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Abstract Familial combined hyperlipidemia (FCHL) is a
common inherited hyperlipidemia and a major risk factor
for atherothrombotic cardiovascular disease. The cause(s)
leading to FCHL are largely unknown, but the existence of
unidentified “major” genes that would increase VLDL pro-
duction and of “modifier” genes that would influence the
phenotype of the disease has been proposed. Expression of
apolipoprotein A-II (apoA-II), a high density lipoprotein
(HDL) of unknown function, in transgenic mice produced
increased concentration of apoB-containing lipoproteins and
decreased HDL. Here we show that expression of human
apoA-II in apoE-deficient mice induces a dose-dependent
increase in VLDL, resulting in plasma triglyceride elevations
of up to 24-fold in a mouse line that has 2-fold the concentra-
tion of human apoA-II of normolipidemic humans, as well as
other well-known characteristics of FCHL: increased con-
centrations of cholesterol, triglyceride, and apoB in very
low density lipoprotein (VLDL), intermediate density lipo-
protein (IDL) and low density lipoprotein (LDL), reduced
HDL cholesterol, normal lipoprotein lipase and hepatic li-
pase activities, increased production of VLDL triglycerides,
and increased susceptibility to atherosclerosis. However,
FCHL patients do not have plasma concentrations of human
apoA-II as high as those of apoE-deficient mice overex-
pressing human apoA-II, and the apoA-II gene has not been
linked to FCHL in genome-wide scans. Therefore, the
apoA-II gene could be a “modifier” FCHL gene influencing
the phenotype of the disease in some individuals through
unkown mechanisms including an action on a “major”
FCHL gene.fl We conclude that apoE-deficient mice over-
expressing human apoA-II constitute useful animal models
with which to study the mechanisms leading to overproduc-
tion of VLDL, and that apoA-Il may function to regulate
VLDL production.—Escola-Gil, J. C., J. Julve, A. Marzal-
Casacuberta, J. Ordonez-Llanos, F. Gonzalez-Sastre, and F.
Blanco-Vaca. Expression of human apolipoprotein A-II in
apolipoprotein E-deficient mice induces features of familial
combined hyperlipidemia. J. Lipid Res. 2000. 41: 1328-—
1338.

Supplementary key words apoB e atherosclerosis ¢ high density lipo-
protein e transgenic mice ¢ very low density lipoprotein

1328  Journal of Lipid Research Volume 41, 2000

High density lipoprotein (HDL) particles are classified
according to the content of their major apolipoproteins,
namely apolipoprotein A-I (apoA-I) and apoA-II. ApoA-I
is required to maintain HDL structure, induces specific
and nonspecific cholesterol efflux, activates lecithin:
cholesterol acyltransferase (LCAT), is an in vivo ligand of
the scavenger receptor B-I, and plays an antiatherogenic
role, as has been clearly established by studies in both
transgenic and knockout mice (1, 2). In contrast, the
physiologic role of apoA-II is poorly defined. Studies in
mouse apoA-II transgenic mice revealed an increase in ath-
erosclerosis susceptibility that was consistent only when
the mice were on a regular chow diet (3), whereas double
human apoA-I/apoA-II transgenic mice lost part of the
protection against atherosclerosis shown by human apoA-I
transgenic mice fed an atherogenic diet (4). Mouse and
human apoA-II present significant differences in structure
that result in different effects in HDL size and concentra-
tion (5-7). For this reason we expressed different levels of
human apoA-II in transgenic mice, without concomitant
expression of human apoA-I, and found a dose-related in-
crease in plasma triglycerides and decreased HDL due, at
least partially, to an LCAT functional deficiency (8).
These mice showed increased atherosclerosis susceptibil-
ity, but this was seen exclusively when they were fed an
atherogenic diet (9); however, this diet has proinflamma-
tory and hepatotoxic effects that could interfere with
studies of atherosclerosis (1). To rule out this possibility

Abbreviations: ALT, alanine aminotransferase; apo, apolipoprotein;
AST, aspartate aminotransferase; FCHL, familial combined hyperlipi-
demia; FFA, free fatty acid; HDL, high density lipoprotein; IDL, inter-
mediate density lipoprotein; LCAT, lecithin:cholesterol acyltransferase;
LDL, low density lipoprotein; LDP, lipoprotein-depleted plasma; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
VLDL, very low density lipoprotein.
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and to study a possible species-specific interaction with
diet, in the context of gaining insight into the pathophysi-
ological role of human apoA-II as a goal, we cross-bred
human apoA-II transgenic mice with apoE-deficient mice
(apoE~/7). ApoE~/~ mice are susceptible to massive ath-
erosclerosis, even when fed a regular chow diet with only
4% fat (10, 11). To our surprise, apoE’/’ mice overex-
pressing human apoA-II and fed a regular chow diet
showed a 24-fold increase in plasma triglyceride concen-
tration compared with apoE ™/~ mice. This and the results
of subsequent experiments performed to investigate the
mechanism (s) underlying this hypertriglyceridemia dem-
onstrated that human apoA-II gene expression in mice
caused effects that would be expected from a familial
combined hyperlipidemia (FCHL) gene. Plasma apoA-II
concentration is known to be similar or lower in patients
with hypertriglyceridemia and/or myocardial infarction
than in control subjects (12). However, our results are
consistent with those of investigations that illustrate the
pathophysiological role of apoA-II (7, 12, 13). Also, it is of
note that genome-wide scans seeking genes causing FCHL
detected a “major” locus causing this disease in a region
containing the apoA-II gene, even though this locus was
outside the maximum interval of linkage (14) and estab-
lished the LCAT locus as a potential “modifier” FCHL
gene (15).

