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ABSTRACT 

Substantial loss of cardiomyocytes during a heart attack and the onset of other 

cardiovascular diseases is the major cause of morbidity and mortality. Preservation of 

cardiomyocytes during cardiac injury would be the most effective strategy to manage these 

diseases in the clinic. However, there is no current effective treatment that can prevent 

cardiomyocyte loss during ischemic injury. Here we reported that systemic administration of 

G415R preserves cardiomyocytes and reduces cardiac fibrosis during cardiac infarction. G415R 

preserves cardiomyocytes by protecting cardiomyocytes from apoptosis and promoting 

cardiomyocyte proliferation. Preservation of cardiomyocytes by G415R reduces cardiac fibrosis 

because of decreased activation of cardiac fibroblasts. Our experiments show that EcPKM2 

(G415R) exerts its action by interacting with integrin αvβ3 on cardiomyocytes. EcPKM2 interacts 

with integrin αvβ3 on cardiomyocytes to activate the FAK-PI3K signaling axis. Activation of 

FAK-PI3K by G415R suppresses PTEN expression to consequently regulate cardiomyocyte 

apoptosis resistance and proliferation under hypoxia and oxidative stress conditions.  

Our studies uncover an essential mechanism for organ fibrosis progression. More 

importantly, we found that upregulation of endogenous PKM2 in cardiomyocytes in response to 

ischemic injury is very limited in the adult heart and is insufficient to preserve cardiomyocytes. 

Here we show that systemic injection of rPKM2 preserves cardiac function and promotes cardiac 

regeneration. Our discovery not only provides a new perspective for understanding the cardiac 

regeneration mechanism but also implies a potential target for clinical practice in cardiovascular 

disease. 
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1 INTRODUCTION 

1.1 Glycolysis 

Glycolysis existed well before the presence of oxygen in the Earth's atmosphere and is 

highly conserved among living beings. Glycolysis was not elucidated until 1940. It is also called 

the Embden–Meyerhof–Parnas pathway (Romano & Conway, 1996) in memory of the 

contributions of  Gustav Embden (1874–1933), Otto Fritz Meyerhof (1841–1951), Jakob Karol 

Parnas (1884–1949). Glycolysis is the metabolic pathway that contains a series of reactions to 

convert glucose into pyruvate. This pathway generates free energy to form the high-energy 

molecules adenosine triphosphate (ATP) and reduced nicotinamide adenine dinucleotide (NADH), 

which are used to supplement fuel and resources for the cells (Chandel, 2021a). The cascade of 

glycolysis is composed of 10 steps of enzyme-related reactions which occur in the cellular 

cytoplasm. Oxygen is not involved in this metabolic pathway. However, downstream pathways of 

glycolysis may take place in different locations depending on whether or not oxygen is present. In 

aerobic glycolysis, pyruvate is typically transported into the mitochondria, where it is oxidized to 

acetyl-CoA, whereas in anaerobic conditions, pyruvate is reduced into lactate in the cytosol 

(Chandel, 2021a). 

Ten different enzymes are involved in glycolysis, including hexokinase, 

phosphoglucoisomerase, phosphofructokinase, aldolase, triosephosphate isomerase, 

glyceraldehyde 3-phosphate dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase, 

enolase and pyruvate kinase (Chandel, 2021a). Many intermediates are produced in the cascade, 

including glucose-6-phosphate, fructose 6-phosphate, fructose 1,6-bisphosphate, glyceraldehyde 

3-phosphate, dihydroxyacetone phosphate, 1,3-bisphosphoglyceric acid, 3-phosphoglyceric acid, 

2-phosphoglyceric acid, phosphoenolpyruvate, and pyruvate. Some of these metabolites can also 
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enter anabolic pathways that generate essential intermediates for synthesizing nucleotides, 

proteins, lipids, and glycogen. Glucose 6-phosphate is the initial substrate for the pentose 

phosphate pathway, resulting in the generation of NADPH to maintain the cellular redox 

environment and prevent damage against oxidative stress (Chandel, 2021a; Chen et al., 2008). 

Glycolysis can be separated into 2 phases: investment and pay-off (Chandel, 2021a). Every 

glucose molecule generates two glyceraldehyde 3-phosphates while consuming two molecules of 

ATP in the investment phase. The two molecules of glyceraldehyde 3-phosphate are converted 

into two molecules of pyruvate, generating four molecules of ATP in the pay-off phase. Overall, 

glycolysis will produce two net ATPs, two NADH molecules and two pyruvates per glucose 

molecule (Lunt & Vander Heiden, 2011). Glycolysis has three key rate-limiting steps catalyzed by 

hexokinase, phosphofructokinase, and pyruvate kinase, which are irreversible reactions and drive 

the cascading reactions to generate pyruvate (Depré et al., 1998). Enzymes involved in these three 

steps can be controlled by allosteric regulation, phosphorylation,  acetylation, or transcriptional 

changes (Chandel, 2021b). In cancerous and other proliferating or developing cells, there is an 

increase in the rate of glucose uptake and production of lactate despite aerobic conditions. This 

change, known as the Warburg Effect, has been widely studied in tumors and has recently become 

a potential target for cardiovascular disease (Liberti & Locasale, 2016; Lopaschuk et al., 2021; 

Zuurbier et al., 2020). One well-studied mechanism for the Warburg Effect is that, in cancer cells, 

alternative splicing occurs during pyruvate kinase synthesis, and the enzyme can also switch from 

the tetramer form to the dimer form. The changes to the pyruvate kinase reduce its enzyme activity 

and decrease the production of pyruvate (DeBerardinis & Chandel, 2020). The cancer cells benefit 

from the metabolic changes by synthesizing more building blocks for their proliferation (Liberti 

& Locasale, 2016). 
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1.2 Pyruvate Kinase 

Pyruvate kinase, as one of the key enzymes of glycolysis, converts phosphoenolpyruvate 

(PEP) to pyruvate (Israelsen & Vander Heiden, 2015). This reaction is catalyzed by pyruvate 

kinase. It is one of the rate-limiting steps of glycolysis and produces one molecule of ATP. It is 

followed by the tricarboxylic acid cycle (TCA) and oxidative phosphorylation (OXPHOS) under 

the presence of oxygen to generate more ATP molecules, or under the anaerobic condition, it will 

initiate lactic acid fermentation to produce lactate and ethanol (Israelsen & Vander Heiden, 2015).  

Four pyruvate kinase isoforms exist, including PKM1, PKM2, PKL and PKR. PKL and 

PKR are encoded by the PKLR gene, while PKM1 and PKM2 are expressed from the PKM gene. 

These four isoforms are tissue-specific (Cardenas & Dyson, 1978; Gupta & Bamezai, 2010). The 

expression level of the different isoforms in distinct tissues may change during development or 

under different physiological and pathological conditions. PKL is mainly expressed in the liver 

and is also observed in the kidney, while PKR is exclusive in erythrocytes. PKL and PKR are 

allosterically regulated and have two unique conformational states: the R state and the L state (Hall 

& Cottam, 1978). The R state is the active form with high affinity for its substrates stabilized by 

PEP and fructose 1,6-bisphosphate (FBP), while the T-state is the inactivated form with low 

affinity for its substrate, stabilized by ATP and alanine. Only the R-state of PKL and PKR 

facilitates glycolysis. 

PKM1 and PKM2 isoforms are alternative splicing products during the PKM gene 

transcription, consisting of 12 exons and 11 introns (Zahra et al., 2020). Exon 9 and exon 10 have 

the same length and determine which isoform is expressed. The PKM1 isoform contains exon 9, 

whereas the PKM2 isoform has exon 10. PKM1 is dominant in tissues requiring high catabolic 

activity, including muscle, heart, and brain. PKM2 is usually found in embryos and cancers. PKM2 
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is also expressed in normal proliferating cells, including lymphocytes and neutrophils (Xin Zhang 

et al., 2021; Yinwei Zhang et al., 2016) due its non-metabolic enzyme functions. It is reported that 

PKM2 is extensively involved in tissue repair and regeneration (Yinwei Zhang et al., 2016). 

1.2.1 Structure of PKM1 and PKM2 

The four isoforms of mammalian pyruvate kinase are tetrameric proteins of four identical 

subunits or monomers. Two subunits can form a dimer and two dimers interact to assemble the 

tetramer. Each monomer carries A, B, C, and N-terminal structural domains and one active site 

(Zhang et al., 2019). The C terminal domain contains the fructose-1,6-bisphosphate (FBP) binding 

site for all three isoforms of pyruvate kinase except for the PKM1 isoform. The C terminal domain 

also contains the dimer-dimer interaction interface. The different amino acids translated from exon 

9 and exon 10 are located in the C domain, which induces dimer and tetramer formation of PKM2, 

and only the tetramer form for PKM1. FBP is the allosteric effector for pyruvate kinase in many 

eukaryotic and prokaryotic organisms. For mammalian cells, FBP can directly bind with PKM2, 

resulting in the conformational change of the enzyme from dimer to tetramer form. The enzymatic 

activity of tetramer PKM2 is much higher than its dimer form (Anastasiou et al., 2012). PKM1 

contains no FBP binding site, therefore it cannot be regulated by FBP and stays only in the tetramer 

form. FBP is the intermediate product of glycolysis and acts in a feedback loop to regulate pyruvate 

kinase (Zahra et al., 2020). PKM2 plays a central role in the anabolic pathway to provide building 

blocks for proliferating cells, including cancer cells and works as a transcriptional co-activator 

(Yang et al., 2011) and protein kinase (Gao et al., 2012), whereas PKM1 mainly functions in the 

metabolic pathway. 
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1.2.2 PKM2 expression and regulation 

PKM2 is closely regulated at the transcriptional, translational, and post-translational levels 

including DNA methylation, transcriptional regulation, pre-mRNA alternative splicing of PKM, 

microRNA silencing, and various modifications to the protein.  

A survey using the cancer genome atlas (TCGA) RNA-Seq and exon array datasets 

demonstrated that elevated PKM2 expression was positively correlated with the hypomethylation 

of intron one of the PKM gene in many cancer types, suggesting epigenetic regulation by DNA 

methylation is a major mechanism in controlling PKM transcription in tumors (Desai et al., 2014).  

Five putative binding sites for SP1 and SP3 transcription factors are located in the PKM 

promoter (Netzker et al., 1997). SP1 enhances PKM2 expression. However, SP3 represses PKM 

promoter activity. Peroxisome proliferator-activated receptor γ (PPARγ), a type II nuclear receptor 

that functions as a transcription factor, can transcriptionally regulate PKM2 expression. 

Phosphoinositide 3-kinase (PI3K) and mammalian target of rapamycin (mTOR) can activate 

hypoxia-inducible factor 1α (HIF1α) in cancer cells. HIF1α has also been shown to increase PKM2 

expression by enhancing the transcription of the PKM gene (Zahid et al., 2018). Activation of 

AKT in PTEN-deficient fatty livers results in the binding of PPARγ to PPAR response elements 

(PPRE) in the promoter region of the PKM gene (Panasyuk et al., 2012). Epidermal growth factor 

receptor (EGFR) is expressed in many human cancer cells, activating NF-κB, upregulating PKM2 

expression, and promoting tumorigenesis (Yang, Xia, Cao, et al., 2012). These findings indicate 

that the PI3K–AKT–mTOR, NF-κB, or the HIF1α pathways contribute to PKM2 expression in 

different cells or tissues.  

PKM2 and PKM1 isoforms are the results of alternative splicing. Alternative splicing can 

be activated by splicing factor family heterogenous ribonucleotide proteins, (hnRNPs) including 
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hnRNP 1 (or PTB), hnRNPA1 and hnRNPA2 (Chen et al., 2010; Clower et al., 2010). The 

hnRNPs, regulated by c-Myc, pass through the nuclear membrane and subsequently bind to the 

splicing complex that flanks exon 9 of PKM, preventing the inclusion of exon 9 and thus leading 

to the PKM2 isoform expression (David et al., 2010). During hypoxia, the HIF1-α upregulates the 

PKM2 isoform by increasing hRNPs (Williams et al., 2018).  

In addition, recent studies have revealed that PKM2 expression is also closely controlled 

by microRNAs (miRNA) (Caruso et al., 2017). Both miR-133a and miR-133b inhibit the 

translation of PKM transcript, which is reduced in tongue squamous carcinoma cells, resulting in 

PKM2 overexpression (Nohata et al., 2012). Interestingly, these two miRNAs are downregulated 

during human myocardial infarction compared to healthy conditions (Boštjančič et al., 2010). miR-

122 expression is upregulated in normal liver tissue but is reduced in hepatocellular carcinoma 

which also targets PKM2 mRNA (Liu et al., 2014). miR-326 downregulates PKM2 expression in 

human gliomas (Wu et al., 2016). It is suggested that different miRNAs tissue-specifically regulate 

the expression of PKM2. In addition, the mRNA transcripts for hnRNPs are controlled by miR-

124, miR-137 and miR-340. By silencing the hnRNPs, these miRNAs switch the expression of the 

PKM gene from the PKM2 isoform to the PKM1 isoform, which results in a reduced glycolysis 

rate and promotes glucose flux into oxidative phosphorylation, leading to impaired cancer cell 

growth (Alamoudi et al., 2018). 

Finally, PKM2 protein levels are also regulated at the level of post-translational 

modifications. Aberrant oncogenic tyrosine kinases (e.g., FGFR1, BCR-ABL, and JAK2) 

phosphorylate the tyrosine (Y) 105 residue of PKM2 to inhibit its activity (Hitosugi et al., 2009) 

which prevents the allosteric activation of PKM2 by FBP, shuttling the glycolytic intermediates 

into biosynthetic metabolism to support tumor growth. High glucose concentration induces lysine 
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(K) 305 acetylation, catalyzed by the PCAF (P300/CBP-associated factor) acetyltransferase in 

cancer cells to reduce PK activity. Lysine 305 acetylation induces the lysosomal degradation of 

PKM2 through chaperon-mediated autophagy (Lv et al., 2011). In addition, K433 acetylation of 

PKM2 promotes nuclear localization and protein kinase activity of the enzymatically inactive 

dimeric PKM2 to phosphorylate STAT3 at the Y705 residue and histone H3 at the T11 residue, 

activating signals that support tumor growth (Lv et al., 2013).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

1.2.3 PKM2 dimer and tetramer 

The PKM2 protein, composed of the same monomer, can exist as both a tetramer and a 

dimer with distinct biological functions (Wang et al., 2015). The tetramer PKM2 is an active form 

of pyruvate kinase and acts in the glycolysis process, while the dimer PKM2 has stunted pyruvate 

kinase enzymatic activity (Dong et al., 2016). PKM2 can switch between dimer and tetramer forms 

when interacting with various activators and inhibitors. The conversion from dimer to tetramer is 

considered an activation of the PKM2 enzyme, while the reverse is considered an inhibition of the 

PKM2 enzyme (Wang et al., 2015). For example, a high level of FBP can stimulate the 

tetramerization of PKM2 and stabilize this tetramer form. When the level of FBP decreases, the 

PKM2 tetramer will dissociate into dimers of PKM2.  

PKM2 is present in various cellular locations including the cell cytosol, nucleus, 

mitochondria and extracellular space to perform  many non-glycolytic roles at these different 

subcellular locations (William J. Israelsen et al., 2013). When PKM2 enters the nucleus, it can 

modify gene regulation (Gao et al., 2012). When it attaches to the outer membrane of 

mitochondria, it can regulate mitochondrial function (J. Liang et al., 2017). When it localizes in 

the endoplasmic reticulum, it releases endoplasmic reticulum stress (Li et al., 2020). When 

secreted in the extracellular space, it acts as a ligand and triggers intracellular signaling pathways. 
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Moreover, PKM2 can also be modified via phosphorylation, acetylation and other protein 

modifications, adding to the complexity of the function of PKM2 (Yang, Xia, Hawke, Li, Liang, 

Xing, Aldape, Hunter, Alfred Yung, et al., 2012).   

1.2.4 PKM2's functions and subcellular locations 

PKM2 in the cytoplasm primarily acts as a metabolic enzyme in glycolysis. Cancer cells 

express a high level of PKM2 (Y.-h. Li et al., 2018). Tumor cells prefer the inactive dimer form 

of PKM2 rather than its enzymatic active tetramer form because the low enzymatic activity of 

dimer PKM2 blocks the normal flow of glycolysis, allowing those glycolytic intermediates to 

accumulate and be converted into biomolecules to support the rapid growth of cancer cells (Dong 

et al., 2016). German biologist Warburg discovered this phenomenon along with the Warburg 

effect in the early twentieth century (Vander Heiden et al., 2009). Warburg observed that, even 

when surrounded with a high level of oxygen, tumor cells still chose glycolysis, not oxidative 

phosphorylation (Liberti & Locasale, 2016). Such aerobic glycolysis was later termed the Warburg 

effect. The key game changer, the dimeric form of PKM2, is also called Tumor M2-PK (Rajala et 

al., 2016). The tumor M2-PK plays a vital role in cancer progression (Zahra et al., 2020). Tumor 

cells can increase the transcription of PKM2, for instance, through hypoxia-inducible factor HIF1- 

α (Semenza, 2013). Tumor cells can also increase dimer PKM2 post-translationally (Luo & 

Semenza, 2012). Dimerization of PKM2 is elevated in tumor cells through the interaction between 

PKM2 and various oncoproteins such as A-Raf (Mazurek et al., 2007). Cytoplasmic PKM2 also 

acts as a signaling modulator by interacting with other partner proteins, such as A-Raf and 

fibroblast growth factor receptor 1 (FGFR 1) (Jing et al., 2017; Mazurek et al., 2007). These 

interacting partners drive the conformational change of PKM2 and promote the dimer/tetramer 

switch of PKM2. On the other hand, PKM2 also changes the catalytic kinetics, substrate affinity 
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and cytoplasmic location of those interacting partners to affect signal transduction. The anti-

apoptotic protein Bcl2 is another PKM2 interacting partner. Under oxidative stress, PKM2 

translocates to the mitochondria and binds with Bcl2, preventing it from being degraded (Ji Liang 

et al., 2017). 

