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bile ( 1 ). Phospholipid secretion into bile is important for 
the protection of the canalicular membrane against the 
strong detergent action of bile salts, which aid in absorp-
tion of cholesterol from food. Dysfunction of ABCB4 re-
sults in a lack of phospholipids and surplus of bile salts in 
primary bile, and this compositional imbalance causes dam-
age to biliary canaliculi followed by chronic and progressive 
liver disease, such as intrahepatic cholestasis and low-
phospholipid-associated cholelithiasis syndrome ( 2–5 ). 
ABCB4 shares quite high (86%) amino-acid sequence simi-
larity ( 6 ) with multidrug resistance protein 1 (ABCB1), an 
ATP-dependent multidrug exporter ( 7 ). We have demon-
strated that ABCB4 also functions as an ATP-dependent ex-
porter by showing that PC and cholesterol are exported 
from cultured cells expressing the wild-type human ABCB4, 
but not from cells expressing an ATP-hydrolysis-defi cient mu-
tant of ABCB4, when bile salts are present in the medium ( 8 ). 

 ABCA1 exports excess cellular cholesterol and PC to the 
extracellular lipid acceptor apoA-I to generate HDL and 
plays a major role in cholesterol homeostasis and HDL 
metabolism. ABCG1, another member of the ABC proteins, 
is also involved in these processes. ABCG1 exports cholesterol 
and SM when HDL, but not apoA-I, is added to the medium 
as the lipid acceptor ( 9 ). We have shown that the decrease 
in cellular SM content in the plasma membrane reduces 
cholesterol export by ABCG1, and that the function of 
ABCG1 is dependent on SM ( 10, 11 ). By contrast, reduced 
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HEK293 cells stably expressing human ABCB4 were established as 
described ( 8 ). BHK/ABCA1 cells ( 24 ) were a kind gift from the late 
Dr. John Oram. BHK cells in which expression of ABCB4 can be in-
duced by mifepristone were established in this study. 

 Generation of BHK cells expressing human ABCB4 
 BHK cells expressing human ABCB4 were generated using the 

mifepristone-inducible GeneSwitch system (Invitrogen). BHK cell 
line transfected with the pSwitch plasmid was generously provided by 
late Dr. Oram ( 25 ). Human ABCB4 cDNA was inserted into pGene/
V5-HisA(blasticidin), in which original zeocin resistance gene was 
replaced by blasticidin resistance gene. Cells were transfected with 
pGene/V5-HisA(blasticidin)/ABCB4, and stably transfected cells 
were selected with 350  � g/ml of hygromycin and 5  � g/ml of 
blasticidin. BHK/ABCB4 cell line, in which ABCB4 expression was 
highly induced by mifepristone, was isolated. Control BHK/mock 
cell line was established by transfecting pGene/V5-HisA(blasticidin). 

 Measurement of SM content 
 Cells were washed with PBS and then air-dried. Then, mem-

brane lipids were extracted with hexane/2-propanol (3:2), and 
SM content was determined as described ( 26 ). 

 Cellular SM and cholesterol/PC effl ux assay 
 Cells were subcultured in poly- L -lysine-coated 6-well plates at a 

density of 5 × 10 5  cells per well in DMEM containing 10% FBS. 
After incubation for 24 h, cells were washed with DMEM and then 
incubated in DMEM containing 0.02% BSA containing an SM in-
hibitor and mifepristone in the presence of 1 mM NaTC or 5  � g/ml 
recombinant apoA-I. After incubation for 16 or 24 h, lipids in the 
medium was extracted with chloroform-methanol (2:1), and the 
amounts of cholesterol and PC were determined by colorimetric 
enzyme assays as described ( 27 ). NaTC (1 mM) treatment for 24 h 
did not show signifi cant cytotoxicity to BHK/ABCA1 and BHK/
ABCB4 cells even after myriocin treatment at 80  � M (in this study, 
we used myriocin at 20 or 40  � M) either in the absence or pres-
ence of mifepristone (supplementary Fig. 1). Cellular protein con-
centration was measured using a BCA protein assay kit (Pierce). 

