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Abstract

Several types of transgenic mice were used to study the influ-
ence of hypertriglyceridemia and cholesteryl ester transfer pro-
tein (CETP) expression on high density lipoprotein (HDL) lev-
els, particle sizes, and metabolism. The presence of the CETP
transgene in hypertriglyceridemic human apo CIII transgenic
mice lowered HDL-cholesterol (HDL-C) 48% and apolipopro-
tein (apo) A-I 40%, decreased HDL size (particle diameter
from 9.8 to 8.8 nm), increased HDL cholesterol ester (CE)
fractional catabolic rate (FCR) 65% with a small decrease in
HDLCE transport rate (TR) and increased apo A-I FCR15%
and decreased apo A-I TR 29%. The presence of the CETP
transgene in hypertriglyceridemic mice with human-like HDL,
human apo A-I apo CIII transgenic mice, lowered HDL-C 61%
and apo A-I 45%, caused a dramatic diminution of HDLparti-
cle size (particle diameters from 10.3 and 9.1 to 7.6 nm), in-
creased HDLCEFCRby 107% without affecting HDLCETR,
and increased apo A-I FCR35% and decreased apo A-I TR
48%. Moreover, unexpectedly, hypertriglyceridemia alone in
the absence of CETPwas also found to cause lower HDL-C and
apo A-I levels primarily by decreasing TRs. Decreased apo A-I
TRwas confirmed by an in vivo labeling study and found to be
associated with a decrease in intestinal but not hepatic apo A-I
mRNAlevels. In summary, the introduction of the human apo
A-I, apo CIII, and CETPgenes into transgenic mice produced a
high-triglyceride, low-HDL-C lipoprotein phenotype. Human
apo A-I gene overexpression caused a diminution of mouse apo
A-I and a change from monodisperse to polydisperse HDL.
Human apo CIII gene overexpression caused hypertriglyceri-
demia with a significant decrease in HDL-C and apo A-I levels
primarily due to decreased HDLCEand apo A-I TRbut with-
out a profound change in HDLsize. In the hypertriglyceridemic
mice, human CETPgene expression further reduced HDL-C
and apo A-I levels, primarily by increasing HDLCE and apo
A-I FCR, while dramatically reducing HDL size. This study
provides insights into the genes that may cause the high-trigly-
ceride, low-HDL-C phenotype in humans and the metabolic
mechanisms involved. (J. Clin. Invest. 1993. 92:1143-1152.)
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Introduction

In humans there is a strong association between hypertriglycer-
idemia and low levels of HDLcholesterol (HDL-C)' and apo
A-I, the principal HDLapolipoprotein (1-10). Hypertriglyceri-
demia is also associated with a greater reduction of HDL-C
than apo A-I as well as with decreased HDLparticle size (1 1). It
has been proposed that these associations are due to increased
exchange of core triglycerides in VLDL for core cholesteryl
esters in HDLmediated by the cholesteryl ester transfer protein
(CETP) driven by elevated plasma concentrations of triglycer-
ide-rich lipoproteins. Triglycerides in HDL are then hydro-
lyzed by hepatic lipase with diminution of HDLsize, which has
been associated with increased fractional catabolic rate (FCR)
of apo A-I, perhaps due to increased filtration by the kidney
(12). The evidence for this proposal is based largely on in vitro
studies (2-4) and limited in vivo studies (13), which are largely
correlative. Now, through transgenic technology, it is possible
to examine the specific effects of hypertriglyceridemia and
CETPon HDL-C and apo A-I levels and metabolism and on
HDLsize.

Control mice have low triglyceride levels, lack CETPactiv-
ity in their plasma, and tend to have a single-size distribution of
HDL particles. Through the introduction of human lipopro-
tein transport protein genes, we have been able to make trans-
genic mice that are a better model for the study of the hypertrig-
lyceridemia-low-HDL-C relationship. Through the introduc-
tion of the human apo CIII gene a hypertriglyceridemic mouse
model has been created (14). These animals accumulate appar-
ently normal VLDL in plasma with the primary metabolic de-
fect in VLDL fractional catabolic rate (15). Through the intro-
duction of the human CETPgene, mice have been created with
human-like levels of CETPmass and activity in plasma (16).
These animals showed a modest reduction of HDL-C and very
slight reduction of apo A-I levels in their plasma. Finally, by
introducing the human apo A-I gene, mice were created with
increased levels of HDL-C (17). In these mice, mouse apo A-I
was suppressed and the HDLwhich contained mostly human
apo A-I had several major size distributions of HDLparticles
comparable to human HDL2b and HDL3a ( 18, 19). In a recent

1. Abbreviations used in this paper: CE, cholesterol ester, CETP, choles-
teryl ester transfer protein; FCR, fractional catabolic rate; HDL-C,
HDLcholesterol; TR, transport rate.
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study we crossed the HuAITg and HuCETPTg mice and
showed on the background of human apo A-I that CETP in-
duced a greater reduction of HDL-C and apo A-I levels and
HDLparticle size (20). In the plasma of these HuAICETPTg
mice there was also a stronger HDL-CETP interaction.

In the current study we have crossbred mice with these
transgenes to examine the effect of hypertriglyceridemia with
or without CETPon the background of mouse or human apo
A-I on HDL-C levels, HDLparticle sizes, and HDLCE and
apo A-I metabolism. Wehave found that hypertriglyceridemia
in the presence of CETPhas a profound effect on HDL, but
that there is also a previously unsuspected effect in the absence
of CETP. These studies help clarify the roles of molecules
which may mediate the development of a commonatherogenic
lipoprotein phenotype in humans.

