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ABSTRACT
In the ischemic-reperfused (I/R) heart, renin-containing mast
cells (MC) release enzymatically active renin, activating a local
renin-angiotensin system (RAS), causing excessive norepineph-
rine release andarrhythmic dysfunction. Activation ofGi-receptors
on MC and/or ischemic preconditioning (IPC) prevent renin
release, thus providing anti-RAS cardioprotection. We ques-
tioned whether sphingosine-1-phosphate (S1P), a sphingolipid
produced in the I/R heart, might afford anti-RAS cardioprotection
by activating Gi-coupled S1P1 receptors (S1P1R) on MC. We
report that activation of Gi-coupled S1P1R in cardiac MC confers
IPC-like anti-RAS cardioprotection due to S1P1R-mediated in-
hibition of I/R-induced cardiac MC degranulation and renin
release. This results from an initial translocation of protein kinase

C subtype-« and subsequent activation of aldehyde dehydro-
genase type 2 (ALDH2), culminating in the elimination of the
MC-degranulating effects of acetaldehyde and other toxic
species produced during I/R. Inhibition of toxic aldehydes-
induced MC-renin release prevents local RAS activation, reduces
infarct size, and alleviates arrhythmias. Notably, these cardiopro-
tective effects are lacking in hearts and MC from gene-targeted
knock-in mice (ALDH2*2) in which ALDH2 enzymatic activity is
maximally reduced. Thus, ALDH2 appears to play a pivotal role in
this protective process. Our findings suggest that MC S1P1Rmay
represent a new pharmacologic and therapeutic target for the
direct alleviation of RAS-induced cardiac dysfunctions, including
ischemic heart disease and congestive heart failure.

Introduction
Excessive release of norepinephrine (NE) from cardiac sym-

pathetic nerves during ischemia/reperfusion (I/R) is a cause of
life-threatening arrhythmias (Airaksinen, 1999; Chen et al.,
2001; Selwyn and Braunwald, 2001; Tan and Verrier, 2013). In
previous studies we demonstrated that in the I/R heart, renin-
containing mast cells (MC) release enzymatically active renin,
activating a local renin-angiotensin system (RAS), which culmi-
nates in angiotensin-induced NE release from sympathetic
nerves and severe arrhythmic dysfunction (Silver et al., 2004;
Mackins et al., 2006). We reported that activation of Gi-coupled
receptors, suchas adenosineA3 andhistamineH4, present on the
MC surface, preventsMCdegranulation and renin release in the
I/Rheart, thus attenuatingangiotensin-inducedNErelease from
sympathetic nerves and alleviating ventricular arrhythmias
(Koda et al., 2010; Aldi et al., 2014b). Ischemic preconditioning

(IPC) mimics this process via a Gi-mediated translocation/
activation ofMCprotein kinaseC subtype-« (PKC«), followed by
phosphorylation/activation of mitochondrial aldehyde dehydro-
genase type 2 (ALDH2) (Koda et al., 2010; Aldi et al., 2014b).
PKC« translocates from cytosol to mitochondrial membrane
and phosphorylates ALDH2 on three phosphorylation sites—
threonine 185 (T185), serine 279 (S279), and threonine 412
(T412)—resulting in increased catalytic activity of ALDH2
(Chen et al., 2008). By eliminating toxic aldehydes formed in
I/R, and thus preventing MC degranulation and renin re-
lease, ALDH2 plays a pivotal anti-RAS cardioprotective role
(Koda et al., 2010; Aldi et al., 2014b).
The sphingolipid sphingosine-1-phosphate (S1P) is formed

in the ischemic heart, and S1P is thought to be cardioprotective
and tomimic IPC via a PKC«-dependent step (Gray et al., 1997;
Jin et al., 2004; Vessey et al., 2009). Accordingly, we questioned
whether S1P might also afford anti-RAS cardioprotection by
activating Gi-coupled S1P1 receptors (S1P1R) on MC, and by
PKC«-dependent ALDH2 phosphorylation (Chen et al., 2008).
We questioned whether the stimulation of S1P1R in both

cavian and murine hearts mimics the anti-RAS effects of IPC
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ABBREVIATIONS: Akt, protein kinase B; ALDH2, aldehyde dehydrogenase type 2; ALDH2*2, a knock-in mouse model with radically reduced
ALDH2 enzymatic activity; BMMC, murine bone marrow-derived mast cells; BSA, bovine serum albumin; ECL, electrochemiluminescence; GTN,
glyceryl trinitrate, nitroglycerin; b-HEX, b-hexosaminidase; HMC-1, human mastocytoma cell line; 4-HNE, 4-hydroxynonenal; IPC, ischemic
preconditioning; I/R, ischemia/reperfusion; HRP, horseradish peroxidase; KH, Krebs-Henseleit; MAO, monoamine oxidase; MC, mast cells; NE,
norepinephrine; PBS, phosphate-buffered saline; PKC«, protein kinase C subtype-«; PMA, phorbol ester myristate acetate; PVDF, polyvinylidene
fluoride; RAS, renin-angiotensin system; SEW2871, 5-[4-phenyl-5-(trifluoromethyl)thiophen-2-yl]-3-[3-(trifluoromethyl)phenyl]-1,2,4-oxadiazole;
S1P, sphingosine-1-phosphate; S1P1R, S1P1 receptors; TBST, Tris-buffered saline containing 1% Tween 20; «V1–2, selective PKC« inhibitor; VT/VF,
ventricular tachycardia/ventricular fibrillation; WT, wild type; W146, [(3R)-3-amino-4-(3-hexylanilino)-4-oxobutyl]phosphonic acid.
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by activating PKC« and ALDH2 inMC and thus, by inhibiting
toxic aldehyde-induced MC-renin release. We also investi-
gated whether this process is lacking in the hearts and MC
from gene-targeted knock-in mice (ALDH2*2) (Zambelli
et al., 2014) in which ALDH2 enzymatic activity ismaximally
reduced due to a structural point mutation at amino acid
position 487 of ALDH2 (a lysine residue replaces a gluta-
mate) (Xiao et al., 1996). We took advantage of the homozy-
gous variant of ALDH2*2 knock-in mice to probe whether the
activation of Gi-coupled S1P1R in cardiac MC confers anti-
RAS cardioprotection through a PKC«-dependent ALDH2
phosphorylation, prevention of toxic aldehydes-induced MC-renin
release, inhibition of local RAS activation, and ultimately antiar-
rhythmic effects.

Materials and Methods
I/R in Guinea Pig Hearts

Guinea pigs (male Hartley, 300–350 g; Charles River Laboratories,
Kingston, NY) were kept in the animal care facility under controlled
temperature, humidity, and light/dark cycle, with food and water ad
libitum. The animals were anesthetized with CO2 and euthanized by
stunning while under general anesthesia. Hearts were rapidly isolated
and perfused at constant pressure (55 cmH2O) with oxygenated Ringer’s
solution (composition, mM: NaCl 154, KCl 5.61, CaCl2 2.16, NaHCO3

5.95, and dextrose 5.55) at 37°C in a Langendorff apparatus (Radnoti
Glass Technology, Monrovia, CA). After equilibration, all hearts were
subjected to 20-minute global ischemia, induced by complete cessation of
coronary perfusion, followed by 30-minute reperfusion (I/R).

For IPC, hearts were subjected to 2 � 5-minute cycles of ischemia,
each followed by 5-minute reperfusion. For the pharmacologic pre-
vention of IPC, S1P1R antagonist was perfused for 20 minutes before
and during IPC and then washed out for 15 minutes before I/R. For
pharmacologic preconditioning, S1P1R agonist (1 mM, SEW2871: 5-[4-
phenyl-5-(trifluoromethyl)thiophen-2-yl]-3-[3-(trifluoromethyl)phenyl]-
1,2,4-oxadiazole) was perfused for 2� 5-minute cycles and thenwashed
out for 5 minutes before I/R.

