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Abstract Characteristics of the binding of lithocholic acid 
(LC), chenodeoxycholic acid (CDC), and cholic acid to human 
plasma proteins were studied. Affinity of the different plasma 
protein fractions for the bile acids studied decreased with in- 
creased polarity of the steroid nucleus of the bile acid. Binding 
of LC, CDC, and cholic acid to the lipoprotein-free, albumin- 
rich plasma fraction was characterized by two classes of binding 
sites with respective K D s  of 2, 5, and 51 pM, and of 39, 2,387, 
and 5,575 pM,  while corresponding B,, values were similar for 
the different bile acids, at around 6 and 100 nmol/mg protein. 
Bile acid binding to the different lipoprotein fractions was 
characterized by a single population of binding sites, with a K O  

ranging from 47 to 66 pM for LC, 695 to 1010 pM for CDC, and 
2,511 to 2,562 pM for cholic acid. B,, values, at 416-913 nmol/ 
mg protein, were similar among the different bile acids studied. 
Both glycine- and taurine-conjugated, as well as unconjugated 
LC competitively inhibited [24-"C]LC binding to low density 
(LDL) and to high density lipoproteins (HDL) to the same ex- 
tent, while the more polar LC-3-sulfate, CDC, and cholic acid 
were increasingly less potent in displacing LC binding from the 
respective lipoproteins. Furthermore, all bile acids studied 
shared the same lipoprotein binding site. The lipoprotein fluo- 
rescence at 330-334 nm, following excitation at 280 nm, was 
diminished after incubation with LC, suggesting that the bile 
acid masks the tryptophan residues of the protein moiety. 
Finally, the initial rate of uptake of 1 pM LC, in isolated ham- 
ster hepatocytes, at around 0.045 nmol . sec-l - mg cell wt-', was 
not affected by the protein carrier. However, for the same con- 
centration of LC, bound to either LDL 0.r HDL, LC binding 
resulted in 75-77% of the total [24-'4C]LC nonspecifically 
bound to the hepatocyte, compared to 65% when bound to albu- 
min, and 45% in the absence of protein. U The studies show 
that, under conditions when the serum bile acid concentration 
exceeds the capacity of the high affinity class of albumin binding 
sites for bile acids, lipoproteins have similar or greater affinity 
to bind bile acids than does albumin. The ability of lipoproteins 
to increase the nonspecific association of lithocholic acid with 
liver cells may also facilitate bile acid association with extra- 
hepatic tissues. As lipoproteins, in contrast to albumin, are 
targeted to most cells, they may play a major role in the trans- 
port of potentially toxic bile acids to peripheral cells.- Ceryak, 
S., B. Bouscarel, and H. Fromm. Comparative binding of bile 
acids to serum lipoproteins and albumin. J.  Lipid Res. 1993. 34: 
1661-1674. 
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Bile acid transport from the intestine to the liver via the 
portal circulation represents an integral phase of the en- 
terohepatic circulation (1-3). Fasting bile acid concentra- 
tions in the systemic circulation at 2-3 pM,  are around 
6-fold lower than those in the portal circulation, reflecting 
the efficient extraction of bile acids by the liver under nor- 
mal physiological conditions (4). However, significant 
spillover of bile acids from the portal to the systemic circu- 
lation can occur, especially in hepatobiliary disorders (5, 
6), including alcoholic liver cirrhosis (7, 8), chronic active 
hepatitis (S), extrahepatic cholestasis (8), idiopathic portal 
hypertension, and hepatic vein occlusion (lo), resulting in 
10- to 100-fold higher systemic bile acid concentrations. 
The majority of these bile acids consisted of amidated 
derivatives of chenodeoxycholic acid (CDC) and cholic 
acid (5, 6), while slight increases in serum lithocholic acid 
(LC) have also been reported (7,  11, 12). Furthermore, in 
patients with stagnant loop syndrome, increased serum 
bile acid levels were mainly attributable to increases in 
unconjugated bile acids, probably due to the reabsorption 
of large quantities of unconjugated bile acids in the small 
intestine of these patients (13). 

In the bloodstream, transport of bile acids is facilitated 
by their binding to serum proteins (14). The major bile 
acid carrier is albumin, although a portion of bile acids 
has been isolated from plasma bound to lipoproteins 
(14-16). Under conditions of liver dysfunction and 
cholestasis, however, significantly increased levels of 
lipoprotein-bound CDC and cholic acid, as well as trace 
levels of LC and deoxycholic acid have been reported 

Abbreviations: LC, lithocholic acid; TLC, taurolithocholate; CDC, 
chenodeoxycholic acid; GLC, glycolithocholate; LFAR, lipoprotein-free, 
albumin-rich; VLDL, very low density lipoproteins; LDL, low density 
lipoproteins; HDL, high density lipoproteins. 
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Center, 2300 I Street, N.W., 523 Ross Hall, Washington, DC 20037. 
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(16-18). As lipoproteins, in contrast to albumin, are inter- 
nalized by most tissues, they may serve to target bile acids 
to extrahepatic tissues. This could be a mechanism re- 
sponsible for the high concentrations of these bile acids 
that have also been found in tissues of patients with extra- 
hepatic cholestasis (19). 

Early studies by Rudman and ,Kendall (14) established 
a positive correlation between the decreased hydroxyla- 
tion of bile acids and their ability to bind to albumin. This 
was further corroborated in more recent studies by Roda 
et al. (20), in which the apparent binding constants of 
human serum albumin for different bile acids were quan- 
titated. Studies by Salvioli et al. (21) extended the correla- 
tion between bile acid hydrophobicity, as evaluated by oc- 
tanol-water partitioning, and protein binding to include 
plasma lipoproteins. In in vivo studies, Cowen et al. (22) 
demonstrated that 87-9976 of unconjugated, amidated, 
and sulfated forms of LC were tightly bound to serum 
proteins after intravenous injection. Studies by Malavolti 
et al. (23) from our laboratory showed that significant 
amounts of LC bound to all classes of lipoproteins. Simi- 
larly, recent in vivo and in vitro studies by Hedenborg et 
al. (24) described the rapid distribution of CDC and 
cholic acid, as well as their respective derivatives, among 
serum lipoprotein and nonlipoprotein fractions of cir- 
rhotic patients. Although several reports describe the rela- 
tive distribution of LC, CDC, and cholic acid among the 
different plasma protein fractions, there are few studies to 
date that quantitate the comparative binding of bile acids 
to plasma lipoproteins and to albumin. 

Detailed knowledge concerning the kinetics of bile acid 
binding to plasma lipoproteins and albumin appears de- 
sirable in light of the various mechanisms through which 
certain bile acids may express cytotoxic as well as tumori- 
genic properties. Specifically, it is necessary to study the 
comparative quantitative importance of lipoproteins and 
albumin as carriers of mono-, di-, and trihydroxy bile 
acids. The aim of the present study, therefore, was to as- 
sess the characteristics of the binding of unconjugated, 
amidated, and sulfated forms of LC, as well as of CDC 
and cholic acid, to plasma lipoproteins and albumin. 

METHODS 

Materials 

Lithocholic acid (LC), its taurine (TLC) and glycine 
(GLC) conjugates, as well as chenodeoxycholic acid 
(CDC) and cholic acid were obtained from Steraloids 
(Wilton, NH) as free acids and were 98-9976 pure as de- 
termined by gas-liquid chromatography. [24-14C JLC 
(sp act 55 mCi/mmol) was purchased from Amersham 
Corporation (Arlington Heights, IL), and was more than 
98% pure by thin-layer chromatography. Both [24- 
1QClCDC (sp act 50 mCi/mmol) and [24-14C]cholic acid 

(sp act 52 mCi/mmol) were purchased from DuPont NEN 
Research Products (Boston, MA), and were 98% and 
99.9% pure, respectively, as judged by thin-layer chro- 
matography. All other reagents used were of analytical 
grade available from commercial sources. 

