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Control of 3-Hydroxy-3-Methylglutaryl-CoA Reductase

Activity in Cultured Human Fibroblasts

by Very Low Density Lipoproteins of Subjects with
Hypertriglyceridemia

SANDRAH. GIANTURCO, ANTONIOM. GOTTO, JR., RIcHARD L. JACKSON,
JOSEF R. PATSCH, HARLEYD. SYBERS, 0. DAVID TAUNTON,
DANIEL L. YESHURUN,and Louis C. SMITH, Departments of
Medicine, Biochemistry, and Pathology, Baylor College of Medicine,
and The Methodist Hospital, Houston, Texas 77030

A B S T RA C T Very low density lipoproteins (VLDL)
and low density lipoproteins (LDL) from human
normolipemic plasma, and the VLDL, the inter-
mediate density lipoprotein (IDL), and LDL from pa-
tients with Type III hyperlipoproteinemic plasma
were tested for their abilities to suppress the activity
of 3-hydroxy-3-methylglutaryl-Coenzyme A (HMG-
CoA) reductase in cultured human fibroblasts from
normal subjects and a Type III patient. Regulation of
cholesterol synthesis in the fibroblasts of a patient
with Type III hyperlipoproteinemia appears to be
normal. VLDL from normal subjects, isolated by angle
head ultracentrifugation (d < 1.006) or by gel filtra-
tion on BioGel A-5m, were about 5 times less effective
than LDL in suppressing HMG-CoAreductase activity,
based on protein content, in agreement with pre-
vious reports with normal fibroblasts. Zonal centrifuga-
tion of normal VLDL isolated by both methods showed
that the VLDL contained IDL. Normal VLDL from
the angle head rotor, refractionated by the zonal
method, had little, if any, ability to suppress the HMG-
CoA reductase activity in either normal or Type III
fibroblasts. VLDL, IDL, and LDL fractionated by zonal
ultracentrifugation from Type III plasma gave half-
maximum inhibition at 0.2-0.5 ,g of protein/ml,
indistinguishable from the suppression caused by
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normal LDL. Type III VLDL did not suppress HMG-
CoA reductase in mutant LDL receptor-negative fibro-
blasts. Zonally isolated VLDL obtained from one Type
IV and one Type V patient gave half-maximal sup-
pression at 5 and 0.5 ,g of protein/ml, respectively.
Molecular diameters and apoprotein compositions of
the zonally isolated normal and Type III VLDL
were similar; the major difference in composition was
that Type III VLDL contained more cholesteryl esters
and less triglyceride than did normal VLDL. The
compositions and diameters of the Type IV and Type
V VLDL were similar to normal VLDL. These find-
ings show that the basic defect in Type III hyper-
lipoproteinemia is qualitatively different from the
cellular defect found in familial hypercholesterolemia,
since the regulation of HMG-CoAreductase activity is
normal in Type III fibroblasts. The metabolic defect
in hypertriglyceridemia is related to the triglyceride-
rich lipoproteins which, free of other lipoproteins,
have an enhanced ability to interact with cultured
fibroblasts to regulate HMG-CoA reductase activity.
These studies suggest that, in hypertriglyceridemia,
there is a mechanism for direct cellular catabolism
of VLDL which is not functional for normal VLDL.

INTRODUCTION

In Type III hyperlipoproteinemia (broad ,3-disease,
or dysbetalipoproteinemia), plasma cholesterol and
triglyceride levels are typically increased (1). One of
the most striking aspects of the lipoprotein distribu-
tion in Type III is the presence of a lipoprotein
fraction with a density intermediate between very low
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density lipoproteins (VLDL)' and low density lipo-
proteins (LDL) (2). VLDL are also elevated and their
composition is abnormal. Compared with normal
VLDL, Type III VLDL are reported to contain more
arginine-rich protein and cholesteryl ester but less
triglyceride (3). The metabolic defect which accounts
for these abnormalities is unknown.

In normal cultured human fibroblasts, LDL de-
crease cholesterol biosynthesis by suppressing syn-
thesis of 3-hy droxy-3-methylglutaryl-Coenzyme A
(HMIG-CoA) reductase, the rate-limiting enzyme in
cholesterol biosynthesis (4-6). By contrast, control of
HMG-CoA reductase activity in fibroblasts derived
from persons with the homozygous form of familial
hypercholesterolemia is defective, since these cells
cannot bind LDL normally because of an absent or
defective LDL receptor. A similar receptor defect
might exist in Type III hyperlipoproteinemia and
account for the elevated cholesterol levels in plasma.
However, if the regulation of HMG-CoA reductase
proved to be normal in Type III fibroblasts, the Type
III lipoproteins might show abnormal behavior as regu-
lators of cellular cholesterol synthesis. Our studies
show that the defect in Type III hyperlipoproteinemia
is not the same cellular defect as in familial hyper-
cholesterolemia. However, Type III VLDL is ab-
normal in that it is effective in suppressing HMG-
CoA reductase activity. Zonally prepared VLDL from
two patients with other forms of hypertriglyceridemia
also suppressed, suggesting that this functional ab-
normality of VLDL may be a common feature of hyper-
triglyceridemia.

