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Abstract

Rationale: Diabetic patients develop cardiomyopathy characterized by hypertrophy, diastolic 

dysfunction, and intracellular lipid accumulation, termed lipotoxicity. Diabetic hearts utilize fatty 

acids as a major energy source, which produces high levels of oxidative stress, thereby inducing 

mitochondrial dysfunction.

Objective: To elucidate how mitochondrial function is regulated in diabetic cardiomyopathy.

Methods and Results: Mice were fed either a normal diet (ND) or high fat diet (HFD, 60 kcal 

% fat). Although autophagic flux was activated by HFD consumption, peaking at 6 weeks 

(p<0.05), it was attenuated thereafter. Mitophagy, evaluated with Mito-Keima, was increased after 

3 weeks of HFD feeding (mitophagy area: 8.3% per cell with ND and 12.4% with HFD) and 

continued to increase even after 2 months (p<0.05). By isolating adult cardiomyocytes from GFP-

LC3 mice fed HFD, we confirmed that mitochondria were sequestrated by LC3 positive 

autophagosomes during mitophagy. In wild type (WT) mice, cardiac hypertrophy, diastolic 

dysfunction (EDPVR = 0.051±0.009 in ND and 0.11±0.004 in HFD) and lipid accumulation 

occurred within 2 months of HFD feeding (p<0.05). Deletion of atg7 impaired mitophagy, 

increased lipid accumulation, exacerbated diastolic dysfunction (EDPVR=0.11±0.004 in WT and 

0.152±0.019 in atg7 cKO, p<0.05) and induced systolic dysfunction (ESPVR=24.86±2.46 in WT 

and 15.93±1.76 in atg7 cKO, p<0.05) during HFD feeding. Deletion of Parkin partially inhibited 

mitophagy, increased lipid accumulation and exacerbated diastolic dysfunction 

(EDPVR=0.124±0.005 in WT and 0.176±0.018 in Parkin KO, p<0.05) in response to HFD 

feeding. Injection of Tat-Beclin1 (TB1) activated mitophagy, attenuated mitochondrial 

dysfunction, decreased lipid accumulation, and protected against cardiac diastolic dysfunction 

(EDPVR=0.110±0.009 in Control peptide and 0.078±0.015 in TB1, p<0.05) during HFD feeding.

Conclusions: Mitophagy serves as an essential quality control mechanism for mitochondria in 

the heart during HFD consumption. Impairment of mitophagy induces mitochondrial dysfunction 

and lipid accumulation, thereby exacerbating diabetic cardiomyopathy. Conversely, activation of 

mitophagy protects against HFD-induced diabetic cardiomyopathy.
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INTRODUCTION

The prevalence of obesity is increasing rapidly worldwide, with 107.7 million children 

(5.0% of all children) and 603.7 million adults (12.0% of all adults) reported as obese in 

20151. Cardiovascular disease has been the leading cause of death and disability-adjusted 

life years in patients with high body mass index (BMI)1. More than one third of diabetic 

patients develop myocardial dysfunction, known as diabetic cardiomyopathy2, even in the 

absence of conventional cardiac risk factors, such as coronary artery disease, hypertension, 

and valvular heart disease. In its early phase, left ventricular (LV) hypertrophy, fibrosis and 

diastolic dysfunction with normal ejection fraction are observed. Some patients develop 

heart failure with preserved ejection fraction (HFpEF), whereas others eventually develop 

heart failure with reduced ejection fraction (HFrEF)3,4.

The adult heart is a high energy-demanding tissue and 60%−90% of the energy used 

originates from fatty acid oxidation in mitochondria5. Diabetic hearts shift away from 

utilization of glucose, and depend almost completely on fatty acids as an energy source, 

which generally produces more oxidative stress during their oxidation and eventually causes 

mitochondrial dysfunction6. In addition, due to the imbalance between fatty acid uptake and 

fatty acid oxidation, accumulations of fatty acids called lipid droplets (LDs) often develop in 

the cytosol of cardiomyocytes (CMs) as well as in the vascular structure. Accumulation of 

some forms of fatty acids, including ceramide and diacylglycerol, exerts cytotoxicity, 

thereby inducing histological and functional disturbances in the heart, termed lipotoxicity7.

Macroautophagy is characterized by the presence of double-membrane vesicles, called 

autophagosomes, which contain cytosolic proteins and organelles and are degraded by 

lysosomal enzymes. When macroautophagy selectively degrades mitochondria, it is termed 

mitophagy5. Increasing lines of evidence suggest that mitophagy plays an important role in 

degrading damaged or unnecessary mitochondria in CMs at baseline and in response to 

stress8, 9. Together with mitochondrial fission and fusion and mitochondrial biogenesis, 

mitophagy is one of the most important steps necessary to maintain the quality of 

mitochondria10. Diabetic cardiomyopathy is commonly accompanied by the presence of 

mitochondrial dysfunction. In fact, previous studies have shown that autophagy, which non-

selectively degrades mitochondria, and mitophagy are either downregulated11,12,13,14,15 or 

upregulated16,17 in the heart with metabolic syndrome. Importantly, the occurrence of 

mitophagy in the heart during the development of diabetic cardiomyopathy and its 

underlying mechanism are not unequivocally documented. Furthermore, how stimulation or 

inhibition of mitophagy affects the development of diabetic cardiomyopathy has been poorly 

addressed. We believe that a better understanding of how mitophagy is regulated during 

diabetic cardiomyopathy is essential in order to develop a specific strategy to alleviate 

cardiac dysfunction in type II diabetic patients.
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We therefore asked the following questions: 1) Is mitophagy activated during the 

development of diabetic cardiomyopathy and, if so, what is the underlying molecular 

mechanism stimulating mitophagy? 2) What is the role of mitophagy during the 

development of diabetic cardiomyopathy? We addressed these questions using recently 

developed mitophagy indicator mice and loss-of-function mouse models of autophagy and 

mitophagy.