MATERIALS AND METHODS

Mice

Mice were maintained in a temperature-controlled (20°C)
room with a 12-h light/dark cycle and food and water ad libitum.
All animal procedures were in accordance with published rec-
ommendations for the use of laboratory animals (16). Human
apoA-II transgenic mice (lines 25.3 and 11.1, which in this study
presented, respectively, plasma human apoA-II <20 mg/dL and
>40 mg/dL) were created in the C57BL/6 background by injec-
tion of a 3-kilobase pair fragment containing the human apoA-II
gene, which was isolated after digestion of genomic DNA with
Mspl (8). Homozygous apoE ™/~ mice were created in the 129/
Ola background (17). The apoE~/~ mice were crossed with
C57BL/6 control mice for four generations and, thereafter,
crossed with C57BL/6 human apoA-II transgenic mice to pro-
duce offspring with the human apoA-II transgene and heterozy-
gous for the apoE null allele (apoE~/"). To produce study popu-
lations, these mice were inbred to generate the apoE ™/~ mice
overexpressing human apoA-II (line 11.1), apoE~/~ mice that
expressed low concentrations of human apoA-II (line 25.3), and
apoE™/~ mice (also with 97% genetic background of C57BL/6).
ApoE~/~ mice were distinguished from apoE*/~ as described
(17) and genotype assignment of the mice was confirmed by
plasma cholesterol levels. Regular chow-fed (Rodent Toxicology
Diet; B&K Universal, N. Humberside, UK) mice were used for
studies at 12—13 weeks of age.

Plasma lipids, lipoproteins, and apolipoproteins

Plasma total cholesterol, free cholesterol, and triglycerides
were determined enzymatically with commercial kits adapted to
a BM/HITACHI 911 autoanalyzer (Boehringer GmbH, Mann-
heim, Germany). Triglyceride determinations were corrected for
the free glycerol present in plasma (Sigma, St. Louis, MO). HDL

cholesterol was measured after precipitation with phosphotung-
stic acid and magnesium ions (Boehringer GmbH). For this pur-
pose, lipidemic plasmas were diluted 1:2 with saline prior to pre-
cipitation of apoB-containing lipoproteins and, in all cases, the
supernatant was clear. Non-HDL cholesterol was calculated as
the difference between total cholesterol and HDL cholesterol.

The lipoproteins of 0.2 mL of pooled filtered plasma were
fractionated by fast performance liquid chromatography (FPLC),
using a Superosa 6HR column (Pharmacia Biotech, Uppsala, Swe-
den) and their content in cholesterol and triglycerides was mea-
sured (8). When required, larger quantities of isolated lipoproteins
were isolated by sequential ultracentrifugation (8). Lipoprotein
protein concentrations were determined by the method of Brad-
ford (Bio-Rad Laboratories, Hercules, CA) (18). Plasma human
apoA-II concentrations were measured by a commercial single
radial immunodiffusion method (Daiichi Pure Chemicals, To-
kyo, Japan).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was used to study the content of apoB-100 and
apoB-48 in lipoprotein families of d < 1.063 g/mL.

Free fatty acids, glucose, and insulin determinations

Glucose and free fatty acid (FFA) concentrations in plasma were
measured with commercial kits (Boehringer GmbH and Wako
[Neuss, Germany], respectively) adapted to the automated ana-
lyzer BM/HITACHI 911. Insulin levels were measured by a com-
mercial radioimmunoassay that incorporates an antibody to rat in-
sulin (WAK-Chemie Medical GmbH, Bad Homburg, Germany).

Enzyme activities

Lipoprotein lipase (LPL) and hepatic lipase (HL) activities
against exogenous substrates were measured in postheparin
plasmas, using a radiolabeled glycerol tri[ *H]oleate emulsion
(Amersham Life Science, Bristol, UK) as described previously
(19). Paraoxonase/arylesterase activity was assayed using 1.0 mm
phenylacetate as substrate (20) in plasma obtained from blood
collected in lithium—heparin tubes.

In vivo removal of labeled VLDL

The very low density lipoprotein (VLDL) fraction isolated by
ultracentrifugation from each type of mouse was radiolabeled
with [*H]triolein or [*H]cholesteryl oleoyl ether as described
(7). In both cases, approximately 250,000 cpm was injected intra-
venously into fasted anesthetized mice and serial blood samples
were collected for *H radioactivity counting. The average radioac-
tivity observed 2 min after injection was defined as 100% of in-
jected radioactivity. At the end of the experiments, organs were
extracted, homogenized in chloroform —methanol, and counted.

In vivo triglyceride production rate

Triglyceride production rates in plasma were measured as de-
scribed (21). Briefly, mice were bled to measure baseline plasma
triglyceride. Anesthetized mice were then subjected to an intra-
venous injection of Triton WR-1339 (Sigma) in a dose of 500
mg/kg, dissolved in a 15% solution of 0.9% NaCl. Blood was col-
lected after Triton injection and plasma triglycerides and FFA
were measured and compared with baseline results.

