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Serine palmitoyltransferase (SPT) is the first and rate-limiting enzyme of the de novo biosynthetic pathway
of sphingomyelin (SM). Both SPT and SM have been implicated in the pathogenesis of atherosclerosis, the
development of which is driven by macrophages; however, the role of SPT in macrophage-mediated athero-
genesis is unknown. To address this issue, we have analyzed macrophage inflammatory responses and reverse
cholesterol transport, 2 key mediators of atherogenesis, in SPT subunit 2-haploinsufficient (Sptlc2*/~) mac-
rophages. We found that Sptlc2*/- macrophages have significantly lower SM levels in plasma membrane and
lipid rafts. This reduction not only impaired inflammatory responses triggered by TLR4 and its downstream
NF-kB and MAPK pathways, but also enhanced reverse cholesterol transport mediated by ABC transporters.
LDL receptor—deficient (Ldlr~/~) mice transplanted with Sptlc2*/~- bone marrow cells exhibited significantly
fewer atherosclerotic lesions after high-fat and high-cholesterol diet feeding. Additionally, Ldlr~/- mice with
myeloid cell-specific Sptlc2 haploinsufficiency exhibited significantly less atherosclerosis than controls. These

findings suggest that SPT could be a novel therapeutic target in atherosclerosis.

Introduction

Atherosclerosis is a chronic inflammatory disease. The accumula-
tion of macrophage-derived foam cells on the vessel wall is always
accompanied by the production of a wide range of chemokines
and cytokines (1). These factors regulate the turnover and differ-
entiation of immigrating and resident cells, eventually influencing
plaque development. One of the key regulators of inflammation
is NF-kB (2, 3), which can be activated by a wide range of signals,
including TNF-a, IL-1, LPS, and CD40, through different recep-
tors (4, 5) on the macrophages.

Foam cell formation due to excessive accumulation of cho-
lesterol by macrophages is another pathological hallmark of
atherosclerosis (6). Macrophage scavenger receptor class A is
implicated in the deposition of cholesterol on arterial walls dur-
ing atherogenesis, via receptor-mediated endocytosis of chemi-
cally modified LDLs (7). However, macrophages cannot limit the
uptake of cholesterol, and therefore depend on cholesterol efflux
pathways to prevent their transformation into foam cells. Several
ATP-binding cassette (ABC) transporters, including ABCA1 (8)
and ABCG1 (9) as well as scavenger receptor class B1 (SR-B1) (9),
facilitate the efflux of cholesterol from macrophages. In experi-
ments with isolated macrophages, combined ABCA1 and ABCG1
deficiency resulted in impaired cholesterol efflux to HDL and
apoA-I, profoundly decreasing apoE secretion (10). Additionally,
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bone marrow from double-KO Abcal~/~Abcgl~~ mice transplant-
ed into Ldlr/~ mice accelerated atherosclerosis (10, 11).

Most recent reports have established that a link exists between
macrophage cholesterol efflux and inflammation. In general,
more cholesterol efflux is related to less inflammation (12, 13).
The researchers attributed this phenomenon to altered choles-
terol levels in macrophage plasma membrane lipid rafts (12, 13).
However, it is unknown whether macrophage membrane sphin-
gomyelin (SM) changes affect inflammation and cholesterol
efflux, thereby contributing to atherosclerosis.

The interaction of SM, cholesterol, and glycosphingolipid drives
the formation of plasma membrane rafts (14). As much as 70%
of all cellular SM is found in these rafts (15, 16), and they have
been shown to be involved in cell signaling, lipid and protein sort-
ing, and membrane trafficking (14, 17, 18). Both class A and class
B scavenger receptors (19-21), including LDL receptor-related
protein (22) and CD36 (23), are located on these SM-rich mem-
brane rafts and/or caveolae. It is also well known that TLRs and
inflammatory response mediators are located in the lipid rafts of
cells, including macrophages (24-27). It is therefore conceivable
that fundamental changes in the SM levels of macrophage plasma
membranes modulate macrophage functions in terms of inflam-
matory responses and cholesterol efflux, thus influencing athero-
sclerosis development.

Serine palmitoyltransferase (SPT) is the rate-limiting enzyme
involved in the biosynthesis of SM (28). Mammalian SPT holoen-
zyme is primarily a heterodimer, composed of 2 protein subunits
— SPTLC1 (53 kDa) and SPTLC2 (63 kDa) — with 20% sequence
homology (29, 30). However, recent studies indicate the existence
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Figure 1

Sptic2+-

Characterization of bone marrow—derived Sptlc2+- macrophages. Bone marrow—derived macrophages were isolated from WT and Sptlc2+- mice.
(A and B) Sptlc2+- macrophages exhibited reduced expression of SPTLC2 and SPTLC1 subunits, as measured by Western blot from whole cell
lysates with densitometric quantification. (C) Total RNA was extracted using TRIzoL method, and Spt/c7, Sptic2, and Sptlc3 mMRNA were measured
by real-time PCR using specific primers. (D) SPT activity in Sptlc2+- macrophages with densitometric quantification. SPT activity in bone marrow—
derived macrophage homogenate was measured using [“C]-serine and palmitoyl-CoA as substrates. The product, ['“C]-keto-dihydrosphingosine
(KDS), was separated from the reaction mix by thin layer chromatography, and the plate was scanned using Phosphorimager. (E) Intracellular SM
content in macrophages was measured by LC/MS/MS. Data are representative of 3 independent experiments (n = 4 per group). *P < 0.05.

of a third subunit, SPTLC3, with 68% homology to SPTLC2 (31).
Interestingly, the expression of Sptlc3 is almost negligible in hema-
topoietic tissues, such as PBMCs, macrophages, bone marrow,
or spleen. In fact, SPTLC3 levels are compensated by increased
expression of Sptlc2 in these tissues (32). Additionally, there are 2
low-molecular weight proteins, ssSPTa and ssSPTDb, that enhance
enzyme activity and confer distinct acyl-CoA substrate specificities
to mammalian SPT, like the yeast Tsc3p subunit (33).

