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Abstract

Apical sodium-dependent bile acid transporter (ASBT) represents a highly efficient conservation 

mechanism of bile acids via mediation of their active transport across the luminal membrane of 

terminal ileum. To gain insight into the cellular regulation of ASBT, we investigated the 

association of ASBT with cholesterol and sphingolipid-enriched specialized plasma membrane 

microdomains known as lipid rafts and examined the role of membrane cholesterol in maintaining 

ASBT function. Human embryonic kidney (HEK)-293 cells stably transfected with human ASBT, 

human ileal brush-border membrane vesicles, and human intestinal epithelial Caco-2 cells were 

utilized for these studies. Floatation experiments on Optiprep density gradients demonstrated the 

association of ASBT protein with lipid rafts. Disruption of lipid rafts by depletion of membrane 

cholesterol with methyl-β-cyclodextrin (MβCD) significantly reduced the association of ASBT 

with lipid rafts, which was paralleled by a decrease in ASBT activity in Caco-2 and HEK-293 cells 

treated with MβCD. The inhibition in ASBT activity by MβCD was blocked in the cells treated 

with MβCD-cholesterol complexes. Kinetic analysis revealed that MβCD treatment decreased the 

Vmax of the transporter, which was not associated with alteration in the plasma membrane 

expression of ASBT. Our study illustrates that cholesterol content of lipid rafts is essential for the 

optimal activity of ASBT and support the association of ASBT with lipid rafts. These findings 

suggest a novel mechanism by which ASBT activity may be rapidly modulated by alterations in 

cholesterol content of plasma membrane and thus have important implications in processes related 

to maintenance of bile acid and cholesterol homeostasis.
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THE APICAL SODIUM-DEPENDENT BILE acid transporter (ASBT) is an integral membrane 

glycoprotein responsible for active bile acid transport across plasma membrane of epithelial 

cells (12, 17, 24, 47). ASBT is expressed in distal ileum, renal proximal tubules, and bile 

ducts, where its polypeptide is localized to the apical membrane of polarized epithelial cells 

(3, 17, 27). The primary function of ASBT is the absorption of secreted bile acids to prevent 

their loss from the kidney and the intestine as a critical part of a salvage mechanism involved 

in their homeostasis (17, 24).

In the distal ileum, ASBT represents the major pathway for absorption of luminal bile acids 

and plays an important role in maintenance of cholesterol homeostasis (24). Also, 

disturbances in ASBT activity are implicated in diarrheal disorders secondary to an increase 

in intestinal luminal bile acid concentration and to an induction of electrolyte and water 

secretion (4, 9, 22, 35, 46). Because luminal bile acid content constantly varies between 

meals, it is expected that ileal ASBT undergoes rapid adaptive changes in response to the 

varying intestinal milieu. In this regard, previous studies have demonstrated the involvement 

of various signal transduction molecules and membrane trafficking events in the acute 

modulation of ASBT function and membrane expression. For example, a role of cAMP-

dependent pathways and MAPKs has been demonstrated in the alteration of active bile acid 

absorption in both rat ileum and renal proximal tubular cells (36, 39). Also, secretin has been 

shown to stimulate the activity of ASBT by shuttling ASBT from subapical endosomes to 

the apical membrane and thus increasing its surface membrane expression in rat 

cholangiocytes (2).

Recent evidence suggested that optimal function of membrane transporters regulated by 

vesicular trafficking is dependent on their targeting to specific plasma membrane domains 

and is influenced by lipid and cholesterol composition of these microdomains (28, 32). This 

packing of membrane transporters with various kinases and signal transduction molecules 

within a tight structure of plasma membrane, such as lipid rafts, dictates their specific 

regulation (6, 16, 29). Lipid rafts of plasma membranes are microdomains enriched with 

sphingolipids and cholesterol and are resistant to solubilization by detergents such as Triton 

X-100 (6, 8, 16). Cholesterol plays an important role in maintaining the structure of these 

microdomain-condensing lipid and protein molecules (6, 16, 41). Cholesterol removal from 

plasma membrane leads to disassociation of raft proteins from lipids (41). The role of lipid 

rafts in regulation of several transport processes of the intestinal epithelial cells has been 

previously demonstrated (28, 32). Despite emerging evidence of the regulation of ASBT by 

vesicular trafficking (2, 42, 43), it is not yet known whether ASBT is associated with lipid 

rafts of plasma membrane and whether cholesterol content and physical state of plasma 

membrane affect the activity of ileal ASBT.

In the present study, we aimed to investigate the distribution of ASBT between various 

domains of plasma membrane and to examine the effect of lipid raft disruption and plasma 

membrane cholesterol depletion on ASBT activity. Our findings demonstrated the presence 

of ASBT polypeptide in insoluble fractions of plasma membrane. The pool of ASBT 

associated with the detergent-insoluble (DI) fraction of plasma membrane was shown to be 

associated with lipid raft microdomains whose disruption by cholesterol depletion 

significantly decreased the activity of ASBT.
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MATERIALS AND METHODS

Cell culture

Caco-2 and human embryonic kidney (HEK)-293 cells were obtained from American Type 

Culture Collection and were grown routinely in T-75 plastic flasks at 37°C in a 5% 

CO2-95% air environment. The cells were cultured in MEM supplemented with FBS (20% 

for Caco-2 and 10% for HEK-293 cells). For uptake experiments, Caco-2 cells were plated 

at a density of 2 × 104 cell/cm2 in 24-well Falcon plates (treated by vacuum gas plasma; 

Becton Dickinson, Franklin Lakes, NJ). Confluent monolayers were then used for the 

transport experiments at day 14 postplating. Methyl-β-cyclodextrin (MβCD) and water-

soluble cholesterol (49 mg cholesterol balanced by 561 mg of MβCD per each gram) were 

obtained from Sigma (St. Louis, MO). Solutions containing 1.25 mM cholesterol were 

supplemented with additional MβCD to reach a final concentration of 10 mM of the latter.

