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Abstract Previous studies have indicated that LCAT may
play a role in the generation of cholesteryl esters (CE) in
plasma apolipoprotein B (apoB) lipoproteins. The purpose
of the present study was to examine the quantitative impor-
tance of LCAT on apoB lipoprotein CE fatty acid (CEFA)
composition. LCAT~/~ mice were crossed into the LDL re-
ceptor (LDLr)~/~ and apoE~/~ background to retard the
clearance and increase the concentration of apoB lipopro-
tein in plasma. Plasma free cholesterol was significantly ele-
vated but total and esterified cholesterol concentrations
were not significantly affected by removal of functioning
LCAT in either the LDLr~/~ or apoE~/~ mice consuming a
chow diet. However, when functional LCAT was removed
from LDLr~/~ mice, the CEFA ratio (saturated + monoun-
saturated /polyunsaturated) of plasma LDL increased 7-fold
because of a 2-fold increase in saturated and monounsat-
urated CE, a 40% reduction in cholesteryl linoleate, and a
complete absence of long chain (>18 carbon) polyunsatu-
rated CE (20:4, 20:5n-3, and 22:6n-3), from 29.3% to 0%.
Removal of functional LCAT from apoE~/~ mice resulted
in only a 1.6-fold increase in the CEFA ratio, due primarily
to a complete elimination of long chain CE (7.7% to 0%).10
Our results demonstrate that LCAT contributes significantly
to the CEFA pool of apoB lipoprotein and is the only source
of plasma long chain polyunsaturated CE in these mice.—
Furbee, J. W,, Jr., O. Francone, and J. S. Parks. In vivo con-
tribution of LCAT to apolipoprotein B lipoprotein choles-
teryl esters in LDL receptor and apolipoprotein E knockout
mice. J. Lipid Res. 2002. 43: 428—437.

Supplementary key words mouse ¢ high density lipoprotein ¢ low
density lipoprotein ¢ VLDL ¢ chylomicron remnant ¢ ACAT e poly-
unsaturated fatty acids e lecithin:cholesterol acyltransferase

Two enzymes are responsible for the synthesis of choles-
teryl esters (CE) in vertebrates, LCAT and ACAT. ACAT is
an intracellular enzyme that uses fatty acyl-CoA and cho-
lesterol as substrates for CE synthesis (1, 2). Two forms of
the enzyme have been identified, ACAT-1 and ACAT-2,
which have different tissue distributions, and perhaps dif-
ferent physiological functions. ACAT preferentially uses
oleoyl-CoA for the synthesis of CE but can use other avail-
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able fatty acids enriched in tissues by diet. Although ACAT
is an intracellular enzyme, it can contribute to the plasma
pool of CE. ACAT in the liver and intestine synthesizes
CEs that are secreted in TG-rich lipoproteins, such as chy-
lomicrons and VLDL, which circulate in the plasma com-
partment. Plasma VLDL is metabolized to LDL, which are
CE-rich particles with a prolonged residence time in plasma,
and whose concentration has been positively associated
with the extent of coronary artery atherosclerosis. LCAT is
synthesized predominantly by the liver and secreted into
plasma where it uses phosphatidylcholine (PC) and cho-
lesterol in lipoprotein particles as substrate for CE synthe-
sis (3, 4). The preferred plasma substrate particle for
LCAT is HDL, which contains >80% of the plasma pool
of the apolipoprotein A-I (apoA-I), the best activator of
the enzyme. However, other apolipoproteins can activate
LCAT in vitro, albeit, to a much lesser extent (5). The CE
species generated by LCAT are predominantly polyunsat-
urated because LCAT uses the sn-2 fatty acyl group of PC,
which is enriched in PUFA relative to the sn-1 position.
The cholesterol esterification by LCAT performs several
important physiological functions, including HDL parti-
cle maturation as well as maintenance of normal plasma
HDL concentrations and particle structure (6). HDL also
plays an important role in the process of reverse choles-
terol transport, whereby excess cholesterol in peripheral
tissues is transported back to the liver for excretion, and
may help explain the inverse association between HDL
concentrations and the prevalence of atherosclerotic
heart disease (7, 8).

It has been hypothesized that LCAT is responsible for
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the synthesis of most of the CE in the plasma of individu-
als with normal plasma cholesterol concentrations. This
conclusion was based on the marked reduction (~20% of
normal) of CE in the plasma of individuals with familial
LCAT deficiency (6, 9). However, the contribution of
ACAT versus LCAT to the plasma CE pool of individuals
who have hyperlipoproteinemia and are at increased risk
for development of coronary heart disease is less clear. Al-
though it is generally accepted that LCAT is the source of
CE in plasma HDL, the contribution of LCAT to the gen-
eration of CE in apoB lipoproteins is poorly understood.
Pathological states that lead to over-production or delayed
clearance of apoB lipoproteins result in the accumulation
of CE-enriched lipoproteins in plasma. Studies in non-
human primates have shown that when plasma LDL con-
centrations increase following consumption of an athero-
genic diet, LDL particles become larger and enriched in
saturated and monounsaturated CE (10). This enrich-
ment appears to be the result of hepatic ACAT, as strong
associations have been observed between hepatic ACAT
activity, hepatic CE secretion, and CE enrichment of LDL,
in general, and cholesteryl oleate, in particular (11, 12).
Several studies in non-human primates have now shown
that LDL size is highly correlated with the development of
coronary artery atherosclerosis (10, 13, 15), and a recent
study has demonstrated that large LDL are an indepen-
dent predictor of coronary events in patients who have
had a myocardial infarction (14). Although the exact
mechanism for the increased atherogenic nature of large
LDL is unknown, the increased content of saturated and
monounsaturated CE at the expense of polyunsaturated
CE appears to be a key feature (10, 12). Several studies in
man have also shown that the species of CE in circulating
plasma LDL are strongly correlated with development of
coronary heart disease, with less disease in individuals
with a higher cholesteryl linoleate to cholesteryl oleate
ratio in plasma LDL (16-18). These data taken together
indicate that the types of CEs in LDL as well as the con-
centration of LDL in plasma are important in the patho-
genesis of atherosclerosis.

