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subfraction distribution

Susan J. Murdoch,** Molly C. Carr,* Hal Kennedy,* John D. Brunzell,!-* and John J. Albers*-'

Division of Metabolism, Endocrinology and Nutrition,* and Northwest Lipid Research Laboratories,
Department of Medicine, *University of Washington, Seattle, WA

Abstract Phospholipid transfer protein (PLTP), hepatic li-
pase (HL), and lipoprotein lipase (LPL) have all been re-
ported to be intricately involved in HDL metabolism but the
effect of PLTP on the apolipoprotein B-containing lipopro-
teins relative to that of HL and LPL has not been estab-
lished. Due to our previous observation of a positive corre-
lation of PLTP activity with plasma apoB and LDL
cholesterol, the relationship of PLTP with the LDL subfrac-
tions was investigated and compared with that of HL and
LPL. Plasma lipoproteins from 50 premenopausal women
were fractionated by density gradient ultracentrifugation.
Correlations were calculated between the cholesterol con-
centration of each fraction and plasma PLTP, HL, and LPL
activity. Plasma PLTP activity was highly, positively, and se-
lectively correlated with the cholesterol concentration of
the buoyant LDL/dense IDL fractions, yet demonstrated a
complete absence of an association with the dense LDL
fractions. In contrast, HL was positively correlated with the
dense LDL fractions but showed no association with buoy-
ant LDL. LPL was also positively correlated with several
buoyant LDL fractions; however, the correlations were
weaker than those of PLTP. PLTP and LPL were positively
correlated and HL was negatively correlated with HDL frac-
tions.fifi The results suggest that PLTP and HL may be im-
portant and independent determinants of the LDL subpop-
ulation density distributions.—Murdoch, S. J., M. C. Carr,
H. Kennedy, J. D. Brunzell, and J. J. Albers. Selective and in-
dependent associations of phospholipid transfer protein
and hepatic lipase with the LDL subfraction distribution. J.
Lipid Res. 2002. 43: 1256-1263.
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Phospholipid transfer protein (PLTP), hepatic lipase
(HL), and lipoprotein lipase (LPL) are intricately in-
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volved in HDL metabolism, yet their inter-relationships
with respect to apolipoprotein (apo)B metabolism have
not previously been investigated.

PLTP has been suggested to be active in lipoprotein
metabolism due to its ability to facilitate lipid transfer be-
tween lipoproteins or between lipoproteins and cell
membranes. The initial role determined for PLTP was
that of facilitated transfer of the redundant surface
formed on VLDL during lipoprotein lipase-mediated li-
polysis (1, 2). This process involves the transfer of phos-
pholipid, unesterified cholesterol (1-3), and possibly
apoE to HDL as originally suggested in an in vitro study
(1) and later in an investigation of PLTP knockout mice
(3). Consequently, HDL mass is augmented, favoring
conversion of small HDL particles to larger particles (1,
2). PLTP can also mediate HDL inter-conversion (4, 5)
and facilitate lipid efflux (6). PLTP appears to be a ma-
jor determinant of HDL concentrations since knockout
mice show a marked reduction in HDL lipid and apoA-I
(3) and increased catabolism. A paradoxical decrease in
HDL due to increased catabolism has been observed in
PLTP transgenic mice (7-9), which may be dependent
upon the relative gene dose/activity of PLTP relative to
apoA-I (8,9).

Investigations into the role of PLTP in human lipopro-
tein metabolism have focused on the effect of PLTP on
HDL with studies of normolipidemics finding a positive
association (10) or no association (11-13). In our previ-
ous study of normolipidemic premenopausal women
(10), PLTP activity was not only positively correlated with
HDL,y, HDLg, and LPL, but also with LDL cholesterol
(LDL-C) and the apoB concentration. The correlations
with HDL were consistent with the postulated role of

Abbreviations: HL, hepatic lipase; PLTP, phospholipid transfer pro-
tein.
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PLTP in lipoprotein metabolism, but the strong positive
relationship with LDL-C and apoB was puzzling. It is this
relationship of PLTP with the apoB-containing lipopro-
teins relative to that of HL. and LPL that is addressed in
the present paper. Recently, it has been reported that in
PLTP knockout mice, apoB secretion was reduced, as was
plasma apoB in apoB transgenic and apoE knockout mice
but not in LDL receptor knockout mice (14). The de-
crease in apoB was associated with a decrease in athero-
sclerosis, raising further interest in the role of PLTP in
apoB and LDL metabolism.

