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Abstract We have examined the intracellular distribution of 
unesterified cholesterol in cultured human fibroblasts. Intact 
cells were treated with cholesterol oxidase to selectively 
transform cell surface cholesterol to cholestenone. Isopycnic cen- 
trifugation of homogenates showed that the cholestenone had a 
peak buoyant density of 1.13 g/cm3. The - 10% of total choles- 
terol which remained unoxidized was distributed in two peaks 
of roughly equal size: a sharp peak at approximately 1.09 g/cm3 
and a broad peak centered at 1.18 g/cm3. When intact cells were 
incubated with exogenous [3H]cholesterol, the radiolabel en- 
tered the nonoxidizable pool in a temperature-dependent 
fashion with a half time of 3 h at 3 7 O C .  This label initially was 
associated with the dense but not the buoyant peak of nonoxi- 
dized cholesterol. After 40 h, the buoyant peak also became 
labeled; both peaks then had a specific activity slightly less than 
the surface cholestenone. The buoyant density of the unoxidized 
cholesterol did not coincide with markers for the Golgi appara- 
tus, endoplasmic reticulum, or lysosomes. However, two in- 
gested markers of pinocytosis, calcein and horseradish per- 
oxidase, comigrated with the dense peak of unoxidized 
cholesterol. That the size of the unoxidized cholesterol pool was 
greater in cells deprived of serum lipoproteins than in fed cells 
suggested that none of the intracellular cholesterol need be 
ascribed to ingested sterols. The mass of unoxidizable choles- 
terol was not diminished when cholesterol biosynthesis was inhi- 
bited by lovastatin in lipoprotein-deprived cells. Furthermore, 
the newly synthesized radiolabeled cholesterol resistant to 
cholesterol oxidase did not migrate with intracellular cholesterol 
mass on sucrose density gradients. The newly synthesized cho- 
lesterol amounted to about 10% of the total unoxidized 
sterol. e These data indicate that most of the intracellular 
cholesterol was not newly synthesized. We conclude that a) - 90 % of fibroblast cholesterol is associated with the cell sur- 
face; 6) the bulk of intracellular cholesterol, - 10 % of total, is 
derived from internalized (endocytic) plasma membrane; and c) 
the most recently synthesized cholesterol, - 1 % of the total, is 
in a discrete organelle. - Lange, Y. Disposition of intracellular 
cholesterol in human fibroblasts. J. Lipid Res. 1991. 32: 
329-339. 
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Cholesterol oxidase treatment of intact fibroblasts 
delineates two cholesterol compartments (1). Approxi- 
mately 90% of cellular cholesterol is rapidly oxidized in 

intact cells fixed with glutaraldehyde (1). It seems rea- 
sonable to infer than at least this fraction of cellular 
cholesterol is in the plasma membrane. This premise has 
been substantiated by independent means (2). The unoxi- 
dized - 10% of the cholesterol mass has been taken to be 
intracellular, not only because of its failure to be oxidized 
but because it is rich in nascent choIestero1 and free of ex- 
ogenous radiocholesterol pulsed into cells (1, 3, 4). 

It is generally held that cholesterol is widely distributed 
among the intracellular membranes (see refs. 5 and 6); 
however, these data have not always taken into account 
the contamination of subcellular fractions by plasma 
membrane fragments (2). If only 10% of fibroblast 
cholesterol is intracellular, it could be entirely accounted 
for by that fraction of the cell surface that is cycled 
through the cytoplasm by endocytosis (7). Furthermore, 
the contribution to the intracelluar fraction by biosynthe- 
sis on the one hand and by ingestion on the other have not 
been established. To address this question, we used 
cholesterol oxidase-treated fibroblasts to determine the 
disposition of intracellular cholesterol among subcellular 
membranes free of contamination by the substantial ex- 
cess of cell surface sterol. 

EXPERIMENTAL PROCEDURES 

Materials 
[3H]Acetic acid (sodium salt, 100 mCi/mmol) and 

['*C]acetic acid (sodium salt, 55.0 mCi/mmol) were pur- 
chased from DuPont-New England Nuclear. [la,2a(n)- 
3H]Cholesterol (33 Ci/mmol) and uridine diphospho- 
D-[6-3H]galactose (ammonium salt, 17.3 Ci/mmol) were 
from Amersham Corp. HPLC grade solvents were ob- 
tained from Fisher. Cholesterol oxidase was obtained 
from Beckman Clinical Diagnostics (Carlsbad, CA). 

Abbreviations: PBS, phosphate-buffered saline; HPLC, high per- 
formance liquid chromatography. 
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Horseradish peroxidase and 20-nm colloidal gold-labeled 
concanavalin A were purchased from Sigma. Lovastatin 
was the generous gift from Carolyn Stemmler of Merck, 
Sharp and Dohme Research Laboratories (West Point, 
PA). Lanosterol was purchased from Steraloids (Wilton, 
NH). The inhibitor of cholesterol biosynthesis used in 
Table 2 was a trace contaminant of this material, isolated 
by thin-layer chromatography (Y. Lange and D. G. Lynn, 
unpublished results). Assuming that the absorbance of 
the HPLC peak of the material at 214 nm was comparable 
to that of lanosterol itself, we estimate that < 100 pg per 
flask inhibits the biosynthesis of fibroblast cholesterol by 
-80% (Table 2). 

Cell culture 

Human foreskin fibroblasts derived from primary ex- 
plants were grown in Dulbecco's modified Eagle's medium 
as described (3). 

Labeling cell sterols 

Biosynthetic labeling from radiolabeled acetate was as 
described (3). In order to label the cell surface with ex- 
ogenous [3H]cholesterol, cells in the flask were first prein- 
cubated for 5 min at 37OC with 0.05 '% BSA in PBS. (This 
treatment was found to minimize the adsorption of the 
radiolabel to the plastic.) [3H]Cholesterol in ethanol 
(< 1 % final) was then added to the flasks and the cells 
were incubated for 15 min at 37°C. The buffer was 
removed, replaced with medium containing lipoprotein- 
deficient serum (8), and the flasks were incubated at 37OC 
for the times indicated in the figure legends. 

