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Abstract Human lecithin: cholesterol acyltransferase (LLCAT)
is a key enzyme in the plasma metabolism of cholesterol and
is postulated to participate in a physiologic process called
reverse cholesterol transport. We have used transgenic mice
expressing the human LCAT transgene to study the effect of
increased plasma levels of LCAT in each of the proposed steps
involved in the reverse cholesterol transport pathway. High
density lipoprotein (HDL) from LCAT transgenic mice was
44% more efficient than control mouse HDL in the efflux of
cholesterol from human skin fibroblasts. Esterification of cell-
derived cholestercl was also markedly increased in mice ex-
pressing the human LCAT transgene. The rate of plasma
clearance of HDL cholesteryl ester was virtually the same in
both types of animals whereas the HDL cholesteryl ester trans-
port rate was significantly increased in mice expressing the
human LCAT transgene (152.3 * 16.9 ug/hvs. 203.1 = 30.9
pug/h in control and transgenic mice, respectively). Liver
cholesteryl ester uptake was significantly increased in mice
expressing human LCAT (58.0 * 1.4 ug/h/g liver vs. 77.9 =
1.7 ug/h/g liver in control and transgenic mice, respec-
tively) Bl These studies indicate that LCAT modulates the
rate by which cholesterol is effluxed from cell membranes
onto HDL, esterified, and transported to the liver.—Francone,
O. L., M. Haghpassand, J. A. Bennett, L. Royer, and J.
McNeish. Expression of human lecithin: cholesterol acyltrans-
ferase in transgenic mice: effects on cholesterol efflux, esteri-
fication, and transport. J. Lipid Res. 1997. 38: 813-822.
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Lecithin:cholesterol acyltransferase (LCAT; phos-
phatidylcholine :sterol O-acyltransferase; EC 2.3.1.43) is
a 416-amino acid glycoprotein that circulates in plasma
with a complex of lipids and apoproteins in the high
density lipoprotein (HDL) fraction (1). It is proposed
that LCAT, through its role in the esterification of cho-
lesterol, maintains a free cholesterol gradient between
the cell membrane and plasma, allowing the unloading

of cholesterol from peripheral tissues into the plasma
compartment. This process is named reverse choles-
terol transport (RCT). It involves the release of choles-
terol from extrahepatic tissues onto HDL, esterification
by LCAT, and its subsequent transfer to very low density
(VLDL) and low density lipoprotein (LDL) by choles-
teryl ester transfer protein (CETP). Finally, cholesteryl
esters (CE) are taken up by the liver via LDL receptor
or LDL receptor-related protein (LRP). Alternatively,
HDL-CE can be internalized by the liver directlty (HDL
particle uptake) or through the nonendocytotic uptake
of the CE moiety (selective uptake) (2, 3).

Most of the evidence supporting the role of LCAT in
the efflux of cholesterol has been drawn from in vitro
experiments using cultured cells. In these studies, the
removal of cellular cholesterol from either human skin
fibroblasts or rat aortic smooth muscle cells was similar
regardless of LCAT activity or cholesterol esterification
rate (4, 5). Similar findings were reported using rat hep-
atoma cells (FubAH) (6) and mouse peritoneal macro-
phages (7).

The biochemical and clinical characteristics of pa-
tients with either partial or total deficiency in LCAT ac-
tivity support the role of this enzyme in the plasma me-
tabolism and transport of cholesterol. The absence of
LCAT activity is characterized by very low levels of CE
and elevated amounts of unesterified cholesterol re-
sulting in multiple abnormalities affecting composition,
shape, and size distribution of all lipoprotein classes (8,

Abbreviations: CE, cholestery! ester; CETP, cholesteryl ester trans-
fer protein; DTNB, 5,5-dithio-bis(2-nitrobenzoic acid); FCR, frac-
tional catabolic rate; HuULCATTg, transgenic mice expressing the hu-
man 1LCAT transgene; LCAT, lecithin:cholesterol acyltransferase;
RCT, reverse cholesterol transport; TR, transport rate.
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9). Moreover, cholesterol and phospholipids accumu-
late in peripheral tissues leading to tissue dysfunction
(10). Additional information regarding the role of
LCAT in plasma cholesterol metabolism, substrate spec-
ificity, and maturation of HDL species has recently been
obtained in human LCAT transgenic (HuLCATTg)
mice (11-13) and rabbits (14). Mice expressing the hu-
man LCAT transgene have a significant increase in
HDL-cholesterol and CE resulting in a lipoprotein pro-
file that in humans is associated with a reduced risk of
atherosclerosis. Expression of both human LCAT and
human apoA-l demonstrates that human LCAT has a
marked preference for human-like HDL, and deter-
mines in vivo the distribution and concentration of the
pref and a-HDL species (13), indicating an essential
role of LCAT in the biogenesis and composition of
HDL. These studies, however, did not determine
whether the increase in plasma levels of LCAT affects
the proposed steps involved in the RCT pathway.

