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Abstract Progeny of certain baboon sires accumulate lipopro-
teins in high density lipoprotein-1 (HDL,) when challenged with
a high cholesterol, high saturated fat diet. These studies were
conducted to determine the apoprotein composition and meta-
bolic fate of HDL, in the plasma. HDL, particles containing
apoA-I with and without apoE were detected. The majority of
particles, however, contained apoA-I without any detectable
apoE. To determine the metabolic fate of HDL, in plasma,
HDL, labeled with iodinated apoA-I from animals with high
levels of HDL,; and iodinated apoA-I-labeled autologous HDL
were coinjected into both high and low HDL, animals. The data
for the decay of radioactivity in HDL, and HDL were analyzed
by multicompartment modelling. The radioactivity from HDL,
was cleared from the plasma either via direct removal (9.1 +
4.7% in low and 21.7 + 8.3% in high HDL, animals) or via its
conversion to HDL. A large proportion of radioactivity from
HDL, was rapidly transferred to HDL directly or metabolized
via an intermediate compartment. Most of the radioactivity
from apoE-poor HDL,, however, was transferred to HDL. Both
high and low HDL, animals catabolized HDL, and HDL simi-
larly. Low HDL, animals transferred HDL, radioactivity to
HDL much faster. No detectable radioactivity from HDL was
transferred to HDL,. B Thus, HDL, that accumulates in high
HDL, animals is mainly a precursor for HDL. Our hypothesis
is that this accumulation of HDL, is due to the slower cholesteryl
ester transfer from HDL to lower density lipoproteins, thus af-
fecting reverse cholesterol transport in high HDL,; baboons.—
Kushwaha, R. S., D. M. Foster, V. N. Murthy, K. D. Carey,
and H. C. McGill, Jr. Metabolism of larger high density lipo-
proteins accumulating in some families of baboons fed a high
cholesterol and high saturated fat diet. J. Lipid Res. 1989. 30:
1147-1159.
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Selective breeding of baboons by positive assortative
mating of high and low responders to an atherogenic diet
has produced families of baboons with distinctive lipopro-
tein phenotypes (1,2). The response of the serum choles-

terol concentration to a fat- and cholesterol-enriched diet
of these baboons is heritable (3,4), and genetic analyses
have shown major gene effects on LDL cholesterol and
HDL cholesterol concentrations (5). Most of these dys-
lipoproteinemic patterns are modulated by diet as well as
by pedigree. One dyslipoproteinemia is characterized by
the presence of larger high density lipoproteins (HDL),
intermediate to low density lipoproteins (LDL), and
HDL. These unusual lipoproteins, called HDL,; due to
their density and particle size (originally termed F, o 9-
28 by Nichals et al. [6]), contain apolipoprotein (apo) A-I,
apoE, and apoC, but not apoB (7). HDL, appears when the
dyslipoproteinemic baboons (baboons with high HDL,)
are challenged with dietary saturated fat and cholesterol,
and disappear when they are fed polyunsaturated fat with
or without cholesterol, or chow, which is low in fat and
cholesterol (8). The objective of these studies was to char-
acterize the heterogeneity of HDL, and to determine its
metabolic fate in the plasma of dyslipoproteinemic (high
HDL,) and control (low HDL,) baboons.

METHODS

Animals and diets

Heterogeneity studies. Six adult (7- to 15-year-old) male
baboons (Fapio sp.) were used for characterizing hetero-
geneity of lipoproteins. Three of these were feral animals
(X-832, X-1946, and X-2887). The other three animals
were progeny of sire X-102 (X-2033, X-2036, and X-

Abbreviations: HDL, high density lipoproteins; LDL, low density
lipoproteins; VLDL, very low density lipoproteins; HPLC, high perfor-
mance liquid chromatography.
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3475). Two of the progeny of X-102 were also used for turn-
over studies. These animals were maintained on a choles-
terol- and fat-enriched diet as described below.

Tarnover studies. Eight adult (5- to 7-year-old) baboons
were used for the turnover studies. Three baboons with
high HDL,; were progeny of sire X-102, a sire with high
plasma levels of HDL,. This sire had transmitted the trait
to many of his progeny. We selected five animals with low
levels of plasma HDL, from the progeny of other sires and
dams. The lipoprotein profiles of representative animals
with high and low HDL, are shown in Fig. 1. Their plas-
ma cholesterol values and other characteristics are given
in Table 1. The high HDL, animals selected for these stud-
ies were negative for LP[a].

In vitro studies. One baboon with high HDL, (X-3475)
and another with low HDL, (X-3566), used for turnover
studies, were also used for in vitro studies.

Diet. Since HDL,; was induced on a high cholesterol
and high saturated fat diet (1), all animals were fed this
diet for at least 10 weeks prior to the turnover studies and
maintained on the same diet throughout these studies.
The composition of the HCHF diet is given in Table 2.
Saturated fat was provided from lard and USP cholesterol
was added to provide 1.7 mg cholesterol/kcal.

The protocol for this experiment was approved by the
Animal Research Committee of the Southwest Founda-
tion for Biomedical Research.

