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Abstract 

Background:  Sustained cardiac hypertrophy often develops maladaptive myocardial remodeling, and eventually 
progresses to heart failure and sudden death. Therefore, maladaptive hypertrophy is considered as a critical thera‑
peutic target for many heart diseases. Mitophagy, a crucial mechanism in mitochondria quality control and cellular 
homeostasis, has been implicated in diverse cardiac disorders such as myocardial infarction, diabetic cardiomyopathy, 
cardiac hypertrophy and heart failure. However, what role mitophagy plays in heart diseases remains an enigma. 
PARKIN functions as an E3 ubiquitin protein ligase and mediates mitophagy cascades. It is still unclear whether PARKIN 
participates in the regulation of cardiac hypertrophy.

Results:  PARKIN was downregulated in cardiomyocytes and hearts under hypertrophic stress. Enforced expression 
of PARKIN inhibited Ang II-induced cardiomyocyte hypertrophy. Compared to wide-type mice with Ang II-induced 
cardiac hypertrophy, Parkin transgenic mice subjected to Ang II administration showed attenuated cardiac hypertro‑
phy and improved cardiac function. In addition, mitophagy machinery was impaired in response to Ang II, which was 
rescued by overexpression of PARKIN. PARKIN exerted the anti-hypertrophy effect through restoring mitophagy. In fur‑
ther exploring the underlying mechanisms, we found that PARKIN was transcriptionally activated by FOXO3a. FOXO3a 
promoted mitophagy and suppressed cardiac hypertrophy by targeting Parkin.

Conclusions:  The present study reveals a novel cardiac hypertrophy regulating model composed of FOXO3a, PARKIN 
and mitophagy program. Modulation of their levels may provide a new approach for preventing cardiac hypertrophy 
and heart failure.
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Graphical Abstract

Background
Cardiac hypertrophy is a compensatory response to car-
diac stress such as development, repetitive endurance 
exercise, pressure overload, volume overload, hypoxia, 
storage diseases, and inherited diseases. However, 
sustained cardiac hypertrophy usually progresses to 
maladaptive cardiac remodeling involving fibrosis, cardi-
omyocyte death, increased collagen synthesis, decreased 
pumping ability, arrhythmias, and aberrant gene expres-
sion, eventually leading to heart failure and even sudden 
cardiac death [1]. Therefore, pathological cardiac hyper-
trophy is considered as a critical therapeutic target for 
many heart diseases. Hitherto, hypertrophic signaling 
pathways, involving calcineurin/nuclear factor of acti-
vated T cell (NFAT) [2], AMP-activated protein kinase 
(AKT)/mammalian target of rapamycin (mTOR) [3], 
Ca2+/calmodulin-dependent protein kinase (CaMK)II4, 

cyclic guanosine monophosphate (cGMP)-protein kinase 
G (PKG) [5], mitogen-activated protein kinase (MAPK) 
[6], and non-coding RNAs [7], have been identified. Nev-
ertheless, the fundamental mechanisms underlying path-
ological cardiac hypertrophy, especially the involvement 
of mitophagy program, are still poorly understood.

Mitophagy, a selective autophagic response, specifi-
cally the traffics of superfluous, aging or damaged mito-
chondria to lysosomes for degradation, serves as a crucial 
mechanism in mitochondrial quality control and cel-
lular homeostasis. Depending on mitophagy, paternal 
mitochondria are eliminated from the fertilized eggs 
[8] and mitochondria are cleaned progressively dur-
ing erythrocytes maturation [9]. Since mitochondria 
are the major energy production organelle in cardio-
myocytes, mitophagy is particularly necessary to heart 
development and maintenance of cardiac homeostasis. 
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Mitophagy defects contribute greatly to cardiac dysplasia 
and cardiac aging [10, 11]. Recent advance has revealed 
that mitophagy is implicated in the pathogenesis of heart 
diseases. It has been demonstrated that mitophagy is 
repressed in myocardial infarction and heart failure, and 
mitophagy reversion using genetical or pharmacologi-
cal methods attenuates myocardial injury and remod-
eling, and improves cardiac function [12–14]. Diabetic 
cardiomyopathy is exacerbated by impaired mitophagy 
and prevented by activated mitophagy [15]. Conversely, 
other studies revealed that advanced heart failure and 
pathologic hypertrophy are accompanied by dramati-
cally increased mitophagy. Inhibition of mitophagy res-
cues cardiac remodeling and heart failure [16, 17]. Given 
all above, what a role mitophagy plays in heart diseases, 
either positive or negative, and how it plays, are still 
enigmas.

PARKIN, also known as PARK2, is an E3 ubiquitin 
ligase and participates in multiple cellular processes 
and mitochondrial homeostasis through modulating 
post-translational modification of proteins in a ubiqui-
tin–proteasome dependent pathway. By ubiquitinating 
receptor-interacting serine/threonine-protein kinase 3 
(RIPK3) and Cyclophilin-D (CYPD), PARKIN prevents 
both receptor-dependent and mitochondrial ways of 
necroptosis [18, 19]. Defects on mono-ubiquitination of 
VDAC1 by PARKIN promotes apoptosis by augment-
ing the mitochondrial calcium uptake [20]. Loss of Par-
kin impairs mitochondrial biogenesis and mitochondrial 
respiration, leading to cell death [21]. Another widely 
appreciated role of PARKIN is mediating mitophagy. 
Upon phosphorylation by mitochondrial outer mem-
brane (MOM)-localized PTEN-induced putative kinase 
protein-1 (PINK1), PARKIN is recruited to MOM and 
extensively catalyzes poly-ubiquitination of a dozen 
OMM substrates among which modified mitofusion 
(MFN) 1/2, MIRO and VDAC1 have been demonstrated 
to recruit autophagy adaptor such as p62/sequestosome 
1 (SQSTM1), NDP52, and optineurin (OPTN), and ulti-
mately target mitochondria removal [22–26]. Affluent 
effectors downstream of PARKIN-mediated mitophagy 
have been identified. However, the upstream triggering 
mechanism remains to be elucidated fully.

Albeit Parkin was first identified in Parkinson’s dis-
ease (PD), emerging evidence indicates that Parkin 
is deeply implicated in cardiovascular system. Dur-
ing heart development, PARKIN evokes the switch 
of mitochondria from nascent to mature through 
mediating fetal mitochondria degradation. Cardio-
myocyte-specific deletion of Parkin at birth results in 
perinatal cardiomyopathy and premature death [27]. 
PARKIN is required for melatonin-mediated inhibition 
of mitochondrial dysfunction and cardiac remodeling 

in diabetic cardiomyopathy [28]. Our previous work has 
demonstrated that PARKIN alleviates cardiac ischemia/
reperfusion injury and improved cardiac function [19]. 
The Parkin-deficient mice exhibited aggravated cardiac 
injury and increased mortality in response to myo-
cardial infarction [29]. PARKIN participates in car-
diac physiological and pathological processes, but the 
underlying mechanism, especially referring to hyper-
trophic program, is largely unknown. Thus, we were 
interested in exploring the role of PARKIN in cardiac 
hypertrophy.

