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Abstract Compared to BALB/c mice, inbred C57BL/6 mice
are more susceptible to developing fatty streak atherosclerotic
lesions when fed a cholesterol-rich diet containing taurocholate.
We examined the metabolic basis for the taurocholate require-
ment. In contrast to widely accepted assumptions, taurocholate
did not increase cholesterol absorption in either strain of mouse.
However, in susceptible C57BL/6 mice, taurocholate was re-
quired to increase plasma concentrations of apoB. In both
strains, the cholesterol-rich diet increased both the activity and
mRNA for 7a-hydroxylase, a compensatory response to main-
tain cholesterol homeostasis. In both strains, adding taurocho-
late to the diet suppressed both the activity and mRNA for 7a-
hydroxylase, thus blocking this important compensatory re-
sponse. The cholesterol-rich diet (without taurocholate) sig-
nificantly increased hepatic cholesterol content in both strains of
mice, but repressed low density lipoprotein (LDL) receptor
mRNA only in BALB/c mice (not in C57BL/6 mice). However,
adding taurocholate to the cholesterol-rich diet did decrease
LDL receptor mRNA in C57BL/6 mice. In C57BL/6, but not
in BALB/c mice, there was a linear parallel relationship between
7a-hydroxylase mRNA and LDL receptor mRNA. BR These
data show the existence of strain-specific differences in the effects
of dietary cholesterol and taurocholate on 7a-hydroxylase and
LDL receptor expression. The combined data suggest that
genetic factors determine how the expression of hepatic LDL
receptors responds to dietary cholesterol and taurocholate.
—Dueland, 8., J. Drisko, L. Graf, D. Machleder, A. J. Lusis,
and R. A. Davis. Effect of dietary cholesterol and taurocholate
on cholesterol 7a-hydroxylase and hepatic LDL receptors in
inbred mice. J. Lipid Res. 1993. 34: 923-931.
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Inbred strains of mice have been identified as being
susceptible (C57BL/6) or resistant (BALB/c) to the devel-
opment of early atherosclerotic “fatty streak” lesions when
fed a diet containing fat, cholesterol, and taurocholate
(1-3). In C57BL/6 mice, lesion formation is the result of
increased apoB-containing lipoproteins (i.e., VLDL, IDL,

and LDL) and decreases in HDL apoA-I (4). Without
dietary taurocholate, the susceptible C57BL/6 mice do
not develop early atherosclerosis. It has been assumed
(but not proven) that taurocholate was required in order
to increase the absorption of cholesterol (5).

Dietary taurocholate may potentiate the atherosclerotic
diet by repressing 7a-hydroxylase, a liver specific cyto-
chrome P 450 enzyme responsible for regulating bile acid
synthesis (6). It is well established that dietary taurocholic
acid dramatically decreases the activity (6, 7) and relative
abundance of mRNA (8-11) for 7a-hydroxylase. Bile acid
synthesis is the major pathway responsible for regulating
whole body cholesterol homeostasis. In the rat, as much
as 90% of the cholesterol is removed from the body in the
form of biliary bile acids (12). The bile acid synthetic
pathway is readily adaptable to changes in whole body
cholesterol pools, providing a mechanism to maintain
whole body cholesterol homeostasis (6-13). Feeding rats a
cholesterol rich diet leads to a rapid increase in bile acid
synthesis (6-8). As a result, rats are unusually resistant to
dietary cholesterol-induced hypercholesterolemia.

The major goal of this study was to determine whether
there is. a difference in the response of inbred strains of
mice to dietary cholesterol and taurocholate. Specifically,
we examined whether there is a strain-related difference
in the manner in which taurocholate affects dietary cho-
lesterol absorption. We also examined possible strain-
related differences in the effects of dietary cholesterol and
taurocholate on the expression of 7a-hydroxylase and
hepatic LDL receptors.

Abbreviations: VLDL, very low density lipoproteins; IDL, intermedi-
ate density lipoproteins; LDL, low density lipoproteins; HDL, high den-
sity lipoproteins; GLC, gas-liquid chromatography.

!To whom correspondence should be addressed at: Department of
Biology, San Diego State University, San Diego, CA 92182-0057.

Journal of Lipid Research Volume 34, 1993 923

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

METHODS

Animals and diets

Female BALB/c and C57BL/6 mice, 10-12 weeks old,
were obtained from Jackson Laboratory, Bar Harbor,
ME. The mice, housed in a room with a reverse-light
cycle (light from 7 PM to 7 AM), were fed for 3 weeks
either: /) normal Purina breeder chow, 2) chow sup-
plemented with 20% olive oil, 2% cholesterol (high cho-
lesterol diet) or, 3) chow supplemented with 20% olive oil,
2% cholesterol, 0.5% taurocholate (high cholesterol +
taurocholate diet). There was no difference in the amount
of food consumed or body weight gain throughout the
study. At 9 AM, mice were anesthetized with pentobarbi-
tal and killed by exsanguination.

