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Abstract
Background & Aims—Patients with cystic fibrosis (CF) have poorly defined defects in biliary
function. We evaluated the effects of cystic fibrosis transmembrane conductance regulator (CFTR)
deficiency on the enterohepatic disposition of bile acids (BAs).

Methods—Bile secretion and BA homeostasis were investigated in Cftrtm1Unc (Cftr−/−) and
CftrΔF508 (ΔF508) mice.

Results—Cftr−/− and ΔF508 mice did not grow to normal size, but did not have liver
abnormalities. The gallbladders of Cftr−/− mice were enlarged and had defects in emptying, based
on99mtechnetiummebrofenin scintigraphy or post-prandial variationsn gallbladder volume;
gallbladder contraction in response to cholecystokinin-8 was normal. Cftr−/− mice had abnormal
gallbladder bile and duodenal acidity, and overexpressed the vasoactive intestinal peptide—a
myorelaxant factor for the gallbladder. The BA pool was larger in Cftr−/− than wild-type mice,
although there were no differences in fecal loss of BAs. Amounts of secondary BAs in portal
blood, liver, and bile of Cftr−/− mice were much lower than normal. Expression of genes that are
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induced by BAs, including fibroblast growth factor-15 and BA transporters, was lower in the
ileum but higher in the gallbladders of Cftr−/− mice, compared with wild-type mice, whereas
enzymes that synthesize BA were down-regulated in livers of Cftr−/− mice. This indicates that
BAs underwent a cholecystohepatic shunt, which was confirmed using cholyl-(Ne-NBD)-lysine as
a tracer. In Cftr−/− mice, cholecystectomy reversed most changes in gene expression and partially
restored circulating levels of secondary BAs. The ΔF508 mice overexpressed vasoactive intestinal
peptide and had defects in gallbladder emptying and in levels of secondary BAs, but these features
were less severe than in Cftr−/− mice.

Conclusions—Cftr−/− and CftrΔF508 mice have defects in gallbladder emptying that disrupt
enterohepatic circulation of BAs. These defects create a shunt pathway that restricts the amount of
toxic secondary BAs that enter the liver.
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Cystic fibrosis (CF) is a disease caused by genetic defects in cystic fibrosis transmembrane
conductance regulator (CFTR). CFTR acts as an adenosine 3′,5′-cyclic monophosphate
(cAMP)-regulated chloride channel, driving bicarbonate secretion in various epithelia,
including those of the intestine, the pancreatic ducts, bile ducts, and gallbladder.1–3 There
have been many reports suggesting that CF disrupts bile acid (BA) homeostasis, although
conflicting results have been obtained.4–7 Abnormal BA homeostasis may contribute to fat
malabsorption and failure to thrive in these subjects. In normal conditions, most BAs cycle
between the liver and the intestine. Bile, stored in the gallbladder, is released into the
intestine upon feeding. Dietary lipids then are emulsified, and the gut microbiota modifies
primary BAs mostly by deconjugation and 7-dehydroxylation, resulting in the formation of
secondary BAs. Each cycle of the BA enterohepatic circulation is associated with a small
loss of BA in the feces, and with replacement by de novo hepatic synthesis. The mechanisms
by which the defects in CFTR affect hepatic biliary function are poorly understood, and the
cause of intestinal BA malabsorption, recognized as a common feature in CF, remains
unclear.4–6 Furthermore, biliary cirrhosis occurs in approximately 5% of the CF population,
but most CF subjects never develop severe liver disease.8 The metabolism of BAs may with
other factors condition the development of CF-related liver injury, given the relationship
between BA structure and toxicity, and the ability of hydrophilic bile acids to protect cells
against the toxicity of hydrophobic (ie, secondary) bile acids.9 In this study, we used CF
mouse models, in which liver damage is absent but the mice fail to grow, to determine the
impact of cftr deficiency on BA homeostasis.

Materials and Methods
Animals

Cftrtm1Unc (cftr−/−) mice10 in a C57BL/6J (87.5%) and 129SvJ (12.5%) background and
ΔF508 mice11 in an FVB;129 background, were provided together with their wild-type
littermates by CDTA-TAAM (Orléans, France). All animals were fed a standard AO3/RO3
chow (Safe, Augy, France), and continuously were supplied with a laxative containing
polyethylene glycol (Macrogol 4000; Beaufour-Ipsen, Dreux, France), at a concentration of
4.5% in the drinking water, to prevent intestinal obstruction that occurs in CF mice.12 Mice
were investigated at the age of 3–5 months, and unless otherwise stated, in the nonfasted
state. For stool analyses, mice were housed individually in wirebottomed cages, and stools
were collected for 72 hours. All animal procedures were approved by the Institutional
Animal Care and Use Department (DSV, Paris, Agreement No. 75-54). Data for males and
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females, equally distributed in the different experimental groups, are shown separately if
different and are combined otherwise.

