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Apolipoprotein E knockout (apoEQ) mice accumulate atherogenic remnant lipoproteins in plasma. We now provide evidence that these
particles are enriched in sphingomyelin (SM), and explore the mechanisms and possible pathophysiological consequences of this finding.
The phosphatidylcholine/sphingomyelin (PC/SM) ratio was reduced in all lipoproteins in apoEQ mice compared with wild-type (Wt) mice
(2.0+/-0.2 vs. 4.7+/-0.5; 2.8+/-0.5 vs. 5.5+/-0.9; 1.9+/-0. 5 vs. 4.6+/-0.5 for VLDL, LDL, and HDL), reflecting 400 and 179% increases in
plasma pools of SM and PC, respectively. Turnover studies using [14C]PC/[3H]SM VLDL or HDL showed that the fractional catabolic rate
(FCR) of VLDL-SM and HDL-SM were markedly reduced in the apoEQ mice compared with Wt mice, while the FCRs of VLDL-PC and
HDL-PC were similar. By contrast, the FCRs of [3H]PC ether and [14C]SM were identical in apoEQ and Wt mice. The production rates of
VLDL-SM and HDL-SM in apoEO mice were much higher than in Wt mice, while the production rates of lipoprotein PC were similar. To
assess the underlying mechanisms, we also measured the PC/SM ratio in VLDL and LDL of LDL receptor knockout (LDLr0) and hepatic
LDL receptor-related protein knockout/LDLr0 mice, but found no difference with Wt mice. Using S-sphingomyelinase, an enzyme secreted
by macrophages and endothelial cells, we found that VLDL and LDL from apoEO, but not from Wt or LDLr0 mice, were significantly [...]
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Increased Sphingomyelin Content of Plasma Lipoproteins in Apolipoprotein E
Knockout Mice Reflects Combined Production and Catabolic Defects and
Enhances Reactivity with Mammalian Sphingomyelinase

Tae-sook Jeong,* Scott L. Schissel,** Ira Tabas,** Henry J. Pownall,® Alan R. Tall,* and Xian-cheng Jiang*
*Division of Molecular Medicine, Department of Medicine, and *Department of Anatomy and Cell Biology, College of Physicians &
Surgeons, Columbia University, New York, New York 10032; and $Department of Medicine and Department of Molecular Physiology and
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Abstract

Apolipoprotein E knockout (apoEQ) mice accumulate ath-
erogenic remnant lipoproteins in plasma. We now provide
evidence that these particles are enriched in sphingomyelin
(SM), and explore the mechanisms and possible pathophysi-
ological consequences of this finding. The phosphatidylcho-
line/sphingomyelin (PC/SM) ratio was reduced in all lipo-
proteins in apoE0 mice compared with wild-type (Wt) mice
(2.00.2 vs. 47*0.5; 2.8+0.5 vs. 5.5+0.9; 1.9%0.5 vs.
4.6+0.5 for VLDL, LDL, and HDL), reflecting 400 and
179% increases in plasma pools of SM and PC, respectively.
Turnover studies using [“C]PC/[*H]SM VLDL or HDL
showed that the fractional catabolic rate (FCR) of VLDL-
SM and HDL-SM were markedly reduced in the apoE0
mice compared with Wt mice, while the FCRs of VLDL-PC
and HDL-PC were similar. By contrast, the FCRs of [PH]PC
ether and ["“C]SM were identical in apoE0 and Wt mice.
The production rates of VLDL-SM and HDL-SM in apoE0O
mice were much higher than in Wt mice, while the produc-
tion rates of lipoprotein PC were similar. To assess the un-
derlying mechanisms, we also measured the PC/SM ratio in
VLDL and LDL of LDL receptor knockout (LDLr0) and he-
patic LDL receptor-related protein knockout/LDLr0 mice,
but found no difference with Wt mice. Using S-sphingomy-
elinase, an enzyme secreted by macrophages and endothelial
cells, we found that VLDL and LDL from apoEO0, but not
from Wt or LDLr0 mice, were significantly aggregated, and
that aggregation was not prevented by adding back apoE.
We then enriched the apoE0O-VLDL and Wt-VLDL with
different amounts of SM, and found that VLDL aggregation
was enhanced. Thus, the increased SM content of lipopro-
teins in apoEO mice is due to combined synthesis and clear-
ance defects. Impaired SM clearance reflects resistance to
intravascular enzymes and delayed removal by a non-LDLsr,
non-LDLr related protein pathway. The increased SM con-
tent in slowly cleared remnant lipoproteins may enhance
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their susceptibility to arterial wall SMase and increase their
atherogenic potential. (J. Clin. Invest. 1998. 101:905-912.)
Key words: sphingomyelin « sphingomyelinase « phosphati-
dylcholine « apolipoprotein E « atherosclerosis

