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Abstract

Background: Given the importance of microvascular injury in infarct formation and expansion,
development of therapeutic strategies for microvascular protection against myocardial
ischemia/reperfusion injury (IRl) is of great interest. Here, we explored the molecular mechanisms
underlying the protective effects of the SGLT2 inhibitor dapagliflozin (DAPA) against cardiac
microvascular dysfunction mediated by IRI.

Methods: DAPA effects were evaluated both in vivo, in mice subjected to IRI, and in vitro, in human
coronary artery endothelial cells (HCAECs) exposed to hypoxia/reoxygenation (H/R). DAPA
pretreatment attenuated luminal stenosis, endothelial swelling, and inflammation in cardiac microvessels
of IRI-treated mice.

Results: In H/R-challenged HCAECs, DAPA treatment improved endothelial barrier function,
endothelial nitric oxide synthase (eNOS) activity, and angiogenic capacity, and inhibited H/R-induced
apoptosis by preventing cofilin-dependent F-actin depolymerization and cytoskeletal degradation.
Inhibition of H/R-induced xanthine oxidase (XO) activation and upregulation, sarco(endo)plasmic
reticulum calcium-ATPase 2 (SERCA2) oxidation and inactivation, and cytoplasmic calcium overload was
further observed in DAPA-treated HCAECs. DAPA also suppressed calcium/Calmodulin
(CaM)-dependent kinase |l (CaMKII) activation and cofilin phosphorylation, and preserved cytoskeleton
integrity and endothelial cell viability following H/R. Importantly, the beneficial effects of DAPA on cardiac
microvascular integrity and endothelial cell survival were largely prevented in IRI-treated
SERCAZ2-knockout mice.

Conclusions: These results indicate that DAPA effectively reduces cardiac microvascular damage and
endothelial dysfunction during IRI through inhibition of the XO-SERCA2-CaMKII-cofilin pathway.
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Introduction

A growing body of evidence supports a primary
role of vascular endothelial cells (ECs) and
microvascular dysfunction in the acute cardiomyocyte
death that characterizes cardiac ischemia/reperfusion
injury (IRI) [1, 2]. Microvascular injury compromises
the therapeutic effect of revascularization treatments,
leading to perfusion defects in 15%-50% of patients
receiving percutaneous coronary intervention and
coronary artery bypass graft surgery [3]. It therefore
contributes to infarct formation and expansion, is
closely associated with reductions in left ventricular
ejection fraction, and negatively impacts prognosis [4,
5]. However, current research is mainly focused on
molecular mechanisms and preventive strategies
targeting cardiomyocyte IRI, whereas insufficient
emphasis is placed in the field of microvascular
protection.

Dapagliflozin (DAPA) is a sodium-glucose
linked transporter 2 (SGLT2) inhibitor used to lower
blood sugar levels in patients diagnosed with type-2
diabetes mellitus (T2DM) [6]. Unlike insulin or
glucagon-like peptide-1, DAPA acts by increasing the
excretion of glucose through the urine [7]. Results of
the DECLARE-TIMI 58 trial indicated that treatment
with DAPA is associated with a significant reduction
in the risk of major adverse cardiovascular events in
patients diagnosed with T2DM [8]. Subsequently, the
DAPA-HF study reported the protective action of
DAPA in patients with established heart failure with
reduced ejection fraction, regardless of the presence of
T2DM [9]. The role of DAPA in improving endothelial
dysfunction has also been widely investigated. In a
prospective, open-label, single-center, randomized
clinical trial, DAPA treatment improved 1-min
flow-mediated dilation (FMD) at rest and 1-min FMD
after 15 min of ischemia followed by 15 min of
reperfusion in patients with T2DM and carotid
intima-media thickness above the 75% percentile [10].
Experiments in cultured human coronary artery
endothelial cells (HCAECs) showed that DAPA
neutralized superoxide production and restored NO
activity upon stimulation with TNFa [11]. In turn, in a
rat model of diabetic cardiomyopathy DAPA was
shown to ameliorate myocardial fibrosis by
preventing endothelial-to-mesenchymal transition
[12]. Although these findings are indicative of the
broad vasculoprotective effects of DAPA, it remains
unclear whether DAPA would be effective against
IRI-related EC dysfunction and microvascular
damage.

Our previous studies have identified oxidative
stress injury and abnormal intracellular calcium
dynamics as critical mechanisms accounting for IRI-
related EC dysfunction and microvascular damage

[13-15]. Reperfusion-mediated xanthine oxidase (XO)
activation generates excessive ROS, which reduces the
bioavailability of NO [16], resulting in microvascular
contraction. Pathological alterations in intracellular
calcium handling include cytoplasmic calcium
overload and mitochondrial calcium deposition.
Cytoplasmic calcium overload impairs endothelium-
dependent vasodilation and induces microvascular
spasm, whereas mitochondrial calcium accumulation
contributes to ROS generation and opening of the
mitochondrial permeability transition pore (mPTP) to
activate the caspase-9-dependent apoptosis pathway
[17]. On the other hand, an important role has been
proposed for Ca?*/calmodulin-dependent protein
kinase II (CaMKII) as a central regulator of multiple
cardiac cell death pathways [18, 19]. However, the
relationship between XO-induced oxidative stress and
abnormal intracellular calcium signaling is
incompletely understood. Sarco(endo)plasmic
reticulum Ca?*-ATPase-2 (SERCA?2) is the primary
mechanism for Ca2?* uptake into the SR/ER [20, 21].
SERCA2 oxidation at Cys-674 promotes SERCA2
degradation and thus increases baseline intracellular
calcium levels [22, 23], a pivotal phenomenon in
myocardial dysfunction during heart failure [24, 25].
Moreover, decreased SERCA2 expression has been
found to contribute to IRI-related microvascular
damage [14, 26-28]. Based on this evidence, we asked
whether IRI promotes XO-mediated SERCA2
oxidation and inactivation, leading to abnormally
increased intracellular calcium levels in cardiac
microvascular ECs.

