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Abstract

This study characterized the plasma lipoproteins of familial
hyperalphalipoproteinemic patients with or without deficiency
of cholesteryl ester transfer protein (CETP) activity. The sub-
jects with CETP deficiency have increased levels of apolipo-
protein (apo) E. The increased concentration of apo E in these
subjects was correlated to the appearance of apo E-rich high
density lipoproteins (HDL). Sodium dodecyl sulfate-polyacryl-
amide gel analysis revealed that these lipoproteins contained
predominantly the apo E (82%) and little amount of apo A-I
(18%). These apo E-rich HDL displayed a much higher affin-
ity than human LDL in binding to LDL receptors on human
fibroblasts. Furthermore, 3.5 times fewer apo E-rich HDL
than LDL were required to saturate the receptors on fibro-
blasts. These data indicated that the apo E-rich HDL in
CETP-deficient human subjects contained multiple copies of
apo E and bound to the LDL receptor through multiple inter-
actions. The apo E-rich HDL, with similar properties as cho-
lesterol-induced apo E HDL,, were not detectable in normal
human subjects or in hyperalphalipoproteinemic subjects with
normal CETP activity. The apo E-containing HDL in the lat-
ter subjects were smaller and contained only small amounts of
apo E (14%). The difference in apo E-containing HDL in these
subjects suggests a correlation between CETP level and the
appearance of apo E-rich HDL. (J. Clin. Invest. 1990.
86:688-695.) Key words: cholesterol ester transfer « protein »
apolipoprotein E « hyperalphalipoproteinemia « HDL

Introduction

Epidemiological studies have demonstrated that elevated
levels of high density lipoprotein (HDL)-cholesterol are nega-
tively correlated to the incidence of coronary heart disease,
suggesting a role for HDL in the prevention of atherosclerotic
lesions (1). Although the precise mechanism by which HDL
can be protective against atherosclerosis remains unknown, a
current hypothesis favors a role for HDL in cholesterol efflux
from peripheral tissues and in the transport of extrahepatic
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cholesterol to the liver for reprocessing and excretion (2). Al-
though many environmental and hormonal factors may con-
tribute to the control of HDL levels, previous studies have also
shown that HDL level may also be regulated by genetic fac-
tors (3).

Familial hyperalphalipoproteinemia has been reported to
be inherited as an autosomal dominant trait characterized by
increased plasma HDL-cholesterol (3). Although earlier stud-
ies have suggested that hyperalphalipoproteinemia is asso-
ciated with a single major gene (3), it is likely that this condi-
tion can be a result of several different genetic abnormalities.
Taskinen et al. (4) reported that members of five different
families with high HDL-cholesterol levels frequently demon-
strated increased lipoprotein lipase activity. In this particular
case, the increase in HDL level may be derived from acceler-
ated catabolism of triglyceride-rich lipoproteins. Matsuzawa et
al. (5) and Yamashita et al. (6) reported two cases of hyperal-
phalipoproteinemia with massive corneal opacification, one of
which was also accompanied by coronary heart disease. These
two probands were shown to have a decreased activity of he-
patic triglyceride lipase (6). More recently, Yamashita et al. (7)
reported that, in three different families, a high level of HDL
was associated with a dramatic decrease in the activity of
plasma cholesteryl ester transfer protein (CETP).! These re-
sults suggest that plasma HDL level may also be correlated to
CETP activity. The relationship between HDL level and
CETP activity remains to be elucidated.

The correlation of CETP and HDL was also noted by char-
acterization of lipoproteins in various animal models (8). It is
interesting to note that animals with low levels of CETP also
displayed high plasma HDL (8). These animals possess a
unique subclass of HDL, called HDL,, that contains apolipo-
protein (apo) A-I and apo E and has a hydrated density of
1.02-1.063 g/ml (9). When these animals were fed a choles-
terol-rich diet, the HDL, was found to be larger, containing
more cholesteryl ester and apo E. These cholesterol-induced
lipoproteins are termed HDL. (9). Although apo E has been
detected in HDL,- and HDL,-like particles isolated from
human subjects (10-12), the presence of apo E-enriched
HDL, with properties similar to HDL,, has not been reported
previously in fasted human subjects. It is possible that high
CETP level in human subjects precludes the formation of
these lipoproteins. This hypothesis was examined in the cur-
rent study by characterization of the lipoproteins in hyperal-
phalipoproteinemic patients with or without deficiency of
CETP. Results reported herein demonstrate that apo E-rich

1. Abbreviation used in this paper: CETP, cholesteryl ester transfer
protein. ‘



HDL, with characteristics similar to the HDL., are present in
human subjects with CETP deficiency.

