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Sphingosylphosphorylcholine Induces Apoptosis
of Endothelial Cells Through Reactive Oxygen
Species-Mediated Activation of ERK
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Abstract Sphingosylphosphorylcholine (SPC) produces reactive oxygen species (ROS) in MS1 pancreatic islet
endothelial cells. In the present study, we explored the physiological significance of the SPC-induced ROS generation in
endothelial cells. SPC induced cell death of MS1 cells at higher than 10 pM concentration through a caspase-3-dependent
pathway. SPC treatment induced sustained activation of an extracellular signal-regulated kinase (ERK), in contrast to
transient activation of ERK in response to platelet-derived growth factor (PDGF)-BB, which stimulated proliferation of MS1
cells. Both the SPC-induced cell death and ERK activation were abolished by pretreatment of the cells with the MEK
inhibitor U0126 or by overexpression of a dominant negative mutant of MEKT (DN-MEKT). Pretreatment of the cells with
N-acetylcysteine, an antioxidant, completely prevented the SPC-induced ROS generation, apoptosis, and ERK activation,
whereas the ROS generation was not abrogated by treatment with U0126. Consistent with these results, SPC induced cell
death of human umbilical vein endothelial cells (HUVECs) through ROS-mediated activation of ERK. These results suggest
that the SPC-induced generation of ROS plays a crucial role in the cell death of endothelial cells through ERK-dependent

pathway. J. Cell. Biochem. 100: 1536-1547, 2007. © 2006 Wiley-Liss, Inc.
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including proliferation, growth inhibition,
smooth muscle contraction, wound healing,
and angiogenesis [Meyer zu Heringdorf et al.,
2002]. SPC stimulates proliferation of various
cell types, such as fibroblasts, endothelial cells,
keratinocytes, and vascular smooth muscle cells
[Desai and Spiegel, 1991; Sun et al., 1996; Chin
and Chueh, 1998; Wakita et al., 1998; Meyer
zu Heringdorf et al., 2002]. On the other
hand, it can also inhibit growth of various cell
types, mostly tumor cells, such as pancreatic,
breast, and ovarian cancer cells and Jurkat
T cells [Yamada et al., 1997; Xu, 2002]. In the
vascular system, SPC induces migration and
morphogenesis of vascular endothelial cells
in vitro [Boguslawski et al., 2000]. These
results indicate that SPC may be involved
in vascular physiology or pathophysiology via
modulation of growth, viability, and differentia-
tion of endothelial cells. However, the molecular
mechanisms involved in the SPC-induced
growth control are still unclear.

Reactive oxygen species (ROS) have been
implicated in the regulation of growth and cell
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death in vascular endothelial cells. In support of
the above contention, we recently reported that
SPC treatment stimulated the production of
ROS in MS1 pancreatic islet endothelial cells
[Jeon et al., 2005a]. Furthermore, treatment of
endothelial cells with exogenous Hy05 caused
apoptotic cell death [de Bono and Yang, 1995].
In addition, endogenous Hy0, produced by
oxidized low density lipoprotein (LDL) induced
endothelial cell death [Lin et al., 2004]. There-
fore, by modulating endothelial cell growth
and apoptosis, ROS seems to be involved in a
variety of cardiovascular diseases, such as
atherosclerosis and hypertension [Stoneman
and Bennett, 2004; Touyz and Schiffrin, 2004;
Cai, 2005; Schulze and Lee, 2005]. However,
the physiological significance of ROS in SPC-
induced cellular responses has not yet been
studied.

Mitogen-activated protein kinases (MAPKs),
which include the extracellular signal-regu-
lated kinase (ERK), c-Jun NH,-terminal pro-
tein kinase, and p38 MAPK, are involved in the
regulation of cellular processes, such as cell
growth, differentiation, development, cell cycle,
death, and survival [Chang and Karin, 2001].
Several studies demonstrated that ERK is
involved mainly in the regulation of prolifera-
tion. SPC has been shown to enhance ERK
activity in various cell lines [Meyer zu Hering-
dorfetal., 2002; Xu, 2002], and the SPC-induced
activation of ERK has been reported to be
essential for the SPC-induced cell death in
human adipose tissue-derived mesenchymal
stem cells (hATSCs) [Jeon et al., 2005b]. How-
ever, the molecular mechanisms by which ROS
and ERK regulate the SPC-induced cell death of
endothelial cells have not yet been addressed. In
the present study, we demonstrate for the
first time that ROS plays a key role in the
SPC-induced cell death of endothelial cells
through ERK-dependent pathway.