In recent years, many transgenic and gene-targeted
mouse models have been developed to study the patho-
genesis of atherosclerosis (19). A common feature of
nearly all of these models is an increased concentration
of apoB lipoproteins in plasma. Two of the most frequently
used models for atherosclerosis studies, the LDL receptor
(LDLr) =/~ and apoE™/~ mice, have plasma accumulation
of LDL and apoB-48 remnant particles, respectively (20—
22). Because mice have no functioning CETP (23), it is as-
sumed that nearly all CE in the apoB lipoproteins of these
mice were generated by liver and/or intestinal ACAT. Al-
though LCAT is found associated with plasma LDL, its
contribution to the apoB lipoprotein CE pool is thought
to be minor (24, 25). However, a recent atherosclerosis
study in apoB-100 transgenic, LDLr~/~ mice found a high
percentage of polyunsaturated CE species in LDL, rang-
ing from 65% on a chow diet to 34% on a saturated, palm
oil diet (26). These results raised the intriguing question
of whether, in the absence of CETP, the LDL CE were de-
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rived primarily from liver ACAT or from direct synthesis
by LCAT on LDL particles. We hypothesized that LCAT
was an important physiological source of plasma CE in
apoB lipoproteins of LDLr~/~ and apoE~/~ mice. Given
the preferred fatty acyl specificity of mouse LCAT for long
chain (>18 carbons) fatty acids (27), the LCAT contribu-
tion to the apoB lipoprotein CE pool would significantly
increase the long-chain polyunsaturated CE species and
presumably decrease the atherogenicity of the apoB parti-
cles. To test our hypothesis, we generated two lines of
double knockout mice (LDLr~/~ LCAT~/~ and apoE™/~
LCAT~/7) that had elevated plasma concentrations of
apoB lipoproteins and also lacked functioning mouse
LCAT, and compared these lines to LDLr™/~ and apoE™/~
mice with functioning LCAT. Our results demonstrate
that plasma LCAT contributes significantly to the choles-
terol ester fatty acid (CEFA) pool of apoB lipoproteins in
LDL~/~ and apoE~/~ mice and is the only source of long-
chain polyunsaturated CE.

MATERIALS AND METHODS

Generation of LDLr~/~ and apoE~/~ mice
lacking endogenous mouse LCAT

LCAT/~ mice (75% C57Bl/6, 25% 129/0la background)
were obtained from Pfizer, Inc. (28), apoE™/~ mice (100%
C57B1/6 background) (29) were kindly provided by Dr. Nobuyo
Maeda (University of North Carolina-Chapel Hill), and LDLr =/~
and C57Bl/6] mice were purchased from Jackson Labs (Bar Har-
bor, ME). The LDLr~/~ LCAT/~ and apoE~/~ LCAT~/~ mice
were created in a two-step breeding process. In the first step, LDL
receptor knockout (i.e., LDLr~/~, LCAT*/*) mice were crossed
with LCAT knockout (LDLr*/* LCAT /") mice to generate dou-
ble heterozygotes (LDLr*/~ LCAT*/ 7). In the second step, the F1
generation was then intercrossed to generate LDLr =/~ LCAT/~
mice that were ~90% in the C57Bl/6 background. The apoE =/~
LCAT~/~ mice were generated in a similar fashion.

At each step of the breeding protocol, pups were screened by
TPC and exogenous LCAT activity assays. PCR of genomic DNA
was also used to confirm LDLr~/~, LCAT~/~, and apoE~/~ geno-
types. Primers and conditions for PCR have been described pre-
viously (30). The PCR conditions for the screening of apoE ™/~
mice were similar and used the following primers: EKO-F, 5'-
GTC TCG GCT CTG AAC TAC ATA G-3' and EKO-R, 5'-GCA
AGA GGT GAT GGT ACT CG-3'. The primers generated a 600 bp
band for the wild type allele and a 1600 bp band for the targeted
allele. PCR products were analyzed on 0.8% TAE agarose gels.

Animal care and handling

The mice in this study were housed at the Wake Forest Univer-
sity School of Medicine transgenic barrier facility. All protocols
and procedures were approved by the Animal Care and Use
Committee of the Wake Forest University School of Medicine.
All mice used in this study were male, between 14 and 20 weeks
of age, and were fed a chow diet. Unless indicated otherwise, five
animals per group were studied. Whole blood was obtained by
either bleeding from the tail vein or retro-orbital plexus, after a
4 to 6 h fast as described previously (30).

Lipid, LCAT activity, and lipoprotein analysis
Plasma total cholesterol (Wako), free cholesterol (FC) (Wako),
phospholipid (PL) (Wako), and TG (Roche) concentrations
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were determined by enzymatic assay (31). Protein concentra-
tions were determined by the Lowry method (32), using BSA as a
standard.

Recombinant HDL was synthesized by a cholate dialysis proce-
dure as described previously using a starting molar ratio of 1:5:80
[human apo A-I/cholesterol/1-palmitoyl-2-oleoyl- sn-glycero-3-
phosphocholine (POPC)] with a trace amount of [®*H]choles-
terol (50,000 dpm/ g of cholesterol) added to quantify CE for-
mation (33).

Exogenous LCAT assays were performed as described previ-
ously using 2 pl of mouse plasma as a source of enzyme and an
incubation time of 30—60 min at 37°C (33). LCAT activity was ex-
pressed as nmols of CE formed per ml plasma per h.

Plasma apoB lipoproteins and HDL were separated from 100 -
150 pl plasma using a Superose 6 (1 X 30 cm) and Superose 12 (1 X
30 cm) fast protein liquid chromatography (FPLC) columns in se-
ries as described previously (30). The elution profile was monitored
by total cholesterol enzymatic assay.

Plasma apolipoproteins were analyzed by SDS polyacrylamide
gradient gel electrophoresis. Lipoproteins from plasma (200 wl)
were isolated by ultracentrifugation at d = 1.21 g/ml using a
Beckman TLA 100.2 rotor operated at 1 X 10° rpm for 18 h
(15°C). The top fraction (lipoproteins) was isolated by tube slic-
ing and the samples were extensively dialyzed against 0.05%
EDTA and 0.05% sodium azide. Fifteen micrograms of protein,
determined by the Lowry assay as described above, were lyo-
philized and loaded on a 4-16% SDS polyacrylamide gradient
gel in SDS sample buffer. The gel was run at 75 V for 30 min,
then 150 V for 2 h (10°C), stained with 0.2% Coomassie blue in
50% methanol, 10% acetic acid, and destained with 50% metha-
nol, 10% acetic acid.