For prevention of pharmacologic preconditioning, the antagonists
W146 1 mM [(3R)-3-amino-4-(3-hexylanilino)-4-oxobutyl]phosphonic
acid] and 1 mM selective PKC« inhibitor «V1–2 were perfused for
20minutes, while the ALDH2 inhibitor 2mMglyceryl trinitrate (GTN)
was perfused for 30 minutes before and during pharmacologic
preconditioning and then washed out for 15 minutes before I/R.
Coronary flow was measured every 2 minutes; samples were assayed
for renin and NE. Two needle electrodes were attached to the surface
of the right atrium and left ventricular apex for ECG, which was
recorded online (sample frequency of 1 kHz) and analyzed using
Powerlab/8SP (AD Instruments, Colorado Springs, CO). Onset and
duration of reperfusion arrhythmias were recorded and quantified
according to the Lambeth Conventions (Walker et al., 1988; Curtis
et al., 2013).

I/R in Mouse Hearts

Hearts were isolated from male C57BL/6 wild-type (WT) and
ALDH2*2 mice and perfused as described elsewhere (Mackins et al.,
2006). ALDH2*2 knock-in mice were donated by the Mochly-Rosen
laboratory, Stanford University (Zambelli et al., 2014). Briefly,
20minutes after a heparin i.p. injection (100U) to avoid blood clotting,
mice were anesthetized with CO2 vapor and humanely killed by
cervical dislocation while under anesthesia. Hearts were quickly
excised and cooled in ice-cold Krebs-Henseleit (KH) solution contain-
ing pyruvic acid (2 mM) and equilibrated with 95% O2 1 5% CO2.
Hearts were then perfused in a Langendorff apparatus (Radnoti,
Monrovia, CA) at constant pressure (100 cm H2O) at 37°C with KH
buffer. After stabilization, hearts were subjected to 40-minute global

ischemia followed by a 30-minute reperfusionwithKHbuffer (I/R); the
reperfusion time was 120 minutes when I/R-induced infarct areas
were analyzed.

For IPC, hearts were subjected to 4 � 5-minute cycles of ischemia
each followed by a 5-minute perfusion. For pharmacologic prevention
of IPC, hearts were pretreated with the selective S1P1R antagonist
W146 (3 mM, 20minutes) and then subjected to IPC (i.e., 4� 5-minute
cycles of ischemia each followed by 5-minute perfusion with W146).

For pharmacologic preconditioning, hearts were perfused with the
selective S1P1R agonist SEW2871 (0.1 mM) (Jo et al., 2005) for 4 �
5-minute cycles, each followed by a 5-minute washout before I/R. For
prevention of pharmacologic precondition, S1P1R antagonist W146
(3 mM), PKC« inhibitor «V1–2 (1 mM), and ALDH2 desensitizer GTN
(2 mM) were perfused for 20 minutes before and during pharmacologic
preconditioning and then washed out before I/R. ECG was recorded
online (sample frequency of 1 kHz) and analyzed using Powerlab/8SP
(AD Instruments).

Onset and duration of reperfusion arrhythmias were recorded and
quantified according to the Lambeth Conventions (Walker et al.,
1988; Curtis et al., 2013). Coronary flow was measured by timed
collections of the effluent every 2 minutes, samples were assayed for
renin and NE.

Infarct Size in WT and ALDH2*2 Mouse Hearts

WT and ALDH2*2 hearts were removed from the Langendorff
apparatus after a 120-minute reperfusion. Hearts were cut in
2 mm-thick slices and immersed in an aqueous solution (1% w/v)
of 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich, St.
Louis, MO) for 20 minutes at 37°C and then in an aqueous solution
of formaldehyde (10% v/v). After overnight incubation, heart slices
were photographed with a �16 magnification and analyzed to
measure infarct size (expressed as percentage of infarcted versus
total left ventricular area).

Cell Lines

HMC-1 Culture. The human mastocytoma cell line HMC-1 was
kindly provided by Dr. J. H. Butterfield (Mayo Clinic, Rochester, MN).
Cells were maintained in suspension culture at high density in
Iscove’s modified Dulbecco’s medium supplemented with 10% heat-
inactivated fetal bovine serum and 1% penicillin/streptomycin, and
kept at 37°C in a 5% CO2 atmosphere (Aldi et al., 2015).

Bone Marrow–Derived Mast Cell Culture. Bone marrow was
collected from femurs and tibias of WT C57BL/6J mice (male, 10 to
12 weeks old; Jackson Laboratory, Bar Harbor, ME) and ALDH2*2
knock-in mice and euthanized by cervical dislocation under light CO2

anesthesia, as approved by the Weill Cornell Medicine Institutional
Animal Care and Use Committee. Bone marrow cells were cultured in
RPMI 1640 medium (Invitrogen Life Technologies, Carlsbad, CA)
containing 1% penicillin/streptomycin, 10% heat-inactivated fetal
calf serum, 55 mM 2-mercaptoethanol, and recombinant murine
interleukin-3 and stem cell factor (PeproTech, Rocky Hill, NJ), both
at 20 ng/ml. Bone marrow cells were counted and placed in culture at
a cell density of 5 � 105 cells/ml. The cell medium was changed every
3 to 4 days, and nonadherent cells were transferred to a new flask.
Mature murine bone marrow–derived mast cells (BMMC) were
obtained after 4 weeks of culture, and stained positive for Toluidine
blue; moreover, .90% of cells expressed both c-Kit and Fc«RI. All
experiments were performed with BMMC cultured for 4–7 weeks
(Aldi et al., 2014a).

Immunofluorescence in BMMC

Mature WT- and ALDH2*2-BMMC obtained after 4 weeks of
culture were placed on poly-D-lysine–coated coverslips for 2 hours at
37°C to adhere. Cells were then washed with phosphate-buffered
saline (PBS), fixed with 4% paraformaldehyde for 15 minutes at room
temperature, washed in PBS, and blocked in 1% bovine serum
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albumin (BSA) and 0.1% Triton X-100 in PBS for 30 minutes. Then,
cells were incubated overnight withmouse anti-S1P1R (cat. no. ab11424;
Abcam, Cambridge, MA) and rat anti-c-Kit (cat. no. ab65525; Abcam).
The next day, the coverslips were washed with PBS and incubated with
secondary Ab Alexa Fluor 488 donkey anti-rabbit IgG (green) and Alexa
Fluor 594 rabbit anti-rabbit IgG (red). Nuclei were counterstained
with 4ʹ,6-diamidino-2-phenylindole (DAPI) 300 nM and coverslips
were mounted on glass slides using VectaMount medium (Vector
Laboratories, Burlingame, CA). Immunofluorescence images of cells
were captured in a Z-stack with 1-mm steps using a Zeiss Axio
Observer.Z1 microscope (Carl Zeiss, Thornwood, NY) followed by
deconvolution using the ZEN pro 2012 software (Carl Zeiss). To
analyze the image we used ImagePro analyzer 7.0 software (Media
Cybernetics, Rockville, MD).

Western Blot Analysis

To ascertain S1P1R expression inHMC-1,WT-BMMC, andALDH2*2-
BMMC cells, we used an anti-S1P1R antibody (rabbit monoclonal
anti-EDG1) purchased from Abcam (cat. no. ab125074). Cells were
lysed in ice-cold lysis buffer 1X (Cell Signaling Technology, Danvers,
MA). Proteins were equalized to the same concentration with the
Bradford protein assay kit (Bio-Rad Laboratories, Hercules, CA),
separated by SDS-PAGE and transferred to polyvinylidene fluoride
(PVDF) membranes. Membranes were blocked with 5% BSA dissolved
in Tris-buffered saline containing 1% Tween 20 (TBST) for 1 hour at
room temperature. After washing with TBST, the membrane was
incubated with a 1:10,000 dilution of specific antibody against S1P1R in
5% milk-TBST at 4°C overnight (antibody final concentration was
3.2 ng/ml).

The blots were washed in TBST, and the membranes were in-
cubated in a 1:5,000 dilution of horseradish peroxidase-conjugated
IgG secondary antibody (final concentration 13 ng/ml; cat. no. 7074;
Cell Signaling Technology) in 5% BSA-TBST at room temperature for
1 hour. Total proteins were evaluated by incubating the PVDF
membranes with a 1:50,000 dilution of b-actin horseradish peroxidase
(HRP) conjugated (concentration 1 mg/ml; Alpha Diagnostic Interna-
tional, San Antonio, TX) in milk 5% at room temperature. Proteins
were detected using the electrochemiluminescence (ECL) system.

