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Summary 
 

Despite decades of intensive research, there is still no effective treatment for cardiac 

ischemia/reperfusion (I/R) injury, an important corollary in the treatment of ischemic 

disease.  I/R injury is initiated when the altered biochemistry of cells after ischemia is 

no longer compatible with oxygenated microenvironment (or reperfusion).  To better 

understand the molecular basis of this alteration and subsequent incompatibility, we 

assessed the temporal and quantitative alterations in the cardiac proteome of a mouse 

cardiac I/R model by iTRAQ approach at 30 mins of ischemia, and at 60 or 120 mins 

of reperfusion after 30 mins of ischemia using sham operated mouse heart as the 

baseline control.  Modulation on fatty acid oxidation, glycolysis, TCA cycle and 

electron transport chain suggested pivotal metabolic switch from oxidative 

phosphorylation to anaerobic glycolysis during ischemia. The delay of reversion of the 

proteome alteration upon reperfusion indicated a refractory period in which the 

ischemic cells cannot adjust to the presence of oxygen. Proteins found to be 

quantitatively altered during ischemia are therefore candidate targets for mitigating 

this refractory period and enhancing cellular recovery from an ischemic to a normoxic 

microenvironment. Among the regulated proteins, functions of Park7 and Ppia were 

further studied in an in vitro model by the cell biological method and 

immunoprecipitation-MS approach. 

Under ischemia and reperfusion stresses, the cardiac cells may secrete proteins to 

modulate its microenvironment and into the circulation system to alert the host body. 

To understand the process, we performed a secretome analysis by both iTRAQ-based 
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and label free-based quantitative proteomics approaches using LC-MS/MS on a rat 

heart myoblast cell line subjected to 16 hr hypoxia and 24 hr reoxygenation. Large 

quantities of secreted proteins were identified, which provides novel knowledge on the 

secretion of cardiomyocytes. Secreted proteins related to important biological 

functions such as SERPINH1, PPIA, ATRN, EMC1, POSTN, THBS1 and TIMP1 

were found to be altered by hypoxia and reoxygenation stresses. Further analysis on 

the modulated subproteome suggests that angiogenesis, inflammation, ECM 

remodeling including collagen deposition and cross-linking are regulated during 

hypoxia; while in the subsequent reperfusion or re-oxygenation, proteins involved in 

anti-inflammation, ECM modulation are up-regulated and anti-apoptosis proteins 

decline. The profile and modulation of the secretome identified herein could 

potentially advance our understanding of the cardiac biology, and facilitate the follow-

up investigations on the extracellular molecular events during hypoxia and 

reoxygenation as well as the ischemia/reperfusion injury. 
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Chapter 1. Introduction 
 

Cardiac ischemia reperfusion injury 

Ischemic heart disease (IHD) remains the leading cause of human mortality with about 

7.6 million deaths worldwide, despite tremendous advances in the knowledge of the 

pathophysiology of IHD. Various treatments to acute cardiac event including 

Percutaneous Coronary Intervention (PCI), Coronary Artery Bypass Grafting (CABG) 

and medical management all have some efficacy, but ischemia/reperfusion (I/R) injury 

is a major contributory factor to cardiac dysfunction and infarct size after the 

treatment. The I/R injury determines patient prognosis after acute myocardial 

infarction in IHD. Tremendous molecular events are activated during ischemia and 

reperfusion; such events can be beneficial or detrimental to the cardiac functions. In 

present study proteomics approaches were employed to determine these molecular 

events and try to elucidate the underlying mechanism.   

 

Mass spectrometry-based proteomics and bioinformatics methods 

Proteomics is a high-throughput technology to study the complexity of proteins and 

their biological roles, including biophysical properties, structure, and function1. Rather 

than assessing single molecules one at a time, a proteomic analysis provides a broad-

based portrait of the proteome profile. Proteins are the final effectors of the biological 

system and play a central role in a systemic view of biological processes. It is assumed 

that the diversity of proteins, comprising their isoforms, Single-nucleotide 

polymorphisms(SNPs), and posttranslational modifications (PTMs), underlies 



4 
 

biology1. Hence the proteomics study that attempts to provide a systemic view of 

biological organization on protein level is essential to understand the complicated 

underlying mechanisms.   

Protein separation 

Proteins expressed intracellularly or extracellularly both have a large dynamic range 

of abundance. The detection of low-abundance proteins are usually masked by high-

abundance proteins such as albumin, collagen etc. To identify proteins from a 

complicated biological sample, we first need to overcome the barrier of interference 

from high-abundance proteins. By separating the proteome, the sample complexity is 

reduced and the fraction that is subjected to mass spectrometry analysis contains fewer 

proteins, which lowers the possibility of interference from high-abundant proteins. 

Hence, the protein separation methods are essential to assure a successful proteomics 

research, which can usually be categorized into two groups: gel-based and gel-free 

separations. For gel-based separation one dimensional or two dimensional SDS-PAGE 

gel (2DE) is used to separate the intact proteins according their molecular weight / pI 

values. Recently, gel-eluted liquid fraction entrapment electrophoresis (GELFrEE) 

was developed for protein separation and intact protein analysis instead of peptide 

analysis which is usually done in gel-based methods due to the trapping of protein into 

the gel2-3. Tube gel is adopted in the method instead of slab gel to increase the loading 

capacity. The proteins are eventually eluted from the gel column and collected in the 

solution phase.  Thus the separation and obtaining of intact proteins are achieved. For 

gel-free separation, proteome sample is digested to peptides and then fractionated by 

high pressure liquid chromatography (HPLC). Different HPLC columns can be used 
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for peptide separation such as C18, strong cation exchange (SCX), strong anion 

exchange (SAX), weak anion exchange (WAX) etc. Those very acidic or basic 

proteins, extremely big or small proteins and membrane proteins are difficult to be 

separated by 2DE. Moreover, 2DE is notoriously difficult to automate, which limits 

throughput and results in greater experimental variation with tedious manual 

manipulation. To the opposite, LC separation overcomes these weak points and 

provides convenience and robust reproducibility. However, 2DE visualizes the 

proteome allowing the determination of the quantity and potential PTM or isoform 

status of proteins. In a cardiac ischemia-reperfusion research, phosphorylation status 

of mitochondrial aldehyde dehydrogenase 2 was found to be changed under 

cardioprotection treatment by 2DE coupled with MS identification4.  This research 

shows the potential of 2DE MS proteomics in identifying novel therapeutic target.  

Protein identification 

For shotgun proteomics, the tryptic digested peptides from different proteins are 

mixed and analyzed by the mass spectrometry to generate MS1 mass spectrum 

composed of the mass over charge (m/z) peaks of the peptides and selected peaks are 

subjected to fragmentation to generate the MS2 spectrum. The MS2 spectrum reveals 

the sequence information of the selected ions (peaks) from the MS1 spectrum. The 

MS2 spectrum is interpreted by computer algorithm and assigned to particular amino 

acid sequence in the post-run stage. To avoid the masking effect from high-abundant 

peptides, automated data dependent acquisition (DDA) is applied to avoid repeating 

selection of the peak with the same m/z from the MS1 spectrum; hence the peptide 

that has lower abundance can be selected for fragmentation to generate MS2 spectrum.  
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The fragmentation of the selected peptide follows certain rules; hence the MS2 

spectrum containing m/z values of the fragments from the peptide can be used to 

obtain the sequence information. However due to imperfect experimental condition, 

the MS2 spectrum can be explained by several different sequences. Each calculated 

value which falls within a given mass tolerance of an experimental value counts as a 

match. By calculating the significance of a match away from the random matches by 

the Mascot scoring algorithm, the result ranks each match and shows the homology 

and identity score as well as the score of the peptide sequence. The identity score 

shows the significance threshold for the peptide identification to differ from random 

match. Under some situation the peptide score may not exceed the identity score, but 

it still can be recognized as an outlier away from the random match. Therefore a 

second and lower threshold named homology score is given to compare with the 

peptide score. In the present study, all peptides from Mascot search result pass the 

homology score; and if the homology is not given the peptides are reported only if 

they pass the identity threshold.  

Once the identification of peptides is fixed, the proteins represented by these peptides 

can be clarified. However a peptide can be derived from different protein isoforms, 

and a group of peptides may be derived from a group of proteins, which makes the 

protein inference more complicated. The ProteinPilot software uses a protein grouping 

strategy to solve this problem. Generally, the protein grouping strategy determines the 

existence priority of the protein based on the spectral proof, which means the protein 

that explains more spectra has a higher probability of existence and addresses the 

following issues: 
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1. The equivalent winner proteins and subset proteins 

2. Competitor proteins 

3. Multiple related protein forms 

If a group of peptides can all be explained by one or more proteins, these proteins that 

share the same set of peptides are equivalent winners; and if a subset of peptides can 

also be explained by some other proteins, these proteins are subset proteins. The 

existence of the equivalent winner proteins cannot be excluded by each other. Because 

the winner proteins use up all the identified peptides, the subset proteins should be 

included into the same group with the winners and not be reported as extra proteins. If 

the winner proteins generate just one or a few peptides more than the subset proteins, 

in an extreme case if the extract peptide(s) which contribute(s) to the winner protein(s) 

is identified incorrectly, the subset of proteins are as good an explanation for the data 

as the reported winners. Because these subset proteins are as close to being as correct 

as the equivalent winners shown, they are considered to be competitor proteins. They 

are close enough to being correct that they should be kept in view. However, one 

should keep in mind that the protein proof is based on spectra but not on peptides. If a 

spectrum can be explained by two distinct peptides, and the peptides are the ones that 

differ one protein to another, there will be certain probability that one protein is 

enough to explain all the peptide including the spectrum with two peptide 

explanations. If there is a protein that can explain several additional spectra as well as 

some of the peptides belonging to the winner protein (primary form that explains most 

of the spectra), which makes a solid case for its presence, this protein is a related 
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secondary form. However, many peptides can be explained by the primary protein 

form and its competitors, therefore, the protein score that indicates the identification 

of the protein should be calculated only based on the peptides that have not been used 

by the primary form.  

For Mascot strategy, the peptide assignment (explained by certain protein) is bases on 

similar rules. One peptide has two parameters which are ‘pep_rank’ and ‘pep_isbold’. 

‘pep_rank’ value 1 means the peptide is the first-ranked explanation for the spectra. 

‘pep_isbold’ value 1 means the peptide is first time used in the according protein and 

2 means second time. However, protein score is based on all peptides that can be 

assigned no matter the peptide has been used or not. Hence for Mascot result, protein 

groups are generated by in-house script based on the peptide sharing information. 

Each group contains the proteins that share the same peptide(s) and for each protein 

the peptides that can be assigned to (total peptides) and only be assigned to (specific 

peptides) are displayed, i.e.: 

Group Uniprot AC Name Peptide Num 

37 P05708 Hexokinase-1 (8)12* 

37 P27881 Hexokinase-2 (3)7* 

 

* 8 specific peptides can only be assigned to and in total 12 peptides can be assigned to Hexokinase-1. 3 specific 

peptides can only be assigned to and in total 7 peptides can be assigned to Hexokinase-2. 
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Quantitative profiling 

Several techniques have been developed to profile the proteome alteration under 

different conditions. These techniques can be roughly divided into two groups: isotope 

labeling and label-free methods. Isotope labeling method includes metabolic labeling: 

stable isotope labeling with amino acids in cell culture (SILAC), and chemical 

labeling: isotope-coded affinity tag (ICAT), isobaric tag for relative and absolute 

quantitation (iTRAQ), tandem mass tags (TMT) and 2D fluorescence difference gel 

electrophoresis (2D-DIGE) by using multiplex fluorescent labeling dye (CyDye). The 

labeling method performs on either the peptide level or the protein level.  

The 2D-DIGE method allows detection and quantification of differences in protein 

abundance between different biological samples within one single gel by labeling 

fluorophores in complex protein mixtures prior to IEF and SDS-PAGE. The CyDyes 

react over an NHS-ester group with ε-amino residues of lysine (CyDye DIGE Fluor 

minimal dyes) or over a maleimide group with all available cysteine residues in the 

protein sample (CyDye DIGE Fluor saturation dyes), which enables co-

electrophoresis of up to three different samples (CyDye DIGE Fluor minimal dyes) or 

2 different samples (CyDye DIGE Fluor saturation dyes) in one approach with a 

dynamic range up to five orders of magnitude. No charge alteration is applied on the 

labeled protein. For CyDye DIGE Fluor minimal dyes about 3% of the available 

proteins are labeled and then only on a single lysine per protein whereas the rest 

remains, hence labeling optimization is usually not necessary. For CyDye DIGE Fluor 

saturation dyes, they provide a high labeling concentration and enable analysis on low 

sample amount (5 μg protein/image). This method eliminates experimental gel-to-gel 
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variation and improves accuracy of protein quantification comparing to the classic 2-D 

electrophoresis. 

iTRAQ is a available commercially as 4-plex or 8-plex peptide labeling reagent kit. 

For 4-plex iTRAQ, the labeling reagent forms covalent bond with the primary amine(s) 

and adds 145 Dalton to the peptide (hence it is called isobaric). Each labeling tag is 

composed of one reporter group, which is 114 or 115 or 116 or 117 Dalton, and one 

balance group which compensates the difference between reporter groups (Figure 1).  

 

Figure 1 Schematic representation of the iTRAQ reagents 

The peptides labeled with the four tags are combined and analyzed by MS together. 

During fragmentation in MS2 step the bond between the reporter and balance groups is 

broken and the former is released. Peaks corresponding to the four reporter groups can 

be observed in the MS2 spectrum. By comparing the peak area of the reporter groups 

the relative abundance of the same peptide from different conditions is obtained 

(Figure 2).  
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Figure 2 Representative MS2 spectrum for iTRAQ reporter 

Normalization is done at the med post-run stage during which the peak areas of 

specific labeling tag of total peptides are summed. Sums of the peak areas of four 

iTRAQ tag are compared to generate the bias factor. 

Label-free method is less expensive and requires no chemical modification on the 

experimental stage, in which samples from each condition are analyzed separately. 

The abundance alteration is measured by comparing peak area or spectrum numbers 

from the same protein in each condition depending on the label free method.  

For peak area comparison, the extracted ion chromatogram (XIC) of a specific peptide 

is used to represent the abundance of this peptide. Briefly, the peak that represents the 

peptide in each MS1 spectrum is located according to the peptide mass within a 

certain range (e.g.10 ppm). The peak area of the chromatogram is then calculated by 

using the peak intensity at certain sampling time point and the duration between these 

time points. The XIC of each peptide from a specific protein is then summed to 

generate the peak area of the protein. Normalization is done by dividing the peak area 

of a specific protein the by total peak area for all identified proteins. 

In
te

ns
ity
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For the spectrum counting method the normalized spectral abundance factor (NSAF) 

is calculated for comparison, the formula is as below: 

ሺܰܵܨܣሻ௞ ൌ ൬
ܿ݌ܵ
ܮ
൰
௞
/෍ ൬

ܿ݌ܵ
ܮ
൰
௜௜ୀଵ
 

Spc is the sum of spectrum numbers of each unique peptide from protein k. L is the 

length of protein k. The NSAF of protein k is a normalized factor by dividing the sum 

of Spc of each protein.  

However, the spectrum counting ignores the peak intensity and the peak area 

calculation may include wrong peaks that share the same mass with the target peptide. 

Hence a new method name SIN is developed which uses both fragment ion intensity 

(MS2 level) and spectrum counting to calculate the protein abundance5. The formula 

of SIN is as below: 

ܫܵ ൌ ෍ሺ෍ ௝݅

௦௖

௝ୀଵ

ሻ௞

௣௡

௞ୀଵ

 

sc is the spectral count for the peptide k, i is the fragment ion intensity of peptide k, j is 

the jth spectral count of sc total spectral counts for peptide k and pn is the number of 

peptides identified for that protein. 

ܫீܵ ூ ൌ ௝ܫ෍ܵ/ܫܵ

௡

௝ୀଵ

 

SIGI is the normalized factor that the SI of divided protein is divided by the sum of SI 

of all the identified proteins. 
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ேܫܵ ൌ  ܮ/ூீܫܵ

To further divide the SIGI by L which is the length of the according protein, the SIN 

represents the abundance level of each protein. Hence SIN can be used for measuring 

the abundance alteration for specific protein across conditions and also for estimating 

the abundance difference between different proteins within the same experiment. 

Because both spectrum count and fragment ion intensity are taken into account, The 

SIN method is superior to the spectrum counting method.  

Data analysis and bioinformatics techniques 

Overrepresentation Quantitative proteomics approach usually generates a list 

containing proteins of which the abundances are significantly altered in studied 

biological conditions. Data analysis on the protein list is important for the high 

throughput research to understand the biological meaning of the modulation on the 

subproteome. The biological process, cellular location and molecular function 

annotation of each regulated protein are essential to interpreting the biological 

meaning of all regulated proteins, e.g. if most regulated proteins are annotated as 

mitochondrial proteins in a proteomics study, this may indicate that mitochondria is 

influenced in the scenario. However in an extreme case, even all regulated proteins 

being annotated as mitochondrial proteins does not mean the mitochondrial proteome 

is significantly modulated if only mitochondrial proteins are subjected to the 

proteomics study; in a less extreme case the functional annotations of the regulated 

subproteome may only represent similar functional annotation terms that assigned to 

the total proteome under study, in which the biological meaning of the annotation for 

the former is generated by chance. Hence to distinguish the significant biological 
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meaning provided by the functional annotation from those produced by chance, we 

need to calculate the probability whether the functional annotation to the modulated 

proteins occurs by chance. Total proteome (as background) contains M protein 

annotated to some term t (e.g. mitochondrial) and N genes not annotated to the term. 

The modulated protein set contains k genes, r of which are annotated to the term t. The 

hypergeometric distribution then gives the probability of sampling exactly r genes 

annotated term t: 

݄௞,ே,ெሺݎሻ ൌ
ሺݎܯ ሻሺ

ܰ
݇ െ ሻݎ

ሺܰ ൅ܯ
݇ ሻ

 

To calculate the chance of seeing r or more annotations in the study set: 

෍݄௞,ே,ெሺ݅ሻ
௞

௜ୀ௥

 

The method is the same as the one-tail Fisher Exact Test which calculates the 

probability of over-representation of the term t. Over-representation of a certain 

functional term annotated to the modulated proteins indicates that the frequency of the 

annotation to the proteins is statistically higher than the frequency of annotation to the 

total proteome (the background), hence the functional term can be deemed as 

significantly modulated. Measuring the over-represented biological terms offers a 

systemic view of the influenced functions of the proteome. Several annotation 

databases can be used for biological term over-representation measurement, such as 

UniProt Knowledgebase, Kyoto Encyclopedia of Genes and Genomes (KEGG), 

SwissProt PIR keyword, InterPro for protein sequence analysis & classification etc.  
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Text mining For protein functional annotation, great effort has been endeavored to 

generate database such as UniProt Knowledgebase, Human Protein Reference 

Database (HPRD), InAct molecular interaction database, KEGG etc. For secreted 

protein research by proteomics approach, secreted proteins contained in conditioned 

medium are collected and digested to peptides and detected by MS. However, not all 

proteins present in conditioned medium can be considered per se as actively secreted 

proteins. Some proteins may be contaminants resulting from cell death or the culture 

media. Hence the secreted protein should be discriminated from the intracellular 

contaminants. Besides the database mentioned above, bioinformatics tools have been 

developed to predict the proteins that are secreted based on their primary sequence. 

SignalP is used to predict the existence of signal peptide that guides the protein to be 

secreted out by classical pathways. TransMembrane prediction using Hidden Markov 

Models (TMHMM) predicts the existence of transmembrane helices based on the 

protein sequence. Its rationale bases on the possibility that proteins located on the 

plasma membrane are shed and released to the extracellular space. SecretomeP 

predicts mammalian secretory proteins participating in non-classical pathways. In 

addition, given the recent observations on exosomal proteomics, a database named 

Exocarta is established to record the proteins secreted through these endocytic-like 

vesicles.  

The primary, text-based biomedical literature that contains a much greater wealth of 

biological knowledge about proteins can also be used for distinguishing the secreted 

protein in the dataset by applying a text mining approach. Text mining refers to the 

process of deriving high-quality information from text by using informatics techniques. 
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In a previous research conducted by Hui Sun et al, a text mining technique was 

developed for over-representation analysis of microarray data by exploiting the 

information contained in the abstracts of the biomedical literature6, which can also be 

applied on proteomics dataset. Inspired by this study, a similar strategy is adopted in 

secreted protein discrimination in the present study: The abstracts of biomedical 

literatures that relate to a specific identified protein are scanned by keywords 

including ‘secreted’, ’secretome’ and ‘secreted’. The hit abstracts are manually 

checked to confirm that the identified protein was considered as, used as or identified 

as a secreted protein in the literature.  The center of this text mining technique is the 

gene2pubmed database provided by NCBI and the Esearch Entrez Utility service7. The 

gene2pubmed contains GeneID and the PubMed ID of the publication which relates to 

GeneID. However, usually SwissProt or International Protein Index (IPI) fasta 

database is used for proteomics data search, the protein identifier in the search result is 

UniProt or IPI accession number. Therefore IPI cross reference database 

(ipi.RAT.v3.78 in present study) is required to convert the UniProt or IPI accession 

number to GeneID. By using GeneIDs of the identified proteins in proteomics dataset 

to search in the gene2pubmed, the associated literatures with PubMed ID are obtained 

and the according abstracts are then retrieved by Esearch Entrez Utility web service. 

Upon retrieval, the abstracts were tokenised on white space to produce single-word 

terms. Any redundancies were removed to produce text corpus composed of unique 

set of tokens for each gene. Then, a stemming operation was applied to convert plural 

to singular forms, verb tenses to their root etc. by using Porter stemming algorithm in 

Ruby language. This text corpus can be searched by any stemmed input keyword, e.g. 



17 
 

secretion, secreted, secretome. Hits of search indicate mentioning of the keywords in 

the abstract of the literature related to the specific identified protein. The full text of 

the hit abstract is then outputted into a list for manual check. This method re-discovers 

the already known secreted proteins from previous biomedical literature. For those 

secreted proteins only recognized by the prediction algorithm, the text mining method 

provides supportive information. 

Protein interaction network Protein-protein interactions are important for nearly all 

biological processes. Aberrant protein-protein interactions can lead to cancer and other 

human diease8-10. Molecular biologists have traditionally studied the interactions and 

relative influence of focused molecules one at a time; tremendous experimental proofs 

of the protein-protein interaction have been accumulated. However it is believed that a 

system has functions that none of the entities of the system has, which means the total 

is more than the sum of its parts. The protein interaction network provides precious 

information in the understanding of cellular function and biological processes. 

Advances in proteomics make it possible to study the behavior and attributes of 

proteins that make up the entire proteome. Several databases of protein interaction 

recorded the experimental proof of protein interaction generated by traditional 

molecular experiment and proteomics approaches are available, which include 

Molecular Interaction database (MINT), Human Protein Reference Database (HPRD), 

IntAct etc. These databases can be used for protein interaction network generation. In 

the present study, the human protein interactions in HPRD and IntAct databases are 

extracted and used for network generation because the human protein-protein 

interaction information is more complete than those of rat or mouse. An interaction 
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network is composed of two elements: nodes, which are the interconnected objects, 

and edges, which are the links that connect some pairs of nodes. Similar to other 

networks such as the internet and social network, protein interaction network has 

several topological features, such as clustering coefficient and degree distribution. 

Clustering coefficient C is a parameter that quantifies the tendency of each node in the 

network to form clusters. Specifically, if node a is directly connected to nodes b and c, 

then Ca is the probability that b and c are also directly connected to each other11. The 

average clustering coefficient C characterizes the overall tendency of nodes to form 

clusters of nodes. A biological network has a much higher average clustering 

coefficient than a random network, e.g. 0.225 in the epithelial junction complex A 

system comparing to 0.039 in a random network with the same 132 nodes (proteins) 

and 384 edges (interactions)11; and 0.24 in focal adhesions12, 0.28 in the neural 

network of the nematode13. In the system with 11073 nodes and 56878 edges of the 

present study, the clustering coefficient is 0.03776 comparing to 0.002469 in a 

random network with the same proteins and randomly assigned interactions. The 

clusters of the highly connected proteins indicate similar functions or that the proteins 

form functional complexes.  In a quantitative proteomics research with interaction 

network analysis focusing on cisplatin resistance in Hela cells, the significantly 

increased or decreased proteins were found to form clusters with interactions within 

the network. Several important biological processes were represented by these 

clusters14.  

