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Abstract Comparative studies were made of the metab-
olism of plasma high density lipoprotein (HDL) and
low density lipoprotein (LDL) by cultured normal human
fibroblasts. On a molar basis, the surface binding of '2I-
HDL was only slightly less than that of *I-LDL, whereas
the rates of internalization and degradation of ***I-HDL
were very low relative to those of I-LDL. The rela-
tionships of internalization and degradation to binding
suggested the presence of a saturable uptake mechanism
for LDL functionally related to high-affinity binding. This
was confirmed by the finding that the total uptake of
B3[.LDL (internalized plus degraded) at 5 ug LDL pro-
tein/ml was 100-fold greater than that attributable to fluid or
bulk pinocytosis, quantified with [**C]sucrose, and 10-fold
greater than that attributable to the sum of fluid endo-
cytosis and adsorptive endocytosis. In contrast, *I-HDL
uptake could be almost completely accounted for by the
uptake of medium during pinocytosis and by invagination
of surface membrane (bearing bound lipoprotein) during
pinocytosis. These findings imply that, at most, only a small
fraction of bound HDL binds to the high-affinity LDL
receptor and/or that HDL binding there is internalized
very slowly. The rate of I-HDL degradation by cul-
tured fibroblasts (per unit cell mass) exceeded an estimate
of the turnover rate of HDL in vivo, suggesting that
peripheral tissues may contribute to HDL catabolism. In
accordance with their differing rates of uptake and choles-
terol content, LDL increased the cholesterol content of
fibroblasts and selectively inhibited sterol biosynthesis,
whereas HDL had neither effect.

Supplementary key words low density lipoprotein * choles-
terol metabolism * pinocytosis * endocytosis

In recent years considerable attention has been
directed towards the metabolism of low density lipo-
protein (LDL) by cultured cells. This has been stimu-
lated by evidence from in vivo studies that the removal
of LDL from plasma may occur mainly in extra-
hepatic tissues (1,2) and that this process is impaired
in certain forms of familial hypercholesterolemia
(3). Fibroblasts from normal human subjects have
been shown to metabolize LDL in tisste culture.
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This involves the prior binding of LDL to the cell
membrane, followed by its internalization and incor-
poration into lysosomes, where the protein com-
ponent is degraded to trichloroacetic acid-soluble
fragments and the cholesteryl ester is hydrolyzed
(4-7). The unesterified cholesterol released in this
process inhibits endogenous cholesterol synthesis
through suppression of the activity of 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMG CoA re-
ductase) by mechanisms still to be elucidated (7~9).
Thus, the interactions that occur between LDL
and peripheral tissues appear to be important both
for the catabolism of LDL and for the regulation
of cell cholesterol metabolism. Other studies have
suggested that high density lipoprotein may be
directly or indirectly involved in regulation of choles-
terol metabolism through interactions with peripheral
tissues. Thus, the body pool of exchangeable choles-
terol in man has been reported to be inversely
related to the plasma HDL cholesterol concentrations
(10), and there is epidemiologic evidence that plasma
HDL levels are inversely correlated with susceptibility
to clinically manifest atherosclerosis, i.e., HDL level
is a “negative” risk factor (11-13). The possibility
that peripheral tissues may play a significant role in
HDL catabolism has been raised by studies in this
laboratory in which portacaval shunt failed to reduce
the fractional catabolic rate of HDL in swine (14).
The nature of the interactions that occur between
HDL and cultured human fibroblasts have not been

Abbreviations: HDL, high density lipoprotein; LDL, low density

lipoprotein; TCA, trichloroacetic acid; HMG CoA reductase, 3-
hydroxy-3-methylglutaryl coenzyme A reductase; DME, Dul-
becco’s modification of Eagle’s minimal essential medium; PBS,
Dulbecco’s phosphate buffered saline; FCS, fetal calf serum; LDS,
lipoprotein-deficient fetal calf serum; '$I-HDL and 'I-LDL,
125]-labeled HDL and LDL, respectively.
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systematically characterized. In the present study we
have examined the surface binding, internalization,
and degradation of HDL by normal human fibro-
blasts, and have investigated also the associated
changes in cell cholesterol metabolism. Preliminary

reports of some of this work have already appeared
(15,16).

METHODS

Materials

Sodium [**I}iodide (carrier free in 0.05N NaOH)
was obtained from Schwarz-Mann, Orangeburg, NY,
[1-*C]lacetate (sodium salt; 58 mCi/mmol) from
Dhom Products Limited, North Hollywood, CA,
and p-[U-“C]sucrose (453 mCi/mmol) from New
England Nuclear Corp., Boston, MA. Cholesterol
(recrystallized twice from ethyl acetate) and 5-a-
cholestane were obtained from Applied Science
Laboratories, State College, PA, and pure sucrose
from Schwarz-Mann. Fetal calf serum (FCS) was
purchased from Irvine Scientific Sales Company.
Dulbecco’s modification of Eagle’s minimal essential
medium (DME) (17) and Dulbecco’s phosphate buf-
fered saline (PBS) (18) were obtained from GIBCO,
Grand Island, N.Y. Pronase (B grade; 45,000 P.U.K./g)
was purchased from Calbiochem., San Diego, CA.