MATERIALS AND METHODS
Materials

D-erythro-SPC and L1-threo-SPC were pur-
chased from Matreya (Pleasant Gap, PA).
U0126, pertussis toxin (PTX) z-VAD-FMK,
and DEVE-CHO were from BIOMOL (Ply-
mouth Meeting, PA). Dulbecco’s Modified
Eagle’s Medium and Lipofect AMINE were from
Invitrogen (Carlsbad, CA), and fetal bovine
serum was from HyClone (Logan, UT). Human

umbilical vein endothelial cells (HUVECs),
endothelial growth medium (EGM-2) Bullet
kit, and EBM-2 basal medium were purchased
from Cambrex Corp. (East Rutherford, NdJ).
Anti-phospho-ERK, anti-ERK, and anti-cleaved
caspase-3 antibodies were obtained from Cell
Signaling Technology, Inc. (Beverly, MA). The
anti-actin antibody (clone C4) and horseradish
peroxidase-conjugated secondary antibodies
were from MP Biomedicals (Irvine, CA) and
Jackson ImmunoResearch Lab. (West Grove,
PA), respectively. The enhanced chemilumines-
cence kit was from Amersham Biosciences
(Buckinghamshire, UK). Dichlorodihydrofluor-
escein diacetate (HoDCF-DA) was purchased
from Molecular Probes, Inc. (Eugene, OR). 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), N-acetylcysteine (NAC),
and all other reagents were from Sigma-Aldrich
Co. (St. Louis, MO).

Cell Culture and Transient Transfection

MS1 cells, pancreatic islet endothelial cells
transformed by infection with a temperature
sensitive SV40 large T antigen (tsA-58-3), were
purchased from American Type Culture Collec-
tion (Manassas, VA). They were maintained in
a high glucose Dulbecco’s Modified Eagle’s
Medium, supplemented with 25 mM NaHCOs,
10% fetal bovine serum, 50 U/ml penicillin, and
50 pg/ml streptomycin, in a 5% CO09/95% Oy
humidified incubator at 37°C. HUVECs
were cultured for up to eight passages in an
EGM-2 BulletKit, and the growth medium was
replaced with endothelial basal medium for
serum deprivation before treatment with SPC.
For transient overexpression of a dominant
negative mutant of MEK1 (DN-MEK1), a
mammalian expression vector (pCGN) bearing
DN-MEKI1 was transfected into MS1 cells with
LipofectAMINE, as suggested by the manufac-
turer (Invitrogen).

Cell Viability Assay

Cell viability was determined by MTT assay,
as described previously [Alley et al., 1988]. For
the MTT assay, the stock solution (5 mg/ml
MTT) was added to each well of the 96-well
plates, which were seeded with MS1 cells, to a
final concentration of 0.5 mg/ml MTT, and then
the plates were incubated at 37°C for 2 h. The
formazan granules generated by live cells were
dissolved in 100% dimethylsulfoxide (DMSO)
and absorbance at 570 nm was monitored by
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using a PowerWave, microplate spectrophot-
ometer (Bio-Tek Instruments, Inc., Winooski,
VT). For direct counting of viable cell number,
the reagents-treated hADSCs were harvested
by trypsinization, suspended in phosphate-
buffered saline, and incubated with an equal
amount of 0.1% trypan blue. The number of
trypan blue-negative cells was counted by using
a hemocytometer.

TUNEL Staining

Cells were grown on 22-mm glass coverslips
in six-well plates. After treatment with SPC,
cells were washed twice with PBS and fixed
with 4% paraformaldehyde in PBS (pH 7.4) for
1 h at 4°C. The fixed cells were stained by
the terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL)
method, using an in situ cell death detection
Kit (Roche, Basel, Switzerland), as described in
the manufacturer’s manual: the DNA cleavage
generated during apoptosis is labeled at
strand breaks with fluorescein dUTP by term-
inal deoxynucleotidyl transferase. Fluorescence
of the labeled fluorescein was excited at
485+ 11 nm and emitted fluorescence was
collected at 530+ 15 nm. The fluorescence,
indicating DNA strand breaks, and phase
contrast images were photographed by a digital
camera equipped in an inverted microscope
(Leica DM IRB).

Flow Cytometric Analysis

Cell cycle was analyzed by fluorescence-
activated cell sorting after staining with propi-
dium iodide. Cells were collected by centrifuga-
tion, washed with PBS, and permeabilized in
70% ethanol, containing 0.5% Tween 20, over-
night at 4°C. The permeabilized cells were
incubated with 50 pug/ml propidium iodide and
0.1 mg/ml RNase A (Sigma) for 30 min at 37°C
and analyzed for apoptosis. Cells with sub-G;
propidium iodide incorporation were considered
as apoptotic, and the percentage of apoptotic
cells was calculated as the ratio of events on sub-
G to events from the whole population.