Methods

Materials. Dulbecco’s modified Eagle’s medium (DME), trypsin-
EDTA solution, and gentamycin sulfate were purchased from Gibco
Laboratories, Grand Island, NY. Fetal calf serum was from Hazleton
Research Products, Lenexa, KS. Tissue culture flasks (75 cm?, 250 ml)
and plates (35 X 20 mm, six wells) were obtained from Corning Glass
Works, Corning, NY. Cholesterol and triglyceride quantitation kits
were purchased from Kyowa Medex Co., Tokyo, Japan. Commercial
kits for measuring plasma apo E were obtained from Daiichi Pure
Chemicals Co., Ltd., Tokyo, Japan. Sodium ['**I}iodide (carrier-free)
in NaOH and Bolton-Hunter reagents were obtained from Amersham
Corp., Arlington Heights, IL. ['*C]Cholesteryl oleate was obtained
from New England Nuclear, Boston, MA. Agarose films were obtained
from Corning Medical, Palo Alto, CA. High-performance liquid chro-
matography (HPLC) columns were obtained from TOSOH, Tokyo,
Japan. Molecular weight standards and bovine serum albumin were
purchased from Sigma Chemical Co., St. Louis, MO. Diaflo ultrafilters
(PM 30) were purchased from Amicon Corp., Danvers, MA. Pevikon
was obtained from Mercer Consolidated Co., Deer Park, NY. Other
analytical grade reagents were obtained from Fisher Scientific Co.,
Cincinnati, OH.

Human subjects. Plasma was obtained from two unrelated hyper-
alphalipoproteinemic patients (cases 1 and 2) with complete deficiency
in CETP activity. The clinical data of patient 1 have been reported
previously (7). Plasma was also obtained from two hyperalphalipopro-
teinemic subjects with normal CETP activity and from ten normolipi-
demic individuals for comparison. The levels of HDL-cholesterol, apo
E, and CETP activity in the plasma of these subjects are shown in
Table I.

Lipoprotein isolation and characterization. Blood samples were
collected after an overnight fast into tubes containing EDTA. Protease
inhibitors (100 kIU/ml of aprotinin and 1 mM benzamidine) were
added to the samples immediately after collection. Total lipids and
HDL-cholesterol were determined as described previously (5). Plasma
apo E concentration was measured by the single radial immunodiffu-
sion method (13) and isoelectric focusing of the apolipoproteins in
VLDL was performed as described (14).

Table I. Clinical and Biochemical Data of the Human Subjects

Cholesterol CETP
activity
Age  Sex Plasma HDL (100 X kt) Apo-E
mg/dl mg/dl
Case 1* 35 M 313+29  226+5 <0.1 19.7+2.2
Case 2* 54 F 24115 154+11 <0.1 10.8£1.6
Case 3} 76 F 201,248 136,132 12.2,13.8 5.5,49
Case 4% 63 F 250,243 135,138 149,156 4.7,438
Controf NA NA 183%24 54+15  18.0%6.1 4.3%1.1

Plasma apo E concentration was determined by single radial immu-
nodiffusion method as described in Itakura et al. (13). CETP activity
was determined in a 10-h incubation from ['*C]cholesteryl ester-la-
beled HDL; (5 g of cholesterol) to LDL (25 ug of cholesterol) with
10 pul of lipoprotein-deficient serum. The transfer of cholesteryl esters
during this period was linear with time. NA, not applicable.

* Mean=SD of three separate samples.

# Values were determined from two separate samples.

§ Mean=SD of 10 normolipidemic subjects.

The distribution of cholesterol and apolipoproteins among the dif-
ferent classes of lipoproteins was determined by HPLC on gel perme-
ation columns (7). The apolipoproteins in each fraction were analyzed
with 10% SDS-PAGE (15). Proteins in each fraction were visualized by
staining with Coomassie Blue. Although the staining intensity may
vary among different apolipoproteins, their distribution among the
different fractions could be determined by densitometric scanning of
the stained gels.

Plasma lipoproteins were also prepared by ultracentrifugation
method (16). The lipoproteins were stored at 4°C under sterile condi-
tions in saline-EDTA (0.15 M NaCl, 0.01% EDTA, pH 7.4) until use.
The a-migrating lipoproteins in the d = 1.019-1.063 fraction were
separated from the a-migrating LDL by Pevikon block electrophoresis
(17). Electrophoretic analysis of the lipoproteins was performed by
electrophoresis in 1% agarose gels (18). The lipoproteins were visual-
ized after electrophoresis by staining with Oil Red O. Protein concen-
tration was estimated by the method of Lowry et al. (19). Lipid com-
position of the lipoproteins was determined as described above. Total
cholesterol recovery from ultracentrifugation and Pevikon block elec-
trophoresis was usually between 90% and 95%.

