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Abstract
Background: Hypoxia is a primary inducer of cardiomyocyte injury, its significant marker being hypoxiainduced cardiomyocyte apoptosis. Nuclear respiratory factor-1 (NRF-1) and hypoxia-inducible factor-1α
(HIF-1α) are transcriptional regulatory elements implicated in multiple biological functions, including
oxidative stress response. However, their roles in hypoxia-induced cardiomyocyte apoptosis remain
unknown. The effect HIF-α, together with NRF-1, exerts on cardiomyocyte apoptosis also remains unclear.
Methods: We established a myocardial hypoxia model and investigated the effects of these proteins on
the proliferation and apoptosis of rat cardiomyocytes (H9C2) under hypoxia. Further, we examined the
association between NRF-1 and HIF-1α to improve the current understanding of NRF-1 anti-apoptotic
mechanisms.
Results: The results show that NRF-1 and HIF-1α are important anti-apoptotic molecules in H9C2 cells
under hypoxia, although their regulatory mechanisms differ. NRF-1 could bind to the promoter region of

Hif1a and negatively regulate its expression. Additionally, HIF-1β exhibited competitive binding with NRF1 and HIF-1α, demonstrating a synergism between NRF-1 and the peroxisome proliferator-activated
receptor-gamma coactivator-1α.
Conclusion: These results indicate that cardiomyocytes can regulate different molecular patterns to
tolerate hypoxia, providing a novel methodological framework for studying cardiomyocyte apoptosis
under hypoxia.

Background
Hypoxia is characterized by insufficient blood supply resulting from various factors. It is the primary
cause of cardiomyocyte injury [1, 2]. Apoptosis is one of the primary forms of myocardial cell death [3, 4],
and hypoxia-induced apoptosis is a strong indicator of myocardial damage. In our previous study, the
nuclear respiratory factor-1 (NRF-1) was found to alleviate the damage caused to myocardial cells by
cobalt chloride, an anoxic chemical agent, by inhibiting apoptosis [5]. NRF-1 is a 68 kDa nuclear
transcription regulator that was initially detected in a study on the activation and expression of
cytochrome c [6]. It plays an important role in integrating the interaction between the nucleus and
mitochondria, inducing mitochondrial gene expression, and regulating energy metabolism [7, 9].
Subsequent studies have been conducted on the structure and function of NRF-1 and oxidative
respiration in mitochondria, which are closely associated with cell growth, immune response, apoptosis,
embryonic development, and regulation of stress-responses in the endoplasmic reticulum [10–13].
However, limited research has been conducted on the effects of NRF-1 on cardiomyocyte apoptosis under
hypoxia. While a study has shown that NRF-1 overexpression can increase cell sensitivity to apoptosis
[11], while others have reported contradicting results; for instance, NRF-1 may activate mitochondrial
biogenesis-related genes to achieve an anti-apoptotic effect [14]. Moreover, NRF-1 requires coactivators,
such as peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), for regulating
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its target genes. NRF-1 transcription can be enhanced by binding to PGC-1α [15], which is a transcription
factor capable of synergizing with other transcription factors to regulate gene expression, as well as other
cellular physiological and metabolic reactions, such as mitochondrial biogenesis, apoptosis, and cell fate
determination [16, 17]. Therefore, the regulatory effect of NRF-1 on cardiomyocyte apoptosis may be
dependent on the co-participation of PGC-1α.
Hypoxic reactions are primarily characterized by a series of subsequent molecular events caused by
reduced or completely depleted oxygen content. Hypoxia-inducible factors (HIFs) are a class of nuclear
transcription regulatory factors closely related to physiological responses to hypoxia. They are divided
into three subtypes, and each is composed of α and β subunits, namely HIF-1α and β, HIF-2α and β, and
HIF-3α and β. The levels of HIFs increase steadily under hypoxia, and these proteins contribute to the
cellular oxygen stress response [18, 20]. HIF-1 is presently one of the most widely studied molecules.
Under normoxic conditions, proline residues on HIF-1α are hydroxylated by prolyl hydroxylase, which is
recognized and ubiquitinated by E3 ubiquitin ligase, and rapidly degraded by proteasomes. However,
under hypoxia, proline hydroxylase, which uses oxygen molecules as auxiliary matrices, is inhibited. This
leads to the accumulation of HIF-1α in the cytoplasm, following which the protein enters the nucleus and
combines with HIF-1β to form a dimer, which then regulates the expression of downstream genes [21].
Whole-genome chromatin immunoprecipitation (ChIP) analysis revealed that the promoter region of
several genes possesses a HIF-1-binding element (5′-A/TCGTG-3ʹ, Hypoxia Response Element, HRE). This
element can trigger various metabolic reactions, including those related to cell energy metabolism,
vascular regeneration, cell proliferation, and immune and inflammatory reactions [22–24]. HIF-1α has
also been shown to suppress apoptosis of rat brain cells during cerebral ischemia–reperfusion injury, by
influencing B-cell lymphoma (BCL)-2 expression and participating in the regulation of p53 and the
phosphatidylinositol 3 kinase/protein kinase B apoptotic pathway [25–28]. However, the mechanistic role
of HIF-1 in hypoxia-induced cardiomyocyte apoptosis remains unclear. Additionally, the relationships
between NRF-1 and HIF-1 under hypoxia, as well as the effect of NRF-1 on cardiomyocyte apoptosis, have
not yet been characterized.
Since hypoxia-induced cardiomyocyte apoptosis accounts for one of the major risk factors for cardiac
failure, preventing cardiomyocyte apoptosis under hypoxia is of particular importance. NRF-1 can
alleviate cardiomyocyte apoptosis and enhance cell viability; however, the underlying mechanism
remains elusive. Although several important associations between the HIF-1 dimer and hypoxia stress
and apoptosis have been documented, a gap of knowledge regarding cardiomyocyte apoptosis under
hypoxia persists. Whether a regulatory interaction between NRF-1 and HIF-1α exists and potentially
affects the occurrence of cardiomyocyte apoptosis warrants further research. This study examines the
effect of NRF-1 on cardiomyocyte apoptosis by establishing a hypoxia model of cardiomyocytes, to study
the interaction between NRF-1 and HIF-1α individually and in relation to apoptosis under hypoxia. Our
objective is to provide new therapeutic alternatives and a theoretical basis for the treatment and
intervention of heart failure.
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Methods

Cell culture
H9C2 and 293T cells were purchased from the Chinese Academy of Sciences (Shanghai, China); 293T
cells were used to package lentivirus, while H9C2 was employed to construct cell lines and in related
experimental studies. The plasmids used in this study were used to transform Escherichia coli cells,
followed by amplification, clonal selection, enzyme digestion, sequencing, and further amplification to
obtain the required plasmids.

