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Abstract Feeding a 0.5% diosgenin plus 0.02% simvastatin 
diet to rats increases biliary cholesterol concentration and satu- 
ration to levels generally found in human native supersaturated 
bile. By using preparative ultracentrifugation, gel filtration 
chromatography, and electron microscopy, we isolated, purified, 
and identified lamellar structures (unilamellar vesicles and mul- 
tilamellae) as a major biliary cholesterol transport in supersatu- 
rated human and rat bile. It was estimated that more than 60% 
of biliary cholesterol is transported in these lamellar carriers, 
which were identified by transmission electron microscopy as 
unilamellar vesicles and multilamellar bodies within bile canalic- 
uli of rats with cholesterol supersaturated bile. By SDS-PAGE, 
a characteristic and constant protein profile was found as- 
sociated to the purified lamellar carriers. One of these proteins, 
a 130-kDa protein, was isolated from human biliary lamellae 
and used for preparation of a rabbit polyclonal antibody, which 
cross-reacted with the homologous rat protein. By Western blot- 
ting, it was established that the purified low density fraction of 
bile-Metrizamide gradients, containing lamellae, was enriched 
with the 130-kDa protein. The 130-kDa protein was charac- 
teristically detected at the canalicular membrane by Western 
blotting of hepatic subcellular fractions and by immuno- 
histochemistry of rat and human liver biopsies. Amino acid se- 
quencing of the amino terminus of the 130-kDa protein demon- 
strated a complete identity with aminopeptidase N, a canalicular 
transmembrane hydrophobic glycoprotein. I These studies 
show that biliary lipids may acquire an ordered multilamellar 
structure that is present in the canaliculi of rats with supersatu- 
rated bile. These biliary lamellae are similar to lamellar bodies 
and surfactant-like material frequently found in other epithelia, 
suggesting common biogenetic, structural, and functional 
properties. The identification of aminopeptidase N associated 
with biliary lamellae is consistent with the involvement of the 
canalicular membrane in the secretory mechanism of biliary 
lipids.-Rigotti, A., L. Niiiiez, L. Amigo, L. Puglielli, J. Gar- 
rido, M. Santos, s. Gonzaez, G. Mingrone, A. Greco, and F. 
Nervi. Biliary lipid secretion: immunolocalization and 
identification of a protein associated with lamellar cholesterol 
carriers in supersaturated rat and human bi1e.J. Lipid Res. 1993. 
34: 1883-1894. 
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The cellular and molecular mechanisms of biliary lipid 
secretion are poorly understood. Originally, it was consi- 
dered that biliary cholesterol was entirely carried in bile 
salts and lecithin mixed micelles (1, 2). However, more re- 
cent chromatographic, ultracentrifugal, and ultrastruc- 
tural data have demonstrated that native biliary 
cholesterol may be solubilized and transported in mixed 
micelles, or in both unilamellar vesicles and multilamellae 
(3-10). It has been postulated that biliary cholesterol and 
phospholipids are primarily secreted in unilamellar lipid 
complexes from the hepatocyte into the canalicular lumen 
(11-14). Different theoretical models have been proposed 
for the transport of biliary lipids through the canalicular 
membrane, including exocytosis, membrane shedding, 
and the fusion-budding model of the canalicular mem- 
brane (12, 14). However, there is, so far, scarce experimen- 
tal evidence to support some of these models. In vitro 
model systems of biliary lipid aggregations have been 
used to explore the possible early physicochemical events 
that occur during biliary lipid secretion (15). These obser- 
vations are limited because they derive from artificial lipid 
systems, which exclude the potentially important effects of 
physiological bile salts, lecithins, and non-lipid biliary 
components, such as proteins. 

‘Part of this study was presented at the Annual Meeting of the Ameri- 
can Gastroenterological Association, San Francisco, May 1992, and pub- 
lished as an abstract in Gastroenterology. 1992. 102: A774. 
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The major aspects related to the nature and biogenesis 
of the biliary cholesterol non-micellar carriers can only be 
answered by isolating them in their native state and by 
recognizing specific marker constituents, such as proteins 
and lipids. The existence of biliary proteins specifically 
associated to biliary lipid lamellar carriers has been con- 
troversial (16, 17). There has been no clear evidence of 
some specific role of these proteins in the secretion and/or 
transport of biliary lipids (16, 17). A major problem is 
related to the technical difficulties of isolating and purify- 
ing these carriers. We have recently isolated native 
cholesterol-rich biliary vesicles by ultracentrifugation of 
human hepatic bile and then purified them by sequential 
gel filtration chromatography (18). These vesicles were 
mainly composed of cholesterol and phospholipids, but 
they also contained a unique and constant hydrophobic 
glycoprotein profile (19). These results allowed us to 
speculate that some of these vesicular proteins could be 
co-secreted with biliary lipids and that they might be used 
as markers to analyze in detail the cellular process related 
to biliary lipid secretion. 

This study was undertaken to disclose some of the cel- 
lular mechanisms of biliary lipid secretion, as related to 
the biogenesis of the non-micellar cholesterol carriers. 
First, we characterized, by biochemical and ultrastruc- 
tural techniques, an experimental model of lamellar 
(unilamellar vesicles and multilamellae) biliary lipid 
secretion in the rat. This model presented a biliary lipid 
composition and cholesterol saturation similar to that 
found in native human bile. The major biliary cholesterol 
carriers were isolated, purified, and characterized in 
terms of lipid and protein composition. Second, a poly- 
clonal antibody against the 130-kDa lamellae-associated 
protein was used to determine its differential association 
to biliary lipid carriers and its subcellular distribution and 
localization, both in rat and human liver. Finally, the 
130-kDa biliary protein was identified by amino acid se- 
quencing and by Western blotting. 