Hepatic lipase (HL) also has a major influence on LDL
and HDL subfractions and concentrations in plasma. He-
patic lipase has been found to be negatively correlated
with HDLy concentrations (15, 16) and positively corre-
lated with the presence of small dense LDL (17). By hy-
drolysis of core triglyceride and phospholipid surface, HL
is thought to be responsible for the formation of small
dense LDL from larger more buoyant LDL and the con-
version of HDLy, to HDL3. The predominance of small
dense LDL in the LDL distribution has been associated
with an increased risk of CHD (18-21), increased LDL ox-
idation (22), and increased proteoglycan binding (23,
24), potentially enhancing the entrapment of LDL in arte-
rial tissues. A separate non-catalytic role for HL is that of a
ligand, enhancing hepatic recognition of IDL and facili-
tating the interaction of HDLy with a putative SRB1-like
receptor in the liver (25-27).

LPL is an enzyme that is also intricately involved in
HDL as well as VLDL/LDL metabolism. In brief, LPL
leads to the conversion of VLDL to IDL through hydroly-
sis of core triglyceride accompanied, to a lesser extent, by
phospholipid hydrolysis. The apoC proteins are rapidly
transferred from VLDL to HDL with subsequent transfer
of apoE, phospholipids, and unesterified cholesterol, re-
sulting in the augmentation of HDL mass (28). In vitro, it
has been observed that, as a result of LPL-induced lipoly-
sis of VLDL, large IDIL-like particles were formed that
were rich in surface material and required further trans-
fer of apoE and lipid in order to approach LDL size and
composition (1). In this study, when a preparation con-
taining PLTP (as well as CETP) was added, the transfer of
phospholipid, unesterified cholesterol, and apoE doubled
and particles approaching the size of large LDL were
formed, suggesting that PLTP acts in conjunction with
LPL in the conversion of VLDL to LDL. Since CETP does
not transfer unesterified cholesterol and appears not to
promote net transfer of phospholipid in vivo (29), the re-
sults imply that LPL and PLTP work in concert to promote
the conversion of VLDL to LDL.

The following study was specifically carried out to clar-
ify the relationship of PLTP with the apoB-containing lipo-
protein distribution and compare the associations to
those determined for HL and LPL. The lipoproteins were
separated by density gradient ultracentrifugation and cor-
relations between the cholesterol concentration of each
fraction and plasma PLTP, HL, and LPL activity were ob-
tained to determine if specific and independent associa-
tions with selective LDL subfractions were present.

Muyrdoch et al.

METHODS

Subjects

Fifty healthy premenopausal women (ages 42-54) were re-
cruited at random as has been previously reported (10) (Table
1). The study group was comprised of 47 Caucasian and three
non-Caucasians. Their mean age was 46.5 * 3.3 years and weight
was 71 = 15 kg. Their BMI, percent body fat, and body fat distri-
bution were as expected for females of their age. None of the
subjects were smokers, or taking medications affecting lipid me-
tabolism, or demonstrating any lipid disorders, diabetes, or liver
disease. None were pregnant. The subjects were deemed pre-
menopausal as they were all menstruating. The exclusion criteria
were a total triglyceride or LDL-C concentrations above the 95th
percentile for their age, small LDL as determined by polyacryl-
amide gradient gel electrophoresis (30), or a BMI greater than
40 kg/mQ. Since the presence of small dense LDL as the predom-
inant form of LDL is uncommon in premenopausal women com-
prising 5-10% of the population (31) and is associated with insu-
lin resistance, type 2 diabetes (32), and polycystic ovarian
syndrome (33), these women were excluded in order to obtain a
population sample representative of normal premenopausal
women. The Human Subjects Review Committee of the Univer-
sity of Washington approved the study protocol. Informed con-
sent was obtained from all participants.