Forkhead box O3a (FOXO3a), a member of forkhead 
family of transcription factors, extensively regulates gene 
transcription depending on its 100-amino acid DNA 
binding domain. In a state of non-phosphorylation and 
deacetylation, FOXO3a regulates diverse cellular func-
tions, including proliferation, differentiation, metabo-
lism, cell death, and stress response [30–33]. FOXO3a 
is highly expressed in hearts and functions as a negative 
regulator in cardiac disorders. FOXO3a inhibits cardiac 
apoptotic and necrotic cell death, and maintains calcium 
homeostasis in response to myocardial infarction. Foxo3a 
transgenic mice exhibit reduced cell death and infarct 
size, and improved cardiac function [30, 31, 34]. Phos-
phorylated FOXO3a accumulates upon hypertrophic 
stimuli such as insulin, angiotensin II (Ang II), phenyle-
phrine, and pressure overload, and enforced expression of 
FOXO3a inhibits cardiac hypertrophy [35, 36]. FOXO3a 
suppresses mitochondrial fission and apoptosis, and pro-
tects against doxorubicin-induced cardiotoxicity [32]. 
Recent advances have shown that FOXO3a is implicated 
in mitophagy signaling pathways. FOXO3a can upregu-
late the expression level of Bcl-2 E1B 19-KDa interacting 
protein 3 (BNIP3), an autophagy receptor partially medi-
ating non-canonical mitophagy [17]. Loss of Sirt3 impairs 
autophagy and mitophagy accompanied by decreased 
deacetylation of FOXO3a and levels of PARKIN [37]. 
FOXO3a is seemingly co-localized with mitochondrial 
PINK1/PARKIN proteins activated by antioxidants [38]. 
However, the role of FOXO3a in mitophagy and whether 
FOXO3a targets mitophagy program in the pathogenesis 
of cardiac disorders is still poorly understood.

The present study aimed at exploring the role of PAR-
KIN in cardiac hypertrophy. Mitophagy is impaired upon 
hypertrophic stimulation. PARKIN was found to regu-
late cardiac hypertrophy by modulating mitophagy pro-
cess. Parkin transgenic mice exhibits rescued mitophagy, 
decreased hypertrophic responses, and improved car-
diac function. In searching for the upstream regulators 
of PARKIN, we identified that FOXO3a transcriptionally 
activated PARKIN expression. FOXO3a participated in 
regulating mitophagy and cardiac hypertrophy through 
targeting PARKIN. Taken together, our results revealed 
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a novel hypertrophic regulating model composed of 
FOXO3a, PARKIN and mitophagy program.

Results
PARKIN suppresses cardiac hypertrophy in the heart
There is evidence that PARKIN is highly expressed in 
the heart and participates in heart development and 
pathogenesis of cardiac disorders, but the underlying 
mechanism, especially referring to cardiac hypertro-
phy, is largely unknown. Ang II has been well dem-
onstrated to induce cardiac hypertrophy [19, 27–29]. 
In Ang II-induced hypertrophic hearts, PARKIN 
was downregulated significantly (Fig.  1A). To further 
investigate the role of PARKIN in cardiac hypertro-
phy, we constructed cardiac-specific Parkin transgenic 
mice using a myosin heavy-chain (MHC) promoter. 
The level of PARKIN in hearts of Parkin-transgenic 
mice was much higher than that in wide-type mice 
(Fig. 1B). Increased heart weight to body weight ratio 
and increased mRNA level of atrial natriuretic pep-
tide (ANP) were observed in wide-type mice adminis-
trated with Ang II, while these hypertrophy responses 
were significantly reduced in Parkin transgenic mice 
(Fig.  1C, D). In addition, Parkin transgenic mice 
showed a suppressed interstitial fibrosis, as assessed 
by hematoxylin–eosin staining and Masson trichrome 
staining (Fig.  1C, E). Next, cardiac function in ani-
mal models were measured. Compared with that in 
wide-type mice, attenuated cardiac remodeling and 
improved heart function were exhibited in Parkin 
transgenic mice (Fig. 1F, G).

PARKIN inhibits Ang II‑induced cardiomyocyte 
hypertrophy
We further studied the role of PARKIN in cardiac 
hypertrophy at the cellular level. The expression level 
of PARKIN was detected in neonatal rat cardiomyo-
cytes treated with Ang II. PARKIN was downregulated 
in response to Ang II in a time-dependent manner 
(Fig.  2A). To investigate whether PARKIN regulated 
cardiac hypertrophy, adenovirus expressing domi-
nant PARKIN or PARKIN siRNAs was used to modu-
late PARKIN levels (Fig.  2B, C). Enforced expression 
of PARKIN significantly attenuated Ang II-induced 
hypertrophy, including reduced sarcomere organi-
zation (Fig.  2D), decreased cell surface (Fig.  2E), and 
decreased levels of hypertrophic marker atrial natriu-
retic peptide (ANP) and brain natriuretic peptide 
(BNP) (Fig.  2F). Moreover, Parkin-deficient cardio-
myocytes exhibited hypertrophic responses in the 
absence of Ang II, as evidenced by increased sar-
comere organization (Fig.  2G), increased cell surface 

(Fig. 2H), and increased ANP and BNP levels (Fig. 2I). 
Taken together, PARKIN inhibits Ang II-induced 
hypertrophy in cardiomyocytes.

Mitophagy is damaged under hypertrophic stress
Mitophagy is an evolutionarily conserved lysosome-
dependent mitochondrial degradation mechanism and 
contributes greatly to mitochondrial quality control. 
Mitophagy defects, deficiency or excess lead to cellu-
lar dysfunction and eventually heart diseases [8, 10, 13]. 
However, the role of mitophagy in the pathogenesis of 
cardiac dysfunction remains elusive. To explore whether 
mitophagy is implicated in cardiac hypertrophy, we eval-
uated mitophagy levels in Ang II-treated cardiomyocytes. 
Light chain 3 (LC3) protein sequentially undergoes a 
series of modification including removing carboxyl ter-
minal region (form LC3-I), and conjugating to phosphati-
dylethanolamine (form LC3-II), and finally binding to the 
membrane of autophagosomes during autophagy process. 
LC3 is therefore widely used as a reliable autophagosome 
marker and the lipidated LC3-II monitors the occur-
rence of autophagosome formation [39]. We observed 
that the ratio of LC3-II/LC3-I was decreased upon Ang II 
treatment in a time-dependent manner (Fig. 3A, B). The 
accumulation of LC3II puncta provides an effective way 
to detect autophagosomes. Reduced GFP-LC3II puncta 
co-localized with mitochondria were observed in cardio-
myocytes exposed to Ang II (Additional file 1: Figure S1), 
which indicated that Ang II impaired mitophagy. To con-
solidate the altered mitophagy levels, transmission elec-
tron microscopy (TEM) was performed to observe the 
ultrastructure of mitochondria. Remarkably, mitophagic 
vacuoles accumulation enveloping damaged mitochon-
dria was decreased both in cardiomyocytes and hearts in 
response to Ang II stimulation (Fig. 3C, D and Additional 
file  2: Fig. S2). Taken together, mitophagy is damaged 
under Ang II-induced hypertrophic stress.