Liver lipid content and plasma hepatic enzymes

Liver lipids were extracted with isopropyl alcohol-hexane as
described (22), dried with nitrogen, reconstituted with isopropyl
alcohol-0.5% sodium cholate, and sonicated for 10 min (50 Hz)
on ice, prior to lipid measurements. Plasma alanine transferase
(ALT) and aspartate transferase (AST) activities were measured
with commercial kits (Boehringer GmbH) adapted to a BM/
HITACHI 911 autoanalyzer.
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Evaluation of atherosclerosis

After an overnight fast, mice were anesthetized with isofluo-
rane, exsanguinated, and killed by cervical dislocation. The
heart and proximal aorta were removed, embedded in O.C.T.
compound (Tissue-Tek, Sakura Finetechnical, Tokyo, Japan),
sectioned, and stained. Lesioned areas were quantified as previ-
ously described (9).

Statistical analysis

All values are given as means = SEM. Comparison of data for
two groups was performed by Student’s ¢-test or Mann-Whitney
U test, depending on whether the distribution of data was Gauss-
ian or not. Analysis of atherosclerosis incidence in coronary ar-
teries was analyzed by chi-square test. A value of P < 0.05 was
considered significant.

RESULTS

Lipids, lipoproteins, and apolipoproteins

ApoE~/~ mice overexpressing human apoA-Il exhib-
ited dramatically elevated plasma triglycerides, 18- and 30-
fold higher, respectively, than male and female apoE~/~
mice (Table 1). ApoE~/~ mice expressing low levels of hu-
man apoA-II (hA-II) had moderate increases in plasma
triglycerides (1.2- and 1.5-fold in male and female mice,
respectively, compared with apoE~/~ mice). Total choles-
terol levels in plasma of male and female apoE™/~ mice
overexpressing human apoA-Il were 2.4- and 2.7-fold ele-
vated, respectively, compared with apoE~/~ mice. This eleva-
tion was 1.2-fold, both in males and females, in apoE’/ -
mice expressing low levels of apoA-Il. Hypercholester-
olemia in mice expressing human apoA-II was, in all cases,
the result of a substantial increase in non-HDL choles-
terol, because HDL cholesterol remained stable in mice
expressing low concentrations of human apoA-II and was
greatly decreased in mice overexpressing human apoA-II.

To confirm and expand the data obtained by the study
of the lipid profile, we separated the lipoproteins of these
mice by FPLC and sequential ultracentrifugation and ana-

TABLE 1. Plasma lipids of 12- to 13-week-old fasted chow-fed
apoE~/~ mice with low (apoE~/~ low hA-II) or high
(apoE~/~ high hA-II) plasma human apoA-II concentrations

ApoE~/~ ApoE~/~
ApoE~/~ Low hA-II High hA-IT
Males n=15 n=13 n=9
Total cholesterol 294 = 13 353 *+ 22¢ 701 *= 69
Non-HDL cholesterol 264 £ 15 320 * 22¢ 693 * 68¢
HDL cholesterol 303 33+3 8 = 2¢
% Free cholesterol 30 £1 20 £ 1 40 = 14
Triglycerides 37+3 46 £ 8 668 + 126
Human apoA-II 0x0 12 = 1¢ 66 = 7¢
Females n=14 n=11 n=3_§
Total cholesterol 325 + 10 389 * 20¢ 892 £ 52¢
Non-HDL cholesterol 306 = 10 368 + 204 881 * 534
HDL cholesterol 19+1 20 £ 2 11 £ 2¢
% Free cholesterol 29 £ 1 28 £ 1 36 £ 1¢
Triglycerides 25+ 3 38 + 5@ 757 = 129¢
Human apoA-II 0x0 10 £1¢ 78 + 4¢

Results are shown as means = SEM. The units used are mg/dL.
“Significantly different (P < 0.05) from apoE™/~ mice.
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lyzed their lipid and protein content (Fig. 1). These analy-
ses (Fig. 1A), consistent with the results of Table 1, re-
vealed that mice expressing human apoA-II exhibited a
dose-related increase in apoB-containing lipoproteins.
Only 7% (in males) and 18% (in females) of plasma tri-
glycerides of apoE™/~ mice overexpressing apoA-1I floated
as chylomicrons, with the bulk of triglycerides associated
with VLDL. The elevation of apoB-containing lipopro-
teins was due to an increase in both lipids and proteins
(Fig. 1B and C). ApoB-48 and apoB-100, associated with
VLDL, intermediate density lipoprotein (IDL), and low
density lipoprotein (LDL), were increased in mice ex-
pressing human apoA-Il, as judged by SDS-PAGE analysis
(Fig. 1D). Interestingly, a major proportion of human
apoA-II (66% in males and 53% in females) was associated
with apoB-containing lipoproteins in apoE™/~ mice over-
expressing the human transgene.

Weight and plasma concentration of FFA,
glucose, and insulin

FFA plasma concentrations were slightly or clearly ele-
vated in apoE™/~ mice expressing low levels or high levels
of human apoA-II, respectively. Weight and fasting glu-
cose and insulin concentrations did not differ significantly
between apoE™/~ mice overexpressing human apoA-Il
and apoE~/~ mice (Table 2).

