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Abstract Acylcoenzyme  A:cholesterol acyltransferase
(ACAT) activity was studied in hepatic microsomes of
cynomolgus monkeys fed either commercial chow or an
atherogenic diet of high cholesterol and saturated fat
content. ACAT activity (pmol/min per mg protein) was 35
in liver microsomes from control monkeys, and 142 and 161
at 10 and 100 days, respectively, after starting the high
cholesterol diet. The cholesterol-fed monkeys had about
1.5-fold increase in cholesterol content of hepatic micro-
somes as compared to control monkeys (94 nmol/mg protein
in controls versus 142 nmol/mg protein in the cholesterol-
fed group). There was no difference between the two
groups in microsomal phospholipid content or distribution
of microsomal fatty acids in saturated, monoenoic, or
polyenoic acid classes. However, the cholesterol-fed mon-
keys had relatively lower amounts of linoleic acid and
higher amounts of arachidonic acid in the microsomes.
To determine whether the increased microsomal cholesterol
content might be responsible for the increase in ACAT
activity, liver microsomes from control monkeys were in-
cubated for 15-120 min with liposomes composed of
cholesterol and dipalmitoyl phosphatidylcholine, 2:1 (mol/
mol). The microsomal cholesterol content increased from
90 to 128 nmol/mg protein as the incubation progressed.
There was a corresponding increase in ACAT activity
from 80 to 240 pmol/min per mg proteinili This ob-
servation is consistent with the view that the higher hepatic
ACAT activity in the cholesterol-fed monkeys is due to the
larger amount of cholesterol contained in the micro-
somes. The increase in hepatic ACAT activity occurs soon
after cholesterol feeding is started; this response may be
involved in the production of cholesteryl ester-rich lipo-
proteins by the liver, and thereby may be related to the
atherogenic process in these primates.— Mathur, S. N.,
M. L. Armstrong, C. A. Alber, and A. A. Spector. Hepatic
acylcoenzyme A:cholesterol acyltransferase activity during
diet-induced hypercholesterolemia in cynomolgus monkeys.
J. Lipid Res. 1981. 22: 659-667.
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The intracellular formation of cholesteryl esters is
catalyzed by acylcoenzyme A:cholesterol acyltrans-
ferase (ACAT) (EC 2.3.1.26) (1). ACAT has been
detected in many tissues, including the liver and
arteries of monkeys (2, 3). The enzyme is tightly

bound to the microsomal fraction of cellular homo-
genates, and the highest activities are recovered from
the rough endoplasmic reticulum (4). A number of
factors regulate ACAT activity, including the avail-
ability of cholesterol and dietary fat saturation. When
either human skin fibroblasts or rat FubAH cells are
exposed to cholesterol-rich lipoproteins, ACAT
activity in the cells increases and intracellular choles-
teryl esters accumulate (5-8). Likewise explants of
aorta have higher ACAT activity when they are ex-
posed to hypercholesterolemic serum (9, 10). In addi-
tion, ACAT activity in isolated hepatocytes increases
when cholesterol synthesis is stimulated by exposure
to high concentrations of mevalonate (11). Cholesterol
probably acts in these cases by providing more sub-
strate for the enzyme, although evidence in the human
fibroblast suggests that it may have an additional
regulatory effect on ACAT (6, 12). Changes in dietary
fat saturation also can influence the ACAT activity of
rat liver (13), possibly by modifying the fatty acyl
composition of the microsomal phospholipids with
which the enzyme interacts.

When cynomolgus monkeys (Macaca fascicularis) are
fed a high cholesterol diet containing saturated fat,
they develop a hypercholesterolemia characterized
by an accumulation of low density lipoproteins that
are enriched in cholesteryl esters and are increased
in size (14, 15). Atherosclerosis results if this diet
is continued for 12 to 18 months (16). We wished to
determine whether hepatic ACAT activity is affected
when nonhuman primates are fed cholesterol and
saturated fat. In the present work, we observed
that both the cholesterol content and ACAT activity
of the microsomes prepared from cynomolgus mon-
key liver are elevated when the atherogenic diet is
fed. Additional studies with the isolated microsomes
suggest that the increased ACAT activity can be ex-
plained entirely by the elevation in cholesterol content.

