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Abstract Inclusion of phosphatidylcholine within bile salt
micelles protects against bile salt-induced cytotoxicity. In
addition to phosphatidylcholine, bile may contain signifi-
cant amounts of sphingomyelin, particularly under chole-
static conditions. We compared protective effects of egg
yolk phosphatidylcholine (similar to phosphatidylcholine in
bile), egg yolk sphingomyelin (mainly 16:0 acyl chains) and
dipalmitoyl phosphatidylcholine against taurocholate in
complementary in vitro studies. Upon addition of taurocholate-
containing micelles to sonicated egg yolk phosphatidylcho-
line vesicles, subsequent micellization of the vesicular bi-
layer proved to be retarded when phospholipids had also
been included in these micelles in the rank order: egg yolk
phosphatidylcholine < dipalmitoyl phosphatidylcholine <
sphingomyelin. Hemolysis of erythrocytes and LDH release
by CaCo-2 cells after addition of taurocholate micelles were
strongly reduced by including small amounts of sphingomy-
elin or dipalmitoyl phosphatidylcholine in these micelles
(PL/(PL + BS) = 0.1), whereas egg yolk phosphatidylcho-
line provided less protection. Amounts of non-phospho-
lipid-associated bile salts (thought to be responsible for cy-
totoxicity) in egg yolk phosphatidylcholine-containing micelles
were significantly higher than in corresponding sphingomyelin-
or dipalmitoyl phosphatidylcholine-containing micelles
(tested at PL/(PL + BS) ratios 0.1, 0.15, and 0.2). LDH re-
lease upon incubation of CaCo-2 cells with taurocholate
simple micelles at these so-called “intermixed micellar-
vesicular” concentrations was identical to LDH release
upon incubation with corresponding taurocholate-phospho-
lipid mixed micelles.i In conclusion, we found greatly en-
hanced protective effects of sphingomyelin and dipalmitoyl
phosphatidylcholine compared to egg yolk phosphatidyl-
choline against bile salt-induced cytotoxicity, related to dif-
ferent amounts of non-phospholipid-associated bile salts.
These findings may be relevant for protection against bile
salt-induced cytotoxicity in vivo.—Moschetta, A., G. P.
vanBerge-Henegouwen, P. Portincasa, G. Palasciano, A. K.
Groen, and K. J. van Erpecum. Sphingomyelin exhibits
greatly enhanced protection compared with egg yolk phos-
phatidylcholine against detergent bile salts. J. Lipid Res.
2000. 41: 916-924.
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Bile salts are amphiphilic compounds that act as deter-
gents above their critical micellar concentration. The cy-
totoxic effect of bile salts has been shown for hepatocytes
(1, 2), erythrocytes (2-4), and mucosa of various organs
including stomach (5), intestine (6), and gallbladder (7,
8). The damaging effects of bile salts depend on their de-
gree of hydrophobicity (9) and on the cell membrane
composition (10). At physiological concentrations, in bile
in the gallbladder and bile ducts and within the intestinal
lumen, bile salts are associated with phospholipids and
cholesterol in mixed micellar structures. However, signifi-
cant amounts of bile salts are also present under these
conditions as monomers and as “simple” micelles (i.e.,
without incorporated phospholipids). There is some evi-
dence that this so called “intermixed micellar-vesicular
bile salt concentration” (IMC: bile salt monomers + simple
micelles) (11) may be responsible for the potentially dam-
aging effects on membrane bilayers (12, 13). At the con-
centrations occurring in hepatic and gallbladder biles,
bile salts could theoretically damage the apical membrane
of the hepatocytes and of the cells lining the biliary tract.
The absence of such a damaging effect in vivo suggests the
existence of cytoprotective mechanisms either at the level

Abbreviations: DMEM, Dulbecco’s modified Eagle’s minimum essen-
tial medium; EYPC, egg yolk phosphatidylcholine; EYSM, egg yolk sphin-
gomyelin; DPPC, dipalmitoyl phosphatidylcholine; IMC, intermixed
micellar-vesicular bile salt concentration; LDH, lactate dehydrogenase.

1part of this work was presented at the annual meeting of the
American Gastroenterological Association (Orlando, May 1999) and
was published as an abstract (Gastroenterology. 1999. 116: L0309).

2 To whom correspondence should be addressed.
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of the cell membrane or within biliary micelles. Increased
concentrations of cholesterol and phospholipids (in par-
ticular sphingomyelin) in the hepatocyte canalicular
membrane appear to protect against cytotoxic effects of
the bile salts within the canalicular lumen (14-16). On
the other hand, in in vitro studies, inclusion of egg yolk
phosphatidylcholine (PC) within bile salt micelles pro-
tects in a concentration-dependent manner against bile
salt-induced cytotoxicity (17). In line with these findings,
mice with homozygous disruption of the mdr2 gene ex-
hibit severe bile salt-induced hepatocyte damage in vivo:
as mdr2 encoded P-glycoprotein, which normally func-
tions as a “flippase” transporting PC molecules from the
inner to the outer leaflet of the hepatocytic canalicular
membrane, is absent there is virtually no PC protecting
against bile salt-induced hepatotoxicity in bile of these
mice (18).

