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Marked reduction in bile acid synthesis in cholesterol 7«a-
hydroxylase-deficient mice does not lead to diminished
tissue cholesterol turnover or to hypercholesterolemia
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Abstract These studies used mice that were deficient in
cholesterol 7a-hydroxylase to determine the effects of re-
duced bile acid synthesis on cholesterol homeostasis. In
mice lacking this enzyme, bile acid synthesis was reduced
from 8.3 to 3.4 pumol/day per 100 g body weight, the intesti-
nal bile acid pool was decreased from 62.5 to 13.2 pmol/
100 g bw, and the proportion of hyodeoxycholate, relative
to cholate, in this pool was significantly increased. Associ-
ated with these changes, intestinal cholesterol absorption
decreased from 37% to <1% while triacylglycerol absorp-
tion and animal weight gain remained essentially unaf-
fected. The very low rate of cholesterol absorption could be
corrected by feeding the mutant mice cholate, but not hy-
odeoxycholate. The reduction in sterol uptake across the in-
testine was associated with a 2-fold increase in cholesterol
synthesis in the small bowel and liver and an increase in fe-
cal neutral sterol excretion from 15.2 to 35.7 wmol/day per
100 g bw. The size of the cholesterol pools in the plasma,
various organs and whole animal remained constant. Thus,
under circumstances where the excretion of sterol as bile
acids was markedly reduced, total cholesterol turnover actu-
ally increased from 164 to 239 mg/day per kg bw.BE This
study demonstrates the complex interactions between bile
acid and cholesterol metabolism and the dramatic effects of
eliminating a single gene product; however, even though a
major catabolic pathway was deleted, cholesterol balance
across the animal was maintained.—Schwarz, M., D. W. Rus-
sell, J. M. Dietschy, and S. D. Turley. Marked reduction in
bile acid synthesis in cholesterol 7a-hydroxylase-deficient
mice does not lead to diminished tissue cholesterol turn-
over or to hypercholesterolemia. J. Lipid Res. 1998. 39:
1833-1843.
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Control of the biosynthetic pathways that lead to bile
acid formation is of critical importance in maintaining
overall sterol balance in the animal, in regulating the cir-
culating levels of cholesterol carried in low density lipo-
protein (LDL-C), and in facilitating the intestinal absorp-
tion of a variety of dietary lipids, fat soluble vitamins, and

cholesterol (1-5). Feeding exogenous bile acid, for exam-
ple, can partially suppress endogenous bile acid synthesis,
enhance intestinal cholesterol absorption, and raise circu-
lating plasma LDL-C concentrations. Enhancing bile acid
loss from the body, on the other hand, can lead to an in-
crease in the rate of endogenous bile acid synthesis, sup-
pression of intestinal cholesterol absorption, and a de-
crease in the circulating levels of plasma sterol (6, 7).

It is now recognized that there are at least two pathways
for the conversion of cholesterol to bile acid, and these
two pathways involve two distinct 7a-hydroxylase enzymes.
The first of these is initiated in the endoplasmic reticulum
by cholesterol 7a-hydroxylase (Cyp7a in mice), a well-char-
acterized cytochrome P450 enzyme that catalyzes the for-
mation of 7a-hydroxycholesterol (8). The second pathway
is initiated by the hydroxylation of a carbon atom in the
side chain of cholesterol with the formation of oxysterols
such as 27-hydroxycholesterol which, in turn, are hydroxyl-
ated in the 7« position by a distinct oxysterol 7a-hydrox-
ylase (Cyp7bl in the mouse) (9-11). It should be empha-
sized that Cyp7a cannot hydroxylate 27-hydroxycholesterol
and Cyp7bl cannot hydroxylate unmodified cholesterol.
These two pathways, both of which lead to the formation
of 7a-hydroxylated bile acids, are regulated differently
(11). Output from the cholesterol 7a-hydroxylase pathway
is controlled by the return of bile acids to the liver via the
enterohepatic circulation. Expansion of this pool leads to
decreased transcription of the cholesterol 7«-hydroxylase
gene, while depletion of this pool increases transcription
of the gene (12, 13). In contrast, manipulating the size of
the bile acid pool has a much smaller effect on the flow of
cholesterol through the oxysterol 7a-hydroxylase pathway

Abbreviations: LDL-C, low density lipoprotein-cholesterol; LDLR,
LDL receptor; HDL, high density lipoprotein; DPS, digitonin-precipi-
table sterols; IBAT, ileal bile acid transporter.

1To whom correspondence should be addressed.

2The cholesterol 7a-hydroxylase knockout mouse is available from
The Jackson Laboratory (Bar Harbor, ME) where it is listed as Cyp7al
in the Mouse Genome Database.
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(11). The relative contribution of the two 7a-hydroxylase
pathways to overall bile acid synthesis is currently being in-
vestigated. In humans, the oxysterol 7a-hydroxylase path-
way may account for up to 50% of total bile acid synthesis
under certain metabolic conditions (10) and, in the rat,
this pathway is apparently up-regulated when the choles-
terol 7a-hydroxylase pathway is suppressed (14).

A genetic demonstration of the quantitative contribu-
tion of the oxysterol 7a-hydroxylase pathway comes from
mice in which the cholesterol 7a-hydroxylase pathway was
eliminated by disruption of the Cyp7a gene (15, 16). Ap-
proximately 90% of homozygous pups died in the first 3
wk of life as a result of fat and vitamin malabsorption.
Death could be prevented in the neonatal period, how-
ever, by supplementing the diet of the nursing mothers
with cholic acid and fat-soluble vitamins. In the absence of
supplementation, survival of the homozygous offspring
was correlated with the induction of the oxysterol 7a-hy-
droxylase pathway that takes place at about 3 wk of age
(16). Once these animals reached adulthood, the pheno-
type of the mice appeared normal and the concentration
of cholesterol and triacylglycerol in the plasma, and the
distribution of these lipids in various lipoprotein fractions,
was essentially the same as in the control animals (16).