PKM2 contains nuclear localization sequence (NLS). It can enter the nucleus and act as a 

protein kinase and transcriptional regulator (Gao et al., 2012). When PKM2 is in tetramer form, 

the NLS site is not exposed, whereas the NSL site is exposed to allow the nuclear entrance of 

PKM2 in the dimer form. Mitogen-activated protein kinase 1 (MAPK1) phosphorylates dimer 

PKM2 and results in a conformational change of PKM2 so that PKM2 can enter the nucleus and 

regulate gene expression (Yang, Zheng, et al., 2012). Upon entering the nucleus, PKM2 acts as a 

transcriptional co-activator and participates in gene regulation to promote cell growth and 

proliferation (Matsuda et al., 2016; Yang, Zheng, et al., 2012). PKM2 increases the transcription 

of β-catenin targets (Yang, Xia, Hawke, Li, Liang, Xing, Aldape, Hunter, Yung, et al., 2012). After 

binding to Y333-phsphorylated-β-catenin, PKM2 is recruited to nucleosomes to phosphorylate 

histone H3, enhancing histone H3 acetylation. This acetylation of histone H3 activates the 

transcription of β-catenin target genes, such as cyclin D (Gao et al., 2012). PKM2 is also 

demonstrated to enhance the transcription of mitogen-activated protein kinase 5 (MEK5) by 

directly phosphorylating signal transducer and activator of transcription 3 (STAT3) (Gao et al., 

2012). PKM2 is also shown to promote tumor cell growth by phosphorylating extracellular signal-

regulated kinase 1 and 2 (ERK l and ERK 2) (Matsuda et al., 2016; Yang, Zheng, et al., 2012). In 

addition, PKM2 can regulate PD-L1 expression in tumor cells and immune cells such as 

macrophages  (Long et al., 2020). Moreover, PKM2 executes its transcriptional regulation in a 

phosphorylation-independent manner. For example, PKM2 is reported to bind with the 
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transcription factor Oct4 and inhibit Oct4-mediated transcription in cell stemness (Morfouace et 

al., 2014). PKM2 can interact with NF-κB and HIF-1α in the nucleus and activate the expression 

of VEGF-A, resulting in an increased level of VEGF-A in blood circulation and sequential 

enhancement of tumor angiogenesis (Azoitei et al., 2016). However, the role of PKM2 as a 

transcription regulator has been questioned by studies of PKM2 knockout cells (Hosios et al., 

2015). 

1.2.5 Extracellular PKM2 

PKM2 serves as a signaling communicator when present extracellularly. It has been found 

that PKM2 is present in exosomes, suggesting its role in conducting cell-cell communication and 

extracellular signaling. PKM2 was first identified in B-cell exosomes (Buschow et al., 2010). Later 

on, more studies reported the presence of PKM2 in exosomes released by various cancer cells 

(Wan et al., 2019). This information is accessible in public extracellular vesicle databases like 

ExoCarta and EVpedia. The presence of PKM2 in exosomes indicates that PKM2 could play a 

role in cell-cell communication, carrying messages from host cells to recipient cells. Cancer cells 

of various types have been shown to secrete PKM2. High levels of PKM2 are found in the blood 

circulation of cancer patients (Wong et al., 2013). PKM2 in the blood circulation promotes tumor 

growth by enhancing endothelial cell migration, proliferation and angiogenesis (Liangwei Li et al., 

2014). PKM2 enhances colon cancer cell migration via hosphoinositide 3-kinase (PI3K)/AKT and 

Wnt/β-catenin signal pathways (Yang et al., 2015). PKM2 increases breast cancer cell proliferation 

via activating epidermal growth factor receptor (EGFR) (Hsu et al., 2016). Extracellular PKM2 is 

shown to mediate tumorigenesis of colon cancer cells by upregulating claudin through EGFR-

PKC-claudin-1 pathway (Kim et al., 2020). A recent study elucidates that secreted PKM2 

promotes lung cancer metastasis via the integrin β1/FAK/PI3K signaling pathway (Wang et al., 
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2020). In addition to cancer cells, our lab has demonstrated that neutrophils secrete PKM2 at 

wound sites to promote angiogenesis and accelerate wound healing (L. Li et al., 2014; Y. Zhang 

et al., 2016), suggesting the implication of extracellular PKM2 in regulation of inflammation. It is 

unclear whether the extracellular PKM2 functions as free PKM2 on its own or as a vesicle-wrapped 

PKM2. The high molecular weight of free PKM2 makes it hard to enter the cell readily. Therefore, 

PKM2 must bind with cell surface receptors like EGFR or integrin β1. Vesicle-wrapped PKM2 is 

likely to be endocytosed by the cell, which makes no difference in the effect of intracellular PKM2. 

It is not known yet which form of extracellular PKM2 plays the role outside the cells.  Our lab 

previously reported that myofibroblasts express and secrete PKM2. Extracellular PKM2 

(EcPKM2) facilitates the progression of fibrosis by protecting myofibroblasts from apoptosis (Han 

et al., 2021). EcPKM2 interacts with integrin αvβ3 on myofibroblasts to activate the FAK-PI3K 

signaling axis. 

Compared to our current knowledge about PKM2, what we don't know might account for 

most of the PKM2 knowledge kingdom. There are debates even about the current studies of PKM2. 

In contrast to researchers' expectations, PKM2-knockout mice, do not suppress tumor development 

(Dayton et al., 2016). This challenges our traditional impression of the tumor-promoting role of 

PKM2, indicating that PKM2 may not be required for tumor development (W. J. Israelsen et al., 

2013). Moreover, PKM2 knockout mice are susceptible to developing hepatocellular carcinoma 

spontaneously, most likely due to the metabolism imbalance (Dayton et al., 2016). 

1.2.6 PKM2 G415 mutation 

Many heterozygous missense mutations in PKM2 have been found in human cancers (W. 

J. Israelsen et al., 2013). Mutations in the PKM exon-10 region are associated with reduced 

allosteric activation of PKM2 and increased nuclear translocation of the protein (Chen et al., 2019). 
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The presence of PKM2 mutations in human cancers indicates that many tumor cells prefer reduced 

PKM2 activity. PKM2 is not present in many cancers, and loss-of-function mutations may be 

beneficial for cancer cells, as reduced pyruvate kinase activity may switch cells into a proliferative   

metabolic state (Dayton et al., 2016). The heterozygous mutations in PKM2 reserve one wild-type 

copy of PKM2, which may provide metabolic adaptability by upregulating PKM2 activity to 

promote cancer cell survival under nutrient-stress conditions (W. J. Israelsen et al., 2013).  

Biochemical and structural analyses demonstrate that PKM2 (Y105E) decreases pyruvate 

kinase activity by inhibiting FBP (fructose 1,6-bisphosphate)-induced R-state formation, and 

PKM2 (K305Q) abolishes the activity by hindering tetramer formation. K422R, a patient-derived 

mutation of PKM2, favors a stable, inactive T-state tetramer because of strong intermolecular 

interactions (Wang et al., 2015). The mutation R399E of PKM2 (PKM2R399E) was shown to 

disrupt the tetramer formation on one of the dimer interfaces, thereby producing dimers and 

decreasing its pyruvate kinase activity (Gao et al., 2012). In addition, mutations  H391Y of PKM2 

decreased its pyruvate kinase activity in Bloom Syndrome (BS) patients, who are prone to cancer 

(Iqbal et al., 2014). 

A PKM2 mutation (G415R) derived from a cancer patient was shown to bind to FBP but 

unable to be activated by FBP, whereas it is activated by succinyl-5-aminoimidazole-4-

carboxamide-1-ribose 5’-phosphate (SAICAR) (Yan et al., 2016). G415 is located at the dimer-

dimer interface of the tetramer form of PKM2. This glycine is located on an α-helix at the subunit 

interface and positioned in a way that G415 of two subunits are closely positioned. The small 

hydrogen side chain allows a tight interaction of the two α -helices at the interface. The G415R 

mutation contains a large, positively charged residue that repels the binding of two subunits via 

steric hindrance and charge repulsion to inhibit FBP allosterically activating the enzyme (Liu et 
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al., 2020). The mutation maintains the dimer formation of PKM2 in physiological conditions (Liu 

et al., 2020; Yan et al., 2016). Therefore, the PKM2 G415R mutation can be an effective topic to 

study the function of dimer PKM2 in cancers or other diseases. 

 

1.3 Acute myocardial infarction 

Acute myocardial infarction (AMI), also known as a heart attack, occurs when blood flow 

to the coronary artery decreases or stops, leading to necrosis of the heart muscle. Commonly, a 

blood clot in the coronary artery that supplies blood to a certain part of the heart muscle causes 

this. It is now accepted that an imbalance between blood supply and oxygen demands of muscle 

may lead to myocardial damage without blood clots. For example, systemic hypotension, 

tachyarrhythmias or hyperthyroidism can result in ischemia and infarction if not appropriately 

treated (Saleh & Ambrose, 2018). Every few years, the global Myocardial Infarction Task Force 

publishes an updated universal definition of myocardial infarction expert consensus document and 

the latest definition document was posted in 2018. This definition states that there must be a rise 

or fall (or both) in a blood test sensitive to heart muscle damage (troponin I or T or high-sensitivity 

cardiac troponin (hs-cTn).) with at least one value above the 99th percentile of the upper reference 

limit along with clinical evidence for a diagnosis of AMI. This clinical evidence includes (1) 

symptoms of myocardial ischemia; (2) new (or presumably new) significant ECG ST-segment/T-

wave changes or left bundle branch block; (3) the development of pathological 

electrocardiographic (ECG) Q waves; (4) new loss of viable myocardium or regional wall motion 

abnormality identified by an imaging procedure; or (5) identification of intracoronary thrombus 

by angiography or autopsy (Sandoval et al., 2020; Thygesen et al., 2018). Myocardial injury causes 

a tremendous loss of cardiomyocytes, resulting in reduced cardiac contraction and dilated cardiac 
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ventricles or atriums, eventually leading to cardiac fibrotic remodeling. Due to the limited 

regenerative capacity of mature cardiomyocytes, there are still no clinically effective therapies for 

repairing and restoring damaged myocardial tissue. Despite the significant progress in the clinical 

treatment of cardiac diseases, morbidity and mortality rates remain high (Tsao et al., 2022). 

Acute myocardial infarction is classified based on the presence or absence of ST-segment 

elevation on the ECG as ST-elevation myocardial infarction (STEMI) or non-ST-elevation 

myocardial infarction (NSTEMI) and it can be further classified into six types: infarction due to 

the coronary thrombus (type 1), infarction due to a supply-demand mismatch that is not the result 

of acute atherothrombosis (type 2), infarction causing sudden death without the opportunity for 

cardiac enzyme marker confirmation (type 3), infarction related to a percutaneous coronary 

intervention (PCI) (type 4a), infarction related to thrombosis of a coronary stent (type 4b), and 

infarction related to coronary-artery bypass grafting (CABG) (type 5) (Thygesen et al., 2018). 

1.3.1 Statistics and epidemiology 

The epidemiologic characteristics of acute myocardial infarction have changed 

dramatically over the past 30 years. Since 1987, the adjusted incidence rate of hospitalization for 

acute myocardial infarction or fatal coronary artery disease in the United States has declined by 4 

to 5% per year (Mozaffarian et al., 2016). About 697,000 people in the United States died from 

heart disease in 2020, accounting for one-fifth of total deaths in the US (Tsao et al., 2022). Heart 

disease remains the leading cause of death for men and women.  Every year, about 805,000 people 

in the United States have a heart attack. Of these, approximately 605,000 are first-time heart attacks 

and 200,000 occur in people who have had more than one heart attacks. About 1 in 5 heart attacks 

occurs without patients’ awareness. The overall prevalence for MI is 3.1% in US for people over 

20 years old. Males have a higher prevalence of MI than females. MI prevalence is 4.3% for males 
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and 2.1% for females. In 2019, myocardial infarction led to 104280 deaths in US (Statistics, 2019). 

In the CRUSADE study, 22295 patients over the age of 65 years old were treated for ST-elevation 

myocardial infarction (STEMI) or NSTEMI at 344 hospitals in the United States between 2004 

and 2006, resulting in an in-hospital mortality of 7%. The mortality rate for these patients was 24% 

at 1 year, 51% at 5 years, and 65% at 8 years. The eight-year mortality was higher for NSTEMI 

(67%) than for STEMI (53%)  (Kochar et al., 2018). The cost of MI is $12.1 billion, classified as 

one of the top 10 most expensive conditions treated in US hospitals in 2013 (Al-Ogaili et al., 2019). 

There were around 15.9 million myocardial infarction cases in 2015 (Vos et al., 2016). In the 

developing world, the risk of death in those with a STEMI is about 10% (Thiele et al., 2017). 

The COVID-19 pandemic resulted in reductions in hospital admissions for MI. A 

multicenter study in Italy reported a 48% reduction in MI admissions during 1 week in March 2020 

compared with the same week the previous year (De Rosa et al., 2020). This reduction was present 

for both STEMI and NSTEMI at 27% and 65%, respectively. In England, AMI hospitalizations 

during the COVID-19 period (February 1–May 14, 2020) declined more than 50% compared with 

the pre–COVID-19 period (February 1–May 14, 2019) (Rashid et al., 2020). A similar multisite 

study in France observed a 72% and 64% reduction in STEMI (and NSTEMI comparing the 4 

weeks before and after the lockdown (Mesnier et al., 2020). 

1.3.2 Pathogenesis 

The most common cause of myocardial infarction is the rupture or erosion of a vulnerable, 

lipid-laden, atherosclerotic coronary plaque on an artery supplying blood to the heart muscle 

(Libby, 2013). Plaques can become unstable, rupture, and even promote the formation of a blood 

clot that blocks the artery. Blockage of an artery can lead to tissue death in the tissue being supplied 

by that artery (Reed et al., 2017). A complete occluding thrombus typically leads to STEMI (O'gara 



16 

et al., 2013). Partial occlusion, or occlusion in the presence of collateral circulation, results in non-

STEMI or unstable angina (i.e., an acute coronary syndrome without ST-segment elevation) 

(Amsterdam et al., 2014).  

The role of thrombosis as a cause of AMI was debated for decades in the 20th century until 

the 1970s, when it was clearly established as the cause of nearly all AMIs seen at autopsies and 

most large AMIs presenting clinically (Chandler et al., 1974; DeWood et al., 1980). 

Atherosclerosis with subsequent inflammation is the most common and most important driver of 

thrombosis. The cardinal feature of atherosclerosis is endothelial dysfunction. Atherosclerosis is a 

chronic inflammatory process of the inner wall (intima) of moderate and large-sized arteries and 

involves vascular endothelial cells, monocytes, macrophages, T lymphocytes, vascular smooth 

muscle cells, lipids, and platelets. Atherosclerotic lesions begin as an intimal thickening in the 

coronary artery walls or as fatty streaks. Some progress to either thick fibrous-capped or thin 

fibrous-capped atheromas with a lipid-laden core over time. Atherosclerotic lesions are prone to 

acute progression through either asymptomatic thrombosis or intraplaque hemorrhage. 

Atherosclerosis begins when low-density lipoprotein (LDL) is taken into the intima and 

oxidized, resulting in a cascade of inflammatory cytokine, enzyme, and cell adhesion molecule 

production. This process results in the attraction of T lymphocytes and monocytes into the 

subintimal space. The accumulation of oxidized LDL further damages the endothelial cells and 

results in more cytokine- and oxygen-derived free radical production into the subintimal space. 

Oxidized LDL is subsequently ingested by monocyte-derived macrophages and transformed into 

foam cells. Over time, smooth muscle cells migrate from the media to the intima and lipid 

accumulates under a fibrous cap composed of vascular smooth muscle cells, elastin, and collagen. 

Furthermore, low-grade inflammation as characterized by an elevated C-reactive protein, 
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independent of LDL levels, has been shown to contribute to myocardial events and hence thought 

to contribute to the formation and progression of atherosclerotic disease (Bohula et al., 2018). As 

previously mentioned, inflammatory cells such as macrophages and T lymphocytes play a direct 

role in the formation and destabilization of atherosclerotic plaques. Inflammation also indirectly 

activates the intrinsic and extrinsic clotting cascades, further contributing to atherosclerotic plaque 

formation and destabilization (Borissoff et al., 2011). The thin-cap fibroatheroma (TCFA), which 

has a lipid-rich, necrotic core regarded by some as a “vulnerable plaque”, can rupture suddenly 

because of macrophage infiltration and matrix degradation of the fibrous cap. This results in a 

cascade of platelet aggregation and thrombus formation that can lead to myocardial ischemia 

distally, subsequent infarction, or both. 

