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Abrtract Lipoproteins that are removed from the circulation 
by the liver can deliver both cholesterol and triglycerides to the 
hepatocyte. Relative proportions of these lipids may vary in 
lipoproteins and, thus, their uptake may have differing effects on 
cholesterol homeostasis. To study this, lipoproteins containing 
the same amounts of cholesterol but different amounts of tri- 
glyceride were administered to intact rats or to an isolated 
perfused rat liver. The responses of acyl coenzyme A:cholesterol 
acyltransferase (ACAT), very low density lipoprotein (VLDL) 
triglyceride and cholesterol secretion, and biliary cholesterol 
content were examined after 2 hr. Administration of triglyceride- 
rich chylomicrons (average triglyceridexholesterol = 136.5 by 
mass) in vivo or their remnants (average trig1yceride:cholesterol 
= 32.7 by mass) to the perfused liver resulted in an 80% 
decrease in ACAT activity. In the perfused liver system, VLDL 
cholesterol and triglyceride secretion was increased while biliary 
cholesterol content decreased. Administration of standard 
chylomicrons (average trig1yceride:cholesterol = 33.9 by mass) 
or their remnants (average trig1yceride:cholesterol = 11.4 by 
mass) lowered ACAT activity by 24% in vivo, but had no sig- 
nificant effect on any of the parameters measured in the perfused 
liver system. Administration of cholesterol-rich VLDL (average 
triglyceridexholesterol = 0.47 by mass) in vivo increased ACAT 
activity 1.4-fold, but administration of their remnants (average 
triglyceridexholesterol = 0.17 by mass) had little effect on any of 
the parameters measured in the perfused liver. 8dl Thus, the 
lipid composition of lipoproteins removed by the liver elicited 
acute responses by parameters important in the maintenance of 
hepatic cholesterol homeostasis. These responses reflected the 
net effects of both the cholesterol and the triglyceride contents 
of the particles. -Vim Zuiden, P. E. A., A. D. Cooper, and 
S. K. Eridrson. Regulation of rat hepatic cholesterol metabo- 
lism. Effects of lipoprotein composition on acyl coenzyme A:cho- 
lesterol acyltransferase in vivo and in the perfused liver and on 
hepatic cholesterol secretion. J. Lipid &s. 1987. 28: 930-940. 
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The liver plays a major role in the regulation of 
lipoprotein and biliary metabolism. Changes in lipopro- 
tein metabolism can be induced by perturbations in the 
rates of synthesis and secretion of bile acids, and some 
types of hyperlipoproteinemia may have associated abnor- 
malities in biliary lipid metabolism (2-9). These observa- 
tions suggested some form of coordination between the 
regulation of levels of cholesterol and cholesterol-derived 
metabolites in the bile and in the plasma. This coordina- 
tion or linkage might be mediated through alterations in 
hepatocyte cholesterol metabolism, perhaps by regulatory 
processes necessary for maintenance of intracellular 
homeostasis. 

Cholesterol homeostasis at the cellular level is main- 
tained by a balance among influx, de novo synthesis, 
and efflux of cholesterol. In the liver, influx of cholesterol 
is largely through apoB-containing lipoproteins including 
those of intestinal origin that carry dietary components 
and that also contain apolipoprotein E. The lipoproteins 
are recognized, bound, and internalized by specific recep- 
tors on the cell surface (10-12). The liver also recognizes 
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high density lipoproteins (HDL) (13, 14) that do not con- 
tain apoB or apoE, but that nevertheless can also deliver 
cholesterol to the liver (15, 16). The mechanism(s) of lipid 
delivery by HDL is less well understood. 

After internalization and hydrolysis, the lipoprotein 
components are available to the cell for further use. The 
free fatty acids may be esterified and secreted as triglycer- 
ides, mainly in very low density lipoproteins (VLDL) 
(17). The free cholesterol has a number of potential fates. 
It can serve as a substrate for membrane and lipoprotein 
syntheses, for bile acid synthesis, for secretion into bile, 
and for esterification. What regulates the direction of flux 
of cholesterol into and out of these pathways is not com- 
pletely understood. 

The balance between cellular free and esterified choles- 
terol is thought to be determined largely by the activity of 
the enzyme acyl coenzyme A:cholesterol acyltransferase 
(ACAT) which is responsible for intracellular cholesterol 
esterification. Hepatic A U T  activity responds to pertur- 
bations known to alter hepatic cholesterol, bile acid, and 
lipoprotein metabolism (18-20). In addition; it has been 
shown that acute changes in the activity of this enzyme in 
vivo correlate with changes in biliary cholesterol content 
(21). In isolated rat hepatocytes, increases in ACAT 
activity are associated with increases in VLDL cholesteryl 
ester content (22). Thus, ACAT activity in the liver 
appears to be tightly regulated and coordinated with 
cellular requirements for free cholesterol. On the basis of 
the available data, it appears that ACAT is a regulatory 
point for maintenance of cholesterol homeostasis, and 
that it may play a role in controlling the flux of free 
cholesterol into different pathways within the hepatocyte. 