Correlations of human apoA-II and lipid parameters
Human apoA-II correlated with plasma triglycerides (n =
70, 37 males and 33 females) in both a linear and a poly-
nomial model. In the linear model, human apoA-II pre-
dicted 88 and 85% of the variance of triglycerides (r =
0.94 and 0.92, P < 0.01) of male and female mice, respec-
tively. When fit to a second order polynomial model, hu-
man apoA-II enhanced the predicted percentage of the
variance in triglycerides to 96 and 94% in male (y =
0.11x2 + 1.7x + 25; r = 0.98, P < 0.01) and female (y =
0.18x2 + 5.7x + 48; r = 0.97, P < 0.01) mice, respectively.
A strong relationship was also found between human
apoA-II and non-HDL cholesterol levels. When fit to a lin-
ear model, human apoA-II predicted 86 and 90% of the
variance of non-HDL cholesterol in male (y = 6.7x + 258;
r=0.93, P < 0.01) and female (y = 7.2x + 302; r = 0.95;
P < 0.01) mice. Other significant (P < 0.01) Pearson cor-
relation coefficients were found between human apoA-II
and FFA (r = 0.76 and r = 0.87 in male and female mice,
respectively), between human apoA-II and percentage of
free cholesterol (r = 0.74 in both male and female mice)
and between human apoA-II and HDL cholesterol (r =
—0.57 and —0.49 in male and female mice, respectively).

Lipolytic activities and in vivo VLDL
triglyceride metabolism

Activities of LPL and HL toward exogenous substrates
were measured in postheparin plasma. No significant dif-
ferences in the activity of either enzyme were observed
when the different groups of mice were compared (Fig.
2A and B). To rule out that VLDL containing human
apoA-II was a poor substrate for one or both enzymes,
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~ Fig. 1. Analysis of plasma lipoproteins. (A) Choles-
g) terol and triglyceride concentrations of 1-mL lipopro-
g tein fractions isolated by FPLC from pooled plasma
2 (6-8 fasted animals from each group). The positions
5 of elution of the VLDL, IDL/LDL, and HDL are rep-
% Females resented by horizontal lines. (B) Concentrations of
'[5 total cholesterol (TC), triglycerides (TG), proteins
(P), and apoA-II (All) of apoB-containing lipopro-
teins isolated by sequential ultracentrifugation from
male mice. Concentrations expressed are those found
in each lipoprotein family in plasma. Notice that the
10 15 20 25 30 35 1% 20 25 30 35 human apoA-II concentration in apoB-containing
Time (min) lipoproteins represented ~60% of the total human
apoA-Il in plasma. ND, Not determined. (C) Same as
500 (B), but for female mice. (D) SDS-PAGE analysis of
|B VLDL B/ the apoB-100 and apoB-48 contained in lipoprotein
400 - E-/- high hAIl plasma fractions of mice. Plasma (1 mL) from 4-6 fe-
male and male mice from each group was pooled and
) apoB-containing lipoprotein fractions were separated
300 by sequential ultracentrifugation, desalted, and con-
1 centrated. Samples equivalent to 10 pL of original
200 plasma were denatured and electrophoresed. Lanes 1,
% | 4, and 7, apoE™/~ mice; lanes 2, 5, and 8, apoE~/~
g Chylomicrons mice expressing low levels of human apoA-Il; lanes 3,
\g 100 6, and 9, apoE ™/~ mice overexpressing human apoA-
] ] a II. Lanes 1-3, VLDL; lanes 4—6, IDL; lanes 7-9, LDL.
£ 0 i B ——za A ApoB-100 and apoB-48 bands are indicated by arrows.
§ 600 ; Cc VLDL E-/- ) In all panels, 12- to 13-week-old fasted chow-fed
8 ] . E-/-, high hATI apoE~/~ mice with low (apoE~/~ low hA-II) or high
500 — Females (apf)E /~ high hA-IT) human apoA-II plasma concen-
. trations are presented.
400
300
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VLDL of each type of mouse was isolated and radiolabeled
with triolein or cholesteryl oleoyl ether. [3H]Triolein-
VLDL clearance in apoE™/~ mice was similar to that of
apoE™/~ mice expressing low concentrations of human
apoA-II or that of apoE™/~ mice overexpressing human
apoA-II (Fig. 2C and D). In addition, no differences were

found in the tissue content of [*H]triolein in liver, adi-
pose tissue, skeletal muscle, and heart (data not shown).

In vivo triglyceride production rates were determined
by the accumulation of triglycerides in the fasting plasma
of mice after intravenous injection of Triton WR-1339
(Fig. 3A and B), which, as we confirmed in our experi-
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TABLE 2. Body weight and plasma concentrations of fasting

glucose, insulin, and FFA of 12- to 13-week-old fasted chow-fed

apoE ™/~ mice with low (apoE~/~ low hA-II) or high (apoE~/~
high hA-II) plasma human apoA-II concentrations

ApoE™/~ ApoE~/~
ApoE~/~ Low hA-IT High hA-IT
Males n=15 n=13 n=9
Body weight (g) 25.5 £ 0.5 25.3 £ 0.6 25.7 = 0.9
Glucose (mg/dL) 171 £ 11 ND 150 £ 11
Insulin (ng/mL) 0.24 = 0.04 ND 0.25 = 0.08
FFA (mg/dL) 41 £ 3 47 £ 5 54 + 6¢
Females n =14 n=11 n=3_§
Body weight (g) 19.3 £ 0.3 18.7 = 0.6 19.4 = 0.4
Glucose (mg/dL) 165 = 7 ND 180 *= 26
Insulin (ng/mL) 0.25 = 0.08 ND 0.23 + 0.07
FFA (mg/dL) 37 +1 45 *+ 3¢ 71 * 5

Data are from the same experiment shown in Table 1. Results are
shown as means = SEM. ND, not determined.
“Significantly different (P < 0.05) from apoE~/~ mice.

