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Abstract Cholesterol crystal formation in the gallbladder
is a key step in gallstone pathogenesis. Gallbladder epithelial
cells might prevent luminal gallstone formation through a
poorly understood cholesterol absorption process. Genetic
studies in mice have highlighted potential gallstone suscep-
tibility alleles, 

 

Lith

 

 genes, which include the gene for mega-
lin. Megalin, in conjunction with the large peripheral mem-
brane protein cubilin, mediates the endocytosis of numerous
ligands, including HDL/apolipoprotein A-I (apoA-I). Al-
though the bile contains apoA-I and several cholesterol-bind-
ing megalin ligands, the expression of megalin and cubilin
in the gallbladder has not been investigated. Here, we show
that both proteins are expressed by human and mouse gall-
bladder epithelia. In vitro studies using a megalin-express-
ing cell line showed that lithocholic acid strongly inhibits
and cholic and chenodeoxycholic acids increase megalin ex-
pression. The effects of bile acids (BAs) were also demon-
strated in vivo, analyzing gallbladder levels of megalin and
cubilin from mice fed with different BAs. The BA effects
could be mediated by the farnesoid X receptor, expressed
in the gallbladder. Megalin protein was also strongly in-
creased after feeding a lithogenic diet.  These results indi-
cate a physiological role for megalin and cubilin in the gall-
bladder and provide support for a role for megalin in
gallstone pathogenesis.

 

—Erranz, B., J. F. Miquel, W. S. Ar-
graves, J. L. Barth, F. Pimentel, and M-P. Marzolo. 

 

Megalin
and cubilin expression in gallbladder epithelium and regu-
lation by bile acids. 

 

J. Lipid Res.

 

 2004.

 

 45: 

 

2185–2198.

 

Supplementary key words

 

gallstone disease 

 

•

 

 apolipoprotein A-I 

 

•

 

apolipoprotein J 

 

•

 

 farnesoid X receptor 

 

•

 

 vitamin D receptor 

 

•

 

 biliary
cholesterol 

 

•

 

 gallbladder epithelial cells 

 

•

 

 

 

Lith

 

 genes

 

Cholesterol gallstone disease is a highly prevalent gas-
trointestinal disorder in Western countries resulting from

 

alterations in hepatic and biliary cholesterol homeostasis.
A number of studies have shown that gallstone formation
in humans is a multifactorial phenomenon, including both
environmental and genetic factors (1, 2). It is generally ac-
cepted that sustained cholesterol supersaturation of bile is
responsible for most, but not all, ancillary defects in the
hepatobiliary tree. The underlying basis for cholesterol bile
supersaturation is not completely understood. Most efforts
to understand this process have focused on mechanisms
that govern the hepatic secretion of biliary cholesterol,
phospholipids, and bile salts (3, 4). The formation of gall-
stones is also dependent on downstream events that occur
in the gallbladder itself, including changes in the physico-
chemical properties of biliary lipids and gallbladder motil-
ity. For example, the gallbladder acts to concentrate bile
through mechanisms that involve the adsorption of water
and electrolytes (5, 6), which are largely dependent upon
Na

 

�

 

/H

 

�

 

 exchange at the apical membrane of the gall-
bladder epithelium (GBE) (7–9). Gallstone formation is
also related to an increase in gallbladder secretion of mu-
cin, which correlates with the promotion of crystallization
in experimental and human gallstone disease (10–13).
Relevant to the production of cholesterol crystals is the
rapid aggregation of cholesterol-phospholipid vesicles that
occurs in the gallbladder lumen. In this regard, un-
derstanding of the mechanisms of gallbladder lipid ad-
sorption, a normal process occurring in the gallbladder
(14, 15), is crucial. The gallbladder absorbs large amounts
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of biliary cholesterol and phosphatidylcholine proportional
to their molar ratio in the bile. The physiological process
of lipid absorption acts to continuously reduce the molar
ratios of biliary cholesterol in the gallbladder lumen, thus
inhibiting cholesterol crystallization and gallstone forma-
tion (16, 17). In spite of the physiological importance of
this lipid absorption process, the mechanisms remain un-
clear.

Megalin and cubilin are large, multiple-ligand receptors
expressed on the apical surface of several epithelial tis-
sues, such as the renal proximal tubule (18–20), the small
intestine (21), the visceral yolk sac (19, 22, 23), and the
male reproductive system (24). Both proteins are structur-
ally different and bind several ligands in common as well
as specific ligands (20). Megalin, a member of the low den-
sity lipoprotein receptor family, is a type I transmembrane
protein, having a relatively large extracellular domain, com-
posed of four clusters of cysteine-rich complement-type/
low density lipoprotein receptor class A repeats, which
constitute the ligand binding regions, separated by 17 epi-
dermal growth factor-like repeats and eight cysteine-poor
spacer domains containing the YWTD motifs involved in
the pH-dependent release of ligands in the endosomal
compartments (25). Megalin binds several ligands, some
related to lipoprotein metabolism, such as apolipopro-
teins B, E, J/clusterin (apoJ), and lipoprotein lipase, and
also binds Ca

 

2

 

�

 

 (20). Megalin also has a negative regula-
tory influence over the activity of proteins such as type 3
Na

 

�

 

/H

 

�

 

 exchanger (NHE3) (26, 27). Cubilin is a 460
kDa peripheral membrane glycoprotein also known as the
intrinsic factor receptor (28). It has a unique structure
with a short N-terminal element followed by 8 epidermal
growth factor-like modules and 27 CUB domains (29). Cu-
bilin lacks a membrane-spanning region, but its N-termi-
nal region contains a cell association domain that can me-
diate interaction with the plasma membrane (30). Cubilin
ligands include the intrinsic factor-cobalamin complex,
immunoglobulin light chains, albumin, apolipoprotein A-I
(apoA-I)/HDL, Ca

 

2

 

�

 

, and megalin (25, 31). The interac-
tion with megalin is particularly important because mega-
lin mediates the internalization of cubilin and its ligands
(32). The cooperative relationship between megalin and
cubilin is reflected in the fact that in many absorptive epi-
thelial cells both receptors are coexpressed (20, 25).

A genetic basis for cholesterol gallstone formation ex-
ists in mouse strains with differential susceptibility to
cholelithiasis. 

 

Lith1

 

 and 

 

Lith2

 

 are gene loci that account
for the susceptibility of C57L/J inbred mice to develop
gallstones (33). The 

 

Lith1

 

 region on chromosome 2 in-
cludes the gene for megalin (34), making it a candidate
gene associated with lithiasis. Until recently, little atten-
tion has been paid to investigating the involvement of
megalin in gallstone disease, perhaps owing to the fact
that it is not expressed in the liver and there was no evi-
dence that it was expressed in the biliary tree. Here, we es-
tablish that both megalin and cubilin are expressed in the
gallbladder. Furthermore, we show that megalin expres-
sion by gallbladder epithelial cells (GBECs) is regulated
by bile acids (BAs) but not by cholesterol, suggesting the

participation of the transcription factor farnesoid X recep-
tor (FXR). These results suggest that bile constituents that
are in contact with GBE could regulate the expression of
the receptors in the gallbladder, which could have a cen-
tral role in the development of gallstone disease.

MATERIALS AND METHODS

 

Reagents

 

DMEM, F-12, 

 

l

 

-glutamine, penicillin-streptomycin, and trypsin
were purchased from GIBCO (Life Technologies, Inc., Grand
Island, NY). FBS was from Hyclone (South Logan, UT). MEM (

 

�

 

modification), MEM 100

 

�

 

 nonessential amino acid solution, MEM
100

 

�

 

 vitamin solution, individual protease inhibitors, glutathione-
agarose beads, and all chemical reagents, including BAs, were
from Sigma Chemical Co. (St. Louis, MO). 

 

Z

 

-Guggulsterone was
from Steraloids, Inc. (Newport, RI), and guggulipid (

 

Z

 

-guggul-
sterone content, 2.5%), with the brand name of Kiol, was from Gar-
den House Labs. Transwell polycarbonate filter units were from
Costar (Cambridge, MA). Polyclonal antiserum to recombinant
human megalin cytoplasmic domain (anti-MegT) has been previ-
ously described (35), as have the mouse monoclonal antibodies
to human and rat megalin, 6c5/3c3 and 1H2 (36–38). Rabbit poly-
clonal antibodies against a recombinant rat cubilin N-terminal re-
gion (anti-RC1) (32) and dog gp80 were previously described (39).
Mouse monoclonal antibody to actin (clone AC-40) was pur-
chased from Sigma. Polyclonal antiserum to human scavenger re-
ceptor class B type I (SR-BI) and 

 

�

 

-actin has been described (40).
Protein A-Sepharose was from Repligen (Waltham, MA). Kalei-
doscope prestained standards were from Bio-Rad (Hercules, CA),
peroxidase-labeled antibodies were from Chemicon (Temecula,
CA), and the ECL system was from Amersham Biosciences UK Ltd.
(Little Chalfont, Buckinghamshire, UK). Complete™ protease
inhibitor cocktail was from Roche Molecular Biochemicals (Indi-
anapolis, IN). Immobilon-P transfer membranes were from Milli-
pore (Billerica, MA). Taq polymerase was purchased from Promega
(Madison, WI). Oligonucleotide primers were obtained from ei-
ther Gene Link (Hawthorne, NY) or Qiagen (Valencia, CA). The
RNeasy Kit was from Qiagen. DNase I, SuperScript II RT, RNase-
Out, dNTP mix, DTT, and random primers were from Invitrogen
(Carlsbad, CA).