Lipoprotein PL and CEFA analysis

Plasma apoB lipoproteins and HDL were separated by FPLC
and the lipids were extracted (34). CEs and PLs were isolated
from the lipid extract by TLC, fatty acids were methylated, and
relative amounts of fatty acids were quantitated after separation

on a gasliquid chromatography fatty acid column (Chrompak
CP-SIL88 FAME column), as described previously (30).

Gradient gel electrophoresis

One pl of mouse plasma was separated on 4-30% non-
denaturing gradient gels (35) and transferred to nitrocellulose
as described previously (30). Standards were visualized with
0.2% Ponceau Red, and Western blots for mouse apoA-I were
developed using a goat anti-mouse apoA-I antibody (Biodesign
International, Saco, ME).

Data analysis

The Statview program was used to analyze data statistically by
unpaired ttests or ANOVA with Fisher’s least significant differ-
ence post-hoc analysis.

RESULTS

All mice used in this study were male, 14 to 20 weeks of
age, and were fed a rodent chow diet. Exogenous LCAT
cholesterol esterification activity with a POPC recombi-
nant HDL substrate is summarized in Fig. 1. The LDLr—/—,
apoE’/ ~, and C57Bl/6] mice had similar levels of plasma
LCAT activity (58 vs. 58 vs. 63 nmol CE /ml/ h), whereas
the three LCAT deficient lines had no measurable LCAT
activity above background.

Table 1 summarizes the plasma lipid concentrations for
all study animals. The C57Bl/6] and LCAT~/~ mice were
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Genotype
C57Bl/6
LCAT ™~
LDLr ™"~
LDLr" " LCAT ™"~
apoE™"~
apoE™” LCAT ™~

0 20 40 60 80
nmol CE formed/h/ml plasma

Fig. 1. Exogenous LCAT activity in plasma of mice of the indi-
cated genotype was measured using recombinant HDL substrate
particles containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC), [*H]cholesterol, and apolipoprotein A-I (apoA-I). Re-
actions were performed using a saturating concentration of sub-
strate cholesterol (3 M) and an incubation time of 30-60 min.
Values (mean * SD; n = 5 per group) are expressed as nmol of
cholesteryl ester (CE) formed/h/ml of plasma.

included for comparative purposes but are not discussed
herein. Compared with the LDLr~/~ mice, the apoE™/~
mice had significantly higher plasma concentrations of
total cholesterol (2.4-fold), FC (2.8-fold), esterified cho-
lesterol (EC) (2.3-fold), and PL (1.3-fold). When the
LDLr~/~ LCAT~/~ mice were compared with the LDLr~/~
mice, there was no difference in total plasma cholesterol
(TPC) concentrations, but there were significant increases
in plasma FC (1.9-fold) and TGs (2.8-fold) concentrations.
Similar results were observed when apoE~/~ LCAT™/~
mice were compared with apoE’/ ~ mice, with no change
in TPC, and increases in FC (1.4-fold) and TGs (2.5-fold).
When apoE~/~ LCAT™/~ mice were compared with
LDLr=/~ LCAT /™ mice, there was an ~2-fold increase in
all plasma lipid constituents measured. The most striking
result from loss of functional LCAT was a 9-fold increase
in the FC/EC ratio in LCAT~/~ mice compared with the
Ch7B1/6 controls. However, in the LDLr—/— LCAT/~
and apoE~/~ LCAT~/~ mice, there was a more modest in-
crease (1.7-2.7-fold) in the FC/EC ratio that was not sta-
tistically different from those of the LDLr~/~ and apoE~/~
mice, respectively.

Figure 2A and B show FPLC cholesterol (FPLC-C) elu-
tion profiles of plasma from each of the mouse genotypes
included in the study. Figure 2A shows the FPLC-C profile
for C57B1/6], LCAT~/~, LDLr~/~, and LDLr~/~ LCAT~/~
mice. The C57Bl/6] mice have nearly all of their plasma
cholesterol distributed in the HDL fraction, but in LCAT-
deficient mice there was very little HDL cholesterol
(HDL-C) present, and the little cholesterol that was
present in plasma was distributed in the VLDL size range
(fractions 27-30). The elution profile for the LDLr~/~
mice showed nearly equal distribution of plasma choles-
terol in the HDL and LDL fractions. However, when
LCAT was removed from LDLr~/~ mice, there was no de-
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TABLE 1. Plasma lipid and lipoprotein concentrations

Genotype TPC EC FC/EC PL TG
C57Bl/6 82 =13 24 + 4 58 = 10 0.41 +0.03 169 + 56 57 = 30
LCAT/~ 48 = 10 35+5H 13+7 3.63 = 2.68 114 = 21 88 * 42
LDLr/— 186 = 15 55 = 11 131 £ 21 0.44 +£0.13 221 = 23 85 + 25
LDLr=/~ LCAT~/~ 200 £ 46 105 = 23 94 + 27 1.17 = 0.32 222 + 38 238 = 167
ApoE~/~ 449 = 110 153 £ 26 296 * 96 0.55 + 0.15 279 + 29 190 = 47
ApoE~/"LCAT~/~ 465 *= 136 212 * 34 254 + 104 0.92 £ 0.26 322 + 60 469 * 210
Pvalues
LDLr~/~ vs. apoE™/~ <0.0001 <0.0001 0.0002 NS 0.048 NS
LDLr=/~ vs. LDLr—/~ LCAT~/~ NS 0.0007 NS NS NS 0.048
ApoE™/~ vs. apoE™/~ LCAT/~ NS 0.0001 NS NS NS 0.0009
ApoE™/~ LCAT~/~ vs. LDLr~/~ LCAT~/~ <0.0001 <0.0001 0.0003 NS 0.0009 0.0044

Blood was obtained from 14-20 week old chow fed mice of the indicated genotype and measurements were made as described in Materials and
Methods. Values are the mean = SD (n = 5 per group) and are expressed as mg/dl, except for the FC/EC ratio. Pvalues for statistical comparisons be-
tween mice were derived from analysis of variance and Fisher’s least significant difference test. NS, not significant at P = 0.05; TPC, total plasma choles-
terol; FC, plasma free cholesterol; EC, plasma esterified cholesterol; PL, plasma phospholipid; TG, triglyceride.