Compelling evidence from multiple studies has established that
inhibition of SPT by myriocin results in lower plasma sphingolipid
levels in Apoe~~ mice, leading to reduced atherosclerosis (34-36).
Mechanisms that link sphingolipid metabolism and atheroge-
nicity include (a) reduction of sphingolipid levels, including SM,
ceramide, and sphingosine-1-phosphate (S1P), in the circulation,
affecting atherogenicity (35); and (b) reduction of macrophage
plasma membrane sphingolipid levels, especially those enriched
in lipid rafts, thereby influencing lipid raft-associated cellular
functions (inflammation and cholesterol efflux). In the present
study, we investigated the relationship between macrophage SPT
haploinsufficiency and atherosclerosis. In particular, we focused
on macrophage-mediated inflammatory responses and choles-
terol efflux. We used bone marrow-derived macrophages from
Sptle2 heterozygous KO (Sptlc2/~) mice (37) as our model system,
as homozygous Sptlc27/~ mice are embryonic lethal (37). We showed
that Sptlc2 haploinsufficiency in macrophages mitigated inflam-
matory responses and enhanced cholesterol efflux, which led to
attenuation of atherosclerosis in mouse models.
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Results

Sptlc2 haploinsufficiency results in decreased SPT activity, leading to
reduced macrophage SM content. Bone marrow-derived Sptlc2*/~
macrophages had 55% less SPTLC2 protein mass than WT mac-
rophages, as evidenced by Western blot (Figure 1A). Moreover,
SPTLC1 mass decreased by about 50% in Sptlc2*/~ macrophages
(Figure 1B), which indicates that SPTLC1 and SPTLC2 should
interact with each other, and are not otherwise stable. Moreover,
real-time PCR analysis showed that Sptlc2 haploinsufficiency
reduced macrophage Sptlc2 mRNA by about 53% versus WT con-
trols (P < 0.05), but had no significant effect on Sptlc] mRNA levels
(Figure 1C). Additionally, there was very low Sptlc3 mRNA in mac-
rophages, owing to its hematopoietic origin. We also measured
functional activity of the enzyme and found that SPT activity in
Sptlc2*/~ macrophages was decreased by 30% compared with WT
controls (P < 0.05; Figure 1D).

Because it is the first enzyme in the SM biosynthetic pathway,
we anticipated that lower SPT activity would lead to a reduction of
subsequent lipid metabolites in the pathway, which could play an
important role in macrophage function. To test this, we subjected
Sptlc2”/~ and WT macrophage homogenates to liquid chromatog-
raphy/mass spectrometry/mass spectrometry (LC/MS/MS) in
order to measure the intracellular levels of different sphingolipids.
SM levels were reduced by 27% in Sptlc2*~ versus WT macrophages
(P <0.05; Figure 1E), whereas ceramide, phosphatidylcholine, diac-
ylglycerol, sphingosine, and S1P showed no significant differences
between the groups (Supplemental Table 1; supplemental mate-
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rial available online with this article; doi:10.1172/JCI60415DS1).
However, the SM changes did not result in any morphological
alterations in the Sptlc2”/~ macrophages or in their survival in ex
vivo culture (data not shown).

Sptlc2 haploinsufficiency results in decreased plasma membrane SM
and altered lipid rafts in macrophages. Because a major proportion of
cellular SM is located in the membrane rafts (15, 16), we investi-
gated how Sptlc2 haploinsufficiency affects plasma membrane and
lipid raft SM levels in macrophages. To estimate cell surface SM in
Sptle2*/~ macrophages, we performed lysenin assays. Lysenin is a
SM-specific cytotoxin that binds to SM-enriched microdomains
in plasma membranes, causing lysis of the cells. Therefore, lysenin-
mediated cell mortality indirectly reflects SM levels on cell surfac-
es. We found that Sptlc2”~ macrophages showed significantly less
sensitivity to lysenin-mediated cytolysis than control cells (Figure
2A), which indicates that Sptlc2 haploinsufficiency decreases SM
levels on macrophage cell surfaces.

To confirm this significant change in surface SM of Sptlc2*/~
macrophages, we next sought to directly measure sphingolip-
ids in plasma membrane. We isolated plasma membranes from
the macrophages, the purity of which was checked by Western
blot using specific markers. The plasma membrane marker Na*/
K*ATPase was well detected, whereas the mitochondrial mark-
er cytochrome C could not be traced in the plasma membrane
fractions (Figure 2B), indicative of a satisfactory state of purity
in the plasma membrane preparations. We then used LC/MS/
MS to quantify plasma membrane sphingolipid levels. Sptlc2*/~
macrophage plasma membranes displayed significantly less SM,
glucosylceramide, and ganglioside (GM3), but did not show sig-
nificant changes in ceramide or phosphatidylcholine, compared
with WT controls (Figure 2, C and D).
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experiments (n = 6 per group). *P < 0.05.

Furthermore, we measured SM levels in lipid rafts from the mac-
rophages. For this purpose, cold detergent-treated macrophage
lysates were fractionated in sucrose density gradients. The lipid
rafts containing fractions were identified by a raft-specific marker,
caveolin-1 (CAV-1), while the others were confirmed with a non-
raft marker, CD71. Interestingly, in WT macrophages, CAV-1 was
equally concentrated in raft fractions 4 and 5, whereas in Sptlc2*/~
macrophages, CAV-1 was mainly localized in raft fraction 5 (Figure
2E), suggestive of a shift in lipid raft arrangement in Sptlc2*/~ mac-
rophages. We further pooled raft and non-raft fractions (fractions
4-6 and 9-12, respectively) from individual mouse macrophages
and measured sphingolipid concentrations using LC/MS/MS.
Similar to the pattern observed in Sptlc2*/~ plasma membranes,
lipid rafts were found to contain significantly less SM, gluco-
sylceramide, and GM3, but did not show significant changes of
ceramide or phosphatidylcholine, in Sptlc2*~ versus WT macro-
phages (Figure 2, C and D). On the other hand, non-raft fractions
showed no change in sphingolipid levels between the 2 groups of
macrophages (data not shown). This finding clearly indicated that
Sptlc2 haploinsufficiency alters raft arrangement in Sptlc2*/~ mac-
rophages, which may alter macrophage functions mediated by
raft-associated receptors and transporters.

Sptlc2 haploinsufficiency impairs macrophage inflammatory responses.
Macrophages are known to be critical players in inflammation.
Activated macrophages induced by bacterial pathogens, stress sig-
nals, and free fatty acids have been shown to produce proinflam-
matory cytokines, which can exacerbate atherosclerosis. TLRs are
critical mediators of these signal transductions in macrophages
and are also known to be localized in the lipid rafts. To study
how Sptlc2 haploinsufficiency affects inflammatory responses
in macrophages, we first examined TLR levels on the surface of
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macrophages using flow cytometry. Compared with WT controls,
Sptle2*/~ macrophages had significantly less TLR4 on their sur-
faces after stimulation with 10 ng/ml LPS for 16 hours (Figure
3, A and B). This indicates that fully functional SPT activity is
required to maintain normal TLR levels on macrophage surfaces.

