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Regulation of biliary cholesterol output in the rat:
dissociation from the rate of hepatic cholesterol
synthesis, the size of the hepatic cholesteryl
ester pool, and the hepatic uptake of
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Abstract These studies were designed to determine the
importance of the rate of hepatic cholesterol synthesis, the
size of the hepatic cholesteryl ester pool, the amount of
chylomicron cholesterol reaching the liver, and the rate of
bile acid transport into bile as determinants of the rate of
biliary cholesterol output. Female rats that had been sub-
jected to diurnal light cycling, fasting for 48 hr, intravenous
administration of chylomicrons, and diets containing either
cholestyramine, cholesterol, or bile acid underwent total
biliary diversion for 2 hr. The animals were then killed and
the rates of hepatic cholesterol synthesis and levels of hepatic
esterified cholesterol were measured along with biliary lipid
concentrations. Despite a 1000-fold variation in the rate of
hepatic cholesterogenesis and a 100-fold variation in the
levels of cholesteryl esters, the output and molar percentage
of cholesterol in bile remained essentially constant with
the exception of an approximate doubling in the output of
cholesterol, as well as of bile acid and phospholipid in those
animals fed bile acid. However, in this latter group the molar
percentage of each component was unchanged. The ad-
ministration of a bolus of chylomicrons did not alter output
or molar percentage of cholesterol. Total biliary diversion
for 36 hr and bile acid infusion were used to markedly vary
the rate of biliary bile acid output. Cholesterol and phos-
pholipid output remained tightly coupled to bile acid output
over almost a 40-fold range. In other experiments it was
shown that biliary cholesterol output could be driven by
bile acid infusion to a similar extent in rats in which the rate
of hepatic cholesterogenesis had been varied over a 26-fold
range. It was concluded that the rate of hepatic cholesterol
synthesis, the level of hepatic cholesteryl esters, and the
amount of cholesterol absorbed from the diet play no role in
determining the rate of biliary cholesterol secretion, at least
in this species.—Turley, S. D., and J. M. Dietschy.
Regulation of biliary cholesterol output in the rat:
dissociation from the rate of hepatic cholesterol synthesis,
the size of the hepatic cholesteryl ester pool, and the hepatic
uptake of chylomicron cholesterol. J. Lipid Res. 1979. 20:
923-934.
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Under normal physiological circumstances, choles-
terol is present in bile in the form of mixed micelles,
the other components of which are bile acid and phos-
pholipid. Under pathological conditions, where the
proportion of cholesterol increases so that it exceeds
the solubilizing capacity of the bile acid and phos-
pholipid, the bile becomes saturated with cholesterol,
predisposing to the formation of gallstones (1-4).
Although the physicochemical interactions between
cholesterol, bile acid, and phospholipid have been
examined in detail (1, 5), the transport mechanisms
whereby these lipids enter bile and, more particularly,
the factors that ultimately dictate the rate of biliary
cholesterol output are poorly understood (6). It is,
nevertheless, clear that there is tight coupling of the
biliary secretion rates of all three lipids (7-9).

The production of saturated or lithogenic bile has
been attributed to an elevated rate of hepatic choles-
terol synthesis. This view is based on the finding that
during the administration of either chenodeoxycholic
acid or ursodeoxycholic acid to patients with gallstones
there is a dramatic reduction in the biliary cholesterol
saturation index and a fall in the level of activity of
3-hydroxy-3-methylglutaryl CoA reductase (HMG
CoA reductase) in the liver as measured in biopsy
specimens (10-12). Chenodeoxycholic acid has
similar effects in hamsters that have been fed a litho-
genic diet (13). However, during bile acid feeding

Abbreviation: HMG, 3-hydroxy-3-methylglutaryl.
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there is actually a diminished requirement for the
synthesis of cholesterol in the liver, since less sterol is
converted to bile acid, and there may also be increased
cholesterol absorption from the gastrointestinal tract
(14). Thus, a decrease in the rate of hepatic cholesterol
synthesis would be expected, but this need not neces-
sarily be the cause of decreased biliary cholesterol
secretion.

Studies in the rat and man in which the specific
activity of sterol in the blood, bile, and liver was
measured following the intravenous administration of
isotopically labeled mevalonate and cholesterol sug-
gested that at least a portion of newly synthesized
sterol is secreted directly into the bile (15, 16). This
finding was supported by the experiments of Long et
al. (17) with triparanol-fed rats in which it was demon-
strated that, under basal conditions, about 28% of
biliary sterol is derived directly from newly syn-
thesized sterols. Furthermore, in man both the rate of
biliary cholesterol secretion and total body cholesterol
synthesis correlate directly with body weight (18).
However, in this latter study, it is not known how the
rate of cholesterol synthesis in the liver varies with
body weight and, in other species, there is no definitive
evidence that the rate of biliary cholesterol output is
dictated primarily by the rate of hepatic cholesterol
synthesis. Although this problem could be readily
evaluated by measuring the rate of biliary cholesterol
secretion under conditions where the rate of hepatic
cholesterogenesis is varied over a wide range, this has
not yet been done.

In addition to newly synthesized cholesterol, the
liver also derives cholesterol from the uptake of chylo-
microns and serum lipoproteins (19-21). Although
part of the cholesterol secreted in bile probably
originates from these lipoproteins, the importance of
the rate of hepatic lipoprotein uptake in determining
the rate of biliary cholesterol output also is poorly
understood. Similarly no studies have been under-
taken to determine whether the size of the cholesteryl
ester pool, which almost invariably reflects changes in
the total cholesterol content of the hepatocyte, has any
direct influence on the size of the pool of free choles-
terol from which biliary cholesterol is derived.

