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Abstract

 

Lecithin cholesterol acyltransferase (LCAT) is an enzyme

involved in the intravascular metabolism of high density

lipoproteins (HDLs). Overexpression of human LCAT

(hLCAT) in transgenic rabbits leads to gene dose-dependent

increases of total and HDL cholesterol concentrations. To

elucidate the mechanisms responsible for this effect, 

 

131

 

I-HDL

apoA-I kinetics were assessed in age- and sex-matched

groups of rabbits (

 

n

 

 5

 

 3 each) with high, low, or no hLCAT

expression. Mean total and HDL cholesterol concentrations

(mg/dl), respectively, were 162

 

6

 

18 and 121

 

6

 

12 for high ex-

pressors (HE), 55

 

6

 

6 and 55

 

6

 

10 for low expressors (LE),

and 29

 

6

 

2 and 28

 

6

 

4 for controls. Fast protein liquid chro-

matography analysis of plasma revealed that the HDL of

both HE and LE were cholesteryl ester and phospholipid

enriched, as compared with controls, with the greatest dif-

ferences noted between HE and controls. These composi-

tional changes resulted in an incremental shift in apparent

HDL particle size which correlated directly with the level of

hLCAT expression, such that HE had the largest HDL par-

ticles and controls the smallest. In vivo kinetic experiments

demonstrated that the fractional catabolic rate (FCR, 

 

d

 

2

 

1

 

)

of apoA-I was slowest in HE (0.328

 

6

 

0.03) followed by LE

(0.408

 

6

 

0.01) and, lastly, by controls (0.528

 

6

 

0.04). ApoA-I

FCR was inversely associated with HDL cholesterol level (

 

r

 

 

 

5
2

 

0.851, 

 

P

 

 

 

, 

 

0.01) and hLCAT activity (

 

r

 

 

 

5

 

 

 

2

 

0.816, 

 

P

 

 

 

,

 

0.01). These data indicate that fractional catabolic rate is

the predominant mechanism by which hLCAT overexpres-

sion differentially modulates HDL concentrations in this

animal model. We hypothesize that LCAT-induced changes

in HDL composition and size ultimately reduce apoA-I ca-

tabolism by altering apoA-I conformation and/or HDL par-

ticle regeneration. (
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Introduction

 

Glomset was the first to propose lecithin cholesterol acyltrans-
ferase (LCAT)

 

1

 

 as a pivotal enzyme involved in the intravascu-
lar metabolism of high density lipoproteins (HDLs) (1). LCAT
is synthesized primarily by hepatocytes and catalyzes the reac-
tion whereby a fatty acid is transferred from the 

 

sn

 

-2 position
of phosphatidylcholine to the 3-hydroxyl group of cholesterol,
yielding cholesteryl esters and lysolecithin (1, 2). In plasma,
LCAT preferentially associates with HDL (

 

a

 

-LCAT) but may
also act on low density lipoproteins (

 

b

 

-LCAT) (3). The esteri-
fication of free cholesterol by LCAT is essential for the HDL
particle maturation process by providing cholesteryl esters for
the hydrophobic core, thus, converting discoidal particles into
spherical HDL (4, 5). Cholesteryl esters generated by LCAT
may be transported directly to the liver or, alternatively, may
be transferred to apolipoprotein (apo) B-containing particles
by the action of cholesteryl ester transfer protein (CETP) (6)
and, ultimately, removed by hepatic receptor-mediated path-
ways (7–9). Hence, LCAT has been suggested to play an im-
portant role in reverse cholesterol transport by creating a con-
centration gradient for the efflux of free cholesterol from
peripheral cells to HDL particles (10).

Apolipoprotein A-I, the principal protein component of
HDL, is the most potent physiological activator of LCAT (11,
12). The strong inverse association which has consistently been
demonstrated between plasma apoA-I concentrations and the
risk of coronary heart disease (CHD) has generated much in-
terest in elucidating the precise mechanisms which modulate
such concentrations in vivo. In general, plasma apoA-I con-
centrations are subject to regulation at the levels of a) synthe-
sis, b) catabolism, and c) lipoprotein particle remodeling. Ki-
netic studies in both human (13–17) and nonhuman (18, 19)
primates have established that plasma apoA-I concentrations
are primarily determined by the rate of apoA-I catabolism,
rather than by production. However, the processes responsible
for defining the life span of apoA-I-containing particles are not
completely understood.

