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Abstract
We examined the ability of sphingosine-1-phosphate (S1P) to desensitize extracellular signal–related
kinase (ERK), a mitogen-activated protein kinase linked to antiapoptotic responses in the heart. In
isolated adult mouse cardiomyocytes, S1P (10 nM–5 μM) induced ERK phosphorylation in a time-
and dose-dependent manner. S1P stimulation of ERK was completely inhibited by an S1P1/3 subtype
receptor antagonist (VPC23019), by a Gi protein inhibitor (pertussis toxin) and by a mitogen-
activated protein kinase/ERK kinase inhibitor (PD98059). A selective S1P3 receptor antagonist
(CAY10444) had no effect on S1P-induced ERK activation. The selective S1P1 agonist SEW2871
also induced ERK phosphorylation. Activation of ERK by restimulation with 100 nM S1P was
suppressed after 1 hour of preincubation with 100 nM S1P but recovered fully the next day, suggesting
receptor recycling. Similar results were obtained in protein kinase Cε-null cardiomyocytes.
Treatment with the nonselective S1P receptor agonist FTY720 for 1 hour also reduced phospho-ERK
expression in response to subsequent S1P stimulation. In contrast to S1P, some desensitization to
FTY720 persisted after overnight exposure. Cell death induced by hypoxia/reoxygenation was
reduced by pretreatment with exogenous S1P. This enhanced survival was abrogated by pretreatment
with PD98059, VPC23019, or pertussis toxin. Thus, exogenous S1P induces rapid and reversible
S1P1-mediated ERK phosphorylation. S1P-induced adult mouse cardiomyocyte survival requires
ERK activation mediated via an S1P1–Gi pathway.
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INTRODUCTION
Sphingosine-1-phosphate (S1P) is a bioactive lysophospholipid that regulates many important
cellular processes including growth, survival, differentiation, cytoskeletal rearrangements,
motility, angiogenesis, and calcium mobilization.1,2 It is now accepted that many S1P actions

Copyright © 2009 by Lippincott Williams & Wilkins
Reprints: Joel S. Karliner, MD, Cardiology Section (111C5), Department of Medicine, Veterans Affairs Medical Center, University of
California, 4150 Clement St, San Francisco, CA 94121 (joel.Karliner@va.gov)..
The authors report no conflicts of interest.

NIH Public Access
Author Manuscript
J Cardiovasc Pharmacol. Author manuscript; available in PMC 2010 March 9.

Published in final edited form as:
J Cardiovasc Pharmacol. 2009 June ; 53(6): 486–494. doi:10.1097/FJC.0b013e3181a7b58a.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



are mediated through subtypes of S1P G protein–coupled receptors, which comprise S1P1–5.
3–5 These receptor-associated signaling pathways may have important roles in many
physiological and pathological events.

Recent biochemical evidence supports this notion. S1P1 interacts with Gαi, whereas S1P2 and
S1P3 couple with Gαq, Gα13, and Gαi in a ligand-dependent manner.6 The existence of S1P
receptors in the heart was first reported by Bünemann et al7 in 1995. Subsequent studies have
shown that the S1P1 receptor exhibits the most prominent expression pattern in
cardiomyocytes.8,9 The S1P1 receptor mediates proliferative/survival and migratory signaling
in many different cell types.10–12 Our laboratory has recently reported that the S1P1 receptor
is associated with activation of Akt, inactivation of glycogen synthase kinase 3 beta, and
reduction of cytochrome c release from mitochondria in cardiac myocytes subjected to
prolonged hypoxia.13

Protein kinase C (PKC) is a family of 11 serine/threonine kinases that transduce multiple
signals in the regulation of differentiation, migration, and a variety of other cellular functions.
14 We and others have shown that S1P-mediated cardioprotection against ischemia/reperfusion
injury involves a PKCε-independent pathway.15,16 Graeler et al17 focused on cell chemotactic
responses to demonstrate that recovery from downregulation of S1P1 G protein–coupled
receptors in T lymphocytes is PKCε dependent.