MATERIALS AND METHODS 

Materials 

The following reagents were purchased from Sigma 
Chemical Co. (St. Louis, MO): diosgenin, thymerosal, 
PMSF, aprotinin, leupeptin, Metrizamide (2-[3-acetamido- 
5-N-methylacetamino-2,4,6-triodobenzamido]-2-deoxy-D- 
glucose), pentobarbital, glycine, acrylamide, polyacryla- 
mide, Freund's adjuvant, Tween-20, Protein A conjugated 
to alkaline phosphatase, Sepharose CL-2B-300, sodium 
taurocholate, 5-bromo-4-chloro-3-indolyl phosphate, 
nitroblue tetrazolium, rabbit peroxidase-anti-peroxidase, 
carrageenan, rabbit anti-human albumin IgG antiserum, 
goat anti-rabbit IgG antiserum, 3,3' diaminobenzidine, 

3-(cyclohexylamino)-l-propane-sulfonic acid (CAPS), and 
synthetic phospholipids. Polyethylene catheters were pur- 
chased from Clay Adams Inc. (Parsippany, NJ). One-pm 
pore-size filters and polyvinylidene difluoride membranes 
were obtained from Millipore (Bedford, MA). 
1,2-[3H]cholesterol was purchased from New England 
Nuclear (Boston, MA). Ultrogel AcA-34 was obtained 
from Pharmacia LKB (Piscataway, NJ). Centricon con- 
centrators were purchased from Amicon (Danvers, MA). 
Nitrocellulose membranes were obtained from Amersham 
(Arlington Heights, IL). Sucrose, sodium azide, EDTA, 
Tris-HC1, trichloroacetic acid, silica gel G plates, and all 
organic solvents were purchased from E. Merck (Darm- 
stadt, Germany). Simvastatin was kindly provided by 
Merck Sharp & Dohme (Rahway, NJ). 

Human studies 

The experimental protocols were approved by the Ethi- 
cal Committee for Research of the Facultad de Medicina 
of the Pontificia Universidad Cat6lica de Chile. In some 
experiments, a fraction of the tissue removed in liver biop- 
sies was used after written informed consent from the pa- 
tients. Only liver tissue with minor histological abnormal- 
ities was used. 

Animals and diet 

Male Wistar rats (100-120 g) were subjected to reversed 
light cycling for 2-3 days before use. The mid-dark point 
was set at 10 AM. Biliary cholesterol secretion was stimu- 
lated by feeding the animals ground chow that contained 
(wt/wt) 0.5% diosgenin plus 0.02% simvastatin for 1 
week. Diosgenin and simvastatin were dissolved in chloro- 
form, mixed with diet, and the solvent was evaporated 
over a 24-h period under a hood. 

Bile sampling 
On the day of the experiments, rats were anesthetized 

with intraperitoneal pentobarbital (4.5 mg/100 g body wt) 
at 8-9:30 AM. The common bile duct was cannulated 
with PElO polyethylene catheter and bile specimens were 
obtained during the first 30 min of bile fistula for basal 
biliary lipid and protein determination. Then bile was 
collected for 3-4 h in sterile tubes with 0.05% chloram- 
phenicol, 3 mM sodium azide, 0.2 mM thymerosal, 5 mM 
EDTA, and 1 mM PMSF as preservatives. Bile samples 
from different animals were pooled and stored at 4OC un- 
til processed for separation of biliary lipid carriers on the 
same day of the experiment. 

For comparison with rat bile, human native hepatic bile 
was collected under the same conditions described above 
from cholesterol gallstone patients with indwelling T- 
tubes 5 days after cholecystectomy and choledocotomy. 
Hepatic bile was immediately transported to the labora- 
tory for processing exactly as rat bile. 
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Isolation and purification of native non-micellar 
biliary lipid carriers 

Non-micellar carriers of biliary cholesterol were iso- 
lated by a rapid ultracentrifugation method (20). To dis- 
card particulate materials, bile samples were first cen- 
trifuged at 10,000 rpm for 10 min at 10°C in a Sorvall 
centrifuge (DuPont Instruments, Wilmington, DE) and 
filtered through 1-pm pore-size filters. Then bile was in- 
cubated with [3H]cholesterol (0.25 pCi/ml, sp act 44.3 
pCi/mmol) for 1 h at 37OC to radiolabel the biliary lipid 
carriers for their relative quantitation and to follow them 
during the purification steps. Then 16% Metrizamide was 
directly dissolved in bile. The bile-Metrizamide mixture 
was centrifuged at 50,000 rpm for 135 min at 10°C in a 
TV-865 Sorvall rotor (DuPont Instruments, Wilmington, 
DE) for separation of lipid carriers in a continuous den- 
sity gradient. Gradient fractions were collected from the 
centrifuge tubes by puncturing and the density of the frac- 
tions was measured by the method of Beaufay et al. (21). 
The relative proportion of the different cholesterol carriers 
in native bile was determined as previously described (20). 

The white opalescent band from the low density frac- 
tion of the gradients was further purified by two sequen- 
tial gel filtration chromatography steps as previously 
described (18). The elution profiles of the biliary lipid car- 
riers were detected by [3H]cholesterol liquid scintillation 
counting. First, an Ultrogel AcA-34 column (310 x 8 
mm) was used at 0.5 mlfmin flow rate with the elution 
buffer that contained 1.5 mM EDTA, 150 mM NaCl, 
0.02% sodium azide, and 50 mM Tris-HC1 (pH 8.0). 
This buffer also contained sodium taurocholate in varia- 
ble concentrations according to the total bile salt concen- 
tration previously determined in the low density fraction 
after ultracentrifugation. The excluded fractions, cor- 
responding to non-micellar carriers of biliary lipids, were 
concentrated by ultrafiltration in Centricon-10 and then 
subjected to a second gel filtration on Sepharose 
CL-2B-300 (800 x 3 mm), equilibrated, and eluted in 
the same buffer as above but without bile salts. In this 
manner, we intended to preserve the proportion of lipid 
carriers of the low density fraction during the purification 
procedures. 

