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Abstract Plasma from individiual human subjects is known to
contain multiple discrete subpopulations of low (LDL) and in-
termediate (IDL) density lipoproteins that differ in particle size
and density. The metabolic origins of these subpopulations are
unknown. Transformation of IDL and larger LDL to smaller,
denser LDL particles has been postulated to occur as a result of
the combined efects of triglyceride hydrolysis and lipid transfer.
However, the presence of multiple small LDL subspecies has
been described in patients lacking cholesteryl ester transfer pro-
tein. We have characterized an alternative pathway in which size
decrements in IDL or LDL are produced in the presence of un-
esterified fatty acids and a source of apolipoprotein (apo) A-I.
Incubation of IDL or LDL subfractions with palmitic acid and
either high density lipoproteins (HDL), apoHDL, or purified
apoA-I gives rise to apoA-I, apoB-containing complexes that can
dissociate into two particles, an apoB-containing lipoprotein
with particle diameter 10-30 A smaller than the starting
material, and a still smaller species (apparent peak particle
diameter 140-190 A) containing lipid and apoA-I but no apoB.
The newly formed IDL or LDL are depleted in phospholipid
and free cholesterol with no change in apoB-100 as assessed by
SDS gel electrophoresis. Bl We hypothesize that this reaction
may contribute to the formation of discrete IDL and LDL sub-
populations of varying size during the course of hydrolysis of
triglyceride-rich lipoproteins in plasma. —Musliner, T. A.,
M. D. Long, T. M. Forte, and R. M. Krauss. Size transforma-
tions of intermediate and low density lipoproteins induced by
unesterified fatty acids. J. Lipid Res. 1991. 32: 903-915.
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Low density lipoproteins (LDL) from normal as well as
hyperlipidemic subjects have been shown to contain mul-
tiple particle subpopulations heterogeneous with respect
to size and density (1-5). Nondenaturing gradient gel
electrophoresis has proved particularly useful for charac-
terizing lipoprotein heterogeneity and has been used to
resolve up to five discrete LDL subspecies within the
plasma of a single individual, each LDL band differing by
as little as 5-10 A in peak particle diameter (5). Similar
banding of at least two components has been observed in

studies of intermediate density lipoproteins (IDL), while
very low density lipoproteins (VLDL), although distribut-
ing in two broad size distributions identifiable by gradient
gel electrophoresis, generally do not exhibit the sharp size
discontinuities observed for LDL or IDL with this tech-
nique (6). There is evidence that specific subpopulations
of IDL and LDL may be associated with altered athero-
sclerotic risk (7).

The origins of discrete size heterogeneity within IDL
and LDL populations are incompletely understood.
Deckelbaum et al. (8) have postulated that transformation
of IDL and larger LDL to smaller, denser LDL subspe-
cies can result from the combined effects of triglyceride
hydrolysis and lipid transfer. However, it is unclear why
this mechanism, to the extent that it occurs in vivo in nor-
mal plasma at all, should produce the discontinuous size
differences observed within LDL, as opposed to a more
uniform variation in LDL size distribution. Moreover,
this mechanism cannot account for the observed presence
of multiple distinct LDL subspecies in the plasma of pa-
tients lacking cholesteryl ester transfer protein (CETP)
(9). In vivo studies of the metabolism of human VLDL
and IDL subfractions in a rat model system (10) have sug-
gested pathways for production of two of the major LDL
subclasses, LDL-I and LDL-II (5, 7). Small VLDL and
the larger IDL species (IDL-1) are specifically converted
by lipolysis in the absence of CETP activity to particles
of size and density similar to LDL-II (5, 7), while IDL-2
appear to be precursors of larger, more buoyant LDL-I
particles. However, it is not known how the two major,
discrete IDL size subspecies arise themselves.

Abbreviations: LDL, low density lipoproteins; IDL, intermediate
density lipoproteins; apo, apolipoprotein; HDL, high density lipopro-
teins; VLDL, very low density lipoproteins; CETP, cholesteryl ester
transfer protein; FFA, free fatty acid; SDS, sodium dodecyl sulfate;
LCAT, lecithin:cholesterol acyl transferase.

"To whom reprint requests should be addressed at: Lawrence Berkeley
Laboratory, Donner Laboratory, 1 Cyclotron Road, Berkeley, CA 94720.
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We have recently described the occurrence of size trans-
formations of narrow, '**I-labeled LDL density fractions
incubated in hypertriglyceridemic plasma containing
lipoprotein lipase (11) or in recombinant mixtures con-
taining VLDL, high density lipoproteins (HDL), and
lipoprotein lipase in the absence of albumin as free fatty
acid (FFA) acceptor (12). In the latter case, the size
changes observed were shown to be accompanied by the
binding of apolipoprotein (apo) A-I to LDL. In the pres-
ent study, the mechanism responsible for LDL size
changes under these conditions was further investigated.
It is shown that in the presence of sufficient FFAs and a
source of apoA-I, LDL or IDL particles undergo size
transformations resulting from the dissociation of com-
plexes containing apoA-I, FFAs, and surface lipid. We
hypothesize that this reaction contributes to the formation
of discrete IDL and LDL size subclasses in vivo. This
report focuses on the nature of the size transformations
that are produced in apoB-containing lipoproteins by this
mechanism, while a companion paper describes the prop-
erties of the apoA-I-containing dissociation complexes
whose formation accompanies these size changes, and
which appear to represent precursors of HDL.

METHODS

Isolation, subfractionation, and radiolabeling
of lipoproteins

Blood was collected from normolipidemic or hyperlip-
idemic volunteers, after a 12-14 h fast, in tubes containing
disodium ethylene diaminetetraacetate (EDTA) at a final
concentration of 1.5 mg/ml. The VLDL (d <1.006 g/ml),
LDL (d 1.019-1.063 g/ml), and HDL (d 1.063-1.21 g/ml)
fractions were isolated by preparative ultracentrifugation
under standard conditions (13). LDL was further subfrac-
tionated by density gradient ultracentrifugation as de-
scribed by Shen et al. (4). Contaminating Lp{a] was mini-
mized in HDL preparations by isolation of the d 1.085-1.21
g/ml fraction by preparative ultracentrifugation. VLDL
and IDL subfractions were isolated by nonequilibrium
density gradient ultracentrifugation as previously de-
scribed (6). Where necessary, lipoprotein solutions were
concentrated by ultrafiltration using Amicon (Danvers,
MA) XM50 or PMI0 filters. Lipoproteins were iodinated
using the iodine monochloride method (14, 15). Free
iodine was removed by chromatography on Sephadex
G25 (Pharmacia) followed by sequential dialysis against
0.1 M potassium iodide in 0.15 M sodium bicarbonate and
then normal saline containing 0.01% EDTA, pH 7.4. Ap-
proximately 95% of the label remained bound to protein
after delipidation. Lipoproteins were delipidated using
methanol and diethylether as previously described (16).
Radiolabeled palmitic or oleic acids were purchased from
New England Nuclear (Cambridge, MA).
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Incubation conditions

