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Abstract Cultured rabbit aortic smooth muscle cells were con- 
verted to foam cells by exposure to sonicated lipid droplets of 
defined composition using an inverted culture technique. Up- 
take of the lipid droplets by the cells was shown to be dependent 
on the time of exposure to the droplets and on the mass of 
droplets presented to the cells. A comparison of the hydrolysis 
of triolein and cholesteryl oleate by cells that had been exposed 
to isotropic lipid droplets containing equimolar amounts of the 
two lipids revealed that the rate of hydrolysis of triglyceride was 
3 to 4 times faster than that for cholesteryl ester. The hydrolysis 
of cholesteryl oleate from cells loaded with the isotropic droplets 
was approximately 1.5 times as fast as that from cells loaded with 
anisotropic droplets containing only cholesteryl oleate. A com- 
parison of the hydrolysis of cholesteryl ester in the presence and 
absence of Sandoz compound 58-035, an inhibitor of acyl 
CoA:cholesterol acyl transferase, by cells loaded with isotropic 
droplets showed that about 30% of the free cholesterol liberated 
by hydrolysis was reesterified regardless of the mass of free 
cholesterol. a We conclude that cultured smooth muscle cells 
have a greater capacity to hydrolyze triglyceride than cholesteryl 
ester. and that the rate of hydrolysis of cholesteryl ester appears 
to be related to the physical state of the droplet in which the 
cholesteryl ester is stored. In addition, it appears that the smooth 
muscle cells have a cholesteryl ester cycle that is inefficient in the 
reesterification of excess free cholesterol.- Minor, L. K., G. H. 
Rothblat, and J. M. Glick. Triglyceride and cholesteryl ester 
hydrolysis in a cell culture model of smooth muscle foam cells. 
J Lipid Res. 1989. 30: 189-197. 
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The development of atherosclerotic plaque is a 
prolonged, multifactorial process wherein macrophages 
and smooth muscle cells accumulate large deposits of cel- 
lular lipid and thus acquire the phenotypic character of 
foam cells. The origin of the lipid in foam cells has been 
variously attributed to LDL (l), modified LDL such as 
malondialdehyde-LDL (2, 3), P-VLDL (4, 5), postpran- 
dial lipoproteins (6), extracellular lipid (7,  8), and macro- 
phage lipid droplets (9), all of which are likely to play a 
contributing role. The intracellular lipid droplets in foam 
cells are thought to be in a dynamic state, wherein the 
lipid is constantly hydrolyzed and reesterified (10, 11). 
While the predominant lipid in plaque is cholesteryl ester 

(primarily cholesteryl oleate), a substantial amount of free 
cholesterol is also present. Although lipoproteins such as 
P-VLDL and postprandial lipoproteins might be expected 
to provide triglyceride as well as cholesteryl ester, rela- 
tively little triglyceride is found in plaque (12, 13). 

Recent work in our laboratory has focused on an 
hypothesis regarding the mechanism underlying the for- 
mation of smooth muscle foam cells. We proposed that 
smooth muscle cells in the vessel wall might acquire lipid 
inclusions that were originally synthesized by macro- 
phages (9). To test this hypothesis, we developed a cell cul- 
ture model to demonstrate that cultured smooth muscle 
cells can become foam cells by the uptake of lipid droplets 
isolated from cultured macrophages. We also demon- 
strated that the lipid in these inclusions is metabolically 
available to the smooth muscle cells. An intriguiing obser- 
vation in these early experiments (9) was made using 
polarizing light microscopy which suggested selective 
clearance of triglyceride by the smooth muscle cells. In the 
present study, we have used sonicated lipid droplets as a 
model of the cellular inclusions to compare more quan- 
titatively the relative metabolism of cholesteryl esters and 
triglyceride in smooth muscle cells. 

MATERIALS AND METHODS 

Materials 
Oleic anhydride, cholesteryl oleate, triolein, egg phos- 

phatidylcholine, phosphatidylserine, and BSA (essentially 
fatty acid-free from Fraction V) were purchased from 
Sigma. Coprostanol was purchased from Steraloids, Inc. 
Heat-inactivated fetal bovine serum and minimal essen- 
tial medium (MEM) were purchased from Gibco. 17- 

Abbre\.iations: LDL. low density lipoproteins; VLDL, very low den- 
sir\ lipoproteins; MEM, minimum essential medium; BSA, bovine 
serum albumin; PBS, phosphate-buffered saline; ACAT, acyl CoA:cho- 
lesterol acyltransferase; EC, esterified cholesterol. 
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3H]Cholesterol was purchased from ICN; trioleoyl 
[ 3H]glycerol, cholesteryl [ '4C]oleate, and tri[ '4C]oleoyl- 
glycerol were purchased from Amersham. [ 7-3H]Cho- 
lesteryl oleate was prepared from [ 7-3H]cholesterol and 
oleic anhydride as described (14) and was purified prior to 
use by thin-layer chromatography using silica gel G plates 
developed in benzene-hexane 60:40 (v/v). Thin-layer 
chromatography plates were from Anasil. Peridochrome 
Triglyceride Assay Kit was purchased from Boehringer 
Mannheim Diagnostics. Sandoz compound 58-035, an  
inhibitor of acyl CoA:cholesterol acyl transferase (15), was 
a gift from Dr. John Heider. 