Data from our laboratory (20) and others (14, 16, 18, 19,
21–23) suggest that HDL particle size may affect the metabo-
lism of apoA-I, with smaller particles having a shorter mean
life span than larger ones. LCAT has been shown to be a sig-
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 CE, cholesteryl ester; CER, cho-
lesterol esterification rate; CETP, cholesterol ester transfer protein;
CHD, coronary heart disease; CLD, classic LCAT deficiency; FC,
free cholesterol; FCR, fractional catabolic rate; FED, fish eye disease;
FPLC, fast protein liquid chromatography; HE, high expressors; HL,
hepatic lipase; IDL, intermediate density lipoprotein; LCAT, lecithin
cholesterol acyltransferase; LE, low expressors; PL, phospholipid;
PR, production rate; TC, total cholesterol; TG, triglyceride.
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nificant determinant of HDL particle size, as evidenced by in-
dividuals with mutations in the LCAT gene. Patients with ei-
ther total or partial deficiency of plasma LCAT activity
present with two clinically distinct syndromes: classic LCAT
deficiency (CLD) and fish eye disease (FED), respectively
(24). Characterization of the lipoprotein particles isolated
from the plasma of patients with LCAT deficiency reveals the
presence of abnormal, small spherical, as well as aggregated
discoidal, HDL particles, establishing the importance of
LCAT for the proper synthesis and maturation of HDL (25,
26). These defective particles are rapidly catabolized (27, 28),
resulting in marked hypoalphalipoproteinemia (HDL 

 

, 

 

15
mg/dl) (24).

Recently, we have described the generation of transgenic
mice (29) and rabbits (30) which express human LCAT to
varying degrees. Control New Zealand White rabbits have low
total cholesterol levels (31), high cholesteryl ester transfer pro-
tein activity (32), low hepatic lipase (HL) activity (33), and
lack an analogue of human apoA-II (31, 34), providing a
unique model in which to assess the interaction between en-
zymes affecting HDL metabolism. The overexpression of hu-
man LCAT in these animals leads to alterations in the concen-
tration, composition, and size of HDL. To elucidate the
mechanisms responsible for these changes, we selected age-
and sex-matched rabbits which expressed high, low, or no level
of human LCAT. Our data indicate that human LCAT over-
expression differentially modulates HDL concentrations in
this animal model by altering apoA-I catabolism in a gene
dose-dependent manner, such that high expressors have the
largest HDL particles with the longest plasma half-life. 

 

Methods

 

Animals.

 

The production of the human LCAT transgenic rabbits
used in these experiments has been described elsewhere (30). Briefly,
fertilized eggs from New Zealand White rabbits were microinjected
with a 6.2-kb genomic fragment consisting of the entire LCAT gene,
including 0.85 and 1.134 kb of the 5

 

9

 

 and 3

 

9

 

-flanking regions, respec-
tively. Integration of the human LCAT gene in newborn rabbits was
determined by Southern blot analysis. Three experimental groups,
comprised of three animals each, were defined on the basis of total
and HDL cholesterol concentrations, as well as by LCAT activity,
and were, thus, designated as high expressors (HE), low expressors
(LE), and controls. It has previously been demonstrated that the
number of integrated copies of the LCAT transgene correlates highly
with plasma human LCAT concentrations, as well as with total and
HDL cholesterol levels in transgenic animals (29). Both the high and
low expressors were generated from a single founder which inte-
grated the human LCAT gene into more than one site. All of the rab-
bits used in these studies were age-matched males of equivalent body
weight, with values (kilograms) of 3.44

 

6

 

0.02, 3.28

 

6

 

0.24, and 3.03

 

6

 

0.08 for HE, LE, and controls, respectively. Animals were maintained
on a standard rabbit chow diet (NIH-09) and had free access to water
for the duration of the studies. The research protocol was approved
by the Animal Care and Use Committee of the National Heart, Lung,
and Blood Institute.

 

Plasma lipids and apolipoprotein A-I.

