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Abstract

Human LCAT-like lysophospholipase (LLPL), or lysophospholipase 3, was first identified in vitro, in foam cells derived from
THP-1 cells. We demonstrated that LLPL was present in foam cells in the severe atherosclerotic lesions that develop in apolipopro-
tein E-null (apaEf/ 7) mice. This indicated that LLPL might affect lipid metabolisms in foam cells and, therefore, atherogenesis.
Accordingly, we created LLPL-knockout mice by gene targeting and crossed them with apoEf/ ~ mice. We showed that the absence
of LLPL increased lesion formation markedly in apoE’/ ~ mice but had little effect on the plasma-lipid profile. In addition, LLPL-
deficient peritoneal macrophages were more sensitive to apoptosis induced by exposure to oxidized low-density lipoprotein. LLPL
might provide a link between apoptosis in macrophages and atherogenesis. Our data demonstrate that LLPL activity is anti-athero-
genic and indicate that the regulation of this enzyme might be a novel drug target for the treatment of atherosclerosis.
© 2005 Elsevier Inc. All rights reserved.
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The LLPL/lysophospholipase 3 gene was originally
discovered in a screen to identify genes involved in lipid
metabolisms that were differentially expressed in THP-1-
cells and the foam cells derived from them [1]. Although
the amino-acid sequence of LLPL was 49% identical to
that of human lecithin cholesterol acyltransferase
(LCAT), it had no detectable LCAT activity. LLPL
was found in human plasma and the purified recombi-
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nant protein hydrolysed lysophosphatidylcholine [1].
Recently, the enzyme was reported to be a transacylase
that catalysed the formation of 1-O-acylceramide by
transferring fatty acids from the sn-2 position of phos-
phatidylcholine or phosphatidylethanolamine to cera-
mide [2]. The enzyme has an optimal pH of 4.5, which
indicates that it is an acidic PLA2 that might specifically
function within lysosomes [2]. In addition, the enzyme
was suggested to play a role in pulmonary surfactant
catabolism [3].

Until now, there was no evidence for the relationship
between atherogenesis and LLPL functions. In the
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present paper, we address this matter by comparing the
development of atherosclerotic lesions in mice lacking
both LLPL and apoE with that in apoE_/ ~ mice.

Materials and methods

Tissue preparation and immunohistochemistry. Male 40-week-old
apoE~ /= mice fed on normal rodent chow (CE-2; Oriental Yeast) were
anesthetized with diethyl ether and perfused intracardially with 4%
paraformaldehyde in phosphate-buffered solution (PBS). The hearts
and intact aortas were removed, fixed overnight at 4 °C, embedded in
optimum cutting temperature (OCT) compound, and frozen. Sections
(6 um) were cut in a cryostat, from the bottom of the atria to the leaflet
in the aortic sinus. Aortic valve sections were stained with haemat-
oxylin—eosin and oil red O. Adjacent sections were immunostained
with a rabbit polyclonal antibody against mouse FLAG-tagged LLPL,
which was produced in insect cells. Alexa Fluor 488 goat anti-rabbit
IgG (Molecular Probes) was used as a secondary antibody. Negative
controls used antibody absorbed with excess mouse LLPL protein.

Gene targeting. The gene-targeting vector was constructed by sub-
cloning an 11-kb EcoRI DNA fragment containing exons 1 and 2, and a
1.5-kb HindIIl/Pst1 DNA fragment containing part of exon 6 of the
mouse LLPL gene into the Notl and Xhol sites, respectively, of the pPol
11 short-neob PA-HSVTK vector [4]. The vector was linearized by Sa/l
digestion and electroporated into embryonic stem (ES) cells from the
129/SvEv mouse strain (LEXICON). G418/1-(2-deoxy, 2-fluoro-B-p-
arabinofuranosyl)-5-iodouracil (FIAU) resistant clones were screened
using Southern blot analysis and ES cells carrying the disrupted allele
were microinjected into C57BL/6 mouse blastocysts to produce chi-
maeric mice. These mice were intercrossed to produce homozygous
LLPL™~ mice, which were then mated with apoE™ /~ miceona C57BL/6
background (N10 C57BI/6; Jackson Labs). LLPLH’apoEH’ mice were
backcrossed to apoE’/ ~ mice to produce LLpL ’apoE’/ ~ mice, which
were intercrossed to produce all three LLPL genotypes on the apo E-null
background (87.5% C57BL/6: 12.5% 129/SvEv).