METHODS

The authors declare that all supporting data are available within the article (and its online 

supplementary files in the Online Data Supplement).

Detailed methods can be found in the Online Data Supplement.

RESULTS

Autophagy is upregulated in the early phase but downregulated in the late phase of HFD 
consumption.

We have shown previously that HFD consumption induces diastolic dysfunction, cardiac 

hypertrophy and insulin resistance in mice12. In order to evaluate the effect of HFD 

consumption on autophagy in the heart, C57BL/6J mice were fed with either normal diet 

(ND) or HFD for the indicated durations. Assessment of left ventricular (LV) diastolic 

function by pressure-volume loop (PV-Loop) analysis showed that HFD consumption 

significantly increases the end diastolic pressure-volume relationship (EDPVR) compared to 

ND consumption at 2 months and thereafter (Online Table I and Online Figure I), suggesting 

that HFD induces LV diastolic dysfunction within 2 months, consistent with our previous 

results 12. In order to evaluate the role of autophagy and mitophagy during the initial 

development of diabetic cardiomyopathy, we focused on the initial phase, namely 0–2 

months, in this study.

To assess autophagic flux, we treated mice with chloroquine (CQ)18, an inhibitor of fusion 

between autophagosomes and lysosomes, 4 hours before euthanasia, and quantified the level 

of LC3II. HFD feeding increased the level of LC3II, peaking at 6 weeks (Figure 1AB). HFD 

feeding also enhanced CQ-induced increases in LC3II, indicating increases in autophagic 

flux, peaking at 6 weeks. However, even in the presence of CQ, the LC3II level was the 

same as at baseline after 2 months of HFD consumption, suggesting that autophagic flux 

returns to the basal level by 2 months (Figure 1AB). The effect of HFD on cardiac 

autophagic flux was also evaluated in transgenic mice with CM-specific expression of 

tandem fluorescent mRFP-GFP-LC3 (Tf-LC3) 18,19, in which autophagosomes emit both 

green (GFP) and red (mRFP) fluorescence, resulting in a yellow signal in merged images, 

whereas autolysosomes emit red (mRFP) fluorescence only. Tf-LC3 mice were fed with 

HFD for 6 weeks and 2 months, and then treated with CQ 4 hours before euthanasia. The 

number of yellow dots (autophagosomes) was significantly greater in mice fed with HFD 

than in those with ND. CQ significantly enhanced increases in yellow dots 

(autophagosomes) in mice fed with HFD for 6 weeks compared to in those with ND, 

suggesting that autophagic flux is increased after HFD feeding for 6 weeks. In contrast, CQ-
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induced increases in yellow dots were attenuated in mice fed with HFD for 2 months 

compared to in those fed with ND (Figure 1CD), suggesting that autophagic flux was 

impaired at 2 months of HFD feeding. Taken together, these results indicate that although 

autophagic flux is activated by HFD consumption, peaking at 6 weeks, it is attenuated by 2 

months of HFD consumption.

In order to elucidate the signaling mechanism by which autophagy is activated in response to 

HFD consumption, we evaluated the activity of known regulators of autophagy. We and 

others have shown previously that autophagy in the heart is negatively regulated by two 

major signaling pathways, namely mammalian sterile 20 like kinase 1 (Mst1)20 and 

mTOR12. Thus, we investigated how HFD consumption affects these signaling mechanisms. 

HFD consumption led to inhibition of Mst1 whereas mTOR was not affected (online Figure 

IIA-C), suggesting that downregulation/inactivation of Mst1 may contribute to the initial 

activation of autophagy/mitophagy in response to HFD consumption. ULK1 was also 

activated after HFD feeding (online Figure IID). Thus, ULK1 may also contribute to 

activation of autophagy in response to HFD consumption.

Mitophagy was upregulated in response to HFD consumption.

Organelle-specific autophagy, including mitophagy, plays an important role in maintaining 

cellular functions during stress. We thus investigated whether HFD-induced increases in 

autophagy are accompanied by increases in mitophagy. The level of mitophagy in CMs was 

evaluated using transgenic mice expressing Mito-Keima in a cardiac-specific manner (Tg-

Mito-Keima). Mito-Keima fluorescence shows a shift in its excitation to higher wavelengths 

when mitochondria come into contact with the acidic milieu of lysosomes during 

mitophagy21. The ratio of Keima fluorescence at an excitation wavelength of 561 nm to that 

at 457 nm increases with a drop in pH, namely when mitophagy is activated. HFD feeding 

time-dependently increased the Mito-Keima-positive area in CMs, suggesting that 

mitophagy is activated by HFD feeding (Figure 2AB). The area of high 561/457 ratio dots 

was increased as early as at 3 weeks of HFD feeding and continued to increase even after 2 

months. We also evaluated mtDNA/nuclear DNA, with real-time PCR of cytochrome b9 and 

β-actin (Figure 2C). The mtDNA/nuclear DNA ratio was significantly smaller in CMs 

isolated from mice fed with HFD for 2 months than in those with ND, consistent with 

decreases in mitochondrial content. These results suggest that mitophagy is activated in the 

heart in response to HFD feeding.

In order to investigate how mitophagy is activated in response to HFD consumption, we 

isolated the mitochondrial fraction from the whole hearts after 2 months of either ND or 

HFD feeding. The level of LC3II was increased in response to HFD feeding in the total 

lysate and in the mitochondrial fraction, but not in the supernatant, primarily consisting of 

the cytosolic fraction. The level of LC3II was further increased in the presence of CQ in the 

mitochondrial fraction but not in the supernatant (Figure2DE), suggesting that autophagy is 

activated predominantly in the mitochondrial fraction in CMs in response to HFD feeding. 

