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Abstract
Both sphingosine and sphingosine 1-phosphate (S1P) were able to protect the ex vivo rat heart
from ischemia reperfusion injury when added to the perfusion medium at the time of reperfusion
after a 40 min ischemia (postconditioning). Inhibitor studies revealed distinct mechanisms of
protection, with S1P employing a G-protein coupled receptor pathway and sphingosine a cyclic
nucleotide dependent protein kinase pathway. However, both restored ischemia-induced depletion
of phospho-AKT. Extending the ischemia to 75 min reduced protection by both S1P and
sphingosine, but protection could be enhanced by employing them in combination. Extending the
time of ischemia further to 90 min almost eliminated cardioprotection by S1P or sphingosine; and
their combination gave only modest protection. However, when S1P plus sphingosine was
combined with a novel ramped ischemic postconditioning regimen, left ventricle developed
pressure recovered by 66% and there was only a 6% infarct size. The data indicate that detrimental
changes are accumulating during protracted ischemia but for up to 90 min this damage is not
irreversible and hearts can still recover with proper treatment.
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Introduction
The loss of coronary blood flow for brief periods of time is well tolerated but extended
reductions of perfusion lead to ischemic damage and cardiomyocyte death [1,2]. Cell death
can result from periods of ischemia exceeding 20 min (1) and this damage occurs following
the restoration of coronary blood flow [1–4]. Such ischemia reperfusion injury ultimately
results in cell death due to both necrosis and apoptosis [5,6]. However, it has been found that
the heart can be treated in ways that greatly diminish the damage associated with moderate
periods of ischemia and subsequent reperfusion [7–9]. Treatments that precede the index
ischemia are referred to as preconditioning [7,8] while treatments instituted at the time of
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reperfusion are referred to as postconditioning [9]. Preconditioned. Ischemic
postconditioning is achieved by instituting brief cycles of ischemia/reperfusion after the
index ischemia and just prior to full reperfusion (9). When a postconditioned heart is then
exposed to full reperfusion, the loss of myocardial function and subsequent infarct size is
substantially reduced [9]. It has also been found that pharmacologic agents can induce pre-
and post-conditioning (8,9).

The lipid mediator sphingosine-1-phosphate (S1P) is an important cell signaling molecule
with pro-survival effects (10). It has been found to be a potent cardioprotectant that is
effective as both a pharmacologic pre- and post-conditioning agent [11–14]. Recently, we
have shown [14] that sphingosine, which is the precursor to S1P, also has potent
cardioprotective effects as both a preconditioning and postconditioning agent. Further, we
found that the mechanism by which sphingosine preconditions hearts is completely different
from that of S1P [14]. In the current study, we report that the effects of S1P and sphingosine
as postconditioning agents are also mediated by separate cell signaling pathways and that
their protective mechanisms are additive. We used these agents to test the hypothesis that
combining known approaches to postconditioning would reduce ischemia reperfusion injury
after long term ischemia. We demonstrate that combining both S1P and sphingosine with a
novel form of ischemic postconditioning provides a potent cardioprotection that supports the
recovery of hearts from prolonged periods of ischemia extending up to 90 minutes.

Materials and Methods
Materials

Triphenyltetrazolium chloride (TTC) and wortmannin were obtained from Sigma. D-
erythro-sphingosine (sphingosine), and D-erythro-sphingosine-1-phosphate (S1P), were
obtained from Biomol Research Laboratories. The protein kinase A (PKA) inhibitor PKA-I
14–22 amide myristoylated, the protein kinase C (PKC) inhibitor GK109203X
(bisindolylmaleimide), and the protein kinase G (PKG) inhibitor KT5823 were obtained
from Calbiochem. The receptor inhibitor VPC 23019 was obtained from Avanti Polar
Lipids. The rabbit phospho-Akt (ser473) and caspase-3 antibodies were obtained from Cell
Signal Technology.

Langendorff Ex Vivo Perfused Heart
This study was conducted in accordance with the Guide for the Care and Use of Laboratory
Animals (National Academic Press, Washington DC, 1996). Hearts from 250g rats were
removed under pentobarbital anesthesia and mounted on a Langendorff apparatus as
described previously [15]. Hearts were perfused at a pressure of 90 mm Hg with oxygenated
(95/5 O2:CO2) Krebs-Henseleit solution at 37°C. Left ventricular developed pressure
(LVDP) was measured using a Millar micromannometer-tipped catheter. To measure infarct
size, hearts were sectioned, stained with TTC and the infarct area determined by computer
analysis [11].

