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Abstract The mass efflux of free and esterified cholesterol 
was studied in skin fibroblasts loaded with cholesterol by in- 
cubation with low density lipoproteins (LDL) isolated from 
normal or hypercholesterolemic cynomolgus monkeys. Cells 
incubated with hypercholesterolemic LDL accumulated 2-3 
times more cholesteryl ester than did cells incubated with the 
same amount of normal LDL. Cholesteryl oleate was the prin- 
cipal cholesteryl ester species to accumulate in cells incubated 
with both normal and hypercholesterolemic LDL. Efflux of 
this accumulated cholesterol was absolutely dependent on the 
presence of a cholesterol acceptor in the culture medium. 
Lipoprotein-deficient serum (LPDS) was the most potent pro- 
moter of cholesterol efflux tested, with maximum efflux oc- 
curring at LPDS concentrations greater than 1.5 mg protein/ 
ml. Upon addition of efflux medium containing LPDS, there 
was a reduction in both the free and esterified cholesterol 
concentration of the cells. Greater than 90% of the cholesteryl 
esters that were lost from the cells appeared in the culture 
medium as free cholesterol, indicating that hydrolysis of cho- 
lesteryl esters preceded efflux. Efflux was not inhibited by 
chloroquine, however, suggesting a mechanism independent 
of lysosomes. Loss of cellular free cholesterol was maximum 
by 6 hr and changed very little thereafter up to 72 hr. Cho- 
lesteryl ester loss from cells decreased in a log linear fashion 
for efflux periods of 6-72 hr, with an average half-life for 
cholesteryl ester efflux of 30 hr, but with a range of 20-50 
hr, depending upon the specific cell line. The rate of efflux 
of cellular cholesteryl esters was similar for cells loaded with 
normal or hypercholesterolemic LDL. In cells loaded with 
cholesteryl esters, cholesterol synthesis was suppressed and 
cholesterol esterification and fatty acid synthesis were en- 
hanced. During efflux, cholesterol synthesis remained maxi- 
mally suppressed while cholesterol esterification decreased for 
the first 24 hr of efflux, then plateaued at a level approximately 
5-fold higher than control levels, while fatty acid synthesis was 
slightly stimulated. There was little difference in the rate of 
effiux of individual cholesteryl ester species. There was, how- 
ever, the suggestion that reesterification of cholesterol prin- 
cipally to palmitic acid occurred during efflux.l Since the 
rate of cellular cholesteryl ester efflux was similar regardless 
of whether the cells had been loaded with cholesterol by in- 
cubation with normal LDL or hypercholesterolemic LDL, the 
greater accumulation of cholesterol in cells incubated with 
hypercholesterolemic LDL cannot be explained by differences 
in rates of efflux.-&. Clair, R. W., and M. A. Leight. Cho- 
lesterol efflux from cells enriched with cholesteryl esters by 
incubation with hypercholesterolemic monkey low density li- 
popr0tein.J. Lzpid Res. 1983. 24: 183-191. 
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Previous studies from our  laboratory (1-4) and oth- 
ers (5-7) have shown that whole hypercholesterolemic 
serum or  low density lipoproteins (LDL) isolated from 
hypercholesterolemic serum promotes enhanced cho- 
lesterol accumulation in cells in culture relative to the 
same concentration of normal serum or LDL. The  
mechanism of this enhanced cholesterol accumulation 
is unclear but is probably the result of several factors 
related to the abnormal composition of the hypercho- 
lesterolemic LDL. These LDL are larger than normal 
LDL due principally to an increased number of choles- 
teryl ester molecules per LDL particle (8-10). In ad- 
dition, these abnormal LDL have an increase in the 
number of molecules of free cholesterol, phospholipid, 
and protein in the surface of the particle in order to 
cover the larger sphere. These abnormal LDL bind to 
LDL receptors on the surface of cells and are internal- 
ized and degraded by mechanisms apparently identical 
to normal LDL (3, 6). The  cholesterol delivered to  the 
cell acts normally to downregulate the synthesis of cho- 
lesterol and LDL receptors and to enhance cholesterol 
esterification (2, 4, 1 1 ,  12). In addition to the increased 
content of cholesteryl esters per particle of hypercho- 
lesterolemic LDL, there is a profound change in the 
fatty acid composition of these cholesteryl esters, being 
enriched in cholesteryl oleate relative to normal LDL, 
in which cholesteryl linoleate is the predominant cho- 
lesteryl ester species (1 0 ,  13). 