Sample collection

After a 12-14 h fast, blood was collected in 0.1% EDTA and
immediately placed on ice for lipid measurements and the PLTP
activity assay as well as density gradient ultracentrifugation. To
determine lipase activities, a bolus of 60 U/kg of heparin was
given and blood was sampled after 10 min in lithium heparin
tubes. Plasma was obtained by centrifugation at 3,000 rpm for 15
min at 4°C. Fresh plasma was used for lipid determinations. Oth-
erwise, plasma was immediately flash frozen and kept at —70°C
until use.

Analysis of plasma lipids

Total, LDL, HDL, HDLy, HDL;-C, apoB, and triglyceride were
determined by standardized methodologies at the Northwest
Lipid Research Laboratories (34). HDL and HDL;-C were deter-
mined in the plasma supernatant after precipitation with dex-
tran sulfate and magnesium chloride (35, 36). The inter-assay co-
efficient of variation for apoB is 2.5%.

TABLE 1. Characteristics of the subjects®

n =50 Mean Range
Age 46.5 = 3.3 42-54
Total Cholesterol (mg/dl) 182 = 30 111-240
Triglyceride (mg/dl) 73 * 32 34-170
ApoB (mg/dl) 81 =17 48-120
LDL cholesterol (mg/dl) 109 = 24 50-158
HDL cholesterol (mg/dl) 58 * 14 35-98
HDL, cholesterol (mg/dl) 13+7 5-31
HDL; cholesterol (mg/dl) 45 *9 29-67
PLTP activity (wmol/ml/hr) 149 + 2.2 10.5-20.3
LPL activity (wmol/ml/hr) 12.2 = 6.2 3.6-35.7
HL activity (wmol/ml/hr) 79+ 32 2.7-16.9
Weight (kg) 70.9 =15.3 49.2-112.0
BMI (kg/m?) 25.6 = 4.7 18-37.9

Values are mean * SD. PLTP, phospholipid transfer protein; LPL,
lipoprotein lipase; HL, hepatic lipase; BMI, body mass index.

“This data has previously been reported (10) and is included for
completeness.
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Density gradient ultracentrifugation

A discontinuous salt density gradient was created in an ultra-
centrifuge tube (37). One milliliter of plasma was combined with
1.5 ml of a d = 1.006 g/ml NaCl solution (containing 0.01%
EDTA, pH 7.4) and 1.5 ml of a d = 1.21 g/ml solution (d =
1.006 g/ml NaCl adjusted to d = 1.21 g/ml with solid KBr, 0.01%
EDTA, pH 7.4) and mixed, resulting in a final density of 1.0825
g/ml. A solution (8.5 ml) of d = 1.006 g/ml NaCl (0.01% EDTA,
pH 7.4) was placed in a Beckman ultracentrifuge tube #344322
and underlayered with the 4 ml of the d = 1.0825 g/ml solution,
containing the plasma. Samples were centrifuged at 65,000 rpm
for 70 min (total w2t = 1.95 X 10!) in a Beckman VTi 65.1 verti-
cal rotor. Thirty-eight 0.34 ml fractions were collected from the
bottom of the tube and the cholesterol concentration was deter-
mined for each fraction.