Immunoblotting. Peritoneal macrophages were elicited in LLPL™~
mice and their wild-type littermates by injecting 1.5 ml of 2% thio-
glycollate medium intraperitoneally. After 4 days, cell lysates were
prepared using the Mammalian Protein Extraction Reagent (M-PER)
(Pierce). Cell extracts (900 pl) plus 100 pl of 10x immunoprecipitation
(IP)-buffer (20 mM Tris—HCI (pH 7.4), 150 mM NacCl, and 10% Triton
X-100) were incubated overnight with either 10 pg of rabbit anti-
mouse LLPL polyclonal antibody or non-immune rabbit IgG at 4 °C.
Samples were then gently shaken overnight at 4 °C with 50 pl of anti-
rabbit IgG-agarose (50% slurry; Sigma). The agarose beads were
washed twice with IP-buffer, boiled for 5 min in 50 ul Laemmli sample
buffer, centrifuged, and separated by non-reducing 12.5% SDS-PAGE.
Gels were electro-transferred to PVDF membranes (Amersham Bio-
sciences). The membranes were incubated with anti-human LLPL
monoclonal antibody 1G, which cross-reacts with mouse LLPL, fol-
lowed by HRP-conjugated anti-mouse IgG secondary antibody. Bands
were detected using ECL Advance (Amersham) according to the
manufacturer’s instructions.

Enzyme assay. Tissues were homogenized in 10 mM Hepes (pH 7.4)
and 0.25 M sucrose, and centrifuged at 100,000g for 60 min at 4 °C. 1-
O-acylceramide synthase (ACS) activity was measured in the super-
natants according to the method described by Abe et al. [S], using
liposomes consisting of phosphatidylcholine (70 mol%), 1-palmitoyl-2-
[*Clarachidonyl-phosphatidylethanolamine (2 mol%), and dicetyl-
phosphate (30 mol%). Liposomes (64 nmol phospholipid), 10 nmol
C2-ceramide, and 5 pg bovine serum albumin (BSA) were added to the
samples, which were made up to a volume of 500 pl with 50 mM so-
dium citrate (pH 4.5) and incubated for 30 min at 37 °C. The reaction
was terminated by adding 3 ml chloroform/methanol (2/1) plus 0.3 ml
of 0.9%(w/v) NaCl. After centrifugation for 5 min at 800g, the lower

layers were transferred into fresh tubes and dried under nitrogen. The
lipid extracts were separated on high-performance thin-layer chroma-
tography (HPTLC) plates in chloroform/acetic acid (9:1). The radio-
active spots were scraped off and analysed using liquid scintillation to
quantify the products. The ACS activity was calculated as: specific
dpm/mg protein/min/specific activity of [*Clarachidonyl PE (dpm/
pmol).

Plasma lipid profile. The plasma lipoprotein cholesterol was ana-
lysed using gel-permeation high-performance liquid chromatography
(HPLC) and monitored by an on-line total cholesterol assay [6]. Plasma
lipoproteins were separated on two connected columns (300 x 7.5 mm)
of TSKgel Lipopropak XL (Tosoh) using TSK eluent LP-1 (Tosoh)
buffer at a flow rate of 0.6 ml/min. Cholesterol was detected on-line by
mixing the effluent from the columns with a commercial enzymatic
reagent (Cholesterol E test Wako; Wako Pure Chemical Industries),
which was continuously pumped at a flow rate of 0.3 ml/min. The
enzymatic reaction at 45 °C in a reactor coil (7.5 m x 0.4 mm i.d.) was
monitored for absorbance at 600 nm. A commercial standard for HDL-
cholesterol serum measurement (Determiner Standard Serum; Kyowa
Medex) was used to calibrate the system.

Atherosclerotic-lesion analysis. Mice were maintained on normal
chow or on an atherogenic diet of normal chow supplemented with 7.5%
cocoa butter, 1.25% cholesterol, 0.5% sodium cholate, 7.5% casein,
1.25% microcrystalline cellulose (Avicel), 1% vitamin mixture, 1%
mineral mixture, 1.625% sucrose, 1.625% dextrose, 1.625% dextrin, and
0.125% choline chloride. Mice were sacrificed, and their hearts and
aortas were perfused with saline through the left ventricle. The aortas
were removed as close to the heart as possible and dissected from the
aortic arch to just beyond the iliac bifurcation. They were then pinned
onto black rubber boards, stained with oil red O, and fixed with 10%
neutral buffered formalin. Images were captured with a Nikon COOL-
PIX990 digitalphoto camera, transferred to Adobe Photoshop, and
both the total area of the aorta and the area of the atherosclerotic pla-
ques were measured using Image Pro Plus Ver.4.5 (Media Cybernetics).