 

To facilitate blood sam-
pling for the metabolic studies, a central venous catheter was placed
via the right external jugular vein. Samples were collected from the
central vein catheter at each designated time point and were added to
tubes containing tripotassium EDTA. Plasma was isolated by centri-
fugation at 2500 rpm for 30 minutes at 4

 

8

 

C. Total cholesterol (TC)
and triglycerides (TG) (Sigma, St. Louis, MO) and free cholesterol
(FC) and phospholipids (PL) (Wako Chemicals USA, Inc., Rich-
mond, VA) in both whole plasma and FPLC fractions were measured

with a Hitachi 911 Autoanalyzer (Hitachi USA, Indianapolis, IN) us-
ing enzymic reagents. Plasma HDL cholesterol was determined after
dextran sulfate-Mg

 

2

 

1

 

 precipitation of very low density and low den-
sity lipoproteins (35). Cholesteryl ester (CE) values were calculated
by subtracting free cholesterol from total cholesterol concentrations.
Plasma apoA-I concentrations were determined by a competitive
ELISA assay, utilizing a monoclonal antiserum directed against puri-
fied rabbit apoA-I.

 

Human LCAT mass and activity.

 

Human LCAT mass was quan-
tified by radioimmunoassay. This previously reported method (36)
uses a polyclonal antibody generated against human LCAT and ra-
diolabeled, purified human LCAT standards. 

 

a

 

-LCAT activity was
determined, in duplicate, as previously described (37). Cholesterol es-
terification rate (CER) was assessed in duplicate plasma samples by
determining the rate of esterification of [

 

14

 

C]cholesterol, as has been
described elsewhere in detail (38).

 

Gel filtration chromatography.

 

200 

 

m

 

l of rabbit plasma were ap-
plied to a fast protein liquid chromatography (FPLC) system consist-
ing of two Superose 6 columns connected in series (Pharmacia Bio-
tech, Inc., Piscataway, NJ). Lipoproteins were eluted at 0.3 ml/min
with phosphate-buffered saline, containing 1 mM EDTA and 0.02%
(wt/wt) sodium azide (39). After the initial 10 ml were eluted, the
next 30 ml were collected in 0.5-ml fractions. The distribution of

 

131

 

I-apoA-I among the lipoproteins was assessed by quantitating the
radioactivity in each FPLC fraction on a Packard Cobra gamma
counter (Packard Instrument Co., Downers Grove, IL). Total, free,
and esterified cholesterol concentrations, as well as phospholipids,
were determined for each fraction.

 

In vivo metabolic studies.

 

Rabbit apoA-I was purified (40) and
then radiolabeled with 

 

131

 

I (Dupont/NEN, Boston, MA), using a
modification of the iodine monochloride method previously de-
scribed (41, 42). 

 

131

 

I-apoA-I was reassociated with autologous rabbit
plasma for 30 min at 39

 

8

 

C. Unbound iodine was removed by exten-
sive dialysis against 0.1% (vol/vol) PBS, 0.01% (wt/vol) EDTA. Four
milliliters of the dialyzed, autologous plasma from each rabbit were
then subjected to density gradient ultracentrifugation for 22 h at
39,000 rpm, 10

 

8

 

C, according to the method of Terpstra and Pels (43),
for the isolation of 

 

131

 

I-HDL–apoA-I. Each isolated radiolabeled
HDL fraction was further dialyzed against PBS/EDTA to remove ex-
cess potassium bromide. Each preparation was filter-sterilized (0.22

 

m

 

m Millex-GV filters, Millipore, Bedford, MA) before injection.
While there is evidence in the literature which suggests that ex-

change-labeled HDL is cleared more rapidly from the plasma than is
whole-labeled HDL (22, 44), the present study employed similar
methodology as that described by Schaefer et al. (13) where ex-
change-labeled HDL, which were generated in vivo by incubating ra-
diolabeled apoA-I with autologous plasma, were not cleared at a
faster rate than were whole-labeled HDL. These data are corrobo-
rated by the results of Vega et al. (45) which provide further evidence
that isolated radioiodinated apoA-I has similar kinetic behavior to
apoA-I radiolabeled as part of intact HDL. Additionally, Ikewaki et
al. (46) have shown that endogenous labeling of apoA-I with a stable
isotope (

 

13

 

C

 

6

 

-phenylalanine) generated kinetic parameters which
were highly comparable with those obtained by exchange-labeling.