The potential importance of these biosynthetic path-
ways in the regulation of plasma LDL-C levels and, hence,
the severity of atherosclerosis is now partially understood.
In all species that have been investigated, including the
mouse and primate, >90% of the LDL receptor (LDLR)
activity manifested in vivo is found in the liver (5, 17, 18).
The level of hepatic LDLR activity in the steady state, in
turn, is largely determined by the rate of net cholesterol
delivery to the liver relative to the rate of net sterol excre-
tion as either neutral or acidic sterols (3, 5). There are
only two sources for net hepatic cholesterol acquisition.
These include sterol that is newly synthesized in the extra-
hepatic organs and delivered to the liver in high density lip-
oprotein (HDL) and dietary cholesterol that reaches the
liver carried in chylomicron remnants. Similarly, there are
only two major processes for the removal of cholesterol
from the liver. These include the net excretion of sterol
across the canalicular membrane into bile either as cho-
lesterol itself or as bile acid.

The balance between these rates of net hepatic sterol
acquisition and excretion largely determines whether an
individual animal (or human) responds to an increase of
the level of dietary cholesterol with only a modest rise in
the LDL-C level, i.e., the hyporesponder phenotype, or
with a more marked increase, i.e., the hyperresponder
(19). The metabolic difference between the hyperre-
sponder and hyporesponder is remarkably subtle. In the
cynomolgus monkey, for example, a difference in the net
delivery of cholesterol to the liver of only 2.1 mg/d per kg
bw is sufficient to produce the hyperresponder pheno-
type. Under circumstances where total cholesterol turn-
over equals about 16 mg/d per kg bw and where de novo
cholesterol synthesis in the extrahepatic organs is the
same, the hyperresponder monkey must either have ab-
sorbed an additional 2.1 mg/d per kg bw of cholesterol
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from the diet or, alternatively, must have converted 2.1
mg/d per kg bw less cholesterol to bile acids. Thus, the ge-
netic reason for the hyperresponder phenotype in these
animals must reside in one of the proteins that dictate ei-
ther the rate of cholesterol absorption across the intestine
or the rate of synthesis of bile acids.

Unfortunately, it has been impossible to directly test the
role of bile acid synthesis in the regulation of cholesterol
balance as animal models have not been available that are
genetically identical except for their rates of bile acid syn-
thesis. With the successful deletion of the Cyp7a gene in
the mouse such a model is now available. These studies,
therefore, were undertaken to define the effect of the loss
of the cholesterol 7a-hydroxylase pathway on rates of bile
acid synthesis and intestinal pool size, on rates of intesti-
nal cholesterol absorption, and on overall sterol balance
in the animal. They revealed that, contrary to expecta-
tions, net cholesterol turnover actually increased in ani-
mals with reduced bile acid synthesis.

MATERIALS AND METHODS

Animals and diets

Cholesterol 7a-hydroxylase-deficient mice were generated by
gene disruption in a 129Sv-derived ES cell line (15). The muta-
tion (Cyp7a—/—) was maintained in a mixed strain background
(C57BL/6J/129Sv) by crossing homozygous carriers (15). C57BL/
6J/129Sv hybrids served as control (Cyp7a+/+) animals.2 To in-
crease the survival rate of —/— pups, the diet of nursing females
was routinely supplemented with a vitamin mixture and 1.0%
(wt/wt) cholic acid until the fourth postnatal week (15). This
supplementation did not alter any aspect of cholesterol metabo-
lism that was subsequently measured at 3 months of age. Rates of
cholesterol absorption, for example, were the same at 3 months
in mutant animals regardless of whether or not their mothers re-
ceived the supplemented diet during the 4-wk period of nursing.
After the nursing period, and during all studies, —/— and +/+
animals were fed ad libitum a cereal-based rodent diet (Wayne
Lab Blox, No. 8604) (Harlan Teklad, Madison, WI) which con-
tained 0.20 mg of cholesterol and 50 mg of total lipid per g of
diet. In some experiments, the meal form of this basal diet was
supplemented with cholic acid, hyodeoxycholic acid (Sigma
Chemical Co., St. Louis, MO), or hydrogenated coconut oil (ICN
Pharmaceuticals, Costa Mesa, CA). All studies were carried out in
male mice 3 months of age. They were housed in plastic colony
cages containing wood shavings in a temperature-controlled
room (22°C) with light cycling. All experiments were performed
towards the end of the 12-h dark phase of the cycle and all mice
were in the fed state at the time of study unless otherwise stated.
Experiments were approved by the Institutional Animal Care and
Research Advisory Committee.

Intestinal cholesterol and lipid absorption

Cholesterol absorption was measured by a fecal dual-isotope
ratio method (20). Mice were dosed i.g. with a mixture of 2 u.Ci
[5,6-3H]sitostanol (American Radiolabeled Chemicals, Inc., St.
Louis, MO) and 1 p.Ci [4-1“C]cholesterol (New England Nuclear,
Boston, MA). They were then housed individually in fresh cages
and stools were collected over the following 3 d. Aliquots of stool
and the dosing mixture were extracted, and the ratio of 14C to °H
in each was determined. The percent cholesterol absorption was
calculated from these data as described (20). To determine the
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level of total lipid absorption, the lipid content of the diet and
stools was determined gravimetrically. These data, together with
the amount of diet consumed and stool excreted (both ex-
pressed as g/d per 100 g bw), were used to calculate the fraction
of lipid consumed that was absorbed. In the study in which mice
were fed diets containing increasing amounts of coconut oil, the
data are presented as the total lipid content of the stools rather
than as total lipid absorption. This calculation was done to allow
a direct comparison between fecal lipid content in adult mice to
that in suckling neonatal animals from an earlier study (16).