Next, we dissected whether there was any defect in 
mitophagic flux in cardiomyocytes exposed to Ang II. 
LC3 adenovirus tandem-labeled green fluorescent pro-
tein (GFP)-monomeric red fluorescent protein (mRFP) 
(GFP-mRFP-LC3) was introduced. The green fluores-
cence was weakened when autophagosome fused to 
lysosome, as GFP was normally deprotonated in acidic 
lysosomes. Thus, yellow puncta indicated autophago-
some and free red puncta indicated autolysosomes. 
Ang II attenuated the transformation of autophago-
some to autolysosome, as indicated by decreased ratio of 
free red puncta/total puncta (Fig.  3E, F). In conclusion, 
mitophagy process was impaired and mitophagic flux 
was interdicted under hypertrophic stress.
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Fig. 1  PARKIN negatively regulated cardiac hypertrophy in mice. A, Immunoblotting results showing the protein levels of PARKIN in mice hearts 
infused with angiotensin (Ang II) or not. n = 3 experiments per group. B, Immunoblotting results showing the protein levels of PARKIN in hearts 
of Parkin transgenic mice or wide-type (WT) mice. n = 3 experiments per group. C − E, Parkin transgenic mice exhibited reduced hypertrophic 
responses and cardiac fibrosis. Parkin transgenic mice and WT mice were infused with Ang II. C Top row: gross hearts (bar = 1.5 mm); bottom 
row: heart sections stained with hematoxylin and eosin (bar = 20 µm); right: the ratio of heart weight to body weight. * p < 0.05. ** p < 0.01. n = 5 
experiments per group. D The mRNA levels of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) detected by qRT-PCR. The results 
were normalized to GAPDH. *** p < 0.001. ****p < 0.0001. n = 6 experiments per group. (E) Heart sections stained with Masson trichrome (left) and 
the fibrotic area analysis (right) (bar = 50 µm); ** p < 0.01. *** p < 0.001. n = 5 experiments per group. F and G, Parkin transgenic mice exhibited 
reduced cardiac remodeling and improved cardiac function in response to Ang II. F TRITC-conjugated wheat germ agglutinin staining was used to 
assessed cross-sectional area of hearts from WT mice and Parkin transgenic mice with Ang II infusions (left). The cross-sectional area was calculated 
(right). Bar = 100 µm; ** p < 0.01. *** p < 0.001. n = 6 experiments per group. G End-systolic interventricular septum thickness (IVSs) was measured. * 
p < 0.05. ** p < 0.01. n = 6 experiments per group
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Fig. 2  PARKIN inhibited Ang II-induced cardiomyocyte hypertrophy. A, Immunoblotting results exhibiting the protein levels of PARKIN in 
cardiomyocytes treated with Ang II at the indicated time. B, Protein levels of PARKIN in cardiomyocytes infected with Parkin adenovirus or β-gal 
adenovirus. C, Protein levels of PARKIN in cardiomyocytes infected with PARKIN siRNA or PARKIN scramble. D − F, Overexpression of PARKIN 
suppressed Ang II-induced cardiomyocyte hypertrophy. Cardiomyocytes infected with Parkin adenovirus or β-gal adenovirus were exposed to Ang 
II. (D) Sarcomere organization stained with phalloidin-TRITC conjugate; bar = 20 µm. Blue represent nucleus. Red represent F-actin. (E) Cell surface 
was calculated. ** p < 0.01. *** p < 0.001. n = 3 experiments per group. (F) The mRNA levels of ANP and BNP were analyzed by qRT-PCR. The results 
were normalized to GAPDH. * p < 0.05. **p < 0.01. *** p < 0.001. n = 3 experiments per group. G − I, Knockdown of PARKIN induced hypertrophic 
responses. Cardiomyocytes were infected with PARKIN siRNA or PARKIN scramble. G Sarcomere organization stained with Phalloidin-TRITC 
conjugate; bar = 20 µm. Blue represent nucleus. Red represent F-actin. H Cell surface was calculated. * p < 0.05. n = 3 experiments per group. I The 
mRNA levels of ANP and BNP were analyzed by qRT-PCR. The results were normalized to GAPDH. * p < 0.05. n = 3 experiments per group
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Fig. 3  Mitophagy was impaired in Ang II-treated cardiomyocytes and hearts, which was rescued by overexpression of PARKIN. A, Immunoblotting 
results showing the protein levels of light chain 3 (LC3) I and LC3 II in cardiomyocytes exposed to Ang II at the indicated time. n = 3 experiments per 
group. The ratio of LC3II/LC3I was calculated. B, Enforced expression of PARKIN rescued Ang II-induced decreased LC3II/LC3I ratio. Cardiomyocytes 
infected with Parkin adenovirus or β-gal adenovirus were exposed to Ang II. Immunoblot was performed to detect protein levels of LC3I and 
LC3II (left). n = 3 experiments per group. The ratio of LC3II/LC3I was calculated (right). ** p < 0.01. C and D, PARKIN restored autophagic vacuoles in 
hypertrophic model. Autophagic vacuoles were visualized in cardiomyocytes infected with Parkin adenovirus or β-gal (C, left; bar = 500 nm), and 
hearts of Parkin transgenic mice or WT mice (D; bar = 1 µm). Quantitation of autophagic vacuoles were shown in (C, right). * p < 0.05. ** p < 0.01. 
n = 3 experiments per group. E and F, Overexpression of PARKIN attenuated Ang II-induced mitophagy flux defects. LC3 adenovirus tandem-labeled 
green fluorescent protein (GFP)-monomeric red fluorescent protein (mRFP) (GFP-mRFP-LC3) was used to indicate mitophagy flux. GFP-mRFP-LC3 
was expressed and detected in 24 h after transfection in cardiomyocytes with overexpression or PARKIN or not. GFP-LC3 (green puncta), mRFP (red 
puncta, representative of autolysosomes) and overlay (yellow puncta, representative of autophagosomes) (E; bar = 25 µm). Quantification results 
were shown in (F). * p < 0.05. ** p < 0.01. n = 3 experiments per group
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PARKIN blocks hypertrophic signal by restoring mitophagy
PARKIN is documented to convey mitophagic signals 
through catalyzing ubiquitination of outer mitochondrial 
membrane (OMM) substrates [26]. Therefore, we inves-
tigated whether PARKIN regulates mitophagy under 
hypertrophic stress. Results showed that Ang II-down-
regulated LC3-II/LC3-I ratio was reversed by enforced 
expression of PARKIN (Fig.  3B). More GFP-LC3II 
puncta co-localized with mitochondria were observed 
upon overexpression of PARKIN than that of nega-
tive control group (Additional file  1: Fig. S1). Increased 
mitophagic vacuoles enveloping damaged mitochondria 
were observed by TEM in cardiomyocytes overexpress-
ing PARKIN and hearts of Parkin transgenic mice under 
hypertrophic stress (Fig.  3C, D and Additional file  2: 
Figure S2A). In addition, increased PARKIN attenu-
ated the inhibition of mitophagic flux by Ang II, as evi-
denced by increased ratio of free red puncta/total puncta 
(Fig. 3E, F). These results indicated that PARKIN attenu-
ated Ang II-induced mitophagy defects. Next, we dis-
sected whether PARKIN exerted its anti-hypertrophy 
effect through activating mitophagy. The 3-methylad-
enine (3-MA), a class III phosphatidylinositol 3-kinase 
(PI3K) inhibitor, was used to inhibit autophagy pro-
cess. Enforced expression of PARKIN attenuated Ang 
II-induced hypertrophic responses with significantly 
increased cell surface area and increased levels of ANP 
and BNP, which was abolished by 3-MA (Fig.  4A, B). 
Taken together, PARKIN negatively regulated cardiac 
hypertrophy through restoring mitophagy.