We next sought to determine how Sptlc2 haploinsufficiency affects
NF-kB activation, a key inflammatory signaling pathway down-
stream of TLR4. NF-kB and its inhibitor, IkBa., were analyzed in
the nuclear and cytoplasmic fractions, respectively, by Western blot
after stimulation with 1 ug/ml LPS. Sptlc2*/~ macrophages showed
significantly reduced NF-kB in the nuclear extracts after 10 and 20
minutes of stimulation (61% and 65% of WT controls, respectively,
P < 0.05; Figure 3C). Accordingly, the degradation of IxBa in the
cytoplasmic extracts of Sptlc2”/~ macrophages was markedly slow-
er than that in WT controls (Figure 3D), indicative of attenuated
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NF-kB activation in Sptlc2*/~ macrophages. To further confirm the
blunted NF-kB activation in Sptlc2*/~ cells, we performed immuno-
cytochemistry for NF-kB (p65) using macrophages treated with 1
ug/ml LPS for 15 minutes. Consistent with our Western blot results,
Sptle2*/~ macrophages exhibited reduced nuclear translocation of
NF-kB compared with WT controls (Figure 3, E and F).

We also examined activity of MAPKs, another signaling path-
way mediated by TLR4 (38), in Sptlc2*/~ macrophages, which
showed significantly diminished phosphorylation of all 3
MAPKs — ERK, JNK, and p38 — after stimulation with 1 ug/ml
LPS compared with WT controls (Figure 4, A-C). Saturated fatty
acids, such as palmitate, are also known to induce proinflamma-
tory signaling through TLR4 activation. Sptlc2%~ macrophages
also showed significantly reduced MAPK activation when treated
with 500 uM palmitate (Figure 4, D-F).
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Figure 4

Sptlc2+- macrophages attenuate MAPK activation after LPS or palmitate stimulation. (A and D) ERK, (B and E) p38, and (C and F) JNK
(phosphorylated and total protein) Western blot and quantitation after treatment with (A—C) 1 ug/ml LPS or (D—F) 500 uM palmitate (PA) in 1%
BSA for 30 minutes (0-minute controls for palmitate were treated with 1% BSA only). GAPDH and B-actin were used for loading controls, as
indicated. Data are representative of 3 independent experiments (n = 3 per group). *P < 0.05.

In line with the consequences of attenuated NF-kB and MAPK
activation, we observed significantly reduced expression of proin-
flammatory chemokines and cytokines in Sptlc2*/~ macrophages,
which produced decreased amounts of MCP-1 in ex vivo cultures
(Figure SA). Moreover, plasma MCP-1 levels were also significantly
decreased in Sptlc2”/~ mice at basal level and after i.p. injection of
LPS (Figure 5, B and C). To further investigate the consequence
of Sptle2 haploinsufficiency-mediated MCP-1 reduction, we per-
formed an in vitro macrophage migration assay using the Tran-
swell technique. We treated WT and Sptlc2”~ macrophages with 10
ng/ml LPS for 16 hours and collected the culture media. We placed
the WT and Sptlc2*/~ macrophage media in the bottom chambers
of Transwell plates, added WT and Sptlc2*/~ macrophages on the
respective top chambers, and monitored macrophage migration.
After 4 hours of migration, Sptle2*/~ macrophage medium (with
lesser MCP-1 levels) exhibited 34% reduced chemotactic activity of
Sptle2*/~ macrophages compared with that of WT cells in response
to WT macrophage medium (P < 0.05; Figure 5, D and E).

Furthermore, Sptlc2”/~ macrophages exhibited significantly
reduced Tnfa and Il6 mRNA levels compared with WT controls
after treatment with 1 ug/ml LPS for 15 minutes or 500 uM pal-
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mitic acid for 30 minutes (Figure 6, A and B). Consistently, Sptlc2*/~
macrophages secreted significantly less TNF-a into culture medi-
um than did WT macrophages after treatment with 10 ng/ml LPS
or 50 uM palmitate for 16 hours (Figure 6C). In accordance with
the results derived from cultured macrophages, we also found that
compared with WT controls, Sptlc2*/~ mice challenged with LPS
(50 ug/kg body weight i.p.) had significantly lower plasma TNF-o
and IL-6 levels (Figure 6D). These results demonstrated that
Sptlc2 haploinsufficiency impaired the macrophage inflammatory
response, which correlated with reduced SM levels in lipid rafts.
To investigate the effect of membrane SM directly, we sought
to determine whether exogenous SM supplementation to Sptlc2*/~
macrophages could recapitulate the inflammatory properties of
WT macrophages. We used the lysenin assay to evaluate cell mem-
brane SM levels, as described above. SM supplementation enriched
the plasma membrane with increased SM, resulting in more lys-
enin binding and hence more cell mortality. Exogenous supple-
mentation of SM in culture restored the sensitivity of Sptlc2*/~ mac-
rophages in response to lysenin treatment (Figure 6E), indicative
of recovered SM level in plasma membranes. More importantly,
SM supplementation up to 20 nM restored inflammatory func-
Volume 123
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Sptlc2+- macrophages exhibit reduced migration under inflammatory conditions. (A) MCP-1 secreted by macrophages in culture medium after
treatment with 10 ng/ml LPS for 16 hours. (B and C) Mouse plasma MCP-1 levels (B) under basal conditions and (C) after 8 hours of LPS chal-
lenge (50 ug/kg body weight i.p.). (D) In vitro Transwell migration of WT and Sptlc2+- macrophages in response to LPS-treated macrophage
culture medium, as seen by DAPI staining. (E) Quantitation of migrated cells in an average of 10 random microscopic fields. Data are representa-
tive of 3 independent experiments (n = 3 per group). For in vivo studies, n = 7. *P < 0.05.

tion in Sptlc2”/~ macrophages, as indicated by full recovery of the
cells’ IL-6 production in response to stimulation with 10 ng/ml
LPS for 16 hours (Figure 6F).

We noted above that in addition to SM, glucosylceramide and
GM3 were also reduced in Sptlc2”/~ macrophage plasma membranes
and lipid rafts (Figure 2, C and D). To rule out their possible contri-
butions in the observed phenotype, we supplemented Sptlc2*/~ mac-
rophages with different concentrations of glucosylceramide and
GM3, followed by LPS treatment and IL-6 measurement in culture
media. However, neither of them had any effect on IL-6 production
by WT or Sptlc2”/~ macrophages (Supplemental Figure 1, A and B).
Thus, our data strongly supported the notion that reduced mem-
brane SM levels resulting from Sptlc2 haploinsufficiency caused the
blunted inflammatory response of the macrophages.

