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Abstract. Obesity may induce end-organ damage through 
metabolic syndrome, and autophagy serves a vital role in 
the pathogenesis of metabolic syndrome. The purpose of 
the present study was to define the roles of autophagy and 
mitophagy in high fat diet (HFD)-induced cardiomyopathy. 
Male, 8 week-old C57BL/6 mice were fed either a HFD 
(60% kcal) or a diet of normal chow (NC; 10% kcal) for 
42 weeks. Glucose tolerance tests were performed during the 
feeding regimes. Blood samples were collected for assaying 
serum triglyceride with the glycerol-3-phosphate oxidase 
phenol and aminophenazone (PAP) method and total choles-
terol was tested with the cholesterol oxidase-PAP method. 
Myocardial function was assessed using echocardiography and 
hemodynamic analyses. Western blot analysis was employed 
to evaluate endoplasmic reticulum stress (ERS), autophagy 
and mitochondrial function. Electron microscopy was used to 
assess the number of lipid droplets and the degree of autophagy 
within the myocardium. The body weight and adipose tissue 
weight of mice fed the HFD were increased compared with 
the NC mice. The serum levels of blood glucose, total choles-
terol and triglyceride were significantly increased following 
42 weeks of HFD feeding. The results of the glucose tolerance 
tests additionally demonstrated metabolic dysregulation in 
HFD mice. In addition, HFD mice exhibited hemodynamic 
and echocardiographic evidence of impaired diastolic 
and systolic function, including alterations in the cardiac 
output, end-diastolic pressure, end-diastolic volume and left 
ventricular relaxation time constant (tau) following HFD 
intake. Furthermore, a HFD resulted in increased ERS, and 

a downregulation of the autophagy and mitophagy level. The 
present study investigated cardiac function in obese HFD-fed 
mice. These results aid the pursuit of novel therapeutic targets 
to combat obesity-associated cardiomyopathy.

Introduction

Obesity, characterized by an excessive increase in body weight 
that results in excessive fat accumulation, is increasing at a high 
rate in all age groups (1,2). Obesity is associated with signifi-
cant metabolic disturbances and leads to severe pathology in a 
number of organs, including the heart (3). Excessive fat intake 
limits metabolic flexibility for the mitochondrial production 
of adenosine 5'-triphosphate, which may lead to cellular 
injury and inflammation, and has been considered to be a 
major underlying factor in the pathogenesis of a number of 
diseases (4). In the heart, lipid overload has toxic effects and 
causes cardiac dysfunction (5). However, the mechanisms of 
lipotoxicity are not yet completely understood.

Autophagy is an evolutionarily conserved mechanism that 
maintains cellular and nutrient homeostasis by degrading 
misfolded proteins and damaged organelles, and has been 
identified as a major underlying factor in the pathogenesis of 
several chronic diseases (6,7). Dysregulation of autophagy 
may contribute to the development of cardiorenal metabolic 
syndrome including insulin resistance (8), hypertension and 
maladaptive immune modulation (9). A recent study focused 
on the role of autophagy in cardiovascular diseases and 
demonstrated that the role of autophagy is different in different 
cells and situations (10). Nevertheless, it remains unclear 
how a high‑fat diet (HFD) influences the level of autophagy 
and the role it serves in obesity-associated cardiomyopathy. 
Furthermore, mitophagy as a special mode of autophagy is 
essential for the homeostasis of a healthy network of func-
tioning mitochondria, and how it influences the hearts of HFD 
mice remains unclear. In the present study, a HFD was used 
to set up an obesity animal model to investigate the role of 
autophagy and mitophagy in the heart.

Materials and methods

Animal care and feeding. All the experimental procedures 
were approved by the Animal Care and Use Committee of 
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Renmin Hospital of Wuhan University (Wuhan, China), and 
were in accordance with the Guide for the Care of Laboratory 
Animals published by the US National Institutes of Health 
(publication no. 85-23, revised in 1996). The 8 week-old male 
C57BL/6 mice (n=30; weighing 22-24 g) purchased from the 
Institute of Laboratory Animal Science, Chinese Academy of 
Medical Sciences & Peking Union Medical College (Beijing, 
China) were randomly housed five mice/cage, given free access 
to water, and fed either a HFD (60% kcal fat; cat. no. D12492; 
Research Diets, Inc., New Brunswick, NJ, USA; n=15) or a 
normal fat diet (10% kcal fat; cat. no. D12450B; Research 
Diets, Inc.; n=15) for 42 weeks. Animals were housed in 
cages with a controlled temperature (22‑25˚C) and humidity 
(50±5%) and a 12/12 h light/dark cycle.