 

Animals and diets

 

Male C57BL/6J, BALB/c, and AKR/J mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). Animals, 8–10
weeks old, were housed in a humidity- and temperature-con-
trolled room with reverse-cycle lighting and maintained on a wa-
ter and chow diet [

 

�

 

0.02% (w/w) cholesterol; Prolab RMH3000;
PMI Feeds, Inc., St. Louis, MO] ad libitum to allow them to
adapt to the environment for at least 2 weeks before experimen-
tal feedings. After this period, male C57BL/6J mice were fed a
chow diet for 2 weeks and then switched to a chow diet supple-
mented with BAs [cholic acid (CA) and chenodeoxycholic acid
(CDCA) at 0.5% by weight] for 10 days, or to a lithogenic diet
(1.25% cholesterol, 15% total fat, and 0.5% CA; TD90221; Har-
lan Teklad, Madison, WI), or to a 2% cholesterol diet, for 10 days.
BAs were added in ethanol to the powdered chow and dried for
24 h. A second group of mice were maintained on a chow diet
and given daily treatments, lithocholic acid (LCA; 8 mg/day) or
vehicle (corn oil), via gavage for 4 days. An additional group of
animals were fed a chow diet containing either 2.5 mg/day 

 

Z

 

-gug-
gulsterone or 25 mg/day guggulipid for 5 days. Tissues were har-
vested 24 h after the last treatment as described (41). Animal
protocols were carried out according to accepted criteria for the
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humane care of experimental animals and approved by the Re-
view Board for Animal Studies of our institution.

 

Mouse tissue isolation

 

Tissue specimens were obtained from 8–10 week old mice. To
obtain the gallbladder, the cystic duct was first ligated and the
gallbladder removed by dissection. Bile was aspirated from the
gallbladder using a syringe and stored at 

 

�

 

20

 

�

 

C for posterior bil-
iary lipid analysis. The gallbladder was incised longitudinally,
washed in PBS, rapidly frozen in liquid nitrogen, and stored at

 

�

 

80

 

�

 

C. Kidney and liver specimens were also isolated, washed in
PBS, and stored in a similar way.

 

Human tissue samples and isolation of GBECs

 

Human gallbladder tissue was obtained from patients under-
going elective laparoscopic cholecystectomy essentially as de-
scribed before (40, 42). Normal kidney and liver tissues were ob-
tained from patients subjected to nephrectomy as a result of renal
cell carcinoma and partial liver resection as a result of liver cyst,
respectively. Quadriceps muscle samples were obtained from pa-
tients who underwent orthopedic procedures. Portions of the
freshly excised tissue specimens were frozen in liquid nitrogen
and stored at 

 

�

 

80

 

�

 

C for further use, and the remaining portions
were fixed in formalin, embedded in paraffin, sectioned at 5 

 

	

 

m,
and stained with hematoxylin and eosin using standard histologi-
cal procedures. Freshly excised gallbladder specimens were also
used to isolate GBE as described (40). Briefly, freshly excised gall-
bladder was maintained in cold sterile medium (1:1 DMEM-Ham’s
F12) and then everted. The mucosa was rinsed with medium and
wiped with gauze several times to remove mucus and adherent
bile. The gallbladder tunica mucosa was then placed in 0.125%
collagenase solution for 20 min at 37

 

�

 

C. Every 5 min, the mucosa
was abraded thoroughly using a scalpel and flushed with DMEM.
The resulting cell suspension was subjected to centrifugation at
85 

 

g

 

 for 5 min at 20

 

�

 

C. Microscopic examination of an aliquot of
freshly isolated GBECs revealed that more then 95% of cells had
epithelial features. GBECs were frozen in liquid nitrogen and
kept at 

 

�

 

80

 

�

 

C for subsequent protein and RNA extraction, as de-
scribed below. Studies with human tissues were approved by the
Ethics Committee of the Faculty of Medicine, Pontificia Univer-
sidad Católica de Chile, and informed consent was given by the
individual patients.

 

Immunohistochemistry

 

Human gallbladder and kidney tissue specimens were fixed
and paraffin embedded. Tissue sections were deparaffinized and
rehydrated by standard methods, and endogenous peroxidases
were quenched with 0.3% H

 

2

 

O

 

2

 

 in methanol for 30 min at room
temperature. Immunostaining was performed in a Nexes IHC
staining system (Ventana Medical System, Inc., Tucson AZ) es-
sentially as described (40). Incubation with the primary antibody
was carried out for 90 min (for megalin, anti-MegT 1:1,200; for
cubilin, anti-RC1 1:100; for actin, anti-

 

�

 

-actin 1:100). Bound
IgGs were detected using biotinylated secondary antibody and
peroxidase-conjugated avidin. Peroxidase activity was revealed
with 3,3

 




 

-diaminobenzidine hydrochloride and H

 

2

 

O

 

2

 

. Subsequently,
sections were counterstained with hematoxylin and eosin, dehy-
drated, cleared, and mounted in Permount. As negative controls,
tissue sections were stained as above but using irrelevant isotypic
immunoglobulins or without the inclusion of the primary anti-
body.

 

RT-PCR analysis of megalin and cubilin expression

 

Total RNA was prepared from each tissue with the RNeasy
mini kit (Qiagen) or alternatively by the guanidinium thiocya-
nate-phenol chloroform method (43). The RNA was treated with

RNase-free DNase I to digest contaminating DNA. First-strand
cDNA reactions were performed in a total volume of 20 

 

	

 

l with
1.5 

 

	

 

g of total RNA, 300 ng of random primers, 0.5 mM dNTP
mix, 40 units of RNaseOut, 10 mM DTT, and 200 units of Super-
Script II RT according to the manufacturer’s instructions. As
negative controls, each RNA sample was subjected to first-strand
cDNA reaction with all components but lacking SuperScript II
RT, or reactions were performed using all components except
RNA template. After the first-strand cDNA reaction, 1/10th of
the cDNA was used as a template for PCR. Each PCR procedure
was performed in 50 

 

	

 

l containing 10 pmol of each primer, 0.2
mM dNTP mix, 1.5 mM MgCl

 

2

 

, and 0.4 units of Taq DNA poly-
merase. The thermal cycling profile consisted of 95

 

�

 

C for 5 min
of initial denaturation, 35 cycles of 94

 

�

 

C for 45 s, 53

 

�

 

C for 45 s,
and 72

 

�

 

C for 45 s, and finally 72

 

�

 

C for 5 min of final extension. A
set of specific primers was designed for human and mouse mega-
lin, cubilin, and GAPDH as positive controls. Human primers
were as follows. For megalin: hMeg 5

 




 

, 5

 




 

-TAAGTCAGTGCCC-
AACCTTT-3

 




 

 (residues 13085–13104), and hMeg 3

 




 

, 5

 




 

-GCGGT-
TGTTCCTGGAG-3

 




 

 (residues 13360–13375), GenBank accession
number NM_004525. For cubilin: hCub 5

 




 

, 5

 




 

-GCGGCTTCACT-
GCTTCCTA- 3

 




 

 (residues 7693–7711), and hCub 3

 




 

, 5

 




 

-GAGTGA-
TGGTGTGCCCTTGT-3

 




 

 (residues 8192–8211), GenBank accession
number AF034611. For GAPDH: hGAPDH 5

 




 

, 5

 




 

-GGACCTGAC-
CTGCC-3

 




 

 (residues 804–817), and hGAPDH 3

 




 

, 5

 




 

-TACTCCTTG-
GAGGC-3

 




 

 (residues 1069–1082), GenBank accession number
NM_002046. Mouse primers were as follows. For megalin: mMeg
5

 




 

, 5

 




 

-CCTTGCCAAACCCTCTGAAAAT-3

 




 

 (residues 9357–9378),
and mMeg 3

 




 

, 5

 




 

-CACAAGGTTTGCGGTGTCTTTA-3

 




 

 (residues
9897–9918), GenBank accession number XM_130308. For cubilin:
mCub 5

 




 

, 5

 




 

-CAACATGGAACACAAACACTTT-3

 




 

 (residues 4397–
4418), and mCub 3

 




 

, 5

 




 

-AGCTATTGAATGTACGTCCACA-3

 




 

 (res-
idues 4768–4789), GenBank accession number XM_130038. For
GAPDH: mGAPDH 5

 




 

, 5

 




 

-CGGTGTGAACGGATTTGGC-3

 




 

 (resi-
dues 58–76), and mGAPDH 3

 




 

, 5

 




 

-GCAGTGATGGCATGGACTGT-
3

 




 

 (residues 569–588), GenBank accession number NM_008084.
For FXR: mFXR 5

 




 

, 5

 




 

-GCAACTGCGTGATGGACATGT-3

 




 

 (resi-
dues 743–763), and mFXR 3

 




 

, 5

 




 

-GCGTACTCCTCCTGAGTCATT-
3

 




 

 (residues 1386–1406), GenBank accession number U09417. PCR
products separated on a 1% agarose gel containing ethidium
bromide were visualized and analyzed with the Gel Doc 2000 Gel
Documentation System and Quantity One version 4 (Bio-Rad,
Hercules, CA). RT and PCR procedures were performed in a
Gene Amp PCR System 2700 (Applied Biosystems, Foster City, CA).

 

Immunoblotting

 

Crude membrane fractions were prepared from human GBE,
liver, and kidney tissues as well as from pools of murine gallblad-
ders and kidney specimens as described (40). To assay for gall-
bladder levels of megalin in control and treated mice, glutathione

 

S

 

-transferase-receptor-associated protein (GST-RAP) pull downs
were performed (see below). Each sample was subjected to non-
reducing SDS-PAGE on 6% gels for megalin and cubilin and 7.5%
gels for SR-BI and transferred to polyvinylidene difluoride mem-
branes. Membranes were incubated with anti-human megalin
6c5/3c3 (2 

 

	

 

g/ml) for human megalin detection, anti-rat mega-
lin monoclonal antibody 1H2 (2 

 

	

 

g/ml) for GST-RAP pull down
samples, or anti-cubilin RC1 (2 

 

	

 

g/ml) or anti-SR-BI (1:2,500)
followed by incubations with horseradish peroxidase-conjugated
secondary IgGs for 120 min at room temperature. Extracts of
LLC-PK1 cells were subjected to reducing SDS-PAGE on 6% gels
or 12.5% gels for the detection of megalin or actin, respectively,
using anti-MegT (1:4,000) and anti-actin (1:2,500) in the immu-
noblot. Immunodetection was carried out using the ECL system.
Densitometric analysis was performed using the Gel Doc 2000 Gel
Documentation System and Quantity One version 4 (Bio-Rad).
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The signal generated by anti-actin immunolabeling was used for
normalization.