Introduction

Sphingomyelin (SM),! which is the second most abundant
phospholipid in mammalian plasma, appears in all major lipo-
proteins where it is part of the monolayer of polar lipids and
cholesterol that surrounds a core of neutral lipids. Up to 18%
of the total plasma phospholipid occurs as SM (1), and the ra-
tio of phosphatidylcholine (PC)/SM varies widely among lipo-
protein subclasses (2, 3). Atherogenic lipoproteins such as
VLDL remnants accumulating in cholesterol-fed rabbits tend
to be SM-enriched (4). The SM content of atherosclerotic le-
sions is higher than that of normal arterial tissue, and SM accu-
mulation is disproportionate to that of PC (5, 6). However, the
role of SM deposited or synthesized in atheromata remains un-
defined.

Animal models provide one useful approach to studies of
atherogenic mechanisms. Using transgenic techniques, athero-
genic or cardioprotective genes can be deleted or inserted to
test the role of specific proteins in atherogenesis in vivo (7).
The apolipoprotein E knockout apoEO mouse does not ex-
press apoE, a plasma apolipoprotein that is required for up-
take of lipoproteins via the LDL receptor (LDLr) or the LDL
receptor-related protein (LRP). ApoEO mice exhibit hyper-
cholesterolemia that is distinguished by accumulation of cho-
lesterol-enriched apoB-containing lipoproteins (8). ApoEO
mice develop complex atherosclerotic lesions in response to a
chow diet (9, 10), and may also display features of Alzheimer’s
disease including memory deficits and cholinergic impairment
(11).

Atherogenesis is initiated by interaction of cholesterol-rich
lipoproteins with the arterial wall (12). Many processes have
been implicated in early atherogenesis. These include lipopro-
tein oxidation (13, 14), lipoprotein retention and aggregation
(12, 15), endothelial alteration (16), macrophage chemotaxis
and foam cell formation (16), and smooth muscle cell migra-
tion and alteration (16). Subendothelial retention and aggrega-

1. Abbreviations used in this paper: ApoEO0, apolipoprotein E gene
knockout; FCR, fractional catabolic rate; HL, hepatic lipase; LCAT,
lecithin/cholesterol acyltransferase; LDLr, LDL receptor; LDLrO,
LDL receptor knockout; LRP, LDL receptor—related protein; LRPO,
LRP knockout; PC, phosphatidylcholine; PLTP, phospholipid trans-
fer protein; PR, production rates: S-SMase, secreted SMase; SM,
sphingomyelin; SPT, serine/palmitoyltransferase; Wt, wild-type.
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tion of atherogenic lipoproteins have emerged as central
pathogenic processes in atherogenesis (12). LDL extracted
from atherosclerotic lesions is aggregated or has an increased
tendency to aggregate, whereas plasma LDL exposed to the
same procedure does not aggregate (17, 18). LDL retained in
atherosclerotic lesions is acted upon by an arterial wall SMase,
which appears to promote aggregation by generating ceramide
(6). A leading candidate for this arterial wall enzyme is a Zr?*-
dependent SMase that is secreted by cultured macrophages
(19) and endothelial cells (Schissel et al., manuscript in prepa-
ration), which are major constituents of atherosclerotic lesions.
The secreted SMase (S-SMase) is derived from the same gene
and mRNA as that encoding lysosomal SMase (19).

During studies of plasma phospholipid metabolism in
transgenic mice (20), we discovered that the plasma lipopro-
teins of apoEO mice were markedly enriched in SM. This re-
port describes these findings and defines mechanisms responsi-
ble for the increased SM content of lipoproteins in apoE0
mice, and the impact of these compositional changes on inter-
action with mammalian SMase.

Methods

Materials. [9,10-*H]Palmitic acid and L-a-1-palmitoyl-2-oleoyl-[ole-
oyl-1-1*C] phosphatidyl choline were obtained from DuPont-NEN
(Boston, MA). Sphingomyelinase (from Bacillus cereus) was ob-
tained from Sigma Chemical Co. (St. Louis, MO). [N-palmitoyl-9,10-
SH]SM and [*H]POPC ether were synthesized as previously described
(6,21).

