Triglyceride enrichment of HDL enhances
in vivo metabolic clearance of HDL apo A-I in healthy men
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Triglyceride (TG) enrichment of HDL resulting from cholesteryl ester transfer protein-mediated
exchange with TG-rich lipoproteins may enhance the lipolytic transformation and subsequent meta-
bolic clearance of HDL particles in hypertriglyceridemic states. The present study investigates the effect
of TG enrichment of HDL on the clearance of HDL-associated apo A-I in humans. HDL was isolated
from plasma of six normolipidemic men (mean age: 29.7 + 2.7 years) in the fasting state and after a five-
hour intravenous infusion with a synthetic TG emulsion, Intralipid. Intralipid infusion resulted in a
2.1-fold increase in the TG content of HDL. Each tracer was then whole-labeled with 25T or 13T and
injected intravenously into the subject. Apo A-I in TG-enriched HDL was cleared 26% more rapidly
than apo A-Iin fasting HDL. A strong correlation between the Intralipid-induced increase in the TG
content of HDL and the increase in HDL apo A-I fractional catabolic rate reinforced the importance
of TG enrichment of HDL in enhancing its metabolic clearance. HDL was separated further into
lipoproteins containing apo A-II (LpAIL:AIl) and those without apo A-II (LpAI). Results revealed that
the enhanced clearance of apo A-I from TG-enriched HDL could be largely attributed to differences in
the clearance of LpAl but not LpAL:AIL This is, to our knowledge, the first direct demonstration in
humans that TG enrichment of HDL enhances the clearance of HDL apo A-I from the circulation. This
phenomenon could provide an important mechanism explaining how HDL apo A-I and HDL choles-

terol are lowered in hypertriglyceridemic states.

J. Clin. Invest. 103:1191-1199 (1999).

Introduction
The inverse relationship between plasma HDL choles-
terol concentrations and the risk of cardiovascular dis-
ease is well accepted (1, 2). There is a large body of evi-
dence indicating that variations in plasma HDL
cholesterol concentrations are inversely related to plas-
ma triglyceride (TG) levels (3, 4). Hence, one of the most
frequent metabolic abnormalities accompanying
reduced plasma HDL cholesterol levels is hypertriglyc-
eridemia. Apo A-I, the major protein of HDL, is a crucial
structural and functional component in the metabolism
of these particles. Studies have shown that the fraction-
al catabolic rate (FCR) of apo A-I is a significant and
powerful predictor of plasma HDL cholesterol levels (S,
6). Studies that have examined the production and clear-
ance rates of apo A-I as a marker of HDL metabolism in
humans have led to the hypothesis that hypertriglyc-
eridemia may be one of several factors ultimately affect-
ing plasma HDL cholesterol levels (7-9). However, these
studies have not tested this hypothesis directly because
they relied on correlations between HDL apo A-I FCR
and plasma TG concentrations.

The mechanisms underlying the enhanced catabolism
of apo A-I in hypertriglyceridemic states are not well
understood. Hypertriglyceridemia is associated with an

increased cholesteryl ester transfer protein-mediated
(CETP-mediated) transfer of TG from the expanded pool
of TG-rich lipoproteins to HDL and of cholesteryl ester
from HDL to TG-rich lipoproteins (10). The resulting TG
enrichment of the HDL particle makes it a better sub-
strate for lipolysis by hepatic lipase, an enzyme that plays
a key role in HDL metabolism (11, 12). Results from an
ex vivo kidney perfusion study have indicated that TG
enrichment of HDL alone, in the absence of subsequent
lipolytic modification of the particle by hepatic lipase and
lipoprotein lipase, may have very little impact, if any, on
the uptake of apo A-I by the kidney (13). On the other
hand, lipolytic modification of TG-rich HDL by lipopro-
tein lipase and hepatic lipase was associated with a sig-
nificant increase in the uptake of apo A-I by the perfused
rabbit kidney and loss of apo A-I from the HDL fraction
(13). In vitro incubation of TG-enriched human HDL
with hepatic lipase has also been shown to promote the
loss of apo A-I from the particle (14). We have recently
shown, using a rabbit model, that the FCR of apo A-I
from small, lipolytically modified HDL was increased sig-
nificantly compared with the FCR of apo A-I from large,
TG-enriched HDL (15). This increase in HDL FCR was
not observed in the absence of lipolytic modification of
TG-rich HDL particles (16). In vitro and in vivo data sug-
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gest that a significant proportion of apo A-I on HDL may
be in a readily dissociable form and that hypertriglyc-
eridemia may augment the proportion of this dissociable
pool of apo A-I. Horowitz et al. (13) have shown that indi-
viduals with reduced HDL cholesterol levels have more
loosely bound, easily exchanged apo A-I and that this
exchangeable pool of apo A-I may be cleared rapidly from
the circulation. The recognition of the importance of TG
enrichment of HDL as an important process regulating
its catabolism comes also from several other indirect lines
of evidence. These include studies in transgenic mice
coexpressing human apo C-III (which causes hyper-
triglyceridemia), human apo A-Iand CETP (17), or CETP
alone (18); in vitro studies (19); and studies in monkeys
infused with an anti-lipoprotein lipase antibody (20).

Although in vitro and ex vivo studies in both animals
and humans have provided indirect evidence that TG
enrichment of HDL may have a significant impact in
determining the rate at which apo A-I is catabolized,
there are no studies to date that have directly tested this
hypothesis in humans. The present study was therefore
undertaken to investigate the effects of TG enrichment
of HDL as one of the potential mechanisms leading to
an increased metabolic clearance of apo A-I frequently
seen in hypertriglyceridemic states.