In order to confirm that mitochondria are sequestrated by LC3 positive autophagosomes 

during mitophagy in response to HFD feeding, we investigated co-localization of 

mitochondria and LC3. To this end, GPF-LC3 transgenic mice12 were subjected to ND or 
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HFD feeding. After 2 months, CMs were freshly isolated and subjected to staining with 

Mitotracker Red. Co-localization of GFP-LC3 (green) with Mitotracker (red) increased 

significantly more in CMs isolated from mice treated with HFD than in those with ND 

(Figure 2F-H). High magnification microscopic images showed that more than 75% of GFP-

LC3 exhibited a ring-like structure with a diameter of 500 nm (Figure 2FG), and that around 

75% of the LC3 ring-like structures surrounded Mitotracker red signals (Figure 2FH). These 

results suggest that LC3 positive autophagosomes sequestrate mitochondria in CMs in 

response to HFD feeding. Taken together, these results suggest that autophagy is activated 

primarily in the mitochondrial fraction and sequestrates mitochondria into LC3-positive 

autophagosomes.

Autophagy and mitophagy induced by HFD feeding are attenuated in atg7 cKO mice.

In order to elucidate the role of mitophagy in the regulation of cardiac lipid metabolism, we 

used cardiac specific atg7 knock-out (atg7 cKO) mice. Atg7 cKO mice were fed HFD for 

two months. Expression of LC3II was reduced due to a decrease in LC3I processing in the 

hearts of atg7 cKO mice in both the presence and absence of HFD feeding, suggesting that 

general autophagy is completely suppressed in atg7 cKO mice (Figure 3A). In order to 

evaluate whether mitophagy is impaired in atg7 cKO mice we crossed atg7 cKO or WT mice 

with Tg-Mito-Keima. The area of high 561/457 ratio dots was significantly smaller in atg7 
cKO mice than in WT mice fed with either ND or HFD, suggesting that Atg7 plays an 

essential role in mediating mitophagy at baseline and in response to HFD feeding (Figure 

3BC). Consistently, the mitochondrial DNA content was greater in atg7 cKO mice fed with 

HFD than in control mice (Figure 3D).

Atg7-dependent autophagy protects the heart during HFD consumption.

We then investigated the functional significance of autophagy and mitophagy during HFD 

consumption. To this end, control and atg7 cKO mice were subjected to either ND or HFD 

feeding for 2 months and the extent of cardiac hypertrophy and cardiac function were 

evaluated. Whereas HFD feeding significantly increased the LV weight/tibia length ratio 

(LVW/TL) in control mice, it further increased LVW/TL in atg7 cKO mice (Figure 3E). 

Although HFD feeding did not significantly affect left ventricular ejection fraction (LVEF) 

in control mice as evaluated with echocardiographic analyses, it significantly reduced LVEF 

in atg7 cKO mice (Figure 3FG and Online Table II). PV-Loop analyses indicated that HFD 

feeding significantly reduced the end systolic pressure-volume relationship (ESPVR) in atg7 
cKO, but not in control mice (Figure 3H and Online Table III), consistent with the 

aforementioned echocardiography result that HFD feeding induces systolic dysfunction in 

atg7 cKO mice. HFD feeding induced-increases in the slope of the end diastolic pressure-

volume relationship (EDPVR) observed in control mice were further increased in atg7 cKO 

(Figure 3I and Online Table III). These results suggested that Atg7 protects the heart against 

cardiac hypertrophy and both systolic and diastolic dysfunction during HFD consumption.

Mitochondrial dysfunction is exacerbated in atg7 cKO mice.

Since the impairment of mitophagy in atg7 cKO mice may affect mitochondrial quality 

control mechanisms, we evaluated mitochondrial function. To this end, we used isolated 

adult CMs to evaluate mitochondrial membrane potential (MMP) with TMRE incubation 
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and perform flow cytometric analyses, as well as confocal microscopy. Although HFD 

feeding for 2 months significantly reduced the MMP in CMs isolated from control mice, it 

further reduced the MMP in CMs from atg7 cKO mice (Figure 3J and Online Figure IIIAB). 

Whereas the oxygen consumption rate (OCR), evaluated with a Seahorse XF96 analyzer, 

was decreased by HFD feeding in CMs isolated from control mice, it was further reduced in 

those from atg7 cKO mice (Figure 3K). Fatty acid oxidation was increased by HFD feeding 

in CMs isolated from control mice, but not from atg7 cKO mice, compared to in CMs 

isolated from control mice fed with ND (Figure 3L). These results suggested that 

downregulation of autophagy and mitophagy induces accumulation of dysfunctional 

mitochondria during HFD consumption.

Lipid accumulation, fibrosis and cell death are enhanced in atg7 cKO mice compared to in 
WT mice in response to HFD.

EM analysis of myocardial sections in control mice showed that HFD feeding for 2 months 

significantly increased vacuolar spaces adjacent to mitochondria, most likely LDs, in control 

mice. The LDs were greater in atg7 cKO mice fed with HFD than in WT mice with HFD 

(Figure 4AB). LDs are located next to mitochondria and appear to have physical contact 

with mitochondria (Figure 4C). The myocardial triglyceride content was increased 

significantly in control mice fed with HFD, and it was further increased in atg7 cKO mice 

fed with HFD (Figure 4D). Oil red O staining also indicated that myocardial accumulation 

of lipid was significantly increased by HFD feeding in control mouse hearts and it was 

further enhanced in atg7 cKO mice (Figure 4EF).

Lipophagy is a lipid-specific form of autophagy involved in the transfer of lipid from LDs to 

lysosomes wherein lipolysis takes place and fatty acids are released into the cytoplasm22. 

We investigated whether lipophagy is induced by HFD feeding in the heart. Despite 

extensive examination of myocardial sections with EM, however, we were not able to 

identify double membrane structures containing lipids in control mice with HFD feeding. 