Lipoproteins. VLDL, LDL, and HDL were isolated from fresh
mouse plasma by preparative ultracentrifugation using an Optima TL
ultracentrifuge (model TLA 100.4; Beckman Instruments, Inc., Ful-
lerton, CA). Plasma VLDL and HDL were labeled with [*'H]SM and
[*“C]PC as follows: labeling of VLDL: 100 mCi (2.3 nmol) of [N-pal-
mitoyl-9,10-*H]SM and 10 mCi of L-a-1-palmitoyl-2-oleoyl-[oleoyl-1-
14C]PC were mixed, and the solvent was removed under a stream of
nitrogen. The dried phospholipids were resuspended in 150 pwl EtOH
and slowly injected into a stirred 6-ml solution of VLDL (2 mg total
phospholipid) through a 25-gauge needle. The VLDL solution was
then incubated with 1.5 ml partially purified phospholipid transfer
protein (PLTP; 0.5 mg protein/ml) or 1.5 ml d > 1.21 g/ml fraction (15
mg protein/ml), which contained PLTP activity with 1.5 mM 5,5'-dini-
tro-bis (2-nitro benzoic acid; to inactivate lecithin/cholesterol acyl-
transferase [LCAT] activity) for 8 h at 37°C in a shaking water bath.
[*H]SM/[*C]PC-labeled VLDL was then separated from the incuba-
tion mixture by ultracentrifugation at d = 1.02 g/ml for 4 h at 98,000
rpm in a rotor (model TLA 100.4; Beckman Instruments) and dia-
lyzed against PBS. Plasma HDL was labeled using the same method
as VLDL. Both [PH]SM/[*“C]PC-labeled VLDL and HDL were
stored under argon at 4°C and used within 1 wk of preparation.

SM, PC assays. Lipid extracts (22) of lipoproteins were sepa-
rated by TLC on silica gel (Adsorbosil plusl; Alltech Associates, Inc.,
Deerfield, IL) using chloroform/methanol/acetic acid/H,O (50:25:8:4;
vol/vol/vol/vol). Individual phospholipid subclasses were visualized
by iodine vapor staining, and the SM and PC spots were identified by
comparison with standards. The spots were scraped, extracted twice
with choroform/methanol/H,O (5:10:4; vol/vol/vol), and assayed for
phosphate content by the method of Bartlett (23). Total plasma phos-
pholipids were also assayed by enzymatic assay based on detection of
choline (24).

In vivo turnover studies. Mice were injected intravenously (fem-
oral vein) with apoE0O-VLDL or apoEO-HDL labeled with [*'H]SM
and ["*C]PC (7.5-11.0 X 10° cpm and 6.5-9.5 X 10° cpm, respectively).
Blood (70 nl) was taken from the tail vein at 10 min, 30 min, 1 h, 2 h,
4h, 8 h, and 24 h for determination of radioactivity. The fractional cat-
abolic rates (FCR) for SM and PC were calculated from the decay
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curves of [*H]SM and ["*C]PC radioactivity in whole plasma and in
VLDL and HDL fraction after isolation by ultracentrifugation ac-
cording to the Matthews method (25). The production rates (PR)
were calculated by multiplying the FCR by the plasma pool and di-
viding by the body weight (26).

SM-enriched apoEQ-VLDL preparation. (a) PC/SM/FC vesicles
were prepared as follows: 12 mg SM (in 5 ml CHCL;), 12 mg PC (in
150 ml EtOH), and 6 mg cholesterol (in 1 ml EtOH) were mixed,
dried under N,, and lyophilized for 18 h. The dried lipids were resus-
pended in 6 ml of PBS and sonicated under a stream of N, at 40°C un-
til translucent (40 min). The sonicated material was then centrifuged
twice at 15,000 g, and the supernatant was harvested. (b) VLDL (4.5
ml d < 1.006 g/ml, total cholesterol 2 mg/ml) from apoE0 mice was in-
cubated with 5.7 ml PC/SM/FC vesicles and 5 ml d > 1.21 g/ml plasma
(containing PLTP activity) for 0, 1, 2, and 4 h. The VLDL then was
isolated by ultracentrifugation after incubation, and the PC/SM ratio
was determined.

