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Abstract

Ischemia/reperfusion injury is associated with contractile dysfunction and increased 

cardiomyocyte death. Overexpression of the hematopoietic lineage substrate-1-associated protein 

X-1 (HAX-1) has been shown to protect from cellular injury but the function of endogenous 

HAX-1 remains obscure due to early lethality of the knockout mouse. Herein we generated a 

cardiac-specific and inducible HAX-1 deficient model, which uncovered an unexpected role of 

HAX-1 in regulation of sarco/endoplasmic reticulum Ca-ATPase (SERCA2a) in ischemia/

reperfusion injury. Although ablation of HAX-1 in the adult heart elicited no morphological 

alterations under non-stress conditions, it diminished contractile recovery and increased infarct 

size upon ischemia/reperfusion injury. These detrimental effects were associated with increased 

loss of SERCA2a. Enhanced SERCA2a degradation was not due to alterations in calpain and 

calpastatin levels or calpain activity. Conversely, HAX-1 overexpression improved contractile 

recovery and maintained SERCA2a levels. The regulatory effects of HAX-1 on SERCA2a 

degradation were observed at multiple levels, including intact hearts, isolated cardiomyocytes and 

sarcoplasmic reticulum microsomes. Mechanistically, HAX-1 ablation elicited increased 

production of reactive oxygen species at the sarco/endoplasic reticulum compartment, resulting in 
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SERCA2a oxidation and a predisposition to its proteolysis. This effect may be mediated by 

NAPDH oxidase 4 (NOX4), a novel binding partner of HAX-1. Accordingly, NOX inhibition with 

apocynin abrogated the effects of HAX-1 ablation in hearts subjected to ischemia/reperfusion 

injury. Taken together, our findings reveal a role of HAX-1 in the regulation of oxidative stress and 

SERCA2a degradation, implicating its importance in calcium homeostasis and cell survival 

pathways.
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1. Introduction

Ischemia reperfusion (I/R) injury and the resulting myocardial infarction are a leading cause 

of heart failure and death in the U.S. and worldwide [1]. One of the major characteristics of 

the stressed human or experimental heart is diminished contractile parameters, associated 

with depressed Ca2+-transport by the sarco/endoplasmic reticulum (SR/ER) Ca2+ ATPase 

(SERCA2a) and its regulator phospholamban (PLN)[2,3]. The resultant reduction of SR 

Ca2+ content adversely affects Ca2+ homeostasis causing aberrant SR/ER, mitochondrial, 

and cytosolic signaling that leads to cell death. Decades of research have suggested that 

targeting the SERCA2a/PLN activity may restore contractile function and benefit the 

stressed heart. PLN exists in a complex with SERCA2a, inhibiting its function and 

phosphorylation of PLN during β-agonist stimulation relieves its inhibitory effects [4]. 

Recent evidence indicates there are several other binding partners of PLN and SERCA2a, 

which modulate the function of SR Ca2+-transport through a much larger regulatory 

complex [5,6]. Among these partners, the HS-associated protein X-1 (HAX-1) has been 

found to directly interact with PLN [7]. In cardiomyocytes, HAX-1 also localizes to SR, 

where it increases inhibition of SERCA2a by PLN and depressing contractility [8].

HAX-1 is an approximately 35 kDa protein, which was originally found to form a complex 

with HS-1 (hematopoietic lineage cell-specific protein-1) in lymphocytes, and mediate 

lymphocyte differentiation. HAX-1 is ubiquitously expressed at the mitochondria with 

critical function in immune and neuronal cells [9]. Loss of HAX-1 protein as a result of 

human mutations causes severe neutropenia [10], through mitochondrial instability in 

neutrophils [9]. In the mouse, global genetic deletion of HAX-1 associates with a short life-

span due to progressive loss of neuronal cells [9]. With respect to the heart, previous work 

has shown that HAX-1 overexpression protects from cell death and enhances recovery after 

ischemia/reperfusion (I/R) injury through regulation of inositol requiring enzyme-1 (IRE-1) 

ER stress signaling [11] and cyclophilin D dependent mitochondrial stability [12]. 

Interestingly, loss of SERCA2a activity by heterozygous deletion or pharmacological 

inhibition with thapsigargin can induce or exacerbate cell death through both of these 

pathways, suggesting a potential common link between them [13–15]. Furthermore, the 

decreases in SERCA2a protein levels and activity in human and experimental I/R [3,16–18] 

could serve as an upstream initiator of ER and mitochondrial stress signaling. Indeed, 

transgenic or viral over-expression of SERCA2a confers cardioprotection [19–21]. However, 
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increased SERCA2a activity though PLN ablation corresponds to exacerbated injury during 

I/R [22], indicating a gap in our understanding of Ca2+ mediated cell death mechanisms.

The levels and activity of SERCA2a in cardiomyocytes can be modulated by various post-

translation modifications (PTMs). Specifically, the small ubiquitin like modifier (SUMO) 

can be conjugated to SERCA2a, increasing expression and activity of the enzyme. Indeed, 

enhanced SUMOylation reverses the heart failure phenotype in small and large animal 

models indicating its therapeutic potential [23,24]. Additionally, tyrosine nitration and 

cysteine sulfonylation of SERCA2a are both associated with depressed function, whereas 

cysteine glutathionylation may elevate enzymatic activity. In particular, cysteine 674 is a 

critical site, which impacts vascular and cardiac function [25–30]. SERCA2a activity can be 

also modulated through proteolytic degradation, associated with increased activity of the 

Ca2+ sensitive proteases, calpain 1 and 2 after ischemia/reperfusion injury [16]. Yet, there is 

no clear evidence that this enzyme can serve as a specific substrate of calpain. Interestingly, 

previous studies suggested that HAX-1 may also down-regulate SERCA2a protein levels in 

HEK 293 cells [31]. However, these studies in non-muscle cell lines may not reflect findings 

in striated muscle.

Since global HAX-1 ablation results in early lethality, we generated a cardiac specific and 

inducible knockout mouse model to further characterize the role of endogenous HAX-1 in 

cardioprotection. Our findings demonstrate that HAX-1 deficiency results in diminished 

contractile recovery and increased infarct after I/R injury associated with increased 

SERCA2a degradation. The underlying mechanisms include increases in SERCA2a 

oxidation and reactive oxygen production at the ER/SR through direct interaction of HAX-1 

with NOX4. Thus, a regulatory complex of SERCA2a/PLN/HAX-1/NOX4 may be a nodal 

point in the redox control of the heart and dysregulation may serve as a precipitating event in 

numerous stress pathways.