The protocol for non-conditioned hearts consisted of continuous perfusion for 20 min after
mounting the heart on the Langendorff apparatus. Sustained ischemia (index ischemia) was
then induced by halting perfusion for indicated lengths of time. During the index ischemia
the heart is lowered into a thermostated chamber that maintains an ambient temperature of
37°. This was followed by the reperfusion stage in which flow was again initiated for 40
min. Pharmacologic postconditioning consisted of adding either S1P or sphingosine or both
to the reperfusion medium for the 40 min of reperfusion. To administer S1P, a stock solution
of 2.67 mM was prepared in DMSO and 90 μl (for 0.4 μM final S1P concentration) was
added per 600 ml of perfusion buffer. To administer D-erythro-sphingosine, a stock solution
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of 20 mM was prepared in ethanol and added directly to the perfusion buffer at a final
concentration of 0.4 μM. For ramped ischemic postconditioning, at the end of the index
ischemia, reperfusion was first initiated with 3 cycles of alternating 10 sec of reperfusion /20
sec of ischemia, followed by 15 sec of reperfusion/20 sec of ischemia and finally by 20 sec
of reperfusion/20 sec of ischemia . In experiments using combined treatments, the perfusate
used for ischemic postconditioning contained optimized concentrations of sphingosine and
S1P (0.2 μM each of S1P and D-erythro-sphingosine was more consistent than 0.4 μM of
each).

Western Analysis
Hearts were homogenized in 0.13M KCl, 20 mM HEPES pH 7.4, 1 mM EGTA, 1 μg/l
leupeptin, 0.25 μg/l each of aprotinin and pepstatin A. The homogenate was filtered through
two layers of cheesecloth to remove debris. Homogenates were centrifuged at 100,000 xg to
generate a particulate and a cytosolic fraction. The cytosolic fraction was washed once with
the isolation buffer. Western analysis was conducted using a rabbit antibody as described
previously [14]. Protein concentration was determined using the detergent compatible DC
Protein Assay kit from Bio-Rad and used to equalize the protein concentration in all
samples. Each lane was loaded with 10 μg of protein.

Statistical Analysis
Statistical data are expressed as the mean ± SD. Numerical data were compared using
Students’s t test for paired observations. A P value of <0.05 was considered significant.

Results
The Langendorff ex vivo heart model was used to study ischemia reperfusion injury in rat
hearts. The ex vivo hearts were equilibrated for 20 min and then exposed to global ischemia
followed by 40 min of reperfusion. The recovery of hemodynamic function was followed by
continuous monitoring of the pressure developed by contraction of the left ventricle
(LVDP). When this was done for increasing periods of ischemia, we found that ischemia
exceeding 25 min began to cause failure of recovery during reperfusion and that a 40 min
period of ischemia caused 100% of the hearts to fail (only 8 ± 2% recovery of LVDP).
Further, in agreement with previous work [14.15], when the hearts exposed to 40 min of
ischemia and then 40 min of reperfusion were stained with TTC, large areas of infarction
were seen covering 45 ± 1% of the heart (n=5)..

We previously reported that sphingosine and S1P were effective pharmacologic pre- and
post-conditioning agents in the ex vivo rat heart model [14]. Characterization of the
mechanism of preconditioning demonstrated that S1P and sphingosine utilized separate
signaling pathways [14]. To determine if they also use separate pathways for
postconditioning, we used inhibitors of cell signaling pathways to characterize
postconditioning by both S1P and sphingosine. Following the 40 min index ischemia,
reperfusion was commenced with media containing either sphingosine or S1P. The optimum
protection for each was achieved with 0.2 to 0.4 μM. Protection was evidenced by a
dramatically improved recovery of LVDP during reperfusion (Fig. 1A) and the near
elimination of areas of infarction (Fig. 1B). When an antagonist of S1P1 and 3 G-protein
coupled receptor function, VPC23019 [16], at a concentration of 1 μM was added to the
postconditioning medium along with 0.4 μM S1P, it completely blocked the
postconditioning by S1P. This is consistent with the known reliance of S1P on GPCR
signaling. However, when 1 μM VPC23019 was added to the postconditioning medium
along with the 0.4 μM sphingosine, there was no statistical difference between recovery in
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the presence or absence of VPC23019 (p>0.05). VPC23019 by itself was without effect.
This indicates that postconditioning by sphingosine does not involve S1P-GPCRs.