A recent study conducted in human coronary
artery ECs showed that DAPA reduced stretch-
induced endothelial barrier dysfunction by inhibiting
the generation of ROS [29]. Indeed, several studies in
ECs, neurons, and cardiomyocytes confirmed the
antioxidant properties of DAPA and focused on its
regulatory action on antioxidant enzymes such as
GSH and SOD [30, 31]. However, it remains unclear
whether DAPA can counteract XO-induced oxidative
stress in ECs during IRI. Meanwhile, a recent study in
diabetic mice with Angll-induced cardiomyopathy
showed that DAPA attenuated intracellular calcium
transients and downregulated the expression of
calcium channels and transporters (i.e. CACNAIC,
NCX, and NHE1) in isolated cardiomyocytes [32]
However, there is no evidence, to our knowledge, on
the potential regulatory influence of DAPA on
SERCAZ2-dependent calcium reuptake in
IRI-challenged ECs. In view of the above
considerations, the goal of the present study was to
explore the molecular mechanisms governing
DAPA-mediated cardiac microvascular protection
during IRI-induced injury.
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Materials and Methods

Endothelial-specific SERCA2 knockout mouse
and echocardiography

The generation of SERCA2/ mice was
established based on previous studies [33].
Subsequently, Tie2¢ transgenic mice and SERCA2/
mice were extensively backcrossed to C57B6/] mice
(Jackson Laboratory, Bar Harbor, ME, USA) for at
least nine generations before interbreeding to
generate endothelial-specific SERCA2 knockout mice
(SERCA2EKO). SERCA27 mice were used as the control
group. To avoid potential gender-related variation, all
experiments were performed using male mice.

Mice were anesthetized with 2% Isoflurane and
underwent transthoracic echocardiography using the
VisualSonics Vevo 2100 Imaging System with a high
frequency (30 Mhz) probe. Briefly, mice chests were
depilated using Nair creme, and mice were placed
supine on a heated board with embedded ECG leads.
Temperature was strictly maintained between 36.5 °C
and 37.5 °C, and heart rate was maintained above 400
beats per minute to void confounding effects of
hypothermia and bradycardia. B-mode short axis
images and M-mode scans were collected, and
analyzed following completion of the data acquisition
[34].

Cardiac ischemia reperfusion injury (IRI)
model

Mice were fully anesthetized with isoflurane
(1%-1.5%), intubated, and connected to a rodent
ventilator. A median sternotomy was performed to
access and identify the left anterior descending
coronary artery (LAD), which was surgically ligated
with a 7-0 silk suture [35]. A short segment of PE-10
silicon tubing was placed between the LAD and the
described suture to cushion the artery against trauma.
Mice were subjected to 45 min of LAD ischemia,
followed by reperfusion for 2 h. All mice undergoing
LAD occlusion surgery survived until sacrifice (up to
6 h post-surgery). After 2 h of reperfusion, in a subset
of mice the heart was rapidly excised for
immunohistochemistry analysis. Dapagliflozin (40
mg/kg/day) was administrated once a day via
intraperitoneal injection over seven days before IRI
surgery.

Histological analysis

Histological changes in cardiac tissue were
evaluated by hematoxylin and eosin (H&E) staining
of paraffin-embedded, 5 pm-thick tissue sections [36].

ICAM1 (1:12,000 dilution; abl179707, Abcam,
Cambridge, UK) immunohistochemistry = was
performed to assess cardiac inflammation, by

quantifying the number positive cells per high-power
field. Digital images were acquired with by
microscopy (Eclipse 80i, Nikon, Tokyo, Japan).

Cell culture and H/R model

Human coronary artery endothelial cells
(HCAECs; PCS-100-020™, ATCC, Manassas, VA,
USA) were cultured in Vascular Cell Basal Medium
(ATCC) with 5 ng/ml VEGF, 5 ng/ml EGF, 5 ng/ml
FGF, 15 ng/ml IGF-1, 10 mM L-glutamine, 0.75 U/ml
heparin sulfate, 1 pg/ml hydrocortisone, 50 ng/ml
ascorbic acid, 1% amphotericin B, 1% penicillin-
streptomycin, and 10% FBS. Hypoxia-reoxygenation
(H/R) injury was induced on cultured cells as
described in our previous study [15]. In brief, hypoxic
stress was induced in a tri-gas incubator with an N»
concentration of 95% and a CO, concentration of 5%
for 45 min. Then, cells were cultured under normal
oxygen concentration for 2 h. Dapagliflozin (10 pM)
was applied to HCAECs 24 h before H/R injury in
vitro. BAPTA (50 pM; #A1076, Sigma-Aldrich,
Burlington, MA, USA) was added to the medium for
30 min to attenuate intracellular calcium overload.
Ionomycin (100 pM; #200-664-3, Sigma) was
alternatively applied for 30 min to induce calcium
overload. To inhibit F-actin degradation, HCAECs
were treated with jasplakinolide (Jas, 2 pM;
#ab141409. Abcam) over 2 h before H/R. To induce an
oxidative stress microenvironment, HCAECs were
treated with 0.3 mM hydrogen peroxide for 6 h. To
prevent CaMKII activation, HCAECs were incubated
with KN93 (5 pM; #5678, Selleck Chem. LLC,
Houston, TX, USA) during 2 h before H/R.

shRNA lentiviral vector transduction and
siRNA transfection

To silence SERCA2 and XO expression, shRNAs
targeting human SERCA2 or XO mRNAs were cloned
into the pLKO.1 lentiviral vector (10878, Addgene,
Watertown, MA, USA). An empty shRNA hairpin
containing GFP was used as control. Target plasmids
were co-transfected with packaging plasmids
(psPAX2; 12260, Addgene) and pMD2.G (12259,
Addgene) into 293T cells. The virus-containing
supernatant was harvested 48 h after transfection and
filtered through a 0.45 pm filter (SLHVO033RB,
MilliporeSigma, Burlington, MA, USA) to obtain the
corresponding lentiviral particles. These were
incorporated into HCAECs using polybrene (H9268;
Sigma), and puromycin (A1113803; Gibco, Grand
Island, NY, USA) was used for selection of cells with
stable SERCA2/XO knockdown (verified by western

blotting). The siRNA against SGLT2 (Sense,
5-GUCAUUGCUGCAUAUUUCCTT-3’, Antisense,
5-GGAAAUAUGCAGCAAUGACTA-3), were
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purchased from Thermo Fisher Scientific (#289404,
200 nM, San Jose, CA, USA), and transfected into
HCAECs for 48 hrs according to our previous study
[37]. The knockdown efficiency of siRNA transfection
was confirmed by western blots.

Quantitative real-time PCR

Total RNA was extracted by TRIzol (T9424,
Sigma) and purified using the phenol-chloroform
method. RNA was reverse transcribed into cDNA
using a Transcriptor First-Strand cDNA Synthesis Kit
(04896866001, Roche, Basel, Switzerland). SYBR Green
(04887352001, Roche) was wused in quantitative
real-time PCR. PCR amplification conditions were as
follows: initialization at 94 °C for 2 minutes; 40 cycles
of denaturation at 94 °C for 30 seconds, annealing at
45 °C for 30 seconds, elongation at 72 °C for 105
seconds, and final elongation at 72 °C for 10 minutes.
B-actin was used as internal reference gene. Primers
sequences were: TNFa (Forward, 5'- AGATGGAGC
AACCTAAGGTC-3'; Reverse, 5-GCAGACCTCGC
TGTTCTAGC-3'), IL6 (Forward, 5-CAGACTCG
CGCCTCTAAGGAGT3';, Reverse, 5-GATAGCCG
ATCCGTCGAA-3"), MCP1 (Forward, 5-GGATG
GATTGCACAGCCATT-3'; Reverse, 5-GCGCCGAC
TCAGAGGTGT-3"), Drpl (Forward, 5'-TAGTGGGC
AGGGACCTTCTT-3"; Reverse, 5'-TGCTTCAACTCC
ATTTTCTTCTCC-3"); Mff (Forward, 5-AAGTGG
CTCTCACCCTAGCA-3'; Reverse, 5-TGCCCCAC
TCACCAAATGT-3'); Mifn2 (Forward, 5-GCTCCT
GAAGGATGACCTCG-3'; Reverse, 5'-CGTCTGCAT
CAGCGTGGACTC-3'); Opal (Forward, 5-CAG
TGTTGATGACAGCTCAG-3'; Reverse, 5-CATCAC
ACACTAGCT TACATTTGC -3').

