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Abstract  The mode of transport of biliary lipids within
the hepatocyte and the role of the bile canalicular membrane
(BCM) in biliary lipid secretion are not well understood. We
hypothesized that biliary cholesterol and phospholipid are
co-transported across the hepatocyte in vesicular form from
the endoplasmic reticulum to the bile across the BCM. We
obtained wedge liver biopsies and fasting gallbladder bile
from 15 cholesterol gallstone patients and 10 control sub-
jects. BCM, basolateral membrane (BLM), and many microso-
mal vesicular fractions were isolated by centrifugation. One
of the vesicular fractions (V3) was enriched in both the mi-
crosomal and the BCM marker enzymes and had a high
phosphatidylcholine proportion in its phospholipid with a
fatty acid pattern similar to biliary phosphatidylcholine.
Moreover, its cholesterol content was increased in the obese
cholesterol gallstone subjects, who had an increase in choles-
terol synthesis, as indicated by the increased activity of the
HMG-CoA reductase. The cholesterol content correlated
with HMG-CoA reductase activity. A direct correlation was
found between cholesterol/phospholipid ratio in V3, BCM,
and in bile but not in the BLM. B These data are in agree-
ment with the assumption that this vesicular fraction is in-
volved in the transport of cholesterol and phospholipid from
the endoplasmic reticulum to the site of secretion in the
BCM, and thence to bile, and that this transport is enhanced
in obese gallstone patients.—Ahmed, H. A,, R. P. Jazrawi, P.
M. Goggin, J. Dormandy, and T. C. Northfield. Intrahepatic
biliary cholesterol and phospholipid transport in humans:
effects of obesity and cholesterol cholelithiasis. J. Lipid Res.
1995. 36: 2562-2573.
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The mechanism of hepatic biliary lipid transport and
secretion into bile and the derangement in pathological
states have been extensively studied in recent years.
Gregory et al. (1) reported that biliary lipids are derived
from a microsomal subpool regulated by the flux of bile
acids. They also reported that cholesterol and phos-
pholipid are co-transported from the microsomes to
bile. The secretion of cholesterol and phospholipid
parallel each other and are uncoupled from bile acid
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secretion, (2-4). Moreover, the rate of biliary cholesterol
synthesis and secretion is increased in obese patients
with or without cholesterol gallstone disease, (5, 6).
Yousef, Bloxam, and Phillips (7) reported that the aver-
age rate of turnover of phospholipid in the bile canali-
cular membrane (BCM) is much greater than that in the
remaining plasma membrane and other cell membrane
fractions. They noted that phospholipid in BCM exists
in two or more pools, turning over at different rates. In
1983, Coleman et al. (8) reported an increased number
of vesicles in the region of the bile canaliculus during
active bile acid secretion, which could be interpreted as
an accumulation of biliary lipid supply. They also re-
ported that bile acids are secreted into the bile canalicu-
lus separate from and prior to cholesterol and phos-
pholipid. Thus the only lipids to which bile acids in the
canaliculus are exposed, and from which biliary lipids
could be obtained, are those of the BCM. Lowe, Barn-
well, and Coleman (9) suggested that biliary lipids are
obtained from microdomains of biliary type lipids in the
BCM, which are vesiculated and solubilized by bile acids.
They also suggested that biliary type lipid is brought
continuously to the membrane via vesicular traffic,
which could be inhibited by colchicine. The transcellular
vesicular cholesterol transport from the endoplasmic
reticulum to the plasma membrane has been demon-
strated by Kaplan and Simoni (10) in Chinese hamster
ovary cells. They reported that these vesicles had a high
cholesterol/protein ratio characteristic of plasma mem-
branes, but a cholesterol/phospholipid ratio resem-

Abbreviations: BCM, bile canalicular membrane; BLM, basolateral
membrane; HMG-CoA reductase, 3-hydroxy-3-methyigiutaryl
coenzyme A reductase; IBW%, ideal body weight per cent.

'Parts of this work were published in abstract form: Clin. Sci. 72
(Suppl. 16) 32p (1987) and 74: 1p (1988).
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Fig. 1. A: Flectron micrograph (100,000x) of the bile-canalicular membrane-rich fraction. Many Y-shaped figures are seen due to the tight
junction arrangement (arrow). B: Electron micrograph (100,000x) of the microsomal vesicular fraction (V3) showing variable sized mono- and
multilamellar vesicles, and the preparation is morphologically very different from BCM preparation. Marker enzymes are shown in Tables 1 and

2.

ratio resembling that in the endoplasmic reticulum.
Non-vesicular, carrier protein-mediated transporters
for phospholipid have also been suggested. Wirtz and
Zilversmit (11) observed that rat liver cytosol stimulates
phospholipid exchange between membranes, and sub-
sequently demonstrated that hepatocytes are enriched
in a transfer protein specific for phosphatidylcholine
(12). They also reported that purified phosphatidyl-
choline transfer protein catalyzes both intermembrane
exchange and net transfer of phosphatidylcholine, but
not of other phospholipid classes (13). The protein
displays high affinities for sn-1 palmitoyl phosphatidyl-
choline species, the major species in bile. Cohen,
Leonard, and Carey (14) demonstrated that the PC
transfer activity of this protein is stimulated markedly in
vitro by submicellar concentrations of bile salts. They
concluded that this could provide an intracellular selec-
tion mechanism, under bile salt control, for the delivery
of highly specific PCs to the canalicular plasma mem-
brane for secretion into bile.

