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ARTICLE INFO ABSTRACT

Keywords: Endothelial cells lining the microvasculature are particularly vulnerable to the deleterious effects of cardiac
SERCA . ischemia/reperfusion (I/R) injury, a susceptibility that is partially mediated by dysregulated intracellular cal-
Necroptosis cium signals. Sarco/endoplasmic reticulum Ca®*-ATPase (SERCA) functions to recycle calcium from the cytosol

Cardiac microvascular I/R injury
Endothelial cells
Calcium

back to the endoplasmic reticulum. The purpose of this study is to explore the roles and mechanisms of SERCA in
protecting microcirculation against cardiac I/R injury. Our data showed that overexpression of SERCA signifi-
cantly reduced I/R-induced luminal stenosis and vascular wall edema, possibly through normalization of the
ratio between eNOS and ET-1. I/R-induced erythrocyte morphological changes in micro-vessels could be
reversed by SERCA overexpression through transcriptional inhibition of the expression of adhesive factors. In
addition, SERCA-sustained endothelial barrier integrity reduced the likelihood of inflammatory cells infiltrating
the myocardium. Furthermore, we found that SERCA overexpression attenuated intracellular calcium overload,
suppressed mitochondrial calcium uniporter (MCU) expression, and prevented the abnormal opening of mito-
chondrial permeability transition pores (mPTP) in I/R-treated cardiac microvascular endothelial cells (CMECs).
Interestingly, the administration of calcium activator or MCU agonist induced endothelial necroptosis in vitro and
thus abolished the microvascular protection afforded by SERCA in reperfused heart tissue in vivo. In conclusion,
by using gene delivery strategies to specifically target SERCA in vitro and in vivo, we identify a potential novel
pathway by which SERCA overexpression protects microcirculation against cardiac I/R injury in a manner
dependent on the calcium/MCU/necroptosis pathway. These findings should be taken into consideration in the
development of pharmacological strategies for therapeutic interventions against cardiac microvascular I/R
injury.

1. Introduction

Coronary reperfusion strategies have been applied to reduce
myocardial infarction-mediated cardiac damage by improving car-
diomyocyte viability [1]. Although reperfusion strategies, such as pri-
mary percutaneous coronary intervention (PCI), create a complete
recanalization of the occluded epicardial coronary arteries [2], effective
myocardial reperfusion occurs in only about 50% of patients suffering

myocardial infarction [3,4]. This phenomenon has been defined as
ischemia-reperfusion (I/R) injury, and has been found to be an inde-
pendent risk factor that predicts peri-operative mortality [5,6]. Signifi-
cant efforts have focused on the identification and investigation of the
mechanisms underlying cardiomyocyte I/R injury [7]. It is becoming
increasingly clear that cardiomyocyte death, including apoptosis and
necroptosis caused by oxidative stress and calcium overload, contributes
to the development of cardiomyocyte I/R injury [8-11]. Many
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cardioprotective drugs targeting cardiomyocyte survival have thus been
introduced to patients during or before reperfusion strategies [12,13]. In
contrast to cardiomyocytes, endothelial cell damage, termed “cardiac
microvascular I/R injury” is a neglected topic [14,15]. The mechanism
of I/R-mediated microvascular injury has not been described in detail.

Sarco/endoplasmic reticulum Ca®*-ATPase (SERCA) recycles cal-
cium from the cytosol back to the endoplasmic reticulum (ER) with the
assistance of ATP [16]. Decreased SERCA expression and activity have
been observed in cases of myocardial I/R injury and heart failure [17,
18]. Pharmacological activation of SERCA is an effective way to alle-
viate cardiomyocyte damage through the normalization of calcium
signals in cardiomyocytes [19,20]. Clinical studies [21,22] have
confirmed the cardioprotective effects afforded by long-term upregula-
tion of SERCA, which improves the ability of cardiomyocytes to contract
and expand rapidly and regularly. Like cardiomyocytes, calcium ho-
meostasis is critical for endothelial function [23]. Mild intracellular
calcium overload induces endothelial spasm, whereas excessive intra-
cellular calcium fluctuation promotes endothelial death [24,25]. How-
ever, the influence of SERCA on endothelial cell viability has not been
fully explained. In addition, SERCA deficiency-mediated calcium
imbalance has been identified as an upstream signal to induce cellular
oxidative stress by modifying the activity of xanthine oxidase (XO) [26].
Considering the pathogenic roles played by oxidative stress and calcium
overload in inducing cardiac I/R injury [27,28], we ask whether SERCA
is a potential target for relieving cardiac microvascular I/R injury.