Methods

Transgenic mice. Transgenic mice were created as previously described
(14-17). The fertilized eggs injected with foreign DNA were F1
(C57B1/6J X CBA/J). Transgenic mice were confirmed by tail tip
DNAanalysis and mated to Fl's ofthe same genetic background. Com-
parisons in metabolic studies were with nontransgenic litter mates.
Four lines of human apo CIII transgenic (HuCIIITg) mice were used
(2674, 3641, 3707, 2721). Two of these lines were previously described
(2674 and 2721) (14) and the other two were made with the same DNA
construction. In these lines the apo CIII transgene was expressing pri-
marily in the liver (> 90%) with some intestinal expression (14). These
lines had different mean triglyceride levels which were directly propor-
tional to human apo CIII gene expression (14). One line of human
CETPtransgenic (HuCETPTg) mice was used which has been previ-
ously described (16). This line was made with a DNAconstruction
which contains a CETPminigene driven by the mouse metallothionein
I (MMTH I) gene promoter. One line of human apo A-I transgenic
(HuAITg) mice (179), which was previously described (17), was used.
Finally, two lines of transgenic mice (4867, 4868) were used which
contained both the human apo A-I and apo CIII genes (21). In these
lines the apo A-I transgene was expressed equally in liver and intestine,
with the apo CIII transgene expressed primarily in liver (> 90%) with
some intestinal expression. These genes are adjacent to each other on
the genome and convergently transcribed. The piece of DNAused ex-
tended from 0.3 kb 5' to the apo A-I gene to 1.4 kb 5' to the apo CIII
gene. The HuCIIICETPTg mice were generated by crossing HuCIIITg
mouse line 3707 with HuCETPTgmice. The HuAICIIICETPTg mice
were generated by crossing the HuAICIIITg mouse lines (4867, 4868)
with HuCETPTg mice. The HuAICIIITg line was used rather than
HuAITg and HuCIIITg lines to minimize the number of crosses re-
quired to get animals expressing all three human transgenes. The trans-
genic lines have been carefully studied for drift of the phenotype with
time and none has been observed. In addition, the animals were studied
between 10 and 20 wk of age, during which time in a given mouse there
are no significant temporal effects on the lipoprotein phenotype (22).

Blood sampling protocol. Animals were placed in metabolic cages in
animal rooms with alternating 12-h periods of light (7 a.m. to 7 p.m.)
and dark (7 p.m. to 7 a.m.) with ad lib access to food and water. Mice
12-16 wk old (20-30 g in weight) were given a regular mouse labora-
tory diet (Purina Chow 5001; Ralston Purina Co., St. Louis, MO) and
distilled water for 7 d, and then a Chow diet and water, supplemented
with 25 mMZnSO4 for 7 d to raise the level of plasma CETP. At the
end of each 7-d period, the mice were fasted overnight and blood was
collected the following morning from the retroorbital plexus under
methoxyflurane anesthesia.

Plasma lipid and lipoprotein analysis. Triglyceride and total choles-
terol were determined enzymatically using the Boehringer Mannheim
(Indianapolis, IN) reagents (nos. 126012 and 236691, respectively).

HDLand other lipoprotein fractions were separated by ultracentrifuga-
tion in an Airfuge (Beckman, Instruments, Inc., Fullerton, CA) as previ-
ously described (17). In the HDL fraction, free cholesterol and total
cholesterol (after saponification) were measured by gas chromatogra-
phy with coprostanol as an internal standard. The cholesterol ester
(CE) was taken as the difference between the two.

Nondenaturing gradient gel electrophoresis. HDLparticle size dis-
tribution was evaluated as previously described (23, 24). Plasma
specimens from control, HuCIIITg, HuCIIICETPTg, HuAITg,
HuAICIIITg, and HuAICIIICETPTg mice were subjected to gradient
gel electrophoresis. In a 175-Ml airfuge tube, 40 Ml of plasma was ad-
justed to d 1.21 g/ml with 1.35 g/ml KBr and 1 mMEDTA. This
mixture/solution was then ultracentrifuged at 100,000 g for 5 h (Air-
fuge). 30 Al was then aspirated from the top of the tube, electrophoresed
for 20 min at 70 V and then for 18-24 h at 125 V on nondenaturing
4-30% polyacrylamide gradient gels (PAA 4/30, Pharmacia LKB, Pi-
scataway, NJ). Gels were simultaneously stained and fixed in 0.05%
Coomassie Blue R-250 (Bio-Rad Laboratories, Richmond, CA), 9%
acetic acid, and 20% methanol, then destained with two changes of 9%
acetic acid 20%methanol followed by 9%acetic acid. Stained gels were
scanned using a digital scanning densitometer (model 620, Bio Rad
Laboratories) equipped with a 600-nm interference filter, and the data
were entered into a personal computer. Scans were analyzed by Gauss-
ian modeling as described previously (24). Stokes' radius of HDLparti-
cles was estimated by comparing migration distances with those of
thyroglobulin (8.50 nm), apoferritin (6.10 nm), catalase (5.20 nm),
lactate dehydrogenase (4.08 nm), and bovine serum albumin (3.55 nm).

Fast protein liquid chromatography (FPLC) analysis of lipopro-
teins. Aliquots (200 Al) of plasma from the HuCIIITg, HuCIIICETPTg,
HuAICIIITg, and HuAICIIICETPTg mice were loaded into a 500-Ml
teflon sample loop for application to two Superose 6 columns (HR
10/30) connected in series (FPLC system, Pharmacia) (25). Lipopro-
teins were eluted at 0.3 ml/min with 1 mMEDTA, 154 mMNaCl.
After the initial 12 ml had eluted, 50 fractions (0.5 ml) were collected.
60 ml of buffer was passed through the columns between sample load-
ing. Cholesterol and triglyceride concentrations in the fractions were
measured enzymatically using Boehringer Mannheim kits. Recoveries
of total cholesterol and triglycerides were 90% and 87%, respectively.