Detection of apoptotic cells. Thioglycollate-elicited peritoneal
macrophages from LLpL’ ’apoE’/ ~ mice and their apoE’/ ~ litter-
mates were incubated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated foetal bovine serum
overnight. The medium was then changed to DMEM supplemented
with 5 pg/ml copper-oxidized LDL [7] (oxLDL) with or without 5 uM
DL-PPMP and was incubated for 24 h. Apoptotic cells were identified
by staining with an Annexin-V-FLUOS Staining Kit (Roche Diag-
nostics GmbH) and were examined using fluorescence microscopy
(Nikon Eclipse E600; Nikon).

Results and discussion

The presence of LLPL in the atherosclerotic lesions in
apoE_/ ~ mice

At first time, we examined whether LLPL is present
in the atherosclerotic lesions in apoE*/ ~ mice by immu-
nohistochemistry and clearly demonstrated the presence
of this enzyme in foam cells in atherosclerotic lesions in
apoE*/ ~ mice (Fig. 1). It suggested that LLPL might
play a role in the development of atherosclerosis.

LLPL-knockout mice
To better understand the biological function of

LLPL, we used gene-targeting techniques to create
LLPL-knockout mice. Mouse LLPL is 88% homologous
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Fig. 1. Atherosclerotic lesions in apolipoprotein E-deficient mice. (A,B) Haematoxylin—eosin (A) and oil red O (B) staining of aortic valves. (C) The
oil red O-positive area of the atherosclerotic lesion was also labelled using an anti-LLPL antibody. (D) Negative control for immunolabelling. Scale

bar: 100 um.

to the human gene [2] and contains a serine residue at
the putative active site in exon 5. Therefore, LLPL-
knockout (LLPL™’ 7) mice were produced by targeted
disruption of exons 3-5 (Fig. 2A). Homozygous mutant
mice were identified using Southern blot analysis
(Fig. 2B) and no LLPL protein was detected by immu-
noprecipitation in either the supernatant or cell lysates
prepared from thioglycollate-elicited peritoneal macro-
phages (Fig. 2C).

The LLPL-mutant allele was transmitted in a Mende-
lian fashion, and LLPL-homozygous mutant mice were
normal in their appearance and body weight when fed
on a rodent chow diet (data not shown). Feeding both
LLPL™'~ and control mice an atherogenic diet led to in-
creases in total cholesterol and LDL plus very-low-den-
sity lipoprotein (VLDL) cholesterol in the plasma (Figs.
3A and B). However, in LLPL™'~ mice, the increases in
cholesterol levels tended to be lower than those in con-
trol mice. These phenomena were particularly in male
mice. Notably, none of the LLPL™~ mice, even when
maintained on an atherogenic diet, showed evidence of
atherosclerotic lesions (data not shown).

Advanced atherosclerotic lesions in LLPL™~apoE~'"~
mice

To further investigate atherogenesis, LLPL™'~ mice
were intercrossed with apoE_/ ~ mice to produce mice
lacking both LLPL and apoE (LLPL™'~apoE~'~). Male
mice were maintained on a normal diet and sacrificed at

18 weeks of age to determine the extent of aortic-lesion
formation at a relatively early stage. Advanced athero-
sclerotic lesions were also examined in male mice that
had been fed on a normal diet for 22 or 32 weeks. The
lesions were measured en face in the whole aortic tree,
and the percentages of the total surface area occupied
by atherosclerotic lesions in the two groups are shown
in Fig. 4A. The area of lesions in the aortic tree was lar-
ger in LLPL™ *apoE*/ ~ mice than in their apoE*/ - lit-
termates at all three time points. The area of
atherosclerotic lesions was significantly increased in
the aortas of LLPL™/ _apoE_/ ~ mice compared to those
of apoE_/ ~ mice, in both the thoracic and abdominal re-
gions (Fig. 4B). These results demonstrated that a defi-
ciency of LLPL led to increased lesion formation in
mice with an apoE*/ ~ genetic background that were
fed on a normal diet. However, when LLPL ™’/ _apoE_/ -
mice were fed on an atherogenic, Western-style diet
[8], which produced exceptionally high plasma choles-
terol levels (>1300 mg/dl), the extent of atherogenesis
was no different from that in apoE*/ ~ mice after 12-16
weeks (data not shown). These results show that if the
plasma cholesterol level is exceedingly high, LLPL does
not suppress lesion formation; however, at more moder-
ate cholesterol levels, LLPL plays an anti-atherogenic
role. Similar observations have been made for genes that
are involved in immune responses, such as CD40L [9],
IFN-y [10], RAGI, and RAG?2 [11], which have also been
reported to have atherogenic effects at moderate plasma
cholesterol levels (600-800 mg/dl).
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Fig. 2. Targeted disruption of the LLPL gene. (A) Restriction maps of the wild-type LLPL locus, targeting vector, and mutant allele. The LLPL
locus was disrupted by replacing exons 3-5 (filled boxes) with the positive-selective marker Neo'. Herpes simplex virus (HSV)-thymidine kinase (TK)
was used for negative selection. The external probe used for genomic Southern blot analysis is shown in the crosshatched box. E, EcoRI1; H, HindIll;
and P, PstI. (B) Southern blot analysis of mouse genomic DNA after EcoRI digestion and hybridization with the external probe. (C) Western blot
analysis of intracellular and extracellular LLPL protein in cultured peritoneal macrophage. LLPL protein was immunoprecipitated from three wild-
type (+/+) and LLPL ™~ (=/-) mice with an anti-mouse LLPL polyclonal antibody or an irrelevant rabbit IgG. Arrows indicate the bands
corresponding to LLPL protein.
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Fig. 3. Total cholesterol, HDL, and VLDL plus LDL cholesterol in plasma from LLPL ™'~ and control mice. Male 6-week-old LLPL ™/~ (KO) or
wild-type (Wild) mice were fed on either chow or an atherogenic diet. (A) Time course of total plasma cholesterol. (B) Plasma HDL (left panel) and
VLDL plus LDL (right panel) cholesterol in 16-week-old male mice. Data represent means + SEM (n = 5-8).

