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Abstract Sphingosine-1-phosphate (S1P) is a bioactive lyso-
phospholipid that regulates numerous key cardiovascular
functions. High-density lipoproteins (HDLs) are the major
plasma lipoprotein carriers of S1P. Fibrinolysis is a physio-
logical process that allows fibrin clot dissolution, and de-
creased fibrinolytic capacity may result from increased
circulating levels of plasminogen activator inhibitor-1 (PAI-
1). We examined the effect of S1P associated with HDL sub-
fractions on PAI-1 secretion from 3T3 adipocytes. S1P
concentration in HDL3 averaged twice that in HDL2. Incu-
bation of adipocytes with increasing concentrations of S1P
in HDL3, but not HDL2, or with S1P complexed to albumin
stimulated PAI-I secretion in a concentration-dependent
manner.Hll Quantitative RT-PCR revealed that S1P,_; are ex-
pressed in 3T3 adipocytes, with S1P, expressed in the great-
est amount. Treatment of adipocytes with the S1P, and S1P;
antagonist VPC23019 did not block PAI-1 secretion. Inhibit-
ing S1P, with JTE-013 or reducing the expression of the
gene coding for S1P, using silencing RNA (siRNA) technol-
ogy blocked PAI-1 secretion, suggesting that the S1P, recep-
tor mediates PAI-1 secretion from adipocytes exposed to
HDL3 or S1P. Treatment with the phospholipase C (PLC)
inhibitor U73122, the protein kinase C (PKC) inhibitor
RO-318425, or the Rho-associated protein kinase (ROCK)
inhibitor Y27632 all significantly inhibited HDL3- and S1P-
mediated PAI-1 release, suggesting that HDL3- and/or S1P-
stimulated PAI-1 secretion from 3T3 cells is mediated by
activation of multiple, downstream signaling pathways
of S1Py.—Lee, M-H., S. M. Hammad, A. J. Semler, L. M.
Luttrell, M. F. Lopes-Virella, and R. L. Klein. HDL3, but not
HDL2, stimulates plasminogen activator inhibitor-1 release
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Fibrinolysis is a physiological, antithrombotic process
that allows dissolution of fibrin clots when the fibrin mesh
is no longer needed for hemostasis. Decreased fibrinolytic
capacity may result from a decrease in circulating levels of
the activator of fibrinolysis, tissue plasminogen activator,
or it may result from an increase in one of the main inhibi-
tors of the reaction, plasminogen activator inhibitor-1
(PAI-1). A decreased fibrinolytic capacity as a result of in-
creased circulating levels of PAI-1 is considered a cardio-
vascular risk factor (1, 2). There is clinical evidence that
increased PAI-1 levels are associated with atherothrombo-
sis (3), and increased levels have been identified as a pre-
dictor of myocardial infarction in epidemiological studies
(1, 4). In addition to liver and vascular endothelium, PAI-1
is secreted by adipocytes cultured in vitro (5), and PAI-1
secreted by adipose tissue in vivo appears to be an impor-
tant source of PAI-1 circulating in blood (6).

The expression of PAI-1 is regulated by various factors.
Studies in vascular smooth muscle and endothelial cell
cultures have shown that stimulation with some cytokines,
such as transforming growth factor-g (TGF-), tumor necro-
sis factor-a (TNF-at), C-reactive protein (CRP), angiotensin
II, or oxidized high-density lipoprotein (HDL), increased
PAI-1 synthesis via activation of mitogen-activated protein

Abbreviations: PAI-1, plasminogen activator inhibitor-1; PKC, pro-
tein kinase C; PLC, phospholipase C; ROCK, Rho-associated protein
kinase; siRNA, silencing RNA; S1P, sphingosine-1-phosphate; S1P,,
sphingosine-1-phosphate receptor ;.
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kinase (MAPK), protein kinase C (PKC), and Rho kinase
(7-10). Results from in vitro studies have shown that insulin
and isolated lipoproteins, especially triglyceride-rich lipo-
proteins, stimulate PAI-1 production by cultured endothe-
lial cells and hepatocytes (11, 12). Of particular relevance to
the present study, sphingosine-1-phosphate (S1P) has been
shown to increase the mRNA and protein expression of
PAI-1 in glioblastoma cells (13).

S1P is a lysophospholipid that is emerging as key signal-
ing molecule involved in the regulation of a variety of cel-
lular functions, including cell growth and differentiation,
proliferation, apoptotic cell death, and inflammation (14—
19). S1P circulates at high nanomolar concentrations, with
more than 50% of lipoprotein-associated S1P found in
high-density lipoprotein (HDL) (20, 21) and with the
greatest amounts associated primarily with small, dense
HDL3 particles (20-22). Because of the high S1P concen-
trations found in HDL, this lipoprotein fraction has been
considered a constant source of SIP which can mediate
cellular signaling pathways that influence a multitude of
cardiovascular functions (23). Regardless of the biological
activity that is affected, the effects of extracellular S1P are
clearly mediated through the activation of five specific
G-protein-coupled receptors termed SI1P; 5 (formerly
termed endothelial differentiation gene [Edg]1, -3, -5, -6,
and -8) (24). In this article, we report the biological effects
of S1P and HDL-associated S1P on PAI-1 secretion in mouse
3T3 adipocytes, the specific SIP receptors that mediate
the response, and the signaling pathways involved.