Quantitation of plasma apolipoproteins. Human apo CIII was
quantified by rocket immunoelectrophoresis using an anti-human apo
CIII antibody that had < 0.01% cross-reactivity with mouse apo CIII
(14). Mouse apo A-I was quantified by rocket immunoelectrophoresis
using a polyclonal anti-mouse apo A-I antibody prepared in cynomol-
gus monkeys generously provided by Dr. George Melchior of the Up-
john Company (18). This antibody had < 0.01% cross-reactivity with
human apo A-I. Human apo A-I was quantified by the turbidity
method using a polyclonal goat anti-human apo A-I antibody that had
< 0.01% cross-reactivity with mouse apo A-I (17).

Plasma CETP concentration. Plasma CETP concentration was
measured by solid-phase radioimmunoassay as described pre-
viously (26).

Preparation of HDL labeled in the apo A-I and cholesteryl ester
moieties. Human and mouse apo A-I were purified and radiolabeled
with 1251 by the Bilheimer modification of the McFarlane method, as
previously described (27, 28). The specific activity of '25I-labeled apo
A-I was 200 cpm/ng. 10 MCi of [3H]cholesteryl oleoyl ether was
placed in a glass tube and the solvent was dried under N2. 1 ml of 0.15
Mof NaCl containing 125 Mgof triacylglycerol (Intralipid Kabi Vitrum
Inc., Stockholm, Sweden) was added. The triacylglycerol was labeled
with [3H]cholesteryl oleoyl ether by sonication 12 times (10 s each)
using a sonicator (Branson Ultrasonics Corp., Danbury, CT) at 50%
output in ice cooled water. To label HDLwith [3H] cholesteryl oleoyl
ether, 1 ml of plasma from control or HuAITg mice was incubated with
labeled intralipid (125 Mgof triacylglycerol) and 1 ml of d > 1.25 g/ml
rabbit plasma (a source of CETP), for 16 h at 37°C as described previ-
ously (18, 20). The labeled HDL fraction was isolated by sequential
ultracentrifugation between d 1.063 and 1.21 g/ml, dialyzed against
five changes of 1 liter of 0.9% NaCl, 1 mMEDTAover 20 h and used

1144 Hayek et al.



immediately. 2-4 ,ug of 125I-mouse or human apo A-I was mixed with
100,000-200,000 dpm (10-20 ug of HDL-C) of the [3H] cholesteryl
oleoyl ether labeled mouse or HuAITg HDL before injection of
HuCIIITg and HuCIIICETPTg or HuAICIIITg and HuAICIII-
CETPTg mice, respectively. This procedure was associated with a
> 90% recovery of both [3Hjcholesteryl oleoyl ether and '25I-apo A-I in
the plasma 10 min after the injection (18, 20, 29).

In vivo turnover studies. Methoxyflurane anesthetized mice were
injected intravenously (femoral vein) with either control or HuAITg
mouse HDLdoubly labeled with 2-4 gg of '25I-mouse or human apo
A-I, respectively, and 100,000-200,000 dpm of [3H] cholesteryl oleoyl
ether, as previously described (18, 20). The injected HDL mass was
< 5% of the mouse HDLpool. Blood (50 Ml) was taken from the re-
troorbital plexus under anesthesia with methoxyflurane at 10 and 90
min, and 3, 8, and 28 h for determination of radioactivity. The FCRs
for apo A-I and HDLcholesteryl oleoyl ether were calculated from the
plasma decay curves of '251-apo A-I and [3H] cholesteryl oleoyl ether
assuming a two-pool model by the Matthews method (30).

In vivo apo A-I labeling study. The rate of appearance of apo A-I in
the plasma was determined as follows. 100 MCi of [35S~methionine
(Translabel, ICN Biomedicals, Costa Mesa, CA) in 200 Ml sterile saline
was injected in the femoral vein of methoxyflurane anesthetized mice.
Approximately 100I l of blood was obtained via retroorbital bleeding,
as described above, at 10, 20, 30, and 40 min. Plasma was isolated via
centrifugation and incorporation of [35Slmethionine into albumin and
mouse apo A-I were determined via immunoprecipitation, using rabbit
anti-mouse albumin antibody and monkey anti-mouse apo A-I anti-
body, respectively. The eluted proteins were subjected to PAGEafter
adding SDS-buffer on 12.5% gels with 8%stacking gels. The gels were
then treated with Enhance (New England Nuclear, Boston, MA), dried
and then exposed to x-ray film (XAR, Eastman Kodak Co., Rochester,
NY) for 5 d. Bands corresponding to apo A-I (28 kD) and albumin (67
kD) were quantified using a laser scanner (LKB Ultroscan XL Laser
Densitometer).

Apo A-I mRNAquantitation. Mouse apo A-I mRNAlevels were
quantified by a solution hybridization RNase protection assay with a
riboprobe to detect mouse apo A-I mRNA,as previously dg!ribed (31,
32). With the animals allowed free access to food and w ijliver and
small intestine were taken from control and HuCIIITg r.NA was
isolated by the method of Chomczynski and Sacchi (33). kground
counts per minute for the probe was routinely < 0.4% of total counts
using the filter counting assay.

Statistical analysis. Results are expressed as mean±SEof the mean.
The Student t test was used to compare differences between groups.
Statistical significance was defined as P < 0.05.

Results

Several types of transgenic mice were used to study the influ-
ence of hypertriglyceridemia in the presence or absence of
CETPon HDL-C levels. The hypertriglyceridemic HuCIIITg

mouse line 3707 was crossed with the HuCETPTgmouse line
and measurements of lipids, lipoproteins, apolipoproteins, and
CETPmass were made with animals ingesting a Chow+ zinc
(25 mM)diet. In preliminary experiments the addition of zinc
to the diet was shown to have no significant effect on the lipo-
protein profile in the HuCIIITg mice, whereas it maximizes the
effect of the MMTHI-driven CETPtransgene in the HuCIII-
CETPTg mice. A comparison of the HuCIIITg and the
HuCIIICETPTg mice is shown in Table I. Both types of ani-
mals had triglycerides in the 600-700 mg/dl range. The
HuCIIICETPTg mice had a CETPmass of 2.8 ug/ml. Com-
pared to HuCIIITg mice, HuCIIICETPTg mice had 48% lower
HDL-C (44±2 vs. 23±2 mg/dl, P < 0.0001) and 40% lower
mouse apo A-I (141±6 vs. 85±3 mg/dl, P < 0.0001).