2. Materials and Methods

2.1. Human myocardial tissue

The current investigation conforms to the principles outlined in the Declaration of Helsinki. 

Briefly, failing heart samples were acquired from seven patients (4 females, 2 males, and 1 

with gender that cannot be tracked), whose ages ranged from 48 to 69 years. Cardiac 

dysfunction was caused by ischemic heart disease (IHD), idiopathic dilated cardiomyopathy 

(IDC), and congestive heart failure (CHF). The average ejection fraction of the patients was 

20 ± 3%, which can be defined as heart failure with reduced ejection fraction (HFrEF). All 

heart samples were obtained from explanted hearts at the time of cardiac transplantation. As 

controls, seven non-failing hearts (5 females and 2 males in the age range of 52–61 years) 

were obtained from donors who had normal cardiac function and died from neurological 

diseases or road traffic accidents, as previously described [32].

2.2. Mouse models

The HAXiKO mouse model (C57BL/6J: HAXflox/flox × αMHC-mer/cre/mer) was developed 

by crossing a floxed HAX-1 mouse [33] with a mouse expressing the mer/cre/mer driven by 
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the myosin heavy chain promoter (αMHC-mer/cre/mer or CRE). Wild type (WT) mice were 

litter mates of the HAXiKO lacking the mer/cre/mer transgene (HAXflox/flox). Beginning at 

8 weeks of age, mice of all backgrounds were treated with tamoxifen (40 mg/kg) for 14 days 

to induce cre recombinase activity and this resulted in full ablation of HAX-1 in the heart. 

Experiments were conducted 2-4 weeks after termination of tamoxifen treatment (12-14 

weeks old) and were performed according to the National Institutes of Health Publication 

No. 8523: Guide for the Care and Use of Laboratory Animals. To assess potential adverse 

effects of tamoxifen/Cre on cardiac function, we performed echocardiography experiments 

at baseline, after completion of the tamoxifen treatment and at two weeks post-treatment. 

There were no differences in ejection fraction or LV dimensions between the HAXiKOs, 

MerCreMer and WT mice.

2.3. Quantitative real-time PCR assay

Total RNA was extracted and purified from heart tissue with miRNeasy Mini Kit 

(QIAGEN). The first-strand cDNA were generated from total RNA (1 μg) with reverse 

transcriptase kit (Invitrogen). PCR was then performed with Bio-Rad real-time thermal 

cycler by using the following specific primer sequences: Human HAX-1: (Forward) 5′- CTA 

CAG TAA CCC GAC ACG AAG -3′, (Reverse) 5′- AAT GGG TGA GAG GTG GAA 

AG-3′, and Human: GAPDH (Forward) 5′-GTC AAG GCT GAG AAC GGG AA-3′, 
(Reverse) 5′- AAA TGA GCC CCA GCC TTC TC-3′. The values were normalized to those 

obtained with GAPDH.

2.4. Global ischemia/reperfusion injury ex vivo

The cellular and functional responses to ischemia/reperfusion were assessed, using an 

isolated perfused heart model, as previously described [11]. Briefly, hearts were mounted on 

a Langendorff apparatus, and perfused with Krebs–Henseleit (KH) buffer. Temperature was 

maintained constant at 37 °C by water-jacketed glassware for the heart chamber, buffer 

reservoirs, and perfusion lines. In addition, an overhead light source was used to ensure 

maintenance of temperature during ischemia, which was monitored by a thermometer placed 

close to the perfused heart in the glass chamber. A water-filled balloon made of plastic film 

was inserted into the left ventricle and adjusted to achieve a left ventricular end-diastolic 

pressure (LVEDP) of 5 to 10 mmHg. The distal end of the catheter was connected to a Heart 

Performance Analyzer (Micro-Med) via a pressure transducer. Hearts were paced at 400 

bpm except during ischemia, and pacing was reinitiated 2 minutes after reperfusion. After a 

20-minute equilibration period, hearts were subjected to 40 minutes of no flow global 

ischemia, followed by 60 minutes of reperfusion. Maximum rate of contraction (+dP/dt), and 

maximum rate of relaxation (−dP/dt) were monitored during this process. In some 

experiments, 200 μM apocynin [34,35] was added directly into KH buffer and hearts were 

perfused with this solution during the ischemia/reperfusion protocol.

2.5. Mouse myocyte isolation and viral infection

Mouse myocytes from were isolated as described [12]. Briefly, adult mouse hearts were 

excised following mouse anesthesia with sodium pentobarbital (70 mg/kg, i.p.) and 

cannulated on a Langendorff system. Ca-free Tyrode solution (113 nmol/L NaCl, 4.7 

mmol/L KCl, 0.6 mmol/L KH2PO4, 0.6 mmol/L Na2HPO4, 1.2 mmol/L MgSO4⋅7H2O, 12 
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mmol/L NaHCO3, 10 mmol/L KHCO3, 5 mmol/L Hepes, 3 0 mmol/L taurine, 10 mmol/L 

2,3-butanedione monoxime, and 5.5 mmol/L glucose, pH 7.4) was used to perfuse the heart 

for 3 min at 37 °C. The perfusion was then switched to a digestion solution containing 0.25 

g/L liberase blendzyme (Roche). Following digestion, the left ventricular tissue was excised, 

minced, and dissociated into a cell suspension. Calcium was serially added to the cellular 

suspension until final calcium concentration in the Tyrode solution was 1.2 mmol/L. 

Cardiomyocytes were pelleted by gravity, resuspended in plating media [DMEM with 5% 

(vol/vol) FBS, 10 mmol/L 2,3-butanedione monoxime, 100 units/mL penicillin streptomycin 

and 2 mL of l-glutamine] and placed on a six-well plate containing laminin-coated 

coverslips for 1 h. Supplementing the media with 5% (vol/vol) FBS allows optimal 

cardiomyocyte attachment. Once the cells attached to the coverslip, the medium was 

replaced with infection medium (plating medium containing no FBS). Adenoviruses 

(Ad.GFP, Ad.Trx1) were applied at 500 multiplicity of infection (MOI) or virus particles per 

cell. After 3 h of incubation at 37 °C, medium was removed and replaced with culture 

medium, which is DMEM containing 5 mg/L ITS (bovine insulin, human transferrin and 

sodium selenite; Sigma), 100 units/mL penicillin streptomycin, 2 mmol/L l-glutamine, 4 

mmol/L NaHCO3, 10 mmol/L Hepes, 0.2% BSA, and 25 μmol/L blebbistatin (Cayman 

Chemical). The cell phenotype and morphology remained similar among GFP and Trx1 

adenoviral-infected groups after 24 h of infection.