Plasmid construction

Full-length cDNA of human ASBT (hASBT) was amplified from total RNA extracted from 

Caco-2 cells by the methods of Chomczynski and Sacchi (10) utilizing RNazol solution 

(Tel-Test, Friendswood, TX) and essentially using the manufacturer's protocol. Total RNA (2 

μg) was used for reverse transcription with random primers with the use of the SuperScript II 

reverse transcriptase kit (Invitrogen). The full-length cDNA of ASBT was then amplified by 

PCR, utilizing gene-specific primers and the proofreading Elongase enzyme mix 

(Invitrogen) according to the manufacturer's instructions. The primer sequences (designed 

based on GenBank accession number U10417) are as follows: 5′ primer is 

CTATCAACAAGTTTGTACAAAAAAGCAGGCTTGAAGGAGATAGAACCATGGCCAA

T (Kozak sequence is underlined) and 3′ primer is 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTTTTCGTCAGGTTGAAA.

The PCR reaction conditions were as follows: 94°C for 5 min and then 40 cycles of 

amplification with two steps at 94°C for 30 s (denaturing) and at 68°C for 10 min 

(extension), followed by final extension at 68°C for 10 min. PCR products were excised 

from 1% agarose gel and purified utilizing Sephaglas BandPrep kit (Amersham Pharmacia 

Biotech, Piscataway, NJ). The amplified fragment was cut with BsrG1 restriction enzyme 

and subsequently cloned into pcDNA2.3/V5-DEST expression mammalian vector 

(Invitrogen) in frame with the V5 tagged. The orientation and the sequence of the insert 

were confirmed by sequencing, and the expression of hASBT-V5 fusion protein was 

examined by Western blotting with the use of anti-V5 antibodies (Invitrogen).

Transfection experiments

For transfection studies, HEK-293 cells were seeded into 24-well plates (105 cells/well) and 

immediately transfected with mammalian expression vector for ASBT-V5 fusion protein 

using FuGENE 6 reagent (Roche). A total of 0.5 μg DNA/well and 1 μl of FuGENE 6 

reagent/well were used for each transfection. After 48 h, cells were then incubated with 

medium containing 0.6 mg/ml of G418. Resistant clones of cells were then trypsinized, 

pooled, and maintained in medium containing the same concentration of G418 and 

designated as 2BT cells. The expression of ASBT-V5 in 2BT cells was confirmed by 
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Western blotting using anti-V5 antibodies. Caco-2 cells were transfected with the Amaxa 

Nucleofector System according to the manufacturer's instructions. Briefly, ~2 × 106 cells 

were harvested and then electroporated in 100 μl of solution T (supplied by Amaxa) along 

with 10 μg of vector containing ASBT-V5 fusion protein. The cells were then transferred to 

full medium and plated on 6 wells of 24-well plates.

Labeling of lipid rafts and cholesterol depletion of plasma membrane

2BT cells were incubated with 3 μg/ml of biotin-conjugated subunit B of cholera toxin 

(CTxB) for 10 min at room temperature to label lipid rafts by binding GM1 gangliosides. 

The cells were then incubated for 30 min at 37°C in the presence or absence of 10 mM 

MβCD to deplete plasma cholesterol. The cells were then washed three times with PBS 

buffer and lysed in TNE buffer [50 mM Tris •HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA] 

supplemented with 1× complete protease inhibitor cocktail (Roche).

Cell surface biotinylation

Cell surface biotinylation was performed with sulfo-NHS-SS-biotin (0.5 mg/ml; Pierce, 

Rockford, IL) in borate buffer (in mM: 154 NaCl, 7.2 KCl, 1.8 CaCl2, and 10 H3BO3, pH 

9.0), as previously described, with labeling for 60 min at 4°C to stop endocytosis and 

internalization of antigens (1). After immunoprecipitation of biotinylated antigens with 

streptavidin agarose, biotinylated proteins were released by incubation in 50 mM DTT, 

reconstituted in Laemmli buffer. The immunoprecipitates were subjected to SDS-PAGE, and 

blots were then probed with anti-V5 antibodies.

Floatation on a discontinuous Optiprep density gradient

Lipid rafts were isolated by floatation on Optiprep density gradient as previously described 

(19). Briefly, membrane preparations were centrifuged at 100,000 g for 30 min at 4°C and 

then resuspended and incubated for 30 min at 4°C in TNE buffer containing 25 mM Tris (pH 

7.4), 150 mM NaCl, 5 mM EDTA, and 1% Triton X-100 supplemented with 1× Complete 

protease inhibitor cocktail. The membranes were then adjusted to 40% final concentration of 

Optiprep (Nycomed, Oslo, Norway) and layered at the bottom of density gradient with steps 

of final concentrations of 35%, 30%, 25%, and 20% of Optiprep in TNE buffer. TNE buffer 

was laid on the top of the gradient, which was then centrifuged at 215,000 g for 4 h at 4°C. 