Similarly, we could not find co-localization of GFP-LC3 ring-like structure or dots with 

lipids in CMs freshly isolated from control mice subjected to HFD feeding (Figure 4G), 

although we could observe co-localization of GFP-LC3 with lipids in CMs freshly isolated 

from mice with starvation condition (Online Figure IV). These results suggest that lipophagy 

may not be activated at significant levels in the mouse heart in the presence of HFD feeding.

HFD feeding significantly increased cardiac fibrosis, as evaluated with Picrosirius red (PSR) 

staining, in atg7 cKO mice, but not in control mice (Online Figure VAB). HFD also 

significantly increased the number of TUNEL positive CMs and the myocardial level of 

cleaved Caspase 3 in atg7 cKO mice but not in control mice (Online Figure VC-F). Taken 

together, these data indicated that Atg7 protects the heart against CM fibrosis and apoptosis 

during HFD consumption.

Parkin-mediated mitophagy protects the heart against HFD-induced cardiac hypertrophy, 
diastolic dysfunction and lipid accumulation.

Mitophagy is mediated at least in part through Parkin-dependent mechanisms in the heart5. 

Parkin protein was increased in the whole cell and in mitochondrial fractions during HFD 
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consumption compared to ND consumption (online Figure VI A-C). We crossed Parkin KO 

mice with Tg-Mito-Keima. The HFD-induced increase in the area of high 561/457 ratio dots 

was significantly smaller in Parkin KO mice (Figure 5AB). Although HFD consumption 

increased the level of ubiquitinated proteins in the mitochondrial fraction in control mice 

compared to ND consumption, the HFD-induced increase in ubiquitinated proteins in the 

mitochondrial fraction was significantly attenuated in Parkin KO mice (online Figure VI A 

and D). Parkin KO mice developed more severe cardiac hypertrophy and cardiac diastolic 

dysfunction as evaluated with PV-Loop analyses, in response to HFD feeding (Figure 5CD, 

Online Table IV). Systolic function, evaluated by echocardiographic measurement was 

maintained in both control and Parkin KO mice (Online Table V). Compared with WT mice 

fed HFD, Parkin KO mice fed HFD exhibited deceased MMP and fatty acid oxidation 

(Figure 5EF). These results suggest that downregulation of mitophagy during HFD 

consumption induces accumulation of dysfunctional mitochondria. The HFD-induced 

decreases in MMP observed in WT mice were exacerbated in Parkin KO mice. HFD feeding 

significantly increased fatty acid oxidation in control mice but not in Parkin KO mice.

EM analysis showed that the LDs induced by HFD feeding are significantly larger in Parkin 

KO mice than in control mice (Figure 5GH). The myocardial triglyceride content was 

significantly greater in Parkin KO mice with HFD than in control mice fed with HFD 

(Figure 5I). Oil red O staining indicated that myocardial accumulation of lipid in response to 

HFD feeding was significantly greater in Parkin KO mice than in control mice (Figure 5JK). 

It should be noted that the size of LDs and the extent of Triglyceride accumulation observed 

in Parkin KO mice fed with HFD were not as great as those in atg7 cKO mice fed with HFD.

Taken together, these observations show that downregulation of Parkin impairs mitophagy 

and partially mimics the cardiac phenotype in atg7 cKO mice in response to HFD 

consumption. These results suggest that Atg7- and Parkin-induced mitophagy plays an 

important role in protecting the heart during HFD consumption.

HFD-induced cardiac dysfunction is attenuated by TAT-Beclin 1 treatment.

Since downregulation of autophagy and mitophagy induces cardiac hypertrophy and 

dysfunction in response to HFD consumption, we next investigated whether stimulation of 

autophagy and mitophagy alleviates cardiac hypertrophy and LV dysfunction induced by 

HFD consumption. We have shown previously that intraperitoneal injection of TAT-Beclin1 

(TB1)23 increases mitophagy in the heart9. TB1 contains 18 amino acids derived from 

Beclin1 (267–284) and potently stimulates autophagy in HeLa and other cells by mobilizing 

endogenous Beclin1 from the Golgi apparatus where Beclin1 is tethered through Golgi-

associated plant pathogenesis-related protein 123. We injected TB1 or control TAT-scramble 

(TS) into mice during the last 2 weeks of HFD feeding. TB1 treatment significantly 

increased LC3II in total and mitochondrial fractions compared to TS treatment in the 

presence of both ND and HFD consumption (online Figure VII A and B). Importantly, the 

level of LC3II was greater in the mitochondrial fraction than in the supernatant fraction, 

suggesting that TB1-activated autophagy primarily targets mitochondria during HFD 

consumption. After 3 months of HFD feeding, HFD-induced increases in mitophagy, as 

evaluated with Tg-Mito-Keima, were significantly greater in TB1-injected mice than in TS-
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injected mice (Figure 6AB). HFD feeding-induced cardiac diastolic dysfunction was 

significantly attenuated in TB1 treated mice compared to in TS treated mice (Figure 6C and 

Online Table VI). Mitochondrial function was evaluated using isolated adult CMs. Although 

HFD feeding significantly decreased the OCR in TS treated mice, TB1 treatment 

significantly attenuated the HFD-induced decrease in the OCR (Figure 6D). TB1 treatment 

also blunted HFD-induced depolarization of the MMP, as evaluated with TMRE (Figure 

6EF). Oil red O staining of cardiac tissues indicated that HFD-induced increases in lipid 

accumulation were significantly attenuated by TB1 compared to TS (Figure 6GH). These 

results suggest that TB1 treatment attenuates HFD-induced mitochondrial dysfunction, 

myocardial accumulation of lipid, and cardiac diastolic dysfunction, at least in part through 

improvement of mitophagy.

We next tested whether TB1 rescues impaired mitophagy and cardiac dysfunction during 

HFD consumption in Parkin KO mice. We crossed Parkin KO with Mito-Keima mice and 

injected them with TB1. TB1 restored mitophagy and rescued LV diastolic dysfunction 

(online figure VIII A-C). These results suggest that TB1 activates mitophagy even in the 

absence of Parkin during HFD consumption, and that Parkin-independent mitophagy is also 

effective in improving cardiac dysfunction induced by HFD consumption.