 

GST-RAP pull down

 

Recombinant GST-human RAP fusion protein was prepared as
previously described (44). Pooled murine gallbladders from control
and treated mice were homogenized on ice in homogenization
buffer [PBS, 0.5% (v/v) Triton X-100, 2 mM PMSF, pepstatin, an-
tipain, and Complete™ protease inhibitor cocktail] using a Teflon
pestle connected to an electrical rotor. Nuclear debris was removed
by centrifugation at 3,000 g for 10 min at 4�C, and the superna-
tants were saved. Protein concentration was determined using a
Bradford assay. Equal amounts of protein from the gallbladder
extracts (500 	g) were incubated with 80 	l of glutathione-aga-
rose [diluted 1:1 (v/v) beads to buffer] and 30 	g of GST-RAP fu-
sion protein for 8 h at 4�C. The beads were washed four times in
homogenization buffer, and nonreducing SDS buffer sample was
added to the drained beads. Bound proteins were separated on
6% SDS-PAGE, and megalin was detected by immunoblotting.

Cell lines
MDCK cells (strain II) were maintained in DMEM (Life Tech-

nologies) supplemented with 7.5% FBS (Hyclone). LLC-PK1 cells
were grown in �MEM (Life Technologies), 10% FBS, and 2 mM
glutamine. Brown Norway rat yolk sac cells (BN) (45) were grown
in �MEM supplemented with 1% nonessential amino acids and
10% FBS. A canine GBEC line (cGBEC) was obtained from Dr.
Sum P. Lee (46) and grown in MEM supplemented with 10%
FBS, 2 mM l-glutamine, 20 mM HEPES, 1% MEM nonessential
amino acids, and 1% MEM vitamin solution. All culture media were
supplemented with 100 U/ml penicillin and 100 mg/ml strepto-
mycin sulfate, and cells were maintained at 37�C in 5% CO2.

Cell treatments with BAs
LLC-PK1 cells were plated at a density of 65 � 103 cells/cm2 and

12 h after seeding were treated with different bile salts. Stocks of
LCA, CDCA, and CA were prepared in methanol-water (1:1, v/v)
adding NaOH when necessary to form the salt. BAs were added
to the medium at various concentrations (10–100 	M) and for
different lengths of time (24–96 h) as indicated in each experi-
ment. For all of the conditions, the ratio between BA and carrier/
medium was 1:1,000 (v/v). During the treatment, the medium
was changed every 12 h. At the end of the treatment, the cells were
washed three times in PBS and the excess liquid was drained. Sub-
sequently, the cells were scraped in the lysis buffer (PBS contain-
ing 1% Triton X-100, 2 mM PMSF, 100 	M pepstatin, antipain,
and Complete™ protease inhibitor cocktail) and lysed by pas-
sage through a 29 gauge needle eight times. Nuclear debris was
removed by centrifugation at 22,000 g for 5 min at 4�C, and the
supernatants were saved. The protein content was determined us-
ing a Bradford assay, and equal amounts of total protein from each
extract were subjected to SDS-PAGE under reducing conditions.

Immunoprecipitation of metabolically labeled megalin 
and apoJ/clusterin

MDCK and cGBEC cells were plated on 3 cm plates. Addition-
ally, cGBECs were seeded onto 24 mm Transwell polycarbonate
filter units (0.4 	m pore size) until the transepithelial resistance
reached 1,500 �/cm2, as measured with an EVOM electrometer
(World Precision Instruments, Sarasota, FL). Cells were incu-
bated twice with depletion medium (DMEM without methionine
and cysteine) and then pulsed with 150 	Ci of [35S]methionine/
cysteine (New England Nuclear) for 30 min. After 4 h of chase in
complete medium containing 10-fold higher levels of methio-
nine (3 mg/ml) and cysteine (6.5 mg/ml), the medium was col-
lected and immunoprecipitations were performed using poly-

clonal antiserum against apoJ as described (39). The cells were
lysed in PBS and 1% Triton X-100 with protease inhibitors, and
the lysate was subjected to immunoprecipitation using anti-
megalin 1H2 antibody. Immune complexes were then precipi-
tated with protein A-Sepharose for 2 h at 4�C. After washing, the
precipitated proteins were resolved by SDS-PAGE on 6% gels for
megalin and 10% gels for apoJ and the gels were subjected to au-
toradiography.

Lipid analysis
Biliary BAs were quantified by the 3�-hydroxysteroid dehydro-

genase method, lecithin by the inorganic phosphorous procedure,
and cholesterol by the cholesterol oxidase assay, as described pre-
viously (47). The cholesterol saturation index (CSI) was calculated
in accordance with Carey’s critical table (48). Cholesterol crystals in
gallbladder bile were visualized with a polarized light microscope.

Statistical analysis
Values are expressed as means � SD. The significance of dif-

ferences between means was evaluated using an unpaired Stu-
dent’s t-test. The level of significance was set at P  0.05.

RESULTS

Expression of megalin and cubilin mRNAs in the mouse 
and human gallbladder

Using RT-PCR, megalin and cubilin transcripts were de-
tected in gallbladder RNA preparations isolated from three
mouse strains, C57BL/6J, AKR/J (Fig. 1A), and BALB/c
(data not shown). RNA from kidney was used as a positive
control, and because liver does not express megalin (49,
50), liver RNA was used as a negative control. We also found
that both megalin and cubilin mRNAs were expressed by
GBECs isolated from human gallbladder (Fig. 1B). Simi-
lar results were obtained using RNA isolated from epithe-
lial cells from gallbladders of other patients (data not
shown). RNA derived from human kidney was used as a
positive control for the detection of megalin and cubilin.
For a negative control, a sample of human skeletal muscle
was used. Taken together, these findings are the first indi-
cations that megalin and cubilin mRNAs are expressed in
the gallbladder.

Immunohistological staining reveals megalin and cubilin 
expression in human GBE

Immunohistochemistry was used to evaluate the expres-
sion and subcellular localization of megalin and cubilin pro-
teins in gallbladder. As shown in Fig. 2A, the simple co-
lumnar epithelial cells that line the gallbladder prominently
express both proteins. Immunostaining for both proteins
was apparent throughout the epithelial cells, with higher
levels of stain evident in the apical aspects of the cells. In
addition, there was an intracellular vesicular pattern of
staining consistent with the localization of both proteins
within vesicles of the exocytic secretory pathway and/or
the endocytic/transcytotic pathway (Fig. 2B). Little or no
expression of these proteins was detected in the underly-
ing lamina propria of areolar tissue. No staining was ob-
tained when the primary antibodies were omitted or when
irrelevant immunoglobulins were used (data not shown).
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Immunoblot analysis of megalin and cubilin expression in 
the human gallbladder

Immunoblot analysis was performed on total membrane
extracts of GBE isolated from two human gallbladders. As
shown in Fig. 3A, GBE membrane extracts contained
polypeptides immunoreactive with megalin monoclonal
antibody. These bands had electrophoretic mobilities sim-
ilar to those of immunoreactive polypeptides present in
membrane preparations from yolk sac BN cells and hu-
man kidney. The multiple-band megalin profile observed
in gallbladder membranes may reflect breakdown of the
�600 kDa megalin polypeptide, as has been previously
suggested in other reports (38, 51). As shown in Fig. 3B,
full-length cubilin (�460 kDa) as well as immunoreactive
fragments were also detectable in membrane preparations
of GBECs, but not in membranes from human liver. Cubi-
lin fragments have been previously described in cubilin
preparations isolated from the apical brush-border mem-
branes from rat intestine (21).

Canine GBECs express megalin and cubilin
In addition to the gallbladder, we were also interested

to know whether megalin and cubilin were expressed by

an available canine gallbladder cell line. cGBEC and MDCK
cells were metabolically labeled, and megalin was immu-
noprecipitated from detergent lysates. Figure 4A shows that
megalin was present in cGBEC but not in MDCK, as we
previously described (35), consistent with our gallbladder
tissue data. Although we were not able to detect cubilin by
immunoprecipitation from the metabolically labeled cGBECs
(data not shown), we were able to detect it by immuno-
blotting in cGBEC membrane extracts (Fig. 4B).

Canine GBECs express and secrete a megalin ligand, 
apoJ/clusterin

Considering that bile contains several ligands for mega-
lin and cubilin, including apoE and apoA-I, respectively

Fig. 1. Megalin and cubilin mRNAs are expressed in the gallblad-
der. A: RT-PCR analysis of megalin and cubilin transcript expres-
sion in the murine gallbladder, liver, and kidney. B: RT-PCR analysis
of cubilin and megalin mRNA in human gallbladder, kidney, and
skeletal muscle.