In this report, we have used transgenic mice express-
ing human LCAT to study the effect of increased plasma
levels of LCAT in each of the proposed steps involved in
the RCT pathway: cell-derived cholesterol efflux, LCAT-
mediated cholesterol esterification, HDL-CE turnover,
and flux of CE to the liver. Our studies indicate that
LCAT modulates not only the rate by which cholesterol
is effluxed and esterified but also the mass of CE trans-
ported to the liver via HDL.

MATERIALS AND METHODS

Transgenic mice

Transgenic mice expressing the human LCAT gene
were produced by pronuclear injection according to es-
tablished protocols (15, 16). A 7.6 kb DNA fragment
containing the entire human LCAT gene, 550 bp of 3’
untranslated region, and the murine albumin promoter
and enhancer sequences were injected at a concentra-
tion of 3 ug/ml into pronuclei of 1-day-old superovu-
lated female C57BL6 embryos. Previous studies using
the same murine albumin enhancer-promoter have
shown that sequences linked to this promoter are ex-
pressed exclusively in the liver of transgenic animals
(13, 17). Four founders were identified by PCR ampli-
fication and confirmed by Southern blot using a full-
length LCAT c¢DNA probe as previously described (13).
Founders were mated to C57BL6 mice to identify germ-
line transmission of the transgenic lines to the F1 gener-
ation. All studies reported here were performed using
offspring of these transgenic lines maintained on the
C57BL/6 inbred genetic background. The C57BL/6
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mice were purchased from jackson Labs (Bar Harbor,
ME) and housed in a pathogen-free facility.

Plasma lipids and lipoprotein analysis

Mouse HDL was separated from apoB-containing li-
poproteins by dextran sulfate precipitation as described
elsewhere (13, 18). Plasma and lipoprotein total choles-
terol levels were determined using kit No. 1127568 from
Boehringer Mannheim (Indianapolis, IN). Free choles-
terol was determined using a commercially available kit
{Wako, Osaka, jJapan). Triglyceride concentrations
were determined using the Triglyceride / GB kit 450032
from Boehringer Mannheim. Phospholipid concentra-
tions were measured using Phospholipids B reagent
(Wako).

To isolate HDL from plasma, 500 pl of plasma con-
taining 1.5 mM 5,5 dithio-bis(2-nitrobenzoic acid]
(DTNB) from HuLCATTg and C57BL6 control mice
on chow diet was fractionated using two tandem Su-
perose 6 columns (Pharmacia LKB Biotechnology, Pis-
cataway, NJ) as previously described (19). Tubes corre-
sponding to the HDL fraction were pooled and
concentrated in Centriprep concentrators (Amicon,
Inc., Beverly, MA). Lipids were determined enzymati-
cally as described above whereas apoA-I concentrations
were determined by ELISA.

Size fractionation of HDL was determined by com-
puter-assisted scanning densitometry as described (20).

Quantitation of apoA-l

Mouse apoA-I levels were determined by an ELISA.
Polyclonal rabbit anti-mouse apoA-I antibody (Biode-
sign, Kennebunk, ME) was purified on a HiTrap pro-
tein A affinity column (Pharmacia Biotech, Piscataway,
NJ) and biotinylated. ELISA Maxisorb plates (Nunc,
Roskilde, Denmark) were coated overnight at room
temperature with 5 ul/ml purified anti-mouse apoA-l
in phosphate-buffered saline containing 0.02% azide
(PBS-A). Plates were blocked for 1 h at room tempera-
ture with PBS-A containing 1% (w/v) bovine serum al-
bumin (type V). Plasma samples were diluted in PBS-A
buffer containing 1% bovine serum albumin and
0.004% Tween-20. The standard curve was generated
using a calibrated mouse plasma (kindly provided by
Dr. B. Ishida). Plates were incubated overnight at 37°C.
The next day, plates were washed three times with
PBS-A containing 0.1% Tween-20, incubated with bio-
tinylated anti-mouse apoA-I (1:600 in blocking buffer)
for 3 h at room temperature, washed three times with
PBS-A containing 0.1% Tween-20, and then incubated
for 1 h with alkaline phosphatase-conjugated streptavi-
din (1:500) (Amersham) in blocking buffer containing
2 mm MgCly,. Unbound avidin was removed by washing
the plates four times with PBS-A containing 0.1%
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Tween-20. Alkaline phosphatase substrate (Sigma, St.
Louis, MO) was added at 1 mg/ml in bicarbonate
buffer at pH 9.5. The reaction was stopped by adding
50 pl of 0.2 N NaOH. The optical density at 405 nm
was determined on a UVmax plate reader (Molecular
Devices, Sunnyvale, CA).