Hepatobiliary Scintigraphy
99mTechnetium (99mTc)-mebrofenin scintigraphy was performed with a technique used in
clinical investigation,13 adapted here to rodents.99mTc-mebrofenin was injected
intravenously as a bolus of 250 MBq/kg body weight, in mice under isoflurane anesthesia
(see Supplementary Materials and Methods). In some experiments, the animals received a
single dose (2 nmol/L/kg body weight) of sulfated cholecystokinin (CCK)-8 (Tocris
Cookson, Inc, Ellisville, MO) subcutaneously, immediately after 99mTc-mebrofenin
injection. The gallbladder ejection fraction was calculated using the equation: gallbladder
radioactivity at 5 minutes – gallbladder radioactivity at 45 or 120 minutes/gallbladder
radioactivity at 5 minutes.

Surgical Procedures
Laparotomy was performed under isoflurane anesthesia. For bile collection, the cystic duct
was ligated, gallbladder bile was collected by aspiration through a microfine 29G needle,
and, in a specific subset of animals, hepatic bile was collected from the common bile duct
through a polyethylene catheter every 20 minutes for 1 hour to measure bile flow. Bile
volumes were determined gravimetrically, assuming a density of 1 g/mL. Some animals
underwent cholecystectomy 1 month before exploration. When the animals, with the
exception of those used for bile flow measurements, were killed, blood was withdrawn from
the vena cava or the portal vein, and the liver, gallbladder, and small intestine were removed
for histology and tissue extractions. Measurements of bile and duodenal pH were performed
on fresh samples, with a microprobe (Metrohm, Courtaboeuf France). To assess
cholecystohepatic shunting, triple ligation of the cystic duct was performed, gallbladder bile
was removed by aspiration, and 40 μL of cholyl-(Ne-NBD)-lysine (10 mmol/L), a
fluorescently labeled BA characterized by a high transport rate in the ileum,14 was injected
into the gallbladder. At 1, 5, or 20 minutes after injection, the liver was collected and
fluorescence was analyzed on frozen tissue sections. In preliminary experiments, the
absence of leakage was ascertained by injecting 40 μL of Trypan blue (0.05%; Sigma-
Aldrich, Saint-Quentin Fallavier, France) into the gallbladder.

Biochemistry
Serum concentrations of cholesterol, total bilirubin, and liver enzymes were determined with
a Beckman Coulter AU640 analyzer. Total and individual BA concentrations were
determined by high-performance liquid chromatography coupled to tandem mass
spectrometry (HPLC-MS/MS) in serum, liver, bile, intestine, and stools, as described15

(Supplementary Materials and Methods).

Reverse-Transcription Polymerase Chain Reaction
After RNA extraction and reverse transcription, real-time polymerase chain reaction was
performed with the Sybr Green Master Mix (Applied Biosystems, Courtaboeuf, France) on
an Mx3000P (Agilent Technologies, Massy, France) device. Primer sequences are provided
in Supplementary Table 1. All reactions were run with 200 nmol/L of each target forward
and reverse primer, and 50 nmol/L of each 18S forward and reverse primer. Target gene
messenger RNA (mRNA) levels were normalized with respect to 18S ribosomal RNA and
expressed as relative levels (2-ΔΔCt).
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Immunoblotting
Total membrane fractions were prepared from pooled samples of terminal ileum or
gallbladder, and subjected to immunoblot analysis of apical sodium-dependent bile salt
transporter (Asbt) and organic solute transporter α/β (Ost α/β ) as described16

(Supplementary Materials and Methods).

Statistics
Mann–Whitney nonparametric tests were used for comparisons, with statistical significance
set at a P value of less than .05.

Results
Growth Status and Gut-Liver Phenotype

Cftr−/− mice weighed less than their cftr+/+ littermates, and this was the case for both males
and females (Supplementary Figure 1A). Liver-to–body weight ratios, histologic data, and
serum biochemical data attested to the absence of CF liver disease in this model
(Supplementary Figure 1B and Supplementary Table 2). The intestine was also
histologically normal (Supplementary Figure 1C). ΔF508 mice displayed a similar
phenotype characterized by growth failure and the absence of liver injury (Supplementary
Figure 2A and B). Explorations of the abdominal cavity revealed no macroscopic
abnormality, with the exception of marked gallbladder enlargement in cftr−/− mice (Figure
1A, right panel).

