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activity by bile acids: differential effects of
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Abstract Hamsters were fed chenodeoxycholic acid (CDC),
ursodeoxycholic acid, (UDC), or no bile acid. {*C]}Sucrose-
labeled hamster low density lipoprotein (LDL) and methylated
human LDL were infused intravenously to study LDL receptor-
dependent and LDL receptor-independent organ uptake, re-
spectively, of LDL. Biliary CDC increased during both CDC
and UDC treatment. The UDC enrichment of bile after UDC
feeding was relatively small. Bile acid synthesis was suppressed
after both bile acid treatments. Under the condition of an acute
bile fistula, the hamster LDL uptake increased in the liver,
heart, and adrenals in the CDC-treated animals. During an in-
tact enterohepatic circulation, the hepatic uptake of hamster
LDL, which accounted for a major portion of the total uptake,
was increased after UDC treatment. The hamster LDL uptake
in the colon, which represented only a small fraction of the total
uptake, increased after CDC treatment. When hamster LDL
was infused at increasing concentrations, its uptake was sig-
nificantly higher in the UDC-treated than in the control and
CDC-treated animals. The methylated human LDL uptake
showed no significant changes in the different treatment groups
under either experimental condition. The study shows sig-
nificantly different effects of CDC and UDC on LDL receptor
activity. Since these differences are expressed in spite of a similar
suppression of bile acid synthesis, UDC may directly influence
LDL receptor activity.—Malavolti, M., H. Fromm, S. Ceryak,
and I. M. Roberts. Modulation of low density lipoprotein
receptor activity by bile acids: differential effects of chenode-
oxycholic and ursodeoxycholic acids in the hamster. J. Lipid Res.
1987. 28: 1281 —1295.

Supplementary key words LDL uptake « bile acid synthesis ¢ bi-
liary bile acid composition

Low density lipoproteins (LDL) are catabolized by
receptor-dependent (1,2) and receptor-independent mech-
anisms (3, 4). The activity of the LDL receptor provides
an important mechanism for the maintenance of choles-
terol homeostasis in the body (1-5). Since bile acids repre-
sent a major product of cholesterol metabolism, changes

in the synthesis of bile acids and, consequently, of
cholesterol, result in appropriate modifications of the ac-
tivity of the LDL (apoB, E) receptor (6-9).

An acceleration of bile acid synthesis due, for example,
to an enhanced bile acid loss leads to an increased de-
mand for the precursor, cholesterol, and a consequent ac-
tivation of the LDL receptor (6, 8-10). The therapeutic
use of bile acids, such as chenodeoxycholic acid (CDC)
and its 7B3-epimer, ursodeoxycholic acid (UDC), has raised
the question as to their influence on LDL catabolism
(11-14). Long-term treatment of gallstone patients with
CDC has been shown to be associated with minor, but
statistically significant increases in serum LDL cholesterol
(11, 12). In contrast to CDC, UDC does not seem to in-
fluence serum levels of LDL cholesterol (15). The differen-
tial response of serum cholesterol to the two bile acid
epimers could be an expression of opposing effects they
may exert on the activity of the LDL receptor. One mech-
anism, which could be responsible for these divergent
effects on LDL receptor function, relates to the difference
between CDC and UDC which has been shown to exist

Abbreviations: LDL, low density lipoproteins; CDC, chenodeoxycho-
lic acid; UDC, ursodeoxycholic acid; GLC, gas-liquid chromatography.
The chemical names of the bile acids referred to are: 3a,7a-dihydroxy-
58-cholan-24-oic acid, chenodeoxycholic acid; 3ea,78-dihydroxy-58-
cholan-24-oic acid, ursodeoxycholic acid; 3a-hydroxy-58-cholan-24-oic
acid, lithocholic acid; 3a,7¢a,120-trihydroxy-58-cholan-24-oic acid, cho-
lic acid; 3a,12a-dihydroxy-58-cholan-24-oic acid, deoxycholic acid.
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in man as far as the modulation of bile acid synthesis is
concerned. While CDC suppresses bile acid synthesis,
UDC appears to have either no (16-20), or a stimulating
(21) influence. Whether mechanisms unrelated to bile
acid synthesis, such as, for example, direct physico-
chemical interactions of certain bile acids with either the
uptake function of the LDL receptor or its recycling be-
tween cell surface and intracellular compartments, could
also be involved in the modulation of its activity, is un-
known. The present study, therefore, aims at investigating,
in a hamster model, I) the effect of long-term feeding of
CDC and UDC on LDL receptor-dependent and LDL
receptor-independent uptake of LDL in the major organs;
and 2) the relation between LDL uptake and bile acid
synthesis in the two bile acid treatment groups.

METHODS

Animals

A total of 116 male Golden Syrian hamsters (Harlan
Sprague-Dawley, Indianapolis, IN) was studied. The
numbers of animals in the different study groups are
listed in the figures and tables. Three groups of hamsters,
each animal weighing 100-130 g, were fed a 0.027%
cholesterol rodent chow diet (Ralston Purina Co., St
Louis, MO) for 4 weeks. One group received the diet
alone (control), the second received, in addition, 0.1%
CDC, and the third the same dose of UDC. There were
no differences among the treatment groups as far as food
intake and weight gain were concerned. Both CDC and
UDC were well tolerated by the animals. They had no di-
arrhea, and the livers appeared macroscopically normal.
Light-microscopic examination of the liver, after 4 weeks
of CDC (n =6), UDC (n = 4), and control (n = 6) feeding,
respectively, in 16 randomly chosen hamsters, showed
normal findings in 14 of them, and mild to moderate ab-
normalities in the remaining two. The abnormalities con-
sisted of bile duct proliferation in one CDC-fed hamster,
and of fatty changes in one control animal. CDC was sup-
plied by Dr. Falk GmbH & Co. (Freiburg, West Germany)
and UDC by Tokyo Tanabe Co., Ltd. (Tokyo, Japan).
CDC was >98% pure and UDC was >99% pure as
judged by gas-liquid chromatography (GLC) (22-24).
The animals were kept on alternating 12-h light and 12-h
dark cycling. All LDL infusion experiments were started
during the light cycle between 9 AM and 12 noon. Each
study on a given day was carried out in three animals, one
of each group. The sequence in which the animals were
studied was randomized.

