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Abstract
In patients with obesity or type  2 diabetes, the accumulation of lipotoxic 
by-products in cardiomyocytes leads to apoptosis and contractile dysfunction, 
eventually resulting in metabolic cardiomyopathy (MC). However, the underlying 
mechanisms remain unclear. Inb this study, a comparative proteome analysis was 
conducted to evaluate the differentially expressed proteins (DEPs) in the hearts of 
normal mice on standard diet (control group) and of high-fat diet (HFD)-induced 
MC mice (HFD group). We identified 90 DEPs unique to the control group and 18 
DEPs unique to the HFD group. In 90 DEPs unique to the control group, only 74 
DEPs were annotated in the gene ontology (GO) database. These annotated DEPs 
are involved in 114 biological processes, 68 molecular functions, and 174 cellular 
components. In 18 DEPs unique to the HFD group, only 14 DEPs were annotated in 
the GO database. These annotated DEPs are involved in 24 biological processes, 22 
molecular functions, and six cellular components. Protein levels of two fatty acid 
metabolism-related enzymes, carnitine palmitoyltransferase 1B (CPT1B) and acetyl-
CoA acyltransferase 2 (ACAA2), in the hearts of the mice in control group and HFD 
group were analyzed by immunostaining and Western blot. The results showed that 
the protein levels of CPT1B and ACAA2 were elevated in hearts of the mice in HFD 
group, which were consistent with the proteomic analysis. Our results reveal the 
differentially expressed proteome related to the progression of MC, providing a 
series of potential therapeutic targets for MC.
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1. Introduction
According to the report of The International Diabetes Federation, about 500 million 
people will become obese and insulin-resistant, while more than 500 million people 
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will be affected by type 2 diabetes by the year 2040[1]. An 
increasing number of evidence indicates that patients 
who suffer from glucometabolic perturbations are more 
susceptible to metabolic cardiomyopathy (MC), which is 
independent to the presence of hypertension, coronary 
artery disease, and other comorbidities[2,3]. Over 80% of 
patients who suffered from heart failure are either obese 
or diabetic[4,5]. Notably, the prevalence of MC is expected 
to rise in the next decades. In patients with glucometabolic 
perturbations, the accumulation of lipotoxic by-products 
in cardiac myocyte could lead to myocyte apoptosis and 
contractile dysfunction, eventually resulting in MC. 
Detrimental effects on cardiomyocytes in patients with 
obesity and type  2 diabetes include changes in tissue 
metabolism, substrate utilization, inflammation, and 
oxidative stress. These effects are thought to induce heart 
failure[6-9]. However, the underlying mechanisms remain 
unclear and therapies of MC are yet to be developed.[2]

The molecular mechanisms underlying MC are 
mainly based on metabolic dysregulation, inflammation, 
fibrosis, oxidative stress, and apoptosis. Although free 
fatty acids are the preferred energy substrate for cardiac 
cells, alternative fuel sources, such as glucose, lactate, or 
ketone bodies, are also ultilized by the heart to balance 
the energy supply and by-products overproduction. 
In obese or diabetic people, mitochondrial fatty acid 
β-oxidation is increased due to the hyperglycemia and 
insulin resistance, which is regulated by the PPAR family-
mediated transcriptional machinery. For example, the 
down-regulation of GLUT4 reduces the uptake of glucose 
in the cardic cells[10]. Peroxisome proliferator-activated 
receptor-gamma coactivator-1 alpha, estrogen-related 
receptor alpha, NFE2 like BZIP transcription factor 2 
(NFE2L2), or nuclear respiratory factor 1 (NRF1) and 
nuclear factor erythroid 2-related factor 2 (NRF2), which 
are up-regulated in obesity and diabetes, could promote 
fatty acid oxidation and shut down glucose oxidation[11,12]. 
It is well known that the increased fatty acid oxidation 
will lead to lipotoxicity, which subsequently activates the 
proinflammatory transcription factor such as nuclear 
factor kappa B (NF-κB). NF-κB could increase the 
downstream targets, such as activator protein 1, nuclear 
factor of activated T-cells, or NF-κB itself, which carry 
out numerous autocrine activities, including the secretion 
of cytokines and chemokines[13]. Increased inflammation 
finally impairs myocardial tissues and causes cardiac 
remodeling by interstitial fibrosis. In addition, increase 
fatty acid β-oxidation-induced oxidative stress stimulates 
the proinflammatory transcription factors and the 
activation of mitogen-activated protein kinase, involving 
the proapoptotic c-Jun N-terminal kinase and p38, which 
promotes cell death in MC[14].