To analyze the possibility of simple partition of biliary 
proteins between micelles and vesicles, we prepared, by 
ultracentrifugation, a vesicle-depleted native bile and we 
incubated this bile with artificial unilamellar vesicles (22) 
that had the same cholesterol and phospholipid composi- 
tion as native biliary vesicles. After 24 h incubation at 
37OC, we re-isolated the exogenous vesicles exactly as 
described for native bile. 

Preparation of hepatic subcellular fractions 
Rats were decapitated and livers were perfused in situ 

with ice-cold saline through the portal vein. The livers 

were removed and placed into cold 0.25 M sucrose, 1 mM 
EDTA, 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 mM 
PMSF, and 100 mM Tris-HC1 (pH 7.4). All subsequent 
procedures were carried out at 0-4OC. The tissue was 
minced and homogenized with three passes in a Potter- 
Elvehjem tissue grinder (Arthur H. Thomas Company, 
Philadelphia, PA) equipped with a motor-driven Teflon 
pestle. Liver homogenates were fractionated into nuclear 
(N), heavy mitochondrial (M), light mitochondrial (L), 
microsomal (P), and soluble (S) fractions, as described by 
de Duve et al. (23). A highly purified canalicular plasma 
membrane (24) was kindly provided by Dr. Luigi Ac- 
catino (Departamento de Gastroenterologia, Pontificia 
Universidad Catdica, Santiago, Chile). 

Polyacrylamide gel electrophoresis 
Proteins were precipitated from whole bile or from 

different bile-Metrizamide gradient fractions with trich- 
loroacetic acid (7% w/v) and delipidated with cold 
ethanol-diethyl ether 1:3 prior to electrophoresis. The 
delipidated proteins were sedimented by low speed cen- 
trifugation, the organic solvent was discarded, and the 
protein pellet was dried under a N2 stream. Then, the 
biliary protein pellets and the hepatic subcellular frac- 
tions were dissolved in sample buffer and electrophoresed 
on 9% polyacrylamide-SDS gels (SDS-PAGE) according 
to Laemmli (25). Gels were stained with Coomassie brilli- 
ant blue. 

Purification of the 130-kDa protein associated to the 
non-micellar biliary lipid carriers and preparation of 
polyclonal antibodies 

The 130-kDa protein antigen from purified lamellae 
was isolated by electroelution from polyacrylamide gel 
slices. Proteins associated to the non-micellar biliary lipid 
carriers were separated by preparative SDS-PAGE. The 
130-kDa protein was located by Coomassie blue staining 
and then excised with a scalpel. The gel slice was trans- 
ferred to a dialysis tube containing 192 mM glycine and 
25 mM Tris-HC1 (pH 7.4). The dialysis bag was placed in 
a horizontal chamber with 96 mM glycine and 12.5 mM 
Tris-HC1 (pH 7.4). Electroelution was run at 50 mA over- 
night. Then the protein solution was removed from the di- 
alysis tube, concentrated by ultrafiltration, and finally 
lyophilized on a Speed Vac. The purified 130-kDa protein 
antigen was emulsified with complete Freund's adjuvant 
and about 50 pg was injected in the popliteal lymph node 
of white female New Zealand rabbits. Intradermal 
booster injections of 100 pg antigen were given every week 
for three weeks. Blood samples were taken from the mar- 
ginal ear vein to check the production of specific antibod- 
ies by microtiter and immunoblot. Immune serum was 
stored at -20°C. 
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Immunoblotting 

For immunoblotting, SDS-PAGE-separated proteins 
from biliary and hepatic fractions were transferred over- 
night to nitrocellulose filters under a constant current (50 
mA) at room temperature. The filters were blocked with 
5% defatted milk in TBS (150 mM NaC1, 0.02% sodium 
azide, and 25 mM Tris-HC1, pH 7.4) and then incubated 
with the primary anti-130-kDa protein antibody, diluted 
1/1000 in the same solution. The filters were washed (three 
times for 10 min) with TBS containing 0.1% Tween-20. 
Adsorbed IgGs were detected by incubating the filters 
with Protein A conjugated to alkaline phosphatase, 
diluted 1/1000. The alkaline phosphatase reaction was 
carried out with 5-bromo-4-chloro-3-indolyI phosphate 
and nitroblue tetrazolium as substrates and 150 mM 
NaCI, 5 mM MgC12, 50 mM Tris-HC1 (pH 9.5) as reac- 
tion buffer. In some experiments, quantitative distribu- 
tion of the 130-kDa protein was assessed by densitometric 
scanning of the immunoblotted membranes. 

Immunohistochemistry 

Fresh specimens of rat and human livers were fixed 
overnight by immersion in Bouin's fixative. Hepatic tissue 
was embedded in Paraplast. Four-Fm sections were 
mounted onto glass slides and placed in a 6OoC oven for 
1 h. After dewaxing in xylene, tissue sections were re- 
hydrated by passing through graded ethanol. Immuno- 
histochemistry was performed with the peroxidase-anti- 
peroxidase method. The rehydrated sections were prein- 
cubated with methanol-HzOz 9:l for 20 min to block 
nonspecific endogenous staining. Washing steps were car- 
ried out with peroxidase-anti-peroxidase buffer (130 mM 
NaCl, 3.5 mM KH2P04, 10 mM Na2P04, 3 mM sodium 
azide, and 40 mM Tris-HC1, pH 7.6) supplemented with 
0.7 % carrageenan when immunoreagents were used. 
First, the sections were incubated with the rabbit poly- 
clonal anti-130-kDa protein antibody diluted 1/100. The 
samples were then incubated with goat anti-rabbit IgG 
antiserum at 1/20 dilution for 30 min and finally with rab- 
bit peroxidase-anti-peroxidase complex (dilution M50) 
for 30 min. After washing, sections were developed in 
peroxidase-anti-peroxidase buffer plus 0.1% 3,3'-diamino- 
benzidine and 0.01% H202 for 10 min. 