Methods

Subjects. Twelve healthy, normolipidemic men participated in
the study. A first sample of six men aged 22-38 years with a
mean (+ SEM) body mass index of 24.4 + 1.2 kg/m? participat-
ed in the kinetic study. Their lipid profile is presented in Table
1. A second sample of six men of similar age, body weight, and
lipid profile (cholesterol: 4.0 + 0.6 mmol/l; TG: 0.98 + 0.29
mmol/l; HDL cholesterol: 1.04 + 0.31 mmol/l) were recruited
to characterize further the effects of changes induced by
Intralipid (Baxter Corp., Mississauga, Ontario, Canada) in the
phospholipid and apolipoprotein content of HDL (see later
here). This latter group did not undergo an HDL kinetic study.
All participants were nonsmokers and did not have a previous
history of cardiovascular disease or any other systemic illness.
None of the participants were using any pharmacologic agents.
All subjects gave their written informed consent to participate
in the study, which was approved by the Human Ethics Com-
mittee of The Toronto Hospital, University of Toronto.

The study protocol comprised two phases. In phase 1, HDL
from fasting plasma and from plasma that had been enriched
with TG by a five-hour intravenous infusion of Intralipid was
isolated and radiolabeled. In the second phase of the study, the
two autologous HDL tracers were injected into the partici-
pants, and the clearance of apo A-I associated with each tracer
was determined over a five-day period.

Phase 1 isolation and iodination of fasting and TG-enriched HDL.
Before their first visit to the Metabolic Investigation Unit of The
Toronto Hospital, all participants were instructed to maintain
their usual diet and to refrain from consuming alcohol for at
least three days prior to the start of the study. Two intravenous
lines were inserted into forearm veins at 8:00 am, one in each
arm, following a 14-h overnight fast; one line was for blood sam-
pling and the other for infusion of Intralipid. Intralipid is a ster-
ile fat emulsion containing 20% soybean oil, 1.2% egg phospho-
lipids, and 2.25% glycerin in water. Approximately 100 ml of
blood was first drawn under sterile conditions into Vacutainer
tubes Becton Dickinson Vacutain Systems (Rutherford, New Jer-
sey, USA) containing 1.2 g/l sodium EDTA for the isolation of
fasting HDL, as described later here. Intralipid was then infused

intravenously for five hours (50 cc/h), with the subject resting in
the recumbent position. Subjects were not permitted to eat until
completion of the Intralipid infusion. After five hours, a second
blood sample of 100 ml was drawn into sterile EDTA-containing
tubes for the subsequent isolation of TG-enriched HDL. Prelim-
inary studies showed that total plasma TG and HDL TG levels
increased and then tended to reach a plateau at approximately
five hours in normolipidemic subjects (results not shown).

Fasting and TG-enriched HDL were isolated by sequential
ultracentrifugation of whole plasma at consecutive densities (d)
of 1.063 g/ml for 20 h at 40,000 g and 1.21 g/ml for 27 h at
60,000 gat 4°C in a Beckman 70.1 Ti rotor (Beckmen Instru-
ments Inc., Misisauga, Ontario, Canada) and then dialyzed
overnight in a buffer containing 0.15 M NaCl, 0.01 M Tris-base,
and S mM EDTA (pH 8.0). As described previously (16), both
tracers were whole-labeled with 1 mCi of either 2°T or 13!],
according to a modification of the iodine monochloride
method of McFarlane (21). The %I and '3'I radioactive labels
were alternated between fasting and TG-enriched HDL in each
experiment, to prevent a systematic “isotope effect” on the
clearance of the tracers. Thus, TG-enriched HDL was labeled
with BT in three experiments and with '2°T in three experi-
ments. Approximately 2-3 mg of fasting and TG-enriched HDL
protein was used for the iodination protocol. An equal volume
of unlabeled TG-enriched and fasting HDL was added to the
radioiodinated HDL fractions as a cold carrier, and HDL trac-
ers were washed atd = 1.21 g/ml, 39,000 g, 4°C in a 70.1 Ti rotor
for 40 h, followed by dialysis in Tris buffer at 4°C. The compo-
sition of each radiolabeled tracer was measured using com-
mercially available enzymatic assay kits as described here.
Analysis of composition and size by 4-30% nondenaturing
PAGE of the fasting and TG-enriched HDL before and after
radioiodination indicated that the iodination process had no
significant effect on these parameters (results not shown). We
also determined the amount of radioactivity in the d > 1.21
g/ml bottom fraction in three subjects after isolating and wash-
ing the HDL tracers, and we found no difference in the loss
from fasting and TG-rich HDL fractions. Each tracer was test-
ed for pyrogenicity and sterility before reinjection into the
human subject. The length of time between isolation and rein-
jection of the HDL tracers was one week.

Phase 2 HDL turnover study. Three days before the beginning of
the HDL turnover study, the study participants were provided
with and instructed to eat only an American Heart Association
(AHA) phase 1 isocaloric diet, consisting of approximately 50%
carbohydrate, 30% fat, and 20% protein. Subjects were firmly
instructed to refrain from consuming any form of alcohol dur-
ing the course of the turnover study. All participants were also
instructed to take potassium iodide at a dose of 300 mg/day for
a total of five weeks, beginning three days before the adminis-
tration of the radiolabeled HDL, to prevent thyroidal and sali-
vary gland accumulation of radioiodide. After a 12-h overnight
fast, 50 UCi of 125I-HDL and 100 UCi of '3!I-HDL were injected
simultaneously into a forearm vein of the subject. Blood sam-
ples (20 ml) were obtained over the next five days at the follow-
ing time intervals: 10 and 30 min, and 1, 2, 4, 6, 10, 17, 24, 32,
48, 56,72, and 96 h. Subjects remained in the fasting state for
the initial six hours, after which they were provided with a light
snack consisting of low-fat foods such as bread, slow-release car-
bohydrate energy bars, fruits, and vegetables. The fat content of
these foods was less than 10% to avoid major excursions in post-
prandial TG-rich lipoproteins. After the 17-h blood sample, par-
ticipants were given a regular meal and then fasted until the next
morning (24-h blood sample). Subjects provided blood at 48,72,
and 96 h after a 12- to 14-h fasting period, whereas the 32- and
56-h blood samples were taken four hours after participants had
consumed a light, low-fat snack. Participants remained in the
hospital only for the first 24 h of the turnover study. They
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returned when necessary for subsequent blood sampling. Sub-
jects were provided with the AHA phase 1 isocaloric diet during
their stay in the hospital and were provided thereafter with a
similar three-meal-per-day outpatient diet that they could con-
sume at home or at work.