Separation of plasma lipoprotein and albumin 
fractions 

Blood from fasting healthy human subjects and from 
male Golden Syrian hamsters (100-120 g body weight) 
was collected into sterile glass tubes containing 0.15% 
EDTA. Plasma was obtained after centrifugation at 300 g 
for 4 min at 4°C. Plasma lipoprotein and albumin frac- 
tions were separated by density gradient ultracentrifuga- 
tion, according to the method of Redgrave, Roberts, and 
West (25) as previously described (26, 27). The different 
plasma protein fractions were removed by needle aspira- 
tion of layers corresponding to the following densities: 
very low density lipoproteins (VLDL), d < 1.006 g/ml; 
low density lipoproteins (LDL), d 1.019-1.063 g/ml; high 
density lipoproteins (HDL), d 1.063-1.210 g/ml; and the 
lipoprotein-free, albumin-rich fraction (LFAR), d > 
1.210 g/ml(28). The individual lipoprotein- and albumin- 
containing fractions were dialyzed for 12 h at 4°C against 
0.15 M NaCl, 0.01 M Tris, 0.01 M EDTA, 0.001 M NaN,, 
pH 7.4. 

The purity of the different protein fractions was as- 
sessed by SDS-PAGE according to the method of Irwin 
et al. (29), followed by silver staining (30). Albumin com- 
prised more than 90% of the proteins associated with the 
LFAR fraction. No attempt was made to identify the 
other protein components of this fraction. However, dis- 
tinct protein bands were observed at apparent molecular 
weights of 12, 14, 17, 23, 56, and 76 kDa. The total pro- 
tein concentration of the different lipoprotein and LFAR 
fractions was determined by the method of Bradford (31), 
using the Bio-Rad@ protein assay (Bio-Rad Laboratories, 
Richmond, CA). Enzymatic assays were used to measure 
cholesterol and triglyceride (BioDynamics, Boehringer 
Mannheim, Indianapolis, IN) as well as phospholipid 
(Nippon Shoji Kaisha Ltd., Higashi-Ko, Osaka, Japan) 
concentrations. The concentrations of these components 
were virtually identical to those described in the literature 
(28). Furthermore, no difference in lipoprotein particle 
composition was observed after bile acid binding (23, 27). 

Equilibrium dialysis 

Equilibrium dialysis was used to assess the binding of 
LC, CDC, and cholic acid to the plasma lipoprotein and 
albumin fractions (20, 21, 23). Stock solutions of the so- 
dium salt of the respective bile acids were prepared fresh 
in the morning of each experiment and were diluted ac- 
cordingly with 0.15 M NaCl, 0.01 M Tris, 0.001 M NaN3, 
pH 7.6 (dialysis buffer), in order to achieve working dialy- 
sate solutions with final concentrations ranging from 0.05 
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to 150 pM for LCA, and 0.1-2400 pM for both CDC and 
CA. The concentrations of unlabelled bile salt in the di- 
alysate solutions were confirmed by gas-liquid chro- 
matography (32). 

Fifteen milliliters of the respective bile salt solution, 
containing 0.05 pCi of the sodium salt of the appropriate 
14C-labeled bile acid, was pipetted into 20-ml scintillation 
vials. Aliquots of 300 pl of each lipoprotein or LFAR frac- 
tion were pipetted into nitrocellulose dialysis bags (Spec- 
tra Por, MW cutoff, 6,000-8,000), which were suspended 
in the vials and incubated at 37OC for the indicated times 
in a shaking incubator at 140 strokes per min. Prior to 
use, the nitrocellulose dialysis tubing was initially boiled 
for 1 h in 1 m M  EDTA, containing 0.1% Na2C02, fol- 
lowed by extensive washing with H20 and a final wash 
with 0.15 M NaCl. 

At indicated periods of time, duplicate aliquots of the 
dialysand and dialysate solutions were taken for determi- 
nation of 14C radioactivity by scintillation counting. The 
respective lipoprotein- and albumin-bound 14C-labeled 
bile salt was calculated from the difference at equilibrium 
between 14C in the dialysis bag (free+bound bile salt = 

total) and 1% in the dialysate (free bile salt). From the ini- 
tial 14C bile salt concentration, both the molar concentra- 
tion of free bile salt and the moles of bile salt bound per 
unit of protein were calculated, as described later for the 
determination of the apparent binding constants. 

Binding studies 
Determination of apparent binding constants. Initially, experi- 

ments were carried out to determine the time of equilibra- 
tion of bile salt (0.05 and 100 pM [24-l4C]LC) between 
the incubation medium and the interior of incubated dial- 
ysis bags, containing only dialysis buffer. The concentra- 
tion of lipoprotein and LFAR fractions, at which the bind- 
ing of LC, CDC, and cholic acid is linear, was evaluated 
by studying the binding of 0.05 pM of the respective 14C- 
labeled bile salt to increasing concentrations of protein 
(0.005-50 mg/ml) after 4-20 h incubation. The effect of 
incubation time on the stability of bile salt binding to 
plasma lipoprotein and albumin fractions was studied, 
and unless otherwise indicated, a 6-18 h incubation 
period was used for all other binding studies. 

The concentration-dependent binding of LC, CDC, 
and cholic acid was studied by incubating 50, 500, and 
700 pg proteidml, respectively, of the different lipo- 
protein fractions, and 500, 2000, and 4000 pglml, respec- 
tively, of the LFAR fraction, with increasing concentra- 
tions of 14C-labeled LC (0.15-150 pM), CDC (0.5- 
2400 pM), and cholic acid (0.5-2400 pM). Saturation 
binding curves were derived by plotting the amount of 
14C-labeled bile salt bound per mg of protein on the y axis 
against the concentration of unbound bile salt on the x 
axis. The data were analyzed according to the method of 
Scatchard (33) by linear and nonlinear curve fitting. The 

maximum number of binding sites (B-, nmol/mg pro- 
tein) and the dissociation constant (KB, FM) for one class 
of binding sites were derived from the equation of the 
regression line. The apparent binding constants for two 
classes of binding sites were determined by computer 
analysis using the EBDA/LIGAND program, as modified 
for microcomputers (34). 

Competitive inhibition of LC binding to LDL and HDL. The 
ability of LC, TLC, GLC, LC-3-sulfate, CDC, and cholic 
acid to inhibit [24-14C]LC binding to LDL and HDL, 
respectively, was studied. In these experiments, the dialy- 
sate solutions contained increasing concentrations of the 
different bile salts in addition to 0.05 pCi [24-14C]LC. 
The effective concentration of the respective bile salt at 
which 50% of the [24-14C]LC remained specifically 
bound (EC50) to either LDL or HDL was determined by 
plotting the percentage of maximum [ l*C]LC bound on 
the y axis, against the negative log of the respective bile 
acid concentration on the x axis. The dissociation con- 
stant for the competitor (KI) was calculated from the 
EC50 using the method of Cheng and Prusoff (35) as fol- 
lows: KI = EC50/((l + ([L]/KD)), where [L] is the con- 
centration of the [24-1C]LC present in the incubation 
medium, and KB is the equilibrium dissociation constant 
for the radioligand, as determined from the saturation 
binding experiments. 

Eflect of delipidution on the release of bound L C j b m  p l a s m  
lipoproteins and albumin. After incubation of the respective 
lipoprotein (50 pg protedml) and LFAR (500 pg/ml) 
fractions with 80 p~ [24-14C]LC, lipoprotein-bound LC 
was separated from unbound LC by ultracentrifugation 
and reflotation of the VLDL, LDL, and HDL fractions 
at their respective densities (28). The LC bound to the 
LFAR fraction was separated from the unbound LC by 
dialysis of the protein fraction for 5 h against dialysis 
buffer, with five buffer changes. 

Bound [ 14C]LC was quantitated by scintillation count- 
ing, and aliquots of the different protein fractions were 
delipidated with 20 volumes of chloroform-methanol 1:l 
(v/v). After 3 h incubation at 4OC, the solubilized protein 
fractions were centrifuged at 300 g for 3 h at 4OC. The or- 
ganic layer was gently removed, taking care not to disturb 
the protein pellet. The I4C content of the protein pellets 
was determined by scintillation counting. Replicate sam- 
ples of the delipidated protein fractions were used to de- 
termine protein, cholesterol, and phospholipid content, as 
previously described. Lipoprotein cholesterol and phos- 
pholipid were not detectable after delipidation. 