In the present study, we aimed to identify the key 
differentially expressed proteins (DEPs) and pathways 
involved in high-fat diet (HFD)-induced MC by analyzing 
the proteome of hearts from the indicated mice. We 
compared the DEPs between samples from control and 
HFD groups. Interestingly, we identified 90 proteins 
which were only detected in the control group and 18 
proteins which were only detected in the HFD group. In 
these DEPs, most of them belong to the metabolic related 
process. Our results revealed the differentially expressed 
proteome related to the progression of MC, which could 
be a potential therapeutic target for MC.

2. Materials and methods
2.1. Mice

Eight-week-old male wild-type mice (Chongqing Tengxin 
Biotechnology Co., Ltd) were fed a standard diet and HFD 
(60% kcal fat; Research Diets, New Brunswick, NJ, USA), 
respectively, for 5  months in a specific pathogen-free 
environment provided by the Experimental Animal Center 
of Southwest Medical University. The mice were separated 
into two groups, the control group and the HFD group. 
The mice were sacrificed to collect the hearts, and all the 
heart tissue were immediately labeled and stored at −80°C 
until protein extraction. Animal protocols were approved 
by Institutional Animals Ethics Committees of Southwest 
Medical University (Approval No. 20220225-014).

2.2. Preparation of samples for liquid chromatography-
tandem mass spectrometry (LC-MS/MS)

To prepare samples for LC-MS/MS, we performed an 
in-solution digestion by trypsin; the protocol is as follows: 
(i) 8 M urea was added to 300 µg lysates; (ii) proteins 
were reduced with 5 mM dithiothreitol and incubated for 
45  min at 56°C to reduce disulfide bonds; (iii) mixture 
was cooled to room temperature and alkylated with 
iodoacetamide to a final concentration of 20 mM; (iv) 
the mixture was incubated for 30 min in the dark at room 
temperature; (v) the mixture was diluted 8-fold with 1 M 
urea using 10 mM triethylammonium bicarbonate and 
subsequently digested using 1:20 (w/w) trypsin at 37°C 
overnight; and (vi) Oasis HLB Cartridge 30 mg (Waters 
Corporation, Milford, MA, USA) was used to desalt the 
tryptic digests, and it was lyophilized for the subsequent 
MS/MS analysis.

2.3. Data processing and parameters

LC-MS/MS was used for analysis for the six sets of digested 
peptides. The dried peptides were re-dissolved in 30 µL 0.1% 
formic acid in UHQ water. The nano-LC-MS experiments 
were performed using AB Sciex 5600+ mass spectrometer. 
The sample was applied onto a high-performance liquid 
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chromatography system (Sciex Co.). The peptides were 
concentrated on a 1.0-cm precolumn (75-µm inner 
diameter, 360-µm outer diameter, C18 5 µm, Sciex). The 
peptides were eluted from the precolumn using a gradient 
from 100% phase A (0.1% fatty acid aqueous solution) to 
45% phase B (0.1% fatty acid, 100% acetonitrile) in 75 min 
at 300 nL/min directly onto an 15-cm analytical column 
(75-µm inner diameter, 360-µm outer diameter, ReproSil-
Pur C18 3 µm, Sciex). The instrument was operated in a 
data-dependent mode automatically. Three biological 
replicates were prepared for each sample using a described 
parameters (2500V+).

2.4. Data processing and assembly

Raw files from LC-MS were searched using the Mascot 
search engine human database 3.78 for data processing. 
Parameters were adjusted for: (i) trypsin digestion, 
with two maximum missed cleavage points permitted; 
(ii)  length of the digested peptide: 6 – 25; (iii) precursor 
mass tolerance of 10  ppm and fragment mass tolerance 
adjusted to 0.2 Da; (iv) dynamic variation oxidation of 
methionine: static modification carbamidomethyl of 
cysteine was selected; and (v) false discovery rate: < 1. The 
level of peptide confidence for the data filter was adjusted 
to “high.”

2.5. Analysis of DEPs by GO and Kyoto Encyclopedia 
of Genes and Genomes (KEGG)

Gene ontology (GO) analysis was used to evaluate the 
biological function of DEPs. Pathways analysis was carried 
out to further evaluate metabolic or signal transduction 
pathways using the online PANTHER tools (version 15.0) 
(http://pantherdb.org/invalid Request.jsp).

