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Abstract 
Vascular smooth muscle cell (VSMC) apoptosis plays an essential role in vascular 
development and atherosclerosis. Hyperglycemia inhibits VSMC apoptosis, which may 
contribute to the development of diabetic vasculopathy. In the present study, we analyzed 

the mechanism of high glucose induced anti-apoptotic effect in cultured human aortic 
smooth muscle cells (HASMCs). Compared with normoglycemia, exposure of HASMCs 
to hyperglycemia, but not mannitol, significantly increased SK1 activity, but not SK2 
activity. This increase was inhibited by a PKC inhibitor, GF109203X, the antioxidant N-
acetylcysteine (NAC), and the reduced form of glutathione (GSH). The mechanism of 
SK1 activation by high glucose involves plasma membrane translocation. In addition, 
hyperglycemia markedly inhibited serum withdrawal induced apoptosis in HASMCs. 
Importantly, inhibition of SK1 by either a competitive inhibitor N',N'-
dimethylsphingosine (DMS) or expression of dominant negative mutant of SK1(G82D), 
or specific siRNA knockdown, substantially attenuated hyperglycemia induced anti-
apoptotic effect and anti-apoptotic protein Bcl-2 expression in HASMCs. Moreover, SK1 
mediated anti-apoptotic effect requires the intracellular effects of S1P. We conclude that 
hyperglycemia stimulates SK1 activity via PKC and oxidative stress-dependent pathways, 
leading to decreased apoptosis in HASMCs. Taken together, these observations have 
important implications for understanding the roles of the SK1 signaling pathway in the 
pathogenesis of diabetic vasculopathy.  
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Hyperglycemia is considered one of the 
main factors in the development of 
vascular complications in diabetes leading 
to vascular disease (1) (2). An important 
feature of vascular disease is exuberant 
vascular smooth muscle cell (VSMC) 
proliferation. However, the precise 
molecular events linking hyperglycemia 
with abnormal VSMC functions are 
incompletely understood. The 
pathogenesis of occlusive macrovascular 
disease involves an excessive 
accumulation of cells within the intima 
and media (3). Enhanced cell proliferation 

is believed to be a key feature of diabetic 
vasculopathy (4) (5). However, recent 
studies clearly suggest that dysregulated 
cell apoptosis also contributes to the 

pathogenesis and progression of vascular 
disease (6) (7). Indeed, under 
hyperglycemia conditions, VSMC 
apoptosis has been shown to be markedly 
inhibited (8) (9) (10). In addition, the 
expression of antiapoptotic proteins such 
as Bcl-2 and Bcl-xl is also upregulated in 
VSMCs under high glucose conditions (10) 
(9) (11). 

Sphingosine kinase (SK) is a key enzyme 
catalyzing the phosphorylation of 
sphingosine to sphingosine-1-phosphate 
(S1P or SPP) (12). S1P, by directly acting 
on G protein–coupled S1P receptors 
and/or functioning as an intracellular 
second messenger, plays important and 
diverse roles in biological processes such 
as cell growth, proliferation, calcium 
homeostasis and survival (13). To date, 
Two different isoforms of SK have been 
identified, namely, SK1 and SK2 (14) 
(15). Overexpression of SK1 promotes 
cell survival and protects cells from 
apoptotic insults, such as serum 
withdrawal (16) (17). Indeed, various 
growth factors, cytokines, antigens, and 
G-protein-coupled receptor agonists, have 

been shown to activate SK1 and increase 
the intracellular levels of S1P (18). In 
contrast, overexpression of SK2 
suppresses cell growth and enhances 
apoptosis in cultured cells (19). Thus, SK 
may function as an internal sensor that can 
decide the fate of cells to either undergo 
apoptosis or to survive. 

SK activation has also been implicated in 
the pathogenesis of vascular disease. 
Oxidized LDL, a major risk factor of 
atherosclerosis, has been shown to 
activate SK in VSMCs, resulting in S1P 
production and enhanced cell proliferation 
(20). Basic fibroblast growth factor (bFGF) 
also induces hyperproliferation in VSMCs 
via SK activation (21). Importantly, a 
recent clinical trial has shown that the SK 
product S1P is more predictive of 
obstructive coronary artery disease than 
other well established risk factors, 
including age, sex, family history, 
diabetes mellitus, lipid profile, and 
hypertension (22). Recently, Wang et al. 
(23) demonstrated that SK1 activity is 
significantly increased in aorta of 
streptozotocin induced diabetic rats. 
Increased SK1 activity mediates high 
glucose induced the proinflammatory 
phenotype in endothelial cells. Diabetes is 
one of the major risk factors for vascular 
disease. However, the role, particularly 
the isoform-specific role, of SK in 
mediating the vascular complications of 
diabetes is unknown. The aim of the 
present study was to test the hypothesis 
that SK mediates the hyperglycemia-
induced anti-apoptotic effects in VSMCs  
 
RESEARCH DESIGN AND METHODS 
Cell Culture and treatment 

Human aortic vascular SMCs were 
isolated as described (24). To study the 
effects of hyperglycemia on SK activity, 
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confluent cells were initially cultured in 
Dulbecco’s modified Eagle’s medium 
(DMEM) containing 0.4% serum for 48 h. 
Medium was then changed to DMEM 
containing 0.4% serum in the presence of 
5.5 mmol/l glucose (normal glucose), 22 
mmol/l glucose (high glucose), or 5.5 
mmol/l glucose plus 16.5 mmol/l mannitol 
(mannitol) as indicated. For apoptosis 
studies, forty-eight hours after plating, the 
culture medium was replaced with DMEM 
deprived of fetal bovine serum and 
supplemented with glucose, mannitol, or 
S1P for an additional 48 h to induce 
apoptosis.  

Construction of Adenoviruses 

Adenoviruses harboring GFP, WT-SK, 
and DN-SK1 (G82D) were made using 
AdMax (Microbix). Briefly, pBHGlox
E1,3Cre, including the E1 adenoviral 
genome, was cotransfected with the pDC 
shuttle vector containing the gene of 
interest into Ad293 cells using Fugene 6 
(Roche). The viruses were propagated on 
Ad293 cells and purified using CsCl2 
banding followed by dialysis against 20 
mM Tris-buffered saline with 2% glycerol. 
Titering was performed on Ad293 cells 

using Adeno-XTM Rapid Titer kit 
(Clontech) according to the instructions of 
the manufacturer. 

