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Overexpression of IκBα in cardiomyocytes
alleviates hydrogen peroxide-induced apoptosis and
autophagy through inhibiting NF-κB translocation
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Abstract
Background: In�ammation and oxidative stress play a predominant role in the initiation and progression
of ischemia/reperfusion (I/R) injury, of which nuclear factor kappa B (NF-κB) is considered to be a crucial
mediator. Inactivation of NF-κB could bene�t cardiomyocytes through inhibiting apoptosis. IκBα, an
inhibitor of NF-κB, is hypothesized to protects cardiomyocytes from H2O2-induced apoptosis and
autophagy through inhibiting the NF-κB pathway.

Methods: We designed an AAV9-delivered mutated IκBαS32A, S36A and investigated its effect on neonatal
rat ventricular cardiomyocytes (NRVMs) in response to hydrogen peroxide (H2O2). NRVMs were divided
into Normal (blank), Control (H2O2), GFP +H2O2, IκBα+H2O2, and Pyrrolidine dithiocarbamate
(PDTC)+H2O2 groups. NF-κB p65 nuclear translocation was evaluated by immuno�uorescence and
western blot. Cell viability was assessed by a cell counting kit-8 kit. Supernatant lactate dehydrogenase
(LDH) and intracellular malondialdehyde (MDA) were measured to identify H2O2-stimulated cytotoxicity.
Apoptosis was determined by Annexin V-PE/7-AAD, and the mitochondrial membrane potential (△Ψm)
was detected by JC-1. Western bolt was used to detect apoptosis and autophagy related proteins.

Results: Consequently, H2O2-treated NRVMs showed reductions in cell viability but increased IκBα
degradation and NF-κB p65 nuclear translocation in a time-dependent manner. Furthermore, LDH and
MDA content, LC3- /LC3-  ratio, Bax and Beclin-1 expressions, and apoptotic cells were upregulated in
NRVMs exposed to H2O2, whereas △Ψm and Bcl-2 expression were downregulated. Additionally, IκBα
transduction or PDTC pretreatment both attenuated the nuclear translocation of the p65 subunit and
reversed the H2O2-stimulated effects in NRVMs.

Conclusion: These �ndings suggest that IκBα could ameliorate H2O2-induced apoptosis and autophagy
through targeted inhibition of NF-κB activation, which may guide strategies to prevent cardiac I/R jury.

Introduction
Acute myocardial infarction (AMI) is the leading cause of death in worldwide, and reperfusion therapy is
the most effective treatment for AMI [1]. Paradoxically, the process of myocardial reperfusion also
induces a series of adverse cardiac events such as necrosis, apoptosis, autophagy and in�ammation,
�nally leading to myocardial ischemia/reperfusion (I/R) injury [2, 3]. Recent evidences have suggested
that excessive in�ammation and oxidative stress play a predominant role in the initiation and progression
of I/R injury [4].

Nuclear factor kappa B (NF-κB) is an in�ammatory inducer and redox-sensitive transcription factor
existing in most cell types [5]. The p65/50 heterodimer, the most common pattern of NF-κB dimers,
normally exist as components of inactive cytoplasmic complexes bounded with members of the inhibitor
of κB (IκBα). Upon stimulation, IκBα is phosphorylated, and undergone ubiquitylation and proteasomal
degradation, subsequently leading to the release and nuclear translocation of p65/p50 dimer [6].
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Activated NF-κB then initiates expression of corresponding target genes, many of which may regulate
apoptosis, in�ammation and autophagy [7].

However, whether NF-κB is protective or detrimental for prevention cardiomyocyte apoptosis remains
controversial [8]. Notably, our previous study indicated that p65 ribozyme could prevent cell apoptosis in
H9C2 cardiomyocyte exposed to hydrogen peroxide (H2O2) [9]. Autophagy, an evolutionarily conserved
“self-digestion”, plays dual roles in heart [10]. Recent researches on autophagy shows both protective [11]
and deleterious [12] roles of autophagy in cardiomyocyte against oxidative stress. Evidences have
elucidated a strong correlation exists between the modulation of NF-κB and autophagic response [13, 14].
In addition, it is noted that there exists a “cross-talk” between autophagy and apoptosis [15], and NF-κB is
known as a mediator of the balance between them [16].

