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Abstract. The aim of this study was to investigate the effects of exercise training and dietary re-
striction on cardiac PINK1/Parkin and Bnip3/Nix pathways involved in mitophagy. C57BL/6 mice
were assigned to control (C), exercise training (T), dietary restriction (D) and exercise training +
dietary restriction (TD) groups. T group undertook 10 weeks of swimming training. D group was
subjected to 40% food reduction. TD group undertook the combination of exercise training and
food reduction. Suspectable mitophagy autophagosomes can be observed in T and D groups and
more autophagosomes appeared in TD group. In T group, both PINK1 mRNA and protein levels
increased significantly (p < 0.01) but Bnip3 and Nix expressions decreased significantly (p < 0.05).
Dietary restriction resulted in elevation of Drpl (p < 0.01) and reduction and Nix (p < 0.05) in
D group. The load in TD group resulted in serious mitochondrial abnormalities and myofibrillar
damages accompanied by increases in PINK1 and Drp1 levels (p < 0.01) and decreases in Bnip3 and
Nix levels (p < 0.05). The increase in PINK1 expression (exercise protocol) or Drpl expression (diet
protocol) contributes to cardiac activation of mitophagy, whereas Bnip3 and Nix are not implicated

in this activation.
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Introduction

Autophagy is a process by which dysfunctional cytosolic
constituents are segregated by double membrane vesicles
called “autophagosomes”, which then fuse with lysosomes
to degrade the cargo materials for future use (Choi et al.
2013). Autophagy degrades damaged materials massively
that can be accelerated for the requirement of materials
especially in nutrients deprivation. Autophagy was initially
considered as a non-selective process, but recently, several
forms of organelle-specific autophagy have been identified,
implying that cell can selectively remove specific organelle
(Quinsay et al. 2010). Of these, autophagic removal of mito-
chondria, termed “mitophagy’, has been intensively studied.
Mitophagy refers to the mechanism by which cell degrades
and recycles damaged mitochondria in lysosome-dependent
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engulfment manner, maintaining cellular homeostasis
(Tolkovsky 2009).

In human heart, mitochondria account for approximately
30% cardiomyocyte volume and produce nearly 6 kg adeno-
sine triphosphate (ATP) every day to support physiological
functions (Hall et al. 2014). During this process, as a byprod-
uct, reactive oxygen species (ROS) leak from electron trans-
port chain and exert positive function in normal condition.
But excessive ROS generated from pathophysiological stresses
such as senescence and ischemia reperfusion (IR) attack mi-
tochondrial DNA (mtDNA), lipids and proteins, resulting in
mitochondrial dysfunction (Youle and van der Bliek 2012).
Because ROS-induced accumulation of impaired mitochon-
dria readily facilitates apoptotic and necrotic processes, it is
essential for cardiac mitochondria to maintain healthy con-
dition due to the energetical sensitiveness and high energy
demand of cardiac function (Dorn 2016). Genetic manipu-
lation inhibiting mitophagy enhances cardiomyocyte death
and myocardial injury in response to IR (Ikeda et al. 2015),
suggesting that cardiac mitophagy plays an essential role in
removing the damaged mitochondria. Although mitophagy
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shares most of molecular mechanism with non-selective au-
tophagy, mitophagy has unique signaling pathways, in which
the most explored molecular machinery is PINK1/Parkin
pathway (Youle and Narendra 2011). When mitochondria de-
teriorate upon stress, PTEN-induced putative protein kinase 1
(PINK1) accumulates on outer mitochondrial membrane
(OMM) and phosphorylates target proteins, then recruiting
Parkin (a cytosolic E3 ubiquitin ligase) to localize on OMM
and initiating mitochondrial elimination in cardiomyocytes
(Chen and Dorn 2013). Additionally, BCL2 and adenovirus
E1B 19-kDa-interacting protein 3 (BNIP3) and BNIP3-like
(Bnip3L or Nix), as mitophagy receptors, are mitochondria-
localized proteins and interact with microtubule-associated
protein 1 light chain 3 (LC3) through their LC3-interacting
region (LIR), thus promoting mitochondrial clearance in
cardiomyocytes (Dorn 2010).