Concerning the original source of biliary cholesterol,
Stone et al. (15) demonstrated that infusion of choles-
terol-rich lipoproteins into rats does not actually alter
biliary cholesterol secretion. The majority of cholesterol
delivered into the liver in these lipoproteins is esterified
and stored, or secreted in VLDL. Schwartz et al. (16)
reported that about one third of biliary cholesterol is
newly synthesized. In 1989, Bilhartz, Spady, and Diet-
schy (17) reported that after chronic administration of
mevinolin, an inhibitor of HMG-CoA reductase, the key
regulatory enzyme in cholesterol synthesis, withdrawal
of the drug results in a marked increase in the enzyme
activity in the microsomal membrane cholesterol and a
threefold increase in biliary cholesterol secretion. Rob-

ins et al. (18) reported that hepatic free cholesterol is in
metabolic equilibrium in one single kinetic pool, and
that all hepatic free cholesterol is potentially available
for secretion into bile.

The asymmetric distribution of BCM phospholipid is
another interesting phenomenon that must have its
implications for biliary lipid secretion. The luminal leaf-
let is rich in PC while the cytoplasmic leaflet is rich in
phosphatidylethanolamine and phosphatidylserine
(19). The presence of a flippase on the BCM has been
demonstrated by Berr, Meier, and Stieger (19) in the rat,
using the water-soluble dibutyroyl-PC. They assumed
that it was also competent in translocating long chain
PCs, by analogy to the previous studies in the mi-
crosomes. They concluded that the flippase would be
predominantly occupied in the vectorial in-to-out
translocation of biliary PCs. The selective depletion of
PCs from the luminal leaflet of BCM by bile salts would
provide the driving force for the overall vectorial phos-
pholipid secretion, while the flip-flop movement would
follow passively by facilitated diffusion. The discovery of
the importance of mdr2 P-glycoprotein in biliary phos-
pholipid secretion by Smit et al. (20) was an important
milestone in understanding canalicular biliary lipid
transport. The bile of the mdr2 (-/-) mice did not contain
detectable phospholipid and the cholesterol was mark-
edly reduced. The homozygous animals suffered from
liver disease. The authors hypothesized that the mdr2
P-glycoprotein may work as a phospholipid flippase,
facilitating the transport of phosphatidylcholine from
the cytoplasmic to the luminal leaflet of BCM. They also
speculated that the protein might facilitate the entry of
phospholipid into BCM by promoting fusion of the lipid
transport vesicles with the membrane, or by acting as a

Table 1. Enzymic charcaterization of isolated fractioans

Homogenate; Relative Enrichment®
Sp Act®; BCM BLM Vesicles V3
Ikaline phosphatase; 4.7 138.2 5.1 123.1
5"Nucleotidase 8.1 161.3 7.3 147.2
Na-K ATPase 8.8 42.3 10.8
NADPH cyt. C reductase 16.1 2.3 158.2
Succinate cyt. C reductase 114 12.3 5.8
Acid phosphatase 7.8 8.8 10.7

Values given as mean; n = 6.
°Specific activity: nmol/mg protein per min.

*Relative enrichment: ratio of specific activity in subfraction to specific activity in homogenate.
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TABLE 2. Protein recovery and marker enzyme distribution per cent in isolated fractions

Homogenate BCM BLM Vesicles V3 Others Recovery
mg protein/g liver tissue; %

Protein 229.2 0.325 1.437 0.225 198.5 87.5
Alkaline 100 19.6 3.2 12.1 47.4 82.3
phosphatase

5’Nucleotidase 100 22.8 4.6 14.4 43.9 85.7
Na-K ATPase; 100 1.2 26.5 1.1 53.1 81.9
NADPH cyt. C 100 0.2 1.5 15.5 58.8 76.0
reductase

Succinate cyt. C 100 0.2 7.7 0.6 71.6 80.1
reductase

Acid phosphatase 100 1.2 5.5 1.1 68.1 75.9

Values given as mean; n=6

direct acceptor for phosphatidylcholine bound to phos-  form from the endoplasmic reticulum to the site of
phatidylcholine transport protein. Recently, the flippase  biliary secretion in BCM. If so, cholesterol transport
function of the mouse mdr2-P glycoprotein has been  should be increased in obesity and in cholesterol
demonstrated using secretory vesicles from mutant  cholelithiasis, in which both synthesis and secretion are
yeast (21) and a fluorescent phosphatidylcholine ana-  increased.
logue. The activity is time- and temperature-dependent
and specific for phosphatidylcholine.

