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Moderate downregulation of NDUFA13 promotes
cardiomyocytes proliferation and heart regeneration
through the glycolysis/c-Myc/Ccndl axis
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Abstract. The poor prognosis of heart diseases is largely
attributable to the limited proliferative capacity of cardiomyo-
cytes. Cardiomyocyte proliferation and heart regeneration has
garnered increasing attention, with a focus on the identifica-
tion of novel therapeutic targets. In the present study, NADH
dehydrogenase ubiquinone I a subcomplex 13 (NDUFA13),
a subunit protein of mitochondria complex I, was found to
serve an important role during this regenerative period of
cardiomyocytes. Both in vitro and in vivo, moderate downreg-
ulation of NDUFA13 promoted cardiomyocytes proliferation,
increased expression of cell cycle genes, reduced fibrosis and
thus benefitted heart regeneration after apical resection. In
addition, downregulation of NDUFA13 not only preserved
mitochondrial function but also enhanced glycolysis, which
is a metabolic shift that is important for modulating the state
of cardiomyocytes. Using western blot and reverse transcrip-
tion-quantitative PCR, NDUFA13 expression was analyzed at
different growth stages in mice and identified its association
with cardiomyocyte proliferation. To investigate the role of
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NDUFA13 in vitro, a moderately NDUFA13-downregulated
cell model was developed using siRNA; in vivo, Myh6-crefRT
Ndufal3"™"* mice were generated and performed apical resec-
tion surgery. Through proliferation markers, echocardiography
and fibrotic staining, the relationship between NDUFA13 and
heart regeneration was revealed. To investigate the functional
mechanisms, oxidative phosphorylation and glycolytic activity
in NDUFA13-downregulated primary cardiomyocytes was
assessed. Upon confirming the changes in glycolytic flux,
the expression of c-Myc and key cell cycle-related genes
was measured. Chromatin immunoprecipitation experiments
further revealed c-Myc binding to the promoter region of
Ccndl. Increasing levels of glycolysis upregulated the expres-
sion of c-Myc, which could bind to the promotor zone of
cell cycle gene cyclin DI, thus promoting cardiomyocytes
proliferation. Through mitochondrial-nuclear communication,
signals originating from the mitochondria are converted into
nuclear transcriptional responses, which in turn drive cellular
proliferation. Therefore, the present study demonstrated the
key role of NDUFA13 in cardiac regeneration and its potential
as a target for heart injury treatment.

Introduction

With an increasing prevalence in aging populations, the
incidence and prevalence of cardiovascular diseases (CVDs)
are increasing rapidly (1,2). CVDs accounted for 437 million
disability-adjusted life years and 19.2 million associated
mortalities worldwide in 2023 (3). The limited regenerative
capacity of adult cardiomyocytes, which fail to proliferate in
response to injuries such as ischemia or mechanical stress, is
a key factor underlying the poor prognosis of numerous heart
conditions (4,5). At present, for various heart diseases, the main
treatments include conventional drug therapy, interventional
therapy and heart transplantation (6,7). However, poor efficacy
and high cost of the present strategies remain considerable
barriers that need to be solved urgently.

Cardiomyocytes have long been considered terminally
differentiated cells with no capacity for renewal. However,
in 2002, Poss et al (8) removed ~20 percent of the ventricle
from a zebrafish, finding for the first time that its heart could
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regenerate completely without scarring. This finding was
extended to mammals when Porrello ef al (9) observed a
similar, albeit transient, regenerative ability in neonatal mice.
However, this recovery capacity decreases gradually with age.
Within the 7 days after birth, the regenerative ability of the
heart declines considerably, and thereafter complete scar-free
regeneration becomes virtually unachievable. In adult human
hearts, the rate of proliferation of cardiomyocytes is normally
0.3-1.0% per year, and this proportion increases slightly under
pathological conditions (10-12). Therefore, the present study
aimed to identify novel targets of cardiomyocyte prolifera-
tion, to provide new strategies for treatment of cardiovascular
diseases.

NADH dehydrogenase ubiquinone I a subcomplex 13
(NDUFA13), as known as GRIM-19, is a subunit of mito-
chondrial complex I, which was discovered during the usage
of interferon combined with retinoic acid to induce apop-
tosis (12). NDUFA13 expression is significantly reduced in
numerous types of tumors, such as hepatocellular carcinoma
and breast carcinoma (13-15) and was initially regarded as one
of the key targets for regulating tumor cell growth (16). Further
evidence indicates that NDUFA13 not only serves a role in
electron transport and maintenance of membrane potential
homeostasis in mitochondria, but also affects the regulation
of cell cycle and supports cell movement (17,18). Given that,
NDUFA13 plays important roles in energy metabolism and cell
proliferation, which are both crucial to cardiomyocyte prolif-
eration, we hypothesize that NDUFA13 may play a regulatory
role in cardiomyocyte proliferation. Therefore, the present
study sought to explore whether NDUFA13 can regulate the
cardiomyocytes proliferation and myocardial regeneration in
response to injury.

Previous studies have reported that neonatal cardiomyo-
cytes utilize glycolysis as the main form of metabolism (19-21),
and which will gradually transit to oxidative phosphoryla-
tion and fatty acid metabolism in adulthood, accompanied
by the loss of cardiomyocyte proliferative capacity. It has
been suggested that increasing the levels of glycolysis can
promote cardiomyocytes to re-enter the cell cycle (22).
Previous work by Li et al (23) showed that knock out of the
key enzyme gene Cptlb triggers a metabolic shift, results in
o-ketoglutarate accumulation. This metabolite activates the
histone demethylase lysine demethylase 5B, driving cardio-
myocyte dedifferentiation, cell cycle re-entry and ultimately
cardiac regeneration. The present study investigated whether
the effects of NDUFA13 downregulation are associated with
metabolic reprogramming.

Materials and methods

Animals and mice apical resection model. All wild type
C57BL/6J mice (age, 6-8 weeks; weight,20-25 g) were obtained
from Shanghai Laboratory Animal Research Center. Mice with
Ndufal3 1oxP sites and Myh6-CreF**™ mice were generated
and obtained from the Shanghai Biomodel Organisms Center.
All mice were maintained at the Laboratory Animal Center,
Hangzhou Medical College (Hangzhou, China) (all animal
experiments and housing procedures were conducted under a
legally signed cooperation agreement between our institution
and Hangzhou Academy of Medical Sciences). The animals

were housed under specific pathogen-free conditions, with
moderate temperature and humidity, and 12 h light-dark circle.
A temperature of 22-25°C and a relative humidity of 40-60%
were controlled. The mice had easy access to standard chow
and filtered water throughout the experiment.