During cardiac I/R injury, two types of cell death have been reported:
apoptosis and necroptosis [29,30]. Recent studies have found that nec-
roptosis is the primary death pattern in these injuries [25,26]. It is
conceivable that more than half of cardiomyocytes undergo necroptosis,
whereas apoptosis accounts for only 30% of cardiomyocyte deaths [25,
26]. Like apoptosis, necroptosis can be blocked by genetic or pharma-
cological strategies [31]. But it remains poorly understood how I/R
injury-mediated endothelial necroptosis is governed. In reperfused
cardiomyocytes, necroptosis is activated due to a rise in the expression
of receptor-interacting protein 3 (Ripk3) which interacts with phos-
phoglycerate mutase 5 (PGAMS5) and then induces mixed-lineage kin-
ase-domain-like  pseudokinase = (MLKL) phosphorylation and
mitochondrial permeability transition-pore (mPTP) opening [32,33].
Subsequently, MLKL migrates onto intracellular bio-membranes
including the mitochondrial membrane, ER membrane, lysosome
membrane, and cell membrane [34]. After localization onto the lipid
bilayer, MLKL promotes the formation of pores across the membrane,
leading to the swelling and rupture of organelles or cytoplasm [35,36].
In addition, mPTP-mediated ATP depletion is a feature of necroptosis
[37]. Although Ripk3 upregulation, PGAM5 activation, and mPTP
opening have been observed in the context of cardiac microvascular I/R
injury [25,26], the downstream events and molecular alterations in
endothelial cells have not been identified. In light of the link between ER
membrane damage and SERCA downregulation, we ask whether SERCA
inactivation is implicated in the transduction and amplification of the
necroptosis signal. The overall aim of this experiment is to understand
the action of SERCA on endothelial necroptosis during cardiac micro-
vascular I/R injury.

2. Methods
2.1. AAV9-mediated SERCA overexpression

Adeno-associated virus-9 (AAV9) genome particles were obtained
from Vector Gene Technology. Mouse SERCA was cloned into AAV9
vectors, which were injected subcutaneously into neonatal mice at the
nape of the neck, at a titer of 0.5 x 10'! vector genomes per gram of
body weight (vg/g). Control AAV9 vectors were injected at the same
dosage and time points. After 8 weeks, heart tissues were collected, and
the overexpression efficiency was measured through western blots (data
not shown). In vitro, SERCA AAV9 were transfected into CMECs, as
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previously described [38]. The overexpression efficiency was measured
through western blots (data not shown).

2.2. Cardiac ischemia/reperfusion (I/R) injury model

Cardiac I/R was surgically induced as described previously [39]. In
brief, male C57BL/6J mice (8-12 weeks of age, 20-25 g) received AAV9
SERCA (SERCAAAV? group) or control AAV9 vectors (control group).
These mice were anesthetized with pentobarbital sodium (60 mg/kg)
and ventilated with a rodent ventilator. The left anterior descending
coronary artery was ligated with a 6-0 silk suture, and ischemic damage
was confirmed by observation of the blanching of the myocardium in the
affected area. After 45 min of ischemia, reperfusion was achieved in the
left anterior descending coronary artery for about 4 h. Animals in the
sham group underwent all surgical procedures for I/R induction except
the ligation step. The I/R model and treatment were performed by a
single experienced operator under blinded conditions. To induce intra-
cellular calcium overload, a single intraperitoneal (i.p.) injection of
ionomycin at 1 mg/kg was used 30 min before the I/R model. In addi-
tion, to activate MCU in SERCA*V® mice, spermine i.p. treatment at 5
mg/kg was used 60 min before I/R surgery. Dead mice and mice with no
decrease in heart function at baseline were excluded. Completely ran-
domized design and blinding were adopted in the animal experiments.

2.3. Heart histology

The heart tissue was perfused free of blood with cold PBS and fixed
with 10% buffered formalin after the trachea was cannulated [40]. All
the tissues were held under a pressure of 15 cm H50 and preserved for
24-48 h in 10% buffered formalin. Formalin-fixed tissues were washed
with PBS and dehydrated in 70% ethanol followed by paraffin pro-
cessing. The samples were cut into 4- to 5-pm-thick sections, stained
with H&E, and determined by light microscopy [41].

