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Abstract We compared the in vivo metabolism of pre

 

�

 

HDL particles isolated by anti-human apolipoprotein A-I
(apoA-I) immunoaffinity chromatography (LpA-I) in human
apoA-I transgenic (hA-I Tg) mice with that of lipid-free
apoA-I (LFA-I) and small LpA-I. After injection, pre

 

�

 

 LpA-I
were removed from plasma more rapidly than were LFA-I
and small LpA-I. Pre

 

�

 

 LpA-I and LFA-I were preferentially
degraded by kidney compared with liver; small LpA-I were
preferentially degraded by the liver. Five minutes after
tracer injection, 99% of LFA-I in plasma was found to be as-
sociated with medium-sized (8.6 nm) HDL, whereas only
37% of pre

 

�

 

 tracer remodeled to medium-sized HDL. In-
jection of pre

 

�

 

 LpA-I doses into C57Bl/6 recipients re-
sulted in a slower plasma decay compared with hA-I Tg re-
cipients and a greater proportion (

 

�

 

60%) of the pre

 

�

 

radiolabel that was associated with medium-sized HDL.
Pre

 

�

 

 LpA-I contained one to four molecules of phosphati-
dylcholine per molecule of apoA-I, whereas LFA-I contained
less than one.  We conclude that pre

 

�

 

 LpA-I has two meta-
bolic fates in vivo, rapid removal from plasma and catabo-
lism by kidney or remodeling to medium-sized HDL, which
we hypothesize is determined by the amount of lipid associ-
ated with the pre

 

�

 

 particle and the particle’s ability to bind

 

to medium-sized HDL.

 

—Lee, J-Y., L. Lanningham-Foster,
E. Y. Boudyguina, T. L. Smith, E. R. Young, P. L. Colvin, M. J.
Thomas, and J. S. Parks.
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HDLs are the smallest and most dense class of plasma
lipoproteins (1). Although several different apolipo-
proteins can occupy the surface of HDL particles, apolipo-

 

protein A-I (apoA-I) is quantitatively most significant, ac-
counting for 

 

�

 

80% of the total protein. One function of
HDL is believed to be the transport of excess cholesterol
from peripheral tissues back to the liver for secretion into
bile, with subsequent excretion in the feces (2). This pro-
cess has been called reverse cholesterol transport (RCT)
and is a quantitatively important pathway for the elimina-
tion of cholesterol from the body (2, 3). The RCT path-

 

way is thought to be the major reason for the inverse
relationship between plasma HDL concentrations and
coronary heart disease (4).

HDLs are a heterogeneous mixture of particles that form
discrete subclasses (5–7). These subclasses can be separated
on the basis of density (5), size (6), apolipoprotein con-
tent (8), and electrophoretic mobility (9). Historically, HDLs
have been subfractionated into two or three subclasses based
on the density of the particles (10) and at least five sub-
fractions based on particle size using nondenaturing gra-
dient gel electrophoresis (6). Immunoaffinity chromatog-
raphy has been used to separate HDL by apolipoprotein
content into LpA-I (HDLs that contain apoA-I but no
apoA-II) and LpA-I/A-II (particles that contain both apoA-I
and apoA-II). Agarose gel electrophoresis has also been
used to subfractionate HDL into lipid-containing spheri-
cal particles (

 

�

 

 HDL) and lipid-free or lipid-poor apoA-I
(pre

 

�

 

 HDL) based on electrophoretic mobility (11).
As an operational term, pre

 

�

 

 HDLs include any HDL
particles with pre

 

�

 

 mobility on agarose gel electrophore-
sis. Lipid-free apoA-I, lipid-poor apoA-I, and recombinant
discoidal HDLs, which are a synthetic model system of na-
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HL, hepatic lipase; LFA-I, lipid-free apolipoprotein A-I; LpA-I, HDL
particles isolated by anti-human apolipoprotein A-I immunoaffinity
chromatography; PC, phosphatidylcholine; PLTP, phospholipid trans-
fer protein; RCT, reverse cholesterol transport; TC, tyramine cellobiose.
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scent discoidal HDLs, belong to this HDL subfraction. In
human plasma, 5–10% of apoA-I in plasma exists as pre

 

�

 

HDL (12–14), and the presence of pre

 

�

 

 HDL has also
been reported in other species, including mouse (15),
monkey (16), and dog (17). Pre

 

�

 

 HDLs are thought to be
the initial acceptors of cellular cholesterol (18, 19), which
suggests an important role of pre

 

�

 

 HDL in the RCT path-
way. Lipid-free or lipid-poor pre

 

�

 

 HDLs interact with the
ABCA1 protein on cell surfaces and acquire phospholipid
and free cholesterol to generate nascent pre

 

�

 

 HDL parti-
cles (20). Subsequently, nascent pre

 

�

 

 HDL particles be-
come mature, spherical, and 

 

�

 

-migrating HDLs by the
action of LCAT, which converts free cholesterol to choles-
teryl ester (21). The plasma pool of pre

 

�

 

 HDL appears to
be maintained by the direct secretion of lipid-free apoA-I
or lipid-poor HDL by the liver and intestine or through
the metabolism of plasma HDL. In the latter pathway,
HDL particles are modified by plasma factors such as he-
patic lipase (HL) (22), cholesteryl ester transfer protein
(CETP) (23), and phospholipid transfer protein (PLTP)
(24), producing pre

 

�

 

 HDL. Although in vitro studies have
supported the production of pre

 

�

 

 HDL through the me-
tabolism of spherical HDL particles, there is little in vivo
data to directly support this pathway.

In spite of the importance of pre

 

�

 

 HDLs in RCT, very
little is known about the in vivo metabolic fate of these
particles. Part of this reflects the difficulty in isolating
pre

 

�

 

 HDLs in sufficient quantity to study and the ill-
defined nature and heterogeneity of the particles. We
have previously studied the catabolism of homogeneously
sized HDL particles isolated from nonhuman primates
(25, 26). Three distinct size populations of particles,
small, medium, and large, containing two, three, and four
apoA-I molecules per particle, respectively, were purified
from plasma using a combination of immunoaffinity and
size-exclusion chromatography. Radiolabeled small parti-
cles injected into recipient monkeys were rapidly removed
from plasma and reappeared as medium and large HDL
particles after a delay of several hours and were subse-
quently catabolized as medium and large HDLs (26),
whereas most of the injected radiolabeled large particles
were catabolized mainly by the liver without prior conver-
sion of large HDLs to other HDL subfractions (25). In
both studies, there was no evidence for the generation of
pre

 

�

 

 HDLs from the catabolism of small and large HDLs.
To fill these gaps in our knowledge of pre

 

�

 

 HDL metab-
olism, we isolated pre

 

�

 

 HDLs from the plasma of human
apoA-I transgenic (hA-I Tg) mice using size-exclusion
and immunoaffinity chromatography and compared their
plasma decay, plasma interconversion, and tissue sites of
catabolism with those of lipid-free apoA-I and homoge-
neously sized small HDL particles. We chose human apoA-I
transgenic mice for these studies because the size distri-
bution of HDL subfractions is similar to that observed in
the plasma of human (27, 28). Our data show that pre

 

�

 

HDLs have two metabolic fates, either remodeling to me-
dium-sized HDLs or remaining as pre

 

�

 

 and subsequently
being catabolized by kidneys. The metabolic fate of pre

 

�

 

HDLs may be determined, in part, by the lipidation state

of the particle, which could influence the binding of pre

 

�

 

HDLs to the surface of mature spherical HDL particles.