Preparation of sonicated lipid droplets 

Isotropic lipid droplets were prepared by combining 
15 mg  cholesteryl oleate, 20 mg triolein, 1 mg phos- 
phatidylcholine (each stored in hexane), and 0.1 mg  phos- 
phatidylserine (stored in hexane-chloroform 1:l (v/v) in a 
sterile 50-ml round-bottom Corex test tube. Either 
[7-3H]cholesteryl oleate or  [3H]triolein was added to give 
specific activities of approximately 875 nCi/mg for tri- 
olein and 650 nCi/mg for cholesteryl oleate. The  solvents 
were evaporated under N2 and 15 ml M E M  buffered with 
12.5 mM HEPES, p H  7.4, was added to the tube, which 
brought the level of the solution to 3.5 cm from the bot- 
tom of the tube. This solution was placed in a boiling 
water bath for 10 min to melt the lipids and was immedi- 
ately sonicated using a Branson Sonifier Cell Disrupter 
Model 350 with a microtip attachment. The tip of the 
microtip was placed 1 to 1.5 cm from the top of the solu- 
tion and sonication was for 3 min at a setting of 2 to 3 with 
the output registering between 20 and 30 using the 50% 
pulse setting. During sonication, the temperature was not 
controlled. Anisotropic lipid droplets were prepared in a 
similar manner except that 30 mg of cholesteryl oleate was 
used, and the triolein was omitted. This procedure pro- 
duced lipid droplets with diameters of approximately 
1 pm. The  diameters of two representative droplet prepa- 
rations as measured in a Coulter N4 Laser Sizer were 
0.948 5 0.12 pm and 1.57 0.41 pm. Free cholesterol 
contents of the droplet preparations were always less than 
1% of the total cholesterol content. 

Analytical and preparative procedures 

Lipids were extracted from solutions using the method 
of Bligh and Dyer (16) and from cell monolayers with 
isopropanol as described by McCloskey, Rothblat, and 
Glick (17). Free and esterified cholesterol masses were 
determined by gas-liquid chromatography using copros- 
tanol as an internal standard (18), and triglyceride mass 
was determined using Boehringer Mannheim Diagnostics 
Peridochrome Triglyceride Assay Kit with triolein as a 
reference standard. Phospholipid concentrations were 
determined by the method of Sokoloff and Rothblat (19). 

The  distribution of radiolabel among glycerides or tie- 

tween free and esterified cholesterol was determined using 
thin-layer chromatography on ITLC-SA plates developed 
in petroleum ether-ethyl ether-acetic acid 85:14:1 (v/v/\r). 
H D L  was prepared from human plasma by the method of 
Hatch and Lees (20). ApoHDL/phosphatidylcholine ac- 
ceptor particles were prepared as previously described 
(21). Protein concentrations were determined by the 
Markwell et al. modification (22) of the procedure of 
Lowry et al. (23) using BSA as a standard. Protein in cell 
monolayers was solubilized by incubation of the mono- 
layer with 1 ml of the Lowry A solution (22). The physical 
state of the lipid droplets was determined using polarizing 
light microscopy (24). 

Lipid loading of cultured cells 

Rabbit aortic smooth muscle cells were established in 
culture and maintained as previously described (9). Cells 
to be loaded with lipid droplets were grown to confluence 
on glass coverslips (22 x 22 mm). To initiate uptake, cells 
were incubated with droplets as described previously (9). 
Briefly, each coverslip was inverted over a plastic ring in 
a fresh 35-mm plate and 1 ml M E M  containing 10% fetal 
bovine serum and an  appropriate amount of sonicated 
lipid droplets was added to each dish. Additional M E M  
with 10% fetal bovine serum was added to fill the space 
below the monolayer, so that droplets floated to the sur- 
face and came into direct contact with the cells. Because 
the actual volumes varied slightly from dish to dish, the 
amount of lipid added is expressed as pg of esterified 
cholesterol per dish rather than as a concentration. The  
dishes were then incubated for various periods at 37OC in 
a humidified incubator. In experiments where droplet up- 
take alone was being measured, the coverslips were rinsed 
three times with phosphate-buffered saline (PBS) (25) at 
the end of the incubation period; lipids were then ex- 
tracted, and the protein contents of the monolayers were 
determined as described above. Aliquots of the isopro- 
panol extracts were used to determine the total cell- 
associated radioactivities, the distribution of radiolabel 
among glycerides or between free and esterified choles- 
terol, and masses of triglyceride and free and esterified 
cholesterol. The extent of lipid uptake was determined 
both by mass and by radioactivity using the specific ac- 
tivity of the lipid in the sonicated droplets. 

Hydrolysis of cellular lipids 
To quantitate the cellular hydrolysis of lipid derived 