Cell culture and binding assays. The LDL was radiolabeled with
125] using iodine monochloride and the apo E-containing HDL were
iodinated by the Bolton-Hunter method as described (20). In a typical
experiment, normal human fibroblasts were plated in 35-mm Petri
dishes at a density of 3.5 X 10* cells per dish. When the cell culture
reached 75% confluency, the monolayers were washed three times with
DME and were cultured for 48 h in medium containing 10% human
lipoprotein-deficient serum. The binding assays were performed as
described (20). Competitive binding studies were performed at 4°C on
ice by the addition of DME containing 25 mM Hepes (pH 7.4), 10%
lipoprotein-deficient serum, 1.0-1.5 ug/ml of '>I-LDL, and various
amounts of unlabeled lipoproteins to cells. After incubation for 3 h at
4°C, media were removed and the plates were rapidly washed at 4°C
three times with 3-ml aliquots of cold phosphate-buffered saline (PBS)
containing 2 mg/ml of bovine serum albumin. Each plate was then
incubated twice for 10 min at 4°C with the same washing medium and
once with PBS without bovine serum albumin. The cells were removed
from the plates by dissolving in 1.5 ml of 0.1 N NaOH. The radioactiv-
ity of the total 1.5 ml of solution was counted in a gamma counter.
Aliquots (200 ul) were taken for protein determination.

The affinity constants for specific binding of LDL and apo E-con-
taining lipoproteins to the cells were measured by direct binding assays
with iodinated lipoproteins. Varying concentrations of radiolabeled
lipoproteins were incubated with the fibroblasts in the presence or
absence of 600 ug/ml of LDL at 4°C. Specific binding of the lipopro-
teins to receptors was determined by subtracting the nonspecific bind-
ing, observed in the presence of excess unlabeled LDL, from total
binding observed in the absence of unlabeled lipoproteins. The equilib-
rium dissociation constant (Kj) and maximum binding (Bma) Were
evaluated by Scatchard plot (21) as described (22).

Cholesteryl ester transfer activity. The activity of CETP was assayed
as described (7) with minor modifications. Human plasma HDL; was
radiolabeled with ['*C]cholesteryl oleate (23) and used as the donor
lipoprotein. Unlabeled LDL was used as the acceptor for the radiola-
beled cholesteryl esters. 10 ul of lipoprotein-deficient plasma from
each subject was used as the source of CETP. The assay was performed
in a total volume of 600 ul containing 10 mM Tris-HCI, pH 7.4, and
150 mM NaCl for 5 h at 37°C. The reaction was terminated by incu-
bation on ice and the LDL was precipitated by addition of 2,500 U/ml
heparin and 1 M MnCl,. Cholesteryl ester transfer activity was ex-
pressed as 100 X kt, where k is the fraction of lipid transferred per unit
time 7 (24).

Results

Lipoprotein characterization. The clinical data presented in
Table 1 clearly indicate that patients with CETP deficiency
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have higher plasma levels of apo E. Isoelectric focusing analy-
sis revealed that the apo E in these subjects are the E3/3 pheno-
type (data not shown). The increased amount of apo E along
with hyperalphalipoproteinemia in these subjects suggested
that apo E-rich HDL may be present in the plasma of these
individuals. In view of the possibility that apo E could be
transferred from VLDL to HDL during ultracentrifugation,
the distribution of apo E among the patients’ lipoproteins was
compared with that of normal individuals initially by gel per-
meation chromatography. The distribution of plasma choles-
terol, apo A-I, apo B, and apo E in each fraction was also
determined for comparison (Fig. 1). Results indicated that the
apo B-containing lipoproteins from CETP-containing and
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CETP-deficient hyperalphalipoproteinemic subjects eluted
from the column at a position similar to control LDL. The apo
A-I-containing lipoproteins in CETP-deficient subjects were
larger than those in subjects with normal CETP and in control
subjects. In contrast, the elution profiles of apo E—containing
lipoproteins were strikingly different between the various sam-
ples. Although apo E from normal subjects and CETP-con-
taining hyperalphalipoproteinemic patients were found pre-
dominantly in the VLDL fraction, the apo E-containing lipo-
proteins of CETP-deficient patients eluted from the column
between the LDL and HDL particles and were clearly sepa-
rated from the VLDL fraction (Fig. 1). The column elution
profile of these apo E-containing lipoproteins was similar to

Elution time (min)

VvLDL LOL HDL

20 30 40 50 60
Elution time (min)

Figure 1. Distribution of cholesterol, apo A-I (a), apo B (e), and apo E (0) in HPLC-separated plasma. Plasma (0.5 ml) of patient | and a con-
trol was applied to gel permeation column using GS000PW and G3000SW columns. (4) Cholesterol content of each fraction from the plasma
of a control subject (---) and the CETP-deficient patient (—). (B-D) Apolipoprotein distribution in plasma of control, the CETP-deficient (sub-
ject 1), and normal CETP (subject 3) hyperalphalipoproteinemic patients, respectively. A fixed amount of each fraction was analyzed by SDS-
PAGE. The apolipoprotein distribution was determined by densitometric scanning of stained gels.
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Table I1. Plasma Concentration of Cholesterol in Lipoproteins
from Control and Hyperalphalipoproteinemic Subjects

Control
Lipoproteins Case 1 Case 2 Case 3 Case 4 (n=10)
mg/dl
d < 1.006 28.6 5.6 1.5 2.4 10.2+4.2
d = 1.006-1.019 9.5 5.6 6.7 39 4,7+2.2
d=1.019-1.063
a-Lipoproteins 15.7 17.7 3.0 39 NA
B-Lipoproteins 36.2 86.6 49.8 105.1 110.4+26.6
d = 1.063-1.125 224.8 136.3 1070 105.6 24.6+8.6
d=1.125-1.21 25.2 230 33.0 31.1 25.8+5.2

Values are given as mean+SD (where applicable). NA, not applicable.

that of the HDL, particles of cholesterol-fed animals. This
observation suggests that the apo E-containing lipoproteins
may be similar to the HDL..

