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Abstract
Recent studies demonstrated that mitochondrial antioxidant MnSOD that reduces mitochondrial (mito) reactive oxygen 
species (ROS) helps maintain an optimal balance between sub-cellular ROS levels in coronary vascular endothelial cells 
(ECs). However, it is not known whether EC-specific mito-ROS modulation provides resilience to coronary ECs after a non-
reperfused acute myocardial infarction (MI). This study examined whether a reduction in endothelium-specific mito-ROS 
improves the survival and proliferation of coronary ECs in vivo. We generated a novel conditional binary transgenic animal 
model that overexpresses (OE) mitochondrial antioxidant MnSOD in an EC-specific manner (MnSOD-OE). EC-specific 
MnSOD-OE was validated in heart sections and mouse heart ECs (MHECs). Mitosox and mito-roGFP assays demonstrated 
that MnSOD-OE resulted in a 50% reduction in mito-ROS in MHEC. Control and MnSOD-OE mice were subject to non-
reperfusion MI surgery, echocardiography, and heart harvest. In post-MI hearts, MnSOD-OE promoted EC proliferation (by 
2.4 ± 0.9 fold) and coronary angiogenesis (by 3.4 ± 0.9 fold), reduced myocardial infarct size (by 27%), and improved left 
ventricle ejection fraction (by 16%) and fractional shortening (by 20%). Interestingly, proteomic and Western blot analyses 
demonstrated upregulation in mitochondrial complex I and oxidative phosphorylation (OXPHOS) proteins in MnSOD-OE 
MHECs. These MHECs also showed increased mitochondrial oxygen consumption rate (OCR) and membrane potential. 
These findings suggest that mito-ROS reduction in EC improves coronary angiogenesis and cardiac function in non-reper-
fused MI, which are associated with increased activation of OXPHOS in EC-mitochondria. Activation of an energy-efficient 
mechanism in EC may be a novel mechanism to confer resilience to coronary EC during MI.
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Abbreviations
ROS  Reactive oxygen species
MI  Myocardial infarction

MnSOD  Manganese superoxide dis-
mutase, superoxide dismutase 
2, mitochondrial specific iso-
form of superoxide dismutase 
enzyme
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EC  Endothelial cell
MnSOD Tet-ON/Tet-OFF  Double transgenic model that 

presents normal (Tet-ON) or 
overexpression (Tet-OFF) 
of MnSOD specifically in 
endothelial cells

OE  Overexpression
LAD  Left anterior descending 

coronary artery
MHEC  Mouse heart endothelial cell
ERK  Extracellular signal-regulated 

kinase, also known as mito-
gen-activated protein kinase 
(MAPK)

CVD  Cardiovascular disease
NO  Nitric oxide
NOX2  NADPH oxidase 2
AMPK  AMP kinase
eNOS  Endothelial isoform of nitric 

oxide synthase
mito-ROS  Mitochondrial reactive oxy-

gen species
tTA  Tetracycline-controlled 

transactivator
VE-cad  Vascular endothelial cadherin
PCR  Polymerase chain reaction
Mito-roGFP  Mitochondria-targeted adeno-

virus construct
BME  Basement membrane extract
EF  Ejection fraction
FS  Fractional shortening
FAC  Fractional area change
ESV  End systolic volume
EDV  End diastolic volume
SAWT   Systolic anterior wall 

thickness
DAWT   Diastolic anterior wall 

thickness
SPWT  Systolic posterior wall 

thickness
DPWT  Diastolic posterior wall 

thickness
PCNA  Proliferating cell nuclear 

antigen
αSMA  α-Smooth muscle actin
LV  Left ventricular
ETS  Erythroblast 

transformation-specific
VEGF  Vascular endothelial growth 

factor
ERG  Erythroblast transformation-

specific related gene
OXPHOS  Oxidative phosphorylation

Introduction

Cardiovascular disease (CVD) has been the leading cause 
of death in the world for the last few decades, with the 
current prevalence at 48% in the adult population of the 
United States [10, 63]. Ischemic heart disease alone is 
the major contributor to CVD deaths and consists of a 
series of events involved in endothelial dysfunction that 
ultimately leads to acute myocardial infarction (MI) and 
eventual heart failure. The widespread prevalence and 
mortality rates of CVD necessitate further study into car-
diovascular pathophysiology and potential therapeutics.

Endothelial cells (ECs) are the most abundant cell type 
in the adult heart and vasculature. Lining the inner layer 
of blood vessels, ECs are essential for the homeostasis of 
blood supply and cardioprotection [24, 25]. Although pre-
senting high plasticity, ECs undertake considerable stress 
in the occurrence of MI and reperfusion therapy, result-
ing in loss of EC permeability, barrier function, inflam-
matory homeostasis, and microvascular obstruction [24, 
26, 41, 58]. Numerous ECs are lost via several cell death 
processes after MI affecting coronary vascular density in 
ischemic regions, which in turn further deteriorates recov-
ery of post-MI cardiac function [65]. To address this loss 
of coronary ECs, increasing EC resilience and/or induction 
of angiogenesis, i.e. sprouting of new blood vessels, have 
been a target of recent studies with the goal of restor-
ing microcirculation to limit or prevent post-MI cardiac 
remodeling [34, 60]. Reactive oxygen species (ROS) have 
been shown to be of special pathophysiological impor-
tance in EC survival and proliferation in health and disease 
as well as in CVD including ischemic myocardium [20, 
40, 44]. Early pre-clinical research with antioxidant sup-
plements, such as ascorbic acid and retinoic acid, showed 
promising benefits and post-MI protection of cardiovas-
cular function [43, 61]. However, most recent clinical tri-
als showed controversial results or even increased overall 
mortality with various antioxidant treatments that target 
total cellular/global ROS levels, suggesting a critical role 
for subcellular ROS rather than global ROS [11, 12].

In EC, intracellular ROS are generated from several dif-
ferent sources including NADPH oxidases, mitochondria, 
cytochrome P450 and xanthine oxidase [3, 23, 27, 47]. 
Recently, we and other groups have reported critical roles 
for sub-cellular ROS balance for optimal EC viability and 
proliferation [1–3, 8, 50].

An emerging approach to study EC biology is to modu-
late sub-cellular ROS levels [6, 50]. Our group has pre-
viously shown that a short-term endothelium-specific 
increase in ROS derived from NADPH oxidase 2 (NOX2) 
overexpression (OE) results in an increase in coronary 
vasodilation and in EC proliferation [49, 50]. This result 
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was linked with the activation of AMP kinase (AMPK) 
and endothelial NO synthase (eNOS), with a key increase 
in the activity of the mitochondrial isoform of superoxide 
dismutase (MnSOD) enzyme and consequent reduction 
of mito-ROS. In contrast, long-term OE of NOX2 and 
hence sustained ROS production resulted in EC dysfunc-
tion. Despite the activation of AMPK and eNOS in ECs 
with a prolonged increase in ROS levels, MnSOD activity 
decreased, thereby increasing mito-ROS [49, 50]. This dif-
ference in short-term versus long-term exposure to ROS 
and associated changes in mito-ROS levels underscore the 
importance of mito-ROS homeostasis to ECs. In fact, it has 
been previously reported that a lack of MnSOD increases 
mito-ROS leading to extensive mitochondrial injury, fol-
lowed by neonatal dilated cardiomyopathy and subsequent 
death [32, 35]. These reports highlight that although ECs 
have a relatively low volume of mitochondria, their mito-
ROS is of great importance for the pathophysiology of 
cardiovascular disorders, as previously reviewed by other 
groups [17, 71].

Whereas most cells in the body utilize oxidative phos-
phorylation to generate energy (ATP), ECs are unique in 
its dependence on extra-mitochondrial glycolysis for ATP 
synthesis [18]. Recent studies demonstrated that mito-
chondrial antioxidant MnSOD, by lowering the levels of 
mito-ROS, helps maintain an optimal balance between 
sub-cellular ROS and endothelial function in coronary 
vascular EC [8, 50]. However, it is not known whether 
regulated levels of EC-specific mito-ROS have any effects 
on ATP synthesis and resilience of coronary EC in post-
MI ischemic myocardium.