Cell cultures

Skin fibroblasts were grown in monolayer from a
preputial biopsy of a normal infant. Studies of the
metabolism of LDL by this cell line (B.B.) have al-
ready been reported (7). Cultures were maintained in
a humidified incubator (95% air, 5% CQO,) at 37°C in
DME containing 24 mM NaHCO;, 0.3 mg/ml gluta-
mine and 10% (v/v) fetal calf serum (final protein
concentration, 5 mg/ml). Cells were studied between
the 9th and 20th passages; no systematic differences
were noted between results in cells of early and late
passage numbers. Polystyrene tissue culture dishes
(60 x 15 mm; Corning) were seeded with 1-2
X 10° cells and used 4-6 days later. At this time
50-95% of the surface of the dish was covered,
and total cell protein per dish was 300-550 ug.
Growth curves had previously shown that this cell
line reaches a plateau at 1-2 x 10° cells in 6-8 days

).
Lipoproteins and lipoprotein-deficient serum

Lipoproteins in the density ranges 1.019-1.063
g/ml (LDL) and 1.090-1.21 (HDL) were isolated from
pooled fasting normal human plasma by preparative
ultracentrifugation (19). Isolated fractions were

dialyzed against buffer containing 20 mM Tris HCI
(pH 7.4), 0.15 M NaCl, and 0.3 mM EDTA, sterilized
by passage through a Millipore filter (0.22 or 0.45
#m) and stored at 4°C. Lipoproteins were used
generally within 2 weeks and never after more than 4
weeks. Protein content was determined by the method
of Lowry et al. (20). The Ouchterlony immunodiffus-
sion method (21) was used to test for LDL con-
tamination in the HDL fraction and vice versa. Using
rabbit antisera against human LDL and HDL, re-
spectively, no cross-contamination was detected. The
HDL preparation was analyzed for us by Dr. John
J- Albers using a radioimmunoassay method for LDL;
it contained less than 0.5% apoB-reactive material.

Lipoprotein-deficient fetal calf serum (LDS) was
prepared by preparative ultracentrifugation of FCS
at density 1.25 g/ml and dialysis against 0.15 M NaCl
and PBS as previously described (7). The protein
concentration was adjusted to 50 mg/ml by addition
of PBS as required and the LDS was sterilized by
filtration. The final cholesterol content, determined
by gas—liquid chromatography as described below,
was less than 2.5 ug/ml.

125]-labeled HDL and LDL were prepared by a
modification of the iodine monochloride method of
McFarlane (22) as previously described (23). The
Z5]-labeled lipoproteins were dialyzed extensively
against 20 mM Tris-HCL-0.15 M NaCl-0.3 mM
EDTA, sterilized by filtration, and aliquots were taken
for protein (20) and radioactivity determinations.
Specific activities were 198-561 cpm/ng protein for
125]-HDL and 135-456 cpm/ng protein for *I-LDL.
Less than 3% of the total **1 in the final prepara-
tions was TCA-soluble and less than 2% was extract-
able into chloroform-methanol 2:1 (v/v). More than
93% of the radioactivity in **I-HDL was precipitable
with rabbit antiserum to human HDL; none was pre-
cipitated by rabbit antiserum to human albumin.
Column chromatography of delipidated, lyophilized
2]-HDL on Sephadex G-100 (24) showed that ap-
proximately 53% of the radioactivity was in apopro-
tein A-I, 42% was in apoprotein A-1I, and 5% was in
C peptides.

The integrity of *I-HDL was assessed by diluting
it up to 20-fold with unlabeled HDL, maintaining a
constant total concentration of 23 ug/ml, and testing
whether the reductions in binding, internalization,
and degradation of the *I-HDL by fibroblasts were
theoretical or not. All three metabolic parameters
were reduced in direct proportion to the extent of
isotope dilution. In other words, the calculated
values for total HDL binding, internalization, and
degradation (in ng protein/mg cell protein) at each
specific activity were unchanged, suggesting that the
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Fig. 1. Recovery of radioactivity from cultured fibroblasts,
following incubation with *I-lipoproteins, by sequential washing
and subsequent exposure to trypsin. Cells were incubated for
18 hr at 37°C in medium containing 5% LDS. This was then
replaced with 2 ml of fresh medium containing 5% LDS and
either 91 pg/ml of **I-LDL (@) or 16.4 ug/ml of *I-HDL (O).
After further incubation for 3 hr at 0°C the medium was re-
moved and an aliquot taken for determination of total radioactivity.
Each monolayer was then washed sequentially as follows: washes
1-6: 2 ml of ice-cold PBS were added and removed within 30
sec; wash 7: 2 ml of 0.05% trypsin in Versene buffer was added
and the dishes incubated at 37°C for 3 min; wash 8: 2 ml of
medium containing 10% FCS was added and removed within
30 sec. An aliquot of each was counted for *’] and the amount
of radioactivity recovered in each wash expressed as a per-
centage of that originally present in the culture medium.
Specific activities: *I-LDL, 355 cpm/ng; '#*I-HDL, 561 cpm/ng.

cells did not distinguish between labeled and un-
labeled lipoprotein. Similar results have been re-
ported for '**I-LDL (7). In other studies, recentrifuga-
tion of **I-HDL and '»I-LDL at densities of 1.21
and 1.063 g/ml, respectively, was found to have no
appreciable effect on the subsequent binding, inter-
nalization, or degradation of either lipoprotein.

Lipoprotein uptake and degradation

Eighteen hours before an experiment, the medium
was removed from each dish and replaced with 3 ml
of fresh medium containing 5% (v/v) of LDS.
Immediately before the experiment this was re-
placed with 2 ml fresh medium of the same composi-
tion. Cells studied at 0°C were placed on crushed ice
for 15 min before the start of the experiment, and
then held on ice in a 4°C cold room. Other incuba-
tions were performed at 37°C in a humidified incu-
bator (95% air, 5% COs).

440 Journal of Lipid Research Volume 18, 1977

At the end of an incubation with '?*I-labeled lipo-
protein, the medium was removed and an aliquot
was assayed for total *I. Lipoprotein degradation
was determined on the remaining medium. Trichloro-
acetic acid was added to a final concentration of
10% and the mixture was placed in a boiling water
bath for 5 min. After centrifugation (3000 g for 10
min) an aliquot of the supernatant was treated to re-
move free iodide by oxidation with H,O, and extrac-
tion of I, into chloroform (25). All degradation data
refer to noniodide, TCA-soluble radioactivity. In a
medium containing 5% LDS, the rate of release of
free iodide from '**I-HDL in the absence of cells
was one-fifth of that from 2°I-LDL; 2.5-3% of the
total medium radioactivity was in the iodide frac-
tion. The presence of fibroblasts did not increase
the rate of deiodination of either lipoprotein. Net
degradation by fibroblasts was calculated as the differ-
ence between values obtained from identical incuba-
tions in the presence and absence of cells. It was dem-
onstrated that there was no intracellular accumulation
of degradation products, i.e., TCA-soluble, noniodide
125] accounted for less than 10% of total radioactivity
within the cells after an 18 hr incubation.