Abbreviation: ACAT, acylcoenzyme A:cholesterol acyltransferase.
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TABLE 1. Fatty acid composition of the diets

Composition of Dietary Fat”

Fatty Acid Control High Cholesterol

%

Individual acids

14:0 1.8 1.1
16:0 19.6 25.1
16:1 2.7 3.4
18:0 9.8 11.6
18:1 31.0 41.9
18:2 27.9 12.1
Classes
Saturated 31.2 37.8
Monoenoic 33.7 45.3
Polyenoic 27.9 12.1
Unsaturation index 0.89 0.69

¢ Other fatty acids, i.e., 20:3, 20:4, 22:5, and 22:6 were present
only in trace amounts (<0.5%).

MATERIALS AND METHODS

[1-**C]Palmitoyl coenzyme A (57 mCi/mmol) was
purchased from New England Nuclear (Boston,
MA), palmitoyl coenzyme A was from P-L Biochemical
Inc. (Milwaukee, WI) and cholesterol was from the
Hormel Institute (Austin, MN).

Animals and diet

The monkeys were adult cynomolgus (M. fascicu-
laris) males, 4.7 = 0.15 kg. They were individually
caged in thermo-regulated rooms. Three control
monkeys were given commercial laboratory chow
(Purina monkey chow, Ralston Purina Company,
Richmond, IN). A hypercholesterolemic diet contain-
ing high cholesterol (0.8%) and high saturated fat
described previously was fed to two groups of mon-
keys, three in each group, for 10 days or 100 days (17).
The fatty acid compositions of these diets are shown in
Table 1. The plasma total cholesterol was measured
as previously described (17), and the values at the time
of study were 145 x 11, 368 = 43, and 822 + 54
mg/dl for control monkeys, monkeys fed the hyper-
cholesterolemic diet for 10 days, and monkeys fed the
hypercholesterolemic diet for 100 days, respectively.

At the end of the study periods, the animals were
tranquilized with ketamine hydrochloride (Bristol
Laboratories, Syracuse, NY) and then exsanguinated
from the abdominal aorta. The liver was removed
and placed in an ice-cold solution containing 0.25 M
sucrose, ] mM EDTA, and 10 mM Tris-HCI buffer,
pH 7.4 (buffered sucrose solution). Liver samples
(10 g) used for preparation of microsomes were
injected with buffer with a syringe and 22 gauge
needle and flushed until clear of residual blood.
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Microsome preparation

All microsome preparations were carried out im-
mediately after autopsy. The liver samples were
minced with scissors and homogenized in 4 volumes of
buffered sucrose solution with six strokes in a Potter-
Elvehjem homogenizer. The homogenate was filtered
through four layers of cheesecloth and centrifuged
at 15,000 g for 30 min at 4°C. After the fat layer was
removed, the supernatant solution was collected and
centrifuged at 4°C for 60 min at 105,000 g. The
sediment was suspended in buffered sucrose solution
and recentrifuged. After discarding the supernatant
wash, the microsomal pellet was dispersed in buffered
sucrose solution to give 10 mg protein/ml. The prep-
arations were stored in liquid N, and assayed within
21 days. No loss of ACAT activity was found during
storage, similar to findings in rat liver microsomes in
which ACAT activity was unaltered from the value ob-
tained in fresh tissue after intervals of storage at
—70°C for up to 6 weeks (18). Protein estimations
were done by a slight modification of the Lowry
method, in which 1% sodium dodecylsulfate was
added in order to solubilize lipids (19). Bovine serum
albumin was used as the standard for this assay.