Little is known, however, about cholesterol and phos- MATERIAL AND METHODS
pholipid transport from the endoplasmic reticulum to
bile across BCM, or about the lipid composition of BCM
and other hepatocyte membranes in man. It is also not
known whether the transport and structures are af- We studied 15 cholesterol gallstone patients with
fected in cholesterol gallstone disease and obesity,  radiolucent stones and functioning gallbladders, sched-
which are known to be associated with increased choles-  uled for elective cholecystectomy (age: 56 + 3.6, F/M:
terol synthesis and secretion. The aim of this study was  8/7, IBW%: 116 £ 5.0) and 10 control subjects scheduled
to test the hypothesis that cholesterol and phospholipid ~ for laparotomy for other reasons (age 58 * 2.9, F/M:
are co-transported across the hepatocyte in vesicular  2/8, IBW%: 94 £2.9). The patients gave written consent

Subjects

A HMG-CoA reductase B 7a-hydroxylase
160 160 -
140 - 140 - * e
[ J
& ] °
2120“ 120 - . ®
100 A 100 o
*
4 ®
80 v T v 1 80 T 1
0 5000 10000 0 5000 10000

Enzyme specific activity
Fig. 2. The relationship between IBW% and the activity of the microsomal enzymes HMG-CoA reductase (A) and cholesterol 7o-hydroxylase

(B) in gallstone patients. The increased activity of HMG-CoA reductase in gallstone patients relates directly to IBW% whereas the decreased
activity of cholesterol 7o-hydroxylase is independent of IBW%.

Ahmed et al. Intrahepatic biliary cholesterol transport 2565

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Gallstone Subjects

Control Subjects

ko g
0.6+ S
N R

CHOLESTEROL : PHOSPHOLIPID MOLAR RATIO

0.4
0.24
p<0.0001 NS p<0.0001
At tau—— o e———— A —————
BCM BLM v3

Fig.3. The cholesterol/phospholipid molar ratio is higher in the bile
canalicular membrane and the microsomal vesicular fraction (V3)
from cholesterol gallstone patients compared with controls. The ratio
is not different in the basolateral membrane from both groups.

and the protocol was approved by the local hospital
ethical committee.

Clinical procedures

One day before operation, a sample of gallbladder
bile was obtained by nasoduodenal intubation and
cholecystokinin infusion from control subjects (22). Sur-
gical bile was obtained from all galistone patients. Bile
samples were stored at -20°C for subsequent analysis.

Human liver fractionation (23, 24)

Homogenization. A wedge liver biopsy (0.8-1.2 g) was
taken as the first procedure at laparotomy in chilled
homogenization buffer (0.25 M sucrose in 5 mM Tris-
HC], pHS8, 4°C) and washed. The liver tissue was finely
chopped by scissors and homogenized in Potter-
Elvehjem homogenizer, in 15 mi buffer, by 5-6 up and
down strokes while the pestle was revolving at 500 rpm
and with clearance of 0.3-0.5 mm, keeping the homo-
genate in ice during the procedure. The homogenate
was checked under light microscopy and filtered
through gauze.

Differential centrifugation. Using an $S-34 fixed-angle
rotor in a Sorval RC-5B refrigerated superspeed centri-
fuge, the homogenate was pelleted at 1000 g, 5000 g, and
20,000 g, each for 10 min. The 20,000 g supernatant was
spun at 100,000g for 40 min using 10 x 10 fixed-angle
rotor in MSE Superspeed 65 ultracentrifuge. The pellets

2566 Journal of Lipid Research Volume 36, 1995
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P1 through P4 were resuspended in the homogenization
buffer to make 1 ml each. The microsomal pellet P4 was
partly kept at-70°C, suspended in the buffer suitable for
the microsomal enzyme assays (HMG-CoA reductase
and cholesterol 7o-hydroxylase), which were performed
within 48 h.

Gradient centrifugation. The densities of the suspended
pellets P1 through 4 were increased by adding 55% w/w
sucrose in a gradual manner while checking the refrac-
tive index using a refractometer until they were equiva-
lent to the density of 35% w/w sucrose solution. The
gradients were prepared of 55,45,35,25, and 15% w/w
sucrose in 5 mM Tris-HCI, pH 8 (4°C), substituting the
adjusted pellet for the 35% sucrose solution, i.e., apply-
ing the suspended pellet in the middle of the gradient.
The gradients were spun at 100,000 g in 6 x 14 swing-out
rotor in an MSE- Superspeed Ultracentrifuge for 18 h.
The bands were visualized against light, taken by a
syringe into polycarbonated tubes, washed, and finally
suspended in homogenization buffer and kept at -20°C.
The subfractions were characterized by marker enzymes
and checked by transmission electron microscopy (25).