Concanavalin A-gold density perturbation 

Flasks containing confluent fibroblasts were rinsed with 
PBS to remove serum and the cells were incubated in a 
minimal volume of medium containing 0.45 % bovine 
serum albumin and 19 x 10'' concanavalin A-gold par- 
ticledml for 4 h at 37OC. The medium was removed and 
the cells were rinsed twice with PBS prior to trypsin treat- 
ment. 

Treatment of cells with cholesterol oxidase 
and homogenization 

After dissociation from the flask by trypsin treatment 
(3), cells were pelleted and washed sequentially in 20 
volumes of 310 mM sucrose, 5 mM Na phosphate (pH 
7.5) and then with 310 mM sucrose, 0.5 mM Na 
phosphate (pH 7.5). The cells were resuspended in ap- 
proximately 8 volumes of 310 mM sucrose, 0.1 mM EDTA 
(pH 8.0) preequilibrated at 37°C. After a 5-min incuba- 
tion at 37"C, 10 IU/ml cholesterol oxidase was added and 
the celIs were incubated at 37°C for 10 min. (These condi- 
tions promoted maximal cholesterol oxidation.) The 
suspension was chilled and brought to 5 mM Na phos- 

phate (pH 7.5), 0.3 mM MgC12 prior to homogenization 
on ice by 20-30 strokes in a Dounce homogenizer with a 
tight-fitting pestle. The homogenate was spun for 5 min 
at 800 g and the supernatant was retained for analysis by 
sucrose. gradient centrifugation. 

Equilibrium sucrose gradient centrifugation 

Linear 11.7-ml gradients between 20% and 54% 
sucrose (w/v) in 5 mM Na phosphate (pH 7.5) were 
prepared on top of a 0.3-ml 54% sucrose cushion. The 
cell homogenate, typically prepared from 3-6 x lo6 cells, 
was mixed into the gradient during its formation. The 
gradients were spun in a Beckman SW 41 rotor for a mini- 
mum of 10' ga,-min at 3OC. The sucrose concentration in 
the gradient fractions was measured by refractometry. 
The recovery from the gradient was 85 k 6% and 
61 k 18 % for cholestenone and cholesterol, respectively 
(n = 14). 

Lipid analysis 

Reverse phase HPLC of extracted lipids was carried 
out with a Beckman QC I1 system with a Model 166 pro- 
grammable detector and System Gold software. An 
Ultrasphere ODS reversed-phase column (4.6 x 150 mm) 
was used with acetonitrile-isopropyl alcohol 90:lO (v/v) as 
the mobile phase at a flow rate of 1.5 ml/min. The effluent 
was monitored at 214 nm. Calibration curves for choles- 
terol were linear and reliable down to 0.1 pg in which 
range the data are given (see Fig. 1). This sensitivity is 
greater than in our previous studies where a different de- 
tector was used (4). A small and variable fraction of the 
radioactivity in the biosynthetic cholesterol peak yielded 
a product, after cholesterol oxidase treatment, that 
migrated slightly ahead of authentic cholestenone. How- 
ever, the results in Fig. 5 below did not change when this 
contaminant was removed. 

Other methods 

Horseradish peroxidase was assayed by the method of 
Steinman and Cohn (9). Galactosyltransferase activity 
(10) and 5' nucleotidase activity (4) were assayed as 
described. Cytochrome oxidase was assayed spectropho- 
tometrically (2). 

Lysosomal hydrolase activity was measured using the 
fluorescent compound 4-methylumbelliferyl beta-D- 
galactopyranoside (Molecular Probes, Inc.) as a substrate 
for beta galactosidase. Aliquots from the sucrose gra- 
dients were incubated for 45 min at 37OC in a final 
volume of 0.25 ml containing 100 mM glycine (pH 3.0), 
0.2% Triton X-100, and 0.2 mg substrate. The reaction 
was stopped by the addition of 7 volumes of ice-cold Na 
phosphate (pH 12). Fluorescence was measured at excita- 
tion and emission wavelengths of 364 nm and 450 nm, 
respectively. 
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RESULTS 

Buoyant density profile of oxidized and unoxidized 
cholesterol 

Ninety % or more of the cholesterol in cultured human 
fibroblasts was oxidized by treating intact cells with 
cholesterol oxidase (1, 3). The resulting cholestenone ap- 
peared to be associated exclusively with the plasma mem- 
brane (3, 4) and will be referred to here as such. The 
unoxidized fraction previously was too small to be ana- 
lyzed by sucrose gradient centrifugation; however, such 
an analysis was performed here for the first time thanks 
to improvements in the sensitivity of HPLC. 

Intact cells were treated with cholesterol oxidase and 
homogenized. Half of the homogenate was treated with 
digitonin to shift membranes rich in cholesterol (but not 
cholestenone) to a higher density (4). The two portions 
were spun in parallel on sucrose density gradients. The 
profile of cholestenone in the homogenates of cholesterol 
oxidase-treated cells without added digitonin had a uni- 
modal peak at 30% sucrose, a buoyant density of 1.13 
g/ml (Fig. 1A and ref. 4). In contrast, the unoxidized 
cholesterol (comprising - 5 7% of the total cell cholesterol 
in this experiment) was distributed primarily in twin 
peaks at 22 '% sucrose (d 1.09 g/ml) and 40 ?h sucrose (d 
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Fig. 1. The buoyant density profile of oxidized and unoxidized cell 
cholesterol. A suspension of fibroblasts was washed, treated with 
cholesterol oxidase, and homogenized as described under Experimental 
Procedures. The homogenate was divided into two equal aliquots, one 
of which was treated with digitonin as described in reference 4 while the 
other received ethanol alone as a solvent control. Both aliquots were 
spun to equilibrium on a sucrose gradient. The distribution of 
cholestenone (0) and cholesterol (0) was measured in the gradient frac- 
tions. Panel A, minus digitonin; panel B, plus digitonin. 