The present study was approved by The Animal Ethics
Committee of The Second Affiliated Hospital, Zhejiang
University School of Medicine (Hangzhou, China; approval
no. 2019-NO.033). All experimental procedures were
performed according to institutional guidelines and the Guide
for the Care and Use of Laboratory Animals (24-26). Humane
endpoints were strictly observed to minimize animal suffering.
Animals were humanely euthanized if they exhibited any of
the following signs: i) Weight loss: A rapid decline of >20%
of initial body weight within 48 h or >25% at any point; or
ii) physical condition: Signs of severe pain/distress, massive
hemorrhage, severe wound infection and anorexia.

Tamoxifen injection. Prior to injection, a 1 mg/ml tamox-
ifen solution was prepared. On the day of birth, the hand used
to handle the mice was rubbed in the bedding, and a suckling
mouse pup was removed and held head-down in hand to reveal
the stomach. The tip of a 30G needle was used to puncture
the stomach to gradually inject 50 ul of tamoxifen solution,
following which the needle tip was slowly removed. The injec-
tion was repeated on the 2nd and 3rd day after birth.

Apical resection model. Neonatal mice were anesthetized
over ice, with a paper towel layer that prevented direct contact;
a state of anesthesia was achieved when the skin of the mice
turned gray. The mice were fixed on the operating table in a
supine position. Following disinfection, a 0.5-1.0 cm surgical
incision was made transversely in the fourth intercostal space
using micro-scissors. Microscopic forceps were used for blunt
separation of the intercostal muscles to expose the surgical
field. The pressure on the abdomen was slightly manually
increased so that the apex of the heart was exposed from the
incision site. The apical portion was cut off using micro-scis-
sors, which occupied ~10% of the total ventricle. Following
this, 8-0 surgical sutures were used to suture the intercostal
space, ensuring the intercostal space was fully closed and
11-0 threads were used to suture the skin, hiding as much of
the thread in the skin as possible. The entire surgical proce-
dure was completed within 10 min. After surgery, mice were
placed under a warm light to rewarm gradually. When the skin
of the mice turned from gray to red, the urine of the maternal
mouse was collected and coated onto the skin of the neonatal
mice and the neonatal mice were returned to their cage.

A total of 30 mice in the control (Myh6-cre®®":Ndufal3**
mice) and Ndufal3*" groups that underwent apical resection
were assessed for relevant indicators at postoperative day 3
(control, n=6; Ndufal3*", n=8), day 7 (n=4 each) and day 21
(n=4 each). A total of 35 surgical procedures were performed,
with 5 perioperative mortalities recorded, primarily due to
massive hemorrhage.

Heart isolation process. Pregnant mice (on embryonic
day 15.5, E15.5) and adult mice were anesthetized via inha-
lation of 3% isoflurane, and anesthesia maintained using
1% isoflurane. For E15.5 embryos, following anesthesia of the
pregnant dam, its abdominal cavity was opened and the uterine
horn was excised. After rinsing with phosphate-buffered
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saline (PBS), the embryos were dissected free from the embry-
onic membranes. The heart of each embryo was then carefully
isolated under a stereomicroscope. Neonatal mice at postnatal
days 0, 3 and 7 were anesthetized on ice, following which the
thoracic cavity was opened and the heart was excised by cutting
at the aortic root and rinsed in PBS. For adult mice, after anes-
thesia, the thoracic cavity was opened and the right atrium was
incised. PBS was perfused through the left ventricle using a
syringe to clear the blood. Following perfusion, the heart was
excised by cutting at the aortic root. Mice death was verified
by a cessation of respiration and heartbeat.

Echocardiography. Transthoracic echocardiography
[VINNO 6 lab; VINNO Technology (Suzhou) Co., Ltd.]
was performed at day 21 following apical resection. After
isoflurane inhalation anesthetization (induction, 3%; mainte-
nance, 1%), two-dimensional parasternal long axis and short
axis view at papillary muscle level were obtained and M-mode
images captured to analyze the cardiac structure and func-
tion. The heart rate of the mice was maintained at ~500 beats
per minute, and their body temperature was kept at 37°C.

Neonatal mouse cardiomyocytes (NMCMs) isolation and
culture. NMCMs were isolated from 1-day-old C57BL/6
mice using the Neonatal Heart Dissociation Kit (cat.
no. 130-098-373; Miltenyi Biotec GmbH) as per the manu-
facturers' instructions. In brief, after hypothermic anesthesia
on ice, the chest cavity of the neonatal mice was opened by
cutting the fourth intercostal space and the heart was exposed
by applying abdominal pressure. The ventricular myocar-
dium from neonatal mice was collected and cut into 1 mm?
pieces, to which digestive enzymes were mixed and added;
digestion was performed three times for 10 min each in total.
The digestive enzyme solution was neutralized with DMEM
containing 10% fetal bovine serum [Heyuan Liji (Shanghai)
Biotechnology Co., Ltd.] and filtered through a 70-um filter.
Following a 15 min adhesion period, the cell suspension was
collected. Then, cardiomyocytes were cultured with DMEM
(4.5 g/1 D-Glucose; Gibco; Thermo Fisher Scientific, Inc.)
containing 10% FBS and 1% penicillin and streptomycin
(Wuhan Servicebio Technology Co., Ltd.). Cardiomyocytes
were incubated at 37°C in incubator with 5% CO,.

Isolation of mitochondria from cultured cells. Mitochondria
was isolated from cultured cells using the Mitochondrial
Isolation and Protein Extraction kit (cat. no. PK10016;
Proteintech Group, Inc.), according to the manufacturers'
instruction. Briefly, the cells were harvested and centrifuged
at 500 x g for 5 min at 4°C. The pellet was washed twice with
ice-cold PBS. On ice, 1 ml of ice-cold mitochondrial isolation
reagent A for every 20 million cells was added directly to the
pellet. The suspension was then transferred to a pre-chilled
glass homogenizer for 3-5 strokes, and an equal volume of
ice-cold mitochondrial isolation reagent B was added to the
bottom of a centrifuge tube. The homogenate was then care-
fully layered on top by slowly pipetting along the tube wall
followed by centrifugation and the uppermost layer was
collected. A subsequent centrifugation (4°C; 10,000 x g;
10 min) step separated the crude mitochondria (pellet) from
the mitochondria-free cytosolic fraction (supernatant). To
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prepare high purity mitochondria, high-purity separation
medium was used. The crude mitochondrial pellet was resus-
pended in 0.5 ml (per tube) of mitochondrial wash buffer. The
resuspended crude mitochondria were layered on top of the
pre-aliquoted high-purity separation medium, and centrifuged
at 22,000 x g for 10 min at 4°C. The final pellet was collected
and washed, which contained high-purity mitochondria.