Conversely, plaque erosion, another cause of coronary thrombosis that occurs less 

frequently than plaque rupture, can occur in a lesion rich in proteoglycans and smooth muscle cells 

but not necessarily in one that is lipid rich. The thrombus here originates from a defect in the 

endothelial layer that covers the inside wall of all blood vessels. Plaque erosions tend to have fewer 

inflammatory cells as compared with plaque ruptures. The third mechanism of thrombus 

formation, which is infrequent (probably seen in <10% of cases), occurs when a calcified nodule 

protrudes through the thin fibrous cap and results in platelet aggregation and thrombus formation 

(Farb et al., 1996). These post-mortem observations were confirmed in vivo initially by coronary 

angiography performed during an acute transmural infarction which confirmed the primary 

importance of thrombosis as the cause of AMI (DeWood et al., 1980) and later by intravascular 

devices such as optical coherence tomography performed just prior to coronary stent implantation 

during the acute event (Jia et al., 2013). These intravascular devices can define plaque types 

associated with AMI. 
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The etiology of MI is not limited to atherosclerosis. Among its causes, there are several 

diverse etiologies. Coronary artery embolization is a rare cause. The emboli can arise from the left 

atrium as a consequence of atrial fibrillation or from clots in the left ventricle due to ventricular 

aneurysms or severely poor left ventricle systolic function or from prosthetic valves or infected 

native heart valves. Systemic hypotension, as a result of any etiology of shock, can result in global 

myocardial ischemia and subsequent infarction. Increased oxygen demand (such as severe anemia, 

tachyarrhythmias, or hyperthyroidism), especially in patients with moderate epicardial coronary 

artery stenosis, can result in significant ischemia and subsequent infarction if not corrected. 

Spontaneous coronary artery dissection is becoming a more recognized etiology of AMI. 

This occurs when an abrupt and sudden tear occurs in the wall of the coronary artery, resulting in 

decreased blood flow distally by either thrombus formation or obstructive hematoma formation. It 

is more common in younger patients and women, and the incidence is higher during pregnancy. 

Coronary spasm, either idiopathic or drug-induced such as in cocaine use, results in MI by 

decreasing blood supply to the heart muscle. Furthermore, Takayasu’s arteritis and giant cell 

arteritis have also been reported to cause MI. 

1.3.3 Diagnosis 

Patients with acute myocardial infarction may present with typical ischemic-type chest 

discomfort or dyspnea, nausea, unexplained weakness, or a combination of these symptoms. If the 

acute coronary syndrome is suspected, the patient should be referred immediately to an emergency 

department for evaluation (Amsterdam et al., 2014). A 12-lead ECG is performed and evaluated 

for ischemic changes, with the goal of performing the evaluation in less than 10 minutes after the 

patient arrives in the emergency department and blood is sent for cardiac troponin testing. Based 

on the history and ECG, rapid diagnostic triage is performed, with the case classified as either 
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STEMI (O'gara et al., 2013), possible or probable acute coronary syndrome without ST-segment 

elevation (Amsterdam et al., 2014), or nonischemic chest pain. Serial biomarker testing is 

performed to subclassify an acute coronary syndrome without ST-segment elevation as non-

STEMI or unstable angina. 

Serial measurement of cardiac troponin levels is the preferred biomarker method for 

differentiating non-STEMI from unstable angina and disorders other than acute coronary 

syndromes. In the appropriate clinical context, acute myocardial infarction is indicated by a rising 

or falling pattern of troponin levels, with at least one value above the 99th percentile of a healthy 

reference population (upper reference limit) (Thygesen et al., 2018). This rising or falling pattern 

has become increasingly important as more sensitive assays have been introduced (Amsterdam et 

al., 2014). High-sensitivity assays for troponin, which are currently available only outside the 

United States, increase diagnostic sensitivity and make it possible to effectively rule out 

myocardial infarction in 1 to 2 hours: these include assays that may rule out acute myocardial 

infarction after a single sample has been obtained (Morrow, 2016). However, such testing has 

decreased clinical specificity for acute myocardial infarction since high-sensitivity assays detect 

the presence of troponin in most healthy persons.  Furthermore, increased troponin levels are 

observed in a number of disorders other than acute myocardial infarction, including myocarditis 

and other causes of cardiac injury; cardiac, renal, and respiratory failure; stroke or intracranial 

hemorrhage; septic shock; and chronic structural heart disease (Thygesen et al., 2018). With 

current troponin assays, simultaneous measurement of creatine kinase MB or myoglobin levels, 

which is common practice, is redundant and no longer recommended (Volz et al., 2012). 

The initial risk assessment of a patient in whom an acute coronary syndrome is suspected 

should address two risks: the risk that the presenting syndrome is in fact an acute coronary 
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syndrome, and if it is, the risk of an early adverse outcome (Anderson et al., 2007). The risk of an 

early adverse outcome is more closely linked to presenting features than to risk factors for coronary 

artery disease. Two validated models have been developed to assess this risk: the Thrombolysis in 

Myocardial Infarction (TIMI) and Global Registry of Acute Coronary Events (GRACE) models, 

which are available online and can be helpful in initial patient care (Amsterdam et al., 2014). 

Recent advances in cardiac magnetic resonance imaging (CMR)  have made it possible to 

assess myocardial infarction in patients with acute chest pain as well as those with subacute or 

chronic disease (Meinel et al., 2021). Using different MR signals and techniques provides 

important information on assessing the scar tissue as well as salvageable myocardium. MR 

imaging plays an important role in evaluation of myocardial infarction, particularly in the areas of 

diagnosis, risk stratification, prognosis, and assessment of complications (Rajiah et al., 2013). MR 

imaging is useful in establishing the diagnosis of acute MI, particularly in patients who present 

with symptoms of MI but outside the diagnostic time frame of altered cardiac enzyme levels or 

with clinical features of acute MI but without an angiographic culprit lesion (Rajiah et al., 2013). 

The level of scarring examined using CMR is an important predictor of outcome after 

revascularization procedures, and extensive scarring in the myocardium indicates poor result after 

cardiac management and recovery. CMR can also be used to detect complications of MI, such as 

aneurysms, pericarditis, ventricular septal defect, thrombus, and mitral regurgitation (Rajiah et al., 

2013) 

1.3.4 Treatment 

Emergency reperfusion of the ischemic myocardium during the process of becoming 

infarcted is the most important advance in the treatment of STEMI over the past three decades and 

is the primary therapeutic goal. Coronary reperfusion is accomplished through primary PCI 
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(angioplasty and stenting) or intravenous fibrinolytic therapy. Prompt PCI (with a performance 

goal of ≤90 minutes from the first medical contact) is the preferred approach at PCI-capable 

hospitals for STEMI with the onset of symptoms within the previous 12 hours and for STEMI with 

cardiogenic shock, regardless of the timing (O'gara et al., 2013). The advantages of primary PCI 

over fibrinolysis include lower rates of early death, reinfarction, and intracranial hemorrhage. 

However, when PCI is delayed by more than 120 minutes, fibrinolytic therapy should be given if 

it is not contraindicated, followed by routine consideration of transfer in the following 3 to 24 

hours to a PCI-capable facility (O'gara et al., 2013). With broad application of reperfusion therapy 

for STEMI, 30-day mortality rates have progressively declined from more than 20% to less than 

5%. 

The recent evolution in the treatment of acute myocardial infarction primarily involves 

management in the catheterization laboratory. Implantation of either drug-eluting or bare-metal 

stents is supported by STEMI guidelines (O'gara et al., 2013).  

Given residual perfusion in the ischemic zone in acute coronary syndromes without ST-

segment elevation, the urgency of and approach to revascularization differ from that in STEMI. 

Once a definite or likely diagnosis of an acute coronary syndrome without ST-segment elevation 

has been made, the patient is triaged to either an invasive strategy or an ischemia-guided strategy 

(i.e., an initial medical strategy with angiography reserved for evidence of spontaneous or 

provoked ischemia) (Amsterdam et al., 2014). 

Angiography, an invasive strategy, leads to improved outcomes and is favored for most 

patients; the urgency of angiography (performed with the goal of revascularization) depends on 

the presence or absence of high-risk features. If initial medical therapy stabilizes the patient’s 

hemodynamic condition and relieves ischemic discomfort, an angiography can proceed within 12 
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to 24 hours. An even more delayed approach (with angiography performed within 25 to 72 hours) 

is an option for patients at lower immediate risk. Similar to for patients with STEMI, urgent PCI 

is performed in patients with unstable conditions.  

An ischemia-guided strategy is chosen for patients at low risk for recurrent ischemia 

(especially for women at low risk and others for whom angiography carries excessive risk), for 

patients at hospitals where interventional services are unavailable, and based on the patient’s or 

physician’s preference. Fibrinolytic therapy may be harmful in patients who have acute coronary 

syndrome without ST-segment elevation and is therefore discouraged. At the time of angiography, 

PCI is the most common intervention, but depending on the coronary anatomy and clinical 

features, a decision may be made to perform CABG instead of PCI or to forgo an intervention. 

Nonculprit arteries may be approached with the same cautions as for nonculprit arteries in patients 

with STEMI. Indeed, because the culprit artery may be difficult to identify with certainty in 

patients with an acute coronary syndrome without ST-segment elevation, simultaneous multivessel 

PCI is often performed if the patient is hemodynamically stable. 

Given the critical role of coronary thrombosis in the precipitation of acute myocardial 

infarction, antithrombotic therapy has assumed a cardinal role in managing acute coronary 

syndromes (Huber et al., 2014). 

Aspirin, an antiplatelet drug, is given as a loading dose to reduce the clot size and prevent 

further clotting in the affected artery (Kasper et al., 2015; Reed et al., 2017). This drug is known 

to decrease mortality associated with acute myocardial infarction by at least 50%. P2Y12 inhibitors 

such as clopidogrel, prasugrel, and ticagrelor are given concurrently as a loading dose, depending 

on whether further surgical management or fibrinolysis is planned. Prasugrel and ticagrelor are 

recommended in European and American guidelines, as they become active more quickly and 
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consistently than clopidogrel. P2Y12 inhibitors are recommended in both NSTEMI and STEMI, 

including in PCI, with evidence that also suggests improved mortality. Heparins, particularly in 

the unfractionated form, act at several points during the clotting cascade to help to prevent the 

enlargement of a clot and are also used to treat myocardial infarction. In very high-risk scenarios, 

inhibitors of the platelet glycoprotein αIIbβ3a receptor such as eptifibatide or tirofiban may be 

used. 

1.3.5 PKM2 in cardiomyocyte and role(s) in myocardial infarction 

High serum levels of pyruvate kinase have long been observed in patients with acute 

myocardial infarction, which rise to 7 times above the average level of healthy patients (Harano et 

al., 1973; Herraez-Dominguez et al., 1976; Shaft et al., 1970) and have been considered valuable 

in confirming early acute myocardial infarction. It was unknown whether this released pyruvate 

kinase was in the PKM1 or PKM2 isoform. Nevertheless, recent studies indicate that only PKM2 

isoforms are secreted by cells, including lung cancer cells, gastrointestinal cancer cells, or 

activated myofibroblast cells (Han et al., 2021; Liangwei Li et al., 2014; Wang et al., 2020). These 

findings suggest that PKM2 may be secreted into the blood circulation under acute myocardial 

infarction conditions. 

The ischemic injury of myocardial infarction dramatically changes the tissue environment 

and leads to heart remodeling. After ligation of the left anterior descending coronary artery in mice, 

upregulation of hypoxic signaling was observed (Williams et al., 2018). Hypoxic signaling is 

critical in the ischemic response, including angiogenesis, enhanced glycolysis, and other oxygen-

dependent processes. The primary initiator of this signaling pathway is hypoxia-inducible factor 1 

(HIF1), a transcription factor that is stabilized during low oxygen conditions to drive multiple 

changes in gene expression (Lee et al., 2005). There is a hypoxia response element in the promoter 
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of PKM which can bind HIF1 under hypoxia conditions to induce the alternative splicing of the 

PKM gene (Luo et al., 2011). RNA sequencing data from ischemic heart tissue 1 and 3 days after 

the infarction reveals the switch in PKM isoform expression. The usually predominant PKM1 

isoform was less abundant in ischemic hearts, while the level of PKM2 and associated splicing 

factors (hnRNPA1, hnRNPA2B1, Ptbp1) rapidly increased (Williams et al., 2018). Despite 

increased PKM2 expression, total pyruvate kinase activity remained reduced in ischemic 

myocardial tissue. High PKM2 level has been observed in some cardiovascular diseases and is 

associated with heart failure (Ni et al., 2022; Rees et al., 2015). It appears that enhanced PKM2 

expression during acute MI is an initial response to ischemia that is maintained for weeks after 

injury. The early change in metabolism and non-metabolic pathways caused by this ischemia-

dependent alteration in splicing of PKM mRNA may play a role in the recovery of contractility 

and heart function. In cancer cells, PKM2 can also interact directly with the HIF-1α subunit and 

promotes the transactivation of HIF-1 target genes by enhancing HIF-1 binding and the histone 

acetyltransferase p300 recruitment to hypoxia response elements, whereas PKM1 fails to regulate 

HIF-1 activity (Luo et al., 2011). Interaction of PKM2 with prolyl hydroxylase 3 (PHD3) facilitates 

PKM2 binding to HIF-1α and function as a coactivator. This data suggest that PKM2 participates 

in a positive feedback loop to promote HIF-1 transactivation and the reprograming of glucose 

metabolism. 

However, the role of PKM2 in myocardial infarction is still debated. Cardiomyocyte-

specific deletion of PKM1 deteriorates cardiac dysfunction and remodeling in response to pressure 

overload triggered by transverse aortic constriction (TAC) (Q. Li et al., 2021). Overexpression of 

PKM1 in the cardiomyocytes protects the heart from TAC-induced cardiomyopathy and heart 
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failure, suggesting that PKM1 is required for the augmentation of glycolytic flux, mitochondrial 

respiration, and ATP production under pressure overload.   

PKM2 is only expressed in cardiomyocytes during development and immediately 

disappears after birth. Endogenous PKM2 upregulation in cardiomyocytes in response to 

myocardial infarction is very limited in the adult heart and is insufficient to induce significant 

cardiomyocyte proliferation. Overexpression of PKM2 by cardiomyocyte-specific modified RNA 

promotes both cardiomyocyte cell division and cardiac regeneration. Loss of function studies show 

that cardiomyocyte-specific PKM2 deletion during cardiac development significantly reduces 

cardiomyocyte cell proliferation, cardiomyocyte numbers, and myocardial size (Magadum et al., 

2020). PKM2 has a nonenzymatic function in cardiomyocytes that directly interacts with β-catenin 

in the nuclei, inducing β-catenin phosphorylation and upregulating its downstream targets Cyclin 

D1 and C-Myc to promote cell proliferation. On the other hand, PKM2 has an enzymatic function 

that elevates G6pd and redirects glucose carbon flow into the PPP anabolic pathway. PPP elevation 

results in decreased ROS production and oxidative DNA damage that suppresses postnatal 

cardiomyocyte cell cycle arrest. Moreover, polypyrimidine tract binding protein-1, a target of c-

Myc (Yang, Zheng, et al., 2012), induces PKM2 expression. These results suggest a positive 

feedback loop between PKM2 and c-Myc that positively contributes to the cardiomyocyte cell 

cycle and cardiac regeneration (Magadum et al., 2020).  

Another study states that inhibiting the PKM2/b-catenin pathway induces the proliferation 

adult cardiomyocytes in vivo following experimental MI, which has an entirely opposite 

conclusion (Hauck et al., 2021). This study discovered a lack of cardiac hypertrophy or expression 

of the fetal gene program in PKM2 knockout mice post MI compared to control animals, 

correlating with smaller infarct size, improved mitochondrial (mt) function, enhanced 
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angiogenesis, reduced CM apoptosis, and reduced oxidative stress post MI. There were higher 

numbers of dividing CM in the infarct zone between 3–9 days post MI. The study also reports that 

PKM2 interacts with β-catenin (Ctnnb1) in the cytoplasm of CM, inhibiting Ctnnb1 

phosphorylation at serine 552 and tyrosine 333 by Akt. In the absence of PKM2, Ctnnb1 enters 

the nucleus, leading to transcriptional activation of proliferation-associated target genes. It is also 

reported that suppression of PKM2 prevents cardiac remodeling by suppressing TGF-β/Smad2/3 

and Jak2/Stat3 signaling pathways of cardiac fibroblasts, reducing the proliferation and collagen 

synthesis of fibroblasts (Xiyu Zhang et al., 2021). 

PKM2 has been widely studied in tumors and has recently become a hot topic in 

cardiovascular diseases, including myocardial infarction, heart failure, pulmonary arterial 

hypertension and so on (Shimauchi et al., 2022). The function of PKM2 in myocardial infarction 

remains obscure and further knowledge is needed to elucidate the critical role of PKM2 post MI. 

1.3.6 Cardiac fibrosis and cardiac remodeling 

The myocardial ischemic injury causes cardiomyocyte (CM) necrosis, which triggers 

molecular damage signaling and the consequent activation of an intense inflammatory response 

aimed at tissue repair. The myocardium has a poor regenerative capacity in adult mammalian tissue 

because of the post-mitotic nature of CM. Consequently, a fibrotic scar replaces the lost cells after 

CM necrosis (Prabhu & Frangogiannis, 2016). At the beginning of the wound healing process, 

immune cells are activated and recruited by damage signals in the necrotic area to remove dead 

cells and interstitial debris through phagocytosis and proteolysis. 