Both PC and sphingomyelin (SM) are the major phos-
pholipids of the canalicular membrane outer leaflet (16,
19). Although PC is the major phospholipid species in
gallbladder bile, with minor amounts of SM (20), larger
quantities of SM could be present in nascent bile within
the canalicular lumen, particularly under pathological
conditions such as cholestasis. When, in the rat model,
cholestasis is induced by bile salt infusion, there is a con-
siderable increase of SM content, from 3% to <30% of to-
tal phospholipids in bile (21). Also, an alkaline sphingo-
myelinase recently detected in human bile (22) could
contribute to the virtual absence of SM in gallbladder bile
under non-cholestatic conditions because of reabsorption
by the bile duct epithelial cells of the hydrolytic product
ceramide, which is more hydrophobic than SM (23). This
hypothesis is supported by the fact that sheep, which se-
crete significant amounts of SM in their biles (20), exhibit
no biliary sphingomyelinase activity (22).

In the present study we examined the protective effects
of various phospholipids against detergent taurocholate
in a number of complementary in vitro studies. We com-
pared the effects of PC from egg yolk (EYPC, mainly 16:0
acyl chains at the sn-1 position and mainly unsaturated
(18:1 > 18:2 > 20:4) acyl chains at the sn-2 position, simi-
lar to PC in human bile (24)), SM from egg yolk (EYSM,
mainly 16:0 acyl chains, similar to SM in bile (25)) and di-
palmitoyl PC (DPPC, similar structure and gel-to-liquid
crystalline transition temperature (26) as SM).

MATERIAL AND METHODS

Materials

Taurocholate was obtained from Sigma Chemical Co. (St.
Louis, MO) and yielded a single spot upon thin-layer chromatog-
raphy (butanol-acetic acid—water, 10:1:1 (vol/vol/vol), applica-
tion of 200 g bile salt). Cholesterol (Sigma) was =98% pure by
reverse-phase HPLC (isopropanol-acetonitrile 1:1, vol/vol, de-
tection at 210 nm). Phosphatidylcholine from egg yolk (EYPC;
Sigma), dipalmitoyl phosphatidylcholine (DPPC; Sigma) and
sphingomyelin from egg yolk (EYSM; Avanti Polar-Lipids Inc.,
Alabaster, AL) all yielded a single spot upon thin-layer chromatog-
raphy (chloroform-methanol-water 65:25:4 (vol/vol/vol) appli-

cation of 200 pg lipid). Acyl chain compositions as determined
by gas-liquid chromatography (27) were virtually identical to
previously published data (23) and showed a preponderance of
16:0 acyl chains for EYSM, similar to sphingomyelin in human
bile (25). As shown by reverse-phase HPLC, EYPC contained
mainly 16:0 acyl chains at the sn-1 position and mainly unsatur-
ated (18:1 > 18:2 > 20:4) acyl chains at the sn-2 position, similar
to phosphatidylcholine in human bile (24). Dulbecco’s modified
Eagle’s minimum essential medium (DMEM) was obtained from
Flow Laboratories (Irvine, GB). All other chemicals and solvents
were of ACS or reagent grade quality.

Ultrafilters with a molecular weight cutoff of 5 kDa were ob-
tained from Sartorius (Go6ttingen, Germany: Centrisart 1). The
enzymatic cholesterol assay kit was obtained from Boehringer
(Mannheim, Germany). A 3a-hydroxysteroid dehydrogenase for
the enzymatic measurement of bile salt concentrations (28) and
a colorimetric chloride kit were purchased from Sigma. The
reverse-phase C18 HPLC column was from Supelco (Supelcosil
LC-18-DB, Supelco, Bellefonte, PA).

Preparation of lipid solutions

Lipid mixtures containing variable proportions of cholesterol,
phospholipids (both from stock solutions in chloroform) and
taurocholate (from stock solutions in methanol) were vortex-
mixed and dried at 45°C under a mild stream of nitrogen, and
subsequently lyophilized during 24 h, before being dissolved in
aqueous 0.15 m NaCl plus 3 mm NaNj. Tubes were sealed with
Teflon-lined screw caps under a blanket of nitrogen to prevent
lipid oxidation and vortex-mixed for 5 min followed by incuba-
tion at 37°C in the dark. All solutions were warmed up to 45°C
for 10 min before use. The final mol percentages of cholesterol,
phospholipids, and bile salts did not differ more than 1% from
the intended mol percentages.

Lipid analysis

Phospholipid concentrations in solutions were assayed by de-
termining inorganic phosphate according to Rouser (29). Cho-
lesterol concentrations were determined with an enzymatic assay
(30) and bile salts with the 3a-hydroxysteroid dehydrogenase
method (28).

