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Objective: Neuraminidase 1 (NEU1) participates in the response to multiple receptor

signals and regulates various cellular metabolic behaviors. Importantly, it is closely

related to the occurrence and progression of cardiovascular diseases. Because ischemic

heart disease is often accompanied by impaired mitochondrial energy metabolism and

oxidative stress. The purpose of this study was to investigate the functions and possible

mechanisms of NEU1 in myocardial remodeling and mitochondrial metabolism induced

by myocardial infarction (MI).

Methods: In this study, the MI-induced mouse mode, hypoxia-treated H9C2

cells model, and hypoxia-treated neonatal rat cardiomyocytes (NRCMs) model were

constructed. Echocardiography and histological analysis were adopted to evaluate the

morphology and function of the heart at the whole heart level. Western blot was

adopted to determine the related expression level of signaling pathway proteins and

mitochondria. Mitochondrial energy metabolism and oxidative stress were detected by

various testing kits.

Results: Neuraminidase 1 was markedly upregulated in MI cardiac tissue.

Cardiomyocyte-specific NEU1 deficiency restored cardiac function, cardiac hypertrophy,

and myocardial interstitial fibrosis. What is more, cardiomyocyte-specific NEU1

deficiency inhibited mitochondrial dysfunction and oxidative stress induced by

MI. Further experiments found that the sirtuin-1/peroxisome proliferator-activated

receptor γ coactivator α (SIRT1/PGC-1α) protein level in MI myocardium was

down-regulated, which was closely related to the above-mentioned mitochondrial

changes. Cardiomyocyte-specific NEU1 deficiency increased the expression of

SIRT1, PGC-1α, and mitochondrial transcription factor A (TFAM); which improved

mitochondrial metabolism and oxidative stress. Inhibition of SIRT1 activity or

PGC-1α activity eliminated the beneficial effects of cardiomyocyte-specific NEU1

deficiency. PGC-1α knockout mice experiments verified that NEU1 inhibition

restored cardiac function induced by MI through SIRT1/PGC-1α signaling pathway.
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Conclusion: Cardiomyocyte-specific NEU1 deficiency can alleviate MI-induced

myocardial remodeling, oxidative stress, and mitochondrial energy metabolism disorder.

In terms of mechanism, the specific deletion of NEU1 may play a role by enhancing the

SIRT1/PGC-1α signaling pathway. Therefore, cardiomyocyte-specific NEU1 may provide

an alternative treatment strategy for heart failure post-MI.

Keywords: neuraminidase 1, myocardial infarction, mitochondrial metabolism, SIRT1, oxidative stress

INTRODUCTION

Heart failure (HF) is the terminal stage of many cardiovascular
diseases (myocardial infarction (MI), arrhythmia), with high
morbidity and mortality worldwide, and is a major challenge
to human health (1). Despite various treatment strategies such
as drug therapy (2), left ventricular assist device (3), artificial
heart (4), and heart transplantation (5), the progression of heart
failure after MI is still fundamentally irreversible. Among the
plethora of mechanisms related to the onset and progression
of MI, mitochondria are the most concerned (6–8). Due to
the heart’s high demand for energy, mitochondria are highly
enriched in myocardial tissue, which is essential for the function
of the heart (9). Mitochondria plays an important role in ATP
production, reactive oxygen formation, cell apoptosis, and signal
transduction in the metabolic process of cardiomyocytes. The
generation of mitochondrial reactive oxygen species (ROS) is an
important early driver of MI damage, but it has been considered
to be a non-specific result of the interaction between respiratory
chain dysfunction and oxygen in MI (10). In fact, mitochondrial
dysfunction is an important predictor of cell death (11). Thus, the
involvement of mitochondrial in MI is complex, and a detailed
understanding of the pathogenic and reparatory mechanisms
triggered by mitochondrial mediators is a prerequisite for the
development of mitochondrial-targeted therapies.

Peroxisome proliferator-activated receptor γ coactivator-1α
(PGC-1α) is a key booster of mitochondrial function and
metabolism. PGC-1α is highly expressed in tissues with high-
energy demands (such as heart, and adipose tissue), and regulates
downstream signal pathways and mitochondrial oxidative stress-
related proteins (such as components of the electron transport
system) (12). PGC-1α is abnormally expressed in cardiac
hypertrophy, heart failure, chronic cardiomyopathy, etc. (13).
The deficiency of PGC-1α promotes mitochondrial dysfunction
in the progression of various diseases (14). Mammalian sirtuin
1 (SIRT1) belongs to the sirtuin protein family. It is an enzyme
responsible for protein deacetylation in cell regulation. It is
closely related to the pathophysiological process of inflammation,
mitochondrial biogenesis, cell aging, and subsequent aging (15).
Under nutrient-restricted conditions, SIRT1 regulates PGC-1α
target genes and is essential in dealing with increased fatty acid
oxidation (16). The deficiency of SIRT1 promotes mitochondrial
dysfunction and causes dilated cardiomyopathy in mice (17).