The adjacent interactions to other protein that a protein has is called degree, degree 

distribution of the network components is used to quantify the diversity of the whole 
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network. The degree distributions of numerous networks, such as the Internet, human 

collaboration networks and metabolic networks, follow power law: 

ܲሺ݇ሻ ൌ  ఊି݇ܣ

A is a constant and the degree exponent γ is usually in the range 2 < γ < 3 15. The 

degree distribution of the epithelial junction complex A system has a γ=0.15 

(P(k)JC=0.18e-0.15k R2=0.86). As the probability of finding nodes with very high k is 

practically prohibited in exponential networks, proper hub proteins are absent from the 

JC network11. The degree distribution of the human protein interaction network 

adopted in present study is P(k)=0.7959k-1.724, R2=0.896. The degree distributions of 

the human protein interaction network and a random network with the same number of 

nodes and edges are shown in figure 3, 
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Figure 3 Degree distribution of human protein interaction network or random network with the same number 

nodes and randomly assigned interactions 

The bell-shaped degree distribution of random network peaks at the average degree 10 

and decreases fast for both smaller and larger degrees, indicating that these graphs are 

statistically homogeneous. By contrast, the degree distribution of the human protein 

interaction network follows power law, which indicates a high diversity of node 

degrees and no typical node in the network could be used to characterize the rest of 

the nodes. As can be seen in the graph, low degree nodes have the highest frequencies 

and very highly connected nodes have much lower frequencies. The inhomogeneity 

renders the protein interaction network robust against random mutations. Random 

mutations in the genome of S. cerevisiae, simulated by the removal of randomly 
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selected yeast proteins, do not affect the overall topology of the network16. This is in 

agreement with results from systematic mutagenesis experiments that identified a 

remarkable capacity of yeast to tolerate the deletion of a substantial number of 

proteins from its proteome17-18. The highly connected nodes are also called ‘hubs’ 

which have been shown to be topologically and biologically important. 0.7% of the 

yeast proteins with more than 15 links have known phenotypic profiles, but single 

deletion of 62% or so of these proves lethal (Figure 4)16. Hence the hub proteins are 

deemed as important proteins which are worth to investigate. 
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Figure 4 The protein-protein interaction network of S. cerevisiae. (Lethality and centrality in protein networks, 

Nature, 2001) 

 

The protein-protein interaction network provides a global view on the cellular 

functions influenced by the interactome. In a systemic investigation of heparin sulfate 

interactome, the protein-protein interaction network of the interactome was generated 



23 
 

and the topological properties of the network, the identification of functional and 

structural features that are associated with the heparin/HS binding activity were 

studied19. The study compared three interaction networks: the human extracellular 

heparin sulfate interactome, the extracellular protein interactome and the extracellular 

none-heparin sulfate interactome. The comparison found that the heparin sulfate 

interactome has a relatively higher clustering coefficient, and of course a relatively 

shorter characteristic path length, which indicates the interactome of heparin sulfate 

has a higher tendency to form clusters and stronger tendency to form highly 

interconnected modules than other extracellular proteins (Figure 5).  

 

Figure 5 The comparison of the human extracellular heparin sulfate interactome, the extracellular interactome and 

the extracellular none-heparin sulfate interactome. (A Systems Biology Approach for the Investigation of the 

Heparin/Heparan Sulfate Interactome, The Journal Of Biological Chemistry, 2011) 
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As indicated by the clustering coefficient and the average characteristic path length of 

heparin sulfate interactome network, several highly clustered modules were found 

within the network, including VEGFB and transforming growth factor-β2 (TGFβ2) 

and their transmembrane receptors, structural components of the ECM such as 

fibrillins (Figure 6). These modules support the view of heparan sulfate proteoglycans 

as key mediators of the protein complexes at the cell surface and in the extracellular 

space.  

 



25 
 

 

Figure 6 The highly clustered modules located within the heparin sulfate interactome network . (A Systems Biology 

Approach for the Investigation of the Heparin/Heparan Sulfate Interactome, The Journal Of Biological Chemistry, 

2011) 

 

The gene ontology analysis on the heparin sulfate interactome network provides a 

universal view of biological processes that are associated with the network (Figure 7). 

Crucial processes including “response to wounding”, “taxis”, “chemotaxis”, 

“inflammatory response” etc. were significantly over-represented by the proteins of 
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the interactome, which facilitate the understanding of the functional role of the 

interaction between heparin sulfate and its interactome as well as the interactome 

network. 

 

Figure 7 Hierarchies and relationships of the over-represented biological processes for the heparin sulfate 

network.  (A Systems Biology Approach for the Investigation of the Heparin/Heparan Sulfate Interactome, The 

Journal Of Biological Chemistry, 2011) 

 

In the present thesis, the iTRAQ quantitative proteomics approach was employed to 

study the cardiac ischemia/reperfusion pathological condition in mice model. The 

functions of modulated proteins including PARK7and PPIA were further studied in 

the in vitro model using H9C2 cells. Immunoprecipitation coupled with the label-free 

technique was applied on PPIA interactome study. The secretome of H9C2 cells under 

hypoxia and reoxygenation were studied by both the iTRAQ and label-free proteomics 

methods. Bioinformatics techniques were used for further analysis of the regulated 

secreted proteins under the oxidative stress.
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Abstract 

 

Despite decades of intensive research, there is still no effective treatment for 

ischemia/reperfusion (I/R) injury, an important corollary in the treatment of ischemic 

disease.  I/R injury is initiated when the altered biochemistry of cells after ischemia is 

no longer compatible with an oxygenated microenvironment (or reperfusion).  To 

better understand the molecular basis of this alteration and subsequent incompatibility, 

we assessed the temporal and quantitative alterations in the cardiac proteome of a 

mouse cardiac I/R model by iTRAQ approach at 30 mins of ischemia, and at 60 or 120 

mins of reperfusion after 30 mins of ischemia using sham operated mouse heart as the 

baseline control.  Of the 509 quantified proteins identified, 109 proteins exhibited 

significant changes (P-value<0.05) over time and were mostly clustered in four 

functional groups: Fatty acid oxidation, Glycolysis, TCA cycle and ETC (electron 

transport chain).  Incidentally, these groups are intimately involved in the pivotal 

metabolic switch from oxidative phosphorylation fueled by fatty acid oxidation to 

anaerobic glycolysis in cardiac tissues during ischemia.  Our data demonstrated that 

this switch involved temporal and quantitative alterations of the cardiac proteome and 

that upon reperfusion, reversion of these alterations to a pre-ischemia level required at 

least 120 mins, suggesting a refractory period in which the ischemic cells cannot 

adjust to the presence of oxygen.  Proteins found to be quantitatively altered during 

ischemia are therefore candidate targets for mitigating this refractory period and 

enhancing cellular recovery from an ischemic to a normoxic microenvironment. 
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Among these proteins, Park7 and Ppia were selected and their functions under hypoxia 

were investigated in vitro. 

 

Keywords 

Ischemia, hypoxia, reperfusion, PARK7, PPIA, ROS imbalance, ER stress 

Introduction  

 

Cardiovascular disease presents the biggest health challenge in both developed and 

developing countries.   In fact, the primary cause of death in the world is acute 

myocardial infarction (AMI)20-22 where blood supply to the heart muscle cell is 

usually reduced by an occlusion in the coronary artery leading to myocardial 

infarction.  Reperfusion therapy through the  removal of the occlusion by thrombolytic 

therapy, bypass surgery or percutaneous coronary intervention (PCI) is currently the 

mainstay of treatment for AMI and is responsible for the significant reduction in AMI 

mortality 23.  The efficacy of reperfusion therapy has increased patient survival 

including those with severe AMI.  However many (65%) of these survivors progress 

to fatal heart failure within 5 years24.  The progression of AMI survivor to heart failure 

patient is a complex multifactorial process that is largely dependent on the size of 

infarcted myocardium.  It has been shown that reperfusion of the severely ischemic 

tissue itself causes lethal injury, also known as the ischemia/reperfusion (I/R) injury 

and contribute to the final infarct size in AMI patients undergoing reperfusion 

therapy25.  Therefore, alleviating I/R injury could reduce this final infarct size thereby 
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enhancing the efficacy of reperfusion therapy.   However, I/R injury has proven to be 

intractable to pharmaceutical interventions 26.    

Traditional biological studies on ischemia and reperfusion injury 

Critical information on the ischemia and reperfusion injury was revealed by intensive 

studies carried out by traditional biological methods. 

Mitochondria and the K+ channels  

The mitochondrion is not just a “powerhouse” of the cell, but also a decision-maker 

regarding cell survival by use of its built-in machineries of cell death and survival27-40. 

Tremendous molecular events are triggered during ischemia and reperfusion. Many of 

them originate from or directe to the mitochondria, which makes mitochondria an 

important target for the disease research. 

During ischemia, consumption of ATP by myosin ATPase for contraction ceases soon 

after the onset of stress, however ATP is consumed by mitochondrial ATPase to 

maintain mitochondrial membrane potential, causing ATP depletion in ischemic 

myocardium41-42. Intracellular Na+ concentration increases due to three mechanisms: 

Na+ influx via acidosis-driven Na+-H+ exchange, un-inactivated Na+ channels and 

reduced Na+ efflux via Na+-K+ ATPase43-47. Cytosolic Ca2+ also accumulates via 

several ways: the reverse mode operation of Na+-Ca2+ exchange, reduction of Ca2+ 

uptake into the sarcoplasmic reticulum and reduced Ca2+ efflux via sarcolemmal Ca2+-

ATPase. Limited increase of cytosolic Ca2+ to a modest level by ischemia may be due 

to two mechanisms, which are the inhibition of Na+-Ca2+ exchange by acidosis47 and 

Ca2+ uptake by the mitochondria42, 48.  
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During the reperfusion stage, washout of H+ accumulated in the extracellular space by 

reperfusion withdraws inhibition of Na+-Ca2+ exchange in the reverse mode during the 

ischemia period, resulting in massive Ca2+ overload in the cell43, 46-47. The overloaded 

Ca2+ activates a Ca2+ activated protease calpain, which compromises the Na+-K+ pump 

function. The compromise of the Na+-K+ pump delays normalization of Na+ and thus 

Ca2+ homeostasis44. Respiration of impaired mitochondria produces excessive ROS42, 

49-50, and restoration of mitochondrial membrane potential may facilitate Ca2+ influx 

into the mitochondrial matrix, resulting in mitochondrial Ca2+ overload. 

Oxygen and water supplied by reperfusion to the ischemic cardiomyocytes which have 

intracellular hyper-osmolarity, Ca2+ overload and fragility of the sarcolemma lead to  

considerable cell edema and hyper-contraction upon reperfusion, resulting in rupture 

of the sarcolemma51.  

Mitochondrial permeability transition pore (mPTP), which is a non-specific channel in 

the mitochondrial inner membrane, allows molecules smaller than 1.5 kDa to pass 

through52-54. mPTP shuts down under physiological conditions but opens in response 

to various noxious stimuli, including ischemia/reperfusion. Irreversible opening of 

mPTP eliminates the potential of mitochondrial membrane and thus the capacity of 

ATP production. Under the stress of ischemia and reperfusion, there are several 

factors contributing to mPTP opening including elevation of inorganic phosphate(Pi) 

level, Ca2+ overloading to the mitochondria, binding of cyclophilin-D(Cyp-D) and 

adenine nucleotide translocase(ANT), and the ROS generation.  
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In the inner membrane of mitochondria, four types of K+ channels have been located: 

the ATP-sensitive K+ channel (mKATP channel), the Ca2+-activated K+ channel (mKCa 

channel), the voltage-gated KV1.3 K+ channel and the twin-pore domain TASK-3 K+ 

channel. The structure and function of these mitochondrial K+ channels were yet to be 

clarified, however their essential roles in cardioprotection against 

ischemia/reperfusion were observed by previous studies.  

Ischemic preconditioning (IPC) was first described by Murry et al55. It consists of 

brief periods (a few minutes) of ischemia, separated from one another by brief periods 

(a few minutes) of reperfusion prior to a sustained period of ischemia followed by 

reperfusion. Preconditioning reduces the severity of the I/R injury. Preconditioning 

also limits I/R arrhythmias and may reduce contractile dysfunction.  During IPC, 

mKATP channel is activated by PKG downstream of signaling cascades from 

stimulated G-protein coupled receptor56-58. Presumably the activated mKATP channel 

induces ROS production at complex I in mitochondria. The ROS signal increases the 

affinity of the adenosine A2b receptor to adenosine via protein kinase c (PKC)56, 59-60. 

The interaction of adenosine and the A2b receptor upon reperfusion is responsible for 

the higher level of activation of pro-survival kinases, including extracellular-signal-

regulated kinases (ERK), phosphatidylinositol 3-kinases (PI3K) and glycogen 

synthase kinase-3β (GSK-3β). GSK-3β was found to be phosphorylated by multiple 

pro-survival signaling pathways; the phosphorylation at Ser9 inactivates GSK-3β. The 

threshold for mPTP opening was shown to be elevated by inactivation of GSK-3β61. 

mKATP was found to be regulated by PKG-regulated PKC-ε (PKC-ε1), and the 

activation of the ion channel induces ROS production, which leads to inhibition of 
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mPTP opening by PKC-ε257-58, 62. mKCa channel in the cardiomyocyte induces 

changes similar to changes induced by opening of the mKATP channel. Transient 

activation of the mKCa channel by NS1619 has been shown to increase ROS 

production, resulting in transmission of cytoprotective signaling63-64; it was also found 

that protein kinase A(PKA) is an important regulatory mechanism of the mKCa 

channel65.  

Role of TLR2 in ischemia and reperfusion  

Toll like receptors (TLRs) recognize the pathogen associated molecular patterns 

(PAMPs) and trigger the downstream pro-inflammatory responses66. Besides the 

PAMPs, it is postulated that molecules released during cell stress such as ischemia 

may serve as endogenous ligands for TLRs. These endogenous ligands have been 

termed danger-associated molecular patterns (DAMPs) and can be recognized by 

TLR2, TLR4 and TLR9. TLR2 and TLR4 are extracellular TLRs and have a wide 

range of putative endogenous ligands including heat shock proteins, high mobility 

group box 1 (HMGB1) and breakdown products of fibronectin, heparan sulfate, and 

hyaluronic acid. 

Increasing evidence links TLRs, particularly TLR2 and TLR4, to the deleterious 

inflammatory effects observed in I/R injury. Reperfusion-induced inflammation is 

characterized by complement deposition, adhesion molecules up-regulation, 

inflammatory cell infiltration, and cytokine release67-70. Monocytes and lymphocytes 

are the major immune cells involved in this course and facilitate tissue impairment 

through secretion of pro-inflammatory cytokines, reactive oxygen species, and 
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chemokines. Both TLR2(−/−) and TLR4(−/−) render protection against I/R injury 

resulting in decreased infarct size and improved cardiac function71-72. In another study 

using the Langendorff reperfusion mode, without the detrimental effects of blood 

components after reperfusion, it was shown that infarct size did not differ between 

TLR2(−/−) and wild type (WT) hearts, but contractile performance was significantly 

impaired in WT hearts 73. Impaired relaxation responses, aka no reflow phenomenon,  

after cardiac I/R injury were seen in isolated coronary arteries of WT mice and 

TLR2(−/−) mice with WT bone marrow 74. WT mice with TLR2(−/−) bone marrow 

showed similar cardiac infarction size to that in complete knockouts mice. However, 

TLR2(−/−) mice with WT bone marrow were not protected against the cardiac I/R 

injury 40. The data indicates the exclusive role of circulating TLR2 to mediate the 

TLR2-dependent cardiac I/R injury.  

Metabolic adaption under ischemia  

I/R injury is essentially precipitated by the disruption and then subsequent restoration 

of oxygen supply to cardiomyocytes. A disruption in oxygen supply is particularly 

detrimental to the heart which has to maintain a high rate of metabolic activity to 

sustain ionic homeostasis and an unremitting contractile activity.  Although the heart 

is relatively dexterous in its use of carbon substrates which include glucose, lactate, 

ketone bodies and amino acids, fatty acids is the preferred carbon source of ATP 

under normal circumstances and β-oxidation of fatty acids is responsible  for >95% of 

ATP in the heart 75 .  When oxygen supply is limiting, ATP synthesis by aerobic 

metabolism mediated by electron chain transport (ETC)-mediated mitochondrial 

oxidative phosphorylation is inhibited.   To generate ATP, ischemic cardiomyocytes 
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have to switch to the much less efficient anaerobic glycolytic ATP synthesis that is 

inadequate to support normal cardiac function. Consequently, ischemic 

cardiomyocytes have to adapt and curtail some cellular activities to conserve ATP. 

The extent of this adaptation depends on the degree and duration of ischemia. As 

ischemia persists with increasing reliance on anaerobic glycolytic ATP synthesis, an 

ATP deficit grows with an increasing accumulation of metabolic products such as 

ADP, inorganic phosphates, reduced coenzymes e.g. NADH and FADH and lactic 

acid.  Consequently, ATP-dependent cellular activities such as protein synthesis and 

turnover, gene transcription, ion pumps or transporters etc are further curtailed, 

intracellular pH acidifies, ion homeostasis is lost and intracellular osmotic pressure 

increases41, 47, 76-77 .   

Proteomics-based cardiovascular researches 

As the proteomics technique is getting matured, it has been integrated and 

incorporated into cardiovascular research. Proteomics methodological researches, 

proteome profiling, quantitation of the modulation on protein abundance as well as 

post-translational modification (PTM) were carried out to achieve a better 

understanding of the cardiovascular system and the underlying disease mechanism.  

By using protein samples extracted from mouse heart by neutral and acidic buffers, 

four different fractionation methods, including the high-pH reversed-phase 

chromatography (pH-RP), SCX, C8 protein reversed-phase (C8-RP) and high-recovery 

protein reversed-phase (hr-RP) column, were compared to evaluate the ability on 

protein identification78. With the pH-RP and hr-RP, 1338 and 1303 proteins were 

identified from 100 μg and 40 μg of sample, respectively. It was also shown that 
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acidic buffer containing 15 mM trifluoroacetic acid (TFA) and 1mM TCEP extracted 

more proteins than the neutral buffer. In the result of pH-RP method, acidic buffer 

extracted 933 proteins and neutral buffer extracted 405 proteins.  

The function and regulation of cardiac 20S proteasome complex were elucidated by a 

proteomics investigation79. The binding partners of cardiac 20S proteasome were 

identified by native gel electrophoresis coupled with mass spectrometry. Protein 

phosphatase 2A (PP2A) and protein kinase A (PKA) were found to be the binding 

partners. The regulation mechanism of the 20S proteasome and its binding partners 

was further investigated. The phosphorylation of the proteasome was shown to 

enhance the peptidase activity of individual subunits in a substrate-specific fashion. It 

was found that α and β subunits of the 20S proteasome are the targets of PKA and 

PP2A and the phosphorylation may serve as a key mechanism for regulation. 

Besides the proteome profile, PTM profile is also a valuable target for proteomics 

studies. A comprehensive characterization of the murine cardiac mitochondrial 

phosphoproteome was carried out to provide systemic information about 

mitochondrial signaling networks, metabolic pathways, and intrinsic mechanisms of 

functional regulation in the heart80. A platform using both collision-induced 

dissociation (CID) and electron transfer dissociation (ETD) successfully identified 236 

phosphorylation sites, of which 210 were novel. These 236 sites were mapped to 181 

phosphoproteins and 203 phosphopeptides. That study also found that 45 

phosphorylation sites were only captured by CID and 185 sites were only identified by 

ETD, which underscores the advantage of a combined CID and ETD strategy. 
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Previous proteomics studies on cardiac ischemia and reperfusion 

Although limited numbers of proteomics researches focus on ischemia/ reperfusion 

injury, valuable targets and mechanism have been identified by systematically 

studying the pathological condition. 

iTRAQ quantitative profiling was performed on cardiac sarcomeric proteins from 

ischemic and non-ischemic heart tissues to reveal the protein abundance alteration 81. 

Left coronary artery ligation was performed to achieve ischemia in rat heart. 

Sarcomeric proteins from ischemic area and non-ischemic area tissues were extracted 

by differential centrifugation. The iTRAQ labeled samples were fractionated by nano 

LC and analyzed by an LTQ running in the pulsed Q dissociation (PQD) mode. About 

220 proteins were identified with a 5% false discovery rate (FDR) and 22 proteins 

were found significantly changed. These data demonstrated that proteins involved in 

regulating metabolism, chaperone transport, intracellular Ca2+, thin filament length, 

and cytoskeleton structure changed significantly in abundance with myocardial 

infarction. 

In the study comparing the murine heart mitochondrial proteome alteration between 

ischemia/reperfusion and cardioprotective treatment including preconditioning (PC) 

and GSK-3 inhibitor AR-A014418 (GSK Inhib VIII) treatment under the same stress 

in a Langendorff-perfused model, cytochrome-c oxidase subunits Va and VIb, ATP 

synthase-coupling factor 6, and cytochrome b-c1 complex subunit 6 were found to 

increase in abundance while the abundance of cytochrome c was decreased under both 

protective treatments by 2DE coupled MS82. This study suggested cardioprotection 

through PC and GSK-3 inhibition increased the phosphorylation levels of the complex 



38 
 

IV subunits as well as cytochrome c. Further investigation also showed that PC and 

GSK-3 inhibition leads to change in mitochondrial supercomplex assembly, and this 

modulation may contribute to the cardioprotection of PC and GSK-3 inhibition.  

The cardioprotection of natural compound Salvianolic acid B (SB) against 

hypoxia/reperfusion on rat heart myoblast cells H9C2 was investigated by 2DE MS83. 

14 proteins were found to be regulated either between the control group and the SB 

treated group or between ischemia/reperfusion and ischemia/reperfusion plus SB 

treatment. Since epidermal growth factor receptor (EGFR) was predicted as the most 

possible binding target of SB, the protein-protein interaction network between EGFR 

and the regulated proteins was generated by adopting protein interaction databases 

HPRD, MINT, IntAct, Database of Interacting Proteins (DIP), biogrid and MIPS. 

Only the shortest pathways were used in the network. It is found that the 9 out of 14 

regulated proteins could be included into the network with direct connection or only 

one intermediate partner to EGFR, which shows the signal cascade triggered by 

binding of SB to EGFR and reveals the underlying mechanism of the cardioprotective 

effect of SB.  

During heart failure which is induced by ischemia in some cases, ROS is produced by 

imperfect coupling of mitochondrial respiration. The secreteome from cardiac 

myocyte and fibroblast under oxidative stress were analyzed by one dimensional LC 

coupled with MS84. It is found that H2O2 caused an elevated cystatin C protein and 

126-amino acid pro hormone (ProANP) in the conditioned medium from 

cardiomyocytes. The study of modulation on cystatin C was then extended to in vivo 

models of heart failure. Both chronic administrations of doxorubicin and myocardial 
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ischemia by left anterior descending coronary artery occlusion lead to an increase in 

the level of cystatin C protein in the plasma. In myocardial tissues from the ischemic 

area, an increase of cystatin C correlates with the inhibition of cathepsin B activity and 

accumulation of fibronectin and collagen I/III. Overexpressing the cystatin C gene or 

exposing fibroblasts to cystatin C protein leads to the inhibition of cathepsin B and 

fibronectin and collagen I/III accumulation. This finding indicates that cystatin C can 

be a molecular target for blocking the detrimental effect of ECM remodeling.  

Oxygen is reduced by two pathways in cardiomyocytes: the prevailing pathway is via 

the mitochondrial electron transport system, which reduces 95% of oxygen to H2O; 

the remaining 5% of oxygen is processed by intracellular enzymes to produce ROS. 

The antioxidant defense system may be undermined and ROS-induced damage to the 

tissue can occur under certain pathological conditions such as I/R. Proteomics 

approach have been employed to study the ROS stress on cardiac myocyte and the 

effects of antioxidants on ROS-induced oxidative stress associated with I/R. 

Hydrogen peroxide treatment of H9C2 rat cardiomyocytes is used as a model of 

oxidative stress in heart ischemia–reperfusion injury. Coupling anti-phosphotyrosine 

affinity purification with LC-MS/MS, A total of 23 proteins were identified with high 

confidence in the H2O2 treated group, including platelet-derived growth factor 

receptor-β and γ-adducin; and 3 proteins were immunoprecipitated  and identified 

from the untreated cells 85. A significant fraction of the identified proteins including 

catenin-α1, catenin-β1,  cortactin-Src substrate, focal adhesion kinase-2 (FAK2), 

breast cancer anti-estrogen resistance protein-1, platelet-derived growth factor 

receptor-β (PDGFRβ), and focal adhesion kinase-1 associate with the Src kinase. This 
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indicates the important role of Src kinase in mediating H2O2-induced tyrosine 

phosphorylation events, which is validated by the reduced H2O2-induced tyrosine 

phosphorylation with Src kinase inhibitor PP1 treatment. The function of Src kinase in 

H2O2-induced loss of cell adhesion and viability was further studied. Partially rescuing 

H2O2-induced protein expression changes that may be involved in H9C2 cell survival 

and/or adhesion by blocking Src kinase activity was shown by global protein profiling 

with 2DE MS.  

The antioxidative role of Glutathione peroxidase 1 (GPx1) was studied by 2DE 

MALDI-TOF approach in a GPx1 knockout mice model86. The proteome alteration 

between wild type mice and GPx1 knockout mice under hypoxia-reperfusion 

condition was analyzed. 36 proteins showed differentiated abundance between the 

wild type and knockout mice.  By gene ontology analysis, “carbohydrate transport and 

metabolism proteins,” “cytoskeletal proteins,” “proteins involved in signal 

transduction,” “proteins involved in energy production and conversion,” and 

“intracellular trafficking and secretion proteins” were found to associate with these 

altered proteins. 16 down-regulated proteins were localized in mitochondria and 

involved in several crucial metabolic pathways including tricarboxylic acid cycle, 

glucose metabolism, and oxidative phosphorylation. As a protein that increases the 

resistance of cells to oxidative injury induced by H2O2 exposure87 and minimizes the 

infarct size, improves the contractile function, and attenuates cardiac IR injury88, 

HSP27 was also found down regulated in the absence of GPx1, which shows the 

reduced ability of mitochondria to cope with reoxygenation-induced ROS generation 

in GPx1 knockout mice.  
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To better understand I/R injury and to identify novel candidate targets for therapeutic 

intervention, we took advantage of the recent advances in proteomics and 

bioinformatics to monitor relative quantitative changes in the cardiac proteome over 

time during ischemia and reperfusion to identify the critical changes in biochemical 

activity in the cardiomyocytes. By applying an iTRAQ approach, novel proteins that 

exhibited dynamic quantitative changes in the heart tissues of a mouse model of 

myocardial I/R injury were identified. These regulated proteins were functionally 

classified and mechanisms that could initiate the detrimental cascade of reperfusion 

injury were discussed; functions of two regulated proteins, i.e. PARK7 and PPIA were 

further studied in rat heart myoblast cell line H9C2. We showed that over-expression 

of PARK7 significantly improves cell survival under hypoxia stress. Interactome 

analysis reveals that many proteins are associated with PPIA after 16hr hypoxia 

treatment, which may contribute to protein folding assistance under limited oxygen 

supply condition. 