In addition to cholesterol, chylomicrons and very low 
density lipoproteins contain large amounts of fatty acids, 
mainly as triglycerides. Thus, a fatty acid and cholesterol 
load is simultaneously delivered to the liver following up- 
take of these lipoproteins. This would be expected to alter 
hepatic cholesterol homeostasis in a fashion that reflects 
the overall lipid content of the particle. For example, up- 
take of a particle with a high cholestero1:triglyceride ratio 
could result acutely in an increase in cholesterol in the cell 
with little change in triglyceride secretion, while uptake of 
a particle with a low cholestero1:triglyceride ratio could 
result acutely in a lower cholesterol level within the cell 
and an increased VLDL triglyceride secretion induced by 
the fatty acid load. Under these circumstances, ACAT ac- 
tivity would be expected to respond differentially to reflect 
these opposing challenges to cholesterol homeostasis. 

To test this hypothesis, lipoproteins containing different 
proportions of cholesterol and triglycerides were pre- 
pared, and their effects on ACAT activity were investigated 
both in vivo and in the isolated perfused liver. In addition, 
the rates of secretion of cholesterol and triglycerides in 
VLDL and of cholesterol in the bile in response to the 
lipoprotein infusions were studied in the perfused liver 
system. 

MATERIALS AND METHODS 

Chemicals 
[1-"C]Oleoyl coenzyme A (40-60 mCi/mmol) was ob- 

tained from New England Nuclear (Boston, MA) and 
[G-3H]cholesterol(10 Ci/mmol) was from Schwan-Mann. 
Cholesterol, cholesteryl oleate, oleic anhydride, oleic acid, 
triolein, oleoyl coenzyme A, coenzyme A, NADH, 
dimyristoyl phosphatidylcholine, 5,5'-dithiobis (2-nitro- 
benzoic acid), taurocholic acid, sodium taurocholate, 
Tween 80, propylthiouracil, and bovine serum albumin 
were from Sigma. Cholesterol oxidase (a kit for free 
cholesterol determination) was from Boehringer-Mannheim 
(Indianapolis, IN). Silica gel H was from E. Merck 
(Darmstadt, West Germany). Liquifluor was from New 
England Nuclear (Boston, MA). All other chemicals were 
reagent grade. 

Animals 
Male Sprague-Dawley rats were used in all urperi 

ments. They were housed for at least 7 days prior to use 
in a windowless room illuminated between 7:OO AM and 
7:OO PM and fed a commercial rat chow ad libitum. Liver 
donors weighed 120-160 g; lymph donors weighed 300- 
400 g, and rats used in in vivo experiments weighed 
180-220 g. Retired breeders were used for lipoprotein 
remnant preparation (23) and as plasma donors for 
cholesterol-rich, very low density lipoproteins after they 
had consumed an atherogenic diet (24) for 3 to 4 weeks. 

Preparation of lipoproteins 
Lipoproteins were prepared essentially as described 

previously (25). A silastic catheter was inserted into the 
mesenteric lymph duct of a 300-400 g rat (26). Twenty- 
four hours later standard chylomicrons were prepared by 
continuous infusion of a solution of one whole egg dis- 
persed in 125 ml of normal saline through an intragastric 
catheter at a rate of 1.8 ml/hr. Chylomicrons enriched in 
triglycerides were prepared by a slight modification of the 
method of Bennett-Clark (27). A sonicated emulsion con- 
taining 7 g of triolein, 4 g of alpha-d-phosphatidylcholine, 
0.1 g of sodium taurocholate, and 0.5 g of Tween 80 in 100 
ml of H20 was infused intragastrically into a lymph duct- 
cannulated rat, as described above. The lymph was col- 
lected in flasks containing 0.1 mg of gentamycin and 0.4 
ml of 1% EDTA. The lymph was filtered through ten 
layers of gauze, layered under 0.9% NaCl, and centri- 
fuged in a Beckman SW 41 rotor at 1 x lo5 g for 45 min. 
The floating layer was separated and resuspended in a 
small volume of buffered normal saline. 

Very low density lipoproteins enriched in cholesterol 
were prepared from a group of 20-30 retired breeders fed 
a diet containing 5% lard, 1% cholesterol, 0.1% propyl- 
thiouracil, and 3 % taurocholic acid for a period of at least 
3 weeks. The rats were killed between 1 PM and 3 PM by 
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aortic puncture and the serum was separated from red 
blood cells by low speed centrifugation. The VLDL was 
collected by adjusting the serum density to 1.019 g/ml 
with KBr and centrifuging at 1 x lo5 g for 16 hr in a 
Beckman SW 41 rotor. 

Preparation of lipoprotein remnants 

Lipoprotein remnants were prepared based on the 
method of Redgrave (23). Eviscerated rats were prepared 
and placed in restraining cages. Native (precursor) lipo- 
proteins, prepared as above, were injected at a rate of 0.6 
ml/min through a femoral vein catheter. The injected 
lipoproteins contained no more than 8 mg of cholesterol 
in chylomicrons or cholesterol-rich VLDL or 2 mg of cho- 
lesterol in triglyceride-rich chylomicrons. Chylomicrons 
and triglyceride-rich chylomicrons were allowed to circu- 
late for 3 hr. Cholesterol-rich VLDL was allowed to cir- 
culate for 30 min. The animals were exanguinated by 
aortic puncture and the blood was allowed to clot for 2 hr. 
Serum was separated from red blood cells by low speed 
centrifugation. Serum containing chylomicron remnants 
was centrifuged at 1 x lo5 g for 2 hr in a Beckman SW 41 
rotor. Serum containing VLDL remnants was adjusted to 
density 1.019 gm/ml and centrifuged at 1 x lo5 g for 16 hr. 