The plasma lipoproteins of the various subjects were also
prepared by ultracentrifugation method for characterization.
The distribution of plasma cholesterol among the lipoprotein
fractions from each subject was then determined. The results,
as shown in Table II, indicated that most of the plasma cho-
lesterol in the hyperalphalipoproteinemic subjects was asso-
ciated with HDL,-like particles in the d = 1.063-1.125 g/ml
fraction. The level of HDLs-cholesterol in the d = 1.125-1.21
g/ml fraction was similar between control and hyperalphali-
poproteinemic subjects. To determine whether large HDL
particles similar in sizes to HDL, and/or HDL. were present in
the patient groups, the lipoproteins in the d = 1.019-1.063
g/ml fraction were subjected to further characterization. The
lipoproteins in this fraction were found to be different between
the normolipidemic and hyperalphalipoproteinemic subjects.
Although LDL with 8-electrophoretic mobility were the only
lipoproteins present in this fraction of normal plasma, the d
= 1.019-1.063 g/ml fraction of hyperalphalipoproteinemic
subjects was heterogeneous. Agarose gel electrophoresis re-
vealed the presence of lipoproteins with a slow o mobility in
addition to the B-migrating LDL (Fig. 2 A). The slow a-mi-
grating d = 1.019-1.063 g/ml lipoproteins were especially evi-
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dent from the two patients with CETP deficiency and ap-
peared in trace amount in the hyperalphalipoproteinemic
subject with normal CETP activity. Although these lipopro-
teins were not evident in the subjects with normal CETP activ-
ity, further fractionation of the d = 1.019-1.063 g/ml fraction
revealed the presence of both slow a- and 3-migrating lipopro-
teins in these subjects. The former lipoproteins were not de-
tected from normal subjects. The slow a-migrating lipopro-
teins in the hyperalphalipoproteinemic subjects were then sep-
arated from the 8-migrating lipoproteins in this density
fraction by Pevikon block electrophoresis before further char-
acterization. The resulting lipoproteins appeared to be homo-
geneous and migrated as a single band with a slow o mobility
on agarose gels (Fig. 2 B).

The o- and B-migrating lipoproteins in the d = 1.019-
1.063 g/ml fraction of the hyperalphalipoproteinemic subjects
were further characterized by compositional analysis. Results
indicated that the S-migrating lipoproteins contained more
triglyceride and less cholesteryl ester than the normal LDL.
The o-migrating lipoproteins were cholesteryl ester-rich and
were depleted of triglyceride (Table III). Moreover, SDS-
PAGE of the apolipoproteins showed that the g-lipoproteins
were LDL and contained apo B100 as the only apolipoprotein
constituent (data not shown). In contrast, the a-lipoproteins
contained apo E and apo A-I without any detectable apo B
(Fig. 3). It is interesting to note that the a-lipoproteins isolated
from the subjects with CETP deficiency contained predomi-
nantly apo E. Based on densitometric scanning of the Coo-
massie Blue-stained gels, 82% of the apolipoproteins in this
fraction was apo E and 18% was apo A-I. Therefore, the lipo-
proteins in this fraction displayed a composition similar to
those of HDL. in hypercholesterolemic animals (9). In con-
trast to the results of the CETP-deficient hyperalphalipopro-
teinemic subjects, the a-lipoproteins in the subjects with nor-
mal CETP resembled the HDL, and contained mostly apo A-I
(~ 86%) with small amount (14%) of apo E. The apo E-
enriched HDL detected in the plasma of CETP-deficient hy-
peralphalipoproteinemic subjects accounted for 6-10% of the
total HDL cholesterol in these subjects. In contrast, the
HDL,-like particles accounted for 2-3% of HDL cholesterol in
patients with normal CETP (Table II).

Receptor binding characteristics of the apo E-rich HDL.
The demonstration of the apo E-rich HDL in CETP-deficient

Figure 2. Agarose gel electrophore-
sis of the d = 1.019-1.063 lipopro-
teins from a normal (), and four
hyperalphalipoproteinemic subjects
(1-4). Lipoproteins were isolated at
: the density range of 1.019-1.063
- O g/ml by ultracentrifugation. The
samples were analyzed (A4) before
- B and (B) after Pevikon block electro-
<— origin  phoretic separation of the a- and g-
migrating lipoproteins. The pres-
ence or absence of CETP activity in
the plasma of the subjects was indi-
cated for identification. Electropho-
resis was performed in 75 mM bar-

bital buffer, pH 8.6. The gel was stained with Oil Red O to visualize the lipoproteins. The origin of sample application and the « and 8 posi-

tions of migration are indicated.
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Table III. Composition of the Lipoproteins in d = 1.019-1.063 Fraction of Control and Hyperalphalipoproteinemic Subjects

