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Abstract Sphingomyelin synthase (SMS), the last enzyme
in the sphingomyelin (SM) biosynthetic pathway, uses cer-
amide and phosphatidylcholine as substrates to produce
SM and diacylglycerol (DAG). To evaluate the role of SMS
in apoptosis, we generated Chinese hamster ovary cells that
stably express human SMS1 or SMS2. We found that SMS1
or SMS2 overexpression results in a significant increase
in cellular levels of SM (24% or 20%) and DAG (35% or
31%), respectively, compared with controls. Cells overex-
pressing SMS1 or SMS2 were more likely to undergo lysis
mediated by lysenin (a protein that causes lysis through its
affinity with SM-rich microdomains in the plasma mem-
brane) than were controls, indicating SM enrichment of the
plasma membrane. SMS1 and SMS2 overexpression also led
to higher retention of DiIC16 fluorescence compared with
wild-type cells, indicating an increased number of detergent-
insoluble microdomains and significantly increased tumor
necrosis factor-a-mediated apoptosis. To further evaluate the
relationship between SMS activity and cell apoptosis, we
used SMS1 and SMS2 small interfering RNA (siRNA) to
knock down their mRNA in THP-1-derived macrophages.
We found that SMS1 or SMS2 siRNA significantly reduces
intracellular SM (by 20% or 23%), plasma membrane SM
(as indicated by the rate of lysenin-mediated cell lysis), and
DAG levels (24% or 20%), respectively, while significantly
reducing lipopolysaccharide-mediated apoptosis compared
with controls. These results indicate that SMS1 and SMS2
are key factors in the control of SM and DAG levels within
the cell and thus influence apoptosis.—Ding, T., Z. Li, T.
Hailemariam, S. Mukherjee, F. R. Maxfield, M-P. Wu, and X-C.
Jiang. SMS overexpression and knockdown: impact on cel-
lular sphingomyelin and diacylglycerol metabolism, and cell
apoptosis. J. Lipid Res. 2008. 49: 376–385.
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Sphingomyelin synthase (SMS) is the last enzyme in the
sphingomyelin (SM) biosynthetic pathway. It uses ceramide
and phosphatidylcholine (PC) as substrates to produce
SM and diacylglycerol (DAG) (1). There are two isoforms
of mammalian SMS: SMS1, located on the cis-medial as-
pect of the Golgi apparatus, and SMS2, located on the
plasma membrane (2). It is conceivable that manipu-
lation of both SMS1 and SMS2 could influence the
metabolism of all four of the structurally important or
bioactive lipids.

SM interacts with cholesterol and glycosphingolipid to
drive the formation of plasma membrane rafts or detergent-
insoluble microdomains (3, 4). Recently, the raft domain
has drawn an extensive amount of attention, because it
may play an important role as a platform for signal trans-
duction and protein sorting in cellular membranes (5, 6).
Yamaoka et al. (7) observed defective cell growth in a
mouse lymphoid cell line with no SMS activity and with
an SM deficiency and determined that this defect could
be corrected through exposure to exogenous SM. Re-
cently, Nagao et al. (8) reported that an SM deficiency
in Chinese hamster ovary (CHO) cells enhances ABCA1-
mediated cholesterol efflux (the first step in reverse cho-
lesterol transport) and that exposure to exogenous SM
can inhibit this process. Tafesse et al. (9) showed that
SMS activity in the cell membrane is required for HeLa
cell growth. Van der Luit et al. (10) revealed that down-
regulation of SMS1 results in an SM-cholesterol deficiency
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in lipid rafts and attenuates apoptosis induced by alkyl-
lysophospholipid, and that this defect could not be cor-
rected by adding exogenous SM. In a previous study (11),
we showed that both SMS1 and SMS2 contribute to de
novo SM synthesis and control SM levels in the cell and
on cell membranes, including the plasma membrane. All
of these findings suggest that an important relationship
exists between SMS activity and plasma membrane SM
levels and thus between SMS activity and cell function.

The generation of DAG and subsequent protein ki-
nase C (PKC) activation mediates apoptotic activity (12).
There are three pathways linking the generation of DAG:
(1) catalysis by phosphatidylinositol-phospholipase C (PI-
PLC); (2) catalysis by phosphatidylcholine-PLC (PC-PLC);
and (3) catalysis by SMS (13). The function of the DAG
generated by PI-PLC and PC-PLC activity has been inves-
tigated in numerous studies (13). Whether the DAG gen-
erated by SMS regulates cellular processes is, in fact, not
known. In mammalian cells, SMS activation correlates with
the activation and nuclear translocation of NFkB (14);
these events are often regulated by DAG-dependent PKC
(15). Cerbon and del Carmen Lopez-Sanchez (16) re-
ported that exposure to D609 (an SMS inhibitor) sig-
nificantly reduces cellular DAG levels, thereby reducing
cell proliferation. In a previous study (11), we found
that exposure to SMS1 and SMS2 small interfering RNA
(siRNA) results in lower DAG levels in Huh7 cells, a hu-
man hepatoma cell line.

