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Abstract

The metabolism of hypertriglyceridemic low density lipoprotein
(HTG-LDL) was investigated in upregulated cultured human
skin fibroblasts. Low density lipoprotein (LDL) was isolated
by zonal centrifugation from the plasma of seven HTGsubjects,
before and 2 wk after the initiation of bezafibrate (BZ) therapy.
HTG-LDL is a cholesterol-poor, triglyceride-rich lipoprotein
of smaller diameter than BZ-LDL or normal LDL (N-LDL).
Binding, cell association, and proteolytic degradation of HTG-
LDL were compared with that of BZ-LDL and N-LDL and
were found to be significantly lower by a paired t test analysis
(P < 0.001). After 6 h preincubation with unlabeled HTG-
LDL, the incorporation of [14Clacetate to sterols was signifi-
cantly higher than with BZ-LDL or N-LDL (577±43.7;
330±41.5; 262±47, mean±SE, picomoles sterols per milligram
cell protein per 2 h, respectively; P < 0.001 by paired t test).

To determine the effectiveness of HTG-LDL and BZ-LDL
on the down-regulation of LDL receptor activity, up-regulated
cells were incubated for 48 h with HTG-LDL and BZ-LDL.
LDL receptor activity was significantly higher after preincu-
bation with HTG-LDL compared with BZ-LDL, and the rates
of sterol synthesis were similarly increased. These results
demonstrate that HTG-LDL does not down-regulate the LDL
receptor activity as efficiently as BZ-LDL and that its choles-
terol content is not enough to adequately suppress cellular
sterol synthesis.

Significant correlation between LDL composition and cho-
lesterol synthesis by cultured cells was found with all LDL
preparations over a wide range of cholesteryl ester to protein
ratio (0.8-2.2). This correlation indicates that the compositional
and structural abnormalities of HTG-LDL, and especially the
low cholesterol content of the lipoprotein, alter LDL metabolism
and cellular cholesterol formation.

Introduction

Several abnormalities have been consistently observed in li-
poproteins isolated from the plasma of hypertriglyceridemic
(HTG)' human subjects. Very low density lipoprotein (VLDL)
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1. Abbreviations used in this paper: apo, apoprotein; BZ, bezafibrate;
FCS, fetal calf serum; HTG, hypertriglyceridemic; LPDS, lipoprotein
deficient serum; N-LDL, normal low density lipoprotein.

is cholesteryl ester-rich and free cholesterol-rich and protein-
poor (1, 2); low density lipoprotein (LDL) appears as multiple
populations (1, 3), is protein-rich and triglyceride-rich, and
contains considerably less free and esterified cholesterol than
normal LDL (1, 2, 4-6). HTG-LDL is also smaller and denser
than normal LDL (1, 2). HTG-high density lipoprotein (HDL)
belongs predominantly to the HDL3 subpopulation (1, 7), and
like LDL, is relatively enriched with protein and triglyceride
and contains less cholesteryl ester molecules than normal
HDL3 (1, 6, 8, 9). These compositional changes are strongly
related to the plasma triglyceride levels and many if not all
revert toward normal when hypolipidemic therapy is insti-
tuted (1).

It has been suggested that most of the abnormalities in
HTG lipoproteins reflect an enhanced activity of the lipid-
transfer reaction (1, 6, 8, 9), mediated by specific proteins
present in plasma of human and some animal species (10-
16). According to this view, the presence of a high concentration
of triglyceride-rich lipoproteins in the plasma induces acceler-
ated transfer of cholesteryl ester from LDL and HDLto VLDL
and chylomicrons and of triglyceride in the opposite direction.
Thus, cholesteryl ester and triglyceride redistribution seem to
be an integral feature of the lipoprotein system in hypertriglyc-
eridemia.

Lipoprotein cholesterol is an important regulator of cellular
metabolic events (17, 18). Therefore, we considered the pos-
sibility that the altered composition of LDL found in HTG
states may change the interaction between this lipoprotein and
peripheral cells. Wewould expect also that correction of the
compositional change of LDL would result in normalization
of lipoprotein cell interaction. To test this hypothesis, we have
studied the receptor mediated metabolism of LDL by cultured
human skin fibroblasts exposed to HTG-LDL isolated before
and 2 wk after initiation of bezafibrate (BZ) therapy. The
results obtained demonstrate that HTG-LDL is less effective
in down-regulation of the LDL receptor activity and inhibition
of sterol synthesis by the cells. Normalization of this defect
was found with therapy.