Fractions were collected from the top of the gradient and then analyzed by Western blotting. 

The specific activity of alkaline phosphatase was measured in each fraction of gradient. 

Alkaline phosphatase has been previously shown as a marker of lipid rafts (28). Protein 

concentrations in each fraction were assessed by the method of Bradford (7).

Isolation of human ileal brush-border membrane vesicles

Small intestine from healthy adult organ donors were obtained immediately after harvest of 

transplantation organs (Gift of Hope). The intestine was divided into three equal parts of 

which the middle one was discarded; the first third was designated as proximal small 

intestine (jejunum) and the third part was designated as distal small intestine (ileum). The 

intestine was then cleaned, and the mucosa was scraped from the seromuscular layer of these 

segments and stored at −80°C. Purified brush-border membrane vesicles (BBMVs) were 
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prepared from mucosa as previously described (14, 15, 20). In the final step of the 

preparation, the vesicles were resuspended in PBS supplemented with 1× Complete protease 

inhibitor cocktail (Roche) and were then quick frozen and stored at −80°C for further use. 

The membrane protein was assessed by Bradford technique, using bovine plasma globulin as 

standard (7). The purity of membrane vesicles and the degree of contamination with 

intracellular organelles were assessed by measuring the activity of alkaline phosphatase as a 

marker for the intestinal apical membrane. The prepared ileal BBMVs exhibited 15- to 20-

fold purity over the crude homogenate, as assessed by the enrichment of alkaline 

phosphatase activity.

Isolation of detergent-soluble and detergent-insoluble fractions from human ileal BBMVs

Detergent-soluble (DS) and insoluble (DI) fractions of ileal BBMVs were prepared 

essentially as previously described (28). Briefly, 3 mg of BBMVs were incubated, or left 

untreated, for 1 h at 37°C with 10 mM MβCD in 1× PBS and then were centrifuged for 30 

min at 100,000 g at 4°C and resuspended in MES buffer containing 50 mM MES (pH 6.5), 

60 mM NaCl, 3 mM EGTA, 5 mM MgCl2, 1% Triton X-100, and 1× Complete protease 

inhibitor cocktail. Membrane vesicles were then incubated with MES buffer on a rotary 

shaker for 30 min at 4°C. At the end of the incubation, BBMVs were centrifuged at 100,000 

g at 4°C for 30 min, and supernatant was designated as DS fraction. The pellet was 

resuspended in buffer containing 15 mM HEPES (pH 7.4), 150 mM NaCl, 10 mM EDTA, 1 

mM DTT, 1% Triton X-100, 0.1% SDS, and 1× Complete protease inhibitor cocktail and 

was designated as DI fraction. Both DS and DI fractions were frozen at −80°C until further 

analysis by Western blotting.

Western blotting

Equal amounts of protein from the DS and DI fractions of BBMVs (80 μg) or equal volumes 

from each fraction of the Optiprep gradient were solubilized in Laemmli sample buffer (2% 

SDS, 10% glycerol 100 mM DTT, 60 mM Tris, pH 6.8, 0.01% bromphenol blue) and 

separated on 10% Tris-glycine SDS polyacrylamide gel. Separated proteins were then 

electrotransferred onto nitrocellulose membranes, and Western blotting was performed by 

washing the nitrocellulose membranes three times and then blocking them overnight in 

blocking buffer containing 5% nonfat dry milk in PBS. The blots were then incubated with 

the primary antibodies diluted in the blocking solution for 1 h at room temperature and 

washed extensively after that with PBS containing 0.1% Tween 20. The blots were then 

incubated for 1 h with horseradish peroxidase-conjugated goat anti-rabbit secondary 

antibodies (diluted 1:2,000) in the blocking buffer and were again washed extensively with 

PBS-0.1% Tween 20. The bands were visualized by enhanced chemiluminescence according 

to the manufacturer's instructions (Amersham, Arlington Heights, IL). hASBT was detected 

with the use of rabbit polyclonal anti-peptide antibodies that were raised against 16-amino 

acid peptide representing amino acid residues 314–329 (CHGKNKAEIPESKENG) of the 

COOH-terminal end of hASBT (Orbigen, San Diego, CA). Blots were also probed with anti-

actin antibodies obtained from Sigma.

Annaba et al. Page 5

Am J Physiol Gastrointest Liver Physiol. Author manuscript; available in PMC 2016 May 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[3H]taurocholic acid uptake

Sodium-dependent taurocholic acid (TC) transport in transfected HEK-293 or Caco-2 cells 

was assessed as previously described by our group (5). Briefly, medium was aspirated off, 

and the cells were incubated for 15 min at 25°C with buffer containing (in mM) 110 NaCl 

(with sodium) or choline chloride (without sodium), 4 KCl, 1 MgSO4, 1 CaCl2, 50 mannitol, 

and 10 HEPES (pH 7.4). Cells were then incubated with the same buffer containing the 

indicated concentration of TC along with 1 μCi/ml of [3H]TC (Perkin Elmer, Boston, MA) 

for the designated period of time. The transport process was terminated by washing the cells 

twice with ice-cold PBS. Cells were then solubilized with 0.5 N NaOH for at least 4 h. The 

protein concentration was measured by the method of Bradford (7), and the radioactivity 

was counted by Packard liquid scintillation analyzer Tri-CARB 1600-TR (Packard 

Instrument, Downers Grove, IL). The uptake was measured at 5 min (and expressed as 

pmol•mg protein−1 •5 min−1). For the kinetic experiments, the uptake values were analyzed 

for simple Michaelis-Menten kinetics utilizing a nonlinear regression data analysis from a 

computerized model (GraphPad, PRISM, San Diego, CA).