After removal of the medium, the cells were washed
six times with 2 ml PBS at 0°C. Two ml of 0.05%
trypsin in 0.54 mM Versene buffer (pH 7.4) was
added to each plate and incubated at 37°C for 3-4
min. The cells were collected and the plates scraped
with two 1-ml aliquots of DME containing 10% FCS
to limit trypsin degradation of lipoprotein. The cells
were separated by centrifugation (3000g for 10
min) at 4°C, and an aliquot of the supernatant fluid
was assayed for '*I radioactivity. The '*I released by
trypsin after incubations with I-LDL is >95%
precipitable with TCA and includes the same small
percentage of lipid radioactivity found in the LDL
preparations used (7). After incubations with '*°I-
HDL, as much as 30% of the '*I released by trypsin
treatment was soluble in TCA. Control experiments
in which **I-HDL was incubated with trypsin in the
absence of cells showed that 50-60% of this TCA-
soluble component was not due to direct digestion
of HDL by trypsin. Thus some fraction of the bound
5] may represent binding of TCA-soluble material
in the I-HDL preparations. The release of radio-
activity from dishes that had been incubated with
125].LDL or %I-HDL in the absence of cells was only
4-8% of that removed from identical dishes con-
taining cells. The amount of radioactivity in the final
PBS wash was shown to be less than 4% of that sub-
sequently released by trypsin (Fig. 1). Values for *°I-
HDL and '*I-LDL binding were reduced by less than
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10-15% when the 4th and 5th PBS washes included
albumin (2 mg/ml) and the plates were shaken for 2
min per wash.

The cells were washed by suspension in 4 ml PBS
and centrifugation at 3000 g for 20 min. The pellet
was dissolved in 0.2 ml 1 N KOH (20°C, 24 hr) and
assayed for ®*I. The cell digest was then diluted
with water to 1 ml, and aliquots were removed for
protein assay (20) and measurement of total %I,
lipid-soluble '?*I (chloroform-methanol 2:1 v/v) and
TCA-soluble '**I (final concentration, 10%). The
TCA-precipitable, nonlipid radioactivity remaining
associated with the cells after trypsinization was con-
sidered to be a measure of internalized lipoprotein
(7, 25, 26).

Data on lipoprotein concentrations and on binding,
internalization, and degradation are expressed in
terms of lipoprotein protein unless otherwise stated.
In experiments with replicate dishes, the coefficients
of variation for binding, internalization, and degrada-
tion averaged 10.3, 5.4, and 10.9%, respectively.

Sterol synthesis and cell cholesterol content

Eighteen hours before an experiment the medium
was removed from each dish and replaced with 3 ml
of medium containing 5% LDS. At the beginning of
the experiment this was replaced with 2 ml of fresh
medium containing 5% LDS with or without added
unlabeled lipoproteins. After further incubation for
17 hr, 2 uCi of [1-*Clacetate and unlabeled carrier
acetate (final concentration, 0.1 gmol/ml) were added
to the dish and incubation was continued for 1 hr.
The medium was then removed and the cells were
washed with 3 X 2 ml PBS before being harvested
with a rubber policeman. The cells were pelleted by
centrifugation (3000 g, 10 min, 4°C) and dissolved by
incubating overnight at room temperature in 0.2 ml
1 N KOH. The dissolved pellet was diluted to 1.0 ml
with water and aliquots were removed for protein
assay (20). After addition of 5 ug of 5-a-cholestane
to serve as internal standard, the remainder was
saponified (1 N KOH in 70% ethanol for 2-3 hr at
60°C), diluted with 1.0 ml water, and the nonsaponifi-
able lipids were extracted with 4.2 ml of hexane.
The hexane layer was washed with 0.1 M sodium
acetate, and an aliquot was taken for radioactivity
determination (scintillation solution: 40 mg of 2,5-
diphenyloxazole and 0.5 mg of [1,4-bis-2-(5-
phenyloxazolyl)-benzene] in 10 ml of toluene). It has
been shown that the incorporation of acetate into
sterols remains linear for 3 hr under these conditions,
and that increasing the total acetate concentration by
addition of further unlabeled acetate does not in-

crease the rate of incorporation (7). Data for sterol
synthesis refer to the incorporation of C radioactivity
into nonsaponifiable lipids. The remainder of the
hexane phase was concentrated under N,, and the
cholesterol content determined by gas-liquid
chromatography (injection volume, 2-5 ul; column:
91 cm x 2 mm, 3% SP-2250 on 80/100 mesh Supel-
coport, 200°C) (27).

The aqueous phase of the original saponification
mixture was acidified with 1 ml of 12 M HCI and
extracted with 4 ml of hexane. The fatty acid frac-
tion (hexane) was washed with 0.1 M sodium acetate
and an aliquot removed for scintillation counting.