Bile acid pool size and composition

Pool size was determined as the total bile acid content of the
small intestine, gallbladder, and liver, which were extracted to-
gether in ethanol with [24-14C]taurocholic acid (New England
Nuclear) added as an internal standard. The extract was filtered
and brought to a final volume of 100 ml, of which a 20-ml aliquot
was taken to dryness. The residue was dissolved in 1 ml of metha-
nol and centrifuged at 14000 g, and the supernatant was passed
through a filter (Acrodisc LC13 PVDF, 0.45 um) (Gelman Sci-
ences, Ann Arbor, MI). A 100-nl aliquot of the filtrate was dried
down and used for determination of recovery of the internal
standard by scintillation counting. The remaining filtrate was
subjected to HPLC using a Cig column (4.6 X 250 mm No.
054275, Waters Corp., Milford, MA) and a mobile phase consist-
ing of methanol-water—glacial acetic acid 21:9:1 (v/v/v), pH 5.0,
at a flow rate of 1.0 ml/min. Bile acids were detected by measure-
ment of the refractive index using a model 410 differential re-
fractometer (Waters Corp.) and identified by comparison of
their respective retention times to those of authentic standards.
For quantitation, peak areas were integrated using software (Val-
ueChrom) from Bio-Rad Laboratories (Hercules, CA). Together
with the recovery of the radiolabeled internal standard these
data were used to calculate bile acid pool size, expressed as pmol/
100 g bw, and the percentage of each bile acid in the pool.

Fecal bile acid and neutral sterol excretion

Stools collected from individually housed mice over 3 d were
dried, weighed, and ground. A 1-g aliquot of this material was
used to determine total bile acid content by an enzymatic
method previously described (21). A second 1-g aliquot was sub-
jected to alkaline hydrolysis at 120-130°C for 12 h. The sample
was then dried and 10 ml of water and 10 ml of ethanol were
added. The sample was extracted in 15 ml of petroleum ether to
which had been added 1.0 mg of 5-cholestene (Sigma) as an in-
ternal standard. The amount of cholesterol, coprostanol, epico-
prostanol, and cholestanone in the extracts was quantitated by
gas chromatography (22). The daily excretion rates of both bile
acid and neutral sterol were then calculated and expressed as
pwmol/d per 100 g bw.

Biliary lipid composition

Gallbladder bile was harvested from mice that had been fasted
for 4 h. The absolute concentrations of bile acid, phospholipid,
and cholesterol were measured as previously described (23) and
were expressed as a molar percent of the total lipid content of
the sample.

Sterol synthesis in liver and extrahepatic organs

The rate of sterol synthesis in all major organs was measured
in vivo as described (18, 24, 25). Mice were given an i.p. injection
of 40 mCi of [3H]water (New England Nuclear) and after 1 h
were anesthetized and exsanguinated. Aliquots of liver and vari-
ous extrahepatic organs and the remaining carcass were saponi-
fied and their content of radiolabeled digitonin-precipitable ste-
rols (DPS) was measured (24, 25). The rate of sterol synthesis in

each organ was expressed as the nmol of [3H]water incorporated
into DPS per hour per g of tissue, while whole animal synthesis
was calculated as pmol of [3H]water incorporated per hour per
100 g bw. The rate of incorporation of [BH]water into sterols by
the whole body was converted to an equivalent mg quantity as-
suming 0.69 3H atoms were incorporated into the sterol mole-
cule per carbon atom entering the biosynthetic pathway as acetyl
CoA (26). After the labeled sterols were extracted, the saponified
liver and small bowel samples were acidified and extracted with
hexane. Aliquots of the organic phase were taken for measure-
ment of [3H-labeled] fatty acid content.

Cholesterol 7a-hydroxylase and oxysterol
7a-hydroxylase activity

These enzymes were assayed as described previously, using
[4-14C]cholesterol and 25-[26,27-3H]hydroxycholesterol (New
England Nuclear) as substrates, respectively (15, 16).

Preparation of brush border membranes for
measurement of the ileal bile acid transporter protein

Small intestines were rinsed, cut into five sections of equal
length, and homogenized. The membranes were prepared as de-
scribed (27) and analyzed by SDS-PAGE and immunoblotting
(28). The anti-IBAT polyclonal antibody used was a gift from
P. A. Dawson, Bowman Gray School of Medicine.

Plasma, tissue, and dietary cholesterol levels

Plasma total cholesterol concentrations were measured using
a reagent mixture (No. 1127771) supplied by Boehringer Mann-
heim (Indianapolis, IN). Aliquots of liver, extrahepatic tissues,
and the residual carcass (consisting principally of skeleton, mus-
cle, skin, and adipose tissue) were saponified and extracted, and
their cholesterol concentrations were measured by GC using stig-
mastanol (Sigma) as an internal standard (22). The total choles-
terol concentration in each of the tissues (mg/g) was multiplied
by the respective organ weight, and whole organ cholesterol con-
tents were then summed to give whole animal cholesterol con-
tent, which was expressed as mg/100 g bw. Dietary cholesterol
levels were also determined by GC using 5-cholestene as an inter-
nal standard (22).