Materials and methods  

Experimental design 

All animal experimentations were performed in the Experimental Cardiology 

Laboratory, University Medical Center Utrecht, Netherlands in accordance with the 

national guidelines on animal care and with prior approval by the Animal 

Experimentation Committee of Utrecht University. 
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In vivo myocardial ischemia-reperfusion injury  

Male mice C57Bl6/J (10-12 wks, 25-30 g) received standard diet and water ad libitum. 

Mice were anesthetized with a mixture of Fentanyl (Jansen-Cilag) 0.05 mg/kg, 

Dormicum (Roche) 5 mg/kg, and medetomidine 0.5 mg/kg through an intraperitoneal 

injection. Atropine 0.05 mg/kg SC was administered after coronary ligation. The body 

temperature was maintained at 37±1°C during surgery using automatic heating blanket. 

Mice were incubated and ventilated (Harvard Apparatus Inc.) with 100% oxygen. The 

left coronary artery (LCA) was ligated for 30 mins followed by reperfusion using an 

8-0 vicryl suture with a section of polyethylene-10 tubing placed over the LCA. Total 

occlusion and subsequent ischemia was confirmed by bleaching of the myocardium 

and ventricular tachyarrhythmia. Reperfusion was initiated by releasing the ligature 

and removing the polyethylene-10 tubing. In sham operated animals, the same 

operation procedure was performed except that the suture was placed beneath the 

LCA without ligation. Reperfusion of the endangered myocardium was characterized 

by typical hyperemia in the first few mins. We have shown that the above mentioned 

protocol is highly reproducible and results in ~40% ischemic myocardium (area at risk; 

AAR) of the total left ventricle40, 89-91. The infarct size (IS; necrotic core) within the 

AAR (IS/AAR) is dependent on the reperfusion time. We and others have shown that 

30 mins ischemia followed by 120 mins reperfusion results in ~20% IS/AAR, whereas 

24-hours reperfusion results in ~38% IS/AAR40, 89-92. For monitoring the proteome 

alteration during ischemia and the onset of reperfusion, 30 mins ischemia, 60 mins 

and 120 mins reperfusion time points were chosen.  During these time points, 

selective protein degradation occurs induced by oxidative stress from ROS burst in the 
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early phase of reperfusion77. Before harvesting, the hearts were flushed with 1M 

HEPES buffer (Invitrogen). The right ventricles were removed and the left ventricles 

in toto were snap frozen in liquid nitrogen and subsequently stored in -80°C until use. 

3 animals were used for each condition. 

In vitro hypoxia model 

Rat heart myoblast H9C2 was purchased from American Type Culture Collection 

(ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) containing 10% fetal bovine serum. At 80% confluence, cells were 

washed with PBS and then incubated in serum free DMEM. The cells were then 

subjected to hypoxia by incubating the cells in GasPak EZ Anaerobe Pouch System 

(BD, MD, USA) for 16 hours. Both cells in serum free medium as control and cells in 

GasPak system were cultured in a humidified incubator containing 95% air/5% CO2. 

All media and supplements were bought from Gibco, Invitrogen (Invitrogen, Carlsbad, 

CA, USA). 

Protein extraction 

The biological replicates of either operated or sham-operated heart at each time point 

were pooled, cut into small pieces and then homogenized in liquid nitrogen using a 

mortar with pestle. The tissue powders were collected and lyzed with a buffer 

containing 50mM triethylammonium bicarbonate (TEAB) (pH8.5), 1% SDS, 

Complete protease inhibitor cocktail tablet and PhosSTOP phosphatase inhibitor 

cocktail tablets (Roche Molecular Biochemicals, Mannheim, Germany).  The samples 

were then sonicated by VCX500 sonicator (Sonics and Material, Connecticut, USA) 

with 25% amplitude and 8s pulse in 3 cycles. After centrifugation at 20,000 x g for 
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15mins at 4°C, proteins in the supernatant were quantified using the BCA Protein 

Assay kit. 

iTRAQ labeling and  LC-MS/MS analysis  

The protein samples were reduced by TCEP, alkylated with MMTS and digested with 

trypsin as previously reported93-94. The tryptic peptides from mice subjected to sham 

operation, 30 mins cardiac ischemia, 60 mins or 120 mins reperfusion following 

ischemia were labeled with 114, 115, 116 and 117 4-plex iTRAQ tag respectively. 

The iTRAQ labeling of peptide samples were performed using the iTRAQ reagent 

multiplex kit (Applied Biosystems, Foster City, CA, USA) according to the 

manufacturer’s protocol.  The peptides were labeled with respective isobaric tags, 

incubated for 2 h, then combined into a single sample and vacuum centrifuged to 

dryness. The vacuum dried samples were reconstituted in Buffer A (10 mM KH2PO4, 

25% acetonitrile, pH 2.85) and iTRAQ labeled peptides were fractionated using 

PolySULFOETHYL ATM SCX column (200 x 4.6 mm, 5 μm particle size, 200 Å pore 

size)  by an HPLC system (Shimadzu, Japan) at a flow rate of 1.0 ml min-1. The 50 

mins HPLC gradient consisted of 100% buffer A (10 mM KH2PO4, 25% acetonitrile, 

pH 2.85) for 5 mins; 0-20% buffer B (10 mM KH2PO4, 25% ACN, 500 mM KCl, pH 

3.0) for 15 mins; 20-40% buffer B for 10 mins; 40-100% buffer B for 5 mins followed 

by 100% buffer A for 10 mins. During sample fractionation, chromatograms were 

recorded at 214 nm. In total, 50 fractions were collected, concentrated to dryness 

using a vacuum centrifuge, and then combined to 19 fractions according to the 214nm 

reading in the LC spectrum and reconstituted in 0.1% trifluroacetic acid and desalted 

with Sep-Pak Vac C18 cartridges (Waters, Milford, MA, USA). After desalting, 
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samples were again concentrated to dryness by vacuum centrifugation and 

reconstituted in 100 μL of 0.1% formic acid for LC-MS/MS analysis.  

The mass spectrometric analysis of the iTRAQ labeled sample was performed in 

triplicate using a Q-Star Elite mass spectrometer (Applied Biosystems; MDS-Sciex, 

USA), coupled with an online micro flow HPLC system (Shimadzu, JAPAN). The 

peptides were separated using a nanobored C18 column with a picofrit nanospray tip 

(75 μm ID x 15 cm, 5 µm particles) (New Objectives, Wuburn, MA, USA).  The flow 

rate was maintained at 20 µL min-1 and the separation was performed with a splitter to 

get an effective flow rate of 0.2 µL min-1. The MS data were acquired in the positive 

ion mode with a selected mass range of 300-2000 m/z. Peptides in +2 to +4 charge 

states were selected for MS/MS. The three most abundantly charged peptides above a 

10 count threshold were selected for MS/MS and dynamically excluded for 30 sec 

with ±30 mDa mass tolerance. Smart information-dependent acquisition (IDA) was 

activated with automatic collision energy and automatic MS/MS accumulation. The 

fragment intensity multiplier was set to 20 and the maximum accumulation time was 2 

sec. The peak areas of the iTRAQ reporter ions reflect the relative abundance of the 

proteins in the samples. 

For in-gel digestion each dried fraction was reconstituted in 100 μl of 0.1% formic 

acid and analyzed using an LTQ-FT Ultra mass spectrometer (Thermo Electron) 

coupled with a ProminenceTM HPLC unit (Shimadzu, JAPAN). For each analysis, the 

sample was injected from an autosampler (Shimadzu, JAPAN) and concentrated in a 

Zorbax peptide trap (Agilent, Palo Alto, CA, USA). The peptide separation was 

performed in a capillary column (200 μm inner diameter × 10 cm) packed with C18 
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AQ (5 μm particles, 300 Å pore size; Michrom Bioresources, Auburn, CA, USA). 

Mobile phase A (0.1% formic acid in H2O) and mobile phase B (0.1% formic acid in 

acetonitrile) were used to establish the 90 mins gradient comprising 3 mins of 0–5% B 

and then 52 mins of 5–25% B followed by 19 mins of 25–80% B, maintenance at 80% 

B for 8 mins, and finally re-equilibration at 5% B for 8 mins. The HPLC system was 

operated at a constant flow rate of 30 μL min-1, and a splitter was used to create a flow 

rate of ~500 nL min-1 at the electrospray emitter (Michrom Bioresources). Samples 

were injected into an LTQ-FT through an ADVANCETM CaptiveSprayTM source 

(Michrom Bioresources) with an electrospray potential of 1.5 kV. The gas flow was 

set at 2, ion transfer tube temperature was 180 °C, and collision gas pressure was 0.85 

millitorr. The LTQ-FT was set to perform data acquisition in the positive ion mode as 

described previously95. Briefly, a full MS scan (350–2000 m/z range) was acquired in 

the FT-ICR cell at a resolution of 100,000 and a maximum ion accumulation time of 

1000 ms. The automatic gain control target for FT was set at 1e+06, and precursor ion 

charge state screening was activated. The linear ion trap was used to collect peptides 

and to measure peptide fragments generated by CID. The default automatic gain 

control setting was used (full MS target at 3.0e+04, MSn at 1e+04) in the linear ion 

trap. The 10 most abundant ions above a 500-count threshold were selected for 

fragmentation in CID (MS2), which was performed concurrently with a maximum ion 

accumulation time of 200 ms. For CID, the activation Q was set at 0.25, isolation 

width (m/z) was 2.0, activation time was 30 ms, and normalized collision energy was 

35%. 
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Mass spectrometric data analysis 

The iTRAQ data acquisition was performed with the Analyst QS 2.0 software 

(Applied Biosystems/MDS SCIEX). Protein identification and quantification were 

performed using the ProteinPilot Software 2.0.1, Revision Number: 67476 (Applied 

Biosystems, Foster City, CA, USA). The Paragon algorithm in the ProteinPilot 

software was used for the peptide identification which was further processed by the 

Pro Group algorithm where isoform-specific quantification was adopted to trace the 

differences between expressions of various isoforms. User defined parameters were as 

follows: (i) Sample Type, iTRAQ 4-plex (Peptide Labeled); (ii) Cysteine alkylation, 

MMTS; (iii) Digestion, Trypsin; (iv) Instrument, QSTAR Elite ESI; (v) Special 

factors, None; (vi) Species, None; (vii) Specify Processing, Quantitate; (viii) ID Focus, 

biological modifications, amino acid substitutions; (ix) Database, concatenated mouse 

database (target: IPI mouse, version 3.55, 55956 sequences; 25155114 residues) and 

the corresponding reverse sequence (decoy: for false discovery rate (FDR) estimation); 

(x) Search effort, thorough. For iTRAQ quantitation, the peptide for quantification 

was automatically selected by the Pro Group algorithm to calculate the reporter peak 

area, error factor (EF) and P-value. The resulting data was auto bias-corrected to get 

rid of any variations imparted due to the unequal mixing when combining different 

labeled samples. During bias correction, the software identifies the median average 

protein ratio and corrects it to unity, and then applies this factor to all quantitation 

results. Bias correction is performed only when there are at least 20 proteins having an 

average ratio. If there are fewer than 20 proteins with ratios, the sample size is too 

small for the median to be meaningful and no bias correction is applied.  
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Label-free experiment - The extract_msn (version 4.0) program found in Bioworks 

Browser 3.3 (Thermo Electron, Bremen, Germany) was used to extract tandem MS 

spectra in the dta format from the raw data of LTQ-FT ultra. These dta files were then 

converted into MASCOT generic file format using an in-house program. Intensity 

values and fragment ion m/z ratios were not manipulated. This data was used to obtain 

protein identities by searching against the IPI rat protein database (version 3.40; 40381 

sequences) by means of an in-house MASCOT server (version 2.2.03) (Matrix 

Science, Boston, MA, USA), 40381 decoy sequences (reverse IPI rat sequences) were 

also included in the database to estimate the FDR. The search was limited to a 

maximum of 2 missed trypsin cleavages; #13C of 2; mass tolerances of 10 ppm for 

peptide precursors; and 0.8 Da mass tolerance for fragment ions. Fixed modification 

was carbamidomethylation Cys residue(s), whereas variable modification was 

oxidation at Met residue(s). The search results were exported as Microsoft CSV files. 

FDR was controlled at below 1%. Spectrum count of each identified protein 

wasextracted from CSV files by an in-house script. The spectrum count of the 

identified proteins was compared between control and Ppia+ condition. For the IP 

experiment under hypoxia and normoxia, spectrum count of binding partners was 

normalized by spectrum number of Ppia. 

Interaction network – Uniprot annotated human proteins from Human Protein 

Reference Database (HPRD)96 and IntAct97 database were extracted with the 

interaction information. 31037 and 41302 pairs of interaction respectively were 

obtained. In total 56878 pairs of interactions were extracted after combination and an 

in-house database was generated based on this. Interactome information acquired in 
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the present IP study was added to the in-house human interaction database. Shortest 

pathway within the Ppia interactome was calculated by an in-house script and 

visualized by Cytoscape98.   

Results and discussion 

Proteomic data analysis 

An LC-MS/MS shotgun approach with iTRAQ-based quantification was used to 

analyze the whole proteome of the C57Bl6J mouse heart tissue subjected to ischemia-

reperfusion. Proteome variation between sham (labeled with 114 tag), 30 mins 

ischemia (115 tag), 60 mins/120 mins reperfusion after 30 mins ischemia (116 tag, 

117 tag respectively) was acquired. 

Raw data was searched by ProteinPilot 2. The protein inference problem was handled 

by the Pro Group algorithm of ProteinPilot 2 and the representative protein was shown 

for its protein group. The complete dataset output (protein summary report) from 

Protein Pilot is summarized in the supplemental data 1. The Unused ProtScore was 

used to measure the reliability of the protein identification. A ProtScore of 2.0 and 1.3 

is equivalent to 99% and 95% confidence in protein identification respectively. The 

summary also included sequence coverage of the protein with all identified peptides 

(%Cov), with peptides > 50% confidence (%Cov(50)) and with peptides > 95% 

confidence (%Cov(95)). In addition, the peptide number used for identifying each 

protein was listed in supplemental table 2. Peptide number used for each protein 

quantitation was listed in supplemental table 3.  
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In total, 513 proteins were identified with <1% FDR, the corresponding lowest 

ProtScore is 2.64.  509 proteins were quantified by at least 2 peptides with < 1% false 

discovery rate (FDR= (2×decoy hit/total hit)×100%). The P-value of each iTRAQ 

ratio is displayed in the supplemental data1. The P-value is a measurement of the 

certainty of a change in the protein expression level. Thus, if the P-value is <0.05, the 

confidence of a change in protein expression level is at least 95%, independent of the 

magnitude of the iTRAQ ratio. 

To gain biological insight into regulated proteins, the iTRAQ quantified proteins were 

functionally classified using UniProt Knowledgebase (UniProtKB) with GO 

annotation. The 121 proteins with significant changes (P-value<0.05) were 

categorized into 8 functional groups (Table.1). These include fatty acid metabolism, 

glycolysis, tricarboxylic acid (TCA) cycle, electron transport chain (ETC), redox 

homeostasis, apoptosis, glutathione S-transferase and heat shock proteins (Figure 1).  

Abundance alteration of electron transport chain, fatty acid oxidation, glycolysis and 

TCA cycle under ischemia/reperfusion  

43 significantly altered proteins were clustered in functional groups involved in ATP 

synthesis. This is particularly noteworthy as the most prominent effect of ischemia on 

cardiomyocytes is the inhibition of ATP production by ETC-mediated oxidative 

phosphorylation driven by protons generated by β-oxidation of fatty acids, causing the 

cells to switch over to anaerobic glycolysis for ATP production. As reviewed by 

Lopaschuk et al 99, the latter process is a much less efficient process producing 2 

ATPs per glucose molecule against the 31 ATPs per glucose molecule produced 

during aerobic glycolysis and 105 ATPs by oxidation of one palmitate molecule99.  
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However, the former does not consume oxygen while the latter consume 12 and 46 

atoms of oxygen, respectively.  As a result, this switch from aerobic to anaerobic 

metabolism during ischemia causes a precipitous decrease in ATP and this is 

particularly critical for the heart which needs a high rate of ATP production to sustain 

an unrelenting contractile function.  The heart hydrolyses ~30µmole ATP per gram 

wet weight in a minute at rest with a complete turnover of myocardial ATP pool every 

ten seconds100. 

Improved cardiac performance did not result from, nor require, increased glycolysis 

secondary to the activation of pyruvate dehydrogenase complex (PDH). Rather, 

restoring carbon flux through PDH alone was sufficient to improve mechanical work 

by postischemic hearts101 which synthesize  most of their ATP through those proteins 

clustered in fatty acid oxidation and the ETC generally increased during ischemia and 

30 mins after reperfusion before they began declining towards the pre-ischemia 

baseline.  On the other hand, the proteins clustered in glycolysis and TCA were 

reduced during ischemia and 30 minutes after reperfusion before they returned to the 

pre-ischemia baseline. Some proteins associated with fatty acid oxidation, glycolysis 

and TCA cycle declined, while others like hexokinase-1 (HEX1), and succinate 

dehydrogense α/β subunits were up-regulated. Such changes on the abundance are not 

likely to be only caused by protein synthesis inhibition under tissue ischemia102. It 

may also reflect the net effect of protein depletion due to increased usage of enhancing 

ATP production and selective  inhibition of proteasomal activity which only degrades 

specific protein under ischemia and reperfusion77.  Proteins associated with the ETC, 

namely complex I, II, III, IV and ATP synthase were increased during ischemia and 
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60 min reperfusion before returning to normal levels after 120 min reperfusion (Figure 

1D). The increase in ETC enzymes which contrasted sharply with other enzymes in 

energy metabolism such as fatty acid production, glycolysis, and the TCA cycle, 

indicating proteins associated with ETC become inactive and may have a lower 

turnover rate when there is little or no oxygen to drive ETC activity. As mentioned 

before, the increased protein levels may be also due to the selective inhibition of 

proteasomal activity during ischemia77. 

The electron donor NADH generated from the fatty acid oxidation and glycolysis 

under ischemia, lowered oxygen level and the higher amount of ETC enzymes may 

lead to electron leak through ubisemiquinone at Q0 site of complex III and result in 

ROS production103-105. Consistent with this,  it was observed that blockage of electron 

transport enhances the retention of cytochrome c by cardiac mitochondria after 

reperfusion, decreases the release of ROS from mitochondria and reduces myocardial 

injury106-107. 

Redox homeostasis and GST proteins declined during ischemia/reperfusion  

The redox homeostasis protein including peroxiredoxin-1 (PRDX1), peroxiredoxin-5 

(PRDX5), thioredoxin-dependent peroxide reductase (PRDX3), thioredoxin (TXN1), 

protein disulfide-isomerase A3 (PDIA3), superoxide dismutase [CU-ZN] (SOD1), 

superoxide dismutase [Mn] (SOD2) and protein DJ-1 (PARK7) were reduced due 

possibly to depletion from increased cellular usage during ischemia and/or 60 mins 

reperfusion, which shows the deficiency of cellular antioxidative stress function 

(Figure 1 E). The decrease of SOD level or activity during cardiac ischemia 

reperfusion has been reported earlier108-109. After 120 mins reperfusion, the levels of 
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PRDX1, PRDX3 and SOD2 were significantly restored as well as the peroxiredoxin-2 

(PRDX2) and SOD1 that had no change during the first two time point, indicating a 

protective but delayed response. The glutathione S-transferases including glutathione 

S-transferase P 1 (GSTP1), glutathione S-transferase kappa 1 (GSTK1), glutathione S-

transferase mu 1 (GSTM1), glutathione S-transferase mu 2 (GSTM2) and glutathione 

S-transferase A4 (GSTA4) were decreased following ischemia and reperfusion (Figure 

1 F). 
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Figure 1. Functional classification on regulated proteins with iTRAQ ratio 



55 
 

FUNCTIONAL 

GROUP IPI 

GENE 

SYMBO

L 

ISCH:CTR

L 

P-

VALUE 

REPER60:CT

RL 

P-

VALUE 

REPER120:CT

RL 

P-

VALUE 

FATTY ACID 

OXIDATION 

IPI:IPI00134961.

1 ACADM 0.72 

6.14E-

17 0.72 

3.59E-

17 0.95 

2.24E-

02 

IPI:IPI00115607.

3 HADHB 1.22 

2.57E-

03 1.22 

1.14E-

03 0.75 

6.88E-

17 

IPI:IPI00223092.

5 HADHA 1.28 

3.44E-

17 1.22 

5.98E-

15 0.76 

5.39E-

33 

IPI:IPI00114866.

1 MLYCD 0.87 

2.63E-

01 0.83 

7.65E-

02 0.82 

9.89E-

03 

IPI:IPI00454049.

4 ECHS1 0.68 

2.93E-

10 0.70 

5.61E-

08 0.59 

8.81E-

20 

IPI:IPI00112549.

1 ACSL1 1.48 

2.36E-

10 1.41 

1.44E-

10 0.88 

1.86E-

04 

IPI:IPI00130804.

1 ECH1 0.91 

1.36E-

01 0.94 

2.91E-

01 1.86 

4.84E-

03 

IPI:IPI00136563. CPT1B 1.35 1.54E- 1.34 2.85E- 0.84 1.41E-
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4 03 03 05 

IPI:IPI00119114.

2 ACADL 0.71 

1.37E-

24 0.71 

2.60E-

27 1.96 

3.77E-

07 

IPI:IPI00121105.

2 HADH 0.81 

3.19E-

03 0.81 

1.59E-

03 0.79 

2.01E-

06 

IPI:IPI00119203.

4 

ACADV

L 1.93 

4.11E-

03 1.89 

4.01E-

03 1.19 

9.27E-

01 

IPI:IPI00881401.

1 CPT2 0.96 

6.76E-

01 0.90 

2.96E-

01 0.71 

2.20E-

04 

IPI:IPI00113347.

3 CRAT 0.93 

5.10E-

02 0.89 

8.52E-

03 0.70 

1.42E-

05 

GLYCOLYSIS 

IPI:IPI00467833.

5 TPI1 0.76 

1.07E-

10 0.70 

1.31E-

20 1.50 

3.74E-

02 

IPI:IPI00228633.

7 GPI1 0.65 

5.48E-

12 0.67 

6.53E-

10 0.95 

7.10E-

02 

IPI:IPI00331541.

5 PFKM 0.77 

1.64E-

07 0.79 

9.35E-

07 0.91 

8.90E-

03 

IPI:IPI00153660. DLAT 0.81 4.33E- 0.80 2.11E- 0.74 4.54E-
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4 03 03 06 

IPI:IPI00283611.

1 HK1 1.38 

1.34E-

02 1.30 

7.58E-

03 1.36 

1.39E-

03 

IPI:IPI00462072.

3 ENO1 0.81 

7.41E-

04 0.82 

4.59E-

03 1.16 

5.95E-

03 

IPI:IPI00845840.

1 PKM2 0.67 

1.80E-

22 0.69 

1.79E-

23 1.35 

9.25E-

02 

IPI:IPI00230706.

5 PGAM2 0.65 

6.16E-

04 0.65 

2.37E-

04 1.73 

2.09E-

01 

IPI:IPI00626237.

2 OGDH 0.69 

7.81E-

24 0.67 

1.01E-

27 0.75 

1.17E-

37 

IPI:IPI00132042.

1 PDHB 0.68 

4.76E-

16 0.62 

5.74E-

19 0.50 

5.39E-

28 

IPI:IPI00337893.

2 PDHA1 0.71 

5.69E-

05 0.69 

4.51E-

06 0.53 

1.38E-

11 

IPI:IPI00555069.

3 PGK1 0.80 

1.19E-

05 0.73 

1.77E-

08 0.70 

1.71E-

12 

TCA CYCLE IPI:IPI00113141. CS 0.66 2.72E- 0.63 6.12E- 0.58 2.85E-
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1 04 05 11 

IPI:IPI00230351.

1 SDHA 1.19 

2.35E-

05 1.12 

4.53E-

04 1.62 

6.52E-

41 

IPI:IPI00338536.

1 SDHB 1.26 

6.19E-

05 1.26 

1.81E-

06 1.72 

2.82E-

31 

IPI:IPI00323592.

2 MDH2 0.67 

9.59E-

41 0.68 

3.60E-

38 1.61 

2.00E-

05 

IPI:IPI00336324.

11 MDH1 0.60 

2.38E-

33 0.60 

2.70E-

34 1.23 

1.09E-

01 

IPI:IPI00318614.

9 IDH2 0.58 

2.10E-

36 0.63 

1.09E-

37 0.47 

0.00E+0

0 

IPI:IPI00109169.