In this study, we investigated the relationship between
SMS activity and plasma membrane SM and cellular DAG
levels, as well as cell apoptosis. Using gene overexpression
and knockdown techniques, we found that SMS overex-
pression significantly increases intracellular SM and DAG
levels and increases the rate of apoptosis. We also observed
that SMS1 and SMS2 knockdown results in a significant
reduction in intracellular levels of SM and DAG, as well
as a reduction in apoptosis.

MATERIALS AND METHODS

Cell culture

CHO cells were cultured in complete medium (DMEM sup-
plemented with 10% fetal bovine serum). THP-1 cells (American
Type Culture Collection), which comprise a human monocytic
cell line that differentiates into macrophages in the presence
of phorbol 12-myristate 13-acetate (PMA), were maintained in
RPMI 1640 medium containing 10% FBS. Using a method de-
scribed previously (17), we exposed the THP-1 monocytes to
160 nM of PMA (Sigma-Aldrich; St. Louis, MO) for 72 h to in-
duce their differentiation into macrophages.

Preparation of cell lines stably expressing SMS1 or SMS2

Either a pcDNA-SMS1 or a pcDNA-SMS2 (Invitrogen; Carlsbad,
CA) plasmid was transferred into the CHO cells with lipofecta-
mine 2000 under standard conditions according to the manu-
facturer’s instructions. G418 was added to the medium 24 h after
transfection, to a final concentration of 600 mg/ml, to select cells
in which transfection had been successful. Single clones were
isolated and subjected to real-time polymerase chain reaction

(PCR). An assay of SMS activity was then performed to confirm
the overexpression of SMS1 and SMS2.

Quantification of gene expression by real-time PCR

Total RNA was extracted from cells using Trizol (Invitrogen;
Carlsbad, CA), and cDNA was synthesized using a kit (Invitro-
gen). PCR was performed in triplicate using the SYBR: Green
PCR Master Mix kit (Applied Biosystems; Foster City, CA); b-actin
was used as an internal control. The amplification program con-
sisted of activation at 95jC for 10 min, followed by 40 ampli-
fication cycles, each consisting of 95jC for 15 s then 60jC
for 1 min. The primers used for the analyses were SMS1 sense
(5¶ CAACATTGGCGTAGACAT 3¶), SMS1 antisense (5¶ TAGGA-
GGTACTCGTTCGTG 3¶), SMS2 sense (5¶ GATACAAGTCAAT-
AGTGGGACG 3¶), SMS2 antisense (5¶ AGAAGTGACGAGGCG-
AAT 3¶), caspase-3 sense (5¶ GGCATTGAGACAGACAGTGG-3¶),
caspase-3 antisense (5¶ CATGGAATCTGTTTCTTTGC-3¶), b-actin
sense (5¶ GGGTCACCCACACTGTGCCCATCTA 3¶), and b-actin
antisense (5¶ GCATTTGCGGTGGACGATGGAGG 3¶).

Western blot analysis

Equal amounts of cell homogenates (20 mg protein/lane)
were separated on 7.5% precast Tris-HCl gels (Bio-Rad; Hercu-
les, CA) under denaturing conditions. Proteins were electro-
blotted to a nitrocellulose membrane that had been incubated
with anti-caspase-3 antibody (Cell Signaling). The loading control
was glyceraldehyde-3-phosphate dehydrogenase.

Sphingomyelin synthase activity assay

Cells were homogenized in a buffer containing 50 mM Tris-
HCl, 1 mM EDTA, 5% sucrose, and protease inhibitors. The
homogenate was centrifuged at 5,000 rpm for 10 min, and the
supernatant was used to assay SMS activity. The reaction system
contained 50 mM Tris-HCl (pH 7.4), 25 mM KCl, C6-NBD-
ceramide (0.1 mg/ml), and PC (0.01 mg/ml). The mixture was
incubated at 37jC for 2 h. Lipids were extracted in chloroform-
methanol (2:1), dried under nitrogen gas, and separated using
thin layer chromatography (TLC). The plate was scanned with
a PhosphorImager (Molecular Dynamics; Sunnyvale, CA), and
the intensity of each band was measured using Image-Pro Plus
version 4.5 software (Media Cybernetics, Inc.).

Annexin V assay

Wild-type CHO cells (CHO-WT) and CHO cells overexpres-
sing SMS1 (CHO-SMS1) or SMS2 (CHO-SMS2) were each sub-
cultured in triplicate to the same density on 12-well plates. When
90% to 100% confluence was achieved, the medium was changed
to DMEM (without FBS) with tumor necrosis factor (TNF)-a at
a final concentration of 0.4 mg/ml. Cells were incubated for
48 h and then harvested with 0.25% trypsin in phosphate-
buffered saline (PBS). The cells were washed twice in PBS and
collected by centrifugation at 4jC at 450 g for 5 min. They
were then stained with fluorescein isothiocyanate-annexin V
and propidium iodide according to the manufacturer’s instruc-
tions. Labeled cells were detected using flow cytometry.