Lipoprotein incubations were carried out in covered
polypropylene or glass tubes in a shaking water bath at
37°C. Unless otherwise specified, incubation mixtures in-
cluded 0.01% EDTA and 0.2 M Tris buffer, pH 7.5. “Es-
sentially” fatty acid-free bovine and human serum albu-
min and nonradioactive fatty acids were purchased from
Sigma. Unless otherwise specified, incubation mixtures
contained 0.01% EDTA and 0.2 M Iris buffer, pH 7.5. In
experiments in which purified FFAs were included in in-
cubations in the absence of albumin, an FFA solution in
heptane was first added to the tubes, and the solvent was
evaporated under a stream of nitrogen leaving a film of
FFA at the bottom of the tube. Incubation buffer and
other incubation constituents were subsequently added.
Where indicated, sodium palmitate rather than palmitic
acid was added directly to incubation mixtures as a
0.25 mM solution buffered to pH 7.5 with 0.2 M Tris. So-
lutions of albumin containing bound palmitic acid were
prepared by incubating sodium palmitate with 20% FFA-
free human serum albumin in 0.1 M Tris, (final pH 7.5)
for 3 h at 37°C in a shaking water bath. The solution was
filtered through a 0.45 pm Millipore filter, yielding an op-
tically clear solution. The final concentration of FFAs was
measured using NEFA kits (Wako, Japan).

Lipoprotein and apolipoprotein analyses

Nonequilibrium density gradient ultracentrifugation
for lipoprotein separation was performed using an SW-41
rotor (Beckman Instruments) and discontinuous NaBr
salt gradients of density generally ranging from 1.010 to
1.15 g/ml. Centrifugation was carried out for 40 h at
40,000 rpm at 22°C in a Beckman ultracentrifuge. Back-
ground densities resulting from these centrifugations were
determined from control tubes containing no lipoprotein
samples using a DMA 46 Mettler/Paar density meter.

Nondenaturing polyacrylamide gradient gel electro-
phoresis was performed using 2-16% or 4-30% gels
(Pharmacia PAA 2/16 and 4/30) as described in detail
elsewhere (5, 17). Gels were stained for protein or lipid,
calibrated, and scanned by densitometry as previously de-
scribed (18). Electrophoretic blotting of gradient gels onto
nitrocellulose paper, autoradiography of gel blots, and
standardization and densitometric scanning of autoradio-
grams were also carried out using previously described
methods (18). Where indicated, nitrocellulose blots de-
rived from nondenaturing gradient gels were subjected to
immunostaining using a 5% (w/v) nonfat milk powder/0.2%
(v/v) Nonidet P-40 containing blocking buffer, mono-
specific sheep antisera directed against apoA-I or apoA-II,
and affinity-purified, alkaline phosphatase-linked second
antibody. Gradient gel electrophoresis in the presence of
sodium dodecyl sulfate (SDS) was performed using
4-30% polyacrylamide gradient gels in a buffer system
containing 0.04 M Tris, 0.02 M sodium acetate, 2 mM
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EDTA, and 0.2% SDS, pH 7.4. The sample buffer con-
sisted of 10 mM Tris, 1 mM EDTA, pH 8.0, containing
2.5% SDS, and 5% B-mercaptoethanol. Lipoproteins
were delipidated prior to electrophoresis (16), dissolved in
the sample buffer, and heated for 5 min at 100°C prior to
application to the gel. Electrophoretic blotting of SDS gels
and immunostaining of apolipoproteins on nitrocellulose
blots were performed as described by Towbin, Staehelin,
and Gordon (19), using monospecific sheep antisera
directed against apoA-I and apoA-II. Bound antibody was
detected through the use of an affinity purified, alkaline
phosphatase-linked second antibody.

Extraction of FFAs from lipoprotein fractions was car-
ried out as previously described (20). In brief, the lipo-
protein solution in 0.5 ml was agitated with 2 ml of iso-
propanol, 1 ml of distilled water, and 2.5 ml of hexane.
The hexane phase (2.5 ml) was removed and mixed with
0.5 ml of 0.1 M potassium hydroxide and the mixture was
agitated for 10 min. The hexane and aqueous phases were
separated and aliquots were counted on a Packard liquid
scintillation counter after addition of 10 ml of Econogel.
In some experiments total FFA levels were directly
quantified using NEFA kits (Wako, Japan).

Protein and lipid measurements

Protein concentrations were determined by the Lowry
procedure modified to include SDS (21). Phospholipid
was determined by the method of Bartlett (22). Total cho-
lesterol, free cholesterol, and triglyceride concentrations
were measured using enzymatic methods on a System
3500 Gilford Computer-Directed Analyzer (Gilford In-
struments, Oberlin, OH). Free cholesterol and cholesteryl
esters were also determined by gas-liquid chromatogra-
phy using a Hewlett-Packard 5830A gas chromatograph
(23).

Electron microscopy

Lipoprotein fractions were dialyzed against 0.13 M am-
monium acetate, pH 7.4, containing 26 mM EDTA. Sam-
ples were negatively stained with 2% sodium phospho-
tungstate (pH 7.4) and immediately examined in the
electron microscope as previously described (24).

RESULTS

Fatty acid-induced LDL size transformations in the
presence of HDL, apoHDL, or purified apoA-I

Recent studies of interactions of HDL with apoB-
containing lipoproteins during lipolysis (12) demonstrated
that incubation of narrow density subfractions of '*°I-
labeled LDL with hypertriglyceridemic VLDL, HDL,
and lipoprotein lipase resulted in the formation of two
different sized '?°I-labeled LDL bands, readily distin-
guishable by 2-16% gradient gel blot autoradiography.

The larger of the two bands had peak particle diameter
10-20 A greater than the starting LDL, while the second
band was 5-10 A smaller than the starting fraction. A
similar phenomenon was observed in mixtures in which
delipidated rather than native HDL were incubated with
VLDL, LDL, and lipase. It was also shown that lipid
products of lipolysis as well as purified FFAs stimulate the
association of apoA-I with both VLDL and LDL under
these conditions.

