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ARTICLE INFO ABSTRACT
Keywords: Sphingosine 1-phosphate (S1P), a bioactive lipid molecule, exerts multifaceted effects on cardiovascular func-
Slpr2 tions via S1P receptors, but its effects on cardiac I/R injury are not fully understood. Plasma lipidomics analysis

Endothelial cells

Cardiac /R by mass spectrometry revealed that sphingosine lipids, including sphingosine 1-phosphate (S1P), were signifi-
ardiac

cantly down-regulated following cardiac I/R injury in mice. The reduced S1P levels were also observed in the

Mitochondria . . . . .
Inflammasome plasma of coronary heart disease (CHD) patients after percutaneous coronary intervention (PCI) compared with
Pyroptosis those without PCI. We found that S1P exerted a cardioprotective effect via endothelial cell (EC)-S1PR1, whereas

EC-S1PR2 displayed a detrimental effect on cardiac I/R. Our data showed that EC-specific SIpr2 loss-of-function
significantly lessened inflammatory responses and diminished cardiac I/R injury, while EC-specific SIpr2 gain-of-
function aggravated cardiac I/R injury. Mechanistically, EC-S1PR2 initiated excessive mitochondrial fission and
elevated ROS production via RHO/ROCK1/DRP1 pathway, leading to NLRP3 inflammasome activation and
subsequent cell pyroptosis, thereby exacerbating inflammation and I/R injuries. Furthermore, RGD-peptide
magnetic nanoparticles packaging SI1pr2-siRNA to specifically knockdown S1PR2 in endothelial cells signifi-
cantly ameliorated cardiac I/R injury. Taken together, our investigations demonstrate that EC-S1PR2 induces
excessive mitochondrial fission, which results in NLRP3 inflammasome activation and subsequently triggers cell
pyroptosis, ultimately exacerbating inflammatory responses and aggravating heart injuries following I/R.

supply to the ischemic myocardium can cause additional cardiac dam-
age, which is referred to as cardiac ischemia-reperfusion (I/R) injury
[1]. This additional cardiac injury not only reduces the beneficial effects
of reperfusion interventions, but also aggravates the morbidity and
mortality associated with MI [2]. Therefore, it is urgent to clarify the
detailed molecular mechanisms that underlie pathological cardiac
remodeling after cardiac I/R injury.

1. Introduction

As the key treatment for myocardial infarction (MI), reperfusion
therapy, including percutaneous coronary intervention (PCI) and fibri-
nolytic therapy, promptly restores coronary blood flow in the ischemic
heart and limits infarct size. Paradoxically, the restoration of blood
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Abbreviations:
S1P sphingosine 1-phosphate
Slpr2 sphingosine 1-phosphate receptor 2
ECs endothelial cells
I/R ischemia-reperfusion
TTC triphenyltetrazolium chloride
DOP 4-deoxypyridoxine
CMVECs mouse cardiac microvascular endothelial cells
mtDNA  mitochondrial DNA
mPTP mitochondrial permeability transition pore

In contrast to the extensive investigations on cardiomyocyte I/R
injury [2], the effect of microvascular dysfunctions during the process of
cardiac I/R remains relatively unelucidated [3]. Previous investigations
suggest that endothelial cell dysfunction significantly contributes to the
development of cardiac ischemia-reperfusion injury [4,5]. Upon resto-
ration of blood flow during reperfusion in ischemic myocardium, the
endothelial dysfunctions, impaired barrier function and local inflam-
matory responses in cardiac endothelial cells (ECs), which exacerbates
the cardiac injury following myocardial reperfusion [6,7]. Mitochondria
dynamics is essential for the cellular responses towards extracellular
stimuli and the maintenance of EC functional integrity [8]. When
myocardial blood perfusion is restricted, a reduced energy metabolism
leads to an increase in mitochondrial amount by the activation of
mitochondrial fission to meet cellular metabolic demands [9]. However,
under pathological conditions, this excessive mitochondrial fission can
result in mitochondrial damage [10], which impairs mitochondrial
redox homeostasis, increases oxidative stress, decreases mitochondrial
membrane potential, elevates mitochondrial permeability and triggers
mitochondrial DNA (mtDNA) leakage into cytoplasm [11]. In these
circumstances, mitochondria shift from their role as "power generators"
to that of "inducers of cell apoptosis or death" [12]. It has been shown
that the extracellular release of mtDNA can trigger inflammasome
activation [13], which may lead to cell pyroptosis, a distinct form of
inflammatory cell death [14]. However, it has not been clarified
whether I/R-induced mitochondria damages in ECs can trigger inflam-
masome activation and cause subsequent pyroptosis, eventually exac-
erbating cardiac I/R injury.

Sphingosine 1-phosphate (S1P), a bioactive lipid molecule, is an
important regulator in cardiovascular development and functions [15].
S1P exerts its regulatory effects via a family of five G protein-coupled
receptors, including S1PR1, S1PR2, S1PR3, S1PR4 and S1PR5, and
thus exhibits a spectrum of diverse and multifaceted biological functions
[16]. Our previous studies demonstrated that SIPR1, SIPR2, and S1PR3
were the major S1P receptor subtypes in cardiac tissues [17]. It has been
documented that S1P exerted its cardioprotective effects via S1PR1
signaling, while S1PR2 disturbed endothelial dysfunctions and might
exhibit detrimental effects on heart [18]. However, whether
EC-expressing S1PR2 is involved in the process of cardiac I/R injury
remains completely unknown.

Herein, we demonstrated that EC-specific SIPR2 deletion alleviated
inflammatory responses and cardiac I/R injuries, while SIPR2 over-
expression in ECs aggravated cardiac inflammation and injuries in vivo.
Mechanistically, SIPR2 induced EC mitochondrial hyperfission via
RHO/ROCK1/DRP1 pathway, thereby initiating NLRP3 inflammasome
activation which in turn induced cell pyroptosis, ultimately exacer-
bating inflammatory responses and worsening heart injuries induced by
I/R. Moreover, we constructed RGD-peptide magnetic nanoparticles
packaging S1pr2-siRNA to specifically knockdown S1PR2 in ECs, which
significantly ameliorated cardiac I/R injuries in vivo, providing a future
promising EC-target therapy for heart I/R injury through the S1PR2
signal pathway.
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2. Methods
2.1. Animals

The conditional SIpr2 loss-of-function (S1 przﬂ‘”‘/ﬂ”) mouse was
generated by flanking exon 2 with loxP sites in S1pr2 genomic DNA and
the S1pr2™¥™ mouse was generated by inserting a S1pr2-3Xflag-IRES-
EGFP cassette into the Rosa26 locus. The conditional S1pr2 loss-of-
function (SlprZﬂ"X/ﬂ"x) and gain-of-function (S1pr2™"T) mice were
crossed with tamoxifen-inducible VECadherin promoter-driven Cre line
(VECadherin-CrefR™2) to generate endothelial cells (ECs)-specific S1pr2
loss- and gain-of-function mice, S1pr2£K0 and S1pr2f™8, respectively.
The NIrp3 conditional loss-of-function mice (Nlrp3ﬂ"’(/ﬁ°") were
described previously [19]. The Nirp3*/foX mice were crossed with
S]prZTg/ WT mice to generate EC SIpr2 overexpression and Nirp3
knockout mice. All strains were crossed on a C57BL/6 background. All
animals were housed in a pathogen-free facility. Before the experiment,
animals were anesthetized through intraperitoneal injection of pento-
barbital sodium (50 mg/kg, ip.). At the end of the experiment, mice
were euthanized through an anesthetic overdose of pentobarbital so-
dium (150 mg/kg, i.p.) followed by cervical dislocation. All experiments
were performed in accordance with the guidelines from the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals and approved by the University Committee on Animal Care of
Tongji University with license number TJBB00223103.

2.2. Tamoxifen administration

Tamoxifen (#T5648, Sigma, USA) was dissolved in corn oil
(#C67366, ABCONE, China), and administered at 100 mg/kg via
intraperitoneally (i.p.) injection every other day for a total of 4 injections
in adult mice.

2.3. Human blood samples

Human plasma samples were acquired from the Shanghai East Hos-
pital affiliated Tongji University, School of Medicine. Peripheral blood
samples were collected from patients with unstable angina (UA, n =17)
24 h after undergoing coronary angiography (CAG). Additional samples
were obtained from patients diagnosed with UA (n = 5) or ST-segment
elevation myocardial infarction (STEMI, n = 23) 24 h after undergo-
ing either elective percutaneous coronary intervention (PCI) for UA or
emergency PCI for STEMI. The detailed information of the patients was
presented in Supplementary Table 1. Blood samples were placed in so-
dium citrate treated anticoagulant tubes at room temperature (RT) and
centrifugation at 1000xg for 15 min. Plasma samples were aliquoted
and stored at —80 °C. The S1P concentrations in plasma were measured
by S1P ELISA kit (#K-1900, Echelon Biosciences, USA). The study was
conducted in accordance with the Declaration of Helsinki principles and
the International Council for Harmonization Guidelines on Good Clin-
ical Practice. Before the collection of samples, informed consent was
obtained from each patient. The use of human peripheral blood samples
for research was approved by Shanghai East Hospital’s Institutional
Review Board (IRB protocol number: 2021-025).

2.4. Tie2-promoter-driven adeno-associated virus 9 (AAV9) for
knockdown of Gsdmd in endothelial cells

AAV9-Tie2-Gsdmd shRNA and AAV9-Tie2-scramble (negative control)
viruses were designed by Hanbio Biotechnology (Shanghai, China). The
AAV9-Tie2-Gsdmd shRNA was engineered to specifically target and
knockdown the Gsdmd gene expression in endothelial cells (Supple-
mentary Table 2). A total volume of 150 pl containing AAV9-Tie2-Gsdmd
ShRNA at a concentration of 1.5 x 1012 vg/mL viral genomes or AAV9-
Tie2-scramble was intravenously injected through the tail vein of mice.
This administration was performed two weeks prior to cardiac I/R
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procedure.

2.5. RGD-peptide magnetic nanoparticles (NP) target delivery of S1pr2-
SIRNA

The targeted delivery of S1pr2-siRNA to endothelial cells (ECs) using
RGD-peptide magnetic nanoparticles was performed according to a
previously described method with certain modifications [18,20]. In
brief, synthetic mouse S1pr2-siRNA or scramble-siRNA (GenePharma,
China) was combined with RGD-peptide-coated Fe304 magnetic nano-
particles (NPs) at a ratio of 10 pg siRNA to 50 pg nanoparticles in 100 pl
of normal saline at room temperature (Supplementary Table 2). This
mixture was allowed to incubate for 1 h, enabling the siRNA to be
encapsulated within the internal space of the NPs. The RGD-peptide
magnetic nanoparticles at a dose of 2 mg/kg loaded with either
S1pr2-siRNA or scramble-siRNA were administered via tail vein injection,
accompanied by the placement of a magnet on the left chest. This
administration was carried out twice a week for a duration of 2 weeks
before I/R surgery.

