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Abstract. Mitochondrial malfunction leads to the remod‑
eling of myocardial energy metabolism during myocardial 
ischemia (MI). However, the alterations to the mitochondrial 
proteome profile during this period has not yet been clarified. 
An acute MI model was established by high position ligation 
of the left anterior descending artery in 8‑week‑old C57BL/6N 
mice. After 15 min of ligation, the animals were euthanized, and 
their hearts were collected. The myocardial ultrastructure was 
observed using transmission electron microscopy (TEM). The 
cardiac mitochondrial proteome profile was analyzed by liquid 
chromatography‑tandem mass spectrometry (LC‑MS/MS) 

and bioinformatics analyses. TEM showed that the outer 
membrane of the mitochondria was dissolved, and the inner 
membrane (cristae) was corrupted and broken down exten‑
sively in the MI group. The mitochondrial membrane potential 
was decreased. More than 1,700 mitochondrial proteins were 
identified by LC‑MS/MS analysis, and 119 were differentially 
expressed. Gene Ontology and the Kyoto Encyclopedia of 
Genes and Genomes functional enrichment analysis showed 
that endopeptidase activity regulation, the mitochondrial inner 
membrane, oxidative phosphorylation, the hypoxia‑inducible 
factor‑1 signaling pathway, the pentose phosphate pathway 
and the peroxisome proliferator‑activated receptor signaling 
pathway were involved in the pathophysiological process in 
the early stage of acute MI. Extensive and substantial changes 
in the mitochondrial proteins as well as mitochondrial micro‑
structural damage occur in the early stages of acute MI. In the 
present study, the series of proteins crucially involved in the 
pathways of mitochondrial dysfunction and metabolism were 
identified. Further studies are needed to clarify the roles of 
these proteins in myocardial metabolism remodeling during 
acute MI injury.

Introduction

Coronary artery‑related cardiac ischemia is the most common 
cause of cardiomyopathy and heart failure, with high rates 
of morbidity and mortality worldwide (1). Coronary artery 
stenosis and/or occlusion lead to myocardial perfusion reduc‑
tion, cardiomyocyte remodeling and fibrosis, dilated ventricles 
and even heart failure. Exploring the pathogenesis and regula‑
tory mechanisms of ischemia may provide significant benefits 
in its diagnosis, treatment, and prognosis. Cardiac ischemia is 
a type of complex cellular and molecular activity that occurs 
at multiple levels (2‑8). However, its mechanisms are yet to be 
fully elucidated. The heart is an organ rich in mitochondria 
and thus particularly vulnerable to ischemia. Due to the role of 
the 'energy power plant', mitochondrial homeostasis is crucial 
for vital cellular activities.

In the past few decades, omics technology has made a 
remarkable contribution to illustrating the pathogenesis and 
consequences of cardiac ischemia. Proteomics is a type of 
omics approach that focuses on systemic and dynamic molec‑
ular changes, and explores potential crosstalk between multiple 
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molecular levels and pathways. Expression analysis via liquid 
chromatography‑tandem mass spectrometry (LC‑MS/MS) is 
used to investigate persistent and chronic myocardial isch‑
emia (MI) (9‑13). Transient coronary clamps cause severe 
cardiac ischemia and injury, accompanied by metabolic distur‑
bances (14). Our recent unpublished experiments showed that 
15 min of ligation of the left anterior descending (LAD) artery 
resulted in impaired mitochondrial morphology. Based on 
these results, it was hypothesized that mitochondrial proteome 
disturbance may occur in the very early stages of ischemia. 
In the present study, the mitochondrial proteome profiles of 
mice hearts that underwent short‑term LAD ligation were 
evaluated using LC‑MS/MS proteome expression analysis. 
More than 1,700 proteins were screened, and 119 differentially 
expressed proteins were identified. A number of proteins 
were involved in the activities and pathways that regulate 
oxidative phosphorylation (OXPHOS), complement activation 
and mitochondrial autophagy. These results indicated that 
mitochondrial proteomic changes may serve as potential 
biomarkers for a very early stage of ischemic cardiac injury 
and provide novel insights into the mechanism of myocardial 
remodeling.

Materials and methods

Animals and grouping. The animals used were 8‑week‑old 
male C57BL/6N mice and their body weights were 20‑25 g. 
The animals were purchased from the Beijing Vital River 
Laboratory Animal Technology Co., Ltd. The mice were 
housed under a 12 h light/dark cycle at 22±2˚C and at a relative 
humidity of 40‑60%. They had free access to standard mouse 
chow and tap water. After one week of adaptive feeding, the 
24 mice were randomly divided into an acute MI group and a 
sham group. All experiments and procedures were approved 
by the Institutional Animal Care and Use Committee Review 
Board of the General Hospital of Ningxia Medical University 
(approval no. 2020‑01) and complied with the guidelines of the 
National Institutes of Health Animal Care and Use Committee.

Acute MI model establishment. The MI mouse model was 
established by ligation of the LAD, following previously 
reported methods (15‑17). The mice were anesthetized with 
a 2% isoflurane (RWD) by a delivery machine (Pat.4879997, 
VAPOMATIC™, CWE13‑13000) at an airf low rate of 
0.8 l/min. Deep sedation was confirmed by the absence of 
corneal and toe pinch reflexes. After disinfecting the surgical 
area, a 1‑2 cm skin cut was made over the left side of the chest. 
After dissection and retraction of the pectoral major and minor 
muscles, the fourth intercostal space was exposed. A small 
hole was made at the fourth intercostal space with a mosquito 
clamp to open the pleural membrane and pericardium. Then 
the heart was smoothly and gently ‘popped out’ through the 
hole. The LAD was quickly ligated using a 6‑0 silk suture 
~1 mm distal to the left atrial appendage and 2 mm in width 
and depth. The ST‑segment elevation on the ECG recording 
(PowerLab System, AD Instruments) was used to confirm 
successful occlusion of the LAD. The heart was placed back 
into the intrathoracic space immediately after ligation. The 
muscles and skin were closed. The operation in the sham 
group was the same, except no LAD ligation was performed. 