Western blotting. Proteins were extracted from cells or
myocardial tissue with RIPA buffer (Beyotime Biotechnology)
containing 1X protease and phosphatase inhibitor (Beyotime
Biotechnology). The concentration of protein was detected
with BCA protein quantification kit (Beyotime Biotechnology).
Subsequently, 20-30 ug total protein was added and separated
on 10 or 12% SDS-polyacrylamide gels by electrophoresis. Then
proteins were transferred onto PVDF membranes (0.22 ym;
MilliporeSigma). After 1-2 h blocking (5% non-fat milk; room
temperature), immunoblots were incubated with the following
primary antibodies overnight at 4°C: Anti-GRIM19 (1:1,500;
cat. no. 10986-1-AP; Proteintech Group, Inc.), anti-c-Myc
(1:1,000; cat. no. RT1149; HUABIO), anti-TOMM?20 (1:10,000;
cat. no. 11802-1-AP; Proteintech Group, Inc.), anti-LDH
(1:10,000; cat. no. 14824-1-AP; Proteintech Group, Inc.),
anti-Lamin B (1:10,000; cat. no. 12987-1-AP; Proteintech
Group, Inc.) and anti-B-tubulin (1:1,000; cat. no. EM1701-59;
HUABIO). Membranes were then incubated with horseradish
peroxidase-conjugated secondary antibodies 1-2 h at room
temperature [multi-rAb® HRP-goat anti-rabbit recombinant
secondary antibody (H+L) (cat. no. RGARO001; 1:10,000;
Proteintech Group, Inc.) and multi-rAb® HRP-goat anti-mouse
recombinant secondary antibody (H+L) (cat. no. RGAMO0O01;
1:10,000; Proteintech Group, Inc.]. The final membranes were
visualized ECL chemiluminescent detection reagent (Fdbio
Science). The washing buffer used throughout the experiment
was PBST containing 0.1% v/v Tween-20. The images were
analyzed using the ImageJ software-Fiji (stable) (National
Institutes of Health).

Reverse transcription-quantitative polymerase chain
reaction. Total RNA was extracted from cell and myocardium
using RNA isolater total RNA extraction reagent (Vazyme
Biotech Co., Ltd.) and quantified with NanoDrop One spec-
trophotometer (Thermo Fisher Scientific, Inc.) Total RNA was
reverse-transcribed into cDNA using the reverse transcrip-
tion kit (Accurate Biology). qPCR was performed using the
SYBR Green Master Mix (TransGen Biotech Co., Ltd.) with
a LightCycler 480 II (Roche Diagnostics). The procedure was
as follows: Initial denaturation at 95°C for 5 min, followed by
40 cycles of denaturation at 95°C for 10 sec and combined
annealing/extension at 60°C for 30 sec, with a final extension
at 72°C for 5 min. Gene expression was calculated via the
2-A4% method (27), using the internal gene Actb and control
group as reference values. qPCR primer sequences are shown
in Table I.

Immunofluorescent and immunohistochemistry staining.
For hearts tissues (different stages of hearts and hearts
collected at 21 days after apical resection), following tissue
collection, specimens were fixed in 4% paraformaldehyde
(PFA) for 24 h at room temperature prior to embedding
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Table I. Quantitative PCR primers.

Gene Direction Sequence (5'-3")
Ndufal3 Forward AGGTGGGCGAGTCTGTGTTCC
Reverse GGCATTGCTCATCTCCTCCTTGG
Ccenbl Forward CTTGAACATGTTAGAGAAGAGAAGC
Reverse TCGGGCTTGGAGAGGGATTA
Ccendl Forward CGTATCTTACTTCAAGTGCGTG
Reverse ATGGTCTCCTTCATCTTAGAGG
Ccnel Forward GCACCAGTTTGCTTATGTTACA
Reverse GGGCCTTCATCATCATCAATTC
Cdc20 Forward AACAGGAGGAGGAACCAGTGACC
Reverse GCACATCCACAGCACTCAGACAG
Pcna Forward GAAGTTTTCTGCAAGTGGAGAG
Reverse CAGGCTCATTCATCTCTATGGT
Cdk4 Forward GAGTGTGAGAGTTCCTAATGGA
Reverse GGTCCTGGTCTATATGCTCAAA
Pfkfb3 Forward TCATCGAGTCGGTCTGTGACGA
Reverse CATGGCTTCTGCTGAGTTGCAG
Hk2 Forward CCCTGTGAAGATGTTGCCCACT
Reverse CCTTCGCTTGCCATTACGCACG
Pkm?2 Forward CAGAGAAGGTCTTCCTGGCTCA
Reverse GCCACATCACTGCCTTCAGCAC
Sdha Forward GAGATACGCACCTGTTGCCAAG
Reverse GGTAGACGTGATCTTTCTCAGGG
Coxl5 Forward GGTCAGCACTGGTTCTCTACTG
Reverse CAGCAAACCGTCTCAACCACAG
AtpSfla Forward GCCCTCGGTAATGCTATTGA
Reverse GCAATCGATGTTTTCCCAGT
Actb Forward CATTGCTGACAGGATGCAGAAGG
Reverse TGCTGGAAGGTGGACAGTGAGG

NDUFA13,NADH dehydrogenase ubiquinone I o subcomplex 13; Cenb1, Cyclin B1; Cendl1, cyclin D1; Pfkfb3, 6-phosphofructo-2-kinase/fruc-
tose-2,6-bisphosphatase 3; Hk2, hexokinase 2; Pkm2, pyruvate kinase muscle isozyme M2; Sdha, succinate dehydrogenase complex flavoprotein
subunit A; Cox15, cytochrome ¢ oxidase assembly homolog 15; Cdc20, cell division cycle 20; F, forward; R, reverse.

in paraffin wax and sectioning at a thickness of 4 ym for
further use. Prior to staining, sections were deparaffinized
in xylene and rehydrated through a graded ethanol series
(100, 95 and 70%). Heat-induced epitope retrieval was
performed by heating sections in citrate buffer (pH 6.0) to
95-125°C for 10-20 min.

For the frozen sections (hearts collected at 3, 7 days after
apical resection), specimens were dehydrated in 30% sucrose
solution at 4°C overnight, embedded in optimal cutting
temperature compound (Sakura Finetek Europe B.V.),
snap-frozen in isopentane cooled with liquid nitrogen, and
stored at -80°C until sectioning. Frozen sections were cut at a
thickness of 7 ym and fixed in 4% PFA for 20 min for further
immunofluorescent staining. For both immunofluorescent and
immunohistochemical staining, the samples were then perme-
abilized using 0.3% Triton X-100 for 15 min and blocked with
5% bovine serum albumin for 1 h, the samples were incubated
with primary antibodies overnight at 4°C using the following:
Anti-GRIM19 (1:500; cat. no. 10986-1-AP; Proteintech Group,

Inc.), Ki67 (1:500; cat. no. abl6667; Abcam), aurora B (1:800;
cat. no. ab2254; Abcam), phosphohistone H3 (pH3; 1:500; cat.
no. 06-570; Sigma-Adrich; Merck KGaA), cardiac troponin I
(cTnI; 1:800; cat. no. 66376; Proteintech Group, Inc.). For
immunofluorescent staining, the slides were washed three
times in PBS and incubated with the corresponding second
antibody: Goat anti-rabbit IgG H&L (Alexa Fluor® 488)
(1:400; cat. no. ab150165; Abcam), goat anti-mouse IgG
H&L (Alexa Fluor® 488) (1:400; cat. no. A-1100; Invitrogen;
Thermo Fisher Scientific, Inc.), donkey anti-rabbit IgG
(H&L) DyLight™ 550 (1:400; cat. no. ab96892; Abcam) and
donkey anti-mouse IgG (H&L) DyLight™ 550 (1:400; cat.
no. ab96876; Abcam). Finally, the slices were incubated with
DAPI (cat. no. G1012; Wuhan Servicebio Technology Co.,
Ltd.) and covered with antifade mounting medium.