from droplets, cells were loaded with lipid as described 
above. At the end of the loading period, monolayers were 
washed three times with M E M  containing 0.1% BSA and 
were incubated for an additional 2 hr  with M E M  contain- 
ing 1.0% BSA to allow complete uptake of any adsorbed 
lipid droplets. The monolayers were washed once with 
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MEM containing 1.0% BSA, and 2 ml of the same 
medium was added. For measurements of cholesteryl 
ester hydrolysis, 1 pglml Sandoz 58-035 was included un- 
less otherwise indicated. Some of the dishes were har- 
vested to determine the concentrations of cellular es- 
terified cholesterol and triglyceride present at the 
initiation of the experiment by the isopropanol extraction 
method outlined above and by the detergent solubilization 
method outlined below. The remaining dishes were in- 
cubated for various periods and were harvested for lipid 
analysis. A detergent solubilization method was used to 
avoid loss of cellular material which might occur by wash- 
ing the monolayer. For this procedure, the monolayer and 
medium in each dish were harvested as a unit by the addi- 
tion of 50 pl of 10% sodium dodecyl sulfate to the 
medium. The dishes were then agitated for 1 hr at room 
temperature to produce a slurry resulting from detergent 
solubilization of the cells into the medium. Lipids were 
extracted from an aliquot of the slurry using the method 
of Bligh and Dyer (16). An internal standard of free 
[ '*C]cholesterol and esterified [ '4C]cholesterol of known 
ratio (for cholesterol determinations) or [ '"C]triglyceride 
(for triglyceride measurements) was included in these ex- 
tractions. The distribution of radiolabel was determined 
by thin-layer chromatography as detailed above. The 
hydrolysis of esterified cholesterol was estimated from the 
reduction in the percentage of radiolabeled esterified 
cholesterol during the incubation period. As there was es- 
sentially no unlabeled cholesteryl ester in the smooth 
muscle cells, we were able to determine absolute rates of 
cholesteryl ester hydrolysis by monitoring the change in 
the percentage of radiolabeled esterified cholesterol in the 
presence of 1 pg/ml Sandoz 58-035, a concentration that 
has been shown to be effective in preventing the esterifica- 
tion of free cholesterol by ACAT (acyl CoA:cholesterol 
acyl transferase) (15). In preliminary experiments (data 
not presented), determination of the masses of free and es- 
terified cholesterol agreed with the estimations using 
radioisotope within 5%. Therefore, mass analyses were 
not routinely performed at the end of each experiment. 

The loss of triglyceride was estimated by comparing the 
amount of the triglyceride present at the initiation and at 
the end of the hydrolysis phase. To determine the absolute 
rate of triglyceride hydrolysis, 1% BSA was included in 
the incubation media. Preliminary experiments (data not 
presented) demonstrated no significant difference be- 
tween these isotopically derived values and actual mass 
determinations when the albumin concentration in the 
culture medium was 1% or greater. At lower albumin con- 
centrations there was a divergence between the isotopic 
values and those obtained by direct mass determinations, 
indicating that the fatty acids liberated by triglyceride 
hydrolysis were reesterified if they were not efficiently re- 
moved. 

RESULTS 

We were interested in further characterizing and com- 
paring the metabolism of both triglyceride and esterified 
cholesterol delivered to smooth muscle cells by the in- 
verted culture technique. However, the use of lipid inclu- 
sions isolated from cultured macrophages presented a 
number of technical problems. Among these were our in- 
ability to control rigorously the lipid composition of the 
cellular inclusions and the inability to seleptively and 
specifically radiolabel individual lipid classes. To obviate 
these problems, we prepared sonicated lipid droplets of 
defined chemical composition to serve as models for the 
isolated cellular inclusions. The droplets werp similar in 
size to those isolated from the 5774 (26) or Fu5AH rat 
hepatoma (27) cells and, like cellular inclqsions, were 
amenable to manipulation of physical state; when cho- 
lesteryl oleate was used as the sole neutral lipid, the physi- 
cal state of the droplets was anisotropic, whereas isotropic 
droplets were obtained when equimolar cholesteryl oleate 
and triolein were present in the droplet. As the micro- 
graphs in Fig. 1 demonstrate, incubation of sqooth muscle 
cells with the sonicated droplets for 24 hr usingl the inverted 
culture technique resulted in extensive incorporation of 
lipid into the smooth muscle cells. The data in Fig. 2 
show that the incorporation of lipid, as monitored by the 
uptake of radiolabeled esterified cholesterol by the cells, 
was time-dependent during the first 6 hr with little or no 
additional uptake observed in the subsequent 18 hr. The 
uptake of lipid was also dependent on the mass of droplet 
lipid in the culture dish (Fig. 3). Uptake of droplets by the 
smooth muscle cells was relatively efficient, with approxi- 
mately 15 to 30% of the available extracellular lipid being 
incorporated. Intracellular esterified cholesterol concen- 
trations achieved were comparable to those previously ob- 
tained using lipid inclusions isolated from the 5774 mac- 
rophages (9). 

The mechanism of uptake of cellular lipid inclusions by 
smooth muscle cells using the inverted culture technique 
has not been established. The experiments described 
above using sonicated lipid droplets clearly speak against 
the involvement of any inclusion-associated cellular pro- 
teins in the uptake process. However, these studies were 
conducted using culture medium containin,g fetal bovine 
serum, and it  was possible that serum proteins might be- 
come associated with the lipid droplets and contribute to 
their uptake. To test this possibility, washed smooth mus- 
cle cell monolayers were incubated with sonicated 
isotropic or anisotropic droplets in the presence or ab- 
sence of serum. As the data in Table 1 indicate, the 
presence of serum in the incubation media had no 
influence on the extent of cellular lipid accumulation. 