After 15 min of ligation, the animals were euthanized under 
anesthesia of 5% isoflurane by a delivery machine at an 
airflow rate of 1.0 l/min, and the left ventricles were collected 
immediately.

Preparation of samples for transmission electron microscopy 
(TEM) examination. A small piece (1 mm3) of the fresh left 
ventricle myocardium was rinsed in ice‑cold PBS, and the 
buffer was then removed using clean filter paper. The tissues 
were fixed in 2% glutaraldehyde for 2 h, washed with 0.1 M 
dimethyl sodium arsenate three times, fixed in 4% osmic acid 
for 2 h, rinsed again in 0.1 M dimethyl sodium arsenate and 
successively dehydrated with 30‑50‑70% alcohol solutions. 
These processes were performed at 4˚C. The fixed tissues 
were infiltrated with propylene oxide and embedded in epoxy 
resin at 60˚C for 48 h. The tissues were then cut into ultrathin 
sections and observed and imaged by TEM (Hitachi HT‑7800; 
Hitachi, Ltd.; magnifications, x1,500, x5,000 and x10,000) 
after staining with 2% uranyl acetate for 15 min at room 
temperature and lead citrate for 5 min at room temperature.

Flameng's classification method was used to quantify mito‑
chondrial injury under TEM as previously reported (18). At the 
same magnification (x5,000), 5 fields were randomly selected 
for imaging, and ~20 mitochondria were randomly selected 
from each field for analysis in each mouse. According to the 
damage degree, the mitochondria were graded on a scale of 
0 to 4 as follows: 0, normal ultrastructure of the mitochondrion; 
1, normal ultrastructure of the crests and matrix but absence 
of granular deposits; 2, loss of matrix granules and clarifica‑
tion of the matrix without breaking of crests; 3, disruption of 
mitochondrial crests with clarification as well as condensation 
of the matrix; and 4, disruption of crests, and loss of integrity 
of the mitochondrial membranes. The final score is presented 
as the median and was analyzed using a Mann‑Whitney U test. 
The experiment was repeated 3 times.

Mitochondrial isolation. Cardiac mitochondria were extracted 
using a mitochondrial isolation kit (Nanjing KeyGen Biotech 
Co., Ltd.; cat. no. KGA827) according to the manufacturer's 
instructions. The fresh left ventricle was immediately placed 
on ice, rinsed with cold saline and drained with filter paper. 
Then, 40‑60 mg of tissue was cut into small pieces using 
ophthalmic scissors and transferred into a small volume (2 ml) 
glass homogenizer. Next, ice‑cold lysis buffer (1 M Tris‑HCl, 
25 mM MgCl2, 0.5 M KCl) was added to the homogenizer 
until the accumulated volume was 6‑fold that of the tissue 
pieces. The tissue was ground 20 times at 4˚C. After adding 
medium buffer (2 M sucrose), the homogenate was centrifuged 
at 1,200 x g for 5 min at 4˚C twice. The supernatant was 
collected and centrifuged at 7,000 x g for 10 min at 4˚C. The 
pellet contained mitochondria. Finally, the purified mitochon‑
dria were obtained by centrifugation at 9,500 x g for 5 min 
at 4˚C after adding suspension buffer (1 M Tris‑HCl, 25 mM 
MgCl2, 2 M sucrose). Part of the freshly purified mitochondria 
was used for the respiration function study, and the rest was 
stored at ‑80˚C for proteomic analysis.

Western blotting. The mitochondrial proteins were extracted 
using a mitochondrial protein isolation kit (Nanjing KeyGen 
Biotech Co., Ltd.; cat. no. KGP850) according to the 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  23:  85,  2022 3

manufacturer's instructions. All steps were performed in an 
ice bath. Protein concentration was determined using a bicin‑
choninic acid (BCA) protein detection kit (Nanjing KeyGen 
Biotech Co., Ltd.; cat. no. KGPBCA). Proteins (40 µg/lane) 
were loaded and resolved on 10% SDS‑PAGE and transferred 
to a nitrocellulose membrane. Mitochondrial transmembrane 
protein voltage‑dependent anion‑selective channel protein 
1 (VDAC1) antibody (Abcam; cat. no. ab154856; 1:5,000) 
was used to confirm the efficiency of mitochondrial isolation 
and rabbit anti‑GAPDH (BIOSS; cat. no. bs‑2188R; 1:5,000) 
was used as the loading control. The nitrocellulose membrane 
was blocked in 10% skim milk for 1 h at 22±2˚C and then 
incubated with anti‑VDAC1 overnight at 4˚C. The VDAC1 
membrane was stripped and reblotted with GAPDH overnight 
at 4˚C. Horseradish peroxidase‑labeled anti‑rabbit secondary 
antibody (Abbkine, Inc.; cat. no. A21020; 1:5,000) was used to 
detect the primary antibodies.

Measurement of mitochondrial membrane potential (MMP). 
MMP was analyzed using a fluorescent probe JC‑1 assay kit 
(Beyotime Institute of Biotechnology; cat. no. C2006). JC‑1 
working solution was added to the purified mitochondria 
and mixed. The mixture was then added to a 96‑well plate. 
Readings were measured using a fluorescence microplate 
reader (VICTOR Nivo; PerkinElmer, Inc.) at excitation and 
emission wavelengths of 485 and 590 nm, respectively.