 Preparation of detergent-soluble and detergent-insoluble 
membrane fractions 

 Cells were harvested, suspended in MES-buffered saline (pro-
tease inhibitor, 0.15 M NaCl, 25 mM MES, pH 6.5) containing 1% 
detergent. The suspension was kept on ice for 20 min and then 
centrifuged at 14,000  g  for 20 min. The supernatant was removed 
and used as the detergent-soluble fraction. Precipitate (detergent-
insoluble fraction) was resuspended by sonication in HEPES-
buffered saline (protease inhibitor, 0.15 M NaCl, 25 mM HEPES, 
pH 7.4) containing 1% detergent. 

 OptiPrep gradient fractionation 
 Harvested BHK cells were suspended in Tris-NaCl-EDTA 

(TNE) buffer, and a single-cell suspension was generated by 
repeatedly drawing the sample through a 26G needle. After 
centrifuging at 860  g  for 5 min, supernatant was transferred to an 
equal volume TNE/2% CHAPS buffer to yield a fi nal concentration 
of 1% CHAPS. After incubation on ice for 30 min, the samples 
were adjusted with 60% iodixanol to a fi nal concentration of 40% 
iodixanol. The mixture was overlaid with 30% iodixanol in TNE, 
and fi nally with TNE. The samples were centrifuged at 166,000  g  
for 4 h. Proteins in each fraction were precipitated with cold TCA. 

 Western blotting 
 Proteins were separated on 5–20% gradient SDS polyacryl-

amide gels (Atto) and immunodetected with the indicated anti-
bodies. Blots were analyzed and quantitated using an LAS-3000 
imaging system and software (Fujifi lm). 

cellular SM content stimulates apoA-I-dependent effl ux of 
cholesterol and PC through ABCA1 ( 12 ). To analyze the 
effects of SM level on the functions of ABCA1 and ABCG1, 
we used the Chinese hamster ovary (CHO  )-K1 mutant cell 
line LY-A ( 13 ), which harbors a missense mutation in the 
ceramide transfer protein (CERT). In this cell line, the total 
amount of choline phospholipids was not affected by the 
mutation in CERT, while SM content was reduced by 28–
35% ( 12 ). This result suggested that the opposite effects on 
the functions of ABCA1 and ABCG1 might depend directly 
on changes in the amounts of their transport substrates, PC 
and SM. Alternatively, these results suggest that ABCA1 and 
ABCG1 may function in different membrane environments: 
SM-poor and SM-rich membrane domains, respectively. 

 On the plasma membrane, various mesoscale (10–100 nm) 
domains, such as lipid rafts ( 14 ), are believed to be dy-
namically organized and reorganized and are involved in 
various cellular functions such as signal transduction. Me-
sodomains containing relatively high levels of SM and cho-
lesterol are resistant to extraction in cold nonionic detergent, 
such as Triton X-100 ( 15 ). Lipids loaded onto apoA-I by 
ABCA1 are derived from Triton-X-100-sensitive membrane 
domains, whereas lipids loaded onto HDL, the lipid accep-
tor for ABCG1, are derived from Triton-X-100-resistant 
membrane domains ( 16, 17 ). ABCB4 functions in Triton-X-
100-soluble fractions rather than insoluble fractions ( 18 ). 

 Because both ABCB4 and ABCA1 export PC, it is reason-
able to predict that ABCB4 and ABCA1 function in similar 
membrane mesodomains and respond to changes in lipid 
content in the same way. In other words, reduction in cellular 
SM content can be predicted to stimulate PC effl ux through 
ABCB4, as in the case of ABCA1. To test this prediction, we 
compared the lipid effl ux activity of ABCB4 and ABCA1 un-
der SM depletion induced by inhibitors of SM synthesis in the 
human embryonic kidney (HEK) 293 and baby hamster kid-
ney (BHK) cell lines. To our surprise, reduced SM content 
had the opposite effect on ABCB4 relative to our prediction. 