Western Blot Analysis

Confluent serum-starved cells were treated
under the appropriate conditions as specified,
washed with ice-cold PBS, and then lysed
in lysis buffer [20 mM Tris-HCl (pH 7.4),
1 mM EGTA, 1 mM EDTA, 10 mM NaCl,
0.1 mM phenylmethanesulfonyl fluoride,

1 mM NazVO,, 30 mM sodium pyrophosphate,
25 mM B-glycerol phosphate, and 1% Triton
X-100]. Lysates were resolved by SDS—PAGE
and transferred onto a nitrocellulose mem-
brane. After blocking with 5% non-fat milk,
the membranes were immunoblotted with
various antibodies, and the bound antibodies
were visualized with horseradish peroxidase-
conjugated rabbit IgG antibodies by using the
enhanced chemiluminescence Western blotting
system.

Measurement of ROS

Intracellular ROS production was measured
by the method of Bass et al. [1983] with a slight
modification of a previous report [Ohba et al.,
1994]. Briefly, cells were seeded onto 32 mm
dishes and serum-starved for 24 h. The serum-
starved cells were treated with SPC for 30 min
and loaded with 20 uM H,;DCF-DA for 10 min.
Fluorescence formed as a result of the oxidation
of dichlorodihydrofluorescein (excitation, 488
nm; emission, 515-540 nm) to a fluorescent
derivative, DCF, was measured by confocal
microscopy, using a Leica TCS-SP2 laser scann-
ing confocal microscope (Leica Microsystems,
Germany). Photo-oxidation of dichlorodihydro-
fluorescein was minimized by collecting the
fluorescent image with a single rapid scan (line
average, 4; total scan time, 4.33 s) using
identical parameters, such as contrast and
brightness, for all samples.

RESULTS
SPC Decreases the Viability of MS1 Cells

To explore the effects of SPC on viability
and proliferation of MS1 cells, cell number
was determined by using an MTT assay. As
shown in Figure 1A, treatment of MS1 cells
with p-erythro-SPC for 48 h dose-dependently
decreased the cell number. To assess whether
the SPC-induced cell death was due to the
detergent-like property of SPC, we compared
the effect of SPC stereo-isomers on the cell
viability. In contrast to p-erythro-SPC-induced
cell death, treatment of the cells with L-threo-
SPC had no significant impact on the viability of
MS1 cells, indicating that p-erythro-SPC stereo-
selectively induced cell death of MS1 cells. To
confirm the result that p-erythro-SPC stereo-
selectively decreased the viability of MS1 cells,
we next measured the cell number by using a
hemocytometer and cell viability was assessed
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Fig. 1. Effects of exogenous SPC on cell viability of MS1 cells.
Serum-starved MST cells were treated with indicated concentra-
tions of p-erythro-SPC or L-threo-SPC for 48 h. The cell number
was determined by MTT assay (A) or trypan blue exclusion assay
(B). C: Serum-starved MS1 cells were treated with vehicle (0.1%
DMSO) or 10 pM D-erythro-SPC for the indicated periods of
time. D: Serum-starved MS1 cells were pretreated with 100 ng/ml

by trypan blue exclusion. Consistent with the
result determined by MTT assay, D-erythro-SPC
stereo-selectively decreased the viable cell
number (Fig. 1B). The SPC-induced cell death
became apparent after 48 h of exposure of MS1
cells to 10 uM p-erythro-SPC, and the cell
viability decreased time dependently (Fig. 1C).
The stereo-selective response of SPC on cell
viability of MS1 cells suggest that p-erythro-
SPC probably causes cell death of MS1 endothe-
lial cells via a stereo-specific plasmalemmal
receptor.

In a previous study, we demonstrated that
SPC stimulated proliferation of hATSCs
through a PTX-sensitive G protein-sensitive
pathway [Jeon et al., 2006]. Therefore, we next
explored whether the SPC-induced death of
MS1 cells is mediated by PTX-sensitive G
proteins. As shown in Figure 1D, the SPC-
induced death of MS1 cells was not ameliorated
by PTX treatment, suggesting that PTX-
sensitive G proteins, G; or G,, are not involved
in the SPC-induced death of MS1 cells.
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PTX or vehicle for 24 h and then treated with vehicle (0.1%
DMSO) or 10 pM p-erythro-SPC for 48 h. Cell viability was
determined by MTT assay and expressed as a percentage of
control. Data are shown as mean +SE (n=4). Representative
data of three independent experiments are shown. *, P<0.05
and **, P<0.01.

