
The Accumulation of Serum Lipoprotein Cholesterol 
by Tissue Culture Cells1 (36018) 

RICHARD D. MACA AND WILLIAM E. CONNOR 
Department of Internal Medicine and the Clinical Research Center, University of Iowa, 

College of Medicine, Iowa City ,  Iowa 52240 

When serum /?-lipoproteins are incubated 
with mouse fibroblasts, sudanophilic droplets 
develop within the cytoplasm of these cells 
(1) .  The composition of these droplets has 
not been fully defined. Since /?-lipoproteins 
contain a high content of cholesterol, it is 
possible that these lipid inclusion droplets 
might also be rich in cholesterol. Should this 
be the case, this incubation system would 
provide a suitable model for some studies of 
atherogenesis. P-lipoprotein infiltration of the 
intima has been related to the causation of 
atherosclerosis ( 2 ) ,  a disease characterized by 
both free and ester cholesterol accumulation 
in the arterial intima (3 -5 ) .  In the present 
study, we incubated mouse fibroblasts with 
labeled cholesterol bound either to p-lipopro- 
tein or bovine albumin. These cells and their 
inclusion bodies were analyzed subsequently 
for free cholesterol and cholesterol ester con- 
tent. Evidence was obtained concerning the 
origin of the cholesterol components con- 
tained in these cellular inclusions. 

Methods  and Materials. The tissue culture 
cells were derived from a continuous line of 
mouse fibroblasts (NCTC KO. 2445) which 
has been adapt:d to and routinely cultured in 
1% bovine albumin (Sigma) in Waymouth 
No. 752 synthetic medium. These cells were 
subsequently incubated with several choles- 
terol-4-11C preparations composed of vari- 
ous mixtures of free and ester cholesterol 
contained in p-lipoprotein or else of only free 
cholesterol bound to bovine serum albumin. 

1 This study was supported by U.S. Public Health 
Service Grants HE-11,485 and Research Career De- 
velopment Award HE-K3-18,406 (W. E. C. from 
the National Heart Institute; and by Grant RR- 
59 from the General Clinical Research Centers Pro- 
gram of the Division of Research Resources, National 
Institutes of Health. 

The period of incubation was 48 hr during 
which time the number of cells usually multi- 
plied two- to fourfold. 

P-Lipoproteins were isolated either from hu- 
man or bovine serum by precipitation with 
dextran sulfate of molecular weight 60,000- 
90,000 (Sigma). After resuspension of the 
lipoproteins in 20% NaCl containing 1 N 
sodium oxalate the dextran sulfate was re- 
moved partially by protamine sulfate and 
completely by DEAE-Sephadex 50 as previ- 
ously reported (6) .  This lipoprotein prepara- 
tion was dialyzed first against distilled water 
and then against saline for 2 hr. Finally i t  
was sterilized by Millipore filtration. By pa- 
per electrophoresis, this preparation was 
found to be free of a-lipoproteins and other 
contaminating serum proteins. 

Human /?-lipoproteins were labeled by two 
methods with cholester01-4-~~C obtained 
from New England Nuclear, Boston and 
whose purity by thin-layer chromatography 
was about 98 "/o By one method, P-lipoprotein 
was first separated from the serum and repre- 
cipi tated once before labeling. Five-tenths 
microcurie of cholester01-4-~~C was then incu- 
bated with 5 ml of the /I-lipoprotein prepara- 
tion at  4' for 2 hr. In the second method, 0.5 
pCi of choIester01-4-~~C was added directly to 
5 ml of serum and incubated for 2 hr a t  
37".  By this method, the amount of labeled 
cholesterol ester was increased through subse- 
quent esterification of the labeled free choles- 
terol by the plasma cholesterol esterase. In  
both procedures the P-lipoprotein was re- 
moved by dextran precipitation after labeling 
and then prepared for tissue culture as al- 
ready described. An average of 11.7% of the 
cholester01-4-~~C was esterified with the sec- 
ond method as compared to only 4.2% ester- 
ification by the first method. 
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Cholesterol was bound to bovine serum al- 
bumin by incubating 170 cholesterol and 0.5 
pCi of free cholester01-4-~T in ethanol with 
1% bovine albumin in the synthetic medium. 
The incubation of this sterile suspension was 
carried out for 24 hr a t  37” and then any 
excess microcrystals of cholesterol were re- 
moved by filtration through a Millipore filter 
with pore size of 0.45 p. The cholesterol was 
further diluted by synthetic medium to 
provide a final concentration of 4 mg/100 
ml. 