METHODS

Materials. DL- 3 - hydroxy - 3- methyl[3-'4C] - glutaryl - CoA
(26.2 mCi/mmol) was purchased from New England Nuclear
(Boston, Mass.). Silica gel-coated plastic-backed thin-layer
chromatography sheets without fluorescent indicator (No.
6601) were products of Eastman Kodak Co. (Rochester, N. Y.).
NADP; D-glucose-6-phosphate, monosodium salt; and glu-
cose 6-phosphate dehydrogenase (Type XV), sulfate-free,
were obtained from Sigma Chemical Co. (St. Louis, Mo.).

Cells. All cultures of human fibroblasts were estab-
lished in our laboratory from skin biopsies, except for the
receptor-negative mutant homozygous familial hypercholes-
terolemia fibroblasts. This mutant line, GM-361, purchased
from the Human Genetic Mutant Cell Respository (Camden,
N. J.), was established and characterized by Goldstein and
Brown (7,8). Normal cells were taken from adults whose plasma
cholesterol and triglyceride levels and lipoprotein profiles
were normal. Type III cells were from M. A., a 56-yr-old
black male with tuberous xanthomas on his elbows and
prominent bilateral corneal arcus. The Type III diagnosis

I Abbreviations used in this paper: HMG-CoA reductases,
3-hydroxy-3-methylglutaryl-CoA reductase; I DL, intermedi-
ate density lipoprotein; LDL, low density lipoproteins;
LPDS, lipoprotein-deficient serum; VLDL, very low density
lipoproteins.

was based on commonly used criteria (1). The fhasting plasma
was turbid; some chylomicrons were present. The choles-
terol concentration was 310 mg/dl; triglyceride was 311
mg/dl of plasma. Lipoprotein electrophoresis of whole plasma
showed a broad beta band. A beta-migrating band was
present in the VLDL (d < 1.006); the ratio of VLDL choles-
terol to plasma triglyceride concentration was above 0.30.
Pedigree data are not available. A detailed metabolic study
of this individual is presented elsewhere (9).

Monolayer cultures were maintained in a humidified incu-
bator under 5% CO2 at 37°C in 100-mm plastic tissue cul-
ture dishes (Lux Scientific Corp., Newbury Park, Calif.).
Each dish contained 10 ml of complete medium consisting of
Dulbecco's Modified Eagle's Medium (Grand Island Bio-
logical Co., Grand Island, N. Y., Cat. No. H21), supple-
mented with 10% (vol/vol) fetal calf serum (International
Scientific Industries, Inc., Cary, Ill.), 2 mMglutamine, 36
mMNaHCO3, 100 U/ml potassium penicillin G, and 100
jug/ml streptomvcin sulfate. Cells were used between the third
and seventh passage. The split ratio for cells in each pas-
sage was 1:4.

For experiments, confluent cell monolayers were dis-
sociated from stock plates with trypsin (100 Ag/ml; Grand
Island Biological Co.) and the cells combined. Approximately
105 cells were then dispersed in 5 ml of complete medium
into 60-mm plastic tissue culture dishes and placed in a
37°C humidified incubator under 5% CO2 for this and subse-
quent incubations of cells. The medium was changed
after 3 days. When the cells were 75-100% confluent (5-7
days), the medium was removed; the cells were washed
with 3 ml of saline and were placed on 3 ml of medium
containing 5% human lipoprotein-deficient serum (LPDS)
for 24 h to allow HMG-CoAreductase activity to increase to
unsuppressed levels. Measured quantities of lipoproteins
were then added to duplicate dishes for 16 h. The medium
was then removed, the cell monolayers washed twice at room
temperature 2 ml of saline, an.d the cells removed with a
rubber policeman into 2.0 ml of 0.15 M NaCl, 50 mM
Tris-HCl, pH 7.4. The cells were sedimented by centrifuga-
tion, the supernate was discarded, and the cell pellets
stored at -80°C.