The following experiment was performed to determine
whether FFAs released during VLDL lipolysis were
directly responsible for the observed size transformations
of LDL, and whether apo-I was involved in this process.
A narrow density fraction of LDL (d 1.033-1.039 g/ml,
0.65 mg/ml protein) was incubated with !%°I-labeled
native HDL (d 1.085-1.21 g/ml, 2.3 mg/ml protein) and
varying amounts of palmitic acid, ranging from 0 to 1.0
pmol in a final volume of 160 ul. Not all of the added
palmitic acid was solubilized under these conditions in the
incubation buffer at pH 7.5 (see below). After incubation
for 2 h at 37°C, the LDL was analyzed on duplicate
2-16% polyacrylamide gradient gels, one of which was
stained for protein (Fig. 1, left panel) while the other was
electrophoretically blotted onto nitrocellulose paper and
subjected to autoradiography (Fig. 1, right panel). While
minimal label associated with the LDL band in the ab-
sence of added palmitic acid (Fig. 1A), as the amount in-
creased progressively more '?°I-labeled HDL-derived
label was seen to associate with the LDL band (Fig. 1B
and 1C). With the addition of up to 0.5 pmol palmitate,
the size of the major LDL band remained in the range of
260 A, although smaller amounts of protein were seen in
a peak at 316 A (probably representing LDL dimer) and
a very small peak at 241 A. At still higher palmitic acid
concentrations, about 50% of the LDL protein moved to
this smaller peak, with the remainder in a peak similar in
size to the starting LDL (Fig. 1D). In this case, a smaller,
broader protein band also appeared in the size range be-
tween the LDL and the leading shoulder of the '?°I-labeled
HDL, with apparent peak particle diameter of approxi-
mately 147 A. Autoradiograms of corresponding blotted
2-16% gradient gels (Fig. 1, right panel) demonstrated
that the HDL-derived label preferentially associated with
the larger of the two LDL-sized bands as well as with the
new band at 147 A (Fig. 1D). The particles comprising
the latter band have been designated “dissociation com-
plexes” Their properties are described in detail in the ac-
companying paper (25).

Size reductions in LDL particle diameter were also ob-
served when delipidated apoHDL was used in place of
native HDL. In Fig. 2A-C, representative analyses are
shown from an experiment in which LDL (d 1.033-1.039
mg/ml, 46 pg of protein) were incubated with 0.5 pmol
palmitic acid and '*I-labeled apoHDL in amounts rang-
ing from 0 to 120 pg. Densitometric scans of Coomassie
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Fig. 1. Size changes in LDL and associated redistribution of 125]-
labeled apoHDL observed during incubation of LDL (d 1.033-1.039
g/ml, 104 pg protein) with 1%5I-labeled native HDL (d 1.085-1.21 g/ml],
370 pg protein) and palmitic acid in amounts ranging from 0 to 1 gmol
in a total volume of 160 ul, for 2 h at 37°C. The curves in the left panel
represent densitometric scans of 2-16% polyacrylamide gradient gels
stained for protein with Coomassie blue; the curves in the right panel
represent densitometric scans of autoradiograms of corresponding gels
electrophoretically blotted onto nitrocellulose paper. A. absence of
palmitic acid; B. 0.25 gmol palmitic acid; C. 8.50 pmol palmitic acid;
and D. 1.0 umol palmitic acid. Particle diameters are shown in A. The
brackets at the top of the figure demarcate the regions on the gels where
the specified lipoprotein species migrate; the HDL region represents
only the larger end of the HDL spectrum of particles, as smaller species
migrate off the end of the 2-16% gels.

blue-stained 2-16% gradient gels (left panel) showed the
formation of two distinct LDL subspecies, with small
amounts of protein migrating in the size range of the dis-
sociation complex band identified in the previous experi-
ment. Autoradiograms of corresponding nitrocellulose gel
blots (right panel) demonstrated '?°I-labeled apoHDL
label preferentially associating with the larger of the two
LDL.-sized bands, as well as with the dissociation complex
band. At fixed concentrations of LDL and palmitic acid
but increasing concentrations of '**I-labeled HDL (Fig.
2A-C), there was paradoxically less formation of the
smaller LDL subspecies (as well as the dissociation com-
plex band). The transformation of LDL to the smaller
species did not go to completion under these conditions or
in other experiments in which palmitic acid was present
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at still higher concentrations or at varying ratios of
LDL:apoHDL (data not shown). As described below,
however, all LDL particles were reduced in size when cer-
tain other FFAs were present or when subfractions con-
taining IDL or small VLDL were incubated with palmitic
acid.

To analyze changes in apoB distribution accompanying
FFA-mediated LDL size changes observed under these
conditions, !%’I-labeled LDL were incubated with un-
labeled apoHDL and palmitic acid under similar condi-
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Fig. 2. Size changes of LDL (d 1.033-1.039 g/mi fraction) produced by
incubation with palmitic acid and delipidated HDL or purified apoA-I
for 2 h at 37°C. In A through G, the incubation mixture contained
46 ug of LDL, 0.5 pmol palmitic acid, and 30 ug (A), 60 ug (B),
and 120 pg (C) of '*I-labeled apoHDL protein in a final volume of
120 pl. The curves in the panel on the left represent densitometric scans
of 2-16% polyacrylamide gradient gels stained for protein with Coomas-
sie blue, while the curves in the right panel represent scans of autoradio-
grams of corresponding gels electrophoretically blotted onto nitrocellu-
lose sheets. The starting LDL (not shown) migrated as a single sharp
band similar to that shown in Fig. 1A. In D, the distribution of labeled
apoB was tracked by incubating *?3I-Jabeled LDL (d 1.033-1.039 g/ml,
17 ug protein), unlabeled delipidated apoHDL (60 ug protein) and
palmitic acid (0.4 pmol) in a final volume of 50 ul. The left panel shows
a densitometric scan of a 2-16% gradient gel stained for protein with
Coomassie blue, while the right panel illustrates a densitometric scan of
an autoradiogram of a corresponding gradient gel-blot of the same mix-
ture. In E the incubation mixture contained LDL (d 1.033-1.039 g/ml,
60 ug protein), palmitic acid (0.5 pmol), and purified apoA-I (52 ug) in-
cubated in a final volume of 60 ul. The curve represents a densitometric
scan of a 2-16% gradient gel stained for protein with Coomassie blue.
Particle diameters in all curves are shown in A.
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Fig. 3. Lipoprotein size changes after incubation of normal LDL
(d 1.029-1.033 g/ml; 0.17 mg protein/ml) with apoHDL (0.42 mg/mi),
and human serum albumin (10%) in the presence (solid line) or absence
(dashed line) of palmitic acid (8 gmol/ml; palmitic acid:albumin molar
ratio of 5:1). The lipoproteins were separated from albumin by ultracen-
trifugation after a 2-h incubation at 37°C. The curves represent densito-

metric scans of 2-16% gradient gels stained for protein with Coomassie -

blue; particle diameters are shown in A.