The transfer of newly-synthesized sterol to the
medium was monitored by measuring the radioac-
tivity in the nonsaponifiable lipid fraction of the
medium,

[*C]Sucrose uptake (fluid endocytosis)

The uptake of radiolabeled sucrose by cultured
fibroblasts has been shown to be a suitable marker
for the quantitation of pinocytosis (28, 29). Eighteen
hours before an experiment the medium was re-
moved from each dish and replaced with medium
containing 5% LDS. At the beginning of the experi-
ment this was replaced with fresh medium contain-
ing 5% LDS and p-[U-"C]sucrose at a concentra-
tion of 5.5 umol/l (2.5 uCi/ml). After further incuba-
tion at 37°C for 18 hr, the medium was removed and
an aliquot added to 15 ml of scintillation solution
(10.5 ml of toluene, 4.5 ml of Triton, 60 mg of
2,5-diphenyloxazole, 0.8 mg of [1,4-bis-2-(5-phenyl-
oxazolyl)-benzene]) for determination of C radio-
activity. The cells were washed 10 times with 3 ml of
PBS, harvested with a rubber policeman, and dis-
solved in 0.2 ml of 1 N NaOH. Aliquots were taken
for protein determination (20) and liquid scintilla-
tion counting. Counting efficiency, measured by inter-
nal standardization, averaged 84%. Clearance of
[“C]sucrose (ul medium/mg cell protein) was cal-
culated by dividing the uptake of radioactivity by the
cells (cpm/mg cell protein) by the concentration of
radioactivity in the medium (cpm/ul). The coefficient
of variation was 8.6%. [**C]Sucrose uptake was shown
to be linear for at least 27 hr, and to be unaffected
by the addition of unlabeled sucrose to the medium
up to a concentration of 45 umol/l. The total radio-
activity in the final PBS wash was less than 3% of
that subsequently associated with the cells. There was
no significant release of radioactivity from cells that
had been pre-incubated for 18 hr with [*Clsucrose
during a second incubation of 3 hr in sucrose-free
medium.
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Fig. 2. Time courses for binding (@), internalization (M), and
degradation (A) of human '*I-LDL (upper panel) and **I-HDL
(lower panel) by cultured normal human fibroblasts at 37°C.
Cell monolayers were first incubated for 18 hr in medium con-
taining 5% LDS. This was then replaced by fresh medium con-
taining 5% LDS and either 23 ug/ml of '*I-LDL (specific
activity, 355 cpm/ng) or 10.4 ug/ml of *I-HDL (239 cpm/ng).
After the indicated times of incubation at 37°C, the cells were
harvested and the extent of binding, internalization, and degrada-
tion of the lipoproteins determined as described under Methods.
Results are given as the means of replicate determinations
(2-4 dishes).

RESULTS

Binding, internalization, and degradation

The time course for surface binding, internaliza-
tion, and degradation of '**I-labeled HDL incubated
with normal human skin fibroblasts at 37°C is shown
in Fig. 2. Data for labeled LDL are shown for direct
comparison. Binding of each lipoprotein was relatively
rapid, showing little increase beyond 1-2 hr; the
amount internalized continued to increase for several
hours but reached a plateau by 6-12 hr. In contrast,
degradation proceeded linearly for at least 24 hr, after
an initial lag period of 30 min. As discussed below
in greater detail, the internalization and degradation
of HDL relative to surface binding was much less
than the internalization and degradation of LDL.

As previously reported for LDL (7), the rates of
internalization and degradation of HDL were strongly
temperature dependent, whereas surface binding
was relatively independent of temperature. In Fig. 3
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are shown the binding, internalization, and degrada-
tion of HDL as functions of time at 37°C and at 0°C.
At 0°C little internalization or degradation was de-
tectable whereas both processes were very active at
37°C. In contrast, surface binding at 0°C was only
slightly less than that at 37°C.

Because the rates of internalization and degrada-
tion of HDL were so low relative to those of LDL,
comparisons of the two lipoproteins were made using
incubations of 6-18 hr duration in order to obtain
values less influenced by background corrections
(no-cell controls). The results of a representative
experiment (18-hr incubations) are presented in
Fig. 4. The values for concentration of lipoprotein
in the medium are here expressed in molar terms
(30-33) to permit a direct comparison of the two
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Fig. 3. Time courses for binding (@), internalization (l), and
degradation (A) of '"SI-HDL by cultured human fibroblasts at
37°C (upper panel) and at 0°C (lower panel). Cells were first
incubated for 18 hr in medium containing 5% LDS. This was
then replaced by fresh medium containing 5% LDS and 7.7
pg/ml ¥I-HDL (specific activity: 239 cpm/ng) and the dishes
were incubated at 37°C or 0°C. After the indicated periods of
time, the cells were harvested and the extent of binding, inter-
nalization, and degradation determined as described under
Methods.
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Fig. 4. Binding (left panel), internalization (middle panel),
and degradation (right panel) of ¥I-LDL (O) and *1-HDL (@)
by normal human fibroblasts at 37°C as a function of lipo-
protein concentration. After an 18 hr incubation in medium con-
taining 5% LDS, fresh medium was added containing 5% LDS
and the indicated concentrations of I-HDL (specific activity:
561 cpm/ng) or *I-LDL (355 cpm/ng). After a further 18 hr
incubation at 37°C, the cells were harvested and the extent of
binding, internalization, and degradation determined as de-
scribed under Methods. Molar values were calculated from the
relationships: 1 mg LDL protein ~ 1.8 nmol LDL; 1 mg HDL
protein ~ 9.0 nmol HDL (see Results).

lipoproteins on a particle basis®. The binding, inter-
nalization, and degradation of each lipoprotein in-
creased as functions of concentration, but the rela-
tionships were not linear. The binding of HDL was
only slightly less than that of LDL at equimolar
medium concentrations. In contrast, the rates of inter-
nalization and degradation of HDL were much less
than the corresponding rates for LDL. This differ-
ence was most marked at concentrations below 0.02
nmol/ml (1.8 ug protein/ml for HDL; 11 ug/ml for
LDL). At these lower concentrations the rates of
internalization and degradation of HDL were less
than 5% of those of LDL.

While only 5-6% of the '**I in the HDL prepara-
tion resided in the C apoprotein fraction, we con-
sidered the possibility that this fraction, which ex-
changes readily among lipoproteins, might contribute
disproportionately to the observed binding and
degradation results. Two sterilized ***I-HDL prepara-
tions were incubated 48 hr at 37°C with a large
excess of unlabeled VLDL (25 mg of VLDL pro-
tein plus 2 mg of **I-HDL protein) and reisolated.
The fraction of 1 in apo C was reduced in one
case to 1.1% and in the other to 0.3% of the total.
Comparison of these labeled HDL preparations with

3 Molar lipoprotein concentrations were calculated assuming a
molecular weight of 550,000 for LDL protein (30, 31) and a
molecular weight of 110,000 for HDL protein (32). Thus a 5:1
molar ratio of HDL to LDL corresponds to a 1:1 protein con-
centration ratio. It was assumed that HDL in the density range
used (1.09-1.21 g/ml) consisted predominantly of HDL; (refs.
32, 33).

the original, untreated labeled HDL showed that
binding, internalization, and degradation were al-
tered only slightly (23% reduction in binding, 7%
reduction in internalization, and 16% reduction in
degradation).