Construction of lentivirus-transfected cardiomyocytes
All transfection reagents were obtained from PolyJet™ (Signagen Company, Jinan City, China). Further,
293T cells were subcultured in a 10-cm culture dish; when they reached 80–90% confluence, the original
medium was discarded, and 5 mL of fresh Dulbecco’s modified Eagle’s medium (DMEM, Gibco Company,
New York, USA) supplemented with 10% fetal bovine serum (FBS, Gibco Company, New York, USA) was
added. Cells were subsequently incubated for 30–60 min. For each 10-cm cell culture dish, plasmid
suspension was prepared in 500 µL serum-free DMEM in a 1:1 ratio of packaging plasmid to lentiviral
expression plasmid, i.e., pLP1:pLP2:pLPVSVG:pCDH-CMV/pGreenPuro/sh-NRF1/sh-HIF1α at a ratio of
1:1:1:1 (6 µg: 6 µg: 6 µg: 6 µg) and subjected to vortex oscillation. Next, 500 µL of serum-free DMEM was
mixed with 60 µL of PolyJet™ transfection reagent. After mixing gently, the medium containing PolyJet™
transfection reagent was added to the plasmid mixture, which was then allowed to stand for 15 min at
room temperature (20°C). After 48 h, the virus particles were collected by centrifugation at 4°C, 50,000 × g
for 2 h (ultrahigh-speed). Next, 1 × 106 H9C2 cells were seeded on a six-well plate. Once cells adhered, the
supernatant was discarded, and 2 mL of lentiviral transfection suspension containing 2% FBS and 8 µg
µL− 1 polybrene (Sigma Aldrich, Germany) was added. After 72 h, the fluorescence intensity was
measured. The cells were screened after being treated with 1 mg mL− 1 puromycin (Sigma Aldrich,
Germany) for 2 weeks. After another week of culture, the stably transfected cells were screened using an
ARIA III flow cytometer (BD Company, New Jersey, USA). The empty vector cardiomyocytes were named
pCDH-CMV and pGreenPuro, the NRF-1 overexpression cardiomyocytes were named pCDH-NRF1, the
NRF-1-inhibited cardiomyocytes were named sh-NRF1, and the HIF-1α-inhibited cardiomyocytes were
named sh-HIF1α.

Establishment of the hypoxia model
The cells were subcultured in three T-75 cm2 cell culture bottles, and the experiment was initiated when
the cells reached 90% confluence. A day before hypoxia induction, 1 × 107 cells were subcultured in a 10cm culture dish and placed in the incubator at 37 ℃ overnight to be used when needed. On the second
day under anoxia, the medium was removed to the maximum extent possible. Next, 10 mL of cell culture
medium was added to each dish. The dishes were placed in a three-gas incubator, and the timer was set
to start when the oxygen concentration reached 1%. After completion, the nitrogen valve in the anoxic
operation
table was opened, and the oxygen concentration detection table was used to reduce the oxygen
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concentration to 1%. After treatment under hypoxia, the cells were rapidly placed in the anoxic operation
table to extract total protein or RNA.

Western blotting
The primary components of the pyrolysis solution were as follows: 50 mM Tris-HCl (Sigma Aldrich,
Germany), 150 mM NaCl (Sigma Aldrich, Germany), 1% Triton X-100 (Sigma Aldrich, Germany), 1%
sodium deoxycholate (Sigma Aldrich, Germany), 0.1% SDS (Sigma Aldrich, Germany), and 5 mM EDTA
(Sigma Aldrich, Germany). Along with this, 200 µg µL− 1 aprotinin (Sigma Aldrich, Germany), 1 µg µL− 1
leupeptin (Sigma Aldrich, Germany), 1 mM PMSF (Solarbio Life Science, Beijing, China), 10 mM MgCl2
(Thermo Fisher Scientific, Waltham, MA, USA), and 40 U benzonase nuclease (Haigen Biotech, Sanghai,
China) were added. All processes were performed on ice. To each 10-cm culture dish, 1 mL of the
prepared lysate was added. The cells were scraped and added to a microcentrifuge tube and maintained
for 15 min, shaken for 10 s every 5 min, and centrifuged at 12,000 × g for 15 min. The supernatant was
then collected. Next, 100 µL of the supernatant was mixed with 25 µL of protein loading buffer and boiled
at 100°C for 10 min. This was followed by western blotting. After total protein extraction, 20 µL of protein
was loaded. The conditions for electrophoresis were as follows: 120 V for 15 min, and 150 V for 55 min.
After electrophoresis, the proteins were transferred to a polyvinylidene fluoride (PVDF, Sigma Aldrich,
Germany) membrane under a constant current (300 mA) for 2 h. The PVDF membrane was placed in a
buffer solution containing PBS (Solarbio Life Science, Beijing, China) + 0.05% Tween 20 (Solarbio Life
Science, Beijing, China) and sealed for 4 h. The antibody dilutions used were as follows: DNA
methyltransferase (DNMT)-1 (24206-1-AP, 1:1,000; Protech, Rosemont, USA), HIF-1α (NB100-105, 1:1,000;
Novus Biologicals, Briarwood, USA), HIF-1β (NB100-124, 1:1,000; Novus Biologicals, Briarwood, USA),
PGC-1α (NBP1-04676, 1:1,000; Novus Biologicals, Briarwood, USA), NRF-1 (ab175932, 1:2,000; Abcam,
Cambridge, England), β-actin (ab49900, 1:10,000, HRP-conjugated; Abcam, Cambridge, England), BCL-2
(sc-7382, 1:500; Santa Cruz Biotechnology Inc., Texas, USA), BCL-2-associated X protein (Bax; ab32503,
1:2,000; Abcam, Cambridge, England), and BCL-extra-large (BCL-xL; ab32370, 1:1,000; Abcam, Cambridge,
England). The proteins were treated with the primary antibody overnight at 4°C. This was followed by
treatment with goat anti-rabbit (Bioss Antibodies, Beijing, China) and goat anti-mouse (Bioss Antibodies,
Beijing, China) secondary antibodies (1:25,000) for 4 h. After washing the membrane with PBST, the
protein levels were measured using a ChemiDoc MP Imaging System (Bio-Rad Laboratories, Hercules, CA,
USA). Image Lab 5.1 (Bio-Red, California, USA) was used to analyze gray values.

Immunoprecipitation
The steps for lysate preparation and total protein extraction were the same as those described for
western blotting. For western blotting, 100 µL of protein was used, and the remaining protein supernatant
was used for immunoprecipitation. The samples were stored in ice until further use. Each 900 µL protein
lysate sample was mixed with 1 µg of immunoprecipitation antibodies and placed on the microcentrifuge
tube rack of a rotary mixer. The instrument was placed in a refrigerator at 4°C overnight. The next day, 1
µL of pre-mixed magnetic beads (Thermo Fisher Scientific, Waltham, MA, USA) were added to the sample,
which
was
then mixed gently and incubated in a refrigerator at 4°C for 1 h. The liquid was then discarded,
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and 900 µL of pre-cooled lysis buffer containing a protease inhibitor was added, followed by gentle
mixing and washing thrice. Next, 50 µL 1× protein loading buffer (Solarbio Life Science, Beijing, China)
was added, and the sample was mixed well, boiled at 100°C for 10 min, incubated on ice, and stored. The
subsequent steps were the same as those described for western blotting.

