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The sphingosine kinase inhibitor
N,N-dimethylsphingosine inhibits neointimal
hyperplasiabph_533 543..553
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Background and purpose: Sphingosine-1-phosphate and its receptors may be involved in vascular smooth muscle cell
(VSMC) proliferation following vascular injury. Here, we evaluate the effect of D-erythro-N,N-dimethylsphingosine (DMS), a
sphingosine kinase (SK) inhibitor, on VSMC proliferation, apoptosis and neointimal formation.
Experimental approach: Growth responses in vitro to fetal calf serum (FCS) were measured by [3H]-thymidine incorporation
and extracellular signal-regulated kinase-1/2 (ERK-1/2) activation in quiescent primary cultures of porcine VSMC in the
presence and absence of various concentrations of the SK inhibitor DMS. In vivo treatment with DMS was delivered with a local
endoluminal catheter, following balloon injury of coronary arteries. The artery intimal formation was investigated by angiog-
raphy, myography and histomorphometry.
Key results: In vitro experiments indicated that DMS induced a dose-dependent reduction in [3H]-thymidine incorporation and
ERK-1/2 activation via a protein kinase C (PKC) independent mechanism with an IC50 value of 12 � 6 and 15 � 10 mM
respectively. DMS also reduced Akt signalling. Four weeks following in vivo delivery of DMS, complete functional endothelial
regeneration was observed in all treatment groups, with significant reduction of intimal formation (vehicle 23.7 � 4.6% vs.
DMS infusion 8.92 � 2.9%, P < 0.05).
Conclusions and implications: Taken together, these results demonstrate that local administration of the SK inhibitor, DMS,
reduced neointimal formation, and this effect could involve inhibition of ERK-1/2 and Akt signalling, and modulation of smooth
muscle growth.
British Journal of Pharmacology (2010) 159, 543–553; doi:10.1111/j.1476-5381.2009.00533.x; published online 15
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phorbol 12-myristate 13-acetate; PMSF, phenylmethylsulphonyl fluoride; S1P, sphingosine-1-phosphate;
SDS–PAGE, sodium dodecylsulphate–polyacrylamide gel electrophoresis

Introduction

The introduction of drug-eluting stents has greatly reduced
the incidence of restenosis and the need for revascularization
following percutaneous coronary interventions (Steffel and
Tanner, 2007; Windecker and Juni, 2008). Nevertheless, there

remain concerns about the long-term safety of drug-eluting
stents due to a slight increased risk of late thrombosis (Steffel
and Tanner, 2007; Windecker and Juni, 2008). The drug-
eluting stents in current use inhibit endothelial regeneration
and function, and therefore there remains a need for novel
inhibitors of cell proliferation, with improved pharmacologi-
cal profiles (Steffel and Tanner, 2007).

Several sphingolipids act as important signalling molecules
(Hannun and Obeid, 2008). In particular, ceramide has a
second messenger role in growth arrest and apoptosis,
whereas sphingosine-1-phosphate (S1P) promotes cell
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survival and cell growth through an intracellular action, and
also acts as an agonist at several S1P-specific G protein-
coupled receptors (Chun et al., 2002). Ceramide and S1P can
be interconverted, via sphingosine, which inhibits protein
kinase C (PKC), a cell survival protein, in vitro by competing
with its effectors, diacylglycerol and phorbol esters (Hannun
and Bell, 1987). Various ceramidase isoforms deacylate cera-
mide to form sphingosine, which can be phosphorylated to
S1P by sphingosine kinase (SK). Conversely, S1P can be
dephosphorylated (by S1P phosphatase or lipid phosphate
phosphatases), and the resulting sphingosine acylated by
ceramide synthase to produce ceramide (Hannun and Obeid,
2008). Indeed, a sphingolipid ‘rheostat’ has been proposed
where the relative amounts of ceramide/sphingosine:S1P
determine cellular fate (Cuvillier et al., 1996). The therapeutic
potential of manipulating this ‘rheostat’ is well recognized
(Kolesnick, 2002). In the context of restenosis, Kester
and colleagues demonstrated that in vivo application of
C6-ceramide on a balloon catheter prevented subsequent
neointimal hyperplasia upon injury of rabbit carotid arteries
(Charles et al., 2000). An alternative approach is to apply SK
inhibitors to shift the ‘rheostat’ towards sphingosine and
ceramide, and thereby to promote growth arrest and prevent
restenosis.