2.6. The induction of heart ischemia-reperfusion animal models

For anesthesia, pentobarbital sodium (50 mg/kg, ip.) was per-
formed. Subsequently, the animals were mechanically ventilated with
1-2% vol/vol isoflurane using a rodent respirator device (ALC-V8S,
ALCBIO, China). A left thoracic incision was made to expose the heart,
and myocardial ischemia was induced by placing a slipknot around the
left anterior descending coronary artery using a 6-0 silk suture. The
slipknot was released after 45 min to allow reperfusion, and the duration
of reperfusion varied based on the specific experimental objectives. A
reperfusion time of 6 h was used to investigate the levels of S1P con-
centration in plasma and SI1pr2 expression in heart tissues or in heart
endothelial cells. A reperfusion time of 24 h was used to analyze infarct
size performed by evans blue/2,3,5-triphenyltetrazolium chloride (TTC)
staining of heart sections. And sham-operated mice were performed with
only a left thoracic incision. After recovery, repeat analgesic adminis-
tration was given with carprofen (10 mg/kg) every 24 h and bupre-
norphine (0.1 mg/kg) every 12 h for 48 h. In pharmacological
experiments, for S1P lyase THI (2-Acetyl-5-tetrahydroxybutyl Imid-
azole) (#13222, Cayman Chemical, USA) treatment mice, THI was
dissolved in water containing 10 g/L glucose. C57BL/6 mice, aged 6-8
weeks and weighing 20-25 g, were administered THI at a dosage of 10
pg per mouse. This treatment was given twice daily for three days before
the heart ischemia-reperfusion model and during the heart ischemia-
reperfusion injury process, via oral gavage in a volume of 100 pl. Con-
trol mice received an equivalent volume of the solvent alone. For S1P
lyase inhibitor 4-deoxypyridoxine (DOP) (#D0501, Sigma-Aldrich
(Shanghai) Trading Co. Ltd) treatment mice, DOP was administered at
a concentration of 30 mg/L via drinking water per day for 7 days prior to
the I/R surgery, aiming to elevate S1P concentrations, and DMSO as a
control, through intraperitoneal (i.p.) injections per day for 7 days prior
to the cardiac I/R surgery.

2.7. Histological analysis

Anesthetized mice were sacrificed and perfused with cold PBS.
Subsequently, the hearts were carefully excised from the mice, fixed in
phosphate-buffered 4 % formaldehyde solution for 24 h. After fixation,
the hearts were embedded in either paraffin wax or optimal cutting
temperature compound (OCT) for further processing. For paraffin-
embedded heart tissues, sections with a thickness of 6 pm, while OCT-
embedded heart tissues were sectioned at a thickness of 8 pm. For
immunofluorescence staining, cryo-sections were permeabilized with
0.2 % Triton X-100, followed by incubation with a blocking buffer
containing 1 % goat serum for 1 h at room temperature. Primary anti-
bodies were then applied to incubate overnight at 4 °C. Subsequently,
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the sections were incubated with secondary antibodies for 1 h at room
temperature. To visualize cell nuclei, the sections were stained with
Hoechst 33342 (#H3570, Thermo Fisher Scientific, USA) for 10 min at
room temperature. Finally, the sections were mounted using Fluo-
romount™ Aqueous Mounting Medium (#F4680, Sigma-Aldrich
(Shanghai) Trading Co. Ltd). Immunofluorescence images were ac-
quired using a Leica fluorescent microscope (model DM6000B, Leica,
Germany).

2.8. Tissue collection and blood samples analysis

Mice were sacrificed at the indicated times and hearts were either
snap-frozen in liquid nitrogen or fixed with 4 % paraformaldehyde
(PFA) for further analysis. Mouse plasma samples were collected to
measure total lactate dehydrogenase (LDH) using biochemistry analyzer
(COBAS 8000, Roche, Switzerland) according to the manufacturer’s
instructions.

2.9. Liquid chromatography tandem mass spectrometry (LC-MS/MS)
analysis of lipidomics

The mouse blood samples were collected into sodium citrate treated
anticoagulant tubes at room temperature (RT) and centrifugation at
1000xg for 15 min. Then the plasma was obtained for LC-MS/MS
analysis of lipidomics. The lipidomics was analyzed in Shanghai
Applied Protein Technology Co., Ltd.

2.10. Measurement of infarct area and area at risk

Following a 24-h reperfusion period, the left anterior descending
coronary artery in mice was occluded utilizing the identical suture
positioned at the ligation site. To visualize the ischemic area at risk
(AAR), a 1 % solution of evans blue dye was administered via the aorta.
Subsequently, the heart was excised and thoroughly rinsed with
phosphate-buffered saline (PBS). The ventricles were then subjected to
freezing conditions at —20 °C for 30 min, followed by cross-sectioning
the ventricles at 1 mm thickness. These cross-sectional segments were
then submerged within a solution consisting of 1 % 2,3,5-triphenyltetra-
zolium chloride (TTC) diluted in PBS, allowing for a 15-min incubation
period at a temperature of 37 °C to facilitate optimal staining. To halt the
enzymatic reaction, 4 % paraformaldehyde (PFA) was promptly intro-
duced. Utilizing the ImageJ 2.0 (NIH, USA), the infarct area (pale), AAR
(red), as well as the total left ventricular (LV) area in both sides of each
section were meticulously quantified. The resultant measurements were
averaged to obtain representative values. The ratios of AAR to LV and
infarct area to AAR were expressed as percentages.

2.11. Cardiomyocyte apoptosis analysis

Heart cryo-sections were subjected to processing using the In Situ
Cell Death Detection Kit, TMR red (#12156792910, Roche, Germany).
Subsequently, the cryo-sections were permeabilized with 0.2 % Triton X-
100, followed by incubation with a blocking buffer containing 1 % goat
serum for 1 h at RT and were then applied with aSA (#ab68167, Abcam,
UK) overnight at 4 °C. Then, the sections were incubated with secondary
antibodies for 1 h and stained with Hoechst for 10 min at RT. Finally, the
sections were mounted with the Fluoromount™ Aqueous Mounting
Medium. Immunofluorescence images were acquired using a Leica
fluorescent microscope (model DM6000B, Leica, Germany).

2.12. Cardiomyocyte necrosis analysis

The heart cryo-sections were permeabilized with 0.2 % Triton X-100,
followed by incubation with a blocking buffer containing 1 % goat
serum for 1 h at RT. Then the sections were applied with aSA
(#ab68167, Abcam, UK) and phosphor-MLKL (S345) (#ab196436,
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Abcam, UK) overnight at 4 °C. Subsequently, the sections were incu-
bated with secondary antibodies for 1 h and stained with Hoechst for 10
min at RT. Finally, the sections were mounted with the Fluoromount™
Aqueous Mounting Medium. Immunofluorescence images were acquired
using a Leica fluorescent microscope (model DM6000B, Leica,
Germany).

2.13. Isolation of mouse heart endothelial cells

Mice were sacrificed and hearts were transferred to ice-cold Dul-
becco’s modified Eagle’s medium (DMEM), then digested in 1 mg/ml
pre-warmed collagenase I (1 mg/mL, #C6885, Sigma Aldrich, Shanghai
Trading Co. Ltd) and 60 units/ml DNase I (#10104159001, Roche Di-
agnostics Deutschland GmbH) at 37 °C for 45 min with gentle agitation.
Following the digestion process, the resulting tissue suspension was
passed through a 70-pm cell strainer to acquire a single cell suspension.
After centrifugation, the cell pellets were resuspended in a solution
containing 1 % fetal bovine serum (FBS) and 1 mM EDTA in phosphate-
buffered saline (PBS). Subsequently, the single cell suspension was
incubated with Biotin Rat Anti-Mouse CD31 antibody (#553370, BD
Pharmingen, USA) conjugated to DynabeadsTM (#11035, Invitrogen,
USA) for 30 min at RT with rotation. The Dynabeads were appropriately
prepared according to the manufacturer’s instructions. Following the
separation step, the cells were thoroughly washed three times with the
buffer to remove any unbound or non-specifically bound components.
The cells were subsequently collected for further experimental proced-
ures. The purity of isolated heart endothelial cells was 98.58 % =+ 0.13 %
(mean + SD), as shown in the representative images of flow cytometric
analysis by staining with the APC CD31 antibody (#561814, BD Phar-
mingen, USA) (Supplementary Fig. 1j).

2.14. The assessment of cardiomyocytes necrosis in vitro

To obtain mouse primary neonatal cardiomyocytes, neonatal mice at
the age of postnatal 3 days were performed. The hearts of the mice were
separated and cut into small pieces, and subsequently dissociated in
Gibco’s calcium-free HBSS, supplemented with 0.125 mg/mL trypsin,
0.1 mg/mL collagenase type IV (#C4-BIOC, Sigma, USA), and 10 mg/mL
DNase I (#11284932001, Sigma, USA). The digestion process was
conducted at 37 °C with constant stirring. Every 5 min, the supernatant
was collected into a tube containing HBSS with 10 % FBS to halt the
digestion process. This procedure was repeated approximately 8-10
times until the tissues were fully digested. The final collected superna-
tants were then centrifuged at 1000 rpm for 10 min and the resulting
pellet was resuspended in DMEM enriched with 10 % FBS and 100 mM
5-bromo-20-deoxyuridine (#B5002, Sigma, USA). The suspension was
strained through a 100 pm cell strainer, and the cells were seeded onto
10 cm plastic dishes and incubated for 2 h at 37 °C to deplete fibroblasts.
Afterward, the cells were transferred to 1 % gelatin-coated dishes at a
suitable density. The cells were cultured before experimental use.

The primary heart endothelial cell isolation was described as before
[21]. Primary heart endothelial cells were cultured with Endothelial cell
medium (ECM, #1001, ScienCell, USA) supplemented with 1 % endo-
thelial cell growth factor (ECGS, #1052, ScienCell, USA) and 10 % FBS.
Cardiomyocytes were cultured with DMEM enriched with 10 % FBS.

The experiment involving primary heart endothelial cells and car-
diomyocytes was conducted in two steps. In the first step, primary heart
endothelial cells, after being transfected with or without scramble, S1pr2
ShRNA plasmids, control or S1pr2 overexpression plasmids were sub-
jected to a hypoxia/reoxygenation (H/R) injury model. After this
treatment, supernatants from the primary heart endothelial cells were
collected for further analysis. In the second step, primary car-
diomyocytes were transfected with or without scramble, S1pr2 shRNA
plasmids, Control or S1pr2 overexpression plasmids, and subsequently
treated with the collected supernatants. These cardiomyocytes were
then also subjected to the H/R injury model. Following this, the cells
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were stained with propidium iodide (PI, 500 nM, #ST511, Beyotime,
China) for 30 min at room temperature to assess cell necrosis. At last, the
cells were fixed using a 4 % paraformaldehyde (PFA) solution for 15
min. Following fixation, the cells were washed and permeabilized with
0.1 % Triton X-100 PBS for 10 min. The cells were blocked in 1 % goat
serum PBS solution for 1 h and incubated with «aSA antibodies
(#ab68167, Abcam, UK) overnight at 4 °C, and then secondary anti-
bodies for 1 h at RT. Then, the cells were incubated with Hoechst to stain
cell nuclei for 10 min at RT and mounted with Fluoromount™ Aqueous
Mounting Medium (#F4680, Sigma-Aldrich, USA). Immunofluorescent
images were captured by a Leica SP8 confocal laser scanning microscope
(Leica, USA). Analysis of fluorescence images were performed with LAS
X (Leica, USA) and ImageJ 2.0 (NIH, USA).