Based on our and others’ previous results, we hypoth-
esized that rather than global and non-specific usage of anti-
oxidants, use of endothelium-specific antioxidant aimed at 
modulating ROS at the subcellular level, i.e. mitochondria, 
may play crucial roles in EC homeostasis and may improve 
coronary angiogenesis in post-MI ischemic myocardium. 
In the present study, we tested this hypothesis by using a 
novel conditional binary transgenic mouse model that Over-
Expresses MnSOD (MnSOD-OE) specifically in the mito-
chondria of ECs and evaluated coronary vascular density 
resulting in the recovery of post-MI cardiac function. Using 
this transgenic animal model, we report here that reduction 
in EC-specific mitochondrial oxidants induces coronary 
angiogenesis in post-MI hearts resulting in the recovery of 
cardiac function.

Materials and methods

An extended version of materials and methods is available 
in the Online Supplementary file.

Statement of data availability

All supporting data are available within the article and its 
online supplementary files. Raw data from this study are 
available from the corresponding author upon reasonable 
request.

Ethical statement

This study was approved by the Lifespan Institutional Ani-
mal Care and Use Committee of the Rhode Island Hospital, 
under protocol number 0093-16. All the ethical regulations 
were strictly followed as established by the Animal Welfare 
Act, the Public Health Service Policy on Humane Care and 
Use of Laboratory Animals, and the Guide for the Care and 
Use of Laboratory Animals. The manuscript does not con-
tain clinical studies or patient data.

Generation of binary Tet‑MnSOD:VE‑Cadherin‑tTA 
mice

The present study consisted of in vitro, ex-vivo and in vivo 
experiments using a novel double transgenic mouse model 
(Tet-MnSOD:VE-Cadherin-tTA) that presents conditional 
OE of MnSOD by a tetracycline (Tet) OFF system. The 
MnSOD-OE was restrained specifically in ECs, by the link-
age of the tetracycline-controlled transactivator (tTA) to the 
vascular endothelial cadherin (VE-cadherin) gene promoter 
[49]. A summary of the transgenic model generation is avail-
able in Supplementary Fig. 1A-C. Shortly, Tet-MnSOD mice 
were generated and crossbred with VE-Cad-tTA, producing 
Tet-MnSOD:VE-Cad-tTA offspring, which was kept on Tet 
since in utero. The presence of Tet-MnSOD:VE-Cad-tTA 
genes was confirmed by Polymerase Chain Reaction (PCR). 
A detailed description of the development of our novel trans-
genic model is available in the online Supplementary file.

Animal genotyping by polymerase chain reaction 
(PCR)

To identify double-positive Tet-MnSOD:VE-Cad-tTA 
transgenic mice, DNA was isolated from 8–9 days-old mice 
tail snips and PCR was carried out using  Platinum® PCR 
Supermix (Invitrogen, Carlsbad, CA). DNA was isolated 
using the Hot Sodium Hydroxide and Tris method [59] 
and amplified by a programmable thermal cycler (Bio-Rad 
C1000 Touch Thermal Cycler, Bio-Rad Laboratories, Inc., 
Hercules, CA). The amplified PCR products were separated 
via gel electrophoresis. PCR product bands were visualized 
under short-wave UV light, and photos were taken using a 
gel documentation system (G-Box Chemi XT16, Syngene, 
Frederick, MD). VE-Cadherin gene was detected using the 
primers: tTA_S1:5′-GAC GCC TTA GCC ATT GAG AT-3′ 
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and tTA_A1 5′-CAG TAG TAG GTG TTT CCC TTT CTT -3′, 
whereas MnSOD was detected by Tet_S1: 5′-AGA GAA 
AAG TGA AAG TCG AGC TCG GT-3′ and Tet_SOD_A1: 
5′-TTA GGG CTC AGG TTT GTC CAG AAA AT-3′ (Integrated 
DNA Technologies Inc., USA). Only the animals that had 
confirmed the presence of both VE-cadherin and MnSOD 
genes were used in the study.

In vitro and ex vivo studies

Quantitative real-time assessment of angiogenesis, endothe-
lial and mitochondrial function in a living animal in vivo can 
sometimes be challenging. For this reason, in addition to 
in vivo cardiac function measurements (echocardiogram) in 
the non-reperfused MI model, ECs were isolated and several 
ex vivo and in vitro assays were carried out as described in 
the sections below. EC mitochondria activity by seahorse 
and native gel (for supercomplex formation assays) were 
studied in vitro. We also performed wound healing assay 
in vitro and aortic sprouting ex vivo, as a functional meas-
ure of EC migration and angiogenesis, respectively; both 
are recognized ex vivo and in vitro methods to measure the 
angiogenic potential of EC. Proteomic and other assays were 
also performed. Together, the in vivo, in vitro and ex vivo 
results presented in this study provide a better understanding 
of molecular mechanisms by which genetic modulation of 
mito-ROS induce functional and phenotypic changes in EC.

Isolation of MHECs from MnSOD mice

Due to the lack of quantitative EC-specific superoxide for-
mation and MnSOD activity assays in vivo or in intact car-
diac tissue, mouse heart ECs (MHEC) were isolated and 
subject to several quantitative assays in vitro. To that end, 
hearts were harvested from 10 to 14-day-old mice (n = 3/
group for each isolation). After collagenase treatment, 
mouse heart ECs (MHEC) were incubated with sheep anti-
rat IgG Dynabeads (Life Technologies, USA) and rat anti-
mouse CD31 (BD Pharmingen™, USA), followed by mag-
netically activated cell sorting, as previously described [49]. 
The isolated cells were cultured and used from passages 1 
to 2. All experiments in this study represent results from 
6 different isolations, each individual experiment was per-
formed at least two times. AcLDL incorporation and VwF 
immunofluorescence qualitative analyses were performed to 
confirm the purity of isolated ECs (Supplementary Fig. 2).

Tetracycline treatment for conditional MnSOD OE 
in EC

For the in vitro and ex-vivo studies, the tetracycline was 
added to the medium (2 µg/ml) of the control cells (Tet-ON) 
to prevent the OE of MnSOD, meanwhile Tet-OFF cells (OE 

group) received only the medium with vehicle (Saline). The 
medium was replaced every 48 h and always prepared with 
fresh tetracycline/saline.

For the in vivo study, tetracycline (2 mg/ml) was mixed 
with the drinking water (light-blocking water bottle) of Tet-
ON groups to prevent the OE of MnSOD in ECs, while the 
Tet-OFF group received just the vehicle (drinking water). 
The tetracycline/vehicle water was changed every week [49, 
50].

Oxidative status measurements

EC Immunofluorescence—MHECs were allowed to grow 
until 80% confluency and then processed for immunofluo-
rescence of MnSOD, following the manufacturer’s proto-
col (Cell signaling Technology, USA). Slides were imaged 
at 20× objective on an upright microscope (Eclipse E800, 
Nikon Instruments Inc., USA) using spot Advanced™ Soft-
ware (SPOT Imaging, USA).

Live-cell mitochondria and mitochondrial ROS fluores-
cence—MHEC were cultured to 80% confluency. Cells were 
thereafter incubated with 100 nM  MitoTracker® Green FM 
to label mitochondria, and 5 µM MitoSOX™ fluorescent 
probe to estimate mitochondrial ROS production, follow-
ing the manufacturer’s protocol (Thermo Fisher Scientific, 
USA) [50]. Each well was imaged at 20× objective on an 
inverted microscope (Eclipse Ts2, Nikon Instruments Inc., 
USA). Mitochondrial ROS fluorescence was also measured 
on a 96-well plate reader after labeling with MitoSOX.

Mito-roGFP assay—Mito-roGFP assay was performed 
as previously described [56]. Imaging was performed using 
a Nikon ECLIPSE TE20000-U microscope (Nikon Instru-
ments Inc., NY, USA) with excitation and emission filters at 
405/488 nm. The oxidative status was then quantified con-
sidering the maximal reduction and oxidation.

Assessment of angiogenesis by scratch and aortic 
sprouting assay

Scratch/wound healing assay—MHECs at passage 2 were 
cultured to confluency. The scratch was performed using a 
200 µl pipet tip and the cells were immediately imaged (time 
0), followed by consecutive imaging at 6 h, 12 h, and 24 h 
after the wound at 4× magnification in an inverted micro-
scope (Eclipse Ts2, Nikon Instruments Inc., USA). The 
percent of wound closure was quantified by ImageJ (NIH, 
USA) [16].