2.4. Cardiac microvascular endothelial cell (CMEC) culture and
treatment

CMECs were isolated from mice as previously described [42]. Pri-
mary CMECs were cultured in a vascular cell basal medium supple-
mented with endothelial cell growth kit VEGF, 2% FBS, 100 U/ml
penicillin, and 100 pg/ml streptomycin (endothelial cell growth me-
dium). Cells were cultured at 37 °C in an atmosphere of 5% CO5 and 95%
air. The purity of the cells was confirmed by the cobblestone
morphology and vWF immunocytochemical staining (data not shown).
Hypoxia/reoxygenation (H/R) injury was caused through 30 min of
hypoxia and 2 h of reoxygenation. [Ca®*]i activator (ionomycin, 3 M
for 2 h) and MCU agonist (spermine, 10 pM for 2 h) were administrated
into SERCA-overexpressed CMECs to offset the regulatory effects affor-
ded by SERCA on calcium homeostasis and MCU inhibition.

2.5. Immunoblotting analysis

Reperfused hearts tissues and cultured CMECs were washed twice
with ice-cold PBS and harvested in RIPA Lysis and Extraction Buffer (Life
Technologies), Halt Protease Inhibitor Cocktail (Life Technologies), and
Halt Phosphatase Inhibitor Cocktail (Life Technologies). A Pierce BCA
Protein Assay Kit (Life Technologies) was used for the colorimetric
detection and quantitation of total protein [43]. A total of 25 pg of
protein was separated on 4%-12% Tris-Glycine Mini Gels (Life Tech-
nologies) and transferred to PVDF membranes (Merck Millipore). The
membranes were probed with antibodies to SERCA (1:1111, Abcam,
#ab150435), MCU (1:1000, Cell Signaling Technology, #14997),
p-eNOS (Ser1117) (1:1000, Abcam, #ab184154), ET-1 (1:1000, Abcam,
#ab2786), and GAPDH (1:5000) (MilliporeSigma, cat# ABS16). Protein
signals were detected using horseradish peroxidase (HRP)-conjugated
secondary antibodies and enhanced chemiluminescence (ECL) western
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blotting detection reagents (Thermo Fisher Scientific, MA, USA) [44].
2.6. Immunofluorescence

Immunofluorescence was performed as previously described [45].
Samples were fixed with 4% paraformaldehyde for 10 min, washed 3
times with 100 mmol/L glycine in HBSS for 10 min, and washed once
with HBSS for 10 min [46]. Then the samples were permeabilized with
0.2% Triton X-100 in PBS for 10 min, blocked with 5% donkey serum for
1 h at room temperature, and incubated with Grl (1:1000, Abcam,
#ab25377) and troponin T (1:1000, Abcam, #ab ab8295) overnight at
4 °C. After being washed 4 times, the cells were incubated by with
donkey anti-mouse 488 (Invitrogen, A-21202) and donkey anti-rabbit
594 (Invitrogen, A-21207) secondary antibodies for 1 h at room tem-
perature. The cells were then rinsed 4 times and mounted on glass slides
using Vectashield mounting medium (Vector, H-1500) containing DAPI
[47]. Intracellular calcium ([Ca2t]i) and mitochondrial calcium ([Ca®*]
m) were stained using Furo-2AM (Molecular Probes) and Rhod-2 (Mo-
lecular Probes), respectively, as previously described [23].

For the immunohistochemistry of the heart, the tissues were
embedded in paraffin, sectioned, and mounted to the slides. All the
slides were rehydrated with xylene and decreasing concentrations of
ethanol, and then antigen retrieval was performed using sodium citrate
buffer [48]. After extensive washing with PBST, the slides were incu-
bated with secondary antibody for 1 h and mounted with Vectashield
containing DAPI. Confocal images were acquired with a laser-scanning
confocal microscope (Zeiss LSM 510 META) using Hg lamp and
UV-filter set to detect DAPI (band pass (BP) 385-470 nm emission), 488
nm excitation laser line to Alexa 488 (BP505—-550 nm emission), and
568 nm excitation laser line to Alexa Fluor 568 (excitation/emission
~578/603 nm).

2.7. Quantitative real-time RT-PCR analysis

Total RNA was isolated using Trizol (Invitrogen Life Technologies).
Following reverse transcription with a High-Capacity ¢cDNA Reverse
Transcription Kit (Applied Biosystems), quantitative real-time PCR
analysis was performed using an ABI 7500 system with Brilliant II SYBR
Green QPCR Master Mix (Agilent) [49]. The primers used for analysis
were as follows: MCP1 (forward, 5GGATGGATTGCACAGCCATT-3’;
reverse, 5-GCGCCGACTCAGAGGTGT-3'), IL1 (forward prime,
5-TTGCTCGAGTGAGTGAGGAT-3’; reverse prime 5-TGTGACAGC
GATGGACAGTG-3'), GAPDH, 5'-CCCAATGTGTCCGTCGTGGAT-3' and
5'TGTAGCCCAAGATGCCCTTCAG-3’. The data were presented as the
fold change relative to control [50].

