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In the current study, we evaluated the potential effect of a novel sphingosine kinase 1 (SphK1) activator, K6PC-5,
on oxygen–glucose deprivation (OGD)/reoxygenation-induced damages to myocardial cells. We demonstrated
that K6PC-5 increased intracellular sphingosine-1-phosphate (S1P) content and remarkably inhibited OGD/
reoxygenation-induced death of myocardial cells (H9c2/HL-1 lines and primary murine myocardiocytes). SphK1
inhibitors, B-5354c and SKI-II, or SphK1-siRNA knockdown not only aggregated OGD/reoxygenation-induced
cytotoxicity but also nullified the cytoprotection by K6PC-5. On the other hand, overexpression of SphK1
alleviated H9c2 cell death by OGD/reoxygenation, and K6PC-5-mediated cytoprotection was also enhanced in
SphK1 overexpressed cells. Molecularly, OGD/reoxygenation activated the mitochondrial death pathway, evi-
denced by reactive oxygen species (ROS) production, mitochondrial membrane potential reduction, and p53-
cyclophilin D (Cyp-D) association, which were all alleviated by K6PC-5 or overexpression of SphK1, but
exacerbated by SphK1 knockdown. Furthermore, OGD/reoxygenation induced prodeath ceramide production in
myocardial cells, which was largely suppressed by K6PC-5. In the meantime, adding a cell-permeable short-chain
ceramide (C6) mimicked OGD/reoxygenation actions and induced ROS production and the mitochondrial death
pathway in myocardial cells. Together, we conclude that K6PC-5 inhibits OGD/reoxygenation-induced myo-
cardial cell death probably through activating SphK1. The results of the study indicate a potential benefit of K6PC-
5 on ischemic heart disease.

Introduction

Ischemic heart disease is one of the most common
cardiovascular diseases (CVDs) and it is also a major

health threat and an important contributor of human mor-
tality in China and around the world (Nabel and Braunwald,
2012; Steptoe and Kivimaki, 2012). In the meantime, its
incidence has been steadily increasing in Western and
Eastern countries (Nabel and Braunwald, 2012; Steptoe and
Kivimaki, 2012). Thus, understanding the associated path-
ological mechanisms and developing possible intervention
strategies are extremely important (Nabel and Braunwald,
2012; Steptoe and Kivimaki, 2012).

Cultured myocardiocytes were often subjected to oxygen–
glucose deprivation (OGD) to mimic a cellular model of
ischemic heart damage (Ekhterae et al., 1999; Persky et al.,
2000; Marambio et al., 2010). Served and/or sustained OGD
(>1 h) is shown to disrupt mitochondrial functions through
block complex-I activity, and when coupling with reox-
ygenation, superoxide and other reactive oxygen species

(ROS) will be produced, causing oxidative stress and car-
diomyocyte necrosis (Ekhterae et al., 1999; Persky et al.,
2000; Marambio et al., 2010). However, the detailed
mechanisms need further characterizations.

Sphingolipid metabolites, including ceramide, sphingosine,
and sphingosine-1-phosphate (S1P), are the new family of
lipid messengers (Mullen and Obeid, 2012). The lipid kinase,
sphingosine kinase 1 (SphK1), catalyzes the phosphorylation
of sphingosine to S1P (Shida et al., 2008; Vadas et al., 2008).
In vivo and in vitro studies have shown that activation of
SphK1 is closely linked to cell survival and growth (Shida
et al., 2008; Vadas et al., 2008). On the other hand, SphK1
inhibition will lead to sphingosine and ceramide accumula-
tion, causing cell death and apoptosis (Shida et al., 2008;
Vadas et al., 2008). The potential role of SphK1 in OGD/
reoxygenation-induced death of myocardiocytes and the as-
sociated mechanisms have not been extensively studied.