Electron microscopy 

Fresh specimens obtained from bile-Metrizamide gra- 
dient fractions and from rat livers were fixed in 2% 
glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 
7.2). Carbon films on mica substrates were floated on the 
fixed bile gradient fractions for 5 min, transferred to the 
staining solution for 3 min, picked UP on 200-mesh cop- 
per grids, and air-dried on filter paper. The negative 
staining was performed with 2% aqueous uranyl acetate. 
One-mm3 blocks of fixed rat liver were dehydrated in ace- 

tone and embedded in Epon. Thin sections were made us- 
ing glass knives, mounted on copper grids, and stained 
with uranyl acetate and lead citrate. Sample observations 
were performed at 80 kV with a Siemens 102 electron 
microscope. 

Amino acid sequencing of the 130-kDa lamellar 
protein 

Proteins from purified non-micellar carriers of biliary 
cholesterol were electrophoresed as described above. Pro- 
teins were then electroblotted to polyvinylidene difluoride 
(PVDF) membranes in transfer buffer (10% methanol, 10 
mM CAPS, pH 11.0). The 130-kDa protein was identified 
by Coomassie blue staining and the band was cut out with 
a clean razor. The protein was directly sequenced from 
the PVDF membrane on an Applied Biosystems sequena- 
tor equipped with on-line PTH analysis. 

Chemical analysis 

Cholesterol, phospholipids, and bile salts were quanti- 
tated as previously described (9). For phospholipid analy- 
sis, purified lamellae were extracted with chloro- 
form-methanol 2:l and the chloroform phase was dried 
under NZ. The extracted lipids were redissolved in n- 
hexane-2-propanol-water 6:8:1 and separated by thin- 
layer chromatography (TLC) on silica gel G plates deve- 
loped in chloroform-methanol-acetic acid-water 
50:30:8:4. Synthetic phospholipids were run in parallel as 
standards. Phospholipid classes were visualized by 
8-aniline-naphthalenesulfonic acid and quantitated as 
above. Biliary cholesterol saturation index was calculated 
according to critical tables (26). Biliary proteins were 
measured by the method of Lowry et al. (27), including 
a precipitation/delipidation step for biliary proteins and 
proteins from bile-Metrizamide gradient fractions. 

RESULTS 

Effect of diosgenin plus simvastatin feeding on biliary 
lipid and protein composition 

The first series of experiments was undertaken to 
produce a rat bile with a lipid composition similar to hu- 
man native bile. This was achieved by feeding a 0.5% di- 
osgenin plus 0.02% simvastatin diet. The diet was well 
tolerated by the animals. Table 1 shows that after feeding 
the experimental diet for 1 week biliary cholesterol con- 
centration increased more than 500% over the control 
value, whereas bile salt concentration was decreased by 
50% and phospholipids remained in the normal range. 
These changes determined that bile samples from treated 
animals were highly supersaturated with cholesterol as 
compared with those from control rats. Phosphatidylcho- 
line represented more than 90% of total biliary phos- 
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TABLE 1. Lipid and protein composition of bile from diosgenin plus simvastatin-fed rats and 
from human hepatic bile 

Biliary Lipid Concentration 

Group 
Biliary Protein Cholesterol 

Bile Salts Phospholipids Cholesterol Concentration Saturation 

mM mg/ml % 

Control rats (n=7)  43 f 10 7.4 f 1.3 0.8 i 0.2 1.1 f 0.1 39 f 5 
Diosgenin + simvastatin 
fed-rats (n = 6) 23 * 4' 7.0 f 1.1 5.4 i 0.7' 0.9 f 0.1 283 f 18' 
Human (n=8) 21 f 5 7.1 f 0.8 4.9 + 0.5 1.3 f 0.3 265 f 21 

Rats were fed a control ground chow or ground chow containing 0.5% diosgenin plus 0.02% simvastatin for 
7 days prior to the experiments. Phosphatidylcholines represented more than 90% of total biliary phospholipids, 
in both control and experimental rats, as determined by thin-layer chromatography. Values are the mean + 1 SD. 
The asterisks indicate that the value is significantly different to controls at P < 0.05 level (unpaired Student's 1 test). 
The number of animals or patients in each group is shown in parentheses. 

pholipids in both control and experimental rats (result not 
shown). In addition, biliary cholesterol, phospholipid, 
and bile salt concentrations of experimental rats were 
remarkably similar to those of human native bile. The 
cholesterol saturation index was 265 21% and 283 f 
18% in human and experimental rat bile specimens, 
respectively. There was no significant difference in biliary 
protein concentration between control and experimental 
rats, compared with human bile. These results showed 
that diosgenin plus simvastatin feeding induces a biliary 
lipid composition pattern that was quite similar to native 
supersaturated human bile. 

Lipid distribution, protein analysis, and 
morphological characterization of bile-Metrizamide 
gradients and liver tissue from diosgenin plus 
simvastatin-fed rats 

Metrizamide gradient ultracentrifugation of bile from 
diosgenin plus simvastatin-fed rats produced an opales- 
cent band in the top of the centrifuge tube at a fraction 
density similar to that of human bile. The concentrations 

of biliary lipids and protein in bile-Metrizamide gra- 
dients from experimental rats and human bile as a func- 
tion of the density of the fractions are shown in Table 2 
and Table 3, respectively. There was a striking dissocia- 
tion between the cholesterol and bile salt distributions in 
the gradients. Approximately 70% of total biliary 
cholesterol of diosgenin plus simvastatin-fed rats and of 
human bile specimens was concentrated in the low den- 
sity fraction of the gradients (d < 1.065 g/ml), whereas 
in control rats only 10% of total biliary cholesterol was 
harvested in this fraction (result not shown). These low 
density fractions always presented a high cholesterol- 
phospholipid ratio ( > 1.20). In contrast to cholesterol dis- 
tribution, bile salts were concentrated in the higher den- 
sity fraction of the bile-Metrizamide gradients. 