Western blotting

Cells were lysed with RIPA buffer (65 mM Tris
HCI, 150 mM NaCl, T mM EDTA, 1% Nonidet P-40,
0.5% sodium deoxycholate, and 0.1% SDS) with
protease inhibitor (04693132001, Roche) and
phosphatase inhibitor tablets (4906837001, Roche).
Protein concentration was quantified with a BCA kit.
Similar amounts of protein were separated by 8-12%
SDS-PAGE, transferred to polyvinylidene difluoride
(PVDF) membranes (IPVH00010, Millipore), and
incubated overnight at 4 °C with corresponding
primary antibodies: F-actin  (1:1000, Abcam,
#ab130935), G-actin (1:1000, Abcam, #ab200046),
p-CaMKII (1:1000, Abcam, #ab124880), cofilin (1:1000,
Abcam, #ab54532), CaMKII (1:1000, Abcam,
#ab52476), p-cofilin (1:1000, Abcam, #ab283500), ET-1
(1:1000, Abcam, #ab178454), eNOS (1:1000, Abcam,
#ab199956), p-eNOS (1:1000, Abcam, #ab215717),
SGLT2 (:1000, Abcam, #ab37296), Fak (1:1000, Abcam,
#ab40794), Src (1:1000, Abcam, #ab133283), GAPDH

(1:1000, Abcam, #ab8245), XO (1:1000, Abcam,
#ab109235), SERCA2 (1:1000, Abcam, #ab150435), Fak
(1:1000, Abcam, #ab40794), Src (1:1000, Abcam,
#ab133283), Tom20 (1:1000, Abcam, #ab186735), Drpl
(1:1000, Abcam, #ab184247), and SERCA2 C674-SOsH
(#A300-BL2103; Bethyl Laboratories, Inc.,
Montgomery, TX, USA). Suitable secondary
antibodies were next applied for 1 h at room
temperature. Signals were detected on a ChemiDoc
imaging system (Bio-Rad, Hercules, CA, USA).

Intracellular calcium detection

Intracellular calcium levels were analyzed using
Fura-2AM (Molecular Probes) and recorded by
confocal microscopy using a 60%x/1.42 NA oil
immersion objective. Excitation and emission
wavelengths of 340/380 nm and 500 nm were
respectively set to capture the fluorescence intensity
of Fura-2AM in HCAECs. Fura-2AM is advantageous
over other Ca?*-sensitive indicators because it can be
used in the dual excitation ratiometric mode to
measure cytoplasmic Ca?* and Fura-2AM has an
isofluorescence wavelength (~340 nm) where its
fluorescence is independent of Ca?* [38]. The ratio of
the emissions at 340 nm and 380 nm wavelengths is
directly related to the amount of intracellular Ca?*
[38]. In our study, cells were incubated on the confocal
microscopy in the presence of 1 pM Fura-2AM for 2
minutes while monitoring the fluorescence intensities
at 340 nm and 380 nm (excitation). The relative
fluorescence intensity was normalized to that of the
control group [14, 17].

ATP and reactive oxygen species (ROS)
measurements

ATP levels in HCAECs were measured with the
ATP Assay Kit (S0026; Beyotime Biotechnology,
Haimen, Jiangsu, China) according to the
manufacturer’s instructions. Total ROS levels in
HCAECs were measured using the ROS Detection
Cell-Based Assay Kit (601290; Cayman Chem., Ann
Harbor, MI, USA) according to the manufacturer’s
recommendations.

CCK-8 and MTT assay

Cell proliferation was determined by the CCK-8
Kit (Dojindo Laboratories, Kumamoto, Japan)
according to the manufacturer’s instructions. Cells
were seeded at 3,000 cells per well in 96-well plates.
After treatment with DAPA, 10 ml of CCK-8 solution
was added to each well, followed by incubation at 37
°C for 1 h. OD values were next measured at 450 nm
using a microplate reader. MTT assay was used to
determine cell viability as our previously described
[14].
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Immunohistochemistry, immunofluorescence,
and TUNEL assay

For immunohistochemistry, 4% para-
formaldehyde overnight-fixed, paraffin-embedded
samples were serially sectioned into 4-pm-thick slices
and processed using standard procedures. After
autoclave antigen retrieval in citrate buffer, sections
were immunostained with an ICAM1 antibody (1:500,
Abcam, #ab119871) followed by an HRP-conjugated
secondary antibody and then visualized using a
3,’3-Diaminobenzidine (DAB) staining kit (RE7230-K;
Leica). Nuclei were counterstained with hematoxylin
solution. ~ For = immunofluorescence, = samples
were treated with a Grl antibody (1:1000, Abcam,
#ab25377), followed by incubation with Alexa Fluor
488-conjugated anti-rabbit IgG (1:200, Ab150117),
Alexa Fluor 555-conjugated anti-mouse IgG (1:200,
Ab150074) antibody. Nuclei were stained with DAPI
(Vector). TUNEL staining was performed on cultured
HCAECs based on the manufacturer’s protocol.

Enzyme-linked immunosorbent assay and XO
inhibitory assay in vitro

ELISA quantification kits to analyze the activity
of VEGF (Human VEGF ELISA Kit, #ab222510) and
XO (Xanthine Oxidase Activity Assay Kit, #ab102422)
were purchased from Abcam. In brief, 50 ul of
standard solution or samples were added to each
well. The plates were incubated for 2 h at RT with
continuous shaking. After washing with 200 pl of
wash buffer five times, 50 pl of biotinylated albumin
antibody was added for 1 h. After washing, 50 pl of
streptavidin-peroxidase conjugate was added over 30
min. The plates were then washed and 50 pl of
chromogen substrate per well was added for 30 min.
When color developed, 50 pl of stop solution was
applied. Plates were immediately read at 450 nm on a
microplate reader. A standard curve based on serial
dilutions of standards was generated to calculate
samples’ concentrations.