In summary, biliary cholesterol secretion ultimately
must be regulated either by intrahepatic factors such
as the rate of cholesterol synthesis or the size of the
cholesteryl ester pool, by the amount of lipoprotein
cholesterol entering the hepatocyte, or by the degree
of coupling to bile acid or phospholipid transport into
bile. The purpose of the present studies was to sys-
temnatically evaluate the role of each of these variables
in dictating the rate of biliary cholesterol output in
the rat.
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MATERIALS AND METHODS

Animal preparations

Female Sprague-Dawley-derived rats (Charles River
Breeding Laboratories, Inc., Wilmington, MA),
originally purchased in the weight range of 125-150
g, were housed in a room with alternating 12-hr
periods of light (1500-0300 hr) and darkness (0300-
1500 hr) and were allowed free access to water and
Formulab rat chow (Ralston Purina Co., St. Louis,
MO) for at least 3 weeks before being used in specific
experiments. Groups of rats were then subjected to
various experimental manipulations which included
the feeding, ad libitum, of diets containing one of the
following: 2% (w/w) cholestyramine (Mead Johnson
Research Center, Evansville, IN) for 14 days; 2%
cholesterol (Nutritional Biochemicals Corp., Cleve-
land, OH) and 10% corn oil for 12 days; and 1%
sodium taurocholate (Calbiochem, San Diego, CA) for
3 days. Other groups of rats were either fasted for
48 hr or, 12 hr before use, were administered intra-
venously a bolus of chylomicrons which had been pre-
pared from rat intestinal lymph as previously de-
scribed (22, 23). In another series of experiments rats
were subjected to either total biliary diversion for 36
hr or were infused with bile acid.

Rats were anesthetized with ether and the bile duct
was cannulated with PE-50 polyethylene tubing. In the
experiments involving total biliary diversion for 36 hr
and bile acid infusion, a catheter was also placed in
the tail vein using PE-10 tubing. The rats were placed
in individual restraining cages and allowed to awaken.
Unless otherwise indicated, bile was collected during
the following 2 hr and flow rates were measured. All
operative procedures were carried out at about the
mid-dark phase of the light cycle and, except for the
group fasted for 48 hr, all rats had access to food up
until the time of the experiment.

In the experiment on bile acid depletion the rats
were continuously infused with a solution containing
NaCl (145 mM) and KCl (5 mM) at a rate of 1 ml/hr
and the bile was collected hourly for 36 hr. Two ex-
periments involving bile acid infusion were carried
out. In one, a group of rats fitted with bile duct can-
nulas was infused with 0.9% NaCl solution for 1 hr
and then with solutions containing different con-
centrations of sodium taurocholate (pH 7.4) for 5 hr.
The amount of bile acid infused was in the range of
22.5-90 pumol/rat per hr. Bile was collected hourly
and the flow rate was measured. In the second ex-
periment, rats that had been either fasted for 48 hr or
fed a diet containing 2% cholestyramine for 1 week,
as well as a group of control rats, were infused first
with 0.9% NaCl solution for 1 hr and then with a
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solution of sodium taurocholate at a rate of 40 umol/
rat per hr for an additional 2 hr. Bile was collected at
hourly intervals and the flow rate was measured.

Incubation techniques and analytic procedures

After collection of bile the rats were killed, blood
samples were obtained from the abdominal aorta,
and the liver was quickly removed and chilled in 0.9%
NaCl solution. Liver slices were prepared and in-
cubated with 1 mM [1-Cloctanoate as described in
detail elsewhere (24, 25). The incorporation of this
substrate into digitonin-precipitable sterols, CO,, and
ketones was measured and, after correction for the
specific activity of the intracellular acetyl CoA pool,
these data were used to calculate the incorporation
rate of acetyl CoA units, i.e., C; units, into CO, and
cholesterol (24, 25). The free and esterified choles-
terol® content of the liver and plasma cholesterol levels
were assayed as previously described (26). To measure
the bile acid pool size in each animal, the entire small
intestine and its contents were cut into small pieces
into ethanol containing a known amount of [G-*H}-
taurocholic acid (New England Nuclear Corp.,
Boston, MA). The mixture was boiled vigorously for
4 hr, filtered, and taken to a known volume. An
aliquot of the extract was washed with diethyl ether
and this layer was discarded. The lower phase was
then evaporated under air, the residue was dissolved
in methanol, and aliquots were taken for measure-
ment of radioactivity and bile acid content. The con-
centration of total bile acids in the intestinal extracts
and in bile was determined using the hydroxysteroid
dehydrogenase assay as described in detail elsewhere
(27). After saponification and extraction with petro-
leum ether, biliary cholesterol was precipitated with
digitonin and quantitated using the FeCl3—H,SO,
method (28). Biliary phospholipid concentration was
assayed by colorimetric determination of inorganic
phosphate with malachite green (29).

Mathematical treatment of data

Where appropriate, mean values *1 SEM for
groups of data are given. For correlating two variables,
linear regression lines were fitted by the method of
least squares to the data obtained from individual
animals and have the usual form y = a + bx. As there
was wide variation in the individual rates of hepatic
cholesterogenesis and hepatic cholesteryl ester levels,
the data relating these two variables to biliary choles-
terol output and molar percentage of cholesterol were
plotted on a semilogarithmic scale, e.g., Fig. 1 and 2.