PLTP activity assay

PLTP activity was determined by measuring the transfer of la-
beled phosphatidylcholine from vesicles to HDL; (lacking apoE)
as previously described (10, 11) but without the use of plasma as a
carrier (10). This method reflects the phospholipid transfer activ-
ity of PLTP but not that of CETP (11). Briefly, 50 ul of liposomes
containing phosphatidylcholine (50 nM), phosphatidylserine (12
nM), and trace labeled with [!*C]1-palmitoyl-2-linoleoyl phos-
phatidylcholine labeled in the linoleoyl-1-C position (New En-
gland Nuclear) (specific activity of 170 cpm/nM phospholipid)
were combined on ice with HDLg (150 nM phospholipid), 50 wl
of diluted plasma (diluted 1:50, resulting in a 1 ml plasma equiva-
lent), and 300 1 of Tris saline EDTA buffer (TSEA) (10 mM Tris,
150 mM NaCl, 1 mM EDTA, 0.1% sodium azide). The plasmas
were assayed in triplicate with separate dilutions performed for
each. The same batch of vesicles and HDL were used for all PLTP
assays to maintain consistency. The samples were incubated for 15
min at 37°C, and 400 pl of TSEA buffer, and 100 ul of a 1% dex-
tran sulfate/0.5M MgCl, solution were added to precipitate the
vesicles. The radioactivity in 600 ul of the supernatant was
counted to determine the amount transferred from the vesicles to
HDL. Three human control plasmas, flash frozen and stored at
—70°C until use, were included in triplicate in each assay and
used to correct for inter-assay variation. The intra-assay and inter-
assay coefficients of variation were 7.6% and 2.2%, respectively.

Lipoprotein lipase and hepatic lipase activities

After administration of a heparin bolus, the total plasma tri-
glyceride lipase activity was determined as previously described
(38). In brief, post-heparin plasma (diluted 1:10) was incubated
with a triolein/phosphatidylcholine /albumin emulsion, trace la-
beled with glycerol tri[1-'*Cloleate (Ampersham, Arlington
Heights, IL) in 0.178 M Tris-HCI, 0.11 M NaCl buffer (pH 8.5)
containing 55 mg/ml albumin and 0.01 mg/ml heparin for 60
min at 37°C. The resultant free fatty acids were extracted and C
content was determined by liquid scintillation counting. The de-
crease in activity resulting from the addition of a monoclonal an-
tibody specific for lipoprotein lipase allowed for the calculation
of the LPL activity. Hepatic lipase activity was estimated as the ac-
tivity remaining after the addition of the LPL antibody. The activ-
ity of a bovine skim milk LPL standard was determined with each
assay and used to correct the results for inter-assay variation. A
human post-heparin control plasma was assayed as well to moni-
tor inter-assay variation. The intra-assay coefficient of variation
was 7% for LPL and 6% for HL. Inter-assay coefficient of varia-
tion was 8% for LPL and 10% for HL.

Statistics

Statistical analyses were performed using Sigma Stat (Jandel
Scientific). Results are reported as the mean and the standard
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deviation. Spearman Rank Order correlations were used to de-
termine the correlation of PLTP, HL, or LPL activity, or apoB
with the selected fraction. Spearman Rank Order correlations
were used to reduce the possible contribution of any outliers to
the correlation. Forward stepwise linear regression was used to
determine the independent contribution of variables that were
correlated in univariate analysis with the variable of interest.

RESULTS

The density gradient used to study the lipoprotein cho-
lesterol distributions was selected because the gradient
design maximizes the resolution of the apoB containing li-
poproteins. Thus, the gradient was chosen as the relation-
ships of the LDL subfraction distributions and the apoB-
containing lipoprotein distribution with PLTP, HL, and
LPL activity are the major foci of the study.

The correlation of plasma PLTP activity with the choles-
terol concentration of each fraction was determined (Fig.
1A) and the level of significance of each correlation is in-
dicated (Fig. 1B). In these subjects the total plasma LDL-C
had demonstrated a substantial positive correlation with
PLTP activity (r = 0.53, P < 0.001) (10). When the choles-
terol concentration of the individual fractions of the LDL
region of the gradient were correlated with the plasma
PLTP activity (Fig. 1A), PLTP activity was found to be
highly, positively, and specifically correlated with the cho-
lesterol concentration of the buoyant LDL fractions (frac-
tions 13-18, r = 0.47 to 0.57, P < 0.001) and the peak LDL
fraction (fraction 12, r = 0.56, P < 0.001), the highest cor-
relations being with fractions 12-15. These correlations
are similar to or greater in magnitude than the previously
observed correlation between the total plasma LDL and
PLTP activity(r = 0.53) or apoB and PLTP activity (r =
0.44) (10). PLTP activity was also positively correlated with
fractions corresponding to the dense IDL fractions (frac-
tion 19-22, r = 0.29 to 0.41, P = 0.003 to 0.04) but the
correlations were not as strong as those determined for
the buoyant LDL fractions. In contrast to the highly signif-
icant correlations observed with the buoyant LDL frac-
tions, there was a complete absence of a significant corre-
lation of PLTP with any of the dense LDL fractions
(Fractions 8-11) (Fig. 1A) (r= —0.06 to 0.20).