We next assessed whether stimulation of mitophagy during HFD consumption leads to 

improvement in the overall quality of mitochondria. First, we evaluated whether 

transcription factors involved in mitochondrial biogenesis are upregulated by TB1 injection 

during HFD consumption. Although PGC1α and Tfam did not change, NRF1 was 

significantly upregulated in response to TB1 injection in the presence of either ND or HFD 

consumption (online Figure IX A and B), indicating that mitochondrial biogenesis may be 

activated. Since TB1 did not significantly change the level of total mitochondrial proteins, 

TB1 may increase the turnover rate. In order to test this hypothesis, we used Mitotimer 

transgenic mice 24, in which the turnover of mitochondria is conveniently monitored. 

Mitotimer marks old mitochondria with red, whereas new mitochondria appear green. HFD 

consumption increased the ratio of red to green, indicating that the proportion of old 

mitochondria was increased due to insufficient turnover (online Figure X A and B). After 

injection of TB1, however, the ratio of red to green was normalized (online Figure X A and 

B). Together with the fact that TB1 increases mitophagy, these results suggest that 

mitochondrial biogenesis and turnover are increased in response to TB1, even in the 

presence of HFD consumption. We performed EM analyses of the mitochondrial cristae 

structure 25. HFD consumption increased the number of mitochondria with disconnected 

cristae. However, injection of TB1 attenuated this phenotype during HFD consumption 

(online Figure X C and D). The mitochondrial number did not change significantly (online 

Figure X E). Taken together, these results suggest that TB1 treatment attenuates 

mitochondrial dysfunction during the development of diabetic cardiomyopathy by increasing 

mitochondrial turnover.

DISCUSSION

The early stage of diabetic cardiomyopathy includes the development of hypertrophy, 

intracellular lipid accumulation, fibrosis and diastolic dysfunction, which then evolves to 
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systolic dysfunction with reduced ejection fraction3,4. Our study suggests that HFD induces 

Atg7-dependent mitophagy in the early phase, which is partially mediated by a Parkin-

dependent mechanism. Mitophagy serves as an essential quality control mechanism to 

maintain the function of mitochondria in the heart during HFD consumption. The 

impairment of mitophagy induces mitochondrial dysfunction and lipid accumulation, 

thereby exacerbating the development of diabetic cardiomyopathy.

Our results suggest that mitophagy is time-dependently activated in the heart in response to 

HFD feeding, as evidenced by increases in acidic dots of Mito-Keima and concomitant 

decreases in mtDNA consistent with increases in mitochondrial degradation. Furthermore, 

HFD increases localization of LC3II in the mitochondrial fraction, and the level of LC3II is 

further increased in the presence of CQ treatment, suggesting that autophagic flux of 

mitochondrial protein is increased in response to HFD. Much of the GFP-LC3 showed a 

ring-like structure and encircled mitochondria. Although increasing lines of evidence 

suggest that mitophagy can be mediated by both LC3-dependent and -independent 

autophagy, these results suggest that LC3-dependent autophagy mediates mitophagy in the 

heart during HFD consumption.

We found that general autophagy, evaluated with LC3II in the whole cell fraction, is 

activated by HFD feeding, peaking at 6 weeks, but declines thereafter. Interestingly, both 

LC3II in the mitochondrial fraction and mitophagy, evaluated with Mito-Keima, were 

increased even thereafter. It is possible that the activities of autophagy in the whole cell 

fraction and in mitochondria are differentially regulated. Interestingly, LC3II is observed 

predominantly in the mitochondrial fraction and the majority (>75%) of GFP-LC3 ring-like 

structures co-localized with mitochondria. Thus, activation of autophagy may take place 

primarily at mitochondria during HFD consumption, but the assessment of autophagy in the 

whole cell fraction may obscure its activation in mitochondria. Alternatively, additional 

mechanisms of mitophagy, such as LC3-independent mitophagy, may be activated after 

conventional mechanisms of autophagy are inactivated. We have shown previously that 

mitophagy is activated after general autophagy is inactivated during pressure overload9.

Mitophagy in response to HFD consumption is significantly attenuated in the presence of 

Atg7- or Parkin-downregulation, suggesting that Atg7- or Parkin-dependent mitophagy 

mediated through the conventional mechanism of autophagy is activated in the heart during 

HFD consumption. Importantly, acidic dots of Mito-Keima induced by HFD cannot be fully 

suppressed even in the presence of complete downregulation of Atg7 or Parkin, suggesting 

that either Atg7- or Parkin-independent mechanisms of mitophagy may also exist.

The development of cardiac hypertrophy, diastolic dysfunction, and cardiac fibrosis, typical 

features of diabetic cardiomyopathy in response to HFD feeding is exacerbated in atg7-cKO 

mice. These results suggest that Atg7-dependent activation of autophagy/mitophagy acts as 

an adaptive mechanism to protect the heart against diabetic cardiomyopathy. Because the 

majority of GFP-LC3 co-localized with mitochondria in control mice fed with HFD, we 

speculate that the suppressive effect of atg7 cKO upon mitophagy is important. This notion 

is also supported by the fact that the cardiac phenotype observed in atg7 cKO mice during 

HFD feeding is partially mimicked by that in Parkin KO mice.
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One important consequence of mitophagy suppression is the development of mitochondrial 

dysfunction, including mitochondrial depolarization, reduced oxygen consumption and 

decreases in fatty acid oxidation. This leads to reduced ATP production and decreases in CM 

contraction. Indeed, systolic dysfunction develops in atg7 cKO mice. It should be noted that 

systolic dysfunction was not observed in Parkin KO mice fed with HFD. One possibility is 

that Parkin-independent mechanisms of mitophagy remain in Parkin KO mice and contribute 

to the maintenance of mitochondrial function and cardiac contractility. Alternatively, 

downregulation of Atg7 may more generally inactivate autophagy than that of Parkin. 