Statistical analysis

Results are expressed as means ± SE. Student's t-test was utilized in statistical analysis. P < 

0.05 was considered statistically significant.

RESULTS

ASBT association with lipid rafts

Previous studies utilizing several in vitro models have demonstrated that optimal function of 

certain plasma membrane transporters is dependent on their orderly distribution among 

various microdomains of plasma membrane such as lipid rafts (28, 32). Human embryonic 

kidney HEK-293 cell line has been shown to be a suitable in vitro model to assess the role of 

lipid rafts and membrane cholesterol in sustaining the function of membrane transporters 

(23, 32). We generated HEK-293 cells stably transfected with ASBT-V5 fusion protein 

(designated as 2BT cells) to investigate the association of ASBT with lipid rafts. As depicted 

in Fig. 1A, Western blot analysis utilizing anti-V5 antibodies showed the expected size band 

(~40 kDa) in 2BT cells but not in wild-type HEK-293 cells. It should be noted that ASBT-

V5 fusion protein is detected as a pair of bands indicating a glycosylated and unglycosylated 

polypeptide of ASBT as previously reported (47). Functional studies also demonstrated the 

presence of high-sodium-dependent [3H]TC activity in 2BT cells compared with wild-type 

HEK-293 cells in which the sodium-dependent [3H]TC uptake was insignificant (data not 

shown). These data indicate that the exogenously expressed ASBT tagged to V5 epitope is 

fully functional in 2BT cells.

We next investigated the association of ASBT with lipid rafts of plasma membrane. Because 

of their enrichment with sphingolipids and cholesterol, lipid rafts are characterized by their 

resistance to solubilization with Triton X-100 at 4°C and by high buoyancy and floatation on 

a discontinuous density gradient (28, 32, 44). We first investigated the association of ASBT-

V5 protein with the DS and DI fractions of total membrane preparations of 2BT cells. As 

shown in Fig. 1B, ASBT-V5 was detected in both DS and DI fraction of the membrane. 
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These results suggest that a significant pool of ASBT-V5 protein is associated with lipid 

rafts or could possibly indicate that ASBT-V5 is precipitated in the DI fraction via its link to 

cytoskeleton elements such as actin. Therefore, we further examined the association of 

ASBT-V5 fusion protein with the floating pools of membrane preparations of 2BT cells on 

Optiprep density gradient.

Lipid rafts were first labeled in 2BT cells by incubation with the nontoxic CTxB, which 

attaches to the cellular surface by binding to ganglioside GM1 of plasma membrane, the 

widely used marker for lipid raft microdomains (13, 34). The cells were then lysed in the 

presence of 1% Triton X-100 at 4°C, and total membrane was overlaid with a discontinuous 

Optiprep gradient. The Western blot in Fig. 2A shows the presence of ASBT-V5 fusion 

protein in the floating fractions on the top of Optiprep density gradient, indicating its 

presence in membrane lipid rafts. Because the integrity of lipid rafts depends on their 

content of cholesterol (41), we exposed 2BT cells to the oligosaccharide MβCD, which 

selectively removes the majority of cholesterol from the membrane (11). Cells were then 

lysed, and their membrane extracts were subjected to centrifugation on a density gradient. 

As shown in Fig. 2A, the presence of ASBT-V5 fusion protein in the top floating fractions 

was significantly reduced with cholesterol depletion of plasma membrane. To confirm our 

observations, we examined the floatation profile of CTxB as a marker of lipid rafts in the 

membrane preparations from 2BT cells. The distribution profile of CTxB on Optiprep 

density gradient is depicted in Fig. 2B. The presence of GM1 is evident in all fractions, 

including the floating fractions containing lipid rafts.

Similar to the shift in ASBT-V5 fusion protein distribution, GM1 distribution profile on 

Optiprep gradient was also shifted to the heavier fractions on cholesterol depletion of plasma 

membrane by MβCD. On the other hand, actin of the cytoskeleton that is insoluble by 

detergent but is not associated with lipid rafts was recovered as expected only in the heavy 

fractions of the density gradient (Fig. 2C). Together, these findings suggest the association of 

ASBT with lipid rafts of cellular membranes.

Depletion of plasma membrane cholesterol decreases hASBT activity

To evaluate the significance of ASBT localization in lipid rafts, we examined the effect of 

lipid raft disruption by cholesterol depletion on ASBT activity. 2BT cells were incubated 

with different concentrations of MβCD for 30 min at 37°C, and ASBT activity was assessed 

by measuring sodium-dependent [3H]TC uptake. As shown in Fig. 3A, sodium-dependent 

[3H]TC uptake in 2BT cells was significantly reduced in a dose-dependent manner with a 

maximal inhibition occurring at 10 mM (incubation with 20 mM resulted in the same degree 

of reduction; data not shown).

To determine whether the observed reduction in ASBT activity was a result of cholesterol 

depletion, 2BT cells were treated with 10 mM MβCD alone or along with 1.25 mM 

cholesterol. As depicted in Fig. 3B, the presence of cholesterol prevented MβCD-induced 

inhibition of ASBT, indicating that the observed reduction in ASBT function is indeed due 

to cholesterol depletion of the plasma membrane.
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ASBT association with lipid rafts of brush-border membrane of intestinal epithelial cells

To further examine whether ASBT is associated with lipid microdomains of plasma 

membranes of human intestinal epithelial cells, we first investigated the partitioning of 

ASBT between DS and DI fractions of human ileal BBMVs prepared from organ donors. 