Preparation of small unilamellar vesicles

Small unilamellar vesicles were prepared by sonication. Lip-
ids, from stock solutions in chloroform, were vortex-mixed,
dried under a mild stream of nitrogen, freeze-dried in liquid ni-
trogen, and subsequently lyophilized for 24 h. The lipid film was
dissolved in nitrogen-flushed aqueous 0.15 m NaCl plus 3 mm
NaNs, and thereafter the suspensions were probe-sonicated for
30 min at 45°C (above the main transition temperatures of the
phospholipids). After sonication, the suspension was centri-
fuged for 30 min at 50,000 g at 40°C in order to remove potential
remaining vesicular aggregates and titanium particles. The re-
sulting small unilamellar vesicles were stored above 40°C, and
used within 12 h. Small unilamellar vesicles were prepared with
100% EYPC, or 80% EYPC/20% EYSM, or 60% EYPC/40%
EYSM as phospholipid (final phospholipid concentration 4 mm).
The hydrodynamic radius (Rh: at 37°C), as determined by
quasielastic light scattering spectroscopy, of the small unilamel-
lar vesicles composed with 100% EYPC was 50 * 1.65 nm. Partial
replacement of EYPC with EYSM led to slightly decreased vesicle
sizes (mean = SEM: 43.5 = 1.23 nm in the case of 40% EYSM).

Resistance of vesicles against taurocholate
or taurocholate-phospholipid mixed micelles

Interactions of sonicated small unilamellar vesicles with tauro-
cholate were examined by measuring optical density at 405 nm
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every min during 30 min at 37°C in a termostated Benchmark
microplate reader (Bio-Rad, Hercules, CA). Solutions were stirred
for 2 s prior to each measurement. A decrease of the OD at 405
nm after addition of taurocholate is compatible with micelliza-
tion of the vesicles. Absorbance measured in control vesicles
without addition of taurocholate always remained stable during
the experiments. We added taurocholate (final concentration 6
mm) or mixed micellar solutions containing both taurocholate
(final concentration 6 mm) and either EYPC or EYSM or DPPC
(PL/(PL + BS) ratio = 0.2, 37°C) to EYPC-containing vesicles
(final vesicular phospholipid concentration 4 mm). Further-
more, we added taurocholate (final concentration 5 mm) to son-
icated vesicles containing 100% EYPC or 80% EYPC/20% EYSM
or 60% EYPC/40% EYSM as phospholipids (final phospholipid
concentration 4 mm, 37°C).

Last, 40 pL of taurocholate simple micelles or mixed micellar
solutions containing both taurocholate and either EYPC or
EYSM or DPPC (PL/(PL+BS) ratio = 0.2, (180 mm taurocho-
late, 37°C) were added to 200 wL of supersaturated model bile
(10.5 mm EYPC, 42.3 mm taurocholate, 17.5 mm cholesterol), in
order to decrease cholesterol saturation of the resulting model
system to unsaturated levels (see inset Fig. 3: final cholesterol
saturation index 0.25 and 0.21, respectively (according to
Carey’s Critical Tables (31, 32), which are based on EYPC-
containing systems)). Because micellar cholesterol solubility in
SM- or DPPC-containing systems is approximately one-third of
micellar solubility in EYPC-containing systems (23), all final sys-
tems were unsaturated regardless of phospholipid type. Because
the original model bile was composed so that it plotted in the
middle three-phase zone of the equilibrium ternary phase dia-
gram (33), and thus contained large quantities of vesicles in ad-
dition to micelles and cholesterol monohydrate crystals, a
decrease of OD at 405 nm was considered to be consistent with
micellization of these vesicles.

Resistance of erythrocytes against taurocholate simple
micelles and taurocholate-phospholipid mixed micelles

Fresh human erythrocytes (aliquots of 10 mL human blood
from a single volunteer) were sedimented 3 times by centrifuga-
tion at 3000 rpm for 15 min; the plasma and buffy coat were dis-
carded and the pellet was resuspended to the original blood vol-
ume in TRIS buffer (10 mm TRIS, 130 mm NaCl, and 10 mm
glucose, pH 7.4). A constant temperature of 37°C was main-
tained during the experiment. When these erythrocytes are in-
cubated for 15 min with 50 mm taurocholate, hemolysis amounts
to 95-100% (i.e., identical to values after 15 min incubation in
distilled water (17)). In order to determine potential protective
effects of various phospholipids against detergent bile salts,
erythrocytes (0.2 mL) were added to 0.8 mL taurocholate (50
mm) or mixed micellar solutions containing both taurocholate
(50 mm) and increasing amounts (5, 10, 15, 20, or 25 mm) of
either EYPC or EYSM or DPPC. After incubation for 15 min, 7
mL buffer was added in order to decrease the progress of hemol-
ysis to negligible levels (2). The samples were then centrifuged
for 1 min at 10,000 g and the extent of lysis was assayed in the su-
pernatant (absorbance at 540 nm).