Methods
Patients. Seven male patients with primary endogenous hypertriglycer-
idemia (type IV) as defined by Fredrickson et al. (19) and six healthy
male normolipidemic volunteers were studied. The hyperlipidemic
patients were attending the Lipid Clinic at the Hadassah University
Hospital, Jerusalem. Informed consent was obtained in all cases. All
patients were normoglycemic and the hepatic, renal, and thyroid
functions were normal. None was receiving drug treatment for other
conditions.

Experimental protocol. Fasting plasma samples were obtained from
an antecubital vein in the morning hours after a 14-16 h fast. In three
patients, an HTG plasma sample was drawn, and on that day BZ
therapy (0.2 g three times a day) was instituted. A second plasma
sample was obtained after 2 wk of therapy (BZ sample). Blood was
obtained from four additional patients who were on BZ therapy with
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the following protocol: the first sample, A, was drawn while the subjects
received BZ; on that day, therapy was discontinued, and 2 wk later, a
second sample, B, was drawn and BZ was reinstituted. 2 wk later, a
third sample, C, was obtained. LDL was isolated, characterized, and
assayed in normal human skin fibroblasts for binding, cell association,
proteolytic degradation, and ["C]acetate incorporation into sterol. In
each experiment, HTGand BZ-LDL were examined together with a
control normal LDL (N-LDL) isolated from the normotriglyceridemic
subjects.

Isolation and characterization of LDL. Blood was drawn into tubes
containing EDTA (I mg/ml). Zonal ultracentrifugation was employed
to isolate LDL from the hyperlipidemic subjects according to the
method published by Patsch et al. (20). This procedure was suitable to
separate LDL of abnormal composition, size, and density (1). Zonal
ultracentrifugation was performed in a Ti- 14 zonal rotor. A NaBr
gradient of 1.0-1.3 g/ml was established with the help of a high
capacity gradient pump (141; Beckman Instruments, Inc., Fullerton,
CA). The rotor was loaded with a plasma fraction of d 1.006-1.085
g/ml (isolated from 80-140 ml plasma) and the LDL was eluted after
140 min centrifugation at 42,000 rpm. The eluate was monitored
continuously at 280 nm by a multiwavelength absorbance monitor
(Model UA-5; Isco, Inc., Lincoln, NE). The main LDL fraction (1)
was isolated and used in tissue culture experiments. N-LDL was
isolated by preparative ultracentrifugation at d = 1.019-1.063 g/ml,
and lipoprotein deficient plasma was isolated from normal subjects at
d > 1.25 g/ml in fixed angle rotors (SOTi, 6OTi) using an ultracentrifuge
(L5-50B; Beckman Instruments, Inc.). The LDL was dialyzed against
0.15 MNaCl, 1 mMEDTAsolution. The zonal LDL was concentrated
by vacuum ultrafiltration. All preparations were sterilized by passage
through a 0.45-Am millipore filter. Electron microscopy was used to
determine the size of lipoproteins. Electron micrographs were obtained
using an electron microscope (300; Philips Electronic Instruments,
Inc., Mahwah, NJ) as described previously (1). Triglycerides were
determined according to the U. S. Lipid Research Clinics protocol
using an AutoAnalyzer AAII (Technicon Corp., Tarrytown, NY) (21).
Cholesteryl ester and free cholesterol content in lipoproteins were
determined enzymatically (22) with a commercial kit (Boehringer
Mannheim GmbHDiagnostics, Mannheim, West Germany). Radio-
active sterols were isolated by thin layer chromatography on silica gel
plates using the solvent system petroleum ether/diethyl ether/acetic
acid, 80:20:1 (vol/vol/vol) (23). Phospholipids were determined by the
Bartlett procedure (24). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis of apolipoproteins on 10% gels was performed after the
methods described by Weber and Osborn (25). LDL protein was
measured by the method of Lowry et al. (26) using bovine serum
albumin (BSA) as a standard.

Iodination of LDL. '251-labeled LDL was prepared by the iodine
monochloride method of MacFarlane (27) as modified by Bilheimer
et al. (28). The iodinated preparations were dialyzed extensively against
0.15 MNaCl, 0.001 MEDTA, pH = 7.4. The final specific activity
varied between 50 and 500 cpm/ng protein. In all preparations, >95%
of the radioactivity was precipitated by trichloroacetic acid and <5%
was extractable by chloroform-methanol. All the iodinated and non-
iodinated LDL preparations were used within 2 wk and sterilized by
passage through a 0.45-tum millipore filter. They were kept sterile and
tightly closed at 4°C.