Human ileal BBMVs were treated with Triton X-100 at 4°C, and the DI pool was collected 

by high-speed sedimentation; the supernatant contained the DS fraction of plasma 

membrane. As depicted in Fig. 4A, Western blot analysis demonstrated the presence of 

ASBT polypeptide predominantly in the DI fractions of human ileal BBMVs. Actin 

cytoskeleton was also predominantly detected in the DI fractions. We next investigated the 

effect of cholesterol depletion from human ileal BBMVs on ASBT solubility with Triton 

X-100. Human ileal BBMVs were exposed to the oligosaccharide MβCD and then 

solubilized with Triton X-100. As shown in Fig. 4A, the level of ASBT but not actin in the 

DI fraction was remarkably decreased on depletion of cholesterol from plasma membrane. 

Also, MβCD resulted in a parallel increase in the level of ASBT in the DS fraction. 

However, in the presence of cholesterol, the redistribution of ASBT from DI to DS fractions 

by MβCD was blocked. Treatment with MβCD led to an ~50% (Fig. 4B) decrease in the 

level of ASBT associated with DI fraction, whereas the level of actin remained unaltered. 

These findings strongly suggest the presence of ASBT in lipid rafts of human ileal BBMVs.

We next examined the distribution of ASBT of human ileal BBMVs on Optiprep density 

gradient. In Fig. 5A, the Western blot shows the presence of ASBT protein in the floating 

fractions on the top of Optiprep density gradient, further indicating its presence in 

membrane lipid rafts. To confirm the collection of lipid rafts in the top floating fractions of 

the Optiprep gradient, we measured the enzymatic activity of alkaline phosphatase, a well-

known marker for these microdomains (28). The specific activity of alkaline phosphatase 

throughout the density gradient is expressed as nanomoles per milligram of protein per 

minute. As shown in Fig. 5B, the specific activity of alkaline phosphatase was the highest in 

the top floating fractions, indicating that these fractions contain lipid rafts. Together, these 

data provide strong evidence showing that the majority of ASBT pool in the plasma 

membrane intestinal epithelial cells is associated with the DI lipid raft microdomains.

Effect of MβCD on ASBT activity in intestinal epithelial cells

To further explore the significance of ASBT association with lipid rafts in intestinal 

epithelial cells, we investigated the effect of MβCD on ASBT function in the human 

intestinal Caco-2 cell line. Similar to the decrease in the function of ASBT in 2BT 

fibroblasts, incubation with MβCD for 1 h at 37°C also led to a significant reduction in the 

activity of the endogenously expressed ASBT in intestinal epithelial Caco-2 cells (Fig. 6A). 

Furthermore, Fig. 6A shows that the inhibition of ASBT function appears to be secondary to 

cholesterol depletion of plasma membrane as the presence of cholesterol blocked the 

inhibitory effect of MβCD on ASBT function. To better understand the mechanism by which 

incubation with MβCD decreases TC uptake, we evaluated its effect on the kinetic 

parameters of Na+-dependent TC uptake in Caco-2 cells. As shown in Fig. 6B, 1-h 

incubation with 10 mM MβCD significantly decreased the Vmax (63 ± 8 vs. 35 ± 4 pmol•mg 

protein−1 •5 min−1) of [3H]TC uptake compared with that shown for control, with no 

significant changes in the Km for TC. These observations indicate that the effect of MβCD 
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may have occurred by reducing the number of active hASBT molecules rather than changing 

the affinity of the transporter for its substrate, TC. Furthermore, the data clearly indicate the 

critical role of plasma membrane cholesterol for optimal activity of ASBT in intestinal 

epithelial cells.

To determine whether the reduction in ASBT activity is a result of cholesterol depletion 

rather than reduction in level of ASBT at the plasma membrane, we transiently transfected 

Caco-2 cells with ASBT-V5 fusion protein and then labeled surface proteins of apical 

membrane with biotin in the presence or the absence of MβCD. It should be emphasized 

that, although ASBT is endogenously expressed in Caco-2 cells, transfection with ASBT-V5 

was utilized to obtain better membrane detection with anti-V5 antibodies. Biotinylated 

proteins were then precipitated with avidin, and the level of biotinylated (surface) ASBT-V5 

fusion protein was assessed by Western blotting. Figure 7 also shows a representative 

densitometric analysis of three experiments demonstrating that the relative abundance of 

plasma membrane hASBT-V5 fusion protein normalized to its total expression (surface + 

intracellular expression of hASBT-V5) remains unchanged by cholesterol depletion of 

plasma membrane with MβCD. These findings indicate that the decrease in ASBT activity is 

likely to be a result of cholesterol depletion but not a consequence of a decrease in its level 

of expression on plasma membrane.

MAPKs are not involved in the downregulation of hASBT function by cholesterol depletion

Recent studies demonstrated an increase in ERK1/2 phosphorylation by MβCD (45). 

