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Abstract Lipoprotein lipase (LPL) is a key enzyme in lipo-
protein metabolism, and has been hypothesized to exert
either pro- or anti-atherogenic effects, depending on its lo-
calization. Decreased plasma LPL activity is associated with
the high triglyceride (TG)-low HDL phenotype that is of-
ten observed in patients with premature vascular disease. In
contrast, in the vessel wall, decreased LPL may be associ-
ated with less lipoprotein retention due to many potential
mechanisms and, therefore, decreased foam cell formation.
To directly assess this hypothesis, we have distinguished be-
tween the effects of variations in plasma and/or vessel wall
LPL on atherosclerosis susceptibility in apoE-deficient
mice. Reduced LPL in both plasma and vessel wall (LPL+/~
E~/-) was associated with increased TG and increased total
cholesterol (TC) compared with LPL*/+*E~/~ sibs. How-
ever despite their dyslipidemia, LPL*/~E~/~ mice had sig-
nificantly reduced lesion areas compared to the LPL+/+E~/~
mice. Thus, decreased vessel wall LPL was associated with
decreased lesion formation even in the presence of re-
duced plasma LPL activity. In contrast, transgenic mice with
increased plasma LPL but with no increase in LPL expres-
sion in macrophages, and thus the vessel wall, had de-
creased TG and TC and significantly decreased lesion areas
compared with LPL*/*E~/~ mice. This demonstrates that
increased plasma LPL activity alone, in the absence of an in-
crease in vessel wall LPL, is associated with reduced suscep-
tibility to atherosclerosis.B Taken together, these results
provide in vivo evidence that the contribution of LPL to
atherogenesis is significantly influenced by the balance be-
tween vessel wall protein (pro-atherogenic) and plasma ac-
tivity (anti-atherogenic).—Clee, S. M., N. Bissada, F. Miao, L.
Miao, A. D. Marais, H. E. Henderson, P. Steures, J. Mc-
Manus, B. McManus, R. C. LeBoeuf, J. J. P. Kastelein, and
M. R. Hayden. Plasma and vessel wall lipoprotein lipase
have different roles in atherosclerosis. J. Lipid Res. 2000. 41:
521-531.
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Lipoprotein lipase (LPL) is a key enzyme in lipoprotein
metabolism. Anchored to the luminal surface of the vascu-
lar endothelium, its primary role is in the hydrolysis of
core triglycerides (TG) in circulating triglyceride-rich
lipoproteins (TGRL), converting these into remnant par-
ticles (1). This process generates free fatty acids which
may be taken up and used for energy or for storage, and
also results in the generation of surface remnants which
form the basis of high density lipoprotein (HDL) (1).
Over 70 mutations in the LPL gene have now been de-
scribed (reviewed in ref. 2), which, cumulatively, may be
present at carrier frequencies approaching 20% in popu-
lations of European descent. Thus, understanding this en-
zyme is of key importance in furthering our understand-
ing of atherogenesis. Various lines of evidence have
suggested that LPL may confer either increased or de-
creased risk for atherosclerosis depending on its site of ex-
pression (reviewed in ref. 3).

Higher levels of plasma LPL activity are associated with
decreased TG and increased HDL cholesterol levels in
humans. Heterozygotes for LPL deficiency have increased
TG and decreased HDL cholesterol levels (4-6), a profile
associated with increased atherogenic risk (7-9). In-
creased LPL activity serves to decrease the concentration
of plasma TGRL, which may themselves be atherogenic
(10). Furthermore, the LPL protein may play a structural
role in the bridging and uptake of lipoproteins in the
liver, and has been hypothesized to aid hepatic clearance

Abbreviations: LPL, lipoprotein lipase; TG, triglyceride; HDL, high
density lipoprotein; apo, apolipoprotein; TGRL, triglyceride-rich lipo-
proteins; Tg, transgenic; GGE, gradient gel electrophoresis; VLDL,
very low density lipoprotein; IDL, intermediate density lipoprotein;
LDL, low density lipoprotein; ORO, oil red O.
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of remnant lipoproteins (11-14). These data suggest that
increased plasma LPL activity is associated with protection
against atherosclerosis.

In the vessel wall, however, increased LPL mass and/or
activity may be pro-atherogenic. Macrophages are the pri-
mary source of LPL within the vessel wall (15, 16) and
higher levels of macrophage LPL have been correlated
with increased susceptibility to atherosclerosis in mice
(17). LPL has been shown to aid uptake of lipoproteins by
macrophages (18-20). Furthermore, LPL within the ves-
sel wall increases lipoprotein retention within the suben-
dothelial cell matrix (21-23) and in aortic segments (24,
25). Such trapped lipoproteins are more susceptible to
atherogenic modification, and may be more rapidly taken
up by macrophages, aiding foam cell formation (26, 27).
In addition, macrophage uptake of lipoproteins in the ves-
sel wall may be enhanced by LPL lipolytic activity via the
local generation of smaller remnants that are more ame-
nable to uptake (19, 20). Aortic LPL has been positively
correlated with cholesterol uptake in the aorta of choles-
terol-fed rabbits (28). Furthermore, it was shown recently
that LPL may act as a monocyte adhesion protein (29, 30),
and may play a role in the recruitment of monocytes into
the vessel wall. These data suggest that increased LPL
activity and/or mass within the vessel wall may promote
atherosclerosis.