Fig. 2. Immunolocalization of megalin and cubilin in human
gallbladder. A: Antibodies to megalin (upper row), cubilin (mid-
dle row), and �-actin (lower row) were used to label sections of hu-
man gallbladder and kidney. Strong immunoperoxidase reactions
for both megalin and cubilin are apparent in the gallbladder, lo-
calized predominantly in the simple columnar epithelium. No ex-
pression of either receptor is observed in the lamina propria. Cubi-
lin and megalin immunolabeling in epithelial cells of proximal
renal tubules are shown as positive controls. B: Higher magnifica-
tion views show that the peroxidase staining for both receptors is
throughout the epithelial cells. Apical regions appear to have
higher levels of the stain (arrows), but stain is also apparent in ba-
solateral regions and in the punctate intracellular pattern, consis-
tent with localization in intracellular vesicles (arrowheads).
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(52), we were interested to know if cGBECs in culture ex-
press apoJ, another ligand for megalin (53). Like apoA-I
and apoE, apoJ displays high affinity for lipid and plays a
physiological role in lipid transport (54). Conditioned
media from the metabolically labeled cells were used for
anti-apoJ immunoprecipitation. As shown in Fig. 4C, apoJ
is immunoprecipitable from the conditioned culture me-
dium of cGBEC at a level similar to that found in the me-
dium of MDCK cells, a renal distal tubule-derived cell line.
ApoJ secretion by cGBECs grown on filters was predomi-
nantly apical, suggesting that in vivo it could become en-
riched with biliary lipids and internalized by megalin ex-
pressed in the apical domain of the GBE (Fig. 4D).

Regulation of megalin protein expression by BAs in vitro
The fact that megalin expression is regulated by retinoic

acid and vitamin D suggests the involvement of the transcrip-
tion factors vitamin D receptor (VDR) and retinoid X recep-
tor (RXR) in its regulation (55). Because the hydrophobic
secondary BA LCA binds with high affinity to VDR (41), it
is also possible that the expression of megalin could be reg-
ulated by BAs. To test this hypothesis, we evaluated the
effect of BA treatment on the expression of megalin by
LLC-PK1 cells. We found that LCA treatment led to a dose-
dependent decrease in the expression of megalin, clearly
seen at the LCA concentration of 25 	M (Fig. 5). The in-
hibitory effect of LCA (30 	M) was reversible; within 72 h of
LCA withdrawal, the level of megalin expression, compared
with control cells, was normalized (Fig. 6). The downregula-
tion of megalin expression by LCA was counter to our expec-
tations, owing to the fact that LCA is known to lead to the
activation of VDR (41). We therefore speculated that LCA
might be acting to regulate megalin expression via binding
to FXR, a nuclear BA receptor. To test this hypothesis, we
evaluated the capacity of primary BAs, which are known
agonists of FXR, to regulate megalin expression. As shown
in Fig. 7, the FXR agonists CDCA and CA increased the ex-

pression of megalin in LLC-PK1 cells. In some cases, we
also saw a slight increase in megalin expression by lower
LCA doses (10 	M) that could be explained by an activa-
tion of VDR, because this nuclear receptor has much more
affinity for LCA than does FXR (41). These findings clearly
indicate that megalin expression is regulated by BAs.

BAs regulate in vivo megalin expression
To evaluate the in vivo effects of BAs on gallbladder ex-

pression of megalin, mice were treated with LCA for 4 days.
Immunoblot analysis of gallbladder megalin expression
showed that after LCA gavage, megalin expression was re-
duced by 39 � 12% (n � 3) compared with levels in gall-
bladders of control mice (Fig. 8A). By contrast, gallblad-
der expression of cubilin (the full-length cubilin polypeptide
plus the cubilin fragment) was not affected by LCA treat-
ment (Fig. 8B). Mice were then fed with diets containing
the primary BAs CA and CDCA, FXR agonists, or the FXR
antagonists guggulipid and its active component guggul-
sterone. After these treatments, megalin expression was
greatly increased (Fig. 8C, D), which strongly indicates the
participation of the FXR nuclear receptor. This appar-
ently contradictory result obtained with the FXR antago-
nists, acting as agonists, has been described for bile salt ex-
port pump (BSEP) expression (56). Relevant to these results
was the finding that by RT-PCR, FXR was highly expressed
in mouse gallbladder in all conditions, being lower than
the level found in LCA-treated animals (data not shown).
Taken together, these results indicate that megalin but not
cubilin expression in gallbladder is under the control of
BAs present in bile, probably through the action of FXR.

Gallbladder expression of megalin but not cubilin is 
upregulated after the lithogenic diet

We next evaluated the influence of a high-cholesterol/
fat/bile salt lithogenic diet or, separately, cholesterol and
CA, on gallbladder expression of megalin. C57BL/6J mice

Fig. 3. Immunoblot detection of megalin and cubilin in human gallbladder. Total membranes were pre-
pared from two isolated human gallbladder epithelia (GBEs; 100 	g), human liver (120 	g), human kidney
(1.5 	g), and from the rat yolk sac cell line BN (3 	g) and resolved by nonreducing 6% SDS-PAGE, followed
by transfer to polyvinylidene difluoride membranes and immunodetection with antibodies to megalin (A) or
cubilin (B). Both proteins are present in gallbladder-derived membranes and are detected at sizes corre-
sponding to the full-length and smaller protein fragments.
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were fed for 10 days with either a lithogenic diet or a diet
supplemented with 2% cholesterol or 0.5% CA. As shown
in Table 1, gallbladder biliary cholesterol, phospholipids,
and CSI were increased significantly (by 4.6-, 1.7-, and
3-fold, respectively) in animals fed the lithogenic diet. As
expected, only mice fed the lithogenic diet developed bil-
iary sludge or cholesterol crystals. Animals fed the high-
cholesterol diet for 10 days showed a slight but significant
(P � 0.05) increase in biliary cholesterol content and CSI
(1.7- and 1.9-fold, respectively). CA- and LCA-treated ani-
mals showed minor changes in biliary lipid levels. Immu-
noblot analysis was performed on extracts of separate
pools of gallbladders from five animals for each condi-
tion. As shown in Fig. 9A, gallbladder megalin expression
increased dramatically in animals fed either a lithogenic

diet or a normal chow diet supplemented with CA for 10
days (7.7 � 0.12-fold and 8.8 � 0.24-fold, respectively,
over controls; n � 2). By contrast, animals fed the high-
cholesterol diet (2%) showed no change in gallbladder
megalin expression levels. As a control for the effect of
the diets, the expression of SR-BI was evaluated because it
is already known that this is downregulated after feeding
the animals with a lithogenic diet (Fig. 9C) (40). Neither
of the above dietary conditions clearly modified cubilin
expression (Fig. 9B). Overall, these results indicate that
megalin expression in gallbladder is regulated by the com-
position of BAs present in gallbladder bile, probably act-
ing through a FXR transcription factor. Cholesterol levels
seem not to influence megalin expression, as indicated by
the lack of correlation between biliary cholesterol concen-
tration, or CSI, and gallbladder megalin expression.

DISCUSSION

In this work, we have shown for the first time that mega-
lin and cubilin, two proteins related to lipid and vitamin
metabolism and major endocytic receptors involved in the
binding of several ligands, are expressed on the apical sur-
face of the GBE. RT-PCR and immunoblotting established
the presence of both megalin and cubilin mRNAs and
protein in human and mouse gallbladders. Immunohis-
tochemistry established the presence of both proteins in
epithelial cells that line the gallbladder. Megalin, but not

Fig. 4. Canine gallbladder epithelial cells (cGBECs) express mega-
lin and cubilin and secrete apically apolipoprotein J (apoJ), a mega-
lin ligand. A: Megalin in extracts of metabolically labeled canine
kidney (MDCK) and canine gallbladder (cGBEC) cells line lysates
was assessed by immunoprecipitation using the monoclonal anti-
body anti-megalin 1H2, and the immunoprecipitates were resolved
by 6% SDS-PAGE under nonreducing conditions and subjected to
autoradiography. B: Cubilin in 120 	g of membrane extracts of
cGBEC and MDCK cells was assessed by immunoblotting after run-
ning the samples on 6% SDS-PAGE. C: ApoJ was assessed in the
conditioned cultured medium obtained in A by immunoprecipita-
tion using apoJ antibody and autoradiography. D: Filter-grown
cGBECs were labeled with [35S]methionine/cysteine, and then the
apical (Ap) and basolateral (Bl) media were immunoprecipitated
with apoJ antibody. The immunoprecipitates were resolved by 10%
SDS-PAGE under nonreducing conditions and subjected to autora-
diography.

Fig. 5. Regulation of megalin expression by lithocholic acid (LCA)
in cultured cells. A: Immunoblot analysis of megalin and actin in
LLC-PK1 cells treated with different concentrations of LCA (10–100
	M) or vehicle for 24 h. B: Plots of the megalin/actin ratio based
on densitometric analysis of the data shown in A.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2192 Journal of Lipid Research Volume 45, 2004

cubilin, expression was regulated by BAs, both in vitro and
in vivo, suggesting a role for the transcription factor FXR
in megalin transcriptional regulation. Furthermore, treat-
ment of mice with different BAs changed megalin protein
levels, implying that the BA pool composition of bile could
have a role in the regulation of the receptor expression in

gallbladder. Finally, megalin expression was significantly
upregulated in gallbladder of mice fed with lithogenic
and CA-containing diets but was not affected by a choles-
terol-rich diet.

GBECs absorb cholesterol (14, 16, 57), and this activity
seems to be impaired in cholesterol gallstone disease (17).

Fig. 6. Downregulation of megalin expression by LCA is reversible. A: Immunoblot analysis of megalin and
actin in LLC-PK1 cells cultured with LCA (30 	M) or vehicle for 24 h and then with LCA-free medium for vary-
ing periods of time. B: Plot of the megalin/actin ratio based on densitometric analysis of the data shown in A.

