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GENERAL SUMMARY AND DISCUSSION 

 

In this thesis, we studied clinical and basic aspects of the hepatic and gastrointestinal 

involvement in cystic fibrosis. We focused on the physiological and pathological role of bile 

salts and the enterohepatic circulation in Cystic fibrosis conditions.  From our clinical study, 

we learned that, based on the involvement of gamma-GT (GGT), cirrhotic Cystic fibrosis liver 

disease (CCFLD) is primarily a biliary disease since GGT elevation is a predictor for the 

development of CCFLD. From our experiments in CF mice models we conclude that cystic 

fibrosis related liver disease is not related to biliary bile salt cytotoxicity. Nevertheless, in 

different CF mice models we could establish a CFTR dependent and bile salt specific, biliary 

phenotype. We provided proof that this biliary phenotype can, partially, be corrected by the 

hydrophilic bile salt UDCA. Finally, we demonstrated that the CF phenotype in mice includes 

alterations in the metabolism and enterohepatic circulation of bile salts. These changes are 

due to interaction between the CFTR protein and the bacterial flora of the gut. Our findings 

provide new experimental evidence for the significant role of CFTR in the equilibrium of the 

enterohepatic circulation. Impaired CFTR function, like in Cystic fibrosis disease conditions, 

can therefore give rise to negative alterations in the enterohepatic circulation and bile salt 

metabolism. Our results provide new understanding in the gastro-intestinal and hepatic role 

of CFTR that provides new insights for development of future treatment options in Cystic 

fibrosis. 

CCFLD is a life-threatening, hepatic complication of CF (1, 2). The clinical presentation of 

CCFLD is often characterized by severe portal hypertension and gastrointestinal variceal 

bleeding (3). In patients with end stage CCFLD liver transplantation might be indicated (4, 5). 

Therefore patients at risk for or still in early stages of the disease could benefit from 

preventive treatment for CCFLD. However, to date no predictors to identify patients at risk for 

CCFLD were available. In chapter 2, we report that, in the time period 2 years prior to the 

diagnosis of CCFLD, an increase of GGT, even if the level remains within the normal range, 

indicates a significantly increased risk for the development CCFLD. This finding provides new 

opportunities for identifying high risk patient for CCFLD and more targeted preventive or 

preemptive therapy strategies like UDCA.  

Within a few years after the CFTR gene was identified in humans, the first genetically 

engineered CF mouse models were developed (6-9). These models have been of great 

importance for increasing the understanding Cftr physiology and pathology in various organ 

systems. However, the phenotype of the developed CF mice models differs in several aspects 

from the human CF disease equivalent. For example lung disease, the most prominent CF 

disease feature in CF patients, is barely found in mice models (10). On the other hand, CF 

mouse models exhibit a wide range of gastrointestinal phenotypes that closely resemble the 

human CF condition (11). In chapter 3, we reviewed current knowledge on the hepatic and 
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gastrointestinal CF phenotypes in mouse models and in human patients.  We focused on 

chronic intestinal fat malabsorption, present in many CF patients. We indentified useful 

similarities in the phenotype between mice and man.  For example, the comparable 

phenotype of increased fecal bile salt loss and alterations in bile salt composition in both CF 

mice and CF patients (12). Also, the intestinal mucosal abnormalities like small intestinal 

bacterial overgrowth (SIBO), intestinal mucus accumulation, intestinal inflammation and 

increased intestinal permeability have corresponding phenotypes in CF humans and mice(13, 

14). From these findings we concluded that the CF mouse, despite differences in phenotypic 

expression among different genetic mice backgrounds, can well serve as useful experimental 

model for gastrointestinal CF phenomena. Based on this analysis, our studies in CF mice 

models could provide an educated basis for future translational research. 

 We investigated to what extent CF mouse models can provide pathophysiological and 

mechanistic understanding in the development of CF related hepatic disease (chapter 4-6). 