Gallbladder Motor Function
The observed gallbladder enlargement in knockout animals suggested abnormal gallbladder
motility in cftr-deficient mice. We performed 99mTc-mebrofenin hepatobiliary scintigraphy,
a validated quantitative and reproducible method for the evaluation of gallbladder motor
function in human beings,13 using a procedure adapted for small animals. After its
injection, 99mTc-mebrofenin rapidly was taken up by the liver and excreted in the bile
(Figure 1B, upper panels). In both cftr+/+ and cftr−/− mice, the gallbladder was filled within
5 minutes, but thereafter the dynamics of bile secretion clearly differed between these 2
genotypes. In cftr+/+ mice, radioactivity decreased steadily in the gallbladder and increased
in the duodenum (Figure 1B and C, left panels). In these animals, the emptying of the
gallbladder into the duodenum was clearly visible at 15 minutes, and by 45 minutes little or
no residual radiotracer was detected in the gallbladder. By comparison, gallbladder
emptying into the duodenum markedly was delayed in cftr−/− mice (Figure 1B and C, right
panels). In these animals, gallbladder filling was prolonged, without release into the
intestine, for more than 90–180 minutes, and gallbladder ejection fractions at 45 and 120
minutes were much lower than for controls (Figure 2A). The same analyses were performed
in the ΔF508 mice and showed that gallbladder emptying also was altered in these mice,
although to a lesser extent than in the knockout mice (Supplementary Figure 3A–C). We
repeated these analyses after 1 week in the same knockout animals, which then received a
subcutaneous injection of CCK-8 to stimulate gallbladder contraction. CCK-8 triggered
gallbladder emptying and the gallbladder ejection fractions measured after CCK-8 injection
were similar in knockout and wild-type animals (Figure 2B). Thus, despite abnormal
emptying, and in keeping with normal histology of the gallbladder wall (not shown), the
gallbladders of cftr-deficient mice were able to contract normally. We concluded that
gallbladder emptying was impaired in cftr-deficient mice and that abnormal neurohormonal
stimulation, rather than abnormal intrinsic contractility of the gallbladder, probably
accounted for this defect.

Debray et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2013 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Gut-Derived Signaling to the Gallbladder
The regulation of gallbladder motor function is linked closely to digestion and mediated by
gut-derived neurohormonal signals. We estimated the global variation of gallbladder volume
in response to physiological stimuli by measuring gallbladder bile volumes in fasted and fed
animals. These analyses showed that the volume of gallbladder bile was larger in cftr−/−

mice than in controls after fasting, and that this difference was even larger after feeding
(Figure 2C). Thus, gallbladder bile volume in cftr−/− mice did not differ significantly
between overnight feeding or fasting conditions, whereas a marked difference between these
two conditions was observed in controls. Based on a model previously proposed to account
for changes in the exocrine pancreas in CF,17 we hypothesized that an increase in acidity
resulting from the cftr defect might affect the production of factors signaling from the
duodenum to the gallbladder. By using a microprobe, we confirmed that duodenal pH was
significantly lower in cftr−/− mice than in controls (Figure 2D, left panel). Likewise, the pH
of gallbladder bile was significantly lower in cftr−/− mice than in controls, whereas the pH of
hepatic bile was similar in cftr−/− mice and controls (Figure 2D, right panel). Duodenal
acidity previously was shown to up-regulate the vasoactive intestinal peptide (VIP), an
important myorelaxant factor for the gallbladder.18 Vip overexpression was found in the
duodenum of both cftr−/− and ΔF508 mice, whereas no change was detected in the levels of
mRNA for Cck, the major factor mediating gallbladder contraction (Figure 2E and
Supplementary Figure 3D). Thus, in CF, the acidic duodenum generates signals inhibiting
gallbladder emptying.