MATERIALS AND METHODS

Chemicals

Pertussis toxin (PTX), the protein kinase C (PKC) inhibitor
Ro-31-8425, the phospholipase C (PLC) inhibitor U73122, and
the Rho-associated protein kinase (ROCK) inhibitor Y27632 were
obtained from Calbiochem-EMD Biosciences Inc. (San Diego,
CA). The S1P, antagonist JTE-013 and the S1P,,/S1P;/S1P, in-
hibitor VPC23019 were®purchased from Cayman Chemical (Ann
Arbor, MI) and Avanti~ Polar Lipids, Inc. (Alabaster, AL). Cell
viability was evaluated using a commercially available lumines-
cence-based assay (CellTiter-Glo® Luminecent Cell Viability As-
say, Promega Corp., Madison, WI) and exceeded 89% in cultures
in which chemical inhibitors were employed. SIP (Sigma-Aldrich,
St. Louis, MO) was dissolved in methanol, a measured volume of
the solution was transferred into a glass test tube, and the solvent
was evaporated under a stream of nitrogen. The lipid residue was
then dissolved in a solution containing fatty acid free BSA (0.4%
w/V) in saline as recommended by the supplier, and this STP-BSA
solution was added to cultures at the indicated concentrations of
S1P. SIP concentration in the solution was determined using the
procedure described below for sphingolipid quantitation.

Isolation of HDL2 and HDL3

Blood (200 ml) was collected after an overnight fast from each
of three or four donors who were free from clinically apparent
disease in the presence of a lipoprotein preservative cocktail
[EDTA (0.1% w/v), chloramphenicol (20 wg/ml), gentamycin
sulfate (50 pg/ml), epsilon amino-caproic acid (0.13% w/v), and
dithiobisnitrobenzoic acid (0.04% w/v)] to inhibit LCAT activity
(final concentrations). Blood was then centrifuged (2,800 g, 20
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min, 4°C) to obtain plasma. HDL2 (1.063<d<1.125 g/ml) and
HDL3 (1.125<d<1.21 g/ml) were isolated by sequential ultracen-
trifugation of plasma with density adjusted with solid KBr in a
Ti70 rotor (Beckman-Coulter Instruments, Palo Alto, CA) spun
at 70,000 rpm for 18 h at 4°C. The floating HDL subfractions
were harvested after tube slicing, and each isolated HDL subfrac-
tion was washed and concentrated by ultracentrifugation at its
isolation density in a in a SW41 rotor (41,000 rpm, 36 h, 4°C).
HDL subfractions were dialyzed against saline/EDTA (150 mM
NaCl, 300 pM EDTA, pH 7.4), sterilized by filtering through a
0.22 pm membrane, and stored at 4°C until used. Each partici-
pant provided written informed consent, and the Institutional
Review Board of the Medical University of South Carolina ap-
proved the experimental protocol.

Enrichment of HDL with S1P in vitro

HDL2 was incubated in vitro with S1P complexed to albumin
for 24 h at 37°C under sterile conditions. After the incubation,
the HDL2 subfraction was separated from albumin before incu-
bating with adipocytes by centrifuging the mixture atd = 1.21 g/
ml as described above. HDL2 not incubated with SIP but incu-
bated with albumin for 24 h at 37°C under sterile conditions was
included as a control. The in vitro modified HDL2 preparations
and HDL3 were incubated with adipocytes at 800 pg HDL pro-
tein per ml media for 24 h, and the PAI-1 secreted into the media
was determined using ELISA.

Cells and cell culture

Murine 3T3-L1 preadipocytes were purchased from the Ameri-
can Type Culture Collection (Manassas, VA) and maintained at
low passage number in growth media consisting of DMEM that
contained 25 mM glucose supplemented with 10% (v/v) fetal bo-
vine serum (Gibco, Grand Island, NY) and penicillin-streptomycin
(Gibco) in a humidified atmosphere containing 5% CO,. Two days
after reaching confluence, cells were differentiated into adipocytes
by incubation for 3 days in growth media modified by the addition
of isobutylmethylxanthine (0.5 mM), dexamethasone (1 pM), and
insulin (10 pg/ml), and then for another 2 days in growth media
supplemented with insulin (10 pg/ml). Cultures were refed every
2 days for 10-14 days with fresh growth media to complete adipocyte
maturation. At the start of an experiment, 90-95% of the cells exhib-
ited the accumulation of Oil Red O positive droplets and significant
adiponectin secretion (data not shown), consistent with adipocyte
morphology and metabolism, respectively.

To conduct an experiment, the media was aspirated from each
well, and the cultures were washed twice with DMEM. Fresh growth
media was added to each well, and the cells were incubated with the
indicated constituent for the specified period of time. At the end of
an experiment, conditioned media was transferred from the culture
dish into a plastic microfuge tube, which was centrifuged briefly to
sediment cell debris. The supernatant was transferred to another
microfuge tube and frozen at —70°C until analyzed.

Quantitative analyses

PAI-1. The concentration of mouse PAI-1 protein secreted
into the media by cultured adipocytes was determined using a
commercially available ELISA assay (Innovative Research, Novi,
MI). This assay was sensitive to PAI-1 in solution at 0.032 ng/ml,
and a curvilinear solution was fit to the pattern of absorbance
detected in wells with known amounts of PAI-1 using software
supplied by the manufacturer of the microtiter plate reader (Mo-
lecular Devices, Sunnyvale, CA).