Therefore, we speculate that NF-κB activation is the key point of I/R injury, inhibiting NF-κB may be a
targeting therapy. IκBα, as the key inhibitor of canonical NF-κB pathway, phosphorylation on Ser 32 and
Ser 36 is necessary for its degradation and any mutation of these two serine will block IκBα degradation
[6]. Recently, adeno-associated virus serotype 9 (AAV9) is de�ned as the best gene carrier due to their high
e�ciency in the heart [17]. H2O2, as one common reactive oxygen species (ROS), is generally utilized to

mimic I/R injury in vitro [12]. Thus, we designed an AAV9-delivered mutated IκBα S32A, S36A gene to
investigate the role of inhibition of NF-κB pathway in H2O2-induced apoptosis and autophagy in
cardiomyocytes. Pyrrolidine dithiocarbamate (PDTC), a speci�c inhibitor of NF-κB, was used as a positive
control in this study.

Materials And Methods

Reagents
The antibodies against p65 (#8242s), IκBα (#4812s), Bax (#2772), GFP (#2956), Beclin-1 (#3495), LC3 /
 (#12741) were from Cell Signaling Technology. Bcl-2 (ab196495), Histone H3 (ab1791), β-actin

(ab8227) and horseradish peroxidase (HRP)-conjugated secondary antibody (ab205718) were from
Abcam. RIPA buffer and Halt™ Protease and Phosphatase Inhibitor Cocktail were from Thermo Fisher
Scienti�c. Enhanced chemiluminescence (ECL) reagent was from Millipore. Trypsin, bromodeoxyuridine
(BrdU) and PDTC were from Sigma. Dulbecco's modi�ed Eagle's medium (DMEM), fetal bovine serum
(FBS), and penicillin-streptomycin solution were from Gibco. Collagenase II was from Worthington (USA).
H2O2 was from Sangon.

Vectors design
Recombinant AAV-9 vectors were purchased from Virovek (Hayward, CA, USA) and generated by the
recombinant baculovirus (rBac)-based system in SF9 cells as previously described [18]. Both recombinant
AAV9 vectors were packaged as double-stranded DNA, which contains the enhanced green �uorescent
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protein (GFP) gene (dsAAV9-eGFP) or mutant IκBα S32A, S36A gene (dsAAV9- IκBα) driven by the human
cytomegalovirus (CMV) promoter.

Isolation, culture and treatment of rat cardiomyocytes
1-to 3-day-old Sprague Dawley rats (sex unlimited) were obtained from the Experimental Animal Center of
Xinjiang Medical University. The protocol for the isolation and puri�cation of neonatal rat ventricular
cardiomyocytes (NRVMs) has been reported in our previous research [19]. Brie�y, the hearts of 1-to 3-day-
old SD neonatal rats were dissected and digested with 0.1% trypsin and 0.08% collagenase II. Following
1.5 h differential adhesion, the suspensions of nonadherent cells were resuspended and cultivated in
high-glucose DMEM containing 10% FBS, 1% penicillin-streptomycin, and 0.1 mM BrdU for 48 hours. The
cardiomyocytes would be treated with H2O2 (100 µM) to establish a myocardial injury model according to
our previous study [12]. Incubation of 100 µM PDTC for 60 min before H2O2 treatment was de�ned as the
positive control group according to our preliminary experiments. The medium was replaced every 48 h.

AAV9 transfection of cardiomyocytes
After 48 h culture, NRVMs were transfected respectively with dsAAV9-GFP and dsAAV9- IκBα as
previously described [12]. Brie�y, cells were �rstly transfected with dsAAV9 (multiplicity of infection, MOI 
= 5 × 106 vg/cell) in serum-free medium, then DMEM at equal volume with 20% FBS, 2% penicillin-
streptomycin and 0.2 mМ Brdu was added to every dish 3 h later. The images of GFP were captured using
�uorescence inverted microscope (LEICA-DMI4000B, Germany) and green �uorescence intensities were
analyzed using Image J software.

Measurement of cardiomyocyte vitality and cytotoxicity
A cell counting kit-8 (CCK-8; Dojindo, Japan) was used to assess the cell viability. In brief, 2 × 104 cells
were seeded into a 96-well plate per well and transfected with GFP or IκBα for �ve days, respectively. After
cells exposed to H2O2, 10 µl of CCK-8 stock solution was added to each well and incubated at 37 °C for
2 h. The absorbance was measured at 450 nm by GO microplate spectrophotometer (Thermo Fisher
Scienti�c, USA). The extent of cell death was determined by quantifying LDH released into culture
supernatant following the manufacturer's instructions of LDH Kit (Jiancheng Bioengineering Institute,
China). Intracellular MDA, an indicator of oxidative injury, was also measured using the MDA assay kit
(Jiancheng Bioengineering Institute, China).