PARKIN is transcriptionally activated by FOXO3a
To investigate the regulatory mechanisms involved in 
PARKIN-mediated mitophagy and PARKIN-regulated 
hypertrophy, we analyzed the promoter region of Par-
kin. One putative consensus binding site for FOXO3a 
was identified, located at 1389  bp − 1396  bp upstream 
from the transcription starting site (Fig. 5A). Thus, ade-
novirus expressing FOXO3a or FOXO3a siRNA were 
used to modulate FOXO3a levels (Fig. 5B, C). Enforced 
expression of FOXO3a upregulated PARKIN levels, 
while knockdown of FOXO3a downregulated PARKIN 
levels (Fig.  5D, E). To clarify the interaction between 
FOXO3a and Parkin, dual-luciferase assay was per-
formed. Parkin promoter sequence containing FOXO3a 
potential binding sites or mutated binding sites was 
cloned into pGL4.17 luciferase reporter gene vectors 
(Fig.  5F). HEK293 cells transfected with pGL4.17 vec-
tor expressing Parkin wide-type promoter showed sub-
stantially enhanced chemiluminescence signal than that 
transfected with pGL4.17 vector. However, the signal 
reduced upon mutation of FOXO3a potential bind-
ing sites (Fig. 5F) or knockdown of FOXO3a (Fig. 5G). 
These results indicated that FOXO3a activated Par-
kin transcription by directly binding to the consensus 
sequence located at the promoter region of Parkin. 
Next, we analyzed the interaction between FOXO3a 
and Parkin in cardiomyocytes under hypertrophic 
stress. In cardiomyocytes transfected with pGL4.17 
vector expressing Parkin wide-type promoter, a time-
dependent decrease of chemiluminescence signal was 
detected upon Ang II treatment (Fig. 5H). The chroma-
tin immunoprecipitation (ChIP)-PCR analysis showed 

Fig. 4  PARKIN regulated cardiac hypertrophy through targeting mitophagy. After being infected with Parkin adenovirus, cardiomyocytes were 
treated with 3-methyladenine (3-MA) or PBS, and then exposed to Ang II. A, Cell surface area indicated by phalloidin-TRITC conjugate stained F-actin 
were calculated. ** p < 0.01. *** p < 0.001. n = 3 experiments per group. B, mRNA levels of ANP and BNP. * p < 0.05. ** p < 0.01. n = 3 experiments per 
group
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Fig. 5  Parkin was a transcriptional target of FOXO3a. A, The promoter region of Parkin contains an optimal FOXO3a binding site. B and C, 
Immunoblotting results showing the protein levels of FOXO3a in cardiomyocytes infected with FOXO3a adenovirus or FOXO3a siRNA. n = 3 
experiments per group. D and E, FOXO3a promoted PARKIN expression in cardiomyocytes. PARKIN increased upon overexpression of FOXO3a (D), 
while PARKIN decreased upon knockdown of FOXO3a (E). n = 3 experiments per group. F, Parkin promoter fragment containing FOXO3a potential 
binding site and its mutated fragment were cloned into luciferase reporter gene vector (pGL4.17), respectively (top). HEK293 cells were transfected 
with pGL4.17 vector expressing Parkin wide-type promoter or mutated promoter. The firefly luciferase activities were measured. ** p < 0.01 (bottom). 
n = 3 experiments per group. G, The firefly luciferase activities were detected in cardiomyocytes transfected with pGL4.17 vector expressing Parkin 
WT promoter and FOXO3a siRNA. ** p < 0.01. n = 3 experiments per group. H and I, Binding between FOXO3a and Parkin promoter was destroyed 
by Ang II. H Cardiomyocytes were exposed to Ang II, after transfected with pGL4.17 expressing Parkin WT promoter. The luciferase activities were 
attenuated upon Ang II treatment in a time-dependent manner. * p < 0.05. I Cardiomyocytes were treated with Ang II at the indicated time for ChIP 
analysis. Chromatin-bound DNA was immunoprecipitated with anti-FOXO3a antibody. Immunoprecipitated DNA was analyzed by PCR using a pair 
of primers combination that encompassed FOXO3a binding site. *** p < 0.001. **** p < 0.0001. n = 3 experiments per group
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that abundant Parkin promoter fragments containing 
FOXO3a binding sites were detected in cardiomyo-
cytes, which were attenuated in response to Ang II in 
a time-dependent manner (Fig.  5I). Taken together, 
FOXO3a transcriptionally upregulated PARKIN expres-
sion levels by directly binding to the promoter region of 
Parkin, which could be inhibited by Ang II.

FOXO3a negatively regulates cardiac hypertrophy
Next, we explored the role of FOXO3a in cardiac hyper-
trophy. FOXO3a expression levels were analyzed in cardi-
omyocytes exposed to Ang II. Total FOXO3a levels were 
not altered, but phosphorylated FOXO3a increased upon 
Ang II treatment in a time-dependent manner (Fig. 6A), 
which indicated that Ang II induced loss of FOXO3a 
transcriptional activity. Enforced expression of FOXO3a 
attenuated Ang II-induced hypertrophy, and also sig-
nificantly reduced the sarcomere organization, cell sur-
face, and levels of hypertrophic marker ANP and BNP 
(Fig. 6B − D). In addition, cardiomyocytes with downreg-
ulated FOXO3a exhibited hypertrophic responses with 
increased sarcomere organization, increased cell sur-
face and increased hypertrophic marker ANP and BNP 
in the absence of Ang II (Fig. 6E − G). Thus, it was con-
cluded that FOXO3a inhibited Ang II-induced cardiac 
hypertrophy.

FOXO3a regulates mitophagy in response to hypertrophy
FOXO3a is deeply implicated in diverse cellular func-
tion including proliferation, differentiation, cell death, 
and mitochondrial fission. However, there is no sub-
stantial evidence that FOXO3a regulates mitophagy 
[30–33]. Therefore, we explored whether FOXO3a 
regulated mitophagy in hypertrophic cellular model. 
Ang II-induced decreased ratio of LC3-II/LC3-I were 
reversed by enforced expression of FOXO3a (Fig.  7A). 
More GFP-LC3II puncta co-localized with mitochon-
dria were observed upon overexpression of FOXO3a 
than that of negative control group (Additional file  1: 
Fig. S1). Under hypertrophic stress, more mitophagic 
vacuoles accumulation was observed in cardiomyocytes 
overexpressing FOXO3a than that in cells overexpressed 
the negative control (Fig.  7B and Additional file  2: Fig. 
S2B). In addition, the effect of FOXO3a on mitophagic 
flux was analyzed. Overexpression of FOXO3a attenu-
ated Ang II-induced mitophagic flux interruption, as 
demonstrated by increased ratio of free red puncta/total 
puncta (Fig. 7C, D). We then explored whether FOXO3a 
exerted an anti-hypertrophy function through promot-
ing mitophagy. Enforced expression of FOXO3a reversed 
Ang II-induced hypertrophic responses including 

significantly increased cell surface and increased levels of 
hypertrophic markers ANP and BNP, which was counter-
acted by autophagy inhibitor 3-MA (Fig. 7E, F). In con-
clusion, FOXO3a promoted mitophagy process which 
was required for its hypertrophy-inhibiting effect.