HMG-CoA reductase assay. HMG-CoAreductase activi-
ties were determined by a modification of the method of
Brown et al. (5). Thawed cell pellets were incubated for
10 min at 37°C with 0.1 ml of 50 mMK2HPO4, pH 7.4, con-
taining 5 mM dithiothreitol, 1 mM EDTA, and 0.25%
Kyro EOB (Proctor & Gamble, Cincinnati, Ohio). After
centrifugation for 5 min at 5,000 rpm at room tempera-
ture, the clear supernates were assayed in duplicate for
HMG-CoA reductase activity. Cell extracts (20 ,ul) were
incubated at 37°C in a final volume of 35 gl with 3 mM
NADP; 22 mMglucose 6-phosphate; 14 mMTris-HCl, pH
7.5; 5 mMdithiothreitol; 0.15 U of glucose 6-phosphate
dehydrogenase; and 43 ,LM DL-3-hydroxy-3-methyl[3-'4C]-
glutaryl-CoA. After 2 h, 10 gl of 2.5 N HCI containing 60
mMmevalonolactone as carrier was added. After 20 min at
37°C, 15 ,lI of the acidified reaction mixture, in 5-,tl
aliquots, was streaked on silica thin-layer chromatograms.
The chromatograms were air-dried and developed in acetone-
benzene (1:1, vol/vol) until the solvent front had moved
5.5 cm above the origin. Areas of the chromatogram con-
taining mevalonolactone (Rf 0.63) and residual HMG-CoA
(origin) were counted with Triton X-100:toluene scintilla-
tion fluid (10). To calculate the picomoles of mevalonate
formed during the incubations, the fraction of total radio-
activity which appeared in the mevalonolactone region was
multiplied by the picomoles of HMG-CoAinitially present
in the assay. For figures, each HMG-CoAreductase activity
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data point is the average of values from duplicate dishes;
the variation between duplicate values in each experiment
is stated in each figure legend. Protein content of extracts
was determined by the method of Lowry et al. (11), with
bovine serum albumin as a standard.

Lipoproteins and lipoprotein-deficient serum. Normal
lipoprotein fractions and LPDSwere isolated from the plasma
of fasting adult normolipemic males. Diagnoses of hyper-
lipoproteinemia types were based on commonly used
criteria (1). Secondary causes of hyperlipoproteinemia were
excluded for each patient from whom lipoproteins were ob-
tained. None of the patients was on any special diet or
medication at the time plasma was taken for lipoprotein
isolation. Type III patients M. A. and W. M. had been on
no special diet or medication for 1 mo before plasma was
obtained. Type III patient J. H. and Type IV patient Y. K.
had never received lipid-lowering drugs. Type V patient
M. V. had received Atromid S and was on a restricted
carbohydrate diet. Blood was collected in 0.1% EDTA from
fasting subjects; erythrocytes were removed by low-speed
centrifugation. To prepare LPDS, lipoproteins were removed
by flotation at d 1.21 (KBr) in a Beckman preparative ultra-
centrifuge (L3-50) using a 60 Ti rotor (Beckman Instru-
ments, Inc., Spinco Div., Palo Alto, Calif.) at 45,000 rpm
at 14WC for 60 h. LPDS was dialyzed against two changes of
150 vol of 0.15 M NaCl containing 50 mMTris-HCl, pH 7.4,
and 0.3 mMEDTA at 4°C for 36-48 h. After clotting with
thrombin (4), LPDS was sterilized by filtration through a
0.2-gm filter unit (Nalge Co., Rochester, N. Y.) and stored
at -20°C. Normal VLDL and LDL for the experiment in
Fig. 2 were isolated from the lipoprotein fraction, obtained
from the ultracentrifugation of plasma at d = 1.21, by chroma-
tography over Bio-Gel A-5m, 200-400 mesh, 6 x 60 cm (Bio-
Rad Laboratories, Richmond, Calif.) (12). All other lipopro-
tein fractions were isolated from plasma according to standard
techniques by sequential flotation in a 60 Ti rotor at 45,000
rpm and 14°C for 18-22 h (13). VLDL were isolated in a
single centrifugation without adjusting the density of plasma
(d < 1.006); intermediate density lipoproteins (IDL) were
isolated at d = 1.006-1.020, and LDL at d = 1.020-1.063.
Each lipoprotein class was further purified by rate zonal
ultracentrifugation in a Beckman Ti-14 zonal rotor. A linear
gradient in the density range of 1.000-1.300 (NaBr) was
used for ultracentrifugation at 15°C and 42,000 rpm for 140
min (14). All lipoproteins were concentrated by ultrafiltra-
tion at <7 psi N2 at 4°C in an Amicon Cell (model 8MC)
fitted with an XM-100 A membrane (Amicon Corp., Scientific
Systems Div., Lexington, Mass.). Lipoprotein fractions were
dialyzed at 4°C against two changes of 150 vol of 0.15 M
NaCl containing 50 mMTris-HCl, pH 7.5, and 0.3 mM
EDTA, sterilized by filtration, and stored at 4°C. Cholesterol
and triglyceride contents of the lipoprotein fraction were de-
termined in the Core Laboratory of the Baylor Lipid Re-
search Clinic (15).