Hemodynamic analysis. During the hemodynamic measure-
ment, a microtip catheter transducer (SPR-839; Millar, Inc., 
Houston, TX, USA) was inserted into the right carotid artery 
and advanced gradually into the left ventricle under anesthesia 
with 1.5% isoflurane. The signals were continuously recorded 
using a Millar Pressure-Volume system (MPVS-400; Millar, 
Inc.) and analyzed using PVAN data analysis software (version 
3.5; Millar, Inc.). The cardiac output, end-diastolic pressure, 
end-diastolic volume and Tau_w (left ventricular relaxation 
time constant) were measured by pressure volume (PV) loop.

Measurement of random blood glucose and glucose tolerance 
test. Random blood glucose was measured once using a Relion 
Ultima diabetic glucometer (Abbott Diabetes Care, Abbott 
Park, IL, USA) using blood from the tail vein from normal 
chow (NC) (n=5) or HFD non-fasting mice (n=5).

Intraperitoneal glucose tolerance tests (IPGTT) were 
performed once at 50 weeks of age in all mice following 
42 weeks of NC or HFD. Prior to the IPGTTs, mice were fasted 
for 6 h and then given a bolus of glucose (1.5 g glucose/kg body 
weight dissolved in sterile saline) by intraperitoneal injection. 
Blood samples were collected from the tail vein and assessed 
for glucose concentration prior to injection (0 min) and at 30, 
60, 90, 120 and 150 min post-injection using a Relion Ultima 
diabetic glucometer (Abbott Diabetes Care; n=7 per group).

Blood collection. Mice were anesthetized with 1.5% isoflurane 
and the mouse orbital sinus was punctured with a capillary glass 
tube prior to the blood being collected (~400 µl/mouse) into a 
1.5 ml Eppendorf tube. The samples were then centrifuged at 
1,007 x g for 20 min at 4˚C, and the serum was collected and 
stored at ‑80˚C for use in further experiments.

Triglyceride (TG) and cholesterol (CHO) detection. The 
serum TG and CHO of non-fasting mice were measured using 
the TG (cat. no. A110-1) and CHO (cat. no. A111-1) assay kits, 
which was purchased from Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China). All kits were used according to the 
manufacturer's protocol. The absorbance values at 510 nm 
were detected with a two-color infrared imaging system 
(Odyssey; LI-COR Biosciences).

Tissue protein extraction. Heart tissue extracts were collected 
from the mice by homogenizing the left ventricular samples 
in lysis buffer (50 mM Tris-HCl, 0.5% NP-40, 250 mM NaCl, 

5 mM EDTA and 50 mM NaF). Subsequently, the protein 
concentration was measured with a bicinchoninic acid (BCA) 
protein assay kit using a microplate reader (Synergy HT; 
BioTek Instruments, Inc., Winooski, VT, USA). The proteins 
were subsequently collected and stored at ‑80˚C for use in 
further experiments.

Mitochondria extraction. To determine the mitophagy 
level of mitochondria by western blotting, the isolation of 
mitochondria from cardiac tissues was performed using the 
Tissue Mitochondria Isolation kit (Beyotime Institute of 
Biotechnology, Beijing, China; cat. no. C3006). First, a fresh 
50-mg left ventricular sample was washed once with PBS 
and placed in an ice bath in 500 µl pre-cooled PBS for 3 min, 
followed by centrifugation at 600 x g for 20 sec at 4˚C, and the 
supernatant was discarded. Next, cardiac tissue was digested 
with 400 µl pre-cooled trypsin digestion solution for 20 min 
and centrifuged at 600 x g for 20 sec at 4˚C. Subsequently, the 
tissue was resuspended with 100 µl mitochondrial separation 
reagent A and centrifuged at 11,000 x g for 10 min at 4˚C, and 
the supernatant was discarded. Finally, 150 µl mitochondrial 
lysate was used to lyse the mitochondria and extract the mito-
chondrial protein. The protein concentration was measured 
using the BCA protein assay kit with a microplate reader 
(Synergy HT; BioTek Instruments, Inc.).