1 IDH3G 0.81 

3.61E-

04 0.77 

2.04E-

05 0.75 

5.88E-

14 

IPI:IPI00459725.

2 IDH3A 0.91 

2.24E-

01 0.91 

2.53E-

01 0.88 

5.18E-

04 

IPI:IPI00116074.

1 ACO2 0.67 

5.75E-

40 0.66 

0.00E+0

0 0.55 

0.00E+0

0 

IPI:IPI00406442. SUCLG1 0.90 8.06E- 0.92 2.17E- 0.55 1.28E-
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2 02 01 19 

IPI:IPI00261627.

1 SUCLA2 0.95 

2.88E-

01 0.96 

3.91E-

01 0.61 

2.17E-

15 

IPI:IPI00459487.

3 SUCLG2 1.60 

6.01E-

01 1.15 

3.44E-

01 0.89 

2.68E-

02 

IPI:IPI00134809.

2 DLST 0.68 

2.11E-

05 0.73 

1.41E-

04 0.90 

3.62E-

02 

IPI:IPI00129928.

2 FH1 0.74 

2.39E-

11 0.77 

8.32E-

08 0.77 

3.42E-

13 

ETC 

IPI:IPI00785410.

1 COX5B 1.86 

7.49E-

14 1.47 

3.95E-

16 1.38 

1.44E-

13 

IPI:IPI00117978.

1 COX4I1 1.38 

5.77E-

12 1.25 

1.05E-

09 0.86 

2.97E-

07 

IPI:IPI00113196.

1 COX7A1 1.22 

1.32E-

01 1.20 

1.56E-

01 0.82 

2.32E-

05 

IPI:IPI00225390.

5 COX6B1 1.69 

2.43E-

05 1.53 

7.92E-

06 1.11 

1.04E-

02 

IPI:IPI00131771. COX6C 1.96 4.70E- 1.76 5.79E- 1.10 8.81E-
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3 08 09 02 

IPI:IPI00320238.

3 COX6A2 1.43 

5.14E-

02 1.81 

4.51E-

03 0.97 

5.90E-

01 

IPI:IPI00121443.

1 COX6A1 1.31 

4.32E-

02 1.40 

8.94E-

03 1.24 

6.07E-

01 

IPI:IPI00308882.

4 NDUFS1 1.38 

4.43E-

21 1.40 

4.01E-

30 1.56 

1.05E-

03 

IPI:IPI00230715.

5 

NDUFA1

3 1.42 

1.37E-

03 1.35 

2.15E-

03 1.00 

9.58E-

01 

IPI:IPI00271986.

6 ATP5J2 1.89 

1.49E-

09 1.76 

3.50E-

08 1.10 

7.76E-

02 

IPI:IPI00553262.

1 ND5 1.32 

1.19E-

03 1.31 

1.78E-

03 1.52 

2.99E-

01 

IPI:IPI00130322.

5 NDUFA7 1.56 

2.03E-

04 1.38 

9.02E-

03 1.20 

8.14E-

01 

IPI:IPI00453777.

2 ATP5D 1.99 

2.81E-

01 1.38 

6.54E-

01 1.65 

4.85E-

11 

IPI:IPI00125460. ATP5J 1.23 2.84E- 1.26 2.93E- 2.94 1.06E-
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1 02 03 10 

IPI:IPI00341282.

2 ATP5F1 1.49 

6.95E-

11 1.31 

2.71E-

08 0.87 

9.41E-

08 

IPI:IPI00118986.

1 ATP5O 1.38 

7.69E-

08 1.29 

3.12E-

07 0.84 

1.29E-

07 

IPI:IPI00876323.

1 ATP5L 1.77 

3.83E-

01 1.15 

7.16E-

02 0.90 

1.21E-

02 

IPI:IPI00116896.

1 ATP8 2.19 

2.07E-

06 1.69 

7.33E-

05 1.00 

9.86E-

01 

IPI:IPI00130280.

1 ATP5A1 1.18 

8.02E-

10 1.24 

3.84E-

13 1.39 

0.00E+0

0 

IPI:IPI00468481.

2 ATP5B 1.37 

2.48E-

02 1.73 

6.13E-

01 1.29 

0.00E+0

0 

IPI:IPI00121309.

2 NDUFS3 1.31 

1.27E-

05 1.28 

3.61E-

05 1.19 

7.88E-

06 

IPI:IPI00116748.

1 

NDUFA1

0 1.49 

4.92E-

06 1.28 

2.81E-

06 0.84 

4.47E-

05 

IPI:IPI00119138. UQCRC2 1.22 2.37E- 1.11 7.22E- 0.88 7.36E-
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1 06 03 08 

IPI:IPI00128023.

3 NDUFS2 1.35 

1.04E-

12 1.34 

2.19E-

14 1.27 

2.07E-

18 

IPI:IPI00169925.

2 NDUFV2 1.11 

3.56E-

02 1.13 

1.11E-

02 1.50 

1.28E-

12 

IPI:IPI00132728.

2 CYC1 1.33 

6.10E-

11 1.25 

7.89E-

10 0.84 

3.16E-

10 

IPI:IPI00121322.

2 ETFDH 1.41 

4.88E-

10 1.38 

1.47E-

09 1.17 

4.52E-

08 

IPI:IPI00116753.

4 ETFA 0.76 

1.35E-

21 0.75 

4.09E-

19 0.93 

2.35E-

06 

IPI:IPI00133399.

1 NDUFA6 1.63 

9.29E-

08 1.38 

3.16E-

05 0.85 

9.09E-

05 

IPI:IPI00121440.

4 ETFB 0.83 

7.06E-

03 0.75 

2.86E-

08 0.90 

1.64E-

04 

IPI:IPI00120212.

1 NDUFA9 1.35 

4.05E-

10 1.27 

1.12E-

10 0.90 

2.13E-

04 

IPI:IPI00125929. NDUFA4 1.72 5.87E- 1.53 6.05E- 0.89 1.62E-
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2 05 04 02 

IPI:IPI00224210.

5 UQCRQ 2.62 

3.51E-

05 2.67 

6.75E-

05 1.15 

2.46E-

02 

IPI:IPI00130460.

1 NDUFV1 1.69 

6.02E-

02 1.17 

3.85E-

04 0.94 

2.60E-

02 

IPI:IPI00120984.

5 NDUFA8 1.91 

1.47E-

09 1.78 

1.38E-

07 1.97 

3.87E-

02 

IPI:IPI00341550.

1 ND1 1.63 

6.17E-

01 1.13 

4.05E-

01 0.86 

4.15E-

02 

IPI:IPI00133403.

1 NDUFB3 1.61 

1.14E-

01 1.29 

4.11E-

02 0.88 

9.31E-

02 

IPI:IPI00132623.

3 NDUFB9 1.43 

2.22E-

02 1.48 

2.40E-

03 1.12 

1.25E-

01 

IPI:IPI00132390.

5 NDUFB4 2.98 

1.23E-

02 1.61 

7.54E-

03 0.91 

1.37E-

01 

IPI:IPI00120232.

1 NDUFS7 1.29 

4.47E-

02 1.24 

5.18E-

03 1.82 

1.65E-

01 

IPI:IPI00315302. NDUFA2 1.29 4.38E- 1.28 1.31E- 0.94 3.29E-
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5 03 02 01 

IPI:IPI00133240.

1 

UQCRFS

1 1.26 

3.91E-

03 1.19 

2.63E-

03 0.98 

5.15E-

01 

IPI:IPI00229008.

2 NDUFS4 0.78 

4.19E-

02 0.84 

2.82E-

02 1.66 

5.51E-

01 

IPI:IPI00132531.

1 NDUFB5 1.62 

2.88E-

02 1.65 

1.86E-

02 1.32 

7.15E-

01 

IPI:IPI00344004.

3 

NDUFA1

2 1.84 

7.16E-

04 1.59 

9.84E-

07 0.97 

7.60E-

01 

IPI:IPI00133215.

3 NDUFB7 1.26 

5.78E-

02 1.33 

8.02E-

03 1.12 

8.76E-

01 

IPI:IPI00230351.

1 SDHA 1.19 

2.35E-

05 1.12 

4.53E-

04 1.62 

6.52E-

41 

IPI:IPI00338536.

1 SDHB 1.26 

6.19E-

05 1.26 

1.81E-

06 1.72 

2.82E-

31 

IPI:IPI00132050.

1 NDUFC2 1.44 

3.54E-

06 1.33 

3.91E-

04 0.87 

3.00E-

03 

IPI:IPI00387430. NDUFB8 1.50 9.46E- 1.35 7.77E- 1.11 8.59E-
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1 03 03 01 

IPI:IPI00129516.

1 UQCRH 1.59 

3.53E-

01 1.72 

3.01E-

01 1.39 

2.50E-

03 

IPI:IPI00153381.

1 UQCR10 1.13 

5.84E-

02 1.20 

8.16E-

03 0.89 

9.21E-

03 

IPI:IPI00331332.

6 NDUFA5 1.74 

2.56E-

04 1.42 

3.37E-

05 1.34 

4.68E-

04 

IPI:IPI00131176.

1 COX2 1.70 

1.57E-

12 1.74 

4.48E-

13 0.98 

4.13E-

01 

IPI:IPI00355248.

5 COX1 1.36 

8.97E-

03 1.35 

2.89E-

02 0.90 

4.04E-

01 

REDOX 

HOMEOSTASIS 

IPI:IPI00121788.

1 PRDX1 0.75 

1.44E-

03 0.75 

2.06E-

03 1.29 

5.35E-

04 

IPI:IPI00226993.

5 TXN1 0.49 

7.60E-

03 0.50 

1.39E-

02 1.14 

1.44E-

02 

IPI:IPI00116192.

1 PRDX3 0.75 

4.58E-

11 0.75 

3.36E-

09 1.23 

7.12E-

10 

IPI:IPI00129517. PRDX5 0.74 4.03E- 0.72 1.26E- 0.85 8.36E-
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1 08 08 06 

IPI:IPI00230108.

6 PDIA3 0.86 

3.40E-

02 0.89 

4.47E-

02 0.77 

1.55E-

03 

IPI:IPI00117264.

1 PARK7 0.69 

2.26E-

02 0.65 

8.33E-

03 0.80 

3.34E-

03 

IPI:IPI00109109.

1 SOD2 0.90 

3.70E-

02 0.83 

8.04E-

05 1.21 

1.23E-

07 

IPI:IPI00130589.

8 SOD1 0.76 

4.62E-

02 0.79 

1.37E-

01 1.30 

1.08E-

03 

IPI:IPI00315550.

3 GLRX3 0.76 

2.35E-

02 0.73 

2.32E-

03 0.90 

2.70E-

01 

HEAT SHOCK 

PROTEIN 

IPI:IPI00263863.

8 HSPE1 0.83 

2.70E-

02 0.84 

2.60E-

02 1.36 

4.47E-

08 

IPI:IPI00331556.

5 HSPA4 0.77 

1.13E-

02 0.73 

6.74E-

03 0.72 

2.03E-

03 

IPI:IPI00880839.

1 HSPA9 0.89 

1.51E-

02 0.82 

2.50E-

06 0.83 

3.72E-

11 

IPI:IPI00323357. HSPA8 0.89 5.84E- 0.81 3.13E- 0.73 3.28E-
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3 02 05 11 

IPI:IPI00128522.

1 HSPB1 0.81 

3.14E-

02 0.85 

8.73E-

02 0.69 

8.77E-

06 

IPI:IPI00121420.

1 HSPB2 1.58 

2.22E-

01 0.84 

3.61E-

01 1.20 

2.74E-

02 

GLUTATHIONE 

S-

TRANSFERASE 

IPI:IPI00555023.

2 GSTP1 0.67 

4.24E-

10 0.63 

7.65E-

13 0.58 

1.84E-

16 

IPI:IPI00121051.

3 GSTK1 0.85 

4.23E-

03 0.83 

1.33E-

03 0.75 

3.40E-

09 

IPI:IPI00228820.

5 GSTM2 0.58 

1.95E-

04 0.60 

3.19E-

04 0.75 

8.32E-

05 

IPI:IPI00323911.

3 GSTA4 0.59 

3.50E-

03 0.62 

1.64E-

02 0.72 

1.79E-

03 

IPI:IPI00649135.

2 GSTM1 0.81 

1.98E-

02 0.86 

9.47E-

02 0.79 

2.32E-

04 

APOPTOSIS 

RELATED 

IPI:IPI00122549.

1 VDAC1 1.68 

2.60E-

11 1.70 

1.85E-

12 0.83 

2.43E-

09 
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IPI:IPI00116228.

1 PPIF 1.55 

1.60E-

02 1.36 

6.60E-

02 1.12 

4.88E-

01 

IPI:IPI00554989.

3 PPIA 2.83 

2.22E-

01 0.84 

3.61E-

01 1.20 

2.74E-

02 

IPI:IPI00115564.

5 

SLC25A

4 1.23 

3.64E-

02 1.36 

1.27E-

05 0.80 

1.13E-

14 

IPI:IPI00119667.

1 EEF1A2 0.77 

5.10E-

09 0.79 

2.81E-

07 0.67 

7.54E-

24 

IPI:IPI00308882.

4 NDUFS1 1.38 

4.43E-

21 1.40 

4.01E-

30 1.56 

1.05E-

03 

IPI:IPI00129577.

1 AIFM1 1.44 

8.49E-

03 1.36 

4.31E-

03 1.13 

2.43E-

01 

 

 

Table 1. Functional classification of regulated proteins. Isch: ischemia Ctrl: control (sham) Reper60: reperfusion 60 mins Reper120: reperfusion 120 mins 
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ROS imbalance and down regulation of PARK7 

ROS products generally have a very short half-life and react rapidly with DNAs, 

proteins, and lipids to cause oxidative damages. ROS levels and oxidative stress are 

known to be considerably increased during cardiac ischemia and reperfusion110-111. In 

addition to the observed increase in ETC proteins, we also found that the apoptotic 

protein VDAC1 and SLC25A4 increased during ischemia and 60 mins reperfusion, 

which are the components of mitochondrial permeability transition pore (MPTP). 

Their increase may contribute to a higher possibility of mitochondrial permeability 

transition induction. A previous study has observed ROS burst along with the 

mitochondrial permeability transition induction triggered by ROS, i.e. ROS induced 

ROS release, a positive feedback loop. Such ROS burst was inhibited by 

mitochondrial permeability transition inhibitor, which shows the relation between 

MPTP and ROS induction112. Hence the increase of VDAC1 and SLC25A4 in the 

present data implies ROS induction during ischemia and reperfusion. Moreover, a 

collective decrease of redox homeostasis proteins and the GST proteins were seen in 

the present experiment. The failure of antioxidant system plus the ROS induction 

would result a relatively high oxidative stress comparing to the normal situation. 

It is shown by the iTRAQ data that PARK7 protein was decreased in this I/R mouse 

model. Recently, PARK7 has been reported to play a key role in stroke induced 

damage to the brain, which also acts as an ischemia model113, As reported previously, 

PARK7 is involved in oxidative stress sensing114-115, cell survival116 and Parkinson 

disease117; and is a binding partner of antioxidant transcriptional master regulator 

nuclear erythroid 2-related factor 2 (NRF2)118. NRF2 associates with kelch-like ECH-
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associated protein 1 (KEAP1) under unstimulated conditions; the latter targets NRF2 

for ubiquitination by a Cullin-3-dependent mechanism119-122, leading to proteosome-

dependent degradation123. PARK7 stabilizes NRF2 by thwarting its association with 

KEAP1118. The stabilized NRF2 translocates to nucleus and binds to antioxidant 

response element (ARE) that induces the expression of endogenous antioxidant and 

detoxification enzymes124. However, it is reported that PARK7 loses its stability under 

oxidation and is specifically cleaved under oxidative stress by unclear mechanism125-

126. We found down regulation of PARK7 following ischemia and 60 mins reperfusion; 

while it began to restore after 120 mins reperfusion. The modulation on PARK7 was 

validated using western blot (Figure 2 B). Comparing to the RT-PCR result (Figure 2 

A), the western blot suggests that differential expression was mainly at the protein 

level. This suggests that PARK7 protein was degraded under ischemia and oxidative 

stress despite the level of mRNA was not seriously compromised. Associated with our 

previous analysis, the ROS imbalance caused by up-regulated ETC and depleted 

antioxidant enzymes may be the major reason for PARK7 degradation. Due to 

declination of PARK7, we expect a decrease in NRF2 and that was confirmed by 

Western blot (Figure 2 C). The decreased level of NRF2 may lead to difficulty in 

maintaining the basal level of ARE genes expression. Several ARE gene products 

including PRDX1, GSTM1, GSTM2, AKR1B3, SOD1  and SOD2 identified in our 

study belong to redox homeostasis and GST proteins and were regulated with similar 

trend like NRF2 (Figure 2 D). The decreased activities of GST and SOD during short 

duration of ischemia were reported by preceding studies127-129. Interestingly, NRF2 

regulated genes have fast response on the transcriptional level (some of them can be 
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modulated in 60 mins)130, which should compensate the decreased proteins. However, 

in our case NRF2 remained depleted during the early reperfusion stage suggesting that 

the replenishment of the decreased antioxidant enzymes cannot be fulfilled. Hence, 

once the redox homeostasis and GST proteins decrease, the depleted PARK7 will 

probably diminish the re-establishment of the antioxidant enzyme system needed for 

the scavenging of ROS. This makes the down-regulation of these proteins’ both the 

cause and result of ROS imbalance, i.e. a positive feedback pathway that worsened the 

oxidative damage on the cellular system. Based on the obtained results, we propose 

the mechanism as outlined in (Figure 2 E). A previous study has shown that during 

renal I/R NRF2 protected by antioxidant leads to the induction of the genes under its 

regulation and also improvement on I/R induced injury, which supports our 

speculation131.  

 

Figure 2.  Alteration of PARK7 and NRF2 protein abundance during ischemia and reperfusion 



72 
 

 A. mRNA level of Park7 measured by reverse -transcriptional PCR B. Western blot on PARK7 protein abundance 

C. Western blot on NRF2 abundance D. Calculated PARK7 and NRF2 variation  based on Western blot result as 

well as the iTRAQ ratio of gene products regulated by NRF2 E. Proposed mechanism of PARK7 and NRF2 on 

balancing the ROS stress. 

To further study the role of PARK7 under ischemia/hypoxia, full length rat Park7 

gene was cloned into p3×FLAG-CMV-10 vector and transfected into rat heart 

myoblast H9C2. After 16 hr hypoxia, FLAG-tagged PARK7 expressed H9C2 showed 

higher NRF2 abundance comparing to wild type which was transfected with empty 

vector and also subjected to hypoxia (Figure 3 A, B).  mRNA levels of Sod1 and Sod2 

which are regulated by NRF2 were measured by reverse-transcriptional PCR. The 

mRNA levels of these two anti-oxidative stress genes were shown to be increased in 

FLAG-Park7 transfected cells comparing to wild type under hypoxia (Figure 3 C). 

Annexin V and PI staining apoptosis assay conducted by FACS was performed to 

evaluate the cell survival rate (Cell survival rate: cell numbers of which were not 

stained by Annexin V and PI divided by total cell number within the FACS cutoff) 

after 16 hour hypoxia on both wild type and FLAG-tagged PARK7 expressed H9C2. 

About 5% significant increase (P=0.009) of cell survival on the cells with FLAG- 

PARK7 was observed (Figure 3 D). These results agree with the function of PARK7 

in the proposed mechanism, in which PARK7 prevents NRF2 from degradation hence 

higher PARK7 protein level leads to more NRF2. Consequently, higher mRNA level 

of Sod1 and Sod2 is observed, which may help the cells to survive better after hypoxia. 

Conversely, lower PARK7 under ischemia and reperfusion causes less Sod1 and Sod2 

transcription, which dampened the anti-oxidative stress function of the cardiomyocyte. 

Our observation that PARK7 decreased during cardiac ischemia and reperfusion in 

mouse cardiomyocyte and the functional validation of PARK7 that positively 
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influences the NRF2 protein quantity, Sod1, Sod2 transcriptions as well as the cell 

survival after hypoxia in cardio myoblast shows the importance of its role in the 

scenario. 

 

 

Figure 3. The effect of PARK7 overexpression on NRF2, ARE genes Sod1/2 and cell survival under ischemia 

A. 3XFLAG-tagged Park7 was transfected into H9C2 cells. The western blot was stained with anti-PARK7 

antibody B. Both of the FLAG-PARK7 expressed and empty vector transfected H9C2 were subjected to hypoxia. 

NRF2 was detected to be increased in 3XFLAG-tagged PARK7 expressed H9C2 by western blot. C. The 3XFLAG-

tagged PARK7 expressed and empty vector transfected H9C2 were subjected to hypoxia. mRNA level of Sod1, 

Sod2 and Actin was detected by reverse-transcriptional PCR. D. H9C2 cells were transfected with 3XFLAG-

tagged PARK7 or empty vector and then subjected to normoxia or hypoxia. After 16 hr incubation, cells were 

stained with FITC-Annexin V and PI, non-apoptosis population under hypoxia were detected by flow cytometry 

and compared with the one under normoxia (Cell survival percentage). The increase cell survival rate on 

3XFLAG-tagged PARK7 expressed cells was significant (P>0.009). WT: wild type that transfected with empty 

vector, PARK7+: 3xFLAG-PARK7 expressed 
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PPIA and protein folding assistance  

Peptidyl-prolyl cis-trans isomerase (PPIA) was found to be increased during ischemia 

and reperfusion stage and validated by Western blot (Figure 4). PPIA is an 18 kDa 

protein of multiple functions. A previous study indicated its role as secreted redox-

sensitive mediator and vascular smooth muscle cell growth factor which stimulates 

cell growth and inhibits apoptosis132. Under hypoxia/reoxygenation, secreted PPIA 

plays a role in protecting cardiac myocytes against oxidative stress-induced apoptosis 

in an autocrine fashion133. PPIA is also a molecular chaperone that acts as an 

acceleration factor in protein folding and assembly134. Expression of PPIA was found 

to increase in rat cardiac myocytes under hypoxia and reoxygenation133. Moreover, 

overexpression of PPIA in cancer cells renders resistance to hypoxia- and cisplatin-

induced cell death135.  

 

Figure 4. Abundance alteration of PPIA in mouse heart tissue under ischemia and reperfusion  

The Ppia abundances in sham, ischemia, reperfusion 60 mins and 120 mins mouse heart tissue were detected by 

Western blot 
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To study the function of PPIA in heart cells, FLAG-tagged full length rat Ppia was 

transfected into H9C2 and its interaction partners were obtained by 

immunoprecipitation (IP) using anti-FLAG agarose beads (Figure 5 A).  The eluent 

fraction was separated by SDS-PAGE and visualized by silver stain (Figure 5 C). In-

gel digestion and mass spectrometry identification was performed to acquire the 

protein information on whole gel lanes of control and FLAG-PPIA+. Among the 136 

proteins identified by both sets of experiments (supplemental Table 4), 11 proteins 

existed in both experiments and in the FLAG-PPIA lane only; 5 proteins have a 

maximum of 6 peptides identified in the control lane but hundreds in the pull-down 

lane. Comparing to other identified proteins these 5 proteins have significantly higher 

pull-down lane peptide to control lane peptide ratio, ranging from 50.25:1 to 284.5:1. 

The peptide number was marked as 0.1 if no peptides were identified in either lane to 

facilitate the ratio calculation. Ratio of each protein represents the peptide number 

from the IP lane divided by peptide number from the control lane. To visualize the 

specific binding partners which have strong binding (high ratio) similarly as 

previously described136, the average log ratio of each protein from 2 IP experiments is 

plotted versus peptide number of each protein normalized by protein length, which is 

proportional to the protein abundance (Figure 5 B). Proteins with 4 peptides or above 

identified in both experiments were selected. In the scatter plot, outliers can be easily 

spotted. A cutoff to the outliers was set since some outliers have positive average log 

ratio even one of the ratio is negative, which should be excluded from the binding 

partner list. Combining together, 15 proteins were identified as binding partners of 
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PPIA, which are T-complex protein 1 subunit α, β, γ, δ, ε, ζ, η, θ, NIBAN, isoform 2 

of nestin, heat shock protein 105 kDa, ubiquitin specific protease 47, AHNAK and 

PRDX2 (Table 2). 

Table 2 

Description 1st Ctrl 1st IP 2nd Ctrl 2nd IP 

CHAPERONIN SUBUNIT 6A. NA (105)309 NA (257)570 

CHAPERONIN SUBUNIT 7. NA (167)167 NA (381)381 

CHAPERONIN SUBUNIT 8. (1)1 (269)269 (4)4 (471)471 

59 KDA PROTEIN (T-COMPLEX PROTEIN 1 

SUBUNIT Zeta). 
NA (2)191 NA (2)267 

T-COMPLEX PROTEIN 1 SUBUNIT EPSILON. NA (178)178 NA (368)380 

T-COMPLEX PROTEIN 1 SUBUNIT ALPHA. NA (203)203 (2)2 (569)571 

T-COMPLEX PROTEIN 1 SUBUNIT GAMMA. (2)2 (280)281 NA (639)645 

T-COMPLEX PROTEIN 1 SUBUNIT BETA. (3)3 (387)388 (6)6 (690)696 

T-COMPLEX PROTEIN 1 SUBUNIT DELTA. (4)4 (201)201 (2)2 (436)448 

NIBAN. NA (8)16 NA (9)17 

65 KDA PROTEIN. NA (4)12 NA (11)19 

ISOFORM 2 OF NESTIN. NA (4)4 NA (4)4 

HEAT SHOCK PROTEIN 105 KDA. NA (5)5 NA (9)12 

UBIQUITIN SPECIFIC PROTEASE 47. NA (6)6 NA (12)12 

AHNAK NA (7)7 NA (7)7 

PRDX2 NA (4)4 NA (6)6 

 

Table 2. Peptide number of binding partners of PPIA 

The peptide number of the binding partners was shown as: (specific peptide that only belongs to the protein) total 

peptide number that can be assigned to the protein 
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Further, immunoprecipitation-MS for transfected cells under normoxia and hypoxia 

was carried out (Figure 5 D). Change on interactome of PPIA was quantified by using 

spectrum counting normalized by spectrum numbers of PPIA in each condition, i.e. 

the spectrum number for each binding partner was divided by the number of spectrum 

assigned to PPIA in normoxia or hypoxia. Such ratio reflects the binding efficiency of 

the interaction. Cells were more stressful because serum free condition was required 

for this experiment; hence only strong signals were obtained and some binding 

partners were not identified. By comparing the interaction efficiency between binding 

partners and Ppia in normoxia and hypoxia the variation on Interactome was obtained. 