Owing to the different metabolic properties of HDL in
HuAITg versus control mice, the triglyceride-HDL-C relation-
ship was also studied in transgenic mice expressing human
apo A-I. In these experiments the hypertriglyceridemic
HuAICIIITg mouse lines were crossed with the HuCETPTg
mouse line and measurements were made as above and are also
shown in Table I. HuAICIIITg and HuAICIIICETPTg mice
had triglycerides in the 620-745 mg/dl range. The HuAICIII-
CETPTgmice had a CETPmass of 2.6 ,ug/ml. Compared to
HuAICIIITg mice, the HuAICIIICETPTg mice had 61% lower
HDL-C (41±3 vs. 16±1 mg/dl, P < 0.0001), 43% lower human
apo A-I (141±13 vs. 81±7 mg/dl, P < 0.0001), and 56% lower
mouse apo A-I (36±6 vs. 16±4 mg/dl, P < 0.0001).

The plasma lipoprotein profiles of HuCIIITg, HuCIII-
CETPTg, HuAICIIITg, and HuAICIIICETPTg mice were next
evaluated by column &rofflatography (FPLC). Plasma was
subjected to chromatography on Superose 6 and cholesterol
and triglycerides were measured in each column fraction. The
results are shown in Fig. 1. As can be seen, aR four types of
animals had qer 90% of their triglycerides in the VLDL frac-
tion. The triglyceride to cholesterol ratio in this fraction was
typical of VLDL. In the presence of CETPthere was a signifi-
cant decrease in the HDL-C. These results are compatible with
those shown in Table I based on ultracentrifugation.

Nondenaturing gradient gel electrophoresis was then used
to study the effects of hypertriglyceridemia in the presence and
absence of CETPon HDLparticle size distribution. In Fig. 2,
panels A, B, and C compare control, HuCIIITg, and HuCIII-
CETPTg mouse HDL, respectively, and panels D, E, and F
compare HuAITg, HuAICIIITg, and HuAICIIICETPTg
mouse HDL, respectively. Control mouse HDL is primarily
monodisperse, with a particle diar4teTof9.8 nm. Hypertriglyc-
eridemic HuCIIITg mouse HDL 1s similar with a diameter of
9.8 nm. However, in the presence of both hypertriglyceridemia

Table I. Lipoproteins and Apolipoproteins in HuCIIITg, HuCIIICETPTg, HuAICIIITg, and HuAICIIICETPTg Mi&

Mice Tg TC HDL-C HumanA-I Mouse A-I HumanCIII CETPmass

mg/dl Ag/dl

HuCIIITg(n = 14) 699±53 118±4 44±2 141±6 21.5±1.0*
HuCIIICETPTg (n= 19) 592±53 98±11 23±2* 85±3* 17.6±1.5* 2.8±0.2
HuAICIIITg(n= 15) 745±148 126±24 41±3 141±13 36±6 17.1±3.0
HuAICIIICETPTg (n = 17) 620±110 83±15 16±1* 81±7* 16±4 11.9±3.0 2.6±0.2
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Figure 1. FPLC analysis of lipoproteins. Aliquots (200 M1) of plasma
from HuCIIITg, HuCIIICETPTg, HuAICIIITg, and HuAICIII-
CETPTg mice were loaded into a 500-,ul teflon sample loop for ap-
plication to two Superose 6 columns connected in series. Lipoproteins
were eluted at 0.3 ml/min with 1 mMEDTAand 154 mMNaCl.
After the initial 12 ml had eluted, 50 fractions (0.5 ml) were collected.
Cholesterol and triglyceride concentrations were measured in each
fraction. All four types of animals had over 90%of their triglycerides
in the VLDL fraction. In the presence of CETPthe cholesterol con-

tent of HDLwas lower in both HuCIIICETPTg and HuAICIII-
CETPTgcompared with HuCIIITg and HuAICIIITg mice, respec-
tively.

and CETP, the HuCIIICETPTg mouse HDLis smaller with a

particle diameter of 8.8 nm. HuAITg mouse HDLis polydis-
perse with two principal particle diameters of 10.3 and 9.1,
corresponding to human HDL2b and HDL3.. In the hypertri-
glyceridemic HuAICIIITg mice there is a relative decrease in
larger, HDL2b, and increase in smaller, HDL3b and HDL3,
particles. Finally, when both hypertriglyceridemia and CETP
are present, as in the HuAICIIICETPTg mice, all larger HDL
species are absent and the only HDLappears to be HDLkwith
a particle diameter of 7.6 nm. Thus, hypertriglyceridemia in
the absence of CETPhas an effect on particle size only on the
background of human apo A-I. However, hypertriglyceridemia

in the presence of CETPis associated with a reduction in HDL
particle size whether on the mouse or human apo A-I genetic
background.

To elucidate the metabolic basis for the changes in HDL-C
and apo A-I levels induced by hypertriglyceridemia with or
without CETP, HDL turnover studies were performed. HDL
doubly labeled with '25I-apo A-I and [3H]cholesteryl oleyl ether
was injected intravenously into HuCIIITg, HuCIIICETPTg,
HuAICIIITg, and HuAICIIICETPTg mice and the plasma dis-
appearance of radioactivity followed, as shown in Fig. 3. The
Matthews method was used to calculate HDLCEFCRand apo
A-I FCRand these multiplied by the pool size (as reflected by
the plasma concentration of HDLCEand total apo A-I, respec-
tively) estimated the transport rates (TR). These results are
summarized in Table II. Compared with HuCIIITg mice, the
HuCIIICETPTg mice had a 65% higher HDLCEFCR, which
accounted for most of the decrease in HDL-C levels. Similarly,
compared with HuAICIIITg mice, the HuAICIIICETPTg mice
had a 107% increase in HDLCEFCRwhich also accounted for
most of the HDL-C decrease. CETPexpression significantly
decreased HDLCETR in the HuCIIICETPTg animals, but in
the HuAICIIICETPTg animals the effect was not significant.
With regard to apo A-I, on the mouse apo A-I background
CETPsignificantly increased apo A-I FCR15% and decreased
apo A-I TR 29%. On the human apo A-I background, CETP
significantly increased apo A-I FCR35%and decreased apo A-I
TR48%. Thus, in both cases the decrease in apo A-I levels was
due to changes in both FCRand TR, with the latter perhaps
contributing more than the former.