Bile acid analysis of gallbladder bile

Bile acid composition of gallbladder bile was deter-
mined by GLC methods previously established in this
laboratory (22-24).
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Measurement of fecal bile acids and of bile acid syn-
thesis

During the fifth week of treatment, animals were
housed individually in metabolic cages. Complete 24-h
fecal collections were obtained for 8 days from each
hamster. The dietary intake was measured. In each ani-
mal, three 24-hr fecal samples from the second half of the
collection period were used for bile acid analysis. Fecal
bile acids were analyzed qualitatively and quantitatively
by GLC as previously described (23).

Bile acid synthesis was estimated by subtracting the
dietary intake of bile acids from the total fecal bile acid
excretion (19, 25).

LDL and albumin preparation

Hamster LDL was prepared from untreated animais
that had been fed a 0.027% cholesterol rodent chow diet.
The animals were decapitated and bled between 9 AM
and 12 noon. The blood was collected in sterile glass tubes
containing EDTA (final concentration 4 mM, pH 7.4).
The plasma was separated by centrifugation at 300 g for
15 min at 4°C. Plasma lipoproteins were separated by
density gradient ultracentrifugation (26). In brief,
samples of plasma were adjusted to d 1.21 g/ml with solid
potassium bromide, and 4.0-ml aliquots were pipetted in-
to 13.2-ml polyallomer centrifuge tubes (Beckman Instru-
ments, Palo Alto, CA). A discontinuous gradient was
prepared as described by Redgrave, Roberts, and West
(26). All salt solutions contained EDTA, 0.1 mg/ml, and
were prepared from potassium bromide and sodium
chloride according to Havel, Eder and Bragdon (27).
Ultracentrifugation was carried out at 10°C for 24 hr at
286,000 ¢ and 41,000 RPM using the SW41 Beckman
rotor. The layers corresponding to the densities from
1.020 to 1.060 g/ml were removed from the tubes by nee-
dle aspiration. The aspirated layers were transferred to
another tube which was filled with salt solution at a densi-
ty of 1.060 g/ml (27).

The ultracentrifugation was repeated at the above
described conditions for 24 hr. The lipoprotein fraction
with a density of 1.060 g/ml, which concentrated in the
top layer of the ultracentrifuged tube, was removed by
needle aspiration and dialyzed against 0.9% sodium
chloride and 0.01% EDTA at a pH range from 7.2 to 7.4.
Parallel to the isolation of homologous hamster LDL, hu-
man LDL was prepared to study the LDL receptor-
independent LDL uptake. The procedures for the
preparation of LDL from human plasma were identical
to those for the isolation of LDL from hamster plasma.
The apoprotein content of both the hamster and human
LDL preparations migrated in one band in the position
of apolipoprotein B in the vertical slab gel electrophoresis,
which was performed according to the method of Laem-
mli (28). Hamster and human LDL as well as hamster
albumin (Research Plus, Inc., Bayonne, NJ) were labeled
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with [**C]sucrose as described by Pittman et al. (29). The
specific activities (dpm/ug of protein) were 1188 + 718.6
(mean + SEM) for the hamster LDL, 2112 + 566.2 for hu-
man LDL, and 3885 + 244.9 for hamster albumin. The
labeled LDL and albumin in the exclusion volume were
dialyzed at pH 7.4 (29).

The human LDL was reductively methylated as
described by Weisgraber, Innerarity, and Mahley (30) in
order to study the LDL receptor-independent uptake of
LDL. Methylated LDL has been shown to be taken up by
LDL receptor-independent mechanisms (30, 31). In the
majority of the preparations, the labeled LDL was chroma-
tographed on silica gel G thin-layer plates in n-pro-
panol-ethyl acetate-water 70:20:10 (vol/vol) to determine
the presence of unbound sucrose. No radioactivity was de-
tected in the position of free sucrose.

Assessment of purity and integrity of LDL
preparations

For most preparations, labeled hamster LDL and
methylated human LDL were also subjected to SDS
polyacrylamide gel electrophoresis (28). After silver stain-
ing (32), the vertical lanes containing the LDL prepara-
tions were cut from the gel and sliced into 7-mm bands.
The bands were incubated at 60°C for 24 hr with 1 ml of
30% H,0, until dissolved, and the radioactivity was de-
termined in a liquid scintillation counter. All of the
radioactivity on the gel was in the band corresponding to
the apolipoprotein B standard.

The LDL preparations (!*C-labeled hamster LDL,
unlabeled human LDL, '*C-labeled human LDL, and
#C-labeled methylated human LDL) were also
characterized by scanning electron microscopy. The size
and shape of the LDL particles were comparable to those
previously reported by other authors (5).

The LDL preparations were also analyzed for protein,
cholesterol, triglyceride, and phospholipid content. The
total protein concentration was measured using the
method of Bradford (33). Enzymatic assays were used to
measure cholesterol and triglyceride (Bio-Dynamics,
Boehringer Mannheim, Indianapolis, IN) as well as
phospholipid (Nippon Shoji Kaisha, Ltd., Higashi-Ko,
Osaka, Japan) concentrations. The concentrations of
these components in the different LDL preparations were
virtually identical to those described in the literature (27).

