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Abstract Sphingosine kinases (Sphk1/2) are crucial enzymes
in regulation of the biostat between sphingosine-1-phosphate
(S1P) and ceramide and play an important role in the
pathogenesis/pathomechanism of Alzheimer’s disease (AD).
These enzymes synthesise S1P, which regulates neurotrans-
mission, synaptic function and neuron cell proliferation, by
activating five G protein-coupled receptors (S1P1-5).
However, S1P synthesised by Sphk2 could be involved in
amyloid β (Aβ) release by stimulation of Aβ precursor pro-
tein degradation. The significance of this bioactive
sphingolipid in the pathogenesis of Parkinson’s disease (PD)
is unknown. The aim of our study was to investigate the
expression level of Sphk1 and its role in human dopaminergic
neuronal cell (SH-SY5Y) viability under oxidative stress,
evoked by 1-methyl-4-phenylpyridinium (MPP+).
Moreover, the mechanism of S1P action on the death signal-
ling pathway in these experimental conditions was evaluated.
Our study indicated marked downregulation of Sphk1 expres-
sion in this cellular PD model. Inhibition of Sphk1 decreased
SH-SY5Y cell viability and concomitantly enhanced the re-
active oxygen species (ROS) level. It was found that exoge-
nous S1P (1 μM) exerted the neuroprotective effect by acti-
vation of Sphk1 and S1P1 receptor gene expression.
Moreover, S1P downregulated Bax and harakiri, death protein
5 (Hrk/DP5) expression and enhanced cell viability in MPP+-
treated cells. The neuroprotective mechanism of S1P is mainly
dependent on S1P1 receptor signalling, which was indicated
by using specific agonists and antagonists of S1P1 receptor.
The results show that S1P and S1P1 receptor agonists
protected a significant population of neuronal cells against
death.
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S1P1–5 Sphingosine-1-phosphate receptors 1–5
SDS-PAGE SDS-polyacrylamide gel electrophoresis
SOD Superoxide dismutase
Sphk1 Sphingosine kinase 1
Sphk2 Sphingosine kinase 2
TBS Tris-buffered saline
TBS-T Tris-buffered saline with Tween

Introduction

Sphingosine kinases 1 and 2 (Sphk1/2) are two conservative
isoenzymes which generate a potent lipid mediator,
sphingosine-1-phosphate (S1P), and play a significant role in
the regulation of the sphingolipid biostat [1–4]. Although both
isoforms use the same substrate, sphingosine, and generate the
same product, they have a different location within the cell
and different biochemical properties. The roles of S1P pools
synthesised by Sphk1 and Sphk2 have been indicated as
having different functions [5–7]. A wide variety of agonists,
including growth factors, hormones and pro-inflammatory
cytokines, activate Sphk1 and synthesise the S1P pool, which
exerts mitogenic and anti-apoptotic effects [8–15]. In contrast,
Sphk2 induces cell cycle arrest, suppresses growth and en-
hances apoptosis [16, 17]. Over the last two decades, S1P has
been shown to act as a primary or secondary messenger. S1P
modulates mitochondrial respiration via direct interactionwith
mitochondrial proteins and is also involved in the release of
cytochrome c, probably by modulation of the Bak protein [18,
19]. Despite intracellular action, S1P can be transported out of
the cell via a member of the ABC transporter family [20], and
it can act as a primary messenger in the autocrine/paracrine
manner through five specific G protein-coupled cell surface
receptors (GPCR), termed S1P1–5 [21, 22]. S1P1–3 receptors
mediate the signalling pathways via phosphoinositide-3-
kinase Akt (PI3K/Akt), phospholipase C (PLC), extracellular
signal-regulated kinases 1/2 (ERK1/2) or GTPases, and
through receptor signalling pathways. S1P regulates funda-
mental cellular processes, such as growth, differentiation,
motility, proliferation, angiogenesis and inflammation [9,
23–26]. In the past decade, a growing number of studies have
focused on the role of Sphks/S1P in neurodegenerative disor-
ders. The perturbed sphingomyelin metabolism is a funda-
mental event in the degeneration of neurons in Alzheimer’s
disease (AD) [27–29]. Sphks inhibition could be responsible
for an alteration of the S1P/ceramide biostat [1, 30, 31]. In
aging and AD, there is excessive production and accumulation
of ceramides, which have been shown to modify the structure,
function and plasticity of neurons, as was described recently
by Haughey et al. [29]. Recently, Takasugi et al. [7] indicated
that SphK2, which is upregulated in the brains of AD patients,
synthesised the S1P pool which is engaged in the modulation