2.15. RNA-sequencing analysis

The heart tissues or primary heart endothelial cells were obtained as
previously described. Isolated RNA was subsequently used for RNA-
sequencing analysis. cDNA library construction and sequencing were
performed by the Beijing Genomics Institute using BGISEQ-500 plat-
form. Sequences of the clean data were mapped to the mouse reference
genome (version GRCm38). The differentially expressed genes (DEGs),
heat map, and GO enrichment analysis were performed in BGI Dr. Tom
network platform (https://biosys.bgi.com). The original RNA-
sequencing data discussed in this study were submitted on a public
database and can be accessed via the Gene Expression Omnibus (GEO)
series accession number: GSE245987 and GSE245988.

2.16. Cell culture

Human embryonic kidney (HEK) 293T cells were purchased from
American Type Culture Collection (#CRL-1573, ATCC, USA), and a
mouse cardiac microvascular endothelial cell line (CMVECs) was also
used in vitro experiments, as previously reported [18,22]. All cells were
cultured in Dulbecco’s modified Eagle’s medium of high glucose
(#10-013-CV, Corning, USA) supplemented with 10 % FBS and 1 %
Penicillin-Streptomycin (P-S).

To establish the cell models of hypoxia/reoxygenation injury (H/R),
CMVECs were seeded in 6-well plates and starved with DMEM con-
taining 1 % FBS and 1 % P-S, then the plates were transferred toa 1 % O»
hypoxic incubator (94 % Nj, 5 % CO5) for 6 h to induce hypoxic con-
ditions. Afterward, the cells were returned to the normal incubator for
reoxygenation for 24 h. In some experiments, CsA (1 pM, #S2286,
Selleck, USA), Y27632 (10 pM, #S6390, Selleck, USA) or MCC950 (10
M, #PZ0280, CP-456773 sodium salt, Sigma-Aldrich, USA) were added
during the reoxygenation period. The cells were harvested for further
RT-qPCR, western-blotting, or immunofluorescent staining analysis
after reoxygenation.

2.17. Rho-GTP pull down assay

CMVECs were transfected with either S1pr2 overexpression or control
plasmids for 48 h in 10-cm dishes. Subsequently, the treated cells were
carefully harvested and processed in accordance with the guidelines
provided by the manufacturer of the Active Rho Pull-Down and Detec-
tion Kit (#16116, Thermo Fisher Scientific, USA).

2.18. Cell immunofluorescent staining

Cells were cultured on sterile glass cover slips, placed within 24-well
plates, and subsequently fixed using a phosphate-buffered 4 % para-
formaldehyde (PFA) solution for 15 min. Following fixation, the cells
were washed and permeabilized with 0.1 % Triton X-100 PBS for 10
min. The cells were blocked in 1 % goat serum PBS solution for 1 h and
incubated with primary antibodies overnight at 4 °C, and then second-
ary antibodies for 1 h at room temperature (RT) (Supplementary
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Table 4). Then, cover slips were incubated with Hoechst to stain cell
nuclei for 10 min at RT and mounted with Fluoromount™ Aqueous
Mounting Medium (#F4680, Sigma-Aldrich, USA). Immunofluorescent
images were captured by a Leica SP8 confocal laser scanning microscope
(Leica, USA). Analysis of fluorescence images were performed with LAS
X (Leica, USA) and ImageJ 2.0 (NIH, USA).

2.19. Mitochondrial morphology analysis

Cells were fixed in 4 % PFA solution for 15 min and subsequently
permeabilized with 0.1 % Triton X-100 in PBS for 10 min. To assess
mitochondrial morphology, the cells were blocked in a 1 % goat serum
solution in PBS for 1 h, followed by incubation with Tomm20 antibody
(#ab186735, Abcam, UK) overnight at 4 °C. Subsequently, the sec-
ondary antibody was applied for 1 h at RT, followed by Hoechst 33342
staining, and finally, the samples were mounted using Fluoromount™
Aqueous Mounting Medium. Mitochondrial morphology in individual
cells were captured by a Leica SP8 confocal laser scanning microscope
(Leica, USA). To measure the mitochondrial length, the average mito-
chondrial branch length (um) was assessed in an unbiased way using the
Mitochondrial Network Analysis (MiNA, https://github.com/StuartLab
/MiNA) ImageJ macro [23].

2.20. Mitochondrial DNA (mtDNA) analysis

For visualization and measurement of mtDNA, cells were fixed in 4 %
PFA solution and subsequently permeabilized with 0.1 % Triton X-100
in PBS for 10 min. Then the cells were blocked in a 1 % goat serum
solution in PBS for 1 h, followed by incubation with Tomm20 antibody
(#ab186735, Abcam, UK) and anti-DNA antibody (#690014S, Progen,
Germany) overnight at 4 °C. Subsequently, secondary antibodies were
applied for 1 h at RT. Nuclei were counterstained with Hoechst 33342
and finally, the samples were mounted using Fluoromount™ Aqueous
Mounting Medium. Images were acquired with a Leica SP8 confocal
laser scanning microscope (Leica, USA). Images analysis was performed
with LAS X (Leica, USA) and ImageJ 2.0 (NIH, USA).

2.21. The opening of Mitochondrial Permeability Transition Pore (mPTP)
detection

The cellular processing was conducted following the protocols and
instructions provided by the manufacturer of Mitochondrial Perme-
ability Transition Pore (mPTP) Assay Kit (#C2009S, Beyotime, China).
In brief, cells were treated with calcein acetoxymethyl ester (calcein
AM) and CoCl; for 30 min at 37 °C. Subsequently, immunofluorescence
images were acquired using a Leica SP8 confocal laser scanning micro-
scope (Leica, USA). Fluorescence analysis of images was performed with
LAS X (Leica, USA) and ImageJ 2.0 (NIH, USA).

2.22. JC-1 flow cytometric analysis

The cellular processing was conducted following the protocols and
instructions provided by the manufacturer of the Enhanced Mitochon-
drial Membrane Potential Assay Kit with JC-1 (#C2003S, Beyotime,
China). Subsequently, the fluorescence intensity of each sample was
measured and quantified using a CytoFLEX flow cytometer (#A00-1-
1102, Beckman Coulter Life Sciences, USA).

2.23. Reactive oxygen species (ROS) detection assay

Cells were treated with 2/,7'-Dichlorodihydrofluorescein diacetate
(DCFH-DA, 10 pM Selleck, #S9687) at 37 °C for 30 min. Subsequently,
cells were fixed in 4 % PFA solution and nuclei were counterstained with
Hoechst 33342 and finally, the samples were mounted using Fluo-
romount™ Aqueous Mounting Medium. Immunofluorescence images
were acquired using a Leica SP8 confocal laser scanning microscope
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(Leica, USA). Fluorescence analysis of images was performed with LAS X
(Leica, USA) and ImageJ 2.0 (NIH, USA). Additionally, cells were seeded
into 96-well plates at 10,000 cells/well and then subjected to a H/R cell
model. The cells were treated with 2/,7"-Dichlorodihydrofluorescein
diacetate (DCFH-DA, 10 pM Selleck, #S9687) at 37 °C for 30 min at
various reoxygenation time points (0 h, 1 h, 2 h, 6 h, 12 h and 24 h).
Subsequently, the fluorescence was measured using a SpectraMax M5
reader (Molecular Devices, USA).

2.24. Lentiviral gene expression system

Lentiviral plasmids were packaged in HEK293T cells using lentiviral
and package vectors pCMV.DR8, pMD2.G. Following a 48-h incubation
after-transfection, the viral supernatants were collected, subjected to
centrifugation, filtered through 0.4-pm filters and concentrated using
the Lentivirus Concentration Kit (#GM-040801, Genomeditech,
Shanghai, China). These viral supernatants were then applied to
CMVECs in the presence of 10 pg/ml polybrene (#TR-1003, Sigma-
Aldrich (Shanghai) Trading Co. Ltd) for a duration of 6-8 h. Subse-
quently, 48 h after infection, puromycin (#ST551-50 mg, Beyotime,
China) was added to the medium at the concentration of 1 ug/ml for one
week to obtain a pooled, drug-resistant population of CMVECs. The ef-
ficiency of infection was detected with fluorescence microscopy, RT-
qPCR, and western-blotting.

2.25. Plasmid construction

To achieve S1pr2 overexpression, the full-length ¢cDNA of mouse
S1pr2 was subcloned into the CMV-MCS-PGK-Puro vector provided by
Genomeditech (Shanghai) Co.,LTD. For the Sipr2 gene-knockdown
assay, the mouse shRNA specific to S1pr2 was cloned into a U6-MCS-
CMV-Puro vector.

Absolute quantification of S1prl, S1pr2 and SIpr3 expression in
primary heart endothelial cells and cardiomyocytes.

To achieve the absolute quantification of Siprl, Sipr2 and Sipr3
expression in primary heart endothelial cells and cardiomyocytes. We
first developed three control gene standards by constructing three
plasmids, each containing cDNA fragments of mouse S1prl, S1pr2 or
S1pr3 genes, respectively. In brief, mouse cDNA fragments of S1prl,
S1pr2 or S1pr3 were subcloned into pUC57 vector. The cDNA fragments
of Slprl, S1pr2 or Slpr3 were synthesized by their specific qPCR
primers, respectively (Supplementary Table 3). Next, for all three con-
trol gene standards, a seven-point standard curve (plot of CT values/
crossing points of different standard dilutions against log of amount of
standard) is generated using a dilution series of 7 different concentra-
tions of the plasmids (108, 107, 10°, 10°, 104, 103, 102 copies/pl), the
copy number of standard DNA molecules can be calculated using the
following formula: (X ng/pul DNA x 10~°/[plasmid length in base pairs x
660]) x 6.022 x 1023 = Y copies/pl. Finally, total RNAs were extracted
from primary heart endothelial cells or cardiomyocytes. Subsequently,
cDNA synthesis was described as previously. RT-qPCR experiments were
conducted using the same primers previously utilized for subcloning
cDNA fragments of the mouse genes SIprl, Sipr2 or S1pr3 (Supple-
mentary Table 3). The, CT values of the SIpri, SIpr2 or S1pr3 were
compared with their specific standard curves to determine the amount in
the samples. At last, the absolute copy number of Siprl, S1pr2 or Sipr3
in 1 pg total RNA was calculated.