Analysis of data

All data are reported as the mean = 1 SEM in the specified
number of individual animals. Differences between mean values
were tested for statistical significance (P < 0.05) by the two-tailed
Student’s t-test assuming equal variance.

RESULTS

Tissue cholesterol concentrations and whole animal
cholesterol contents

Initial experiments were undertaken to measure the
cholesterol pools in the various tissues and whole animal
in the two genotypes. The adult, 3-month-old +/+ and
—/— male mice fed the low cholesterol basal diet to steady
state did not differ with respect to food intake (20.4 = 2.2
and 21.9 = 3.5 g/d per 100 g bw, respectively), and had
similar body weights at the time of study (27 = 1 gand 26 *
1 g, respectively). There was also no difference in the dis-
tribution of body mass among the various organs in mice
of the two genotypes. Plasma total cholesterol concentra-
tions averaged 93 = 3 mg/dl in +/+ mice and 96 * 7
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mg/dl in —/— animals, and the level of apolipoprotein B
in the plasma was similar in both genotypes as judged by
immunoblotting analysis (29). Most importantly, as shown
in Fig. 1, there was no significant difference in the con-
centration of cholesterol in any organ so that the pool of
sterol in the whole animal equalled approximately 210
mg/100 g bw in both the +/+ and —/— genotypes (in-
sert). Thus, in contrast to expectations, deletion of choles-
terol 7a-hydroxylase activity in the mouse did not alter the
steady-state cholesterol pool in the plasma, liver, small in-
testine, other extrahepatic organs, or whole animal.

Bile acid metabolism

Given the fact that 7a-hydroxylase deletion did not alter
cholesterol pools in the mouse, it was of crucial impor-
tance to establish that there was, in fact, a significant
quantitative change in bile acid metabolism in the —/—
animals. As summarized in Table 1, while no cholesterol
To-hydroxylase activity was detected in the livers of the —/—
mice, there was no adaptive increase in the alternative bio-

Fig. 1. Tissue cholesterol concentrations in
cholesterol 7a-hydroxylase +/+ and —/— mice.
A Male mice 3 months of age were fed ad libitum a
basal cereal-based rodent diet without added cho-
lesterol. In the case of the liver, small intestine,
adrenal, and whole animal (shown in inset), the
values represent the mean = 1 SEM of data from
nine to twelve animals. For all other tissues, val-
ues represent data from six +/+ and five —/—
animals. In no individual organ was the differ-
ence in mean values statistically significant.

synthetic pathway, as manifested by the level of oxysterol
7a-hydroxylase in these adult animals. As a consequence,
the absolute rate of bile acid synthesis, as mirrored by fe-
cal bile acid excretion, equalled only 3.4 wmol/d per 100
g bw in the —/— mice compared to a rate of 8.3 wmol/d
per 100 g bw in the control animals, and the steady-state
pool of bile acids in the small intestine and biliary tract
was reduced from 62.5 wmol/100 g bw to only 13.2 umol/
100 g bw (Table 1). Nevertheless, the molar ratio of cho-
lesterol in the bile was the same (1.7%) in the control and
mutant animals. Strikingly, however, while deletion of cho-
lesterol 7a-hydroxylase significantly reduced the rate of
bile acid synthesis and excretion in —/— mice, there was a
parallel 2.3-fold increase in fecal cholesterol excretion,
from 15.2 to 35.7 pmol/d per 100 g bw in these animals
(Table 1).

We next investigated whether there was a correlation
between bile acid pool size and the level of expression of
the ileal sodium-dependent bile acid transporter (IBAT),
which mediates the return of bile acids to the liver (30).

TABLE 1. Parameters of sterol metabolism in cholesterol 7a-hydroxylase +/+ and —/— mice

Genotype
Parameter +/+ —/-
Cholesterol 7a-hydroxylase (pmol/min per mg protein) 50.0 = 6.0 (3) 0(3)?
Oxysterol 7a-hydroxylase (pmol/min per mg protein) 6.7 = 1.3 (5) 4.7 2.0 (5)
Fecal bile acid excretion (umol/d per 100 g bw) 8.3+ 1.1(6) 3.4 = 0.6 (6)2
Bile acid pool size (umol/100 g bw) 62.5 4.2 (4) 13.2 = 3.2 (4)2
Cholesterol in gallbladder bile (molar ratio) 1.7+x01(4) 1.7+x021)

Fecal cholesterol excretion (umol/d per 100 g bw)
Total fecal sterol excretion (umol/d per 100 g bw)

15.2 + 1.0 (10)
235 * 15 (16)

35.7 + 1.6 (10)2
39.1 + 1.7 (16)2

Three-month-old male mice were housed individually and fed ad libitum the basal rodent diet without added
cholesterol. Different groups of animals were used for the sterol excretion, pool size, and enzyme activity measure-
ments. Stool was collected over a period of 72 h and the contents of bile acids and neutral sterols (cholesterol and
its derivatives coprostanol, epicoprostanol, and cholestanone) were determined. Bile acid pool size represents the
total bile acid content of the small intestine, gallbladder, and liver combined. Values represent the mean = 1 SEM

of data from the number of animals given in parentheses.

2The value for the —/— animals is significantly different from that for the +/+ mice (P < 0.05).