Each group of THP-1-derived macrophages (including those
containing control siRNA, SMS1 siRNA, SMS2 siRNA, and SMS1
and SMS2 siRNA) was analyzed in triplicate. Sixty hours after
siRNA transfection, the cells were quickly washed twice with PBS,
and then complete medium RPMI-1640 containing 100 ng/ml
lipopolysaccharide (LPS) was added to each group of cells.
After 1.5 h of LPS exposure, the cells were harvested with
0.25% trypsin in PBS. The cell staining and flow cytometry
detection methods used with these cells were the same as those
used with the CHO cells.

Effect of SMS on SM and DAG metabolism and cell apoptosis 377

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Cold triton extraction and DilC16 fluorescence
intensity measurement

Cells were prepared for microscopy with 2 days in culture
consisting of Ham’s F12 medium supplemented with 5% FBS,
at 37jC in a 5% CO2 humidified incubator, in 35 mm plastic
tissue culture dishes, the bottoms of which had been replaced
with poly-D-lysine-coated coverslips, as described by Salzman and
Maxfield (18). On the day of the experiment, the medium
was changed to prewarmed Medium 1 (150 mM NaCl, 20 mM
HEPES, 1 mM CaCl2, 5 mM KCl, 1 mM MgCl2, and 2 g/l glucose),
and the cells were equilibrated at 37jC in a bench-top warmer
for a few minutes. The cells were then labeled with DiIC16 and
loaded onto fatty-acid-free BSA for 30 s at 37jC using established
protocols ( 19). Following the labeling procedure, the cells were
washed three times with chilled Medium 1 and incubated in an
ice-water chamber maintained at approximately 0jC for at least
10 min. The cells were then treated with 1% Triton X-100 (in
Medium 1) for 5 min at 0jC. After the extraction, the cells were
washed three times with chilled Medium 1 and held for 15 min
at 0jC. The cells were then warmed to room temperature just
prior to imaging. Digital image acquisition was carried out using
a Leica DMIRB microscope (Leica Mikroscopie und Systeme;
GmbH, Wetzlar, Germany) equipped with a Princeton Instru-
ments (Princeton, NJ) cooled, charge-coupled device camera
driven by MetaMorph Imaging System software (Universal Im-
aging Corporation; Downington, PA). Standard rhodamine fil-
ters were used for imaging with DiIC16. All imaging was done
with a low-power (103, NA 0.3) objective in order to visualize
a large number of cells in each field. The background in each
image was corrected by subtracting the intensity of unlabeled
cells that had been cultured and imaged under conditions iden-
tical to those used in the experimental procedure. After back-
ground correction, the images were thresholded to reject any
unsubtracted noncell-associated fluorescence, and the inte-
grated intensity and size of the thresholded area were recorded
for each image. The results are expressed as the mean cell-
associated fluorescence intensity per field. Data for each con-
dition represent an average of 500 to 2,500 cells. All analyses
were done using MetaMorph image analysis software (Universal
Imaging Corporation).

Cellular lipid content

The cell monolayer was washed twice with PBS, and cellular
lipids were extracted using n-hexane-2-propanol (3:2). Aliquots
of the extracted lipids were subjected to analysis. The SM and
PC content was measured using a method described previously
in our laboratory (20). Briefly, the extracted lipids were in-
cubated with bacterial SMase (or PC-phosphalipase D), alkaline
phosphatase, choline oxidase, peroxidase, N-ethyl-N-(2-hydroxy-
3-sulfopropyl)-3,5-dimethoxyaniline, and 4-aminoantipyrine for
45 min. The absorbance of generated blue dye was measured
by spectrophotometry at 595 nm. Ceramide and DAG levels
were measured using the DAG kinase assay, in which the amount
of 32P incorporated during phosphorylation of ceramide and
DAG to ceramide-1-phosphate and phosphatidic acid by DAG
kinase was measured (Sigma-Aldrich). Briefly, g-32P-ATP (10 mM,
10 mCi) was incubated with the enzyme and lipid samples in
an imidazole buffer (pH 6.6), as described by Preiss et al. (21).
Ceramide-1-phosphate and phosphatidic acid were resolved by
TLC using CHCl3-CH3OH-CH3COOH (65:15:5, v/v/v) as a sol-
vent. Ceramide-1-phosphate and phospatidic acid were iden-
tified by autoradiography at Rf 0.25 and Rf 0.45, respectively,
and quantified by scintillation counting. The ceramide and DAG
levels were quantified by comparison with a concomitantly run
standard curve representing known amounts of ceramide and

DAG and normalized to [3H]triglyceride introduced as an ex-
ternal standard during lipid extraction.

Exogenous addition of SM

SM was dissolved in 2:1 ethanol-Me2SO to make a 5 mM
stock. An aliquot of this stock solution was added to the culture
medium to a final concentration of 40 mM as described previ-
ously (22), and cells were incubated for 12 h.