Mitochondria proteome LC‑MS/MS analysis
Protein digestion. The purified mitochondria were 

powdered in liquid nitrogen and transferred to a 5 ml centri‑
fuge tube. Four volumes of lysis buffer (8 M urea, 1% protease 
inhibitor cocktail) were added to the powder and sonicated 
three times on ice using a high‑intensity ultrasonic processor 
(Scientz). The remaining debris were removed by centrifuga‑
tion at 12,000 x g for 10 min at 4˚C. Finally, the supernatant was 
collected, and the protein concentration was determined using 
a BCA assay. For digestion, the protein solution was reduced 
with 5 mM dithiothreitol for 30 min at 56˚C and alkylated with 
11 mM iodoacetamide for 15 min at room temperature in the 
dark. Then, the urea concentration in the protein sample was 
diluted to <2 M with 100 mM NH4HCO3. Finally, trypsin was 
added at a ratio of 1:50 trypsin: protein mass for the first diges‑
tion overnight and a ratio of 1:100 trypsin: protein mass for the 
second 4 h of digestion.

LC‑MS/MS analysis. Tryptic peptides were dissolved 
in 0.1% formic acid and then loaded. The high performance 
liquid chromatography gradient increased from 6 to 23% 
(0.1% formic acid in 98% acetonitrile) over 26 min, 23 to 35% 
over 8 min, and increased to 80% over 3 min, then held 
at 80% for 3 min. On the EASY‑nLC 1,000 ultra‑performance 
LC (UPLC) system, the constant flow rate was 400 nl/min. 
The peptides were subjected to a nanojet ionization source 
followed by MS/MS in the Q Exactive™ Plus (Thermo Fisher 
Scientific, Inc.) coupled online to the UPLC. The electrospray 
voltage applied was 2.0 kV. The resolution of the intact peptide 
detected in Orbitrap was 70,000 Da. Then, the peptides were 
selected with normalized collision energy setting a value of 28 
for MS/MS, and the fragments were detected in the Orbitrap at 
a resolution of 17,500. Automatic gain control was set at 5E4. 
For MS scans, the m/z scan range was 350‑1,800. Label‑free 

quantification was performed as described in a previous 
study (19‑21).

Database search and bioinformatics analysis. The 
MS/MS data were processed using the MaxQuant search 
engine (v.1.5.2.8). The original data were obtained via database 
retrieval. Unsupervised principal component analysis (PCA) 
was used to observe the overall distribution of proteins among 
the samples and the stability of the analytical process. Proteins 
were classified by Gene Ontology (GO) annotation (22,23) into 
the three following categories: Cellular component, molecular 
function, and biological process. The Kyoto Encyclopedia of 
Genes and Genomes (KEGG) was used to analyze pathway 
enrichment (24). For each category, a two‑tailed Fisher's 
exact test was used to assess the enrichment of differen‑
tially expressed proteins vs. all identified proteins. The GO 
and KEGG terms with a corrected P<0.05 were considered 
statistically significant. The ‑log10(P‑value) represents enrich‑
ment degree. The cluster membership was visualized using a 
heatmap.

Statistical analysis. All data were analyzed using SPSS v23.0 
(IBM Corp) and GraphPad Prism v5.0 (GraphPad Software, 
Inc.). The results are presented as the mean ± standard 
deviation. An unpaired t‑test was used to compare the means 
between the groups. The test significance level was α=0.05, 
and P<0.05 was considered to indicate a statistically signifi‑
cant difference. The differentially expressed proteins were 
screened by fold change (FC) and an unpaired t‑test. The 
differential screening conditions were FC=1.2x and P<0.05. 
Both FC=0 and FC=inf belong to the difference of ‘with or 
without’. A two‑tailed Fisher's exact test was applied to test the 
protein enrichment analysis, and a corrected P‑value <0.05 was 
considered to be significant. These enrichment analyses were 
performed according to the database of identified proteins 
and a two‑tailed Fisher's exact test was employed. All terms 
with corrected a P‑value <0.05 were considered significantly 
enriched differentially expressed proteins. The number of 
experimental replications was 3.

Results

Acute MI induced mitochondrial morphological changes. 
First, TEM was used to examine the myocardium and mitochon‑
drial morphology following MI. As shown in Fig. 1A and C, 
the sarcomeres were intact, the muscle filaments were neatly 
arranged, the nuclear membrane was intact (Fig. S1), and 
the chromatin was uniformly arranged. Mitochondria were 
normal and ridges were visible and not dissolved or ruptured 
in the sham group. The outer membrane dissolution and break 
down of the inner membrane (cristae) in some mitochondria 
was observable in the MI group (Fig. 1B and D; red arrows). 
The mitochondrial score in the MI group increased signifi‑
cantly (P<0.05) compared with the sham group (Fig. 1E). 
These results indicated that acute MI induced mitochondrial 
damage.

Acute MI decreases MMP. Fig. 2A shows that VDAC1 protein 
expression was strong (the original uncropped western blots 
shown in Fig. S2) and the mitochondria were efficiently isolated 
in both groups (Fig. 2B).The MMP was evaluated using a JC‑1 
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assay. The results showed that the MMP of the MI group was 
lower than that of the sham group (Fig. 2C, P<0.05).