Isolation of HDL and apo A-I for radioactivity counting. Blood was
sampled in Vacutainer tubes containing sodium EDTA, and
plasma was immediately separated from red cells by centrifug-
ing at 2,000 g for 20 min at 4°C. HDL was isolated by sequen-
tial ultracentrifugation as already described here. Aliquots of
total plasma and of the d < 1.063 g/ml HDL and d > 1.21 g/ml
plasma fractions were taken to measure the proportion of
radioactivity found in each of these fractions. To measure the
radioactivity specifically associated with apo A-I, 100-pl
aliquots of the dialyzed HDL were delipidated as described pre-
viously (15) and dissolved overnight in a 0.5 M phosphate
buffer with 1% SDS, 1% mercaptoethanol (pH 7.2). The samples
were then run on 15% SDS-PAGE to isolate apo A-I. The
apolipoproteins were stained overnight with R-250 Coomassie
blue colloidal stain and destained for two hours in water, and
the apo A-I band was sliced from the gel. Radioactivity in each
plasma fraction and in the apo A-I band on the gel was count-
ed in a Beckman 5500 gamma counter (Beckman Instruments
Inc.). The apo A-I radioactivity in the gel was taken as a per-
centage of the radioactivity found in that gel and adjusted to
total HDL radioactivity in counts per minute per milliliter. The
recovery of radioactivity from the SDS gels compared with that
applied to the gel ranged from 70% to 85%. All radioactivity
counts were corrected for the half-life of the isotope and adjust-
ed back to the time of injection.

Fractionation of HDL by immunoaffinity chromatography. We
developed a method that allowed the separation of LpAl and
LpALAII in small quantities with a high degree of repro-
ducibility. A mixture of commercially available polyclonal anti-
body for apo A-II (catalog no. 726486; Boehringer Mannheim
GmbH Diagnostica, Montreal, Quebec, Canada) was coupled
to CNBr-activated Sepharose 4B (Pharmacia Biotech AB, Upp-
sala, Sweden) as instructed by the manufacturer (5-10 mg/g
gel). Before use, the immunosorbent was washed with an equal
volume of a2 0.15 M NaCl,0.01 M EDTA, 0.05 M Tris-HCl, 0.01
M NaN; buffer (pH 7.4), hereafter referred to as chromatogra-
phy buffer, by gentle agitation for five minutes followed by a
short spin at 500 g. Aliquots of 0.5 ml of the anti-apo A-II
immunosorbent was added to 1.5-ml Eppendorf tubes for each
sample to chromatograph. The gel in the Eppendorf tubes was
allowed to pack for 20 min. The remaining buffer was discard-
ed while verifying that all tubes contained the same quantity of
immunosorbent. A standard of apo A-II labeled with 25T was
run in parallel for each set of analyses to provide an assessment
of the capacity of the immunosorbent to adsorb apo A-II. The
radioactivity in LpAl and in LpAL:AIl was determined by first
adding 25 pl of the isolated HDL fraction to the immunosor-
bent along with 475 pl of the chromatography buffer. The mix-
ture was then agitated gently on a vortex shaker with an Eppen-
dorfattachment for two hours, after which the gel was allowed
to pack for 20 min. The supernatant containing the unbound
HDL particles (LpAI) was removed, and the anti-apo A-II
immunosorbent was washed a second time by adding 500 pl of
the chromatography buffer and by gentle agitation for one
hour. The supernatant containing unbound LpAI was removed
after the gel had been allowed to pack for 20 min. Fractions
containing the unbound LpAI from the first and second extrac-
tions were mixed and counted for radioactivity. The
immunosorbent containing the bound LpAIL:AIl lipoproteins
was removed from the Eppendorf tube with buffer and count-
ed for radioactivity. The total recovery of radioactivity using
this micromethod for the separation of LpAI and LpAL:AIl was
greater than 90% of that applied to the immunosorbent. The

nonretained fraction of the '?5I-labeled apo A-II standard usu-
ally contained less than 5% of the radioactivity applied to the
gel. The coefficient of variation of the method, measured using
a standard of radiolabeled apo A-II on consecutive gels and
sample replicates in preliminary experiments, was 5.8%.

Determination of HDL particle size. HDL size was measured by
nondenaturing 4-30% PAGE (gels purchased from David Rain-
water, Southwest Foundation for Biomedical Research, San
Antonio, Texas, USA) as described previously (16). Peak and
mean radii of small and large HDL particles were determined
by densitometric scanning (ImageMaster DTS densitometer
with ImageMaster computer software; Pharmacia Biotech AB)
based on relative migration distance of standard-molecular-
weight proteins of known diameter (HMW Calibration Kit;
Pharmacia Biotech Inc., Piscataway, New Jersey, USA). The esti-
mated radius of the major peak in each scan was identified as
the HDL peak particle size. A weighted (or mean) HDL particle
size was also calculated using a modification of the method
described by Li et al. (22). The mean HDL particle size for each
subject was obtained by multiplying the size of each band by its
fractional area. This mean HDL particle radius (in nanometers)
therefore combines the HDL size distribution as well as the rel-
ative concentration of each HDL band (22).

Laboratory measurements. Cholesterol was measured using the
CHOD-PAP enzymatic colorimetric kit (Boehringer
Mannheim GmbH Diagnostica). Protein was measured by the
technique described by Lowry et al. (23). Triglycerides were
measured as esterified glycerol using an enzymatic colorimet-
ric kit (Boehringer Mannheim GmbH Diagnostica). Free glyc-
erol was eliminated from the sample in a preliminary reaction
followed by enzymatic hydrolysis of TG, with subsequent
determination of the liberated glycerol by colorimetry. Phos-
pholipids were measured using a kit from Boehringer
Mannheim GmbH Diagnostica (catalog no. 691844). Apo A-I
and apo A-II were measured in total plasma and in the various
HDL fractions by electroimmunoassay.

