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Abstract
Background—It has been proposed that plasma sphingomyelin (SM) plays a very important role
in plasma lipoprotein metabolism and atherosclerosis. Sphingomyelin synthase (SMS) is the last
enzyme for SM de novo biosynthesis. Two SMS genes, SMS1 and SMS2, have been cloned and
characterized.

Methods and Results—To evaluate the in vivo role of SMS2 in SM metabolism, we prepared
SMS2 knockout (KO) and SMS2 liver-specific transgenic (LTg) mice, and studied their plasma SM
and lipoprotein metabolism. On a chow diet, SMS2 KO mice showed a significant decrease in plasma
SM levels (25%, P<0.05), but no significant changes in total cholesterol, total phospholipids, or
triglyceride, compared with wild-type (WT) littermates. On a high-fat diet, SMS2 KO mice showed
a decrease in plasma SM levels (28%, P<0.01), whereas, SMS2LTg mice showed a significant
increase in those levels (29%, P<0.05), but no significant changes in other lipids, compared with WT
littermates. Atherogenic lipoproteins from SMS2LTg mice displayed a significantly stronger
tendency toward aggregation after mammalian sphingomyelinase treatment, compared with controls.
Moreover, SMS2 deficiency significantly increased plasma apoE levels (2.0-fold, P<0.001), while
liver-specific SMS2 overexpression significantly decreased those levels (1.8-fold, P<0.01). Finally,
SMS2 KO mouse plasma promoted cholesterol efflux from macrophages, while SMS2LTg mouse
plasma prevented it.

Conclusions—We therefore believe that regulation of liver SMS2 activity could become a
promising treatment for atherosclerosis.
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Sphingomyelin (SM), which is the second most abundant phospholipid in mammalian plasma,
appears in all major lipoproteins, where it is part of the monolayer of polar lipids and cholesterol
that surrounds a core of neutral lipids. Up to 18% of total plasma phospholipid exists as SM,

Correspondence to Xian-Cheng Jiang, PhD, SUNY Downstate Medical Center, 450 Clarkson Ave. Box 5, Brooklyn, NY 11203
XJiang@downstate.edu.
Disclosures: None

NIH Public Access
Author Manuscript
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2010 June 1.

Published in final edited form as:
Arterioscler Thromb Vasc Biol. 2009 June ; 29(6): 850–856. doi:10.1161/ATVBAHA.109.185223.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1 with the ratio of phosphatidylcholine (PC)/SM varying widely among lipoprotein subclasses.
2 Atherogenic lipoproteins such as VLDL remnants accumulating in cholesterol-fed rabbits
tend to be SM-enriched.3 The SM content of atherosclerotic lesions is higher than that of normal
arterial tissue, and SM accumulation is disproportionate to that of PC.4 However, the role of
SM deposited or synthesized in atheromata still remains undefined.

It has been suggested that subendothelial retention and aggregation of atherogenic lipoproteins
play a very important role in atherogenesis.5 SM-rich LDL retained in atherosclerotic lesions
is acted on by an arterial wall sphingomyelinase, which appears to promote aggregation,
initiating the early phase of atherosclerosis development.6 We have found that plasma SM
levels in apoE KO mice are 4-fold higher than in WT mice,7 and this may partially explain the
increased atherosclerosis found in these animals.8 Our laboratory and others have also
discovered that inhibition of SM biosynthesis significantly decreases plasma SM and increases
PC, thus lessening atherosclerotic lesions in apoE KO mice.9, 10 We have also reported that
an SM-rich (1%) diet significantly increases plasma SM levels, LDL aggregation, and
atherosclerotic lesions in LDL receptor KO mice.11 We have evidence that human plasma SM
levels and SM/PC ratios are independent risk factors for coronary heart disease,12,13 and that
plasma SM level are prognostic in patients with acute coronary syndrome.13 All of these data
suggest that plasma SM plays a critical role in the development of atherosclerosis.