Cultures of human skin fibroblasts. Biopsies were obtained from
the medial part of the forearm of normal male adult donors. The cells
were cultured in plastic flasks (Falcon Labware, Div. of Becton-
Dickinson & Co., Oxnard, CA) in modified Dulbecco-Vogt medium
(29) containing 10% fetal calf serum (FCS), and maintained in a

humidified incubator (5% CO2) at 370C. Fibroblasts from third to
fifteenth subcultures were trypsinized and 3.5 X 10' cells were plated
(day 0), in 35-mm dishes (Falcon Labware), containing 2 ml of
medium with 10% FCS. The medium was changed on days 3 and 5
while the cells were not yet confluent. On the fifth day, monolayers
were washed with Dulbecco-phosphate-buffered saline (PBS) buffer and
2 ml of fresh medium containing human lipoprotein deficient serum

(LPDS) at a final protein concentration of 5 mg/ml were added. The
cells were incubated for another 48 h. All experiments were initiated
on day 7.

Assays of binding, cell association, and proteolytic degradation of
"'I-LDL. On the day of experiment, the serum containing medium
was removed, the cell layer was washed with PBS, and the cells were
incubated with '25I-LDL, 15 Mg protein/ml, in lipoprotein deficient
medium at 370C. After 6 h of incubation, the medium was examined
for noniodide '25I-LDL degradation products according to Bierman et
al. (30). The results were expressed as nanograms of '25I-LDL protein
degraded per milligram cell protein. Dishes with '25I-LDL but without
cells were processed simultaneously and the results were subtracted
from the degradation values in dishes with cells. After removal of
medium, cell monolayers were cooled for 30 min at 40C and washed
extensively with ice-cold PBS + 0.2% BSA. Binding of '251I-LDL was
determined by the release of radioactivity after incubation with heparin
(10 mg/ml) for I h at 4VC, according to Goldstein et al. (31). The cells
were then washed and dissolved in 1 ml of 0.5 NNaOH. Cell associated
LDL was determined as '251I-LDL radioactivity in the dissolved cells;
cell protein was determined subsequently by the method of Lowry et
al. (26). Cell associated LDL represents the radioactivity recovered in
the cells after the incubation with heparin.

Incorporation of ["CC]acetate to sterols. To determine the ability of
LDL to regulate sterol synthesis, fibroblasts were incubated with
unlabeled HTG-LDL or BZ-LDL, 15 Mg protein in 1 ml LPDS
medium. After 6 h, the medium was removed and the cells were
washed extensively with PBS + 0.2% BSA. 1 ml of serum free medium
containing 10 MCi of 2["4C]acetate was added and incubation continued
at 370C for 2 h. The incorporation of labeled acetate into sterols was
measured according to the method of Oram et al. (32). At the end of
incubation, the medium was removed and the cells were washed three
times with PBS. The lipids were extracted by the addition of hexane/
isopropanol (3:2, vol/vol), for 1 h at room temperature, followed by
two rapid similar extractions. The pooled solvents were evaporated to
dryness, the cholesteryl ester was hydrolyzed with I N KOH in 95%
ethanol for 1 h at 85°C, and the sterols were re-extracted into 2 ml
hexane. A 0.5-ml hexane aliquot was counted in a beta scintillation
spectrometer. The [14Cjsterol fraction was determined by thin layer
chromatography on silica gel G plates, using petroleum ether/diethyl
ether/acetic acid (80:20:1, vol/vol/vol) as the developing solvent.
Usually, >80% of the hexane extracted radioactivity was found in the
sterol fraction. Incorporation of [14C]acetate to sterols is expressed as
picomoles of acetate found in the sterol fraction (calculated from the
specific activity of the acetate (55 mCi/mmol)).

Effect of a prolonged exposure to unlabeled LDL. Upregulated cells
were preincubated for 48 h with HTG-LDL and BZ-LDL, at concen-
trations of 15 Mg protein/ml. After the preincubation period, the
medium was removed and `25I-LDL obtained from normal donors (N-
LDL; 15 Mg protein/ml) in I ml medium was added and incubated
with the cells for 3 h. The binding, cell association, and proteolytic
degradation of '25I-N-LDL and the incorporation of ['4C]acetate to
sterols was determined as described above.

Materials. 2['4C]acetate and '251I-Na were purchased from the
Radiochemical Centre, Amersham, England. Culture flasks and dishes
were purchased from Falcon Labware. Medium and FCS were obtained
from Gibco Laboratories, Grand Island, NY. All other chemicals and
reagents were of analytical grade.