2.6. Western blot analysis

Hearts were snap frozen in liquid nitrogen and homogenized in 1× Cell Lysis Buffer (Cell 

Signaling Technology) supplemented with 1mM PMSF and complete protease inhibitor 

cocktail (Roche Applied Science). For each protein, equal amounts of samples (5–120 μg) 

from each heart were analyzed by SDS-PAGE, as previously described. After transfer to 

membranes, immunoblotting analysis was performed with the corresponding primary 

antibodies HAX-1 from BD Biosciences; SERCA2a (custom-made commercially, Affinity 

Bioreagents), Calpain 1, Calpain 2, and Calpastatin (Cell Signalling), PLN, and 

Calsequestrin (Thermo). This was followed by incubation with Licor fluorescent secondary 

antibodies at a dilution of 1:10,000. Visualization was achieved using Licor Odyssey imager. 

The intensities of bands were determined by the Licor Odyssey software. For each protein, 

the densitometric values from pre-I/R WT controls were arbitrarily converted to 100%, and 

the values of samples from the other groups were normalized accordingly and expressed as 

fold changes. Calsequestrin (CSQ) was used as an internal standard.

2.7. Calpain activity measurement

The activity calpain were assessed using a fluorometric assay, according to the 

manufacturer’s instructions (Biovision). 100μg of protein from each heart were diluted to 

85μl of Extraction buffer provided by the manufacturer, followed by addition of 10μl of 10X 

Reaction Buffer. The reaction was started by addition of calpain fluorescent substrate and 

carried out at 37°C for 1 hour in the dark. The caspase-3 or calpain activity was quantified 

by a fluorometer (excitation: 400nm, emission: 505 nm)
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2.8. In vitro SERCA2a degradation

SR microsomes were isolated as previously described [36]. Briefly, isolated hearts were 

homogenized in buffer containing 10 mM imidazole (pH 7.0), 300 mM sucrose, 1 mM 

EDTA, 1 mM or 10 mM DTT, as indicated in the text, and 0.3 mM phenylmethylsulfonyl 

fluoride. Homogenates were centrifuged at 8,000 g for 20 minutes. The supernatant was 

removed and combined with NaCl to a final concentration of 600 mM, and centrifuged at 

100,000 g for 60 min. The pellet was resuspended in homogenization buffer with 600 mM 

NaCl and centrifuged again at 100,000 g for 60 min. The pellet was resuspended in 

homogenization buffer without DTT. For H2O2 treatment, samples were incubated with 100 

μM final concentration of urea-peroxide for 20 min on ice, which was neutralized by 

addition of 1 mM DTT. SR microsomal protein content was quantified via the Bradford 

method [36]. To assess SERCA2a degradation, the final reaction mixture included 400 ng/μl 

SR microsomal protein and 5 mM CaCl2 in homogenization buffer. The samples were 

incubated at 37 C and the reaction was initiated with the addition of purified Calpain 1 

(Abcam) to a final concentration of 10 ng/μl. The reaction was terminated at indicated time 

points with 2x SDS sample buffer. SERCA2a degradation was assessed via Western blot 

quantification.

2.9. Free cysteine labeling

For biotin labeling, cardiac homogenates were diluted to 0.5 mg protein/ml in labeling buffer 

containing 20 mM Tris (pH 6.8), 1 mM EDTA, and 1% Triton-X100. Biotin maleimide 

(Sigma) was added to a final concentration of 100 μM, and samples were incubated in the 

dark for 1 hr at room temperature. The reaction was terminated with addition of DTT to a 

final concentration of 5 mM. Samples were mixed with 2x SDS buffer for SDS-PAGE 

separation and Western blotting using the indicated primary antibodies (SERCA2a and 

PLN). Membranes were then incubated with fluorescent secondary antibodies and 

streptavidin (to detect biotin) (Licor) and simultaneously imaged using a Licor Odyssey 

imager. The overlaying biotin signal corresponding to SERCA2a or PLN was then quantified 

with densitometry.

2.10. Neonatal rat myocyte isolation and HyPer ROS measurements

Primary cultures of ventricular cardiomyocytes were prepared from 1-day-old Hsd:WI 

Wistar rats (Envigo International Holdings), as described (Matsui et al. Circ Res 2007). The 

left ventricle was isolated and the tissue was digested with collagenase type IV(Sigma), 

0.1% trypsin (Life Technologies), and 15 μg/ml DNase I (Sigma) to obtain a single cell 

suspension. Cardiomyocyte-rich fraction was obtained by centrifugation through a 

discontinuous Percoll gradient. Cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM)/F-12 medium supplemented with 5% horse serum, 4 μg/ml transferrin, 0.7 ng/ml 

sodium selenite (Life Technologies, Inc.), 2 g/liter bovine serum albumin (fraction V), 3 mM 

pyruvic acid, 15 mmol/liter HEPES, 100 μmol/liter ascorbic acid, 100 μg/ml ampicillin, 5 

μg/ml linoleic acid, and 100 μmol/liter 5-bromo-2′-deoxyuridine (Sigma). Generation of 

replication-defective human adenovirus type 5 (devoid of E1) harboring cDNA of wild-cyto-

Hyper, mito-HyPer, and ER-Hyper has been previously described [37]. Mitochondrial and 

ER-specific H2O2 production were evaluated through the expression of compartment-
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specific HyPer protein, using confocal microscopy. To detect HyPer probes, two excitation 

wave lengths (405nm and 488nm) are used with a single detection peak between 

510-550nm. Images are captured as grayscale. Pseudocolor is applied to each channel for 

visualization. In this case, red and green colors were chosen as they were easy to display. 

Ratio is obtained as 488nm/405nm.

2.11. Cardiac morphology

Mice were anesthetized and the hearts were removed from the chest cavity. The tissues were 

rinsed in Dulbecco’s phosphate buffered saline, blotted with filter paper, and then weighed. 

The skeletal muscle of the lower hind limbs was dissected out, and the length of the left tibia 

was measured. Hearts were fixed in 10% formalin and sectioned for histological 

examination of hematoxylin and eosin (H&E), Masson’s trichrome stained ventricles, and 

wheat germ agglutinin (WGA) stained sarcolemma were carried out by the Department of 

Pathology at the Cincinnati Children Hospital Medical Center [38].