These experiments with transgenic mice clearly show that
CETPis a major mediator of the inverse relationship between
triglyceride and HDL-C level. However, in performing these
experiments it was unexpectedly noted that this relationship
also existed in the absence of CETP. The triglyceride-HDL-C
relationship is shown in Fig. 4 for the HuCIIITg line 3707 in
the presence and absence of CETP. The regression line is
steeper and shifted to the left in the presence of CETP(at the
same level of triglycerides lower HDL-C levels). The inverse
correlation of triglycerides and HDL-C levels in the absence of
CETP was seen within several different HuCIIITg lines and
also between lines with different amounts of apo CIII expres-
sion and differing triglyceride levels. In four different
HuCIIITg lines as the triglyceride levels increased, HDL-C lev-
els decreased (Table III). This was particularly apparent with
the high expressor HuCIIITg line 2721 with triglycerides of

1,200 mg/dl, in which HDL-C averaged 34±2 mg/dl com-
pared with control mice with triglycerides of 96±5 mg/dl and
HDL-C of 54±2 mg/dl. A more complete comparison of lipid,
lipoprotein and apolipoprotein levels between control and
HuCIIITg line 2721 mice is shown in Table IV. The respective
lipoprotein profiles were confirmed by FPLCcolumn chroma-
tography (data not shown). It is apparent both by ultracentrifu-
gation and column chromatography that in hypertriglyceride-
mia in the absence of CETP, the HDL is diminished. Doubly
labeled HDLturnover studies were performed to determine the
metabolic basis for this observation and the results are summa-
rized in Table V. As can be seen, the HDLCE FCR is not
increased in the HuCIIITg mice compared to controls; if any-
thing, there is a slight but insignificant decrease. Therefore, the
decrease in HDL-C levels in HuCIIITg mice is exclusively due
to a decrease in the HDLCETR (47%). With regard to the apo
A-I kinetics, in HuCIIITg mice there is a slight increase in the
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apo A-I FCR(13%) which accounts for only a small fraction of
the 52% decrease in apo A-I levels. This implies that hypertrig-
lyceridemia decreases the apo A-I TR as well as the HDLCE
TR and in this manner lowers HDL-C levels.

To confirm this observation of lower apo A-I transport rate
in HuCIIITg mice, an in vivo labeling experiment with
[35S]methionine was performed in both control and HuCIIITg
mice and the incorporation of [35S]methionine into apo A-I
was measured by immunoprecipitation of apo A-I from plasma
taken at 10, 20, 30, and 40 min after the intravenous injection
of [35S]methionine. As shown in Fig. 5, the incorporation of
[35S]methionine into apo A-I in HuCIIITg animals is - 50%of
that of control animals, indicating lower appearance of apo A-I
in the plasma in the former group.

From both the in vivo turnover and in vivo labeling studies,

it seems that HuCIIITg mice have lower apo A-I synthetic rates
compared to controls. To examine whether this reduction is
transcriptional, mouse apo A-I mRNAlevels were measured in
total RNAisolated from liver and small intestine of both con-
trol and HuCIIITg mice (line 2721) by a solution hybridiza-
tion/RNase protection assay using mouse apo A-I mRNAspe-
cific riboprobes. As shown in Table VI, intestinal mouse apo
A-I mRNAlevels were reduced significantly in HuCIIITg com-
pared to control mice, while the hepatic mouse apo A-I mRNA
levels were unchanged. This suggests that the reduction of
mouse apo A-I levels in HuCIIITg mice (line 2721) might be
mediated in part by modulation of intestinal apo A-I synthesis.
There was no significant difference in the rate of appearance of
[35S]methionine into albumin between the two groups (see Fig.
5, legend).

Table IL HDLMetabolism in HuCIIITg, HuCIIICETPTg, HuAICIIITg, and HuAICIIICETPTg Mice

HDL-C HDLCE FCR HDLCETR Apo A-I A-I FCR A-I TR

mg/dl pools/h U mg/dl pools/h U

HuCIIITg (n = 4) 44±2 0.175±0.008 5.3±0.3 134±5 0.118±0.005 15.8±0.5
HuCIIICETPTg (n = 4) 23±10 0.288±0.020* 3.6±0.3* 83±4§ 0.136±0.002* 11.3±0.6$
HuAICIIITg (n = 5) 42±4 0.164±0.009 4.7±0.4 210±35 0.124±0.007 25.9±3.7
HuAICIIICETPTg (n = 5) 19±2§ 0.340±0.040§ 3.6±0.5 81±1 i 0.168±0.004* 13.5±1.5t

* P < 0.05 compared to litter mates. t P < 0.005 compared to litter mates. § P < 0.001 compared to litter mates.
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Figure 3. Radioactive plasma decay curves for doubly labeled HDL in HuCIIITg, HuCIIICETPTg, HuAICIIITg, and HuAICIIICETPTg mice.
Mice were injected intravenously with either control or HuAITg mouse HDLdoubly labeled with 125I-mouse or human apo A-I, respectively,
and [3H]cholesteryl oleoyl ether. Blood (50 Ml) was then taken from the retroorbital plexus at 10 and 90 min, and 3, 8, and 28 h for determination
of radioactivity. HuCIIITg and HuCIIICETPTg mice were injected with doubly labeled control mouse HDLand the radioactivity in plasma is
shown (left paneb). As can be seen, the disappearance of HDLCE radioactivity is greater than for apo A-I in both HuCIIITg and HuCIIICETPTg
mice. Compared to HuCIIITg, HuCIIICETPTg mice show a large increase in HDLCEFCRand a small increase in apo A-I FCR. HuAICIIITg
and HuAICIIICETPTg mice were injected with doubly labeled HuAITg mouse HDL, and radioactivity in plasma is shown (right panel). As can
be seen, the disappearance of HDLCE radioactivity is greater than for apo A-I in both HuAICIIITg and HuAICIIICETPTg mice. Compared
to HuAICIIITg, HuAICIIICETPTg mice show a large increase in HDLCEFCRand a modest increase in apo A-I FCR.