Fig. 7. Megalin protein expression is under the regula-
tion of different bile acids in cell culture. A: Immunoblot
analysis of extracts of LLC-PK1 cells cultured with LCA,
chenodeoxycholic acid (CDCA), or CA for either 24 or
36 h. B: Plot of the megalin/actin ratio based on densito-
metric analysis of the data shown in A. LCA had a dual ef-
fect, stimulating at a low dose (10 	M) and inhibiting at a
high dose (60 	M) megalin protein levels. CDCA and CA
stimulated megalin expression at 60 	M.
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BAs are absorbed by GBECs at a much slower rate com-
pared with cholesterol and phosphatidylcholine. Through
such control over BA levels in bile, the gallbladder main-
tains cholesterol solubility (16). However, it is not known
if the cholesterol absorption process is receptor mediated
and what is the fate of this cholesterol. Given the role of
cubilin and megalin in lipoprotein uptake in other tissues,
their apical localization in the GBE supports a possible
role in the absorption of cholesterol and perhaps other
molecules from the bile.

It has been speculated that biliary apoA-I negatively in-
fluences the formation of cholesterol crystals (58). Addi-
tion of apoA-I to the luminal side of cultured GBECs en-
hances cholesterol and phospholipid absorption. ApoA-I
binding to these cells is saturable and competitive, sug-

gesting the participation of a receptor (58). Based on the
findings presented here, the apoA-I receptor complex
formed by megalin and cubilin (32, 59) may play a role in
apoA-I uptake by GBECs in the gallbladder. Recent find-
ings indicate that the apoA-I/cholesterol receptor, SR-BI,
is also present on the apical surface of GBECs (40, 60).
However, no increase in susceptibility to gallstone forma-
tion has been observed in SR-BI-deficient mice fed a litho-
genic diet (40). Furthermore, there was no change in gall-
bladder cholesterol content in the SR-BI-deficient mice
compared with wild-type animals, suggesting that SR-BI
does not have a crucial role in the process of gallbladder
cholesterol absorption (40). Other studies have shown the
participation of ATP binding cassette (ABC) transporters
in the cholesterol efflux from GBECs (57, 61). ABCA1 me-

Fig. 8. Farnesoid X receptor (FXR) ligands regulate megalin but not cubilin gallbladder protein expres-
sion in vivo. Megalin (A) and cubilin (B) in gallbladders of LCA-treated and control mice were analyzed by
immunoblot. To detect megalin, gallbladder lysates (500 	g of total protein) were subjected to a glutathione
S-transferase-receptor-associated protein (GST-RAP) pull down procedure before immunoblot analysis. To
detect cubilin, 120 	g of gallbladder total protein was directly analyzed by immunoblotting. Total kidney ex-
tract (20 	g of total membranes) was used as a positive control. C: Megalin protein levels in gallbladders of
mice fed four different FXR ligands. For each FXR ligand tested, a significant increase in megalin expression
was apparent. GS, Z-guggulsterone; GUGGU, guggulipid. D: Densitometric quantification of the immunore-
active megalin polypeptide bands shown in C.
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diates the basolateral cholesterol/phospholipid efflux, re-
quiring the presence of apoA-I as stimulator and acceptor
of lipid transport to the basolateral compartment (57).
The heterodimeric complex ABCG5/G8, which has a role
in canalicular secretion of cholesterol from the hepato-
cyte (62, 63) and cholesterol efflux in the small intestine

(64), is also present in human gallbladder, located intra-
cellularly and apically in GBECs (61). This ABC complex
probably acts as a molecular sensor of gallbladder intra-
cellular cholesterol content, participating in the apical ef-
flux of cholesterol into bile in a way that counteracts the
apical cholesterol absorption process. This latter process
may involve megalin/cubilin-mediating lipid absorption/
transport processes via the uptake of lipoproteins such as
apoA-I. ApoA-I is secreted by GBECs (52, 58) as well as
apoE, another lipid transport protein that is a megalin
ligand. ApoJ has a high affinity for megalin (53) that is in-
creased after the association with lipids, and we find it ex-
pressed and secreted by GBECs, consistent with the in situ
hybridization data of others (65). In addition to targeting
apolipoprotein-cholesterol complexes to lysosomes for hy-
drolysis, megalin might also mediate cholesterol traffick-
ing to the basolateral domain of GBECs for secretion,
avoiding an accumulation of large amounts of intracellu-
lar cholesterol that could damage GBE itself and/or adja-
cent muscle cells and thus reduce gallbladder motility. In
fact, it has been shown that megalin mediates the transcy-
tosis of some ligands in kidney and thyroid epithelial cells
(66, 67). However, an orchestrated participation of other
lipid transporters expressed in GBECs, such as ABCA1,
has to be considered (57).

Calcium is an element extremely important in the
pathogenesis of gallstones. Calcium salts formed with the
calcium-sensitive ions bilirubinate, carbonate, and phos-
phate, which are major components of pigment gallstones
and are present at high concentrations in the centers and
rims of cholesterol gallstones (68, 69). To know the fac-
tors that regulate calcium solubility in bile is thus essential
to understand the process that leads to gallstone forma-
tion. In this regard, besides the potential role of megalin
in lipid absorption from the bile, a role in biliary calcium
salt levels could be ascribed to this receptor. Megalin plays
an important role in calcium metabolism, acting as a re-
ceptor that directly binds calcium (70), and also as a regu-
lator of systemic calcium homeostasis, as a result of its role
in the internalization of 25-(OH) vitamin D3 in complex
with vitamin D binding protein (71). The most abundant
biliary calcium salt is calcium carbonate, which is precipi-

TABLE 1. Lipid composition of gallbladder bile from C57BL/6 mice fed a control chow diet, a diet
supplemented with 2% cholesterol, 0.5% CA, or LCA, and mice gavaged daily with LCA or vehicle

Group (n) Cholesterol Phospholipids Bile Salts 
Cholesterol

Saturation Index
Cholesterol Crystals

or Sludge 

mmol/l %

Control (6) 3.07 14.81 136.7 0.50 0
2% cholesterol (5) 5.41a 14.62 116.8 0.96a 0
0.5% CA (5) 4.77 14.72 133.9 0.78 0
Lithogenic (6) 13.8a 25.9a 114.0 1.52a 100
Control-LCA (5) 2.92 18.25 186.4 0.35 0
LCA (5) 4.55 19.9 231.0 0.44 0

CA, cholic acid; LCA, lithocholic acid. Male mice (n � 5 or 6 in each group) were fed the different experi-
mental diets for 10 days. LCA (8 mg/day) or vehicle (corn oil) was given by gavage for 4 days. Lipids were assessed
in pooled gallbladder biles (n � 5 or 6 in each group).

a These values are significantly different from those of the control group at P � 0.05.

Fig. 9. Megalin expression was upregulated by a lithogenic diet,
but not by cholesterol. Mice (five per group) were fed for 10 days
with a control diet, a lithogenic diet, a 2% cholesterol-enriched
diet, or a 0.5% (w/w) CA-enriched diet. A: Megalin immunoblot
analysis of GST-RAP pull downs of gallbladder extracts (450 	g of
protein from pooled gallbladders from each group). B: To evaluate
cubilin expression, 100 	g aliquots of each gallbladder extract were
immunoblotted with cubilin antibody. C: As a control for the effects
of the diets, the expression level of scavenger receptor class B type I
(SR-BI) was determined from 100 	g of each gallbladder extract.
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tated when the bicarbonate concentration increases be-
cause of inadequate acidification of the bile (72). Thus,
the correct acidification of alkaline hepatic bile in the
gallbladder is a crucial event to prevent calcium precipita-
tion and gallstone formation. Carbonic anhydrases (73)
and NHE3 (7–9) are gallbladder proteins involved in the
bile acidification mechanisms. In kidney proximal tu-
bules, the activity of NHE3 is negatively regulated by
megalin (27). It is therefore reasonable to speculate that
megalin, in GBE, could also regulate NHE3 activity and
eventually the activity of carbonic anhydrases by modulat-
ing its trafficking and compartmentalization, thus influ-
encing the acidification of alkaline hepatic bile.

Genetic data in mice suggest a role for megalin in gall-
stone disease, because the megalin gene is within the Lith1
locus (34). The availability of megalin-deficient mice might
help to address this question. Although most megalin-defi-
cient mice die, those that survive could perhaps be used to
test the role of this megalin in gallstone formation (74).
The development of crystals of cholesterol in bile would
require that 2 month old animals be fed with a lithogenic
diet for at least 2 weeks. This treatment may or may not be
tolerated by the fragile knockout animals.

In the present study, we evaluated the regulation of
megalin expression under conditions that induce choles-
terol gallstone formation or a change in the composition
of the BA pool. Because it is known that megalin expres-
sion is positively regulated by vitamin D through VDR (55)
and recently it was demonstrated that LCA is a ligand for
VDR (41), we decided to explore the possibility that mega-
lin expression was regulated, in vitro and in vivo, by BAs as
LCA. In vitro, megalin expression was greatly decreased at
LCA concentrations that activate its known mediator FXR
(�25 	M) and was slightly increased or not changed by
lower concentrations of LCA that activate VDR (5–10 	M)
(41). In vivo, the expression of megalin but not cubilin
was decreased by �40% by LCA and was increased several-
fold by the natural FXR agonists CA and CDCA. At the
same time, we also found the FXR was strongly expressed
in gallbladder and that its expression was negatively regu-
lated by LCA. Noteworthy, the regulation of megalin ex-
pression by FXR ligands was similar to that described for
BSEP, with LCA acting as an antagonist (75), and guggulipid
and its active component guggulsterone (56), which nor-
mally have an FXR antagonist effect (76), acting with a se-
lective FXR agonist effect. Analyzing the promoter gene
sequence available for megalin (77), we found two puta-
tive FXR/RXR binding sites, suggesting that the megalin
gene could be a target for this nuclear receptor, as are
other genes related to lipoprotein metabolism (78, 79).
FXR itself was recently shown to be genetically associated
with cholesterol gallstone formation in mice (80).