The  purpose of the present study was to determine 
if this difference in cholesteryl ester fatty acid compo- 
sition of hypercholesterolemic LDL was reflected in 
differences in the cholesteryl ester composition of cells 

Abbreviations: LDL, low density lipoproteins; LPDS, lipoprotein- 
deficient serum; Hepes, 4-(2-hydroxyethyI)-l-piperazineethanesuI- 
fonic acid; DTNB, 5,5’-dithiobis-(2-nitrobenzoic acid); LCAT, leci- 
thin:cholesterol acyltransferase; GLC, gas-liquid chromatography; 
ACAT, acyl CoA:cholesteryl acyltransferase; NLDL, normal low den- 
sity lipoprotein; HLDL, hypercholesterolemic low density lipoprotein. 
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incubated with this abnormal LDL, and if the resulting 
differences in the concentration or composition of cel- 
lular cholesteryl esters resulted in differences in cellular 
cholesteryl ester efflux. If such differences in cholesteryl 
ester efflux were present, then it might provide a partial 
explanation for the greater ability of hypercholesterol- 
emic LDL to promote cellular cholesteryl ester accu- 
mulation relative to normal LDL. 

MATERIALS AND METHODS 

Cells and experimental protocol 
Skin fibroblasts and aortic smooth muscle cells were 

grown from tissue explants from adult rhesus (Macaca 
mulatta) and cynomolgus (M.  fascicularis) monkeys using 
procedures identical to those described previously (1). 
Normal human skin fibroblasts (Cat. No. GM-41) were 
obtained from the Human Genetic Mutant Cell Reposi- 
tory, Camden, NJ. The  basal tissue culture medium 
used for these studies consisted of Eagles' minimum 
essential medium (Auto-Pow) supplemented with twice 
the normal concentration of vitamins (Eagles' vitamins), 
200 mM L-glutamine, 1.5 mg a-D (+)-ghcose/ml, 23 
mM sodium bicarbonate, 100 IU penicillin/ml, and 100 
mg streptomycin/ml. Cells were routinely grown in 75- 
cm2 flasks using this basal medium to which was added 
10% fetal bovine serum for human cells and 10% calf 
serum for the monkey cells. For experiments, cells were 
dissociated from the flasks with 0.05% trypsin and 
0.02% ethylenediaminetetraacetate (EDTA), trans- 
ferred to 60-mm dishes and grown to confluency. The  
cells were then washed with phosphate-buffered saline 
(3) and incubated with the basal culture medium con- 
taining 20 mM 4-(2-hydroxyethyl)- 1 -piperazineethane- 
sulfonic acid (Hepes) and 2.5 mg/ml of lipoprotein-de- 
ficient calf serum (LPDS). The  LPDS was prepared as 
described previously (1). After 48-72 hr the cells were 
loaded with cholesterol by incubation with fresh tissue 
culture medium containing 20 mM Hepes, 2.5 mg/ml 
LPDS, and 50 pg LDL protein/ml. Hereafter, this will 
be referred to as the loading medium. After 24 hr  the 
culture medium was poured off and the cells were 
washed three times with phosphate-buffered saline. A 
subgroup of dishes was harvested in order to determine 
the amount of cholesterol that had accumulated during 
the loading phase of the experiment. To the remaining 
cells were added the basal medium containing 20 mM 
Hepes and the various concentrations of LPDS used to 
promote efflux. This will be referred to hereafter as the 
efflux medium. Cells were incubated for up to 72 hr  
with the efflux medium, the medium was removed, the 
cells were washed three times with phosphate buffered 
saline, removed from the dishes with trypsin-EDTA, 

and washed again with phosphate buffered saline. T h e  
cells were stored frozen (-20OC) prior to being analyzed 
for cholesterol content or radioactivity. Results are ex- 
pressed per mg cell protein. Similar results, however, 
were obtained if expressed per dish since there was no 
further growth of these confluent cultures when incu- 
bated for up to 7 2 hr with the efflux medium containing 
LPDS. 

Lipoprotein isolation 
LDL used in the loading medium was isolated from 

the pooled plasma of the same normal and hypercho- 
lesterolemic cynomolgus monkeys described previously 
(3). The  LDL was isolated by the combined ultracen- 
trifugal and agarose column procedure (3). The  only 
modification of this previous method was that 53-di-  
thiobis-(2-nitrobenzoic acid) (DTNB) (0.4 mg/ml) was 
added to the tube in which blood was collected in order 
to inhibit 1ecithin:cholesterol acyltransferase (LCAT) 
activity. The  DTNB was separated from the LDL dur- 
ing agarose chromatography. 

The  molecular weight of the LDL used in these stud- 
ies averaged 2.82 * 0.07 (S.D.) X lo6 from ten sepa- 
rately isolated batches of normal LDL, and 3.83 st 0.18 
X lo6 from eight separately isolated batches of hyper- 
cholesterolemic LDL. 

LDL was labeled in vitro with [ 1 ,2-3H]cholesterol 
using a modification of the procedure described pre- 
viously (1). For this, 100 pCi of [ 1 ,2-3H]cholesterol (54 
Ci/mmol, Amersham), dissolved in 100 pI of acetone, 
was added to 4 mg of LDL protein dissolved in 40 ml 
of basal culture medium. This mixture was incubated 
overnight at 37°C and sterilized by filtration through 
a 0.45-pm Millipore filter. 