Acute ischemia/reperfusion injury leads to myocyte cell death and in humans to either acute
or long-term cardiac decompensation. Cardioprotective interventions can prevent or ameliorate
such outcomes. As S1P and agonists that act at S1P receptors are cardioprotective and can be
given over prolonged periods both to animals and to humans, we wished to determine whether
their signaling effects would undergo desensitization, which might impair their effectiveness.

We used an adult mouse cardiac myocyte culture model for in vitro studies and measured
extracellular signal–related kinase (ERK) as an important signaling molecule not previously
studied in the heart in response to S1P receptor agonism. We employed different S1P receptor
antagonists and PKCε-null myocytes to test the hypothesis that S1P-mediated phosphorylation
of ERK, a mitogen-activated protein kinase (MAPK) linked to prosurvival responses in the
heart,18–21 is desensitized after agonist exposure. This culture model also allowed us to
measure the effects of S1P-stimulated ERK activation on cardiac myocyte viability during
hypoxia–reoxygenation stress.

MATERIALS AND METHODS
Materials

S1P, PD98059, and pertussis toxin (PTX) were from BIOMOL International (Plymouth
Meeting, PA). VPC23019 was from Avanti Polar Lipids, Inc (Alabaster, AL). FTY720 and
CAY10444 were from Cayman Chemical (Ann Arbor, MI). Antibodies directed against ERK
and MAPK/ERK kinase (MEK) were from Cell Signaling Technology (Danvers, MA).

Animals
Wild-type C57BL6 mice were from Charles River Laboratories (Hollister, CA). PKCε-null
mice were provided by Dr. Robert Messing (Gallo Research Center, Emeryville, CA). Only
male mice were used for all studies. Genotyping using polymerase chain reaction to confirm
the absence of PKCε DNA was routinely performed on tail samples as described.22 The
background of these mice is C57BL6. All studies were approved by the Institutional Animal
Care and Use Committee of the San Francisco Veterans Affairs Medical Center. This
investigation conforms with the Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication No. 85–23, revised 1996).
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Adult Mouse Cardiac Myocyte Isolation and Culture
Cardiac myocytes were isolated and cultured from mice 2–3 months of age weighing 25–30 g
using a modification of the collagenase dissociation method reported by Zhou et al,23 as
previously described in our laboratory.13 Isolated cardiac myocytes were plated for 2 hours on
35- and 60-mm tissue culture dishes coated with 10 μg/mL laminin. The cells were suspended
in minimum essential medium (MEM) with Hanks buffered salt solution (HBSS), 10 μg/mL
penicillin, 1.5 μM vitamin B12, and 10 mM 2,3-butanedione monoxime (BDM). After this
period of attachment, the medium was changed to MEM/HBSS containing 10 μg/mL penicillin,
1.5 μM vitamin B12, and 1 mM BDM and incubated overnight at 37°C in a humidified
atmosphere of 1% CO2 and air. The culture protocol yielded an average of 80% rod-shaped
myocytes at a plating density of 50 cells per square millimeter that were viable at pH 7.2 for
48 hours. Experiments were performed the day after isolation and culture at which time medium
was changed to contain no BDM.

Western Blot Analysis
For whole cell extraction, cells were lysed in buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1
mM EDTA, 1 mM ethylene glycol-bis(aminoethylether)-tetraacetic acid, 1% Triton, 2.5 mM
sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/mL leupeptin, 0.1%
protease inhibitor mixture (Roche Applied Science, Indianapolis, IN), and phosphatase
inhibitor cocktail (Sigma Chemical, St. Louis, MO). Protein concentration was determined
using the Bradford method. Equal amounts of protein were resuspended in 4× Laemmli sample
buffer, boiled for 5 minutes and subjected to sodium dodecyl (lauryl) sulfate–polyacrylamide
gel electrophoresis. After transfer to a polyvinylidene fluoride membrane, the extract was
blocked in 5% nonfat milk in Tris-buffered saline + 0.1% Tween-20 for 1 hour. Membranes
were probed overnight with primary antibodies, washed 3 times with Tris-buffered saline/
Tween-20 for 5 minutes, and probed with secondary antibodies for 1 hour. The membranes
were rinsed 3 times, and the signal was detected using enhanced chemiluminescence
(Amersham Biosciences, Piscataway, NJ) according to the manufacturer's instructions.