EXPERIMENTAL PROCEDURES

 

Animals

 

Human apoA-I transgenic mice (line 427) (29) were obtained
from Charles River Laboratories (Wilmington, MA), and C57Bl/6
mice were obtained from The Jackson Laboratory (Bar Harbor,
ME). The mice were housed in the Wake Forest University
School of Medicine transgenic facility and maintained on a chow
diet. All protocols and procedures were approved by the Animal
Care and Use Committee of the Wake Forest University School
of Medicine.

 

Isolation of LpA-I

 

Blood was obtained from donor mice by tail bleeding. Plasma
was immediately isolated by centrifugation at 4,000 

 

g

 

 for 15 min
at 4

 

�

 

C and applied to an 8% agarose column. An anti-human
apoA-I immunoaffinity column was prepared by coupling sheep
anti-human apoA-I IgG (Roche), which had been immunoaffin-
ity purified from a human whole serum column, to Affigel 10
(Bio-Rad) similar to published procedures (25). The HDL peak
from the 8% agarose column was applied to an anti-human
apoA-I immunoaffinity column and gently rotated overnight at
4

 

�

 

C. The column was washed with 0.01 M sodium phosphate and
0.15 M NaCl, pH 7.4 (PBS), to remove the unbound material.
LpA-I particles were eluted with 3 M NaSCN, pH 7.4, and imme-
diately desalted over an 80 ml Sephadex G-25 medium coarse
column equilibrated with 0.15 M NaCl, 0.01% EDTA, and 0.01%
NaN

 

3,

 

 pH 7.4 (column buffer). The LpA-I particles were then di-
alyzed against 6 

 

�

 

 1 liter of column buffer over a 36-h period to
ensure the complete removal of NaSCN. LpA-I were applied to a
sheep anti-mouse albumin (Biodesign International) immunoaf-
finity column, and after overnight rotation at 4

 

�

 

C, unbound LpA-I
were eluted. This process was conducted three times to avoid al-
bumin contamination in the preparation of LpA-I particles. LpA-I
were then concentrated to at least 0.5 mg protein/ml using ultra-
filtration membrane cones (Millipore Corp., Bedford, MA). Af-
ter isolation, the LpA-I particles were stored at 4

 

�

 

C and used
within 2 weeks for turnover studies. It should be noted that the
isolation procedure would not exclude the presence of LpA-I/A-II
particles in the LpA-I preparations, because the LpA-I particles
were not passed over an anti-apoA-II immunoaffinity column.
However, there was no discernible protein band in the apoA-II
size range (8.7 kDa) of LpA-I preparations as determined by vi-
sual inspection of silver-stained SDS-PAGE gels (data not shown).

ApoA-I was isolated from human plasma using the guanidine
HCl denaturation procedure as described previously (30, 31).
The purity of the apoA-I was confirmed by SDS-PAGE. One milli-
gram of the purified apoA-I was subjected to lipid extraction,
and the extract was analyzed for phosphorus content (32). The
preparation contained less than one molecule of phospholipid
per molecule of apoA-I and hereafter is referred to as lipid-free
apoA-I (LFA-I).

 

Iodination of LpA-I

 

The isolated LpA-I was coupled to 

 

125

 

I-radiolabeled tyramine
cellobiose (TC) as previously described (33). The TC was a gen-
erous gift from Dr. Steve Adelman (Wyeth-Ayerst). Briefly, 0.01

 

�

 

mol of TC per mg of HDL protein was incubated for 10 min
with 5 mCi of 

 

125

 

I (carrier-free) in a microreaction vessel coated
with 20 

 

�

 

g of Iodogen (1,3,4,6-tetrachloro-3

 

�

 

,6

 

�

 

-diphenylgly-
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couril; Pierce Chemical Co.). The reaction was stopped by trans-
ferring the 

 

125

 

I-radiolabeled TC to a second (Iodogen-free) reac-
tion vessel containing 10 

 

�

 

l of 0.1 M sodium bisulfite and 5 

 

�

 

l of
0.1 M sodium iodide. LpA-I was coupled to the 

 

125

 

I-TC with cya-
nuric chloride (1:1 protein-to-TC molar ratio) by incubation at
room temperature for 30 min. The 

 

125

 

I-TC-LpA-I was then passed
over a desalting column (Bio-Rad) to remove free iodine and di-
alyzed overnight in 0.15 M NaCl and 0.01% EDTA, pH 7.4
(NaN

 

3

 

-free column buffer). After removal from dialysis, the pro-
tein concentration of the dose was estimated (based on absor-
bance at 280 nm; 

 

�

 

 

 

	

 

 1.13 ml/mg), and an aliquot was taken for
radioactivity quantification.

After radioiodination, the 

 

125

 

I-LpA-I were subjected to size-
exclusion chromatography using three Superdex 200 HR fast-pro-
tein liquid chromatography columns (Amersham Biosciences)
connected in series. The particles were eluted at a flow rate of
0.5 ml/min with NaN

 

3

 

-free column buffer. Individual fractions
were run on a 4–30% nondenaturing gradient gel at 1,400 V/h at
10

 

�

 

C. After electrophoresis, the gels were developed using phos-
phorimager analysis. Fractions were pooled to give homogenously
sized LpA-I particles [small (7.2–7.4 nm) or pre

 

�

 

 (

 




 

7.1 nm)].
Before injection, the 

 

125

 

I-TC-LpA-I doses were analyzed for
particle size by nondenaturing gradient gel electrophoresis (34),
for apolipoprotein content by SDS-PAGE, for number of apoA-I
molecules per particle by cross-linking with dimethyl suberimi-
date (Pierce Chemical Co.), for percentage of protein-bound ra-
diolabel by TCA precipitation, for percentage of lipid-bound ra-
diolabel by lipid extraction, and for mobility on agarose gels as
described previously (9, 33). The specific activity of doses ranged
from 50 to 650 cpm/ng protein, with TCA-precipitable radioac-
tivity greater than 95% and lipid-extractable radioactivity rang-
ing from 2% to 5%. Cross-linking analysis demonstrated that
small LpA-I contained two molecules of apoA-I per particle,
whereas pre

 

�

 

 LpA-I contained one molecule per particle.

 

Mass spectrometry analysis

 

The phospholipid content of doses was analyzed by mass spec-
trometry. An aliquot of each dose equivalent to 15–20 

 

�

 

g of pro-
tein (based on absorbance at 280 nm; 

 

�

 

 

 

	

 

 1.13 ml/mg) was
extracted by the Bligh-Dyer method, and 500 ng of di-15:0
phosphatidylcholine (PC) internal standard was added to the
monophasic extract before splitting the phases. The lower or-
ganic phase of the extract was isolated, dried under N

 

2

 

 atmo-
sphere, and redissolved in 100 

 

�

 

l of methanol-chloroform (1:1).
Samples were analyzed on a Quattro II triple quadrupole mass
spectrometer equipped with a Z-spray electrospray interface.
Data were acquired using MassLynx NT software. Analyses were
performed with a flow rate of 5 

 

�

 

l/min, a source temperature of
80

 

�

 

C, and cone and capillary voltages of 3.85 kV and 71 V, respec-
tively. Data were recorded at 16 points/Da with a scan time of
1.1 s and a scan delay of 0.1 s. PC species were discriminated by
measuring the precursor ion at 

 

m/z

 

 

 

�

 

184 using a collision en-
ergy of 35 V and an argon pressure of 2.65 

 

�

 

 10

 

�

 

3

 

 mbar. The ion
intensity was corrected for mass-related transmission losses using
the intensities of an equimolar standard PC mix. Data were con-
verted to moles of PC per mole of apoA-I in the aliquot of dose
extracted.