2.26. RNA extraction and RT-qPCR

For quantitative PCR (qPCR) analysis, total RNAs were extracted
from heart tissues, heart endothelial cells (ECs), or cultured cell lines
using the TRIzol reagent (#15596018, Invitrogen, USA). Subsequently,
cDNA synthesis was carried out using the HiScript II Q RT SuperMix for
qPCR (+gDNA wiper) kit (#R223-01, Vazyme Biotech, China) to reverse
transcribe the RNA into complementary DNA (cDNA). RT-qPCR
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experiments were performed with different primers (Supplementary
Table 3) using the AceQ Universal SYBR qPCR Master Mix (#Q511-02,
Vazyme Biotech, China) on a QuantStudio™6 Flex Real-time PCR sys-
tem (Applied Biosystems, USA) according to the manufacturer’s proto-
col. To ensure accurate normalization of the data, the values obtained
for the housekeeping gene f-actin were employed as internal controls.
Transcript quantities were normalized to f-actin (ACTB) expression
using a widely used method of 2-9e1tdelaCT 4 Hrecent relative gene
expression.

2.27. SDS-PAGE and western-blotting

Cells or tissues were carefully harvested and then lysed using a lysis
buffer (#P0013C, Beyotime, China) supplemented with a protease in-
hibitor cocktail (#539131, Calbiochem, USA) and phenylmethylsulfonyl
fluoride (PMSF, #ST505, Beyotime, China) on ice for 10 min. After 15
min of centrifugation at 4 °C, the supernatants were collected. The
protein concentration in the lysates was quantified using the Bradford
method and the BCA protein assay kit (#P0012S, Beyotime, China).
Equal amounts of protein samples were subjected to separation via so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
using gels with acrylamide concentrations of 10 %, 12.5 %, or 15 %
(Shanghai Epizyme Biomedical Technology Co., Ltd), and then trans-
ferred onto a PVDF membrane (#IPVH00010, Millipore, USA). After
blocking with 5 % non-fat milk in PBST, the membranes were incubated
with primary antibodies (Supplementary Table 4), followed by the
application of HRP-linked secondary antibodies.

2.28. Statistical analysis

Data were presented as mean + standard error of mean (S.E.M.) for
at least three independent assays unless otherwise noted. All data passed
the normality and equal variance before analysis. Differences between 2
groups were examined using student t-test and comparisons between
multiple groups examined by one-way or two-way ANOVA, followed by
Tukey’s multiple comparisons test. GraphPad Prism software (version
8.0) and SPSS 11.0 (SPSS. Inc) were employed to perform all statistical
analyses, and values of P < 0.05 were considered statistically significant.

3. Results

3.1. The alteration of plasma S1P levels after cardiac I/R injury is
involved in the process of I/R injury

We first applied LC-MS/MS to screen the lipidomic profile in plasma
of mice following a cardiac I/R injury operation. We found multiple lipid
molecules were down-regulated after heart I/R (Fig. 1a and Supple-
mentary Figs. 1a—c). Notably, we detected sphingosine lipids, including
sphingosine 1-phosphate (S1P), were significantly reduced in plasma
after cardiac I/R injury (Fig. 1a-b), in an agreement with previous re-
ports [24,25]. In consistence with our animal experiment, measurement
of S1P in patients showed that plasma S1P levels were significantly
reduced in coronary heart disease (CHD) patients after PCI, compared
with those without PCI operation (Fig. 1c and Supplementary Table 1),
suggesting that the altered S1P levels might be involved in the process of
cardiac I/R injury. Previous reports showed that plasma S1P displayed a
protective effect on heart injuries [26,27]. To investigate whether the
elevated plasma S1P might protect the heart from I/R injury, we used
THI or DOP, S1P lyase inhibitors, to block S1P degradation by antago-
nizing S1P lyase to increase S1P plasma levels in vivo. As expected, THI
or DOP treatment evidently increased plasma S1P levels (Fig. 1d and
Supplementary Fig. 1d) and significantly reduced the infarct size while
the AAR/LV (the ischemic area at risk/left ventricular area) was not
altered between THI or DOP and control group in cardiac I/R injury
model (Fig. 1e and Supplementary Fig. 1e). As expected, serum levels of
lactic dehydrogenase (LDH), a general indicator of cardiac injury, were
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significantly decreased in mice treated with THI or DOP compared with
the control group (Fig. 1f and Supplementary Fig. 1f). These results
indicate that the elevation of S1P levels ameliorates myocardial I/R
injury.

As previous studies showed that S1P exerted its protective effects on
hearts via S1PR1 signaling and our study confirmed that SIPR1 was
mainly expressed in endothelial cells of cardiac tissues [17,21,28], we
investigated whether S1P might influence cardiac I/R injuries via
EC-S1PR1. We therefore generated EC-specific SIprl knock-out mice
(S1pr1E°K9), as previously reported [20,21]. As expected, S1pr1Z¢KO
mice exhibited larger cardiac infarct size than WT mice, although the
ratio of AAR/LV was comparable between S1pr1¥X® and WT mice
(Fig. 1g-h and Supplementary Figs. 1g-h). Consistently, serum LDH
levels were significantly increased in S1pr1€® mice compared with WT
mice (Fig. 1i and Supplementary Fig. 1i), indicating that S1P/S1PR1
signaling displays a protective effect on cardiac I/R injury. Surprisingly,
S1pr1Z°K0 mice treated with THI or DOP displayed a larger infarct size
and higher serum LDH levels than SIpri¥C mice with THI or DOP
vehicle control, which contrasted with a smaller infarct size and lower
levels of serum LDH in the WT mice treated with THI or DOP than WT
mice treated with the control vehicle (Fig. 1d-i and Supplementary
Figs. 1d-i), suggesting that in addition to the protective effect of
EC-S1PR1 on cardiac I/R injury, other S1P receptor subtypes might exert
a detrimental effect on hearts.

3.2. EC-specific loss of S1PR2 alleviates cardiac I/R injury and
inflammatory responses

To clarify which subtype of S1P receptors other than SIPR1 might be
involved in the process of cardiac I/R injury, we examined the expres-
sion profile of S1P receptors in hearts. As previously reported [29,30],
three subtypes of S1P receptors, including S1PR1, SIPR2 and S1PR3, are
expressed in cardiac tissues (Fig. 2a-b). Our data showed that the
expression of SIpr2 mRNA levels were significantly up-regulated in
cardiac tissues after I/R, while neither SIprl nor SIpr3 mRNA levels
altered in I/R hearts (Fig. 2b), suggesting that S1pr2 might play an
important role in cardiac I/R injury. The previous investigations from
Christopher K. Means and colleagues revealed that both S1IPR2 and
S1PR3 mediated Akt activation in cardiomyocytes, which contributes to
the protective effects of S1PR2 and SIPR3 on myocardial
ischemia-reperfusion injury [31]. In consistence with this investigation,
we also observed that CM-expressing S1PR2 protected cardiomyocytes
from cell necrosis upon H/R injury in vitro (Supplementary Figs. 2a-b).
Since we observed that S1pr2 was expressed in cardiac endothelial cells
as well (Supplementary Figs. 1j-k), we next investigated whether
EC-expressing S1PR2 might affect cardiomyocyte necrosis through a
paracrine mechanism. We therefore treated cardiomyocytes with
EC-conditioned medium. The results demonstrated that the conditioned
medium obtained from Slpr2-overexpressing ECs exacerbated
H/R-induced cardiomyocyte necrosis, while the conditioned medium
from S1pr2-silencing ECs ameliorated their cell necrosis (Supplementary
Figs. 2c-d), suggesting that EC-S1PR2 exerted a detrimental effect on
cardiomyocyte survival during H/R injury. We subsequently conducted
experiments involving S1pr2-silencing CMs treated with the conditioned
medium obtained from S1pr2-silencing ECs. Notably, no difference of
cardiomyocyte necrosis was observed upon H/R (Supplementary
Fig. 2e). Similarly, no difference of cardiomyocyte necrosis was detected
in both S1pr2-overexpressing CMs treated with the conditioned medium
from SIpr2-overexpressing ECs (Supplementary Fig. 2f). These results
indicated that the divergent actions of SIPR2 in cardiomyocytes and
endothelial cells during I/R injury might mask the specific cellular role
of SIPR2, highlighting the cell-specific effects of SIpr2 on I/R injury. We
further observed that SIpr2/S1PR2 was significantly up-regulated in
vascular endothelial cells (ECs) after cardiac I/R injury (Fig. 2c-d);
however, neither SIPR1 nor S1PR3 was altered in ECs after I/R (Fig. 2c),
we hypothesized that EC-expressing SIPR2 might play a cell-specific
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Fig. 1. S1P is involved in the process of heart ischemia/reperfusion injury. a Dot plot showed the individual lipids in the plasma of mice after cardiac ischemia-
reperfusion (I/R) injury (45 min of ischemia/6 h of reperfusion) expressed as log, (fold change) versus the plasma of the control mice after sham operations (n
= 3 per group). The dashed red box highlights sphingosine lipids that are down-regulated after cardiac I/R. b-c Sphingosine 1-Phosphate (S1P) concentrations in the
plasma of the mice after cardiac I/R injury (45 min of ischemia/6 h of reperfusion) compared to the mice after sham operations by ELISA (n = 8 per group) (b), and
the S1P concentrations in the plasma of patients diagnosed with coronary heart disease (CHD) at 24 h after coronary angiography procedures (CAG-24h, n = 17 per
group) or percutaneous coronary intervention (PCI-24h, n = 28 per group) by ELISA (c). d The plasma S1P concentration in the mice after S1P lyase inhibitor 2-
Acetyl-5-tetrahydroxybutyl Imidazole (THI) treatment compared to control mice by ELISA (n = 6 per group). e Representative images of evans blue/triphenyl-
2H-tetrazolium chloride (TTC) staining of heart tissue sections collected from mice treated with PBS or THI after I/R injury (45 min of ischemia/24 h of reperfu-
sion), with their quantification of the infarct area (IF), at-risk area (AAR), and left ventricle (LV) (n = 6 per group). f Serum LDH (lactate dehydrogenase) levels of
mice treated with PBS or THI after cardiac I/R injury (45 min of ischemia/24 h of reperfusion) were measured (n = 6 per group). g The plasma S1P concentration of
mice in the indicated groups by ELISA (n = 6 per group). h Representative images of evans blue/TTC-staining of heart tissue sections collected from WT or S1pr1£¢K°
mice treated with PBS or THI after cardiac I/R injury (45 min of ischemia/24 h of reperfusion), with their quantification of the infarct area (IF), at-risk area (AAR),
and left ventricle (LV) area (n = 5-6 per group). i Serum LDH levels of WT or S1prl ECKO mice treated with PBS or THI after cardiac I/R injury (45 min of ischemia/24
h of reperfusion) were measured (n = 6 per group). Data were shown as mean + SEM. n.s. indicated not significant. Scale bars: e and h, 2 mm. Unpaired Student’s t-
test (b, ¢, d, e and f). One-way ANOVA (g, h and i).
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Fig. 2. The EC-specific loss of S1PR2 alleviates cardiac I/R injury and inflammatory responses. a Schematic diagram showed the mouse model of cardiac I/R injury.
b-d Relative mRNA expression levels of SIprl, SIpr2 and SIpr3 in heart tissues of mice after cardiac I/R injury (45 min of ischemia/6 h of reperfusion) compared to
those of sham control mice by RT-qPCR (b), relative mRNA expression levels of SIprl, SIpr2 and S1pr3 in cardiac endothelial cells (ECs) after cardiac I/R injury (45
min of ischemia/6 h of reperfusion) compared with those of sham control mice by RT-qPCR (c¢) (n = 3), and western-blotting analysis of SIPR2 protein expression
levels in cardiac endothelial cells (ECs) after cardiac I/R injury (45 min of ischemia/6 h of reperfusion) compared with those of sham control mice (d) (n = 3). e-f
Schematic diagram showed the generation of EC-specific S1pr2 loss-of-function mice (e), relative mRNA expression levels of S1pr2 in heart ECs of WT and S1pr2°¢K°
mice by RT-qPCR and relative S1PR2 protein expression levels by western-blotting (n = 3 per group) (f). g Schematic diagram showed the mouse model of cardiac I/R
injury. h The representative images of evans blue/TTC-staining of heart tissue sections collected from WT or S1pr2E°C mice after cardiac I/R injury (45 min of
ischemia/24 h of reperfusion), with their quantification of the infarct area (IF), at-risk area (AAR), and left ventricle (LV) (n = 6 per group). i Serum LDH levels of WT
or S1pr2E°KO mice after cardiac I/R injury 45 min of ischemia/24 h of reperfusion) were measured (n = 6 per group). j A volcano plot illustrated different gene
expression from RNA-sequencing analysis in heart tissues between the WT control mice after cardiac I/R injury and S1pr2X© mice after cardiac I/R injury. 389
downregulated genes (green) and 417 upregulated genes (red) were shown (n = 2). k-1 Gene ontology (GO) enrichment analysis (k) and the heat map (1) of
differentially expressed genes in heart tissues between S1pr2°“X© mice after cardiac I/R injury compared and the WT control after cardiac I/R injury (n = 2). The
dashed red boxes highlight inflammatory response, positive regulation of inflammatory response and positive regulation of interleukin-1 beta production that are
enriched in GO analysis. m Relative mRNA expression levels of IL1f, IL6, IL8, IL18 and TNFa in heart tissues of S1pr25°K® mice compared to WT mice after cardiac I/R
injury (45 min of ischemia/24 h of reperfusion) by RT-qPCR (n = 5 per group). n-o The representative images of immunofluorescence-staining of Ly6G (n) and
cardiomyocytes apoptosis by co-immunofluorescence-staining of «SA and TUNEL (o) in S1pr25°¥° mice compared to WT mice after cardiac I/R injury (45 min of
ischemia/24 h of reperfusion) (n = 6 per group). Data were shown as mean + SEM. n.s. indicated not significant. Scale bars: h, 2 mm. n, 0, 50 pm. Unpaired Student’s