Western blot analysis. Heart tissue protein (80 µg) or 
cell protein (50 µg) were separately loaded onto 12, 10 or 
8% SDS-PAGE gels and subsequently transferred onto 
Immobilon-FL transfer membranes (cat. no. IPFL00010; EMD 
Millipore, Billerica, MA, USA) in transfer buffer at 200 mA. 
The membranes were blocked with 5% non-fat milk at room 
temperature for 1 h and then incubated overnight at 4˚C with 
specific antibodies. Anti-GAPDH (1:1,000; cat. no. 2118), 
C/EBP-homologous protein (CHOP; (1:500; cat. no. 2895), 
microtubule-associate proteins 1A/1B light chain 3-like 
protein (LC3)-II/I (1:500; cat. no. 12741), autophagy-related 
protein 7 (Atg7; 1:1,000; cat. no. 2613s) and phosphorylated 
(p)-sequesteosome-1/(P62; 1:500; cat. no. 13121s) were 
purchased from Cell Signaling Technology, Inc., (Danvers, 
MA, USA). Beclin-1 (1:500; cat. no. ab55878), parkin (1:1,000; 
cat. no. ab15954), mitofusin2 (1:1,000; cat. no. ab56889), 
serine/threonine-protein kinase PINK1 mitochondrial 
(PINK1; 1:1,000; cat. no. ab186303) and voltage-dependent 
anion-selective channel protein 1 (VDAC1; 1:1,000; 
cat. no. ab191440) were purchased from Abcam (Cambridge, 
UK). Peroxisome proliferator-activated receptor-α (PPARα; 
1:1,000; cat. no. sc-9000), x-box-binding protein-1 (XBP-1; 
1:500; cat. no. sc-7160) and glucose- regulated protein 78 
(GRP78; 1:500; cat. no. sc-13968) were purchased from Santa 
Cruz Biotechnology, Inc., (Dallas, TX, USA). Subsequently, 
the membranes were incubated with IRDye 800CW conju-
gated goat anti-mouse IgG (cat. no. P/N 925-32210; 1:1,250; 
LI-COR Biosciences, Lincoln, NE, USA) and goat anti-rabbit 
IgG (cat. no. P/N 925-32211; 1:1,250; LI-COR Biosciences) for 
1 h at room temperature. The blots were subsequently probed 
using Odyssey Software (version 3.0; LI-COR Biosciences).

Scanning electron microscopy (SEM). Freshly isolated heart 
tissues were fixed with 2.5% glutaraldehyde in phosphate 
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buffer (pH 7.0) at 4˚C for 8 h and then delivered to the 
electron microscopy facility of the Renmin Hospital of Wuhan 
University for post‑processing. Briefly, following three washes 
in phosphate buffer (pH 7.4) for 10 min at 4˚C, tissues were 
fixed for 90 min in a 1.0% OsO4 solution at 4˚C, prepared with 
the phosphate buffer (pH 7.4). Tissues were then rehydrated in 
a descending alcohol series and sputter coated with silver ions. 
Finally, SEM observations were performed using a scanning 
electron microscope (TM-3000; Hitatchi, Ltd., Tokyo, 
Japan). Micrographs were captured in a blinded manner at 
magnifications of x3,000, x5,000 and x8,000.

Cell culture and treatment. H9C2 cells, purchased from the 
Cell Bank of Type Culture Collection of Chinese Academy of 
Sciences (Shanghai, China), were cultured in Dulbecco's modi-
fied Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) with 10% fetal bovine serum (Chinese 
Academy of Sciences, Shanghai, China) at a temperature of 
37˚C and 5% CO2. The cells (1x106 cells/well) were transfected 
in 6-well plates and allowed to adhere for 24 h. Cells were 
left untreated or were treated with 400 µM palmitate (PA; 
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 24 h 
at a temperature of 37˚C. To regulate autophagy, the autophagy 
inhibitor bafilomycin A1 (Baf A1; 50 nM; Sigma‑Aldrich; 
Merck KGaA) was added for 1 h prior to the addition of 
400 µM PA and incubation for 24 h. Cellular proteins were 
extracted for the detection of autophagy using western blot 
according to the aforementioned protocol. Lysis buffer (50 µl) 
was added to each well, and proteins were extracted according 
to the aforementioned protocol.