Statistical analysis. Tests for significant differences between HTG-
LDL and BZ-LDL were performed by paired t test evaluation. Linear
regression analysis was used to determine coefficients of correlation
between cholesteryl ester/protein ratios to sterol synthesis and rates of
degradation of HTG-LDL to BZ-LDL. Significance levels were obtained
by t and r tables (33).

Results

Plasma and lipoprotein lipids. The patients' plasma lipid levels
before and after 2 wk of BZ therapy are shown in Table I.
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Table I. Plasma and Lipoprotein Lipid Concentrations of HTGPatients Before and 2 H'k After Institution of BZ Therapy

Values before BZ therapy Values during BZ therapy

TG Cholesterol TG Cholesterol

Patient Plasma VLDL LDL HDL Plasma VLDL LDL HDL

mg/dl plasma mg/dl mg/dl mg/dl mg/dl mg/dl plasma mg/dl mg/dl mg/dl mg/dl

B.S. 901 247 177 50 20 346 183 53 117 23
E.K. 620 283 113 141 29 186 221 27 162 32
Y.S. 770 330 212 82 26 243 254 61 158 35
B.E. 882 362 141 197 24 194 288 56 192 30
A.K. 620 266 157 87 22 323 207 53 128 26
C.O. 3,010 480 419 42 19 665 271 145 104 22
M.A. 840 242 180 46 16 420 160 71 67 22

Mean 1,092 316 200 92.1 22.3 340 226 65.6 133 27.1
SEM ±323* ±32k ±38* ±21.8t ±1.7* ±63 ±18 ±14.0 ±15.8 ±2.0

Differences between HTGand BZ samples are significant at levels of P < 0.001* and P < 0.005t by paired t test. TG, triglyceride.

The mean plasma TG decreased after 2 wk of BZ therapy by protein/milligrams cell protein) was 60.1±8.4 (mean±SEM),
70.9±3.86% (mean±SEM, P < 0.001). The same trend was while that of BZ-LDL was 76.6±6.5 (paired t test, P < 0.005).
also found for cholesterol, which decreased by 30.4±6.05% The binding of N-LDL included in the same experiments was
(mean±SEM, P < 0.001). 80.0±4.5. A similar trend was found for cell associated LDL

HTG-LDL and BZ-LDL were separated on a zonal ultra- (Fig. 1 B). Degradation of LDL after 6 h of incubation was
centrifugation system (1). As judged by the zonal profile, determined in 11 studies carried out in seven patients. More
HTG-LDL eluted later than BZ-LDL (peak elution volumes LDL was degraded after 2 wk of BZ treatment (1,561±178)
of 273±8 ml and 250±5 ml [mean±SEM], respectively), as compared with HTG-LDL (1,261±193) (Fig. 1 C). The
indicating an increased density of the lipoprotein. The chemical differences were highly significant by paired t test (P < 0.001).
composition and size of LDL particles before and after BZ Degradation of N-LDL was 1,639+200. The individual changes
therapy is shown in Table II. The HTG-LDL contained more of the above parameters are shown in Fig. 2 A, B, and C.
triglyceride than BZ-LDL, less cholesterol (free and esterified), Despite variations between studies, in all except one, the
and the particles were smaller and relatively enriched with change in LDL binding, cell association, and degradation
protein. Sodium dodecyl sulfate polyacrylamide gel electro- occurred in the same direction.
phoresis revealed that apoprotein (apo) B was the only protein To determine whether the defective metabolism of HTG-
found in all preparations (by visual estimation, more than LDL represents an affinity change for specific LDL binding
95%). Comparing BZ-LDL with HTG-LDL, the cholesteryl sites, a comparison of the ability of HTG-LDL and N-LDL to
ester/protein ratio increased by 54±8.8% (mean±SEM) compete with '25I-N-LDL for binding and degradation by the
and the triglyceride/protein ratio decreased by 32.5±7.5% cells was carried out. The competition assay was carried out
(mean±SEM). with 15 qg protein/ml of '25I-labeled N-LDL and a wide range

Binding, cell association, and proteolytic degradation. Fig. of unlabeled HTG-LDL or N-LDL (0-500 jg protein/ml). As
1 presents the mean±SEMvalues of binding, cell association, shown in Fig. 3, HTG-LDL was far less efficient than N-LDL
and proteolytic degradation of HTG-LDL, BZ-LDL, and in the competition assay. This observation indicated that the
N-LDL assayed by human skin fibroblasts. The binding of defective binding of HTG-LDL to the cells is indeed due to
'25I-LDL was determined in nine studies on six subjects. The lower affinity of the lipoprotein to the receptor.
amount of HTG-LDL bound to the cells (nanograms LDL Effect of unlabeled LDL on the incorporation of ['4C]acetate

