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Abstract

Sphingolipids are membrane components and are involved in cell proliferation, apoptosis and
metabolic regulation. In this study we investigated whether de novo sphingolipid biosynthesis in
macrophages is regulated by inflammatory stimuli. Lipopolysaccharide (LPS) treatment
upregulated Sptlc2, a subunit of serine palmitoyltransferase (SPT), mRNA and protein in
Raw264.7 and mouse peritoneal macrophages, but Sptlcl, another subunit of SPT, was not altered.
SPT activation by LPS elevated cellular levels of ceramides and sphingomyelin (SM).
Pharmacological inhibition of nuclear factor kappa B (NFxB) prevented LPS-induced
upregulation of Sptlc2 while transfection of p65 subunit of NFxB upregulated Sptlc2 and
increased cellular ceramide levels. In contrast, MAP kinases were not involved in regulation of
sphingolipid biosynthesis. Analysis of Sptlc2 promoter and chromatin immunoprecipitation
(ChlIP) assay showed that NFxB binding sites are located in Sptlc2 promoter region. Our results
demonstrate that inflammatory stimuli activate de novo sphingolipid biosynthesis via NFxB and
may play a critical role in lipid metabolism in macrophages.
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1. INTRODUCTION

Sphingolipids are important constituents of the plasma membrane in eukaryotes and, as
second messengers, modulate apoptosis, cell proliferation and differentiation [1]. Elevation
of plasma fatty acids activates de novo biosynthesis of sphingolipids by supplying the
substrates, fatty acids [2]. Accumulation of sphingolipid metabolites in tissues is implicated
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in atherosclerosis, diabetes, and heart failure [3-5]. Plasma ceramide and sphingomyelin
(SM) levels correlate with occurrence of human coronary artery disease (CAD) and SM is
suggested as an independent CAD risk factor [6].

De novo biosynthesis of sphingolipids is initiated by the serine palmitoyltransferase (SPT)
reaction that catalyzes the formation of 3-ketosphinganine from serine and palmitoyl CoA
[7]. Mammalian SPT is composed of two different subunits, Sptlcl and Sptlc2 encoding 53
and 63 kDa proteins, respectively [8]. The amino acid sequence of Sptlc2 has similarity to
aminolevulinate synthase, carrying a domain to form a Schiff base with pyridoxal phosphate
[9, 10]. In contrast, the role of Sptlcl protein is not known well and awaits detailed
functional studies. Sptlc3, a third subunit of SPT, has been cloned and characterized [10].
The distinct role of Sptlc3 in SPT reaction should be studied further.

Inflammatory diseases and infection alter triglyceride and cholesterol metabolism. In Syrian
hamsters, lipopolysaccaride (LPS) increased plasma TG levels and hepatic cholesterol
synthesis [11, 12]. It has been reported that sphingolipid biosynthesis is also regulated by
inflammatory response in this model [13, 14]. Intraperitoneal LPS injection upregulated SPT
mMRNA and activity, and activated secretory sphingomyelinase. As a result, ceramide was
elevated in liver and plasma [14]. Additionally, LPS upregulated SPT and glucosylceramide
synthase resulting in increased glucosylceramide in non-hepatic tissues such as kidney and
spleen [15]. Thus, endotoxin activates de novo sphingolipid biosynthesis via cytokines and
alters sphingolipid metabolism.

We questioned whether macrophage sphingolipid synthesis was induced in response to
inflammatory stimuli. Macrophages require additional lipids for energy and also
membranous changes to allow them to engulf and destroy microorganisms or to respond to
injury. In this study, we demonstrate that Sptlc2 were activated by endotoxin-induced
inflammation; there was no change in Sptlcl. Moreover, we prove that this process is
mediated by NFxB.

2. MATERIALS AND METHODS
2.1. Materials

SP600125, SN50 and SB203580 were obtained from Calbiochem (Damstadt, Germany).
PD98059 was obtained from Cell Signaling Technology (Beverly, MA). Ceramides (C14:0,
C16:0, C18:0, C18:1, C20:0, C24:0, C24:1 ceramides), sphingosine, and sphingomyelin
(SM 16:0, C18:0, C18:1) were obtained from Avanti Polar Lipids (Alabaster, AL).
Desipramine was obtained from Biomol (Plymouth Meeting, PA).