2.12. In vitro binding assays

GST-PLN, GST-HAX, and GST recombinant proteins were generated as previously 

described [7]. HEK293 cells were transfected with a FLAG-NOX4 plasmid (OriGene) and 

24hrs after transfections the cells were harvested and lysed in 50mM Tris–HCl (pH 8.0), 150 

mM NaCl, 1% NP-40, supplemented with protease inhibitors (Sigma). Cell lysates were 

then incubated with equivalent amounts of GST-PLN, GST-HAX, and GST-protein bound to 

glutathione matrices for 16 h at 4 °C. The beads were washed at 4 °C three times in lysis 

buffer and were subsequently resuspended in 2 × SDS Laemmli sample buffer. Samples 

were analyzed by SDS-PAGE, transferred to nitrocellulose membrane (Schleicher and 

Schuell Bioscience GmbH) and probed with a FLAG antibody (Sigma-Aldrich) and an anti-

rabbit peroxidase-conjugated secondary antibody (Bio-Rad).

2.13. Co-immunoprecipitations

Hearts were homogenized with 1X cell lysis buffer (Cell Signaling Technology), 

supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktail. The 

homogenate was centrifuged at 10,000 rpm for 30 minutes at 4°C. The centrifuged 

homogenate was diluted to 1g/L (1mL of final volume) and incubated with monoclonal anti-

HAX-1 (BD Biosciences), monoclonal anti-NOX4 (abcam), monoclonal anti-PLN (Thermo 

Scientific), or IgG antibody (Santa Cruz Biotech) at 4°C overnight with rotation. 100μL of 

protein G PLUS agarose beads (Santa Cruz Biotech) were added into the mixture and 

incubated for an additional 5 hours. Agarose beads were sedimented and washed 6 times 

with the cell lysis buffer. Beads-bound proteins were dissociated in 2X SDS at room 

temperature for 30 minutes with vortexing every 5 minute-intervals. The identification of the 

associated proteins was detected by western blots. Pre-immunoprecipitated WT heart 

homogenate was used as positive control (input), and immunoprecipitate with anti-IgG 

PLUS agarose was used as negative control.
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2.14. Immuno-fluorescence staining

Cardiomyocytes were isolated as described above, and plated in a laminin-coated Lab-Tek 

chamber slides (Thermo Scientific). Cardiomyocytes were fixed with 1.2mmol/L Ca-Tyrode 

solution containing 4% Paraformaldehyde (Electron Microscopy Sciences) for 30 minutes at 

room temperature, and permeabilized with saline solution containing 0.1% Triton-X at 37°C 

for 15 minutes. Non-specific binding was limited by 4 hours incubation with blocking 

solution containing 2% goat serum. Cells were stained with monoclonal anti-HAX-1(BD 

Bioscience) and polyclonal anti-NOX-4 (Novus) antibodies, subsequently followed by 

incubation with Alex flour 488 goat anti-rabbit (Invitrogen) and DyLight 594 goat anti-rat 

(Abcam) in blocking solution. Images were obtained using Zeiss confocal microscopy.

2.15. Statistical Analysis

Data were expressed as the mean ± SEM. Comparisons between the means of two groups 

were performed by unpaired Student’s t test. Multiple groups were analyzed by using two-

way ANOVA followed by Tukey’s multiple comparisons. Results were considered 

statistically significant at P < 0.05.

3. Results

3.1. HAX-1 expression is decreased in heart failure

The levels of the anti-apoptotic protein HAX-1 have been shown to decrease following 

ischemia reperfusion injury in mouse hearts [11]. In the present study, we used real-time 

PCR and found a significant down-regulation of HAX-1 mRNA in failing human left 

ventricular samples, compared to non-failing donor controls (Fig. 1A/B). These changes in 

mRNA were coupled with similar decreases in protein levels of HAX-1 (Fig. 1C/D). 

Interestingly, a strong correlation between HAX-1 protein levels and SERCA2a protein 

levels in human hearts is apparent, suggesting a potential cross-talk (Supplemental Fig. 1A). 

Similar decreases in HAX-1 levels were also observed in a more controlled experimental 

heart failure model, after transverse aortic constriction (Supplemental Fig. 1B). These 

observations suggest that decreases in HAX-1 expression may be a common pathological 

feature of cardiac stress, which can occur in human hearts.

3.2. Inducible HAX-1 ablation does alter cardiac structure and morphology

Since global ablation of HAX-1 results in early lethality [33], the full role of endogenous 

HAX-1 in the heart has not been previously determined. Thus, we generated the HAXflox/flox 

× αMHC-mer/cre/mer mouse which is a cardiac-specific and inducible HAX-1 knockout 

model (HAXiKO) (Fig. 2A). HAX-1 has been identified as a critical regulator of cell death 

in many tissues [10,39–42] and cardiac overexpression of HAX-1 protects from ischemia/

reperfusion injury (I/R)[11], and as such anticipated that HAX-1 ablation may cause cell 

death and cardiac dysfunction in response to the stress of aging. However, deletion of 

HAX-1 in the adult heart did not elicit any significant changes in heart and cell size, as 

determined by heart weight to tibia length and cardiomyocyte cross-sectional area at 12 

months (Fig. 2B-D) compared to WT controls (HAXflox/flox). Additionally, hematoxylin and 

eosin staining (H&E) did not reveal any gross morphological changes between WT and 
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HAXiKO hearts (Fig. 2E). Moreover, Masson’s trichrome stained cardiac sections showed 

no appreciable fibrosis in either WT or HAXiKO (Fig. 2E). These findings suggest that loss 

of the anti-apoptotic protein HAX-1 in the adult heart does not appear to have detrimental 

consequences in the absence of stress conditions.

