially modulated the beneficial effects on high fat diet induced obesity (Van de 

Peppel et al. in preparation). Correlation analysis showed that hepatic triglyceride 

content highly correlated to intestinal fatty acid absorption the CSAA (Spearman 

R=0.8, P<0.001, Fig. S4A) but not in the CDAA diet (Spearman R=0.0, P=0.9, Fig. 

S4B).  

Altogether, these data suggest that choline deficiency attenuates the previously 

consistent effects of ASBT inhibition on fat and cholesterol absorption (32,33) (Van 

de Peppel et al. in preparation).   
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Figure 7. The effects of ASBTi treatment on intestinal fatty acid absorption in mice fed a CSAA 

and CDAA diet. (A) Percentage of total intestinal fat absorption, (B) percentage of intestinal absorption 

of individual fatty acids, normalized to cyclophilin; n=9-12 per group 
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Discussion 

In the current study, we showed that treatment with an ASBTi did not prevent 

development of hepatic fibrosis in a CDAA diet model. Additionally, under choline 

deficient conditions, previously reported effects of the ASBT inhibition on fat 

absorption (33) were nullified, possibly contributing to the phenotype.  

 

Dietary mouse models to induce NASH and fibrosis are limited. The CDAA diet 

was used in the current study because, contrary to the MCD diet, it was shown to 

successfully induce hepatic fibrosis without significantly lowering bodyweight and 

plasma glucose levels (14,15). About 95% of choline in animal tissues is present 

as phosphatidylcholine (PC), a class of phospholipid, which is a major component 

of membranes (34). The main mechanism believed to be involved in the effects of 

choline deficiency on hepatic steatosis is impairment of VLDL secretion due to PC 

reduction (11). Interestingly, bile acid binding sequestrants work similar to ASBT 

inhibition, by interrupting the enterohepatic circulation of BAs, and have been 

shown to increase plasma VLDL and triglyceride levels (35,36). Therefore, one of 

the anti-steatotic benefits of the ASBTi could be the result of increased VLDL and 

triglyceride clearance from the liver which is prevented due to choline deficient 

conditions.  

Furthermore, choline deficiency also alters mitochondrial function (37), fatty acid 

beta oxidation (38), epigenetics (39), and intestinal microbiota (40) which are 

possibly involved in NAFLD development. It was previously shown that treatment 

with the ASBTi for 16 weeks on a high fat diet did not change total BA 

concentrations in the liver, while composition shifted towards a more hydrophobic 

and thus potentially cytotoxic profile (9). In vitro studies have shown that PC 

protects hepatocytes from BA induced cytoxicity (41). Therefore, the combined 

effects of choline deficiency with a more hydrophobic BA profile upon ASBTi 

treatment could have potentially aggravated effects on fibrosis. Additionally, both 

choline deficiency and BAs affect the intestinal microbiota profile (40,42). Bacterial 

toxicity of high colonic levels of BAs upon ASBT inhibition combined with choline 

deficiency possibly resulted in a more unfavorable microbiome affecting NAFLD 

development.  

Anti-steatotic effects of the ASBTi have been consistent in our laboratory on 

high fat diets (including the CSAA diet in this study) (9). Future studies using 

different models are needed for definitive conclusions of the role of ASBTi 

treatment in development of NASH and fibrosis. Fortunately, recent murine NAFLD 
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models have shown promising results in mimicking human NAFLD/NASH 

pathophysiology (43,44).  

 

We have previously observed robust effects of ASBT inactivation, both genetic 

and via inhibitor treatment, on lowering intestinal absorption of fatty acids (Van de 

Peppel et al. In preparation). In our current study, ASBTi treatment lowered fatty 

acid absorption on a CSAA but not CDAA diet. Moreover, there was no difference 

in intestinal fat absorption between mice fed a CSAA and CDAA diet. Intestinal fat 

absorption positively correlated with hepatic triglyceride levels in the CSAA diet but 

not in the CDAA diet suggesting the possibility that intestinal fat absorption was 

involved in the anti-steatotic effects of the ASBTi.  

In rats, dietary choline deficiency was shown to impair chylomicron secretion 

and alter intestinal cell morphology and physiology, resulting in impairments of 

dietary fat absorption (29–31). Intraluminal PC concentrations contribute to mixed 

micelle formation, transport across the unstirred water layer, and subsequent 

translocation to the brush border membrane (45). However, luminal PC also affects 

hydrolysis of lipids. In vitro studies showed that PC inhibited lipase and colipase 

activity and subsequent cholesterol and fatty acid absorption (46). The mechanism 

underlying our observations with CDAA feeding remains unclear. One could 

speculate that decreased biliary PC might be involved in intraluminal effects on 

lipolytic and post-lipolytic events related to intestinal lipid absorption.    

Additionally, in vivo studies supported the idea that PC in the intestine protects 

enterocytes from BA induced toxicity (47). In the absence of sufficient luminal PC 

concentrations, more free BAs are present in the intestinal lumen, which could 

damage the gut epithelium and impair gut barrier function (48). Subsequently, it 

could be speculated that this resulted in more passive transport of BAs into 

enterocytes resulting in a higher return  BAs in the enterohepatic circulation 

explaining differential effects of the ASBTi under CDAA compared to CSAA fed 

conditions. While this theory is not supported by changes in fecal BA 

concentrations, colonic gene expression of the BA activated Fxr target gene Ibabp 

was significantly higher in ASBTi treated mice on a CDAA compared to a CSAA 

diet suggesting possible higher concentrations of intra-enterocyte BA 

concentrations in the colon.  

 

In conclusion, this study showed that ASBTi treatment did not affect intestinal 

fat absorption and could not prevent hepatic fibrosis in a dietary choline deficient 

model of NASH. These results should be interpreted with caution in regard to 
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human NAFLD pathophysiology, as this is different and rarely involves choline 

deficiency.  

Nevertheless, this data adds to our understanding to the benefits and limitations 

of ASBTi treatment and highlights opportunities to further explore underlying 

mechanisms. Indirectly modulating intestinal fat absorption via ASBTi treatment is 

an interesting potential therapeutic target. Future studies using different models for 

NASH are warranted to establish the exact role and mechanism of ASBTi 

treatment in hepatic steatosis progression to NASH and fibrosis.  
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Supplementary figures 

 
Figure S1. The effects of ASBTi treatment on fecal bile acid secretion of individual bile acid 

species in mice fed a CSAA and CDAA diet. n=9-12 per group 

 

 

Figure S2. The effects of ASBTi treatment on fecal neutral sterol excretion in mice fed a CSAA 

and CDAA diet. (A) Total fecal neutral sterol excretion, (B) Fecal excretion of different individual neutral 

sterol species; n=9-12 per group 
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Figure S3. The effects of ASBTi treatment on intestinal lipid content in mice fed a CSAA and 

CDAA diet. (A) Intestinal triglyceride content, (B) Intestinal total cholesterol content; n=9-12 per group 

 

Figure S4. Correlation between intestinal fat absorption and hepatic triglyceride levels of mice 

fed a CSAA and CDAA diet with or without ASBTi. (A) correlation for CSAA with and without ASBTi, 

Spearman R: 0.8, p<0.001, n=9-12 per group (B) correlation for CDAA with and without ASBTi, 

Spearman R: 0.0, p=0.9, n=11-12 per group 
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General discussion 

Interruption of the enterohepatic circulation of bile acids can be 

pathophysiological feature of diseases, such as cystic fibrosis (CF), mostly via 

intestinal bile acid malabsorption. On the other hand, induction of bile acid 

malabsorption has emerged as a therapeutic option for specific conditions. 