2.2. Measurement of SPT and SMase activity

Raw?264.7 macrophage cells were grown and maintained in DMEM media and 10% FBS
(Invitrogen, Carlsbad, CA). Cells were incubated with 1 pg/ml LPS for 8 hrs. Microsomal
fraction of cells was isolated by ultracentrifugation at 100,000g for 90 min and maintained
in 100 mM HEPES (pH 8.3), 5 mM dithiothreitol, 2.5 mM EDTA (pH 7.4), and 50 pM
pyridoxal 5’-phosphate. Measurement of SPT activity was performed as described
previously [3]. Briefly, SPT reaction was initiated by adding 200 .M palmitoyl CoA and 1
mM of serine containing L-[1#C]-serine (0.5 wCi/reaction) to 100 pg microsomal extracts
(GE healthcare, Piscataway, NJ). After incubation for 20 min at 37 °C, the reactions were
terminated by adding 0.2 ml of 0.5 N NaOH. Lipid fractions were extracted by addition of
chloroform:methanol (2:1) and lower organic layer was isolated and dried under N, gas.
Sphingolipids were separated by silica gel 60 TLC (VWR, Westchester, PA) with the
running solvent (Chroroform: Methanol: 2 M NH4OH, 40:10:1) and the amount of produced
[14C]-sphinganine was analyzed by autoradiography and scintillation counting.
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SMase activity was measured as described previously by Sakata et a/[16] and Mintzer et a/
[17]. Briefly, the cells were harvested and extracted in 1 ml of a lysis buffer containing 10
mM Tris-HCI (pH 7.4) containing 1% Triton X-100 and protease inhibitor cocktails (Roche,
Indianapolis, IN) for neutral SMase. For acid SMase, a lysis buffer containing 50 mM
sodium acetate buffer (pH5.4) with 1% Triton X-100 and protease inhibitor cocktails. After
centrifugation at 17,0009 for 10 min at 4°C, the supernatants were used for acid SMase
assay and the pellets were for neutral SMase. SMase activity was measured using [14C]-SM
(PerkinElmer, Waltham, MA) as substrates. The activity was measured by adding 0.1 M Na
Acetate at pH 7.4 or pH 5.4 and chloroform:methanol (2:1) was added to stop the reaction.
The reaction mixture was vortexed and centrifuged to separate the phases. The activity was
measured by counting released [14C]-choline in aqueous phase by scintillation counter.

2.3. Suppression of Sptlc2 by small interfering RNA

Small interfering RNA (siRNA) duplexes targeting mouse Sptlc2 was obtained from Santa
Cruz Biotechnology. RAW 264.7 cells were transfected with 70 pmol mixture of the
SiRNAs using Lipofect AMINE 2000 reagent according to the manufacturer’s instruction
(Invitrogen). The cells were cultured for 72 hrs and gene-silencing effect was assessed by
immunoblotting with Sptlc2-specific antibody. After Sptlc2 suppression by siRNA, the cells
were incubated with 1 pg/ml LPS for 8 hrs and sphingolipid profile was measured by LC/
MC/MS as described below.

2.4. Plasmid construction

Sptlc2 (-2113~-49) promoter cDNA was cloned from mouse genomic DNA (Promega,
Madison, WI) by using sense primer 5"-AAA AGG TAC CCA AGA ATG GGT TTC TCT
GTG TAG C-3" and a common anti-sense primer 5"-AAA ACG CGT AGC CAA CTC
CCG CTC CGC A -3’. Sptlc2 promoter was incorporated into Kpnl and Mlul restriction
sites in the upstream of pGL3-luciferase (pGL3-luc) vector (Promega, Madison, WI).
Additional truncated Sptlc2 promoter inserts were produced by PCR amplification of Sptic2
full size (-2113) and incorporated into Kpnl and Mlul restriction sites of pGL3-Luc basic
vector (Promega, Madison, WI) with proper primers below. The Sense primers were: 5’-
AAA AGG TAC CAA TAA CCT TGC CAA CGC AGT -3’ (-1249); 5'-AAA AGG TAC
CCT GGC A AA TGA GTC CAT GAA-3’ (-849); 5'-AAA AGG TAC CAA ACA GAT
CAA GTC TCC TGA C -3’ (-749); 5'-AAA AGG TAC CTA GTT CAC AAT GAA GAA
CAG T -3’ (-649); 5'-AAA AGG TAC CCT CGG ATT CAA CCT GAG AAC C -3’
(-549); 5'-AAA AGG TAC CTG TTT CTT TCT CCA CAC TCT T-3’ (-449); 5'-AAA
AGG TAC CTT GAT GTC TGC AAG CCG CTT -3’ (-300); 5"-AAA GGT ACC GTG
GCC CCG CCC TCG CGT GA -3’ (-150). The common antisense primer was used for all
PCR reactions. The Sptlc2 promoter (pSptlc2)-pGL3-Luc constructs were verified by DNA
sequencing.

2.5. Peritoneal macrophage isolation

After intraperitoneal injection of 2 ml of sterile 3% thioglycollate solution, elicited mouse
peritoneal macrophages were isolated from 8 week-old male C57BI16/J mice by peritoneal
lavage with PBS. Isolated macrophages were plated in 12-well plates in RPMI 1640 medium
containing 10% FBS, 100 units/ml penicillin and 100 pg/ml streptomycin [18]. All
procedures were approved by Gachon University of Medicine and Science Institutional
Animal Care and Use Committee (IACUC).