The composition of the BA pool is abnormal in lithiasic
patients; LCA concentration is increased and CDCA is de-
creased compared with normal (81). Megalin expression
in gallbladder could thus be downregulated by lithogenic
bile, enriched in LCA and poor in CDCA, favoring a con-
dition of lower cholesterol gallbladder absorption, among
other events. Cholesterol gallstone dissolution therapies

have included patient treatment with ursodeoxycholic
acid alone (82) or in combination with the FXR agonist
CDCA (83, 84), based mostly on the physicochemical
properties of these BAs. Many reports indicate that CDCA
is more efficient in gallstone dissolution and in decreasing
the CSI and stone calcification (83, 84). Considering that
ursodeoxycholic acid does not activate FXR (41), it is
tempting to speculate that part of the therapeutic effect of
the CDCA could be explained by its enhanced megalin ex-
pression in the GBE. This in turn could lead to subse-
quent improvement in the cholesterol absorption process,
calcium remotion, and/or other mechanism(s) that could
inhibit and control gallstone formation.

We also assessed the effect of feeding the animals a litho-
genic diet on the gallbladder expression of megalin and
cubilin. Megalin expression was significantly increased by
the lithogenic diet as well as by a diet containing 0.5% CA,
compared with the controls. This suggests that a compen-
satory mechanism operates under conditions of high
cholesterol concentration in gallbladder bile. Biliary cho-
lesterol levels and the CSI were similarly increased after
CA- or cholesterol-rich diets, but megalin protein expres-
sion was increased only by CA, indicating that the expres-
sion of megalin was not sensitive to cholesterol levels in
bile. This finding is consistent with other reports showing
that megalin expression in cultured endodermal cells is
not responsive to cholesterol (32). The diet-induced mod-
ifications observed for megalin in vivo were opposite to
those found for SR-BI, the other apoA-I receptor present
at the apical membrane of GBE (40). Megalin and SR-BI
could function differently in the context of gallbladder
physiology. Indeed, evidence indicates that the absence of
SR-BI in mice has no relevance to the propensity to de-
velop gallstones (40).

BA treatments and lithogenic diet dramatically influ-
enced megalin expression but not cubilin expression. Be-
cause cubilin trafficking (32) and endocytic function are
dependent on the action of megalin, it is not necessary
that both proteins be equally regulated. This differential
expression regulation has been shown in other systems
(85). Indeed, recent findings have shown that in the em-
bryonic yolk sac, megalin and cubilin expression is not
strictly linked (23). Addressing the question of the role of
cubilin for gallbladder function would probably require
the development of cubilin-deficient animals and the study
of gallstone development under lithogenic diets.

Until now, besides several long-term investigations, the
only gallbladder proteins/genes that have been implicated
in downstream defects related to cholesterol gallstone de-
velopment have been mucin genes (13). It has also been
shown that mucin is upregulated by hydrophobic BAs,
and its expression level in the gallbladder affects suscepti-
bility to cholesterol gallstone formation in mice. Now, our
data allow us to speculate that megalin, like mucin, could
have a role in the gallbladder generating susceptibility to
cholesterol gallstone formation under specific conditions.
All together, our findings strongly suggest that a central
role could be played by megalin in the pathophysiology of
the gallbladder, making it a potential target for the diag-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2196 Journal of Lipid Research Volume 45, 2004

nosis and treatment of gallstone disease, a very important
matter considering the high prevalence of this disease in
Western countries.

The authors thank Dr. Sum P. Lee (Department of Medicine,
University of Washington, and VA Puget Sound Health Care Sys-
tem, Seattle, WA) for the generous gift of the canine GBEC line,
Dr. Attilio Rigotti and Nicolás Quezada (Faculty of Medicine,
Department of Gastroenterology, Pontificia Universidad Católica
de Chile), for giving us gallbladders from guggulipid- and gug-
gulsterone-treated animals, Dr. Juan Carlos Casar (Faculty of Bi-
ological Sciences, Department of Cellular and Molecular Biol-
ogy, Pontificia Universidad Católica de Chile) for providing us
the human muscle sample, and Héctor Molina, Ludwig Amigo,
Lorena Azocar, and Valeska Vollrath (Faculty of Medicine, De-
partment of Gastroenterology, Pontificia Universidad Católica
de Chile) for their technical contributions to this work. This
work was supported by the following grants: Grant 1020746 from
the Fondo Nacional de Investigación Científica y Tecnológica
(FONDECYT) (M-P.M.), Fondo de Investigación Avanzada en
Areas Prioritarias (FONDAP) Grant 13980001 and The Millenium
Institute for Fundamental and Applied Biology (MIFAB) which
is financed in part by the Ministerio de Planificación y Cooper-
ación de Chile (M-P.M.), FONDECYT Grant 1040820 (J.F.M.),
and National Institutes of Health Grant HL-61873 (W.S.A.).

REFERENCES

1. Johnston, D. E., and M. M. Kaplan. 1993. Pathogenesis and treat-
ment of gallstones. N. Engl. J. Med. 328: 412–421.

2. Juvonen, T. 1994. Pathogenesis of gallstones. Scand. J. Gastroenterol.
29: 577–582.

3. Apstein, M. D., and M. C. Carey. 1996. Pathogenesis of cholesterol
gallstones: a parsimonious hypothesis. Eur. J. Clin. Invest. 26: 343–352.

4. Marzolo, M. P., A. Rigotti, and F. Nervi. 1990. Secretion of biliary
lipids from the hepatocyte. Hepatology. 12 (Suppl.): 134–142.

5. Conter, R. L., J. J. Roslyn, V. Porter-Fink, and L. DenBesten. 1986.
Gallbladder absorption increases during early cholesterol gall-
stone formation. Am. J. Surg. 151: 184–191.

6. Giurgiu, D. I. N., K. D. Saunders-Kirkwood, J. J. Roslyn, and M. Z.
Abedin. 1997. Sequential changes in biliary lipids and gallbladder
ion transport during gallstone formation. Ann. Surg. 225: 382–390.

7. Silviani, V., V. Colombani, L. Heyries, A. Gerolami, G. Cartouzou,
and C. Marteau. 1996. Role of the NHE3 isoform of the Na�/H�
exchanger in sodium absorption by the rabbit gallbladder. Pflugers
Arch. 432: 791–796.

8. Colombani, V., V. Silviani, C. Marteau, B. Lerique, G. Cartouzou, and
A. Gerolami. 1996. Presence of the NHE3 isoform of the Na�/H�
exchanger in human gallbladder. Clin. Sci. (Lond.). 91: 209–212.

9. Abedin, M. Z., D. I. Giurgiu, Z. R. Abedin, E. A. Peck, X. Su, and
P. R. Smith. 2001. Characterization of Na�/H� exchanger isoform
(NHE1, NH32 and NHE3) expression in prairie dog gallbladder. J.
Membr. Biol. 182: 123–134.

10. LaMont, J. T., B. F. Smith, and J. R. Moore. 1984. Role of gallblad-
der mucin in pathophysiology of gallstones. Hepatology. 4 (Suppl.):
51–56.

11. Afdhal, N. H., N. Niu, D. Gantz, D. M. Small, and B. F. Smith. 1993.
Bovine gallbladder mucin accelerates cholesterol monohydrate crys-
tal growth in model bile. Gastroenterology. 104: 1515–1523.

12. Lammert, F., D. Q. Wang, H. Wittenburg, G. Bouchard, S. Hille-
brandt, B. Taenzler, M. C. Carey, and B. Paigen. 2002. Lith genes
control mucin accumulation, cholesterol crystallization, and gall-
stone formation in A/J and AKR/J inbred mice. Hepatology. 36:
1145–1154.

13. Wang, H. H., N. H. Afdhal, S. J. Gendler, and D. Q-H. Wang. 2004.
Targeted disruption of murine mucin gene 1 decreases susceptibil-
ity to cholesterol gallstone formation. J. Lipid Res. 45: 438–447.

14. Jacyna, M. R., P. E. Ross, M. A. Bakar, D. Hopwood, and I. A. Bouch-

ier. 1987. Characteristics of cholesterol absorption by human gall-
bladder: relevance to cholesterolosis. J. Clin. Pathol. 40: 524–529.

15. Corradini, S. G., and F. Liguori. 2001. Recent studies on the patho-
genesis of cholelithiasis: the role of the gallbladder epithelium. Re-
cent Prog. Med. 92: 471–476.

16. Corradini, G. S., C. Ripani, P. Della Guardia, L. Giovannelli, W.
Elisei, A. Cantafora, M. Codacci Pisanelli, G. D. Tebala, G. Nuzzo,
A. Corsi, A. F. Attili, L. Capocaccia, and V. Ziparo. 1998. The hu-
man gallbladder increases cholesterol solubility in bile by differen-
tial lipid absorption: a study using a new in vitro model of isolated
intra-arterially perfused gallbladder. Hepatology. 28: 314–322.

17. Corradini, S. G., W. Elisei, L. Giovannelli, C. Ripani, P. Della Guardia,
A. Corsi, A. Cantafora, L. Capocaccia, V. Ziparo, V. Stipa, P. Chirletti,
R. Caronna, D. Lomanto, and A. F. Attili. 2000. Impaired human
gallbladder lipid absorption in cholesterol gallstone disease and its
effect on cholesterol solubility in bile. Gastroenterology. 118: 912–920.

18. Kerjaschki, D., and M. G. Farquhar. 1983. Immunocytochemical
localization of the Heymann nephritis antigen (GP330) in glomer-
ular epithelial cells of normal Lewis rats. J. Exp. Med. 157: 667–686.

19. Sahali, D., N. Mulliez, F. Chatelet, R. Dupuis, P. Ronco, and P. Ver-
roust. 1988. Characterization of a 280-kD protein restricted to the
coated pits of the renal brush border and the epithelial cells of the
yolk sac. Teratogenic effect of the specific monoclonal antibodies.
J. Exp. Med. 167: 213–218.

