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a b s t r a c t

Sphingosine-1-phosphate (S1P) has been demonstrated to be an important regulator of cell death and
survival. Although it has been suggested that the sphingolipid may act as a neuroprotector in the cell
apoptosis induced by traumatic brain injury, the mechanisms involved in this action are unknown. In
this study, the relationship between S1P and neuroprotective effect was studied in an in vitro model of
ischemia, maintaining SH-SY5Y human neuroblastoma cells under oxygen–glucose deprivation (OGD).
When cells were treated with 1 �M S1P simultaneously with OGD and recovery, cell viability increases in
a dose–response manner. S1P treatment reduces significantly both necrosis and apoptosis cell death. On
the other hand, the treatment with specific PKC � (V1-2), prevents S1P protective effect of OGD/recovery-
induced necrosis. Moreover, S1P treatment provokes the translocation of PKC � to the mitochondria.
From these results, it is reasonable to assume that S1P protection from necrosis is mediated by PKC �.

2+
We also studied the action of S1P on mitochondrial inner membrane potential and mitochondrial Ca
levels during ischemia. In this regard, we must point out that S1P treatment reduces the OGD-induced
membrane depolarization and also reduces the increase of Ca2+ in mitochondria during OGD. Results
also indicate that mitochondria from OGD treated cells have significantly less ability to resist swelling on
Ca2+ loading than those obtained in presence of oxygen and glucose. Nevertheless, when S1P was added,
this resistance increases considerably. These findings suggest that S1P may have a potential role as a

brain
neuroprotective agent in

troke is one of the main causes of death and disability in the
estern world. Mechanisms underlying neuronal cell death after

rain ischemia are complex as they depend on multiple factors [8].
elayed neuronal death includes the development of apoptotic and
ecrotic processes, and the specific contribution of these processes
o brain damage depend on different factors [18].

The regulation of the cell death program in neurons is a sub-
ect of great interest. Among the known mediators of apoptosis,
he sphingolipid metabolites such as ceramide and sphingosine-1-
hosphate (S1P) have received much attention in the last decade
s key regulators of cell death and survival [13,26]. S1P is formed
y the phosphorylation of sphingosine by sphingosine kinase, and

t has been implicated in many and diverse biological processes,
uch as cell growth, differentiation, cell survival, angiogenesis and
ell migration [23,26]. Recently, it has been proposed that S1P

ay represent a novel neuroprotective target to counteract the

athophysiology of acute brain and spinal cord injury in regard to
poptotic cell death mechanisms, mitochondrial dysfunction, lipid
ydrolysis, and oxidative damage mechanisms [25].
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It is noteworthy that during ischemia, some protein kinase C
(PKC) isoforms are translocated to different cellular destinations
which include the plasma membrane, golgi, nucleus, mitochon-
dria and other cellular compartments. PKCs have been reported
to interact with many target proteins upon activation [9]. PKC �
is expressed in neural tissue, and it has been implicated in pro-
tective roles against stroke and neural ischemia [2]. Besides, in
the last years, mitochondria have been recognised as regulators
of cell death [15]. In this sense, during hypoxia, PKC � is known
to translocate to mitochondria, where interacts with several tar-
gets. When mitochondria are exposed to high Ca2+ concentrations,
especially when accompanied by oxidative stress and adenine
nucleotide depletion, as happens after an ischemia/recovery insult,
they undergo massive swelling and become uncoupled. This occurs
as a result of the opening of the mitochondrial permeability transi-
tion pore (mPTP) with subsequent loss of ionic homeostasis, matrix
swelling and outer membrane rupture. If the pore remains open,
cells cannot maintain their ATP levels and this will lead to cell

death by necrosis [11,12]. Prevention of mPTP opening, directly or
indirectly by reducing oxidative stress or Ca2+ overload, provides a
protective strategy against reperfusion injury [11]. It is widely con-
sidered that opening of the mitochondrial ATP-sensitive K+ channel
(mitoKATP) plays a crucial role in protection from ischemia. This

http://www.sciencedirect.com/science/journal/03043940
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apoptosis and 8 ± 1.5% for early apoptosis). S1P treatment reduced
significantly both apoptosis and necrosis (Fig. 1B). These results
are in agreement with other reported previously [10]. Bearing in
mind that it has been described previously the involvement of PKC

Fig. 1. Effect of exogenous S1P on the SH-SY5Y cells death subjected to OGD. (A)
Viability was tested by MTT assay of control cells and cells submitted to 3 h OGD and
16 h of recovery with or without S1P (0.1, 0.5 and 1 �M). PTX (100 ng/ml) was added
A. Agudo-López et al. / Neuros

hannel seems to affect mPTP opening. Recently, PKC � has been
dentified as a component of the mitoKATP signalling cascade [16].
KC � is suspected to stabilize mitochondria activating mitoKATP
nd modifying mPTP opening [7].