Sphingolipid extraction and analysis. Analysis of endoge-
nous sphingoid bases, sphingoid base-1-phosphates, and ceramide
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species was conducted in the Lipidomics Core Facility at Medical
University of South Carolina using a Thermo Finnigan TSQ 7000
or SCIEX Q Trap triple-stage quadrupole mass spectrometers op-
erating in a multiple reaction monitoring (MRM) positive ioniza-
tion mode, as previously described (25). Briefly, 400 pg HDL
protein was spiked with the following internal standards: 17C
base D-erythrosphingosine (17Sph); 17C D-erythrosphingosine-1-
phosphate (17S1P); D-erythro-N-palmitoyl-13C-D-erythro-sphin-
gosine (13C/Cjs-Cer); N-heptadecanoyl-D-erythro-sphingosine
(18C/Cy7-Cer); D-erythro-Ce-SM (18C/ Cs-SM); D-erythro-C,-SM 18C/
Cy7-SM, D-erythro-Cg-glucosylceramide (Cg-GluCer); and D-erythro-
Cg-lactosylceramide (Cg-LacCer).

The HDL lipids were extracted into a one-phase solvent system
with ethyl acetate/iso-propanol/water (60/30/10% v/v). The
internal standards were added prior to extraction and were added
to all samples and calibration standards to correct for loss of any
target analytes during sample preparation. The solvents were evap-
orated under nitrogen stream, and the residue was reconstituted
in 150 pl of acidified (0.2% formic acid) methanol and injected
onto the HP1100/TSQ 7000 LC/MS system and gradient-eluted
from a BDS Hypersil C8, 150 x 3.2 mm, 3 pm particle size column
using 1 mM methanolic ammonium formate/2 mM aqueous am-
monium formate as the mobile phase system. Signal areas in elu-
tion peaks corresponding to target analytes and internal standards
were processed using the Xcalibur™ software system (Thermo
Fisher Scientific, Waltham, MA). Quantitative analyses were based
on calibration curves generated by injecting known amounts of
the target analytes and an equal amount of the internal standards.
Final concentrations of analytes in samples were determined using
the appropriate corrections for sample loss based on internal stan-
dard recovery calculations.

RTPCR determination of adipocyte gene expression. Total
adipocyte RNA was extracted using a commercially available kit
(RNeasy™ Lipid Tissue Mini Kit, Qiagen, Valencia, CA) accord-
ing to the manufacturer’s instructions. First-strand cDNA was syn-
thesized from 0.75 pg total RNA using random hexamer primers
according to the kit manufacturer’s instructions (iScript™ cDNA
Synthesis Kit, Bio-Rad, Hercules, CA). The complete reaction was
cycled for 5 min at 25°C, 30 min at 42°C, and 5 min at 85°C (M]
Mini, Bio-Rad). The reverse transcription reaction mixture was
then diluted 1:40 with nuclease-free water and quantitative real-
time PCR was performed using an iQ5 Real-Time PCR Detection
System (Bio-Rad). Reactions were carried out in triplicate in a
total volume of 20 pl using iQ™ SYBR Green Supermix (Bio-
Rad). Primer sets were designed (Beacon Designer, PREMIER
Biosoft, Int., Palo Alto, CA) to span intron-exon borders to distin-
guish amplified cDNA from genomic DNA. The hot start enzyme
was activated (95°C for 2 min), and cDNA was then amplified for
40 cycles consisting of denaturation at 95°C for 10 s and anneal-
ing/extension at 50°C for 45 s. A melt curve assay was then per-
formed (55°C for 1 min, and then the temperature was increased
by 0.5°C every 10 s) to detect the formation of primer-derived
trimers and dimers. The average starting quantity of fluorescence
units was used for analysis. Quantification was calculated using
the starting quantity of the cDNA of interest relative to that of
GAPDH ¢DNA in the same sample. Primer pairs (Integrated
DNA Technologies, Inc., Coralville, IA) used to quantitate the
expression of each gene by RT-PCR are shown in Table 1.

Transfection of adipocytes with siRNA. Transformed adipocytes
were transfected using the DharmaFECT™ 3 silencing RNA (siRNA)
Transfection Reagent (Thermo Fisher Scientific, Lafayette, CO) fol-
lowing a modification of the protocol recommended by the manu-
facturer. Briefly, 2 pM siRNA were prepared with Opti-MEM™
media (Invitrogen, Carlsbad, CA). The silencing RNA (siRNA) and

the DharmaFECT™ 3 solutions were combined and then incubated
for an extended period (90 minutes) at room temperature before
being added to the wells containing the cells incubated in 800
pL antibiotic-free growth media. Following incubation for 24 h, the
media containing the siRNA was removed, the cells were washed,
and fresh growth media was added to each well. Transfection effi-
ciency was determined using BLOCK-IT™ fluorescent oligo (Invit-
rogen) and averaged more than 85% in all experiments
conducted. Commercial siRNA oligonucleotides (SureSilencing™
siRNA, SABiosciences, Frederick, MD) were used for all experi-
ments. The cells were used for experiments 72 h after transfection.

Statistical analysis. Each experiment shown is representa-
tive of three to five experiments, each incubated in triplicate with
similar results. Statistical significance of observed differences was
analyzed using Student’s ttest or ANOVA (SigmaStat, v3.0, SPSS,
Chicago, IL).