Determination of tryptophan fzuorescence in lipoprotein and 
LFAR fractions. The fluorescence of the different lipopro- 
tein fractions was measured at 2OoC, and at 310-360 nm, 
after excitation at 280 nm, using a Perkin-Elmer LS3 
spectrofluorometer (Perkin-Elmer, Norwalk, CT) both 
before and after binding of 50 PM LC, as described by 
Roda et al. (20) and Pic0 and Houssier (36). 
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Hepatocellular uptake of LC 

Isolation of hepatocytes. Hepatocytes were isolated from 
male Golden Syrian hamsters (100-120 g) by perfusion of 
the liver with collagenase, as previously described (27, 
37). Isolated hepatocytes were suspended at a final con- 
centration of 40-50 mg wet wt/ml of Krebs-Henseleit bi- 
carbonate buffer containing 118 mM NaCi, 5 mM KCI, 
2.5 mM CaC12, 1.2 mM MgS04, and 25 mM NaHC03, 
pH 7.4. Prior to each experiment, the cells were incubated 
for 20-30 min at 37°C under constant agitation and 
gassing with 0 2 - C 0 2  95:5 (v/v) to allow the cell to reach 
steady state. Cell viability was assessed by trypan blue ex- 
clusion, and only cell suspensions with >90% viability 
were used. 
Effect of LDL, HDL, and albumin on the uptake of LC. Both 

LDL and HDL, isolated from hamster plasma (approxi- 
mately 1 mg/ml), as well as hamster albumin (10 mglml, 
Research Plus, Bayonne, NJ), respectively, were in- 
cubated with 5 pCi [24-1+C]LC for 3 h at 37°C. 
[24-'4C]LC bound to the lipoprotein fractions was sepa- 
rated from unbound labeled LC by ultracentrifugal reflo- 
tation at respective densities of 1.063 g/ml and 1.210 g/ml, 
for LDL and HDL (28). Albumin-bound 14C-labeled LC 
was separated from unbound labeled LC by dialysis for 
5 h against dialysis buffer with five buffer changes. 

Isolated hamster hepatocytes were incubated at 37OC 
with [24-14C]LC (control), or with [ 24-14CILC bound to 
LDL and HDL (10 pg proteidml), respectively, as well as 
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Fig. 1. Distribution of [24-14C]lithocholic acid at equilibrium: 
0.05 PM lithocholic acid (LC), A; 100 p~ LC, B. Dialysis bags contain- 
ing dialysis buffer alone were incubated with either 0.05 PM or 100 pM 
[24-14C]LC at 37% for time periods ranging from 5 min to 24 h. 

to albumin (10 and 100 pglml). Cell aliquots were re- 
moved at 20, 30, 40, 50, and 60 sec for determination of 
LC uptake by a previously described centrifugation tech- 
nique (27). Briefly, cell aliquots were placed in microcen- 
trifuge tubes containing successive layers of 50 pl of 3 N 
NaOH, 200 pl of an oil layer of dibutylphthalate- 
bis(2-ethylhexyl) phthalate 3:2 (v/v) (Kodak, Rochester, 
NY), and 250 pl Krebs-Henseleit bicarbonate buffer. 
After addition of the cell suspension, the tubes were cen- 
trifuged at 12,000 g for 1.5 min in a Beckman Microfuge 
(Beckman Instruments, Palo Alto, CA). The buffer and 
oil layers were gently removed by aspiration, and the 
tubes containing the cell pellet in NaOH were heated in 
a water bath at 100°C for 2 h. After neutralization of the 
cell suspension with HCl, the radioactivity in the cell 
pellets was determined by scintillation counting. In the 
absence of cells, the radioactivity remained in the aque- 
ous layer, and there was no contamination of the oil layer 
with radioactivity. 

Data were analyzed by linear curve fitting. Initial rates 
of LC uptake (nmol . sec-' mg cell wet wt-') were derived 
from the equation of the respective regression line ob- 
tained from the plot of LC uptake as a function of time. 

RESULTS 

Determination of equilibrium binding conditions 

As shown in Fig. lA,  in incubation mixtures contain- 
ing only dialysate buffer and 0.05 pM [24-I4C]LC, 
equilibration of the bile salt between the outside and the 
inside of the dialysis bags was reached in 1.5 h at 37OC. 
This is evidenced by a decline of radioactivity with time 
in the dialysate paralleled by a corresponding increase in 
radioactivity inside the dialysis bags, until the concentra- 
tion of I4C was essentially equal on both sides of the dialy- 
sis membrane. The addition of 100 pM LC in the dialy- 
sate did not significantly change the time at which 
equilibration was reached, which occurred in about 2.5 h 
(Fig. 1B). In both cases, once it was reached, equilibrium 
remained stable for at least 24 h. At all time points, com- 
plete recovery of the radioactivity was obtained in the 
combined dialysand and dialysate solutions, indicating no 
binding of bile salt to the nitrocellulose membranes. 

Linearity and time course of bile salt binding 
In order to characterize the LC, CDC, and cholic acid 

binding to the different plasma protein fractions, the 
linearity of bile salt binding to lipoprotein and LFAR 
fractions was evaluated by studying the binding of 
0.05 pM 14C-labeled LC, CDC, and cholic acid, respec- 
tively, to increasing concentrations of protein at 37OC for 
4-20 h. The results of these studies define the protein con- 
centration range used in the subsequent binding studies. 
In Fig. 2A-D, the linear regression line in each graph 
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Fig. 2. Binding of [24-'+C]lithocholic acid ([24-'*C]LC) to increasing concentrations of protein from the isolated plasma fractions: VLDL, A; 
LDL, B; HDL, C; lipoprotein-free, albumin rich (LFAR) fraction, D. Plasma protein fractions were serially diluted to obtain protein concentrations 
ranging from 0.005 to 50 mg/ml. Each protein concentration was incubated with 0.05 p~ [24-'+C]LC at 37OC for 4-20 h. Results are the 
mean + SEM of six experiments performed in duplicate. 

depicts the range of protein concentrations that were 
linearly proportional to the amount of LC bound. The 
upper level of this range is approximately 100 pg/ml for 
VLDL, LDL, and HDL, respectively, and 1 mg/ml for 
the LFAR fraction. Similar studies were performed with 
CDC and cholic acid (results not shown). For CDC and 
cholic acid, respectively, the upper levels of the range of 
protein concentrations that were linearly proportional to 
the amount of bound bile salt were 500 and 700 pg/ml for 
both LDL and HDL, and 2,000 and 4,000 pg/ml for the 
albumin-containing fraction. 

Furthermore, the binding of 0.05 p M  LC to the differ- 
ent plasma protein fractions was determined at desig- 
nated times, ranging from 5 min to 24 h. The results of 
this study indicate that the binding of LC to the different 
protein fractions reaches equilibrium in less than 3 h, and 
remains stable for up to 24 h (results not shown). Under 
the same conditions, no significant difference in CDC and 
cholic acid binding was observed after incubations of 4 
and 20 h. 

Characteristics of LC, CDC, and cholic acid binding to 
lipoproteins and to albumin 

As concentrations of LC, CDC, and cholic acid used in 
these studies were well below their respective critical 

micellar concentrations (38), the soluble bile salts were 
monomeric. The binding of 0.05-150 pM [24-14C]LC to 
50 pg/ml of VLDL, LDL, and HDL, as well as to 
500 pg/ml of the LFAR fraction was studied. Binding 
saturation curves and Scatchard plots are depicted in Fig. 
3A-D. The binding of LC to VLDL, LDL, and HDL was 
characterized by a single class of binding sites with a re- 
spective dissociation constant (KO) of 66, 47, and 49 pM 
(Fig. 3A-C and Table 1). The maximum number of LC 
binding sites (B,,), determined by Scatchard analysis, 
was 931 nmol/mg protein for VLDL (Fig. 3A and Table 
l), 716 nmol/mg protein for LDL (Fig. 3B and Table l), 
and 790 nmollmg protein for HDL (Fig. 3C and Table 1). 
LC binding to the LFAR fraction was characterized by 
two classes of binding sites with respective KO values of 2 
and 39 pM and B,,,, values of 6 and 98 nmol/mg protein 
(Fig. 3D and Table 1). 