 MATERIALS AND METHODS 

 Materials 
 Monoclonal antibody C219, which recognizes human ABCB4, 

was purchased from Centocor. The rat anti-human ABCA1 
monoclonal antibody KM3073 was generated against the fi rst 
extracellular domain (amino acids 45–639) of human ABCA1, as 
described previously ( 19 ). Anti-green fl uorescent protein (GFP) 
antibody was purchased from Santa Cruz Biotechnology. Recom-
binant apoA-I was prepared as reported previously ( 20 ). Sodium 
taurocholate (NaTC) was obtained from Wako Pure Chemicals 
Industries. Myriocin was purchased from Enzo Life Sciences. 
The CERT inhibitor ( 1R,3S )- N -(3-hydroxy-1-hydroxymethyl-3-
phenylpropyl)dodecanamide (HPA-12) and its inactive stereo-
isomer were chemically synthesized ( 21 ,  22 ). All other chemicals 
were purchased from Sigma-Aldrich, Life Technologies, Naca-
lai Tesque, Serva Feinbiochemica, and Dojindo. 

 Cell culture 
 Both HEK293 and BHK cells were grown in a humidifi ed incuba-

tor with 5% CO 2  at 37°C in DMEM supplemented with 10% heat-
inactivated FBS. HEK293 cells stably expressing human ABCA1 
fused with GFP at the C terminus were established as described ( 23 ). 



646 Journal of Lipid Research Volume 56, 2015

 Cell viability assay 
 Cell viability was estimated by measuring the lactate dehydro-

genase activity in media and total cells using a CytoTox 96 Non-
Radioactive Cytotoxicity Assay Kit (Promega). 

 Statistical analysis 
 All experiments were repeated at least twice. Each replication of 

quantitative experiments was performed in triplicate. Values are 
presented as means ± SE. The statistical signifi cance of differences 
between mean values was analyzed using the nonpaired  t -test. Mul-
tiple comparisons were performed using the Dunnett test following 
ANOVA. A value of  P  < 0.05 was considered statistically signifi cant. 

 RESULTS 

 ABCB4-dependent PC effl ux is suppressed by SM 
reduction in HEK293 cells, whereas ABCA1-dependent 
PC effl ux is enhanced 

 To examine the effect of SM depletion on the function 
of ABCB4, we reduced cellular SM content using myrio-
cin, an inhibitor of sphingolipid synthesis ( 28 ). After a 24 h 
culture with 20  � M myriocin, SM content in HEK293 cells 
was reduced by 30% relative to untreated cells (  Fig. 1A  ). 

 LC-ESI/MS/MS 
 The LC-ESI/MS/MS analysis was performed on a Shimadzu 

Nexera UHPLC system (Shimadzu, Kyoto, Japan) coupled with 
QTRAP 4500 hybrid triple quadrupole linear ion trap mass spec-
trometer (AB SCIEX, Framingham, MA). Chromatographic sepa-
ration was performed on an Acquity UPLC HSS T3 column 
(100 mm × 2.1 mm, 1.8  � m; Waters, Milford, MA) maintained at 
40°C using mobile phase A [water-methanol 50:50 (v/v) contain-
ing 10 mM ammonium acetate and 0.2% acetic acid] and mobile 
phase B [isopropanol-acetone 50:50 (v/v)] in a gradient program 
(0–20 min: 30% B → 70% B; 20–24 min: 90% B; 24–28 min: 30% B) 
with a fl ow of 0.5 ml/min. A neutral loss scan of 74 Da in the nega-
tive ion mode was used for detecting PC and SM. The instrument 
parameters were as follows (arbitrary units if not specifi ed): Cur-
tain Gas = 10 psi; Collision Gas = 7; IonSpray Voltage =  � 4,500 V; 
Temperature = 700°C; Ion Source Gas 1 = 40 psi; Ion Source Gas 
2 = 80 psi; Declustering Potential =  � 105 V; Entrance Potential = 
 � 10 V; Collision Energy =  � 32 V; Collision Cell Exit Potential = 
 � 19 V. Product ion analysis in the negative ion mode was per-
formed to determine the fatty acid composition of each PC species. 
Quantifi cation was performed by integration of the peak area of 
the extracted ion chromatograms for each phospholipid species. 
Although ion peaks from a triple quadrupole mass spectrometer 
do not allow for direct comparison between phospholipid species, 
SM and PC standards showed the comparable peak area under the 
experimental conditions used in this study (supplementary Fig. 8). 