Analyses 
Cellular free and esterified cholesterol contents were 

determined by gas-liquid chromatography (GLC) as 
described previously (3). The  protein content of cells 
and lipoproteins was determined by the method of 
Lowry et al. as modified by Kashyap, Hynd, and Ro- 
binson (1 4) using bovine serum albumin as the standard. 
Lipoprotein molecular weight and composition were 
determined as described previously (2). Sterol synthesis 
was determined by measuring the incorporation of ra- 
diolabeled acetate into sterols (1 2). Cholesterol esteri- 
fication was determined by measuring the esterification 
of [ l-'4C]oleate to cholesterol as described previously 
(1). All radioactivity determinations were counted to a 
2 sigma error of <2% using a Beckman LS-230 liquid 
scintillation counter. An external standard channels ra- 
tio method was used to correct for quenching. 

The  fatty acid composition of cholesteryl esters from 
cells and LDL was determined as follows. Total lipids 
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were extracted using the method of Bligh and Dyer (1 5) 
and the cholesteryl esters were separated by thin-layer 
chromatography as described previously (2). The cho- 
lesteryl esters were saponified for 1 hr at 60°C and the 
neutral lipids were extracted with redistilled Skellysolve 
B (Getty Oil Co., Tulsa, OK). The remaining aqueous 
phase was acidified to pH 2 with HCI and the fatty acids 
were extracted with Skellysolve B. This fraction was 
evaporated to dryness under N2 at 45°C and the methyl 
esters were formed using BF,-methanol (Applied Sci- 
ence Labs). Fatty acids were separated by GLC in 6', 2 
mm ID glass columns packed with 10% EGSS-X on 
100/120 Gas Chrom P (Applied Science) essentially as 
described previously (1 6) except that separations were 
carried out using a Bendix 2500 Chromatograph at a 
column temperature of 2 15"C, inlet temperature of 
190°C, and detector temperature of 2 15°C. Nitrogen 
was the carrier gas at 50 ml/min. Individual fatty acids 
were quantified using a Columbia Scientific, Model 38, 
digital integrator. The micrograms of individual cho- 
lesteryl esters were calculated by multiplying the total 
cellular cholesteryl ester content (esterified cholesterol 
X 1.7) by the percentage of individual fatty acids as 
measured by GLC. 

RESULTS 

The effect of LPDS concentration on cholesterol and 
cholesteryl ester efflux is shown in Fig. 1. LPDS isolated 
from calf serum as well as rhesus monkey plasma gave 
similar results. There was very little depletion of cellular 
cholesterol when no LPDS was added to the efflux me- 
dium. Instead, there appeared to be some hydrolysis of 
cellular cholesteryl esters as seen by the approximate 
20% increase in the free cholesterol content with an 
equivalent decrease in cholesteryl ester content. There 
was little change in total cholesterol content, however. 
LPDS markedly stimulated the depletion of cellular free 
and esterified cholesterol. In this experiment about 30% 
of the free cholesterol of the loaded cells was lost in the 
first 24 hr with very little additional depletion of free 
cholesterol occurring after 48 and 72 hr. Cholesteryl 
esters, however, continued to be lost from the cells for 
the entire 72 hr of the experiment. With calf serum 
LPDS there was little evidence of an LPDS concentra- 
tion effect on free or esterified cholesterol efflux during 
the first 24 hr. After 24 hr, however, cells incubated 
with the low concentration of LPDS (0.5 mg/ml) 
showed consistently less efflux than did cells incubated 
with the higher concentrations of LPDS. This effect was 
even more pronounced with the monkey LPDS. Since 
efflux proceeeded at a similar rate with 1.5 and 2.5 mg 
LPDS/ml it appeared that 2.5 mg LPDS/ml was a con- 

Calf Serum LPDS Monkey Serum LPDS 
L Free Cholesterol 

M 0.5mghl  LPDS 
w---a 1.5mg/ml LPDS 

40 - 5 . -  
2 20- 

3 0 - "  
B 
' b -  

Cholesteryl Esters 

40 t 

, I  I I I L 
40 72 6 12 24 48 72 

Efflux Time (hrs) 