The ability to make sonicated droplets of known lipid 
composition that were efficiently taken up by smooth 
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Fig. 1. Uptake of sonicated lipid droplets by rabbit aortic smooth muscle  cells. Rabbit aortic smooth muscle cells grown  to confluence on coverslips 
were incubated as described in Materials and Methods for 24 hr with the indicated masses of esterified  cholesterol per dish as sonicated isotropic 
lipid droplets; A: 50 pg; B: 100 pg; C :  150 pg; and D: 250 pg. Monolayers were  washed three times with MEM containing 0.1% BSA and were  placed 
in MEM with 1.0% BSA for  photomicroscopy.  Bars indicate 50 pm. 

muscle cells provided the  opportunity  to  address two 
questions: I )  Are the  neutral lipids within droplets  incor- 
porated in stoichiometric amounts?  and 2) Are these lipids 
differentially metabolized? To determine the relative incor- 
poration of esterified cholesterol and triglyceride, smooth 
muscle cells  were incubated with isotropic droplets  doubly 
labeled in both the triglyceride and cholesteryl ester 
moieties. At various intervals over a period of 18 hr,  cells 
were harvested and  lipids were extracted. After 1 hr, the 
ratio of [3H]triolein  to ['4C]cholesteryl oleate was not 
significantly different from that in the  droplet  preparation 
(3.77 vs. 3.86, respectively). Thus it appears  that  the 
droplets were taken up intact. However, as shown in 
Fig. 4, the  ratio of [3H]triolein  to  [t4C]cholesteryl oleate 
decreased over the 18-hr period, again suggesting that  the 
triglyceride was being selectively hydrolyzed from the 
droplets. 

A series of experiments was conducted  to  obtain  more 
quantitative  information  on  the relative hydrolysis of 
triglyceride and esterified cholesterol incorporated  into 
smooth muscle cells exposed to lipid droplets  containing 
equimolar cholesteryl oleate and triolein. A comparison 
of time courses of hydrolysis for triolein and cholesteryl 
oleate incorporated  into smooth muscle cells  in isotropic 
droplets is  shown  in Fig. 5. It is obvious that, in these 
representative experiments, triglyceride was hydrolyzed 

much faster than  the esterified cholesterol. The extent of 
hydrolysis of triglyceride was sufficient to  demonstrate 
that kinetics of hydrolysis of triglyceride were first order; 
however, this was not obvious for cholesteryl ester where 
the  magnitude of  hydrolysis was much lower. Previous ex- 

Time (h) 
Fig. 2. Uptake of sonicated lipid droplets as  a function of time. Rabbit 
aortic smooth muscle  cells  grown to confluence were incubated with 
sonicated isotropic lipid droplets containing 150 pg per dish esterified 
cholesterol (EC) radiolabeled in the cholesterol moiety. After various in- 
tervals, the monolayers  were  washed and the lipids were extracted and 
quantitated by radioisotope as described in Materials and Methods. 
Data are the mean f standard deviation, n - 4. 
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Fig. 3. Relationship between the mass of lipid incorporated by rabbit 
aortic smooth muscle cells to the mass of lipid pmvided to the cells. Rab- 
bit aortic smooth muscle cells grown to confluence on glass coverslips 
were incubated for 16 hr with increasing amounts of sonicated isotropic 
lipid droplets. Cells were harvested, lipids were extracted, and protein 
contents were determined as described in the text. The uptake of es- 
terified cholesterol (EC) was calculated using the uptake of radiolabeled 
cholesteryl ester and the specific activity of choiesteryl ester in the origi- 
nal droplet preparation. Data points are the mean i standard devia- 
tion, n = 4. 

perience in examining cholesteryl ester hydrolysis in the 
Fu5AH hepatoma cell line (28) had indicated that relative 
hydrolysis cannot be rigorously assessed from individual 
experiments since the rate of hydrolysis is a function of the 
initial lipid content in the cells. For this reason, it was im- 
portant to choose conditions whereby hydrolysis could be 
assessed over a range of initial lipid contents. As large 
numbers of samples were required, it was necessary to 
evaluate hydrolysis using a single time point. The data in 
Fig. 5 suggested that 24-hr data were satisfactory for 
evaluating the hydrolysis of both lipids, and, thus, this 
time point was used in experiments where hydrolysis was 
evaluated from a single time point. 

The data in Fig. 6,  which are compiled from a number 
of experiments wherein cells were loaded with varying 
amounts of lipid, show that the masses of both triglyceride 
and esterified cholesterol hydrolyzed in 24 hr were directly 
related to the initial intracellular concentration of the 
respective lipid. At equivalent cellular concentrations, the 
mass of triglyceride hydrolyzed was 3 to 4 times that of es- 
terified cholesterol. Also shown is the hydrolysis of cho- 
lesteryl oleate from anisotropic droplets (i.e., containing 
only cholesteryl oleate). It is obvious that the amount of 
esterified cholesterol hydrolyzed from isotropic droplets 
was greater than that from anisotropic droplets at all con- 
centrations, indicating that the physical state of the 
droplet influences the rate of hydrolysis of esterified 
cholesterol in smooth muscle cells. In addition, these data 
demonstrate that the physical state of the lipid droplets 
was not critical to uptake since cholesteryl ester in both 
types of droplets was incorporated to similar extents. 

In the experiments described above, ACAT was in- 
hibited with Sandoz 58-035 to allow measurement of the 
absolute rate of cholesteryl ester hydrolysis. To determine 
the potential for esterified cholesterol hydrolysis from 
smooth muscle cells under more physiological conditions, 
i.e., when ACAT was active, experiments similar to those 
described above were performed in the absence of Sandoz 
58-035. In all cases, there was net hydrolysis of cholesteryl 
ester, despite the presence of active ACAT. As shown in 
the inset to Fig. 6, the mass of cholesteryl ester hydrolyzed 
in the absence of Sandoz 58-035 was less, and it appears 
that approximately 30% of the free cholesterol liberated 
by the hydrolysis of cholesteryl ester was reesterified. 

