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Abstract
Type 2 diabetic hearts are more vulnerable to myocardial ischemia reperfusion (MIR) injury, which involves decreased 
mitophagy status with unknown mechanisms. MitoQ, a mitochondria-targeted antioxidant, has been shown to have protec-
tion against ischemia reperfusion injury through upregulating mitophagy. The aim of this study was to investigate the effects 
of MitoQ on myocardium during MIR injury in type 2 diabetes (T2D). Herein, this study discovered that type 2 diabetic 
hearts with PINK1/Parkin downregulation suffered more MIR injury accompanied by reduced mitophagy. Treatment with 
MitoQ significantly decreased the levels of CK-MB, LDH, myocardial infarction, myocardial pathological damage, and 
cardiomyocytes apoptosis, while it improved cardiac function, mitophagy status, and PINK1/Parkin pathway in vivo study. 
Furthermore, MitoQ significantly reduced high glucose/high fat and hypoxia/reoxygenation induced injury in H9C2 cells 
as evidenced by reduced cardiomyocytes apoptosis and ROS production, and increased cell viability, the level of mitochon-
drial membrane potential, PINK1/Parkin expression. However, mitochondrial division inhibitor (mdivi-1), an inhibitor of 
mitophagy, reversed the improvement and protein expression levels of PINK1/Parkin pathway in vitro models. In conclusion, 
MIR induced more severe damage in T2D by reduction of mitophagy. MitoQ can confer cardioprotection following MIR in 
T2D by mitophagy up-regulation via PINK1/Parkin pathway.
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Abbreviations
CCK-8	� Cell counting kit-8
CK-MB	� Creatine kinase-MB
DCFH-DA	� Dichloro-dihydro-fluorescein diacetate
DMEM	� Dulbecco’s modified Eagle’s medium
FBG	� Fasting blood glucose
FBS	� Fetal bovine serum
HG	� High glucose
HR	� Hypoxia/reoxygenation
HFD	� High-fat diet
HR	� Heart rate

LAD	� Left anterior descending coronary artery
LDH	� Lactate dehydrogenase
LVSP	� Left ventricular systolic blood pressure
 + dp/dtmax	� LVSP maximum increase rates
 − dp/dtmax	� LVSP maximum decrease rates
MIR	� Myocardial ischemia reperfusion
TEM	� Transmission electron microscopy
T2D	� Type 2 diabetes
7-AAD	� 7-Amino-actinomycin

Introduction

Diabetes is one of the most influential and representative 
chronic metabolic diseases; its global incidence has been 
estimated to be 9.3% (463 million people), and the preva-
lence will rise to 10.2% (578 million) by 2030 and 10.9% 
(700 million) by 2045 (Saeedi et al. 2019). Type 2 diabetes 
(T2D) accounts for more than 90% of patients with diabetes, 
and patients with T2D are more vulnerable to cardiovascular 
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complications, causing considerable psychological and 
physical distress to patients and caregivers (Packer 2018). 
Among the complications, ischemic heart disease, espe-
cially acute myocardial infarction (AMI), remains a leading 
cause of disability and mortality in diabetic patients (Bragg 
et al. 2017). After coronary revascularization, the diabetic 
heart with AMI is more likely to get damage than in the 
nondiabetic population, which may be caused by impaired 
mitophagy (Guan et al. 2019).

Mitophagy is a specific autophagy that clears damaged 
mitochondria, playing an important role in maintaining 
mitochondrial homeostasis and cell survival (Shefa et al. 
2019). Numerous studies have demonstrated that mitochon-
drial dysfunction is the basis of many epidemic diseases, 
including heart disease caused by myocardial ischemia/
reperfusion (MIR) injury (Morales et al. 2019; W. Zhang 
et al. 2016). Various intracellular signaling pathways were 
proven to participate in regulating mitophagy, including 
PINK1/Parkin, FUNDC1, BNIP3, and BNIP3L/NIX signal-
ing pathway (M. Yang et al. 2019). Furthermore, increasing 
evidence suggest that PINK1/Parkin pathway is well known 
to be involved in the process of MIR, but they were impaired 
in diabetes (Xiao et al. 2017; Y. Zhang et al. 2019). Thus, 
it is a promising way to attenuate MIR injury in diabetes by 
restoring PINK1/Parkin-mediated mitophagy.

The mitochondria-targeted antioxidant MitoQ, a com-
pound obtained by the covalent combination of the endoge-
nous antioxidant coenzyme Q10 and triphenylphosphine, has 
been widely used in the prevention and treatment of many 
diseases (Rodriguez-Cuenca et al. 2010). Previous studies 
have shown that MitoQ attenuates the damage of liver during 
the period of IR (Mukhopadhyay et al. 2012). Moreover, it 
should be noted that the protective effects of MitoQ were 
found in diabetic hearts of rats (Escribano-Lopez et al. 2016; 
Mackenzie et al. 2013). Furthermore, Xiao et al. (Xiao et al. 
2017) reported that MitoQ ameliorated tubular injury medi-
ated by mitophagy, as was evident from increased levels of 
PINK1 and Parkin. Therefore, further studies are necessary 
to better define whether MitoQ ameliorates MIR injury by 
restoring mitophagy in STZ-induced type 2 diabetic rats via 
PINK1/Parkin.