The biochemical synthesis of SM occurs through the action of serine palmitoyl-CoA transferase
(SPT), 3-ketosphinganine reductase, ceramide synthase, dihydroceramide desaturase, and
sphingomyelin synthase (SMS).14 SMS is the last enzyme for SM biosynthesis and it utilizes
ceramide and PC as substrates to produce SM and diacylglycerol. Therefore, its activity should
directly influence SM levels in cells and in the circulation. The liver and small intestine are
the major contributions of plasma SM. The liver assembles lipids (SM, PC, cholesterol, and
triglyceride) and apolipoproteins, and secretes the products, VLDL and HDL, into the
circulation.15 Following hydrolysis of dietary SM in the lumen of small intestine,16 the
backbone sphingoid bases and fatty acids, which are taken up by the enterocytes, and can be
used to resynthesize SM. This SM can participate in chylomicron assembly, and then be
secreted.17 Two SMS genes, SMS1 and SMS2, have been cloned and characterized for their
cellular localizations.18 Both are expressed in the liver and small intestine.18 SMS1 is found
in the trans-golgi apparatus, while SMS2 is predominantly located in the plasma membranes.
18 Along with other investigators, we have shown that SMS1 and SMS2 expression positively
correlates with levels of cellular SM and SM in membrane lipid rafts.19-21 However, the
relationship between SMS activity and SM in the circulation is still not clear. For this study,
we created both SMS2 gene knockout and SMS2 liver-specific transgenic mice, and
investigated plasma SM levels in both models.

Methods
SMS2 KO mouse preparation

The overall strategy for gene targeting was to replace 90% of exon 2 with a neomycin-resistant
gene (Supplement Fig. IA). Because exon 2 contains the translation initiation codon ATG,
deletion of exon 2 would be expected to create an SMS2 null mouse allele. The homologues
recombination was screened by PCR. Sense primer N1 (5′-tgcgaggccagaggccacttgtgtagc-3′)
and antisense primer A1 (5′-tgtagccctggctgttctgtactc-3′) can amplify a 970 bp fragment
(knockout, KO), while, sense primer S1 (5′-cgactccaccaacacttacacaag-3′) and antisense primer
A1 (5′-tgtagccctggctgttctgtactc-3′) can amplify a 760 bp fragment (wild type, WT)
(Supplement Fig.IB). The SMS2 KO mice originally on a 129 mouse genetic background have
backcrossed with C57BL/6 mice for three generations. The animals (WT and KO) used in this
study were 10-to-12-week-old littermates. The establishment of this mouse model has been
reported by us previously.22
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Liver-specific SMS2 transgenic mouse preparation
A 2.5-kilobase cDNA fragment of human SMS2 was cloned into the SalI and XhoI sites of the
pLIV-7 plasmid,23 kindly provided by Dr. John M. Taylor (Gladstone Institute of
Cardiovascular Disease, University of California, San Francisco) (Supplement Fig. II). A
linearized fragment of the construct containing the promoter, first exon, first intron, and part
of the second exon of the human apoE gene, the human SMS2 cDNA, and the polyadenylation
sequence, and hepatic control region of the apoE/C-I gene locus were used to generate
transgenic mice by standard procedures. Founder animals with a C57BL/6/CBA mixed
background were backcrossed with C57BL/6J mice for two generations. The animals (WT and
LTg) used in this study were 10-to-12-week-old littermates.

Atherogenic lipoprotein aggregation assay
Lipoprotein aggregation was assessed as previously described.7

Cholesterol efflux
WT macrophages (105 cells/well) were grown in DMEM with 10% FBS for 24 hours to reach
a confluency of about 80%. Cell labeling was done by growing them overnight in DMEM with
10% FBS containing 50μg/ml acetylated LDL and 1 μCi/ml of [3H]cholesterol. Cells were
washed three times with PBS to remove excess label, and equilibrated for 2 hours with DMEM
without FBS. The medium was replaced with DMEM containing 10% plasma from SMS2 KO
and WT mice, or SMS2LTg and WT mice. At 8 hours we measured [3H]cholesterol
radioactivity in the medium, as well as radioactivity inside the cells. The percentage of
cholesterol efflux was calculated by dividing the radioactive amounts in the extracellular media
by the total of those amounts in the medium and cell fractions.

Statistical analysis
Data were typically expressed as mean ± S.D. Data between two groups were analyzed by the
Student t-test. A P value of less than 0.05 was considered significant.

See the online-only Data Supplement (available online at http://atvb.ahajournals.org) for
expanded Methods for: Lipid and lipoprotein assays, 24, 25 Apolipoprotein measurement.26,
Lipid analyses by LC/MS/MS,22, mRNA analyses, SMS activity assay,22 Lysenin treatment
and cell mortality measurement, Ceramidase assay, Ceramide synthase assay, and Sphingosine
kinase assay.