During past years, extensive investigations involving ge-
netic manipulation on mitophagy have been accomplished
in cultured cells and vivo models. A review from Shires et
al. indicates that PINK/Parkin- and Bnip3/Nix-mediated
mitophagy are crucial in maintaining cardiac homeostasis
(Shires and Gustafsson 2015). Moreover, cardiac mitochon-
dria also undergo fusion and fission to coordinate with
mitophagy, thereby efficiently removing impaired mito-
chondria. Mitochondrial fusion protein Mfn2, as a Parkin
receptor, mediates recruitment of Parkin, and fission protein
dynamin-related protein 1 (Drp1) promotes mitochondrial
asymmetrical fission for elimination of the damaged mito-
chondpria (Shirihai et al. 2015). Thus, mitochondrial remod-
eling of structure cooperates with mitophagy constantly to
help cardiomyocyte stay alive.

Currently, it is well established that nutrients deficiency
can enhance autophagy in various tissues (Szafranski and
Mekhail 2014). Exercise also increases autophagy in skeletal
muscle which was reviewed by Rocchi et al. (Rocchi and
He 2017), but exercise-induced alterations in mitophagy in
muscle have less been documented, particularly in cardiac
tissues. It is unknown whether exercise training and dietary
restriction can upregulate cardiac mitophagy, producing
beneficial effects in cardiomyocytes. Therefore, we focused
on PINK/Parkin and Bnip3/Nix pathways and aimed to
examine the effects of exercise and dietary restriction on
cardiac mitophagy, potentially providing insight into the
strategies in maintenance of cardiac healthy.

Materials and Methods

Animal treatments and exercise protocols

Male C57BL/6 mice (eight weeks) were housed in a 12:12-h
light-dark cycle and given water ad libitum and standard
mouse food. They were randomly assigned into control (C),

exercise training (T), dietary restriction (D) and exercise
training + dietary restriction (TD) groups, n = 8/group. All
experimental procedures were approved by the Research
Commission on Ethics of Shanghai University of Sport and
conducted in accordance with the Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 85-23).
Animals (T group) performed 10 weeks of increased load
swimming training (5 days/week). Duration time in first
week was 20 min every day and then increased 10 min per
week. Last 3 weeks duration was maintained at 90 min/per
day. Animals (D group) were fed food equivalent to 60%
intake of control group as conducted in previous study (Wa-
tanabe et al. 2014). Average food intake a day was calculated
every week in C group and mice in D group received 60%
the intake in the next week. Duration of dietary interven-
tion was identical to T group. Main compositions of Specific
Pathogen Free (SPF) food included 9% water, 23% protein,
6% fat and 4% crude fibre. In the first week, a mouse con-
sumed average 2.5 g food in C group. The average consumed
food fluctuated from 3.0-4.5 g from second week to end
of experiment. Animals (TD group) were subjected to the
combination intervention of training and dietary restriction
just as described in T and D groups. Heart samples were
harvested 24 h post final exercise. Approximate 1 mm? left
ventricle tissue was retained in glutaraldehyde fixed solution
for electron microscope observation. Another ventricle tissue
(left and right ventricles) was immediately frozen in liquid
nitrogen and stored at —80°C for gene and protein analysis.

Gene expression analysis

Quantitative real-time PCR was used to evaluate mRNA
expression. Total RNA was isolated by Trizol reagent (Inv-
itrogen) and OD260/0D280 > 1.8. cDNA was synthesized
using SuperScript III FirstStrand synthesis kit (Invitrogen)
according to the manufacturer’s instructions. The primers
were designed on the information of sequences available in
GenBank and shown in Table 1.

PCR was performed using ABI PRISM 7500 Sequence
Detection System (Applied Biosystems) according to the
manufacturer’s protocol. GAPDH was used as housekeeping
gene. PCR was performed using cDNA and specific primers
for 40 cycles. The 20 ul PCR reaction liquid included 5 pl
cDNA, forward primer 0.5 pl and reverse primer 0.5 pl,
10 pl (2x) SYBR Green qPCR SuperMix (Invitrogen) and
4 pl nuclease-free water. The reactions were incubated in
96-well-plate at 50°C for 2 min, 95°C for 2 min, and then,
followed by 40 cycles of 95°C for 15 s and 60° for 32 s.
mRNA expressions was normalized by GAPDH expression.
Threshold cycle (Ct) was set within the exponential phase of
the PCR. Ct values of genes were normalized by subtracting

GAPDH Ct value, providing the ACt value. Relative gene
expression _ 2—(ACtsample—Athontr01)
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Table 1. Sequences of primers for the genes regulating mitophagy