Mitochondrial proteomics. First, the expression of trusted 
proteins was analyzed using PCA (Fig. 3). The results 
showed substantial differences between the two groups. 
More than 1,700 trusted proteins were identified in this 
study. Through the analysis and synchronous comparison of 
myocardial mitochondria in three separated samples of the 
sham and MI groups, 119 differential proteins were confirmed. 
Overall, 27 of the 119 proteins were upregulated and 16 were 
downregulated compared with the sham group (Table I), and 
the remaining 76 proteins showed ‘yes’ or ‘no’ differences 
between the two groups (Tables II and III). These results 
identified LAD ligation/ischemia as the principal source of 
variance. The volcano map shows the overall distribution of 
the proteins (Fig. 4). The differentially expressed proteins 
were screened using FC=1.2 and P<0.05 as the screening 
conditions. The blue and red dots represent the significantly 
downregulated and upregulated proteins, respectively. The 
gray dots represent non‑significant proteins. Unsupervised 
hierarchical clustering was used to group differentially 
expressed proteins according to their expression profiles. The 

results are shown in a heatmap (Fig. S3). Each line in the 
heatmap represents a protein with mean upregulation (red) or 
downregulation (purple) in expression within the two groups. 
The proteins that did not exhibit significant differences in 
expression are indicated in white. NADH dehydrogenase 
(ubiquinone) iron‑sulfur protein 6 (NDUFS6), cytochrome b‑c1 
complex subunit 1 (UQCRC1), thrombospondin‑1 (THBS1) 
and pyruvate dehydrogenase phosphatase regulatory subunit 
(PDPR) were upregulated, and dynactin subunit 2 (DCTN2) 
and a‑kinase anchor protein 1 (AKAP1) were downregulated 
in the ischemic group. Cytochrome C oxidase (COX) assembly 
protein COX11, mitochondrion adenosine triphosphate (ATP) 
synthase F(0) complex subunit C2 (ATP5G2), mitochondria 
ubiquitin ligase activator of NF‑κB1 (MUL1) were identified 
in the MI group and E3 ubiquitin‑protein ligase UBR3 was 
identified in the sham group.

According to the GO database, the enrichment of the total, 
upregulated, and downregulated differentially expressed 
proteins were analyzed (Fig. 5A‑C). For each category, a 
two‑tailed Fisher's exact test was used to test the enrich‑
ment of differentially expressed proteins vs. all identified 
proteins. The GO term with a corrected P‑value <0.05 was 
considered statistically significant. Proteins were classified by 

Figure 1. Mitochondrial morphology observed using transmission electron microscopy. Mitochondrial morphology in the (A) Sham and (B) MI group. Scale 
bar, 2 µm. Mitochondrial morphology insets of the (C) Sham and (D) MI group images in (A) and (B). Scale bar, 1 µm. (E) Mitochondrial score. *P<0.05. n=3 
per group. MI, myocardial ischemia.
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Table I. Downregulated and upregulated proteins in the MI group.

Accession no. Gene Protein description FC P‑value Type

Q99KJ8 DCTN2 Dynactin subunit 2 0.315 0.001c Down
P31725 S100A9 Protein S100‑A9 0.323 0.015a Down
Q3UH59 MYH10 Myosin‑10 0.370 0.020a Down
Q62448 EIF4G2 Eukaryotic translation initiation factor 4γ2 0.423 0.026a Down
Q8VCQ8 CALD1 Caldesmon 1 0.492 0.028a Down
P19157 GSTP1 Glutathione S‑transferase P1 0.542 0.010b Down
O08715 AKAP1 A‑kinase anchor protein 1, mitochondrial 0.593 0.048a Down
A0A0A6YX73 PRKAR2α cAMP‑dependent protein kinase type II‑α 0.619 0.036a Down
  regulatory subunit
Q9CQS4 SLC25A46 Solute carrier family 25 member 46 0.620 0.035a Down
Q8R2P8 KARS Lysine‑tRNA ligase 0.635 0.013a Down
P05132 PRKACα cAMP‑dependent protein kinase catalytic subunit α 0.652 0.047a Down
P49312 HNRNPA1 Heterogeneous nuclear ribonucleoprotein A1 0.665 0.050a Down
P55096 ABCD3 ATP‑binding cassette sub‑family D member 3 0.666 <0.001c Down
P14733 LMNB1 Lamin‑B1 0.684 0.029a Down
Q9ET78 JPH2 Junctophilin‑2 0.745 0.035a Down
Q6ZWN5 RPS9 40S ribosomal protein S9 0.823 0.044a Down
Q9D1G1 RAB1B Ras‑related protein Rab‑1B 1.201 0.031a Up
Q9CZ13 UQCRC1 Cytochrome b‑c1 complex subunit 1, mitochondrial 1.479 0.048a Up
Q99MR8 MCCC1 Methylcrotonoyl‑CoA carboxylase subunit α,  1.496 0.043a Up
  mitochondrial
Q8R5L1 C1QBP Complement component 1 Q subcomponent‑binding 1.591 0.027a Up
  protein, mitochondrial
Q3ULD5 MCCC2 Methylcrotonoyl‑CoA carboxylase β chain,  1.612 0.013a Up
  mitochondrial
Q9ER35 FN3K Fructosamine‑3‑kinase 1.654 0.013a Up
P84096 RHOG Rho‑related GTP‑binding protein RhoG 1.676 0.031a Up
Q7TSQ8 PDPR Pyruvate dehydrogenase phosphatase regulatory 1.724 0.046a Up
  subunit, mitochondrial
Q921I1 TF Serotransferrin 1.731 0.025a Up
Q5FWK3 ARHGAP1 Rho GTPase‑activating protein 1 1.800 0.017a Up
A0A0R4J0I1 SERPINA3K Serine protease inhibitor A3K 1.810 0.005b Up
Q00897 SERPINA1D α‑1‑antitrypsin 1‑4 1.820 0.026a Up
Q8BJ03 COX15 Cytochrome c oxidase assembly protein 1.878 0.017a Up
  COX15 homolog
O08528 HK2 Hexokinase‑2 1.912 0.015a Up
P48036 ANXA5 Annexin A5 1.951 0.049a Up
Q60994 ADIPOQ Adiponectin 1.951 0.031a Up
P07724 ALB Serum albumin 1.969 0.031a Up
P52503 NDUFS6 NADH dehydrogenase [ubiquinone]  2.175 0.046a Up
  iron‑sulfur protein 6, mitochondrial
A0A0R4J0X5 SERPINA1C Alpha‑1‑antitrypsin 1‑3 2.536 0.045a Up
Q61838 A2M Alpha‑2‑macroglobulin 2.764 0.019a Up
O35639 ANXA3 Annexin A3 2.867 0.002b Up
Q91VB8 HBA‑A1 Alpha globin 1 3.001 0.037a Up
P05064 ALDOA Fructose‑bisphosphate aldolase A 3.409 0.026a Up
A8DUK4 HBB‑BS β‑globin 3.730 0.004b Up
E9QNT8 ANK1 Ankyrin‑1 3.885 0.040a Up
P01027 C3 Complement C3 4.137 0.044a Up
Q80YQ1 THBS1 Thrombospondin‑1 5.096 0.036a Up