25 

 

m

 

Ci of radiolabeled, autologous HDL preparation were in-
fused into the marginal ear vein of each rabbit. Blood samples were
collected at 5 min and at 1, 3, 6, 9, 12, 24, 48, 72, 96, 120, 144, and
168 h after injection. Plasma was isolated by centrifugation at 2500
rpm, 4

 

8

 

C for 30 min. 500 

 

m

 

l of each sample were analyzed for radioac-
tivity on a Packard Cobra gamma counter. Residence time (RT) was
determined from the area under the plasma radioactivity decay curve,
using a multiexponential computer curve-fitting program (SAAM31)
(47). Fractional catabolic rate (FCR) was calculated as the reciprocal
of the RT. ApoA-I pool size was derived from the formula: [plasma
volume (dl) 

 

3 

 

plasma apoA-I concentration (mg/dl)]/body weight
(kg). Plasma volume was estimated as 3.28% of body weight (48).
Production rate (PR) was calculated as the product of FCR and pool
size. 
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Statistical analysis.

 

Data were assessed for significance with Stu-
dent’s nonpaired, two-tailed 

 

t 

 

test, and correlation coefficients were
determined by the method of Pearson. Multiple regression analysis
was performed using SPSS for Windows (release 5.0; SPSS Inc., Chi-
cago, IL). In all cases, statistical significance was set at 

 

P

 

 

 

, 

 

0.05. Data
presented in the text, tables, and figures represent mean

 

6

 

SEM. 

 

Results

 

Human LCAT mass and activity.

 

The data for hLCAT mass and
activity for HE, LE, and control rabbits are provided in Table
I. As expected, plasma hLCAT concentrations were markedly
elevated in HE as compared with both LE and controls. The
difference between LE and controls was also significant. For
all three control rabbits, less than 0.2 

 

m

 

g/ml of LCAT were de-
tected, indicating that our immunoassay was specific for the
human enzyme. The correlation between plasma hLCAT mass
and 

 

a

 

-LCAT activity was positive and highly significant (

 

r

 

 5

 

0.955, 

 

P 

 

, 

 

0.01). Accordingly, similar differences were noted
between the groups when the values for 

 

a

 

-LCAT activity were
compared. HE had four times the level of 

 

a

 

-LCAT activity
than did LE, with LE having 

 

z 

 

6.5 times the activity of con-
trols. These ratios were almost identical to those of the hLCAT
mass data. 

Interestingly, the CER was lower in the LCAT transgenic
rabbits relative to the LCAT activity and was not significantly
different between HE and LE. Potential explanations for this
finding include: (

 

a

 

) differences in substrate specificities be-
tween the two assays, (

 

b

 

) coactivators or inhibitors in rabbit
plasma which may modify the esterification rate in vivo, and
(

 

c

 

) reduced activation of human LCAT by rabbit, versus hu-

 

Table I. LCAT Concentration and Activity in the Plasma of 
Control and hLCAT Transgenic Rabbits

 

Level of expression hLCAT mass

 

a

 

-LCAT activity CER

 

m

 

g/ml nmol/ml per h nmol/ml per h

 

High 28

 

6

 

3*

 

‡

 

2463

 

6

 

61

 

i

 

111

 

6

 

11

 

¶

 

Low 7

 

6

 

2*

 

§

 

643

 

6

 

32

 

i

 

101

 

6

 

7**

Control

 

‡‡

 

,

 

 0.2

 

‡§

 

103

 

6

 

6

 

i

 

43

 

6

 

10

 

¶

 

**

Values are mean

 

6

 

SEM. Mean values with a common superscript are

significantly different from one another. LCAT, lecithin cholesterol

acyltransferase; CER, cholesterol esterification rate. *

 

P

 

 

 

,

 

 0.025; 

 

‡

 

P

 

 

 

,

 

0.001; 

 

§

 

P

 

 

 

,

 

 0.05; 

 

i

 

P

 

 

 

,

 

 0.000; 

 

¶

 

P

 

 

 

,

 

 0.01; **

 

P

 

 

 

,

 

 0.01. 

 

‡‡

 

The immunoassay

detected 

 

,

 

 0.2 

 

m

 

g/ml of human LCAT in all 3 nontransgenic rabbits.