% Cholesteryl ester concentrations refer to concentrations of
esterified cholesterol and not to the mass of cholesteryl esters.
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Fig. 1. Biliary cholesterol output and molar percentage of choles-
terol in the bile of rats with widely different rates of hepatic cho-
lesterogenesis. Female rats weighing 190-230 g, which had been
subjected to various experimental manipulations including diurnal
light cycling, fasting for 48 hr, feeding of diets containing either
2% cholestyramine or 2% cholesterol and 10% corn oil, and the
intravenous administration of a bolus of chylomicrons, were anes-
thetized with ether. The bile duct was cannulated and bile was col-
lected for the following 2 hr. The rats were then killed and rates of
hepatic cholesterogenesis were measured as described in Materials
and Methods. Panel 4 shows the rate of biliary cholesterol output
as a function of the rate of hepatic cholesterol synthesis in 45 in-
dividual animals. The regression equation fitted to these data is
y=1.72 + 0.0002x (r = 0.27, P > 0.05). Panel B shows the molar
percentage of cholesterol in the bile as a function of the rate of
hepatic cholesterol synthesis in 50 individual animals. The regres-
sion equation fitted to these data is y = 1.57 + 0.00004x (r = 0.09,
P > 0.05). In both panels the data are plotted on a semilogarithmic
scale. Thus the regression lines, which were derived using the actual
values rather than the logarithms, are not shown.

However in the derivation of the regression equations,
the actual values for rates of synthesis and levels of
esters, and not the natural logarithms of these values,
were used.

RESULTS

The first series of studies was concerned with
establishing whether biliary cholesterol output could
be altered by varying either the rate of hepatic choles-
terol synthesis, the size of the hepatic cholesteryl ester
pool, or the amount of chylomicron cholesterol
reaching the liver. Fig. 1 shows the rate of biliary
cholesterol output (panel 4) and the molar percentage
of cholesterol (panel B) in bile as a function of the
corresponding rate of hepatic cholesterogenesis in
individual rats subjected to various experimental ma-
nipulations. The mean values for each of these experi-
mental groups are given in Table 1.
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TABLE L. Effect of various experimental manipulations on biliary lipid output and composition, bile acid pool size, plasma
and liver cholesterol concentrations and hepatic cholesterogenesis in rats®

Bile Acid in Bile

Phospholipid in Bile

Bile
Experimental Group Secretion Conc. Output Molar Percentage Conc. Output Molar Percentage
mitkglhr umoliml wmollkglhr % umolimi pumollkglhr %
A. Control (mid-dark) 43 +0.1° 244+ 1.3 104 £ 6 86.7 + 0.6 3.2 +0.2 140 1.2 11.5 £ 0.5
(22) (23) (22) (23) (23) (22) (23)
B. Control (mid-light) 4.0 = 0.2 23.8 £ 1.0 95 =7 87.4 0.5 3002 124 + 1.1 11.0x0.5
(12) (12) (12) (12) (12) (12) (12)
C. Fasted (48 hr) 3.7 = 0.1%*¢ 323 +23* 120=+8 82.4 + 0.7* 6.4 = 0.6* 234 x 2.2*% 16.0 = 0.6*
5 (3) (5) () (5) (5) 5
D. Cholesterol-fed 3.8+0.2 252 = 1.0 96 = 5 85.2 = 1.1 4.0 = 0.2 152 x 1.0 135 £ 1.0
6) (6) ® 6) (6) (6) (6)
E. Chylomicron infusion 4.5x0.1 200 = 1.1 89+3 84.9 = 0.6 3.1x0.1 13.8 £ 0.5 13.3 £ 0.6
) 4) 4) 4 4 @ 4)
F. Cholestyramine-fed 4.6 £ 0.1 26.9 £ 1.4 115+ 6 88.4 + 0.5 3.0x0.1 150 £ 1.3 10.0 £ 0.4
®) (12) 8) (12) 12) ) (12)
G. Bile acid-fed 5.9 = 0.3* 36.2 + 2.7% 209 + 15* 86.5 x 1.1 4.9 £ 0.3* 28.8 + 2.8% 11.9 = 1.1

(6) (6) 6

(6) (6) (6) (6

@ Female rats of 190-230 g were subjected to various experimental manipulations which included diurnal light cycling, fasting for 48 hr,
intravenous administration of a bolus of chylomicrons, and feeding ad libitum of diets containing one of the following; 2% cholestyramine for
14 days, 2% cholesterol and 10% corn oil for 12 days, and 1% sodium taurocholate for 3 days. All rats were anesthetized with ether, the bile
duct was cannulated, and bile was collected during the following 2 hr. They were then killed and rates of hepatic cholesterogenesis and various

Although rats at the mid-dark phase showed a 2.5-
fold higher rate of hepatic cholesterogenesis than
those at the mid-light phase, there was no difference
in either biliary cholesterol output or the molar per-
centage of cholesterol in bile between the two groups
(Groups A and B). Similarly, fasting for 48 hr, which
decreased the rate of synthesis to about 5% of control
values, had no effect on the output or molar per-
centage of cholesterol in bile (Group C). However, the
fasted rats did show, in addition to decreased plasma
cholesterol levels, a marked increase in the biliary
concentration, output, and molar percentage of phos-
pholipid with a concomitant decrease in the molar
percentage of bile acid (Table 1).