The relative proportions of triglyceride, cholesterol, 
phospholipid, and protein in these different lipoproteins 
were similar to those described previously (25). 

In vivo administration of lipoproteins 
Rats were lightly anesthetized with ether and a bolus of 

lipoproteins (7 mg of cholestero1/200 g body weight) was 
administered through a femoral vein catheter at a rate of 
0.6 ml/min. The boli were delivered within 2-3 min at the 
most. At the end of 2 hr, the animals were killed and their 
livers were removed and placed in 0.9% NaCl on ice. 
Fractions were taken for the preparation of microsomes 
and assay of ACAT, cholesterol, or fatty acyl CoA as 
described below. 

In some cases, samples were also taken for the prepara- 
tion of microsomes and assay of HMG-CoA reductase 
(see ref. 25 for results). 

Liver perfusion 

lated at 1.1 ml per g of livedmin. Oxygenation prior to 
and during perfusion was maintained using a gas mixture 
containing 95% O2 and 5% COz. Viability of the liver 
was judged at 5-10 min by color, O2 extraction, and the 
absence of perfusate loss. Viability was maintained over 
the 2.5-hr perfusion period as judged by these criteria. 

In the experimental perfusions to which the various 
lipoprotein remnants were added, after 20 min of perfusion 
with lipoprotein-containing perfusate, an aliquot of the 
lipoprotein-containing perfusate was taken for triglyceride 
determination as described below to estimate the amounts 
of lipoproteins removed. The liver was then washed out 
with approximately 60-80 ml of lipoprotein-free perfusate 
to remove residual lipoproteins. The final washout perfu- 
sate contained no detectable triglycerides, indicating the 
effectiveness of the washout. This washout was shown to 
be effective in removing residual lZ5I-labeled remnants 
from the perfused liver (L. Brewer, E. Daniels, and 
A. Cooper, unpublished observations). Recirculation with 
lipoprotein-free perfusate was reestablished, and perfusion 
was continued for an additional 2 hr. Hourly samples 
were taken for triglyceride determination. At the end of 
the perfusion, the final perfusate was collected, its 
hematocrit and volume were recorded, and the red cells 
were removed by low speed centrifugation. The liver was 
removed, weighed, chilled in 0.9% NaCl, and a portion 
was taken for preparation of microsomes. A sample of the 
perfusate was taken for triglyceride determination and the 
remainder was used for isolation of VLDL by ultracen- 
trifugation as described above. 

In one group of experiments, instead of lipoproteins, 
oleic acid complexed to albumin (17) was added to the 
perfusate at the concentration of 1 mM. Oleic acid con- 
centration was maintained constant over the entire perfu- 
sion period. Free fatty acid uptake was equated with the 
amount infused (10 mg/g liver per 2 hr). The remainder 
of the perfusion protocol was as described above. 

Collection of bile and analysis of biliary cholesterol 
Livers were prepared for perfusion as described above 

and the bile duct was cannulated. Bile flow was 40-50 Fl/g 
of liver per hr over the course of the experiment. Biliary 
cholesterol was determined on portions of bile that had 
been collected during the last 2 hr of perfusion. Portions 
were saponified and extracted and the cholesterol was 
determined either by the FeC13 method as described 
previously (30) or by the cholesterol oxidase method 
(Boehringer-Mannheim). 

After pentobarbital anesthesia, liver perfusion was per- 
formed in situ by the method of Mortimore (28). Blood 
flow was interrupted at most for a few seconds during 
preparation of the organ. Oxygenation was accomplished 
with a silastic coil (Dow Corning Corp. Midland, MI), as 
described by Hamilton et al. (29). The entire perfusion 
system, except the artificial lung, was siliconized. The 
plasma-free perfusate (40 ml, pH 7.4) consisted of 22% Preparation Of microsomes 

washed human red blood cells in Eagle's basal medium 
supplemented with 3 g of bovine serum albumin and 100 
mg of glucose for each 100 ml of medium. Hemolysis 
during the perfusion was negligible, The perfusate circu- 

The liver samples, either from perfused livers or 
obtained from livers of animals in the in vivo experiments 
were blotted dry, weighed, minced, and homogenized in 
five volumes of buffer A (0.1 M sucrose, 0.05 M KCl, 0.02 M 
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KHpP04, 0.03 M EDTA, pH 7.4) by three strokes at mod- 
erate speed in a glass-Teflon Potter-Elvehjem homogenizer. 

The homogenate was centrifuged for 15 min at 10,000 g 
to sediment unbroken cells, nuclei, mitochondria, and 
lysosomes. The pellet was discarded and the microsomes 
were collected by centrifugation of the supernatant at 
1 x lo5 g for 60 min. The microsomal pellet was washed 
by suspension in buffer A and centrifugation at 1 x lo5 g 
for 60 min. The final pellet was resuspended in buffer B 
containing 0.25 M sucrose, 0.001 M EDTA, and 0.1 M 
Tris-HC1, pH 7.5.  