Sptlc2 baploinsufficiency induces cholesterol efflux in macrophages
and promotes macrophage-mediated reverse cholesterol transport in
mice. Macrophage cholesterol efflux plays an important role in
reverse cholesterol transport, an antiatherogenic process. The
efflux of cholesterol from macrophages is facilitated by the
membrane transport proteins ABCA1, ABCG1, and SR-B1. We
found that Sptlc2 haploinsufficiency significantly increased
protein levels of ABCA1 (2.2-fold; P < 0.05), but not ABCG1 or
SR-B1, in acetylated-LDL-treated macrophages compared with
WT controls (Figure 7A). Interestingly, flow cytometry analy-
sis showed that acetylated-LDL-treated Sptlc2*/~ macrophages
exhibited substantially more cell surface ABCA1 and ABCG1
than WT macrophages, as evidenced by shifts in MFI peaks,
whereas SR-B1 levels demonstrated no change (Figure 7B).
Accordingly, we found that [*H]-cholesterol efflux mediated
by apoA-I or HDL was significantly increased in Sptlc2”/~ versus
WT macrophages at both 4 and 8 hours (Figure 7, C and D).
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This indicates that increased cholesterol efflux in Sptlc2”/~ mac-
rophages was mediated by elevated ABCA1 and ABCG1 on the
surface of these cells, favored by reduced plasma membrane SM.

We next used an approach reported by Rader’s group (39) to eval-
uate the effect of Sptlc2 haploinsufficiency on macrophage cho-
lesterol efflux in vivo. Bone marrow-derived macrophages from
WT and Sptlc2*/~ mice were first loaded with [3H]-cholesterol by
incubation with acetylated-LDL, then injected i.p. into C57BL/6
acceptor animals. We found that Sptle2*/~ macrophages significant-
ly increased [*H]-cholesterol efflux into the circulation compared
with WT controls at 6, 24, and 48 hours (3.8-, 2.2-, and 2.7-fold
increase, respectively; n = 7; P < 0.01; Figure 7E). Furthermore, feces
from Sptlc2*/~ mice also accumulated more [*H]-cholesterol com-
pared with WT controls at 24 and 48 hours after initial injection
(3.2- and 4.2-fold increase, respectively; n = 7; P < 0.001; Figure 7F).
These results demonstrated that Sptlc2 haploinsufficiency in mac-
rophage promotes reverse cholesterol transport in vivo, correlated
with increased cell surface ABCA1 and ABCGI.

Sptle2 haploinsufficiency in hematopoietically derived cells reduces
atherosclerosis in Ldlr~~ mice. To investigate the effects of macro-
phage Sptlc2 haploinsufficiency on atherosclerosis development,
we transplanted Sptlc2*/~ mouse bone marrow into Ldlr~/~ mice,
generating bone marrow chimeric mice referred to herein as
Sptlc2/~—Ldlr~~ (Supplemental Figure 2A). 8 weeks after trans-
plantation, complete replacement of the bone marrow-derived
cells was evidenced by genomic PCR using PBMCs. In the
Sptlc2*/~—Ldlr~/- group, PBMCs had been replaced by donor
cells of a Sptlc27/~ genotype, whereas in the WT—Ldlr/~ group,
the replaced PBMCs were of a WT genotype (Supplemental Fig-
ure 2B). The animals were switched to a Western-type diet and
periodically checked for body weight gain; gradual weight gain
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was observed in all animals, but no significant differences were
found between groups (Supplemental Figure 3). We also used
enzymatic assays to measure fasting plasma cholesterol, triglyc-
eride, phospholipids, and SM at the end of the third month of
Western-type diet feeding, but found no significant changes
(Supplemental Table 2). Sphingolipid measurement from the
plasma samples using LC/MS/MS also indicated no change
in SM, ceramide, sphingosine, or S1P levels between groups
(Supplemental Table 3). Additionally, we subjected the pooled
plasma (n = 9) to fast protein liquid chromatography (FPLC)
in order to check the lipid distribution, but found no changes
(Supplemental Figure 4).

To evaluate whether Sptlc2 haploinsufficiency alters blood
cell counts, we analyzed whole blood samples from Sptlc2*/~ and
WT mice as well as from Sptlc2*/~—Ldlr/- and WT—Ldlr/- bone
marrow chimeric mice; no differences in blood cell counts were
observed between the compared groups (Supplemental Tables 4
and 5). Moreover, flow cytometry analysis confirmed that there
were no differences in relative percentages of B cells, T cells, and
monocytes/macrophages in the circulation of Sptlc2*/~—Ldlr~/- ver-
sus WT—Ldlr/- mice (Supplemental Figure 5, A and B). We also
performed ELISA in chimeric mice to quantify plasma cytokines
and chemokines; Sptlc2*/~—>Ldlr/~ mice had 55% less IL-6 (P < 0.01)
and 47% less MCP-1 (P < 0.05) than that of WT—Ldlr/~ controls
(Supplemental Figure 6, A and B), confirming reduced inflamma-
tion in Sptlc2”/~—Ldlr~~ mice.

After 3 months on a Western-type diet, we dissected mouse
proximal aortae and aortic arches, then photographed and mea-
sured lesion areas in order to evaluate the effect of macrophage
Sptlc2 haploinsufficiency on atherogenesis. We found that all
mice (18 of 18) had lesions in the aortic arches; however, those
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of Sptlc2/~—Ldlr~/~ mice were noticeably smaller than those of
WT—Ldlr/- mice (Figure 8A). In addition, significantly reduced
lesion areas were revealed by Oil-Red O staining in the whole
aortae of Sptlc2”/~—Ldlr/~ animals (47% reduction, P < 0.05; Fig-
ure 8, B and C). The proximal aortae of Sptlc2*/~—Ldlr~~ animals
also exhibited decreased lesion areas compared with WT—Ldlr~~
specimens (34% decrease, P < 0.05; Figure 8, D and E). To evaluate
lesion composition, the aortic root sections were immunostained
to determine macrophage accumulation. We found that all sec-
tions stained positively for macrophage markers (MOMA), but
Sptlc2*/~—Ldlr~~ mice had a significant reduction in macro-
phage content compared with WT—Ldlr~/~ mice (37% reduction,
P <0.05; Figure 8, F and G).

This was caused by reduced MCP-1 production by Sptlc2*/~
macrophages (Supplemental Figure 6B), which led to decreased
migration of monocytes and macrophages into the intima of the
lesions. Conversely, collagen staining by Masson trichrome and
smooth muscle cell actin staining by immunohistochemistry
showed no significant differences between the groups (Supple-
mental Figure 7, A and B).

It has previously been reported that macrophage S1P receptor
(S1PR) activity has an effect on atherogenicity (40). To evaluate
whether this is also the case in Sptlc2 haploinsufficiency, we mea-
sured S1prl and S1pr2 mRNA levels in Sptlc2*/~ and WT macro-
phages by real-time PCR; no significant changes were observed
(Supplemental Figure 8, A and B). These results indicate that
macrophage Sptlc2 haploinsufficiency inhibits atherogenesis in
mice through SM reduction in plasma membranes.