Fig. 1. Effect of lipoproteindeficient serum (LPDS) concentration on 
cellular cholesterol efflux. Human skin fibroblasts were grown to con- 
fluence and incubated for 48 hr with basal medium containing LPDS. 
The cells were then loaded with cholesterol by incubation for 24 hr 
with 50 pg protein/ml of [3H]cholesterol-labeled hypercholesterol- 
emic LDL. After 24 hr, four dishes were harvested and analyzed for 
free and esterified cholesterol radioactivity. These loaded values av- 
eraged 949,100 ? 15,600 (SEM) and 107,650 k 3,700 dpm/mg pro- 
tein for free and esterified cholesterol, respectively, and were set at 
100% for the O-time values on the ordinate. The remaining cells were 
incubated for up to 72 hr with efflux medium containing 0, 0.5, 1.5, 
or 2.5 mg protein/ml of LPDS isolated from calf serum or normo- 
cholesterolemic rhesus monkey plasma. After the indicated efflux pe- 
riod, cells were harvested and analyzed for free and esterified choles- 
terol radioactivity. Results are the mean of duplicate cultures. 

centration sufficient to promote a maximum rate of cho- 
lesterol efflux. As a result, we used 2.5 mg LPDS/ml 
in subsequent experiments where we did not want efflux 
to be limited by the amount of acceptor in the efflux 
medium. 

In preliminary experiments (data not shown), using 
cells loaded with [3H]cholesterol-labeled LDL, we con- 
firmed the results of others (17, 18) that virtually all 
(>go%) of the cholesterol that was lost from the cell 
during the efflux phase of the experiment could be re- 
covered in the efflux medium as free cholesterol. Similar 
results were obtained with normal and hypercholester- 
olemic LDL and suggest that cellular cholesteryl esters 
must first be hydrolyzed to free cholesterol before efflux 
from the cell. Also consistent with the results of others 
(1 7), efflux of cholesteryl esters was found to be unaf- 
fected by chloroquine, suggesting that lysosomal path- 
ways are not involved in the efflux process (data not 
shown). 

Fig. 2 summarizes the results of five separate exper- 
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0-Time Chol. Content 

NLDL - Key 

Cell Line N FC EC FC EC NLDL HLDL 
pg/mg protein 

Rh SF 404 3 44.7 12.5 49.6 21.4 0 S 

Rh SMC 507 3 34.8 4.6 34.8 5.3 A 6 

GM - 41 2 - - 65.4 26.6 04 44 

Rh SF 424 5 44.8 34.1 50.7 69.0 0 

t,,2Z30 hr 

0 6  24 48 
Efflux Time (hrs.) 

Fig. 2. Efflux of cholesterol from cells loaded with cholesterol by 
incubation with normal (NLDL) or hypercholesterolemic (HLDL) low 
density lipoprotein. Cells were grown to confluence and incubated for 
48 hr with basal medium containing LPDS. For this study, four dif- 
ferent lines of cells were used: two rhesus monkey skin fibroblast lines 
(Rh SF 404, Rh SF 424); one rhesus monkey smooth muscle cell line 
(Rh SMC 507); and a human skin fibroblast line (GM-41) for which 
the results of two experiments are included. The cells were then loaded 
with cholesterol by incubation with 50 fig protein/ml of normal 
(NLDL) or hypercholesterolemic (HLDL) low density lipoproteins. 
After 24 hr a group of cells was harvested and analyzed for free and 
esterified cholesterol mass by GLC. These values for the loaded cells 
are indicated above and expressed as 100% for the 0-time value on 
the ordinate. The remaining cells were incubated for up to 48 hr with 
efflux medium containing 2.5 mg protein/ml of LPDS. After the in- 
dicated efflux period, cells were harvested and analyzed for free and 
esterified cholesterol content. Results are the mean of two to fivc 
replicate cultures as indicated above. The line represents the best fit 
using all of the points. 

iments using four different cell lines in which the rel- 
ative rates of cholesterol and cholesteryl ester efflux 
were compared in the same cells loaded with cholesterol 
by incubation with either normal or hypercholesterol- 
emic LDL. In all cell lines the free cholesterol mass 
decreased by 5-1596 from the loaded value by 6 hr of 
efflux, and changed very little thereafter up to 48 hr. 
Cellular cholesteryl ester depletion showed considerable 
variability among the cell lines, but conformed best to 
a log linear rate of efflux with an average half-life of 
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approximately 30 hr when considering all cell lines, but 
ranging from a low of approximately 20 hr to a high 
of 50 hr for individual cell lines. The differences in 
cholesteryl ester depletion rates were a function of the 
cells themselves since there were no consistent differ- 
ences in the rates of cholesteryl ester removal from 
the same cells loaded with either normal or hypercho- 
lesterolemic LDL. 