Heparin-Sepharose chromatography of HDL,

To determine compositional heterogeneity of HDL,,
the plasma from high HDL, animals was fractionated by

A280nm
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Fig. 1. Plasma lipoprotein patterns separated by density gradient ul-
tracentrifugation and monitored by absorbance at 280 nm for two ba-
boons maintained on high cholesterol and high saturated fat diets and
used for metabolic studies. Lipoprotein pattern A is for baboon X-3475,
which had high plasma HDL,, and the lipoprotein pattern B is for ba-
boon X-3566, which had low plasma HDL,;. The numbers 1, 2, 3, 4, and
5 represent VLDL, LDL, HDL,, HDL,, and HDL;, respectively.

density gradient ultracentrifugation using an SW-41 Ti
rotor and a Beckman ultracentrifuge model L5-70 (Beck-
man Co., Palo Alto, CA). The density gradient fractiona-
tion was a modification of the method described by
Redgrave, Roberts, and West (9) and described by us eari-
ier (8). Five fractions (0.4 ml each) between d 1.045 and
1.090 g/ml were dialyzed against 0.15 M NaCl and further

TABLE 1. Characteristics of baboons used for metabolic studies

Lipoprotein Cholesterol

Serum Cholesterol VLDL + LDL HDL
Phenotype and Baboon No. Chow HCHF* Chow HCHF Chow HCHF Weight
mg/d! mg/dl serum kg
High HDL,’
X-1337 162 220 63 94 99 126 30.6
X-2033 160 265 61 147 99 118 20.7
X-3475 195 398 96 205 99 103 24.3
Low HDL,
X-1555 101 175 33 54 68 121 32.7
X-2811 110 214 51 122 59 92 26.8
X-3566 81 236 32 161 49 75 16.6
X-3349 98 135 45 50 53 85 29.0
X-3705 105 220 38 109 67 111 28.4

“High cholesterol, high saturated fat diet.

bHigh HDL, baboons had significantly (P < 0.005) higher cholesterol in plasma and HDL on chow diet. Both
groups had a significant (P < 0.025) increase in cholesterol in plasma and lipoproteins on the HCHF diet.
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TABLE 2. Composition of chow and high-cholesterol, high-fat

(HCHF) diets
Nutrients Chow Diet HCHF Diet”
Carbohydrates (% cal) 62 40
Protein (% cal) 28 20
Fat (% cal) 10 40
Energy (kcal per 100 g diet) 329 377
Cholesterol (mg/kcal) 0.03 1.7

“HCHF diet was prepared by mixing 81.4% (dry weight basis) of Pu-
rina monkey meal 5-5045-6 (a special mix with no added fat, dehydrated
alfalfa, sodium chloride, ascorbic acid, or retinyl acetate) with lard
(16.5%), sodium chloride (1.1%), retiny! acetate (0.005 %), ascorbic ace-
tate (0.2%), and cholesterol (0.74%).

separated by heparin-Sepharose chromatography as de-
scribed by Huff and Telford (10) for VLDL. The sample
was loaded with 0.15 M NaCl onto a heparin-Sepharose
column (1 x 30 cm). After loading the column, the lipo-
proteins were allowed to interact with the column over-
night. The lipoproteins were eluted first with 0.15 M
NaCl and then with a 1.0 M NaCl solution. Generally,
two peaks were obtained. The first peak had lipoproteins
that did not bind to the column. The second peak con-
tained lipoproteins that were bound to the heparin-Sepha-
rose column and were eluted by high salt concentration.
Fractions corresponding to these peaks were pooled and
lyophilized after dialysis against ammonium bicarbonate
buffer (pH 8.0). Fractions were then delipidated with
chloroform-methanol 2:1 and separated on 10% SDS
polyacrylamide slab gels by the method of Weber and Os-
born (11). The gels were stained with Coomassie blue and
destained with 5% acetic acid.

Isolation of HDL,, HDL, and apoA-I

To isolate HDL,; and HDL for labeling and reinjection,
fasting (12-14 h) baboons were immobilized with keta-
mine hydrochloride (10 mg/kg) and 20 ml blood was col-
lected from each animal into tubes containing EDTA (1
mg/ml). For isolation of HDL, and HDL, the blood ob-
tained from high and low HDL, animals was pooled sepa-
rately. Plasma obtained by low speed centrifugation was
adjusted to d 1.045 g/ml by adding solid KBr and ultra-
centrifuged in a Beckman ultracentrifuge 1.5-50, using a
50 Ti rotor, for 20 h at 44,000 rpm at 7°C. After ultracen-
trifugation, lipoprotein of d < 1.045 g/ml were removed by
slicing the top 3-ml layer. Since baboon LDL has a densi-
ty of 1.019-1.45 g/ml, the lipoproteins of d <1.045 g/ml
contain all apoB-containing lipoproteins. The infranatant
was ultracentrifuged again at d 1.045 g/m] to remove con-
taminating lipoproteins. The infranatant after washing
was adjusted to d 1.070 g/ml by adding solid KBr and ul-
tracentrifuged at 44,000 rpm and 7°C for 22 h using a 50
Ti rotor in a Beckman L5-50 ultracentrifuge. Following

ultracentrifugation, the top 3-ml layer containing HDL,
was obtained by tube slicing. The HDL, fraction (d
1.045-1.070 g/ml) thus obtained was layered with a KBr
solution of d 1.070 g/ml, ultracentrifuged, and the top 3-
m] Jayer containing HDL, was obtained by tube slicing.
The HDL, fraction (d 1.045-1.070 g/ml) thus obtained
was again layered with KBr solution of d 1.070 g/ml and
ultracentrifuged under similar conditions to remove con-
taminating lipoproteins of d > 1.070 g/ml. The tubes were
sliced and the top 3-ml layer containing pure HDL, was
obtained. Since the HDL, fraction from low HDL, ba-
boons had no detectable protein, it was not used and was
discarded. For isolation of HDL, the infranatant (d > 1.070
g/ml) after slicing of HDL.; was used. The density was ad-
justed to 1.21 g/ml by adding solid KBr and the sample
was ultracentrifuged for 22 h at 40,000 rpm. After ultra-
centrifugation the top 3-ml layer was obtained by slicing.
The HDL (d 1.070-1.21 g/ml) was washed once by layer-
ing with KBr solution of d 1.21 g/ml and ultracentrifuged
under similar conditions to remove contaminating lipo-
proteins. HDL; and HDL fractions were dialyzed to re-
move salt and analyzed for protein content by the method
of Lowry et al. (12).