1.18 g/ml; Fig. 1A). In numerous other experiments the 
denser of these two peaks was broad, and ranged between 
26% and 42% sucrose (d 1.11-1.19 g/ml; e.g., Figs. 3 and 
4). The relative magnitude of the two peaks varied such 
that the buoyant component contributed between 16- 
50% of the unoxidized cholesterol in 10 experiments. 
Fig. 1 therefore suggests that the oxidized and unoxidized 
pools of cholesterol reside in different membranes. 

Digitonin treatment had no effect on the buoyant densi- 
ty of the cholestenone peak (Fig. 1B; see also ref. 4). 
However, it caused an increase in the density of the 
buoyant unoxidized cholesterol peak (Fig. 1B). This sug- 
gests that those membranes are cholesterol rich (4, 11). 
The observation that digitonin treatment increased the 
density of the unoxidized cholesterol while leaving the 
density of cholestenone unchanged confirmed that the 
residual cholesterol was not associated with the plasma 
membrane. 

The treatment of unfixed cells with cholesterol oxidase 
occasionally led to a small amount of cell breakdown. To 
determine the effect of cell breakdown on the extent of 
cholesterol oxidation, intact cells and homogenates were 
treated in parallel with cholesterol oxidase. Surprisingly, 
the extent of oxidation was found to be the same in both 
cases, even when the homogenates were exposed to glu- 
taraldehyde, which potentiates the effect of cholesterol 
oxidase on plasma membranes (1). Thus, resistance to the 
oxidase cannot of itself be taken to signify an intracellu- 
lar disposition as argued previously (1). Given that the 
oxidizability of membrane cholesterol has been shown to 
be extremely contingent on multiple factors (12, 13), the 
data still suggest that the membranes bearing the unox- 
idized sterol differ from the cell surface in some important 
way and are still most consistent with the intracellular 
disposition of the unoxidized cholesterol. 

Time-dependent change in  the cholesterol oxidase- 
susceptibility of exogenously added 
radiolabeled cholesterol 

Plasma membranes can be labeled rapidly and selec- 
tively by a trace of radiolabeled cholesterol added to the 
culture medium (1). The label initially copurifies precise- 
ly with plasma membrane markers (4) and is completely 
oxidized by cholesterol oxidase (1); it thus is indistin- 
guishable from the bulk of the cell surface cholesterol. We 
therefore used a pulse of exogenous [3H]cholesterol to test 
whether the plasma membrane is a source of the choles- 
terol oxidase-resistant sterol described in Fig. 1. 

Cells so labeled in culture flasks were washed, in- 
cubated at 37OC for different times, removed from the 
dish, fixed with glutaraldehyde, treated with cholesterol 
oxidase, and the specific activity of cholesterol and cho- 
lestenone was determined. The discrimination of intracel- 
lular cholesterol depended critically on minimizing 
residual unoxidized plasma membrane cholesterol and 
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correcting for this residue. When [ 3H]cholesterol was 
pulsed into cells that had already been fixed, thereby 
blocking endocytosis and metabolically driven import, 
97-99 % of the total label could subsequently be oxidized 
by the enzyme. The observed 2 % variability in oxidation 
was apparently not structural but due to small uncon- 
trolled differences in experimental conditions from one 
day to another. Therefore, we corrected the specific activi- 
ty values for each time point in all such experiments by 
subtracting a zero time value obtained by fixing the cells 
before labeling. 

Fig. 2 shows the change over time of the ratio of the 
specific activity of unoxidized to oxidized cholesterol. The 
ratio increased at 37OC with a hyperbolic time course cor- 
responding to a first order process with a half-time of - 3 
h. The specific activity ratio at the plateau was 0.5. These 
results suggest that: a )  the unoxidizable cholesterol pool is 
distinguishable from the bulk of cell cholesterol; b)  the 
unoxidized pool receives cholesterol from the bulk cell 
surface pool; and c) at least half of the unoxidized 
cholesterol was derived from the cell surface. 

When cells were incubated at 2OoC, none of the ex- 
ogenous radiolabeled cholesterol became resistant to 
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Fig. 2. Time course of transfer of exogenous radiolabeled cholesterol 
to a cholesterol oxidase-insensitive disposition. Confluent monolayers of 
fibroblasts were incubated for 48 h in medium containing 5 %  
lipoprotein-deficient serum. The medium was replaced with unsup- 
plemented medium containing 0.05 % bovine serum albumin. After a 5- 
min incubation at 37'C, 5 pCi [3H]cholesterol was added in ethanol to 
each flask. The flasks were incubated for 15 min at 37OC to label the 
cells. The labeled medium then was replaced with unlabeled medium 
supplemented with 5 % lipoprotein-deficient serum and the incubation 
continued for the times indicated. The cells were then removed from the 
flask, washed, fixed with glutaraldehyde, and treated with cholesterol ox- 
idase; the extracted lipids were analyzed by HPLC as described under 
Experimental Procedures. The zero time point was obtained using cells 
that were removed from the flask and fixed with glutaraldehyde prior to 
labeling with [3H]cholesterol. The ordinate gives the ratio of the specific 
activity of the unoxidized cholesterol to that of cholestenone. Data from 
three experiments are plotted. Each point has been corrected for the 
fraction of unoxidized cholesterol at zero time. The data have been fit 
to the equation y = 0.5[1 - exp( - 0.23t)], where 0.5 is the steady state 
value of y, t is the reaction time in hours, and 0.23 is the first order rate 
constant which corresponds to a half-time of 3 h. 

cholesterol oxidase during a 3-h incubation (not shown). 
When such incubations were extended to 40 h at 37OC, 
the average ratio of specific activities rose to 0.81. The 
transfer of exogenous 3H to a cholesterol oxidase-resistant 
locus thus seemed to be biphasic: approximately half pro- 
ceeded with a half-time of about 3 h and the other half 
much more slowly. This finding also suggests that almost 
all of the unoxidized cholesterol mass was fed by cell sur- 
face cholesterol in a time-dependent fashion. 