Aortic sprouting—Aortae were harvested from mice and 
kept in ice-cold 1× DPBS during the cleaning procedure in 
a sterile 10 cm plate. After cleaning, each aorta was cut into 
6–8 1 mm ring sections. Each ring was placed into one well 
in a 96-well plate pre-coated with Cultrex Basement mem-
brane extract (BME). Additional BME solution was placed 
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on top, followed by culture medium with or without tetracy-
cline. Cells were allowed to sprout and imaged 4 days after 
plating. Sprouting was analyzed using angiogenesis software 
Angiotool [72].

Protein expression analysis by Western Blot

Western blot was carried out using XCell SureLock® Mini-
Cell system with  NuPAGE® 4–12% Bis–Tris (denaturing, 
reducing) gels (ThermoFisher Scientific, USA). Bands 
were obtained and imaged by enhanced chemiluminescence 
method using ChemiDoc XRS + (Biorad, USA) [50].

Proteomics

MHEC were isolated from 10- to 14-day-old mice (n = 4 
mice/group) and cultured with (Tet-ON; Control) or with-
out tetracycline (Tet-OFF; MnSOD-OE) until passage 2. 
MHEC were gently washed with 1× DPBS, trypsinized, 
centrifuged for 5 min at 1000 rpm, 4 °C, followed by 4 
washes with 1× DPBS. Cell pellets were homogenized for 
2 min at 5.5 m/s speed by Bead ruptor Elite (Kennesaw, 
GA) with a lysis buffer (8 M urea, 1 mM sodium ortho-
vanadate, 20 mM HEPES, 2.5 mM sodium pyrophosphate, 
1  mM β-glycerophosphate, pH 8.0, 20  min, 4  °C) and 
cleared by centrifugation (14,000×g, 15 min, 15 °C). A 
total of 100 µg of protein per sample was subjected to in-
solution trypsin digestion. Tryptic peptides were desalted 
using C18 Sep-Pak plus cartridges (Waters, Milford, MA) 
and were lyophilized for 48 h to dryness. The dried peptides 
were reconstituted in 100 μl of buffer A (0.1 M acetic acid) 
and 2 μg was injected for each analysis. The LC–MS/MS 
was performed on a fully automated proteomic technology 
platform that includes an Agilent 1200 Series Quaternary 
HPLC system (Agilent Technologies, Santa Clara, CA) 
connected to a Q Exactive Plus mass spectrometer (Thermo 
Fisher Scientific, Waltham, MA) as described earlier [5]. 
MS raw files were searched against the Uniprot Mus muscu-
lus database (TaxonID: 10090, downloaded on 02/09/2015) 
using the Sequest algorithm within Proteome Discoverer v 
2.3 software (Thermo Fisher Scientific, San Jose, CA). The 
Sequest database search was performed with the following 
parameters: trypsin enzyme cleavage specificity, 2 possi-
ble missed cleavages, 10 ppm mass tolerance for precur-
sor ions, 0.02 Da mass tolerance for fragment ions. Search 
parameters permitted dynamic modification of methionine 
oxidation (+ 15.9949 Da) and static modification of car-
bamidomethylation (+ 57.0215 Da) on cysteine. Peptide 
assignment from the database search was filtered down to a 
1% FDR. The relative label-free quantitative and compara-
tive among the samples were performed using the Minora 
algorithm and the adjoining bioinformatics tools of the Pro-
teome Discoverer 2.3 software. To select proteins that show 

a statistically significant change in abundance between two 
groups, a threshold of 1.5-fold change with p value (< 0.05) 
were selected.

Mitochondrial oxygen consumption by Seahorse

MHEC were plated in 0.1% (w/v) gelatin-coated Seahorse 
XFe96 V3 PS cell culture microplates (2.0 ×  104 cells per 
well). Mitochondrial oxygen consumption rates (OCR) were 
measured in the next day using Agilent Seahorse XFe96 
Analyzer according to the manufacturer's protocol (Agilent 
Technologies, Wilmington, DE). Briefly, a hydrated sensor 
cartridge was loaded in its injection ports with oligomy-
cin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
[FCCP], and a mix of rotenone and antimycin A, respec-
tively. Seahorse XF DMEM Medium (pH 7.4, Aligent) sup-
plemented with 10 mM glucose, 1 mM pyruvate, and 2 mM 
l-glutamine (Sigma) was used as an assay medium. After 
the assays, cells were stained with Hoechst 33342 (1 µg/ml, 
Thermo-Fisher) for 30 min at room temperature protected 
from light and fluorescent signals were measured with exci-
tation/emission at 350/460 nm using a plate reader Syner-
gyMx (BioTek) for cell number normalization [37, 62, 68].

Mitochondrial membrane potential

Mitochondrial membrane potential (ΔΨm) was estimated 
based on TMRE fluorescence, using the TMRE-Mitochon-
drial Membrane Potential Assay Kit (Abcam) in cells adher-
ing to a 96-well clear bottom black side plate. Fluorescence 
was measured in a microplate reader at 549 ± 9 nm excitation 
and 575 ± 9 nm emission and used to estimate the mitochon-
drial membrane potential [50].

Mitochondria isolation and Blue Native‑PAGE

MHECs were isolated using Dynabeads as described above 
(under ‘Isolation of MHEC from MnSOD mice’) (n = 3/
group for each isolation) and cultured at passage 3 in T-175 
3-layer flasks until 80% confluency. MHECs were collected 
by gentle trypsinization followed by mitochondria isolation 
using a kit from Thermo Fisher (cat# 89874) and following 
the manufacturer’s protocol. Cells were lysed by perform-
ing 80 strokes with a Dounce homogenizer. Each flask con-
tained MHEC isolated from 3 hearts and was treated as one 
individual sample. Mitochondrial pellet was resuspended in 
200 µl of aminocaproic acid buffer and protein concentration 
was measured by BCA using a kit from Thermo Fisher (cat# 
23235). BN-PAGE protocol was performed as described by 
Jha and collaborators [29], loading 20 µg of each sample. 
The proteins were transferred to a PVDF membrane by 
overnight wet transfer (20 h at 30 V). The following anti-
bodies were tested: Total anti-OXPHOS rodent antibody 
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cocktail (Abcam cat# ab110413). Individual complexes and 
supercomplexes were identified by molecular weight based 
on NativeMark unstained protein standard (ThermoFisher 
cat# LC0725). An SDS-Page was performed using an equal 
amount of protein in parallel and an anti-VDAC antibody 
(Cell signaling cat# 4661) was used as a loading control.

In vivo study

Age and sex-matched mice were divided into control and OE 
group (n = 10–12/group). Control group (Tet-ON) received 
Tetracycline (2 mg/ml) in the drinking water to inhibit 
transgenic expression while MnSOD-OE group (Tet-OFF) 
received just the vehicle (drinking water) for 5 ± 1 weeks. 
At age 8 ± 1 week, both groups were subjected to echocar-
diography (Baseline assessment), followed by left anterior 
descending coronary artery (LAD) ligation surgery (perma-
nent ligation, without reperfusion) on the next day (both 
procedures were conducted under appropriate anesthesia). 
Echocardiography was also performed on the 10th and 28th 
day after the non-reperfusion surgery (n = 8/group). After 
the final echocardiography (at age 12 ± 1 weeks), each 
mouse was anesthetized with a single overdose of Ketamine 
(200 mg/kg) and Xylazine (10 mg/kg) by intraperitoneal 
injection, followed by heart harvest. Echocardiography was 
also performed in equivalent timepoints for Tet-ON (n = 6) 
and Tet-OFF (n = 6) animals that did not undergo surgery.

Permanent LAD Ligation and induction 
of non‑reperfused MI

A permanent LAD ligation was performed as previously 
described by our and other groups, to induce a non-reper-
fused MI [30, 46]. Animals received a combination of Keta-
mine (50 mg/kg, i.p.) and 3% isoflurane (via Vetflo vaporizer 
(Kent Scientific Corporation, USA) to induce anesthesia. 
When deeply anesthetized, the mouse was intubated (dorsal 
decubitus position) with a 20-gauge tracheal catheter cap 
and connected to a MiniVent ventilator (Harvard Apparatus, 
USA) under 2% isoflurane, 1.5 ml/min oxygen flow, 130 
strokes/minute, 150 µl/stroke. A medial incision was made 
below the axillar level, followed by muscle layer retraction, 
an incision in the third intercostal space and the placement 
of a thorax retractor. The pericardium was gently removed, 
and the LAD was located and permanently sutured to 
induce a non-reperfused MI, by use of an 8–0 suture line. 
The intercostal space was then closed (6–0 suture line) and 
the pneumothorax removed/deflated, if any. Anesthesia was 
decreased to 1% while suturing skin to allow proper recov-
ery of spontaneous breathing. Animal was then removed 
from the ventilator. Post-surgical care consisted of a single 
injection of slow-release Buprenorphine (1 mg/kg, s.c.). The 
cages were kept warm (37 °C) and recovery was monitored 

for 3 days following surgery. For SHAM mice, the same 
procedures were followed, but the suturing of the LAD was 
not performed.