Enzyme assays

ACAT activity was measured in 0.5 ml of incuba-
tion mixture containing 0.1 mg of microsomal protein,
0.1 M K;HPO, adjusted to pH 7.4, 1 umol of dithio-
threitol, 15 nmol of fatty acid-free bovine serum
albumin, and 15 nmol of palmitoyl coenzyme A (1.7
X 10° dpm [1-"*C]palmitoyl coenzyme A). The mix-
ture was incubated for 10 min at 37°C before the
reaction was initiated by adding the palmitoyl CoA.
Unless noted otherwise, the reaction was carried out
for 10 min at 37°C. It was stopped by addition of 3
ml of chloroform-methanol 2:1 (v/v), and the lipids
were extracted into chloroform (20). Neutral lipid
standards obtained from Nu-Chek-Prep (Elysian,
MN) were added to each sample. The cholesteryl
esters were isolated by thin-layer chromatography on
silica gel G (Analabs, Inc., North Haven, CT) using
a solvent system consisting of hexane-diethyl ether-
methanol-acetic acid 170:40:2:2. Lipids were visual-
ized by exposure of the chromatogram to I, vapor.
After sublimation of the I,, the outlined segments
of the silica gel were scraped directly into scintillation
vials containing 10 ml of scintillation fluid (Budget-
Solve; Research Products International Corp., Elk
Grove Village, IL). Measurements of radioactivity
were made with a Beckman 187000 liquid scintilla-
tion spectrometer, and quenching was monitored
with a '37Cs external standard.
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Acyl CoA hydrolase activity was measured us-
ing the same conditions as those employed for ACAT
except that the radioactivity contained in the free
fatty acid isolated by thin-layer chromatography
was measured.

To assay cholesteryl ester hydrolase, [4-*C]choles-
teryl oleate was incorporated into egg lecithin lipo-
somes (21). The liposomes were prepared by sonica-
tion of this mixture at 50°C for 15 min under an
N, atmosphere. This mixture was centrifuged at
12,000 g for 30 min to remove any metal particles
released from the tip of a Branson sonifier. Choles-
teryl ester hydrolase activity was assayed in a 0.5 ml
volume containing 0.1 M K;HPO,, pH 7.4; 1 umot
of dithiothreitol, 15 umol of fatty acid-free bovine
serum albumin, and 0.2 mg of microsomal protein.
To this reaction mixture, 5.9 nmol of cholesteryl
oleate containing 0.02 uCi [4-**C]cholesteryl oleate
was added, and the incubation was continued for 60
min at 37°C. The reaction was terminated as described
above, and the radioactivity in unesterified cholesterol
isolated by thin-layer chromatography was deter-
mined by liquid scintillation counting.

Preparation of liposomes

A chloroform solution containing dipalmitoyl phos-
phatidylcholine (Sigma Chemical Co., St. Louis, MO)
or cholesterol-dipalmitoyl phosphatidylcholine 2:1
(mol/mol) was evaporated under N, to dryness. Buff-
ered sucrose solution was added to give 6.7 umol/
ml of phospholipid. This mixture was dispersed for
2 min with a Vortex mixer and sonicated under N,
at 10 watts output for 15 min at 50°C using a Branson
sonifier. The liposome solution was then centrifuged
at 12,000 g for 30 min to remove any metal particles
released by the sonifier.

Lipid analysis

Lipids were extracted from the microsomes using
chloroform-methanol 2:1 (v/v) (20). The phospho-
lipid content was estimated according to the pro-
cedure of Raheja et al. (22). The total and unesterified
cholesterol contents were determined enzymatically
with the commercially available cholesterol oxidase
method (Cholesterol Reagent Set, Boehringer-Mann-
heim Corp., Indianapolis, IN). This assay was modi-
fied by adding 10 mg of Triton X-100 to the chloro-
form solution and, after removing the organic sol-
vent by evaporation under N,, 1 ml of the commercial
reagent was added. The samples were mixed thor-
oughly, incubated for 1 hr at 37°C with shaking, and
the absorbance was measured at 410 nm.