3.3. HAX-1 deficient hearts exhibit attenuated contractile recovery and decreased 
SERCA2a levels upon ischemia/reperfusion injury

To elucidate the role of endogenous HAX-1 under stress conditions, hearts from HAXiKO 

and WT mice were subjected to 40 minutes of no flow ischemia followed by 60 minutes of 

reperfusion, using the ex vivo Langendorff perfusion system (Fig. 3). While basal function 

was enhanced by HAX-1 ablation (Supplemental Fig. 2), functional recovery during 

reperfusion, measured by the rates of contraction (+dP/dt) and relaxation (−dP/dt), was 

significantly decreased in HAX-1 null hearts (Fig. 3A/B) leading to depressed left 

ventricular developed pressure (LVDP) and higher left ventricular end diastolic pressure 

(EDP) (Fig. 3C/D). This reduction in contractile recovery was accompanied with an increase 

in myocardial infarct size, compared with WT hearts (45% HAXiKO, 33% WT; Fig. 3E). In 

parallel experiments, we did not observe any difference in functional recovery or infarct size 

between WT (HAXflox/flox) and CRE (αMHC-mer/cre/mer) mice (Supplemental Fig. 3), 

indicating that the effects in Fig. 3 were due to HAX-1 deletion and not Cre recombinase 

activity. The detrimental effects of HAX-1 ablation were also associated with increased 

apoptosis reflected by enhanced caspase-3 cleavage (Fig. 3F). Thus, loss of HAX-1 

exacerbates cell death and decreases heart contractile recovery upon I/R injury.

Previous studies in human clinical myocardial infarction and experimental-animal models of 

I/R have observed reduced SERCA2a levels and activity, which may contribute to decreased 

functional recovery and increased cell death [3,16,17]. Thus, we hypothesized that HAX-1 

ablation may exacerbate decreases in SERCA2a expression, contributing to I/R injury, as 

HAX-1 has been previously observed to interact with SERCA2a besides PLN [7,31]. 

Indeed, the protein levels of SERCA2a were decreased in WT hearts post I/R (Fig. 4A). 

Interestingly, these decreases were parallel and time-dependent to those in HAX-1 levels 

(Supplemental Fig. 4). In addition, HAX-1 ablation resulted in further decreases in 

SERCA2a levels and the loss was almost double of that observed in WT hearts (Fig. 4A). 

This prompted us to examine the protein levels of SERCA2a in HAX-1 overexpressing 

hearts, which exhibit enhanced recovery and decreased cell death after I/R injury [11]. 

Indeed, HAX-1 overexpression fully prevented the loss of SERCA2a protein during I/R (Fig. 

4B), which may contribute to the enhanced contractile recovery in that model [11]. The 

reduction in intensity of the full length 110kDa SERCA2a band was associated with the 

appearance of a lower molecular weight fragment, perhaps indicative of proteolytic cleavage 

(Fig. 4A/B).

Since a previous report suggested that the calpain family of Ca2+ sensitive proteases may be 

responsible for SERCA2a degradation during I/R [16], we investigated whether HAX-1 

would affect the expression levels of calpain 1 and 2, the predominant cardiac isoforms. 

While expression of calpain 1 and 2 are both increased after I/R, no differences were 

observed between WT and HAXiKO hearts before and after I/R (Supplemental Fig. 5A/B). 
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We then assessed the expression of calpastatin, the endogenous inhibitor of calpains, and 

found decreases upon I/R. However, the reduced levels of calpastatin were similar between 

WT and HAXiKO hearts (Supplemental Fig. 35A/B). In addition, we used a fluorometric 

assay to determine calpain activity (Supplemental Fig. 5C). There were increases after I/R 

but the activity was similar between WT and HAXiKO hearts. These findings suggest that 

changes in calpain expression or activation do not contribute to increased SERCA2a 

degradation in the HAX-1 ablated heart. Despite the lack of change with calpain expression 

and activity, we hypothesized that HAX-1 still regulated a cardiomyocyte degradation 

pathway. Thus, we isolated cardiomyocytes from WT and HAXiKO mice and treated them 

with 100 μM H2O2 to induce cellular stress, mimicking I/R in whole hearts. Indeed, 

SERCA2a levels were decreased (Fig. 4C), consistent with our observations in whole hearts 

(Fig. 4A). The decreases in SERCA2a levels were larger in HAXiKO cells, compared to 

WTs, upon H2O2 treatment (Fig. 4C). Importantly, blockade of calpain activity by its 

specific inhibitor MDL 28371 prevented loss of SERCA2a protein in WT and HAXiKO 

cardiomyocytes (Fig. 4C). Taken together, these results indicate that calpain mediates 

SERCA2a degradation and HAX-1 modulates downstream of calpain activation at the level 

of the cardiomyocyte.

3.4. HAX-1 modulates susceptibility of SERCA2a to oxidation dependent degradation

Induction of stress (I/R and H2O2) in intact tissue activates a complex network of response 

pathways, and as such, HAX-1 could be altering SERCA2a indirectly by effecting global 

cellular stress. To test if HAX-1 has a direct or indirect role in calpain mediated degradation 

of SERCA2a in the absence of stress signaling, SR microsomes were isolated from non-

stressed WT and HAXiKO hearts under non-reducing conditions (-DTT) and were then 

exposed to purified calpain (-DTT). Consistent with findings in intact cardiomyocytes and 

hearts, HAX-1 deficient microsomes demonstrated increased susceptibility of SERCA2a to 

degradation by calpain in this purified in vitro setting (Fig. 5A). There was a 40% decrease 

in SERCA2a levels in HAXiKO, compared to a 25% decrease in WT (60 min of treatment 

with calpain) (Fig. 5A and 5B/-DTT). In parallel experiments, we isolated microsomes from 

HAXOE hearts and these exhibited protection against calpain degradation, compared to WT 

controls (Supplemental Fig. 6A). The loss of the full-length 110kDa band was accompanied 

by fragmentation of SERCA2a, observed in Western blots. At early time points, a series of 

bands between 90 and 70kDa was prominent, and these progressively diminished, while a 

doublet at ~35 kDa was observed, which became more intense with time (Supplemental Fig. 

6B). These results indicate that calpain can directly cleave SERCA2a and at multiple sites. 

Furthermore, our findings suggest that HAX-1 alters the intrinsic susceptibility of SERCA2a 

to degradation prior to induction of stress and calpain activation.

SERCA2a has several cysteine residues and some of them have been shown to be 

susceptible to oxidative modification under various experimental conditions [43]. Thus, we 

hypothesized that oxidative modification could serve as trigger of SERCA2a protein 

degradation and calpain may mediate degradation of SERCA2a in an oxidative sensitive 

manner. To determine this, we isolated microsomes under higher reducing conditions (10 

mM DTT) to remove reversible oxidative cysteine modifications and performed the in vitro 
calpain assays, as described above. Indeed, SERCA2a proteolysis was significantly 
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attenuated by 10 mM DTT and the extent of degradation was similar between WT and 

HAXiKO microsomes (Fig. 5B/+DTT). Accordingly, these protective effects of reducing 

conditions were abrogated, when microsomes were subsequently treated with H2O2 (Fig. 