Free and total cholesterol were determined by an enzymatic
colorimetric method (16). The difference between free and
total cholesterol was multiplied by a factor of 1.68 to cal-
culate cholesteryl ester content. Lipid phosphorus was deter-
mined by the method of Bartlett (17). A factor of 25 was
used to convert lipid phosphorus into phospholipid con-
centration.

Total protein contents of the lipoproteins were deter-
mined by a modification of the Lowry method; sodium
dodecyl sulfate, at a final concentration of 0. 1%, was included
to prevent interference by opalescence and light scattering
(18). The major protein component of VLDL and LDL,
apoB, was determined as the difference between the total
protein and the protein soluble in 4.2 tetramethylurea (19).
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FIGURE 1 (A) Zonatl rotor profile of plasmiia lipoproteins of 10
ml of plasma from a Type III patient (M. A.). (B) Zonal rotor
profile of the d < 1.006 top fraction. Plasmna from the Type III
patient (10 ml) was centrifuged in an angle head rotor at 1.0
x 108 g/min. The top fraction (d < 1.006) was subjected to
zonal ultracentrifugationi under identical coniditions as the
whole plasma.

Soluble apoprotein comiiposition was determined after de-
lipidation with ether:ethanol, 3:1 (vol/vol). The apoproteins
were separated by electrophoresis on 7.5% polyacrylamide
gels containing 8 M urea, stained with Amido-Schwartz, and
quantitated by scanning densitometry (19).

Diameters of the lipoproteins were determninied by elec-
tron microscopy after negative staininlg with phopho-
tungstic acid (20).

RESULTS

The zonal ultracentrifugal lipoproteini profile in Type
III plasma is abnormal (Fig. 1 A), as previously de-
scribed (2, 3). The most strikinig feeature of this pat-
tern is the appearance of a distiniet peak betweein
VLDL and LDL. This lipoprotein is presenit in such1
large amounts that it is found in both the VLDL and
LDL fractions isolated from Type III plasmiia by
sequential flotation in an angle head rotor. Analytical
zonal ultracentrifugation shows that the d < 1.006 frac-
tion, prepared from Type III plasma in an angle head
rotor, contains VLDL, IDL,2 and LDL (Fig. 1 B).
However, Type III VLDL in the initial 100-ml
effluent from the zonal rotor contained only pre-,B
migrating lipoproteins on Geon Pevikon electro-
phoresis (9). The lipoproteins producing the broad-,B
band, IDL and LDL, were removed in the zonal
isolation. The effects of the Type III lipoproteins oIn
the cells were tested after each lipoprotein class was
freed of contaminating lipoproteins by rate zonal ultra-
centrifugation.

VLDL, IDL, and LDL froIm Type III plasma (X1. A.)
were just as effective as normal LDL in suppressinig

2 Whether IDL from normal subjects anid IDL from Type 1II
individuals, "LP-III," are identical in all respects is niot
known.

322 Gianturco, Gotto, Jackson, Patsch, Sybers, Taunton, Yeshurutn, atnd Smith



HMIG-CoA reductase activity; approximately 10 jig of
protein/mil of each gave complete suppression (Fig. 2).
Similarly, there was no difference in the inhibition
by Type III lipoproteins and normal LDL whein com-
pared on the basis of cholesterol content. There was,
however, a difference in the suppression caused by the
different VLDL fractions. Type III VLDL were at
least 5 times more effective than the normiial VLDL. The
finding that normal VLDL suppressed less efficienitly
than did LDL is consistent with the reports of Brown
et al. (4, 5); the degree of suppression exhibited by
Type III VLDL was unexpected. The Type III VLDL,
IDL, and LDL fronI a second patienit with Type III
(J. H.) were also as effective as niormal LDL in sup-
pression (Fig. 3). VLDL from a third patient ("A. L.)
with Type III was also inhibitory (Fig. 7). Thus, the
fuinctional abnormality was fouind in all three of the
Type III patients available for study.