RESULTS

HDL3, but not HDL2, stimulates PAI-I secretion from
3T3 adipocytes

There was a concentration-dependent increase in PAI-1
secretion into the medium when adipocytes were incubated
with the HDL3 subfraction but not with HDL2 (Fig. 1).
The effect of lipoproteins added to the culture media on
PAI-1 secretion from adipocytes was specific for the HDL3
subfraction because the addition of the apolipoprotein
B-containing fraction of lipoproteins (VLDL + LDL) only
marginally stimulated PAI-1 secretion (<1.3-fold at 400 pg
protein/ml) (data not shown).

S1P stimulates PAI-1 secretion in adipocytes

We determined the levels of sphingoid bases, sphingoid
base-1-phosphates, and ceramide species in HDL subfrac-
tions using ESI/MS/MS (Fig. 2). The levels of the cer-
amide species were uniformly greater in HDL2 compared
with HDL3 with the increase being statistically significant
for all except the C14, C18:1, and CC20:4 ceramide spe-
cies (Fig. 2A). In direct contrast to the ceramide content
of HDL subfractions, the levels of sphingoid bases, sphin-
gosine, dihydrosphingosine, and dihydrosphingosine-1-
phosphate were uniformly greater in HDL3 compared
with HDL2 (Fig. 2B). Most notably, the level of sphin-
gosine-1-phosphate in HDL3 was significantly greater
(2.6-fold) (P < 0.005) compared with that in HDL2. S1P
levels averaged 23.4 + 5.0 mmol/mole HDL2 and 41.5 +
13.1 mmol/mole HDL3 in HDL preparations isolated
from eight pools.

Because the S1P level in HDL3 was significantly greater
than that in HDL2 and because HDL3 but not HDL2 stim-
ulated PAI-1 secretion from adipocytes, we investigated
the effect of S1P on PAI-1 secretion from adipocytes. SIP
in plasma is found primarily either complexed to albumin
or transported in the lipoprotein fraction bound to HDL,
and especially to HDL3 (Fig. 2). We determined the effect
of S1P complexed to albumin on PAI-1 secretion from
adipocytes by incubating cells with increasing concentra-
tions of S1P-albumin. As shown in Fig. 3A, there was a
concentration-dependent increase in PAI-1 secretion into

S1P stimulates PAI-1 secretion 2621
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TABLE 1. PCR primer sets

Gene Name Forward Primer

Reverse Primer

S1P, GCA AGA ACA TCT CCA AGG GAA GAC ACT CAG GAC AAT G
S1P, TTA GCATCC TTC TCT TAG ACT C GTCACT CCCTTC CCT CTC
S1P; TGG ACT GTT GAA GTA ACC AGA GTG TCA TTT CCC AAG
S1P, TAC TGC CTG CTG AAC ATC AGC TGG AAG GTA CGA GTC
S1P; TCC TTC ACT ACAACT ACA C AAG TTC TCC AGC ACA ATG
GAPDH ATC TTG GGC TAC ACT GAG GCC GTATTCATT GTCATA C

Abbreviations: GAPDH, glyceraldehyde phosphate dehydrogenase S1P,_;, sphingosine-1-phosphate receptor;_s.

the medium when adipocytes were incubated with increas-
ing concentrations of S1P-albumin at S1P concentrations
comparable to those observed in isolated HDL3. Because
increasing concentrations of HDL3 with its increased S1P
content stimulated more PAI-1 secretion from adipocytes
than did HDL2 (Fig. 1), we further investigated the asso-
ciation between the SIP concentration in HDL with PAI-1
secretion from adipocytes. As shown in Fig. 3B, there was a
statistically significant, positive association between the
concentration of PAI-1 released into the medium and the
concentration of S1P in HDL incubated with adipocytes in
the experiments reported in Fig. 1. To confirm and ex-
tend the data presented in Fig. 3B, which suggest that in-
creasing S1P content in HDL stimulated PAI-1 secretion
from adipocytes, we enriched HDL2 in vitro with increas-
ing amounts of S1P. As shown in Fig. 3C, increasing S1P
content in the HDL2 subfraction increased the concentra-
tion of PAI-1 secreted into the medium. Thus, when the

S1P content of the lipoprotein is artificially increased by
the addition of S1P in vitro, HDLZ2 stimulates PAI-1 release
from adipocytes at an amount comparable to that observed
when cells are incubated with native HDL3. In summary,
increasing S1P concentration in the media stimulates
PAI-1 secretion from adipocytes in a concentration-depen-
dent manner. This occurs whether the S1P is present free
in the media or if it is associated with HDL. HDL3, which
contains significantly higher amounts of SIP compared
with HDL2, stimulated more PAI-1 secretion from adipo-
cytes than HDL2.

S1P-stimulated PAI-1 secretion from adipocytes is
mediated by the G-protein-coupled receptor S1P,