PLTP was also positively correlated with the cholesterol
of the HDL fractions 1-4 (r = 0.28 to 0.35, P = 0.014 to
0.047). Because the gradient emphasizes the LDL and
IDL region, HDL, is not completely separated from
HDL;. Thus, an analysis of the relationship of PLTP with
these HDL subfractions is not possible in this study.

To compare the relationship of PLTP and HL, as well as
LPL, with the buoyant and dense LDL and the HDL frac-
tions, correlations were calculated for the cholesterol con-
centrations of the individual fractions with plasma HL and
LPL activities. The significance of the correlations be-
tween PLTP, LPL or HL, and the cholesterol content of
the fractions are indicated (Fig. 1B).

LPL was positively correlated with three of the buoyant
LDL fractions (fraction 13 to 15, r = 0.30 to 0.36, P = 0.01
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to 0.034) that were also correlated with PLTP activity (Fig.
1B). However, the strength of the correlations was less
than that observed for PLTP. For example, for fraction 13,
PLTP demonstrated a positive correlation of 0.57 (P <
0.001), whereas the correlation with LPL was 0.36 (P =
0.01). LPL was not significantly correlated with the IDL
fractions that were correlated with PLTP. LPL was not re-
lated to any of the dense LDL fractions. LPL was positively
associated with the majority of the HDL fractions (frac-
tions 2-6, r = 0.349 to 0.456, P < 0.001 to 0.013), showing
the strongest correlations with fractions 3-5 (r = 0.422 to
0.456, P < 0.001-0.003).

Since the activity of LPL and PLTP appear to act in con-
cert in the conversion of VLDL to LDL with consequent
augmentation of HDL mass, and PLTP activity has been
found to be positively correlated with LPL activity in these
subjects (r = 0.36, P = 0.011) (10), the independence of
relationship of PLTP with the LDL or HDL fractions from
that of LPL was examined. Using multivariate analysis, with
PLTP and LPL as the independent variables and the cho-
lesterol concentration of the fraction as the dependent

variable, LPL was no longer significantly correlated with
the buoyant LDL fractions while the association with PLTP
remained. When the same analysis was carried out for the
HDL fractions, LPL remained strongly and positively cor-
related while PLTP was no longer significantly related.

The correlations observed for HL activity with the LDL
and HDL fractions are in contrast to those observed for
PLTP and LPL activity (Fig. 1B). While PLTP and LPL
demonstrated positive correlations with similar fractions
of buoyant LDL and with HDL, HL demonstrated no rela-
tionship with any of the buoyant LDL fractions but was
positively correlated with the fractions corresponding to
dense LDL (fractions 9-11, r = 0.38 to 0.43, P = 0.002 to
0.006). The relationship of HL with the HDL fractions also
differed in that HL was strongly negatively correlated with
the HDL fractions (fractions 3-6, r = —0.33 to —0.46, P <
0.001 to 0.02).