In this study, STZ and high-fat diet (HFD)-induced T2D 
and MIR models were established, and we aimed to assess 
if MitoQ could ameliorate MIR injury in type 2 diabetic rats 
by up-regulation of mitophagy via PINK1/Parkin pathway.

Methods

Experimental animals

The protocol of this experiment was in compliance with 
the Principles of Laboratory Animal Care of Wuhan 

University and was approved by the Committee for the Use 
of Live Animals in Teaching and Research. Seventy male 
Sprague–Dawley (SD) rats, which were in SPF level (aged 
4–5 weeks and obtained from Beijing Vital River Labora-
tory Animal Technology Co., Ltd.), were housed in an envi-
ronment with a maintained temperature of 22 ℃, relative 
humidity of 50 ± 10%, and a fixed light/dark schedule (12 h 
light/12 h dark). All rats were given free access to standard 
chow and water.

Diabetes and MIR model

After 7 days of acclimatization, the rats were randomly 
divided into T2D rats and normal rats. From weeks 2 to 14, 
normal rats were fed a standard normal chow diet and the 
T2D rats were fed an HFD consisting of 66.5% normal diet, 
20% sucrose, 10% lard, 2.5% cholesterol, and 1% sodium 
cholate (Zeng et al. 2019). On the first day of week 6, all 
rats were fasted for 12 h for diabetes induction as normal 
(Qiu et al. 2021), which could enhance the injury of pan-
creatic β-cells with STZ. T2D rats were induced by a single 
intraperitoneal (i.p.) injection of 35 mg/kg STZ (Sigma, 
S0130-1G) dissolved in freshly prepared citrate buffer 
(0.1 mol/L, pH 4.5) at a dose of 40 mg/kg, while rats in the 
nondiabetic group were injected with an equal volume of 
sodium citrate buffer (X. X. Li et al. 2019). Rats on HFD 
with low STZ were recognized as T2D rats, while the fasting 
blood glucose (FBG) level reached 16.7 mM after 1 week 
of STZ injection, at the same time normal rats received an 
equivalent volume of citrate buffer. 8 weeks after diabetes 
induction, the MIR injury model was established as previ-
ously described (Leng et al. 2018; Wu et al. 2017). Briefly, 
the rats were anesthetized by i.p. injection of pentobarbital 
sodium (50 mg/kg), while subjected to tracheotomy and arti-
ficial ventilation with an animal ventilator after endotracheal 
intubation. Electrocardiogram and heart rate (HR) were con-
tinuously monitored by an electrophysiolograph (BioPAC, 
MH150, USA). A thoracotomy was performed at the fourth 
intercostal space of the left subclavian midline to expose 
the heart, and then MIR was achieved by occluding the left 
anterior descending coronary artery (LAD) for 45 min fol-
lowed by reperfusion for 2 h with a 6–0 silk suture. The 
sham-operated groups underwent the same surgical proce-
dures without occlusion in the corresponding location. To 
keep the operation stable and safe, we used heat lamps and 
a heating pad. A gauze with warm saline was taken to cover 
rats to avoid loss of temperature and moisture. Successful 
MIR was confirmed by observing the pale myocardium in 
the left ventricle beneath the suture, and the electrocardio-
gram showed an elevated ST segment. After the operation, 
animals were sacrificed to obtain blood and tissue samples 
for the subsequent experiments.
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Experimental protocols

Eight weeks after STZ injection, both T2D and normal 
rats were randomly divided into four groups (eight in each 
group) as follows: (1) normal shame (NS), (2) normal IR 
(NIR), (3) diabetic shame (DS), and (4) diabetic IR(DIR). 
Besides, to determine the cardioprotection of MitoQ, another 
protocol was under performance as the following groups: (1) 
DM + sham group (DS), (2) DM + I/R group (DIR), and (3) 
diabetic IR + MitoQ (MitoQ). In the MitoQ group, MitoQ 
(2.8 mg/kg; added as MitoQ adsorbed to β-cyclodextran in 
100 μl 0.9% saline) was injected into the tail vein 15 min 
before the onset of ischemia (Liu et al. 2018). For the in vitro 
study, H9C2 cardiomyocytes were randomly divided into the 
three groups as follows: (1) high-glucose/high-fat control 
(HG/HF) (30 mM glucose, palmitate 300 μM); (2) high-
glucose/high-fat culture followed by hypoxia-reoxygenation 
(HR) (HG/HF-HR); (3) high-glucose/high-fat culture fol-
lowed by HR pretreated with MitoQ (HG/HF-HR + MitoQ) 
(MitoQ, 1 µM, Focus Biomolecules, 10–3914) (Kelso et al. 
2001); and (4) high-glucose/high-fat culture followed by HR 
pretreated with MitoQ and mitochondrial division inhibitor 
(mdivi-1) (mdivi-1, 50 µM, Abcam, ab144589) (Wendt et al. 
2020). Rat cardiomyocyte-derived H9C2 cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco 
Laboratories) containing 10% fetal bovine serum (FBS) 
(Gibco Laboratories) and 100 μg/ml penicillin/streptomycin 
(Gibco Laboratories) at 37 °C in a humidified atmosphere of 
10% CO2. To simulate the condition of T2D patients suffer-
ing MIR injury, rat cardiomyocyte-derived H9C2 cells were 
firstly cultured with high glucose/high fat(He et al. 2018). 
When the density of cells reached 60–70% confluence, they 
were exposed to HG conditions for 24 h and HR were estab-
lished by 4 h of hypoxia (94% N2 and 5% CO2) and 2 h 
reoxygenation to simulate the process of MIR as described 
previously (Leng et al. 2018). MitoQ was administered 2 h 
before HR, and mdivi-1 was managed 24 h before HR.