It is well documented that sterol synthesis is inhibited 
following enrichment of cellular cholesterol content af- 
ter incubation with LDL. The purpose of the experi- 
ment summarized in Fig. 3 was to determine whether 
sterol synthesis remained suppressed during efflux as 

Cholesterol Content 

2ot 

LPDS 06 24 48 72 

Sterol Synthesis 
.s 40,000~C 
P 

LPDS 48hr. 
HLDL 24hr. 

c. 2.5 mg/ml LPDS 

e 30,000 

\ 

I 1 I 1  
LPDS 0 6  24 48 72 

Efflux Time (hrs) 

Fig. 3. Sterol synthesis during cholesterol efflux from cells previously 
loaded with cholesterol. Human skin fibroblasts were grown to con- 
fluence and incubated for 48 hr with basal medium containing LPDS. 
The cells from three dishes were harvested and analyzed for sterol 
synthesis and cholesterol mass and are represented above as LPDS. 
The remaining cells were incubated for 24 hr with 50 pg protein/ml 
of hypercholesterolemic low density lipoprotein (HLDL) and three 
dishes were harvested and analyzed for sterol synthesis and cholesterol 
mass. Sterol synthesis was measured after pulse-labeling the cells for 
2 hr with [l-'4C]acetate. Cholesterol mass was determined by GLC. 
Results are indicated above as 0-time. The remaining cells were in- 
cubated for up to 72 hr with efflux medium containing either no LPDS 
or 2.5 mg/ml LPDS. After the indicated efflux period, cells were 
harvested and analyzed for free and esterified cholesterol content 
(panels A and B) and for sterol synthesis (panel C). For the efflux 
periods, results are the mean of duplicate cultures. 
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well. As was expected, sterol synthesis was inhibited ap- 
proximately 90% after 24 hr  of incubation with hyper- 
cholesterolemic LDL during the loading phase. Sterol 
synthesis remined suppressed throughout the entire 72- 
hr period of efflux even after cellular cholesteryl ester 
content had returned to near normal levels, suggesting 
that the free cholesterol generated from the hydrolysis 
of the cholesteryl esters was effective in suppressing en- 
dogenous sterol synthesis. 

In a separate experiment we also measured the 
changes in fatty acid synthesis and cholesterol esterifi- 
cation during efflux (Fig. 4). Panels A and B show the 
changes in free and esterified cholesterol content during 
efflux in the presence or absence of LPDS in the efflux 
medium. Panels C and D show the changes in choles- 
terol esterification and total fatty acid synthesis of the 
same cells. As expected, cholesterol esterification was 
low in cells depleted of cholesterol by incubation of 72 
hr with LPDS, but increased more than 15-fold after 
24 hr  incubation with hypercholesterolemic LDL (Fig. 
4C). This was associated with a greater than 25-fold 
increase in cellular cholesteryl ester content. Efflux in 
the presence of LPDS was accompanied by a marked 
decrease in both cellular cholesteryl ester content and 
in the rate of cholesterol esterification. By 24 hr  the 
rate of esterification had plateaued at a rate still some 

LPDS 
HLDL 24 hrs - 2.5 mg/ml LPDS . 2 . 10- I, A--* Omg/ml LPDS 

1 
F 

18 ' ' Esterified Cholesterol 

n 

0- 
LPDS 036 24 40 72 

' I '  I I I 

5-fold higher than the initial preloaded LPDS rate. In 
the absence of LPDS there was no loss of cellular cho- 
lesterol, but there was a decrease in the rate of choles- 
terol esterification to a plateau at about twice the rate 
seen in the LPDS efflux groups. This decrease probably 
reflects the absence of LDL cholesterol entry. The  level 
of esterification remained higher, however, than when 
efflux was stimulated with LPDS. This may be due to 
the continuous hydrolysis and reesterification of free 
cholesterol, whereas in the presence of LPDS much of 
the hydrolyzed cholesterol is lost from the cell. 

In the same cells thcre was a %fold increase in fatty 
acid synthesis after cholesterol loading (Fig. 4D). This 
rate remained relatively constant upon efflux for 72 hr 
in the presence of LPDS. Without LPDS, there was a 
drop in the rate of fatty acid synthesis for the first 6 hr 
of efflux followed by a stimulation to rates approxi- 
mately twice that of the loaded cells. Greater than 80% 
of these newly synthesized fatty acids were esterified, 
with phospholipids accounting for 50%, triglycerides 
17%, and cholesteryl esters 11% in the loaded cells. 
Where increases in fatty acid synthesis occurred upon 
efflux, the bulk of these fatty acids were esterified to 
phospholipids (data not shown). 