Two isoforms of SK, termed SK1 and SK2, have been cloned
and of which there are N-terminal variants (reviewed by
Alemany et al., 2007). N,N-dimethyl-sphingosine (DMS) has
been shown to inhibit SK activity in several cell types (Yatomi
et al., 1996; Edsall et al., 1998). DMS has also been reported to
inhibit PKC (Kim et al., 2005). However, in PC12 cells, DMS
did not inhibit PKC activity nor membrane translocation of
PKCa or PKCd even at concentrations higher than those
required to inhibit SK1 (Edsall et al., 1998). DMS has also been
found to inhibit basic fibroblast growth factor-stimulated pro-
liferation of human coronary and rat arterial smooth muscle
cells (SMCs) (Xu et al., 2002), and to inhibit platelet-derived
growth factor (PDGF)-stimulated proliferation of mesangial
cells (Katsuma et al., 2002). ‘Inside out’ signalling has been
reported where S1P formed from SK1-catalysed phosphoryla-
tion of sphingosine is released from cells or partitions into the
lipid bilayer in close proximity with S1P receptors (Takabe
et al., 2008). In this regard, S1P1/S1P3 receptors have been
reported to enhance, while S1P2 receptors reduce, vascular
smooth muscle proliferation in vitro in response to S1P, or
in vivo after vascular injury (Wamhoff et al., 2008). The aim of
this study was to evaluate the effect of SK1 inhibition with
DMS on intracellular signalling pathways such as extracellular
signal-regulated kinase-1/2 (ERK-1/2), DNA synthesis, and
SMC remodelling after vascular injury, and to test whether
local application of DMS was capable of inhibiting neointimal
hypertrophy in vivo.

Methods

Cell culture
Hearts from White/Welsh Landrace pigs were obtained from
the local abattoir. The primary cultures of porcine vascular
smooth muscle cells (PVSMCs) were obtained by explantation
from segments of the left anterior descending (LAD) coronary

artery over a 14 day period. These arteries were maintained in
a 1:1 (v/v) mixture of Waymouth’s medium MB 752/1 and
nutrient mixture Ham’s F12, containing 1% (v/v) penicillin/
streptomycin with 10% (v/v) Australian fetal calf serum (FCS).
These PVSMCs were passaged and used between passages 3
and 4 for experiments (Work et al., 2001).

[3H]-thymidine cell proliferation assay
Incorporation of [3H]-thymidine was used to measure DNA
synthesis (a marker of proliferation). Cultured cells were made
quiescent for 24 h in media containing 0.1% (v/v) (FCS). The
quiescent cells were stimulated for 24 h using 10% (v/v) FCS
with [3H]-thymidine added for the final 5 h. The sphingolipid
derivatives (0.1–100 mM) were added 15 min before serum
stimulation, and remained present thereafter. At the comple-
tion of serum stimulation, cells were washed with ice-cold
phosphate-buffered saline followed by 10% trichloroacetic
acid (3 ¥ 10 min at 4°C). Nuclear material was solubilized
with lauryl sulphate (10% w/v) plus sodium hydroxide
(0.3 M), and radioactivity was quantified by liquid scintilla-
tion (Work et al., 2001).

Phosphorylated ERK-1/2 detection
ERK-1/2 activation was measured because of the well-defined
role of ERK-1/2 in regulating cyclin D1 activation, cell cycle
progression and subsequent mitogenesis of SMC (Sherr,
1996). Sub-confluent layers of vascular PVSMC were made
quiescent for 48 h, pretreated with DMS for 10 min, and then
stimulated with FCS for 15 min.

The phosphorylated forms of ERK-1/2 were detected by
Western blotting of cell lysates with anti-phospho-ERK-1/2
antibody. Anti-ERK-2 and anti-alpha-actin antibodies were
used for Western blotting to establish equal loading of protein
in each sample and SMC identity. Immunoblotting was per-
formed as described previously (Work et al., 2001).