Cardiac function evaluation

For the in vivo study, 8 weeks after diabetic condition, rats 
were anesthetized with pentobarbital sodium and fastened 
in the supine position. Then, data were collected at 120 min 
reperfusion. At the beginning of the operation, a heparin-
saline-filled catheter was inserted into the left ventricle 
through an incision in the right common carotid artery, and 
the other end of the catheter was connected to a pressure 
sensor (Yixinda, Shenzhen, China). Left ventricular systolic 
blood pressure (LVSP) and LVSP maximum increase and 
decrease rates (±dp/dtmax) were monitored by an electro-
physiological instrument (BioPAC). Finally, AcqKnowledge 
4.0 software was used for data processing.

Measurement of CK‑MB and LDH

At the end of the operation, arterial blood samples were 
collected and then centrifuged at 2000 rpm for 10 min to 
measure the level of serum creatine kinase-MB (CK-MB) 
and lactate dehydrogenase (LDH) with a CK-MB assay kit 
(Jiancheng, Nanjing, China) and LDH assay kit (Jiancheng, 
Nanjing, China).

Determination of myocardial infarct size

After reperfusion, six rats were selected randomly from 
the respective group to measure the myocardial infarct 
size with 2 ml of 2% Evans Blue dye (Sigma, E2129-10G) 
and 2,3,5-triphenyltetrazolium chloride staining (Sigma, 
T8877-5G) as described previously (Leng et al. 2018; Wu 
et al. 2017). The infarct size was determined by using an 
image analysis system (Image-Pro plus; Media Cybernet-
ics). The blue area was normal myocardium, red indicated 
ischemic myocardium, pale denoted myocardial infarction, 
and the infarct size and the percentage of myocardial area at 
risk were calculated.

Transmission electron microscopy

After reperfusion, approximately 1 mm3 tissue of the left 
ventricle from each heart was collected and fixed in 2.5% 
glutaraldehyde for 6 h as described by Qiu et al. (2017). The 
samples were prepared by professional teachers of the Elec-
tron Microscopy Centre of Renmin Hospital of Wuhan Uni-
versity and then detected by TEM (TEM, HT7700, Japan).

Histopathological analysis

After reperfusion, a part of the left ventricular tissue was 
taken to be washed with 4 ℃ sterile normal saline, fixed 
and dehydrated in 4% paraformaldehyde for 24 h. Then, 
it was embedded in paraffin and sliced into 4-µm-thick 
sections which were stained with hematoxylin and eosin. 
Finally, histopathological analysis was performed under 
light microscopy.

Determination of apoptosis

In vivo study, the rate of myocardial apoptosis was evaluated 
by a Colorimetric TUNEL Apoptosis Assay Kit (Beyotime 
Biotechnology, China). After operation, a small part of the 
ventricle was taken and incubated with 4% paraformalde-
hyde overnight at room temperature, and TUNEL staining 
was performed according to the manufacturer instruction of 
this kit. In in vitro study, the apoptosis rate of H9C2 cells 
was assessed with a PE Annexin V Apoptosis Detection 
Kit (BD Biosciences, USA). After HR, cells were collected 
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and resuspended in binding buffer. Then, PE Annexin V 
and 7-amino-actinomycin(7-AAD) were used to incubate 
the cells in the dark for 15 min. Cellular fluorescence was 
measured with a CytoFLEX instrument (BD Biosciences, 
USA), and the data were analyzed with the Cell Quest Pro 
software (BD Biosciences, USA).

ROS measurement

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay 
(Sigma, USA) was used to measure the intracellular level of 
ROS. In short, cells were incubated with 50 μM DCFH-DA 
probes for 30 min at 37 °C in the dark. Then, fluorescence 
images were recorded by a fluorescence microscope (Olym-
pus IX51) after washing the cells twice with cold PBS.

Mitochondrial membrane potential measurement

Mitochondrial membrane potential of H9C2 was measured 
with a JC-1 Kit (Beyotime, China). After HR, cells were 
incubated with JC-1 staining working solution for 20 min at 
37 °C. Then JC-1 staining buffer was used to wash the cells 
for twice, and the red/green fluorescence was detected with 
a fluorescence microscope (Olympus Bx 50-FLA).