Sequences (5™-3")

Genes
Forward Reverse

Drpl AAATTGGGCTCCAAGACTCA CTGTTGGCGTGGAACTAAAG
Mfn2 GTTCGTCTCATCATGGATTC TTAATTCGCAGCTTGTAGTC
Parkin CACCTGCAAACAAGCAAC CACTCATCCGGTTTGGAAT
Pinkl GGCAGAATTAAGACATCAGG TTGCCTCAGTGATAGGTTAG
Bnip3 GCATGAATCTGGACGAAGTA AGCTCTGTTGGTATCTTGTG
Nix GAGCACAGCATCACTCTGAA AGCCTTTGTGAGAGAGGAGT
GAPDH GGCCTCCAAGGAGTAAGAAA GCCCCTCCTGTTATTATGG

Western blotting analysis

Cardiac samples in RIPA buffer (Beyotime Biotech) were
placed on ice for 20 min and centrifuged at 12,000 x g for
20 min. Proteins were separated by SDS-PAGE and then
transferred to PVDF membranes. Membranes were incu-
bated overnight at 4°C with primary antibody. GAPDH
(Santa Cruz Biotechnology), Drp1 (Cell Signaling Technol-
ogy), PINK1 (Proteintech Group), Parkin, Mfn2, Bnip3 and
Nix antibodies (Boster Biological Technology) were used.
After washing, membranes were incubated with horseradish
peroxidase-conjugated secondary antibody and visualized
with enhanced chemiluminescence. Quantification was
performed with Image ] software. GAPDH levels were used
to normalize the results.

Transmission electron microscopy

Cardiac tissues were collected and fixed in 2.5% glutaral-
dehyde for at least 24 h. After washed with 0.1 M sodium
cacodylate buffer, tissues were immersed in 2% osmium
tetroxide and 1% aqueous uranyl acetate, each immersion
for 1 h. Tissues were then dehydrated with ethanol solu-
tions (50%, 70%, 90% and 100%, each for 15 min), tissues

Table 2. Comparisons of body and heart weight after interventions

were transferred to propylene oxide, incubated in 1:1
propylene oxide and Embed 812 for 1 h. Sections (70 nm)
were cut by Leica ultramicrotome (UC-6). Electron micro-
scope (Hitachi-7650, Japan) was used for ultrastructural
examination of organelles. Gatan CCD system was applied
to get image.

Statistical analysis

Statistical analyses were conducted using SPSS-Statistics
package Version 19.0. The values are presented as means
+ SD. Two-way ANOVA was performed to evaluate the
data, followed by Tukey’s test for post hoc test. Statistical
significance was set at p < 0.05.

Results

Comparisons of body and heart weight in different groups
after interventions

As shown in Table 2, there is no difference in baseline body
weight among 4 groups (p > 0.05). After intervention, the
changes in body weight are significant different among 4

Group
Parameter
C T D TD

Pre-body weight (g) 21.65 + 0.46 22.02 +1.04 21.58 +0.95 21.64 +1.15
Post-body weight (g) 30.18 £ 1.28 26.88 + 1.56** 22.98 + 0.79** 22.81 + 1.52**
Weight change (g) 8.53 £ 1.59 4.86 + 1.70** 1.40 £ 1.11%* 1.18 £ 1.42%*
Heart weight (mg) 144.80 £ 5.12 145.13 £ 7.61 129.77 £ 7.06** 122.12 £ 8.92%*
Heart/body ratio (mg/g) 4.81 £0.32 5.42 + 0.29** 5.65 + 0.41** 5.35 + 0.52**

** p <0.01 vs. C group, n = 8/group. C, control group; T, exercise training group; D, dietary restriction group; TD exercise training +
dietary restriction group; Pre-body weight, body weight pre-intervention; Post-body weight, body weight post-intervention.
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groups. Post-hoc analysis showed that increases of body
weight in T, D and TD groups were lower than that in
C group (all p < 0.01). Heart weights in D and TD groups
also were lower than that in C group (p < 0.01). Heart and
body weight ratios in T, D and TD groups were higher than
that in C group (p < 0.01). The higher heart and body weight
ratios in T, D and TD groups were mainly attributed to the
slow increases of body weight in these groups compared
with C group.