In order to examine potential changes of erythrocyte mem-
brane composition due to incubation with mixed phospholipid-
taurocholate micelles, after such incubation (PL/(PL + BS) ra-
tio of added mixed micelles = 0.35: complete protection against
hemolysis at this ratio), erythrocytes were washed extensively and
membrane phospholipids extracted according to Reed (34), sepa-
rated by thin-layer chromatography (chloroform-methanol-
acetic acid—water 50:25:8:4 (vol/vol/vol/vol), and separated spots
quantified with the Rouser assay (29).

Finally, we incubated erythrocytes with mixed micellar solu-
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tions containing taurocholate (50 mm) and small amounts (total
phospholipid concentration 5 mm) of both EYPC and EYSM at
various ratios (PC/SM ratios: 10070, 90/10, 80/20, 70/30, 60/40,
50/50, 40/60, 30/70, 20/80, 10/90, and 0/100).

Resistance of CaCo-2 cells against taurocholate simple
micelles and taurocholate-phospholipid mixed micelles

CaCo-2 cells were cultured as previously described (35) with
minor modification. Briefly, CaCo-2 cells were grown in T-75
plastic flasks in DMEM supplemented with 20% fetal calf serum
(Gibco, Grand Island, NY) 50 U/mL penicillin, and 50 U/mL
streptomycin (Irvine, GB). Before confluency, the cells were split
(split ratio 1:8) as follows: CaCo-2 cells were rinsed twice with
Hank’s balanced salt solution (Gibco, Grand Island, NY) and in-
cubated for 5 min at 37°C with 1 mL of dissociation solution
(Sigma, St. Louis, MO) after DMEM medium supplemented with
20% fetal calf serum was added to the cell suspension. Mono-
layers were grown in microwell plates in DMEM, which was re-
placed daily with fresh medium. After 10 days, the postconfluent
cultures were washed with phosphate-buffered saline (pH 7.4)
and the cells were incubated with taurocholate (bile salt concen-
tration 30 mm) or mixed micelles containing taurocholate plus
EYPC or EYSM or DPPC (bile salt concentration 30 mm, PL/
(PL + BS) ratio = 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 at 37°C, pH
7.4). After 30 min incubation, the medium was collected and the
cells were treated with 0.4% Triton X-100. Lactate dehydroge-
nase (LDH) activity, as a sensitive parameter of cell damage, was
measured according to Mitchell, Santone, and Acosta (36) in
both medium and in Triton X-100 treated cells. Fat-free bovine
serum albumine (final concentration 0.6%) was added to pre-
vent interference of bile salts with the spectrophotometric assay
of LDH activity. Enzyme activity in each single experiment was
normalized as percentage of the total LDH activity (medium +
Triton X-100 treated cells).

IMC measurement

Under the conditions of the experiments in this study, in sys-
tems containing taurocholate and phospholipids, taurocholate is
contained not only in mixed (i.e., bile salt-phospholipid) mi-
celles, but occurs also as non-phospholipid-associated bile salt,
either as monomers or, above the critical micellar concentration,
in small “simple” micelles. The monomeric plus simple micellar
bile salt concentration is referred to as “intermixed micellar-
vesicular (non-phospholipid-associated) bile salt concentration,”
usually abbreviated as “IMC” (11). We determined IMC in micel-
lar model systems containing either EYPC, DPPC, or EYSM as
phospholipids and taurocholate as bile salt (PL/(PL + BS) ratio =
0.1, 0.15, and 0.2, bile salt concentration 30 mm, 37°C), using a
minor modification of the rapid centrifugal ultrafiltration tech-
nique (37).

A 5 kDa Centrisart ultrafilter was rinsed with H,O and centri-
fuged for 5 min at 500 g in order to remove glycerol remnants
from the membrane. The water was removed carefully from both
sides of the membrane with a syringe. The filter was preincubated
at 37°C for 1 h before usage. A 2 mL aliquot of model system was
put into the filter device (in duplicate) and centrifuged at 500 g
for 5 min in a prewarmed (37°C) centrifuge. The filtrate was
carefully collected with a syringe. Filtration was repeatedly per-
formed, adjusting centrifugal speed so as to obtain constant fil-
trate volumes of approximately 50 L. Bile salt and chloride
concentrations reached stable values in the third filtrate. Slightly
lower concentrations in the first and second filtrates resulted
from small amounts of water remaining in the membrane after
rinsing the ultrafilter (37). We considered the third filtrate to
represent the simple micellar + monomeric fraction, and there-
fore decided to use the third filtrate for measurement of the
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IMC (the first two filtrates were added each time to the filtrant)
(37). This technique has been validated before (12, 37, 38). Dur-
ing ultrafiltration, Gibbs-Donnan effects occur as a result of un-
even distribution across the membrane of non-filterable parti-
cles with a highly negative charge (in particular mixed micelles),
thus leading to an overestimation of the concentrations of nega-
tively charged monomeric and simple micellar bile salts in the
filtrate (11, 37). We corrected the concentrations of bile salts
measured in the filtrate for Gibbs-Donnan effects by multiplying
the bile salt concentration in the filtrate with the ratio of chlo-
ride concentrations in filtrant and filtrate (11, 37, 38).