FOXO3a‑dependent PARKIN mediates inhibition 
of hypertrophy through mitophagic pathway
We further investigated whether PARKIN was the target 
of FOXO3a in mitophagic and hypertrophic signaling 
pathways. Enforced expression of FOXO3a reversed the 
increase in cell surface and levels of hypertrophic marker 
ANP and BNP induced by Ang II, which was inhibited 
by knockdown of PARKIN (Fig. 8A, B). Cardiomyocytes 
with upregulated FOXO3a inhibited Ang II-induced 
mitophagy defect, which was counteracted by knock-
down of PARKIN, as confirmed by decreased LC3-II/
LC3-I ratio (Fig. 8C). Taken together, FOXO3a and PAR-
KIN constituted a regulatory axis that functioned in car-
diac mitophagy and hypertrophy.

Discussion
Maladaptive cardiac hypertrophy eventually progresses 
to heart failure that is one of the top causes of death 
worldwide. It is necessary to discover the critical regula-
tors and potential therapeutic targets in the pathogenesis 
of maladaptive cardiac hypertrophy and heart failure. 
Our present work identified PARKIN to be an anti-hyper-
trophy regulator. PARKIN could inhibit Ang II-induced 
cardiomyocyte hypertrophy. Parkin transgenic mice 
exhibited attenuated hypertrophic responses and car-
diac remodeling, and improved cardiac function upon 
hypertrophic stress. In further exploring the underlying 
mechanisms, we found that mitophagy was impaired in 
response to Ang II, and PARKIN alleviated hypertrophy 
through restoring mitophagy. Moreover, we demon-
strated that PARKIN was transcriptionally upregulated 
by FOXO3a. FOXO3a promoted mitophagy through 
activating PARKIN, which contributed to the anti-hyper-
trophic function of FOXO3a. Briefly, our results provide 
new insights into understanding the pathogenesis of car-
diac hypertrophy and identify a novel anti-hypertrophic 
molecule.

Parkin was first identified in Parkinson’s disease (PD) 
and its loss-of-function mutation accounts much for the 
pathogenesis of PD. PARKIN has since been found to 
regulate other neurodegeneration diseases such as Alz-
heimer’s disease (AD) and Huntington’s disease (HD). 
Mitochondrial anomalies as well as impaired mitophagy 
have been observed in AD and HD. Enforced expres-
sion of PARKIN improves mitochondrial integrity and 
exerts a neuroprotection effect in these diseases [40, 41]. 
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Fig. 6  FOXO3a protected against cardiomyocyte hypertrophy. A, Immunoblotting results of the protein levels of total FOXO3a and phosphorylated 
FOXO3a in cardiomyocytes treated with Ang II at the indicated time. n = 3 experiments per group. B − D, Overexpression of FOXO3a inhibited 
Ang II-induced cardiomyocyte hypertrophy. Cardiomyocytes were exposed to Ang II after infected with FOXO3a adenovirus or β-gal adenovirus. 
B Sarcomere organization stained with phalloidin-TRITC conjugate; bar = 20 µm. Blue represent nucleus. Red represent F-actin. C Cell surface was 
calculated. *** p < 0.001. n = 3 experiments per group. D The mRNA levels of ANP and BNP were analyzed by qRT-PCR. The results were normalized 
to GAPDH. * p < 0.05. ** p < 0.01. n = 3 experiments per group. E − G, Knockdown of FOXO3a induced hypertrophic responses. Cardiomyocytes were 
infected with FOXO3a siRNA or FOXO3a scramble. E Sarcomere organization stained with phalloidin-TRITC conjugate; bar = 20 µm. Blue represent 
nucleus. Red represent F-actin. F Cell surface was calculated. * p < 0.05. n = 3 experiments per group. G The mRNA levels of ANP and BNP were 
analyzed by qRT-PCR. The results were normalized to GAPDH. * p < 0.05. ** p < 0.01. n = 3 experiments per group
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Fig. 7  FOXO3a regulated cardiomyocyte mitophagy under hypertrophic stress. A, Enforced expression of FOXO3a rescued Ang II-induced 
decreased LC3II/LC3I. Cardiomyocytes were exposed to Ang II after infected with FOXO3a adenovirus or β-gal adenovirus. Immunoblotting was 
performed to detect protein levels of LC3I and LC3II (top). The ratio of LC3II/LC3I was calculated (bottom). * p < 0.05. ** p < 0.01. n = 3 experiments 
per group. B, FOXO3a restored autophagic vacuoles in hypertrophic model. Autophagic vacuoles were visualized in cardiomyocytes infected 
with FOXO3a adenovirus or β-gal (left; bar = 500 nm). Quantitation of autophagic vacuoles were shown in (right). * p < 0.05. ** p < 0.01. n = 3 
experiments per group. C and D, Overexpression of FOXO3a attenuated Ang II-induced mitophagy flux defects. LC3 adenovirus tandem-labeled 
green fluorescent protein (GFP)-monomeric red fluorescent protein (mRFP) (GFP-mRFP-LC3) was used to indicate mitophagy flux. GFP-mRFP-LC3 
was expressed and detected in 24 h after transfection in cardiomyocytes with overexpression or FOXO3a or not. GFP-LC3 (green puncta), mRFP (red 
puncta, representative of autolysosomes) and overlay (yellow puncta, representative of autophagosomes) (C; bar = 10 µm). Quantification results 
were shown in D. * p < 0.05. ** p < 0.01. n = 3 experiments per group. E and F, FOXO3a regulated cardiac hypertrophy through targeting mitophagy. 
After being infected with FOXO3a adenovirus, cardiomyocytes were treated with 3-Methyladenine (3-MA) or PBS, and then exposed to Ang II. (E) 
Cell surface area indicated by phalloidin-TRITC conjugate stained F-actin were calculated. *p < 0.05. n = 3 experiments per group. F The mRNA levels 
of ANP and BNP were detected. * p < 0.05. ** p < 0.01. n = 3 experiments per group
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Beyond the role in nervous systems, PARKIN has been 
demonstrated to be a tumor suppressor through regulat-
ing a variety of cellular processes implicated in tumori-
genesis, including cell cycle, cell proliferation, apoptosis, 
necroptosis, mitophagy, and metabolism [42]. Recent 
advances have implicated PARKIN in cardiac physiologi-
cal and pathological processes. PARKIN is essential for 
heart development and its defect leads to dysplasia and 
premature death. Mice with cardiomyocyte-specific 
deletion of Parkin developed perinatal cardiomyopathy 
and premature death due to defective cardiac metabolic 
maturation [27]. Dilated cardiomyopathy was induced 
by knockout of Parkin in Drosophila melanogaster [43, 
44]. In the mature hearts, PARKIN regulates ischemia/
reperfusion injury, diabetic cardiomyopathy, and heart 
failure, but the role of PARKIN in pathological cardiac 

hypertrophy remains unknown [12, 19, 27–29]. In this 
study, we first substantially demonstrated that PARKIN 
negatively regulate cardiac hypertrophy and revealed the 
underlying mechanisms in Parkin transgenic mice and 
Parkin-overexpressing and -knockdown cardiomyocytes. 
We have already constructed Parkin knockout mice, but 
a sufficient number of mice for experiments has not yet 
been obtained so far due to Parkin deletion resulted in 
serious premature death and a very low survival rate. We 
will investigate the effect of Parkin deletion on hearts, 
especially whether Parkin deletion induced hypertrophy, 
using Parkin knockout mice in the future.