The properties of new signal mediators related to MI and
mitochondrial function are the key focus for exploring new
drug targets to improve clinical outcomes. Neuraminidases
(NEUs), also known as sialidase, is a family of enzymes that

decompose sialic acid on the cell surface. Four mammalian
NEU species (NEU1, NEU2, NEU3, and NEU4) have been
identified based on differences in subcellular localization and
enzyme properties, of which NEU1 is the most abundant.
NEU1 has a catabolic function and participates in the
structural and functional regulation of cell receptors (18). Recent
research found that neuraminidase 1 (NEU1) colocalizes with
some but not all mitochondria within platelets (19). Studies
have shown that NEU1 upregulation in infiltrating cardiac
monocytes andmacrophages leads to heart failure after ischemia-
reperfusion by promoting inflammation (20). In addition, plasma
neuraminidase activity increased after MI compared with healthy
controls (21). NEU1 is a key driver of myocardial hypertrophy,
and anti-influenza drugs zanamivir and oseltamivir (viral NEU
inhibitors) can significantly alleviate myocardial hypertrophy
(22). However, the role of NEU1 in mitochondrial dysfunction in
MI remains unknown. Based on limited clues, we hypothesized
that NEU1 is involved in mitochondrial function and metabolic
changes in MI.

Therefore, this study aims to determine (i) the specific effects
(if any) of NEU1 on cardiac function, mitochondrial function,
and metabolism post-MI; (ii) what is the mechanism of NEU1 on
the changes in cardiac mitochondrial energy metabolism?

METHODS

Animals Experimental Model
All animal management is based on the “Guidelines for the
Care and Use of Laboratory Animals” published by the National
Institutes of Health (NIH publication number 85–23, revised in
2001), and is supported by the Animal Care and Use Committee
of Renmin Hospital of Wuhan University. C57/BL6 mice (8–10
weeks) were purchased from the Institute of Laboratory Animal
Science (Beijing, China). After 7 days of adaptation, we use
continuous inhalation of 1.5% isoflurane to anesthetize mice,
and MI was established as described previous (23). Simply put
in order to accurately expose the heart, a left thoracic incision
was made in the fifth intercostal space. Permanently ligate the
anterior descending branch of the left coronary artery with
6-0 silk thread. In total 4-0 nylon thread is used to suture
the skin after ligation, except for ligating the LAD coronary
arteries, sham-operated mice used the same procedure. Place
these mice in a 37◦C constant temperature cage until they
recover. According to the manufacturer’s manual, 4 weeks before
LAD ligation, the adeno-associated virus 9 (AAV9)-targeted
to NEU1 and injected directly into the myocardium at three
different locations in the ischemic area. The dose was 1 × 1010
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VP (24).Mice were randomized into four groups: Sham+AAV9-
shRNA, Sham+AAV9-shNEU1, MI+AAV9-shRNA, andMI+
AAV9-shNEU1 groups.

Conditional PGC-1α deletion was generated by crossing PGC-
1αflox/flox mice (Cyagen, China) with mice carrying α-MHC-
MEM-Cre transgene (Jackson Laboratory, USA). For cardiac
specific-knockout of PGC-1α, pharmaceutical-grade tamoxifen
dissolved in corn oil was injected into 6-week old mice for five
consecutive days (50 mg/kg per day, i.p.). The PCR method
was used to identify the genomic DNA of the tail of PGC-1α-
cKO mice. Perform functional data and gene expression level
analysis in pairs of male a-MHC-PGC-1α-KO (cKO) and male
littermates (Cre), PGC-1α knockout male mice (8–10 weeks old)
that weighed between 22 and 27g were used in all experiments
and maintained a 12/12-h light–dark cycle in a temperature and
humidity-controlled room.

Echocardiography
All the mice were anesthetized with 1.5% isoflurane and placed
supine on a heating pad (37◦C). The echocardiography was
performed with MyLab 30CV ultrasound (Biosound Esaote Inc.)
with a 10-MHz linear array ultrasound transducer to evaluate the
cardiac function of mice after MI or sham treatment (25).

Western Blot
Heart tissues and cultured cardiomyocytes were collected and
lysed by RIPA lysis buffer. In a subset of the experiment, the
previously described method was used to separate mitochondria
and cytoplasmic components in heart tissue samples (26). The
same amount of protein was transferred to the PVDF membrane
after electrophoresis. The membrane was blocked, and the
primary antibody was incubated overnight under 4◦C. The
primary antibodies used are listed as follows: NEU1(#ab233119;
1:1000, Abcam); Mitofusin 2 (MFN2) (#9482S; 1:1,000, CST);
dynamin-related protein 1 (DRP1) (# SC-32898, 1:500, SANTA);
SIRT1 (# ab110304, 1:1000, Abcam); PGC-1alpha (# ab191838,
1:1,000, Abcam); transcription factor A, mitochondrial (TFAM)
(#7495, 1:1,000, CST); voltage-dependent anion channels
(VDAC) (#ab191440, 1:1,000, Abcam);. GAPDH (#2722, 1:1,000,
CST). Then incubated with the secondary antibody for 1 h at
room temperature. The protein bands were observed using
ChemiDoc XRS (Bio-Rad Laboratories, Inc.)+ system with ECL
reagents, and the intensity of bands was quantified by using
Image J, and the protein abundance was normalized to the levels
of GAPDH or VDAC.