Assay of ACAT activity 
ACAT activity was assayed essentially as described 

previously (18). The assay contained 0.04-0.2 mg of 
microsomal protein in buffer B at a final volume of 0.2 ml. 
The mixture was incubated for 6 min at 37% with 
shaking, and the reaction was started by addition of 
5 nmol of ['4C]oleoyl coenzyme A (specific activity, 
20,000 dpmlnmol). The assay was stopped after 4 min by 
addition of 2 ml of chloroform-methanol 2:l. ['HICho- 
lesteryl oleate (10,000 cpm), prepared as described previ- 
ously (18), was added as internal standard to estimate 
recovery, followed by an additional 3 ml of chloroform- 
methanol followed by 1 ml of acidic H20. The samples 
were allowed to stand at 4% overnight, the aqueous 
phase was removed, and the remainder was taken to dry- 
ness under N2. The residue was dissolved in chloroform 
and plated on silica gel H. Cholesteryl oleate or linoleate 
and triolein were plated as markers. The plates were 
developed in hexane-ethyl acetate 9:l (vlv), dried and 
visualized with I2 vapor. The bands corresponding to 
cholesteryl esters were scraped into scintillation vials and 
toluene-Liquifluor was added. The samples were counted 
in a Beckman liquid scintillation counter. All values were 
corrected for quenching and channel spillover. 

For each lot of substrate, a substrate blank was deter- 
mined. [3H]Cholesteryl oleate used as internal recovery 
standard was assayed by thin-layer chromatography to 
monitor its radiochemical purity in each experiment. 

Assay of microsomal fatty acyl coenzyme A content 

Fatty acyl coenzyme A content was estimated fluori- 
metrically, essentially as described by Garland, Shepherd, 
and Yates (31), using ketoglutaric oxidase (EC 1.2.4.2) 
prepared from fresh pig heart as described by Sanadi, 
Littlefish, and Bock (32). Rat liver microsomes (200 p1 
containing 3-4 mg of protein) were incubated for 30 min 
at 37% with equal volumes of 0.85 M KOH and 1 M Tris 
base, pH 12. The mixture was then centrifuged to remove 
denatured protein. The assay contained, in a quartz 
cuvette, 100 nmol of potassium arsenate, pH 7.0, 2 nmol 
of EDTA, 4 nmol of L-cysteine, 2 nmol of potassium 
oxoglutarate, 0.3 nmol of NAD, and supernatant in a final 
volume of 2.0 ml in phosphate buffer, pH 7.4. The cuvette 

was placed in a fluorimeter (Perkin-Elmer model MPF 3) 
with excitation set at 345 nm and emission at 455 nm, and 
the initial reading was recorded. The reaction was started 
by addition of 2 pl of ketoglutaric oxidase, and followed 
for 40 min (end point value). Reference curves were con- 
structed for both NADH and for coenzyme A. The limit 
of detectability was 0.1-0.2 nmol of coenzyme A. 

Other assays 
Protein was estimated according to Lowry et al. (33) or 

by the biuret method (34) using bovine serum albumin as 
reference standard. Phospholipid phosphorus was deter- 
mined according to Bartlett (35) after total lipid extrac- 
tion as described previously (30). Triglycerides were 
assayed enzymatically by the method of Eggstein and 
Kreutz (36) using the triglyceride assay kit from Boehringer- 
Mannheim. Unless otherwise stated, total cholesterol was 
determined by gas-liquid chromatography based on the 
method of Ishikawa et al. (37) as described previously (30). 

RESULTS 

Effect of lipoprotein composition on hepatic 
ACAT activity in vivo 

To test the response of hepatic ACAT to the simultane- 
ous influx of different amounts of cholesterol and triglyc- 
eride, lipoproteins of different lipid compositions were 
prepared. The trig1yceride:cholesterol ratios by weight 
averaged 136 for the triglyceride-rich chylomicrons, 34 for 
the standard chylomicrons, and 0.47 for the cholesterol- 
rich VLDL (Table 1). Lipoproteins were administered 
intravenously as a bolus containing 7 mg of cholesteroY200 
g body weight and the animals were killed 2 hr later. This 
concentration was chosen because, in preliminary studies, 
we found that in vivo administration of this amount of 
cholesterol as cholesterol-rich VLDL increased ACAT 
activity within 2 hr. 

Administration of the triglyceride-rich chylomicrons 
resulted in 80% inhibition of microsomal ACAT activity 
(Table 2) while the cholesterol-rich VLDL induced a 
44% increase in activity (Table 2). A bolus of the standard 
chylomicrons of intermediate composition showed 24% 
suppression which was statistically significant at P < 0.01 
compared to control (Table 2). Thus, in vivo, ACAT activ- 
ity appeared to respond not only to the lipoprotein cho- 
lesterol load but also to the triglyceride. 

Effect of lipoprotein remnant composition on 
ACAT activity in the perfused liver 

The perfused liver system was used to study further the 
effects of lipoprotein lipid composition on ACAT and on 
lipoprotein and biliary cholesterol metabolism. 