Our main focus was to determine whether biliary bile salt cytotoxicity is involved in the 

development of CFLD like disease in CF mice. To answer this question we analyzed the liver 

involvement in various CF mouse models. In the Cftr
-/-tm1Unc

 CF mice, a model characterized by 

spontaneous development of CFLD like disease, we could not establish a contribution of 

biliary bile salt cytotoxicity to its hepatic histo-pathologic phenotype. On the other hand, in 

other CF mouse models we did find a significant increase in the hydrophobic profile of the 

biliary bile. However, even in these mice models, this increased biliary cytotoxicity could not 

be related to CFLD like disease. Finally, we could not prove that CF mice, when challenged 

with and prolonged hydrophobic bile salt exposure, were more susceptible to develop CFLD 

like disease.  Based on these combined results we conclude that the development of CFLD like 

disease, at least in mice, is not related to Cftr related changes in biliary cytotoxicity. We 

postulate that this conclusion can be extrapolated to the development of liver involvement in 

humans with CF. 

Although we could not establish a specific histo-pathological phenotype in mice that was 

corresponding with CCFLD in humans, we did find a unique hepatic and biliary phenotype. 

(chapter 4). Cftr
-/-

 mice, when exposed to the hydrophobic bile salt cholate, over an extended 

period of time, display an increased hydrophobicity of bile and a decreased capacity to 

increase bile flow. Cftr
-/-

 mice are apparently less able to dilute the bile during chronic cholate 

administration. This is clearly illustrated by a significantly increased biliary BS concentration 

but unaffected BS secretion rates. We observed a distinct Cftr dependent liver growth and 

proliferation response, on prolonged hydrophobic BS exposure: in wild type mice the liver 

weight increased by ~50% upon a chronic BS administration, whereas liver weight was stable 

in different CF mouse models. These observations point to a, hitherto unrecognized, role of 

CFTR in the hepatic adaptive response to prolonged hydrophobic BS exposure. We speculate 

that, this impaired regenerative capability of the CF phenotype, could be related to an 

increased hepatic vulnerability, for example in cholestatic conditions. This deficiency in 

regenerative hepatic capacity may play a role in liver disease development. 
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Our results in Cftr
-/-tm1Unc

 mice (chapter 5) demonstrated Cftr dependent differences in 

intestinal bile salt metabolism. We found, Cftr specific, alterations in the bacterial formation 

of the secondary bile salts and accordingly in the fecal and biliary bile salt composition. As a 

result we found that in Cftr
-/-tm1Unc

 mice, exclusively fed a liquid diet, the biliary bile salt profile 

was considerably more hydrophilic and the bile flow was increased compared to wild type 

mice. The increase in bile production, in the Cftr
-/-tm1Unc

, could be explained by increased 

concentrations of ursocholate (UCA). The contribution of UCA to the bile salt pool is usually 

relatively small, due to its rapid biotransformation into DCA by the intestinal bacterial flora. 

Therefore, the reported increased UCA enrichment of the Cftr
-/-tm1Unc

 mice can only be 

explained by, specific Cftr related, changes in the functioning of intestinal bacterial flora. UCA 

is a very hydrophilic and highly choleretic bile salt. Therefore, UCA enrichment in the Cftr
Unc-/-

 

mice, results in a significantly increased bile salt dependent bile flow and in a significantly 

decreased biliary bile hydrophobicity. Our results provide a clear example of the way in which 

alterations in the interaction between intestinal flora and bile salt formation can significantly 

affect the enterohepatic circulation of bile salt. In CF conditions these changes, in bile salt 

metabolism, could be related to its phonotypical characteristics or even result in induction or 

prevention of liver disease development. Several intestinal mucosal abnormalities are 

described in CF patients and CF mice models that could influence the composition of the 

bacterial micro flora. These abnormalities include accumulation of viscous and sticky mucus, 

small intestinal bacterial over growth, increased intestinal permeability and inflammation of 

the small intestine (15-24).  

The importance of the intestinal bacterial flora for the CF gastrointestinal phenotype was also 

illustrated by other experiments.  We treated control and CF mice with either the hydrophilic 

bile salt UDCA or the hydrophobic bile salt cholate (CA). We found that control mice, on CA 

diet, displayed a slightly more hydrophobic bile composition compared to the Cftr
-/-

 mice. This 

effect, in wild type mice, can, in its entirety, be explained by the presence of the secondary 

bile salt deoxycholate (DCA), not found in bile of Cftr
-/-

 mice. DCA is produced exclusively, via 

biotransformation, by the intestinal micro flora. Recently, we and others have reported that 

intestinal micro flora and the intestinal mucosal permeability are changed in CF (25-28). Our 

results emphasize the critical role of the intestinal micro flora, for CF conditions, in modifying 

the enterohepatic circulation of bile salts. We believe that, Cftr specific, genotypic changes in 

intestinal flora are primary responsible for a majority of the, CF related, alterations in bile salt 

composition and production. These observations open the perspective for targeted 

manipulation of the intestinal micro flora in CF mice and patients. 