Echocardiography

Transthoracic echocardiography was performed before LAD 
ligation surgery (Baseline), and at 10 and 28 days after 
non-reperfused MI surgery (n = 8/group), using Vevo 2100 
ultrasound system (FUJIFILM VisualSonics Inc., Canada) 
and MS-550D transducer. Echocardiography results for 
ejection fraction (EF), fractional shortening (FS), fractional 
area change (FAC), end-systolic (ESV) and end-diastolic 
volumes (EDV), systolic (SAWT) and diastolic anterior wall 
thickness (DAWT), and systolic (SPWT) and diastolic pos-
terior wall thickness (DPWT) were obtained as previously 
described [42, 57]. Echocardiography was also performed 
at equivalent time points for Tet-ON (n = 6) and Tet-OFF 
(n = 6) animals that did not undergo surgery, for wild-type 
FVBs (n = 6) that underwent SHAM surgery (n = 5), and 
for wild-type FVBs that underwent LAD ligation surgery 
and were treated (+Tet, n = 6) or not (−Tet, n = 5) with 
tetracycline.

Histology and immunofluorescence

Preparation of tissue sections—Each heart was embedded in 
Sakura Tissue-Tek O.C.T. Compound (Sakura Finetek, Tor-
rance, CA, USA) immediately after harvesting. The tissues 
were cut into 5 µM thick sections in a cryostat and fixed in 
positively charged glass slides.

Masson’s Trichrome staining—The heart sections were 
stained to verify collagen fibers by the Masson’s Trichrome 
method, using a commercial kit (Polysciences Inc., USA) 
[39]. The slides were imaged at 1× objective on an upright 
microscope (Eclipse E800, Nikon Instruments Inc., USA). 
Images were used to measure MI area on ImageJ software 
(NIH) using previously described methodology [55].

Immunofluorescence—Heart sections were immu-
nostained for MnSOD and anti-CD31 for confirmation 
of MnSOD-OE in vivo. Heart sections were also immu-
nostained using proliferating cell nuclear antigen (PCNA) 
and anti-CD31 for EC proliferation, and anti-CD31 and 
anti-α-smooth muscle actin (αSMA) antibodies for capillary 
and arteriole density, followed by anti-Rat Alexa  Fluor® 488 
Conjugate secondary antibody and anti-Rabbit Alexa 
 Fluor® 594 Conjugate secondary antibody [48]. DAPI was 
co-stained as a nuclear label. Microscopy was performed 
(Eclipse E800 upright microscope, Nikon Instruments Inc., 
USA) and the Spot Advanced™ Software (SPOT Imaging, 
USA) was used to capture images at either 20×, 40× or 60× 
objective. Colocalization was analyzed by JaCoP plugin on 
ImageJ software (NIH, USA). Percent of proliferating ECs 
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was manually counted, while capillary and arteriole density 
were quantified by particle analysis on ImageJ software. 
Immunofluorescence was also performed in heart sections 
of Tet-ON (n = 3) and Tet-OFF (n = 3) control animals that 
did not undergo surgery, for assessment of baseline capil-
lary level.

Statistical analysis

Statistical analysis was carried out in GraphPad Prism 9. 
Normality of data was tested by Shapiro–Wilk’s test. Data 
comparing two groups were tested by Student’s t test. 
Parametric data comparing three groups were analyzed 
by One-Way ANOVA followed by Tukey’s post hoc. Non-
parametric data comparing three groups were analyzed by 
Kruskal–Wallis test and Dunn’s post hoc. Data comparing 
four groups were statistically analyzed by Two-Way ANOVA 
and Tukey’s post hoc. Time-lapse results were statistically 
analyzed by Mixed ANOVA followed by Sidak’s multiple 
comparisons test. p values inferior to 0.05 were taken as 
significant. Results are shown as mean ± standard error of 
the mean (SEM).

Results

EC‑specific OE of MnSOD decreases mitochondrial 
ROS

We have generated a novel binary conditional transgenic 
animal model that overexpresses mitochondrial antioxi-
dant MnSOD in an EC-specific manner (Supplementary 
Fig. 1A–C). Expression of the HA-tagged MnSOD transgene 
in coronary EC was confirmed by co-localization of anti-HA 
and anti-CD31 (EC marker) antibodies in heart sections of 
MnSOD-OE animals (Supplementary Fig. 1D). Colocaliza-
tion of CD31 and MnSOD in heart sections using immu-
nofluorescence (Supplementary Fig. 1E) demonstrated that 
Tet-OFF group had 2 ± 0.4-fold increased colocalization 
compared to Tet-ON control (0.65 ± 0.13 in Tet-OFF versus 
0.30 ± 0.03 in Tet-ON). To further confirm MnSOD OE in 
ECs, MHECs were isolated from MnSOD animal hearts and 
were subject to immunofluorescence using anti-MnSOD and 
anti-HA antibodies. MHECs from Tet-OFF animals showed 
1.7 ± 0.2-fold increase in MnSOD fluorescence compared to 
MHEC from Tet-ON animals (1.68 ± 0.59 in Tet-OFF ver-
sus 1.00 ± 0.30 in Tet-ON; Fig. 1A). Western blot analysis 
using anti-HA antibody showed expression of the transgene 
HA-MnSOD only in the protein lysates of MHEC from Tet-
OFF animals but not Tet-ON animals (Fig. 1B). Western 
blot analysis using MHEC protein lysates demonstrated a 
significant increase (by 1.3 ± 0.04-fold) in the expression of 
MnSOD in MHECs from MnSOD-OE compared to control 

MnSOD (14.26 ± 0.83 in Tet-OFF versus 10.74 ± 1.1 in 
Tet-ON, Fig. 1C). This OE of MnSOD was accompanied 
with 50% decrease in mito-ROS in MHEC from Tet-OFF 
compared to Tet-ON MHECs as determined by mitoSOX 
assays (0.460 ± 0.22 in Tet-OFF versus 1.00 ± 0.35 in Tet-
ON, Fig. 1D and Supplementary Fig. 3). To further confirm 
mitochondria-specific reduction in ROS, adenovirus-based 
Mito-roGFP ratiometric analysis of oxidation/reduction was 
performed as described (Material and Methods) [56]. Fig-
ures 1E-F show a 21% reduction in oxidation in MHECs 
from Tet-OFF (18.36 ± 0.87% oxidized) compared to Tet-ON 
(23.11 ± 0.76% oxidized), confirming a significant reduction 
in mito-ROS by MnSOD transgene expression in EC.

EC‑specific MnSOD‑OE improves left ventricle 
function in non‑reperfused MI

To examine the effects of a reduction in mito-ROS on coro-
nary EC, the binary transgenic MnSOD mice were subject 
to non-reperfused MI as described before [46]. We evalu-
ated baseline (day 0), and post-MI cardiac function (at day 
10 and day 28) using left ventricular echocardiography. The 
hearts were harvested after 28 days of MI, and heart sections 
were subject to Masson’s trichrome staining to determine the 
infarct size (collagen deposition). A 27% reduction in infarct 
areas were observed in MnSOD-OE (23.21 ± 6.66%) as com-
pared to control (30.36 ± 4.66%) hearts 28 days post-infarc-
tion (Fig. 2A). The echocardiographic assessment revealed 
a 16% improvement in ejection fraction (EF, 56.03 ± 3.79 in 
Tet-OFF versus 48.13 ± 4.73 in Tet-ON) and 20% increase 
in fractional shortening (FS, 28.76 ± 2.71 in Tet-OFF versus 
24.02 ± 3.21 in Tet-ON) of Tet-OFF as compared to Tet-
ON mice (Fig. 2B). MnSOD-OE mice also demonstrated 
significantly improved recovery in EF (10.65 ± 9.30% in Tet-
OFF versus − 12.98 ± 12.70% change in Tet-ON) and FS 
(18.34 ± 14.59% in Tet-OFF versus − 11.52 ± 12.76% change 
in Tet-ON) during the period between 10- and 28-days post-
MI (Fig. 2C). Additional comparison between Tet-ON and 
Tet-OFF at the baseline (before MI surgery) and between 
baseline and endpoint (day 28 post-MI) echocardiographic 
assessments are presented in Supplementary Tables 1 and 
2. There were no significant baseline (pre-MI) differences 
observed in EF and FS among the groups (Tet-ON vs Tet-
OFF). Representative videos of baseline (before MI) and 
endpoint (28 days after non-reperfused MI) echocardiog-
raphy are shown in Supplementary video 1. Comparison 
between MnSOD-OE Tet-ON and Tet-OFF non-infarcted 
animals versus Tet-ON/Tet-OFF infarcted mice are shown 
in Supplementary Fig. 4 and Supplementary video 2. To 
examine whether tetracycline alone has any effects on the 
recovery of non-reperfused MI cardiac function, additional 
comparison between wild-type SHAM versus wild-type 
+Tet (with tetracycline) and −Tet (without tetracycline) 
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infarcted animals were carried out. There were no significant 
differences in the post-MI cardiac function between +Tet 
and −Tet animals (Supplementary Fig. 5), further confirm-
ing the improvement in infarct size (Fig. 2A) and post-MI 
cardiac function observed in Tet-OFF animals (Fig. 2B) 
were due to overexpression of the transgene MnSOD in EC.