tions (Fig. 2D). Comparison of a 2-16% gradient gel
stained for protein with an autoradiogram of a cor-
responding nitrocellulose gel blot, revealed that '¥I-
labeled apoB was present in the two LDL peaks, in pro-
portion to the mass in each peak on the Coomassie-blue
stained gel. ‘2°I-labeled apoB was not detected, however,
in the region of the dissociation complex band. Direct
analysis of apoB on Coomassie Blue-stained SDS gradient
electrophoretic gels revealed no change in apoB-100
molecular weight or other evidence for degradation of
apoB into smaller fragments under these conditions (data
not shown).

The two LDL-size subspecies formed by this reaction
were tested for stability under different conditions after
separation from dissociation complexes by density gra-
dient ultracentrifugation (see Methods and below). After
incubation of a fraction of palmitic acid-apoHDL-modified
125T.]abeled LDL containing both the larger and smaller
LDL bands with either normal whole plasma or lipo-
protein-deficient (d >1.21 g/ml) plasma fraction, small in-
creases in size of the smaller band (5-7 A) were observed,
but the two sharp subspecies remained distinct (data not
shown).

When purified apoA-I was used in place of delipidated
apoHDL in incubations with LDL and palmitic acid,
LDL size transformations of a similar nature were ob-
served (Fig. 2E). Purified apoA-II alone failed to induce
FFA-induced LDL size transitions at equivalent or even
higher concentrations, and two other proteins that do not
normally associate with lipoproteins (purified ovalbumin
and chymotrypsin A) also did not facilitate FFA-mediated
LDL size transformations under otherwise identical con-
ditions,

The apparent particle diameter of the newly formed
LDL subspecies varied to a small degree depending on

the incubation conditions. At higher ratios of palmitic
acid to apoHDL, slightly greater reductions in LDL size
were observed, in conjunction with the formation of dis-
sociation complexes of larger apparent size, as measured
by gradient gel electrophoresis. The calculated volume
change in the apoB-containing particle (assuming sphe-
ricity —see electron microscopic studies below) correlated
well with the apparent particle diameter of the newly
formed dissociation complex band (r = 0.8, n = 25;
P < 0.0001).

FFA-apoA-I-induced LDL size transformations also
occurred when palmitate (0.20 mM) was added to incu-
bation mixtures (buffered to pH 7.5) in the form of the so-
dium salt (data not shown) or when palmitate was present
in fully solubilized form in the presence of FFA-free hu-
man serum albumin. In the latter case, although size
transformations were not observed in vitro at FFA:albumin
molar ratios typically seen in normal, equilibrated whole
plasma (i.e., <1.0), LDL size transformations were read-
ily produced using optically clear solutions of palmitate
and human serum albumin at molar ratios in the range
of 5:1. Fig. 3 is taken from an experiment in which LDL
(d 1.029-1.033 g/ml) was incubated with apoHDL and
varying amounts of a 5:1 molar ratio palmitate:albumin
solution. After incubation for 2 h at 37°C, the d<1.21
g/ml lipoproteins were reisolated by ultracentrifugation
and analyzed by gradient gel electrophoresis. Stimulation
of apoHDL binding to LDL was observed at palmitic acid
concentrations of 1-2 pmol/ml, and LDL size transitions
were observed to increasing degrees when the palmitic
acid concentration reached 4.8 pmol/ml or higher. In
most of the experiments in this report, however, albumin
was not included, in order to exclude potential effects of
apolipoproteins (particularly apoA-I) or other con-
taminants that are often present in commercial albumin
preparations (26, 27). When added to incubation mix-
tures in the form of the acid in the absence of albumin or
lipoproteins, the amount of [*H]palmitic acid solubilized
in the incubation buffer after 2 h at 37°C was roughly
proportional to the amount of solid palmitic acid present,
with the level of soluble palmitic acid achieved represent-
ing <7% of the total added under these conditions.
When lipoproteins were present in the incubation mix-
tures, solubilization of palmitic acid increased to varying
degrees as a consequence of lipoprotein binding.

Fatty acid-induced size transitions of apoB-containing
lipoprotein of varying size

Subfractions of LDL of progressively smaller size
and increasing density were compared for susceptibil-
ity to FFA-induced size transformations. The results
presented in Fig. 4 include studies using three LDL
subpopulations corresponding to density gradient ul-
tracentrifugation fractions of d 1.025-1.029 g/ml, 1.033-
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Fig. 4. Variation in susceptibility of different LDL size subpopulations
to palmitic acid-apoHDL-induced size transitions. All of the fractions
were isolated from normolipidemic plasma by density gradient ultracen-
trifugation using the method of Shen et al. (4), and were incubated for
2 h at 37°C at equivalent concentrations (25 pug protein) with 125]-
labeled apoHDL (60 pg protein) in the absence (left panel) or presence
(right panel) of 0.2 umol palmitic acid in a final volume of 80 gi. The
curves represent densitometric scans of 2-16% gradient gels stained for
protein with Coomassie blue (solid lines) or scans of corresponding gel-
blot autoradiograms (dotted lines). Particle sizes are shown in A.
Panel A. LDL of d 1.025-1.029 g/mi; panel B. LDL of d 1.033-1.039
g/ml; and panel C. LDL of d 1.045-1.054 g/ml.

1.039 g/mi, 1.044-1.054 g/ml isolated from the plasma
of the same normal subject by the method of Shen
et al. (4). Equivalent protein concentrations of each
fraction were incubated with '?°I-labeled apoHDL, in
the presence or absence of palmitic acid. Particle size
changes were analyzed by gradient gel electropho-
resis. Under these conditions, greater than 50% of
d 1.125-1.029 g/ml LDL was converted to a subspecies
21 A smaller in particle diameter, while d 1.033-1.039
g/ml LDL showed negligible size reduction at this palmitic
acid concentration (compare Figs. 4A and 4B). At two- to
fourfold higher palmitic acid concentrations, however,
size changes were readily produced in the latter LDL sub-
fraction (e.g., see Fig. 2). The requirement for higher
palmitic acid concentrations to produce size reductions in
intermediate sized and density LDL was confirmed in
several experiments. LDL subfractions of d 1.044-1.054
g/ml, in contrast, underwent partial size reduction at the
same lower palmitic acid concentration as observed with
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the most buoyant LDL subfraction (compare Figs. 4A
and 4C). Aithough the formation of a new dissociation
complex in conjunction with the observed changes in
denser LDL was not always evident on the protein-stained
gels, it could be readily detected by gel-blot autoradiogra-
phy when '**I-labeled apoHDL was used (Fig. 4C).