Discussion

In humans there is a well-known association of high triglycer-
ides with low HDL-C levels (1-10). This relationship is
thought, but not proven, to arise from core lipid exchange be-

1000
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0
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tween triglyceride-rich lipoproteins and the cholesteryl esters in
the core of HDLmediated by CETP(2-4, 13). Such exchange
has been shown to occur in vitro in reconstituted systems (2-4).
In addition, in vivo it has been shown that plasma CETPactiv-
ity correlates with core lipid exchange between VLDL and
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Figure 4. Triglyceride-HDL-C relationship in HuCIIITg (line 3707) in the presence and absence of CETP. The regression line is steeper and
shifted to the left in the presence of CETP(at the same level of triglycerides lower HDL-C levels). If the point with the low triglyceride level is
excluded from the HuCIIITg group in the absence of CETP, the correlation for this group of animals loses significance.
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Table III. Triglyceride-HDL-C Relationship in Different Lines
of HuCIIITg Mice

Mouse line Triglyceride HDL-C

mg/dI

Control (n = 26) 96±5 54±2
HuCIIITg 2674 (n = 11) 252±22 50±2
HuCIIITg 3641 (n = 4) 478±26 47±2
HuCIIITg 3707 (n = 9) 744±39 41±3
HuCIIITg2721 (n = 30) 1192±55 34±2

HDL in the plasma of hypertriglyceridemic patients (34), and
that CETPinfusion into hypertriglyceridemic sucrose-fed rats
lowers HDL-C levels and particle sizes (13).

The current study in transgenic mice provides direct proof
of the important role of CETP in the high-triglyceride-low-
HDL-C level relationship. Hypertriglyceridemia was produced
in mice by overexpression of the human apo CIII gene. The
major metabolic mechanism in these mice appears to be re-
duced VLDLFCR(1 5). At this time we cannot be certain if the
effects of hypertriglyceridemia that were observed are mecha-
nism-specific, in that this is the only available model of mouse
hypertriglyceridemia in the absence of other major metabolic
disturbances (i.e., diabetes). The coexpression of hypertriglycer-
idemia and CETPshowed an additive effect on HDL-C levels
(Fig. 4 and Table I) and a strong interactive effect to decrease
apo A-I levels (Table I). However, in the case of HDLparticle
size, hypertriglyceridemia or CETPexpression alone had mini-
mal effect on HDLparticle size, but when coexpressed revealed
a profound interaction (Fig. 1). This may reflect a need for
triglyceride enrichment of HDL for hepatic lipase to decrease
HDL size (3). In addition, in the absence of CETP we did
observe an inverse relationship of triglycerides and HDL-C lev-
els. This was most apparent in animals with marked hypertrig-
lyceridemia (Table III) and appears to involve decreased HDL
CEand apo A-I TR. In homozygous CETP-deficient patients,
an inverse relationship of triglycerides and HDL-C levels was
not observed (35). However, these individuals had triglyceride
levels < 400 mg/dl, which may not have been high enough to
observe this relationship. Finally, although this was not ad-
dressed in the current study, recently another group created
CETPtransgenic mice and found that decreased HDL-C was
accompanied by increased VLDL-C and LDL-C levels, as ex-
pected from studies in humans (35-37).

In hypertriglyceridemic humans low HDL-C levels are as-
sociated with a reduction in HDLparticle size (2, 3). The basis

for this association was explored in the transgenic mouse
model. In control mice HDLconsists primarily of a single par-
ticle size distribution, diameter 10 nm; in hypertriglyceridemic
HuCIIITg mice the particle diameter is unchanged. In a pre-
vious study we noted that the introduction of CETPinto nor-
motriglyceridemic mice reduced HDLparticle diameter to 9.7
nm(16, 20). However, in the current study the combined effect
of hypertriglyceridemia and CETPin the HuCIIICETPTg mice
reduced HDLparticle diameter to 8.8 nm, demonstrating that
the effect of hypertriglyceridemia on HDLparticle size in the
mouse is mediated virtually completely through CETPwith a
large synergistic effect.

Although interesting, these studies in the mouse of the asso-
ciation of hypertriglyceridemia with small HDLsuffer from the
fact that mouse HDLparticle size distribution (monodisperse)
is unlike humans. Normotriglyceridemic humans typically
have two main HDLparticle size distributions: HDL2b, diame-
ter 10.8 nm, and HDLu, diameter 9.0 nm(24). In hypertriglyc-
eridemic humans the larger HDL2b tend to diminish with the
appearance of smaller HDLspecies, such as HDL3b, diameter
8.4 nm, and HDL3c, diameter 7.8 nm (2). The biochemical
basis for the difference in HDL particle size distribution be-
tween mouse and human was revealed by previous transgenic
mouse experiments (18). HuAITg mice, in which human apo
A-I virtually replaces mouse apo A-I, show HDLparticle size
distribution similar to humans, implicating the physical differ-
ences between human and mouse apo A-I as the underlying
basis for the species differences. Therefore, it was of interest to
study the high-triglyceride-small-HDL association in the
mouse on the background of human apo A-I. In HuAITg mice
HDL2b, diameter 10.3 nm, and HDL3a, diameter 9.1 nm, were
observed, as before (18). In hypertriglyceridemic HuAICIIITg
mice there was a diminution of the HDL2band the appearance
of HDL3b, diameter 8.3 nm, and HDL3, diameter 7.6 nm.
Thus, on the background of human apo A-I, hypertriglyceride-
mia alone shifted the HDLto smaller particle size distribution.
Finally, the most striking effect of all was achieved with the
combined effect of hypertriglyceridemia and CETP in the
HuAICIIICETPTg mice. All large HDLdisappeared, with only
HDL3c, particle size 7.6 nm, remaining. This is quite compara-
ble to HDLsize seen in humans with triglycerides > 500 mg/dl
(2) and proves that this phenotype is due to a triglyceride-
CETP interaction.