  Fig.   1.  Effect of SM depletion by myriocin on 
ABCB4- and ABCA1-dependent lipid effl ux from 
HEK293 cells. A: HEK293 cells were incubated in the 
absence or presence of 20  � M myriocin for 24 h. Cel-
lular lipids were extracted, and SM content was ana-
lyzed. B: HEK/ABCB4 cells were pretreated with 0 or 
20  � M myriocin for 24 h. Then, cells were incubated 
in the absence (empty bars) or presence (blue bars) 
of 1 mM NaTC for 24 h. Lipids in the medium were 
extracted, and PC content was analyzed. C–F: HEK/
ABCA1 cells were pretreated with 0 or 20  � M myrio-
cin for 24 h. Then, cells were incubated in the ab-
sence (empty bars) or presence (red bars) of 10  � g/ml 
apoA-I (C, D) or 1 mM NaTC (E, F) for 24 h. Lipids 
in the medium were extracted, and PC (C, E) and 
cholesterol (D, F) contents were analyzed.   
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the presence of NaTC or apoA-I (supplementary Fig. 2). 
But their differences were <0.2  � g/mg protein and mar-
ginal compared with those in ABC protein-dependent ef-
fl ux ( Fig. 1 ). 

 To confi rm that the changes in PC and cholesterol ef-
fl ux were not due to the changes of ABCB4 and ABCA1 
expression, the effects of myriocin treatment on the amount 
of ABCB4 and ABCA1 were examined by Western blotting 
(supplementary Fig. 3). Myriocin treatment slightly but sig-
nificantly increased the amount of ABCB4 in HEK293, 
while it did not increase the amount of ABCA1. These 
results further supported that myriocin treatment sup-
pressed ABCB4-dependent PC effl ux but enhanced ABCA1-
dependent PC effl ux. These results suggest that the lipid 
effl ux activity of ABCB4 is suppressed and that of ABCA1 
is enhanced when SM content is reduced, and that SM re-
duction induced by myriocin exerts opposite effects on 
the activity of ABCB4 and ABCA1. 

 SM depletion exerts opposite effects on the lipid-export 
activities of ABCB4 and ABCA1 in BHK cells 

 To confi rm the results described above, we used BHK 
cells in which ABCA1 or ABCB4 expression can be induced 
by mifepristone, a synthetic steroid (supplementary Fig. 4). 

 In contrast to the case of ABCA1 ( 12 ), ABCB4-dependent 
PC effl ux in the presence of 1 mM NaTC was reduced by 
31% when the SM level was lowered ( Fig. 1B ). 