ChIP assay
The cells were spread on 10-cm Petri dishes with a convergence degree of approximately 90%. To every
culture dish, 10 mL of DMEM and 275 µL of fresh 37% formaldehyde (Sigma Aldrich, Germany) were
added, and cross-linking was allowed for 10 min. Next, 10× glycine was added to quench excess
formaldehyde, and the suspension was mixed and incubated for 5 min. The residual medium was
discarded, 10 mL of pre-cooled PBS was added, and the cells were washed. To the culture dish, 1 mL of
pre-cooled PBS containing a protease inhibitor was added. The cells were then scraped into a
microcentrifuge tube and centrifuged at 700 × g at 4°C for 3 min. The supernatant was discarded, and the
cells were resuspended in SDS lysis buffer containing a protease inhibitor. The cells were incubated on
ice before ultrasonication (Xinzhi Biotechnology Co., Ltd, Ningbo, China). The ultrasonication conditions
were as follows: power, 50 W, ultrasonication for 5 s, stop for 55 s, repeated eight times. Next, protein-G
agarose beads (Thermo Fisher, Norway) were added to the ultrasonicated products, followed by mixing
for 1 h on the rotary mixer at 4°C. The supernatant was collected by centrifugation and distributed into
two microcentrifuge tubes. Next, 1 µg of normal rat IgG (Sangon Biotech, Shanghai, China) and 1 µg of
antibody were added to the two tubes, and the mixture was incubated overnight at 4°C. The next day,
agarose beads were added to trap the protein–DNA complexes, followed by washing, elution of the
protein–DNA complexes using an eluent buffer, and purification of DNA after cross-linking. Primers
sequences for Hif1a promoter region used in this study are listed in Table 1.
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Table 1
Primer sequences for Hif1a promoter region
Bases upstream of Hif1a promoter

Primer sequence (5′–3′)

-1922 to -1511

F: ATCGCCCTATGTGGTTTC

Size (bp)
412

R: AAGGTCCTGGCTTCAAAA
-1331 to -1135

F: CATTATTATACAACCCAACG

197

R: CAAGCCCAACAAAGGAAC
-1147 to -1020

F: TTTGTTGGGCTTGGAATA

128

R: TGTGCTGGGAACTATGGA
-997 to -815

F: GTCTGTAGGTTGGAGGATG

183

R: GAGTGACAAGGCAGGAAA
-641 to -455

F: TAATGACTTGGAGACTTCCCTT

187

R: TCCTTAGTTGCGTGGTTG
-472 to -200

F: CAACCACGCAACTAAGGA

273

R: AATCAGGAGGAGGTCAGC
-199 to -19

F: AGAGCAACGTGGGCTGGGGTGG

146

R: AGGGGAGGGGAGCAAAGG
-447 to -113

F: CCAACCACGCAACTAAGGA

334

R: AGAGCCAATGGGAAAGGAC
-447 — +136

F: CCAACCACGCAACTAAGGA

583

R: TTGCTCCTCCGGCTGGCTTGTC
-191 to + 136

F: GCTGACCTCCTCCTGATTG

327

R: TTGCTCCTCCGGCTGGCTTG
-191 to + 374

F: GCTGACCTCCTCCTGATTGG

565

R: CGGCCCGGCTTACTTT

Polymerase chain reaction (PCR)
DNA obtained using a DNA extraction kit (Omega Biotek, Inc., Norcross, GA, USA) or purified DNA from the
ChIP assay was used as the template. The primer sequences are listed in Supplementary Table S1. The
reaction system and related reagents are listed in Supplementary Table S2. The reaction conditions were
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as follows: pre-denaturation at 95°C for 2 min; 30 cycles of denaturation at 95°C for 15 s, annealing at
55–65°C for 15 s, extension at 68°C for 10 s; and preservation at 4°C. The samples were separated by
electrophoresis using a 0.5% agarose gel.

RNA extraction
RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA). Briefly, 2–5 × 106
cells were subcultured in six-well plates. TRIzol reagent (1 mL) was added into each well, and the
suspension was distributed in enzyme-free microcentrifuge tubes. Next, 200 µL chloroform (Sigma
Aldrich, Germany) was added; the mixture was shaken for 15 s, incubated on ice for 15 min, and
centrifuged at 12,000 × g for 15 min; and the supernatant was collected. An equal volume of isopropanol
was added, and the solution was mixed well, incubated on ice for 10 min, and centrifuged at 12,000 × g
for 10 min. Further, the supernatant was discarded, 75% ethanol was added, and the solution was
centrifuged at 7,500 × g for 5 min. After air-drying, 50 µL of enzyme-free ddH2O was added to dissolve
RNA, and the samples were stored at − 80°C for subsequent experiments.

Reverse transcription
A cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used for the reverse
transcription experiment. The reaction system is outlined in Supplementary Table S3.

Real-time qPCR
The qPCR reagent was purchased from DBI Bioscience (Ludwigshafen, Germany). After preparing the
reaction system, a real-time PCR amplification instrument (StepOne™ Real-Time PCR System, Thermo
Fisher Scientific, Waltham, MA, USA) was used for performing PCR. The reaction conditions were as
follows: pre-denaturation at 95°C for 2 min; denaturation at 95°C for 15 s, annealing at 60°C for 30 s,
cycling at 72°C for 30 s; generation of dissolution curve, cycling at 95°C for 15 s, annealing at 60°C for 30
s, and cycling at 72°C for 30 s. The template quality and primer specificity were determined from the
dissolution and amplification curves. The target gene mRNA levels were calculated using the 2−△△CT
method; rat β-actin was used as an internal reference control. The reaction system and primer sequences
are listed in Supplementary Table S4 and Supplementary Table S5, respectively.

Real-time evaluation of cell proliferation
Before evaluating cell proliferation, the cells were counted, and the concentration was adjusted to 15 ×
105 cells per mL per well. Real-time cell analysis (ACEA Biosciences, California, USA) was used. The
detection time was adjusted to measure the cell proliferation level every 10 min, and the detection
duration was 24–48 h. The cells in each well were labeled, and 150 µL of complete medium was added
into the special plate (8-well) to deduct the base value. Next, 300 µL of cell suspension was added into
each well, and the cell state was assessed microscopically (EVOS™ XL Core Imaging System, Thermo
Fisher, Waltham, MA, USA). After evenly spreading out the suspension, the plates were placed on an ultraclean workbench for 30 min and then transferred to the instrument, with the entire detector placed in the
cell
incubator.
After adherence overnight, the cells were observed. For hypoxic cultures, after overnight
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adherence, the entire instrument was placed in the three-gas incubator, and cells were observed after the
oxygen concentration was adjusted to 1%.