 

Table II. Plasma Lipids of Control and hLCAT
Transgenic Rabbits

 

Level of 
expression TC FC CE HDL-C PL TG

 

High 162

 

6

 

18*

 

‡

 

35

 

6

 

7

 

i

 

§

 

128

 

6

 

12

 

‡¶

 

121

 

6

 

12

 

§‡

 

156

 

6

 

27

 

i

 

46

 

6

 

7

Low 5566*§ 1463i 4163‡* 55610§i 100615 4567

Control 2962‡§ 961§ 2062¶* 2864‡i 7461i 5269

Values are mean6SEM (mg/dl). Mean values with a common super-

script are significantly different from one another. *P , 0.005; ‡P ,

0.002; §P , 0.025; iP , 0.05; ¶P , 0.001.

Figure 1. Compositional analysis of gel filtration chromatography 
fractions. A, B, and C illustrate the concentrations of total choles-
terol, free cholesterol, cholesteryl ester, and phospholipid in the 
FPLC fractions of representative HE, LE, and control rabbits, re-
spectively. The HDL particles of both HE and LE had a relative en-
richment of total cholesterol, cholesteryl ester, and phospholipid, as 
compared with controls, with HE having the most significant in-
creases.

man, apoA-I. However, in spite of this observation, the mean
CER of both HE and LE was significantly increased as com-
pared with controls, and CER was significantly correlated with
apoA-I FCR. 

Plasma lipids and lipoprotein composition. Table II sum-
marizes the mean plasma lipid data of control and hLCAT
transgenic rabbits. HE exhibited significant increases in
plasma total (295%), esterified (312%), and HDL (220%)
cholesterol concentrations relative to LE. As expected, the dif-
ferences in these parameters between HE and controls were
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even more dramatic, with levels which were 559, 640, and
432% greater in HE, respectively, as compared with those of
age- and sex-matched controls. Although only the HE had a
notable difference between total and HDL cholesterol levels,
SDS-PAGE analysis of the lipoprotein fractions isolated by
gel filtration chromatography, followed by immunoblotting,
has shown that this was not due to increased LDL apoB (data
not shown). Rather, this difference was likely due to the fact
that HE have an apoE-rich HDL1 which was precipitated by
the HDL method used in this study. 

Plasma FC content was significantly greater in HE relative
to both LE and controls. Plasma total, esterified, and HDL
cholesterol concentrations were all significantly elevated in LE
relative to controls. However, despite a more than 1.5-fold in-
crease in LE, the difference in FC between LE and controls
was not significant. A similar trend was noted in plasma phos-
pholipids, with HE having the highest levels, followed by LE
and controls. Plasma triglyceride concentrations were not sig-
nificantly different when the three groups were compared.

In Fig. 1 FPLC lipoprotein profiles from representative HE
(A), LE (B), and control (C) rabbits are given. FPLC analysis
revealed that HDL was the predominant lipoprotein class in
each group, independent of the degree of LCAT expression.
However, distinct alterations in particle concentrations and
composition were observed among the groups. In agreement
with the plasma lipid determinations, the FPLC profile of HE
was characterized by the presence of a large, CE- and PL-
enriched HDL, analogous to HDL1, the levels of which were
markedly elevated relative to LE and controls. Compared with
controls, an accumulation of CE and PL was also noted in the
HDL of LE, but to a far lesser extent than that observed in
HE. Moreover, the elution profile of LE indicated that the ap-
parent HDL particle size of these animals was intermediate to
those of HE and controls. 

Isotopic distribution of apoA-I. The distribution of radio-
labeled apoA-I in the 24 h postinjection plasma samples of
HE, LE, and controls was assessed by FPLC gel filtration

chromatography, as depicted in Fig. 2. In accord with the
FPLC lipoprotein profiles, these data revealed an incremental
shift in apparent HDL particle size which correlated directly
with the level of LCAT expression, such that HE had the larg-
est HDL particles and controls the smallest. As expected, ra-
diolabeled apoA-I was only associated with HDL in vivo.