The relationships of internalization and degrada-
tion to binding for both lipoproteins are shown in
Fig. 5. At any given degree of binding, internaliza-
tion of HDL was much less than that of LDL. The
relationship of internalization to binding for LDL was
curvilinear, the slope decreasing very obviously
beyond a binding figure of 0.15-0.3 nmol/g cell
protein (75-150 ng protein/mg cell protein; medium
LDL concentration, 10-25 ug protein/ml). In con-
trast, the same relationship for HDL was, with differ-
ent preparations, either linear or slightly concave
upwards. Similar results were obtained when degrada-
tion was related to binding (Fig. 5).

The nature of the HDL binding sites was explored
by examining the effect on binding of prior exposure
of the cell surface to mild proteolytic digestion with
pronase. Pronase treatment (2 wg/ml in DME without
LDS; 37°C; 25 min) only slightly reduced the subse-
quent binding of »I-HDL (0°C, 1 hr) at concentra-
tions of 1-100 wg/ml (mean decrease, 11%). In
contrast, prior treatment of the cells with pronase
markedly reduced the binding of **I-LDL at LDL
concentrations of 5, 20, and 100 ug/ml (by 76, 64,
and 50%, respectively).

[**C]Sucrose uptake

The more rapid internalization of LDL than HDL
might reflect a stimulatory effect of the former on
pinocytosis. Therefore, ['*C]sucrose uptake was meas-
ured in the absence and in the presence of the lipo-

INTERNALIZATION DEGRADATION
S 2T oLoL 6
3 ° HOL . 61
Q.
E
-l .
2
=
£
[ =
O 1 1 1 O 1 1 L J
0 02 04 06 08 0 02 04 06 08

BINDING  (nmol per g cell protein)

Fig. 5. Relationships of internalization (left panel) and degrada-
tion (right panel) to surface binding for '*I-LDL (O) and "**I-HDL
(@) after incubation at different concentrations (***I-LDL: 3.5~
69 ug protein/ml; ***I-HDL: 0.7-33 ug protein/ml) with normal
fibroblast monolayers for 18 hr at 37°C. Same experiment as
Figure 4. 1 mg LDL protein ~ 1.8 nmol LDL: 1 mg HDL
protein ~ 9.0 nmol HDL (see Results).
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TABLE 1. Volume of medium cleared of [“C]sucrose, #I-LDL, or 2*I-HDL
during incubation with normal human fibroblasts

Addition to Medium (concentration)

Clearance

[*C]Sucrose 'I-LDL '*I-HDL

ul mediumimg cell protein

[**C]Sucrose (5.5 pmol/l) 3.40
[**C]Sucrose (5.5 wmol/l) plus: LDL (5 pg/ml) 3.35
LDL (250 pg/ml) 3.03
HDL (1 pg/ml) 3.43
HDL (50 pg/ml) 3.79
HDL (250 ug/ml) 3.38
1251 DL (5 pg/ml) 595
BLLDL (250 pug/ml) 25.6
LHDL (I ug/ml) 24.9
I.HDL (50 ug/ml) 10.6
125 HDL (250 ug/ml) 5.9

Cell monolayers were incubated in medium containing 5% LDS for 18 hr. The
medium was then replaced with fresh medium containing 5% LDS and the indicated
concentrations of p-[U-*Clsucrose (453 mCi/mmol) and/or lipoproteins. After 18 hr
further incubation at 37°C, the medium was removed and the cells were harvested
for measurement of [**Clsucrose uptake or '**I-labeled lipoprotein internalization and
degradation, as described under Methods. The volume of medium cleared of sucrose
was calculated by dividing the uptake of radioactivity (cpm/mg cell protein) by the
concentration of radioactivity in the medium (cpm/ul). Clearance of '**I-labeled lipo-
proteins was calculated by dividing internalized plus degraded lipoprotein (ng/mg cell
protein) by the concentration of lipoprotein in the medium (ng/sl). Each result is the
mean of duplicate determinations. Specific activities: **I-LDL, 221 cpm/ng; '*I-HDL,

128 cpm/ng.

proteins. The results of a representative experiment
are summarized in Table 1. Neither LDL nor HDL
had any effect on the rate of removal of sucrose
from the culture medium during an 18 hr incuba-
tion at 37°C. The clearance of '**I-LDL at 5 ug/ml
in the medium, measured in the same experiment,
was more than 100-fold greater than that of sucrose.
The clearance of '23I-HDL, on the other hand, was
only 7-fold greater than that of sucrose even at the
lowest concentration (1 ug/ml) and less than 2-fold
greater at higher HDL levels (250 ug/ml). A closer
analysis of the uptake of lipoproteins in relation to
pinocytosis is presented in the Discussion.

Cell cholesterol and sterol synthesis

As reported from previous studies (7, 34-36),
incubation of fibroblasts at 37°C with LDL (102 ug
protein/ml; 243 ug cholesterol/ml) for 18 hr was
associated with a net increase in cell cholesterol con-
tent and a marked inhibition of [1-**C]acetate in-
corporation into cell sterols relative to values obtained
with cells incubated in the absence of lipoproteins.
These findings were confirmed as shown in Table 2.
In contrast, incubation with a similar molar concen-
tration of unlabeled HDL (protein: 20 ug/ml; choles-
terol: 4.9 ug/ml) had no measurable effect on cell
cholesterol content or on sterol synthesis. Incubation
with HDL even at a much higher molar concentra-
tion (protein: 978 ug/ml; cholesterol: 241 wg/ml) also
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failed to measurably alter cell cholesterol content. At
these higher concentrations of HDL, sterol synthesis
was inhibited but the inhibition was not selective,
i.e., there were proportionate reductions of [1-1*C]-
acetate incorporation into cell sterols and fatty acids.