Interruption of the enterohepatic circulation has implications beyond changes in the 

intestinal absorption of lipids an fat soluble vitamins. In this thesis we assessed 

both bile acid malabsorption in a disease state, CF, and as a possible therapy for 

hypercholesterolemia, obesity, type 2 diabetes mellitus (T2DM) and non-alcoholic 

fatty liver disease (NAFLD).   

 

Clinical assessment of bile acid homeostasis and hepatic disease in cystic fibrosis  

CF is an autosomal recessive genetic disorder resulting in dysfunction of the 

cystic fibrosis transmembrane regulator (CFTR) protein. CFTR functions as a 

transmembrane chloride transporter and its dysfunction leads to formation of 

abnormally thick, dehydrated mucus in various organs. Clinically, exocrine 

pancreas insufficiency leading to nutritional problems and pulmonary issues such 

as recurring infections and fibrosis have been the main cause of morbidity and 

mortality. Over the last 50 years, improved treatment options for CF have 

dramatically increased life expectancy from about 4 years to a currently predicted 

median survival of about 44 years (1). At this moment over 300 disease causing 

CFTR mutations have been identified (2). While most CFTR mutations are well 

known and can be categorized in genetic severity of disease, the clinical 

complications and course of the disease for individual patients is still highly 

variable. There is no good correlation between the type of CFTR gene mutation 

and specific aspects of the clinical phenotype, suggesting involvement of both 

genetic and environmental modifying factors (3). With the increase in life 

expectancy, the importance to address potential clinical problems beyond 

pulmonary and nutritional issues has increased. Complications of the hepatobiliary 

and gastrointestinal system are common, with liver disease now being the third 

leading cause of mortality in CF patients (4). Major complications, such as liver 

cirrhosis or intestinal obstruction, may overshadow less severe complications, such 

as constipation or general gastrointestinal discomfort, which, however, can still 

significantly impact quality of life (5). In chapter 2 we reviewed the liver 

involvement in cystic fibrosis (cystic fibrosis liver involvement; CFLI) and addressed 

the complex clinical approach to the pleiotropic nature of CFLI. The 

pathophysiology of CFLI is poorly understood but, especially in the case of liver 
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cirrhosis, it is a significant contributor to the CF related morbidity and mortality 

(6,7). We found that a combination of the heterogeneity of CFLI and the lack of 

consensus on the definition for CF liver disease (CFLD) or CFLI, hampers the 

design and execution of targeted diagnostics, therapies and (preclinical) studies 

(6,8). Unfortunately, preclinical studies of CFLI are also difficult, partly due to the 

fact that available animal models not consistently reflect the human 

pathophysiology (9). Another aspect of the clinical phenotype of CF is perturbed 

bile acid homeostasis which most likely affects CFLI and vice versa (10,11). 

In chapter 4 we found that bile acid malabsorption in cystic fibrosis is 

measurable in plasma via the surrogate markers fibroblast growth factor 19 

(FGF19) and 7α-hydroxy-4-cholesten-3-one (C4). FGF19 is released from the 

distal ileum upon activation of the nuclear farnesoid X receptor (FXR) by absorbed 

bile acids. C4 is an intermediate molecule in the bile acid synthesis pathway. 

Under conditions of bile acid malabsorption, plasma FGF19 levels decrease and, 

by compensatory increased bile acid synthesis, plasma C4 levels increase (12,13). 

We showed that the disruption of bile acid homeostasis correlates poorly to CFTR 

dysfunction in other organs/tissues, such as measured by sweat chloride levels, or 

pulmonary function (FEV1). This highlights the role for organ specificity and 

modifying factors in CF. It is not surprising that especially the intestine is subject to 

environmental modifiers. Gastrointestinal factors such as microbiota are directly 

affected by the environment (e.g. through differences in nutrition or antibiotic use). 

While this makes the gastrointestinal system in CF difficult to study, it is also 

attractive for potential therapies as intestinal factors may be more easily modifiable 

in comparison to targets directly related to the genetic mutation.  

 

Treatment of bile acid malabsorption and gastrointestinal complications in cystic 

fibrosis 

We showed in chapter 5 that treatment with the common laxative, polyethylene 

glycol (PEG) partially restored the interruption of the enterohepatic circulation in CF 

mice. PEG is a frequently prescribed treatment for constipation, both in CF and in 

non-CF patients. CF patients often suffer from constipation and in more severe 

cases distal intestinal obstruction syndrome (DIOS), defined as acute complete or 

incomplete faecal obstruction in the ileocaecum (14). In a cohort of pediatric CF 

patients, prevalence of constipation was 47% and this correlated to degree of fat 

malabsorption (5). The potential clinical significance of constipation and the use of 

PEG in CF patients should therefore not be underestimated. In CF mice it was 

previously shown that intestinal features including small intestinal bacterial 
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overgrowth and intestinal inflammation improved upon PEG treatment (15). Both 

CF mice and patients display an increased intestinal permeability (16–20). In a 

recent study, chow fed PEG treated mice were shown to be protected from 

development of significant dysbiosis (more Escherichia Coli) and CF-related 

cholangiopathy in the liver compared to CF mice fed with a liquid diet high in 

medium chain triglycerides , suggesting a role for dysbiosis and intestinal 

permeability in CFLI (21). The mechanism underlying the improvements upon PEG 

treatment is not understood. PEG treatment altered microbiota and decreased 

fecal excretion of secondary bile acids in (non-CF) rats (22). It is therefore tempting 

to speculate that in the CF condition PEG may also alter the microbiota and that 

this is related to its effects on the bile acid homeostasis. Alternatively, direct 

improvements of the viscosity of the intestinal mucus layer might be involved. In 

WT mice, (high doses of) PEG significantly changed the mucus layer and 

microbiota (23).  

CF patients display aberrant intestinal microbiota compared to non-CF controls 

(24). Overt problems like intestinal dysbiosis and small intestinal bacterial 

overgrowth (SIBO) are common complications in CF. These problems in CF 

patients are complex since patients may not only be predisposed to dysbiosis due 

to consequences of the disease (changes in mucus and immune function) but also 

indirectly, as the result of frequent antibiotic use for pulmonary infections (25). 

Improving dysbiosis via probiotics (Lactobacillus reuteri, Lactobacillus rhamnosus 

GG or a mix of strains) has shown promising effects on gastrointestinal function by 

lowering fecal calprotectin levels, a marker for intestinal inflammation, and in 

decreasing the frequency of pulmonary exacerbations (26). A bi-directional 

relationship exists between bile acid homeostasis and intestinal microbiota (27). 

Changes in absolute or relative (intestinal) bile acid levels can alter the 

composition microbiota species as they can be toxic to certain species while 

providing provide others with reaction substrates. In turn, abundance of specific 

microbiota species with the ability to biotransform bile acids, changes the 

(intestinal) bile acid profile and subsequent bile acid activated receptor signaling.  

Therefore, improvement of bile acid homeostasis potentially alters microbiota but 

treatment of dysbiosis  may also affect bile acid homeostasis. Furthermore, 

changes in microbiota and bile acid homeostasis modify gastrointestinal, hepatic, 

immune and metabolic functions (27,28). Based on current literature, we 

speculated on a multitude of potential effects of bile acid malabsorption in CF on 

these functions in chapter 3 (10).  
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Apart from improving bile acid homeostasis with PEG in CF mice, we 

demonstrated in chapter 4 that ivacaftor, a CFTR potentiator, improved key 

parameters of bile acid homeostasis in CF patients with a class III gating mutation. 