The Type III lipoprotein fractions used in Fig. 2
were isolated by the zonal method, while the normal
VLDL and LDL were prepared by gel filtration.
Normal VLDL were fractionated by zonal centrifuga-
tion to determine if the difference observed in the ef-
fects of normal VLDL and Type III VLDL on HMG-

100r

pq protein / ml medium

FIGURE 3 Effects of Type III anid normlllcl lipoproteinis on1
HNIG-CoA reducttase activity in niormlal fibroblasts. Normall
fibroblasts were grown to approximately 75% confluency in
complete medium containinlg 10% fetal calf serulm, washed,
and then placed on 3 ml of mledium containinig 5% LPDS for
24 h, as descriled in Methods. The indicated (qtuaintities of
lipoproteinis, isolated by zonal uiltracenitrifugationi, were added
in 0.2 ml to duplicate dishes for incubationi for 16 h before the
cells were washed and harvested. Values from duplicate
dishes, which differed by less than 10%, were averaged aind
expressed as a percentage of mevaloinate formed in control
cells that received no lipoproteinis. For the experiment with
normal VLDL, this value was 54.2 pmnol of mevalonaitte formed/
mg per mill; for the experinment xvith TNpe III lipoproteinis
(J. H.), the conitrol value vas 37.0 pmol mevaloniate formed/
mgper nin. Normal VLDL (- *); naonnial LDL ( 0);
Type III VLDL (O 0); Type III IDL (A A); Type
III LDL (0 0).

90I

E

E

E

CL

Li
1:-

401

301

20 r

IJg Protein/ml

FIGURE 2 Effects of Type III and normall
HMCG-CoAreductase activity in normiial fibro
fibroblasts were grown to confluencv in conm
containinlg 10% fetal calf serum, washed, and t
3 nml of medium conitaininig 5% LPDS for 24 1
in Methods. Indicated amounts of lipoproteinis,
added to duplicate dishes for 16 h before t
washed and harvested. Each data poinlt is anl avx
CoA reductase activity in fibroblasts from du]
which differed by less than 5%. Normiial lipo
(0 *) and VLDL (- *), were isolate
tion. Type III lipoproteinis (XI. A.), VLDL (C
(A A), anid LDL (O O1), were isolatec
ultracenitrifut-gationi.

CoA reducttase activity were due to the method of
lipoprotein isolation.

When b)oth normal VLDL anid Type III VLDL wvere
isolated Usinlg the zonal rotor, the differenice in the efl
fects of normal and Type III VLDL on HMG-CoA
reductase activity was greatly enhanced. At a level of
21 jig of VLDL proteini/mnl medium, normial VLDL iso-
lated by the zonial method did not suppress HMIG-CoA
reductase activity in niormial cells (Fig. 3). Type III
VLDL caused a 50% suppression at less than 0.5 Ag of
protein/nml mediunm.

Normal VLDL isolated by gel filtrationi or by angle
50 60 head ultracenitrifugationi stuppressed HNMG-CoAreduc-

tase activitv in normal cells; half-maximal inhibition
ipoproteins Oll of enzyme synthesis was oltained with approximately
1blasts. Normal 4 and 5 yg of VLDL cholesterol/ml medium, re-
iplete medium spectively, when the lipoproteins were isolated by
then placed oni anigle head ultracentrifugation and gel filtration. The
h, as described profiles obtained from zonal centrifugationi showed that
the cells; were normal VLDL prepared either by anlgle head ultra-
erage of HNIG- centrifuigation (Fig. 4 A) or by gel filtration (Fig. 4 B)
plicate dishes, contained IDL. The percentage containilicationi of
,proteins, LDL VLDL by IDL in four different angle head prepara-
d by gel filtra- tions of d < 1.006 from oral plasmiia raniged fromD 0), IDL

d by rate zonial 7% to 50%, onl the basis of Lowry proteini recovered
as VLDL acnd IDL after zonial ultracenitrifuigattioni. Opti-
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FIGURE4 Analysis and isolation of lipoproteins by rate zonal
ultracentrifugation. Normal VLDL.isolated at d < 1.006 in an
angle head rotor (A) and by gel filtration over BioGel A-5m
(B) contain IDL. C shows the relative position of LDL (angle
head rotor, d = 1.02-1.063), and D shows the relative position
of IDL (angle head rotor d = 1.006-1.02) when these lipopro-
teins are recentrifuged in the zonal rotor. Fractions in the
barred area of A were pooled and used as zonally isolated
normal VLDL. Only the first 400 ml of the total rotor volume
(665 ml) was collected. Details of the zonal preparation are
found in Methods.

cal densities recorded as a function of effluent volume
are misleading because of the light scattering caused
by the large particles present in the VLDL region of
the zonal profile.

VLDL isolated by zonal centrifugation from the
plasma of five fasting normolipemic males were
studied with four normal cell lines. In each experi-
ment, zonally isolated normal VLDL had little, if any,
ability to suppress HMG-CoAreductase activity in the
range of cholesterol or protein concentrations that
gave complete suppression by LDL (Fig. 3). IDL
isolated by the zonal method were as effective as
LDL in suppressing HMG-CoAreductase. An increase
in HMG-CoAreductase activity in the presence of low
concentrations of VLDL was found with three of
five preparations.