Involvement of Caspase-3-Dependent
Pathway in SPC-Induced Apoptosis

To explore whether SPC induces apoptotic
cell death of MS1 cells, we next investigated the
effects of SPC on cell cycle and DNA strand
breaks. As shown in Figure 2A, SPC treatment
increased the percentage of the sub-G; phase,
which is a hallmark of apoptosis, from 5.2%
(control) to 18.3% (SPC-treated cells). In addi-
tion, TUNEL-positive apoptotic cells, which
manifest DNA strand breaks or DNA fragmen-
tation during apoptosis, appeared in the MS1
cells treated with p-erythro-SPC for 48 h, but
not in control cells (Fig. 2B, upper panels).
Incubation with p-erythro-SPC for 48 h also
induced drastic morphological change of MS1
cells (Fig. 2B, lower panels), which coincides
with the TUNEL-positive cells. Therefore, these
results indicate that SPC-induced cell death
occurred primarily through apoptotic pathways.

It is well known that cytochrome c release
from mitochondria to cytosol leads to activation
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Fig. 2. Role of caspase-3 in SPC-induced apoptotic cell death.
A: For analysis of the cell cycle, serum-starved MS1 cells were
pretreated with vehicle or 10 pM p-erythro-SPC for 48 h, and then
labeled with propidium iodide. Propidium iodide (PI)-labeled
cells (~10,000 events) were analyzed by a FACscan flow
cytometer using the cell Quest software to quantitate a sub-G;
cell population. B: Serum-starved MS1 cells were treated with
vehicle or 10 uM p-erythro-SPC for 48 h, fixed, and stained with a
TUNEL assay kit, as described under Materials and Methods.
Fluorescence and phase contrast images are shown in upper and
lower panels, respectively. Representative data of three inde-
pendent experiments are shown. C: Serum-starved MS1 cells
were treated with 10 pM p-erythro-SPC for the indicated times,
and the amounts of cleaved caspase-3 in an aliquot (40 pg) of

of caspase cascades: Cytochrome c-dependent
cleavage of caspase-3 leads to its activation, and
thus activated caspase-3 plays a key role in
apoptosis by proteolysis of various cellular
proteins [Jiang and Wang, 2004]. To explore
whether the activation of caspase-3 was
involved in the SPC-induced apoptosis of MS1
cells, we examined the effect of SPC on cleavage
of caspase-3. As shown in Figure 2C, cleavage of
caspase-3 appeared after treatment of the cells
with 10 pyM SPC for 12 h, and maximally
occurred after 48 h. To further clarify whether
caspase-3 was involved in SPC-induced cell
death, we next examined the role of caspase-3
in SPC-induced apoptosis. As shown in
Figure 2D, SPC treatment reduced the cell
viability, and pretreatment of the cells with
either 10 uM EDVD-CHO, a caspase-3-specific
inhibitor, or 20 pM z-VAD-FMK, a general
caspase inhibitor, completely restored SPC-
induced cell viability. These data indicate that

cytosolic fractions were determined by Western blotting with an
anti-cleaved caspase-3-specific antibody. The amounts of actin
were probed by an anti-actin antibody to confirm equal loading.
Representative data of three independent experiments are
shown. D: Serum-starved MST cells were pretreated with
vehicles (0.1% DMSO), 10 uM DEVD-CHO, the caspase-3
specific inhibitor, and 20 uM z-VAD-FMK, the general caspase
inhibitor, for 15 min, and then treated with 10 pM p-erythro-SPC
for 48 h as indicated. Cell viability was determined by MTT assay
and expressed as a percentage of control (Mock-incubated cells).
Data are shown as mean + SE (n=4) and are representative of
three independent experiments. * Indicates P < 0.05. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

the caspase-3-dependent pathway plays a cru-
cial role in SPC-induced apoptosis.

ERK Is Involved in the SPC-Induced
Apoptosis of MS1 Cells

We have previously reported that ERK
activation is required for SPC-induced cell
death in hATSCs [Jeon et al., 2005b]. However,
it is generally accepted that ERK is involved in
proliferation in response to mitogenic growth
factors acting through receptor protein tyrosine
kinase or G protein-coupled receptors [Chang
and Karin, 2001]. To explore the role of ERK in
SPC-induced cell death and the growth factor-
induced proliferation of endothelial cells, we
determined the effects of U0126, a specific
inhibitor of MEK1/2, on the viability of MS1
cells treated with 10 uM p-erythro-SPC or 10 ng/
ml platelet-derived growth factor (PDGF). As
shown in Figure 3A, pharmacological inhibition
of ERK by pretreatment of MS1 cells with
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Fig. 3. Role of ERK in SPC-induced cell death and PDGF-
induced proliferation. A: Serum-starved MST cells were pre-
treated with vehicles or 10 uM U0126 for 15 min, and then
exposed to 10 pM p-erythro-SPC (D-SPC) or 10 ng/ml PDGF-BB
(PDGF) for 48 h. Cell number was determined by MTT assay and
expressed as a percentage of control (Mock-incubated cells).
Data are shown as mean + SE (n=4) and are representative of
three independent experiments. * Indicates P < 0.05. B: Serum-
starved MST1 cells were pretreated with 10 uM U0126, exposed to
10 uM p-erythro-SPC or vehicle for 48 h, and then labeled with
PI. Propidium iodide (Pl)-labeled cells (~10,000 events) were
analyzed by a FACscan flow cytometer using the cell Quest
software to quantify a sub-G; cell population. Representative
data of three independent experiments are shown. MS1 cells