BA Composition
The flow rate of hepatic bile (ie, as produced before entry into the gallbladder) and the
output of BAs in bile were similar in cftr−/− and cftr+/+ mice (Supplementary Table 2).
However, the failure of the gallbladder to empty would be expected to result in a reduction
of BA flux into the intestine. We therefore hypothesized that changes in the metabolism of
BAs would occur in cftr-deficient mice. We performed quantitative BA profiling analyses in
these mice. The normal composition of BAs in mice is illustrated by the profiles of
individual BAs obtained for cftr+/+ mouse liver. Typically, as shown in Supplementary
Table 3, the primary trihydroxy BAs, cholic acid, muricholic acid, hyocholic acid, and their
conjugates, account for more than 90% of total BAs in mouse. Secondary BAs are far less
abundant. The principal secondary BAs are the dihydroxy BAs: deoxycholic acid and
hyodeoxycholic acid. As shown in our analyses, most of the BAs in mice are taurine
conjugates. In the liver, total BA concentrations in cftr−/− mice were similar to those in
controls, but differences were found in the abundance of individual BAs (Supplementary
Table 3). Overall, the proportion of secondary BAs was significantly lower in the knockout
mice, this decrease being compensated by an increase in primary BA levels, with no change
in the amount of ursodeoxycholic acid (Table 1 and Figure 3A). Similarly, the abundance of
secondary BAs in the bile and portal circulation was significantly lower in cftr−/− mice than
in controls (Table 1 and Figure 3A). The ΔF508 mice also displayed a defect in secondary
BAs, as shown by the analyses of their portal blood (Supplementary Figure 2C). Despite a
particularly small proportion of secondary BAs in mice of FVB genetic background, the
difference between F508 and wild type was significant. C-7 dehydroxylation, leading to the
formation of secondary BAs, occurs in the intestine. Our findings therefore are consistent
with disruption of the enterohepatic circulation. In addition, the BA pool tended to be larger
in cftr−/− mice than in controls, with no difference in fecal BA loss (Figure 3B).

Expression of Genes Maintaining BA Homeostasis
We then evaluated the expression of genes involved in BA synthesis and transport, to define
the enterohepatic disposition of BAs in cftr−/− mice. We found that the small heterodimer
partner (Shp), fibroblast growth factor 15 (Fgf15), ileal bile acid-binding protein (Ibabp),

Debray et al. Page 5

Gastroenterology. Author manuscript; available in PMC 2013 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Asbt, and organic solute transporter α/β (Ost α/β) genes were all down-regulated in the
terminal ileum of cftr−/− mice (Figure 4A and D). These genes are induced by BAs. Our
findings therefore are consistent with lower rates of BA flux into the intestine. In addition,
lower levels of transporter expression imply lower levels of BA absorption in the intestine,
potentially accounting for the lack of decrease in BA loss in the feces, in a setting of reduced
intestinal flux.

Despite the low levels of BA transit through the intestine in cftr-deficient mice, the
concentrations of BAs in the portal vein, which drains blood from the intestine to the liver,
were not different from those in controls (Table 1). Moreover, we found no increase in the
hepatic expression of genes negatively regulated by BAs, such as the cytochrome P450
(Cyp), Cyp7a1, Cyp8b1, Cyp7b1, and sodium-coupled taurocholate transport protein (Ntcp)
genes (Figure 4B). Instead, the expression of these genes was either significantly lower or
tended to be lower than that in controls. A nonsignificant trend toward lower Shp and bile
salt export pump gene expression also was observed. These findings indicated that BA
influx into the liver was maintained in cftr−/− mice, suggesting a cholecystohepatic shunt.
Consistent with this hypothesis, we showed that the genes encoding the major transporters
responsible for mediating BA absorption in the intestine (ie, Asbt, Ibabp, Ostα/β) were
expressed in the gallbladder and that, with the exception of Ibabp, these genes were
expressed more strongly in the gallbladders of cftr−/− mice than in those of cftr+/+ mice
(Figure 4C and D). The expression of Vip and Fgf15 also was detected in the gallbladder,
and was stronger in cftr−/− mice than in controls, whereas Cck was not significantly different
(Figure 4C). We postulated that the higher relative expression of BA transporters, and a
prolonged contact with BAs in lastingly filled gallbladders, provided optimal conditions for
a cholecystohepatic shunt. To determine if BAs in the gallbladder could access the liver
directly through a cholecystohepatic shunt, we injected the fluorescent BA, cholyl-(Ne-
NBD)-lysine, in the gallbladder after cystic duct ligation. In cftr−/− mice, the fluorescent BA
was clearly visible within bile canaliculi 20 minutes after injection (Figure 5A, lower panel).
A time-course analysis performed in a limited number of mice showed that fluorescence
appeared earlier in cftr−/− mice compared with cftr+/+ mice (Supplementary Figure 4). These
results provide direct evidence for a gallbladder shunt of BAs.