A previous report suggested that exogenous radiola- 
beled cholesterol did not become insensitive to the oxidase 
with time (3). The discrepancy between that conclusion 
and the present findings appears to be technical in nature. 
Small variations in the oxidation of plasma membrane 
cholesterol contribute a large error to the determination 
of the size of the small, inherently nonoxidizable pool 
(5-1076 of total cell cholesterol). In our earlier experi- 
ments, we added a second radioisotope of exogenous 
cholesterol at the end of the incubation as a reference 
standard to correct for variability in the oxidation of the 
first label, which marked plasma membrane cholesterol 
(3). The lack of a significant difference in the oxidation of 
the two labels led to the conclusion that there was no se- 
questration of plasma membrane cholesterol. However, 
we now have shown that 1-376 of the total second 
(reference) label became internalized during trypsin 
treatment at 37OC used to remove the cells from the flask. 
Therefore we modified the original method, adding the 
second isotope only after fixing the cells. This improve- 
ment allowed us to detect time- and temperature- 
dependent sequestration of surface label (Fig. 2). 

The transfer of plasma membrane cholesterol to the in- 
tracellular cholesterol pool was previously assessed in 
terms of its availability for esterification; no exogenously 
added radiolabeled cholesterol became esterified during a 
16-h incubation, during which time endogenous choles- 
terol was esterified (3). If the plasma membrane choles- 
terol that becomes oxidase-resistant is endocytic and yet 
not esterified, perhaps it does not reach the endoplasmic 
reticulum, the putative site of the acyl-CoA:cholesteryl 
acyltransferase (14). 

Buoyant density profiles of oxidized and unoxidized 
exogenous radiocholesterol 

The distribution of exogenous radiolabeled cholesterol 
in oxidizable and nonoxidizable pools was examined by 
isopycnic sucrose gradient centrifugation. Cells were 
labeled in the culture flask with a brief pulse of exogenous 
[3H]cholesterol, washed, and incubated for 4 h at 37OC to 
permit internalization of the label. The cells were re- 
moved from the flask, treated with cholesterol oxidase, 
homogenized, and spun to equilibrium on a sucrose gra- 
dient. The distributions of the mass and radiolabel in 
cholestenone and cholesterol were measured throughout 
the gradient. 
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As shown in Fig. 3A, unoxidized [3H] holesterol co- 
distributed with cholesterol oxidase-resista t cholesterol 

However, the dense fraction of the unoxidized cholesterol 
invariably had a significantly higher specific activity than 
the buoyant fraction (Fig. 3B, open circles). The distribu- 
tion of radiolabeled cholestenone ran parallel to choles- 
tenone mass (not shown) (see ref. 4). This is indicated in 
Fig, 3B (closed circles) by the constancy of the specific ac- 
tivity of [3H]cholestenone throughout the gradient. The 
peak specific activity of the unoxidized [ 3H]cholesterol in 
this gradient ranged from 20% to 70% that of the 
[ 3H]cholestenone. 

The experiment shown in Fig. 3A was repeated using 
a 40-h incubation to allow more complete redistribution 
of the exogenous [3H]cholesterol. In that case, the distri- 
bution of the unoxidized exogenous [ 3H]cholesterol very 
closely paralleled the unoxidized cholesterol mass profile 
(Fig. 3C). Moreover, the specific activity of the unoxi- 
dized [3H]cholesterol in both peaks was only slightly lower 
than the specific activity of the cholestenone (Fig. 3D). A 
comparison of the data obtained after 4 h (Fig. 3A) and 
40 h (Fig. 3C) of incubation suggests that the surface 

mass in a bimodal profile similar to that 1 s en in Fig. 1. 
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Fig. 3. The buoyant density profile of unoxidized, exogenous, radiola- 
beled cholesterol. Cells were labeled with exogenous [SH]cholesterol in 
the flask as described in the legend to Fig. 2 and incubated at 37OC for 
4 h (panels A and B). In a separate experiment, cells were labeled in the 
same way except that the 48-h preincubation in medium containhg 
lipoprotein-deficient serum was omitted and the labeled cells were in- 
cubated for 42 h at 37OC (panels C and D). The cells were dissociated 
from the flasks, washed, treated with cholesterol oxidase and homo- 
genized as described under Experimental Procedures. The homogenate 
was spun to equilibrium on a sucrose gradient. Panel A and C show the 
distribution of cholesterol mass (0) and radioactivity (0) throughout the 
gradient. Panels B and D show the specific activities of cholestenone (0) 
and cholesterol (0) expressed as lo-* x cpm/pg (panel B) and x 
dpd l rg  (panel D). 
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Fig. 4. The buoyant density profile of unoxidized biosynthetic 
cholesterol after 40 h. The experiment is the same as that shown in Fig. 
3C. Two pCi/ml of [I4C]acetate was added to the medium immediately 
prior to the 42-h incubation. Panel A shows the distribution of 
cholesterol mass (0) and ["C]radioactivity (0) throughout the gradient. 
Panel B shows the specific activity of ["C]cholestenone (0) and ["C] 
cholesterol (0) expressed as x dpm/pg of the respective form. 

cholesterol label first entered the dense membranes atld 
only more slowly reached the buoyant membranes. These 
results illuminate those presented in Fig. 2 by revealing 
that the two peaks of unoxidizable cholesterol receive ex- 
ogenous radiocholesterol with different kinetics. Further- 
more, the congruence of the unoxidizable label and mass 
in Fig. 3C and the similarity in the specific activity of 
the oxidized and unoxidized pools in Fig. 3D suggest that 
the cell surface must be a major source of the unoxidized 
cholesterol. 