PLTP and HL activity both increase with obesity (16, 39,
40) yet appear to have opposing effects on HDL-C con-
centrations. As a result, the positive relationship of PLTP
with HDL, particularly that of HDLy, can be masked by
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Fig. 1. A: Fractionation of the plasma lipoproteins by
density gradient ultracentrifugation and the correlations
of plasma PLTP activity with the fractions. The plasma li-
poproteins of the 50 women were fractionated by den-
sity gradient ultracentrifugation. The mean cholesterol
concentration of each fraction was determined (dia-
mond). The correlation of the plasma PLTP activity with
the cholesterol concentration of each fraction is shown
(triangle). The correlations are significant at the follow-
ing levels: r= 0.28, P = 0.05; r= 0.36, P = 0.01; r= 0.45,
P = 0.001. The distribution of the lipoproteins first sepa-
rated by sequential ultracentrifugation and then sub-
jected to the density gradient ultracentrifugation results
in VLDL isolating in fractions 28-38, IDL in fractions
17-30 with tailing into fractions 31-34, LDL isolating in
fractions 7-18, and HDL in fractions 1-8 (45). B: Frac-
tionation of the plasma lipoproteins by density gradient
ultracentrifugation and the significance of the correla-
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tion of the fractions with PLTP, LPL, and HL activity.
The plasma lipoproteins of the 50 women were fraction-
ated by density gradient ultracentrifugation. The mean
cholesterol concentration of each fraction is indicated
(diamond). The significance of the correlation of the
cholesterol concentration of each fraction with plasma
PLTP activity (triangle), LPL activity (+), and HL activ-
ity (X) are indicated. The level of significance is repre-
sented by the number of corresponding symbols shown
next to the fraction such that one symbol indicates a sig-
nificance level of P < 0.05, two symbols represent P <
0.01, and three symbols indicate P < 0.001. Symbols
above the line indicate a positive correlation and those
below the line represent a negative correlation.
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the Hl-mediated reduction of HDL (10). Thus, we in-
cluded both PLTP and HL in multivariate analysis to de-
termine the strength of the correlation of PLTP with the
HDL fractions when the contribution of HL. was removed,
and consequently determine the independent contribu-
tions of PLTP and HL to the relationship with the HDL
fractions. With multivariate analysis, both PLTP and HL
remained independently related to the HDL fractions,
but the partial correlations of PLTP with the HDL frac-
tions (fractions 2—4) were strengthened considerably. For
example, the correlation of fraction 4 was increased from
0.29 (P = 0.04) to 0.36 (P = 0.007). PLTP also became sig-
nificantly and positively correlated with fraction 5 (partial
r=0.28, P=0.035).

Since plasma apoB was found to be positively correlated
with PLTP activity in these subjects, though less strongly
than that of LDL-C (10), and it has been reported in
transgenic mice that PLTP may play a role in increasing
apoB secretion (14), it is possible that the relationship of
PLTP with the LDL fractions merely reflects the correla-
tion of the fractions with apoB. When the correlations of
plasma apoB with the cholesterol of the individual frac-
tions were determined, it was found that apoB was signifi-
cantly correlated with all of the VLDL, IDL, and LDL frac-
tions rather than just the buoyant LDL fractions (Fig. 2),
but the correlations with apoB were weaker in the buoyant
fractions that demonstrated the strongest correlations
with PLTP activity (fraction 12-14). In multivariate analy-
sis with apoB and PLTP as the independent variables and
the cholesterol concentrations of the fractions in the
buoyant region of LDL as the dependent variable, PLTP
remained highly and significantly correlated with the cho-
lesterol concentration of the fraction while apoB was no
longer associated. It is also possible that HL may have
masked a positive relationship of PLTP with the dense
fractions of LDL as was observed for HDL. If this were the
case then PLTP may be positively associated with all LDL
fractions and the correlation with apoB and LDL-C is sim-

1260  Journal of Lipid Research Volume 43, 2002

50
-40=
©
~
g Fig. 2. Fractionation of the plasma lipoproteins by
L 30~ density gradient ultracentrifugation and the correla-
—_— tions of plasma apoB with the fractions. The plasma li-
e poproteins of the 50 women were fractionated by den-
3 sity gradient ultracentrifugation. The mean cholesterol
20 ) concentration of each fraction is indicated (diamond).
2 The correlation of the plasma apoB with the cholesterol
(o} concentration of each fraction is shown (circle). The
6 significance of the correlations are as follows: r = 0.28,
~10 P=0.05;r=0.36, P=0.01; r= 0.45, P= 0.001.
0

ply due to increased apoB production resulting in an in-
crease in total LDL. A masking of the association was not
found since in multivariate analysis only HL was signifi-
cantly related to the dense LDL fractions and an indepen-
dent association with PLTP was not revealed, providing ev-
idence that the association of PLTP with LDL is specific to
the buoyant fractions only.