U0126 markedly abrogated SPC-induced cell
death. Furthermore, PDGF increased the cell
number of MS1 cells and the PDGF-induced
proliferation was completely prevented by pre-
treatment of the cells with U0126. These results
suggest that ERK plays a key role in both
SPC-induced cell death and PDGF-induced
proliferation of MS1 cells.

To ascertain the involvement of ERK in the p-
erythro-SPC-induced apoptosis, we investi-
gated the effect of U0126 on the SPC-induced
increase of sub-G; phase DNA contents. Treat-
ment of MS1 cells with 15 puM bp-erythro-SPC
increased the percentage of the sub-G; fraction
from 5.2% (control cells, Fig. 2A) to 18.3%
(SPC-treated cells, Fig. 2A), and pretreatment
of MS1 cells with U0126 drastically decreased
the percentage of the sub-G; phase DNA
contents to 5.5% (Fig. 3B).

To further confirm the involvement of the
MEK-ERK pathway in SPC-induced apoptosis,
we next explored the effects of DN-MEK1 on

1541

C

p-ERK=¢ - .

v
ERK=F == on oo == o= o0 == =

MEKIDIN - - + + = - + +
wlo D-SPC
D
1201 i
e
1007 P
Z 2 g0
we
< 3 60
||: “6 40
=2
~ 20-
0.
MEK1DIN - + &
wlo D-SPC

were transfected with pPCGN-DN-MEKT or a control vector, and
then treated with vehicle or 10 uM p-erythro-SPC for 30 min.
Representative data of three independent experiments in
duplicated determinations are shown. C: MS1 cells were
transfected with pPCGN-DN-MEKT or a control vector, and then
treated with vehicle or 10 pM p-erythro-SPC for 48 h.
Phosphorylation levels of ERK1/2 and the amounts of ERK1/2
were determined by Western blotting with anti-phospho-ERK1/2
and anti-ERK antibodies, respectively. D: Cell number was
determined by MTT assay and values are expressed as a
percentage of mock-treated cells. Data are shown as mean + SE
(n=4) and are representative of three independent experiments.
*, P<0.05.

the SPC-induced apoptosis and phosphoryla-
tion of ERK in MS1 cells, and found that
overexpression of the DN-MEKI1 significantly
attenuated the SPC-induced phosphorylation
of ERK (Fig. 3C). Moreover, SPC-induced
apoptosis was significantly abrogated by over-
expression of the DN-MEK1 (Fig. 3D), support-
ing the conclusion that ERK plays a pivotal role
in the SPC-induced apoptosis of MS1 cells.

SPC Induces Prolonged Activation of
ERK in MS1 Cells

To determine the molecular mechanisms
by which both SPC-induced apoptosis and
PDGF-induced proliferation are mediated by
ERK, we examined the effects of SPC and PDGF
on ERK phosphorylation in MS1 cells. Treat-
ment of MS1 cells with PDGF-induced robust
phosphorylation of ERK as early as 10 min, and
then it was rapidly declined to the basal level at
30 min. SPC also induced phosphorylation of
ERK at 10 min, whereas the phosphorylated
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level of ERK was slowly decreased as compared
with the PDGF-induced ERK phosphorylation.
The ERK phosphorylation could be detected at
24 h after treatment of the cells with SPC, but
not with PDGF (Fig. 4A,B). Pretreatment of
MS1 cells with U0126 completely inhibited the
ERK phosphorylation induced by SPC or PDGF.
These results suggest that SPC-induced cell
death of MS1 cells by inducing prolonged
activation of ERK, in contrast to short-lived
activation of ERK induced by PDGF.