Effect of Cholecystectomy
To further assess the impact of the gallbladder shunt on CF-induced changes in BA
homeostasis, cholecystectomy was performed in cftr−/− mice. One month after
cholecystectomy, the ileal expressions of Shp, Fgf15, Ibabp, and Asbt had increased and
were no longer significantly different from those in wild-type animals. The expression of
Ostα/β also tended to increase, but remained lower than normal (Figure 5B). In the liver, the
expression of Cyp7a1, Cyp7b1, Ntcp, and bile salt export pump increased significantly
(Figure 5C). The levels of Cyp expression became similar to those in wild type, whereas
those of Ntcp exceeded normal, suggesting an important role of the gallbladder in the
physiological regulation of this gene. After cholecystectomy, the BA pool was closer in size
to that in the wild type (Figure 5D). In addition, in the portal blood, a marked and significant
increase in the proportion of circulating secondary BAs occurred, whereas the proportion of
primary BAs decreased significantly and that of ursodeoxycholic acid remained constant
(Figure 5E). These findings indicate that the BA enterohepatic circulation was restored by
cholecystectomy in cftr−/− mice. The observation that cholecystectomy largely reversed both
the changes in enterohepatic gene expression and the lack of secondary BAs in CF mice,
supported a mechanism of cholecystohepatic shunting in these animals.
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Discussion
The investigation of biliary dysfunction in CF led to the discovery of a new mechanism of
BA recycling. The cftr-knockout mice displayed impaired gallbladder and duodenal
alkalization, an acidic duodenum overproducing VIP and a failure of the gallbladder to
empty. As a result, the intestinal influx of BAs was impeded and BA transporters were
down-regulated in the ileum but overexpressed in the gallbladder. BA synthetic pathways
were down-regulated in the liver and the proportion of secondary BAs formed by
dehydroxylation in the intestine was markedly lower than in the wild type. Most of these
changes were reversed by cholecystectomy. In ΔF508 mice, VIP overexpression defects in
gallbladder emptying, and in secondary BAs also were present but less severe than in the
knockout, consistent with residual cftr activity in this model. We thus propose a model in
which impaired emptying of the gallbladder disrupts the enterohepatic circulation of BAs,
and cycling through the liver is maintained, at least partly, by a cholecystohepatic shunt
(Figure 6). In CF, this mechanism may, together with pancreatic defects, contribute to fat
malabsorption but also may restrict the amount of toxic secondary BAs entering the liver.

Cftr is thought to drive fluid and bicarbonate secretion in the bile ducts and gallbladder. The
gallbladder secretes large amounts of fluid in response to hormones acting via cAMP, which
facilitates its emptying after food intake. The gallbladders of cftr-deficient mice are unable
to secrete fluid in response to cAMP.19 This secretory defect, combined with insufficient
stimulation of contraction, may have contributed to impaired gallbladder emptying in these
mice. Consistent with previous findings,2,20 we also show that cftr deficiency results in a
defect in gallbladder bile alkalization in vivo. Interestingly, the pH of gallbladder bile was
significantly lower in the knockout animals than in controls, but the pH of hepatic bile was
identical in both groups. We previously showed that expression of genes involved in bile
fluid and bicarbonate secretion including CFTR, anion exchanger-2, and VIP receptor-1 was
stronger in the gallbladder than in intrahepatic bile ducts.21 The results presented here
support the view that the regulation of biliary bicarbonate content takes place predominantly
in the gallbladder, which is remarkable, given the importance of bicarbonate secretion for
optimal digestion, and, presumably, for the protection of cells against BA-induced injury.22

Duodenal luminal pH is abnormally low in CF, which can be attributed principally to a
defect in the ability of the cftr-deficient duodenal surface epithelium to secrete bicarbonate,1