 
RT-PCR 
Specific primers used for RT-PCR 
analysis of S1P receptors and SK isoforms 
were designed essentially as previously 
described (25). The expected PCR 
products for S1P1, S1P2, S1P3, S1P4, S1P5, 
SK1, and SK2 were 647bp, 321bp, 321bp, 
278bp, 306bp, 500bp, and 319bp, 
respectively. RT-PCR was performed by 
using one-step RT-PCR kit (Invitrogen). 
Briefly, total RNA (1µg) isolated from 

cultured smooth muscle cells was 
reversibly transcribed at 55°C for 30min 
and amplified by PCR for 35 cycles under 
standard conditions: denaturation for 15s 
at 94°C, annealing for 30s at 55°C and 
elongation for 1min at 68°C. The last 
elongation period was 5min at 68°C.  The 

PCR products were separated by 
electrophoresis in 1.5 % agarose gel in the 
presence of ethidium bromide.  
 
Western Blotting 
Proteins were prepared and separated on 
SDS-PAGE as described (26) (27). 
Immunoblotting was performed using 
antibodies to SK1 (1:1000 dilution, 
Abgent), to Bcl-2 (1:200 dilution, Santa 
Cruz), and to α -tubulin (DM1A) (1:5000 
dilution, Sigma). Immunodetection was 
accomplished using a sheep anti-mouse 
secondary antibody (1:2000 dilution) or 
donkey anti-rabbit secondary antibody 
(1:2000 dilution) and the enhanced 
chemiluminescence (ECL) kit (Amersham 
Corp)  
 
Sphingosine Kinase Activity Assay and 
measurement of S1P 
Sphigosine kinase activity assay was 
performed essentially according to 
previously described procedure (28) (29). 
Briefly, cells were washed with ice-cold 
PBS and homogenized in ice-cold 0.1M 
phosphate buffer (pH 7.4) containing 20% 
glycerol, 1 mmol/L dithiothreitol, 1 
mmol/L EDTA, 1 mmol/L Na3VO4, 15 
mmol/L NaF, 10 µg/ml leupeptin, 10 
µg/ml aprotinin, 1 mmol/L 
phenylmethylsulfonyl fluoride, and 0.5 

mmol/L 4-deoxypyridoxine. After 
ultracentrifugation at 100,000 × g for 30 
min, lysates were assayed for sphingosine 
kinase 1 activity in the reaction buffer 
favored SK1 activity (50 mmol/L Hepes, 
pH 7.4, 0.5% Triton, 15 mmol/L MgCl2, 
10% glycerol, 10 mmol/L NaF, 1.5 
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mmol/L semicarbazide). In addition, SK2 
activity was determined in the SK2 
reaction buffer (50 mmol/L Hepes, pH 7.4, 
15 mmol/L MgCl2, 1 mol/L KCl, 10% 
glycerol, 10 mmol/L NaF, 1.5 mmol/L 
semicarbazide). The lipid products were 
separated by TLC on Silica Gel G60 
(Whatman) using 

chloroform/methanol/acetic acid/water 
(90:90:15:6). The radioactive spots 
corresponding to sphingosine phosphate 
were scraped and counted in a scintillation 

counter. For quantification of S1P, 
VSMCs were labeled for 7 h in serum-free 
medium with 0.3 µCi/ml D-erythro-[3-
3H]sphingosine (American Radiolabeled 
Chemicals). After incubating with 
different concentrations of glucose, 
cellular lipids were extracted and resolved 
by TLC as previously described (30) and 
counted by liquid scintillation.  
 
 

Gene Silencing with SiRNA 
double-stranded SK1 specific siRNA 
(sense: 5'-
GGGCAAGGCCUUGCAGCUCdTdT-3’, 
antisense: 5'-
GAGCUGCAAGGCCUUGCCCdTdT-3') 
were synthesized and transfected to the 
cells with Oligofectamine (Invitrogen) 
according to the manufacturer's protocol. 
The control cells were transfected with a 
control siRNA duplex (sense 5’-
UUCUCCGAACGUGUCACGUdTdT-3’, 
antisense: 5’-
ACGUGACACGUUCGGAGAAdTdT-
3’), this control siRNA has no known 
target in mammalian genomes. All 
siRNAs were purchased from Qiagen.  

 

Assays for Apoptosis 
Histone-associated DNA fragments were 

quantitated by the Cell Death Detection 
ELISA (Roche) (28). Briefly, the 
cytoplasmic fractions were added to the 
96-well ELISA plates precoated with the 
anti-histone monoclonal antibody and 
incubated for 90 minutes at room 
temperature. After washing, bound 
nucleosomes were detected by the 
addition of anti–DNA-peroxidase 

monoclonal antibody and reacted for 60 
minutes at room temperature. After the 
addition of substrate, optical density was 
read with an ELISA reader at 405 nm. 
TUNEL staining was performed using the 
In Situ Cell Death Detection kit (Roche). 
DNA ladder assays were performed as 
previously described (31).  

 

Statistical Analyses 
All data were analyzed by means of 1 or 
2-way ANOVA and Fisher’s exact test for 
post hoc analyses. A value of P<0.05 was 
considered statistically significant. 
 