For immunohistochemistry staining, following primary
antibody incubation, the slices were washed and incubated
with second antibody (cat. no. PV6001; ZSGB-BIO) for 1 h at
room temperature. Slices were then stained with DAB staining
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solution (cat. no. PV6001; ZSGB-BIO). Images were acquired
using a fluorescent microscope (Leica Biosystems) and quanti-
fied using the ImageJ software-Fiji.

Cells were fixed with 4% PFA for 15 min and then incu-
bated in 0.3% Triton X-100 for 15 min at room temperature.
After blocking with 5% bovine serum albumin for 1 h, cells
were incubated with primary antibodies overnight at 4°C: ¢Tnl
(1:800; cat. no. 66376; Proteintech Group, Inc.) and vimentin
(1:100; cat. no. 5741; CST Biological Reagents Co., Ltd.).
Cells were washed three times in PBS and incubated with the
corresponding secondary antibody for 1 h at room tempera-
ture: Goat anti-mouse IgG (H&L) Alexa Fluor® 488 (1:400;
cat. no. ab150113; Abcam) and donkey anti-rabbit IgG (H&L)
DyLight™ 550 (1:400; cat. no. ab96892; Abcam). Finally, the
cells were incubated with DAPI for 15 min at room tempera-
ture (cat. no. G1012; Wuhan Servicebio Technology Co., Ltd.)
and covered with anti-fade mounting medium (Fig. S1) (28,29).
Images were acquired using a fluorescent microscope (Leica
Biosystems) and quantified using the ImageJ software-Fiji.

Hematoxylin and eosin (H&E) and Masson's trichrome
staining. Paraffin sections at a thickness of 4 ym were used
for H&E and Masson's trichrome staining. The slices were
dewaxed and washed in PBS as aforementioned. H&E
staining were then performed according to standard protocols.
Briefly, the sections were immersed in hematoxylin solution
for 5-10 min, differentiated in 1% hydrochloric acid ethanol
for several seconds, and immediately blued in tap water for
5-10 min (all at room temperature). Eosin solution was used
to stain the sections for 30 sec to 1 min at room temperature.
Masson's trichrome staining was performed according to the
manufacturer's instructions (cat. no. G1346; Beijing Solarbio
Science & Technology Co., Ltd.). The images were acquired
using a light microscope (Leica Microsystems, Inc.) and quan-
tified using ImageJ software.

Small interfering RNA (siRNA) transfection. Specific
siRNAs were obtained from Sangon Biotech Co., Ltd., as
follows: SiRNA targeting Ndufal3, sense (S), 5'-CCAUCG
ACUACAAGCGGAA-3' and anti-sense (AS), 5'-UUCCGC
UUGUAGUCGAUGG-3"; and scramble control S, 5'-UUC
UCCGAACGUGUCACGU/dT//dT/-3" and AS, 5'-ACG
UGACACGUUCGGAGAA/dT//dT/-3". Both siRNA and
scramble RNA were transfected into primary cardiomyocytes
with Lipofectamine 3000 (Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. Briefly, using
12-well plates for example, cells were transfected with 100 nM
siRNA in serum-free and antibiotics-free DMEM containing
2.4 ul of Lipofectamine® 3000 (Thermo Fisher Scientific, Inc.)
at 37°C (30). The medium was changed 6 h later to normal
complete medium. Cells were harvested 72 h after transfection
to measure the expression levels of Ndufal3.

CCK-8 assay. Primary cardiomyocytes were seeded into a
96-well cell culture plate at 5x10° cells per well. The outer
perimeter wells were filled with 100 ul of sterile PBS to
minimize evaporation and edge effects. The plate was then
incubated under standard culture conditions (37°C, 5% CO,).
Following cell attachment, siRNA transfection was performed
as aforementioned. At the end of the treatment period, 10 ul of
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the CCKS reagent (cat. no. K1018; APexBIO Technology LLC)
was added directly to each well containing 100 pl of medium.
The plate was gently shaken to ensure thorough mixing.
The plate was returned to the incubator (37°C, 5% CO,) and
incubated for 1-4 h. Following incubation, the absorbance of
each well was measured at a wavelength of 450 nm using a
microplate reader.

Flow cytometry for cell cycle analysis. Following siRNA
treatment, primary cardiomyocytes were harvested by tryp-
sinization, washed twice with cold PBS. Cells were fixed
by gentle resuspension in 1 ml of ice-cold 70% ethanol and
incubation at 4°C for a minimum of 2 h or overnight. Fixed
cells were pelleted by centrifugation at 300 x g for 5 min
at 4°C and washed once with cold PBS to remove residual
ethanol. The cell pellet was resuspended in 500 gl of a
staining solution containing propidium iodide (50 pg/ml) and
RNase A (100 ug/ml) in PBS. The suspension was incubated
in the dark at 37°C for 30 min. Stained samples were analyzed
using a Fortessa X20 flow cytometer (BD Biosciences) and
the PE channel served as the detection channel. Data were
analyzed through Flowjo VX (BD Biosciences).

Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR). OCR and ECAR tests were
performed using the Agilent Seahorse XFe96 Analyzer (Agilent
Technologies, Inc.) according to corresponding instructions.
For OCR, the order of drug addition was as follows: Oligomycin
(1.5 uM), carbonyl cyanide-4-(trifluoromethoxy)phenylhydra-
zone (FCCP) (1.5 uM), rotenone and antimycin A (0.5 uM
each). For ECAR, the order of drug addition was as follows:
Glucose (10 mM), oligomycin (1 mM) and 2-deoxy-glucose
(50 mM).

Chromatin immunoprecipitation (ChIP). The genomic
sequence of cyclin D1 (Ccndl; gene ID 12443) was retrieved
from the UCSC database (GRCm39/mm39) (https://genome.
ucsc.edu/). The sequence used for following primer design is
from chromosome 7: 144,493,368-144,495,568, which contains
high-probability functional binding region for promotor. The
JASPAR database (https://jaspar.elixir.no/) was used to predict
potential binding sites for Ccndl and c-Myc (CCTCGTGCTT).
Based on the binding sites, primers were designed for subse-
quent experimental validation, as follows: Forward primer,
5-AGGCTAAGGCTCCCAGGCTTG-3' and reverse, 5-GTG
ATTCCACTGTAGCTCCGAAGG-3". The primer pair ampli-
fies a 97-bp fragment at chr7:144,495,016-144,495,112.

