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Abstract

The plasma cholesteryl ester transfer protein (CETP) medi-
ates the exchange of HDL cholesteryl esters with triglycer-
ides of other lipoproteins. Subsequent lipolysis of the triglyc-
eride-enriched HDL by hepatic lipase leads to reductions
of HDL size and apoA-I content. To investigate a possible
modulation of the effects of CETPby apoA-II, human CETP
transgenic mice were cross-bred with transgenic mice ex-
pressing human apoA-II and, in some cases, human apoA-
I and apoC-III (with human-like HDLand hypertriglyceri-
demia). CETP expression resulted in reductions of HDL
and increases in VLDL cholesteryl ester in mice expressing
human apoA-II, alone or in combination with apoA-I and
apoC-III, indicating that apoA-II does not inhibit the
cholesteryl ester transfer activity of CETP. However, CETP
expression resulted in more prominent increases in HDL
triglyceride in mice expressing both apoA-II and CETP,
especially in CETP/apoA-II/apoAl-CIII transgenic mice.
CETPexpression caused dramatic reductions in HDL size
and apoA-I content in apoAl-CIII transgenic mice, but not
in apoA-II/AI-CHI transgenic mice. HDL prepared from
mice of various genotypes showed inhibition of emulsion-
based hepatic lipase activity in proportion to the apoA-II/
apoA-I ratio of HDL. The presence of human apoA-II also
inhibited mouse plasma hepatic lipase activity on HDL tri-
glyceride. Thus, apoA-II does not inhibit the lipid transfer
activity of CETP in vivo. However, coexpression of apoA-
II with CETPresults in HDLparticles that are more triglyc-
eride enriched and resistant to reductions in size and apoA-
I content, reflecting inhibition of hepatic lipase by apoA-II.
The inhibition of HDLremodeling by apoA-II could explain
the relatively constant levels of HDLcontaining both apoA-
I and apoA-ll in human populations. (J. Clin. Invest. 1994.
94:2457-2467.) Key words: transgenic mice * cholesteryl
ester transfer protein * apolipoprotein A-II * high density
lipoproteins * hepatic lipase

Introduction

In most populations plasma high density lipoprotein levels are
inversely correlated with the incidence of atherosclerotic cardio-
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vascular disease (1-3). The basis of this relationship remains
poorly understood. In part this reflects the heterogeneity of HDL
particles and the complexity of their metabolism. The two major
apolipoproteins of HDL, apoA-I and apoA-II, are synthesized
in the liver and apoA-I is also synthesized in the small intestine
(4). However, much of the metabolism of HDL occurs within
the intravascular compartment, where lipids and apolipoproteins
are transferred between HDLand other lipoproteins. The plasma
cholesteryl ester transfer protein (CETP)' mediates the hetero-
exchange of HDL cholesteryl ester and VLDL or chylomicron
triglyceride (5). The subsequent action of hepatic lipase on
triglyceride-enriched HDL is thought to produce a decrease in
HDLparticle size triggering catabolism of apoA-I (6). Human
genetic deficiency of CETPresults in marked increases in HDL
cholesteryl ester and apoA-I levels, and increases in HDL size,
indicating the importance of such remodeling processes in the
in vivo catabolism of HDL (7, 8).

The development of transgenic mice expressing human apo-
lipoproteins and CETPhas provided novel insights into lipopro-
tein structure and metabolism and atherogenesis (9). Human
apoA-I transgenic mice have increased HDL cholesterol and
apoA-I levels and humanlike speciation of HDL into discrete
HDL2 and HDL3 subclasses (10). ApoA-I overexpression pro-
tects mice from the development of diet-induced atherosclerosis
( 11). ApoC-III transgenic mice display marked hypertriglyceri-
demia and reductions in HDLcholesterol (12). Mice normally
lack significant plasma CETP activity. Expression of human
CETPin transgenic mice leads to decreases in HDLcholesterol
and apoA-I and decreased particle size (13, 14). At levels of
CETPpresent in humans, reductions of HDL size and apoA-I
levels are only appreciable in mice coexpressing human apoA-
I and/or human apoC-III transgenes, reflecting a favorable inter-
action of CETPwith HDL containing human apoA-I (15) and
an augmentation of lipid transfer and HDL remodeling by hy-
pertriglyceridemia (16). Mice expressing very high levels of
CETPdevelop early atherosclerotic lesions in the proximal aorta
(17), confirming circumstantial evidence that CETPcan have
proatherogenic properties (5, 7).

Recently, apoA-II transgenic mice were developed ( 18, 19).
Human apoA-II overexpression did not increase HDL choles-
terol, but apoA-II altered HDL particle size distribution when
coexpressed with human apoA-I. Interestingly, expression of
apoA-II with apoA-I also diminished the antiatherogenic effects
of apoA-I (19). Marked overexpression of mouse apoA-II in a
transgenesis model resulted in increases in HDLcholesterol and

1. Abbreviations used in this paper: CE, cholesteryl ester; CETP, CE
transfer protein; FC, free cholesterol; FPLC, fast protein liquid chroma-
tography; rCETP, recombinant human CETP; TC, total cholesterol; TG,
triglyceride; tg, transgenic.
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Table L Plasma CETPand Lipid Concentrations in Transgenic Mice and Nontransgenic Littermates

Apolipoprotein tg CETPtg Human Al Human AII CETP TC TG PL

n mg/dl mg/dl 1tg/ml mg/dl mg/dl mg/dl

Mixed background
None - 9 0 0 0 59±2 69±10 166

+ 7 0 0 2.3 38±5*t 74±7 155
All - 4 0 68 0 37±2t 92-7k 118

+ 12 0 71 2.3 33±3_ 97±8_ 136
Al-CIII - 9 164 0 0 75+2 555t28t 332

+ 8 78 0 2.2 56±4* 602±781 265
AI-CIII/AII - 8 75 64 0 54±2 601 ±69t 240

+ 8 83 63 2.4 49±2 819±67*1 260
C57BL6

None - 6 ND ND 0 61±4 47±11 ND
+ 3 ND ND 3.7 45+7*t 47± 12 ND

All - 7 ND ND 0 32±3t 72±3 ND
+ 5 ND ND 3.6 31±3k 74±5 ND

Al - 8 ND ND 0 90±6* 52±6 ND
+ 3 ND ND 3.1 65±4* 43±5 ND

Al/Al - 9 ND ND 0 76±4t 63±6 ND
+ 4 ND ND 4.0 50±3* 60+5 ND

Human apo-AI and AII were determined by ELISA and CETPwas determined by RIA. The lipid levels were assayed by using standard enzymatic
methods. ND, not determined. CETPTransgene -, means no CETP transgene is present; +, means the Mt-CETP transgene is present and has been
induced with dietary Zn. n, the number of mice in each group. * Significantly different from the corresponding group with no CETP transgene
(P < 0.05 or better). * Significantly different from nontg mice.

size and promoted the development of proximal aortic fatty
lesions even on a chow diet (20, 21). Although these studies
suggest that apoA-1I could have important effects on atherogen-
esis, they have provided limited information on the normal func-
tions of apoA-II.