Sptlc2 baploinsufficiency in myeloid cell lineage reduces atherosclerosis in
Ldly~~ mice. To obtain more direct evidence to support attribution
of the phenotype to Sptlc2*/~ macrophages, we crossed our previous-
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ly described Sptlc2-Flox mice (41) with LysM-Cre transgenic mice
and prepared heterozygous Sptlc2-Flox/LysM-Cre transgenic mice
(Supplemental Figure 9A). The LysM-Cre-mediated recombination
results in deletion of the targeted gene in the myeloid cell lineage,
including monocytes, mature macrophages, and granulocytes (42).
We then transplanted bone marrow cells from Sptlc2-Flox/LysM-
Cre mice into Ldlr”/~ mice to obtain myeloid cell-specific Sptlc2-
haploinsufficient Ldlr/~ mice (referred to herein as Sptlc2-Flox/
LysM-Cre—Ldlr/~ mice; Supplemental Figure 9B). As a control, we
transplanted bone marrow cells from Sptlc2-Flox mice into Ldlr/~
mice (Sptlc2-Flox—>Ldlr~~). Blood cell counts showed no differences
between Sptlc2-Flox/LysM-Cre—>Ldlr/~ and Sptlc2-Flox—Ldlr~/~
mice (Supplemental Table 6). After 3 months on a Western-type
diet, all mice (18 of 18) had lesions in the aortic arches; however,
those of Sptlc2-Flox/LysM-Cre—>Ldlr7~ mice were smaller than
those of Sptlc2-Flox—>Ldlr7~ mice (Figure 9A). The proximal aortae
of Sptlc2-Flox/LysM-Cre—>Ldlr~~ animals also exhibited decreased
lesion areas (35% decrease, P < 0.05; Figure 9, B and C). In addition,
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significantly reduced lesion areas were revealed by Oil-Red O stain-
ing in the whole aortae of Sptlc2-Flox/LysM-Cre—Ldlr/~ compared
with control mice (30% reduction, P < 0.05; Figure 9, D and E).

Discussion

In this study, we demonstrated a novel and essential role of
SPT in modulating macrophage inflammatory responses and
cholesterol efflux, thereby influencing atherosclerosis devel-
opment. Our conclusion is based on the observations that: (a)
in Sptlc2”~ macrophages, LPS-induced membrane recruitment
of TLR4-MD2 complex was impaired; (b) ligand-induced (i.e.,
LPS or palmitate) NF-xB and MAPK activation, as well as pro-
inflammatory cytokine production, were significantly attenu-
ated; and (c) ABCA1- and ABCG1-mediated in vitro and in vivo
cholesterol efflux were significantly increased. Additionally,
Sptlc2 haploinsufficiency in bone marrow-derived cells or in
the myeloid cell lineage led to a decrease in atherosclerosis in
Ldlr~~ mice fed a Western-type diet for 3 months. We attribute
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Figure 8

Reduced atherosclerotic lesions in Sptlc2+-—LdIr- mice. (A) Aortic arches with atherosclerotic plaques (red arrows). (B) En face aortic plaque
analysis after Oil Red O staining. (C) Quantitation of en face assay. (D) Aortic root assay for lesion areas after H&E staining. Red arrows denote
atherosclerotic plaques. (E) Quantitation of root assay. (F) Immunohistochemical staining of macrophage accumulation in lesions (brown-stained
regions, denoted by yellow arrows). (G) Quantitation of macrophage content. Quantitative analyses were done using ImageJ; 6 alternate sections
(10 um thick) sliced from paraffin-fixed aortic root tissues of each transplanted mouse were used for analysis.n = 9. *P < 0.05.
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Figure 9

Reduced atherosclerotic lesions in Spt/lc2-Flox/LysM-Cre—LdIr-- mice. (A) Aortic arches with atherosclerotic plaques (red arrows). (B) Aortic
root assay for lesion areas after H&E staining. 6 alternate sections (10 um thick) sliced from paraffin-fixed aortic root tissues of each transplanted
mouse were used for analysis. Red arrows denote atherosclerotic plaques. (C) Quantitation of root assay. (D) En face aortic plaque analysis after
Oil Red O staining. (E) Quantitation of en face assay.n = 9. *P < 0.05.

this SPT haploinsufficiency-mediated antiatherogenic prop- A recent report indicated that decreased SM levels in plasma
erty to SM reduction in the macrophage plasma membranes. membrane lipid rafts can diminish the development of obesity
Previous studies have indicated that treatment with myriocin, and type 2 diabetes (43), which are closely related to atheroscle-
a potent SPT inhibitor, ameliorates atherosclerosis in Apoe”~  rosis. We observed similar phenomena in our Sptlc2*/~ mice and in
mice (34, 35). In addition, we and others previously observed =~ SM synthase 2-KO (Sms27-) mice (44). Thus, it is conceivable that
that myriocin treatment decreases all sphingolipids, including  Sptlc2 insufficiency-mediated membrane SM reduction could have
SM, ceramide, and glycosphingolipids (34-36), in all tissues test-  consequences in terms of macrophage inflammation and choles-
ed, including macrophages. However, it was not known which  terol efflux, the critical factors in atherogenesis.
sphingolipids in particular (from the de novo sphingolipid bio- Plasma membrane SM reduction could diminish signal
synthetic pathway) were responsible for reducing atherosclero-  transduction mediated by lipid raft-associated receptors, such as
sis. Our present findings indicate that cellular SM is one of the  TLR4. As reported previously, interaction of SM and cholesterol
major factors modulating macrophage atherogenic functions,as  drives plasma membrane raft formation (14), and the relative pro-
levels of SM — but not ceramide or phosphatidylcholine — in  portions of both SM and cholesterol appear to be critical for the
cell homogenates, plasma membranes, and membrane lipid rafts  stability and function of lipid rafts (14, 45). In the present study,
were significantly decreased in Sptlc2%~ macrophages (Figure 1E, we found that LPS-induced plasma membrane recruitment of the
Figure 2, C and D, and Supplemental Table 1). TLR4-MD2 complex was diminished in Sptlc2*/~ macrophages
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(Figure 3, A and B), thereby reducing both NF-kB and MAPK acti-
vation and attenuating inflammatory cytokine production. To
furcher confirm our conclusion that SM directly affects inflam-
matory signaling, we performed SM add-back experiments, which
demonstrated that exogenous SM could enrich plasma membrane
SM levels and eventually restore the WT inflammatory phenotype
in Sptle2*/~ macrophages (Figure 6, E and F).