RESULTS 
 
Hyperglycemia Stimulates SK1 Activity 
HASMCs were treated with 5.5 mmol/L 
glucose (normal glucose), 22 mmol/L 
glucose (high glucose), or 5.5 mmol/L 
glucose plus 16.5 mmol/L mannitol for 48 
hrs. As shown in Figure 1A, treatment 
with high glucose significantly increased 
SK1 activity by 83% in HASMCs, 
whereas the SK2 activity was unaltered. 
In contrast, mannitol, used as an osmotic 
control, had no effect on SK1 activity. 
Consistent with the increases in enzyme 
activity, intracellular S1P levels were also 
increased by 92% in HASMCs exposed to 
high glucose (Figure 1B). In addition, 
hyperglycemia didn’t affect the 
expression of SK1, as detected by 
immunoblot analysis, suggesting 
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hyperglycemia induced SK1 activation 
occurred at the post-translational level 
(Figure 1C). The time course of SK1 
activation when incubated with 22 
mmol/L glucose showed increases of 43% 
at 24 hours, 87% at 48 hours and 76% at 
72 hours, reaching a maximum after 48 
hours incubation (Figure. 1D). Glucose 
concentrations in the media were not 
significantly changed during the entire 
course of treatment (data not shown), 
suggesting that HASMCs did not 
metabolize glucose under our 
experimental conditions.   
 
PKC and ROS Mediate Hyperglycemia 
Induced SK1 Activation 

Because hyperglycemia induces PKC 
activation and stimulates ROS production 
in a variety of cells, including vascular 
smooth muscle cells (32) (33), we 
investigated whether PKC and ROS are 
involved in hyperglycemia-stimulated 

SK1 activation. Interestingly, activation of 
SK1 by hyperglycemia was completely 
blocked by a nonselective PKC inhibitor, 
GF109203X (5 µmol/L), but not by 
dimethyl sulfoxide (Figure 2A). The 
antioxidants NAC and GSH, which 
scavenge ROS, also inhibited 
hyperglycemia-induced SK1 activation 
(Figure 2B).  To further investigate the 
mechanism by which SK1 is activated by 
hyperglycemia, the plasma membrane 
translocation of SK1, as assayed by 
immunoblot analysis, was investigated. 
Treatment of HASMCs with high glucose 
caused a significant translocation of SK1 
to the plasma membrane that was robustly 
inhibited in the presence of GF109203X 
and NAC (Figure 2C). Together, these 
results suggest that PKC and ROS mediate 
hyperglycemia-induced SK1 activation in 
HASMCs via translocation of SK1 to the 
membrane. 

 
SK1 Mediates Hyperglycemia Induced 
Anti-apoptotic Effects in HASMCs. 

Hyperglycemia has been shown to protect 
VSMC from undergoing apoptosis (8) (9) 
(10). Since SK1 and its product S1P play 
a critical in the regulation of cell apoptosis, 
we investigated whether SK1 can mediate 
some of the antiapoptotic effects of 
hyperglycemia. We found that treatment 
of HASMCs with hyperglycemia 
significantly inhibited the serum 
withdrawal induced cell apoptosis, as 
determined by DNA fragmentation 
(Figure 3A) and TUNEL staining (Figure 
3B). In the presence of a SK competitive 
inhibitor N',N'-dimethylsphingosine 
(DMS) (2.5 µmol/L), the antiapoptotic 
effects of hyperglycemia was completely 
abolishes. To further establish whether the 
increase in SK1 activity by hyperglycemia 
contributes to its anti-apoptotic effects in 
HASMCs, we investigated the effects of 
hyperglycemia on serum withdrawal 
induced VSMC apoptosis by using 
adenovirus harboring HA tagged 
dominant negative DNSK1(G82D) (Ad-
DNSK1) (28). Indeed, overexpression of 
DNSK1(G82D) almost completely 
abolished the hyperglycemia induced SK1 
activation in HASMCs, while GFP was 
without effect (Figure 3C). Accordingly, 
the anti-apoptotic effect of hyperglycemia 
was also substantially attenuated in 
HASMCs overexpressing DNSK1(G82D) 
(Figure 3D).  

It’s reported that Bcl-2 plays a critical role 
in the anti-apoptotic effect of high glucose 
in animals or in human VSMCs (9) (11). 
However, the mechanism mediating 
upregulation of Bcl-2 under high glucose 
conditions is not well understood. To 
examine whether SK1 mediates Bcl-2 
expression in HASMCs, we treated the 
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cells with either a SK competitive 
inhibitor DMS or overexpression of 
DNSK1(G82D). As expected, treatment 
of HASMCs with hyperglycemia 
markedly augmented the Bcl-2 expression 
that was suppressed in the presence of 
DMS (2.5 µmol/L) (Figure 4A) or by 
overexpression of DNSK1(G82D)(Figure 
4B). Collectively, these findings indicate 
that the antiapoptotic effects of 
hyperglycemia in HASMCs are mediated 
by the upregulation of SK1 activity. 

Overexpression of SK1 inhibits VSMC 
apoptosis. 

To further substantiate the correlation 
between SK1 activity and VSMC 
apoptosis, we investigated the effect of 
overexpression of wild-type 
SK1(WTSK1) on serum withdrawal 
induced apoptosis in HASMCs. To this 
end, we generated a recombinant 
adenovirus for delivery of the HA tagged 
WTSK1 cDNA (Ad-WTSK1) into 
HASMCs. Transduction of SMCs with 
Ad-WTSK1 at a MOI of 50 resulted in 
robust expression of WTSK1 in HASMCs, 
as demonstrated by immunoblot analysis 
using anti-HA antibody (Figure 5A). 
Overexpression of WTSK1 substantially 
inhibited serum withdrawal induced 
apoptosis in HASMCs, as measured by 
both DNA fragmentation and DNA 
laddering assays, whereas overexpression 
of either GFP or DNSK1(G82D) was 
without effect (Figure 5A and 5B). 
Likewise, expression of anti-apoptotic 
protein Bcl-2 was also significantly 
increased in HASMCs transduced with 
Ad-WTSK1(Figure 5C). Exogenous 
addition of S1P also significantly 
inhibited serum withdrawal induced 
apoptosis in HASMCs in a dose 
dependent manner. In the presence of a 
high concentration of S1P (5 µmol/L), the 

percentage of TUNEL positive cells was 
substantially reduced, from 20.1% to 
7.6% (Figure 5D). To determine whether 
Gi coupled S1P receptors are involved in 
the S1P protective response, HASMCs 
were treated with pertussis toxin (100 
ng/ml) to inhibit Gi activity. Interestingly, 
PTX only partially attenuated the anti-
apoptotic effects of S1P (Figure 5D), 
suggesting that some of the antiapoptotic 
effects of exogenously added S1P are 
mediated by signaling pathways other 
than Gi coupled S1P receptors. Together, 
these results further suggest that SK1/S1P 
is an important mediator for VSMC 
apoptosis. 