As the number of correlations calculated increase so
does the chance of reporting a false positive correlation.
Thus a correlation with a significance level of P = 0.05 in-
dicates that the chance of a false positive is 1 in 20 while a
P = 0.01 indicates that the chance is 1 in 100. Considering
the number of correlations carried out in the study, if the
significance level is set at P < 0.01, PLTP remains signifi-
cantly correlated with the peak (fraction 12) and buoyant
LDL fractions (13-18), the densest IDL fractions (19-20)
and HDL fraction 4, adjusted for the effect of HL, but not
with the unadjusted HDL values. LPL continues to be cor-
related with HDL fractions 3-6 and the buoyant LDL frac-
tion 13, but not with fractions 14 and 15. HL remains cor-
related with the dense LDL fractions and negatively
correlated with the HDL fractions 4-5, but not with frac-
tion 3.

DISCUSSION

This is the first study that has reported a comparison of
the associations of PLTP, HL,, and LPL activity with LDL-
and HDL-C. Furthermore, by resolving the LDL distribu-
tion by density gradient ultracentrifugation, a comparison
of the relationships of PLTP, HL, and LPL with the LDL
subfraction distribution was possible. The present study
has elucidated that, in this group of premenopausal
women, PLTP activity is highly, positively, and specifically
associated with the buoyant subfraction of the LDL-C dis-
tribution showing no association with dense LDL. This ob-
servation is similar though less consistent for LPL, yet in
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direct contrast to HL, which was selectively associated with
dense LDL. The association of PLTP with the buoyant
LDL fractions is consistent with the findings in another
population of women (ages 32-74) (41). The results of
the present study contribute significantly to the under-
standing of the basis of the previously reported relation-
ship between PLTP and LDL-C or apoB (10) and demon-
strate markedly different associations from those of HL
with the LDL subfractions.

When reporting associations, the variability of the assay
may affect the strength of the correlation of a variable.
The intra-assay coefficients of variation for PLTP, HL, and
LPL activity were 7.6%, 6%, and 7%, respectively, while
the inter-assay coefficients of variation for PLTP, HL, LPL,
and apoB were 2.2%, 10%, 8%, and 2.5%, respectively.
Thus, based on the intra-assay coefficients of variation, the
strength of the correlations determined should not be af-
fected by a discrepancy in the variability between the
PLTP, HL, and LPL assays. For the inter-assay comparison,
the coefficient of variation in PLTP is similar to that of
apoB but is less than that of LPL. Thus, the correlations
with LPL may be an underestimate relative to PLTP for
the buoyant LDL fractions, although the correlations were
markedly weaker for LPL (r = 0.36) than for PLTP (r =
0.57). With respect to the remaining comparisons of the
correlations, this limitation does not appear to apply since
most correlations are either 1) identified in different frac-
tions as is the case for PLTP correlating positively with
buoyant LDL and HL with dense LDL; 2) opposite to one
another, as observed for the positive association of PLTP
but negative association of HL with HDL; 3) stronger for
one variable for certain fractions (the correlations of
PLTP with the buoyant LDL fractions as compared to
those of apoB) and weaker or absent for other fractions
(the correlations of apoB with dense LDL and absence of
correlations for PLTP).

Since a correlation indicates an association rather than
cause and effect, the results may be interpreted several
ways. The positive association with the mass of buoyant
LDL may indicate that as buoyant LDL or factors contrib-
uting to the mass of LDL increase, so too does the synthe-
sis or plasma activity of PLTP. However, based on the
present understanding of the role of PLTP in lipoprotein
metabolism, and specifically during VLDL lipolysis, a
more likely hypothesis is that PLTP may be significantly in-
volved in determining the mass of buoyant LDL. The lack
of association with the dense LDL fractions also suggests
that the action of PLTP may specifically favor the forma-
tion of (large) buoyant LDL as compared to (small) dense
LDL. The results are in agreement with the in vitro data
(1), which suggested that PLTP is required for conversion
of VLDL to LDL since the addition of PLTP substantially
increased the transfer of surface lipid and apoE to HDL,
and enabled the formation of large LDL-sized particles/
dense IDL particles. The present results indicate that, in
this group of subjects, PLTP is the variable most strongly
associated with buoyant LDL as compared with LPL and
HL, predicting 22-33% of the variance in the cholesterol
concentration of the buoyant LDL fractions. However, this
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does not imply that physiologically LPL. and HL, as a
ligand, are not critical for buoyant LDL formation.