mental conditions, completely blocks plasma triglyceride
clearance (21). Triglyceride production rates were in-
creased in male and female apoE ™/~ mice overexpress-
ing human apoA-II (60 min: 271 * 35 and 287 * 16 mg/
dL; 120 min: 648 * 72 and 597 * 30 mg/dL, respec-
tively) compared with those of male and female apoE ™/~
mice (60 min: 195 = 50 and 195 * 22 mg/dL; 120 min:
374 £ 97 and 406 * 43 mg/dL, respectively). Male
apoE™/~ mice expressing low concentrations of human

apoA-II had triglyceride production rates similar to those
of male apoE~/~ mice, whereas female apoE’/’ mice ex-
pressing low concentrations of human apoA-II had a
moderately increased triglyceride production compared
with female apoE~/~ mice. Because part of the triglycer-
ide synthesized in the liver is formed from FFA extracted
from plasma (12), FFA in plasma was simultaneously de-
termined (Fig. 3C and D). FFA levels were decreased at
60 and 120 min in male and female apoE ™/~ mice over-
expressing human apoA-II mice (60 min: —15 * 4.2 and
—14.4 * 6.8 mg/dL; 120 min: —18.5 * 5.6 and —15.1 *
8.3 mg/dL, respectively) compared with apoE’/’ mice
(60 min: —4 * 2.2 and —1.2 £ 3.2 mg/dL; 120 min:
—1.8 = 1.7 and —2.9 * 4 mg/dL in male and female
mice, respectively). No differences were found between
apoE~/~ mice expressing low levels of human apoA-II
and apoE™/~ mice.

Other biochemical parameters

Absence of kidney failure in all mouse lines was verified
by plasma creatinine measurement (data not shown). Ab-
sence of liver disease and lipid content of livers of the dif-
ferent mouse lines were assessed and compared by several
measurements (Table 3). Liver weight and plasma ALT
and AST activities did not differ when the various animal
lines were compared. A tendency toward a higher content
of total cholesterol was observed in the livers of mice ex-
pressing human apoA-Il. In contrast, liver triglyceride
content was clearly reduced (7.4-fold and 2.25-fold, P <

200
— 1A C L | B C_JLrL
E Males 722 HL Females Z RS
= 160
E
2 .
5 120
5 i
E 80
- J Fig. 2. Postheparin plasma lipase activities and
8 40 - VLDL catabolism. (A and B) Postheparin plasma
§ lipoprotein lipase (LPL) and hepatic lipase (HL)
) activities. Numbers in parentheses represent the
0 E-/- E-/- E-/- El- number of animals. (C and D) Plasma clearance of
(0=5) high hAII (n=4) high hAII injected [*H]triolein-VLDL (n = 3 or 4 animals for
(n=4) (n=4) each line and gender). The small errors for some
of the data are obscured by the symbol. Both ex-
periments were performed in fasted mice. In all
C —{ E-- D & E-/- cases, results are shown as means = SEM. No sig-
@ & 100 — oy E';" lh(?“;xh}?AIIII— A E‘;" Lo“;hlﬁl nificant differences were found between the vari-
=5 O— E-/-, hig ®— E-/-, hig ous mice groups. In (A-D), 12- to 13-week-old
e 2 . s
é 3 80 - . fasted chow-fed apoE ™/~ mice with low (apoE~/~
o -,—g Males Females low hA-II) or high (apoE~/~ high hA-II) plasma
s S 60 o g human apoA-II concentrations are presented.
o =
I
<
ES 40 -
Q
o X
frias!
AL 20 - .
0 L A A R | R R —
0 30 60 90 120150180 0O 30 60 90 120 150180
Time (min)
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E Fig. 3. In vivo production of triglyceride (TG). Fasted
(;2 200 - i mice were bled immediately prior to Triton WR-1339 in-
jection and 60 and 120 min afterward. TG (A and B)
and FFA (C and D) were measured and their changes
0 4 with respect to the baseline result are shown. Each value
D represents the mean = SEM of data from 4 to 6 mice. a,
Significantly different (P < 0.05) from apoE~/~ mice of
=) the same gender. In (A-D), 12- to 13-week-old fasted
E" -10 4 . chow-fed apoE~/~ mice with low (apoE~/~ low hA-II)
g or high (apoE~/~ high hA-II) plasma human apoA-II
8 concentrations are presented.
3
2 20 - Males a ] Females
E £
a a
-30 | | T I I | | | T T
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Time (min)

0.01) in male and female apoE™/~ mice overexpressing
human apoA-II compared with apoE™/~ mice.

Susceptibility to atherosclerosis

Expression of human apoA-II in apoE™/~ led to a signif-
icant increase in the development of atherosclerotic le-
sions in the various groups of mice (Fig. 4). At 12-13
weeks of age, male and female apoE’/ ~ mice had aortic
lesion areas of 19,022 = 1,391 and 47,305 * 3,331 wm?2/
section. The lesion areas of male and female apoE~/~
mice expressing low concentrations of human apoA-II
were 1.47- and 1.35-fold higher (27,996 *= 2,891 and
63,929 *= 8,420 wm?), respectively, than their apoE~/~

TABLE 3. Liver parameters measured in 12- to 13-week-old fasted
chow-fed apoE~/~ mice with low (apoE~/~ low hA-II) or high
(apoE~/~ high hA-II) plasma human apoA-II concentrations

ApoE™/~ ApoE~/~
ApoE~/~ Low hA-IT High hA-II
Males n=7 n=4 n=4
Liver weight (g) 1.03 £ 0.06 1.08 £0.07 0.96 £ 0.04
Liver cholesterol (mg/g) 22+0.1 1.9 0.2 2.6 + 0.02¢
Liver triglycerides(mg/g) 52 5 55 * 16 7+ 6°
ALT (U/L) 38+ 5 ND 34*3
AST (U/L) 93 + 14 ND 76 =5
Females n==~6 n=3 n=~6
Liver weight (g) 0.7720.01 0.76 = 0.01 0.87 = 0.07
Liver cholesterol (mg/g) 28042 31*+033 3.6=*0.24
Liver triglycerides(mg/g) 67.5 * 13 55 £ 2 30 = 44
ALT (U/L) 38 = 1 ND 36 = 4
AST (U/L) 91 =7 ND 95 = 4

Data are from the same experiment shown in Table 1. Results are
shown as means = SEM. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; ND, not determined.