The effects of SIP on cell metabolism are mediated
by S1P binding to the cell surface receptors S1P;, which
have been reported to be variably expressed and tissue-
specific (14, 26). We evaluated expression of the genes
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Fig. 1. Effect of increasing concentrations of HDL2 and HDL3 protein in cell culture media on the secre-
tion of PAI-1 from 3T3-L1 adipocytes. HDL3, but not HDL2, stimulates PAI-1 secretion from 3T3 adipocytes.
PAI-1 concentration in the media was determined using ELISA with media from each well assayed in dupli-
cate. Cells were incubated with HDL subfractions at the indicated concentrations for 24 h. PAI-1 concentra-
tion in control incubations without lipoprotein added to the medium averaged 109 + 51 ng/mg cell protein,
Data shown are the mean + SD for eight experiments using HDL subfractions prepared from different donor
pools and with HDL subfractions at each concentration incubated in duplicate or triplicate with different
3T3 adipocyte preparations used for each experiment. *P < 0.01 for HDL2 versus HDL3 at the indicated
HDL concentration. Abbreviation: PAI-1, plasminogen activator inhibitor-1.
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Fig. 2. Amounts of ceramide species (A) and sphingolipid bases
and their 1-phosphates (B) in HDL2 and HDL3 lipoprotein sub-
fractions. HDL subfractions were isolated from plasma pools (N =
6), each obtained by combining blood from three normolipidemic
donors. The assignment for ceramide subspecies is based on the
amide-linked fatty acid found in the molecule. Values shown are
mean + SEM. Note the use of a logarithmic scale on the ordinate
in panel A. *P < 0.05 for paired ttest of data for HDL2 versus
HDLS3. Abbreviations: DH-Sph, dihydrosphingosine; DH-S1P, dihy-
drosphingosine-1-phosphate; DHCI16, dihydroceramide linked to
C16 fatty acid; S1P, sphingosine-1-phosphate; Sph, sphingosine.

coding for S1P 5 in 3T3-L1 adipocytes using quantitative
RT-PCR. We determined that the S1P,, S1P,, and S1P; genes
were expressed in 3T3 adipocytes with the gene coding for
S1P, expressed in greatest abundance (Fig. 4A).

S1P receptors are G-protein-coupled receptors, and the
diversity of SIP action depends upon the combination of
the tissue- and cell type-specific expression patterns of the
S1P receptor family and the subtype-specific, distinct rep-
ertoire of heterotrimeric G-proteins to which they are cou-
pled. S1P;, S1P,, and S1P; are coupled to the G;,,-protein
(18, 19, 27). To confirm that HDL3 and S1P-stimulated
PAI-1 secretion are mediated by G-protein-coupled recep-
tors for S1P, adipocytes were preincubated with the G/,
inhibitor PTX before incubation with HDL2, HDL3, or
S1P, and then the concentration of PAI-1 released in the
cell culture medium was determined (Fig. 4B). PTX inhib-
ited HDL3- and S1P-stimulated PAI-1 release from adipo-

cytes. These data support the role of G;,/, protein coupling
to SIP receptors in PAI-1 release from adipocytes.

To identify which of the three SIP receptors expressed in
adipocytes mediate the secretion of PAI-1, two pharmaco-
logic antagonists—VPC23019 (Fig. 4C) and JTE-013 (Fig.
4D)—were used to inhibit S1P,/S1P; and S1Py, respectively.
The inhibition of S1P; and S1P; by VPC23019 did not block
the PAI-1 release into medium; in fact, PAI-1 release was
moderately increased (Fig. 4C). In contrast, JTE-013 inhibi-
tion of S1P, blocked PAI-1 secretion from adipocytes (Fig.
4D). These observations suggest that PAI-1 secretion from
adipocytes upon exposure to HDL3 or S1P is mediated by
the S1Py receptor but not SIP; or S1P;. To confirm and
extend these studies, we conducted additional experiments.
We reduced the expression of the gene coding for S1P, us-
ing siRNA technology and determined the effect on the
secretion of PAI-1 from adipocytes incubated with HDL
subfractions (Fig. 4E). There was a statistically significant
reduction in PAI-1 secretion from adipocytes (Fig. 4E) with
reduced expression of the gene coding for S1P, (Fig. 4F),
further supporting the role of the SIP, receptor in S1P/
HDL3-stimulated secretion of PAI-1 from adipocytes. The
rates of secretion of PAI-1 (Fig. 4E) and the relative expres-
sion of S1P, (Fig. 4F) in adipocytes transfected with a scram-
bled sequence siRNA (control) were similar to those
exhibited by cells incubated in growth media without any
additions (basal), suggesting there were minimal off-target
effects of the transfection procedures employed. The levels
of expression of genes coding for S1P; and S1P; were not
altered in cells transfected with siRNA directed against the
S1P, gene compared with the expression levels in basal or
control incubations (data not shown), further suggesting
minimal off-target effects of the transfection.

HDLS3 and S1P stimulate PAI-1 secretion via multiple
signaling pathways

To investigate the downstream signaling pathways in-
volved in HDL3- and S1P-induced PAI-1 release from adipo-
cytes, we employed a panel of selective inhibitors targeting
PLC (Fig. 5A), PKC (Fig. 5B), and Rho kinase (Fig. 5C). As
shown in Fig. 5A, treatment of the cells with the PLC in-
hibitor U73122 significantly inhibited HDL- and S1P-stimu-
lated PAI-1 release. One consequence of PLC activation is
increased activity of classical PKC isoforms. As shown in Fig.
5B, pretreatment with the PKC inhibitor Ro-318425 mir-
rored the inhibitory effects of U73122 on HDL- and S1P-
stimulated PAI-1 release. ROCKisa Rho effector downstream
of Gyy,3 that might also be expected to be activated by S1P,
receptors. As shown in Fig. 5C, inhibition of ROCK using
Y27632 was sufficient to inhibit PAI-1 release as was observed
during chemical inhibition of the PLC-PKC pathways. These
data suggest that multiple downstream signaling pathways
of S1P, are required for PAI-1 release from adipocytes.