Atherogenic lipoproteins aggregation assay. Lipoprotein aggrega-
tion was assessed as described previously (2). In brief, VLDL or LDL
(4 g cholesteryl ester) was incubated with 50 mU/ml B.cereus SMase
in PBS buffer containing 5 mM MgCl, or 25 ml macrophage culture
medium containing S-SMase in 0.1 M Tris-HCl buffer, pH 7.2, at 37°C
for 4 h. The turbidity of samples was assessed by measuring the OD
at 430 nm.

Serine/palmitoyl transferase (SPT) assay. Preparation of mouse
liver microsome and measurements of SPT activity were performed
as described previously (27).

RNase protection assay for the Lcb2 subunit of SPT. Total RNA
(30 pg) from the liver of apoEO and wild-type mice was analyzed for
the Lcb2 subunit of SPT mRNA (28) by a solution hybridization-
ribonuclease protection assay (29) using riboprobe highly specific for
mouse. The riboprobe (216 nucleotides) for Lcb2 subunit of SPT con-
tains a portion of the vector (Bluescript KS+), and is complementary
to 156 nucleotides of the 3’-untranslated region of the mouse Lcb2
subunit mRNA.

Statistical analysis. Results are expressed as mean*SD.

Results

The chow-fed apoE0O mice had severe hypercholesterolemia
as reported previously (7, 8; Table I). We found that total
plasma choline—containing phospholipids were also markedly
increased in apoE0Q mice compared with wild-type (Wt) mice
(Table I). We then determined PC and SM mass by phosphate
analysis of lipids extracted from plasma and lipoprotein frac-
tions of apoE0O and Wt mice. The SM concentration in apoE0Q

Table 1. Concentration of Cholesterol and Phospholipid in
Plasma and Lipoproteins of Wild-type and apoE
Knockout Mice

Cholesterol Phospholipids PC/SM

Wt ApoEO0 Wt ApoE0 wtt ApoE0

mg/dl mg/dl mg/dl mg/dl

Plasma 78*13 526+65*% 185+36 385x29% 5.2+0.7 23=*0.1%

VLDL 4#x2 198+16* 8+3  109x29* 4.7x0.5 2.0+0.2*
LDL 125 201+27*% 29+11 141£33* 5.5+0.9 2.8=*0.5*%
HDL  52%7 41+x9*  130x31 86*8* 4.6£0.9 1.9*0.5*

VLDL (d < 1.006 g/ml); LDL (1.006-1.063 g/ml); HDL (1.063-1.21 g/ml).
*P < 0.001 (Wt vs. apoE0O mice). *Determined by enzymatic assay of
choline-containing phospholipids. ¥Determined by phosphate analysis
after separation of extracted lipids by TLC.



mouse plasma was markedly higher (~ fourfold) than in Wt
mice (996 mg/dl vs. 24*5 mg/dl, P < 0.001), whereas PC
concentration was only about 1.8-fold higher (22633 mg/dl
vs. 125+12 mg/dl, P < 0.001). Thus, the plasma PC/SM ratio in
apoEQ0 mice was ~ 2.3, whereas in Wt mice the ratio was ~ 5.2
(Table I). Separation of plasma lipoproteins showed that the
PC/SM ratio was decreased in all lipoprotein classes of apoEQ
mice, including HDL (Table I).

To identify the mechanisms responsible for increased SM
concentration in the circulation, PC and SM turnover studies

>

CPM value ( % of time 0 )

CPM value ( % of time 0 )

TIME ( hour )

Figure 1. Radioactivity decay curves for [P'H]SM/[**C]PC-VLDL and
[*H]SM/[**C]PC-HDL in Wt and apoE0 mice. Mice were injected in-
travenously with [*H]SM/['*C]PC-VLDL or [*H]SM/["*C]PC-HDL,
and 70 pl of blood was taken from the tail vein at 10 min, 30 min, 1 h,
2 h,4h, 8 h, and 24 h. 35 pl of plasma was used for radioactivity mea-
surement. These results are representative of six similar experiments.
(A) [PH]SM/[“C]PC-VLDL; (B) [*H]SM/[**C]PC-HDL.