Studies of recombinant HDL particles containing apoA-I
and apoA-II have suggested that apoA-II may inhibit the ability
of CETP to produce smaller HDL particles (22, 23). Recently
apoA-II was found to inhibit the ability of CETPto transfer CE
from HDL to LDL (23). The limited accumulation of apoA-II
in human genetic CETPdeficiency could also indicate that HDL
particles containing apoA-II are not optimal substrates for CETP
(24). Biochemical studies have also suggested that apoA-II
might inhibit hepatic lipase (25, 26), but the results have been
conflicting depending on assay conditions (27). In the present
studies the effects of apoA-II on HDL metabolism have been
examined by crossing mice containing human apoA-II with
human CETP transgenic mice. Since the effects of CETP are
markedly enhanced by coexpression with human apoA-I and/
or human apoC-III, these studies included mice expressing these
transgenes. The initial hypothesis was that apoA-II might inhibit
the lipid transfer activity of CETP in vivo. Although this was
not confirmed, the coexpression of apoA-II with CETPresulted
in increased HDL triglyceride, and constrained the ability of
CETP to reduce HDL particle size and protein content.

Methods

Transgenic mice. The transgenic mice used in the present investigation
have been previously described (10, 15, 16, 18, 28, 29). Mice of the
desired genotypes were created by cross-breeding the existing lines
(Table I). The CETPtransgenic mice were derived from a line of mice

expressing a CETPminigene under the control of the mouse metallothio-
nein promoter (mT-CETP transgenic mice [29] ). To facilitate the devel-
opment of mice expressing multiple transgenes, the apoA-I and
apoC-III genes were present on the same transgene ( 16). The apoAl-
CIII transgenic mice showed moderate overexpression of both human
apoA-I and human apoC-III (16). Mice bearing multiple transgenes
were obtained by crossing one heterozygote human apoA-II transgenic
male with five heterozygous apoAI-CIII/CETP female mice. Thus, mice
of eight different genotypes were produced (Table I, top). ApoAl-CIII
and mT-CETP transgenic mice created at The Rockefeller University
were in a mixed genetic background (16; CBA/J x C57BL6C), while
those derived at University of California, Berkeley were in the C57BL6
background (apoA-I transgenic mice [line Al 16] and apoA-II
transgenic mice [line A2F19]) (10, 18). To ensure that observed differ-
ences in phenotype were due to the transgene interactions, a limited
number of experiments were also carried out in breeding mice towards
the C57BL6 background. To this end the mT-CETP transgene was bred
through more than five generations of C57 BL6 mice. One male C57BL6
mouse expressing both human apoA-I and apoA-II transgenes was

crossed with five different mT-CETP females (towards C57BL6 back-
ground), producing mice of eight different genotypes (Table I, bottom).

The mice were screened using antibodies that specifically recognize
human CETP, human apoA-I, and human apoA-II (10, 18, 30). CETP
was detected using .25I-TP2 (a monoclonal antibody to CETP) (30),
in dot blots or in RIA, and confirmed by activity measurements (31).
Human apoA-I and apoA-II were recognized by anti-human apoA-I
and apoA-II antibodies raised in goats, using horseradish peroxidase-
conjugated anti-goat IgG as secondary antibody. The genotype assign-
ments were also confirmed by SDS-PAGEof isolated HDLand specific
determinations of human apoA-I and apoA-II levels in plasma by immu-
noassay (Table I).

Mice of both sexes were housed in metabolic cages in a single room

with a 12-h (7:00 a.m.-7:00 p.m.) light-dark cycle, and maintained on

water and rodent chow (Purina Chow 5001; Ralston Purina Co., St.
Louis, MO)ad lib. They were studied at 4-7 moof age after supplemen-
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tation of the drinking water with 25 mMZnSO4 for 7 d to induce the
mT-CETP transgene (29). Mice not containing this transgene received
the same treatment. Food was not removed from the cages. Blood was
collected at about 10:00 a.m. through the tail vein into tubes containing
2 mMNaEDTA, 500 p.M diethyl p-nitrophenylphosphate (E600; Sigma
Chemical Co.), a lipase inhibitor. Plasma was stored at 4°C before
analysis.

Lipoprotein analysis by fast protein liquid chromatography
(FPLC). Aliquots (0.2 ml) of pooled plasma from all the mice in each
genotype were applied to Superose 6 columns (two HR10/30 columns
connected in series; Pharmacia Inc., Piscataway, NJ), according to Jiao
et al. (32). 40 fractions of 0.7 ml were collected and analyzed for total
cholesterol and triglyceride by enzymatic methods. The total cholesterol
recoveries were 79-90% of the plasma values.

Analysis of HDL separated by preparative ultracentrifugation.
Pooled plasma (all mice, 0.5-ml aliquots) was centrifuged at 250,000
g in an ultracentrifuge (Optima TL; Beckman Instruments, Inc., Fuller-
ton, CA) using sequential densities of 1.055 and 1.21 g/ml to isolate
HDL. Plasma density was adjusted by addition of solid NaBr. HDL
(0.5 ml) was collected by tube slicing and dialyzed against Tris-EDTA
buffer. Lipid measurements were carried out by enzymatic methods
(33-36) using kits obtained from Wako Chemicals, Dallas, TX. The
recovery for total cholesterol was 72-82%. Protein content was deter-
mined by a modified Lowry assay (37). 25 ,u of HDLwas electropho-
resed on 4-16% SDS-polyacrylamide gels, stained with 0.05% Coomas-
sie blue, then destained with 9% acetic acid/20% methanol.