Determination of LCAT activity

LCAT activity in control and HuLCATTg mouse
plasma was determined as previously described (21).
LCAT activity was measured as the rate of synthesis of
[*HICE from unilamellar vesicles prepared with a
French pressure cell (22) and activated with human
apoA-I (Sigma). LCAT activity was linear up to 30 min
of incubation time and independent of the concentra-
tion of plasma lipoproteins (endogenous substrate).
Therefore, an increase in the esterification rate corre-
sponds to an increased level of LCAT protein.

Cell culture and cholesterol efflux

Normal human skin fibroblasts (ATCC CRL 1635)
were grown in 12-well plates in Dulbecco’s modified Ea-
gle’s medium (D-MEM) containing 10% fetal calf se-
rum, supplemented with 0.35 mg/ml glutamine and 40
ng/ml gentamicin sulfate. Cells were labeled for 48 h
with 0.2 mCi [1,2*H]cholesterol (DuPont-New England
Nuclear, Boston, MA) complexed to fetal calf serum.
The final specific activity in the cells was 3.13 * 0.19 X
10° cpm/pg cholesterol (n = 22). Cell cholesterol ef-
flux was determined as previously described (21).
Briefly, confluent fibroblasts were washed 4 times with
serum-free D-MEM supplemented with gentamicin sul-
fate and glutamine. Next, cells were incubated at 37°C
in an orbital shaker with 200 ul of plasma from either
control or HULCATTg mice for various times (1-60
min). Media samples were taken at each time point for
determination of radioactivity. The cellular cholesterol
efflux assay, however, does not measure net cholesterol
efflux, the parameter most relevant to atherosclerosis.

To determine the esterification of cell-derived choles-
terol by LCAT, plasma from Hul.CATTg and control
mice was incubated with [*H]cholesterol-labeled fi-
broblasts as described above. Aliquots were taken at vari-
ous time intervals. Lipids were extracted and the CE was
separated from free cholesterol by thin-layer chroma-
tography. [*HICE radioactivity was determined by lig-
uid scintillation spectrometry. The mass of cholesterol
effluxed and esterified was determined from cell choles-
terol specific activity.

Preparation of [*H] cholesteryl ether-labeled HDL

HDL was isolated in the density interval 1.09-1.21 g/
ml from fasted control and HuLCATTg mouse plasma
containing 1.5 mMm DTNB, 1 mM EDTA, and a cocktail

of protease inhibitors (Boehringer Mannheim) using
sequential ultracentrifugation according to standard
techniques (23). To remove any remaining apoB-con-
taining lipoproteins, the HDL fraction was further puri-
fied by FPLC. Tubes containing the HDL were pooled,
concentrated, and extensively dialyzed against a buffer
containing 0.15 M NaCl, 0.01 M phosphate, and 0.02%
sodium azide (pH 7.2). The purity of the HDL was as-
sessed by polyacrylamide and agarose gel electrophore-
sis. The HDL preparation was then stored at 4°C in the
presence of 1.5 mm DTNB prior to labeling.

Mouse HDL was labeled with [*H]cholesteryl oleoyl
ether (Amersham). To enhance the efficacy of labeling,
recombinant CETP isolated from cultured CHO cells
stably transfected with the human CETP cDNA (24) was
used. Purified HDL was adjusted to a protein concentra-
tion of 1 mg/ml in 0.15 mM NaCl, 0.01 M phosphate
buffer at pH 7.2, Aliquots of 1.5 mg were incubated in
screw-top glass tubes which had 100 pCi [*H]cholesteryl
oleoyl ether dried onto 50 mg Celite 545-AW (Supelco
Inc., Bellefonte, PA) and 25 pg of purified CETP. Incu-
bation was performed for 18 h at 37°C. At the end of
the incubation, celite was removed by filtration through
0.22-um Millipore filters. HDL was extensively dialyzed
against a buffer containing 0.15 M NaCl, 0.01 M phos-
phate, and 1 mm EDTA at pH 7.4 to remove any un-
bound tracers, and filter sterilized before injection. The
distribution of the [3H]cholesteryl ether radioactivity
was assessed by agarose gel electrophoresis. More than
95% of the [*H]cholesteryl oleoyl ether migrated with
the HDL. Specific activity of the [*H]-labeled HDL was
4-5 X 10° cpm/pg of CE. The data shown are from
experiments in which HDL from control mice was la-
beled and injected in both normal and LCAT
transgenics; identical results were obtained when HDL
from HuLCATTg mice was labeled and used in both
transgenic and control mice.