Remnants prepared from the lipoproteins described 
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TABLE 1. Cholesterol and triglyceride ratios of chylomicrons and VLDL and their remnants and triglyceride and cholesterol removal 
from the perfusate by the isolated perfused rat liver 

Trig1yceride:Cholesterol 

LiDoDroteins Native Remnant Triulyceride Removed Cholesterol Removed 

wt/wt mg/g liver 

Standard chylomicrons 33.9 f 1.2 11.4 f 1.6 2.4 f 0.40 

Triglyceride-rich chylomicrons 136.5 f 41.0 32.7 f 10.6 2.81 f 0.29 

Cholesterol-rich VLDL 0.47 f 0.15 0.17 f 0.01 0.30 f 0.08 

(4 Prep.) (7 Prep.) (7 detn.) 

(4 Prep.) (5  prep.) (7 detn.) 

(3 Prep.) (4 prep.) (6 detn.) 

0.23 f 0.02 
(7 detn.) 

0.14 f 0.03 
(7 detn.) 

1.83 f 0.60 
(6 detn.) 

Lipoproteins and their remnants were prepared as described in Methods. Livers were prepared as described in Methods. A bolus of lipoproteins 
was added to the perfusate and the perfusate was allowed to recirculate for 20 min, after which the perfusate was collected and analyzed for the triglyceride 
content. The amounts of cholesterol removed were calculated from the amounts of triglyceride removed, assuming that the triglyceridexholesterol 
ratio for each lipoprotein preparation reflected that of the lipoproteins removed from the perfusate. All values are * SEM. The numbers of determi- 
nations are in parentheses. 

above had average triglyceridexholesterol weight ratios of 
32.7 for the triglyceride-rich chylomicron remnants, 11.4 
for standard chylomicron remnants, and 0.17 for 
cholesterol-rich VLDL remnants (Table 1). 

ACAT activity in the control perfused livers was 
increased relative to what would have been expected for 
such livers in vivo (Table 3). The mechanism of this in- 
crease is unknown, but it may reflect absence of hormonal 
or other factors normally present in the circulation, or an 
acute effect of removing the enterohepatic circulation 
which might lead to changes in cholesterol availability to 
the enzyme. 

Only inclusion of the triglyceride-rich chylomicron 
remnants affected ACAT activity significantly relative to 
the control, lipid-free perfusate. ACAT activity was 
decreased 54% (Table 3). Standard chylomicrons and 
cholesterol-rich VLDL remnants had little effect. 

The amounts of lipoprotein triglyceride removed during 
the 20-min perfusions with the standard chylomicron 
remnants and triglyceride-rich chylomicrons were not 

significantly different (Table 1). In the triglyceride-rich 
chylomicron remnant perfusions, 3.5 * 0.6 mg of choles- 
terol (average of nine determinations) was added to the 
perfusate, while 4.2 * 0.4 mg of cholesterol (average of 
six determinations) as standard chylomicron remnants 
was added. In both cases, 30-4076 of the total bolus was 
removed in the 20-min perfusion time. The amounts of 
hypercholesterolemic VLDL remnants added to the per- 
fusates varied over a wider range; again, about 30-40% 
of the lipoprotein cholesterol added was removed over the 
20-min time period. 

Because ACAT activity both in vivo and in the perfused 
liver system was decreased by administration of triglyceride- 
rich lipoproteins, the effect of free fatty acid administration 
on ACAT was investigated in the perfused liver system. 
Infusion of oleic acid complexed to albumin decreased 
ACAT activity to levels similar to those obtained with 
infusion of the triglyceride-rich chylomicron remnants 
(0.11 * 0.02 nmol of cholesteryl oleate min-' mg of 
protein-'; average of 16 determinations). 

TABLE 2. Effect in vivo of native (precursor) lipoproteins on hepatic ACAT activity 
and microsomal free cholesterol content 

Treatment ACAT Activity Free Cholesterol 

pg/mg prof& 

26.3 f 0.7 Control (18) 0.153 f 0.012 
Chylomicrons (9) 0.116 f 0.003* 30.1 f 1.6 
Triglyceride-rich chylomicrons (8) 0.031 f 0.005' 20.7 f 1.4' 

33.2 f 2.0" 

nmol CE/min p" mg protein 

Cholesterol-rich VLDL (9) 0.221 f 0.009' 

Lipoproteins containing 7 mg of cholesterol and different amounts of triglycerides were injected into rats through 
a femoral vein catheter. The animals were killed 2 hr later, the livers were excised, microsomes were prepared, 
and ACAT activity and cholesterol content were determined. The numbers in parentheses are the numbers of a n i m a l s .  
Values are * SEM. 