Fatty acid composition was determined by gas—
liquid chromatography after the samples were saponi-
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Fig. 1. Effect of incubation time and microsomal protein content
on ACAT activity. In the time-course study, each incubation con-
tained 100 ug of microsomal protein. In the protein-concentration

study, the time of incubation was 10 min. The values are averages
of two microsomal preparations.

fied and then methylated with 14% BF; in methanol
(23). The fatty acids were separated using a Hewlett-
Packard 5840A gas chromatograph equipped with a
flame ionizer detector. SP-2330 on Chromosorb
WAW was contained ina 1.9 m X 2 mm glass column,
and N, (20 ml/min) served as the carrier gas for the
separation. Temperature was programmed to 170°C
for 4 min, followed by 2°C/min increments to a final
temperature of 210°C for 8 min. Fatty acid methyl
ester standards were obtained from Supelco, Inc.
(Bellefonte, PA) or Nu-Chek-Prep (Elysian, MN).

RESULTS

Microsomal enzyme activities

ACAT activity was higher under all conditions of
assay in hepatic microsomes from the cholesterol-
fed monkeys as compared with those fed ordinary
monkey chow. Fig. 1 (left side) shows that the ACAT
activity increased proportionately during the first 15
min of incubation and that, at each time point, higher
activity was obtained with the microsomes from the
cholesterol-fed animals. As seen on the right side of
Fig. 1, ACAT activity was linear when up to 200 ug of
microsomal protein was added. Again, the ACAT
activity of the microsomes isolated from the monkeys
fed the high cholesterol diet was greater at each micro-
somal protein content tested.

In the above experiments, ACAT activity was de-
termined with 30 uM palmitoyl CoA as substrate.
As illustrated in Fig. 2, the microsomes from the
cholesterol-fed group had higher activities at all pal-
mitoyl CoA concentrations tested between 1 and 40
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Fig. 2. Effect of palmitoyl CoA concentration on ACAT activity.
Each point represents the average of duplicate assays of two
microsomal preparations.

uM. However, in both microsome preparations,
14-50% inhibition of ACAT activity was observed
when the palmitoyl CoA concentration was raised
from 40 to 66 uM. In these experiments 30 uM bovine
serum albumin was present in the incubation medium,
and no cholesterol was added.

Under optimal conditions of assay, the ACAT
activity in hepatic microsomes from monkeys fed the
high cholesterol diet for 10 or 100 days was four-
fold greater than in corresponding microsomes from
monkeys fed the control diet (Table 2). Moreover,
as shown in Table 2, the rate of hydrolysis of pal-
mitoyl CoA was similar in both microsomal prepara-
tions so that the acyl CoA substrate was depleted at
approximately the same rate in both cases.

We could not detect cholesteryl ester hydrolase
activity in the hepatic microsomes prepared from
either the normal or cholesterol-fed monkeys under
the conditions of the ACAT assay. Therefore, the
differences in ACAT activity cannot be explained on
the basis of different rates of hydrolysis of the newly
formed cholesteryl ester in the two microsomal
preparations. This was further confirmed by measur-
ing the rate of hydrolysis of 4-methyl umbelliferyl
oleate (24) in microsomes from two controls and three
monkeys fed the high cholesterol diet for 100 days.
Microsomes from both groups had similar hydrolytic
activity at pH 7.4. At pH 4.2, however, control values
(nmol/min per mg protein) were 5.7 and 6.3, whereas
values in cholesterol-fed monkeys were 8.5, 14.4, and
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15.5.1 Therefore, it is possible that a difference in
hydrolytic activity occurs in the lower pH range, but
this difference was not manifested at the pH of ACAT
assay.