Cholesterol 7a-hydroxylase activity in isolated mouse
liver microsomes

Mouse liver microsomes were isolated as described (7).
The assay involved incubating microsomes (0.5 mg pro-
tein) for 30 min at 37°C in the presence of an NADPH
generating system, as described in detail (7). The incuba-
tion was terminated by the addition of chloroform-
methanol 2:1 and 1 pg [78-2H]7a-hydroxycholesterol.
The samples were reacted with trimethylchlorosilane and
analyzed using a Hewlett-Packard gas chromatograph
with a selective mass detector. The mass of ions 457
{deuterium) and 456 (endogenous) 7a-hydroxycholesterol
formed was calculated from the ratio of mass ion 457/456.

Serum apoB determinations

Serum apoB was quantitated using a competitive solid
phase ELISA assay. Mouse LDL (0.3 pg/pl) was added to
plastic 96-well microtiter dishes in a solution of 0.1 M
potassium carbonate, pH 9.6, and incubated overnight.
The plates were washed 3 times with a solution of 0.1%
BSA, 150 mM sodium chloride, and 50 mM sodium phos-
phate, and then blocked with 1% BSA, 100 mM sodium
chloride, and 50 mM sodium phosphate for 2 h at room
temperature. An aliquot of a solution containing the
serum or lipoprotein fraction in a buffer containing 0.1%
BSA, 150 mM sodium chloride, 50 mM sodium phos-
phate, 0.8% SDS, 0.8% sarcosyl, and 0.8% Triton X-100
was incubated with a polyclonal rabbit anti-serum (kindly
provided by Dr. John Elovson). After an overnight incu-
bation, the mixture was added to the 96-well plate (previ-
ously coated with antigen) and incubated overnight. The
plate was washed and then incubated with a biotinylated
goat anti-rabbit IgG and washed. Horseradish peroxidase
conjugated with streptavidin was added, the plate was
washed, and o-phenylenediamine dihydrochloride was
added and the plate was incubated. The activity of horse-
radish peroxidase was determined from the absorbance at
450 nm using a Bio-Rad Microplate reader. The assay
gave a 10% coefficient of variation and the amount of
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apoB was determined using delipidated apoB as the stan-
dard. The proportion of apoB-100/apoB-48 was deter-
mined by densitometric scanning of the Coomassie blue-
stained SDS/PAGE gels of serum VLDL, IDL, and LDL.

Isolation of RNA

The livers of mice were placed « n aluminum foil on ice,
weighed, and then homogenized in guanidinium isothio-
cyanate using a tissue homogenizer. RNA was isolated
after extraction with phenol-chloroform and precipitated
with ethanol, as described (14).

Quantitation of mRNA for cholesterol 7a-hydroxylase,
LDL receptor, and §-actin

Relative abundance of specific mRNAs was determined
by slot-blot analysis using methods previously described
in detail (14). RNA was denatured in a solution contain-
ing 50% deionized fori amide, 6% formaldehyde, and
20 mM MOPS buffer, p} 7.0, and then applied to a nylon
membrane (Zetaprobe-Bio-Rad). The RNA was cross-
linked by UV light to the nylon membrane and baked for
30 min at 80°C. The blots were hybridized sequentially
first with a 32P-labeled 1300 bp EcoR1 fragment of a
c¢DNA clone for rat 7a-hydroxylase (8), a 2100 bp frag-
ment of rat LDL receptor (15), or 2000 bp fragment of 3-
actin (16). Blots were first probed with the 7a-hydroxylase
cDNA, stripped in a low salt buffer containing 1 mM
EDTA, 1 mM Tris-HCI (pH 8.0), and 0.1% Denhardt’s
reagent for 2 h at 75°C and then reprobed with the LDL
receptor cDNA. The blot was then stripped again and re-
probed with the 8-actin probe. Hybridization was per-
formed in a buffer containing 10% dextran sulfate,
5 x SSPE, 50% formamide, 5 x Denhardt’s, 0.2% SDS,
and 0.2 mg/ml salmon sperm DNA at 42°C. The blots
were washed in 2 x SSC, 0.1% SDS at 55°C for 5 min
and then in 0.1 x SSC, 0.1% SDS at 55°C for 5 min and
subjected to autoradiography. The autoradiograms were
scanned using a densitometer and the slope of the rela-
tionship between density of the band and amount of RNA
applied was determined by linear least squares analysis.
The correlation coefficient for each autoradiogram was
>0.9. The relative abundance of the different mRNAs
was determined by the ratio of the slope of the linear func-
tion obtained from the desired cDNA to the slope of the
linear function obtained from @-actin. Each value
represents the mean + SEM of the indicated number of
mRNA samples (each from a separate mouse).