To isolate apoA-1, HDL, was delipidated initially by eth-
anol-ether 3:1, followed by ethanol-ether with increasing
proportions of ether, and finally with ether only. The deli-
pidated HDL was dried under nitrogen. Delipidated
HDL was dissolved in 0.01 M Tris buffer (pH 8.0) con-
taining 8 M urea, and was fractionated on a DEAE-Bio-
Gel column (2.5 x 7.4 cm) as described by Shore and
Shore (13). The purity of apoA-I was verified by SDS poly-
acrylamide gels (11). The purified apoA-I was then iodi-
nated by both '°I and 3'I as described below.

Labeling of HDL, HDL,, apoE-poor HDL, and apoA-I

Purified apoA-I was iodinated by the iodine monochlor-
ide method of McFarlane (14) as modified by Bilheimer,
Eisenberg, and Levy (15) and described by us for rabbit
(16), monkey (17), and human (18) HDL. ApoA-I labeled
with '?°I was incubated with HDL, (isolated from HDL
from high HDL, animals) and the '*'I-labeled apoA-I was
incubated with HDL (separately from high and low
HDL, baboons). The lipoproteins were adjusted to their
respective densities and ultracentrifuged and dialyzed
prior to injection into baboons. In another experiment,
apoE-poor HDL,; and HDL with labeled apoA-I were used
for turnover studies. For the preparation of apoE-poor
HDL,, the apoA-I labeled with '°I was incubated with
HDL, isolated from high HDL; baboons. The HDL,; was
reisolated by ultracentrifugation to remove the apoA-I
that was not associated with lipoprotein particles. The
HDL,; was dialyzed to remove salt and separated by hepa-
rin-Sepharose chromatography as described above. The
unbound fraction, which bad no detectable apoE, was
pooled, dialyzed, and used for reinjection. The HDL was
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incubated with apoA-I labeled with '*!I and reisolated
and dialyzed prior to reinjection.

To characterize the radioactivity in HDL, and HDL in-
cubated with labeled apoA-I, the fractions were precipitated
with trichloroacetic acid (TCA) (12% final concentration)
and centrifuged to remove the soluble fraction. The preci-
pitate was washed with 5% TCA and extracted with ace-
tone~ether 1:7 and dried in a tube in boiling water. The
apoproteins were separated on 10% SDS polyacrylamide
slab gels by the method of Laemmli (19). The gels were
exposed to X-ray film and kept at — 80°F for a few days.
Afterwards, the gels were stained and the radioactivity in
the apoprotein bands was compared. All the radioactivity
{>95%) was associated with the apoA-I band. The radio-
activity in apoE-poor (unbound) and apoE-rich (bound)
fractions was determined by counting small aliquots.
Most of the radioactivity (70%) was present in the un-
bound or apoE-poor fraction.

Turnover procedures

Autologous (their own HDL; and HDL) and heterolo-
gous (HDL; from high HDL, animals injected into low
HDL, animals) fractions (HDL; or HDL) were coin-
jected into baboons with high or low HDL, via the fem-
oral vein. The animals were maintained on a tether
system to facilitate bleeding without the use of anesthesia.
Prior to the injection of iodinated lipoproteins, animals
were given potassium iodide in their drinking water
(0.1%) for 3 days to avoid thyroid uptake of '*°I and **'I.
HDL, or apoE-poor HDL, from high HDL, animals had
12]-labeled apoA-I, whereas the HDL from either high
HDL, or low HDL, animals had apoA-I labeled with '*'I.
15]-Labeled HDL, (from high HDL, baboons) and '3!I-
labeled HDL (their own) were coinjected into both high
and low HDL, animals. Each animal was injected with
0.2-0.5 mg of HDL, or HDL protein containing 20-50
pCi of radioactivity. After the injections, blood samples (6
ml) were drawn at 5 min, 0.5, 1, 3, 6, 10, 24, 48, 72, 96,
120, and 144 h from the femoral vein via the tether
system.

Blood samples from each time were centrifuged to ob-
tain plasma. A small sample of plasma (100 ul) was used
to count the total radioactivity using a Searle gamma
counter (Nuclear-Chicago, Des Plaines, IL). Lipoproteins
were separated by density gradient ultracentrifugation us-
ing an SW 41 Ti rotor in Beckman L5-50 and L8-70 ultra-
centrifuges. The density gradient procedure was a modi-
fication of the method of Redgrave et al. (9). The refrac-
tive index was measured and the fractions were pooled on
the basis of density as described above. After the separa-
tion of lipoproteins, the radioactivity in each lipoprotein
fraction and in the d>1.21 g/ml fraction was measured
using a small sample (100 pl). To avoid quenching due to
high salt concentration, the lipoprotein samples of d > 1.02
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g/ml were diluted with water tenfold. The raw radioactivi-
ty counts were corrected for overlap of *'I counts into the
37 channel and for isotopic decay.

In vitro experiments

To determine the exchange of labeled apoA-I from
HDL, and HDL into the plasma, HDL, and HDL frac-
tions were incubated with plasma from both high and low
HDL, animals for 0.5 h. After incubation, the lipopro-
teins were separated by density gradient ultracentrifuga-
tion and the radioactivity in each fraction (0.4 ml) was
counted.