Cell viability assay

Cell viability was evaluated with a cell counting kit-8 (CCK-
8) (Dojindo, Kumamoto, Japan). After treatment, H9C2 cells 
were incubated with CCK-8 solution for 3 h. The microplate 
reader was used to assess the percentage of viable cells.

Western blot analysis

The expressions of PINK, Parkin, P62, and LC3II/I in left 
ventricular tissue or cells were determined by Western blot. 
After 2 h reperfusion or reoxygenation, the tissue or cell was 
homogenized with a mixture of RIPA lysis buffer, PMSF 
(Beyotime, China), and a protease inhibitor cocktail (Roche, 
USA), and then transferred to 1.5 ml tubes and centrifuged 
at 1.2 × 103 g for 15 min at 4 ℃. The supernatant was col-
lected, and protein concentration was determined with 
BCA kit (Beyotime, China). Proteins were separated on a 
10% SDS polyacrylamide gel and electrotransferred onto a 
PVDF membrane. The PVDF membrane was blocked with 
5% milk for 1 h and incubated overnight at 4 ℃ with the 
appropriate primary antibodies, respectively (anti-PINK1, 
1:1000, CST, 6946S; anti-Parkin, 1:1000, CST,4211S; anti-
P62, 1:1000, CST, 88588S; anti-LC3II/I, 1:1000, CST, 
2775S; anti-GAPDH, 1:1000, CST,5174S) diluted in 5% 
bovine serum albumin(BSA). Then, the membranes were 
washed by TBST for 3 times (5 min each) and incubated 
with HRP-labelled antibody (1:5000 goat anti-rabbit/mouse 

IgG(H + L), AntGene, China,ANT019, ANT020) for 1 h at 
room temperature. The protein bands were detected by Bio-
Rad imaging system.

Statistical analysis

All results are expressed as the mean ± SD. Differences 
among experimental groups were evaluated by one-way 
ANOVA followed by the Tukey test. Statistical analysis was 
performed using R software (version 3.60) and GraphPad 
Prism 8.0 (GraphPad Software, USA). P < 0.05 was consid-
ered statistically significant.

Results

Characteristics of the experimental rats

After 8 weeks of induction of type 2 diabetes, the rats 
showed increased blood glucose, water intake, and food con-
sumption, and decreased body weight as compared with the 
control rats (Table 1). Apart from these, diabetic symptoms, 
including hyperglycemia, polydipsia, polyphagia, and weight 
loss are fully presented in T2D rats (Table 1).

T2D aggravated post‑ischemic injury of myocardial 
tissues in rats suffered MIR

To investigate the effects of diabetes on MIR injury, we 
evaluated biochemical markers and cardiac function. Com-
pared with the NS group, the levels of LDH (Fig. 1a) and 
CK-MB (Fig. 1b) in serum from the DS group significantly 
increased. At the time point of reperfusion for 120 min 
(R120), LVSP (Fig.  1c), + dP/dt (Fig.  1d), and − dP/dt 
(Fig. 1e) notably decreased in DS group. Higher serum lev-
els of LDH (Fig. 1a), CK-MB (Fig. 1b), and larger infarct 
size (Fig. 1f) were exhibited in T2D rats suffered MIR than 
non-diabetic rats, accompanied with decreased levels of 
LVSP (Fig. 1c), + dP/dt (Fig. 1d), and − dP/dt (Fig. 1e) at 
the R120 time point. The data above suggest that T2D rats 
are more vulnerable to MIR injury.

Table 1   General characteristics of each group after 8 weeks

The results are expressed as the mean ± SD
Non-T2D nondiabetic rats of type 2, T2D type 2 diabetic rats
* P < 0.05 versus non-T2D group; n = 12

Parameters/group Non-T2D T2D

Blood glucose (mM) 5.98 ± 0.71 18.4 ± 1.23*

Body weight (g) 438.3 ± 29.72 340.0 ± 25.68*

Water intake (ml/kg/day) 121.4 ± 11.32 324.2 ± 30.10*

Food consumption (g/kg/day) 61.75 ± 5.85 140.4 ± 13.56*
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T2D reduced the increased activity of PINK1/Parkin 
pathway caused by MIR

Meanwhile, we assessed the expression of PINK1, Parkin, 
P62, and the ratio of LC3II/I, which are associated with 
mitophagy. As shown in Fig. 2a–d, T2D decreased the 
expression of PINK1, Parkin, the ratio of LCC3II/I, and 
increased expression of P62 compared with nondiabetic con-
trols at baseline. MIR increased the expression of PINK1 
(Fig. 2a), Parkin (Fig. 2b), and the ratio of LC3II/I (Fig. 2c) 
in nondiabetic rats, accompanied with the decreased expres-
sion of P62 (Fig. 2d). The level of P62 and ratio of LC3II/I 
are typical markers to evaluate autophagy or mitophagy (Xu 
et al. 2020). However, the alteration caused by MIR was 
removed in T2D condition compared with nondiabetic con-
dition in Fig. 2a–d.