Evaluation of caspase-3 activity
For this experiment, 5–10 × 106 cells were seeded on a 10-cm cell culture dish 1 day in advance. The next
day, 10 µL of DTT was added per mL of lysis buffer and detection buffer. After hypoxic or normal
culturing, the medium was discarded, and 500 µL of the aforementioned cold cell lysate was added. The
cells were scraped into a microcentrifuge tube, mixed by vibration at high speed for 15 s, placed on ice for
15 min with shaking for 15 s every 5 min, and centrifuged at 12,000 × g for 15 min. The supernatant was
collected into a fresh tube, and the protein levels were quantified using the Bradford assay. A 96-well plate
was prepared for each group, and three repeat wells were assigned. Next, 10 µL of protein supernatant
(containing 30–50 µg of total protein) was collected from each well, the lysate was added, and the
suspension was mixed well. Following this, 10 µL of Ac-DEVD-pNA (BestBio, Nanjing, China) was added,
and the culture was incubated in the dark at 37°C for 4 h until the solution turned yellow. Detection was
performed by measuring absorbance at 405 nm. Caspase-3 activity was measured based on the ratio of
the treated group absorbance to that of the blank control group.

Real-time observation of cell apoptosis
The experiment was performed in a Biotek Cytation 5 (BioTek, Vermont, USA). Briefly, the plate bottom
height was adjusted, the six-well plate mode was selected, and 1 × 106 cells were seeded in the six-well
plate. After overnight adherence at 37°C, the plate was placed on a test bench. The focus, exposure time,
channel, and other parameters were adjusted, and red and blue fluorescence were detected
simultaneously for each well, once every 10 min. The temperature was set at 37°C, and the oxygen
concentration was fixed at 1%. Automatic imaging and videography were performed. The cell
proliferation curve was generated using the Gen5 software (BioTek, Vermont, USA).

Bisulfite sequencing PCR
DNA was extracted according to the method described in the PCR section. Based on the sequence
predicted by the MethPrimer tool [29–31], primers were designed for DNA extraction. Details of the
reaction system and primer sequences are outlined in Supplementary Table S6 and Supplementary Table
S7, respectively. The reaction conditions were as follows: Pre-denaturation at 95°C for 5 min; 35 cycles of
denaturation at 95°C for 30 s, annealing at 55–60°C for 30 s, and extension at 72°C for 45 s; and
extension for 10 min at 72°C. The sequencing process was commissioned to Sangon Biotech (Shanghai,
China).
The gene sequence is as follows (5– 3):
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After bisulfite treatment, the cytosine residues were changed to thymine, with the CG sites retained as “C,”
as shown in the following (5– 3):

Statistical analysis
SPSS 17.0 (IBM Corporation, New York, USA) was used for statistical analysis. The results were
expressed as mean ± standard deviation, and P < 0.05 was considered statistically significant. Student’s ttest was used to compare the means of two samples. One-way analysis of variance was used for
comparing multiple samples. Student–Newman–Keuls test was used for pairwise comparison between
groups, with P < 0.05 representing statistically significant differences.

Results

NRF-1 affects cardiomyocyte apoptosis
For a preliminary investigation of the effect of NRF-1 on cardiomyocyte apoptosis under hypoxia, we
used H9C2 cells as the target cells at 1% oxygen concentration. First, we developed an NRF-1overexpressing cardiomyocyte cell line (pCDH-NRF1) and an NRF-1-inhibited cardiomyocyte cell line (shNRF1; Fig. S1, Fig. S2, and Table S1) and studied the proliferation levels of these cells. The results
showed that under normoxia (21% O2 + 5% CO2 + 74% N2), NRF-1 could promote cell proliferation;
however, when NRF-1 expression was inhibited, cardiomyocyte proliferation decreased. Under hypoxia
(1% O2 + 5% CO2 + 94% N2), cardiomyocyte proliferation was restricted in all groups; subsequently, NRF-1
overexpression significantly alleviated the decline in cell proliferation. In addition, the inhibition of NRF-1
aggravated the hypoxia-induced suppression of cell proliferation (Fig. 1A, B). These results indicate the
protective
effects of NRF-1 in hypoxia-induced cardiomyocyte injury. To further verify whether the
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protective effect of NRF-1 is mediated by its anti-apoptotic effect, the different levels of cardiomyocyte
apoptosis were evaluated. Caspase-3 is crucial for the execution of apoptosis. Activated caspase-3 can
cleave DNA or induce its degradation to RNA; inhibit cytoskeletal protein synthesis; and ultimately induce
nuclear pyknosis, fragmentation, and cell membrane disintegration [32, 33]. These results substantiated
that under hypoxia, the activity of caspase-3 increased gradually, and NRF-1 could suppress this increase
(Fig. 2A). Furthermore, with the prolongation of hypoxia time and the activation of caspase 3 the state of
myocardial cells in each group gradually deteriorated, and the cells began to disintegrate and undergo
pyknosis and nuclear fragmentation. Cell membrane integrity is lost during cell apoptosis, and propidium
iodide can enter the damaged nucleus and stain the DNA. Apoptotic and necrotic cells showed bright red
fluorescence, with peak fluorescence at approximately 6 h; however, NRF-1 delayed this process to
approximately 10 h (Fig. S3). Subsequently, the expression of the apoptosis regulatory molecules BCL-2,
BCL-xL, and Bax was compared. Our results showed that with an increase in hypoxia, the expression of
NRF-1 and the anti-apoptotic proteins BCL-2 and BCL-xL decreased, whereas the expression of the proapoptotic protein Bax marginally increased. However, NRF-1 promoted the expression of BCL-2/BCL-xL
and inhibited Bax expression (Fig. 2B, C). These results suggest that in hypoxia-induced myocardiocyte
injury, NRF-1 offers protection from apoptosis.

NRF-1 can bind to the promoter region of Hif1a and inhibit
its expression
It has been reported that in 293T cells, NRF-1 binds to the promoter region of Hif-1α and negatively
regulates its expression [34]. The regulatory effects of NRF-1 on HIF-1α were therefore investigated. The
primers were designed from the sequence of the rat Hif1a promoter region available on the Ensembl
genome browser (https://asia.ensembl.org/index.html). After evaluating each primer annealing
temperature, ChIP was performed to confirm the NRF-1 binding site in the promoter region of Hif-1α. Our
data showed that the promoter region between − 1992 – -1511 and − 1147 – -455 upstream of Hif1a
represented the NRF-1 binding site (Fig. 3A). To better elucidate the effect of NRF-1 on the binding site,
qPCR was performed. It was observed that HIF-1α expression decreased significantly with the increase in
NRF-1 expression (Fig. 3B). Similar results were obtained in the western blotting experiment, wherein the
HIF-1α protein levels increased gradually with the prolongation of the duration of hypoxia; however, its
expression could be inhibited by NRF-1 (Fig. 3C). The above data suggest that the binding of NRF-1 to the
promoter region of Hif1a can inhibit its expression.
In addition, NRF-1 has been reported to activate the promoter region of Dnmt-1, influence its expression,
regulate methylation levels, and further influence the expression of other genes [34, 35]. Since NRF-1 can
inhibit the expression of HIF-1α at the transcriptional level, we attempted to determine whether NRF-1
regulates Hif1a expression by affecting its methylation. First, the PROMO online analysis tool
(http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) was used to predict
whether NRF-1 has binding sites in the Dnmt1 promoter region. Since PROMO does not have a rat
genome
resource, the human database was referred for the binding sequence and was compared to the
Loading [MathJax]/jax/output/CommonHTML/jax.js
Page 11/30