5B/+DTT+ H2O2).

To further confirm these findings in intact cells, we isolated cardiomyocytes from WT and 

HAXiKO hearts and infected them with an adenovirus encoding thioredoxin 1 (Trx1) to 

inhibit cysteine modification [44]. There were no effects of Trx1 on SERCA2a levels under 

basal conditions. Furthermore, SERCA2a degradation in GFP infected WT or HAXiKO 

cells after H2O2 exposure (Fig. 5C) was comparable to that observed in intact hearts and 

isolated cardiomyocytes (Fig 4A/C). However, SERCA2a integrity was fully protected by 

Trx1 in both WT and HAXiKO samples (Fig. 5C). Thus, the findings in microsomes and 

intact cardiomyocytes suggest that HAX-1 modulates SERCA2a degradation by calpain 

through an oxidative mechanism.

Finally, to determine whether the redox effects of HAX-1 on SERCA2a could be associated 

with direct oxidation of the enzyme on one (or more) of its cysteines, we utilized biotin 

maleimide to specifically label free cysteines from cardiac homogenates under basal 

conditions. Indeed, the biotin to SERCA2a ratio was lower in HAXiKO compared to WT, 

indicating that cysteine residues are modified to a greater extent in the HAXiKO even prior 

to stress induction (Fig. 6A/B). Interestingly, biotin labeling of PLN was not altered by HAX 

ablation (Fig. 6B/C). These results indicate an apparent specificity of HAX-1 induced redox 

modification for SERCA2a.

3.5. HAX-1 regulates reactive oxygen species at the ER/SR

The findings above, led to the hypothesis that the modulation of SERCA2a oxidation by 

HAX-1 could be the result of increased cellular reactive oxygen production. However, the 

use of sense and antisense viral infection in neonatal rat ventricular myocytes (NRVM), 

indicated no impact on global H2O2 production, as assessed by Amplex Red (data not 

shown). We then assessed changes in local H2O2 production, using NRVMs that were 

infected with targeted HyPer sensors [37]. Cytosolic (Fig. 7A/B) and mitochondrial (Fig. 

7C/D) targeted HyPer showed a slight increase in fluorescent signal in response to H2O2 

treatment but there were no signal variations upon co-infection with LacZ or HAX sense/

antisense adenoviruses. However, HAX-1 overexpression resulted in a basal decrease in ER-

HyPer signal, whereas HAX-1 downregulation produced an increase in ER-HyPer signal in 

the presence of H2O2 treatment (Fig. 7E/F). LacZ infected cells also showed an increase in 

ER-HyPer signal after H2O2, but at a later time point (data not shown). These findings 

indicate that loss of HAX-1 increases ROS locally at the ER, suggesting that HAX-1 

negatively regulates NOX4 at the SR/ER.

3.6. Inhibition of NOX4, a novel binding partner of HAX-1, attenuates I/R injury

NADPH oxidase 4 (NOX4) produces H2O2 at the ER [37] consistent with our observation in 

the NRVM experiments (Fig. 7). Previous studies have also indicated that SERCA2a may be 

oxidized by NOX4 in rat arterial smooth muscle and this is related to carotid artery injury 

[45]. Thus, we hypothesized that HAX-1 negatively regulates NOX4 to decrease SERCA2a 
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oxidation and degradation. To establish a potential regulatory interaction, we used 

recombinant proteins and in vitro binding assays. Indeed, FLAG-NOX4 was able to bind to 

GST-HAX-1, and to a lesser extent GST-PLN (Fig. 8A). In addition, HAX-1 was identified 

as a binding partner of NOX4 in a yeast two hybrid screening of a human heart cDNA 

library, using the C-terminal cytosolic domain of NOX4 (amino acids 406-578) as bait [46]. 

Furthermore, co-immunoprecipitation experiments in mouse cardiac homogenates, using 

HAX-1 or NOX4 as bait, indicated reciprocal pull-down of each other partner (Fig. 8B). 

When PLN was used as bait, it pulled down both HAX-1 and NOX4 indicating that these 

proteins may exist as a complex in the mouse heart (Fig 8B). Accordingly, 

immunofluorescent staining of isolated mouse cardiomyocytes demonstrated extensive co-

localization of HAX-1 and NOX4 (Fig 8C).

To further confirm the role of HAX-1 in the regulation of NOX4, we performed the same ex 
vivo I/R protocol (Fig. 3) in the presence of the NOX inhibitor, apocynin. Indeed, apocynin 

significantly enhanced functional recovery as assessed by LVDP (Fig. 8D) and reduced 

infarct size (Fig. 8E). Consistent with these results, apocynin increased +dP/dt and -dP/dt 

and decreased EDP during reperfusion (Supplemental Fig. 7). Apocynin also normalized the 

differences between WT and HAXiKO hearts (Fig. 8D/E and Supplemental Fig. 7). 

Furthermore, the degree of functional recovery (75%) and infarct size (20%) observed in the 

presence of apocynin were similar to those exhibited by HAX overexpressing hearts [11]. 

Taken together, these results suggest that HAX-1 mediates cardioprotection through 

regulation of NOX activity.

4. Discussion

The current study demonstrates for the first time that HAX-1 regulates oxidation and 

degradation of SERCA2a, impacting cardiac function and survival under stress conditions. 

The underlying mechanisms included binding of HAX-1 to NOX4 and modulation of 

reactive oxygen species at the ER/SR compartment under basal conditions, a previously 

unidentified paradigm of cell death regulation by HAX-1. Inhibition of NOX4 eliminates the 

detrimental effects of HAX-1 ablation during I/R. While HAX-1 is widely viewed to confer 

cellular protection, its localization differs in various cell-types [9]. As such, the survival 

mechanisms mediated by HAX-1 may be different in the heart, where it shows significant 

ER/SR localization [7,8], in addition to its ubiquitous mitochondrial localization. This 

notion is supported by findings in HEK cells, indicating that redistribution of HAX-1 to ER 

through PLN co-expression enhanced survival [7]. Our previous studies indicated that the 

cardiac protective effects of HAX-1 involve both reduction in the ER stress signaling 

pathway [11] and downregulation of cyclophilin D in mitochondria, preserving 

mitochondrial transition pore (MTP) integrity [12]. Our current findings further support a 

pleiotropic role of HAX-1 in the heart, and indicate additional cardioprotective functions 

through NOX4 in the SR/ER compartment, resulting in inhibition of SERCA2a degradation 

under stress conditions. Intriguingly, the deleterious changes in ROS levels and Ca2+ 

homeostasis, associated with loss of HAX-1, could also trigger ER stress and loss of 

mitochondrial stability, as suggested by previous studies [11,12]. Thus, HAX-1 may 

represent a “fail-safe” operating on many different mechanistic levels along the same 

pathways.
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Decreases in SERCA2a expression and activity have been observed in experimental and 

clinical ischemia reperfusion injury [18] and they were suggested to exacerbate cardiac 

injury. Indeed, heterozygous SERCA2a deficient mice exhibited depressed cardiac 

functional recovery and increased infarct upon I/R [3,47], while transgenic [19] or viral 

[20,21] overexpression of SERCA2a were shown to reduce the extent of cardiac injury. 