Statistical analysis

Values are expressed as means = SEM. Differences between
groups were tested for statistical significance by analysis of vari-
ance with the aid of NCSS software (Kaysville, UT). When
ANOVA detected a significant difference, results were further
compared for contrasts using Fisher’s least significant difference
test as post-hoc test. Statistical significance was defined as two-
tailed probability of less than 0.05.

RESULTS

Interaction between phospholipid vesicles and
taurocholate or taurocholate-phospholipid mixed micelles

Incubation with detergent taurocholate led to fast micel-
lization of sonicated EYPC vesicles as indicated by decrease
of absorbance values (Fig. 1). Incorporation of phospho-
lipid in taurocholate micelles delayed micellization of the
vesicular bilayer in the rank order: EYPC < DPPC < EYSM.
In order to examine whether this protective effect was
caused by phospholipid transfer from mixed micelles into
the vesicular bilayer, we performed the following experi-

addition of micelles
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Fig. 1. Effects of taurocholate (final concentration 6 mm) or tau-
rocholate plus phospholipid-containing mixed micelles (final tau-
rocholate concentration 6 mm, PL/(PL + BS) ratio = 0.2, 37°C) on
sonicated EYPC vesicles (final vesicular EYPC concentration 4 mm).
Compared to taurocholate alone, decrease of absorption was de-
layed by incorporation of phospholipid in the micelles in the rank
order: EYPC < DPPC < EYSM, consistent with delayed micellization
of the vesicle bilayers. SEMs are contained within the symbols (n = 4).
(@) taurocholate; (m) EYPC-taurocholate; (¢) DPPC-taurocholate;
(A) EYSM-taurocholate.
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Fig. 2. Effect of taurocholate (final concentration 5 mm) on vesi-
cles (final vesicular phospholipid concentration 4 mm, 37°C). Vesi-
cles were composed with 100% EYPC or with 20 or 40% of the
EYPC replaced by EYSM. Decrease of absorption values was en-
hanced by inclusion of SM in the vesicular bilayer, depending on
the amount of vesicular SM. These findings indicate faster micelli-
zation in case of SM-containing vesicles. SEMs are contained within
the symbols (n = 4). (@) 100% EYPC; (m) 80% EYPC/20% EYSM,;
() 60% EYPC/40% EYSM.

ment: EYPC in vesicles was partially replaced by EYSM (ve-
sicular SM/PC ratios 20/80 or 40/60). As shown in Fig. 2,
these SM-containing vesicles exhibited increased rather
than decreased sensitivity for the detergent action of tauro-
cholate, the magnitude of this effect depending on the
amount of vesicular EYPC replaced by EYSM. These results
suggest that protective effects of phospholipids such as SM
occur because of decreased detergent effects of mixed
EYSM-taurocholate micelles compared to simple micelles
or EYPC-taurocholate micelles rather than transfer of
EYSM from mixed micelles into the vesicular bilayer.

Micellization of vesicles in supersaturated EYPC-
containing model bile after addition of taurocholate simple
micelles in quantities sufficient to decrease CSI to unsat-
urated levels was delayed by incorporation of phospho-
lipid in these micelles in the rank order: EYPC < DPPC <
EYSM (Fig. 3).