 

In vivo kinetics study

 

The day before the in vivo turnover study, 250 

 

�

 

l of a sterile 5

 

�

 

g/ml NaI solution was injected intraperitoneally to each mouse
to prevent the uptake of radioactive iodine by the thyroid gland.
Before injection, the radiolabeled LpA-I doses were filter-steril-
ized by passage through a 0.45-

 

�

 

m filter (Millipore Corp.). LFA-I
doses were heated to 60

 

�

 

C for 30 min and returned to room tem-

 

perature before injection to disrupt any dimers that may have
formed during storage (35). The animals were anesthetized with
ketamine HCl (50 mg/kg) and xylazine (10 mg/kg), and 

 

�

 

3 to
9 

 

�

 

 10

 

5

 

 cpm of the radiolabeled LpA-I was injected into the jugu-
lar vein of recipient animals. Blood samples were obtained by
retro-orbital bleeding at 5, 10, 20, and 30 min and at 1, 2, 3, 5, 8,
and 24 h after dose injection to determine the plasma decay of
radiolabeled LpA-I. Plasma was obtained by low-speed centrifu-
gation of the blood samples.

Radioactivity in a 10 

 

�

 

l sample of plasma was quantified using
a 

 




 

 counter (Beckman Gamma 4000; Beckman Instruments, Ful-
lerton, CA). Aliquots of plasma from the various time points
were fractionated on 4–30% nondenaturing gradient gels at
1,400 V/h at 10

 

�

 

C to determine the fractional distribution of
apoA-I radioactivity. After electrophoresis, gels were exposed in a
phosphorimager cassette, and the images were developed and
quantified using a Typhoon 8600 (Molecular Dynamics, Sunny-
vale, CA) and ImageQuant software (version 5.2). In the analysis,
regions corresponding to pre

 

�

 

 (

 




 

7.2 nm), small (7.2–8.2 nm),
and medium (8.2–10.4 nm) HDLs were quantified. Plasma vol-
ume was estimated as 3.5% of body weight, and the total amount
of radiolabel in plasma at each time point was determined by
multiplying the 

 

125

 

I cpm/ml by plasma volume. For the figures
presented in this study, the percentage of injected dose remain-
ing in plasma at each time point was determined by dividing the
amount of total radioactivity in plasma by the dose injected 

 

�

 

100%.
Twenty-four hours after dose injection, the recipient animals

were exsanguinated and the vasculature was perfused through
the left ventricle with 15 ml of saline. The following tissues were
removed and weighed: liver, lung, kidney, spleen, heart, intes-
tine, and adrenal gland. Aliquots of muscle (abdominal) and ad-
ipose (perirenal) were also collected. Tissue were hydrolyzed in
1 N NaOH overnight at 60

 

�

 

C and counted directly in a 

 




 

 counter.
We found that the plasma apoA-I radioactivity was predomi-

nantly located in two regions on the 4–30% nondenaturing gra-
dient gels. Radioactivity was distributed to the region of the in-
jected tracer (e.g., the pre

 

�

 

 region when pre

 

�

 

 tracers were
injected) and the region of medium HDL. Because the radioac-
tivity in the other regions was low throughout the turnover study,
we directed our kinetic modeling analysis of HDL subfractions to
the original injected tracer and medium HDL. The analysis of
the plasma apoA-I radioactivity was completed using the SAAM II
program (SAAM Institute, Seattle, WA). The plasma die-away
curves were biphasic, and the plasma kinetic data were modeled
using a two-pool model, with a single plasma compartment that
exchanges with an extravascular compartment. For the analysis
of hepatic and renal uptake data, the model was modified to in-
clude rate constants from the plasma pool to the liver and kidney
to account for the accumulation of radioactivity in these organs
at the end of the kinetic study (i.e., 24 h). In this modified
model, the rate constant L(0,1) was still required for the removal
of radioactivity from plasma that was not accounted for in the
liver and kidney. The model-predicted rate constants from
plasma to the liver or kidney, which we have termed the hepatic
and renal fractional uptake rates, are proportional to the organ-
specific fractional catabolic rates (FCRs).

 

In vitro plasma experiments

 

Plasma samples were obtained from C57Bl/6J and hA-I Tg mice
as described above. The plasma was incubated with 

 

125

 

I-TC-labeled
LpA-I particles (

 

�

 

100,000 total cpm) with and without DTNB
(5 mM final concentration) at 37�C for 5 and 60 min. After incu-
bation, the plasma samples were subjected to gradient gel elec-
trophoresis and phosphorimager analysis as described above.
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Data analysis
The InStat program (GraphPad Software, Inc., San Diego,

CA) was used to analyze data statistically by paired t-tests (i.e., up-
take of same tracer by different tissues) or one-way ANOVA (i.e.,
comparison of FCR values for different tracer particles), fol-
lowed by Tukey’s multiple comparison test to identify individual
differences. Results are presented as means � standard deviation
of the mean.

RESULTS

Characterization of tracers
The tracers were isolated using immunoaffinity and gel

filtration chromatography to avoid structural alterations
in HDL particles caused by ultracentrifugation (36–38).
Various characteristics of the isolated, radiolabeled parti-

cles are shown in Fig. 1. After 125I-TC radiolabeling, the
LpA-I particles were subjected to size-exclusion chroma-
tography using Superdex 200 HR columns. A representa-
tive elution profile from the columns is shown in Fig. 1A.
The large particles begin to elute near fraction 67, fol-
lowed by the medium, small, and pre� LpA-I. Fractions
83–87 and 92–96 were pooled for small and pre� LpA-I,
respectively. Each pool of homogenous particles was then
subjected to both nondenaturing (Fig. 1B) and denatur-
ing (Fig. 1C) polyacrylamide gradient gel electrophoresis.
The phosphorimager analysis of these gels demonstrated
that the LpA-I pools were relatively homogeneous in size
(Fig. 1B; more than 90% of radiolabel in small LpA-I is in
the 7.2 nm particles), and more than 90% of the radiola-
bel was found in the apoA-I region (28 kDa) (Fig. 1C). In
the small LpA-I preparation, several minor bands of
higher molecular mass were reactive with antiserum to hu-