Disposition of unoxidized endogenous cholesterol: 
long-term labeling 

How do the pools of oxidase-resistant cholesterol relate 
to cholesterol synthesized by the cell? After a prolonged 
period of biosynthesis (42 h), endogenous [ 14C]cholesterol 
(closed circles in Fig. 4A) closely paralleled unoxidized 
cholesterol mass (open circles). The specific activity of the 
[14C]cholesterol (open circles in Fig. 4B) in this case was 
higher than that of the [ 14C]cholestenone (closed circles), 
the converse of that observed above with labeling by ex- 
ogenous [3H]cholesterol (Fig. 3). The unoxidized 
cholesterol with the highest specific activity equilibrated 
at about 30% sucrose in a peak coincident with newly 
synthesized cholesterol (ref. 4 and Fig. 5 below). Compar- 
ing Fig. 4 with Fig. 3, we infer that endogenously synthe- 
sized cholesterol achieves a distribution among intracel- 
lular membranes that is qualitatively similar to that of ex- 
ogenous cholesterol pulsed into the plasma membrane. 
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Fig. 5. Resolution of biosynthetic cholesterol from unoxidized 
cholesterol mass. Confluent monolayers of fibroblasts were incubated for 
48 h in medium containing 5 % lipoprotein-deficient serum. Bovine 
serum albumin was added to a concentration of 0.5 % followed by con- 
canavalin A-gold complex as described under Experimental Procedures. 
After a 2-h incubation at 37%, 250 ~Ci[~H]acetate in ethanol (< 1 % 
final concentration) was added and the cells were incubated for an addi- 
tional 2 h at 37%. The cells were dissociated from the flasks, washed, 
treated with cholesterol oxidase, homogenized, and spun to equilibrium 
on a sucrose gradient as described under Experimental Procedures. 
Panel A shows the cholestenone (0) and unoxidized cholesterol (0) mass 
profiles. Panel B shows the distribution of newly synthesized cholesterol 
(0) and the unoxidized cholesterol mass profile (0) replotted from panel 
A for comparison. 

Intracellular disposition of endogenous nascent 
cholesterol 

To examine the relationship between newly synthesized 
and bulk unoxidizable cholesterol, we repeated the ex- 
periment shown in Fig. 4 with a labeling period of only 
2 h. The radiolabeled cholesterol now migrated as a single 
peak at approximately 30 '$6 sucrose (Fig. 5B). It appears 
that the intracellular pools of nascent and long-term en- 
dogenous cholesterol are not in the same membrane. 

We sought additional evidence that nascent radiocho- 
lesterol and intracellular cholesterol mass were in 
different membranes. To better resolve the nascent choles- 
terol from endocytic membranes, cells were incubated for 
4 h at 37OC in the presence of concanavalin A complexed 
with colloidal gold to selectively increase the buoyant den- 
sity of endosomes (15). [3H]Acetate was added to the 
medium for the final 2 h of this incubation to label biosyn- 

thetic cholesterol. Cell homogenates were analyzed on 
equilibrium sucrose density gradients. The distributions 
of sterol label and mass were determined throughout the 
gradient. Cholestenone was recovered at about 30 76 
sucrose as before (Fig. 5, panel A). The distribution of 
label in cholestenone was identical to its mass (data not 
shown). The mass of unoxidized cholesterol was once 
again bimodal (Fig. 5 ,  panels A and B). Furthermore, the 
dense peak of unoxidized cholesterol was shifted to a 
higher density than usual by the concanavalin A-gold 
complex. Newly synthesized cholesterol was well resolved 
from both peaks of unoxidized cholesterol mass (Fig. 5, 
panel B). These data strongly suggest that intracellular 
pools of nascent and chemical cholesterol are discrete and 
do not mix rapidly. 

Quantitation of newly synthesized sterols 

To estimate the size of the pool of newly synthesized in- 
tracellular cholesterol, an estimate of the specific activity 
of nascent sterols was first required. To obtain this value, 
we determined the specific activity of [3H]lanosterol after 
5 h of incubation with radioacetate (Table 1, line A). At 
this time, the pool of lanosterol is at the steady state (16) 
and its specific activity (93 x lo3 cpmlpg) should be close 
to that of nascent cholesterol. However, given the small 
mass of the lanosterol pool (-0.2 pg), we were uncertain 
of the accuracy of such values. We therefore used an inhi- 
bitor of lanosterol demethylase isolated from a commer- 
cial preparation of lanosterol (Y. Lange and D. G. Lynn, 
unpublished results) to cause lanosterol to accumulate. 
After incubation for 5 h in medium containing lipoprotein- 
deficient serum plus the inhibitor, cells accumuIated 1-2 
pg of lanosterol mass, sufficient to be quantified accurate- 
ly by HPLC (Table 1, lines B-E). The inhibitor caused 
the incorporation of [3H]acetate into the total sterol pool 
to decrease slightly, while the label in lanosterol increased 
dramatically at the expense of that in cholesterol. The 
specific activity of the nascent lanosterol was (119.0 
7) x lo3 cpmlpg (mean of lines B-E in Table 1). The la- 
bel incorporated into intracellular (unoxidized) cholester- 
ol in a parallel control flask was 40.9 x lo3 cpm (not 
shown). Assuming that the specific activity of nascent 
cholesterol is close to that of nascent lanosterol, we 
calculated the steady state mass of newly synthesized 
cholesterol in that flask to be -0.34 pg. The nascent 
cholesterol therefore amounted to 0.34/44 pg or 0.8% of 
the total present. Note that the mass of cholesterol 
oxidase-resistant cholesterol is typically ten times larger 
than this value. The high degree of reproducibility of both 
cholesterol mass and lanosterol specific activity among the 
five flasks gives assurance of the validity of comparing 
flasks. Furthermore, the experiment without the inhibitor, 
line A, yielded a similar result. This analysis suggests that 
the pool of newly synthesized cholesterol is about 10% of 
intracellular cholesterol mass. 
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TABLE 1. Specific activity of newly synthesized lanosterol 