We have sought to directly address the question of the
relative atherogenicity of vessel wall versus plasma LPL in
vivo, using both the apoE-deficient (E~/~) mouse model
and a cholesterol-fed C57BL/6 mouse model. By compar-
ing the atherosclerosis susceptibility of mice with de-
creased LPL expression in both plasma and vessel wall
with mice that overexpressed LPL in tissues contributing
solely to plasma LPL excluding the vessel wall, we find
that raising plasma LPL without increasing vessel wall LPL
confers relative protection against atherosclerosis. By con-
trast, any increase in vessel wall LPL is associated with in-
creased atherogenesis, providing in vivo evidence of the
differing roles for LPL in atherosclerosis susceptibility, in-
fluenced directly by its site of expression.

METHODS

Animals

Decreased LPL expression was examined in a line of mice
heterozygous (+/—) for a targeted (null) LPL allele (31), and
compared to their normal LPL*/* siblings. For the model of in-
creased plasma LPL expression, transgenic mice (LPL'9) that
overexpress human LPL in heart, skeletal muscle, adipose tis-
sue, kidney, and stomach (32) were used. Macrophages, the pri-
mary source of vessel wall LPL, do not express the human LPL
transgene. No LPL expression has been detected from perito-
neal macrophages of LPL knockout mice rescued with this
CMV-human LPL transgene. The mean LPL activity in media
after a 24-h culture of these macrophages was 1.59 = 0.33 in
macrophages from the rescued knockouts (n = 3), compared
to 8.54 * 0.44 mU/mL in normal mice (n = 3; media alone
gave a measurement of 2.4 mU/mL). Also, no human LPL has
been detected in lesions of these mice by immunohistochemis-
try with the 5D2 monoclonal antibody (R. C. LeBoeuf, unpub-
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lished data), indicating that LPL is not expressed in the vessel
wall of these mice.

In addition, the above three groups of mice were bred onto
the E=/~ mouse line obtained from the Jackson Laboratory (Bar
Harbor, ME), producing mice that were deficient in apoE, and
either +/— or +/+ at the mouse LPL locus, or containing the
human LPL cDNA transgene (Tg, +/+ at mouse LPL locus). All
mice in the study are estimated to contain a greater than 90%
C57BL/6 genetic background. Our study groups comprised only
female mice.

Animals were housed in microisolator cages in groups of 3-4
mice per cage, in an environmentally controlled facility, with
12-h light and dark cycles (7 am—7 pm). Animals had free access
to food and water, except where indicated. All procedures were
approved by the University of British Columbia Committee on
Animal Care.

Diets

Mice were fed a standard mouse chow (Purina Laboratory Ro-
dent Diet, 5001, PMI Feeds) that contained approximately 4.5%
fat and 23.4% protein, with no more than 270 ppm cholesterol. At
12 weeks of age, the BL/6 mice (E*/*+) were then fed an athero-
genic diet (Harlan Teklad #88051) containing approximately 15%
cocoa butter, 6.2% carbohydrate, and 20.6% protein, with 1.25%
cholesterol and 0.5% cholate for a period of 12 weeks.

Animal procedures

At 10 weeks of age, mice were fasted overnight (from approx.
10 pm-8 am) prior to withdrawing blood samples for lipid mea-
surements. At 12 weeks of age the BL/6 mice were placed on the
atherogenic diet for a period of 12 weeks. Blood samples were
withdrawn after an overnight fast (as above) at 22 weeks of age
(after 10 weeks on the diet) for lipid analysis, and mice were
killed at 24 weeks of age.

After exsanguination, mice were perfused with 4% parafor-
maldehyde in phosphate-buffered saline for approximately 5 min
at a flow rate of 3.5 mL/min. Hearts and upper aortae were then
removed and fixed in the same solution prior to embedding and
sectioning.