1836 Journal of Lipid Research Volume 39, 1998

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

MOLECULAR WEIGHT
{kDa)
g
(s ]
|
]
|

Immunoblotting experiments with brush border mem-
brane preparations from different intestinal sections of
+/+ and —/— mice established that IBAT expression was
confined to the terminal sections of the small intestine in
both genotypes, as shown in Fig. 2. More importantly, the
level of transporter expression in the +/+ and —/— mice
appeared to be identical. Thus, the maximal transport ve-
locity of bile acid absorption across the ileum presumably
was unchanged in the —/— mice. Histological examina-
tion of sections from the duodenum, jejunum, and ileum
of both types of mice revealed morphologically intact mi-
crovilli and epithelial cell layers of normal thickness. Simi-
lar analyses of the liver in these animals also showed nor-
mal morphology with well-defined portal triads and no
signs of cholestasis.

Taken together, these initial studies demonstrated that
bile acid synthesis in the mutant animals was markedly re-
duced, and this presumably accounted for the similar re-
duction in the size of the functional bile acid pool in the
enterohepatic circulation. However, while deletion of cho-
lesterol 7a-hydroxylase significantly reduced fecal acidic
sterol excretion, total fecal sterol output markedly in-
creased, from 23.5 umol/d per 100 g bw in the control
mice to 39.1 pmol/d per 100 g bw in the mutant animals
(Table 1).

Intestinal cholesterol and total lipid absorption

The reduction in bile acid pool size in the —/— ani-
mals, combined with the earlier observation that these
mice deliver significant amounts of hyodeoxycholic acid
into this pool (15, 16), raised the possibility that choles-
terol and total lipid absorption might also be impaired in
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Fig. 2. Expression of the bile acid transporter in the small intes-
tine of cholesterol 7a-hydroxylase +/+ and —/— mice fed the
basal diet. Small intestines were cut into five sections of equal
length and homogenized. Brush border membranes were prepared
by the calcium precipitation method (27). Membrane proteins
were separated on a denaturing 10% polyacrylamide gel, trans-
ferred to a polyvinylfluoride membrane, and incubated with anti-
IBAT polyclonal antibody as described (28).

this model. The data in Fig. 3 show that while the level of
intestinal cholesterol absorption averaged 37 * 4% in +/+
mice, there was, indeed, no detectable absorption of ste-
rol in the knockout animals (A). In contrast, these mice
still absorbed about 78% of their total daily lipid intake
(B). To investigate whether this slight impairment of fat
absorption would become more pronounced with an in-
creasing dietary lipid load, control and knockout animals
were challenged with diets containing increasing amounts
of triacylglycerol. As seen in Fig. 4A, the stool fat content
was markedly higher in suckling —/— neonates. In con-
trast, adult animals of either genotype exhibited little ste-
atorrhea, even when the lipid content of the diet was
raised to 35%.

The data presented in Figs. 3 and 4 established that —/—
mice failed to absorb dietary cholesterol but had essen-
tially normal levels of triacylglycerol absorption. Studies
were next undertaken to determine whether this major
suppression of cholesterol absorption was a result of
events within the intestinal lumen, i.e., reduction in bile
acid pool size and hydrophobicity, or was the result of an
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Fig. 3. Levels of intestinal cholesterol and total lipid absorption
in cholesterol 7a-hydroxylase +/+ and —/— mice. Male mice 3
months of age were individually housed and fed the basal rodent
diet. Cholesterol absorption (A) was measured by a fecal dual-iso-
tope ratio method (20). Total lipid absorption (B) was determined
from measurements of dietary lipid intake and fecal lipid excretion.
Values are the mean = 1 SEM of data from four animals of each
genotype. An asterisk denotes that the value for the —/— animals is
significantly different from that for the +/+ mice (P < 0.05).
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1 lase +/+ and —/— mice. The stool of neonatal ani-
mals was collected from suckling +/+ and —/— mice.
The lipid content of dam’s milk was approximately
4  10% (wt/wt). Three-month-old adult animals were in-
dividually housed and initially fed the basal diet that
had a total lipid content of approximately 5%. Stools
4 were collected over a 48-h period after which mice
were switched to coconut oil-enriched diets. The val-
ues for the neonatal animals were reported earlier
(16) and represent the mean = 1 SEM of data from
five +/+ and —/— pups. Adult values represent the
mean *+ 1 SEM of data from three +/+ and eight —/—
animals, respectively.
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unexpected defect in the trans-epithelial movement of
sterol in the —/— animals. Groups of animals were fed di-
ets supplemented with cholic acid or hyodeoxycholic acid.
After a feeding period of 11 d, intestinal cholesterol ab-
sorption was determined in mice of both genotypes. A re-
covery period of 3 wk then followed during which time all
mice were fed the basal diet. After this interval, intestinal
cholesterol absorption in both the knockout and control
mice had returned to original levels (data not shown). Af-
ter a further recovery period of 3 wk, the bile acid feeding
experiment was repeated with the same groups of mice

and the bile acid pool size was determined. The results of
both experiments are summarized in Fig. 5. Supplementa-
tion of the diet with 0.2% cholic acid expanded the pool
in the +/+ mice from 63 to 116 wmol/100 g bw and in
—/— animals from 13 to 142 mol/100 g bw. In both geno-
types, cholic acid constituted >80% of the pool. At the
same time, cholesterol absorption increased from 37 to
62% in the +/+ mice and from 0 to 42% in the —/— ani-
mals. In contrast, when the diet was supplemented with
0.2% hyodeoxycholic acid, the bile acid pool size de-
creased 37% in the +/+ animals but increased 3.6-fold in
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Fig. 5. Bile acid pool size and level of intestinal cho-
lesterol absorption in cholesterol 7a-hydroxylase +/+
and —/— mice. Male mice of both genotypes were in-
dividually housed and fed ad libitum either a basal ro-
dent diet or the same diet containing either cholic
acid (0.2% wt/wt) or hyodeoxycholic acid (0.2%) for
11 days. The same group of animals was used for the
measurement of bile acid pool size (A) and choles-
terol absorption (B). Pool size represents the total bile
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CHOLESTEROL ABSORPTION
(%)