Therefore, we investigated the possible role of ERK1/2 in the observed decrease in ASBT 

activity by cholesterol depletion. MβCD-induced inhibition of ASBT activity was unaltered 

in the presence of 30 μM of the ERK1/2 inhibitor PD-98059 (Na+-dependent [3H]TC uptake 

was 51 ± 13.7% and 59 ± 8.3% of control in response to 1-h incubation with 10 mM MβCD 

alone or 10 mM MβCD + 30 μM PD-98059, respectively). These findings rule out the 

involvement of ERK1/2-mediated signaling pathway in the MβCD-mediated reduction in 

ASBT function. Together, these data further support the notion that the reduction in ASBT 

function results from the depletion of plasma membrane cholesterol.

DISCUSSION

Lipid rafts are specialized microdomains of the plasma membrane that are essential for the 

normal functioning of various membrane transporters (6, 40, 41). These microdomains of 

the plasma membranes are widely viewed as platforms that selectively cluster signaling 

molecules with their target proteins (21, 29), permitting their regulation and modulation by 

membrane trafficking events (6, 37). The involvement of lipid rafts in hepatic bile secretion 

has recently been revealed (44); however, their role in intestinal bile acid absorption is yet to 

be elucidated. In the present study, we provide compelling novel evidence demonstrating the 

association of ASBT with lipid raft microdomains of luminal membranes of intestinal 

epithelial cells. Furthermore, our findings demonstrate the modulation of ASBT activity by 

cholesterol depletion of the membranes.

Utilizing Optiprep floatation and Triton X-100 insolubility, we have demonstrated that 

ASBT is associated with lipid rafts. First, we utilized HEK-293 cells as an in vitro model to 
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establish the association of ASBT with lipid rafts. HEK-293 cells have been previously 

described as a suitable model to elucidate the influence of lipid rafts on function of 

membrane transporters (32, 38). Because HEK-293 cells express low levels of endogenous 

ASBT (23), we generated HEK-293 cells that stably overexpress ASBT-V5 fusion protein, 

designated as 2BT cells, and evaluated ASBT-V5 localization with lipid rafts. The presence 

of ASBT-V5 fusion protein in the high-buoyancy fractions of the density gradient provided 

strong evidence for the association of ASBT with lipid raft microdomains. Interestingly, the 

floatation of ASBT-V5 was reduced when lipid rafts were disrupted by cholesterol removal 

on treatment with MβCD. The fact that actin was not recovered in the floating fractions 

negates the possibility that ASBT floated as a result of insufficient detergent solubilization 

of 2BT membranes. These findings also suggest that floatation of ASBT-containing 

membrane microdomains in 2BT cells is dependent on its content of cholesterol.

We also examined the partitioning of ASBT in human ileal BBMVs extracted from native 

intestinal epithelium. Lipid raft-associated proteins are generally detected in DI fractions of 

plasma membrane (28, 30). Interestingly, hASBT polypeptide was predominantly recovered 

in Triton-X 100 DI fractions of human ileal BBMVs. Disruption of lipid rafts by cholesterol 

depletion from BBMVs utilizing MβCD exclusively reduced the level of ASBT (but not 

actin) in DI fraction. The association of ASBT with lipid rafts was also confirmed based on 

their high buoyancy on the Optiprep density gradient. ASBT protein was present in the 

fractions that were also enriched with alkaline phosphatase, a marker of lipid rafts in the 

intestine (28). It should be noted that the distribution of hASBT in the DI and DS fractions is 

different in BBMVs compared with that shown in 2BT cells (Fig. 4A compared with Fig. 

1B). In fact, the partitioning of hASBT in DI and DS fractions of Caco-2 cells was similar to 

that observed in 2BT cells (data not shown). This difference in distribution of hASBT in DS 

and DI fractions in BBMVs and cell culture models might be attributed to the fact that DS 

and DI fractions were isolated from crude membrane preparations from total cell lysate 

containing plasma membrane and other cellular membranous structures. On the other hand, 

BBMVs represent only the purified brush-border membranes of intestinal epithelial cells.

Our findings demonstrating the presence of ASBT in lipid rafts of plasma membrane of 2BT 

cells and human ileal BBMVs might indicate that the basal activity of ASBT is influenced 

by lipid composition of these microdomains. In this regard, previous studies demonstrated a 

crucial role of plasma membrane cholesterol in sustaining the basal activity of several 

intestinal transporters such as the apical sodium/hydrogen exchanger NHE3 (33) and 

basolateral calcium-activated potassium (BK) channels (25). Various methods have been 

previously utilized to disrupt lipid raft domains by sequestering cellular and plasma 

membrane cholesterol to characterize the functional roles (18). MβCD treatment of living 

cells or membrane preparations has been the most widely employed method for rapid and 

highly efficient extraction of cellular and membrane cholesterol (11, 18, 26). We determined 

the effect of MβCD on ASBT activity in both 2BT cells and human intestinal Caco-2 cells. 

Interestingly, incubation of 2BT cells with MβCD profoundly reduced the activity of the 

exogenously expressed ASBT in a cholesterol-dependent manner, and the inhibition was 

reversed in the presence of cholesterol. Similarly, treatment of human intestinal Caco-2 cells 

with MβCD also led to a significant decrease in the endogenously expressed ASBT function.
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Although the extraction of cholesterol could be toxic to the cells, however, previous studies 

in HEK-293 and Caco-2 cells have clearly shown that MβCD treatment similar to the one 

used in the present study did not affect cell viability (26, 32). Interestingly, it has been 

reported that Caco-2 cells are relatively resistant to the cholesterol-depleting effect of MβCD 

compared with other cell lines, such as Madin-Darby canine kidney and HEK-293 cells, 

which might be because of the presence of high levels of glycosphingolipids in the brush-

border membrane of intestinal epithelial cells, including Caco-2 cells (26). This resistance is 

reflected in our present experiments by the fact that longer incubation with MβCD (1 h) was 

required to attain significant changes in detergent solubility of ASBT of human ileal 

BBMVs and to trigger significant alterations in the activity of ASBT in Caco-2 cells. On the 

other hand, 30-min incubation was sufficient to produce the same effects in HEK-293 cells. 