aP≤0.05, bP≤0.01, cP≤0.001. Up, upregulated; Down, downregulated.
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GO annotation into the following three categories: Biological 
processes, cellular components and molecular functions. 
Pathway enrichment of the top 30 GO terms of the total 
differentially expressed proteins is shown in Fig. 5A. The 
most perturbed biological processes were endopeptidase 
activity regulation and blood coagulation. The mitochondria, 
protein‑containing complex, collagen‑containing extracel‑
lular matrix and mitochondria inner membrane were the 
most relevant cellular components. Endopeptidase inhibitor 
activity and microtubule binding were the most relevant 
molecular functions.

For the upregulated proteins, the most relevant biological 
processes were the negative regulation of endopeptidase 
activity, blood coagulation, the activation of cysteine‑type endo‑
peptidase activity and the positive regulation of angiogenesis.  

The most relevant cellular components included the 
endoplasmic reticulum, collagen‑containing extracellular 
matrix and extracellular region. The top four molecular 
functions were identical protein binding, endopeptidase 
inhibitor activity, protease binding and oxidoreductase 
activity (Fig. 5B).

For the downregulated proteins, the closely related 
biological processes included peroxisome organization, nega‑
tive regulation of MAP kinase activity and positive regulation 
of axon extension. Except for mitochondria, the most highly 
relevant cellular components were myofibrils, the mitochon‑
drial outer membrane, the ribonucleoprotein complex and the 
cytoskeleton. Closely related molecular functions included 
protein kinase binding, RNA binding, actin filament binding 
and microtubule‑binding (Fig. 5C).

Table II. Proteins specific to the SHAM group.

Accession no. Gene Protein descriptions Type

Q8K0M3 SORBS3 Vinexin Up
A2A848 ACOX1 Peroxisomal acyl‑coenzyme A oxidase 1 Up
A8Y5P4 MAP7D1 MAP7 domain‑containing protein 1 Up
A2AS45 PKP4 Plakophilin‑4 Up
A4QPC5 CMA1 Chymase Up
D3YYT1 GLYR1 Putative oxidoreductase GLYR1 Up
D3Z598 LTBP4 Latent‑transforming growth factor beta‑binding protein 4 Up
E9Q6Q8 TBC1D4 TBC1 domain family member 4 Up
Q5U430 UBR3 E3 ubiquitin‑protein ligase UBR3 Up
F7A1B4 ENG Endoglin Up
O54774 AP3D1 AP‑3 complex subunit delta‑1 Up
O55022 PGRMC1 Membrane‑associated progesterone receptor component 1 Up
O88587 COMT Catechol O‑methyltransferase Up
P13541 MYH3 Myosin‑3 Up
P63163 SNRPN Small nuclear ribonucleoprotein‑associated protein N Up
P37804 TAGLN Transgelin Up
Q8BVQ9 PSMC2 26S protease regulatory subunit 7 Up
Q3U962 COL5A2 Collagen alpha‑2(V) chain Up
Q921L6 CTTN Src substrate cortactin Up
Q60972 RBBP4 Histone‑binding protein RBBP4 Up
Q6P549 INPPL1 Phosphatidylinositol 3,4,5‑trisphosphate 5‑phosphatase 2 Up
Q6ZWQ9 MYL12A Myosin, light chain 12A, regulatory, non‑sarcomeric Up
Q8BGU5 CCNY Cyclin‑Y Up
Q8VCI5 PEX19 Peroxisomal biogenesis factor 19 Up
Q99N92 MRPL27 39S ribosomal protein L27, mitochondrial Up
Q9D666 SUN1 SUN domain‑containing protein 1 Up
Q9DAW9 CNN3 Calponin‑3 Up
Q9JIK5 DDX21 Nucleolar RNA helicase 2 Up
Q9JKY7 CYP2D22 Cytochrome P450 CYP2D22 Up
Q9JLB0 MPP6 MAGUK p55 subfamily member 6 Up
Q9JLH8 TMOD4 Tropomodulin‑4 Up
Q9JMG7 HDGFRP3 Hepatoma‑derived growth factor‑related protein 3 Up
Q9Z0P5 TWF2 Twinfilin‑2 Up
Q9Z2X1 HNRNPF Heterogeneous nuclear ribonucleoprotein F Up

Up, upregulated; Down, downregulated.
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The relationship between the enriched GO terms and 
the differentially expressed proteins is displayed as a chord 
diagram in Fig. 6. A small arc on the left side of the chord 
diagram represents one protein. The color represents the 
difference: Blue indicates downregulation and red indicates 
upregulation. The GO terms are shown on the right‑hand 
side of the diagram. Different colors represent different GO 
terms; that is, different functions. GO terms correspond 
to multiple differentially expressed proteins, and a protein 
can participate in multiple GO terms; the mitochondria and 
collagen‑containing extracellular matrices possessed the most 
enriched proteins.