The feeding of a diet containing added cholesterol
and corn oil resulted in almost complete inhibition of
hepatic cholesterol synthesis (Group D). Although the
biliary concentration, output and molar percentage of
cholesterol were somewhat lower compared to control
values, the degree of change in these variables was
small compared to that in cholesterol synthesis which
decreased from a rate of 1091 nmol/g per hr to only
6 nmol/g per hr.

The experiment on the intravenous administration
of chylomicrons was designed to determine whether
an acute change in the amount of cholesterol reaching
the liver had any effect on biliary cholesterol output.
Approximately 12 hr after the rats had been given a

926 Journal of Lipid Research Volume 20, 1979

bolus of chylomicrons containing 20 mg of cholesterol,
the rate of cholesterol synthesis in the liver had de-
creased about 75% (Group E). There was a slight de-
crease in biliary cholesterol concentration but total
cholesterol output was not significantly different from
that in control animals.

In the next experiment the enterohepatic circula-
tion of bile acid was varied. Cholestyramine feeding

doubled the rate of hepatic cholesterogenesis but

biliary lipid output and composition remained un-
changed (Group F). The results of the experiment on
bile acid feeding provided further evidence of a dis-
sociation of the rate of biliary cholesterol secretion
from the rate of hepatic cholesterogenesis. After 3
days of bile acid feeding, cholesterol synthesis in the
liver decreased to only 17% of the control value, yet
biliary cholesterol output approximately doubled.
The increased output resulted from the combined
effects of an increase in bile secretion rate as well as an
increase in the concentration of cholesterol in bile
(Group G). The biliary concentration and output of
both bile acid and phospholipid were similarly in-
creased. Thus the molar percentage of all three com-
ponents remained normal.

Although it was possible to markedly alter hepatic
cholesterol synthesis without significantly changing
the level of cholesteryl ester by manipulations such as
diurnal light cycling, fasting, and cholestyramine
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Cholesterol in Bile

Plasma Liver Cholesterol Concentration C; Flux into
Molar Bile Acid Cholesterol
Conc. Output Percentage Pool Size Concentration Free Esterified CO, Cholesterol
pmoliml wmollkg/hr % umolfkg mgldl mglg mglg wmollgihr nmollg/hr
0.48 = 0.02 2.0+ 0.1 1.8 £ 0.11 679 + 37 68.8 * 3.1 2.20 = 0.06 0.15 = 0.01 11.9 04 1,091 £ 70
(23) (22) (18) (14) (15) (18) (18) (18) (18)
0.45 = 0.03 1.8 0.2 1.6 = 0.08 639 + 44 777 2.5 2.04 = 0.08 0.13 = 0.01 10.6 = 0.4 420 *+ 46%
(12) (12) (12) (7 (6) (7 (7 (7 (7
0.61 = 0.05 2.3 +02 1.6 = 0.04 759 + 40 47079 2.44 = 0.09 0.29 + 0.06 8.2 = 0.5% 54 + 13*
(5) (5) (5) (5) (3) (5) (5) (3) (5)
0.39 = 0.02* 1.5 +0.1* 1.3 = 0.08*% 770 = 74 111.5 + 8.4* 3.14 + 0.04* 11.9 = 0.78* 10.7 = 0.8 6 = 0.6*
(6) (6) (6) (6) (6) (6) (6) (5) (6)
0.40 = 0.02* 1.7 £0.1 1.8 = 0.03 879 = 73 69.2 = 8.1 2.44 = 0.06 1.19 = 0.09* 10.4 £ 0.6 298 + 94*
4 (4) 4 (3) 4) 4 (4) @ 4)
0.47 = 0.02 2.1+x02 1.6 = 0.10 776 = 46 65.4 = 3.0 2.36 = 0.11 0.19 = 0.02 13.1 = 0.7 2,304 = 251*
(12) {8) (12) (7 (8 (10) (10) (10 (10)
0.65 £ 0.05% 3.8=+0.3* 16=0.10 1,269 + 78% 63.1 = 5.7 2.23 + 0.08 0.61 = 0.14* 10.2 + 0.8 189 + 6*

(6) (6) (6) (6) 6

(5) (5) (5) (5)

other parameters were measured as described in Materials and Methods.
® Values are the mean * 1 SEM for the number of animals indicated in parentheses.
¢ The asterisk indicates that the value is significantly different from the corresponding value for animals in the control (mid-dark) group

at the P < 0.05 level.

feeding, it was not possible to independently alter
the cholesteryl ester concentration. Thus, the ad-
ministration of chylomicrons, cholesterol feeding, and
bile acid feeding, while increasing hepatic esterified
cholesterol levels, also resulted in a decreased rate of
cholesterogenesis. However, if the size of the choles-
teryl ester pool was an important determinant of the
rate of biliary cholesterol secretion then, regardless
of the concomitant decrease in the synthesis rate, ex-
pansion of the cholesteryl ester pool should have
altered the amount of cholesterol secreted in the bile.
As shown in Fig. 2, variation of the hepatic cholesteryl
ester concentration over a 100-fold range was not
associated with any consistent change in either the rate
of biliary cholesterol output or the molar percentage
of cholesterol in bile. Comparison of the data for the
cholesterol-fed and bile acid-fed groups (Table 1)
clearly suggests a dissociation of these variables. For
example, rats fed the cholesterol diet showed an 80-
fold increase in esterified cholsterol concentration and
a decreased biliary cholesterol output. Bile acid-fed
rats also showed significantly higher hepatic esterified
cholesterol levels but in these animals biliary choles-
terol output was significantly increased.