Biochemical techniques

Enzyme assays. Cholesterol 7o-hydroxylase (EC 1.14)
was assayed as described by Goodwin, Cooper, and
Margolis (26). The microsomal pellet was washed and
resuspended in a buffer containing 100 mM sucrose, 40
mM potassium phosphate, pH 7.2, 30 mM EDTA, 20 mM
dithiothreitol, and 50 mM sodium fluoride. The mi-
crosomes were then preincubated at 37°C for 10 min
with B-mercaptoethylamine (final concentration of 10
mM in the assay mixture), 2 ig of cholesterol, and 10 pl
of [14C]cholesterol, 0.5 pCi/ml in a suspension with 600
ug of lutensol. The assay mixture contained 400-600 ug
microsomal protein in buffer, 1 mM NADP*, 10 mM
glucose-6-phosphate, 0.15 unit of glucose-6-phosphate
dehydrogenase, 10 mM B-mercaptoethylamine in a final
assay volume of 0.5 ml. The mixture was incubated at
37°C for 30 min with mild regular shaking and the
reaction was stopped by the addition of 10 ml of chlo-
roform-methanol 2:1 (v/v). The tubes were mixed vig-
orously for at least 5 min. After adding 2 ml of 0.9%
sodium chloride, the tubes were mixed and centrifuged
at 1000 g for 10 min. The chloroform (lower) phase was
collected, evaporated under nitrogen, and the solid
residue was carefully redissolved in 100 l of chloroform
and spotted on activated silica gel G plates, 20 x 20 cm
(250 microns) (Anachem, Luton, Beds., UK) and devel-
oped using toluene-ethylacetate 2:3 (v/v), using 70-- and
78-hydroxycholesterol and 7-ketocholesterol as stand-
ards. Sterols were stained with Rhodamine B and visu-
alized under UV light. Zones corresponding to 7o-hy-
droxycholesterol were scraped into scintillation vials
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Fig. 4. The absolute cholesterol (A) and phospholipid (B) content
(per mg protein) in membrane preparations. The BCM cholesterol
content is not different, while the phospholipid content is decreased,
in gallstone patients compared with control subjects. By contrast, the
microsomal vesicular fraction V3 has a raised cholesterol content and
a phospholipid content that is not different from that in controls.

and counted. Blank values were determined by assaying
all enzyme samples in absence of NADP* and subtracted
before calculating enzyme activity. Results are expressed
as dpm incorporated into 7o-hydroxycholesterol per mg
protein at 37°C. Ry value for 7o-hydroxycholesterol was
0.24-0.26. HMG-CoA reductase (EC 3.6.1.3) was as-
sayed as described before (27, 28). The microsomal
pellet was washed and suspended in a buffer containing
0.25 M sucrose, 30 mM EDTA, 1 mM dithiothreitol, and

20 mM imidazole HCl, pH 7. The assay mixture con-
tained 30 pmol of glucose-6-phosphate, 2 units of glu-
cose-6-phosphate dehydrogenase, 3 pmol of NADP*, 300
nmol of DL-HMG-CoA (3-1%C, sp act 400 cpm/nmol),
and 400-600 pg of microsomal protein in a total volume
of 0.5 ml. Samples were incubated at 37°C for 15 min
and the reaction was stopped by the addition of 0.2 ml
of concentrated HCl. The tubes were then left for
another 15 min with occasional mild mixing to allow
complete lactamization of mevalonic acid produced.
The mixture in the tubes was then saturated with solid
sodium sulfite to facilitate the extraction of mevalono-
lactone with ether, which was then evaporated under a
stream of nitrogen. The solid residue was then dissolved
in 100 pl acetone-water 9:1 (v/v), spotted on activated
silica gel G plates, 20 x 20 cm, 250 microns, (Anachem,
Luton, Beds., UK) and developed using toluene-ace-
tone 1:1 (v/v) using standards of mevalonolactone, cho-
lesterol, and HMG-CoA. Plates were sprayed with Rho-
damine B and visualized under UV light
Mevalonolactone bands were scraped into scintillation
vials and counted. Blank values were determined by
assaying all enzyme samples in absence of NADP* and
subtracted before calculating enzyme activity. Results
are expressed as dpm incorporated into mevalonolac-
tone per mg microsomal protein at 37°C. Ry value for
mevalonolactone was 0.45-0.48. Sodium-potassium-AT-
Pase (EC 3.6.1.3), 5-nucleotidase (EC 3.1.3.5), (29), acid
(EC 3.1.3.2), and alkaline (EC 3.1.3.1) phosphatase (30),
succinate cytochrome C reductase (EC 1.3.99.1), (31)
and NADPH cytochrome C reductase (EC 1.6.2.4), (32)
were assayed by radioisotope and colorimetric methods.

Chemical measurements. Protein (33), cholesterol (34),
and phospholipid (35, 36) were measured by conven-
tional colorimetric and enzymic methods.