PKCe Translocation

After incubation of HMC-1, WT-BMMC, and ALDH2*2-BMMC with
phorbol ester myristate acetate (PMA) or SEW2871 for 10 minutes at
37°C, cytosolic and membrane fractions were prepared as described
elsewhere (Koda et al., 2010). When necessary, the S1P1R antagonist
W146 was preincubated for 20 minutes at 37°C. Na1/K1 ATPase
antibody (cat. no. ab185065; Abcam) was used for immunoblotting to
verify the purity of the cell membrane fraction. Translocation of PKC«
wasdetermined byWestern blot analysis using aPKC« antibody (cat. no.
sc-214; Santa Cruz Biotechnology, Santa Cruz, CA) at a 1:1,000 dilution
in 5%milk-TBST. Blots werewashed in TBST, and themembraneswere
incubated in a 1:5,000 dilution of goat anti-rabbit-IgG HRP secondary
antibody (cat. no. 7074; Cell Signaling Technology) in 5% milk-TBST at
room temperature for 1 hour. After washing with TBST, blots were
developed by an ECL Western Blotting Detection Reagent, and the
membranes were exposed to Hyperfilm ECL. Total proteins were
evaluated by incubating the PVDF membranes with a 1:50,000 dilution
of b-actin HRP conjugated (concentration 1 mg/ml; Alpha Diagnostic
International) inmilk 5% at room temperature. PKC« translocation was
expressed as the ratio between PKC« in the membrane and PKC« in the
cytosol. The density of each band was determined with GeneTool
software (Syngene USA, Frederick, MD).

ALDH2 Enzymatic Activity Assay

Enzymatic activity of ALDH2 inHMC-1,WT-BMMC, andALDH2*2-
BMMC cells was determined spectrophotometrically by monitoring the
reductive reaction of NAD1 to NADH at 340 nmas described elsewhere

(Koda et al., 2010). Briefly, cells were treatedwith SEW2871, Alda-1, or
PMA for 10 minutes at 37°C. When indicated, S1P1R antagonist,
PKC«, and ALDH2 inhibitors were preincubated in the presence of
SEW2871 for 20 minutes at 37°C. The cells were centrifuged at
2,500 rpm for 5 minutes at 4°C, and the pellets resuspended in
homogenization buffer (composition: Tris-HCl, pH 8.0, 100 mM;
1,4-dithiothreitol, 10 mM; glycerol 20%; Triton X-100 1%). Assays
were performed in 50 mM sodium pyrophosphate buffer, pH 9.0, at
25°C, and 500 mg of cell lysates and 2.5 mM NAD were added to the
buffer. To start the reaction, 10 mM acetaldehyde was added, and
the accumulation of NADH was recorded for 15 minutes with
measurements taken every 20 seconds. The ALDH2 reaction rates
were calculated as mmoles of NADH per min per mg of protein and
compared with control cells (i.e., treated with Na Ringer [compo-
sition, mM: NaCl 154, KCl 5.61, CaCl2 2.16, NaHCO3 5.95, and
dextrose 5.55]) and expressed as percentage of increase from control.

b-Hexosaminidase Assay

b-Hexosaminidase (b-HEX) release was measured in HMC-1,
WT-BMMC, and ALDH2*2-BMMC. Briefly, cells were washed and
resuspended in Ringer buffer. Identical volumes of cells were aliquoted
in Eppendorf tubes (HMC-1) or in 96-well plates (BMMC) and incubated
with gentle oscillation at 37°C with acetaldehyde (300 and 100 mM
for HMC-1 and BMMC, respectively) or 4-hydroxynonenal (4-HNE;
30 and 10 mM, respectively) for 20 minutes (Sigma-Aldrich). When
reported, HMC-1 and BMMC cells were treated with the S1P1R
agonist SEW2871 at concentrations of 0.1 and 1 mM, respectively,
for 10 minutes at 37°C. When required, HMC-1 and BMMC were
preincubated with the S1P1R antagonist (1 and 0.1 mM, respec-
tively) and PKC« (1 mM) and ALDH2 (2 mM) inhibitors for 20minutes
at 37°C. At the end of the incubation, the samples were placed in ice
and centrifuged at 500 g for 5 minutes.

We placed 20 ml of BMMC or HMC-1 supernatants in 96-well
plates, to which 50 ml of p-nitrophenyl-N-acetyl-b-D-glucosaminide
(1.3 mg/ml dissolved in 0.1 M citrate buffer at pH 4.5) was added and
incubated for 90 minutes at 37°C. Cell pellets were lysed with 0.5%
Triton X-100, and the total lysates were used to determine the total
b-HEX content. The reaction was stopped by adding 150 ml of 0.2 M
glycine (pH 10.7).

Optical density was read at 405 nm on a spectrophotometric plate
reader using SoftMax Pro version 4.8 (Molecular Devices, Sunnyvale,
CA). b-HEX release was expressed as the percentage of total b-HEX
(where total b-HEX denotes the sum of b-HEX in supernatant and
total cell lysate) (Aldi et al., 2014a).

Renin Assay

For the renin assay, human and porcine angiotensinogen was used
for HMC-1 and BMMC samples, respectively. Renin activity, in terms
of angiotensin I formed, was determined by GammaCoat Plasma
Renin Activity [125I] radioimmunoassay (DiaSorin, Stillwater, MN).
The cell pellets were lysed with cell lysis buffer 1X (Cell Signaling
Technology), and the total lysateswere used to determine total protein
concentration by the Bradford Protein Assay kit (Bio-Rad Laborato-
ries). Total protein concentration was used to normalize renin release.
The results were expressed as the percentage of increase above the
basal level.

Statistics

Statistical analysis was performed with GraphPad Prism 6.0
software (San Diego, CA). All data are reported as mean 6 S.E.M.
Statistical analysis was performed only when a minimum of n 5 5
independent samples had been acquired, and was performed with an
unpaired t test when comparing two different groups and with one-way
analysis of variance followed by Dunnett’s post hoc test when comparing
more than two groups of data (Fig. 5). The data and statistical analyses
comply with the recommendations on experimental design and analysis
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in pharmacology (Curtis et al., 2015). The data were considered
statistically significant when a value of at least P , 0.05 was achieved.

Study Approval

All animals were kept in the animal care facility under controlled
temperature, humidity, and light/dark cycle, with food and water ad
libitum. All animal procedures were performed in accordance with the
Guide for the Care and Use of Laboratory Animals as adopted and
promulgated by the U.S. National Institutes of Health (NRC, 2011),
andwere approved by theWeill CornellMedicine Institutional Animal
Care and Use Committee.

Results
S1P1R Activation Mimics IPC and Affords Anti-RAS

Cardioprotection in Isolated Guinea Pig Hearts. Be-
cause guinea pig hearts share more similarity with human
hearts and represent a better and a more relevant clinical model
(Choy et al., 2016), and also given our previous experience with
other Gi-coupled receptors in this animal model (Koda et al.,
2010; Aldi et al., 2014b), our initial experiments were performed
in isolated guinea pig hearts. Spontaneously beating Langendorff-
perfused guinea pig hearts were subjected to 20-minute global
ischemia followed by 30-minute reperfusion (I/R). We had previ-
ously shown that I/R results in MC degranulation, demonstrated
by a 2-fold increase in b-HEX overflow into the coronary effluent
(Koda et al., 2010). I/R also caused large increases in renin andNE
overflow (i.e., ∼4- and ∼200-fold, respectively), and severe ventric-
ular arrhythmias (tachycardia and fibrillation, VT/VF) that lasted
∼7 minutes (Fig. 1). We had previously shown that the enhanced
NE overflow and arrhythmias caused by I/R result from the
activation of a local RAS by renin released from cardiac MC
(Mackins et al., 2006).
When I/R was preceded by a 20-minute perfusion with the