The recovery of radioactivity in the sterol frac-
tion of the culture medium, relative to the total
radioactivity in cell sterols (or cell plus medium
sterols), was greater (P < 0.01) following incubations
with HDL than following incubations with LDL at
the same cholesterol concentration.

DISCUSSION

In the present experiments the metabolism of
HDL and LDL by fibroblasts was examined using
lipoproteins labeled with *°I in the protein moiety.
Validation of the methods used for studying LDL
has been previously reported (7, 25, 36). The validity
of using *5I-HDL as a tracer for HDL was established
by dilution analysis, which showed that fibroblasts
do not differentiate between labeled and unlabeled
HDL molecules. Surface binding of lipoprotein was
quantified from the release of radioactivity upon
brief exposure of the cells to trypsin. Radioactivity
that was not released by trypsin, and that was
neither lipid- nor TCA-soluble, was considered to
represent internalized lipoprotein. Bierman, Stein,
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TABLE 2. Effects of high density and low density lipoproteins on cell cholesterol content and the synthesis
of sterols and fatty acids from [1-**Clacetate in normal human fibroblasts

Lipoprotein Additions to the Medium

None LDL HDL HDL
©g protein/ml 102 20 978
approx. nmol/ml 0.18 0.22 10.7
ug cholesterol/ml 243 4.9 241
Cell cholesterol content 27.9 + 0.85 386+19 4 26.4 = 2.6 (5) 299+ 1.1 4
(ng/mg cell protein) P < 0.001 NS NS
Sterol synthesis 14,197 + 878 (5) 3,791 + 124 (4) 14,095 + 1,004 (5) 7,779 * 543 (4)
(cpm/mg cell protein) P < 0.001 NS P < 0.001
Fatty acid synthesis 51,068 + 2,762 (5) 42,095 + 2,076 50,831 = 1,824 (5) 35,419 = 1,962 (4)
(cpm/mg cell protein) NS NS P < 0.005
Radioactivity in medium
sterols (% of total in-
corporation into
sterols) 1.25 = 0.19 (5) 3.94 £ 0.35 (4) 1.40 = 0.10 (5) 6.08 = 0.76 (4)

Cell monolayers were incubated in medium containing 5% LDS for 18 hr. The medium was then replaced with 2 ml of
fresh medium containing 5% LDS and the indicated concentration of HDL or LDL. After further incubation for 17 hr at 37°C,
2 uCi/ml of [1-"*C]Jacetate (58 mCi/mmol) and unlabeled carrier acetate were added (final concentration, 0.1 xmol/ml) and the
incubation continued for 60 min. The cells were then harvested for measurement of cell cholesterol content and incorporation
of radioactivity into cell sterols, cell fatty acids, and medium sterols as described under Methods. Results are expressed as:
mean + SEM (number of replicates). Probability values were obtained by ¢ test analysis against those results obtained in the

absence of lipoproteins. NS, not statistically significant (P > 0.05).

and Stein (25) have confirmed by radioautography
that the protein radioactivity associated with rat
aortic smooth muscle cells is mostly intracellular
following incubation with **I-HDL and subsequent
trypsinization. Evidence for the validity of the method
as applied in the present studies is provided by the
demonstration that the amount of radioactivity re-
leased by trypsin after incubation with '#I-HDL
at 0°C is comparable to that released after incuba-
tion at 37°C, whereas that not released by trypsin
is an order of magnitude lower at 0°C than at 37°C
(Fig. 3). Furthermore, during incubation at 37°C
the amount of trypsin-releasable **I-HDL was near
maximum after 1 hr, whereas that remaining after
trypsinization continued to rise for 6-12 hr (Fig. 2).

The surface binding of HDL by normal human
fibroblasts, expressed in molar terms, was only
slightly less than that of LDL at equimolar concen-
trations of lipoprotein in the medium. Except at very
low HDL concentrations, binding was a linear func-
tion of HDL concentration; the same was true for
internalization and degradation. In contrast, the
internalization and degradation of LDL was rela-
tively much greater at low than at high LDL con-
centrations. Thus, as shown by Goldstein and co-
workers (4, 35), LDL appears to bind with higher
affinity at low concentrations but there is little if
any comparable high-affinity binding in the case of
HDL. In the case of LDL, Goldstein and Brown
(4) have reported that the high-affinity, but not low-

affinity, uptake of LDL is reduced by prior treat-
ment of the cells with pronase (4). This effect was
confirmed in the present studies. No evidence was ob-
tained, however, for a similar selective effect of pro-
nase on the binding sites for HDL. This marked differ-
ence in the effects of proteolytic enzymes on LDL and
HDL binding has been examined in detail by Kos-
chinsky, Carew, and Steinberg (38).

Despite the comparable density of surface binding
of HDL and LDL, HDL was internalized and de-
graded much more slowly than LDL at equimolar
concentrations (Fig. 4). Stein and Stein (39) and Carew
et al. (40) have reported similar findings with regard
to the binding and internalization of homologous
LDL and HDL by rat and swine aortic smooth
muscle cells in culture. In cultured human arterial
smooth muscle cells Bierman and Albers (41) have
observed a much lower rate of internalization of
HDL than of LDL at equal lipoprotein protein con-
centrations. However, these investigators compared
only the intracellular accumulation of the two lipo-
proteins without reference to possible differences
in surface binding and degradation.