The LDL and albumin preparations were refrigerated
at 4°C and used within 48 hr.

Measurement of LDL tissue uptake

During the infusion experiments, the animals were kept
under diethyl ether anesthesia. The animals were weighed
and the respective labeled albumin or LDL preparations
were administered via a jugular vein catheter (Silastic®,
ID, 0.012 in.; OD, 0.025 in., Dow Corning Corporation,
Midland, MI) in a bolus, containing 20 ug of protein, fol-

lowed by a constant infusion for 1 hr at a rate of 1 ug of
protein in 70 gl per min. This infusion rate resulted in
constant plasma levels of *C radioactivity which was
measured at 15, 30, and 60 min in all animals. For the
measurement of plasma radioactivity, 50-pl blood samples
were withdrawn from the vena cava of the hamsters. The
dose and rate at which LDL was infused were chosen ac-
cording to data both from other investigators and from ex-
periments in this study (9). A bolus of 20 ug of LDL
protein, followed by a constant infusion at a rate of 1
pg/min, results in hepatic tissue uptake values which ap-
proach a plateau, i.e., levels that are close to maximal
receptor mediated uptake in the liver (see Fig. 6). It
should be emphasized, however, that the dose infused in
the present study differed considerably from the trace
amount used by other investigators (9). The use of higher
doses may allow a better distinction in the LDL uptake
between the different treatment groups. In half of the
LDL-infused animals studied, a bile fistula was con-
structed 10 min after the beginning of the injection of the
bolus of albumin and LDL, respectively. The cystic duct
was ligated and a cannula (Silastic, ID, 0.012 in.; OD,
0.025 in., Dow Corning Corporation, Midland, MI) was
placed into the common bile duct. After completing the
LDL infusion at 60 min, a sample of at least 100 pl of
urine was withdrawn from the urinary bladder by needle
aspiration. The animals were killed at 60 min, and the or-
gans were rapidly removed.

The organs were rinsed with 0.9% NaCl, blotted on
filter paper, and weighed. With the exception of the liver,
which was cut into several sections, the organs were com-
busted in toto in a Packard Oxidizer (Packard Instrument
Corporation, Downers Grove, IL) (34). The C radioac-
tivity in the combusted organs as well as in triplicate
blood, bile, and urine samples was determined by scintil-
lation counting. The LDL tissue uptake was calculated by
subtracting the ['*C]albumin tissue space from the [**C]-
LDL tissue space. The tissue spaces were expressed by
relating the tissue radioactivity to the volume of plasma
which contains the same amount of radioactivity (35, 36).
The respective tissue space was calculated by the follow-
ing formula:

dpm 1 pl

x
tissue weight, g = dpm/plasma volume, ul g

The uptake in the different organs was calculated by mul-
tiplying the tissue uptake by the respective organ weight,
which was normalized for an animal weighing 100 g.

Infusions of hamster LDL at different concentratrions
and for prolonged periods of time

Since LDL infusions at low concentrations may not
represent a sufficient challenge to the LDL receptor-
mediated uptake process, differences among the treat-
ment groups may not be detectable. The results of one
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TABLE 1. Biliary bile acid composition

Treatment CDC uUuDC LC C DC Other
% of total
Control (n = 9) 29.2 + 1.89 1.0 + 0.97 1.6 + 1.52 43.0 + 4.84 20.0 + 2.61 5.3 + 3.65
CDC (n = 9) 71.2 + 3.61° 0.7 + 0.41 45 + 1.05 11.8 + 1.92° 5.0 + 1.34 6.7 + 3.79
UDC (n = 9) 55.4 + 4.45° 17.4 + 4.48° 5.9 + 1.05¢ 10.1 + 1.74° 8.9 + 1.68° 2.0 + 1.1

Results are expressed as mean + SEM. CDC, chenodeoxycholic acid; UDC, ursodeoxycholic acid; LG, lithocholic acid; C, cholic acid; DC, deoxycholic

acid; Other, unidentified gas-liquid chromatographic peaks.

Respective bile acid in comparison to control fed animals: *, P < 0.01; ¢ P <0.02;°, P < 0.05.

recent study by other authors, which failed to show an ef-
fect of UDC on LDL uptake, may relate to this possibility
(37). Therefore, experiments were carried out in which
hepatic LDL uptake was measured after intravenous infu-
sion of three different concentrations of hamster LDL.
Each concentration was studied simultaneously in one
animal of each treatment group. The injection of a bolus
of 5, 20, and 40 pg, respectively, of LDL protein was followed
by a 15-min constant infusion of [**C]sucrose-labeled
hamster LDL at a rate of 0.25, 1.0, and 2.0 ug per min,
respectively.

In addition to these studies of the LDL receptor-de-
pendent uptake, increasing concentrations of [*C]su-
crose-labeled methylated human LDL were infused in
control animals. The LDL concentrations infused were
similar to those used in the hamster LDL studies. A bolus
of 10, 20, and 100 pg was followed by a 15-min constant
infusion of 0.5, 1.0, and 5.0 g per min, respectively. The
hepatic LDL uptake increased linearly under these condi-
tions, underlining the LDL receptor-independent nature
of the uptake of the methylated human LDL (3, 4).

The steady state conditions of the hamster LDL infu-
sions were evaluated by the performance of longer periods
of hamster LDL infusions. Two hamsters, one control and
one CDC-treated, received a bolus of 20 ug of ["*C]su-
crose-labeled hamster LDL intravenously, which was
followed by a 3-hr constant infusion at a rate of 1 pg/min.
The plasma radioactivity remained constant throughout
the entire infusion study between 15 min and 3 hr.