Results
SMS2-deficient mouse

We have established SMS2 KO mice.22 (Supplement Fig.IB). As expected, SMS2 KO liver
had no SMS2 mRNA (Supplement Fig. IC). Measurement of total liver SMS activity revealed
that SMS2 deficiency causes a 60% reduction in that activity (P<0.001) (Supplement Fig. ID).
However, SMS2 deficiency in the liver does not influence SMS1 mRNA levels (Supplement
Fig. IE).

Creation of an SMS2 liver-specific transgenic mouse
One line of SMS2 transgenic mice was established. These animals demonstrated liver-specific
expression of human SMS2 mRNA (Fig. 1A); there was a low expression in the brain, but none
in other tissues (Fig. 1A). Measurement of total liver SMS activity revealed that human SMS2
expression causes a 2.5-fold increase in that activity (P<0.001) (Fig. 1B). However, SMS2
transgene expression in the liver does not influence SMS1 mRNA levels (Fig. 1C). We have
thus established SMS2 liver-specific transgenic (LTg) mice.
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Plasma SM analysis: chow diet
As indicated in Table 1, SMS2 KO mice showed a significant decrease in plasma SM levels
(25%, P<0.01), whereas SMS2LTg mice showed no significant changes, compared with WT
littermates. Moreover, an SMS2 deficiency significantly increased plasma ceramide,
sphingosine, and sphingosine-1-phosphate (43, 235, and 30%, respectively), while SMS2 liver
overexpression had no effect on these lipids (Table 1). We also measured ceramidase
(Supplement Fig. III, ceramide synthase (Supplement Fig. IV), and sphingosine kinase
(Supplement Fig. V) activities in the livers from WT and SMS2 KO mice, respectively, we did
not find any significant changes between WT and SMS2 KO mice, indicating these enzymes
might not be rate limiting ones which determine the concentration of ceramide, sphingosine
and S1P levels. SMS2 deficiency or overexpression had no significant impact on total
cholesterol, total phospholipids, or triglyceride (Supplement Table I). The distribution of lipids
was determined by FPLC of pooled plasma samples. HDL-SM was decreased in SMS2 KO
mice (Fig. 2A), while no changes were observed in SMS2LTg ones (Fig. 2C), compared with
WT animals. There were no changes of cholesterol levels or distribution in either SMS2 KO
or SMS2LTg mice (Figs. 2B and D).

Liver lipid analysis in SMS2 KO and SMS2LTg mice
As indicated in Supplement Table II, SMS2 deficient liver contained significantly less SM than
controls (25%, P<0.05), while SMS2 overexpressed liver contained significantly more (21%,
P<0.05), compared with controls. We also observed that liver S-1-P levels were significantly
decreased in SMS2 KO (31%, P<0.01) and significantly increased in SMS2LTg mice (50%,
P<0.001). Ceramide levels were significantly decreased in SMS2LTg mice (20%, P<0.05),
compared with controls. There were no significant changes in PC, sphingosine, or dihydroxyl-
sphingosine-1-phosphate (Supplement Table II), nor any in total cholesterol, phospholipids,
or triglyceride levels (data not shown).

So far, it is uncertain whether SMS2 deficiency or an SMS2 liver overexpression changes the
SM levels on the hepatocyte plasma membranes, where the lipid transporters are located and
signal transduction is initiated. Lysenin is a recently discovered SM-specific cytotoxin. Lysenin
recognizes SM only when it forms aggregates or microdomains.27 Based on our results above,
we expected that an SMS2 deficiency would reduce, while an SMS2 liver overexpression
would induce hepatocyte plasma membrane SM levels, thus influencing the formation of
aggregates or microdomains recognizable by lysenin. To investigate the effect of liver SMS2
deficiency or liver SMS2 overexpression on the formation of these microdomains, we isolated
primary hepatocytes from SMS2 KO, SMS2LTg, and control mice, and tested the sensitivity
of the cells to lysenin-mediated cytolysis. As indicated in Figure 3, hepatocytes lacking SMS2
showed significantly less sensitivity to lysenin-mediated cytolysis than controls. This was also
true for red blood cells, embryo fibroblast cells, and macrophages (Fig. 3A). Hepatocytes
overexpressing SMS2 showed significantly more sensitivity to lysenin-mediated cytolysis than
did controls (Fig. 3B). These results suggest that liver SMS2 deficiency or SMS2
overexpression not only significantly influence SM levels in the liver, but also significantly
alter SM-rich microdomains (probably lipid rafts) in the hepatocyte plasma membranes.