2.8. Endothelial cell barrier function

Endothelial cell barrier function was measured through FITC-dextran
assay and TER experiment. After treatment, 150 pl of culture medium
containing FITC-dextran was added to each insert, and 500 pl of growth
medium without FITC-dextran was added to each receiver plate well.
The FITC-dextran was allowed to permeate through the monolayer, and
levels of FITC-dextran were measured in the receiver chamber over 3 h.
Every 30 min, 100 pl of medium was collected from the receiver well and
replaced with an equal volume of fresh medium. Permeability was
quantified by fluorescent intensity (of FITC-dextran) on a plate reader
(SpectraMax M5, Molecular Devices) via fluorescence at 485 nm exci-
tation and 535 nm emission wavelengths in a time-dependent fashion.
The TER experiment was conducted using an In Vitro Vascular Perme-
ability Assay Kit (ECM640, Millipore, USA) in accordance with the
manufacturer’s manual.
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2.9. LDH cytotoxicity experiment, TUNEL staining, and mPTP opening
assay

LDH release assay was performed through an LDH Cytotoxicity Assay
Kit (Beyotime, China, Cat. No:C0016) [51]. For TUNEL staining, cells
were incubated with In Situ Cell Death Detection kit (Roche). Subse-
quently, the number of TUNEL-positive cells was observed and analyzed
using a fluorescence microscope [52]. The mPTP opening rate was
determined as previously described [53]. In brief, 2 pL of a calcein AM
working solution was incubated with cultured CMECs for 30 min in the
dark at 37 °C [54]. After being washed with PBS, the samples were
measure using a microplate reader set to a wavelength of 450 nm (Epoch
2; BioTek Instruments, Inc.) [55].

2.10. Statistical analysis

All data were reported as Mean + SE. Comparisons among three or
more groups were evaluated for significance (p < .05) through one-way
analysis of variance (ANOVA) followed by Bonferroni’s multiple com-
parison test, and comparisons among groups after multiple treatments
were evaluated through two-way ANOVA followed by Bonferroni’s
multiple comparison test. P values of less than 0.05 were considered
statistically significant. Statistical calculations were carried out using
GraphPad Prism 6.0.

3. Results

3.1. SERCA overexpression reduces 1/R-caused cardiac microvascular
damage

To identify the alterations of SERCA in response to cardiac micro-
vascular I/R injury, protein analysis using western blots was performed.
Relative to the sham-operated control group, I/R injury significantly
reduced the expression (Fig. 1A and B) and activity (Fig. 1C) of SERCA in
the heart. To investigate of the role of decreased SERCA in microvascular
damage, AAV9 SERCA was delivered into the heart tissues before I/R
injury. Then microvascular structure and function were observed. His-
topathological assessment of cardiac microcirculation using an electron
microscope (EM) revealed more luminal stenosis, vascular wall edema,
or endothelial prolapse in mice subjected to I/R than in the sham-
operated control group (Fig. 1D). Interestingly, AAV9 SERCA adminis-
tration reduced microvascular damage caused by I/R injury quite
obviously, as shown by the augmented lumen diameter. Due to a nar-
rowed lumen, histological analysis by H&E staining revealed markedly
increased erythrocyte aggregation in I/R-treated mice over the sham
mice (Fig. 1E). In addition, we found a sword-shaped erythrocyte in
untreated mice but a sphere of erythrocyte in I/R-treated mice (Fig. 1E),
suggesting that I/R induced a hydrodynamic change around the eryth-
rocyte due to microvascular damage. Consistently with the EM data,
mice treated with AAV9 SERCA showed significant reduction of eryth-
rocyte aggregation (Fig. 1E), which was followed by a normalization of
erythrocyte morphology in the presence of I/R injury.

Microvascular relaxation and contraction depend on endothelium-
generated eNOS, a powerful vascular relaxing factor [14]. Western
blot analysis demonstrated a drop in eNOS phosphorylation in
I/R-treated mice relative to the control mice (Fig. 1F-H). In addition, the
levels of vascular constriction factors such as ET-1 were significantly
upregulated by I/R injury relative to the untreated mice (Fig. 1F-H).
However, SERCA overexpression significantly upregulated eNOS phos-
phorylation and downregulated the expression of ET-1 in hearts
suffering from I/R injury (Fig. 1F-H).