Fatty acid pattern. Phospholipids were extracted from
BCM, BLM, vesicular fraction, and bile (35), and sepa-
rated by thin-layer chromatography, using silica gel G
plates, 20 x 20 cm, 250 microns (Anachem, Luton, Beds.,
UK) and a mixture of chloroform-hexane-metha-
nol-acetic acid-water 12:7:4:3:0.3 as a developing sol-
vent. The spots were visualized with iodine and phos-
phatidylcholine (PC) spots were scraped and extracted
with chloroform-methanol 2:1 (v/v) and dried under
nitrogen. Using phospholipase Ag and thin-layer chro-
matography (37), fatty acids from positions 1 and 2 were
obtained separately, boiled in 14% boron trifluoride in
methanol to produce fatty acid methyl esters (38), which
were extracted in hexane and dried under nitrogen.
They were analyzed by gas-liquid chromatography us-
ing a DB-23 Megabore 30 meter column, with 0.5 um
film thickness, (J&W Scientific, CA) in GC-6000 (Vega
series 2, ICU 600, Carlo Erba Instruments) gas chroma-
tography machine.

Ahmed et al. Intrahepatic biliary cholesterol transport 2567
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Fig. 5. Correlation between cholesterol/phospholipid ratio in BCM and both the vesicular fraction V3 (A) and gallbladder bile (B). A direct

relationship can be seen in both cases.

Statistical analysis

Results are presented as mean values and their stand-
ard errors (SEM). Differences between groups were
tested for statistical significance with the Student’s ¢-test
and correlation coefficients were calculated by the
Spearman method.

RESULTS

A BCM-rich fraction (Fig. 1, A) was separated at a
buoyant density of 1.16 g/ml and showed relative en-
richment in alkaline phosphatase and 5-nucleotidase,

T A

@ Gailstonc pasents r=0.95; p<0.0001
© Conuol subjects  £=0).98; p<0.0001

Chol : PL ratio in BCM
>

o/ 5
f3s a4 45 5 55 6 6 71 .15
Chol : PL ratio in vesicle(V3)

the marker enzymes for the bile canalicular membrane,
138 and 161 times, respectively, over homogenate (Ta-
ble 1 and Table 2). This fraction was minimally contami-
nated by the ouabain-sensitive, sodium potassium AT-
Pase, the marker enzyme for the BLM, which was
obtained in another band at a buoyant density of 1.18.
This fraction showed enrichment in the above-men-
tioned ATPase 42 times over homogenate (Tables 1 and
2). Both membrane preparations were minimally con-
taminated by marker enzymes from mitochondria (suc-
cinate cytochrome C reductase), lysosomes (acid phos-
phatase), and smooth endoplasmic reticulum (NADPH
cytochrome C reductase), (Tables 1 and 2). One of the

1B

.81
.61
4
® Gallstone patients r=0.89; p<0.0001
O Control subjects  r=0.50; NS
2
0 1 2 3 4 5 6 3

Chol ; PL ranio in Galibludder bile

Fig. 6. Relationship between the IBW% and both the cholesterol/phospholipid (A) and the cholesterol/protein (B) ratio in the transport
vesicles (V3). The rise in the cholesterol/phospholipid ratio with the increase in IBW% can be explained by a concomitant rise in the cholesterol

content in the vesicle V3.
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microsomal vesicular fractions (Fig. 1, B) showed enrich-
ment in the marker enzymes for BCM (alkaline phos-
phatase and 5™-nucleotidase) 123 and 147 times over
homogenate, (Tables 1 and 2) and was also rich in the
microsomal marker enzyme NADPH-cytochrome C re-
ductase 158 times over homogenate. This microsomal
fraction was separated at a buoyant density of 1.16 g/ml
similar to BCM, but morphologically it looked very
different on electron micrography (Fig. 1, B). This ve-
sicular fraction was also unique among other vesicular
fractions in other characteristics consistent with it hav-
ing a role in transhepatic biliary cholesterol and phos-
pholipid transport. These characteristics will be dis-
cussed in the paper and summarized at the end.

In the crude microsomal preparation, the activity of
HMG-CoA reductase was higher in gallstone patients
(4763 + 525 dpm/mg protein) as compared to control
subjects (2067 + 231 dpm/mg protein, P < 0.001). The
activity showed a direct correlation in gallstone patients,
with the IBW% (r=0.85, P < 0.001, Fig. 2, A). There was
no similar correlation in control subjects who, unlike
gallstone patients, did not have a wide scatter in their
IBW%. The activity of cholesterol 7a-hydroxylase was
lower in gallstone patients (2263 *+ 195 dpm/mg pro-
tein) as compared to control subjects (5125 * 405
dpm/mg protein, P < 0.001). The activity did not show
any correlation with the IBW% in gallstone patients (Fig.
2, B) or in control subjects.