Lipid, lipoprotein, and apolipoprotein analyses

Serum cholesterol concentrations were measured by an
enzymatic method (20) using a BMC-Autoflo reagent
(Boehringer-Mannheim, Indianapolis, IN) with an ABA
100 Bichromatic Analyzer (Abbott Laboratories, South
Pasadena, CA). The cholesterol in VLDL + LDL and
HDL was measured by the Lipid Research Clinics proce-
dure (21). ApoA-I was measured by electroimmunoassay
(22) using monospecific antibody aganst baboon apoA-I
prepared in rabbits and purified apoA-I as standards. To-
tal protein in lipoproteins was measured by the method of
Lowry et al. (12).

The presence of HDL, in the plasma of baboons was
detected by a combination of density gradient ultracentri-
fugation as described above and high performance gel ex-
clusion chromatography (HPLC). The HPLC was
performed using a Waters Associates HPLC model 204
with pump (model 6000A) and UV detector (model 440)
with automatic injector as described earlier (2). A combi-
nation of gel permeation columns, TSK4000PW and
TSK3000PW (600 x 7.5 mm), was used with a flow rate
of 0.2 ml/min (2).

Kinetic analysis

The turnover data were analyzed using the SAAM
computer program (23) on a MicroVAX-II (Digital Equip-
ment Corporation) and the multicompartmental model (24)
shown in Fig. 2. Since HDL; and HDL were coinjected,
the data were analyzed simultaneously. In the develop-
ment of the model, the HDL data were analyzed first. It
was found that the two-pool model shown in Fig. 2, con-
sisting of a plasma compartment, C(2), exchanging with
an extravascular compartment, C(3), was sufficient to de-
scribe the HDL turnover data. All loss of labeled material
occurred from C(2).

To analyze the HDL, turnover data, the rate constants
for the HDL portion of the model were fixed equal to
those values found for the HDL turnover studies. Since
radioactivity appeared rapidly in HDL when HDL, was
injected, C(10) was introduced as a rapidly turning over
compartment which contained all initial label and from
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HDL, HDL

Fig. 2. The multicompartmental model used to analyze the turnover
data. The compartments are drawn in circles and the arrows show the
direction of movement of labeled materials. The arrows represent the
rate constants of the model as summarized in Table 4. Thus, the arrow
from compartment C(1), to C(2) is denoted L(2,1). Compartments (10),
(1), and (3) sum to give the model-predicted radioactivity in HDL, while
compartment (2) is the model-predicted radioactivity in HDL. Com-
partment (3) is an extravascular compartment exchanging with com-
partment (2). When HDL,, is injected, all initial radioactivity is assigned
to compartment (10); when HDL is injected, all initial radioactivity is
assigned to compartment (2). See text for additional explanation.

which radioactivity was rapidly transferred to C(2) and to
the two compartments describing the remainder of HDL,
kinetics, C(1), C(3), or both. No transfer of radioactivity
from HDL to HDL, was observed. The radioactivity iso-
lated in HDL; when HDL was injected paralleled the
HDL decay curve and could be described as approximate-
ly 5% contamination of HDL in HDL,.

With the HDL, structure as given in Fig. 2 added to
the HDL structure, all data were analyzed simultaneously
using this model and the rate constants were allowed to
adjust to obtain the best fit of the data. Residence times
of '°I- and '*!I-labeled lipoproteins in the HDL, region
and HDL, in the plasma were estimated from the model
described in Fig. 2. The steady state input into C(10) was
estimated for unit mass in the HDL, region. The inverse
of this gave the residence times. For HDL, the residence
times were calculated from the equation given below:

Residence Time = IC(2)/1(0,2) + IC(4)/1(0,4), where
IC(X) is the initial radioactivity in compartment X and L
(0,X) is the rate constant describing radioactivity leaving
compartment X.

The model described in Fig. 2 was also used to analyze
the data for the turnover studies of apoE-poor HDL, (la-
beled with !?*I-labeled apoA-I). There was very little ra-
dioactivity transferred from HDL to HDL.,, and therefore
these data were not analyzed.

Statistical analyses

Metabolic variables from the kinetic analysis were ex-
pressed as mean and standard deviation when appropri-

ate. The kinetic variables of high and low HDL, animals
were compared using the -test.

RESULTS
Heterogeneity of HDL,

16 determine the apoprotein heterogeneity of HDL,,
plasma samples from six animals with high HDL, were
separated by density gradient ultracentrifugation. Four

< 0.45M NaCl—<—1.OM NgoCl—
I B

A280nm

T v

L AL S A |
5 15 25 35 45
Tube Number

Fig. 3. Heparin-Sepharose fractionation of five fractions (I-V) of plas-
ma lipoproteins between d 1.045 and 1.070 g/ml from a representative
baboon with high HDL, fed a high cholesterol and high saturated fat
diet. The samples were loaded with 0.15 M saline. Peak A shows the
lipoproteins that did not bind to the column. Peak B shows the bound
lipoproteins after elution by 1.0 M saline. The absorbance at 280 nm
was recorded.
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Fig. 4. SDS-electrophoresis of apoproteins from HDL,; subfractions separated by heparin-Sepharose chromato-
graphy. Lanes 1, 3, 5, 7, and 9 represent HDL, subfractions that were not bound to the heparin-Sepharose column
for fractions 1, 2, 3, 4, and 5, respectively. Lanes 2, 4, 6, 8, and 10 represent HDL, subfractions that were bound
to the heparin-Sepharose column for fractions 1, 2, 3, 4, and 5, respectively. A, B, and C bands correspond to albu-
min, apoE, and apoA-I, respectively. ApoA-I and apoE were recognized by antibodies against these apoproteins on
similar gels and albumin was detected by its comigration with pure standard of baboon serum albumin.