The improvements did not correlate with any other measured CF related outcomes, 

including sweat chloride levels, a surrogate marker for CFTR function (in sweat 

glands). Ivacaftor treatment has also been shown to improve other gastrointestinal 

factors in CF (29). In a case report of a 6-year old CF patient, ivacaftor treatment 

reduced histologic mucus inspissation in the small intestine (30). A recent study 

showed that ivacaftor treatment in CF patients decreased intestinal inflammation 

(as measured by fecal calprotectin) and induced changes in intestinal microbiota 

potentially related to the improvements in inflammation (increase in Akkermansia 

and decrease in Enterobacteriaceae species) (31). However, the underlying 

mechanism of these gastrointestinal improvements and bile acid homeostasis in 

CF remains unexplained. Based on current literature and our observations of 

improved bile acid homeostasis upon PEG or ivacaftor treatment, bile acid 

malabsorption could either be caused by 1) an altered mucus layer, 2) changes in 

microbiota, 3) a direct effect of CFTR on ASBT function or expression, 4) a direct 

effect of CFTR on FXR activation or expression, or a combination of any of these 

factors (Fig. 1). As all these factors are modifiable (i.e. FXR agonists, probiotics), 

research into the underlying mechanism could also potentially lead to novel drug 

based therapies.  
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Figure 1. Overview of potential (in)direct effects of CFTR function on intestinal bile acid 

absorption. Lumenal BA are absorbed either actively via ASBT or passively after deconjugation over 

the membrane. Intracellularly, BA activate FXR for subsequent release of FGF15/19 into the blood. 

ASBT: apical sodium dependent bile acid transporter, BA: bile acids, FGF15/19: fibroblast growth factor 

15/19, FXR: farnesoid X receptor. 

 

The role of ASBT in intestinal cholesterol and fat absorption and the consequences 

for transintestinal cholesterol excretion (TICE) 

In chapters 6 and 7 we demonstrated that genetic inactivation of ASBT nearly 

abrogates intestinal cholesterol absorption and significantly decreases overall fat 

absorption, with the most pronounced effects on the absorption of saturated fatty 

acids. Cholesterol is disposed from the body mainly via the feces in the form of 

acidic sterols (bile acids) or neutral sterols (cholesterol and its microbial 

metabolites). The fecal source of neutral sterols is either via the diet, the bile or the 

direct excretion through a pathway known as transintestinal cholesterol excretion 

(TICE). TICE has recently become recognized as a major contributing pathway to 
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cholesterol excretion in both mice and humans (32–34). To what extent cholesterol 

excreted into the intestine via the TICE pathway is subjected to reabsorption is not 

known. In chapter 6 we used ezetimibe, an NPC1L1 inhibitor, and genetic 

inactivation of Asbt (Asbt
-/-

 mice) to investigate the contribution of cholesterol 

reabsorption to TICE. Previous data suggested that fractional cholesterol 

absorption is only partially decreased in Asbt
-/-

 mice (35). However, we found that 

intestinal cholesterol absorption in Asbt
-/-

 mice was completely abrogated, to the 

same extent as treatment with ezetimibe. Previous studies showed that ezetimibe 

increased fecal sterol excretion beyond what was expected based upon dietary 

and biliary input (36–38). This mechanism was majorly dependent on the presence 

of the cholesterol efflux transporters, ATP-binding cassette sub-family G members 

5 and 8 (ABCG5/8). ABCG5/8 mediate both cholesterol efflux from the liver into 

bile and from the intestine directly into the lumen (39). We found no difference in 

intestinal expression of Abcg5/8 upon abrogation of cholesterol absorption. We 

argue based on our data that impairment of cholesterol absorption is a main driver 

of TICE because abrogation of cholesterol absorption using two different models, 

caused a similar change in TICE flux. Our interpretation of these observations is 

that there is a continuously present Abcg5/8 mediated TICE flux that, under 

physiological conditions, is predominantly reabsorbed (38). TICE has been 

recognized as a potential target for drugs in the treatment for hypercholesterolemia 

(40). Based on our interpretation, we proposed a new model of (intestinal) 

cholesterol fluxes where intestinal excretion (i.e. TICE) minus intestinal 

(re)absorption is represented by the net transintestinal balance (Fig. 2).  This 

means TICE can be increased either by direct stimulation of involved efflux 

mechanisms and/or by inhibition of the intestinal (re)absorption. Our present 

results offer an explanation for the previously described major additional effect of 

treatment with an intestinal FXR agonist in conjunction with ezetimibe on fecal 

cholesterol excretion (41). Overexpression of Abcg5/8 was also shown to greatly 

induce biliary and intestinal cholesterol efflux (42). Therefore, we speculate that 

treatments that target both induction of TICE and inhibition of cholesterol 

(re)absorption could be very efficient for the prevention and management of 

hypercholesterolemia.   
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Figure 2. Proposed model of cholesterol fluxes contributing to fecal neutral sterol excretion. The 

net transintestinal (cholesterol) balance is represented by [excretion]-[(re)absorption] and is calculated 

by subtracting biliary and dietary cholesterol input from fecal neutral sterol ouput  

 

The mechanism underlying the effects of ASBT inhibition on cholesterol and fat 

absorption is likely mediated through a significantly decreased bile acid pool that is 

insufficient to facilitate lipid absorption (35). Bile acids are necessary for the 

formation of micelles that facilitate the transport of hydrophobic compounds over 

the unstirred water layer and need to be present in a critical micellar concentration 

(43,44). This hypothesis is supported by the findings in chapter 7 that the 

absorption of hydrophobic fatty acids (long chain saturated fatty acids, SFAs) is 

particularly impaired, whereas the absorption of unsaturated fatty acids is relatively 

preserved.  

The role of ASBT inhibition in diet induced obesity  and glucose metabolism  

Modulating bile acids and their receptors has emerged as an interesting novel 

therapeutic target in the treatment of various hepatic and metabolic disorders 

(45,46). While, in chapters 3, 4 and 5 we explored bile acid malabsorption as a 

result of disease and its potential for treatment, in chapter 6, 7 and 8 we 

investigated the role of exploiting bile acid malabsorption to improve metabolic 

abnormalities. We demonstrated the potential of using ASBT inhibition to improve 

diet induced obesity, glucose metabolism and hepatic lipid accumulation.  
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Figure 3. Mechanism of the beneficial effects of ASBT inhibition on metabolism and NAFLD. 

Beneficial effects of ASBT inhibition are likely mediated through a combination of altered intestinal bile 

acid levels and changes in bile acid pool size and profile leading to subsequent changes in lipid 

absorption, ceramides and FXR and TGR5 signaling. A potential role changed L-cell activation and 

microbiota might also be involved.  

ASBT: apical sodium dependent bile acid transporter, FXR: farnesoid X receptor, FGF15/19: fibroblast 

growth factor 15/19, GLP-1: glucagon like peptide-1, TGR5: Takeda G-protein coupled receptor 5  

 

Bile acid malabsorption has various beneficial effects on metabolism, and it is 

likely that changes in multiple processes contribute to these effects (Fig. 3). In 

chapters 7 and 8 we showed the potential role of decreased fatty acid absorption 

for the beneficial effects on diet induced obesity, insulin resistance and non-

alcoholic fatty liver disease (NAFLD). ASBT inhibition, however, also changes bile 
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acid pool composition and receptor signaling. Prevention of ileal bile acid 

reabsorption results, much like bile acid sequestration, in higher colonic bile acid 

concentrations which are expected to change subsequent receptor signaling. More 

studies exist on the role of bile acid sequestrant therapy in metabolism than for 

ASBT inhibition, from which some lessons can be learned. First generation bile 

acid sequestrants (cholestyramine, colestipol) have a greater affinity for dihydroxy 

than trihydroxy bile acids while the more recently developed colesevelam binds all 

bile acid species with high affinity, via both hydrophobic and ionic sites (47). Upon 

bile acid sequestration bile acids that are not absorbed in the colon induce 

activation of the G-protein coupled bile acid receptor 1 (GPBAR1, GPCR19 also 

known as TGR5) and promote glucagon like protein-1 (GLP-1) release (48,49). 