Genotyping

All genotypes were determined by PCR. The presence of the
LPL transgene was determined as described previously (33). The
presence of the neo insertion in exon 8 of the mouse Ipl gene was
assessed using multiplex PCR including 3 primers. The forward
primer is located complementary to the junction of intron 7 and
exon 8 (LPLK3, 5’GAAATTTTCACCCAGGCCGGAGG), while
there are two reverse primers, one in the neomycin resistance in-
sertion as described (31) (Neo, 5TCGCCTTCTATCGCCTTCT
TGAC) and one at the 3’ end of exon 8 distal to the insertion site
(LPLK1, 5'CCTCTCGATGACGAAGCTGG). In the absence of
the insertion, primers LPLK3 and LPLK1 amplify a band of ap-
proximately 150 bp of mouse LPL exon 8. In the presence of the
neo insertion, the fragment (>1.5 kb) between LPLK3 and
LPLK1 does not amplify under the given conditions, but LPLK3
and Neo produce a 600 bp product. A mouse heterozygous for
the neo insertion thus will display both the 600 and 150 bp prod-
ucts, while a mouse wildtype at the Ipl locus will only display the
150 bp band. The genotype at the mouse Ipl locus can thus be un-
ambiguously identified. PCR was carried out using 2 mm Mg2*,
12 pmol LPLK1, 20 pmol LPLK3, and 24 pmol Neo for 35 cycles
under the following thermocycling conditions: 94°C for 1 min,
56°C for 1 min, and 72°C for 2 min.

A similar scheme was used to genotype the mouse apoE locus,
with primers flanking the insertion site and one within the neo in-
sertion. Genotyping at the apoE locus used 20 pmol of each
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primer (E1l: forward, exon 3, 5'GATGCCTAGCCGAGGGAG
AGC, E2: reverse, intron 3, 5’GAATTGCAGAGCCTTCGAAGC,
and Neo2: forward, 5 TGGCGGACCGCTATCAGGAC). Each re-
action contained 2 mm Mg?2™*, and used cycles consisting of 96°C
for 1 min, 51°C for 30 sec and 72°C for 45 sec.

All PCR reactions were carried out in 50 pL volumes, in the
presence of 200 wmol of each dNTP. Each reaction had an initial
denaturation of 5 min at 96°C and a final extension of 5 min at
72°C.

Lipid analysis

Plasma was separated by microcentrifugation for 10 min at
4°C, aliquoted, and stored at —70°C until analysis. Triglycerides
and total cholesterol were measured using commercially avail-
able kits (Boehringer Mannheim, numbers 450032 and 1142350,
respectively). HDL was quantified after precipitation of apolipo-
protein B-containing lipoproteins using polyethylene glycol, as
described previously (33). NonHDL cholesterol was obtained by
subtracting HDL cholesterol levels from total cholesterol values.

Lesion assessment

The ventricular apex of fixed hearts was transected inferior to
the atria and discarded. The basal portion of the hearts was trans-
ferred to a 1:1 solution of Optimal Cutting Temperature (OCT™,
Tissue Tek, 4583) media and buffered saline overnight. Hearts
were then embedded with cut surface of the vericular myocardium
down in OCT, flash frozen, and stored at —70°C until sectioning.

Sectioning was performed as described (34). Serial 10-um sec-
tions were obtained working from the apical apex of the heart to-
wards the aortic origin, beginning to mount sections from the
point where all three aortic valve cusps became clearly visible. Every
fourth section was placed on a slide for oil red O (ORO) staining
(counterstained with hematoxylin), such that each slide had sec-
tions 40 wm apart. Sections immediately prior to those used for
ORO staining were saved on a separate slide and stained with
Movat’s pentachrome. Atherosclerotic lesion areas were mea-
sured using the Bioview Color Image Analysis system (M°Donald Re-
search Laboratories-UBC, Infrascan Inc., 1993) and are reported
as the average ORO staining area per section in the first five such
sections for each mouse. Lesions in the aortic root were exam-
ined rather than those from the whole aorta to produce results
which would be comparable for both model systems.

Gel filtration chromatography of plasma lipoproteins

Plasma lipoproteins were separated by fast performance liquid
chromatography (FPLC) gel filtration using a Superose 6 HR
10/30 column (Amersham Pharmacia Biotech LKB Biotechnol-
ogy, Uppsala, Sweden). Plasma (100 wl) was loaded onto the col-
umn and eluted with PBS at a constant flow rate of 0.2 ml/min at
4°C. Sixty fractions, 500 wl each, were collected using a Frac 100

fraction collector (Pharmacia). Cholesterol and triglyceride con-
centrations were determined colorimetrically using 100 wl of
each fraction (Diagnostic Chemicals Limited, Prince Edward Is-
land, Canada and Boehringer Mannheim Corp., Indianapolis,
IN, respectively) and adjusted to reflect plasma total cholesterol
and triglyceride levels.