fractions of HDL, between LDL and HDL (d 1.045-1.070
g/ml) and one fraction corresponding to lighter HDL,
(d < 1.080 g/ml) were collected. Each fraction from two of
the animals having higher amounts of HDL, was further
fractionated by heparin-Sepharose chromatography. As
shown in Fig. 3, most of the lipoprotein from the first
fraction was bound to the column and eluted with 1.0 M
NaCl. A small amount of this fraction was not bound to
the heparin-Sepharose. As the density of the fraction in-
creased, the proportion of lipoproteins bound to the col-
umn decreased. The fourth fraction of HDL, had only a
small amount of lipoprotein bound to the column. The
HDL fraction had virtually no binding to the column.
Both bound and unbound fractions were subjected to
SDS polyacrylamide gel electrophoresis. As shown in Fig.
4, the bound fractions had both apoA-I and apoE. The
unbound fractions, on the other hand, had no detectable
apoE and had apoA-I as their major apoprotein. The
bound fractions had apoA-I and apoE in approximately
equal proportions as judged by the uptake of Coomassie
blue by the protein bands. Thus, the HDL, fraction had
apoA-I as its major apoprotein. The lighter HDL, par-
ticles included apoE-containing particles, which also con-
tain apoA-I. It seems unlikely that HDL, from high
HDL, baboons had any appreciable subpopulation with
only apoE as its apoprotein. Although apoA-I is the major
apoprotein of HDL,, the relative proportions of apoE and
apoA-I vary with the size of the HDL, particles.

Catabolism of apoA-I-labeled HDL, and HDL

The decay of '*’I-labeled apoA-I from HDL, and its
appearance in HDL, and the decay of '*'I-labeled apoA-I

1152 Journal of Lipid Research Volume 30, 1989

from HDL in a representative high HDL, animal are
given in Fig. 5 and in a low HDL, animal in Fig. 6.
Whereas in both types of animal the decay of '*’I-labeled
HDL was similar, the decay of HDL, from the low HDL,
animal was much faster than in the high HDL,; animal.
In both there was a substantial amount of radioactivity in
HDL appearing from HDL, at the early time points; this
is material that arrives from C(10).
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Fig. 5. Decay of radioactivity from HDL, (A) and HDL (B) when
apoA-l labeled fractions were injected into an animal (X-2033) with high
HDL,. The radioactivity from HDL, (#——A&A) decays rapidly and ap-
pears in HDL (@---@),
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Fig. 6. Decay of radioactivity from HDL, (A) and HDL (B} when
apoA-I-labeled fractions were injected into an animal (X — 2811) with low
HDL,. The radioactivity from HDL, (4——A) decays rapidly and ap-
pears in HDL (®---8),

The kinetic parameters estimated from the model are
summarized in Tables 3-6. The estimated residence times
are given in Table 3, the rate constants for each animal
are given in Table 4, and the relative rates of transfer
from HDL, to HDL are summarized in Table 5. The
percent transfer from C(10) to C(1), C(2), and C(5) for
each animal is summarized in Table 6. In Table 4, L(2,1)
was zero for some animals, while in others (L(2,5) was
zero. These were dictated by the nature of the three curves
being analyzed simultaneously.

Both high and low HDL, animals catabolized HDL, in
a similar way. The HDL, had a very short residence time
as compared to HDL (Table 3). High HDL, baboons had
longer residence time for HDL,; (20.1 + 2.6 h) than that
for low HDL, baboons (13.6 + 9.8 h). Most of the radio-
activity from HDL, was transferred to HDL (Table 5) in
both high (76.6 + 3.0%) and low (89.4 + 18.3%) HDL,

.baboons. There was no difference in the catabolism of

HDL (either from HDL, or injected as HDL) between
high and low HDL, baboons.

Catabolism of apoA-I labeled apoE-poor HDL, and
HDL

The decay of !'**I-labeled apoA-I-labeled apoE-poor
HDL, and !*!I-labeled apoA-I-labeled HDL in high and
low HDL, animals was similar to that in Figs. 5 and 6.
The decay of '*'I-labeled apoA-I-labeled HDL was de-
scribed by G(2) and C(3), the extravascular compartment.
The decay of '**I-labeled apoA-I-labeled HDL, was de-
scribed by C(10), C(1) and C(5). A large fraction of the in-
jected apoE-poor HDL, was rapidly transferred from

C(10) to (C(2) (HDL). In the model in Fig. 2, C(1) is a
fast compartment and C(5) is a more slowly turning over
compartment. From these data, only the total turnover
rate could be determined for C(1) and therefore, as a con-
straint, L(0,1) was set to zero, and all the radioactivity
from C(10) was transferred to the HDL [C(2)]. The decay
of 12°I-labeled apoA-I in HDL was similar to that of 13'I-
labeled apoA-I-labeled HDL as for the previous experi-
ment.

Metabolic fate of HDL,

Table 5 summarizes the metabolic fate of HDL, from
high HDL, animals when injected into both high and low
HDL, animals. A small amount of radiocactivity was
transferred to C(5) which decayed rapidly without going
into HDL to a great extent. There was a slightly higher
radioactivity transfer to C(5) in high HDL, animals than
that in low HDL,; when apoA-I-labeled HDL, was in-
jected (9.1 + 4.7% inlow HDL, vs. 21.7 + 8.3% in high
HDL, animals). The radioactivity transferred to C(1)
(from where the radioactivity was either transferred to
HDL or decayed directly) was similar in both high and
low HDL animals when apoA-I-labeled HDL, was in-
jected. The radioactivity transferred to HDL C(2) was
higher than that transferred to either C(1) or C(5) in both
high and low HDL, baboons. ApoE-poor HDL, turnover
studies suggest that most (> 70%) of the radioactivity was

TABLE 3. Residence times of apoA-I in HDL, and HDL after in-
jection of iodinated apoA-I-labeled HDL,;, and apoA-I-labeled HDL