Also, treatment of human BBMVs with MβCD altered the floatation of hASBT on Optiprep 

density gradient (data not shown) but to a lower degree than that shown with 2BT cells. 

These observations further indicate that lipid raft microdomains in the brush-border 

membrane of intestinal epithelial cells are more resistant to the cholesterol-depleting effect 

of MβCD than HEK-293 fibroblasts.

It has been previously demonstrated that incubation of polarized Caco-2 cells with MβCD 

disrupts the barrier function of the epithelial monolayer (26). However, this effect is unlikely 

to confound the observed inhibition of ASBT function in response to MβCD because ASBT 

was exclusively localized to the apical membrane of Caco-2 cells. Thus, even in cases of 

permeability changes, ASBT activity determined as Na+-sensitive component of [3H]TC 

uptake into the cells will remain the same whether cells are exposed to [3H]TC from apical 

side or both apical and basolateral sides.

With respect to the mechanism of MβCD-induced inhibition of ASBT function, kinetic 

analysis suggested that cholesterol depletion caused a significant reduction in the Vmax of 

the transporter, whereas the affinity of ASBT for TC remained unchanged. These findings 

indicated a decrease in the number of active molecules of ASBT on the apical membranes of 

Caco-2 cells. Interestingly, membrane biotinylation studies of Caco-2 cells showed that 

reduction in ASBT activity was not accompanied by a parallel decrease in membrane 

expression of ASBT. Furthermore, cholesterol depletion resulted in a redistribution of ASBT 

protein between DI and DS fractions of luminal ileal BBMVs, and it is likely that MβCD 

also caused a redistribution of ASBT between different microdomains of the apical plasma 

membrane of Caco-2 cells. One possibility is that hASBT inhibition by MβCD could be a 

result of activation of intracellular signal transduction pathway. In this regard, recent studies 

have shown cholesterol depletion to activate the ERK1/2 pathway (45). Our results utilizing 

the ERK inhibitor, however, ruled out the involvement of ERK-dependent pathway in the 

MβCD-mediated effects on ASBT function. Altogether, these findings suggest that 

disruption of lipid rafts by cholesterol removal in response to MβCD redistributes ASBT to 

the DS fractions of plasma membranes, causing a reduction in its activity, rather than 

changes in overall surface expression of ASBT molecules and not as a consequence of 

activating intracellular signal-transduction pathway.

Recent studies have shown that lipid content of the brush-border membrane of intestinal 

epithelial cells is altered by type of diet. In this regard, Ma et al. (31) demonstrated a 
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reduction in the level of cholesterol in murine colonic brush-border membrane in response to 

diet enriched with n-3 polyunsaturated fatty acids. In light of these previous findings, the 

observed reduction in the activity of ASBT by cholesterol depletion may represent a novel 

mechanism by which intestinal bile acid absorption via ASBT could be modulated by diet 

composition that alters lipid and cholesterol content of apical membrane of epithelial cells. 

This speculation may require further in vivo investigations to confirm that ASBT activity 

and association with lipid rafts is altered in response to n-3 polyunsaturated fatty acids.

In conclusion, our study demonstrated the distribution of ASBT in DS and DI fractions of 

apical plasma membranes of intestinal epithelial cells. The DI pool of ASBT appears to be 

associated with lipid raft microdomains. We further demonstrated that the disruption of these 

microdomains by cholesterol depletion leads to an inhibition of ASBT function. Our studies 

demonstrate a vital role of plasma membrane cholesterol for optimal function of ASBT and 

suggest a novel mechanism by which ASBT activity may be rapidly modulated in response 

to physiological postprandial changes between meals and in response to the content of the 

diet.
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Fig. 1. 
Expression of apical sodium-dependent bile acid transporter (ASBT)-V5 fusion protein in 

transfected human embryonic kidney (HEK)-293 cells. A: HEK-293 fibroblasts were 

transfected with pcDNA 2.3/V5 vector engineered to stably express ASBT protein fused to 

V5 tagged at the COOH terminus. Western blot analysis with anti-V5 antibodies 

demonstrates expression of ASBT-V5 fusion protein in HEK-293 cells stably transfected 

with ASBT-V5 (designated as 2BT cells) compared with wild-type (WT) cells. Actin 

expression from the same samples is shown in both WT and transfected cells. B: total 

membrane preparations were made from 2BT cells and lysed with 1% Triton X-100 at 4°C, 

as described in MATERIALS AND METHODS. Detergent-soluble (DS) and detergent-insoluble (DI) 

fractions were isolated, and level ASBT-V5 fusion protein associated with these fractions 

was assessed by Western blot analyses utilizing anti-V5 antibodies.
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Fig. 2. 
Association of ASBT-V5 fusion protein with lipid rafts in 2BT cells. 2BT cells were 

incubated with biotin-conjugated cholera toxin subunit B (CTxB) to label lipid rafts of 

plasma membrane. Labeled cells were incubated with methyl-β-cyclodextrin (MβCD) to 

remove cholesterol from plasma membrane or with vehicle alone. Cells were then lysed with 