Metabolic parameters of HDL apoA-I. The kinetic param-
eters of HDL apoA-I are shown in Table III. The mean
plasma apoA-I pool size was significantly increased in HE as
compared with both LE and controls, with the difference be-
tween the latter two groups also achieving statistical signifi-
cance. As illustrated in Fig. 3, these differences in circulating
apoA-I levels were directly attributable to distinctive rates of
HDL apoA-I catabolism between the three groups, such that
the decline in plasma radioactivity over time of 131I-HDL
apoA-I was slowest in HE, followed by LE, and, lastly, by con-
trols. This translated into a mean apoA-I FCR for HE which
was 20% lower than that for LE and 38% lower than that for
controls. The 23% reduction in apoA-I FCR for LE relative to
controls was also significant. The preceding corresponded with

Figure 2. Distribution of radiolabeled apoA-I in the 24-h postinjec-
tion plasma samples of representative HE, LE, and control rabbits, as 
assessed by gel filtration chromatography. Note the incremental shift 
in apparent HDL particle size which correlates directly with the level 
of LCAT expression.

Table III. Metabolic Parameters of HDL apoA-I in Control 
and hLCAT Transgenic Rabbits

Level of expression ApoA-I Pool Size ApoA-I PR ApoA-I FCR

mg/kg mg˙kg˙d
21 pools/d

High 113612*‡ 10.861.4 0.32860.028‡

Low 6763*§ 8.460.8 0.40860.014i

Control 4662‡§ 8.160.6 0.52860.036‡i

Values are mean6SEM. Mean values with a common superscript are

significantly different from one another. *P , 0.02; ‡§P , 0.01; iP ,

0.04.

Figure 3. In vivo metabolism of apoA-I. Purified rabbit apoA-I was 
radiolabeled, and HDL isolated, as described in Methods. The radio-
activity decay curves for HE (s), LE (e), and controls (u), n 5 3 per 
group (mean6SEM), are illustrated using a two-log scale as the ordi-
nate. The plasma clearance of apoA-I was slowest in HE, followed by 
LE and, lastly, by controls, suggesting a gene dose-dependent reduc-
tion in apoA-I FCR.
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apoA-I residence times of 3.1 d for HE, 2.5 d for LE, and 1.9 d
for controls. Although the apoA-I PR was slightly elevated in
HE, no significant differences were noted between the groups. 

Further evidence that fractional catabolic rate was the pre-
dominant mechanism by which hLCAT overexpression differ-
entially modulated HDL apoA-I concentrations in these ani-
mals is provided in Fig. 4. Plasma obtained 1, 24, and 48 h after
injection of radioiodinated HDL apoA-I were analyzed by
FPLC gel filtration chromatography. When the data in panels
A, B, and C are compared, it is clear that the decline in HDL-
associated radioactivity over time is slowest in HE (A) and
fastest in controls (C), with LE having an intermediate rate of
decay (B). Moreover, all of the radioactivity remains associ-
ated with HDL and is not redistributed.

Relationships between apoA-I metabolic parameters and

hLCAT mass and activity. The results of linear regression
analyses are shown in Table IV. Plasma HDL-C concentra-
tions were positively associated with apoA-I PR and hLCAT
mass, a-LCAT activity, and CER in these animals, whereas a
strong negative correlation was noted between HDL-C and
apoA-I FCR. LCAT activity and CER were also negatively as-
sociated with apoA-I clearance rate. Although a strong trend
was noted, the relationship between apoA-I FCR and hLCAT
mass did not reach statistical significance, most likely due to
the small sample size (n 5 6). With the exception of HDL-C,
LCAT activity was the sole parameter with which apoA-I PR
was significantly correlated, although trends were noted with
hLCAT mass and CER. 

Multiple stepwise regression analysis was also performed in
order to further define those variables which were most closely
linked to the changes in HDL-C levels and apoA-I FCR. Using
HDL-C as the dependent variable and apoA-I FCR, apoA-I
PR, CER, and LCAT activity as the independent variables,
forward analysis yielded an r2 of 0.915 for LCAT activity, with
this being the only variable required in the model to explain
the variability in HDL-C concentrations. With respect to
apoA-I FCR, both forward and backward analyses revealed
that LCAT activity was the primary determinant of apoA-I
FCR, when CER, LCAT activity, and LCAT mass were en-
tered into the model. We realize that these analyses are limited
by the fact that we do not have CETP and HL data for these
animals. However, data from littermates of these rabbits dem-
onstrate that CETP and HL activities are not significantly dif-
ferent between LCAT transgenics and controls (data not
shown), suggesting that these two variables are not likely to be
as significant in the determination of HDL-C levels in these
rabbits as was LCAT activity.