Analysis of total, HDL and LDL cholesterol in serum

Serum was analyzed after the animals had been treated
for 6 weeks. HDL cholesterol was measured enzymatical-
ly after dextran sulfate-MgCl; precipitation of apoB-
containing lipoproteins in fresh serum samples (38). The
completeness of the precipitation was confirmed by the
absence of apoB-containing lipoproteins in the superna-
tant, as assessed by agarose electrophoresis (39). LDL
cholesterol was estimated from the measurement of total
cholesterol, total triglycerides, and HDL cholesterol, us-
ing the empirical relationship of Friedewald (40).
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Statistical analyses

The data were expressed as mean + standard error of
the mean (SEM). The statistical significance of the dif-
ferences among the study groups was calculated by the
two-way analysis of variance and the Student-Neuman-
Keuls test (41).

RESULTS

Body and organ weights

The body weights of the control, CDC- and UDC-
treated animals at the time of study, which were 129 + 3.8,
125 £ 4.3, and 121 + 3.6 g, respectively, did not differ sig-
nificantly. There were also no statistically significant dif-
ferences in the organ weights among the treatment
groups.

+ O contROL

50 M coc TREATMENT

10

LC DC ul OTHER
FECAL BILE ACID COMPOSITION

Fig. 1. Fecal bile acid composition after control, chenodeoxycholic
acid (CDC), and ursodeoxycholic acid (UDC) treatment. Abbrevia-
tions: L.C, lithocholic acid; DC, deoxycholic acid; UI, one major uniden-
tified GLC peak; other: combined area under the curve of six other
unidentified peaks in the gas chromatogram (See also text of Result sec-
tion). *, P < 0.01 versus control; f, P < 0.02 versus control; §,
P < 0.05 versus control.
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TABLE 2. Rate of bile acid synthesis

Rate of Bile Acid Synthesis
Number (Total fecal bile acid
of Total Fecal Bile excretion minus
Treatment group”  Animals  Acid Excretion dietary bile acid intake)

mg/24 hr
Control 13 5.01 + 0.505 5.01 + 0.505
Chenodeoxycholic
acid 13 7.13 + 0.910 0.87 + 0.708°
Ursodeoxycholic
acid 13 6.01 ¢+ 0.818 -0.57 + 0.768°

*For description of treatment regimens see legend of Fig. 1 as well as
text of Methods section.

*Denotes statistical significance (P < 0.01) of difference between
respective treatment and control groups.

Biliary bile acid composition

The biliary bile acid composition in the three treatment
groups is shown in Table 1. The CDC content in bile in-
creased significantly during both CDC and UDC treat-
ment. The increase in biliary UDC during UDC feeding
was statistically significant. However, the UDC treat-
ment-induced enrichment of bile in UDC in the hamsters
was considerably smaller than that seen in man (about
17% vs. approximately 60%) (13). Both the CDC and
UDC treatment groups were also characterized by a sig-
nificant decrease in the biliary content of cholic and de-
oxycholic acids.

Fecal bile acids and rate of bile acid synthesis

The fecal bile acid composition in the different treat-
ment groups is shown in Fig. 1. Lithocholic acid, de-
oxycholic acid, and one unidentified bile acid, which
represented a major peak, constituted about 75% of the
total fecal bile acids. About 20 of the remaining 25% were
distributed over six other gas chromatographic peaks.
The structures of the bile acids represented by these peaks
were not identified. Although differences in the sizes of

these peaks among the treatment groups were statistically
significant on several occasions, the magnitude of the dif-
ferences was relatively small, not exceeding 3% in any in-
stance. In both the CDC- and UDC-fed hamsters,
lithocholic acid increased significantly, whereas deoxycho-
lic acid and the major unidentified bile acid peak decreased
significantly.

The rates of bile acid synthesis in the three treatment
groups are listed in Table 2. Both the CDC and UDC
feedings effected a significant depression of bile acid syn-
thesis to less than one-fifth of the control value.

Studies in bile fistula animals

Tissue uptake. The total hamster LDL uptake in all or-
gans combined was significantly (P < 0.05) higher in the
CDC-treated animals than in the control and UDC-
treated animals (Table 3). The percent uptake of LDL in
the different organs is shown in Table 4. In all three treat-
ment groups, a major portion of the LDL receptor-
dependent uptake of LDL took place in the liver. It
accounted for approximately one-third of the total. There
were no significant differences between the treatment
groups as far as the percent LDL uptake in the different
organs was concerned. The LDL uptake in the different
organs expressed as both pl/g and pl/organ is shown in
Fig. 2 and Fig. 3. The receptor-dependent uptake of
LDL in the liver and heart was significantly higher in the
CDC group than in the control and UDC-treated
hamsters (Fig. 2). In addition to the liver and heart, the
adrenals showed significantly higher LDL uptake in the
CDC group when it was calculated in terms of organ up-
take (ul/organ). The receptor-independent uptake of LDL
in the different organs showed no significant differences
among the treatment groups.

Excretion of radioactivity into bile and urine. As expected (8,
34), only small amounts of the radioactivity administered
as ["*Cjsucrose-labeled hamster LDL and reductively
methylated human LDL, respectively, were excreted into
bile and urine. About 0.1% of the administered radioac-
tivity was excreted in bile during the 50-min collection.