Lipid composition of microsomes

To determine whether the enhanced cholesterol
esterification in the cholesterol-fed monkeys might
be related to the lipid composition of the micro-
somes, we measured the cholesterol, cholesteryl ester,
and phospholipid content of the hepatic microsomes
from the cholesterol-fed and the normal monkeys.
As seen in Table 3, the hepatic microsomes from
the cholesterol-fed monkeys had 2.6-fold and 1.5-fold
higher cholesteryl ester and cholesterol contents,
respectively. There was no significant difference in
the phospholipid contents, so that the cholesterol to
phospholipid ratio (mol/mol) was higher in the hepatic
microsomes from the cholesterol-fed monkeys.

As shown in Table 4, the fatty acid composition
also was different in the two microsomal prepara-
tions. The microsomes from the cholesterol-fed
monkeys contained less linoleic acid but more arachi-
donic and docosapentaenoic acids. In spite of these
changes in individual fatty acids, the distribution of
the fatty acids in saturation classes was similar in
both microsomal preparations. Due to the relative
decrease in linoleic acid and increase in arachidonic
acid, the microsomes from the cholesterol-fed animals
had a higher unsaturation index.

The lipid compositional changes produced by the
high cholesterol, saturated fat-rich diet were es-
sentially the same after both 10 and 100 days of
feeding.

! Sando, G. N., and S. N. Mathur. Unpublished observations.

TABLE 2. Enzyme activity in liver microsomes

Diet ACAT Activity® Acyl CoA Hydrolase®

pmol/min/mg protein

Control 35 + 13 4016 = 946°
High cholesterol

10 days 142 + 10° 4319 + 213

100 days 161 + 24 2866 + 219

?Mean = S.EM. of values obtained from three separate
microsomal preparations.

» ACAT values obtained during feeding of atherogenic diet differ
significantly from the values obtained on the control diet, P < 0.05.

¢ The differences in hydrolase activity are not statistically sig-
nificant, P > 0.1.

In all tables, Duncan’s multiple range test was used to show
statistically significant differences between means, P < 0.05.

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 3. Lipid composition of liver microsomes

Cholesterol® Free
Cholesterol/
Diet Esterified Free Phospholipids® Phospholipid
nmol/mg protein molimol

Control 53+22 9 x5 727 + b7° 0.13 = 0.004
High cholesterol

10 days 14.0 + 3.2° 142 + 12° 814 = 29 0.18 = 0.022

100 days 13.0 = 0.0° 137 + 8 772 + 42 0.18 = 0.006

® Mean = SE of values obtained from three separate microsomal preparations.

® The differences in free and esterified cholesterol content between the control
monkeys and those fed the atherogenic diet are statistically significant, P < 0.05.

¢ The differences in phospholipid content are not statistically significant.

Enrichment of microsomes with cholesterol

One possible explanation for the higher ACAT
activity in the cholesterol-fed monkeys is the larger
unesterified cholesterol content of the microsomes,
since cholesterol is one of the substrates for the reac-
tion. In other systems, ACAT activity has been shown
to be greater when the cholesterol content is in-
creased (6-11, 25, 26). To test this possibility, we
examined the effect of adding cholesterol in vitro to
microsomal preparations isolated from the livers of
monkeys fed the control diet. Both the cholesterol
content and ACAT activity were measured in the
preparations before and after cholesterol loading.
Two methods were employed to increase the micro-
somal cholesterol content: addition of cholesterol dis-
solved in a small volume of acetone, and incubation
of the microsomes with liposomes containing a rela-