Free cholesterol Cholesteryl ester Triglyceride Phospholipid Protein
percent by weight
B-Lipoproteins
Control* 11.2+0.9 30.4+0.8 6.5+£0.7 27.1£1.1 24.8+1.8
Case 1 10.6 26.7 10.3 25.8 26.6
Case 2 10.9 27.6 9.7 25.5 26.2
Case 3 10.2 23.6 10.5 26.6 29.1
Case 4 10.9 28.5 6.0 27.3 27.2
a-Lipoproteins
Case 1 11.1 25.0 1.0 35.6 27.4
Case 2 11.2 25.1 0.9 35.8 27.0
Case 3 7.8 16.8 2.1 37.1 36.1
Case 4 4.2 18.6 5.7 33.6 379

* Values reported were the mean+SD of lipoproteins from 10 normolipidemic subjects. The d = 1.019-1.063 fraction from control subjects in-

variably contained only the -migrating LDL.

subjects warranted further characterization of these lipopro-
teins. The receptor binding activity of these lipoproteins were
tested by their ability to compete with '>’I-LDL for binding to
the LDL receptor on human fibroblasts. Fifty percent inhibi-
tion of '*’I-LDL binding to the fibroblasts was observed at 2.26
pg/ml of LDL. Similar inhibition was observed with 9.0 ug/ml
of the apo E-containing HDL from the CETP-containing hy-
peralphalipoproteinemic patients. In contrast, the apo E-rich
HDL, isolated from the CETP-deficient subjects, bound avidly
to the LDL receptor on fibroblasts and inhibited 50% of '*°I-
LDL binding at concentrations of 0.25 and 0.30 ug/ml (data
not shown).

The interaction of the different lipoproteins with the LDL
receptor was further investigated by direct binding experi-
ments using radiolabeled lipoproteins. The apo E-rich HDL
from cases 1 and 2 were shown to have the highest affinity for
the LDL receptor and bound to the fibroblasts with a Ky of
0.32 and 0.40 ug/ml, respectively (Fig. 4). In contrast, normal
LDL and apo E-containing HDL from normal CETP subjects
bound to the fibroblasts with much lower affinity (K3 = 2.6
and 5.5 ug/ml, respectively). Interestingly, at receptor satura-

Apo-E - -

Case 1 2 3 4
CETP - - + +
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tion, approximately equal number of LDL and apo E-con-
taining HDL were bound to the cells. In contrast, 3.5-fold less
apo E-rich HDL, from CETP-deficient subjects, were required
for saturation of the LDL receptor on fibroblasts. These results
indicated that the apo E-containing HDL from subjects with
normal CETP were similar to LDL and interacted with the
LDL receptor with a 1:1 stoichiometry (21). The higher affin-
ity and lower capacity of the apo E-rich HDL from CETP-de-
ficient subjects for the LDL receptor suggested that these lipo-
proteins may be similar to the HDL, in hypercholesterolemic
animals and interacted with the LDL receptor through multi-
ple receptor binding domains (21).

Discussion

The current study indicates that there are at least two types of
hyperalphalipoproteinemia. One of these may be related to
defective CETP activity and the appearance of large apo E-
rich HDL. The second form of hyperalphalipoproteinemia
may be related to increased number of HDL,- and HDL,-like

- 66 kD

- 45 kD

- 34.7 kD

- 24 kD Figure 3. SDS-PAGE of apolipoproteins asso-
ciated with the a-migrating lipoproteins pres-
ent in d = 1.019-1.063 g/ml fraction of hyper-
alphalipoproteinemi tients with 3

—y 184 kD phalipoprotei ic patients with (cases

and 4) or without (cases 1 and 2) plasma
CETP activity as indicated. 20 ug of protein
was loaded on each lane of a 10% SDS-poly-
acrylamide gel. The apo E and apo A-I bands
were identified by comparison with standard
apolipoproteins.
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Figure 4. Scatchard analysis of the binding of human lipoproteins to
LDL receptors on fibroblasts. The receptor binding characteristics of
apo-E-rich HDL from subject 1 (o) and subject 2 (a) were compared
with the apo E-containing HDL from subject 3 (0) and with normal
LDL (). (Inset) Direct binding data from which the Scatchard plot
was derived. Each data point represents the average of duplicate de-
terminations.

particles with normal CETP activity. The precise genetic and
biochemical basis for these hyperalphalipoproteinemia re-
mains unknown and requires further investigations. Neverthe-
less, the presence of the unique apo E-rich HDL in CETP-defi-
cient subjects, but not in other hyperalphalipoproteinemic
subjects is an intriguing observation. The apo E-rich HDL was
a prominent lipoprotein in the plasma of CETP-deficient pa-
tients accounting for 6-10% of the total HDL-cholesterol.
These lipoproteins resembled the HDL, particles found in an-
imals with a moderate level of hypercholesterolemia. How-
ever, they were different from the apo E HDL. (HDL, con-
taining only apo E) found in animals with severe form of
hypercholesterolemia (25). The human apo E-rich HDL had a
hydrated density of 1.019-1.063 g/ml, displayed an a migra-
tion upon electrophoresis, and contained 82% apo E and 18%
apo A-l. These apo E-rich HDL displayed a higher affinity
than LDL in binding to the LDL receptors on human fibro-
blasts. Moreover, at receptor saturation, less lipoproteins than
LDL were bound to the human fibroblasts. These observations
suggested that these human lipoproteins were also similar to
the cholesterol-induced HDL, and contained multiple copies
of apo E capable of binding to the LDL receptor via multiple
interactions (22).