Hypoxia–reoxygenation Protocol
On the day after isolation and culture, cardiac myocytes were incubated in a Bactron I anaerobic
chamber containing a humidified atmosphere of 1% CO2 and 99% N2 for 3 hours. Before
starting the experiment, medium was changed to serum-free, glucose-free MEM with HBSS
that did not contain BDM. This medium was pre-equilibrated overnight in the anaerobic
chamber containing 1% CO2 and 99% N2. Immediately after hypoxia, cells were treated with
pharmacological agonists under normoxic conditions for the indicated times as described in
the results section. This reoxygenation period lasted for 16 hours. Normoxic and reoxygenated
experimental medium were pre-equilibrated overnight in water-jacketed incubators in a
humidified atmosphere of 1% CO2 and air. Cardiac myocyte survival was measured as
previously described in our laboratory13 by staining cells in tissue culture dishes with trypan
blue solution (Sigma Chemical).

Statistical Analysis
Data are expressed as the mean ± SEM. Mean values were compared by 1-way analysis of
variance and post hoc Student–Newman–Keuls testing. P < 0.05 was considered statistically
significant.
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RESULTS
S1P and SEW2871 Activate ERK 1/2

At 100 nM, S1P elicited transient phosphorylation of MEK 1/2, starting at 1 minute and
reaching a maximum at 5 minutes, with no change in the level of nonphosphorylated MEK 1/2
(Fig. 1A). S1P 100 nM also stimulated time-dependent ERK 1/2 phosphorylation, starting at
1 minute and reaching a maximum between 1 and 5 minutes, with no change in the level of
nonphosphorylated ERK 1/2 (Fig. 1B). Incubation of cells with 10 nM–5 μM S1P for 10
minutes resulted in a concentration-dependent increase in ERK 1/2 phosphorylation (Fig. 1C).
Similar results were found for the selective S1P1 receptor agonist SEW2871 (Fig. 1, panels D
and E).

S1P-mediated ERK 1/2 Phosphorylation Is MEK 1/2 Dependent and Is Sensitive to PTX
As noted above and in Figure 1, treatment of cardiomyocytes with 100 nM S1P for 10 minutes
resulted in marked phosphorylation of ERK 1/2. This phosphorylation was blocked by prior
overnight incubation with PTX (Fig. 2A), indicating the involvement of a PTX-sensitive Gi-
coupled receptor. Pretreatment of cells with 10 μM of the MEK inhibitor PD98059 for 60
minutes resulted in significantly less ERK 1/2 phosphorylation (Fig. 2B). These data indicate
that ERK phosphorylation by S1P depends completely on the upstream phosphorylation of
MEK 1/2 by S1P.

Role of S1P1 Receptors in ERK 1/2 Phosphorylation by S1P
We examined the effects of S1P receptor antagonists on ERK 1/2 phosphorylation to identify
the responsible S1P receptor subtype. Pretreatment of myocytes for 30 minutes with 1 μM
VPC23019, an inhibitor of S1P1 and S1P3 receptors, inhibited the activation of ERK by S1P
(Fig. 3A). SEW2871, a selective S1P1 receptor agonist, also stimulated ERK phosphorylation
and was inhibited by 1 μM VPC23019 (Fig. 3B). Furthermore, S1P activation of ERK was not
inhibited by 0.1–10 μM CAY10444, a selective S1P3 receptor antagonist (Fig. 3C), thus
excluding involvement of the S1P3 receptor subtype. These data suggest that S1P-stimulated
ERK 1/2 phosphorylation is mediated predominantly via S1P1 receptors. Neither VPC23019
alone (Figs. 3A, B) nor CAY10444 alone (Fig. 3C) had any effect on basal phosphorylation
of ERK.