TABLE 4. Fauty acid composition of liver microsomes®

High Cholesterol Diet

Fatty Acid Control Diet 10 Days 100 Days
% %
Individual acids
16:0 19.3 = 0.3 17.0 + 0.7 179 = 0.3
18:0 21.3 + 0.2 21.4 = 1.0 230+ 0.5
18:1 11.8 + 0.2 13.6 = 0.9 129 + 0.6
18:2 222 + 0.7 16.8 = 0.2° 15.6 = 1.1°
20:3 23 +0.3 22+02 1.6 = 0.1
20:4 116 = 0.5 16.3 + 1.2% 17.2 + 0.8
22:5 0.6 £0.1 2.2 + 0.2° 2.5+0.1°
22:6 5.8+ 0.4 6.3 + 1.1 55 * 0.7
Classes
Saturated 40.6 = 0.6 38.5 = 0.7 40.9 = 0.6
Monoenoic 129 = 0.4 146 + 1.2 13.8 £ 0.7
Polyenoic 45.7 £ 0.7 45.6 = 0.8 44.2 = 0.1
Unsaturation index 1.57 1.76 1.71

* Mean = SE of values obtained from three separate microsomal
preparations.
? P < 0.05, high cholesterol diet as compared to control diet.

Mathur et al.

tively large quantity of cholesterol. In the latter case,
the liposomes were separated from the microsomes by
sedimentation through a sucrose solution prior to
assay for ACAT activity and cholesterol content.

As shown in Fig. 3, only a slight stimulation of
ACAT activity was observed when the cholesterol
content of the incubation system was raised from 84
nmol of cholesterol, the inherent cholesterol content
of the microsomes per mg microsomal protein, to
284 nmol by addition of cholesterol dissolved in
acetone. By contrast, large increases in ACAT ac-
tivity were produced when the microsomes were
exposed to cholesterol-rich liposomes. In these experi-
ments, the normal monkey hepatic microsomal choles-
terol content was raised by incubation with choles-
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Fig. 3. Effect of cholesterol added in acetone on the ACAT ac-
tivity of normal monkey liver microsomes. The reaction mixture
contained 100 ug microsomal protein (8.4 nmol of cholesterol), 15
nmol of bovine serum albumin, 1 nmol dithiothreitol, and 0.1 M
K,HPO, buffer, pH 7.4 in a total volume of 0.4 ml. To this
mixture 0, 2, 4, 6, 10, or 20 nmol of cholesterol in 10 ul acetone
was added with vigorous agitation using a Vortex mixer. The con-
tents were incubated with shaking for 10 min at 37°C, and the re-
action was initiated by adding 15 nmol of [**Clpalmitoyl CoA in
0.1 mlof 0.1 M K,HPO,, pH 7.4. The incubation was for 10 min at
37°C. The abscissa of the graph gives the total cholesterol content of
the incubation system following addition of the material in acetone.
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Fig. 4. Effect of cholesterol added in the form of a liposome com-
plex on the ACAT activity of normal monkey liver microsomes.
The microsomes were incubated with cholesterol-dipalmitoyl
phosphatidylcholine liposomes (2:1, mol/mol) tor the times indi-
cated on the abscissa, to increase the microsomal unesterified
cholesterol content. As a control, additional aliquots of micro-
somes were incubated with dipalmitoyl phosphatidylcholine lipo-
somes containing no cholesterol. The incubation mixtures con-
tained 0.9 umol of phospholipid in liposomes, 3.6 umol of micro-
somal phospholipids, and 5 mg of fatty acid-free bovine serum
albumin in 1 ml of buffered sucrose solution. After incubation,
the mixture was cooled in ice, layered over 5 ml of 20% sucrose
solution, and sedimented at 4°C for 1 hr at 105,000 g. The micro-
somal pellet was dispersed in 2 ml of buffered sucrose solution,
layered over 5 ml of 20% sucrose solution, and again sedimented
at 105,000 g for 1 hr. The pellet was dispersed in buffered sucrose
solution to give 2.2 mg protein/ml. In the top panel, the micro-
somal cholesterol content relative to time of incubation with
liposomes is shown, and the ACAT activity of these microsomes is
shown in lower panel. The values at 0 time are those for micro-
somes that were not incubated with liposomes.