Normal microvascular prevents inflammatory cells from invading
from the blood into the myocardial tissue [4]. Increased inflammation
response in the myocardium is another feature of microvascular injury.
Immunofluorescence assay revealed an increase in the expression of
Grl-positive neutrophils in the myocardium of I/R-treated mice, as
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Fig. 1. SERCA overexpression reduces I/R-caused cardiac microvascular damage. Male C57BL/6J mice received AAV9 SERCA (SERCA*AY?

group) or control

AAV9 vectors (control group) before I/R injury. An I/R injury model was induced through 45 min of ischemia and 4 h of reperfusion. Animals in the sham group
underwent all surgical procedures for I/R induction except the ligation step. A-B. Proteins were isolated from reperfused hearts, and then the levels of SERCA were
measured through western blots. C. ELISA assay for SERCA activity. D. Cardiac microcirculation was observed using an electron microscope (EM). E. H&E staining to
detect erythrocyte aggregation. F-H. Proteins were isolated from reperfused hearts, and then the levels of phosphorylated eNOS and ET-1 were measured through
western blots. I-J. Immunofluorescence for Gr-1 in a reperfused heart. The relative immunofluorescence intensity of Gr-1 was detected with Image-J software. K-L.
RNA was isolated from reperfused hearts, and the transcriptions of MCP1 and IL-1 were determined through qPCR. *p < .05.

compared to the control mice (Fig. 1I and J). A qPCR analysis of
inflammation cytokines further confirmed an agitated inflammation
response in I/R-treated mice (Fig. 1K-L). Interestingly, SERCA over-
expression was associated with a drop in the immunofluorescence sig-
nals of Grl-positive neutrophils in the myocardium (Fig. 1I and J),
accompanied by decreased inflammation factor transcription in the
presence of I/R injury (Fig. 1K-L). Overall, I/R-mediated cardiac
microvascular damage can be attenuated by SERCA overexpression.

3.2. SERCA overexpression improves endothelial function under H/R
conditions

To clarify the molecular mechanisms underlying SERCA-mediated
microvascular protection, cardiac microvascular endothelial cells
(CMECs) were isolated from mice and transfected with AAV9 SERCA
before undergoing hypoxia-reoxygenation (H/R) stress in vitro. Consis-
tently with in vivo observations, H/R stress reduced eNOS phosphory-
lation and augmented ET1 expression in CMECs more than in the control
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group (Fig. 2A-C). Interestingly, SERCA overexpression reversed the
balance between eNOS phosphorylation and ET1 expression (Fig. 2A-C),
indicating an essential role for SERCA in the regulation of endothelium-
dependent vascular relaxation. Erythrocyte aggregation or hemody-
namic alteration might be a consequence of the increased expression of
adhesion molecules, which elevate the likelihood of thrombogenesis.
Using qPCR, we were able to visualize an increase in the transcription of
ICAM1 and VCAM1 (Fig. 2D and E), two critical adhesive factors
expressed on the surface of the endothelium. However, in SERCA-
overexpression CMECs, both ICAM1 and VCAM1 were transcription-
ally downregulated (Fig. 2D and E) through an unclear mechanism.

In addition to expressing adhesion molecules, the endothelial barrier
is an indispensable factor in thrombogenesis and inflammation-cell
infiltration. To analyze alterations in the endothelial barrier’s func-
tioning and integrity, we applied a FITC-dextran clearance assay and an
TER assay. Increased endothelial permeability was associated with an
elevation in the concentration of remaining FITC-dextran, whereas
decreased intercellular junction results in decreased ionic conductance
(TER assay) of endothelial cells [39]. After exposure to H/R injury, the
remaining FITC-dextran increased, whereas the TER value was reduced
in CMECs (Fig. 2F and G); this alteration could be corrected by SERCA
overexpression. Therefore, the above data confirm that endothelial
function can be normalized by SERCA in the presence of H/R injury in
vitro.

3.3. Necroptosis and apoptosis can be reduced by SERCA

I/R induces apoptosis and necroptosis in cardiomyocytes, but this
finding is not repeated in CMECs. In our study, an LDH cytotoxicity assay
demonstrated that H/R treatment causes more LDH to be released into
the medium than in the control group (Fig. 3A), an indicator of endo-
thelial cell membrane rupture. In parallel to these data, TUNEL assay
was used to confirm an increase in the endothelial death index upon H/R
exposure (Fig. 3B and C). Of note, in CMECs transfected with AAV9
SERCA, LDH leakage was inhibited (Fig. 3A) and the number of
TUNEL-positive cells was reduced (Fig. 3B and C), suggesting that
SERCA could partially but significantly suppress I/R-mediated endo-
thelial death.