of β-amyloid precursor protein cleaving enzyme 1 (BACE1)
activity. Through this mechanism, Sphk2 could be involved in
Aβ release. Changes in sphingolipid metabolism were also
reported in other neurological disorders, including HIV
dementia, brain ischemia, hypoxia and inflammation
[32–34], and in various human tumours [35–37].
However, until now, the role of Sphk disturbances and
S1P receptor signalling in Parkinson’s disease (PD) re-
mains unknown. Our experiments were carried out on
human SH-SY5Y cells highly used in the cellular model
for PD research because of their characteristics of do-
paminergic neurons [38, 39]. SH-SY5Y cells have the
ability to synthesise dopamine (DA) and noradrenalin (NA)
and express dopamine transporter (DAT), a protein typical for
dopaminergic neurons within the central nervous system
[40, 41]. In this study, we investigated the expression/
protein level of Sphk1 and its role in cell viability in an
experimental PD model, evoked by 1-methyl-4-
phenylpiridinum (MPP+) in SH-SY5Y. Moreover, the effect
of exogenously added S1P on MPP+-evoked cell death was
evaluated.

Materials and Methods

Cell Culture

The studies were carried out using the human neuroblastoma
cell line SH-SY5Y (a kind gift from Prof. Anne Eckert,
Neurobiology Laboratory for Brain Aging and Mental
Health, Psychiatric University Clinics, University of Basel).
Cells were cultured in MEM/F-12 Ham's Nutrient Mixtures
(1:1) supplemented with 15 % heat-inactivated fetal bovine
serum (FBS), 1 % penicillin/streptomycin and 2 mM gluta-
mine. The cells were maintained at 37 °C in a humidified
incubator containing 5 % CO2. For the experiment, confluent
cells were sub-cultured into dishes or collagen-coated 96-well
plates. The cells were used for experiments at 75–90 % con-
fluence or 1 day after being plated in the 96-well plate. Prior to
treatment, the cells were replenished with a low-serum (2 %
FBS) medium.

Cell Treatment Protocols

SH-SY5Y ce l l s were t rea ted wi th 1-methy l -4 -
phenylpyridinium (MPP+) in various concentrations up to
3 mM or with 5 μM SKI II. In some experiments, the cells
were cultured for 24 h with 3 mM MPP+ and were pre-
incubated with the following reagents: 1 μM S1P, 10 μM
SEW, 20μMW123, and 100 pMP-FTY720. The correspond-
ing compounds were added to the culture medium 1 h before
MPP+ treatment.
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Cell Viability Analysis

Mitochondrial function and cellular viability were evaluated
by using 2-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT). After 24 h incubation with appropriate
compounds, MTT (2.5 mg/ml) was added to all of the wells.
The cells were incubated at 37 °C for 2 h. Then, the cells were
lysed in DMSO, and spectrophotometric measurement at
595 nm was performed.

Determination of Free Radicals Using the DCF Probe

The DCF fluorescence assay detects the level of hydrogen
peroxide and other free radicals (ROS) in cells. Free radicals
were determined based on reactive oxygen species-mediated
conversion of 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) into fluorescent 2′,7′-dichlorofluorescein
(DCF). The cell media was changed after 24 h incubation
with appropriate compounds to Hanks’ buffer without phenol
red (Sigma, H8264), and incubation was continued in the
presence of 10 μM H2DCF-DA in DMSO for 50 min
at 37 °C. DMSO was used at a final concentration of
0.05 %, and at this concentration, it had no effect on
the free radical levels. Fluorescence of DCF was measured
using a PerkinElmer LS 50B spectrofluorometer with excita-
tion and emission wavelengths at 488 and 535 nm, re-
spectively. DCF fluorescence is reported in a percentage
of the control.