TABLE 3. Total organ uptake of LDL in the different treatment groups

*C-Labeled Hamster LDL

#C-Labeled Methylated Human LDL

Group Control CDC

UDC Control CDC UDC

Acute bile fistula
Intact enterohepatic

circulation 1313.6 + 392.30 1096.5 + 257.80

1476.2 + 224.00 439.9 + 70.40

ul/organ, mean + SEM
1327.4 + 407.58 3376.5 & 1173.28** 1287.0 + 498.72 520.6 + 188.60 1042.6 + 365.65 1246.7 + 502.00

700.1  341.67 905.1 + 212.52

“Bile acid versus respective control-fed animals: P < 0.05.
*CDC versus respective UDC-fed animals: P < 0.05.
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TABLE 4. Percent uptake of LDL in the different organs in the acute bile fistula animals

4C.Labeled Hamster LDL

*G-Labeled Methylated Human LDL

Organ Control CDC UDC Control CDC uDC
Liver 22.4 + 6.48 26.9 + 14.86 27.1 + 3.18 26.8 + 6.32 24.0 + 8.69 29.2 + 11.20
Adrenal 0.3 + 0.20 0.2 + 0.07 0.2 + 0.08 0.1 + 0.10 0.1 + 0.01 0.1 + 0.03
Aorta 0.1 + 0.02 0.04 + 0.02 0.1 + 0.03 0.2 + 0.17 0.04 + 0.01 0.1 + 0.04
Lung 5.3 + 1.68 6.3 + 3.41 7.8 + 1.13 30.2 + 9.29 13.3 + 1.6 12.7 + 4.38
Heart 0.1 + 0.15 0.5 + 0.22 0 0.1 + 1.0 0.04 + 0.37 0.8 + 0.74
Brain 09 + 0.17 0.8 + 0.40 1.3 + 0.44 0.2 + 0.17 0.03 + 0.21 0.6 + 0.33
Kidney 0 0.3 + 1.18 0 5.3 £ 5.35 2.0 + 2.34 0
Spleen 0 0.1 + 0.11 0 0.1 + 0.58 0 0
Stomach 1.0 + 0.44 0.8 + 0.52 1.27 + 0.8 0.5 + 1.03 0.8 + 0.29 0.9 + 0.20
Small intestine 0.9 + 0.38 0.2 + 0.68 1.61 + 0.70 0.8 + 0.59 1.4 + 0.44 1.0 + 0.41
Colon 0.7 + 0.27 0.6 + 0.13 0 0 0.3 + 0.11 0
Cecum 0.9 + 0.59 1.1 + 0.31 0.8 + 0.83 0 1.4 + 1.07 0.4 + 0.18
Testes 0 0.2 + 0.17 0.2 + 0.36 0 0.4 + 0.18 0.3 + 0.08
Epididymis 0.3 + 0.05 0.1 + 0.05 0.1 + 0.03 0 0.5 + 0.38 0.1 + 0.04
Seminal vesicles 0.6 + 0.26 0.2 + 0.06 0.3 + 0.11 0.1 + 0.59 0.4 + 0.15 0.2 + 0.13
Prostate 0.1 + 0.06 0.04 + 0.01 0.1 + 0.03 0.03 + 0.02 0.1 + 0.04 0.1 + 0.06
Bladder 0 0 0 0.2 + 0.20 0 0
Pancreas 0.02 + 0.10 0.3 + 0.11 0.2 + 0.12 1.1 + 0.7 0.1 + 0.09 0.3 + 0.08
Thyroid 0.6 + 0.11 0.6 + 0.22 0.3 + 0.23 0.1 + 0.18 0.1 + 0.22 0.3 + 0.15
Thymus 0.03 + 0.03 ND 0.02 + 0.02 ND ND ND
Fat 9.2 + 5.38 8.8 + 2.16 21.8 + 8.12 6.9 + 4.02 2.8 + 2.77 8.7 + 4.09
Skin 15.3 + 5.49 23.6 + 9.90 6.5 + 3.75 6.3 + 4.17 10.8 + 8.55 149 + 5.37
Muscle 42.6 + 0.47 29.1 + 10.91 31.6 + 10.78 246 + 14.25 419 1+ 8.94 319 + 12.45
Gallbladder 0.1 + 0.10 0 0 0 0 0

Values are given as mean + SEM; ND, no data.

The radioactivity in the 100-ul urine samples ranged from
0 to 0.07% of the administered amount. No statistically
significant differences were found in either the biliary or
the urinary radioactivity between the different treatment
and infusion groups.

Studies in animals with an intact enterohepatic cir-
culation

Tissue uptake. No significant differences were found in
the total as well as in the percent LDL organ uptake in
the different treatment groups (Table 3 and Table 5).
However, the tissue uptake of the homologous hamster
LDL, expressed as both ul/g and pl/organ, was significant-
ly increased in the liver after UDC treatment in compari-
son to that after both control and CDC treatment (Fig.
4 and Fig. 5). The hamster LDL uptake in the colon was
significantly higher in the CDC-fed than in the control
animals (Figs. 4 and 5). The changes in the tissue uptake
of methylated human LDL in the different treatment
groups were statistically not significant (Figs. 4 and 5).

The results of the studies in which increasing concen-
trations of homologous hamster LDL were infused simul-
taneously in three groups of hamsters, three animals per
group, are shown in Fig. 6. Although the levels of
receptor-dependent hepatic LDL uptake at 15 min repre-
sent single measurements, the mean + SEM values of the
60-min uptake after a 20-ug bolus-1 pg/min infusion dose
are shown in the graph for comparison. The uptake after
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60 min was, as expected, higher than that after 15 min in
both the UDC and CDC treatment groups. The 15-min
level of the hepatic LDL uptake in the control group was
comparable to the upper range of the respective 60-min
measurements. The hepatic receptor-dependent 15-min
LDL uptake reached different plateau levels in the three
treatment groups. The LDL uptake levels at the different
infusion concentrations were significantly higher in the
UDC-treated than in the control (P < 0.01) and CDC-
treated (P < 0.01) animals. The LDL uptake values of
the control group were situated between those of the UDC
and those of the CDC treatment groups. However, the dif-
ference between the control and CDC treatment groups
was not statistically significant.