1% Triton X-100, and total membrane extracts were prepared as described in MATERIALS AND 

METHODS. Samples were subjected to floatation on Optiprep density gradients, and fractions 

were collected from top of the gradients. Fractions were separated by electrophoresis and 

analyzed by Western blotting. A: Western blot results using anti-V5 antibodies. B: blots 

were probed with avidin peroxidase antibodies to label the biotinylated CTxB. C: blots were 

probed with actin antibodies.
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Fig. 3. 
MβCD decreased ASBT function in 2BT cells. A: 2BT cells were treated with different 

concentrations of MβCD for 30 min at 37°C. Cells were washed and then incubated at 25°C 

with HEPES-buffered uptake solution (pH 7.4) containing 110 mM of NaCl or choline 

chloride along with 10 μM [3H]taurocholic acid (TC) for 5 min, and sodium-dependent 

[3H]TC uptake was determined. Results are presented as % of control and are means ± SE 

obtained from at least 3 separate experiments. *P < 0.05 compared with control. B: 2BT 

cells were treated with 10 mM MβCD alone or with 10 mM of MβCD + 1.25 mM of 

cholesterol for 30 min at 37°C, and Na+-dependent [3H]TC uptake was assessed. Data are 

expressed as % of control and are means ± SE obtained from at least 3 separate experiments. 

*P < 0.05 compared with control.
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Fig. 4. 
Human ASBT (hASBT) is associated with DI fractions of human ileal brush-border 

membrane vesicles (BBMVs). A: human ileal BBMVs were treated with MβCD in the 

presence or the absence of 1.25 mM cholesterol or with vehicle alone and solubilized with 

Triton X-100, and then DS and DI fractions were isolated as described in MATERIALS AND 

METHODS. Equal amounts of proteins (~80 μg) from DI and DS fractions were separated by 

electrophoresis on 10% polyacrylamide gel and then analyzed by Western blotting for ASBT 

and actin expression. B: blots were scanned, and the densities of the bands were determined 

by densitometric analysis. y-Axis indicates the density of DI fractions from the Optiprep 

gradient. Data are expressed as arbitrary units with control set as 100% and are means ± SE 

of 4 separate experiments. *P < 0.05 compared with control.
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Fig. 5. 
ASBT is detected in the floating fractions of human ileal BBMVs treated with Triton X-100 

on Optiprep density gradient. A: Human ileal BBMVs were treated with 1% Triton X-100 

for 30 min at 4°C and then were layered at the bottom of a discontinuous density gradient of 

Optiprep as described in MATERIALS AND METHODS. After high-speed centrifugation, fractions 

were collected from the top to the bottom of the gradient, and their proteins were separated 

on 2 separate SDS-PAGE gels and analyzed simultaneously by Western blotting utilizing 

ASBT antibodies. The blots shown are a representative of 3 separate experiments. B: 

specific activity of alkaline phosphatase (a marker of lipid rafts) was assessed in each 

fraction of the Optiprep floatation gradient of human ileal BBMVs. Alkaline phosphatase 

activity is expressed as nmol•mg protein−1 •min−1, and data are means ± SE of 3 separate 

measurements from different occasions.
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Fig. 6. 
MβCD inhibits ASBT activity in human intestinal Caco-2 cells. A: postconfluent Caco-2 

cells were incubated with either 10 mM MβCD alone or with 10 mM MβCD + 1.25 mM 

cholesterol for 1 h at 37°C. Na+-dependent [3H]TC uptake (10 μM) was then determined for 

5 min. Results are presented as % of control and are means ± SE obtained from 5 separate 

experiments. *P < 0.05 compared with control. B: postconfluent Caco-2 cells were 

incubated with vehicle alone (●) or with 10 mM MβCD (◯) for 1 h at 37°C, and Na+-

dependent TC uptake was performed in the presence of increasing concentrations of the 

substrate TC. Sodium-dependent TC uptake was expressed as pmol•mg protein−1 •5 min−1. 

Experiments were performed 4 times in triplicate in separate groups of cells. Michaelis-

Menten plot of a representative experiment is shown. Results indicate a decrease in the Vmax 

of the transport process from 63 ± 8 (control) to 35 ± 4 pmol•mg protein−1 •5 min−1 in 

MβCD-treated cells.
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Fig. 7. 
Plasma membrane expression of ASBT-V5 fusion protein in Caco-2 cells. Caco-2 cells were 

transfected with ASBT-V5 by electroporation utilizing Amaxa Nucleofector System as 

described in MATERIALS AND METHODS; 24 h posttransfection, monolayers grown on plastic 

support were treated with 10 mM MβCD or vehicle alone for 1 h at 37°C and subjected to 

biotinylation at 4°C using sulfo-NHS-SS-biotin. Cells were then lysed, and surface 

biotinylated proteins were precipitated with streptavidin-agarose from equal amounts of total 

cellular protein. Precipitated proteins (surface) were separated on SDS-polyacrylamide gel 

electrophoresis and electroblotted to nitrocellulose blots. Western blotting analysis was 

performed with anti-V5. The relative abundance of ASBT-V5 fusion protein in the 

biotinylated fractions is shown and is expressed as the density of ASBT-V5 band normalized 

to the density of total hASBT-V5 (surface+intracellular). Data were obtained from 3 

separate experiments.
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