Plasma lipid profile 32 weeks of age. Total cholesterol and triglyceride levels
did not differ significantly between the LLPL genotypes

To determine whether differences in lipid metabolism at any time point and were within the range expected for
could account for the increased level of atherosclerosis apoE~'~ mice maintained on a normal diet (Table 1). In
in the LLPL™/ *apoE*/ ~ mice, we measured total choles- addition, we analysed lipoprotein profiles at 18 weeks of

terol and triglyceride levels in the plasma at 18, 22, and age using gel-filtration chromatography, and found
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Fig. 4. Increased atherosclerotic lesion formation in LLPL’/’apoE’/’ mice and ACS activity in LLPL’/’apoE’/’, LLPLH’apoE’/’, and apoE’/’
mice. (A) LLpeL’ ’apoE’/ ~and apoE~ /= mice were fed on a normal chow diet for 18, 22, and 32 weeks. The lesion area was determined in en face aorta
preparations. Each symbol represents one animal. Horizontal bars represent means. The differences between the genotypes are statistically significant
(Dunnet-type test): P < 0.05 for apoE/’ mice (n = 6) versus LLPL’/’apoE’/’ (n=15) at 18 weeks; P < 0.05 for apoE’/’ mice (n = 8) versus LLpL’
’apoE’/’ (n="17) at 22 weeks; and P <0.01 for apoE’/’ mice (n = 10) versus LLPL’/’apoE/’ (n=29) at 32 weeks. (B) Gross view of aortas stained
with oil red O from LLPL™/~apoE~'~ (lower panel) and apoE~'~ mice (upper panel) fed on a normal chow diet for 32 weeks. The red areas indicate the
atherosclerotic lesion. (C) ACS activity in the liver, kidney, and brain were abolished in LLPL™'~ mice (open bars). Data show means + SEM.

Table 1

Body weight, total plasma cholesterol (TC), and plasma triglyceride (TG) levels in LLPL™ ’apoE’/ ~ mice

Age (weeks) Genotype n Body weight (g) TC (mg/dl) TG (mg/dl)

18 apoE/’ 6 27.6 £ 1.0 909 + 113 215+43
LLPL™~apoE~"~ 5 257+ 1.6 1195 + 53 115+ 21

22 apoEF/f 12 28.6 +0.5 1261 + 46 191 + 8
LLPL™~apoE~"~ 10 29.0+ 1.4 1170 + 44 183+9

32 apoEF/f 12 30.0+0.8 1200 + 59 234 4+ 33
LLPL™~apoE~"~ 9 309+ 1.9 1034 + 49 230 4 20

Mice were maintained on a normal chow diet, and their body weight, TC, and TG levels were measured at 18, 22, and 32 weeks of age. All data are
expressed as means + SEM. No significant difference was noted between LLpL’ ’apoE’/ ~ and apoE’/ ~ mice.