2.6. Immunostaining

The myocardial tissues were fixed with 4% 
paraformaldehyde, and then dehydrated and embedded in 
paraffin. The hearts were cut into slices with a thickness 
of 4 µm and incubated overnight in a thermostat at 37°C. 
Then, the slices were put into xylene and alcohol (in a 
gradient of concentration) for dewaxing. After that, the 
slices were blocked with 5% bovine serum albumin. After 
being gently washed with phosphate-buffered saline, the 
cells were incubated with the primary antibodies, including 
carnitine palmitoyltransferase 1B (CPT1B) (1:100) and 
acetyl-CoA acyltransferase 2 (ACAA2) (1:100), overnight 
at 4°C, and then incubated with secondary antibodies 
conjugated with cyanine dye 3 (Cy3) for 1  h at room 
temperature. 4’,6-diamidino-2-phenylindole (DAPI) was 
used for nuclear staining. Finally, the cells were observed 
under a confocal microscope (Leica, Germany).

2.7. Western blot

Total proteins from cells or tissue were lysed using RIPA 
buffer, and the protein concentration in the cell lysates was 
assayed by a protein assay dye reagent concentrate (Bio-
Rad, USA). Samples were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and then transferred to polyvinylidene fluoride (PVDF) 
membranes (pore size 0.45 µm). After being blocked with 
5% bovine serum albumin for 1  h, the membranes were 
incubated with primary antibodies, including CPT1B 
(1:1000), ACAA2  (1:1000), and tubulin (1:5000) at 4°C 
overnight. After being washed with TBST, the membranes 
were incubated with secondary antibodies for 1 h at room 
temperature. Finally, the protein bands were visualized 
by enhanced chemiluminescence kit (Santa Cruz, Texas, 
USA).

3. Results
3.1. HFD-induced diabetic cardiomyopathy

Given that over 80% of patients with MC are either 
obese or diabetic, we employed diet-induced obesity to 
investigate the differential expressed proteins in the heart 
tissues between normal heart and mice with MC, which 
was induced by HFD. The experimental procedure is 
shown in Figure 1A.

In line with other reports,[15] the body weight of 
the mice in the HFD group almost doubled, and their 

Figure  1. High-fat diet (HFD)-induced diabetic cardiomyopathy. 
(A) Experimental procedure chart for this study. (B) Immunohistochemistry 
showed an increase of heart volume, cardiac myocyte hypertrophy and 
an increase of heart weight in HFD-fed mice. (C) Echocardiographic 
measurement of the diastolic function in standard diet-fed mice or HFD-
fed mice.
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blood glucose levels also increased after being fed 
60% kcal HFD for 5  months. Furthermore, the HFD 
group with hypertrophic cardiomyocytes had larger 
and heavier hearts than the control group (Figure  1B). 
Echocardiographic measurement showed that the 
diastolic function of hearts from HFD-fed mice were 
impaired (Figure 1C).

3.2. Identification of DEPs

An online tool Venny (Version 2.1) was used to identify 
DEPs in the hearts of standard diet-fed mice (the control 
group) and HFD-fed mice (the HFD group). Venn 
diagrams of data from the control group showed the overlap 
of identified proteins expressed in Control-1, Control-2, 
and Control-3. A total of 228 proteins were present in the 
triplicated control sample (Figure 2A). Venn diagrams of 
data from the HFD group showed the overlap of identified 
proteins expressed in HFD-1, HFD-2, and HFD-3. A total 
of 156 proteins were present in triplicated HFD samples 
(Figure 2B). A total of 138 common proteins were present 
in both control and HFD groups in the 3 sets of overlap. 
A total of 90 proteins were detected in the control group 
but not in the HFD group. However, 18 proteins were only 

detected in the HFD group but not in the control group 
(Figure 2C).

3.3. GO analysis of control group-specific DEPs

To explore the function of DEPs in the heart tissue of wild-
type and diabetic mice, we performed GO enrichment 
analysis for these two groups in the Blast2go (Version 2.5) 
program and the GO database. As shown in Figure  3, 
only 74 DEPs were annotated in the GO database among 
90 HFD group-specific DEPs. These annotated DEPs 
are involved in 114 biological processes (Figure  3A), 
68 molecular functions (Figure  3B), and 174 cellular 
components (Figure  3C). In the biological process, 42 
DEPs are involved in the clusters of cellular process, and 28 
DEPs are involved in the metabolic process (that account 
for 70/74 in total). The results indicate that HFD reduces 
proteins associated with the metabolic process in cardiac 
myocytes.