Flow cytometry analysis
Cell apoptosis was measured using the PE Annexin V Kit I (BD Biosciences, USA). Brie�y, cells were
collected and resuspended in 1 × binding buffer. Thereafter, the solution (1 × 105 cells) supplemented with
5 µL PE Annexin V and 7-AAD were incubated in the dark for 15 min at room temperature. The apoptotic
cells were identi�ed by �ow cytometry (Beckman Coulter, USA). All the experiments were performed in
triplicate.

Western blot analysis
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We extracted nuclear and cytoplasmic proteins following the instructions of Nuclear and Cytoplasmic
Extraction Kit (Thermo Fisher Scienti�c, USA) and applied the ratio of nuclear p65 to cytosolic p65 to
re�ect the degree of NF-κB translocation [20]. Total proteins were extracted with RIPA buffer containing
Halt™ Protease and Phosphatase Inhibitor Cocktail. Equal amounts of protein were loaded and separated
on SDS-PAGE precast gels (Invitrogen Life Technologies) and transferred to Millipore PVDF membrane.
After blocking with 5% skim milk, the membranes were blotted overnight with speci�c primary antibodies
(1:1000) against p65, IκBα, Bax, GFP, Beclin-1, LC3 / , Bcl-2, Histone H3, and β-actin at 4℃, followed by
the incubation of anti-Rabbit HRP secondary antibody (1:5000) at room temperature for 2 h. ECL solution
was added onto the membranes to visualize signals. β-actin and Histone H3 were regarded as loading
controls. Images were captured and analyzed by Image Lab 4.0 software (Bio-Rad Laboratories, USA).

Immuno�uorescence
Immuno�uorescence was employed to identify the H2O2-induced nuclear translocation of the NF-κB p65

subunit in cardiomyocytes. Brie�y, 2 × 105cells were seeded into confocal dishes. After H2O2 treatment,
cardiomyocytes were �xed by 4% paraformaldehyde for 20 min and permeabilized with 0.25% Triton X-
100 for 10 min, respectively. After blocking with 1% BSA for 1 h, cells were probed overnight with anti-p65
(1:200) at 4 °C, and incubated with FITC-conjugated secondary antibody (1:200) for 2 h at room
temperature, followed by 10 minutes of DAPI staining for nuclei. Signals were detected using a confocal
spectral microscope (Leica Microsystems, Germany).

Mitochondrial membrane potential measurement
JC-1 (Millipore, USA) is generally used as an ideal �uorescent probe to detect mitochondrial membrane
potential (△Ψm) in cardiomyocytes. Brie�y, we prepared 10 nmol/L JC-1 working solution prior to use,
and then stained cardiomyocytes at 37 ℃ in the dark for 15 min. The double staining of cells by JC-1
was visible either as green or red �uorescence. Fluorescent images and intensities were obtained using a
�uorescence microscope or Image J software. Generally, △Ψm was represented with the red-to-green
�uorescence ratio, which dropped proportionally with the severity of cell injury.

Statistical analysis
All statistical analysis was performed with SPSS 22.0. Data were presented as mean ± SEM. One-way
ANOVA was used for multiple group comparisons. A value of p < 0.05 was regarded as statistically
signi�cant.

Results

H2O2-induced activation of NF-κB in NRVMs
To con�rm NF-κB activation induced by H2O2 in cardiomyocytes, the translocation of the NF-κB p65
subunit from the cytosol to the nucleus was assessed. NRVMs were incubated with 100 µM H2O2 for
different durations (0, 15, 30, 60 min), respectively. The �ndings indicated that H2O2 elicited a dose-
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dependent IκBα degradation and p65 translocation (Fig. 1A and B). The ratio of nuclear p65 to cytosolic
p65 peaked at 60 min. Thus, 100 µM H2O2 treatment for 60 min was identi�ed for the following
researches.

Transduction e�ciency of IκBα on NRVMs
To con�rm transduction e�ciency of dsAAV9- IκBα on NRVMs, cells were transfected with IκBα and GFP
virus at a 5 × 106 MOI respectively. Compared with the normal group, the expressions of IκBα and GFP
were signi�cantly enhanced, and green �uorescence intensities of dsAAV9-GFP achieved more than 70%
(Fig. 1C and D). Our �ndings veri�ed the high-e�ciency transduction of NRVMs using dsAAV9 vectors.