Table II. SM and PC FCR in Wild-type and ApoE
Knockout Mice

Recipient mouse ApoEO Lp SM PC
pools/h pools/h
Wt VLDL 0.304+0.033* 0.338+0.089
ApoE0 VLDL 0.128+0.023* 0.2500.065
Wt HDL 0.273%0.046* 0.334+0.074%
ApoE0 HDL 0.113+0.019* 0.273+0.038*

ApoEO0 Lp, lipoproteins from apoE knockout mouse. *P = 0.001; *P =
0.001; P = 0.02 (n = 5-7).

were performed. We labeled VLDL or HDL from apoE0 mice
(apoEO-VLDL or apoE0-HDL) using PH|SM and [“C]PC,
and injected the lipoproteins into both apoE0Q and Wt mice. As
shown by the decay curves in Fig. 1, A and B, for [*H]SM/
[“C]PC-labeled VLDL and HDL, respectively, the FCRs of
[PH]SM-VLDL and [FH|]SM-HDL were greatly reduced in
apoE0 mice compared with Wt mice (2.4- and 2.4-fold re-
ductions, respectively; Table II). By contrast, the FCRs of
[“C]PC-VLDL and [“C]PC-HDL were only slightly reduced
(1.4- and 1.2-fold) in apoE0O mice compared with that of the
control animals (Fig. 1, Table II). The turnover curves of PC
and SM were similar for VLDL and HDL (Fig. 1, A and B),
consistent with observed rapid equilibration of radiolabeled
phospholipid between lipoproteins after injection (data not
shown). Based on the FCR, body weight, and pool size, we cal-
culated the production rates (PR) of HDL-SM, VLDL-SM,
HDL-PC, and VLDL-PC. Interestingly, the PR of VLDL-SM
and HDL-SM were higher than in control mice (Table III;
2.3- and 2.2-fold increase, respectively), while the PR of HDL-PC
and VLDL-PC were only increased 1.4- and 1.3-fold, respec-
tively (Table III). Thus, the fourfold increase in the plasma
pool of SM in apoEO mouse is due to the combined effects of
an approximately twofold decrease of FCR and twofold in-
crease of PR.

One possible explanation for the disproportionate delay in
clearance of SM compared with PC is that PC may undergo in-
travascular catabolism because of the actions of hepatic lipase
(HL) and LCAT, whereas SM is not a substrate for these en-
zymes (30, 31). To evaluate this possibility, we compared the
clearance of PC ethers to SM; PC ethers are also resistant to
LCAT and HL (30, 32). Thus, PH]POPC ether and [*C]SM-
labeled apoEO-VLDL were injected into apoEQ and Wt mice.

Table I11. Lipoprotein SM and PC PR in Wild-type and ApoE
Knockout Mice

Recipient mouse Donor Lp SM PC
mg/g/h mg/g/h
Wt VLDL 8.5%1.9* 46.6+12.4
ApoE0 VLDL 19.6£3.2% 62.8+£16.2
Wt HDL 7.6x1.3¢ 51.7+10.1%
ApoE0 HDL 16.8+3.9¢ 68.6+9.4%

Donor lipoproteins were from apoE knockout mice. *P < 0.001; *P <
0.001; ¥ P < 0.02 (n = 5-7).
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Figure 2. Radioactivity decay curves for [PHJPOPC ether/[**C]SM-
labeled apoE(O-VLDL in Wt and apoEO mice. Mice were injected in-
travenously with [*H]POPC ether/['*C]SM-VLDL. 70 p.l of blood was
taken from the tail vein at 10 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h.
35 pl of plasma was used for radioactivity measurement. These re-
sults are representative of two similar experiments.

There was no difference in the decay curves of these two radio-
labeled lipids (Fig. 2), indicating that the more rapid catabo-
lism of PC compared with SM in Wt mice reflects intravascular
catabolism of PC, but not SM.

To address potential receptors responsible for increased
clearance of SM in Wt vs. apoEO mice, we evaluated other
mouse strains containing induced mutations in genes control-
ling VLDL and LDL catabolism. We measured the PC/SM ra-
tio in lipoproteins obtained from apoClIII transgenic (apoCIII-
Tg) mice and LDL receptor knockout (LDLr0) mice, which
have clearance defects in VLDL and LDL (33, 34). However,
neither apoCIII-Tg nor LDLr0 mice showed any alteration in
PC/SM ratio in apoB-containing lipoproteins or HDL (data
not shown). Since the clearance of VLDL remnants is thought
to involve a dual pathway involving LDL receptors and the
LDL receptor-related protein (LRP; 35), we next evaluated
LDLr0 + hepatic LRP knockout (LRP0) mice. The latter were
generated by back-crossing LoxP-LRP mice with LDLr(0 mice,