The cholesterol/phospholipid ratio was higher in
gallstone patients compared to control subjects in the
putative transport vesicle (V3) (0.60 + 0.03 vs. 0.47 *
0.06, P < 0.001), BCM (0.85 £ 0.10 vs. 0.67 + 0.13, P <
0.001), but not in BLM (0.55 + 0.02 vs. 0.53 £ 0.03, NS,
Fig. 3). The absolute cholesterol content per mg protein

>

&

z

P [ ]
2 6 ° @

4 [ ]

5 °© 0e° o

£ (o] [¢)

g 4 @

z

2

O ® Gallsione paicms r=0.81; p<0.0001

O Conbivl subjects  1=0.24; NS

O 74/

80 120 160

was higher in the vesicular fraction (V3) from gallstone
patients (0.26 £ 0.03) compared to controi subjects (0.21
+ 0.05, P < 0.002). However, the BCM cholesterol con-
tent was not different in gallstone patients (0.36 + 0.03)
compared to control subjects (0.36 £ 0.04, NS), (Fig. 4,
A). The absolute phospholipid content in the vesicles
was not different in gallstone patients (0.43 + 0.14)
compared to control subjects (0.44 + 0.09, NS), while it
was lower in BCM from gallstone patients (0.43 + 0.08)
compared to control subjects (0.54 £ 0.14, P<(.01), (Fig.
4, B). None of the other microsomal fractions showed a
difference in the cholesterol/phospholipid or choles-
terol/protein ratios in gallstone patients compared to
control subjects.

A direct correlation between cholesterol/phos-
pholipid molar ratio in the transport vesicles (V3) and
BCM was shown in gallstone patients (r=0.95, P<0.001)
and controls (r=0.98, P<0.001) (Fig. 5, A). Both groups
lie on the same regression line, with the control subjects
occupying the left hand side of the scale, being less
obese. Similarly, a direct correlation was shown between
the cholesterol/phospholipid molar ratio in BCM and
gallbladder bile from gallstone patients (r = 0.89, P <
0.001), but not from control subjects (r = 0.50, NS), (Fig.
5, B). Also, a direct correlation was shown between the
IBW% and the cholesterol/phospholipid ratio (r = 0.81,
P <0.001) (Fig. 6, A) and cholesterol/protein ratio (r =
0.91, P < 0.001) (Fig. 6, B) in the transport vesicle (V3)
in gallstone patients. In control subjects, a direct corre-
lation was only seen with cholesterol/protein ratio (r =
0.65, P < 0.05) (Fig. 6, B). The activity of HMG-CoA
reductase also showed a direct correlation with the
vesicular (V3) cholesterol/phospholipid ratio (r = 0.73,
P <0.002) (Fig. 7, A) and cholesterol/protein ratio

o~

Chol:Prot ratio in vesicle (V3)

| ® Galistone poticnts r).91; p<00.000
©O Control subjocts  r=).65; p<0.0$

oL _

U 120 160

IDEAL BODY WEIGHT (%)

Fig. 7. Relationship between the activity of the HMG-CoA reductase and that of the cholesterol/, phospholipid (A) and the cholesterol/protein
(B) ratio in the transport vesicles (V3). The rise in the cholesterol/phospholipid ratio with the increase in the activity of HMG-CoA reductase
can be explained by a concomitant rise in the cholesterol content in the vesicle V3.
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TABLE 3. Fatty acids in position 1 (n = 6)

Fatty Acid Bile Vesicle V3 BCM BLM
% of total

Myristic 2.1 2.2 3.1 4.1
Palmitic 74.3 64.1 33.6 50.0
Stearic 7.1 12.0 23.2 30.4
Oleic 12.6 17.0 30.2 6.3
Linoleic nil nil nil 4.3
Linolenic nil nil 5.3 nil

Unidentified 39 4.5 4.3 4.9

(r=0.80, P <0.001) (Fig. 7, B) in gallstone patients but
not in control subjects. Absence of correlation in con-
trols is probably due to a narrow range of values of
IBW% and HMG-CoA reductase activity.

The positional fatty acid patterns in phosphatidyl-
choline from gallbladder bile, vesicles (V3), BCM, and
BLM are shown in Table 3 and Table 4. A marked
similarity is noted between bile and vesicles (V3) espe-
cially for palmitic and myristic acids (Table 3) and
palmitoleic, linoleic, arachidonic acids (Table 4). Differ-
ences were, however, noted especially for linolenic,
oleic, and eicosatrienoic acids (Table 4), and stearic and
oleic acids (Table 3). BCM showed less similarity to the
pattern in bile. BLM showed a high stearic, low oleic
acids in position 1 and much lower linoleic acid in
position 2 compared to the pattern in bile.