As stated, the Cftr dependent changes in bile salt composition and metabolism can have 

profound effects on the enterohepatic circulation in CF conditions. Yet, to some extent, the 

observed changes in bile salt formation can also result from, Cftr related, alterations in the 

enterohepatic circulation itself. The reported difference in bacterial BS biotransformation, in 

particular the conversion CA to DCA, can indirectly affect hepatic bile salt synthesis.  For 

example DCA is a strong activating ligand of the farnesoid X receptor (FXR) (29). This nuclear 
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receptor is highly expressed in the liver and ileum (30). In the liver, an important function of 

FXR activation is the suppression of bile acid synthesis from cholesterol (31). Activation of 

intestinal FXR induces the expression of FGF19 (fibroblast growth factor 19, equivalent to 

Fgf15 in rodents) by the enterocytes (32).  FGF19 is excreted and transported via the portal 

circulation to the liver. Here it can induce the cascade of bile salt synthesis from cholesterol.  

Additionally, recent publications describe the central role of FGF15/19 in hepatocyte 

proliferation (33, 34). Normally FGF15/19 is only expressed in the terminal ileum and not in 

normal liver. However, hepatic expression of FGF15/19 can occur in cholestatic conditions 

and is associated with hepatic adaptation aimed at protecting against BS injury (35).  

In our chronic hydrophobic bile salt (cholate) exposure model, expression of Fgf15 could 

potentially be induced both in the intestine and in the liver. The increased biliary fraction of 

DCA, found in the controls after chronic CA diet, can induce Fgf15 expression via FXR in the 

enterocytes or directly by inducing Fgf15 expression in the liver. In either situation, induction 

of Fgf15 could induce liver proliferation and liver growth (36). There could also be a primary 

role for the intestinal flora. A recent study in germ free mice showed that gut microbiota do 

regulate bile salt metabolism by influencing naturally occurring FXR antagonists like tauro-

beta-muricholic acid (37). On the other hand cholate induced liver growth in mice, similar to 

our current findings in controls, was described previously. Huang et al. reported that CA 

feeding (0.2%) for 5 days stimulated normal liver growth and increased the relative liver 

weight by approximately 30% in wild type mice (38). These investigators also observed that 

CA supplementation enhanced liver regeneration after partial hepatectomy. They concluded 

that normal liver regeneration depends on BS activation via nuclear receptor-dependent 

signaling pathways, in particular FXR.  

The potential role of FXR is underlined by our finding that liver growth is not observed during 

chronic UDCA exposure. UDCA does not lead to increased presence of strong FXR ligands like 

DCA. Current findings offer opportunities for future research. To differentiate the flora effect 

from the bile salt effect in regulating FXR it would be of value to develop germ free CF mice to 

repeat the experiments. Furthermore it would be of great interest to perform a cholate diet 

experiment in FXR intestinal and liver tissue specific knockout mice models. These models 

provide the opportunity to separate the intestinal FXR stimulation from the hepatic FXR 

effects on liver growth. 

UDCA as a preventive treatment option for cirrhotic CFLD remains controversial (39). An 

important factor in this argument is the lack of support by basic experimental evidence. 

Additionally there or no well-designed clinical study showing unequivocally a long term 

clinical benefit on relevant clinical outcome (40). A major physiological effect of UDCA is its 

capacity to increase bile flow. This property has supported the therapeutic use of UDCA in a 

variety of cholangiopathies, including CFLD (41). In vitro and ex vivo studies indicated, 

however that the stimulatory role of UDCA on cholangiocyte secretion depends on the 

presence of CFTR (42, 43). In the present thesis (chapter 6), we studied the effects of UDCA in 
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vivo in CF mice. We demonstrated that UDCA, in vivo, either during acute or chronic 

administration, induced a significant, Cftr independent, increase of bile flow in mice. 