Subcellular structures change obviously in response to exercise
and dietary restriction

Transmission electron microscopy was used to observe
ultrastructural features upon exercise and dietary stresses.
Myofibrils Z lines and intercalated disc structures in
C and T groups were clear and intact, and tightly-packed
mitochondria between myofibrils exhibited normal condi-
tion, particularly in T group. Z lines in D group exhibited
slight curve but mitochondrial morphology did not alter.
Surprisingly, TD group lacked sufficient intact Z lines and
abnormal mitochondria increased obviously. Mitochondria
showed swelling and lost integrities of mitochondrial crista,
suggesting that pathological injuries occurred in TD group

(Fig. 1). There were few autophagosomes in C group but
the autophagosomes enclosing suspectable mitochondria
could be found in T, and D groups, particularly more
autophagosomes appeared in TD group (Fig. 2). Taken
together, exercise training or dietary restriction resulted
in increased mitophagy and the combined invention led
to higher mitophagy level.

The change of PINK1/Parkin pathway in response to exercise
training and dietary restriction

As illustrated in Figure 3, PINK1 expressions in T and TD
groups were upregulated by 146% (p < 0.01) and 116% (p <
0.01), respectively, compared with C group (Fig. 3A). PINK1
mRNA expressions also exhibited the same changes (22%
and 36% increase in T'and TD groups, respectively, p < 0.01)
(Fig. 3C). Parkin protein expressions exhibited decreased
trends in T, D and TD groups (p > 0.05) (Fig. 3B) but the
Parkin mRNA expression was reduced significantly by 27%
in TD group compared with C group (p < 0.05) (Fig. 3D).
The abovementioned findings indicated that, in PINK1/
Parkin pathway, PINK1 factor is more sensitive than Parkin
following exercise training and the combination interven-
tion in TD group.

Figure 1. Transmission electron mi-
croscopy shows the mitochondria and
myofibrils of control group (A), exer-
cise training group (B), dietary restric-
tion group (C) and exercise training +
dietary restriction group (D).
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The change of mitophagy receptor pathway in response to
exercise training and dietary restriction

We tested whether Bnip3 and Nix are involved in mitophagy
induced by exercise and dietary interventions. Fig. 4A il-
lustrated the differences in Bnip3 protein levels among four
groups. Compared with C group, Bnip3 levels were reduced by
42% and 45% in T and TD groups, respectively (p < 0.05) and
the reduction in D group had not statistical significance (p >
0.5). Change of Bnip3 mRNA expression had decreased trends
(15% and 16% reductions in T and TD groups, respectively (p
>0.5) (Fig. 4C). Nix protein expression decreased significantly
in three groups (37%, 36% and 44% reductions in T, D and
TD groups, respectively, p < 0.05) compared with C group
(Fig. 4B). Nix mRNA expression exhibited the same change
as Nix protein and the levels were reduced by 36%, 34% and
40% in T, D and TD groups respectively (p < 0.05) (Fig. 4D).

The change of mitochondrial dynamics protein in response
to exercise training and dietary restriction

We investigated whether the mitochondrial dynamics
proteins involved in mitophagy can be changed by exercise

Figure 2. Transmission electron mi-
croscopy shows the status of mitochon-
drial autophagy. Representative images
of control group (A), exercise training
group (B), dietary restriction group (C)
and exercise training + dietary restric-
tion group (D). Black arrows point to the
suspectable autophagosomes enclosing
mitochondria.

training and dietary restriction. Compared with C group,
Mifn2 appeared to be resistant to all intervention protocols
in the current study because neither protein nor mRNA ex-
pression was affected significantly (p > 0.05) (Fig. 5A, 5C). In
contrast, Drp1 levels were upregulated by 27%, 68% and 85%
in T, D and TD groups, respectively. Moreover, increases in
D and TD groups had the statistical significance (p < 0.05)
(Fig. 5B). Drpl mRNA levels exhibited increased trend in
T group and decreased trend in D group (p > 0.05), and the
increase in TD group reached the statistical significance (45%
increase, p < 0.05) (Fig. 5D).