Toll-like receptor 4 analyses by fluorescence-activated
cell sorting

Cell surface receptors were detected as described previously
(23). Briefly, macrophages were stimulated by LPS (100 ng/ml)
for 2 min and then stained with 1 mg/ml Toll-like receptor 4
(TLR4)/MD-2 complex antibody (CSA-805FIJ; Stressgen) for 1 h
on ice, then washed with ice-cold PBS three times before analysis
on a FACScan with CellQuest software (Benton Dickinson).

Statistical analysis

Each experiment was conducted at least five times. Data are
typically expressed as mean 6 SD. Data between two groups
were analyzed by Student’s t-test and among multiple groups by
ANOVA followed by the Student-Newman-Keuls (SNK) test. A
P value of less than 0.05 was considered significant.

RESULTS

SMS1 and SMS2 overexpression increases CHO cell SMS
activity and plasma membrane SM levels

To investigate the role of SMS1 and SMS2, we estab-
lished two stable CHO cell lines that express human SMS1
(SMS1-CHO) and SMS2 (SMS2-CHO). Real-time PCR was
performed on RNA prepared from both cells and re-
vealed a 2.5-fold increase in SMS1 mRNA levels and a
2.3-fold increase in SMS2 mRNA levels, respectively, com-
pared with control CHO cells. The cellular SMS activity
assay was also measured in SMS1-CHO, SMS2-CHO, and
control CHO cells. SMS1 overexpression resulted in a
2.2-fold increase in cellular SMS activity, and SMS2 over-
expression resulted in a 1.85-fold increase compared with
controls (Fig. 1A, B).

We used enzymatic assays to determine whether over-
expression of SMS1 and SMS2 had any effect on cellular
lipid levels, including SM, PC, ceramide, and DAG levels.
As indicated in Table 1, cells in which SMS1 or SMS2 was
overexpressed contained significantly higher SM levels
(24% and 20%, respectively; P , 0.05). Interestingly, cer-
amide levels (44% and 42%, respectively) and the cer-
amide:sphingomyelin ratio (18% and 18%, respectively)
increased significantly compared with controls (P , 0.01
and P , 0.05, respectively). As expected, cellular DAG
levels also increased significantly (35% and 31%, respec-
tively; P , 0.01) in both SMS-overexpressing cells. Dif-
ferences in cellular PC levels among the cell groups were
not significant.

Because cellular SM levels represent SM levels in all
cellular membranes, including plasma membrane, endo-
plasmic reticulum, and Golgi complex, we still do not
know whether SMS1 or SMS2 overexpression has an effect
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on SM levels specifically in the plasma membrane, where
all signal transduction is initiated. Lysenin is a recently
discovered SM-specific cytotoxin that recognizes SM only
when it forms aggregates or microdomains (24). To in-
vestigate the effect of SMS1 or SMS2 overexpression on
the formation of these microdomains, we tested SMS1-
CHO and SMS2-CHO cells for their sensitivity to lysenin-
mediated cytolysis. As indicated in Fig. 2A, both SMS1-CHO
and SMS2-CHO cells showed significantly more sensitivity
to lysenin-mediated cytolysis than did WT-CHO cells.

Cholesterol- and SM-enriched membrane regions are
known as liquid-ordered domains, or “rafts.” (3). Such
regions are relatively insoluble in cold Triton X-100 (25).
We considered the possibility that SMS1 or SMS2 over-
expression might change the overall organization of the
plasma membrane. The presence of liquid-ordered do-
mains was assessed by wide-field fluorescence micros-

copy, through which we observed the incorporation of
the fluorescent phospholipid analog DiIC16 into the
plasma membranes of intact cells. We found that DiIC16
labeled the plasma membranes of all tested cell lines al-
most equally well; however, upon cold triton extraction,
roughly 50% more cells associated with DiIC16 were
retained by the SMS1-CHO and SMS2-CHO cells com-

Fig. 1. Sphingomyelin synthase activity assay. The SMS1-CHO,
SMS2-CHO, and WT-CHO cells were homogenized. The reaction
system contained cell homogenate (200 mg protein), C6-NBD-
ceramide, and PC. The mixture was incubated at 37jC for 2 h.
Lipids were extracted in chloroform-methanol (2:1), dried under
N2 gas, and then separated using thin layer chromatography (TLC).
The fluorescent intensity of each spot was determined as described
in the Materials and Methods section of this article. A: Nitro-2-1,3-
BenzoxaDiazol-4-yl-SM fluorogram, which is representative of in-
dependent experiments. B: Quantitative display of SMS activity
(mean 6 SD; N 5 5). P , 0.001 by ANOVA; P , 0.01 by Student-
Newman-Keuls (SNK) procedure. Columns labeled with different
lower-case letters are statistically different by the SNK test.

TABLE 1. Lipid concentrations in CHO cells overexpressing SMS1 and SMS2

Type of Cell SM PC Cer DAG Cer:SM

nmol/mg protein

Control 25 6 3 294 6 23 0.96 6 0.09 2.45 6 0.51 0.038 6 0.002
Overexpressing SMS1 31 6 3a 283 6 37 1.38 6 0.08a 3.31 6 0.66a 0.045 6 0.003a

Overexpressing SMS2 30 6 2a 280 6 46 1.36 6 0.11a 3.21 6 0.39a 0.045 6 0.004a

Cer, ceramide; CHO, Chinese hamster ovary; DAG, diacylglycerol; PC, phosphatidylcholine; SM, sphingo-
myelin; SMS, sphingomyelin synthase. Data are given as mean 6 SD and are the average of five experiments.

a Statistically significant compared with control in the same column; P , 0.01 by ANOVA and P , 0.05 by
Student-Newman-Keuls test.