Therefore, our results suggest that a positive choleretic effect of UDCA can also be expected 

in human CF conditions. Furthermore, UDCA treatment reduced the relative hydrophobic 

biliary bile salt composition in Cftr
-/-

 mice. In bile UDCA replaced cholate and reduced the 

quantitative total pool size of cholate. These properties could contribute to the assumed 

beneficial effects of UDCA in CFLD. However, we would like to underline that our results do 

not provide evidence for preventive effects of UDCA on the development of liver fibrosis.  

We feel that the results of our studies lead to an improved understanding of the development 

of Cystic fibrosis liver disease. Our results provide new opportunities for future clinical and 

basic research. This is especially relevant given the current groundbreaking therapeutic 

developments in CF. These new therapies are target to directly correct the basic genetic CFTR 

defect (44). To explore these new therapeutic options further, early intervention in young 

children, who have not yet developed severe pulmonary disease, would be most favorable 

(45). Classic lung function measurements, the traditional clinical endpoint in CF clinical 

research, may not be the most indicative in young patients still without a measurable 

decrease pulmonary function.  To perform future therapeutic studies new clinical endpoints 

and intermediate endpoints for Cystic fibrosis disease need to be developed (46).  

The results of his thesis offer additional options for the development of new gasto-intestinal 

and hepatic outcome parameters for future clinical trials (47). For example measuring 

differences in fecal bile secretion or changes in bile salt metabolism might have high potential 

as clinical outcome variables. Total bile salt secretions, as well as differences in fecal bile salt 

formation, are relatively easily obtainable results and do not require an invasive approach. 

These measurements are feasible to achieve even in young children. Another example that 

open new research opportunities could be the ever growing possible study methods to 

identify and quantify the intestinal bacterial micro flora. The CFTR specific changes in the 

interaction of the intestinal bacterial flora with intestinal bile salt metabolism and absorption 

as reported in this thesis can serve as the basis for further research in this direction.  

Moreover, our results proved new opportunities for treatment options for CCFLD. Based on 

our results, it appears justifiable to evaluate the prognostic value of GGT to identify patients 

at risk for severe cirrhotic CFLD in a large prospective cohort study. This study can than 

provide the necessary validation and support for clinical use and interventional therapeutic 

strategies. Simultaneously, therapeutic interventional and observational (registry) studies 

could provide additional candidate parameters on gastrointestinal function.  These could 

serve as new parameters to evaluate either the severity of the gastrointestinal phenotype in 

general or for the development of CCFLD in particular. 

In addition to clinical, patient-oriented studies, we feel that continuation of the basic studies 

in relevant model systems is essential. Concerning the search for the pathogenesis of CCFLD 

we believe the focus should switch from bile salt cytotoxicity to the liver-intestine-micro flora 
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interaction. The results presented in this thesis provide strong support for the concept that 

CFTR dependent changes in the intestinal bacterial flora composition are strongly related to 

intestinal inflammation and intestinal bile salt metabolism. Focus on pathophysiology of small 

intestinal bacterial overgrowth (SIBO) and of the intestinal flora in general in CF seems 

indicated. The role of intestinal paneth cells, secreting anti-bacterial proteins into the 

intestinal lumen, may also be relevant to delineate in CF conditions.   

Another line of logical continuation of our current research involves the hepatic-intestinal axis 

and the enterohepatic circulation of bile salt in CF conditions. Our results show a distinct CFTR 

dependent phenotype of bile salt synthesis, intestinal bile salt biotransformation and fecal 

bile salt loss.  This interaction of CFTR function with the enterohepatic circulation of bile salts 

including the interaction with the intestinal bacterial flora needs further exploration. 

Finally there are new developments in possibilities to study different CF animal models. 

Recently CF ferrets and CF pigs were generated and characterized in experimental studies (48, 

49). The firsts result of these studies show that, in particular the CF pigs, demonstrate a 

hepatic CFLD like phenotype (50). These new models provide opportunities to further study 

CFLD development and treatment. 

In conclusion we believe that our research provides key additional expertise in the field of 

gastro-intestinal and hepatic consequence of Cystic fibrosis disease. We feel that our present 

results, in combination with the current promising developments in CF drug development, the 

expansion of global patient registries and the development of new experimental animal 

models, add to improve the understanding and the treatment for CF disease in the near 

future.  