30
A —o— C57BI
—o— LCAT ™"
—+— LDLr ™"
20 - —o— LDLr~ LCAT ™~

p—t
<

ug cholesterol/fraction

20 30 40 50 60
120
B -
—4— apoE
;FD}J —o— apoE”” LCAT ™~
\ -

Elution Time (min)

Fig. 2. A: FPLC cholesterol (FPLC-C) elution profile of plasma
from C57B1/6], LCAT/~ LDLr/~, and LDLr~/~ LCAT~/~ mice.
One hundred pl of plasma from individual animals were injected
onto a Superose 6 (1 X 30 cm) and a Superose 12 (1 X 30 cm) col-
umn connected in series with a flow rate of 0.5 ml/min. One
minute fractions were collected and total cholesterol was measured
using an enzymatic assay. B: FPLC cholesterol elution profile of
plasma from apoE~/~, apoE~/~ LCAT~/~, and LDLr~/~ (shown
for reference) mice. Experimental conditions are the same as in A.

Furbee, Francone, and Parks

tectable HDL-C, a large increase in cholesterol in the
VLDL fraction, and little change in LDL cholesterol
(LDL-C). Figure 2B shows the FPLC-C elution profile for
apoE™/~ and apoE~/~ LCAT~/~ mice, with the profile of
the LDLr~/~ sample shown in Fig. 2A included for refer-
ence. The apoE™/~ mice have a decreased concentration
of HDL-C compared with C57B1/6] or LDLr=/~ mice (see
below), and elevated concentrations of VLDL-C and LDL-C
present in plasma. The apoE~/~ LCAT~/~ mice have no
detectable HDL-C, and increases in both VLDL-C and
LDL-C compared with apoE~/~ mice. Thus, LDLr /"~
mice accumulate mostly LDL-sized particles in plasma,
whereas apoE™/~ mice accumulate larger VLDL:sized or
remnant particles. When functioning LCAT is removed
from either model, there is an absence of HDL and an in-
crease in VLDL-C.

To examine plasma apolipoprotein composition, lipo-
proteins from study mice were isolated by ultracentrifuga-
tion of plasma and apolipoproteins were separated by 4—
16% SDS-PAGE as described in Materials and Methods.
The results are shown in Fig. 3. Lipoproteins from C57Bl/6
mice (lane 2) had predominantly apoA-l, reflecting the
major lipoprotein species (HDL) in plasma, with low lev-
els of apoE, apoB-48, and apoB-100. When apolipopro-
teins from LCAT™/~ mice (lane 3) were compared with
C57Bl1/6 mice, there was a moderate decrease in apoA-,
and an increase in apoE, apoB-48, and apoB-100. Lipopro-
teins from both LDLr=/~ (lane 4) and LDLr~/~ LCAT~/~
mice (lane 5) showed an accumulation of apoB-100,
whereas other apolipoprotein bands were similar in inten-
sity to C57B1/6 mice. The apolipoproteins from apoE_/ -
(lane 6) and apoE~/~ LCAT™/~ mice (lane 7) completely
lacked apoE and showed an accumulation of apoB-48, but
otherwise the apolipoprotein composition was similar to
that of C57Bl/6 mice. These results are consistent with pre-
viously published work (36) and suggest that LDLr~/~ mice
are accumulating, in plasma, apoB lipoproteins secreted by
the liver, whereas apoE™/~ mice are accumulating apoB
particles that have been secreted by the small intestine.
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Fig. 3. Four to sixteen percent SDS-polyacrylamide gel separation
of plasma lipoproteins floated at a density = 1.21 g/ml in the ultra-
centrifuge. Plasma was isolated from mice of the indicated geno-
types (top of gel) and plasma lipoproteins were isolated as indi-
cated in Materials and Methods. Fifteen micrograms of protein
were applied per lane. Std = low molecular weight standard (Phar-
macia Biotech). Estimated migration distance of apoB-100, B-48, E,
and A-I are indicated on the right side of the gel.

To quantitatively examine the apparent decrease in
plasma HDL between the apoE~/~ and LDLr~/~ mice ob-
served in Fig. 2, we measured the distribution of apoB
lipoprotein and HDL-C from the FPLC column runs of 4-5
individual C57Bl/6], LDLr~/~, and apoE~/~ mice; and
the results are shown in Fig. 4. The cholesterol distribu-
tion for LCAT/~, LDLr~/~ LCAT /-, and apoE™/~

Plasma Cholesterol

600
s | DI
—— HDL
400 -
=
)
g
200 -
) | 'ﬁ -
C57BI/6 LDLr~  apoE "~
Genotype

Fig. 4. Cholesterol distribution in apoB lipoproteins (i.e., VLDL
and LDL) and HDL was determined for C57B1/6, LDLr~/~, and
apoE™/~ mice consuming chow. Values are the mean *= SD (n = 5
per group). Analysis of variance and Fisher’s least significant differ-
ence test were used to identify statistically significant differences
among groups. For apoB lipoproteins: C57B1/6 versus LDLr~/~
P = 0.03, C57Bl/6 versus apoE~/~ P< 0.0001, and LDLr~/~ versus
apoE™/~ P < 0.0001. For HDL, C57B1/6 versus LDLr~/~ P = not
significant, C57B1/6 versus apoE~/~ P = 0.0005, and LDLr /"~
versus apoE™/~ P = 0.0034.
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LCAT~/~ mice was not determined because FPLC-C pro-
files (Fig. 2) indicated that nearly all cholesterol from
these animals was in the apoB lipoprotein particles. The
concentration of HDL-C in the C57Bl/6] and LDLr /~
mice was similar, 67 = 13 versus 61 * 8 mg/dl, whereas
that of apoE™/~ mice was 50% lower (37 = 6 mg/dl). All
three genotypes of mice had mono-dispersed HDL parti-
cles with an average particle size of 9.4 nm, as determined
by apoA-I Western blot of 4-30% non-denaturing gradi-
ent gels (Fig. 5). Their LCAT™/~ counterparts had only
HDL particles in the pre-beta to small HDL size range
(Fig. 5). The concentration of apoB lipoprotein choles-
terol in these mice was markedly affected by genotype,
with C57Bl/6] mice having a very low concentration (15 *
11 mg/dl), LDLr~/~ mice having an intermediate con-
centration (122 = 14 mg/dl), and the apoE~/~ mice hav-
ing the highest concentration of apoB lipoprotein choles-
terol (412 = 105 mg/dl).