Knock-down of SK1 Abolishes 
Hyperglycemia Induced Anti-apoptosis  

To further investigate whether activation 
of SK1 is indeed responsible for the 
hyperglycemia induced anti-apoptotic 
effects in HASMCs, we employed siRNA 
to knock-down the expression of SK1. 
Transfection of SK1 siRNA substantially 
reduced SK1 expression by 80% in 
HASMCs, as determined by both RT-PCR 
and immunoblot analysis (Figure 6A). In 
addition, hyperglycemia induced 
activation of SK1 was almost completely 
blocked by SK1 specific siRNA (Figure 
6B). Likewise, the antiapoptotic effects of 
hyperglycemia in HASMCs were also 
markedly attenuated in the SK1 specific 
siRNA transfected HASMCs (Figure 6C). 
In addition, high glucose induced 
expression of Bcl-2 was also substantially 
inhibited in the SK1 siRNA transfected 
cells (Figure 6D). Taken together, these 
results further indicate that SK1 is 
responsible for the hyperglycemia induced 
anti-apoptotic effects and Bcl-2 
expression in HASMCs. 
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Effects of S1P Receptors on SK1 
Mediated Anti-apoptosis in HASMCs  

The biological consequences of SK1 
activation depend on the production of 
S1P, which exerts biological effects by 
directly acting on G protein–coupled S1P 
receptors and/or functioning as an 
intracellular second messenger (13). RT-
PCR analysis indicated that of five S1P 
receptors, only S1P1, S1P2, and S1P3 are 
detected in HASMCs (Figure 7A). S1P1 is 
known to activate only members of the Gi 
family, while S1P2 and S1P3 can 
communicate with several G proteins, 
including Gi, Gq, and G12/13.(34). To verify 
whether S1P receptors are involved in the 
SK1 mediated anti-apoptosis induced by 
hyperglycemia in HASMCs, we treated 
HASMCs with pertussis toxin (PTX), an 
inhibitor of Gi proteins. As shown in 
Figure 7B, treatment of HASMCs with 
PTX (100 ng/ml) had no effects on 
hyperglycemia induced anti-apoptotic 
effects. Moreover, treatment of HASMCs 
with VPC23019 (10 µmol/L), a selective 
S1P1/S1P3 receptor antagonist (35), also 
did not impact hyperglycemia induced 
anti-apoptotic effects. In contrast to S1P, 
dihydro-S1P, which is structurally similar 
to S1P and binds to and activates S1P2 
and S1P5, had no effects on the serum 
withdrawal induced apoptosis in 
HASMCs (Figure 7C). Moreover, 
treatment of cells with either PTX or 
VPC23019 did not affect high glucose 
induced expression of Bcl-2 (Figure 7D). 
Taken together, these results suggest that 
the intracellular actions of S1P may 
account for the SK1 mediated anti-
apoptosis induced by hyperglycemia in 
HASMCs.  
 
DISCUSSION 
This study demonstrates that exposure of 
HASMCs to high-glucose conditions 

specifically increases SK1 activity leading 
to inhibition of VSMC apoptosis induced 
by serum withdrawal. Hyperglycemia 
induced SK1 activation involves PKC 
dependent membrane translocation. These 
findings are consistent with previous 
studies showing that high glucose 
activates SK1 activity in vascular 
endothelial cells (23). Most importantly, 
SK1 activity is significantly increased in 
aorta and heart of streptozotocin-induced 
diabetic rats (23), further establishing the 
physiological significance of the findings 

reported in this study.  At present, the 
mechanism underlying the activation of 
SK is not well understood, but certainly 
involves PKC mediated phosphorylation 
and translocation (36) (37). For example, 
phosphorylation of SK1 by protein kinase 
C was shown to activate SK1 in response 
to VEGF stimulation in endothelial cells 
(36). Protein kinase C-dependent 
activation of SK1 leads to SK1 
translocation from cytosol to plasma 
membrane in HEK293 cells (37). 
Importantly, the association between 
diabetes mellitus and activation of PKC 
has been well documented. Activation of 
the diacylglycerol-PKC pathway occurs 

predominantly in vascular tissue. Indeed, 
it was reported that high glucose increases 

intracellular diacylglycerol levels, leading 
to PKC activation in vascular smooth 
muscle cells (38) (39). However, it 
remains to be determined which PKC 
isoform(s) activates SK1 in HASMCs 
under high-glucose conditions.  
 

Our study also indicated that 
hyperglycemia induced SK1 membrane 
translocation and activation in HASMCs 
is ROS dependent. Both ROS and the 
PKC pathway have been implicated in 
diabetes complications, including vascular 
disease (39), but the exact interaction 

between these two pathways has not been 
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fully defined. Indeed, high glucose has 
been shown to induce intracellular ROS in 
various cell types including VSMCs. It is 
possible that PKC lies downstream of 
ROS. Indeed, incubation of cultured cells 
with high glucose increases mitochondrial 
ROS production, leading to subsequent 

PKC activation (40) 
(41).http://circ.ahajournals.org/cgi/content
/full/111/24/3261 - R34-166201#R34-
166201 However, other studies have 
shown that PKC inhibitors block high 
glucose–induced ROS production in 
vascular endothelial and smooth muscle 
cells (42) (43). Thus, it is unclear whether 
PKC lies upstream of ROS production or 

vice versa. Interestingly, we found that 
neither PKC activity nor ROS production 
was affected by exogenously added S1P 
in HASMCs (data not shown), suggesting 
that the mechanisms mediating the 
antiapoptotic effects of exogenously 
added S1P and intracellular SK1/S1P 
activated by hyperglycemia may be 
different in HASMCs. High glucose 
activated SK1/S1P pathway may function 
as a second messenger in HASMCs. In 
this case, our results are consistent with 
previous observations (44) (23) (30). 
Nevertheless, our present study suggested 
that SK1 may function as a common 
downstream target of PKC and ROS and 
mediate high glucose induced anti-
apoptotic effects in HASMCs.  
 