  



Chapter 7 

140 

7 

REFERENCE LIST 

1. Leeuwen L, Fitzgerald DA, Gaskin KJ. Liver disease in cystic fibrosis. Paediatric Respiratory 

Reviews. 2013. 

2. Lindblad A, Glaumann H, Strandvik B. Natural history of liver disease in cystic fibrosis. 

Hepatology. 1999 11;30(5):1151-8. 

3. Debray D, Lykavieris P, Gauthier F, Dousset B, Sardet A, Munck A, et al. Outcome of cystic 

fibrosis-associated liver cirrhosis: Management of portal hypertension. J Hepatol. 

1999;31(1):77-83. 

4. Chryssostalis A, Hubert D, Coste J, Kanaan R, Burgel P, Desmazes-Dufeu N, et al. Liver 

disease in adult patients with cystic fibrosis: A frequent and independent prognostic factor 

associated with death or lung transplantation. J Hepatol. 2011;55(6):1377-82. 

5. Rowland M, Gallagher CG, Ó'Laoide R, Canny G, Broderick A, Hayes R, et al. Outcome in 

cystic fibrosis liver disease. Am J Gastroenterol. 2010;106(1):104-9. 

6. Kerem B, Rommens JM, Buchanan JA, Markiewicz D, Cox TK, Chakravarti A, et al. 

Identification of the cystic fibrosis gene: Genetic analysis. Science. 1989 

09/08;245(4922):1073-80. 

7. Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, et al. Identification of 

the cystic fibrosis gene: Cloning and characterization of complementary DNA. Science. 

1989;245(4922):1066. 

8. Ratcliff R, Evans MJ, Cuthbert AW, MacVinish LJ, Foster D, Anderson JR, et al. Production of 

a severe cystic fibrosis mutation in mice by gene targeting. Nat Genet. 1993 05;4(1):35-41. 

9. van Doorninck JH, French PJ, Verbeek E, Peters R, Morreau H, Bijman J, et al. A mouse model 

for the cystic fibrosis delta F508 mutation. EMBO J. 1995;14(18):4403. 

10. Wilke M, Buijs-Offerman RM, Aarbiou J, Colledge WH, Sheppard DN, Touqui L, et al. Mouse 

models of cystic fibrosis: Phenotypic analysis and research applications. J Cyst Fibros. 

2011;10:S152-71. 

11. Durie PR, Kent G, Phillips MJ, Ackerley CA. Characteristic multiorgan pathology of cystic 

fibrosis in a long-living cystic fibrosis transmembrane regulator knockout murine model. Am J 

Pathol. 2004 04;164(4):1481-93. 

12. Kalivianakis M, Bronsveld I, Jonge de H, Sinaasappel M, Havinga R, Kuipers F, et al. 

Increased fecal bile salt excretion is independent of the presence of dietary fat malabsorption 

in two mouse models for cystic fibrosis. Proefschrift Mini Kalivianalis. 2003. 

13. Fridge JL, Conrad C, Gerson L, Castillo RO, Cox K. Risk factors for small bowel bacterial 

overgrowth in cystic fibrosis. J Pediatr Gastroenterol Nutr. 2007;44(2):212-8. 



Summary and general discussion 

141 

7 

14. Norkina O, Burnett TG, De Lisle RC. Bacterial overgrowth in the cystic fibrosis 

transmembrane conductance regulator null mouse small intestine. Infect Immun. 

2004;72(10):6040-9. 

15. Van Elburg RM, Uil JJ, Van Aalderen WMC, Mulder CJJ, Heymans HSA. Intestinal 

permeability in exocrine pancreatic insufficiency due to cystic fibrosis or chronic pancreatitis. 

Pediatr Res. 1996;39(6):985-91. 

16. Lewindon P, Robb T, Moore DJ, Davidson GP, Martin AJ. Bowel dysfunction in cystic 

fibrosis: Importance of breath testing. J Paediatr Child Health. 1998;34(1):79-82. 

17. Lisowska A, Wójtowicz J, Walkowiak J. Small intestine bacterial overgrowth is frequent in 

cystic fibrosis: Combined hydrogen and methane measurements are required for its detection. 