SK assay
Lysates from HEK 293 cells expressing recombinant SK1 were
prepared in SK assay buffer [20 mM Tris (pH 7.4), 1 mM EDTA,
1 mM Na3VO4, 40 mM b-glycerophosphate, 1 mM NaF,
10 mg·mL-1 soya bean trypsin inhibitor, 10 mg·mL-1 aprotinin,
1 mM phenylmethylsulphonyl fluoride, 0.5 mM 4-
deoxypyridoxine, 0.007% (v/v) b-mercaptoethanol and 20%
(v/v) glycerol. The incubation mixture consisted of 15 mg
protein, 50 mM sphingosine, 250 mM ATP and 250 mM phos-
phatidylserine in 200 mL final volume in the presence
of Triton X-100 (0.06%) and [g-32P] ATP (1 mCi,
44 400 dpm·nmol-1); incubation was for 15 min at 30°C. The
resulting [32P] S1P was extracted using n-butanol, which was
washed twice using 2 M KCl, before quantification of radio-
activity and calculation of SK activity.

RT-PCR
RNA was extracted from PVSMC using Qiagen preparation kit
(Crawley, UK). cDNA was synthesized in a 20 mL reaction
using 5 mg of RNA template, Superscript II reverse
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transcriptase (200 U), 1 mL of oligo(dT)12–18 (500 mg·mL-1),
0.5 mL of dNTP Mix (20 mM), 4 mL of 5¥ first-strand buffer, 2 mL
of 0.1 M dithiothreitol and up to 12 mL of distilled water. The
mixture was incubated at 42°C for 50 min, and inactivated at
72°C for 15 min. Then, 2 mg of the resulting cDNA was used as
a template for amplification by PCR with 1.5 mL of 50 mM
MgCl2, 5 mL of 10¥ PCR buffer [200 mM Tris–HCl (pH 8.4),
500 mM KCl], 0.5 mL of 20 mM dNTP Mix, 2 mL of forward
primer (10 mM), 2 mL reverse primer (10 mM) and 0.4 mL of Taq
DNA polymerase (5 U·mL-1). Negative controls contained 2 mL
of water. The primers used for SK1 were FWD: CTG TCA CCC
ATG AAC CTG CTG TC; REV: CAT GGC CAG GAA GAG GCG
CAG CA. The PCR parameters were as follows: 25 cycles at 94°C
for 1 min, 50°C for 1 min and 60°C for 2 min with a final
primer extension at 68°C for 10 min. A single product was
obtained, with the predicted size of 477 base pairs.

In vitro balloon injury
Porcine hearts were obtained from a local abattoir, and the
LAD coronary artery was dissected from the surrounding fat
and connective tissue in a class II culture hood, and cut into
3–4 mm segments that were divided into three groups: group
1, arteries were immediately fixed to determine baseline mor-
phology; group 2, placed in culture medium containing 10%
serum (v/v); group 3, balloon injured with a 3.5 mm catheter
at 9 atm for 60 s, and placed in a culture medium containing
10% serum (v/v) for a period of 14 days. This culture medium
was replaced every 48 h. These artery segments were cultured
in the presence and absence of varying concentrations of
DMS 0.1–100 mM for 14 days, after which they were fixed in
formal saline, embedded in wax and 3 mM sections cut on a
microtome for histological analysis (Voisard et al., 1995; Work
et al., 2001).

Angioplasty procedure
All animal care and experimental procedures conformed to
the requirements of the UK Animal (Scientific Procedures) Act
1986. Male Large White/Welsh Landrace pigs (n = 14;
17–27 kg) were premedicated with aspirin (325 mg orally),
sedated with azaperone (5 mg·kg-1 IM) and anaesthetized
with a mixture of O2/halothane/nitrous oxide. An arteri-
otomy was performed on the femoral artery, and a 7F intro-
ducer sheath was inserted into the artery to allow a 6F guide
catheter to be advanced to the coronary ostium. Immediately
before the coronary arterial advancement of the balloon cath-
eter, a 50 mg intravenous dose of the anti-fibrillatory and
anti-arrhythmic agent bretylium tosylate was given, and an
intracoronary injection of nitroglycerin (50–150 ug) to allevi-
ate post-PTCA vasospasm. A 3.5 mm balloon catheter was
then passed along over the guide wire to engage the midpoint
between the first and second diagonal branches of the LAD
coronary artery. After a coronary angiogram to confirm the
position of the balloon catheter, the balloon was inflated
three times to 10 atm, providing an approximate balloon-to-
artery ratio of 2:1. Immediately after withdrawal of the
balloon catheter, a 3.5 mm Dispatch catheter (SCIMED,
Boston Scientific, Natick, MA, USA) with a double lumen was
advanced to the site of balloon angioplasty to deliver either