As already discussed here, the phospholipid and apolipopro-
tein content of fasting and TG-enriched HDL was characterized
further in a subgroup of six additional study participants who
had been subjected to the five-hour Intralipid infusion proto-
col. The phospholipid content of HDL before and after
Intralipid was analyzed according to standardized procedures
(24, 25). Briefly, HDL samples were extracted with chloro-
form/methanol (2:1 vol/vol). After partitioning with added
saline, the lower phase was passed through a small column of
anhydrous sodium sulfate and taken to dryness under nitro-
gen. The sample was dissolved in chloroform and then sub-
jected to normal-phase HPLC using a Spherisorb 3-pm column
(inside diameter: 100 x 4.6-mm; Alltech Associates, Deerfield,
Illinois, USA) installed into a Hewlett-Packard Model 1060 lig-
uid chromatograph (Hewlett-Packard, Palo Alto, California,
USA). The column was connected to a Hewlett-Packard Model
5988B quadrupole mass spectrometer equipped with a nebu-
lizer-assisted electrospray ionization interface. Positive-ion
spectra were taken in the mass range 350-1,100. The molecular
species of the various phospholipids were identified on the
basis of the molecular mass provided by the mass spectrometer
and the knowledge of the fatty acid composition of phospho-
lipid classes and the relative chromatographic retention time
(26). The apo E (27) and apo C-III (28) content of fasting and
TG-enriched HDL in the second subset of six study participants
was quantified by ELISA as described previously. HDL apo C-I
concentrations were also measured by ELISA using anti-human
polyclonal antibodies.

Kinetic analysis. The radioactivity die-away curves were ana-
lyzed using a two-pool model as described previously (15, 16).
This model assumes the existence of an intravascular pool in
equilibrium with a nonvascular pool. All losses from the system
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Table 1
Participants’ individual plasma lipid profile

Subject Cholesterol Triglycerides HDL-C Total/HDL-C
mmol/I mmol/I mmol/I ratio

1 2.8 0.69 1.07 2.6

2 4.4 0.88 11 4.0

3 3.4 0.84 0.94 3.6

4 4.6 0.87 0.95 4.8

5 4.0 0.80 1.05 3.8

6 2.5 0.68 0.90 2.8

Mean + SEM 3.6+ 0.4 0.79 £0.04 1.00+£0.04 3.6+0.3

C, cholesterol.

are assumed to occur from the intravascular pool only. The
FCR of apo A-Iin fasting and TG-enriched HDL was derived
directly from the kinetic model as the clearance rate from the
intravascular pool, using the SAAM II software (SAAM Insti-
tute, Seattle, Washington, USA). Parameter estimates were
obtained for each individual and tracer, and mean parameter
values were determined. The HDL apo A-I production rate was
derived using the FCR of apo A-I from fasting HDL particles,
multiplied by the HDL apo A-I pool size and by plasma volume
(estimated using individual’s weight % 0.045).

The two-pool model could adequately describe the kinetics
of the radiolabeled apo A-T'in the total HDL fraction. Indeed,
individual estimation of apo A-I FCR in fasting or TG-enriched
HDL using this model was generally associated with low coef-
ficients of variation (<15%), a criterion that reflects the degree-
of-fit of a model to data (this value is calculated by dividing the
SD associated with the estimation of a kinetic parameter by
SAAM-II with the estimated parameter). Apo A-I radioactivity
data in the various HDL subfractions were analyzed using
absolute values (in counts per minute per milliliter) as well as
specific activities (counts per minute per milligram). The
radioactivity die-away curves for LpAI and LpAL:AII were also
analyzed using the two-pool model, although the fit of the
model to the data slightly decreased, probably because further
fractionation of the HDL fraction introduced more “noise”
into the data, thereby reducing the fit of a given model.

Statistics. Results are presented as mean + SEM. One-way
ANOVA for repeated measures was used to test differences in
FCR and composition between fasting and TG-enriched HDL
in the various HDL subfractions. Correlation analysis was per-

Table 2
Mean lipid and protein characterization of the fasting and TG-enriched
HDL tracers

Fasting HDL  TG-rich HDL Difference (%)* P value®

mg/dl

Triglyceride 9.0+0.9 18.9+2.4 111.2 0.002
Cholesterol 38.8+1.4 41.7+2.9 7.9 0.19
Esters 323+24 341+3.6 5.6 0.29
Free 6.4+1.3 7.6+1.5 34.2 0.12
Phospholipids 61.6+3.7 76.2+5.6 25.0 0.03
Proteins 184.2+15.4 190.0 £19.2 4.1 0.38
Apo A-l 146.1+ 8.4 159.2+£17.7 9.2 0.22
Apo A-ll 17.9+3.5 16.3+2.4 =51 0.32
HDL size Radius (nm)
Mean 4.56 £ 0.10 4.60 £ 0.08 1.3 0.68
Peak 4.49 £ 0.08 4.64 +0.21 3.3 0.52

Values are mean + SEM. These concentrations were measured on the cold HDL
tracers (before radioiodination). Very similar numbers were obtained when ana-
lyzing the composition of the radiolabeled HDL. AMean within-subject relative dif-
ference between TG-enriched HDL and fasting HDL. BObtained by one-way
ANOVA for repeated measures.
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formed using the Pearson and Spearman correlation coeffi-
cients for parametric and nonparametric variables, respective-
ly. Analyses were performed using the Statistical Analysis Sys-
tem (SAS Institute, Cary, North Carolina, USA).

Results

Plasma lipoprotein, lipid, and apolipoprotein concen-
trations, and lipoprotein sizes presented in this report
are the mean of four fasting determinations made dur-
ing the course of the HDL turnover study. All partici-
pants were normolipidemic for their age (Table 1). The
physiological variation in plasma TG, cholesterol, apo A-
I, and HDL cholesterol, calculated using the concentra-
tions measured at four different time points during the
turnover study, averaged 22%, 5%, 11%, and 9%, respec-
tively. Thus, metabolic variables and body weight were
stable throughout the course of the HDL turnover study
(results not shown), indicating that the studies were per-
formed under steady-state conditions.