Taking this into account, we aimed to elucidate the mechanism
nvolved in neuroprotective role of S1P against ischemia-induced
ell death.

SH-SY5Y human neuroblastoma cells were cultured in Dul-
ecco’s Modified Eagle Medium (DMEM) (Sigma) supplemented
ith 10% foetal bovine serum, 1% penicillin-streptomycin and 1%

lutamine in a humidified incubator in 95% air–5% CO2 at 37 ◦C. The
ell culture medium was replaced every 2 days.

The in vitro model of ischemia we used was achieved main-
aining the cells under oxygen–glucose deprivation (OGD) for 3 h,
ollowed by 16 h of recovery, as described previously [21]. Briefly,
he standard culture medium was replaced with a glucose-free
uffer (154 mM NaCl, 5.6 mM KCl, 5.0 mM HEPES, 3.6 mM NaHCO3,
.3 mM CaCl2; pH 7.4), and bubbled with an anaerobic gas mixture
95% N2, 5% CO2) for at least 2 h before use. Cells were then placed
nder hypoxia in a hypoxic humidified incubator in 1% O2–5% CO2
t 37 ◦C of Thermo Electron Corporation (model 3141). After 3 h,
uffer was changed by standard medium and placed in a humidified
erobic incubator at 37 ◦C for 16 h of recovery.

Cell viability was determined by MTT (3-[4,5-dimethylthiazole-
-yl]2,5-diphenyl tetrazolium bromide) assay as previously
escribed [1]. Briefly, MTT to a final concentration of 0.5 mg/ml
as added to each sample in a 96-well plate. The plates were incu-

ated at 37 ◦C for 4 h, and the formazan granules generated by
he live cells were dissolved in isopropyl alcohol acid (0.5% of HCl
oncentrate in isopropyl alcohol) and absorbance at 570 nm was
onitored by using a Power-Wavex microplate spectrophotometer

Bio-Tek Instruments Inc., Winooski, VT, USA).
The percentage of early apoptotic cells (intact cell membrane,

ffinity for annexin V-FITC and devoid of PI staining) and necrotic
r late apoptotic cells (the cell membrane looses its integrity, the
ell becomes PI staining) were analyzed by flow cytometry using
n annexin V-FITC/PI kit (Biosource) following the manufacturer’s
nstructions.

In order to measure mitochondrial membrane depolarization,
ells where loaded for 15 min with 1 �M TMRM (Anaspec) at 37 ◦C.
1P (1 �M) was added just before OGD. Cells were then placed in a
hermostatized sealed chamber on a Leica confocal microscope in
he buffer described above with or without glucose depending on
he treatment. To induce OGD, the chamber was maintained under
N2 atmosphere during the time of OGD. For recovery, chamber
as submitted to a normal atmosphere and glucose (1 mg/ml) was

dded as in initial conditions. Images were then collected on a Leica
onfocal microscope and analyzed with LCS Lite software.

Immunoblot analysis were carried out in cytosolic and mito-
hondrial fractions as previously described [5].

For calcium measurements, cells were loaded at 37 ◦C for 15 min
ith 2.2 mM rhod-2 AM (Anaspec) to measure mitochondrial Ca2+.
ells were treated with 2 �M thapsigargin for 20 min before the
1P addition to avoid interferences by endoplasmic reticulum Ca2+.
ells were then placed in a thermostatized sealed chamber on a
eica confocal microscope as described above.

Opening of mPTP was monitored by analyzing mitochondrial
welling in isolated mitochondria. Cells were maintained under
xygen–glucose deprivation for 3 h and then mitochondria were
solated [19]. Mitochondrial swelling was assayed spectrophoto-

etrically [24]. Briefly, isolated mitochondria were resuspended

n swelling buffer (120 mM KCl, 10 mM Tris–HCl, 20 mM MOPS,
nd 5 mM KH2PO4, pH 7.4) to a final protein concentration of
.25 mg/ml. Absorbance was measured spectrophotometrically at
20 nm every 15 s. After 2 min of stabilization 200 �M CaCl2 was
dded to induce mPTP opening.
Letters 470 (2010) 130–133 131

Data are presented as means ± S.D. in this article. Statistical
comparisons were made using Student’s t-test. Values of p < 0.05
was considered statistically significant.