saline (vehicle: n = 6) or DMS (25 mmol·L-1; n = 6) over a
15 min infusion period at a rate of 200 uL·min-1 (total
injected volume: 5 mL containing 25 mM DMS). After removal
of all catheters, the femoral artery was permanently ligated,
and the wound was sutured. All animals were given antibiotic
(ampicillin 50 mg·kg-1) and analgesic (buprenorphine 0.5 mg)
cover before recovery from the anaesthetic. Four weeks after
surgery, the pigs were given an overdose of sodium pentobar-
bitone (70 mg·kg-1). A sternotomy was performed to excise
the heart, and both the LAD and left circumflex (LCx) coro-
nary arteries were dissected free. The injured section of the
LAD and a segment of the LCx of equivalent diameter were
each cut into four artery rings. Two of the rings were used
immediately for functional studies, with the remaining two
rings placed into phosphate-buffered formol saline for subse-
quent histological analysis (Work et al., 2001).

The concentration of DMS to be used in the Dispatch cath-
eter was determined from the organ and cell culture experi-
ments, as 25 mM caused substantial inhibition of cell
proliferation and neointimal formation, and near complete
inhibition of ERK phosphorylation. The rather constant inhi-
bition of proliferation across a range of concentrations was
advantageous since a relatively wide range of concentrations
would have efficacy without toxicity.

Functional analysis
For functional experiments, artery rings were suspended
between two parallel stainless steel wires, one fixed and the
other connected to an isometric transducer (FT03 Grass
Instrument Division, WestRI, USA), in a 10 mL organ bath
containing Krebs solution (37°C) of the following composi-
tion (mM): NaCl, 118.3; NaHCO3, 25; KCl, 4.7; CaCl2, 2.5;
MgSO4, 1.2; KH2PO4, 1.2; and glucose, 11.1. Coronary artery
rings were placed under an optimum resting force of 4 g, and
were allowed to equilibrate for 1 h. All rings were subjected to
repeated exposure to 40 mM KCl to ensure adequate contrac-
tility before commencing the experimental protocol. Cumu-
lative dose–response curves were conducted with KCl
(5–100 mM). In the vasorelaxant studies, coronary arteries
were contracted with the thromboxane mimetic 9,11-
dideoxy-1a,9a-epoxymethano-prostaglandin F2a (U46619;
5 ¥ 10-7 M). Once the level of contraction had stabilized,
relaxation to cumulative addition of the endothelium-
dependent vasodilator, calcimycin (10-9 to 10-5 M) was mea-
sured (Work et al., 2001).

Histology
The fixed LAD and LCx artery rings were processed for histo-
logical analysis, and embedded in paraffin wax. Serial sections
were cut (3 mm) from each artery using a rotary microtome
(Leitz GmbH, Wetzler, Germany). These artery segments were
stained with: (i) haematoxylin and eosin for morphological
analysis; and (ii) alcian blue to determine the presence of
proteoglycans (Kennedy et al., 2006).

Measurement of neointimal formation
Neointimal formation was quantified from sections (n = 7–14
per group) stained with haematoxylin and eosin. For each
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section, the neointimal, luminal surface and external elastic
lamina were traced from digital images (Image-Pro Plus
version 3, Media Cybernetics, Bethesda, MD, USA), and
neointimal and medial areas were calculated by subtraction of
the relevant profile area. Neointimal area was expressed as a
percentage of total medial and neointimal area.

TUNEL staining
Cell viability was determined by in situ end labelling as
described previously (George et al., 1998). Briefly, artery sec-
tions were rehydrated and incubated at room temperture for
15 min with 5 mg·mL-1 proteinase K in 1 ¥ TE buffer [10 mM
Tris–HCl (pH 8), 1 mM EDTA], and washed twice in 1 ¥ TE. As
a positive control, one section from each artery was incubated
with DNAse I [1500 U·mL-1 in 1 ¥ TE buffer with 1 mg·mL-1 of
bovine serum albumin (BSA)] for 10 min to induce DNA
strand breaks. Again, sections were washed in TE buffer and
then incubated with labelling mix [50 mM Tris–HCl (pH 7.2),
10 mM MgSO4, 0.1 mM biotin-dUTP and 8 units of DNA
polymerase 1 (Klenow, Promega, Southampton, UK)] for
60 min. Sections were rinsed in TE buffer before endogenous
peroxidase activity was inhibited in 3% H202 for 5 min. Fol-
lowing further washing, biotin was labelled with extravidin
peroxidase (Sigma, Poole, UK; 1 in 200 dilution) in 10% BSA,
incubated in diaminobenzidine and subsequently counter-
stained with haematoxylin.