- 

- 

- 

- 

- 

- 

- 

- 
- 
- 

- 

Mass 'I3 Specific 
Activity of 

Flask Addition Cholesterol Lanosterol Cholesterol Lanosterol Lanosterol 

0.8 

0.4 

2.0 

1.2 

0.4 

l P  x cpm 1Cr= x cp7dpg M 
A 20 pl Ethanol 44.7 0.22" 268.9 20.4 93O 
B 10 pl Inhibitor 43.8 1.08 76.0 109.9 125 
C 10 pl Inhibitor 41.3 1.26 68.4 129.8 125 
D 20 pl Inhibitor 44.0 1.69 50.2 168.7 114 
E 20 d Inhibitor 49.6 1.61 42.6 155.0 111 

The medium of five flasks of confluent fibroblasts growing in the presence of fetal calf serum was replaced with 
medium supplemented with lipoprotein-deficient serum. Forty eight hours later, 0.04% bovine serum albumin and 
10-20 jd ethanol containing approximately 100 pg-equivalents of the inhibitor of biosynthesis (see text) were added 
to four flasks. Ethanol alone was added to the fifth flask. After 10 min incubation at 37OC, 55 pCi [3H]acetate was 
added to each flask and the cells were incubated for 5 h at 37%. The cells were removed from the flasks, washed, 
fixed, treated with cholesterol oxidase, and analyzed by HPLC as described under Experimental Procedures. Values 
given are per flask: the mass and label in cholesterol were obtained by summing the oxidized and unoxidized 3H 
and masses, respectively. 

"This trace level of lanosterol mass was poorly determined; we therefore consider the specific activity of the lanoster- 
ol to be less accurate than in the presence of the inhibitor. 

Organelle cholesterol 

Since the data given above strongly suggest that the cell 
surface is not the locus of the unoxidized cholesterol, we 
examined the cholesterol content of major organelle frac- 
tions. Cholesterol previously has been recovered in 
preparations of endoplasmic reticulum, Golgi, lysosomes, 
and mitochondria (5). 

It has been reported that the trans portion is richer in 
cholesterol than the rest of the Golgi apparatus (17) and 
that galactosyltransferase is a characteristic marker for 
this part of the Golgi stack (18). However, we found little 
overlap in the profiles of galactosyltransferase and the 
mass of unoxidized cholesterol (Fig. 6A). Digitonin 
shifted the density of the unoxidized cholesterol much 
more than the galactosyltransferase (Fig. 6B). These data 
signify that the bulk of unoxidized cholesterol is not in 
the same membranes as galactosyltransferase. 

The equilibrium distribution of lysosomes on sucrose 
gradients was also examined. Sedimentable beta galacto- 
sidase with a pH optimum of 4.0 was distributed as a 
single peak with the buoyant density of 47 % sucrose (Fig. 
7). This is considerably more dense than unoxidizable 
cholesterol (Figs. lA, 3A, and 3C). The profile of the 
plasma membrane marker, 5' nucleotidase, also shown in 
Fig. 7, was very similar to that of cholestenone mass (Figs. 
1A and 5A), confirming the co-localization of these two 
constituents (4). Thus, although the cell surface choles- 
terol that becomes resistant to cholesterol oxidase appears 
to pass from one intracellular membrane population 
(30-40% sucrose) to another (25% sucrose; see Fig. 3), 
neither of these membranes appears to be lysosomal. 

We showed previously that, under the present condi- 
tions, two putative markers for the smooth endoplasmic 
reticulum, cytochrome c reductase and the fraction of 

HMG-CoA reductase activity not associated with the 
nucleus, as well as ribosomal RNA, all equilibrated at 
greater than 40% sucrose (lo), clearly denser than un- 
oxidized cholesterol (Fig. 1). Similarly, catalase activity (a 
prototypic marker of the peroxisome) equilibrated in a 
single peak at 43% sucrose in this system (10). 

We have not examined the cholesterol content of 
mitochondria systematically. However, we have found 
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Fig. 6. Resolution of unoxidized cholesterol from galactosyltransferase 
activity in fibroblast homogenates. Data are from the experiment shown. 
in Fig. 1. Galactosyltransferase activity (0) is expressed in arbitrary 
units in the trichloroacetic acid precipitate. Panel A, minus digitonin; 
panel B, plus digitonin. 
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are  at least consistent with the premise that most of the 
nonoxidizable cholesterol is endocytic. 

Sources of intracellular cholesterol 

The influence of serum  lipoproteins  on  the pool of 
cholesterol that was unoxidizable in  intact fibroblasts was 
analyzed. We found that cells grown in the presence and 
absence of lipoproteins  had  a similar distribution of un- 
oxidized cholesterol on sucrose density gradients (not 
shown). These data indicate  that  lipoproteins ingested 
from the  medium  are not responsible for the profile of 
cholesterol oxidase-resistant cholesterol seen in Figs. 1, 4, 
and 8. Secondly, cells  grown for 48 h in the absence of 
serum  lipoproteins  had  about twice the unoxidizable 
cholesterol as those grown in its presence. This increase 
was from 5-6% to 11-12 % of total cell cholesterol (Table 
2, experiments 1 and 2). Similar observations have been 
made by Mazzone  and Pustelniks (21). This increase in 
unoxidized cholesterol brought  about by deprivation of 
lipoproteins also indicates that  the  contribution of in- 
gested lipoprotein cholesterol to this pool must  be small 
under these conditions. 