Plasma apoB lipoproteins and HDL, separated by
FPLC, were analyzed for PL and CE fatty acyl composi-
tion. The results of the apoB lipoprotein analyses for all
six groups are shown in Table 2. The PL fatty acyl compo-
sition was similar among all groups, with only an occa-
sional statistically significant difference as indicated in the
upper half of Table 2. However, the apoB lipoprotein CE
fatty acyl composition was significantly affected by the
genotype of the animals. Compared with the LDLr=/~
mice, the CE compositions in the LDLr~/~ LCAT~/~ had
an increase in 16:0 (2.1-fold), 18:0 (2.3-fold), and 18:1
(2.1-fold), whereas there was a decrease in 18:2 (39%).
The long chain PUFA, 20:4, 20:5 n-3, and 22:6 n-3, made
up 29.3% of the total LDL CEs in the LDLr~/~ mice, but
these esters were completely absent in the LDLr=/~
LCAT~/~ mice. The CE compositional differences between

A A
g r
\\b ({ ; ,‘V’ Y
4 % 4 s
I IS
(f’ \#c' \9\? N 8
17.0 —
12.2 —
E
s 05 =
- + p—- 4
§ N B
E  g§2-
= -
—
7.2 | "= -

Fig. 5. Western blot of mouse plasma (1 ul) separated on 4-30%
non-denaturing gradient gels and developed with a goat anti-mouse
apoA-I antiserum as described in the Materials and Methods sec-
tion. Genotype of mouse from which the plasma was obtained is
shown at the top of the blot. Hydrated diameters of the protein
standards run on the gel are shown on the left side of the blot.

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


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 2. Plasma apoB lipoprotein phospholipid and cholesteryl ester fatty acyl percentage composition

Genotype 16:0 16:1 18:0 18:1 18:2 20:4 20:5 22:6 Other
Percent fatty acids in apoB
lipoprotein phospholipid
C57Bl/6 221 £52¢ 02*+04 232*28 99 +26* 21.1 25 91*13 0.0=*0.0¢ 10.7*42 3909
LCAT~/~ 94+42 00x00 251=*13 5711 210*10 211*20 19*+03 116*21 42=*13
LDLr~/~ 179+43 00%+00 223*18 84*03 251*x22 11.1x19" 00x00 9.0=x11" 61=*12
LDLr~/~ LCAT/~ 18821 00x00 259*24 78*16 236*21 157*x19 03=*0.6 59+05 20=0.1
ApoE~/~ 226 +64 01*+02 238+*34 99+35 262*53 82*26 05*09 7.0+42 17*+20
ApoE~/~ LCAT/~ 203*+78 00*00 252*50 107*57 307=*54 7842 13=*12 40+31 00=x0.0
Percent fatty acids in apoB
lipoprotein cholesteryl
esters
CB7BI/6 122 +2.0 56*29¢ 39*14 261 *64¢ 31.0*74¢ 121 *45° 29*19 53+22¢ 18 *1.2
LCAT~/~ 94+26 16=*0.7 71*15 500*52 199*07 24*+16 11*13 25+0.7 61x1.2
LDLr~/~ 62*+17" 35*+34 23+13" 272*+25 303*1.6" 151=*18" 6.0*08 82x15" 12+18
LDLr~/~ LCAT/~ 13215 62=*20 52+09 56.0*x24 185*14 0.0x0.0 0.0=x0.0 0.0+0.0 08=1.1
ApoE~/~ 154*+13 39*03 58 +0.8 31.7+23° 318*16 54+09° 04+08 1902 37*18
ApoE~/~ LCAT/~ 177+28 3.0=*038 85+12 388=*23 293*+26 01*x01 00=x0.0 00*x11 1.7%x08

Plasma apoB lipoprotein PL and cholesteryl ester fatty acyl percentage compositions (mean = SD; n = 5 per group) were measured on 14-20
week old chow-fed mice of the indicated genotype, as described in Materials and Methods. Student’s unpaired #test was used to identify statistically
significant differences between C57Bl/6] versus LCAT™/~, LDLr~/~ versus LDLr~/~ LCAT™/~, and apoE~/~ versus apoE™/~ LCAT~/~. Super-

scripted letters indicate statistically different values (P < 0.05).

the apoE~/~ and apoE~/~ LCAT~/~ mice were small com-
pared with those in the LDLr~/~ and LDLr~/~ LCAT/~
mice. There was a 46% and 22% increase in cholesteryl
stearate and oleate, respectively, for the apoE’/ ~ LCAT/~
mice compared with the apoE~/~ mice. The long chain
PUFA made up 7.7% of the total apoB lipoprotein CE in
the apoE’/ ~ mice, but these fatty acids accounted for
1.0% of the total in the apoE™/~ LCAT ™/~ mice.

The changes in apoB lipoprotein CEFA composition
are easier to visualize as a ratio of saturated + monounsat-
urated/polyunsaturated CE species. This ratio is highly
correlated with the extent of coronary artery atherosclero-
sis in non-human primates (37). A plot of the apoB lipo-
protein CEFA ratio for the animals of this study is shown
in Fig. 6. There was a 2.6-fold increase in the ratio when
LCAT~/~ mice were compared with C57Bl/6 controls
(2.6 £ 0.3 vs. 1.0 £ 0.4, respectively). In the LDLr~/~
background, loss of LCAT resulted in a 7-fold increase in
the CEFA ratio (4.4 = 0.5 vs. 0.6 = 0.1). However, in the
apoE ™/~ background, the increase in the CEFA ratio was
only 1.6-fold higher for the apoE~/~ LCAT /- mice
(2.3 £ 0.3) compared with the apoE™/~ mice (1.4 = 0.1).
Thus, loss of LCAT function resulted in an increase in the
saturation of CE in apoB lipoproteins that was much more
pronounced with the accumulation of LDL in plasma
than with the accumulation of VLDL-sized apoE remnant
particles.