Size changes were similarly investigated in series of
VLDL and IDL subfractions isolated from the same nor-
molipidemic subject using nonequilibrium density gra-
dient ultracentrifugation (6). Equivalent quantities of
protein of each fraction were incubated with !?*I-labeled
apoHDL in the presence or absence of varying concentra-
tions of palmitic acid and the products were analyzed on
2-16% gradient gels (Fig. 5). In the presence of palmitic
acid, size reductions in the range of 17-23 A were ob-
served for all of the VLDL and IDL subspecies, but with
some differences. The largest VLDL fraction showed a
small size reduction of the major peak as well as a
broadening of the size spectrum of particles in the smaller
range (Fig. 5A). Size reductions of the sharper small
VLDL and large IDL fractions were more pronounced
and, in contrast to LDL, formed a single product without
the presence of a clearly identifiable residual lipoprotein
band comparable in size to the starting material (Fig.
5B-5C). With progressively smaller IDL species, howe-
ver, partial size transformations of their bands was ob-
served at the lower palmitic acid concentrations, with less
conversion to the smaller subspecies as IDL size decreased
(Fig. 5D-5F). At higher palmitic acid levels, however,
complete transformation to smaller diameter bands was
observed even for the densest IDL fraction studied (Fig.
5F), in contrast to the findings with LDL (see above).
These observations suggest that small VLDL and IDL are
more susceptible to FFA-apoA-I-induced size reductions
than LDL, and that among IDL, larger subspecies are
more susceptible than smaller ones. Similar size transfor-
mations of VLDL and IDL were observed in incubations
in which native 'I-labeled HDL replaced delipidated
125]-labeled apoHDL. The size changes among VLDL
and IDL produced in the presence of palmitic acid were
accompanied by the appearance of dissociation complexes
of varying size, the properties of which are described in
the companion paper (25).

In incubations using native '*I-labeled HDL, a degree
of association of label with VLDL was observed in the ab-
sence of added FFA. Progressively less spontaneous asso-
ciation was seen with smaller apoB-containing particles
such that there was minimal spontaneous binding to
LDL. Approximately 60-70% of the native '*I-labeled
HDL.-derived labeled protein spontaneously associating
with VLDL consisted of apoA-I (as assessed by SDS-
gradient gel electrophoresis) with the remainder migrat-
ing in the size range of apoA-II and apoCs (data not
shown). This spontaneous association could be inhibited
or reversed by incubation in the presence of 5% (w/v)
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Fig. 5. Variation in susceptibility of different VLDL and IDL subpopulations to palmitic acid/apcHDL-induced
size transitions. The VLDL and IDL subfractions were isolated from normolipidemic plasma by nonequilibrium
density gradient ultracentrifugation as previously described (6). Equivalent amounts (13 pg protein) of each fraction
were incubated with delipidated 1251-labeled HDL (38 ug protein) in the absence (solid lines) or presence of palmitic
acid (dashed lines, 0.1 umol; dotted lines, 0.3 pmol) for 2 h at 37°C in a final volume of 80 ul. A. large VLDL
(d<1.003 g/ml); B. small VLDL (mean density = 1.006 g/ml); C. large IDL (mean density = 1.010 g/ml); D. inter-
mediate IDL (mean density = 1.013 g/ml); E. intermediate IDL (mean density = 1.013 g/ml) incubated with 0.3
pmol palmitic acid; and F. small IDL (mean density = 1.019 g/ml) incubated with 0.1 and 0.3 gmol palmitic acid.
The curves represent densitometric scans of 2-16% gradient gels stained for protein with Coomassie blue; particle

diameters are shown in A.

FFA-free albumin, suggesting that endogenous FFAs or
other lipids on the VLDL surface are required. Incuba-
tion of delipidated !**I-labeled HDL with VLDL also
resulted in binding of apoHDL; however, this reaction
was less affected by albumin or added FFAs and involved
association of larger amounts of apoA-II than was the case
for incubations with native HDL (data not shown).

Physical and chemical properties of modified LDL
and IDL subspecies

The two different sized LDL subspecies generated by
incubation with palmitic acid and apoHDL were reiso-
lated by density gradient ultracentrifugation as described
in Methods. Only partial separation of these species could
be achieved due to overlap in density, however the smaller
of the two LDL subspecies had a mean buoyant density
slightly lower than the larger species. For example, when
the starting LDL fraction was a density fraction of 1.033-

1.039 g/ml, the smaller species was found at highest concen-
trations in a fraction of density 1.037 g/ml compared with
1.047 g/ml for the larger subspecies. The lower apoHDL
and phospholipid (see below) content of the smaller
subspecies, as well as possible differences in FFA content,
probably account for these density differences, which
contrast with the usual LDL subspecies size-density rela-
tionships (4). By pooling fractions containing the peak
and leading shoulder of the modified LDL band, it was
possible to obtain preparations >90% free of the larger
subspecies for compositional analyses. In the case of IDL,
where there was nearly complete conversion of the start-
ing fraction to a smaller subspecies, density gradient
ultracentrifugation readily achieved isolation of a homog-
eneous fraction. Electron microscopy confirmed the sphe-
rical morphology of both IDL and LDL modified frac-
tions. Chemical composition analyses of representative
LDL and IDL fractions are presented in Table 1, with the
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TABLE 1. Chemical composition® of LDL and IDL subfractions modified by incubation with palmitic acid
and a source of apoA-I

Cholestery] Free
Lipoprotein Protein Esters Cholesterol Triglyceride Phospholipid
LDL-I (d 1.025-1.029 g/ml) 18.0 46.5 9.4 4.4 22.0
LDL-I:apoHDL/PA-treated 29.6 43.0 6.9 7.0 13.5
LDL-1:apoA-I/PA-treated 25.3 41.6 9.0 7.5 16.6
LDL-I:apoHDL/PA/HSA-treated 28.6 47.1 7.5 6.4 10.4
LDL-II (d 1.033-1.039 g/ml) 21.4 44.5 9.8 1.2 23.2
LDL-I1:apoHDL/PA/HSA-treated 28.4 47.0 6.5 2.7 15.5
IDL (d 1.008-1.019 g/ml) 15.8 31.3 8.7 20.6 23.7
IDL.:apoA-1/PA-treated 20.0 38.3 2.8 26.0 13.1
IDL (d 1.010-1.019 g/ml) 16.0 345 9.2 21.0 19.3
IDL:apoHDL/PA/HSA-treated 28.2 36.3 6.7 13.7 15.1