selective S1P1R antagonist W146 (1 mM) (Gonzalez-Cabrera
et al., 2008) followed by a 10-minute washout, the overflows of
renin and NE were each enhanced ∼1.8-fold, and the duration
of VT/VF was extended ∼1.4-fold (Fig. 1), clearly indicating
that S1P1R blockade exacerbates the effects of I/R-induced
activation of a local cardiac RAS and suggesting that S1P1R
may play a cardioprotective anti-RAS role.
We had previously shown that IPC affords anti-RAS cardio-

protection by stabilizingMC in the heart before I/R (Koda et al.,
2010). Because endogenously produced S1P is amediator of IPC
(Vessey et al., 2009), andMC express S1P1R (Jolly et al., 2004),
we next assessed whether selective pharmacologic blockade of
S1P1R in the heart counteracts the IPC-mediated attenuation
of renin release in hearts subjected to I/R. We found that two
5-minute cycles of ischemia, each followed by 5-minute reperfu-
sion (IPC) (Koda et al., 2010), decreased the I/R-induced renin
and NE overflow by ∼2.8- and ∼1.6-fold, respectively, and also
reduced by one-half the duration of VT/VF (Fig. 1). Notably,
selective blockade of S1P1R with W146 (1 mM) prevented these
anti-RAS effects of IPC, in that renin and NE overflow and
VT/VF duration in IPC hearts with S1P1R blockade did not
differ from those in hearts subjected to I/R alone (Fig. 1).
Similarly, with S1P1R blockade these parameters did not
differ from those in hearts subjected to I/R alone (Fig. 1).
We next perfused hearts with the selective S1P1R agonist

SEW2871 (Jo et al., 2005) (1 mM, for two 5-minute cycles each
followed by 5-minute washout) before I/R. Preperfusion with
SEW2871 mimicked the protective effects of IPC in terms of

renin and NE overflow and VT/VF duration, which were
reduced as much as by IPC (Fig. 1). Notably, this protective
effect of SEW2871 was prevented by selective blockade of
S1P1R with compound W146 (1 mM) (Fig. 1). These results
indicated that S1P1R activation likely plays a role in the
cardioprotective anti-RAS effects of IPC.
PKCe and ALDH2 Mediate the Protective IPC-like

Anti-RAS Effects of S1P1R Activation in Isolated Guinea
Pig Hearts. We had previously shown that PKC« activation/
translocation is involved in the cardioprotective anti-RAS effects
of IPC (Koda et al., 2010). Accordingly, we next investigated the
role of PKC« in the cardioprotective anti-RAS effects of S1P1R
activation. We found that selective inhibition of PKC« with
compound «V1–2 (Johnson et al., 1996) (1mM)prevented the IPC-
like cardioprotective anti-RAS effects of S1P1R activation (i.e.,
compound «V1-2 abolished the SEW2871-induced inhibition of
renin and NE release as well as the alleviation of VT/VF;
Fig. 1).
We next assessed whether the anti-RAS effect of S1P1R

activation also involves ALDH2 activation. For this, we investi-
gated whether inhibition/inactivation of ALDH2 would abolish
the anti-RAS effects of S1P1R activation. We found that nitro-
glycerine (GTN), perfused for 30 minutes before I/R at a concen-
tration (2 mM), which is known to inactivate ALDH2 (Chen
et al., 2008), prevented the IPC-like cardioprotective anti-
RAS effects of S1P1R activation (i.e., GTN abolished the
SEW2871-induced inhibition of renin and NE release as well
as the alleviation of VT/VF; Fig. 1). Thus, activation of both
ALDH2 and PKC« appears to be required for the genesis
of the IPC-like cardioprotective anti-RAS effects of S1P1R
activation.
Lack of IPC- and S1P1R-Mediated Anti-RAS Protection

in ALDH2*2 Knock-In Mouse Hearts. As a negative control,
we used a heart model of I/R and I/R preceded by IPC from
knock-in mice, in which ALDH2 activity is dramatically reduced
(Zambelli et al., 2014). Spontaneously beating Langendorff-
perfused WT mouse hearts were subjected to 30-minute
normothermic global ischemia followed by 40-minute reperfusion.
I/R in the WT ex vivo mouse heart resulted in large increases
in renin and NE overflow (i.e., ∼60- and ∼100-fold compared
with basal control, respectively) and severe ventricular ar-
rhythmias (VT/VF) that lasted ∼2 minutes (Fig. 2). We had
previously shown that the enhanced NE overflow and arrhyth-
mias in themouse heart exposed to I/R result from the activation
of a local RAS initiated by renin released from cardiac MC
(Mackins et al., 2006; Aldi et al., 2014b). When mouse hearts
were subjected to IPC (i.e., 4 � 5-minute cycles of ischemia each
followed by 5-minute reperfusion) before I/R, renin and NE
overflow were reduced ∼3.5- and ∼3-fold, respectively, and
VT/VF durationwas reduced∼2.5 fold (Fig. 2). Notably, when
WT mouse hearts were pretreated with the selective S1P1R
antagonist W146 (3 mM, 20 minutes) and then subjected to
IPC, the cardioprotective anti-RAS effects of IPC were
abolished (Fig. 2).
Another group of WT mouse hearts were perfused with the

S1P1R agonist SEW2871 (0.1 mM) for 4 � 5-minute cycles,
each followed by a 5-minute washout before I/R. Similar to
what observed in guinea pig hearts (see Fig. 1), we found that
activation of S1P1R with SEW2871 mimicked the cardiopro-
tective anti-RAS effects of IPC (Fig. 2). Notably, this IPC-like
anti-RAS effect was prevented inWTmouse hearts pretreated
with the selective S1P1R antagonist W146 (3 mM, 20 minutes)
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(Fig. 2). Moreover, the IPC-like anti-RAS effect was prevented
in WT mouse hearts pretreated with the selective PKC«
inhibitor compound «V1–2 (1 mM; 20 minutes) or the ALDH2
inactivator GTN (2 mM; 30 minutes) (Fig. 2).
Thus, the anti-RAS cardioprotective effects of IPC and S1P1R

activation observed in mouse hearts were similar to those
observed in guinea pig hearts, in which ALDH2 activation
appeared to play a pivotal role. Hence, to solidify the notion that
ALDH2 activation plays a major role in the anti-RAS cardio-
protection afforded by IPC and S1P1R, we used the recently
developed ALDH2*2 knock-in mouse model, in which ALDH2
enzymatic activity is radically reduced (Zambelli et al., 2014).
We found that either IPC or SEW2871 pretreatment (0.1 mM;
4� 5-minute cycles) failed to protect ALDH2*2 hearts in terms
of renin and NE overflow and duration of arrhythmias. In fact,
preconditioned and SEW2871-pretreated ALDH2*2 hearts did
not differ from ALDH2*2 hearts subjected to I/R alone (Fig. 2).

Nor was any difference found when ALDH2*2 hearts were
pretreated with the selective S1P1R antagonist, the selective
PKC« inhibitor compound «V1–2, or the ALDH2 inactivator
GTN (Fig. 2). These findings corroborated the notion that full
ALDH2 enzymatic activity is needed to elicit the anti-RAS
cardioprotection afforded by either IPC or S1P1R activation.
IPC and S1P1R Activation Fail To Reduce Infarct

Size in ALDH2*2 Knock-In Mouse Hearts. The size of
ventricular tissue exhibiting evidence of I/R-induced cell death
is widely used as a suitable indicator of I/R-induced injury
(Fishbein et al., 1981; Chen et al., 2008; Redfors et al., 2012).
Further, angiotensin II formed upon RAS activation is known
to generate oxygen radicals, which contribute to ischemic heart
damage (Mehta and Griendling, 2007; Wen et al., 2012;
Balakumar and Jagadeesh, 2014). Therefore, to test further
potential cardioprotective effects of S1P1R activation and their
possible dependence on ALDH2 activity, we measured infarct