In Vitro Sphk Activity Assay

Sphk activity assay was performed according to a previous
report [7]. After 24 h incubation, the cells were washed with
iced PBS and lysed by the freeze–thaw cycle in 50 mM
HEPES, pH 7.4, 10 mM KCl, 15 mM MgCl2, 0.1 % Triton
X-100, 20 % glycerol, 2 mM orthovanadate, 2 mM dithio-
threitol, 10 mM NaF, 1 mM deoxypyridoxine and EDTA-free
complete protease inhibitor (Roche Applied Science). Lysates
were cleared by centrifugation at 15,000 rpm for 5 min. The
lysates and NBD-Sphingosine (10 μM final; Avanti Polar
Lipids) were mixed in a reaction buffer (50 mM HEPES,
pH7.4, 15 mM MgCl2, 0.5 mM KCl, 10 % glycerol and
2 mM ATP) and incubated for 30 min at 30 °C. The reactions
were stopped by the addition of an equal amount of 1 M
potassium phosphate, pH 8.5, followed by the addition of
2.5-fold chloroform/methanol (2:1), and then centrifuged at
15,000 rpm for 1 min. Only the reactant NBD-S1P, but not the
substrate NBD-sphingosine, was collected in the alkaline
aqueous phase. After the aqueous phase was combined with
an equal amount of dimethylformamide, the fluorescence
value was read.

Western Blot

After protein measurement according to Lowry, the homoge-
nate of SH-SY5Y cells was mixed with a 5× Laemmli sample
buffer and denatured for 5 min at 95 °C. Forty micrograms of
protein was loaded per lane on 10 % acrylamide gels and
examined by SDS-PAGE. The proteins were transferred onto
PVDF membranes at 100 V. The membranes were incubated
in 5 % dry milk in TBS with Tween 20 (TBS-T) for 1 h and
exposed overnight to the following antibodies: anti-Sphk1
(1:250, from Cell Signalling) and anti-GAPDH (1:10,000,
from Sigma-Aldrich). Proteins were identified in accordance
with the molecular weight marker (from Sigma-Aldrich).
After treatment for 1 h with the corresponding horseradish
peroxidase-coupled secondary antibodies (anti-rabbit from
Sigma-Aldrich), the protein bands were detected by ECL
reagent (ThermoScientific).

Analysis of the mRNA Level Using Real-Time PCR

RNA was isolated using a TRI-reagent from Sigma-Aldrich.
The isolated RNA was dissolved in RNAse-free water
(Promega Corporation). The amount and purity of RNAwere
determined using spectrophotometric measurement at 260 and
280 nm. The OD260/OD280 ratio of the RNA samples ranged
from 1.6 to 1.9. Isolated RNA (5 μg) was used in RT-PCR.
The reverse transcription was performed by using a High
Capacity cDNA Reverse Transcription Kit according to the
manufacturer’s protocol (Applied Biosystems, Foster City,
CA, USA). Quantitative PCR was performed by using pre-
developed TaqMan Gene Expression Assays (Applied
Biosystems, Foster City, CA, USA): actb Hs99999903_m1,
bax Hs00180269_m1, bcl-2 Hs00608023_m1, gpx4
Hs 0 0 9 8 9 7 6 6 _ g 1 , h r k Hs 0 2 6 2 1 3 5 4 _ s 1 , s o d 2
Hs00167309_m1, sphk1 Hs01116530_g1, s1pr1
Hs01922614_s1 and s1pr3 Hs00245464_s1 on an ABI
PRISM 7500 apparatus according to the manufacturer’s in-
structions. Actbwas selected and used in all of the studies as a
reference gene. The relative level of mRNAwas calculated by
the ΔΔCt method.