Furthermore, loss of SERCA2a function, resulting in elevated cytosolic Ca2+ and decreased 

SR Ca2+ load is a well-established upstream initiator of ER stress and mitochondrial 

dysfunction [13–15]. However, despite the frequency at which decreases in SERCA2a 

expression have been found to associate with various cardiac injuries and diseases, clear 

degradation mechanisms and pathways have yet to be established. One study showed that 

perfusion of hearts with the calpain inhibitor MDL28170 could block SERCA2a proteolysis 

in an ex vivo I/R model [16] and a correlation between calpain activation and SERCA2a 

degradation was observed in platelets [48] and bladder [49]. Evidence that calpain can 

directly cleave SERCA2a was provided by the current findings, which also showed that 

HAX-1 can modulate this process through oxidation of the enzyme that occurs prior to 

stress. In heart failure, increased calpain activity and SERCA2a oxidation present a plausible 

contributing factor for decreased SERCA2a levels in the chronically stressed heart. Notably, 

an apparent linear correlation between HAX-1 and SERCA2a levels was observed in human 

failing hearts (Supplemental Fig. 1A), further supporting this notion. Interestingly, HAX-1 

ablation did not alter basal protein levels of SERCA2a and there was no observed 

remodeling in the long-term under non-stress conditions. This may be due to the localization 

of calpains, which are predominantly cytosolic under basal conditions, and stress induces 

their translocation to the membranes, including SR [50,51]. Accordingly, calpain 

overexpression exacerbated the effects of stress, but did not produce a cardiac phenotype 

under basal conditions [50]. Thus, activation and localization of calpains are likely critical 

determinants of SERCA2a degradation in addition to the oxidative state of the Ca2+ pump.

Oxidative modification of SERCA2a has been observed in cardiomyocytes [29,30] though 

this pathway is more extensively characterized in the vascular system [25–28], where NOX4 

has been implicated in this oxidation process [45]. Moreover, ROS and NOX4 are known to 

play key roles in the regulation of neutrophils [51]. Importantly, human mutations resulting 

in loss of HAX-1 protein or activity are associated with increased ROS levels in the 

neutrophils of the human carriers [10]. In the heart, the NADPH oxidases NOX2 and NOX4 

are major sources of ROS and have been demonstrated to play critical roles in physiology 

and disease, though their specific biochemical targets are not fully understood. NOX2 and 

NOX4 are upregulated in the failing myocardium, contributing to hypertrophic and fibrotic 

signaling [52,53]. Consistently, increased expression of NOX4 and the resulting ROS 

generation associates with aggravation of I/R induced injury [54]. We have shown previously 

that NOX4 is localized at intracellular membranes, including mitochondria, nucleus, and 

endoplasmic reticulum, and its protein expression and function is regulated by both 

transcriptional as well as post-translational mechanisms [37,46,52,55]. We here show that 

NOX4 physically interacts with HAX-1 in the ER/SR. Since the level of H2O2 in the ER/SR 

is significantly elevated when HAX-1 is down-regulated, we speculate that NOX4, a major 

ROS producing enzyme in the ER/SR, is negatively regulated by HAX-1. Although further 

investigation is required to address the potential role of NOX2 in SERCA2a modification, 
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the observed ER/SR specificity of ROS modulation by HAX-1, coupled with the reported 

localization of NOX2 to plasma membrane [56], make this unlikely. The current findings 

suggest that basally elevated ROS in the SR leads to cysteine oxidation of SERCA2a, which 

in turn increases its susceptibility to degradation when calpain is activated during injury. 

Reversal of I/R injury and elimination of HAX-1 effects through pharmacological inhibition 

of NOX substantiates this idea. Intriguingly, PLN which has 3 cysteines residues did not 

display a change in oxidation parallel to that of SERCA2a. These 3 cysteines are in the 

transmembrane region, which may make PLN less susceptible to oxidation compared to 

SERCA2a which has over 20 cysteines outside the membrane that are conserved in mouse 

and human. Given the ubiquitous expression of various SERCA isoforms, NOX4, and 

calpains, this mechanism may be relevant in other tissues besides the heart.

In summary, the current study is the first to demonstrate a new role of HAX-1 in 

cardioprotection through regulation of SERCA2a levels. This appears to be mediated 

through interaction of HAX-1 with NOX4 and alteration of ROS levels in the micro-

environment of the SERCA2a pump. Our findings not only suggest an important 

safeguarding role of HAX-1 in the SR Ca2+ transport, but also have wide-ranging 

implications in multiple tissues and diseases, given the powerful nature of NOX4 derived 

ROS.
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Figure 1. HAX-1 mRNA and protein levels decrease in human failing hearts
(A) Total mRNA was isolated and purified from human failing hearts (HFrEF) and non-

failing hearts. Representative real-time PCR curves illustrating HAX-1 and glyceraldehyde 

phosphate dehydrogenase (GAPDH) mRNA expression in non-failing and failing heart 

samples. (B) Quantitative analysis of HAX-1 expression levels relative to the non-failing 

control group after normalization to GAPDH levels. (C) Representative Western blots 

illustrating HAX-1 and calsequestrin (CSQ) protein expression along with (D) quantitative 

analysis of HAX-1 protein expression levels in failing hearts relative to the non-failing 

control group after normalization to CSQ. Data are presented as mean ± SEM (n = 7 hearts 

per group; P < 0.05: * vs non-failing group).
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Figure 2. HAX-1 ablation causes no morphological changes up to 12 months of age
(A) Representative Western blots indicated full cardiac ablation at 3 months. (B) Hearts 

from 12 month old WT and HAXiKO mice were excised, weighed, and compared to tibia 

length. The hearts were then fixed and sectioned for histological analysis. (C) Representative 

images of wheat germ agglutinin (WGA) staining and (D) corresponding quantification of 

cardiomyocyte cross-sectional area. (E) Representative images for hematoxylin and eosin 