Fig. 1. S1P1R activation provides anti-RAS IPC-like cardioprotection in an isolated guinea pig heart model of I/R. S1P1R blockade, PKC« inhibition, and
ALDH2 inactivation prevent IPC-like cardioprotection. All guinea pig hearts were subjected to 20 minutes of global ischemia followed by 30 minutes of
reperfusion in either the absence (control, n = 8) or presence of W146 (S1P1R antagonist, 1 mM; n = 15) and SEW2871 (S1P1R agonist, 1 mM; n = 10).
When necessary, W146 (S1P1R antagonist, 1 mM; n = 15), «V1–2 (PKC« inhibitor, 1 mM; n = 8), or GTN (ALDH2 inactivator, 2 mM; n = 8) were added in the
presence of SEW2871 (S1P1R agonist, 1 mM). Other hearts were subjected to I/R preceded by IPC alone (i.e., 2 � 5-minute cycles of ischemia, each
followed by 5-minute reperfusion, n = 14) or in the presence of W146 (1 mM; n = 8). Bars indicate mean 6 S.E.M. of independent experiments. (A)
Duration of reperfusion arrhythmias (VT/VF). (B) Overflow of NE and (C) angiotensin I (Ang I)–forming activity collected over 6 minutes either before
ischemia or at the start of reperfusion. *P , 0.05; **P , 0.01; ***P , 0.001, by unpaired t test. (D–F) Representative ECG recordings from guinea pig
hearts before ischemia (control, D), at the start of reperfusion (E), and at the end of VT/VF (recovery, F).
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size in Langendorff-perfused mouse hearts preconditioned with
IPC or treated with the selective S1P1R agonist (SEW2871,
0.1 mM) in the presence or absence of the S1P1R antagonist
(W146, 3 mM). We found that after 40-minute ischemia/2-hour
reperfusion, the ventricular infarcted area amounted to ∼40% of
the entire area in hearts from both WT and ALDH2*2 mice (Fig.
3, A and B). Notably, either IPC (4 � 5-minute cycles) or S1P1R
activation (4 � 5-minute cycles of SEW2871, 0.1 mM) reduced
infarct size in WT hearts by ∼75% and ∼60%, respectively.
In contrast, no reduction in infarct size was observed when
ALDH2*2 hearts were ischemically preconditioned or perfused
with the S1P1R agonist, either alone or in the presence of the
S1P1Rantagonist (Fig. 3,AandB). These findings suggested that
ALDH2 plays a role not only in the anti-RAS cardioprotection
afforded by either IPC or S1P1R activation but also in the IPC- or
S1P1R-induced reduction of infarct size.
MC Express S1P1R. Given the pivotal role that local MC

play in the activation of RAS in the heart (Mackins et al., 2006),
MCare theprobable site atwhich the IPC-like anti-RASeffects of

S1P1R activation develop. Thus, we first ascertained byWestern
immunoblot analysis that HMC-1, WT-BMMC, and ALDH2*2-
BMMC all express S1P1R (Fig. 4A). Even though it had already
been demonstrated that human LAD2 MC, cord blood–derived
humanMC (Oskeritzian et al., 2008),WT-BMMC, and RBL-2H3
all express S1P1R (Jolly et al., 2004), here we show for the first
time that the S1P1R is expressed in ALDH2*2-BMMC.
To corroborate the presence of S1P1R inMC, we used a triple-

staining technique for mature MC (red), S1P1R (green), and
nuclei (blue) (Fig. 4B). Clearly,when comparedwithWT-BMMC,
ALDH2*2-BMMC showed neither a lack nor a diminished
expression of the receptor, both with immunoblot and immuno-
cytochemistry analyses. This indicates that the lack of S1P1R-
induced anti-RAS cardioprotection inALDH2*2hearts (seeFigs.
2 and 3), as well as the failure of the S1P1R agonist to activate
ALDH2inALDH2*2-BMMC(seeFig. 5), isnotdue toadiminished
expression of S1P1R in MC.
S1P1R Activation Translocates/Activates PKCe in

MC. Having found that the cardioprotective anti-RAS effects

Fig. 2. S1P1R activation affords anti-RAS IPC-like cardioprotection in a WT isolated murine heart model of I/R but not in ALDH2*2 hearts. Mouse
hearts were subjected to 40 minutes of global ischemia followed by 30 minutes of reperfusion (control, WT, n = 9; ALDH2*2, n = 9). Other hearts were
subjected I/R preceded by IPC alone (WT, n = 8; ALDH2*2, n = 15) or in the presence of W146 (3 mM; WT, n = 9). Other hearts were perfused with
SEW2871 alone (0.1 mM;WT, n = 13; ALDH2*2, n = 14) or in the presence of W146 (3 mM;WT, n = 8; ALDH2*2, n = 6), «V1–2 (1 mM;WT, n = 6; ALDH2*2,
n = 6), or GTN (2 mM; WT, n = 6; ALDH2*2, n = 6). (A) Duration of reperfusion arrhythmias (VT/VF). Overflow of NE (B) and angiotensin I (Ang I)–
forming activity (C) collected over 2 minutes before ischemia and 6 minutes at the start of reperfusion. Bars indicate mean 6 S.E.M. of independent
experiments. *P, 0.05; **P, 0.01; ***P, 0.001, by unpaired t test. (D–F) Representative ECG recordings frommouse hearts before ischemia (control,
D), at the start of reperfusion (E), and at the end of VT/VF (recovery, F).
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of S1P1R activation are ALDH2-dependent and prevented by
PKC« inhibition, and that S1P1R are expressed in MC, we
hypothesized thatMCare the site at which the IPC-like effects
of S1P1R activation are initiated and mediated by PKC« and
ALDH2 activation. Thus, we next ascertained that MC PKC«
is translocated/activated upon S1P1R activation.
Using Western analysis in cytosolic and membrane frac-

tions of HMC-1 and BMMC cells, we found that the phorbol
ester PMA (10 nM; positive control) markedly increased the
translocation of PKC« from cytosol to membrane (i.e., a
hallmark of PKC« activation) (Fig. 4, C and D). Incubation of
HMC-1 and BMMC cells with the S1P1R agonist (SEW2871,
1 and 0.1 mM, respectively, for 10 minutes) also enhanced
PKC« translocation from cytosol to membrane, an effect which
was blocked by preincubation with the S1P1R antagonist

W146 (1 and 0.1 mM, respectively, for 20 minutes) (Fig. 4, C
and D). Similarly, PMA and S1P1R activation each enhanced
PKC« translocation inBMMC fromALDH2*2mice (Fig. 4E), a
process that was prevented by S1P1R blockade. This indicates
that S1P1R-induced PKC« translocation/activation in MC is
independent of ALDH2.
S1P1R Activation Enhances ALDH2 Activity in MC.

Our findings in guinea pig andmouse hearts ex vivo suggested
that ALDH2mediates the anti-RAS, IPC-like effects of S1P1R
activation (see Figs. 1 and 2); thus, we next assessed whether
S1P1R activation in MC elicits an increase in ALDH2 activity.
For this, we measured ALDH2 activity in HMC-1 and BMMC
cells in response to the S1P1R agonist SEW2871.
We found that in both HMC-1 and WT-BMMC, SEW2871

(1 and 0.1mM, respectively, 10minutes) elicited a∼30% increase
in ALDH2 enzymatic activity (i.e., NADH production), compara-
ble to that induced by the specific ALDH2 activator Alda-1
(300 mM, 10 minutes) (Budas et al., 2009) used as the positive
control (Fig. 5, A and B). Notably, the S1P1R-induced increase in
ALDH2 activity was prevented by the S1P1R antagonist W146
(1 and 0.1mM, respectively, 20minutes), by the selective ALDH2
inactivator GTN (2 mM, 25 minutes) (Koda et al., 2010), and by
thePKC« inhibitor compound «V1–2 (1mM, 20minutes) (Fig. 5, A
and B). This suggested that activation of PKC« is necessary for
the S1P1R-induced increase in ALDH2 activity. In fact, the
general PKC activator PMA (300 and 10 nM, 10minutes) also
significantly increased NADH production in HMC-1 and
WT-BMMC (Fig. 5, A and B).
As a negative control, we investigated the effects of Alda-1,

PMA, andSEW2871 inBMMCobtained fromALDH2*2mice.We
found that none of these compounds elicited a significant change
in ALDH2 activity, nor was ALDH2 activity changed when the
S1P1R agonist was used in the presence of its antagonist, of the
PKC« inhibitor, or of the ALDH2 inactivator (Fig. 4C).
S1P1R Activation Inhibits MC Degranulation and