Diabetes is one of the major risk factors 

for cardiovascular disease (45) (46). 
Diabetes accelerates atherosclerotic lesion 
formation, and it is an important predictor 
of restenosis after percutaneous 
transluminal coronary angioplasty (1) (47). 
The balance between proliferation and 
apoptosis of VSMCs is one of the critical 
determinants of atherosclerotic lesion 

formation and the vascular remodeling 
process (48) 

(6)http://atvb.ahajournals.org/cgi/content/f
ull/25/9/1871 - R8-094672#R8-
094672http://atvb.ahajournals.org/cgi/cont
ent/full/25/9/1871 - R9-094672#R9-
094672. Indeed, Treatment of VSMC with 
high glucose markedly enhanced the 
expression of anti-apoptotic proteins such 
as Bcl-2 and Bcl-xl, thereby inhibiting 
VSMC apoptosis (9) (10; 11). However, 
the cell signaling pathways underlying the 
hyperglycemia induced anti-apoptotic 
effects in VSMCs are not completely 
understood. In the present study we 
demonstrated that high glucose 
significantly activated SK1 in HASMCs 
and that the high glucose induced 
expression of Bcl-2 is SK1 dependent. 
Furthermore, it’s interesting to note that 
overexpression of WTSK1, but not 
DNSK1(G82D) in HASMCs elicited a 
similar anti-apoptotic effect. SK1 
activation results in an increased 
production of its product, S1P, which 
functions by directly acting on G protein–
coupled S1P receptors and/or functioning 
as an intracellular second messenger (13). 
To date, five receptors, EDG-1/S1P1, 
EDG-5/S1P2, EDG-3/S1P3, EDG-6/S1P4, 
and EDG-8/S1P5 have been characterized 
to bind to both S1P and dihydro-S1P with 
high specificity (13). Indeed, our study 
indicated that HASMCs express mainly 
three S1P receptors, including S1P1, S1P2, 
and S1P3. S1P1 mainly couples to Gi, 
whereas S1P2 and S1P3 activate Gi, Gq, 
and G12/13 (34). Unfortunately, there are 
no non-selective S1P receptor antagonists 
currently available to potently inhibit all 
five S1P receptor subtypes. Thus, in the 
present study, we employed two inhibitors: 
an inhibitor of Gi proteins PTX and a 
selective S1P1/S1P3 antagonist 
VPC23019 to initially evaluate the role of 
S1P receptor subtypes in hyperglycemia 
induced anti-apoptotic effect in HASMCs. 
Interestingly, in the presence of PTX, high 
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glucose induced either anti-apoptotic 
affects or Bcl-2 expression were not 
affected, suggesting that the SK1 
mediated anti-apoptosis in HASMCs is 
independent of Gi protein coupled S1P 
receptors. In addition, a selective 
S1P1/S1P3 antagonist VPC23019 also did 
not impact high glucose induced anti-
apoptotic effects. Furthermore, effects of 
S1P on HASMCs were compared with 
dihydro-S1P that is structurally similar to 
S1P and binds to S1P2 and S1P5 but lacks 
the intracellular effects (44). Importantly, 
S1P significantly inhibited serum 
withdrawal induced HASMC apoptosis, 
whereas dihydro-S1P had no effects. 
Taken together, these results suggest that 
the intracellular actions of S1P are 
primarily responsible for the SK1 
mediated anti-apoptotic effects in VSMCs 
under high glucose conditions, albeit the 
intracellular targets need to be identified. 
Further studies are needed to shed light on 
the mechanism by which Bcl-2 expression 
is induced by SK1 activation. 

It should be noted that the biological 
actions of S1P may vary depending on the 
cell types, cell conditions, specific 
microenvironments, and distinct receptors 
in individual tissues (18). In addition, the 
mechanisms mediating the biological 
effects of exogenous S1P and intracellular 
SK1/S1P could be different and may be 
concentration dependent (49) (17) (16). 
For example, at the concentration of 100 
nmol/L, exogenously added S1P strongly 

prevented monocyte/endothelial 
interactions; however, at concentrations of 
S1P greater than 5 µmol/L, S1P increased 
monocyte adhesion to endothelial cells 
(23) (49). In human serum, estimates of 
S1P concentration range from 0.4 to 1.0 
µmol/L(22) . At present, little is known 
about S1P levels in blood and in vascular 
tissues under diabetic conditions. In this 
regard, more studies are needed to 
precisely elucidate the roles of SK1/S1P 
in the development of diabetic vascular 
complications.  

In conclusion, our results demonstrate that 
SK1, but not SK2, is an important 
mediator of the hyperglycemia induced 
anti-apoptotic effects in human VSMCs. 
Targeting SK1 for inhibition by either 
SK1 specific inhibitors, expression of 
dominant negative SK1 mutant, or small 
interference RNA strongly attenuated the 
hyperglycemia induced antiapoptotic 
effects in VSMCs. Thus, SK1 may 
represent a novel therapeutic modality for 
treatment of diabetic vascular 
complications such as atherosclerosis and 
restenosis.  

ACKNOWLEDGEMENTS 

This work was supported by AHA 
Scientist Development Grant 0630047N 
to J. Sun. The authors thank Dr. Samuel J. 
Leibovich for his critical discussions and 
comments.