ChIP assays were performed according to the manufac-
turer's instructions of the BeyoChIP™ Enzymatic ChIP Assay
Kit (Protein A/G) (cat. no. P2083S; Beyotime Biotechnology).
Briefly, cells were cross-linked with 1% formaldehyde at 37°C
for 10 min, and glycine was added at room temperature for
5 min to stop the cross-linking. After cells were washed in
different buffers, chromatin was digested into small frag-
ments (200-1,000 bp) with MNase (2,000 gel units; 37°C;
20 min). The normal IgG or anti-c-Myc antibody (0.5-2.0 ug;
cat. no. HA721182; HUABIO) were added into supernatant
(4°C; 12,000-14,000 x g; 5 min) and incubated overnight at
4°C to form the target protein-DNA complex. The next day,
the IgG/A magnetic beads were added and incubated for 1 h at
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4°C. Then, after washing with low salt immune complex wash
buffer, high salt immune complex wash buffer, LiCl immune
complex wash buffer and TE buffer, the final complex was
extracted. Finally, DNA fragments were purified and analyzed
via PCR and qPCR. For PCR, the procedure was: Initial
temperature at 94°C for 3 min, followed by 35 cycles of 94°C
for 30 sec, 58°C for 30 sec and 72°C for 1 min, and a final step
at 72°C for 5 min. The PCR products were subjected to electro-
phoresis on a 1.5% agarose gel for 30 min, and then visualized
using the Bio-Rad GelDoc Go system (Bio-Rad Laboratories,
Inc.). The qPCR procedure was as described previously.

2-NBDG uptake assay. The 2-NBDG uptake assay was
performed according to the manufacturer's instructions of
the glucose uptake fluorescence assay kit with 2-NBDG
(2-NBDG) (cat. no. S0561S; Beyotime Biotechnology).
Briefly, cardiomyocytes were seeded in 96-well black plates
at a density of 1x10* cells per well, and cultured in complete
medium. After siRNA transfection, the medium was changed
to glucose-free medium and incubated at 37°C for 1 h to induce
glucose starvation. Then, 2-NBDG (1:100 with medium) was
added and the cells incubated at 37°C with 5% CO, in the dark
for 30-60 min. The fluorescence intensity was detected using
a multi-functional microplate reader (Excitation wavelength,
488 nm; emission wavelength, 542 nm).

2-Deoxy-D-glucose assay (2-DG). Cardiomyocytes were
seeded in 12-well black plates at 1.5x10° per well. After siRNA
transfection, different concentrations (0.5 and 5 mM) of 2-DG
were added into the wells and incubated for 48 h at 37°C. The
cells after incubation were harvested for protein isolation.

Resident glucose measurements. The resident glucose
measurement assay was performed according to the manufac-
turer's instructions of the glucose assay kit with O-toluidine
(cat. no. S0201S; Beyotime Biotechnology). Briefly, cardio-
myocytes were seeded in 96-well black plates at a density of
1x10* cells per well, and cultured in complete medium. After
siRNA transfection, cells were cultured for 72 h. Subsequently,
20 ul of standard or sample was pipetted into a PCR tube and
170 pl of glucose assay reagent was added to make the final
volume 190 ul. After vortex mixing, the sample was centri-
fuged at 5,000 x g for a few seconds at room temperature to
settle the liquid to the bottom of the tube. The tube was heated
at 95°C for 8 min on a PCR instrument, then cooled down to
4°C. After cooling to 4°C, the PCR tubes were removed and
180 pl of liquid from each tube was aspirated into a clean
96-well plate. Air bubbles were avoided when transferring the
liquid. The absorbance was measured at 630 nm. The glucose
concentration in the sample was calculated according to the
standard curve.

Database. Expression levels of NDUFA13 in various tissues
was collected from The Genotype-Tissue Expression data-
base (https://www.gtexportal.org/home). Expression levels
of NDUFA13 and TOMMZ20 in different embryonic and
neonatal period were collected from the database [Gene
Expression Omnibus database; accession no. GSE193346 (31);
https://cells-test.gi.ucsc.edu/?ds=mouse-dev-heart]. Expression
levels of NDUFA13 at day 3, 7 and 21 after MI compared

with that of sham mice was collected from the database (Gene
Expression Omnibus database; accession nos. GSE243668 and
GSE236374) (32,33).

Statistical analysis. All experiments were repeated >3 times.
All data were presented as mean + standard deviation
(mean + SD), and GraphPad Prism (version 8; Dotmatics) was
used for data analysis and statistical graphing. For the data
that conformed to normal distribution (Shapiro-Wilk test) and
with homogeneous variance, unpaired Student's t-test was
used for two groups and the one-way ANOVA test was used
for =3 groups. The post hoc tests used for multiple compari-
sons was Tukey's test. For data did not conform to the normal
distribution or the variance was uneven, the Mann-Whitney
test was used for the two groups and the Kruskal-Wallis test
was used for =3 groups. The post hoc tests used for multiple
comparisons was Dunn's test. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

NDUFAI3 levels expression are decreased in the neonatal
period. Previous studies reported low expression levels of
NDUFAI13 in numerous tumor tissues, such as hepatocellular
carcinoma and breast carcinoma (34,35). To assess the expres-
sion levels of NDUFA13 in the heart, the GTEx database was
searched to compare the expression of NDUFAI13 in various
tissues. The results showed that the expression levels of
NDUFAI13 in myocardium was significantly higher increased
compared with that of other tissues, such as brain, liver and
lung (Fig. 1A). Based on the high levels of cardiac expression,
NDUFAI13 expression levels were assessed at 3,7 and 28 days
post-myocardial infarction using a public database (Fig. 1B-D).
A significant reduction in NDUFA13 expression was demon-
strated when compared with that of the Sham groups, which
suggested that NDUFA13 may serve a role in cardiac injury.
Given the differences in cardiomyocyte proliferation ability in
embryonic, neonatal and adult periods, it was considered that
the expression levels of NDUFA 13 may be concomitant during
these stages of growth. Therefore, NDUFA13 expression levels
were further assessed in isolated hearts from E15.5 embryos,
neonatal day 0, neonatal day 3, neonatal day 7 and adult
mice (Fig. 1E). Protein and RNA were isolated for western
blot and qPCR analysis, respectively. The expression levels of
NDUFAI13 gradually increased from E15.5 to postnatal day 7
and significantly increased in adulthood (Fig. 1F-H). Similarly,
immunohistochemical staining of cardiac sections from each
corresponding period further validated this expression profile
(Fig. 1I). NDUFA13 expression progressively increased during
heart development, and thus was inversely associated with the
declining proliferative capacity of cardiomyocytes. Notably, a
sharp rise in NDUFA13 expression levels was observed during
the adult stage, when cardiomyocyte proliferation is markedly
diminished.