Statistics
For the in vitro biochemical studies, values shown are the
mean � SEM of n experiments performed on separate cell
preparations obtained from different LAD coronary arteries.
For the in vivo studies, values shown are the mean � SEM of n
animals. Means were compared by analysis of variance or
t-test with P � 0.05 indicating statistical significance.

Materials
Unless otherwise stated, chemicals were purchased from
Sigma Chemicals Co. Cell culture materials were purchased
from Life Technologies, Inc. (Carlsbad, CA, USA) Anti-
phospho-ERK-1/2 and ERK-2 antibodies were from Transduc-
tion Laboratories (Lexington, KY, USA). Anti-phospho Akt1
(Thr 308) and anti-Akt1 were from Upstate Cell Signalling
Technologies (Charlottesville, VA, USA). Reporter horseradish
peroxidase–anti rabbit, mouse and goat antibodies were
from the Scottish Antibody Production Unit (Carluke, Scot-
land). N,N-dimethylsphingosine, D-erthyro-sphingosine, C2-
ceramide and C2-dihydroceramide were from Biomol (Exeter,
UK). D-erythro-S1P was from TCS Biosciences (Botolph
Claydon, Bucks, UK). Bisindolylmaleimide I was from Calbio-
chem (Beeston, Notts, UK). Halothane was obtained from
Mallinckrodt Veterinary (Hazelwood, MO, USA) and Amfipen
LA from Mycofarm UK Ltd. (Braintree, Essex, UK) Hexabrix
was from May & Baker (Dagenham, UK). Bretylium tosylate
MgSO4, nitroglycerin and sterile saline were supplied by
Baxter Healthcare Ltd. (Deerfield, IL, USA)

Results

Effect of DMS and bisindolylmaleimide I on cell proliferation
and ERK-1/2 activation
DMS induced a concentration-dependent inhibition of FCS-
stimulated [3H]-thymidine incorporation into PVSMC with an
IC50 of 12 � 6 mM (Figure 1A). DMS (0.1–100 mM) reduced
serum-stimulated ERK-1/2 activation in a concentration-
dependent manner with an IC50 of 15 � 10 mM (Figure 1B),
in close agreement with inhibition of DNA synthesis
(Figure 1A). Moreover, another SK1 inhibitor, D,L,-threo-
dihydrosphingosine (DHS) also inhibited FCS-stimulated
ERK-1/2 activation and [3H]-thymidine incorporation with
similar sensitivity compared with DMS (Figure 1C). These
data suggest a possible role for SK1 in regulating serum-
dependent activation of ERK-1/2 and DNA synthesis. DMS
also reduced FCS-stimulated Akt (Mr = 65 kDa) phosphoryla-
tion (Figure 1D).

The effects of DMS observed here are dependent on the
expression of SK1 in PVSMC. In this regard, SK1 mRNA was
detected in PVSMC by RT-PCR (Figure 2A), and DMS inhibited
recombinant SK1 activity in vitro (Figure 2B).

We also assessed whether the inhibition of PKC by DMS
might account for its effect on the stimulation of ERK-1/2 by
FCS. In this regard, the PKC inhibitor, bisindolylmaleimide I
failed to inhibit FCS-stimulated activation of ERK-1/2
(Figure 3A and B). These findings contrast with phorbol
12-myristate 13-acetate-stimulated activation of ERK-1/2,
which involves PKC and is sensitive to inhibition by bisin-
dolylmaleimide I and DMS (Figure 3A and B). This suggests
that DMS does not reduce basal or FCS-stimulated ERK-1/2
signalling via inhibition of typical PKC isoforms. The inhibi-
tion of SK1 by DMS may increase intracellular sphingosine
(the substrate of SK1) and/or ceramide, which might itself
have anti-proliferative activity, rather than this being due to a
reduction in S1P formation. To test this possibility, we treated
PVSMC with sphingosine or C2-ceramide. Sphingosine inhib-
ited both FCS-stimulated DNA synthesis and ERK-1/2 activa-
tion in a concentration-dependent manner (Figure 4A and B)
as did C2-ceramide (Figure 4C and D). As a negative control,
the inactive sphingolipid, C2-dihydroceramide was without
effect on FCS-stimulated DNA synthesis (Figure 4D). We also
found that S1P is a rather weak stimulator of ERK-1/2 activa-
tion (Figure 4E), suggesting that the involvement of SK1/S1P
in ‘inside-out’ signalling is unlikely to contribute significantly
to FCS-stimulated activation of ERK-1/2, which is substantial.
In addition, S1P was without effect on FCS-stimulated ERK-
1/2 activation (Figure 4F).