NO CHOLIC HYODEOXY-
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(0.2%) (0.2%)

1838 Journal of Lipid Research Volume 39, 1998

acid content of the small intestine, gallbladder, and
liver. Values equal the mean = 1 SEM of data from
four animals in each group. An asterisk denotes that
the value for the —/— animals given the plain diet
alone, or for either the +/+ or —/— mice in the
groups given cholic or hyodeoxycholic acid, is signifi-
cantly different from that for the +/+ animals fed the
plain diet (P < 0.05). The * denotes that the value for
the —/— animals given either cholic or hyodeoxy-
cholic acid is significantly different from that for —/—
mice given the plain diet (P < 0.05).
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the —/— mice. In both genotypes, therefore, the bile acid
pool size achieved similar values, >80% of these pools was
hyodeoxycholic acid and cholesterol absorption was re-
duced to <5%. Thus, the inability of the —/— mice to
absorb dietary cholesterol resulted from a defect in lumi-
nal micellar solubilization that was a consequence of the
small pool of hydrophilic bile acids normally present in
these animals and not from a defect in epithelial cell ste-
rol transport.

Rates of cholesterol synthesis in liver
and extrahepatic organs

The finding that —/— mice maintained on the low cho-
lesterol basal diet had normal plasma and tissue choles-
terol levels despite absorbing negligible amounts of di-
etary cholesterol suggested that the small bowel or some
other organ must compensate for the absence of exoge-
nous cholesterol by raising its rate of de novo sterol syn-
thesis. To test this hypothesis, [3BH]water was used as a pre-
cursor for the sterol biosynthetic pathway to first measure
the rate of cholesterol synthesis in vivo along the length of
the small intestine. The profile of synthetic activity found
for both genotypes is shown in Fig. 6. In most sections of
the intestine, sterol synthetic activity was 2- to 3-fold
greater in the —/— animals than in +/+ controls. A com-
prehensive study of sterol synthetic activity in the other or-
gans of the +/+ and —/— mice was next performed. As
shown in Fig. 7A, the rate of cholesterol synthesis per g of
tissue was increased 2-fold in the small intestine and liver
of the —/— mice. A smaller, but significant, increase in
synthesis was also seen in the residual tissues of the car-
cass. There was, however, no change in the rate of fatty
acid synthesis in the liver or small intestine of the —/— an-
imals (data not shown), and there was no significant alter-
ation in the rate of cholesterol synthesis in any of the
other organs of the body. The data in Fig. 7A were used to

calculate whole organ sterol synthesis (B), and from these
calculations, whole animal sterol synthesis (B, inset). All
values in Fig. 7B, including those in the inset, represent
the wmol of [3H]water incorporated into sterols and ad-
justed to a constant animal weight of 100 g. The data show
that in —/— mice, whole body sterol synthesis was nearly
60% higher than in +/+ mice. Furthermore, 76% of this
additional synthetic activity was accounted for in the small
intestine and liver, the two organs in the body principally
responsible for the absorption and processing of dietary
cholesterol. These findings confirm the earlier observa-
tions on external sterol balance (Table 1) that in the ab-
sence of cholesterol 7a-hydroxylase there is increased, not
reduced, cholesterol turnover in the whole animal.

DISCUSSION

These studies illustrate that disruption of the 7a-hy-
droxylase gene does not, as expected, reduce cholesterol
turnover in the mouse but, rather, this manipulation ini-
tiates a series of more complex events that dramatically af-
fect cholesterol balance in the whole animal. Cholesterol
absorption is reduced to undetectable levels, and the
source of sterol is replaced by a compensatory increase in
sterol synthesis in the intestine and liver of the mutant an-
imals. Thus, despite marked reduction of bile acid synthe-
sis and intestinal pool size, tissue and plasma cholesterol
levels remain unchanged. These findings illustrate the
wide range of adaptations possible in the opposing path-
ways of cholesterol supply and breakdown, and provide
detailed information on how variation in the output from
one of these pathways is balanced to maintain cholesterol
homeostasis in the whole organism.

In all species that have been studied, including the pri-
mate, liver plays the central role of maintaining net cho-
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Fig. 6. Rates of sterol synthesis in different re-
gions of the small intestine in cholesterol 7 a-
hydroxylase +/+ and —/— mice. Male mice of
7 both genotypes were fed ad libitum the basal ro-
dent diet. Animals were administered a bolus of
[3H]water i.p. and killed 1 h later. The rate of ste-
rol synthesis is expressed as the nmol of [3H]water
incorporated into digitonin-precipitable sterols per
hour per gram tissue. Values are the mean = 1
SEM of data from six +/+ and five —/— animals,
N respectively. An asterisk denotes that the value for
that particular section of intestine in the —/— ani-
mals is significantly different from the value for
that same section in +/+ mice (P < 0.05).
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Fig. 7. Rates of sterol synthesis in the liver and extra-
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sanguinated. The rates of sterol synthesis in each organ
(A) are expressed as the nmol of [3H]water incorpo-
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lesterol balance across the whole animal and of regulating
the levels of circulating lipoprotein-cholesterol. Clearly,
these two processes are interrelated. In any animal on a
relatively low cholesterol diet, most of the net input of ste-
rol to the liver comes from de novo synthesis in the extra-
hepatic organs while a lesser amount is derived from the
diet (5, 17). In the steady state, this rate of net input must
be balanced by an equal rate of net sterol output from the
liver as cholesterol itself or as bile acid. While small
amounts of cholesterol can be excreted through the skin
and as steroid hormones, the majority is disposed of
through the gastrointestinal tract as either neutral or
acidic fecal sterols (3). To a limited degree the liver can
compensate for a change in these rates of net sterol flux.
For example, hepatic cholesterol synthesis may be re-
duced under circumstances where there is an increase in
sterol absorption from the diet or diminished bile acid
synthesis. However, once hepatic synthesis approaches
zero, further increases in net cholesterol delivery to the
liver are associated with an expansion of the cholesteryl
ester pool, suppression of LDLR activity, an increase in
the LDL-C production rate, and a rise in the circulating
LDL-C concentration (6, 7, 31).