Cardiomyocytes only account for ~40% of the total number
of heart cells, while the rest are fibroblasts, endothelial cells and
immune cells (36). In order to determine whether NDUFA13
is predominantly expressed in cardiomyocytes or other cell
types, GEO database search was performed, and protein and
gene expression assessed in isolated cardiomyocytes and
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non-cardiomyocytes from neonatal mice. Our results indi-
cated that NDUFA13 was highly expressed in cardiomyocytes
(Fig. 1J-M), Moreover, previous studies suggested potential
nuclear localization of NDUFA13 (16,17), and our results
confirmed that NDUFA13 expression was predominantly
expressed in the mitochondria compared with the nucleus in
cardiomyocytes (Fig. 2A and B). These findings establish a
clear inverse relationship between NDUFA13 expression levels
and cardiomyocyte proliferative potential. However, the casual
effect of NDUFA13 expression in cardiomyocyte proliferation
remains unknown.

Moderately decreased expression of NDUFAI3 in cardio-
myocytes increases cell proliferation and promotes heart
regeneration. To investigate the effects of NDUFA13 down-
regulation on the proliferative ability of cardiomyocytes,
siRNA transfection was used to knockdown NDUFA13 in
primary cardiomyocytes. Since our previous study has found
that complete knockout of NDUFA13 in cells would affect
the stability of mitochondria and increases apoptosis (30), a
concentration of 100 nM siRNA was used to conduct moderate
downregulation of NDUFAI13 in cardiomyocytes based on
the knockout efficiency of different siRNA concentrations
as previously reported (Fig. 2C-E) (25). Following 72 h after
transfection, a CCK-8 assay and immunofluorescence staining
with Aurora B, Ki67 and pH3 were performed to observe the
proliferative capacity of cardiomyocytes (Fig. 2F-J). They
were all increased when compared with the control group.
Additionally, flow cytometry was employed to analyze the
cell cycle stages, which revealed that NDUFA13 downregula-
tion promoted DNA replication in cardiomyocytes (Fig. S2).
Consistent with the aforementioned results, downregulation
of NDUFA13 resulted in increased proliferation capacity in
cardiomyocytes.

To further explore whether NDUFA13 affected cardiomyo-
cyte proliferation and cardiac regeneration in vivo following
myocardial injury, transgenic Myh6-cre®R": Ndufa 3 "% mice
were constructed. However, previous studies have reported
that complete knockout of NDUFA13 leads to embryonic
developmental arrest, resulting in lethality at ~E9.5 (17,30).
Meanwhile, at cellular level, excessive downregulation of
NDUFA13 may affect mitochondrial stability. Therefore,
for in vivo experiments the heterozygous genetic model,
Myh6-cre®™8 T Ndufal3"* mice, was used. Newborn mice
received a 3-day course of tamoxifen injections to achieve
knockdown. Following validation of the induction protocol,
apical resection was performed on postnatal day 3, concurrent
with the last tamoxifen administration (Fig. 3A and B).

Following surgery, key indicators were assessed at postop-
erative days 3,7 and 21. For the early time points (days 3 and 7),
proliferative capacity was evaluated using immunofluorescent
staining of three proliferation markers: Ki67, Aurora B
and pH3 (Fig. 3C-N); the positive staining of which served
as quantitative measures of cardiomyocyte proliferation.
Compared with the control group (Myh6-cre®R":Ndufal3 **),
the number of cells positive for Ki67, Aurora B and pH3 in
the NDUFA13-downregulated group were increased, which
demonstrated an increased proliferation rate of cardiomyocytes.
At 21 days post-surgery, cardiac function was assessed in both
groups using echocardiography to measure ejection fraction and

fractional shortening. The NDUFA13-downregulated group
exhibited significantly improved cardiac function compared
with that of the control group (Fig. 4A, C and D). Masson's
trichrome staining demonstrated increased tissue regeneration,
with control mice displaying significantly increased collagen
deposition at the resection margin (Fig. 4B and E). These
findings collectively demonstrated that moderate NDUFA13
downregulation promotes cardiomyocyte proliferation and
facilitates cardiac repair following injury.

Downregulation of NDUFAI3 is accompanied by alterations
of the metabolic environment. The alteration of cardiomyocyte
energy metabolism after birth is accompanied by the decrease
in proliferation ability. The dominant metabolic pathway for
energy production transitions from glycolysis in embryos and
newborns to oxidative phosphorylation and fatty acid oxidation
during maturation (19). As NDUFA13 is a part of mitochon-
drial complex I, it was investigated whether downregulation
of NDUFA13 may influence the metabolic environment in
neonatal cardiomyocytes. First, both in vitro and in vivo
models were examined and found that key glycolytic enzymes,
including Pfkfb3, hexokinase 2 (Hk2) and pyruvate kinase
muscle isozyme M2 (Pkm?2), were upregulated following
NDUFA13 downregulation (Fig. 4F and H). By contrast,
the expression levels of oxidative phosphorylation-related
genes remained relatively unchanged (Fig. 4G and I), such
as Sdha, Cox15 and Atp5Sfila. The expression levels of lactate
dehydrogenase increased in NDUFA13-downregulated
heart tissues (Fig. 4] and K). To corroborate these findings,
2-NBDG uptake assays and resident glucose measurements
were performed in primary cardiomyocytes. As the results
showed (Fig. 4L and M) that 2-NBDG uptake was increased,
while residual glucose in the cell supernatant was reduced in
the NDUFA13-downregulated group. The increased levels of
glycolysis was further validated in NDUFA13-downregulated
cells by assessing mitochondrial respiratory function and the
glycolytic rate via and OCR and ECAR assays, respectively
(Fig. 5A-F). The OCR assay demonstrated no significant differ-
ences in mitochondrial related ATP production and maximal
respiration between control and NDUFA13-downregulated
cells, which suggested moderate downregulation of NDUFA13
does not impair the function of mitochondria. Following the
addition of rotenone and antimycin, the non-mitochondrial
respiration differed between the treatment and control groups
significantly. Consistently, the ECAR assay demonstrated that
glycolysis and glycolytic capacity were significantly increased
in NDUFA13-downregulated cells compared with that of the
control group. In conclusion, moderate downregulation of
NDUFA13 in cardiomyocytes could preserve the function of
mitochondria, and also increase glycolysis metabolism.