When internalization and degradation were related
to the extent of surface binding, a further notable
difference between LDL and HDL emerged. The
slopes of both relationships for LDL showed a
decrease beyond a binding figure of 75-150 ng/mg
cell protein (Fig. 5). Thus, the rate of internaliza-
tion of LDL relative to its binding was greatest at
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TABLE 3. Comparison of observed lipoprotein uptake with the calculated sum
of uptake by fluid endocytosis and adsorptive endocytosis

Observed Calculated Uptake (ng/mg) Observed
Labeled Surface Lipoprotein

Lipoprotein Binding® By Fluid By Adsorptive Uptake

in Medium (ng/mg) Endocytosis® Endocytosis® Sum (ng/mg)
HDL, 1 pg/ml 6 3.4 26 29 24
HDL, 50 pg/ml 120 170 530 700 530
HDL, 250 gg/ml 325 850 1,436 2,286 1,475
LDL, 5 pg/ml 48 17 212 229 2,975
LDL, 250 ug/ml 505 850 2,236 3,086 6,400

¢ Mean value for binding at 37°C from studies like that shown in Figure 5.
® Mean value for sucrose clearance (3.4 pl/mg cell protein per 18 hr) X concentra-

tion of lipoprotein in medium (ng/ul).

¢ Density of lipoproteins binding to cell surface (ng/um?®) X total area of cell surface
internalized in 18 hr due to pinocytosis (um?mg cell protein per 18 hr). Cell surface
area was calculated assuming a mean cell diameter of 25 um and using the formula
proposed by Steinman, Brodie, and Cohn (28) to estimate true surface area (3[1D?).
From cell counts and cell protein measurements, 1 mg cell protein represents about
2.5 X 10° cells. Mean surface area and volume of pinocytotic vessels were assumed to
be 0.162 pum?* and 0.00847 um?, respectively, as reported by Steinman, Brodie, and
Cohn (28) for the mouse fibroblast L cell line.

¢ Sum of observed internalization and degradation over 18 hr.

low concentrations, suggesting that internalization was
occurring more readily when binding was to high-
affinity, rather than to low-affinity, sites. In contrast,
the relationships of internalization and degradation to
surface binding for HDL showed no tendency to
flatten over a similar range of surface binding
densities. In fact, the tendency in most experiments
(Fig. 5) was for the slopes of the curves to increase
slightly as a function of increasing surface binding.
These results indicate that the entry of HDL into the
cell interior is equally probable no matter which sites
it occupies.

The precise mechanisms by which cells internalize
plasma lipoproteins have not been elucidated. One
theoretical possibility is that both LDL and HDL are
taken up by pinocytosis occurring generally over the
entire cell surface. The low rate of internalization
of HDL relative to that of LDL, despite a similar
density of surface binding, might then reflect differ-
ing effects of the two lipoproteins on the overall
rate of pinocytosis—either an inhibition by HDL or a
stimulation by LDL. However, neither HDL nor LDL
had any measurable effect on the rate of uptake of
[**C]sucrose by fibroblasts (Table 1); the latter has
been shown by others to be a valid measure of bulk
fluid uptake by pinocytosis (28, 29). In the same
experiments, the rates of clearance of '»I-LDL and
2]-HDL from the culture medium were compared
with that of sucrose. The volume of medium cleared
of LDL during the incubation was substantially
greater than that of sucrose; at low concentrations
there was more than a 100-fold difference. This is
consistent with the report by Goldstein and Brown (4)
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that the rate of clearance of LDL by normal human
fibroblasts is an order of magnitude greater than that
of albumin. On the other hand, the present studies
show that the volume of medium cleared of HDL
was only slightly greater than that of sucrose, the
difference again being greater at low than at high
concentrations.

From the sucrose uptake data it is possible to cal-
culate the expected rates of uptake of LDL
and HDL referrable to the bulk uptake of medium
during pinocytosis. Those values are shown in Table 3,
column 3. Observed uptake (the sum of lipoprotein
internalized and that degraded) was considerably
greater, as shown in the last column of Table 3. An
additional component of uptake could reflect inter-
nalization of lipoprotein bound to those areas of the
cell membrane that invaginate during pinocytosis
and thus become the walls of the forming vesicles
(adsorptive endocytosis, ref. 29). The latter can be
calculated from the measured surface binding of lipo-
proteins and the sucrose clearance if it is assumed
that binding and pinocytosis both occur randomly
over the cell surface. Values for the mean volume
and surface area of the pinocytotic vesicles were
taken from those determined for mouse fibroblasts
(L. cells) by Steinman, Brodie, and Cohn (29) (see
legend to Table 3). The sum of the calculated uptakes
by fluid and adsorptive endocytosis are shown in
Table 3, column 5, and the observed uptake in
column 6. In the case of HDL, the calculated and ob-
served values were reasonably close, especially at low
HDL concentrations. In contrast, the observed uptake
of LDL at 5 ug/ml in the medium was an order of
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magnitude greater than that attributable to fluid and
adsorptive endocytosis using the same assumptions.
At 250 ug/ml LDL, observed uptake was twice that
calculated for ordinary endocytosis. These data sup-
port the operation of an efficient internalization
mechanism for LDL that is somehow related to the
high-affinity binding of LDL to the cell membrane.
Since the presence of LDL did not measurably
increase fluid endocytosis as measured by [(“C]-
sucrose uptake, it becomes necessary to postulate
either: (a) a selective stimulation of endocytosis at
LDL binding sites, these representing so small a frac-
tion of the cell surface that the increment in ac-
companying fluid uptake is too small to measure; or
(b) that LDL is internalized by some mechanism that
does not involve the uptake of extracellular fluid.
The selective binding of ferritin-labeled LDL to
“coated pits”—specialized areas of the cell membrane
believed to play a special role in protein uptake
(42-44)—recently reported by Anderson, Goldstein,
and Brown (45) to correlate with high-affinity bind-
ing could very well represent the specific, nonrandom
site for LDL internalization. On the other hand, the
internalization of HDL by fibroblasts can be ex-
plained by the internalization of medium (with its
HDL content) plus invagination of membrane (with
its complement of surface-bound HDL) during
pinocytosis without the need to postulate specialized
sites of binding.