t-test (b, ¢, d, f, h, i, m, n and o).

role for cardiac I/R injury.

To examine the effect of EC-S1PR2 on cardiac I/R injury in vivo, we
generated EC-specific S1pr2 knock-out mice (S1pr2f¢X©) by breeding the
VE-cadherin-Cre®™8"? line with S1pr2f/fox mice (Fig. 2e). A significant
reduction in SIpr2 mRNA and S1PR2 protein levels was observed in ECs
obtained from S1pr2£¢X© mice after tamoxifen treatment, as shown by
RT-qPCR and western-blotting (Fig. 2f). In cardiac I/R model (Fig. 2g),
S1pr2E°K0 mice exhibited a similar ratio of AAR/LV as WT mice; how-
ever, the cardiac infarct size was significantly decreased in S1pr25¢K0
mice compared with WT littermates (Fig. 2h). Meanwhile, lower levels
of serum LDH were observed in S1pr: CKO mice than WT mice (Fig. 21).
Our data showed that the EC-specific loss of SIPR2 led to an improve-
ment in cardiac I/R injury, suggesting that EC-expressing SIPR2 exerted
a detrimental effect on cardiac I/R injury.

To further reveal the pathological mechanism by which EC-S1PR2
influences cardiac I/R injury, we performed RNA sequencing of car-
diac tissues after I/R in SIpr. KO mice and WT mice. Our results
showed 806 unique differentially expressed genes (DEGs) in S1pr2E¢kO
hearts after cardiac I/R (Fig. 2j). Gene Ontology (GO) enrichment
analysis showed that downregulated genes in SIpr2K0 mice after
cardiac I/R injury were associated with inflammatory responses and
multiple inflammatory-related biological processes compared with WT
littermates after cardiac I/R injury (Fig. 2k-1), indicating that S1PR2
deficiency in ECs reduced inflammatory responses after cardiac I/R.
Further quantitative RT-qPCR analysis showed a significant decrease of
multiple inflammatory factors, including IL1p, IL6, IL8, IL18 and TNFa,
in post-1/R hearts (Fig. 2m). Neutrophils accumulation in cardiac tissue
contributed to the elevated inflammatory response in I/R hearts. We
thus performed immunostaining of Ly6G, a neutrophil marker, to
examine neutrophil infiltration in post-I/R hearts, and our data showed
significantly less neutrophils infiltration in cardiac tissues in S1pr25¢K0
mice compared with WT littermates (Fig. 2n). As expected, TUNEL
staining showed that S1pr2EX0 mice significantly reduced car-
diomyocyte apoptosis after I/R injury, in comparison with WT control
mice (Fig. 20). Additionally, S1pr2fK© showed less cardiomyocytes
necrosis after cardiac I/R injury (Supplementary Fig. 3a). These results
supported that EC-specific loss of SIPR2 diminished I/R-induced cardiac
inflammation and cardiomyocyte apoptosis, contributing to the pro-
tective effect on cardiac I/R injury.

3.3. The EC-specific SIPR2 overexpression aggravates cardiac I/R injury

To further confirm the effect of EC-SIPR2 on cardiac I/R injury in
vivo, we generated EC-specific SIpr2 gain-of-function mice (S1pr2f€™8)
by crossing the VE-cadherin-CreERT2 line with S1pr2™"T mice (Sup-
plementary Fig. 4a). The expression levels of SIpr2/S1PR2 were
significantly elevated in ECs of SI1pr2fC™® mice after tamoxifen

treatment, as shown by RT-qPCR and western-blotting (Supplementary
Fig. 4a). Our in vivo data showed that the cardiac infarct size of S1 prZECTg
mice was larger than WT littermates, without alteration in the ratio of
AAR/LV (Supplementary Fig. 4b). As expected, serum LDH levels
significantly increased in SIpr2f¢™8 mice after cardiac I/R injury
compared with WT mice (Supplementary Fig. 4c). We next observed
higher levels of multiple inflammatory factors, including IL1p, IL6, IL8,
IL18 and TNFa in post-I/R hearts of SIpr2£¢™8 mice than WT mice
(Supplementary Fig. 4d), which was consistent with our observation
that S1pr2F¢™¢ mice exhibited more neutrophil infiltration in post-I/R
myocardium (Supplementary Fig. 4e). Consequently, the EC-specific
S1PR2 overexpression aggravated cardiomyocyte apoptosis and necro-
sis after I/R injury, in comparison with WT control mice (Supplementary
Figs. 4f-g). Together with our results obtained from SlprZECKO mice,
these data from S1pr2F€™8 mice confirmed a crucial role of EC-S1PR2 for
cardiac I/R injury.

3.4. EC-S1PR2 triggers NLRP3 inflammasome activation and
subsequently induces endothelial pyroptosis

To further disclose the detailed mechanism underlying the effect of
EC-S1PR2 on cardiac I/R injury, we isolated primary cardiac ECs from
$1pr2E°K0 and WT mice after cardiac I/R injury, and performed RNA
sequencing of these cells. RNA sequencing data showed that the loss of
S1PR2 in endothelial cells resulted in 905 DEGs after cardiac I/R
(Fig. 3a). GO enrichment analysis showed that downregulated genes
were related to inflammatory responses, NLRP3 inflammasome activa-
tion and pyroptosis after cardiac I/R (Fig. 3b—c and Supplementary
Fig. 5a), indicating the key role of SIPR2 for inflammasome activation
and pyroptosis in ECs after cardiac I/R. We next treated CMVECs with
hypoxia for 6 h following with reoxygenation for 24 h in vitro to simulate
I/R injury. Our western-blotting analysis showed that S1pr2 knockdown
reduced the levels of multiple inflammasome factors, including NLRP3,
active IL1p, and cleaved CASPASE1 upon hypoxia/reoxygenation (H/R)
condition, whereas SIpr2 overexpression increased the levels of the
above inflammasome factors, confirming that SIPR2 plays an essential
role in the regulation of EC inflammasome activation (Fig. 3d-f and
Supplementary Figs. 5b—f).

It has been shown that inflammasome activation triggered pyropto-
sis, a distinct form of inflammatory cell death via the proteolytic
cleavage of gasdermin D (GSDMD) by CASPASE1 [32,33]. We next
asked whether SIPR2 was involved in EC pyroptosis via inflammasome
activation. Our western-blotting analysis showed that SIpr2 over-
expression increased the levels of cleaved GSDMD (Fig. 3e and Supple-
mentary Fig. 5e), while S1pr2 knockdown reduced GSDMD cleavage
(Fig. 3f and Supplementary Fig. 5f). Inmunostaining of cleaved GSDMD
in ECs further supported that SIpr2 overexpression enhanced cell



Y. Duan et al.

40 4
35
30 A
25
20 A
15

-log10(Qvalue)

10
54

Redox Biology 75 (2024) 103244

131 up b - __ = Pvalue
regulated genes mflammatory regponse .
: : | = Up neutrophil chemotaxis- [ ] 0.001
n.s.
o Down positive regulation of interleukin-6 production- [ J 0.002
11 positive regulation of tumor necrosis factor production [ ] 0.003
[ positive regulation of cytokine production- ® 0.004
. positive regulation of interleukin-8 production- [ ] 0.005
: : : Lregulation of interleukin-1 beta productiony . Gene Number
1 neutrophil extravasation- ° e3
1 Upositive regufation of Rho protein &gEaEtraEsdzlctl:onE ° :21
% ! il roptosis-| ° 39
'y E t h!ipy_t_gt__ ] ° 8 s
L e neutrophil activation- e @74
6 -4 -2 0 2 4 6 8 Rich Ratio 0 0.1 0.2 0.3 0.4 0.5
10g2(S1pr2eeko|WT)
IIR
IR d
WT  S1pr2s°  |og(Read+1)
17 Lenti-s1pr2
14
NIrp1 a 10 Lenti Contml W Lenti-S1pr2 shRNA
Cl17 7 Scramble \ l /_
3 q CMVECs cells
Ccl24 0
Ccl22
Cxcl5 Control or Scramble S1pr2 O~ S1pr2 shRNA
(]
1 Cxcl2
Thbs1
I Hypoxia for 6h
E
FI Reoxygenation for 24h
I S100a8
Cxcl3
S100a9
h'l Analysis
i
Normoxia Hypoxia/reoxygenation f Normoxia Hypoxia/reoxygenation
Control + - + - Scramble + - + -
S1pr2 OE - S1pr2 shRNA - +
LR () 1150 NLRP3 [] _118kDa
active 1L15 [ 7402 Active 115 [ S 17kDa
20kDa —
Cleaved CASPASE 1[ S8 s S S Cleaved CASPASET
CASRAS | CASPASE1 | s s :
Cleaved GSDMD -.-rma
ieaved Gsowp [ B B B0 ]-soc0a
T
ACTB 2kDa
g = h -
T 200 p<0.05 3200
Control S1pr2 OE g " s Scramble S1pr2shRNA 8 =005
s 150 - ] < 150
£X . GC) o
< 100 s 2 S100
) o8 3 = °
17} 19 %) X P
O 50 ) 5 O 504 [€°%]
3 T T S 2 0 T T
o Control S1pr2 OE = 5] Scramble S1pr2 shRNA