Discussion

Heart is a highly energetically-demanding organ and cardio-
myocytes synthesized ATP mainly through mitochondrial
oxidative phosphorylation accompanied by ROS production.
Prolonged high levels of ROS induced by harmful stresses in-
duce oxidative stress, which produces more ROS in a vicious
circle and easily leads to cardiomyocytes loss (Baines 2010).
Terminally differentiated cells, such as cardiomyocytes, are
more highly dependent on organelles quality control than
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proliferating cells for their inability to dilute the damaged
constituents through cell mitosis. Therefore, cardiomyocytes
possess well-coordinated mechanisms to remove impaired
mitochondria and replace them with new ones (Dorn 2016).
Study indicates that, even at basal condition, mice have high
level of mitophagy in the heart evaluated by Mito-Keima,
suggesting the importance of mitophagy in the heart (Sun
et al. 2015). Although it has been controversial for some
inconsistencies on the effects of mitophagy stimulation in IR
model, activation of mitophagy, especially in proper extent
in physiological condition, seems to be protective for the
heart (Andres et al. 2014; Yu et al. 2015). Our previous work
suggested exercise training downregulates cardiac apoptosis
and results in protective effects (Zhao and Ma 2016). It raises
a question whether exercise training and dietary invention
can lead to the same effects regarding PINK1/Parkin and
receptor pathways involved in mitophagy.

In the current study, we focused on the morphologies
of myofibrils and mitochondria, searching for autophago-
somes randomly in visual fields. Consistent with our hy-
pothesis, few autophagosomes can be found in C group but
more emerge in T, D and TD groups, especially in TD group.
Presence of these suspectable mitochondrial autophago-
somes implied that exercise training or dietary restriction
could provoke cardiac mitophagy, while it is exacerbated
in TD group. There were no obvious abnormalities of my-
ofibrils and mitochondria in T and D groups, suggesting
that exercise training or dietary restriction did not lead to
any pathological phenotype in ultrastructure. Moreover,

Figure 3. Changes of PINK1 and Parkin expres-
sions after exercise training and dietary restric-
tion. PINK levels were elevated (A), and Parkin
did not change (B). Alteration in PINK mRNA
% was similar to the PINK1 protein (C), and Parkin
mRNA only significantly decreased in TD group
(D). Representative blots of PINK1 and Parkin
were placed below (A) and (B). Values are mean
+ SD. n = 8/group, * p < 0.05 vs. C group, ** p <
0.01 vs. C group. C, control group, T, exercise
training group; D, dietary restriction group; TD,
exercise training + dietary restriction group.

T group had more intact mitochondria and regular myofi-
brillar Z lines than other groups, suggesting that exercise
training generates a favorable adaptation to metabolism.
Unexpectedly, in contrast to the benefits induced by exer-
cise, TD intervention resulted in substantial cardiomyocytes
injuries evaluated by the dysfunctional mitochondria and
abnormalities in Z lines. A study reported that young non-
obese adults undergoing 3 months of modest exercise train-
ing with 12.5% reduction in energy intake have less mtDNA
damage, more mtDNA content and antioxidant enzymes in
skeletal muscle (Civitarese et al. 2007). Additionally, 40%
dietary reduction in our study may be insufficient to meet
the minimal energy demand for mice, which combined with
exercise could generate a prolonged intensive load, thereby
resulting in ultrastructural dysfunction in cardiomyocytes.
That may be the main reason for the failure to observe the
benefits described as previous researches. It raises a ques-
tion that whether a smaller range of energy reduction with
exercise can bring about cardiac benefits, which need to be
investigated in future.

PINK1/Parkin pathway is one of the most thoroughly
studied molecular mechanisms of mitophagy. PINK1 func-
tions as a stress sensor of mitochondria and is highly depend-
ent on the mitochondrial membrane potential. PINKI is
imported into healthy mitochondria, where it is degraded at
the inner mitochondrial membrane. When mitochondria are
depolarized, PINK1 is stabilized and accumulates on OMM,
where it phosphorylates several proteins, and these events
recruit Parkin to the OMM, then initiating mitophagy (Jin
et al. 2010; Matsuda et al. 2010). Mice deficient in PINK1 or
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Parkin show cardiac dysfunctions and pathological hypertro-
phy with gradual accumulation of impaired mitochondria,
indicating the importance of PINK1/Parkin pathway in
cardiomyocytes (Billia et al. 2011; Kubli et al. 2013). In the
current study, T and TD groups showed increased levels of
PINKI1 significantly, but all interventions did not change
Parkin expression. It seems that Parkin is more resistant to
exercise and dietary interventions than PINKI. A growing
body of evidence suggests that exercise can elevate autophagy
(Rocchi and He 2017). However, most of these studies have
been performed using autophagy biomarkers to evaluate
autophagy but not mitophagy. A recent report showed that
a bout of treadmill running in mice causes mitochondrial
oxidative stress and enhances mitophagy in skeletal muscle
evaluated by a fluorescent reporter gene (Laker et al. 2017).
Acute exercise also can increase Parkin expression in skeletal
muscle that is abolished after suppression of mitochondrial
biogenesis (Vainshtein et al. 2015). It could be inferred that
acute exercise rather than long-term training may influence
Parkin apparently. It is complicated to explain the results that
why the loads in T and TD group increased PINK1 but not
Parkin. Previous studies indicated that deficiency in PINK1
leads to cardiac diseases rapidly, but inhibiting Parkin has
slight influence on heart function especially in young mice
(Billia et al. 2011; Kubli et al. 2013). It seems that, in physi-
ological condition, PINK1 is more important than Parkin
in regulating cardiac homeostasis. Exercise training alone or
exercise training with limited nutrients in our experiment at
least tagged dysfunctional mitochondria regarding the in-
crease in PINK1. The tagged mitochondria may be removed