The in vitro XO inhibitory assay was performed
according to the procedures as previously described
[39]. In brief, DAPA was added into 0.1 mL of enzyme
solution (0.01 units/mL in phosphate buffer, pH 7.5).
After pre-incubation at 25 °C for 15 min, the reaction
was initiated by the addition of 2 mL of 150 mM
xanthine solution in the same buffer which acts as a
substrate and this reaction mixture were incubated at
25 °C for 30 min [40]. Then, 1 mL of 1 nM HCL wad
added into the solution to stop the reaction and the
absorbance was measured at 290 nm by using a UV
spectrophotometer. One unit of XO is defined as the
mount of enzyme required to produce 1 mmol of uric
acid per min at 25 °C [40].

SERCA2 activity assay

SERCA2 activity was measured using the
colorimetric ATPase assay kit (catalogue no. 601-0120,
Novus Biologicals, Littleton, CO) as our previously
described [41]. In brief, DAPA-treated HCAECs were
digested, centrifuged, and then disrupted by an
ultrasonic pulverizer. Cellular homogenates (50 pg)
were firstly incubated with the ionophore A23187 (1
pg/ml) and EGTA (1pg/ml) for 5 min to prevent a
buildup of Ca?* inside the vesicles that might inhibit
the Ca?*-ATPase activity. The activity rates were read
at 650 nm using a microplate reader (Epoch 2; BioTek
Instruments, Inc.) and normalized to total protein
content measured by MicroBCA protein assay
(Pierce).

Statistical analysis

Data are presented as mean * SEM. The
distributions of all continuous variables were tested
for normality assumptions using the D’Agostino &
Pearson normality test in GraphPad Prism software.
One-way analysis of variance (ANOVA) evaluated
differences for parameters measured at a single time
point within the sham or DAPA group using
Dunnett’s multiple comparison test. One-way
ANOVA with Tukey’s multiple comparison test was
used for in vitro data. Statistical analyses were
performed using SAS 9.4 (SAS Institute, Cary, NC)
and GraphPad Prism version 7.0. A p < 0.05 was used
to determine significance for all statistical tests.

Results

DAPA attenuates IRI-induced microvascular
injury

To investigate the influence of DAPA on
IRI-related microvascular injury, we first applied
electron microscopy to observe cardiac microvascular
ultrastructural changes in mice subjected to 45-min
ischemia followed by 2 h of reperfusion to induce
cardiac IRI. As shown in Figure 1A, swollen ECs,
rough microvessel walls, and narrowed lumens were
observed in the IRI control group. However, DAPA
protected against IRI-induced structural changes. In
samples from IRI-treated control mice, erythrocytes
adopted a pie-like shape morphology consistent with
luminal stenosis and hemodynamic disorder (Figure
1B). Notably, normal erythrocyte features were
largely preserved after DAPA pretreatment (Figure
1B). Furthermore, immunohistochemistry analysis
demonstrated that IRI promoted the expression of
ICAM1, an adhesion molecule that facilitates
recruitment of circulating inflammatory cells, in
cardiac tissue (Figure 1C-D). Paralleling increased
ICAM1 expression, in response to IRI injury
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numerous Grl* neutrophils were detected in the
myocardium of control animals (Figure 1E-F).
Consistent with these findings, the expression of
pro-inflammatory factors (IL-6, MCP1, and TNFa)
was also upregulated in response to IRI injury (Figure
1G-I). Treatment with DAPA not only reduced
ICAM1 expression but also prevented the infiltration
of circulatory neutrophils into heart tissues and
repressed the transcription of the above cytokines
(Figure 1E-I). Endothelial damage was further
assessed through TUNEL staining. IRI increased the
number of TUNEL positive ECs and this effect was
prevented by DAPA (Figure 1J-K). Lastly,
echocardiography = demonstrated  that cardiac
systolic/diastolic function was impaired by IRI and
reversed to near-normal levels with DAPA treatment
(Table 1). These findings indicate that DAPA prevents

morphological alterations and counteracts
inflammation caused by IRl in the cardiac
microcirculation.

Table 1. The echocardiography parameters in mice treated with
DAPA after cardiac ischemia/reperfusion injury

Parameter Sham IRI IRI+DAPA
HR, bmp 463.4+11.2 473.6 £13.5 4718 £15.6
LVDd, mm 3.26+0.12 3.98 +£0.15* 3.49+0.11*
LVDs, mm 2.23 £0.08 312+0.17# 2.51 £0.12*
IVS, mm 0.84 £0.02 0.68 £ 0.04# 0.76 £ 0.03*
PW, mm 0.78 +0.04 0.79 £0.05 0.77 £0.03
FS, % 33.8+1.6 204 £3.1# 29.7 £1.9*
EF, % 624 +3.1 43.9 +4.6% 57.5+43*

LVDd, diastolic dimension of left ventricle; LVDs, systolic dimension of left
ventricle; IVS, thickness of interventricular septum; PW, thickness of posterior wall;
PW, thickness of posterior wall; FS, ratio of left ventricular fractional shortening;
HR, heart rate; bmp, beats/min; #p < 0.05 vs. sham, *p < 0.05 vs. IRL

DAPA sustains cardiac microvascular
endothelial function during IRI

To investigate the molecular basis of
DAPA-mediated protection against IRI-induced
microvascular dysfunction, cultured human cardiac
artery endothelial cells (HCAECs) were treated with
different concentrations of DAPA to evaluate its toxic
effects in vitro. The CCKS8 assay confirmed that DAPA
dose-dependently promoted HCAECs proliferation
(Figure 2A). After exposure to hypoxia-reoxygenation
(H/R), HCAECs viability, as measured by MTT assay,
was significantly reduced (Figure 2B). However,
DAPA maintained cell viability in a dose-dependently
manner (Figure 2B). These data confirmed that DAPA
may protect endothelial cells viability against H/R
injury. Since DAPA is an inhibitor of SGLT2, we asked
whether DAPA-mediated endothelial protection is
achieved via inhibiting the SGLT2 pathway. Western
blots confirmed the existence of SGLT2 in HCAECs
while H/R treatment slightly elevated the expression
of SGLT2 in endothelial cells (Figure 2C-D). The

siRNA against SGLT2 (si-SGLT2) was transfected into
HCAECs to simulate the inhibitory effect offered by
DAPA on SGLT2 pathway (Figure 2C-D).
Subsequently, endothelial function was determined in
response to DAPA treatment or SGLT2 knockdown.
Western blot analysis demonstrated that upon H/R
stress eNOS activity was reduced, whereas the
expression of ET-1 was upregulated, and these
alterations were attenuated by DAPA or si-SGLT2
(Figure 2E-G). To observe changes in endothelial
barrier function, fluorescein isothiocyanate
(FITC)-dextran  clearance and transendothelial
electrical resistance (TER) assays were conducted.
Cellular hyperpermeability, evidenced by enhanced
FITC-dextran deposition and reduced TER, was
observed after H/R exposure, and these effects were
effectively attenuated by DAPA pretreatment or
si-SGLT2 (Figure 2H-I). In addition, decreased VEGF
levels were detected in the supernatant of
H/R-exposed HCAECs by ELISA (Figure 2J).
Notably, VEGF expression could be restored by
DAPA or si-SGLT2 (Figure 2J). Lastly, cell apoptosis
was determined in HCAECs by TUNEL assays.
Results showed that DAPA or si-SGLT2 effectively
counteracted the extent of apoptosis elicited by H/R
(Figure 2K-L).