In vivo HDL-CE turnover studies

Before injection, blood was drawn from HuLCATTg
and control mice after an overnight fast for measure-
ment of HDL-CE and apoAl concentrations. Mice were
injected in the tail vein with 4.9 X 10° dpm of *H-labeled
HDL. The injected HDL mass was less than 0.5% of the
mouse HDL-CE pool. Mice were fasted throughout the
24-h study period but had free access to water. Blood
(50 ul) was withdrawn from the retroorbital plexus at
2 min, 1 h, 3 h, 6 h, 9 h, 12 h, 21 h, and 24 h after
tracer injection. Aliquots of plasma were assayed for *H
radioactivity. The fractional catabolic rate (FCR) was
calculated from plasma disappearance curves analyzed
by a two-pool model described by Matthews (25), and
kinetic parameters were estimated using the nonlinear
least-squares curve fitting program kinetic (G. A. McPer-
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TABLE 1. HDL-cholesterol and LCAT activity in the plasma of
control and HuL.CATTg mice

Mice n HDL-Cholesterol LCAT Activity
mg/dl nmol CE/mi/h
Controls 7 45.5 = 6.4 71.7 £ 6.9
HuL.CATTgl0 29 62.2 * 2.9~ 197.7 = 321
HuLCATTgll 4 70.1 + 4.6% 520.1 * 46.2"
HuLCATTgl2 6 86.0 * 9.4« 744.2 * 134.5"
HuLCATTgl3 4 65.4 + 9.3¢ 771.8 = 147.0¢

HDI~cholesterol levels were determined enzymatically after pre-
cipitation of apoB-containing lipoproteins by dextran sulfate. LCAT
activity was measured as the rate of synthesis of [*H]CE from uni-
lamellar vesicles activated with apoA-l. Values shown are mean * SD
of n mice. CE, cholesteryl esters.

Statistically significant differences from control mice: “£ < 0.91;
"P < 0.001.

son, Elsevier-Biosoft, Cambridge, UK). Plasma transport
rates (TR) were calculated using the equation TR =
FCR X M, where M is the HDL-CE plasma pool size (26).

Twenty-four hours after the injection of the tracer,
mice were anesthetized with sodium nembutal. The
liver was perfused through the portal vein and drained
from the right atrium with Dulbecco’s phosphate-buf-
fered saline (Gibco, BRL). The liver was excised and
weighed immediately. The radioactivity present in the
liver was determined by liquid scintillation spectrometry
after lipid extraction. The fraction of the plasma pool
of the labeled HDL cleared by the liver per h/g of tissue
(liver FCR) was calculated as follows: liver FCR =
plasma FCR X [fraction of total degradation in liver/
weight of liver]. The absolute amount of CE mass taken
up by the liver was obtained by multiplying liver FCR
by the plasma HDL-CE pool size (27).

RESULTS

Plasma lipids and lipoprotein analysis

Plasma LCAT activities and HDL-cholesterol levels
were determined in the human LCAT transgenic lines.
Plasma LCAT activities in transgenic mice increased by
2.6- to 10.8-fold over the non-transgenic controls (Table
1). Compared to controls, plasma from HuL.CATTg
mice had a 1.4- to 1.9-fold increase in HDL-cholesterol
levels. The transgenic line, HuLCATTgl1, was further
propagated and used for the subsequent studies. Plasma
lipids and HDL-cholesterol concentrations from con-
trol and HuL.CATTgl1 mice fasted overnight are in
agreement with previous reports (11, 13). Compared
to nontransgenic controls, mice expressing the LCAT
transgene had a statistically significant increase in the
plasma concentrations of cholesterol and CE (25% and
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36%, respectively). In HuLCATTg mice the total choles-
terol level (mg/dl = SD) was 107.4 * 13.4, compared
with 90.8 + 10.5 in the nontransgenic animals (P <
0.005). Cholesteryl ester levels were 80.4 * 10.4 and
64.0 = 7.1 (P < 0.001) in HuLCATTg and controls,
respectively. Plasma triglycerides were significantly de-
creased in transgenic mice (23.1 = 8.9 and 10.7 = 2.3
mg/dl (P < 0.001) for control and HuLCATTg mice,
respectively) consistent with the proposed up-regula-
tion of hepatic lipase in mice expressing the human
LCAT transgene (12). The increase in plasma choles-
terol and CE was found exclusively in the HDL fraction.
Plasma concentrations of apoA-lI were not affected in
transgenic mice (207.2 * 36.1 and 244.8 * 38.5 mg/
dl for control and HuLCATTg mice, respectively) con-
firming previous reports (13) that the overexpression
of LCAT up to 10-fold, has no effect on apoA-I levels.