Regression equations were derived for the data
shown in Fig. 1 and Fig. 2 and these are given in the
respective figure legends. The slopes of these re-
gression lines do not differ significantly from zero.
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Fig. 2. Biliary cholesterol output and molar percentage of choles-
terol in the bile of rats with widely different hepatic cholesteryl
ester concentrations. The animal preparations in these studies were
identical to those described in the legend to Fig. 1. Panel 4 shows the
rate of biliary cholesterol output as a function of the hepatic choles-
teryl ester level in 45 individual animals. The regression equation
fitted to these dataisy = 1.94 — 0.040x (r = —0.31, P > 0.05). Panel
B shows the molar percentage of cholesterol in the bile as a function
of the hepatic cholesteryl ester level in 50 individual animals. The
regression equation fitted to these data is y = 1.64 — 0.028x
(r = —0.26, P > 0.05). The regression lines are not shown for the
same reason as given in the legend to Fig. 1.
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Fig. 3. Relationship between biliary bile acid output and bile acid
pool size in rats subjected to various experimental manipulations.
The animal preparations in these studies were identical to those
described in the legend to Fig. 1 except that an additional group
of rats that had been fed a diet containing 1% sodium taurocholate
for 3 days was included. Biliary bile acid concentrations and the size
of the bile acid pool in the small intestine were measured as de-
scribed in Materials and Methods. Each point represents the value
for a single animal. The regression line was fitted to the data ob-
tained in 47 individual animals (r = 0.73, P < 0.001).

Thus, it is clearly evident that neither the rate of
hepatic cholesterol synthesis nor the size of the hepatic
cholesteryl ester pool is a major determinant of the
rate of biliary cholesterol output in this animal model.

The relationship between the rate of biliary bile acid
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Fig. 4. Biliary cholesterol output and molar percentage of choles-
terol in the bile of rats with widely different rates of bile acid output.
The animal preparations in these studies were identical to those
described in the legend to Fig. 3. Panel 4 shows the rate of biliary
cholesterol output and Panel B the molar percentage of cholesterol
in the bile, each as a function of the corresponding rate of biliary
bile acid output. Each point represents the value for a single animal.
Both regression lines were fitted to the data obtained in 47 in-
dividual animals. Panel 4 (r = 0.79, P < 0.001). Panel B (r = —0.26,
P >0.05).

928 Journal of Lipid Research Volume 20, 1979

T T T T T T T T T T

® Mid-dark & Fosted 48 hours e Bile acid-fed
o Mid-light © Cholesterol - fed e Bile acid- infused
4 Chylomicron infused X Cholestyramine-fed © Bile acid-depleted

W
—
.
.
.
.
*
.
o
.
.
1

pmol/kg/ hr
W »
.
.
e
\ .
L]
*
3 .
/\,\
Kﬂ/
(o]
& *
M .
[=]
o
3
=
.
1 1

n
.
&
= »
o v
En.
X
6
2
.
.
.
1

BILIARY CHOLESTEROL OUTPUT,

1 1 1 L 1 Il | | A
40 80 120 160 200 240 280 320 360 400
BILIARY BILE ACID QUTPUT, umol/kg/hr

Fig. 5. Biliary cholesterol output in rats with widely different
rates of bile acid output. In addition to the animal preparations
described in Fig. 3, two further manipulations were included to
produce extreme variations in the rate of biliary bile acid output.
One group of rats was subjected to total biliary diversion for 36 hr
during which time the animals were continuously infused with a
solution containing NaCl (145 mM) and KCI (5 mM). Bile was col-
lected at hourly intervals. Another group was infused continuously
for 5 hr with solutions containing different concentrations of
sodium taurocholate so that the total amount of bile acid adminis-
tered to different rats was in the range of 22.5—-90 umol/rat per hr.
Bile was collected hourly. Biliary lipid concentrations were assayed
as described in Materials and Methods. In this figure, as well as in
Figs. 6-8, all points except those for the bile acid-depleted rats
represent a single value for an individual animal. The points for
the bile acid-depleted animals represent the mean hourly values for
determinations in five rats. The regression line was fitted to a total
of 232 individual values (r = 0.78, P < 0.001). The data corre-
sponding to bile acid outputs above 240 umol/kg per hr were not
included in the derivation of this regression equation because of
the apparent deviation of these points from the overall linear re-
lationship.

output and the size of the bile acid pool in animals
subjected to the various experimental manipulations
is shown in Fig. 3. As anticipated, bile acid output in-
creased in direct proportion to bile acid pool size.
From the slope of the regression line it was calculated
that the bile acid pool cycled approximately 3.5 times
every 24 hr.

Although biliary cholesterol output did not vary
consistently with either the rate of hepatic cholesterol
synthesis or the level of cholesteryl esters, it was clearly
coupled to the amount of bile acid secreted in the bile.
This is shown in panel 4 of Fig. 4 where biliary
cholesterol output in individual animals subjected to
various manipulations is plotted as a function of the
corresponding rate of biliary bile acid output. Re-
gression analysis of these data showed that, within the
limits of this range of bile acid secretion rates, choles-
terol output increased in direct proportion to bile
acid output. However, as shown in panel B, the molar
percentage of cholesterol remained constant over this
range of bile acid secretion rates, indicating a close
coupling between bile acid, phospholipid, and choles-
terol output.
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The quantitative aspects of this coupling were
further studied by subjecting rats to bile acid depletion
and bile acid infusion to produce a greater variation
in biliary bile acid output. The data from these studies
were pooled with those from the preceding experi-
ments. As shown in Fig. 5, cholesterol output re-
mained tightly coupled to bile acid output which
varied over almost a 40-fold range. At bile acid outputs
above 240 umol/kg per hr the output of cholesterol
appeared to deviate from the overall linear relation-
ship. Thus, these data were not included in the re-
gression analysis which showed that 1.7 umol of cho-
lesterol was secreted for every 100 umol of bile acid.