Immunoaffinity chromatography to isolate HDLparticles containing
apoA-I or apoA-I and apoA-II. Samples of pooled plasma (all mice,
0.8 ml) from AI-CIII/AII and AI-CIII/AII/CETP mice were treated
with polyethylene glycol/glycine to remove VLDL and LDL, then ap-
plied to a human apoA-II immunoaffinity column, as described (18).
The nonbound fraction (LpA-I) contained only apoA-I. The bound frac-
tion (LpA-I/A-II) was released with 1 Macetic acid. The apolipoprotein
content of LpA-I and LpA-I/A-II was determined by immunoassay and
SDS-PAGE, and the lipid content by enzymatic assay (33-36).

Lipoprotein size estimation by native polyacrylamide gel electropho-
resis. Isolated HDL (25 Al) was subjected to electrophoresis on native
4-25% polyacrylamide gradient gels (38). The gel was stained with
0.05% Coomassie blue then destained with 9%acetic acid/20% metha-
nol (39). Lipoprotein size was estimated by comparison with standard
proteins (high MWcalibration kit; Pharmacia Inc.).

Lipid transfer activity measurements. To compare HDL from mice
of different genotypes as triglyceride acceptors, human VLDL con-
taining radiolabeled triglyceride was prepared as follows: 250 nmol (920
bLCi) [3H]triolein, 4.6 Amol phosphotidylcholine, 22 nmol butylated
hydroxytoluene were dried under N2 and then sonicated with 2 ml of a
solution containing 50 ml Tris, 0.01% EDTA, and 1 mMDTT. The
sonicated microemulsion was then incubated with human VLDL (12
mg protein) and pure recombinant human CETP (rCETP, 20 Htg) for
20 h at 37°C, followed by flotation of VLDL at dl.006 g/ml; this flotation
removed the CETP. VLDL (5 ,ig TG, 20,000 cpm) was then incubated
with mouse HDL (30 isg protein) in the presence of 30 ng rCETP for
0, 0.5, 1, or 5 h at 37°C and HDL isolated by centrifugation at 1.055
g/ml, then counted.

Hepatic lipase activity determinations. Heparin (100 U/kg body
wt; Elkins-Sinn, Inc., Cherry Hill, NJ) was injected into the leg vein
of transgenic or nontransgenic mice under isoflurane anesthesia. Post-
heparin plasma was collected after 5 min. Hepatic lipase activity in
postheparin plasma ( 10 ,tl) was measured using a gumarabic-stabilized
emulsion containing 0.88 MNaCl in which lipoprotein lipase was inac-
tive (40). To assess the effects of HDLisolated from mice of different
genotypes on hepatic lipase activity, 0-50 jig of dialyzed mouse HDL
was added to 300 pl of a gum arabic-stabilized emulsion, pH 8.8, in
1.25 MNaCl prepared as described by Baginsky and Brown (40). The
assay was begun by addition of 10 .ld of mouse postheparin plasma
(from nontransgenic [tg] mice) and allowed to continue for 1 h at 27°C.
The reaction was terminated by addition of 3.5 ml of a solution of
methanol, chloroform, heptane, and oleic acid (1,410:1,250:1,000:1/

vol:vol) and 1 ml of 0.05 Mpotassium borate buffer, pH 10 (41). After
centrifugation, 1 ml of the aqueous phase was removed, 3.5 ml of
Hydrofluor (National Diagnostics, Manville, NJ) was added, and the
amount of liberated free fatty acids was determined by liquid scintilla-
tion spectroscopy in a beta counter (LS 1000; Beckman Instruments).
All assays were performed in triplicate and the experiment was per-
formed twice using preparations of HDL from several groups of mice.

Plasma HDL cholesterol and triglyceride determinations after in
vitro incubation with rCETP and diethyl p-nitrophenylphosphate
(E600). Plasma was obtained from AI-CIII and AI-CIII/AII transgenic
mice. An aliquot (200 1l) of such pooled plasma was immediately
stored in ice. At the same time, two other aliquots (200 itl each) were
incubated with pure rCETP (20 Mtg/ml), with or without E600 (500 MM)
for 5 h. Plasma HDL was subsequently isolated by ultracentrifugation
between densities 1.055 and 1.21 g/ml, cholesterol and triglyceride were
determined.

Statistical analysis. Total cholesterol (TC), cholesteryl ester (CE),
free cholesterol (FC), triglyceride (TG), phospholipid (PL), and pro-
tein concentrations are presented as means±SEM. ANOVAwas per-
forned to determine the differences among groups. If an overall signifi-
cance was found in ANOVA, the Fisher least significant difference test
was then used to assess statistical significance. A Macintosh Stat View
program was used to process the data and facilitate the calculations.

Results

To examine the interaction of apoA-II and CETP in vivo, mice
expressing a human apoA-II transgene were crossed with mice
containing human mTCETPand apoA-I/apoC-III transgenes,
resulting in mice of eight different genotypes (Table I, top).
In each case mice containing an active CETP transgene (Zn-
induced) are compared with mice of the same genotype with
no CETPtransgene (shown as CETP transgene - / + in Table
I). Since these animals were genetically heterogeneous, a lim-
ited number of experiments were also carried out in mice bred
towards the C57BL6 background; eight different genotypes
were examined (Table I, bottom). These included four geno-
types that were identical with those in mixed genetic back-
ground. Although apoC-Ill transgenic mice were not available
in the C57BL6 background, an additional genotype comparison
was possible, i.e., apoA-I plus apoA-II with and without CETP.

The plasma lipid, apolipoprotein, and CETP levels are
shown in Table I. Within each set of animals plasma CETPwas
expressed at similar levels, i.e., 2.2 to 2.4 Mg/ml in mice of
mixed genetic background, and 3.1 to 4 Mg/ml in C57BL6
mice (Table I). The reason for the slightly higher expression
in C57BL6 is unknown. A number of expected effects of apoli-
poprotein transgene expression were noted (10, 15, 16, 18),
i.e., apoA-I expression resulted in increased plasma cholesterol
and apoA-I levels, and apoC-III expression was associated with
marked hypertriglyceridemia (10, 16). Some effects were not
anticipated. Thus, compared with nontransgenic mice, apoA-
II expression resulted in significantly lower levels of plasma
cholesterol and significantly higher levels of plasma triglycer-
ide, both in mixed genetic background and C57BL6 mice. The
decrease in plasma cholesterol was found to be due to a reduced
level of HDLcholesterol (see below). Plasma levels of human
apoA-I were also found to be lower in the presence of human
apoA-II. These findings are consistent with earlier studies show-
ing that human apoA-II overexpression has different effects on
HDL than mouse apoA-II overexpression (10, 18, 21). These
differences could reflect the dimeric structure of human apoA-
II vs monomeric mouse apoA-II or other species-specific differ-
ences. The increase in plasma triglyceride in mice expressing
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Figure 1. Distribution of cholesterol in
plasma lipoproteins separated by FPLC chro-
matography of pooled plasma. Aliquots of
pooled plasma (200 il) from all the mice of
each group were applied to two Superose 6
columns, connected in series, 40 fractions
(0.7 ml each) were collected and analyzed
for TC using enzymatic kits (Wako Biopro-
ducts). The data are expressed in milligrams
cholesterol per deciliter plasma.