“ Significantly different (P < 0.05) from apoE™/~ mice.

counterparts (P < 0.05). The lesion areas of male and fe-
male apoE™/~ mice overexpressing human apoA-II mice
were 3.5- and 3.0-fold higher (66,595 * 9,226 and 140,258 =
8,846 pum?), respectively, than their apoE’/ ~ counterparts
(P < 0.01). In addition, the incidence of atherosclerosis
in large coronary arteries was significantly higher (P <
0.05) in apoE™/~ mice overexpressing human apoA-II
(89% and 88% in males and females, respectively) than in
apoE™/~ mice (60 and 50%).

To study the contribution of different plasma lipid vari-
ables to aortic atherosclerosis susceptibility, we correlated
them with area of aortic atherosclerosis. The best relation-
ship was found between non-HDL cholesterol and athero-
sclerosis when fit to a linear model (Fig. 4A and B, insets).
Non-HDL cholesterol levels predicted 61 and 69% of the
variance in mean lesion area of male and female mice, re-
spectively (r = 0.78 and 0.83, P < 0.01). Triglycerides cor-
related with mean lesion area in both a linear and a poly-
nomial model. When fit to a second order polynomial
model, plasma triglycerides predicted the percentage of
the variance in the mean lesion area of atherosclerosis at
59 and 62% (r = 0.77 and 0.79, P < 0.01) in male and fe-
male mice, respectively. Other significant values (P <
0.01) for Pearson correlation coefficients were those be-
tween percentage of free cholesterol and mean lesion
area (r = 0.62 and r = 0.66, in male and female mice, re-
spectively) and between FFA and mean lesion area (r =
0.53 and r = 0.68, in male and female mice, respectively).
No significant correlation was found between mean lesion
area and HDL cholesterol levels.

Previous studies with transgenic mice overexpressing
mouse apoA-Il (20) and in apoE™/~ mice (23) revealed
significant correlations between serum paraoxonase activ-
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Fig. 4. Susceptibility to atherosclerosis. Atherosclerotic lesion areas in male (A) and female (B) mice. Each
point represents the average area of lesion of four proximal aortic sections from each animal. Group means
are indicated by horizontal bars. Insets of (A) and (B): The lipid parameter that correlated best with the le-
sion area was non-HDL cholesterol (see text for more details).

ity and atherosclerosis. We determined paraoxonase/aryl-
esterase activities in EDTA-free plasmas. Male and female
apoE™/~ mice overexpressing human apoA-II (n = 5) had
activities of 68 * 2 and 75 * 3 U/mlL, respectively,
whereas male and female apoE™/~ mice (n = 6) had activ-
ities of 61 = 4 and 71 = 5 U/mL.

Comparison of the characteristics of apoE~/~ mice
overexpressing apoA-II and the characteristics
defining FCHL

Table 4 shows that apoE ™/~ mice overexpressing human
apoA-II presented in this study had almost all the character-
istics of FCHL (24). However, other features of these mice
differ from FCHL (see Discussion for details).

DISCUSSION

In previous studies with these transgenic mice overex-
pressing human apoA-II (line 11.1) the increase in plasma
triglycerides, compared with controls, ranged from 3-fold
to 6-fold, depending on the diet and age of the animals
(8,9, 25). It was, therefore, puzzling to find that apoE’/’
mice, having plasma concentrations of human apoA-II
that were 2-fold that of normolipidemic humans, pre-
sented a 24-fold increase in plasma triglycerides. Because
hypertriglyceridemia is common in patients with inher-
ited LCAT deficiency (26), in previous studies (8, 9, 25)
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we attributed the increase in triglycerides in mice overex-
pressing human apoA-II to their functional LCAT defi-
ciency, which is due to decreased plasma apoA-I concen-
tration. However, when apoA-I-deficient mice were
crossed with human apoB transgenic mice (27) or with
apoE-deficient mice (28), and fed a regular chow diet,
they presented plasma triglycerides of 175 and 78 mg/dL,
respectively. LCAT-deficient mice generated in two inde-
pendent laboratories presented plasma triglycerides that

TABLE 4. Comparison of the phenotype characteristic of human
familial combined hyperlipidemia (FCHL) and that of apoE~/~
mice overexpressing human apoA-II

ApoE~/~
High
Phenotype FCHL hA-ITI
Increased VLDL cholesterol + +
Increased LDL cholesterol + +
Low HDL cholesterol +/= +
Increased VLDL triglyceride + +
Increased IDL triglyceride + +
Increased VLDL secretion + +
Increased apolipoprotein B + +
Age-dependent phenotype + ND
Normal lipase activity /= +
Atherosclerosis risk factor + +
* Indicates observation of the mentioned phenotype; ™/~ indi-

cates equivocal or modest results; ND, not determined.
@ Taken from Ref. 24.
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were, in both cases, 1.7-fold those of control mice (2, 29).
Consequently, the dramatic increase in triglycerides
found in this study seems largely not to be due to the de-
crease in LCAT activity in mice overexpressing human
apoA-Il, and the concomitant apoE deficiency, which se-
verely impairs recognition of apoB-containing lipoproteins
by different tissues, contributed greatly to raising plasma
triglycerides to the levels observed in this investigation.