3.4. KEGG analysis of control group-specific DEPs

KEGG is an encyclopedia of genes and genomes that 
can be used to analyze gene function. It provides a 
valuable classification for understanding the complex 
biological functions of genes and genome[16]. Therefore, 
we graphically presented the results of the KEGG 
annotation analysis to analyze the distribution of DEPs in 
various pathways. As shown in Figure 4, these annotated 
DEPs are involved in 51 protein classes (Figure  4A) 
and 33 pathways (Figure  4B). Furthermore, most 
DEPs (26 proteins) belong to the cluster of metabolite 
interconversion enzymes. In the KEGG pathway, the 
clusters of “cytoskeletal regulation by Rho GTPase,” 
“glycolysis,” and “gonadotropin-releasing hormone 
receptor pathway” were the top three pathways that 
include 3 DEPs, respectively.

3.5. GO analysis of HFD group-specific DEPs

As shown in Figure 3, only 14 DEPs are annotated in the 
GO database in the 18 HFD group-specific DEPs. These 
annotated DEPs are involved in 24 biological processes 
(Figure  5A), 22 molecular functions (Figure  5B), and 
six cellular components (Figure  5C). In the biological 
process, 20 DEPs are involved in the clusters of cellular 
processes and 11 DEPs are involved in the metabolic 
process. The result is consistent with that in control 
group-specific DEPs, indicating that HFD activates 
proteins associated with the metabolic process in 
cardiomyocytes.

3.6. KEGG analysis of HFD group-specific DEPs

As shown in Figure 6, these annotated DEPs are involved 
in nine protein classes (Figure  6A) and seven pathways 

Figure  2. Differentially expressed proteins identified in hearts from 
standard diet-fed mice and high-fat diet (HFD)-fed mice. (A) Venn 
diagrams show the overlap of identified proteins in triplicate, which were 
expressed in Control-1, Control-2 and Control-3. A total of 228 proteins 
were present in triplicated control sample. (B) Venn diagrams show the 
overlap of identified proteins in triplicate, which were expressed in HFD-
1, HFD-2 and HFD-3. A total of 156 proteins were present in triplicated 
HFD samples. (C) A total of 138 common proteins were present in both 
control group and HFD groups of the three sets of overlap; 90 proteins 
were unique to the control group and 18 proteins were unique to the HFD 
group.
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(Figure  6B). Most DEPs are involved in the cluster of 
metabolite interconversion enzymes (five proteins). The 
result is consistent with that in control group-specific 
DEPs. In the KEGG pathway, 7 DEPs were distributed in 
seven pathways.

3.7. Elevation of fatty acid metabolism-related 
enzymes in the hearts of HFD-fed mice

Since the cluster of metabolite interconversion enzymes 
has the most DEPs (5 proteins) and fatty acid metabolism 
plays critical roles in the MC, protein levels of two fatty 
acid metabolism-related DEPs, CPT1B and ACAA2, 

were analyzed by immunostaining and Western blot. 
The levels of both CPT1B and ACAA2 increased in the 
hearts of HFD-fed mice (Figures 7 and 8). The result is 
consistent with the previous proteomic analysis.

4. Discussion
Heart failure is the leading cause of MC[17]. Many 
complex molecular mechanisms are reportedly play a 
role in the pathogenic process of MC. Despite that, the 
changes of proteome in MC remain unknown. In this 
study, we used LC-MS/MS to observe the significant 
difference in proteome between standard diet-fed 

Figure 3. Gene ontology analysis of control group-specific differentially expressed proteins. Annotated differentially expressed proteins were distributed 
in 114 biological processes (A), 68 molecular functions (B), and 174 cellular components (C).
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Figure 4. Kyoto Encyclopedia of Genes and Genomes analysis of control group-specific differentially expressed proteins. Annotated differentially expressed 
proteins were distributed in 51 protein classes (A) and 33 pathways (B).

B

A

mice and HFD-fed mice. The KEGG analysis of DEGs 
between standard diet-fed mice and HFD-fed mice 
showed that, irrespective of control group and HFD 
group, metabolite interconversion enzyme is the most 
significant protein. CPT1B and ACAA2 were, further, 
identified using Western blot and immunostaining. 
The results demonstrate that the altered expression 
of metabolite interconversion enzymes is related to 
MC. As the key enzymes in this pathway, CPT1B and 
ACAA2 may be potential targets for the treatment of 
MC.