The CEFA ratio for apoB lipoproteins was 2.3-fold
higher for apoE~/~ mice compared with LDLr~/~ mice
(see above). To investigate whether this compositional dif-
ference was the result of accumulation of VLDL-sized rem-
nants in the plasma of apoE™/~ mice (Fig. 2) that were
not present in the plasma of LDLr~/~ mice, LDL-sized
particles were isolated by FPLC from plasma of apoE™/~
mice, and CEFA composition was determined and com-
pared with that measured in the entire apoB lipoprotein
fraction (Table 3). The CEFA composition of the LDL
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fraction contained significantly less 16:0 and 16:1, and
more 20:4 and 20:5 n-3, compared with the entire apoB
lipoprotein fraction. However, the CEFA ratio of the LDL
isolated from the apoE ™/~ mice was still greater than that
of LDL in the LDLr~/~ mice (1.1 = 0.2 vs. 0.6 * 0.1).
Thus, the difference in apoB lipoprotein CEFA composi-
tion between LDLr~/~ and apoE™/~ mice could not be
adequately explained by the accumulation of remnant
particles in the plasma of apoE ™/~ mice.

The HDL PL and CE fatty acyl composition for C57Bl/
6], LDLr~/~ and apoE™/~ are shown in Table 4. The HDL
PL fraction from apoE ™/~ mice was more enriched in 16:0

Plasma apoB Lipoproteins
Genotype
apoE™ " LCAT ™~

apoE™"

LDLr~ LCAT ™~
LDLr™~

LCAT "~
C57Bl/6

L T T T T

0 1 2 3 4 5

Cholesteryl Ester Fatty Acid Ratio
(Sat + Mono/Poly)

Fig. 6. The apoB lipoprotein CEFA ratio, which is the sum of sat-
urated and monounsaturated CE divided by polyunsaturated CE,
was calculated from the data in Table 2. ApoB lipoproteins were iso-
lated from plasma by FPLC, the CE fraction was isolated from the
lipoproteins by lipid extraction and TLC, and the fatty acid compo-
sition was determined by gas liquid chromatography as described in
Materials and Methods. Values represent the mean = SD (n =5

per group).
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TABLE 3. Plasma apoB lipoprotein and LDL cholesteryl ester fatty acyl percentage composition for apoE ™/~ mice

Percentage Cholesteryl Esters in Lipoprotein Fractions of ApoE_/_ Mice

Lipoprotein

Fraction 16:0 16:1 18:0 18:1 18:2 20:4 20:5 22:6 Other
VLDL+LDL 154 £ 1.3 3.9%0.3 5.8 £0.8 317+ 23 31.8*+1.6 5.4 £0.9 0.4 £0.8 1.9 0.2 3.7+ 1.8
LDL 91*+1.0 2.2+ 0.6 5.0 £ 1.0 345 + 27 33.3 £ 0.6 8.1%0.5 1.9 %05 29+ 1.0 3.0 0.1
P 0.0004 0.0016 NS NS NS 0.017 .027 NS

Plasma apoB lipoproteins (VLDL+LDL) or LDL were isolated by FPLC from the plasma of 14-20 week old chow apoE™/~ mice and choles-
teryl ester fatty acyl percentage compositions (mean * SD; n = 5 VLDL+LDL, n = 3 LDL) were measured as described in Materials and Methods.
Pvalues for statistical comparisons between VLDL+LDL versus LDL percentage compositions were derived by analysis of variance and Fisher’s least

significant difference test. NS, not significant.

and 18:0 and contained less 20:4 and 22:6, compared with
LDLr~/~ mice. Somewhat similar trends were observed in
the HDL CEFA composition, with significant increases
in 16:0 and 18:1 and decreases in 20:5 and 22:6 for
apoE™/~, compared with those of LDLr~/~ mice. These
data show that there is a small enrichment in long-chain
polyunsaturated CEs in LDLr~/~ mice when compared
with apoE™/~ mice (85.2% vs. 70.3%), but this difference
is much smaller than that observed in the apoB lipopro-
tein CEFA composition.

DISCUSSION

The purpose of the present study was to determine the
quantitative importance of LCAT on apoB lipoprotein
CEFA composition using LDLr™/~ and apoE™/~ mice, two
mouse models used extensively in atherosclerosis re-
search. To perform this study, LCAT ™/~ mice were
crossed into the LDLr~/~ and apoE~/~ backgrounds to
retard the clearance and increase the concentration of
apoB lipoproteins in plasma. Two novel and significant
findings resulted from this study. First, in spite of no sig-
nificant change in total or esterified plasma cholesterol,
removal of functional LCAT in vivo resulted in a signifi-
cant increase in the saturation index (i.e., CEFA ratio) of
apoB lipoprotein CEs in both backgrounds, suggesting
that LCAT contributes significantly to plasma pool of CE
in LDL, VLDL, and remnant particles, in addition to its

well-accepted role in the generation of HDL CE. Second,
our results show that plasma LCAT is responsible for the
synthesis of nearly all long chain (>18 carbon) CE species
in apoB lipoproteins. A corollary of this observation is that
mouse ACAT uses long chain PUFA poorly for the intra-
cellular synthesis of CE that are destined for secretion in
intestinal or hepatic apoB lipoproteins. Taken together,
these results document an important in vivo role for
LCAT in the generation of CE in apoB lipoproteins that
has previously not been appreciated.