DISCUSSION

A relatively simple technique has been applied for the
first time to the fractionation of human liver homogen-
ate that allows the separation of BCM and BLM with
minimal cross contamination, based on methods used
in animals (23, 24). The membrane preparations were
minimally contaminated by other subcellular fractions,
as judged by the marker enzymes and electron micros-
copy. One of the microsomal vesicular fractions (V3)
was not only enriched in the microsomal marker enzyme
NADPH cytochrome C reductase but also in the marker
enzymes for the BCM, alkaline phosphatase, and 5"-nu-
cleotidase. The bile canalicular membrane preparation
had a much smaller relative enrichment in NADPH
cytochrome C reductase enzyme (1.8 times) compared
to the vesicular fraction V3 (158 times) over homogen-
ate. However, the orientation of the microsomal frac-
tion is expected to be reversed when it joins the BCM
(inside out) which might affect the enzyme activity. Also,
inhibitory effects of bile acids cannot be excluded as the
BCM is normally exposed to high levels of bile acids in
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the canaliculus. The enzyme is also known to be weakly
bound to membranes and can be lost during transport.
Because of these special enzymic characteristics, differ-
ent morphology and gravitational force used in pellet-
ing, and other characteristics summarized at the end of
the discussion, we suspected that this vesicular fraction
may be involved in cholesterol and phospholipid trans-
port from the endoplasmic reticulum, the site of pooling
of newly synthesized and lipoprotein-delivered choles-
terol and phospholipid, to bile across the BCM. The
biochemical techniques used would obviously allow us
to comment on the composition of the subcellular or-
ganelles studied in a “snap shot” analogous way as
dynamic characterization was not performed.

In order to test this hypothesis further, we investi-
gated whether a clinical condition known to be associ-
ated with increased biliary cholesterol, namely choles-
terol cholelithiasis with obesity, also caused increased
cholesterol content of these putative cholesterol trans-
port vesicles. In this condition, the microsomal enzymes
involved in cholesterol synthesis (HMG-CoA reductase)
and conversion to bile acids (cholesterol 7a-hydroxy-
lase) were both deranged in such a way as to increase
the amount of cholesterol available for incorporation
into the microsomal membranes. Some laboratories
have previously reported increased HMG-CoA reduc-
tase activity in cholesterol gallstone patients (39), while
others (40) did not report a statistically significant dif-
ference. The activity of HMG-CoA reductase showed a
direct correlation with obesity as indicated by the IBW%
and we concluded that obese gallstone patients synthe-
size more cholesterol than control subjects. The activity
of the enzyme also correlated positively with the abso-
lute cholesterol content and with the cholesterol/phos-
pholipid ratio in the vesicular fraction (V3) from gall-
stone patients, which, in general, showed higher
cholesterol/phospholipid and cholesterol/protein ra-

TABLE 4. Fatty acids in position 2 (n = 6)

Fatty Acid Bile Vesicle V3; BCM BLM
% of total
Palmitic 2.0 2.3 2.5 18.1
Palmitoleic 3.5 3.2 1.5 3.5
Stearic 2.1 1.6 33 11.6
Oleic 26.5 15.0 18.0 23.3
Linoleic 43.5 44.4 25.7 18.0
Linolenic 35 13.0 30.1 10.4
Eicosatrienoic 3.1 6.1 7.1 2.5
Arachidonic 11.5 10.3 7.5 7.5
Unidentified 4.3 4.1 4.3 5.1
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tios over controls. No correlation was found between
the enzyme activity and any of the other microsomal
vesicular fractions isolated. Thus, the increased choles-
terol synthesis in obese gallstone patients manifests
itself in an increased cholesterol content in the vesicular
fraction (V3), and this is directly related to obesity.
These findings provide additional support for the con-
cept that the vesicular fraction that was enriched in both
microsomal and BCM marker enzymes is indeed in-
volved in the transport of cholesterol from the endoplas-
mic reticulum to the site of biliary secretion.

In its turn, the BCM, but not the BLM, choles-
terol/phospholipid molar ratio correlated with the
same ratio in the vesicular fraction (V3) and in gallblad-
der bile. A correlation between cholesterol/phos-
pholipid ratio in BCM and vesicles isolated from bile
would have been more supportive. However, the corre-
lation is still holding for the whole gallbladder bile (Fig.
5 B). It is known that biliary micelles are derived from
biliary vesicles (during bile concentration), and are likely
to be affected by their components. The BCM and the
vesicular fraction V3, unlike the BLM, showed a higher
cholesterol/phospholipid ratic in gallstone patients.
The increased cholesterol/phospholipid ratio in the
BCM but not in the BLM might be interesting, as the
BCM is the pole of the hepatocyte that is more inti-
mately and directly linked to biliary secretion. However,
while the increased ratio in the vesicles (V3) reflected an
increase in the cholesterol content, the increased ratio
in the BCM reflected a decrease in the phospholipid
content. This paradox may be discussed in the context
that while the transport vesicles respond solely to what
is delivered to them by the endoplasmic reticulum, the
bile-canalicular membrane responds to the balance be-
tween what is delivered to it by the transport vesicles
and what is removed from it by bile acids (41). In our in
vitro experiments (42), we found that bile acids were
more effective in solubilizing phospholipid than choles-
terol from hamster BCM. Moreover, in a perfusion
study in the rat, Yousef et al. (43) suggested that the
increase in cholesterol/phospholipid ratio in BCM was
due to membrane phospholipid depletion by cholic
acid.