SPC-Stimulated Generation of ROS
Is Required for the SPC-Induced Apoptosis
Through ERK-Dependent Pathway

We have recently reported that SPC treat-
ment increased intracellular levels of ROS in
MS1 cells [Jeon et al., 2005a]. To assess the
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Fig. 4. Time-dependent Effects of SPC and PDGF on the ERK
Phosphorylation. A: Serum-starved MS1 cells were pretreated
with vehicles or 10 pM U0126, and then treated with 10 uM b-
erythro-SPC (D-SPC) or 10 ng/ml PDGF-BB (PDGF) for the
indicated time periods. Phosphorylation levels of ERK1/2 and the
amounts of ERK1/2 were determined by Western blotting with
anti-phospho-ERK1/2 and anti-ERK antibodies, respectively.
Representative data of three independent experiments are
shown. B: The densities of p-ERK and ERK were quantified from
the three experiments, and the phosphorylation levels of p-ERK
were normalized to the amounts of ERK in the samples. Data are
shown as mean £ SE (n=3). *, P< 0.05 (D-SPC vs. PDGF-BB).

role of ROS in SPC-induced ERK activation,
we examined the effects of N-acetylcysteine
(NAC), an antioxidant, on SPC-induced ROS
generation and activation of ERK. As shown in
Figure 5A, the SPC-induced generation of ROS
was prevented by pretreatment of MS1 cells
with NAC. However, pretreatment of the cells
with U0126 did not block the SPC-induced ROS
generation. In order to demonstrate the role of
ROS in the SPC-induced activation of ERK,
we next examined the effect of NAC on the SPC-
induced phosphorylation of ERK in MS1 cells.
Pretreatment of MS1 cells with 1 mM NAC
prevented the SPC-induced phosphorylation of
ERK (Fig. 5B), indicating that SPC-induced
ROS generation is essential for ERK activation
in MS1 cells. To assess whether ROS plays any
critical role in the SPC-induced cell death, we
determined the effects of NAC on the SPC-
induced cell death. Pretreatment of MS1 cells
with NAC completely abrogated the SPC-
induced cell death (Fig. 5C), suggesting that
SPC-induced production of ROS is required for
the cell death of MS1 cells.

SPC Induces Cell Death of HUVECs Through
ROS-Dependent Activation of ERK

Because MS1 cells are pancreatic islet
endothelial cells transformed by infection with
atemperature sensitive SV40 large T antigen, it
is possible that the signaling pathways involved
in the SPC-induced cell death of MS1 cells may
be different from those of primary endothelial
cells. To confirm whether SPC causes cell death
of primary endothelial cells through the ROS-
ERK pathway, we next examined the effect
of SPC on proliferation or cell viability of
HUVECs. As shown in Figure 6A, p-erythro-
SPC slightly increased the proliferation of
HUVECs with a maximal stimulation at 5 yM
concentration. However, a higher concentration
than 10 pM p-erythro-SPC dose-dependently
attenuated the viability of HUVECs. In contrast
to p-erythro-SPC, L-threo-SPC treatment had
no significant impact on the cell number of
HUVECs, suggesting that p-erythro-SPC posi-
tively or negatively regulates the proliferation
of HUVECs, depending on the concentrations of
SPC exposed to the cells.

In the present study, we showed that SPC
attenuated viability of MS1 cells through
G;,,-independent pathway (Fig. 1D). Therefore,
we next examined the involvement of
Gj,-dependent pathway in the SPC-induced
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Fig. 5. Role of ROS in SPC-induced cell death. A: MS1 cells
were pretreated with vehicle, 10 uM U0126 or 1 mM NAC for 30
min, and then treated with vehicle or 10 uM p-erythro-SPC for 30
min. The cells were then loaded with 20 pMH,DCF-DA for 10
min, and fluorescence resulting from the oxidation of dichlor-
odihydrofluorescein to DCF was measured by the confocal
microscopic procedure as described under Materials and
Methods. Excitation was delivered at 485 4+ 11 nm, and emitted
fluorescence was collected at 530 £ 15 nm. Representative data
of three independent experiments are shown. B: Serum-starved
MS1 cells were pretreated with vehicle or T mM NAC for 30 min,
and then exposed to 10 uM p-erythro-SPC for 30 min. Cell lysates

cellular responses of HUVECs. As shown in
Figure 6B, the increased proliferation of
HUVECs induced by 5 pM SPC was completely
abrogated by PTX treatment. Furthermore, the
reduced viability of HUVECs induced by 15 uM
SPC was also ameliorated by pretreatment of
the cells with PTX. These results clearly suggest
that SPC modulates proliferation or viability of
HUVECs through G;,-dependent pathway, in
contrast to the crucial role of Gy,-independent
pathway in the SPC-induced cell death of MS1
cells.