‘Percent dry weight, excluding fatty acid. The palmitic acid (PA) content of the non-albumin-treated LDL frac-
tions in these experiments varied from 1.5 to 10% of total dry weight. After 30-min incubation with fatty acid-poor
human serum albumin (HSA) at a molar ratio of palmitic acid:albumin of 3:1, 92-98% of the LDL-associated palmitic
acid was removed. Data represent means of duplicates from individual experiments.

compositions of the starting material shown for compari-
son. The values shown do not include bound palmitic
acid, which varied from preparation to preparation, rang-
ing from 1.5 to 10% of the total LDL dry weight. The
presence of fatty acid probably contributed to the fact that
the buoyant density of the modified LDL was comparable
to that of the starting LDL, despite its protein enrich-
ment. In experiments in which the LDL was exposed to
FFA-free human serum albumin for 30 min at 37°C and
subsequently reisolated by density gradient ultracentrifu-
gation, 92-98% of the bound [*H]palmitic acid was re-
moved. The buoyant density of the LDL increased, but
the changes in chemical composition exclusive of bound
FFA (Table 1) were essentially the same. Based on the
compositional changes observed in analyses from eight ex-
periments employing LDL or IDL fractions, treatment
with palmitic acid and a source of apoA-I produced a 33%
decrease in percent phospholipid (P < 0.0001), a 30%
decrease in free cholesterol (P < 0.002), and a 44% in-
crease in protein (£ < 0.0004). Percent cholesteryl esters
did not change significantly.

Analysis of apolipoprotein composition of LDL modified
by incubation with palmitic acid and '*I-labeled HDL or
apoHDL by SDS polyacrylamide gradient gel electropho-
resis revealed apoA-I to be the predominant non-apoB
protein present, with much smaller amounts of protein
migrating in the size range of apoA-II monomer (Fig. 6).
When the FFA-apoHDL-treated LDL was further in-
cubated with FFA-free human serum albumin as de-
scribed above, the association of apoA-I with the reiso-
lated LDL was reduced by about 70%, while the amount
of apoA-II binding was relatively unaffected (Fig. 6B).
After treatment with albumin, apoA-I and apoA-II com-
prised <10% of the total protein present (the remainder
consisting of apoB), compared to approximately 20%
prior to this treatment.
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Fatty acid specificity for induction of LDL size
transformation

A variety of purified FFAs of varying chain length and
degrees of saturation were compared for their ability to
induce LDL size changes. The FFAs tested included
myristic, myristoleic, palmitic, palmitoleic, oleic, linoleic,

apoB-100
|

A apcltAI

apoAll

N

Fig. 6. SDS polyacrylamide gradient gel electrophoresis (4-30%) of
palmitic acid-apoHDL-treated LDL. The starting LDL fraction
(d 1.033-1.039 g/ml) was incubated under conditions that resulted in a
23 A size reduction of approximately 65% of the starting material. FFA-
free human serum albumin (10% final concentration; molar ratio of
albumin:palmitic acid = 1:3) was then added to half of the mixture and
buffer to the remaining half. The incubation was continued for an addi-
tional 30 min at 37°C, after which the LDL fractions were reisolated by
density gradient ultracentrifugation as described in methods. The curves
represent densitometric scans of SDS gels (stained for protein with
Coomassie blue) of the delipidated LDL fractions. A. absence of albu-
min; B. presence of albumin.
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linolenic, stearic, arachidic, and eicosapentaenoic acids.
Incubations were carried out for 2 h at 37°C in the
presence of the different FFAs in amounts ranging from
0.0 to 0.2 pmol, using LDL (d 1.029-1.033 g/mi, 50 pug
protein), and '#I-labeled apoHDL (72 pg protein) in a
final volume of 80 ul. LDL size reductions were observed
with saturated fatty acids as short as myristic acid (C14:0)
and as long as stearic acid (C18:0), with the shorter chain
FFAs inducing size changes at lower concentrations. The
reaction was not observed under the above conditions with
arachidic acid (CG20:0); however, the highly unsaturated
eicosapentaenoic acid (C20:5) did induce size transforma-
tions at equivalent molar concentrations. Comparing
different C18 fatty acids of varying degrees of saturation,
the order of effectiveness in producing size reductions in
LDL was stearic acid (C18:0) < oleic acid (C18:1) <linoleic
acid (C18:2)<linolenic acid (C18:3). Moreover, stearic
acid, like palmitic acid (see above) induced size reduction
of only a portion of the LDL in the incubation mixture,
while its monounsaturated or polyunsaturated counter-
parts facilitated conversion of the entire LDL band to a
smaller product in the presence of apoHDL, similar to the
type of change produced by palmitic acid acting on IDL
subfractions (see Fig. 5). Palmitoleic acid behaved similarly
to oleic acid in this respect. Monoglycerides (1-mono-
palmitoyl-glycerol and 2-monopalmitoyl-glycerol) did not
induce LDL size changes (data not shown).

DISCUSSION

The existence of multiple distinct subclasses of IDL
and LDL has been recognized for some time, but the ori-
gins of this heterogeneity are not well understood. In the
present report it is shown that in vitro incubations of IDL
and LDL subfractions with FFAs and a source of apoA-I
induce sharp size discontinuities in these particles that
resemble those observed among IDL and LDL in human
plasma. This has led us to hypothesize that FFA/apoA-I-
mediated reactions may contribute to this heterogeneity
in vivo.

The size transformations observed during incubation of
IDL or LDL with FFAs and a source of apoA-I result
from a process that begins with FFA-induced binding of
apoA-I to apoB-containing lipoproteins, a phenomenon
observed either in the setting of hydrolysis of triglyceride-
rich lipoproteins or upon addition of exogenous FFAs (12).
The data presented in this and the companion paper (25)
indicate that when lipoprotein surface FFA levels are
sufficiently high, the apoB-apoA-I-containing lipoprotein
intermediate thus formed is capable of releasing an
apoA-1/lipid-containing “dissociation complex,” resulting
in a size decrement of the starting IDL or LDL of 10-30 A
as measured by nondenaturing gradient gel electrophore-
sis. A mechanism involving' dissociation is supported not

only by the simultaneous appearance of the two new spe-
cles, but also by the inverse relationship between the
change in the size of the apoB-containing particle and the
apparent size of the newly formed dissociation complex,
as well as the complementary nature of the lipid changes
in the apoB-containing lipoprotein and the lipids that ap-
pear in the dissociation complex fraction (see Table 1 and
the data presented in the companion paper (25)).