Treatment with MitoQ improved cardiac function 
and reduced myocardial injury in T2D rats suffered 
MIR

We next investigated whether MitoQ could attenuate MIR 
injury in T2D rats. As shown in Fig. 3a–c, MitoQ treatment 
significantly attenuated the serum levels of LDH (Fig. 3a), 
CK-MB (Fig. 3b), and infarct size (Fig. 3c) as compared 
to the diabetic rats without treatment. Meanwhile, LVSP 

(Fig.  3d), + dP/dt (Fig.  3e), and − dP/dt (Fig.  3f) at the 
R120 time point were notably reversed in the MitoQ group. 
Besides, histopathological changes are well-established 
evidence for evaluating injury of heart. There were some 
necrotic cells, and the cell arrangement was relatively uni-
form in the DS group (Fig. 3g). After ischemia reperfusion, 
horizontal stripes and myocardial microstructure were more 
severe in the DIR group (Fig. 3g). Treatment with MitoQ 
largely attenuated the structural disorder of the myocardium 
(Fig. 3g). Moreover, cardiomyocytes apoptosis was another 
critical marker to determine the degree of myocardial tissue 
damage. Compared with the DS group, we found that MIR 
significantly increased cell apoptosis (Fig. 3h). MitoQ exhib-
ited significantly decreased cell apoptosis compared with the 
DIR group (Fig. 3h). Treated with MitoQ, notable improve-
ments were observed in these indicators, which suggested 
that MitoQ could attenuate the MIR injury in T2D rats.

MitoQ conferred cardioprotection by up‑regulation 
mitophagy via PINK1/Parkin pathway in T2D rats 
suffered MIR

To evaluate the mitophagy in cardiomyocytes, we used 
TEM to observe autophagosome-engulfing mitochon-
dria, the indicator of mitophagy in myocardium. In the 
DS group, the structure and form of mitochondria were 

Fig. 1   T2D aggravated the 
degree of MIR in rats. NS, 
nondiabetic rats; DS, T2D rats; 
NIR and DIR, nondiabetic and 
T2D rats were subjected to 
30 min of ischemia followed by 
2 h of reperfusion. Serum levels 
of myocardial injury marker 
LDH (a) and CK-MB (b) 
were assessed with assay kits. 
Left ventricle hemodynamic 
parameters including LVSP 
(c), + dp/dt max (d), and − dp/
dt max (e) were measured in 
each group. The infarct size 
was detected by TTC staining 
(f). All values are presented as 
the mean ± SD, n = 5/group. 
∗∗P < 0.01; ∗P < 0.05; #P < 0.05 
versus NIR group
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relatively normal and elongated cylindrical-shaped, 
whereas they were fragmented and swollen in the DIR 
group, which was partially reversed by the treatment of 
MitoQ (Fig. 4a). In the MitoQ group, we found some 
autophagosome-engulfing mitochondria in the cells, but 
there were rarely observed in the DIR and DS groups. 
Then, we measured the expression of PINK1, Parkin, 
P62, and the ratio of LC3II/I, which is represented by 
mitophagy. The expressions of PINK1, Parkin, and the 

ratio of LC3II/I and P62 were not significantly chang-
ing between the DS and DIR groups. There was a great 
increase in the levels of PINK1, Parkin, and the ratio of 
LC3II/I in the MitoQ group compared with the DIR group 
(Fig. 4b–e). Meanwhile, the level of P62 was decreased 
in the MitoQ group. These results suggest that MitoQ 
enhanced mitophagy by high expression of PINK1, Par-
kin, and the ratio of LC3II/I and low expression of P62.

Fig. 2   Effects of MIR injury on 
expressions of PINK1, Parkin, 
ratio of LC3II/I, and P62 in 
nondiabetic and T2D rats. Rep-
resentative myocardial PINK1 
(a), Parkin (b), ratio of LC3II/I 
(c), and P62 (d) Western blots 
images and protein levels 
analysis. GAPDH served as the 
loading control. All values are 
expressed as the mean ± SD, 
n = 5/group. ∗P < 0.05 versus 
NS group; #P < 0.05 versus NIR 
group
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Fig. 3   Effects of MitoQ on 
MIR injury in T2D rats. NS, 
nondiabetic rats; DS, T2D rats; 
NIR and DIR, nondiabetic and 
T2D rats were subjected to 
30 min of ischemia followed by 
2 h of reperfusion; MitoQ, T2D 
rats were subjected to 30 min 
of ischemia followed by 2 h 
of reperfusion and were given 
MitoQ 15 min before ischemia. 
Serum levels of myocardial 
injury marker LDH (a) and 
CK-MB (b) were assessed with 
assay kits. The infarct size was 
detected by TTC staining (c). 
Left ventricle hemodynamic 
parameters including LVSP 
(d), + dp/dt max (e), and − dp/dt 
max (f) were measured in each 
group. The myocardial tissue 
structure and cell necrosis were 
observed by HE staining (g), 
scale bar 100 μm. Representa-
tive TUNEL staining images 
were observed (h), scale bar 
100 μm. All values are pre-
sented as the mean ± SD, n = 5/
group. ∗∗P < 0.01; ∗P < 0.05; 
#P < 0.05 versus DIR group
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Fig. 4   Effects of MitoQ on 
mitophagy in T2D rats suffered 
MIR. Representative electron 
micrographs of each group (a): 
autophagosome-engulfing mito-
chondria ( →), mitochondrial 
fragmentation and swelling (►), 
Scale bar: 1 μm. Representative 
immune blot images and assess-
ment of PINK1 (b), Parkin (c), 
ratio of LC3II/I (d), and P62 
(e). All results are expressed 
as the mean ± SD, n = 5/group. 
∗P < 0.05 versus DS group; 
#P < 0.05 versus DIR group
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Mdivi‑1 eliminated the cardioprotection against HG/
HF‑HR injury induced by MitoQ