Determination of cholesterol absorption

Cholesterol absorption was determined both by the
“dual isotope plasma ratio” method and the “single iso-
topic meal feeding” method, as described in detail (17).
Prior to the absorption studies the mice received the vari-
ous nonradioactive diets for 1 week. In the dual isotope
plasma ratio method, after an overnight fast, mice were
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fed [4-1*C]cholesterol (3.6 pCi) added to the diet.
[2,3-3H]cholesterol (6.25 pCi dissolved in 200 pl saline
containing 2.5% ethanol) was administered by intra-
venous injection. Plasma was obtained 48 h later.

In the single isotopic meal feeding method, mice were
housed in individual wire-mesh cages and fed the indi-
cated diets for 6 d. [2,3-3H]cholesterol (50 uCi) and
[4-1¢C]B-sitosterol (100 pCi) were mixed with olive oil and
added to the indicated powdered diet. After an overnight
fast, the diets containing the radioisotopes were fed to the
mice. After the entire radioactive diet was consumed by
each mouse, the same diet (without radioactive isotopes)
was made available and the mice were fed this diet ad libi-
tum for the remainder of the study (6 days). Feces were
collected throughout the experiment, extracted with chlo-
roform-methanol 2:1, and the water phase was re-
extracted with chloroform. The combined chloroform ex-
tracts were dried under N, and resuspended in 10 ml
hexane, and an aliquot was transferred to counting vials,
dried under vacuum, and scintillation fluid was added.
The samples were counted in a scintillation counter with
correction for quenching by an external standard.

Bile collection and composition

After an overnight fast, mice were anesthetized with
pentobarbital. Gallbladder bile was obtained by aspira-
tion using a syringe with a 25-gauge needle. The gall-
bladders were sliced open and the contents were rinsed
into a microfuge tube. The presence or absence of sandy
gallstones was noted. In three separate experiments the
gallstones were washed with ice-cold phosphate-buffered
saline, completely dried in a vacuum oven, weighed, and
the content of cholesterol was determined by GLC, as
described (7). The bile acid composition and concentra-
tion was determined by GLC, as described (18); choles-
terol was quantitated by GLC, as described (18); and
phospholipids in bile were extracted with chloroform-
methanol 2:1 (v/v) and quantitated by an inorganic phos-
phate assay, as described (18). In a third study, mice were
fed the diets for 6 weeks, after which the total contents of
bile were rinsed into microfuge tubes using phosphate-
buffered saline at 4°C. The tubes were centrifuged at
maximum speed and the supernatant was drawn off by
suction. The precipitate was washed 2 more times and
then dissolved in hexane and the content of cholesterol
was determined by GLC, as described (7).

Statistical analysis

All data are reported as the mean + SEM. Differences
between groups were compared by Wilcoxen non-para-
metric test. The significance of each linear correlation
comparison was determined by the Pearson correlation
test. Values of P < 0.05 were considered to be significant.

RESULTS

Taurocholate does not augment intestinal cholesterol
absorption

We examined the possibility that taurocholate aug-
ments cholesterol absorption. Mice were fed the high fat,
cholesterol-rich diet with and without 0.5% taurocholate
and cholesterol absorption was measured by both the dual
isotope plasma ratio method and the single meal feeding
method. The dual ratio method showed that both C57BL/6
and BALB/c mice absorbed equal amounts of cholesterol
from the diet lacking taurocholate: 32 + 5% and 34 + 6%,
in C57BL/6 and BALB/c mice, respectively (Table 1).
Adding taurocholate to the cholesterol-rich diet did not
increase cholesterol absorption in either strain: 31 + 3%
and 24 + 4%, in C57BL/6 and BALB/c mice, respec-
tively. Similar results were obtained with the single meal
feeding method (Table 1).