The  concentration of individual cholesteryl esters 
accumulating in cells incubated with normal or hyper- 

3 
d 4.01 C Cholesterol Esterification 

q I .P 

0 4  

3 0.81 1.2 

/ '\* 
A' 

1 
-6 - I  1 / /- 

LPDS 036 24 48 7: 
E f f l u x  Time (hrs) 

Fig. 4. Changes in cellular cholesterol content, fatty acid synthesis and cholesterol esterification during efflux. 
Skin fibroblasts from cynomolgus monkeys were incubated for 72 hr with the basal medium containing LPDS. 
Duplicate cultures were analyzed for cholesterol content, cholesterol esterification, and fatty acid synthesis and 
these results are represented above as LPDS. The remaining cells were incubated for 24 hr with 50 pg protein/ 
ml of hypercholesterolemic LDL. A subgroup was removed for analysis after this loading phase and is represented 
as the 0-time point. The remainder of the cells were incubated with culture medium only, or with efflux medium 
containing 2.5 mg/ml of calf serum LPDS for the indicated times. At these times, one group of cells was pulse- 
labeled for 2 hr with [l,-'4C]acetate and another group with [l-'4C]oleate. These cells were harvested for 
determination of fatty acid synthesis and cholesterol esterification. Results are the mean of duplicate cultures 
for all of the efflux times and the mean of four replicate cultures for the LPDS and 0-time samples. 
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TABLE 1 .  Concentration of individual cholesteryl esters in monkey skin fibroblasts 
incubated with normal or hypercholesterolemic LDL 

Fattv Acids (Carbon No:Double Bonds) 

16:O 18:O 18:l 18:2 20:4 Unidentified 

~ l m g  cell profpin 

Cellular cholesteryl esters 
Control 2.6 1 . 1  0.76 0.1 1 ND 
NLDL 4.1 7.1 17.7 6.6 1.6 
HLDL 9.8 7.9 22.7 3.7 1.8 

% o f l o f d f a t t y  acids 

LDL fatty acids 
NLDL 12.0 4.7 23.8 50.8 2.4 6.3 
HLDL 9.4 3.6 38.7 39.4 3.5 5.4 

Confluent T-75 flasks of skin fibroblasts from cynomolgus monkeys were incubated for 48 hr with 
LPDS-containing medium, then for an additional 24 hr with culture medium containing 50 pg protein/ 
ml of normal (NLDL) or hypercholesterolemic (HLDL) low density lipoprotein. Control cells were main- 
tained on medium containing calf serum prior to analysis. Results are the mean from duplicate flasks 
(duplicates differed by less than 5%) and duplicate analyses of the lipoproteins. The free and esterified 
cholesterol content of the cells were 52.8 and 23.7 pg/mg cell protein, respectively, for cells incubated 
with NLDL; 57.1 and 32.6 Wg/mg cell protein, respectively, for cells incubated with HLDL; and 33.3 
and 4.2 &mg cell protein, respectively, for control cells maintained on growth medium containing 10% 
calf serum. The micrograms of individual cellular cholesteryl esters were calculated by multiplying the 
total cellular cholesteryl ester content (esterified cholesterol X 1.7) by the percentage of individual esters 
as measured by GLC. 

ND = none detected. 

cholesterolemic LDL is shown in Table 1. As has been 
described previously (10, 13), the cholesteryl ester fatty 
acid composition of normal and hypercholesterolemic 
LDL differ substantially, with normal LDL being en- 
riched in cholesteryl linoleate while hypercholesterol- 
emic LDL is enriched in cholesteryl oleate. As shown 
in Table 1, the LDL cholesteryl esters used in this ex- 
periment exhibited a similar pattern of altered fatty acid 
composition. In cells incubated with either normal or 
hypercholesterolemic LDL, cholesteryl oleate repre- 
sented the major cholesteryl ester species that accu- 
mulated. Relative to cells incubated with normal LDL, 
however, the cells incubated with hypercholesterolemic 
LDL contained more cholesteryl oleate and less choles- 
teryl linoleate. 

The relative efflux rates of individual cholesteryl es- 
ters are shown in Fig. 5. The patterns of efflux were 
similar for cells loaded with cholesteryl esters by incu- 
bation with either normal or hypercholesterolemic 
LDL. It should be pointed out, however, that the total 
amount of cholesteryl ester accumulation was not as 
great as for the experiment shown in Table 1 and 
whether a similar pattern of depletion of individual cho- 
lesteryl esters would occur in cells loaded with larger 
amounts of cholesteryl esters is unknown. After 6 hr of 
efflux there was a rapid decline in the content of the 
18:O and 18: 1 fatty acid cholesteryl esters with an as- 
sociated increase in the 14:O and 16:O fatty acid cho- 
lesteryl esters. Thereafter, there was a decline in the 

concentration of the 16:0 fatty acid species. The con- 
centration of 18:2 fatty acid cholesteryl esters that ac- 
cumulated in the cells during the loading phase was too 
low to measure accurately, thus we did not attempt to 
quantify the efflux rate of the 18:2 fatty acid species. 

DISCUSSION 

Numerous studies have shown that cellular free cho- 
lesterol can exchange with cholesterol from a variety of 
sources including lipoproteins, biological membranes, 
and artificial vesicles. In addition, net amounts of cho- 
lesterol can be lost from cells or membranes to an ap- 
propriate acceptor in the surrounding milieu, resulting 
in depletion of membrane cholesterol (see Ref. 19 for 
recent review). Only a relatively few studies, however, 
have evaluated the characteristics of efflux of choles- 
terol from cells that have been enriched with cholesteryl 
esters. 