Whether MitoQ could provide effective treatment was also 
tested in H9C2 cells during HG/HF-HR conditions. As 
shown in Fig. 5, HG/HF-HR conditions notably increased 
the apoptosis rate (Fig. 5a, b) but decreased the cell viabil-
ity (Fig. 5c), the level of mitochondrial membrane potential 
(Fig. 5d), and ROS (Fig. 5e) in H9C2 cells. On the con-
trary, treatment with MitoQ remarkably recovered from 
HG/HF-HR injury, which indicated the protective effect of 
MitoQ. We further investigated whether the improvement of 
MitoQ was via up-regulation of mitophagy. Compared with 
the HG/HF-HR + MitoQ group, cell viability (Fig. 5c), the 
level of mitochondrial membrane potential (Fig. 5d), and 
ROS (Fig. 5e) were significantly decreased in the Mdivi-1 
group, accompanying with increased apoptosis rate (Fig. 5a, 
b). These results collectively suggest that MitoQ confers car-
dioprotection against HG/HF-HR injury, and the improve-
ment is removed by the mitophagy inhibitor mdivi-1, dem-
onstrating the critical role of mitophagy in the process.

Effects of MitoQ and Mdivi‑1 on PINK1/Parkin 
expression and mitophagy in H9C2 cells exposed 
to HG/HF‑HR

Combined with the results of TEM, we next determined 
whether PINK1/Parkin pathway, which is involved in 
mitophagy, was critical in the process. There was no sig-
nificant difference between HG and HG/HF-HR condi-
tion in PINK1 (Fig. 6a), Parkin, P62 (Fig. 6d) expression 
(Fig. 6b), and the ratio of LC3II/LC3I (Fig. 6c). Treatment 
with MitoQ remarkably activated the PINK1/Parkin signal-
ling pathway in H9C2 cells with HG/HF-HR exposure, as 
illustrated by increased expression of PINK1, Parkin expres-
sion and the ratio of LC3II/LC3I and decreased P62 expres-
sion. The administration of mdivi-1 suppressed the relative 
protein expression of PINK1/Parkin pathway. By doing these 
above, we proved MitoQ could provide myocardial protec-
tion against MIR injury by upregulation mitophagy in T2D 
rats through PINK1/Parkin pathway.

Discussion

In this study, consistent with the pathological results, myo-
cardial injury suffering MIR rats was found to be more 
severe in the NIR and DIR groups. Meanwhile, we dem-
onstrated that decreased mitophagy in the diabetic heart 
is accompanied by decreased levels of PINK1 and Parkin. 
MitoQ attenuated MIR-induced cellular injury, which is 
implicated in the reduction of mitophagy in T2D and HG/
HF-HR conditions. To the best of our knowledge, this was 

the first study to explore the mechanism of cardioprotection 
by MitoQ and examine the role of PINK1/Parkin pathway 
in mitophagy in this process.

As a kind of antioxidant targeted at mitochondria, MitoQ 
consists of ubiquinol, which is a natural antioxidant attached 
to lipophilic cations and its characteristics of lipophilicity 
and positive charge enable it to cross cell membranes and 
accumulate on the matrix facing the surface of the mitochon-
drial inner membrane to reduce mtROS properly (Rossman 
et al. 2018). Initially, MitoQ, as an antioxidant was widely 
used to reduce the level of ROS to play a protective role 
in organs (Skulachev 2005). With the researches of MitoQ 
deepen, Escribano et al. (Escribano-Lopez et al. 2016) had 
found that MitoQ could take action with NFκB to reduce the 
production of ROS, leukocyte-endothelium interactions, and 
TNFα, turning to anti-inflammatory and antioxidant action 
in the leukocytes of T2D patients to prevent cardiovascu-
lar events. Compared with other conventional antioxidants 
which may not confer effective clinically cardioprotection, 
MitoQ could exhibit beneficial effects in clinic by target-
ing at mitochondria (Rossman et al. 2018). Recently, the 
cardioprotection of MitoQ was found to attenuate the IR 
jury in nondiabetic heart by regulation of mitophagy (Hans-
son et al. 2015; Xiao et al. 2017). Meanwhile, the function 
of pancreatic β-cells and vascular endothelial in diabetes 
were found to recover with treatment of MitoQ (J. Yang 
et al. 2021a, b). Therefore, there are questions that whether 
MitoQ could also confer cardioprotection in T2D subjected 
to MIR and whether protection is associated with mitophagy. 
To confirm the hypothesis that MitoQ could provide protec-
tion against MIR injury in T2D, experiments in vivo and 
vitro were performed. Our in vivo study exhibited that both 
T2D and MIR could aggravate the injury in the myocardial 
tissue of rats by analyzing histopathological changes, cardiac 
function, serum levels of LDH and CK-MB, and apoptosis 
rate. MitoQ attenuated the MIR-induced myocardial injury 
in T2D rats. Similar results were found in our vitro studies 
with observations in the changes of cell viability, mitochon-
drial membrane potential, level of ROS, and apoptosis rate 
in H9C2 cells.