To discern whether ROS-dependent ERK
activation was involved in the SPC-induced cell
death of HUVECSs, we determined the effects of
U0126 and NAC on the SPC-induced phosphor-
ylation of ERK. Treatment of HUVECs with
SPC-induced phosphorylation of ERK, and
pretreatment of the cells with either U0126 or
NAC completely prevented the SPC-induced
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were loaded onto 10% SDS—-PAGE, and phosphorylation of
ERK1/2 and the amounts of ERK were determined by Western
blotting with anti-phospho-ERK1/2 and anti-ERK antibodies,
respectively. Representative data of three independent experi-
ments are shown. C: Serum-starved MS1 cells were pretreated
with vehicle or T mM NAC for 30 min, and then exposed to 10 uM
p-erythro-SPC for 48 h. Cell viability was determined by MTT
assay. Values are expressed as a percentage of mock-treated
cells. Data are shown as mean + SE (n = 4) and are representative
of three independent experiments. *, P<0.05. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

phosphorylation of ERK (Fig. 6C). We next
confirmed the involvement of ROS-dependent
activation of ERK in the SPC-induced death of
HUVECs, by determining the effects of U016
and NAC on the SPC-induced cell death of
HUVECs. As shown in Figure 6D, treatment of
HUVECs with SPC in the presence of U0126
ameliorated SPC-induced cell death. Further-
more, NAC completely blocked the SPC-induced
cell death of HUVECs. These results indicate
that the SPC-induced production of ROS plays a
pivotal role in the SPC-induced endothelial cell
death through activation of ERK.

DISCUSSION

In the present study, we demonstrated that
SPC dose-dependently induced apoptotic cell
death in MS1 transformed pancreatic islet
endothelial cells (Fig. 1A). Consistently, SPC
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Fig. 6. Role of ROS and ERK in SPC-induced cell death of

HUVECs. A: HUVECs were cultured in a serum-free medium in
the presence of indicated concentrations of p-erythro-SPC or
L-threo-SPC for 48 h, and cell number was determined by MTT
assay. Data are shown as mean & SE (n=4) and are representa-
tive of three independent experiments. B: Serum-starved
HUVECs were pretreated with 100 ng/ml PTX, and then treated
with 5 uM or 15 uM p-erythro-SPC for 48 h. Cell number was
determined by MTT assay. Data are shown as mean + SE (n=4)
and are representative of three independent experiments. C:
Serum-starved HUVECs were pretreated with 10 uM U0126 or

has been reported to inhibit growth of various
cell types, mostly tumor cells, such as pancrea-
tic, breast, and ovarian cancer cells or Jurkat T
cells [Xu et al., 1995a,b; Yamada et al., 1997].
However, SPC induced the proliferation of
HUVECs with a maximal stimulation at 5 uM,
whereas concentrations of SPC greater than
10 uM induced the cell death of HUVECs
(Fig. 6A). The biphasic effect of SPC on prolife-
ration has previously been observed in non-
transformed cell types, such as keratinocytes,
Swiss 3T3 fibroblast, and hATSCs [Desai et al.,
1993; Wakita et al., 1998; Jeon et al., 2005b,
2006]. A possible explanation for the cell type-
specific effects of SPC is that different signaling
pathways contribute to the differential effects
of SPC. In the present study, we demonstrated
that the biphasic effect of SPC on proliferation of
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1 mM NAC for 30 min, and then exposed to vehicles or 15 pM
p-erythro-SPC for 30 min. Phosphorylation levels of ERK1/2 and
amounts of ERK1/2 were determined by Western blotting with
anti-phospho-ERK1/2 and anti-ERK antibodies, respectively.
Representative data of three independent experiments are
shown. D: HUVECs were pretreated with 10 pM U0126 or
1 mM NAC for 30 min, and then exposed to 15 pM p-erythro-SPC
for 48 h. Cell number was determined by MTT assay and values
are expressed as a percentage of mock-treated cells. Data are
shown as mean=+SE (n=4) and are representative of three
independent experiments. *, P< 0.05.