Recent studies have identified a novel and specific SphK1
activator, named K6PC-5 [N-(1,3-dihydroxyisopropyl)-2-
hexyl-3-oxo-decanamide] (Kwon et al., 2007; Hong et al.,
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2008). This hydrophobic SphK1 activator contains a ketone
group, two hydroxy groups, two short alkyl groups, and an amide
linkage and it is able to potently and specifically activate SphK1
(Kwon et al., 2007; Hong et al., 2008). In the current study, we
show that K6PC-5 inhibits OGD/reoxygenation-induced myo-
cardial cell damages through activation of SphK1 signaling.

Material and Methods

Reagents and antibodies

K6PC-5 was a gift from Dr. Cao Xiaojian’s group at Nanjing
Medical University ( Ji et al., 2015). Antibodies against cy-
clophilin D (Cyp-D), SphK1, and p53 were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The SphK1
inhibitor, B-5354c, and monoclonal anti-b-actin antibody were
purchased from Sigma (St. Louis, MO). SKI-II was obtained
from Tocris Bioscience (Ellisville, MO). C6-Ceramide was
purchased from Avanti (Alabaster, AB).

Cell culture

As reported (Chen et al., 2011, 2013), rat embryonic ven-
tricular H9c2 myocardiocytes [a gift from Dr. Jiang Lai’s
group (Chen et al., 2013)] were maintained in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with a
10% fetal bovine serum (FBS), penicillin/streptomycin, and
4 mM l-glutamine, in a CO2 incubator at 37�C. HL-1, a mu-
rine cell line of myocardiocytes, was purchased from the Cell
Bank of Shanghai Institute of Biological Science (Shanghai,
China). HL-1 cells were cultured at 37�C in the presence of
7.5% CO2 according to the instructions in White et al. (2004)
without adding penicillin/streptomycin.

Murine myocardiocyte isolation and primary culture

Primary murine myocardiocytes were isolated and cul-
tured as described previously (Ito et al., 1991; Simmons
et al., 1996). Briefly, ventricles of C57BL6 mice born within
24 h were minced in Hank’s balance solution. Myocardio-
cytes were digested in 0.625 mg/mL collagenase (Sigma)
and incubated at 37�C for 40–60 min. The cell suspension
was filtered and centrifuged to obtain the cell pellet. Cells
were then suspended in M-199 medium supplemented with
5% FBS and 5 mM d-glucose and plated for 40 min to re-
move nonmyocardiocytes. The myocardiocytes were then
plated at a density of 2 · 106 cells/mL in M-199 supple-
mented with 10% FBS. A confluent monolayer of sponta-
neously beating cells was formed within 2 days.

OGD/reoxygenation model

As reported (Zheng et al., 2014), H9c2 cells or primary
murine myocardiocytes were placed in an anaerobic chamber
(HERA cell 150, partial oxygen pressure was maintained be-
low 2 mm Hg) and incubated in glucose-free balanced salt
solution (116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4,
1.0 mM NaH2PO4, 1.8 mM CaCl2, 26.2 mM NaHCO3,
0.025 mM phenol red, and 20 mM sucrose). The solution was
bubbled with an anaerobic gas mix (95% N2, 5% CO2). Cell
cultures subjected to OGD were incubated in the solution at
37�C for 3 h to produce oxygen deprivation and then reox-
ygenated (returned to the normal aerobic environment). Ex-
perimental parameters were assayed following reoxygenation.

Cell viability assay

Cell viability was measured by the 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyltetrazolium bromide (MTT; Sigma) meth-
od. Briefly, cells were seeded onto 96-well plates at a density
of 3 · 104 cells/mL. Twenty-four hours after OGD, MTT
tetrazolium salt (0.25 mg/mL) was added to each well and
incubated in a CO2 incubator for 2 h at 37�C, 150mL of
dimethyl sulfoxide was then added to dissolve formazan
crystals, and the absorbance at 570 nm was measured using a
multiwell plate spectrophotometer (Synergy HT; BioTek In-
struments, Inc., Shanghai, China). OD values of the treatment
group were always normalized to that of the untreated control
group.