Table 2 presents the mean lipid, protein, and
apolipoprotein composition of the fasting and TG-
enriched HDL tracers. The average TG content of HDL
increased 2.1-fold (from 9.0 £+ 0.9 to 18.9 + 2.4 mg/dl; P=
0.002). The five-hour infusion of Intralipid also resulted
in a significant 25% increase in total phospholipid (P =
0.03), whereas total cholesterol, total protein, apo A-I,
and apo A-II levels were not affected to a significant
extent. The ratio of phospholipids to protein also did not
change significantly with Intralipid (not shown). Consis-
tent with this observation is the fact that Intralipid had
no effect on HDL peak or mean particle size.

Figure 1 presents the relative proportion of phos-
phatidylcholine, sphingomyelin, and lysophosphatidyl-
choline in fasting and TG-rich HDL particles. These
results were obtained from the second sample of six nor-
molipidemic individuals subjected to the Intralipid infu-
sion protocol only (see Methods). Intralipid resulted in
a significant reduction in the proportion of sphin-
gomyelin (P = 0.02), the least abundant phospholipid
subclass, whereas relative levels of phosphatidylcholine
and lysophosphatidylcholine did not change signifi-
cantly with Intralipid. As shown in Table 3, TG enrich-
ment of HDL with Intralipid resulted in a 54% reduction
in apo C-III (P = 0.07), whereas reductions in apo E
(-33.7%) and apo C-I (-26.3%) did not reach statistical
significance. Apo A-I was also not modified with
Intralipid in this second sample of individuals, thus con-
firming results from the original sample of six study par-
ticipants (results not shown).

The majority (74-93%; mean of 84%) of the injected
radioactivity was recovered during the turnover studies
within the HDL fraction, and there was no difference in
the amount of radioactivity recovered in HDL between
fasting HDL and TG-enriched HDL (not shown). The pro-
portion of plasma radioactivity in the d < 1.063 g/ml frac-
tion ranged from 2.2% to 9.7% and was similar whether
derived from the fasting or the TG-enriched HDL (5.7 +
1.1% vs. 6.7 + 0.9%, respectively; P =0.42). The proportion
of total plasma radioactivity in the d >1.21 g/ml fraction
derived from the TG-enriched HDL was also similar to
that derived from fasting HDL (10.5 + 0.8% vs. 9.5 + 2.1%,
respectively; P = 0.72). Variations in the proportion of
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Figure 1 90%
Relative proportion, in percent, of phosphatidylcholine
(PC), sphingomyelin (SM), and lysophosphatidylcholine 80%
(LPC) in fasting and TG-enriched HDL tracers. Values » °
are expressed as a percentage of all three phospholipid ]
subclasses. This analysis was performed on a second 3 70%
sample of six normolipidemic subjects to characterize % 8
further the phospholipid content of HDL with Intralipid '46 o 60%
infusion (see Methods). The plasma lipid profile of these .g_
six subjects was similar to that of the six individuals who 5 — 30%
participated in the HDL turnover study. o _g °
o Q
a2 20%
=
[=%
10%
0%

radioactivity in these fractions during the turnover stud-
ies were minimal, and thus, the kinetics of the non-HDL
fractions could not provide additional information on the
kinetics of HDL in relation to TG enrichment.

TG enrichment of HDL and apo A-I catabolism. The FCR
derived from the die-away curves of radiolabeled HDL
apo A-I from fasting and TG-enriched HDL are present-
ed in Table 4, and the mean HDL apo A-I clearance
curves for each tracer are illustrated in Figure 2. Apo A-I
from TG-enriched HDL was cleared more rapidly than
fasting HDL apo A-I in five of six experiments. As a
result, TG enrichment of HDL increased the FCR of apo
A-I by an average of 26% (0.025 + 0.010 vs. 0.020 =+
0.009/h) compared with fasting HDL (P = 0.02). As
shown in Figure 2, the increased catabolic rate of HDL
apo A-I associated with TG-enriched HDL compared
with fasting HDL was apparent even in the early stages
of the turnover study (from five hours to one day), and
the divergence of the radioactivity die-away curves
between fasting and TG-enriched HDL was accentuated
over a longer period (two to five days).

In one individual, the FCRs of TG-enriched and fast-
ing HDL apo A-I were virtually identical (subject no. 5).
The Intralipid infusion in subject no. 5 yielded the small-
est increase in the TG content of HDL (11.5 mg/d] for
fasting HDL; 18.4 mg/dl for TG-enriched HDL). Figure
3 depicts the correlation between the Intralipid-induced
increase in the TG content of HDL and the magnitude
of the increase in HDL apo A-I FCR seen with TG enrich-
ment of HDL. This highly significant correlation (r =
0.97, P=0.001) also emphasizes the close relationship
between the TG content of HDL and apo A-I catabolism.
Intralipid-induced changes in other constituents of HDL
(phospholipids, free or esterified cholesterol, apopro-
teins) showed no significant relationship with the
Intralipid-induced increase in apo A-I FCR (r ranging
from -0.36 to 0.14; P > 0.5).

Effect of TG enrichment of HDL on the FCR of LpAI and
LpAIL:AIL The individual and mean kinetic data for LpAI
and LpAL:AIl subfractions derived from each tracer are
presented in Table 5. The FCR of TG-enriched LpAlI par-
ticles was systematically more rapid compared with fast-

Tracers

Fasting HDL
mmm 7G-rich HDL

P=0.02
] P=0.81
PC SM LPC

ing LpAl in all five experiments. Thus, the mean FCR of
TG-enriched LpAI (0.028 + 0.005/h) was 32.2% greater
than that derived from fasting LpAI (0.022 + 0.006/h; P
<0.05). On the other hand, there was no systematic dif-
ference in the clearance of fasting and TG-enriched
LpALAII (FCR = 0.042 + 0.019 vs. 0.030 = 0.006/h, respec-
tively; P = 0.43). Exclusion of one participant from the
analysis (subject no. 3) with a very high FCR of fasting
LpAL:AII (FCR = 0.117/h) had essentially no impact on
the results. The FCR of LpAlI particles was significantly
correlated with the TG content of the injected tracers (r
=0.81, P=0.005), whereas FCR of LpAL:AIl showed no
significant association with the TG content of HDL (r =
-0.33, P=0.36). These results suggest that the enhanced
clearance of HDL apo Al from HDL enriched with TG is
largely accounted for by differences in clearance of LpAI
but not LpAT:AIL