Subsequently, anti-inflammatory immune cells secrete cytokines that attract and activate 

reparative cells to produce extracellular matrix (ECM) (Lambert et al., 2008). Lastly, the apoptotic 

process is activated, and the fibrotic scar maturation begins. The balance between the inflammatory 
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and reparative phases regulates the healing process and significantly impacts the scar's quality. 

Fibrosis is one of the main mechanisms involved in the repair process following MI and may 

appear as replacement and/or reactive fibrosis (Talman & Ruskoaho, 2016). In particular, 

replacement fibrosis is responsible for substituting cardiomyocytes in the necrotic area with a 

fibrotic scar formation, preventing ventricular wall rupture and adverse remodeling. Reactive 

fibrosis causes interstitial fibrosis both in the infarct border zone and the surrounding myocardium 

due to incomplete inflammation resolution or an excessive reparative process (van Amerongen et 

al., 2007). Both replacement and reactive fibrosis may affect the ventricular structure and systo-

diastolic function, thus providing the physiopathological substratum of ischemic heart failure (HF) 

(Prabhu, 2005; Sutton & Sharpe, 2000). Furthermore, fibrotic scaring and interstitial fibrosis may 

affect the electrical myocardial activity and predispose the patient to life-threatening ventricular 

arrhythmias (Stuart et al., 2016).  

1.3.7 Cardiac fibroblast and myofibroblasts 

The term fibroblast describes cells of mesenchymal origin that populate connective tissues, 

lack a basement membrane and are capable of producing significant amounts of ECM proteins. 

Under this broad definition, a wide range of cardiac interstitial cells can be identified as fibroblasts. 

Fibroblasts can be distinguished from other myocardial interstitial cells based on the expression of 

discoidin domain-containing receptor 2, PDGFR-α, and the transcription factor Tcf21 (Tallquist, 

2020). In infarcted and stressed hearts, fibroblasts undergo conversion to myofibroblasts, which 

are cells that exhibit a prominent endoplasmic reticulum (indicating a synthetically active 

phenotype), while expressing contractile proteins, such as α-smooth muscle actin (α-SMA) (Hinz, 

2007, 2010). Infiltration of the heart with activated myofibroblasts has been reported in a wide 

range of pathologic conditions, including MI (Frangogiannis et al., 2000; Willems et al., 1994), 
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myocarditis (Blyszczuk et al., 2017), and diseases associated with cardiac pressure or volume 

overload (Wang et al., 2003). However, myofibroblast conversion is not required to activate a pro-

fibrotic program. In a model of diabetic fibrotic cardiomyopathy, deposition of interstitial collagen 

and acquisition of a matrix-synthetic phenotype by cardiac fibroblasts was found to be independent 

of myofibroblast transdifferentiation (Alex et al., 2018). Moreover, single-cell transcriptomic 

analysis in a model of angiotensin II-induced fibrosis identified fibroblast subsets expressing 

Cartilage Intermediate layer protein 1 (Cilp) or Thrombospondin-4 (Thbs4) as the predominant 

fibrogenic cell types in the absence of α-SMA-expressing myofibroblasts (McLellan et al., 2020). 

In the era of single-cell transcriptomics, it is increasingly appreciated that both fibroblasts 

and myofibroblasts are heterogeneous populations comprised of several subsets with distinct 

transcriptomic profiles. In healing infarcts, subpopulations of myofibroblasts with high expression 

of fibrogenic mediators, such as transforming growth factor (TGF)-β, have been identified, along 

with other myofibroblasts that expressed transcripts encoding proteins with anti-fibrotic 

properties, such as the matricellular gene Wisp/CCN5 and the Wnt antagonist Sfrp (Farbehi et al., 

2019). Whether these transcriptomic profiles are associated with pro- vs. anti-fibrotic properties 

remains unknown. 

The abundant fibroblasts that reside in the normal cardiac interstitium are capable of 

activation following injury and can account for the injury-associated expansion of matrix-secreting 

myofibroblasts. Despite this fact, several studies have suggested that other cell types, including 

hematopoietic fibroblast progenitors (Haudek et al., 2010), macrophages (Haider et al., 2019), and 

endothelial cells (Aisagbonhi et al., 2011) may also contribute to myofibroblast accumulation in 

injured hearts by transdifferentiating into fibroblasts or myofibroblasts. The relative contribution 

of these cells remains controversial. Generalizing cell biological paradigms to all types of 
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myocardial injury is inherently problematic and does not consider the distinct profile of cellular 

responses caused by various injurious stimuli. For example, in inflammatory myocardial diseases, 

such as myocarditis, the intense chemokine-dependent infiltration of the heart with immune cells 

may also recruit abundant circulating progenitors that may contribute to fibroblast expansion 

independently of the resident fibroblast population. Experiments using bone marrow chimeric 

mice in a model of autoimmune myocarditis suggested that a large fraction of activated fibroblasts 

originate from a population of prominin+ hematopoietic cells that infiltrate the myocardium 

(Okyere & Tilley, 2020). On the other hand, in MI, contributions of various cell types may be 

context-dependent. In a reperfused infarct, most fibroblasts in the area at risk likely survive the 

ischaemic event and may account for myofibroblast expansion. In contrast, when the coronary 

artery is permanently occluded, most cardiac interstitial cells may die along with the neighboring 

cardiomyocytes. Their contribution to the reparative myofibroblast population is limited, which 

may be derived predominantly from fibroblasts recruited from non-infarcted segments, or from 

other remote cell types (including circulating hematopoietic cells). Unfortunately, studies on 

myocardial cell death following infarction have focused almost exclusively on cardiomyocytes; 

information on the fate of fibroblasts and other interstitial cells is minimal. The unique cell 

biological characteristics of disease-specific fibrotic myocardial responses remain 

underappreciated and understudied. 

Activated myofibroblasts contribute to matrix remodeling by secreting large amounts of 

structural ECM proteins, releasing proteases and their inhibitors, and producing enzymes involved 

in matrix processing. Although the mechanisms of myofibroblast activation depend on the specific 

type of injury causing the myocardial fibrotic response, some common patterns have emerged. 

Neurohumoral mediators, cytokines and growth factors are released and activated following 
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myocardial injury and bind to cell surface receptors, transducing fibrogenic intracellular signaling 

cascades. Moreover, specialized matrix proteins and matricellular macromolecules enrich the 

matrix network and locally activate fibrogenic growth factors at the site of injury to provide spatial 

regulation of the fibroblast-activating signals. 

In addition to the fibroblasts, several other cell types contribute to the fibrogenic 

environment. Immune cells, including macrophages, mast cells, and lymphocytes are recruited and 

activated in remodeling hearts and may play an essential role in fibroblast activation by secreting 

a wide range of fibrogenic mediators, including cytokines, growth factors, and matricellular 

proteins (Okyere & Tilley, 2020). Endothelial cells, pericytes, and vascular smooth muscle cells 

may also secrete molecular signals that regulate fibroblast behavior (X. Sun et al., 2020). 

Cardiomyocytes are also highly sensitive to microenvironmental changes and typically respond to 

injurious stimuli by activating inflammatory and fibrogenic programs (Turner, 2016). It should be 

emphasized that the actions of leucocytes, vascular cells and cardiomyocytes on fibroblast 

phenotype are not necessarily activating. Several studies have demonstrated injury-associated 

induction and release of anti-fibrotic mediators in leucocytes (Deniset et al., 2019), endothelial 

cells (Bujak et al., 2009), and cardiomyocytes (Sassi et al., 2014) that may serve to restrain 

fibrogenic responses. 

 

1.4 PI3K-PTEN pathway 

The PI3K/Akt pathway has been identified as a key mechanism in the occurrence, 

progression, and treatment of MI30. An increasing number of studies have found that the 

components of this pathway are activated in response to cellular external or internal stimuli (Yuan 

et al., 2016; Yue et al., 2019), implicated in survival, proliferation, apoptosis, migration, and other 
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physiological or pathological processes (Ghigo et al., 2017). When PI3K converts 

phosphatidylinositol 4,5-bisphosphate (PIP2) into phosphatidylinositol 3,4,5-trisphosphate (PIP3), 

Akt is activated as the core molecule in the pathway. PIP3 binds to the Pleckstrin homology (PH) 

domain of Akt to alter its conformation, exposing Ser473 and Thr308 sites (Hennessy et al., 2005). 

Finally, phosphoinositide dependent kinase 1 (PDK1) and PDK2 phosphorylate Thr308 and 

Ser473 of Akt, regulating cardiac recovery following MI via the downstream signaling pathway 

(Eisenreich & Rauch, 2011). 

As downstream effectors of Akt, endothelial nitric oxide synthase (eNOS), vascular 

endothelial growth factor (VEGF), mammalian target of rapamycin (mTOR), glycogen synthase 

kinase 3β (GSK-3β), and forkhead box subfamily O (FOXO) govern cell growth, proliferation, 

apoptosis, and cardiovascular homeostasis. 

eNOS is a member of the family of NOS enzymes encoded by Nos2 that catalyzes the 

conversion of l-arginine into nitric oxide (NO). In the heart, Nos2 is expressed in vascular 

endothelial, smooth muscle cells, cardiomyocytes, and cardiac fibroblasts. NO has been proven to 

be a key mediator in cardiac remodeling (Kazakov et al., 2013). Deletion of eNOS induced the 

profibrotic effect, resulting in excessive cardiac fibrosis, which might provide a therapeutic target 

for myocardial fibrosis through the activation of eNOS. In addition, activation of eNOS contributes 

to myocardial angiogenesis (Kazakov et al., 2013), similar to the role of VEGF in therapeutic 

angiogenesis post MI. 

Studies have shown that mTOR consists of two complexes, mTOR complex 1 (mTORC1) 

and mTORC2. They are both essential for cardiac remodeling following MI, because they regulate 

apoptosis, autophagy, and inflammation. Upregulation of autophagy is a cardioprotection 

mechanism response in stress (Nakai et al., 2007). Autophagy can be inhibited by the activity of 
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mTORC1, leading to reduced survival of cardiomyocytes in an in vitro injury model and 

aggravating infarction in an in vivo model of myocardial ischemia (Sciarretta et al., 2012). 

Nevertheless, mTORC2 primarily responds to stimulation of insulin and insulin-like growth 

factors, which seem to also regulate cell proliferation and polarity, protecting the heart from 

ischemic damage (Völkers et al., 2013). Furthermore, GSK-3β alleviates the inhibition of 

autophagy mediated by mTORC1 in myocardial cells and aggravates ischemic injury after 

prolonged myocardial ischemia (Zhai et al., 2011). 

It has been noted that, following ischemia, constitutively active FOXO3a is associated with 

poor prognosis, resulting in deficient angiogenesis due to the increase in apoptosis and a reduction 

in proliferation in vascular smooth muscle cells (VSMCs) (Tucka et al., 2014). The signaling 

stimuli of growth factors phosphorylate Akt1 and FOXO3a, limit FOXO3a transcriptional activity, 

and enhance cardiomyocyte survival and native angiogenesis in the aftermath of an ischemic event. 

Phosphatase and tensin homolog (PTEN) is a negative regulator of PI3K/Akt by 

dephosphorylating PIP3 to PIP2, participating in pathological processes in the ischemic 

myocardium (Lee et al., 2018). In preclinical studies, pharmacological inhibitors of PTEN, 

including HOpic61 and VO-OHpic63, have shown admirable efficacy in reducing the inhibition 

of PI3K, promoting angiogenesis, apoptosis resistance, and survival (Z. Li et al., 2018). Moreover, 

emerging evidence confirmed that PTEN is involved in cardiac remodeling post infarction. The 

decrease in PTEN activity was associated with subsequent reductions in leukocyte infiltration, 

cardiomyocyte proliferation, and adverse cardiac remodeling (Parajuli et al., 2012). 

Studies have shown that non-coding RNAs, including microRNAs (miRNAs), long non-

coding RNAs (lncRNAs), and circular RNAs (circRNAs), represent novel therapeutic tools for 

MI. A growing number of studies have observed that miRNA-21, miRNA-130a, miR221-3p, and 
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miR-301 (L. Sun et al., 2020; Zhen et al., 2020) are mediated by the suppression of PTEN and 

activation of PI3K-dependent signaling. Moreover, studies on lncRNAs indicated that small 

nucleolar RNA host gene 1 (Snhg1) directly binds to PTEN to form a positive feedback loop with 

PTEN/Akt/c-Myc to induce cardiomyocyte proliferation (M. Li et al., 2021).  

In recent decades, stem cell therapy has gained attention due to its viability and potential 

use in cardiac repair. Stem cells secrete cytokines and extracellular vesicles to modulate the 

processes following MI. Transplanted bone-marrow endothelial progenitor cells (EPCs) in the 

myocardium trigger PI3K/Akt/FoxO signaling (Sun et al., 2014). Another study mentioned that 

bone marrow-derived mesenchymal stem cells (BMMSCs) release paracrine factors that protect 

cardiomyocytes against hypoxia based on overexpression of Akt1 (Gnecchi et al., 2005). However, 

due to the unfavorable survival rate of regenerative cells, it is necessary to explore novel strategies 

to improve the efficacy of stem cell therapy. Improving stem cell engraftment and reparative 

potency in injured cardiac tissue might be an alternative aproach. Human-induced pluripotent stem 

cell-derived cardiomyocytes (hiPSC-CMs) and thymosin β4 microspheres were simultaneously 

injected into pigs after MI induction, with the microspheres delivering thymosin β4 to improve the 

engraftment and reparative properties of stem cells post-transplantation by heightening Akt 

activity (Tan et al., 2021). In addition, by relying on activation of the Akt pathway, nerve growth 

factor nanoparticles enhanced the therapeutic potency of human umbilical cord mesenchymal stem 

cells (hUCMSCs) and paracrine effects on Akt-modified BMMSC-mediated cardiac protection 

and functional improvement (Gnecchi et al., 2006). 

As a possible modality that may supplant cell therapy, exosome therapy is an emerging 

novel approach to treat MI (Wang et al., 2021). Based on the evidence of in vivo experiments and 

exosomal miRNA arrays derived from human explant-derived cardiac stem cells (CSCs), 
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exosomes from healthy donors exhibited a scarcity of heart protection compared to exosomes from 

patients with heart failure and exhibited an impaired ability by blunting miR-21-5p/PTEN/AKT 

(Qiao et al., 2019). In addition, exosomes secreted from aged mesenchymal stem cells (MSCs) 

enhanced the angiogenesis and survival of cardiomyocytes via the miR-221-3p/PTEN/Akt 

pathway (L. Sun et al., 2020). By switching PI3K signaling, analogously, exosomes excreted from 

SDF1-overexpressing MSCs displayed an advantageous effect on myocardial cells and cardiac 

endothelial cells after ischemia (Gong et al., 2019). 

 

1.5 Integrin  

1.5.1 Integrin family 

The integrins are a superfamily of transmembrane proteins serving as primary cell adhesion 

receptors. They bind to the extracellular matrix and cell-surface ligands responsible for transferring 

the outside signal inside or the alternative way. They are critical for sensing physical and chemical 

signals from matrices and communicating with surrounding cells (Takada, Ye, & Simon, 2007). 

Integrins are involved in multiple critical cellular processes such as cell survival, proliferation, 

migration and cell transformation (Kumar, 1998) (Wozniak, Modzelewska, Kwong, & Keely, 

2004). Integrins are heterodimers composed of two subunits: α subunit and β subunit. There are 

18 α subunits and 8 β subunits which make 25 different combinations of integrin heterodimers. 

The amino acid sequence Arginine-Glycine-Aspartic acid (RGD) is a conserved sequence that is 

found in the interaction site of many extracellular matrix proteins which bind to integrins (Horton, 

1997). Integrins physically link with the actin cytoskeleton through cell-matrix adhesion 

complexes termed “focal adhesions” (FAs) (Sun, Guo, & Fässler, 2016). Focal adhesions are 

membrane-associated multi-protein complexes that transmit outside signals inside cells (Schiller 



35 

& Fassler, 2013). Focal adhesions proteins include focal adhesion kinase (FAK), paxillin, vinculin 

and talin (Stutchbury, Atherton, Tsang, Wang, & Ballestrem, 2017). Ligand binding activates 

integrins, followed by the assembly of focal adhesion complex, leading to oligomerization and 

trans-autophosphorylation of tyrosine kinase FAK. Phosphorylated FAK can bind with and 

activate PI3K, initializing proliferation and survival pathways. A common proliferation pathway 

induced by integrins such as αvβ3 is the RAS-ERK signaling pathway (Hood , Frausto , Kiosses , 

Schwartz , & Cheresh 2003). Integrin αvβ3 is reported to enhance the signaling of insulin and 

insulin-like growth factor receptors by binding with insulin receptor substrate (IRS)-1 (Zheng & 

Clemmons, 1998). Integrins are also involved in cell survival. Integrins provide a constitutive 

survival signal to cells via the PI3K-AKT pathway (X. Wu, Cai, Zuo, & Li, 2019).  

1.5.2 αvβ3 integrin 

The αvβ3 integrin, also known as vitronectin receptor, has been reported essential for 

angiogenesis and cancer malignancy (Eliceiri & Cheresh, 2000). Besides vitronectin, αvβ3 can 

also interact with other extracellular proteins such as fibronectin and fibrinogen. The interaction 

between integrin αvβ3 and extracellular matrix molecules is demonstrated to be involved in the 

inflammatory response, tissue repair and remodeling, and bone resorption (Horton, 1997). 