Cholesterol efflux

To examine the effect of increased plasma levels of
LCAT on the efflux of cholesterol, we determined the
potential of HuLCATTg and control mouse plasma to
mediate cholesterol efflux from [*H]cholesterolla-
beled human fibroblasts. In agreement with a previ-
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Fig. 1. Rate of appearance of [*H]cholesterol from labeled human
skin fibroblasts. Normal human skin fibroblasts were grown in 12-well
plates containing DMEM + 10% fetal calf serum, supplemented with
L-glutamine and gentamicin sulfate. Cells were labeled with 0.2 mCi
[1,2*H]cholesterol as described under Materials and Methods. Cell
cholesterol efflux was determined by incubating 200 ul of plasma
from either controls (closed circles) or HuLCATTg mice (closed tri-
angles) at 37°C for various times (1-60 min). Media samples were
taken at various intervals for determination of radioactivity. Data are
presented as mean * SD (n = 5) for cach time.
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Fig. 2. Lipoprotein profiles of control and HuLCATTg mice. Pooled
mouse plasma (500 pl) containing 1.5 mM DTNB from HuLCATTg
and C57BL6 control mice was fractionated using Superose 6 columns
as described under Materials and Methods. The cholesterol content
was determined and plotted as a function of column fraction. The
positions at which known lipoproteins eluted from the column are
indicated. VLDL, very low density lipoprotein; LDL, low density lipo-
protein; HDL, high density lipoprotein.

ous study (21), the rate of cholesterol efflux by con-
trol C57BL6 mouse plasma was 6.91 * 0.34 ng of
cholesterol/min per ml] of plasma (Fig. 1). Plasma from
HuLCATTg mice had an increased efflux rate of 44%
over controls (9.95 = 0.35 vs. 6.91 * 0.34, P < 0.005).
To determine whether the increased efflux is solely the
consequence of the HDL’s capacity to accept choles-
terol, we determined the distribution of [*H]choles-
terol within plasma lipoproteins by agarose gel electro-
phoresis. Plasma from control and HuLCATTg mice
was incubated with labeled fibroblasts for 2 min, re-
moved, and immediately separated by agarose gel elec-
trophoresis. More than 90% of the radioactivity found
in the plasma co-migrated with the HDL fraction in
both groups of mice. There was no increase in the pro-
portion of labeled cholesterol in the apoB-containing
lipoproteins (results not shown). To further character-
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: [ 1 i I PP
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Fig. 3. Densitometric scan profiles of lipoproteins isolated from con-
trol and HULCATTg mouse plasma. Total plasma lipoproteins were
isolated by ultracentrifugation, collected, and sieved in a 4-30% non-
denaturing gradient gel electrophoresis. HDL particle size distribu-
tion was assessed as described (20).

ize the HDL fraction, plasma from fasted C57BL6 con-
trol and HuLLCATTg mice was fractionated by FPLC. As
previously reported (13), HDL from human LCAT
transgenic mice eluted from the column in the same
fractions as the HDL from control mice indicating that
its apparent size remains unchanged (Fig. 2). Identical
results were obtained when the HDL particle size distri-
bution was determined by gradient gel electrophoresis
(Fig. 3). The increased esterification of cholesterol by
moderate LCAT overexpression, led to an accumula-
tion of CE in HDL (2.3-fold more than HDL from con-
trols, relative to apoA-I, Table 2). Compared to con-
trols, triglyceride content of HDL from Hul.CATTg
mice was nearly reduced by half. As one molecule of
triglyceride is about 1.5 times larger than one CE mole-
cule (27), it is likely that the decrease in the triglyceride
content of HULCATTg mouse HDL leads to an accumu-

TABLE 2. HDL lipid composition in HuULCATTg and C57BL6 control mice

Mice TG PL FC CE PL/ApoA-1 CE/ApoA-1

Controls 2.0 79.6 11.1 28.4 0.65 0.23
(1.6%) (65.7%) (9.2%) (23.5%)

HuLCATTg 0.9 75.5 10.4 34.5 [.14 0.52
(0.7%) (62.3%) (8.6%) (28.4%)

Pooled plasma samples from controls and HuLCATTg mice were used to isolate HDL by FPLC as described
under Experimental Procedures. Fractions containing the HDL were pooled and concentrated. Lipids and
apoA-l concentrations were determined as described under Materials and Methods and expressed in mg/dl.
TG: wriglycerides; PL: phospholipids; FC: free cholesterol; CE: cholesteryl ester; %, percentage composition
relative to the sum of TG, PL, FC, and CE values.
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lation of CE in the core of the HDL without affecting
their size. Interestingly, relative to apoA-I, HuLCATTg
HDL contained 1.8fold more phospholipids than HDL
from controls.