Determination of Apoptosis Using Hoechst 33342

For morphological studies, SH-SY5Y cells were subjected for
24 h to oxidative stress evoked by MPP+ (3 mM). Moreover,
the effects of S1P (1 μM) and the effect of SKI II (5 μM)were
evaluated. Coverslips containing SH-SY5Y cells were collect-
ed and washed in PBS. The cells were fixed in −20 °CMetOH
for 30 min in 4 °C. Nuclei were visualised with Hoechst
33342 (0.2 μg/ml, Riedel-de-Haën Germany) fluorescent
staining. The cells were examined under a fluorescence mi-
croscope (Olympus BX51, Japan) and photographed with a
digital camera (Olympus DP70, Japan). Cells with typical
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apoptotic nuclear morphology (nuclear shrinkage, condensa-
tion) were identified and counted. The results were expressed
as percentages of apoptotic cells in the whole cell population.

Statistical Analysis

Statistical analyses between the two groups were conducted
using Student’s t test. Analyses among multi-group data were
conducted using one-way analysis of variance (ANOVA),
followed by the Newman–Keuls post-hoc test. The data are
given as means±SEM. p values <0.05 were considered statis-
tically significant.

Results

In the present study, using a cellular PD model induced
by MPP+, we investigated the Sphk1 gene expression,
the role of Sphk1 in cell viability and the effect of
exogenous S1P on neuronal cell death. Human dopami-
nergic cells (SH-SY5Y) were exposed for 24 h to var-
ious concentrations of MPP+ (0–5 mM). It was apparent
that MPP+ decreased the viability of SH-SY5Y cells in a
concentration-dependent manner, i.e., by 50 % at 3 mM
(Fig. 1b). By applying 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA), we indicated that 3 mM MPP+

Fig. 1 The effect of MPP+ on ROS generation, SH-SY5Y cell viability,
apoptosis and gene expression for anti-oxidative enzymes. SH-SY5Y
cells were treated with 0.5–5 mM MPP+ for 24 h. ROS generation was
determined usingDCFH-DA (a) and cell viability byMTTassay (b). Data
represent the mean value±S.E.M for four independent experiments with
four to six replications. *p<0.05, **p<0.01 and ***p<0.001 versus
control (non-treated) SH-SY5Y cells by one-way ANOVA followed by
the Newman–Keuls post-hoc test. Cell nuclei in 3 mM MPP+-treated
cells were visualised with Hoechst 33342 and observed under the

fluorescence microscope. Representative pictures show typical morpho-
logical changes in cell nuclei after MPP+ treatment (c). The mRNA level
for SOD (d) and GPx (e) after 3 mMMPP+ treatment was measured with
real-time PCR. The value expresses the fold of the above gene stimulation
normalized against Actb (β-actin). Data represent the mean value±S.E.M
for three separate experiments with three replications. The relative level
of mRNA was calculated by ΔΔCt method. *p<0.05, **p<0.01 and
***p<0.001 versus control (non-treated) SH-SY5Y cells by one-way
ANOVA followed by the Newman–Keuls post-hoc test
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increased the free radical level by about 90 % of the control
(Fig. 1a). Microscopic examination of cell nuclei stained with
DNA-binding fluorochrome Hoechst 33342 showed typical

apoptotic morphology (Fig. 1c). Under these stress conditions,
the mRNA level of antioxidant enzymes such as superoxide
dismutase (SOD) and glutathione peroxidase (GPx)