Within a population, there are individuals who respond
to dietary cholesterol challenge with either a smaller or
larger change in the concentration of plasma cholesterol.
Individuals in whom a smaller increase is realized are re-
ferred to as hyporesponders whereas those who experi-
ence a larger increase are termed hyperresponders (32).

1840 Journal of Lipid Research Volume 39, 1998

rated into [3H]DPS per hour per gram tissue. These
rates were used to calculate the rates of whole organ ste-
rol synthesis, which were then normalized to 100 g body
weight (B). Whole animal sterol synthesis was calculated
as the sum of the rates in all the organs. Values repre-
sent the mean = 1 SEM of data from six +/+ and five
—/— animals, respectively. An asterisk denotes that the
value for the —/— animals is significantly different from
that for the +/+ mice (P < 0.05).

These phenotypes are heritable and can arise from poly-
morphisms that affect the number or functional affinity of
proteins such as the LDLR (33, 34) or polymorphisms that
result in a change in net delivery of cholesterol to the
liver. In theory, for example, the hyperresponder pheno-
type could be the result of a polymorphism in one of
the proteins that leads to cholesterol overproduction in the
peripheral organs, increased sterol absorption across the
intestine, or diminished bile acid synthesis. While periph-
eral cholesterol overproduction as a cause of this pheno-
type has been ruled out, at least in one primate (19), in-
creased cholesterol absorption has been described in
several species (35-39). However, the role of diminished
bile acid synthesis has yet to be evaluated in quantitative
terms. The current studies, therefore, took advantage of
the newly described cholesterol 7a-hydroxylase knockout
animal to obtain detailed quantitative data on the effect of
diminished bile acid synthesis on the many processes that
determine net sterol balance in the mouse.

To facilitate direct comparison of the various net flux
rates, the measurements made in this study have been
converted to mg of cholesterol flowing through each
pathway per d per kg bw, and these are summarized in Fig.
8. In control mice, the net input of cholesterol into the
body equalled 164 mg/d per kg bw, 41 mg of which came
from intake of the diet while 123 mg was newly synthesized
(Fig. 7). Furthermore, of the sterol ingested in the diet, at
least 15 mg/d per kg bw was absorbed across the small
bowel (Fig. 3) and entered the cellular pools of the intes-
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tine and liver. Of the total 164 mg of cholesterol fluxing
through the system, 92 mg/d per kg bw was excreted as ei-
ther fecal neutral sterols (59 mg) or as acidic (33 mg) ste-
rols (Fig. 8). Output as skin sterols and steroid hormones
was not quantitated in these experiments although, in
contrast to the primate, these pathways are known to be
relatively large in small rodents (40). In the cholesterol
7a-hydroxylase-deficient mice, the excretion of choles-
terol as bile acid was reduced to only 14 mg/d per kg bw
(Fig. 8). However, because the absorption of cholesterol
in these animals was also essentially reduced to zero (Fig.
3), the rates of cholesterol synthesis in the intestine and
liver doubled (Fig. 7), and this was reflected in a marked
increase in fecal cholesterol output from 59 to 138 mg/d
per kg bw (Fig. 8). Thus, paradoxically, while deletion of
the 7a-hydroxylase gene reduced the net excretion of
cholesterol as bile acid by 19 mg/d per kg bw, net sterol
flux through the whole animal increased from 164 mg/d
per kg bw in the +/+ mice to 239 mg/d per kg bw in the
—/— animals. Despite this difference, however, the steady-
state levels of cholesterol in all of the organs (Fig. 1), as
well as the plasma and the whole animal (Figs. 1, 8), re-
mained essentially unchanged.

In the mutant mice, a significant reduction in the intes-
tinal bile acid pool and hydrophobicity had only a mini-
mal effect on total lipid absorption but essentially elimi-
nated cholesterol absorption (Figs. 3, 4). These findings
are fully explained by the known effects of bile acid pool
size and hydrophobicity on unesterified cholesterol move-
ment across the intestinal brush border (41). There is cur-
rently no convincing evidence that uptake of free fatty
acid, monoacylglycerol, or cholesterol is receptor depen-
dent. Rather, uptake appears to be passive and is made
unidirectional through the immediate esterification of
these molecules in the epithelial cell by the monoacylglyc-
erol and a-glycerol phosphate pathways in the case of fatty
acid and monoacylglycerol, and the acyl-coenzyme A:cho-
lesterol acyltransferase pathway in the case of cholesterol
(42). The rate-limiting step in these processes resides at
the interface of the bulk luminal phase and the brush bor-
der membrane. The rate of uptake of these lipids is equal

Schwarz et al.