Hypoxia/reoxygenation

Hypoxia/reoxygenation

Hypoxia/reoxygenation

Fig. 3. EC-S1PR2 triggers NLRP3 inflammasome activation and subsequently induces endothelial pyroptosis. a A volcano plot illustrated different gene expression
from RNA-sequencing analysis in cardiac endothelial cells from the WT control mice after cardiac I/R injury and S1pr2E°K° mice after cardiac I/R injury. 774
downregulated genes (green) and 131 upregulated genes (red) were shown (n = 3). b-c Gene ontology (GO) enrichment analysis (b) and the heat map of differ-
entially expressed genes (c) in cardiac endothelial cells from S1pr2E°K° mice after cardiac I/R injury compared with WT control after cardiac I/R injury (n = 3). The
dashed red boxes highlight inflammatory response, regulation of interleukin-1 beta production, positive regulation of Rho protein signal transduction and pyroptosis
that are enriched in GO analysis. d Schematic diagram showed the in vitro experimental model of hypoxia reoxygenation (H/R, 6 h of hypoxia/24 h of reoxygenation)
injury. e-f Western-blotting analysis of NLRP3, active IL1p, cleaved CASPASE1 and cleaved GSDMD protein expression levels in the indicated groups (n = 3 per
group). g-h Representative images of pyroptosis in CMVECs of the indicated groups (H/R, 6 h of hypoxia/24 h of reoxygenation) by immunofluorescence-staining of
cleaved GSDMD (n = 6 per group). Data were shown as mean + SEM. Scale bars: g, h, 10 pm. Unpaired Student’s t-test (g and h).
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pyroptosis, whereas S1pr2 knockdown inhibited cell pyroptosis
(Fig. 3g-h). We next examined whether the effect of SIPR2 on EC
pyroptosis was dependent on NLRP3 inflammasome activation. We took
advantage of NLRP3 inhibitor, MCC950, to block NLRP3 inflammasome
activation. Our data showed that MCC950 reversed the enhancing effect
of S1pr2 overexpression on NLRP3 inflammasome activation and
inhibited EC pyroptosis aggravated by SIpr2 overexpression (Supple-
mentary Fig. 5g-1). These data suggest that EC-S1PR2 plays an essential
role in the process of EC pyroptosis via triggering NLRP3 inflammasome
activation.

3.5. EC-S1PR2 induces excessive mitochondrial fission upon hypoxia/
reoxygenation injury

It has been shown that mitochondria disorder contributed to
inflammasome activation and cell pyroptosis [34,35], further influ-
encing cardiac I/R injury [36]. We thus examined whether EC-S1PR2
affected mitochondria disorder upon hypoxia/reoxygenation injury.
Mitochondrial permeability transition pore (mPTP) assay showed that
S1pr2 overexpression increased mitochondrial membrane permeability,
while S1pr2 knockdown protected EC mitochondrial membrane integ-
rity from hypoxia/reoxygenation injury (Fig. 4a-b). Treatment of
Cyclosporin A (CsA, 1 pM), an inhibitor of mPTP opening [37,38],
eliminated the effect of S1pr2 overexpression on mPTP (Fig. 4a-b). Due
to damaged membrane integrity, the mitochondrial membrane potential
depolarization was increased in S1pr2-overexpressing ECs after hypo-
xia/reoxygenation, as shown by cytometric analysis of JC-1 (Supple-
mentary Fig. 6a). Moreover, SIpr2 overexpression increased
intracellular reactive oxygen species (ROS) production by 2,
7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) staining and assay
(Supplementary Figs. 6¢ and 6e). In contrast to S1pr2 overexpression,
S1pr2-knockdown exhibited a higher mitochondrial potential (Supple-
mentary Fig. 6b) and less intracellular ROS production (Supplementary
Figs. 6d and 6f). We next examined mitochondrial morphology by
Tomm?20 staining. Our data showed that S1pr2 overexpression resulted
in higher extent of mitochondrial fission, leading to the formation of
fragmented mitochondria with shorter lengths, in comparison with the
control group, under hypoxia/reoxygenation conditions (Fig. 4c).
Conversely, S1pr2 down-regulation suppressed mitochondrial fission,
thus normalizing the mitochondrial morphology in
hypoxia/reoxygenation-treated ECs (Fig. 4d). It has been shown that
mitochondrial hyperfission and increased fragmentation resulted in
mitochondrial damage and mtDNA release into cytoplasm [39,40]. As
expected, we observed a significant increase of cytoplasmic mtDNA in
Sipr2-overexpressing ECs upon hypoxia/reoxygenation injury, while
S1pr2 knockdown inhibited mtDNA release into EC cytoplasm
(Fig. 4e-f). Overall, EC-S1PR2 overexpression aggravated I/R-induced
mitochondria damage, which was characterized by disordered mito-
chondrial dynamics, a reduced mitochondrial membrane potential and
increased mtDNA release; however, EC-S1PR2 knockdown attenuated
these pathological alterations in EC mitochondria.

3.6. EC-S1PR2 activates RHO/ROCK1/DRP1 to induce mitochondrial
hyperfission, leading to mtDNA release into cytoplasm which triggers
NLRP3 inflammasome activation, and subsequently induces endothelial

pyroptosis

It has been shown that S1PR2 regulated RHO signaling pathway [41,
42]. Pull-down assay showed that SIPR2 increased the levels of
RHO-GTP (Fig. 5a). As RHO signaling regulates phosphorylation of
ROCK]1 [43], we further examined whether S1PR2 influenced the active
status of ROCK1. Our western-blotting analysis showed that SIpr2
overexpression significantly enhanced the active status of ROCK1, while
S1pr2 knockdown reduced ROCK1 activation, as indicated by the ratio of
phosphorylation levels of ROCK1 to total ROCK1 levels (Fig. 5b—c and
Supplementary Figs. 7a-b). Recent studies revealed that ROCK1
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signaling affected DRP1 activation [44,45]. We thus investigated
whether EC-S1PR2 regulated the activity of DRP1 via ROCK1 signaling
pathway. Our data showed that SIPR2 knockdown reduced the phos-
phorylation of DRP1, whereas S1PR2 overexpression enhanced the
active levels of DRP1 (Fig. 5b—c and Supplementary Figs. 7a-b). The
enhancing DRP1 activity upon S1PR2 overexpression was further
blocked by ROCK1 inhibitor, Y27632, indicating that the regulation of
S1PR2 on DRP1 activity was dependent on ROCK1 signaling pathway
(Fig. 5c-d and Supplementary Fig. 7c). It has been shown that
ROCK1/DRP1 signaling pathway was essential for the regulation of
mitochondrial fission and homeostasis [44,45]. We further examined
whether S1PR2 controlled mitochondria functions and homeostasis via
ROCK1/DRP1 signaling pathway. Our results showed that ROCK in-
hibitor reversed the increased mitochondrial membrane permeability,
mitochondrial membrane potential depolarization and intracellular ROS
production (Fig. 5e and Supplementary Figs. 7e-g). Further Tomm20
staining showed that Y27632 inhibited the excessive mitochondrial
fission and fragmentation triggered by S1PR2 overexpression in ECs
(Fig. 5f). Consistently, the inhibition of ROCK1 signaling pathway
reduced mtDNA leakage triggered by S1PR2 overexpression (Fig. 5g).
These results suggest that EC-S1PR2 regulates mitochondrial fission via
ROCK1/DRP1 signaling pathway. We next examined whether the effect
of EC-S1PR2 on inflammasome activation and cell pyroptosis were
dependent on ROCK1 signaling pathway. As expected, the inhibition of
ROCK signaling reversed the enhancing effect of SIPR2 overexpression
on inflammasome activation and cell pyroptosis (Fig. 5h-i and Supple-
mentary Fig. 7d). Collectively, our data support that SIPR2 activates
RHO/ROCK1/DRP1 signaling pathway, which leads to the mitochondria
hyperfission and thus results in mtDNA leakage into cytoplasm, trig-
gering inflammasome activation and subsequently inducing cell
pyroptosis in ECs.

3.7. EC-SI1PR2 overexpression aggravates cardiac I/R injury via NLRP3
inflammasome activation

To further confirm whether NLRP3 inflammasome activation was
involved in the effect of EC-S1PR2 overexpression on cardiac I/R injury
in vivo, we generated EC-specific Nirp3 knock-out mice (Nirp37¢K©) with
S1pr2E€™8 mice. The expression levels of NIrp3/NLRP3 were significantly
reduced in ECs of NIrp3F°KC mice, as shown by RT-qPCR and western-
blotting (Supplementary Figs. 8a-b). Our in vivo studies showed that
EC-specific Nlrp3 deletion reversed the enhancing effect of EC-S1PR2
overexpression on cardiac infarct size in I/R injury model (Fig. 6a).
The serum LDH levels were significantly reduced in Nlrp3E°K0,51pr2£¢T8
mice after cardiac I/R injury, in comparison with SIpr2f€™8 mice
(Fig. 6b). As expected, EC-specific Nlrp3 deletion evidently reduced the
levels of inflammatory factors, including IL1p, IL6, IL8, IL18 and TNFa
(Fig. 6¢), which should be significantly elevated in post-I/R hearts of
S1pr2E€T€ mice (Supplementary Fig. 4d). Our further histological studies
showed that EC-NLRP3 knock-out abolished the enhancing effects of EC-
S1PR2 overexpression on neutrophil infiltration (Fig. 6d). As expected,
the reduced apoptotic and necrotic cardiomyocytes were observed in
Nirp3FK0,51pr2FC™8 mice after cardiac I/R injury (Fig. 6e and Supple-
mentary Fig. 8c). Together with our in vitro results, these in vivo data
confirmed that EC-S1PR2 regulated NLRP3 inflammasome activation,
which contributed to the detrimental effect of EC-S1PR2 overexpression
on inflammatory responses and cardiac I/R injury.