Real-Time PCR
Extract total RNA from mouse myocardial tissue or H9C2
cells with TRIzol reagent (Roche, 11667165001). Use 2 µg total
RNA and transcript First Stand cDNA Synthesis Kit (Roche,
04897030001) for cDNA synthesis reaction. The LightCycler 480
real-time PCR system (Roche) is used to perform a real-time
quantitative PCR reaction with a volume of 20 µl. The gene
expression level was normalized to the GAPDH gene expression
level, and the relative mRNA level was quantified with the
internal control. The primers used are presented as follows:

Mice-TGFβ1: 5′-ATCCTGTCCAAACTAAGGCTCG-3′(F), 5′-
ACCTCTTTAGCATAGTAGTCCGC-3′(R); Mice-Col1: 5′-CCC
AACCCAGAGATCCCATT-3′(F), 5′-GAAGCACAGGAGCAG
GTGTAGA-3′(R); Mice-Col3: 5′- GATCAGGCCAGTGGAAAT
GT-3′(F), 5′-GTGTGTTTCGTGCAACCATC-3′(R);

Mice-GAPDH: 5′- TCATCAACGGGAAGCCCATC-3′(F),
5′- CTCGTGGTTCACACCCATCA-3′(R).

Histological Analysis
Take out the heart and immediately place it in 10% potassium
chloride solution, squeeze out the blood in the heart cavity,
and place it in 10% formalin. The hearts were dissected into
5µm slices.Wheat germ agglutinin (WGA) for histopathology to
determine the myocyte cross-sectional area (CSA). Picro-Sirius
red (PSR) for determining cardiac fibrosis.

Mitochondrial Isolation and Mitochondrial
Respiratory Chain Complex Activity
According to the manufacturer’s instruction, heart mitochondria
was isolated by Tissue Mitochondria Isolation Kit (C3606,
Beyotime). The specific activity of complex I (27), complex
II (28), complex III (29), and complex IV (30) in myocardial
tissues was determined by the methods previously contributed
by investigators.

Analysis of Mitochondrial ROS
The MnSOD Assay Kit with WST-8 (Beyotime, S0103) was
used to detect the MnSOD activities of fresh heart or NRCMs
according to the manufacturer’s instructions.

Stain NRCMs with mitochondria-specific superoxide
indicator triphenylphosphonium-linked hydroethidium
(MitoSOX) (M36008, Thermo Fisher Scientific) to detect
the production of mitochondrial superoxide. The mitochondrial
subcellular location of MitoSOX was confirmed by co-labeling
with 50 nM MitoTracker Green (C1048, Beyotime). ROS
production in the fresh heart was assessed by dihydroethidium
(DHE) staining (31). A fluorescence microscope (OLYMPUS
DX51) and DP2-BSW software (version 2.2) were used to obtain
the representative images.

ATP Content
According to the manufacturer’s instruction, an ATP content kit
(S0026, Beyotime) was used to detect cellular ATP content. ATP
level was further normalized to protein content.

Quantification of mtDNA
According to the manufacturer’s instructions, use the DNeasy
Blood and Tissue Kit (Qiagen, 69504) to collect heart tissue or
cells to isolate total DNA. Mitochondrial DNA (mtDNA) was
quantified by mitochondrial NADH-ubiquinone oxidoreductase
chain 1 (MT-ND1) and nuclear DNA (nDNA) named GAPDH.
Mouse primers are presented as follows: MT-ND1: 5′-TCT
AATCGCCATAGCCTTCC-3′(F), 5′-GCGTCTGCAAAT
GGTTGTAA-3′(R); GAPDH: 5′-GTCAAGGCAGAGAACGG
GAA-3′(F), 5′-GGTTCACGCCCATCACAAAC-3′(R).
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Cell Culture and Treatments
To examine the levels of mitochondrial biogenesis and function
in vitro, neonatal rat cardiac myocytes (NRCMs) were isolated
and cultured in Dulbecco’s modified Eagle’s/F-12 (11330,
Gibco, Grand Island, NY, USA), supplemented with 15% fetal
bovine serum (10099, Gibco) as previously described (25).
We ordered H9C2 cells from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and cultured them in
DMEM containing 10% fetal bovine serum and 1% penicillin-
streptomycin. There was no mycoplasma contamination in the
cells. This study did not use common misidentified cells.

Adenoviral vectors carrying NEU1 small hairpin RNAs
(shNEU1) or the scrambled shRNA were used to infect NRCMs
or H9C2 cells at an MOI of 100 for 4 h to produce transfected
cells with stable NEU1 knockdown expression. NRCMs or H9C2
cells are hypoxic at 1% oxygen concentration to simulate MI
injury in vivo. To examine the functional role of SIRT1 or
PGC-1α in vitro, NRCMs or H9C2 cells were treated with
SIRT1 inhibitor EX5727 (40µM, HY-15452, MCE) (32) or PGC-
1α inhibitor SR-18292 (10µM; HY-101491, MCE) (33) was
added to the cell medium to determine its inhibitory effects
on mitochondrial.

Statistical Analysis
The data were expressed as mean ± SEM. Survival data were
analyzed by the Kaplan–Meier method followed by a Mantel–
Cox log rank test. Student’s unpaired t-test was used to compare
the two groups. One-way ANOVA followed by Tukey’s post hoc
test was used among multiple groups. P < 0.05 indicates that the
difference is statistically significant.