Bile composition

In addition to being more susceptible to atherosclero-
sis, C57BL/6 mice also show a greater propensity to
develop gallstones when fed the diet containing choles-
terol and taurocholate (19). We examined the bile compo-
sition in the two strains of mice. Mice were fed the chow
diet or the chow diet containing cholesterol and sodium
taurocholate for 6 weeks. In all 6 C57BL/6 mice exam-
ined, the gallbladder was distended and showed the
presence of stones that resembled sand. In contrast, the
sand-like stones were observed in only two of 6 BALB/c
mice. In three separate experiments, the cholesterol con-
tent of the stones was analyzed after vacuum desiccation,
gravimetric analysis, and solubilization in hexane. Un-
esterified cholesterol accounted for >95% of the material
in the sand-like stones. To obtain a more quantitative
analysis of the difference in precipitated cholesterol in the
gallbladders of the mice, the gallbladder contents were

TABLE 1. Effect of taurocholate on cholesterol absorption

Percent of Dose

Method and Diet C57BL/6 n BALB/c n

Dual isotope method

Chow + cholesterol 32 + 2 5 34 +3 5

Chow + cholesterol + taurocholate 31 + 3 6 24 +4 6
Meal feeding method

Chow + cholesterol 39+5 5 31+3 5

Chow + cholesterol + taurocholate 30 + 5 3 25+ 4 3

Mice were fed the indicated diet for 1 week, after which cholesterol
absorption was measured using the indicated method, as described in detail
(17). Each value represents the mean + SEM for the indicated number
of mice (n).
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TABLE 2.

Effect of atherogenic diet on bile and bile acid composition

Bile Composition”

Biliary Bile Acid Composition®

Lithogenic
Diet n Bile Acid Phospholipid Cholesterol Index Deoxycholic Chenodeoxycholic Cholic Muricholic
pmol/ml % of total bile acids
Chow
C57BL/6 5 204 + 15 36 + 2 5.0 + 0.4 0.42 + 0.03 6.3 + 0.8 1.1 + 0.9 75.7 + 3.3 7.0 £ 4.0
BALB/c 3 177 ¢+ 5 26 + 2 3+0 0.30 + 0.0 3.6 + 0.3 5.0 + 0.7 72.0 + 4.2 194 + 4.6
Atherogenic
C57BL/6 5 162 + 27 35 + 4 17+ 2 1.43 + 0.8° 69 + 1.0 1.6 + 0.9 91.6 + 0.5 ND
BALB/c 3 163 + 6 26 + 4 13 + ¢ 1.30 + 0.1% 12,2 + 1.0° ND 878 + 1.0 ND

“Mice were fed the indicated diets for 6 weeks. Gallbladder bile was collected after an overnight fast and the composition of bile was determined
as descrlbed (18). Each value represents the mean + SEM for the indicated number of mice (n).

*Mice were fed the indicated diets for 6 weeks. Gallbladder bile was collected and the bile acid composition of the bile was determined by GLC.
Values represent mean + SEM for three individual determinations; ND, not detected.

:‘Significantly different from C57BL/6, P < 0.05.
“Significantly different from chow diet, P < 0.05.

‘Statistically significant differences between C57BL/6 and BALB/c mice at P < 0.05.

rinsed into microfuge tubes, washed with ice-cold phos-
phate-buffered saline and the cholesterol content was
quantitated by GLC. C57BL/6 mice had significantly
(P < 0.05) more precipitated cholesterol: 4.6 + 2.8 mg
(C57BL/6 mice, n = 6) compared to 1.0 + 0.8 (BALB/c
mice, n = 6).

In both strains, the cholesterol-rich diet containing
taurocholate increased the concentration of biliary choles-
terol by 3-fold, while not affecting the concentration of
either bile acids or phospholipids (Table 2). As a result of
the increased biliary cholesterol, the lithogenic index in-
creased 3-fold in both strains. The only difference be-
tween the two strains of mice in bile composition was a
higher content of phospholipids in bile from C57BL/6
mice fed both the chow and the cholesterol-rich tauro-
cholic acid diets (Table 2). Thus, while the C37BL/6 mice
displayed cholesterol gallstones and the BALB/c mice did
not, the lithogenic index was similar in both groups.

The relative amount of the primary bile acid 8-
muricholate was dramatically reduced in both strains fed
the cholesterol-rich diet containing taurocholate, suggest-
ing that bile acid synthesis was reduced. Feeding the
cholesterol-rich diet containing taurocholate increased by
3-fold the relative amount of deoxycholic acid in the bile

TABLE 3. Apolipoprotein B concentrations
Cholesterol-rich Cholesterol-rich
Strain Chow Diet + Taurocholate Diet - Taurocholate Diet
mg/dl
BALB/c 58 + 1 5.2 3 0.4 7.8 + 1.9
C57BL/6 3.4 1+ 05 43 + 05 8.6 + 1.0°

Mice were fed the indicated diets for 3 weeks, after which plasma apoB
levels were determined by ELISA. Values represent mean + SEM of
three individual mice.