rat Dnmt1 promoter sequence to identify the corresponding sequence. The data showed that NRF-1 had
two binding sites in the promoter region of human DNMT1, and upon comparison with the promoter
region sequence of rat Dnmt1, two similar sequences were obtained, which suggested that the binding
sequence is conserved. Subsequently, primers for the sequence were designed (Fig. S4 A, B). After
optimizing the annealing temperature, the ChIP assay was performed and revealed that NRF-1 could bind
to the sequence (Fig. S4C). Next, the effect of NRF-1 overexpression on the DNMT-1 protein level was
evaluated using western blotting. The results indicate that under hypoxia (for 0, 1, 2, 3, 6, 12, and 24 h),
Dnmt1 expression gradually decreased; however, it significantly increased following NRF-1
overexpression (Fig. S4D). Hence, it was next determined whether NRF-1 modulates HIF-1α expression by
regulating its methylation through DNMT-1, leading to subsequent regulation of Hif1a transcription.
Based on the information provided on the MethPrimer website (https://www.urogene.org/methprimer/), it
was concluded that a CpG island was present in the promoter region of Hif1a. The methylation status of
the Hif1a promoter before and after hypoxia was compared. The bisulfite sequencing PCR results
revealed no significant change in the methylation status of the predicted sequences (Fig. S4E, F).
Therefore, even though NRF-1 can regulate DNMT-1 expression, the regulation process does not affect
HIF-1α, and NRF-1 directly inhibits HIF-1α.

HIF-1α inhibition by NRF-1 affects cardiomyocyte apoptosis
To evaluate the effect of HIF-1α inhibition by NRF-1 on cardiomyocyte apoptosis, the simultaneous
inhibition of HIF-1α and NRF-1 under artificial conditions was performed. Preliminary experiments
showed that hypoxia for 1 and 2 h did not induce an obvious oxygen stress response. Accordingly,
hypoxia duration was set at 0, 3, 6, 12, and 24 h. Our data showed that HIF-1α suppression exacerbated
the decline in cell proliferation induced by hypoxia and promoted caspase-3 activity; however, contrary to
our expectation, NRF-1 expression increased, and the levels of the anti-apoptotic proteins BCL-2 and BCLxL increased as well. These results indicate that similar to NIF-1, HIF-1α acts as an anti-apoptotic protein;
furthermore, a mutually inhibitory relationship might exist between NRF-1 and HIF-1α, and the increase in
BCL-2 and BCL-xL levels could result from the increase in NRF-1 expression caused by HIF-1α inhibition.
To further evaluate the possibilities, HIF-1α and NRF-1 expression was inhibited. Compared with HIF-1α
inhibition (sh-HIF1α), under hypoxia, the dual inhibition of NRF-1 and HIF-1α relieved the decline in cell
proliferation and lowered caspase-3 activity. Unexpectedly, with the reduction in NRF-1 expression, the
levels of BCL-2 and BCL-xL decreased, whereas the levels of HIF-1α increased (Fig. 4A, B, C). The above
results reflect that although NRF-1 primarily regulates the expression of BCL-2 and BCL-xL, this is not the
only mechanism that modulates apoptosis. Therefore, while HIF-1α can regulate apoptosis under
hypoxia, it may do so in a BCL-2/BCL-xL-independent manner.

NRF-1 can compete with HIF-1α to bind to HIF-1β
Previous results suggested that HIF-1α might exert the same anti-apoptotic effect as NRF-1. Concurrently,
the results also showed that NRF-1 and HIF-1α exhibited mutual expression inhibition. Furthermore, the
effect exerted by this mutual inhibition was analyzed. HIF-1α has been shown to form a dimer with HIF1β,
and the complex formed has several biological functions. This led us to investigate whether NRF-1
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and HIF-1β interact, and if this affects other molecular events. Furthermore, the effect of this interaction
on the binding of HIF-1α and HIF-1β warranted investigation. First, the binding among HIF-1α, NRF-1, and
HIF-1β following NRF-1 interference (sh-NRF1) was evaluated. The results showed that similar to HIF-1α,
NRF-1 could bind to HIF-1β. Further analysis showed that the level of NRF-1 and HIF-1β binding gradually
decreased with the prolongation of hypoxia. Compared with the empty vector group (pGreenPuro), the
NRF-1 inhibition group (sh-NRF1) showed a decrease in the level of NRF-1 and HIF-1β binding, and
simultaneously, the level of HIF-1α and HIF-1β binding increased (Fig. 5A). These results indicated that a
competitive binding interaction might exist between NRF-1 and HIF-1α for HIF-1β under hypoxia.
In this experiment, the effect of NRF-1 inhibition on the binding of HIF-1α to HIF-1β was studied. To
effectively confirm the binding effect, dimethyloxallyl glycine (DMOG) and BAY 87-2243 (HY-15836, BAY
87-2243, MedChemExpress, New Jersey, USA) were used to treat the cells. DMOG stabilizes HIF-1α
expression and enhances its cytoplasmic accumulation by inhibiting HIF prolyl hydroxylase [36, 37]. BAY
87-2243 is a highly effective selective inhibitor of HIF-1α expression. Neither of the two drugs affects HIF1β expression. The immunoblotting experiment showed that DMOG could enhance HIF-1α expression in a
dose-dependent manner, and with the increase in DMOG concentration, NRF-1 expression gradually
decreased. However, this did not affect HIF-1β expression. In addition, the immunoprecipitation
experiment showed that DMOG increased the levels of HIF-1α and HIF-1β binding, whereas it decreased
the levels of NRF-1 and HIF-1β binding. Next, HIF-1α was suppressed to study the interaction between
NRF-1 and HIF-1α under hypoxia. The results showed that BAY 87-2243 could effectively inhibit the
increase in HIF-1α expression induced by hypoxia, and consistent with the previous finding, NRF-1
expression increased with HIF-1α inhibition and following the inhibition of HIF-1α by BAY 87-2243, the
levels of NRF-1 and HIF-1β binding increased (Fig. 5B, C). These findings further confirmed the
competitive binding between NRF-1 and HIF-1α.