MnSOD‑OE animals have increased coronary 
capillary and arteriolar density in the post‑MI 
ischemic region

Next, using the non-reperfused MI model, we exam-
ined whether improvement in post-MI cardiac function 
in MnSOD-OE animals was associated with an increase 
in coronary capillary and arteriolar vessel density in the 
infarcted regions. Immunofluorescence using anti-CD31 
and anti-αSMA antibodies on frozen heart sections (28 days 

post-MI) demonstrated that Tet-OFF animals had signifi-
cantly increased the number of capillaries (by 3.4 ± 0.9 fold; 
5.33 ± 4.51 in Tet-OFF versus 1.00 ± 0.55 in Tet-ON) and 
arterioles (by 5.0 ± 0.8 fold; 4.97 ± 2.08 in Tet-OFF versus 
1.00 ± 0.99 in Tet-ON) in ischemic areas compared to Tet-
ON animals (Fig. 3A and B). Interestingly, heart sections 
from the non-ischemic areas of the left ventricle (LV) of Tet-
OFF animals also showed significantly increased coronary 
capillary density compared to Tet-ON animals (4.83 ± 4.05 
in Tet-OFF versus 1.00 ± 0.24 in Tet-ON, Supplementary 
Fig. 6A-B). We then examined whether increased coronary 
vascular density in post-MI MnSOD-OE hearts was either 
due to increased survival of the existing vessels or due to 
new vessel formation (e.g. coronary angiogenesis). PCNA, a 
marker of active cell proliferation, and CD31 co-immunoflu-
orescence analysis of frozen heart sections demonstrated an 
increase in EC proliferation (by 2.4 ± 0.9 fold; 19.09 ± 2.53 

Fig. 1  Endothelium-specific MnSOD OE in a novel binary condi-
tional transgenic mouse model demonstrates a significant reduc-
tion in mitochondrial ROS in MHEC. A Quantitative analysis of 
MnSOD fluorescence demonstrates 1.7 ± 0.2-fold increase in Tet-OFF 
(MnSOD-OE) MHEC compared to Tet-ON (Control) MHEC. Iso-
lated MHEC were immunoassayed using anti-MnSOD antibody and 
imaged in the upright microscope for measurement of fluorescence 
intensity. Representative immunofluorescence images of MnSOD are 
shown in Supplementary Fig. 2E. B Western blot analysis of MHECs 
from two independent transgenic animal lines using anti-HA antibody 
shows HA-tagged MnSOD transgene expression in Tet-OFF but not 
in Tet-ON mice. C Western blot analysis using purified MHEC pro-
tein lysates shows 1.3 ± 0.04-fold increase in MnSOD expression in 
Tet-OFF compared to Tet-ON MHEC. Representative images (upper 
panel) and quantitative analysis (lower panel) of Western blots are 
shown. D Mito-ROS content was significantly reduced in Tet-OFF 

MHEC (by 50%) compared to Tet-ON MHEC as measured using 
MitoSOX red probe in a spectrofluorometer (see Materials and Meth-
ods). Colocalization analysis of ROS and mitochondria were carried 
out using microscopy of mitoSOX and Mitotracker stained MHECs 
as shown in Supplementary Fig. 3B. E Quantitative analyses and (F) 
representative images showing percent (%) changes in mitochondrial 
ROS level using Mito-roGFP probe as a measure of mitochondrial 
oxidant contents in Tet-ON and Tet-OFF MHEC. Statistical analy-
ses were carried out using two-tailed unpaired Student’s t test (A, C, 
D, E) or by Mixed ANOVA followed by Sidak’s multiple compari-
sons test for time-lapse results (F). n = 10/group for Immunofluores-
cence (A), n = 4/group for Western blot results (C), n = 8–11/group 
for MitoSOX fluorescence (D), and 39–44 ROIs from two different 
plates of MHEC, isolated from three individual hearts/group (E and 
F). Scale bar represents 100 µm. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001. Tet-ON MnSOD Control, Tet-OFF MnSOD-OE
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in Tet-OFF versus 13.65 ± 1.12 in Tet-ON) in ischemic LV 
areas of post-MI MnSOD-OE animals. Taken together, the 
increase in EC proliferation and coronary vascular density 
suggest that MnSOD-OE induced coronary angiogenesis in 
post-MI ischemic myocardium (Fig. 4A and B). Notably, EC 
proliferation did not change in non-ischemic myocardium 
in the infarcted animals (Fig. 4C and D). In age- and sex-
matched Tet-ON and Tet-OFF animals that did not undergo 
MI surgery (non-infarcted), there was no difference in cap-
illary density (Supplementary Fig. 7A), arteriolar density 
(Supplementary Fig. 7B), or coronary EC proliferation (Sup-
plementary Fig. 7C). These results suggest that reduction 
in mito-ROS primes coronary endothelium to proliferate 
preferably during or after MI.

Reduction in mito‑ROS induces aortic sprouting 
ex‑vivo and improves wound‑healing (scratch) assay 
in MHEC in vitro

To examine whether reduced mito-ROS by MnSOD-OE 
induces EC proliferation in other vascular beds/organs, 
we performed ex vivo aortic sprouting using aortic rings 
isolated from transgenic animals. ECs overexpress-
ing MnSOD showed a 69% increase in branching index 
(1.69 ± 1.32 in Tet-OFF versus 1.00 ± 0.72 in Tet-ON) 

Fig. 2  Endothelium-specific MnSOD-OE improves cardiac function 
after non-reperfused MI. A Representative trichrome images of Tet-
ON and Tet-OFF mice hearts (upper panel) 28 days post-MI. Quan-
titative analysis shows a 27% reduction in the size of the infarcted 
myocardium in Tet-OFF hearts compared to Tet-ON animals (lower 
panel). B Representative images of M-Mode echocardiographic 
assessment at short-axis view of Tet-ON and Tet-OFF are shown 
(upper panel). Quantitative analysis of left ventricle EF and FS show 

significant improvement in MnSOD-OE animals after 28 days of non-
reperfused MI (lower panel). C Significant percent changes in EF and 
FS from the 10th to the 28th day after MI in Tet-OFF versus Tet-ON 
animals are shown. Quantitative analyses were carried out using a 
two-tailed unpaired Student’s t test. n = 7/group (A); n = 8/group (B 
and C). *p < 0.05; **p < 0.01; ***p < 0.001. Tet-ON MnSOD Control, 
Tet-OFF MnSOD-OE

Fig. 3  Increased capillary and arteriole densities in non-reperfused 
ischemic myocardium of Tet-OFF compared to Tet-ON mice. Quan-
titative analysis of A capillaries and B arterioles in ischemic myo-
cardium 28  days after permanent (non-reperfusion) LAD surgery 
are shown (fold-changes). Representative images of capillaries and 
arterioles in ischemic areas of Tet-ON and Tet-OFF myocardium 
are shown (lower panels). Statistical analyses were carried out using 
a two-tailed unpaired Student’s t test. n = 7 animals/group, each dot 
representing an average result from 3 different areas per 5 sections 
of each heart. Scale bar represents 100  µm. *p < 0.05; **p < 0.01; 
***p < 0.001. Tet-ON MnSOD Control, Tet-OFF MnSOD-OE
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and 77% increase in total vessel length (1.77 ± 1.21 in 
Tet-OFF versus 1.00 ± 0.68 in Tet-ON) (Fig. 5A)), sug-
gesting reduced mito-ROS may also induce EC prolifera-
tion in non-coronary vascular beds. Figure 5B shows a 
28% increase in wound healing in MHECs from Tet-OFF 
(57.59 ± 7.62) compared to Tet-ON (45.08 ± 14.18), sug-
gesting increased migration in ECs from MnSOD-OE. 
Together, these data suggest that EC-specific reduction in 
mito-ROS results in increased proliferation and migration 
of ECs.