The control of HMG-CoA reductase activity in
Type III fibroblasts was studied with both normal and
Type III lipoproteins isolated by the zonal method
(Fig. 5). Normal LDL efficiently suppressed HMG-CoA
reductase in Type III fibroblasts, comparable to the
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FIGURE 5 Effects of Type III and normal lipoproteins on
HMG-CoAreductase activity in Type III fibroblasts. Growth
of Type III fibroblasts (M. A.) and experimental design were
the same as described in the legend to Fig. 2, except that all
lipoproteins were isolated by zonal ultracentrifugation. Each
data point is the average ofthe HMG-CoAreductase activity in
cells from duplicate dishes, which differed by less than 10%.
Normal LDL (0 0), normal VLDL (M - U), Type III
VLDL (M. A.) (O 0), IDL (A A), and Type III LDL
(O OM).

effects found in normal fibroblasts. All of the Type III
lipoproteins tested (VLDL, IDL, and LDL) sup-
pressed just as effectively as did normal LDL, with
50% suppression at 1 ,g of lipoprotein cholesterol/ml
medium. At a level of 38 ,ug of VLDL cholesterol/ml
medium, normal VLDL isolated by the zonal method
failed to suppress HMG-CoAreductase activity in Type
III cells. When the abilities of normal LDL and the
Type III lipoprotein fractions to suppress HMG-CoA
reductase in normal and Type III fibroblasts were
compared on the basis of lipoprotein-protein content,
they were still equally effective.

Neither LDL nor Type III VLDL suppressed HMG-
CoA reductase in receptor-negative cells from a homo-
zygous familial hypercholesterolemic individual, even
at 20 ,g of protein/ml medium, a level 40-fold higher
than the level sufficient to give half-maximal sup-
pression in normal cells (Fig. 6). Normal VLDL had
no effect in the mutant cells.

VLDL were prepared by zonal centrifugation from
the plasma of two patients with other types of hyper-
triglyceridemia (Fig. 7). The VLDL from a Type V
patient were as suppressive as normal LDL, with
half-maximal suppression occurring at approximately
0.5 ,ug of protein/ml. The VLDL from a Type IV
individual also suppressed, with half-maximal suppres-
sion at about 5 ,u g of protein/ml. The VLDL con-
tained no IDL yet were inhibitory. The ability of
VLDL to suppress HMG-CoAreductase in cultured

324 Gianturco, Gotto, Jackson, Patsch, Sybers, Taunton, Yeshurun, and Smith
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fibroblasts may be a common characteristic of hyper-
triglyceridemia.

The chemical compositions of the lipoproteins
studied are given in Table I. The apoprotein con-
tents of the normal VLDL and the Type III VLDL
were similar. The normal VLDL protein was 58%
apoB, 9%arginine-rich apoprotein, and 33% apoC (the
small molecular weight apoproteins of VLDL),
whereas the Type III VLDL contained 62% apoB,
11% arginine-rich apoprotein, and 27% apoC. The
Type III VLDL were approximately 30% cholesteryl
ester by weight, compared with the 6-14% cholesteryl
ester content of normal VLDL. Type III VLDL con-
tained less triglyceride than normal VLDL, 31-42%
and 50-62%, respectively. The lipid and apoprotein
compositions of the Types IV and V VLDL were simi-
lar to those of normal VLDL. The ranges of diameters
of all of the hypertriglyceridemic VLDL were the same
as those of normal VLDL, as determined by nega-
tive staining. There are no differences in the mean
diameters of the hypertriglyceridemic and normal
VLDL that could account for the differences in effects
on HMG-CoAreductase activity.

40
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FIGURE 7 Effects of VLDL from plasma of' patieints with
Types III, IV, and V' hyperlipoproteineemia on1 HMG-CoA
reductase activity in normnal cells. Growth of the normiial fibro-
blasts and the experimental design were the samle as described
in the legend to Fig. 3. Each data point is the average of the
HMG-CoAreductase activity in cells from duplicate dishes,
which differed by less than 10%. Normal LDL (0 0);
Type III (J. H.) VLDL (O 0); Type III (W. NI.) VLDL
(A A); Type IV (J. K.) VLDL (O O); Type T (NI. V.)
VLDL (- *).