Evidence also indicates αvβ3 play a role in regulating cell proliferation, differentiation, migration 

and apoptosis (Horton, 1997; Kumar, 1998). Integrins are intensively studied as a therapeutic 

target since upregulation of αvβ3 is found in many disease conditions, especially during 

angiogenesis, tumor progression and bone diseases such as osteoporosis and bone metastasis 

(Goodman & Picard, 2012; Z. Liu, Wang, & Chen, 2008). However, unexpectedly, β3 integrin 

knockout mice display marked increases in angiogenesis (Reynolds et al., 2002), tumor growth 

(Reynolds et al., 2002; Robinson, Reynolds, Wyder, Hicklin, & Hodivala-Dilke, 2004), elevated 
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fibrosis (Friman et al., 2012), lung inflammation (Weng et al., 2003) and wound healing responses 

(Weis & Cheresh, 2011), probably due to the compensatory effect of increased VEGFR2. 

Inhibition of αvβ3 through Cilengitide, a specific αvβ3(αvβ5) inhibitor, aggravates liver fibrosis 

(Patsenker et al., 2009).  

Cilengitide rescues the phenotype of increased post-injury scarring in collagen-V-deficient 

mice after heart injury (Yokota et al., 2020). αv integrins mediate dysfunction and fibrosis in 

response to doxorubicin treatment (Sui & Hou, 2021). In vitro experiments suggest that αvβ3 

integrin-activated vascular smooth muscle cells can be an important source of collagen following 

neurohumoral activation (Belmadani et al., 2008), which is typically observed in hypertensive 

patients. Integrin β3 promotes cardiomyocyte proliferation and attenuates hypoxia-induced 

apoptosis by regulating the PTEN/Akt/mTOR and ERK1/2 pathways (Wei et al., 2020). β3 

integrin-mediated ubiquitination activates survival signaling during myocardial hypertrophy 

(Johnston et al., 2009). 

 

1.6 The focus of this study 

We report here that systemic administration of a recombinant PKM2 mutant (G415R), 

which mostly adopts a dimer form, preserves cardiomyocytes and decreases cardiac fibrosis during 

myocardial infarction. The administration of G415R prevents cardiomyocytes from apoptosis and 

facilitates cardiomyocyte proliferation under hypoxia and oxidative stress conditions. The PKM2 

mutant interacts with integrin αvβ3 on cardiomyocytes to activate the FAK - PI3K signaling axis, 

suppressing PTEN expression downstream and consequently promoting survival and proliferation. 

Consistent with previous reports (Magadum et al., 2020), we show that PKM2 is expressed and 

released into the extracellular space 4 days post myocardial infarction in the mouse model. PKM2 
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expression and extracellular PKM2 are detected in myocardium tissues of infarction patients and 

mouse models. Also, consistent with previous reports, integrin αvβ3 is expressed in myocardium 

tissues of infarction patients and mouse models. The integrin is expressed as early as 6 hours after 

myocardial infarction. Our studies provide a potential therapeutic strategy for heart attack 

treatment. 
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2 RESULTS 

2.1 Expression of integrin αvβ3 in cardiomyocytes under stress 

Independent studies demonstrate that integrin αvβ3 is upregulated in cardiomyocytes under 

cardiac infarction condition and may promote the proliferation of cultured cardiomyocyte  and 

attenuates hypoxia-induced apoptosis (Shewchuk et al., 2010; Wei et al., 2020). To understand 

whether integrin αvβ3 is expressed in the stressed cardiomyocytes, we probed the expression of 

the integrin in H9c2 cells by immunoblot and immunofluorescence (IF) staining. Clearly, the 

integrin is expressed at high levels in the cells under the hypoxia condition (Fig.2.1 A&B). Basal 

expression of integrin αvβ3 in the cells is expected as H9c2 cells are myoblasts that are not fully 

differentiated into cardiomyocytes. Regulation of expression of the β3 subunit is required for the 

differentiation of the cells (Blaschuk et al., 1997). To further illustrate the integrin β3 expression 

in differentiated cardiomyocytes, we analyzed the integrin expression in primary human 

cardiomyocytes under the hypoxia condition. Evidently, the integrin is expressed in 

cardiomyocytes under stress conditions, while the integrin is not expressed under the standard 

culture condition (Fig.2.1 C&D). To confirm the clinical relevance of the integrin expression, we 

compared the integrin expression in infarction areas and normal healthy areas of heart tissues from 

infarction patients by immunohistochemistry (IHC) staining. It is clear that the integrin is highly 

expressed in the infarction region and almost undetectable in the healthy, non-infraction region 

(Fig.2.1 E). Similar to human myocardial infarction, integrin β3 was also detected in the infarction 

regions of cardiac tissues of acute myocardial infarction (AMI) in mice. Our IHC results show that 

integrin β3 is expressed within 6 hours after ischemic injury and reaches its highest level on day 

four, and the expression decreases after day nine (Fig.2.1 F&G). Similarly, the integrin was not 
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expressed in non-infarction areas of the cardiac tissue of the AMI-induced mice. We concluded 

that integrin αvβ3 is upregulated in cardiomyocytes under stress conditions.  

 

2.2 EcPKM2 prevents apoptosis of cardiomyocytes and promotes cell proliferation under 

stress conditions 

Extracellular PKM2 (EcPKM2) is present in patients’ blood circulation (Hsu et al., 2016). 

The levels of circulating PKM2 correlates with cancer progression in many different cancer types. 

EcPKM2 is known to regulate cell proliferation and migration for multiple different cancer types 

(Hsu et al., 2016; Kim et al., 2020). It is also reported by our collaborator that EcPKM2 promotes 

neuron regeneration which has limited proliferative capacity in the brain after stroke. Early 

treatment of EcPKM2 has an acute neuroprotective effect against ischemic brain damage, while 

delayed EcPKM2 treatment induces regenerative signals in the poststroke brain leading to better 

functional recovery (Chen et al., 2018). We previously reported that EcPKM2 facilitated wound 

repair and tissue regeneration in the cutaneous wound model by promoting angiogenesis and 

myofibroblasts migration (L. Li et al., 2014; Y. Zhang et al., 2016). Our studies further 

demonstrated that EcPKM2 interacts with integrin αvβ3 on angiogenic endothelial cells and 

myofibroblasts to protect myofibroblast and angiogenic endothelial cells from apoptosis in liver 

and lung injury and fibrosis models  (Han et al., 2021). Since cardiomyocytes express high levels 

of integrin αvβ3 under stress conditions and at early stage of myocardial infarction, we therefore 

investigated whether EcPKM2 also protects cardiomyocytes from apoptosis under stress 

conditions. We first tested H9C2 cells. In our previous studies, we demonstrated that the PKM2 

dimer is active in facilitating regeneration, while tetramer PKM2 is inactive (Gao et al., 2012). Our 

laboratory and others have shown that a recombinant PKM2 mutant G415R that exists mainly as 
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a dimer form (Liu et al., 2020). The mutant G415R was expressed and purified from bacterial E. 

coli. (Ref to as G415R) in our lab and was used in the place of EcPKM2, while recombinant PKM1 

(rPKM1) was expressed and purified from bacterial E. coli. was used as control. Furthermore, the 

G415R mutant is stable in culture media for at least 48 hours. It is evident that G415R not only 

protected H9C2 cells from apoptosis under the hypoxia condition (Fig.2.2 A&B). G415R 

promoted cell proliferation under the hypoxia condition (Fig.2.2 C&D). We then tested if G415R 

has similar effects on primary human cardiomyocytes. Clearly, G415R protected cardiomyocytes 

from apoptosis under hypoxia and oxidative stress conditions (Fig.2.3 A&B, Fig.2.12 D). 

Similarly, G415R promoted cell proliferation of the primary cardiomyocytes under the hypoxia 

condition (Fig.2.3 C&D). 

 

2.3 G415R preserves cardiomyocytes in the infarction and ischemia-reperfusion mouse 

models 

Protection of cardiomyocytes from apoptosis and facilitation of cardiomyocyte 

proliferation under hypoxia and oxidative stress conditions suggest a potential protective role in 

heart during myocardial infarction and other cardiovascular diseases. We, therefore, set to explore 

the potential effects of this PKM2 mutant on myocardial infarction using the commonly used 

ligation of mouse left anterior descending coronary artery (Gao et al., 2010). Animals were 

pretreated with one dose of G415R, 24 hours before the artery ligation. The next day, animals were 

subjected to myocardial infarction (MI) or ischemia-reperfusion (IR). The infarction mice (both 

MI and IR) were continuously treated biweekly with G415R or rPKM1.The experimental animals 

were euthanized at designated time points for analyses. The experimental scheme is illustrated in 

figure 2.4A. His-tag IHC staining demonstrated the present of recombinant G415R in the 
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myocardium of the infarction region (Fig.2.4 I). Clearly, administration of G415R dramatically 

decreased MI mice death at all time points (Fig.2.4 E). Administration of G415R decreased heart 

weight vs. body weight in the MI mice 30 days after infarction but showed no significant change 

in the IR mice (Fig.2.4 F&G). CMR imaging analyses of heart function suggested that G415R 

treatment improved the ejection fraction of MI mice and restored the ejection fraction of IR mice 

almost to the same level of sham mice at day 30 post-surgery (Fig.2.4 B, C&D). Upon inspecting 

the morphologies of left ventricles in MRI image, we found that the G415R group but not the 

rPKM1 group or buffer treated group had restored left ventricle structure, and the wall thickness 

was increased (Fig.2.4 B). Histological analyses of the infarction heart showed that mice treated 

with G415R had smaller infarction scar sizes than the rPKM1 group and buffer-treated groups 7 

days and 30 days post-MI (Fig.2.5 A, B, D&E). G415R reduced cardiac scar formation 30 days 

post-IR (Fig.2.5 B&F). G415R Intraperitoneal (i.p.) delivery did not cause any abnormality (e.g., 

angioma, edema) in cardiac tissue (Fig.2.5 A&B) and preserved the structure of cardiomyocytes 

and even prevented the proliferation of non-myocyte cells. Minimal scars were observed 24 hours 

post-MI. To explore whether G415R protects cardiomyocyte from apoptosis and necrosis, 

TUNNEL staining was performed with the tissues from mice heart 6, 24 hours and 7 days after the 

infarction induction. Evidently, G415R treatment decreased cardiomyocyte apoptosis at 6 and 24 

hours in the MI groups (Fig.2.7 A, B, C&D) and 24 hours in the IR groups (Fig.2.7 E&F), whereas 

G415R had limited benefit on prevention of cell death for cardiomyocytes after 7 days (Fig.2.8 

A&B). The IF staining with cardiac troponin I (cTnI) indicates a large population of 

cardiomyocytes have been replaced by non-myocyte cells and mild apoptosis and necrosis are 

induced in those cells. Further, troponin T or I levels in the blood circulation of myocardial 

infarction mice were measured. TnI and TnT are released when the heart muscle myocardium is 
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damaged, such as during a heart attack in humans and animals. We verified cardiac TnI levels in 

the blood plasma from infarcted mice. The G415R treatment reduced the TnI levels in plasma by 

almost 3-fold 7 days post-MI compared to the rPKM1 group or buffer treated, which suggests 

cardiomyocytes had less damage after G415R treatment. 

G415R stimulates the proliferation of human primary cardiomyocytes and H9c2 cells under 

hypoxia and oxidative stress conditions. We, therefore, examined whether G415R also facilitated 

cardiomyocyte proliferation in the infarction regions of MI mouse model by the Ki67 staining. All 

the images were collected from the border zone of mice except for 7 days group, which included 

both the border zone and infarct area. G415R treatment did not lead to cardiomyocyte proliferation 

6 hours after infarction induction (Fig.2.9 A). However, cardiomyocyte proliferation was apparent 

in the myocardium tissue of both MI and IR mice that were treated with G415R but not buffer or 

rPKM1 24 hours (Fig.2.9 A&B), 4 days (Fig.2.9 A&C), and 7 days (Fig.2.9 D&E) after the 

infarction induction. Upon comparing the staining from the border zone and infarct area in 7 days 

group, we realized most of the dividing cells in the infarct area were non-myocyte cells, while in 

the border zone, cardiomyocytes were observed to proliferate which could be differentiated by the 

structure and size of the cells. To verify the proliferation of cardiomyocytes in the infarction region 

of infarction heart, we carried out IHC Ki67 and cardiac troponin I (cTnI), a molecule that 

specifically expressed in cardiomyocyte, co-staining. Proliferation of cardiomyocytes was 

observed with the Ki67 and cTnI co-staining of myocardium of G415R treated infarction mice. 

However, there was almost no co-staining with vehicle and rPKM1 treated mice (Fig.2.17 A&B). 

The effect of G415R on cardiomyocyte proliferation had diminished 30 days after infarction 

induction (Fig.2.9 F), indicating that the time window for promoting cardiomyocyte 

proliferation/regeneration lies in the early days after MI induction. The ventricular remodeling was 
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reduced to a minimal level 30 days after infarction induction. Collectively, our experiments 

demonstrated that systemic administration of the recombinant PKM2 mutant, G415R, to MI and 

IR mice prevented cardiomyocytes from apoptosis and promoted cardiomyocyte proliferation after 

infarction. 

 

2.4 EcPKM2 reduces cardiac fibrosis during infarction 

In adult mammals, including humans and mice, sudden massive loss of cardiomyocytes 

after an infarction overloads the limited regenerative capacity of the myocardium, leading to the 

formation of a collagen-based scar. Necrotic cardiomyocytes release danger signals, activating 

innate immune pathways and triggering an intense inflammatory response. Inflammatory signals 

promote infiltrating of leukocytes to remove dead cells from the infarcted area. After day 4 in 

murine models, this transitions to a reparative and proliferation phase (Prabhu & Frangogiannis, 

2016). Suppression of the inflammatory response is associated with the activation of reparative 

cells. Fibroblasts proliferate, differentiate into myofibroblasts, and deposit large amounts of 

extracellular matrix proteins (collagens) to maintain the structural and mechanical integrity of the 

infarcted ventricle. Maturation of the scar follows as a network of cross-linked collagenous matrix 

is formed. We previously reported that EcPKM2 facilitates fibrosis progression by protecting 

myofibroblasts from apoptosis in rodent liver and lung fibrosis models (Han et al., 2021). 

We questioned whether systemic administration of G415R would facilitate cardiac fibrosis 

progression during myocardial infarction by acting on cardiac fibroblasts. Therefore, we examined 

cardiac fibers in the infarction hearts at different time points of myocardial infarction. Masson-

trichrome staining of myocardium tissue revealed that G415R-treated mice resulted in less 

collagen accumulation in infarction myocardium in both MI and IR models compared to the 
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rPKM1 and buffer treated group (Fig.2.5 B). The results were further confirmed via wheat germ 

agglutinin (WGA) staining of the infarction myocardium tissues (Fig.2.6 A, B&C). Analyses of 

cardiomyocyte cross-section area by WGA and cTnl co-staining indicated that G415R treatment 

decreased the cardiomyocyte positive area to almost the same level as in sham groups in both MI 

(Fig.2.6 D&E) and IR (Fig.2.6 F&G) models, suggesting G415R treatment of infarction mice 

significantly reduced cardiomyocyte hypertrophy. A plausible explanation for the accumulation of 

fewer ECM/collagen fibers in the myocardium of G415R-treated mice is that G415R treatment 

might lead to the activation of fewer cardiac fibroblasts in the MI and IR mice due to less necrosis 

and apoptosis of cardiomyocytes followed with less stimulation by inflammatory signal. We 

examined the activation of cardiac fibroblasts in the infarction myocardium of MI and IR mice by 

IHC staining of α-SMA, a molecular marker of myofibroblasts. G415R treatment led to 

substantially less staining of α-SMA in the myocardium tissue of MI within 7 days (Fig 2.10 A&B) 

indicating less fibroblasts were activated. The α-SMA positive cells were much less after 30 days 

post-MI compared to 7 days post-MI, which may result from the apoptosis and cleanup of 

myofibroblasts. All these data suggest that ecPKM2 reduces cardiac fibrosis by inhibiting the 

activation of fibroblasts. 

 

2.5 PKM2 is expressed and released to extracellular space in the infarction heart at a late 

time after myocardial infarction. 

Systemic administration of G415R preserves cardiomyocytes in the infarction heart. The 

open question is, “Is PKM2 expressed and released into extracellular space in the infarction 

heart?”. To address this question, we first conducted immunohistochemistry (IHC) analysis of 

PKM2 in tissue samples from infarction patients. PKM2 was expressed in the infarction regions 
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of infarction heart tissues. While no PKM2 staining was detected in normal healthy cardiac tissue, 

PKM1 was dominant stained in the heart. The presence of extracellular PKM2 was apparent in the 

staining of myocardial infarction tissues (Fig.2.11 A). We also performed IHC staining of PKM2 

in the cardiac tissue of the MI induced mouse at different time points of infarction induction. 