PGC-1α participates in the competitive binding of NRF-1
and HIF-1α with HIF-1β
The regulatory effect of NRF-1 on cells is inseparable from the synergistic effect of PGC-1α. The role of
PGC-1α was thus investigated. The results showed that PGC-1α expression decreased gradually with an
increase in hypoxia duration, whereas NRF-1 inhibition did not alter PGC-1α expression. Findings from the
immunoprecipitation experiment confirmed that PGC-1α and NRF-1 exhibited a stable binding
relationship that did not change with hypoxia duration. The effect of this binding relationship on HIF-1α
was evaluated. The results showed that DMOG could inhibit PGC-1α, and PGC-1α could combine with
HIF-1β; however, the binding levels of PGC-1α reduced as in the case of NRF-1, with an increase in the
concentration of DMOG and the accumulation of HIF-1α. Subsequently, the cells were treated with
ZLN005 (HY-17538; MedChemExpress, New Jersey, USA), a drug that activates the transcription and
expression of PGC-1α. This demonstrated that for different durations of hypoxia (0, 6, 12, and 24 h), PGC1α intervention led to an increase in NRF-1 expression and a decrease in HIF-1α expression; however, this
did not affect the expression of HIF-1β. Yet, the increase in PGC-1α expression induced by ZLN005
enhanced the binding between NRF-1 and HIF-1β and suppressed the binding between HIF-1α and HIF-1β
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(Fig. 6A, B, C). The above results indicate a novel binding mechanism among NRF-1/PGC-1α, HIF-1α, and
HIF-1β.

Discussion
Apoptosis accompanies myocardiocyte injury induced by ischemia and hypoxia [38]. Cardiomyocyte
apoptosis is common to almost all types of heart diseases [38–42]. To alleviate the effect or avoid the
occurrence of cardiomyocyte apoptosis, especially the extensive damage caused by cardiomyocyte
apoptosis under hypoxia injury, extensive studies were conducted. Cobalt chloride was used to simulate
hypoxia in cardiomyocytes at an early stage, and NRF-1 expression was detected in cardiomyocytes.
NRF-1 overexpression was found to alleviate cardiomyocyte apoptosis induced by chemical hypoxia. To
further investigate effects of NRF-1 on cardiomyocyte apoptosis, especially under actual hypoxic
conditions, we used three-gas incubators to reduce the oxygen concentration to 1%. The results showed
that the overexpression and inhibition of NRF-1 could affect cell growth and proliferation under normoxic
conditions. While NRF-1 overexpression promoted cell growth, its inhibition suppressed cell proliferation.
These results indicate that NRF-1 can promote cell proliferation, and NRF-1 inhibition affects cell division
and growth, similar to the finding that NRF-1 knockout is lethal in mouse embryos [43]. This result
established that NRF-1 plays an important role in the cell viability and growth of individual organisms.
Subsequently, we studied the effect of NRF-1 on cardiomyocyte proliferation under different durations of
hypoxia. The results showed that in the first few hours (6 h) under hypoxia, the cells maintained a certain
proliferation level. This observation may be attributed to the residual oxygen in the solution. However, as
oxygen was progressively depleted with the increase in hypoxia duration, cardiomyocyte proliferation
decreased in each group. Notably, the overexpression of NRF-1 significantly slowed the decline in cell
proliferation, whereas the cell proliferation level decreased significantly upon NRF-1 inhibition. These
results indicate that NRF-1 can protect cardiomyocytes from hypoxia and highlight the anti-apoptotic
mechanism adopted by NRF-1.
The decrease in cell proliferation under hypoxia may be caused by cell necrosis, apoptosis, and
autophagy. To further dissect the role of apoptosis in hypoxia, we observed the level of apoptosis-related
molecules. As mentioned above, caspase-3 is the primary executor of apoptosis. In transgenic mice,
caspase-3 overexpression increased the infarct size of cardiomyocytes caused by oxygen stress and
increased the likelihood of death in mice [44]. Conversely, the downregulation of caspase-3 reduced the
apoptotic index and improved cardiac function after myocardial infarction [45, 46]. We first assessed the
activity of caspase-3 in different groups of cardiomyocytes under hypoxia to observe whether the
decrease in cardiomyocyte proliferation was caused by apoptosis. The results showed that with the
increase in the duration of hypoxia, caspase-3 activity gradually increased. In addition, NRF-1
overexpression could alleviate the high levels of caspase-3 activity. After NRF-1 was inhibited, caspase-3
activation became more pronounced. Subsequently, the real-time dynamic observation of cell growth
showed that with the increase in caspase-3 activity, the nuclear red fluorescence became more evident. As
the severity of nuclear membrane damage increased, nuclear condensation increased as well. However,
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induced damage caused to cardiomyocytes is partly triggered by apoptosis, and since NRF-1 can
alleviate apoptosis, it can prevent the damage caused to cardiomyocytes under hypoxia.
Previous studies on NRF-1 have primarily focused on its effect on mitochondrial function and showed
that NRF-1 could regulate the expression of mitochondrial respiratory chain complex gene family
members, affecting mitochondrial biogenesis, and increase mitochondrial ATP production [47, 48].
Reportedly, NRF-1 can significantly improve the mitochondrial membrane potential in cardiomyocytes
under hypoxia and enhance the mitochondrial respiratory capacity to increase cardiomyocyte viability [5].
Therefore, the anti-apoptotic effect of NRF-1 may be achieved by regulating apoptosis-related proteins
associated with the mitochondria. Most of these molecules belong to the BCL-2 family, including some
pro-apoptotic molecules, such as Bax, Bak, and Bid, and anti-apoptotic molecules, including BCL-2 and
BCL-xL. At high levels, Bax can form dimers with other pro-apoptotic molecules, such as Bak and Bad,
and form pore channels in the mitochondrial membrane, which results in cytochrome c release and a
change in the mitochondrial membrane potential, eventually triggering apoptosis. BCL-2 and BCL-xL can
competitively bind to Bax to reverse the effects of Bax binding to other apoptotic triggers, which helps
achieve an anti-apoptotic effect. The interaction between anti-apoptotic and pro-apoptotic proteins of the
BCL-2 family can directly determine the fate of different cardiac pathological processes, including
myocardial infarction, dilated cardiomyopathy, and ischemic heart disease [49]. For example, BCL-2 can
significantly reduce the infarct size caused by apoptosis [16, 50], whereas BCL-xL can inhibit the
expression of the pro-apoptotic molecules Bax and Bid through different mechanisms [51]. Our results
showed that decreased NRF-1 expression caused the expression of the anti-apoptotic molecules BCL-2
and BCL-xL to also decrease, while that of the pro-apoptotic molecule Bax was not affected. Since NRF-1
expression can be upregulated via human intervention, this increase can induce subsequent upregulation
of BCL-2 and BCL-xL expression, thereby preventing or delaying their downregulation induced by hypoxia.
Although the level of Bax did not increase significantly with hypoxia, NRF-1 could inhibit its expression.
The above results indicate that the anti-apoptotic effect of NRF-1 on cardiomyocytes under hypoxia is
achieved by promoting the expression of BCL-2/BCL-xL and inhibiting Bax expression.
These results indicate that NRF-1 exerts an anti-apoptotic effect in hypoxia-induced cardiomyocyte injury.
The specific mechanism or the molecular control method adopted by NRF-1 for regulating the process
remains to be studied. The central element in hypoxia is the reduction in oxygen concentration. The study
of specific genes related to oxidative stress and the regulation of cardiomyocyte apoptosis by proteins
encoded by these genes may help understand the regulatory mechanism. As mentioned above, proteins
of the HIF family are extremely sensitive to oxygen. Under normoxia, they are degraded by proteases,
while they remain stable under hypoxia. Among them, HIF-1 (HIF-1α and HIF-1β) is the most extensively
studied molecule. It can affect apoptosis under hypoxia and in cardiac diseases in various ways [52, 53].
Firstly, we assessed whether NRF-1 targets HIF-1α. Transcription factors generally modulate molecular
regulation by controlling the transcription levels of genes. The results showed that NRF-1 could inhibit