SM is also known as a cholesterol-binding molecule and plays an
important role in cholesterol efflux. This can be explained by 2 pos-
sible mechanisms. First, SM is involved in the recruitment of efflux-
related transporters to the plasma membrane (46). It is therefore
conceivable that plasma membrane SM changes in macrophages
could influence the functions of these proteins, altering cholesterol
efflux. Indeed, enhanced apoA-I-dependent cholesterol efflux by
ABCA1 from SM-deficient cells has been reported previously (47).
Here, we found that decreased SM levels in macrophage plasma
membrane increased protein levels of both ABCA1 and ABCG1
on macrophage surfaces, thereby increasing cholesterol efflux in
vitro and in vivo (Figure 7, B-F). Although ABCA1 is known to be
located in a non-raft region, its levels influence lipid raft structure
(48). It has been reported that overexpression of ABCA1 (49) and
treatment of cells with HDL or apoA-1(50, 51) disrupts or depletes
raft domains, inhibiting raft-dependent signaling. Thus, there is an
interaction between ABCA1 and raft lipids. Moreover, SM is also
critical for cholesterol sequestration in plasma membranes. It has
been established that lysosomal sphingomyelinase is involved in
cholesterol transport from lysosomes to the plasma membranes
(52). Because SM avidly binds cholesterol (53), sphingomyelinase
deficiency inhibits macrophage cholesterol efflux through promot-
ing cholesterol sequestration by SM (52). Thus, it is possible that
the reduced plasma membrane SM levels caused by Sptlc2 haploin-
sufficiency (Figure 2, C and D) might produce the inverse effect of
sphingomyelinase deficiency with respect to macrophage choles-
terol efflux. Sptlc2 haploinsufficiency would thus aid in cholesterol
efflux by inducing less cholesterol sequestration in macrophage
plasma membranes. It has been also shown that exogenously added
SM significantly diminishes cholesterol efflux (47, 52) mediated by
ABCAL (47), which suggests that the increased SM content in the
plasma membranes prevents cholesterol efflux.

In addition to SM, we found that levels of glycosphingolipids,
including glucosylceramide and GM3, were decreased approxi-
mately 50% in Sptlc2*/~ macrophage plasma membranes and lipid
rafts (Figure 2, C and D). Glycosphingolipids have been implicat-
ed as potentially atherogenic lipids. Studies in Apoe”~ mice have
indicated that exacerbated tissue glycosphingolipid accumulation
resulting from o-galactosidase deficiency promotes atherosclero-
sis (54), whereas decreased glycosphingolipids in mice treated
with myriocin are associated with inhibited atherosclerosis (34—
36). However, direct inhibition of glycosphingolipid synthesis in
Apoe”~ mice had no effect on atherosclerotic lesion development,
although plasma glycosphingolipid concentrations were reduced
50% (S5). In the present study, the reduced levels of glucosylce-
ramide and GM3 in Sptle2*/~ macrophages are not likely to have
a major effect on atherogenesis, since we found that, in contrast
to SM, exogenous supplementation of glucosylceramide or GM3
could not rescue the defective inflammatory response in Sptlc2*/~
macrophages (Supplemental Figure 1, A and B). Therefore, it is
unlikely that the reduction of glucosylceramide and GM3 in
Sptlc2/~ macrophage plasma membranes and lipid rafts has any
major effect on atherogenesis.
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Another important intermediate in the sphingolipid de novo
synthesis pathway is ceramide, one of the secondary messengers
in cell signaling. We have previously reported that complete Sms2
deficiency in macrophages significantly increases intracellular
ceramide, but decreases SM levels, compared with WT controls
(56). Moreover, Sms2 deficiency attenuates macrophage NF-xB
activation (56) and promotes cholesterol efflux (57), thus decreas-
ing atherosclerosis (57). In general, Sms2 deficiency and Sptlc2 hap-
loinsufficiency yield similar phenotypes in terms of intracellular
SM levels, NF-kB activation, and cholesterol efflux. However,
in the present study, we did not observe significant changes of
ceramide at the intracellular level or in plasma membranes or lipid
rafts of Sptlc2%~ macrophages (Figure 2, C and D, and Supplemen-
tal Table 1). Thus, ceramide levels may have a negligible role in
mediating inflammation or cholesterol efflux, and therefore did
not influence atherogenicity in our mouse models.

S1P, a biologically active lipid mediator, is another key byprod-
uct of sphingolipid metabolism. It is present in plasma bound to
HDL or albumin and in lower concentrations in tissues and has
pleiotropic effects in different cell types, including macrophages,
endothelial cells, and smooth muscle cells (40, 58, 59). There are
5 G protein-coupled receptors for S1P, SIPR1-S1PRS, in higher
eukaryotes. These receptors are differentially expressed and play
critical roles in multiple cellular functions involved in vascular
physiology (60, 61). Monocytes/macrophages express mainly
S1PR1 and S1PR2 (62). It has been reported that FTY-720, a syn-
thetic S1P analog serving as an agonist for SIPR1 (but not SIPR2),
inhibits atherosclerosis in Ldlr/~ and Apoe~~ mice (63, 64). SIPR2
deficiency leads to inhibition of macrophage proinflammatory
activities and atherosclerosis in Apoe”~ mice (40). SIPR3 has also
been found to promote macrophage recruitment in addition to
S1PR2 (65). However, we did not find changes in intracellular S1P
levels in Sptlc2*/~ macrophages compared with controls (Supple-
mental Table 1). Plasma from Sptlc2%~—Ldlr7~ mice also showed
no changes in S1P levels compared with controls (Supplemental
Table 3). Moreover, we did not find significant changes of S1prl
and S1pr2 mRNA in Sptlc2”/~ macrophages compared with controls
(Supplemental Figure 8, A and B). These results suggest that nei-
ther S1P nor S1PR is involved in Sptlc2 haploinsufficiency-medi-
ated reduction of inflammation.

It is known that macrophage cholesterol efflux and inflamma-
tion are inversely related to each other. Yvan-Charvet et al. report-
ed that macrophage ABCA1 and ABCG1 deficiencies increase free
cholesterol accumulation and increase cell signaling via TLRs
(13). Zhu et al. reported that macrophage ABCA1 reduces MyD88-
dependent TLR trafficking to lipid rafts by reduction of lipid raft
cholesterol (12). In addition, ABCA1 expression decreases cellular
plasma membrane rigidity by reducing the formation of tightly
packed lipid rafts (49). Therefore, more cholesterol efflux is related
to less inflammation in macrophages. A recent report indicated
that IL-6 markedly induced ABCA1 expression and enhanced
ABCA1-mediated cholesterol efflux from human macrophages to
apoA-1(66). Our findings in this study clearly indicate that plasma
membrane SM levels are also critical for the inverse relationship
between macrophage cholesterol efflux and inflammation.

However, there exists a limitation in the mouse models used
herein for atherosclerosis studies. Sptlc2*/~ bone marrow also
harbored Sptlc2¥~ immune cells — such as B cells, T cells, mast
cells, and granulocytes — in the Sptlc2*/~—Ldlr~~ chimeras,
owing to the cells’ hematopoietic origin. We cannot rule out
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the possible contributions of these important cells to athero-
genesis. To address this issue, we transplanted bone marrow of
Sptlc2-Flox/LysM-Cre mice into Ldlr7~ mice, and then evaluated
atherosclerosis (Figure 9). LysM-Cre-mediated recombination
resulted in deletion of the targeted gene in not only macro-
phages, but also the entire myeloid cell lineage (42). Therefore,
we still cannot strictly rule out the contribution of granulocytes
to atherogenesis, if any.