RESULTS

NEU1 Expression Was Increased in MI
Tissues
First of all, immunoblot showed dramatically elevated NEU1
expression in the mice hearts 3 days after MI, compared with
sham-operated controls. Moreover, the NEU1 protein level in
infarct area ofmouse hearts 3 days afterMI increased greater than
in the non-infarct area (Figure 1A). Similar results were obtained
in regard to the effect of MI on mRNA expression of NEU1
(Figure 1B). ELISA data further confirmed that MI stimulation
increased NEU1 expression in mice hearts (Figure 1C). Our
finding of elevated NEU1 expression after acute MI model is
consistent with previous observations (34). Next, we further
investigated confirmed NEU1 expression in the mice hearts 8
weeks after MI. However, for the acute MI model, significant
increased NEU1 expression was observed in mice in acutely
infarct area, but restore baseline 8 weeks after MI. Western
blot, RT-PCR, and ELISA data showed the expression of NEU1
were increased in the non-infarct area of mouse hearts 8 weeks
after MI (Figures 1D–F). In summary, these data suggested that
NEU1 contributed to cardiac ischemic injury at the early stage,
as well as chronic pathological after MI. Highly expressing NEU1
accumulate in the non-infarct heart during the chronic phase of
MI, suggesting a potential role for NEU1 in regulating cardiac
remodeling in an MI setting.

NEU1 Knockdown Improved Survival Rate
and Cardiac Function in Mice Post-MI
Next, we hypothesized that the knockdown of NEU1 may
exert functional effects on the chronic phase of post-MI. We
used small hairpin RNA (shRNA) delivered by cardiotropic
adeno-associated virus (AAV) 9 vectors to cardiac region-
specific NEU1 knockdown mice. As shown in Figure 2A, AAV9-
shNEU1#2 significantly inhibited NEU1 mRNA level in mice
hearts compared with others. The efficiency of AAV9-shNEU1
is presented in Figure 2B. The specific inhibitory expression of
NEU1 is achieved in the heart, not in other tissues (lung, liver,
etc.) (Supplementary Figure 1A). To determine the functional
role of NEU1 in MI tissue, mice were subjected to permanent
LAD ligation for 4 weeks after AAV9 injection. At 0, 3, 28, and
56 days after MI, the ejection fraction (EF), fractional shortening
(FS), end-systolic volume (ESV), and left ventricular diameter
(LVIDs) of shNEU1 mice were significantly better than those
of shRNA mice. Besides, LV chamber dilation was attenuated
in shNEU1 mic 8 weeks post-MI, as demonstrated by a drastic
decline in end diastolic volume (EDV), ESV, LV internal diameter
at end diastole (LVIDd), and LVIDs (Supplementary Figure 1B,
Figure 2C). Remarkably, knockdown of NEU1 in cardiac
robustly improved post-MI survival (Figure 2D). Collectively,
our data illustrate the beneficial effects of cardiac-specific NEU1
loss on MI.

NEU1 Knockdown Prevented Cardiac
Hypertrophy and Fibrosis Post-MI
After MI, the infarcted myocardium increases the workload
of the non-infarcted myocardium, leading to hypertrophy and
fibrosis (35). WGA stained heart sections showed that NEU1
deficiency reduced the CSA of cardiomyocytes (Figures 3A,C).
and significantly reduced the heart weight/body weight ratio
(HW/BW) (Figure 3B) post-MI. PSR data showed that NEU1
deficiency mice significantly attenuated myocardial fibrosis
caused by MI compared with mice injected with shRNA
(Figures 3A,D). Compared with the MI+shRNA group, the
hypertrophy genes (ANP, BNP, etc.) RNA level was significantly
downregulated in the hearts of MI+shNEU1 group mice
(Figure 3E). In addition, RT-PCR showed that NEU1 knockdown
inhibited MI-induced increases in Col1a1, Col3a1, and Ctgf
(Figure 3F). Collectively, the improvement in heart function in
the MI + shNEU1 group of mice was consistent with alleviated
cardiac remodeling as evidenced by suppression of cardiac
hypertrophy and fibrosis in infarcted hearts.

NEU1 Knockdown Attenuated
Mitochondrial Deficiencies and Enhanced
SIRT1/PGC-1α Pathway Activation Post-MI
Mitochondrial dysfunction and structural changes that occur
during ischemia are critically implicated in pathophysiology
in the infarcted myocardium (36). We measured the
respiratory chain enzyme activities. Under basic conditions, the
mitochondrial respiratory chain complexes enzyme activities in
the Sham group and shNEU1 group did not change significantly,
while the enzyme activities of complexes I, III, and IV in the
MI group were significantly reduced when compared with
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FIGURE 1 | NEU1 expression was increased in mice heart post-MI. (A) Immunoblot analysis of NEU1 protein (n = 6) in the mouse heart 3 days after LAD surgery. (B)

RT-PCR analysis of NEU1 mRNA in the mouse heart 3 days after MI. (C) Cardiac NEU1 expression detected by ELISA (n = 6). (D) Immunoblot analysis of NEU1

protein (n = 6) in the mouse heart 28 days after LAD surgery. (E) RT-PCR analysis of NEU1 mRNA in the mouse heart 28 days after MI. (F) Cardiac NEU1 expression

detected by ELISA (n = 6). *p < 0.05 vs. corresponding group. n.s., non-significant.

