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The cleavage of sphingoid base phosphates by sphingosine-1-
phosphate (S1P) lyase to produce phosphoethanolamine and a
fatty aldehyde is the final degradative step in the sphingolipid
metabolic pathway. We have studied mice with an inactive S1P
lyase gene and have found that, in addition to the expected
increase of sphingoid base phosphates, other sphingolipids
(including sphingosine, ceramide, and sphingomyelin) were
substantially elevated in the serum and/or liver of these mice.
This latter increase is consistent with a reutilization of the
sphingosine backbone for sphingolipid synthesis due to its
inability to exit the sphingolipid metabolic pathway. Further-
more, the S1P lyase deficiency resulted in changes in the levels of
serum and liver lipids not directly within the sphingolipid path-
way, including phospholipids, triacyglycerol, diacylglycerol,
and cholesterol. Even though lipids in serum and lipid storage
were elevated in liver, adiposity was reduced in the S1P lyase-
deficient mice. Microarray analysis of lipid metabolism genes in
liver showed that the S1P lyase deficiency caused widespread
changes in their expression pattern, with a significant increase
in the expression of PPARY, a master transcriptional regulator
of lipid metabolism. However, the mRNA expression of the
genes encoding the sphingosine kinases and S1P phosphatases,
which directly control the levels of S1P, were not significantly
changed in liver of the S1P lyase-deficient mice. These results
demonstrate that S1P lyase is a key regulator of the levels of
multiple sphingolipid substrates and reveal functional links
between the sphingolipid metabolic pathway and other lipid
metabolic pathways that may be mediated by shared lipid sub-
strates and changes in gene expression programs. The distur-
bance of lipid homeostasis by altered sphingolipid levels may be
relevant to metabolic diseases.

Sphingolipid metabolism generates diverse lipid molecules
that are utilized by cells in multiple ways (Fig. 14) (1, 2). Com-
plex sphingolipids, such as sphingomyelin and glycosphingo-
lipids, are structural components of cell membranes and drive
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the formation of plasma membrane lipid domains by virtue of
their interactions with sterols. Metabolic intermediates,
notably sphingosine, ceramide, and sphingosine-1-phosphate
(S1P),? serve as bioactive molecules by regulating cellular sig-
naling pathways. An additional function of sphingolipid metab-
olism is the synthesis of substrates that are utilized by other
lipid metabolic hubs. However, the functional, regulatory, and
physiological significance of the intersection of sphingolipid
metabolism with other lipid pathways is not well understood.

A decisive step in the sphingolipid metabolic pathway is car-
ried out by S1P lyase, encoded by the Sgp/1 gene (3,4). S1P lyase,
which resides in the endoplasmic reticulum and is widely dis-
tributed in tissues, catalyzes the final degradative step in the
sphingolipid metabolic pathway with the cleavage of phos-
phorylated sphingoid bases to generate phosphoethanolamine
and a fatty aldehyde-hexadecenal or hexadecanal, in the case of
S1P or dihydrosphingosine 1-phosphate (DH-S1P), respec-
tively (Fig. 1A). It is only through the S1P lyase reaction that
sphingolipid substrates are able to irreversibly exit the meta-
bolic pathway. S1P, which is synthesized by sphingosine kinase,
if not degraded by the S1P lyase, may be dephosphorylated by
S1P phosphatase to generate sphingosine that is reutilized in
sphingolipid metabolism through a recycling or salvage path-
way (5). Alternatively, S1P can be exported out of the cell, where
it is then available for interactions with cell surface receptors
(6).

Here we study the lipid metabolism changes that occur in
mice as a consequence of the disruption of the SgplI gene, and
the resulting block of sphingolipid catabolism. We find that S1P
and other sphingolipid species are elevated in the serum and
liver of Sgpl1 '~ mice consistent with a diversion of the sphin-
goid bases into the recycling pathway. Marked changes were
also found in levels of nonsphingolipid metabolites, including
serum and liver triglycerides, cholesterol, and phospholipids, in
S1P lyase-deficient mice. Interestingly, the Sgpll '~ mice dis-
played increased lipid levels in serum and storage of lipid in
liver, while having abnormally reduced amounts of adipose tis-

3 The abbreviations used are: S1P, sphingosine 1-phosphate; DH-S1P, dihy-
drosphingosine 1-phosphate; MOPS, 4-morpholinepropanesulfonic acid;
DTT, dithiothreitol; LC-MS, high performance liquid chromatography-tan-
dem mass spectrometry; TAG, triacylglycerol; DAG, diacylglycerol; FPLC,
fast protein liquid chromatography; VLDL, very low density lipoprotein;
LDL, low density lipoprotein; HDL, high density lipoprotein; DH-Sph, dihy-
drosphingosine; GO, gene ontology; PPAR, peroxisome proliferator-acti-
vated receptor; CerS, ceramide synthase.
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sue. Microarray analysis of liver mRNA revealed global changes
in the expression pattern of lipid metabolism genes in Sgpll '~
mice compared with Sgpl1™'" mice. These results demonstrate
that S1P lyase expression is a key regulator of sphingolipid lev-
els, and reveals an important influence of the sphingolipid met-
abolic pathway on lipid homeostasis in general. This influence
may be important in pathologic conditions with altered sphin-
golipid metabolite levels, such as diabetes and atherosclerosis.