Gradient gel electrophoresis (GGE)

GGE was performed on plasma samples obtained when the
mice were Killed. In brief, plasma (50 wL) was pre-incubated
with Sudan Black (25 pL of 1% w/v in ethylene glycol) at 4°C for
1 h. Samples were centrifuged at 10,0009 for 20 min, an aliquot
was mixed with an equal volume of saturated sucrose, and vol-
umes equivalent to 4 pL plasma were loaded into a 2-8% gradi-
ent polyacrylamide gel. The samples were electrophoresed at
130 V for 18-24 h at 4°C. Lipoprotein species were identified
and named according to their migration relative to the corre-
sponding human species. The procedure allows the identifica-
tion of the following lipoproteins: VLDL; (S; 60-400), VLDL,
(St 20-60), IDL (S 12-20), and LDL (S; 0-12) within which
size heterogeneity can be observed in humans. The retardation
factors (Ry) for the above classes of lipoprotein are <0.45, 0.45—
0.7, 0.7-0.85, and 0.85-1.0, respectively, when small human
LDL is used as a reference. Analysis was performed by counting
the number of mice of each genotype that displayed the various
lipoprotein species.

Statistical analysis

Statistical analyses were performed using Systat (version 7.0,
SPSS Inc.). Data are reported as mean = standard deviation. Be-
tween group comparisons were made using Student’s t-tests
(LPL*/= vs. LPL*/* and LPLT9vs, LPL*/+).

RESULTS

LPL-induced alterations in lipid profiles of E-/~ mice

To examine the effects of decreased LPL on lipid pro-
files and atherogenesis, heterozygous LPL-deficient
(LPL*/~) mice (31) were bred with E~/~ mice, resulting
in mice lacking apoE and either LPL*/~ or LPL*/*
(LPL*/~E~/~ and LPL*/*E~/~, respectively). Mice het-
erozygous for LPL deficiency had an approximately 2-fold
increase in TG (213 = 92 vs. 118 + 54 mg/dL, LPL*/~E~/~
vs. LPL*/*E~/~, P < 0.001; Table 1). Total cholesterol was
mildly (20%) increased (P = 0.03, Table 1), caused by
both an increase in HDL cholesterol (55 = 41 vs. 34 + 25
mg/dL, P = 0.04) and a smaller increase in nonHDL cho-
lesterol (Table 1).

TABLE 1. Lipid levels in apoE-deficient mice by LPL genotype

P Values

LPL +/— LPL +/+ LPL Tg +/+ vs. +/+ vs.

(n = 25) (n =23) (n = 18) +/— Tg
TG (mg/dL) 213 + 92 118 = 54 80 * 37 <0.001 0.01
TC (mg/dL) 515 *= 155 433 = 102 363 = 92 0.03 0.03
HDL chol. (mg/dL) 55 + 41 34 £ 25 10.9 +£10.9 0.04 <0.001
Non-HDL chol. (mg/dL) 460 = 156 399 = 90 352 = 87 0.10 0.10

(n = 24) (n=21) (n =18)
Lesion area (um?2) 62792 + 38391 87636 * 40218 56877 *= 29533 0.04 0.01

Lipid levels were measured at 10 weeks of age, and lesion areas were measured at 16 weeks of age. Mice were
fed a standard rodent chow diet for the duration of the study.
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To examine the effects of increasing LPL in plasma, but
not within the vessel wall, transgenic mice (LPLT9) con-
taining a transgene driven by the CMV promoter (32) and
overexpressing human LPL in several tissues excluding
macrophages (the primary source of vessel wall LPL (15,
16)), were bred with the E=/~ mice. The anti-atherogenic
lipid profiles seen with increasing LPL were mirrored in
the LPL transgenic mice. Triglycerides were further re-
duced versus the LPL*/+*E~/~ (80 + 37 vs. 118 + 54 mg/
dL, P = 0.01; Table 1), aswas TC (363 *+ 92 vs. 433 + 102
mg/dL, P = 0.03). This was contributed to by decreased
HDL cholesterol (11 + 11 vs. 34 = 25 mg/dL, P < 0.001)
and nonHDL cholesterol.

LPL expression and atherosclerotic lesion
formation in E~/~ mice

Examination of atherosclerotic lesion areas revealed
that LPL*/"E~/~ mice (mice with decreased LPL in
plasma and the vessel wall) displayed a 30% reduction in
mean ORO staining area compared with their LPL*/+*E~/~
littermates (62792 = 38391 vs. 87636 = 40218 pm?, P =
0.04), despite pro-atherogenic plasma lipid profiles (Table
1; Fig. 1, A and B). This suggests that the loss of LPL pro-
tein in the vessel wall was key to the finding of less athero-
sclerosis, and had greater effect on reducing susceptibility
to atherosclerosis than the atherogenic lipid changes
caused by low plasma LPL activity.