The high-triglyceride-low-HDL-C level lipoprotein pattern
is associated with atherosclerosis susceptibility (5, 38). One
proposed mechanism is that there is diminished reverse choles-
terol transport of HDLCEfrom the artery wall to the liver (39).
Although our measurement of HDL CE TR cannot be as-
sumed to be totally due to unidirectional flux of cholesterol
from peripheral tissues to the liver, it was of interest to examine

Table IV. Lipoproteins and Apolipoproteins in HuCIIITg (2721 Line) and Controls

Tg TC HDL-C LDL-C VLDL-C Mouse A-I Human CIII

mg/dl

Control mice (n = 26) 96±5 72±2 54±2 7±1 11±1 145±9
HuC1IiTg 2721 (n = 30) 1192±55* 182±10t 34±2* 15±7* 133±13t 83±6t 37.8±1.4

TC, total cholesterol; Tg, triglyceride. * P < 0.001 compard to control mice. t P < 0.0001 compard to control mice.
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Table V. HDLMetabolism in HuCIIITg (2721 Line) and Controls

HDL-C HDLCEFCR HDLCETR Apo A-I Apo A-I FCR Apo A-I TR

mg/dl pools/h U mg/dl pools/h U

Control mice (n = 6) 54±2 0.21±0.008 8.5±0.5 145±9 0.114±0.002 16.5±2
HuCIIITg mice (n = 6) 30±2* 0.19±0.02 4.5±0.5* 69±5§ 0.129±0.004* 8.9±1.6*

* P < 0.005 compared to control mice. t P < 0.001 compared to control mice. I P < 0.0001 compared to control mice.

the effects of hypertriglyceridemia with or without CETPon
the flux of HDLCEs in these animals. In the current study and
previous ones (18, 20), control mouse HDLCEFCRwas 0.21,
0.20, and 0.22 pools per hour and HDLCETR8.5, 7.3 and 9.6
U. In the hypertriglyceridemic HuCIIITg mouse line 3707 (tri-
glycerides - 700 mg/dl) HDLCEFCRwas 0.18 and HDLCE
TR 5.3 U; in the HuCIIITg mouse line 2721 (triglycerides

1,200 mg/dl) HDLCEFCRwas 0.19 and HDLCETR 4.5
U. Thus, on the background of mouse apo A-I, hypertriglyceri-
demia did not change the HDLCEFCR(it certainly did not
increase it), but there was a tendency to decrease HDLCETR,
especially at high triglyceride levels.

On the background of human apo A-I, we previously
showed that HDLCEFCRwas considerably diminished owing
to a loss of the selective uptake pathway ( 18). In previous stud-
ies HuAITg mouse HDLCE FCRwas found to be 0.12 and
0.09 pools per hour and HDLCETR8.2 and 7.5 U (18, 20). In
the hypertriglyceridemic HuAICIIITg mice (triglycerides

- 700 mg/dl) HDLCEFCRincreased by 60% to 0.16 and the
HDLCETRwas reduced by 40% to 4.7 U. Thus, on the back-
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Figure 5. In vivo labeling of apo, A-I with [35S]methionine in control
and HuCIIITg mice (line 272T1).100,uCi of [gS]methionine was in-
jected intravenously into mice. Blood ( 100,01) was taken from the re-
troorbital plexus at 10, 20, 30, and 40 min. Plasma was isolated and
incorporation of [3"S]methionine into albumin and mouse apo A-I
were determined via immunoprecipitation using rabbit anti-mouse
albumin antibody and monkey anti-mouse apo A-I antibody, re-
spectively. After SDS-PAGEthe gels were subjected to autofluoro-
graphy. The fluorograms were scanned and the bands specific to apo
A-I and albumin compared. Each point represents the mean+SDof
three mice. As shown in the figure, the incorporation of
[3"S]methionine into apo A-I is significantly lower in HuCIIITg ani-
mals compared with control littermates, indicating lower appearance
of apo A-I in the plasma in the former group.

ground of human apo A-I, hypertriglyceridemia increased the
HDLCE FCRwith a decrease in HDLCETR. One possible
explanation for the hypertriglyceridemia induced increase in
HDLCEFCRin the human but not the mouse background is
the change in HDLparticle size distribution seen in the former,
but not the latter (Fig. 2, D vs. E, and A vs. B, respectively).
Another explanation could be that the HuAICIIITg mice have
increased HDLCEFCRcompared to the HuAITg mice previ-
ously studied. This could be because the current HuAICIIITg
line has less human and more mouse apo A-I than the previ-
ously studied HuAITg line, and thereby may have preserved
some of the selective uptake of HDLCE observed in control
mice (18). It also appears that moderate to severe hypertriglyc-
eridemia may reduce the flux of CEthrough the HDLpathway,
and this may contribute to the atherogenic nature of the high-
triglyceride-low-HDL-C level phenotype. In fact, in the hyper-
triglyceridemic HuCIIITg mouse line 2721, the entire reduc-
tion of HDL-C observed could be attributed to a decrease in
HDLCETR.