2.6. Transient transfection and luciferase reporter assay

Raw264.7 cells (4 x 10° cells/ml) were cultured in 24-well culture plates to 80% confluency
for transfection experiments. Cells were transiently co-transfected with pSptlc2-pGL3-Luc

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2012 June 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chang et al.

Page 4

and pcDNAZ3.1 vector containing p65, wild-type c-Jun amino-terminal kinase (JNKy),
dominant-negative INK (JNKgyp,) or 1xBa super-repressor (IkBa SR) (S32A, S36A) [19]
respectively using FUGENE® HD transfection reagent (Roche, Mannheim, Germany)
according to the manufacturer’s instructions. An expression vector for Renilla luciferase,
pTK-RL was used to normalize transfection efficiency. After incubation for 24 h, cells were
washed with PBS once, lysed in cell lysis buffer, and luciferase and Renilla activity were
measured using the Dual-Luciferase Assay System (Promega, Madison, WI) according to
the manufacturer’s instructions.

2.7. RNA isolation and real-time RT-PCR

Total RNAs were isolated from Raw264.7 cells using TRIzol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instruction. First-strand cDNA was synthesized using
the iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Real-time PCR analysis was
performed in AB17300 equipment (Applied Biosystems Inc, Carlsbad, CA) using SYBR
Green Master Mix (Toyobo, Japan). Primers sequences were: sense 5'-GAC GTT GAC
ATC CGT AAA G-3’, and anti-sense 5'-CAG TAA CAG TCC GCC T-3” for B-actin; sense
5-AGT GGT GGG AGA GTC CCT TT-3’, and anti-sense 5'-CAG TGA CCA CAA CCC
TGA TG-3’ for Sptlcl; sense 5'-GGA TAC ATC GGA GGC AAG AA-3’, and anti-sense
5'-ACC TGG TGT TCT CAG CCA AC-3’ for Sptlc2. The PCR condition was 95 °C for 5
min, followed by 40 cycles of 95 °C for 15 s, 60 °C for 15 s and 72 °C for 45 s, and finally
extension at 72 °C for 10 min. Expression of genes were expressed as ratio normalized to -
actin.

2.8. Western blot analysis

Whole cell proteins were prepared by using cell lysis buffer containing 20 mM Tris (pH
7.4), 5 mM EDTA (pH 8.0), 10 mM NayP,07, 100 mM NaF, 2 mM NagVOy, 1% NP-40, 1
mM PMSF and protease inhibitors. Thirty micrograms of protein were loaded on 10 % SDS-
acrylamide gel by electrophoresis and transferred to PVDF membrane. The blots were
blocked with 5% nonfat dried milk in phosphate-buffered saline (PBS) with 0.1% Tween 20
(PBST) and incubated with primary antibodies against Sptlc2 (Abcam, Cambridge, MA), B-
actin, JNK, phospho-JNK (Cell Signaling Technology, Danvers, MA), acid SMase (Abcam,
Cambridge, MA) or neutral SMase (Santa Cruz Biotechnology, Santa Cruz, CA). After
incubation with horseradish peroxidase (HRP)-conjugated Goat anti-Rabbit IgG or Goat
anti-Mouse 1gG & IgM (Milipore, Bilerica, CA), blots were developed with the enhanced
chemiluminescent substrate (Millipore, Bilerica, CA) and detected by a LAS4000
luminescent image analyzer (Fujifilm, Japan).

2.9. Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed according to the manufacturer’s protocol (Millipore, Billerica,
MA). Raw264.7 cells were cultured in 10-cm dishes until full confluence. After treatment
with or without LPS at 1 pg/ml for 1 h, the DNA-chromatin of cells were cross-linked by
the addition of 280 .l of 37% formaldehyde to 10 ml of culture medium for 10 min at room
temperature and stopped with glycine buffer. After washed twice with cold PBS, cell pellets
were harvested with 1 ml of SDS lysis buffer containing protease inhibitors. The cross-
linked protein/DNA was sheared by sonication on ice and then immunoprecipitated with
anti-p65 antibody or control IgG. The immune complexes were eluted, reverse cross-linked
using 5 M NaCl, and purified by phenol/chloroform extraction. Ethanol-precipitated DNA
pellets were redissolved in the ChIP Dilution Buffer. The supernatant of an
immunoprecipitation reaction carried out in the absence of antibody was purified and diluted
1:200 as total input DNA control. PCR was carried out on 1 pl of each sample using sense
and anti-sense primers against the promoter of interest. PCR products were analyzed on 2 %
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agarose gels and images were analyzed with a LAS4000 luminescent image analyzer
(Fujifilm, Japan).