The KEGG database was used to analyze the metabolic 
pathways of the proteins. Biological functions related to 
these proteins were obtained from KEGG enrichment 
analysis (Fig. 7). The pathways with the most relevant differ‑
entially expressed proteins included Parkinson's disease, prion 
diseases, platelet activation, complement and coagulation 

cascades, peroxisome, hypoxia‑inducible factor‑1 (HIF‑1) 
signaling, type 2 diabetes mellitus, fructose and mannose 
metabolism (Fig. 7A). For upregulated proteins, the most 
relevant biological functions included Parkinson's disease, 
non‑alcoholic fatty liver disease, focal adhesion, complement, 
coagulation cascades, the peroxisome proliferator‑activated 
receptor (PPAR) signaling pathway, OXPHOS, the pentose 
phosphate pathway and the HIF‑1 signaling pathway (Fig. 7B). 
The closely related biological functions of downregulated 
proteins included vasopressin‑regulated water reabsorption, 
the insulin signaling pathway, dopaminergic synapses, ribo‑
somes, and peroxisomes (Fig. 7C).

Figure 3. PCA. Each square/spot represents a repetition in a grouping experi‑
ment, and different colors represent the different groups. n=3 per group. 
PCA, principal component analysis.

Figure 2. (A) Detection of mitochondrial voltage‑dependent anion‑selective channel protein 1 (uncropped blots are presented in Fig. S1). (B) The total number 
of mitochondria did not differ significantly between the sham and MI groups. (C) MMP in the sham and MI groups. *P<0.05. n=6 per group. MI, myocardial 
ischemia; VDAC1, voltage‑dependent anion‑selective channel protein 1; MMP, mitochondrial membrane potential.

Figure 4. Volcano plot showing the differentially expressed proteins. The 
abscissa of the volcano plot is log2(FC), and the further the value from zero, 
the higher the difference, with upregulation on the right and downregulation 
on the left. The ordinate is ‑log10(P‑value), and the further the ordinate from 
zero, the higher the difference. FC, fold change.
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Figure 5. GO enrichment analysis. GO entries screened among (A) all differentially expressed proteins, (B) the upregulated proteins and (C) the downregulated 
proteins. GO, Gene Ontology; MI, myocardial ischemia.
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Discussion

Ischemic heart disease is the leading cause of heart failure 
worldwide (1). Disturbances to ATP synthesis resulting from 
MI leads to energy starvation in the myocardium, resulting in 
the remodeling of myocardial energy metabolism (25). The 

heart is one of the most metabolically active organs in the 
body (26). In the resting state, the human heart uses 6 kg of 
ATP per day (27). Cardiac function declines when mitochon‑
drial OXPHOS and ATP production fail to keep up with the 
demand for energy consumption. Mitochondrial disorders are 
a sign of cardiovascular disease and heart failure (27). Early 

Table III. Proteins specific to the MI group.

Accession no.  Gene Protein descriptions Type

A0A075B6A0 IGHM Ig mu chain C region Up
A0A087WQS5 ATP5G2 ATP synthase F(0) complex subunit C2, mitochondrial Up
E9QP56 APOC3 Apolipoprotein C‑III Up
F8VPK5 ROCK2 Rho‑associated protein kinase; Rho‑associated protein kinase 2 Up
A0A2I3BPW0 NDRG2 N‑myc downstream‑regulated gene 2 protein Up
A0A3B2WBH9 TJP2 Tight junction protein ZO‑2 Up
A0A494BB95 EIF1AX Eukaryotic translation initiation factor 1A Up
A2AEX8 FHL1 Four and a half LIM domains protein 1 Up
B7ZCL8 MPP1 55 kDa erythrocyte membrane protein Up
B8JJM5 CFB Complement factor B Up
D6RGQ0 CFH Complement factor H Up
O88986 GCAT 2‑amino‑3‑ketobutyrate coenzyme A ligase, mitochondrial Up
F7AAP4 ATP2B4 Calcium‑transporting ATPase Up
Q91YX5 LPGAT1 Acyl‑CoA: lysophosphatidylglycerol acyltransferase 1 Up
Q8CIZ8 VWF von Willebrand factor; von Willebrand antigen 2 Up
O55042 SNCA Alpha‑synuclein Up
O70194 EIF3D Eukaryotic translation initiation factor 3 subunit D Up
P01837 IGKC Igκ chain C region Up
P06684 C5 Complement C5 Up
P07759 SERPINA3K Serine protease inhibitor A3K Up
P19221 F2 Prothrombin Up
P29699 AHSG Alpha‑2‑HS‑glycoprotein Up
P29788 VTN Vitronectin Up
P35550 FBL rRNA 2‑O‑methyltransferase fibrillarin Up
P40142 TKT Transketolase Up
P43883 PLIN2 Perilipin‑2 Up
P49722 PSMA2 Proteasome subunit alpha type‑2 Up
Q8CE80 CAST Calpastatin Up
P61514 RPL37A 60S ribosomal protein L37a Up
P62835 RAP1A Ras‑related protein Rap‑1A Up
Q00519 XDH Xanthine dehydrogenase/oxidase Up
Q5SRC5 COX11 Cytochrome c oxidase assembly protein COX11, mitochondrial Up
Q61578 FDXR NADPH: adrenodoxin oxidoreductase, mitochondrial Up
Q6PA06 ATL2 Atlastin‑2 Up
Q6PDI5 ECM29;AI314180 Proteasome‑associated protein ECM29 homolog Up
Q8VE37 RCC1 Regulator of chromosome condensation Up
Q7TNL9 CHCHD10 Coiled‑coil‑helix‑coiled‑coil‑helix domain‑containing 10 Up
Q8BXZ1 TMX3 Protein disulfide‑isomerase TMX3 Up
Q8VCM5 MUL1 Mitochondrial ubiquitin ligase activator of NF‑κB1 Up
Q91X72 HPX Hemopexin Up
Q99LB4 CAPG Macrophage‑capping protein Up
Q9EST5 ANP32B Acidic leucine‑rich nuclear phosphoprotein 32 family member B Up