Effect of DMS on in vitro balloon injury
Organ culture of pig coronary artery rings caused a low level
of neointimal formation (Figure 5B) compared to non-
cultured control arteries (Figure 5A). However, much greater
neointimal formation occurred when the internal elastic
lamina (IEL) was ruptured by balloon injury (Figure 5C), as
described previously (Work et al., 2001). In order to deter-
mine if DMS could inhibit PVSMC proliferation and reduce
neointimal formation, we incubated balloon-injured arterial
segments with DMS (10–100 mM) or vehicle. A significant
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neointima was formed in response to balloon injury both in
the absence and in the presence of vehicle (DMSO) during
the 14 day culture period. However, the continued presence
of DMS between 10 and 100 mM resulted in a significant
attenuation of neointimal formation compared to both
control (70–84% inhibition) and vehicle-treated (59–79%
inhibition) balloon-injured arteries, although there was no
evidence of a concentration-dependent effect over a range
of concentrations (10–100 mM) (Figure 5D). To establish
whether DMS affects growth or apoptosis, we performed
TUNEL staining on isolated injured artery rings incubated
with DMS for 14 days in culture. We did not find any
apoptosis in response to DMS, while DNAse I treatment of
these DMS-treated arteries produced TUNEL staining
(Figure 5E).

Effect of DMS on in vivo balloon injury
The non-injured LCx coronary arteries showed normal mor-
phology with occasional small areas of spontaneous neoin-
tima (Figure 6B and E). Following angioplasty injury, there
was disruption of the IEL with significant neointimal hyper-
plasia at the site of the IEL break (Figure 6C and F), and
neointimal thickening that was usually eccentric. In DMS-
infused animals, the non-injured LCx coronary arteries
appeared identical to non-injured arteries. DMS infusion
(25 mM) markedly reduced cell hyperplasia and neointimal
formation (Figure 6A, D and G). Although there was evi-
dence of neointima in DMS-infused animals, this was not
significantly different from that found in LCx arteries,
which had not received balloon injury. In addition to the
reduction in neointimal formation, there was a substantial
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Figure 1 Effect of DMS and DHS on FCS-stimulated DNA synthesis and ERK-1/2 activation. (A) and (C) PVSMC were pretreated with vehicle
or (A) DMS (0.1–100 mM) or (C) DMS (0.1–100 mM) for 15 min before FCS stimulation for 24 h. [3H]-thymidine was added for the last 5 h,
and its incorporation into DNA quantified. Results are expressed as a percentage of FCS-stimulated vehicle-treated controls. The * indicates
P � 0.05 compared to FCS-stimulated control using one-way ANOVA followed by a Bonferroni test, n = 6. (B) and (C) PVSMCs were pretreated
with vehicle or (B) DMS (0.1–100 mM) or (C) DHS (0.1–100 mM) for 15 min before FCS stimulation for 10 min. Samples were Western blotted
for phospho-ERK-1/2 (P-ERK-1 /2). Blots were stripped and re-probed with anti-a-actin antibody to ensure equal protein loading. Represen-
tative Western blots are shown. Blots were quantified by densitometry, and results are presented as % maximal FCS-stimulated phospho-ERK-
1/2 (mean � SEM, n = 5, b and n = 5, c). (D) PVSMCs were pretreated with vehicle or DMS (50 mM) for 15 min before FCS stimulation for
10 min. Samples were Western blotted for phospho-Akt. Blots were stripped and re-probed with anti-Akt antibody to ensure equal protein
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reduction in the level of proteoglycan deposition at the site
of IEL rupture and neointimal formation, which corresponds
with the reduction in VSMC deposition at the site of neoin-
timal formation (Figure 6E to G).