EXPERIMENTAL PROCEDURES

Mice—The Sgpll~’~ mice were derived by gene trap muta-
genesis (7) and were generously provided by Philip Soriano,
Mount Sinai School of Medicine, New York. The mice, on a
mixed C57BL6/129sv background, were maintained by het-
erozygous matings, with pups genotyped at about 15 days after
birth and used for experiments at about 18 days after birth,
prior to normal weaning age because of their shortened life
span. Littermate Sgp/1*'" (wild-type) and Sgpl1*/~ mice were
used as controls. The mice were genotyped by multiplex PCR
of tail snip DNA using three primers: 5'-CGCTCAGAAG-
GCTCTGAGTCATGG-3', 5'"CATCAAGGAAACCCTGGA-
CTACTG3’, and 5'-CCAAGTGTACCTGCTAAGTTCCAG-
3'. The following conditions were used: denaturation, 94 °C for
5 min; amplification, 94 °C for 1 min, 58 °C for 1 min, 72 °C for
1 min (40 cycles); extension, 72 °C for 1 min. The wild-type
Sgpll gene fragment is ~300 bp in length, and the mutant Sgp/1
gene fragment is ~600 bp in length. Body composition of newly
weaned mice was measured using the EchoMRI 3-in-1"™ (Echo
Medical Systems).

RT-gPCR—Total RNA was isolated from mouse tissues
with TRIzol (Invitrogen). Total RNA (1 ng) was first digested
with DNase I and subsequently reverse-transcribed with the
SuperScript First-Strand Synthesis System for RT-qPCR (Invitro-
gen) by following the manufacturer’s instructions. Taqgman prim-
er-probe sets for Sgpl1 (mm00486079_m1), Pparg (mm00440945_
ml), Ppara (mm00440939_m1), Sptlcl (mm00447343_ml),
Sptlc2 (mmO00448871_m1), Sphkl (mmO00448841_gl), Sphk2
(mm00445020_m1), Sgppl (mmO00473016_ml), Sgpp2
(mmO01158866_m1, and Gapdh (mm99999915_gl; reference
gene) were purchased from Applied Biosystems. Each PCR
cycle consisted of 30 s of denaturation at 94 °C, 30 s of annealing
at 55 °C, and 2 min of extension at 72 °C.

SI1P Lyase Enzyme Assay—Tissues were homogenized in
extraction buffer (5 mm MOPS, pH 7.5, 0.25 M sucrose, 1 mm
EDTA, 1 mm DTT, and protease inhibitor mixture (Sigma)).
After centrifugation at 1000 X g for 10 min, supernatants were
transferred to new tubes, and protein was determined by the
Bradford method using the Bio-Rad Protein Assay (Bio-Rad).
Enzyme activity reactions contained 50 ug of protein and were
carried out at 37 °C for 60 min in 200 ul of reaction buffer (100
mM potassium phosphate buffer, 25 mm NaF, 1 mm EDTA, 1
mm DTT, 5 mm pyridoxal 5'-phosphate, 0.1% Triton X-100,
with 40 um DH-S1P (containing 0.5 uCi of radioactive [*H]DH-
S1P). Reactions were stopped by adding 0.2 ml of 1% HCIO,,
followed by 1.5 ml of chloroform/methanol (1/2, v/v). Phase
separation was induced by adding 0.5 ml of chloroform and
0.5 ml of 1% HCIO,.. Samples were vortexed and centrifuged,
then the lower phase was washed with 1 ml 1% HCIO,/meth-
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anol (8/2, v/v). An aliquot of the organic phase was dried
down under nitrogen gas, dissolved in chloroform/methanol
(8/2, v/v) containing 5 mm palmitic acid and hexadecanol or
hexadecanal as carriers, and spotted onto a TLC plate. Plates
were developed in chloroform/methanol/acetic acid (50:50:1,
v/v), and radioactive bands were detected with a Fuji
phosphorimager.