Acta Biochim Pol. 2009;56(4):631. 

18. Bruzzese E, Raia V, Gaudiello G, Polito G, Buccigrossi V, Formicola V, et al. Intestinal 

inflammation is a frequent feature of cystic fibrosis and is reduced by probiotic administration. 

Aliment Pharmacol Ther. 2004;20(7):813-9. 

19. Raia V, Maiuri L, de Ritis G, de Vizia B, Vacca L, Conte R, et al. Evidence of chronic 

inflammation in morphologically normal small intestine of cystic fibrosis patients. Pediatr Res. 

2000;47(3):344-50. 

20. Sbarbati A, Bertini M, Catassi C, Gagliardini R, Osculati F. Ultrastructural lesions in the 

small bowel of patients with cystic fibrosis. Pediatr Res. 1998;43(2):234-9. 

21. Smyth RL, Croft NM, O'Hea U, Marshall TG, Ferguson A. Intestinal inflammation in cystic 

fibrosis. Arch Dis Child. 2000;82(5):394-9. 

22. Quigley EM, Quera R. Small intestinal bacterial overgrowth: Roles of antibiotics, prebiotics, 

and probiotics. Gastroenterology. 2006;130(2):S78-90. 

23. Norkina O, Burnett TG, De Lisle RC. Bacterial overgrowth in the cystic fibrosis 

transmembrane conductance regulator null mouse small intestine. Infect Immun. 

2004;72(10):6040. 

24. De Lisle RC, Roach E, Jansson K. Effects of laxative and N-acetylcysteine on mucus 

accumulation, bacterial load, transit, and inflammation in the cystic fibrosis mouse small 

intestine. American Journal of Physiology-Gastrointestinal and Liver Physiology. 

2007;293(3):G577-84. 

25. De Lisle RC, Roach EA, Norkina O. Eradication of small intestinal bacterial overgrowth in 

the cystic fibrosis mouse reduces mucus accumulation. J Pediatr Gastroenterol Nutr. 

2006;42(1):46-52. 

26. De Lisle RC, Mueller R, Boyd M. Impaired mucosal barrier function in the small intestine of 

the cystic fibrosis mouse. J Pediatr Gastroenterol Nutr. 2011;53(4):371-9. 



Chapter 7 

142 

7 

27. Wouthuyzen-Bakker M, Bijvelds MJC, de Jonge HR, De Lisle RC, Burgerhof JGM, Verkade 

HJ. Effect of antibiotic treatment on fat absorption in mice with cystic fibrosis. Pediatr Res. 

2011;71(1):4-12. 

28. Martin CR, Zaman MM, Ketwaroo GA, Bhutta AQ, Coronel E, Popov Y, et al. CFTR 

dysfunction predisposes to fibrotic liver disease in a murine model. American Journal of 

Physiology-Gastrointestinal and Liver Physiology. 2012;303(4):G474-81. 

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

the nuclear receptor FXR/BAR. Mol Cell. 1999;3(5):543-53. 

30. Vaquero J, Monte MJ, Dominguez M, Muntané J, Marin JJG. Differential activation of the 

human farnesoid X receptor depends on the pattern of expressed isoforms and the bile acid 

pool composition. Biochem Pharmacol. 2013 10/1;86(7):926-39. 

31. Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore LB, et al. A regulatory 

cascade of the nuclear receptors FXR, SHP-1, and LRH-1 represses bile acid biosynthesis. Mol 

Cell. 2000;6(3):517-26. 

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

homeostasis by the farnesoid X receptor in liver and intestine. J Lipid Res. 2007 

12;48(12):2664-72. 

33. Wu X, Ge H, Lemon B, Vonderfecht S, Weiszmann J, Hecht R, et al. FGF19-induced 

hepatocyte proliferation is mediated through FGFR4 activation. J Biol Chem. 

2010;285(8):5165-70. 

34. Wu AL, Coulter S, Liddle C, Wong A, Eastham-Anderson J, French DM, et al. FGF19 

regulates cell proliferation, glucose and bile acid metabolism via FGFR4-dependent and 

independent pathways. PloS one. 2011;6(3):e17868. 