It is found that more chaperonin containing TCP1 complex (T-complex protein 1 

subunit α, β, γ, δ, ε, ζ, η, θ) and ubiquitin specific protease 47 (USP47) bind to PPIA 

after 16hr hypoxia comparing to normoxia in 2 set of experiments (Figure 5 E).  
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Figure 5. . Interactome of PPIA under normoxia and hypoxia condition determined by IP-MS 

A. FLAG-tagged Ppia was transfected into H9C2 cells. The western blot was stained with anti-PPIA antibody. 

FLAG-PPIA was immunoprecipitated by using anti-FLAG antibody bond agarose beads. B. The peptide number 

was marked as 0.1 if no peptides identified in either lane to facilitate the ratio calculation. The ratio of each 

protein represents the peptide number from IP lane divided by peptide number from control lane. The average log 

ratio of each protein from 2 IP experiments is plotted versus peptide number of each protein normalized by protein 

length times 1000, which is proportional to the protein abundance. Proteins with 4 or above peptides identified in 

both experiments were selected. A cutoff was set to distinguish the proteins with positive average log ratio even one 

ratio is negative. C. Silver stain of Ppia interactome. Lysate of H9C2 transfected with FLAG-PPIA (FLAG-PPIA+) 

or empty vector (Ctrl) was subjected to anti-FLAG agarose beads IP. The eluent was separated on SDS-PAGE gel 

and visualized by silver stain.  D. Hypoxia IP. IP of PPIA and its interactome was performed on the lysate of H9C2 

cells transfected with FLAG-PPIA and subjected to hypoxia or normoxia. The IP eluent was separated on SDS-

PAGE gel and visualized by silver stain. E. The PPIA interactome alteration between hypoxia and normoxia. The 

interactome alteration was detected by IP-MS. From the result, peptide number of specific binding partner in each 

condition normalized by identified PPIA peptide number in the corresponding condition was plot. H: whole cell 

lysate F: flow through (cell lysate after incubated with anti-FLAG agarose beads) E: Eluent eluted from anti-

FLAG beads using FLAG peptide. WT: wild type that transfected with empty vector,  PPIA+: FLAG-PPIA 

expressed  

 

Chaperonin containing TCP1 complex consists of two identical stacked rings, each 

containing eight different proteins (T-complex protein 1 subunit α, β, γ, δ, ε, ζ, η, θ). It 

is involved in the folding of cytoskeleton proteins, actin and tubulin, and other 

intracellular proteins, e.g. cyclin E1, histone deacetylase, and protein phosphatase 

PP2A regulatory subunit B137. The function of Chaperonin containing TCP1 complex 

strongly correlates with PPIA which is also a folding assisting protein. The interaction 

and the functional similarity supports each other which shows that the chaperoning 

process of these two may happen together or sequentially.  

USP47 is a deubiquitinating enzymes belonging to the ubiquitin-specific proteases 

(USPs) subclass138. Some USP members play crucial roles in a variety of biological 

processes like regulation of DNA damage checkpoint response139, epigenetic 
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regulation140 and protein stablization141. A previous study showed that USP47 is an 

interactor of β-Trcp which is an F-box protein acting as a subunit of ubiquitin ligase 

(E3). It is found that genetic and siRNA-mediated depletion of USP47 causes decrease 

of cell survival and augments anti-proliferation effect of anticancer drugs142.  

Chaperones, foldases and oxygen are required in the sophisticated protein folding 

assisting machinery in yeast. As a major electron acceptor oxygen provides the driving 

force for protein folding in the endoplasmic reticulum (ER). It is shown in the 

previous study this pathway is similarly dependent on oxygen in mammalian cells, 

however the existence of a similar mechanism is yet to be clarified143. Oxygen supply 

declines under hypoxia may lead to failure on protein folding in ER and also there are 

also other findings showing that accumulation of misfolded proteins in ER is a natural 

consequence under hypoxia144-145, which is ER stress. The capacity of protein folding 

is increased by unfolded protein response (UPR) to cope with the stress because the 

built up misfolded polypeptides is potentially toxic. Though no evidence of Ppia 

involvement in the UPR pathway emerged, the increased binding efficiency of 

chaperonin containing TCP1 complex and USP47 to Ppia under hypoxia observed in 

the present study implies that Ppia may be in favor of protein folding assistance and 

stabilization to counteract the unfolded protein stress.  

Interestingly, silencing of NIBAN, which is one of the Ppia interactome components 

identified in our IP-MS experiment, was found to up-regulate the phosphorylation of 

eIF2α146, and the inhibition of global mRNA translation evoked by phosphorylation of 

eIF2α is part of the UPR under hypoxia147. Hence NIBAN is considered involved in 

the ER stress response. Though the binding efficiency change between hypoxia and 
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normoxia is not observed in our experiment, the interaction between NIBAN and 

PPIA shows that its function may not be limited to indirect modulation of the protein 

translation, but it could also assist in the protein maturation.  

To further understand the data, physical interaction network with shortest path was 

calculated by the in-house script and visualized by the Cytoscape software98 with the 

combined interactome information obtained in our experiment and HPRD96, IntAct97 

protein interaction database (Figure. 6). The human protein counterparts were used 

because its interaction network is more complete than the murine’s. We found that 

functionally important proteins such as Guanine nucleotide exchange factor VAV2 

(VAV2_HUMAN), transcription factor p65 (TF65_HUMAN) and mediator of RNA 

polymerase II transcription subunits (MED9_HUMAN and MED29_HUMAN) were 

located within the network, which implies that besides protein folding assistance, 

angiogenesis, NF-kappa-B function and RNA polymerase II-dependent genes 

transcriptional regulation may also relate to the interactome of PPIA.  



82 
 

 

Figure 6. Interaction network of PPIA and its indentified interactome   

The interactome and PPIA is connected by shortest path Yellow circles represent PPIA and the binding partner 

identified in present study, pink circles represent the intermediate proteins in the network. 

 

Conclusion  

 

Proteome alteration during cardiac ischemia and reperfusion in mice model were 

measured by the iTRAQ quantitative approach in the present study. Several functional 

groups of proteins were found to be regulated which indicates the perturbation caused 

by the oxygen and energy depletion circumstance. Analysis shows ETC protein up-

regulation and anti-oxidative proteins decrease and possible involvement of ROS 

imbalance may be involved. Protein abundance of oxidative stress sensing protein 



83 
 

PARK7 decreased during the ischemia and reperfusion stages. The antioxidant 

transcriptional master regulator NRF2, which is protected by PARK7 from 

degradation, was also decreased along with its downstream gene products shown in 

the iTRAQ data. To validate the proposed mechanism that PARK7 plays an important 

role in the antioxidative stress pathway, FLAG-tagged PARK7 was expressed in rat 

heart myoblast cell line. Increase on the protein level of NRF2 as well as on the Sod1 

and Sod2 mRNAs were observed in the expressed cell line under hypoxia. Cell 

survival on the expressed cells was statistically significantly improved under hypoxia 

stress. This in vitro experiment shows that the protein level of PARK7 affects the 

NRF2 protein level and the transcriptional level of its downstream anti-oxidative 

stress proteins, and implies the importance of PARK7 under ischemia and reperfusion. 

However, the mechanism resulting in degradation of PARK7 during ischemia and 

reperfusion is yet to be clarified. 

Under hypoxia, protein folding in ER is interrupted and the unfolded polypeptides and 

improperly folded proteins cause ER stress and UPR. Protein maturation is important 

especially when the cells are stressed. The folding assisting protein PPIA was found to 

be up-regulated during cardiac ischemia and reperfusion. The interactome of PPIA 

was studied by IP-MS in FLAG-tagged Ppia expressed H9C2 cells. Some of the 

interaction partners are related to protein folding and stabilization, which is coincident 

with the function of cytoplasmic PPIA. Interactome variation between normoxia and 

hypoxia was also acquired by the label-free IP-MS approach. It is shown that 

Chaperonin containing TCP1 complex and USP47 have higher binding efficiency to 

PPIA under hypoxia. This indicates that PPIA may help to increase the protein folding 
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capacity when unfolded protein stress was induced by hypoxia. Further, proteins 

involved in important biological processes were found to locate within the interaction 

network of PPIA by using bioinformatics technique. The functional study of the PPIA 

interactome indicates that up-regulation of PPIA during ischemia and reperfusion 

helps to cope with the accumulated unfolded polypeptide stress. 

By applying the iTRAQ quantitative proteomics technique protein abundance 

regulation in an in vivo cardiac ischemia reperfusion model was observed. The 

function of two significantly changed proteins selected from iTRAQ result was 

studied in vitro. These data reveal novel information about the molecular events on 

oxidative stress and unfolded protein stress and provide a better understanding of the 

I/R injury. 
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Abstract 

Cell secretion to the microenvironment plays an important role in the cell survival, 

wound healing and maintaining the tissue function. Secreted proteins participate in 

and also regulate the cardiac infarction healing process; therefore quantitative 

profiling of the cardiac myocyte secretome under pathophysiological stress will 

provide valuable insight for potential prevention and treatment of heart diseases. In 

this study, the alteration of the secretome of rat heart myoblast H9C2 cells under 16 hr 

hypoxia and 24 hr reoxygenation were analyzed by both iTRAQ-based and label-free 

quantitative proteomics approaches using LC-MS/MS. 2007 proteins were identified 

in the label-free based experiment and 860 proteins were identified in the iTRAQ 

experiment. Among the 2165 total proteins identified by label-free and iTRAQ, 1363 

proteins were recognized as secreted proteins. The profile and modulation of the 

secretome identified herein could potentially advance our understanding of the cardiac 

biology, and facilitate the follow-up investigation on the extracellular molecular 

events during hypoxia and reoxygenation as well as the ischemia/reperfusion injury. 

Proteins related to important biological functions such as SERPINH1, PPIA, 

ATTRACTIN, EMC1, POSTN, THBS1 and TIMP1 were found to be regulated by 

hypoxia and reoxygenation stresses. Further analysis on the modulated subproteome 

suggests that secreted proteins involved in angiogenesis, inflammation, ECM 

remodeling including collagen deposition and cross-linking are regulated during 

hypoxia; while in subsequent reperfusion or re-oxygenation, proteins involved in anti-

inflammation, ECM modulation are up-regulated and anti-apoptosis proteins decline. 
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In addition, regulations on secreted proteins such as STIP1, ROBO2 and FAT1 by 

hypoxia/reoxygenation stress were detected in the secretome for the first time. 

Keywords 

Hypoxia, reoxygenation, secretome, label free, iTRAQ, heart, text mining, H9C2 

Introduction 

Obstruction of blood flow to the myocardium muscle induces heart attack or 

myocardial infarction (MI), which is the main cause of coronary heart disease. 

Restoration of blood flow through the occluded coronary artery is currently the most 

effective therapy to limit the infarct size and preserve cardiac function after acute 

myocardial infarction148. However, reperfusion following ischemia causes additional 

cell death and increase in infarct size has been demonstrated by a previous study 

which is the phenomenon called myocardial ischemia/reperfusion (I/R) injury149.  

The cardiac extracellular matrix (ECM) related reparative response of the I/R injury 

can be divided into three overlap stages, which are the inflammatory stage, the 

proliferative stage and the final maturation stage. 

At the inflammatory stage, cardiomyocyte death triggers instant activation of the 

complement system, generates free radicals such as ROS and activates TLR2/4 

mediated pathways, which stimulate the production of cytokines, chemokines and 

adhesion molecules150. Cytokines such as tumour necrosis factor alpha (TNFα), IL-1b, 

and IL-6 can mediate repair and remodeling through activating matrix 

metalloproteinases (MMPs) and collagen formation, and regulate integrins and 

angiogenesis and progenitor cell mobilization (Figure 1). Cytokines also induce a 
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protease-rich environment leading to ECM degradation. The degraded ECM facilitates 

extravasation of plasma proteins to form a provisional matrix containing fibronectin 

and fibrin. Such provisional matrix provides a scaffold for inflammatory cells to 

migrate and proliferate151-152. Inflammatory cells migrate into the infarct tissue and 

remove necrotic myocytes153. The ECM proteins including fibrillar collagen and 

glycosaminoglycans are degraded by MMPs which generates low molecular weight 

fragments with pro-inflammatory properties154-155. Thus, the alteration of the matrix 

components also regulates the inflammatory pathways. 

 

 

Figure1 Cytokines mediated remodeling in the post-infraction stage. Myocardial stress, i.e. mechanical stretch, 

oxidative stress, and hypoxia in the setting of ischemia, will rapidly induce cytokines such as tumor necrosis factor 

(TNF) or interleukin-6, which can improve survival or speed up myocyte necrosis and apoptosis and reduce 

contractility. This is followed by cytokine increase through transmigration of macrophages and neutrophils. 

During the chronic postinfarction, the activation of MMPs and TIMPs contributes to the accumulation of collagen 
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and wound healing. Angiogenic and progenitor cell mobilization factors further contribute to the healing of the 

wound. (Inflammatory Cytokines and Postmyocardial Infarction Remodeling, Circulation Research 2004) 

 

At the following proliferative stage, the initial plasma derived provisional matrix is 

lysed and replaced by fibroblast derived provisional matrix containing cellular 

Fibronectin 156. The Fibronectin regulates the deposition of collagen-1157.  

Matricellular proteins are a family of extracellular matrix proteins that contribute to 

the modulation of cell function and activity but not its constitution. Induction of 

matricellular proteins such as thrombospondin (Thsp1/2), tenascin-C/X, 

osteonectin/SPARC (secreted protein, acidic and rich in cysteine), osteopontin (OPN) 

and periostin (Postn), which are not expressed in normal heart, is an important feature 

of the proliferative stage.  

As a critical TGF-β activator with effective angiostatic properties Thsp1 is strikingly 

up-regulated in experimental models of infarction158. Enhanced and prolonged 

expression of chemokines was exhibited in the infarcted heart and expansion of the 

inflammatory infiltration into the non-infarcted area was shown in the THSP1-/- mice, 

which increased adverse remodeling of the ventricle158. However, inflammation 

inhibition mechanisms of thsp1 remains unknown. Tenascin-C is also strikingly but 

transiently up-regulated during the proliferative phase of healing by fibroblasts159-160. 

However, the role of tenascin-C in infarct healing and post-infarction remodeling is 

still unclear. OPN is induced early following myocardial infarction and is prevailingly 

localized in macrophages in both murine and canine infarcts. OPN is significantly up-

regulated during monocyte differentiating to macrophage161. The mechanisms of 

OPN-mediated effects on attenuating adverse matrix remodeling162 and cardiac 
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protection163 remain poorly understood. SPARC is induced in healing infarcts. The 

study on SPARC null mice suggested that SPARC-mediated actions are important for 

matrix organization164. Postn is significantly related to fibrosis and ECM metabolism 

in a range of disease conditions, including cardiovascular disease and cancer165 and 

also has genomic associations with ventricular hypertrophy166 and heart failure167. 

Abundant expression of Postn was found in the border zone in both mouse and human 

myocardial infarction and significantly modulated the phenotype and function of 

fibroblast in the infarcted myocardium168. POSTN null mice had impaired healing and 

higher risk of cardiac rupture168-169.  

At the final stage, deposition of collagen increases and cross-linking enzymes like 

lysyl-oxidase induce cross-linking of matrix in the infarcted myocardium170 to form a 

scar to mechanically support the injured myocardium. Such mechanical support is 

important to maintain the cardiac function. Decrease in tensile strength in healing of 

myocardial infarct may lead to enhanced left ventricular remodeling and considerable 

ventricular dysfunction 171. ECM response to the mechanical burden caused by I/R 

damage induces collagen synthesis which leads to stiffer ventricular wall and 

increases left ventricular diastolic pressure.  

Because there is no postnatal cardiac myoblast within the heart equivalent to the one 

in skeletal muscle, the self-recovery process after I/R injury only compensates the 

myocardium lost with collagen-based scar. Moreover, additional damage is caused at 

the reperfusion stage. To overcome this problem, cell transplantation including bone 

marrow mononuclear cells (MNCs)172-173, mesenchymal stem cells (MSCs)174 and 

skeletal myoblasts (SkMb)175 has been investigated to improve the infarction healing. 
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The paracrine factors released by transplanted exogenous stem cells were found to 

influence neovascularization, myocardial protection, cardiac remodeling, and 

contractility176. A proteomics study on the secretion proteome of human MSCs 

revealed 201 unique proteins involved in important signaling pathways in 

cardiovascular biology, bone development, and hematopoiesis, which indicates its 

potential in modulating the tissue repair or replacement177.  

As indicated by these researches, the microenvironment of cardiac infarction area 

undergoes dynamic changes and the infarct healing process can be regulated by the 

secreted proteins within the niche. Hence the profile of the secretion from cardiac 

myocytes will be of great interest to better understand the mechanism of I/R injury 

and stem cells transplantation therapy.   

Recent advances in proteomics and bioinformatics have not only enabled us to profile 

the proteome of biological samples qualitatively but also quantitatively across 

multiple biological samples in different stages, which has been increasingly used in 

cardiovascular research to provide a broad-based portrait of the proteome profile and 

alteration1, 178. Embryonic rat heart myoblast H9C2 has been widely used as an 

alternative to primary cardiomyocytes. Characterization demonstrated that H9C2 cells 

show morphological characteristics similar to those of immature embryonic 

cardiomyocytes, but have preserved several features found in adult cardiac cells179-180. 

In this study secreted proteins from conditioned medium of H9C2 subjected to 16 hr 

normoxia, 16 hr hypoxia, and 16 hr hypoxia followed by 24 hr reoxygenation were 

analyzed. 2007 proteins from conditioned medium were quantitatively profiled by a 

label-free method and 860 proteins from the same conditions were quantified by the 
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isobaric tag for relative and absolute quantitation (iTRAQ) experiment. In total, 2165 

proteins were identified. Mining the data found that 1363 proteins were recognized in 

various databases as secreted proteins. The proteins in the secretome modulated by 

hypoxia and reoxygenation were selected for further detailed analysis if they have 

similar expression trend in both label-free and iTRAQ datasets. Further analysis 

suggested that the biological processes of angiogenesis, inflammation response, ECM 

remodeling including collagen deposition and cross-linking were up-regulated during 

hypoxia; while the processes of anti-inflammation, ECM modulation and apoptosis 

were modulated in the reoxygenation step. Proteins related to important biological 

functions such as SerpinH1, Ppia, Attractin, EMC1, Postn, Thbs1 and Timp1 were 

found to be regulated by hypoxia and reoxygenation stresses. Taken together, by 

applying mass spectrometry-based quantitative proteomics approach, secreteome 

containing a large amount of novel secreted proteins from rat heart myoblast cells was 

identified; modulation on the secretome under hypoxia and reoxygenation was 

detected, which sheds light on the underlying mechanism and provides useful 

information for the follow-up investigation in the future. 

Material and methods 

Cell culture and conditioned medium 

Rat heart myoblast H9C2 was purchased from American Type Culture Collection 

(ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) containing 10% fetal bovine serum. After reaching 60% confluence, 

cells were adapted to serum deprivation by washing with PBS and then incubating in 

serum free DMEM for 6 hr. After 6 hr, the medium was aspirated and replaced by 
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fresh or hypoxic serum free DMEM generated by pumping in hypoxia gas (<0.1% O2, 

5% CO2) to exclude the dissolved oxygen. Conditioned media (CMs) were collected 

from H9C2 cells culture after 16 hr normoxia (21% O2, 5% CO2) or hypoxia (<0.1% 

O2, 5% CO2). For reoxygenation stressed conditioned medium, fresh DMEM was 

added in after having collected the hypoxia conditioned medium and incubated with 

the cells for additional 2 hr or 24 hr. The CMs were collected and centrifuged at 

500×g for 5 mins and then filtered by 0.2 μM filter. The filtered medium was 

concentrated by 10 kD Amicon Ultra-15 centrifugal filter units (Millipore, 

Carrigtwohill, Ireland). The concentrated CMs were then lyophilized to obtain the 

secreted proteins. 

In-gel digestion for secretome 

The freeze dried secreted protein sample was reconstituted in SDS running buffer and 

separated on SDS-PAGE gel followed by silver staining. The gel lane of each 

condition (normoxia, hypoxia and reoxygenation) was sliced separately into 6 pieces. 

The gel pieces were destained; trapped proteins were reduced by dithiothreitol (DTT) 

and alkylated by Iodoacetamide (IAA). Tryptic digestion was performed by using 

porcine trypsin (Sequencing Grade Modified, Promega, WI, USA) overnight. The 

tryptic peptides were extracted by 5% formic acid in 50% acetonitrile (ACN) and 

vacuum dried by speedvac. 

LC-MS/MS analysis 

Label free Each dried fraction was reconstituted in 100 μl of 0.1% formic acid and 

analyzed using an LTQ-FT Ultra mass spectrometer (Thermo Electron) coupled with a 

ProminenceTM HPLC unit (Shimadzu, JAPAN). For each analysis, samples was 
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injected from an autosampler (Shimadzu, JAPAN) and concentrated in a Zorbax 

peptide trap (Agilent, Palo Alto, CA, USA). The peptide separation was performed in 

a capillary column (200 μm inner diameter × 10 cm) packed with C18 AQ (5 μm 

particles, 300 Å pore size; Michrom Bioresources, Auburn, CA, USA). Mobile phase 

A (0.1% formic acid in H2O) and mobile phase B (0.1% formic acid in acetonitrile) 

were used to establish the 90 mins gradient comprising 3 mins of 0–5% B and then 52 

mins of 5–25% B followed by 19 mins of 25–80% B, maintenance at 80% B for 8 

mins, and final re-equilibration at 5% B for 8 mins. The HPLC system was operated at 

a constant flow rate of 30 μL mins-1, and a splitter was used to create a flow rate of 

~500 nL mins-1 at the electrospray emitter (Michrom Bioresources). Samples were 

injected into an LTQ-FT through an ADVANCETM CaptiveSprayTM source (Michrom 

Bioresources) with an electrospray potential of 1.5 kV. The gas flow was set at 2, ion 

transfer tube temperature was 180 °C, and collision gas pressure was 0.85 millitorr. 

The LTQ-FT was set to perform data acquisition in the positive ion mode as described 

previously95. Briefly, a full MS scan (350–1600 m/z range) was acquired in the FT-

ICR cell at a resolution of 100,000 and a maximum ion accumulation time of 1000 ms. 

The automatic gain control target for FT was set at 1e+06, and precursor ion charge 

state screening was activated. The linear ion trap was used to collect peptides and to 

measure peptide fragments generated by CID. The default automatic gain control 

setting was used (full MS target at 3.0e+04, MSn at 1e+04) in the linear ion trap. The 

10 most intense ions above a 500-count threshold were selected for fragmentation in 

CID (MS2), which was performed concurrently with a maximum ion accumulation 
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time of 200 ms. For CID, the activation Q was set at 0.25, isolation width (m/z) was 

2.0, activation time was 30 ms, and normalized collision energy was 35%. 

iTRAQ The protein samples were reduced by TCEP, alkylated with MMTS and 

digested with trypsin as previously reported93-94. The tryptic peptides of normoxia, 

hypoxia for 16 hrs, 2 hr and 24 hr reoxygenation after hypoxia were labeled with 114, 

115, 116 and 117 4-plex iTRAQ tags respectively. The iTRAQ labeling of peptide 

samples were performed using the iTRAQ reagent multiplex kit (Applied Biosystems, 

Foster City, CA, USA) according to manufacturer’s protocol.  Peptides were labeled 

with respective isobaric tags, were incubated for 2 h, then combined into a single 

sample and vacuum centrifuged to dryness. The vacuum dried samples were 

reconstituted in Buffer A (10 mM KH2PO4, 25% acetonitrile, pH 2.85) and iTRAQ 

labeled peptides were fractionated using a PolySULFOETHYL ATM SCX column 

(200 x 4.6 mm, 5 μm particle size, 200 Å pore size)  by an HPLC system (Shimadzu, 

Japan) at a flow rate of 1.0 ml min-1. The 50 mins HPLC gradient consisted of 100% 

buffer A (10 mM KH2PO4, 25% acetonitrile, pH 2.85) for 5 mins; 0-20% buffer B (10 

mM KH2PO4, 25% ACN, 500 mM KCl, pH 3.0) for 15 mins; 20-40% buffer B for 10 

mins; 40-100% buffer B for 5 mins followed by 100% buffer A for 10 mins. During 

sample fractionation, chromatograms were recorded at 214 nm. In total, 50 fractions 

were collected, concentrated to dryness using vacuum centrifuge, and then combined 

to 19 fractions according to the 214nm reading in the LC spectrum and reconstituted 

in 0.1% trifluroacetic acid and desalted with Sep-Pak Vac C18 cartridges (Waters, 

Milford, MA, USA). After desalting, samples were again concentrated to dryness 
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using vacuum centrifuge and reconstituted in 100 μL of 0.1% formic acid for LC-

MS/MS analysis.  