Biliary protein concentration increased as a function of 
fraction densities. Although more than 80% of total 
biliary proteins was concentrated in the high density frac- 
tions, a minor but constant proportion (5-6%) of rat and 
human total biliary proteins migrated in the low density 
fraction. After column chromatography purification, only 

TABLE 2. Biliary lipid and protein concentrations in bile-Metrizamide fractions from diosgenin plus 
simvastatin-fed rats 

Biliary Lipid Concentration 

Fraction Fraction Biliary Protein 
Number Density Bile Salts Phospholipids Cholesterol Concentration 

g/ml mM mg/ml 

1 1.055-1.065 12 f 5 9.3 f 4.0 11.7 f 3.1 0.25 f 0.1 
2 1.065-1.079 20 f 6 7.6 f 5.0 7.1 f 2.1 0.35 f 0.2 
3 1.078-1.094 23 i 8 7.5 f 3.2 1.9 f 0.4 0.48 f 0.2 
4 1.094-1.1 10 25 * 4 6.4 f 3.2 0.8 f 0.3 1.20 i 0.3 
5 1.1 10-1.129 31 i 10 4.8 f 0.8 0.7 * 0.2 2.40 0.2 

0.98 i 0.4 Whole bile 22 i 6 7.1 * 0.8 4.4 * 0.4 

Values represent the mean f 1 SD of five gradients. The total volumes of the gradients and of each fraction 
were approximately 6.0 and 1.2 ml, respectively. The lipid and protein recoveries from the gradients were always 
better than 80 % . 
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TABLE 3. Biliary lipid and protein concentrations in bile-Metrizamide fractions from human hepatic bile 

Biliary Lipid Concentration 

Fraction Fraction 
Number Density Bile Salts Phospholipid Cholesterol 

g/ml ?nM 

1.05 1 - 1.063 15 f 3 8.5 f 3.1 10.9 * 2.5 
1.063-1.075 8.4 * 3.2 9.4 f 3.0 
1.075-1.095 20 l8 * * 5 8.0 f 2.8 2.3 * 0.5 
1.095-1.1 12 17 f 3 7.1 f 3.5 0.8 * 0.4 
1.112-1.133 35 * 6 5.0 * 2.1 0.6 f 0.4 

Whole bile 21 * 3 7.3 * 0.5 4.8 f 0.6 

Biliary Protein 
Concentration 

mg/ml 

0.31 * 0.2 
0.38 * 0.1 
0.54 f 0.2 
1.56 f 0.2 
2.71 f 0.3 

1.1 * 0.4 
Values represent the mean f 1 SD of four gradients. The total volumes of the gradients and of each fractions 

arc the same as rat bile-Metrizamide gradients. The lipid and protein recoveries were at least 87%. 

3040% of the protein remained associated to the non- 
micellar camers in both species. 

Fig. 1 shows the morphological analysis of the low den- 
sity fraction of bile-Metrizamide gradients from both hu- 
man and rat bile. Electron microscopy demonstrated a 
great abundance of multilamellar structures in the form 
of stacked discs and variable coiled myelin-like sheets in 
both specimens with a minor proportion of unilamellar 

vesicles. The interlamellar distance was approximately 
3-5 nm. 

Thin sections of liver specimens from diosgenin plus 
simvastatin-fed rats were also processed for electron 
microscopy. Low magnification of the liver sections (Fig. 
2) showed the presence of multilamellar bodies and 
numerous unilamellar vesicle structures within the bile 
canaliculi. Higher magnification indicated that the lamel- 

Fig. 1. Electron micrograph of rat (A) and human (B) low density fraction of a bile-Metrizamide gradient. Partly collapsed microvesicles (arrows) 
and intermingled multilayered lamellar structures (arrowheads) arc observed. Uranyl acetate and lead citrate staining. Magnification: (A), 80,000 
x and (B), 160,000 x .  
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Fig. 2. Electron micrograph of a liver section from diosgenin plus simvastatin-fed rats. A bile canaliculus with a multilamellar body is shown. Some 
uncoiled lamellae are seen near the multilamellar body. Numerous unilamellar vesicles can be identified within the canalicular lumen, especially in 
the upper part of the micrograph. Also note some pericanalicular multivesicular bodies. Uranyl acetate and lead citrate staining. Magnification: 35,600 x. 

lar structures exhibited bilayer staining properties. The 
pericanalicular cytoplasm showed some multivesicular 
bodies, but not multilamellar structures similar to those 
found in canaliculi. 

To further analyze the homology between these particu- 
late structures from rat and human bile and to examine 
whether a specific protein subset was separated after gra- 
dient ultracentrifugation and chromatographic purifica- 
tion, the protein composition of isolated and purified 
biliary lamellar complexes in both species was assessed by 
non-reducing SDS-PAGE, as shown in Fig. 3. Whole rat 
bile (lane 1) showed a similar, but not identical, protein 
pattern as compared with whole human bile (lane 4), 
where several proteins were resolved. As expected from 
protein determination, in both species the highest density 
fraction of the bile-Metrizamide gradients contained the 
major proportion of total biliary proteins (lane 2 and lane 
5). As shown in lane 3, the low density lamellar particles 
isolated and purified from diosgenin plus simvastatin-fed 
rats had a characteristic protein profile that was clearly 
distinct from that of the high density fractions. The lamel- 
lar protein pattern was extremely constant in five different 
pooled rat bile samples and it was remarkably similar to 
biliary lamellae isolated and purified from human native 
bile (lane 6). In both species, it w a s  possible to resolve at 

least five proteins with apparent molecular mass of 130, 
114, 86, 68, and 52 kDa. The relative distribution of the 
lamellar proteins when compared with whole native bile 