However, the relationship between colonic bile acid concentrations and GLP-1 

release is complex. Trabelsi et al. provided evidence that, in mice, the metabolic 

benefits of the bile acid binding sequestrant colesevelam are mediated by inhibition 

of FXR since the beneficial effects of colesevelam on glucose metabolism and 

GLP-1 disappeared upon genetic inactivation of FXR (50). However, an important 

difference between bile acid sequestrants and ASBT inhibitors is their effect on bile 

acid composition. Colesevelam in WT mice increased fecal bile acid excretion of all 

species, most notably for deoxycholic acid (DCA), while the bile acid pool size and 

biliary bile acid secretion rate remained unchanged due to compensatory synthesis 

(51). The biliary bile acid composition consisted of slightly more cholic acid (CA) 

but otherwise did not change compared to untreated WT mice. In mdr2
-/-

 mice 

colesevelam increased absolute fecal concentrations of all bile acid species but 

mostly CA and DCA, thereby increasing hydrophobicity (52). Concomitantly, the 

biliary bile acid composition shifted towards a more hydrophilic, FXR antagonistic 

profile, containing more β and ω-muricholic acid (MCA). We have consistently 

shown in chapters 6, 7 and 8 that ASBT inhibition alters the bile acid profile in bile, 

plasma and feces towards a more hydrophobic profile, containing more CA and 

DCA at the expense of β-MCA. Bile acid binding via sequestrants likely alters 

properties of bile acids, thereby interfering with passive colonic reabsorption and 

preventing the subsequent increase in DCA concentrations in the plasma and bile. 

While DCA is a potent activator of TGR5, it is also a potent activator of FXR. In 

Zucker diabetic rats, treatment with an ASBT inhibitor increased plasma GLP-1 

levels and decreased glucose levels (53). Co-treatment with an FXR agonist for 

two days did not attenuate the effects on glucose levels suggesting that, in contrast 

to the proposed mechanism of bile acid sequestrants, FXR inhibition is likely not 

involved in modulating the benefits of ASBT inhibition on glucose metabolism. How 
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changes in bile acid profile upon ASBT inhibition potentially affect FXR and TGR5 

activation and subsequent GLP-1 secretion from the intestine remains elusive. We 

found that both absolute biliary and fecal concentrations of (tauro-)β-MCA, a potent 

FXR antagonist (54), decrease upon ASBT inhibition. Compared to colesevelam 

treatment, these differences in MCA species, could mitigate effects on GLP-1 

release in mice. In humans, colesevelam increased the CA pool size at expense of 

chenodeoxycholic acid (CDCA) and DCA (55). However, these changes correlated 

poorly to improvements in metabolic parameters. It was suggested that another, 

indirectly involved mechanism might result in an increase of GLP-1 release through 

unabsorbed fatty acids activating L-cells in the more distal intestine (56).  

We and others consistently demonstrated that ASBT inhibition or genetic 

inactivation in mice reduces ileal Fxr activation and the expression of its target 

genes including Fgf15 (35,57–60). Genetic (whole body) inactivation of FXR has 

been shown to reduce diet induced weight gain and improve glucose metabolism in 

mice, while specific hepatic FXR deletion did not (61). Moreover, treatment with a 

selective intestinal FXR inhibitor improved features of diet induced obesity and 

metabolism in mice via modulating thermogenesis (62). While we did not observe a 

statistically significant difference in energy expenditure between Asbt
-/-

 and WT 

mice in calorimetric cages (chapter 7), it is still possible that a slight change 

contributed to the overall beneficial metabolic phenotype.  

As previously mentioned, a bi-directional relationship exists between bile acid 

homeostasis and microbiota (27). Changes intestinal bile acid concentrations alter 

microbiota composition. In turn, specific microbiota species biotransform bile acids 

and affect the bile acid pool composition.  Because of its profound effects on bile 

acid homeostasis, ASBT inhibition likely also induces changes in microbiota. 

However, the specific changes upon ASBT inhibitor treatment have never been 

assessed and it is even harder to establish how potential changes relate to the 

observed benefits. Colesevelam treatment in mdr2
-/-

 mice significantly altered 

intestinal microbiota, but the consequences of these changes were not explained 

(52). In turn, modulating microbiota via a probiotic mixture (VSL#3) has been 

shown to enhance intestinal bile acid deconjugation, preventing their reabsorption 

and subsequently reducing Fxr-Fgf15 signaling in mice (63).  

 

The role of ASBT inhibition in non-alcoholic fatty liver disease 

We found that ASBT inhibition consistently lowered hepatic lipid accumulation in 

mice under various of experimental and dietary conditions (chapters 7 and 8) (59). 

The clinical progression of NAFLD is highly variable with only a minority of patients 

9 



Chapter 9 

 

 
220 

with steatosis eventually developing fibrosis. The stage of fibrosis severity 

correlates well with clinical outcomes and is the strongest predictor for overall and 

liver-related mortality (64–66). Therefore, prevention of fibrosis has clinically 

become the most important target for NAFLD therapies. Unfortunately, it is not 

known what determines whether steatosis will develop into fibrosis. It likely 

involves a complex of genetic and environmental factors (67). The presence of 

non-alcoholic steatohepatitis (NASH) was suggested as an important factor 

increasing the risk of fibrosis but recent studies suggest it to be of limited 

prognostic value (68,69).  

Mice do not readily develop fibrosis on a western type or high fat diet (HFD) 

unless fed for a considerably long time or combined with another hepatic injury 

(70). This fact makes preclinical studies on NAFLD – fibrosis progression difficult, 

although not impossible.  In chapter 8 we used a choline deficient L-amino acid 

defined (CDAA) diet, shown to induce steatosis and subsequent fibrosis after 22 

weeks in mice, to explore the effects of ASBT inhibition on development of NAFLD 

related fibrosis (71,72). We found that in the context of choline deficiency, some of 

the previously consistent effects of ASBT inhibition including reduction of intestinal 

lipid absorption and prevention of hepatic triglyceride accumulation (chapters 6 

and 7) were attenuated. In addition, ASBT inhibitor treatment did not prevent the 

development of hepatic fibrosis. The mechanism underlying these effects remains 

unexplained. Furthermore, while intestinal fat absorption is likely an important 

contributor to the metabolic and especially hepatic benefits mediated by ASBT 

inhibition or inactivation, combined consideration of chapters 7 and 8 demonstrate 

that other factors are involved as well (Fig. 3). It would be interesting to see the 

effects of ASBT inhibition in different, recently developed, NAFLD mouse models 

that better mimic the human pathology (73,74). 

As there are many similarities between the risk factors and pathogenesis of 

obesity and insulin resistance and NAFLD, the discussed changes upon ASBT 

inhibition that reduce diet induced obesity and metabolic abnormalities are likely to 

also affect NAFLD development (Fig. 2). However, both we, in chapter 8, and Rao 

et al. showed profound effects on hepatic lipid accumulation without similar effects 

on bodyweight or glucose homeostasis, suggesting some degree of liver specific 

effects of ASBT inhibition (59).  