Fig. 1. Characteristics of tracer LpA-I, HDL particles isolated by anti-human apolipoprotein A-I (apoA-I) immunoaffinity chromatography
(LpA-I) tracers. LpA-I particles were isolated from human apoA-I transgenic (hA-I Tg) mice using human apoA-I immunoaffinity chroma-
tography and radiolabeled with 125I-tyramine cellobiose (TC). Subsequently, 125I-TC-radiolabeled LpA-I particles were fractionated by Super-
dex 200 HR fast-protein liquid chromatography (FPLC). A: FPLC elution profile. 125I radioactivity from 2 �l of individual fractions was quan-
tified, and the values (cpm) are plotted versus fraction number. Fractions 83–87 were pooled for small LpA-I and fractions 92–96 were
pooled for pre� LpA-I. B: Phosphorimager analysis of a 4–30% nondenaturing gradient gel of 125I-TC LpA-I tracers. Small (Sm) and pre�
LpA-I were separated on a 4–30% nongradient gel together with lipid-free apoA-I (LFA-I) isolated from human plasma at 1,400 V/h at 10�C.
Stokes’ diameters of high molecular mass standard (Std) proteins are shown on the left. C: Phosphorimager analysis of a 4–16% SDS poly-
acrylamide gradient gel of 125I-TC LpA-I tracers. Molecular mass markers are shown on the left. Based on phosphorimager analysis, more
than 90% of the radiolabel for each tracer migrated as authentic apoA-I (molecular mass 	 28 kDa), as confirmed by Western blot analysis
with antiserum against human apoA-I. D: Phosphorimager analysis 125I-TC LpA-I tracers separated on 0.7% agarose gels as described (9).
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man apoA-I on Western blot analysis and were presumed
to be cross-linked multimers of apoA-I generated during
the cross-linking of TC with LpA-I particles. There was no
discernible apoA-II or apoE in the LpA-I preparations, as
judged by visual inspection of silver-stained SDS-PAGE
gels or Western blot analysis using anti-mouse apoE antise-
rum, respectively (data not shown). Electrophoretic mobility
of a representative medium, small and pre� LpA-I doses,
and LFA-I using agarose gel electrophoresis demonstrated
that LFA-I and pre� LpA-I migrated predominantly in the
pre� position (74% of radiolabel in the pre� position for
the pre� dose), whereas small and medium LpA-I migrated
in the � or pre� position (Fig. 1D). Cross-linking with
dimethyl suberimidate showed that pre�, small, medium,
and large LpA-I had one, two, three, and four apoA-I mol-
ecules per particle, respectively (data not shown). The
cross-linking results are similar to those obtained for LpA-I
particles isolated from nonhuman primates (26).

Plasma turnover and tissue uptake of LFA-I and pre� 
and small LpA-I in hA-I Tg mice

The kinetics of 125I-TC-radiolabeled LFA-I and pre� and
small LpA-I particles were determined by injecting tracers
into hA-I Tg recipient mice. The small LpA-I tracer was in-
cluded because our previous studies in nonhuman pri-
mates demonstrated that small HDLs are the precursor
particles for medium and large HDLs. For all tracers, the
injected apoA-I tracer mass was less than 0.2% of the total
plasma human apoA-I mass based on ELISA (data not
shown), resulting in no change in pool size of plasma
apoA-I. Plasma die-away curves for each tracer are shown
in Fig. 2A, and the model-predicted FCR values are shown
in Table 1. Pre� LpA-I particles were cleared from the
plasma significantly faster than small LpA-I, with a mean
FCR of 7.74 � 1.22 day�1 compared with 2.64 � 0.40
day�1 for small LpA-I (P 
 0.05). Plasma die-away of LFA-I
(FCR of 4.37 � 0.75 day�1) was significantly faster than
that for small LpA-I and significantly slower than that for
pre� LpA-I particles (P 
 0.05). The plasma clearance
rate of small LpA-I particles was in good agreement with
values obtained in other studies using whole HDL parti-
cles as tracer in hA-I Tg recipient mice (27, 39, 40).

To identify the catabolic sites of LpA-I, tissues were re-
moved from recipient mice at 24 h after dose injection
and 125I-TC was quantified. Twenty-four hours after dose
injection, most of the radioactivity (more than 90% for all
tracers) was recovered in the liver and kidneys (data not
shown). Figure 2B shows liver and kidney FCR values for
each tracer. FCR values were significantly higher in the
kidneys than in the liver for pre� LpA-I (P 
 0.001) and
to a lesser extent for LFA-I (P 
 0.002). For small LpA-I
particles, however, the liver showed a slight but statistically
significantly higher FCR value compared with the kidneys
(P 
 0.041). These data suggest that the kidney is the pre-
dominant tissue for the catabolism of apoA-I when it is
present as a lipid-free or lipid-poor particle, whereas the
liver and kidney are both major catabolic sites of apoA-I
when it is lipidated, as in the case of small HDLs. Our pre-
vious study in nonhuman primates using similar proce-

dures also demonstrated that the liver was the preferential
site of catabolism for small and large LpA-I (41).

In vivo HDL subfraction distribution of LpA-I dose 
in hA-I Tg mice

Aliquots of plasma samples drawn over 24 h after the
dose injection into hA-I Tg mice were fractionated on
nondenaturing gradient gels and then subjected to phos-
phorimager analysis to investigate HDL subfraction distri-
bution at each time point. Results from representative
mice injected with LFA-I and pre� and small LpA-I parti-
cles are shown in Fig. 3, and FCR values derived from ki-
netic analysis are shown in Table 1. When LFA-I was in-
jected into hA-I Tg mice, 99% of tracer radioactivity in
plasma appeared in 8.6 nm HDL particles (i.e., medium)
within 5 min and decayed with a FCR of 4.40 � 0.80
day�1. For the pre� tracer, 63% of tracer radioactivity re-
mained associated with the pre� HDLs, which was rapidly
removed from plasma (FCR of 11.3 � 4.17 day�1), proba-
bly by the kidney, as suggested by the rapid kidney-specific
FCR. A portion of radioactivity was found in medium-sized
HDLs, indicating a rapid remodeling of injected pre�

Fig. 2. Whole plasma decay and tissue fractional catabolic rate
(FCR) of LpA-I tracers in hA-I Tg mice. Radiolabeled (125I-TC)
LFA-I and pre� and small LpA-I were injected into hA-I Tg mice
and plasma samples were drawn over 24 h, after which animals were
killed and tissues were harvested. A: Whole plasma decay of LpA-I
tracers in hA-I Tg mice. Radioactivity in plasma at each time point
was quantified, and the percentage of injected radioactivity remain-
ing in the plasma after the dose injection was plotted versus time. B:
Tissue FCR of LpA-I tracers in hA-I Tg mice. Liver and kidney sam-
ples were digested overnight in 1 N NaOH at 60�C, and 125I radioac-
tivity was quantified. Tissue FCR values (per day) were determined
using SAAM as described in Experimental Procedures. Statistically
significant differences were identified by paired Student’s t-test and
are shown on the graph. Data represent means � SD (n 	 6 for
each tracer).
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LpA-I to medium-sized HDLs, which subsequently had a
slower plasma die-away than pre� HDLs (5.10 � 0.78
day�1) comparable to the FCR of the radiolabeled me-
dium HDLs derived from the LFA-I tracer. After small
LpA-I particles were injected into hA-I Tg mice, a large
portion (66%) of tracer radioactivity was rapidly remod-
eled to medium or large HDLs within 5 min of dose injec-

tion. The FCR of small LpA-I was slower than that of pre�
LpA-I (5.21 � 1.44 day�1 vs. 11.3 � 4.17 day�1, respec-
tively). Also, the FCR of medium HDL derived from the
small LpA-I tracer (2.14 � 0.41 day�1) was slower than the
FCR values of medium HDL derived from LFA-I (4.40 �
0.80 day�1) and pre� LpA-I (5.10 � 0.78 day�1). Although
all three tracers showed some rapid remodeling to me-
dium-sized particles, there was no evidence for the reap-
pearance of pre� HDLs in plasma over 24 h. These obser-
vations are consistent with our nonhuman primate study,
in which no tracer radioactivity was transferred from small
to pre� HDLs in plasma during the time course of the
turnover study (26). In both animal models, the remodel-
ing of tracer radioactivity was unidirectional, from smaller
HDL subfractions to larger (i.e., medium or large) HDL
subfractions.