Effects of a Second Exposure to S1P and FTY720 on S1P Receptor–mediated Signaling in
Wild-type and PKCε-null Adult Cardiomyocytes

Pretreatment with S1P for 1 hour led to inhibition of ERK phosphorylation in response to a
second S1P stimulation in wild-type and PKCε-null adult cardiomyocytes (Fig. 4A). In
contrast, when myocytes were preincubated overnight with S1P, the phospho-ERK (pERK)
signal in response to short-term S1P recovered fully both in wild-type and in PKCε-null adult
cardiomyocytes (Fig. 4B). These data suggest that S1P receptors may be internalized by acute
exposure to S1P, but persistent downregulation does not occur. These observations also
indicate that PKCε is not involved in the recovery pathway from downregulation of the S1P1
receptor subtype in adult cardiomyocytes.

To determine whether a synthetic agonist of S1P receptors has a similar effect on S1P-mediated
ERK activation, FTY720 was tested. As the S1P receptor agonist FTY720 is cardioprotective
and is being evaluated in human clinical trials, we wished to determine whether its signaling
effects would undergo desensitization, which might impair its effectiveness. Figure 5A shows
that pretreatment of adult cardiomyocytes with FTY720 for 1 hour led to reduced pERK
expression in response to subsequent S1P stimulation. But, some desensitization to FTY720
persisted after overnight S1P exposure (Fig. 5B). These data suggest that FTY720-mediated
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S1P receptor internalization and degradation24 delays recovery of cell surface expression and
function.

Effects of S1P and Selective Pathway Inhibitors on Adult Cardiomyocyte Viability After
Hypoxia–reoxygenation

ERK activation has recently emerged as an important mechanism involved in various forms
of cardiac pathophysiology, including ischemia–reperfusion injury, anthracycline
cardiotoxicity, and severe heart failure,18 where ERK has been shown to promote cardiac
hypertrophy and to reduce cardiomyocyte apoptosis.18–21 But, whether the MEK/ERK 1/2
response is activated and effective after S1P receptor agonism in adult cardiac myocytes during
hypoxia/reoxygenation has not previously been reported.

As shown in Figure 6, cardiomyocytes were exposed to 3 hours of hypoxia followed by 16
hours of reoxygenation. At the onset of reoxygenation, cells were treated with 100 nM S1P in
the absence and presence of 1 μM VPC23019, 10 μM of the MEK inhibitor PD98059, or 100
ng/mL PTX, each of which had been added for 30 minutes (chemical inhibitors) or 16 hours
(PTX) before the onset of hypoxia. Treatment of myocytes with 1 μM VPC23019, an inhibitor
of S1P1 and S1P3 receptors at this concentration,25 abrogated cell survival stimulated by S1P
subjected to hypoxia–reoxygenation. The increased cell viability induced by S1P was also
abolished after treatment with 100 ng/mL PTX. It is known that PTX ribosylates adenosine
diphosphate and thereby inactivates Gi through which S1P transduces signals after binding to
its cognate receptors.26 The MEK inhibitor, PD98059, also suppressed the cardioprotective
effect of S1P (Fig. 6). However, PD98059, VPC23019, or PTX alone had no significant effect
on hypoxia–reoxygenation–induced cell death in the absence of agonist (Fig. 6). These results
not only confirm a crucial role for Gi and S1P receptors in cardiomyocyte survival but also
show that MEK 1/2–ERK 1/2 signaling pathways are involved in S1P-mediated
cardioprotection during hypoxia–reoxygenation.