Fig. 2. SMS1 and SMS2 overexpression altered plasma membrane
SM levels. A: SMS1 and SMS2 overexpression increased lysenin-
mediated cell mortality. Lysenin (200 ng/ml) was added to the cul-
ture medium containing SMS1-CHO, SMS2-CHO, and WT-CHO
cells. Cell mortality was monitored with WST-1 Cell Proliferation
Reagent (Roche; Basel, Switzerland). B: SMS1 and SMS2 overex-
pression increased the proportion of detergent-resistant raft-like
domains at the plasma membrane. Details of this procedure are
described in the Materials and Methods section of this article.
Before, before cold Triton X-100 extraction; After, after cold Triton
X-100 extraction. In both A and B, P , 0.001 by ANOVA and
P , 0.01 by SNK test. Columns labeled with different lower-case
letters are statistically different by the SNK test.
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pared with the WT-CHO cells (Fig. 2B). These results
indicate that SMS overexpression increases the raft-like
domains in the plasma membrane.

SMS1 and SMS2 overexpression increases TNF-a-induced
apoptosis in CHO cells

We next sought to determine whether overexpression
of SMS1 and SMS2 in CHO cells contributes to apoptosis
induced by TNF-a. As stated above, there is evidence that
cells that are deficient in SMS1 and therefore depleted
of SM in lipid rafts are resistant to alkyl-lysophospholipid-
induced apoptosis (10). We therefore reasoned that
overexpression of SMS1 or SMS2 might increase TNF-a-
induced apoptosis by increasing SM levels in the plasma
membrane. Indeed, we found that after TNF-a stimula-
tion, the proportion of apoptotic SMS1-CHO and SMS2-
CHO cells increased significantly, by 56% and 37%
(P , 0.01), respectively, compared with WT-CHO cells

(Fig. 3A, B). To confirm this phenomenon, we measured
caspase-3 (well known for its involvement in apoptosis)
(26) mRNA levels and its active protein mass and found
that SMS1 and SMS2 overexpression resulted in a sig-
nificant increase in the enzyme mRNA levels (2.4-fold
and 2.0-fold, respectively; P , 0.01) (Fig. 3C) and in the
concentration of cleaved caspase-3 (the active form of
the enzyme), 2.2- and 1.8-fold, respectively (P , 0.01)
compared with WT-CHO cells (Fig. 3D, E).

SMS1 and SMS2 siRNA decreases SMS activity and plasma
membrane SM levels in THP-1-derived macrophages

We used siRNA to investigate further the relationship
between SMS and SM levels and the potential differences
between SMS1 and SMS2 genes. The reasons to choose
THP-1-derived macrophages are: 1) they are human mac-
rophages; 2) macrophage apoptosis is related to the de-
velopment of atherosclerosis; and 3) because hamster

Fig. 3. SMS1 and SMS2 overexpression increased CHO cell apoptosis. A: A representation of indepen-
dent annexin V assays. B: Quantitative display of annexin V assays. C: Quantitative display of caspase-3 mRNA
real-time PCR analysis. D: A representation of caspase-3 Western blot analysis. E: Quantitative display of
caspase-3 protein mass. Data are displayed as the mean 6 SD (N 5 5). In B, C, and E, P , 0.001 by ANOVA
and P , 0.01 by SNK test. Columns labeled with different lower-case letters are statistically different by
the SNK test.
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SMS1 and SMS2 cDNA sequences are not known, the
siRNA approach to knockdown SMS1 and SMS2 in CHO
cells is not yet plausible. We treated THP-1 cells with PMA
for 72 h to induce macrophage formation (17) and then
treated the macrophages with SMS1, SMS2, or scrambled
siRNA. We found that exposure to SMS1 or SMS2 siRNA
caused a significant decrease in SMS activity (23% and
29%, respectively; P , 0.01) (Fig. 4A) and a significant de-
crease in lysenin-mediated cell mortality (28% and 35%,
respectively; P , 0.01) (Fig. 4B) compared with controls,
indicating that SMS1 or SMS2 gene knockdown not only
reduces cellular SMS activity but also reduces SM levels in
the plasma membrane. The combination of both siRNAs
had an additive effect on both SMS activity and plasma
membrane SM levels (Fig. 4A, B).

We also measured cellular lipid levels by enzymatic
analysis. As indicated in Table 2, the total SM was sig-
nificantly lower in cells that had been transfected with
SMS1 siRNA, SMS2 siRNA, or a combination of these
siRNAs compared with control siRNA-transfected cells
[20% (P , 0.05), 23% (P , 0.01), and 25% (P , 0.01),
respectively], whereas little or no change was seen in cer-
amide levels. There was a significant decrease in cellular

DAG levels [24% (P , 0.01), 20% (P , 0.05), and 25%
(P , 0.01), respectively], whereas there was no signifi-
cant change in the differences in cellular PC levels.