through other unknown mechanisms that contribute to the
enhanced mitophagy. PINK1 and Parkin did not change in
D group implied other potential signaling may mediate the
enhanced mitophagy.

A well-characterized mitophagy receptor pathway is
Bnip3/Nix-mediated mechanism. Bnip3 and Nix are pro-
apoptotic BH3-only family members and can interact
directly with LC3 on the phagophore via their LIR, thereby
tethering mitochondria to autophagosomes (Nah et al.
2017). Genetic ablation of Nix in mice leads to cardiac
hypertrophy and decreased contractility with age, which
is exaggerated in the condition of deficiencies in both Nix
and Bnip3, suggesting that Bnip3 and Nix have overlap-
ping functions in regulating mitochondrial turnover in
cardiomyocytes (Dorn 2010). Our study did not find any
upregulation in Bnip3 and Nix proteins levels in all groups.
On the contrary, these proteins expressions decreased in
T and TD groups significantly. The findings in our data
suggest that exercise training decreased the Bnip3/Nix
pathway and the frequent presence of suspectable mito-
chondrial autophagosomes may be attributed to other
mitophagy machinery. Our findings differ from a study
from Lira et al. (2013) in which 4 weeks of voluntary run-
ning resulted in increased expression of Bnip3 in parallel
with enhanced mitochondrial biogenesis in plantaris. It
appears that Bnip3 in myocardium and skeletal muscle
exhibits distinctive responses upon exercise training. Of
note, in the study from Lira et al. autophagy proteins of
Bnip3 exhibited graded increases from vastus lateralis to
plantaris and then to soleus muscles in basal condition,
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Figure 4. Changes of Bnip3 and Nix expressions
after exercise training and dietary restriction.
Bnip3 protein levels were reduced (A), and Nix
exhibited the same change (B). Bnip3 mRNA
expression changed but had no statistical sig-
nificance (C). Nix mRNA expression decreased
in concert with the change in protein (D). Rep-
resentative blots of Bnip3 and Nix were placed
below (A) and (B). Values are mean + SD. n = 8/
group, * p < 0.05 vs. C group. For abbreviations,
see Fig. 3.
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suggesting oxidative muscle rather than glycolytic muscle
possessed higher mitophagy flux. Moreover, Bnip3 protein
content is increased by exercise training in plantaris but
not in soleus muscle. Together, it indicates Bnip3 is highly
expressed in oxidative tissue and may not contribute to
upregulation of mitophagy post exercise training. In our
study, cardiomyocytes possess high level of oxidative ca-
pacity and the enhanced mitophagy may be independent
of Bnip3/Nix. But cycling for 2 h at 70% maximal oxygen
uptake intensity upregulated Bnip3 and Nix levels in hu-
man skeletal muscle (Schwalm et al. 2017). It seems that
a bout of exercise rather than endurance exercise training
upregulates Bnip3/Nix signaling. Dietary restriction had
a trend to reduce the Bnip3 expression and reduced Nix
expression significantly, suggesting the mitophagy response
in D group may be mediated though other mechanisms.
Changes of Bnip3 and Nix in TD group were similar to
T group that indicated the mitophagy response in TD
group is also independent of Bnip3/Nix pathway. Our
study failed to detect the increases in Bnip3 and Nix in
three protocols which may be relevant to the factor which
specifically triggers the Bnip3/Nix pathway. Under hypoxic
condition, elevation of mitophagy mediated by increased
Bnip3 expression protects cells against ROS (Zhang et
al. 2008). Both Bnip3 and Nix are involved in promoting
mitophagy under hypoxia in cultured cells (Bellot et al.
2009). The intervention protocols in current study may
not achieve the hypoxic demand that could be responsible
for the unexpected result. Of note, mitophagy receptors
should not be restricted to Bnip3 and Nix because new