Esxcretion of radioactivity in urine. The urinary excretion of
the radioactivity in the animals with an intact entero-
hepatic circulation was virtually indistinguishable from
that in the bile fistula hamsters, i.e., it ranged from 0 to
0.02% of the administered dose in the 100-ul urine sam-
ple.

Total, HDL and LDL cholesterol in serum. The total as well
as HDL and LDL cholesterol values in serum, after a 6-
week control, CDC- and UDC-treatment, respectively,
are listed in Table 6. In comparison to the animals
treated with UDC, those that were fed CDC showed a
slightly higher total serum cholesterol (P = 0.072), but a
lower fraction of cholesterol in HDL (P=0.020). The
HDL fraction in the CDC treatment group was also
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Fig. 2. Tissue spaces of low density lipoprotein (LDL) and albumin in different organs of the control (CONT),
chenodeoxycholic acid-treated (CDC), and ursodeoxycholic acid treated-(UDC) bile fistula hamsters, after 1 hr of
intravenous infusion of ['*C]sucrose-labeled hamster LDL, methylated human LDL, and albumin, respectively
(mean + SEM). Tissue uptake of LDL is calculated by subtracting the albumin spaces in the different organs from
the respective LDL spaces. For calculation of tissue space, see text of Method section. *, P < 0.05; 3, P < 0.01
versus control treatment; I, P < 0.05, {1, P < 0.01 versus treatment with the other bile acid.

slightly lower than that in the controls (P=0.055). The
differences in the LDL levels among the treatment groups
were statistically not significant.

DISCUSSION

The choice of a hamster model for the present studies
relates to important similarities that exist between the
hamster and humans as far as the metabolism of

cholesterol and lipoproteins is concerned. The similarities
pertain to the use of LDL as a cholesterol carrier (9, 42)
as well as to the ability of the hamster to either form
cholesterol gallstones or to dissolve them during CDC and
UDC treatment (43-45). The response of the hamster to
bile acid therapy in this study, as far as the enrichment of
bile with the administered bile acid is concerned, was
similar to that reported by other investigators (37).
When the CDC- and UDC-induced changes in bile
acid metabolism in the hamsters are compared with those
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Fig. 3. Organ uptake of LDL, normalized for a 100-g animal, in the different treatment groups of bile fistula
hamsters, after 1 hr of intravenous infusion of [*C]sucrose-labeled hamster LDL and methylated human LDL,
respectively (mean + SEM). For corresponding tissue uptake, and for explanation of symbols and abbreviations, see

Fig. 2.

previously observed in humans, both similarities and dis-
tinct differences can be noted. Similarities were found
during CDC treatment and concerned the enrichment of
bile with CDC, the biliary decrease in both cholic and

1288 Journal of Lipid Research Volume 28, 1987

deoxycholic acids, as well as a marked suppression of bile
acid synthesis (13, 14, 16). However, distinct dis-
similarities between the findings in the hamsters and those
known to occur in humans were apparent during UDC
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TABLE 5. Percent uptake of LDL in the different organs in the animals with an intact enterohepatic circulation
4C-Labeled Hamster LDL *C-Labeled Methylated Human LDL
Organ Control CDC UDC Control CDC uDcC

Liver 39.1 + 15.35 42.6 + 12.47 45.2 + 8.87 51.5 + 9.64 62.3 + 33.86 31.3 + 8.31
Adrenal 0.2 + 0.09 0.3 + 0.17 0.1 + 0.03 0.2 + 0.05 0.02 + 0.28 0.2 + 0.03
Aorta 0.03 + 0.01 0.1 + 0.09 0.1 + 0.05 0.1 + 0.02 0.1 £ 0.06 0.1 + 0.04
Lung 6.4 + 0.03 59 + 1.15 4.0 + 0.89 9.5 + 2.97 16.7 + 9.16 149 + 7.41
Heart 0 0 0.1 + 0.13 0.14 + 0.37 0 0.3 + 0.19
Brain 0.2 + 0.06 0.2 + 0.16 0.2 + 0.14 0.4 + 0.13 0 0.4 £+ 0.15
Kidney 0 0 0 1.0 + 0.84 0 0

Spleen 0.5 + 0.12 0.6 + 0.2 0.2 + 0.16 0.8 + 0.54 0 0.2 + 0.63
Stomach 1.1 + 0.79 1.2 + 0.45 0.6 + 0.36 0.6 + 0.69 0 0.6 + 0.38
Small intestine 0.4 + 0.30 1.6 + 0.39 0.4 + 0.32 0 0 2.9 + 1.58
Colon 0 1.1 £+ 0.73 0.1 ¢+ 0.11 0.1 + 0.08 0 0.4 + 0.31
Cecum 0.01 + 0.30 1.1 + 0.80 0.3 + 0.27 0.1 + 0.36 0 1.1 + 0.20
Testes 0 1.1 + 0.55 0.4 + 0.28 0 0.2 + 0.36 0.9 + 0.43
Epididymis 0.3 + 0.23 0.5 £ 0.15 0.2 + 0.10 0.5 + 0.32 0.1 + 0.24 0.4 + 0.23
Seminal vesicles 0 0.4 + 0.47 0.2 + 0.18 1.0 + 0.89 0.5 £ 0.65 0

Prostate 0.2 + 0.06 0.1 + 0.08 0.1 + 0.02 0.2 + 0.07 0.1 + 0.04 0.1 + 0.03
Bladder 0 0 0.01 £ 0.15 0 0 0