HUVECs was mediated by G;/,-dependent path-
way, in contrast to the involvement of Gj,-
independent pathway in the SPC-induced cell
death of MS1 cells. These results suggest that
distinct signaling mechanisms involving Gj,-
dependent and -independent pathways are
responsible for the differential effects of SPC
on proliferation or death in these endothelial
cells. Another possibility is that the differential
effects of SPC are due to differential expression
of SPC receptors. Several GPCRs, such as
OGR1, GPR4, G2A, and GPR12, have been
identified as high affinity receptors for SPC
[Meyer zu Heringdorf et al., 2002; Xu, 2002].
Recently, Kim et al. [2005] demonstrated that
GPR4 is involved in the SPC-induced angiogen-
esis and proliferation in HUVECs. In addition,
sphingosine-1-phosphate (S1P) receptors have
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been reported to act as low affinity receptors for
SPC [Meyer zu Heringdorf et al., 2002; Xu,
2002]. Moreover, SPC has been identified pre-
viously as an anti-apoptotic agent in HUVECs
[Nofer et al., 2001] and the S1P receptor S1P3
(also known as LPB; and EDGjs) has been
reported to play a crucial role in the SPC-
induced signal transduction [Nofer et al., 2004].
Therefore, it is highly likely that differential
expression of these SPC receptors is responsible
for the differential effects of SPC on prolifera-
tion and apoptosis in MS1 cells and HUVECs.
However, accumulating evidence has recently
demonstrated that OGR1, GPR4, and G2A are
activated by proton, but not by SPC [Bektas
et al., 2003; Ludwig et al., 2003; Murakami
et al.,, 2004]. Therefore, it is still unclear
which receptors are involved in the SPC-
induced proliferation or death of HUVECs.
Furthermore, it has been reported that auto-
taxin, a member of the nucleotide pyropho-
sphatase/PDE family of ecto/exoenzymes,
hydrolyzes SPC to produce S1P [Clair et al.,
2003]. Because S1P stimulates proliferation of
human endothelial cells through PTX-sensitive
pathway [Wang et al., 1999; Kimura et al.,
2000], it is plausible that S1P, which is produc-
ed by autotaxin-mediated hydrolysis of SPC,
stimulates proliferation of HUVECs through
activating the S1P receptor-Gy,-dependent
pathway. Additional studies are needed to
understand the precise role of these receptors
and signal transduction pathways involved in
the SPC-induced proliferation and apoptosis.
In the present study, we demonstrated that
prolonged activation of ERK was responsible for
the cell death of MS1 cells induced by a
high concentration of SPC; however, PDGF
stimulated proliferation of MS1 cells by indu-
cing acute activation of ERK (Figs. 3 and 4).
The above contention is further supported
by a few recent studies that the MEK-ERK-
dependent pathway is involved in the induction
of apoptosis [Lieu et al., 1998; Kalechman et al.,
2000; Kim et al., 2003; Nguyen et al., 2004], in
contrast to previous reports that ERK plays a
crucial role as an anti-apoptotic factor [Chang
and Karin, 2001; Wada and Penninger, 2004].
The opposite roles of ERK in apoptosis might
possibly be explained by the fact that ERK plays
a dual role in the regulation of cell death and
survival, depending on the strength and dura-
tion of its activation: Persistent activation of
ERK leads to cell death [Stanciu et al., 2000;

Seo et al., 2001; Canals et al., 2003], whereas a
short-lived activation of ERK is associated
with survival [Xia et al., 1995; Fukunaga and
Miyamoto, 1998]. In addition, ERK stimulation
has been reported to suppress the cell cycle,
through the induction of the expression of cell
cycle inhibitor proteins, including p21Cip/Waf
and p27KIP [Marshall, 1999]. However, further
investigations are required to understand the
molecular mechanisms involved in the ERK-
dependent cell death of SPC-treated cells.

In the present study, the SPC-induced cell
death and activation of ERK were prevented by
pretreatment of the cells with NAC. However,
treatment of MS1 cells with U0126 did not
abolish the SPC-induced generation of ROS,
suggesting that the SPC-stimulated ROS gen-
eration is required for the SPC-induced ERK
activation and concomitant cell death. Consis-
tent with our present study, it has been reported
that ROS-dependent activation of ERK is
involved in cell death of various cell types
[Ramachandiran et al., 2002; Chu et al., 2004,
Clausen et al., 2004; Lee et al., 2005a,b].
Furthermore, ROS generation supports sus-
tained MAPK activation via the inhibition of
CD45 and other tyrosine phosphatases, and also
contributes to the induction of distinct MAPK
activation profiles via differential signaling
pathways [Lee and Esselman, 2002; Zhou
et al., 2002]. Therefore, these studies support
our current data that ROS-mediated activation
of MEK-ERK signaling pathways contributes to
SPC-induced cell death in MS1 and HUVECs
endothelial cells.

By using matrix-assisted laser desorption
ionization-time-of-flight MS, the concentration
of SPC was estimated at 50 nM in plasma and
130 nM in serum [Liliom et al., 2001]. We
observed that SPC-induced apoptosis of MS1
cells and HUVECs at a higher concentration
than 10 uM (Figs. 1A and 6). Consistent with the
present study, SPC has been reported to affect
proliferation in the micromolar range of SPC on
several other cell types [Desai et al., 1993;
Wakita et al., 1998]. Since these concentrations
of SPC are higher than that found in plasma
[Liliom et al., 2001], the physiological relevance
of SPC-induced cell death can be argued.
However, SPC is unlikely to act as a hormone
but rather as a paracrine mediator in local
microenvironments. Therefore, the concentra-
tion of SPC in local microenvironments could
not be clearly determined and the physiological
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and pathophysiological significance of the
SPC-induced death of vascular endothelial cells
should be investigated further.
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