In vitro remodeling of LFA-I and pre� and small 
LpA-I tracers

To investigate whether the remodeling of HDLs shown
in vivo can occur in isolated plasma samples, we per-
formed in vitro incubations of LFA-I and pre� and small
LpA-I tracers with plasma from hA-I Tg mice. Because
most of the in vivo remodeling occurred within the first
hour after dose injection, each tracer was incubated with
plasma for 5 or 60 min in the presence or absence of
DTNB, an LCAT inhibitor. Phosphorimager analysis of
representative nondenaturing gradient gels of plasma in-
cubations is shown in Fig. 4. The patterns of HDL tracer
remodeling in vitro were similar to those observed in vivo
for all three tracers at both 5 and 60 min incubations, but
the extent of remodeling was less than that observed in
vivo. The presence or absence of DTNB had little effect
on the size distribution of pre� LpA-I in the plasma sam-
ples, suggesting that LCAT had a minimal role in the re-
modeling of this fraction. However, the extent of remodel-
ing of small LpA-I particles appeared somewhat less in the
presence of DTNB, suggesting that LCAT may enhance
this process.

Fig. 3. Size distribution of LpA-I tracer after intravenous injection
into hA-I Tg mice. Plasma samples were harvested at the indicated
times after 125I-TC LFA-I and pre� and small LpA-I dose injection.
Plasma samples were fractionated on 4–30% nondenaturing gradi-
ent gels at 1,400 V/h at 10�C, and the radiolabel distribution on
gels was processed using a phosphorimager. Phosphorimager re-
sults for one representative recipient mouse for each tracer are
shown. High molecular mass protein standards (Std) and dose are
shown for reference.

TABLE 1. Plasma and tissue FCRs of LpA-I

Recipient  Tracer  Whole Plasma 

 Subfractionated Plasma  Tissue

 Pre�  Small  Medium  Liver  Kidney

hA-I Tg LFA-I 4.37 � 0.76a – – 4.40 � 0.80a 1.07 � 0.25a 1.63 � 0.23a

hA-I Tg Pre� 7.74 � 1.22b 11.3 � 4.17 – 5.10 � 0.78a 0.89 � 0.16a,b 3.24 � 0.97b

hA-I Tg Small 2.64 � 0.40c – 5.21 � 1.44 2.14 � 0.41b 0.66 � 0.12b,c 0.55 � 0.10c

C57Bl/6 Pre� 3.32 � 0.27a,c 6.56 � 3.58 – 2.87 � 0.61b 0.58 � 0.11c 1.38 � 0.16a,c

FCR, fractional catabolic rate; hA-I Tg, human apolipoprotein A-I (apoA-I) transgenic; LFA-I, lipid-free apoA-I;
LpA-I, HDL particles isolated by anti-human apoA-I immunoaffinity chromatography. FCRs are expressed as
pools/day. Values were calculated using SAAM software and a two-pool model with rate constants from the plasma
pool to the liver and kidney, as described in Experimental Procedures. FCR values for size-subfractionated plasma
were derived by quantification of radiolabel in the pre�, small, and medium regions of nondenaturing gradient
gels by phosphorimager analysis and converting the radiolabel into a fractional distribution. The fractional distri-
bution was then multiplied by the plasma values (cpm/ml) for each time point to obtain the value (cpm/ml) for
each HDL subfraction region, and the values were used for kinetic modeling. Data represent means � SD (n 	 6
for all tracers in hA-I Tg, n 	 4 for the pre� tracer in C57Bl/6). Statistical analyses of FCR values among the three
tracers in hA-I Tg and C57Bl/6 mice were performed using one-way ANOVA with Tukey’s multiple comparison
test to ascertain individual differences. Values in each column with a different superscript letter are signifi-
cantly different at P 	 0.05.
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Mass spectrometry analysis of phospholipids in LFA-I 
and pre� and small LpA-I tracers

Both in vivo and in vitro studies illustrated that pre�
LpA-I particles had a different kinetic fate in plasma com-
pared with LFA-I. One possible explanation for this out-
come could be related to the lipidation state of the LpA-I
particles. To investigate this possibility, pre�, small, and
medium LpA-I particles were isolated from hA-I Tg mice
and one human plasma sample and their lipid extracts
were analyzed by mass spectrometry to quantify lysophos-
phatidylcholine (lysoPC), PC, and sphingomyelin species
in each LpA-I dose. Data from a representative mass spec-
trometry analysis of PC species is shown in Fig. 5, and the
PC-to-apoA-I molar ratios of different preparations of
LpA-I are summarized in Table 2. There was no detectable
lysoPC or sphingomyelin present in any of the LpA-I parti-
cle preparations (data not shown). LFA-I contained no de-
tectable or background amounts of PC, as expected. The
PC-to-apoA-I molar ratio of pre� LpA-I varied with each
preparation but clearly demonstrates the presence of sev-
eral molecules of PC in pre� particles. The molar ratio in-
creased with increasing LpA-I particle size, as expected.
The values obtained for homogeneously sized LpA-I sub-
fractions in hA-I Tg mice and humans were similar to

those obtained from similarly sized particles from nonhu-
man primates and assayed by enzymatic methods, with PC-
to-apoA-I ratios of 9 and 17, respectively, for small and
medium particles (33). Based on previous PC fatty acid
analysis of lipoproteins isolated from mouse plasma (42)
and the molecular weight of PC species, we predict that
the major PC peaks consist of the following fatty acyl spe-
cies: m/z 758, 16:0, 18:2; m/z 786, 18:0, 18:2; m/z 806, 16:0,
22:6; m/z 810, 18:0, 20:4; and m/z 834, 18:0, 22:6.

Plasma turnover and tissue uptake of pre� LpA-I 
in C57Bl/6 mice

The relatively low conversion of pre� LpA-I to medium
HDL particles compared with LFA-I could be attributable
to low binding of pre� LpA-I to the surface of plasma
HDL particles. We hypothesized that the low binding
could be caused by the stabilizing effect of a few mole-
cules of PC associated with pre� LpA-I (Table 2). One way

Fig. 4. In vitro incubation of LpA-I tracers with hA-I Tg mouse
plasma. 125I-TC-radiolabeled LFA-I and pre� and small LpA-I were
incubated with whole plasma from hA-I Tg mice for 5 or 60 min at
37�C in the presence or absence of DTNB, an LCAT inhibitor. Ali-
quots of incubation mixtures were subjected to 4–30% nondenatur-
ing gradient gel electrophoresis at 1,400 V/h at 10�C. After electro-
phoresis, gels were developed with a phosphorimager. Inc. Time,
incubation time. High molecular mass protein standards (Std) and
dose are shown for reference.