DISCUSSION

The HDL fraction customarily is considered to be athero-
protective, predominantly because of it pivotal role in the

S1P stimulates PAI-1 secretion 2623
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Fig. 3. SIP stimulates PAI-1 secretion in adipocytes. A: Effect of
increasing concentration of S1P added to the culture media and of
HDL2 compared with HDL3 on PAI-1 release from adipocytes.
HDL2 and HDL3 were isolated from pooled blood as described in
“Methods” and incubated with adipocytes at 800 pg HDL protein/
ml culture media for 24 h. S1P complexed to albumin was pre-
pared as described in “Methods” and incubated at the indicated
concentrations in companion cultures for 24 h. The concentra-
tions of S1P were chosen to approximate the concentrations of S1P
present in HDL2 compared with HDL3. Data shown are the mean +
SE for five experiments using HDL subfractions prepared from
three different donor pools and with cells incubated in duplicate
with each HDL subfraction and at each SIP concentration. PAI-1
concentration in the media was determined using ELISA with me-
dia from each well assayed in duplicate. PAI-1 concentration in cul-
tures without any addition averaged 97 + 20 ng/ml. Data are
presented as mean + SE. The data were normalized to basal PAI-
level obtained from untreated cells (NS). *P< 0.05 and **P< 0.005
compared with untreated cells analyzed using ANOVA. B: PAI-1 re-
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transport of cholesterol from peripheral tissues to the liver,
with the larger diameter HDL2 subfraction viewed as the
more atheroprotective subfraction compared with the
smaller-sized HDL3 subfraction (28, 29). A rapidly expand-
ing literature further suggests that HDL-associated S1P
is responsible, at least in part, for many of the beneficial
effects of HDL on vasorelaxation, cell survival, cell adhesive-
ness, angiogenesis, and the synthesis of two powerful anti-
atherogenic and antithrombotic molecules, nitric oxide
and prostacyclin (30). There is emerging literature, how-
ever, to suggest that SIP may also mediate proatherogenic
metabolism (20) in part because of its integral involvement
in inflammation (31) and may even function as a biomarker
of obstructive coronary artery disease (32). We now demon-
strate that S1P, especially the HDL3 subfraction which con-
tains higher amounts of SIP than the HDL2 subfraction,
significantly increases PAI-1 secretion from adipocytes and,
thus, may negatively modulate fibrinolysis in vivo.

Because of its pivotal role in regulating fibrinolysis and
the impact of decreased fibrinolysis on cardiovascular
complications, increased circulating levels of PAI-1 are
considered a cardiovascular risk factor (33). The preva-
lence of obesity in adults has increased rapidly in Western
countries during the last decade, and it has long been
known that fibrinolytic activity is decreased among obese
subjects (34), a phenomenon that has been attributed to
increased levels of PAI-1 (35). Although both endothelial
cells and hepatocytes contribute to circulating PAI-1 lev-
els, adipose tissue is thought to make a major contribution
to circulating levels, and it may contribute proportionately
more with the development of obesity due to the increase
in adipose tissue mass associated with this metabolic disor-
der (b, 33, 35-38). Therefore, knowledge of the factors
regulating PAI-1 production by adipose tissue is critical.

leased into the media as a function of the concentration of SIP in
HDL subfractions. The S1P content of the HDL2 and HDL3 sub-
fractions was determined as described in “Methods.” PAI-1 released
into the media is plotted as a function of the experimentally deter-
mined concentration of SIP in HDL when the HDL subfraction
was incubated with cells at the same protein concentrations re-
ported in Fig. 1. The nonlinear, least-squares-regression line of best
fit is plotted for reference. C: HDL2 supplemented in vitro with
S1P stimulates PAI-1 release from adipocytes. HDL2 (8 ml at 7.5 mg
protein/ml) was incubated in vitro with a 5 pl, 10 pl, or 15 pl vol-
ume of SIP (100 pM) complexed to albumin for 24 h at 37°C. The
HDL2 subfraction was separated from albumin before incubating
with adipocytes by centrifuging the mixture at d = 1.21 g/ml. The
floating HDL2 preparation was harvested after tube slicing. The in
vitro-modified HDL2 preparations and native HDL3 were incu-
bated with adipocytes at 800 pg HDL protein per ml media for
24 h, and the PAI-1 secreted into the media was determined using
ELISA. The PAI-1 concentration in the media from cells incubated
with HDL2 supplemented with S1P in vitro or native HDL3 was
normalized to PAl-levels obtained from adipocytes incubated with
native HDL2. PAI-1 concentration in cultures incubated with na-
tive HDL2 not supplemented with S1P averaged 125 + 20 ng/ml.
Values shown are mean = SD (n =4). *P< 0.05 and **P < 0.005 for
the level compared with PAI-1 level in the media when adipocytes
were incubated with native HDL2. Abbreviations: PAI-1, plasmino-
gen activator inhibitor-1; S1P, sphingosine-1-phosphate.
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Fig. 4. Relative abundance of S1P receptor subtype mRNA in 3T3-L1 adipocytes and the effect of inhibi-
tion of G;/, or S1Py on HDL3- and S1P-mediated release of PAI-I from adipocytes. A: Expression levels of S1P
receptors. The fold expression of the specific S1P receptor transcript is expressed relative to that for the
GAPDH gene (AACt). Data expressed are the mean + SD of three experiments. The expression of S1P, and
S1P; was highly variable and was at the limit of detection for the methods employed. B-D: To investigate the
role of individual S1P receptors in S1P/HDL3-stimulated PAI-1 secretion from adipocytes, cultures were in-
cubated overnight with 0.7 ng/ml PTX (B), 5 uM VPC23019 (C), or 10 uM JTE-013 (D) for 1 h before incu-
bation with 800 wg/ml HDL2, HDL3, or S1P (0.25 uM) for 24 h. The conditioned medium was harvested,
and the concentration of PAI-1 in the media was measured using ELISA. Data are presented as mean + SE.
(n = 6). The data were normalized to basal PAl-level obtained in media from untreated cells (NS). PAI-1
concentration in cultures without any addition averaged 252 + 42 ng/ml. *P < 0.05 and **P < 0.01 obtained
from ANOVA evaluation of PAI-1 level in culture medium from cells incubated with or without HDL or S1P
in the presence compared with the absence of the chemical inhibitor. E: Results of experiments employing
chemical inhibitors were confirmed and expanded by evaluating PAI-1 secretion from adipocytes after re-
ducing the expression of the gene coding for SI1P, using siRNA technology. PAI-1 secretion was not altered
in cells incubated with siRNA with a scrambled sequence (Control). F: Relative expression of the gene cod-
ing for S1P, in adipocytes incubated with or without siRNA targeted to S1P,. Experiments reported in panels
E and F were conducted using HDL2 and HDL3 obtained from one donor. *P<0.05 ANOVA versus Basal for
three studies with cultures incubated in triplicate. Abbreviations: PAI-1, plasminogen activator inhibitor-1;
S1P, sphingosine-1-phosphate; S1P,, sphingosine-1-phosphate receptor,.