20. Barth, J. L., and W. S. Argraves. 2001. Cubilin and megalin: part-
ners in lipoprotein and vitamin metabolism. Trends Cardiovasc. Med.
11: 26–31.

21. Yammani, R. R., S. Seetharam, and B. Seetharam. 2001. Cubilin and
megalin expression and their interaction in the rat intestine: effect
of thyroidectomy. Am. J. Physiol. Endocrinol. Metab. 281: E900–E907.

22. Chatelet, F., E. Brianti, P. Ronco, J. Roland, and P. Verroust. 1986.
Ultrastructural localization by monoclonal antibodies of brush
border antigens expressed by glomeruli. II. Extrarenal distribu-
tion. Am. J. Pathol. 122: 512–519.

23. Drake, C. J., P. A. Fleming, A. C. Larue, J. L. Barth, M. R. Chintalapudi,
and W. S. Argraves. 2004. Differential distribution of cubilin and
megalin expression in the mouse embryo. Anat. Rec. 277A: 163–170.

24. Van Praet, O., W. S. Argraves, and C. R. Morales. 2003. Co-expres-
sion and interaction of cubilin and megalin in the adult male rat
reproductive system. Mol. Reprod. Dev. 64: 129–135.

25. Moestrup, S. K., and P. J. Verroust. 2001. Megalin- and cubilin-
mediated endocytosis of protein-bound vitamins, lipids, and hor-
mones in polarized epithelia. Annu. Rev. Nutr. 21: 407–428.

26. Biemesderfer, D., T. Nagy, B. DeGray, and P. S. Aronson. 1999. Spe-
cific association of megalin and the Na�/H� exchanger isoform
NHE3 in the proximal tubule. J. Biol. Chem. 274: 17518–17524.

27. Biemesderfer, D., B. DeGray, and P. S. Aronson. 2001. Active (9.6 s)
and inactive (21 s) oligomers of NHE3 in microdomains of the re-
nal brush border. J. Biol. Chem. 276: 10161–10167.

28. Seetharam, B., E. I. Christensen, S. K. Moestrup, T. G. Hammond,
and P. J. Verroust. 1997. Identification of rat yolk sac target protein
of teratogenic antibodies, gp280, as intrinsic factor-cobalamin re-
ceptor. J. Clin. Invest. 99: 2317–2322.

29. Moestrup, S. K., R. Kozyraki, M. Kristiansen, J. H. Kaysen, H. H.
Rasmussen, D. Brault, F. Pontillon, F. O. Goda, E. I. Christensen, T. G.
Hammond, and P. J. Verroust. 1998. The intrinsic factor-vitamin
B12 receptor and target of teratogenic antibodies is a megalin-
binding peripheral membrane protein with homology to develop-
mental proteins. J. Biol. Chem. 273: 5235–5242.

30. Kristiansen, M., R. Kozyraki, C. Jacobsen, E. Nexo, P. J. Verroust,
and S. K. Moestrup. 1999. Molecular dissection of the intrinsic fac-
tor-vitamin B12 receptor, cubilin, discloses regions important for
membrane association and ligand binding. J. Biol. Chem. 274: 20540–
20544.

31. Hammad, S. M., S. Stefansson, W. O. Twal, C. J. Drake, P. Fleming,
A. Remaley, H. B. Brewer, Jr., and W. S. Argraves. 1999. Cubilin,
the endocytic receptor for intrinsic factor-vitamin B(12) complex,
mediates high-density lipoprotein holoparticle endocytosis. Proc.
Natl. Acad. Sci. USA. 96: 10158–10163.

32. Hammad, S. M., J. L. Barth, C. Knaak, and W. S. Argraves. 2000.
Megalin acts in concert with cubilin to mediate endocytosis of
high density lipoproteins. J. Biol. Chem. 275: 12003–12008.

33. Paigen, B., N. J. Schork, K. L. Svenson, Y-C. Cheah, J-L. Mu, F.
Lammert, D. Q-H. Wang, G. Bouchard, and M. C. Carey. 2000.
Quantitative trait loci mapping for cholesterol gallstones in AKR/J
and C57L/J strains of mice. Physiol. Genomics. 4: 59–65.

34. Bouchard, G., H. M. Nelson, F. Lammert, L. B. Rowe, M. C. Carey,

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Erranz et al. Megalin and cubilin expression in the gallbladder 2197

and B. Paigen. 1999. High-resolution maps of the murine chromo-
some 2 region containing the cholesterol gallstone locus, Lith1.
Mamm. Genome. 10: 1070–1074.

35. Marzolo, M. P., M. I. Yuseff, C. Retamal, M. Donoso, F. Ezquer, P.
Farfan, Y. Li, and G. Bu. 2003. Differential distribution of low-den-
sity lipoprotein-receptor-related protein (LRP) and megalin in po-
larized epithelial cells is determined by their cytoplasmic domains.
Traffic. 4: 273–288.

36. Ranganathan, S., C. Knaak, C. R. Morales, and W. S. Argraves.
1999. Identification of low density lipoprotein receptor-related
protein-2/megalin as an endocytic receptor for seminal vesicle
secretory protein II. J. Biol. Chem. 274: 5557–5563.

37. Hammad, S. M., S. Ranganathan, E. Loukinova, W. O. Twal, and
W. S. Argraves. 1997. Interaction of apolipoprotein J-amyloid beta-
peptide complex with low density lipoprotein receptor-related
protein-2/megalin. A mechanism to prevent pathological accumu-
lation of amyloid beta-peptide. J. Biol. Chem. 272: 18644–18649.

38. Kounnas, M. Z., D. A. Chappell, D. K. Strickland, and W. S. Ar-
graves. 1993. Glycoprotein 330, a member of the low density lipo-
protein receptor family, binds lipoprotein lipase in vitro. J. Biol.
Chem. 268: 14176–14181.

39. Marzolo, M. P., P. Bull, and A. Gonzalez. 1997. Apical sorting of
hepatitis B surface antigen (HBsAg) is independent of N-glycosyla-
tion and glycosylphosphatidylinositol-anchored protein segrega-
tion. Proc. Natl. Acad. Sci. USA. 94: 1834–1839.

40. Miquel, J. F., M. Moreno, L. Amigo, H. Molina, P. Mardones, I. I.
Wistuba, and A. Rigotti. 2003. Expression and regulation of scav-
enger receptor class B type I (SR-BI) in gallbladder epithelium.
Gut. 52: 1017–1024.

41. Makishima, M., T. T. Lu, W. Xie, G. K. Whitfield, H. Domoto, R. M.
Evans, M. R. Haussler, and D. J. Mangelsdorf. 2002. Vitamin D re-
ceptor as an intestinal bile acid sensor. Science. 296: 1313–1316.

42. Auth, M. K., R. A. Keitzer, M. Scholz, R. A. Blaheta, E. C. Hotten-
rott, G. Herrmann, A. Encke, and B. H. Markus. 1993. Establish-
ment and immunological characterization of cultured human gall-
bladder epithelial cells. Hepatology. 18: 546–555.

43. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform ex-
traction. Anal. Biochem. 162: 156–159.

44. Williams, S. E., J. D. Ashcom, W. S. Argraves, and D. K. Strickland.
1992. A novel mechanism for controlling the activity of alpha 2-mac-
roglobulin receptor/low density lipoprotein receptor-related pro-
tein. Multiple regulatory sites for 39-kDa receptor-associated pro-
tein. J. Biol. Chem. 267: 9035–9040.

45. McCarthy, R. A., J. L. Barth, M. R. Chintalapudi, C. Knaak, and
W. S. Argraves. 2002. Megalin functions as an endocytic sonic
hedgehog receptor. J. Biol. Chem. 277: 25660–25667.

46. Seppen, J., S. C. Barry, J. H. Klinkspoor, L. J. Katen, S. P. Lee, J. V.
Garcia, and W. R. Osborne. 2000. Apical gene transfer into quies-
cent human and canine polarized intestinal epithelial cells by len-
tivirus vectors. J. Virol. 74: 7642–7645.

47. Nervi, F., I. Marinovic, A. Rigotti, and N. Ulloa. 1988. Regulation
of biliary cholesterol secretion. Functional relationship between
the canalicular and sinusoidal cholesterol secretory pathways in
the rat. J. Clin. Invest. 82: 1818–1825.

48. Carey, M. C. 1978. Critical tables for calculating the cholesterol sat-
uration of native bile. J. Lipid Res. 19: 945–955.

49. Zheng, G., D. R. Bachinsky, I. Stamenkovic, D. K. Strickland, D.
Brown, G. Andres, and R. T. McCluskey. 1994. Organ distribution
in rats of two members of the low-density lipoprotein receptor gene
family, gp330 and LRP/alpha 2MR, and the receptor-associated
protein (RAP). J. Histochem. Cytochem. 42: 531–542.

50. Lundgren, S., T. Carling, G. Hjalm, C. Juhlin, J. Rastad, U. Pihlgren,
L. Rask, G. Akerstrom, and P. Hellman. 1997. Tissue distribution
of human gp330/megalin, a putative Ca(2�)-sensing protein. J.
Histochem. Cytochem. 45: 383–392.

51. Jung, F. F., D. R. Bachinsky, S. S. Tang, G. Zheng, D. Diamant, L.
Haveran, R. T. McCluskey, and J. R. Ingelfinger. 1998. Immortal-
ized rat proximal tubule cells produce membrane bound and solu-
ble megalin. Kidney Int. 53: 358–366.

52. Lee, J., A. Tauscher, D. W. Seo, J. F. Oram, and R. Kuver. 2003. Cul-
tured gallbladder epithelial cells synthesize apolipoproteins A-I
and E. Am. J. Physiol. Gastrointest. Liver Physiol. 285: G630–G641.