IκBα protected cardiomyocytes from H2O2-induced
apoptosis
To assess the role of IκBα in H2O2-stimulated cardiomyocytes apoptosis, �ow cytometry and western blot
were both applied. The apoptosis rate (Fig. 2A) and Bax/Bcl-2 ratio (Fig. 2B) remarkedly increased in
NRVMs exposed to H2O2, which were both attenuated by IκBα transduction or PDTC pretreatment. These
results indicated that IκBα could prevent H2O2-induced cell apoptosis in NRVMs.

IκBα protected cardiomyocytes from H2O2-induced cell
injury
△Ψm was assessed by JC-1 staining through calculating the red-to-green �uorescence intensity ratio.
Compared to the normal group, △Ψm decreased signi�cantly in the control or GFP group, but it was
rescued by IκBα or PDTC treatment (Fig. 3A). Additionally, we determined the H2O2-stimulated injury
using CCK8, LDH, and MDA assays. H2O2 treatment signi�cantly decreased cell viability but elevated
supernatant LDH and intracellular MDA levels, which were reversed by IκBα or PDTC treatment (Fig. 3B-
D). Our �ndings demonstrated that IκBα played a protective role in H2O2-induced injury in NRVMs.

IκBα suppressed H2O2-induced NF-κB translocation and
autophagy in NRVMs
To explore whether IκBα transduction could inhibit H2O2-induced NF-κB activation, we applied both
western blotting and immuno�uorescence staining. Compared to the normal group, H2O2 treatment in
control or GFP group signi�cantly elicited p65 translocation, which was successfully reversed by IκBα
transduction and PDTC pretreatment (Fig. 4A and B). These results indicated that IκBα transduction
effectively inhibited the NF-κB activation in H2O2-treated cardiomyocytes. Additionally, the autophagy-
associated markers including Beclin-1 expression and LC3- /LC3-  ratio were markedly upregulated in
NRVMs exposed to H2O2, whereas these effects were inhibited by IκBα or PDTC treatment (Fig. 4C). Thus,
we infer that IκBα could alleviate H2O2-induced autophagy via inhibiting the NF-κB signaling pathway.
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Discussion
We found that IκBα degradation and NF-κB activation occurred in a time-dependent manner in NRVMs
subjected to H2O2. Cells treated with H2O2 showed reductions in cell vitality and △Ψm, but elevations in
LDH, MDA, apoptosis and autophagy. IκBα transduction or PDTC pretreatment ameliorated H2O2-induced
cell injury via inhibiting the NF-κB translocation.

Ischemia/reperfusion (I/R) injury severely attenuates the bene�t of revascularization after acute
myocardial infarction (AMI) and hence has become an important focus of cardiovascular research [2]. It
is currently believed that the in�ammatory response induced by AMI is essential for heart repair, but the
excessive generation of ROS and in�ammation following reperfusion therapy will exacerbate heart
damage [21].

NF-κB signaling pathway plays a key role in the in�ammatory response, oxidative stress, apoptosis, and
autophagy in heart [8]. As is known, the nuclear translocation of p65 subunit is a sign for NF-κB
activation [20]. Previous studies [22–24] identi�ed that H2O2 treatment for different durations (30 min-
24 h) elicited a signi�cant p65 nuclear translocation in NRVMs. In line with these studies, we found that
p65 was time-dependently translocated from cytoplasm to nucleus with IκBα degradation in NRVMs
subjected to H2O2.

However, whether NF-κB activation could protect or exacerbate cardiomyocyte is still a matter of debate.
The early study demonstrated that activation of NF-kB reduced cell apoptosis in hypoxic cardiomyocyte
[25], whereas most of recent studies have shown that NF-κB is a pro-apoptotic transcription factor
correlated with myocardial injury [26] and blocking NF-κB activity will prevent myocardial apoptosis [27].
Gray et al [22] recently report that ROS generated by ischemia-reperfusion can rapidly activate calmodulin
kinase II (CaMKII), which deteriorates cell injury through inducing IκBα degradation and nuclear p65
accumulation in NRVMs exposed to H2O2. Importantly, knock-out CaMKIIδ gene signi�cantly attenuates
area of myocardial infarction by inhibiting IκBα degradation and NF-κB activation. All these �ndings
reveal that NF-κB activation deteriorates the prognosis of heart in I/R injury.