Trypan blue staining assay

Twenty-four hours after OGD, the percentage (%) of dead
cells was calculated by the number of the trypan blue-
stained cells/the total cell number · 100%, which was au-
tomatically recorded by a handheld automated cell counter
(Merck Millipore, Shanghai, China).

Lactate dehydrogenase detection

Cell death was also detected by lactate dehydrogenase
(LDH) assay. Briefly, 24 h after OGD/reoxygenation, the
content of LDH in the culture medium was analyzed by a
two-step enzymatic reaction LDH assay kit (Takara, Tokyo,
Japan). The percentage of released LDH was calculated by
the following formula: LDH released in conditional medi-
um/(LDH released in conditional medium + LDH in cell
lysates) · 100%.

Measurement of S1P content

H9c2/HL-1 cells or the primary murine myocardiocytes
were treated with K6PC-5 (0.1–10mM) for 3 h, cells were
then scraped in SphK1 assay buffer described in Ji et al.
(2015). A 100mg portion of cell extracts in 185mL volume
was mixed with 5mL of [g-32P]ATP (5mCi; Sigma) con-
taining 0.2 M MgCl2 and 10mL of 1 mM sphingosine (dis-
solved in 5% Triton X-100; Sigma), and then incubated for
30 min at 37�C. The reaction was terminated with 10mL of
1 N HCl. A 400mL portion of chloroform/methanol/HCl
(100:200:1 [v/v]) mixture was added and mixed with the
reaction. Then, 120mL of chloroform and 120mL of 2 M KCl
were added, and phases were separated by centrifugation. The
organic phase was dried and resolved by thin-layer chroma-
tography on silica gel G60 with SphK1-butanol/methanol/
acetic acid/water (80:20:10:20 [v/v]) ( Ji et al., 2015). The
radioactive spots corresponding to S1P were detected using
filmless autoradiographic analysis (BAS-1500; Fujifilm Co.,
Ltd., Tokyo, Japan). Total gray was quantified and normal-
ized to that of the untreated control group.

Western blots

Cells were incubated with the lysis buffer containing 50 mM
HEPES, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10%
glycerol, 0.5% NP-40, 0.5% Tween 20, 1 mM dithiothreitol,
and protease inhibitor cocktail (Roche Diagnostics, In-
dianapolis, IN); Proteins (40mg/sample) were resolved by so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis
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(SDS-PAGE) and transferred to polyvinylidene fluoride
membranes. The latter were incubated sequentially in tris-
buffered saline containing 0.05% Tween-20 and 5% nonfat dry
milk as follows: no addition, 1 h at room temperature (block-
ing); primary antibody, overnight at 4�C; and secondary anti-
body (Amersham), 2 h at room temperature. Bound secondary
antibody was detected by the electrochemiluminescence sys-
tem. Western blot results were quantified by ImageJ software
from NIH website.

Mitochondrial immunoprecipitation

As reported (Zheng et al., 2014), 2 h after OGD, mito-
chondria of 5 · 106 H9c2 cells were isolated using the Mi-
tochondria Isolation Kit for Cultured Cells from Thermo
Scientific (Hudson, NH). The mitochondria were then lysed
with lysis buffer (20 mM Tris, pH 7.4, 135 mM NaCl, 1.5 mM
MgCl2, 1 mM EGTA, 10% glycerol, and 1% Triton X-100).
Immunoprecipitation was performed using anti-Cyp-D (Va-
seva et al., 2012), and immune complexes were captured with
protein A/G-Sepharose (Sigma). Proteins were resolved by
SDS-PAGE, and p53-Cyp-D association was detected by the
Western blots.

Generation of SphK1 knockdown stable H9c2 cells
by lentiviral infection

Two lentiviral shRNAs (-1/-2) against SphK1 were de-
signed, verified, and provided by Nanjing Keygen Biotech
(Nanjing, China). H9c2 cells were seeded onto a six-well
plate with 50–60% of confluence, 20mL/mL of SphK1
shRNA containing lentiviral particles was added, and cells
were cultured for additional 24 h. Cell culture medium was
replaced with fresh puromycin (0.5 mg/mL; Sigma)-
containing medium every 2 days to select resistant colonies.
The expression of SphK1 was detected by Western blots in
the resistant colonies. Control H9c2 cells were infected with
scramble control shRNA (sc-shRNA) lentivirus.