human apoA-II is reminiscent of the more pronounced hypertri-
glyceridemia seen in mice expressing high levels of murine
apoA-II (21), suggesting that this effect of apoA-II overex-

pression is not species specific.
The distribution of cholesterol amongst the plasma lipopro-

teins was determined by FPLC analysis of pooled plasma sam-

ples obtained on four separate sets of samples with similar
results. The results for one set of samples are displayed in
Fig. 1, showing differences in the profiles resulting from CETP
expression. CETPexpression caused a decrease in HDLcholes-
terol with only a slight increase in VLDL cholesterol (Fig. 1

A). Even though HDL cholesterol levels were lower in the
presence of human apoA-I1, CETPexpression still resulted in
a marked decrease in HDL cholesterol (Fig. 1 B). There was

a reciprocal increase in VLDLcholesterol (Fig. 1 B), explaining
the lack of a significant reduction in plasma cholesterol levels
as a result of CETP expression (Table I). CETP expression
resulted in profound reduction of HDL cholesterol in apoAl-

CIII mice, and also resulted in an increase in VLDL cholesterol
that was not as large as the reduction in HDLcholesterol (Fig.
1 C). CETPexpression produced a marked reduction of HDL
cholesterol in AI-CIII/AII mice, with a matching increase in
VLDL cholesterol (Fig. 1 D). Again the reciprocity of HDL
and VLDL changes in the presence of apoA-II explains the lack
of effect of CETPexpression on total plasma cholesterol. Thus,
apoA-II expression does not prevent the reduction in HDLcho-
lesterol mediated by CETP. Furthermore, apoA-II expression
leads to larger CETP-mediated increases in VLDL cholesterol,
suggesting an impairment of the ability of CETPto produce net
removal of cholesterol from plasma.

HDL was isolated by preparative ultracentrifugation of
pooled plasma of mice of mixed genetic backgrounds (Table
II). CETPexpression resulted in reductions of HDLCE values
in mice of each genotype, confirming the FPLC results. Al-
though the starting levels of HDLCE were different for each
genotype, the percent reduction due to CETP was relatively
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Table II. HDLLipid and Protein Concentrations in Transgenic Mice (Mixed Genetic Background)

Apolipoprotein tg CETPtg CE FC TG PL Protein

mg/dl plasma

None - 35.2±0.3 4.7±0.9 1.6±0.2 71.6±7.9 76.5±5.2
+ 27.5±1.0 3.5±0.6 2.3±0.3 57.1±1.1 65.8±2.1

All - 18.1±2.2 2.5±0.2 2.3±0.2 34.7±3.5 65.0±5.1
+ 13.9±2.7 1.7±0.2 3.4±0.2 27.4±2.9 51.3±2.8

AI-CIII - 45.6±3.6 6.3±0.6 3.9±0.4 98.2±8.9 115.0±9.8
+ 9.1±1.4 0.9±0.2 3.9±0.3 16.4±1.7 37.5±4.9

AI-CIIIHAII - 23.3±2.2 3.1±0.3 3.2±0.5 52.0±7.1 71.5±3.7
+ 9.0±1.3 1.2±0.2 5.6±0.2 27.0±1.5 69.5±11.3

Pooled plasma (0.5 ml) was centrifuged at 150,000 g at sequential densities 1.055 and 1.21 g/ml HDL (0.5 ml) was collected by tube slicing (see
text). TC, FC, TG, and PL were determined using enzymatic kits (Wako Bioproducts). CE was calculated as the difference between TC and FC.
Protein content was determined by a modified Lowry assay. The values and standard errors were obtained by averaging six measurements from
three centrifugations of pooled samples.

unaffected by the presence of human apoA-H, i.e., 22% for
nontg versus CETPcompared to 23% for A-II vs A-II/CETP;
and 80% for Al-CIII vs AI-CIII/CETP compared to 61% for
AI-CIII/AII vs AI-CIIIIAII/CETP.

CETPexpression led to slight increases in HDLtriglyceride
levels, but the increase in HDL triglyceride was more pro-
nounced in mice expressing both apoA-II and CETP. This in-
crease in HDL triglyceride was most pronounced in hypertrig-
lyceridemic mice, i.e., in AI-CIII/AII vs AI-CIII/AII/CETP
mice. The interaction of apoA-II and CETPto produce increases
in HDL triglyceride was confirmed in mice bred towards the
C57BL6 background, where CETPproduced a larger increase
in HDL triglyceride in AII vs AII/CETP, and AI/AII vs Al/
AII/CETP mice than in mice of the other genotypes (Table
III). CETP expression also produced significant decreases in
HDLphospholipid levels (Table II). However, the absolute and
percent reduction of HDLphospholipid was much smaller in the
presence of the human apoA-II transgene (e.g., 83%decrease in
AI-CIII/CETP mice vs 44%AI-CIII/A-II/CETP mice). Analy-
sis of individual HDL phospholipids showed no major change
in the percentage of phosphatidylcholine, sphingomyelin, or

Table III. HDLLipid Concentrations in Transgenic Mice
(Bred towards C57BL16 Background)

Apolipoprotein CETP
tg tg CE FC TG

mg/dl plasma
Non - 34.5±0.4 3.6±0.1 1.7±0.1

+ 28.9±0.3 4.1±0.6 1.9±0.1
All - 23.0±0.5 2.4±0.4 1.3±0.3

+ 14.0±0.9 2.0±0.2 2.2±0.1
Al - 55.5±4.6 8.6±1.2 1.9±0.2

+ 42.6±4.2 9.2±0.9 1.9±0.1
Al/All - 46.2±2.0 5.8±0.5 1.3±0.3

+ 18.7±2.2 4.4±0.6 2.4±0.1

HDL was isolated and analyzed as described in Table II. The values
were the average of four measurements from two centrifugations of
pooled samples.

phosphatidylethanolamine as a result of A-II or CETPexpres-
sion, as determined by thin layer chromatography (not shown).