 This result was contrary to our prediction that ABCB4 
and ABCA1, which transport PC as their main substrate, 
would respond to changes in lipid content in similar ways. 
The previous observation of enhanced PC effl ux through 
ABCA1 after SM depletion ( 12 ) was made in a mutant 
CHO cell line that has a defect in CERT ( 29 ). Therefore, 
we investigated whether a similar enhancement could be 
observed in HEK293 cells in which the SM content was re-
duced by myriocin treatment. Under the same conditions 
used in  Fig. 1A , PC and cholesterol effl ux through ABCA1 
in the presence of apoA-I were enhanced by 18% and 37%, 
respectively ( Fig. 1C, D ). Whereas plasma apoA-I functions 
as a lipid acceptor for ABCA1 in vivo, NaTC can function 
as a lipid acceptor for ABCA1 in vitro ( 23 ). Therefore, we 
investigated whether enhanced lipid effl ux through 
ABCA1 after SM depletion would also be observed in the 
presence of NaTC. As shown in  Fig. 1E, F , PC and choles-
terol effl ux through ABCA1 were also enhanced in the 
presence of NaTC, by 18% and 109%, respectively. Myrio-
cin treatment slightly increased ABC protein-independent 
release of PC and cholesterol from HEK293 host cells in 

  Fig.   2.  Effect of SM depletion by myriocin on 
ABCB4- and ABCA1-dependent lipid effl ux from 
BHK cells. A: BHK cells (empty bars) were incubated 
in the absence or presence of 40  � M myriocin and of 
10 nM mifepristone for 24 h. Cellular lipids were ex-
tracted, and SM content was analyzed. B–E: BHK/
ABCB4 cells (B, C) and BHK/ABCA1 cells (D, E) 
were pretreated with 0 or 40  � M myriocin and 0 or 
10 nM mifepristone for 16 h. Then, cells were incu-
bated in the absence (empty bars) or presence (fi lled 
bars) of 1 mM NaTC for 24 h. Lipids in the medium 
were extracted, and PC (B, D) and cholesterol (C, E) 
contents were analyzed.   
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(  Fig. 3A  ).  The inactive stereoisomers of HPA-12 did not 
affect SM levels. HPA-12 treatment reduced ABCB4-
dependent PC and cholesterol effl ux by 27% and 29%, re-
spectively ( Fig. 3B, C ), whereas inactive stereoisomers had 
no signifi cant effect. On the other hand, HPA-12 treat-
ment enhanced ABCA1-dependent PC and cholesterol ef-
fl ux by 42% and 26%, respectively ( Fig. 3D, E ). HPA-12 
treatment slightly increased ABC protein-independent re-
lease of PC and cholesterol from BHK cells in the pres-
ence of NaTC or apoA-I (supplementary Fig. 6). But their 
differences were <0.2  � g/mg protein and marginal 
compared with those in ABC protein-dependent effl ux 
( Fig. 3 ). 

 To confi rm that the changes in PC and cholesterol ef-
fl ux were not due to the changes in ABCB4 and ABCA1 
expression, the effects of myriocin and HPA-12 treatment 
on the amount of ABCB4 and ABCA1 were examined by 
Western blotting (supplementary Fig. 7). Myriocin and 
HPA-12 treatment signifi cantly increased the amount of 
ABCB4 in BHK cells, while they did not affect the amount 
of ABCA1. These results indicate that SM depletion sup-
presses the lipid-export activity of ABCB4, whereas it en-
hances that of ABCA1. 

We also compared the activities of these proteins in the 
presence of the same lipid acceptor, NaTC. When BHK 
host cells were incubated with 40  � M myriocin for 24 h 
either before or after mifepristone treatment, cellular SM 
levels were reduced by 20–25% (  Fig. 2A  ).  When SM con-
tent was reduced, ABCB4-dependent PC and cholesterol ef-
fl ux were lowered by 28% and 34%, respectively ( Fig. 2B, C ), 
whereas ABCA1-dependent PC and cholesterol effl ux were 
enhanced by 11% and 24%, respectively ( Fig. 2D, E ). PC 
and cholesterol effl ux by ABCA1 were also enhanced in 
the presence of apoA-I by 18% and 16%, respectively (sup-
plementary Fig. 5). These results suggest that both ABCB4 
and ABCA1 export PC and cholesterol, and that SM deple-
tion exerts opposite effects on the lipid-export activities of 
ABCB4 and ABCA1. 