The relationship between phospholipid and bile
acid output over the same range of bile acid secretion
rates is shown in Fig. 6. Again, because of apparent
deviation from the overall linear relationship, phos-
pholipid secretion rates corresponding to rates of bile
acid output above 240 wmol/kg per hr were not in-
cluded in the regression analysis. Phospholipid output,
like cholesterol output, also was tightly coupled to bile
acid secretion rates over a wide range so that 12.3 umol
of phospholipid were secreted for every 100 umol of
bile acid.

The linear relationship between biliary cholesterol
and phospholipid output, shown in Fig. 7, did not hold
when bile acid output rates fell below 20 umol/kg per
hr. This is clearly demonstrated in Fig. 8 which shows
the molar ratio of the concentration of cholesterol to
that of phospholipid in bile as a function of the cor-
responding rate of bile acid output. At critically low
rates of bile acid secretion the amount of cholesterol
in the bile relative to that of phospholipid increased
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Fig. 6. Biliary phospholipid output in rats with widely different
rates of bile acid output. The animal preparations used in these
studies were identical to those described in Fig. 5. The regression
line was fitted to a total of 247 individual values (r = 0.91, P < 0.001).
The data corresponding to bile acid outputs above 240 umol/kg
per hr were not included in the derivation of this regression
equation because of the apparent deviation of these points from
the overall linear relationship.
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Fig. 7. Relationship between biliary cholesterol and phospholipid
output in rats with widely different rates of bile acid output. The
regression line was fitted to a total of 135 individual values
(r = 0.90, P < 0.001). Those rates of biliary cholesterol and phos-
pholipid output corresponding to bile acid outputs less than 20
pmol’kg per hr are not shown here and thus were not included
in the derivation of this regression equation because, as demon-
strated in Fig. 8, biliary secretion of cholesterol and phospholipid
become uncoupled at low rates of bile acid output.

significantly. Thus the data presented in Fig. 7 do not
include cholesterol and phospholipid secretion rates
corresponding to bile acid outputs of less than 20
umol/kg per hr. However, above this limit the cho-
lesterol: phospholipid ratio remained fixed at a value
of approximately 0.14 over a wide range of rates of
bile acid output.

As the amount of cholesterol secreted in the bile was
found to depend critically upon the rate of biliary
bile acid output, it was important to determine the
extent to which cholesterol output in bile could be
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Fig. 8. Relationship between biliary cholesterol and phospholipid
output in rats with wide differences in bile acid output. The animal
preparations used in these studies were identical to those described
in Fig. 5. The molar ratio of the cholesterol concentration to the
phospholipid concentration in the bile was calculated and is plotted
as a function of the corresponding rate of bile acid output. The line
was fitted by eye. Only about half of the 243 values obtained have
been plotted because many of the values overlapped.
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Fig. 9. Effect of bile acid infusion on rates of biliary cholesterol
output in rats with widely different rates of hepatic cholestero-
genesis. Female rats that had been either fasted for 48 hr or fed a
diet containing 2% cholestyramine for 1 week, as well as a group of
control rats, were infused first with 0.9% NaCl solution for 1 hr
and then with taurocholate at a rate of 40 umol/rat per hr for an
additional 2 hr. Bile was collected at hourly intervals and the flow
rate was measured. The rats were then killed and rates of hepatic
cholesterogenesis were measured as described in Materials and
Methods. The lower point in each panel represents the rate of
biliary cholesterol secretion, expressed as a function of the cor-
responding rate of bile acid secretion, during the first hour while the
upper point corresponds to the rates obtained with bile acid in-
fusion. The rates of biliary cholesterol output during the 2nd and
3rd hourly intervals were averaged as were the rates of bile acid
output. The values for the rates of hepatic cholesterol synthesis
represent the mean + SEM for determinations in 6 animals in each
group whereas the values for the rates of biliary cholesterol and
bile acid output represent the mean * SEM for determinations in 10
animals in the control group and 12 animals in both the fasted and
cholestyramine-fed groups. The vertical bars represent the SEM for
the rates of cholesterol output and the horizontal bars, the SEM
for the rates of bile acid output.

driven by bile acid infusion under circumstances
where the rate of hepatic cholesterol synthesis was
varied markedly. This was studied by measuring
biliary lipid output before and during the intravenous
administration of bile acid to fasted, cholestyramine-
fed, and control rats. The results of this study are
shown in Fig. 9. The lower point in each panel repre-
sents the rate of biliary cholesterol output, expressed
as a function of the corresponding rate of bile acid out-
put, during the first hour of diversion when the rats were
infused with only 0.9% NaCl. The upper points rep-
resent the average rates of cholesterol secretion, also
expressed as a function of the corresponding rates of
bile acid secretion, during the 2nd and 3rd hours of
diversion when taurocholate was infused at a rate of 40
pmol/rat per hr. Despite a 26-fold difference in the
rate of hepatic cholesterogenesis, the net increase in
biliary cholesterol secretion during the period of bile
acid infusion did not differ significantly between the
three groups (controls, 1.8 = 0.2 umol/kg per hr;
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fasted 1.4 = 0.22 umol/kg per hr; and cholestyramine-
fed, 1.5 = 0.2 pmol/kg per hr). This finding further
showed that biliary cholesterol output was not de-
pendent on the rate at which the liver synthesized
cholesterol but was dictated by the rate of transport of
bile acid into bile.