Our results suggest that plasma LCAT makes a signifi-
cant contribution to the in vivo generation of CE in apoB
lipoproteins. LCAT deficiency results in the elimination of
spherical HDL, a decrease in plasma total and EC and an
increase in plasma TG concentrations in familial LCAT
deficiency subjects (6) and gene-targeted mice (38, 39).
However, LCAT deficiency in the LDLr~/~ or apoE™/~
background did not result in a significant decrease in
plasma total or EC, but did result in a significant increase
in plasma FC concentrations (Table 1). This outcome
likely occurred because of the retarded clearance of
apoB lipoproteins, which resulted in the accumulation
of apoB lipoproteins enriched in ACAT-derived saturated
and monounsaturated CE. Studies have shown that ACAT
has a broad fatty acyl substrate specificity but in general
prefers monounsaturated and saturated fatty acids for the
generation of intracellular CE (40, 41). In studies with
non-human primates, there is a strong correlation be-
tween hepatic ACAT activity and the accumulation of satu-

TABLE 4. Plasma HDL phospholipid and cholesteryl ester fatty acyl percentage composition

Genotype 16:0 16:1 18:0 18:1 18:2 20:4 20:5 22:6 Other
Percentage fatty acids
in HDL PLs
C57B1/6 23426 02x04 175x15 13.0 £6.8 22.6 £4.6 8412 06=x05 11.1£39 33%09
LDLr~/~ 139+ 7.2¢ 00*=0.0 21.1=*21¢ 9618 227*x36 121=x21c 20=x20 13.0 £ 244 5.7 *4.1
apoE~/~ 23229 0.0*00 283=*1.2° 87x03 21.8*+3.0 81x1.10 27x47 7.1+08" 0.0=%=0.0
Percentage fatty acids
in HDL CEs
C57B1/6 3.6=*21 2.1*20 0.2=*0.5 5806 45.0*6.0 282*45 47=*07 9.2+ 3.2 1.3 1.2
LDLr~/~ 39+0.4* 09=*17 2.1=*31 75%09¢ 40.7x21 283*x26 7.3=x0.6¢ 89*13° 05=x1.0
apoE~/~ 8.8 +4.0" 0.0=*=0.0 41=*13 157+ 1.3° 393 +23 231+29 26=*26° 53*+1.1" 11=*=1.6

Plasma PL and CE fatty acyl percentage compositions (mean = SD; n = 5 per group) were measured on 14-20 week old chow-fed mice of the
indicated genotype, as described in Materials and Methods. Unpaired Student’s ttest was used to identify statistically significant differences between
samples from LDLr~/~ and apoE™/~ mice, whereas values for C57B1/6] mice were included for comparative purposes, but were not included in
the statistical analyses. Values with unlike superscripts are statistically different (P < 0.05).
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rated and monounsaturated CE in plasma LDL particles
(11). However, mouse LDL particles are enriched in poly-
unsaturated CE even when animals are consuming a satu-
rated fat diet (26). Because mice do not have active CETP
in plasma to exchange LCAT-derived HDL CE to LDL
(23), we hypothesized that plasma LCAT may directly syn-
thesize these polyunsaturated CE in LDL. Although
studies have shown that LCAT can use LDL particles to
synthesize CE in vitro (42-44), the rate of the reaction is
slow compared to that on HDL particles, and the extent to
which this reaction contributes to the LDL CE pool in vivo
has not been investigated. Our results show that inactiva-
tion of LCAT in vivo results in a 2.6-fold increase in the
apoB lipoprotein CEFA ratio compared with that of
ChH7Bl/6 controls, a 7-fold increase relative to LDLr=/~
controls, and a 1.6-fold increase compared with apoE_/_
controls (Fig. 6). The increase in CEFA ratio resulted
from both an increase in the percentage of saturated and
monounsaturated CE as well as a decrease in the polyun-
saturated species (Table 2). Similar results have been ob-
served in the plasma of individuals with familial LCAT de-
ficiency (9). In species with active CETP, the source of
long-chain polyunsaturated CE in LDL likely originates
through LCAT activity on HDL particles, with subsequent
transfer of the LCAT-generated CE to apoB lipoproteins.
Whether direct synthesis of CE by LCAT on plasma LDL
particles is a significant source of CE when CETP is
present in plasma is unknown. However, the redistribu-
tion of LCAT from HDL to LDL in hyperlipidemic states
where plasma concentrations of HDL are low and LDL
are high may result in a greater proportion of LDL CEs
produced by LCAT relative to ACAT.

The variation in the increase in the CEFA ratio among
these mice likely results from the extent to which particles
with ACAT-derived CEs accumulate in plasma and from
the reactivity of LCAT with these particles (Figs. 2 and 6).
For instance, the smallest increase in the CEFA ratio was
observed with apoE~/~ versus apoE™/~ LCAT™/~ mice.
ApoE™/~ mice accumulate large remnant particles in
plasma, which are enriched in ACAT-derived CE and are
poorly reactive with LCAT, whereas LDLr~/~ mice have
an accumulation of LDL particles in plasma that are more
reactive with LCAT than remnant particles (Fig. 2). Previ-
ous studies in non-human primates have shown a signifi-
cant correlation between the LDL CEFA ratio and LDL
particle size, which is strongly predictive of coronary ar-
tery atherosclerosis in this model. Based on these past re-
sults, we believe that an increase in the CEFA ratio of
apoB lipoproteins is pro-atherogenic, and hypothesize
that in vivo inactivation of LCAT will be pro-atherogenic
in the LDLr /- and apoE™/~ mice. Atherosclerosis
studies are in progress to test this hypothesis.