Renin Release Elicited by Acetaldehyde: Dependence
on ALDH2. We next investigated the role of ALDH2 in MC
degranulation and renin release elicited by acetaldehyde, a
prototypic toxic compound that accumulates during I/R (Chen
et al., 2008; Koda et al., 2010). First, by comparingWT-BMMC
with ALDH2*2-BMMC, we correlated the level of ALDH2
activity with the extent of inhibition of acetaldehyde-induced
MC degranulation and renin release.We found that the selective
ALDH2 activator Alda-1 (300 mM) enhanced ALDH2 activity by
60% in WT-BMMC, but it failed to affect it in ALDH2*2-BMMC
(Fig. 6, A and B). At the same time, Alda-1 (20 mM) markedly
inhibited acetaldehyde-induced degranulation and renin release
in WT-BMMC, but it failed to affect it in ALDH2*2-BMMC
(Fig. 6, C andD). This indicates that a fully functioning ALDH2
is a prerequisite for the inhibition of acetaldehyde-induced MC
degranulation and associated renin release.
We next assessed whether S1P1R activation inhibits

acetaldehyde-induced MC degranulation and renin release, and
we also investigated the role played by PKC« and ALDH2 in this
action.We found that S1P1R activation with SEW2871 (1 and 0.1
mM, respectively) inhibited acetaldehyde-induced degranula-
tion and renin release in HMC-1 and WT-BMMC; this effect
was prevented by the S1P1R antagonist W146 (1 and 0.1 mM,
respectively) (Fig. 7, A and B). In contrast, S1P1R activation did
not affect acetaldehyde-induced degranulation and renin release
inALDH2*2-BMMC(Fig. 7C), indicating the indispensable role of
ALDH2 in the S1P1R-induced prevention of degranulation and

Fig. 3. S1P1Ractivation reduces the area of I/R-induced ischemic injury inWT
but not in ALDH2*2 hearts. (A) Qualitative and (B) quantitative representa-
tion of 2,3,5-triphenyltetrazolium chloride (TTC) staining in 2-mm-thick left
ventricle slices.WTandALDH2*2mouse heartswere subjected to 120minutes
of reperfusion (I/R, WT, n = 5; ALDH2*2, n = 7) with SEW2871 alone (0.1 mM
WT, n = 6; ALDH2*2, n = 6) or in the presence of W146 (3 mM; WT, n = 6;
ALDH2*2, n = 6). Other hearts were analyzed after IPC (WT, n = 5; ALDH2*2,
n = 8). (A) Scale bar = 1 mm. Bars indicate mean 6 S.E.M. of independent
experiments. Pale areas indicate I/R-injured tissue; healthy tissue is colored in
red. *P , 0.05; **P , 0.01; ***P , 0.001, by unpaired t test.
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renin release elicited by acetaldehyde. Notably, the selective PKC«

inhibitor, «V1–2, and theALDH2 inactivator, GTN, each prevented
the SEW2871-induced abolition of acetaldehyde-induced MC
degranulation and renin release in HMC-1, WT-BMMC, and
ALDH2*2-BMMCcells (Fig. 7).Collectively, these findings indicate
that activation of S1P1R on the MC membrane leads sequentially
to PKC« translocation and ALDH2 activation, which prevents the
degranulating effects of acetaldehyde, known to be produced in I/R.
Similar to acetaldehyde, 4-HNE is another toxic compound

produced in large quantities during oxidative stress (Esterbauer
et al., 1991; Eaton et al., 1999; Kaludercic et al., 2014). 4-HNE
also elicited BMMC degranulation and renin release that were
markedly reduced by the S1P1R agonist SEW2871; this effect
was abolished by the S1P1R antagonist W146 (Fig. 8). Notably,
SEW2871 failed to inhibit BMMC degranulation and renin
release in BMMC from ALDH2*2 animals (Fig. 8).

Discussion
Our results clearly show that activation of S1P1R on the MC

membrane during I/R affords cardioprotective anti-RAS effects,
which—similar to IPC—include a reduction of renin and NE

release, and alleviation of reperfusion arrhythmias. Activation
of ALDH2 in MC plays a pivotal role in this cardioprotection.
MC number increases in ischemic canine and human hearts

(Frangogiannis et al., 1998; Patella et al., 1998). Cardiac MC
synthesizes renin, which is released in enzymatically active form
in I/R and promotes the activation of a local RAS, culminating in
enhanced NE release and VT/VF (Silver et al., 2004; Mackins
et al., 2006). Notably, in the absence of cardiac MC (i.e., c-Kit
knockoutmice), renin immunoreactivity disappears, and I/R fails
to activate a local RAS and to elicit VT/VF (Mackins et al., 2006).
In previous studies we reported that cardiac MC degranulation
by toxic aldehydes produced during I/R was inhibited by ALDH2
activation, either directly via selective ALDH2 activators (i.e.,
Alda-1) or via stimulation of Gi-coupled A3 and H4 receptors with
adenosine and histamine, respectively. This process affords a
MC-mediated anti-RAS cardioprotection (Koda et al., 2010; Aldi
et al., 2014b). Accordingly, we questioned whether the stimula-
tion of other Gi-coupled receptors expressed on MC, and the
consequent activation of mitochondrial ALDH2, might provide
similar protective IPC-like effects in I/R.
We focused on S1P1R because these receptors areGi-coupled

(Means and Brown, 2009) and are found to be present in rat

Fig. 4. S1P1R is expressed inHMC-1,WT-BMMC, andALDH2*2-BMMC, and its activation enhancesPKC« translocation. (A)RepresentativeWesternblot of total
lysate ofHMC-1,WT-BMMC, andALDH2*2-BMMC (50mg protein/lane) and Jurkat cells (positive control, 15mg protein/lane) probedwith anti-S1P1R antibody. (B)
Double immunofluorescence staining of S1P1R (green) and c-Kit (red) inWT- and ALDH2*2-BMMC. (C–E) PKC« translocation in (C) HMC-1, (D)WT-BMMC, and
(E) ALDH2*2-BMMC. Incubation of HMC-1 and BMMCWT and ALDH2*2 with S1P1R agonist (SEW2871, 1 mMand 0.1 mM, respectively, 10minutes) and PMA
(10 nM,min, positive control) enhances PKC« translocation from cytosol tomembrane in all three cells lines. Bars represent the quantification of PKC« translocated
from the cytosol tomembrane fractionnormalized overb-actin andaremean6S.E.M. (control,n=7, 8, 6; PMA,n=9, 7, 5; SEW2871,n=10, 5, 5; SEW2871+W146,
n = 5, 4, 6 in HMC-1, WT-BMMC, and ALDH2*2-BMMC, respectively). *P , 0.05; **P , 0.01, ***P , 0.001, by unpaired t test.
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and mouse hearts (Egom et al., 2010; Keul et al., 2016) and in
RBL-2H3 MC lines (Jolly et al., 2004). MC S1P1R are plausibly
activatable by their natural endogenous ligand (i.e., S1P), known
to be made in the I/R heart (Means and Brown, 2009) and inMC
themselves (Obinata and Hla, 2012). In fact, MC-derived S1P
might well elicit “inside-out” effects (Takabe et al., 2008).
In support of the hypothesis that S1P1R might provide protec-

tive IPC-like anti-RAS effects in I/R, we found that pharmacologic
blockade of S1P1R with the selective antagonist W146 (Gonzalez-
Cabrera et al., 2008) prevents the protective effects of IPC in
cavian and murine hearts, indicating that functional S1P1R are
indispensable for the development of the anti-RAS effects of IPC.