“Significant difference from chow diet (P < 0.05).
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obtained from C57BL/6 mice (Table 2). It is interesting
to note that bile obtained from C57BL/6 mice fed the
chow diet, contained more deoxycholic acid and less (8-
muricholic acid compared to bile obtained from BALB/c
mice, whereas on the cholestercl-rich, taurocholate-
containing diet the relative amount of deoxycholic acid
was significantly greater in the bile of BALB/c mice com-
pared to the bile obtained from C57BL/6 mice (Table 2).

Taurocholate is required to increase plasma
apoB levels

We examined the effect of the high fat, cholesterol diet
with and without taurocholate on plasma concentrations
of apoB. In both groups of mice, the cholesterol-rich diet
(without taurocholate) did not significantly affect plasma
concentrations of apoB (Table 3). However, when
taurocholate was added to this diet, the plasma concentra-
tion of apoB tended to increase in both strains of mice,
although the increase was significant only in CG57BL/6
mice (Table 3). The increase in apoB was due solely to an
increase in apoB-48 (in both strains on both diets apoB-
100 contributed less than 10% to the total pool of apoB).
These results are in agreement with those published pre-
viously (4). Thus, taurocholate was required to increase
plasma apoB levels.

Response of 7a-hydroxylase to dietary cholesterol
and taurocholate

We examined the effect of dietary cholesterol with and
without taurocholate on the activity and mRNA abun-
dance of 7a-hydroxylase. C57BL/6 mice fed the chow diet
expressed a significantly higher 7a-hydroxylase activity
than did BALB/c mice (Fig. 1). When fed the high fat,
cholesterol-rich diet (without taurocholate) the activity of
7a-hydroxylase increased significantly in both strains.
Adding taurocholate to this diet dramatically decreased
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Fig. 1. Effects of diets on 7a-hydroxylase activity. BALB/c and
C57BL/6 mice were fed diets containing chow (open bars), chow plus
20% olive oil and 2% cholesterol (hatched bars), and chow plus 20%
olive oil, 2% cholesterol, and 0.5% cholic acid (solid bars) for 3 weeks
in a reverse light cycle room. Three h after the initiation of the dark
cycle, microsomes were prepared from livers and the amount of 7a-
hydroxycholesterol formed was determined by GLC-mass spectrometry.
Each point represents the mean + SEM of six individual mice in each
group. In all groups, the activity of 7a-hydroxylase was significantly
higher in mice fed chow plus 20% olive oil and 2% cholesterol than in
those fed chow (P < 0.01). Adding taurocholate to this diet also
significantly decreased the activity of 7a-hydroxylase (P < 0.01). On the
taurocholate diet, the activity of 7a-hydroxylase was significantly less in
C57BL/6 mice than in BALB/c mice (P < 0.05).

the activity of 7a-hydroxylase in both strains. In
C57BL/6 mice fed the taurocholate-containing diet, the
activity of 7a-hydroxylase was significantly less (i.e., only
37% of the activity expressed in BALB/c mice,
P. < 0.05).

Dietary-induced changes in 7a-hydroxylase activity
were accompanied by parallel changes in mRNA levels
(Fig. 2). C57BL/6 mice fed the chow diet expressed
higher mRNA levels compared to BALB/c mice. When
fed the cholesterol-rich diet (without taurocholate) the
relative abundance of 7w-hydroxylase mRNA was in-
creased in both strains. In both strains, adding taurocho-
late to this diet dramatically decreased 7a-hydroxylase
mRNA levels. C57BL/6 mice fed the taurocholic acid-
containing diet expressed significantly (P < 0.01) less 7a-
hydroxylase mRNA compared to BALB/c mice (Fig. 2).

Effect of diets on hepatic LDL receptor expression

Feeding BALB/c mice a high fat, cholesterol-rich diet
(without taurocholate) decreased LDL receptor mRNA
by 50% (Fig. 3). Surprisingly, feeding C57BL/6 mice the
cholesterol-rich diet (without taurocholate) did not reduce
the relative abundance of LDL receptor mRNA levels.
However, adding taurocholate to the cholesterol-rich diet
caused a dramatic 3-fold decrease in hepatic LDL recep-
tor mRNA levels in C57BL/6 mice (Fig. 3). There was no
significant difference in the relative abundance of LDL
receptor mRNA between the two strains of mice on the
cholesterol-rich, taurocholic acid-containing diet.