For the determination of the cholesterol 
content of the tissue culture cells, the cells 
were washed with and resuspended in Hanks’ 
balanced salt solution. -4 small aliquot was 
counted with a Coulter counter Model B 
while the majority of the cells were concen- 
trated by centrifuging a t  2000 rpm for 15 
min. The cell pellet was extracted with 
ethanol-acetone ( 1 : 1). The cellular content 
of free and esterified cholesterol was deter- 
mined by the method of Sperry and Webb 
( 7 )  which employs digitonin precipitation. 
The extracts of digi tonin-precipitated free 
and total cholesterol were mixed in a scintil- 
lation mixture (4  g of PPO and 0.1 g of 
POPOP in 1 liter of toluene) and counted 
with a Packard Tricarb liquid scintillation 
spectrometer with a n  efficiency of 58%. The 
recovery of a known added amount of labeled 
cholesterol-4-14C by this technique was 9870. 

The cellular inclusions (lipid droplets) were 
collected after digesting the cells with ly, 
pronase for 30-60 min a t  37”. After vigorous 
agitation and centrifugation at 2000 rpm for 
5 min, the supernatant was passed through a 
Millipore filter (0.45 p pore size) which col- 
lected the inclusions and also a small amount 
of cellular debris. The filter was washed with 
physiological saline, air dried, and then ex- 
tracted with chloromform. This extract was 
then analyzed as above for cholesterol con- 
tent or for cholesterol radioactivity. 

Results. The  eflects of human and bovine 
p-lipoproteins upon the cellular cholesterol 
uptake.  Kine individual sets of control fibro- 
blasts grown in 1% bovine albumin alone 
contained an average of 4.0 pg of free choles- 
terol/lO6 cells with a range of 3.6 to 5.2 pg. 
Ester cholesterol could not be detected. The 
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addition of either human or bovine P-lipopro- 
teiii to the incubation medium greatly increas- 
ed the total cholesterol content of the fibro- 
blasts (Table I).  The cells accumulated 5.77 
and 6.1 5 pg additional amounts of cholesterol, 
respectively, a several hundred percent in- 
crease. The cellular content of cholesterol was 
located chiefly in the sudanophilic inclusion 
bodies which contained an average of 74.5 
and 70.5% of the total accumulated cellular 
cholesterol after human and bovine @-lipopro- 
tein incubation, respectively. The presence of 
cholesterol esters in the inclusion bodies 
could explain their sudanophilic staining, a 
property that cholesterol has only when ester- 
ified. This, however, does not exclude the 
possibiltity that the sudanophilia is due to 
some other lipid such as triglycerides. 

The range of values for free cholesterol con- 
tent in the inclusion bodies was greater than 
that for esterified cholesterol. This resulted 
from the variation in the amount of free 
cholesterol contained in the cellular debris 
that was retained on Millipore filter during 
the collection of the inclusion. The contami- 
nating cholesterol as determined by using 
control cells averaged 0.91 pg of free choles- 
terol/lO" with a range of 0.74 to 1.06 pg. 

The amounts of human and bovine 
,%lipoprotein-bound cholesterol depleted from 
the medium during incubation was 16.1 and 
29.0 pg/lO' cells, respectively. As shown 
from Table I, these amounts of cholesterol 
could only partly be recovered from the tis- 
sue culture cells after the incubation period. 
The failure to recover some of the choles- 
terol removed irom the medium. suggested 
that it night have been metabolized by the 
cells to a sterol or other products no longer 
reactive with digitonin or with Liebermann- 
Burchard colorimetric reagent. 

T h e  cellular uptake of cholester01-4-~4C 
from ,3-lipoprotkn. Table I1 summarizes the 
results obtained when human P-lipoprotein 
labeled with cholesterol-4-14C was incubated 
with cells for 48 hr. The inclusion clearly 
accumulated the labeled cholesterol, both in 
the free and estzrified forms. When cells were 
exposed to /?-lipoprotein containing between 
3.4 and 5.1% of the total 14C-cholesterol in 
the ester form (Expt. A in Table 11), the 

amount of labeled ester within the inclusions 
averaged 9098 cpm which was similar to the 
ester count of 8838 cpm removed from the 
medium during incubation. When the labeled 
ester of the ,&lipoprotein was increased from 
4.2 (Expt. A) to 11.7% (Expt. B) ,  the 
cholesterol ester counts of the lipoprotein in- 
creased accordingly. The amount of ester 
counts now removed from the medium by the 
cells was 20,448 compared to 8383 cpm in 
Expt. A. This increase in ester uptake was 
associated with an average increase in ester 
counts, from 9098 to 12,071, as well as an 
increase in the percentage of cholesterol ester 
within the intracellular inclusions (from 18 
to 33%). Thus an increase in the labeled 
cholesterol ester content of the @-lipoprotein 
in the medium was associated with an in- 
crease in cholesterol ester within the inclu- 
sions. These results aIso suggest that the 
cholesterol ester within the inclusions origi- 
nated largely from the direct deposition of 
transported lipoprotein-bound cholesterol es- 
ter instead of intracellular esterification of 
transported free cholesterol. 