SphK1 overexpression in H9c2 cells

A SphK1-flag pLKO.1 lentiviral construct was a gift from
Dr. Zhangping Gu (Yao et al., 2012). H9c2 cells were seeded
onto a six-well plate with 50–60% of confluence, 20mL/mL
of SphK1 construct was added, and cells were cultured for
additional 24 h. Cell culture medium was replaced with fresh
puromycin (0.5mg/mL)-containing medium every 2 days to
select resistant colonies. Control cells were infected with
empty vector (pLKO.1) lentiviral construct (Yao et al., 2012).

ROS detection

Three to 6 h after OGD, H9c2 cells or primary murine
myocardiocytes were incubated with 5 mM carboxy-H2-
DCFDA (Molecular Probes, Shanghai, China). The percent
of fluorescence-positive cells as a measure of ROS genera-
tion was recorded under a fluorescent microplate reader
(PLX 800; BioTek Instruments, Inc.) using excitation and
emission filters of 488 and 530 nm, respectively.

Detection of mitochondrial membrane potential

Mitochondrial membrane potential (MMP) was measured
through JC-10 dye (Invitrogen, Carlsbad, CA) (Zhen et al.,
2014). The JC-10 dye exhibits two staining spectra. In

normally resting cells, the dye forms aggregates in the mi-
tochondrial membrane, exhibiting orange fluorescence. When
the membrane potential is decreasing, the monomeric JC-10
will form in the cytosol, exhibiting green fluorescence. Thus,
green fluorescence was detected as an indicator of MMP re-
duction. Three to 6 h after OGD, H9c2 cells were incubated
with 10mg/mL of JC-10 for 5 min at room temperature in the
dark. Cells were then washed twice with warm phosphate-
buffered saline and tested under a fluorescent microplate
reader (PLX 800; BioTek Instruments, Inc.) using excitation
and emission filters of 488 and 530 nm, respectively.

Measurement of cellular ceramide

The cellular ceramide production was analyzed with the
help from Dr. Cao Xiaojian’s group at Nanjing Medical
University [see protocol in Ji et al. (2015)]. The level of
ceramide in the treatment group was normalized to that of
the untreated control group.

Statistical analysis

Data are expressed as mean – standard deviation (SD),
multiple group comparison was performed by one-way
analysis of variance (ANOVA), followed by the least sig-
nificant difference procedure for comparison of means.
Comparison between two groups under identical conditions
was performed by the two-tailed Student’s t-test (Excel). A
value of p < 0.05 was considered statistically significant.

Results

K6PC-5 inhibits OGD/reoxygenation-induced
death of myocardial cells

At first, myocardial H9c2 cells were treated with applied
concentrations of K6PC-5; MTT cell viability results demon-
strated that K6PC-5 was noncytotoxic to H9c2 cells, except at a
high concentration (25mM) (Fig. 1A). Since K6PC-5 is a
newly identified SphK1 activator, its effect on S1P production
was tested. Results in Figure 1B showed that K6PC-5 dose-
dependently increased the intracellular S1P content in H9c2
cells, suggesting SphK1 activation. S1P is a well-known
myocardial protectant (Karliner et al., 2001; Jin et al., 2002).
We then tested the potential role of K6PC-5 on OGD/
reoxygenation-induced myocardial cell death. H9c2 cells were
subjected to OGD for 3 h, followed by reoxygenation for ad-
ditional 24 h. OGD/reoxygenation induced significant H9c2
cell death, which was evidenced by decreased cell viability
(Fig. 1C), increased trypan blue staining (Fig. 1D), and LDH
release to the conditional medium (Fig. 1E). Importantly,
pretreatment with K6PC-5 at 1/10mM remarkably inhibited
OGD/reoxygenation-induced H9c2 cell death (Fig. 1C–E).
Significantly, the intracellular S1P content was also increased
in K6PC-5-treated HL-1 and primary murine myocardiocytes
(Fig. 1F). The potential cytoprotective effect of K6PC-5 in
these murine myocardiocytes was also tested. Results dem-
onstrated that K6PC-5 (10mM) pretreatment significantly in-
hibited OGD/reoxygenation-induced cytotoxicity in HL-1
(Fig. 1G) and primary murine myocardiocytes (Fig. 1H, I).
Note that K6PC-5 alone (10mM) had no significant effect on
the survival of the murine myocardiocytes (Fig. 1G–I). To-
gether, these results clearly showed that K6PC-5 protected
myocardial cells from OGD/reoxygenation.
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SphK1 participates in OGD/reoxygenation-induced
myocardial cell death