Lower intestinal Fxr activation and subsequent Fgf15 expression upon ASBT 

inhibition could be involved in modulating the effects on hepatic steatosis. In line 

with the observations on diet induced obesity, specific inactivation of intestinal Fxr 

in mice reduced HFD induced NAFLD development due to a reduction in ceramide 
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production (75). However, genetic inactivation of Fgf15 in mice promoted 

bodyweight gain and hepatic steatosis in a HFD model (76). Conversely, in another 

study using long-term HFD feeding to induce NASH, steatosis, inflammation and 

bodyweight gain were not affected, while fibrosis was reduced in Fgf15
-/-

 mice (77). 

Hepatic fibrosis was also reduced in Fgf15
-/-

 mice using carbon tetrachloride 

injections to induce hepatic fibrosis (78). How the absence of Fgf15 reduced 

fibrogenesis in these studies remained unexplained. Fxr
-/-

 mice on a methionine 

choline deficient (MCD) diet, showed decreased steatosis compared to controls but 

increased NASH and fibrosis (79). This was explained by increased hepatic bile 

acid concentrations, which is not observed upon ASBT inhibition, that resulted in 

hepatotoxicity. Another potential explanation for reduced hepatic lipid 

accumulation, proposed by Rao et al., involves the change in hepatic bile acid 

composition to contain more FXR agonistic species, changing hepatic specific FXR 

signaling and subsequently affecting mainly lipogenesis (59). Both whole body and 

hepatic specific Fxr
-/-

 mice display increased hepatic triglyceride and cholesterol 

accumulation even on a low-fat control diet (80,81). Hepatic transcriptome data of 

HFD fed mice treated for 16 weeks with an ASBT inhibitor showed most 

pronounced changes in genes involved in protein modification and lipid, fatty acid, 

and steroid metabolism (59). In general, FXR agonists have shown potential 

benefits in NAFLD and NASH (82). However, most of the studied FXR agonists 

concomitantly activate both hepatic and intestinal FXR and therefore the (long-

term) specific effects of altering increasing hepatic FXR signaling (while decreasing 

intestinal FXR activation) remain unclear.  
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Conclusions 

Intestinal bile acid malabsorption induces a pleiotropy of changes that, 

depending on the underlying conditions, can have either positive or negative 

consequences for health. CF is a monogenetic disease that results in a complex 

metabolic phenotype, illustrated by the highly variable presentation of liver disease. 

We showed that bile acid malabsorption is an important feature of CF. Treatment 

by directly targeting CFTR or by using a laxative improved bile acid homeostasis. 

Our data indicate that these treatments could affect the bile acid metabolism 

related gastrointestinal, metabolic and hepatic features of CF. Future studies are 

necessary to establish the mechanism underlying the bile acid malabsorption in CF 

and the potential clinical benefits of modulating bile acid homeostasis to improve 

other complications.  

We demonstrated that bile acid malabsorption due to inactivation of ASBT 

abrogates cholesterol absorption, providing novel insights into the role of 

cholesterol absorption in the intestinal cholesterol fluxes, including TICE. We 

further found that the benefits on metabolic homeostasis and NAFLD observed 

upon ASBT inhibition are partly mediated through a reduction of intestinal fatty acid 

absorption. Initial studies of ASBT inhibitors showed promising results in primary 

biliary cirrhosis and T2DM patients, but further application has been limited by a 

high frequency of gastrointestinal side-effects, mainly diarrhea (83–85). However, 

SHP626 (formerly LUM002) is currently in phase 2 clinical trials for treatment of 

NASH (ClinicalTrials.gov Identifier: NCT02787304). In the future, development of 

novel ASBT inhibitors and possible combined treatments with bile acid 

sequestrants might improve their tolerability.  

 

Taken together, this thesis highlighted the prominent role of bile acid 

homeostasis in gastrointestinal, metabolic and hepatic function. Modulating the 

enterohepatic circulation of bile acids either directly or indirectly is a powerful tool 

to improve clinical outcomes of various diseases, including CF, T2DM and NAFLD.  
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Abbreviations 

 

ABCA1: ATP-binding cassette subfamily A member 1 

ABCG5/8: ATP-binding cassette sub-fmaily G members 5/8 

ALT: Alanine aminotransferase 

ALP: alkaline phosphatase 

APRI: AST / Platelets-Ratio-Index 

ARFI: acoustic radiation force imaging  

ASBT: apical sodium dependent bile acid transporter 

ASBTi: apical sodium dependent bile acid transporter inhibitor 

α-SMA: alpha-smooth muscle actin 

AST: Aspartate aminotransferase 

αMCA: α-muricholic acid   

BA: bile acid 

BAM: bile acid malabsorption 

BBM: brush border membrane 

BHT: butylated hydroxytoluene 

BMI: body mass index 

BW: bodyweight  

CA: cholic acid 

CDAA: choline-deficient L-amino acid-defined 

CDCA: chenodeoxycholic acid 

CF: cystic fibrosis 

CFLD: cystic fibrosis-related liver disease 

CFLI: cystic fibrosis-related liver involvement  

CFTR: cystic fibrosis transmembrane conductance regulator 

CFRD: cystic fibrosis-related diabetes 

CMC: critical micellar concentration 

COL1A1: collagen type 1 alpha 1 

CSAA: choline-supplemented L-amino acid defined diet 

CTGF: connective tissue growth factor 

CVD: cardiovascular disease 

CYP7A1: cholesterol 7α-hydroxylase 

CYP27A1: sterol 27-hydroxylase 

CYP7B1: oxysterol 7α-hydroxylase 

CYP8B1: Cholesterol 12 α-hydroxylase 

Cyp2c70: cytochrome P450, family 2, subfamily c, polypeptide 70 

DCA: deoxycholic acid 

DIOS: distal intestinal obstruction syndrome 

EPI: exocrine pancreas insufficiency  

ESPGHAN: European Society for Paediatric Gastroenterology Hepatology and Nutrition 
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FDA: Food and Drug Administration 

FEV1: forced expiratory volume in 1 second 

Fgf15: fibroblast growth factor 15 

FGF19: fibroblast growth factor 19 

FGFR4: fibroblast growth factor receptor 4 

FXR: farnesoid X receptor 

GATA4: GATA binding factor 4 

GC: gas chromatography 

GCA: glycol-cholic acid 

GGT: gamma-glutamyltransferase  

GI: gastrointestinal 

GLP-1: glucagon like peptide-1 

GPBAR1: G-protein coupled bile acid receptor 1 

GPCR19: G-protein coupled receptor 19 

GSTα1: glutathione S-transferase A1 

HDCA: hyodeoxycholic acid 

HDL: high density lipoprotein 

H&E: hematoxylin and eosin 

HFD: high fat diet 

HPS: hepatopulmonary syndrome 

IBABP: intestinal bile acid-binding protein 

iNOS: inducible nitric oxide synthase 

ITT: insulin tolerance test 

LCA: lithocholic acid  

LC-MS: liquid chromatography-mass spectrometry  

LDL: low density lipoprotein 

LDLR1: lipoprotein receptor 1 

LFD: low fat diet 

LFTs: Liver function tests 

LPL: lipoprotein lipase 

LRH-1: liver receptor homologue-1 

LXR: liver X receptor 

MCA: muricholic acid 

MCP1: monocyte chemoattractant protein 1 

MDCA: murideoxycholic acid 

NAFLD: non-alcoholic fatty liver disease 

NAS: NAFLD activity score 

NASH: non-alcoholic steatohepatitis 

NPC1L1: Nieman-Pick C1-Like 1 

NS: neutral sterols 

OCA: obeticholic acid 

OGTT: oral glucose tolerance test 
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PBC: primary biliary cholangitis 