The  cellular uptake of albumin-bound 
cholesterol and choEeste~ol-4-~X'. Fibroblasts 
cultured in medium containing free choles- 
terol bound to bovine albumin developed 
sudanophilic inclusions identical to those pro- 
duced by p-lipoprotein. In  two experiments, 
the cells contained 1.10 and 1.01 pg of ester- 
ified cholesterol/106 cells. When this prepa- 
ration contained tracer amounts of 14C-free 
cholesterol the cells were found to contain 42 
and 4376, respectively, of the total 14C- 

cholesterol radioactivity added to the medi- 
um. They esterified 10.2 and 11.5%, respec- 
tively, of the 14C-cholesterol taken up. If 
cholesterol was added to the medium in the 
microcrystalline iorm without albumin, the 
cellular uptake of the iostope was only 1% of 
the total cholesterol added; and inclusion 
bodies did not form. I t  then appears that 
small portions of transported free cholesterol 
(only when in the solubilized form), can be 
esterified by intact cells and deposited as 
sudanophilic inclusions identical to those pro- 
duced by @lipoproteins. 

Discussion. This study clearly demon- 
strated that the addition of /I-lipoprotein to 
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the culture medium of fibroblasts caused the 
formation of intracytoplasmic inclusion bodies 
which contained significant quantities of cho- 
lesterol ester. Although cholesterol esters have 
previously been found within cultured mouse 
cells (8-lo), the formation of inclusion bodies 
containing cholesterol and the role played by 
P-lipoprotein in this process have not been 
previously described, 

Other investigators have shown that cul- 
tured mouse fibroblasts can take up choles- 
terol esters from the medium (10 11) and 
can esterify small amounts of free cholesterol 
transported from the medium ( 1 2 ) .  Like- 
wise, the fibroblasts used in this study also 
were able to accumulate esterified cholesterol 
either by esterification of ingested free 
cholesterol or by direct deposition of trans- 
ported ester from the medium. For example, 
when inclusion body formation was induced 
by albumin-bound free cholesterol added to 
the medium, the cholesterol esters within the 
inclusions could only have resulted from in- 
tracellular esterification. When a small 
amount of cholesterol ester was present along 
with a much larger amount of free choles- 
terol in the ,&lipoprotein of the medium, then 
the amount of labeled ester accumulated 
within these inclusions was not significantly 
different than the quantity of ester removaI 
from the medium. This suggested that the 
cholesterol ester within the inclusions origi- 
nated in large part from transported choles- 
terol ester bound to P-lipoprotoin instead of 
by intracellular esterification of free choles- 
terol. When more of the total labeIed 14C- 
cholesterol was in the esterified form, then 
about of the labeled ester depleted from 
the medium during culture could be recovered 
from the inclusion. In  the experiments using 
unlabeled human P-lipoprotein which con- 
tained an even larger percentage of choles- 
terol ester, the amount of ester recovered 
from the cells or inclusions was now only 
of the ester removed from the med,ium. 

These observations then suggest that if cells 
are exposed to cholesterol only in the free 
form, then th2y can accumulate a small 
quantity of cholesterol ester by virtue of in- 
tracellular esterification. If, however, the 
medium contains esterified cholesterol, the 

cells preferentially deposit the already 
formed cholesterol ester into the inclusion 
bodies. Even under this circumstance the 
possibility that some of the cholesterol ester 
originated as the result of intracellular ester- 
ification of transported free cholesterol can- 
not be excluded. These fibroblasts apparently 
contain an enzyme that can either esterify 
free cholesterol or hydrolyze cholesterol ester 
(13). Its action is perhaps dependent upon 
the amount of esterified cholesterol within 
the system. 