Table IV. The PC/SM Ratio in Lipoproteins of LD L Receptor
and LDL Receptor/Conditional LRP Knockout Mice

PC/SM ratio
Mice d < 1.063 g/ml d = 1.063-1.21 g/ml
Wt 42,39 6.0, 6.2
LDLrO 5.2,4.6 10.3,8.3
LDLrO + LRPO 93,88 8.4,10.1

Values for duplicate mice are shown (n = 2). All mice were injected
with cre-adenovirus.
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Figure 3. SPT activity in Wt and apoEO mice. The SPT activity was
determined as described in Methods (n = 6, P < 0.001). Lactate

dehydrogenase (LDH) was determined by using a kit from Sigma
Chemical Co. (A) SPT measurement; (B) LDH measurement (n = 6).

and then adenovirus-Cre was injected into the mice. Thus, the
liver LRP expression in these mice was specifically deleted.
There was, however, no evidence of SM-enrichment of lipo-
proteins in these animals. In fact, the PC/SM ratio appeared to
be increased in LDLr0, LRPO mice (Table IV). These results
are consistent with a third pathway (other than the LDL re-
ceptor and LRP) in the apoE-mediated clearance of SM-rich
remnants.

To address the mechanism of increased SM production
rates in EO mice, we measured the hepatic activity of serine/
palmitoyl transferase (SPT), the enzyme that is thought to rep-
resent the rate-limiting step in the formation of sphingolipids
(36). The liver microsomal SPT activity of apoEO mice was
about twofold higher than that of Wt mice (Fig. 3 A), while
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Figure 4. RNase protection assay for the Lcb2 subunit of SPT
mRNA. Liver total RNA (30 mg) from wt and E0 mice was analyzed
using a riboprobe specific for the mouse Lcb subunit of SPT that
yields a protected fragment of 156 nucleotides (n = 6).

there was no difference in lactate dehydrogenase activity be-
tween apoEO and Wt mice (Fig. 3 B). Since the mouse Lcb2
subunit of SPT has been cloned (28), we used the mouse-spe-
cific 3’-end cDNA sequence as a probe to perform an RNase
protection assay for the Lcb2 subunit. As shown in Fig. 4, there
was no difference in mRNA level of the Lcb2 subunit in apoEQ
and Wt mice, suggesting that increased SPT activity in apoEQ
mice is posttranscriptional.

We next sought to determine if enrichment of the lipopro-
teins from apoE0 mice with SM might contribute to the
atherogenicity of these particles. As mentioned above, suben-
dothelial lipoprotein aggregation is an important event in
atherogenesis and foam cell formation (12, 15), and there is ev-
idence to suggest that hydrolysis of lipoprotein SM by an arte-
rial wall SMase may lead to lipoprotein aggregation (6). Thus,
we reasoned that enrichment of lipoproteins with SM might in-
crease their susceptibility to SMase-induced aggregation by in-
creasing substrate availability to the enzyme (6). To test this
idea, we used the S-SMase, which is secreted by macrophages
and endothelial cells, and is a leading candidate for the arterial
wall SMase that is known to act on subendothelial lipoproteins
(see Introduction). As shown in Fig. 5, VLDL (top) and LDL
(bottom) from apoE( mice were aggregated after treatment
with S-SMase, whereas these lipoproteins from Wt or LDLr0
mice did not aggregate. To assess possible involvement of
apoE in lipoprotein aggregation after SMase treatment, we
performed another aggregation experiment in which apoEO0-

VLDL + LDL was supplemented with various amounts of
exogenous apoE as described previously (47). In this experi-
ment the apoB/apoE ratio (determined by gel scanning of
SDS-PAGE gels at reisolated lipoproteins) was increased to
the levels seen in VLDL + LDL from LDL receptor knockout
mice (5:1). However, there was no significant effect of apoE
supplementation on lipoprotein aggregation (Fig. 6).