The mass spectrometric analysis of the iTRAQ labeled sample was performed using a 

Q-Star Elite mass spectrometer (Applied Biosystems; MDS-Sciex, USA), coupled 

with an online micro flow HPLC system (Shimadzu, JAPAN). Peptides were 

separated using a nanobored C18 column with a picofrit nanospray tip (75 μm ID x 15 

cm, 5 µm particles) (New Objectives, Wuburn, MA, USA).  The flow rate was 

maintained at 20 µL min-1 and the separation was performed with a splitter to get an 

effective flow rate of 0.2 µL min-1. The MS data were acquired in the positive ion 

mode with a selected mass range of 300-2000 m/z. Peptides in +2 to +4 charge states 

were selected for MS/MS. The three most abundantly charged peptides above a 10 

count threshold were selected for MS/MS and dynamically excluded for 30 sec with 

±30 mDa mass tolerance. Smart information-dependent acquisition (IDA) was 

activated with automatic collision energy and automatic MS/MS accumulation. The 

fragment intensity multiplier was set to 20 and the maximum accumulation time was 2 

sec. The peak areas of the iTRAQ reporter ions reflect the relative abundance of the 

proteins in the samples. 

Mass spectrometric data analysis 

Mascot data search The extract_msn (version 4.0) program found in Bioworks 

Browser 3.3 (Thermo Electron, Bremen, Germany) was used to extract tandem MS 

spectra in the dta format from the LTQ-FT ultra raw data. These dta files were then 

converted into the MASCOT generic file format using an in-house program. Intensity 

values and fragment ion m/z ratios were not manipulated. This data was used to obtain 
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protein identities by searching against the Refseq rat protein database (59026 

sequences) by means of an in-house MASCOT server (version 2.2.03) (Matrix 

Science, Boston, MA, USA), 59026 decoy sequences (reverse sequences) were 

included in the database to estimate the false discovery rate (FDR). The search was 

limited to a maximum of 2 missed trypsin cleavages; #13C of 2; mass tolerances of 15 

ppm for peptide precursors; and 0.8 Da mass tolerance for fragment ions. Fixed 

modification was carbamidomethylation at Cys residue(s), whereas variable 

modifications were oxidation at Met residue(s) and phosphorylation on Ser, Thr and 

Tyr residues. The searched results including the peptide summary and the protein 

summary were exported as Microsoft CSV files and DAT result files. FDR of the 

significantly identified peptides was controlled at below 1%.  

Label-free quantitation The SIN was calculated using the Mascot search result as 

previously described5. Briefly, SI that incorporates fragment ion intensity values with 

spectral count and peptide number for each protein was calculated. SI was then 

normalized by the sum of SI of each identified protein in the experiment and further 

normalized by the protein length. The fragment ion intensity of the spectrum that was 

assigned to a specific peptide was obtained from the MS2 section in the DAT mascot 

search result file by an in-house Ruby script through the spectrum title. The spectrums 

for SIN were selected from the spectra list with FDR below 1%. NSAF was calculated 

as previously described181-182 and emPAI measurement was automatically included in 

MASCOT183. 

iTRAQ data search The data acquisition was performed with the Analyst QS 2.0 

software (Applied Biosystems/MDS SCIEX). Protein identification and quantification 
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were performed using the ProteinPilot Software 3, Revision Number: 67476 (Applied 

Biosystems, Foster City, CA, USA). The Paragon algorithm in the ProteinPilot 

software was used for the peptide identification which was further processed by the 

Pro Group algorithm where isoform-specific quantification was adopted to trace the 

differences between expressions of various isoforms. User-defined parameters were as 

follows: (i) Sample Type, iTRAQ 4-plex (Peptide Labeled); (ii) Cysteine alkylation, 

MMTS; (iii) Digestion, Trypsin; (iv) Instrument, QSTAR Elite ESI; (v) Special 

factors, None; (vi) Species, None; (vii) Specify Processing, Quantitate; (viii) ID Focus, 

biological modifications, amino acid substitutions; (ix) Database, concatenated rat 

database (target: Refseq rat protein database 59026 sequences; 30608194 residues) 

and the corresponding reverse sequence (decoy: for FDR estimation); (x) Search effort, 

thorough. For iTRAQ quantitation, the peptide for quantification was automatically 

selected by the Pro Group algorithm to calculate the reporter peak area, error factor 

(EF) and P-value. The resulting data was auto bias-corrected to get rid of any 

variations imparted due to the unequal mixing when combining different labeled 

samples. During bias correction, the software identifies the median average protein 

ratio and corrects it to unity, and then applies this factor to all quantitation results. 

Bias correction is only performed when there are at least 20 proteins having an 

average ratio. If there are fewer than 20 proteins with ratios, the sample size is too 

small for the median to be meaningful and no bias correction is applied.  

Secreted protein determination Bioinformatics was employed to distinguish the 

secreted proteins and the contaminated cytoplasm protein as described in the previous 

studies184. The fasta format sequence information of the identified proteins was 
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submitted to web based bioinformatics tools SignalP185, TMHMM184, and 

SecretomeP186 to determine the probability of being secreted protein; only those with 

probability above a certain cutoff given by the tools count. Exocarta187, which is a 

database recording the proteins identified as secreted proteins from exosome in 

previous studies, was also used to match with the identified proteins in the present 

study. Text mining was employed to provide supporting information from 

publications. For all secreted proteins determined by SecretomeP tools, their gene IDs 

were used to query the NCBI gene2pubmed database. The pubmed ID related to a 

specific gene ID, which means the gene or protein was mentioned in the publication, 

was then collected and used to extract the abstract of the publication by the NCBI 

Esearch Entrez Utility7. A corpus containing the steamed vocabulary was constructed 

from the abstract by an in house Ruby script as described in the previous study6. 

Keywords including secretion, secreted, secreted protein, exosome, secretome were 

used to query the corpus. A hit indicates a publication related to the specific protein 

and the keywords mentioned in its abstract, which shows a higher probability that the 

protein may be associated with the keywords, e.g. secreted protein. The hit publication 

was then manually checked to confirm if the protein was treated as or identified as a 

secreted protein. The workflow is shown in figure 2. 
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Figure 2 The work flow of text mining 

Western blot  

Samples were dissolved in SDS-sample buffer and heated for 10 mins at 95 ºC prior to 

loading to the SDS-PAGE gel. After electrophoresis, proteins on gel were blotted onto 

a nitrocellulose membrane. The membrane was stained with Stip1, Serpinh1, Park7, 

VEGF, Ppia (Santa Cruz, CA, USA) and β-actin (Millipore, MA, USA). HRP 

conjugated anti-mouse/anti-rabit IgG (Dako, Denmark) was used as secondary 

antibody. 

Results and discussion 

Under hypoxia, one of the responding mechanisms is to increase the expression of a 

subset of hypoxia-induced genes. Vascular endothelial growth factor (VEGF) is one of 

the most remarkably up-regulated genes188. The VEGF promoter contains a hypoxic 

response element (HRE) that can bind the transcription factor, hypoxia-inducible 

factor-1α (HIF-1α), and initiate transcriptional activation of the VEGF gene189. In this 

study, secreted VEGF alteration under hypoxia and 24 reoxygenation hr was detected 

by Western blot. Significant up-regulation of VEGF during hypoxia was observed 

(Figure 3), which indicates the hypoxia response of the heart myoblast H9C2. 
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Figure 3 Secretion of VEGF from H9C2 conditioned medium measured by Western blot  

Western blot was employed to measure the alteration of VEGF from condition medium generated under normoxia, 

hypoxia and reoxygenation. No:Normoxia, Hy: Hypoxia, Re: Reoxygenation 

 

Rat myoblast secretome profiling 

The altered H9C2 secretome between normoxia, 16 hr hypoxia and 24 hr 

reoxygenation was first fractionated by 1D-gel followed by LC-MS/MS profiling, and 

quantified by the label-free based shotgun proteomics approach as well as by stable 

isotope labeling using the iTRAQ-based approach. The 1D-gel based MS data were 

searched by MASCOT. Peptide list was generated from the DAT result file and the 

FDR of the result was controlled to below 1%. Peptide lists were shown in the 

supplemental data. 8933, 8462, 10829 peptides were identified in normoxia, hypoxia 

and reoxygenation respectively and in total 2007 proteins were identified. For the 

iTRAQ experiment, 860 proteins were identified with FDR below 1%. All proteins 

were identified by at least 2 peptides with 95% confidence and the unused score was 

above 2.08(2.0 is equivalent to 99% confident protein identification) (peptide list and 

protein summary are in supplemental data). As protein variation under the 2 hr 
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reoxygenation condition was large and also has significant bias (iTRAQ: 0.7993 

comparing to normoxia), the data is not further analyzed in the iTRAQ dataset. 

To select high-confidence secreted proteins for further analysis, bioinformatics tools 

were employed to enrich the secreted proteins. Four methods were used; the signal 

peptide was identified by the SignalP algorithm, proteins with transmembrane helices 

cleaved and released into extracellular space were recognized by TMHMM, and 

SecretomeP was used to identify the non-classical secreted proteins i.e. not signal 

peptide triggered protein secretion. The proteins were also screened with the Exocarta 

database which records the experimentally detected exosome proteins. Combined the 

2007 proteins in the label free experiment with the 860 proteins in the iTRAQ 

experiment, 2165 proteins were identified in total. 1364 were recognized as secreted 

proteins by the 4 bioinformatics methods, of which 631 proteins were found in 

Exocarta, 540 proteins were found to have signal peptide at the N-terminus, 911 

proteins were predicted to be non-classical secreted proteins and transmembrane 

helices section was predicted in 288 proteins (Figure 4) (supplemental data). Some 

secreted proteins were identified by more than one bioinformatics tools. 
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Figure 4 Secreted proteins that were recognized by SignalP, SecretomeP, TMHMM and Exocarta 

 

To further provide supporting information to the secreted proteins, text mining 

technique was adopted to scan the publication that already identified these proteins in 

the extracellular fraction. Gene2pubmed database created at 2010 Jun 05 from NCBI 

was downloaded and used for abstract extraction. Steamed keyword “secret” stands 

for “secreted” or “secretion” was located in the abstract that was associated with 

specific proteins identified as non-classical secreted proteins in the present MS 

experiment. After manual checking, 10 proteins were found to be either treated as or 

identified as secreted proteins in the previous studies (Table 1).  

 

GI NUM GENE 
SYMBOL 

UNIPROT 
AC 

PUBMED 

GI|206597443 HSPD1 P63039 19527807 
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GI|8393910 PEBP1 P31044 10622376 
GI|293342925 NID1 P08460 10727019 
GI|126723582 THOP1 P24155 15955058 
GI|8394328 SOD1 P07632 17403136 
GI|29293813 NAMPT Q80Z29 20658215 
GI|13591985 MIF P30904 12297465 
GI|6981026 HMGB1 P63159 11954836 
GI|92373398 YBX1 P62961 19640841 
GI|13592047 RNPEP O09175 3001599 

 

Table 1 The secreted proteins supported by the text mining result 

The secreted proteins that recognized by SecretomeP algorithm only were subject to text mining to provide 

supportive information from previous study. 10 proteins were located in the abstract of previous published papers 

and confirmed to be used or considered as secreted protein in these researches. The PubMed column is the 

according PubMed number of the papers. 

  

Secretion of chaperonin 60 (HSPD1) was shown to be stimulated by IL-1β and TNF-α 

in osteoclasts190. Phosphatidylethanolamine-binding protein 1 (PEBP1) was identified 

as a secreted protein released by adult rat hippocampal progenitor cells in a previous 

2-DE coupled mass spectrometry experiment191. In the study conducted by Lutz 

Konrad et al, Nidogen-1 (NID1) was found to be exclusively produced and secreted 

by mesenchymal peritubular cells, and affected adhesion of peritubular cells in an 

autocrine manner192. The antioxidant enzyme CuZn superoxide dismutase (SOD1) 

was usually considered as a cytoplasmic protein, but it was also found to be secreted 

correlating with the depolarization-dependent calcium influx, in which may involve 

the soluble N-Ethyl maleimide-sensitive factor attachment protein receptor 

(SNARE)193. In a previous study, nicotinamide phosphoribosyltransferase (NAMPT) 

was found to be secreted by L6 rat skeletal muscle cell culture medium, indicating that 

it was secreted from skeletal muscle cells, supporting the view that it may be a 
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myokine194. For the rest of the proteins, it may be the first time for those proteins to be 

identified in the secretome fraction; therefore no literature supports were found.  

SIN label-free quantification was applied on the 1D gel based MS experiment. The SIN 

value of each protein was calculated according to the method described by Griffin et 

al5. The SIN is a value normalized by protein length and sum of abundance index of 

each protein in the experiment hence the relative abundance of the specific protein can 

be estimated. Alteration on abundance of a specific protein was estimated by 

comparing the relative abundance across different experiments; abundance 

distribution of the secretome was achieved by plotting the SIN of each protein.  

The rat myoblast H9C2 secretome including 1404 proteins generated in 16 hr 

normoxia was profiled by applying the SIN calculation. As shown in figure 5, in which 

proteins were grouped by percentage abundance level, high-abundant proteins that 

account for only 12.5% of the identified protein number contribute to about 84.2% of 

the total abundance. Apart from the 3 proteins (Enolase 3, Eno1 protein-like, Actin, 

Gamma 1 propeptide-like) that were not identified as secreted protein by 

bioinformatics tools and text mining, the 16 high-abundant proteins in the first 

abundance groups were all recognized as secreted proteins. A set of proteomics data 

from H9C2 cytosol proteins under normoxia condition was used to estimate the 

protein abundance distribution of intracellular proteome (supplemental data). SIN of 

each protein was calculated and compared with the secretome data (Figure 6). As 

shown by the figure, the variation on abundance between the normoxia secretome and 

the cytosol proteome indicates the intrinsic functional difference and also the limited 

cytosolic protein contamination. The comparisons of protein abundance distribution 
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between the hypoxia secretome and the cytosol proteome, the reoxygenation 

secretome and the cytosol proteome were shown in supplemental data, significant 

difference were also found in these two comparisons. 

 

 

Figure 5 Distribution of the secreted protein abundance and the protein number 

The distribution of accumulated secreted protein abundance and the accumulated protein number of each 

percentage abundance group were plot as tornado chart. The left side of the chart is the accumulated abundance; 

the right side is the accumulated protein number, which is represented as percentage. 
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Figure 6 Abundance distribution: Secretome versus cytosolic proteome 

The abundance of each secreted protein and cytosolic protein were plotted against the protein length as tornado 

chart. The abundance level of each protein was represented as percentage of the sum of abundance.  
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Quantification of the secretome under hypoxia/reoxygenation stress   

Within the 860 quantified proteins in the iTRAQ experiment, 130 proteins were found 

to have significant changes (P<0.05) on abundance level under hypoxia (ratio 

115/114): 87 proteins decreased and 43 proteins increased. The abundance level of 

106 proteins significantly altered under 24 hr reoxygenation (ratio 117/114, P<0.05): 

27 proteins decreased and 79 proteins increased. 

For the label-free experiment, the difference in abundance between normoxia, 16 hr 

hypoxia and 24 hr reoxygenation was expressed as a ratio of SIN in hypoxia versus SIN 

in normoxia or SIN in reoxygenation versus SIN in normoxia. If the protein was not 

identified in either condition, the according ratio is set as N/A. In the case where a 

protein was identified in normoxia but not in hypoxia or reoxygenation, the abundance 

change is deemed as decrease; and if the protein was not identified in normoxia but in 

hypoxia or reoxygenation, the abundance change is deemed as increase. Besides SIN, 

another two label-free quantitation methods, spectrum counting (NSAF)195 and 

emPAI196 were also applied to provide quantitative information for the 1D-gel based 

MS result (Supplemental data).  

The label-free dataset was compared with the iTRAQ dataset to select the proteins 

with similar alteration trend in both experiments. Each label-free method is based on 

different algorithm and has its own pros and cons, hence in present study, proteins 

with any two or more label-free measurements that are similar to the significant 

iTRAQ ratio (P<0.05) were selected for further analysis (Table 2, 3 and supplemental 

data). In total, 74 and 59 secreted proteins show similar trend on abundance alteration 
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in the label-free and the iTRAQ experiments under hypoxia and reoxygenation, 

respectively. 



110 
 

GI GENESYMB
OL 

CTRL_EM
PAI 

HY_EMP
AI 

HY/CTRL_EM
PAI 

CTRL_NS
AF 

HY_NS
AF 

HY/CTRL_N
SAF 

CTL_SI
N 

HY_SI
N 

HY/CTRL_
SIN 

HY/CTRL_IT
RAQ 

P-
VALUE_ITR

AQ 
GI|145386

553 PROS1 0.04 NA NA 3.08E-04 0.00E+0
0 0.00 7.22E-

07 NA NA 0.60 1.96E-02 

GI|293354
593 

LOC1003609
50 NA NA NA 1.24E-03 3.35E-

04 0.27 2.23E-
06 

5.37E-
07 0.24 0.63 1.56E-02 

GI|157820
087 HMG1L1 NA NA NA 8.34E-04 6.01E-

04 0.72 1.23E-
06 

9.95E-
07 0.81 0.63 7.46E-03 

GI|519483
84 PA2G4 0.44 0.08 0.18 4.53E-04 4.08E-

04 0.90 9.03E-
07 

4.30E-
07 0.48 0.67 8.31E-04 

GI|289334
57 GSTM2 1.07 0.83 0.78 6.82E-04 5.90E-

04 0.87 3.01E-
06 

8.30E-
07 0.28 0.67 2.02E-02 

GI|402547
52 PGK1 1.34 0.89 0.66 1.71E-03 1.16E-

03 0.68 1.26E-
05 

4.84E-
06 0.39 0.70 4.77E-05 

GI|157820
325 CSE1L 0.16 0.06 0.38 2.45E-04 6.62E-

05 0.27 9.55E-
08 

5.84E-
08 0.61 0.72 5.58E-03 

GI|560905
50 GSTO1 0.4 0.25 0.63 3.70E-04 2.67E-

04 0.72 1.35E-
06 

5.84E-
07 0.43 0.74 9.09E-03 

GI|203021
13 STIP1 0.29 0.16 0.55 3.83E-04 1.78E-

04 0.46 4.56E-
07 

1.91E-
07 0.42 0.75 1.28E-05 

GI|620788
93 UBA1 0.42 0.15 0.36 4.22E-04 1.52E-

04 0.36 3.66E-
07 

1.42E-
07 0.39 0.76 2.25E-04 

GI|698123
6 MYH9 0.39 0.35 0.90 7.88E-04 6.56E-

04 0.83 1.13E-
06 

9.57E-
07 0.85 0.78 3.18E-05 

GI|293346
337 RRBP1 0.06 NA NA 4.09E-05 2.21E-

05 0.54 3.67E-
08 

5.95E-
09 0.16 0.78 4.19E-04 

GI|774043
63 NAP1L1 0.23 0.07 0.30 4.56E-04 1.65E-

04 0.36 1.77E-
06 

2.47E-
07 0.14 0.79 4.40E-04 

GI|109468
300 ENO1-PS1 5.19 4.19 0.81 1.05E-02 1.02E-

02 0.98 8.20E-
05 

5.62E-
05 0.69 0.80 4.38E-03 

GI|297892
99 XPO1 0.44 0.17 0.39 4.16E-04 2.10E-

04 0.50 5.16E-
07 

1.92E-
07 0.37 0.80 4.81E-07 

GI|506573
80 CLIC1 0.59 0.41 0.69 7.40E-04 4.00E-

04 0.54 1.23E-
06 

2.34E-
07 0.19 0.80 4.50E-02 

GI|157821
465 CARS 0.12 0.08 0.67 2.39E-04 8.60E-

05 0.36 4.25E-
07 

2.16E-
07 0.51 0.81 1.67E-02 

GI|839287
8 AHCY 0.49 0.3 0.61 4.13E-04 3.72E-

04 0.90 7.02E-
07 

4.49E-
07 0.64 0.82 5.15E-03 

GI|182667
26 PAICS 0.22 0.14 0.64 2.10E-04 1.51E-

04 0.72 2.31E-
07 

1.28E-
07 0.55 0.83 4.49E-02 

GI|157786
848 CCT8 0.9 0.69 0.77 1.26E-03 1.04E-

03 0.82 2.20E-
06 

1.87E-
06 0.85 0.83 2.11E-02 
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GI|839338
1 G6PD 0.31 NA NA 3.46E-04 1.25E-

04 0.36 5.53E-
07 

5.85E-
08 0.11 0.83 1.33E-02 

GI|167581
58 UFD1L 0.1 NA NA 9.69E-05 0.00E+0

0 0.00 1.06E-
07 NA NA 0.83 2.14E-02 

GI|710436
04 SEC22B 0.13 NA NA 1.38E-04 0.00E+0

0 0.00 1.41E-
07 NA NA 0.84 1.03E-02 

GI|839391
0 PEBP1 1.45 0.56 0.39 1.11E-03 5.16E-

04 0.46 7.81E-
06 

3.06E-
06 0.39 0.84 3.20E-02 

GI|839341
8 GAPDH 0.85 0.55 0.65 1.16E-03 6.76E-

04 0.58 3.00E-
06 

2.59E-
06 0.86 0.86 9.00E-03 

GI|293342
268 IPO5 0.56 0.45 0.80 5.22E-04 5.08E-

04 0.97 1.67E-
06 

1.35E-
06 0.81 0.86 9.34E-04 

GI|544007
30 CCT2 0.95 0.47 0.49 9.45E-04 5.41E-

04 0.57 1.84E-
06 

6.28E-
07 0.34 0.87 1.10E-02 

GI|557418
23 TARS 0.08 NA NA 4.28E-05 0.00E+0

0 0.00 6.62E-
08 NA NA 0.87 3.18E-02 

GI|776279
71 PGM1 0.77 0.44 0.57 5.29E-04 4.01E-

04 0.76 6.36E-
07 

5.17E-
07 0.81 0.87 3.05E-02 

GI|210032
529 IQGAP1 0.15 0.09 0.60 2.87E-04 1.16E-

04 0.41 1.66E-
07 

1.44E-
07 0.87 0.87 4.04E-03 

GI|839361
0 KPNB1 0.48 0.34 0.71 7.48E-04 3.68E-

04 0.49 7.23E-
07 

4.26E-
07 0.59 0.88 5.18E-03 

GI|615569
67 EEF1D 0.19 0.09 0.47 3.20E-04 1.48E-

04 0.46 4.73E-
07 

1.47E-
07 0.31 0.88 3.66E-02 

GI|205360
969 VPS35 0.23 0.11 0.48 2.61E-04 1.62E-

04 0.62 2.75E-
07 

1.88E-
07 0.68 0.89 2.51E-02 

GI|588659
12 NAP1L4 0.34 0.16 0.47 4.62E-04 1.67E-

04 0.36 6.04E-
07 

1.07E-
07 0.18 0.90 2.34E-02 

GI|571639
91 CAPZA2 0.47 0.33 0.70 4.16E-04 3.37E-

04 0.81 4.57E-
07 

2.74E-
07 0.60 0.90 4.29E-02 

GI|148491
097 DYNC1H1 0.07 0.02 0.29 6.40E-05 2.77E-

05 0.43 7.64E-
08 

3.93E-
08 0.51 0.90 4.57E-02 

GI|297747
330 IGF2 0.34 0.16 0.47 3.11E-04 1.68E-

04 0.54 1.49E-
06 

2.14E-
07 0.14 0.93 4.88E-02 

GI|181584
49 COPB1 0.2 0.09 0.45 2.50E-04 1.35E-

04 0.54 2.52E-
07 

1.40E-
07 0.55 0.93 5.83E-03 

GI|167583
48 PRDX6 0.88 0.66 0.75 7.96E-04 5.74E-

04 0.72 1.56E-
06 

9.47E-
07 0.61 0.94 2.48E-02 

GI|197386
807 FLNA 1.13 1.31 1.16 1.97E-03 2.79E-

03 1.42 5.45E-
06 

7.73E-
06 1.42 1.07 8.93E-03 

GI|167587
80 OPLAH 0.02 0.1 5.00 2.31E-05 1.25E-

04 5.41 1.38E-
08 

2.57E-
07 18.61 1.10 4.17E-02 

GI|218931
161 PLOD2 0.08 0.16 2.00 1.57E-04 1.70E-

04 1.08 1.25E-
07 

2.99E-
07 2.40 1.12 3.24E-02 
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GI|157951
709 CASQ2 1.22 1.54 1.26 4.97E-03 6.62E-