Herein, we hypothesized that directly overexpress IκBα to prevent NF-κB activation may play a better role
in protecting cardiomyocyte. Then, we designed a dsAAV9-IκBα ser 32A,36A mutant to prevent IκBα
degradation from phosphorylation at serine 32 and 36 sites, which could be successfully transfected into
cardiomyocytes. Western blot and immuno�uorescence demonstrated that IκBα transfection could
successfully maintained cytoplasmic IκBα level and suppressed the p65 translocation in NRVMs exposed
to H2O2. Consistent with our speculation, IκBα elevated cell viability, decreased LDH and MDA level and
attenuated apoptosis, implying a protective role of IκBα in H2O2-induced cell injury in NRVMs. The
mechanisms may be account for the role of NF-κB in mediating the expression of various proteins that
promote or inhibit apoptosis. It is noted that NF-κB regulates the expression of certain anti-apoptotic
genes, for example Bcl-2 [28], and increasing the ratio of Bcl-2/Bax will decrease cell apoptosis. In this
study, treatment with IκBα mutant or PDTC signi�cantly reduced Bax/Bcl-2 ratio in NRVMs subjecting to
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H2O2. These data indicate that IκBα protects NRVMs against H2O2-induced apoptosis by decreasing the
ratio of Bax/Bcl-2.

It is reported that opening of the mitochondrial permeability transition pore (MPTP) in the �rst few
minutes of reperfusion lead to △Ψm loss and is responsible for the necrotic and apoptotic cell death
processes exhibiting differential contributions to infarct size [29]. Thus, △Ψm loss re�ects the
dysfunction of mitochondrial, represents a sign of early stage apoptosis and is a critical determinant of
I/R injury [30]. Our previous study demonstrates that oxidative stress induces a signi�cant decrease of
△Ψm [12]. In this study, we observe that H2O2 treatment results in attenuated △Ψm and enhanced Bax
expression in NRVMs, and the effect was reversed by pretreatment with IκBα or PDTC. NF-κB [31] and Bax
[32] are reported to be involved in regulation of △Ψm. Herein, we suggest that IκBα decreases cell injury
and apoptosis via inhibiting NF-κB activation and Bax expression, �nally elevating △Ψm after H2O2

stimulation.

Autophagy, a cellular process of lysosome-mediated degradation of cytoplasmic components or
damaged organelles, is generally thought to be an adaptive response and protective for cell survival [10].
However, autophagy shows redox effect on cardiomyocyte upon different stimuli. Evidence supports that
autophagy bene�ts heart cells during myocardial ischemia through improving myocardial energy
metabolism and organelle recycling [33], but excessive autophagy produces lethal damage on cells in
cardiac I/R injury [21], which is mediated in part by upregulation of Beclin-1 expression [34].

However, the communication between autophagy and NF-κB is bidirectional. It is reported that autophagy
is required for the activation of NF-κB [13], in turn, NF-κB further increases autophagosome maturation
via upregulating Beclin-1 and LC3 expression in I/R injury [35]. Importantly, PDTC attenuates Beclin-1
expression and formation of autophagosomes by suppressing I/R injury-induced NF-κB activation [16]. In
accordance with these �ndings, our results unveil that NRVMs treated with H2O2 could induce p65
translocation, enhance Beclin-1, increase LC3- /LC3-I ratio and decrease P62 expression, which are
rescued by IκBα transfection or PDTC treatment. These results imply that IκBα could protect
cardiomyocytes by inhibiting H2O2-induced autophagy. In addition, it is noticed that Bcl-2 can bind to
Beclin-1 to inhibit autophagy [36]. Our study also demonstrates that IκBα transfection elevates the
expression of Bcl-2, which may disturb the function of Beclin-1 and thus further inhibit H2O2-induced
autophagy, implying a “cross-talk” between apoptosis and autophagy.

Conclusions
Our reports showed that pretreatment with dsAAV9- IκBα or PDTC could protect NRVMs from H2O2-
induced apoptosis, autophagy, and oxidative injury via restraining the NF-κB signaling pathway. The
research suggests that targeting the NF-kB pathway may be a good strategy for developing interventions
in myocardial I/R injury. However, the present �ndings have been obtained on neonatal cardiomyocytes in
vitro, which may have a discrepancy from integral animal experiment due to the complicated features of
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the in vivo environment, further in vivo studies will be conducted to con�rm the cardioprotective effects of
IκBα on therapy of ischemic heart disease.

Declarations
Ethics approval and consent to participate

All animal experimental designs and protocols were approved by the ethics committee of the First
Affiliated Hospital of Xinjiang Medical University

Funding

This work was supported by National Natural Science Foundation of China (No.81873490,
No.81860072), Xinjiang Uygur Autonomous Region Graduate Research and Innovation Project (No.
XJ2019G183), Xinjiang Medical University Graduate Innovation and Entrepreneurship Project (No.
CXCY2018020), and Tianshan Innovative Research Team Plan (No.2018D14006).