The results above demonstrated that K6PC-5, the novel
SphK1 activator (Hong et al., 2008; Ji et al., 2015), is cyto-
protective against OGD/reoxygenation. Next, we tested the
involvement of SphK1 in OGD/reoxygenation-mediated cell
death. As described, H9c2 cells were infected with SphK1
shRNA (-1/-2) containing lentivirus. Through the Western
blot assay, we showed that SphK1 was dramatically down-
regulated in the stable cells bearing SphK1 shRNA (Fig. 2A).
Both shRNA showed remarkable efficiency, resulting in over
80% of downregulation of SphK1 in H9c2 cells (Fig. 2A).
Significantly, SphK1 silencing increased OGD/reoxygenation-
induced H9c2 cytotoxicity (Fig. 2B, C), indicating a role of
SphK1 in OGD-mediated cell death. Furthermore, B-5354c
(Kono et al., 2002) and SKI-II (Chiba et al., 2010; Li et al.,
2014), two established SphK1 inhibitors, similarly aggravated

H9c2 cell death by OGD/reoxygenation (Fig. 2D). To further
confirm the role of SphK1 in OGD/reoxygenation-induced cell
death, a wild-type SphK1-flag was introduced to H9c2 cells,
and stable cells were established. Western blot assay confirmed
SphK1 overexpression in cells with the construct (wt-SphK1-
flag) (Fig. 2E). Notably, OGD/reoxygenation-mediated H9c2
cell death was alleviated in SphK1 overexpressed cells (Fig.
2F). In primary murine myocardiocytes, MTT results showed
that B-5354c and SKI-II enhanced cell death by OGD/reox-
ygenation (Fig. 2G). Together, these results suggest that
SphK1 is involved in OGD/reoxygenation-induced myocardial
cell death.

K6PC-5-mediated cytoprotection against
OGD/reoxygenation requires SphK1 activation