Up, upregulated; Down, downregulated.
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ultrastructural changes include the depletion of cytoplasmic 
glycogen particles, and the swelling of cardiomyocyte mito‑
chondria can be observed after a few minutes of ischemia, 
although these changes are reversible if ischemia lasts no 
longer than 15‑20 min (28). Any change in mitochondrial 
structure is associated with impaired mitochondrial func‑
tion, such as the alteration of metabolic substrate utilization, 
impaired activity of the mitochondrial electron transport 
chain, increased formation of reactive oxygen species (ROS), 
and altered ion homeostasis (26). Consequently, cardiac func‑
tion is affected by these adverse effects (29). Proteins are the 
ultimate ‘executors’ of cellular activity and function. To the 
best of our knowledge, the proteomic characteristics of cardiac 
mitochondria that suffer from short‑term acute ischemia have 
not previously been reported.

In the present study, cardiac mitochondrial injury, such 
as outer membrane dissolution, inner membrane (cristae) loss 
and rupture were observed in the MI group 15 min after LAD 

ligation. However, the cardiomyocyte membrane, sarcomeres 
and nuclei remained intact. Decreased MMP measurements 
also showed damaged mitochondria in the MI group. These 
results indicated that mitochondria are extremely sensitive to 
ischemia and may be a potential marker of ischemia onset. 
Moreover, the results suggested that proteome disturbances 
are inevitable during this period. To elucidate the proteome 
changes, the proteome expression profile of the left ventricle 
mitochondria was evaluated using LC‑MS/MS analysis. More 
than 1,700 proteins were screened, and 119 differentially 
expressed proteins were confirmed, with 27 upregulated 
and 16 downregulated proteins in the MI group. In addi‑
tion, 34 proteins were present in the sham group and 42 in 
the MI group. Once the differential proteins were identified, 
GO annotation and the KEGG pathway enrichment analyses 
were performed to elucidate the proteins' function. According 
to the GO annotation, the pathway categories include cellular 
component, molecular function and biological process. 

Figure 6. Chord diagram of GO enrichment analysis. The protein names are on the left and the selected GO terms are on the right. Red indicates upregulated 
and blue indicates downregulated proteins. GO, Gene Ontology.
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Several differentially expressed proteins were involved in the 
activities and pathways of OXPHOS, complement activation, 
positive regulation of mitochondrial autophagy, and oxida‑
tive dismutase activity. These proteins included numerous 
upregulated proteins with FC ≥1.47, such as UQCRC1, 
pyruvate dehydrogenase phosphatase regulatory subunit, rho 
GTPase‑activating protein 1, NDUFS6, Annexin A3 and A5, 
complement 1Q subcomponent‑binding and protein comple‑
ment C3, fructose‑bisphosphate aldolase A and ankyrin‑1, 
and the downregulated dynactin subunit 2, myosin 10, 
A‑kinase anchor protein 1, cAMP‑dependent protein kinase 
type II‑α regulatory subunit and cAMP‑dependent protein 
kinase catalytic subunit α. Interestingly, a number of proteins 
were present only in the sham or MI group. For example, 
UBR3, cAMP‑dependent protein kinase type II‑α regulatory 
subunit (PRKAR2α), A‑kinase anchor protein 1 (AKAP1, 
mitochondrial), and Junctophilin‑2 (JPH2) were expressed 
only in the sham group. These genes were primarily involved 
in inflammatory response, microtubule binding and protease 

binding. Dozens of the proteins were related to cellular 
components. ATP5G2, calcium‑transporting ATPase, COX11, 
adrenodoxin oxidoreductase and MUL1 were expressed in the 
MI group only. Some of the proteins that were present in the 
MI group are subunits of the mitochondrial respiratory chain 
complex. The ‘presence’ difference between the sham and MI 
groups indicated that mitochondrial proteome disturbance was 
extensive and distinct as early as minutes after MI occurrence.

To the best of our knowledge, there are no studies that have 
elucidated the relationship between vasopressin‑regulated 
water reabsorption, dopaminergic synapses, peroxisomes and 
MI. Studies regarding the relevance of Parkinson's disease, 
non‑alcoholic fatty liver disease and prion diseases to MI 
are lacking. Platelet activation, coagulation dysfunction and 
abnormal glucose metabolism may be involved in MI. THBS1, 
involved in coagulation dysfunction, also underwent the most 
substantial changes. The link between these pathways and MI 
remains to be fully elucidated and requires further investigation. 
Interestingly, OXPHOS, the HIF‑1 signaling pathway, pentose 

Figure 7. Bubble chart of the KEGG enrichment analysis. The x‑axis is the enrichment score and the y‑axis is the pathway information. The size of the 
bubbles reflects the number of differentially expressed proteins. The larger the bubble, the higher the number of differentially expressed proteins. The lower 
the P‑value, the higher the significance of the KEGG pathway enrichment. (A) Enrichment metabolic pathways screened among all differentially expressed 
proteins. (B) Enriched metabolic pathways screened among upregulated proteins. (C) Enriched metabolic pathways screened among downregulated proteins. 
MI, myocardial ischemia; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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phosphate pathway and PPAR signaling pathway are closely 
related to electron transport and energy metabolism, suggesting 
that the disorder of energy metabolism in cardiomyocytes is the 
initial pathophysiological feature of acute MI (30‑32).