PC: phosphatidylcholine 

PCSK9: proprotein convertase subtilsinkexin type 9 

PEG: polyethylene glycol 

PERT: pancreatic enzyme replacement therapy 

pHFD: polyunsaturated fat high fat diet 

PXR: pregnane X receptor 

SFA: saturated fatty acid 

SHP: small heterodimer partner 

sHFD: saturated fat high fat diet 

SIBO: small intestinal bacterial overgrowth 

sLFD: saturated fat low fat diet 

SREPB1c: sterol responsive element binding protein 1c 

RER: respiratory exchange rate 

T2DM: type 2 diabetes mellitus 

Tβ-MCA: tauro-β-muricholic acid 

TCA:  tauro-cholic acid 

TDCA: tauro-deoxycholic acid 

TICE: transintestinal cholesterol excretion 

TG: triglyceride 

TGF-β: transforming growt factor beta 

TGR5: takeda G protein-coupled receptor 5 

tHFD: trans-fat high fat diet 

TE: transient elastography 

TIMP-1/2: tissue inhibitor of metalloproteinase-1/2 

TNFα: tumor necrosis factor alpha 

VDR: vitamin D receptor 

VLDL: very low density lipoprotein 

WT: wildtype 

ZDF: Zucker Diabetic Fatty 
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Summary 

 

Bile acids are produced by the liver to aid in the intestinal absorption of fat, 

cholesterol and fat-soluble vitamins. At the end of the small intestine bile acids are 

reabsorbed and resecreted by the liver into the bile. In recent years, several new 

functions of bile acids aside from their traditional role in fat absorption have been 

discovered, including effects on gut health, secretion of hormones and energy 

metabolism. These functions have consequences for various disease conditions 

but also highlight potential for development of new therapies.  

 

The role of bile acid malabsorption in cystic fibrosis 

Cystic fibrosis (CF) is a severe life shortening hereditary condition characterized 

by the absence or a defective cystic fibrosis transmembrane protein regulator 

(CFTR). In CF, CFTR dysfunction and the generation of thick viscous mucus 

causes dysfunctions in various organ systems including the lungs, intestine and 

liver. Novel therapeutic options directly targeting CFTR show promising results in 

improving life expectancy and quality of life in CF patients. However, most studies 

assess primarily pulmonary disease and insights in their effects on other 

complications which significantly contribute to morbidity and mortality such as the 

gastrointestinal system and the liver are lacking (liver disease is reviewed in 

chapter 2). While it is known that bile acid malabsorption is a consistent feature of 

the CF phenotype in both patients and animal models, the underlying cause and 

(clinical) consequences remain to be elucidated. In chapter 3 we reviewed current 

literature on bile acid homeostasis and CF and speculated on its role in various CF 

related complications. We concluded that bile acid homeostasis is an attractive 

target for future CF research both for its potential to provide novel biomarkers and 

therapies. 

While bile acid malabsorption in CF was first reported over three decades ago, 

clinical assessment is not done regularly. This is partly because current 

measurements are time-consuming and complicated. In chapter 4 we studied 

whether we could assess bile acid malabsorption in CF indirectly by measurement 

of 7α-hydroxy-4-cholesten-3-one (C4) and fibroblast growth factor 19 (FGF19), 

which are plasma surrogate markers for bile acid synthesis and absorption, 

respectively. We demonstrated that these markers are indeed associated with the 

bile acid malabsorption phenotype in the studied group of CF patients with a class 

III mutation and that they can be improved by CFTR potentiator treatment, 

illustrating their potential as biomarkers in clinical CF follow-up. Additionally, we 
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showed that improvements in FGF19 and C4 correlate poorly to other CF related 

outcomes, highlighting the role for organ specificity and modifying factors in CF.   

Since targeted CFTR therapy is not effective in treatment of all CF patients and 

symptoms, there is still need for other therapeutic options targeting complications 

in different organ systems. In chapter 5 we assessed the possibility to improve bile 

acid homeostasis using laxative treatment, which is not directly dependent on 

CFTR function. Previous studies have shown that treatment of CF mice with a 

commonly prescribed laxative, polyethylene glycol (PEG), could improve various 

gastrointestinal outcomes, such as inflammation and the microbiome. Therefore, 

we hypothesized that PEG also affects bile acid homeostasis in CF mice. We 

showed that PEG treatment could indeed decrease bile acid excretion and possibly 

restore intestinal FXR signaling in a CF mouse model. However, the magnitude of 

the phenotype and subsequent effect were dependent on the diet.  

 

The role of bile acids and ASBT inhibition in intestinal dietary fatty acid and 

cholesterol (re)absorption  

Lipid and bile acid homeostasis are tightly intertwined. Bile acids solubilize 

dietary lipids into micelles that facilitate the transport of these hydrophobic 

compounds over the unstirred water layer for their subsequent absorption into the 

enterocyte. While there is an abundance of data suggesting that a decrease or 

compositional change in the bile acid pool reduces cholesterol absorption, 

quantitative data of intestinal cholesterol fluxes are lacking. In chapter 6, we 

investigated intestinal cholesterol fluxes in two models of reduced intestinal 

cholesterol absorption by 1) directly inhibiting the main protein responsible for 

absorption, the Niemann-Pick C1-Like 1 (NPC1L1), using ezetimibe and 2) 

indirectly via reduction of the bile acid pool through genetic inactivation of the 

apical sodium dependent bile acid transporter (ASBT). We found that in both 

models fractional cholesterol absorption was nearly abrogated while fecal 

cholesterol excretion was increased to a similar degree. Combination of both 

models did not have an additive effect on cholesterol absorption or fecal excretion, 

indicating that (re)absorption of intestinal cholesterol was already completely 

abrogated in either of the two models separately. The calculated transintestinal 

cholesterol excretion (TICE) was similar in all three conditions. Therefore, we 

concluded that the majority of the fecal cholesterol in these models, originates from 

TICE that under physiological conditions is nearly fully reabsorbed.  

Bile acid malabsorption induced by ASBT inhibition reduces the total bile acid 

pool size. We therefore hypothesized that a decrease in intestinal fat absorption 
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upon ASBT inhibition would be more pronounced for hydrophobic fatty acids, as 

these are more dependent on bile acids for their absorption. However, this has 

never been directly assessed. Hydrophobicity of fatty acids is determined by acyl 

chain length and saturation (number of double bonds). In chapter 7 we measured 

intestinal fat absorption of different individual fatty acid species and demonstrate 

that upon ASBT inhibition total fatty acid absorption is reduced but this is most 

pronounced for long chain saturated and mono-unsaturated fatty acids, which are 

more hydrophobic. 

 

The effects of ASBT inhibition on diet induced obesity, glucose homeostasis and 

non-alcoholic fatty liver disease (NAFLD)  

Recently, bile acid homeostasis has emerged as an important regulator of 

glucose and lipid metabolism. ASBT inhibitor treatment has beneficial effects on 

both glucose and lipid metabolism in certain models of type 2 diabetes mellitus and 

non-alcoholic fatty liver disease (NAFLD). The mechanism underlying these 

benefits, however, is unclear. In chapter 7 we showed that ASBT inhibition 

resulted in a more pronounced effect on lowering intestinal fat absorption of 

saturated compared to polyunsaturated fatty acids. Therefore, we further 

investigated the different effects of a lard based high fat diet (rich in long-chain 

saturated fatty acids) and a soybean oil based high fat diet (rich in polyunsaturated 

fatty acids) on weight gain, glucose homeostasis and hepatic steatosis in wildtype 

(WT) and ASBT knockout mice. We show that genetic inactivation of ASBT in mice 

protects them from diet induced obesity and disturbances in glucose metabolism 

only when feeding a lard based high-fat diet. In line with the observations using an 

ASBT inhibitor, the ratio of fecal excretion of saturated to polyunsaturated fatty 

acids was greater in ASBT knockout mice compared to WT mice. However, we 

were unable to firmly conclude that the difference in weight gain and glucose 

homeostasis between WT mice and ASBT knockout mice was due to differences in 

dietary fatty acid composition and subsequent absorption as the soybean oil based 

diet was overall less effective in inducing weight gain, even in WT mice. This 

indicates a generally different handling of dietary fatty acids in mice and stresses 

the importance of carefully choosing dietary fatty acid composition in murine 

models of diet induced obesity. Additionally, we demonstrated in chapter 7 that 

ASBT inhibition is highly effective in preventing hepatic fat accumulation and these 

results were independent of the used diet.  