Western Blot Analysis—Tissues were homogenized in ex-
traction buffer (5 mm MOPS, pH 7.5, 0.25 M sucrose, 1 mMm
EDTA, 1 mMm DTT, 1% Triton X-100, and protease inhibitor
mixture (Sigma)). Samples were centrifuged at 13,000 X g for 10
min, and the supernatants transferred to new tubes. Protein
was determined by the Bradford method using the Bio-Rad pro-
tein assay. Samples (30 ug of protein) were subjected to SDS-
PAGE (4-20% gradient) and subsequently transferred to a
nylon membrane. The blots were blocked and incubated with
an affinity-purified polyclonal rabbit anti-mouse S1P lyase anti-
body (generated by injecting rabbits with the C-terminal pep-
tide: 551-TTDPVTQGNQMNGSPKPR-568; Bethyl Laborato-
ries, Montgomery, TX) or with a monoclonal anti-B-actin
antibody (Sigma-Aldrich) for loading control.

Lipid Analysis—Sphingolipids in serum and liver homoge-
nates were measured by high-performance liquid chromatog-
raphy-tandem mass spectrometry (LC-MS) by the Lipidomics
Core at the Medical University of South Carolina on a Thermo
Finnigan (Waltham, MA) TSQ 7000 triple quadrupole mass
spectrometer, operating in a multiple reaction monitoring-pos-
itive ionization mode as described (8).

Lipid profile analyses (performed by Lipomics Technologies,
West Sacramento, CA) were used to quantify levels of glycero-
phospholipids, cholesterol (free and esterified), triacylglycerol
(TAG), diacylglycerol (DAG), and fatty acids in liver extracts.
Briefly, the technique used involves extraction of tissue lipids
with authentic internal standards added by the method de-
scribed previously (9), using chloroform-methanol (2:1, v/v).
Individual lipid classes within each extract were separated by
liquid chromatography (Agilent Technologies model 1100
Series). Each lipid class was trans-esterified in 1% sulfuric acid
in methanol in a sealed vial under nitrogen at 100 °C for 45 min.
The resulting fatty acid methyl esters were prepared for gas
chromatography by sealing the hexane extracts under nitrogen.
Fatty acid methyl esters were extracted from the mixture with
hexane containing 0.05% butylated hydroxyltoluene and pre-
pared for gas chromatography by sealing the hexane extracts
under nitrogen. Fatty acid methyl esters were separated and
quantified by capillary gas chromatography (Agilent Technol-
ogies model 6890) with a 30-m DB-88MS capillary column
(Agilent Technologies) and flame ionization detector.

Serum lipoproteins were resolved by fast protein liquid chro-
matography (FPLC) on a Superose-6 column. Samples were
analyzed enzymatically for total cholesterol, free cholesterol,
triglycerides (Roche Diagnostics, Indianapolis, IN), and phos-
pholipids (Wako Chemicals, Richmond, VA) on a ChemWell
analyzer (Awareness Technologies, Palm City, FL).

Histology—Sections from paraffin embedded liver fixed with
10% formaldehyde were stained with hematoxylin and eosin
(H&E). For Oil red O staining, frozen sections of liver were fixed
in 4% formaldehyde for 1 h at room temperature, rinsed with
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water, and then stained with Oil red O solution for 30 min at
room temperature. After the sections were washed, they were
examined on a Leica DMLB microscope. For electron micros-
copy, liver tissue was fixed with 1% glutaraldehyde/4%
paraformaldehyde at 4 °C for 24 h, postfixed with 1% osmium
tetrahydroxide, and processed for embedding in plastic resin.
Ultrathin sections were cut, stained with uranyl acetate and
lead citrate, and examined with an electron microscope (Philips
EM 410). For LAMP-2 immunostaining (10), de-paraffinized
sections of fixed liver were immunostained with rat anti-
LAMP-2 (sc-19991) and the rat ABC staining system (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA).

Microarray Analysis—RNA from Sgpl1™'" and Sgpl1~'~ liv-
ers was isolated using TRIzol. Total RNA was further purified
on an RNAeasy column (Qiagen) and the RNA quality was
checked on an Agilent Bioanalyzer (Agilent Technologies).
Target labeling and hybridization to GeneChips were carried
out in the NIDDK Microarray Core facility using the GeneChip
Mouse Genome 430 2.0 Array purchased from Affymetrix. A
total of six samples were used for the two experimental condi-
tions (Sgpl1~'~ versus Sgpl1*'™"), with three replications. The
microarray signals were analyzed using the Affymetrix RMA
algorithm. Genes with a significant difference in expression
between Sgpl1™’" and Sgpll '~ mice were selected based on p
values of <0.05 as assessed by ANOVA results using Partek Pro
software (Partek, St. Charles, MO). To identify genes in the lipid
metabolism pathway, the Metacore pathway analysis web tool
was used. To generate the heat map, the probe ids for the genes
in the lipid metabolism pathway were extracted and the signal
values of each probe set id were plotted by the commercial
software GeneSpring7.2. When there was more than one probe
set per gene, data for the significantly different probe ids were
used. In the cases where none of the probe ids for a particular
gene were significantly different, only one probe set id was used
per gene. Probes that had raw signals of less than 100 in all
samples were excluded. The National Center for Biotechnology
Information Gene Expression Omnibus (GEO) accession num-
ber for the microarray data is GSE18745.