This notion is corroborated by the discovery that pharmacologic
activation of S1P1Rwith the selective agonist SEW2871 (Jo et al.,
2005) mimics the anti-RAS effects of IPC in both cavian and
murine hearts, as shown by a marked reduction of renin and NE
release and alleviation of arrhythmias. A definitive MC involve-
ment was proven by the finding that pharmacologic activation of
S1P1R in cultured human and murine MC prevented degranula-
tion and renin release elicited by acetaldehyde and 4-HNE, two
characteristic endogenous products of I/R (Chen et al., 2008). It is
noteworthy that this protective effect was prevented by pharma-
cologic S1P1R blockade.
Moreover, we found that not only IPC but also the admin-

istration of the S1P1R agonist SEW2871 markedly reduced
the I/R-induced left ventricular infarct size in amurine ex vivo
model. In contrast, infarct size increased when treatment with
SEW2871 was preceded by the administration of the selective
S1P1R antagonist W146. Blockade of IPC-induced protection
against ischemic injury had been previously observed with a
S1P1R antagonist in the I/R rat heart (Vessey et al., 2009), while
deletion of S1P1R in mouse myocytes was found to be associated
with ischemic injury due to an impaired phosphorylation of the
protein kinase B (Akt) survival kinase pathway, disruption of
intracellular Ca21 homeostasis, and Na1/H1 exchange (NHE)
activity (Keul et al., 2016). In addition, Akt phosphorylation, as a
mechanism of preconditioning, did not occur in a sphingosine
kinase 1–deficient mice (Sphk12/2) (Jin et al., 2004), suggesting
that S1P1R activation exerts cardioprotective effects through
Akt. Thus, S1P1R stimulation appears to protect the heart not
only from the severe arrhythmias due to RAS activation but also
from ischemic injury, probably due to different mechanisms
possibly initiated by the activation of S1P1R on cardiomyocytes.
Yet, angiotensin II generated upon RAS activation can lead to

the formation of reactive oxygen species, which are likely
contributors to ischemic heart damage (Mehta and Griendling,
2007; Wen et al., 2012; Balakumar and Jagadeesh, 2014). Hence
the S1P1R-induced reduction of infarct size can still be part of the
overall anti-RAS cardioprotection. Recently, activation of S1P
receptor subtype3 (S1P3R)was found toprotect against I/R (Yung
et al., 2017), suggesting that therapeutic benefits in ischemic
heart disease could be provided by activating both S1P1R and
S1P3R.
Intrigued by these S1P1R-mediated anti-RAS protective

effects, we next investigated their signaling mechanisms.
Given that Gi-coupled receptors are known to translocate/
activate PKC« (Inagaki et al., 2006), probably via phospholi-
pase C-diacylglycerol activation (Takai et al., 1979), we asked
whether PKC« inhibition would preclude the effects of S1P1R
activation. We found that PKC« inhibition with compound
«V1–2 (Johnson et al., 1996) not only abolished the IPC-like anti-
RAS effects of S1P1R activation with SEW2871 (Jo et al., 2005)
in cavian andmurine hearts, but also prevented SEW2871 from
attenuating the degranulating and renin-releasing effects of
acetaldehyde and 4-HNE in cultured human and murine MC,
clearly indicating an involvement of PKC« in the anti-RAS
effects of SEW2871.
Indeed, SEW2871 translocated/activated PKC« from cyto-

sol to membrane in HMC-1 and BMMC, confirming that the
cardioprotective effects of S1P1R activation depend on the
translocation/activation of PKC«. PKC« is known to phos-
phorylate mitochondrial ALDH2 in cardiac myocytes (Chen
et al., 2008), while in MC ALDH2 phosphorylation has been
shown to prevent the MC-degranulating and renin-releasing

Fig. 5. Activation of S1P1R enhances ALDH2 activity in HMC-1 and
WT-BMMC but not in ALDH2*2-BMMC. Incubation with the ALDH2
activator Alda-1 (300 mM, 10 minutes, positive control), PMA (300 or
10 nM, 10 minutes), or SEW2871 (1 mM or 0.1 mM, 10 minutes) enhances
ALDH2 activity in (A) HMC-1 and (B) WT-BMMC but not in (C)
ALDH2*2-BMMC. Pretreatment with W146 (1 or 0.1 mM, 20 minutes),
«V1–2 (1 mM, 20 minutes), or GTN (2 mM, 30 minutes) prevents the effects
of the S1P1R agonist in HMC-1 (A) and WT-BMMC (B) but not in
ALDH2*2-BMMC (C). Bars are mean 6 S.E.M. of the percentage of
increase from control (HMC-1, WT-BMMC, ALDH2*2-BMMC, respec-
tively: control, n = 12, 17, 17; PMA, n = 9, 8, 7; Alda-1, n = 10, 8, 6;
SEW2871, n = 17, 9, 7; SEW2871 +W146, n = 5, 8, 6; SEW2871 + «V1–2, n =
5, 5, 6; SEW2871 + GTN, n = 7, 4, 4). Basal NADH production was 3.5 6
0.21 mmol/min/mg protein in HMC-1, 0.96 6 0.12 mmol/min/mg protein in
WT-BMMC, and 0.63 6 0.11 mmol/min/mg protein in ALDH2*2-BMMC.
*P , 0.05; **P , 0.01; ***P , 0.001 versus control, by one-way ANOVA
analysis of variance followed by Dunnett’s post hoc test.
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effects of reactive oxygen species and toxic aldehydes (Koda
et al., 2010; Aldi et al., 2014b). Hence, to uncover the relevance
of ALDH2, we preempted its action with an excess of GTN
(Koda et al., 2010). Similar to PKC« blockade, ALDH2 in-
hibition abolished the protective anti-RAS effects of IPC in
ex vivo hearts and prevented SEW2871 from attenuating the
degranulating and renin-releasing effects of acetaldehyde in

both HMC-1 and BMMC. It is noteworthy that PKC« blockade
prevented ALDH2 activation by SEW2871.
Most importantly, either IPC or S1P1R activation failed to

elicit anti-RAS cardioprotection in ex vivo hearts excised from
ALDH2*2mice, engineered to practically lack ALDH2 activity
(Zambelli et al., 2014). In in vitro experiments on BMMC
cultured from ALDH2*2 mice, we found that S1P1R is equally

Fig. 6. Alda-1 increases ALDH2 activity and reduces
acetaldehyde-induced degranulation and renin release
in WT-BMMC but not in ALDH2*2-BMMC cells. (A)
Incubation of WT-BMMC and ALDH2*2-BMMC with
the selectiveALDH2activatorAlda-1 (300mM,10minutes)
elicits an increase in ALDH2 activity inWT-BMMC (n = 7)
but not in ALDH2*2-BMMC cells (n = 5). Basal NADH
production was 0.96 6 0.12 mmol/min/mg protein in
WT-BMMC (n = 17) and 0.636 0.11 mmol/min/mg protein
in ALDH2*2-BMMC (n = 17). (B) Enzymatic activity of
ALDH2 inWT-BMMCandALDH2*2-BMMC cells. Curves
start at 5 minutes, the time at which the activity began in
all samples. (C, D) Incubation with acetaldehyde (100 mM,
20 minutes, 37°C) induces release of b-HEX and renin
release in WT-BMMC (n = 20 and 12, respectively) and
ALDH2*2-BMMC cells (n = 20 and 8, respectively).
Preincubation with Alda-1 (20 mM, 10 minutes, 37°C)
inhibits degranulation and renin release in WT-BMMC
(n = 6 and 5, respectively) but not in ADH2*2-BMMC
(n = 9 and 5, respectively). Bars are mean 6 S.E.M.
b-HEX and renin were measured in the supernatants
at the end of acetaldehyde incubation. * P , 0.05;
**P , 0.01; ***P , 0.001 by unpaired t test.