Monomeric cherry (mCherry)‑green fluorescent protein 
(GFP)‑LC3 adenovirus transfection and confocal microscopy. 
A plasmid-encoded tandem mCherry-GFP-LC3 construct 
adenovirus was purchased for the quantification of autophagic 
maturation from ViGene Biosciences (Rockville, MD, USA). 
Cells (5x105/ml; 500 µl/well) were seeded onto a 24-well plate 
with chamber slides placed below and allowed to adhere for 
24 h. Following the addition of 5.0x10-3 mg/ml ADV-HR 
to improve the efficiency of transfection, H9C2 cells were 
simultaneously transfected with mCherry-GFP-LC3 adeno-
virus (both ViGene Biosciences Inc., Rockville, MD, USA; 
1.0x1010 plaque forming units/ml; 0.5 µl/well) according to the 
manufacturer's protocol and cultured at 37˚C and 5% CO2 for 
2 h. The medium was replaced with fresh complete culture 
medium and the cells were incubated for another 24 h prior to 
the addition of Baf A1. Following 1 h, the cells were untreated 
or treated with 400 µM PA for 24 h. Following removal of the 
culture media and washing with 1% Triton X-100 in PBS with 
0.1% Tween-20 for 15 min at room temperature, the cells were 
stained with 300 nM 4',6-diamidino-2-phenylindole dihydro-
chloride (Invitrogen; Thermo Fisher Scientific, Inc.) for 5 min 
at room temperature. Images were obtained using an Olympus 
confocal microscope (Olympus Corporation, Tokyo, Japan), 
with a magnification of x400. A minimum of 10 fields of view 
were observed per sample.

Statistical analysis. All results are presented as the 
mean ± standard error of mean. Unpaired two-tailed Student's 
t-test was used to determine differences between the means 

of the HFD and NC groups. One-way analysis of variance 
(ANOVA) was used to analyze multiple groups and Bonferroni's 
post-hoc testing was employed following ANOVA for testing 
significant differences between groups. Glucose tolerance was 
assessed by calculating the area under the curve. All statistical 
analyses were performed using SPSS 17.0 software (SPSS, Inc., 
Chicago, IL, USA). Figures were compiled using GraphPad 
Prism 6.02 software (GraphPad software, Inc., La Jolla, CA, 
USA). All experiments were repeated in triplicates. P<0.05 
was considered to indicate a statistically significant difference.

Results

HFD causes pathological obesity in mice. Male mice were 
fed either NC or a HFD for 42 weeks starting at 8 weeks of 
age. The long‑term consumption of a HFD caused a signifi-
cantly increased body and heart weight compared with the 
NC group (P<0.05; Fig. 1A and B). Additionally, HFD-fed 
mice exhibited a significant increase in body fat and lean 
body mass percentage compared with the NC diet (P<0.05; 
Fig. 1C). The levels of TG, CHO and glucose were significantly 
increased, which indicated there was a metabolic disturbance 
in the HFD mice (P<0.05; Fig. 1D-F). Furthermore, the 
HFD-exposed mice exhibited an impaired glucose tolerance 
level (Fig. 1E and F).

HFD causes cardiac dysfunction in mice. The cardiac function 
of NC and HFD mice was evaluated by PV loop (Fig. 2A) 
following 42 weeks of feeding. The results of the PV loop 
analysis revealed that HFD damaged systolic and diastolic 
cardiac functions. In the HFD mice, cardiac output was 
significantly decreased (P<0.05; Fig. 2B), indicating systolic 
dysfunction. In addition, the end‑diastolic pressure significantly 
increased (P<0.05; Fig. 2C) although end-diastolic volume 
decreased (Fig. 2D) in the HFD mice compared with the NC 
mice, indicating significant cardiac diastolic dysfunction. 
Tau_w, a further indicator of diastolic function of the heart, 
was significantly increased in HFD mice (P<0.05; Fig. 2E). 
These results suggested that HFD induced cardiac dysfunction 
of systole and diastole.

ERS is upregulated during obesity. PPARα is associated 
with dyslipidemia and cardiovascular disease (11). The level 
of PPARα was tested, and the results demonstrated that the 
level of PPARα significantly increased following HFD feeding 
compared with the NC group (P<0.05; Fig. 3). As the reduction 
of PPARα expression may inhibit ERS (12), the level of ERS 
was tested. During ER stress, the level of CHOP expression is 
elevated and its role in programmed cell death of ER-stressed 
cells is correlated with its role in promoting protein synthesis 
and oxidative stress inside the ER (13). GRP78, additionally 
termed binding immunoglobulin protein, is a heat shock 
protein 70 molecular chaperone located in the lumen of the ER 
that binds newly synthesized proteins as they are translocated 
into the ER. When protein folding is disturbed inside the ER, 
GRP78 synthesis is increased (14). XBP-1 is a well-conserved 
component of the unfolded protein response, which is crucial 
for glucose homeostasis and lipid metabolism (15). A HFD 
increased the protein expression of CHOP, XBP-1 and 
GRP78 (Fig. 3), indicating activation of ERS.
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HFD‑induced obesity impairs autophagy. According 
to a previous study using hepatocytes, ERS may trigger 
ER-associated degradation and autophagy, which can clear 
unfolded proteins and restore protein homeostasis (16). 
Therefore the influence of a HFD on autophagy was tested. 
To study the role of autophagy in HFD-induced cardiac 
dysfunction, the expression of autophagy-associated proteins 
in the heart was analyzed. During autophagy, LC3-I is 
converted to LC3-II through lipidation by the ubiquitin-like 
system involving Atg7. This process allows for LC3 to become 
associated with autophagic vesicles, whose membranes are 
marked by P62 (17), and levels of LC3-I and P62 may be 
decreased when autophagic flux is unobstructed. Beclin-1 
is critical to autophagy as it may stimulate autophagy when 
overexpressed in mammalian cells (18). In the present study, 
HFD induced a significant upregulation of Atg7, beclin‑1 and 