Statistical Analysis—p values of < 0.05 were considered sta-
tistically significant.

RESULTS

Sgpll Deficiency Elevates Sphingolipids and Other Lipids in
the Serum—The Sgpl1 homozygous gene trap (SgplI~'~) mice
(7) died within the first weeks after weaning, and had signifi-
cantly smaller body size than their wild-type (Sgpl1™*'") litter-
mates at about 18 days of age (Fig. 1B8). RT-qPCR demonstrated
that SgplI mRNA was greatly reduced in the tissues of Sgpll '~
mice compared with those of Sgpl1 /" mice (Fig. 1C). Western
blot analysis of tissues from Sgpll™’" and Sgpll '~ mice
showed a lack of S1P lyase protein expression in the Sgpl1~/~
mice (Fig. 1D). Finally, S1P lyase enzyme activity was found to
be highly deficient in the liver, spleen, and thymus of the
Sgpll~'~ mice (Fig. 1E). These results indicate that the gene
trap insertion resulted in a null Sgp/l allele. Because most
Sgpll~'~ mice did not usually live beyond a few weeks, we con-
centrated our studies on mice obtained prior to weaning.
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In the serum of Sgpl1 '~ mice, LC-MS measurements dem-
onstrated that S1P levels were elevated ~4-fold over that in
Sgpl1™*’* serum samples, but without increases in DH-S1P or
sphingosine (Fig. 24). Total ceramide levels were elevated
~2.5-fold in Sgpll '~ mice over levels in SgplI*’* mice, with
most of the individual ceramide chain species with different
length fatty acid chains significantly increased (Fig. 2C). Total
sphingomyelin levels were slightly but significantly elevated in
the serum of the Sgpll~'~ mice compared with levels in
Sgpl1™'* mice (Fig. 2B). The sphingomyelin species showing
statistically significant increases contained C18:1, C20:1, C22:1,
or C24:1 fatty acid chains (Fig. 2D).

Total cholesterol, free cholesterol, cholesterol esters, and
phospholipids were all markedly elevated in the serum of
Sgpl1~'~ mice compared with that of Sgpl1™"'" mice (Fig. 34).
The average TAG level was increased in the serum of the
Sgpll~'~ mice compared with that of SgplI™’" mice but was
variable among individual mice and did not reach the level of
statistical significance. However, size separation of the serum
revealed highly increased levels of TAG associated with the very
low density lipoprotein (VLDL) fraction in the Sgpl1 '~ mice
relative to the SgplI*’* mice (Fig. 3B). Additionally, low den-
sity lipoprotein (LDL), and high density lipoprotein (HDL) cho-
lesterol along with the phospholipid content of HDL was sub-
stantially increased in the Sgpll~’~ mice compared with the
Sgpl1™*'* mice (Fig. 3B).

Sgpl1 Deficiency Elevates Multiple Sphingolipids in the Liver—
Because liver is a major site of lipid metabolism, we determined
sphingolipid levels in the liver of Sgpl1~/~ and SgplI™*’" mice.
S1P levels were increased 472-fold, sphingosine levels 42-fold,
and ceramide levels 2-fold (Fig. 44) in the Sgpl1 '~ livers com-
pared with Sgpl1*'™ livers. Dihydrosphingosine (DH-Sph) and
DH-S1P, which were present at low, or in the case of the latter,
undetectable concentrations in the liver of Sgp/I™/* mice, were
also significantly elevated in the liver of Sgpl1 '~ mice. DH-Sph
levels were increased more than 10-fold (from 20.8 *= 3.0
pmol/mg protein in the liver Sgp/I*’" mice to 260 + 73
pmol/mg protein) in the liver of Sgpll '~ mice. DH-S1P con-
centrations in the Sgpl1 /" liver were below the detection limit,
and in Sgpl1~'" liver rose to 1 pmol/mg protein.

The levels of ceramide species with shorter fatty acids chains,
C14, C16, C18, or C18:1, were increased 9-, 13-, 7- and 16-fold,
respectively, in the liver of Sgp/I ™/~ mice compared with those
in the liver of Sgpl1™’" mice, whereas the levels of ceramide
subspecies with longer fatty acid chains were not significantly
different in Sgpl1™'" and Sgpl1~'~ liver (Fig. 4C).