Cardiac hypertrophy is regulated by multiple pathways 
such as NFAT, AKT/mTOR, Ca2+/CaMKII, and cGMP-
PKG [2–5]. These hypertrophic signaling mechanisms 
function generally through targeting a variety of processes 

Fig. 8  FOXO3a and PARKIN formed regulatory axis of mitophagy and hypertrophy. A and B, FOXO3a inhibited cardiomyocyte hypertrophy 
through targeting PARKIN. After being infected with FOXO3a adenovirus, cardiomyocytes were infected with PARKIN siRNA or PARKIN scramble, 
and then treated with Ang II. A Cell surface area indicated by phalloidin-TRITC conjugate stained F-actin were calculated. * p < 0.05. ** p < 0.01. n = 3 
experiments per group. B The mRNA levels of ANP and BNP were detected. * p < 0.05. n = 3 experiments per group. C, FOXO3a regulated mitophagy 
through targeting PARKIN. After being infected with FOXO3a adenovirus, cardiomyocytes were infected with PARKIN siRNA or PARKIN scramble, and 
then treated with Ang II. Immunoblot were performed to detect protein levels of LC3I and LC3II. The ratio of LC3II/LC3I was calculated. ** p < 0.01. 
n = 3 experiments per group



Page 14 of 19Sun et al. Cell & Bioscience          (2022) 12:204 

including maladaptive gene expression and protein syn-
thesis, cell growth, cell death, fibrosis, dysregulation of 
Ca2+-handling proteins, metabolic reprogramming, 
reactivation of fetal gene expression, and mitochondrial 
dysfunction [1]. Albeit mitochondrial morphological and 
functional defects contribute to pathological enlarge-
ment of hearts, the association between mitophagy (the 
mitochondrial quality control system) and hypertrophy 
regulation is still elusive and related studies are limited. 
Sadoshima et  al. found that mitophagy and autophagy 
alter in two distinct manners in response to pressure 
overload. Injection of non-mitophagy-specific autophagy 
inducer rescues mitophagy, attenuates mitochondrial 
dysfunction, and improves cardiac function in failing 
hearts [45]. Our results indicated that mitophagy were 
impaired in both cardiomyocytes and hearts exposed 
to Ang II, which could be reversed by overexpression 
of mitophagy inducer PARKIN. PARKIN-dependent 
mitophagy attenuated cardiac hypertrophy and remod-
eling, and improved cardiac function, playing a cardio-
protection role. Research has revealed that mitophagy 
could also be regulated independently of PARKIN. 
Mitophagy receptors on the OMM, such as Bcl2/adeno-
virus E1B 19 kDa protein-interacting protein 3 (BNIP3), 
Nip3-like protein X (NIX), Fun14 Domain containing 1 
(FUNDC1), and Bcl-2-like protein 13 (BCL2-L-13) have 
been demonstrated to directly bind to LC3 and target 
mitochondria removal [46, 47]. Thus, whether PARKIN-
independent mitophagy participates in cardiac hypertro-
phy is an interesting question for future exploration.

PARKIN is an E3 ubiquitin ligase and generally func-
tions in a ubiquitin–proteasome dependent way. Hith-
erto, a dozen OMM substrates of PARKIN in mediating 
mitophagy such as MFN1/2, MIRO, and VDAC1/2/3, and 
the fundamental cascades have been well elucidated [22–
25], yet its upstream regulatory mechanisms are not well 
understood. PINK1 is a widely recognized regulator of 
PARKIN in mitophagic signaling pathways. Upon phos-
phorylated by PINK1, PARKIN is recruited to the outer 
membrane of the damaged mitochondria where PARKIN 
extensively catalyzes ubiquitination of OMM substrates 
[22, 25]. During above processes, another E3 ubiquitin 
ligase MDM2 accumulates to OMM and enhances enzy-
matic activity of PARKIN, whereas cytosolic p53 hinders 
PARKIN from translocation to damaged mitochondria 
and PICK1 suppresses E3 ligase activity of PARKIN [48–
50]. Our results identified FOXO3a as a novel regulator 
of PARKIN, in which FOXO3a promotes Parkin tran-
scription by binding to its promoter region, and activates 
PARKIN-dependent mitophagy.

A growing body of evidence has shown that FOXO3a 
participates in the pathogenesis of cardiac disorders 
through regulating diverse cellular processes such as 

necroptosis, apoptosis, calcium homeostasis, hypertro-
phy, and mitochondrial fission [30–32, 34–36]. Recent 
research has suggested that FOXO3a is implicated in 
the regulation of mitophagy, as evidenced by its effect 
on the expression of mitophagy-related protein BNIP3, 
and co-inactivation and co-localization with PARKIN 
[17, 37, 38]. However, there is no direct evidence to 
show that FOXO3a can regulate mitophagy. Our present 
work substantially demonstrated the role of FOXO3a in 
mitophagic program. Overexpression of FOXO3a pro-
moted formation of mitophagosomes, transformation 
of LC3-I to LC3-II and autophagic flux. FOXO fam-
ily contains four members including FOXO1, FOXO3a, 
FOXO4 and FOXO6. A recent study has shown that 
FOXO1 promotes mitophagy through transcriptionally 
targeting PINK1 in podocytes [51]. It would be inter-
esting to explore whether other members of FOXO 
family participate in cardiac mitophagy program. We 
have demonstrated that FOXO3a activated Parkin tran-
scription by directly binding to the consensus sequence 
located at the promoter region of Parkin. As FOXO3a 
potential binding sites could recognized by other FOXO 
family members including FOXO1 [52, 53], we won-
der whether Parkin expression could be regulated by 
FOXO1. It was showed that neither overexpression nor 
knockdown of FOXO1 affected the protein expression 
levels of PARKIN in H9c2 cells (Additional file 3: Figure 
S3). We will investigate the interaction between Parkin 
and other FOXO family members in future.FOXO3a has 
been documented to function through a transcriptional 
mechanism and its transcriptional activity is controlled 
by post-translational modification such as phosphoryla-
tion. The dephosphorylated FOXO3a accumulates in 
nucleus and regulates gene transcription, while the phos-
phorylated FOXO3a are exported to cytoplasm and loses 
transcriptional activity [54]. Our results showed that 
phosphorylated FOXO3a increased upon Ang II treat-
ment, which indicated that Ang II decreased FOXO3a 
transcriptional activity. Enforced expression of FOXO3a 
rescued its activity repression by Ang II and enhanced 
transcription of the nuclear gene Parkin. FOXO3a par-
ticipated in mitophagic program through upregulat-
ing PARKIN at the transcriptional level. Intriguingly, 
a recent study has revealed that a shorter FOXO3a iso-
form locates in mitochondria of both normal and can-
cer cells and regulates mitochondrial gene transcription 
and mitochondria homeostasis [55]. Moreover, it was 
reported that FOXO3a seemly co-localizes with mito-
chondrial PINK1 and PARKIN [38], which probably 
predicts that FOXO3a shuttles into mitochondria and 
more directly regulates mitophagy. Thus, future stud-
ies are required to elucidate whether FOXO3a regulates 
mitophagy in other ways occurring in mitochondria such 
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as affecting ubiquitination of OMM substrates or recruit-
ing autophagy adaptors.