MHECs from MnSOD‑OE mice have significantly 
increased activation of Akt and ERK1/2 signaling 
pathways

To elucidate the effects of mito-ROS reduction on cor-
onary EC, we performed Western blot analyses using 
protein lysates from MHECs and compared signaling 
pathway activation in Tet-OFF versus Tet-ON. Both 
Akt and Erk1/2 phosphorylation were increased by 80% 
(1.11 ± 0.29 in Tet-OFF versus 0.62 ± 0.09 in Tet-ON) and 
49% (1.12 ± 0.17 in Tet-OFF versus 0.87 ± 0.17 in Tet-
ON), respectively, in MHEC from Tet-OFF compared to 
Tet-ON (Fig. 6A and B and Supplementary Fig. 8). These 
findings suggest that MnSOD-OE induces activation of 
Akt and ERK1/2 signaling pathways in EC.

MnSOD‑OE MHECs show increase in OXPHOS protein 
expression, TMRE fluorescence, and mitochondrial 
respiration

To better understand the mechanisms by which reduced 
mito-ROS helps ECs better cope and proliferate in ischemic 
myocardium, a comparative proteomic analysis using 
MHECs from Tet-OFF and Tet-ON hearts were performed. 
Detailed results of the label-free quantitative proteomic 
analysis are presented as PCA analysis, heat map clustering, 
and reactome pathway analysis (Supplementary Fig. 9A-B; 
Supplementary Excel files 1 and 2). A total of 4131 pro-
teins were successfully identified and quantified, wherein 
68 proteins were significantly increased (up-regulated) and 
50 proteins were decreased (down-regulated) in abundance 
in MnSOD-OE sample compared to the control (Fig. 7A). 
KEGG analysis (https:// string- db. org/) of these up-regulated 
proteins demonstrated that one of the major enriched path-
ways included the proteins associated with oxidative phos-
phorylation (OXPHOS) (Fig. 7B). Proteins associated with 
OXPHOS pathways such as COX6A1, NDUFA9, NDUFB1, 
NDUFV3, NDUVB3 and NDUVB7 showed twofold or 
higher increased abundance in MnSOD-OE ECs (Fig. 7C). 
A protein–protein interaction map of the up-regulated pro-
teins further revealed a tight interaction and clustering of 
these proteins (Fig. 7D). This same cluster of proteins was 
identified by the Reactome analysis (https:// string- db. org/) 

Fig. 4  Reduction in mitochondrial ROS by MnSOD-OE increases 
coronary EC proliferation in non-reperfused ischemic myocardium. 
A Representative images (left panel) and quantitative analysis (right 
panel) of percent of ECs undergoing proliferation (as determined by 
co-immunofluorescence of red PCNA and green CD31) in ischemic 
myocardium 28  days after non-reperfused MI. B Representative 
images (left panel) and quantitative analysis (right panel) of the 

percent of ECs undergoing proliferation (as determined by PCNA) 
in non-ischemic areas 28  days after non-reperfused MI. Statistical 
analyses and significance were determined by two-tailed unpaired 
Student’s t test. n = 8 animals/group, each dot representing an average 
result from 3 different areas per heart section. Scale bar represents 
100 µm. ****p < 0.0001. Tet-ON MnSOD Control, Tet-OFF MnSOD-
OE

https://string-db.org/
https://string-db.org/


Basic Research in Cardiology (2023) 118:3 

1 3

Page 11 of 20 3

Fig. 5  MnSOD-OE stimulates aortic sprouting and MHEC migra-
tion. A Representative images (left panel) and quantitative analysis 
(right panel) of ex vivo aortic sprouting assay show increased branch-
ing index and vessel (sprout) length in Tet-OFF aortae compared to 
Tet-ON. B Representative images (left panel) and quantitative analy-

sis (right panel) of in vitro wound healing (scratch) assay. Data from 
n = 6 animals/group were analyzed using a two-tailed unpaired Stu-
dent’s t test. n = 23 areas/group for aortic sprouting and n = 17 areas/
group for wound healing. Scale bar represents 100  µm. *p < 0.05; 
**p < 0.01. Tet-ON MnSOD Control, Tet-OFF MnSOD-OE

Fig. 6  MnSOD-OE activates Akt and ERK1/2 signaling pathways 
in MHEC. A Quantitative analysis of western blots using MHEC 
lysates from Tet-ON and Tet-OFF animals (left) and representative 
immunoblots (right panel) of phospho-Akt (p-Akt)/total Akt (t-Akt) 
ratio shows significant Akt activation in Tet-OFF MHEC. Bands were 
cut for easier visualization, as shown by the square around bands; the 
uncut western blot is available in the online supplemental file, Sup-

plementary Fig.  6. B Quantitative results (left) and representative 
immunoblots (right panel) of phospho-ERK1/2 (p-ERK1/2)/total 
ERK1/2 (t-ERK1/2) ratio are shown. β-Actin was used as a loading 
control. Results were analyzed using a two-tailed unpaired Student’s 
t test. n = 5 MHEC isolation/group (A), n = 7 MHEC isolation/group 
(B); 2–4 animal hearts were used for each MHEC isolation. *p < 0.05; 
**p < 0.01. Tet-ON MnSOD Control, Tet-OFF MnSOD-OE
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as associated with mitochondrial Complex I biogenesis and 
respiratory electron transport chain (ETC) (Supplementary 
Fig. 9C).

To confirm the proteomic results, Western blot analy-
sis was carried out using protein lysates from MnSOD-
OE MHEC using an OXPHOS cocktail kit as described in 
Materials and Methods (Fig. 8A). There were significant 
increases in expression of mitochondrial ETC complexes 
I (0.96 ± 0.18 in Tet-OFF versus 0.50 ± 0.05 in Tet-ON, 
Fig. 8B) and IV (1.39 ± 0.07 in Tet-OFF versus 0.64 ± 0.02 in 
Tet-ON, Fig. 8E). No changes were found in the expression 
of mitochondrial complexes II (Fig. 8C), III (Fig. 8D), and V 
(Fig. 8F). These findings were accompanied with an increase 
in mitochondrial membrane potential (by 56%) in MnSOD-
OE MHEC (24.32 ± 5.72 in Tet-OFF versus 15.59 ± 5.85 in 
Tet-ON) as estimated using TMRE fluorescence (Fig. 9A). 

With the increase in ETC complexes I and IV, and in mito-
chondrial membrane potential, we next wanted to examine 
the effects of reduced mito-ROS on MHEC OXPHOS using 
seahorse to measure OCR in the mitochondria of MnSOD-
OE MHEC (Fig. 9B). Interestingly, MnSOD-OE MHEC 
showed significant increase in basal respiration (65.70 ± 1.14 
in Tet-OFF versus 60.20 ± 1.48 in Tet-ON, Fig. 9C) and in 
ATP-linked respiration (63.64 ± 0.97 in Tet-OFF versus 
49.12 ± 1.21 in Tet-ON, Fig. 9D), in addition to having 26% 
higher maximum respiration (133.04 ± 8.34 in Tet-OFF ver-
sus 105.84 ± 3.30 in Tet-ON, Fig. 9E) and 46% increase in 
spare respiration capacity (66.77 ± 9.05 in Tet-OFF versus 
45.64 ± 3.18 in Tet-ON, Fig. 9F). There was no difference 
in proton leak or in non-mitochondrial oxygen consumption, 
as shown in Fig. 9G and H. Together, these findings suggest 
that reduction in mito-ROS increased mitochondrial ETC 

Fig. 7  Reduced mito-ROS increases OXPHOS signaling pathways 
in MHEC. A The volcano plot analysis of the significantly increased 
(red dot) and decreased (green dot) proteins in Tet-ON and Tet-OFF 
MHEC is shown. Gray dots are non-significant (p = 0.05) and bellow 
the threshold fold-change (> 1.5 fold). B The KEGG pathway analy-
sis of the up-regulated proteins. Red bar diagrams indicate the FDR 
enrichment and green circles indicate the number of proteins identi-
fied in each pathway. C Heat map shows the grouped (n = 3) protein 

abundance of the targeted proteins. D Protein–protein interaction 
network of the proteins involved in oxidative phosphorylation. Line 
thickness indicates the strength of data support based on the experi-
ments, co-expression, gene-fusion and co-occurrence data according 
to the STRING (https:// string- db. org/). Statistical analysis was car-
ried out by two-tailed unpaired Student’s t test. n = 3 replicates/group. 
p < 0.05 was considered as statistically significant. Tet-ON MnSOD 
Control, Tet-OFF MnSOD-OE

https://string-db.org/
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complexes expression and improved mitochondrial mem-
brane potential resulting in increased OXPHOS in MnSOD-
OE MHEC.