Hif1a mRNA expression and led us to determine whether the effect is directly inhibited by binding or
mediated by other regulatory processes. As mentioned above, NRF-1 exhibits a competitive relationship
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[35] to maintain the level of methylation and further regulate spermatogenesis [13]. Besides maintaining
methylation levels, DNMT-1 initiates methylation [52, 54]. Since NRF-1 inhibits the expression of HIF-1α,
we attempted to evaluate the effect of the increase in methylation levels caused by methyltransferase-1
on the above relationship. The results showed that NRF-1 could bind to the promoter region of Dnmt1 and
regulate its expression, consistent with previous findings [13]. Subsequent studies showed that DNMT-1
expression decreases under prolonged hypoxia, whereas NRF-1 overexpression delayed this decline.
Notably, according to an existing prediction website (http://alggen.lsi.upc.es/cgibin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) and the contributions of previous reports [13], an
NRF-1-binding sequence is found in human and mouse Dnmt1. Our analysis revealed that the same
sequence also exists in rats, which indicates the conservation of the binding sequence and highlights the
important regulatory role of NRF-1 in DNMT-1 expression. However, subsequent experiments showed that
even though the promoter region of Hif1a predictably possessed a methylation site, there was no
significant change in the methylation status before and after hypoxia, as shown by bisulfite sequencing
PCR. Possibly, methylation is not the primary regulatory event affecting HIF-1α expression. Based on the
above results, we conclude that NRF-1 negatively regulates HIF-1α expression by directly binding to the
promoter region of Hif1a.
Previous studies have shown that HIF-1α acts as a protective molecule in cardiomyocytes under stress
[55, 56]. It enhances cardiac tolerance to hypoxia in various ways, for instance, by enhancing anaerobic
respiration and nucleotide metabolism and reducing cellular oxidative stress [57–60]. However, reportedly,
HIF-1α can induce apoptosis, increase the myocardial infarct area, and promote damage [61, 62].
Therefore, the effect of HIF-1α on the heart has yet to be completely deciphered. To confirm the effect of
HIF-1α on the apoptosis of rat cardiomyocytes under hypoxia, we performed the relevant experimental
studies. The results showed that HIF-1α inhibition reduced cardiomyocyte proliferation under normoxia;
however, following hypoxia, the proliferation of cardiomyocytes in the HIF-1α inhibition group decreased
more significantly, and caspase-3 activity increased. These results indicate that HIF-1α exerts a protective
effect on cardiomyocytes under hypoxia. To elucidate the negative regulatory effect of NRF-1 on HIF-1α
and the effect of NRF-1 on cardiomyocyte apoptosis, we specifically inhibited NRF-1 expression in
coordination with HIF-1α inhibition. Our data showed that under normoxia, the inhibition of both
molecules reduced cardiomyocyte proliferation; however, compared with that in the HIF-1α inhibition
group, the reduction in cardiomyocyte proliferation level was alleviated in the NRF-1 inhibition group, and
caspase-3 activity was suppressed. Further analysis showed that HIF-1α inhibition increased the
expression of the anti-apoptotic molecules BCL-2 and BCL-xL, and the levels of BCL-2/BCL-xL were
relatively lower in the NRF-1 and HIF-1α inhibition group than in the HIF-1α inhibition group. Interestingly,
HIF-1α inhibition led to an increase in NRF-1 expression, which has not been previously reported. This
novel finding could also explain the simultaneous increase in BCL-2/BCL-xL expression with HIF-1α and
NRF-1 inhibition. Superficially, HIF-1α inhibition leads to cardiomyocyte injury and apoptosis under
hypoxia, which indicates that HIF-1α serves as an anti-apoptotic molecule under hypoxia. However, under
the simultaneous inhibition of NRF-1, the cell morphology appeared qualitatively better than that in the
HIF-1α inhibition group; this may be related to the fact that NRF-1 inhibition can partially restore HIF-1α
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levels and alleviate, to a certain extent, cardiomyocyte hypoxia-induced injury. The results are concordant
with the protective effect of HIF-1α on cardiomyocytes previously reported and suggest that HIF-1α plays
a more significant anti-apoptotic role than NRF-1. The specific inhibition of HIF-1α expression was
accompanied by an increase in BCL-2/BCL-xL expression, whereas after the simultaneous inhibition of
NRF-1, BCL-2/BCL-xL expression decreased with a relative increase in HIF-1α expression; these findings
were consistent with those reported previously by Choi et al. [63], Menrad et al. [64], and Zhao et al. [62],
and indicated that BCL-2/BCL-xL is primarily affected by NRF-1 rather than by HIF-1α. The above results
suggest that apoptosis caused by NRF-1-mediated inhibition of HIF-1α may not involve BCL-2 family
proteins but by hitherto unknown mechanisms.
Since NRF-1 and HIF-1α exert the same anti-apoptotic effect, it is worth investigating why they exhibit
mutual inhibition. It remains unknown whether the mutual inhibition is associated with the similar antiapoptotic effects and the antagonism between the two molecules. HIF-1α regulates downstream genes
by forming a dimer with HIF-1β. It has yet to be determined whether NRF-1 is involved in the formation of
this dimer. However, our results indicated that NRF-1 could also bind to HIF-1β, and the binding levels
gradually decrease under prolonged hypoxia, which reciprocally affects the binding with HIF-1α. In
addition, the inhibition of NRF-1 expression led to an increase in the combination of HIF-1α and HIF-1β,
suggesting a possible competitive binding between HIF-1α and HIF-1β. We used DMOG and BAY 87-2243
to verify our hypothesis and found that these two drugs did not affect HIF-1β expression and could
positively or negatively regulate HIF-1α expression, respectively. The results showed that DMOG promoted
HIF-1α expression, inhibited NRF-1 expression, and suppressed the binding between NRF-1 and HIF-1β.
However, when BAY 87-2243 was used to inhibit HIF-1α, a contrasting yet consistent phenomenon was
observed—HIF-1α inhibition increased NRF-1 expression, as well as increased the binding levels of NRF-1
and HIF-1β. This phenomenon may be related to the adaptation of cells to hypoxic stress. The above
results indicate that under normal conditions, NRF-1 acts as a key transcription factor that exerts multiple
effects on cardiomyocyte molecular regulation. In the absence of external stimulation, NRF-1 and other
nuclear molecules, including HIF-1β, form a key complex and participate in the regulation of
mitochondrial function, cell growth, and metabolism. However, under prolonged hypoxia, the expression
of NRF-1 decreases gradually, which leads to the loss of cell function. As an adaptation to hypoxia and to
promote survival, HIF-1α accumulates, gradually replacing NRF-1, which promotes the binding between
HIF-1α and HIF-1β. Certain key molecules, such as CD39, CD73, p53, and LDHA, are expressed, facilitating
cell tolerance to hypoxia. This could explain why HIF-1α can promote hypoxia tolerance in
cardiomyocytes and aggravate cardiomyocyte injury under different hypoxic conditions [65, 66]. The
exact reason for aggravation of cardiomyocyte injury still needs to be investigated.
Lastly, we examined the role of PGC-1α. Several studies have indicated the involvement of PGC-1α in
processes related to apoptosis regulation, such as p53 gene-mediated apoptosis, enhancement of
mitochondrial recovery to reduce apoptosis, and regulation of the expression of apoptosis-related
molecules [67–69]. Results showed that PGC-1α levels gradually decreased with the increase of hypoxia
duration, and this change was not affected by NRF-1 inhibition, indicating that PGC-1α is a transcription
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results also showed that NRF-1 and PGC-1α could form stable dimers, and the binding levels of NRF-1
and PGC-1α did not change as the duration of hypoxia was prolonged. Next, upon stimulating the cells
with DMOG, the same effect observed for NRF-1 was observed. When PGC-1α expression was promoted
upon ZLN005 treatment, the levels of NRF-1 and PGC-1α increased and the levels of NRF-1 and HIF-1β
binding increased during the initial stages of hypoxia (0 and 6 h), whereas the binding between HIF-1α
and HIF-1β was suppressed. However, the enhanced binding effect was gradually reversed by HIF-1α
because the levels of the two molecules decreased with the increase in the duration of hypoxia. These
results suggest that PGC-1α, as an upstream transcription regulator of NRF-1, is also involved in
regulating the competitive binding between NRF-1 and HIF-1α. However, whether PGC-1α directly binds to
HIF-1α or indirectly binds to HIF-1β by binding with NRF-1 needs to be studied further.