DISCUSSION
Cardioprotective effects of S1P have been shown by us and by others both in isolated myocytes
and in whole heart preparations.13,15,16,27–34 Desensitization and subsequent resensitization
of S1P-activated signaling may be critical in regulating S1P-mediated cell responses.
Desensitization of signaling after S1P stimulation has not previously been studied in cardiac
myocytes. Once a signaling pathway is activated by a stimulus, it is desensitized to protect the
cell from excessive stimulation by the initial stimulus and by other synergistically acting
agonists, especially those agonists that use the same signaling pathways.35 In this study, we
show that S1P-induced ERK activation undergoes desensitization but recovers rapidly and
fully both in wild-type and in PKCε-null cardiomyocytes. The nonselective S1P receptor
agonist FTY720 also led to reduced ERK activation in response to subsequent S1P stimulation,
but desensitization persisted after overnight S1P exposure. For the first time, we demonstrate
that the S1P/S1P1–Gi–MEK 1/2–ERK 1/2 cascade is an important signaling pathway that
mediates cell survival during hypoxia–reoxygenation in adult cardiomyocytes. We also provide
further evidence that S1P is cardioprotective through mechanisms that require S1P1 receptor
activation.

S1P1 and ERK 1/2 Desensitization
A recent report in renal mesangial cells showed that S1P-mediated signaling is rapidly
desensitized upon S1P receptor activation. In the latter study, there was complete loss of S1P
receptors from the cell surface and receptor-mediated signaling responses after 10 minutes of
S1P pretreatment, which persisted for at least 8 hours.35 In contrast, Oo et al36 reported that
S1P1 recycled back to the plasma membrane within 2 hours in S1P-treated human umbilical
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vein endothelial cells. The immune modulator FTY720 induced internalization and degradation
of S1P1 receptors.24,37 The timing and extent of S1P receptor internalization were highly
dependent on FTY720 concentration.24 Unlike FTY720, the S1P1-selective synthetic agonist
SEW2871 induced S1P1 internalization and recycling.38 Diverse mechanisms for S1P1
receptor downregulation and trafficking have been described. These include translocation to
perinuclear vesicles,39 plasma-lemmal caveolae,40 N-glycosylation,41 and ubiquitination.42

These studies have been performed in cell lines requiring transfection of the S1P1 receptor.

In the current study, we used ERK activation as an index of S1P receptor–mediated signaling.
Because radioligands for S1P receptor subtypes are not readily available and S1P1

–/– mice do
not survive gestation, we used 2 approaches to verify that the receptor subtype responsible for
S1P-mediated ERK signaling is S1P1: chemical inhibitor studies and treatment with the
selective S1P1 agonist SEW2871.38 Our data show that activation of ERK by restimulation
with 100 nM S1P was suppressed after 1 hour of preincubation with 100 nM S1P but recovered
fully the next day. Treatment with FTY720 for 1 hour also led to reduced ERK phosphorylation
in response to subsequent S1P stimulation.

In contrast to S1P, some desensitization to FTY720 persisted after overnight exposure. These
data suggest that S1P1 receptors recycled back to the plasma membrane after overnight
incubation in S1P-treated cardiomyocytes, whereas recycling was not fully achieved in the
FTY720-treated cells. We cannot exclude the possibility that the new receptor synthesis is
involved in this process. This might apply especially to incubation with FTY720, which results
in receptor degradation36,37 and might therefore require synthesis of new receptor protein. We
recognize that these interpretations of our data are inferential, as we do not have direct evidence
of S1P1 receptor translocation, because adult mouse cardiomyocytes cannot be readily
transfected. Nevertheless, these observations may have relevance to potential therapeutic
effects and dosing schedules should these agents be employed clinically.

Role of PKCε
In this study, we also sought to examine the mechanism of recovery and stabilization of
S1P1 receptor cell surface expression after downregulation. Graeler et al17 reported that T-cell
S1P1 receptor recovery from S1P-induced down-regulation requires PKCε-dependent late
phosphorylation of S1P1 receptors and the participation of the activating protein-1 (AP-1)
transcription complex. In this study, we found that activation of ERK restimulated with S1P
was suppressed after 1 hour of S1P preincubation but recovered fully the next day both in wild-
type and in PKCε-null cardiomyocytes. These data indicate that PKCε is not necessary for
recovery of apparent downregulation of S1P1 receptors in adult cardiomyocytes. However, the
role of receptor internalization in S1P-mediated signal transduction is not completely resolved.
Although the mechanism is generally assumed to rely on ligand-induced desensitization of
signaling molecules, it is also possible that internalization of S1P1 may facilitate
transmembrane trafficking of S1P itself to specific subcellular locales such as perinuclear
structures, late endosomes, or caveolae.39,40,42