We wished to determine whether the free cholesterol 
generated from esterified cholesterol hydrolysis was avail- 
able for efflux from cells exposed to an acceptor of free 
cholesterol. Smooth muscle cells with isotropic droplets 
were incubated for 24 hr in medium with or without San- 
doz 58-035 in the presence or absence of apoHDUphos- 
phatidylcholine acceptor particles. At the concentration of 
acceptor particles used (500 pg phospholipid/ml), eHux of 
free cholesterol has been shown to be independent of 
acceptor concentration (21). The results presented in 
Table 2 indicate that there was net hydrolysis of esterified 
cholesterol under all conditions. The radiolabeled free 
cholesterol generated w a s  identical when either 58-035 or 
apoHDL/PC acceptor particles were present and was sig- 
nificantly greater than that generated in the absence of 
58-035 and acceptor particles. When acceptors were 
present, approximately one-third of the labeled free 
cholesterol generated by hydrolysis of cholesteryl ester was 
found in the medium. 

DISCUSSION 

The ability of smooth muscle cells in culture to incor- 
porate sonicated lipid droplets of controlled chemical 
composition allowed us to compare the kinetics of hydrol- 

TABLE 1 .  Uptake of droplet esterified cholesterol by smooth 
muscle cells in the presence and absence of serum 

Droplet 
Physical + Serum - Serum 

State (nmol cholesterolhg c e U  protein) 

Anisotropic 
Isotropic 

412 i 114 
144 + 27 

466 * a5 
137 + 31 

Rabbit aortic smooth muscle cells grown to confluence on glass cover 
slips were exposed for 5 hr to anisotropic lipid droplets (150 pg esterified 
cholesterol per dish, n = 5) or isotropic droplets (100 cg esterified 
cholesterol per dish, n = 6) radiolabeled with [3H]cholesteryl oleate in 
either serum-free MEM or MEM with 10% fetal bovine serum. Uptake 
was determined as described in Materials and Methods. Values are the 
mean * standard deviation. Uptake in the presence and absence of serum 
is not statistically different as determined by Student’s t-test. 
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Fig. 4. Change in the isotope ratio of radiolabeled triolein to 
cholesteryl ester in droplets taken up by rabbit aortic smooth muscle 
cells. Rabbit aortic smooth muscle cells grown to confluence were ex- 
posed to sonicated isotropic lpid droplets containing trioleoyl (3H]glyc- 
erol and ['4C]cholesteryl oleate at an isotope ratio of 3.861. At various 
intervals during the exposure to droplets, cells were harvested, and lipids 
were extracted as described in the text. An aliquot of the lipid extract was 
subjected to liquid scintillation counting and the ratio of 3H to I4C was 
determined. Data points are the mean 2 standard deviation, n = 6. 

ysis of esterified cholesterol and triglyceride taken into the 
cells in the same droplets. O u r  initial examinations of the 
time courses of hydrolysis of the two lipid esters revealed 
very different rates of hydrolysis; however, it was impor- 
tant to verify that this difference was not a fortuitous con- 
sequence of the initial masses of lipid in the cells. Compil- 
ing data from several experiments wherein the initial load 
of lipid was varied revealed that the hydrolysis of triglycer- 
ide was indeed much more rapid than that of cholesteryl 
ester at all concentrations studied. In fact, it was not pos- 
sible to study the hydrolysis of triglyceride at levels com- 
parable to the higher cholesteryl ester loads, probably 
because of hydrolysis of the triglyceride during the load- 
ing period as suggested by the experiment illustrated in 
Fig. 5 .  The data for the hydrolysis of cholesteryl esters are 
somewhat different in form from data previously reported 
for the hydrolysis of cholesteryl esters from Fu5AH hepa- 
toma cells (28). In that experimental system, the hydroly- 
sis of cholesteryl esters was linear with time and the rate 
of hydrolysis (mass cleared/unit time) increased linearly 
with the initial cellular content of cholesteryl ester. At any 
given cholesteryl ester content, the fraction of the choles- 
teryl ester cleared was always constant. In the present 
study the rate of hydrolysis of esterified cholesterol by the 
smooth muscle cells was also highly dependent on the ini- 
tial esterified cholesterol content within the cells, yet the 
fractional hydrolysis of the esterified cholesterol was not 
constant and ranged from 7 to 30%. The rate of hydroly- 
sis of TG was also dependent on the initial cellular tri- 
glyceride content, but the dependence of the fractional 
hydrolysis of triglyceride on initial triglyceride content is 

less clear. Values obtained for the hydrolysis of'triglyceride 
compare favorably to those reported for macrophages (29) 
and rabbit aortic smooth muscle cells (30) clearing cm- 
dogenously synthesized triglyceride. The hydrolysis of 
triglyceride by the Fu5AH hepatoma cell line has not 
been examined. 

The reason for the very different rate of hydrolysis of 
neutral lipids, supplied to the cells in the same droplets, 
is not immediately obvious. One  possibility is that the two 
lipids are hydrolyzed by the same enzyme that has differ- 
ent capacities for hydrolyzing cholesteryl esters and tri- 
glycerides. Several intracellular lipases have been charac- 
terized that have the ability to hydrolyze both triglycerides 
and cholesteryl esters, as well as other lipid esters 
(31-33). Two of the best characterized of these are purified 
hormone-sensitive lipase found in adipose tissue (31) and 
purified lysosomal acid lipase (32, 33). However, in both 
cases, the enzymatic activity toward triglycerides is simi- 
lar to that toward cholesteryl esters. A second possibility 
is that the two lipids are hydrolyzed by different enzymes 
that have unique specificities for the individual lipid 
esters. Khoo et al. (34) have reported that 5774 macro- 
phages have a very active triglyceride lipase that appears 
to be distinct from the neutral cholesteryl ester hydrolase 
(35) in the same cells, but neither of these activities has 
been rigorously purified. These are precedents for the ex- 
istence of lipases with a high degree of substrate speci- 
ficity; both lipoprotein lipase and hepatic lipase are potent 

o.2 t 
~ 

6 12 18 24 
Time (h) 