Residence Time (h)

Phenotype and Baboon No. HDL HDL,

ApoA-I-Labeled HDL,

High HDL,
X-1337 106.5 (14)° 19.4 (7)
X-2033 89.1 (11) 22.9 (5)
X-3475 103.2 (12) 17.9 (15)
Low HDL
X-1555 114.8 (11) 5.0 (6)
X-2811 81.3 (9) 11.4 (7)
X-3566 ‘ 74.3 (7) 24.3 (20)
ApoA-I-Labeled/ApoE-Poor HDL,
High HDL,
X-2033 62.7 (5) 4.4 (6)
X-3475 83.3 () 14.1 (4)
Low HDL,
X-3349 102.3 (7) 3.5 (8)
X-3705 133.7 (72) 5.2 (6)

“Standard deviation in percent.
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TABLE 4. Rate constants for the model
Baboon Number
Rate ) ,
Constants 1337° 2033° 3475° 1555° 281 1 3566° 2033¢ 3475%° 3705 3349
pools/h
L(1,10) 8.1 1(27)d 11.9(12) 24.3(19) 20.47) 18.1(8) 11.7(17) 5.89(20) 5.11(17) 2.87(27) 4.85(32)
L(5,10) 13.4(12) 13.1(7) 6.04(13) 2.66(10) 7.19(9) 3.85(8) 4.11(32) 9.94(7) 3.7320) 5.79(7)
1(2,10) 28.5(6) 25.0(5) 19.6(24) 26.9(5) 24.7(6) 34.4(5) 40.00(3) 34.96(2) 43.4(1) 39.4(4)
L(0,1) 0.12(144)  0.26(61) 0.29(123)  0(-) 0(-) 0.79(29) 1.70(32) 0.20(41) 0.17(22) 2.75(55)
L(2,1) 0.14(118)  0.16(79) 0.83(47) 0.55(29) 0.46(30) 0(-) 0(-) 0(-) 0(~) 0(-)
1(0,5) 0.006(78)  0.004(73) 0.007(13)  0(-) 0(-) 0.003(23)  0.019(5) 0.015(5) 0.02(12) 0.022(3)
1(2,5) 0.008(61) 0.007(44) O(-) 0.013(9) 0.014(6) 0(-) 0(-) 0(-) 0(~) 0(-)
1(0,2) 0.009(14)  0.01(11) 0.01(12) 0.009(11)  0.01(9) 0.013(7) 0.016(5) 0.10(5) 0.012(7) 0.007(72)
L(3,2) 0.05(52) 0.46(47) 0.05(56) 0.07(99) 0.10(56) 0.14(21) 0.04(42) 0.03(55) 0.142(66)  0.01(31)
L(2,3) 0.08(42) 0.95(39) 0.09(46) 0.20(86) 0.04(60) 0.45(19) 0.081(41)  0.10(54) 0.37(58) 0.011(110)

“High HDL, baboon.
*Low HDL, baboon.

‘High HDL, baboons were used again for apoE-poor HDL, turnover studies.

9Standard deviation in percent.

transferred to C(2) or HDL. Since most of the radioactivi-
ty appeared in HDL, especially from the apoE-poor
HDL,, the results suggest that apoE-poor HDL, is a pre-
cursor of HDL.

In vitro experiments

To determine whether HDL, and HDL (which were la-
beled with iodinated apoA-I) were contaminated with

TABLE 5.

other lipoproteins, HDL,; and HDL (100 ul with a radio-
activity of 0.15-0.5 pCi) were incubated with 2 ml of plas-
ma for 0.5 h. After incubation, the plasma lipoproteins
were separated by density gradient ultracentrifugation
and the absorbance at 280 nm was monitored. Each frac-
tion was counted to determine the radioactivity. As shown
in Fig. 7, most of the radioactivity of HDL, was re-
covered in the HDL, region in the plasma of both high
and low HDL, animals. Some of the radioactivity was

Rates of transfer of HDL,; when apoA-I-labeled HDL, from high HDL, animals was injected

Rate of Transfer (mass/h)

R(2,1) + R2,5) + R(2,10) x 100

1154

Phenotype and Baboon No. R(2,10) R(2,1) R(2,5) U(10) U(10)
ApoA-I-Labeled HDL,
High HDL,
X-1337 0.03(10)°  0.004(100) 0.008(62) 0.052(7) 80.18%
X-2033 0.022(8) 0.004(74) 0.007(44) 0.044(5) 75.00%
X-3475 0.022(28) 0.020(41)  0(-) 0.056(15) 75.00%
Low HDL,
X-1555 0.11(9) 0.082(30) 0.011(9)  0.203(6) 100.00%
X-3566 0.028(20) O(-) 0(-) 0.041(21) 68.30%
X-2811 0.044(8) 0.032(25) 0.013(6) 0.089(6) 100.00%
ApoA-I-Labeled/ApoE-Poor HDL,
High HDL,
X-2033 0.18(6) 0-) 0(-) 0.23(6) 78.30%
X-3475 0.05(4) 0(-) 0(-) 0.072(4) 69.40%
Low HDL,
X-3349 0.24(10)  0O(-) 0(-) 0.282(10) 85.10%
X-3705 0.15(6) 0(-) 0(=) 0.19(6) 78.90%

“Standard deviation in percent.
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TABLE 6. Metabolic fate of HDL,

Transfer (%)

Phenotype and Baboon No. To C(5) To C(1) To C(2)

ApoA-I-Labeled HDL,

High HDL,
X-1337 26.8 16.2° 57.0°
X-2033 26.2 23.8 50.0
X-3475 12.1 48.7 39.3
Low HDL,
X-1555 5.3 40.9 53.9
X-2811 14.4 36.2 49.4
X-3566 7.7 23.4 68.9
ApoA-I-Labeled/ApoE-Poor HDL,
High HDL,
X-2033 8.2 11.8 80.0
X-3475 19.9 10.2 69.9
Low HDL,
X-3499 11.6 9.7 78.8
X-3705 7.5 5.7 86.8

“Values are significantly higher (P < 0.01) for apoA-I-labeled HDL,
than those for apoA-I-labeled/apoE-poor HDL, (both high and low HDL,
animals were grouped together).