3.8. EC-specific GSDMD knockdown abolishes the detrimental effects of
EC-S1PR2 overexpression on cardiac I/R injury in vivo

To further confirm the GSDMD-triggered cell pyroptosis was
involved in the effect of EC-S1PR2 overexpression on cardiac I/R injury
in vivo, we applied AAV9 to express Gsdmd shRNA under the EC-specific
promoter, Tie2, in S1pr2f¢™€ mice. RT-qPCR and western-blotting anal-
ysis showed that AAV9-Tie2-Gsdmd shRNA significantly reduced the
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Fig. 4. EC-S1PR2 induces excessive mitochondrial fission upon hypoxia/reoxygenation injury. a The representative images of calcein acetoxymethyl ester (calcein
AM)/CoCl,, staining in CMVECs transfected with control and S1pr2 overexpression plasmids with their quantification to evaluate mitochondrial membrane perme-
ability during H/R (H/R, 6 h of hypoxia/24 h of reoxygenation) (n = 6 per group). b The representative images of calcein AM/CoCl; staining in CMVECs transfected
with scramble and S1pr2 shRNA plasmids with or without Cyclosporin A (CsA) (1 pM), and their quantification to evaluate mitochondrial membrane permeability
during H/R (H/R, 6 h of hypoxia/24 h of reoxygenation) (n = 6 per group). ¢ The representative images of the Tomm20 staining to visualize mitochondrial
morphology in CMVECs transfected with control and S1pr2 overexpression plasmids with the quantification of mitochondrial length (n = 20 per group). d The
representative images of the Tomm20 staining to visualize mitochondrial morphology in CMVECs transfected with scramble and S1pr2 shRNA plasmids with the
quantification of mitochondrial length (n = 20 per group). e The representative images of co-staining of Tomm20 and mtDNA in CMVECs transfected with control and
S1pr2 overexpression plasmids with their quantification of DNA outside mitochondria (n = 20 per group). f The representative images of co-staining of Tomm20 and
mtDNA in CMVECs transfected with scramble and S1pr2 shRNA plasmids by with their quantification of DNA outside mitochondria (n = 20 per group). Data were

shown as mean + SEM. Scale bars: a, b, ¢, d, e and f, 10 pm. One-way ANOVA (a, b, ¢, d, e and f).

expression levels of Gsdmd in cardiac ECs (Supplementary Fig. 9a). Our
in vivo data showed that EC-GSDMD knockdown significantly decreased
the cardiac infarct size in SIpr2f€8 mice infected with AAV9-Tie2-
Gsdmd shRNA, in comparison with S1pr2E¢T8 mice with control AAV9
vectors (Fig. 7a). Furthermore, EC-specific GSDMD knockdown reversed
the enhancing effects of EC-SIPR2 overexpression on the serum LDH
levels after cardiac I/R injury (Fig. 7b). As expected, EC-GSDMD
knockdown evidently reduced inflammatory factors, including IL1p,
IL6, IL8, IL18 and TNFa in S1 prZECTg mice, while S1 prZECTg mice infected
with control AAV9 vectors exhibited higher levels of these inflammatory
factors (Fig. 7c). Our data further showed that AAV9-Tie2-Gsdmd shRNA
significantly inhibited excessive neutrophil infiltration and protected
cardiomyocytes from cell apoptosis and necrosis after I/R injury in
S1pr2F€Te mice (Fig. 7d-e and Supplementary Fig. 9d). In vitro data also
showed that Gsdmd knockdown by Gsdmd siRNA significantly reduced
cell pyroptosis in S1pr2-overexpressing ECs (Supplementary Figs. 9b—c).
These data confirmed that EC-SIPR2 was involved in the regulation of
EC pyroptosis, which further influenced the extent of heart I/R injury.

3.9. EC-targeted S1PR2 knockdown alleviates cardiac I/R injury in vivo

Since systemic drug administration to modulate S1P receptor
signaling is not cell-specific and might have side effects apart from the
protective effects on cardiac injuries [46], we thus constructed an
EC-specific delivery system via RGD-peptide magnetic nanoparticles to
specifically control the expression of SIPR2 in ECs, as previously re-
ported [18,20]. Our results showed that RGD-nanoparticles packaging
S1pr2 siRNA significantly reduced the expression of S1pr2/S1PR2 in
cardiac ECs (Fig. 8a-b). RGD-nanoparticles (2.0 mg/kg) were adminis-
trated into mice with cardiac I/R injuries. Our results showed that S1pr2
siRNA RGD-nanoparticles significantly decreased the cardiac infarct
size, with no changes in the ratio of AAR/LV compared with the control
mice (Fig. 8c). Furthermore, much lower serum LDH levels were
observed in mice treated with Sipr2 siRNA nanoparticles (Fig. 8d).
Consistently, EC-targeted S1PR2 knockdown resulted in an evident
reduction in multiple inflammatory factors, including IL1p, IL6, IL8,
IL18 and TNFa (Fig. 8e), and much less neutrophils infiltration in
post-I/R myocardium (Fig. 8f). Our further histological analysis
revealed much less apoptotic and necrotic cardiomyocytes in mice
which received S1pr2 siRNA nanoparticles than scramble siRNA (Fig. 8g
and Supplementary Fig. 10a). Collectively, this study demonstrates that
EC-targeted delivery of SIpr2 siRNA to inhibit S1PR2 signaling might be
a novel therapeutic strategy against cardiac I/R injury.

4. Discussion

Lipidomic analysis provides enormous data and new insight into the
pathogenesis of diseases. A previous lipidomic study identified phos-
phatidylethanolamine lipid products were involved in the process of
cerebral ischemia/reperfusion injury [47]. A prospective Finnish cohort
study unveiled plasma ceramides, the precursor of complex sphingoli-
pids, can predict cardiovascular death in patients with stable coronary
artery disease and acute coronary syndromes [48]. Our lipidomic
analysis showed that plasma sphingolipids were significantly decreased
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after cardiac I/R injury. Further patient plasma showed that plasma S1P
concentrations were significantly reduced in the CHD patients after PCI
compared to those without PCI operation, suggesting possible involve-
ment of S1P signaling during heart I/R injury. Our observation of
reduced plasma S1P levels following cardiac I/R injury and PCI in-
troduces a novel perspective into the dynamics of S1P in the context of
cardiac events. We observed a significant decrease in S1P concentra-
tions, which is consistent with Knapp et al.’s observations following
myocardial infarction (MI) [24]. Knapp et al.’s study have demonstrated
that cardiac infarction markedly reduces plasma S1P levels, associated
with decreased levels of S1P and reduced sphingosine kinase activity in
platelets [24], indicating that the reduction in plasma S1P is likely due
to impaired S1P synthesis in platelets following myocardial infarction.
Furthermore, our data indicate that cardiac I/R injury leads to the
downregulation of sphingosine kinases in endothelial cells (data not
shown). Given that endothelial cells significantly contribute to plasma
S1P levels [49], their dysfunction during cardiac I/R injury likely ex-
acerbates the reduction in plasma S1P levels. Although both platelets
and endothelial cells may play crucial roles in maintaining plasma S1P
levels during heart injuries, there is no direct evidence of a cause-and
effect relationship. Further detailed investigations are warranted to
fully elucidate the underlying regulatory mechanisms.

Over the past decades, many studies revealed that S1P (or HDL-
bound S1P) exhibited cardioprotective properties and particularly pro-
tected cardiomyocytes against cell apoptosis [50]. Karliner et al.
demonstrated that exogenously supplied S1P, as well as sphingosine
kinases (SPHKs) activation by ganglioside GM-1, prevented
hypoxia-induced death of neonatal rat cardiomyocytes [51]. It has been
reported that the inhibitory effect of S1P on cardiomyocyte apoptosis
was mediated via AKT signaling activation [52]. Lecour and colleagues
performed ex vivo experiments and reported that S1P protected hearts
from regional ischemia/reperfusion (I/R) injury [53]. In consistence
with these previous studies, our data supported that S1P was an essential
bioactive lipid which was involved in the process of cardiac I/R injury.

Extracellular sphingosine 1-phosphate (S1P) exerts multiple biolog-
ical functions via its distinct S1P receptors (S1PRs) [54]. Each S1P re-
ceptor couples to the specific G protein o subunits, triggering various
cellular responses [16]. Previous investigations revealed that the
S1P-S1PRs signaling pathway played a pivotal role in both physiological
and pathological processes in the cardiovascular system [29]. Among
the five types of G protein-coupled receptors (S1PR1-S1PR5) for S1P,
S1PR1, S1PR2 and S1PR3 are predominantly expressed in cardiovas-
cular system [21]. Previous studies have showed that SIPR1 signaling is
essential for the maintenance of vascular endothelial functions and ho-
meostasis [55-57]. Our prior research demonstrated that EC-specific
deletion of SIPR1 inhibits the proliferation of reparative
F4/80"Ly6¢'® macrophages, exacerbating pathological cardiac
remodeling and worsening cardiac dysfunction following myocardial
infarction in mice [21]. This underscores that endothelial S1PR1 exerts
protective effects on hearts. However, our present study provides evi-
dences that EC-expressing S1PR2 has a detrimental impact on cardiac
I/R injury. These findings suggest that endothelial SIPR1 and S1PR2
have counteracting functions, balancing each other’s impacts on cardiac
homeostasis and pathology. The precise and detailed interplay between
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Fig. 5. EC-S1PR2 activates RHO/ROCK1/DRP1 to promote mitochondrial hyperfission, leading to mtDNA release into cytoplasm which triggers NLRP3 inflam-
masome activation, and subsequently induces endothelial pyroptosis. a Schematic diagram showed RHO-GTP pull down assay (the left panel) and western-blotting
analysis of RHO protein expression levels (the middle panel) with their quantification (the right panel) (n = 3 per group). b-d Western-blotting analysis of the p-
ROCKI1 and p-DRP1 expression in the indicated groups. e The representative images of calcein AM/CoCl; staining in CMVECs in indicated groups (n = 6 per group). f
The representative images of the Tomm20 staining to visualize mitochondrial morphology in CMVECs of indicated groups with the quantification of mitochondrial
length (n = 20 per group). g The representative images of co-staining of Tomm20 and DNA in CMVECs of indicated groups with their quantification of DNA outside
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the indicated groups. i The representative images of pyroptosis in CMVECs of the indicated groups (H/R, 6 h of hypoxia/24 h of reoxygenation) by
immunofluorescence-staining of cleaved GSDMD (n = 6 per group). Data were shown as mean + SEM. Scale bars: e, f, g and i, 10 pm. Unpaired Student’s t-test (a).