The positional analysis of fatty acids in phosphatidyl-
choline from gallbladder bile, which constitutes more
than 95% of total phospholipid, and from the vesicles
(V3), which, unlike the other microsomal vesicular frac-
tions, constitutes more than 70% of total phospholipid,
showed a remarkable similarity. Some differences be-
tween the two preparations could be explained by a
counter difference in the structure of the BCM. In that
sense, the higher proportions of stearic and oleic acids
in position 1 in the transport vesicles (V3) over bile is
reflected in a higher proportion of these fatty acids in

the BCM. Similarly, in position 2, the higher proportion
of linolenic acid in the transport vesicles (V3) over bile
is reflected in the high content of linolenic acid in the
BCM. The BCM phospholipid is reported to be com-
posed of more than one pool (7,41) and it seems unlikely
that every species in the BCM phospholipid can reach
bile. A structural component and another functional or
secretory component that can supply biliary type lipids
are likely to co-exist. Moreover, it is difficult to imagine
that the vesicle V3 is the only vesicular traffic going to
the BCM, as we know that bile acids can, in certain
conditions, be transported by vesicles separate from
cholesterol and phospholipid. Other vesicular and car-
rier protein traffic pathways can also supply structural
and secretory lipid and proteins to the BCM. The inter-
esting asymmetric distribution of phospholipid between
the cytoplasmic and luminal leaflets of BCM should also
be taken carefully into account. An intra-membrane
phospholipid selective transport process, through a flip-
flop movement of phosphatidylcholine, is becoming
accepted thanks to the elegant demonstration of the
phospholipid flippase activity in the rat BCM by Berr et
al. (19), the discovery of the role of mdr2 P-glycoprotein
in biliary phospholipid secretion in the mice by Smit et
al. (20), and the recent direct demonstration of its
phospholipid flippase activity in yeast vesicles by Ruetz
and Gros (21). This creates a specific phospholipid
pattern in the luminal leaflet of BCM, ready to be
solubilized by bile salts.

One can summarize the possible biliary lipid selection
processes as follows. A specific vesicular traffic from the
endoplasmic reticulum joins the BCM, with relative
enrichment in biliary type phospholipid and in choles-
terol. The phospholipid is mainly phosphatidylcholine
with fatty acid patterns very similar to biliary phos-
pholipid fatty acid patterns. The cholesterol content is
increased in a condition characterized by increased
biliary cholesterol secretion. A similar role for specific
phospholipid transport protein(s) is also supported by
experimental evidence. The relative contribution and
the importance of the two pathways under physiological
and pathological conditions are open for further inves-
tigations.

Intra-canalicular membrane selective transport proc-
ess will further select and purify biliary type lipid from
other structural elements. The canalicular membrane
flippase occupies a central role in this mechanism. How-
ever, other mechanisms can be speculated, e.g., a phos-
pholipid methyltransferase, capable of methylating
phosphatidylethanolamine into phosphatidylcholine.

Selective solubilization of phosphatidylcholine spe-
cies by bile acids can then take place. Chenodeoxycho-
late has been shown to preferentially solubilize typical
biliary sn-1-palmitoyl-phosphatidylcholine species from
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uni- and multilamellar vesicles (44). Moreover, in iso-
lated rat liver, intrabiliary injection of taurocholate has
been shown to stimulate phosphatidylcholine output
into bile (45).

One can summarize the points in favor of a role for
the vesicular fraction (V3) in intrahepatic biliary choles-
terol and phospholipid transport as follows. The puta-
tive transport vesicles (V3), though originally separated
in the microsomal fraction at 100,000 g unlike the BCM
which separated at 1000 g, and showing its microsomal
marker enzyme pattern, were also rich in BCM marker
enzymes. Morphologically, however, the vesicles (V3)
were quite distinct from BCM which strongly argues
against cross contamination.

The cholesterol content in the vesicles (V3) expressed
per mg protein was increased while the phospholipid
content was not different in obese gallstone patients
who had increased cholesterol synthesis, and was related
to IBW% and to the activity of HMG-CoA reductase.
The cholesterol content of the BCM was not increased
in these patients, while its phospholipid content was
decreased. The different alteration in cholesterol and
phospholipid content in the vesicles (V3) and BCM
preparation provide another evidence against cross con-
tamination.

A large proportion of the vesicular (V3) phospholipid
was in the form of phosphatidylcholine, the main biliary
phospholipid. This was not the case for the BCM prepa-
ration. The positional fatty acid patterns were similar in

phosphatidylcholine from vesicles and gallbladder bile.
B3

Manuscript received 17 May 1995 and in revised form 22 August 1995.
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