Fig. 7. The buoyant  density profiles of beta galactosidase and 5' 
nucleotidase.  Cell  homogenates were spun  to  equilibrium  on  a sucrose 
gradient.  Fractions were assayed for beta galactosidase activity (0) and 
5 ' nucleotidase  activity (0) as  described  under  Experimental  Proce- 
dures. Activity is expressed in  relative  absorbance  units. 

that  the peak of cytochrome c oxidase activity equili- 
brated  at 40% sucrose (not shown). Therefore, it 
sometimes overlapped the  dense  component of the  bipha- 
sic cholesterol oxidase-insensitive cholesterol profile (Fig. 
1).  However, the  mitochondrial  marker sedimented far 
more rapidly in differential centrifugation  than choles- 
terol oxidase-insensitive cholesterol. Furthermore,  the  lat- 
ter  (Fig. 1) but not the  former was shifted in buoyant 
density by digitonin (see also ref. 19). Finally, mitochon- 
dria accumulated  in  the lower phase in two-phase aque- 
ous  partition, while the nonoxidized cholesterol favored 
the  upper phase to  about  the same extent as the plasma 
membrane (2). Therefore, we have no evidence that any 
of the unoxidized cholesterol pool  was borne by mitochon- 
dria in this system. 

Buoyant density profile of endocytic markers 

To test the hypothesis that  the unoxidizable cholesterol 
is endocytic, we compared  the isopycnic sucrose gradient 
distribution of this sterol with that of two water-soluble 
tracers of pinocytosis (reviewed in ref. 7).  Cells were 
allowed to ingest horseradish peroxidase or calcein and 
then were treated with cholesterol oxidase, homogenized, 
and  the homogenates were spun to equilibrium  on sucrose 
gradients. As before, the  major fraction of unoxidized 
cholesterol mass was recovered in  a  broad profile between 
30% and 45% sucrose. The endocytic markers over- 
lapped  but  did not parallel exactly the unoxidized choles- 
terol (Fig. 8). 

Digitonin density shift could not be used to verify the 
association of the probes with the unoxidizable sterol 
since this agent released the sequestered markers into 
solution. Given that endosomes vary in time  and serve to 
separate soluble ingested contents from plasma  mem- 
brane  constituents (7,  20), the lack of congruence of their 
profiles  is not  surprising. While not definitive, these data 
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Fig. 8. Buoyant density profile of endocytic  markers  and  unoxidized 
cholesterol. Panel A: Horseradish  peroxidase (1 mg/ml) was added to the 
growth  medium of confluent fibroblasts. After  a  3-h  incubation  at 37'C, 
the  medium was removed. The cells were covered with  phosphate- 
buffered saline  and swirled for 5 min  at  room  temperature; this wash was 
repeated 5 more  times. The cells then were dissociated from  the flasks, 
washed,  treated  with cholesterol oxidase, and  homogenized  as  described 
under  Experimental  Procedures. The homogenate was spun  to  equili- 
brium  on  a sucrose gradient.  The  gradient  fractions were diluted  with 
approximately  nine volumes ofhomogenization buffer and  spun for 1 h 
at 300,000 S. The pellets were resuspended  in  the  same buffer and ali- 
quots were taken  for  horseradish  peroxidase assay and  HPLC analysis. 
Horseradish  peroxidase  activity (0) and cholesterol mass (0) were ex- 
pressed as  the  fraction of their  maximum value. Panel B: The experi- 
ment was the  same  as  for  panel  A except that  the cells were incubated 
for 2.5 at 37OC with 1.60 mM calcein. Calcein was quantified  fluorime- 
trically: excitation, 490 nm;  emission 515 m. Values for  calcein (0) and 
cholesterol (0) throughout  the  gradient  are expressed as  the  fraction of 
their  maximum values. 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 2.  Effect of cell metabolism on intracellular cholesterol 

Medium Label 
Experiment Supplement Addition Oxidation Incorporated 

1 Serum 
LPDS 

% CPm 

95 
88 

2 Serum 94 
LPDS 89 

3 LPDS None 87 3,700 
LPDS Lovastatin 87 0 

Experiments 1 and 2: Fibroblasts in a pair of flasks were grown to 
confluence in the presence of fetal calf serum. The medium in one was 
replaced with medium supplemented with lipoprotein-deficient serum 
(LPDS). Forty eight hours later, the cells were removed from the flasks, 
washed, fixed, treated with cholesterol oxidase, and analyzed by HPLC 
as described under Experimental Procedures. Experiment 3: The medi- 
um in each of a pair of flasks of confluent fibroblasts grown in the presence 
of fetal calf serum was replaced with medium supplemented with 
lipoprotein-deficient serum. Five ph4 lovastatin was added to one flask and 
2 pCi [SHIacetate was added to both flasks. Forty eight hours later, the 
cells were treated as described abave, and the incorporation of radiolabel 
into cholestenone and cholesterol was determined. 

To examine further the contribution of newly synthe- 
sized cholesterol to the unoxidized cholesterol pool, we 
suppressed cholesterol biosynthesis with lovastatin, a po- 
tent inhibitor of 3-hydroxy-3-methylglutaryl-CoA reduc- 
tase (22). The medium in flasks of confluent monolayers 
of fibroblasts was replaced with medium containing 
[3H]acetate but lacking lipoproteins so as to stimulate 
cholesterol biosynthesis. Portions of the cells were in- 
cubated for 48 h in the presence and absence of 5 pM 
lovastatin. The incorporation of radiolabled acetate into 
sterols and the distribution of cholesterol between ox- 
idizable and unoxidizable pools were then determined. The 
relative size of the unoxidized cholesterol fraction was 
found to be the same in cells incubated with and without 
lovastatin even though the inhibitor effectively suppressed 
cholesterol biosynthesis (Table 2, experiment 3). These 
data confirm the results shown in Fig. 5 ,  suggesting that 
recently synthesized cholesterol makes a very small direct 
contribution to the mass of unoxidized cholesterol. 