The presence of apo E-rich HDL was well documented in
cholesterol-fed animals (9). Weisgraber and Mahley (11) and
Marecel et al. (12) have also shown the existence of a subfrac-
tion of human HDL containing the E apolipoprotein. Mahley
et al. (10) have shown that human subjects consuming a cho-
lesterol-rich diet possessed higher levels of these apo E con-

taining HDL. However, the HDL in these subjects were
smaller than the apo E-rich HDL,, floated at a higher density
(d = 1.095-1.21 g/ml) in ultracentrifugation, and displayed a
lower affinity than LDL for binding to the LDL receptor. The
lower affinity of these HDL for the LDL receptor suggests that
the lipoproteins contained one or less copy of apo E per parti-
cle (22, 26). Therefore, the apo E-containing HDL in human
subjects described thus far were similar to HDL, and HDL,,
and were quite different from the cholesteryl ester-rich and
apo E-rich HDL,. The latter lipoproteins have been shown to
display a much higher affinity than LDL in binding to the
LDL receptor (22). Since apo E-rich HDL, was only detected
in animals with low CETP level after cholesterol feeding, it is
possible that the high level of CETP in human subjects may
inhibit the formation of these apo E-rich HDL. The results of
the current study, showing the accumulation of apo E-rich
HDL in CETP-deficient human subjects, are supportive of this
hypothesis. The human apo E-rich HDL reported in this study
was observed as a prominent lipoprotein in familial hyperal-
phalipoproteinemic subjects with deficiency of CETP. The apo
E-rich HDL was not observed in the plasma of hyperalphali-
poproteinemic subjects with normal CETP activity.

The presence of the unique apo E-rich HDL in CETP-defi-
cient subjects is most likely a direct result of defective choles-
teryl ester transfer from HDL to VLDL. An inverse relation-
ship between CETP and the accumulation of large HDL was
suggested previously in animal studies and in in vitro experi-
ments. Gavish et al. (27) showed that the conversion of HDL;
to large HDL in the rat could be delayed by infusion of par-
tially purified CETP. In more recent studies by Tall and his
associates (28, 29), inhibition of CETP activity in vitro with a
neutralizing antibody resulted in the redistribution of apo E to
larger lipoproteins and the inhibition of cholesteryl ester
transfer from HDL to VLDL. The observation that apo E-
enriched HDL,. was found only in cholesterol-fed animals
which have low levels of CETP activity (9) is supportive of this
hypothesis.

The apo E-rich, cholesteryl ester-rich HDL was also de-
tected in neonates (30) and in abetalipoproteinemic patients
(31, 32). Although the level of CETP in these subjects was
unknown, it is interesting to note that the plasma of neonates
contained only small amounts of VLDL (33). The abetalipo-
proteinemic subjects also contained little, if any, VLDL owing
to defects in the synthesis of triglyceride-rich lipoproteins. The
accumulation of apo E-rich lipoproteins in these subjects was
probably due to the absence of an acceptor lipoprotein for the
cholesteryl ester transfer pathway (31). In the current study, we
showed directly that CETP deficiency resulted in the accumu-
lation of the cholesteryl ester-rich HDL with an enrichment of
apo E. The increased core volume of the HDL, owing to con-
tinuous acquisition and esterification of cholesterol, required
the continuous addition of apo E (34). The accumulation of
these apo E-rich and cholesteryl ester-rich HDL in CETP-de-
ficient subjects must then be due to the inability to transfer
excess cholesteryl ester and possibly apo E to lower density
lipoproteins. Additionally, the accumulation of these apo E-
rich lipoproteins, which have a high affinity for the LDL re-
ceptor, suggests that the accumulation of apo E-rich and cho-
lesteryl ester—rich HDL results in a slower catabolic rate due to
saturation of the hepatic LDL receptor.
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The results of this study, together with those of other in-
vestigators, suggested that low CETP level may increase cho-
lesteryl ester-rich HDL concentrations in plasma. A corollary
to this observation would be the increased formation of cho-
lesteryl ester-rich VLDL in the presence of high CETP level.
Since cholesteryl ester-rich VLDL have been shown to induce
cholesteryl ester accumulation and foam cell formation in
macrophages (2, 34, 35), a high CETP level may indirectly
contribute to the atherogenic process. Future clinical studies in
patients with known premature vascular disease would be
valuable in order to assess the validity of this theory.