To understand whether endothelial death induced by I/R injury is
executed through necroptosis, apoptosis, or both, western blots were
used to analyze markers of apoptosis or necroptosis. According to pre-
vious studies, necroptosis is caused by activation of the Ripk3/PGAM5
signaling pathway and a drop in ATP generation [25]. Upon H/R stim-
ulation, both Ripk3 and PGAMS5 expression started to accumulate in
CMECs (Fig. 3D-F) relative to the baseline. In addition, the total intra-
cellular ATP content was downregulated in H/R-treated CMECs relative

O Cont O SERCAMY
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to the control group (Fig. 3G). By comparison, SERCA overexpression
prevented ATP reduction and inhibited Ripk3/PGAMS5 accumulation
(Fig. 3D-G). Like necroptosis, apoptosis is a regulated cell death pro-
gram governed by members of the caspase family, such as caspase-12,
caspase-9, and caspase-3. Upon H/R injury, the activities of
caspase-12, caspase-9, and caspase-12 increased rapidly, and this
alteration could be repressed by SERCA (Fig. 3H-J). Taken together, our
data highlight the existence of necroptosis and apoptosis in the devel-
opment of cardiac microvascular I/R injury; both necroptosis and
apoptosis could be repressed by SERCA overexpression.

3.4. Necroptosis is repressed by SERCA through the prevention of calcium
overload, MCU activation, and mPTP opening

In light of the important role played by SERCA in regulating calcium
homeostasis through timely and effectively reabsorption of intracellular
calcium into the ER, we asked whether SERCA-deficiency-triggered
necroptosis is correlated with intracellular calcium overload. Double-
immunofluorescence of calcium staining detected a rise in intracel-
lular calcium ([Ca®*]i) and mitochondrial calcium ([Ca®t]m) in H/R-
treated CMECs over the control group (Fig. 4A-C). Interestingly, both
[Ca®']i and [Ca®T]m could be normalized by SERCA overexpression in
CMECs in the presence of H/R injury (Fig. 4A-C). Although [Ca®'Im is
affected by the concentration of [Ca2+]i, the primary mediator of [Ca%™]
m entry is the MCU, whose expression is correlated with the concen-
tration of [Ca®"]m [56-58]. Of note, MCU expression was markedly
elevated in H/R-treated cells and drastically lower in
SERCA-overexpressed CMECs (Fig. 4D and E). These data indicate that
SERCA regulates [Ca®*]m dependently on MCU.

Excessive calcium deposition is recognized as an initial step to
inducing the opening of mPTP [59,60], a non-classical necroptotic
signaling pathway, but this concept has not been verified in cardiac
microvascular I/R injury. In comparison with the control group, the
opening rate of mPTP was augmented approximately 3.3-fold by H/R
injury and returned to baseline after transfection of AAV9 SERCA
(Fig. 4F). Overall, SERCA overexpression significantly reduces [Ca®']
i/[Ca*"Im overload, prevents MCU upregulation, and blocks mPTP
opening; these beneficial actions may contribute to necroptosis inhibi-
tion in H/R-treated CMECs.

3.5. Induction of intracellular calcium overload or promotion of
mitochondrial calcium entry induces endothelial cell necroptosis

To determine whether SERCA inhibits necroptosis through the cal-
cium/MCU/mPTP pathway, [Ca2+]i activator (ionomycin) and MCU

agonist (spermine) were administrated into SERCA-overexpressed
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O Cont O SERCAAV®

Cont

A H/R B g
Cont SERCAAAV Cont SERCAAAVe § 3009 * %

S & 200 ?

<

°o2 |

£3 :

€S 100]

£2 100 eme 352 00

= |

< 00

3 .0V T T T T

Cont H/R

8 * * F
Q * *
c | — — 50090 ———
3 ° o 1
(2] | a0 D Cont H/R J ) - °
2% o33 — € 4.00-
oW 2 2 T =L < o
5T oo Z H o 3.00 o) 1 o
9 5 2004 ) 3 b 29 =] 5
2e S S R o £ 3.00- o438
o > 1 € 14 € o o 2.00-] g 1 =
=) % S uw S uw = Q
30 3 2 O o O o 2 o 2.00 8
E g 100 883 % : - g T o o ] °
Eg ] °° ° L E———1 1.00 % o2 & B 1.00 s§§8° %%8 g
s < 000 £ | =]
E GAPDH [Ses e —| 1 N
S 0.00 T T T T 0.00 . ; . . .00 T T T T
o,