Using a variety of cell types in which cellular choles- 
terol accumulation was induced by incubation with LDL 
or acetyl LDL (20-22) or LDL plus chloroquine (23- 
25), it has been shown that the accumulated cholesterol 
can be lost from cells to an appropriate acceptor in the 
culture medium. There is little information from these 
previous studies, however, on the effect of the efflux of 
the accumulated cholesterol on cellular cholesterol syn- 
thesis or esterification. In a similar manner, there is no 
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published information on whether differences exist in 
the characteristics of cholesterol efflux from cells loaded 
with cholesterol by prior incubation with the abnormal 
hypercholesterolemic LDL. 

Consistent with results shown previously by others 
(2 1, 26), cholesterol efflux demonstrated an absolute 
requirement for the presence of a cholesterol acceptor 
in the efflux medium. Within the first 6-24 hr after 
addition of the efflux medium, 10-30% of the accu- 
mulated cellular free cholesterol was lost, with little ad- 
ditional depletion of free cholesterol occurring with 
time for up to 72 hr as long as cellular cholesteryl ester 
stores were not fully depleted. Cellular cholesteryl ester 
content decreased for up to 72 hr after addition of the 
efflux medium. This decrease was log linear, suggesting 
that the rate of efflux is concentration-dependent, with 
the greatest rate occurring when cellular cholesteryl 
ester concentrations are highest. Similar results have 
been obtained in macrophages loaded with cholesteryl 
esters by phagocytosis (27). We cannot exclude the pos- 
sibility that the initial rate of efflux measured over the 
first few hours may be linear as suggested by others (22, 
28). Greater than 90% of the cholesterol lost from the 
cells could be accounted for in the efflux medium with 
virtually all of this occurring as free cholesterol. This 
is consistent with results by others using a variety of cell 
types (17, 22). Consequently, it appears that soon after 
addition of the efflux medium, cellular free cholesterol 
is lost to the LPDS acceptor. The extent of free cho- 
lesterol depletion is limited, however, perhaps due to 
the requirements of cell membranes for adequate 
amounts of cholesterol for normal membrane function, 
as has been described for red blood cell membranes 
(29). Since free cholesterol is the only form by which 
cholesterol effluxes from the cell, and since cholesterol 
synthesis remains suppressed, it is apparent that cho- 
lesteryl ester hydrolysis must occur prior to the efflux 
of the accumulated cholesteryl esters. In macrophages, 
cholesteryl ester hydrolysis and reesterification appear 
to occur in a continuous cycle (17). In the absence of 
a cholesterol acceptor in the medium, cholesteryl esters 
are continuously being hydrolyzed and reesterified 
without loss of cholesterol from the cell. In the presence 
of an acceptor, however, the free cholesterol that is gen- 
erated is lost from the cell. Although in the present 
study we have no direct evidence of such a cycle oc- 
curring in the absence of the LPDS acceptor, the con- 
tinual enhancement of cholesterol esterification during 
the efflux phase (relative to cholesterol depleted cells) 
is consistent with such a mechanism. Furthermore, in 
the presence of LPDS the temporal sequence of deple- 
tion of free and esterified cholesterol suggests that the 
free cholesterol generated from the hydrolysis of cho- 
lesteryl esters is first transferred to cell membranes prior 
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Fig. 5. Accumulation and removal of individual cholesteryl esters 
from skin fibroblasts loaded with cholesterol by incubation with normal 
or hypercholesterolemic LDL. Cells were incubated for 48 hr with 
LPDS, then for 24 hr with 50 rg/ml of normal or hypercholesterol- 
emic LDL. A subgroup was analyzed for cholesteryl ester content after 
the loading phase and represents the 0-time point. The remainder of 
the cells were incubated with 2.5  mg/ml of calf serum LPDS for the 
indicated times and the efflux of the individual cholesteryl esters was 
measured. Individual cholesteryl ester concentrations were calculated 
from the total cholesteryl ester content as measured by GLC and the 
cholesteryl ester fatty acid composition was measured at each time 
point. Results are the mean of duplicate determinations. The 14:O 
concentration was not included for the normal LDL 0-time sample 
due to the low concentrations of 14:O that made quantification un- 
reliable. The lines represent the best fit for all of the points for each 
of the cholesteryl ester species. Cholesteryl ester fatty acids are des- 
ignated as number of carbon atoms:number of double bonds. 