Recent studies have reported that mitochondrial
fission or fusion may be a potential target of DAPA
[42, 43]. The inhibitory effect of DAPA on
mitochondrial fission contributes to increased
endothelial survival and improved coronary function
in diabetic mice [44]. Therefore, we asked whether
DAPA may attenuate H/R-mediated endothelial
damage through restoring the balance between
mitochondrial fission and fusion. In wvitro,
immunofluorescence staining of mitochondrial
morphology illustrated that H/R induced the
formation of fragmented mitochondria (Figure
2M-0O), an effect that was followed by decreased
average length of mitochondria (Figure 2M-O).
Treatment with DAPA or si-SGLT2 significantly
reversed the mitochondrial morphology in the
presence of H/R injury. At the molecular levels, gPCR
assay further showed that the transcription of Drpl
and Mff, the regulators of mitochondrial fission, were
significantly elevated in IRI-treated heart tissues
(Figure 2P-S). By comparison, mitochondrial fusion
factors, such as Opal and Mfn2, were markedly
downregulated in IRI-treated mice (Figure 2P-S).
Pretreatment with DAPA inhibited the expression of
mitochondrial fission factors and reversed the levels
of mitochondrial fusion regulators (Figure 2P-S).
Taken together, these results illustrated that
mitochondrial morphology, especially mitochondrial
fission and fusion, could be normalized by DAPA in
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the setting of cardiac microvascular reperfusion
injury.

DAPA attenuates endothelial apoptosis by
regulating the CaMKIll/cofilin pathway

Cytoskeletal degradation is considered an early
hallmark of apoptosis induction [45]. F-actin
immunofluorescence in HCAECs showed a
disorganized cytoskeleton after exposure to H/R
(Figure 3A-B). Moreover, western blots demonstrated
that polymeric F-actin was degraded into monomeric
G-actin upon H/R injury (Figure 3C-E). In turn,
administration of DAPA sustained cytoskeletal
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integrity (Figure 3A, 3B) and preserved F-actin
expression (Figure 3C-E). Mimicking the results
observed with DAPA, application of jasplakinolide
(Jas), an actin-stabilizing agent, inhibited cytoskeletal
degradation (Figure 3A-B), prevented F-actin
disassembling (Figure 3C-E), and reduced the number
of TUNEL-positive cells (Figure 3F-G) following H/R.
These results suggested that the antiapoptotic effect of
DAPA on H/R-challenged vascular endothelial cells
is associated with preservation of cytoskeletal
homeostasis.
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Number of TUNEL® cells

Figure 1. DAPA attenuates IRI-induced microvascular injury. Mice were subjected to 45-min ischemia followed by 2-h reperfusion to induce cardiac ischemia/
reperfusion injury (IRl). Dapagliflozin (DAPA, 40 mg/kg/day) was administrated daily via intraperitoneal injection during seven days before IRI surgery. (A) Electron microscopy
was used to detect ultrastructural alterations in the cardiac microcirculation. Yellow arrows indicate narrowed lumens and rough microvessel walls. (B) H&E staining was used
to observe the morphology of erythrocytes in the cardiac microvasculature. (C, D) Immunohistochemistry was performed on heart tissues to detect the expression of ICAMI
on the surface of cardiac microvessels. (E, F) Immunofluorescence was used to detect intracardiac accumulation of Grl+* neutrophils. Cardiomyocytes were stained with TnT
and nuclei were counterstained with DAPI. (G-1) The expression of IL-6, MCP1, and TNFa mRNA was determined by qPCR. -actin was used as internal reference. (J, K)
TUNEL staining was performed to detect and quantify apoptosis of cardiac microvascular ECs after IRI. Experiments were repeated at least three times and the data are shown
as mean * SEM. Six animals were used in each group and the dotes in each panel represent the average data of three replicates in each animal. *p < 0.05.
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Figure 2. DAPA sustains endothelial function during IRI. Human coronary artery endothelial cells (HCAECs) were treated with 45-min hypoxia (H) followed by a 2-h
reoxygenation (R) phase to induce H/R injury. (A) HCAECs were treated with different doses of DAPA and cell proliferation was analyzed by CCK-8 assay. *p < 0.05 vs. control
group. (B) HCAECs were treated with different concentrations of DAPA in the presence of H/R injury. Cell viability was determined by MTT assay. #p < 0.05 vs. control group,
*p < 0.05 vs. H/R group. (C-D) Western blots were used to observe the expression of SGLT2 in HCAEC:s. siRNA against SGLT2 (si-SGLT2) and the scrambled siRNA (si-Scr)
were transfected into HCAECs to knockdown the expression of SGLT2. (E-G) Western blot analysis of alterations in ET-1 and p-eNOS expression. DAPA (10 pM) was applied
to HCAECs 24 h before H/R. siRNA against SGLT2 (si-SGLT2) and the scrambled siRNA (si-Scr) were transfected into HCAECs to knockdown the expression of SGLT2. (H,
1) Endothelial barrier function and permeability were determined by fluorescein isothiocyanate (FITC)-dextran clearance and transendothelial electrical resistance (TER) assays.
DAPA (10 pM) was applied to HCAECs 24 h before H/R. siRNA against SGLT2 (si-SGLT2) and the scrambled siRNA (si-Scr) were transfected into HCAECs to knockdown the
expression of SGLT2. (J) ELISA was used to quantify VEGF release by HCAECs. (K-L) Cell apoptosis was determined by TUNEL staining, respectively. (M-O)
Immunofluorescence assay of mitochondrial morphology using the TOM20 antibody. The average length of mitochondria and the ratio of cells with fragmented mitochondria was
recorded. (P-S) Western blots analysis of mitochondrial fission/fusion-related proteins in heart tissues. Experiments were repeated at least three times and the data are shown
as mean * SEM (n = ten independent cell isolations per group). *p < 0.05.

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 11

5042

HR HR+DAPA HR+Jas

Cytoekeleton

Ctrl HR+DAPA HR+Jas

TUNEL DAPI

Merged

p-cofilin/cofilin expression
p-CaMKIl/CaMKII expression

z g
° < ©
= a =
= C = + +
5 P o x
b o I T T
% F-actin | s --'-."
o

£ .