Figure 5. Changes of Mfn2 and Drp1 expressions
after exercise training and dietary restriction.
Mfn2 protein expression had decreased trends
(A), whereas the levels of Drp1 protein increased
inDand TD groups (B). Bnip3 mRNA expression
was not affected in all groups (C). Drpl mRNA
expression increased apparently only in TD group
(D). Representative blots of Mfn2 and Drp1 were
placed below (A) and (B). Values are mean + SD.
n = 8/group, * p < 0.05 vs. C group, ** p < 0.01 vs.
C group. For abbreviations, see Fig. 3.

receptors are constantly identified such as Fun14 Domain
containing 1 (FUNDC1), Bcl-2-like protein 13 (Bcl2-L-13)
and Cardiolipin (Nah et al. 2017). We can not rule out the
possibility that these underlying molecular mechanisms
may be implicated in the mitophagy response in our study.

Mitochondrial fusion and fission also coordinate with
mitophagy to maintain cardiac homeostasis. Mfn2 and
Drpl are highly expressed in mammalian heart, wherein
their deficiencies inhibit cardiac mitophagy (Shirihai et al.
2015). Loss of Parkin receptor Mfn2 in the heart decreases
PINK/Parkin-mediated mitophagy (Song et al. 2014).
Drpl-mediated asymmetrical fission facilitates segrega-
tion of damaged mitochondrial components, leaving one
severely damaged and one healthy mitochondrion. The
damaged mitochondrion undergoes mitochondrial clear-
ance (Shires and Gustafsson 2015). In the present study,
Mifn2 did not change in all groups and Drpl levels were
increased in D and TD groups, implying that Mfn2 does
not involve the mitophagy process in the three interven-
tions. However, increased Drpl may coordinates with
other unknown signaling pathways to trigger mitophagy.
Previous studies found decreased mitochondrial respira-
tory function and ATP in skeletal muscle was associated
with decreased Mfn2 and increased Drp1 (Liu et al. 2014).
Cardiac Mfn2 knockout mice also resulted in suppression
of ATP synthesis (Mourier et al. 2015). Mitochondrial
fusion facilitates ATP production but high excessive mi-
tochondrial fission impairs oxidative phosphorylation
(Mishra and Chan 2016). Exercise training in T group
did not change Mfn2 and Drp1 expressions which meant
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energy metabolism in the heart operates in a normal con-
dition, whereas increased Drpl in D and TD groups may
lead to excessive fission. The highest levels of Drpl in TD
group may result in serious energy metabolism dysfunc-
tion which could contribute to cardiomyocytes injuries.
Taken together, although the exercise training in our
experiment did not alter Parkin expression, upregulation
of PINK1 could promote the identification of the damaged
mitochondria in the heart and facilitate the mitochondrial
clearance. Intervention of 40% dietary reduction only in-
creases Drpl expression which was beneficial to orchestrate
cardiac mitophagy. Exercise training and dietary restriction
constituted a strenuous stress and led to cardiomyocytes
injuries and enhanced mitophagy, which may be attrib-
uted to increases of PINKI, Drpl and other molecular
mechanisms. It is unknown why Bnip3 and Nix were
downregulated in current study. Whether other molecular
mechanisms cooperate to regulate mitophagy response in-
duced by exercise and dietary restriction in the heart need
to be further elucidated. Additionally, methods applied in
present study only provided static information indicating
what happened in molecular pathways of cardiomyocytes.
But mitophagy is a highly dynamic process which includes
formation of autophagosome, engulfment of mitochondria
and lysosome-dependent degradation. It is necessary to
examine the signaling in early and final stages of mitophagy
in further studies. Our study also lacked parameters of
cardiac functions evaluated by echocardiography pre- and
post-interventions. Whether exercise training and dietary
restriction result in beneficial or adverse effects in the
cardiac function is unknown and the relation between mi-
tophagy and cardiac function undergoing the intervention
aforementioned also needs to be investigated.
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