'Statistically significantly different from control at P < 0.05 by Student's unpaired two-tailed t-test. 
'Different at P < 0.01. 
'Different at P < 0.001. 
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TABLE 3. Effect of lipoprotein remnant composition on parameters of cholesterol metabolism in the perfused liver 

Perfusion 

Secreted 
Total Cholesterol Secreted 

ACAT Activity Cholesterol VLDL Bile VLDL 
Microsomal Total Triglyceride 

nmol CE/min pn mg prokin F d m g  protein Fghr per g liver 

Control (6) 0.39 f 0.05 30 f 3 43 f 6 19 f 4 338 f 21 

Triglyceride-rich chylomicron remnants (9) 0.18 f 0.06' 19 f 2b 72 f 6' 13 f 2' 632 f 55' 
Chylomicron remnants (6) 0.35 f 0.05 33 f 3 68 f 9' 20 f 5 397 f 22' 

Cholesterol-rich VLDL remnants (5) 0.30 f 0.03 30 f 2 52 f 15 16 f 2 287 f 71 

Livers were perfused as described in Methods. Viability of perfusion was established and lipoprotein remnants were added and allowed to circulate 
for 20 min. Lipoproteins remaining were washed out and perfusion was continued for an additional 2 hr, during which bile was also collected. The 
livers were removed, microsomes were prepand and asrayed for ACAT activity and cholesterol content. The perfusate was collected and VLDL 
was isolated and assayed for cholesterol and triglyceride contents. The bile was assayed for cholesterol content. The numbers in parentheses are the 
numbers of animals. All values are mean * SEM. 

'Statistically significantly di5erent from control at P < 0.05 by Student's unpaired two-tailed t-test. 
'Different from control at P < 0.02. 
'Di5erent from control at P < 0.01. 
'Different from control at P < 0.005. 
'Different from control at P < 0.05 (one-tailed t-test). 

Relationship of ACAT activity to cholesterol load 
and to microsomal free cholesterol content 

To investigate why ACAT activity responded differently 
to the various lipoproteins despite administration of simi- 
lar amounts of cholesterol, possible regulatory factors 
were studied. There was no correlation of ACAT activity 
in vivo or in the perfused liver system with cholesterol 
load. In vivo a constant bolus of cholesterol was ad- 
ministered and ACAT activities ranged from 30 pmol of 
cholesteryl oleate min-' mg of protein-' to 221 pmol min-' 
mg of protein-' (Table 2). In the perfused liver, removal 
of cholesterol from the perfusate ranged from 0.05 to 4.7 
mg of cholesterol g of liver-' with an average value of 0.23 
mg for standard chylomicron remnants, 0.14 mg for tri- 
glyceride-rich remnants, and 1.83 mg for the cholesterol- 
rich VLDL remnants (Table 1). There was little correlation 
of ACAT activity with the amounts of cholesterol removed. 
This suggested that ACAT activity was not regulated 
solely by the amount of cholesterol delivered to the 
hepatocyte. 

In vivo, the microsomal free cholesterol content in- 
creased with administration of hypercholesterolemic VLDL 
correlating with the increase in ACAT activity. In contrast, 
after administration of the triglyceride-rich chylomicrons, 
the microsomal free cholesterol content decreased in 
parallel with the decrease in ACAT activity (Table 1). In 
the perfused liver system only liver microsomes from the 
perfusions with triglyceride-rich chylomicron remnants 
showed a statistically significant change in the cholesterol 
content (Table 3). This decrease correlated with the 
decrease in ACAT activity. 

Thus, although there was little relationship of ACAT 
activity to amounts of lipoprotein cholesterol admin- 
istered or removed, there were correlations with micro- 
somal cholesterol content. 

Relationship of ACAT activity to microsomal 
fatty acyl CoA levels 

In some cases large amounts of lipoprotein triglycerides 
were infused; thus, it was possible that increases in 
microsomal fatty acyl CoA concentrations were responsible 
for the observed decreases in ACAT activity assayed in 
vitro. There were no changes in the microsomal fatty acyl 
CoA content within the limits of detectability after any 
treatment, either in vivo or in the perfused liver. All 
values were approximately 0.2 nmol mg of protein-', in 
good agreement with the values reported by Garland et al. 
(31) for liver microsomes from untreated rats. Thus 
changes in microsomal fatty acyl CoA pool size are not 
likely to be responsible for the differences observed in 
ACAT activity assayed in vitro. However, it is possible 
that, in the intact cell, the regulation of cytosolic fatty acyl 
CoA levels and their direction towards phospholipid, tri- 
glyceride, or cholesteryl ester synthesis or fatty acyl CoA 
hydrolysis, as proposed by Ockner et al. (38) and by Pik- 
kukangas et al. (39), may play a role in regulating cho- 
lesteryl ester synthesis. 

Regulation of ACAT activity by phosphorylation 
It has been suggested that ACAT activity can be regu- 

lated by a phosphorylation-dephosphorylation mechanism 
(40, 41), with phosphorylation associated with increased 
activity. Administration of cholesterol-rich VLDL in vivo 
acutely increased ACAT activity, suggesting that this 
mechanism might have been responsible. Preparation of 
liver microsomes in the presence of NaF, a phosphatase 
inhibitor, results in a preparation in which the phospho- 
rylation state of the proteins may more closely reflect the 
in vivo situation (42). ACAT activity assayed in micro- 
somes from control animals prepared in the presence of 
50 mM NaF was not significantly different from activity 
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assayed in microsomes prepared in the absence of NaF 
(0.16 * 0.02 nmol of cholesteryl oleate min-' mg of 
protein-' vs. 0.17 * 0.02, average of seven animals). In 
contrast, ACAT activity in microsomes prepared from 
animals administered cholesterol-rich VLDL in vivo did 
show differences: in microsomes prepared in the absence 
of NaF, the average value was 0.20 * 0.02 nmol of 
cholesteryl oleate min-' mg of protein-', while in those 
prepared in the presence of NaF, it was 0.26 * 0.03 
( P  < 0.01 by paired t-test). This suggested that the in- 
crease in hepatic ACAT activity triggered by cholesterol- 
rich lipoprotein administration may have been mediated 
in part by phosphorylation of the enzyme itself or of a 
factor(s) associated with it. There were no differences 
observed in ACAT activity in microsomes, prepared in the 
presence and absence of NaF, from animals administered 
triglyceride-rich lipoproteins (data not shown). 