but also to hyposecretion from the gallbladder and pancreatic ducts. Various regulatory gut
peptides (eg, VIP) are released in response to duodenal acidification. In agreement with a
previous study,17 we showed that Vip mRNA levels were significantly higher in the
duodenum of CF mice than in controls. VIP normally triggers relaxation and the secretion of
fluid and bicarbonate in the gallbladder.18 De Lisle et al17 suggested that, in CF, the
pancreas is stimulated by excessive signaling from the duodenum in an unproductive
attempt to neutralize duodenal pH, potentially exacerbating protein plugging in the
pancreatic ducts. Our findings indicate that the gallbladder is also a target of abnormal
signaling affecting its motor function in CF. In our CF mouse models, the gallbladder
emptying defect may result at least partly from excessive VIP-induced relaxation. Moreover,
we cannot rule out the involvement of other regulatory peptides, such as somatostatin or
neurotensin, also released in response to duodenal acidification and decreasing gallbladder
motility.23 The mRNA levels of Fgf15, a hormone responsible for gallbladder filling
produced by the distal small intestine in response to BAs,24 were lower in the ileum of
cftr−/− mice but, apparently, this decrease was compensated by a local increase in the
gallbladder. The mRNA levels of Fgf receptor 3 and Fgf receptor 4, both potential mediators
of FGF15 effects on the gallbladder,24 were similar in cftr−/−and cftr+/+mice (Supplementary
Figure 5).
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The down-regulation of the Fgf15 gene and other BAinducible genes in the ileum of cftr−/−

mice was consistent with the reduction of BA influx into the intestine. Fgf15, Shp, Ibabp,
and Ostα/β all are up-regulated by BAs. The regulation of Asbt gene expression remains
controversial, but there is evidence to indicate that BAs increase ileal Asbt levels.25 We
infer that lower levels of BA transporters, such as ASBT and OSTα/β , in enterocytes
decreased the intestinal absorption of BAs. Previous reports of very low levels of
taurocholic acid uptake by the ileum of CF mice support this possibility.26

Nevertheless, despite the evidence of a decrease in BA absorption in the intestine and in
contrast to Asbt-deficient mice,27 the cftr-knockout mice showed no decrease in BA pool
size, and no increase in fecal BA loss or in BA synthesis. Instead, the pool size tended to be
larger, with lower levels of BA-synthetic enzymes. These findings suggest that BAs
followed a cholecystohepatic shunt pathway. Indeed, venous blood from the gallbladder
drains into the liver,28 and the gallbladder epithelium expresses BA transporters, able to
mediate BA absorption.29,30 Specifically, in the gallbladder of CF mice, the epithelium was
in contact with concentrated BAs (Table 1) for prolonged periods of time. Moreover, Asbt
and Ostα/β expression levels were higher than normal in the gallbladder and lower in the
intestine. Ibabp levels did not increase significantly in the gallbladder, but Ibabp is
dispensable for BA transport.31 Importantly, direct evidence for a cholecystohepatic shunt
was provided by tracing cholyl-(Ne-NBD)-lysine,14 and by postcholecystectomy
normalization of expression levels for genes that were down-regulated in the liver or ileum.

Abnormal enterohepatic circulation and the failure of BAs to gain access to the intestinal
lumen, where 7-dehydroxylation by bacteria occurs, can account for the lack of secondary
BAs in our CF models. This mechanism is supported by the significant increase in
secondary BA levels that occurred 1 month after cholecystectomy, in the portal blood
(Figure 5E) and liver (data not shown). BAs have antibacterial properties.32 It is therefore
also possible that the decrease in their intestinal flux modified the endogenous microbiota,
thereby decreasing the production of secondary BAs. This may explain why the restoration
of bile acid metabolism, which takes weeks after the cessation of antibiotherapy,33 was only
partially restored 1 month after cholecystectomy. Small-intestinal bacterial overgrowth has
been reported in CF mice, but is associated with histopathologic changes, such as excessive
mucus accumulation or inflammation, two features absent in our model and that do not
occur in animals treated with a laxative.34 In another mouse model of CF in which
cholangiopathy developed, the proportion of secondary BAs by contrast was increased,35

consistent with a protective mechanism provided by the lack of secondary BAs in CF.

Previous20 and present results obtained in ΔF508 mice support the relevance of the
gallbladder shunt concept in human CF disease, in which a delayed appearance of the BA
peak in the duodenum have been reported.36 Enlarged gallbladder volumes has been
documented by ultrasonography in CF patients,37 and 99mTc-mebrofenin scintigraphic
analyses showed that the gallbladder did not empty after a fatty meal in about half the CF
patients tested.38 In CF patients, including those without liver disease, the proportion of the
primary BA cholic acid is higher than in controls, whereas those of the secondary BAs,
lithocholic acid or deoxycholic acid, are lower.7,39 Our proposed model also explains the
low levels of BA uptake by CF ileal mucosa in vitro.5 In the long term, the impairment of
gallbladder motility and hyposecretion may contribute to mucin plugging and cholesterol
crystal formation, ultimately leading to gallstones or microgallbladders, both of which are
common in CF patients.