Consistently, TB1 increases mitophagy in Parkin KO mice. It should be noted that, 

regardless of Parkin-dependency, activation of mitophagy is effective in improving 

mitochondrial function and diastolic dysfunction in the heart in the presence of HFD 

consumption. Although we show that TB1 primarily increases LC3II in the mitochondrial 

fraction, suggesting that TB1 promotes mitophagy, we cannot formally exclude the 

possibility that increases in general autophagy may also contribute to the protective effect of 

TB1 during HFD consumption.

Increasing lines of evidence suggest that Parkin has multiple functions 26. For example, 

Parkin stabilizes CD36 in the liver, whereas downregulation of Parkin decreases total body 

weight after five weeks of HFD feeding. Our results showed that body weight is increased 

after 2 months of HFD feeding and CD36 was not affected in the heart tissue of Parkin KO 

mice (online Figure VI). It is possible that the function of Parkin during HFD consumption 

may be time- and tissue-dependent.

Another important consequence of mitochondrial suppression is decreased fatty acid 

oxidation. If the level of fatty acid uptake is maintained, this can lead to accumulation of 

fatty acids in cells. In fact, we observed that LDs were larger and the level of Oil red O 

staining was enhanced in atg7 cKO and Parkin KO mice. The greater extent of lipid 

accumulation in atg7 cKO mice than in Parkin KO mice may be due to the fact that 

mitophagy is more extensively suppressed in atg7 cKO mice than in Parkin KO mice. 

Accumulation of toxic fatty acids, such as ceramide and diacylglycerol, may induce 

deleterious effects, termed lipotoxicity. Since the formation of LDs alone is not necessarily 

toxic in some conditions27,28, whether lipid accumulation caused by suppression of 

mitophagy alone causes lipotoxicity remains to be elucidated.

It has been shown that lipophagy, selective autophagy that transfers lipid from LD to 

lysosome, assists lipolysis in liver cells and that lipophagy is ubiquitously observed29,30. 

Despite extensive search with EM, however, we were unable to identify autophagosomes 

containing LDs in adult CMs. In addition, we could not identify co-localization of GFP-LC3 

and lipid in adult CMs freshly isolated from the heart of mice subjected to HFD feeding. 

Thus, we believe that autophagosomes sequestrate mitochondria rather than lipid in the heart 

in response to HFD consumption. Since lipophagy is believed to be a mechanism to facilitate 

lipolysis29, it is possible that it is not significantly activated under baseline conditions in the 

heart subjected to HFD feeding alone. We found that LDs observed in the heart after HFD 

feeding are almost all directly connected to mitochondria. The direct communication 

between mitochondria and LDs has been reported in previous studies31,32. Thus, it is likely 

that fatty acids are directly transferred from LDs to mitochondria in CMs under baseline 
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conditions or during HFD consumption. However, we cannot formally exclude the 

possibility that suppression of lipophagy contributes to the enhancement of lipid 

accumulation in atg7 cKO mice. Further investigation is needed regarding the role of 

lipophagy in mediating fatty acid metabolism in the heart.

Since patients with insulin resistance frequently develop cardiac complications2, 

interventions to alleviate the cardiac effects of HFD consumption may lead to the 

development of a novel treatment for diabetic patients. Our results suggest that TAT-Beclin1 

treatment is effective in preventing cardiac hypertrophy, diastolic dysfunction, and lipid 

accumulation in the hearts of mice subjected to HFD feeding, as well as enhancing 

mitophagy and mitochondrial biogenesis (Online Figure XI). Thus, treatment to increase 

mitophagy may be a promising modality to reduce cardiac complications in diabetic 

patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms:

atg7 cKO cardiac-specific atg7 knockout mice

CM cardiomyocyte

CQ chloroquine

EDPVR end diastolic pressure-volume relationship

EF ejection fraction

EM electron microscopy

ESPVR end systolic pressure-volume relationship

FS fractional shortening

HFD high fat diet

LD lipid droplet

LV left ventricular

MMP mitochondrial membrane potential
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ND normal diet

PV-Loop pressure volume loop

TB1 Tat-Beclin1

TS1 Tat-scramble

Tg-GFP-LC3 mice transgenic mice expressing LC3 conjugated with green 

fluorescent protein

Tg-Mito-Keima mice transgenic mice expressing Keima protein with a 

mitochondrial targeting sequence

Tf-LC3 mice mRFP-GFP tandem fluorescent-tagged LC3 transgenic 

mice

TMRE Tetramethylrhodamine ethyl ester, perchlorate
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Diabetic cardiomyopathy is often accompanied by mitochondrial dysfunction.

• Autophagy is either upregulated or downregulated in the heart during high fat 

diet consumption.

• Diabetic cardiomyopathy is characterized by intramyocardial lipid 

accumulation, termed lipotoxicity.

What New Information Does This Article Contribute?

• Mitophagy is activated but insufficient for the maintenance of mitochondrial 

function during the initial phase of diabetic cardiomyopathy.

• Atg7-dependent mitophagy maintains mitochondrial function and protects 

against hypertrophy and diastolic dysfunction during the initial phase of 

diabetic cardiomyopathy.

• Stimulation of mitophagy by TAT-Beclin 1 inhibits the development of 

diabetic cardiomyopathy.

• Suppression of mitophagy increases accumulation of lipids in the heart during 

high fat diet consumption.