Interrelationships of other parameters 
of hepatic cholesterol metabolism 

In the rat, a portion of the cholesteryl esters in VLDL 
are of hepatic origin (43, 44). Further, studies with iso- 
lated hepatocytes (22) suggested that there are correla- 
tions between the levels of ACAT activity and the amounts 
of cholesteryl ester secreted in VLDL. Other studies (21, 
45) suggest a relationship between ACAT activity and 
biliary cholesterol levels. Using the perfused liver system 
we investigated possible interrelationships of the amounts 
of lipoprotein cholesterol and triglyceride removed with 
the amounts of cholesterol secreted in VLDL and in the 
bile. 

In control lipoprotein-free perfusions, there was an in- 
verse linear correlation between VLDL triglyceride and 
cholesterol secretion and biliary cholesterol secretion 
(Fig. 1A and B, r = 0.81), suggesting that the cholesterol 
for both these processes was derived in part from the same 
or interrelated pools. 

Biliary cholesterol content declined with increasing 
triglyceride uptake (Fig. 2, r = 0.74). Together with the 
data above, this suggested acute diversion of cholesterol to 
VLDL synthesis. ACAT activity also decreased under 
these circumstances as did microsomal cholesterol content 
(Table 3). 

There were correlations of microsomal cholesterol con- 
tent with biliary cholesterol secretion (Fig. 3A, r = 0.58) 
and with VLDL triglyceride secretion (Fig. 3B, 7 = 0.43), 
suggesting precursor pools were to be found among these 
cellular membrane elements. Correlations between ACAT 
activity and VLDL or biliary cholesterol secretion were 
complex in this system. 

DISCUSSION 
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Fig. 1. Relationship of VLDL triglyceride (A) and VLDL cholesterol 
( E )  secretion to' biliary cholesterol secretion. Livers were perfused. Bile 
was collected over the 2-hr period and assayed for cholesterol content. At 
the end of 2 hr, the perfusate was collected and VLDL was isolated by 
centrifugation and assayed for triglyceride and cholesterol contents. 
Each point represents the values from one animal. 

de novo synthesis, and its storage as cholesteryl esters. In 
the liver, influx of cholesterol is principally via apoB- 
containing lipoproteins including those of intestinal origin 
that carry dietary-derived lipids and also contain apoE. 
The main routes of efflux of cholesterol from the hepato- 
cyte are as bile acids, as biliary cholesterol, or as 
lipoprotein cholesterol, both free and esterified. 

From the studies reported here it is clear that both the 
cholesterol and triglyceride components of influxing lipo- 
proteins can play a role in determining the response of the 
hepatocyte to lipoproteins. In the present study, the rates 
of VLDL triglyceride and cholesterol secretion were both 
increased by a bolus of triglyceride-rich chylomicron rem- 
nants, confirming that acute delivery of a fatty acid load 
as lipoprotein triglyceride can induce hepatic VLDL 

\ I 0)  
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3 
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Bile Cholesterol,pg/ml 

Fig. 2. Relationship of biliary cholesterol secretion to hepatic triglycer- 
ide uptake. Livers were perfused and bile was collected. Triglyceride 
uptake was measured as the difference in the amounts of trialvceride in 

1, 

the perfusate at t - 0 and the amount remaining at t = 30 min; (0) 
standard chylomicron remnants; (0) triglyceride-rich chylomicron rem- 
nants. 

Cellular cholesterol homeostasis is maintained a 
balance among influx and efflux of cholesterol, its rate of 
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Fig. 3. Relationship of liver microsomal cholesterol content to biliary cholesterol secretion (A) and to VLDL 
triglyceride secretion (B). Livers were perfused and bile was collected. At the end of 2 hr, perfusate VLDL was iso- 
lated by centrifugation and assayed for triglycerides. The bile was analyzed for cholesterol. The livers were removed 
and a microsomal fraction was prepared and assayed for cholesterol content. Each point represents values from one 
animal; (0) control; (0) triglyceride-rich chylomicron remnant preperfusion; (D) standard chylomicron remnant 
preperfusion; ( A )  hypercholesterolemic VLDL remnant preperfusion. 

secretion (25). In addition, it was found that, concomitant 
with the increased secretion of cholesterol in VLDL, the 
amount of cholesterol excreted into the bile after adminis- 
tration of these lipoproteins was decreased. This suggested 
the possibility that the biliary cholesterol precursor pool 
may have been diverted, at least partially, towards lipo- 
protein production. Moreover, hepatic ACAT activity was 
decreased both by perfusion of triglyceride-rich chylo- 
micron remnants and by infusion of oleic acid complexed 
to albumin. The effects of oleic acid infusion, which is 
known to increase VLDL secretion (17), on biliary choles- 
terol content were not measured in this study. 