The saturation curves and Scatchard plots depicting 
the binding of 0.05-2,400 pM [24-14C]CDC to 500 pg/ml 
LDL and HDL, as well as to 2,000 pglml of the LFAR 
fraction are illustrated in Fig. 4A-C. CDC binding to 
LDL and to HDL was characterized by one class of bind- 
ing sites, with apparent KO values of 1,010 and 695 pM, 
respectively, and corresponding B,, values of 668 and 
560 nmol/mg protein (Fig. 4A, B; Table 1). CDC binding 
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Fig. 3. Saturation curve and Scatchard plot (inset). Binding of increasing concentrations of lithocholic acid to: VLDL, A; LDL, B; HDL, C; 
lipoprotein-free, albumin rich (LFAR) fraction, D. Protein concentration of the lipoprotein and LFAR fractions was adjusted to 50 and 500 pg/ml, 
respectively, which is in the range at which binding of lithocholic acid (LC) to the protein is linear. Aliquots of the different fractions were incubated 
at 37OC for 6-18 h in dialysis buffer containing increasing concentrations (0.15-150 p ~ )  of [24-'*C]LC. Results are the mean SEM of 11 experi- 
ments performed in duplicate. 

to the LFAR fraction was characterized by two classes of 
binding sites. The respective KD and B,, values for each 
class were 5 and 2,387 p M ,  and 6 and 111 nmol/mg pro- 
tein (Fig. 4C and Table 1). 

Fig. 5A-C depicts the saturation curves and Scatchard 
plots of the binding of cholic acid to 700 pg/ml LDL and 
HDL, and to 4,000 pg/ml of the LFAR fraction. As with 
the other bile salts studied, cholic acid binding to lipo- 
proteins was characterized by one class of binding sites, 
with KD values of 2,562 and 2,511 for LDL and HDL, 
respectively (Fig. 5A, B; Table 1). The respective B,, 
values were 539 and 416 nmol/mg protein. Cholic acid 
binding to the LFAR fraction was also characterized by 
two classes of binding sites, with KD values of 51 and 
5,575 pM,  and B,, values of 5 and 89 nmollmg protein, 
respectively (Fig. 5C; Table 1). 

Competitive inhibition of LC binding by TLC, GLC, 
LC-3-sulfate, CDC, and cholic acid 

The ability of TLC, GLC, LC-3-sulfate, CDC, and 
cholic acid to competitively inhibit [24-14C]LC binding to 
both LDL and HDL was studied. The competition bind- 

ing profiles for TLC, GLC, and LC-3-sulfate are depicted 
in Fig. 6A, B, while those for CDC and cholic acid are 
depicted in Fig. 7A, B. 

TABLE 1. Constants of the binding of LC, CDC, and cholic acid 
to plasma lipoproteins and albumin 

LC CDC Cholic 

nmoWmg protein 

VLDL 931 n.d. n.d. 
LDL 716 668 539 
HDL 790 560 416 
Albumin 

Class 1 6 6 5 
Class 2 98 111 89 

LC CDC Cholic 

PM 

66 n.d. n.d. 
47 1,010 2,562 
49 695 2,511 

2 5 51 
39 2,387 5,575 

Mean data are shown in Figs. 3A-D, 4A-C, and 5A-C. Maximum 
numbers of binding sites (B-) and dissociation constants (KD) were de- 
termined by Scatchard analysis of the values of l l experiments for LC 
and 4 experiments each for CDC and cholic acid. For experimental de- 
tails, see legends of Figs. 3, 4, and 5. Abbreviations used: n.d., not de- 
termined. 
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Fig. 5. Saturation binding curve and Scatchard plot (inset). Binding 
of increasing concentrations of cholic acid to: LDL, A; HDL, B; 
lipoprotein-free, albumin-rich (LFAR) fraction, C. Protein concentra- 
tion of the lipoprotein and LFAR fractions was adjusted to 700 and 
4,000 pg/ml, respectively, which is in the range at which binding of 
cholic acid to the protein is linear. Aliquots of the different fractions were 
incubated at 37OC for 6-18 h in dialysis buffer containing increasing 
concentrations (0.5-2400 p ~ )  of [24-'*C]cholic acid. Results are the 
mean of four experiments, performed in duplicate. 

"0 500 1000 1500 2000 Z50C 
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Fig. 4. Saturation binding curve and Scatchard plot (inset). Binding 
of increasing concentrations of chenodeoxycholic acid (CDC) to: LDL, 
A; HDL, B; lipoprotein-free, albumin-rich (LFAR) fraction, C. Protein 
concentration of the lipoprotein and LFAR fractions was adjusted to 500 
and 2,000 pg/ml, respectively, which is in the range at which binding of 
CDC to the protein is linear. Aliquots of the different fractions were in- 
cubated at 37OC for 6-18 h in dialysis buffer containing increasing con- 
centrations (0.5-2400 PM) of [24-'*C]CDC. Results are the mean of 
four experiments, performed in duplicate. 

The extent of competition of the respective ligands is 
similar, indicating that all the bile salts studied bind to the 
same LDL and HDL binding sites as does [24-14C]LC. 
Furthermore, the respective bile salts competed for 

10-90% of LC specific binding over an 81-fold concentra- 
tion range. This is characteristic for reversible ligand- 
binding site interactions obeying the law of mass action, 
and supports the existence of a single lipoprotein binding 
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Fig. 6. Competitive inhibition of [24-14C]lithocholic acid ([24-'*C]LC) 
binding to lipoproteins by GLC, TLC, and LC-3-sulfate (LC3S). LDL, 
A; HDL, B. Aliquots of plasma LDL and HDL fractions (50 pg pro- 
teinlml) were incubated at 37OC for 6-18 h in dialysis buffer containing 
0.05 pCi [24-"C]LC, with increasing concentrations of TLC, GLC, and 
LC-3-sulfate, respectively. Results are the mean of three experiments, 
performed in triplicate. Error bars were omitted for clarity of presen- 
tation. 

site for these bile salts (39). 
The dissociation constants (KI)  for the different bile 

acids to displace [24-'4C]LC were calculated from the 
EC50 values depicted in Fig. 6A, B and 7A, B, and are 
shown in Table 2. For both LDL and HDL, the respective 
KI for LC-3-sulfate, CDC, and cholic acid is significantly 
higher (P < 0.05) than that for LC. The relative potency 
of the bile salts to compete for both LDL and HDL bind- 
ing is as follows: LC = GLC = TLC > LC-3-sulfate 2 
CDC > cholic acid. 

Partial characterization of the nature of LC binding to 
lipoproteins 

To assess the amount of LC bound to lipid (in the case 
of lipoproteins) or to solvent-accessible hydrophobic pro- 
tein regions, the different plasma protein fractions were 

delipidated after binding of 80 pM LC. After delipida- 
tion, the nmoles of LC bound per mg of protein to 
VLDL, LDL, and HDL were decreased by 75.2, 66.2, 
and 55.676, respectively. The delipidation process also re- 
moved 77.0% of LC bound to albumin, presumably by 
disruption of hydrophobic associations within the pro- 
tein's secondary structure (results not shown). 