S1P1 and the ERK 1/2 Pathway
Several laboratories have demonstrated that S1P can inhibit ischemia–reperfusion injury in
different tissues.15,16,27,28,43 Although the coupling of S1P1 receptors to the ERK pathway
has been questioned,29 Awad et al44 reported that selective S1P1 activation also reduced
ischemia–reperfusion injury in mouse kidney. Studies in other cell types have also
demonstrated coupling of the S1P1 receptor to ERK activation.38,42 In cultured
cardiomyocytes, ischemia–reperfusion injury is best recapitulated by hypoxia followed by
reoxygenation. But, whether S1P1 receptor activation can inhibit hypoxia–reoxygenation

Tao et al. Page 6

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2010 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



injury in adult cardiomyocytes has not been ascertained, as previous studies were performed
exclusively under hypoxic conditions without prolonged reoxygenation.30,31

It is well recognized that cell or tissue reoxygenation initiates a cascade of events, including
free radical generation, which results in cell death.45 Recently, we reported that S1P coupled
to the S1P1 receptor activated a PI3 kinase/Akt cardioprotective pathway in adult mouse cardiac
myocytes subjected to prolonged hypoxia.13 This process was mediated via S1P1 receptors.
13 MEK 1/2 activates the ERK family of MAPKs, and ERK activation also is known to enhance
prosurvival signaling.18–21 Thus, cardioprotection induced by both pharmacologic and
ischemic preconditioning are at least in part mediated by ERK-dependent pathways.20,44,46 In
this study, we used trypan blue exclusion to measure cell viability. This procedure identifies
necrotic cells,47,48 but we cannot exclude the possibility that S1P also inhibits apoptosis
through its ability to initiate prosurvival signaling. Such signaling is shown both in the current
study and in our previous reports.13,31

However, no previous investigation has examined the role of S1P-mediated ERK 1/2 signaling
in adult cardiac myocytes. We found that the MEK inhibitor PD98059 abrogated the
cardioprotective effect of S1P, indicating that an ERK 1/2 signaling pathway is involved in
S1P-mediated cardioprotection during hypoxia–reoxygenation. Our data also indicate that this
pathway is impaired but remains active during hypoxia–reoxygenation in these cells. Whether
ERK 1/2 activation is hampered because of reduced receptor number, a decline in receptor
affinity, an increase in phosphatase activity, or a direct effect on ERK phosphorylation, cannot
be determined from our data and will require further study.

The addition of S1P at the time of reoxygenation in cultured myocytes may have particular
clinical relevance. When subjected to short periods of ischemia/reperfusion injury before an
index ischemia, tissues are protected from subsequent injury (preconditioning).49 Protection
also occurs when a similar maneuver is applied at the time of reperfusion (postconditioning).
49 Both pre- and postconditioning can also result from pharmacologic intervention.50 In this
study, administration of S1P represents an instance of successful pharmacologic
postconditioning. We have also shown that ischemic combined with pharmacologic
postconditioning is highly effective in isolated hearts.51 This approach is directly relevant to
clinical applications, such as treatment of patients undergoing percutaneous cardiovascular
interventions (angioplasty and stent placement)52 and surgical cardiac revascularization, where
reperfusion injury is common. It is also pertinent to post-coronary artery thrombolysis
treatment in the heart and to any organ where there has been a cessation of blood flow leading
to ischemia that is then followed by reperfusion, including the brain, the gut, and in tissues
supplied by peripheral vessels.