Conclusions
In summary, this work reveals a highlighted connec-
tion between PARKIN-dependent mitophagy and pres-
sure overload-induced cardiac hypertrophy. Mitophagy 
is impaired in cardiomyocytes treated with Ang II. 
PARKIN inhibits cardiac hypertrophy and remodeling 
through restoring mitophagy. FOXO3a transcription-
ally upregulates PARKIN and regulates mitophagy, 
which contributes to the cardio-protective effect of 
FOXO3a. Our results revealed a novel cardiac hyper-
trophic regulating model composed of FOXO3a, PAR-
KIN and mitophagy, which may lead to future studies 
to explore not only the implications of this model in 
hypertrophy, but also the application as potential thera-
peutic targets and strategies for cardiac hypertrophy 
and heart failure.

Methods
Generation of transgenic mice with cardiac‑specific 
overexpression of Parkin
Cardiac-specific Parkin transgenic mice were gener-
ated as previously described [19]. cDNAs containing 
murine Parkin were obtained from mice hearts through 
RT-PCR and cloned into pαMHC-clone26 vector under 
the control of the α-myosin heavy chain (α-MHC) pro-
moter. After linearization and purification, the recom-
bined vectors were microinjected into 0.5 dpc zygote. 
The genotyping of Parkin transgenic mice was identi-
fied by PCR. The PCR primers include: forward primer 
in the α-MHC promoter, 5′- AGT​GGT​GGT​GTA​GGA​
AAG​TC-3′, and the reverse primer in the Parkin DNA, 
5′- TGC​TTC​TGA​ATC​CCT​CTT​AC-3′.

Cell culture and treatment
Neonatal rat cardiomyocytes were isolated from 1 to 
2-day-old SD rats as previously described [19]. Hearts 
of the dissected rats were removed, thoroughly cleaned 
and minced in iced PBS solution. Then the tissues 
were dispersed and incubated at 37  °C in PBS solu-
tion containing 1.2  mg/ml pancreatin and 0.14  mg/ml 
collagenase type II (Worthington) for several times. 
After removing non-cardiomyocytes by differential 
adhension method, cardiomyocytes were collected and 
plated at poly-L-lysin coated different culture dishes 
in Dulbecco’s modified Eagle medium/F-12 (Hyclone) 
supplemented with 5% heat-inactivated fetal bovine 

serum, 100 U/ml penicillin, 100  µg/ml streptomy-
cin, and 0.1  mM bromodeoxyuridine. H9c2 cells and 
HEK293 cells were cultured in Dulbecco’s modified 
Eagle medium (Hyclone) supplemented with 10% fetal 
bovine serum, 100 U/ml penicillin, 0.1 mg/ml strepto-
mycin, and 110  mg/ml sodium pyruvate in a humidi-
fied atmosphere containing 5% CO2 at 37 °C. Neonatal 
rat cardiomyocytes and H9c2 were treated with 1  µM 
Angiotensin II (Merck millipore) for 24 h except as oth-
erwise indicated.

Determination of sarcomere organization and cell 
surface areas
Cardiomyocytes were fixed in 4% paraformaldehyde in 
PBS for 10  min at room temperature and then washed 
three times in PBS for 5 min. After dehydration with ace-
tone for 3 min and treatment with 0.1% Triton X-100 for 
20 min, cardiomyocytes were stained with a 100 nM fluo-
rescent Phalloidin-TRITC conjugate (Sigma) for 30  min 
at room temperature. Then the cells were mounted with 
fluorescent mounting medium with DAPI and visualized 
by a laser confocal microscopy (Olympus).

Quantitative reverse transcription‑PCR (qRT‑PCR)
qRT-PCR for ANP and BNP mRNA was performed on 
an Applied Biosystems ABI Prism QuantStudio 3. Total 
RNA was extracted by Trizol reagent (Invitrogen). After 
DNAse I incubation, the RNAs were reverse transcribed 
into cDNAs with oligo-d(T) and random primers using 
a reverse transcriptase kit (Takara). The expression levels 
of mRNA were detected by real time PCR using a SYBR® 
Premix Ex Taq™ (Takara). The sequences of rat ANP 
primers were: forward, 5’- GGC​TCC​TTC​TCC​ATCC-3’; 
reverse, 5’- TGT​TAT​CTT​CGG​TAC-3’. The sequences of 
mouse ANP primers were: forward, 5’-TAG​GAG​ACA​
GTG​ACG​GAC​AA-3’; reverse, 5’-GAA​GAA​GCC​CAG​
GGT​GAT​-3’. The sequences of rat BNP primers were: 
forward, 5’- GAC​GGG​CTG​AGG​GT-3’; reverse, 5’- ACT​
GTG​GCA​AGT​GTG​CTG​ -3’. The results were standard-
ized to those of GAPDH. The sequences of rat GAPDH 
primers were: forward, 5’- TGG​AGT​CTA​CTG​GCG​TCT​
T -3’; reverse, 5’- TGT​CAT​ATT​TCT​CGT​GGT​TCA-3’. 
The sequences of mouse GAPDH primers were: forward, 
5’-TGT​GTC​CGT​CGT​GGA​TCT​GA-3’; reverse, 5’-CCT​
GCT​TCA​CCA​CCT​TCT​TGA-3’.

Detection of GFP‑mRFP‑LC3 puncta
Autophagic flux was detected using LC3 adenovirus tan-
dem-labeled green fluorescent protein (GFP)-monomeric 
red fluorescent protein (mRFP) (GFP-mRFP-LC3). The 
green fluorescence is weakened when autophagosome/
mitophagosome fuse to lysosome, as GFP is normally 
deprotonated in acidic lysosomes. Thus, yellow puncta 
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indicated autophagosome/mitophagosome and free red 
puncta indicated autolysosomes.

Cells were infected with GFP-mRFP-LC3 adenovirus. 
GFP and mRFP fluorescence was imaged using a laser 
scanning confocal microscope (Olympus). The number of 
red, green and yellow puncta cells were quantified.