2.10. Sphingolipid analysis by LC/MS/MS

For quantification of sphingolipids in macrophage, Raw264.7 cells were seeded at a 1 x 10°
and incubated at 37 °C for 24 hrs. After LPS treatment or pcDNA3.1-p65 transfection, cells
were harvested and lysed using lysis buffer. Known amount of C17:0 -ceramide were added
to the cell extracts containing 1 mg of proteins and sphingolipids were extracted with
addition of chloroform/methanol (2:1, v/v) containing 0.01% butylated hydroxytoluene.
Phospholipids are saponified by adding KOH at 37°C for 2 h. Extracts were neutralized by
adding acetic acid and organic phase were separated and dried under N,. Ceramides (C14:0,
C16:0, C18:0, C18:1, C20:0, C24:0, C24:1), sphingosine, and SM (C16:0, C18:0, C18:1)
were separated by HPLC with C18 column (XTerra C18, 3.5 um, 2.1 * 50 mm) and ionized
in positive electrospray ionization mode as described by Yoo et al [20]. [M+]/product ions
from corresponding sphingolipid metabolites were monitored for multiple reaction
monitoring (MRM) quantification by a bench-top tandem mass spectrometer, API 4000 Q-
trap (Applied biosystem, Framingham, MA), interfaced with a electrospray ionization
source.

2.11. Statistical analysis

All results are expressed as means + SEM of at least three experiments with similar results.
Data were analyzed by using Student’s t-test and p<0.05 was considered significant.

3. RESULTS

3.1. LPSincreases SPT activity and expression of Sptlc2 is upregulated

To determine whether endotoxin regulates SPT activity in macrophages, Raw264.7 cells
were incubated with 1 pg/ml LPS at various times and SPT activity was measured.
Incorporation of [14C]-serine into ketodihydrosphingosine (KDS) was increased by 3 folds
at 8 hr (Figure 1).

SPT is composed of two major subunits, Sptcll and Sptlc2. We measured expression of
Sptlcl and Sptlc2 mRNA after LPS treatment in Raw264.7 cells to examine whether
activation of SPT by LPS is due to transcriptional upregulation in macrophage. Cells were
incubated with various concentrations of LPS for 8 hrs or incubated with 1 pg/ml for
various times and Sptlcl and Sptlc2 mRNA were measured by RT-PCR. Sptlc2 expression
was upregulated in response to LPS in a time- and dose-dependent manner (Figure 2A, B).
In contrast to Sptlc2, expression of Sptlcl was not altered by LPS (Figure 2A, B).
Expression of Sptlc2 protein was also elevated in Raw264.7 macrophages and mouse
peritoneal macrophages by LPS in a time-dependent manner (Figures 2C, D). Interestingly,
Sptlc2 protein from peritoneal macrophage showed two bands, which were not observed in
Raw264.7 cells and implied possible post-translational modification of Sptlc2. These results
confirm that activation of SPT by LPS is due to transcriptional upregulation of Sptlc2, but
not Sptlcl.

Consistent with LPS-mediated upregulation of Sptlc2, cellular levels of ceramides and SM
were elevated by 2 folds (Figure 2E, F). Among individual species of ceramides, C16:0,
C18:0 and C24:0 ceramide species were elevated by LPS treatment (Table 1). Sphingosine
and measured SM species were elevated. Thus, the inflammatory response of macrophages
includes changes in sphingolipid metabolism including SPT activation and elevation of
cellular ceramides and SM.
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3.2. Suppression of Sptlc2 lowers SM levels

Cellular ceramides are generated by de novo synthesis via SPT as a well as SMase
pathways. To determine whether the blockage of de novo sphingolipid biosynthesis
abrogates LPS-induced effects on cellular ceramide and SM, we suppressed Sptlc2
expression by Sptlc2-specifc sSiRNA (Figure 3A). Despite Sptlc2-siRNA lowered cellular
ceramides, suppression of Sptlc2 did not alter elevated cellular ceramide by LPS (Figure 3B,
Table 2). Instead, SM levels in Sptlc2-siRNA transfected cells were significantly diminished
when compared with LPS-treated cells (Figure 3C, Table 2).

Decreased SM levels and no change in ceramides by siRNA plus LPS imply that SMase
pathway is associated with ceramide production when de novo ceramide synthesis is
inhibited. To determine whether SMase contributes to LPS-induced elevation of ceramide,
the activities of acid SMase and neutral SMase proteins were measured after LPS
incubation. We found that acid SMase activity was elevated by 2 folds with no change in
neutral SMase (Figure 4A). Inhibition of acid SMase by despiramine and LPS treatment
elevated total ceramides (Table 1, Figure 4B) and SM (Table 1, Figure 4C) which is
comparable to those of LPS-treated cells. The fact that despiramine did not alter
sphingolipid profile suggests that de novo ceramide biosynthesis is the major pathway in
response to endotoxin-mediated inflammation. Thus, acid SMase contributes to LPS-
induced elevation of cellular ceramides as a compensatory mechanism for de novo ceramide
synthesis.