Pancreas 0.2 + 0.03 0.1 + 0.12 0.2 £ 0.06 0.6 + 0.27 0.3 + 0.17 0.1 + 0.10
Thyroid 0.5 + 0.22 0.8 + 0.38 0.4 + 0.21 0.1 + 0.25 0 0.2 ¢ 0.21
Thymus 0.03 + 0.04 0.02 ¢ 0.02 0.04 + 0.03 0.2 + 0.09 0.03 + 0.03 0.04 + 0.01
Fat 10.4 + 3.23 15.8 + 1.75° 2.6 + 0.92 19.0 + 9.83 14.6 + 10.14 13.2 + 6.67
Skin 5.1 + 3.42 13.0 + 8.09 13.0 + 5.66 8.0 + 7.88 6.1 + 5.53 3.0 £ 2.65
Muscle 39.2 + 13.72 14.7 1+ 8.72 32.1 + 8.94 78 + 7.86 22.0 + 16.93 30.1 ¢+ 7.07
Gallbladder 0.2 £ 0.13 0.1 £ 0.2 0 0.04 + 0.03 0.1 + 0.06 0

Values are given as mean + SEM.
“CDC versus respective UDC-fed animals, P < 0.05.

feeding. In contrast to humans, the hamsters showed a)
only a small increase in biliary UDC (17% vs. approx-
imately 60% in humans (13)); 5) a significant increase in
biliary CDC; and ¢) a marked suppression in bile acid
synthesis. The striking difference between hamsters and
humans, as far as the UDC-induced changes of biliary
bile acid composition are concerned, is probably the
result of a rapid intestinal and hepatic biotransformation
of UDC to CDC (22, 24, 46). Since CDC, in contrast to
UDC, suppresses bile acid synthesis, the biliary enrichment
in CDC during UDC treatment leads to the observed
decrease in bile acid synthesis.

The serum levels of total and LDL cholesterol in the
three treatment groups were very comparable to those
previously described in the literature (37). Similar to the
report by the other authors, both measurements were
slightly higher in the animals that received CDC than
those that were fed UDC or a control diet.

The distribution of the uptake of hamster LDL among
the various organs observed in the present study was, with
the exception of fat, muscle, and skin tissues, comparable
to that reported by other investigators (Table 5) (9). The
uptake in fat, skeletal muscle, and skin was somewhat
higher than that reported in the literature. However, in
agreement with other authors, a major portion of the
receptor-mediated LDL uptake took place in the liver

(19).

Malavolti et al.

The results of the present study show that CDC and
UDC exert different effects on LDL receptor activity.
These differences between the two bile acid epimers were
expressed as significant changes of both serum cholesterol
and hepatic uptake of homologous LDL. In comparison
to both CDC and control treatment, UDC feeding led to
a significant increase in hepatic uptake of LDL. In the
CDC-fed animals, the uptake was slightly lower than that
in the controls. Although this difference was consistently
present at all LDL infusion levels studied (Fig. 6), it did
not reach statistical significance. It is of note that the ap-
proximately 20% decrease in hepatic hamster LDL up-
take, which was observed in the present study in the
CDC-fed versus the control animals, after the infusion of
the 20 ug dose, is identical to the percentage figure given
by other investigators (37). However, the UDC-induced
increase in hepatic hamster LDL uptake in the present
study is in disagreement with data by the other group of
investigators who found the LDL uptake to be unchanged
after UDC treatment (37). These differences between the
results of the present study and those of the other group
of authors may relate to differences in both the dosage of
LDL infused and the experimental design. As has already
been emphasized (see Methods section), higher doses of
LDL were infused in the present study. It was felt that the
higher doses, in contrast to trace amounts, may permit a
better detection of an enhanced uptake capacity. As far as

Bile acid treatment affects LDL organ uptake 1289
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Fig. 4. Tissue spaces of LDL and albumin in different organs of the different treatment groups of hamsters with
an intact enterohepatic circulation, after 1 hr of intravenous infusion of [*C]sucrose-labeled hamster LDL,
methylated human LDL, and albumin, respectively (mean + SEM). For calculation of tissue uptake and for ex-

planation of symbols and abbreviations, see Fig. 2.

the experimental design is concerned, three animals, one
of each treatment group, were always studied simul-
taneously to control for any possible diurnal, seasonal, or
other variables. In the study by the other authors, the
LDL uptake in the CDC- and UDC-fed hamsters was ap-
parently evaluated on the basis of previously obtained
control data (37). The decrease in LDL receptor activity
in the CDC-fed animals was probably related to the
observed depression of bile acid synthesis. Although
cholesterol synthesis was not measured in this study, other

1290 Journal of Lipid Research Volume 28, 1987

investigators found, in the hamster, that CDC, in contrast
to UDC feeding, induces a significant reduction in
hepatic cholesterol synthesis (37). The rapid rise in
hepatic LDL receptor activity, which occurred in the
liver, heart, and adrenals, in the present study, in the
CDC-fed animals after construction of the bile fistula,
could be an expression of an acute cellular demand for
cholesterol. Since both bile acid and cholesterol synthesis
are suppressed by CDC, a bile fistula-induced acute
depletion of the cells of bile acids and cholesterol could
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Fig. 5.

Organ uptake of LDL, normalized for a 100-g animal, in the different treatment groups of hamsters with

an intact enterohepatic circulation, after 1 hr of intravenous infusion of ['*C]sucrose-labeled hamster LDL and
methylated human LDL, respectively (mean + SEM). For corresponding tissue uptake, see Fig. 4, and for explana-

tion of symbols and abbreviations, see Fig. 2.

provide a particularly strong stimulus for an activation of
the LDL receptor. The findings are, therefore, consistent
with observations by other investigators, which indicate

that the activity of the apoB, E receptor is subject to rapid
regulation by appropriate stimuli, such as the rate of bile
acid synthesis (8, 47).