Total sphingomyelin levels were also increased in the liver of
Sgpll '~ mice compared with those in the liver of Sgpll™*’"
mice (Fig. 4B). Measurements of the subspecies of sphingomy-
elin revealed a pattern of fatty acid chain lengths generally sim-
ilar to what was seen for the ceramide profile, with significant
elevations of sphingomyelin species with relatively shorter fatty
acid chains (Fig. 4D).

Sgpll Deficiency Produces Major Alterations in Levels of
Other Lipid Classes—Because sphingolipid metabolism is
interconnected with the metabolic pathways of other lipids
(Fig. 1A), we performed lipidomic profiling on liver from the
Sgpll~'~ and SgplI™*’" mice to identify levels of other lipid
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FIGURE 1. Gene trap disruption of the Sgp/71 gene causes S1P lyase deficiency. A, sphingolipid metabolic pathway and linkage to triacylglycerol and
phosphatidylethanolamine synthesis. B, appearance and life span of Sgp/1~/~, Sgpl1™/~,and Sgp!1*’* mice. C, RT-qPCR of Sgp/7 mRNA using RNA of various
tissues from Sgpl1~'~ (gray bars) and Sgpl1*/* (open bars) mice. Gapdh was used as a reference gene for normalization. S/, small intestine. Data represent mean
values + S.E. D, top panel: Western blot of S1P lyase protein in various tissues from Sgp/1~/~ and Sgp/1™/* mice. Bottom panel, same blot probed with antibody
to B-actin as a loading control. £, S1P lyase enzyme activity in extracts of various tissues from Sgpl71~/~ (gray bars) and Sgp!1*’* (open bars) mice. Data represent
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FIGURE 2. Sphingolipid levels are elevated in serum of Sgp/1~/~ mice.
Sphingolipid levels were determined in serum of Sgp!/1~/~ (gray bars) and
Sgpl1™'* (open bars) mice by LC-MS. A, total ceramide (Cer), sphingosine
(Sph). B, total sphingomyelin (SM). C, individual ceramide fatty acid chain spe-
cies. D, individual sphingomyelin fatty acid chain species. Data represent
mean values = SEE.n = 3. % p < 0.05; **, p < 0.01; ***, p < 0.005, paired
Student’s t test.

classes (Fig. 5). Of the major plasma membrane glycerophos-
pholipids, phosphatidylethanolamine levels were the most sub-
stantially changed, decreasing ~30% in the liver of SgplI~/'~
mice compared with the liver of Sgpl1*/* mice. In the Sgpll '~
livers, phosphatidylserine levels were slightly lower than those
in the liver of Sgp/1*’" mice, and phosphatidylcholine levels
were not significantly changed compared with the liver of
Sgpll1™*'* mice. Cardiolipin, a diphosphatidylglycerol lipid of
the inner mitochondrial membrane, was also reduced in the
liver of Sgpll~/~ mice. Lysophosphatidylcholine levels in
Sgpll~'~ and SgplI™*’" mice were not significantly different.
DAG and TAG levels were significantly elevated in the liver
of Sgpl1~'~ mice compared with the liver of Sgp/I™’" mice.
Free cholesterol levels were similar in the liver of Sgpl1~'~ and
Sgpl1™'" mice, whereas cholesterol ester levels were signifi-
cantly increased in the liver of SgplI ™/~ mice compared with
the liver of SgplI™'* mice. Liver total free fatty acid levels in
Sgpll~'~ and Sgpl1*'" mice were not significantly different.
Evaluation of liver sections of Sgpl1 '~ mice after H&E stain-
ing indicated that the organization and morphology was similar
to that of the control sections (Fig. 6, A and B). Although the
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0.005, paired Student’s t test. B, pooled serum samples from Sgp/1~'~ (closed
circles) and Sgpl1*/* (open circles) mice (n = 3 each genotype) were fraction-
ated by FPLC to separate VLDL, LDL, and HDL.

Sgpll ™'~ mice have been reported to have inflammatory
changes (7, 11), there was minimal evidence of leukocyte infil-
tration into the liver parenchyma. Consistent with the increase
of TAG in liver, examination of frozen liver sections stained by
Oil red O revealed a discernible increase in lipid deposits in the
liver of SgpllI~’~ mice compared with the liver of Sgpl1™/'*
mice (Fig. 6, C and D). Accordingly, electron micrographs of
liver sections demonstrated an increase in the number and size
of lipid droplets in the liver tissue of Sgpl1 '~ mice compared
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FIGURE 4. Sphingolipids are elevated in the liver of Sgp/7~/~ mice. Sphingolipid levels were determined in
the liver of Sgpl1~'~ (gray bars) and Sgpl1™'* (open bars) mice by LC-MS. A, total ceramide (Cer), sphingosine
(Sph). B, total sphingomyelin (SM). C, individual ceramide fatty acid chain species. D, individual sphingomyelin
fatty acid chain species. Data represent mean values = S.E.n = 3.%, p < 0.05; **, p < 0.01; ***, p < 0.005; paired