Values are significantly lower (P < 0.01) for apoA-I-labeled HDL,
than those for apoA-I-labeled/apoE-poor HDL,.

250
A
200
"
o
£ 150 :
o =
Q 2
[es] -
o 5 1
< 100 8
! ©
«
50
-0

5 10 IS5 20

Fraction Number

also recovered in the HDL region. The proportion of ra-
dioactivity recovered in HDL from the plasma of the low
HDL, animal was higher than that recovered from the
plasma of the high HDL, animal. A similar transfer of ra-
dioactivity from HDL, (using apoA-I-labeled HDL,) in
the plasma of these animals under in vivo conditions (5
and 30 min) is given in Fig. 8. The proportion of radioac-
tivity transferred to HDL in both animals increased with
time, but in the low HDL, animal it was always higher.
Thus, under both in vivo and in vitro conditions, the
transfer of HDL, radioactivity was faster in low HDL,
animals than that in high HDL,; animals. The transfer of
HDL, radioactivity to HDL was time-dependent, and it
appeared that the injected sample had little or no detec-
table contamination.

The radioactivity of HDL (HDL, + HDL;) stayed
within this fraction both during in vitro incubations (Fig.
7) and in vivo injections (Fig. 8) in both high and low
HDL, animals. The radioactivity in HDL decreased with
time (Fig. 8) without undergoing any detectable exchange
with other lipoproteins, including HDL,.

DISCUSSION

Compositional and metabolic heterogeneity of HDL,

These studies were conducted to determine the metabol-
ic fate of unusual lipoproteins (HDL,) that are between

A 280nm
Radioactivity x 103

5 10 1520

Fraction Number

Fig. 7. In vitro distribution of radioactivity from HDL, (&——=A) and HDL (®—#®) in plasma lipoproteins of
an animal with high (X-2033, A) and another with low (X-2811, B) HDL,. The plasma samples (2 ml) from these
animals were incubated with 100 ul of labeled HDL, and HDL with different radioisotopes of iodine for 30 min.
The plasma lipoproteins were separated by density gradient ultracentrifugation and 0.4-ml fractions were collected.
The radioactivity in these fractions was measured as shown. The absorbance at 280 nm (—) shows the distribution
of radioactivity from HDL,; and HDL into the lipoproteins. Numbers 1, 2, 3, 4, and 5 correspond to VLDL, LDL,

HDL,, HDL,, and HDL3, respectively.
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Fig. 8. In vivo distribution of radioactivity from HDL (—) and
HDL (&—A) in plasma lipoproteins following the injection of labeled
HDL, and HDL into a high (X-2033, A and C) and a low HDL, (X-
2811, B and D) animal. A and B represent the distribution of radioactivi-
ty at 5 min and C and D represent the distribution of radioactivity at
30 min. The lipoproteins were separated and processed as described for
those shown in Fig. 7 and the absorbance of 280 nm ) was moni-
tored. Numbers 1, 2, 3, 4, and 5 correspond to VLDL, LDL, HDL,,
HDL;, and HDL,, respectively.

LDL and HDL in size and density and have apoA-I as
their major apoprotein. The results show that these lipo-
proteins are heterogeneous in their composition and in
metabolism. HDL, particles containing apoA-I with or
without apoE were detected. Most particles, however,
contain apoA-I without detectable apoE. The HDL, par-
ticles are either cleared from the plasma directly or con-
verted to HDL. Both high and low HDL, animals
catabolize HDL, by the same routes, but low HDL, ani-
mals convert the HDL, to HDL more rapidly. Most of the
radioactivity in HDL, was transferred to HDL (compart-
ment 2) either directly or indirectly via intermediate com-
partment 1. A small amount of radioactivity was removed
directly without conversion to HDL. Thus, the HDL,; ac-
cumulating in these animals seems mainly to be a precur-
sor for HDL.

HDL, in other species

A number of animal species accumulate lipoproteins
between LDL and HDL that are rich in apoE (25). In

1156 Journal of Lipid Research Volume 30, 1989

dogs, these lipoproteins contain apoE as their sole protein
and are removed rapidly by the liver (26). Lip[a] lipopro-
teins or sinking prebeta lipoproteins (27) in humans and
baboons (28) also occur between the LDL and HDL den-
sity region. Since HDL, lipoproteins have no apoB or
apoB-like protein, the HDL, lipoproteins differ from
Lp[a]. Unlike baboon HDL,, Lp{a] is larger than LDL
and, on gel filtration chromatography, it is separated be-
fore LDL (1). HDL, 1s separated between LDL and HDL
by both density gradient separation and gel filtration
chromatography (2,8). Since the majority of baboon lipo-
protein particles that accumulate between LDL and HDL
have apoA-I as their major apoprotein without any detect-
able apoE, these also differ from HDL,. or HDL with
apoE (29). However, some particles containing apoA-I
and apoE or only apoE may be similar to HDL, or HDL
with apoE (29). Recently, human subjects with hyperal-
phalipoproteinemia were reported to have a major popu-
lation of HDL larger than HDL, (30,31). Their HDL
differed from HDL, in that it did not inhibit binding of
LDL to LDL receptors in cultured human fibroblasts
(31). The HDL, accumulating in the plasma of high
HDL, baboons may be similar to these larger HDL parti-
cles in hyperalphalipoproteinemic subjects.