03 1.33 2.71E-
05 

3.32E-
05 1.23 1.12 1.63E-02 

GI|588656
70 BTD NA 0.24 NA 5.71E-05 3.09E-

04 5.41 3.51E-
07 

8.03E-
07 2.29 1.15 1.22E-02 

GI|293597
511 VLDLR 0.17 0.21 1.24 2.72E-04 4.05E-

04 1.49 1.81E-
07 

3.90E-
07 2.15 1.15 4.75E-02 

GI|109498
802 HMCN1 0.11 0.13 1.18 1.11E-04 1.71E-

04 1.55 1.32E-
07 

5.02E-
07 3.79 1.17 8.32E-04 

GI|158081
739 B4GALT1 0.07 0.24 3.43 7.45E-05 2.42E-

04 3.25 6.12E-
08 

3.38E-
07 5.52 1.18 1.87E-02 

GI|109482
461 LOC686567 0.02 0.03 1.50 8.60E-05 1.12E-

04 1.30 1.53E-
07 

4.35E-
07 2.84 1.19 2.05E-02 

GI|402547
85 LAMP2 0.15 0.23 1.53 2.17E-04 3.91E-

04 1.80 1.89E-
07 

5.24E-
07 2.77 1.22 2.24E-02 

GI|281306
744 ODZ3 0.07 0.09 1.29 5.48E-05 9.48E-

05 1.73 4.71E-
08 

1.54E-
07 3.28 1.23 4.13E-02 

GI|157820
855 COL8A1 NA 0.14 NA 4.00E-05 1.73E-

04 4.33 6.01E-
08 

4.67E-
07 7.76 1.25 2.23E-02 

GI|111207
10 COL5A3 NA 0.04 NA 1.71E-05 5.55E-

05 3.25 3.38E-
08 

9.31E-
08 2.76 1.28 4.97E-02 

GI|293342
552 COL4A2 0.06 0.12 2.00 5.26E-05 1.14E-

04 2.16 5.35E-
08 

1.22E-
07 2.28 1.28 4.95E-02 

GI|109505
096 NID1 1.14 1.35 1.18 3.22E-03 4.80E-

03 1.49 1.33E-
05 

2.02E-
05 1.53 1.29 3.24E-02 

GI|557427
13 ECM1 0.05 0.1 2.00 1.06E-04 1.14E-

04 1.08 1.54E-
07 

4.41E-
07 2.86 1.30 3.24E-02 

GI|198278
496 C1R 0.54 0.54 1.00 6.73E-04 1.00E-

03 1.49 1.13E-
06 

2.29E-
06 2.03 1.31 3.56E-04 

GI|839305
7 SERPINH1 1.43 1.99 1.39 2.07E-03 2.24E-

03 1.08 7.64E-
06 

9.17E-
06 1.20 1.34 1.04E-03 

GI|137861
96 ATRN 0.06 0.08 1.33 6.23E-05 1.12E-

04 1.80 6.18E-
08 

3.52E-
07 5.69 1.37 6.86E-03 

GI|588658
20 LOXL1 0.1 0.21 2.10 1.47E-04 2.12E-

04 1.44 3.11E-
07 

4.30E-
07 1.39 1.47 6.28E-04 

GI|991021
4 EIF5 0.07 0.07 1.00 2.08E-04 7.50E-

05 0.36 1.76E-
07 

5.08E-
08 0.29 0.77 1.85E-02 

GI|119939
54 METAP2 NA NA NA 6.19E-05 0.00E+0

0 0.00 1.54E-
08 NA NA 0.77 3.27E-02 

GI|615570
28 TAGLN2 2.03 2.48 1.22 1.64E-03 1.29E-

03 0.79 3.69E-
06 

3.67E-
06 1.00 0.78 4.61E-04 

GI|114145
515 PKN3 NA NA NA 2.17E-04 6.71E-

05 0.31 3.18E-
07 

6.25E-
08 0.20 0.80 4.68E-03 

GI|629901
89 HNRNPR 0.09 0.14 1.56 1.41E-04 1.02E-

04 0.72 1.20E-
07 

3.03E-
08 0.25 0.81 3.93E-02 
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GI|116931
42 PCNA 0.72 0.72 1.00 1.03E-03 8.63E-

04 0.84 1.14E-
06 

9.00E-
07 0.79 0.82 8.34E-03 

GI|557428
27 ARHGDIA 0.95 0.95 1.00 1.17E-03 9.46E-

04 0.81 9.20E-
06 

4.62E-
06 0.50 0.84 7.08E-04 

GI|839298
3 BGN 1.48 1.48 1.00 4.35E-03 3.49E-

03 0.80 2.69E-
05 

1.97E-
05 0.73 0.85 1.23E-02 

GI|944007
90 HSPB1 1.27 1.6 1.26 1.31E-03 1.26E-

03 0.96 6.31E-
06 

3.06E-
06 0.49 0.87 1.39E-02 

GI|293356
422 DDB1 NA NA NA 6.52E-04 3.39E-

04 0.52 8.54E-
07 

7.05E-
07 0.83 0.87 1.65E-03 

GI|167589
20 CAND1 0.63 0.75 1.19 9.43E-04 8.63E-

04 0.92 3.02E-
06 

2.97E-
06 0.98 0.87 8.75E-04 

GI|932771
26 MFGE8 NA NA NA 1.48E-03 1.33E-

03 0.90 4.42E-
06 

2.15E-
06 0.49 0.92 3.84E-02 

GI|135406
99 NRP2 0.06 0.06 1.00 1.93E-04 2.09E-

04 1.08 2.65E-
07 

2.81E-
07 1.06 1.10 3.68E-02 

GI|167586
78 PLOD1 0.12 0.12 1.00 1.23E-04 1.77E-

04 1.44 1.83E-
07 

3.56E-
07 1.95 1.12 2.40E-03 

GI|300795
821 FREM1 NA NA NA 5.38E-05 5.82E-

05 1.08 4.87E-
08 

1.56E-
07 3.20 1.12 2.78E-02 

GI|110625
641 FAM65B NA NA NA 9.08E-05 1.96E-

04 2.16 2.03E-
07 

1.17E-
06 5.80 1.18 2.19E-03 

GI|281371
499 COL5A2 0.3 0.22 0.73 3.97E-04 4.51E-

04 1.14 4.93E-
07 

9.23E-
07 1.87 1.20 4.73E-04 

GI|293361
231 COL12A1 NA NA NA 3.72E-04 3.92E-

04 1.05 4.18E-
07 

1.09E-
06 2.60 1.26 2.85E-09 

GI|523453
85 PDIA6 0.48 0.3 0.63 4.01E-04 4.34E-

04 1.08 7.39E-
07 

1.15E-
06 1.55 1.26 1.80E-02 

GI|424761
16 FBLN5 0.36 0.2 0.56 5.31E-04 9.33E-

04 1.76 2.23E-
06 

4.22E-
06 1.90 1.27 1.51E-04 

GI|698132
4 P4HB 2.06 1.31 0.64 1.81E-03 2.09E-

03 1.15 5.71E-
06 

5.75E-
06 1.01 1.33 4.50E-03 

GI|709123
66 ACTR3 0.6 0.49 0.82 7.11E-04 5.39E-

04 0.76 1.43E-
06 

1.59E-
06 1.12 0.85 2.74E-02 

GI|486758
45 ATIC 0.28 0.22 0.79 2.51E-04 2.72E-

04 1.08 2.21E-
07 

1.50E-
07 0.68 0.89 2.72E-02 

GI|119681
26 PPIB 0.73 0.51 0.70 7.15E-04 6.19E-

04 0.87 1.13E-
06 

1.42E-
06 1.26 0.91 4.11E-02 

GI|120182
52 TKT 0.2 0.09 0.45 1.82E-04 2.95E-

04 1.62 1.80E-
07 

1.63E-
07 0.90 0.92 3.19E-02 

GI|950649
7 CLTC 0.63 0.45 0.71 6.57E-04 5.18E-

04 0.79 1.00E-
06 

1.09E-
06 1.09 0.93 1.51E-02 

GI|210032
365 HSP90B1 0.74 0.93 1.26 1.37E-03 1.44E-

03 1.05 4.38E-
06 

4.21E-
06 0.96 1.14 3.61E-03 
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GI|257427
63 HSPA5 0.36 0.49 1.36 7.27E-04 5.90E-

04 0.81 1.39E-
06 

1.68E-
06 1.21 1.16 1.06E-03 

 

Table 2 The significantly regulated proteins during 16 hr hypoxia detected by label free and iTRAQ 

 Proteins with similar trend in two or more label free measurements to iTRAQ ratio were considered as significantly regulated. 

 

GI GENESYMB
OL 

CTRL_EM
PAI 

RE_EMP
AI 

RE/CTRL_EM
PAI 

CTRL_NS
AF 

RE_NS
AF 

RE/CTRL_N
SAF 

CTL_S
IN 

RE_SI
N 

RE/CTRL_
SIN 

RE/CTRL_ITR
AQ 

P-
VALUE_ITR

AQ 
GI|281306

746 TFRC 0.12 0.08 0.67 1.56E-04 5.27E-
05 0.34 2.24E-

07 
8.73E-

08 0.39 0.72 3.03E-03 

GI|178653
51 VCP 0.48 0.24 0.50 6.27E-04 2.49E-

04 0.40 8.06E-
07 

5.20E-
07 0.64 0.73 5.55E-03 

GI|157951
709 CASQ2 1.22 1.08 0.89 4.97E-03 2.67E-

03 0.54 2.71E-
05 

1.75E-
05 0.64 0.76 9.27E-05 

GI|283957
95 MASP1 0.08 NA NA 1.69E-04 0.00E+0

0 0.00 2.46E-
07 NA NA 0.76 1.82E-02 

GI|167586
66 TIMP1 1.16 1.79 1.54 1.64E-03 1.29E-

03 0.79 1.21E-
05 

1.08E-
05 0.90 0.76 3.84E-02 

GI|932771
26 MFGE8 NA NA NA 1.48E-03 6.64E-

04 0.45 4.42E-
06 

1.72E-
06 0.39 0.79 4.70E-03 

GI|588658
20 LOXL1 0.1 NA NA 1.47E-04 0.00E+0

0 0.00 3.11E-
07 NA NA 0.80 9.29E-03 

GI|297889
94 TMEM132A 0.12 0.09 0.75 8.74E-05 5.89E-

05 0.67 1.38E-
07 

1.07E-
07 0.78 0.81 1.87E-02 

GI|135406
99 NRP2 0.06 0.1 1.67 1.93E-04 8.67E-

05 0.45 2.65E-
07 

1.29E-
07 0.49 0.81 2.04E-02 

GI|139287
44 TAGLN 8.1 5.01 0.62 3.70E-03 2.89E-

03 0.78 1.38E-
05 

1.28E-
05 0.93 0.83 6.93E-03 

GI|464854
29 GLO1 0.56 0.56 1.00 4.85E-04 3.27E-

04 0.67 4.45E-
07 

3.66E-
07 0.82 0.84 1.66E-02 

GI|464855
01 CDH15 0.4 0.21 0.53 4.93E-04 1.53E-

04 0.31 2.14E-
06 

1.25E-
06 0.58 0.84 9.13E-04 

GI|697872
3 CTSL1 0.94 0.65 0.69 9.79E-04 7.80E-

04 0.80 2.52E-
06 

1.67E-
06 0.66 0.85 2.59E-02 
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GI|281371
499 COL5A2 0.3 0.07 0.23 3.97E-04 1.61E-

04 0.40 4.93E-
07 

5.02E-
08 0.10 0.87 3.76E-04 

GI|274368
61 APP 0.08 0.08 1.00 2.32E-04 1.04E-

04 0.45 5.32E-
07 

2.09E-
07 0.39 0.87 2.74E-02 

GI|197333
870 NID2 0.23 0.18 0.78 4.90E-04 2.01E-

04 0.41 8.13E-
07 

3.30E-
07 0.41 0.88 9.12E-03 

GI|114145
515 PKN3 NA NA NA 2.17E-04 4.18E-

05 0.19 3.18E-
07 

7.93E-
08 0.25 0.89 3.05E-02 

GI|135406
22 GPC1 1.51 1.38 0.91 3.41E-03 2.55E-

03 0.75 2.42E-
05 

1.11E-
05 0.46 0.91 1.34E-03 

GI|209954
804 PLS3 1.57 1.25 0.80 1.56E-03 1.05E-

03 0.67 3.29E-
06 

3.74E-
06 1.13 0.94 2.46E-02 

GI|839408
2 PSMB3 0.31 0.71 2.29 4.35E-04 7.82E-

04 1.80 6.15E-
07 

2.07E-
06 3.37 1.05 4.06E-02 

GI|167585
70 CDC37 NA 0.15 NA 0.00E+00 1.06E-

04 NA NA 2.13E-
07 NA 1.06 3.73E-02 

GI|222088
48 RUVBL1 0.13 0.13 1.00 6.52E-05 1.32E-

04 2.02 3.75E-
08 

1.63E-
07 4.35 1.07 3.59E-02 

GI|615568
32 APRT 1.57 3.12 1.99 1.49E-03 1.89E-

03 1.27 5.18E-
06 

4.73E-
06 0.91 1.07 4.72E-02 

GI|169239
98 HNRNPK 0.21 0.28 1.33 2.57E-04 3.90E-

04 1.52 4.81E-
07 

7.37E-
07 1.53 1.08 2.66E-02 

GI|300797
978 FLNC NA NA NA 7.20E-04 8.16E-

04 1.13 1.29E-
06 

1.65E-
06 1.27 1.09 1.22E-03 

GI|629453
66 PURB NA 0.1 NA 0.00E+00 6.36E-

05 NA NA 4.86E-
09 NA 1.11 3.92E-02 

GI|167589
20 CAND1 0.63 0.84 1.33 9.43E-04 8.80E-

04 0.93 3.02E-
06 

3.34E-
06 1.11 1.12 6.16E-03 

GI|839287
8 AHCY 0.49 0.59 1.20 4.13E-04 5.57E-

04 1.35 7.02E-
07 

1.24E-
06 1.77 1.12 2.22E-02 

GI|205360
969 VPS35 0.23 0.37 1.61 2.61E-04 2.27E-

04 0.87 2.75E-
07 

3.77E-
07 1.37 1.12 3.20E-02 

GI|167587
12 PDIA4 0.09 0.19 2.11 9.25E-05 2.81E-

04 3.03 6.02E-
08 

1.38E-
07 2.29 1.12 4.19E-02 

GI|315437
64 SPTAN1 0.51 0.76 1.49 5.41E-04 7.87E-

04 1.45 7.42E-
07 

1.48E-
06 2.00 1.13 1.56E-05 

GI|518542
27 GSN 0.16 0.25 1.56 1.91E-04 1.80E-

04 0.94 2.82E-
07 

3.84E-
07 1.36 1.14 2.46E-02 

GI|839329
6 EEF2 1.92 2.69 1.40 4.33E-03 3.39E-

03 0.78 1.09E-
05 

1.25E-
05 1.15 1.14 3.15E-03 

GI|615570
85 SPTBN1 0.19 0.31 1.63 2.14E-04 3.40E-

04 1.59 2.41E-
07 

4.75E-
07 1.97 1.14 1.22E-02 

GI|257426
26 AIFM1 NA 0.05 NA 0.00E+00 3.28E-

05 NA NA 5.87E-
08 NA 1.14 2.79E-02 
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GI|615568
35 THBS1 0.24 0.27 1.13 5.08E-04 4.63E-

04 0.91 1.01E-
06 

1.60E-
06 1.58 1.15 2.71E-02 

GI|157817
857 COL6A3 0.14 0.22 1.57 1.48E-04 1.82E-

04 1.23 9.82E-
08 

2.74E-
07 2.79 1.15 1.66E-02 

GI|626522
78 LRP1 0.06 0.11 1.83 9.81E-05 1.41E-

04 1.44 2.18E-
07 

3.21E-
07 1.48 1.17 3.52E-02 

GI|208022
685 IARS NA 0.07 NA 0.00E+00 4.77E-

05 NA NA 6.23E-
08 NA 1.17 7.21E-04 

GI|157818
975 FLNB 0.11 0.23 2.09 3.23E-04 4.59E-

04 1.42 7.43E-
07 

9.63E-
07 1.30 1.17 4.50E-04 

GI|839338
1 G6PD 0.31 0.38 1.23 3.46E-04 3.11E-

04 0.90 5.53E-
07 

1.43E-
06 2.58 1.17 2.23E-02 

GI|839407
2 PSMA5 0.81 0.61 0.75 4.94E-04 4.99E-

04 1.01 7.04E-
07 

8.67E-
07 1.23 1.17 3.43E-02 

GI|400186
16 CCT3 0.23 0.6 2.61 2.18E-04 5.15E-

04 2.36 4.53E-
07 

1.51E-
06 3.34 1.18 2.29E-04 

GI|281332
151 ROBO2 NA 0.04 NA 0.00E+00 2.65E-

05 NA NA 9.00E-
09 NA 1.19 1.91E-02 

GI|698139
6 PRKAR1A NA 0.16 NA 7.80E-05 1.05E-

04 1.35 5.45E-
08 

3.38E-
08 0.62 1.19 6.32E-03 

GI|776279
71 PGM1 0.77 0.77 1.00 5.29E-04 7.85E-

04 1.48 6.36E-
07 

1.07E-
06 1.68 1.19 1.69E-02 

GI|774043
95 SND1 0.06 0.21 3.50 6.54E-05 1.54E-

04 2.36 6.56E-
08 

2.07E-
07 3.15 1.20 6.91E-03 

GI|557418
23 TARS 0.08 0.13 1.63 4.28E-05 8.65E-

05 2.02 6.62E-
08 

1.38E-
07 2.09 1.21 1.91E-02 

GI|293352
109 

LOC1003605
07 NA NA NA 2.15E-04 5.79E-

04 2.70 6.04E-
07 

1.80E-
06 2.98 1.21 4.09E-02 

GI|109468
300 ENO1-PS1 5.19 4.19 0.81 1.05E-02 1.24E-

02 1.19 8.20E-
05 

1.15E-
04 1.40 1.21 1.96E-02 

GI|148491
097 DYNC1H1 0.07 0.08 1.14 6.40E-05 5.61E-

05 0.88 7.64E-
08 

8.62E-
08 1.13 1.22 1.09E-03 

GI|950724
3 YWHAB 0.95 2.82 2.97 1.93E-03 3.34E-

03 1.73 4.99E-
06 

1.09E-
05 2.19 1.22 4.35E-02 

GI|157823
757 POSTN 2.72 3.6 1.32 5.14E-03 4.11E-

03 0.80 1.89E-
05 

3.21E-
05 1.69 1.22 1.06E-03 

GI|292938
11 SERPINF1 0.98 1.8 1.84 1.49E-03 1.63E-

03 1.09 4.01E-
06 

3.87E-
06 0.97 1.23 1.93E-02 

GI|139291
68 FAT1 0.06 0.12 2.00 5.83E-05 8.74E-

05 1.50 4.95E-
08 

1.57E-
07 3.18 1.25 3.08E-02 

GI|839400
9 PPIA 8.24 17.31 2.10 3.63E-03 4.89E-

03 1.35 1.21E-
05 

3.14E-
05 2.59 1.26 3.01E-02 
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GI|698123
6 MYH9 0.39 0.55 1.41 7.88E-04 6.75E-

04 0.86 1.13E-
06 

1.85E-
06 1.65 1.27 9.29E-04 

GI|402547
81 GDI2 1.12 1.72 1.54 1.80E-03 2.07E-

03 1.15 3.15E-
06 

4.18E-
06 1.32 1.30 9.66E-04 

GI|157818
047 PTK7 0.2 0.3 1.50 1.15E-04 3.36E-

04 2.92 4.30E-
07 

1.84E-
06 4.29 1.30 4.18E-03 

GI|597094
67 CAP1 0.54 0.74 1.37 7.53E-04 7.61E-

04 1.01 2.67E-
07 

1.69E-
06 6.35 1.30 1.86E-03 

GI|464854
40 GPI 1.63 2.39 1.47 1.39E-03 2.05E-

03 1.48 6.02E-
06 

1.40E-
05 2.32 1.31 3.10E-04 

GI|293597
511 VLDLR 0.17 0.29 1.71 2.72E-04 3.44E-

04 1.26 1.81E-
07 

7.54E-
07 4.15 1.34 3.45E-03 

GI|157824
103 GLB1 0.14 0.24 1.71 1.38E-04 1.55E-

04 1.12 1.44E-
07 

2.96E-
07 2.06 1.36 2.83E-02 

GI|697848
7 ALDOA 3.57 5.82 1.63 6.21E-03 7.76E-

03 1.25 2.76E-
05 

5.99E-
05 2.17 1.37 5.87E-03 

GI|260239
49 ENO2 0.96 1.39 1.45 4.18E-03 6.51E-

03 1.56 2.67E-
05 

5.46E-
05 2.05 1.43 3.62E-02 

GI|839298
3 BGN 1.48 2.35 1.59 4.35E-03 4.83E-

03 1.11 2.69E-
05 

3.10E-
05 1.15 1.45 7.53E-05 

GI|117935
064 TPI1 2.98 7.92 2.66 2.15E-03 6.44E-

03 3.00 1.44E-
05 

3.83E-
05 2.66 1.59 7.48E-03 

GI|402547
52 PGK1 1.34 2.34 1.75 1.71E-03 2.16E-

03 1.26 1.26E-
05 

2.59E-
05 2.06 1.64 3.16E-10 

GI|839341
8 GAPDH 0.85 1.21 1.42 1.16E-03 1.63E-

03 1.40 3.00E-
06 

8.31E-
06 2.77 1.75 6.92E-03 

GI|218931
161 PLOD2 0.08 0.25 3.13 1.57E-04 2.64E-

04 1.69 1.25E-
07 

4.95E-
07 3.97 2.00 1.81E-03 

GI|293354
593 

LOC1003609
50 NA NA NA 1.24E-03 1.88E-

03 1.52 2.23E-
06 

4.88E-
06 2.19 2.82 3.20E-03 

 

Table 3 The significantly regulated proteins during 24 hr reoxygenation detected by label free and iTRAQ   

Proteins with similar trend in two or more label free measurements to iTRAQ ratio were considered as significantly regulated. 
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To gain a systemic view of the modulated secreted proteins under hypoxia and 

reoxygenation, overrepresentation (P<0.05) of biological process terms were detected 

using DAVID tools. 85 biological processes were enriched by the modulated secreted 

proteins (Figure 7 and supplemental data). The proteins up-regulated in hypoxia were 

associated with biological processes such as extracellular matrix organization, cell 

adhesion, collagen fibril organization. It is shown by these associated biological 

processes that ECM remodeling began in the hypoxia stage and the cell adhesion was 

modulated. The declined proteins in hypoxia are related to positive regulation of 

cellular component organization, intracellular transport, establishment of protein 

localization etc. During the reoxygenation stage, the increased proteins in the 

secretome are involved in metabolism, establishment or maintenance of cell polarity, 

regulation of protein complex assembly etc. Whereas the own-regulated proteins are 

related to several biological processes such as cell adhesion, regulation of 

programmed cell death, and regulation of apoptosis. The proteins that were modulated 

during hypoxia and reoxygenation were further discussed below. The fold change of 

specific protein is represented by the iTRAQ ratio. 
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Figure 7 The enriched biological processes of the secreted proteins changed under hypoxia and reoxygenation 

Biological process enriched by the proteins that were: A. Up-regulated during 16 hr hypoxia  B. Down-regulated 

during 16 hr hypoxia  C. Up-regulated during 24 hr reoxygenation  D. Down-regulated during 24 hr 

reoxygenation. The keywords with P-values below 0.05 were plot. The P-value was transformed to -Log (P-value), 

hence the higher the more confident of the keyword enrichment. 

 

ECM remodeling, angiogenesis and inflammation response during hypoxia 

Extracellular matrix related proteins were modulated during hypoxia. Serpin H1 

(SERPINH1) binds specifically to collagen. It could be involved as a chaperone in the 

biosynthetic pathway of collagen. A previous study showed that modest reduction in 

SERPINH1 by antisense oligonucleotides led to significant decrease in procollagen 

synthesis197, which indicated the important role of SERPINH1 in ECM regulation. 

Cell-surface expression of Serpinh1 was also reported198-199. Due to its collagen 

binding function, inhibition of SERPINH1 abolished platelet aggregation in response 

to collagen 199. It is not clear how SERPINH1, which is considered to locate in 

endoplasmic reticulum, is secreted into peripheral blood, while SERPINH1 antigen 

and autoantibodies to SERPINH1 were detected in sera of patients with mixed 

connective tissue disease200. In our study, secreted SERPINH1 was found to be up-

regulated (1.34 fold P=1.04E-3) after hypoxia.  The up-regulation of SERPINH1 may 

contribute to collagen deposition. Hypoxia stimulates the gene expression of a cluster 

of hydroxylases that are indispensible for collagen fiber formation201. Up-regulation of 

Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1/2 (PLOD1, PLOD2) was detected 

under hypoxia (1.12 fold P=2.40E-3, 1.12 fold P=3.24E-2) and was supported by a 

previous study201. The expressions of these 2 proteins are coordinated by HIF-1201. 
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PLOD1 and PLOD2 form hydroxylysine residues in -Xaa-Lys-Gly- sequences in 

collagens. These hydroxylysines serve as sites of attachment for carbohydrate units 

and are essential for the stability of the intermolecular collagen cross-links. Enhanced 

collagen deposition under hypoxia was observed in the present study corresponding to 

the increased secretion of SERPINH1 and PLOD1/2. Collagen alpha-1(VIII) chain 

(COL8A1), collagen alpha-1(XII) chain (COL12A1), collagen type IV alpha 2 

(COL4A2), collagen type V alpha 2 (COL5A2) and collagen alpha-3(V) chain 

(COL5A3) have increased 1.25 (P=2.23E-2), 1.26 (P=2.85E-9), 1.28 (P=4.95E-2), 

1.20 (P=4.73E-4), 1.28 (P=4.97E-2) fold during hypoxia. The collagen deposition 

represents the ECM remodeling response of cardiac myocytes under ischemia/hypoxia 

stress.  Raised collagen secretion after ischemia and reperfusion injury was observed 

by previous studies. Formation of collagen-based scar provides mechanical support to 

the injured myocardium154. Increased abundance of Lysyl oxidase homolog1 (LOXL1, 

1.47 fold P=6.28E-4) was also detected under hypoxia. Expression of cross-linking 

enzymes, such as LOXL1, increased to induce the matrix cross-linking in the infarcted 

myocardium as the scar matures170. Dense cross-linked collagen in the mature scar 

enhances tensile strength of the infarct while increasing passive stiffness and resulting 

in diastolic dysfunction.  