3.3. NFkB inhibitor attenuates LPS-induced Sptlc2 expression

Endotoxin-mediated inflammation activates complex signaling pathways involved in
cytokine production and defense mechanisms. To gain further insight into regulation of SPT
by inflammation, we inhibited major inflammatory signaling intermediates
pharmacologically. Raw264.7 cells were pre-treated with SN50, an inhibitor of NFxB.
Then, the cells were treated with LPS and Sptlc2 expression was measured by RT-PCR.
Inhibition of NFxB by SN50 suppressed LPS-mediated Sptlc2 upregulation (Figure 5A). In
contrast, treatment of SB203580 (an inhibitor of p38 MAP kinase), PD98059 (an inhibitor of
MEK1 and ERK1/2 pathway), or SP600125 (an inhibitor of JNK kinase) did not suppress
LPS-induced upregulation of Sptlc2 (Figure 5B). These results indicate that NFxB — but not
p38, ERK and JNK MAP kinase - pathway regulate Sptlc2 expression in response to
inflammation.

A luciferase reporter containing the promoter of Sptlc2 (-2049~-54) (pSptlc2 luc reporter)
was constructed to elucidate the mechanism of Sptlc2 regulation by NFxB and transiently
transfected into Raw264.7 cells. Co-transfection of pSptlc2-luc reporter with pcDNA3.1-p65
DNA, a component of NFxB, increased Sptlc2 promoter activity by 8-fold compared to the
control transfected with empty vector, pcDNA3.1 (Figure 5C). In contrast, co-transfection of
WT INK (JNK) and dominant negative JNK (JNKy,) DNA did not affect Sptlc2
expression. While Sptlc2 promoter activity increased markedly in LPS-treated cells, co-
transfection of 1xBa SR (S32A, S36A) prevented LPS-induced elevation of Sptlc2 promoter
activity (Figure 5D). Consistently Sptlc2 proteins were increased when cells were
transfected with pcDNA3.1-p65 (Figure 5E, F). Sphingolipid profile of pcDNA3.1- p65-
transfected cells demonstrated that C16:0, C24:0 and C24:1 ceramide were increased and
sphingosine and SM levels were not altered (Table 3). Thus, NFxB is responsible for
induction of Sptlc2 expression and elevation of ceramides in Raw264.7 cells.

3.4. NFKB subunit p65 binds to the promoter of Sptic2

Sptlc2 promoter (-2113~-49) was truncated to different sizes and then incorporated into
pGL3 in order to identify the possible binding location for NFxB subunit p65. After co-
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transfection of pSptlc2-luc reporter and p65 for 24 h, the luciferase activity in Raw264.7
cells was measured. We found that truncated promoter of Sptic2 from -2049 to -849 showed
high luciferase activity by p65. The promoter region from -649 to -449 had a moderate
effect, significantly lower than that of full size promoter. The promoter containing between
-300 and -150 showed the lowest effect, close to that of empty pGL3 vector (Figure 6A).
After treatment with or without LPS for 8 h, the protein/DNA complex was fragmented and
immunoprecipitated by anti-p65 antibody. The primers specific for detection of Sptlc2
promoter -449~-250 and -849~-650 were designed and PCR was performed using the
immunoprecipitated fragments as template. As shown in Figure 6B, the gene sequence of
both Sptlc2 promoter -449~-250 and -849~-650 were detected in the chromatin DNA
fragments immunoprecipitated by anti-p65 antibody after LPS treatment. Therefore there are
at least two distinct binding sites for NFxB in the Sptlc2 promoter which is involved in up-
regulation of Sptlc2 gene expression under LPS stimulation.

4. DISCUSSION

Sphingolipids play important roles in cell biology [21]. Imbalanced sphingolipid metabolism
leads to development of neurological dysfunction [22, 23], and is associated with other
generalized metabolic diseases such as diabetes and CAD [3, 4, 6, 24]. To determine
whether inflammatory response is closely associated with regulation of sphingolipid
biosynthesis, we investigated regulation of sphingolipid biosynthesis by endotoxin in
macrophages. In this study, we demonstrated the following: 1) Inflammatory response
elicited by LPS increases SPT activity via upregulation of Sptlc2 in macrophages, 2) acid
SMase is involved in LPS-induced ceramide increase, 3) upregulation of Sptlc2 by LPS is
caused by the NFxB pathway not by other MAP kinase pathways. 4) NFxB-specific
response elements exist in the promoter region of Sptic2.