To ensure that the changes in HDLtriglyceride in hypertriglyc-
eridemic mice did not reflect contamination of the HDL fraction
by VLDL, triglyceride was measured in the HDLregion of FPLC-
separated pooled plasma of mixed genetic background mice (Fig.
2). This confirmed a marked increase in HDL triglyceride due to
CETP expression in AI-CGi/All mice but not in AI-CIII mice.
Analysis of the VLDL-LDL regions of the FPLCprofiles indicated
that increases in plasma triglyceride (Table I) reflected alterations
in VLDL triglyceride levels (not shown).

Total protein was determined on ultracentrifugally isolated
HDL (Table II) and individual apolipoproteins were analyzed
by SDS-PAGEof HDL (Fig. 3). CETPexpression produced a
marked decrease in total HDLprotein in apoAl-CHII transgenic
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Figure 2. Triglyceride distributions in FPLC-separated plasma in the
HDL region. The FPLC and TG measurements were performed as de-
scribed in Methods. Triglyceride concentrations are expressed in arbi-
trary units.
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Figure 3. SDS-PAGEanalysis of HDLapolipoproteins. Pooled plasma
(0.5 ml) was centrifuged at 250,000 g in an ultracentrifuge (Optima
TL; Beckman Instruments) and HDL isolated between densities 1.055
and 1.210 g/ml. HDL (top 0.5 ml of 1.21 g/ml spin) was collected by
tube slicing. HDL(25 isl) was electrophoresed on 4-16% SDS-polya-
crymide gels stained with 0.05% Coomassie blue, then destained with
9% acetic acid and 20% methanol.

Table IV. Lipid Compositions of Immunoaffinity Isolated
HDLFractions

CE FC TG CE/TG PL CE/PL

mg/dl plasma

Group Al
Fraction

-CETP 7.1 1.0 0.6 12.2 10.7 0.7
+CETP 5.3 0.6 0.5 11.0 9.9 0.6

AI/AIII
Fraction

-CETP 15.0 0.7 1.4 10.6 22.5 0.7
+CETP 7.8 0.7 2.6 3.0 17.9 0.4

Pooled plasma samples (0.8 ml) from transgenic mice expressing apo
AI-CHI/AII ± CETPwere applied to an apo-AII immunoaffinity col-
umn, after removal of VLDL and LDL by polyethylene glycol precpita-
tion. The A-I fraction was the column flow-through (not bound). The
bound fraction (Al/All) was eluted with 1 Macetic acid. CE, FC, TG,
and PL concentrations in both fractions were determined by enzymatic
methods in triplicate. The values are expressed as milligrams per decili-
ter plasma.

mice (Table II), due to a reduction in apoA-I (Table I; Fig.
3). There were also reductions in minor HDL proteins, i.e.,
apoE and apoCs (Fig. 3). In contrast, there was little change
in total HDLprotein (Table II), or in individual HDLproteins
(Fig. 3) as a result of CETP expression in apoA1-apoCIII/
apoA-ll transgenic mice. The band intensities determined by
laser densitometry of the gel shown in Fig. 3 were: human +
mouse apoA-I: nontg, 2,111 arbitrary units; CETPtg, 1815; AII
tg, 738; AII/CETP tg, 641; AI-CIH tg, 2635; AI-CIII/CETP
tg, 1023; AI-CIII/AII tg, 1210; AI-CIII/AII/CETP tg, 1131;
human apo-AII: AII tg, 925; AII/CETP tg, 857; AI-CIII/All
tg, 700; AI-CIII/AII/CETP tg, 686. Similar SDS-PAGEresults
were obtained on three sets of pooled samples. These results
are consistent with plasma levels of human apoA-I and human
apoA-II in these animals (Table I).

The analysis of HDL lipids in mice of different genotypes
indicated a significant enrichment of HDL triglycerides due to
coexpression of human apoA-H and CETP. To see if the effects
of apoA-II on HDLtriglyceride were restricted to particles con-
taining human apoA-II (i.e., LpA-I/A-II), HDLparticles were
isolated from plasma using a human apoA-II immunoaffinity
column. There was a decrease in CE and a marked increase in
the triglyceride content of the LpA-I/A-II fraction as a result
of CETPexpression, resulting in a change of the CE/TG ratio
from 10.6 to 3.0 (Table IV). In contrast the LpA-I fraction
showed no change of triglyceride content as a result of CETP
expression. SDS-PAGEconfirmed that the LpA-I/A-II fraction
contained both apoA-I and apoA-H and showed no change in
total or individual apolipoprotein content in this fraction as a
result of CETPexpression; by contrast, the flow-through frac-
tion contained only apoA-I (not shown). These results indicate
that the ability of apoA-H to increase HDL triglyceride in the
presence of CETPis mediated by an effect of apoA-II exerted
within particles containing apoA-II.

The size of HDLparticles was determined by native gradient

gel electrophoresis of centrifugally isolated HDL stained for
protein with Coomassie blue (Fig. 4), then subjected to gel
scanning by laser densitometry. Nontransgenic mice have a sin-
gle monodisperse HDL fraction (peak diameter 9.8 nm, inten-
sity 4,150 arbitrary units), with only minor size changes re-
sulting from CETP expression (peak 9.6 nm, intensity 3,892
units). Apo A-I1 transgenic mice contain two HDL fractions,
including a smaller population of particles enriched in human
apoA-II (18) (peaks 9.4 and 8.3 nm, intensities 2,093, 367,
respectively); neither was greatly influenced by CETPexpres-
sion (peaks 9.4 and 8.3 nm, intensities 1,579, 254). By contrast
apo Al-CII transgenic mice displayed speciation of HDL into
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Figure 4. Native polyacrylamide gradient gel electrophoresis of HDL.
Centrifugally isolated HDL (25 itl, see Fig. 3 legend) was subjected to
electrophoresis on native 4-25% polyacrylanmide gradient gel, stained
with 0.05% Coomassie blue, then destained with 9% acetic acid/20%
methanol. The migration position of standard proteins (high MWcali-
bration kit; Pharmacia Inc.) is shown.
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Figure 5. Triglyceride transferred from VLDL to HDLof different
transgenic mice by purified CETP. VLDL containing radiolabeled tri-
glycerides was prepared as described in Methods. VLDL (containing 5
ug TG, 20,000 cpm of [3H]triolein) was incubated with mouse HDL
(30 Ag protein) in the presence of 30 ng purified human rCETP for the
times shown at 37°C and HDL subsequently isolated by centrifugation
at 1.055 g/ml, then counted.