Discussion

TG enrichment of HDL and apo A-I catabolism. To our knowl-
edge, this study provides the first direct evidence in humans
that enrichment of HDL with TG enhances the metabolic
clearance of apo A-I from the circulation. A twofold increase
in the TG content of HDL, resulting from the Intralipid
infusion, was associated with a significant 26% increase in
the FCR of HDL apo A-I This effect of TG enrichment of
HDL on the catabolism of apo A-I was seen in five of six par-
ticipants. The Intralipid-induced TG enrichment of HDL

Table 3
Apo E, C-I, and C-lll in fasting and TG-enriched HDL tracers

Fasting HDL ~ TG-rich HDL  Difference (%)* P value®
mg/dl
Apo E 4.8+0.7 32+1.0 -33.7 0.32
Apo C-I 4.6 £0.6 3.4+0.6 -26.3 0.19
Apo C-llI 4.5+0.6 2.0+0.7 -54.6 0.07

Values are mean + SEM. These measurements were performed in the second sam-
ple of six normolipidemic individuals subjected to a five-hour Intralipid infusion.
These subjects did not participate in the HDL apo A- kinetic studies. "Mean with-
in-subject relative difference between TG-enriched HDL and fasting HDL. BObtained
by one-way ANOVA for repeated measures.
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Figure 2

Mean die-away curves of apo A-l radioactivity from fasting and TG-
enriched HDL in six human participants. The data presented on the y axis
represent the radioactivity on HDL apo A-l isolated by gel electrophore-
sis of the delipidated HDL fraction (see Methods). The radioactivity data
for each tracer were first expressed as a specific activity and then nor-
malized as a function of the radioactivity measured at the first time inter-
val (10 min). The curves were generated by fitting a two-pool model (two-
exponential function) to the data. Values are mean + SEM.

was significant but not massive, making the present find-
ings as physiologically relevant as possible. It must be
emphasized that the TG content of both fasting and post-
prandial HDL particles of hypertriglyceridemic individuals
is usually far greater than the TG enrichment of HDL
achieved with Intralipid in the normotriglyceridemic sub-
jects of the present study (29, 30).

Although the Intralipid-induced changes in the TG
content of HDL represented the most important and sig-
nificant change among all HDL components, parallel
changes in phospholipids (25%) and cholesterol (7.9%)
were noted. Intralipid contains significant amounts of
phospholipids (particularly phosphatidylcholine) and
cholesterol. Although the total phospholipid mass in
TG-enriched HDL was increased by 25% compared with
that in fasting HDL, the relative proportion of the two
major subclasses of phospholipids (phosphatidylcholine
and lysophosphatidylcholine), which represented more
than 90% of total HDL phospholipids, was not modified
to a significant extent by Intralipid (Figure 1). On the
other hand, the proportion of sphingomyelin decreased
slightly but significantly with Intralipid. In light of the
data suggesting that variations in the phospholipid con-
tent of HDL may affect its charge and, hence, its stabili-
ty (31), future studies will have to determine whether
these small changes may have affected HDL apo A-I
catabolism to a significant degree.
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Figure 3

Correlation between the Intralipid-induced -fold increase in the TG con-
tent of HDL and the simultaneous increase in HDL apo A-I FCR. A simi-
lar correlation with the increased HDL apo A-I FCR was observed when
changes in the TG content of HDL after the five-hour Intralipid infusion
were expressed as changes in percent rather than -fold increase (r = 0.80,
P =0.05; not shown). The correlation was obtained using the -fold
increase in the TG content of HDL of the radiolabeled (injected) tracer.
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Infusion of Intralipid also resulted in significant reduc-
tions of apo E, apo C-III, and apo C-I, but not of apo A-I
and apo A-II. Reduction in the apo E content of HDL
would not appear as one of the mechanisms through
which TG enrichment of HDL enhances the clearance of
apo A-I, asitis generally assumed that apo E mediates the
uptake of lipoproteins (32). On the other hand, Le et al.
(33) have reported that apo C-III was inversely correlated
with HDL apo A-I FCR. It is therefore possible that part
of the enhanced clearance of apo A-I from TG-enriched
HDL may be attributed to simultaneous changes in apo
C-III. However, there was a very strong and significant
correlation between the Intralipid-induced -fold increase
in the TG content of HDL and the simultaneous increase
in apo A-I catabolism (r=0.97; Figure 3), despite the lim-
ited sample size. On the other hand, no other change in
the constituents of HDL showed such a strong associa-
tion with changes in HDL apo A-I catabolism. These
observations reinforce the importance of TG enrichment
of HDL in determining its metabolic fate.

We have not attempted to use an oral fat load as a
means to enrich HDL with TG. However, in light of the
fact that the changes in HDL composition seen with
Intralipid infusion were very similar to those that are
generally observed after a fatty meal (29), we anticipate
that enriching HDL with TG through an oral fat meal
may give rise to similar results. This hypothesis, howev-
er, remains to be specifically tested.

TG enrichment and catabolism of LpAl and LpAL AII particles.
Previous reports have emphasized the differential kinetics
of LpAl and LpAL:All particles (34), and results of the pres-
ent study tend to support this concept. The turnover rate
of apo A-I in LpAlI particles has been shown to be sub-
stantially faster than that of apo A-I on LpAL:AIl particles
(34). Urine/plasma radioactivity data from the same study
also suggested that the faster catabolism of apo A-I on
LpAI was not primarily due to exchange with LpALAIL
particles or with extravascular compartments, but rather,
to irrevocable elimination and degradation (34). The pres-
ent study was not primarily designed to compare the clear-
ance of LpAl and LpAL:AllL In addition, we have not specif-
ically examined the clearance of A-I on LpAI or LpAL:AII,
but rather, have studied the clearance of all apolipopro-
teins in LpAI and LpAL:AII particles. However, apo A-I
accounts for more than 70% of the proteins in HDL and
even a greater proportion in LpAl particles (35). We found
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that TG enrichment of HDL systematically enhanced the
clearance of LpAl in all subjects by an average of 32%. In
fact, most of the increase in HDL apo A-I clearance due to
TG enrichment of HDL appeared to be related to an
increase in LpAl catabolism but not in LpAL:AIL In con-
cordance with these observations was the fact that the TG
content of the HDL tracers (fasting and TG-rich) corre-
lated significantly with the FCR of LpAlI but not with the
FCR of LpALAIL It must be stressed, however, that the reli-
ability of the model to describe the kinetics of LpAL:AII
was limited because of relatively low radioactivity counts
and the relatively high noise in the data, thus reducing our
ability to detect a significant difference. Therefore, a sig-
nificant but somehow less-marked contribution of
LpALAII particles on the enhanced clearance of apo A-I
from TG-enriched HDL cannot be ruled out with confi-
dence based on the present data. Our analysis of the effect
of TG enrichment on LpAl and LpAL:AIl metabolism was
not the primary hypothesis tested, and additional studies
will have to be undertaken to determine clearly whether
TG enrichment of HDL has a different impact on the
metabolic clearance of LpAl and LpALAII particles.