Fig. 5. Mass spectrometry analysis of lipid extracts of LpA-I trac-
ers. Lipids were extracted from 15–20 �g of protein of each tracer
using the Bligh-Dyer method. A total of 500 ng of di-15:0 phosphati-
dylcholine (PC) internal standard was added to the monophasic ex-
tract before splitting the phases. The lower organic phase of the
extract was dried under N2 and redissolved in 100 �l of methanol-
chloroform (1:1). Mass spectrometry analysis was conducted as de-
scribed in Experimental Procedures. Each peak represents an indi-
vidual PC species with the indicated molecular weight. The peak at
m/z 706 corresponds to the di-15:0 PC internal standard. In each
tracer, the peak heights were normalized to the highest peak and
expressed as relative intensity. Three separate preparations of
mouse LpA-I and one preparation of human LpA-I particles were
analyzed; one representative data set of mouse LpA-I particles is
shown. Note the 10- to 100-fold vertical expansion for the peaks
with m/z �725 in the three lower panels.
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to test this hypothesis is to increase the binding of pre�
LpA-I to plasma HDLs and determine whether this affects
the in vivo metabolism of pre� LpA-I. Previous studies
have shown that human apoA-I displays greater binding to
mouse HDL than mouse apoA-I, resulting in the displace-
ment and hypercatabolism of mouse apoA-I. Indeed,
transgenic overexpression of human apoA-I not only in-
creases the concentration of plasma HDL and increases
HDL size heterogeneity but also results in a 90% reduc-
tion of mouse apoA-I in plasma (28). With these observa-
tions in mind, we hypothesized that injection of pre� LpA-I
derived from hA-I Tg mice into C57Bl/6 recipient mice
would result in a greater association of pre� LpA-I tracer
with plasma HDL particles, resulting in kinetic data more
similar to that of LFA-I in hA-I Tg mice. Thus, 125I-TC
pre� LpA-I isolated from hA-I Tg mice was injected into
C57Bl/6 recipient mice, and the plasma die-away and tis-
sue catabolism were compared with those in hA-I Tg re-
cipient mice (Fig. 6). Whole plasma die-away of pre�
tracer in C57Bl/6 recipient mice was significantly (P 

0.001) slower than that observed in hA-I Tg mice (3.32 �
0.27 day�1 vs. 7.74 � 1.22 day�1; Fig. 6A and Table 1). The
slower removal rate of pre� LpA-I from C57Bl/6 plasma
was paralleled by a 2.4-fold reduction in kidney FCR com-
pared with that in hA-I Tg recipient animals (1.38 � 0.16
day�1 vs. 3.24 � 0.97 day�1; Fig. 6B and Table 1). However,
in spite of the marked difference in plasma and kidney
FCR of pre� LpA-I between C57Bl/6 and hA-I Tg recipi-
ents, the kidney was still the preferred site of catabolism
for both groups of animals.

In vivo HDL subfraction distribution of pre� LpA-I dose 
in C57Bl/6 mice

Plasma samples drawn after pre� LpA-I dose injection
into C57Bl/6 and hA-I Tg recipient mice were fraction-
ated on nondenaturing gradient gels, and the distribution
of radiolabel was determined by phosphorimager analysis.
The phosphorimager results for two representative recipi-
ent mice are shown in Fig. 7, and FCR values derived from
the phosphorimager data for all recipient mice for pre�
and medium-sized particles are shown in Table 1. In con-
trast to hA-I Tg recipient mice, which had 37% of injected
radioactivity remodeled to medium HDLs within 5 min of
the pre� dose injection, C57Bl/6 mice showed increased

remodeling of pre� radioactivity (62%) to medium HDLs,
which is consistent with increased binding of the tracer to
C57Bl/6 mouse HDL. Similar to the results we observed
in hA-I Tg mice, the radiolabeled medium HDLs in
C57Bl/6 mice were removed at a slower rate compared
with pre� LpA-I tracer that was not remodeled (FCR of
2.87 � 0.61 day�1 and 6.56 � 3.58 day�1, respectively). In-
creased remodeling of pre� LpA-I tracer to medium
HDLs in C57Bl/6 mice compared with hA-I Tg mice may
account for the 57% slower whole plasma and kidney FCR
shown in Fig. 6. The FCR for radioactivity in both pre�
and medium regions of the gel was reduced by �50% in
C57Bl/6 mice compared with hA-I Tg recipient mice (Ta-
ble 1, subfractionated plasma). This outcome may be at-
tributable to a general increase in apoA-I catabolism that
results from the overexpression of apoA-I, as reflected in
the higher liver and kidney FCR values for pre� LpA-I
doses in hA-I Tg mice compared with the C57Bl/6 recipi-
ents (Table 1, tissue FCR).

In vitro incubation of pre� LpA-I dose with C57Bl/6 
mouse plasma

Pre� LpA-I particles were incubated with plasma from
C57Bl/6 and hA-I Tg mice for 5 or 60 min in the presence

Fig. 6. Whole plasma decay and tissue FCR of pre� LpA-I tracer
in hA-I Tg and C57Bl/6 mice. Pre� LpA-I particles were isolated
from hA-I Tg mice and radiolabeled with 125I-TC. Pre� LpA-I tracer
was injected into hA-I Tg and C57Bl/6 mice and plasma radioactiv-
ity decay was traced for 24 h, after which tissues were harvested. A:
Whole plasma decay of pre� LpA-I tracer in hA-I Tg and C57Bl/6
mice. Aliquots of plasma samples at each time point were quanti-
fied with a 
 counter, and the percentage of injected radioactivity
remaining in the plasma was plotted versus time after the dose in-
jection. B: Tissue FCR of pre� LpA-I tracer in hA-I Tg and C57Bl/6
mice. After overnight digestion in 1 N NaOH at 60�C, tissue 125I ra-
dioactivity in liver and kidney was quantified. Tissue FCR values
were determined as described in Experimental Procedures. Data
represent means � SD (n 	 6 for hA-I Tg, n 	 4 for C57Bl/6).

TABLE 2. Molar ratios of phosphatidylcholine to apoA-I of lipid 
extracts of LpA-I determined by mass spectrometry

Species

 HDL Subfraction

 LFA-I  Pre�  Small  Medium

hA-I Tg preparation 1 – 0.4 7 19
hA-I Tg preparation 2 – 3 13 31
hA-I Tg preparation 3 – 4 10 –
Human 0.04 2 – 64

Pre�, small, and medium LpA-I were isolated from plasma of hA-I
Tg mice and one human plasma sample using human apoA-I immunoaf-
finity chromatography and fast-protein liquid chromatography. Lipids
were extracted from LpA-I (15–20 �g of protein) and subjected to mass
spectrometry analysis as described in Experimental Procedures.
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or absence of DTNB to determine whether the increased
remodeling of pre� LpA-I that occurred in vivo in C57Bl/6
recipients could be demonstrated in isolated plasma in-
cubations. Phosphorimager results are shown in Fig. 8 of
representative nondenaturing gradient gels of the plasma
incubations. HDL remodeling occurred in vitro in a pat-
tern similar to that observed in vivo (Fig. 7). The presence
or absence of DTNB did not make a significant difference
in the remodeling process; however, there was a slight in-
crease in radioactivity (�6%) in larger HDLs with 60 min
of incubation in the absence of DTNB in both genotypes
of mice, suggesting that LCAT is not necessary for this re-
modeling but may enhance the process.