We have demonstrated that S1P increases the secretion of
PAI-1 from adipocytes (Fig. 3). In addition, S1P present in
HDL, the main transport lipoprotein for S1P, stimulates
PAI-1 release from adipocytes in a concentration-dependent
manner (Fig. 3B). HDL3 stimulated significantly more

PAI-1 release from adipocytes (Figs. 1, 3), presumably
because the SIP concentration in the HDL3 subfraction
averaged twice that observed in HDL?2 isolated from the
same subjects. While the concentrations of other constitu-
ents in the HDL2 and HDLS3 lipoprotein subfractions
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Fig. 5. Treatment of adipocytes with the PLC inhibitor U73122
(A), the PKC inhibitor RO-31-8425 (B), or the Rho inhibitor
Y-27623 (C) blocks the secretion of PAI-I stimulated by incubation
with HDL3 or S1P. 3T3 cells were pretreated with 10 uM of U73122
(n=5),1 puM RO-31-8425 (n =4), or 5 uM ¥-27623 (n=7) for 1 h
before incubation with HDL2 (800 wg/ml), HDL3 (800 pg/ml),
or S1P (0.25 M) for 24 h. The conditioned medium was removed
from each well, and the concentration of PAI-1 was measured using
ELISA. Data are presented as mean + SE. The data were normal-
ized to basal PAl-level obtained from untreated cells (NS). PAI-1
concentration in cultures without any addition averaged 303 + 51
ng/ml. *P < 0.05 and **P < 0.01 obtained from ANOVA of PAI-1
level in culture medium from cells incubated with/without the in-
dicated addition in the presence compared with the absence of the
chemical inhibitor. Abbreviations: PAI-1, plasminogen activator in-
hibitor-1; PKC, protein kinase C; PLC, phospholipase C; S1P, sphin-
gosine-1-phosphate.
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certainly differ, the increased PAI-1 secretion from adipo-
cytes incubated with HDL2 supplemented in vitro with
S1P (Fig. 3) strongly supports the role of SIP in HDL-
dependent release of PAI-1 from adipocytes. Importantly,
while total HDL concentration customarily decreases with
the hypertriglyceridemia that is associated with obesity, it
is primarily the larger-sized HDL2 subfraction that is re-
duced. Thus, the remaining S1P, which is transported
predominantly in the smaller HDL3 subfraction, could
still affect PAI-1 release from adipocytes and provide one
mechanism for the increased plasma PAI-1 concentrations
observed with the hypertriglyceridemia of obesity.

Comparatively little is known regarding S1P transport
in lipoproteins (21, 39), with no information available
regarding the metabolic factors that influence the distri-
bution of SIP in HDL subfractions. Although our study
investigated relatively few subjects, the S1P content of
HDL2 was consistently lower than that of HDL3 in all sub-
jects. However, the distribution of S1P between the HDL2
and HDLS3 subfractions was variable, and the S1P concen-
tration in HDL3 ranged from 1.4 to 2.6 times that in HDL2
(data not shown). The factors that contribute to this broad
range in S1P distribution are unknown, and in view of the
negative impact of SIP on fibrinolysis, additional study
is warranted. In addition, subjects donating HDL for the
present studies were nondiabetic and free of clinically evi-
dent disease. The impact of altered lipoprotein metabo-
lism that occurs in patients with the metabolic syndrome,
hypertriglyceridemia, or diabetes on S1P transport in lipo-
protein is unknown and more study is required.