Plasma SM analysis: high-fat high-cholesterol diet
We next sought to investigate the effect of a high-fat high-cholesterol diet on the SMS2 KO,
SMS2LTg, and control mice. As indicated in Table 1, SMS2 KO animals showed a significant
decrease in plasma SM levels (28%, P<0.01), whereas SMS2 LTg mice demonstrated a
significant increase (20%, P<0.01), compared with WT littermates. SMS2 deficiency or
overexpression had no significant impact on total cholesterol, total phospholipids, or
triglyceride (Supplement Table I). FPLC of pooled plasma revealed that both HDL-SM and
non-HDL-SM are markedly decreased in SMS2 KO mice (Fig. 2E), whereas both HDL-SM
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and non-HDL-SM are increased in SMS2LTg mice (Fig. 2G), compared with WT animals.
There were no changes in cholesterol levels or distribution in either SMS2 KO or SMS2LTg
mice, compared with controls (Figs. 2F and H).

SMS2 deficiency increases plasma apoE levels, while SMS2 overexpression decreases them
Assessment of plasma apolipoprotein levels in mice on a chow diet by reducing SDS-PAGE
revealed a significant decrease of apoE (71%, P<0.001) in SMS2LTg mice (Supplement Fig.
VIC), compared with controls. However, no significant difference was observed between
SMS2 KO and WT mice (Supplement Fig. VIA). On a high-fat high-cholesterol diet, we found
that SMS2 KO mice had significantly more plasma apoE (65%, P<0.01), while SMS2LTg mice
had significantly less (51%, P<0.001), compared with controls (Supplement Figs. VIB and D).
Western blot analysis of FPLC fractions revealed that an SMS2 deficiency elicited more apoE
in plasma HDL, while an SMS2 overexpression elicited less, compared with controls
(Supplement Fig. VII). There were no significant changes in plasma apoA-I or apoB levels in
either SMS2 KO or SMS2LTg mice, compared with controls under tested conditions
(Supplement Figs. VIA-D). We also measured liver mRNA levels of apoE, apoB, and apoA-
I in SMS2 KO, SMS2LTg, and control mice by real-time PCT, finding no significant changes
(data not shown).

SM-rich non-HDL particles from SMS2LTg mice are significantly aggregated after
sphingomyelinase treatment

We then set out to determine whether enrichment of SM in non-HDL from SMS2LTg mice
would contribute to the atherogenicity of these particles. As mentioned above, there is evidence
to suggest that hydrolysis of lipoprotein SM by an arterial wall sphingomyelinase may lead to
lipoprotein aggregation.7 We therefore reasoned that enrichment of lipoproteins with SM might
increase their susceptibility to aggregation induced by sphingomyelinase, which is secreted by
J774 macrophages. This might occur through increasing substrate availability to the enzyme.
7 As shown in Figure 4A, non-HDL particles from SMS2LTg mice on a high-fat high-
cholesterol diet were indeed significantly aggregated after treatment with sphingomyelinase,
compared with controls (P<0.01).

Plasma from SMS2 deficient mice promotes cholesterol efflux from macrophages, while that
from SMS2LTg animals prevents it

Macrophage cholesterol efflux plays an important role in reverse cholesterol transport, an
antiatherogenic process. We found that apoE levels were significantly increased in SMS2 KO
mouse plasma, and decreased in SMS2LTg plasma following a high-fat high-cholesterol
feeding. Since apoE is a well-known agent mediating macrophage cholesterol efflux,28 we
speculated that SMS2 KO plasma might promote cholesterol efflux, while SMS2LTg plasma
could prevent it. WT mouse macrophages derived from bone marrow were labeled with [3H]
cholesterol, and cholesterol efflux was monitored with the application of 10% plasma from
either WT or SMS2 KO mice, and from either WT or SMS2LTg mice. As shown in Figure 4B
and C, SMS2 KO plasma significantly increased cholesterol efflux (22%, P<0.01), while SM
S2LTg plasma significantly decreased it (26%, P<0.01) from the macrophages, compared with
plasma from WT mice. We also measured cholesterol mass effluxed from macrophages with
10% WT, SMS2LTg, and SMS2 KO mouse plasma in the culture medium and found that
SMS2LTg plasma significantly decreased cholesterol mass efflux (42%, P<0.01) from the
macrophages, compared with plasma from WT mice (Supplement Fig.VIIA), while SMS2 KO
plasma increased it (46%, P<0.001) (Supplement Fig.VIIB). This indicates an antiatherogenic
result of SMS2 liver deficiency and a proatherogenic result of SMS2 overexpression.
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Discussion
In this study, we have demonstrated for the first time that disruption of the SMS2 gene caused:
1) a 60% reduction of SMS activity in the liver, although SMS1 mRNA levels were not
influenced; 2) a significant decrease of plasma SM and increase of ceramide levels; 3) a
significant reduction of liver and hepatocyte plasma membrane SM levels; 4) a significant
increase in plasma apoE levels, but not in those of apoA-I or apoB; and 5) a significant induction
of cholesterol efflux from macrophages toward the plasma. Moreover, we have shown that
overexpression of SMS2 in the liver had the opposite effect from a deficiency of it.