MnSOD‑OE increases mitochondrial supercomplexes 
assembly in MHECs

We next evaluated whether the increased expression of mito-
chondrial complexes, increased mitochondrial membrane 
potential and respiration (OCR) could be associated with 
changes in the assembly of mitochondrial supercomplexes 
(SCs). A Native-PAGE western blot showed that MnSOD-
OE increases the abundance of SC5 (1.37 ± 0.09 in Tet-OFF 
versus 0.48 ± 0.13 in Tet-ON), SC3 and SC2 (1.32 ± 0.06 in 
Tet-OFF versus 0.46 ± 0.08 in Tet-ON), and SCI (1.20 ± 0.04 
in Tet-OFF versus 0.74 ± 0.09 in Tet-ON), as shown in 
Fig. 10A–D. Another supercomplex comprised of CV, CIII 
dimer and Complex IV was increased (1.52 ± 0.06 in Tet-
OFF versus 0.89 ± 0.05 in Tet-ON) (Fig. 10E). Free complex 
I (1.48 ± 0.12 in Tet-OFF versus 0.54 ± 0.11 in Tet-ON) and 
CIV dimer (1.95 ± 0.11 in Tet-OFF versus 0.90 ± 0.09 in 
Tet-ON) were increased in MnSOD-OE MHEC mitochon-
dria (Fig. 10F and G). Free CV was decreased in MnSOD-
OE MHEC mitochondria (0.39 ± 0.01 in Tet-OFF versus 

0.78 ± 0.10 in Tet-ON, Fig. 10H), which may be due to 
increased utilization of CV in the formation of supercom-
plexes in MnSOD-OE MHECs (Fig. 10A). There was no 
change in CIII dimer (Fig. 10I), CIII associated with CIV 
(Fig. 10J), free CIV (Fig. 10K), or free CII (Fig. 10L). These 
findings suggest that reduced mito-ROS in MHEC modu-
lates the organization of mitochondrial supercomplexes, 
including an increase in the assembly of SC3 and SC2 (also 
known as respirasomes). These changes in SC formation by 
reduced mito-ROS plausibly allow for a more efficient ETC 
and increased OXPHOS in EC as evidenced in this study.

Discussion

This study addressed an interesting question of whether 
a reduction in mito-ROS in vascular endothelium, using 
genetic manipulation, modulate survival and proliferation 
of coronary ECs and induces coronary angiogenesis to 
recover cardiac function in an animal model of non-reperfu-
sion post-MI. The findings presented here demonstrate that 
EC-specific reduction in mito-ROS using overexpresion of 
mitochondrial antioxidant MnSOD, induced mitochondrial 
complex I biogenesis, increased OXPHOS in coronary EC, 

Fig. 8  MnSOD-OE increases expression of the mitochondrial com-
plexes I and IV. A Representative western blot images of the indi-
vidual mitochondrial complexes expression in Tet-ON and Tet-OFF 
MHEC lysates probed using OXPHOS rodent antibody cocktail 
kit (Abcam), and vinculin as the loading control. B–F Quantitative 

analyses of expression of mitochondrial complexes I—V. Statistical 
analysis was carried out by two-tailed unpaired Student’s t test. n = 4/
group. *p < 0.05; **p < 0.01; ****p < 0.0001. Tet-ON MnSOD Con-
trol, Tet-OFF MnSOD-OE
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and induced coronary angiogenesis in ischemic myocardium 
in a post-MI (permanent LAD ligation) model resulting in 
significant recovery of cardiac function after non-reperfused 
MI (Fig. 11). Although recent advancements in the man-
agement of CVD have improved longevity globally, CVD 
remains the number one cause of mortality [64]. Invasive 
treatments including stenting and coronary artery bypass 
graft (CABG) surgeries appear to be the treatment of choice 
in acute and chronic myocardial ischemia associated with 
coronary artery disease. Together, these emphasize the need 
for the development of innovative non-invasive treatment 
modalities that will help improve coronary vascular health. 
To that end, one specific approach can be to devise a mecha-
nism that will render coronary vascular endothelium resilient 
during acute MI and/or chronic myocardial ischemia. This 
may, in turn, help improve retention of existing coronary 
vessels and/or induce coronary angiogenesis in ischemic 
myocardium, and thus help prevent myocardial remodeling 
and loss of cardiac function. 

The relationship between ROS and EC survival and 
proliferation has emerged as an area of particular interest. 
Experimental models of acute MI, chronic ischemia, and 
ischemia/reperfusion have shown increased oxidative stress 
that results in endothelial dysfunction [69], EC death [52], 

reduction in coronary vascular density [45], cardiac remod-
eling [21], and eventual heart failure [14]. Paradoxically, 
however, clinical trials with global antioxidant treatments 
were ineffective, or even deleterious, in CVD treatment 
[11, 12]. While these findings demonstrated the limitation 
of global antioxidant treatments, they have inspired studies 
into subcellular ROS modulation. We have recently reported 
paradoxical improvement and detrimental signaling, angio-
genesis, and endothelial function with short-term versus 
long-term endothelium-specific NOX2 OE, respectively, in 
a transgenic animal model, highlighting the importance of 
EC mito-ROS homeostasis [49, 50]. Since the finding that 
a short-term increase in NOX2-derived ROS results in the 
upregulation of MnSOD and angiogenesis, several studies 
have reported beneficial effects of MnSOD-mimetics on 
cardiac recovery and angiogenesis [15, 19, 66]. However, 
the mito-ROS scavenging agents used in those studies were 
not EC-specific and thus might have modulated mito-ROS 
of different cell types including cardiomyocytes, vascular 
smooth muscle cells, and fibroblasts. Due to the absence of 
specificity of SOD mimetics, it is unknown whether coro-
nary angiogenesis and cardiac funcion recovery are solely a 
result of EC ROS regulation or if other cells could play a role 
in functional recovery. Interestingly, cardiac muscle-specific 

Fig. 9  MnSOD-OE increases mitochondrial membrane potential and 
improves mitochondrial respiration in MHEC. A Quantitative analy-
sis of mitochondrial membrane potential estimated by TMRE fluo-
rescence in a plate reader. B Seahorse experiment showing oxygen 
consumption rate (OCR) after treatment with Oligomycin, FCCP, or 
Rotenone and Antimycin A. A quantitative analysis of OCR meas-
urement by seahorse showed a significant increase in C calculated 

basal respiration, D ATP linked respiration, E maximal and F spare 
respiration capacity. There were no changes in G proton leak and H 
non-mitochondrial  O2 consumption. All experiments were performed 
in triplicate using three independent preparations of MHEC (each 
isolated using 2–4 animal hearts/group). n = 7–8 wells/group (A); 
n = 8–9 wells/group (B and C). *p < 0.05; **p < 0.01
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Fig. 10  Reduced mito-ROS increases the organizational assembly 
of mitochondrial complexes into supercomplexes in EC. A Native-
PAGE western blot image showing the organization of mitochon-
drial complexes and supercomplexes in control (Tet-ON) versus 
MnSOD-OE (Tet-OFF) MHEC. B Quantitative analysis of SC5. C 
Quantitative analysis of SC3 and SC2. D Quantitative analysis of 
SC1. E Quantitative analysis of SC formed by  CVn +  CIII2 +  IV1. F 
Quantitative analysis of free CI. G Quantitative analysis of  CIV2. H 

Quantitative analysis of SC formed by CV. I Quantitative analysis of 
 CIII2. J Quantitative analysis of  CIII2 +  CIV2. K Quantitative analy-
sis of SC formed by  CIV1. L Quantitative analysis of CII. Statisti-
cal analysis was carried out by two-tailed unpaired Student’s t test. 
n = 3/group (each sample represents an independent preparation of 
MHEC isolated using 3 animal hearts/group). *p < 0.05; **p < 0.01; 
***p < 0.001. Tet-ON MnSOD Control, Tet-OFF MnSOD-OE, SC 
supercomplex

Fig. 11  Summary of find-
ings and suggested hypoth-
esis. MnSOD OE increases 
OXPHOS, membrane potential, 
and the assembly of super-
complexes in mitochondria of 
mouse heart ECs. These effects 
are associated with angiogenesis 
and improvement in cardiac 
function in a non-reperfused MI



 Basic Research in Cardiology (2023) 118:3

1 3

3 Page 16 of 20

overexpression of MnSOD was shown to reduce infarction 
area in a non-survival model of ischemia–reperfusion injury, 
however, its effect on coronary vessel density and function 
were not investigated [4].