DISCUSSION

In the present studies, acute interruption of the
enterohepatic circulation was used to examine the re-
lationships between biliary secretion of bile acid, phos-
pholipid, and cholesterol, and to determine the extent
to which intracellular metabolic events related to cho-
lesterol metabolism influence the rate of biliary choles-
terol secretion. The validity of the conclusions drawn
from these experiments is based upon the assumption
that the rates of biliary cholesterol output, as well as
those of bile acid and phospholipid, observed during
acute total interruption of the enterohepatic cir-
culation truly reflect the rates occurring in the intact
animal. Although experiments were not carried out to
determine the rates of biliary lipid secretion in rats
with chronic partial interruption of the enterohepatic
circulation, studies by Dowling, Mack, and Small (9)
with rhesus monkeys have shown that during the first
2-3 hr after acute total biliary diversion the absolute
rates of secretion of bile acid, phospholipid, and cho-
lesterol are essentially the same as those measured in
animals with an “intact” enterohepatic circulation (5%
interruption).

The relationships between the biliary secretion of
bile acid, phospholipid, and cholesterol found in the
present experiments can be summarized as follows.
First, there is close coupling between the outputs of
cholesterol and bile acid, and between phospholipid
and bile acid over a wide range of bile acid secretion
rates. Second, there is a fixed proportion of cholesterol
to phospholipid in bile except at very low bile acid
outputs when cholesterol secretion continues in the
virtual absence of phospholipid secretion so that the
ratio of cholesterol to phospholipid increases greatly.
Third, at very high rates of bile acid secretion the ratio
of cholesterol to phospholipid remains constant but
the absolute rates of output of each become propor-
tionately less. These general relationships are similar
to those reported for the chronic partial biliary fistula
preparations in the rhesus monkey (9). They also
agree well with previous reports in the rat as well as in
other species, including the dog and man, where total
acute interruption of the enterohepatic circulation
also was used (7, 8, 30-34). Thus, the major con-
clusion to be drawn from these initial observations is
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that the qualitative and quantitative characteristics of
biliary lipid secretion found in these acute studies in
the rat reflect closely similar findings reported in a
number of other species, including man, utilizing a
variety of experimental procedures.

In theory, cholesterol secreted across the canalicular
membrane of the liver cell can originate from only a
relatively few sources. These are outlined in the model
shown in Fig. 10. For simplicity, in this model we have
assumed that there is only one pool of metabolically
active cholesterol that is the source of the sterol se-
creted into bile (pathway 6), incorporated into lipo-
proteins (pathway 7), and used as a substrate for bile
acid synthesis (pathway 5). Within the hepatocyte,
cholesterol could be derived from the hydrolysis of
cholesterol esters (pathway 2) or from the synthesis of
cholesterol from acetyl CoA in the cytosolic compart-
ment (pathway 1). Both of these sources of cholesterol
undergo marked variation in activity depending upon
the animal’s need for sterol. For example, increased
delivery of cholesterol to the liver or decreased utiliza-
tion of sterols for bile acid or lipoprotein synthesis is
associated with suppression of cholesterol synthesis
and expansion of the cholesterol ester pool (14, 21,
35-41). Contrariwise, decreased delivery of choles-
terol to the liver or enhanced utilization of sterol for
synthetic purposes causes increased de novo choles-
terol synthesis and a reduction in the amount of cho-
lesteryl esters stored in the cell. There may also be net
cholesterol entry into the metabolically active pool
from three major sources outside the liver cell. Dietary
cholesterol or cholesterol synthesized from acetyl CoA
in the intestinal mucosa enters the body carried prin-
cipally in chylomicrons (42). This lipoprotein is metab-
olized in the peripheral capillary beds by lipoprotein
lipase to the chylomicron remnant which, in turn, is
rapidly taken up into the liver by a high-velocity,
saturable transport system (pathway 3) (19, 20). Cho-
lesterol is also synthesized at low, although easily de-
tectable, rates in various other tissues in the carcass
besides the liver and intestine (35, 36, 43). Except for
the endocrine glands and skin, this newly synthesized
cholesterol ultimately must also be transported to the
liver for excretion from the body (pathway 4).
Whether the vehicle for the transport is high or low
density lipoproteins or even the remnants of chylo-
microns or very low density lipoproteins is not clear.
Cholesterol carried in all of these particles can be
transported into the liver, although that carried in the
high and low density lipoproteins is taken up at very
low rates relative to those manifested by the remnant
particles (20, 21).