Fig. 5. Time course of hydrolysis of triolein and cholesteryl oleate in 
rabbit aortic smooth muscle cells loaded with sonicated isotropic lipid 
droplets. Confluent monolayers of rabbit aortic smooth muscle cells were 
incubated for 15 hr hith sonicated isotropic lipid droplets (150 p g  es- 
terified cholesterol per dish) that contained either trioleoyl [3H]glycerol 
or [7-3H]cholesteryl oleate. The monolayers were then washed and in- 
cubated as described in the text. At the indicated intervals, cells were 
harvested, and lipids and protein were extracted and quantitated as 
described in Materials and Methods. Initial triglyceride content was 374 
pglmg cell protein and initial cholesteryl ester content was 628 pglmg 
cell protein. The  data for triglyceride hydrolysis (0) are the 
mean 2 standard deviation, n = 4. Data points for cholesteryl ester (8) 
are the mean, n = 4, and the standard deviations for these values are in- 
cludrd within thr plotted point 
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triglyceridases that also display phospholipase activity, yet 
have no cholesteryl ester hydrolase activity (36). 

We were interested in exploring other factors that might 
affect the rate of cholesteryl ester hydrolysis in cells. Small 
and Shipley (37) predicted that the rate of hydrolysis of 
cholesteryl esters from foam cells might be restricted if the 
cholesteryl ester were present in an ordered (anisotropic) 
droplet. Previous work in this laboratory (27, 28) examin- 
ing the hydrolysis of cholesteryl esters from Fu5AH cells 
containing either isotropic (liquid) or anisotropic (liquid 
crystalline) droplets showed that cholesteryl esters were 
cleared more rapidly from cells containing liquid drop- 
lets. In the present study, this also appears to be the case; 
over the entire range of initial cellular cholesteryl ester 
contents, the rate of hydrolysis was always higher €or the 
cells with liquid droplets. Another factor that affects the 
net hydrolysis of cholesteryl esters in cells is the activity 
of ACAT In most of the studies presented in this manu- 
script, ACAT was inhibited; however it was of interest to 
us to examine the influence of ACAT on the net hydrolysis 
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Fig. 6. Hydrolysis of triglyceride and cholesteryl ester by rabbit aortic 
smooth muscle cells as a function of initial cellular content of the respec- 
tive lipids at the start of a 24-hr hydrolysis period. Rabbit aortic smooth 
musde cells grown to confluence on glass coverslips were exposed for 16 
hr to a range of concentrations (25 to 250 pg esterified cholesterol per 
dish) of appropriately radiolabeled sonicated lipid droplets to produce 
cell preparations containing the masses of lipid indicated on the x-axis. 
The cells were incubated an additional 24 hr and the extent of lipid 
hydrolysis was assessed and is shown on the y-axis as mass hydrolyzed 
per 24 hr. Data shown are compiled from two experiments examining 
triglyceride hydrolysis (A),  three experiments examining cholesteryl 
ester hydrolysis from anisotropic (0) droplets, and two experiments ex- 
amining cholesteryl ester hydrolysis from isotropic (.) droplets. The in- 
set shows a replot of the data for hydrolysis of cholesteryl ester from 
isotropic droplets in the presence of 58-035 (m) and a plot of cholesteryl 
ester hydrolysis from the same sets of cells in the absence of 58-035 (0). 
Data points are the mean, n = 4 or 5. The average standard deviation 
for the lipid content data was 10.8% and for the hydrolysis rate data was 
1.2%. 

TABLE 2. Availability for efflux of free cholesterol derived from 
droplet cholesteryl ester 

Conditions 
Medium Monolayer Total 

58-035 Acceptors (pg labeled free cholestetolhng cell protein) 

- - 35.4 i 10.3 25.0 * 12.3 10.5 f 2.1 
+ + 60.6 f 4.2 23.9 i 1.0 36.7 i 5.2 

- 9.4 f 4.9 61.4 i 1.5 52.0 i 3 .3  
+ 57.1 f 2.8 30.3 i 0.6 26.7 i 3.4 

Rabbit aortic smooth musde cells were loaded with sonicated anisotropic 
lipid droplets as described in Materials and Methods and were further 
incubated in MEM with 1.0% BSA for 24 hr in the presence and ab- 
sence of 1 Cg/ml58-035 and in the presence or absence of apoHDL/phos- 
phatidylcholine particles (500 pg phospholipidlml) as indicated. The 
radiolabeled free cholesterol derived from hydrolysis of radiolabeled 
cholesteryl oleate during the 24-hr period was determined in the media 
and in monolayers. Values are mean f standard deviation, n = 6 .  