Malayolti et al. Bile acid treatment affects LDL organ uptake 1291

210z ‘8T aunr uo ‘1sanb Ag B1o°Jj:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

300

o UbDC
¢ CONTROL } TREATMENT

. - aCDC

o

>

A

~ 200}~ =0

w ————

5 L 7 -

o AT — - ———

e 7 7

8 // 7 - ——aA

= 100 7,20 AT

§ //// P

Q /// -7 -

3 -

i i 2

I

0 ) 1 1 i l 1 I _]
5ug + 20ug + 40pug+ 209+

0.25 ug/min 1.0 ug/min 20pug/min 1.0 ng/min

INFUSION TIME CONCENTRATION OF HAMSTER LDL INFUSED

(min): 16 15 60

Fig. 6. Hepatic uptake of LDL after intravenous infusion of different concentrations of homologous hamster
LDL. The injection of a bolus of 5, 20, or 40 ug, respectively, of LDL protein was followed by a 15-min constant
infusion of [*C]sucrose-labeled hamster LDL at a rate of 0.25, 1.0, or 2.0ug/min, respectively. A total of nine
hamsters was studied, three in each treatment group. For comparison, to the right of the curves, the hepatic LDL
uptake values are shown of the animals with an intact enterohepatic circulation that received a bolus of 20 ug of
hamster LDL intravenously, followed by a constant 1-hr infusion at a rate of 1 pg/min. When all hamster LDL
infusion studies were considered, the hepatic LDL uptake after treatment with UDC was significantly higher than
that after both the control (P < 0.01) and CDC (P < 0.01) treatment. When the 15-min infusion studies were con-
sidered alone, the increase in hepatic LDL uptake was significant (P < 0.05) only when the animals treated with

UDC were compared with those fed CDC.

However, in spite of a marked depression of bile acid
synthesis, UDC feeding resulted in a stimulation of
receptor-dependent LDL uptake in the liver. Since bile
acid synthesis was similarly depressed after both CDC
and UDC treatment, mechanisms other than the rate of
bile acid production must be responsible for the divergent
effects of the two epimers on the receptor activity. It ap-
pears possible that UDC has a direct influence on LDL
receptor function.

TABLE 6. Total, HDL, and LDL cholesterol in serum

Serum Cholesterol

Treatment
Group Total HDL LDL
mg/dl % %o
Control 127.7 + 7.68 50.9 + 1.80 21.1 + 2.56
CDC 136.5 + 6.04" 45.1 3+ 2.01%* 24.5 + 3.07
UDC 123.8 + 2.21 51.1 + 0.91 17.4 + 2.67

Values are given as mean + SEM.

“CDC in comparison to UDC-treated animals, P = 0.072 (total
cholesterol), P = 0.020 (HDL).

*CDC in comparison to controls, P = 0.055.

1292 Journal of Lipid Research Volume 28, 1987

The possibility for the existence of such a direct effect
is supported by other examples, in which it has been
shown that bile acids may be able to directly affect lipo-
protein metabolism in certain cells. Davidson, Kollmer,
and Glickman (48) showed, in the rat, that bile diversion
led to a substantial decrease in the production of apoB in
the jejunal enterocyte. Sodium taurocholate infusion into
the jejunum reversed apoB synthesis to normal levels. It
appears, therefore, possible that, under certain condi-
tions, similar interactions may exist between bile acids
and LDL receptor.

Angelin et al. (8) observed rapid down-regulation of
apoB, E receptor activity in the dog after intravenous in-
fusion of taurocholate. Although bile acid synthesis was
not measured in that study, the authors considered a
taurocholate-induced depression of bile acid synthesis as
the most likely mechanism of the decrease in the receptor-
mediated uptake of LDL. Angelin et al. (8) also discussed
the possibility of a detergent effect of taurocholate on the
cell surface receptor. However, such a mode of action was
dismissed as less probable, since the expression of the
apoFE receptor, in contrast to that of the apoB, E receptor,
was not significantly altered by the taurocholate infusion

(8)-
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It is now well appreciated that CDC and UDC are
characterized by fundamental differences as far as their
physicochemical, biochemical, and physiological proper-
ties are concerned (14). The differences between the two
bile acid epimers are particularly striking in regard to
their effect on membrane structure, cytotoxicity, intestinal
fluid, and electrolyte secretion, as well as hepatobiliary
cholesterol transport, (14, 19-21, 49-51). The main ex-
planation for the different biological behavior of CDC
and UDC probably lies in their different physicochemical
actions. While lipid solubilization by CDC is micellar in
nature, that by UDC is marked, in addition, by a liquid
crystalline mechanism (52, 53).

The finding in this study, that hepatic hamster LDL
uptake does not change in the UDC-treated animals after
construction of an acute bile fistula, could be related to
the possibility that the acute cellular demand for
cholesterol synthesis is sufficiently met by cholesterol syn-
thesis (which is, in contrast to the CDC-fed animals, not
depressed (37)).

The uptake in the control hamsters of methylated hu-
man LDL, which is representative for the receptor-
independent transport of LDL into the cell, was similar
to that described by other investigators (3, 4). It is of in-
terest that neither CDC nor UDC treatment influenced
the receptor-independent LDL uptake. This finding ap-
pears to indicate that the effect of the bile acids on the
apoB, E receptor is relatively specific, an observation
which is consistent with findings by Angelin et al. (8).

In summary, the present study shows significant dif-
ferences between the two physiologically and clinically
important bile acids, CDC and UDQC, in their effects on
LDL receptor activity. The differences are apparent
under conditions of both the intact enterohepatic circula-
tion and an acute bile fistula model. An additional major
finding is that the differences in LDL receptor function
are expressed in spite of a similar suppression of bile acid
synthesis. The results of the study are, therefore, consis-
tent with the possibility that the presence, in the entero-
hepatic circulation, of certain bile acids, such as UDC,
directly induces changes in hepatic LDL receptor ac-
tivity. B
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