Fig. 2 Sphk1 activity, gene expression/protein level in MPP+-treated
SH-SY5Y cell and the role of Sphk1 inhibition on ROS generation and
cell viability. SH-SY5Y cells were treated with MPP+ (3 mM) for 3 h,
12 h (a) or 24 h (b, c). The mRNA level for Sphk1 was measured with
real-time PCR. The value expresses the fold of the above gene stimulation
normalized against Actb (β-actin). Data represent the mean value±S.E.M
for three separate experiments with three replications. The relative level
of mRNAwas calculated by ΔΔCt method. **p<0.01 and ***p<0.001
versus control (non-treated) SH-SY5Y cells by one-wayANOVA follow-
ed by the Newman–Keuls post-hoc test (a). Sphk1 (~68.35 kDa) immu-
noreactivity in the cell homogenate was measured. A representative
Western blot from one typical experiment is shown below the graph.
Data represent the mean value±S.E.M for four independent experiments
normalized against GAPDH (~36.1 kDa) (b). Fluorescence value of Sphk

activity was measured. Data represent the mean value±S.E.M for three
independent experiments (c). **p<0.01 versus control (non-treated) SH-
SY5Y cells by Student's t test. SH-SY5Y cells were treated with 5 μM
SKI II for 24 h (d, e, f). ROS generation was determined using DCFH-DA
(d) and cell viability by MTT assay (e). Data represent the mean value±
S.E.M for four independent experiments with four to six replications.
**p<0.01 and ***p<0.01 versus control (non-treated) SH-SY5Y cells by
Student's t test. Cell nuclei in SKI II-treated cells were visualised
with Hoechst 33342 and observed under the fluorescence micro-
scope. The percentage of apoptosis was calculated. Data represent
the mean value±S.E.M for three independent experiments, **p<0.01
versus control (nontreated) SH-SY5Y cells by Student's t test. Rep-
resentative pictures show typical morphological changes in cell
nuclei after SKI II treatment (f)

42 Mol Neurobiol (2014) 50:38–48



significantly decreased (Fig. 1d, e). Then, our study indicated
that Sphk1 gene expression/protein level and Sphks activity
were reduced inMPP+-treated cells (Fig. 2a–c). Cell survival and
ROS concentration analysis indicated that inhibition of Sphk1(by

the Sphk1 inhibitor, 5 μMSKI II) enhanced the free radical level
and suppressed the viability of SH-SY5Y cells (Fig. 2d, e).
Microscopic examination of cell nuclei showed a higher number
of apoptotic cells after exposition to the Sphk1 inhibitor (5 μM
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SKI II) (Fig. 2f). The product of Sphk1, S1P (1 μM), added
extracellularly to the cultivation medium, protects SH-SY5Y
neuronal cells against stress evoked by MPP+. S1P acti-
vates the Sphk1 gene expression/protein level that is ob-
served 3 and 12 h after its action in the presence of MPP+.
S1P alone had no effect on Sphk1 expression after 3 h.
However, it significantly decreased Sphk1 gene expression
after 12 h (Fig. 3a). The slight decrease of Sphk1 expres-
sion in this study has no significant effect on Sphk1
protein level after 24 h incubation with-S1P (Fig. 3b).
Subsequently, we observed that S1P decreased oxidative
stress in cells treated with MPP+ and protected the
significant pool of SH-SY5Y cells against death evoked
by MPP+ (Fig. 3c, d). The amount of apoptotic cells
was significantly lower in the presence of S1P (Fig. 3e).
S1P alone had no effect. For better elucidation of
mechanisms by which S1P protects SH-SY5Y cells from
MPP+-induced death, we examined its effect on pro- and anti-
apoptotic Bcl-2 proteins. Our study indicated that MPP+ leads
to activation of gene expression for pro-apoptotic Bcl-2 pro-
teins: Bax and Hrk/DP5. In the presence of exogenous S1P
(1 μM), the mRNA level of both of these pro-apoptotic
proteins was significantly reduced (Fig. 4a, b). Anti-
apoptotic Bcl-2 gene expression was activated by MPP+, but
in the presence of exogenously added S1P, the mRNA level of
Bcl-2 was not enhanced, i.e., it was even lower as compared to

MPP+-treated cells (Fig. 4c). Finally, we investigated
whether the S1P effect is receptor-mediated. Our data
demonstrated that the mRNA level of S1P1 under stress
caused by MPP+ was not changed. However, S1P alone
significantly increased its expression (Fig. 5a). Gene
expression analysis of S1P3 indicated that the mRNA level
of S1P3 was reduced after MPP+ treatment (Fig. 5b). Using