 

 Page 10 



 

 References: 
1. Kornowski R, Mintz GS, Kent KM, Pichard AD, Satler LF, Bucher TA, Hong MK, 
Popma JJ, Leon MB: Increased restenosis in diabetes mellitus after coronary 
interventions is due to exaggerated intimal hyperplasia. A serial intravascular ultrasound 
study. Circulation 95:1366-1369, 1997 
2. Tenenbaum A, Motro M, Schwammenthal E, Fisman EZ: Macrovascular 
complications of metabolic syndrome: an early intervention is imperative. Int J Cardiol 
97:167-172, 2004 
3. Pollman MJ, Naumovski L, Gibbons GH: Vascular cell apoptosis: cell type-specific 
modulation by transforming growth factor-beta1 in endothelial cells versus smooth 
muscle cells. Circulation 99:2019-2026, 1999 
4. Watson PA, Nesterova A, Burant CF, Klemm DJ, Reusch JE: Diabetes-related changes 
in cAMP response element-binding protein content enhance smooth muscle cell 
proliferation and migration. J Biol Chem 276:46142-46150, 2001 
5. Yasunari K, Kohno M, Kano H, Yokokawa K, Minami M, Yoshikawa J: Antioxidants 
improve impaired insulin-mediated glucose uptake and prevent migration and 
proliferation of cultured rabbit coronary smooth muscle cells induced by high glucose. 
Circulation 99:1370-1378, 1999 
6. Bennett MR, Evan GI, Schwartz SM: Apoptosis of human vascular smooth muscle 
cells derived from normal vessels and coronary atherosclerotic plaques. J Clin Invest 
95:2266-2274, 1995 
7. Bennett MR, Boyle JJ: Apoptosis in cardiovascular disease. Heart 79:313, 1998 
8. Hall JL, Matter CM, Wang X, Gibbons GH: Hyperglycemia inhibits vascular smooth 
muscle cell apoptosis through a protein kinase C-dependent pathway. Circ Res 87:574-
580, 2000 
9. Li H, Telemaque S, Miller RE, Marsh JD: High glucose inhibits apoptosis induced by 
serum deprivation in vascular smooth muscle cells via upregulation of Bcl-2 and Bcl-xl. 
Diabetes 54:540-545, 2005 
10. Sakuma H, Yamamoto M, Okumura M, Kojima T, Maruyama T, Yasuda K: High 
glucose inhibits apoptosis in human coronary artery smooth muscle cells by increasing 
bcl-xL and bfl-1/A1. Am J Physiol Cell Physiol 283:C422-428, 2002 
11. Ruiz E, Gordillo-Moscoso A, Padilla E, Redondo S, Rodriguez E, Reguillo F, Briones 
AM, van Breemen C, Okon E, Tejerina T: Human vascular smooth muscle cells from 
diabetic patients are resistant to induced apoptosis due to high Bcl-2 expression. Diabetes 
55:1243-1251, 2006 
12. Maceyka M, Milstien S, Spiegel S: Sphingosine kinases, sphingosine-1-phosphate 
and sphingolipidomics. Prostaglandins Other Lipid Mediat 77:15-22, 2005 
13. Spiegel S, Milstien S: Sphingosine-1-phosphate: an enigmatic signalling lipid. Nat 
Rev Mol Cell Biol 4:397-407, 2003 
14. Kohama T, Olivera A, Edsall L, Nagiec MM, Dickson R, Spiegel S: Molecular 
cloning and functional characterization of murine sphingosine kinase. J Biol Chem 
273:23722-23728, 1998 
15. Liu H, Sugiura M, Nava VE, Edsall LC, Kono K, Poulton S, Milstien S, Kohama T, 
Spiegel S: Molecular cloning and functional characterization of a novel mammalian 
sphingosine kinase type 2 isoform. J Biol Chem 275:19513-19520, 2000 

 Page 11 



 

16. Olivera A, Kohama T, Edsall L, Nava V, Cuvillier O, Poulton S, Spiegel S: 
Sphingosine kinase expression increases intracellular sphingosine-1-phosphate and 
promotes cell growth and survival. J Cell Biol 147:545-558, 1999 
17. Olivera A, Rosenfeldt HM, Bektas M, Wang F, Ishii I, Chun J, Milstien S, Spiegel S: 
Sphingosine kinase type 1 induces G12/13-mediated stress fiber formation, yet promotes 
growth and survival independent of G protein-coupled receptors. J Biol Chem 
278:46452-46460, 2003 
18. Taha TA, Hannun YA, Obeid LM: Sphingosine kinase: biochemical and cellular 
regulation and role in disease. J Biochem Mol Biol 39:113-131, 2006 
19. Liu H, Toman RE, Goparaju SK, Maceyka M, Nava VE, Sankala H, Payne SG, 
Bektas M, Ishii I, Chun J, Milstien S, Spiegel S: Sphingosine kinase type 2 is a putative 
BH3-only protein that induces apoptosis. J Biol Chem 278:40330-40336, 2003 
20. Auge N, Nikolova-Karakashian M, Carpentier S, Parthasarathy S, Negre-Salvayre A, 
Salvayre R, Merrill AH, Jr., Levade T: Role of sphingosine 1-phosphate in the 
mitogenesis induced by oxidized low density lipoprotein in smooth muscle cells via 
activation of sphingomyelinase, ceramidase, and sphingosine kinase. J Biol Chem 
274:21533-21538, 1999 
21. Xu CB, Zhang Y, Stenman E, Edvinsson L: D-erythro-N,N-dimethylsphingosine 
inhibits bFGF-induced proliferation of cerebral, aortic and coronary smooth muscle cells. 
Atherosclerosis 164:237-243, 2002 
22. Deutschman DH, Carstens JS, Klepper RL, Smith WS, Page MT, Young TR, Gleason 
LA, Nakajima N, Sabbadini RA: Predicting obstructive coronary artery disease with 
serum sphingosine-1-phosphate. Am Heart J 146:62-68, 2003 
23. Wang L, Xing XP, Holmes A, Wadham C, Gamble JR, Vadas MA, Xia P: Activation 
of the sphingosine kinase-signaling pathway by high glucose mediates the 
proinflammatory phenotype of endothelial cells. Circ Res 97:891-899, 2005 
24. Shin WS, Hong YH, Peng HB, De Caterina R, Libby P, Liao JK: Nitric oxide 
attenuates vascular smooth muscle cell activation by interferon-gamma. The role of 
constitutive NF-kappa B activity. J Biol Chem 271:11317-11324, 1996 
25. Zhou H, Murthy KS: Distinctive G protein-dependent signaling in smooth muscle by 
sphingosine 1-phosphate receptors S1P1 and S1P2. Am J Physiol Cell Physiol 
286:C1130-1138, 2004 
26. Laufs U, Liao JK: Post-transcriptional regulation of endothelial nitric oxide synthase 
mRNA stability by Rho GTPase. J Biol Chem 273:24266-24271, 1998 
27. Sun J, Liao JK: Induction of angiogenesis by heat shock protein 90 mediated by 
protein kinase Akt and endothelial nitric oxide synthase. Arterioscler Thromb Vasc Biol 
24:2238-2244, 2004 
28. Sun J, Yan G, Ren A, You B, Liao JK: FHL2/SLIM3 decreases cardiomyocyte 
survival by inhibitory interaction with sphingosine kinase-1. Circ Res 99:468-476, 2006 
29. Billich A, Bornancin F, Devay P, Mechtcheriakova D, Urtz N, Baumruker T: 
Phosphorylation of the immunomodulatory drug FTY720 by sphingosine kinases. J Biol 
Chem 278:47408-47415, 2003 
30. Olivera A, Spiegel S: Sphingosine-1-phosphate as second messenger in cell 
proliferation induced by PDGF and FCS mitogens. Nature 365:557-560, 1993 