Cont H/IR Cont H/R Cont

H/IR

Fig. 4. Necroptosis is repressed by SERCA through the prevention of calcium overload, MCU activation, and mPTP opening. Primary CMECs were cultured in
a vascular-cell basal medium supplemented with the endothelial cell growth kit VEGF. Hypoxia/reoxygenation (H/R) injury was induced through 30 min of hypoxia
and 2 h of reoxygenation. SERCA AAV9 or control AAV9 vectors were transfected into CMECs, which were termed SERCA®AV® group or control group respectively.
A-C. Intracellular calcium ([Ca®*]i) and mitochondrial calcium ([Ca?*]m) were stained using Furo-2AM (Molecular Probes) and Rhod-2 (Molecular Probes),
respectively. D-E. Proteins were isolated from H/R-treated CMECs, and then the levels of MCU were measured through western blots. F. mPTP opening was
measured using the calcein AM probe. *p < .05.



C. Lietal

CMEC:s to offset the regulatory effects of SERCA on calcium homeostasis
and MCU inhibition. An LDH cytotoxicity assay demonstrated that
SERCA overexpression reduced LDH leakage from CMECs into the me-
dium, but such alteration was undetectable in CMECs pretreated with
ionomycin or spermine (Fig. 5A). In addition, cell viability, as assessed
by MTT assay, was downregulated in response to H/R injury (Fig. 5B).
Although SERCA overexpression improved CMEC viability, this protec-
tive effect was offset by ionomycin or spermine (Fig. 5B). In accordance
with these alterations, intracellular ATP production was reduced by H/R
injury and returned to normal levels with SERCA overexpression
(Fig. 5C). By contrast, either ionomycin or spermine treatment obviously
repressed ATP generation in SERCA-overexpressed CMECs (Fig. 5C).
Last, a Western blot was performed to analyze the alterations to
necroptosis-related proteins. As we observed above, the expressions of
Ripk3 and PGAMS5 were upregulated by H/R injury (Fig. 5D-F). Over-
expression of SERCA prevented Ripk3 and PGAMS5 accumulation, but
this effect was abolished by ionomycin or spermine (Fig. 5D-F).
Therefore, these results suggest that the inhibitory action of SERCA on
the calcium/MCU/mPTP pathway interrupts necroptosis in I/R-treated
CMECs.

3.6. Activation of the calcium/MCU/mPTP pathway abolishes SERCA-
mediated endothelial protection in vivo

Further supporting our in vitro findings, either ionomycin or sper-
mine was administrated to mice before I/R injury. Then SERCA-
mediated microvascular protection was monitored again. Consistently
with our above observations, SERCA overexpression reduced luminal
stenosis, vascular wall edema, or endothelial prolapse in mice subjected
to I/R (Fig. 6A). Interestingly, AAV9 SERCA delivery failed to exert
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microvascular protection in mice pretreated with ionomycin or sper-
mine (Fig. 6A). Similarly, eNOS phosphorylation was normalized,
whereas ET1 expression was repressed by SERCA overexpression after
cardiac I/R injury; these improvements were not seen in mice treated
with ionomycin or spermine (Fig. 6B-D). In addition, the transcription
of inflammation cytokines was downregulated by SERCA overexpression
in I/R-treated mice; these effects were abolished by ionomycin or
spermine (Fig. 6E and F). These data confirm that SERCA-mediated
microvascular protection works through a mechanism of inhibiting the
calcium/MCU/mPTP pathway.

4. Discussion

Myocardial infarction is a result of decreased blood flow to the
myocardium [3]. It is generally accepted that the reintroduction of fresh
blood to the ischemic tissues is the most effective way to reduce
ischemia-triggered cardiomyocyte damage or death [3,61]. However,
post-ischemic reperfusion sensitizes cells to death through various
mechanisms, including oxidative stress, calcium overload, ATP deple-
tion, and inflammation response [62,63]. Therefore, clinical manage-
ment of I/R injury is an important step to augmenting the benefits of
reperfusion therapies to patients [64]. In comparison with car-
diomyocytes, microvascular I/R injury is a neglected topic in the study
of cardiac I/R injury because little attention has been paid to the mo-
lecular details of reperfusion-mediated endothelial dysfunction. How-
ever, many careful epidemiological studies have highlighted the
functional significance of microvascular damage, which has been iden-
tified as an independent risk factor that predicts in-hospital mortality
and one-year major adverse cardiovascular events [65]. Thereby, it is of
the utmost importance to understand the pathological responses of
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Fig. 5. Induction of intracellular calcium overload or promotion of mitochondrial calcium entry induces endothelial cell necroptosis. Primary CMECs were
cultured in a vascular-cell basal medium supplemented with the endothelial cell growth kit VEGF. Hypoxia/reoxygenation (H/R) injury was induced through 30 min
of hypoxia and 2 h of reoxygenation. SERCA AAV9 or control AAV9 vectors were transfected into CMECs, which were termed SERCA*Y® group or control group
respectively. [Ca?*1i activator (ionomycin, 3 pM for 2 h) and MCU agonist (spermine, 10 pM for 2 h) were administrated into SERCA-overexpressed CMECs to offset
the regulatory effects of SERCA on calcium homeostasis and MCU inhibition. A. Cell death was measured using the LDH cytotoxicity assay. B. An MTT assay was used
to observe the viability of CMECs in response to H/R injury. C. ATP production was measured using ELISA. D-F. Proteins were isolated from H/R-treated CMECs, and
then the levels of Ripk3 and PGAM5 were measured through western blots. *p < .05.
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endothelial cells to cardiac I/R injury.