Cholesterol

Bile Acids

Fig. 8. Summary of the pathways involved in whole
body cholesterol flux in cholesterol 7a-hydroxylase
+/+ and —/— mice fed a low cholesterol diet. The
138 values shown for cholesterol input (diet plus synthe-
sis) and output (fecal excretion of neutral sterols and
bile acids) were obtained directly from measurements
made in the present study. The value for cholesterol
14 output includes three other neutral sterols: copros-
tanol, epicoprostanol, and cholestanone. All parame-
ters are expressed in terms of mg cholesterol per day

Skin s,t,erOIS per kg bw except for those for body cholesterol pool
) size which represent mg/kg bw. The values in the cir-
cles are for the +/+ animals, while the numbers adja-
Steroid cent to the circles are for the —/— mice.
Hormones

to the product of their maximal concentration at this
aqueous/lipid interface and their respective passive per-
meability coefficients (43, 44). In the presence of signifi-
cant diffusion barriers (45) this maximal concentration
term, in turn, is critically dependent upon the presence of
bile acid micelles in the bulk phase.

In the presence of an adequate concentration of hydro-
phobic bile acids, the product of these two constants is
more than 100-fold larger for fatty acid and monoacylglyc-
erol than for cholesterol, and this finding is apparently
one factor that accounts for the 100-fold greater absolute
rate of dietary triacylglycerol absorption (100-150 g/d in
humans) than of cholesterol uptake (<1 g/d) in most
species. Furthermore, this model also predicts that the in-
testinal uptake of very hydrophobic molecules like choles-
terol is much more dependent upon micellar solubiliza-
tion than is the uptake of fatty acid and monoacylglycerol.
This has been found experimentally to be the case both
here and in humans. In the absence of bile acids in the in-
testinal lumen in humans, for example, fatty acid absorp-
tion is decreased only 15-25% while cholesterol uptake is
essentially abolished (41, 46, 47).

The current studies provide important insights into the
quantitative importance of the oxysterol 7«-hydroxylase
pathway for overall bile acid synthesis in the mouse. With
deletion of the cholesterol 7a-hydroxylase pathway, bile
acid synthesis decreased from 33 mg/d per kg bw to only
14 mg/d per kg bw (Fig. 8). As there was apparently no
compensatory increase in the velocity of the oxysterol 7a-
hydroxylase pathway in the —/— mice, at least as judged
by the levels of enzyme activity (Table 1), this finding sug-
gests that normally about 40% of bile acid synthesis in the
mouse occurs through this pathway. Quantitatively, this
value is similar to that reported in humans (10). Further-
more, as there was also no change in the ileal bile acid
transporter level (Fig. 2), the marked reduction in pool
size (Table 1) was presumably due solely to the observed
reduction in bile acid synthesis in the mutant animals.

This reduction in the size and hydrophobicity of the
bile acid pool, and the attendant reduction of cholesterol
absorption, increased the rate of sterol synthesis along the

Cholesterol homeostasis in mice lacking cholesterol 7a-hydroxylase 1841
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small intestine. In the normal animal, including the hu-
man and other primates, cholesterol synthesis is partially
suppressed in the proximal and midintestine by the di-
etary and biliary sterol that is being continuously ab-
sorbed across the epithelial cells of this region (1, 48, 49).
Only in the terminal ileum, where luminal bile acid con-
centration decreases to very low levels and cholesterol up-
take ceases, is the rate of cholesterol synthesis in the intes-
tinal epithelium relatively high (Fig. 6). When the bile
acid concentration in the intestinal lumen is markedly re-
duced, the rate of sterol synthesis increases at all levels of
the small intestine although, as seen in the —/— mice, the
greatest relative increase is always in the mid-intestinal
segments (Fig. 6) (48, 49).

Thus, taken together, these studies demonstrate the
role of bile acid synthesis in maintaining sterol balance in
the whole animal and how this process may contribute
physiologically to the genesis of the hyporesponder and
hyperresponder phenotypes. This role is complex, how-
ever, as changes in rates of synthesis affect the size and
composition of the intestinal pool of bile acid which, in
turn, alters dietary cholesterol entry into the body. Three
examples of this complexity can be cited. First, increased
excretion of cholesterol as bile acid might, in theory, lead
to enhanced net sterol loss from the liver and the hypore-
sponder phenotype. This could arise from a genetically or
pharmacologically dictated increase in the velocity of
either the cholesterol 7a-hydroxylase or oxysterol 7a-
hydroxylase pathway, or both. However, such an increase
might well expand the intestinal pool of bile acid and in-
crease the rate of dietary cholesterol absorption. Depend-
ing upon whether the change in cholesterol absorption
was greater than or less than the increase in the rate of
bile acid synthesis, the individual could exhibit the hyper-
responder or hyporesponder phenotype, respectively. Sec-
ond, reduced excretion of cholesterol as bile acid might,
in theory, lead to the hyperresponder phenotype. How-
ever, as illustrated by the present studies, this reduction in
bile acid synthesis could be offset by reduced dietary cho-
lesterol absorption and, depending upon the relative mag-
nitude of these two processes, could lead to either of the
phenotypes. Finally, any change in the two bile acid path-
ways that alters the mean hydrophobicity of the intestinal
pool could also profoundly change the rate of cholesterol
absorption and, hence, the phenotype of the animal with-
out altering the absolute rates of bile acid synthesis. These
possible outcomes emphasize the importance of obtaining
quantitative data regarding the other interlocking sterol
pathways before attempting to interpret genetic abnor-
malities in these pathways or designing pharmaceutical
agents to modulate the rates of bile acid synthesis. i
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