Artery contraction and endothelium-dependent relaxation
Twenty-eight days after balloon injury, DMSO-infused arteries
were hyper-responsive to KCl, with significantly enhanced
maximum contraction and no change in EC50 (Figure 7A).
Similarly, the contractile response to KCl was also increased
following injury and endoluminal infusion of DMS
(Figure 7B). Endothelium-dependent relaxation was also
assessed in arteries 28 days after balloon injury. Following
pre-contraction with the thromboxane mimetic U46619,
endothelium-dependent relaxation in response to calcimycin
was unaffected by vehicle or DMS when compared to that
observed in non-injured LCx from the same animals. These
results indicate that local infusion of DMS did not inhibit the
regeneration of a functionally active endothelial layer 28 days
after injury (Figure 7C and D).

Discussion

The in vitro studies suggest that DMS mediated its effects by
reducing DNA synthesis and SMC growth rather than induc-

ing apoptosis through inhibition of SK1. Indeed, DMS
reduced FCS-stimulated ERK-1/2 activation, an effect which is
independent of typical PKC. In addition, a similar inhibition
of ERK-1/2 signalling and DNA synthesis was achieved with a
different SK1 inhibitor, DHS. DMS also inhibited FCS-
stimulated Akt phosphorylation. Akt signalling is involved in
regulating both cell growth and survival. We did not detect
apoptosis in response to DMS in isolated injured arteries, and
therefore inhibition of both ERK-1/2 and Akt signalling by
DMS appears linked with inhibition of cell growth.

Our findings are compatible with the rheostat model pro-
posed to explain the differential effects of ceramide, sphin-
gosine and S1P (Pyne and Pyne, 2000; Spiegel and Milstien,
2003). In this regard, ceramide and sphingosine are defined as
reducing cell survival, while conversion of sphingosine to S1P
by SK1 promotes cell survival and proliferation. Thus, accu-
mulation of sphingosine and ceramide as a consequence of
SK1 inhibition by DMS may account for the effect of DMS on
ERK-1/2, Akt and DNA synthesis. Indeed, we demonstrate
here that C2-ceramide and sphingosine also inhibited
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1/2 activation. Phosphorylated ERK-1/2 (P-ERK-1/2) was detected on
Western blots probed with anti-phospho ERK-1/2 antibody. Blots
were also probed with anti-ERK-2 antibody to ensure equal protein
loading. Representative blots are shown. DMS/PMA (n = 18), DMS/
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FCS-stimulated ERK-1/2 activation and DNA synthesis. DMS-
induced perturbation of the ceramide–sphingosine–S1P rheo-
stat, and the subsequent inhibitory action of ceramide/
sphingosine on ERK-1/2 and Akt signalling are supported by

the findings of Kester et al. These workers have demonstrated
that C6-ceramide administration at the site of surgical inter-
vention inhibits neointimal hyperplasia via a mechanism
involving block of SMC cell cycle progression and inhibition
of ERK-1/2 and Akt signalling (Charles et al., 2000). Further
characterization demonstrated that C6-ceramide activated
PKCz, which in turn associates with Akt and inhibits activa-
tion of Akt by PDGF, leading to growth arrest of SMC
(Bourbon et al., 2002). The effect of ceramide on growth arrest
is therefore in line with our findings where we demonstrate
that C2-ceramide inhibits DNA synthesis and growth, rather
than inducing apoptosis.

The question arises as to whether there would be sufficient
sphingosine and ceramide formed after inhibition of SK1. In
this respect, there are numerous reports demonstrating that
SK1 is localized in different subcellular compartments. More-
over, such compartmentalization of SK1 can be linked with
different functions of this enzyme. Compartmentalization of
SK1 suggests that it is highly probable that multiple sphin-
gosine pools are accessed by SK1 (Pyne and Pyne, 2008; Pyne
et al., 2009). Therefore, only relatively small changes in the
amounts of S1P, sphingosine and ceramide in response to
DMS might be sufficient to elicit the profound changes in
proliferation pathways.

In the current study, 10 mM DMS induced a maximal inhibi-
tory effect on hyperplasia in isolated vessels with little, if any,
further inhibition with higher concentrations (Figure 5D). In
addition, 10 mM DMS induced about 50% inhibition of FCS-
stimulated ERK-1/2 activation (Figure 1B). Our findings with
DMS in isolated arteries might therefore suggest that there is
a threshold requirement for ERK-1/2 activation in terms of
stimulating neointimal formation.