Additional inhibitors were used to further characterize the mechanisms of pharmacologic
postconditioning by S1P and sphingosine. Inhibition of protein kinase C (PKC) with 50 nM
GF109203X completely blocked postconditioning by S1P (Fig. 1). In contrast, co-treatment
with 50 nM GF109203X did not affect postconditioning by 0.4 μM sphingosine (Fig. 1).
Likewise, co-treatment with the PI3 kinase inhibitor wortmannin (at 0.1 μM) blocked
postconditioning by S1P, but postconditioning by sphingosine was not affected by 0.1 μM
wortmannin (Fig. 1).

By contrast, inhibition of protein kinase G with 0.2 μM KT5823 had no effect on S1P driven
postconditioning (Fig 1), but completely eliminated postconditioning by 0.4 μM sphingosine
(Fig. 1). Also, co-treatment with the protein kinase A inhibitory peptide 14–22 amide
myristoylated at 0.1 μM eliminated postconditioning by sphingosine, but had little effect on
postconditioning by S1P (Fig. 1). None of the inhibitors tested alone revealed any adverse
effects on hemodynamics or induction of infarcts nor were they capable of cardioprotection.
Thus, cyclic nucleotide dependent protein kinases were important for postconditioning by
sphingosine but not for S1P.

To further characterize postconditioning by the two sphingolipids, we studied the activation
of AKT, a key pro-survival signaling molecule [17]. Activation of AKT by phosphorylation
of serine 473 was measured by western analysis (Fig. 2). As reported previously [14], hearts
normally have a substantial level of phospho-AKT that is severely decreased in response to
40 min of ischemia. However, upon postconditioning with either S1P or sphingosine,
phospho-AKT levels recover rapidly and returned to normal by 8 min of reperfusion. This
recovery is rapid enough to be a cause of protection associated with the two sphingolipids. If
the heart is not postconditioned, the loss of phospho-AKT suffered during ischemia does not
recover during reperfusion.

Since cardioprotection by both sphingosine and S1P involves maintenance of phospho-AKT
levels, it was considered that their distinct pathways of protection might mutually support
one another if necessitated by conditions of greater ischemic stress. To test this hypothesis,
we extended the period of ischemia to 75 min. As can be seen in Fig. 3 (as compared to Fig.
1), a 75 min period of ischemia significantly reduces the extent of the protection afforded by
both S1P and sphingosine relative to 40 min of ischemia. Under these conditions, it was
possible to demonstrate that using both S1P plus sphingosine at optimized concentrations
(0.2 μM each), there was a statistically significant (p<.05) improvement in the recovery of
LVDP (68 ± 3% for both vs 47 ± 6% and 57 ± 4%, respectively for S1P and sphingosine)
and a significant reduction in infarct size (7 ± 1% for both vs 20 ± 4% and 19 ± 1%,
respectively for S1P and sphingosine).

We added further stress to the hearts by increasing the time of ischemia to 90 min. After 90
min of ischemia, the combination of 0.2 μM S1P plus 0.2 μM sphingosine was not able to
consistently provide postconditioning (Fig 4). The recovery of LVDP was 7 ± 2% and the
infarct size from 30 ± 4%. We next postconditioned with medium containing both S1P and
sphingosine and in addition initiated reperfusion with our standard ischemic
postconditioning protocol of 4 cycles of 15” reperfusion/15” ischemia. Of 7 hearts studied, 4
recovered (66 ± 6% LVDP with a small 7 ± 1% infarct size), but 3 hearts recovered poorly
(7–30% recovery of LVDP with 20–45% infarct size). However, we could achieve
consistent recovery (n=5) by modifying the ischemic postconditioning protocol using a
ramped ischemic postconditioning regimen of 3-cycles of 10” reperfusion/20” ischemia, 1-
cycle of 15” reperfusion/20” ischemia, and finally 1-cycle of 20” reperfusion/20” ischemia.
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This consistently produced recovery of LVDP (66 ± 7%) with very little infarct (6 ± 1%).
Ramped ischemic postconditioning by itself did not support hemodynamic recovery but did
result in a modest reduction of infarct size (Fig. 4). Pharmacologic postconditioning with
just S1P or sphingosine was ineffective. We have tested longer intervals of ischemia with
this multiple conditioning regimen but protection could not be consistently demonstrated.