Evidently, no PKM2 staining in the infarction myocardium was observed at 6 hours, or at 24 hours 

after infarction induction. PKM2 staining was clearly detected in the infarction region 4 days after 

infarction induction. EcPKM2 was clearly visible in the staining (Fig.2.11 B). This observation is  

consistent with the observation made by Magadum et al. (2020) and co-workers showing that 

PKM2 is present in infarction myocardium 4 days after induction of infarction. If PKM2 is 

expressed in the infarction heart and PKM2 is released into extracellular space, we anticipated that 

PKM2 would be detectable in blood circulation of the infarction mice. We performed ELISA 

assays of PKM2 in plasma samples from mice at different time points of myocardial infarction 

induction. In consistence, PKM2 was not detected in mice's plasma 24 hours post myocardial 

infarction. PKM2 was detected in the plasma of mice 7 days and 30 days after myocardial 

infarction (Fig.2.11 D). The experiments from our and other laboratories suggest that PKM2 is 

expressed and released to extracellular space at late myocardial infarction induction (~4 days post-

infarction). We further verified the release of PKM2 into the extracellular space from human 

primary cardiomyocytes under hypoxia condition and found that PKM2 was secreted by cells 48 

hours after hypoxia induction, while no PKM2 was detected in the culture medium of the 

cardiomyocytes under normoxia (Fig.2.11 E). 

2.6 EcPKM2 interacts with and activates integrin αvβ3 

Our laboratory previously demonstrated that EcPKM2 protected myofibroblasts from 

apoptosis by interacting with integrin αvβ3 and consequently activating the integrin signaling and 
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downstream FAK-PI3K signaling axis (Han et al., 2021). Integrin is expressed in cardiomyocytes 

under hypoxia and oxidative stress conditions and in the infarction region of the myocardium of 

patients and mice. Thus, we asked whether EcPKM2 also interacted with integrin αvβ3 on 

cardiomyocytes and consequently protected cardiomyocytes from apoptosis and promoted 

proliferation. To this end, we first carried out co-immunoprecipitation of G415R with extracts 

prepared from human primary cardiomyocytes under the hypoxia condition. Evidently, G415R co-

precipitated with integrin β3 as assayed by using both antibodies against PKM2 or integrin β3 as 

a pull-down antibody (Fig.2.12 A&B). To analyze whether EcPKM2 exerts its effect on 

cardiomyocytes by interacting and activating integrin signaling, we first examined the activation 

of integrin signaling. FAK is one of the major integrin signaling mediators and is activated via 

autophosphorylation on Y397 (Toutant et al., 2002). It is well-known that depletion of FAK 

aggravated hypoxia and oxidative stress-induced cardiomyocyte cell death in vitro and resulted in 

significant increases in IR-induced infarct size and cardiomyocyte apoptosis combined with the 

loss of function in the left ventricle (Hakim et al., 2009). An increase in activation of FAK was 

observed upon the addition of G415R to the culture medium of human primary cardiomyocytes 

(Fig.2.12 D&F) under the hypoxia condition, whereas G415R showed no effect on FAK activation 

under the standard culture condition (Fig.2.12 C&F). We also found similar effects of G415R on 

FAK in H9c2 cells (Fig.2.13 B) while PKM2 slightly reduced the level of p-FAK under normoxia 

condition compared to the buffer group. The activation of FAK was diminished by the antibodies 

LM609 and IgGPK, an antibody against PKM2, in H9c2 cells (Fig.2.13 B). It is well established 

that activation of integrin signaling leads to activation of FAK and subsequent downstream PI3K 

(Wegener & Campbell, 2008). Thus, we examined the activation of PI3K in H9c2 cells and human 

primary cardiomyocytes upon G415R treatments. Immunoblot and PI3K activity assay 
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demonstrated that PI3K was upregulated (Fig.2.12 C&F) and activated in the cells under hypoxia 

and oxidative stress condition and G415R treatment (Fig.2.13 G). Furthermore, activation of PI3K 

was abrogated by a FAK inhibitor FI14 (Fig.2.13 D&F). If protection of apoptosis and promotion 

of proliferation of cardiomyocytes by EcPKM2 is mediated by PI3K activation, the effects would 

be abolished by a PI3K inhibitor. Indeed, Ly294002, a PI3K inhibitor, blocked the activation of 

PI3K by G415R treatment (Fig.2.13 C&E). As expected, the effects of G415R on H9c2 

proliferation (Fig.2.14 A, B&C) and prevention of cell death (Fig.2.14 D&E) were abolished by 

commercially available FAK and PI3K inhibitors. Our results support the conclusion that EcPKM2 

interacts with integrin αvβ3 and consequently activates the integrin signaling in cardiomyocytes 

under hypoxia and oxidative stress conditions, thus protecting cardiomyocytes from apoptosis and 

promoting proliferation.  

It is well-established that PI3K – PTEN pathway regulates cardiomyocyte apoptosis and 

proliferation (Feng et al., 2020; Keyes et al., 2010; Xue et al., 2016). Reduction in expression or 

pharmacological inhibition of PTEN in cardiomyocytes prevents cardiomyocytes from death 

(Keyes et al., 2010). Our laboratory previously demonstrated that EcPKM2 down-regulated PTEN 

in myofibroblasts via interaction with integrin αvβ3 and activation of FAK – PI3K signaling axis 

under liver and lung inflammation–fibrosis conditions (Han et al., 2021). It is also demonstrated 

that integrin αvβ3 signaling promotes proliferation and attenuates hypoxia-induced apoptosis via 

PTEN/Akt/mTOR signaling (Wei et al., 2020). Thus, we reasoned whether EcPKM2 regulates 

cardiomyocyte apoptosis and proliferation under hypoxia and oxidative stress conditions by the 

same FAK-PI3K signaling axis via the reduction of PTEN in cardiomyocytes. We first probed the 

PTEN levels and activity in the G415R-treated H9c2 cells under hypoxia and normoxia conditions. 

PTEN was not expressed in high levels in the cells under normoxia condition. Addition of G415R 
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into cell culture had only marginal effects on PTEN expression. PTEN was highly expressed in 

the cells under the hypoxia condition. Addition of G415R but not rPKM1 and vehicle into the 

culture medium of the cell culture reduced PTEN in the cells (Fig.2.15 A&B). We further analyzed 

the effects of EcPKM2 (G415R) on PTEN levels in myocardium of infarction hearts of MI mice 

by IHC staining. MI induction increased the PTEN levels, particularly in the infarction regions. 

Clearly, MI induced mice treated with G415R for 7 days showed a great reduction of PTEN 

expression in the infarcted area while PTEN levels remained high in the myocardium of hearts of 

vehicle and rPKM1 treated mice compared to sham mice. All these experimental data suggest that 

EcPKM2 might play a role in the downregulation of PTEN in cardiomyocytes during myocardial 

infarction, which subsequently protects cardiomyocytes from apoptosis and promotes 

proliferation. 

 

2.7 Summary 

Systemic administration of G415R protects the myocardium and reduces cardiac fibrosis 

during cardiac infarction. G415R preserves cardiomyocytes by preventing cell death of 

cardiomyocytes and promoting cardiomyocyte proliferation. G415R also prevents the activation 

of cardiac fibroblasts due to a reduction in cardiomyocyte apoptosis or necrosis and an increase in 

cardiomyocyte proliferation after MI. Our experiments suggest that EcPKM2 (G415R) exerts its 

action by interacting with integrin αvβ3 on cardiomyocytes. EcPKM2 interacts with integrin αvβ3 

on cardiomyocytes to activate FAK-PI3K signaling axis. Activation of FAK-PI3K by G415R 

suppresses PTEN expression to consequently regulate cardiomyocyte apoptosis resistance and 

proliferation under hypoxia and oxidative stress conditions (Fig.2.16).  
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2.8 Figures 

Figure 2-1 Expression of integrin αvβ3 in cultured cardiomyocyte cells and in myocardium 

tissues of patients and infarction mice. (A) (left) Representative images of IF staining of integrin 

αvβ3 in H9C2 cells cultured under normoxia or hypoxia conditions. (right) quantification of the IF 

staining in the left. The quantity is presented as the total pixel intensity per view. (B) Integrin αvβ3 

levels (IB: Integrin β3) in H9C2 cells under normoxia or hypoxia conditions were analyzed by 

immunoblot. Immunoblot of β-actin is a loading control. (C) Representative images of IF staining 

of integrin αvβ3 in cells cultured under normoxia or hypoxia conditions. (D) Quantification of the 

IF staining in (C). The quantity is presented as integrin β3 staining intensity per view field. (E) 

Representative image of IHC staining of integrin β3 in myocardium tissue of infarction patient (n 

= 3). Normal means the tissue samples from the non-infarction region, while infarction indicates 

the tissue samples from the infarction region. (F) Representative images of IHC staining of integrin 

β3 in the myocardium of infarction mice at indicated time points after infarction induction. (G) 

Quantification of the IHC staining in (F). The quantity is presented as integrin β3 staining area per 

view field. Error bars in (A), (D), (G) represent mean ± S.E.M.. Scale bars in (A) and (C) are 50 

µm. ** P > 0.01, *** P > 0.005, **** P > 0.001 
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Figure 2-1 Expression of integrin αvβ3 in cultured cardiomyocyte cells and in 

myocardium tissues of patients and infarction mice. 
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Figure 2-2 EcPKM2 prevents cardiomyocytes from apoptosis and promotes proliferation under 

stress conditions. (A) Representative images of Calcein AM and iodide staining (apoptosis) of 

H9C2 cells cultured under normoxia (untreated) and hypoxia conditions. The cultured cells were 

treated by the indicated agents. (B) quantification of the staining cells in (A). The quantity is 

presented as % of dead cells in the total cell population. (C) Representative images of EdU and 

Ki67 staining (proliferation) of H9C2 cells cultured under hypoxia conditions. The cultured cells 

were treated by the indicated agents. (D) quantification of the staining cells in (C). The quantity is 

presented as % of EdU and Ki67 positive cells in the total cell population. DAPI stains the cell 

nucleus in (A) and (C). Error bars in (B) and (D) represent mean ± S.E.M.. Scale bars in (A) are 

25 µm  and in (C) are 50 µm. ns statistical no-significance, * P > 0.05, ** P > 0.01, *** P > 0.005 
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Figure 2-2 EcPKM2 prevents cardiomyocytes from apoptosis and promotes proliferation 
under stress conditions. 
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Figure 2-3 EcPKM2 prevents cardiomyocytes from apoptosis and promotes proliferation 

under stress conditions. (A) Representative images of Calcein AM and iodide staining (apoptosis) 

of human primary cardiomyocytes cultured under normoxia (untreated) and hypoxia conditions. 

The cultured cells were treated by the indicated agents. (B) quantification of the staining cells in 

(A). The quantity is presented as % of dead cells in the total cell population. C) Representative 

images of EdU and Ki67 staining (proliferation) of H9C2 cells cultured under hypoxia conditions. 

The cultured cells were treated by the indicated agents. (D) quantification of the staining cells in 

(C). The quantity is presented as % of EdU and Ki67 positive cells in the total cell population. 

DAPI stains the cell nucleus in (A) and (C). Error bars in (B) and (D) represent mean ± S.E.M.. 

Scale bars in (A) and (C) are 50 µm. ns statistical no-significance, ** P > 0.01, **** P > 0.001, 
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Figure 2-3 EcPKM2 prevents cardiomyocytes from apoptosis and promotes proliferation 
under stress conditions. 
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Figure 2-4 EcPKM2 protects myocardium damages in infarction with mice model. (A) 

Schematic illustration of mice undergoes MI or IR procedure and the schedule of designated 

treatments. (B) Representative MR images of cardiac ES and ED from mice under different 

treatments. (C) & (D) Cardiac ejection fraction of infarction MI (C) and IR (D) mice calculated 

by MRI. (E) Survival (%) of MI mice after indicated days of infarction (MI) induction. Mice were 

treated with the indicated agent. n is group size. (F) & (G) Heart weight vs body weight (HW/BW) 

of infarction MI (F) and IR (G) mice (30 days after infarction induction. The mice underwent 

indicated treatments. (H) cTnI levels (ng/ml) in plasma of infarction of sham mice that underwent 

indicated treatments were measure by cTnI ELISA kit. (I) Representative images of His-tag 

(PKM2) IHC staining of myocardium tissue of infarction region from infarction mice 7 days post 

MI. Scale bars in (I) are 100 μm. Error bars in (C), (D), (F), (G), and (H) represent mean ± S.E.M.. 

ns statistical no-significance, ** P > 0.01, *** P > 0.005, **** P > 0.001 
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Figure 2-4 EcPKM2 protects myocardium damages in infarction with mice model. 
  

I 
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Figure 2-5 EcPKM2 decreases infarction scar size in the infarction mouse model. (A) & 

(B) Representative images of Masson Trichrome staining of myocardium tissue from infarction 

mice. (A) The tissues samples were vertically sectioned and (B) the tissue samples were 

horizontally sectioned. The images in the bottom of (A) and right of (B) are magnified images to 

show details of the myocardium structure. (C) – (F) Quantification of scar sizes of the infarction 

hearts of mice that were treated with indicated agents, (C) Sham, (D) MI mice 7 days after 

infarction induction, (E) MI mice 30 days after infarction induction, (F) 30 days after IR. Error 

bars in (C) - (F) represent mean ± S.E.M.. Scale bars in (A) and (B) are 1000 µm. ns statistical no-

significance, ** P > 0.01, *** P > 0.005, **** P > 0.001. 
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Figure 2-5 EcPKM2 decreases infarction scar size in the infarction mouse model. 
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Figure 2-6 EcPKM2 reduces infarction scar size and myocardium hypertrophy. (A) 

Representative images of Wheat germ agglutinin (WGA) staining (green) and cTnI IF staining 

(red) of tissue samples from MI (top panel) and IR (bottom panel) infarction mice. (B) and (C) 

Quantification of WGA staining in tissue samples from MI (B) and IR (C) infarction mice. The 

quantity is expressed % of WGA positive areas in the left ventricle (Scar area % of LV). (D) and 

(F) Representative magnified images of the WGA staining and cTnI IF staining of tissue samples 

from MI (D) and IR (F) infarction mice. (E) and (G) Quantification of cardiomyocyte cross-

sectional areas by measuring the WGA staining area in the sections from tissue of hearts of MI (E) 

and IR (G) mice. The quantity is expressed as positive WGA staining in µm. Error bars in (B), (C), 

(E), and (G) represent mean ± S.E.M.. Scale bars in (A), (D), and (F) are 50 µm. ns statistical no-

significance, ** P > 0.01, *** P > 0.005, **** P > 0.001. 
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Figure 2-6 EcPKM2 reduces infarction scar size and myocardium hypertrophy. 
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Figure 2-7 EcPKM2 protects cardiomyocytes from apoptosis in myocardial infarction. 

(A), (C), and (E) Representative images of TUNEL staining (green, Apoptosis) of myocardium 

tissue from infarction mice. (B), (D), and (F) Quantification of the TUNEL staining. The animals 

were euthanized 6 hours (A) & (B) or 24 hours (C) &(D) after infarction (MI) or 24 hours (E) & 

(F) after infarction (IR). The animals were treated by the indicated agents. In (B), (D), and (F), the 

quantity is presented as % of TUNEL positive area per view field.  Error bars in (B), (D), and (F) 

represent mean ± S.E.M.. Scale bars in (A) is 100 µm, (C), and (E) are 50 µm. ns statistical no-

significance, * P > 0.05, ** P > 0.01, *** P > 0.005, **** P > 0.001. 
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Figure 2-7 EcPKM2 protect cardiomyocytes from apoptosis in myocardial infarction. 
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Figure 2-8 EcPKM2 had limited effects on cardiomyocytes apoptosis 7 days after 

myocardial infarction. (A) Representative images of TUNEL staining (green, Apoptosis) of 

myocardium tissue from infarction mice. (B) Quantification of the TUNEL staining. The animals 

were euthanized 7 days after infarction (MI). The animals were treated by the indicated agents. 

The quantity in (B) is presented as % of TUNEL positive area per view field.  Error bars in (B) 

represent mean ± S.E.M.. Scale bars in (A) are 50 µm. ns statistical no-significance. 
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Figure 2-8 EcPKM2 had limited effects on cardiomyocytes apoptosis 7 days after 
myocardial infarction. 
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Figure 2-9 EcPKM2 promotes myocardium proliferation during myocardial infarction. (A) 

and (D) Representative images of Ki67 IHC staining (proliferation) of myocardium tissue of 

infarction border region (A) or infarction region (D) from infarction mice. (B), (C), and (E) 

Quantification of the Ki67 IHC staining. The animals were euthanized at indicated time points 

after infarction (MI). The animals were treated by the indicated agents. In (B), (C), and (E), the 

quantity is presented as % of Ki67 positive cells among total cell population per view field. (F) 

Representative images of Ki67 IHC staining (proliferation) of myocardium tissue of infarction 

region from infarction mice 30 days after infarction induction. The image on the right is magnified 

images of the indicated rectangular area. Error bars in (B), (D), and (F) represent mean ± S.E.M.. 

Scale bars in (A), (C), and (E) are 10 µm. ns statistical no-significance, * P > 0.05. 
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Figure 2-9 EcPKM2 promotes myocardium proliferation during myocardial infarction. 



67 

Figure 2-10 EcPKM2 decreased α-SMA positive cardiac myofibroblasts. (A) and (D) 

Representative images of α-SMA IHC staining of myocardium tissue of infarction region from 

infarction mice. (B), (C), and (E) Quantification of the α-SMA IHC staining. The animals were 

euthanized 7 days after MI ((A) upper panel and (B)) or 30 days after MI infraction ((A) bottom 

panel and (C) or 30 days after IR infarction ((D) and (E)). The animals were treated by the indicated 

agents. In (B), (C), and (E), the quantity is presented as % of α-SMA positive area per view field. 