In contrast, in LPLTSE—/~ mice overexpressing LPL
only in the plasma and not in macrophages, atheroscle-
rotic lesion areas were approximately 35% smaller (56877 +
29533 vs. 87636 = 40218 um?, P = 0.01, Table 1) as com-
pared to the LPL*/*E~/~ mice (Fig. 1C). This suggests
that increasing LPL expression specifically in plasma,
without increasing vessel wall LPL concentrations, is asso-
ciated with decreased lesion formation. Thus, increasing
plasma LPL activity is associated with alterations in lipid
levels, which in turn convey lowered susceptibility to
atherosclerosis.

In addition to differences in mean area of ORO positiv-
ity, differences in lesion complexity were noted between
the LPL genotypes (Fig. 1 D-F). In the LPL*/"E~/~
mice, lesions included numerous foam cells in clusters
overlain by an elastic membrane and endothelium. Fo-
cally, there were smaller nests of smooth muscle cells. A
small amount of matrix was present in certain of these le-
sions, and it tended to co-localize with neointimal smooth
muscle cells. In the LPL*/+*E~/~ mice, lesions were more
prominent and had a somewhat altered character. Foam
cells were more numerous and readily visible, however
they constituted a lower percentage of lesion bulk, and
were generally more deeply placed in the neointima,
partly overlain by and in association with the matrix and
smooth muscle cells. Extracellular cholesterol clefts were
visible, and juxtaposed the foam cells. In addition, aortic
valve cusps appeared slightly more glycosaminoglycan-
rich than normal. Lesions in the LPLT9E=/~ mice were
smaller, with a less well developed matrix and a less prom-
inent smooth muscle cell contingent. They were predomi-
nantly foam cell-rich, flat lesions. Thus, the differences
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noted in lesion areas were somewhat paralleled by differ-
ences in lesion complexity, with the LPL*/*E~/~ mice
having the most complex lesions.

Under- and over-expression of LPL and
atherosclerosis in wildtype C57BL/6 mice

In an effort to validate these findings in another mouse
model, we explored the relationship between variations in
LPL and atherogenesis by examining diet-induced athero-
sclerosis in a C57BL/6 (BL/6) mouse model with similar
alterations in LPL.

The effect of LPL genotype on lipid profiles in the BL/6
model was less pronounced than in the apoE~/~ model.
Prior to the initiation of high fat/high cholesterol feeding
(while mice were consuming the standard chow), LPL*/~
mice had a trend toward increased TG as compared with
LPL*/* mice (P = 0.07, Table 2). There were no signifi-
cant differences in total cholesterol or any specific choles-
terol fraction. After 10 weeks consumption of the high
fat/high cholesterol diet, LPL*/~ mice displayed over
2-fold higher TG as compared with their LPL*/* sibs (27 =
20 vs. 12,5 = 11.0 mg/dL, P = 0.01, Table 2). Similar to
that seen in the E~/~ mice, LPL*/~ mice also had in-
creased HDL cholesterol (47 = 11 vs. 36 = 13 mg/dL,
P = 0.02 vs. LPL*/7). Similar trends were seen in the mice
overexpressing LPL (LPLT9), although no comparisons
reached statistical significance (Table 2).

Small neointimal foam cell lesions, the equivalent of
fatty streaks, were observed (Fig. 2) in these mice. Similar
trends in lesion areas were noted as with the E~/~ mice.
Thus, mean lesion areas in the LPL*/~ mice, with de-
creased vessel wall and plasma LPL, were reduced as com-
pared with LPL*/* mice (2016 + 2801 vs. 4125 * 4122
wm?2). However, due to the large variation in lesion areas,
the difference did not reach statistical significance (Table
2). Lesion areas were also decreased in the mice overex-
pressing human LPL in plasma but not in the vessel wall
(1921 + 2132 um?2vs. 4125 + 4122 pm? in LPL*/* mice,
P = 0.06). A few cholesterol clefts were noted in the
LPL*/* mice. Otherwise there were no significant differ-
ences in lesion morphology between the LPL genotypes.

Lipoprotein analysis

It could be hypothesized that decreased atherosclerosis
susceptibility in the mice with decreased LPL activity in
the vessel wall and plasma (LPL*/~) was due to the pres-
ence of larger, TG-rich apoB-containing lipoproteins that
had a decreased ability to enter the vessel wall and/or be
taken up by macrophages in these mice, and not due to
decreased LPL in the vessel wall.