Discussion
Postconditioning is able to restore function to hearts following an index ischemia. This
reveals that irreversible damage does not occur during the period of ischemia. We were
interested in determining the maximum length of ischemia that constituted the point of no
return for recovery. We first observed that as the period of ischemia was increased in length,
more potent forms of postconditioning were required but recovery was still possible. We
found that, if necessary, different types of postconditioning could be combined to provide
more potent postconditioning. The most potent form of postconditioning we could develop
consisted of enhancing ischemic postconditioning by incorporating a ramped reperfusion
protocol; and then combining this with pharmacologic postconditioning using a GPCR
dependent agent (S1P) plus an agent utilizing a cyclic nucleotide dependent pathway
(sphingosine). Use of this maximized postconditioning protocol revealed that the heart can
still be rescued following periods of ischemia as long as 90 min. This greatly extends the
known time of ischemia from which the heart can recover.

It is interesting that the longer the time of ischemia the more potent the postconditioning
must be to obtain recovery. This indicates that deleterious changes are gradually accruing
that ultimately reach a threshold, i.e., a pointof no return. The increase in deleterious
changes with increasing ischemia is evidenced by the increase in infarct size in non-
conditioned hearts (45% to 50% to 61% as ischemia increases from 40’ to 75’ to 90’).

We previously showed that S1P and sphingosine given separately are very effective cardiac
preconditioning agents, and that they utilize distinct protective pathways (14). In this study
we showed that both of these observations are also true for postconditioning. Thus, S1P
postconditioning of the ex vivo heart could be blocked by the S1P1/S1P3 GPCR antagonist
VPC 23019, by inhibition of PI3 kinase with wortmannin or by inhibition of PKC (Fig 1).
Thus, postconditioning by S1P is triggered by S1P binding to GPCRs activating a signaling
pathway that includes PI3 kinase and protein kinase C, and it was demonstrated that this
leads to the phosphorylation of AKT. This is identical to the findings for the response of the
heart to preconditioning by S1P [14] indicating that similar pathways are responsible for
both pre- and post-conditioning. Postconditioning by S1P was unaffected by inhibitors of
PKA and PKG, and this was also previously found for preconditioning [14].

Sphingosine was also found to provide excellent cardioprotection as a postconditioning
agent. It supports 78% recovery of LVDP and reduces the infarct size to 7% of the risk area.
Interestingly, sphingosine postconditioning was found to be mediated by a signaling
pathway distinct from S1P mediated protection. Thus, the GPCR antagonist VPC23019, the
PI3 kinase inhibitor wortmannin and the PKC inhibitor GF 109203X were ineffective in
blocking postconditioning by sphingosine. This indicates a lack of involvement of a GPCR
signaling pathway and PI3 kinase involvement. In agreement with studies of preconditioning
(14), we found that postconditioning by sphingosine could be blocked by inhibitors of either
PKA or PKG. Thus, sphingosine appears to utilize the same cyclic nucleotide dependent
pathways involving PKA and PKG for both pre- and post-conditioning. This is a distinct
pathway from S1P cardioprotection.
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The fact that S1P and sphingosine postconditioning were utilizing separate pathways led us
to test their ability to provide better protection in combination than either alone. Fig. 3
shows that they are indeed complementary. Protection by these two agents could be further
improved by combining them with a ramped ischemic postconditioning to achieve a
presumed maximal level of protection. This maximal protection supported recovery of
hearts from 90 min of ischemia with only a 6% infarct size and a 66% recovery of
hemodynamic function

Although sphingosine and S1P effects are driven by different pathways, for preconditioning
they seem to converge at a key pro-survival regulatory component, phosphorylation of AKT
[14]. We have found that this holds true also for postconditioning. During ischemia, the
level of phospho-AKT was dramatically depleted and does not return during reperfusion in
the absence of postconditioning. This loss of phospho-AKT during ischemia might be
expected to contribute to the initiation of apoptosis (17). However, lack of phospho-AKT
during ischemia does not prevent recovery with postconditioning. S1P and sphingosine
driven postconditioning pathways appear to overlap in that they both mediate a rapid
recovery of phospho-AKT level upon reperfusion. This suggests that AKT phosphorylation
is a major determinant of myocyte survival.