Next, we studied whether K6PC-5-mediated activity in
myocardial cells is through activation of SphK1. Using the
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FIG. 1. K6PC-5 inhibits OGD/reoxygenation-induced myocardial cell death. H9c2 cells were treated with applied con-
centrations of K6PC-5 (0–25mM); after 24 h, cell viability was tested by MTT assay (A), and the intracellular S1P content was
tested after 3 h (B). H9c2 cells, pretreated with applied concentrations of K6PC-5 (0.1–10mM, 1-h pretreatment), were
maintained under OGD for 3 h, followed by 24 h of reoxygenation. MTT assay (C), trypan blue staining assay (D), and LDH
release assay (E) were then performed to test cell survival and cell death. HL-1 or primary murine myocardiocytes were treated
with K6PC-5 (10mM) for 3 h, and S1P content was tested (F). HL-1 (G) or primary murine myocardiocytes (H, I) were
pretreated with K6PC-5 (10mM) for 1 h, followed by the OGD/reoxygenation procedure; cell viability and cell death were
tested similarly. ‘‘C’’ stands for untreated control (Same for all Figures). ‘‘OGD’’ stands for OGD/reoxygenation (Same for all
Figures). Bars indicate SD. Each experiment was repeated thrice and similar results were obtained. *p < 0.05 versus group C.
#p < 0.05 versus OGD/reoxygenation only group. LDH, lactate dehydrogenase; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5 di-
phenyltetrazolium bromide; OGD, oxygen–glucose deprivation; S1P, sphingosine-1-phosphate; SD, standard deviation.
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FIG. 2. SphK1 is involved in OGD/reoxygenation-induced myocardial cell death. Stable H9c2 cells bearing indicated
construct (scramble control shRNA [sc-RNAi], SphK1 shRNA-1 [SphK1-RNAi-1], SphK1 shRNA-2 [SphK1-RNAi-2],
empty vector [pLKO.1], or wt-SphK1-flag) were maintained under OGD for 3 h, followed by 24 h of reoxygenation; SphK1
and b-actin expression was tested by Western blots (A, E); cell survival and cell death were tested by MTT assay (B, F) and
trypan blue staining assay (C, for H9c2 cells), respectively. H9c2 cells or primary murine myocardiocytes, pretreated with
B-5354c (10mM), SKI-II (10mM), or vehicle (0.1% DMSO) for 1 h, were then subjected to OGD/reoxygenation; after 24 h,
cell viability was tested (D, G). ‘‘Transfection’’ stands for empty lentiviral particles (Same for all figures). Bars indicate SD.
Each experiment was repeated thrice and similar results were obtained. *p < 0.05 versus group C. #p < 0.05 versus OGD/
reoxygenation only group. DMSO, dimethyl sulfoxide; SphK1, sphingosine kinase 1.

0

20

40

60

80

100

120

Vehicle

OGD
OGD+K6PC-5

SphK1-RNAi-1 SphK1-RNAi-2

C
el

l s
ur

vi
va

l (
%

 v
s.

 C
)

p>0.05

p>0.05

0

5

10

15

20

25

30

35

40

45

Vehicle

OGD
OGD+K6PC-5

SphK1-RNAi-1 SphK1-RNAi-2

T
ry

pa
n 

bl
ue

 (
%

)

p>0.05 p>0.05

0

5

10

15

20

25

30

wt-SphK1Vector

Vehicle

OGD
OGD+K6PC-5

T
ry

pa
n 

bl
ue

 (
%

)

#

#

*

*

0

20

40

60

80

100

120

wt-SphK1Vector

Vehicle

OGD
OGD+K6PC-5

C
el

l s
ur

vi
va

l (
%

 v
s.

 C
) #

#*

*

0

20

40

60

80

100

120

Vehicle

OGD
OGD+K6PC-5

SKI-II

C
el

l s
ur

vi
va

l (
%

 v
s.

 C
)

p>0.05

0
5

10
15
20
25
30
35
40
45
50

SKI-II

T
ry

pa
n 

bl
ue

 (
%

)

p>0.05

Murine myocardiocytes

B D F

A C E

FIG. 3. K6PC-5-mediated cytoprotection against OGD/reoxygenation requires SphK1 activation. Stable H9c2 cells bearing
indicated construct (SphK1 shRNA-1 [SphK1-RNAi-1], SphK1 shRNA-2 [SphK1-RNAi-2], empty vector [pLKO.1], or wt-
SphK1-flag) were pretreated with K6PC-5 (10mM), followed by OGD/reoxygenation after 24 h; cell viability (A, C) and cell
death (B, D) were tested. Murine myocardiocytes were pretreated with SKI-II (10mM) or plus K6PC-5 (10mM), followed by
OGD/reoxygenation; after 24 h, cell viability (E) and cell death (F) were tested. Bars indicate SD. Each experiment was
repeated thrice and similar results were obtained. *p < 0.05 versus group C. #p < 0.05 versus the Vector group (for C, D).
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same methods described in Figure 2, we showed that K6PC-5-
mediated protection against OGD/reoxygenation was almost
completely nullified in H9c2 cells depleted with SphK1 (Fig.
3A, B). In other words, K6PC-5 was not effective in SphK1-
silenced stable H9c2 cells (Fig. 3A, B). On the other hand,
when we overexpressed SphK1 in H9c2 cells, K6PC-5-
mediated cytoprotection was enhanced (Fig. 3C, D). As a
matter of fact, K6PC-5 almost completely blocked OGD/
reoxygenation-induced cytotoxicity in SphK1 overexpressed
H9c2 cells (Fig. 3C, D). In primary murine myocardiocytes,
SKI-II pretreatment also abolished K6PC-5-mediated cyto-
protection (Fig. 3E, F). Together, these results indicate that
K6PC-5 induces cytoprotection in myocardial cells possibly
through activating SphK1.