Increased levels of glycolysis in cardiomyocytes are associ-
ated with increased the expression of c-Myc. c-Myc is a
transcription factor (37), which serves a key role in tumor
regulation (38,39). Previous studies have reported that c-Myc
may increase glucose transporter expression and upregulate
key enzymes in the glycolytic pathway to regulate tumor cell
metabolism (40,41). Therefore, it was considered that increased
levels of glycolysis may also influence the expression levels
of c-Myc via a feedback loop, and expression level of c-Myc
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respiration rates between the two groups were compared (n=15). (D) The ECAR of mitochondria in control and Ndufal3-downregulated groups. The drugs were
added as following order: Glucose, oligomycin and 2-DG, and the (E) levels of glycolysis and (F) glycolytic capacity between the two groups were compared (control,
n=18; si-Ndufal3, n=32). (G) Western blot of c-Myc expression and (J) quantification normalized to f-tubulin in Ndufal3-downregulated models (cells, n=5).
(H) Western blot of c-Myc expression and (K) quantification normalized to B-tubulin in Ndufal3-downregulated models (control mice, n=3; Ndufal3*" mice, n=5).
(I) Western blot of c-Myc expression and (L) quantification normalized to f-tubulin in primary cardiomyocytes different concentrations of 2-DG were added (n=3).
mRNA levels of (M) Ccndl and (N) Cdk4 in primary cardiomyocytes in control and Ndufal3*" groups (n=3). (O) mRNA levels of other cell cycle related genes in
primary cardiomyocytes in control and Ndufal3*" groups (control, n=3; Ndufal3*", n=5). The data was presented as mean = SD. "P<0.05 and “P<0.01 compared
with control. NDUFA13, NADH dehydrogenase ubiquinone I a subcomplex 13; OCR, oxygen consumption rate; ECAR, extracellular acidification rate; ns, not
significant; 2-DG, 2-deoxy-glucose; Ccnbl, Cyclin Bl; Cendl, cyclin D1; Pcna, proliferating cell nuclear antigen; Cdc20, cell division cycle 20; si-, small interfering.
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Figure 6. c-Myc binds to Ccndl and stimulates the cell cycle. (A) PCR of
control input, si-Ndufal3 input, control, si-Ndufal3 and 1gG group following
ChIP. (B) Forecast graph from the JASPAR database. (C) The enrichment of
target regions was calculated and presented as the percentage of input DNA
(Input %) in the control and si-Ndufal3 groups (control, n=3; Ndufal3*",
n=4). The data was presented as mean + SD. "P<0.05 compared with control.
NDUFA13, NADH dehydrogenase ubiquinone I o subcomplex 13; si-small
interfering.

in control and NDUFA13-downregulated primary cardio-
myocytes were assessed. The expression levels of c-Myc were
increased in NDUFA13-downregulated cells, which suggested
that c-Myc may be associated with glycolysis or cardiomyo-
cyte proliferation (Fig. 5G, H, J and K). To further investigate
the causal relationship between c-Myc and glycolysis, 2-DG, a
well-characterized glycolytic inhibitor, was utilized. The addi-
tion of 2-DG to primary cardiomyocytes resulted in decreased
expression levels of c-Myc in both groups, and was notably
decreased in NDUFA13-downregulated cells (Fig. 5T and L).
Therefore, a glycolytic metabolic environment was associated
with increases c-Myc expression.

Given the role of cell cycle regulation in proliferation, key
cyclins and CDKs were analyzed representing all major cell
cycle phases (G,, S, G, and M) were analyzed. Expression was
assessed at the transcriptional level, including markers such as
cyclin Bl (Cenbl), Cendl, cyclin E1 (Ccnel), Cdc20, Cdk4and
proliferating cell nuclear antigen (42,43). Among these, Ccndl
was significantly increased in NDUFA13-downregulated cells
(Fig. 5SM-0).

c-Myc binds to gene Ccndl and stimulates the cell cycle.
The downregulation of NDUFA13 in cardiomyocytes was
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associated with increased expression levels of the cell cycle
gene Ccndl and related kinase gene Cdk4. As c-Myc is a tran-
scription factor, it was investigated whether c-Myc activated
Ccndl transcription via direct promoter binding (Fig. 6). The
UCSC and JASPAR databases were used to predict potential
binding and identify binding regions (Fig. 6B). Based on the
predication results, corresponding primers were designed
and validated using a ChIP assay. It was demonstrated that
c-Myc binds to the promotor region of Ccndl and promotes its
expression (Fig. 6A and C).

In summary, moderate downregulation of NDUFA13
promoted cardiomyocyte proliferation and heart regeneration
in neonatal mice after injury. In addition to preserving mito-
chondrial function, downregulation of NDUFA13 increased
glycolysis of cardiomyocytes, which was associated with
increased expression of c-Myc and cell cycle genes (Fig. 7).

Discussion

Heart failure remains a major global health challenge. Recent
discoveries of cardiac regeneration in zebrafish and neonatal
mammals, particularly mice (23,44.,45), have indicated the
potential of myocardial proliferation and heart regeneration.
Multiple molecular targets have now been identified that either
enhance or suppress cardiomyocyte proliferation, representing
a significant advancement in cardiovascular research (46,47).

Central to this research is NDUFA13, a constituent subunit
of mitochondrial complex I. NDUFA13 was originally iden-
tified as a gene found in tumor cells via tretinoin/interferon
induction, which regulated apoptosis (16,48). Subsequent
studies have revealed significant downregulation of NDUFA13
expression across multiple tumor types such as hepatocellular
carcinoma and breast carcinoma (49,50). In cancer biology,
NDUFAI13 has been shown to regulate cell cycle progression,
proliferation and apoptosis through downstream effectors,
while also influencing tumor cell motility and migration via
adhesion-related proteins (18). These findings demonstrate the
key role of NDUFA13 in controlling cellular proliferation in
malignant cells. In cardiomyocyte cell lines under hypergly-
cemic conditions, NDUFA13 downregulation was found to
promote proliferation in vitro (41). However, its potential role
in regulating cardiomyocyte proliferation and cardiac regen-
eration in vivo remains to be fully elucidated.

The regenerative ability of the mammalian heart is main-
tained only for a fairly short period of time after birth. Newborn
mice have the ability to completely heal after myocardial
injury, but this ability declines rapidly after 7 days (51,52). In
order to explore whether NDUFA13 is related to the loss of
proliferative capacity, embryonic, neonatal and adult mouse
hearts were isolated to analyze the expression levels of
NDUFA13. With increased age and the decrease of prolifera-
tive ability, the expression levels of NDUFA13 in heart tissues
also gradually increased, particularly in adulthood. Therefore,
it was considered that NDUFA13 expression may be associ-
ated with changes in cardiomyocyte proliferation.

To investigate the functional relationship between
NDUFA13 expression and myocardial proliferation,
loss-of-function approaches were employed. In primary
cardiomyocytes, moderate downregulation of NDUFA13
significantly increased cellular proliferation, as evidenced
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Figure 7. Schematic of the mechanism. Moderate downregulation of NDUFA13 promotes cardiomyocyte proliferation and enhances cardiac repair following
injury by upregulating glycolytic flux, which was associated with elevated c-Myc expression levels. c-Myc induced transcription of Ccndl, thereby accelerating
cardiomyocyte proliferation. NDUFA13, NADH dehydrogenase ubiquinone I a subcomplex 13; Cendl, cyclin D1.

by increased cell numbers, upregulated cell cycle genes and
elevated expression of proliferation markers, which suggested
an inverse association between NDUFA13 expression levels
and cardiomyocyte proliferative capacity. To the best of our
knowledge, the present in vivo study demonstrated for the
first time that moderate NDUFA13 downregulation, using the
heterozygous knockdown of Ndufal3 by mouse genetic model
Myh6-cre®™f":Ndufal3"**, enhanced cardiomyocyte prolif-
eration and promoted cardiac regeneration following apical
resection. This intervention preserved cardiac function while
reducing fibrotic remodeling, revealing a conserved regulatory
role of NDUFA13 in cardiomyocyte proliferation.