Acknowledgments

We thank Drs. John R. Wetterau and Judith A. K. Harmony for
valuable discussions.

This work was supported in part by grants from the National Insti-
tutes of Health (HL-22619) and the Biomedical Research Support
Grant Program; the Japanese Ministry of Education (No. 6040268 and
01480289); a Grant-in-Aid for Special Project Research from the Jap-
anese Ministry of Education, Science and Culture; a Research Grant
for Adult Disease, the Japanese Heart Association; the American Heart
Association, Southwestern Ohio Affiliate (SW-88-21 and SW-89-44F);
and an Established Investigatorship award to Dr. Hui (85-237).

References

1. Miller, G. J., and N. E. Miller. 1975. Plasma high density lipo-
protein concentration and development of ischemic heart disease.
Lancet. i:16-19.

2. Mahley, R. W. 1982. Atherogenic hyperlipoproteinemia. The
cellular and molecular biology of plasma lipoproteins altered by di-
etary fat and cholesterol. Med. Clin. North Am. 66:375-402.

3. Glueck, C. J.,, P. Gartside, R. W. Fallat, J. Sielski, and P. M.
Steiner. 1976. Longevity syndromes: familial hypobeta- and familial
hyperalphalipoproteinemia. J. Lab. Clin. Med. 88:941-957.

4. Taskinen, M.-R., C. J. Glueck, M. L. Kashyap, S. L. Srivastava,
B. A. Hynd, G. Perisutti, K. Robinson, P. J. Kinnunen, and T. Kuusi.
1980. Post-heparin plasma lipoprotein and hepatic lipases. Relation-
ship to high density lipoprotein cholesterol and to apolipoprotein C-II
in familial hyperalphalipoproteinemic and in normal subjects. Athero-
sclerosis. 37:247-256.

5. Matsuzawa, Y., S. Yamashita, K. Kameda, M. Kubo, S. Tarui,
and 1. Hara. 1984. Marked hyper-HDL-2-cholesterolemia associated
with premature corneal opacity: a case report. Atherosclerosis.
53:207-212.

6. Yamashita, S., Y. Matsuzawa, M. Kubo, and S. Tarui. 1987.
Coronary heart disease and corneal opacification in hyperalphalipo-
proteinemia. Circulation. 76 (Suppl. IV).IV-120.

7. Yamashita, S., Y. Matsuzawa, M. Okazaki, H. Kako, T. Yasugi,
H. Akioka, K. Hirano, and S. Tarui. 1988. Small polydisperse low
density lipoproteins in familial hyperalphalipoproteinemia with com-
plete deficiency of cholesteryl ester transfer activity. Atherosclerosis.
70:7-12.

8. Ha, Y. C., and P. J. Barter. 1982. Differences in plasma choles-
teryl ester transfer activity in sixteen vertebrate species. Comp. Bio-
chem. Physiol. 71B:265-269.

9. Mahley, R. W. 1978. Alterations in plasma lipoproteins induced
by cholesterol feeding in animals including man. In Disturbances in
Lipid and Lipoprotein Metabolism. J. M. Dietschy, A. M. Gotto, Jr.,
and J. A. Ontko, editors. American Physiological Society, Bethesda,
MD. 181-197.

10. Mahley, R. W., T. L. Innerarity, T. P. Bersot, A. Lipson, and S.
Margolis. 1978. Alterations in human high density lipoproteins, with

694 Yamashita, Sprecher, Sakai, Matsuzawa, Tarui, and Hui

or without increased plasma cholesterol, induced by diets high in cho-
lesterol. Lancet. ii:807-809. -

11. Weisgraber, K. H., and R. W. Mahley. 1980. Subfractionation
of human high density lipoproteins by heparin-Sepharose affinity
chromatography. J. Lipid Res. 21:316-325.

12. Marcel, Y. L., C. Vezina, D. Emond, and G. Suzue. 1980.
Heterogeneity of human high density lipoprotein: presence of lipopro-
teins with and without apo E and their roles as substrates for lecithin:
cholesterol acyltransferase reaction. Proc. Natl. Acad. Sci. USA.
77:2969-2973.

13. Itakura, K., T. Matsudate, T. Sakurai, S. Hashimoto, K. Ito, H.
Kanno, M. Hirata, and K. Nakamura. 1986. Single radial immunodif-
fusion of serum apolipoprotein C-II, C-III and E: pretreatment of
samples with surfactant. Clin. Chim. Acta. 161:275-282.

14. Sprecher, D. L., L. Taam, and H. B. Brewer. 1984. Two-di-
mensional electrophoresis of human plasma apolipoproteins. Clin.
Chem. 30:2084-2092.

15. Laemmli, U. K. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature (Lond.).
227:680-685.

16. Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The distri-
bution and chemical composition of ultracentrifugally separated lipo-
proteins in human serum. J. Clin. Invest. 34:1345-1353.