Effect of various phospholipids on
taurocholate-induced hemolysis

When erythrocytes were incubated with 50 mm tauro-
cholate, cytolysis amounted to 95-100% (virtually identi-
cal to values after incubation with distilled water).
Whereas incorporation of EYPC in quantities =20 mm
(PL/(PL + BS) ratio =0.29) in taurocholate micelles re-
duced cytolysis appreciably, the same protective effect oc-
curred for taurocholate-DPPC and taurocholate-EYSM mi-
celles already at phospholipid concentrations =5 mm
(PL/(PL + BS) ratio =0.1, Fig. 4). When the erythrocytes
were incubated with mixed micelles containing both
EYPC and EYSM (bile salt concentration 50 mm, total
phospholipid concentration 5 mm), hemolysis was pro-
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Fig. 3. Effect of taurocholate simple micelles or mixed micelles
containing taurocholate and either EYPC or EYSM or DPPC (PL/
(PL + BS) ratio = 0.2, 37°C) on supersaturated model bile (42.3
mm taurocholate, 10.5 mm EYPC, 17.5 mm cholesterol, total lipid
concentration 3.6 g/dL), plotting in the middle three-phase zone
of the ternary equilibrium phase diagram (33), and containing
large amounts of vesicles besides mixed micelles and cholesterol
monohydrate crystals. Inclusion of phospholipids in the taurocho-
late micelles reduced decrease of absorption values in the rank or-
der EYPC < DPPC < EYSM, indicating decreased micellization of
vesicular bilayers. (@) taurocholate; (m) EYPC-taurocholate; (&)
DPPC-taurocholate; (o) EYSM-taurocholate. Note non-linear scale
for x-axis. Inset: equilibrium taurocholate-phospholipid-cholesterol
ternary phase diagram for EYPC- (continuous lines (33)) as well as
DPPC- or EYSM- (interrupted lines (23)) containing systems. Ar-
rows indicate changes in relative lipid composition after addition of
simple or mixed micelles. 1¢ = 1-phase zone; 2¢ = 2-phase zone;
3¢ = 3-phase zone.
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Fig. 4. Effect of phospholipids on taurocholate-induced lysis of
human erythrocytes. Red blood cells were incubated for 15 min at
37°C with 50 mm taurocholate (100% lysis) or with mixed micelles
containing taurocholate (50 mm) and progressive amounts of phos-
pholipids. EYSM and DPPC had enhanced protective effects com-
pared with EYPC. (m) EYPC-taurocholate; (¢) DPPC-taurocholate;
(A) EYSM-taurocholate. * P < 0.05 compared to EYPC-taurocholate.
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Fig. 5. Effects of phospholipids on taurocholate-induced lysis of
human erythrocytes. Red blood cells were incubated for 15 min at
37°C with mixed micelles (taurocholate concentration 50 mm, total
phospholipid concentration 5 mm) that contained variable
amounts of both EYPC and EYSM. Hemolysis was progressively in-
hibited at increasing SM contents.

gressively inhibited at increasing SM contents (Fig. 5).
Light microscopical examination of red blood cells after
incubation with each micellar solution revealed no differ-
ences in sizes or shapes compared with control erythro-
cytes. Moreover, no changes in phospholipid composition
or SM/PC ratio in erythrocyte membranes were found after
incubation with EYPC-taurocholate or EYSM-taurocholate
mixed micelles: 25% of total phospholipids consisted of
PE, 14% of PI-PS, 25% of SM, and 36% of PC; and SM/PC
ratios were 0.68, 0.65, and 0.69 for control erythrocytes,
after incubation with EYPC-taurocholate micelles and
EYSM-taurocholate micelles, respectively. It should be
noted that these data were obtained after incubation with
micelles at a micellar PL/(PL + BS) ratio of 0.35 in order
to ensure complete protection against hemolysis.

Effect of various phospholipids on taurocholate-induced
damage of CaCo-2 cells and on intermixed
micellar-vesicular bile salt concentrations

As shown in Fig. 6A, incorporation of increasing amounts
of phospholipids (up to PL/(BS+PL) ratio 0.3) in tauro-
cholate micelles (bile salt concentration 30 mm) progres-
sively reduced LDH release upon incubation with CaCo-2
cells. Protective effects were significantly higher for EYSM
or DPPC than EYPC. Intermixed micellar-vesicular (i.e.,
monomeric plus simple micellar) bile salt concentra-
tions (IMC) in EYPC-containing micellar solutions were
significantly higher than in corresponding EYSM- or
DPPC-containing solutions at all ratios examined (PL/
(BS + PL) ratios 0.1, 0.15, and 0.2). For all taurocholate-
phospholipid systems, there was a decrease of IMC at in-
creasing phospholipid contents (Table 1).

Because the intermixed micellar-vesicular (IMC) bile salts
have been suggested to be responsible for the membrane-
damaging effects (12, 13), we also incubated CaCo-2 cells
with taurocholate simple micelles (i.e., without phospho-
lipids) at concentrations identical to IMC values of Table

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

100

40

% LDH release

20 +

=,
000 005 010 015 020 025 0.30
PL/BS+PL) ratio

100 r

T

% LDH release

0 1 1 A 1 i J
0 5 10 15 20 25 30

Taurocholate conc. (mM)

C 100 r

r=0.99

80 p<ooot

60
40 ° ®

20 e ®

% LDH release (mixed micelles)

o i i L A J
0 20 40 60 80 100

% LDH release (simple micelles at IMC values)

Fig. 6. A: Effect of phospholipids on taurocholate-induced LDH
release by CaCo-2 cells. CaCo-2 cells were incubated for 30 min at
37°C with taurocholate simple micelles (30 mm) or mixed micelles
containing taurocholate (30 mm) and progressive amounts of phos-
pholipids. Protective effects of SM and DPPC were greater than
protective effects of EYPC. (m) EYPC-taurocholate; (#) DPPC-
taurocholate; (o) EYSM-taurocholate. * P < 0.05 compared to
EYSM- and DPPC-taurocholate. B: LDH release by CaCo-2 cells
upon incubation with taurocholate simple micelles at concentra-
tions identical to IMC-values of mixed micelles used in A (given in
Table 1). C: Identical LDH release upon incubation of CaCo-2 cells
with taurocholate-phospholipid mixed micelles or taurocholate sim-
ple micelles at corresponding IMC concentrations.