In hypertriglyceridemic mice of both mouse and human
apo A-I backgrounds, the addition of CETP markedly in-
creased the HDLCE FCR to 0.29 and 0.34 pools per hour,
respectively, with a 25-30% decrease in HDL CE TR. The
increase in HDLCEFCRis accounted for by the introduction
by CETPof a new pathway for HDLCE removal which pre-
sumably involves the transfer of HDLCE to triglyceride-rich
lipoproteins with faster clearance than that of HDL. The de-
crease in HDLCETRwas somewhat of a surprise. One might
have expected that if CETPwas rate limiting in reverse choles-
terol transport that its introduction might have raised HDLCE
TR. The fact that it did not, implies that in this system, reverse
transport is adequate and that HDL-C levels fall in proportion
to the increase in HDL CE FCR. In other studies we have
shown that a high fat diet increases HDL CE TR (40), and
perhaps in such a stress, the presence of CETPmight enable
greater reverse transport to occur.

The combination of hypertriglyceridemia and CETPcauses
the mice to have the lowest HDL-C levels reported for this
species consuming a Chowdiet. The result is even more remark-
able for the HuAICIIICETPTg mice, where we would expect

Table Vl. Mouse Apo A-I mRNALevels

Liver Small intestine

pg/Ag RNA

Control mice (n = 8) 34.3±1.0 31.2±1.8
HuCIIITg 2721 (n = 8) 33.3±1.1 14.1±1.6*

* P < 0.001.
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apo A-I overproduction by the human apo A-I transgene to
raise HDL-C levels (17, 18). It would be of interest to study
atherosclerosis susceptibility in the HuCIIICETPTg and
HuAICIIICETPTg animals on various diets to see whether the
high-triglyceride-low-HDL-C level phenotype is actually ath-
erogenic.

The current studies also allow an examination of the effect
of the hypertriglyceridemia phenotype on HDLparticle metab-
olism through examination of apo A-I turnover. In the current
study and previous ones (18, 20), control mouse apo A-I FCR
was 0.1 1, 0.12, and 0.10 pools per hour and HuAITg mouse
apo A-I FCRwas 0.13 and 0.12 pools per hour. On the back-
ground of mouse and human apo A-I, adding either apo CIII or
CETP, as seen in studies of HuCETPTg, HuAICETPTg,
HuCIIITg, and HuAICIIITg mice, produced about a 10% in-
crease in apo A-I FCR. However, the combined effect of hyper-
triglyceridemia and CETPfurther elevated the apo A-I FCRto
0.14 in the HuCIIICETPTg mice and 0.17 in the HuAICIII-
CETPTgmice. In HDLapolipoprotein turnover studies in hu-
mans, we previously showed that apo A-I FCRwas best pre-
dicted by HDL size (41, 42). Inasmuch as in rodents a major
site of apo A-I catabolism is the proximal tubules of the kidney
(12), a possible mechanism may be that small HDLhave en-
hanced kidney filtration and catabolism of apo A-I. Thus, the
diminution of HDLsize in the HuCIIICETPTg and HuAICIII-
CETPTgmice may account for this increase in apo A-I FCR.
The lowering of plasma apo A-I levels by hypertriglyceridemia
and CETPwas only partially accounted for by an increase in
apo A-I FCR, and there was a significant component of de-
creased apo A-I TR. The mechanism of this unexpected find-
ing was further explored in the HuCIIITg mouse line 2721 with
severe hypertriglyceridemia. In these animals both in vivo met-
abolic and labeling studies indicated decreased apo A-I synthe-
sis accompanied by a specific decrease in intestinal but not
hepatic apo A-I mRNAlevels. Thus, in hypertriglyceridemia
there might be a decrease in intestinal apo A-I production. In
hypertriglyceridemic humans there is an expanded bile acid
pool size (43, 44) and this may regulate intestinal apo A-I syn-
thesis, although other mechanisms are certainly possible.

Finally, what are the implications of the transgenic mouse
model for understanding the low HDL-C risk factor associated
with atherosclerosis susceptibility in humans? In the transgenic
mice we showed that high triglycerides act synergistically with
CETPto cause low HDL-C levels, reduce HDLparticle sizes,
increase HDLCEFCRand apo A-I FCR, and decrease HDL
CEand apo A-I TR. Thus, the transgenic mouse model proves
that high triglycerides in the presence of CETP in vivo can
cause the low HDL-C, diminished HDLparticle size, and in-
creased apo A-I FCRphenotype associated with heart disease
susceptibility. In a previously published human metabolic
study we found that, compared with controls, hypertriglyceri-
demic low HDL-C patients had increased apo A-I FCRbut
normal apo A-I TR, and the increased apo A-I FCRcorrelated
strongly with decreased HDLparticle size (41, 42). In the hu-
man study the decrease in apo A-I levels associated with hyper-
triglyceridemia was only 12%, whereas in the mice it was

50%. The much greater reduction in mice may be due to the
combined effect of hypertriglyceridemia on increasing apo A-I
FCRand decreasing apo A-I TR.

Thus, the transgenic mouse model described herein repro-
duces most aspects of the human condition. However, it is
probable that other genes also play a role in the complex pro-

cesses that lead to the low HDL-C level phenotype. Evidence
for this comes from two types of studies in humans. First, al-
though most individuals with low HDL-C levels have high tri-
glycerides, some do not. Wehave previously shown that these
people, too, have increased apo A-I FCR, normal apo A-I TR,
and diminished HDLparticle size (41). In addition, in patients
with high triglycerides and low HDL-C, normalization of tri-
glycerides by diet and drug therapy does not elevate HDL-C
levels in some individuals (45-47). Thus, the low HDL-C, in-
creased apo A-I FCRcondition can be caused by mechanisms
independent of a primary increase in triglyceride levels, such as
primary alterations in lipoprotein and/or hepatic lipase, as sug-
gested by Goldberg et al. (7), Kunsi et al. (48), Kekki (49), and
Applebaum-Bowden et al. (50).
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