RAT HUMAN 
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Fig. 3. Protein composition analysis by SDS-PACE of fractions from 
bile-Metrizamidc gradients. Lanes 1 and 4 correspond to whole native 
bile; lanes 2 and 5 correspond to the high density fraction (d 1.110-1.133 
g/ml); lanes 3 and 6 correspond to the low density fractions (d 
1.051-1.065 g / d )  after purification by two gel filtration chromatogra- 
phies. Lane 7 shows the molecular wight standards. The arrow heads 
indicate the molecular wights of lamellar-associated proteins. One 
hundred pg of protein was loaded in each lane. Gels were stained with 
Coomassie blue. 
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showed that the 130; 114-, 86-, and 68-kDa proteins were 
highly enriched in the lamellar fraction, unlike the 
52-kDa polypeptide (previously identified as albumin 
(18)) and other minor proteins that were clearly decreased 
in the purified low density fraction of bile-Metrizamide 
gradients. Taken together, the data suggested that lamel- 
lar complexes are the major carrier of biliary cholesterol 
in diosgenin plus simvastatin-fed rats and showed a pro- 
tein composition and morphological structure quite simi- 
lar to those found in human bile. 

Distribution of biliary lamellae-associated 130-kDa 
protein in bile-Metrizamide gradients and in hepatic 
subcellular fractions from diosgenin plus simvastatin- 
fed rats 

The 130-kDa protein from human biliary lamellar par- 
ticles was electroeluted from SDS-PAGE and used as anti- 
gen for rabbit polyclonal antibody production. The im- 
mune serum obtained recognized the human 130-kDa 
antigen and it also cross-reacted with the 130-kDa protein 
from rat biliary lamellar carriers. The pre-immune serum 
gave negative results for both antigens (data not shown). 
This anti-130-kDa protein polyclonal antibody was used 
for immunoblotting and for immunohistochemistry. 

From SDS-PAGE, we thought that if the 130-kDa pro- 
tein was a marker protein for biliary lamellae, a 
significant proportion of total 130-kDa protein should be 
associated with the purified bile-Metrizamide fractions as 
compared with the high density fractions of the gradients. 
As shown in Fig. 4A, by immunoblotting of human 
bile-Metrizamide gradients about 50-7076 of the total 
biliary 130-kDa protein was demonstrated to be in the 
non-purified lamellar fraction (lane 6) and it w a s  highly 
enriched in the purified lamellar fraction (lane 7). This 
result clearly contrasted with albumin (Fig. 4B), the 
major biliary protein, which is preferentially concentrated 
in the high density fractions (lanes 1-3) and it w a s  de- 
tected in very low amount in purified lamellae (lane 7). 

A a- - -1 

H N M L P S C M  
Fig. 5. Hepatic subcellular distribution of the 130-kJh lamellar pro- 
tein immunodetected by Western blotting. Total rat liver homogenate 
(H) was fractionated into nudear (N), heavy mitochondrial (M), light 
mitochondrial (L), microsomal (P), soluble (S) ,  and purified canalicular 
plasma membrane (CM) fractions. The left lane comsponds to isolated 
and purified biliary lamellae as a positive control of the immunoblot. 
One hundred fig of protein was loaded in each lane. 

Because the 130-kDa protein is an amphipatic biliary 
glycoprotein (19), it w a s  thought that this protein might 
be associated to biliary vesicles only by simple partition- 
ing into the more hydrophobic lamellar environment of 
the biliary vesicles. To evaluate this possibility, we pre- 
pared a vesicle-depleted native bile by ultracentrifugation 
and we incubated this bile with artificial unilamellar vesi- 
cles with the same cholesterol and phospholipid composi- 
tion as native biliary vesicles. After the incubation, we re- 
isolated the artificial vesicles and analyzed the distribu- 
tion of the remaining biliary 130-kDa protein in a 
bile-Metrizamide gradient as it was performed for native 
bile. The re-isolated artificial vesicles contained only a 
minor proportion of the remaining 130-kDa biliary pro- 
tein (less than 8%). Taken together, these data strongly 
suggested that the 130-kDa protein is significantly as- 
sociated with native biliary vesicles and multilamellae in 
this experimental model. 

To examine the hepatic origin and distribution of the 
130-kDa lamellar protein, we analyzed its association 
with isolated subcellular fractions by immunoblotting. As 
shown in Fig. 5,  the 130-kDa protein was clearly detected 
in total hepatic homogenate (lane H) and it was shown 
only in a total microsomal fraction (lane P), which con- 
tains plasma membrane, and in a subcellular fraction en- 
riched in canalicular plasma membrane (lane CM). The 
130-kDa protein was not detected in sinusoidal plasma 
membrane (data not shown). 

Localization of the biliary 130-kDa protein by hepatic 
immunohistochemistry 

In the next series of experiments, the polyclonal anti- 
body against the 130-kDa protein was used for immuno- 
histochemistry studies both in rat and human liver sec- 
tions. The immunohistochemical localization of the 
130-kDa protein is presented in Fig. 6. The histochemical 
pattern was highly distinctive of the biliary canalicular Fig. 4. Distribution analysis by Western blotting of the 130-kDa lamel- 

lar protein (A) and albumin (B) in a human bile-Metrizamide density 
gradient. Lane 1 indicates the high density fraction; lane 6, the low den- 
sity fraction containing lamellae; lanes 2 to 5, correspond to the inter- 
mediate density fractions. Lane 7 is a purified lamellar fraction by twO 
sequential gel filtration chromatographies (Ultrovl Ad-34 and 
Sephame C L ~ B - ~ O O ) .  ne Same volumes (50 of each fraction were 
precipitated and delipidated prior to electrophoresis. 

domain: anastomosing networks of branched channels 
well as circular profiles restricted to regions between adja- 
cent cells. At high magnification, labeling appears to be 
associated either with the luminal cell surface or with in- 
traluminal convoluted particles. The liver staining pattern 
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Fig. 6. 
by the peroxidase-anti-peroxidase method. Magnification: 40 x (A, C) and 100 x (B, D). 