P62, although it downregulated the level of LC3-II/I compared 
with the NC group. These imbalances in protein expression 
involved in autophagy confirmed that autophagy was impaired 
in the HFD-fed mice (Fig. 4A and B). Consistent with the results 
of the western blotting, electron microscopy demonstrated an 
increased number of lipid droplets and autophagosomes in 
HFD-fed mice compared with the NC group (Fig. 4C and D), 
which indicated that there was no barrier to the formation of 
autophagosomes. However, there were fewer autolysosomes 
in HFD-fed mice, which indicated that there was inhibition 
of autophagosome degradation. These results may explain the 
cause of the increase in P62.

Impairment of autophagic flux in H9C2 cells treated with 
PA. To investigate the autophagic process involved in 
HFD, the protein expression of LC3 and P62 was tested by 

Figure 1. High-fat feeding leads to obesity and metabolic abnormalities. (A) Body weight, (B) heart weight, and (C) fat and lean body mass in HFD- and NC-fed 
mice. Fat mass=visceral fat + epididymal fat; lean mass=body weight-fat mass. (D) CHO and TG levels in mice measured following 42 weeks of NC or HFD 
feeding. (E) Random blood Glu, n=5 mice per group. (F) Glu tolerance test, n=7 mice per group. Values are expressed as the mean ± standard error of the mean. 
*P<0.05 vs. NC. CHO, cholesterol; TG, triglycerides; NC, normal chow; HFD, high fat diet; Glu, glucose.
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western blotting in vitro. The results of the western blot-
ting demonstrated that PA, a primary product of fatty acid 
synthase, may increase LC3-II/I in the presence of Baf A1 
(Fig. 5A), an autophagic inhibitor which prevents the matura-
tion of autophagic vesicles by inhibiting the fusion between 
lysosomes and autolysosomes. Furthermore, P62 expres-
sion was altered when treated with PA, Baf A1 and the two 
together (Fig. 5B).

To clarify whether autophagic flux was influenced by PA, 
mCherry‑GFP‑LC3, a tandem fluorescent indicator was used. 
Since the green fluorescence of the fusion protein is sensitive to 
the acidic environment of lysosomes and is quickly quenched 
in autolysosomes, only red fluorescence was detectable in the 
autolysosomes. Therefore, when lysosomal degradation was 
inhibited by treating the cells with Baf A1, an accumulation of 
green puncta was observed (Fig. 6A and B), which is consistent 
with PA-induced cells. Notably, an increase in green puncta 

was observed in Baf A1+PA treated cells compared with 
the other groups. These results suggested that PA inhibited 
autophagic flux via suppression of lysosomal degradation.

HFD‑induced obesity impairs the regulation of mitochondrial 
quality control. Mitochondria are essential organelles that 
serve important roles in cellular energy metabolism. The 
mitochondrial quality control systems that have evolved to 
repair or eliminate dysfunctional mitochondria are of impor-
tance (19). Furthermore, mitochondrial quality surveillance 
systems attenuate potentially damaging processes that occur 
in the cytosol and ER (20). As a part of mitochondrial quality 
surveillance systems, mitophagy may selectively engulf and 
clear mitochondria, thus mitophagy is essential for the homeo-
stasis of a healthy network of functioning mitochondria. In the 
course of mitophagy, PINK1 and the E3 ubiquitin ligase parkin 
act as synergistic mediators (21). In response to mitochondrial 