As an initial attempt to examine the lipoprotein distri-
bution within the various genotypic groups, FPLC of
pooled plasma was performed. As shown in Fig.3, LPL*/~
E~/~ mice have a somewhat altered FPLC profile com-
pared to their LPL*/*E~/~ and LPLT9E~/~ counterparts.
These mice have a tremendous increase in the amount of
cholesterol-rich remnant-type particles, but not in the TG-
rich, VLDL fraction. In the cholesterol-fed animals, no ob-
vious differences in FPLC profiles were evident aside from
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Fig. 1. Lesional constituents in apoE~/~ mice. Panels A—C display representative aortic cross-sections. Lipid deposits are stained with oil red O, and sections were counterstained with he-
matoxylin, 15X magnification. Panels D—F depict magnified (50x) images from the boxed region on adjacent serial sections (from A, a commissural region, from B and C, mid-sinus re-
gions), stained with Movat’s pentachrome which stains muscle red, nuclei and elastin black, proteoglycans aqua, and collagen yellow. Lesions were predominantly foam cells (grey granular
cytoplasm with small dark nuclei) with some matrix deposition, and tended to be more prominent and slightly more complex in the LPL */*E~/~ mice. A., D. LPL*/~"E~/~; B., E. LPL*/*
E~/~;C,F LPLTeE~/~,
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TABLE 2. Lipid levelsin C57BL/6 mice, by LPL genotype

P Values
LPL +/— LPL +/+ LPL Tg +/+ vs. +/+ vs.
(n=22) (n=18) (n = 23) +/— Tg
On chow (pre-diet)
TG (mg/dL) 100 =+ 49 73 * 46 57 + 24 0.07 NS
TC (mg/dL) 57 + 17 50 * 17 49 * 10 NS NS
HDL chol. (mg/dL) 46 = 13 41+ 15 42+9 NS NS
Non-HDL chol. (mg/dL) 11+6 8.7*52 7.0x32 NS NS
Post atherogenic diet feeding (n = 20) (n=17) (n = 20)
TG (mg/dL) 27+ 20 125+ 11.0 9+6 0.01 NS
TC (mg/dL) 199 * 44 186 =+ 50 195 =+ 45 NS NS
HDL chol. (mg/dL) 47 =11 36 + 13 31+ 14 0.02 NS
Non-HDL chol. (mg/dL) 152 * 43 149 * 45 163 = 43 NS NS
(n = 18)
Lesion area (pm?) 2016 + 2801 4125 * 4122 1921 + 2132 NS 0.06

Lipid levels at 10 weeks of age, consuming a standard chow diet, and at 22 weeks of age after 10 weeks con-
sumption of an atherogenic diet. Lesion areas were measured after 12 weeks consumption of the atherogenic diet.

changing relative amounts of the various lipoprotein spe-
cies. Thus, in neither model are there more large TG-rich
particles in the animals heterozygous for LPL compared
to those homozygous or transgenic.

To further address whether individual mice had an al-
tered composition or size distribution of nonHDL lipo-
proteins that was masked by the use of pooled plasma for
the FPLC, gradient gel electrophoresis (GGE) was per-
formed. Mouse lipoproteins were analyzed as TG-rich
(VLDL,, VLDL,4, and VLDL,) and LDL-like (IDL, LDL).
Compared with fasted human lipoprotein patterns, the
mouse lipoproteins displayed a larger lipoprotein species
(termed VLDL,) and lipoproteins similar to VLDL;,
VLDL,and IDL. No lipoproteins similar in size to human
LDL were seen. The patterns are summarized in Table 3.
Very little difference in the distribution of lipoprotein spe-
cies within each genotype is evident.

The majority of LPL*/"E~/~ and LPL*/*E~/~ mice
(60-70%) typically displayed a broad band incorporating
both particles similar in size to human VLDL, and VLDL,.
No IDL-sized species were detected in either the LPL*/~
E~/~ or LPL*/*E~/~, while four LPLT9E~/~ had lipopro-
tein species of a size similar to human IDL. Thus the rep-
resentation of LPL*/"E~/~ and LPL*/*E~/~ mice in the
various lipoprotein classes was almost identical. The
LPLT9E~/~ mice had more polarization of lipoproteins to
either larger or smaller lipoproteins and less commonly
displayed the broader range of both VLDL, and VLDL,.
While there was a trend towards larger particles, these
mice also displayed an IDL-like species which could have
penetrated the vessel wall more easily than the VLDL-like
species. The predominant nonHDL particle in the BL/6
mice on the atherogenic diet was VLDL-like in all LPL
genotypes, while IDL was found in only 10% of the LPL*+/~
mice.

In both animal models, there was very little difference
in the lipoprotein species between the LPL genotypes,
either comparing the lipoprotein species present within
each genotype (Table 3), or comparing the genotype dis-
tribution within each lipoprotein class (data not shown).
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Thus, the increased TG (and TC) seen in the LPL*/~E~/~
and LPL*/~ mice in all likelihood reflects an increased
number of particles, rather than altered particle composi-
tion. This is supported by the FPLC data which depicts in-
creased amounts of the remnant-like species, but no obvi-
ous shifts in size. The decreased susceptibility to
atherosclerosis in these mice, therefore, is clearly not due
to the presence of larger, less penetrant TG-rich particles
in the LPL*/~ mice.