Table H. Chemical Composition and Diameter of HTG-LDL, BZ-LDL, and N-LDL

Source
of LDL Protein CE TG FC PL CE/PR TG/PR Diameter A

mg/100 mg lipoprotein mg/mg mg/mg

HTG 31.4±0.9 32.1±1.5 12.6±1.4 5.4±0.6 18.4±0.7 1.03±0.07 0.40±0.04 191±2.8
BZ 24.5±0.6* 38.7±0.6* 6.5±0.5* 8.4±0.3* 21.9±0.6t 1.59±0.04* 0.27±0.02* 210±4.7*
N 22.7±1.1 40.2±0.8 4.9±0.6 9.4±0.6 23.0±1.4 1.78±0.08 0.22±0.03 213±4.2

Data are mean±SEMof the seven HTGpatients and six normolipidemic subjects who participated in the study. Differences between HTG-LDL
and BZ-LDL are significant at levels of P < 0.005* or P < 0.01t by paired t test. CE, cholesteryl ester; FC, free cholesterol; PL, phospholipid;
PR, protein; TG, triglyceride.
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Figure 1. Binding, cell association, proteolytic degradation, incorpo-
ration of ['4C]acetate to sterols, and inhibition of ['4C]sterol synthesis
by HTG-LDL, BZ-LDL, and N-LDL in cultured human skin fibro-
blasts. Data are mean±SEMof 11 studies on seven patients and six
studies in six normotriglyceridemic subjects.

into sterols. Incorporation of ['4C]acetate into sterols was
measured in 10 studies (seven patients) after 6 h of preincu-
bation of the cells with either HTG-LDL or BZ-LDL. The
incorporation of ('4Clacetate (picomoles/milligram cell protein
per 2 h) was higher after preincubation with HTG-LDL as
compared with BZ-LDL in all studies (Fig. I D). The
mean±SEM of the incorporation data were 577±43.7 and
330±41.5, respectively, P < 0.001 by paired t test. Incorporation
into sterols after preincubation with N-LDL in the same
experiment was 262±47. Inhibition of sterol synthesis (defined
as percent ['4C]acetate incorporation into sterols in plates with
different LDL preparations compared with plates without
LDL) is shown in Fig. 1 E. HTG-LDL inhibited the incorpo-
ration of ['4C]acetate into sterols consistently and considerably
less than BZ-LDL; 53.2±5.6% and 73.8±2.96%, respectively
(P < 0.001 by paired t test). The inhibition by N-LDL was
82.3±1.94%. The individual values are shown in Fig. 2 D
and E.
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Figure 2. Individual variation of receptor mediated LDL metabolism
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Figure 3. Comparison of the ability of HTG-LDL (-o-) and
N-LDL (- - -- * - -) to compete with '251-labeled N-LDL for binding
(A) and degradation (B) in human skin fibroblast. Each 35-mm dish
of cultured fibroblasts received I ml of Eagle's minimal essential
medium containing 5 mg/ml LPDS, 15 gg/ml of '23I-N-LDL, and
the indicated concentrations of unlabeled HTG-LDL or N-LDL.
After incubation for 6 h at 370C, the amounts of '25I-LDL bound to
the cells and of noniodide '251I-N-LDL degradation products was
determined as described in Methods.

Effect of increasing concentrations of HTG-LDL and N-
LDL on the relationships between proteolytic degradation,
cholesterol influx, and incorporation of ["C]acetate to sterols.
To assess the role of LDL composition on sterol synthesis,
fibroblasts were incubated for 6 h with increasing amounts of
251I-LDL (2.5-30 gg protein). Proteolytic degradation of the

'25I-LDL and incorporation of ['4C]acetate to sterols were
determined as described in Methods. Cholesterol influx was
calculated from the proteolytic degradation data and the total
cholesterol to protein ratios of LDL. A reciprocal plot of the
data is shown in Fig. 4. At all LDL concentrations, more
['4C]acetate was incorporated to sterols with HTG-LDL when
the data were correlated to proteolytic degradation (Fig. 4 A).
However, when ['4C]acetate incorporation to sterol was related
to the amount of cholesterol that entered the cells, no differences
were found between HTG-LDL and N-LDL (Fig. 4 B). Thus,
it seems that with equal influx of cholesterol into the cells,
['4C]acetate incorporation to sterols is affected to the same
extent irrespective of the type of LDL used.