�Fig. 3 Effect of S1P on Sphk1 gene expression/protein level, ROS
generation and SH-SY5Y cell viability under stress evoked by MPP+.
SH-SY5Y cells were treated with 1 μM S1P for 1 h and then exposed to
3 mM MPP+ for 3 h, 12 h (a) or 24 h (b, c, d, e). The mRNA level for
Sphk1 was measured with real-time PCR. The value expresses the fold of
the above gene stimulation normalized against Actb (β-actin). Data
represent the mean value±S.E.M for three separate experiments with
three replications. The relative level of mRNAwas calculated by ΔΔCt
method. ***p<0.001 versus control (non-treated) SH-SY5Y cells;
###p<0.001 versus MPP+-treated cells by one-way ANOVA followed
by the Newman–Keuls post-hoc test (a). Sphk1 (~68.35 kDa)
immunoreactivity in the cell homogenate was measured. A
representative Western blot from one typical experiment is shown
below the graph. Data represent the mean value±S.E.M for four
independent experiments normalized against GAPDH (~36.1 kDa).
*p<0.05 versus control (non-treated) SH-SY5Y cells; ##p<0.01
versus MPP+-treated cells by one-way ANOVA followed by the
Newman–Keuls post-hoc test (b). ROS generation was determined
using DCFH-DA (c) and cell viability by MTT assay (d). Data
represent the mean value±S.E.M for four independent experiments
with four to six replications. ***p<0.001 versus control (non-
treated) SH-SY5Y cells; ##p<0.01 and ###p<0.001 versus MPP+-
treated cells by one-way ANOVA followed by the Newman–Keuls
post-hoc test. Cell nuclei in MPP+-treated cells were visualised
with Hoechst 33342 and observed under the fluorescence
microscope. The percentage of apoptosis was calculated. Data
represent the mean value±S.E.M for three independent
experiments, ***p<0.001 versus control (non-treated) SH-SY5Y
cells; ###p<0.001 versus MPP+-treated cells by one-way ANOVA
followed by the Newman–Keuls post-hoc test. Representative
pictures show typical morphological changes in cell nuclei after
S1P and MPP+ treatment (e)

Fig. 4 Effect of S1P on Bcl-2 protein expression in SH-SY5Y cells
treated with MPP+. SH-SY5Y cells were treated with 1 μM S1P for
1 h and then exposed to 3 mMMPP+ for 12 h. The mRNA level for Bax
(a), Hrk/DP5 (b) and Bcl-2 (c) was measured with real-time PCR. The
value expresses the fold of the above gene stimulation normalized against
Actb (β-actin). Data represent the mean value±S.E.M for three separate
experiments with three replications. The relative level of mRNA was
calculated by ΔΔCt method. **p<0.01 and ***p<0.001 versus control
(non-treated) SH-SY5Y cells; #p<0.05 and ###p<0.001—the difference is
statistically significant compared to MPP+-treated cells by one-way
ANOVA followed by the Newman–Keuls post-hoc test
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specific S1P receptor agonists and antagonists, we demon-
strated that S1P can exert its neuroprotective effect by activa-
tion of the S1P1 receptor. Moreover, the sphingosine analogue
(P-FTY720) also has neuroprotective effects (Fig. 5c).