to being lost from the cell, which would account for the 
lack of further free cholesterol depletion after the initial 
6-24 hr of efflux. As was true for macrophages (17) 
and aortic smooth muscle cells (30), the hydrolysis of 
the accumulated cellular cholesteryl esters does not ap- 
pear to be carried out in the lysosomes as evidenced by 
the failure of chloroquine to alter the rate of efflux. In 
addition, the free cholesterol generated from choles- 
teryl ester hydrolysis during efflux apparently equili- 
brates with the regulatory pool of cellular cholesterol, 
since endogenous cholesterol synthesis remains maxi- 
mally suppressed throughout the entire efflux period. 
Thus, it appears that when cells are stimulated to lose 
cholesterol, they respond differently depending on 
whether they contain stores of cholesteryl esters. If the 
cells are not enriched with cholesteryl esters, cholesterol 
synthesis is stimulated to compensate for the lost cho- 
lesterol, and measurement of cellular cholesterol deple- 
tion will underestimate total cellular cholesterol loss by 
the amount contributed to by synthesis (28). As shown 
in the present study, if the cells have been loaded with 
cholesteryl esters, cholesterol synthesis is not stimulated 
and the free cholesterol lost to efflux is instead replaced 
by cholesterol from hydrolyzed cholesteryl esters. 

As mentioned previously, the LPDS was added to the 
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efflux medium in excess so as not to limit efflux. Thus, 
the wide range of differences in the rate of cellular cho- 
lesterol depletion among cell lines cannot be readily 
explained by rate-limiting amounts of cholesterol ac- 
ceptor, but instead is probably due to differences in the 
cells themselves. Phillips et al. (28) have suggested that 
in the presence of excess acceptor, processes such as the 
rate of dissociation of cholesterol from the plasma mem- 
brane into the surrounding aqueous milieu may control 
the rate of loss of cholesterol from the cell. Other cel- 
lular processes, such as the rate of cholesteryl ester hy- 
drolysis, the rate of transfer of the generated free cho- 
lesterol from the site of hydrolysis to the plasma mem- 
brane, etc., have also been suggested to  explain 
differences in rate of efflux among cells (22). It is not 
possible from the present study to distinguish among 
these possibilities. 

After uptake of LDL by cells in culture, the LDL and 
its component cholesteryl esters are directed to  the ly- 
sosomes where the cholesteryl esters are hydrolyzed by 
a lysosomal cholesteryl ester hydrolase (31, 32). The  
free cholesterol that is generated is rapidly reesterified 
in the endoplasmic reticulum by the enzyme acyl 
CoA:cholesterol acyltransferase (ACAT) (33). T h e  res- 
terification of cholesterol by ACAT occurs preferen- 
tially with oleic acid. As a result, if the cholesteryl esters 
that accumulate in the cells are the result of reesteri- 
fication of cholesterol that has already been through the 
lysosomes, one would expect them to be enriched with 
cholesteryl oleate relative to the original LDL. Based 
on the marked enrichment of cellular cholesteryl esters 
with oleic acid and the paucity of cholesteryl linoleate, 
we would conclude that the bulk of the cellular choles- 
teryl esters that accumulate with both normal and hy- 
percholesterolemic LDL are the result of resynthesis by 
ACAT. 

Because the cholesteryl esters that accumulated in 
cells incubated with either normal or hypercholesterol- 
emic LDL were similar in composition, it is perhaps not 
surprising that for the same cell line the rate of choles- 
teryl ester depletion was similar as well. This similarity 
in efflux rate was also seen in the depletion of several 
of the individual cholesteryl ester species (Fig. 5). Cho- 
lesteryl stearate and oleate were lost from the cells at 
similar rates, which is consistent with previous studies 
by others (34, 35). An unexpected finding, however, 
was the absolute increase in concentrations of choles- 
teryl palmitate, and to some extent cholesteryl myris- 
tate, after 6 hr  of efflux, and the linear rather than 
curvilinear shape of the efflux curve for these choles- 
teryl ester species. As shown in Fig. 4, de novo fatty 
acid synthesis is stimulated approximately 3-fold in cells 
that are accumulating cholesteryl esters during the load- 
ing phase of the experiment. Since palmitic acid is the 

principal product of de novo fatty acid synthesis, these 
data are consistent with the conclusion that the increase 
in cholesteryl palmitate at 6 hr  may be the result of 
synthesis of palmitic acid and its esterification to cho- 
lesterol by ACAT. Such a mechanism might also be 
expected to change the shape of the cholesteryl pal- 
mitate efflux curve, as appears to be the case (Fig. 5) .  

The  results of this study indicate that the rate of 
cellular cholesteryl ester depletion is similar for the same 
cell line regardless of whether the cells have been loaded 
with cholesterol by prior incubation with normal or 
hypercholesterolemic LDL. Consequently, the greater 
accumulation of cholesterol in cells incubated with hy- 
percholesterolemic LDL cannot be explained by differ- 
ences in rates of efflux, but instead is probably best 
explained by enhanced delivery of cholesterol to the 
cells by the hypercholesterolemic L D L . I  
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