In addition, the sensitivity of arteries to DMS might be
defined by mechanisms that do not operate in cultured
PVSMC. Wamhoff et al. (2008) have also demonstrated that
S1P1/S1P3 receptors enhance vascular smooth muscle prolif-
eration in vitro in response to S1P or in vivo after vascular
injury, suggesting a role for ‘inside-out’ signalling by S1P
(Takabe et al., 2008). Thus, inhibition of SK1 by DMS might
also reduce S1P ‘inside-out signalling’ in vivo. Indeed, S1P1

receptor expression is also induced in neointimal lesions of
human in-stent restenosis (Zohlnhofer et al., 2001). However,
in our in vitro studies using PVSMC, exogenous S1P was a very
poor stimulator of ERK-1/2, and is therefore, unlikely to
account for the stimulation of ERK-1/2 by FCS. We therefore
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and S1P on FCS-stimulated DNA synthesis or ERK-1/2 activation.
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C2-ceramide (0.1–100 mM) or (D) C2-dihydroceramide (0.1–
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do not consider a significant role for ‘inside-out’ signalling by
SK1 in PVSMC stimulated with FCS. Therefore, the inhibition
of FCS stimulation of ERK-1/2 by DMS is unlikely to be due to
effects on inside-out signalling by SK1/S1P.

DMS also inhibits a second isoform of SK – SK2. However,
SK2 promotes apoptosis, by sequestration of Bcl2 via a BH3
domain in SK2 (Maceyka et al., 2005). Therefore, inhibition of
this isoform of SK by DMS might be expected to inhibit
apoptosis and increase neointima formation, and which is the
opposite of the effects of DMS observed here.

The functional data obtained from coronary arteries
28 days following balloon angioplasty demonstrated that
local infusion of DMS had no effect on artery contraction.

Contraction to KCl was enhanced by the earlier balloon
injury itself, as has been previously observed (Work et al.,
2001; Kennedy et al., 2006), but was not further changed by
DMS. Endothelial-dependent relaxation was the same in
injured arteries as in parallel non-injured arteries, in keeping
with the histological findings that the endothelium had
re-grown at this time. As DMS did not affect endothelium-
dependent relaxation, it may be inferred that DMS had no
deleterious actions on endothelium regrowth or function.
This is consistent with the results we have obtained follow-
ing local infusion with other anti-proliferative drugs (Work
et al., 2001; Kennedy et al., 2006). This observation is
important as S1P is said to be involved in endothelial
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Figure 6 Effect of DMS on neointimal formation in vivo. (A) Neointimal formation was quantified in sections of coronary arteries isolated from
non-injured LCx and balloon-injured LAD arteries 28 days after surgery. Neointima was calculated as a percentage of the total neointima and
medial area. Local infusion of DMS (5 mL of 25 mM solution, where indicated) following balloon injury significantly reduced neointimal
formation. (Values shown are mean + SEM; n = 6–7. *P � 0.05 compared to the other three groups of arteries using one-way ANOVA followed
by Tukey’s test.) (b–g) Photomicrographs of coronary arteries removed 28 days after angioplasty. Sections B–D were stained with haematoxylin
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migration and regeneration (Kimura et al., 2003; Limaye,
2008).

When administered as an intra-arterial irrigation directly
after angioplasty injury, 25 mM DMS was remarkably effective
at inhibiting neointimal growth. This method of administra-
tion involved a brief application of DMS to the artery wall
(infusion duration: 15 min), showing that DMS inhibited the
first wave of cell proliferation in the immediate aftermath of
balloon dilation and that this determined the course of neoin-
timal growth over the subsequent 28 days. The organ culture
results showed that even at maximal concentrations of DMS,
cell growth was not completely prevented. This is a favourable
profile for an anti-restenotic intervention following stent
deployment, as it would be expected to permit a minimal
amount of cell proliferation leading to satisfactory strut
coverage.

In conclusion, the results presented here suggest
that an SK1 inhibitor, presumably by causing accumulation
of sphingosine and ceramide reduced neointimal hyper-
plasia both in vitro and possibly in vivo. Therefore, we suggest
that DMS represents a class of sphingoid compounds

that offer potential as therapeutic agents to alleviate arterial
remodelling as a consequence of angioplasty-induced
injury.
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