Esterification of cell-derived and plasma-derived
lipoprotein cholesterol

The plasma esterification of cell-derived cholesterol
was quantitated by measuring the amount of [*H]CE
formed when plasma from HuLCATTg and control
mice was incubated with [*H]cholesterol-labeled hu-
man fibroblasts. On the average, 42.3 * 4.48 ng/ml of
plasma CE was synthesized at the end of a 1 h incuba-
tion. As shown in Fig. 4, compared to control mouse
plasma, the esterification of cell-derived cholesterol was
markedly increased in mice expressing the human
LCAT transgene. To assess the relative contributions of
cell- and lipoprotein-derived cholesterol to the LCAT
reaction, plasma samples from Hul.CATTg and control
mice were incubated at 37°C in the presence or absence
of labeled fibroblasts. The percent of total free choles-
terol mass esterified in plasma, and the percent of la-
beled cell-derived cholesterol esterified were deter-
mined. As shown in Table 3, the comparison of these
rates and their ratio indicates that mice expressing hu-
man LCAT have a 2-fold increase in the contribution

so-l >

50
40 4
30
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cholesterol esterified (ng.mi ™)

10 -
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5 15 30 45 60

Time (min)

Fig. 4. Rate of appearance of [*H]cholesteryl ester radioactivity
from labeled human fibroblasts incubated with unlabeled control or
HuLCATTg mouse plasma. LCAT-mediated cholesterol esterification
was determined as described under Materials and Methods. Aliquots
were taken at various time intervals. Lipids were extracted and the
[*H]cholesteryl esters were separated by thin-layer chromatography.
Controls, closed circles; HuLCATTg, closed triangles. Data are pre-
sented as mean * SD (n = 4-6) for each time point.
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TABLE 3. Esterification of cell-derived and lipoprotein-derived
cholesterol by LCAT in control and HuL.CATTg mice

Lipoprotein-Derived Cell-Derived
Cholesterol Cholesterol
Esterified/ Hour Esterified / Hour
Mice (a) (b) h/a
% %7
Control 128 * 1.5 4.0 = 0.6 0.3
HuLCATTg 83 + 1.1¢ 6.1 + 1.0° 0.7

Esterification of lipoprotein-derived cholesterol by LCAT was de-
termined as the rate of decrease of plasma free cholesterol mass as
a function of time; percent esterification is expressed relative to the
initial amount of free cholesterol in plasma. The percent of cell-de-
rived cholesterol esterified by LCAT as a function of time is expressed
as the ratio of *H-labeled esterified and free cholesterol. Cell choles-
terol efflux and esterification were determined as described under
Materials and Methods. Values shown are mean * SD on 3-6 mice.

“P < 0.05.

of cell-derived cholesterol to the LCAT reaction, sug-
gesting a preferential utilization of cellular cholesterol
by LCAT in HuLCATTg mice.

HDL-CE turnover studies

To evaluate in vivo the effect of LCAT on the
clearance of HDL cholesterol, HDL was labeled
with [*H]cholesteryl oleoyl ether and injected into
Hul.CATTg and control mice. Several studies con-
ducted in rats and transgenic mice have demonstrated
that HDL labeled with cholesteryl ether has identical
metabolic and biological activity as native HDIL. (28-
30).

Fraction of initial dose

-

Time (hours)

Fig. 5. Radiolabel HDL decay curve in control and transgenic mouse
plasma. Control (n = 10) and HuLCATTg (n = 8) mice were injected
intravenously with {*H]cholesteryl ether-labeled HDL. Blood (50 ul)
was withdrawn from the retroorbital plexus for determination of ra-
dioactivity. Gontrol, closed circles; HuLCATTg, closed triangles. Val-
ues are mean * SD.
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TABLE 4. In vivo HDL-CE metabolism in HuL.CATTg and control mice fed a chow diet

HDL-CE Pool HDL-CE
Mice n ApoA-l Size FCR HDL-CE TR*
mg/dl ug pool/h Hg/h
Controls 10 2128 £ 239 629.5 £ 29.2 0.24 * 0.02 152.4 + 169
HuLCATTg 8 171.7 = 384 8109 * 36.4° 0.25 + 0.02 203.1 = 30.9°

Mouse HDL was labeled with [*H]cholesteryl oleoyl ether as described under Materials and Methods and
injected in the tail vein of fasted HuLCATTg and control mice. Fifty pl of blood was withdrawn from the
retroorbital plexus at various time intervals and radioassayed for *H. HDL-CE TR is calculated using the equa-
tion TR = FCR X M, where M is the HDL-CE plasma pool size. Statistically significant differences were calcu-

lated by Student #test.
*P < 0.005.