similar plasma-lipoprotein profiles in LLPL™ *apoE*/ B the increased lesion size in the LLPL™ *apoE*/ ~ mice
mice and apoE*/ ~ mice (data not shown). In apoE*/ B was not explained by changes in plasma cholesterol lev-
mice, the size of the atherosclerotic lesions was influ- els or in the distribution of lipoprotein particles. We also
enced by high-density lipoprotein (HDL) levels [12]. measured the extent of oxidation in the plasma by mon-
However, the mean HDL cholesterol levels were similar itoring the formation of thiobarbituric-acid-reacting

in apoE~'~ (n=6) and LLPL™~apoE~'~ (n=5) mice substances (TBARS). No significant difference was de-
(41 and 35 mg/dl, respectively), and appeared to be tected in the concentration of TBARS in apoE*/ ~ and
unaffected by the LLPL genotype. Furthermore, no dif- LLPL™! *apoE*/ ~ mice at 18 weeks of age (54 + 20
ferences were observed in the free HDL cholesterol level, and 33 4 7 nmol/ml, respectively), which indicates that
which indicates that LLPL has no effect on LCAT activ- LLPL has no effect on the oxidation status in the
ity (data not shown). These results strongly suggest that plasma.
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Transacylation activity of C2-ceramide in the mice
homogenates

Recently, it has been proposed that apoptotic cell
death contributes to plaque instability, rupture, and
thrombus formation [13]. Oxidized LDL (oxLDL) is
present in atheromas and is the local source of lipid
for cells in atherosclerotic lesions [14]. Ceramide levels
and apoptosis have both been reported to be elevated
in cells treated with oxLDL [15]. LLPL might transacy-
late ceramide under physiological conditions and, hence,
play a primary role in apoptotic cell death by regulating
intracellular levels of ceramide [2]. We therefore mea-
sured the transacylation activity [5] of C2-ceramide in li-
ver, kidney, and brain homogenates from LLPL™,
LLPL™~, and LLPL™* (wild-type) mice on an
apoE*/ ~ genetic background (Fig. 4C). Transacylase
activity was absent in LLPL™'~ mice and was approxi-
mately 50% of the wild-type level in LLPL"~ mice.

Susceptibility of macrophage apoptosis induced by
oxLDL

To investigate the effects of LLPL deficiency on mac-
rophage apoptosis, we compared the sensitivity of thio-
glycollate-elicited peritoneal macrophages from LLPL™~
apoE*/ ~ and apoE*/ ~ mice to apoptosis induced by
oxLDL (5 pg/ml). This was performed in either the pres-
ence or absence of the reagent DL-threo-1-phenyl-2-
palmitoylamino-3-morpholino-1-propanol (DL-PPMP;
5 uM) [16], which accelerates the intracellular accumula-
tion of ceramide, by detecting annexin V binding to

Ox-LDL

Ox-LDL+DL-PPMP

apoE+

LLPL"apoE+

Fig. 5. Fluorescence microscopy showing phosphatidylserine exter-
nalization in peritoneal macrophages. Macrophages from LLPL™
’apoE’/ ~ and apoE™ /= mice were treated with 5 pg/ml oxLDL in the
absence or presence of 5 pM DL-PPMP. Cells were stained with 4’,6-
diamidino-2-phenylindole (DAPI; blue) and fluorescein isothiocyanate
(FITC)-labelled-annexin V (green), which indicate the presence of
phosphatidylserine on extracellular-surface of the membrane. Original
magnification: 20x.

exposed phosphatidylserine as a marker of the early
stages of apoptosis [17] (Fig. 5). Immunofluorescence
microscopy showed that LLPL deficiency led to phos-
phatidylserine exposure under these conditions and this
was accelerated by DL-PPMP (Fig. 5). This indicated
that LLPL might function in preventing the apoptosis
induced by oxLDL in two ways: first, the enzyme might
transform excess ceramide into biologically inactive
metabolites, such as 1-O-acylceramide, and so protect
against apoptosis [2]; and second, the high sensitivity
of LLPL-deficient mice to oxLDL might result from a
lysosomal dysfunction, as oxLDL has been reported to
be resistant to degradation and to accumulate in lyso-
somes [18]. As LLPL might be a lysosomal PLA2, it
could be responsible for the catabolism of oxLDL phos-
pholipids in macrophages in atherosclerosis.

In summary, our findings showed that, even in a se-
vere model of atherosclerosis, LLPL exhibited a protec-
tive effect on atheroma formation at all stages and
throughout the aortic tree in mice fed on normal diet.
However, none of the LLPL™'~ mice maintained on a
chow or atherogenic diet showed evidence of atheroscle-
rotic lesions, which indicates that hyperlipidaemia is a
prerequisite for the development of such lesions.
Although the physiological roles of LLPL remain to
be determined, our results strongly suggest that LLPL
has an important regulatory role in atherogenesis.
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