K6PC-5 inhibits the OGD/reoxygenation-induced
mitochondrial death pathway in myocardial cells

Recent studies have explored the role of the mitochondrial
death pathway in OGD/reoxygenation-induced damages to

myocardial cells (Zheng et al., 2014). Zheng et al. (2014)
showed that OGD/reoxygenation induces ROS production,
causing p53 mitochondrial translocation and Cyp-D com-
plexation. The latter mediates mitochondrial permeability
transition pore (mPTP) opening following cell necrosis (Zheng
et al., 2014). Consistent with these findings, we also observed
ROS production (Fig. 4A), MMP reduction (indicator of
mPTP opening, Fig. 4B), and Cyp-D-p53 mitochondrial as-
sociation (Fig. 4C) in OGD/reoxygenation-stimulated H9c2
cells. Significantly, pretreatment with K6PC-5 remarkably
inhibited these changes by OGD/reoxygenation (Fig. 4A–C).
Furthermore, we provided evidence to show that SphK1 might
be involved in OGD/reoxygenation-induced activation of the
mitochondrial death pathway. Knockdown of SphK1 by
shRNA enhanced OGD/reoxygenation-induced MMP reduc-
tion in H9c2 cells (Fig. 4D). On the other hand, overexpression
of SphK1 inhibited MMP loss by OGD (Fig. 4D). In primary
murine myocardiocytes, OGD/reoxygenation-induced MMP
reduction was again inhibited by K6PC-5, but was exacerbated
by the SphK1 inhibitor B-5354c or SKI-II (Fig. 4E). Together,

FIG. 4. K6PC-5 inhibits the OGD/reoxygenation-induced mitochondrial death pathway in myocardial cells. H9c2 cells
were pretreated with K6PC-5 (1/10 mM), followed by OGD/reoxygenation; cellular ROS production (A) and MMP re-
duction (B) were tested; the association between p53 and Cyp-D in mitochondria was also tested by Mito-IP (C); Cyp-D-
bound P53 was quantified (C). Stable H9c2 cells with SphK1 shRNA (-1/ -2) or wt-SphK1 cDNA were subjected to OGD/
reoxygenation; MMP reduction was tested by JC-10 dye assay (D). Primary murine myocardiocytes were pretreated with
K6PC-5 (10 mM), B-5354c (10 mM), or SKI-II (10mM), cells were then subjected to OGD/reoxygenation, and MMP
reduction was tested (E). Bars indicate SD. Each experiment was repeated thrice and similar results were obtained. *p < 0.05
versus group C. #p < 0.05 versus OGD/reoxygenation only group. Cyp-D, cyclophilin D; Mito-IP, mitochondrial immu-
noprecipitation; MMP, mitochondrial membrane potential; ROS, reactive oxygen species.
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we suggest that activation of SphK1 by K6PC-5 inhibits the
OGD/reoxygenation-induced mitochondrial death pathway in
myocardial cells.