DISCUSSION

We performed experiments allowing us to directly as-
sess the relative atherogenicity of vessel wall and plasma
LPL. In two different models of atherosclerosis, we have
provided in vivo evidence for the differing influence of
LPL in the development of atherosclerosis depending on
its site of expression. Decreased LPL in the vessel wall due
to heterozygosity for a null allele at the LPL locus was as-
sociated with decreased atherosclerotic lesion formation
despite the dyslipidemia caused by low plasma LPL activ-
ity. It has been shown that atherosclerotic lesions of LPL*/~
mice have decreased LPL mass as compared with LPL*/*
mice (35). Furthermore, using a complementary approach,
Babaev and colleagues (36) have recently shown that abo-
lition of macrophage LPL was associated with reduced le-
sion formation. Mice with only partially diminished LPL
activity also displayed reduced lesion formation in the
proximal aorta, suggesting a dose—response relationship
between macrophage LPL levels and atherosclerosis sus-
ceptibility (36). Cumulatively, these findings suggest that
macrophage-derived vessel wall LPL plays a crucial pro-
atherogenic role in determining susceptibility to athero-
sclerotic lesion formation (Fig. 4).

Consistent with this, we also have shown that increased
LPL activity specifically in the plasma (and not in mac-
rophages and thus the vessel wall) is protective, as might
be predicted by the anti-atherogenic lipid profile changes
associated with increased plasma LPL activity (Fig. 4).

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


http://www.jlr.org/

Ik JOURNALOF LIPIDRESEARCH | ASBIVIB

e 318 8D

SIS0J3]9S0J3Y1. Ul 1dT |[eM |3SSaA pue ewse|d

YRAS

e
LN

¥ J

Fig. 2. Lesional constituents in BL/6 mice. Panels A—C display representative aortic cross-sections, 15X magnification. Lipid deposits are stained with oil red O, and sections were counter-
stained with hematoxylin. Panels D-F depict magnified (50X) images from the commissural junctions on adjacent serial sections, stained with Movat’s pentachrome. Lesion areas included
small collections of foam cells, especially evident in panel E. Occasional cholesterol clefts are present in the LPL */* mice (panel E). As evident in panels B and E, the lesions in the LPL*/+
mice tended to be larger than in either the LPL*/~ or LPLT¥ mice. A., D. LPL */~; B., E. LPL*/*; C., F. LPLT9,
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Fig. 3. FPLC profiles of pooled plasma samples from each genotype. Total cholesterol and triglycerides in each fraction are plotted for
each LPL genotype within both the E~/~ and BL/6 mice following cholesterol feeding.

These results confirm the findings of Shimada and col-
leagues (37) in low density lipoprotein receptor deficient
mice, and very recently in apoE-deficient mice (38). We
have previously shown that liver-directed LPL overexpres-
sion was associated with increased plasma catalytic activity
and improved lipoprotein profiles (39). The data pre-
sented herein provide in vivo evidence that therapies de-
signed to increase LPL activity should be targeted specifi-
cally to increasing plasma (and not vessel wall) LPL,
where LPL may be of significant therapeutic potential in
reducing susceptibility to atherosclerosis.

The finding of differing roles for vessel wall and plasma
LPL in atherogenesis has additional clinical relevance.
LPL mutations may be present at cumulative frequencies
approaching 20% in Caucasian populations. Some pa-
tients have LPL mutations associated with a catalytic de-

fect and stable LPL immunoreactive mass, for example
the 1194T, R243H, and G188E mutations (class Il (40)),
while others have mutations resulting in decreased LPL
mass in addition to defective catalytic activity, such as the
P207L mutation (41) and several insertions, deletions and
premature truncations (class | (40)). We would thus pre-
dict that mutations such as the former may confer a signif-
icant atherosclerotic risk, as they are associated with de-
creased catalysis and dyslipidemia but normal vessel wall
LPL mass, which may still function normally in the reten-
tion of lipoproteins. In contrast, other mutations that are
associated with loss of LPL activity and less stable LPL
mass, and consequently lower levels of LPL protein in the
vessel wall available to retain lipoproteins, might be pre-
dicted to be less atherogenic.