terol—dipalmitoyl phosphatidylcholine liposomes
(2:1, mol/mol) for various time intervals at 37°C. As
illustrated in Fig. 4, no change in cholesterol content
or ACAT activity was observed when the microsomes
were incubated with either buffer alone (value in-
dicated on the ordinate) or dipalmitoyl phosphatidyl-
choline liposomes containing no cholesterol. How-
ever, the cholesterol content of the microsomes was
raised from 90 nmol to 128 nmol/mg protein after 2 hr
of incubation when the microsomes were incubated
with the cholesterol-dipalmitoyl phosphatidylcholine
liposomes. This was associated with a time-dependent
increase in ACAT activity, which was 2.6-fold higher
after 2 hr of incubation with these liposomes.
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DISCUSSION

This work demonstrates that hepatic cholesterol
esterification in monkeys can be influenced by the
lipid composition of the diet. The response is evident
within 10 days after a high cholesterol and saturated
diet is begun, the earliest time tested. There was a
1.5-fold increase in the cholesterol content of the
hepatic microsomes, accompanied by a 4-fold en-
hancement in ACAT activity. A similar enhancement
of ACAT activity in response to an atherogenic diet
containing an elevated cholesterol content has been
reported in aortic microsomes from pigeons (27),
rabbits (28-30), and monkeys (3). Higher activity
of ACAT also has been observed in other experi-
mental systems when the cellular cholesterol content
is raised. For example, human skin fibroblasts in cul-
ture esterify cholesterol at higher rates when the cells
take up cholesterol contained in low density lipopro-
teins (5, 6). Likewise, the FubAH hepatoma cells in
culture exhibit higher cholesterol esterification when
when the cellular cholesterol content is increased,
either by incubation with cholesterol-rich liposomes
(7) or with hyperlipemic serum (8). A stimulation
of cholesterol esterification has also been demon-
strated in normal segments of pigeon aorta (9) and
in explants of the aortic media from rhesus monkeys
in culture (10) when these tissues are exposed to
hypercholesterolemic serum. Finally, stimulation of
de novo synthesis of cholesterol with mevalonate,
either by administration to rats by stomach tube
(31) or by incubation with rat hepatocytes (11), results
in a higher cellular cholesterol content as well as
increased cholesteryl ester formation. These findings,
together with the present results of both feeding
cholesterol and enriching microsomes with cholesterol
in vitro, indicate that ACAT in many different tis-
sues is not saturated with respect to this substrate
under ordinary physiologic conditions. The enzyme
apparently has a large capacity to respond to eleva-
tions in intracellular cholesterol content, accomodat-
ing for this imbalance by increasing the synthesis of
cholesteryl esters within the cell.

The molecular mechanism by which augmenta-
tion of cellular cholesterol content brings about an
increase in ACAT activity is not well understood.
One possibility is that cholesterol provides additional
substrate for the reaction, the cholesterol entering a
metabolic pool which is accessible to the enzyme
(11, 12, 28, 30). Alternatively, like other oxygenated
sterols and progesterone, cholesterol or one of its
metabolites may modulate ACAT activity by interac-
tions with one or more regulatory sites of the enzyme
(6, 12, 32). In addition, it is possible that the increase
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in cholesterol content may alter the fluidity of the
microsomal membrane and thereby influence ACAT
activity, for the molar ratio of microsomal cholesterol
to phospholipid increases. Which of these possible
mechanisms is primarily responsible for the diet-
induced increase in the monkeys fed the high choles-
terol diet remains to be elucidated.