Discussion

Plasma HDL cholesterol concentrations are regulated by a
complex series of metabolic processes involving synthesis, ca-
tabolism, and lipoprotein particle remodeling. Several studies
(13–19) have demonstrated that variation in HDL fractional
catabolic rate is the primary predictor of HDL cholesterol lev-
els, with HDL particle size correlating inversely with the rate
of clearance (14, 16, 18–23). Critical to the proper functioning
of the HDL metabolic cascade are a number of different en-
zymes, including hepatic and lipoprotein lipases, CETP, and
LCAT. LCAT is the key enzyme involved in the esterification
of intravascular free cholesterol. The esterification of free cho-
lesterol by LCAT is essential for HDL particle maturation,
converting discoidal particles into spherical HDL only when

Figure 4. FPLC elution profiles of plasma obtained 1, 24, and 48 h af-
ter injection of radiolabeled HDL apoA-I. (A–C) demonstrate that 
the decline in HDL-associated radioactivity over time is slowest in 
HE and fastest in controls, with LE having an intermediate rate of decay.

Table IV. Correlation Coefficient Analysis

Parameter HDL-C ApoA-I FCR ApoA-I PR

HDL-C — 20.851‡ 0.694¶

hLCAT mass** 0.969§ 20.634 0.731

LCAT activity 0.956* 20.816§ 0.668¶

CER 0.769 i 20.823§ 0.524

*P , 0.001; ‡P , 0.005; §P , 0.01; iP , 0.03; ¶P , 0.05. **n 5 6.



ApoA-I Metabolism in LCAT Transgenic Rabbits 1849

sufficient cholesteryl esters are generated for the hydrophobic
core (4, 5). Thus, LCAT is a significant determinant of HDL
particle size. With these concepts in mind, the present studies
were designed to elucidate the mechanisms responsible for the
changes in HDL cholesterol concentrations observed in rab-
bits overexpressing human LCAT.

The obligatory role of LCAT in the regulation of HDL
cholesterol levels is clearly evidenced by individuals with
LCAT gene defects, who have marked hypoalphalipoproteine-
mia characterized by the presence of abnormal, small spherical
and aggregated, discoidal HDL particles. Detailed kinetic
studies of patients with CLD and FED reveal hypercatabolism
of both apoA-I and apoA-II, with LpA-I:A-II particles cleared
at an even faster rate than LpA-I particles (27). Since LpA-I
has been purported to be a specific antiatherogenic particle
within HDL, this may, in part, explain why LCAT deficiency is
not associated with an increased risk of premature atheroscle-
rosis, despite the very low plasma levels of HDL and apoA-I
(24). Although such patients have provided insights into the
involvement of LCAT in HDL metabolism, reverse choles-
terol transport, and atherogenesis, presently, the precise physi-
ologic roles of this enzyme remain elusive.

The studies reported here further establish the importance
of LCAT in the modulation of HDL cholesterol levels. We ob-
served that the overexpression of human LCAT in the trans-
genic rabbit model resulted in significant elevations of plasma
total and HDL cholesterol concentrations, the extent of which
correlated directly with LCAT gene expression. Hence, high
expressors had the greatest HDL cholesterol concentrations,
while low expressors had levels intermediate to those of high
expressors and controls. In order to investigate the metabolic
mechanism(s) responsible for this gene dose-dependent hyper-
alphalipoproteinemia, we assessed 131I-HDL apoA-I kinetics
in these animals using autologous HDL. These in vivo experi-
ments revealed that the fractional catabolic rate of apoA-I was
slowest in high expressors, followed by low expressors, and,
lastly, by controls, with no significant differences noted in
apoA-I production rates. Moreover, apoA-I FCR was in-
versely associated with HDL cholesterol level and LCAT
activity, indicating that fractional catabolic rate was the pre-
dominant mechanism by which LCAT overexpression differ-
entially modulated HDL concentrations in this animal model.
While these data are consistent with the concept that plasma
HDL concentrations are primarily determined by the rate of
apoA-I catabolism, rather than by production (13–19), they
provide new information regarding the role of LCAT in the
regulation of HDL metabolism by demonstrating that alter-
ations in catabolism may be related to gene dosage.