Adenoviral constructs and infection
Parkin and Foxo3a adenoviral constructs were pre-
pared as previously described [19]. In brief, rat Parkin 
and Foxo3a cDNAs were obtained from rat hearts using 
RT-PCR, and then cloned into the Adeno-X™ Expres-
sion System (Clontech) according to the manufac-
turer’s instructions. Adenoviruses were produced and 
amplified in HEK293 cells. The adenovirus containing 
β-galactosidase (β-gal) was constructed as control. Car-
diomyocytes were infected with adenoviruses at 150 mul-
tiplicities of infection (moi) in the absence of fetal bovine 
serum for 2 h.

siRNA construction of PARKIN and FOXO3a
The sense sequence of PARKIN siRNA was 5’-TTC​CAA​
ACC​GGA​TGA​GTG​G-3’, and the antisense sequence was 
5’-CCA​CTC​ATC​CGG​TTT​GGA​A-3’. The scramble PAR-
KIN siRNA sense sequence was 5’-GCT​CAT​CGA​GCT​
AGT​AGA​G-3’, and the scramble antisense sequence was 
5’-CTC​TAC​TAG​CTC​GAT​GAG​C-3’.

The FOXO3a siRNA sense sequence was 5’-GAG​
CTC​TTG​GTG​GAT​CAT​C-3’; the antisense sequence 
was 5’-GAT​GAT​CCA​CCA​AGA​GCT​C-3’. The scramble 
FOXO3a siRNA sense sequence was 5’-GGC​GTA​GTC​
GTA​GTT​CTC​A-3’; the scramble antisense sequence was 
5’-TGA​GAA​CTA​CGA​CTA​CGC​C-3’. These siRNAs were 
cloned into the pSilencer 1.0-CMV System (Ambion) 
according to the manufacturer’s instructions. Adenovi-
ruses were produced and amplified in HEK293 cells.

Luciferase reporter construct and transfection 
of Parkin promoter sensor reporter
Parkin promoter (total 1662  bp from the 1596  bp 
upstream of Parkin to the 26th bp of Parkin, containing 
Foxo3a potential binding site) and Parkin mutated pro-
moter (mutated the Foxo3a potential binding sites) were 
synthesized from Sangon Biotech. Then the DNA frag-
ments were cloned into pGL4 vector, downstream of the 
coding region of luciferase gene.

Chromatin immunoprecipitation (ChIP) assay
ChIP was performed using ChIP kit (Abcam, ab500) 
according to the manufacturer’s instructions. In brief, 
cells were crosslinked in formalin for 10  min at room 
temperature, which was then quenched with 125  mM 

glycine for 5 min. Cells were washed thrice with iced PBS 
and lysed in ChIP lysis buffer at 4 ℃ for 10 min. Then cell 
lysates were sonicated into chromatin fragments with a 
length of 200 − 1000 bp at 4 ℃. Agarose gel electrophore-
sis was performed to detect the length of fragments. Pro-
tein A was blocked with single chain herring sperm DNA 
and BSA at room temperature for 30 min. The chroma-
tin fragments were incubated with the blocked protein A 
overnight at 4 ℃. The DNA was eluted and purified from 
the immunoprecipitation. The purified DNA was ana-
lyzed using PCR with the following primers that encom-
pass FOXO3a binding sites of Parkin promoter. The 
sequences of PCR primers were: forward, 5’- CAC​TCA​
GTA​GAC​GAC​CTT​-3’; reverse, 5’- GTC​CCT​AAT​AAT​
ACA​AGC​-3’.

Immunoblotting
Immunoblotting was carried out as we previously described 
[56]. In brief, cells were lysed at 4 ℃ for 1 h using RIPA lysis 
buffer (Solarbio, Beijing, China) containing 0.1 mM phenyl-
methanesulfonyl fluoride (PMSF) and a protease inhibitor 
(Roche). After centrifugation, the total protein was obtained 
and subjected to 10 − 12% SDS-PAGE according to the 
molecular weight of protein. Then the protein was trans-
ferred to nitrocellulose membranes. Blots were probed using 
antibodies including anti-PARKIN (Abcam, ab15954), anti-
LC3A/B (Cell Signaling Technology, #4108), anti-FOXO3a 
(Abcam, ab17026), and anti-phospho-FOXO3a (Abcam, 
ab47285) antibodies. The antigen–antibody complexes were 
visualized by ECL western blotting substrate (Boster) on a 
Bio-Rad ChemiDoc system. Western blot bands were quan-
tified using the ImageJ software.

Transmission electron microscopy (TEM)
Conventional TEM was performed as previously 
described [19]. Briefly, cells were successively treated 
with 2.5% glutaraldehyde, 1% osmium tetraoxide, and a 
graded series of ethanol concentrations. Then the sam-
ples were embedded in Embed812 resin and underwent 
ultramicrotomy. After being mounted on copper grids, 
the samples were stained with uranyl acetate and lead cit-
rate, and visualized with a FEI Tecnai spirit transmission 
electron microscope.

Animal experiments
All animal experiments were performed using protocols 
[57] that adhered to the standards of the National Insti-
tute of Health Guide for the Care and Use of Labora-
tory Animals, under authorized protocols approved by 
the Animal Ethics Committee of Shanxi Medical Uni-
versity (Taiyuan, China). Adult C57BL6/J mice (Beijing 
Vital River Laboratory Animal Technology Co., Ltd.) at 
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8  weeks of age were used in the study. Wild type mice 
(C57BL6/J) and transgenic mice at 8  weeks of age were 
infused with Ang II (Merk Millipore, 0.6 mg/kg/day dis-
solved in 0.9% NaCl) for 2  weeks. The infusions were 
executed with implanted osmotic minipumps (Alzet 
model 1002, Alza Corp.) according to the manufacturer’s 
instructions. Briefly, after mice were anesthetized, a mid-
scapular incision was made on their back. A hemostat 
was inserted into the incision, and by opening and clos-
ing the jaws of the hemostat, the subcutaneous tissue is 
spread to create a pocket for the pump on the left back 
of mice. A pump filled with Ang II was then inserted 
into the pocket and the wound was closed with wound 
sutures.

Echocardiography and histological staining
Echocardiography was carried out as we described 
previously [19]. In brief, two weeks after Ang II infu-
sions, transthoracic echocardiography was performed 
using a Vevo 770 high-resolution system (Visualsonics) 
equipped with a 40  MHz RMV 704 scanhead. End-sys-
tolic interventricular septum thickness (IVSs) was meas-
ured. After in  vivo evaluation of cardiac function, mice 
were euthanized, and hearts were harvested and stained 
with hematoxyline-eosin (HE), Masson trichrome, and 
TRITC-conjugated wheat germ agglutinin (WGA). HE 
staining and standard Masson trichrome staining (Solar-
bio) was used to assess myocardial fibrosis induced by 
Ang II according to the manufacturer’s instructions. 
TRITC-WGA (Sigma) staining was performed to deter-
mine cross-sectional area according to the manufactur-
er’s instructions.

Statistical analysis
Data were expressed as mean ± standard deviation (SD) 
of at least three independent experiments. Student t test 
was used for two groups. One-way analysis of variance 
was used for multiple group comparisons. A value of 
p < 0.05 was considered statistically significant.
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Additional file 1: Figure S1. PARKIN and FOXO3a regulated mitophagy 
in hypertrophyic model. A. After transfected with GFP-LC3 vector, the car‑
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