+ 
- 

of cholesteryl esters. The difference in the apparent cho- 
lesteryl ester hydrolysis in the presence and absence of 
ACAT (Fig. 6) speaks to the presence of a cholesteryl ester 
cycle in smooth muscle cells, although it appears to be 
relatively inefficient. There was net hydrolysis of cho- 
lesteryl ester even when ACAT was active, suggesting that 
ACAT does not esterify all of the free cholesterol gener- 
ated by hydrolysis of cholesteryl esters. This is in contrast 
to data reported for other cell systems wherein ACAT ap- 
peared to maintain essentially constant cellular choles- 
teryl ester levels (10, If) .  It is interesting to note that the 
difference between absolute cholesteryl ester hydrolysis 
(i.e., in the absence of ACAT activity) and net cholesteryl 
ester hydrolysis @e., when ACAT is active) was about 
30% at all initial cellular cholesteryl ester contents. Thus, 
the inefficient recycling was not the result of saturation of 
ACAT, but appeared to be the result of a controlled deliv- 
ery of free cholesterol to the ACAT substrate pool. The 
availability of the labeled free cholesterol for removal from 
the cells by efficient acceptors of free cholesterol (Table 2) 
suggests that this free cholesterol mixes eflkctively with the 
plasma membrane free cholesterol pool. In the absence of 
effective extracellular acceptors, free cholesterol accumu- 
lated in the cells. 

During early development of atherosclerotic plaque, 
there is a significant increase in esterified cholesterol in 
the vessel wall with more modest increases in triglyceride 
and free cholesterol (12, 13). With progression, the pro- 
portion of triglyceride decreases, and there is an increase 
in free cholesterol, often seen as cholesterol monohydrate 
crystals (38). The data obtained in the present study are 
consistent with this pattern. The high capacity of smooth 
muscle cells to mobilize and clear triglyceride is consistent 
with the relatively low contribution of triglyceride in 
plaque. The continuing presence of cholesteryl ester is 
consistent with the apparently low capacity of smooth 
muscle cells to clear this ester, and the presence of free 
cholesterol in the lesion may be a result of an inefficient 
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cholesteryl ester cycle coupled with a spatial inaccessibil- 
ity to  efficient cholesterol acceptors. a 
This work was supported by Program Project Grant HL-22366 
and by Training Grant HL-07443 from the National Heart, 
Lung, and Blood Institute of the National Institutes of Health. 
Manuscript received I1 April 1988 and in reuisedform 22 J u b  1988. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

REFERENCES 

Brown, M. S., and J. L. Goldstein. 1983. Lipoprotein 
metabolism in the macrophage. Annu. Rev. Biochem. 52: 

Fogelman, A. M., I. Shechter, J. Seager, M. Hokom, J. S. 
Child, and P. A. Edwards. 1980. Malondialdehyde altera- 
tion of low density lipoproteins leads to cholesteryl ester ac- 
cumulation in human monocyte-macrophages. Proc. Natl. 
Acad. Sci. USA. 77: 2214-2218. 
Shechter, I., A. M. Fogelman, M.  E. Haberland, J. Seager, 
M. Hokom, and P. A. Edwards. 1981. The metabolism of 
native and malondialdehyde-altered low density lipopro- 
teins by human monocyte-macrophages. J Lipid Res. 22: 

Goldstein, J. L. Y. K. Ho, M. S. Brown, T. L. Innerarity, 
and R. W. Mahley. 1980. Cholesteryl ester accumulation in 
macrophages resulting from receptor-mediated uptake and 
degradation of hypercholesterolemic canine /3-very low den- 
sity lipoproteins. J Biol. Chem. 255: 1839-1848. 
Gianturco, S. H., W. A. Bradley, A. M. Gotto, Jr., J. D. 
Morrisett, and D. L. Peavy. 1982. Hypertriglyceridemic 
very low density lipoproteins induce triglyceride synthesis 
and accumulation in mouse peritoneal macrophages. 
J Clin. Invest. 70: 168-178. 
Zilversmit, D. B. 1976. Role of triglyceride-rich lipoproteins 
in atherogenesis. Ann. NY Acad. Sci 275: 138-144. 
Kruth, H. S., and I). L. Fry. 1984. Histochemical detection 
and differentiation of free and esterified cholesterol in swine 
atherosclerosis using filipin. Exp. Mol. Pathol. 40: 288-294. 
Simionescu, N., E. Vasile, F. Lapie, G. Popescu, and 
M. Simionescu. 1986. Prelesional events in atherogenesis. 
Am. J Pathol. 123: 109-125. 
Wolfbauer, G., J. M. Glick, L. K. Minor, and G. H. Roth- 
blat. 1986. Development of the smooth muscle cell foam 
cell: uptake of macrophage lipid inclusions. Proc. Natl. Acad. 
Sci. USA. 83: 7760-7764. 
Brown, M. S., Y. K. Ho, and J. L. Goldstein. 1980. The 
cholesteryl ester cycle in macrophage foam cells. Continual 
hydrolysis and re-esterification of cytoplasmic cholesteryl 
esters. J. Biol. Chem. 255: 9344-9352. 
Glick, J. M., S. J. Adelman, and G. H. Rothblat. 1987. 
Cholesteryl ester cycle in cultured hepatoma cells. Atheroscle- 
rosis. 64: 223-230. 
Katz, S. S., G. G. Shipley, and D. M. Small. 1976. Physical 
chemistry of the lipids of human atherosclerotic lesions. 
J. Clin. Invest. 58: 200-211. 
Orekhov, A. N., V. V. Tertov, I. D. Novikov, A. V. 
Krushinsky, E. R. Andreeva, V. 2. Larkin, and V. N. Smir- 
nov. 1985. Lipids in cells of atherosclerotic and uninvolved 
human aorta. Exp. Mol. Pathol. 42: 117-137. 
Lentz, B. R., Y. Barenholz, and T. E. Thompson. 1984. A 
simple method for the synthesis of cholesteryl esters in high 
yield. Chem Phys. Lipids. 15: 216-221. 

223-261. 