Student’s t test.

with that of Sgpl1™'" mice (Fig. 6, E and F). Liver sections were
immunostained with antibody to LAMP-2 to determine
whether the lysosomal compartment was enlarged due to
the possible increased lysosomal storage of lipids (10) in the
Sgpl1~'~ liver. The similar degree of LAMP-2 staining in the
liver sections of Sgpll '~ and Sgpl1™'" mice indicated that
the size of the lysosomal compartment was normal in the
Sgpl1~'~ hepatocytes and not distorted by lipid storage.
Because lipid accumulation was increased in the liver of S1P
lyase-deficient mice, we preformed analysis of total lean and fat
mass of wild-type and S1P lyase-deficient mice. The results
demonstrated that the Sgp/1~’~ mice had significantly lower

APRIL 2, 2010-VOLUME 285+-NUMBER 14

isome proliferator-activated re-
ceptor (PPAR)y, which is a major
regulator of lipid metabolism (12)
that has been linked to liver stea-
tosis (13), was found to be up-reg-
ulated in the liver of Sgpll /~
mice by microarray analysis
(supplemental Table S1) and was also found to be highly
elevated in the liver of SgplI '~ mice by RT-qPCR analysis
(Fig. 8B). Expression of the gene for PPAR« (Ppara), which is
also important in liver lipid metabolism (12), was not signif-
icantly different in Sgpll~'~ and Sgpll*’'* liver mRNA
(Fig. 8B).

Expression of genes encoding the major subunits of serine
palmitoyltransferase (Sptici, Sptic2), the first committed
step in sphingolipid metabolism (Fig. 14), was assayed in the
liver of Sgpll '~ and Sgpl1*’'* mice by RT-qPCR (Fig. 8C).
Expression of Spticl was significantly decreased in the liver
of Sgpll~’/~ mice compared with that in Sgp/1™'" mice,
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FIGURE 5. Lipid profile is altered in the liver of Sgp/7~'~ mice. Lipid levels were
determined in the liver of Sgpl1~/~ (gray bars) and Sgpl1™'* (open bars) mice as
described under “Experimental Procedures.” PE, phosphatidylethanolamine; PC,
phosphatidylcholine; PS, phosphatidylserine; LYPC, lysophosphatidylcholine; CL,
cardiolipin; FA, fatty acids; DAG, diacylglycerol; TAG, triacylglycerol; CE, cholesterol
esters; FC, free cholesterol. Data represent mean values = S.E.n = 3.%,p < 0.05; **,
p < 0.01; ***, p < 0.005; paired Student’s t test.
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FIGURE 6. Excess lipids are stored in the liver of Sgp/1~'~ mice. Paraffin-
embedded liver sections from (A) Sgp!1*/* or (B) Sgpl1~'~ mice were stained
with H&E (X 10 magnification). Frozen sections of liver from (C) Sgp!1*/™ or (D)
Sgpl1~’~ mice were stained with Oil red O (X40 magnification). Arrows indi-
cate lipid deposits. Liver samples from (E) Sgp/1™/* or (F) Sgpl1~/~ mice were
analyzed by electron microscopy (X6000 magnification). Arrowheads indi-
cate examples of lipid droplets. Liver sections from (G) Sgpl1*’* or (H)
Sgpl1~/~ mice immunostained with LAMP-2 antibody (brown reaction prod-
uct) and counterstained with hematoxylin (X 100 magnification).
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while expression of Sptlc2 was not significantly different in
Sgpl1~'~ and Sgpll*'* liver mRNA. The expression of
sphingosine kinases, Sphkl and Sphk2, and S1P phospha-
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tases, Sgppl and Sgpp2, were not significantly altered in the
liver of the Sgpl1~'~ mice.

DISCUSSION

S1P lyase controls the irreversible exit of substrate from the
sphingolipid metabolic pathway via the degradation of sphin-
goid base phosphates (3). As anticipated from the established
pathway of sphingolipid metabolism (Fig. 14), we found that
S1P deficiency caused an elevation of S1P levels in serum and
liver in mice lacking a functional S1P lyase gene. Not necessarily
expected was our finding that other major lipids in the sphin-
golipid metabolic pathway, notably sphingosine, ceramide, and
sphingomyelin in liver, and ceramide and sphingomyelin in
serum, were also substantially elevated in the S1P lyase-defi-
cient mice. S1P lyase deficiency has also been reported to cause
age-dependent increases of S1P, sphingosine, and C16 cer-
amide in the thymus (14).