Figure 2. Cardiac function data and hemodynamic parameters following 42 weeks of HFD feeding. (A) Pressure volume-loop: The systolic and diastolic 
functional indexes of (B) cardiac output. (C) End-diastolic pressure. (D) End-diastolic volume. (E) Tau_w. Data are presented as the mean ± the standard error 
of the mean, n=5-6 samples per group. *P<0.05 vs. NC. NC, normal chow; HFD, high fat diet; Tau, left ventricular relaxation time constant.
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depolarization, PINK1 accumulates on the mitochondrial 
outer membrane, which subsequently recruits parkin from the 

cytosol and activates its ubiquitin ligase activity to eliminate 
damaged mitochondria (22). Furthermore, mitochondrial 

Figure 4. HFD reduces the level of autophagy in heart tissue. (A) Protein expression of Atg7, beclin‑1, LC3‑II/I, P62 and GAPDH, and (B) quantification. 
n=4 per group. (C) Representative electron micrographs of the cardiac muscle from the septum identified lipid droplets in only the HFD mice, and there 
were more autophagosomes existing in the HFD mice. Original magnification, x5,000. The arrows mark lipid droplets around cardiomyocytes, crosses mark 
autolysosomes and triangles mark autophagosomes. (D) Quantitative analysis of lipid droplets, autophagosomes and autolysosomes in the images. n=2 per 
group. *P<0.05 vs. respective NC. NC, normal chow; HFD, high fat diet; Atg7, autophagy-related protein 7; LC3-II/-I, MAP1 light chain 3-like protein III/I; 
P62, sequesteosome-1.

Figure 3. HFD induces endoplasmic reticulum stress. (A) The protein expression of PPARα, CHOP, XBP-1, GRP78 and GAPDH in the cardiac tissues 
determined by western blot analysis. (B) Quantification normalized to GAPDH demonstrated that HFD induced the level of endoplasmic reticulum stress. n=4 
per group. *P<0.05 vs. respective NC. NC, normal chow; HFD, high fat diet; PPARα, peroxisome proliferator-activated receptor α; CHOP, C/EBP-homologous 
protein; XBP-1, X-box binding protein-1; GRP78, glucose regulated protein 78.
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Figure 6. Transfection of the mCherry‑GFP‑LC3 plasmid into H9C2 cells and quantification of the autophagic puncta by confocal microscopy. (A) H9C2 
cells were cultured under normal conditions (Control), in the presence of Baf A1 (Baf), palmitate (PA) and the two combined (Baf+PA). Representative 
epifluorescence images (x400) demonstrated the cellular localization of mCherry‑GFP‑LC3 in the H9C2 cells. (B) The mean number of autophagosomes and 
autolysosomes are represented by yellow and red dots, respectively, in the merged images. The results represent the means from at least three independent 
experiments and at least six cells in each group were counted. The results are presented as the mean ± the standard error of the mean. *P<0.05 vs. control and 
#P<0.05 vs. PA+Baf by post‑hoc test. PA, palmitate; Baf, bafilomycin A1; GFP, green fluorescent protein.

Figure 5. PA impaired the formation of autolysosome. (A) Protein expression of LC3-II/I in cells treated with or without PA (400 µM) and Baf (50 nM) in 
H9C2 cells and quantitative, n=3 per group. (B) Protein expression of P62 in cells and quantitative, n=3 per group. *P<0.05. PA, palmitate; Baf, bafilomycin A1; 
LC3-II/I, MAP1 light chain 3-like protein II/I.
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fusion is a part of mitochondrial quality surveillance systems, 
and mitofusin 2 (Mfn2) is a mitochondrial membrane protein 
that is involved in mitochondrial fusion in mammalian 
cells (23). The expression level of PINK1, parkin and Mfn2 
was tested. The results demonstrated that there was a signifi-
cant increase in parkin, and a significant decrease in PINK1 
and Mfn2 in HFD mice compared with the NC group (P<0.05; 
Fig. 7), which indicated that the mitochondrial quality surveil-
lance system was dysfunctional.

Discussion

In the present study mice were fed with a HFD for 42 weeks 
to investigate the influence of obesity on the heart. During the 
in vivo study, a HFD was observed to induce obesity and lead 
to metabolic abnormalities and cardiac function deterioration. 
In addition, it was also demonstrated that ERS was increased in 
long-term HFD mice. Furthermore, autophagy and mitophagy 
in the obese mouse heart were dysfunctional.