Authors' contributions

MH, CXC, MHS, MTG performing the research. YNY, XMG, XM provided guidance on the whole study. MH
and XCC analyzed the data and drafted the paper. Design and �nal approval of the version (YTM, BDC).

Acknowledgements

We thanked Yue Zhang and Ning Yang for their technical assistance in this work.

Consent for publication

Not applicable

Availability of data and materials

All data generated or analyzed during this study are included in this article.

Competing interests

The authors declare no competing interests.

Authors' information

a Xinjiang Key Laboratory of Cardiovascular Disease Research, Clinical Medical Research Institute, the
First Affiliated Hospital of Xinjiang Medical University, Urumqi, 830054, PR China; b Department of
Cardiology, the First Affiliated Hospital of Xinjiang Medical University, Urumqi, 830054, PR China; c

Department of Nephrology, Fifth Affiliated Hospital of Xinjiang Medical University, Urumqi, 830000, PR
China.



Page 10/17

Abbreviations
IκBα: inhibitor of kappa B alpha NF-κB: nuclear factor kappa B; I/R: ischemia/reperfusion; NRVMS:
neonatal rat ventricular cardiomyocytes; H2O2: hydrogen peroxide; GFP: green �uorescent protein; PDTC:
pyrrolidine dithiocarbamate; CCK-8: cell counting kit-8; LDH: lactate dehydrogenase; MDA:
malondialdehyde; △Ψm: mitochondrial membrane potential; ROS: reactive oxygen species.

References
1. Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno H, et al. 2017 ESC Guidelines

for the management of acute myocardial infarction in patients presenting with ST-segment elevation:
The Task Force for the management of acute myocardial infarction in patients presenting with ST-
segment elevation of the European Society of Cardiology (ESC). European heart journal.
2018;39:119-77.

2. Frohlich GM, Meier P, White SK, Yellon DM, Hausenloy DJ. Myocardial reperfusion injury: looking
beyond primary PCI. European heart journal. 2013;34:1714-22.

3. Del Re DP, Amgalan D. Fundamental Mechanisms of Regulated Cell Death and Implications for Heart
Disease. 2019;99:1765-817.

4. Bagheri F, Khori V, Alizadeh AM, Khalighfard S, Khodayari S, Khodayari H. Reactive oxygen species-
mediated cardiac-reperfusion injury: Mechanisms and therapies. Life sciences. 2016;165:43-55.

5. Sies H, Berndt C, Jones DP. Oxidative Stress. Annual review of biochemistry. 2017;86:715-48.

�. Zhang Q, Lenardo MJ, Baltimore D. 30 Years of NF-kappaB: A Blossoming of Relevance to Human
Pathobiology. Cell. 2017;168:37-57.

7. Sun SC. The non-canonical NF-kappaB pathway in immunity and in�ammation. Nature reviews
Immunology. 2017;17:545-58.

�. Kumar R, Yong QC, Thomas CM. Do multiple nuclear factor kappa B activation mechanisms explain
its varied effects in the heart? The Ochsner journal. 2013;13:157-65.

9. Sun Z, Ma YT, Chen BD, Liu F. Recombinant adeno-associated virus serotype 9 with p65 ribozyme
protects H9c2 cells from oxidative stress through inhibiting NF-kappaB signaling pathway. Journal
of geriatric cardiology : JGC. 2014;11:311-5.

10. Sheng R, Qin ZH. The divergent roles of autophagy in ischemia and preconditioning. Acta Pharmacol
Sin. 2015;36:411-20.

11. Zhu HH, Wang XT, Sun YH, He WK, Liang JB, Mo BH, et al. Pim1 Overexpression Prevents Apoptosis
in Cardiomyocytes After Exposure to Hypoxia and Oxidative Stress via Upregulating Cell Autophagy.
Cellular physiology and biochemistry : international journal of experimental cellular physiology,
biochemistry, and pharmacology. 2018;49:2138-50.

12. Sun MH, Chen XC, Han M, Yang YN, Gao XM, Ma X, et al. Cardioprotective effects of constitutively
active MEK1 against H2O2-induced apoptosis and autophagy in cardiomyocytes via the ERK1/2



Page 11/17

signaling pathway. Biochemical and biophysical research communications. 2019;512:125-30.

13. Criollo A, Chereau F, Malik SA, Niso-Santano M, Marino G, Galluzzi L, et al. Autophagy is required for
the activation of NFkappaB. Cell cycle. 2012;11:194-9.

14. Copetti T, Bertoli C, Dalla E, Demarchi F, Schneider C. p65/RelA modulates BECN1 transcription and
autophagy. Molecular and cellular biology. 2009;29:2594-608.