While the effects of ASBT inhibition on hepatic steatosis are robust, it is not 

known whether ASBT inhibition also prevents progression from mere hepatic 
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steatosis to more clinically relevant inflammation and fibrosis. In chapter 8 we 

showed that in a dietary choline deficiency mouse model of NAFLD that fibrosis 

was not prevented. In addition, ASBT inhibition did not reduce steatosis or fat 

absorption. The reason for the absence of these previously consistent effects of 

ASBT inhibition in the context of choline deficiency was not found. Combined 

consideration of the results from chapter 7, that showed diet independent effects 

of ASBT inhibition on fecal fat excretion and hepatic steatosis similarly, and 

chapter 8, that showed absence of both effects, suggests that there is a possible 

link between the decreased fat absorption and anti-steatotic effects of ASBT 

inhibition. While these results add to our knowledge on the role of ASBT inhibition 

in NAFLD development, caution should be taken in drawing far reaching 

conclusions as 1) mice have a bile acid profile distinct from humans and 2) 

steatosis induced by dietary choline deficiency is highly different from human 

NAFLD pathophysiology. Future research on ASBT inhibition using different 

NAFLD models is warranted.   

 

In conclusion, the studies in this thesis highlight a prominent and complex role 

for bile acid homeostasis in regulating metabolism. This is relevant for multisystem 

diseases that affect bile acid homeostasis, such as cystic fibrosis, where bile acid 

malabsorption potentially affects a multitude of complications. Interestingly, 

modulating bile acid homeostasis (i.e. by ASBT inhibition) might also be exploited 

for prevention or novel treatment options in chronic metabolic disorders such as 

NAFLD or type 2 diabetes mellitus. 
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Samenvatting 

 

Galzouten worden geproduceerd door de lever en uitgescheiden in de 

proximale dunne darm om de opname van vet, cholesterol en vet-oplosbare 

vitamines te bevorderen. Aan het einde van de dunne darm worden galzouten 

opgenomen en opnieuw uitgescheiden door de lever in de gal. In de afgelopen 

jaren zijn er verschillende nieuwe functies van galzouten ontdekt waaronder 

effecten op de darmgezondheid, de uitscheiding van hormonen en het 

energiemetabolisme. Deze functies hebben gevolgen voor aandoeningen waar het 

galzoutmetabolisme is aangedaan maar bieden ook de mogelijkheid tot 

ontwikkeling van nieuwe therapieën.  

 

De rol van galzoutmalabsorptie in cystische fibrose 

Cystische fibrose (CF) is een ernstige levensbekortende genetische 

aandoening gekarakteriseerd door de afwezigheid of non functionaliteit van het  

cystic fibrosis transmembrane protein regulator (CFTR) eiwit. In CF, dysfunctie van 

CFTR en de vorming van dik visceus slijm resulteren in stoornissen van 

verschillende orgaansystemen zoals de longen, darmen en lever. Nieuwe 

geneesmiddelen die direct op het CFTR eiwit werken laten veelbelovende 

resultaten zien in het verbeteren de kwaliteit van leven in CF patiënten. De meeste 

studies met deze geneesmiddelen richten zich echter primair op CF gerelateerde 

longproblemen en er is derhalve een gebrek aan inzicht op de effecten op andere 

complicaties, bijvoorbeeld het gastro-intestinale systeem en de lever (besproken in 

hoofdstuk 2), die significant bijdragen aan morbiditeit en mortaliteit. 

Galzoutmalabsorptie is een consistente observatie van het CF fenotype, zowel in 

patiënten als diermodellen. De onderliggende oorzaak en (klinische) 

consequenties van deze observatie zijn onduidelijk. In hoofdstuk 3 bespreken we 

de huidige literatuur over galzouthomeostase en CF en speculeren over de 

mogelijke rol die galzoutmalabsorptie speelt in verschillende CF gerelateerde 

complicaties. We concluderen dat galzouthomeostase een interessant onderwerp 

is voor toekomstige CF studies gericht op de ontwikkeling van nieuwe biomarkers 

en therapieën.  

Galzoutmalabsorptie in CF is meer dan dertig jaar geleden voor het eerst 

gerapporteerd in de wetenschappelijke literatuur, echter wordt het in de klinische 

praktijk zelden beoordeeld.  Enerzijds komt dit doordat de klinische consequenties 

niet geheel duidelijk zijn en anderzijds doordat de huidige meetmethoden complex 

en moeilijk uit te voeren zijn. In hoofdstuk 4 hebben we onderzocht of we 
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galzoutmalabsorptie in CF kunnen meten met behulp van 7α-hydroxy-4-cholesten-

3-one (C4) en fibroblast growth factor 19 (FGF19), plasma surrogaat markers voor 

respectievelijk galzoutsynthese en absorptie. We tonen aan dat CF patiënten met 

een klasse III mutatie inderdaad een verstoring hebben van deze markers in een 

patroon dat overeenkomt met het galzoutmalabsorptie fenotype. Tevens laten we 

zien dat deze markers (gedeeltelijk) normaliseren na behandeling met het medicijn 

ivacaftor, een CFTR modulator. De verbeteringen in FGF19 en C4 correleren 

slecht met andere CF gerelateerde uitkomsten, zoals longfunctie en body-mass 

index, wat de orgaan specificiteit en de aanwezigheid van modificerende factoren 

in CF benadrukt. Deze resultaten illustreren de potentiële waarde voor deze 

biomarkers in CF onderzoek en klinische follow-up.  

 

Gerichte CFTR modulerende therapie laat veelbelovende resultaten zien maar 

is nog niet effectief in de behandeling van alle CF patiënten en symptomen. Er is 

derhalve nog steeds noodzaak tot onderzoek naar andere therapeutische 

mogelijkheden om CF gerelateerde complicaties te behandelen of te voorkomen. 

In hoofdstuk 5 hebben we gekeken of het mogelijk was om de galzouthomeostase 

in CF te verbeteren met behulp van behandeling met een laxeermiddel. Eerdere 

studies hebben laten zien dat behandeling van CF muizen met een veel 

voorgeschreven laxeermiddel, polyethylene glycol (PEG), een gunstig effect heeft 

op verschillende darmparameters zoals ontsteking en de microbiota. In hoofdstuk 

5 laten we zien in dat behandeling met PEG de galzoutexcretie verlaagd in CF 

muizen en dat daarmee gepaard een verhoging optreed van intestinale FXR 

activatie. De omvang van zowel de galzoutmalabsorptie als het effect van PEG 

behandeling was echter sterk afhankelijk van het type dieet dat werd gebruikt.  