Analyses after FPLC and ultracentrifugation (Fig. 1)
demonstrated that, in apoE’/ ~ mice overexpressing hu-
man apoA-ll, triglycerides were mainly associated with
VLDL rather than chylomicrons. Type V hyperlipidemia
and hypertriglyceridemia secondary to Tangier disease
present VLDL with apoB—apoA-II complexes that are rela-
tively resistant to the action of LPL (30). Consequently, it
seemed feasible that the hypertriglyceridemia of apoE~/~
mice overexpressing human apoA-Il was due to a slow
VLDL catabolism. However, postheparin lipase activities
and [®H]triolein-VLDL clearances of apoE‘/ ~ mice over-
expressing human apoA-II were similar to those of apoE ™/~
mice. Similar results were obtained when VLDL was la-
beled with [®*H]cholesteryl oleoyl ether, when these exper-
iments were repeated in apoE*/* mice overexpressing hu-
man apoA-II or when in these mice the reactivity of VLDL
from each type of line was tested against their postheparin
plasma LPL (data not shown). These results, together
with the increase in FFA in fasting plasma, increased tri-
glyceride production, and the lower triglyceride liver con-
tent, strongly suggest that the dramatic hypertriglyceri-
demia found in apoE™/~ mice overexpressing human
apoA-II was due to increased synthesis and secretion of
VLDL and not to its delayed catabolism. The concomitant
increase in non-HDL cholesterol (Table 1) and apoB (Fig.
1D) found in the plasma of these mice is also consistent
with increased VLDL production secondary to increased
FFA arrival in the liver (31). We did not study the lipolysis
of triglyceride-rich lipoproteins under postprandial condi-
tions and an impairment of this process could theoreti-
cally contribute, as demonstrated in independently gener-
ated human apoA-II transgenic mice (32), to the dramatic
degree of hypertriglyceridemia observed in our study.
However, this possibility appears unlikely because we have
not found such differences when comparing fed apoE*/*
mice overexpressing human apoA-Il and control mice
(data not shown).

A moderate increase in triglycerides and non-HDL cho-
lesterol was found in apoE™/~ mice with low concentra-
tions of human apoA-II (12 mg/dL, ~30% of that found
in normolipidemic humans), which supports the concept
of a doserelated effect of human apoA-II on plasma
VLDL. It is of note that the human apoA-II plasma con-
centrations found in two mouse lines used in this study
(12 and 66 mg/dL) are lower than the ~22 and ~85 mg/
dL obtained in previous studies using the same methods
(8, 9, 25). It is possible that an increased catabolism in
apoE™/~ mice decreases the plasma concentration of the
human protein without affecting its hepatic synthesis. The
liver is one of the sites where human apoA-II may function
to increase VLDL synthesis and secretion. Conversely,

human apoA-II may act, directly or indirectly, on the adi-
pose tissue, causing an increased efflux of fatty acids to
the liver and a rise in VLDL synthesis and secretion (24,
31). Current studies in our laboratory are being con-
ducted to distinguish between the two possibilities and to
try to define the molecular mechanisms involved. It is of
note that, as we have previously shown the existence of a
deficiency in mouse apoA-II in our transgenic mice over-
expressing human apoA-II fed a regular chow diet (8), the
effects described in this article are most likely due to ex-
pression of the human protein.

FCHL is one of the most common and atherogenic
forms of inherited hyperlipidemia (0.5-2% in Western
populations), being present in up to 20% of patients with
premature myocardial infarction (24, 33). Affected indi-
viduals have increased production of apoB-containing
lipoproteins, resulting in elevated VLDL, LDL, or both
(24, 33). The inherited basis of FCHL is largely unknown,
but is currently thought to be complex and heteroge-
neous (24). Several studies have proposed the existence in
FCHL of unidentified genes with “major” effects on VLDL
triglyceride production and “modifier” genes that would
affect the phenotype shown by the disease (i.e., LPL, the
apoA-1/apoC-III/apoA-IV cluster) (24). In 1998, a study
conducted with Finnish FCHL patients revealed a strong
linkage to a locus situated in chromosome 1q21-q23, a re-
gion that includes the apoA-II gene even though this spe-
cific locus appeared to reside outside the maximal linkage
interval (14). Furthermore, a similar study performed
with mice found a synteneic genomic region that segre-
gated with an FCHL-like trait (34). Similar to our find-
ings, this locus in mice was highly related to triglycerides
and non-HDL cholesterol (LOD scores of 30.5 and 22.4).
However, this locus was in chromosome 3 and, thus, ex-
cludes the mouse apoA-II locus, which is in chromosome
1 (34). Therefore, current studies do not support the
apoA-II locus as a “major” gene that causes FCHL. This is
in contrast with the findings made in apoE™/~ mice over-
expressing human apoA-II summarized in Table 4 and
that, apart from the aspects already discussed, include an
increased atherosclerosis susceptibility. These findings in-
dicate that these mice present the features typical of
FCHL. However, the apoE™/~ mice overexpressing hu-
man apoA-II also present several important characteristics
that are not found in FCHL, such as a high plasma ratio of
apoB-48/apoB-100, a high content of human apoA-II in
apoB-containing lipoproteins, a low HDL apoA-I/apoA-II
ratio, a high percentage of plasma free cholesterol, a low
content of hepatic triglycerides, and a lack of insulin resis-
tance and central obesity which even though are not in-
cluded in the definition of FCHL are frequently associated
to the disease. Several of these features not characteristic of
FCHL could be changed to improve apoE~/~ mice overex-
pressing human apoA-II as a mouse model of FCHL. The
increased apoB-48/apoB-100 ratio could be reverted if
these mice were bred with mice deficient in the editing
enzyme, especially if they are also human apoB-100 trans-
genic mice (35). Similarly, insulin resistance and central
obesity could be induced by cross-breeding with other