DISCUSSION

Our results indicate that the regulation of HMG-CoA
reductase by plasma lipoproteins in Type III fibro-
blasts is similar to that in normal fibroblasts. Although
we did not measure LDL binding to the specific
receptor or cholesterol synthesis directly, it is rea-
sonable to assume that these processes are also

160r
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FIGURE 6 Effects of normal VLDL, Type III VLDL, and nor-
mal LDL on HMG-CoA reductase activity in homozygous
familial hypercholesterolemia fibroblasts. Growth of the mu-
tant cells and experimental design were the same as described
in the legend to Fig. 3. Each data point is the average of
values from duplicate dishes, which differed by less than 15%.
Normal LDL (- *); normal VLDL (- U); Type III
(J. H.) VLDL (O 0).

normal, since HMG-CoA reductase stuppressioni in
Type III fibroblasts was indistinguishable from that
of normal fibroblasts. Brown and Goldsteini (6) have
shown that the activity of this enzyme accurately re-
flects LDL-receptor function and the entire process
of internalization and degradation which are necessary
for regulation of cholesterol synthesis. Our experi-
ments suggest that the principal abnormality in Type
III is associated with the plasma lipoproteins, since
there is no apparent cellular defect in the regulation
of HMG-CoAreductase in the Type III fibroblasts.

Analytical zonal ultracentrifugation of Type III
plasmna showed a distinct lipoprotein distribution, char-
acteristic of this disorder. Analysis of the optical
density profile indicated that high resolution separa-
tion in a continuous density gradient was the method
of choice to prepare lipoproteins which were free of
other lipoproteins with only slightly different densi-
ties. Isolation of all lipoprotein fractions by zonal
ultracentrifugation was adopted as our standard
method for these experiments, with the single excep-
tion of the experiment in Fig. 2.

Normal VLDL isolated in an angle head rotor or by
gel filtration (Fig. 2) suppressed HMG-CoAreductase,
as previously reported by others (4, 5); however,
zonal ultracentrifugation analysis indicated that IDL
was present in this fraction (Fig. 4). The amouint of
IDL in various VLDL preparatioins ranged from 7%
to 50%, based on protein recovery. After removal of
IDL by zonal ultracentrifugation, normal VLDL from
the plasma of five individuals did not suppress HMG-
CoA reductase in confluent Type III fibroblasts, or in
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TABLE I
Coripositionr anid Size of Zonial Lipo proteins

Percentage weight of component*

Proteini I
Free Esterified Phospho- Mleani

Lipoproteini Soluble Insoltible cholesterol cholesterol lipid Triglyceride diameter§

A
Type III

V7LDL (NI. A.) 2.7 4.4 9.6 29.6 20.3 33.4 455+167
VLDL (J. H.) 2.8 3.8 4.0 31.1 16.2 42.1 606+160
VLDL (W. NM.) 2.2 4.9 12.4 27.4 22.0 31.1 625+209
IDL (MX. A.) 1.0 11.3 10.3 33.3 23.0 21.1 288+36
LDL (.I. A.) 1.3 25.3 11.0 39.1 13.0 10.3 243+36

Tvpe IV'
VLDL (Y. K.) 4.0 3.2 7.0 7.5 18.5 59.8 537±+176

Type V
VLDL (M. V.) 4.1 3.7 5.4 11.9 16.2 58.7 697+216

Normal
VLDL (L. S.) 4.4 6.1 4.1 5.6 18.1 61.7 647+ 110
VLDL (R. J.) 7.3 5.0 6.3 13.9 18.0 49.5 607±165
VLDL (NI. D.) 4.6 4.3 6.1 10.2 20.2 54.6 645+200
LDL (L. S.) 0 21.3 9.9 35.6 23.0 10.2 246+35

* The total weight of the particle was taken as the stim of the amtounts of free cholesterol, esterified
cholesterol, triglvceride, phospholipid, and total Lowry protein.
4 Protein content is giveni as that soluble and insoluble in 4.2 M tetramethylirea; the latter is an
estimate of apoB content (19).
§ ±1 SD.

either confluent or nonconfluent normal fibroblasts.
It appears that the presence of IDL in normal VLDL
isolated by anglehead ultracentrifugation or gel filtra-
tion can accounit for most, if not all, of the suppres-
sioIn caused by these preparations.

In contrast to normal VLDL, VLDL isolated by
zonal ultracentrifugationi from the plasma of three
Type III patients suppressed HMG-CoA reductase
activity as effectively as did LDL, suggesting that the
type III VLDL interacts with the LDL receptor be-
fore suppression. As a control, the effects of Type III
VLDL were tested in receptor-negative fibroblasts.
The lack of suppression of HMG-CoA reductase ac-
tivity in LDL receptor-negative cells by Type III
VLDL and LDL (Fig. 6) indicates that suppression
by Type III VLDL in normal and Type III fibroblasts is
a result of binding to the LDL receptor.