Error bars in (B), (C), and (E) represent mean ± S.E.M.. Scale bars in (A) and (D) are 100 µm. ns 

statistical no-significance, * P > 0.05, ** P > 0.01. 
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Figure 2-10 EcPKM2 decreased α-SMA positive cardiac myofibroblasts. 
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Figure 2-11 PKM2 is expressed and released into extracellular space in myocardium 

tissue at a later time of myocardial infarction. (A) Representative images of PKM1 (red) and 

PKM2 (brown) IHC staining of myocardium tissue of infarction region from infarction patient. 

(B) and (C) Representative images (B) and quantitation of PKM2 IHC staining (C) of 

myocardium tissue of infarction region from infarction mice that were euthanized at indicated 

time points after infarction induction. The quantity in (B) is presented as % of PKM2 positive 

area per view field. (D) and (E) ELISA analyses of PKM2 levels in the plasma of infarction 

mice at indicated time points after infarction induction (D, ng/ml) and in the culture medium of 

human primary cardiomyocytes under normoxia and hypoxia conditions (E, pg/ml). Error bars in 

(C), (D), and (E) represent mean ± S.E.M.. Scale bars in (A) and (B) are 100 mm. ns statistical 

no-significance, * P > 0.05, ** P > 0.01, *** P > 0.005, **** P > 0.001. 
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Figure 2-11 PKM2 is expressed and released into extracellular space in myocardium 

tissue at a later time of myocardial infarction. 
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Figure 2-12 EcPKM2 interacts and activates integrin αvβ3 and downstream signaling in 

cardiomyocytes. (A) and (B) Co-immunoprecipitation of G514R with integrin β3 in the extracts 

of human primary cardiomyocytes that were cultured under hypoxia condition. The G415R was 

added into cell extracts. Co-immunoprecipitations were carried out using anti-PKM2 antibody (A, 

IgGPK) and anti-αvβ3 (B, IgGαvβ3). IgGCon is control for immunoprecipitation. Immunoblot of 

integrin β3 in whole cell extracts (WCL) is a control for amounts of extracts used in Co-IP. (C) - 

(F) Cellular levels of phosphorylated p-FAK & p-PI3K and cleaved PARP (c-PARP) & caspase 3 

(c-caspase 3) in human primary cardiomyocytes that cultured under normoxia and hypoxia 

conditions and treated with indicated agents were analyzed by immunoblot (C & D) and 

quantifications of four times independent immunoblots (E & F). In (C) and (D), immunoblots of 

FAK, PI3K, PARP and caspase 3 are controls for total cellular levels of FAK, PI3K, PARP, and 

casepase 3 respectively. In (E) and (F), the quantity of IB protein level is presented as relative level 

by defining the measurements in buffer-treated cells as 1. In (C) and (D), immunoblot of β-actin 

is a loading control. Error bars in (E) and (F) represent mean ± S.E.M.. ns statistical no-

significance, * P > 0.05, ** P > 0.01, *** P > 0.005, **** P > 0.001. 
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Figure 2-12 EcPKM2 interacts and activates integrin αvβ3 and downstream signaling in 
cardiomyocytes. 
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Figure 2-13 EcPKM2 activates FAK-PI3K signaling axis in cardiomyocytes. (A) – (F) 

Cellular levels of phosphorylated p-FAK & p-PI3K in H9C2 cells that were cultured under 

normoxia and hypoxia conditions and treated with indicated agents were analyzed by immunoblot 

(A - D) and quantifications of four times independent immunoblots (E & F). In (E) and (F), the 

quantity of PI3K levels is presented as relative PI3K phosphorylation levels by defining the PI3K 

phosphorylation levels in buffer-treated cells as 1. In (A) – (D), immunoblot of β-actin is a loading 

control. (G) PI3K activity of H9C2 cells cultured under the hypoxia condition and treated with the 

indicated agents was analyzed by a commercial PI3K activity kit. PI3K activity is presented as 

relative activity by defining the activity in buffer-treated cells as 1. Error bars in (E), (F), and (G) 

represent mean ± S.E.M.. ns statistical no-significance, ** P > 0.01, *** P > 0.005, **** P > 0.001.  
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Figure 2-13 EcPKM2 activates FAK-PI3K signaling axis in cardiomyocyte. 
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Figure 2-14 Blocking FAK-PI3K signaling axis abolish the effects of EcPKM2 on 

cardiomyocyte. (A) – (C) Representative images (A) and quantification of IF Ki67 and EdU 

staining (B & C) of H9C2 cells. The cells were treated with the indicated agents. The quantity in 

(B) and (C) is presented as % of Ki67 or EdU positive cells among total cell population per view 

field. (D) and (E) Representative flow cytometric plots of ethidium homodimer-1 iodide/calcein 

AM (D) and quantification of flow measurements (E) of H9C2 cells treated by the indicated agents 

under hypoxia condition. The quantity in (E) is presented as the cell death rate (%) in total cultured 

cell population. Error bars in (B), (C), and (E) represent mean ± S.E.M.. Scale bars in (A) are 100 

µm. *** P > 0.005, **** P > 0.001.  
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Figure 2-14 Blocking FAK-PI3K signaling axis abolish the effects of EcPKM2 on 
cardiomyocyte. 
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Figure 2-15 EcPKM2 suppress PTEN expression in cardiomyocytes in infarction 

myocardium. (A) and (B) PTEN levels in H9C2 cells cultured under hypoxia and normoxia 

conditions and treated by the indicated agents were analyzed by immunoblot (A) and quantification 

of four times independent immunoblots (B). The quantity in (B) is presented as relative PTEN 

level by defining the PTEN level in buffer treated cells as 1. Immunoblot of β-actin in (A) is a 

loading control. (C) and (D) Representative images (C) and quantifications (D) of PTEN IHC 

staining of myocardium tissue of infarction region from infarction mice (30 days post infarction 

induction) that were treated by the indicated agents. The quantity in (D) is presented as % of PTEN 

positive areas per field. Error bars in (B) and (D) represent mean ± S.E.M.. Scale bars in (C) are 

100 µm. ns statistical no-significance, * P > 0.05, ** P > 0.01. 
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Figure 2-15 EcPKM2 suppress PTEN expression in cardiomyocytes in infarction 
myocardium. 
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Figure 2-16 Schematic diagram of the proposed mechanisms of extracellular PKM2 

preserving cardiomyocytes. On binding to αvβ3 integrin on the surface of cardiomyocytes, 

PKM2 activates FAK and PI3K, PI3K inhibits PTEN, triggering cardiac protection and cardiac 

proliferation.  
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Figure 2-16 Schematic diagram of the proposed mechanisms of extracellular PKM2 
preserving cardiomyocytes. 
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Figure 2-17 EcPKM2 promotes cardiomyocytes proliferation during myocardial infarction. (A) 

Representative images of cTnI (red) and Ki67 (brown) IHC staining of myocardium tissue of 

infarction region from infarction mice. (B) Quantification of the Ki67 and cTnI IHC co-staining. 

The animals were euthanized at indicated time points after infarction (MI). The quantity is 

presented as % of Ki67 and cTnI double-positive cells among total cTnI positive cells per view 

field. Error bars in (B). Scale bars in (A), (C), and (E) are 10 μm. ns statistical no-significance, * 

P > 0.05. 
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Figure 2-17EcPKM2 promotes cardiomyocytes proliferation during myocardial 
infarction.  
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3 CONCLUSIONS AND DISCUSSIONS 

The heart is an organ with limited regenerative capacity, comprised of terminally 

differentiated cardiomyocytes responsible for contractile function and pumping blood into 

circulation. More than 95% of the energy required for cardiomyocytes’ function is derived from 

oxidative phosphorylation. Therefore, cutting off the blood flow into the myocardium by ischemia 

leads to the sudden cell death of cardiomyocytes. It is essential to preserve existing cardiac mass 

to support proper function. Maintenance of cardiac homeostasis depends on cardiomyocyte death 

and renewal, and excessive loss of cardiomyocytes has been implicated in many cardiovascular 

diseases, such as myocardial ischemia/reperfusion (I/R) (Gottlieb et al., 1994) and heart failure 

(Olivetti et al., 1997). Within 10 min of heart attack, metabolic and structural changes like 

glycogen depletion, relaxed myofibrils, disruption of the sarcolemma, and mitochondrial 

abnormalities can start in the human ischemic heart, and in the next few hours, necrosis and 

apoptosis will follow (Sandoval et al., 2020). One of the most common surgery treatments, 

reperfusion still exacerbates the adverse cellular changes induced by myocardial infarction, 

resulting in damage of mitochondria, ROS production, disruption of sarcolemma structure, and 

increased inflammation (Heusch, 2020). Therefore, new cures for myocardial infarction, aiming 

to both reduce the infarct size and repair the injured myocardium, are still urgently needed. 

Radiocarbon (14C) dating indicated that cardiomyocyte renewal occurs throughout life with 

a gradually decreasing annual rate, from ~ 1% at the age of 20 to 0.3% at the age of 75 (Lázár et 

al., 2017). Different from the healthy heart, cardiomyocyte division adjacent to the infarcts is more 

robust. Using hearts isolated from patients who had died 4 to 12 days after myocardial infarction, 

the border zone showed a higher Ki67-positive nuclei ratio (4%) (Beltrami et al., 2001). Even 

though the proliferation rate in adult mammalian heart is still too low to replace the lost 
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cardiomyocytes after injury, a study found the mitosis of cardiomyocytes was increased by 

regulating the expression of cyclin A2 in the swine myocardial ischemia models (Shapiro et al., 

2014). Further research identified the window for cardiac cell proliferation could be extended by 

reducing mitochondrial-dependent oxidative stress and oxidative DNA damage (Puente et al., 

2014). These results suggest that promoting cardiomyocyte proliferation is a potential method to 

promote endogenous cardiac repair and prevent heart failure. 

Cardiac repair after myocardial infarction initiates an intricate cascade of events, activating 

the intense innate and adaptive inflammation and immune cell infiltration that reach the 

myocardium to remove dead cells and extracellular matrix tissue. This process called inflammatory 

phase occurs at within 3-4 days post MI (Prabhu & Frangogiannis, 2016). A reparative phase 

follows up including resolution of inflammation, myofibroblast activation/differentiation and 

proliferation, scar formation, and angiogenesis over the next several days (Frangogiannis, 2012; 

Nahrendorf et al., 2010).  

When the cardiac completes its reparative phase, reparative cells, including fibroblasts, are 

deactivated and may undergo programmed cell death. The regulating signal inhibiting 

myofibroblasts remains unknown (Prabhu & Frangogiannis, 2016). Depleting fibrogenic growth 

factors, TGF-β and angiotensin II signaling, and clearance of matricellular proteins may suppress 

proliferation and reduce the matrix-synthetic activity of the fibroblasts. Induction and secretion of 

antifibrotic mediators may also contribute to the inhibition of the matrix-synthetic response 

(Prabhu & Frangogiannis, 2016). Although a reduction in myofibroblast density during infarct 

maturation has been well described (Christia et al., 2013; Frangogiannis et al., 2000) the 

mechanism behind this phenomenon remains unknown. Apoptotic death may lead to fibroblast 
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loss in the infarct area and border zone (Takemura et al., 1998); the cause of the fibroblast-specific 

apoptosis remains elusive. 

Our study showed an exciting application of the administration of recombinant PKM2 to 

preserve cardiomyocytes during myocardial infarction, which potentiates rPKM2 (more 

importantly the dimer mutant) as an agent for heart attack and other cardiovascular diseases 

treatment. The role of the administration of rPKM2 in protecting cardiomyocytes from apoptosis 

and promoting cardiomyocyte proliferation is in concordance with our previous observations; (1) 

EcPKM2 facilitates tumor growth (L. Li et al., 2014) and cutaneous wound healing  (Y. Zhang et 

al., 2016) by promoting angiogenesis, (2) EcPKM2 facilitates organ tissue fibrosis progression by 

promoting myofibroblasts apoptosis resistance and upregulating Arg-1 expression via activating 

integrin αvβ3 signaling. What’s more interesting is that besides its protection on cardiomyocytes 

and reactivation of cell proliferation, EcPKM2 also prevents the transdifferentiation of the 

myofibroblasts and therefore consequently reduces cardiac fibrosis. The studies clearly support 

the theme that EcPKM2 may bridge the transition from the early inflammatory phase to a later 

proliferation phase (fibrogenesis/angiogenesis) during cardiac tissue and other tissue/organ injury 

repair.  

 

3.1 EcPKM2 preserves cardiomyocytes under myocardial infarction 

Cardiovascular diseases (CVDs) are the world’s leading cause of death. An estimated 17.9 

million people died from CVDs in 2019, representing 32% of all global deaths. Of these deaths, 

85% were due to heart attack and stroke (Roth et al., 2020). Although medications are available 

for CVDs, most have significant limitations such as the time-dependency effect, hypotension, and 

bradycardia (Rihan & Sharma, 2022). Therefore, there is an unmet need for the discovery of new 
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molecular targets that might be used for drug development for CVDs. Various targets are already 

explored to treat CVDs in the past (P. Li et al., 2014). PKM2 is considered as one of the potential 

targets for CVDs (Archer, 2017; Hauck et al., 2021; Rees et al., 2015).  

Adult cardiomyocytes only express PKM1 instead of PKM2. PKM1 has higher enzymatic 

activity and favors the entry of pyruvate to tricarboxylic acid cycle (TCA) leading to ATP 

generation, while PKM2 expression results in increased lactate generation (Williams et al., 2019). 

It is reported that cardiomyocytes expressed PKM2 in high amounts during the embryonic cardiac 

developmental stage and post-natal stage at day 1, but PKM2 expression significantly declines 

after birth. In addition, immunofluorescence staining showed that ischemic cardiac injury 

increased 1.8-fold of PKM2 expression in adult cardiomyocytes. Cardiomyocyte-specific PKM2-

modified mRNA induction followed by MI induction was reported to increase cardiomyocyte cell 

division, better survival rates, and enhanced cardiac function, while cardio-specific PKM2 deletion 

during cardiac development leads to decreased cardiomyocyte proliferation and reduced 

myocardium size (Magadum et al., 2020). Another group drew a different conclusion on PKM2 

effects on myocardial infarction and identified cardiac-specific Pkm2 gene knockout (Pkm2KOi) 

mice showed cardioprotection via reducing cardiac hypertrophy makers, oxidative stress, 

mitochondrial energetics, and inducing cytokinesis (Hauck et al., 2021). PKM2 may regulate the 

survival of cardiomyocytes in acute rejection after heart transplantation in rat (Shi et al., 2015). 

RNA sequencing of PKM2-deficient adult cardiomyocytes has revealed the reduction of cardiac 

energy, stress response, angiogenesis, regeneration, and survival pathways and PKM2-deficient 

hearts had decreased levels of the cardiomyocyte-specific transcription factor GATA4 and GATA6 

(Lorenzana Carrillo et al., 2021). Global PKM2 knockout in mice reduces the heart-body weight 
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ratio (Williams et al., 2019). Considering the vital role of PKM2 in CVDs, PKM2 may be a 

potential target for heart diseases. 

Hypoxic signaling is critical in the ischemia response, including angiogenesis, enhanced 

glycolysis, and other oxygen-dependent processes. The primary initiator of this signaling is 

hypoxia-inducible factor 1 (HIF1), a transcription factor that is stabilized during low oxygen 

conditions to drive multiple changes in gene expression (Lee et al., 2005). There is a hypoxia 

response element in the promoter of PKM, which can bind HIF1 under hypoxia condition to induce 

the alternative splicing of the PKM gene and favors PKM2 transcripts (Luo et al., 2011). HIF-1α 

also increases PKM gene-splicing factors (hnRNPA1, hnRNPA2B1, Ptbp1) resulting in an 

increase of PKM2 expression in the myocardial infarction heart (Williams et al., 2018).  

PKM2 has been widely studied in tumors and has recently become a potential target in 

cardiovascular diseases including myocardial infarction, heart failure, pulmonary arterial 

Hypertension and so on (Shimauchi et al., 2022). The function of PKM2 in myocardial infarction 

remains unknown and further knowledge is needed to elucidate the important role of PKM2 post 

MI. We observed an increased extracellular PKM2 level in the left ventricle from patient tissue 

who was diagnosed with arrhythmia and infarction and died later. The phenomenon brought up 

the question why the extracellular PKM2 level is increased in the heart with infarction. Thus, we 

took a deep inspection at the role of extracellular PKM2 in myocardial infarction. 

The myocardial infarction and ischemia-reperfusion animal models induced by permanent 

or temporary ligation of the left anterior descending coronary artery (LAD) were used for our 

purpose of research. We found the addition of rPKM2 (G415R) to the mice improved cardiac 

function and had a better survival rate. We observed that the ratio of the heart weight vs. body 

weights of rPKM2-treated mice decreased post MI compared to buffer and rPKM1-treated mice, 
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indicating less hypertrophy and dilation of the heart. As a typical serologic test for myocardial 

infarction, the blood test of cardiac troponin I of rPKM2-treated resulted in a much less cardiac 

TnI level in the blood plasma. All these data confirmed that ecPKM2 improved outcomes after 

myocardial infarction.  