SMS1 and SMS2 gene knockdown decreases LPS-induced
apoptosis in THP-1-derived macrophages

We next sought to determine whether SMS1 and SMS2
knockdown in THP-1-derived macrophages contributes
to apoptosis induced by LPS. We found that after LPS
stimulation, the number of apoptotic macrophages de-
creased by 21% (P , 0.05) and 41% (P , 0.01), respec-
tively, compared with controls (Fig. 5A, B). An additive
effect was observed after the macrophages were exposed
to both SMS1 and SMS2 siRNA (Fig. 5B).

To determine whether the reduced LPS-induced apo-
ptosis was due to the lack of SMS activity or to the lack of
SM in plasma membrane lipid rafts, we loaded SMS1/2
knockdown macrophages with exogenous SM. As indi-
cated in Fig. 5C, SMS1/SMS2 siRNA treatment signifi-
cantly attenuates LPS-induced apopotosis, compared with
controls, and this defect cannot be corrected by adding
exogenous SM, suggesting that SM synthesis, rather than
mere SM accumulation in lipid rafts at the plasma mem-
brane, could influence LPS-induced apoptosis.

We next measured caspase-3 mRNA levels and its ac-
tive protein mass to confirm this and found that exposure
to both SMS1 and SMS2 siRNAs significantly reduced
caspase-3 mRNA levels (37% and 44%, respectively) (Fig. 5D)
and active caspase-3 levels (45% and 50%, respectively;
each P , 0.01) compared with scrambled siRNA (Fig. 5E,
F). We also observed an additive effect after these cells
were exposed to both SMS1 and SMS2 siRNA (Fig. 5F).

To determine whether the depletion of plasma mem-
brane SM levels had an impact on the cell surface expression
of the LPS receptor TLR4, we conducted fluorescence-
activated cell sorting (FACS) analysis with LPS-stimulated
SMS1/SMS2 knockdown and control macrophages. As
shown in Fig. 6, after 2 min of LPS stimulation, control
macrophages contained more TLR4 on the cell surface
than did SMS1/SMS2 knockdown macrophages.

To further explore the mechanism by which SMS2 af-
fected NFkB, we investigated LPS-induced cell surface
recruitment of TLR4 and its coreceptor MD2, a conse-
quence of signaling upstream of NFkB activation (27), in
SMS2 knockout (KO) macrophages. As shown in Fig. 6
FACS analysis showed that after 2 min of LPS stimula-
tion, SMS2 KO macrophages contained fewer TLR4/MD2
complexes on the cell surface than did control macro-
phages. This result indicates that SMS2 is critical for LPS-
induced cell surface TLR4 and MD2 recruitment and
complex formation.

DISCUSSION

In this study, we demonstrated that 1) overexpression
of both SMS1 and SMS2 significantly increases cellular
SM and DAG levels and induces TNF-a-mediated CHO
cell apoptosis; and 2) SMS1 and SMS2 knockdown sig-

Fig. 4. SMS1 and SMS2 knockdown decreased SMS activity and
reduced plasma membrane SM levels. A: Quantitative display of
SMS activity. The SMS1 siRNA-, SMS2 siRNA-, and control siRNA-
treated macrophages were homogenized. The reaction system con-
tained cell homogenate (200 mg protein), C6-NBD-ceramide, and
PC. The mixture was incubated at 37jC for 2 h. Lipids were ex-
tracted in chloroform-methanol (2:1), dried under N2 gas, then
separated by TLC. The fluorescent intensity of each spot was
determined as described in the Materials and Methods section
of this article. B: Quantitative display of lysenin-mediated cell lysis.
Lysenin (200 ng/ml) was added to the culture medium contain-
ing SMS1 siRNA-, SMS2 siRNA-, and control siRNA-treated mac-
rophages. Data are displayed as the mean 6 SD (N 5 5). In A
and B, P , 0.001 by ANOVA and P , 0.01 by SNK test. Con,
control siRNA; siR1, SMS1 siRNA; siR2, SMS2 siRNA; siR1/R2,
SMS1/2 siRNAs. Columns labeled with different lower-case letters
are statistically different by the SNK test.
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nificantly reduces cellular SM and DAG levels and re-
duces the rate of LPS-mediated macrophage apoptosis.