In our experiments, much of the transported 
p-lipoprotein-bound cholesterol could not be 
recovered from the cells or medium either as 
a digitonin precipitable fraction or as one 
that reacts with the Liebermann-Burchard re- 
agent. This finding is in agreement with the 
findings of Bensch et al. (14), who also 
could not recover all of the cholesterol 
ingested by cells. Recently, it has been shown 
that the cells used in this study can metabol- 
ically degrade the terminal carbon of choles- 
terol to 26-I4CO2 (15). I t  has not been deter- 
mined whether further catabolic alterations 
occur such as hydrogenation of the 5 double 
bond which would render this steroid non- 
reactive with the Liebermann-Burchard re- 
agent . 

Why the lipid of the medium becomes 
deposited as an inclusion droplet is a question 
of considerable significance. One explanation 
might be a simple overloading phenomenon 
in which the cells have been exposed to exces- 
sive amounts of protein-bound cholesterol 
in the medium. The overloaded cells can not 
mobilize or metabolize this excess lipid, con- 
sequently it coalesces into droplet form. The 
importance of a. cholesterol-binding protein in 
cholesterol metabolism and its mobilization 
from cells in vitro has been demonstrated by 
Bailey (16) and Day et al. ( 1 7 ) .  Further- 
more, Dixm (18, 19) has stressed the signi- 
ficance of lipotropic proteins and phospho- 
lipids in preventing the conversion of invisible 
micellar fat to visible droplet fat. Thus, it is 
conceivable that a relative lack of such sub- 
stances may well contribute to the coalescing 
of newly ingested lipid into droplet form seen 
as cytoplasmic inclusion bodies. This might 
be especially so if lipid such as cholesterol 
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ester from P-lipoprotein might depend upon 
an intracellular carrier for its transport within 
the cytoplasm after being separated from its 
protein carrier at  the cell surface (20, 14). 

The P-lipopiotein-induced cholesterol ester 
accumulation within fibroblasts has certain 
similarities to the cholesterol ester accumula- 
tion with the intimal cells of arteries develop- 
ing atherosclerosis. p-Lipoprotein has been 
incrimtinated in atherogenesis (2), has been 
found in the intimal fatty streak (21-23) 
and more specifically within smooth muscle 
cells (20-24). The same accumulation of 
cholesterol ester which occurs in the inclusion 
bodies is also seen in diseased intimal cells 
and in the foam cells of the early fatty streak 
lesion (3-5). By electron microscopy, these 
inclusions are morphologically identical to the 
predominant form of lipid found within the 
intimal cell of early atherogenesis.2 The 
smooth muscle cells of arteries that accumu- 
late sudanophilic inclusions are believed also 
to have differentiated from fibroblasts. 

This analogy can be carried further because 
the extracellular medium ( i .e . ,  the plasma) in 
which atherosclerosis develops usually con- 
tains increased ,&lipoprotein cholesterol con- 
centration. It is hypothesized that this hy- 
percholesterolemia leads to the formation of 
“foam cells” and their cholesterol ester ac- 
cumulation in the arterial intima. Thus, in 
both bissue culture cells and in the intimal 
cells of arteries, cholesterol overloading occurs 
with lipid droplet formation whenever the 
medium contains a high concentration of 
cholesterol. The uptake of cholesterol from 
the medium becomes greater than the capacity 
of the cell to excrete cholesterol; and cho- 
lesterol then accumulates within the cell. 

Summary. P-Lipoprotein isolated from hu- 
man or bovine serum elicited sudanophilic 
inclusion bodies within cultured fibroblasts. 
Such sudanophilia was accompanied by an 
increase in cellular cholesterol, about % of 
which was in the esterified form. The origin 
of the cholesterol appears to be largely from 
the deposition of p-1; pop ro t ei n- bou nd cho- 
lesterol ester instead of newly esterified cho- 
lesterol. Much of the accumulated cholesterol, 
especially the cholesterol ester, was found 

2 Maca, R., and Hoak, J., unpublished data. 

within the inclusion bodies. They should be 
particularly considered as being formed as 
the result of cholesterol ester uptake. Free 
cholesterol bound to bovine albumin also 
elicited intracellular sudanophilic inclusion 
bodies containing cholesterol ester. Free cho- 
lesterol in microcrystalline form did not lead 
to similar sudanophilia or increase in cellular 
cholesterol content. 

This tissue culture system provided ana- 
logies to atherosclerosis in that cholesterol 
accumulated in the cells in both instances 
when the extracellular medium or plasma 
contained high concentrations of cholesterol 
bound to protein. In both instances, also, 
lipid droplet formation occurred and cho- 
lesterol ester accumulation was the chief form 
of the cholesterol overload. 
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