Cells SH-SY5Y were subjected to 3 h of OGD and 16 h of recov-
ery and then viability was assessed by MTT. A decrease in viability
around 33% compared with control was observed. When cells were
treated with S1P simultaneously with OGD and recovery, cell viabil-
ity increased in a dose–response manner, obtaining a 100% viability
with 1 �M S1P, therefore, this concentration was used for all exper-
iments (Fig. 1A). Identical results were obtained when S1P was
added 3 h before OGD (data not shown), so in all the experiments,
S1P was added at the same time as OGD. To test if this protection
of S1P was mediated by receptor binding, pertussis toxin (PTX)
(100 ng/ml) was added at the same time than S1P. PTX avoided
the protective effect of the S1P, suggesting the involvement of Gi/o
protein-coupled S1P receptors (Fig. 1A).

Neuronal cell death can occur by necrosis and/or apoptosis.
These two types of cell death can be distinguished by flow cytom-
etry assay. The results obtained with this technique, indicated that
after 3 h of OGD and 16 h of recovery, cells died predominantly
by necrosis, but also by apoptosis (20 ± 1.3% for necrosis or late
when indicated. (B) Flow cytometry with annexin V and propidium iodure of control
cells and cells submitted to 3 h OGD and 16 h of recovery (I) with or without 1 �M
S1P. Early apoptotic cells were positive to annexin V but not to propidium iodure
and necrotic or late apoptotic cells were positive to propidium iodure. V1-2 (5 �M)
was added when indicated. Values are mean ± S.D. of at least three independent
experiments. *Statistically significant difference from control value (p < 0.05).
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Fig. 3. Effects of S1P on mitochondrial inner membrane potential measured in mito-
chondria isolated from SH-SY5Ycells subjected to OGD. Cells were loaded with
1 �M TMRM and placed in an anaerobic thermostatized chamber on a confocal

of this channel exerts a protective effect against ischemia/recovery
injury, which is thought to be due to regulation of Ca2+ levels among
others factors, which is related with the inhibition of mPTP, prin-
cipal mediator of necrotic death [4,12,17]. The mitoKATP inhibitor
5-hydroxidecanoate (5-HD) also prevented the S1P effect on mito-

Fig. 4. Effects of S1P on mitochondrial calcium from SH-SY5Y cells subjected to
OGD. Cells were pretreated with 2 �M thapsigargin, loaded with 2.2 mM rhod-2 AM
ig. 2. PKC � translocation from cytosol to mitochondria. Mitochondrial fractions of
H-SY5Y cells was submitted to 1 h OGD in the presence or absence of 1 �M S1P. The
mmunoblots are representative of one of three experiments with similar results.

amily, especially pKC � isoform, in the mechanism of action of
ifferent protector agents of the ischemic/recovery insult [3,6,20],
e tested whether this PKC isoform is involved in the protective
echanism of action of S1P. Our results indicated that the specific

KC � translocation inhibitor V1-2, in a concentration of 5 �M, pre-
ents S1P protective effect of OGD/recovery-induced necrosis and
poptosis (Fig. 1B). From these results, one can speculate that S1P
rotection is mediated by PKC �. On the other hand, preliminary
esults obtained by us, seem to involve the isoform of PKC � in the
bove mentioned apoptosis protection, but a more intense study
ould be necessary (data not shown).

In recent years, mitochondria have been recognized as regu-
ators of cell death via both necrosis and apoptosis [17] and it
s well known the implication of mitochondria in death induced
y ischemia in different experimental models [15]. First, we stud-

ed how OGD/recovery affects the redistribution of pKC � between
itochondria and cytosol. It is noteworthy that both OGD/recovery

nd S1P treatment alone lead to PKC � translocation from cytosol
o mitochondria. This effect was evident after 1 h OGD treatment
Fig. 2) and it was maintained for 4 h (data not shown). Moreover,
hen S1P was added during OGD, the effect seems to be additive

Fig. 2). The increase of PKC � in mitochondria has been described
s a mechanism of defence against the hypoxia/ischemia insult [4].
1P seems to act, at least in part, through this mechanism.