TABLE 1. Intermixed micellar-vesicular bile salt concentration
(IMC) in systems containing taurocholate and various phospholipids

IMC (mm)
PL/(PL + BS) ratio 0.1 0.15 0.2
TC + EYPC 19 = 0.6 17.7 = 0.8 14+11
TC + SM 146 £ 0.6 129+ 0.8 109 =04
TC + DPPC 13.8 £ 0.7 124+ 04 11.2 = 0.6

Monomeric plus simple micellar bile salt concentration (IMC)
measured in model systems containing constant taurocholate concen-
tration (30 mm) plus increasing amounts of EYPC or SM or DPPC.
Values are expressed as means = SEM of three different experiments
in duplicate. There was a significant difference at all PL/(PL + BS) ra-
tios between EYPC-containing systems and SM- or DPPC-containing sys-
tems. Moreover, for all phospholipids there was a significant decrease
of IMC values at increasing phospholipid contents.

1. While there was only minor LDH release below 15 mm
bile salt concentrations, there was a steep increase of LDH
release at higher concentrations (Fig. 6B). LDH release
after incubation with mixed (phospholipid-containing)
taurocholate micelles was virtually the same as LDH re-
lease after incubation with taurocholate simple micelles
(without phospholipids) at concentrations identical to
corresponding IMC values (Fig. 6C).

DISCUSSION

Bile salts play a pivotal role in cholesterol and phospho-
lipid secretion in bile and in intestinal lipid absorption.
Nevertheless, in particular hydrophobic bile salts may also
have adverse effects: they may damage the canalicular
membrane of the hepatocyte in cholestasis, and promote
formation of adenomas and cancer in the colon (39).

The main finding in the present study was that incorpo-
ration of phospholipids in taurocholate micelles protected
against detergent effects of the bile salts, with a greater
protection offered by EYSM or DPPC than by EYPC. Simi-
lar results were obtained in a large variety of in vitro sys-
tems such as sonicated vesicles, supersaturated model
systems, human erythrocytes, and the CaCo-2 cell line. In
the experiments with sonicated EYPC vesicles (Fig. 1), in-
cluding phospholipids within taurocholate micelles retarded
micellization. Nevertheless, at the end of the experiment,
absorbance values were very low regardless of whether
simple or mixed (phospholipid-containing) micelles had
been added. These findings are consistent with complete
micellization of all vesicles and thermodynamic equilib-
rium reached during the experiment. These results can
easily be explained as, in the absence of cholesterol, final
compositions of all model systems plot in the (one-phase)
micellar zone of the appropriate equilibrium phase dia-
grams (23, 33). In contrast, in the experiments with
cholesterol-supersaturated EYPC-containing model sys-
tems (Fig. 3), absorbance values at the end of the experi-
ment were much higher after addition of phospholipid-
containing mixed micelles (rank order EYPC < DPPC <
EYSM) than after addition of simple taurocholate micelles,
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indicating persistence of significant amounts of vesicles.
For all these systems, cholesterol saturation after addition
of micelles was far below 1. Therefore, all final systems
were unsaturated and should have contained only mi-
celles at equilibrium, even if one takes into account the
considerably reduced micellar cholesterol solubility in
SM- or DPPC-containing systems compared to EYPC-con-
taining systems (23). The progressive decreases of absor-
bance after addition of phospholipid-containing micelles,
as well as the high absorbance values at the end of the ex-
periment, indicate that thermodynamic equilibrium was
not reached during the experiment. The slower decrease
of absorbance after addition of EYSM- (or DPPC-) contain-
ing mixed micelles than after addition of EYPC-containing
mixed micelles can easily be explained by the well-known
prolonged metastability of SM-containing systems (40).
One should realize in interpreting results in cholesterol-
supersaturated model systems displayed in Fig. 3, that de-
creases of turbidity are supposed to reflect a (partial) shift
of lipids from vesicles to mixed micelles, but that we can-
not exclude the possibility that the disaggregation of larger
into smaller vesicular clusters or precipitation of choles-
terol crystals could have contributed to decreased absor-
bance values under these circumstances.