Histological localization of the 130-kDa lamellar protein by immunocytochemistry. Rat (A, B) and human (C, D) liver sections were analyzed 

was similar in both species. No sinusoidal plasma mem- 
brane or intracellular staining was observed and controls 
done with preimmune serum were blank. 

hepatic distribution and localization to the canalicular 
plasma membrane domain. 

Identification of the 130-kDa protein by amino acid 
sequencing and immunoblotting 

Finally, the 130-kDa human lamellar protein was 
identified by amino acid sequencing of the amino termi- 
nus of the biliary-secreted and isolated protein. The anal- 
ysis revealed the sequence AKGFYISKSLGILGILL. By 
an amino acid sequence data bank search, a complete 
identity was found between the 130-kDa lamellar protein 
sequence and the cytoplasmic NH2 terminal domain of 
the membrane-bound protein aminopeptidase N (28). To 
further confirm this finding, a positive reaction in im- 
munoblot was demonstrated by using commercially avail- 
able purified aminopeptidase N as antigen and the 
anti-130-kDa protein polyclonal immune serum as 
primary antibody (result not shown). The identification of 
the 130-kDa protein as aminopeptidase N is consistent 
with the immunological studies, which determined its 

DISCUSSION 
The present study demonstrates that diosgenin plus 

simvastatin feeding induces the hepatic secretion of a 
human-like highly cholesterol-supersaturated bile in the 
rat. This experimental manipulation determines that the 
major proportion of biliary cholesterol is transported in 
lamellar carriers (unilamellar vesicles and multilamellae), 
as also occurs in human native bile. A remarkable finding 
was the morphological evidence of intracanalicular mul- 
tilamellar bodies and unilamellar vesicles. A distinct, 
constant, and similar protein profile was associated with 
lamellar carriers in both rat and human bile. The hepatic 
localization and distribution of the 130-kDa lamellar pro- 
tein, identified as aminopeptidase N, reveal a distinctive 
pattern of the canalicular plasma membrane domain. 

In bile, the relative cholesterol content can be modu- 
lated by a great variety of experimental procedures 
(29-33). Experimentally induced changes in biliary 
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cholesterol secretion are of particular interest because 
they allow the identification of the mechanisms involved 
in biliary cholesterol supersaturation. In the present ex- 
perimental model, the simultaneous administration of di- 
osgenin plus simvastatin to the rat induces the hepatic 
secretion of a highly cholesterol-supersaturated bile, with 
a lipid composition identical to native hepatic bile from 
patients with cholesterol gallstone disease. The addition 
of simvastatin significantly increased the previously 
described biliary cholesterol hypersecretion determined 
by diosgenin feeding (30, 32). The effect of this phar- 
macological manipulation is determined by a massive incre- 
ment in biliary cholesterol secretion with minor changes 
in phospholipid and bile salt output (results not shown). 

The functional role of unilamellar vesicles as a native 
biliary cholesterol carrier has been clearly established 
(3-9), including the present morphological data. The ex- 
istence of biliary multilamellar structures have been 
previously described in both artificial and native bile, but 
they were considered as micellar aggregates, lipoprotein 
complexes, or artifacts (34-36). Recently, it has been 
shown by both small-angle X-ray diffraction and negative 
staining electron microscopy that phospholipid lamellae 
are important carriers of biliary cholesterol in human bile 
(10). In the present study, we used density gradient 
ultracentrifugation to separate biliary lipid carriers from 
diosgenin plus simvastatin-fed rats. About 70% of biliary 
cholesterol is found in the low density fraction of the gra- 
dients and electron microscopy of these fractions showed 
multilamellae and unilamellar vesicles. Moreover, the ob- 
servation of multilamellar bodies within the canaliculi is 
the first visual demonstration of intrahepatic multilamel- 
lar carriers of biliary lipids. This finding is an important 
morphological evidence to support the hypothesis that 
biliary cholesterol is preferentially transported and 
primarily secreted in lamellar carriers. We think that the 
secretion of cholesterol supersaturated bile allowed us to 
detect rat multilamellae, which are probably solubilized 
into mixed micelles at the high relative bile salt concentra- 
tion normally found in unsaturated rat bile. Phospholipid 
secretion is doubled in the diosgenin-simvastatin-fed rats 
(results not shown), suggesting that the process of biliary 
lamellar production is increased in this model. The high 
cholesterol-phospholipid ratio probably increases the 
resistance of the lamellae to bile salt dissolution, thus 
making possible their detection by transmission electron 
microscopy. However, electron microscopy of lipid-rich 
protein-poor particles, such as biliary vesicles, can per- 
turb the native ultrastructure during sample preparation 
for negative staining. Therefore, it is not possible to rule 
out that the morphological appearance of the negative 
stained multilamellae was determined by dehydration and 
heavy metal exposure. But using more conventional elec- 
tron microscopy (fixation, embedding, thin sectioning, 
and positive staining) of hepatic tissue, we were also able 
to show multilamellae within the canaliculi and one can 

reasonably consider that multilamellae are not artefactu- 
ally induced by sample processing. In addition, phos- 
pholipid lamellae have been clearly demonstrated in bile 
by a nondisturbing independent physical method, such as 
small-angle X-ray diffraction (10). 