Mitophagy, a kind of selective autophagy, is a process 
of clearing damage or excessive mitochondria, activating 
the autophagosome-lysosome pathway under the stimulation 
of ischemia, hypoxia, oxidative stress, and aging to com-
plete the degradation of damaged mitochondria and main-
tain the homeostasis of the cellular environment (Bueno 
et al. 2015). Mitochondrial dysfunction plays crucial role 
in reducing insulin sensitivity, disrupting its production and 
secretion to cause the development of T2D (X. Yang et al. 
2020). Numerous studies revealed that impaired mitophagy 
occurs in T2D condition and mitophagy with upregulation 
confers protection on T2D by limiting oxidative stress and 
inflammasome activation (Durga Devi et al. 2017; Mu et al. 
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Fig. 5   Effects of MitoQ and 
mdivi-1 on cellular injury, 
mitochondrial membrane 
potential, ROS apoptosis rats 
in H9C2 cells exposed to HG/
HF-HR. HG/HF, high glucose 
and high fat (30 mM glucose, 
palmitate 300 μM); HG/HF-HR: 
H9C2 cardiomyocytes were 
cultured with high glucose and 
high fat and were subjected 
to 4 h of hypoxia followed 
by 2 h of reoxygenation; HG/
HF-HR + MitoQ, cells were 
administrated with MitoQ 2 h 
before hypoxia; Mdivi-1, cells 
were administrated with MitoQ 
2 h before hypoxia and mdivi-1 
24 h before hypoxia. Apop-
tosis rate (a, b), cell viability 
(c), mitochondrial membrane 
potential (d), and ROS (e) were 
detected by representative kits, 
scale bar 100 μm. All values 
are presented as the mean ± SD, 
n = 5/group. ∗P < 0.05 versus 
HG/HF group; #P < 0.05 versus 
HG/HF-HR group; &P < 0.05 
versus HG/HF-HR + MitoQ 
group
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2020; Tong et al. 2019; Yu et al. 2021). During MIR injury, 
activated mitophagy occurs when ROS increase, electron 
transport chain activity is impaired, mitochondrial dynamics 
is aberrant, Ca2+ overload, mitochondrial permeability tran-
sition pore opens, and mitochondria dysfunctions (Paradies 
et al. 2018). Mitophagy is activated largely by the condition 
of ischemia, and the phase of reperfusion furtherly upregu-
lates mitophagy (M. Yang et al. 2019). It is well known that 
insufficient or excessive mitophagy is harmful to cells and 
organs suffering IR. Therefore, it is of great necessity for 
cells and organs to protect against IR injury by a proper level 
of mitophagy. However, it remains somewhat controversial 
with regard to whether mitophagy level of up-regulation or 
down-regulation provides protection against IR injury. Li 
et al. (Q. Li et al. 2018) demonstrated that up-regulation of 
mitophagy could play an important role in protecting against 
IR injury. A similar result was made out by Zhang et al. 
(Y. Zhang et al. 2019). In contrast, Feng et al. (Feng et al. 
2017) and Jin et al. (Jin et al. 2018) demonstrated that IR 
injury could be alleviated by inhibiting mitophagy. The dif-
ferences in experimental models, animal species, and meth-
ods among studies may be the reason for these incongruous 
findings. In this study, we found that PINK1/Parkin pathway 
was remarkably activated by MIR in nondiabetic rats, which 
indicated the mitophagy was up-regulated and was consist-
ent with previous studies. Whereas, activity of PINK1/Par-
kin pathway and TEM showed that the effective increase 
of mitophagy by MIR was removed in T2D, demonstrating 
that the vanishment of mitophagy may be responsible for the 
severe damage caused by MIR in diabetic condition.

To confirm the hypothesis that MitoQ could provide pro-
tection associated with the alteration of mitophagy levels, we 
firstly used the TEM to investigate the changes of mitophagy 
in T2D subjected to MIR. In our study, it was obviously 
found that autophagosome-engulfing mitochondria was 
rarely found in the DIR group, while it could be easier to be 
observed in the MitoQ group. What is more, the changes of 
its structure and form showed that it was more fragmented 
and swollen in the DIR group compared to the MitoQ group. 
Although MitoQ is the antioxidant, it can exert uncoupling 
of oxidative phosphorylation and result in lowering the mito-
chondrial membrane potential that drives mitophagy (Lyam-
zaev et al. 2018). These findings indicated that the level of 
mitophagy was removed in T2D rats after MIR which could 
be reversed by MitoQ. We demonstrated for the first time 
that mitophagy indeed participated in the process of MIR 
in STZ-induced T2D rats and MitoQ conferred myocardial 
protection by the up-regulation of mitophagy. In our in vitro 
study, the improvement of MitoQ was removed with admin-
istration of the mitophagy inhibitor mdivi-1. These results 
are consistent with previous reports involving cardioprotec-
tion by up-regulation of mitophagy and are also consistent 
with the hypothesis based on previous findings regarding 

protection of MitoQ (Escribano-Lopez et al. 2016; Hansson 
et al. 2015; Q. Li et al. 2018; Xiao et al. 2017). The incon-
gruous finding of mitophagy by Feng (Feng et al. 2017) and 
Jin (Jin et al. 2018) may be the proper level of mitophagy 
hard to determine caused by the different time of ischemia 
and reperfusion and animal model.