Fig. 7. S1P1R activation attenuates acetaldehyde-
induced degranulation and renin release in HMC-1
and WT-BMMC but not in ALDH2*2-BMMC. In-
cubation with SEW2871 (0.1 and 1 mM, 10 minutes)
diminishes degranulation and renin release evoked by
acetaldehyde (100–300 mM, 20 minutes) in (A)
HMC-1 and (B) WT-BMMC but not in (C) ALDH2*2
cells. Pretreatment with W146 (0.1 and 1 mM,
20 minutes), «V1–2 (1 mM, 20 minutes), or GTN
(2 mM, 30 minutes) prevents the effect of the S1P1R
agonist in (A) HMC-1, (B) WT-BMMC, and (C)
ALDH2*2-BMMC cells. Bars are mean 6 S.E.M. of
the percentage of increase above control (b-HEX and
renin in HMC-1, WT-BMMC, ALDH2*2-BMMC,
respectively: acetaldehyde, n = 20, 22, 19 and n = 9,
13, 8; SEW2871, n = 9, 10, 7 and 9, 10, 7; SEW2871 +
W146, n = 17, 14, 13 and n = 7, 10, 6; SEW2871 +
«V1–2, n = 5, 5, 5 and n = 5, 5, 5; and SEW2871 +
GTN, n = 7, 5, 5 and n = 5, 5, 5). b-HEX and renin
content was measured in the supernatants at the
end of acetaldehyde incubation. Basal b-HEX in
HMC-1, WT-BMMC, and ALDH2*2-BMMC was
3.14 6 0.41 (n = 14), 2.87 6 0.27 (n = 23), and 2.92 6
0.31 (n = 21), the percentage of total, respectively;
basal renin release (Ang-I formed) for HMC-1 was
18.26 6 4.12 (n = 17) ng/h/mg protein, and for
WT-BMMC and ALDH2*2-BMMC was 0.25 6 0.04
(n = 29) and 0.49 6 0.15 (n = 22) mg/h/mg protein,
respectively. *P , 0.05; **P , 0.01; ***P , 0.001
by unpaired t test.
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expressed on MC membranes from ALDH2*2 and WT mice.
Moreover, we showed that the selective ALDH2 activator Alda-1
(Chen et al., 2008) did not activate ALDH2 in ALDH2*2-BMMC
and thatSEW2871also failed to activateALDH2 in the same cells.
Nevertheless, SEW2871 was capable of translocating/activating
PKC« inALDH2*2-BMMC, indicating that this is anecessary step
for ALDH2 activation because it is preserved even when ALDH2
is nonfunctioning. Notably, in ALDH2*2-BMMC, as opposed
to WT-BMMC, ALDH2 activation with Alda-1 did not prevent
acetaldehyde-induced degranulation and renin release. Similarly,
S1P1R activation markedly reduced 4-HNE-induced degranula-
tion and renin release inWT-BMMCbutnot inALDH2*2-BMMC;
furthermore, infarct size in ex vivo ALDH2*2 hearts was not
reduced by S1P1R activation, demonstrating the pivotal role
of MC ALDH2 in anti-RAS cardioprotection.
Collectively, these findings indicate that the IPC-like S1P1R-

mediated inhibition of I/R-induced cardiac MC degranulation
and renin release results from an initial translocation of PKC«
and subsequent phosphorylation of ALDH2, culminating in the
elimination of theMCdegranulating effects of acetaldehyde and
other toxic species produced during I/R (see Fig. 9). Althoughwe
did not measure translocation of PKC« to cardiacmitochondria,
work by the Mochly-Rosen laboratory has demonstrated that
PKC« activates the intramitochondrial enzyme ALDH2 in an
ex vivomodel of myocardial infarction. This protection coincides
with the translocation of PKC« to cardiac mitochondria, where
it associates with ALDH2 (Chen et al., 2008; Churchill et al.,
2009). Importantly, as mentioned previously, we found that in
hearts and BMMC from ALDH2*2 mice no protective anti-
RAS effects of IPC occurred, nor did S1P1R-mediated ALDH2

activation, even though PKC«was still activatable with PMA
and/or with the S1P1R agonist.
Interestingly, I/R leads to monoamine oxidase (MAO)

activation (Kaludercic et al., 2011). MAO is also expressed in
MC (Vitalis et al., 2003) and contributes to the generation of
H2O2 and toxic aldehydes (Bianchi et al., 2005). Moreover, it
was recently demonstrated that inhibition of ALDH2 by small
interfering RNA in combination with MAO activation leads to
mitochondrial dysfunction and cell death in heart failure
(Kaludercic et al., 2010; Kaludercic et al., 2014). Accordingly,
S1P1R-induced ALDH2 activation could play an additional
cardioprotective role by decreasing MAO-produced toxic alde-
hydes and preventing myocardial damage.

Conclusion
Our collective evidence delineates a novel cardioprotective

role for S1P1R on the MC membrane. Their direct pharmacologic
activation by selective agonists and/or in an autocrine mode by
MC-derived S1P (i.e., by “inside-out” signaling) (Takabe et al.,
2008) leadssequentially toPKC« andALDH2activation, reduction
of toxic aldehyde-induced MC degranulation, decreased renin
release, prevention of RAS activation, reduction of NE release,
and ultimately alleviation of reperfusion arrhythmias (see Fig. 9).
Moreover, S1P1R activationmimics IPC in reducing infarct size in
hearts isolated fromWT but not from ALDH2*2 mice.
Aside from the physiologic and pathophysiologic relevance

of this newly discovered protective pathway, our findings
suggest that MC S1P1R may represent a new pharmacologic
and therapeutic target for the direct alleviation of RAS-induced

Fig. 8. S1P1R activation attenuates 4-HNE–induced
degranulation and renin release in HMC-1 and
WT-BMMC but not in ALDH2*2-BMMC. Incubation
with SEW2871 (0.1 and 1 mM, 10 minutes) diminishes
degranulation (i.e., b-HEX) and renin release evoked
by 4-HNE (30 mM, 20 minutes) in (A) HMC-1 and (B)
WT-BMMC but not in (C) ALDH2*2 cells. Pretreatment
withW146 (0.1 and 1 mM, 20minutes) prevents the effect
of the S1P1R agonist in (A) HMC-1, (B) WT-BMMC, and
(C) ALDH2*2-BMMC cells. Bars are mean 6 S.E.M. of
the percentage of increase above control (b-HEX and
renin in HMC-1, WT-BMMC, ALDH2*2-BMMC, re-
spectively: 4-HNE,n= 5, 7, 7 andn= 5, 5, 5; SEW2871, n=
5, 6, 5 and 5, 5, 5; and SEW2871 +W146, n = 5, 6, 5 and 5,
5, 5). b-HEX and renin content was measured in the
supernatants at the end of the 4-HNE incubation. Basal
b-HEX in HMC-1, WT-BMMC, and ALDH2*2-BMMC
was 4.6160.17 (n = 5), 3.0860.58 (n = 7), and 2.1760.25
(n = 7), the percentage of total, respectively; basal renin
release (Ang-I formed) for HMC-1 was 5.25 6 0.42 (n = 6)
ng/h/mg protein, and for WT-BMMC and ALDH2*2-
BMMC was 0.36 6 0.12 (n = 6) and 0.20 6 0.08 (n = 5)
mg/h/mg protein, respectively. *P , 0.05; **P , 0.01;
***P , 0.001 by unpaired t test.
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cardiac dysfunctions, including ischemic heart disease and con-
gestive heart failure. It is noteworthy that S1P1R could also grant
cardioprotection by additional mechanisms initiated by the
activation of S1P1R on cardiomyocytes (Jin et al., 2004; Keul
et al., 2016) and sympathetic nerve endings. Indeed, PC12
cells, a known model of sympathetic nerve endings (Greene
and Tischler, 1976), express S1P1R (Safarian et al., 2015).
Being Gi-coupled (Means and Brown, 2009), S1P1R could
likely inhibit NE release from cardiac sympathetic nerves as
other Gi-coupled receptors do (Levi et al., 2007). This effect
could complement the reduction of NE release ultimately
resulting from S1P1R-mediated actions at the MC level. Yet,
we had found that when hearts ofMC-deletedmice are exposed
to I/R, renin release and VT/VF are abolished (Mackins et al.,
2006). This supports the notion that MC and MC-expressed
S1P1R are essential for the anti-RAS cardioprotective effects of
S1P1R activation.
Lastly, in addition to the heart, S1P1R-mediated pro-

tective mechanisms may impact other organs (e.g., brain,
liver, and kidney) that have renin-containing MC (Reid
et al., 2007; Biran et al., 2008; Veerappan et al., 2008), can
suffer ischemic episodes (Kaneko et al., 1998; Guo et al.,
2004; Chen et al., 2009), and have been shown to be protected
by IPC (Nandagopal et al., 2001; Adachi et al., 2006; Koda
et al., 2010; Kukreja, 2012).
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