 Page 12 



 

31. Li PF, Dietz R, von Harsdorf R: Differential effect of hydrogen peroxide and 
superoxide anion on apoptosis and proliferation of vascular smooth muscle cells. 
Circulation 96:3602-3609, 1997 
32. Igarashi M, Wakasaki H, Takahara N, Ishii H, Jiang ZY, Yamauchi T, Kuboki K, 
Meier M, Rhodes CJ, King GL: Glucose or diabetes activates p38 mitogen-activated 
protein kinase via different pathways. J Clin Invest 103:185-195, 1999 
33. Ramana KV, Bhatnagar A, Srivastava SK: Aldose reductase regulates TNF-alpha-
induced cell signaling and apoptosis in vascular endothelial cells. FEBS Lett 570:189-194, 
2004 
34. Sanchez T, Hla T: Structural and functional characteristics of S1P receptors. J Cell 
Biochem 92:913-922, 2004 
35. Koide Y, Hasegawa T, Takahashi A, Endo A, Mochizuki N, Nakagawa M, Nishida A: 
Development of novel EDG3 antagonists using a 3D database search and their structure-
activity relationships. J Med Chem 45:4629-4638, 2002 
36. Shu X, Wu W, Mosteller RD, Broek D: Sphingosine kinase mediates vascular 
endothelial growth factor-induced activation of ras and mitogen-activated protein kinases. 
Mol Cell Biol 22:7758-7768, 2002 
37. Johnson KR, Becker KP, Facchinetti MM, Hannun YA, Obeid LM: PKC-dependent 
activation of sphingosine kinase 1 and translocation to the plasma membrane. 
Extracellular release of sphingosine-1-phosphate induced by phorbol 12-myristate 13-
acetate (PMA). J Biol Chem 277:35257-35262, 2002 
38. Lee TS, Saltsman KA, Ohashi H, King GL: Activation of protein kinase C by 
elevation of glucose concentration: proposal for a mechanism in the development of 
diabetic vascular complications. Proc Natl Acad Sci U S A 86:5141-5145, 1989 
39. Inoguchi T, Sonta T, Tsubouchi H, Etoh T, Kakimoto M, Sonoda N, Sato N, 
Sekiguchi N, Kobayashi K, Sumimoto H, Utsumi H, Nawata H: Protein kinase C-
dependent increase in reactive oxygen species (ROS) production in vascular tissues of 
diabetes: role of vascular NAD(P)H oxidase. J Am Soc Nephrol 14:S227-232, 2003 
40. Lee HB, Yu MR, Yang Y, Jiang Z, Ha H: Reactive oxygen species-regulated 
signaling pathways in diabetic nephropathy. J Am Soc Nephrol 14:S241-245, 2003 
41. Studer RK, Craven PA, DeRubertis FR: Antioxidant inhibition of protein kinase C-
signaled increases in transforming growth factor-beta in mesangial cells. Metabolism 
46:918-925, 1997 
42. Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto M, Imamura M, Aoki T, Etoh T, 
Hashimoto T, Naruse M, Sano H, Utsumi H, Nawata H: High glucose level and free fatty 
acid stimulate reactive oxygen species production through protein kinase C--dependent 
activation of NAD(P)H oxidase in cultured vascular cells. Diabetes 49:1939-1945, 2000 
43. Cosentino F, Eto M, De Paolis P, van der Loo B, Bachschmid M, Ullrich V, 
Kouroedov A, Delli Gatti C, Joch H, Volpe M, Luscher TF: High glucose causes 
upregulation of cyclooxygenase-2 and alters prostanoid profile in human endothelial cells: 
role of protein kinase C and reactive oxygen species. Circulation 107:1017-1023, 2003 
44. Van Brocklyn JR, Lee MJ, Menzeleev R, Olivera A, Edsall L, Cuvillier O, Thomas 
DM, Coopman PJ, Thangada S, Liu CH, Hla T, Spiegel S: Dual actions of sphingosine-1-
phosphate: extracellular through the Gi-coupled receptor Edg-1 and intracellular to 
regulate proliferation and survival. J Cell Biol 142:229-240, 1998 

 Page 13 



 

45. Kannel WB, McGee DL: Diabetes and cardiovascular disease. The Framingham 
study. Jama 241:2035-2038, 1979 
46. Brand FN, Abbott RD, Kannel WB: Diabetes, intermittent claudication, and risk of 
cardiovascular events. The Framingham Study. Diabetes 38:504-509, 1989 
47. Brooks MM, Jones RH, Bach RG, Chaitman BR, Kern MJ, Orszulak TA, Follmann D, 
Sopko G, Blackstone EH, Califf RM: Predictors of mortality and mortality from cardiac 
causes in the bypass angioplasty revascularization investigation (BARI) randomized trial 
and registry. For the BARI Investigators. Circulation 101:2682-2689, 2000 
48. Gibbons GH, Dzau VJ: The emerging concept of vascular remodeling. N Engl J Med 
330:1431-1438, 1994 
49. Whetzel AM, Bolick DT, Srinivasan S, Macdonald TL, Morris MA, Ley K, Hedrick 
CC: Sphingosine-1 phosphate prevents monocyte/endothelial interactions in type 1 
diabetic NOD mice through activation of the S1P1 receptor. Circ Res 99:731-739, 2006 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Page 14 