Discussion

For many years, it has been suggested that reactive oxygen
species (ROS) play an important role in PD pathogenesis.
However, the pathomechanism/pathogenesis of neurodegen-
erative disorders has not been elucidated. Our data indicated
that MPP+, a widely used compound in experimental models
of PD, decreased the Sphk1 gene expression/protein level.
Sphk1 inhibition induces oxidative stress and apoptotic cell
death. The product of Sphk1, exogenous S1P (1 μM),
protected a significant pool of neuronal cells against death
and decreased the free radical level. Some previous studies,
also our own, have revealed that MPP+ induced oxidative
stress and dopaminergic cell death [42–45]. Until now, there
has been no data on the role of sphingolipid alteration in
neurons in PD and in the experimental model of this disease.
Previous studies demonstrated changes in the sphingolipids
and the alteration of gene expression for enzymes involved in
sphingolipid metabolism in AD [7, 28, 29]. Significant corre-
lations were observed between a reduced level of S1P and an
increased concentration of amyloid beta (Aβ) peptide and
hyperphosphorylated tau protein in AD brains [27].
Moreover, Gomez-Brouchet et al. [30] have reported reduced
Sphk1 activity and a decrease in the S1P level in SH-SY5Y
cells in oxidative stress conditions evoked by Aβ treatment.
Gomez-Brouchet et al. [30] have also shown that the antiox-
idant N-acetylcysteine abolished Sphk1 inhibition. Maceyka
et al. [46] suggested that Sphk1 could be a crucial step in

oxidative stress-mediated cell death. Moreover, ROS may
subsequently lead to Sphk1 inhibition. Our data demonstrated
reduced Sphks activity and downregulation of Sphk1 expres-
sion under oxidative stress evoked by MPP+. Moreover, our
results indicated that inhibition of Sphk1 can lead to ROS
formation and neuronal cell apoptosis. Similarly, Pchejetski
et al. [47] have reported that oxidative stress leads to Sphk1
inhibition, generation of pro-apoptotic ceramide and decrease
of pro-survival S1P. It is well established that Sphk1 activity is
enhanced in tumour cell lineages, which may be associated
with the role of Sphk1 in adaptation to hypoxic stress [48, 49].
Sphk1 inhibition or knockdown of gene enhanced ROS