De novo biosynthesis of sphingolipids starts with condensation of serine and palmitoyl CoA
to produce 3-ketosphinganine by SPT enzyme. SPT is composed of two subunits, Sptlc1 and
Sptlc2 [8]. These subunits are assumed to form a heterodimer [8]. Recently, a third SPT
subunit, Sptlc3 has been reported [10]. While overexpression of Sptlcl in HEK293 cells had
no effect on SPT activity, Sptlc2- or Sptlc3-overexpressing cells showed increased SPT
activity by 2- to 3-fold [10]. Sptlc1 must not be rate limiting in the regulation of SPT; it is
likely to be produced in excess and act as an anchor for other SPT subunit in the
endoplasmic reticulum [10]. Possibly when the other subunits are expressed at greater
levels, they have a readily available partner. Therefore, the stoichiometry of Spticl vs.
Sptlc2 and identification of other possible binding partners regulating SPT activity deserve
further study.

Sptlc2 has 68% homology with Sptlc3 and it is speculated that Sptlc3 is an isoform of
Sptlc2, each binding to Sptlcl independently. Depending on the tissue distribution and the
balance of Sptlc2 and Sptlc3 could be a cellular mechanism to regulate sphingolipid pools.
In this study, we detected Sptlc3 expression at very low levels in Raw264.7 macrophage
(data not shown) and focused on Sptlcl and Sptlc2. Although various physical and
biochemical agents upregulate Sptlc2 mRNA, such as ultraviolet irradiation [25, 26],
inflammatory cytokines [14, 15] and endotoxin [14, 15], relatively little is known about the
regulatory mechanism of SPT in de novo sphingolipid biosynthesis in macrophages.

The response to infection and inflammation is associated with hepatic synthesis of acute-
phase inflammatory proteins [27]. Administration of LPS, a component of the gram-negative
bacterial cell wall, increased hepatic SPT activity and de novo sphingolipid biosynthesis
resulting in lipoproteins enriched in ceramide and SM [14]. Additionally, ceramide and
glucosylceramide (GlcCer) are accumulated in kidney and spleen when SPT and GlcCer
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synthase are upregulated [15]. In response to infection, macrophages are major
inflammatory cells with an ability to produce inflammatory cytokines, such as TNFa, IL-1p,
and IL-6. Moreover, these cells are active participants in phagocytosis of microbes and
damaged tissues. Our results demonstrated that LPS-induced SPT activation is occurring in
macrophages. As a result, elevated levels of cellular ceramide and SM were found. Sptlc2,
but not Sptlc1 was upregulated by endotoxin. These data confirm that Sptlc2 is the major
limiting subunit responsible for catalytic function of SPT [10].

Although activation of macrophages is associated with greater ceramide levels, the pathways
responsible for this are not well defined. While SPT is responsible for de novo synthesis of
ceramide, SMase produces ceramide from SM supplied from plasma lipoproteins or
endogenous sources. Treatment with LPS or cytokines such as IL1 and TNFa activates
serum acid SMase in WT mice [28]. In addition, TNFa-mediated activation of lysosomal
acid SMase increased cellular ceramide. Subsequently, elevated levels of ceramide activate
NF«xB producing inflammatory cytokines in HL-60 leukemia cells and THP-1 macrophages
[16, 29]. This vicious cycle accelerates the systemic inflammatory response by producing
more cytokines and it implies that ceramide acts as a signaling molecule in inflammation.
Our results demonstrated that LPS-induced elevation of ceramide did not involve neutral
SMase in Raw264.7 cells. Instead, the activity of acid SMase was elevated by LPS. Thus,
ceramide production in response to LPS was caused by activation of SPT and acid SMase.
While suppression of Sptlc2 by siRNA decreased cellular ceramides but not SM, LPS
elevated cellular ceramides and diminished SM significantly in Sptlc2-siRNA transfected
cells. This observation implies that generated ceramides were produced from SM by action
of acid SMase when de novo synthesis was suppressed. In contrast, despiramine, an
inhibitor of acid SMase, in the presence of LPS elevated ceramide and SM probably due to
less contribution of acid SMase to ceramide production. These results indicate that LPS-
induced activation of de novo sphingolipid biosynthesis contributes to elevation of
ceramides and acid SMase is a compensatory substitute to maintain basal ceramide levels.

Endotoxin-mediated inflammation activates various mitogen-activated protein kinase
(MAPKS). Activated MAPKSs such as ERK, JNK and p38 subsequently phosphorylate
transcription factors for production of cytokines and inflammatory proteins [30]. We found
that pharmacological inhibition of ERK, JNK and p38 pathways did not suppress LPS-
induced upregulation of Sptlc2. Instead, inhibition of NFxB prevented LPS-induced
upregulation of Sptlc2. Overxpression of p65, an active subunit of NFxB, upregulated
Sptlc2 and the blockage of NFxB pathway by IxBa prevented Sptlc2 upregulation (Figure
5). However, the overexpression of JNK and dominant negative mutant JNK did not affect
Sptlc2 expression in macrophages (Figure 5C). Despite it has been reported that elevation of
ceramide activates INK in myocytes [31-33], activated JNK did not affect ceramide
biosynthesis in macrophages.