In previous work we reported that acute alteration of 
ACAT activity affected the rate of biliary cholesterol 
secretion (21). The observations in this report further 
strengthen the hypothesis that there is a common pool of 
cholesterol that is a source for biliary cholesterol secretion 
and a substrate for ACAT, and they suggest that this com- 
mon pool is also shared with the precursor pool for VLDL 
cholesterol secretion. 

There was a modest but significant decrease in micro- 
somal cholesterol content concomitant with the decrease 
in ACAT activity and in biliary cholesterol secretion, and 
with the increase in VLDL cholesterol accumulation in- 
duced by the triglyceride-rich remnants. This is consistent 
with the suggestion that the biliary cholesterol precursor 
pool is contained within this subcellular fraction (46-48) 
as is the cholesterol substrate pool for ACAT and for 
VLDL synthesis. Moreover, these results suggest that 
when the amounts of cholesterol delivered in lipoproteins 

together with that generated by in situ synthesis are 
insufficient to compensate for increases in lipoprotein 
secretion induced by the triglyceride load, cholesterol can 
be diverted from biliary secretion in an effort to maintain 
cellular homeostasis. Thus, the biliary and lipoprotein 
cholesterol precursor pools must be either common or in 
rapid equilibrium with one another. 

The observation that standard chylomicron remnants 
of intermediate triglyceride content had only a modest 
effect on ACAT activity and did not cause statistically 
significant changes in microsomal cholesterol content or 
in the amount of cholesterol secreted into the bile sug- 
gests that influx of these particles did not acutely disturb 
the hepatic cholesterol homeostatic mechanism enough to 
invoke compensatory changes in ACAT or biliary choles- 
terol content despite the increase in VLDL cholesterol 
secretion. In previous work from this laboratory (25), 
similar lipoprotein remnants had little effect on HMG- 
CoA reductase activity. Thus, taken together, these results 
suggest that, in the case of these lipoproteins, the amounts 
of cholesterol that entered the cell together with the 
triglyceride load were sufficient to balance efflux of fatty 
acid equivalents and cholesterol in VLDL without acute 
compensation by other factors responsible for maintenance 
of cellular cholesterol homeostasis. 

Although administration of cholesterol-rich VLDL in 
vivo did result in increased ACAT activity, administration 
of remnants of these lipoproteins as a bolus to the per- 
fused liver had little effect. There were also no statistically 
significant effects on cholesterol secretion in VLDL or in 
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the bile. We reported previously that perfusion of similar 
lipoproteins suppressed HMG-CoA reductase activity 
(25). Taken together, the data suggest that under these 
conditions suppression of synthesis was sufficient to main- 
tain homeostasis. This supports the suggestion of Spady, 
Turley, and Dietschy (49) that the initial response to alter- 
ations of hepatic cholesterol homeostasis is to change the 
cholesterol synthetic rate. This is also in agreement with 
the finding of Turley and Dietschy (50) that chylomicron 
lipoprotein cholesterol uptake is dissociated from biliary 
cholesterol content. 

On the basis of the above, it appears that hepatic ACAT 
activity is responsive to both the cholesterol and triglycer- 
ide contents of lipoproteins taken up by the liver, and the 
results suggest that the response of ACAT is coordinated 
with other parameters important in maintaining choles- 
terol homeostasis in the hepatocyte. Whether the response 
of ACAT reflects a primary effect on the enzyme itself or 
secondary effects due to other perturbations induced by 
these lipoproteins is difficult to assess at present. The 
detailed mechanisms of regulation of ACAT activity have 
not yet been elucidated. 

Based on these and other data, the following model ap- 
pears reasonable. Cholesterol that is newly synthesized in 
the endoplasmic reticulum can serve preferentially as a 
substrate for bile acid synthesis, cholesterol esterification, 
and VLDL assembly, in part because these processes are 
all localized to the same subcellular organelle. A portion 
of the cholesterol destined for biliary secretion can also be 
derived from this newly synthesized sterol. Thus, changes 
in any one of these processes can rapidly affect the others. 
Free cholesterol liberated by lysosomal hydrolysis of 
removed serum lipoproteins or from turnover of cell 
membranes can be transported in part to the endoplasmic 
reticulum and can equilibrate with the newly synthesized 
sterol. As sterol accumulates, the rates of cholesterol syn- 
thesis and esterification compensate. As cholesterol con- 
tinues to accumulate, the amounts of cholesterol secreted 
in lipoproteins may increase and bile acid synthesis and 
secretion and biliary cholesterol secretion may also in- 
crease in an effort to maintain intracellular cholesterol 
homeostasis. Lipoprotein receptors may also down-regulate 
in a further attempt to maintain homeostasis. When 
cholesterol influx is low or demands are increased, for 
example, by fatty acid or triglyceride influx, cholesterol 
synthesis increases, esterification decreases, and choles- 
terol may be diverted into one or another secretory path- 
way. If these demands continue, lipoprotein receptors may 
up-regulate in an effort to balance the increased efflux of 
cholesterol and its metabolites. The priorities determining 
availability of cholesterol to each pathway, what regulates 
these and how this is achieved, are at present unknown 
and will require further experimentation. I 
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