5 G-actin | S
-

g GAPDH |

Fq

s

£

2

£

G-actin/GAPDH expression
F-actin/lGAPDH expression

HR+DAPA
HR+KN93

ctr

p-cofilin MM M|
cofilin SRR S

p-CaMKil [N S8 & F |
CaMKII [ o S e |

|

Number of TUNEL" cells

GAPDH |

4.00

3.00

2.00

CaMKIl activity (foldsl

Figure 3. DAPA attenuates endothelial apoptosis by inhibiting the CaMKIl/cofilin pathway. Human coronary artery endothelial cells (HCAECs) were treated with
45-min hypoxia (H) followed by a 2-h reoxygenation (R) phase to induce H/R injury. DAPA (10 pM) was applied to HCAECs 24 h before H/R. (A, B) F-actin immunofluorescence
was used to observe cytoskeletal changes in HCAECs exposed to H/R injury. Yellow arrows indicate cytoskeleton degradation. Jasplakinolide (Jas, 2 pM), a depolymerizing agent
targeting F-actin, was applied to HCAECs 2 h before H/R exposure. (C-E) Detection of F-actin and G-actin expression by western blotting. (F, G) Apoptosis in HCAECs was
assessed through TUNEL staining. (H-J) Analysis of alterations in p-cofilin and p-CaMKII expression by western blotting. KN93 (5 uM), an inhibitor of CaMKII, was applied to
HCAECs 2 h before H/R treatment. (K) ELISA was used to determine CaMKIl activity. Experiments were repeated at least three times and the data are shown as mean + SEM

(n = ten independent cell isolations per group). *p < 0.05.

F-actin depolymerization and cytoskeletal
degradation are closely associated with cofilin activity
[46]. Recently studies by our group [47] and other
researchers [48] showed that assembling of G-actin
into F-actin polymers is sustained by cofilin
dephosphorylation. Our western blot results
indicated that H/R injury promoted cofilin
phosphorylation, a conformational alteration that was
attenuated by DAPA (Figure 3H-]). To investigate the
mechanism by which DAPA prevents H/R-mediated
cofilin phosphorylation, we focused on CaMKI],
which has been reported to induce cofilin
phosphorylation at Ser-3 [49]. After exposure to H/R
injury, CaMKII activity was significantly increased, as

evidenced by upregulated levels of p-CaMKII (Figure
3H-]). Treatment with either DAPA or KN-93 (an
inhibitor of CaMKII) was able to prevent
H/R-mediated CaMKII phosphorylation, an effect
paralleled by decreased cofilin phosphorylation
(Figure 3H-]). Furthermore, ELISA demonstrated that
the activity of CaMKII was increased by H/R and
inhibited by DAPA treatment (Figure 3K). These
results indicate that DAPA inhibits CaMKII-mediated
cofilin phosphorylation and thus sustains F-actin
homeostasis and cytoskeleton integrity in cardiac
microvascular endothelial cells subjected to H/R
injury.
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Figure 4. DAPA inhibits XO-mediated SERCA2 oxidation and normalizes intracellular calcium balance. Human coronary artery endothelial cells (HCAECs)
were treated with 45-min hypoxia (H) followed by a 2-h reoxygenation (R) phase to induce H/R injury. DAPA (10 pM) was applied to HCAECs 24 h before H/R. (A, B) HCAECs
were incubated on the confocal microscopy in the presence of 1 pM Fura-2AM for 2 minutes while monitoring the fluorescence intensities at 340 nm and 380 nm (excitation).
The ratio of the emissions at 340 nm and 380 nm wavelengths is directly related to the amount of intracellular Ca2*. The relative fluorescence intensity was normalized to that
of the control group. HCAECs were treated with BAPTA (50 pM) or ionomycin (lon, 100 pM) for 30 min before H/R to prevent and induce calcium overload, respectively. (C-E)
Western blot analysis of p-cofilin and p-CaMKIl expression in HCAECs. (F-H) Western blot analysis of SERCA2 oxidation (Cys-674) and XO expression. Lentiviral shRNA
targeting XO was transduced into HCAECs and knockout efficiency confirmed by western blotting. (I, J) ELISA was used to analyze changes in SERCA2 and XO activities. (K-L)
XO inhibitory activity via in vitro system. *p < 0.05 vs. control group or H/R group. (M-N) Western blot analysis of SERCA2 oxidation (Cys-674). To induce a pro-oxidative
microenvironment, HCAECs were treated with 0.3 mM hydrogen peroxide for 6 h before DAPA treatment. (O) ELISA was used to analyze changes in SERCA2 activity. To
induce a pro-oxidative microenvironment, HCAECs were treated with 0.3 mM hydrogen peroxide for 6 h before DAPA treatment. Experiments were repeated at least three
times and the data are shown as mean = SEM (n = ten independent cell isolations per group). *p < 0.05.

activation, H/R-induced intracellular calcium
fluctuations and CaMKII/cofilin phosphorylation
were analyzed in HCAECs following addition of
balance BAPTA (a calcium chelator). In separate experiments,

Fluctuations in intracellular calcium signaling the effect of ionomycin (lon, a calcium agonist), was
regulate CaMKII activation [50]. Experiments in  evaluated in H/R-challenged cells pretreated with
HCAECs using the calcium-sensitive probe Fura-2AM DAPA. Results showed that H/R-mediated calcium
showed an elevation in cytoplasmic calcium levels  overload could be attenuated by BAPTA (Figure
following H/R injury, and attenuation of this 4A-B), an effect paralleled by a drop in
response in DAPA-treated cells (Figure 4A-B). To  CaMKII/cofilin phosphorylation (Figure 4C-E). As
confirm that calcium overload mediates CaMKIl  expected, the attenuating effects of DAPA on

DAPA inhibits XO-mediated SERCA2
oxidation and normalizes intracellular calcium
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H/R-induced calcium elevation and CaMKII/ cofilin
phosphorylation were nullified by Ion (Figure 4A-E).
These findings indicate that DAPA promotes CaMKII
inactivation through repressing calcium overload in
H/R-exposed arterial endothelial cells.