17. Mahley, R. W., and K. H. Weisgraber. 1974. An electrophoretic
method for the quantitative isolation of human and swine plasma
lipoproteins. Biochemistry. 13:1964-1968.

18. Chappell, D. A. 1988. Pre-g-very low density lipoproteins as
precursors of -very low density lipoproteins: a model for the patho-
genesis of familial dysbetalipoproteinemia (type III hyperlipoprotein-
emia). J. Clin. Invest. 82:628-639.

19. Lowry, O. H,, N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin-phenol reagent. J. Biol.
Chem. 193:265-275.

20. Innerarity, T. L., R. E. Pitas, and R. W. Mahley. 1986. Lipo-
protein-receptor interactions. Methods Enzymol. 129:542-566.

21. Scatchard, G. 1949. The attractions of proteins for small mole-
cules and ions. Ann. NY Acad. Sci. 51:660-672.

22. Pitas, R. E., T. L. Innerarity, K. S. Arnold, and R. W. Mahley.
1979. Rate and equilibrium constants for binding of apo-E HDLc (a
cholesterol-induced lipoprotein) and low density lipoproteins to
human fibroblasts: evidence for multiple receptor binding of apo-E
HDLc. Proc. Natl. Acad. Sci. USA. 76:2311-2315.

23. Morton, R. E., and D. B. Zilversmit. 1982. Purification and
characterization of lipid transfer protein(s) from human lipoprotein-
deficient plasma. J. Lipid Res. 23:1058-1067.

24. Pattnaik, N. M., A. Montes, L. B. Hughes, and D. B. Zilversmit.
1978. Cholesteryl ester exchange protein in human plasma. Isolation
and characterization. Biochim. Biophys. Acta. 530:428-438.

25. Mahley, R. W., T. L. Innerarity, K. H. Weisgraber, and D. L.
Fry. 1977. Canine hyperlipoproteinemia and atherosclerosis: accumu-
lation of lipid by aortic medial cells in vivo and in vitro. Am. J. Pathol.
87:205-226.

26. Pitas, R. E., T. L. Innerarity, and R. W. Mahley. 1980. Cell
surface receptor binding of phospholipid-protein complexes contain-
ing different ratios of receptor-active and -inactive E apoprotein. J.
Biol. Chem. 255:5454-5460.

27. Gavish, D., Y. Oschry, and S. Eisenberg. 1987. In vivo conver-
sion of human HDL-3 to HDL-2 and apoE-rich HDL-1 in the rat:
effects of lipid transfer protein. J. Lipid Res. 28:257-267.

28. Bisgaier, C. L., M. V. Siebenkas, C. B. Hesler, T. L. Swenson,
C. B. Blum, Y. L. Marcel, R. W. Milne, R. M. Glickman, and A. R.
Tall. 1989. Effect of a neutralizing monoclonal antibody to cholesteryl
ester transfer protein on the redistribution of apolipoproteins A-IV and
E among human lipoproteins. J. Lipid Res. 30:1025-1031.

29. Yen, F. T., R. J. Deckelbaum, C. J. Mann, Y. L. Marcel, R. W.
Milne, and A. R. Tall. 1989. Inhibition of cholesteryl ester transfer



protein activity by monoclonal antibody: effects on cholesteryl ester
formation and neutral lipid mass transfer in human plasma. J. Clin.
Invest. 83:2018-2024.

30. Innerarity, T. L., T. P. Bersot, K. S. Arnold, K. H. Weisgraber,
P. A. Davis, T. M. Forte, and R. W. Mahley. 1984. Receptor binding
activity of high-density lipoproteins containing apoprotein E from
abetalipoproteinemic and normal neonate plasma. Metab. Clin. Exp.
33:186-195.

31. Blum, C. B, R. J. Deckelbaum, L. D. Witte, A. R. Tall, and J.
Cornicelli. 1982. Role of apolipoprotein E-containing lipoproteins in
abetalipoproteinemia. J. Clin. Invest. 70:1157-1169.

32. Deckelbaum, R. J., S. Eisenberg, Y. Oschry, M. Cooper, and C.
Blum. 1982. Abnormal high density lipoproteins of abetalipoprotein-

emia: relevance to normal HDL metabolism. J. Lipid Res. 23:1274-
1282.

33. Carlson, L. A, and L. I. Hardell. 1978. Very low density lipo-
proteins in cord blood. Clin. Chim. Acta. 90:295-296.

34. Gordon, V., T. L. Innerarity, and R. W. Mahley. 1983. Forma-
tion of cholesterol and apoprotein E-enriched high density lipoproteins
in vitro. J. Biol. Chem. 258:6202-6212.

35. Goldstein, J. L., Y. K. Ho, M. S. Brown, T. L. Innerarity, and
R. W. Mahley. 1980. Cholesteryl ester accumulation in macrophages
resulting from receptor-mediated uptake and degradation of hyper-
cholesterolemic canine $-very low density lipoproteins. J. Biol. Chem.
255:1839-1848.

Apolipoprotein E in Cholesteryl Ester Transfer Protein Deficiency 695