Is apo A-I loosely bound to TG-enriched HDL? A number of
hypotheses can be put forth to explain the increased
catabolism of apo A-I on TG-enriched HDL. In a land-
mark paper, Horowitz et al. (13) compared the kinetics of
apo A-I on HDL that had been whole-labeled and HDL
that had been labeled by exchange with homologous radi-
olabeled apo A-I (exchange-labeled HDL) in nor-
motriglyceridemic and hypertriglyceridemic individuals.
The authors reported that the proportion of apo A-I dis-
sociating from the exchange-labeled HDL was much
greater than that of whole-labeled HDL in all subjects.
They also reported that individuals with reduced plasma
HDL cholesterol levels who also had increased plasma TG
levels had a greater proportion of their apo A-I in an easi-
ly dissociable form. These conclusions were drawn from
the observation that the d > 1.21 g/ml plasma fraction
contained more labeled and unlabeled apo A-I upon ultra-
centrifugation. In the present study, there was no appar-
ent difference between TG-enriched and fasting HDL in
the proportion of radioactivity found in the d > 1.21 g/ml
fraction during the turnover studies. Fasting and TG-
enriched HDL in the present study were whole-labeled. In
addition, TG-enriched HDL obtained by infusing
Intralipid for five hours was isolated by ultracentrifuga-
tion and thus was subjected to two centrifugations atd =
1.21 g/ml before reinjection. It may be argued that any
loosely bound apo A-I resulting from the TG enrichment
of HDL could have fallen off the particle during the isola-
tion procedures. It is therefore not surprising that the pro-
portion of label in the d > 1.21 g/ml fraction during the
turnover study was similar between the two tracers.
Although apo A-I may bind with varying affinity to HDL
particles, this phenomenon does not appear to explain the
differences in the FCR of apo A-I between fasting and TG-
enriched HDL that were observed in the present study.

Importance of lipolytic modification of HDL. Several
enzymes play important roles in the metabolism of HDL
by modifying its composition and size. Hepatic lipase is
one of the most important lipolytic enzymes involved in
HDL metabolism (36). Hepatic lipase promotes the for-

Table 4
FCR of apo A-l from fasting and TG-rich HDL

Subject FCR (CV, %)* Difference
Fasting  HDL TG-rich  HDL (%)®

1 0.012  (6.7) 0.017  (7.5) 38.6

2 0.018  (5.5) 0.024  (5.6) 32.5

3 0.038  (5.5) 0.043  (3.7) 12.3

4 0.018  (14.8) 0.028  (5.2) 53.4

5 0.021 (8.3) 0.021 (4.4) -2.0

6 0.014  (3.0) 0.016  (3.2) 20.4

Mean + SEM 0.020 + 0.009 0.025 +0.010 25.9¢

AThe coefficient of variation (CV), provided in parentheses, is the SD associated
with the estimation of the FCR by SAAM Il divided by the FCR value, expressed in
percent. The CV is an estimate of the degree-of-fit of the model to the data. The
lower the CV, the better the fit of the model to the data. BThe relative increase (+)
or reduction (-) in the clearance of TG-rich HDL when compared with fasting HDL
particles. SSignificant difference (P = 0.02) between fasting and TG-rich HDL.

mation of small HDL by cleaving triglycerides and phos-
pholipids from larger HDL particles (37). It has been
shown that TG-enriched HDL is a better substrate for
hepatic lipase than TG-poor HDL (11, 12). The impact
of hepatic lipase on TG-enriched HDL is therefore sig-
nificant in hypertriglyceridemic states and may explain
to a large extent the presence of smaller and denser HDL
particles in these states (38). CETP, another enzyme that
plays a crucial role in HDL metabolism, is indirectly
involved in this process (10). CETP is responsible for the
transfer of neutral lipids in the circulation, particularly
by favoring the transfer of TG and cholesteryl esters
between TG-enriched lipoproteins and HDL. In hyper-
triglyceridemic states, there is an increased transfer of
TG from TG-enriched lipoprotein to HDL and of cho-
lesteryl ester from HDL to TG-enriched lipoproteins via
the action of CETP. This process ultimately results in the
TG enrichment of HDL (10). A study in CETP-trans-
genic mice has shown that CETP expression leads to TG
enrichment of HDL, making it more vulnerable to lipol-

Table 5
MeanA FCR of LpAl and LpAl:All from fasting and TG-rich HDL

FCR (CV, %)* Difference
Subject Fasting HDL TG-rich HDL (%)®
LpAl particles
2 0.011 (18.3) 0.016 (6.4) 50.5
3 0.014 (27.2) 0.018 (30.7) 24.3
4 0.035 (7.4) 0.040 (7.8) 13.6
5 0.015 (12.6) 0.025 (9.2) 64.1
6 0.036 (5.2) 0.039  (9.0) 8.4
Mean + SEM 0.022 £ 0.006 0.028 £ 0.005 32.2¢
LpAL:All particles
2 0.016 (52.1) 0.023 (51.7) 43.2
3 0.117 (11.2) 0.049 (8.3) -58.3
4 0.023 (12.8) 0.029 (9.0) 24.6
5 0.030 (7.5) 0.033  (7.0) 10.2
6 0.023 (15.0) 0.014 (15.0) -40.4
Mean + SEM 0.042 +0.019 0.030 + 0.006 -4.1