The fat malabsorption observed in CF is not completely corrected by pancreatic lipase
supplementation. Consistently, cftrtm1CAM null mice display low levels of lipolysis, despite
normal pancreatic lipase secretion.40 In these mice, lipolytic activity and lipid uptake were
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restored, however, in part by gastric acid neutralization.40 This observation is in line with
our proposed model in which duodenal acidity decreases the release of bile into the intestine
by modulating gallbladder motor function, thus contributing to fat malabsorption in CF. By
decreasing the levels of circulating secondary hydrophobic BAs, it also may be beneficial
for liver cells (ie, cholangiocytes) potentially exposed to other CF-related stresses (eg, bile
plugging20 or endotoxin41), and thereby more susceptible to BA. In addition, small changes
in the proportions of secondary BAs, which are very low in mice, translate into marked
reductions in human beings.7 By restoring secondary BA levels, cholecystectomy may have
deleterious effects in CF and other liver disorders associated with gallbladder motor
dysfunction, a possibility supported by correlations between cholecystectomy and cirrhosis
in epidemiologic studies.42
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Abbreviations used in this paper

Asbt apical sodium-dependent bile salt transporter

BA bile acid

cAMP adenosine 3′,5′-cyclic monophosphate

Cck cholecystokinin

CF cystic fibrosis

CFTR cystic fibrosis transmembrane conductance regulator

Cyp cytochrome P450

FGF fibroblast growth factor

HPLC high-performance liquid chromatography

Ibabp ileal bile acid-binding protein

mRNA messenger RNA

Ntcp sodium-coupled taurocholate transport protein

Ostα/β organic solute transporter α/β

Shp small heterodimer partner

Tc technetium

VIP vasoactive intestinal peptide
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Figure 1.
Gallbladder emptying defect in cftr−/− mice. Overnight-fed cftr−/− mice and cftr+/+ control
littermates were subjected to (A) laparotomy and macroscopic examination of the abdominal
cavity, showing enlarged gallbladders in cftr−/− mice in comparison with cftr+/+controls
(right and left panels, respectively, arrows). (B and C) Scintigraphic analyses of gallbladder
motor function. (B) Typical images recorded at the indicated times after intravenous
injection of 99mTc-mebrofenin. (C) Representative time-activity curves generated over
regions of interest.
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Figure 2.
Mechanisms of gallbladder emptying defect in cftr−/− mice. cftr−/− mice and cftr+/+ control
littermates were subjected to the analysis of (A and B) gallbladder motor function assessed
by 99mTc-mebrofenin scintigraphy, (A) in basal fed conditions and (B) 1 week later, in the
same animals, after the subcutaneous injection of CCK-8. In each condition, the time-course
of gallbladder radioactivity (expressed as a percentage of total injected activity) is shown in
individual animals (left panels), and the corresponding gallbladder ejection fractions (right
panels) were calculated at 45 and 120 minutes (means ± standard error of the mean [ SEM]).
(C) Gallbladder bile volumes after overnight fasting or feeding (means ± SEM of 15
animals). (D) pH (means ± SEM) of the duodenum (n = 15), of hepatic bile (n = 4), and of
gallbladder bile (n = 15). (E) Expression of the Vip and Cck genes, analyzed by quantitative
reverse-transcription polymerase chain reaction, in the duodenum. The mRNA levels are
shown relative to the mean value in cftr+/+ mice (means ± SEM of 6 animals).
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Figure 3.
BA composition and pool size in cftr−/−mice. BA analyses were performed in cftr−/− mice
and cftr+/+ control litter-mates, by HPLC-tandem mass spectrometry, to determine (A) the
proportions of primary BAs (cholic acid, muricholic acid, chenodeoxycholic acid, and
hyocholic acid), secondary BAs (deoxycholic acid, hyodeoxycholic acid, and lithocholic
acid), and ursodeoxycholic acid (UDCA), including their conjugates, in liver tissue (n = 5),
gallbladder bile (n = 15), and portal blood (n = 15). Histograms show means (standard error
of the mean [ SEM] and total concentrations are shown in Table 1). (B) BA pool size and
fecal output (means ± SEM of 8 animals).
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Figure 4.
Changes in gene expression underlying BA homeostasis in cftr−/−mice. Gene expression was
analyzed by quantitative reverse-transcription polymerase chain reaction (A) in the terminal
ileum, (B) in the liver, and (C) in the gallbladder of cftr−/− mice and cftr+/+ control
littermates. The mRNA levels are shown relative to the mean value in cftr+/+ mice (means ±
standard error of the mean of 6 animals). (D) Protein levels were analyzed by immunoblot in
membrane fractions prepared from pooled samples of terminal ileum (n = 2) or gallbladder
(n = 10), and were quantified by densitometry. Two bands for ASBT represent different
glycosylated forms, as confirmed by peptide: N-glycosidase F digestion (not shown).
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Figure 5.
Visualization of the cholecystohepatic shunt and effect of cholecystectomy on BA
homeostasis in cftr−/− mice. (A) Cholyl-(Ne-NBD)-lysine was injected into the gallbladder
of cftr−/− mice, after cystic duct ligation. Twenty minutes later, the accumulation of cholyl-
(Ne-NBD)-lysine was visible within bile canaliculi, predominantly in the periportal area
(lower panel, representative of 5 animals); basal fluorescence in the liver from a noninjected
animal is shown in comparison (upperpanel). (B-E)cftr−/− mice with intact gallbladders or
that had undergone cholecystectomy 1 month earlier were subjected to reverse-transcription
polymerase chain reaction analyses of (B) ileal gene expression, (C) hepatic gene
expression, and to HPLC-tandem mass spectrometry analyses. The HPLC-tandem mass
spectrometry analyses were performed for (D) BA pool size and (E) individual BAs in portal
blood to determine total BA concentrations and the proportion of primary BAs (cholic acid,
muricholic acid, chenodeoxycholic acid, and hyocholic acid), secondary BAs (deoxycholic
acid, hyodeoxycholic acid, and lithocholic acid), and ursodeoxycholic acid [ UDCA],
including their conjugates. The mRNA levels are shown relative to the mean value in cftr+/+