As noted above, a recent report was unable to demonstrate prosurvival signaling mediated by
the S1P1 receptor.29 In contrast, we have shown that the selective S1P1 agonist SEW2871
mediates myocyte survival during prolonged hypoxia13 and induces phosphorylation of ERK
1/2 (Fig. 3B). In parallel experiments, we have found that SEW2871 also activates Akt (n = 4,
P < 0.05, data not shown). In isolated rat hearts, it was shown that the selective S1P1 receptor
agonist SEW2871 given before ischemia/reperfusion at a concentration as low as 100 nM
reduced infarct size significantly but did not increase the incidence or duration of reperfusion
arrhythmias compared with S1P.53 In mice subjected to experimental coronary artery ligation
treated with oral SEW2871 for 2 weeks, there was reduced apoptosis in the remote myocardium
and enhanced fractional shortening by echocardiography compared with untreated animals.
54 This was accompanied by enhanced signaling responses consisting of rescue of
downregulated pAkt, enhancement of p70S6K, and increased pERK. Thus, the discrepancy
regarding the efficacy of S1P1 receptor agonism is at present unclear. However, our previous
and current experiments have led to the conclusion that the S1P1 receptor, which is the most
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abundant S1P subtype receptor in cardiac myocytes, is responsible for S1P-mediated
prosurvival signaling, and for maintaining myocyte viability both during hypoxia,13 and as
shown in the present study, after agonist exposure and during hypoxia/reoxygenation.

The concentration of S1P selected for treating adult cardiac myocytes at the onset of
reoxygenation was empirical. We initially performed concentration–response experiments and
found this concentration to be optimal. Indeed, higher concentrations (>1 μM) proved to be
toxic to the cells in this in vitro model. One explanation for the efficacy of this apparently lower
concentration is that most of the S1P in serum is bound to plasma lipoproteins, particularly
high-density lipoprotein, and albumin.55,56 The technique previously used by others56–60 to
estimate serum S1P levels involves denaturation of these proteins and so does not actually
measure free S1P but rather free plus bound S1P. Our experiments were performed in albumin-
and protein-free buffer so that all the added S1P remains unbound as opposed to serum.