Effect of cessation and readministration of BZ on LDL
interaction with culturedfibroblasts. In all experiments, one of
the paired samples (HTG-LDL or BZ-LDL) was kept sterilized
at 40C for 2 wk. To evaluate the effect of storage on LDL
metabolism, the following procedure was used. In four subjects,
LDL was obtained on three occasions: sample A was obtained
during BZ treatment; sample B, 2 wk after cessation of therapy;
and sample C, 2 wk after reinstitution of therapy (begun on
the day that sample B was collected). For each patient, binding,
cell association, proteolytic degradation of LDL, and ['4C]-
acetate incorporation into sterol were determined on two
occasions: first, sample A (stored for 2 wk) and sample B
(fresh); and 2 wk later, sample B (stored for 2 wk) and sample
C (fresh). Table III presents the data expressed as ratios of
values between sample B (HTG-LDL) and samples A or C
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Figure 4. Effect of increasing amounts of HTG-LDL and N-LDL on
the relationships between proteolytic degradation (A), cholesterol in-
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represents reciprocal values of ['4C]acetate incorporation into sterols.
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(A) and cholesterol influx (B) to cells incubated with various amounts
(2.5-30 jg LDL protein per milliliter of medium) of N-LDL (q) or
HTG-LDL (o). Cholesterol influx was calculated by multiplying the
proteolytic degradation values by the total cholesterol to protein
weight ratio of the HTG-LDL or N-LDL.

(BZ-LDL). Comparing the data obtained with freshly prepared
HTG sample (A/B ratio) with that obtained with freshly
prepared BZ sample (C/B ratio), it is evident that binding, cell
association, and proteolytic degra~ation of BZ-LDL is higher
than HTG-LDL irrespective of the sequence of the study. The
same is observed for incorporation of ['4C]acetate to sterols,
which is higher with HTG-LDL. We therefore conclude that
storage of LDL for 2 wk did not affect appreciably the
metabolic behavior of the LDL and cannot explain the differ-
ences between HTG-LDL and BZ-LDL.

Effect of prolonged incubation of HTG-LDL and BZ-LDL
on receptor activity. To test the long-term effects of HTG-LDL

Table III. Effect of Cessation and Readministration
of BZ on LDL Metabolism by Czdtured Fibroblasts

Parameter A/B C/B

Binding, ng LDL protein/mg cell
protein 1.43±0.21 1.37±0.19

Cell association, ng LDL protein/mg
cell protein 1.11±0.11 1.11±0.10

Proteolytic degradation, ng LDL
protein/mg cell protein 1.54±0.29 1.33±0.16

['4C]acetate incorporation into
sterols, pmol acetate/mg cell
protein/2 h 0.57±0.03 0.48±0.03

Human skin fibroblasts were cultured in medium supplemented with 10% FCS
for 5 d and LDL receptor was upregulated by subsequent 48-h incubation in
medium with LPDS. Binding, cell association, degradation, and incorporation
of ["C]acetate into sterol were performed as described in Methods. The LDL
used in the four experiments was handled as described in Results. Values are
mean±SEMof four paired experiments and are expressed as ratios of metabo-
lism activities between samples A and B and samples C and B. Differences be-
tween A/B and C/B results are not significant. Sample A, on bezafibrate ther-
apy; sample B, 2 wk after cessation of BZ; sample C, 2 wk after reinstitution of
BZ.

Table IV. Effect of 48-h Exposure of Fibroblasts to HTG-LDL
and BZ-LDL on N-LDL Metabolism and Sterol Synthesis

Parameter HTG-LDL BZ-LDL

Binding (ng protein/mg cell protein) 64.6±4.9 47.3±2.5
Cell association (ng protein/mg cell

protein) 203±16.3 140±8.1
Proteolytic degradation (ng protein/mg cell

protein per 3 h) 370±37.6 256±15.5
[4C]acetate incorporation to sterols (pmol

acetate/mg cell protein per 2 h) 818±73.0 527±42.0

Cells were cultured for 5 d and the LDL receptor was upregulated for
48 h. Thereafter, the cells were incubated for an additional 48 h in
medium containing LPDS and 15 ,Ag protein of either HTG-LDL or
BZ-LDL. The medium was changed and binding, cell association,
and degradation were determined using N-LDL as ligand. The results
are expressed as mean±SEMof 11 studies carried out on LDL prepa-
rations obtained from seven patients. Differences between HTG-LDL
and BZ-LDL are significant at levels of P < 0.001 for all four param-
eters by paired t test.