the Sham group. Most importantly, the enzyme activity of
complex II did not decrease significantly in the shNEU1-MI
group because it is only encoded by nuclear DNA (Figure 4A).
mtDNA copy number data showed that, the mtDNA:nDNA
ratio in the MI group was reduced when compared with the
Sham group, while the NEU1 knockdown increased the ratio
(Figure 4B). ATP, as the most important energy molecule, plays
an important role in various physiological and pathological
processes of cardiomyocytes. The significant decrease in ATP
levels of ischemic myocardium indicates impaired or decreased
mitochondrial function, and is related to the irreversible
changes in myocardial cells because the cells exhaust their
energy storage and cannot sustain cellular vital activities (35).
ATP content was significantly lower in 8 weeks post-MI mice
hearts, and NEU1 knockdown significantly increased the
ATP content in the context of MI (Figure 4C). Manganese
superoxide dismutase (SOD2 or MnSOD) is a mitochondrial
matrix antioxidant enzyme responsible for removing free
radicals generated locally (37). The activity of MnSOD decreased
in 8 weeks post-MI, while NUE1 inhibition can improve
the decreased MnSOD activity induced by MI (Figure 4D).

Mitochondria are responsible for the production of ATP, which
can produce a small amount of ROS. Therefore, we determined
the mitochondrial ROS production in mice hearts. NEU1
knockdown attenuated oxidative stress in mice hearts with MI
surgery (Figure 4E).

Transcription factor A plays a vital role in the maintenance
of mtDNA and thus, ATP production (38). SIRT1 and PGC-1α
are key regulators involved in processes such as myocardial
mitochondrial biogenesis and energy metabolism. Western
blots showed that SIRT1, PGC-1α, and TFAM expression levels
decreased after MI surgery for 8 weeks. Meanwhile, NEU1
knockdown increased cardiac expression of these proteins in
MI mice (Figures 4F,G). The imbalance between mitochondrial
division and fusion is closely related to the pathology of
myocardial I/R injury (39). MFN2 and DRP1 are essential
mitochondrial protein, which mediates mitochondrial functions.
The expression of MFN2 decreased, and the expression of DRP1
increased in MI tissues, however, NEU1 knockdown reversed the
above-mentioned protein changes (Figures 4F,H). In summary,
these findings indicate that NEU1 inhibition alleviated ischemia-
associated mitochondrial damage and exerted cardioprotective
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FIGURE 2 | NEU1 knockdown improved survival rates and cardiac function post-MI. (A) mRNA levels of NEU1 after AAV9-shRNA or AAV9-shNEU1 injection in mice

heart (n = 6). (B) NEU1 protein expression and quantitative data (n = 6). (C) Echocardiographic measurements of left ventricular internal diameter at end-systole

(LVIDs), left ventricular internal diameter at end-diastole (LVIDd), fractional shortening (FS), ejection fraction (EF), end-diastolic volume (EDV), and end-systolic volume

(ESV) in shRNA and shNEU1 hearts after sham operation or 1, 3, 28 and 56 (n = 12 per group) days post-MI. (D) Kaplan–Meier survival analysis of mice after MI (n =

12). *p < 0.05 vs. corresponding group. n.s., non-significant.

effects by enhancing the SIRT1/PGC-1α signaling
pathway in vivo.

NEU1 Inhibition Attenuated
Hopoxia-Induced Mitochondrial
Deficiencies and Enhanced SIRT1/PGC-1α

Pathway Activation in vitro
We transfected NRCMs with shRNA or shNEU1 and then
cultured NRCMs in a hypoxia or normoxia environment.
There are no significant changes in the enzymatic activity of
complex I, II, III, and IV between normxia+shRNA group
and normxia+shNEU1 group. Hypoxia treatment significantly
decreased the enzymatic activities of complex I, III, and IV,
while NEU1 inhibition blocked these enzyme activity changes.
Consistent with results in vivo, the enzymatic activity of
complex II was not altered in either group (Figure 5A).
mtDNA copy number data showed that compared with
the normxia+shRNA group, the mtDNA:nDNA ratio in the
hypoxic+shRNA group decreased, while NEU1 knockdown
increased the ratio (Figure 5B). ATP content and MnSOD

activity were significantly decreased by administrated with
hypoxia but increased withNEU1 inhibition (Figures 5C,D). The
fluorescence intensity of the mitoSOX among groups proved that
NEU1 knockdown attenuated oxidative stress in NRCMs with
hypoxia treatment (Figure 5E).

Consistent with in vivo experiments, hypoxia treatment
significantly decreased SIRT1, PGC-1α, and TFAMprotein levels,
but increased by adding of shNEU1 in H9C2 cells (Figures 5F,G).
Hypoxia decreased the MFN2 level and increased the DRP1
level, however, NEU1 knockdown increased the MFN2 level and
decreased the DRP1 level in H9C2 cells (Figures 5F,H).