Escola-Gil et al. A mouse model for VLDL overproduction 1335

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

mouse models (36). Other findings not characteristic of
FCHL are exaggerated in the mouse model but not com-
pletely alien to this disease. First, even though signs of
LCAT deficiency, which usually requires impairment of
the product of the two alleles, are not present in FCHL,
the LCAT locus has been linked to FCHL as a “modifier”
gene (15). Second, it is likely that the lower content of he-
patic triglycerides in apoE~/~ mice overexpressing hu-
man apoA-II, with respect to apoE’/’ mice, is due to the
high rate of VLDL synthesis and secretion concomitant
with the impairment of receptor-mediated reuptake of
apoB-containing lipoproteins lacking its main ligand,
which is apoE. This explanation would be consistent with
the fact that apoE™/* mice overexpressing human apoA-II
have an increased hepatic content of triglyceride with re-
spect to that of control mice (data not shown). A similar
case was observed in SREBP-1a transgenic mice, in which
disruption of the LDL receptor prevented liver enlarge-
ment and unmasked hyperlipidemia (37).

Taken as a whole, this information suggests that the
apoA-Il gene could be a “modifier” gene rather than a
“major” FCHL-causing gene in the human populations. It
is therefore possible that in subjects susceptible to develop-
ing the disease, a high production of apoA-II influences the
production of triglyceride and, thus, the phenotype of
FCHL. ApoA-II could directly control VLDL overproduc-
tion through action in other genes or, indirectly, through
regulation of a “major” FCHL gene (14, 15). However,
both possibilities are equally surprising because apoA-II
plasma concentration is usually lower in patients with hy-
pertriglyceridemia and/or myocardial infarction than in
control subjects (12). A possible explanation for this para-
dox could be the coexistence of a relatively high rate of
apoA-II synthesis in the liver and a normal/low plasma
apoA-II concentration, the latter being due to enhanced
plasma apoA-II clearance that would cause increased con-
centration of apoA-Il in the interstitial and/or cellular
compartment(s). In this context it is noteworthy that
there have been reports of a positive correlation (r = 0.71,
n = 14) between the synthesis of apoA-II and VLDL-apoB
in human beings, whereas the latter parameter did not
correlate with plasma apoA-II concentrations (38). Also,
increased concentrations of apoA-II have been found in in-
terstitial fluid of patients with myocardial infarction com-
pared with those of control subjects (13). Consistent with
this possibility, and as stated previously, plasma apoA-II lev-
els in the mice used in this study were lower than those of
human apoA-II transgenic mice with wild-type apoE, even
though the latter had a much more moderate hypertri-
glyceridemia (8, 9, 25).

Other studies exist that could be reinterpreted to sup-
port apoA-II as a candidate gene for FCHL. First, apoA-II-
and apoE/apoA-Il-deficient mice have lower plasma FFA,
a tendency to lower plasma triglycerides and non-HDL
cholesterol, and accelerated remnant clearance (7). Sec-
ond, the apoA-II locus (followed by segregation of a CA
repeat in intron 2) has been linked to a locus controlling
plasma levels of apoA-II and FFA in both mice and hu-
mans (12). Third, most although not all studies per-
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formed in mice with increased plasma concentration of
mouse or human apoA-II showed increases in plasma tri-
glycerides and non-HDL cholesterol (3, 6, 8, 9, 20, 32, 39,
40). Fourth, hypertriglyceridemia, decreased HDL choles-
terol, and/or an altered apoA-I/apoA-II ratio in HDL had
been associated in several population studies with a com-
mon Mspl site polymorphism within an Alu sequence 528
base pairs 3’ to the human apoA-Il structural gene, al-
though not in others (see refs. 41 and 42 for a complete
list of these studies). It is possible that the Mspl-resistant
form is in linkage disequilibrium with the CA repeat of in-
tron 2 and that the latter influences the translational effi-
ciency of apoA-II mRNA (43). However, the Mspl poly-
morphism determines only 7.2% of the variation of
plasma apoA-II in the population and this may be too low
to obtain consistent results in different studies (44). Fifth,
in one study elevated apoA-Il-containing VLDL was re-
lated to the progression of coronary artery disease in pa-
tients treated with lovastatin (45) and in another the
apoA-II/HDL cholesterol ratio was elevated in patients
with this disease (46). High plasma levels of mouse or hu-
man apoA-Il, such as those found in congenic and trans-
genic mice, have also been found to consistently promote
atherosclerosis (3, 4, 9, 47).

In summary, this study shows that mice overexpressing
human apoA-II constitute a model of VLDL overproduc-
tion and suggests that the apoA-II gene may be involved,
directly or indirectly, in the expression of FCHL in some
individuals. The interaction of human apoA-II expression
and apoE deficiency is an interesting example of the in-
creasingly recognized heterogeneity of FCHL. Finally,
these findings could indicate an apoA-II function related
to the regulation of VLDL production. B}
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