Mitochondrial adaptation plays a vital role in protecting 
key cellular components from ischemic damage. In addition, 
this is the main entry point for electrons to enter the process 
of OXPHOS, and is helpful in establishing the proton gradient 
needed for a large number of cells to synthesize ATP (33‑34). 
Complex I (ubiquinone oxidoreductase) is the largest complex 
of the mitochondrial respiratory chain, which is composed 
of >40 subunits and is located in the mitochondrial inner 
membrane. Mutations that lead to complex I defects are the 
most common cause of neurodegeneration, myopathies and 
heart failure (35‑37). Complex I is the most vulnerable enzyme, 
and the first to be damaged (38). The most common diagnosis 
in patients with energy production disorders is complex I 
activity deficiency (39). NDUFS6 is a highly conserved subunit 
of complex I (40,41). NDUFS4 and NDUFS6 are crucial to the 
final step of complex I assembly and may provide a connection 
point for the integration of other subunits (42). Knockout of the 
NDUFS6 gene can lead to complex I instability and functional 
defects (43). The deletion of NDUFS6 increases ROS production 
and damages mitochondria through complex I deficiency (44). 
A previous study established NDUFS6gt/gt mice with complex I 
deficiency, which revealed decreased NDUFS6 protein expres‑
sion levels (43). The mice developed cardiomyopathy and heart 
failure. Isolated heart studies have shown that resting contrac‑
tile function is severely impaired even in NDUFS6gt/gt mice 
without heart failure. UQCRC1 is a subunit of complex III in 
the respiratory chain, is encoded by nuclear DNA and consists 
of 480 amino acids (45‑48). Disrupting one UQCRC1 allele 
resulted in decreased UQCRC1 mRNA and protein expression 
in mice. In addition, complex III formation, activity, and ATP 
content were decreased in the brain at baseline. Under ischemic 
conditions, the brain tissue showed decreased MMP and ATP 
content as well as increased free radical levels compared with 
wild‑type mice. These results indicated that UQCRC1 plays a 
key role in complex III (49‑51). Overexpression of UQCRC1 can 
enhance the activity of complex III in mice (52). Specific loss of 
UQCRC1 in cells of epithelial origin can lead to mitochondrial 
dysfunction. The overexpression of UQCRC1 helps to main‑
tain the mitochondrial function of H9C2 cells and regulates 
apoptosis‑related proteins by mediating the PI3K/Akt/GSK‑3b 
pathway to protect H9C2 cells from simulated ischemia/reper‑
fusion injury (53). These studies suggest that UQCRC1 plays 
an important role in mitochondrial function, and may have 
a protective effect on cardiomyocytes. In the present study, 
short‑term cardiac ischemia caused significant upregulation 
of NDUFS6 and UQCRC1 compared with the sham group. 
This might be compensatory regulation for protecting the 
heart from metabolic dysfunction due to mitochondrial injury. 
COX consists of 13 subunits; the subunits COX I, COX II and 
COX III are encoded by mitochondrial DNA (54‑56). COX11 
is an endogenous mitochondrial membrane protein that is 
essential for the assembly of active COX (57,58). The ATP 
synthase F (0) complex consists of subunits C1 (ATP5G1), 
C2 (ATP5G2) and C3 (ATP5G3) (59). A previous study identi‑
fied a substantial increase in ATP5G1 in a rat model of ischemic 
heart failure (60). Only ATP5G2 was identified in the hearts of 

the ischemic mice. However, its effect on mitochondrial hemo‑
stasis needs to be further elucidated.

In conclusion, comprehensive and significant mitochon‑
drial proteomic changes occurred after a short period of acute 
MI. However, the screened proteins should be confirmed by 
parallel reaction monitoring. Due to the limited output of mito‑
chondrial protein in one mouse heart, the differential proteins 
will be validated by ELISA and/or PCR in blood samples 
in the future. There are still other limitations in the present 
study; for example, detection of serum CKMB level is neces‑
sary for confirming establishment of the MI model and will 
enrich the data. Among the differentially expressed proteins, 
the mitochondrial respiratory chain protein is the major focus 
of our lab. These differential proteins are involved in cellular 
component, oxidative phosphorylation and ubiquitination, 
which may regulate the post‑translational modification of 
mitochondrial proteins. Illustrating their downstream effects 
and possible molecular mechanisms by overexpression/knock‑
down, western blotting, co‑immunoprecipitation and confocal 
microscopy analysis in a hypoxic cardiomyocyte model will 
be performed in our future studies.

In conclusion, short‑term acute ischemia can result in 
apparent cardiac mitochondrial damage and extensive distur‑
bances to the proteome. A series of altered proteins are closely 
correlated with the pathways involved in OXPHOS, comple‑
ment activation and mitochondrial autophagy. The results of 
the present study showed that mitochondrial changes may be 
regarded as biomarkers of the very early stages of ischemic 
cardiac injury. In addition, this study provides novel insights 
into the mechanism of myocardial remodeling targeting the 
mitochondrial proteome.
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