Conclusion
Our results indicate that NRF-1 can alleviate cardiomyocyte apoptosis and improve cardiomyocyte
viability under hypoxia. Moreover, HIF-1α serves as an important anti-apoptotic molecule under hypoxia.
To the best of our knowledge, this is the first study to report that NRF-1 cooperatively acts with PGC-1α
and competes with HIF-1α to bind HIF-1β. This molecular regulatory process may be related to
cardiomyocyte adaptation to hypoxia and may promote cell survival under low-oxygen stress. This study
provides a novel theoretical framework for improving the protection mechanisms for hypoxia-induced
myocardial injury; however, the specific molecular process warrants further investigation.
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Figures

Figure 1
Evaluation of cell proliferation. Cardiomyocyte proliferation was monitored using an ACEA iCell real-time
cell proliferation analyzer. Cell proliferation was monitored every 10 min for 24 h. A, B. Left, the
proliferation of cardiomyocytes under normoxia; right, proliferation of cardiomyocytes under hypoxia (1%
O2).
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Figure 2
Assessment of cardiomyocyte apoptosis under hypoxia. A. Measurement of caspase-3 activity, *P < 0.05,
vs. H9C2. #P < 0.05, vs. pCDH-CMV or pGreenPuro. B. Followed by the NRF-1 overexpression (pCDHNRF1), compared to those in pCDH-CMV, the levels of NRF-1, BCL-2, BCL-xL, and Bax changed after the
cells were subjected to hypoxia (at 1% O2) for 0, 1, 2, 3, 6, 12, and 24 h. C. Following NRF-1 inhibition (shNRF1), the levels of NRF-1, BCL-2, BCL-xL, and Bax changed after the cells were subjected to hypoxia (at
1% O2) for 0, 1, 2, 3, 6, 12, and 24 h. Bad: BCL-associated agonist of cell death; Bak: BCL-2 homologous
antagonist/killer; Bax: BCL-2-associated X protein; BCL-2: B-cell lymphoma 2; BCL-xl: BCL-extra-large;
NRF-1: nuclear respiratory factor-1.
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Figure 3
Effect of NRF-1 on HIF-1α expression. A. The binding level of NRF-1 to the binding element in the Hif1a
promoter region was determined using ChIP. B. Effects of NRF-1 on Hif1a mRNA were assessed by a
quantitative polymerase chain reaction. **P < 0.01, ***P < 0.01, vs. pCDH-CMV or pGreenPuro. Data are
presented as mean ± standard deviation (n = 3). C. Western blotting was performed to ascertain the effect
of NRF-1 on HIF-1α protein levels after the cells were subjected to hypoxia for 0, 1, 2, 3, 6, 12, and 24 h.
ChIP: chromatin immunoprecipitation; HIF: hypoxia-inducible factor; NRF-1: nuclear respiratory factor-1;
PGC-1α: peroxisome proliferator-activated receptor gamma coactivator 1-alpha.
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Figure 4
Effect of NRF-1 and HIF-1α on cardiomyocyte apoptosis. A. Evaluation of cardiomyocyte proliferation in
each group. B. Caspase-3 activity under hypoxia. C. The levels of HIF-1α, NRF-1, BCL-2, and BCL-xL were
determined by western blotting. *P < 0.05 vs. pGreenPuro. #P < 0.05 showed sh-HIF1α vs. shHIF1α+NRF1. BCL-2: B-cell lymphoma 2; BCL-xl: BCL-extra-large; HIF: hypoxia-inducible factor; NRF-1:
nuclear respiratory factor-1.
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Figure 5
Immunoprecipitation for determination of the level of NRF-1, HIF-1α, and HIF-1β binding. A. The binding
levels of NRF-1, HIF-1α, and HIF-1β were studied after the inhibition of NRF-1 (sh-NRF1) under hypoxia. B.
After treatment with different DMOG concentrations (0, 0.1, 0.2, 0.5, and 1 mM), the expression and
binding levels of NRF-1, HIF-1α, and HIF-1β in cardiomyocytes were observed. C. After treatment with 20
nM BAY 87-2243 for 12 h, the expression and binding levels of NRF-1, HIF-1α, and HIF-1β were observed
under hypoxia for different durations. DMOG: dimethyloxallyl glycine; HIF: hypoxia-inducible factor; NRF1: nuclear respiratory factor-1.

Loading [MathJax]/jax/output/CommonHTML/jax.js
Page 28/30

Figure 6
Role of PGC-1α in the competitive binding of HIF-1α and NRF-1 with HIF-1β. A. Left, levels of PGC-1α in
each group; right, binding levels of PGC-1α and NRF-1 under hypoxia. B. Left, the effect of different
concentrations of DMOG on PGC-1α; right, binding levels of HIF-1α, NRF-1, and PGC-1α with HIF-1β. C.
Left, changes in the levels of HIF-1α, NRF-1, PGC-1α, and HIF-1β after treatment with ZLN005 for 24 h
under hypoxia for 0, 6, 12, and 24 h; right, binding levels of HIF-1α, NRF-1, and PGC-1α with HIF-1β.
DMOG: dimethyloxallyl glycine; HIF: hypoxia-inducible factor; NRF-1: nuclear respiratory factor-1; PGC-1α:
peroxisome proliferator-activated receptor gamma coactivator 1-alpha.
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