SIRT1 or PGC-1α Inhibition Abolished
ShNEU1-Mediated Mitochondrial
Biogenesis and Function Improvement in
Hypoxia-Administrated NRCMs or H9C2
Cells
Use SIRT1 inhibitor EX-527 to verify whether shNEU1-mediated
mitochondrial metabolism and functional enhancement are
mediated by SIRT1 activation. As shown in Figures 6A,B,
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FIGURE 3 | NEU1 knockdown prevented cardiac hypertrophy and fibrosis post-MI. (A) WGA staining and PSR staining of shNEU1 and shRNA in mice hearts 8

weeks post MI or sham (n = 12). (B) Statistical results of heart weight/body weight (HW/BW, n = 12). (C) Statistical results for the cross-sectional areas of myocytes

(CSA, n =100 cells/sample, n = 6 per group). (D) Quantification of fibrotic areas in mice hearts 8 weeks post-MI. (E,F) RT-PCR analyses of fetal gene (Anp, Bnp,

Myh7) and fibrotic markers (Col1a1, Col3a1, Ctgf ) in each group (n = 6). *p < 0.05 vs. corresponding group. n.s., non-significant.

shNEU1 enhanced the SIRT1, PGC-1α, and TFAM protein
levels in H9C2 cells cultured under a hypoxia environment.
Meanwhile, EX527 eliminated the increase in these protein
expressions induced by shNEU1. We next detected the mtDNA
level, the content of ATP production, complex IV activity, and
mitochondrial oxidative stress in NRCMs. We noted that NEU1
inhibition reversed the hypoxia-induced decrease in mtDNA
level, ATP levels, complex IV activity, and MnSOD activity,
whereas EX527 partly abrogated these effects (Figures 6C–F).

Next, to test whether that PGC-1α is a key regulator
in shNEU1-mediated mitochondrial biogenesis and functional
improvement, we examined the alterations in PGC-1α and
TFAM through exposure to the PGC-1α inhibitor SR-18292.
Similar to EX-527, the PGC-1α inhibitor abolished the
shNEU1-induced increase in protein expressions in H9C2
cells (Figures 7A,B). We next detected the expression of
mtDNA, the content of ATP production, complex IV activity,
and mitochondrial oxidative stress in NRCMs. We noted

that NEU1 inhibition reversed the hypoxia-induced decrease
in mtDNA level, ATP levels, complex IV activity, and
MnSOD activity, whereas SR-18292 partly abrogated these
effects (Figures 7C–F). These results strongly suggest that
shNEU1 relieves MI by activating SIRT1/PGC-1α and enhancing
mitochondrial biogenesis, thereby improving cardiomyocyte
mitochondrial function.

PGC1α Deficiency Offset the
Cardio-Protective Effects of NEU1
Knockdown in vivo
To explore its mechanismmore deeply, we further used PGC-1α-
cKO mice to study the effects of PGC-1α on shNEU1-induced
cardioprotection. Consistent with in vitro experimental data, we
observed that NEU1 inhibition lost the protective effect in PGC-
1α-cKO mice, as evidenced by the indistinguishable survival
rate between the cKO+MI group and cKO+MI+shNEU1 group
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FIGURE 4 | NEU1 knockdown attenuated mitochondrial deficiencies and ROS accumulation post-MI. (A) Enzymatic activity of mitochondrial electron transport chain

enzymes (I, II, III, and IV) in isolated mitochondria from four groups of mice (n = 6). (B) Relative mitochondrial DNA content (mtDNA: nDNA) of heart (n = 6). (C) ATP

content of cardiomyocytes in fresh heart (n = 6). (D) Mitochondrial ROS is assessed by MnSOD activity of fresh heart (n = 6). (E) ROS production in myocardial

detected by DHE in fresh heart tissues. (F–H) Western blot image and quantitative results of the SIRT1/PGC1α pathway, the MFN2, and DRP1 of each group in vivo (n

= 6). *p < 0.05 vs. Sham+shRNA group, #p < 0.05 vs. MI+shRNA group.

(Figure 8A). Besides,WGA staining andHW/BW results showed
that NEU1 knockdown does not countermyocardial hypertrophy
induced by MI in PGC-1α-cKO mice (Figures 8B–D). PSR
staining results showed that NEU1 inhibition cannot alleviate
cardiac fibrosis in consistent with the findings in vitro,
shNEU1 lost its protective effects on inflammatory response in
cKO+MI+shNEU1 group mice (Figures 8B,E). Furthermore,
the heart function (determined by FS, EF, and LVIDd), showed
no significant differences between the cKO+MI group and the
cKO+MI+shNEU1 group (Figures 8F–H). Collectively, these
data indicated that PGC-1α ablation completely eliminated the
cardioprotection of NEU1 knockdown.

DISCUSSION

In this study, we demonstrated a novel role for NEU1 in MI.
We observed that NEU1 is significantly elevated in mice hearts
post-MI. Cardiac region-specific NEU1 inhibition prevented
the development of cardiac dysfunction and remodeling
in chronic MI hearts, via improving mitochondrial energy
metabolism and decreasing mitochondrial oxidative stress in
myocardial tissue post-MI. Mechanistically, through in vivo

and in vitro experiments, NEU1 knockdown ameliorated
cardiomyocytes injury by regulating the SIRT1/PGC-1α signaling
pathway, thereby enhancing the biogenesis and function
of mitochondria. Together, these data reveal a previously
unappreciated mechanism that governs mitochondrial energy
metabolism switch and chronic MI-induced cardiac remodeling.