Measurements were not performed in study participant no. 1. AThe coefficient of
variation (CV), provided in parentheses, equals the SD derived from the estimation
of the FCR by SAAM Il divided by the estimated FCR, expressed in percent. 5The rel-
ative increase (+) or reduction (=) in the clearance of TG-rich HDL when compared
with fasting HDL particles. Significantly different (P = 0.01) from fasting HDL.
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ysis by circulating lipase, and causing apo A-I to be shed
from the particles (18). Horowitz et al. (13) reported sim-
ilar findings. Indeed, increased renal clearance of HDL
apo A-I when infused through rabbit kidneys occurred
only when TG-rich HDLs were previously subjected to
lipolysis by hepatic lipase and lipoprotein lipase. We have
also reported that, in rabbits, small, lipolytically modi-
fied human HDL particles were cleared more rapidly
from the circulation than large, TG-rich human HDL
(15). More recently, we reported that TG enrichment of
HDL, in the absence of prior in vivo lipolytic modifica-
tion of the particle, had no impact on the rate at which
small and large HDL paticles are cleared in rabbits (16).

Intralipid infusion had no significant impact on HDL
particle size in the present study. This lack of size change
may be due to a number of factors. The duration of TG
enrichment of the particles with Intralipid may have
been insufficient to result in a significant reduction in
HDL size by lipolysis (i.e., possibly sustained and repeat-
ed TG enrichment of HDL is required for HDL size
reduction). It must also be stressed that the twofold
increase in the TG content of HDL was reached after five
hours of Intralipid infusion. The magnitude of TG
enrichment from zero to three to four hours may not
have been enough to generate smaller particles through
nonstimulated intravascular lipase activity. Finally,
Intralipid contained a significant amount of cholesterol
that may have been transferred to HDL, which may have
prevented reduction in particle size with TG loading.

We assume that the TG-enriched HDL may have been
hydrolyzed to some extent by hepatic lipase during the
kinetic study. This process is responsible for the generation
of small, lipolytically modified HDL particles that appear
to have an enhanced catabolism (15). The possibility that
there may have been a precursor-product relationship
within TG-rich HDL (large particles being converted to
small HDL through lipolysis) was not investigated in the
present study. Nevertheless, we speculate that the increased
susceptibility of TG-rich HDL to intravascular lipolysis by
hepatic lipase and other circulating lipases, compared with
fasting HDL, may account for the enhanced catabolism of
TG-enriched HDL apo A-L

A second important function for both lipoprotein lipase
and hepatic lipase has recently been described, in addition
to their role in the hydrolysis of TG in lipoproteins.
Indeed, it appears that both lipases can mediate the bind-
ing and uptake of lipoproteins into cells (11). Thus, stud-
ies in hepatic lipase-transfected hepatocytes have shown
that hepatic lipase and apo E may utilize similar heparan
sulfate proteoglycan binding sites to mediate HDL uptake
(39). The relative importance of cell-surface binding sites
in the overall metabolism of HDL, and whether this mech-
anism is involved in the increased clearance of TG-
enriched HDL, remains to be determined.

The HDL turnover studies in this report were per-
formed over a five-day period, whereas most of the pre-
vious HDL turnover studies have been performed over a
longer period, usually 12 to 14 days. Shorter studies may
overestimate “true” FCR values (40). As expected, the
mean residence time of apo A-I on fasting HDL calcu-
lated from the FCR obtained in the present study aver-
aged 2.3 days, a value lower than the four- to five-day

plasma residence time that has been reported elsewhere
(34, 41, 42). The accuracy of describing the kinetics of
apo A-I from fasting HDL and TG-enriched HDL based
on this two-pool model was, however, acceptable, as
reflected by the low coefficients of variation associated
with the estimation of HDL apo A-I FCR. Data present-
ed in Figure 2 also clearly show that there is sufficient
information from 20 to 96 h to derive the slope of the
second exponential of the radioactivity die-away curve.
It must be stressed that our study was not designed to
provide true FCR values for apo A-I in fasting and TG-
enriched HDL, but rather, to compare the clearance of
these particles. Because the FCRs of apo A-I on fasting
and TG-enriched HDL were compared simultaneously
in the same individual, underestimation of the true
kinetic values for each tracer is likely to have been simi-
lar for each tracer. The use of a longer study protocol
may have had the undesirable effect of diluting any actu-
al difference in clearance between the two tracers because
of exchange of apolipoproteins among plasma lipopro-
teins. In fact, a longer study protocol may have attenu-
ated the difference between fasting and TG-rich HDL. To
the extent that exchange of labeled apolipoproteins
occurred in the present study, the fact that we were able
to distinguish the catabolism of the two HDL tracers
implies that the physiological difference between the
FCR of apo A-I on TG-enriched and fasting HDL may be
even greater than the differences derived from the analy-
sis of the kinetic curves. Finally, a difference in the clear-
ance of TG-rich and fasting particles was apparent even
in the early part of the kinetic study (Figure 2). For those
reasons, we are confident that the five-day protocol we
have selected to use has enabled us to test definitively the
hypothesis that TG enrichment of HDL enhances the
metabolic clearance of HDL apo A-I in humans.

To our knowledge, this study provides the first direct
evidence in humans that TG enrichment of HDL is asso-
ciated with a significant increase in the rate at which
HDL apo A-I is cleared from the circulation. It must be
emphasized that the impact of TG enrichment of HDL
on its catabolism may be seen even in the presence of
small, physiologically relevant increases in the TG con-
tent of HDL, such as those observed after a fatty meal.
The clinical implications of the present findings are also
important. Indeed, it may be hypothesized that small
reductions in the TG content of HDL, such as those
achieved with TG-lowering agents, exercise, or weight
loss, may have a significant beneficial impact on the
metabolism of HDL particles in the circulation. Varia-
tions in the TG content of HDL in humans may have
fundamental implications for the regulation of apo A-I,
and consequently, for determining plasma HDL choles-
terol concentrations in humans.
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