The highly positive relationship of PLTP with the buoy-
ant LDL fractions is in contrast to the positive correlation
of HL with the dense LDL fractions. The correlation of
hepatic lipase confirms previous reports of a positive asso-
ciation with small dense LDL (17) and is consistent with
the concept that HL may be the major determinant of the
mass of dense LDL as compared with LPL and PLTP in
subjects whose plasma lipids are in the normal range. It is
interesting that there was no overlap of PLTP and HL ac-
tivity with respect to the relationship with the LDL frac-
tions. These observations may indicate that the two LDL
subgroups represent two distinct metabolic pools of LDL
rather than a continuum of LDL conversion (42).

Because of the concerted activity of PLTP and LPL dur-
ing VLDL lipolysis, we reasoned that the buoyant LDL
fractions may also be positively correlated with LPL. This
was the case in some fractions, but the relationship be-
tween LPL and the LDL fractions dropped out when
PLTP was included in multivariate analysis. The converse
was the case for HDL associations. Thus, one interpreta-
tion of the data may be that PLTP has a stronger contribu-
tory effect on the concentration of buoyant LDL while
LPL has a greater effect on HDL. However, since the inter-
assay variability is greater for LPL, this may hold true for
HDL but is inconclusive for LDL. Furthermore, PLTP and
LPL activity are correlated making interpretation of the
results complex.

The apoB correlations with the LDL-C fractions did not
correspond to those of PLTP activity but, in fact, were
weaker in the LDL fractions that demonstrated the stron-
gest correlations with PLTP. This finding suggests that the
relationship of PLTP with the buoyant LDL fractions is
more complex than being solely due to the correlation of
PLTP with apoB, related to a possible role in increased
apoB secretion (14). The results strengthen the hypothe-
sis that a large part of the reported relationship of PLTP
with LDL-C and apoB is due to the strong positive associa-
tion with buoyant LDL, reflecting the action of PLTP in
the transfer of redundant surface from IDL “remnants”
and leading to the formation of large buoyant LDL (1).
Thus, apoB-containing particles may increase with in-
creasing PLTP, but the increase appears to be related to a
selective augmentation of buoyant LDL particles in these
subjects. The converse may also occur such that as VLDL
apoB increases, PLTP increases in order to transfer the
augmented redundant surface produced during lipolysis,
enabling maturation to buoyant LDL.

In the HDL region, PLTP and LPL activity were both
found to be positively correlated with the cholesterol con-
centrations of the fractions, while HL activity was nega-
tively correlated. These correlations are consistent with
the literature and are in agreement with the postulated
roles of these lipases in HDL metabolism (28, 43, 44) and
the role of PLTP in augmenting HDL mass during LPL-
induced lipolysis (1, 2). It is notable that the positive cor-
relation of PLTP with the HDL fractions became stronger
when the contribution of HL was removed by multivariate
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analysis, which is an important point when assessing the
relationship of PLTP with HDL, particularly in obese sub-
jects or subjects with insulin resistance.

Since subjects with a predominance of large buoyant
LDL as compared with small dense LDL demonstrate a
decreased incidence of coronary heart disease (18-21) at
equivalent LDL-C concentrations, the observation of the
strong positive selective relationship of PLTP with the
concentration of buoyant LDL is extremely pertinent.
However, since the results of the PLTP knockout in apoB
transgenic or apoE null mice suggest that PLTP is pro-
atherogenic (14), this raises the question of the role of
PLTP in atherosclerosis and whether the response is the
same or different in humans as compared to the mouse
model. Therefore, the relationship of PLTP with the de-
velopment of atherosclerosis in humans requires investi-
gation, particularly as it relates to apoB and the relative
abundance of buoyant LDL as compared to that of dense
LDL.5&
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