These differences in the internalization of LDL
and HDL by fibroblasts despite similar overall density
of binding imply that the high affinity site for LDL
either does not bind HDL to a significant degree,
or does not internalize HDL subsequent to binding.
While the present results do not permit certain dis-
tinction between these possibilities, the data avail-
able suggest at least that HDL binds mostly to sites
other than the high-affinity site for LDL. Thus, the
binding of HDL over a wide range of concentrations
was reduced only slightly following treatment of the
cells with pronase, whereas that of LDL at low con-
centration (5 ug/ml) was reduced by 76%. Secondly,
Koschinsky, Carew, and Steinberg (38) have re-
cently shown that pre-incubation of fibroblasts with
cholesterol, which was shown by Brown and Gold-
stein (46) to reduce the number of LDL binding
sites, does not reduce the number of HDL binding
sites. Finally, we have found in other studies that
neither the high affinity nor the low affinity binding
of HDL is reduced in fibroblasts from subjects with
homozygous familial hypercholesterolemia (15),
which appear to lack the high affinity binding site
for LDL (4, 87). Other data, however, have indicated
that there is at least an interaction between HDL

(or some component in the d 1.090-1.21 lipoprotein
fraction) and LDL binding sites. Thus, we have shown
previously that HDL significantly inhibits the binding
of LDL to human fibroblasts when the molar ratio of
HDL to LDL is high, e.g., 25% inhibition at a molar
ratio of 25:1 (15, 16, 47). Similar phenomena have
been observed with swine aortic smooth muscle cells
(40) and with human and rabbit endothelial cells
(48, 49) in culture. LDL, reciprocally, reduces the
binding of HDL (15, 16). It is not yet clear, however,
whether this reflects a competition between LDL and
HDL for common binding sites, or site-site interac-
tion. It should be noted that when high concentra-
tions of HDL are used to effect a significant reduction
in LDL binding, only a small fraction of the HDL
bound would have to be bound to LDL receptor
sites.

In the experiment illustrated in Fig. 4, a 47-
fold increase in '**I-HDL concentration (from 0.7
to 33 ng/ml) produced a proportionately greater in-
crease (31-fold) in total uptake (internalized plus
degraded) than in surface binding (14-fold). This is
consistent with uptake by pinocytosis, since that frac-
tion of uptake due to fluid endocytosis would be
expected to remain a linear function of increasing
concentration as the increments in surface binding
progressively decrease. It is of interest that the in-
crease in internalization (23-fold) was less than that in
degradation (34-fold). A similar result was observed
in other experiments. Internalized lipoprotein com-
prises an intracellular pool, the size of which will be
determined by the relative rates of entry of lipo-
protein into the cell and its subsequent degradation.
The finding of a proportionately greater increase in
5]-HDL degradation than in internalization with
increasing medium concentration indicates at least
that the overall rate of HDL degradation is not a
simple linear function of the total intracellular pool
size. One possibility is that HDL molecules inter-
nalized by different processes (adsorptive or fluid
endocytosis) have differing metabolic fates. Goldstein
and Brown (4) have presented evidence that the
metabolism of LDL by fibroblasts differs according
to the mechanism of internalization.

There is evidence that the degradation of LDL by
peripheral tissues may be quantitatively important in
vivo. Thus, studies in this laboratory have shown that
the fractional catabolic rate of LDL in swine
and dogs is not reduced following hepatectomy (1, 2).
Furthermore, fibroblasts cultured from subjects
with familial hypercholesterolemia, who have defec-
tive LDL catabolism in vivo (3, 50), do not degrade
LDL at a normal rate (4, 7). Carew et al. (14) have
recently reported that the fractional catabolic rate
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of neither LDL nor HDL was reduced following
portacaval shunt in swine, suggesting that HDL
catabolism also may occur to a large extent at the
periphery. The present experiments demonstrate
that at least one peripheral tissue in man is able to
degrade HDL, albeit at a low rate relative to that of
LDL. In the present experiments, the rate of HDL
degradation by fibroblasts at a concentration of 75
ug protein/ml (i.e., 5% of the normal plasma HDL
concentration (32, 33)) averaged 30 ng protein/mg
cell protein per hour. Extrapolating to a daily rate
and expressing the result per kg of cell mass (as-
suming 15% protein by weight), a value of 105 mg
HDL protein/kg per day is obtained. This is actually
in excess of the estimated turnover rate for HDL in
vivo (48, 49). Thus, the degradation of HDL by
peripheral cells may make an important contribution
to HDL catabolism in vivo.

In confirmation of previous reports (7, 34-36),
the addition of LDL to fibroblasts previously incu-
bated with lipoprotein-deficient medium increased
the cholesterol content of the cells and selectively
inhibited the biosynthesis of sterols from acetate,
whereas incubation with HDL did not have these
effects. Although a reduction of sterol synthesis was
observed at high HDL concentrations, this was non-
selective in that it was accompanied by a comparable
reduction of acetate incorporation into fatty acids.
The inhibition of sterol synthesis by LDL is due to
suppression of HMG CoA reductase activity by free
cholesterol released during intracellular degradation
of the lipoprotein (6, 8, 9, 34). The failure of HDL
to increase the cholesterol content of fibroblasts and
thereby to inhibit HMG CoA reductase can now
be explained, at least in part, by the low rate of inter-
nalization of HDL. Further, that HDL that is inter-
nalized would be less effective due to the low choles-
terol content of HDL relative to LDL (31, 32). The
possibility that HDL may have promoted an efflux
of cholesterol from the cells also requires considera-
tion, in view of the evidence for such an effect of
HDL or delipidated HDL in studies with erythro-
cytes (51), aortic smooth muscle cells (52), ascites
tumor cells (52), and L cell fibroblasts (53). It is of
interest in this context that, following incubation of
fibroblasts with [1-'*C]acetate, a greater proportion
of total sterol radioactivity was isolated from media
containing HDL than from those containing LDI at a
similar cholesterol concentration (Table 2). This could
reflect either a greater effiux of cholesterol from the
cells in the presence of HDL or a more rapid rate of
exchange of cholesterol between HDL and the cell
pool of newly synthesized cholesterol.ili
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