OGD/reoxygenation induces prodeath ceramide
production inhibited by K6PC-5

To further understand the underlying mechanisms of OGD/
reoxygenation-induced death of myocardial cells, the in-
volvement of ceramide was tested. As shown in Figure 5A
and B, OGD/reoxygenation induced significant ceramide
production in H9c2 cells and in primary murine myocardio-
cytes. Remarkably, pretreatment with K6PC-5 largely
inhibited ceramide accumulation by OGD/reoxygenation
(Fig. 5A, B). To connect these findings with previous results,
we found that adding a cellular permeable ceramide (C6) also
induced MMP reduction (Fig. 5C), ROS production (Fig.
5D), and death (Fig. 5E) in both H9c2 cells and in primary
murine myocardiocytes. Based on this information, we pro-
pose that OGD/reoxygenation induces ceramide production,
which possibly mediates oxidative stress and activation of the
mitochondrial death pathway. K6PC-5 activates SphK1, thus
inhibiting ceramide production and myocardial cell death.

Discussions

Ischemic heart diseases are among the most lethal CVDs,
causing significant mortality around the world. OGD/reoxy-
genation is often applied in cultured myocardial cells to mimic
ischemic–reperfusion damage and to explore the underlying
mechanisms and screen potential intervention methods

(Ekhterae et al., 1999; Persky et al., 2000; Marambio et al.,
2010). Our results here demonstrated that K6PC-5, the novel
SphK1 activator, remarkably inhibited OGD/reoxygenation-
induced myocardial cell death through activation of SphK1.
SphK1 inhibition or silencing not only aggregated OGD/re-
oxygenation’s cytotoxicity but also nullified the cytoprotection
by K6PC-5. On the other hand, overexpression of SphK1 al-
leviated H9c2 cell death by OGD/reoxygenation, and K6PC-5-
mediated cytoprotection was also enhanced in SphK1 over-
expressed cells.

Recent studies have explored the signaling mechanisms of
cell necrosis by OGD/reoxygenation. OGD/reoxygenation
was shown to induce cytoplasmic p53 translocation to the
inner mitochondrial membrane, where it forms a complex
with the local protein, Cyp-D (Baumann, 2012; Karch and
Molkentin, 2012; Vaseva et al., 2012; Zheng et al., 2014).
The complexation is required for subsequent mPTP opening
and subsequent cell necrosis (Zheng et al., 2014). Inhibition
of this complexation by Cyp-D inhibitors or by p53/Cyp-D
deficiency significantly suppressed cell necrosis by OGD/
reoxygenation (Zheng et al., 2014). In the current study, we
showed that ceramide production could be a possible up-
stream signaling for this mitochondrial death pathway after
OGD/reoxygenation, although the detailed mechanisms still
need investigations.

We demonstrated that OGD/reoxygenation-induced cer-
amide production and mitochondrial death pathway activation
were both inhibited by K6PC-5, while exogenously added C6
ceramide mimicked OGD/reoxygenation’s actions and acti-
vated the mitochondrial death pathway in myocardial cells.
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FIG. 5. OGD/reoxygenation induces prodeath ceramide production inhibited by K6PC-5. H9c2 cells or primary murine
myocardiocytes were pretreated with K6PC-5 (10 mM), followed by OGD/reoxygenation; the cellular ceramide level was
tested (A, B). H9c2 cells were treated with C6 ceramide (25 mM) for the indicated time; MMP reduction (C), ROS level (D),
and cell survival (E) were tested as mentioned. Each experiment was repeated thrice and similar results were obtained.
*p < 0.05 versus group C. #p < 0.05 versus OGD/reoxygenation only group (A, B).
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Thus, we suggest that OGD/reoxygenation induces ceramide
production, which activates the mitochondrial death pathway
to promote myocardial cell death. SphK1 activation by
K6PC-5 inhibits ceramide production and thus protects
myocardial cells from OGD/reoxygenation. More studies are
needed to understand the insights of this link.

Conclusions

In summary, the results of this study indicate that K6PC-5
potently inhibits OGD/reoxygenation-induced myocardial
cell death through activating SphK1 signaling. It might be
worth testing this novel SphK1 activator in an animal model
of ischemic heart damage.
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