DISCUSSION

The purpose of this study was to compare the in vivo
metabolism of plasma pre� LpA-I with that of LFA-I and
small LpA-I particles. Pre� LpA-I represent 5–10% of the
steady-state amount of apoA-I in plasma and have been
proposed to be the initial acceptors of cholesterol in RCT
(18, 43–46). However, in spite of their proposed role in
protection against coronary heart disease, very little is
known about the in vivo metabolism of these particles. To

address this deficiency in knowledge, we isolated pre� and
small LpA-I particles from hA-I Tg mouse plasma using
procedures that did not involve density gradient ultracen-
trifugation, which has been shown in previous studies to
perturb HDL subfraction distribution (36–38). In addi-
tion, we isolated LFA-I from human plasma, which also
migrates pre� on agarose gel electrophoresis, to compare
its metabolism with that of plasma-isolated pre� LpA-I.
The tracers were radiolabeled with a residualizing com-
pound that allowed us to determine the tissue sites of
catabolism as well as to monitor plasma decay and intra-
vascular remodeling of the doses after injection. The
recipient animals, in most experiments, were hA-I Tg
mice because they exhibit a HDL subfraction size distribu-
tion that is similar to that of humans (27, 28). Our results
suggest several novel findings. First, plasma-isolated pre�
LpA-I exhibited two metabolic fates, rapid removal and ca-
tabolism by the kidney or remodeling to medium-sized
HDL particles, resulting in slower catabolism and in-
creased uptake by the liver. Subsequent experiments sug-
gested that the metabolic fate of pre� LpA-I is modulated,
in part, by its ability to associate with preexisting HDL par-
ticles in plasma. Furthermore, the association of pre�
LpA-I with preexisting particles may be determined by the
amount of PC associated with the pre� particle. The re-
modeling of pre� LpA-I to medium HDLs does not re-
quire LCAT or ABCA1 but may be enhanced by these pro-
teins. Finally, in hA-I Tg mice as well as in previous studies
of nonhuman primates (25, 26, 47), there was no evi-

Fig. 7. Size distribution of LpA-I tracer after intravenous injec-
tion into hA-I Tg mice and C57Bl/6 recipient mice. 125I-TC pre�
LpA-I tracer prepared from hA-I Tg mice was injected into hA-I Tg
and C57Bl/6 mice at time zero. Plasma samples were drawn over a
24 h period and subjected to 4–30% nondenaturing gradient gel
electrophoresis to subfractionate HDL. Radioactivity in the gels was
visualized using phosphorimager analysis. For each recipient geno-
type, gels from one representative mouse are shown. In each panel,
high molecular mass protein standards (std) and pre� dose are in-
cluded for reference. Med, medium.

Fig. 8. In vitro incubation of pre� LpA-I tracer with hA-I Tg and
C57Bl/6 mouse plasma. Plasma from hA-I Tg and C57Bl/6 mice
was incubated with 125I-TC-labeled pre� LpA-I for 5 or 60 min at
37�C in the presence or absence of 5 mM DTNB, an LCAT inhibi-
tor. Aliquots of incubation mixtures were run on 4–30% nondena-
turing gradient gels at 1,400 V/h at 10�C, and the distribution of ra-
dioactivity was visualized using phosphorimager analysis. Inc. Time,
incubation time. High molecular mass protein standards (Std) and
pre� dose are shown for reference.
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dence for the generation of pre� HDL from the catabo-
lism of small LpA-I in plasma. To our knowledge, this is
the first study of the in vivo metabolism of pre� particles
isolated from plasma, and the results suggest that the me-
tabolism of these particles is more complex than that pre-
viously described for other pre� particles, including LFA-I
and recombinant HDL.

Pre� HDL consists of a spectrum of small particles that
have in common pre� mobility on agarose gels but that
contain varying amounts of lipid. At one extreme is LFA-I,
which contains no lipid and has been used extensively to
trace the metabolism of HDL particles. Conflicting results
have been obtained when radiolabeled LFA-I was used to
trace the catabolism of HDL particles, with some studies
showing that the FCR of intravenously injected LFA-I was
similar to that of radiolabeled endogenous apoA-I in HDL
(48, 49), whereas other studies found a faster FCR for
LFA-I (50, 51). In our study, LFA-I rapidly associated with
medium-sized HDL within 5 min after injection (Fig. 3)
but had a FCR that was greater than that of small LpA-I
(Fig. 2 and Table 1), in agreement with previous studies in
humans (50, 51) and animal models (52) that demon-
strated higher FCR values for apoA-I tracers. It has been
hypothesized that HDL has two pools of apoA-I, one that
is loosely associated with the particle and freely exchange-
able and one that is more tightly associated and that pro-
vides structural integrity for the particle (50). Our results
demonstrate that although LFA-I rapidly associated with
medium-sized HDL particles, its metabolic fate was differ-
ent from that of small LpA-I particles that were remodeled
to medium HDLs soon after injection. For example, the
FCR for removal of LFA-I from plasma after its transfer to
medium-sized particles and the uptake by the kidney and
liver was 2- to 3-fold greater than that for apoA-I in small
LpA-I doses (Table 1). These data, along with those from
past studies, caution against interpreting the association
of LFA-I tracer with plasma HDL as a fully integrated and
indistinguishable marker of HDL particle metabolism.

Although pre� LpA-I and LFA-I had a similar mobility
on nondenaturing gradient and agarose gels, the two
particles had distinctly different metabolism in vivo.
Pre� LpA-I had two clearly discernible metabolic fates in
plasma, rapid removal and subsequent catabolism by the
kidney and rapid association with medium-sized HDL par-
ticles. The association of approximately one-third of the
pre� dose with medium-sized HDLs soon after injection
resulted in a 2-fold slower FCR for the medium HDLs
compared with the remainder of the pre� dose (5.1 vs.
11.3 day�1; Table 1), which retained its small size on non-
denaturing gradient gels (Fig. 3) and was rapidly catabo-
lized by the kidney (Table 1). The pre� LpA-I particles in
the dose that remodeled to medium-sized HDLs had a
clearance rate from plasma and uptake by the liver that
were statistically indistinguishable from those of LFA-I.
Thus, the remodeling of pre� LpA-I not only delayed its
plasma clearance but apparently altered its tissue site of
catabolism. Although no other studies of plasma-isolated
pre� LpA-I exist in the literature, several studies have in-
vestigated the in vivo metabolism of recombinant HDL

particles consisting of PC, cholesterol, and apoA-I. In a
study by Kee et al. (53) using rabbits, LFA-I remodeled to
medium-sized HDL particles (8.5 nm) within 2 min after
injection and exhibited a turnover from plasma that was
similar to that of spherical, medium-sized HDL particles.
However, recombinant HDL tracers that had pre� mobil-
ity and a size of 8.5 nm were found to remodel to two size
populations (8.5 and 7.6 nm) within 2 min after injection,
followed by conversion to � migrating, 8.5 nm particles
within the first hour of the turnover study. Thereafter, the
recombinant HDL tracer exhibited a plasma decay that
was similar to that for spherical HDL particles. Another
study, by Sparks et al. (54), also used recombinant HDL
particles to study HDL metabolism and suggested that
particle charge is inversely proportional to FCR. Their re-
sults also showed a remodeling of the recombinant HDL
tracers to medium-sized particles during the early part of
the turnover study. Although these results are generally
consistent with ours regarding the metabolism of LFA-I
and small LpA-I, the metabolism of our plasma-isolated
pre� LpA-I was clearly unique from the results for LFA-I
and recombinant pre� HDL tracers in that more than half
of our pre� LpA-I particles never remodeled to medium-
sized HDLs. The difference in metabolic fate of our
plasma-isolated pre� LpA-I particles compared with re-
combinant pre� HDL tracers used by others may result
from several key differences in experimental design. First,
our tracer pre� LpA-I particles were generated in vivo,
whereas the pre� particles used by these other groups
were synthetic particles generated in vitro. Second, our
pre� LpA-I contained only a few molecules of PC per mol-
ecule of apoA-I, whereas the particles used in the other
studies were more enriched in PC (see below for excep-
tion) and were likely ideal substrates for LCAT-mediated
maturation to spherical HDLs. Third, we used the hA-I Tg
mouse model for our studies, whereas others have used
the rabbit model. Regardless of the explanation, the data
suggest that the in vivo metabolism of pre� LpA-I is more
complex than has previously been appreciated.