and J3Z-LDL on fibroblasts, upregulated cells were preincubated
for 48 h with 15 gg protein/ml, of unlabeled LDL (11 studies
on seven patients). After washings (see Methods), N-251I-LDL
(15 Mg protein/ml) was added and binding, cell association,
and degradation of the LDL and incorporation of ['4C]acetate
to sterols were determined. The results of these experiments
are shown in Table IV. Binding, cell association, and proteolytic
degradation were significantly higher after preincubation
with HTG-LDL compared with BZ-LDL. Incorporation of
[14C]acetate to sterols was also significantly higher in cells
exposed to HTG-LDL. These results demonstrate that HTG-
LDL does not down-regulate the LDL receptor activity as
efficiently as BZ-LDL. Moreover, the data indicate that even
after 48 h of preincubation, sterol synthesis in cells exposed to
HTG-LDL is higher compared with BZ-LDL.

Relationships between LDL composition and incorporation
of ['4C]acetate into sterols. All data on incorporation of
['4C]acetate to sterols were plotted against the ratio of cholesteryl
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Figure 5. The relationship between incorporation of ['4C]acetate to
sterols and LDL cholesteryl ester protein ratios. Data are from six
preparations of N-LDL (A), and ten preparations of HTG-LDL (o)
and BZ-LDL (-). Intercept, 920; slope, 355; r = 0.806; P < 0.0001.
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ester protein values of the two lipoprotein preparations. Data are

from ten paired studies in six patients. Intercept, -0.02; slope, 1.24;
r = 0.66; P < 0.05.

ester to protein of the different LDLs (six N-LDL, nine HTG-
LDL, and nine BZ-LDL). A highly significant negative corre-
lation was found (Fig. 5). The coefficient of correlation between
the two parameters was r = -0.806, P < 0.0001. Similar cor-
relations were obtained with other LDL compositional param-
eters (e.g., total cholesterol to protein ratio; triglyceride to
protein or triglyceride to cholesterol ratios). LDL composition
was also highly positively correlated with percent suppression
of sterol synthesis.

The relationships between LDL compositional ratios and
proteolytic degradation ratios. This relationship was determined
by testing the ratios of proteolytic degradation of HTG-LDL
to BZ-LDL against the cholesteryl ester to protein ratios of
HTG-LDL to BZ-LDL. The analysis was carried out on 10
paired (HTG-LDL and BZ-LDL) studies. LDL degradation
ratios were positively and significantly related (r = 0.66,
P < 0.05) to the LDL compositional ratios (Fig. 6).

Discussion

The aim of this investigation was to determine whether LDL
from HTG patients, which is known to be abnormal in
structure and composition (1-8), will behave differently with
regard to its metabolism in cultured human skin fibroblasts
when compared with LDL obtained from normal donors. In
view of the difficulties to determine absolute parameters when
studying lipoprotein metabolism in cells in culture (31), several
precautions were taken. First, HTG-LDL was tested simulta-
neously with N-LDL and LDL obtained from the same patient
2 wk after initiation (or discontinuation) of triglyceride lowering
therapy. Second, the order of obtaining of HTG-LDL and BZ-
LDL has been reversed in four patients. Third, identical
experimental procedures were employed throughout the study.
With these precautions, several metabolic abnormalities could
be identified in the tissue culture system. HTG-LDL binding
and protcolytic degradation were decreased, LDL receptor
mediated activities were down-regulated less efficiently, and
handling of N-LDL by the cells was different after prolonged
exposure to HTG-LDL or BZ-LDL. These abnormalities re-

verted toward normal when plasma triglyceride levels were
reduced by l3Z treatment.

Reduced cellular binding of LDL isolated from uncontrolled
type I diabetic patients (34) and from patients with diabetes
with hypertriglyceridemia (35) has been reported. In a second
study, binding of LDL isolated from diabetics with normal
plasma triglyceride levels was found to be normal (35). In the
present investigation, we observed decreased binding by the
cells of LDL obtained from patients with hypertriglyceridemia
but with no diabetes. We also found that LDL binding
increased when plasma triglyceride levels were reduced by BZ
therapy. The defective binding was due to lower affinity of
HTG-LDL for binding by the LDL receptor and seemed to
reflect the degree of triglyceridemia. At the end of 6 h incu-
bation, when LDL receptor activity is not expected to be
appreciably down-regulated (36), both cell association and
proteolytic degradation of HTG-LDL were markedly reduced.
These parameters also reverted to normal with BZ therapy.
We suggest that the defective binding of HTG-LDL by the
cells is responsible for decreased entry of the LDL to the cells
and to its decreased proteolytic degradation. The reason for
the reduced binding and degradation of HTG-LDL is not
clear. In our study, several possibilities could be ruled out.
The reversal of the binding defect with treatment indicates
that the defect is not related to the genetic nature of the
dyslipoproteinemic state. Apo C has been reported to inhibit
degradation of chylomicron remnants by the perfused rat liver
(37), while apo E present in HTG-VLDL modulates VLDL
binding by the LDL cellular receptors (38, 39). These apopro-
teins were not detected in the LDL preparations used presently.
The reversible compositional abnormalities of the LDL could
provide one possible explanation for the defective binding.
However, when the correlation between the change in choles-
teryl ester/protein ratio of HTG-LDL and its reduced degra-
dation by the cultured cells was sought, it was found to be
relatively low (r = 0.66). Wetherefore favor another possibility,
namely, that the smaller size of HTG-LDL induces confor-
mational changes of apo B and decreases its binding to the
receptors. That possibility is being investigated.