 

Figure legends: 
 
Figure 1. Effect of high glucose on SK activity in HASMCs. A, both SK1 and SK2 
activity were determined in HASMCs after exposure to media containing 5.5 mmol/L 
glucose (NG), 22 mmol/L glucose (HG), or 5.5 mmol/L glucose plus 16.5 mmol/l 

mannitol (Mtol) for 48 hrs. n=4.  *P < 0.05 vs NG or Mtol.  B, measurements of S1P 
levels after exposure to media containing NG, HG or Mtol for 48 hours. n=4.  *P < 0.05 
vs NG or Mtol. C, immunoblot analysis of SK1protein expression in HASMCs after 
exposure to media containing NG, HG or Mtol for 48 hours. n=3. D, activity assay 
showing the time dependent effect of high glucose on SK1 activity. n=4.  *P < 0.05 vs 0 
hour.  
 
Figure 2.  Roles of PKC and ROS in high glucose induced SK1 Activation. A, HASMCs 
were cultured in media containing NG, HG or Mtol for 24 hours. Cells were treated with 
vehicle (Veh) or GF109203X (GFX) for the last 24 hours. SK1 activity was then 
measured. n=4. *P < 0.05 vs NG or HG plus GFX. B, HASMCs were cultured in media 
containing NG, HG or Mtol for 24 hours. Cells were treated with NAC or GSH for the 
last 24 hours. SK1 activity assay was performed. n=3. *P < 0.05 vs NG or HG/NAC or 
HG/GSH.  C, immunoblot analysis of SK1 expression and membrane translocation in 
HASMCs under high glucose conditions. n=3.  
 
Figure 3. SK1 mediates the hyperglycemia induced anti-apoptotic effects in HASMCs. 
Effects of high glucose on apoptosis in HASMCs were determined by the Cell Death 
Detection ELISA (A) and TUNEL staining (B). VSMC apoptosis was induced in the 
serum free media containing NG, HG or Mtol for 48 hours in the absence and presence of 
a SK1 competitive inhibitor DMS (2.5 µmol/L). n=3. *P < 0.05 compared with media 
containing FBS; †P < 0.05 vs HG/-FBS. C, SK1 activity was determined in HASMCs 
with overexpression of HA tagged dominant negative mutant DNSK1. n=3. *P < 0.05 vs 
NG or HG+DNSK1. D, effect of overexpression of DNSK1 on high glucose induced 
anti-apoptosis in HASMCs as assayed by DNA fragmentation. n=3. *P < 0.05 compared 
with NG+FBS; †P < 0.05 vs HG/-FBS.  
 
Figure 4. Immunoblot analysis (40 µg of total protein/lane) showing effect of treatment 
of cells with either DMS (2.5 µmol/L) (A) or DNSK1 (B) on HG induced Bcl-2 levels in 
HASMCs. n=3. 
 
Figure 5. Overexpression of wild-type SK1 (WTSK1) inhibits apoptosis. A, HASMCs 
were transduced with either Ad-GFP, Ad-WTSK 1, or Ad-DNSK1. 24 hr after 
transduction, apoptosis was induced by serum withdrawal and cell apoptosis was 
measured by the Cell Death Detection ELISA. n=4. *P < 0.05 vs GFP or DNSK1. B. 
DNA laddering assay showing decreased apoptosis in HASMCs transduced with Ad-
WTSK1. n=3. C, effect of SK1 overexpression on Bcl-2 expression. HASMCs were 
transduced with either Ad-GFP, Ad-WTSK 1, or Ad-DNSK1. 48 hr after transduction, 
expression of Bcl-2 was determined by immunoblot analysis. n=3. D, VSMC apoptosis 
was induced by serum withdrawal in the absence and presence of different concentrations 
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of exogenously added S1P for 48 hr as determined by TUNEL staining. n=3. *P < 0.05 vs 
NG/-S1P; †P < 0.05 vs NG or NG+5 µmol/L S1P.  
 
Figure 6. SK1 knockdown attenuates high glucose induced anti-apoptosis. A, RT-PCR 
and western blot showing expression of SK1 in HASMCs transfected with SK1 specific 
siRNA. B, SK1 activity was determined in HASMCs transfected with either control 
siRNA or SK1 specific siRNA. n=3. *P < 0.05 vs NG or HG/SK1 siRNA. C, effects of 
SK1 specific siRNA on cell apoptosis in HASMCs. 36 hr after transfected with control or 
SK1 specific siRNA, HASMC apoptosis was induced as described above and measured 
by the Cell Death Detection ELISA. n=4. *P<0.05 vs NG+FBS or HG/CTL siRNA; †P < 
0.05 vs HG/CTL siRNA. D, immunoblot analysis showing the expression of Bcl-2 
protein in HASMCs transfected with control or SK1 specific siRNA under both normal 
and high glucose conditions. n=3. 
 
Figure 7. Effect of S1P receptors on high glucose induced anti-apoptosis in HASMCs. A, 
RT-PCR showing the expression of S1P1, S1P2, and S1P3 in HASMCs. B, VSMC 
apoptosis was induced by serum withdrawal in the presence and absence of either Gi 
inhibitor PTX (100ng/ml) or S1P1/S1P3 antagonist VPC23019 (10 µmol/L) for 48hr 
under normal or high glucose conditions. Cell apoptosis was measured by the Cell Death 
Detection ELISA. n=3. *P < 0.05 vs HG or HG/PTX, or HG/VPC. C, effect of S1P on 
cell apoptosis in HASMCs. VSMC apoptosis was induced by serum withdrawal in the 
presence of 5 µmol/L S1P, dihydro-S1P, or vehicle for 48 hr. Cell apoptosis was 
measured by the Cell Death Detection ELISA. n=3. *P < 0.05 vs HG or S1P. D, 
immunoblot analysis showing Bcl-2 protein expression in HASMCs treated either PTX 
(100ng/ml) or VPC23019 (10 µmol/L) under both normal and high glucose conditions. 
n=3. 
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