We demonstrated that NFxB regulates Sptlc2 transcription by direct binding to the Sptic2
promoter. NFxB binding sites are located in the promoter regions of Sptic2 (-449~-300 and
-845~-649). Sequence analysis of Sptlc2 promoter found three consecutive putative NFxB
response elements (NKRE) in - 725~-686 region
(GGAAAGTCTTCAAAGGAAATTGCCCTAGGAAAACCCGG). However, we could
not find any putative NKRE in the region of -449~-300. Sptlc2 promoter has been
characterized previously by Linn ef al. regarding the proximal 335 bp initiator and several
downstream promoter elements [34]. Thus, endotoxin activates NFxB [29], which then
activates de novo sphingolipid biosynthesis by upregulation of Sptlc2 in macrophages.

In conclusion, this study shows that SPT is activated by inflammatory response via
upregulation of Sptlc2, a subunit of SPT. Elevated ceramide levels are due to endotoxin-
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mediated activation of de novo biosynthesis and acid SMase. Among the inflammatory
signaling pathways, NFxB is involved in endotoxin-mediated Sptlc2 upregulation by
binding to the specific regions of Sptlc2 promoter. Thus, NFxB is a major transcription
factor regulating de novo sphingolipid biosynthesis in macrophages.
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Abbreviations

LPS lipopolysaccharide

SPT Serine palmitoyltransferase

NFxB nuclear factor kappa B

ChiP chromatin immunoprecipitation

SM sphingomyelin

SMase sphingomyelinase

CAD coronary artery disease

JNK c-Jun amino-terminal kinase

dn dominant negative

SR super-repressor

ERK extracellular-signal-related kinase

MAPK Mitogen-activated protein kinase
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Figure 1.

Activation of serine palmitoyltransferase (SPT) by LPS in Raw264.7 cells. Raw264.7
macrophage cells were incubated with 1 pg/ml LPS at various times. SPT activity of
microsomal fraction (100 g protein) was measured by using [14C]-serine and palmitoyl
CoA as substrates. Lipid fractions were extracted and analyzed by TLC followed by
autoradiography (A). The bands indicate ketodihydrosphingosine (KDS). The radioactivity
of lipid fractions was measured by scintillation counter (B). n=3, mean + SEM, *p<0.05 vs.
control. Results are representative of two independent experiments.
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Page 14

Upregulation of Sptlc2 expression and altered sphingolipid profile by LPS. Raw264.7
macrophage cells were incubated with various concentrations of LPS for 8 hrs (A) and
various incubation times with 1 pg/ml LPS (B). mRNA was isolated and expression of
Sptlcl and Sptlc2 were measured by real-time PCR. Raw264.7 cells were incubated with 1
pg/ml LPS for 8 hrs and the cell extracts were analyzed by SDS-PAGE followed by
immunoblotting with anti-Sptlc2 antibody (C). Primary peritoneal macrophages were
isolated from C57BI6/J wild-type mice and incubated with 1 jg/ml LPS for 8 hrs (D).
Sphingolipids were extracted from Raw264.7 cells incubated with LPS for 8 hrs and
analyzed by LC/MS/MS as described in Materials and Methods. Total ceramides (E) and
SM (F) were quantified. n =3, Page 37 of 42 mean £ SEM, *p<0.05 vs. control. Results are
respresentative of three independent experiments.
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Figure 3.

Suppression of Sptlc2 expression by Sptlc2 siRNA and altered sphingolipid profile.
Raw264.7 cells were transfected with Sptlc2-siRNA for 72 hrs and Sptlc2 proteins were
immunoblotted with Sptlc2-antibody (A). Cells transfected with the control siRNA
(siControl) and Sptlc2-siRNA (siSptlc2) were incubated with LPS for 8 hrs. Sphingolipids
were extracted and analyzed by LC/MS/MS as described in Materials and Methods. Total
ceramides (B) and SM (C) were quantified. n=3, mean £ SEM, *p<0.05 vs. control. §
p<0.05 vs. LPS. Results are representative of three independent experiments.
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Figure4.

Activation of acid SMase by LPS. Raw264.7 cells were incubated with LPS at various
times. LPS-treated cells were extracted and acid and neutral SMase activities were measured
using [14C]-SM as substrates (A). Cells were incubated with LPS and desipramine (desip)
for 8 hrs. Sphingolipids were extracted and analyzed by LC/MS/MS as described in
Materials and Methods. Total ceramides (B) and SM (C) were quantified. n =3, mean £
SEM, *p<0.05 vs. control. Results are representative of two independent experiments.
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Figure5.