The size changes produced in LDL subfractions by ex-
posure to exogenously added purified FFAs (e.g., Fig. 1)
differed from the transformations previously reported
when LDL was present in mixtures of VLDL undergoing
lipolysis (12). With added FFA, the larger of the two bands
formed was similar in size to the starting LDL, while the
second LDL band was considerably smaller than that of
the starting component (e.g., Fig. 1). With VLDL lipoly-
sis, the diameters of both LDL products were significantly
larger than in the case of added FFA, with the bigger spe-
cies of greater particle diameter than the starting LDL,
and the second species somewhat smaller (12). It is likely
that the greater increase in LDL particle size seen in the
presence of VLDL undergoing lipolysis results from
transfer of other lipid components from VLDL under
these conditions (11, 12), with consequent particle enlarge-
ment. This is currently under further investigation.

Native HDL, delipidated HDL, or purified apoA-I
were all effective in inducing size reductions in IDL or
LDL in the presence of FFAs. However, the size reduc-
tions occurred at lower HDL protein concentrations when
delipidated rather than native HDL was used (compare
Fig. 1 and Fig. 2). It may be that native HDL binds FFAs
in a way that limits their availablity for interaction with
LDL or, alternatively, that apoA-I on native HDL is less
accessible than in delipidated form for interaction with
LDL. ApoA-II and several proteins that are not normally
associated with plasma lipoproteins were ineffective alone
in inducing LDL and IDL size changes, but other apo-
lipoproteins that associate with HDL or triglyceride-rich
lipoproteins (e.g., apoE, C-apolipoproteins) remain to be
studied in this regard.

The amounts of palmitic acid required to induce reduc-
tions in particle size were lowest for lipoproteins within
the VLDL-IDL spectrum and were generally higher for
IDL and LDL particles of decreasing size (Fig. 4 and 5).
Among LDL from normolipidemic subjects, however,
particles at both ends of the LDL size and density spec-
trum (ie., d 1.025-1.029 or d 1.045-1.054 g/ml, respec-
tively) appeared to undergo size reductions at lower
palmitic acid concentrations than particles in the mid-
range (d 1.033-1.039 g/ml). These differences in suscepti-
bility to palmitic acid-induced size reduction require fur-
ther investigation to determine whether they reflect differ-
ences in availability of removable surface lipid on the
apoB-containing particle, differences in binding capacity
for FFAs, or other factors.
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Susceptibility to size transformation also varied de-
pending on the specific FFAs present. While palmitic acid
induced size reductions in only a portion of the LDL par-
ticles, the mono- or polyunsaturated C16 or C18 FFAs
tested were capable of converting LDL virtually com-
pletely to a size-reduced product. Moreover, with C18
FFAs, the reaction moved to completion at progressively
lower fatty acid concentrations the more highly unsatu-
rated the fatty acid. Size transformations readily occurred
with the short chain (C-14) myristic acid, but not with the
long-chain C-20 arachidic acid at equivalent molar con-
centrations.

Composition analyses of size-reduced LDL and IDL
demonstrated depletion of surface lipids (phospholipid
and free cholesterol) with relative enrichment in protein.
These changes were seen in conjunction with the appear-
ance of phospholipid and free cholesterol in “dissociation
complexes” produced simultaneously with the size reduc-
tion of the apoB-containing lipoprotein, as described in
the accompanying report (25). The increase in percent
protein in size-reduced LDL probably reflects a combina-
tion of a degree of binding of apoHDL to these lipopro-
teins, as well as relative protein enrichment due to lipid
depletion. The fact that the relative content of core lipid
changed little despite the decrease in particle size suggests
that small amounts of core lipid (predominantly choles-
teryl esters in the case of IDL and LDL) may also dissoci-
ate from these particles and contribute to their observed
size reduction. Compositional analyses of dissociation
complexes reported in the accompanying paper are con-
sistent with this hypothesis (25). The electron microscopic
images of size-reduced LDL or IDL indicate that spheri-
cal structures are preserved following this transformation,
despite their relative depletion in surface lipid.

Relatively large amounts of FFAs associated with the
LDL and IDL subfractions under the conditions of these
experiments (up to 10% total dry weight for palmitic
acid). Most of the bound FFAs (92-98%) could be re-
moved by a 30-min incubation with FFA-free human se-
rum albumin. Size-modified LDL retained their spherical
shapes and compositional properties following this treat-
ment. The two LDL size subspecies formed upon incuba-
tion with palmitic acid and apoHDL also remained dis-
tinct following incubation with whole plasma or d>1.21
g/ml plasma fraction. The basis for the small size increase
in the smaller subspecies following this treatment is not
known. It is possible that since these particles contain in-
creased amounts of apoA-I, they are substrates for the
lecithin:cholesterol acyl transferase (LCAT) reaction and
that consequent accumulation of core cholesteryl ester
may account for the observed size increases. Alternatively,
the presence of FFAs on these particles could stimulate
CETP-mediated lipid transfers (28), or the surface-
depleted state of the modified LDL could render these
particles prone to acquire phospholipid or free cholesterol
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from other lipoproteins. These alternatives remain to be
investigated, as well as the theoretic possibility that size-
reduced IDL or LDL formed through the FFA-apoA-I-
mediated pathway may have the capacity to participate in
reverse cholesterol transport, since their surface-depleted
state may predispose to the acquisition of free cholesterol
from cell membrane surfaces as well as other lipoproteins.

The close resemblance of the LDL size subspeciation
produced in vitro by FFA-apoA-I-mediated reactions to
the sharp size discontinuities observed among LDL sub-
species in human plasma raises the possibility that this
reaction may contribute to this heterogeneity in vivo.
Since the FFA:albumin ratios required to produce size
changes in LDL in vitro are of the order of fivefold higher
than those seen in the steady state in human plasma under
normal conditions, the potential generation of subspecia-
tion by this mechanism is based on the assumption that
FFA:albumin ratios in this range are reached in the
microenvironment of the capillary endothelial surface
where rapid triglyceride hydrolysis occurs. Several lines of
evidence makes this assumption plausible. Lipoproteins
of all classes are known to have high affinity for FFA bind-
ing. Direct measurements of FFAs associated with the
lipoprotein fraction even in whole plasma where there is
a large molar excess of albumin have yielded values rang-
ing from 5-10% to 13-21% of the total plasma pool (29,
30) and the proportion of FFAs bound to lipoproteins can
increase further when total FFA or albumin levels are al-
tered or when longer chain or saturated FFAs comprise a
larger proportion of the FFAs present (29-32). Electron
microscopic studies using cytochemical techniques ap-
plied to rat adipose tissue perfused with chylomicron and
albumin-containing solutions have revealed FFA-containing
lamellar forms associated with chylomicrons attached to
endothelial cells (33, 34), lending support to the concept
of local accumulation of high levels of FFAs during
lipolysis.