Decreased ability of LDL to suppress sterol synthesis in
upregulated human skin fibroblasts has previously been shown
in LDL depleted of cholesteryl esters either by reconstitution
techniques or by the lipid transfer protein reaction in vitro
(40, 41). The present study demonstrates a similar phenomenon
with cholesteryl ester-poor triglyceride-rich LDL isolated from
HTGhuman subjects. Furthermore, our data indicate that the
ability of the cells to incorporate ['4C]acetate into sterols is
strongly and significantly correlated with LDL composition
over a wide range of LDL cholesteryl ester to protein ratios
(between 0.8 to 2.2) commonly seen in humans. This phenom-
enon is manifested even when only normotriglyceridemic
subjects are considered (see Fig. 5S normal LDL), but becomes
pronounced with hypertriglyceridemia. When similar amounts
of cholesterol are delivered to cells with either N-LDL or
HTG-LDL, the two lipoproteins exert identical effects on sterol
synthesis. In that experiment, increasing amounts of triglycerides
were also delivered to the cells with HTG-LDL; that seemed
to be without effect on sterol synthesis. It seems, therefore,
that the reduced delivery of cholesterol to the cells by LDL of
varying cholesterol content is the determinant that modulates
intracellular sterol synthesis rates. Note that the degradation
of HTG-LDL was reduced by 26% as compared with BZ-
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LDL. Since the increase of ['4C]acetate incorporation to sterols
was 83%, the decreased LDL degradation explains only a part
of the increased sterol synthesis. The other part must reflect
the decreased cholesterol content of the HTG-LDL. This
suggestion is supported by the concept of Brown and Goldstein
(42, 43) that cholesterol molecules regulate 3-hydroxy-3-meth-
ylglutaryl coenzyme A reductase activity.

The experiments in which cells were exposed to HTG-
LDL and BZ-LDL for a prolonged period of time (48 h)
simulate in part the in vivo HTGstate. In these experiments
higher LDL receptor activity was observed in cells pretreated
with HTG-LDL, as shown by increased binding and degradation
of LDL protein; there was also an increased incorporation of
[I4C]acetate to sterols. The higher LDL receptor activity was
apparently due to a lesser delivery of cholesterol to cells, and
thus less effective down-regulation of receptor protein synthesis
occurred (18). These results are relevant to lipoprotein and
cholesterol metabolism in the HTGstate. LDL-apo B turnover
studies in human subjects with hypertriglyceridemia (in partic-
ular familial) reported accelerated degradation of the apo B
moiety of the lipoprotein (44-46). In one study, the mean t½/2
of LDL-apo B in type IV patients was 3.4 d, compared with
4.26 d in normals, while in type V, it was 2.48 d (44). In a
second study, the fractional catabolic rate of LDL-apo B in
patients with familial hypertriglyceridemia was 0.47 pools/day
compared with 0.31 in normals (46). In other studies, total
body cholesterol synthesis was reported to be considerably
higher in patients with hypertriglyceridemia as compared with
normals and patients with hypercholesterolemia (47-50). The
increased fractional catabolic rate of LDL-apo B could be
related to the presently described finding that the HTG-LDL
particle delivers less cholesterol to cells than N-LDL and
therefore is less effective in the down regulation of the LDL
receptor and in inhibition of 3-hydroxy-3-methylglutaryl coen-
zyme A reductase. The resulting higher activity of this enzyme
would account for the increase in cholesterol synthesis in
hypertriglyceridemia. Our data predict that when plasma tri-
glyceride levels are reduced, both abnormalities should be
corrected and indeed reduction in cholesterol synthesis has
been reported in HTGpatients treated with clofibrate (48, 49).
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