The increase in the levels of multiple sphingolipids might be
due to elevated de novo synthesis, impaired lysosomal degrada-
tion or sphingoid base recycling. Serine palmitoyltransferase
gene expression was not elevated in the lyase-deficient mice
consistent with an absence of heightened de novo synthesis.
Further, the lack of histologic and morphologic evidence of
lysosomal storage was suggestive that lysosomal degradation of
sphingolipids was not impaired and, thus, not responsible for
the elevated lipids in the lyase-deficient mice. Instead, the
increased levels of sphingolipids is more compatible with their
generation by the sphingolipid recycling or salvage pathway
that has been shown to utilize S1P as a starting point (5, 15). In
the recycling pathway, S1P is dephosphorylated by S1P phos-
phatases, which reside in the endoplasmic reticulum, to pro-
duce sphingosine. Ceramide is then synthesized, via acylation
of sphingosine, by either ceramide synthases (CerS), encoded
by Lass genes (16), or by the reverse ceramide synthase activity
intrinsic to ceramidases, encoded by Asah genes (17).

Each of the ceramide synthases has unique preferences for
particular chain-length fatty acyl-CoAs, resulting in the gener-
ation of ceramide species with specific fatty acid chain lengths.
In this study, we found that ceramides with shorter fatty acid
chain lengths (C14-18) were increased in the Sgpll~'~ liver
relative to those with longer fatty acid chain lengths (C20-24),
suggesting that the synthase activities involved in the ceramide
accumulation may preferentially utilize relatively shorter fatty
acyl-CoA substrates. Protein kinase C-mediated activation of
the sphingolipid salvage pathway in human breast cancer cells
has been reported to selectively elevate levels of shorter-chain
ceramides (C16) through the activity of Lass5 (CerS5) (18, 19).
However, the reverse ceramide synthase activity of acid cerami-
dase also produced ceramides with shorter fatty acid chains
(17) consistent with either enzyme group, Lass or Asah, being
involved. Another possibility for the relative increase in the
shorter-chain ceramides in liver might be a selective S1P-me-
diated inhibition of CerS2 activity. CerS2 is highly expressed in
liver and specifically produces ceramides with longer fatty acid
chains (>20) (20). Interestingly, CerS contains a S1P receptor-
like motif that mediates an inhibitory effect of S1P on its cer-
amide synthase activity (20). Thus, the very high levels of S1P
we observed in the liver of Sgpl1 '~ mice may inhibit the activ-
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ity of CerS2, which utilizes relatively longer fatty acyl-CoA sub-
strates, skewing the ceramide profile toward subspecies with
shorter fatty acid chains.

Sphingomyelin is synthesized by sphingomyelin synthases in
the Golgi, which transfer a phosphocholine group from phos-
phatidylcholine onto the primary hydroxyl of ceramide (Fig.
1A). As a consequence of this reaction, both sphingomyelin and
DAG are produced (21). Thus the increase of DAG detected in the
liver of SgplI~'~ mice may be the result of increased synthesis of
sphingomyelin driven by elevated ceramide levels arising from the
inability of these mutant mice to degrade S1P. The sphingomyelin
profile in the liver of Sgpl1 ~’~ mice, like the ceramide profile, was
skewed toward the shorter fatty acid chain lengths consistent with
such a precursor product relationship.

TAG levels were also elevated in the livers of the Sgpll '~
mice, with a corresponding increased accumulation of lipid
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droplets in their hepatocytes. DAG is a direct precursor sub-
strate for the synthesis of TAG through the addition of a fatty
acid by diacyglycerol acyltransferase (Fig. 14) (22). A metabolic
interaction between sphingolipid and TAG synthesis has been
inferred from previous studies in mice with simultaneous dele-
tions of the acid sphingomyelinase and LDL receptor genes
(23). In this case, the absence of acid sphingomyelinase was
believed to cause a decrease in the rate of sphingomyelin syn-
thesis, resulting in less DAG and TAG accumulation in liver,
together with lower serum lipoprotein levels. In Sgpl1 '~ mice,
we suggest that an increase in the flow of substrate through the
sphingolipid salvage pathway toward sphingomyelin resulted in
more DAG and TAG generation in liver together with higher
lipoprotein levels in serum.