It has consistently been demonstrated that HDL particle
size can influence the metabolism of apoA-I (14, 16, 18–23). In
fact, one study has reported that as much as 70% of the vari-
ability in apoA-I FCR was due to variability in estimates of
HDL size or density (16). Accordingly, the differences in
apoA-I FCR observed in our study could be explained by
LCAT-induced compositional changes in HDL which, in turn,
resulted in alterations in HDL particle size. Fast protein liquid
chromatography analysis of plasma revealed that the HDL of
both high and low expressors were cholesteryl ester and phos-
pholipid enriched, relative to controls, resulting in an incre-
mental shift in apparent HDL particle size which correlated di-
rectly with the level of LCAT expression, such that high
expressors had the largest HDL particles and controls the

smallest. These changes in particle size were inversely associ-
ated with the rate of HDL catabolism, with the large HDL of
high expressors having the longest life span and the small
HDL of controls the shortest. 

We hypothesize that the relationship between increased
particle size and decreased apoA-I FCR is not one of cause
and effect, but rather that the alterations in catabolism may be
secondary to changes in apoA-I conformation. Both in vivo
and in vitro work support this concept. Horowitz et al. (22)
have clearly demonstrated that HDL composition and size can
affect the metabolic fate of apoA-I. Their data suggest that in-
creased renal clearance of apoA-I occurs when HDL are cho-
lesterol-depleted and relatively triglyceride enriched, as were
our control HDL, due to the dissociation of apoA-I from
HDL. The in vitro experiments of Liang et al. (49) have fur-
ther shown that the dissociation of apoA-I from HDL is a con-
centration-dependent phenomenon, such that increasing the
level of HDL decreases both the reduction in HDL particle
size and the dissociation of apoA-I. Additional support for our
hypothesis also comes from the fact that the affinity of apoli-
poproteins for lipoprotein particles has been shown to in-
versely correlate with their metabolic clearance (50, 51).

Several factors, in addition to LCAT, have been shown to
promote changes in HDL particle size. For example, CETP
and HL activities (52) have been reported to reduce the size of
HDL, whereas lipoprotein lipase activity (53) can increase it.
An alternative hypothesis to that of the role of apoA-I confor-
mation in catabolism involves HDL particle regeneration. As
previously noted, the rabbit has an inherently low level of HL
activity. This relative HL deficiency in concert with LCAT
overexpression may have created a metabolic schema in which
large, cholesteryl ester rich HDL particles were ineffective
substrates for HL, preventing a diminution in HDL size and,
ultimately, the regeneration of nascent HDL which are more
rapidly catabolized than are mature HDL. 

Previous studies have suggested that LCAT activity may
also be sensitive to the size of HDL particles, with small HDL
particles the preferred substrate of this enzyme (54). Normal
rabbit plasma is characterized by the presence of small HDL
which would presumably be excellent substrates for the LCAT
reaction. However, consistent with our results, a recent study
with reconstituted LpA-I (55) demonstrated that increasing
cholesterol content corresponded with increases in both HDL
particle size and LCAT activity. Based on their observations,
these investigators concluded that HDL particle size does not
modulate LCAT activity, but rather that changes in lipopro-
tein surface charge can mediate LCAT activity. Such changes
could also affect the binding of apoA-I to the lipoprotein parti-
cle surface, resulting in alterations of apoA-I metabolism such
as those observed in our study.

The final issue which must be considered concerns the im-
plications of our findings with respect to understanding the in-
volvement of LCAT in atherosclerosis susceptibility. In view
of the strong inverse relationship which is known to exist be-
tween HDL cholesterol levels and the risk of premature coro-
nary heart disease, it would not be unreasonable to propose
that the overexpression of LCAT could be of potential benefit.
However, as noted earlier in the discussion, LCAT deficiency
is not associated with an increased risk of premature CHD.
Whether or not high levels of LCAT would actually prove pro-
tective remains to be determined. Although one study has
shown that LCAT levels were significantly greater in women
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as compared with men (56), the role of this enzyme as a predic-
tor of atherosclerosis susceptibility is yet to be established.    

In summary, our data indicate that human LCAT overex-
pression differentially modulates HDL concentrations in this
animal model by reducing apoA-I catabolism in a gene dose-
dependent manner. The observed variation in apoA-I FCR
could be explained by LCAT-induced changes in HDL com-
position and size which, in turn, ultimately resulted in altered
HDL particle catabolism. These findings provide new insights
into the complex metabolic processes involved in the regula-
tion of HDL concentrations.
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