A key finding of this study was our demonstration of a novel
mechanism of macrophage SPT-dependent regulation of lipid raft
conformational and functional changes, which influenced inflam-
matory cell signaling and cholesterol homeostasis, affecting ath-
erogenicity in mouse models. These findings suggest that macro-
phage SPT could be a potential target for therapeutic intervention
against human atherosclerosis.

Methods

Mice and diets. The WT and heterozygous KO animals used in this study
were all 8- to 10-week-old female mice, either littermates or with the same
genetic background. All were fed a chow diet (Research Diets Inc.). Sptlc2*/~
mice, originally on a 129 background, were backcrossed with C57BL/6
mice for 10 generations. Ldlr~~ mice (8-week-old females) and LysM-Cre
transgenic mice were purchased from Jackson Laboratory. Sptlc2-Flox mice
(41) and Sptlc2-Flox/LysM-Cre mice were prepared in house. Bone marrow
transplantations were performed in lethally irradiated Ldlr~/~ mice (8-week-
old females), and after 8 weeks, all mice were switched to a Western-type
diet (0.15% cholesterol, 20% saturated fat) for 3-4 months.

Bone marrow—-derived macrophage isolation. Mice were sacrificed, and
femurs and tibiae were dissected out. Using needle and syringe, bone mar-
rows were flushed directly into petri dishes containing DMEM plus 10%
FBS and 20% L-cell medium, then grown for 5-7 days. Differentiated mac-
rophages attached to the bottom of the plates were harvested and used for
all in vitro experiments.

Real-time PCR analysis for mRNA quantification. Total RNA was iso-
lated from treated or untreated WT and Sptlc2”/~ bone marrow-derived
macrophages after homogenizing in TRIzoOL reagent. Equal amounts
of total RNA were used for cDNA preparation, using TagMan RT
Reagent (Applied Biosystems). Equal volumes of cDNA were also used
for a real-time PCR reaction using RT? Real Time SyBr Green/Rox PCR
master mix (SA Biosciences), with specific primers for mRNA quanti-
fication and Gapdh as an internal control. Primer sequences were as fol-
lows: Sptlcl forward, 5'-AGGGTTCTATGGCACATTTGATG-3'; Sptlcl
reverse, 5'-TGGCTTCTTCGGTCTTCATAAAC-3'; Sptlc2 forward,
5'-CAAAGAGCTTCGGTGCTTCAG-3'; Sptlc2 reverse, 5'-GAATGTGT-
GCGCAGGTAGTCTATC-3'; Sptle3 forward, S'-TGCAGCCAAGTAT-
GATGAGTCTA-3'; Sptlc3 reverse, 5'-GCAGATGCACGATGGAAC-3';
Tnfa forward, 5'-CCCTCACACTCAGATCATCTTCT-3'; Tnfa reverse,
5'-GCTACGACGTGGGCTACAG-3'; 1l6 forward, 5'-ACAACCACG-
GCCTTCCCTACTT-3', 116 reverse, 5'-CACGATTTCCCAGAGAACAT-
GTG-3'; Gapdh forward, TGCACCACCAACTGCTTAGG, Gapdh reverse,
GGATGCAGGGATGATGTTC.

SPT activity assay. Bone marrow-derived macrophages from WT and
Sptlc2*/~ mice were harvested and homogenized. Macrophage homogenate
(300 ug protein) from each sample were used as crude enzyme for the SPT
reaction. SPT activity was measured with ['*C]-serine and palmitoyl-CoA
as substrates, as previously described (37).

Lysenin treatment and cell mortality measurement. Bone marrow-derived
macrophages were washed twice in PBS and incubated with 100 or 200 ng/
ml lysenin for 1 hour. Cell viability was measured using WST-1 cell pro-
liferation reagent (Roche) according to the manufacturer’s instructions.
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Plasma membrane and lipid raft isolation from macrophages. Equal numbers of
bone marrow-derived WT and Sp#lc2”/~ macrophages (50 x 10° cells) were
homogenized and used for plasma membrane isolation, using a kit from Bio-
vision. They were checked for purity of preparation by Western blot, using
cytoplasmic, total membrane, and plasma membrane fractions, with respec-
tive antibodies. Lipid rafts were isolated by a previously reported method (56).

Sphingolipid analyses by LC/MS/MS. Levels of SM, phosphatidylcholine,
ceramide, and glycosphingolipids (glucosylceramide and GM3) were mea-
sured in WT and Sptlc2”/~ bone marrow-derived macrophages by LC/MS/
MS, as previously described (56, 57).

Cell surface TLR4 analysis by FACS. WT and Sptlc2”/~ bone marrow-derived
macrophages were treated overnight with 10 ng/ml LPS, washed, and har-
vested in PBS to make single-cell suspensions. Cells were then treated with
Fc receptor block (mAb 2-4G2; BD Biosciences — Pharmingen) on ice for 1
hour and stained with primary antibodies to TLR4 (1:25 dilution; Abcam)
for 1 hour on ice. After being washed, cells were stained with green fluo-
rescent Alexa Fluor 488 F(ab') 2 fragment of goat anti-rabbit secondary
antibodies (1:250 dilution; Invitrogen). After again being washed, cells were
suspended in PBS containing 1 ug/ml propidium iodide (PI), then ana-
lyzed using FACScan with CellQuest (BD). Dead cells were excluded from
the analysis by specific gating for PI staining.

In vitro macrophage Transwell migration assay. WT and Sptlc2”/~ bone mar-
row-derived macrophages from » = 3 mice were treated with 10 ng/ml LPS
for 16 hours, and the cells and culture media were harvested. Media were
added to the lower chambers of 24-well Transwell plates (Corning), touch-
ing the bottom of the polycarbonate membrane inserts (5-um pore size).
Sptlc2*/~ and WT macrophages (2 x 10 cells) in DMEM were seeded on the
corresponding top chambers and allowed to migrate for 4 hours at 37°C
in cell culture incubator. After migration, media were aspirated, and the
top of the membrane inserts were cleared of any cells using cotton swabs
and checked under microscope. The bottom of the membranes with the
migrated cells were washed with PBS, stained with DAPI, and observed
under fluorescent microscope for counting.