35. Schaap FG, van der Gaag NA, Gouma DJ, Jansen PLM. High expression of the bile 

salt‐homeostatic hormone fibroblast growth factor 19 in the liver of patients with extrahepatic 

cholestasis. Hepatology. 2009;49(4):1228-35. 

36. Uriarte I, Fernandez-Barrena MG, Monte MJ, Latasa MU, Chang HC, Carotti S, et al. 

Identification of fibroblast growth factor 15 as a novel mediator of liver regeneration and its 

application in the prevention of post-resection liver failure in mice. Gut. 2013;62(6):899-910. 

37. Sayin S, Wahlström A, Felin J, Jäntti S, Marschall H, Bamberg K, et al. Gut microbiota 

regulates bile acid metabolism by reducing the levels of tauro-beta-muricholic acid, a naturally 

occurring FXR antagonist. Cell Metabolism. 2013 2/5;17(2):225-35. 

38. Huang W, Ma K, Zhang J, Qatanani M, Cuvillier J, Liu J, et al. Nuclear receptor-dependent 

bile acid signaling is required for normal liver regeneration. Science. 2006 

04/14;312(5771):233-6. 



Summary and general discussion 

143 

7 

39. Ooi CY, Nightingale S, Durie PR, Freedman SD. Ursodeoxycholic acid in cystic fibrosis-

associated liver disease. Journal of Cystic Fibrosis. 2012 1;11(1):72-3. 

40. Cheng K, Ashby D, Smyth RL. Ursodeoxycholic acid for cystic fibrosis-related liver disease. 

Cochrane Database Syst Rev. 2012;10. 

41. Paumgartner G, Beuers U. Ursodeoxycholic acid in cholestatic liver disease: Mechanisms of 

action and therapeutic use revisited. Hepatology. 2002 09;36(3):525-31. 

42. Fiorotto R, Spirli C, Fabris L, Cadamuro M, Okolicsanyi L, Strazzabosco M. Ursodeoxycholic 

acid stimulates cholangiocyte fluid secretion in mice via CFTR-dependent ATP secretion. 

Gastroenterology. 2007 11;133(5):1603-13. 

43. Shimokura GH, McGill JM, Schlenker T, Fitz JG. Ursodeoxycholate increases cytosolic 

calcium concentration and activates cl- currents in a biliary cell line. Gastroenterology. 1995 

09;109(3):965-72. 

44. Ramsey BW, Davies J, McElvaney NG, Tullis E, Bell SC, Dřevínek P, et al. A CFTR potentiator 

in patients with cystic fibrosis and the G551D mutation. N Engl J Med. 2011 11/03; 

2012/09;365(18):1663-72. 

45. Ashlock MA, Olson ER. Therapeutics development for cystic fibrosis: A successful model for 

a multisystem genetic disease. Annu Rev Med. 2011;62:107-25. 

46. De Boeck K, Bulteel V, Tiddens H, Wagner T, Fajac I, Conway S, et al. Guideline on the 

design and conduct of cystic fibrosis clinical trials: The european cystic fibrosis Society–Clinical 

trials network (ECFS-CTN). Journal of Cystic Fibrosis. 2011;10:S67-74. 

47. Rowe SM, Borowitz DS, Burns JL, Clancy JP, Donaldson SH, Retsch-Bogart G, et al. Progress 

in cystic fibrosis and the CF therapeutics development network. Thorax. 2012;67(10):882-90. 

48. Rogers CS, Stoltz DA, Meyerholz DK, Ostedgaard LS, Rokhlina T, Taft PJ, et al. Disruption of 

the CFTR gene produces a model of cystic fibrosis in newborn pigs. Science. 

2008;321(5897):1837-41. 

49. Sun X, Sui H, Fisher JT, Yan Z, Liu X, Cho H, et al. Disease phenotype of a ferret CFTR-

knockout model of cystic fibrosis. J Clin Invest. 2010;120(9):3149. 

50. Stoltz DA, Rokhlina T, Ernst SE, Pezzulo AA, Ostedgaard LS, Karp PH, et al. Intestinal CFTR 

expression alleviates meconium ileus in cystic fibrosis pigs. J Clin Invest. 2013;123(6):2685. 

  

  



Chapter 7 

144 

7 

 