SERCA?2 is the only known molecular pump
mediating calcium reuptake and is thus critically
responsible for Dbuffering intracellular calcium
transients [51]. Oxidation of SERCA2 promotes its
inactivation, a phenomenon that contributes to
cardiomyocyte stiffness during heart failure [24, 25].
Western blotting (Figure 4F-H) showed that H/R
promoted SERCAZ2 oxidation at Cys-674, an effect that
was accompanied with a drop in SERCA activity
(Figure 4I). However, DAPA treatment prevented
H/R-mediated SERCA?2 oxidation (Figure 4F-H) and
thus sustained its activity (Figure 4I). To assess the
upstream mechanism involved in the regulation of
SERCA2 oxidation, we focused on XO, an enzyme
that according to our previous studies is involved in
oxidative stress and calcium overload in ECs [14, 16,
41]. Western blot analysis demonstrated that XO
expression was rapidly upregulated after exposure to
H/R injury (Figure 4F-H), an alteration that was
followed by an increase in XO activity (Figure 4]).
DAPA administration not only prevented XO
upregulation (Figure 4F-H) but also inhibited its
activity (Figure 4]) in HACEs in the presence of H/R
injury. The in vitro XO inhibitory assay demonstrated
that DAPA dose-dependently reduced XO activity not
only under physiological condition (Figure 4K) but
also upon H/R exposure (Figure 4I).

To understand whether XO inhibition accounts
for DAPA-mediated endothelial protection, sh-RNA
against XO was used. Knockout of XO was able to
prevent H/R-mediated SERCA2 oxidation (Figure
4F-H) and activation (Figure 4I) in cultured HCAECs.
In turn, exogenous supplementation of hydrogen
peroxide, to mimic oxidative stress, abolished the
inhibitory effect of DAPA on SERCA2 oxidation
(Figure 4M-N) and suppressed SERCA2 activity
(Figure 40). These data suggest that DAPA restricts
H/R-induced calcium overload in ECs by preventing
XO-induced SERCA2 oxidation and inactivation.

DAPA-mediated endothelial protection is
abrogated by SERCA2 knockdown

To further assess whether DAPA-mediated
protection against H/R injury in ECs is mediated by
SERCA2-mediated calcium buffering, loss-of-function
assays were performed in H/R-challenged, DAPA-
treated HCAECs. Western blot analysis showed that
DAPA treatment inhibited ET-1 expression and
preserved eNOS activity, and these effects were
abrogated upon transduction of lentiviral shRNA

vectors targeting SERCA2 (Figure 5A-5C). Moreover,
SERCA2  silencing abolished DAPA-mediated
normalization of endothelial barrier function and
integrity in H/R-exposed cells (Figure 5D, 5E). We
further observed that SERCA2 silencing completely
inhibited the rescuing effect of DAPA on VEGF
synthesis (Figure 5F), and abrogated also its
antiapoptotic effect on H/R-treated HCAECs (Figure
5G-5I). These results confirmed that DAPA attenuates
H/R-induced microvascular endothelial damage by
preventing SERCA2 inactivation.

DAPA-mediated microvascular protection is
compromised in endothelial-specific SERCA2
knockout mice

To verify our in vitro findings, myocardial IRI
was induced in endothelial-specific SERCA2
knockout (SERCAZ2EKO) mice. The SERCA2# mice
were used as the control group. Electron microscopy
showed that knockout of the SERCA2 gene in the
vascular endothelium did not affect mnormal
microvascular structure in control mice (Figure 6A).
However, DAPA pretreatment failed to improve
IRI-induced EC swelling and luminal stenosis in
SERCAZ2EKO mice (Figure 6A). Furthermore, following
IRI, DAPA sustained normal erythrocyte morphology
in SERCA27 mice, but not in SERCA2EKO mice (Figure
6B). In turn, immunohistochemistry analysis of
surface ICAM1 expression in cardiac microvessels
(Figure 6C, 6D), and qPCR assays assessing the
transcription of pro-inflammation factors (Figure
6E-6G) revealed that the anti-inflammatory effect of
DAPA was indiscernible in SERCA2EKO  mice.
Confirming the crucial involvement of SERCA2 in
DAPA-mediated cardiovascular protection against
IRI, TUNEL staining showed that the antiapoptotic
effect of DAPA was unnoticeable in IRI-exposed
SERCAZ2EKO mice (Figure 6H, 6I).

Discussion

Our study explored the protective effects of
DAPA against microvascular injury and endothelial
dysfunction caused by myocardial IRI. The main
findings showed that DAPA attenuates IRI-induced
endothelial swelling, luminal stenosis, and morpho-
logical alterations in erythrocytes; preserves
endothelial ~barrier function and endothelial
permeability,  preventing activation of the
inflammatory response and inflammatory cell
infiltration; and sustains cardiac microvascular EC
survival, preserves eNOS activity, and promotes
angiogenesis. Furthermore, molecular assays showed
that DAPA inhibits H/R-induced XO activation and
upregulation, which reduces SERCA2 oxidation and
inactivation and prevents cytoplasmic calcium
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overload. By normalizing intracellular calcium
balance, DAPA also suppresses CaMKII activation
and cofilin phosphorylation, contributing to
cytoskeleton integrity and endothelial survival. Thus,
our findings indicate that the XO-SERCA2-
CaMKIlI-cofilin pathway is a potential therapeutic
target to preserve endothelial viability in the setting of
IR, and suggest that DAPA administration may
counteract reperfusion-related microvascular damage
through attenuation of oxidative stress, normalization
of intracellular calcium homeostasis, and inhibition of
apoptosis (Figure 7).

Several studies have reported the beneficial
effects of SGLT2 inhibitors on endothelial function. In
LPS-treated HCAECs, canagliflozin inhibited IL-6
release, reduced the expression of the glycolytic
enzyme hexokinase II (HKII), and increased
endothelial viability [52]. Indicative of the antioxidant
properties of DAPA during exertion of mechanical
tension on vascular ECs, a study reported that DAPA
alleviates  cyclic  stretch-induced  endothelial

permeability in HCAECs through reducing NADPH
oxidase-mediated ROS production [29]. Meanwhile, a
model of