 

De rol van galzouten en ASBT in de intestinale absorptie van vetzuren en 

cholesterol  

Vet- en galzoutmetabolisme zijn nauw met elkaar verbonden. Galzouten 

verhogen de oplosbaarheid van hydrofobe verbindingen, zoals cholesterol en 

vetzuren, door vorming van micellen in de darm. Deze micellen faciliteren transport 

van vetten over de waterlaag van de darm om daarna geabsorbeerd te kunnen 

worden door de enterocyt. Er is een verscheidenheid aan data die suggereren dat 

een verlaging of verandering in de samenstelling van de galzoutpool, de 

cholesterol absorptie verlaagt. Er is echter geen precieze kwantificatie van de 

intestinale cholesterol fluxen bij dergelijke veranderingen. In hoofdstuk 6 hebben 

we onderzocht hoe de intestinale cholesterol fluxen beïnvloed worden in twee 
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modellen van verlaagde cholesterol absorptie namelijk door 1) directe remming 

van het belangrijkste cholesterol absorptie eiwit, Niemann-Pick C1-Like 1 

(NPC1L1), middels ezetimibe, en 2) indirecte remming door inactivatie van de 

apical sodium dependent bile acid transporter (ASBT) en daaropvolgende 

verlaging van de galzoutpool. We laten zien dat in beide modellen de fractionele 

cholesterol absorptie zeer sterk verlaagd wordt. Tegelijkertijd was de fecale 

uitscheiding van cholesterol in beide modellen in gelijke mate verhoogd wat 

resulteerde in een vergelijkbare berekende flux van transintestinale cholesterol 

excretie (TICE). Combinatie van beide modellen had geen additief effect op zowel 

cholesterol absorptie als berekende TICE. Hieruit concludeerden we dat het 

merendeel van het fecaal uitgescheiden cholesterol in deze modellen TICE 

representeert dat onder fysiologische omstandigheden bijna volledig geresorbeerd 

wordt.  

Galzoutmalabsorptie veroorzaakt door remming van ASBT vermindert de 

grootte van de galzoutpool. Aangezien hydrofobe vetzuren meer afhankelijk zijn 

van galzouten voor absorptie, is een vermindering in intestinale vetabsorptie ten 

gevolge van ASBT remming waarschijnlijk sterker voor hydrofobe vetzuren. Echter 

is deze relatie nooit direct onderzocht. Hydrofobiciteit van vetzuren wordt bepaald  

door de lengte van de acylketen en de saturatie (aantal dubbele bindingen). In 

hoofdstuk 7 meten we intestinale vetabsorptie van verschillende individuele 

vetzuren. We laten zien dat het geven van een ASBT remmer de totale 

vetzuurabsorptie remt maar dat dit het meest uitgesproken is voor de hydrofobe 

lange keten verzadigde en mono-onverzadigde vetzuren, die meer afhankelijk zijn 

van galzouten voor absorptie.   

 

De effecten van ASBT remming op dieet geïnduceerde  gewichtstoename, 

glucosehomeostase en non-alcoholic fatty liver disease (NAFLD)  

Recent onderzoek laat zien dat galzouthomeostase een belangrijke regulator is 

van zowel glucose- als vetmetabolisme. Behandeling met een ASBT inhibitor 

verbetert de glucose- en vetstofwisseling in type 2 diabetes mellitus en non-

alcoholic fatty liver disease (NAFLD) in verschillende (pre)klinische studies. Het 

mechanisme dat ten grondslag ligt aan deze effecten is echter onduidelijk. 

Vanwege de eerder aangetoonde effecten van ASBT remming op intestinale 

vetabsorptie, hebben we in hoofdstuk 7 verder onderzocht wat het effect is van 

twee hoog-vet diëten met verschillende compositie op de ontwikkeling van 

overgewicht en daaraan gerelateerde metabole dysfunctie. In hoofdstuk 7 laten 

we zien dat genetische inactivatie van ASBT in muizen bescherming biedt tegen 
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obesitas en gerelateerde problemen in glucosemetabolisme ten gevolge van een 

hoog-vet dieet gebaseerd op dierlijk (varkens-) vet, hoog in verzadigde vetten. 

Deze veranderingen werden niet gezien op een hoog-vet dieet gebaseerd op 

sojaboonolie, hoger in meervoudig onverzadigde vetten. In overeenstemming met 

de eerdere observaties van een ASBT remmer op vetabsorptie, was de 

proportionele fecale uitscheiding van verzadigde ten opzichte van meervoudig 

onverzadigde vetzuren groter in ASBT knockout muizen in vergelijking met 

wildtype (WT) muizen. De reden dat er geen verschil in gewichtstoename was 

tussen ASBT knockout en WT muizen op het sojaboonolie dieet, zou derhalve het 

resultaat kunnen zijn van betere opname van meervoudig onverzadigde vetten in 

ASBT knockout muizen. Echter, in vergelijking met het op varkensvet gebaseerde 

hoog-vet dieet, zorgde het op sojaboonolie gebaseerde dieet ook in de WT 

controle muizen voor minder gewichtstoename. Dit wijst op een algemene 

verschillende verwerking van dieetvetzuren in muizen en onderstreept het belang 

van het kiezen van de juiste compositie van een hoog-vet dieet voor metabole 

studies.   

In hoofdstuk 7 tonen we tevens aan dat remming van ASBT zeer effectief is in 

het voorkomen van steatose in de lever en dat dit effect onafhankelijk is van de 

samenstelling van het gebruikte dieet. Hoewel de effecten van ASBT inhibitie op 

leversteatose robuust waren, was het onduidelijk of het ook de progressie van 

steatose naar de ernstigere NAFLD verschijnselen, ontsteking en fibrose, remt. 

Derhalve hebben wij in hoofdstuk 8 de effecten van ASBT remming op NAFLD 

onderzocht in een choline deficiënt muismodel dat, in tegenstelling tot de meeste 

dieet geïnduceerde NAFLD muismodellen, wél inflammatie en fibrose ontwikkelt. 

Behandeling met een ASBT remmer in een choline deficiënt muismodel kon de 

ontwikkeling van fibrose niet voorkomen. Tevens werden de eerder consistente 

effecten op steatose evenals de vermindering van vetabsorptie niet geobserveerd. 

De onderliggende oorzaak voor het uitblijven van deze eerder consistente effecten 

van ASBT remming in de context van een choline deficiënt dieet werd niet 

gevonden. Als zowel de data van hoofdstuk 7, waar robuuste dieet onafhankelijke 

effecten werden gezien op vetabsorptie én steatose met ASBT inhibitie, en 

hoofdstuk 8, waar beide genoemde effecten afwezig waren, samen worden 

overwogen, kan men denken aan een mogelijke link tussen de verminderde 

vetabsorptie en de anti-steatose effecten van ASBT remming. Meer experimenten 

zijn noodzakelijk om dit verband aan te tonen dan wel uit te sluiten.  

De resultaten van deze studies zijn van belang voor onze kennis over ASBT 

remming en de effecten op NAFLD. Echter is het belangrijk geen verregaande 
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conclusies te trekken omdat 1) het galzoutprofiel van muizen zeer verschillend is 

van mensen en 2) het choline deficiëntie model ver af staat van de NAFLD 

pathofysiologie in patiënten. Studies in andere modellen van NAFLD zijn 

noodzakelijk om de resultaten te verifiëren en de mogelijke implicaties voor 

patiënten te duiden.  

 

De studies in dit proefschrift benadrukken de prominente doch complexe rol van 

galzouthomeostase in de regulatie van metabolisme. Deze rol is relevant voor 

multisysteemaandoeningen die de galzouthomeostase aandoen, zoals CF, waar 

galzoutmalabsorptie mogelijk bijdraagt aan verschillende complicaties. Tevens is 

moduleren van de galzouthomeostase (bijvoorbeeld door ASBT remming) een 

interessant nieuw aangrijpingspunt voor de preventie of behandeling van 

chronische metabole ziekten zoals NAFLD of type 2 diabetes mellitus.  
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