What is the molecular explanation for the difference in
metabolism between plasma-isolated pre� LpA-I and LFA-I?
One possible explanation is that the association of a
small amount of PC with apoA-I retards the association of
pre� LpA-I with plasma HDL particles. ApoA-I is an am-
phipathic protein that binds to lipid surfaces or self-associ-
ates in the absence of lipid to protect the hydrophobic
surface of the protein from the aqueous environment
(55). The small amount of PC that was found in our pre�
LpA-I preparations (Table 2) may be sufficient to stabilize
the monomeric apoA-I molecule and reduce its binding
to HDL particles and prevent it from self-associating. We
tested this idea by injecting pre� LpA-I into C57Bl/6 re-
cipient mice or by in vitro incubation of the dose with
plasma from these mice. Previous studies have reported
that human apoA-I binds more tightly to mouse HDL par-
ticles than mouse apoA-I (56). Thus, transgenic overex-
pression of human apoA-I in mice results in plasma con-
centrations of mouse apoA-I that are �10% of normal,
attributable to the displacement and hypercatabolism of
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mouse apoA-I (28, 29). We reasoned that the higher bind-
ing of human apoA-I for mouse HDL also would result in
an increased association of pre� LpA-I with C57Bl/6
mouse plasma HDL and alter the in vivo metabolism of pre�
LpA-I. Our results were consistent with this interpretation,
as pre� LpA-I had a greater in vivo and in vitro association
with plasma HDL in C57Bl/6 mice compared with hA-I Tg
mice, resulting in slower clearance from plasma and de-
creased catabolism by the kidney. Based on these results,
we hypothesize that the presence of a small amount of
lipid in our pre� LpA-I may increase the stability of the
LpA-I particle or change the conformation of apoA-I, re-
ducing its association with plasma HDL and redirecting its
metabolic fate. The decreased association with plasma
HDL may allow additional lipidation of the particle to oc-
cur, perhaps through binding and lipid acquisition via
ABCA1 or through a PLTP-mediated pathway. Failure to
acquire additional lipid via one or more of these pathways
would result in the rapid removal of the LpA-I particle
from plasma and catabolism by the kidney. It is likely that
the latter pathway predominates in hA-I Tg mice because
of the overproduction of apoA-I and the likely saturation
of the low-capacity ABCA1 lipidation pathway (57).

Only a few studies have investigated LpA-I particles con-
taining a small amount of lipid. Braschi et al. (58) gener-
ated, by sonication, LpA-I particles that contained five
molecules of PC per molecule of apoA-I, which is similar
to our pre� LpA-I compositions (Table 2). They showed
that these particles were more resistant to dimerization
and guanidine HCl denaturation and had a different
apoA-I conformation compared with LFA-I. However, un-
like our pre� LpA-I particles, the in vivo removal from
plasma of their particles was similar to that of LFA-I. As
discussed above, the difference in results between their
study and ours may be related to the type of LpA-I parti-
cles (i.e., sonicated vs. plasma-isolated) and the recipient
animal models (i.e., rabbit vs. mouse) used for the studies.

Another possible explanation for the heterogeneous
metabolism of pre� LpA-I is that tracers prepared from
this fraction may contain a mixture of lipidated and lipid-
free apoA-I, which would not be possible to detect with
our separation procedures, because both have pre� mo-
bility on agarose gels, a similar size distribution on nonde-
naturing gradient gels, similar clearance rates from me-
dium-sized HDL particles, and similar uptake rates by the
liver after remodeling (Table 1). If this were the case, the
lipidated species would contain more PC than indicated
in Table 2, resulting in an average lipid content of the en-
tire pre� LpA-I preparation that would be one to four PC
molecules per particle. On the other hand, the pre� LpA-I
fraction may be a relatively homogeneous population of
poorly lipidated particles that have distinct metabolic fates
based on more subtle differences among particles, such as
conformational differences in apoA-I, as discussed above.
Our experimental procedures do not allow us to differen-
tiate between these two possibilities.

Remodeling of pre� LpA-I to medium-sized HDL parti-
cles was found to occur rapidly in vivo and in vitro (Figs. 3
and 4). Our results are consistent with those of other in-

vestigators who have observed rapid assimilation of syn-
thetic pre� HDL particles into the medium HDL size
range (53, 58). However, in the previous studies, only ho-
mogeneous medium-sized HDL particles were present in
mouse plasma, whereas in hA-I Tg mice, there are abun-
dant large and small HDL particles (29, 59). Although the
nature of the remodeling process is unknown and may in-
volve particle fusion or transfer of lipid from other lipo-
proteins by PLTP (60), the process appears not to be ran-
dom among all HDL particles in plasma but specific for
medium HDLs. The fact that the remodeling of pre� LpA-I
appears specific for medium-sized HDLs and that only
approximately one-third of the pre� LpA-I dose remod-
eled to medium-sized HDLs argues against a simple ex-
change of radiolabeled apoA-I. Furthermore, the observa-
tion that pre� LpA-I remodeling occurred with in vitro
incubation of plasma in the presence of an LCAT inhibi-
tor suggests that neither LCAT nor ABCA1 is necessary for
the remodeling of pre� LpA-I to medium-sized HDLs.
However, LCAT may enhance the remodeling of small
LpA-I to medium-sized particles, because remodeling ap-
peared to be decreased in the presence of an LCAT inhib-
itor (Fig. 4, lower panel).

The in vivo origin of pre� HDL is poorly understood.
Recent studies using primary mouse hepatocytes and
HepG2 cells suggest that 80% of newly secreted apoA-I
contains insufficient lipid to float at a density of 1.25 g/ml
and is likely lipid-free or lipid-poor (35, 61). This popula-
tion of apoA-I would migrate pre� on agarose gels and
would be an active substrate for ABCA1 lipidation to form
nascent HDL particles. Another pathway for the forma-
tion of pre� HDLs that has been described from in vitro
studies involves HL, CETP, and apoB lipoproteins (62).
Triglyceride for CE exchange between apoB lipoproteins
and HDL, mediated by CETP, results in triglyceride-
enriched HDLs. These HDLs are substrates for the HL-
mediated hydrolysis of triglyceride that results in a decrease
in particle size and a release of surface apoA-I and phos-
pholipid as a pre� migrating particle. Although there is
ample evidence for this pathway from in vitro studies (62),
studies in nonhuman primates (25, 26) and our results in
hA-I Tg mice show no evidence for the generation of pre�
HDLs during the catabolism of small LpA-I particles.
However, the low plasma triglyceride concentrations in
nonhuman primates may not result in sufficient triglycer-
ide enrichment of HDL particles to support the triglycer-
ide-for-CE exchange pathway. Likewise, in hA-I Tg mice,
there may not be sufficient triglyceride enrichment of
HDL because of the lack of CETP as well as the low
plasma apoB lipoprotein concentrations. Studies in hA-I
Tg mice with transgenic expression of CETP will be neces-
sary to determine whether this pathway is a significant
source of pre� HDLs in vivo when HL is not overex-
pressed.

Although this is the first study of the in vivo metabolic
fate of plasma-isolated pre� LpA-I, our results should not
be extrapolated to human HDL metabolism without
appropriate caution. There are several differences that
might affect HDL metabolism, including a lack of CETP, a
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circulating pool of HL, and overexpression of apoA-I in
hA-I Tg mice compared with humans.
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