study conducted in a mouse
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diabetes-associated hindlimb ischemia showed that
DAPA administration promoted vascular EC
proliferation and migration, as well as secretion of
multiple angiogenic factors, resulting into increased
neovascularization and blood perfusion [53]. These
results support the potential of SGLT2 inhibitors such
as DAPA for therapeutic angiogenesis. Although the
underlying molecular mechanisms were not
identified, a study in human aortic endothelial cells
indicated that cellular senescence and disfunction
induced by the tyrosine kinase inhibitor ponatinib
could also be rescued by DAPA [54]. More
importantly, accumulating evidence from clinical
studies in diabetic patients further support the
therapeutic efficacy of DAPA in maintaining
endothelial cell homeostasis and attenuating
microvascular injury [55-57]. In accordance with these
findings, the present results revealed multiple
beneficial (antioxidative, anti-inflammatory, and
antiapoptotic) effects afforded by DAPA on cardiac
microvascular ECs exposed to IRI, and provides a
detailed account of the molecular mechanisms
involved.
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Figure 5. DAPA-mediated endothelial protection is abrogated by SERCA2 knockdown. Human coronary artery endothelial cells (HCAECs) were treated with
45-min hypoxia (H) followed by a 2-h reoxygenation (R) phase to induce H/R injury. DAPA (10 uM) was applied to HCAECs 24 h before H/R. Lentiviral shRNA targeting SERCA2
was transduced into HCAEC:s prior to H/R. (A-C) Western blot analysis of ET-1 and p-eNOS expression. (D, E) Endothelial barrier function and permeability were determined
by fluorescein isothiocyanate (FITC)-dextran clearance and TER assays. (F) ELISA was used to quantify VEGF release by HCAECs. (G-I) Cell viability and apoptosis were
determined by CCK8 assay and TUNEL staining, respectively. Experiments were repeated at least three times and the data are shown as mean * SEM (n = ten independent cell
isolations per group). *p < 0.05.
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Figure 6. DAPA-mediated microvascular protection is partly compromised in SERCA2EKO mice. Tie2Ce transgenic mice and SERCA2f mice were extensively
backcrossed on C57B6/) mice for at least nine generations before interbreeding to generate the endothelial specific SERCA2 knockout mice (SERCA2EK0). The SERCA2ffmice
were used as the control group. Mice were subjected to 45-min ischemia followed by 2-h reperfusion to induce cardiac ischemia/reperfusion injury (IRI). Dapagliflozin (DAPA,
40 mg/kg/day) was administrated daily via intraperitoneal injection during seven days before IRI surgery. (A) Electron microscopy was used to detect ultrastructural alterations

in the cardiac microcirculation. (B) H&E staining was used to observe the morpholog

y of erythrocytes in the cardiac microvasculature. (C, D) Immunohistochemistry was

performed to detect the expression of ICAMI on the surface of cardiac microvessels. (E-G) The expression of IL-6, MCP1, and TNFa mRNA was determined by qPCR. B-actin
was used as internal reference. (H-1) TUNEL staining was performed to assess and quantify apoptosis of cardiac microvascular ECs after IRI. Experiments were repeated at least
three times and the data are shown as mean + SEM. Ten animals were used in each group and the dotes in each panel represent the average data of three replicates in each animal.

#p < 0.05.

Our cellular and molecular assays showed that
DAPA exerts antioxidant actions and prevents
H/R-induced intracellular calcium overload by
inhibiting XO-mediated oxidation of SERCA2. Since
SGLT?2 is an electrogenic Na*/glucose co-transporter,
inhibition of SGLT2 thus might have a
hyperpolarizing effect which could lead to less

activation of voltage sensitive Ca?*-channels and
hence lower cytosolic Ca?* levels [58]. This could be an
additional contributing effect of DAPA on the
homeostasis of cytosolic calcium. The regulatory
action of DAPA on calcium inhibits CaMKII-mediated
cofilin phosphorylation, actin depolymerization, and
endothelial apoptosis. Increased EC survival reduces
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Figure 7. Protective mechanism of DAPA on cardiac microvascular ischemia reperfusion injury. DAPA reduced XO expression and activity and inhibited
reperfusion-mediated SERCA2 oxidation and inactivation. SERCA2 stabilization inhibited intracellular calcium overload and thus prevented CaMKIl-mediated cofilin
phosphorylation, resulting in preserved cytoskeleton integrity and decreased endothelial apoptosis. These beneficial effects of DAPA contribute to improved microvascular

integrity in the presence of cardiac ischemia reperfusion (I/R) injury.

in turn microvascular permeability and attenuates
myocardial inflammation in response to H/R. Of
note, it recently has been shown that SGLT2i restores
coronary flow velocity reserve in a rodent model for
obesity and heart failure possibly via effects on
endothelium and NO-pathway [59]. These actions
highlight the potential therapeutic application of
DAPA to modulate multiple aspects, such as
oxidative stress, calcium imbalance, apoptosis, and
inflammation, of ECs’ pathological responses to heart
failure.

Consistent with previous reports [28, 60], our
recent studies highlighted the necessary role played
by SERCA2 in improving mitochondrial quality
control in microvascular IRI [13, 14]. In the present
study, we found that DAPA-mediated protection was
offset by SERCA2 deletion both in vivo and in vitro,
thus identifying SERCA2 as a novel downstream
target of DAPA. SERCA2 downregulation, resulting

from its oxidation, induces intracellular calcium
overload and impairs EC migration [61]. Indeed,
endothelial barrier function [62], cGMP-dependent
endothelial relaxation [63], and angiogenesis [27]
could all be improved through blockade of SERCA2
oxidation. Considering the critical role played by
SERCA2 in regulating multiple pathophysiological
parameters in ECs, our findings suggest that DAPA
might be of great clinical value to reduce the oxidative
status of SERCAZ2. In this regard, and in light of the
indispensable role played by SERCA2 oxidation/
inactivation in heart failure [24, 25, 64], it would be of
interest to evaluate whether SERCA2 stability may
account for the cardioprotection exhibited by DAPA
in patients with heart failure [10].

Besides, we also reported the protective effects
offered by DAPA on mitochondrial morphology.
Mitochondrial dysfunction has been regarded as a
potential mechanism involving the progression of
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cardiac microvascular reperfusion injury [15, 35, 65].
Abnormal mitochondrial fission, decreased mito-
phagy, and excessive mitochondrial oxidative stress
contribute to the endothelial dysfunction or death
during cardiac reperfusion attack [15, 35, 65]. In the
present study, we found that DAPA treatment was
associated a drop in mitochondrial fission, an effect
that was followed by normalized mitochondrial
network. At the molecular levels, DAPA adminis-
tration prevented reperfusion-induced Drpl/Mff
upregulation and reversed the levels of Opal/Mfn2,
leading into decreased formation of fragmented
mitochondria. The regulatory mechanism of DAPA
on mitochondrial fission/fusion is likely associated
with Sirtl or AMPK based on recent in-depth studies
[66, 67]. It has been also found that DAPA reduced
reperfusion-caused myocardial injury through
improving mitochondrial function, biogenesis and
dynamics [68], suggesting that mitochondria are the
downstream target of DAPA. Therefore, the beneficial
actions of DAPA on mitochondria may also reduce
the vulnerability of endothelial cells to cardiac
reperfusion injury.

In summary, this is to our knowledge the first
study to describe the beneficial role and mechanism of
action of DAPA against microvascular injury and
endothelial dysfunction induced by myocardial IRI.
Mechanistically, DAPA reduced XO expression and
activity and inhibited reperfusion-mediated SERCA2
oxidation and inactivation. SERCA2 stabilization
inhibited intracellular calcium overload and thus
prevented CaMKII-mediated cofilin phosphorylation,
resulting in decreased EC apoptosis. These data
strongly suggest that DAPA-mediated protection of
the cardiac microcirculation is due to inhibition of the
XO-SERCA2-CaMKII-cofilin pathway.
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