During hypoxia, oxygen supply is limited. Angiogenesis is hence elicited to cope with 

the stress. Extracellular matrix protein 1 (ECM1) was found to be up-regulated (1.30 

fold P=3.24E-2) under 16 hr hypoxia. ECM1 was reported to interact with perlecan 

domain V202, which is a potent anti-angiogenic factor203. A previous study found that 

the expression level of ECM1 has a high positive association with the growth, 
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metastasis and angiogenesis of laryngeal carcinoma204. The increased secretion of 

ECM1 by H9C2 during hypoxia may be part of the angiogenesis process.  

Attractin (ATRN) was another up-regulated (1.37 fold P=6.86E-3) protein during 

hypoxia. This protein is an ectoenzyme, the circulating levels of which are related to 

the ability of peripheral blood mononuclear cells (PBMC) to react in vitro to recall 

antigens like tetanus toxoid205. It is reported by a previous study that recombinant 

ATRN mediates monocyte/macrophage spreading and T cell clustering206. Another 

study also found rapid up-regulation of ATRN by activated T cells207. These 

discoveries suggest a significant role of ATRN in the immune response in vivo. Death 

of cardiomyocyte during hypoxia triggers a cascade of inflammatory pathways that 

work to clear dead cells and matrix debris, as well as to repair and heal damaged 

tissues. The increase of ATRN during hypoxia/ischemia may be involved in the 

inflammatory process to interact with the monocytes and macrophages. 

Biglycan, vitamin k-dependent protein s and stress-induced-phosphoprotein 1 were 

modulated during hypoxia 

Biglycan (BGN) is a member of the small leucine-rich proteoglycan family that 

regulates fibrillogenesis of collagen and the fibril diameter 208. The expression of 

biglycan increases at 3, 7 and 14 days after MI in wild type mice; and collagen matrix 

formation of infarct scars was impaired in knockout mice 209. Exogenous 

administration of biglycan protects myocardial cells from hypoxia/reoxygenation 

injury via an NO-dependent mechanism 210. Down-regulation (0.85 fold P=1.23E-2) 

of Bgn observed in our experiment after hypoxia reflects a deficiency of the cardio 

protection. Vitamin k-dependent protein s (PROS1) is an anticoagulant plasma protein. 



123 
 

The deficiency of which has been associated with MI. An increased tendency of 

arterial thrombosis due to PROS1 deficiency has also been suggested211-212. After 16 

hr hypoxia, decreased secreted PROS1 level was detected (0.60 fold P=1.96E-2), 

which suggests an elevated risk of thrombosis after ischemia in vivo.  

Stress-induced-phosphoprotein 1 (STIP1) is an adaptor protein that coordinates the 

functions of HSP70 and HSP90. According to the UniProt gene ontology annotation, 

Stip1 locates in the cytoplasm and nucleus. However, it is also found at the cell 

membrane besides in the cytoplasm in a previous study213 even though no 

transmembrane helices were predicted on stip1 by the TMHMM algorithm. STIP1 

was detected in the secreted proteome in our study and found in the exosome fraction 

in a previous study214 recorded by the Exocarta database. Under hypoxia declined 

abundance of Stip1 (0.75 fold P=1.28E-5) was observed. 

Increase of cell adhesion proteins during reoxygenation stage  

Abundance of several extracellular proteins related to cell adhesion increased under 

reoxygenation. Roundabout 2 (ROBO2), POSTN, Thrombospondin 1 (THBS1), 

Protocadherin Fat1 (FAT1) increased 1.19 (P=1.91E-2), 1.22 (P=1.06E-3), 1.15 

(P=2.71E-2), 1.25 (P=3.08E-2) fold under reoxygenation, respectively. ROBO is a 

novel member of the Ig superfamily of cell adhesion molecules (CAM)215. Three 

vertebrate Robo homologues including Robo1, Robo2 and Rig1 have been cloned. 

Robo shows a high level of homology to other CAMs including NCAM, L1 and 

DCC216-217. Vertebrate Robo1 and Robo2 can interact both homophilically and 

heterophilically to promote neurite outgrowth215. POSTN is an ECM protein 

significantly related to fibrosis and ECM metabolism in a range of disease conditions, 
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including cardiovascular disease and cancer165 and also has genomic associations with 

ventricular hypertrophy166 and heart failure167. POSTN was found to be significantly 

over-expressed under the myocardial pressure overload and significantly under-

expressed in relief of pressure overload and its expression was found to be associated 

with greater dysfunction in ventricular remodeling218. Abundant expression of POSTN 

was found in the border zone in both mouse and human myocardial infarction and 

significantly modulated the phenotype and function of fibroblast in the infarcted 

myocardium168. POSTN null mice had impaired healing and higher risk of cardiac 

rupture168-169. However, surviving mice had less fibrosis and considerably better 

cardiac performance which suggests that POSTN depletion attenuated adverse 

remodeling169. THBS1 is an adhesive glycoprotein that mediates cell-cell and cell-

matrix interactions. Expression of Thbs1 was reported to be stimulated by stabilized 

HIF-1α under hypoxia. It was shown that hypoxia contributed to the progression of 

fibrosis in patients with systemic sclerosis by increasing release of major extracellular 

matrix proteins including Thbs1219. THBS1 was also found to promote migration of 

human coronary artery smooth muscle cells under hypoxia which is a vital cause of 

arterial wall thickening220. Re-endothelialization and reduced neointimal formation in 

balloon-injured rat arteries can be significantly accelerated by antibody against 

Thbs1221. Moreover, THBS1 is an activator of transforming growth factor beta 

(TGFβ). A previous study found that Thbs1 is induced in myocardial infarct healing 

and participates in suppressing the post-infarction inflammatory response, inhibiting 

local angiogenesis, and limiting expansion of granulation tissue into the non-infarcted 

area158. FAT1 is annotated as a cell membrane protein by cellular component in 
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Uniprot; signal peptide was detected by SignalP and transmembrane helices by 

TMHMM in the present study. Previous studies reported that Fat1 was localized at 

filopodial tips, lamellipodial edges, and cell-cell boundaries. Knockdown of FAT1 

mediated by RNA interference resulted in disorganization of cell junction-associated 

F-actin and other actin fibers/cables, disturbance of cell-cell contacts, and also cell 

polarity formation inhibition at wound margins222. In an epithelial cell wound model, 

FAT1 knockdown decreased recruitment of endogenous vasodilator-stimulated 

phosphoprotein (VASP) to the leading edge and led to lamellipodial dynamics 

impairment, polarization failure, and cell migration attenuation 223. The increased 

abundance of these proteins contributes to cell-ECM interaction, cell adhesion, anti-

inflammation response and ECM remodeling regulation during the reoxygenation 

stage.  

Proteins relate to cell survival were regulated during reoxygenation 

Different from hypoxia, when it was down-regulated, secreted form of BGN was 1.45 

fold up-regulated (P=7.53E-5) after reoxygenation, the cytoplasmic form of which 

was also reported to be increased in the mice myocardial infarction model209. The 

increased BGN may exert its cardioprotective effect under stress210. 

Peptidyl-prolyl cis-trans isomerase (PPIA) is an 18 kDa protein possessing multiple 

functions. A previous study indicated its role as a secreted redox-sensitive mediator 

and vascular smooth muscle cell growth factor which stimulates cell growth and 

inhibits apoptosis132. Under hypoxia/reoxygenation, secreted PPIA plays a role in 

protecting cardiac myocytes against oxidative stress-induced apoptosis via all 

autocrine fashion133. PPIA is also a molecular chaperone that acts as an acceleration 
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factor in protein folding and assembly134. Expression of PPIA was found to increase in 

rat cardiac myocytes under hypoxia and reoxygenation133. Moreover, overexpression 

of PPIA in cancer cells renders resistance to hypoxia- and cisplatin-induced cell 

death135. It is shown in the dataset that PPIA was up-regulated (1.26 fold P=3.01E-2) 

after 24 hr reoxygenation. The increased secretion of PPIA by cardiac myocytes under 

reoxygenation stress after hypoxia has been observed by a previous study133 and our 

observation confirmed the finding.  

Significantly down-regulated proteins during 24 hr reoxygenation including 

glyoxalase I (GLO1), transmembrane protein 132A (TMEM132A), and 

metalloproteinase inhibitor 1 (TIMP1) were classified into the biological process of 

programmed cell death regulation. These proteins were studied before and found to 

have anti-apoptosis function. Overexpression of Glo1 reduces renal ischemia-

reperfusion injury in rats224. Knockdown of TMEM132A by RNA interference 

facilitates serum starvation-induced cell death in Neuro2a cells225. TIMP1 was found 

to prevent radiation-induced apoptosis of capillary endothelial cells226. The declined 

secretion of these anti-apoptosis proteins indicates the pro-apoptosis trend of the 

modulation under reoxygenation stress. 

Besides its anti-apoptosis function, TIMP1 also inhibits the activity of 

metalloproteinases. Decrease of TIMP1 secreted by carcinoma cells under hypoxia 

and reoxygenation was reported by a previous study227. Reduced secretion of TIMP1 

leads to diminished inhibition on the matrix metalloproteinase, which plays an 

important role in degrading the collagens. The cardiac collagen deposition and 

degradation is a dynamic balance under pathological situation and is part of the ECM 
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remodeling228. Moreover decrease of COL5A2 (0.87 fold P=3.76E-4) as well as 

LOXL1 (0.80 fold P=9.29E-3) was detected under reoxygenation accordingly. 

Validation of the regulation on secreted proteins by Western blot 

Alterations of selected secreted protein during hypoxia and reoxygenation were 

validated by western blot. STIP1, SERPINH1, PPIA and Protein DJ-1(PARK7) which 

had no significant change after hypoxia and reoxygenation were blotted (Figure 8). 

From the western result it is found that the alteration on STIP1, and SERPINH1 after 

hypoxia agreed with the proteomics data. PPIA showed significant up-regulation after 

reoxygenation. No significant change was found on PARK7 after hypoxia and 

reoxygenation, which also agreed with the proteomics data.  

To further prove that the regulation was due to secretion but not change on the 

expression level, western blot was also carried out on the cell lysate samples that were 

subjected to normoxia, hypoxia and reoxygenation. No significant regulation (STIP1, 

SERPINH1) or different regulation (PPIA) was identified in cell lysates, indicating 

that the regulation was due to secretion but not the expression level change (Figure 8). 

Secreted and cytosol SERPINH1, PARK7 were blotted and exposed for the same 

duration on the same membrane; SERPINH1 showed stronger signal than Park7 in the 

cell lysate, however, the situation is the opposite in the secretome (Figure 8). This 

difference indicates that the proteome composition of the secretome sample differs 

from the cell lysate, which provides an indirect proof of limited cytosol contamination. 
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Figure 8 Western blot of Stip1, SerpinH1, Park7, and Ppia from secretome and cytosol proteome  

 

Conclusion 

In the present study, secretome from rat heart myoblast H9C2 under 16 hr normoxia, 

16 hr hypoxia and 24 hr reoxygenation stress were profiled and quantified by the 

label-free MS approach and the stable isotope-labeling iTRAQ-based method to select 

high confident modulated proteins for further analysis. Selected proteins’ 

differentiated secretion levels were further confirmed by Western blot.  

Large numbers of proteins were identified as secreted proteins besides those well 

known secreted proteins such as collagen, SPARC and Fibronectin. These newly 

identified proteins passed bioinformatics filters and were recognized as exosome 
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proteins, proteins with signal peptide or transmembrane helices and proteins which 

were secreted by non-classical secretion pathways. By applying the SIN label-free 

method protein abundance distribution was obtained. The normoxia secreted proteome 

shows different abundance distribution comparing to the whole proteome under the 

same condition. The differential abundance distribution was also shown by Western 

blot on PARK7 and SERPINH1 from the secretome and cell lysate. These data 

indicate the intrinsic difference of characteristic between the secretome and the 

cytosol proteome.  

Label-free quantitation is an alternative choice to the stable isotope labeling approach 

for quantitative proteomics analysis. No additional chemistry or sample preparation 

steps are required for the label-free approach that can be performed in almost any 

types of LC-MS/MS instruments. However, more variation is introduced during the 

sample preparation and MS analysis steps. Several algorithms such as area under 

curve (AUC), NSAF, emPAI, SIN, Spectral TIC are available for quantitation and bias 

correction; each has its pros and cons under different experimental situations229. 

Labeling strategies like iTRAQ are often considered to be more accurate in 

quantitating protein abundances. In a previous study, iTRAQ was used as validation 

for the label free experiment230. However, the number of samples that can be analyzed 

in a single experiment is limited. Moreover, the abundance alteration amplitude may 

sometimes be compressed by isotope labeling quantitation but not the label-free 

methods231. In the present study, we quantified the hypoxic/reoxygenated secretome 

from cardiomyocyte H9C2 by applying both stable-isotope labeling and three label-

free semi quantitative methods to achieve a more-confident quantitative result.  
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Label-free methods including emPAI, NSAF and SIN were applied on the 1D gel 

based MS dataset to quantify the identified proteins from normoxia, hypoxia and 

reoxygenation. The emPAI calculation is automatically included in MASCOT183. 

NSAF and SIN were calculated from the DAT result from the MASCOT search result. 

The quantified dataset was compared with the iTRAQ dataset. iTRAQ labeled 

proteins with significant abundance change (P<0.05) were selected for comparison. 

Proteins with similar trend in at least two or more label-free quantitation to the iTRAQ 

ratio were considered as modulated proteins in the according condition. 

Analysis on the quantitative dataset reveals ECM remodeling during hypoxia 

including increased SERPINH1, PLOD1/2 and collagen deposition, which is the 

cellular response to the damage caused by hypoxia’s attempting to provide a scaffold 

for inflammatory cells to migrate in and to clean up dead cells. Increased secretion of 

LOXL1 was also observed during the stage of hypoxia, which cross-links the collagen 

to form a mature scar. The ECM turnover is regulated by the ECM protein deposition 

and degradation which is carried out by the matrix metalloproteinase. At the 

reoxygenation stage, we observed decrease of TIMP1, which irreversibly inactivates 

matrix metalloproteinase by binding to their catalytic zinc cofactor; and decrease of 

COL5A and LOXL1, which may be due to the shift of the balance from deactivation 

to activation of the matrix metalloproteinase.  

During reoxygenation, secretion of a group of cell adhesion proteins including 

ROBO2, POSTN, THBS1 and FAT1 increased. Such cell adhesion proteins are 

involved in cell-cell interaction or cell-matrix adhesion. Especially, POSTN exerts 

modulation on the ECM remodeling and the healing process; THBS1 limits the 
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inflammation response via TGFβ activation and regulates the infarct healing through 

its angiostatic effects by applying direct anti-inflammatory actions or by mediating 

MMP activation171. There is limited information that relates ROBO2 and FAT1 to 

cardiovascular events and none to cardiac ischemia/reperfusion. The abundance rise of 

these two secreted proteins under hypoxia/reoxygenation is a novel observation and 

their functions in the scenario are yet to be clarified. Pro-apoptotic response was 

observed during reoxygenation as decrease of several anti-apoptosis proteins including 

GLO1, TMEM132A and TIMP1 was detected.  

By using the label-free and iTRAQ-based method, we identified modulated 

subproteome of the secreteome of cardiomyocytes under hypoxia and reoxygenation. 

The detected modulation of secretome that participates in or regulates ECM 

composition as well as those secreted proteins such as ECM1, ATRN, STIP1 that have 

not been observed under the pathological situation before provides a systemic view of 

the molecular events and novel information to understand the underlying mechanism 

involved in cardiac hypoxia and reoxygenation. 
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Chapter 4. Conclusions 
 

In chapter 2, we demonstrate a study on proteome alteration during cardiac ischemia 

and reperfusion in a mice model by the iTRAQ quantitative approach. Important 

functional groups of proteins were found to be regulated which indicate the 

perturbation caused by the oxygen and energy depletion circumstance. Figure 1 

summarized the proteomics study on both in vivo and in vitro models. 

As shown by analysis on the modulation of energy production protein groups and 

decrease of the anti-oxidative proteins, ROS imbalance may be involved. Declined 

protein abundance of oxidative stress sensing protein PARK7 during the ischemia and 

reperfusion stage was detected. The antioxidant transcriptional master regulator NRF2, 

which is protected by PARK7 from degradation, was also decreased along with its 

downstream gene products shown in the iTRAQ data. To further study the role of 

PARK7 under ischemia/hypoxia, FLAG-tagged Park7 was cloned and expressed in 

the rat heart myoblast H9C2 cell line. Increase on the protein level of NRF2 as well as 

on the Sod1 and Sod2 mRNAs levels were observed in the expressed cell line under 

hypoxia. Cell survival under hypoxia stress was also improved for the expressed cells. 

This in vitro experiment shows that the protein level of PARK7 affects NRF2 protein 

and the transcriptional level of its downstream anti-oxidative stress proteins, and 

implies the importance of PARK7 under ischemia and reperfusion.  

Under hypoxia, protein folding in endoplasmic reticulum (ER) is interrupted and the 

unfolded polypeptides or improperly folded proteins cause ER stress and unfolded 

protein response (UPR). Protein maturation is important especially when the cells are 
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stressed. The folding assisting protein PPIA is found to be up-regulated/increased 

during cardiac ischemia and reperfusion. The interactome of PPIA was studied by IP-

MS in FLAG-tagged PPIA expressed H9C2 cells. Some of the interaction partners are 

related to protein folding and stabilization, which is coincident with the function of 

cytoplasmic PPIA. Interactome variation between normoxia and hypoxia was also 

acquired by the label-free IP-MS approach. It is shown that Chaperonin containing 

TCP1 complex and USP47 have higher binding efficiency to PPIA under hypoxia. 

This indicates that PPIA may help to increase the protein folding capacity when 

unfolded protein stress was induced by hypoxia. Further, proteins involved in 

important biological processes were found to locate within the interaction network of 

PPIA by using bioinformatics techniques. The functional study of PPIA interactome 

indicates that up-regulation of PPIA during ischemia and reperfusion helps to cope 

with the accumulated unfolded polypeptide stress. 
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Figure 1 Ischemia/reperfusion injury study on in vivo mouse model by iTRAQ-MS approach. Regulated proteins 

were further studied on in vitro heart myoblast H9C2 cell line model. 

 

The microenvironment of cardiac infarction area undergoes dynamic changes and the 

infarct healing process can be regulated by the secreted proteins within the niche. 

Hence the profile of the secretion from cardiac myocytes will be of great interest to 

achieve better understanding of the mechanism of I/R injury or stem cells 

transplantation therapy. To provide a systemic view of the modulation on secreted 

proteome under hypoxia and the following reoxygenation, secretome from H9C2 cells 

under 16 hr normoxia, 16 hr hypoxia and 24 hr reoxygenation stressed were profiled 

and quantified by label-free MS approach and stable-isotopelabeling iTRAQ-based 

method (chapter 3).  

Large numbers of proteins were identified as secreted proteins besides those well 

known secreted proteins such as collagen, SPARC and fibronectin. These newly 

identified proteins passed bioinformatics filters and were recognized as exosome 

proteins, proteins with signal peptide or transmembrane helices and proteins which 

were secreted by non-classical secretion pathway. By applying the SIN label free 

method protein abundance distribution was obtained. The difference on abundance 

distribution shown by comparing the normoxia secreted proteome to the cytosol 

proteome under same condition indicates the intrinsic difference of the characteristics 

of the two proteomes.  

The hypoxic/reoxygenated secretome from cardiomyoblast H9C2 was quantified by 

applying both the stable-isotope labeling method iTRAQ and label-free semi-
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quantitative methods to achieve a higher-confident of quantitative result. Analysis on 

the quantitative dataset reveals ECM remodeling during hypoxia including increased 

SERPINH1, PLOD1/2 and collagen deposition. Increased secretion of LOXL1 was 

observed during the hypoxia stage, which cross-links the collagen to form a mature 

scar. Rise of inflammatory response were also detected at the hypoxia stage. Whereas 

proteins involved in redox-homeostasis, cardioprotection and anticoagulant process 

were down-regulated. At the reoxygenation stage, we observed decrease of TIMP1, 

which irreversibly inactivates matrix metalloproteinase by binding to their catalytic 

zinc cofactor; and decrease of COL5A and LOXL1, which may be due to the shift of 

the balance from deactivation to activation of the matrix metalloproteinase. During 

reoxygenation, secretion of a group of cell adhesion proteins including ROBO2, 

POSTN, THBS1 and FAT1 increased. Especially, POSTN exerts modulation on the 

ECM remodeling and the healing process; THBS1 limits the inflammation response 

via TGFβ activation and regulates the infarct healing through its angiostatic effects by 

apply direct anti-inflammatory actions or by mediating MMP activation171. The 

abundance rise of these ROBO2 and FAT1 under hypoxia/reoxygenation is a novel 

observation and their functions in the scenario are yet to be clarified. Pro-apoptotic 

response was observed during reoxygenation as decrease of several anti-apoptosis 

proteins including GLO1, TMEM132A and TIMP1 were detected.  

The analysis of the secreteome modulation under hypoxia and reoxygenation were 

summarized in figure 2.  

Despite the intrinsic difference between the in vivo and in vitro model, regulation on 

similar functional groups of proteins were observed in both experiments. During 
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ischemia and reperfusion proteins relate to redox homeostasis and detoxification such 

as PRDX1/3/5, GSTP1, and GSTM2 etc in the myocardium were down regulated. 

Likewise, GSTM2, GSTO1 and PRDX5 declined in the secretome from the H9C2 

heart myoblast under hypoxia. The similarity observed in the two experiments 

indicates significant dysregulation on the antioxidative stress function of the cellular 

system. Additionally, PPIA in the cytoplasm was up regulated during 

ischemia/reperfusion(in vivo model) and increased in secretion to extracellular 

environment as revealed in the in vitro model. Cytosolic PPIA responses to the 

misfolded proteins accumulated during low oxygen condition and to the rapid protein 

turnover. Secreted PPIA promotes vascular smooth muscle cell growth and inhibits 

apoptosis which protects cardiac myocytes from oxidative stress. The up regulation of 

PPIA in both cytosolic and extracellular environment when cardiac cells confront the 

lowered oxygen challenge exerts positive effects, suggesting a protective response of 

the myocardium through multiple pathways by a single protein.  

The two studies also provide a systemic view of both cellular and extracellular 

molecular events that response to similar challenges. Metabolic modulation to adapt to 

the stress inside the cell during ischemia and reperfusion is accompanied by the 

inflammation response and scar formation, which facilitates to remove the dead cells 

and reconstitutes the mechanic strength of the heart once the stressed myocyte failed 

to survive. Besides the scar formation process, ECM is remodeled with increase of 

several cell adhesion proteins during the reoxygenation stage. The ECM remodeling 

contributes to fibrosis and thickening of the arterial wall which has adverse effect on 

the cardiac performance. Moreover, ROS imbalance inside the cells caused by 
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ischemia and extended to reperfusion stage is accompanied by angiogenesis response 

in the extracellular location (increase of ECM1), indicating that the cardiac myocyte 

system responds to relieve the depleted oxygen stress.  

In conclusion, by utilizing the power of mass spectrometry-based proteomics, 

proteome modulation under ischemia and reperfusion in a mouse model was analyzed. 

Abundance level of essential protein functional groups were found to be altered, 

which indicates metabolic adaption of the myocardium to the stress and the refractory 

period of reversing the proteome modulation upon reperfusion. An in vitro cell line 

model was adopted to further study the regulated proteins under stress to obtain novel 

knowledge about the pathological process. Secretomes from H9C2 under hypoxia and 

reoxygenation were analyzed by the label-free and iTRAQ approaches to provide a 

systemic view of the extracellular molecular events under stress. A large number of 

secreted proteins were identified and the modulation on the abundance level of the 

subproteome reveals detailed information related to the extracellular matrix (ECM) 

remodeling, angiogenesis, inflammation response etc. Many secreted proteins were 

detected to be regulated under hypoxia and reoxygenation for the first time. The 

proteomics study in this thesis potentially advances our understanding of the cardiac 

biology, facilitating the follow-up investigations on the ischemia/reperfusion injury 

and therapeutic method development. In the future, functional study of the regulated 

secreted proteins can be performed to elucidate their roles under hypoxia and 

reoxygenation. Many of these proteins were found to be modulated under the stress 

conditions for the first time, which makes them novel research targets for follow up 

cell biology study. In addition, researches focusing on the mechanism of PARK7 
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down-regulation and PPIA up-regulation may help to understand the pathophysiology 

of ischemia heart disease. 
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Figure 2 Summary of the secretome study on conditioned media generated from H9C2 cells under hypoxia and reoxygenation
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