Mitochondrial membrane potential is created by the electron
ransport chain, and changes are related to the cell death pro-
uced by ischemia, which make it an useful marker for neuronal
eath [15]. To investigate the changes in mitochondrial inner mem-
rane potential, in the presence of OGD and with S1P treatment,
e carried out experiments in an anaerobic chamber with influx

f N2 (atmosphere of approximately 1% of oxygen) placed on a
onfocal microscopy using TMRM as probe. Cells were subjected
o 60 min of OGD and 25 min of recovery. OGD produced a strong

embrane depolarization in a time-dependent manner maintained
uring recovery (Fig. 3). Our results are in agreement with others
eported previously in similar experimental ischemia models [15].

hen 1 �M S1P was added during the time of OGD, depolarization
roduced by OGD was significantly reduced (nearly a 50%) and a
eak of repolarization occurred during recovery. V1-2 prevented
he S1P effect, indicating this fact that S1P action is mediated by
KC �.

Mitochondrial membrane potential facilitates the mitochon-
rial permeability to ions, especially Ca2+. Calcium enters then

nto the mitochondria by the force of negative charge in matrix.
itochondria act as a Ca2+ buffer, regulating the cytoplasmic Ca2+

oncentration by the Ca2+ uniporter. Under normal conditions,
itochondria store small amounts of Ca 2+ but has a large capac-

ty to accumulate and buffer Ca2+ under states of high cellular Ca2+
oading [22]. Mitochondrial Ca2+ overload has been suggested as
marker for injury in ischemia [14]. Abnormal cellular Ca2+ load

an trigger mPTP opening. mPTP opening enables free passage into
he mitochondria molecules smaller than 1.5 kDa, including pro-
microscopy. Cells, except control, were subjected to 1 h of OGD and 25 min of
recovery, with or without 1 �M S1P. V1-2 (5 �M) was added when indicated. Rep-
resentative values from three independent experiments. Each experimental group
had at least 60 cells analysed per experiment. Arrows indicate the recovery.

tons. The resulting uncoupling of oxidative phosphorylation leads
to ATP depletion and cell death and it is now widely recognised that
mPTP opening is a major cause of ischemia/recovery injury and an
effective target for protection [12]. To investigate this in our sys-
tem, we measured changes in Ca2+ levels with confocal microscopy
using rhod-2 AM as probe. During OGD, mitochondrial calcium
increased, as has been previously described [22]. S1P treatment
during OGD produced a decrease in mitochondrial Ca2+ (Fig. 4).
The decrease of mitochondrial Ca2+ overload during ischemia has
been established to prevent or delay cell death [14]. This effect
was partially prevented by V1-2 (Fig. 4), indicating this a possible
mediation by PKC �. PKC � has been seen to activate mitoKATP chan-
nel opening. Numerous studies have demonstrated that opening
and placed in an anaerobic thermostatized chamber in a confocal microscopy. Cells
were subjected to 1 h of OGD, in the presence or absence of 1 �M S1P. V1-2 (5 �M)
and 5-HD (0.3 mM) were added when indicated. Representative values from three
independent experiments. Each experimental group had at least 60 cells analysed
per experiment.
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Fig. 5. Effects of S1P on mitochondrial swelling from SH-SY5Y cells subjected to
OGD. Mitochondria were isolated from control cells or cells subjected to 3 h of
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GD with or without 1 �M S1P and swelling was assessed as a decrease in light
bsorbance at 520 nm. Representative rates of mitochondria swelling are shown.
rrow indicates the addition of 250 �M CaCl2 to isolated mitochondria suspension.
epresentative values from three independent experiments.

hondrial Ca2+, so it seems that this S1P action is mediated by
itoKATP too.
When the mPTP is open, in the presence of Ca2+ loading, solutes

nter the inner matrix, causing the mitochondria to swell. This is
bserved as decrease in the optical density at 540 nm, indicating
welling of mitochondria in presence of Ca2+. The ability of mito-
hondria to resist swelling has been related with protection [19].
o study this point, we have isolated mitochondria from cells sub-
ected to ischemia in presence or absence of S1P. The same Ca2+

oncentration produced a minor mitochondrial swelling when,
ogether with OGD, S1P was added (Fig. 5). This fact indicates a
igher resistance to mPTP opening due to S1P protecting effect.

These results demonstrate a protective effect of S1P in
GD/recovery injury. This protection involves mitochondrial mem-
rane potential stabilization, a reduced Ca2+ loading during OGD
nd a less sensitivity to mPTP opening and is mediated by PKC �
nd mitoKATP.

The findings of the present study demonstrate for the first time,
he key role played by the mitochondria and the involvement of
KC � in the mechanism of protection of S1P against brain injury.
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