In our study, we found that NEU1 is dramatically elevated
in the infarct area of acute ischemic cardiac injury, which is
consistent with previous findings (34). However, the increased
NEU1 in the infarct area was declined to the baseline during
the chronic phase of MI. In the infarcted area, scar tissue was
formed during chronic MI, with few viable cardiomyocytes,
leading to NEU1 decreasing. While, for the chronic MI model,
NEU1 expression was significantly increased in non-infarct areas
of mice, suggesting a potential role of NEU1 in regulating MI-
induced cardiac remodeling.

As a member of the neuraminidases family, NEU1 is
known to participate in multiple cellular processes (26, 40–
42) and inherited disease (43). Collectively, NEU1 is closely
related to inflammation and promotes the occurrence and
development of atherosclerosis and HF (44). In the human
hypertrophic cardiomyopathy or rodent myocardial hypertrophy
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FIGURE 5 | NEU1 knockdown attenuated mitochondrial deficiencies and ROS accumulation post-hypoxia in vitro. (A) Enzymatic activity of mitochondrial electron

transport chain enzymes (I, II, III, and IV) in isolated mitochondria from four groups of NRCMs (n = 6). (B) Relative mitochondrial DNA content (mtDNA: nDNA) of

NRCMs (n = 6). (C) ATP content of NRCMs in each group (n = 6). (D) Mitochondrial ROS is assessed by MnSOD activity of NRCMs (n = 6). (E) Superoxide

production in mitochondria detected by MitoSOX staining in NRCMs. (F–H) Western blot image and quantitative results of the SIRT1/PGC1α pathway, the MFN2 and

DRP1 of each group in H9C2 cells (n = 6). *p < 0.05 vs. normoxia + shRNA group, #p < 0.05 vs. hypoxia + shRNA group.

model, NEU1 was significantly increased, and targeted inhibition
of NEU1 expression effectively prevented the development
of cardiac hypertrophy and remodeling (22). There was a
similar article recently published mentioned that after the
myocardium is exposed to I/R, the NEU1 protein level and
activity in myocardial cells and infiltrating monocytes increase,
and cause inflammation, hypertrophy, and HF. However,
systemic inhibition of NEU1 can alleviates myocardial injury
and dysfunction after I/R injury (20). Similar to this study, the
expression of NEU1 is elevated in myocardial tissue of MI, and
NEU1 knockdown can significantly improve cardiac dysfunction

and myocardial remodeling. Importantly, the difference and
novelty of our work are that, NEU1 knockdown is a protective
effect produced by improving cardiac mitochondrial dysfunction
and mitochondrial oxidative stress. While the previous research
direction is that NEU1 promotes the increased level and duration
of monocyte inflammation after reperfusion of an infarcted heart.
In our hands, NEU1 level was increased in the ischemic heart
while NEU1 inhibition preserved cardiac function and improved
myocardial morphology post-MI.

More and more evidence showed that SIRT1 can induce
nuclear localization and deacetylation to increase the
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FIGURE 6 | SIRT1 inhibition abolished shNEU1-induced mitochondrial biogenesis and function improvement in hypoxia-administrated NRCMs or H9C2 cells. (A,B)

Western blot image and quantitative results of SIRT1, PGC1α and TFAM of each group in H9C2 cells (n = 6). (C) Relative mitochondrial DNA content (mtDNA: nDNA)

of NRCMs (n = 6). (D) ATP content of NRCMs (n = 6). (E) Enzymatic activity of mitochondrial complex IV in isolated mitochondria from four groups of NRCMs (n = 6).

(F) Mitochondrial ROS is assessed by MnSOD activity of NRCMs (n = 6). *p < 0.05 vs. corresponding group, n.s., non-significant.

FIGURE 7 | PGC1α inhibition abolished shNEU1-induced mitochondrial biogenesis and function improvement in hypoxia-administrated NRCMs or H9C2 cells. (A,B)

Western blot image and quantitative results of PGC1α and TFAM of each group in H9C2 cells (n = 6). (C) Relative mitochondrial DNA content (mtDNA: nDNA) of

NRCMs (n = 6). (D) ATP content of NRCMs (n = 6). (E) Enzymatic activity of mitochondrial complex IV in isolated mitochondria from four groups of NRCMs (n = 6).

(F) Mitochondrial ROS is assessed by MnSOD activity of NRCMs (n = 6). *p < 0.05 vs. corresponding group, n.s., non-significant.

transcriptional activity of PGC-1α, and has an important role
in promoting the function and structure of mitochondria
(45, 46), which is associated with improved metabolic
regulation and antioxidant stress (47). PGC-1α is a key
regulator of mitochondrial structure and function, which
controls the expression of mitochondrial and nuclear-encoding
mitochondrial genes, and regulates the transcription of TFAM

(48). In fact, overexpression of SIRT1 and subsequent activation
of PGC-1α protects against metabolic decline and cardiovascular
disease (49, 50). In our work, we found that under MI or hypoxia
conditions, the SIRT1, PGC-1α, and TFAM levels downregulated
significantly. While NEU1 knockdown prevented the decline of
SIRT1/PGC-1α signaling proteins in MI, or in hypoxia-treated
H9C2 cells. Since the inhibition of SIRT1/PGC-1α axis protein

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 April 2022 | Volume 9 | Article 821317

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Guo et al. NEU1 in Mitochondrial Energy Metabolism