The cholesterol-rich diet was sufficient to maximally in-
crease hepatic cholesterol concentrations (Table 4). Add-
ing taurocholate to this diet did not cause further in-
creases in hepatic cholesterol concentrations. Therefore,
the inability of the cholesterol-rich diet (without
taurocholate) to repress LDL receptor mRNA in
C57BL/6 mice was not due to an inability to cause hepatic
cholesterol accumulation.

Relationship between expression of 7a-hydroxylase
and the LDL receptor

In C57BL/6 mice, LDL receptor mRNA varied in
parallel with 7a-hydroxylase mRNA (Fig. 4A, r = 0.74,
P < 0.001). In contrast, no such relationship was ob-
served in BALB/c mice (Fig. 4B). These data clearly show
a difference between the two strains of mice in the meta-
bolic relationship between 7a-hydroxylase and LDL
receptor mRNA.

DISCUSSION

Inbred C57BL/6 mice showing a reproducible suscepti-
bility to dietary-induced atherosclerosis have provided a
valuable model to define how genetic differences lead to
changes in cholesterol and lipoproteins associated with
atherogenesis (1-3, 20). One particular advantage to this
model is uncovering genetic loci and their resulting

:5
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7-ALPHA-HYDROXYLASE mRNA
(7-alpha-hydroxylase/B—actin)

BALB/C

C57BL/6

Fig. 2. Effects of diets on 7a-hydroxylase mRNA. BALB/c and
C57BL/6 mice were fed diets containing chow (open bars), chow plus
20% olive oil and 2% cholesterol (hatched bars), and chow plus 20%
olive oil, 2% cholesterol, and 0.5% cholic acid (solid bars) for 3 weeks
in a reverse light cycle room. Three h after the initiation of the dark
cycle, total RNA was obtained from livers. The relative amount of 7a-
hydroxycholesterol mRNA was quantitated relative to $-actin using slot-
blot analysis. Each point represents the mean + SEM of six individual
mice in each group. In all groups, the relative abundance of 7a-
hydroxylase mRNA was significantly higher in mice fed chow plus 20%
olive oil and 2% cholesterol than in those fed chow (P < 0.01). Adding
taurocholate to this diet also significantly decreased the relative abun-
dance of 7a-hydroxylase mRNA (P < 0.01). On the taurocholate diet,
the relative abundance of 7a-hydroxylase mRNA was significantly less
in C57BL/6 mice than in BALB/c mice (P < 0.05).

Dueland et al. Cholesterol 7a-hydroxylase and hepatic LDL receptors in mice 927
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Fig. 3. Effects of diets on LDL receptor mRNA, BALB/c and
C57BL/6 mice were fed diets containing chow (open bars), chow plus
20% olive oil and 2% cholesterol (hatched bars), and chow plus 20%
olive oil, 2% cholesterol, and 0.5% cholic acid (solid bars) for 3 weeks
in a reverse light cycle room. Three h after the initiation of the dark
cycle, total RNA was obtained from livers. The relative amount of LDL
receptor mRNA was quantitated relative to 8-actin using slot-blot analy-
sis. Each point represents the mean + SEM of six individual mice in
each group. Compared to the chow diet, BALB/c mice fed the
cholesterol-rich diet without taurocholate had significantly less LDL
receptor mRNA. In contrast, in C57BL/6 mice, the same cholesterol-
rich diet (without taurocholate) did not significantly change the relative
abundance of LDL receptor mRNA. In C57BL/6, but not in BALB/c
mice, adding taurocholate to the cholesterol-rich diet significantly
decreased the relative abundance of LDL receptor mRNA, (P < 0.05).

phenotypes that act on the atherogenic process. One gene
locus (Ath-1) that appears to be responsible for the suscep-
tibility of C57BL/6 mice to dietary-induced atherosclero-
sis is located on chromosome 1 and controls HDL levels
(3). Complementing C57BL/6 mice with the human
apoA-lI trans-gene blocks both the dietary-induced
decrease in plasma HDL and the susceptibility to athero-
sclerosis, providing compelling evidence that low HDL
apoA-1 is responsible for the dietary-induced atherosclero-
sis (21). Additional studies show that in addition to the
Ath-1 locus, several as yet unidentified genes contribute to
the susceptibility of C57BL/6 mice to atherosclerosis (22).

The major goal of this research was to examine poten-
tial differences in the responses of inbred mice that are
either susceptible or resistant to dietary-induced athero-
sclerosis to the effects of dietary cholesterol and tauro-
cholic acid. The results show that the two strains of mice
displayed unexpected differences in their response to both
dietary cholesterol and taurocholate.