The disappearance of radioactivity from plasma was
followed for 24 h. The plasma clearance rate for labeled
HDL (Fig. 5) was virtually identical in control and
HuLCATTg mice. The FCR was also the same between
controls and HuLCATTg mice. In close agreement with
previous studies (31), the FCR values in the present
study were 0.24 * 0.02 and 0.25 £ 0.02 pools/h for
controls and HuLLCATTg mice, respectively. The HDL-
CE TR, calculated as the product of plasma FCR and
HDL-CE plasma pool size, was 30% higher in mice ex-
pressing the human LCAT transgene compared to con-
trol mice (P < 0.005), indicating that the increase in
HDL-CE observed in HuLCATTg mice is due to an in-
crease in the production of HDL-CE without a major
disturbance in their catabolism. Plasma concentrations
of apoA-I were not affected by the expression of the hu-
man LCAT transgene (Table 4), suggesting that the
clearance of apoA-l is not impaired in HuLCATTg mice.

Liver uptake of HDL-CE

The uptake of HDL-CE by the liver of HuLCATTg
and control mice was determined by using cholesteryl
oleoyl ether-labeled HDL. As mice lack cholesteryl ester
transfer activity (32), exchange of labeled cholesteryl
ether with other lipoprotein fractions does not occur.
Thus, the radioactivity present in the liver reflects the
uptake of [*H]cholesteryl ethers from HDL itself, not
from other lipoprotein fractions labeled secondarily. In
this study, liver HDL-CE uptake was determined 24 h
after the injection of labeled HDL, when >95% of the
injected tracer was cleared from the plasma. After 24 h,
the liver contained 38.5 = 4.6% (n = 10) of the injected
radioactivity as expressed per gram of tissue. The frac-
tion of the plasma pool of the traced HDL taken up
by the liver (liver FCR) shows no difference between
controls and HuLCATTg mice (94.0 = 4.0 and 89.0 =
5.0 pool cleared 10*/h/g, P = 0.49). The absolute
amount (flux) of HDL-CE going to the liver, calculated
by multiplying liver FCR by the plasma HDL-CE pool

size (Table 5), is markedly increased (35%, P << 0.0001)
in mice expressing the human LCAT transgene. Taken
together, these results indicate that the clearance rate
of HDL by the liver is not altered in HuLLCATTg mice.
However, as a result of increased plasma LCAT levels,
the lipid composition and, in particular, the CE content
of HuLCATTg mouse HDL is increased, leading to in-
creased HDL-CE pool and the flux of CE to the liver.
Expressed as mg of CE per day, normalized to a con-
stant body weight of 1 kg, nontransgenic control mice
HDL transports 69.6 mg of CE/kg per day to their
livers. HDL in mice expressing the human LCAT
transgene transported 93.5 mg of CE/kg per day (an
additional 23.9 mg of CE/kg per day).

DISCUSSION

In this report, we have used mice expressing the hu-
man LCAT transgene to demonstrate that LCAT deter-
mines, at least in part, the rate by which cholesterol is
effluxed from cell membranes onto HDL, esterified and
transported to the liver.

Cellular cholesterol efflux is the first step of choles-

TABLE 5. Liver HDL-CE uptake in HuLCATTg and control mice

Mice n Liver FCR" Mass Flux to Liver
ug CE/h/g liver

Controls 10 94.0 = 4.0 58.0 = 1.4

HuLCATTg 8 89.0 = 5.0 779 = 1.7

Labeled HDL were injected into control and transgenic mice as
described under Materials and Methods. Plasma decays were followed
for 24 h after which livers were perfused with PBS, removed, and as-
sayed for radioactivity after lipid extraction. Statistically significant dif-
ferences were calculated by Student #test.