SM is a ubiquitous structural component of mamma-
lian cell membranes and lipoproteins whose cellular and
plasma levels are regulated by both anabolic and catabolic
pathways. The biosynthesis of SM is induced by serine

palmitoyl-CoA transferase (SPT, the first enzyme in the
SM biosynthetic pathway), 3-ketosphinganine reductase,
ceramide synthase, dihydroceramide desaturase, and SMS
(the last enzyme in the SM biosynthetic pathway) activity
(1). Many reports indicate that SPT is the key enzyme in
the biosynthesis of all sphingolipids (1, 28, 29). However,

TABLE 2. Lipid concentrations in SMS1 and SMS2 knockdown macrophages

Type of Cell SM PC Cer DAG Cer:SM

nmol/mg protein

Control 44 6 5 320 6 33 0.77 6 0.06 2.26 6 0.12 0.018 6 0.003
SMS1 siRNA 35 6 4a 339 6 19 0.73 6 0.09 1.71 6 0.23a 0.021 6 0.004
SMS2 siRNA 34 6 2a 347 6 36 0.72 6 0.07 1.81 6 0.17a 0.021 6 0.003
SMS1/2 siRNA 33 6 3a 327 6 27 0.73 6 0.03 1.69 6 0.11a 0.022 6 0.005

siRNA, small interfering RNA. Data are given as mean 6 SD and are the average of five experiments.
a Statistically significant compared with control in the same column; P , 0.01 by ANOVA and P , 0.05 by

Student-Newman-Keuls test.

Fig. 5. SMS1 and SMS2 knockdown decreased macrophage cell apoptosis. Sixty hours after siRNA trans-
fection, the cells were quickly washed twice with PBS, and then complete medium RPMI-1640 containing
100 ng/ml lipopolysaccharide (LPS) was added to each group of cells. A: A representation of independent
annexin V assays. B: Quantitative display of annexin V assays. C: Quantitative display of annexin V (control
siRNA and SMS1/2 siRNAs.; D: A representation of caspase-3 Western blot analysis. E: Quantitative display
of activated caspase-3 levels. F: Quantitative display of caspase-3 protein mass. Data are displayed as mean 6

SD (N 5 5). In B, C, and E, P , 0.001 by ANOVA and P , 0.01 by SNK test. Con, control siRNA; siR1, SMS1
siRNA; siR2, SMS2 siRNA; siR1/R2, SMS1/2 siRNAs. Columns labeled with different lower-case letters are
statistically different by the SNK test.
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there is some evidence that SMS is the key enzyme for
SM biosynthesis. This is supported by the observation that
cells exposed to D609 (an SMS inhibitor) have signifi-
cantly reduced SMS activity, which, in turn, is associated
with a significant reduction in intracellular levels of SM
(30). In a previous study, we found that SMS inhibition,
through exposure to either D609 or siRNA, results in a
significant reduction in intracellular SM levels (11). A re-
cent study also reported that SMS deficiency leads to SM
depletion in S49 mouse lymphoma cells (10).

SMS makes an important contribution to the cell mem-
brane structure, because SM is an important component
of membrane lipid rafts (1). Yamaoka et al. (7) isolated
mouse lymphoid cells, demonstrating a reduced SM
concentration at the plasma membrane owing to the ab-
sence of SMS activity and resistance to lysenin-induced
cell death. We previously found that approximately 65%
of cell membrane-associated SM is located in lipid rafts
(11) and that exposure to D609 or siRNA not only re-
duces cellular SMS activity, but also reduces SM levels in
plasma membranes. In this study, we confirmed this ob-
servation in THP-1-derived macrophages (Fig. 4A, B). We
also found that overexpression of both SMS1 and SMS2
increases SM levels in the plasma membrane (Fig. 2A)
and in detergent-insoluble regions (lipid rafts) (Fig. 2B).
It is believed that plasma membrane rafts represent sig-
naling microdomains. Indeed, it has been reported that
downregulation of SMS1 reduces the amount of SM in
lipid rafts and reduces the rate of cell apoptosis induced
by alkyl-lysophospholipid (10). It has also been reported
that D609 exposure inhibits TNF-a- (27, 14) or phorbol
ester-mediated (14) NFkB activity. A critical question re-
mains to be answered: are both SMS1 and SMS2 respon-
sible for the production of plasma membrane-associated
SM? We found that at least in CHO cells and THP-1-

derived macrophages (this study), HEK 293 cells and
Huh7 cells [our previous study, (11)], both SMS1 and SMS2
are responsible for SM levels in the plasma membrane.

In two recent papers, investigators reported controver-
sial results regarding the relationship between SMS ac-
tivity and cell apoptosis. Van der Luit et al. (10) reported
that SMS1 gene knockdown alters the plasma membrane
raft structure and reduces the internalization of alkyl-
lysophospholipid, thereby reducing cell apoptosis rates.
Separovic et al. (31) reported that SMS1 overexpression
suppresses cell apoptosis mediated by photo damage; how-
ever, they did not show the effect of SMS1 overexpression
on membrane lipid rafts. On the basis of the results of
our study, we believe that overexpression of SMS1 and
SMS2 increases SM levels in the lipid rafts on plasma
membranes and promotes a more external appearance for
TNF-a receptor 1 (a well-known receptor in lipid rafts) (32)
following TNF-a stimulation, thereby promoting CHO
cell apoptosis. We also believe that SMS1 and SMS2 knock-
down by siRNA reduces SM levels in lipid rafts on the
plasma membrane and reduces the number of TLR4s
(which are also well known for their presence in lipid
rafts) (33) that are present on the plasma membrane after
LPS stimulation, thereby reducing macrophage apoptosis.
Indeed, after LPS stimulation, SMS1/SMS2 knockdown
macrophages contained significantly less TLR4 on the cell
surface than did control macrophages (Fig. 6).