The present studies were designed specifically to
test the possibility that changes in the rate of entry of
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Fig. 10. Model describing the processes involved in the mainte-
nance of cholesterol balance across the liver and how these relate
to the regulation of biliary cholesterol output in the rat. The body
is represented as three compartments; 4, the liver; B, the carcass
which includes the blood: and C, the intestine. The liver contains
a pool of metabolically active free cholesterol which is in equilibrium
with the cholesteryl ester pool, the size of which can fluctuate greatly
depending on the metabolic state of the liver. Cholesterol entering
the pool of metabolically active free cholesterol is derived from
synthesis within the liver (pathway 1), synthesis in the carcass (path-
way 4), and synthesis in the intestine together with the cholesterol
absorbed across the intestinal wall (pathway 3). The entry of choles-
terol into this pool is balanced by output in three pathways: lipo-
protein secretion (pathway 7), the secretion of free cholesterol in
bile (pathway 6), and the conversion of cholesterol to bile acids
and their subsequent secretion in bile (pathway 5). A portion of
the cholesterol and bile acid in bile is lost from the body by fecal
excretion. Sterol is also lost through urinary and biliary excretion
of steroid hormones and through the sloughing of skin.

cholesterol into the metabolically active pool from any
of these intra- or extracellular sources plays a major
role in determining the rate of hepatic cholesterol
secretion in the bile. Inherent in this thesis is the as-
sumption that the size of the intrahepatic cholesterol
pool somehow “drives” the transport process re-
sponsible for sterol movement into the bile. It is
evident from the results of these studies, however, that
in this animal model this was not the case. The rate of
de novo cholesterol synthesis was changed over a
nearly 1000-fold range by such diverse maneuvers as
light cycling, fasting, chylomicron administration, and
cholestyramine feeding without any significant change
in either the absolute secretory rate or molar percent-
age of biliary cholesterol. That the rate of biliary cho-
lesterol secretion is independent of the rate of hepatic
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cholesterol synthesis was further supported by the
studies shown in Fig. 9. Cholesterol secretion in bile
could be increased to a similar extent by increasing
biliary bile acid output regardless of whether the C,
flux into cholesterol by the liver was 66, 698, or 1743
nmol/g per hr. Similar negative findings were seen
when the cholesteryl ester pool in the liver cell was
expanded over a 100-fold range and when relatively
massive amounts of cholesterol were delivered acutely
to the liver in the form of chylomicron remnants. It
should be noted, however, that while these latter manip-
ulations failed to increase the delivery of cholesterol
into the bile, they did result in increased movement of
cholesterol out of the liver incorporated in lipo-
proteins (resulting in an elevation of the plasma lipo-
proteins with a density >1.020 g/ml) and as bile acids
(with increased bile acid synthesis rates) (44). Clearly,
these findings demonstrate that increasing availability
of cholesterol in the metabolically active pool in the
hepatocyte by whatever means does not “drive” choles-
terol into the bile. Rather, the rate of hepatic choles-
terol synthesis changes over a broad range to com-
pensate for changes in the rate of lipoprotein-choles-
terol delivery to the liver (as occurs with alterations of
dietary cholesterol intake) or for changes in the rate of
cholesterol conversion to bile acids (as occurs with bile
acid or cholestyramine feeding).

While biliary sterol output is independent of these
major metabolic events within the hepatocyte, it is
equally apparent from these studies that there is very
tight coupling of cholesterol secretion in bile to the
rate of bile acid output. Furthermore, this coupling
remains intact under essentially all physiological con-
ditions that were examined in these studies, even
though these manipulations markedly altered various
aspects of lipid metabolism in the experimental
animals. For example, insofar as could be detected,
the rate of biliary cholesterol output was principally
determined by the rate of bile acid output under cir-
cumstances where the rate of hepatic cholesterol syn-
thesis was altered over a wide range (Figs. 5 and 9);
where the level of cholesteryl esters varied markedly
(Fig. 2); where the serum cholesterol levels ranged
between 47 and 112 mg/dl (Table 1); where the
animals were fed large amounts of dietary cholesterol
or were administered cholesterol in chylomicrons;
and where rates of fatty acid oxidation and ketone
body production had been markedly changed (Table
I). As noted above, the relationship between cholesterol
and bile acid secretion into bile was disrupted only at
very high or very low rates of bile acid output.

These data strongly support the contention articu-
lated by such workers as Hardison and Francis (45)
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and Wheeler and King (7) that the coupling of choles-
terol and bile acid output must be primarily explained
by events occurring at or near the canalicular mem-
brane during the secretion of biliary lipids. Whether
this coupling can be attributed to events within the mem-
brane during the translocation step or to events oc-
curring within the newly secreted bile just adjacent to
the canalicular membrane remains to be elucidated.
However, if this contention is correct, then differences
in the molar percentage of cholesterol in bile in pa-
tients or animals fed different bile acids probably also
must be explained in terms of differences in this
coupling reaction.

Finally, it should be emphasized that while many of
the qualitative and quantitative aspects of biliary cho-
lesterol secretion are similar in man, the rat, and other
animals, there are also important differences thay may
limit the extent to which these data can be generalized
to other species. For example, on a low dietary choles-
terol intake, the degree of biliary cholesterol saturation
varies in different species; animals like the rat and dog
have bile that is less saturated with cholesterol than
that of several primates, including man (2, 7, 9). When
the load of dietary cholesterol is increased, man and
other species such as the hamster and squirrel monkey
increase biliary cholesterol output while the rate of
biliary cholesterol secretion in the rat may actually
decrease (13, 46-48). Similar variability is found in the
metabolic response of animals given various bile acids.
The administration of a specific bile acid to different
animal species has variable effects both on the rate of
hepatic cholesterol synthesis and on biliary cholesterol
secretory rates (11-13, 30-32, 41, 49). Whether
these variations in the handling of biliary cholesterol
reflect important species differences in the funda-
mental processes responsible for biliary cholesterol
secretion or result from differences in some other
aspect of cholesterol metabolism such as the rate of
intestinal cholesterol absorption or the rate of de-
gradation of lipoprotein cholesterol remains to be
elucidated 0
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