larger and smaller populations (peaks 10.5 and 9.0 nm, intensit-
ies 6,170, 5,999) and there was a marked decrease in size and
protein staining as a result of CETPexpression, producing much
smaller particles (peak 8.5 nm, intensity 1,587). When apo
A-II was coexpressed with the AI-CIII transgene, most of the
HDLwas in a single major population (peak 9.5 nm, intensity
4,957) with a minor small population (peak 8.1 nm, intensity
171). CETP expression on this background produced a rela-
tively minor increase in the smaller peak with little change in
overall protein staining (peaks 9.5, 8.1 nm, intensities 4,021,
930). Thus, CETP expression produces a profound reduction
in HDL size in Al-CHII tg mice, but only minor size changes
in AI-CIII/All tg mice.

To investigate the mechanism of HDL triglyceride enrich-
ment by coexpression of apoA-H and CETP, we first considered
the possibility that apoA-II might stimulate the triglyceride
transfer activity of CETP. Small amounts of human VLDL con-
taining radiolabeled triolein were incubated with isolated HDL
from mice expressing different human apolipoproteins in the
presence of pure recombinant human CETP(Fig. 5). The major
difference was a lower initial rate of TG transfer from VLDL
to HDL of AT-CUI or AT-CIH/AIT transgenic mice, compared
with HDL of nontransgenic and apoA-II transgenic mice. The
presence of human apoA-II resulted in slight increases in the
initial TG transfer rate compared to equivalent HDL without
apoA-TT. However, the latter differences were considered within
the experimental error. Thus, there was no overall correlation
of TGtransfer rates with differences in HDLTGresulting from
CETPexpression in vivo, where the largest effect was seen in
AI-CfII/A-TI mice (Table IT).

Wenext considered the possibility that the enrichment of
HDL triglyceride and the preservation of HDLsize and protein
content due to coexpression of apoA-TT and CETPgenes could
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Figure 6. Inhibition of hepatic lipase activity by HDLprepared from
mice of different genotypes. Pooled postheparin plasma ( 10 yl) from
nontransgeniic mice was incubated with a gum arabic-stabilized emul-
sion using conditions selective for hepatic lipase activity in the presence
of the indicated amounts of HDLisolated from mice of different geno-
type. Hydrolysis of radiolabeled triolein during a 1-h incubation was
assessed (see Methods). When no HDL was added, the activity was
100% ( 12.8 ,umol FFA/h) .

indicate that apoA-1I inhibits the remodeling of HDL particles
by hepatic lipase subsequent to CE-TG interchange. To deter-
mine if HDLparticles containing apoA-II might inhibit hepatic
lipase, HDL were isolated from pooled plasma of transgenic
mice and added to an in vitro hepatic lipase assay. This assay
used a lipid emulsion and hepatic lipase activity obtained from
postheparin plasma of nontransgenic mice. As in earlier studies
(26), isolated HDLwas found to inhibit hepatic lipase activity
(Fig. 6). However, HDL prepared from mice expressing an
apoA-1 transgene without concomitant apoA-11 transgene ex-
pression (i.e., A-I or AI-CIIII) was less inhibitory than HDL
from mice containing an apoA-11 transgene or HDL from non-
transgenic mice. With 50 /.g total HDLprotein added, the order
of inhibition was AII > AA/AII,AI-CIII/All > nontg > Al-
CIII, Al. Bearing in mind that the nontransgenic HDLcontains
significant amounts of murine apoA-II, the order of inhibition
follows the apoA-11/apoA-I ratio of HDL. The total hepatic
lipase activity in postheparin plasma was not significantly dif-
ferent in magnitude in mice of different genotypes (nontg, n
= 3, 12.8±+0.6 ,umol FFA/ml per h; AI-CIII/CETP, n = 4,
20.8±2.0; AI-CIII/All/CETP, n = 4, 15.9±1.8), indicating
that the accumulation of HDLtriglyceride is due to a difference
in substrate rather than in the total amount of enzyme available.

In further studies we compared the activity of hepatic lipase
on HDL in plasma of different transgenic mice. In the mouse
hepatic lipase activity is founad with HDL ( 14, 42),
so the activity of hepatic lipase on HDL can be assessed by
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incubation of plasma. Since the HDLtriglyceride is low in mice,
CETP was added to hypertriglyceridemic mouse plasma then
incubated to enrich the HDL triglyceride. In plasma of apoA-
I/CllT transgenic mice incubation in the presence of CETPand
lipase inhibitor ( +E600) resulted in a doubling of HDLtriglyc-
eride (Fig. 7, P < 0.05). Whenthe lipase inhibitor was omitted
(-E600), the increase in HDL triglyceride was much less pro-
nounced, indicating active lipolysis of HDL triglyceride during
incubation (Fig. 7). In contrast, incubation of plasma from
AII/AI-CIII transgenic mice resulted in an increase of HDL
triglyceride that was identical with or without the lipase inhibi-
tor, and comparable to that obtained in AI-CHI transgenic mice
with lipase inhibitor. The reduction of HDLcholesterol during
the incubation was not affected by the presence of human
apoA-II (Fig. 7). These results indicate that human apoA-II
inhibits the lipolysis of HDLtriglyceride as effectively as E600.
Similar results were obtained without addition of CETPwhen
plasma from AI-CIII/CETP mice was compared with AH/
AI-CIII/CETP mice (not shown).

Figure 7. Plasma HDL cholesterol and tri-
glyceride contents after incubation with
rCETP and diethyl p-nitrophenylphosphate
(E600). Freshly obtained and pooled plasma
(200 tsl) was incubated with rCETP (20 ,usg/
ml plasma) and E600 (500 MM) for 5 h.
HDLwas isolated by ultracentrifugation be-
tween densities 1.055 and 1.21 g/ml (see

1 2 3 4 5 Methods). Cholesterol and triglyceride were

analyzed using enzymatic kits (Wako Bio-
Time (h) products).