Manipulation of SMS activity alters cellular DAG levels
and thus may also contribute to apoptosis. Cerbon and
del Carmen Lopez-Sanchez (16) demonstrated that phar-
macological inhibition of SMS reduces cellular DAG levels
and PKC activity. In this study, we found that overexpres-
sion of SMS1 or SMS2 significantly increases DAG levels
in CHO cells (Table 1), whereas SMS1 or SMS2 gene
knockdown significantly reduces DAG levels in THP-1-
derived macrophages (Table 2). DAG can regulate both
conventional and novel PKCs (13), a family of serine/
threonine kinases that regulate a diverse set of cellular
processes, including pro-apoptotic and pro-survival pro-
cesses. The PKC isozyme has a distinct role in these pro-
cesses, functioning in a cell type-dependent manner (12).
PKCy is generally considered to be a growth-inhibitory or
pro-apoptotic PKC (12, 34), whereas PKCe is considered
to be a pro-survival factor (12, 35). It is possible that in
both CHO cells and THP-1-derived macrophages, regu-
lation of SMS1 or SMS2 activity by either the overexpres-
sion of their genes or gene knockdown could modulate
DAG-mediated PKC activity, thereby influencing cell apo-
ptosis. This phenomenon deserves further investigation.

Manipulation of SMS activity also alters cellular cer-
amide levels, and this may contribute to apoptosis. SMS
catalyzes the production of SM and DAG from ceramide
and PC, but can also catalyze the reverse reaction (2).
Overexpression of both SMS1 and SMS2 is accompanied
by increased levels of ceramide, as well as SM (Table 1).
Separovic et al. (32) observed the same phenomenon
when they overexpressed SMS1 in Jurkat cells. This may
be due to the complexity of this enzyme, which can cata-
lyze bidirectional reactions (2). Moreover, we found that

Fig. 6. Reduction of Toll-like receptor 4 (TLR4) on SMS1/SMS2
knockdown macrophages after LPS stimulation. Cell surface recep-
tors were detected as described previously (23). Briefly, control
siRNA- or SMS1/2 siRNA-treated macrophages were stimulated
by LPS (100 ng/ml) for 2 min and then stained with 1 mg/ml
TLR4/MD-2 complex antibody (CSA-805FIJ, Stressgen) for 1 h on
ice, then washed with ice-cold PBS three times before analysis
on a FACScan with CellQuest software. Data are representative of
three independent assays.
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the ceramide:SM ratio increases in cells that overexpress
SMS, compared with controls (Table 1). This may rep-
resent another mechanism for the increased apoptotic
potential of these cells, given that ceramide is a bioactive
lipid that is well known for promoting cell apoptosis (36,
37). However, ceramide levels did not change in THP-
derived macrophages after they were exposed to SMS
siRNA. This indicates that the ceramide level might not be
important in SMS knockdown-induced macrophage apo-
ptosis. We also measured sphingomyelinase activity, but
found no difference between SMS-overexpressed cells and
their controls (data not shown), indicating that sphingo-
myelinase activity does not make a contribution to the in-
crease of ceramide levels.

Apoptosis is an intrinsic cell suicide mechanism in
which a carefully orchestrated pattern of cytoplasmic and
nuclear changes results in self-destruction and clearance
of individual cells from tissues without provoking an in-
flammatory response (38). It is believed that disordered
apoptosis may occur in atherogenesis, leading to the death
of lipid-rich foam cells and promoting lipid core forma-
tion (39). However, in reality, the relationship of macro-
phage apoptosis to atherosclerosis is complex (40). Recent
reports have indicated that the net effect of early lesional
macrophage apoptosis is modulation of lesion cellularity
and decreased lesion progression (40– 42). However, the
later development of atherosclerotic lesions leads to the
generation of the necrotic core, which promotes plaque
instability and acute lesional thrombosis (40). So the late
lesional macrophage apoptosis is proatherogenic (40, 43,
44). Whether SMS-induced apoptosis is proatherogenic
or antiatherogenic deserves further elucidation.

We conclude that overexpression of SMS leads to a
significant increase in SM and DAG levels within CHO
cells and promotes TNF-a-mediated apoptosis, whereas
an SMS deficiency leads to a significant reduction in SM
and DAG levels within the THP-1-derived macrophages
and limits LPS-induced apoptosis. These results suggest
that both SMS1 and SMS2 regulate intracellular SM and
DAG levels and, hence, could contribute to changes in
the lipid rafts on the plasma membrane or affect PKC ac-
tivity in certain disease states (12, 45).

This work was partially supported by National Institutes of
Health Grants HL-64735 and HL-69817 (X-C.J), by a Grant-in-
aid from the American Heart Association (X-C.J), and by the
Young Investigator Start-up Fund of the School of Pharmacy,
Fudan University (T.D.).
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