Diabetic patients commonly develop cardiac dysfunction characterized by hypertrophy 

and diastolic dysfunction, termed diabetic cardiomyopathy. Intramyocardial lipid 

accumulation and mitochondrial dysfunction are intimately involved in the pathogenesis 

of diabetic cardiomyopathy. We found that autophagy primarily targeting mitochondria, 

namely mitophagy, is activated during the early phase of high fat diet (HFD) 

consumption in a mouse model of type II diabetes. Mitophagy activated during the early 

phase of HFD consumption is both Atg7- and Parkin-dependent. Suppression of 

mitophagy through downregulation of either Atg7 or Parkin exacerbated mitochondrial 

dysfunction and cardiac dysfunction during HFD consumption. Thus, although 

mitophagy is activated during the early development of diabetic cardiomyopathy, it is 

insufficient to protect the heart. Enhancement of mitophagy by TAT-Beclin 1 improved 

mitochondrial function by enhancing mitochondrial turnover and reducing lipid 

accumulation in the heart, thereby alleviating the development of diabetic 

cardiomyopathy. These results suggest that Atg7- and Parkin-dependent mitophagy plays 

an essential role in the maintenance of mitochondrial function and protects the heart 

during the early development of diabetic cardiomyopathy.
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Figure 1. Autophagic flux in the heart was increased after 6 weeks of HFD feeding but inhibited 
after 2 months of HFD feeding.
(A) Evaluation of autophagic flux by Western blotting of LC3II protein. (B) Quantification 

of LC3II at different time points (n=8 in each group. Values are means ± S.E. *, p<0.05 

using unpaired Student t test). (C) Evaluation of autophagic flux with TF-LC3 mice. (D) 

Quantification of autolysosome (red) and autophagosome (yellow) dots (n=8 in each group. 

Values are means ± S.E. *, p<0.05 using unpaired Student t test). Scale bar = 100 μm.
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Figure 2. Mitophagy in the heart was upregulated in response to HFD feeding.
(A) Evaluation of mitophagy in cardiac specific Mito-Kiema transgenic mice fed ND or 

HFD for different durations. Areas with 561/457 nm ratios, indicating mitophagy, are 

shown. Scale bar = 50μm. (B) Quantification of the mitophagy area at different time points 

(n=8 in each group. Values are means ± S.E. *, p<0.05 using unpaired Student t test). (C) 

Relative mitochondrial DNA content normalized by nuclear DNA content was decreased 

after 2 months of HFD feeding (n=4 in each group. Values are means ± S.E. *, p<0.05 using 

unpaired Student t test). (D,E) Representative immunoblots and quantitative analyses of 
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whole-cell heart homogenates and isolated mitochondria for LC3II, α-Tubulin and COXIV. 

Whole-cell heart homogenates, the mitochondrial fraction, and the supernatant fraction were 

prepared from mice subjected to either ND or HFD feeding for 2 months. (n=8 in each 

group. Values are means ± S.E. *, p<0.05 using unpaired Student t test). (F-H) 

Representative fluorescent images and quantitative analyses of adult CMs isolated from 

cardiac Tg-GFP-LC3 mice subjected to either ND or 2 months of HFD feeding. CMs were 

incubated with Mitotracker. HFD increased either GFP-LC3 dots or GFP-LC3 rings. Many 

GFP-LC3 rings were enriched with mitochondria (n=8 in each group. The number of CMs is 

50 in each group. Values are means ± S.E. *, p<0.05 using unpaired Student t test). Scale bar 

= 50 μm.
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Figure 3. HFD feeding induced cardiac dysfunction in atg7 cKO mice. WT and atg7 cKO mice 
were subjected to either ND or HFD feeding for 2 months.
(A) Representative immunoblots and quantitative analysis of whole-cell heart homogenates 

for LC3II in WT and atg7 cKO mice. N=5–6 in each group. Values are means ± S.E. *, 

p<0.05 using unpaired Student t test. (B,C) Representative fluorescent images and 

quantitative analyses of mitophagy in Tg-Mito-Keima mice crossed with WT or atg7 cKO 

mice and fed with either ND or HFD. Scale bar = 50μm. N=5–6 in each group. Values are 

means ± S.E. *, p<0.05 using one way ANOVA followed by Bonferroni’s post-hoc test. (D) 

Relative mitochondrial DNA content/nuclear DNA content was greater in atg7 cKO mice 
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with HFD than in WT mice with HFD. N=5–6 in each group. Values are means ± S.E. *, 

p<0.05 using one way ANOVA followed by Bonferroni’s post-hoc test. (E) Quantitative 

analyses of LVW/TL. N=5–6 in each group. Values are means ± S.E. *, p<0.05 using one 

way ANOVA followed by Bonferroni’s post-hoc test. (F). Representative M mode tracing of 

echocardiographs. Scale bars, horizontal 100 ms and vertical 2 mm. (G) Left ventricular 

fractional shortening (LVFS) was evaluated by echocardiography. N=5–6 in each group. 

Values are means ± S.E. *, p<0.05 using one way ANOVA followed by Bonferroni’s post-
hoc test. (H) ESPVR evaluated by PV-Loop analysis showed that atg7 cKO mice developed 

severe cardiac systolic dysfunction following 2 months of HFD feeding. N=5–6 in each 

group. Values are means ± S.E. *, p<0.05 using one way ANOVA followed by Bonferroni’s 

post-hoc test. (I) EDPVR evaluated by PV-Loop analysis showed that atg7 cKO mice 

developed severe cardiac diastolic dysfunction following two months of HFD feeding. N=5–

6 in each group. Values are means ± S.E. *, p<0.05 using one way ANOVA followed by 

Bonferroni’s post-hoc test. (J) Representative results of flow cytometric analyses and 

quantitative analyses of TMRE intensity in adult CMs isolated from the indicated group, 

showing that the MMP was decreased in atg7 cKO mice fed with HFD. N=3 in each group. 