“Liver FCR is expressed as fraction of plasma pool cleared per
hour per gram of liver X16%

*P < 0.0001.
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terol transport from peripheral tissues to the liver by
the lipoprotein system. Esterification of cholesterol by
LCAT is thought to play a major role in this process
by maintaining a cholesterol concentration gradient
between the plasma membrane and HDL. In this
study we used HuLCATTg mice to address whether
in vivo elevated levels of LCAT affect the capacity of
plasma to remove cholesterol from human fibroblasts.
HuLCATTg mouse HDL is 44% more efficient than
control mouse HDL in the efflux of cholesterol over the
time points taken (2-60 min). The mechanism by
which HuLCATTg HDL increases cholesterol efflux is
unclear. However, it is likely that the increased capacity
of HULCATTg mouse HDL to promote cholesterol ef-
flux is independent of the esterification of cell-derived
cholesterol by LCAT. Further support for this hypothe-
sis comes from the observation that cholesterol efflux
is increased as early as 2 min in LCAT transgenic plasma
even though no newly synthesized CE can be detected
at this time (1, 21). Most probably the increased capac-
ity of HuLCATTg mouse HDL to promote cholesterol
efflux is a consequence of LCAT-mediated changes
in its lipid composition. Elevated levels of LCAT in-
crease the HDL-CE, leaving size and number of HDL
particles unaftected. Interestingly, relative to apoA-l,
Hul.CATTg mouse HDL has 1.8-fold more phospho-
lipid than control mouse HDL. Studies conducted by
Burns and Rothblat (33) have shown that cholesterol
efflux from L5178Y cells is influenced by both the type
and concentration of phospholipids. More recently,
studies in which recombinant HDL particles were incu-
bated with either Ob1771 cells (34) or human skin fi-
broblasts (35) suggested that the phospholipid to apoA-
I ratio may determine the rate by which cholesterol is
effluxed from cell membranes to acceptor particles.
Our findings are consistent with this hypothesis and
strongly suggest that expression of the human LCAT
gene causes changes in the lipid composition of HDL
leading to an increase in cholesterol efflux.

The metabolism of HDL-CE was studied by using
cholesteryl ether-labeled HDL. The rate of plasma and
liver clearance of HDL-CE was virtually the same in
HuLCATTg and control mice, whereas the plasma
HDI-CE TR and flux of cholesterol] to the liver were
significantly higher in mice expressing the human
LCAT transgene. Taken together, these results indicate
that the increase in the plasma levels of HDL-CE in
HuLCATTg mice is due to an increase in the produc-
tion rate with no effect on HDL catabolism. It is the
increased esterification of cholesterol by LLCAT that
leads to an accumulation of CE in the core of the HDL,
inducing a greater mass flux [Mass flux = tiver FCR X
HDL-CE plasma pool size] of CE to the liver.
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It is postutated that HDL-CE can be wransported to
the liver by three different mechanisms: HDL particle
uptake (and thus HDL components) (36, 37), non-en-
docytotic uptake of the CE moiety without uptake of
the particle (selective CE uptake) (2), or by liver LDL
receptors after the CETP-mediated transfer of CE to
apoB-containing lipoprotein particles (38). As mice do
not have detectable plasma CETP activity, the third
pathway cannot be addressed in this study. The exact
mechanism and contribution of each of the first two
pathways for the removal of plasma HDL-CE by the liver
remains unclear. However, studies conducted in vivo
and in vitro suggest that these processes occur in several
species including mice and account for approximately
65% of the total HDL-CE and 40% of apoA-l cleared
from the plasma compartment (28, 29). The data from
the present study indicate that the flux of CE to the liver
s markedly increased in mice expressing human LCAT.
This study, however, does not distinguish whether the
increase in hepatic cholesterol flux is due to the uptake
of HDL particles or selective uptake of CE as both mech-
anisms predict a greater flux of CE when the CE content
of HDL is increased. Although the extent to which this
represents cell-derived net RCT is not known because
the in vivo contribution of lipoprotein-derived (VLDL
and LDL) free cholesterol to the LCAT reaction has not
been determined, several lines of evidence support the
hypothesis that increased levels of LCAT lead to a
greater rate of cell-derived cholesterol transport to the
liver. Mice expressing human LCAT have an increase
in the relative amount of cell-derived cholesterol sup-
plied to the LCAT reaction. In addition, as fasted con-
trol and HuLLCATTg mice have very low plasma levels
of VLDL and LDL, it is likely that the majority of the
lipoprotein cholesterol supplied to the LCAT reaction
in vivo is provided by HDL and not LDL as suggested for
human plasma (39, 40). Also, in this study, cell-derived
cholesterol efflux and esterification were significantly
increased in mice with increased plasma levels of LCAT.
Finally, several studies have provided direct in vivo evi-
dence that peripheral esterified cholesterol derived
from the LCAT reaction is incorporated into HDL. and
transported to the liver (41-43).

In summary, the results from this study are consistent
with the proposed role of LCAT in RCT. However, the
exact role of the RCT pathway in the development of
atherosclerosis is not yet fully understood. Mice express-
ing the human LCAT transgene at low levels provide a
useful means for addressing this issue. B
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