Relationship of compositional heterogeneity of HDL;,
to its metabolic heterogeneity

These studies further demonstrate that HDL; is as het-
erogeneous in its metabolism as in its composition. This
metabolic heterogeneity may be related to its composi-
tional heterogeneity. The component removed directly
without being converted to HDL may be the apoE-rich
particles. ApoA-I-rich particles, or those containing apoA-
I without apoE, may be converted to HDL directly. Other
particles rich in apoA-I but also containing some apoE
may form the intermediate pool C(1) which, after reorga-
nization, is either converted to HDL or is directly re-
moved from the circulation. HDL; in baboons may thus
consist of particles that are similar to HDL, and are re-
moved directly from the circulation and those that are
similar to HDL and are precursors to HDL. Since the
majority of the particles represent those that are rich in
apoA-I and are eventually converted to HDL, the accu-
mulation of these particles in plasma is likely to be due to
a problem in their conversion to HDL. Results of the ex-
periment in which apoA-I-labeled apoE-poor HDL,; was
used for turnover studies suggest that the metabolic hete-
rogeneity is indeed due to heterogeneity in composition of
HDL,. Most of the apoE-poor HDL, (> 70%) was trans-
ferred to HDL [C(2)] as compared to 39-70% when
apoA-I-labeled HDL; was injected. On the other hand,
the transfer of apoE-poor HDL; to C(1) was significantly
lower than that for HDL,. This observation suggests that
apoE-poor HDL is the precursor to HDL.
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Compositional abnormality in HDL,

The residence times of HDL and HDL, in plasma from
high and low HDL, baboons were similar. The residence
times for HDL, in low HDL, animals were slightly less
than those in high HDL,; animals. These observations
suggest that the HDL, particle may have abnormal com-
position and the accumulation of HDL, may be related to
its altered composition. Thus, a genetic defect related to
HDL, composition and accentuated by feeding a satu-
rated fat diet seems responsible for the accumulation of
HDL, in high HDL, animals. The physiological mecha-
nism or the genetic defect responsible for the accumula-
tion and slower transfer of HDL, to HDL is not obvious
from these experiments. These particles are rich in choles-
teryl esters (32) and the transfer of cholesteryl esters to
other lipoproteins may be related to this delayed conver-
sion of HDL, to HDL. Recent studies suggest that choles-
teryl ester transfer from HDL to VLDL and LDL is
slower in high HDL, animals than in low HDL, animals
(32), although, like human subjects with hyperalphalipo-
proteinemia (31), animals with high HDL, have cholester-
yl ester transfer activity in their plasma similar to that
from low HDL,; animals. Thus, the slower transfer of
cholesteryl ester from HDL to VLDL and LDL may be
related to an apoprotein or HDL particle abnormality,
leading to the accumulation of particles, intermediate in
size between LDL and HDL, that are precursors to HDL.

ASBMB

Hypothesis

We suggested that a genetic defect in HDL; or HDL
composition related to cholesteryl ester transfer (but not
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Cholesteryl
Ester
Enriched

cholesteryl ester transfer protein) is responsible for accu-
mulation of HDL, in high HDL; baboons. This is sup-
ported by the current results that the HDL, accumulated
in high HDL, baboons is a precursor for HDL and by
previous observations that the transfer of cholesteryl ester
from HDL to VLDL + LDL is slower in high HDL, ba-
boons (32). We propose a hypothesis (Fig. 9) for the meta-
bolic mechanism by which these lipoproteins accumulate
in the plasma of high HDL, baboons. The formation of
HDL, may be similar to that for HDL, as postulated by
Mahley (29). Like HDL,, the HDL, may be formed as a
result of HDL.,3 acquiring free cholesterol from peripher-
al tissues (29). Although the present studies do not show
conversion of HDL,,s to HDL,, it is possible that this
process occurs slowly in extracellular spaces (29) and is
not detected by kinetic studies. This step in the hypothesis
is based on the observations in the literature (29). The free
cholesterol in these particles is then esterified by lecith-
in:cholesterol acyltransferase, and the particles become
enriched with cholesteryl esters. These particles can then
donate their cholesteryl esters to lower density lipopro-
teins, mediated by cholesteryl ester transfer protein, and
join the pool of HDLy,;. Particles of HDL, density also
pick up apoE from extrahepatic cells or from other plas-
ma lipoproteins and become enriched with apoE. ApoE-
rich particles are rapidly removed from the plasma by
receptors that recognize apoE. A genetic defect (possibly
the presence of an inhibitor in the HDL particle) in HDL
composition affects the cholesteryl ester transfer in high
HDL, animals. Thus, HDL, from high- HDL, baboons
cannot donate its cholesteryl esters to lower density lipo-
proteins at normal rates and may not be readily converted

HOL 4
with
apo E

Fig. 9. Proposed hypothesis for the metabolism of HDL, in high HDL, animals. LOAT, lecithin:cholesteryl acyltrans-

ferase enzyme and CETP, cholesteryl ester transfer protein. The transfer of cholesteryl ester from HDL, to lower density
lipoproteins is slow in high HDL, baboons and retards the conversion of HDL, to HDL,,; leading to their accumulation
in the plasma.
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to HDL and, therefore, will accumulate in the plasma.

The
this
low
this

removal of apoE-rich lipoproteins is not affected by
defect and their removal is similar in both high and
HDL, animals. Studies are in progress to determine
genetic defect in HDL composition in high HDL, ba-

boons that leads to the accumulation of lipoprotein in
HDL, density region. B8
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