DISCUSSION 

We can make the following account of the disposition 
of unesterified cholesterol in cultured human fibroblasts. 
Both by its sensitivity to cholesterol oxidase in intact cells 
(1) and by other analytical methods (2), -90% of the 
cholesterol can be assigned to the cell surface. The 
residual 10 % is most likely intracellular in its disposition 
for the following reasons. U )  Its buoyant density profile is 
not that of plasma membrane markers (ref. 4 and Figs. 1 
and 5). 6) Its buoyant density profile is similar to that of 

endocytic markers in sucrose gradients (Fig. 8). c) It takes 
up pulses of exogenous radiolabeled cholesterol only slow- 
ly and is not in rapid exchange equilibrium with the bulk. 
The intracellular cholesterol compartment in this system 
is coincidentally resistant to cholesterol oxidase for two 
reasons: it is both sequestered in intact cells and unreac- 
tive in homogenates. 

No one of the major organelles of fibroblasts other than 
the endosomes appears to contain a substantial fraction of 
the 10% of cell cholesterol which is cytoplasmic (2). 
While some studies have reported that subcellular frac- 
tions rich in endoplasmic reticulum, Golgi, lysosomes, 
and mitochondria typically contain demonstrable choles- 
terol (5), correction was not made for plasma membrane 
contamination in those preparations nor, in the case of 
lysosomes, for the ingested contents in its lumen. In the 
present system, most of the unoxidizable fraction of 
cholesterol equilibrated at a buoyant density lower than 
mitochondria, endoplasmic reticulum, and lysosomes. 
The distribution and susceptibility to digitonin of galacto- 
syltransferase suggests that the Golgi apparatus also con- 
tains little cholesterol. By means of studies using filipin 
and electron microscopy (17, 23), cholesterol has been 
demonstrated in organelles on the endocytic pathway: 
coated vesicles (23), tmns Golgi apparatus (17), lysosomes 
(23), and the endosomes themselves (5). However, this 
technique is not clearly quantitative, and is better suited 
to demonstrating sterol per unit area of membrane than 
the sterol per organelle. Nevertheless, our data are consis- 
tent with the presence of small amounts of cholesterol in 
these filipin-reactive membranes. Indeed, the slight in- 
crease in density (Fig. 6 and ref. 10) induced by digitonin 
supports this premise for the Golgi membranes. 

It is conceivable that newly synthesized cholesterol 
passes through the Golgi apparatus on its way to the 
plasma membrane. However, the buoyant density profile 
of the bulk of the newly synthesized cholesterol differs 
characteristically from that of the trans Golgi marker, 
galactosyltransferase (10). Furthermore, nascent choles- 
terol seems to bypass the Golgi apparatus in moving to 
the plasma membrane (24). 

Cell cholesterol ultimately derives from two sources: in- 
gested low density lipoproteins and biosynthesis. The 
cholesterol of ingested lipoproteins is released to the 
cytoplasm by lysosomes (25); presumably, lysosomes also 
acquire cholesterol from internalized plasma membranes 
( 5 ) .  However, the contribution of plasma lipoproteins to 
intracellular cholesterol is relatively small (Table 2), 
perhaps because cholesterol released from ingested lipo- 
proteins is rapidly moved to the cell surface (26). Nascent 
cholesterol is observed first in intracellular membranes 
which are distinct from the endocytic pathway (Fig. 5 ) .  It 
is clear from Table.1 that this pool of nascent cholesterol 
contributes only a small fraction of the mass of intracel- 
lular cholesterol. 
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Could the major fraction of the intracellular cholesterol 
mass in cultured human fibroblasts derive from endocyto- 
sis of the plasma membrane? Endosomes are known to 
have a high cholesterol content (5). The  internalization of 
2 10 % of the plasma membrane by endocytosis has been 
suggested by earlier studies (7, 27, 28). The similarity in 
buoyant density between intracellular cholesterol and en- 
docytic markers (Fig. 8) and the progressive redistribu- 
tion of internalized surface [ 3H]cholesterol (Fig. 3) 
suggest that the dense and buoyant peaks of unoxidizable 
cholesterol could correspond to early and late endosomes, 
respectively. The mismatch in the profiles seen in Fig. 8 
might reflect the progressive sorting of the ingested solu- 
ble probes from the internal membranes (20). While en- 
dogenously synthesized sterol is found in congruence with 
the profile of endocytic markers after prolonged incuba- 
tion (Fig. 4A), presumably it too arrived there via the 
plasma membrane. 

Thus, the resolution of a discrete pool of endocytic 
cholesterol representing - 10 % of the total is not surpris- 
ing. What is notable is that endocytosed plasma mem- 
brane appears to contribute most of the mass of intra- 
cellular cholesterol. Therefore, none of the intracellular 
cholesterol we have analyzed appears to reside per- 
manently within the cell; all of it is transient, coming 
from and going to the plasma membrane. 

How is cholesterol excluded from intracellular mem- 
branes? Sterols in natural membranes may not diffuse 
readily through the aqueous phase (29). Instead, newly 
synthesized cholesterol may be moved vectorially to the 
cell surface through a membrane pathway (10, 24, 30). 
Targeted biosynthesis could explain how cholesterol 
avoids the endomembranes as it becomes concentrated at 
the cell surface (10). 

Sphingomyelin is as enriched in cultured human fibro- 
blast plasma membranes as is cholesterol; only about 10 % 
of the sphingomyelin is intracellular (2). Since intracel- 
lular cholesterol appears to derive almost entirely from 
endocytic plasma membranes, it will be of interest to test 
to what degree the same is true of intracellular sphingo- 
myelin. 8 
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