These results demonstrate that the increase in
ACAT activity is not directly proportional to the
increase in microsomal cholesterol content. For
example, the ACAT activity was about four to five
times higher in the hepatic microsomes from the
cholesterol-fed monkeys, whereas the unesterified
cholesterol content of these microsomes increased
only about 50%. Likewise, the percentage increase
in ACAT activity of the microsomes exposed to lipo-
somes containing cholesterol was considerably higher
than the actual cholesterol enrichment. While such
observations suggest that cholesterol may act by a
mechanism other than simply providing more sub-
strate, it must be remembered that there are at least
two pools of microsomal cholesterol, only one of
which is accessible to ACAT (4). It is likely that a
considerable fraction of the membrane cholesterol is
in the inaccessible pool. If most of the added choles-
terol should enter the accessible pool, then a rela-
tively small total increase actually may represent a
large increment in substrate availability. Therefore,
the failure to observe a direct correlation between
increases in microsomal cholesterol content and
ACAT activity does not exclude the possibility that
cholesterol enhances the activity primarily or even
entirely by providing more substrate. These studies
also point out the importance of the manner in which
cholesterol is presented in vitro in assessing effects
of added cholesterol. Addition of cholesterol in
acetone produced only a small enhancement in
ACAT activity. It is possible that when added in this
way, much of the cholesterol was adsorbed in micro-
crystalline form to the membrane so that it was not
accessible to the enzyme. Furthermore, only a small
percentage of the exogenously added cholesterol may
have been in contact with the microsomes, much
less have entered a pool available to ACAT. The
actual distribution of the added cholesterol may
depend on exactly how the procedure is carried out,
leading to additional variability. In contrast, prior
exposure of the microsomes to liposomes containing
cholesterol produced a large increase in activity rela-
tive to the actual enrichment with cholesterol. This
difference should be kept in mind in considering the
eftects of added cholesterol on other experimental
systems.

Like many other membrane-bound enzymes, the

Mathur et al.

activity of ACAT can be influenced by the fatty acid
composition of the microsomal membranes (25, 33,
34). This dependence on membrane fatty acid com-
position has been demonstrated in microsomes en-
riched in saturated or unsaturated fatty acids, but
having similar cholesterol and phospholipid content
(13, 33). Besides increasing the cholesterol content,
the atherogenic diet produced some alteration in the
fatty acid composition of the microsomes. Therefore,
it is possible that this change also contributed to the
enhancement of ACAT activity in these microsomes.
While differences in some individual fatty acids were
appreciable, for example, a 45% difference in arachi-
donic acid, the changes produced in fatty acid class
distribution or unsaturation index are extremely
small. This, coupled with the increase in cholesterol
content and the effects produced by enriching the
normal monkey hepatic microsomes with cholesterol
in vitro, suggest that the fatty acid compositional
differences probably have only a minor influence in
the present system.

The high cholesterol-saturated fat diet used in this
study was investigated to determine whether liver
ACAT activity changed in monkeys under conditions
of intense atherogenesis, in comparison to a control
diet known to have no atherogenic effect. Alterna-
tive diet selections that would have permitted evalua-
tion of the independent effects of cholesterol and
saturated fat would not have provided this unequiv-
ocal contrast with respect to atherogenesis and plasma
lipid levels. We have emphasized the role of choles-
terol in regulating ACAT activity, but the net effects
of the atherogenic diet may also include effects caused
by the large intake of saturated fat.

High cholesterol-saturated fat diets profoundly
alter lipoprotein patterns in monkeys (14, 15, 35-37).
The lower density lipoproteins are increased in parti-
cle size and number, and these high molecular
weight particles have increased amounts of choles-
teryl esters. The latter have more saturated and
monoenoic, and fewer polyenoic fatty acids, than the
cholesteryl esters of control lipoproteins (15). Since
hepatic cholesteryl esters may contribute to the
cholesteryl ester content of lipoproteins (37), it is
plausible that one source of the increased core lipid
of the altered lower density lipoproteins may be
cholesteryl esters formed in the liver in response to
pathogenic high cholesterol diets. Therefore, we sug-
gest that the increase in hepatic ACAT activity may
play a role in the production of abnormal lipopro-
teins found in nonhuman primates fed diets high in
cholesterol and saturated fat. B
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