To further elucidate how NDUFA13 regulates cardiomyo-
cyte proliferation, its potential metabolic mechanisms were
investigated. A high proliferative capacity and glycolytic
metabolism characterize embryonic cardiomyocytes, whereas

postnatal cardiomyocytes progressively lose their ability to
proliferate and transition toward mitochondrial-dependent
metabolism (23). The present results showed that NDUFA13
could regulate cardiomyocyte metabolism, as its knockdown
induced a metabolic shift toward increased glycolysis. Thus,
cardiomyocytes reacquired a metabolic phenotype similar
to that of embryonic cardiomyocytes, thereby restoring a
higher potential for proliferation. Therefore, NDUFA13 may
potentially serve as a key component in the postnatal shift in
cardiomyocyte metabolic patterns. Mitochondria function as
the powerhouse of the cell, generating ATP to provide essen-
tial energy for cellular activity and survival. While complete
knockout of NDUFA13 is lethal in vivo (30), the present study
found that partial knockdown of NDUFA13 could enhance
cardiac regeneration and protect cardiac function in mice.
This response in NDUFA13-downregulated cells may reflect
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the delicate metabolic balance maintained by cells, which may
help to minimize further damage and ensure survival.

c-Myc, an important transcriptional factor, is closely asso-
ciated with cell division and glycolysis. Previous studies have
reported that c-Myc may modulate glycolytic key enzymes such
as HK2, thus affecting cell metabolism (53,54). Furthermore,
the glycolytic environment may also positively influence the
expression of c-Myc (55). Given the observed glycolytic shift
in the present study, a potential connection to c-Myc was
investigated. To determine whether the glycolytic environ-
ment influenced c-Myc expression or vice versa, the glycolysis
inhibitor 2-DG was used. Treatment with 2-DG significantly
reduced c-Myc levels in NDUFA13-downregulated cells,
demonstrating that glycolytic flux positively regulates c-Myc
expression. It was postulated that c-Myc may directly bind
to promoter regions of proliferation-related genes, due to its
known role as a transcription factor. Through bioinformatic
prediction and analysis of cell cycle gene expression patterns
following NDUFA13 downregulation, Ccndl was identified
as a candidate target. ChIP assays confirmed direct binding
of c-Myc to the Ccndl promoter region, which established a
mechanistic link between NDUFA13-mediated metabolic
changes and cell cycle regulation.

Cardiovascular diseases remain a leading cause of global
mortality, and the limited regenerative capacity of cardio-
myocytes severely constrains recovery from cardiac injury,
underscoring the urgent need for novel therapeutic targets.
The present study identified NDUFA13 as a key regulator
of cardiomyocyte proliferation and cardiac regeneration
in neonatal mice, whereby moderate downregulation of
NDUFA13 promoted local myocardial regeneration, reduced
fibrotic tissue formation and preserved cardiac function
following apical resection in mice. However, the findings in
the present study are currently validated only in neonatal
mouse hearts. Since neonatal cardiomyocytes retain a certain
proliferative capacity, this may confound the conclusions of
the present to some extent. Additionally, NDUFA13 expres-
sion was knocked down by consecutive tamoxifen injections
over the first 3 days post-birth, and knockdown efficiency was
confirmed via western blot to demonstrate the feasibility of
this approach. However, this injection window coincides with
a period of active proliferation, during which the expression of
the NDUFA13 itself undergoes naturally increasing changes,
potentially causing a slight discrepancy between the observed
knockdown efficiency and the true efficiency. Consequently,
future experiments should investigate whether reducing
NDUFAI13 expression in adult mouse cardiomyocytes also
promotes post-injury repair. This is essential to comprehen-
sively assess the role of NDUFA13 in promoting cardiomyocyte
proliferation and cardiac regeneration, and could have
implications for future clinical translation. Furthermore, it
was demonstrated that NDUFA13 downregulation maintains
mitochondrial function while enhancing glycolysis, but the
precise molecular mechanisms underlying this metabolic
shift remains to be elucidated. Further avenues of research
include: i) The specific pathway through which NDUFA13
modulates glycolysis; ii) potential involvement of secondary
messengers; and iii) its impact on cellular energy transduc-
tion. According to the existing literature, STAT3 functions as
a key downstream effector associated with NDUFA13 (16,56).
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The relationship between STAT3 and NDUFAI13 is complex
and involves direct protein-protein interactions. It has been
reported that STAT3 can directly promote the expression of
key glycolytic enzymes or, alternatively, function with HIFla
to form a regulatory circuit that orchestrates cellular glycolytic
reprogramming (49,57-59). Therefore, it could be hypothesized
that STAT3 and HIF1a also serve important roles in mediating
the promotion of cardiomyocyte proliferation induced by
NDUFA13 downregulation.

In terms of targeted therapy, there are currently no drugs
specifically targeting NDUFA13. Despite the availability of
numerous drugs targeting mitochondrial complex I, such
as rotenone, piericidin A and annonacin (60-62), whether
they affect NDUFA13 remains uncertain. In addition, these
drugs still face certain limitations in clinical application.
Determining the appropriate degree of inhibition for mito-
chondrial complex I remains a critical challenge. Given that
adult cardiomyocytes rely on mitochondrial oxidative phos-
phorylation for energy production, inappropriate suppression
of complex I function may lead to contractile dysfunction and
ultimately trigger heart failure. Furthermore, in addition to the
heart, organs such as skeletal muscle also exhibit high energy
demands, such that systemic inhibition of complex I activity
carries a substantial risk of inducing functional impairments
across multiple tissues (63,64). Consequently, future studies
could focus on designing NDUFA13-specific targeted agents.
To this end, coupling such drugs with specialized delivery
systems such as liposomes or nanoparticles may enable
moderate and cardiomyocyte-specific downregulation of
NDUFA13 expression.

In conclusion, the present findings demonstrated that
moderate NDUFA 13 downregulation promotes cardiomyocyte
proliferation and enhances cardiac repair following injury by
upregulating glycolytic flux. This metabolic reprogramming
was associated with elevated c-Myc expression levels, which in
turn induced the transcription of Ccndl, thereby accelerating
cardiomyocyte proliferation. Therefore, the present study
demonstrated that NDUFA13 may serve an important role in
myocardial repair therapy in future clinical applications.
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