To confirm that these results were specifically related to
changes in the PC/SM ratio of the lipoproteins, we isolated
VLDL from apoEO mice plasma and enriched the particles
with SM by incubation with PC/SM/FC vesicles. We then used
the VLDL with a different PC/SM ratio to perform the in vitro
aggregation using either bacterial SMase or macrophage-
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Figure 5. In vitro aggregation of atherogenic lipoproteins induced by
macrophage-derived S-SMase. VLDL (d < 1.006 g/ml) and LDL (d =
1.006-1.063 g/ml) were isolated from apoEQ, LDLr0, and Wt mice.
4 g (by cholesteryl ester mass) VLDL or LDL was incubated with
25 pl macrophage culture medium containing S-SMase in 0.1 M Tris-
HCI buffer, pH 7.2 at 37°C, for 4 h. The turbidity of samples was eval-
uated by measurement of OD at 430. These results are representative
of three similar experiments. (A) VLDL aggregation; (B) LDL aggre-
gation.
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Figure 6. Effect of apoE supplementation on the in vitro aggregation
of mouse lipoproteins by S-SMase. VLDL+LDL were isolated from
apoE0 mice. To VLDL + LDL (200 pg neutral lipids), 2, 4, 8, and 16
g recombinant human apoE3 were added, and the mixture was incu-
bated at room temperature with gentle agitation for 30 min. Under
these conditions, almost all of the apoE is bound to the lipoproteins
(46). Then, the VLDL+LDL was separated by ultracentrifugation as
described in Methods, and the apoE in the lipoproteins was measured
by SDS-PAGE. 4 pg (by cholesteryl ester mass) VLDL + LDL was in-
cubated with 25 pl macrophage culture medium containing S-SMase
in 0.1 M Tris-HCl buffer, pH 7.2, at 37°C for 16 h. Turbidity was eval-
uated by measuring the OD of samples at 430 nm. These results are
representative of two similar experiments.

derived S-SMase. As shown in Fig. 7, enrichment of SM in
apoEO-VLDL did enhance aggregation when treated with both
bacterial SMase (Fig. 7 A) and mammalian SMase (Fig. 7 B).
Furthermore, we enriched Wt-VLDL with different amounts
of SM, and then used the lipoproteins to perform the aggrega-
tion assay using macrophage-derived S-SMase. As shown in
Fig. 8, enrichment of SM in Wt-VLDL also enhanced aggrega-
tion after S-SMase treatment (Fig. 8). These results suggest
that enrichment of VLDL with SM may increase their athero-
genic potential.

Discussion

In this study, we demonstrated that plasma and lipoprotein SM
concentration in apoEO mice was markedly higher than in Wt
mice. The fourfold enrichment of SM in lipoproteins isolated
from apoEO mice could be explained by a twofold increase in
SM PR combined with a twofold decrease in FCR. By con-
trast, PC metabolism was relatively normal in apoEO mice, re-
flecting intravascular metabolism by lipoprotein-processing
enzymes that appear to compensate for delayed clearance of
remnant lipoproteins (8). Enrichment of SM in lipoproteins of
apoEO0 mice resulted in a much higher tendency to be aggre-
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Turbidity (A 430 nm)

Turbidity (A 430 nm)

PC/SM

Figure 7. The effect of SM enrichment on VLDL aggregation by bac-
terial SMase and macrophage-derived S-SMase. VLDL (d < 1.006 g/ml
fraction) from apoEO mice was incubated with PC/SM/FC (1:1:0.5,
mol/mol/mol) vesicles for 0, 1, 2, and 4 h. 4 pg (by cholesteryl ester
mass) VLDL was incubated with 50 wU/ml bacterial SMase or 25 pl
macrophage culture medium containing S-SMase in 0.1 M Tris-HCI
buffer, pH 7.2, at 37°C for 4 h. Turbidity was evaluated by measuring
the OD of samples at 430 nm. (A) Bacterial SMase treatment; (B)
macrophage-derived S-SMase treatment. These results are represen-
tative of two similar experiments.
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Figure 8. The effect of SM enrichment on Wt-VLDL aggregation in-
duced by macrophage-derived S-SMase. VLDL + LDL (d < 1.063 g/ml)
from Wt mice was incubated with PC/SM/FC (1:1:0.5, mol/mol/mol)
vesicles for 0, 1, 2, and 4 h as described in Methods. 4 pg (by choles-
teryl ester mass) VLDL was incubated with 25 pl macrophage culture
medium containing S-SMase in 0.1 M Tris-HCl buffer, pH 7.2, at 37°C
for 16 h. Turbidity was evaluated by measuring the OD of samples at
430 nm. These results are representative of two similar experiments.