In principle, protective effects could result from transfer
of phospholipids from mixed micelles into the membrane
bilayer or from a local effect of the phospholipids within
the mixed micelles. There were no changes in phospho-
lipid composition or SM/PC ratio of the erythrocyte mem-
brane after incubation with EYPC- or EYSM-containing
taurocholate micelles. Also, we found no changes of eryth-
rocyte morphology after incubation with these micelles.
Even small changes in phospholipid composition of the
erythrocyte membrane should have had a profound im-
pact on erythrocyte shape (41). Furthermore, incubation
of sonicated EYPC vesicles with EYSM-containing tauro-
cholate micelles resulted in delayed micellization of the
vesicular bilayer compared to incubation with taurocho-
late micelles. In contrast, partial replacement of vesicular
EYPC by EYSM increased rather than decreased sensitivity
to taurocholate, in line with previous studies (42). Taken
together, these findings suggest that protective effects of
including phospholipids such as EYSM within the micelles
are not caused by transfer of these phospholipids from
the micelles into the vesicular bilayer, but rather by a local
effect at the level of the micelles.

The so-called intermixed micellar-vesicular bile salt con-
centration (IMC: bile salt monomers + simple micelles
(11)) has been proposed to exert the damaging effects on
the membrane bilayer (12, 13). Indeed, LDH release
upon incubation of CaCo-2 cells with the various mixed
(phospholipid-containing) taurocholate micelles was iden-
tical to LDH release upon incubation with taurocholate
simple micelles at corresponding IMC values (Fig. 6C).
The enhanced protective effect of incorporating EYSM or
DPPC compared to EYPC within taurocholate micelles can
thus be explained by the much lower intermixed micellar-
vesicular bile salt concentrations found in the present
study for EYSM- and DPPC-containing micelles. Similar
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magnitude of protective effects of including EYSM or
DPPC within taurocholate micelles may relate to similarity
in molecular structure and acyl chain composition of both
phospholipids: whereas DPPC contains 16:0 acyl chains at
both sn-1 and sn-2 positions, in case of EYSM, 16:0 is also
the major acyl chain amidated to the sphingosine back-
bone. Also, main gel to liquid—crystalline transition tem-
peratures are similar for DPPC and EYSM (42°C vs. 37°C;
(26)). EYPC offered less protection against detergent ef-
fects of taurocholate than EYSM or DPPC. EYPC has a mo-
lecular structure quite different from both other phospho-
lipids, due to the presence of cis-unsaturated acyl chains at
the sn-2 position. Also, main gel to liquid—crystalline transi-
tion temperature is much lower (<0°C; (26)).

The differences in IMC values found in the present
study suggest different micellar structure and a smaller co-
existence (mixed + simple micelles containing) region
(43) for EYSM- or DPPC-taurocholate micelles compared
to EYPC-taurocholate micelles: more taurocholate mole-
cules may be required to dissolve a molecule of EYSM or
DPPC than a molecule of EYPC. As a result, in a mixed mi-
cellar solution, the proportion of taurocholate associated
with phospholipid would be greater in case of EYSM or
DPPC than EYPC, with reciprocal decrease of taurocho-
late concentration in the IMC.

Our findings may be relevant for canalicular bile for-
mation. Upon addition of bile salts to isolated canalicu-
lar membranes (44, 45) or erythrocytes (46), there is a
considerable release of PC but not of SM from the mem-
branes. In line with these in vitro findings, PC is the ma-
jor phospholipid species in gallbladder bile, with minor
amounts of SM (20). Nevertheless, these data do not ex-
clude the possibility that larger amounts of SM could be
present in nascent bile within the canalicular lumen,
due to a putative cholehepatic shunt (23) after hydroly-
sis of SM to more hydrophobic ceramide by an alkaline
sphingomyelinase recently detected in bile (22). Also,
under pathological condition such as cholestasis, large
amounts of SM may appear in bile (21). Under such
cholestatic conditions, SM within micelles in the canalic-
ular lumen could protect against further bile salt-
induced liver injury.

The protective effects of SM may also be relevant at the
level of the intestinal tract. In the small intestine, intralu-
minal bile salts exert a negative feedback control on
cholecystokinin release and gallbladder contraction (47).
We have found in duodenal infusion experiments in hu-
mans that the extent of the negative feedback control is
decreased by including phospholipids in bile salt micelles
that are infused, with stronger effects for DPPC or EYSM
than EYPC, supposedly due to different IMC values (un-
published data).

Phospholipids may also be relevant at the level of the
colon, in particular by decreasing IMC for hydrophobic
bile salts such as deoxycholate, a well-known promotor of
colon cancer (39). It has indeed been shown recently, that
rats fed a high sphingomyelin diet exhibit a significantly
reduced susceptibility for colon cancer on experimental
carcinogenic diet (48, 49).
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In conclusion, our data reveal greatly enhanced protec-
tive effects of sphingomyelin and dipalmitoyl phosphati-
dylcholine compared to egg yolk phosphatidylcholine
against bile salt-induced cytotoxicity, which may relate to dif-
ferent intermixed micellar-vesicular (i.e., non-phospholipid
associated) bile salt concentrations. These findings may
be relevant at the level of the hepatocyte canalicular mem-
brane and intestinal lumen. Al
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