Over the past few decades, the incidence of obesity has 
been increasing worldwide. It has been demonstrated that the 
intake of a high level of fat is associated with increased cardio-
vascular disease risks (24,25), and lipotoxicity is detrimental 
to numerous cell types, including myocytes, hepatocytes and β 
cells (26,27). A number of studies have investigated lipotoxicity 
in cardiomyocytes (28-30). Although a similar phenomenon of 
decreased autophagy as a result of exposure to a HFD has been 
demonstrated in other cell types, including proximal tubule 
cells, embryonic stem cells and neurons (26,31,32), there 
have been few reports investigating the association between 
autophagy and obesity. In the present study mice were exposed 
to a HFD similar to that of obese humans to investigate the 
role that autophagy serves.

The mechanism through which HFD-induced obesity 
impairs cardiac function may be multifactorial. The results 
of the present study demonstrated that the ER served an 
important role in this process, which is consistent with another 
study (33). However, the results of the present study indicated 
that the level of autophagy was decreased in HFD mice, which 
may be due to the metabolic ER sensor that suppresses the 
alternative activation of macrophages in obesity (34), as the 
density of macrophages is associated with autophagy (35). 
However, the results of the present study were in contrast to 

the study by Kong et al (36), which instead demonstrated that 
ERS enhances the level of autophagy. This contradiction may 
due to the long-term HFD weakening the effect of ERS on 
macrophages.

In the present study, autophagy was aberrant in HFD-fed 
mice. An increase in the expression of Atg7 and beclin-1 
was observed. However, a HFD decreased the expression 
of LC3-II/I and increased the expression of P62. Although 
beclin-1 may stimulate autophagy at an early stage, this does 
not indicate that HFD-fed mice exhibit an improved autophagic 
system, as autophagy is followed by fusion with lysosomes 
and the degradation of the contents. Consistent with the results 
of the electron microscopy, autophagosomes increased and 
autolysosomes decreased in the heart tissues of HFD-fed mice, 
which indicated that the formation of autophagosomes was 
normal or even increased in HFD-fed mice compared with 
the NC mice; however, the autophagic flux was suppressed 
in HFD-fed mice. To confirm the results of the animal 
experiments, H9C2 cells were treated with PA and Baf A1 
in vitro. The results demonstrated that PA+Baf increased the 
LC3-II/I ratio and P62 compared with the control at the protein 
level. Notably, adding PA or Baf A1 alone did not influence the 
level of LC3-II/I, however, when administered in combination, 
the level of LC3‑II/I was significantly enhanced. In addition, 
the level of P62 was significantly increased following treatment 
with Baf A1, PA or Baf A1+PA. This suggested that PA and Baf 
A1 may exhibit a synergistic effect resulting in the inhibition of 
fusion between lysosomes and autolysosomes. In addition, the 
mCherryGFP-LC3 adenovirus transfection demonstrated that 
PA was able to induce an accumulation of autophagosomes, 
but autolysosomes were decreased in H9C2, consistent with 
the treatment with Baf. This indicated that the administration 
of PA caused a marked decrease in autolysosome density, and 
was associated with the fluency of autophagic flux. PA‑induced 
impairment of autophagic flux was increased when Baf A1 
was added. These results indicated that the accumulation of 
autophagosomes induced by the HFD was due to inhibition 
of autophagosome degradation. Furthermore, it may be a 
compensatory mechanism under long-term HFD for the 
increasing expression levels of Atg7, Beclin-1, LC3-I and 
P62 autophagy-associated proteins. There are an increasing 
number of studies revealing novel information on autophagy, 
and the understanding of autophagy in the heart is altering. 