Discussion

In this study we have explored the interaction of several genes

influencing HDL metabolism by cross-breeding established
lines of transgenic mice expressing various apolipoproteins and
CETP. The focus was on the effects of apoA-II on CETPexpres-

sion, based on an initial hypothesis that apoA-II might inhibit
the lipid transfer activity of CETP. Although apoA-II did not
prevent the reduction in HDL cholesterol mediated by CETP,
the coexpression of apoA-II and CETPenhanced the accumula-
tion of triglyceride in HDL, particularly in mice that were hyper-
triglyceridemic as a result of concomitant apoC-III overex-

pression. The triglyceride enrichment occurred specifically in
particles containing human apoA-H. These results can be under-
stood in the light of earlier studies which show that hepatic
lipase acts preferentially on HDL triglycerides in rodents and
humans, (for example, large triglyceride-rich HDLaccumulate
in human genetic hepatic lipase deficiency [43]), and other
studies which show that hepatic lipase activity may be inhibited
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by apoA-II (25, 26). In the present study, HDL containing
human apoA-II was found to inhibit hepatic lipase in an emul-
sion based assay and to resist the endogenous hepatic lipase
activity in mouse plasma. Thus, apoA-II inhibits the hydrolysis
of HDLtriglyceride by hepatic lipase following CETP-mediated
cholesteryl ester-triglyceride interchange. Hepatic lipase inhibi-
tion could also explain the resistance of HDLfrom hypertriglyc-
eridemic mice expressing apoA-II to CETP-mediated changes
in particle size and apoA-I, and phospholipid content, since
hepatic lipase has phospholipase as well as triglyceride hy-
drolase activities and can mediate reduction in size and
apoA-I content of core lipid-exchanged HDLparticles (44, 45 ).

The lipid transfer activity of CETP appeared to be fully
expressed in the presence of apoA-H, as seen both in reductions
in HDL cholesteryl esters and increases in VLDL cholesteryl
esters (Fig. 1; Table II). Although the comparison of HDL
cholesterol values with and without CETP is complicated by
the fact that mice of different genotypes started with different
levels of HDL cholesterol, CETPproduced marked reductions
in HDLcholesterol both in absolute terms and as a percentage of
baseline values (i.e., without CETP) in mice expressing apoA-II
alone, apoA-I/apoA-II, and apoA-I/apoA-II/apoC-III. Simi-
larly, CETP-mediated triglyceride transfer from VLDL into dif-
ferent mouse HDLs was not significantly influenced by the
presence of apoA-II. Our findings failed to confirm the predic-
tions of a recent in vitro study, where enrichment of HDL3 with
apoA-II, or a comparison of LpA-I and LpA-I/A-II suggested
inhibition of CETPlipid transfer activity by apoA-II (23). How-
ever, these inhibitory effects were only observed at extremely
high ratios of HDLto acceptor (LDL), beyond the physiologi-
cal range (23).

The finding that coexpression of apoA-II and CETPled to
a significant increase in HDL triglyceride was unexpected. This
effect was initially discovered when it was noted that in the
presence of apoA-II, CETPproduced a considerable decrease
in HDLcholesterol without much change in HDLparticle size.
This suggested that the change in total neutral lipid content of
HDL (i.e., triglyceride plus cholesteryl ester) might be limited
in the presence of apoA-ll. An increase in HDL triglycerides
was subsequently documented, but only after precautions were
taken to block lipolysis of HDL during lipoprotein separation
by addition of the lipase inhibitor E600 to fresh plasma. This
precaution might be necessary for potential observations of tri-
glyceride enrichment of LpA-I/A-II in other settings. The fail-
ure to observe mild hypertriglyceridemia in human apoA-II
transgenic mice in earlier studies might have been due to the
lack of addition of a lipase inhibitor during sample processing
(18). Comparing mice with and without CETP, the increase
in HDL triglyceride was more pronounced when the apoA-H
transgene was part of the genotype. Although the absolute in-
crease in TG content was fairly subtle, TG became a more
prominent component of HDL lipids in the presence of apoA-
II and CETP, as reflected in a reduction of CE/TG ratio from
22 in nontg mice to 1.6 in AI-CIII/A-II/CETP mice. Moreover,
this effect of the apoA-II-CETP gene interaction was universal,
i.e., it was observed in mice expressing apoA-II alone, apoA-
I/apoA-II, or apoA-I/apoA-II/apoC-llI, and in mice of mixed
genetic background as well as in mice bred towards the C57BL6
background (Tables III and II). Further confirming the speci-
ficity of this interaction, the effect of apoA-II on CETP was
found to be confined to particles containing apoA-H as shown
by immunoaffinity separation of LpA-I and LpA-I/A-II: only

the latter particles became triglyceride enriched in the presence
of CETP(Table IV).

The enrichment of HDLtriglyceride in mice expressing both
apoA-II and CETP transgenes suggests that apoA-II may be a
physiological inhibitor of the action of hepatic lipase on HDL,
consistent with the results of some earlier in vitro studies (25,
26), but in contrast to those of Mowri et al. (46). Thuren
et al. (25) have performed elegant surface monolayer studies
showing that at surface pressures likely relevant to an HDL
particle, apoE stimulates hepatic lipase activity while apoA-II
inhibits both the penetration of hepatic lipase into a phospho-
lipid monolayer and also the phospholipase and triglyceride
hydrolase activity of hepatic lipase within the monolayer. Jahn
et al. (27) found that isolated apoA-II could act either as a
stimulator or inhibitor of hepatic lipase depending on assay
conditions: these authors suggested that apoA-II might be a
physiological activator of hepatic lipase. In another study, Mo-
wri et al. (46) suggested that apoA-II might stimulate the hydro-
lysis of HDL triglyceride.