�Fig. 5 S1P1 and S1P3 gene expression and the effect of S1P1
receptor agonists and antagonists on SH-SY5Y cell viability under
stress conditions evoked by MPP+. SH-SY5Y cells were treated
with 1 μM S1P for 1 h and then exposed to 3 mM MPP+ for
12 h. The mRNA level for S1P1 (a) and S1P3 (b) was measured
with real-time PCR. The value expresses the fold of the above
gene stimulation normalized against Actb (β-actin). Data represent
the mean value±S.E.M for three separate experiments with three
replications. The relative level of mRNA was calculated by ΔΔCt
method. *p<0.05 and **p<0.01—the difference is statistically
significant compared to the control (non-treated) SH-SY5Y cells by
one-way ANOVA followed by the Newman–Keuls post-hoc test. SH-
SY5Y cells were treated for 1 h with following compounds: 1 μM S1P,
10 μM SEW, 100 pM P-FTY720 and 20 μMW123 and then exposed to
3 mM MPP+ for 24 h (c). Cell viability was determined by MTT assay.
Data represent the mean value±S.E.M for four independent experiments
with four to six replications. ***p<0.001 versus control (non-treated)
SH-SY5Y cells; #p<0.05 and ###p<0.001—the difference is statistically
significant compared to MPP+-treated cells; $$$p<0.001—the difference
is statistically significant compared to S1P and MPP+-treated cells by
one-way ANOVA followed by the Newman–Keuls post-hoc test
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production in several cancer cell lines [50]. In our study, we
examined the effect of exogenous S1P (1 μM) on cell survival
and death in conditions of oxidative stress evoked by MPP+.
This 1 μM concentration of S1P corresponds to approximately
10 nmol of S1P/mg of protein, reported in the human brain by
He et al. [27]. Their data demonstrated S1P level at 5 nmol of
S1P/mg of protein in the AD brains and about 12 nmol of S1P/
mg of protein in the brain of age-matched control. Moreover,
S1P exists in the blood at 0.1–1 μM concentration [51]. Our
data showed that S1P reduces the ROS concentration in SH-
SY5Y cells treated with MPP+ and increases the viability of a
significant pool of cells. Nakahara et al. [52] indicated that S1P
protects cells against apoptosis induced by H2O2. Abrahan
et al. [53] showed that enhanced S1P synthesis protects pho-
toreceptors against paraquat toxicity. In this study, we demon-
strated that S1P exerts its inhibitory effect on apoptosis by
abolishing the downregulation of Sphk1 expression and
through modulation of the Bcl-2 protein family. Gene expres-
sion studies in SH-SY5Y neuroblastoma cells may have some
limitations which is characteristic of cancer cell lines.
However, SH-SY5Y cells have been used frequently, either
in an undifferentiated state [54–56] or in a neuron-like differ-
entiated state for the study of molecular process in MPP+ or in
the other cellular PD model [57–59]. Because differentiating
agents can induce overexpression or downregulation of anti-
and pro-apoptotic proteins like Bcl-2, we have used non-
differentiating cells in our study. We showed increased expres-
sion of pro-apoptotic Bcl-2 proteins in stress evoked byMPP+,
which is consistent with the results published previously by
Zhai et al., Liu et al., Zhu et al. and Zhang et al. [60–63].
Moreover, S1P induced downregulation of Bax and Hrk/DP5
expression in MPP+-treated cells. The effect of S1P on the
expression of pro-apoptotic Bcl-2 proteins can be an important
protective mechanism against MPP+ toxicity. The Bax protein
is recognised as a direct effector of protein-permeable pore
formation in the outer mitochondrial membrane, which could
lead to the release of cytochrome c and probably also the
apoptosis-inducing factor (AIF) into the cytosol [64]. The other
pro-apoptotic protein, death-promoting protein 5 (DP5),
named Harakiri (Hrk) exerts pro-apoptotic activity by
interacting with pro-survival Bcl-xL and Bcl-2 proteins [65,
66]. In this way, in our study, mRNA analysis revealed that the
level of the pro-survival Bcl-2 protein in SH-SY5Y cells
increased after MPP+ treatment. Similar data were obtained
by other researchers using the same cell line [67, 68]. This
event could be an adaptive survival response to oxidative
stress. We also observed that pro-survival Bcl-2 gene expres-
sion is less activated in the presence of exogenous S1P, as
compared to MPP+-treated cells. This effect may be connected
with simultaneous significant downregulation of both pro-
apoptotic Bcl-2 proteins (Bax and Hrk/DP5) by S1P. In con-
trast to our results, positive correlations between Bcl-2 proteins
and Sphk1were presented by Limaye et al. [69], who indicated

that overexpression of Sphk1 can upregulate Bcl-2, and by
Bektas et al. [70], whose studies showed that Bcl-2 overexpres-
sion stimulates Sphk1 expression and activity. It seems that S1P
regulates the level of gene expression and exerts the neuropro-
tective effect depending on the type of cells and the type of
stress. The question arises if S1P regulated pro-survival signal-
ling by its specific receptors in our experimental conditions. By
using several agonists and antagonists in our study, the data
reveal that the pro-survival action of S1P ismainly dependent on
S1P1 receptor signalling.We demonstrated the protective effects
of S1P1-specific agonists (SEW-2871).Moreover, the protective
effect of S1P was abolished by a specific S1P1 antagonist
(W123). A number of studies described that the S1P1 receptor
promotes pro-survival signal through PI3K/Akt [71–73].
PI3K/Akt is able to regulate cell survival by transcription and
activity of pro- as well as anti-apoptotic proteins [74, 75]. It is
possible that the decreased levels of pro-apoptotic Bcl-2 proteins
as described above could be regulated by activation of S1P1
signalling. We also showed the neuroprotective properties of
S1P receptor modulator P-FTY720, which represents a bioavail-
able compound that, besides having anti-inflammatory proper-
ties, also has a neuroprotective effect [76]. Summarizing, our
studies demonstrate the importance of Sphk alteration in MPP+
stress responses and suggest its significant role in PD pathogen-
esis.Moreover, our data showed that S1P and S1P1 agonists can
offer a novel neuroprotective strategy.
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