63-71. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

Ross, A. C., K. J. Go, J. G. Heider, and G. H. Rothblat 
1984. Selective inhibition o f  acyl coenzyme A:cholesterol 
acyltransferase by compound 58-035. J Biol, Chhcm. 259: 

Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total 
lipid extraction and purification. Can. J Biochem. 37: 
911-917. 
McCloskey, H. M., G. H.  Rothblat, and J. M. Glick. 1987. 
Incubation of acetylated low-density lipoprotein with cho- 
lesterol-rich dispersions enhances cholesterol uptake by 
macrophages. Biochim. Biophys. Acta. 921: 320-332. 
Rothblat, G. H. 1974. Cholesteryl ester metabolism in tis- 
sue culture cells. I. Accumulation in Fu5AH rat hepatoma 
cells. Lipidr. 9: 526-535. 
Sokoloff, L., and G. H. Rothblat. 1974. Sterol to phospho- 
lipid molar ratios of L cells with qualitative and quantita- 
tive variations of cellular sterol. Proc. SOL. Exp. Biol. Med. 
146: 1166-1172. 
Hatch, F. T., and R. S. Lees. 1968. Practical methods for 
plasma lipoprotein analysis. Adu. Lipid Res. 6: 1-68. 
Rothblat, G. H., and M. C. Phillips. 1982. Mechanism of 
cholesterol efflux from cells: effects of acceptor structure 
and concentration. J Biol. Chem. 257: 4775-4782. 
Markwell. M. A. K., S. M. Haas, L. L. Bieber, and N. E. 
Tolbert. 1978. A modification of the Lowry procedure to 
simplify protein determination in membrane and lipopro- 
tein samples. Anal. Biochem. 87: 206-210. 
Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Ran- 
dall. 1951. Protein measurement with the Fohn phenol re- 
agent. J. Biol. Chem. 193: 265-275. 
Rothblat, G. H., J. M. Rosen, W. Insull, Jr., A. 0. Yau, and 
D. M. Small. 1977. Production of cholesteryl ester-rich 
antisotropic inclusions by mammalian cells in culture. Exp. 
Mol. Pathol. 26: 318-324. 
Dulbecco, R., and M. Vogt. 1954. Plaque formation and 
isolation of pure lines with poliomyelitis viruses. J Exp. 
Med. 99: 167-182. 
Snow, J. W., H. M.  McCloskey, J. M. Glick, G. H. Roth- 
blat, and M. C. Phillips. 1988. The physical state of cho- 
lesteryl esters deposited in cultured macrophages. Biochemis- 

Adelman, S. J., J. M. Glick, M. C. Phillips, and G. H. 
Rothblat. 1984. Lipid composition and physical state effects 
on cellular cholesteryl ester clearance. J Biol. Chem. 259: 

Glick, J. M., S. J. Adelman, M. C. Phillips, and G. H. 
Rothblat. 1983. Cellular cholesteryl ester clearance: rela- 
tionship to the physical state of cholesteryl ester inclusions. 
J.  Biol. Chem. 258: 13425-13430. 
von Hodenberg, E., J. C. Khoo, D. Jensen, J. L. Witztum, 
and D. Steinberg. 1984. Mobilization of stored triglycerides 
from macrophages as free fatty acids. Arteriosclerosis. 4: 

Stein, 0.: G. A. Coetzee, and Y. Stein. 1981. Metabolism 
of cytoplasmic triacylglycerol in cultured aortic smooth 
muscle cells. Can. J Biochem. 59: 662-667. 
Fredrikson, G., P. Stralfors, N. 0. Nilsson, and P. Belfrage. 
1981. Hormone-sensitive lipase of rat adipose tissue. J Biol. 
Chem. 256: 6311-6320. 
Klemets, R., and B. Lundberg. 1984. Purification of 
lysosomal cholesteryl ester hydrolase from rat liver by 
preparative isoelectric focusing. Lipids. 19: 692-698. 
Imanaka, T., K. Amanuma-Muto, S. Ohkuma, and 
T. Takano. 1984. Characterization of lysosomal acid lipase 

815-819. 

t ~ .  27: 3640-3646. 

13844-13850. 

630-635. 

196 Journal of Lipid Research Volume 30, 1989 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


purified from rabbit liver. J Biocha.  96: 1089-1101. 
34. Khoo, J. C., J. E. Vance, E. M. Mahoney, D. Jensen, E. 

Wancewicz, and D. Steinberg. 1984. Neutral triglyceride 
lipase in macrophages. Arteriosclerosis. 4: 34-40. 

35. Khoo, J. C., E. M .  Mahoney, and D. Steinberg. 1981. Neu- 
tral cholesterol esterase activity in macrophages and its en- 
hancement by CAMP dependent protein kinase. J Biol. 
Chem. 256: 7105-7108. 

36. Jackson, R. L., L. R. McLean, and R. A. Demel. 1987. 

Mechanism of action of lipoprotein lipase and hepatic 
triglyceride lipase. Am. Heart J 113: 551-554. 

37. Small, D. M., and G. G. Shipley. 1974. Physical-chemical 
basis of lipid deposition in atherosclerosis. Science. 185: 
2 2 2 - 2 2 9. 

38. Small, D. M., M.  G. Bond, D. Waugh, M. Prack, and J. K. 
Sawyer. 1984. Physiochemical and histological changes in 
the arterial wall of non-human primates during progression 
and regression of atherosclerosis. J.  Clin. Innest. 73: 
1590-1605. 

Minor, Rothblat, and Glick Lipid hydrolysis by smooth muscle foam cells 197 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