In summary, we have shown for the first time that exogenous S1P induces rapid, specific, and
reversible reactivation of S1P1-mediated signaling, which is independent of PKCε activity. We
also demonstrate that S1P-induced cardiomyocyte survival requires ERK activation mediated
via an S1P1–Gi pathway in adult mouse cardiomyocytes subjected to hypoxia–reoxygenation.
Combined with our previous observations regarding the role of PI3 kinase and Akt in
cardioprotection,13 these data suggest that both ERK 1/2 and the PI3K/Akt pathways
coordinately mediate downstream S1P/S1P1 receptor–induced cardioprotection. Moreover,
these pathways do not seem to be redundant because selective blockade of either pathway does
not permit cell survival by the other. The absence of signaling desensitization and the
elucidation of the pathways involved provide a mechanistic basis for design of experimental
studies aimed at cardioprotection that employ sphingolipid agonists.
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FIGURE 1.
S1P induces a time- and concentration-dependent increase in the phosphorylation of MEK 1/2
and ERK 1/2 in adult mouse cardiomyocytes. Myocytes were exposed or not to 100 nM S1P
for different times (1–120 minutes, A and B) or for 10 minutes with increasing concentrations
of S1P (10 nM–5 μM, C). The results of concentration–response and time course data for
SEW2871 stimulation of pERK 1/2 are shown in panels D and E. Western blot analyses of
phospho-MEK 1/2, total MEK 1/2, pERK 1/2, and total ERK 1/2 are shown in autoradiograms
representative of 3–11 independent experiments. The band intensities of phosphoproteins were
normalized against total MEK or ERK and expressed as a fold increase in relation to the
corresponding control. *P < 0.05 compared with control values. Veh, vehicle.
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FIGURE 2.
S1P-mediated ERK activation is PTX sensitive and requires MEK phosphorylation. Quiescent
cardiomyocytes were pretreated or not for 16 hours with 100 ng/mL of the Gi/o inhibitor PTX
(A) or for 1 hour with 10 μM of the MEK inhibitor PD98059 (B) before incubation with 100
nM S1P for 10 minutes. The phosphorylation of ERK 1/2 induced by S1P was abolished by
PTX or PD98059. Equal gel loading was verified using an antibody against total ERK 1/2.
Specific bands corresponding to phosphorylated forms of ERK 1/2 were quantified by
densitometry and expressed as percentage of the corresponding control. Data are expressed as
mean ± SEM of 3–4 independent experiments. *P < 0.05 compared with all other values. Veh,
vehicle.
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FIGURE 3.
Effect of S1P receptor antagonists on S1P-induced ERK activation in adult cardiomyocytes.
Panel A. Cardiomyocytes were pretreated for 30 minutes with 1 μM of the S1P1 and S1P3
receptor antagonist VPC23019 before stimulation with S1P (1 μM) for 10 minutes. Panel B.
Cardiomyocytes were pretreated for 30 minutes with 1 μM VPC23019 before stimulation with
the selective S1P1 receptor agonist SEW2871 (1 μM) for 10 minutes. Panel C. Quiescent
cardiomyocytes were pretreated for 30 minutes with 1 μM of the selective S1P3 receptor
antagonist CAY10444 before stimulation with either 100 nM (third bar) or 1 μM (fourth bar)
S1P for 10 minutes. Equal gel loading was assessed using an antibody against total ERK 1/2.
Specific bands corresponding to phosphorylated forms of ERK 1/2 were quantified by
densitometry and expressed as a percentage of the corresponding control. Data are expressed
as mean ± SEM. *P < 0.05 compared with all other values. For panel A, n = 5 independent
experiments; for panel B, n = 6 independent experiments; and for panel C, n = 4 independent
experiments. Veh, vehicle.
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FIGURE 4.
Effect of S1P on S1P receptor desensitization in WT and PKCε-null adult cardiomyocytes.
Adult cardiomyocytes were isolated from WT and PKCε-null mouse hearts. Quiescent
cardiomyocytes were preincubated with 100 nM S1P for 1 hour (A) or overnight (B), then
stimulated with a second pulse of 100 nM S1P for 10 minutes. Cells were then harvested and
Western blot analysis was performed with the indicated antibodies. pERK, phosphorylated
p42/44 MAPK; tERK, total p42/44 MAPK; WT, wild-type cells; and PKCε KO, PKCε-null
cells. Data are expressed as mean ± SEM of 3 independent experiments. *P < 0.05 compared
with all other values. o/n, overnight.
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FIGURE 5.
Effect of FTY720 on S1P receptor desensitization in adult cardiomyocytes. Quiescent
cardiomyocytes were preincubated with 100 nM FTY720 for 1 hour or overnight, then
stimulated with a second pulse of 100 nM S1P for 10 minutes. Cells were then harvested and
Western blot analysis was performed with the indicated antibodies. Data are expressed as mean
± SEM of 3 independent experiments. *P < 0.05 versus all other values. o/n, overnight.
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FIGURE 6.
Effect of treatment with a S1P receptor antagonist or PTX or the MEK inhibitor PD98059 on
adult cardiomyocytes subjected to hypoxia–reoxygenation. Cardiomyocytes were exposed to
3 hours of hypoxia followed by 16 hours of reoxygenation. Thirty minutes before the onset of
hypoxia, cells were incubated with or without the S1P1 and S1P3 receptor antagonist
VPC23019 (1 μM), or the MEK inhibitor PD98059 (10 μM). For experiments involving the
Gi/o inhibitor PTX, 100 ng/mL of PTX was added 16 hours before the onset of hypoxia. For
all experiments, either 100 nM S1P or vehicle was added at the onset of reoxygenation and
remained throughout the reoxygenation period. At this time, medium was not changed, so all
inhibitors (VPC23019, PD98059, or PTX) were present for the entire duration of the
experiment. Survival data are expressed as the percentage of the normoxic control values,
which are set at 100%. PD98059, VPC23019, or PTX alone had no significant effect on
hypoxia–reoxygenation–induced cell death in the absence of agonist. Data represent the mean
± SEM of 8 independent experiments. *P < 0.05 versus all other values. Nx, normoxia; Hx,
hypoxia; Rox, reoxygenation; VPC, VPC23019; PD, PD98059.
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