In conclusion, we have found that S1P and sphingosine are effective post-conditioning
agents that employ completely different mechanisms. S1P utilizes the same G-protein
coupled receptors pathway that activates preconditioning while in contrast, sphingosine
utilizes a cyclic nucleotide-dependent protein kinase pathway identical to its mechanism in
preconditioning. The S1P and sphingosine pathways were additive and when both were
utilized in conjunction with ischemic postconditioning; even more potent postconditioning is
achieved. This enabled us to determine for the first time that effective cardioprotection can
still be established after 90 min of ischemia, thus extending the known limits of recovery in
this rat model. Our results demonstrating that combination therapy is cardioprotective even
after protracted ischemia have implications for the effective use of postconditioning in
patients with acute ischemic heart disease.
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Figure 1. The Effect of Postconditioning with either S1P or Sphingosine on the Recovery of
LVDP and on Infarct Size in Hearts Reperfused after 40 Min of Ischemia, and the Effect of
Inhibitors
Ex vivo hearts were equilibrated for 20 minutes and then exposed to 40 min of global
ischemia. This was followed by 40 min of reperfusion in the presence of either 0.4 μM S1P
or 0.4 μM sphingosine in the presence or absence of inhibitors. Recovery of LVDP (A) is
expressed as a percentage of the pre-index ischemia value. The infarct size (B) is expressed
as a percentage of the area at risk determined at the end of the 40 min reperfusion. The data
represent the mean and the error bars reflect the standard deviation (n≥4). The vehicle
control (No Post) consisted of reperfusion in the absence of any addition. Reperfusion was
done with S1P alone (C1) and sphingosine alone (C2), or with the further addition of the
inhibitors: 1 μM VPC23019 (VPC), 50 nm GF109203X (GF), 0.1 μM wortmanin (W), 0.2
μM KT5823 (KT), or 0.1 μM PKA-I 14–22 amide-myristoylated (PKAI).
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Figure 2. Effect of Postconditioning with S1P and Sphingosine on the Phosphorylation of Akt
Ex vivo hearts were either equilibrated for 20’ (E), equilibrated followed by 40 min of
ischemia (EI), or equilibrated followed by 40 min of ischemia followed by reperfusion
(EIR). For the vehicle control (Ctl), reperfusion was for 40 min with medium containing
vehicle only (Ctl EIR-40’). For postconditioning, after 40 min of global ischemia (EI),
hearts were reperfused with medium containing either 0.4 μM S1P or 0.4 μM sphingosine
for either 8 min or 40 min (EIR-8’and EIR-40’). After 40 min of reperfusion, the hearts were
collected, homogenized and separated into cytosolic and particulate fractions. The Figure
shows the western analysis for the cytosolic fraction using an antibody to phospho-AKT
(ser473). Each lane was loaded with 10 μg of protein. The lanes were loaded as follows,
lane 1- equilibrated; lane 2-equilibrated plus ischemia; lane 3-equilibrated plus ischemia
plus vehicle reperfusion for 40’: lane 4- 8’ of reperfusion in the presence of sphingosine,
lane 5– 40’ of reperfusion in the presence of sphingosine,, lane 6– 8’ of reperfusion in the
presence of S1P, lane 7– 40’ of reperfusion in the presence of S1P.
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Figure 3. Effect of Combined S1P and Sphingosine Postconditioning on Recovery from 75 Min of
Ischemia
Ex vivo hearts were equilibrated for 20 minutes and then exposed to 75 min of global
ischemia. This was followed by 40 min of reperfusion in the presence of either vehicle (Ctl),
0.4 μM S1P, 0.4 μM sphingosine, or 0.2 μM S1P plus 0.2 μM sphingosine. Recovery of
LVDP (A) is expressed as a percentage of the pre-index ischemia value. The infarct size (B)
is expressed as a percentage of the area at risk determined at the end of the 40 min
reperfusion. The data represent the mean and the error bars reflect the standard deviation
(n≥4). Statistical significance (p<0.05) is indicated by (*)
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Figure 4. Effect of Combined S1P and Sphingosine and Ischemic Postconditioning on Recovery
from 90 Min of Ischemia
Ex vivo hearts were equilibrated for 20 minutes and then exposed to 90 min of global
ischemia. This was followed by 40 min of reperfusion in the presence of 0.2 μM S1P plus
0.2 μM sphingosine (S1P+Sph) either alone or with the addition of an ischemic
postconditioning regimen of 4 cycles of 15” reperfusion/15” ischemia (S1P+Sph+IscPost).
The control (Ctl) received no postconditioning and ischemic postconditioning alone
(IscPost) received only ischemic postconditioning in the absence of S1P or sphingosine.
Recovery of LVDP (A) is expressed as a percentage of the pre-index ischemia value. The
infarct size (B) is expressed as a percentage of the area at risk determined at the end of the
40 min reperfusion. The data represent the mean and the error bars reflect the standard
deviation (n≥4). Statistical significance (p<0.05) is indicated by (*)
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