gated after SMase treatment compared with Wt mice. Thus,
deranged SM metabolism may be a factor promoting athero-
sclerosis in apoEQ mice, and in other settings where SM accu-
mulates in atherogenic lipoproteins (4). We also speculate that
apoE could play an essential role in disposition of SM arising
from cell membrane turnover in the central nervous system.
The decreased FCR of plasma SM, reflected both in
VLDL and HDL, indicates the essential role that apoE has in
plasma SM catabolism. Hepatic clearance of SM-carrying rem-
nants of triglyceride-rich lipoproteins, as well as large HDL, is
known to involve recognition of apoE by hepatic LDLr and
LRP (35). Surprisingly, however, mice with these receptors
deleted by induced mutation showed no evidence of SM en-
richment of lipoproteins (Table IV). This result suggests the
existence of an additional clearance mechanism that can com-
pensate for the lack of LDLr and LRP activity. Recently, a
novel member (LR11) of the LDL receptor gene family has
been described (37). Involvement of LR11 in hepatic SM-rich
lipoprotein clearance deserves further investigation. Although
we cannot rule out involvement of VLDL receptor and apoE
receptor 2 (also members of the LDLr gene family), involve-
ment is unlikely since hepatic expression of both mRNAs is
very low (38, 39). It is also possible that lack of apoE might in-
terfere with the clearance of lipoproteins by hepatic proteogly-
cans. The role of heparin sulphate proteoglycans has been
shown by several groups for LPL- (40) and apoE-mediated li-
poprotein uptake (41). The principle of concentration of lipo-
proteins on the cell surface through binding to proteoglycans

and subsequent internalization by specific receptors or pro-
teoglycans is currently a widely accepted model for lipoprotein
clearance (35).

Unlike other phosphoglycerides, SM is not chemically de-
graded in the plasma compartment (42). In contrast to SM,
plasma PC was cleared relatively normally in apoEO mice. The
differential metabolism is due to intravascular catabolism of
PC that does not depend on apoE, as shown by the fact that
PC ethers, that are not susceptible to cleavage at the sn-1 or
sn-2 position by HL and LCAT, respectively, had the same
FCR as SM. It is known that SM is a physiological inhibitor of
LCAT (31) and a nonsubstrate for HL (30). These observa-
tions partly explain the low PC/SM ratio of plasma lipoprotein
in apoE0 mice.

The increase in plasma SM was also associated with an in-
crease in activity of hepatic SPT, suggesting increased hepatic
SM synthesis. Relatively little is known about regulation of
sphingolipid synthesis. Several lines of evidence suggest that
SPT catalyzes the rate-limiting step in forming the SM precur-
sor ceramide, and that other enzymes then determine parti-
tioning of the ceramide into different classes of complex sphin-
golipids. SPT activity correlates well with the amount of tissue
sphingolipids (43), and in rat liver hepatocytes, the level of
precursors for long-chain base formation was related to the
level of SM (44). Recently, both the mouse and human cDNA
encoding the Lcb2 subunit of SPT have been identified (28).
We found that there was no difference in mRNA abundance
of the Lcb2 subunit of SPT in apoEO and Wt mice (Fig. 4), sug-
gesting that the increase of SPT activity in apoEQ mice might
be posttranscriptionally mediated. This process may be analo-
gous to posttranscriptional regulation of cytidylyl transferase
activity during PC biosynthesis (45).

Increased SM content in VLDL and LDL in apoEO mice
may be relevant to atherogenesis in these animals. After treat-
ment with macrophage-derived S-SMase, the VLDL and LDL
from apoEO mice were markedly aggregated (Fig. 5). This
property seemed to reflect increased SM content since LDL or
VLDL from Wt and LDLr0 mice did not show similar aggre-
gation, and manipulation of VLDL in vitro to increase SM en-
hanced aggregation further, while changes in apoE content
had no effect (Figs. 5-8).

Lipoprotein SM content might be an important indicator
of atherogenicity. The VLDL of hypercholesterolemic rabbits
on an atherogenic diet shows a fivefold enrichment with SM
(4), and the PC/SM ratio is decreased in hyperlipidemic human
serum (46). Accumulation of SM in atherosclerotic lesions can
reach 75% of the total phospholipid content (12). This result
could reflect local changes in synthesis as well as accumulation
of SM-rich remnant lipoproteins. Lesional LDL is markedly
enriched in SM, which could be an important factor enhancing
its reactivity with SMase (6). The marked changes in remnant
lipoprotein PC/SM ratio determined in this study may enhance
the atherogenicity of these particles by increasing their reac-
tion with arterial wall SMase. This study suggests that the PC/
SM ratio might be an independent indicator of the atheroge-
nicity of plasma lipoproteins.
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