Since FFAs bound to triglyceride-rich lipoproteins in
vitro are known to partition primarily to the particle sur-
face (35), it is possible that they may, in turn, accumulate
on LDL particles as a result of simple proximity to lipo-
proteins undergoing lipolysis, particularly since FFAs on
the surface of VLDL are known to stimulate VLDL-LDL
physical complex formation (11). On the other hand, VLDL
and IDL may be more likely candidates for FFA-induced
size transformations under physiologic conditions in vivo,
by virtue of the fact that size reductions can be produced
in small VLDL and in IDL at lower concentrations than
those required to induce the reaction in LDL and the
greater likelihood for accumulation of triglyceride-derived
FFAs at VLDL and IDL surfaces. In this case, LDL het-
erogeneity could result indirectly through the preserva-
tion of discontinuous size (and possibly conformation)
changes created at the level of small VLDL or IDL by this
mechanism and transmitted to the final LDL products

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm woiy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

following further core depletion by triglyceride hydrolysis.
In support of this concept, in vitro studies show that size
differences among IDL and LDL species are preserved
when they are exposed to core-depleting cycles of CETP-
mediated triglyceride enrichment followed by lipolysis
(R. M. Krauss and T. A. Musliner, unpublished observa-
tions). It is also possible that FFA-mediated size transfor-
mations occur at all levels of the VLDL-IDL-LDL cas-
cade (probably to varying degrees), contributing to the
multitude of IDL and LDL species that are frequently ob-
served in human plasma.

Based on the recently reported apparent pK of oleic
acid in solution with lipoproteins (35), it is probable that,
in vivo, FFAs are present in both ionized and unionized
forms. There is also evidence that fatty acid soaps and
acid-soap complexes form bilayered lamellae observed in
association with the chylomicron surface film during in
vitro lipolysis or perfusion of rat fat pads (33, 36). In our
in vitro studies, the subspeciation reaction could be dem-
onstrated using palmitic acid added to incubation mix-
tures in different forms. The presence of micellar or
lamellar FFA structures under some of these conditions is
probable. However, it is unlikely that such forms were
present in the millipore-filtered FFA-albumin solutions
employed in the study shown in Fig. 3, making it improb-
able that the subspeciation phenomenon is dependent on
the FFA being in micellar form. The albumin-FFA solu-
tion used in these experiments would be expected to con-
tain small amounts of unbound FFAs in equilibrium with
FFAs bound to albumin, and we cannot be certain which
compartment (or both) is responsible for the reaction.
However, the same type of equilibrium may exist in the
vicinity of the surface of lipoproteins undergoing lipolysis.
In vivo in the microenvironment of the capillary endo-
thelial surface, the physical-chemical state of released
FFAs has not yet been clearly established and may well in-
clude varied forms.

The chemical compositions of IDL or LDL subfrac-
tions that have undergone direct FFA-apoA-I-mediated
size reductions (Table 1) differ from those reported for
LDL size subpopulations of comparable size and density
isolated from human plasma (4). If this mechanism in fact
contributes to the formation of these LDL subpopulations
in vivo, additional secondary modifications must be in-
voked to account for their final compositions. A variety of
remodelling processes to which surface-depleted IDL and
LDL may be subject are likely to contribute to the ulti-
mate subspeciation pattern in the plasma of a given in-
dividual. Such processes may include CETP-mediated
lipid transfers (also stimulated by FFAs (28)), possible
non-CETP-mediated lipid transfers accompanying FFA-
mediated VLDL~LDL complex formation (11), the LCAT
reaction (particularly when these subspecies contain

bound apoA-I), lipolysis (particularly by hepatic lipase
(20)), and lipid uptake from other lipoprotein or mem-
brane surfaces. The balance of these reactions would be
anticipated to vary in different individuals with different
lipid and apolipoprotein levels and differences in other
conditions influencing lipoprotein metabolism. For exam-
ple, in subjects with high triglycerides and low levels of
apoA-I, one would expect stimulation of VLDL-LDL
complex formation (11), stimulation of triglyceride trans-
fer to IDL and LDL, greater degrees of association of
FFAs-with IDL and LDL subspecies, and a greater ten-
dency for the occurrence of FFA-mediated size reductions.
All of these processes would tend to promote the forma-
tion of the smaller, yet heterogeneous LDL size subpopu-
lations observed in this setting. The fact that multiple
smaller LDL subclasses with sharp size discontinuities are
observed in hereditary plasma CETP deficiency (9) sug-
gests that smaller LDL subpopulations or their precursors,
formed by the FFA-apoA-I surface depletion pathway,
may normally be recipients for CETP-mediated choles-
teryl ester transfer, and that this process ordinarily main-
tains LDL in larger sized subclasses. Less extreme varia-
tions in CETP levels could similarly influence the final

manifestations of FFA-mediated IDL or LDL size changes.
Evidence from both in vitro and in vivo studies indi-

cates that differences among apoB-containing precursor
particles contribute to LDL heterogeneity. Specifically, in
vivo studies in the rat (a species lacking-plasma CETP ac-
tivity) have shown that small VLDL and IDL-1 are
catabolized intravascularly to a discrete LDL product
similar in size and density to the LDL-II (d 1.033-1.042
g/ml) found in human plasma (10). Denser, cholesterol-
rich IDL, in contrast, yield larger, more buoyant LDL
subspecies. It is not known, however, how these different
IDL precursors arise. It is possible that FFA-apoA-I-
mediated reactions play a role in their formation. On the
other hand, differences in degrees of glycosylation be-
tween different LDL subpopulations (37) have raised the
possibility that intrinsic differences in apoB-glycosylation
contributes to LDL heterogeneity. Such a role would not
be incompatible with the mechanism hypothesized here.
Variation in IDL or LDL glycosylation could itself influ-
ence susceptibility to FFA-apoA-I-mediated size reduc-
tions, perhaps contributing to the multitude of final dis-
crete subspecies that may be found in human plasma. 88
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