 HPA-12, another type of SM synthesis inhibitor, exerts 
the same effects as myriocin on ABCB4 and ABCA1 

 To confi rm the effect of SM depletion, we utilized an-
other type of SM synthesis inhibitor, HPA-12, which is a 
direct antagonist of ceramide transport protein ( 21 ,  22 ,  30 , 
 31 ). After a 48 h culture with 10  � M HPA-12, SM content in 
BHK host cells was reduced by 25% relative to untreated cells 

  Fig.   3.  Effect of SM depletion by HPA-12 treatment 
on ABCB4- and ABCA1-dependent lipid effl ux from 
BHK cells.   A: BHK host cells were incubated in the 
presence of 10  � M HPA-12 or its inactive stereoiso-
mer for 48 h. Cellular lipids were extracted, and SM 
content was analyzed. B–E: BHK/ABCB4 cells (B, C) 
and BHK/ABCA1 cells (D, E) were pretreated with-
out or with 10  � M HPA-12 or its inactive stereoisomer 
and 0 or 10 nM mifepristone for 24 h. Then, cells 
were incubated in the presence of 1 mM NaTC for 24 h. 
Lipids in the medium were extracted, and PC (B, D) 
and cholesterol (C, E) contents were analyzed.   



ABCB4 functions in an SM-dependent manner 649

both detergents; however, they were not between Triton-
X-100 and CHAPS fractions. Therefore, we speculated that 
the different distribution of ABCB4 and ABCA1 in CHAPS- 
and Triton-insoluble membrane fractions might be due to 
different content of the PC and SM species (e.g., chain 
length and number of unsaturated bonds of fatty acids) in 
these membrane fractions. Then, PC and SM species were 
analyzed with MS (  Fig. 5  ).  Triton-X-100- and CHAPS-insoluble 
fractions contained various species of SM and PC, but SM 
and PC species and their relative amounts in these two frac-
tions were not signifi cantly different. These results suggest 
that the different distribution of ABCB4 and ABCA1 in 
CHAPS- and Triton-insoluble membrane fractions is due to 
other mechanisms, such as interacting with anchor proteins 
specifi cally distributed into these membrane fractions. 

 DISCUSSION 

 Because both ABCB4 and ABCA1 export PC and choles-
terol, we predicted that ABCB4 and ABCA1 function in 
similar membrane domains and respond to changes in lipid 
content in the same way. To our surprise, SM depletion 
exerted opposite effects on ABCB4 and ABCA1, suppress-
ing the lipid-transport activity of ABCB4 but stimulating 
that of ABCA1. 

 ABCB4 and ABCA1 are distributed differently in 
BHK cells 

 We speculated that the different effects of SM depletion 
on the lipid-export activities of ABCB4 and ABCA1 might 
be due to differences in their distributions on the plasma 
membrane. We examined these distributions using Triton 
X-100, Lubrol WX, and CHAPS. Both ABCB4 and ABCA1 
were recovered from Triton-X-100-soluble membranes, as 
previously reported ( 12, 17, 18 ), as well as from Lubrol-
WX-insoluble membranes (  Fig. 4A , B ).  However, in the 
case of CHAPS, ABCB4 was mainly recovered from insolu-
ble membranes, whereas ABCA1 was recovered from solu-
ble membranes. In experiments with CHAPS, ABCB4 
fl oated on the top of the OptiPrep gradient and was core-
covered with caveolin-1 ( Fig. 4C ), indicating that ABCB4 
mainly exists in CHAPS-resistant membrane fractions. 