Involvement of inflammatory response pathways in regulation of Sptlc2 expression by LPS
in Raw264.7 cells. Cells were incubated with 40 and 80 uM SN50 (A) or 10 oM SB203580
(SB), 30 LM PD98059 (PD), 10 M SP600125 (SP) (B) respectively in the presence or
absence of 1 pg/ml LPS for 8 hrs. Expression of Sptlc2 was measured by RT-PCR. pGL3
reporter construct containing Sptlc2 promoter (-2049~-54) was co-transfected with empty
pcDNAZ3.1, p65, wild-type INK (JNKwt) or dominant negative JNK (JNKdn) respectively.
After 24 hrs incubation, the luciferase activity was measured by Dual-Luciferse Reporter
Assay (C). After co-transfection of pcDNA3.1 empty vector or IxBa super-repressor vector
(IxBa SR) with Sptlc2 reporter construct and 8 hrs incubation with 1 wM LPS, the activity
of luciferase was measured (D). Raw264.7 cells were transfected with pcDNA 3.1 empty
vector or pcDNAS3.1-p65 vector and incubated for 24 hrs, Sptlc2 protein level were
determined by immunoblot (E) and quantified by densitometry (F). Expression of Sptlc2
was normalized by B-actin. n=3, mean = SEM, *p<0.05 vs. control, #p<0.05 vs LPS with
pcDNA3.1 empty vector. Results are representative of two independent experiments.
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Figure®6.

Promoter analysis of Sptlc2 by NFxB in Raw264.7 cells. Sptlc2 reporter construct with
various lengths of Sptlc2 promoter were co-transfected with pcDNAZ2.1 empty vector or
pcDNAZ2.1-p65 vector and the luciferase activity was measured (A). Raw264.7 cells were
incubated with 1 pg/ml LPS for 8 hrs and chromatin was immunoprecipitated by anti-p65
antibody. Immunoprecipitaed chromatin DNA was fragmented by sonication to produce
0.2~0.4 kb DNA fragments. PCR was performed to measure the promoter region of
-449~-250 and -845~-650 (B). n=3, mean + SEM. §p<0.05 vs. empty control. #p<0.05 vs.
-849 promoter. *p<0.05 vs. -449 promoter. Results are respresentative of two independent
experiments.
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Table 1
Sphingolipid profile in LPS-treated Raw264.7 cells

Sphingolipids (pmole/mg) Control LPS LPS + Despiramine (20 pM)
C14:0 Cer 101401 11.0+03 11502
C16:0 Cer 713%38  2127+194" 2925+224 9
C18:0 Cer 05+0.1 107+15* 1764177
C18:1 Cer 154£0.1 15.6+0.1 14901
C24:0 Cer 2316+158  4033+326" 351044177
C24:1 Cer 77.9+55 90.3+10.8 98.7+8.0%

o 765+20 87.8+1.1" 6724018
SM 16:0 251671572 48973 + 5033 33131 + 30669
SM18:0 1401£156  2713+380" 2299 + 238"
SM18:1 80250  1544+303% 16354275

pmole/mg protein, Cer, ceramide; SO, sphingosine; SM, sphingomyelin. n=3.

*
p<0.05 vs. Control.

§p<0.05 vs. LPS.
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Table 2

Sphingolipid profile in Raw264.7 cells suppressed by Sptlc2 siRNA

Sphingolipids (pmole/mg) Control Sptlc2 SRNA LPS L PS+ Sptlc2 siRNA
C14:0 Cer 11101 11.1+0.1 11801 11.9+06
C16:0 Cer 158.7£55  1234+57% 209938 303.4+636"
C18:0 Cer 2503 30403 85+05" 124439
C18:1 Cer 16.7£0.1 1774017 16.9+0.2 18.4+0.9
C24:0 Cer 2374£63  2086%96  39194120" 3637+ 898"
C24:1 Cer 1169+12  g774571%  1028%38 101.3£26.3

SO 765£20  1020+16"  1064+26" 1140+116"
SM 16:0 58498 £ 1835 565633599 71495+ 4368% 21114 +84427§
SM 18:0 1515£501 1476726  2108+150.9% 642+ 1855°%
SM18:1 1207425  q975495% 138355 406+ 15.475

pmole/mg protein, Cer, ceramide; SO, sphingosine; SM, sphingomyelin. n=3.

*
p<0.05 vs. Control.

§p<0.05 vs. LPS.
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Table 3
Sphingolipid profile in p65-transfected Raw264.7 cells

Sphingolipids (omole/mg)  Control pcDNA3.1  pcDNA3.1-p65

C14:0 Cer 41+0.1 43+0.1
C16:0 Cer 729+1.2 1047 +567
C18:0 Cer <0 <0
C18:1 Cer 44+0.2 45+03
C24:0 Cer 178.9£135 3914 +368"
C24:1 Cer 68.4 + 3.4 1333+143%
SO 40.3+£2.2 478+3.2
SM 16:0 1526.7 + 254.4 1734.8 +131.9
SM 18:0 152.2 + 30.6 154.6 +10.4
SM18:1 14+12 26+0.6

pmole/mg protein, Cer, ceramide; SO, sphingosine; SM, sphingomyelin. n=3.

*
p<0.05 vs. Control.
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