VLDL isolated by zonal ultracentrifugation from the
plasma of patients with Type IV and Type V hyper-
lipoproteinemia were also studied to see if the ability
to supress HMG-CoAreductase activity could also be
demonstrated in these disorders. Both Type IV and
Type V VLDL suppressed enzyme activity in normal
cells. These initial studies indicate that these types
of hypertriglyceridemia are, like Type III, char-
acterized by functionally abnormal VLDL.

Our studies document the abnormal ability of tri-
glyceride-rich lipoproteins present in the plasmas of
patients with Types III, IV, and V hyperlipopro-
teinemias to suppress the activity of HMG-CoA re-
ductase of cultured fibroblasts. Moreover, there
appear to be similar mechanisms involved in the
suppressioni by LDL and by the VLDL from hyper-
triglyceridemic patients. Binding to the LDL cell sur-
face receptor of normal fibroblasts is thought to in-
volve apoB (21) or the arginine-rich protein (22).
These apoproteins are present in normal VLDL iso-
lated both by the zonal method and by conventional
techniques (14, 23, 24). We founid that the arginine-
rich apoprotein content of zonally isolated normal and
Type III VLDL were similar, in contrast to the ob-
servations of Havel and Kane (24) and Utermann
et al. (25) that the amount of arginine-rich apoprotein
is elevated two-to threefold in VLDL from Type III
patients. These differences may be due to differences
in VLDL isolation used in the two laboratories. The
inability of normal VLDL, which contain both apoB
and the arginine-rich protein, to suppress remains to
be explained. There appears to be no single deter-
minant, such as apoB, cholesterol or cholesteryl ester
content, or lipoprotein diameter, which produces an
obligatory interaction that results in suppression. The
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lipid and apoprotein components of zonally isolated
normal VLDL and VLDL from the plasmas of sub-
jects with hyperlipoproteinemia are qualitatively the
same (Table I). Within the constraints of the present
analytical methods, the differences in apoprotein con-
tent of the various VLDL isolated by the zonal method
cannot be considered significant. The major quantita-
tive difference in composition between normal and
Type III VLDL is that the Type III VLDL are
unusually rich in cholesteryl esters, with a reciprocal
decrease in triglyceride content. However, elevated
cholesteryl ester content cannot account for the sup-
pression by Types IV and V VLDL, which are similar
to normal VLDL in cholesteryl ester content. The total
protein content is somewhat lower in all the hyper-
triglyceridemic VLDL than in normal VLDL. There
appear to be no differences in the range of sizes
found in the various VLDL. Differences in the com-
position of the surface film or in size which could
account for the ability of hypertriglyceridemic VLDL,
but not normal VLDL, to suppress HMG-CoAreduc-
tase activity are not apparent by these analytical
criteria. Conceivably, the proportions of surface film
components or the extenit of aggregation of the apo-
proteins could determine which lipoproteins produce
suppression of HMG-CoAreductase.

These studies are the first to demonstrate in vitro
that there is a mechanism for VLDL catabolism in
Types III, IV, and V hyperlipoproteinemia, that (a)
does not function with normal VLDL and (b) does
not involve conversion of VLDL to IDL or LDL.
Although the physiological conditions under which
the LDL receptors are functionally important are not
known, an enhanced interaction of VLDL with the
tissue could suppress cholesterol synthesis while
simultaneously causing abnormal intracellular ac-
cumulations of cholesterol and fatty acid produced by
lysosoomal degradatioii of the triglyceride-rich lipo-
proteins.

The different clinical manifestations of these dis-
orders and the heterogeneity of the VLDL (26) re-
main as sources of spectulation about the cellular
process by which these various lipoproteins effect
suppression of HNIG-CoA reductase. The abnormal
suppressiveness of hypertriglyceridemic VLDL may
be due to chylomicron remnants, known to be present
in VLDL from plasma of subjects with Type III
and Type IV hyperlipoproteinemia (27). Although the
present study adds strong confirmation to the observa-
tion that hypertriglyceridemia and vascular disease
are in some way linked, the mechanisms of this rela-
tionship are still unknown. Future studies are required
to define further these important, complex mechanisms
involved in the regulation of cellular cholesterol syn-
thesis.

In summary, these findings show that the basic defect

in Type III hyperlipoproteinemia is qualitatively dif-
ferenit from the cellular defect found in familial hyper-
cholesterolemia, since the regulation of HMG-CoA
reductase activity is normal in Type III fibroblasts.
The metabolic defect in hypertriglyceridemia is re-
lated to the triglyceride-rich lipoproteins which, free
of other lipoproteins, have an enhanced ability to
interact with cultured fibroblasts to regulate HMG-CoA
reductase activity. These studies suggest that, in hyper-
triglyceridemia, there is a mechanism for direct cellu-
lar catabolism of VLDL which is not functional for
normal VLDL.
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