The nature of the binding of LC to human and bovine 
serum albumin has previously been studied by Roda et al. 
(20), and Pic0 and Houssier (36), respectively, using 
fluorescent techniques. Therefore, the fluorescence of the 
lipoprotein fractions in the presence and absence of 
bound LC was measured in order to determine the nature 
of bile salt binding to human serum lipoproteins. The 
fluorescence spectra used in these experiments correspond 
specifically to that of tryptophan and, to a lesser extent, 

I 

I '  

-LOG [ B I L E  A C I O l  (MI 

Fig. 7. Competitive inhibition of [24-14C]lithocholic acid ([24-"C]LC) 
binding to lipoproteins by CDC and cholic acid. LDL, A; HDL, B. Ali- 
quots of plasma LDL and HDL fractions (500 and 700 pg proteidml, 
respectively) were incubated at 37°C for 6-18 h in dialysis buffer con- 
taining 0.05 pCi [24-"C]LC, with increasing concentrations of CDC 
and cholic acid, respectively. Results are the mean of three experiments, 
performed in triplicate. Error bars were omitted for clarity of presen- 
tation. 
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TABLE 2. Dissociation constants of the inhibition of [24-"C]LC DISCUSSION 
binding to LDL and to HDL by different bile salts 

The results of the present study indicate that the bind- 
ing of LC, CDC, and cholic acid to the LFAR fraction of 
plasma is characterized by two classes of binding sites, 
with respective apparent KO values of 2, 5, and 51 pM for 

KI 

LDL HDL 

BM 

LC 21.4 f 3.5 21.2 * 4.9 
GLC 28.3 * 8.3 25.0 * 7.6 
TLC 34.0 f 6.9 36.2 * 4.2 
LC3S 290.3 f 32.8" 140.6 -t 34.8" 
CDC 429.6 * 186.2" 191.5 * 71.7" 
Cholic 1,785.6 f 218.4" 2,112.1 f 135.6" 

The dissociation constants (K,) of the respective bile acids are derived 
from the EC5,, values obtained from Figs. 6A, B and 7A, B. Results are 
expressed a s  the means + the SEM of three experiments performed in 
triplicate. Abbreviations used: LCSS, LC-3-sulfate. 

"Denotes significantly different KI  compared to LC (P < 0.05). 

to that of tyrosine. The fluorescence of VLDL, LDL, and 
HDL decreased by 31, 33, and 2396, respectively, when 
measured after incubation of the lipoproteins with LC at 
concentrations that corresponded to their respective KO 
values (45-70 pM; Fig. 8). 

Effect of LDL, HDL, and albumin on the 
hepatocellular uptake of LC 

In order to assess the effect of the protein carrier on the 
hepatocellular uptake of LC, [ 24-W]LC was incubated 
with isolated hamster hepatocytes either alone or bound 
to hamster LDL, HDL (10 pg proteidml), and albumin 
(10 and 100 pg/ml), respectively. LC concentration was 
1 p M  in all experiments, except in those with 10 pg/ml al- 
bumin, in which, due to the 10-fold lower number of LC 
binding sites, it was 0.1 pM. 

LC uptake was linear up to 60 sec, as depicted in 
Fig. 9. Initial uptake rates of 1 pM LC (mean f SEM) 
were not significantly different whether LC was incubated 
alone or bound to 10 pg/ml LDL or HDL, or to 100 pg/ml 
albumin (0.045 * 0.010, 0.043 L- 0.006, 0.040 f 0.005, 
and 0.052 f 0.012 nmol. sec-'. mg cell wet wt-l, respec- 
tively. Initial uptake rate of 0.1 p M  LC bound to 10 pg/ml 
albumin was significantly lower (P < 0.02) at 0.003 
0.004 nmol. sec-l. mg cell wet wt-'. 

Uptake values extrapolated to time 0 represent nonspe- 
cific cell-associated LC. When cells were incubated with 
LC alone, nonspecific LC binding represented 41% of 
total LC (Fig. 9). When LC was bound to either 10 pg/ml 
LDL or HDL, nonspecific binding increased by approxi- 
mately 100% to 75-77% of total LC (Fig. 9). Nonspecific 
binding of the same concentration of LC was 60% when 
bound to 100 pglml albumin, which was significantly less 
than when LC was bound to 10 pg/ml albumin (74%, 
Fig. 9). 

310 335 360 

Emission Wavelength (nm) 

Fig. 8.  Fluorescence emission spectra of human plasma VLDL, LDL, 
and HDL in the presence and absence of lithocholic acid (LC). Fluores- 
cence of the lipoprotein fractions was measured at 2OoC, and at 310-360 
nm after excitation at 280 nm, after incubation in dialysis buffer alone, 
or with the addition of 50 BM LC for 10 h at 37OC. 
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the high affinity site and 39, 2,387, and 5,575 pM for the 
low affinity site. This finding suggests a significant 
decrease in affinity with an increase in the number of 
hydroxyl groups of the bile acid, as previously shown by 
other investigators, using purified human serum albumin 
(14, 20). The B,, was similar for all three bile acids 
studied, with a value of about 6 nmoVmg protein for the 
class 1 sites and about 100 nmollmg protein for the class 
2 sites. These data are in agreement with those reported 
by Roda et al. (20)) using a 1% human serum albumin so- 
lution in phosphate buffer; however, the B,, values 
reported in the present study are slightly lower than those 
reported by Roda et al. As the LFAR fraction does not 
consist entirely of albumin, calculation of B,, could be 
slightly underestimated as it is based on the total protein 
in this fraction. While the KD values for LC are in agree- 
ment with those of 5 and 26 pM reported by Roda et al. 
(20), the KO values for CDC and cholic acid found in the 
present study differ from those of 18 and 322 pM and 303 
and 3,333 p ~ ,  respectively. Although photolabile deriva- 
tives of taurocholic acid were shown by Kramer et al. (40) 
to bind only to albumin in the LFAR fraction of human 
serum, one cannot rule out the possibility that the more 
tightly bound CDC may also bind to other serum proteins 
of this fraction. Furthermore, protein-protein interac- 
tions, protein concentrations, buffer composition, or the 
presence of endogenous bile acids may also explain these 
slight differences. In the present study, LFAR protein con- 
centrations used to study CDC and cholic acid binding 
were 2,000 pg/ml and 4,000 pglml, respectively, compared 
to 10 mg/ml in the studies of Roda et al. (20). 

This study is also the first to present quantitative data 
showing that LC, CDC, and cholic acid bind to the differ- 

60 

ent lipoprotein classes with a maximum number of bind- 
ing sites of 416-931 nmol/mg protein, and a dissociation 
constant (KD) ranging from 47 to 66 pM for LC, 695 to 
1010 pM for CDC, and 2,511 to 2,562 p M  for cholic acid. 
The lipoproteins expressed about 5-9 times more bile 
salt-binding sites per mg protein than did the albumin- 
containing plasma LFAR fraction, while there was no 
difference in B,, values for LC, CDC, and cholic acid. 
The affinity of both LDL and HDL significantly decreased 
with increasing hydroxylation of the bile acids studied. 
While the in vitro data of Salvioli et al. (21) concerning 
the relative binding behavior of plasma protein fractions 
for different bile acids would suggest the presence of a 
positive correlation between the hydrophobicity of a bile 
acid and its ability to bind lipoproteins, several in vivo 
studies have concluded that the relative hydrophilicity of 
a bile acid is a determinant for its increased binding 
affinity for lipoproteins (15, 18, 24). The results of the 
present study clearly indicate that, with increasing polar- 
ity, bile acids decrease in their affinity for lipoproteins. 
However, in the bloodstream, the binding behavior of bile 
acids would be dictated by the comparative dissociation 
constants of their binding to lipoproteins and albumin. 
For example, while LDL, HDL, and albumin have lower 
affinities for cholic acid than for the less polar bile acids 
studied, these lipoproteins have a slightly higher affinity 
for cholic acid than does the low affinity class of albumin 
binding sites. Therefore, cholic acid would be more likely 
to bind to serum lipoproteins than to albumin once the 
capacity of the high affinity class of albumin binding sites 
is exceeded. 