Values are means ± S.E. *, p<0.05 using one way ANOVA followed by Bonferroni’s post-
hoc test. (K) Mitochondrial oxygen consumption rate (OCR) in isolated CMs was evaluated 

with Sea Horse Analyzer. N=3 in each group. Values are means ± S.E. *, p<0.05 using one 

way ANOVA followed by Bonferroni’s post-hoc test. (L) Fatty acid oxidation was evaluated 

with [3H]-oleic acid. Increases in fatty acid oxidation in response to HFD feeding were 

abolished in atg7 cKO mice. N=5 in each group. Values are means ± S.E. *, p<0.05 using 

one way ANOVA followed by Bonferroni’s post-hoc test.
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Figure 4. Lipid accumulation in response to HFD feeding was enhanced in atg7 cKO mice 
compared to in WT mice.
(A,B) Representative EM images and quantitative analyses of mouse hearts. The hearts of 

atg7 cKO mice fed with HFD exhibited larger LDs. N=4 in each group. Values are means ± 

S.E. *, p<0.05 using unpaired Student t test. Scale bar = 500nm. (C) EM images of LDs in a 

WT mouse heart fed with HFD. Scale bar = 500nm. (D) Quantitative analyses of triglyceride 

levels in the heart tissue. N=6 in each group. Values are means ± S.E. *, p<0.05 using one 

way ANOVA followed by Bonferroni’s post-hoc test. (E) Oil red O staining of cardiac 

tissues. Scale bar = 50 μm. (F) Quantification of Oil red O positive area. N=6 in each group. 
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Values are means ± S.E. *, p<0.05 using one way ANOVA followed by Bonferroni’s post-
hoc test. (G) CMs were isolated from Tg-GFP-LC3 mice fed with HFD for 2 months, and 

then stained with LipidTox red. Autophagosomes with double membrane containing lipid 

inside were not observed. The number of CMs is 50 in each group. Scale bar = 50 μm.
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Figure 5. HFD feeding induces cardiac dysfunction in Parkin KO mice. Parkin KO and WT mice 
were fed with ND or HFD for 2 months.
(A,B) Representative fluorescent images and quantitative analyses of mitophagy. WT and 

Parkin KO mice were crossed with Tg-Mito-Keima mice and then fed with either ND or 

HFD. Scale bar = 50μm. N=6 in each group. Values are means ± S.E. *, p<0.05 using one 

way ANOVA followed by Bonferroni’s post-hoc test. (C) Quantitative analyses of LVW/TL. 

N=5–6 in each group. Values are means ± S.E. *, p<0.05 using one way ANOVA followed 

by Bonferroni’s post-hoc test. (D) EDPVR evaluated by PV-Loop analysis showed that 

Parkin KO mice developed severe cardiac diastolic dysfunction after 2 months of HFD 
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feeding. N=5–6 in each group. Values are means ± S.E. *, p<0.05 using one way ANOVA 

followed by Bonferroni’s post-hoc test. (E) Quantitative analyses of TMRE intensity in 

freshly isolated adult CMs. Mitochondrial membrane potential was decreased in Parkin KO 

mice fed with HFD. N=6 in each group. Values are means ± S.E. *, p<0.05 using one way 

ANOVA followed by Bonferroni’s post-hoc test. (F) Fatty acid oxidation was decreased in 

Parkin KO mice compared to in WT mice during HFD. N=6 in each group. Values are 

means ± S.E. *, p<0.05 using one way ANOVA followed by Bonferroni’s post-hoc test. 

(G,H) Representative EM images and quantitative analyses of mouse hearts showed that 

larger LDs accumulated in Parkin KO mice fed with HFD. N=6 in each group. Values are 

means ± S.E. *, p<0.05 using unpaired Student t test. Scale bar = 500nm (I) Quantitative 

analyses of triglyceride levels in the heart tissue. N=6 in each group. Values are means ± 

S.E. *, p<0.05 using one way ANOVA followed by Bonferroni’s post-hoc test. (J) Oil red O 

staining of cardiac tissues. Scale bar = 50 μm (K) Quantification of Oil red O positive area. 

N=6 in each group. Values are means ± S.E. *, p<0.05 using one way ANOVA followed by 

Bonferroni’s post-hoc test.
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Figure 6. HFD-induced cardiac dysfunction was attenuated by TB1.
(A,B) Mitophagy was upregulated following injection of TB1. Tg-Mito-Keima mice were 

fed with ND or HFD for 3 months. Mice were injected intraperitoneally with TS or TB1 at 

20 mg/kg daily for 2 weeks, beginning after 10 weeks of HFD feeding. Areas with high 

ratios (561/457) of Mito-Keima signals, indicating mitophagy, are shown. Representative 

fluorescent images and quantitative analysis of mitophagy. Scale bar = 50μm. N=4 in each 

group. Values are means ± S.E. *, p<0.05 using one way ANOVA followed by Bonferroni’s 

post-hoc test. (C) EDPVR evaluated by PV-Loop analysis showed HFD-induced cardiac 

diastolic dysfunction was attenuated by injection of TB1 compared with TS. N=3–5 in each 

group. Values are means ± S.E. *, p<0.05 using one way ANOVA followed by Bonferroni’s 

post-hoc test. (D) Mitochondrial oxygen consumption rate (OCR) from isolated CMs was 

evaluated with Sea Horse Analyzer. N=4 in each group. Values are means ± S.E. *, p<0.05 

using one way ANOVA followed by Bonferroni’s post-hoc test. (E,F) Quantitative analyses 

of TMRE intensity freshly isolated from adult CMs. Representative fluorescent images and 

quantitative analysis of TMRE staining indicated that mitochondrial membrane potential 

was preserved with injection of TB1. The number of CMs is 500 in each group. Values are 

means ± S.E. *, p<0.05 using one way ANOVA followed by Bonferroni’s post-hoc test. 

Scale bar = 500μm. (G) Oil red O staining of cardiac tissues. Scale bar = 50μm. (H) 
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Quantification of Oil red O positive area. N=4 in each group. Values are means ± S.E. *, 

p<0.05 using one way ANOVA followed by Bonferroni’s post-hoc test.
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