Contrary to expectations, we found that inclusion of
taurocholate in the cholesterol-enriched diet did not aug-
ment intestinal cholesterol absorption in either strain
(Table 1). These studies are the first to establish that the
taurocholate requirement for the development of athero-
sclerosis in mice is not based on its augmentation of cho-
lesterol absorption. In another study in mice fed a chow
diet (without cholesterol), taurocholate also did not in-
crease cholesterol absorption (23).

While taurocholic acid did not augment dietary choles-
terol absorption, it completely blocked the ability of both
strains to induce 7a-hydroxylase in response to increased
dietary cholesterol. Similar to the response observed in
rats (7-11), both strains of mice were able to respond to
the cholesterol-rich diet by increasing the activity and
mRNA of 7a-hydroxylase (Figs. 1 and 2). However, when
taurocholate was added to the cholesterol-rich diet, both
the activity and mRNA of 7a-hydroxylase of both strains
of mice were significantly reduced (Figs. 1 and 2). The
combined data show that, in mice, the repressive effect of
taurocholic acid overcomes the inductive effect of choles-
terol on the activity and mRNA for 7«-hydroxylase. This
response in mice is in contradistinction to that observed
in rats which show an induction of 7a-hydroxylase when
they consume a diet containing cholesterol and tauro-
cholic acid (9-11). Apparently, while both mice and rats
show similar induction of 7c-hydroxylase in response to
dietary cholesterol, mice are more sensitive to taurocho-
late repression of 7a-hydroxylase than are rats. This
difference may explain why rats are much more resistant
to dietary-induced atherogenesis than are mice.

Our studies show remarkable strain-specific differences
in the regulation of the LDL receptor (Fig. 3). The
cholesterol-rich diet (without taurocholate) significantly

TABLE 4. Hepatic cholesterol concentrations

Free Cholesterol

Cholesteryl Ester

Diet BALB/c n C57BL/6 n BALB/c n C57BL/6 n
pg/mg ng/mg

Chow 1.80 + 0.05 4 1.62 + 0.01 5 0.6 + 0.1 4 0.41041 5

Cholesterol-rich 2.60 ¢+ 0.04 5 2.76 + 0.05 4 10.0 + 0.6 4 28 + 5 4

Cholesterol-rich + taurocholate 2.4 + 0.1 3 1+ 01 5 14.7 + 0.7 3 13 £ 1 5

Mice were fed the indicated diets for 3 weeks, after which livers were obtained and analyzed for cholesterol and cholesteryl ester content by GLC.
Each value represents the mean + SEM of indicated number (n) of animals in each group.
*Denotes significant difference between BALB/c and C57BL/6 mice at P < 0.05.
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Fig. 4. Relationship between 7a-hydroxylase and LDL-receptor mRNA. The relative abundance of 7a-hydroxylase and LDL receptor mRNA, de-
termined as described in Figs. 2 and 3, were analyzed by linear least squares analysis. For each mouse fed one of the three diets, the relative abundance
of 7a-hydroxylase mRNA was plotted as the ordinate and the relative abundance of the LDL receptor mRNA was plotted as the abscissa. The correla-
tion coefficient obtained from the C57BL/6 mice data (A) is r = 0.74 and was determined to be significant, 7 < 0.001. In contrast, the correlation

coeflicient obtained from the BALB/c mice data (B) was r = (.10, not a significant relationship.

repressed LDL receptor mRNA in BALB/c mice, but not
in C57BL/6 mice (Fig. 3). However, adding taurocholate
to the cholesterol-rich diet did decrease LDL receptor
mRNA in C57BL/6 mice. Because the cholesterol-rich
diet (without taurocholate) significantly increased hepatic
cholesterol concentrations in both strains, the inability of
the cholesterol-rich diet (without cholic acid) to repress
LDL receptor mRNA in C57BL/6 cannot be explained
by differences in hepatic cholesterol concentrations. In-
creased expression of hepatic LDL receptors is associated
with decreased atherosclerosis (24). Therefore, the
resistance of C57BL/6 mice to dietary cholesterol repres-
sion of the LDL receptor is unlikely to contribute to this
strain’s susceptibility to atherosclerosis.