In the present investigation, HDL isolated from mice of
different genotypes inhibited the action of hepatic lipase in a
lipid emulsion-based assay, and HDLcontaining human apoA-
II was resistant to hepatic lipase activity in incubated plasma.
In the emulsion assay, the rank order of inhibition of the differ-
ent HDLs varied according to their apoA-II/apoA-I ratio, and
HDL isolated from mice overexpressing apoA-I without apoA-
II was much less inhibitory than the other HDLs (Fig. 6). Thus,
our in vitro results add to the weight of evidence that apoA-II
in HDL is inhibitory to hepatic lipase. Although the relevance
of various in vitro assays of hepatic lipase activity to the effects
of hepatic lipase on HDLcan be questioned, the enrichment of
HDL triglycerides in mice expressing apoA-II and CETP
strongly suggests that apoA-II acts as an inhibitor of hepatic
lipase in vivo. The fact that total plasma postheparin hepatic
lipase activity was similar in mice of different genotypes, and
that triglyceride enrichment of HDL particles was confined to
the LpA-I/A-II fraction suggests that the inhibitory effects of
apoA-H on lipase activity are exerted by rendering the HDL
substrate unfavorable for hepatic lipase activity, most likely by
the mechanisms suggested by Thuren et al. (25).

The synergistic interaction of CETP, apoC-III, and apoA-I
to produce profound reductions in HDLsize and apoA-I content
was similar to that observed previously (16). Little CETP-
mediated reduction in HDLsize, apoA-I, or total protein content
was observed in apoCIII-AI mice in the presence of apoA-II,
even though the percent reduction of HDLcholesterol was only
slightly less than that observed in the absence of apoA-II. It is
notable that the apoA-II content of plasma and HDL was not
reduced as a result of CETPexpression in mice of any genotype
(Table I; Fig. 3). These findings can be understood in the light
of our hypothesis that apoA-II inhibits the action of hepatic
lipase on HDL, since lipase action on triglyceride-enriched HDL
is known to result in reductions of HDLsize and apoA-I content,
both in vitro and in vivo (45, 47). Apart from hepatic lipase
inhibition, apoA-II may also render HDL particles resistant to
CETP-mediated size changes by increasing the structural stabil-
ity of HDL particles, as suggested from in vitro studies where
apoA-II inhibited the size reduction of phospholipid/choles-
terol/apoA-I particles mediated by CETP (22). The dimeric
structure of human apoA-II may contribute to the resistance to
remodeling of HDLby CETP (48).

The increase in VLDL cholesteryl esters due to CETPex-
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pression was more obvious in the presence of human apoA-II
(Fig. 1). At the lower levels of plasma CETP (2-3 ,Mg/ml)
used in the present study, the increase in VLDL cholesteryl
ester was very small in mice expressing CETP alone (Fig. 1
and [28]). In mice expressing CETPwithout other transgenes
an increase in VLDL cholesteryl esters only becomes prominent
at very high levels of CETP expression when downregulation
of hepatic LDL receptors also occurs (49). Even with hu-
manlike CETPlevels, there was a prominent increase in VLDL
cholesteryl esters in mice expressing apoA-II/CETP, apoA-I/
apoC-III/CETP, and apoA-I/apoC-III/apoA-II/CETP (Fig.
1). Mice of these genotypes were also hypertriglyceridemic,
compared with nontransgenic littermates (Table I). The hyper-
triglyceridemia probably results from reduced clearance of
VLDL particles due to displacement of VLDL apoE by apoC-
III in apoC-III transgenic mice and possibly from a similar
mechanism in apoA-II transgenic mice (21). Thus, the CETP-
mediated increase in VLDL cholesteryl esters may only become
prominent in mice with delayed clearance of VLDL particles,
resulting either from downregulation of LDL receptors due to
very high levels of CETP expression (49), or from overex-
pression of various apolipoproteins leading to delayed VLDL
clearance (12). Aside from hydrolysis of HDL lipids, hepatic
lipase has been postulated to act on small VLDL and remnant
lipoproteins (50). In addition by acting as a bridge between
circulating lipoproteins and liver cell surface proteoglycans, he-
patic lipase might anchor these particles to cells and facilitate
their catabolism (51). If apoA-II also inhibits hepatic lipase
mediated metabolism of remnants, this mechanism could also
contribute to the cholesterol enrichment of VLDL seen when
the apoA-II and CETP transgenes are present.

One potential reservation concerning our conclusions is that
most of the studies were done in genetically heterogenous mice.
However, the increase in HDL triglyceride resulting from hu-
man CETP-apoA-I interaction was documented in mice pre-
dominantly in the C57BL6 background, and the composition
and size data were generated from pooled plasma from multiple
animals, minimizing effects of uncontrolled variables (genetic
or otherwise). Moreover, the compositional and size data were
used to generate a hypothesis, i.e., that apoA-II inhibits hepatic
lipase activity, which was subsequently tested in vitro where
effects of genetic variability are likely to be small.

The present findings suggest that one function of apoA-II
may be to limit the remodeling of HDLby hepatic lipase, help-
ing to preserve a minimum level of HDLparticles bearing apoA-
I and apoA-II. There is a well-known inverse relationship be-
tween plasma triglyceride and HDL cholesterol levels, due to
the CETP-mediated exchange of HDL cholesteryl esters with
VLDL triglycerides. However, the effects of hypertriglyceride-
mia on apoA-I levels are not as pronounced as the effects on
HDL cholesterol (52), probably because of relatively stable
levels of LpA-I/A-II. Plasma apoA-I levels are more variable
than apoA-II levels in human populations, reflecting marked
variation in LpA-I levels (e.g., due to gender [53]), compared
with LpA-I/A-II levels. The resistance of apoA-II-enriched
particles to remodeling by CETPdocumented herein provides
a mechanistic explanation for the consistency of LpA-I/A-II
levels in human populations.

Do the properties of apoA-II revealed in the present study
have any bearing on its putative proatherogenic properties? Al-
though speculative, our findings suggest three mechanisms.
First, in animals containing CETP, apoA-II enhances accumula-

tion of CEin triglyceride-rich lipoproteins, resulting in an over-
all defect in the normal CETP-mediated decrease of plasma
cholesterol (Table I; Fig. 1). Second, apoA-II appears to be a
physiological inhibitor of hepatic lipase and there is evidence
that hepatic lipase promotes reverse cholesterol transport by
promoting the movement of cholesterol and CE from HDL into
hepatocytes (54). Third, the apoA-II limits the formation of
small HDL particles. Small HDL particles formed in the pres-
ence of hypertriglyceridemia may be optimal mediators of cho-
lesterol removal from cells (55). Human hepatic lipase
transgenic mice have reduced HDL cholesterol and decreased
aortic cholesterol content on an atherogenic diet, emphasizing
the role of hepatic lipase in reverse cholesterol transport (56).
Thus apoA-II may interfere with reverse cholesterol transport
normally mediated by apoA-I and CETP.
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