15. Dong Y, Chen H, Gao J, Liu Y, Li J, Wang J. Molecular machinery and interplay of apoptosis and
autophagy in coronary heart disease. Journal of molecular and cellular cardiology. 2019;136:27-41.

1�. Zeng M, Wei X, Wu Z, Li W, Li B, Zhen Y, et al. NF-kappaB-mediated induction of autophagy in cardiac
ischemia/reperfusion injury. Biochemical and biophysical research communications. 2013;436:180-
5.

17. White JD, Thesier DM, Swain JB, Katz MG, Tomasulo C, Henderson A, et al. Myocardial gene delivery
using molecular cardiac surgery with recombinant adeno-associated virus vectors in vivo. Gene
therapy. 2011;18:546-52.

1�. Chen H. Exploiting the Intron-splicing Mechanism of Insect Cells to Produce Viral Vectors Harboring
Toxic Genes for Suicide Gene Therapy. Molecular therapy Nucleic acids. 2012;1:e57.

19. Tao J, Chen BD, Ma YT, Yang YN, Li XM, Ma X, et al. FrzA gene protects cardiomyocytes from H2O2-
induced oxidative stress through restraining the Wnt/Frizzled pathway. Lipids in health and disease.
2015;14:90.

20. Prabhu SD, Frangogiannis NG. The Biological Basis for Cardiac Repair After Myocardial Infarction:
From In�ammation to Fibrosis. Circulation research. 2016;119:91-112.

21. Huang Z, Han Z, Ye B, Dai Z, Shan P, Lu Z, et al. Berberine alleviates cardiac ischemia/reperfusion
injury by inhibiting excessive autophagy in cardiomyocytes. European journal of pharmacology.
2015;762:1-10.

22. Gray CB, Suetomi T, Xiang S, Mishra S, Blackwood EA, Glembotski CC, et al. CaMKIIdelta subtypes
differentially regulate infarct formation following ex vivo myocardial ischemia/reperfusion through
NF-kappaB and TNF-alpha. Journal of molecular and cellular cardiology. 2017;103:48-55.

23. Wei C, Li L, Kim IK, Sun P, Gupta S. NF-kappaB mediated miR-21 regulation in cardiomyocytes
apoptosis under oxidative stress. Free radical research. 2014;48:282-91.

24. Tang B, Ma J, Ha X, Zhang Y, Xing Y. Tumor necrosis factor-alpha upregulated PHLPP1 through
activating nuclear factor-kappa B during myocardial ischemia/reperfusion. Life sciences.
2018;207:355-63.

25. Misra A, Haudek SB, Knuefermann P, Vallejo JG, Chen ZJ, Michael LH, et al. Nuclear factor-kappaB
protects the adult cardiac myocyte against ischemia-induced apoptosis in a murine model of acute
myocardial infarction. Circulation. 2003;108:3075-8.

2�. Wang F, Li H, Shi H, Sun B. Pro-apoptotic role of nuclear factor-kappaB in adriamycin-induced acute
myocardial injury in rats. Molecular medicine reports. 2012;5:400-4.



Page 12/17

27. Zhang W, Zhang Y, Ding K, Zhang H, Zhao Q, Liu Z, et al. Involvement of JNK1/2-NF-kappaBp65 in
the regulation of HMGB2 in myocardial ischemia/reperfusion-induced apoptosis in human AC16
cardiomyocytes. Biomedicine & pharmacotherapy. 2018;106:1063-71.

2�. Liu Q, Liu Z, Zhou LJ, Cui YL, Xu JM. The long noncoding RNA NKILA protects against myocardial
ischaemic injury by enhancing myocardin expression via suppressing the NF-kappaB signalling
pathway. Experimental cell research. 2019:111774.

29. Morciano G, Bonora M, Campo G, Aquila G, Rizzo P, Giorgi C, et al. Mechanistic Role of mPTP in
Ischemia-Reperfusion Injury. Advances in experimental medicine and biology. 2017;982:169-89.

30. Marchetti P, Castedo M, Susin SA, Zamzami N, Hirsch T, Macho A, et al. Mitochondrial permeability
transition is a central coordinating event of apoptosis. The Journal of experimental medicine.
1996;184:1155-60.

31. Tien YC, Lin JY, Lai CH, Kuo CH, Lin WY, Tsai CH, et al. Carthamus tinctorius L. prevents LPS-induced
TNFalpha signaling activation and cell apoptosis through JNK1/2-NFkappaB pathway inhibition in
H9c2 cardiomyoblast cells. Journal of ethnopharmacology. 2010;130:505-13.