The differential expression of S1P receptor subtypes
and the subtype-specific repertoire of heterotrimeric
G-proteins and effectors to which they are coupled deter-
mine the biological effects of S1IP. We found that SI1P,
S1P,, and S1P; are expressed on 3T3 adipocytes, with S1P,
being most abundant. SIP has been shown to inhibit cell
migration in embryonic fibroblast via S1P,-mediated sig-
naling. This inhibition of migration via S1P, was mediated
by Gys,15-dependent Rac inactivation and Rho-dependent
PTEN (phosphatase and Tensin homolog inhibitory)
pathway. The stimulation of glioblastoma cells with S1P
increased PAI-1 expression via S1P, receptor-mediated by
activation of ERK1/2 and Rho pathways (13). We have
confirmed and extended these observations and now re-
port that HDL3 and SI1P stimulate the release of PAI-1
from 3T3 adipocytes via the S1P, receptor (Fig. 4). Inter-
estingly, PAI-1 secretion from adipocytes was markedly
increased when HDL2, HDL3, or S1P were added to
adipocytes in the presence of VPC23019, a S1P;/S1P; re-
ceptor antagonist (Fig. 4C). The reduced binding of S1P
to S1P; and S1P; presumably resulted in less S1P binding
to the cell via these receptor pathways, which we demon-
strated were not involved in the PAI-1 response in adipo-
cytes (Fig. 4); this may have increased the availability of
S1P for binding to the S1P, receptor, which was shown to
mediate this metabolism in adipocytes. We also demon-
strate for the first time that HDL3- and S1P-mediated PAI-1
secretion from adipocytes is sensitive to inhibition of ei-
ther the PLC-PKC or the Rho-ROCK pathway, suggesting
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that PAI-1 secretion requires the coordinate actions of sev-
eral S1P, receptor signaling pathways (Fig. 5).

The various biological functions of HDL may be medi-
ated, at least in part, by the interaction of HDL with one
of its receptors (40-42). Recent evidence also supports
the role of SIP transported in HDL in modifying multiple
cellular metabolic pathways via its binding to one or more
of the receptors in the SI1P family of receptors (42-48).
However, the mechanism whereby HDL-associated S1P can
signal through SIP receptors is not well understood. Nofer
etal. (47, 49) have shown that HDL particles dock with the
scavenger receptor class BI (SR-BI), and lysosphingolipids
in HDL activate endothelial gene expression through the
S1P; receptor. In addition, Kimura et al. (42) have shown
that the ability of HDL to inhibit TNFa-induced adhesion
molecule expression was attenuated following downregula-
tion of either SR-BI or SIP receptor expression, and when
the expression of both receptors was suppressed, HDL-
mediated inhibition was abolished. These data suggest that
the SR-BI and S1P receptor systems may cooperate in HDL-
induced signaling and alterations in cellular metabolism.
The present data do not establish a role for SR-BI or other
HDL receptors in the HDL3/S1P-mediated increase in PAI-1
secretion from adipocytes; the possibility of cooperativity
between HDL receptors and S1P receptors in regulating
PAI-1 release from adipocytes remains to be determined.

While we have demonstrated that S1P that originates
from exogenous sources, such as that bound to HDL or
albumin, can interact with its receptors on the cell surface
and effect cell metabolism, S1P also may be produced
endogenously via sphingosine kinase (SK). It is not known
if HDL (or HDL subfraction-specific) binding to adipocytes
alters SK activity and, thus, endogenous SI1P production.
If HDL binding to the cell alters SK activity, this endoge-
nously produced SI1P also could potentially alter PAI-1 se-
cretion. Studies indicate that S1P in the nucleus specifically
binds to the histone deacetylases 1 (HDAC1) and HDAC2
and inhibits their enzymatic activity. Most importantly, SK2
has been shown to be associated with HDAC1 and HDAC2
in repressor complexes and is selectively enriched in the
promotors of several genes. Thus, HDACs are direct intra-
cellular targets of S1P and link endogenous, nuclear S1P to
epigenetic regulation of gene expression (50). Alterna-
tively, endogenous S1P may be exported out of cells by
members of the ABC transporter family where it can act via
“inside-out” signaling and bind to its receptors in an auto-
crine or paracrine fashion to stimulate G-protein-regulated
signaling pathways (51). Thus, SIP from either endogenous
or exogenous sources potentially may influence adipocyte
metabolism. Again, additional investigation is required.

Lastly, there was an unanticipated, but interesting,
statistically significant increase in PAI-1 released into the
medium from cells incubated with HDL2 compared with
basal incubations in the series of experiments in which
S1P, gene expression was reduced using siRNA technol-
ogy (Fig. 4E) (although PAI-1 secretion from cells incu-
bated with HDL3 continued to remain elevated relative to
HDL?2 as was observed in previous studies). To investigate
the potential cause of this unexpected increase in PAI-1

secretion from adipocytes incubated with this particular
HDL2 preparation, we determined the levels of S1P in the
HDL2 and HDL3 preparations used in these studies. The
S1P level in HDL2 isolated from this donor averaged 1.4-
fold higher (202 pmol S1P/mg HDL2 protein) compared
with S1P levels determined in the other eight HDL2 pools
used in these studies. Thus, the S1P concentration in the
media when adipocytes were incubated with this HDL2
preparation exceeded the S1P level in the cultures in all
experiments in which the other eight HDL2 pools were
employed and may have contributed to the observed in-
crease in PAI-1 secretion. The results of this limited study
further support our observations reported in Fig. 3B and
suggest that when adipocytes are incubated with HDL at
the same concentration, HDL subfractions containing
higher levels of SIP can stimulate the release of more
PAI-1 from adipocytes than HDL subfractions with lower
S1P content. Although the S1P level in HDL3 was uni-
formly higher than that in HDL2 in every HDL prepara-
tion used in these studies and, furthermore, it uniformly
stimulated more PAI-1 secretion from adipocytes than
HDL2 from the same individual, the factor or factors
which contributed to the observed differences in S1P level
in HDL subfractions between individuals remain to be de-
termined and are under investigation
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