A small but constant fraction of biliary proteins was 
consistently associated with isolated and purified biliary 
lamellae in this study, as it has been previously reported 
(18, 19). Recent studies from this laboratory have demon- 
strated that the 130-, 114-, and 68-kDa lamellar proteins 
are hydrophobic glycoproteins (19). Protein composition 
analysis on SDS-PAGE demonstrated that the lamellar 
material from both rat and human bile contains, after 
their chromatographic purification, a distinctive and 
constant protein profile that was preferentially associated 
with the purified lamellar fraction of the gradients. It is 
interesting to note that the secretory multilamellar bodies 
shown in the liver of the diosgenin plus simvastatin-fed 
rats have an ultrastructural appearance similar to lamel- 
lar bodies described in other epithelia (37), such as lung 
alveoli, gastrointestinal mucosa, tongue papillae, and 
skin. A comparison of the biliary lamellar protein pattern 
with those already described in lamellar complexes from 
other tissues, especially with the small intestinal 
surfactant-like material (38), reveals a number of poten- 
tially common protein components, but adequate identifi- 
cation is still needed. For example, small intestinal 
surfactant-like material is enriched with alkaline phospha- 
tase and also contains aminopeptidase-N (39), which are 
membrane-bound proteins. In addition, SDS-PAGE of 
this intestinal material presents a protein profile with 
three polypeptides between 66 and 130 kDa (39), that are 
in the molecular weight range of the biliary lamellar pro- 
teins identified in this study. Further protein characteriza- 
tion and careful comparisons between lamellar complexes 
from different sources might detect related proteins, 
which should eventually help in the understanding of the na- 
ture and origin of these widely distributed lamellar particles. 

The intracellular mechanisms of biliary lipid secretion 
from the liver are still unknown (9, 12, 14). Although 
unilamellar vesicles had been previously detected in rat 
liver (9) and the present study identified multilamellar 
bodies within the bile canaliculi, it has not been eluci- 
dated whether these cholesterol and phospholipid lamellar 
structures originate inside the hepatocyte, at the canalicu- 
lar membrane, or within the canalicular lumen. In this 
order, is interesting to note the association of aminopepti- 
dase N to native biliary lamellae evidenced in the present 
study. The amino acid sequencing of the biliary secreted 
lamellar aminopeptidase N revealed that this enzyme is 
present in the bile as a whole protein, including its trans- 
membrane and cytoplasmic domain (28). This finding is 
consistent with the previous evidence that most of the 
aminopeptidase N present in bile is an amphiphilic form 
(19, 40). The present experiments of biliary aminopepti- 
dase N interaction with artificial unilamellar vesicles do 
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not allow us to postulate a simple random partitioning 
effect of this hydrophobic biliary protein to explain the as- 
sociation of aminopeptidase N with native biliary lamel- 
lae after separate secretion of each of them into bile. The 
present results more likely suggest that the canalicular 
membrane might be shed during the biliary lipid secre- 
tory process, including some transmembrane proteins 
such as aminopeptidase N. 

Plasma membrane shedding is a widely distributed bio- 
logical phenomenon, whereby normal eukaryotic cells 
release some fragments of the plasma membrane and 
sometimes specific cytoplasmic material into the extracel- 
lular space (41, 42). This process can take a variety of 
forms involving relatively random large membrane sheets 
or only very small and specific portions of plasma mem- 
brane. We think that the secretion of biliary lamellae as 
a process of random canalicular membrane shedding is 
very unlikely, because such lamellar shedding has been 
rarely observed. In addition, there are significant differ- 
ences in lipid and protein composition between biliary 
lamellae and the whole canalicular membrane, such as in- 
creased cholesterol-phospholipid ratio, percent contribu- 
tion of phosphatidylcholine to total phospholipids, satu- 
rated fatty acid chains, total lipid-protein ratio, and 
different total protein composition of biliary lamellar 
complexes (present study) as compared with canalicular 
plasma membrane (24, 43). This random shedding, bile 
salt-dependent process, may not explain, as a unique 
mechanism, the total lipid mass secreted into the bile, as 
bile salt-dependent lipid solubilization from different 
membranes in vitro is apparently very slow. The present 
findings, however, are more consistent with the hypothesis 
that selected domains of the canalicular membrane are 
shed by a specific topologically restricted budding 
process, contributing in part to biliary lipid secretion (11, 
12, 14, 44). Canalicular membrane microdomains com- 
posed of biliary-type lipids and selectively segregated 
membrane-bound proteins (as aminopeptidase N) could 
be pinched off in a vesiculated form into the canalicular 
lumen, wherein the unilamellar vesicles by interconver- 
sion yield secondary structures as multilamellae and 
mixed micelles. It is of interest that this postulated model 
resembles the budding of viruses from the cell surface, in 
which viral envelope transmembrane proteins are highly 
enriched in budding microdomains with host cell lipids 
and exclusion of host membrane proteins (45). After 
secretion, the biliary lamellar particles could remain as 
proteoliposome structures within the canaliculus and they 
would mix with vesicular formations derived into the bile 
by other hepatocellular mechanisms that would be 
responsible for the secretion of the major proportion of 
biliary lipids. In this order, exocytosis represents a more 
efficient and selective secretory process consistent with the 
high amount and the specificity of the lipid species 
secreted into the bile (12, 14). In fact, pericanalicular vesi- 
cles (46) and multivesicular bodies (47) have been 

reported within the hepatocyte and they might cor- 
respond to intermediate organelles in the exocytotic secre- 
tory pathway of biliary lipids. 

We think that the present model of cholesterol lamellar 
secretion of supersaturated bile may be a useful tool for 
the experimental approach to the study of biliary lipid 
secretion. The isolation, characterization, and localiza- 
tion of the lamellar carriers of biliary lipids can be consi- 
dered as a first step in the elucidation of the cellular 
mechanisms involved in biliary lipid secretion. Using this 
model, further experiments could provide a better under- 
standing and new insights into the cell and molecular bi- 
ology of biliary lipid secretion, both in physiological and 
in pathological conditions, such as biliary cholesterol 
precipitation and gallstone formation. I 
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