LCAT deficiency in LDLr=/~ or apoE™/~ mice resulted
in the complete elimination of long-chain polyunsatu-
rated CE species (20:4, 20:5n-3, and 22:6n-3) in plasma
apoB lipoproteins compared with their counterparts with
active LCAT, whereas the PL pool in the same particles
demonstrated a trend toward greater enrichment with
these fatty acyl species (Table 2). This finding suggests
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that all long-chain polyunsaturated CE species in the
plasma of these mice are the product of the LCAT reac-
tion. A corollary of this conclusion is that hepatic and in-
testinal ACAT cannot efficiently synthesize these CE in
mice. The reason for this is unknown but may be related
to the inability of mouse ACAT to use long chain fatty acyl
CoA species efficiently for CE synthesis. Recent results
from gene-targeted mice have documented that ACAT2 is
the major enzyme responsible for cholesterol esterifica-
tion in mouse liver and intestine (45). Furthermore, in
vitro assays have shown that arachidonyl-CoA is a poor
substrate for ACAT2 (41, 46). Although LCAT is capable
of synthesizing CE with long-chain PUFA, it does not use
these substrates as well as 18 carbon fatty acyl substrates,
apparently because the increased number of double
bonds decreases the appVmax of the enzyme through
some interference at the active site of LCAT (47, 48). To-
gether these observations suggest that ACAT2, which ap-
pears to be responsible for the synthesis of CEs that are se-
creted by the liver or intestine in chylomicron or VLDL
particles, does not significantly contribute to the pool of
long chain CE in plasma apoB lipoproteins. However, this
outcome may be unique to the mouse. Hepatic VLDL par-
ticles isolated from non-human primate recirculating liver
perfusate, which has very little active LCAT (49), contain
5% of total CE as long-chain polyunsaturated species,
which nearly doubles when a diet enriched in n-3 PUFA is
fed (50). This is nearly 5-10 times that observed in
plasma apoB lipoproteins in the double knockout mice of
this study (Table 2), suggesting that nonhuman primate
hepatic ACAT may be better able to use long-chain PUFA
for CE synthesis.

Our results suggest that less LCAT esterification was oc-
curring in the apoB lipoprotein fraction of the apoE™/~
mice compared with that of LDLr~/~ mice. There was a
4-fold greater content of long chain polyunsaturated CE
in apoB lipoproteins of LDLr~/~ mice compared with
apoE_/ ~ mice, with little difference in the PL fatty acyl
substrate pool (Table 2). We first considered the possibility
that this result might arise from the different size distribu-
tion of apoB lipoproteins between the apoE~/~ and
LDLr~/~ mice (Fig. 2). Previous studies have shown that
VLDL sized particles are less reactive with LCAT than
LDL-sized particles (51). Although LDL-sized particles iso-
lated from the plasma of apoE™/~ mice were more en-
riched in cholesteryl arachidonate and cholesteryl eicosa-
pentaenoate compared with the total apoB lipoprotein
fraction from the same animals, there was still a 2.3-fold
greater enrichment of long-chain polyunsaturated CE in
LDL particles from the LDLr~/~ mice (Tables 2 and 3).
Thus, differences in apoB lipoprotein particle size be-
tween the apoE~/~ and LDLr~/~ mice did not completely
explain the greater enrichment of long-chain polyunsatu-
rated CE in the LDL fraction of the LDLr~/~ mice.

If the polyunsaturated CE content of LDL particles is
less in the apoE™/~ mice compared with LDLr~/~ mice
because of decreased LCAT reactivity, what is the molecu-
lar mechanism for this outcome? There are several poten-
tial explanations. A trivial explanation is that less LCAT is
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present in the plasma of apoE™/~ mice compared with
that of LDLr~/~ mice, but this is not the case based on an
exogenous assay of plasma (Fig. 1). Another explanation
is that apoE is a physiological activator of LCAT on apoB
lipoproteins. It is well known that apoE can activate LCAT
in vitro, but the efficiency is ~20% that of apoA-I (52).
However, there is little direct experimental evidence to
support or refute this possibility. Another possibility is that
there is some compositional difference in the apoB lipo-
proteins in apoE~/~ mice that inhibits the LCAT reaction.
ApoE~/~ mice have an increased sphingomyelin content
in whole plasma and apoB lipoproteins compared with
wild-type and LDLr~/~ mice (53), and increased sphingo-
myelin content has been demonstrated to inhibit the
LCAT reaction in vitro (51). There are also some differ-
ences in the apolipoprotein composition between apoE™/~
and LDLr™/~ mice that include a relatively greater pro-
portion of apoB-48 and apoA-IV in the apoE~/~ mice
compared with the LDLr~/~ mice (Fig. 3). However, it is
not obvious how this difference might decrease LCAT re-
activity. Further studies will be necessary to provide a
more detailed molecular explanation for the decreased
polyunsaturated CE content of apoB lipoproteins in
apoE™/~ mice.

ApoE~/~ mice had half the HDL-C concentration when
compared with the C57Bl/6] or LDLr~/~ mice, whereas
HDL particle size, determined by FPLC and apoA-I West-
ern blots, was similar for all three genotypes. We do not
believe this finding can be explained by decreased LCAT
activity in the apoE’/’ mice. First, there was a high per-
centage of long-chain polyunsaturated CE in the HDL of
apoE™/~ mice, similar to that of LDLr~/~ mice (Table 4).
Second, the proportion of apoA-I in plasma was similar
for both apoE™/~ and LDLr~/~ mice (Fig. 3), and thus,
was not likely to be limiting in the activation of LCAT.
There are two possible explanations for the decreased
HDL concentrations in apoE_/_ mice. First, the decrease
in HDL could be caused by increased catabolism of parti-
cles in the apoE_/_ mice. However, this seems unlikely be-
cause apoE enrichment of HDL particles leads to in-
creased removal by the liver (54); and available data
suggest that HDL protein and CE catabolism is slower in
apoE™/~ mice compared with those of wild-type controls
(55). The other possible mechanism is that HDL produc-
tion is decreased in apoE~/~ mice. This option seems
more plausible as it is known that the liver secretes na-
scent HDL particles that contain apoE (49, 56), and he-
patic VLDL production is stimulated by overexpression of
apoE (57). In addition, peripheral tissues synthesize apoE
(58, 59) that can be associated with lipid to become
HDL precursor particles. Loss of these sources of nascent
HDL in apoE~/~ mice may result in decreased HDL pro-
duction and a reduction in plasma HDL concentrations.

In summary, we have described an important role for
LCAT in the generation of CE on apoB lipoproteins of
LDLr~/~ and apoE~/~ mice. Loss of LCAT results in a sig-
nificantly greater proportion of LDL CE that are saturated
or monounsaturated. Because in vivo removal of LCAT re-
sults in the depletion of plasma HDL as well as an increased
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CE saturation index of apoB lipoproteins, we hypothesized
that LDLr~/~ LCAT/~ and apoE~/~ LCAT /- mice
would have more atherosclerosis than their counterparts
with active LCAT. Bl
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