 PC and SM species in CHAPS- and Triton-insoluble 
membrane fractions 

 When PC and SM contents were analyzed, PC/SM weight 
ratio in Triton-X-100-soluble and insoluble membranes 
were 15 ± 2 and 2.9 ± 0.5, respectively, and PC/SM ratio in 
CHAPS-soluble and insoluble membranes were 21 ± 5 and 
4.5 ± 0.9, respectively (n = 15). PC/SM ratios were signifi -
cantly different between soluble and insoluble fractions in 

  Fig.   4.  Different distribution of ABCB4 and ABCA1 
in detergent-soluble and detergent-insoluble frac-
tions. BHK/ABCB4 (A) and BHK/ABCA1 (B) cells 
were solubilized with 1% Triton X-100, 1% Lubrol 
WX, or 1% CHAPS. Proteins from the soluble (S) 
and insoluble (IS) fractions were separated on 5–20% 
gradient SDS polyacrylamide gels, and ABCB4 and 
ABCA1 were immunodetected. Caveolin was de-
tected as a marker for detergent-insoluble fractions. 
OptiPrep gradient fractions were separated on 
5–20% gradient SDS polyacrylamide gels. C: ABCB4 
and caveolin-1 were detected with specifi c antibodies.   
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synthesized on the ER membrane, is transferred via CERT 
( 32 ) to the  trans -Golgi where it is converted to SM. HPA-
12, a synthetic analog of ceramide, interacts with CERT 
with high affi nity and blocks SM synthesis but does not 
block glucosylceramide synthesis ( 21 ,  22 ,  30 – 33 ). Thus, 
when cells are treated with HPA-12, the content of SM can 
be reduced without a decrease of glycosphingolipid content. 
The reaction is highly specifi c, and stereoisomers of HPA-12 

 To reduce cellular SM content, we used two types of in-
hibitors of SM synthesis. The biosynthesis of SM starts with 
the conjugation of  L -serine and palmitoyl-CoA, catalyzed 
by serine palmitoyltransferase on the endoplasmic reticu-
lum (ER) membrane. Myriocin blocks this fi rst step of SM 
synthesis by reacting with serine palmitoyltransferase to 
form an adduct that resembles the natural intermediate of 
the catalytic reaction ( 13 ). Ceramide, the fi nal intermediate 

  Fig.   5.  MS analysis of PC and SM species. A: Mass spectra of [M+CH 3 COO]  �   ions of PC and SM by scanning for neutral loss of 74 Da. 
Lipid extracts (0.7 nmol of total phospholipids) of CHAPS-insoluble and Triton-X-100-insoluble fractions were subjected to LC-ESI/MS/
MS analysis. Assigning specifi c phospholipid species to  m/z  values was based on their calculated theoretical monoisotopic masses and veri-
fi ed by MS/MS. The prefi x “d” represents sphingoid base, and the suffi xes “e” and “p” indicate a chain with an alkyl ether linkage and a 
chain with a vinyl ether linkage, respectively. B: The amount of each molecular species of SM and PC was quantitated by integration of the 
peak area of the extracted ion chromatograms for the molecular species of SM and PC. PC molecular species are indicated by the total 
number of carbons and the number of double bonds in the fatty acyl chain. The prefi x “O-” indicates an ether-type phospholipid.   
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but rather in other SM and cholesterol-rich membrane do-
mains ( 35 ). However, bile contains PC as the predominant 
(90–95%) phospholipid and contains SM in only trace 
amounts ( 38 ). We previously showed by MS analysis that 
ABCB4 expressed in HEK293 cells preferentially mediated 
the effl ux of PC over that of SM ( 8 ). These results indicate 
that PC is mainly transported by ABCB4 both in vivo and 
in vitro and that SM is not the substrate for ABCB4. 

 In summary, these results show for the fi rst time that 
ABCB4 is distributed in an SM-rich membrane environ-
ment that is required for the protein’s function. Alterna-
tively, SM may be required by ABCB4 as a cofactor. SM 
contains a free hydroxyl group, which may interact with 
proteins and cholesterol in the membrane. ABCB4 may 
have been evolved to be maximally active in the SM-rich 
membrane environment of canalicular membrane, where 
it transports PC as its physiological substrate.  
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