Recently there have been several publications examin-

TABLE 3. Gradient gel electrophoresis characterization of nonHDL cholesterol fractions

Percentage

Percentage of mice with of mice with
Group n VLDL, VLDL, VLDL, and, VLDL, IDL No IDL
LPL*/-E~/~ 24 12.5 4.2 70.8 12.5 0 100
LPL*/* E~/~ 21 14.3 9.5 61.9 14.3 0 100
LPLT9E~/- 17 235 29.4 17.6 29.4 235 76.5
LPL*/~ 18 11.1 77.8 0 11.1 11.1 88.9
LPL*/+* 17 0 70.6 0 29.4 0 100
LPLTO 20 0 65.0 10.0 25.0 0 100

The TG-rich lipoproteins of all mice were classified as lipoproteins resembling VLDL,, VLDL,, and a larger
category resembling VLDL,. IDL-like lipoproteins were analyzed separately. The data for BL/6 mice are based on

animals consuming an atherogenic diet for 12 weeks.
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Fig. 4. Contrasting roles of plasma and vessel wall LPL in athero-
sclerosis. Attached to the luminal surface of the vascular endothe-
lium, increased LPL (<) is associated with increased hydrolysis of
TGRL (0©), resulting in decreased plasma TG concentrations and
decreased atherosclerosis (As) susceptibility. Within the intima,
however, increased LPL is associated with increased lipoprotein (@)
retention, leading to increased macrophage () lipoprotein uptake
and increased foam cell formation.

ing the relationship between LPL and atherogenesis in
humans (42-54). The only functional LPL variants fre-
quent enough to allow investigators to study the relation-
ship between LPL genetic variation and disease at the
population level are three common mutations: N291S,
D9N, and S447X. However, the effects of these variants on
LPL catalytic function are mild (55), making it very diffi-
cult to discern differences in the absence of large sample
sizes. Some studies have suggested that these variants in
the LPL gene may be associated with an altered risk of de-
veloping or an increased progression or severity of athero-
sclerosis (42-48), while others have found no association
(49-54). The data presented here provide support for a
pro-atherogenic effect of the N291S and D9N variants, as
these mutations retain near normal protein levels (55)
but have catalytic defects associated with pro-atherogenic
changes in lipids, and would thus be predicted to be asso-
ciated with increased risk for atherosclerosis.

An intriguing finding in this study was that HDL choles-
terol levels decreased with increasing LPL activity, particu-
larly in the E-/~ model. Of note, we have also shown
increased HDL cholesterol levels in our heterozygous LPL-
deficient feline model, another CETP-deficient system (56).
Animals deficient in plasma CETP activity rely on other
mechanisms of cholesterol delivery to the liver for efficient
functioning of the reverse cholesterol transport pathway.
Thus, selective cholesteryl ester (CE) uptake may be even
more important in mice and other CETP-deficient animals.
Recently, LPL has been shown to aid in the selective uptake
of HDL-CE by macrophages and hepatic cells (57, 58).
Thus, in the absence of CETP and apoE, which may also aid
in the bridging of lipoproteins to the cell surface (59), a re-
duction in the amount of LPL protein may compromise the
ability of HDL to deliver its CEs to the liver. This, in turn,
would result in an increased plasma HDL cholesterol con-

centration. The lipid data presented in the E~/— model is
thus consistent with LPL having a role in selective uptake of
HDL-CE. Furthermore, this may explain why VLDL, the pri-
mary nonHDL particle in each model, was the predominant
lipoprotein determining atherosclerotic susceptibility, and
changes in HDL cholesterol levels did not appear to reflect
changes in atherosclerosis susceptibility, as increasing HDL
was not indicative of increased reverse cholesterol transport
in these animals, and thus is not associated with protection
against atherosclerosis.

In summary, we have demonstrated important roles for
LPL in the initial stages of lesion formation, in two separate
model systems. These roles in atherosclerosis are related to
both the amount of vessel wall LPL protein available for
functions such as trapping lipoproteins and to the level of
plasma LPL activity influencing plasma lipid concentra-
tions, as we have shown by comparing the effects of de-
creased plasma and vessel wall LPL with increased LPL in
tissues contributing only to LPL in the plasma. Specifically,
we provide in vivo evidence that increasing plasma LPL ac-
tivity without altering macrophage, and hence vessel wall,
LPL levels is associated with decreased lesion formation,
while increased vessel wall LPL protein is pro-atherogenic.
Whether these pro-atherogenic roles of vessel wall LPL are
due solely to non-catalytic bridging functions or whether
they are due at least in part to the localized generation of
smaller particles which are more easily taken up via LPL cat-
alytic activity cannot be determined from this study. Al-
though these differences in lesion formation were small in
relative terms, when extrapolated throughout an entire or-
ganism over a lifetime, such differences may have a signifi-
cant impact on overall disease status. Our findings also pro-
vide further evidence as to the atherogenic nature of TGRL,
and are consistent with a role of LPL in the selective uptake
of HDL-CE. In conclusion, these findings suggest that thera-
pies designed to increase LPL activity in the plasma, without
increasing expression within the vessel wall, such as with tar-
geted gene delivery, are likely to be of significant therapeu-
tic potential in reducing the risk for atherosclerosis. il
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