The generation of phosphoethanolamine by the S1P lyase
reaction can be utilized for phosphatidylethanolamine biosyn-
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thesis through the production of the intermediate, CDP-etha-
nolamine, by phosphoethanolamine cytidyltransferase (Fig.
1A) (24-27). CDP-ethanolamine is subsequently used for the
transfer of phosphoethanolamine to DAG to generate phos-
phatidylethanolamine. In Drosophila and Leishmania, the gen-
eration of phosphoethanolamine by the S1P lyase-mediated
cleavage of S1P is an important pathway for the generation of
phosphatidylethanolamine (24, 27). In mammalian tissues,
however, the significance of sphingolipid metabolism for the
biosynthesis of phosphatidylethanolamine has not been estab-
lished, although a link between S1P formation and the genera-
tion of phosphatidylethanolamine has been suggested by the
reduction of phosphatidylethanolamine levels in the pregnant
uteri of sphingosine kinase-deficient mice (28). The reduction
of phosphatidylethanolamine levels in the liver of Sgpll~/~
mice that we observed indicates that sphingolipid metabolism
may have a significant role in phosphatidylethanolamine bio-
synthesis in liver, but that other pathways must operate to
maintain the bulk of the phosphatidylethanolamine levels.
These include the direct utilization of ethanolamine through its
phosphorylation by ethanolamine kinases to generate phos-
phoethanolamine in the CDP-ethanolamine pathway, as well as
a second major phosphatidylethanolamine biosynthetic path-
way that occurs via the decarboxylation of phosphatidylserine
by phosphatidylserine decarboxylase (26).

The S1P lyase deficiency resulted in the elevation of total
cholesterol levels along with LDL and HDL levels in serum. The
change in sterol homeostasis after perturbation of sphingolipid
metabolism in SgplI '~ mice is in line with results in yeast (29),
in sphingolipid storage diseases (30), and in conditions of
sphingomyelin depletion (31, 32), demonstrating functional
interactions and regulatory links between these lipid classes
(33). Although we have not defined the mechanisms underlying
the observed changes, a number of possibilities exist. It has been
suggested that sphingomyelin, which physically interacts with
cholesterol in membranes, influences the distribution of free
cholesterol in cell compartments, thereby controlling choles-
terol influence on the sterol regulatory element-binding pro-
teins in the endoplasmic reticulum that regulate the expression
of genes for cholesterol metabolism (32). Furthermore, elevated
ceramide may increase HDL levels by stimulating cholesterol
efflux via the ABCA1 pathway (34). Finally, inflammatory
changes, which have been observed in the S1P lyase-deficient
mice (7, 11), may modify lipoprotein levels (35).

Even though the Sgp/1 /'~ mice exhibited high TAG levels in
liver and TAG associated VLDL levels in serum, they were sig-
nificantly leaner than the SgplI*’" mice. The reduced adiposity
of the SgplI ™/~ mice is reminiscent of mice with lysosomal
storage diseases in which specific catabolic pathways are
blocked. These mice are thought to have a negative energy bal-
ance due to the inability to salvage metabolites, which necessi-
tates increased energy output for their synthesis (36). Alterna-
tively, the decreased adiposity of the Sgpl1 '~ mice may be the
result of defects in the formation of adipose tissue or in the
uptake of lipid by adipocytes resulting in a novel form of lipo-
dystrophy (37).

The Sgpll deletion produced major changes in the expres-
sion profile of lipid metabolism genes. However, the expression

10888 JOURNAL OF BIOLOGICAL CHEMISTRY

of sphingolipid metabolism genes encoding sphingosine
kinases and S1P phosphatases, which directly control S1P lev-
els, were not changed. Many of observed lipid metabolism gene
changes may be secondary to alterations in the levels of diverse
lipid species caused by the block in SI1P degradation. These
gene expression changes may then also contribute to the overall
derangement of lipid homeostasis. In particular, we found that
the expression of PPARY, a nuclear receptor with diverse lipid
ligands (12), was significantly elevated in the liver of Sgpl1~/~
mice. Increased PPARY is a general property of fatty liver, in
which TAG accumulates abnormally (13). Moreover, PPARy
expression has been shown to contribute directly to lipid stor-
age in liver through its regulation of lipogenesis and TAG
uptake transcriptional programs. In the Sgpll1 ™/~ mice, TAG
levels, which we found to be increased by diversion of the sphin-
golipid pathway toward sphingomyelin, may cause increased
PPARYy expression, which could in turn exacerbate the TAG
storage through alterations of gene expression programs.

Our studies on S1P lyase-deficient mice have shown that S1P
lyase not only regulates the level of key sphingolipids, but have
also revealed functional linkages between sphingolipid metab-
olism and the metabolic pathways of other diverse lipids.
Abnormalities in sphingolipid metabolism are associated with
obesity, insulin resistance, type 2 diabetes, and atherosclerosis,
conditions often associated with disrupted lipid homeostasis
(38, 39). Our results show that alterations in the sphingolipid
metabolic pathway can broadly disturb lipid metabolism, sug-
gesting its potential role in this pathophysiology.
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