SM, an amphathic phospholipid located in the surface monolayer of all classes of plasma
lipoproteins (LDL/VLDL, 70-75%; HDL, 25–30%),29 has significant effects on lipoprotein
metabolism. But there is even now no clear answer to the one fundamental question: what
factors determine the levels of SM in the circulation? In this study, we have partially answered
that question: SMS2 is one of those factors, and it influences tissue and also plasma SM levels.

We found that human plasma SM level is an independent risk factor for coronary heart disease.
12, 13 We believe that SM on LDL retained in atherosclerotic lesions is hydrolyzed by an arterial
wall sphingomyelinase, which promotes aggregation by converting SM to ceramide.4, 6 There
are two ways of preventing this atherogenic event, the first being to reduce sphingomyelinase
levels. Indeed, it has recently been reported that apoE KO mice lacking sphingomyelinase have
decreased development of early atherosclerotic lesions and, more important, decreased
retention of atherogenic lipoproteins, compared with apoE KO matched for similar lipoprotein
levels.30 The second way of preventing atherogenicity is by reducing SM levels in the
atherogenic lipoproteins, through inhibition of the SM biosynthesis pathway in the lipoprotein-
producing tissues, such as the liver and small intestine. We have demonstrated that SMS2
deficiency causes lower plasma SM levels, while liver-specific SMS2 overexpression causes
higher ones, compared with controls. We also found that SM-enriched non-HDL particles from
SMS2LTg mice have a stronger potential for aggregation after mammalian sphingomyelinase
treatment, compared with controls (Fig. 4A), indicating a proatherogenic property in these
particles. The non-HDL aggregation study also confirmed our previous study, that SM-
enriched non-HDL particles from adenovirus-mediated SMS2 overexpressed mice have a
stronger potential for aggregation after sphingomyelinase treatment.31

It is interesting that there were no effects on cholesterol levels in our animals. It is known that
cholesterol levels in membranes paralleled SM levels. It is expected that decreasing SM levels
would influence cholesterol levels, but this phenominon was not observed in this study.
Previously, we also found that inhibition of SM de novo synthesis does not influence plasma
cholesterol levels9 and that decreasing membrane SM levels does not always accompany with
decreasing cholesterol levels.11 There are other mechanisms other than cholesterol-binding
govern SM levels on the membrane and in the circulation.

The relationship between SMS2 activity and apoE in the plasma is unexpected. In this study,
we found that SMS2 deficiency increases plasma apoE (Supplement Figs. VIA and B), while
SMS2 overexpression in the liver decreases it (Supplement Figs. VIC and D). It is very likely
that an SM increase or decrease alters the structure of the cellular membranes. Lipid rafts and
caveolae are a subset of membrane microdomains that are enriched with SM, cholesterol, and
glycosphingolipids.32 The changes of SM levels in such microdomains might thereby influence
the conformation of nascent apoE associated with these structures. It has been reported that
apoE expression leads to increases in the secretion of SM, which is colocalized with apoE-
enriched lipoproteins, suggesting the importance of the SM-containing membranes.33 The SM
content of the Golgi is in rapid equilibrium with SM in the plasma membranes, and SM-
enriched microdomains have been described in the Golgi membranes.34
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Indeed, we found that SMS2 KO cells have lower SM levels in the plasma membranes, while
SMS2LTg hepatocytes have higher ones (Figs. 3A and B), suggesting that SMS2 activity might
be related to liver apoE secretion. Another possibility is that changes in levels of ceramide (a
substrate of SMS) may also have an impact on plasma apoE, since ceramide is a known second
messenger,35 and one of the components of large lipid rafts.36 Increased ceramide in the SMS2
KO liver (Table 1) might be related to increased apoE secretion, while decreased ceramide in
SMS2LTg liver (Table 1) might be related to the opposite. However, this possibility may be
quite illusory. It has been reported that inhibiting the degradation of cellular ceramide, or
supplementing exogenous ceramide to the macrophages, decreases rather than increases apoE
secretion from the macrophages.33 Of course, the mechanism of apoE secretion from the
macrophages may be different from that of the hepatocytes. The details of this mechanism
deserve further investigation.