(H&E) and Masson’s Trichrome staining. Data are presented as mean ± SEM (n = 3-4).
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Figure 3. HAX-1 ablation reduces functional recovery during ischemia/reperfusion
To determine the impact of HAX ablation on cardiac stress, isolated WT and HAXiKO 

hearts were subjected to 40 minutes of no-flow ischemia, followed by 60 minutes of 

reperfusion (I/R). HAX-1 ablation diminished functional recovery as assessed by (A) rate of 

contraction (+dP/dt), (B) rate of relaxation (-dP/dt), (C) end diastolic pressure (EDP), and 

(D) left ventricular developed pressure (LVDP) (n = 5). (E) Representative images of 

triphenyl tetrazolium chloride staining and quantification of infarct size after I/R in WT and 

HAXiKO hearts (n = 4). (F) Representative Western blots of cleaved caspase 3 from heart 
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homogenates of WT and HAXiKO hearts after I/R. Calsequestrin was used as a loading 

control (n = 4). Data are presented as mean ± SEM (P < 0.05: * vs WT).
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Figure 4. HAX-1 regulates SERCA2a protein levels upon acute stress through calpain
Quantitative Western blots of cardiac homogenates indicated that SERCA2a levels decrease 

upon I/R. The decreases are augmented by HAX-1 ablation but prevented by HAX-1 

overexpression. Representative Western blots of SERCA2a and CSQ and corresponding 

quantification for (A) WT and HAXiKO hearts (n = 3-4) and (B) WT and HAXOE hearts (n 

= 3). Over-exposure of the SERCA2a blots shows a lower molecular weight fragment. (C) 

Cardiomyocytes were isolated from WT and HAXiKO hearts and exposed to H2O2 for 1 hr 

at 37 C with or without a 30 minute pretreatment with the calpain inhibitor (calp inh), 
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MDL-28170. SERCA2a protein levels were assessed from these treated cells: Representative 

Western blot and corresponding quantification (n = 3). Data are presented as mean ± SEM (P 

< 0.05: * vs WT Basal, # vs WT I/R or H2O2).
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Figure 5. HAX-1 Regulates SERCA2a degradation in SR microsomes and cardiomyocytes in a 
redox dependent manner
SR microsomes were isolated from WT and HAXiKO hearts and incubated with purified 

calpain 1 and 2 mM CaCl2 for indicated times at 37 C. (A) Representative Western blots and 

quantification of SERCA2a expression. (B) The extent of SERCA2a degradation in SR 

microsomes after 60 minutes of calpain exposure from WT and HAXiKO hearts is shown 

under: low reducing conditions (-DTT); high reducing condition (+DTT); and high reducing 

conditions followed by resuspension in non-reducing buffer and treated with H2O2 

(+DTT/H2O2) (n = 3). (C) Cardiomyocytes were isolated from WT and HAXiKO hearts, 
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infected with GFP or thioredoxin 1 (Trx1) adenoviruses, and exposed to H2O2 for 1 hr at 37 

C. Representative Western blots of SERCA2a expression levels and corresponding 

quantification. Calsequestrin was used as a loading control (n = 3). Data are presented as 

mean ± SEM (P < 0.05: * vs WT GFP/-DTT, # vs WT GFP H2O2).
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Figure 6. SERCA2a free cysteine labeling is altered by HAX-1
Homogenates from WT and HAXiKO hearts were treated with biotin maleimide to quantify 

labeling of free cysteines. Biotin and SERCA2a levels were simultaneously assessed by 

blotting with fluorescent streptavidin and SERCA2a polyclonal Ab/fluorescent secondary 

Ab after SDS-PAGE. (A) Representative blots for biotin, SERCA2a, and overlay; (B) 

corresponding quantification. Biotin and PLN levels were simultaneously assessed by 

blotting with fluorescent streptavidin and PLN antibody. (C) Representative blots for biotin, 

PLN, and overlay, and (D) corresponding quantification. Data are presented as mean ± SEM 

(P < 0.05: * vs WT).
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Figure 7. Oxidative stress in the ER is increased by downregulation of HAX-1
Rat neonatal cardiomyocytes were infected with Cyto-HyPer (A/B), Mito-HyPer (C/D), or 

ER-HyPer adenovirus (E/F) along with indicated HAX-1 adenovirus, Ad.HAX-1 (HAX-1) 

or Ad.HAX-1-AS (HAX-1-AS), or LacZ. Fluorescence was measured by live-cell imaging 

in confocal microscopy as a ratio of excitation at 488nm and 405nm. A time lapse 

experiment was conducted and 50μM H2O2 was added to the cells at 4:45sec and the 

compartment specific-H2O2 levels were measured every 20 sec. Representative images of 

Cyto-Hyper, Mito-HyPer and ER-HyPer fluorescence along with quantification of 
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fluorescence ratio are shown. Scale bar = 20 μm (n = 3). Data are represented as mean ± 

SEM. (P < 0.05: * vs LacZ).
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Figure 8. HAX-1 interacts with NOX4 and NOX inhibition rescues effects of HAX-1 ablation
(A) Equivalent amounts of recombinant GST-HAX-1, GST-PLN, or GST protein were 

attached to glutathione matrices and incubated with FLAG-NOX4 samples separated by 

SDS-PAGE. Representative blot for FLAG-NOX4, indicating binding to GST-HAX-1. (B) 

Representative Western blots for co-immunoprecipitation (co-IP) experiments in WT cardiac 

homogenates using PLN, HAX-1, or NOX-4 as bait and probing for NOX4 and HAX-1 

interactions. (C) Representative confocal images of WT isolated cardiomyocytes stained for 

HAX-1 (red), NOX4 (green) and overlay (yellow). NOX inhibition with apocynin (Apo) 
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during 40 min of ex vivo no flow ischemia, followed by 60 min of reperfusion (D), improved 

contractile recovery as measured by LVDP (n = 5), (E) reduced infarct size (n = 4) and 

eliminated the effects of HAX-1 deletion. Data are offset along the x-axis for visualization 

and presented as mean ± SEM (P < 0.05: * vs WT).
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