Physiological concentrations of human serum apolipo- 
proteins range from 3-12 mg/dl for apoCs of HDL and 
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VLDL to 80-130 mg/dl for apoB-100 of LDL and apoA-I 
of HDL, respectively (41). The concentrations of serum 
albumin are around 40-fold higher than those of apolipo- 
proteins, ranging from 3.5 to 4.5 g/dl (42, 43). Changes 
in the binding pattern of bile acids could result from 
changes in serum albumin or apolipoprotein (apo) con- 
centrations. Disorders of albumin metabolism, such as 
hypoalbuminemia, are known to occur as a result of a 
variety of causes, including malnutrition, malabsorption, 
and cirrhosis (43). Under these conditions, serum albu- 
min concentrations can decrease to less than 30% of their 
original value (43). In addition, certain hyperlipidemias 
can result in increased levels of serum lipoproteins and 
their corresponding apolipoproteins (41, 44). 

Bile acids are known to compete with certain weakly 
acidic drugs for albumin binding sites (45, 46). Accord- 
ingly, the role of bilirubin in the kinetics of bile acid bind- 
ing to serum proteins cannot be overlooked. In several in 
vitro studies, both conjugated (47, 48) and unconjugated 
(49) bilirubin was found to displace glycine- as well as 
taurine-conjugated cholic acid from albumin. In contrast, 
increasing concentrations of bilirubin did not affect the 
binding of glycine-conjugated CDC to serum albumin 
(48, 49). This may also contribute to the increased shift 
of cholic acid from albumin to lipoproteins observed in 
patients with hepatobiliary disorders (17, 18). 

The ability of bile acids to competitively inhibit 
[24-1*C]LC binding to both LDL and HDL also de- 
creased with increasing polarity of the bile acid (LC> 
CDC >cholic acid), in keeping with the data from the 
saturation binding studies, while the values calculated for 
KI paralleled those calculated for KO. Furthermore, LC 
binding to both LDL and to HDL was equally inhibited 
by unconjugated LC, and its glycine and taurine con- 
jugates. However, LC-3-sulfate was significantly less po- 
tent than LC and its amidates in the ability to displace 
LC from LDL or HDL. These data are supported by 
other in vitro studies in which conjugation of a bile acid 
with glycine or taurine did not affect its affinity for albu- 
min (14, 20). In addition, in in vivo studies of bile acid 
transport by lipoproteins in patients with extrahepatic 
cholestasis (17) as well as with liver cirrhosis and hyper- 
bilirubinemia (18), there was no difference in the relative 
association of the glycine and taurine conjugates of bile 
acids with either serum albumin or lipoproteins. The 
present data are also in agreement with those of Cowen 
et al. (22), who reported that LC-3-sulfate demonstrated 
less protein binding in serum compared to that of both 
amidated and free LC. However, these authors reported 
that glycine-conjugated LC was less bound to protein 
than was its taurine-conjugated or free counterpart. 
Differences in technique and incubation times may ac- 
count for this apparent discrepancy. 

The amidated and sulfated derivatives of LC, as well as 
CDC and cholic acid, were shown to bind to the same site 

on LDL and HDL as did free LC, as [24-14C]LC binding 
was displaced to the same extent by increasing concentra- 
tions of the respective bile acids. The nature of the bind- 
ing of bile salts to human plasma lipoproteins may involve 
hydrophobic interactions with the apolipoprotein moiety. 
After delipidation with organic solvent of the LC-bound 
protein fractions, 25-45% of bound LC was non- 
releasable. However, it cannot be concluded that the re- 
maining 70% is bound exclusively to lipid, since 77% of 
LC bound to the LFAR fraction was also removed by de- 
lipidation. Non-releasable LC binding could be due to 
hydrophobic interactions inaccessible to the delipidation 
solvent, or to non-hydrophobic binding. Indeed, studies 
by Nair et al. (50, 51) demonstrated that the binding of 
LC to liver tissue proteins appears to involve a peptide 
linkage with the €-amino group of lysine. However, no 
significant difference in LC binding to serum lipoproteins 
was observed in a pH range 7.5-11.5. Therefore, the in- 
volvement of electrostatic interactions appears unlikely 
(data not shown). 

Bile acid binding to human serum albumin has been 
shown by Scagnolari et al. (52) to involve predominantly 
hydrophobic interactions. Pic0 and Houssier (36) studied 
the nature of bile acid binding using fluorescence mea- 
surements and circular dichroism. These authors found 
that bile acid binding produced a decrease in human 
serum albumin fluorescence at 350 nm, which is ex- 
plained by the quenching of tryptophan fluorescence by 
bile acids. The decrease in lipoprotein fluorescence at 
310-360 nm, observed after incubation with LC, also sug- 
gests that the binding of LC to lipoproteins quenches 
lipoprotein fluorescence by masking the tryptophan and 
tyrosine residues of the protein moiety. This could be the 
result of hydrophobic interactions between the bile acid 
and the apolipoprotein. However, these data do not ex- 
clude the possibility of additional lipid-bile acid interac- 
tions, or non-hydrophobic protein-bile acid interactions. 

These data are supported by other reports concerning 
the nature of the binding of bile acids to plasma apopro- 
teins. In a study by Delahunty and Feldkamp (53), an in- 
creased association of endogenous glycine-conjugated 
cholic acid with the P-lipoprotein fraction of hyperlipi- 
demic serum was not correlated with increased triglycer- 
ide or cholesterol content of these particles. Deoxycholic 
acid binding to apoB-100 of LDL was found to be rapid 
and specific (54, 55), while the binding of this bile acid to 
apoA-I and apoA-I1 of HDL was shown by Makino, Tan- 
ford, and Reynolds (56) to involve primarily hydrophobic 
interactions. In addition, studies by Donovan, Benedek, 
and Carey (57, 58), Middelhoff et al. (16), and Coulhon 
et al. (59) showed the ability of CDC and cholic acid to 
bind to apoA-I of HDL, disclosing that the dissociation of 
apoA-I from the HDL particle was concurrent with in- 
creased binding of the bile acid to the HDL particle. 

The increased proportion of lipoprotein-bound bile 
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acids observed during hepatobiliary disorders (17, 18) 
may be responsible for the increased concentrations of 
bile acids detected in extrahepatic tissues of patients with 
extrahepatic cholestasis (19), as lipoproteins, in contrast to 
albumin, are internalized by most cells. Results of the 
present study indicate that when 1 pM LC is presented to 
the liver cell either alone or bound to LDL, HDL, and al- 
bumin, respectively, there is no difference in the initial 
rate of uptake of the bile salt. However, 0.1 pM LC bound 
to albumin had a 10-fold lower rate of uptake. Therefore, 
it appears that the rate of uptake of LC is dependent on 
its concentration and is not affected by its protein carrier, 
at least for the concentrations studied in the isolated 
hepatocyte model. However, the nonspecific binding of 
LC to the liver cell was increased by about 100% to 
75-77% of the total LC, when LC was bound to 10 pg/ml 
of either LDL or HDL. When the same concentration of 
LC was bound to 100 pg/ml of albumin, nonspecific bind- 
ing was significantly lower than that of the lipoprotein- 
bound LC. However, a 10-fold lower albumin, and, conse- 
quently, LC concentration resulted in about the same 
degree of nonspecific binding. Some investigators have 
demonstrated the existence of a liver plasma membrane 
albumin receptor thought to facilitate the hepatic uptake 
of certain albumin-bound ligands (60). The enhanced 
nonspecific association of the lipoprotein-bound bile acid 
to the cell could be due to lipoproteins binding to their 
respective receptors, or, perhaps, to liposome binding sites 
that interact with phospholipid molecules (61). In this 
way, potentially toxic bile acids may be targeted to extra- 
hepatic tissues. 