Measurement of inflammatory cytokines TNF-a, IL-6, and MCP-1. In vitro
studies were done using WT and Sptlc2”~ bone marrow-derived macro-
phages from n = 3 mice: for real-time PCR, mice were treated with 1 ug/ml
LPS (Sigma-Aldrich) for 15 minutes and 500 uM palmitate (Sigma-Aldrich)
in 1% BSA for 30 minutes; for ELISA, mice were treated with 10 ng/ml LPS
and 50 uM palmitate in 1% BSA for 16 hours. The culture filtrate was sepa-
rated and analyzed for TNF-a, IL-6, and MCP-1 using ELISA kits (eBiosci-
ences). In vivo studies were done using 10-week-old female WT and Sptlc27/~
mice (n =9). Animals were retro-orbitally bled at 0 hours (for basal level)
and 8 hours (after i.p. injection with 50 ug/kg body weight LPS). Plasma
samples were collected and analyzed for TNF-a, IL-6, and MCP-1 using
ELISA kits (eBiosciences).

SM enrichment in macrophage plasma membranes. WT and Sptlc2*/~ bone
marrow-derived macrophages growing in plain DMEM were treated over-
night with different concentrations of SM (0, 10, 25, and 50 uM) from
a 5-mM stock of SM dissolved in ethanol. Cells were washed with PBS 3
times, and a portion of the cells was subjected to lysenin treatment and
assayed for mortality using WST-1 compound (Roche). The remaining cells
were further treated with 10 ng/ml LPS overnight, after which the culture
supernatant was collected and assayed for IL-6.

Western blot for macrophage ABCAI, ABCG1, and SR-B1. WT and Sptlc2”/~ bone
marrow-derived macrophages were lysed in 200 mM NaCl, 50 mM Tris (pH
7.5),1 mM EDTA, and 1% (v/v) protease inhibitor cocktail (Sigma-Aldrich).
Cell debris was cleared by centrifugation at 8,200 g for 10 minutes. Lysates
were subjected to SDS-PAGE and then transferred to nitrocellulose mem-
branes. The blots were probed with antibodies against ABCA1 (Abcam),
ABCG1 (Abcam), and SR-B1 (Novus). B-Actin was used as a loading control.
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Blots were developed by a chemiluminescence detection system (SuperSig-
nal West detection kit; Pierce). The maximum intensity of each band was
measured by Image-Pro Plus software (version 4.5; Media Cybernetics Inc.).
Cell surface ABCAI, ABCG1, and SR-BI1 analysis by flow cytometry. WT and
Sptlc2*/- bone marrow-derived macrophages were treated overnight with
50 ug/ml acetylated-LDL, washed, and harvested in PBS to make single-cell
suspensions. Cells were then treated with Fc receptor block (mAb 2-4G2;
BD Biosciences — Pharmingen) on ice for 1 hour and stained with primary
antibodies to ABCA1, ABCG1, or SR-B1 (all from Novus) at 1:50 dilution for
1 hour on ice. After being washed, cells were stained with green fluorescent
Alexa Fluor 488-conjugated goat anti-rabbit secondary antibodies (1:100
dilution; Invitrogen). After again being washed, cells were suspended in PBS
containing 1 ug/ml PI, then analyzed using FACScan with CellQuest (BD).
Dead cells were excluded from the analysis by specific gating for PI staining.
Cholesterol efflux from macrophages ex vivo. WT and Sptlc2*/~ bone mar-
row-derived macrophages were labeled with [3H]-cholesterol carried by
acetylated-LDL. After labeling, cells were washed with PBS, equilibrated
with DMEM plus 0.2% BSA for 1 hour, and incubated with 10 ug/ml puri-
fied human apoA-I or HDL in 0.5 ml DMEM plus 0.2% BSA. Extracellular
media were collected at 4 and 8 hours and centrifuged at 6,000 g for 10 min-
utes to remove residual cell debris and cholesterol crystals. Radioactivity in
aliquots of supernatants was determined by liquid scintillation counting.
The cells were finally lysed in 0.5 ml of 0.1M sodium hydroxide plus 0.1%
SDS, and the radioactivity in aliquots was determined. Cholesterol efflux
was expressed as the percentage of the radioactivity released from the cells
into the medium, relative to the total radioactivity in cells and medium.
Cholesterol efflux from macrophages in vivo. In vivo macrophage cholesterol
efflux was measured by a method previously reported (39). Briefly, Sptlc2*/~
or WT bone marrow-derived macrophages were loaded with cholesterol by
incubation with acetylated-LDL and [*H]-cholesterol. 2 x 10 labeled macro-
phages were injected i.p. into each C57BL/6 acceptor mouse. Plasma samples
were collected at 12, 24, and 48 hours, and feces were collected at 24 and 48
hours; all were analyzed for tracer counts using liquid scintillation counter.
Bone marrow transplantation to replace PBMCs. Bone marrow cells were
harvested from the tibiae of donor mice (Sptlc2*/~ and WT, or Sptlc2-Flox/
LysM-Cre and Sptlc2-Flox), as previously described. 18 total Ldlr~/- female
mice (age 8 weeks) were lethally irradiated with 10 Gy. 9 of these animals
were transplanted with Sptlc2*/~ or Sptlc2-Flox/LysM-Cre mouse bone mar-
row cells (5 x 10°), and the other 9 with WT or Sptlc2-Flox mouse bone mar-
row, via the femoral vein, all within 3 hours of irradiation. We monitored
the process of cell replacement by PCR, using genomic DNA from mouse
PBMCs as templates.
Mouse atherosclerotic lesion measurement. Aortae were dissected, aortic arch-

es were photographed, and aortic lesion en face assay was performed. For

lesion analysis, sections were stained with Harris H&E. Total intimal lesion
area per cross section was quantified by taking the average of 10 sections
spaced 20 wm apart, beginning at the base of the aortic root. Histomorpho-
logical analysis of collagen was performed with Masson trichrome stain
(Richard-Allan Scientific). Images were viewed and captured with a Nikon
Labphoto 2 microscope equipped with a SPOT RT3 color video camera
attached to a computerized imaging system with Image-Pro Plus software
(version 4.5; Media Cybernetics Inc.).

Immunostaining of macrophage in the plaques. Sequential sections 10 um
thick were stained with macrophage-specific antibody (MOMA). Pri-
mary antibodies were incubated for 1 hour at room temperature in 3%
serum matched to the species of the secondary antibodies. Biotinylated
secondary antibodies were incubated for 30 minutes, followed by 45
minutes of horseradish peroxidase-conjugated streptavidin and visual-
ization with diaminobenzidine. Nuclei were counterstained with hema-
toxylin. The mean area of staining per section per animal was deter-
mined using 10 sections for each animal. Staining areas were quantified
with Image-Pro-Plus software.

Statistics. Each experiment was conducted at least 3 times. Unless oth-
erwise indicated, data are expressed as mean + SD. Differences between
2 groups were analyzed by unpaired 2-tailed Student’s ¢ test and among
multiple groups by ANOVA followed by Student-Newman-Keuls test. A P
value less than 0.05 was considered significant.

Study approval. All experiments involving animals were approved by
the Institutional Animal Care and Use Committee at SUNY Downstate
Medical Center.
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