Plasma from SMS2 deficient mice significantly enhanced cholesterol efflux from the
macrophages, while that from SMS2LTg animals significantly reduced it, compared with their
respective controls (Fig. 4B and C). This observation could have important implications for
the vessel wall homeostatic response to atherogenic insult. There are two possibilities that
might explain this phenomenon. ApoE is a mediator of cholesterol efflux28 which plays an
important role in reverse cholesterol transport.37 Therefore, changes in plasma ApoE may
account for the differences in cholesterol efflux. Alternatively, changes in plasma SM may be
the explanation. SM-depletion in tissue culture medium can prevent apoA-1 mediated
cholesterol efflux from CHO cells, while SM supplement promote the efflux from these cells.
38 Although we observed opposite in macrophage cholesterol efflux (Fig.4B and C), one thing
seems to be clear that SM levels in microenvironment can influence cholesterol efflux and
different cells have different outcomes.

SMS2 deficiency also has impact on other sphingolipid levels, including three important
second messengers, ceramide, sphingosine, and sphingosine-1-phosphate (Table 1). The
metabolism of these lipids is tightly linked. While we are considering the effect of SM on
atherosclerosis, we should not ignore the potential impact of these bioactive lipids. Indeed,
pharmacological inhibition of SM de novo synthesis, not only decrease SM levels, but also
decrease ceramide, sphingosine, and sphingosine-1-phosphate.9 These changes might
contribute to the reduction of atherosclerosis observed in apoE KO mice. 9

In summary, SMS2 deficiency has antiatherogenic properties, while SMS2 liver
overexpression has very much the opposite effect. We therefore believe that regulation of liver
SMS2 activity could become a promising treatment for atherosclerosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The relationship between SMS2 overexpression and liver SMS activity
Panel A, Real-time PCR for tissue SMS2 mRNA levels; Panel B, liver SMS activity
measurement in SMS2LTg mice; Panel C, Real-time PCR for liver SMS1 mRNA. Details, see
“Methods.”
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Figure 2. Plasma lipoprotein analysis by FPLC in mice on chow and on a high fat high cholesterol
diet
A 200-μl aliquot of pooled plasma (from five animals) was loaded into a Sepharose 6B column
and eluted with 50 mM Tris, 0.15 M NaCl (pH 7.5). An aliquot of each fraction was used for
the determination of cholesterol and sphingomyelin. Panel A-D, SM and cholesterol
distribution in SMS2 KO, SMS2Tg, WT mice on chow diet, respectively. Panel E-H, SM and
cholesterol distribution in SMS2 KO, SMS2Tg, WT mice on a high fat diet, respectively.
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Figure 3. SMS2 deficiency decreased lysenin-mediated cell mortality, while SMS2 overexpression
increased it
Panel A, Primary hepatocytes, red blood cells, embryo fibroblasts, and peritoneal macrophages
were isolated from SMS2 KO and WT mice and treated with lysenin (200 ng/ml) for 2 hours.
Panel B, Primary hepatocytes were isolated from SMS2LTg and WT mice and treated with
lysenin (200 ng/ml) for 2 hours. Cell mortality was monitored by WST-1 Cell Proliferation
Reagent (Roche). Values are mean ± S.D., n= 5, P<0.001.
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Figure 4. SMS2 activity has proatherogenic properties
Panel A, In vitro aggregation of atherogenic lipoproteins induced by macrophage-derived
secreted sphingomyelinase. The Non-HDL particles aggregation was assessed as previously
described.7 Panel B and C, macrophage cholesterol efflux was evaluated in SMS2 KO and WT
mice, and in SMS2LTg and WT mice, respectively. The procedure is same as that described
in “Methods”. Values are mean ± S.D., n= 4, P<0.01.
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