53. Kounnas, M. Z., E. B. Loukinova, S. Stefansson, J. A. Harmony,
B. H. Brewer, D. K. Strickland, and W. S. Argraves. 1995. Identifica-
tion of glycoprotein 330 as an endocytic receptor for apolipopro-
tein J/clusterin. J. Biol. Chem. 270: 13070–13075.

54. de Silva, H. V., W. D. Stuart, Y. B. Park, S. J. Mao, C. M. Gil, J. R.
Wetterau, S. J. Busch, and J. A. Harmony. 1990. Purification and
characterization of apolipoprotein J. J. Biol. Chem. 265: 14292–
14297.

55. Liu, W., W. R. Yu, T. Carling, C. Juhlin, J. Rastad, P. Ridefelt, G. Ak-
erstrom, and P. Hellman. 1998. Regulation of gp330/megalin ex-
pression by vitamins A and D. Eur. J. Clin. Invest. 28: 100–107.

56. Cui, J., L. Huang, A. Zhao, J. L. Lew, J. Yu, S. Sahoo, P. T. Meinke, I.
Royo, F. Pelaez, and S. D. Wrights. 2003. Guggulsterone is a farne-
soid X receptor antagonist in coactivator association assays but acts
to enhance transcription of bile salt export pump. J. Biol. Chem.
278: 10214–10220.

57. Lee, J., A. Shirk, J. F. Oram, S. P. Lee, and R. Kuver. 2002. Polarized
cholesterol and phospholipid efflux in cultured gall-bladder epi-
thelial cells: evidence for an ABCA1-mediated pathway. Biochem. J.
364: 475–484.

58. Secknus, R., G. H. Darby, A. Chernosky, T. Juvonen, E. W. Moore,
and R. T. Holzbach. 1999. Apolipoprotein A-I in bile inhibits cho-
lesterol crystallization and modifies transcellular lipid transfer
through cultured human gall-bladder epithelial cells. J. Gastroen-
terol. Hepatol. 14: 446–456.

59. Kozyraki, R., J. Fyfe, M. Kristiansen, C. Gerdes, C. Jacobsen, S. Cui,
E. I. Christensen, M. Aminoff, A. de la Chapelle, R. Krahe, P. J. Ver-
roust, and S. K. Moestrup. 1999. The intrinsic factor-vitamin B12
receptor, cubilin, is a high-affinity apolipoprotein A-I receptor fa-
cilitating endocytosis of high-density lipoprotein. Nat. Med. 5: 656–
661.

60. Johnson, M. S., P. A. Svensson, J. Boren, H. Billig, L. M. Carlsson, and
B. Carlsson. 2002. Expression of scavenger receptor class B type I in
gallbladder columnar epithelium. J. Gastroenterol. Hepatol. 17: 713–720.

61. Tauscher, A., and R. Kuver. 2003. ABCG5 and ABCG8 are expressed
in gallbladder epithelial cells. Biochem. Biophys. Res. Commun. 307:
1021–1028.

62. Yu, L., J. Li-Hawkins, R. E. Hammer, K. E. Berge, J. D. Horton, J. C.
Cohen, and H. H. Hobbs. 2002. Overexpression of ABCG5 and
ABCG8 promotes biliary cholesterol secretion and reduces frac-
tional absorption of dietary cholesterol. J. Clin. Invest. 110: 671–680.

63. Yu, L., R. E. Hammer, J. Li-Hawkins, K. Von Bergmann, D. Lutjo-
hann, J. C. Cohen, and H. H. Hobbs. 2002. Disruption of Abcg5
and Abcg8 in mice reveals their crucial role in biliary cholesterol
secretion. Proc. Natl. Acad. Sci. USA. 99: 16237–16242.

64. Berge, K., H. Tian, G. Graf, L. Yu, N. Grishin, J. Schultz, P.
Kwiterovich, B. Shan, R. Barnes, and H. H. Hobbs. 2000. Accumu-
lation of dietary cholesterol in sitosterolemia caused by mutations
in adjacent ABC transporters. Science. 290: 1771–1775.

65. Aronow, B. J., S. D. Lund, T. L. Brown, J. A. K. Harmony, and D. P.
Witte. 1993. Apolipoprotein J expression at fluid-tissue interfaces:
potential role in barrier cytoprotection. Proc. Natl. Acad. Sci. USA.
90: 725–729.

66. Marino, M., G. Zheng, L. Chiovato, A. Pinchera, D. Brown, D. An-
drews, and R. T. McCluskey. 2000. Role of megalin (gp330) in tran-
scytosis of thyroglobulin by thyroid cells. A novel function in the
control of thyroid hormone release. J. Biol. Chem. 275: 7125–7137.

67. Marino, M., D. Andrews, D. Brown, and R. T. McCluskey. 2001.
Transcytosis of retinol-binding protein across renal proximal tu-
bule cells after megalin (gp 330)-mediated endocytosis. J. Biol.
Chem. 12: 637–648.

68. Been, J., P. Bills, and D. Lewis. 1979. Microstructure of gallstones.
Gastroenterology. 76: 548–555.

69. Rege, R. V. 2002. The role of biliary calcium in gallstone pathogen-
esis. Front. Biosci. 7: e315–e325.

70. Christensen, E. I., J. Gliemann, and S. K. Moestrup. 1992. Renal tu-
bule gp330 is a calcium binding receptor for endocytic uptake of
protein. J. Histochem. Cytochem. 40: 1481–1490.

71. Nykjaer, A., D. Dragun, D. Walther, H. Vorum, C. Jacobsen, J.
Herz, F. Melsen, E. I. Christensen, and T. E. Willnow. 1999. An en-
docytic pathway essential for renal uptake and activation of the ste-
roid 25-(OH) vitamin D3. Cell. 96: 507–515.

72. Gleeson, D., K. A. Hood, G. M. Murphy, and R. H. Dowling. 1992.
Calcium and carbonate ion concentrations in gallbladder and he-
patic bile. Gastroenterology. 102: 1707–1716.

73. Parkkila, S., A. K. Parkkila, T. Juvonen, A. Waheed, W. S. Sly, J.
Saarnio, K. Kaunisto, S. Kellokumpu, and H. Rajaniemi. 1996.
Membrane-bound carbonic anhydrase IV is expressed in the lumi-
nal plasma membrane of the human gallbladder epithelium. Hepa-
tology. 24: 1104–1108.

74. Willnow, T. E., J. Hilpert, S. A. Armstrong, A. Rohlmann, R. E. Ham-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2198 Journal of Lipid Research Volume 45, 2004

mer, D. K. Burns, and J. Herz. 1996. Defective forebrain develop-
ment in mice lacking gp330/megalin. Proc. Natl. Acad. Sci. USA. 93:
8460–8464.

75. Yu, J., J. L. Lo, L. Huang, A. Zhao, E. Metzger, A. Adams, P. T.
Meinke, S. D. Wright, and J. Cui. 2002. Lithocholic acid decreases
expression of bile salt export pump through farnesoid X receptor
antagonist activity. J. Biol. Chem. 277: 31441–31447.

76. Urizar, N. L., A. B. Liverman, D. T. Dodds, F. V. Silva, P. Or-
dentlich, Y. Yan, F. J. Gonzalez, R. A. Heyman, D. J. Mangelsdorf,
and D. D. Moores. 2002. A natural product that lowers cholesterol
as an antagonist ligand for FXR. Science. 296: 1703–1706.

77. Knutson, A., P. Hellman, G. Akerstrom, and G. Westin. 1998. Char-
acterization of the human megalin/LRP-2 promoter in vitro and
in primary parathyroid cells. DNA Cell Biol. 17: 551–560.

78. Edwards, P. A., H. R. Kast, and A. M. Anisfeld. 2002. BAREing it all:
the adoption of LXR and FXR and their roles in lipid homeostasis.
J. Lipid Res. 43: 2–12.

79. Sirvent, A., T. Claudel, G. Martin, J. Brozek, V. Kosykh, R. Darteil,
D. W. Hum, J. C. Fruchart, and B. Staels. 2004. The farnesoid X re-
ceptor induces very low-density lipoprotein receptor gene expres-
sion. FEBS Lett. 566: 173–177.

80. Wittenburg, H., M. A. Lyons, R. Li, G. A. Churchill, M. C. Carey,

and B. Paigen. 2003. FXR and ABCG5/ABCG8 as determinants of
cholesterol gallstone formation from quantitative trait locus map-
ping in mice. Gastroenterology. 125: 868–881.

81. Mammianetti, A., D. Garrido, C. N. Carducci, and M. C. Vescina.
1999. Fecal bile acid excretion profile in gallstone patients. Medi-
cina (Buenos Aires). 59: 269–273.

82. Tazuma, S., H. Sasaki, S. Mizuno, H. Sagawa, S. Hashiba, I. Hori-
uchi, and G. Kajiyama. 1989. Effect of ursodeoxycholic acid ad-
ministration on nucleation time in human gallbladder bile. Gastro-
enterology. 97: 173–178.

83. Podda, M., M. Zuin, P. M. Battezzati, C. Ghezzi, C. de Fazio, and
M. L. Dioguardi. 1989. Efficacy and safety of a combination of
chenodeoxycholic acid and ursodeoxycholic acid for gallstone dis-
solution: a comparison with ursodeoxycholic acid alone. Gastroen-
terology. 96: 222–229.

84. Tudyka, J., W. Kratzer, P. Janowitz, R. Mason, and J. G. Wechsler.
1995. Combined bile acid therapy is more effective on biliary lip-
ids and dissolution rates than monotherapy after gallstone litho-
tripsy. Am. J. Gastroenterol. 90: 1942–1948.

85. Kolleck, I., H. Wissel, F. Guthmann, M. Schlame, P. Sinha, and B.
Rustow. 2002. HDL holoparticle uptake by alveolar type II cells: ef-
fect of vitamin E status. Am. J. Respir. Cell Mol. Biol. 27: 57–63.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