Figure 7. HFD-induced obesity impairs the regulation of mitochondrial quality control. (A) Protein expression of PINK1, parkin, Mfn2 and VDAC in heart tissues. 
(B) Quantification normalized to VDAC demonstrates the decrease in mitophagy and fusion in obese mice. n=4 per group. *P<0.05 vs. respective NC. NC, normal 
chow; HFD, high fat diet; PINK1, serine/threonine-protein kinase PINK1 mitochondrial; Mfn2, mitofusin2; VDAC, voltage-dependent anion channel 1.
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Upregulation of autophagy in cardiomyocytes is considered to 
be an adaptive response to stress, including lipopolysaccharide 
exposure, ischemia/reperfusion and overload-induced cardiac 
dysfunction, while suppressing the process accelerates heart 
failure (37,38). On the contrary, downregulation of autophagy 
may be a sign of functional aberration due to a number of 
pathological disorders in cardiovascular disease (39,40). 
However, the role of autophagy in HFD-induced cardiac injury 
is not well elucidated. Studies have demonstrated that mice 
receiving a HFD for >16 weeks may exhibit an altered cardiac 
autophagic response (41,42), and HFD consumption for 
24 weeks leads to the impairment of autophagic flux, primarily 
due to the disruption of autophagosome degradation (43). 
Furthermore, a HFD study performed to investigate cardiac 
function revealed that autophagy was decreased in mice at a 
time interval of 44 weeks of HFD administration compared 
with 24 weeks, and that mice who has been administered a 
HFD for 44 weeks exhibited markedly increased myocardial 
fibrosis and cardiac hypertrophy (44). Based on these 
studies and the aim to investigate the role of autophagy in a 
longer period of time feeding of high fat diet, following the 
guidelines of Canadian Council on Animal Care (CCAC) on 
choosing an appropriate endpoint (45,46), a time interval of 
42 weeks was chosen in the present study to represent the 
humane endpoint, and the animals did not present any signs 
of pain/suffering/discomfort prior to this time interval. The 
present study indicated that the duration of HFD consumption 
may be one of the factors that affect the autophagic response 
in the heart. The decreased autophagic flux may due to the 
impaired activity of lysosomal proteolysis.

Mitochondria are critical for cardiomyocyte survival and 
the maintenance of normal cardiac function. There is evidence 
demonstrating that mitochondrial dysfunction is an important 
contributor to the function of heart (47). In addition, impaired 
autophagic flux suggests compromised mitophagy. A previous 
study has identified that mitophagy appears to be regulated 
by three distinct signaling pathways, including FUN14 
domain-containing protein 1, BCL2/adenovirus E1B 19 kDa 
protein-interacting protein 3 and the PINK1/parkin signaling 
pathways. However, under stress conditions, the PINK1/parkin 
signaling pathway is the main pathway responsible for clearing 
dysfunctional mitochondria (48). PINK1 is ubiquitously 
expressed and localized to the mitochondria. It is essential 
for the cell to maintain PINK1 expression at a certain level. 
In neurons, genetic ablation of PINK1 leads to mitochondrial 
dysfunction (49). Furthermore, PINK1 possesses a distinct, 
non-redundant function in the surveillance and maintenance 
of cardiac tissue homeostasis (50). In the present study a 
decrease in PINK1 was observed, indicating mitochondrial 
dysfunction and mitophagy blockage in HFD mice. Although 
the present study detected an increase in parkin, it does not 
affect mitophagy in the absence of PINK1 (51). Mitochondria 
are highly dynamic, either undergoing fission/fusion to form 
small individual units or interconnecting with each other for 
rapid responses to mitochondrial damages. Considering that 
mitochondrial fusion prevents mitophagy and may therefore 
protect myocytes against excessive degradation of mito-
chondria (52), the level of Mfn2, a mitochondrial membrane 
protein, which is expressed abundantly in the heart and is a 
mediator of mitochondrial fusion, was tested. In addition, it is 

downstream of PINK1. The results demonstrated a decrease 
in Mfn2 in the mitochondria of obese mice, which demon-
strated that HFD may damage the mitochondrion through the 
inhibition of mitophagy and mitochondrial fusion. However, 
the activation of other pathways that can induce mitophagy 
and other mediators acting on parkin, except PINK1, were not 
analyzed in the present study.

In addition, the hemodynamic measurements of a total 
of 7 mice per group were investigated; however, one mouse 
succumbed to mortality in the normal fat diet group (mortality 
rate, 14.29%), whereas two mice succumbed to mortality in the 
HFD group (mortality rate, 28.57%) following the termination 
of hemodynamic measurements which is consistent with 
the findings of Mattson (53). Reasons for such mortalities we 
speculated are mainly because this intravascular process is 
invisible and it may lead to the rupture of blood vessels or the 
heart. In addition, Calligaris et al (54) revealed that mice fed with 
a high-fat diet for a prolonged duration of time presented reduced 
aortic vasoconstriction and reduced contractile response, which 
suggested that HFD may affect vascular function and increase 
the difficulty of PV measurement in HFD mice.

In conclusion, a HFD has been demonstrated to induce 
dyslipidemia and cardiac dysfunction. These effects may be 
mediated by the upregulation of ERS, and the downregulation 
of autophagy and mitophagy in the HFD hearts. However, 
an investigation into how to reduce the dyslipidemia and 
dysfunction caused by HFD were not included in the present 
study. Nevertheless, the results of the present study indicated 
that autophagy and mitophagy served an important role in 
HFD-induced cardiomyopathy.
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