Three different types of mechanism exist in mitophagy 
as follows. First type is the mitochondrial outer membrane 
receptor-mediated mechanism: proteins including Bnip3, 
Nix, FUNDC1, and Bcl-Rambo were localized, and part 
of the outer membrane of the mitochondria can combine 
with lipidated LC3 (LC3-II) to form autophagosomes and 
regulate the phosphorylation of the LIR domain directly. 
Second type is the mechanism of PINK1/Parkin pathway: 
it begins with the activation of PINK1 by the changes in 
mitochondrial membrane potential (DΨm), and then E3 
ligase Parkin is recruited by the target proteins of PINK1 
(ubiquitin/Ub and Mfn2) to the mitochondrial outer mem-
brane and ubiquitinate many proteins in the mitochondrial 
outer membrane which can form autophagosomes by the 
recruitment of specific autophagy-related receptors (P62/
SQSTM1, NBR1, and optineurin/optin) and binding LC3-
II. The last one is the lipid receptor-mediated mechanism: 
a specific transporter (MtCK, NDPK-D) can transfer cardi-
olipin to the mitochondria outer membrane and then car-
diolipin plays the role of eliminating damaged mitochon-
dria by binding to LC3-II (Qiu et al. 2019). In response to 
MIR, mitochondrial dysfunction, low membrane poten-
tial, and more mitochondrial permeability transition pore 
(mPTP) opening lead to increased PINK1/Parkin activity 
and upregulation of mitophagy (Zhou et al. 2017). Among 
these three types of mechanism, PINK1/Parkin is the best-
characterized pathway to maintain a healthy mitochondrial 
network (Turkieh, El Masri, Pinet, & Dubois-Deruy, 2022). 
Furthermore, PINK1/Parkin pathway is impaired in many 
diabetic diseases and cardiomyopathy (M. Yang et al. 2021a, 
b; Y. Zhang et al. 2022). Yang et al. (M. Yang et al. 2021a, b) 
found that knockout of Parkin exacerbated the mitochondrial 
dysfunction and cardiac contractile defects with chronic 
alcohol exposure. As the previous study said, the protection 
of MitoQ is upregulation of mitophagy accompanied with 
increased levels of PINK1 and Parkin (Xiao et al. 2017). 
Therefore, there is a reasonable hypothesis based on the 
above result, remaining to be explored that PINK1/Parkin 
pathway relates to changes of mitophagy in T2D rats sub-
jected to MIR.

Therefore, we next assessed the protein expression 
levels to determine the hypothesis. In our in vivo study, 
the results showed that there was no significant differ-
ence of PINK1 and Parkin expressions between the DS 
and DIR groups. Notably, the levels of PINK1 and Par-
kin were increased with the treatment of MitoQ. Similar 
findings were shown in in vitro study. P62 is an adaptor 
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of autophagy and mitophagy to target selected cargoes 
to autophagosomes and lead to autophagic degradation 
by recognizing polyubiquitin chains and interacts with 
LC3. The accumulation of P62 may depend on lack of 
autophagosome degradation (Emanuele et al. 2020). Com-
bining with our findings above, the data strongly demon-
strated that T2D removed the upregulation of mitophagy 
and the protective effects provided by MitoQ involved in 
PINK1/Parkin pathway through upregulating mitophagy. 
It is noteworthy that in our study, the protein expression 
of PINK1/Parkin pathway relapsed into the levels of HG/
HF-HR conditions when we used mdivi-1. The altera-
tion of protein expression may be that the mechanism 
of mdivi-1 is inhibition of GTPase dynamin-related pro-
tein 1 (Drp1)-dependent fission, and Parkin-independent 
mitophagy requires Drp1 to play synergistic roles in mito-
chondrial homeostasis and survival(Bordt et al. 2017; Kag-
eyama et al. 2014).Although correlation between MitoQ 
and PINK1/Parkin pathway made us explore this signal 
pathway in this process, further studies are necessary to 
better define whether other two mechanisms of mitophagy 
participate in the MIR with T2D or not.

To summarize, the results of our present study found 
compelling evidence that MitoQ confers cardioprotection 
against MIR in STZ-induced type 2 diabetic rats. And the 
protective effects of treatment with MitoQ are implicated in 
up-regulation of mitophagy during MIR via PINK1/Parkin 
pathway. This finding provides new evidence for the cardio-
protection of MitoQ and provides new potential therapy for 
patients with T2D suffered ischemic heart disease.
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