In the present study, we found that endothelial cell death due to
SERCA-deficiency-mediated necroptosis is the fundamental difficulty
for microvascular functional maintenance during a post-ischemic
reperfusion attack. Overexpression of SERCA attenuates the burden of
intracellular calcium and thus inhibits MCU activation, resulting in the
closing of mPTP and in necroptosis inhibition (Fig. 6G). This demon-
strates that SERCA overexpression precisely confers resistance to
microvascular damage in the post-ischemic heart. In addition, modi-
fying SERCA activity, expression, or inhibition of the calcium/MCU/
mPTP pathways would be the ideal approach to protecting cardiac
microcirculation against I/R injury.

SERCA is a calcium pump that transports intracellular calcium to the
ER [21,22]. The activity and expression of SERCA are vital for sustaining
the baseline or resting intracellular calcium. Several studies have re-
ported cardioprotective effects of SERCA [66]. For example, car-
diomyocyte repolarization and contractility are handled by SERCA in
cardiomyocytes through the Kv channels [67]. Diabetes-induced cardiac
remodeling and cardiomyopathy are also linked to dysregulated SERCA
in a manner dependent on the miR-133a [68]. A recent study reported a
novel role for SERCA in preventing hypoxia-related cardiac depression
independently of calcium regulation [69]. Of note, SERCA also plays an

important role in  regulating calcium  homeostasis in
non-cardiomyocytes cells, such as human embryonic stem cells [70]. In
the present study, we found that endothelial calcium overload is also
under the control of SERCA. I/R injury causes a drop in the expression of
SERCA and thus promotes [Ca%*]i/[Ca®"]m overload. This finding may
explain the vasospasm or the micro-vessel stenosis observed in reper-
fused heart tissue using EM. Our data provide evidence for the use of the
calcium-channel regulator before or during reperfusion injury to reduce
microvascular damage; this recommendation needs further verification
in clinical practice.

Reperfusion injury is characterized by a loss of functional cells to
apoptosis, necroptosis, and necrosis [71,72]. Unlike necrosis, apoptosis
and necroptosis are programmed cell deaths that can be interrupted or
blocked. Two biophysical and biochemical processes contribute to
apoptosis and necroptosis activation during reperfusion injury: calcium
overload and oxidative stress [32,71,73]. Cardiomyocytes have a pro-
nounced susceptibility to calcium-mediated death regardless of
apoptosis and necroptosis. Although necroptosis in the endothelium has
been widely reported [74,75], the molecular network and signaling
transduction of endothelial necroptosis have not been fully explained. In
the present study, our data showed that dysregulated calcium due to
SERCA downregulation is an early sign of necroptosis induction and
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activation. Increased intracellular calcium triggers the opening of mPTP,
and augmented mPTP opening has been reported to induce and transmit
necroptotic signals through the promotion of mitochondrial rupture and
mitochondrial ATP depletion [25]. Our data also highlight the regula-
tory effects of SERCA on Ripk3 and PGAMS, although the working
mechanism has not been investigated. SERCA-regulated calcium balance
may have an impact on Ripk3/PGAMS5 activation, as a previous study
showed a close relationship between calcium overload and Ripk3
upregulation [76]. Further experiments are needed to verify this
hypothesis.

Overall, SERCA confers microvascular protection during cardiac I/R
injury. Mechanically, overexpression of SERCA normalizes intracellular
calcium signals and thus blocks calcium-triggered endothelial nec-
roptosis, presumably driven by an inhibition of the calcium/MCU/mPTP
pathways. This has important implications for the prevention of cardiac
microvascular I/R injury.
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