Of particular interest were the differences between the
two strains of mice in the relationship between the LDL
receptor mRNA and 7o-hydroxylase mRNA. In
C37BL/6 mice fed the three different diets, there was a
linear parallel relationship between 7a-hydroxylase mRNA
and LDL receptor mRNA. But in BALB/c mice this rela-
tionship was not evident (Fig. 4). The finding that in
C57BL/6 mice 7To-hydroxylase mRNA varies in parallel
with LDL receptor mRNA (Fig. 4A) suggests that either
both mRNAs are regulated by a common factor or that
the expression of one gene somehow influences the expres-
sion of the other. Expression of the LDL receptor shows
a precise transcriptional regulation (25-27). In non-
hepatic cells, when cellular cholesterol is increased, the
transcription of the LDL receptor gene is decreased,
providing a mechanism to regulate intracellular choles-
terol homeostasis (28). Additional studies show that a
hydroxylated derivative of cholesterol (ie., an oxysterol) is
required for cholesterol to repress LDL receptor expres-
sion (29). In contrast to nonhepatic cells, expression of the

LDL receptor in liver cells shows a resistance to repres-
sion by cellular cholesterol (30-32). Recent experiments
in which 7o-hydroxylase was expressed in nonhepatic
cells showed that functional expression of 7a-hydroxylase
resulted in a resistance to repression by cellular cho-
lesterol of the LDL receptor gene, reminiscent of the
hepatocyte (33). Moreover, the mechanism responsible
for the indirect effect of 7a-hydroxylase on expression of
the LDL receptor appears to involve metabolism (i.e., in-
activation) of oxysterol repressors (33). These results are
consistent with the ability of the liver in vivo to convert
the oxysterols 25-hydroxycholesterol (34) and 26-hydroxy-
cholesterol (35) to bile acids. While in C57BL/6 mice the
relationship between 7¢-hydroxylase and the LDL recep-
tor is consistent with the proposal that 7a-hydroxylase in-
directly regulates the LDL receptor, BALB/c mice clearly
behave differently. It is unlikely that the existence of this
relationship in C57BL/6 mice and its absence in BALB/c
mice can explain the strain-specific differences in suscepti-
bility to dietary-induced atherosclerosis. In this study we
found that apoB-48 accounted for essentially all of the
apoB that accumulates in the mice fed the cholesterol-rich
taurocholate diet (Table 3). These data agree with those
of a previous report showing that in both strains of mice
the cholesterol-rich taurocholate-containing diet only in-
creased apoB-48 levels and did not significantly affect
apoE levels, suggesting that the hypercholesterolemia is
not due to a defect in the removal of either chylomicron
remnants or LDL (4).

A parallel relationship in the expression of 7a-hydrox-
ylase and the LDL receptor has been observed in several
studies. Feeding bile acid binding resins, which in most
studies increases 7a-hydroxylase activity (6), to rabbits
increases the clearance of LDL presumably by LDL re-
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ceptor (36). In contrast, feeding dogs taurocholate, which
in most studies decreases 7a-hydroxylase activity (6),
decreases the expression of hepatic LDL receptors (37).
Perhaps one of the most compelling experiments linking
7a-hydroxylase to the functional expression of hepatic
LDL receptors was performed in hamsters (38). Hamsters
fed a diet containing chenodeoxycholic acid, which
decreased bile acid synthesis, presumably by inhibiting
the activity of 7a-hydroxylase, reduced the clearance of
plasma LDL by hepatic LDL receptors (38). However,
hamsters fed ursodeoxycholic acid, which does not inhibit
bile acid synthesis, did not exhibit decreased removal of
LDL by hepatic LDL receptors.

Our studies do not delineate the metabolic differences
that can account for the strain-specific susceptibility to
dietary-induced atherosclerosis. The data suggest that
differences in cholesterol absorption, expression of hepatic
LDL receptors and 7a-hydroxylase, and plasma concen-
trations of apoB cannot account for the differences be-
tween the two strains in their susceptibility to dietary
cholesterol-induced atherosclerosis. Moreover, the results
of this study support the conclusion that the strain-specific
difference in plasma HDL levels is the primary difference
responsible for the strain-specific susceptibility to athero-
sclerosis.

The 3-fold increase in biliary cholesterol in both groups
of mice fed the taurocholic acid-containing diet compared
to the chow diet (Table 2) indicates that biliary excretion
of cholesterol can contribute to the maintenance of cho-
lesterol homeostasis in both strains of mice. In agreement
with the results reported previously (19), we observed that
the taurocholate-containing diet caused an enlargement
of the gallbladder and cholesterol gallstone formation in
the C57BL/6 mice, but not in the BALB/c mice. As the
concentration of deoxycholic acid was actually greater in
the bile of BALB/c mice (Table 2), the formation of cho-
lesterol gallstones in C57BL/6 mice cannot be ascribed to
this lithogenic bile acid. These combined data suggest
that a factor in bile other than the lipids used to cal-
culate the lithogenic index is responsible for the differ-
ences between the two strains of mice in their susceptibil-
ity to cholesterol gallstone formation. This mouse model
may provide new insights into the mechanism of
cholelithsiasis.
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