mice (means ± standard error of the mean of 6 animals). *P < .05 vs cftr+/+ (as shown in
Figure 4A and B).
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Figure 6.
Proposed model of BA recycling in CF. As compared with (A) normal conditions, (B) the
duodenum in CF is abnormally acidic and overproduces the relaxing factor VIP, which is
also locally produced, together with FGF15, by the gallbladder. Gallbladder emptying is
impaired, impeding BA influx into the intestine. BA transporters (closed circles) are down-
regulated in the ileum and increased in the gallbladder, providing a cholecystohepatic shunt
for BAs. This pathway maintains the level of BA transport back to the liver, and results in a
lower proportion of secondary BAs.
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Table 1
Bile Acid Composition in the Liver, Bile, and Portal Blood of cftr−/− Mice and cftr+/+

Littermates

cftr+/+ cftr−/− P

Liver tissue (n = 5)

 Total BA concentration, nmol/g liver 26.2 ± 7.6 32.4 ± 3.1 .3

 Primary BAs, % 93.2 ± 1.17 96.6 ± 0.34 .008

 Secondary BAs, % 5.7 ± 1.16 2.13 ± 0.3 .008

 Ursodeoxycholic acid and conjugates, % 1.27 ± 0.13 1.08 ± 0.09 .55

Gallbladder bile (n = 15)

 Total BA concentration, mmol/L 91.3 ± 8.1 130.4 ± 11.2 .023

 Primary BAs, % 96.8 ± 0.35 98.2 ± 0.19 .002

 Secondary BAs, % 2.26 ± 0.3 0.51 ± 0.12 <.0001

 Ursodeoxycholic acid and conjugates, % 0.91 ± 0.12 0.96 ± 0.06 .98

Portal blood (n = 15)

 Total BA concentration, μmol/L 58.6 ± 9.5 62.8 ± 11 .68

 Primary BAs, % 95.3 ± 0.53 99.1 ± 0.12 <.0001

 Secondary BAs, % 3.82 ± 0.46 0.21 ± 0.04 <.0001

 Ursodeoxycholic acid and conjugates, % 0.84 ± 0.19 0.71 ± 0.15 .52

NOTE. Total and individual BA concentrations were determined by HPLC-tandem mass spectrometry in liver tissue, gallbladder bile, and portal

blood from cftr−/− mice and cftr+/+ littermates. Primary BAs included cholic acid, muricholic acid, chenodeoxycholic acid, hyocholic acid and
their conjugates; secondary BAs included deoxycholic acid, hyodeoxycholic acid, lithocholic acid and their conjugates. Values are means ±
standard error of the mean.
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