One-way ANOVA (e, f, g and i).
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Fig. 6. EC-S1PR2 overexpression aggravates cardiac I/R injury via NLRP3 inflammasome activation. a The representative images of evans blue/TTC-staining of heart
sections collected from the indicated groups mice after cardiac I/R injury (45 min of ischemia/24 h of reperfusion), with their quantification of the infarct area (IF),
at-risk area (AAR), and left ventricle (LV) (n = 6 per group). b Serum LDH levels of the indicated groups mice after cardiac I/R injury (45 min of ischemia/24 h of
reperfusion) were measured (n = 6 per group). ¢ Relative mRNA expression levels of IL1f, IL6, IL8, IL18 and TNFa in heart tissues of the indicated groups mice after
cardiac I/R injury (45 min of ischemia/24 h of reperfusion) (n = 5 per group) by RT-qPCR. d-e The representative images of immunofluorescence-staining of Ly6G
(d) and cardiomyocytes apoptosis by co-immunofluorescence-staining of aSA and TUNEL (e) in the indicated groups mice after cardiac I/R injury (45 min of
ischemia/24 h of reperfusion) (n = 6 per group). Data were shown as mean + SEM. n.s. indicated not significant. Scale bars: a, 2 mm; d, e, 50 pm. One-way ANOVA

(a, b, ¢, d and e).
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Fig. 7. EC-specific GSDMD knockdown abolishes the detrimental effects of EC-S1PR2 overexpression on cardiac I/R injury in vivo. a The representative images of
evans blue/TTC-staining of heart sections collected from the indicated groups mice after cardiac I/R injury (45 min of ischemia/24 h of reperfusion), with their
quantification of the infarct area (IF), at-risk area (AAR), and left ventricle (LV) (n = 6 per group). b Serum LDH levels of the indicated groups mice after cardiac I/R
injury (45 min of ischemia/24 h of reperfusion) were measured (n = 6 per group). ¢ Relative mRNA expression levels of IL1f, IL6, IL8, IL18 and TNFa in heart tissues
of the indicated groups mice after cardiac I/R injury (45 min of ischemia/24 h of reperfusion) (n = 5 per group) by RT-qPCR. d-e The representative images of
immunofluorescence-staining of Ly6G (d) and cardiomyocytes apoptosis by co-immunofluorescence-staining of ®SA and TUNEL (e) in the indicated groups mice after
cardiac I/R injury (45 min of ischemia/24 h of reperfusion) (n = 6 per group). Data were shown as mean + SEM. n.s. indicated not significant. Scale bars: a, 2 mm; d,

e, 50 pm. One-way ANOVA (a, b, ¢, d and e).
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Fig. 8. EC-targeted SIPR2 knockdown alleviates cardiac I/R injury in vivo. a-b Schematic diagram showed the administration of RGD-peptide magnetic nanoparticles
(NPs) packaging SIpr2 siRNA twice a week for 2 weeks before I/R surgery in mice (a), relative mRNA expression levels of S1pr2 in cardiac ECs administrated with
nanoparticles packaging SIpr2 siRNA or scramble by RT-qPCR and relative S1PR2 protein expression levels by western-blotting (n = 3 per group) (b). ¢ The
representative images of evans blue/TTC-staining of heart sections collected from the indicated groups mice after cardiac I/R injury (45 min of ischemia/24 h of
reperfusion), with their quantification of the infarct area (IF), at-risk area (AAR), and left ventricle (LV) (n = 6 per group). d Serum LDH levels of the indicated groups
mice after cardiac I/R injury (45 min of ischemia/24 h of reperfusion) were measured (n = 6 per group). e Relative mRNA expression levels of IL1, IL6, IL8, IL18 and
TNFa in heart tissues of the indicated groups mice after cardiac I/R injury (45 min of ischemia/24 h of reperfusion) (n = 5 per group) by RT-qPCR. f-g The
representative images of immunofluorescence-staining of Ly6G (f) and cardiomyocytes apoptosis by co-immunofluorescence-staining of aSA and TUNEL (g) in the
indicated groups mice after cardiac I/R injury (45 min of ischemia/24 h of reperfusion) (n = 6 per group). Data were shown as mean + SEM. n.s. indicated not
s‘igniﬁcant. Scale bars: ¢, 2 mm; f, g, 50 pm. Unpaired Student’s t-test (b, ¢, d, e, f and g).

S1PR1 and S1PR2 warrants further investigation to elucidate the intri-
cate mechanisms underlying cardiovascular homeostasis.

Previous studies have established that S1P facilitated Akt activation
in adult WT cardiomyocytes, but not in SIPR2~/~ or SIPR3™/~ car-
diomyocytes, suggesting that both CM-S1PR2 and S1PR3 regulate Akt
activity, which is essential for CM survival [31]. In consistence with this
report, our in vitro experiments showed that CM-expressing S1PR2
enhanced cell survival following hypoxia-reoxygenation injury.
Conversely, we observed that EC-expressing SIPR2 had a deleterious
impact on CM survival upon H/R injury in vitro. These results suggest
that while CM-S1PR2 exerts protective effects on cardiomyocytes, the
deleterious impacts of EC-S1PR2 could mask the specific cellular role of
S1PR2. This observation may explain why mice completely lacking
S1pr2 exhibited similar infarct sizes to WT mice in I/R mode [31]. In this
study, we took advantage of both EC-specific S1pr2 loss-of-function and
gain-of-function mice in a cardiac I/R injury model. Our in vivo data
showed that S1PR2 deletion in ECs ameliorated cardiac I/R injury and
diminished inflammatory responses, whereas EC-SIPR2 gain--
of-function promoted inflammation and aggravated I/R-induced infarct.
Our study provides direct in vivo evidence that EC-expressing S1PR2
played a pivotal role in the regulation of cardiac I/R injury.

Cell mitochondrial dynamic balance is essential for the maintenance
of endothelial functions and homeostasis [58]. In addition to the roles of
mitochondria in energy metabolism, mitochondria serves as sensors for
environmental stress and regulates cellular responses [59]. Mitochon-
drial damage can lead to endothelial dysfunction and aggravate cardiac
I/R injury [60]. Our investigation revealed that EC-S1PR2 aggravated
I/R-induced EC mitochondria hyperfission and impaired mitochondrial
dynamics. As far as we acknowledge, our investigations first revealed
that SIPR2 played an essential role in the regulation of mitochondria
dynamics in ECs subjected to I/R injury, implying the key role of EC
mitochondria homeostasis for cardiac I/R injury.

It has been shown that mitochondrial fission and subsequent frag-
mentation occurs in cardiac cells during cardiac I/R injury [61]. This
process of mitochondrial fission is mediated by a key regulator, DRP1,
which recruits to mitochondrial surface and further facilitates mito-
chondrial scission [62]. Under pathological conditions, the hyper-
activation of DRP1 can result in an excessive mitochondrial fission,
impairing mitochondrial function and structural integrity [63]. This
excessive mitochondrial fission can further lead to the release of mito-
chondrial DNA (mtDNA) into the cytoplasm, triggering innate immune
responses [64]. Previous studies showed that DRP1 activation is regu-
lated by its upstream RHO-associated coiled-coil kinase 1 (ROCK1)
signaling pathway [65,66]. Activation of ROCK1 by phosphorylation
can promote DRP1 activity and thus elicit mitochondrial hyperfission
[63]. Previous studies reveal that SIPR2 can activate the ROCK1
signaling pathway via RHO-GTP in various cell types [42,67]. In
consistent with previous studies [42,67], our investigations indicated
that SIPR2 activated RHO/ROCKI1 signaling pathway in ECs, and
further triggered the activation of DRP1 signaling pathway, which led to
the mitochondria hyperfission and thus resulted in mtDNA leakage into
cytoplasm. Our study highlights that S1PR2/RHO/ROCK1/DRP1
signaling activation leads to mitochondrial damage, which exerts the
harmful effects on cardiac I/R injury, suggesting that pharmacological
target against SIPR2/RHO/ROCK1/DRP1 pathway might be a novel
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treatment to protect against cardiac I/R injury via maintenance of
mitochondrial homeostasis.

As previously reported, the extracellular release of mtDNA can elicit
a potent activation of NLRP3 inflammasome, thereby triggering the
activation of CASPASE-1 and the subsequent release of proinflammatory
cytokines, including interleukin 1 (IL1) and interleukin 18 (IL18) [13].
Consistently, our experiments showed that SIPR2 triggered NLRP3
inflammasome activation in cardiac ECs after I/R injury and that
EC-specific Nlirp3 deletion reversed the enhancing effect of EC-S1PR2
overexpression on cardiac I/R injury in vivo, suggesting a key role of
S1PR2 for EC inflammasome activation and its influences on cardiac I/R
injury. Concurrently, inflammasome activation triggers a distinct form
of inflammatory cell death, referred to as pyroptosis [14]. Pyroptosis is
characterized by the proteolytic cleavage of gasdermin D (GSDMD) by
CASPASE-1, which results in the formation of pores within the cellular
membrane, thereby disrupting cell membrane, and ultimately causes
cell death [68]. This intricate interplay between inflammasome activa-
tion and pyroptosis has been shown to exert an essential role in the
pathophysiology of cardiovascular diseases, including atherosclerosis,
myocardial infarction, cardiac hypertrophy, abdominal aortic aneurysm
and arrhythmia [69,70]. However, whether endothelial inflammasome
activation and pyroptosis are involved in the pathological process of
cardiac I/R injury has not been clarified yet. In our study, we showed
EC-S1PR2 triggered NLRP3 inflammasome activation upon cardiac I/R
injury, and further led to cell pyroptosis, which contributed to the
deleterious effects on cardiac I/R injury. Our study offers a new insight
into endothelial inflammasome activation and pyroptosis as a key
regulator during cardiac I/R injury, potentially leading to novel thera-
peutic interventions for I/R injury via suppressing NLRP3 inflamma-
some activation and cell pyroptosis.

We constructed an EC-targeted delivery system of S1pr2 siRNA via
RGD-Fe304 nanoparticles, which achieves a high efficiency of EC-
specific SIpr2 knockdown in vivo. RGD-nanoparticles packaging S1pr2-
siRNA to specifically knockdown S1pr2 in ECs significantly ameliorate
cardiac I/R injury, therefore providing a promising cell-targeted therapy
for myocardial infarction and subsequent reperfusion injury. However,
we recognize the limitation of this approach in clinical settings, where
the unpredictable nature of ischemic events makes pretreatment almost
impractical. This limitation poses a significant barrier to the direct
translation of our findings into clinical practice. To address this issue, we
will explore strategies for the rapid administration of nanoparticles
immediately following the onset of ischemic events in future research.
Such approaches could pave the way for the effective integration of
nanoparticle-based therapies into the treatment regimen for cardiac I/R
injury.

Taken together, our investigations identified EC-SIPR2 as a key
regulator to control inflammatory responses and cardiac I/R injury. EC-
specific S1pr2 loss-of-function significantly reduced inflammatory re-
sponses and cardiac I/R injury, while EC-specific S1pr2 gain-of-function
aggravated cardiac I/R injury. Mechanistically, S1P-S1PR2 signaling
activates RHO/ROCK1/DRP1 pathways to induce EC mitochondrial
hyperfission, leading to mtDNA release into cytoplasm, which results in
NLRP3 inflammasome activation and subsequently induces cell pyrop-
tosis, and thus aggravates cardiac I/R-induced inflammatory responses
and heart injury (Supplementary Fig. 11). Furthermore, we constructed
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RGD-peptide magnetic nanoparticles packaging S1pr2-siRNA to specif-
ically knockdown S1PR2 in ECs, which significantly ameliorated cardiac
I/R injuries in vivo, providing a future promising EC-target therapy for
cardiac I/R injury through S1PR2 signal pathway.
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