In the GO enrichment analysis, we found the largest 
cluster changes in cellular and metabolic processes in both 
control or HFD group-specific DEPs (Figure 3A and 5A). 
Among differentially expressed genes (DEGs) involved 
in cellular and metabolic processes, two succinate 
dehydrogenase (SDH) family members[18], SDHA and 
SDHB, led to different expression levels in control and 
HFD group-specific DEPs. We detected SDHA only in 
the heart tissue from HFD-fed mice, whereas the SDHB 

was observed only in the heart tissue from standard 
diet-fed mice. The mutation of the SDHA gene is related 
to paraganglioma[19]. The SDHB mutation can result in 
pheochromocytoma/paraganglioma syndrome type 4[20]. 
Renal cell carcinoma is a metabolic disease caused by 
several genes, including SDH. The SDH participates in 
essential cellular processes regulating cell response to 
sense iron, oxygen, energy, and nutrients[21]. Therefore, 
SDHA and SDHB might play different roles in the 
progression of MC. We also found that peroxiredoxin 
V (PRDX5) was absent in the HFD group, in addition 
to mitochondria-related proteins. PRDX5 is a member 
of the family of mammalian proteins that neutralize 
reactive oxygen species[22], which plays a protective role 
during the early period of small-for-size syndrome in 
liver transplantation in rats[23]. The results suggest that 
the HFD may lead to the deficiency of protective factors, 
such as PRDX5, in heart tissue.

The expression data from the KEGG database were 
analyzed to further identify the differential pathways. 

https://doi.org/10.36922/gtm.v1i2.137
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We found that the “metabolite interconversion enzyme” 
pathway was the most significant in control or HFD 
group-specific DEPs (Figure  4A and 6A). In addition, 
two fatty acid metabolism-related DEPs, CPT1B and 
ACAA2, were only detected in HFD group-specific 
DEPs by Western blot and immunostaining. CPT1b 
is a fatty acid metabolism factor that regulates cardiac 
hypertrophy[24]. The deficiency of CPT1B can aggravate 
cardiac hypertrophy in lipotoxic cardiomyopathy caused 
by pressure overload[25]. In this study, the protein level 
of CPT1B increased in the hearts of HFD-fed mice, 

indicating that the CPT1B adaptively increased under 
lipotoxicity. ACAA2, an enzyme of the thiolase family, 
is involved in mitochondrial fatty acid elongation and 
degradation by catalyzing the last step of the respective 
β-oxidation pathway[26]. Overexpression of ACAA2 
and HSD17B12 can inhibit triglyceride production and 
cell proliferation and induce apoptosis in mammary 
epithelial cells. In this study, we found that the protein 
level of ACAA2 increased in the hearts of HFD-fed 
mice, indicating that the lipotoxicity induced ACAA2 to 
promote apoptosis.

Figure  5. Gene ontology analysis of high-fat diet group-specific differentially expressed proteins. Annotated differentially expressed proteins were 
distributed in 24 biological processes (A), 22 molecular functions (B), and six cellular components (C).
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Figure  7. Immunostaining of CPT1B and ACAA2. CPT1B (A) and 
ACAA2 (B) in cardiomyocytes from indicated mice were detected by 
double labeling immunofluorescence. CPT1B and ACAA2 were labeled 
by corresponding antibodies (red) and DAPI labeled nucleus (blue).

B

A

Figure 8. Western blot analysis of CPT1B and ACAA2. CPT1B (A) and 
ACAA2 (B) in cardiomyocytes from indicated mice were detected by 
Western blot. CPT1B and ACAA2 were incubated with corresponding 
antibodies and tubulin, which was used as reference. Quantification was 
performed by imageJ.

BA

Figure 6. Kyoto Encyclopedia of Genes and Genomes analysis of high-fat diet group-specific differentially expressed proteins. Annotated differentially 
expressed proteins were distributed in nine protein classes (A) and seven pathways (B).

BA

5. Conclusion
Following the comparison of DEPs between samples from 
the control and HFD groups, we revealed novel DEPs 
between normal and MC mice. This finding provided 
essential clues for understanding the specific pathogenetic 

mechanisms and potential treatment alternatives for 
MC. The specific molecular mechanism of metabolic 
dysfunction in MC needs to be further studied.
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