The present study demonstrates that an endothelium-
specific and mitochondria-localized decrease in ROS can 
result in subcellular changes in EC resulting in improvement 
in coronary angiogenesis. It is shown here, for the first time, 
that transgenic OE of MnSOD specifically in ECs provides 
reduced levels of mito-ROS as confirmed by the Mito-roGFP 
assay in MnSOD-OE MHEC. This reduced mito-ROS in EC 
were accompanied by increased coronary vascular density 
and a significant reduction in the size of myocardial infarct 
in the non-reperfused MI model. Echocardiography showed 
that ischemic myocardium with decreased mito-ROS in cor-
onary vascular endothelium had significant improvement in 
their left ventricular EF and FS in non-reperfused post-MI 
hearts. Together, these findings suggest that MnSOD-OE 
animals with reduced mito-ROS in EC have significant 
improvement in the non-reperfused post-MI recovery of 
cardiac function due to coronary angiogenesis.

Increased proliferation of EC and formation of new capil-
laries in ischemic myocardium observed in this study sug-
gest that EC-specific reduction in mito-ROS renders EC 
resilient during myocardial ischemia. Although we have 
yet to elucidate the precise molecular mechanisms, previ-
ous studies have reported hydrogen peroxide, a product of 
MnSOD activity, as an inducer of angiogenesis. Yasuda and 
collaborators have previously shown that hydrogen peroxide 
stimulates angiogenesis by inducing EC proliferation and 
migration, which was associated with increased mRNA lev-
els of one of the erythroblast transformation-specific (ETS) 
transcription factors [67]. Shijun et al. reported that hydro-
gen peroxide promoted cell migration by activation of ERK 
1/2 [38]. Indeed, MnSOD-OE showed ERK 1/2 activation 
and increased EC migration in our study. Similarly, PI3K/
Akt pathway was found to be activated in our study, which 
has been recently shown to contribute to the activation of 
the ETS-related gene (ERG), an ETS transcription factor 
involved in the control of notch signaling, angiogenesis and 
vascular stabilization [51]. Other studies have shown that 
activation of the ROS/Akt/ERK signaling was associated 
with post-MI cardioprotection in rats [70].

EC is known to derive most of its ATP (> 85%) via gly-
colysis [18]. Interestingly, one of the most striking findings 
in our study is that ECs in MnSOD-OE animals demontrated 
a significant increase in their mitochondrial OXPHOS as 
measured by increased OCR using seahose. It is worthwhile 
to mention that in EC normally less than 15% of ATP syn-
thesis occurs in mitochondria, while the majority of EC’s 
energy comes from less-efficiant anerobic glycolysis. It is 
not known why ECs, like tumor cells, prefer glycolysis that 
produces two ATP from one module of glucose to a much 

more energy-eficient system OXPHOS that synthesizes 32 
to 34 ATP moleculae from one molecule of glucose. It is 
plausible that a reduction in mito-ROS, which results in 
increased mitochondrial membrane potential and is asso-
ciated with increased involvement of OXPHOS for energy 
production may help cope ECs in ischemic myocardium 
(post-MI), where nutrition (glucose) is likely to be scarce. It 
is plausible that the observed coronary angiogenesis in non-
reperfused ischemic myocardum is fueled by this improve-
ment in energy generation in MnSOD-OE ECs. This notion 
derives its support from our observation that MnSOD-OE 
ECs also have increased expression of mitochondrial com-
plexes I and IV, as well as an increase in mitochondrial 
membrane potential and supercomplexes assembly. Cor-
roborating with our data, antioxidants and MnSOD mimet-
ics have been shown to enhance OXPHOS, mitochondrial 
membrane potential and mitochondrial supercomplex for-
mation in other cell (non-EC) types such as fibroblasts, 
cardiomyocytes, and in the piriform cortex [9, 33, 54]. It 
has recently been reported that human EC containing tel-
omerase reverse transcriptase in mitochondria, which results 
in a decrease in mito-ROS, induces an increase in migra-
tion potential, activation of eNOS, and enhanced Complex 
I activity in EC [7]. Another study proposed an increase 
in mitochondrial OXPHOS may result in improved energy 
supply to the cell as a desired aspect of a potential treatment 
for heart failure [13]. In addition, as described by Kiyooka 
and collaborators, the integrity of mitochondrial DNA and 
the function of mitochondrial complex machinery are criti-
cal for endothelium-dependent vasodilation in CVD [31]. 
In fact, treatment with the non-specific mito-ROS scavenger 
Mito-Tempo was shown to enhance coronary relaxation in 
diabetes and non-diabetes setting in an ex vivo cardioplegic 
hypoxia-reoxygenation model [53]. Further studies will be 
required to determine the molecular mechanisms by which 
reduced mito-ROS induce biogenesis of mitochondrial com-
plexes, enhancement of supercomplexes formation, alter 
the energy generation balance between anerobic glycolysis 
and oxidative phosphorylation, and whether this metabolic 
reprogramming in EC plays a direct role in coronary angio-
genesis in ischemic myocardium.

In conclusion, the fact that coronary angiogenesis and 
improvement in cardiac function were achieved by a reduc-
tion in mito-ROS in an EC-specific manner is intriguing. 
Our data suggest that EC mitochondria may play an essen-
tial role in cardiovascular homeostasis more than previously 
thought.

As a future directive, it will be important to deter-
mine whether PI3K and/or ERK1/2 is activated via an 
 H2O2-dependent signaling cascade in MnSOD-OE EC; 
a question that we plan to address in a future study using 
transgenic animals with or without an increase in catalase. 
It would also be important to determine whether Akt and 
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ERK1/2 activation directly mediate angiogenesis and the 
improvement of cardiac function in this model, which could 
be evaluated by chemically blocking Akt and ERK activa-
tion. Another future perspective would be to test mito-ROS 
scavengers XJB-5–131 [19, 28] and JP4-039 [22, 33] in MI 
model. The latter is already under preliminary investigation 
in our laboratory. Finally, the development and investigation 
of EC-targeted specific mito-ROS scavengers could aid our 
understanding about EC mitochondria’s role in the recovery 
of cardiac function in myocardial ischemia.

This study also raises several interesting questions that 
need to be addressed in the future: (1) how does MnSOD-
OE in EC mitochondria results in increased OXPHOS, for 
instance, what specific signaling modulation and/or anabolic 
changes in the citric acid cycle are contributing to OXPHOS; 
(2) what are the relative contribution of OXPHOS versus 
glycolysis to energy generation in MnSOD-OE ECs; (3) does 
increase in OXPHOS induce a metabolic shift in ECs which 
in turn provides resilience and survival benefits to EC during 
ischemia; (4) is increased OXPHOS a result of improvement 
in mitochondrial supercomplex formation and ETC; and 
(5) where do EC mitochondria derive oxygen for oxidative 
phosphorylation during ischemic insult in the myocardium. 
Ongoing studies in our lab will address these critical queries.

Study limitations

A limitation of this study is that the MI model of permanent 
occlusion of the coronary artery does not represent most MI 
patients that currently receive reperfusion therapy. For these 
patients, the model of ischemia–reperfusion would be more 
adequate. Nevertheless, the permanent ligation model that 
we have used in this study can provide valuable information 
for those 15–25% patients (globally 3 million people) that 
do not receive reperfusion in a timely manner [36]. Another 
limitation is the absence of comorbidities in our model. For 
example, a model of vascular disease associated with MI 
would provide more translational findings, as a vascular dis-
ease is an underlying factor of CVD. We plan to address the 
above issues in future studies.
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