FIGURE 8 | PGC1α deficiency offset the protective effects of shNEU1 in vivo. (A) Kaplan–Meier survival analysis of each group in 2 weeks after MI (n = 20). (B) WGA

staining and PSR staining of each group mice heart (n = 12). (C) Statistical results for the cross-sectional areas of myocytes (CSA, n =100 cells/sample, n = 12 per

group). (D) Statistical results of HW/BW (n = 20). (E) Quantification of fibrotic areas in 8 weeks post-MI (n = 12). (F) FS of mice in 8 weeks post MI (n = 20). (G) EF of

mice in 8 weeks after MI (n = 20). (H) LVIDd diameter (n = 20). *P < 0.05 vs. corresponding group; n.s., non-significant.

by NEU1 was eliminated by independent inhibition of SIRT1
activity (EX527) or PGC-1α expression (SR-18292). Our data
show that there is a strong correlation between NEU1 and
the mitochondrial biogenesis mediated by the SIRT1/PGC-
1α pathway, and it has an important potential impact on
myocardial remodeling during MI. Since the effects of NEU1
inhibition on SIRT1/PGC-1α axis protein are eliminated by
independently inhibiting SIRT1 activity (EX527) or PGC-1α
expression (with SR-18292), our data indicated that there is a
strong association between SIRT1/PGC-1α pathway-mediated
NEU1 and mitochondrial biogenesis, with important potential
implications for HF post-MI.

A large number of reports have revealed the adverse effects
of mitochondrial damage in the onset and progression of
acute MI (51), which is well-related to our results. Previous
studies have shown a close link between mtDNA damage
and reduced mitochondrial electron transport complex enzyme
activity (52). Because the maintenance of mtDNA is essential for
mitochondrial protein expression, the reduction of mtDNA copy
number can lead tomitochondrial dysfunction and loss. Evidence
shows that mtDNA defects, mitochondrial structural changes
and dysfunction promote the occurrence and progression of HF

(53). PGC-1α acts on the upstream of TFAM and can increase
mtDNA levels in cells and mice (54). Our study showed that the
relative amounts of TFAM and mtDNA decreased significantly
in the mouse heart failure model after MI, and clearly proved
that NEU1 inhibition can limit the decline of mtDNA levels
and keep it at a normal level in the heart tissue of MI mice.
Consistent with the changes in mtDNA and transcription levels,
the activity of complexes I, III, and IV is significantly reduced
in the heart after MI because part of it is encoded by the
mtDNA gene; while the complex II activity is not affected because
it is entirely composed of nuclear DNA coding. Knockdown
of NEU1 can significantly improve the adverse changes in
the mitochondrial complexes I, III, and IV activity caused by
MI or hypoxia. Transgene expression of PGC-1α or the use
of peroxisome proliferator-activated receptor agonist benzoate
to treat mitochondrial myopathy can promote mitochondrial
biogenesis, improve respiration, and prolong lifespan (55). We
found that inhibition of NEU1 maintained the ATP levels
of cardiomyocytes in MI, and these beneficial outcomes were
eliminated independently by EX527 or SR-18292.

The stability of the dynamic balance between mitochondrial
fusion and division is very important to maintain the
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biological function of mitochondria (56). MFN2 and DRP1
are important proteins regulating mitochondrial fusion and
division (56, 57), and MFN2 can participate in cell proliferation
and apoptosis and maintains mitochondrial DNA stability by
regulating mitochondrial fusion and division and changing the
morphology and function of mitochondria (58). Overexpression
of DRP1 protein can promote mitochondrial division and
damage themitochondrial network structure. Inhibition of DRP1
promotes mitochondrial fusion, increases network structure,
and repairs damaged mitochondria (59). In this study, the
MFN2 protein level was decreased and the DRP1 protein level
was increased in the pathological state, suggesting that MI-
induced decreased release of the mitochondrial fusion protein
and increased production of mitotic protein. While NEU1
knockdown blocks undesirable changes in mitochondrial fusion
and division proteins, suggesting that NEU1 inhibition may
prevent mitochondrial damage by promoting MFN2 expression
and inhibiting DRP1 expression, inhibiting the occurrence of
mitochondrial division.

This study has some limitations. First, NEU1 was elevated in
MI mice hearts, while, we did not explore why and how NEU1
increased. Second, in our work, we mainly used AAV9-NEU1
to verify its effect, and did not use genetically engineered mice
related to NEU1. Third, the study only investigated the inhibitory
effect of NEU1 but did not study the role of overexpression
of NEU1.

In summary, the evidence we provide shows that the
expression of NEU1 in the myocardial tissue of MI mice
is significantly upregulated, and the biogenesis and function
of mitochondria are impaired. At the same time, the signal
molecules in the SIRT1/PGC-1α pathway are downregulated.
Through in vivo and in vitro experimental analysis, we proved
that NEU1 inhibition promotes the biogenesis and function
of mitochondria by enhancing the SIRT1/PGC-1α signaling
pathway, thereby improving poor myocardial remodeling after
MI. NEU1 inhibition opens up a whole new field of treatment
after myocardial infarction. Existing NEU1 inhibitors (antiviral

drugs such as zanamivir and oseltamivir) have good safety
and pharmacokinetic properties and may be used to ameliorate
mitochondrial metabolism and oxidative stress in myocardial
infarction or heart failure.
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