32. Oltvai ZN, Milliman CL, Korsmeyer SJ. Bcl-2 heterodimerizes in vivo with a conserved homolog, Bax,
that accelerates programmed cell death. Cell. 1993;74:609-19.

33. Huang L, Dai K, Chen M, Zhou W, Wang X, Chen J, et al. The AMPK Agonist PT1 and mTOR Inhibitor
3HOI-BA-01 Protect Cardiomyocytes After Ischemia Through Induction of Autophagy. Journal of
cardiovascular pharmacology and therapeutics. 2016;21:70-81.

34. Ma X, Liu H, Foyil SR, Godar RJ, Weinheimer CJ, Hill JA, et al. Impaired autophagosome clearance
contributes to cardiomyocyte death in ischemia/reperfusion injury. Circulation. 2012;125:3170-81.

35. Haar L, Ren X, Liu Y, Koch SE, Goines J, Tranter M, et al. Acute consumption of a high-fat diet prior to
ischemia-reperfusion results in cardioprotection through NF-kappaB-dependent regulation of
autophagic pathways. American journal of physiology Heart and circulatory physiology.
2014;307:H1705-13.

3�. Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, Mizushima N, et al. Bcl-2 antiapoptotic proteins inhibit
Beclin 1-dependent autophagy. Cell. 2005;122:927-39.

Figures



Page 13/17

Figure 1

Effects of the H2O2 and dsAAV9-IκBα vectors on NRVMs. (A) Western blotting and quantified cytosolic or
nuclear protein levels of IκBα and p65 in NRVMs exposed to 100 µM H2O2 for 0, 15, 30, 60 min,
respectively (n = 3, *p <0.05 and **p <0.01 vs. H2O2 (0 min). (B) Representative images of GFP were
captured using a fluorescence inverted microscope in NRVMs (scale bar: 250 µm) and western blotting to
detect the protein expression of IκBα and GFP. (n = 3, **p <0.01 vs. Normal (Nor)).
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Figure 2

Protective effects of IκBα or PDTC on H2O2-induced apoptosis in NRVMs. (A) Flow Cytometry indicated
that IκBα or PDTC attenuated H2O2-induced apoptosis in NRVMs (n =3, *p <0.05 and **p <0.01 vs. Nor, #
p <0.05 vs. Control (Con). (B) Western blot results showed that IκBα or PDTC decreased the ratio of
Bax/Bcl-2 in NRVMs exposed H2O2 (n = 3, **p <0.01 vs. Nor, ## p <0.01 vs. Con).
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Figure 3

Protective effects of IκBα or PDTC on H2O2-induced injury in NRVMs. (A) Representative images of JC-1
were captured by a fluorescence inverted microscope in NRVMs exposed to H2O2 (scale bar: 250 µm).
The results showed that IκBα or PDTC elevated the ratio of red to green fluorescence intensity (n = 3, *p
<0.05 and **p <0.01 vs. Nor, #p <0.05 vs. Con). (B) CCK-8 results demonstrated that IκBα or PDTC
increased the cell viability in NRVMs. (n = 3, *p <0.05 and **p <0.01 vs. Nor, #p <0.05 vs. Con). (C) IκBα or
PDTC reduced the levels of supernatant LDH in NRVMs subjected to H2O2 (n= 3, *p <0.05 and **p <0.01
vs. Nor, #p <0.05 and ##p <0.01 vs. Con). (D) IκBα or PDTC decreased the content of intracellular MDA in
H2O2-treated NRVMs. (n = 3, **p <0.01 vs. Nor, #p <0.05 vs. Con).
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Figure 4

IκBα attenuated autophagy in H2O2-treated NRVMs via inhibition NF-κB translocation. (A) Distribution of
NF-κB p65 was detected using immuno�uorescence: red �uorescence represented p65 and the blue
�uorescence indicated DAPI nuclei staining (scale bar: 25 µm). The results showed that IκBα or PDTC
inhibited H2O2-induced p65 nuclear translocation. (B) The results showed that IκBα transduction
maintained the cytosolic IκBα level and suppressed p65 nuclear translocation (n = 3, **p <0.01 vs. Nor,
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##p <0.01 vs. Con). (C) Total lysates western bolt demonstrated IκBα or PDTC reversed the upregulation
of Beclin-1 expression and LC3- /LC3-  ratio induced by H2O2 stimulation (n = 3, **p <0.01 vs. Nor, ##p
<0.01 vs. Con).