In summary, the study indicates a similar affinity or 
slightly higher affinity of lipoproteins for bile salts com- 
pared to that of the low affinity site of albumin. Further- 
more, lipoproteins present 5-9 times more bile salt bind- 
ing sites, per mg protein, than does albumin. Lipoprotein 
affinity decreased with increasing polarity of the steroid 
nucleus of the bile acid, and was unaffected by conjuga- 
tion of the bile acid with glycine or taurine. I n  addition, 
while the initial rate of uptake of the same concentration 
of LC was not affected by the protein carrier, hepatocellu- 
lar LC association was enhanced when LC was bound to 
lipoproteins compared to albumin. Therefore, the bind- 
ing of LC to, and transport by, plasma lipoproteins may 
be of considerable pathophysiological importance, if lipo- 
proteins can serve to target bile acids to certain tissues. 
The deleterious effects of bile acids may not only be 
affected by their plasma concentrations, but also by the 
concentration of albumin as well as the level and composi- 
tion of plasma lipoproteins. I 

The authors are grateful to Dr. Mauro Malavolti, University of 
Bologna, Bologna, Italy for his insight and helpful discussions. 
The studies were supported, in part, by grant R01 AM 35695 
from the National Institutes of Health. Dr. Fromm was a 

recipient of the Research Career Development Award 
AM-00290 from the National Institutes of Health. Results of 
this study were presented at the Annual Meetings of the Ameri- 
can Association for the Study of Liver Diseases in Chicago, 11, 
in November 1990, and in November, 1992. Portions of this 
manuscript work were derived from a thesis presented by S.C. 
to the Graduate School of The George Washington University. 
Manuscrtpt received 27 February 1992 and in reuuedform 22 April 1993 

REFERENCES 

1. Bergstrom, S., and H. Danielsson. 1968. Formation and 
metabolism of bile acids. In Handbook of Physiology. Sec- 
tion 6: Alimentary Canal, Vol. 5, Bile Digestion: Ruminal 
Physiology. American Physiological Society, Washington, 

2. Hofmann, A. F. 1968. Functions of bile in the alimentary 
canal. In Handbook of Physiology. Section 6: Alimentary 
Canal, Vol. 5, Bile Digestion: Ruminal Physiology. Ameri- 
can Physiological Society, Washington, DC. 2507-2533. 
Fromm, H., and A. F. Hofmann. 1975. The importance of bile 
acids in human diseases. In Advances in Internal Medicine and 
Pediatrics. Vol. 37. Springer, New York, NY. 144-192. 

4. Angelin, B., I. Bjorkhem, K. Einarsson, and S. Ewerth. 
1982. Hepatic uptake of bile acids in man: fasting and post- 
prandial concentrations of individual bile acids in portal 
venous and systemic blood serum. J. Clin. Invest. 70: 

5. Neale, G., B. Lewis, V. Weaver, and D. Panveliwalla. 1971. 
Serum bile acids in liver disease. Gut. 12: 145-152. 

6. Carey, J. B. 1973. Bile salt metabolism in man. In  The Bile 
Acids. P. P. Nair and D. Kritchevsky, editors. Plenum Press, 
New York, NY. 55-80. 

7. Jonsson, G., G. Hedenborg, 0. W i s h ,  and A. Norman. 
1992. Serum concentrations and excretion of bile acids in 
cirrhosis. Scand. J Clin. Lab. Invest. 52: 599-605. 

8. Lindblad, L., K. Lundholm, and T. Schersttn. 1977. Bile 
acid concentrations in systemic and portal serum in pre- 
sumably normal man and in cholestatic and cirrhotic con- 
ditions. Scand. J Gastroenterol. 12: 395-400. 

9. Korman, M. G., A. F. Hofmann, and W. H. J. Summer- 
skill. 1974. Assessment of activity in chronic active liver dis- 
ease: serum bile acids compared with conventional tests and 
histology. N. Engl. J. Med. 290: 1399-1402. 
Imai, Y., S. Kawata, and S. Tarui. 1991. Elevated serum bile 
acids in hepatic vein occlusion and idiopathic portal hyper- 
tension. Clin. Chim. Acta. 199: 109-112. 
Part, P., J. C. Hoefs, and M. Ashcavai. 1981. Determinants 
of serum bile acids in chronic liver disease. Gastroenterology. 

12. Carey, J. B., and G. Williams. 1965. Lithocholic acid in hu- 
man blood serum. Science. 150: 620-622. 

13. Lewis, B., D. Panveliwalla, S. Tabaqchali, and I .  D. P. 
Wootton. 1969. Serum-bile acids in the stagnant-loop syn- 
drome. Lancet. i: 219-220. 

14. Rudman, D., and F. E. Kendall. 1957. Bile acid content of 
human serum. 11. The binding of cholanic acids by human 
plasma proteins. J.  Clin. Invest. 36: 538-542. 
Hedenborg, G., A. Norman, and A. Ritztn. 1988. Lipo- 
protein-bound bile acids in serum from healthy men, post- 
prandially and during fasting. Scand. J Clin. Lab. Invest. 48: 

DC. 2391-2407. 

3. 

724-731. 

10. 

11. 

81: 959-964. 

15. 

241-245. 

1672 Journal of Lipid Research Volume 34, 1993 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


16. Middelhoff, G., R. Mordasini, A. Stiehl, and H. Greten. 
1979. A bile-acid-rich high-density lipoprotein (HDL) in 
acute hepatitis. Scand. J.  Gartmentcml. 14: 267-272. 

17. Hedenborg, G., A. Norlander, A. Norman, and A. Svens- 
son. 1986. Bile acid transport by serum lipoproteins in 
patients with extrahepatic cholestasis. Scand. J.  Clin. Lab. 
Invest. 4 6  745-750. 

18. Hedenborg, G., A. Norman, and 0. Wish. 1988. Trans- 
port of serum bile acids in patients with liver cirrhosis and 
hyperbilirubinaemia. Scand. J. Clin. Lab. Invest. 48: 

19. Hedenborg, G., A. Norlander, and A. Norman. 1986. Bile 
acid conjugates present in tissues during extrahepatic cho- 
lestasis. Scand. J.  Clin Lab. Invest. 46: 539-544. 

20. Roda, A., G. Cappelleri, R. Aldini, E. Roda, and L. 
Barbara. 1982. Quantitative aspects of the interaction of 
bile acids with human serum albumin. J.  Lipid Res. 23: 

Salvioli, G., R. Lugli, J. M. Pradelli, and G. Gigliotti. 
1985. Bile acid binding in plasma: the importance of lipo- 
proteins. FEBS Lett. 187: 272-276. 

22. Cowen, A. E., M. G. Korman, A. F. Hofmann, and P. J. 
Thomas. 1975. Metabolism of lithocholate in healthy man. 
111. Plasma disappearance of radioactivity after intravenous 
injection of labeled lithocholate and its derivatives. Gartm- 

23. Malavolti, M., H. Fromm, S. Ceryak, and K. L. Shehan. 
1989. Interaction of potentially toxic bile acids with human 
plasma proteins: binding of lithocholic (3ar-hydroxy-5/3- 
cholanic-24-oic) acid to lipoproteins and albumin. Lipids. 

24. Hedenborg, G., G. Jonsson, 0. Wish ,  and A. Norman. 
1991. Equilibration of labelled and endogenous bile acids in 
patients with liver cirrhosis after administration of (24-l'C) 
cholic and chenodeoxycholic acids. Scand. J.  Clin. Lab. 
Invest. 51: 197-208. 

25. Redgrave, T. G., D. C. K. Roberts, and C. E. West. 1975. 
Separation of plasma lipoproteins by density-gradient 
ultracentrifugation. Anal. Biochem. 65: 42-49. 

26. Malavolti, M., H. Fromm, S. Ceryak, and I. M. Roberts. 
1987. Modulation of low density lipoprotein receptor ac- 
tivity by bile acids: differential effects of chenodeoxycholic 
and ursodeoxycholic acids in the hamster. J. Lipid Res. 28: 

27. Bouscarel, B., H. Fromm, S. Ceryak, and M. M. Cassidy. 
1991. Ursodeoxycholic acid increases low-density lipopro- 
tein binding, uptake and degradation in isolated hamster 
hepatocytes. Biochem. J. 280: 589-598. 

28. Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The dis- 
tribution and chemical composition of ultracentrifugally 
separated lipoproteins in human serum. J. Clin. Invest. 3 4  

29. Irwin, D., P. A. OLooney, E. Quinet, and G. V. Vahouny. 
1984. Application of SDS gradient polyacrylamide slab gel 
electrophoresis to analysis of apolipoprotein mass and 
radioactivity of rat lipoproteins. Athmsclmsir. 53: 163-172. 

30. Switzer, R. C., C. R. Merril, and S. Shifrin. 1979. A highly 
sensitive silver stain for detecting proteins and peptides in 
polyacrylamide gels. Anal. Biochem. 98: 231-237. 
Bradford, M. M. 1976. A rapid and sensitive method for 
the quantitation of microgram quantities utilizing the prin- 
ciple of protein-dye binding. Anal. Biochem. 72: 248-254. 

32. Malavolti, M., H. Fromm, B. Cohen, and S. Ceryak. 1985. 
Isolation and identification of A6-lithocholenic acid ( 3 ~ -  
hydroxy-5/3-6-cholen-24-oic acid) as an intestinal bacterial 
metabolite of chenodeoxycholic acid in man. J. Biol. Chem. 

817-824. 

490-495. 
21. 

mtdogy .  69: 77-82. 

24: 673-676. 

1281-1295. 

1345-1353. 

31. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

260: 11011-11015. 
Scatchard, G. 1949. The attraction of proteins for small 
molecules and ions. Ann. NY had.  Sci. 51: 660-672. 
McPherson, G. A. Kinetic, EBDA, Ligand, Lowry. 1985. A 
Collection of Radioligand Binding Analysis Programs. El- 
sevier Science Publishers BV. Amsterdam, The Nether- 

Cheng, Y., and W. H. Prusoff. 1973. Relationship between 
the inhibition constant (KI> and the concentration of an in- 
hibitor that causes a 50% inhibition (Is,,) of an enzymatic 
reaction. Biochem. Phannocol. 22: 3099-3108. 
Pico, G. A., and C. Houssier. 1989. Bile salt-bovine serum 
albumin binding: spectroscopic and thermodynamic 
studies. Biochim. Biophys. Acta. 999: 128-134. 
Bouscarel, B., H. Fromm, and R. Nussbaum. 1993. Urso- 
deoxycholate mobilizes intracellular Ca*+ and activates 
phosphorylase a in isolated hepatocytes. Am. J.  Physiol. 264 

Roda, A., A. F. Hofmann, and K. J. Mysels. 1983. The 
influence of bile salt structure on self-association in aqueous 
solutions. J. Biol. Chem. 258: 6362-6370. 
Limbird, L. E. 1986. Identification of receptors using direct 
radioligand binding techniques. In Cell Surface Receptors: 
A Short Course on Theory and Methods. Martin Nijhoff 
Publishing, Boston, MA. 51-96, 
Kramer, W., H-P. Buscher, W. Gerok, and G. Kurz. 1979. 
Bile salt binding to serum components: taurocholate incor- 
poration into high-density lipoprotein revealed by photo- 
affinity labelling. Eur J.  Biochem. 102: 1-9. 
Gotto, A. M., H. J. Pownall, and R. J. Havel. 1986. In- 
troduction to the plasma lipoproteins. Methods Enzymol. 

Rothschild, M. A., M. 0. Oratz, and S. S. Schreiber. 1972. 
Albumin synthesis (first of two parts). N. Engl. J.  Med. 286: 

Rothschild, M. A., M. 0. Oratz, and S. S. Schreiber. 1972. 
Albumin synthesis (second of two parts). N. Engl. J.  Med. 

Zech, L. A., R. C. Boston, and D. M. Foster. 1986. The 
methodology of compartmental modeling as applied to the 
investigation of lipoprotein metabolism. Methods Enzymol. 

Bowmer, C. J., P. G. Donoghue, C. F. Leong, and M. S. 
Yates. 1985. Effect of bile acids on the binding of drugs and 
dyes to human albumin. J.  Pharm. Phannacol. 37: 812-815. 
Brock, A. 1976. Binding of digitoxin to human serum albu- 
min: influence of free fatty acids, bile acids, and protein un- 
folding on the digitoxin-albumin interaction. Acta 
Pharmacal. Exicol. 38: 497-507. 
Buscher, H-P., M. Beger, H. Sauerbier, and W. Gerok. 
1987. Bile salt shift from albumin to high-density lipo- 
protein in cholestasis. Hepatology. 7: 900-905. 
Chitranukroh, A., and B. H. Billing. 1983. Changes in the 
binding of radioactive conjugated bile salts to serum pro- 
teins in cholestatic jaundice. Clin. Sci. 65: 77-84. 
Roda, A., E. Roda, C. Sama, D. Festi, R. Aldini, A. M. 
Morselli, G. Mazzella, and L. Barbara. 1982. Serum bile 
acids in Gilbert's syndrome. Gastmentmlogy. 82: 77-83. 
Nair, P. P., A. I. Mendeloff, M. Vocci, J. Bankoski, M. 
Gorelik, G. Herman, and R. Plapinger. 1977. Lithocholic 
acid in human liver: identification of elithocholyl lysine in 
tissue protein. Lipids. 12: 922-929. 
Nair, P. P., R. Solomon, J. Bankoski, and R. Plapinger. 
1978. Bile acids in tissues: binding of lithocholic acid to pro- 
tein. Lipids. 13: 966-970. 
Scagnolari, F., A. Roda, A. Fini, and B. Grigolo. 1984. 

lands. 14-96. 

G243-G251. 

128: 3-41. 

748-757. 

286: 816-820. 

129: 366-384. 

Ceryak, Bouscarel, and Fromm Comparative binding of bile acids by human plasma proteins 1673 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Thermodynamic features of bile salt-human serum albu- 
min interaction. Biochim. Biophys. Acta. 791: 274-277. 

53. Delahunty, T., and C. Feldkamp. 1980. A study of en- 
dogenous n-cholylglycine distribution among serum pro- 
teins using radioimmunoassay. Steroidr. 36: 439-449. 

54. Helenius, A., and K. Simons. 1972. The binding of deter- 
gents to lipophilic and hydrophilic proteins. J Biol. Chem. 
247: 3656-3661. 

55. Oeswein, J. Q., and P. W. Chen. 1983. Human serum low 
density lipoprotein-sodium deoxycholate interaction. 
J.  Biol. Chem. 258: 3645-3654. 

56. Makimo, S., C. Tanford, and J. A. Reynolds. 1974. The in- 
teraction of polypeptide components of human high density 
serum lipoprotein with detergents. J.  Biol. Chem. 249: 

57. Donovan, J. M., G. B. Benedek, and M.  C. Carey. 1987. 
Self-association of human apolipoprotein A-I and A-I1 and 
interactions of apolipoprotein A-I with bile salts: quasi- 

7379-7382. 

elastic light scattering studies. Biochemzstry. 26: 8116-8125. 
58. Donovan, J. M., G. B. Benedek, and M. C. Carey. 1987. 

Formation of mixed micelles and vesicles of human apo- 
lipoproteins A-I and A-I1 with synthetic and natural leci- 
thins and the bile salt sodium taurocholate: quasi-elastic 
light scattering studies. Biochemistry. 26: 8125-8133. 

59. Coulhon, M. P., F. Tallet, J. Yonger, J. Agneray, and D. 
Raichvarg. 1985. Changes in human high density lipopro- 
teins in patients with extra-hepatic biliary obstruction. Clzn. 
Chim. Acta. 145: 163-172. 

60. Weisiger, R., J. Gollan, and R.  Ockner. 1981. Receptor for 
albumin on the liver cell may mediate uptake of fatty acids 
and other albumin-bound substances. Science. 211: 

Galkina, S. I., V. V. Ivanov, S. N. Preobrazhensky, L. B. 
Margolis, and L. D. Bergelson. 1991. Low-density lipopro- 
teins interact with liposome-binding sites on the cell sur- 
face. FEBS Lett. 287: 19-22. 

1048-1051. 
61. 

1674 Journal of Lipid Research Volume 34, 1993 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