Since we found that extracellular PKM2 protected the myocardium of mouse hearts from 

myocardial infarction and prevented its progression, we then asked whether extracellular PKM2 

correlated with cardiomyocytes. We used the Masson Trichrome staining method to check the 

remodeling of cardiac tissue post MI. The results demonstrated that less remodeling was present 

in the infarct area and border zone and the structure and shape of cardiomyocytes maintained well 

after rPKM2 treatment, suggesting ecPKM2 may protect cardiomyocytes from death. There was 

less remodeling in 30 days post MI compared 7 days post MI indicating ecPKM2 may also promote 

the proliferation of the cardiomyocytes. Wheat germ agglutinin and cardiac TnI double 

immunofluorescence staining confirmed no abnormality present in cardiomyocytes after rPKM2 

treatment and the size of cells decreased suggesting ecPKM2 reduced the cardiac remodeling was 

not caused by hypertrophy of cardiomyocytes. We moved forward to test our hypothesis whether 

exPKM2 promotes cell proliferation or prevent cell death.  

Apoptosis level was assessed by a widely used TUNEL assay, co-stained with cardiac TnI 

marker, to detect apoptosis in cardiomyocytes. The immunofluorescent staining results 

demonstrated that the number of apoptotic or necrotic cardiomyocytes was much lower in rPKM2-

treated mice, confirming that ecPKM2 prevents cardiomyocyte cell death. We further used 

immunohistochemistry (IHC) staining to verify whether ecPKM2 promotes cardiomyocyte 

proliferation. A higher number of Ki67-positive cardiomyocytes after rPKM2 treatment implies 

that PKM2 induces the proliferation of cardiomyocytes.    
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Since patients diagnosed with MI already expressed a high level of PKM2 and ecPKM2 

benefits greatly for the recovery from MI in the mouse model, a question raised in our minds why 

ecPKM2 shows no correlation to outcomes of patients after MI and different groups drew complete 

opposite conclusions on the effect of PKM2 on infarction. We hypothesized that PKM2 might 

express at a later stage of MI and that the amount of PKM2 secreted by the cells is insufficient to 

protect cardiomyocytes. Using IHC staining, we observed that PKM2 didn’t start to express until 

day 4 post MI induction and the level of PKM2 would drop at the late stage of MI. The amount of 

PKM2 in blood circulation was also measured resulting in around 20 ng/ml of protein in the blood 

plasma, which was far less than the dose we injected (5mg/kg). These data validated our 

speculation that PKM2 is inadequately secreted at a late time and at a low level post myocardial 

infarction that has no significant advantage against MI.  

Our observation of PKM2 in the myocardium at day 4 post MI correlates well with the 

initiation of reparative phase of cardiac repair. The transition from the inflammatory to the 

reparative and proliferative phase after MI is driven by changes in the cardiac microenvironment. 

Neutrophils are short-lived cells that rapidly undergo cell death during the transition (Geering et 

al., 2013).  The subsequent phagocytic clearance of these apoptotic cells induces a pro-resolving 

M2 phenotype in macrophages and secretion of anti-inflammatory and pro-fibrotic cytokines such 

as IL-10 and transforming growth factor (TGF)-β that suppress inflammation and promote tissue 

repair. TGF-β regulates the expression of PKM2 in many cardiovascular diseases and in cancer-

associated fibroblasts (Wu et al., 2022; Zhu et al., 2022).  We speculate that the late release of 

ecPKM2 may result from the secretion of TGF-β during the reparative phase of MI. 

Cardiomyocytes in the border zone may secrete mediators that limit the extension of the 

inflammatory response, protecting non-infarcted myocardium from the unwanted effects of 
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unrestrained inflammation (Frangogiannis, 2012, 2015), including regenerating islet-derived-3β 

(Reg-3β), a mediator that regulates macrophage recruitment and inhibits inflammatory activation, 

preventing cardiac rupture and expansion of injury (Lörchner et al., 2015). EcPKM2 may be 

another mediator secreted by cardiomyocytes to prevent cardiac injury. 

 

3.2 EcPKM2 protects cardiomyocytes by interacting with integrin αvβ3 and activating the 

PI3K-PTEN pathway 

Our lab previously found that EcPKM2 interacts with integrin αvβ3 on myofibroblasts and 

activates the integrin signaling (Han et al., 2021). Integrins are essential in many cellular signals 

including cell survival, apoptosis, differentiation, migration, and proliferation (Schussler et al., 

2021). Cardiomyocytes interact with the cardiac ECM through integrins (Israeli-Rosenberg et al., 

2014; Prabhu & Frangogiannis, 2016). Integrins play an indispensable role in reducing the infarct 

size and promoting cardiac regeneration post MI (Frangogiannis, 2017; Prabhu & Frangogiannis, 

2016), in cardiac development (Terracio et al., 1991), fibrosis (Chen et al., 2016) and cardiac 

hypertrophy (Brancaccio et al., 2006). After myocardial infarction, Periostin, a secreted 

extracellular matrix protein that activates αV, β1, β3 and β5 integrins located in the cardiomyocyte 

cell membrane resulting proliferation of cells and cardiac recovery (Kühn et al., 2007).  

In cardiomyocytes, the most common integrins are α1β1, α5β1, and α7β1D, although β3 

and β5 have also been reported (Israeli-Rosenberg et al., 2014). During the hypertrophic response 

post MI, α1, α5, β1, and β3 are upregulated and αVβ3 and αVβ5 are the most expressed integrins 

(Willey et al., 2003). α5β1 is important for the hypertrophic growth and the adherence of neonatal 

rat cardiomyocytes. The role of integrins has been depicted in the prevention of cardiomyocyte 

cell death. Previous studies have shown that integrin β3 prevents programmed cell death in a 
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pressure-overload myocardium (Suryakumar et al., 2010) and inhibits lipopolysaccharide-induced 

autophagy in cardiomyocytes via the Akt signaling pathway (Zhu et al., 2015). Another group 

found that hypoxia upregulates β3 integrins in cardiomyocytes and protects them from hypoxia-

induced apoptosis (Su et al., 2018). Integrins β3 and αV are upregulated in the rat MI model and 

also during heart failure where integrin αVβ3 activates PTEN/Akt/mTOR and ERK1/2 signaling 

pathway to promote the proliferation of cardiomyocytes (Wei et al., 2020). 

Considering the importance of integrin αvβ3 in cardiomyocytes under disease conditions 

and its potential interaction with PKM2, we wanted to confirm the presence of integrin αvβ3 in 

cardiac cells. To our surprise, no IHC staining of integrin β3 was observed in cardiac tissue samples 

from a healthy individual and normal mouse heart. However, within 6 hours of MI, a marginal 

amount of integrin β3 was spotted on the slides. The level of integrin β3 in cardiomyocytes is 

gradually increasing and peaks at day 4 post MI. Some non-myocyte cells also express integrin β3. 

The results give us insight that integrin αvβ3 may be triggered to participate in cardiac remodeling 

under the MI condition. 

The in vivo study of PKM2 on MI pointed out that extracellular PKM2 preserves 

cardiomyocytes and we suspected that PKM2 might activate integrin αvβ3 to fortify the 

cardiomyocytes. In the first place, we conducted in vitro experiments to inspect the cardiac 

protection and regeneration effects of rPKM2 on cardiomyocytes. The H9c2 cells and human 

primary cardiomyocytes were incubated in a hypoxia incubator chamber flushed with low oxygen 

gas mixture (5% CO2, 1% O2 and 94 N2) to mimic the hypoxia condition induced by MI. Hydrogen 

peroxide was used for some cells pretreated under the hypoxia condition to reflect the influence of 

ischemia-reperfusion. We observed that a greater number of cells were alive in the rPKM2-treated 

group compared with the rPKM1-treated and buffer-treated groups. We then used the Calcein  
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AM/BOBO-3 Iodide staining to detect death rate, which was lower in rPKM2-treated group. 

Moreover, apoptosis-related proteins were examined by western blot, and the results showed that 

the protein levels of cleaved-PARP and cleaved-caspase 3 were lower in rPKM2-treated group. 

The Click-iT™ EdU and Ki67 assays double-confirmed that ecPKM2 enhances the proliferation 

of cardiomyocytes. Next, we validated the expression of integrin αvβ3 in the cells and noticed that 

the hypoxia condition stimulates the level of integrin αvβ3. These data may explain that integrin 

β3 only can only be observed after 6 hours post MI in the mouse model.  

To confirm the interaction of PKM2 and integrin αvβ3, we first carried out co-

immunoprecipitation of G415R with extracts prepared from human primary cardiomyocytes under 

the hypoxia condition. Evidently, G415R co-precipitated with integrin β3 as assayed by using both 

antibodies against PKM2 or integrin β3 as a pull-down antibody. Also, the LM609 abolished the 

protective and regenerative effect of rPKM2 on cardiomyocytes, indicated by viable cell numbers 

and EdU or Ki67 positive cell numbers. We continued to inspect the downstream pathway after 

PKM2 binding to αvβ3.   

We screened several essential players associated with survival pathways and found the p-

FAK and p-PI3K protein levels were increased after rPKM2 treatment. Ligand binding activates 

integrins, followed by the assembly of focal adhesion complex, leading to oligomerization and 

trans-autophosphorylation of tyrosine kinase, FAK. Phosphorylated FAK can bind with and 

activate PI3K, leading to the activation of proliferation and survival pathways. Furthermore, the 

PI3K activity was enhanced after rPKM2 treatment. The inhibition of FAK and PI3K by specific 

inhibitors FI14 and LY294002, respectively, abolished the beneficial effects of rPKM2 on 

cardiomyocytes, shown by reducing viable cell numbers and EdU or Ki67 positive cell numbers. 

Such evidence indicated that FAK and PI3K were involved in the downstream of interaction of 
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PKM2 and integrin αvβ3. In addition, the inhibition of FAK, PI3K or αvβ3 by FI14, LY294002 or 

LM609 respectively abolished the increase of PI3K activity by PKM2.   

The PTEN–PI3K pathway forms a feedback loop and regulates cardiomyocyte apoptosis 

and proliferation (Carracedo & Pandolfi, 2008; Feng et al., 2020; Keyes et al., 2010; Xue et al., 

2016). We show that EcPKM2 down-regulates PTEN in myofibroblasts via interaction with 

integrin αvβ3 and activation of the FAK-PI3K signaling axis(Han et al., 2021). It is also 

demonstrated that integrin αvβ3 signaling promotes proliferation and attenuates hypoxia-induced 

apoptosis via PTEN/Akt/mTOR signaling (Wei et al., 2020). Thus, we reasoned whether EcPKM2 

regulates cardiomyocyte apoptosis and proliferation under hypoxia and oxidative stress conditions 

by the same FAK-PI3K signaling axis via the reduction of PTEN in cardiomyocytes. The PKM2-

treated group showed a significant reduction of PTEN expression in the infarcted area post MI 

while buffer and rPKM1-treated mice maintained a high expression level of PTEN. We then 

probed the PTEN levels in cells and found the addition of rPKM2 but not rPKM1 and vehicle to 

the culture medium reduced PTEN in the cells. All these data suggest that EcPKM2 might play a 

role in the downregulation of PTEN and activation of αvβ3-FAK-PI3K pathway in cardiomyocytes 

during myocardial infarction, which subsequently protects cardiomyocytes from apoptosis and 

promotes proliferation. 

 

3.3 EcPKM2 reduces fibrosis after myocardial infarction 

In the histology analysis, we found that ecPKM2 promotes cardiac recovery and 

surprisingly, it also reduces fibrosis as the rPKM2-treated group was left with almost no scar 30 

days post MI, and there is a clear alleviation of scarring in the infarct comparing results from 7 

days and 30 days. Our lab previously demonstrated that ecPKM2 facilitates fibrosis progression 
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by protecting myofibroblasts from apoptosis in liver and lung fibrosis models. The deviation of 

the effect of ecPKM2 on myofibroblasts drew our attention. Myofibroblasts are the major 

contributors in fibrosis deposition and hence we wanted to identify whether ecPKM2 reduces the 

amount of myofibroblasts post MI. Myofibroblasts are characterized by stress fiber and the 

expression of αSMA. We used the immunohistochemistry staining method to determine the 

expression of α-SMA in mice tissues. The results demonstrated that the expression of α-SMA 

decreased after rPKM2 treatment, suggesting the number of myofibroblasts in rPKM2-treated 

mice was reduced at 7 days and 30 days post MI. The mechanism behind the reduction of 

myofibroblasts remains elusive as cardiac recovery is an intricate process consisting of 

inflammation, proliferation of non-myocytes and scar maturation. 

Myocardial infarction induces hypoxia in the heart which augments vessel permeability, 

and promotes leukocyte infiltration (Eltzschig & Eckle, 2011). Extended ischemia results in 

parenchymal and cardiomyocyte cell death. Ischemia reperfusion generates reactive oxygen 

species (ROS) and further damages the cells. Necrotic and stressed/injured cells, and the damaged 

extracellular matrix, release substances that act as danger signals, termed danger-associated 

molecular patterns (DAMPs). DAMPs bind to cognate pattern recognition receptors (PRRs) on 

surviving parenchymal cells and infiltrating leukocytes to activate series of inflammatory 

signaling, including inflammatory cytokines, chemokines, and cell adhesion molecules (Ghigo et 

al., 2014). DAMPs can also be secreted by stressed cardiomyocytes and fibroblasts, and by 

activated leukocytes (Gwechenberger et al., 1999). The protection effect of EcPKM2 on 

cardiomyocytes from apoptosis or necrosis in myocardial infarction may reduce the secretion of 

DAMPs and thus prevents the activation of immune cells and later differentiation of fibroblasts. 
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Many studies reported that the resident cardiac macrophages possessed an M2-like 

phenotype and expressed multiple M2 markers (Ma et al., 2018). These resident macrophages 

prevent fibrosis and stimulate angiogenesis in transverse aortic constriction mouse model (Revelo 

et al., 2021). By day 4–7 after MI, M2 macrophages infiltrate into infarct and suppress 

inflammation by IL-10 secretion and initiate ECM remodeling and angiogenesis (Yap et al., 2019). 

A group reported that alternatively activated M2 macrophages by Chemerin15 protect against 

myocardial I/R injury in mice by significantly suppressing proinflammatory cytokines and 

markedly increasing the level of anti-inflammatory cytokine IL-10 (Chang et al., 2015). In recent 

years, M2b macrophages, a subtype of M2 macrophages, have shined the light on the treatment of 

myocardial I/R injury. In vivo experiments have shown that transplantation of M2b macrophages 

into the myocardium after I/R injury improved cardiac function and reduced the cardiac fibrosis 

and myocardial remodeling caused by I/R injury (Yue et al., 2020).  

Our lab has found that EcPKM2 promotes angiogenesis at cutaneous wound site and 

induces macrophages into M2 subtype through interacting with integrin αvβ3 on macrophages in 

cancer (unpublished data). Promotion of cardiac angiogenesis in ischemic myocardium is one of 

the critical strategies for repairing and regenerating the myocardium after MI. p53 deletion in 

endothelial cells improves angiogenesis and reduces cardiac fibrosis and heart failure in the 

pressure overload mice model (Gogiraju et al., 2015). There is still a long way before we can fully 

understand the role of ecPKM2 on cardiac fibrosis, inflammation or angiogenesis and decipher the 

enigma of cardiac recovery after diseases. 
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3.4 Conclusions and future perspectives 

Our investigation uncovers that the extracellular PKM2, which is increased in myocardial 

infarction, contributes to the cardiac recovery by protecting these cells against apoptosis or 

necrosis and promoting their proliferation by activating PI3K-PTEN pathway. The extracellular 

PKM2 binds to integrin αvβ3 on the cell surface of cardiomyocytes and triggers the activation of 

FAK/PI3K signaling axis.  EcPKM2 also reduces the fibrosis post MI by preventing the activation 

of fibroblasts (Fig.3.1). As may be inferred from other cardiac studies (Magadum et al., 2020), our 

data suggest that endogenous Pkm2 upregulation in cardiomyocytes in response to ischemic injury 

is very limited in the adult heart and is insufficient to preserve cardiomyocytes. Here we show that 

systemic injection of rPKM2 preserves cardiac function and promotes regeneration. Our discovery 

not only provides a new perspective for understanding the cardiac regeneration mechanism but 

also implies a potential target for clinical practice in cardiovascular disease.  

Cardiac fibrosis is a devastating health issue worldwide associated with almost all forms 

of heart disease, in which cardiac fibroblasts-derived myofibroblasts are ascribed to disease 

development (Travers et al., 2016). Despite the profound contributions of myocardial fibrosis to 

cardiac dysfunction and myocardial infarction, limited clinical interventions currently exist that 

effectively target the cardiac fibroblast and its role in fibrotic tissue deposition. Exploration of 

novel strategies designed to mitigate or reverse myofibroblast activation and cardiac fibrosis will 

likely yield powerful therapeutic approaches for the treatment of multiple diseases of the heart, 

including myocardial infarction, heart failure with preserved or reduced ejection fraction, acute 

coronary syndrome, and cardiovascular disease linked to type 2 diabetes. We report for the first 

time that extracellular PKM2 reduces fibrosis post myocardial infarction.  
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Understanding the role of extracellular PKM2 in preserving cardiomyocytes in a bigger 

picture could provide new insights into how we view cardiac recovery after different diseases. 

Several reported studies indicate that pyruvate kinase M2 played a substantial role in the 

pathogenesis and development of several CVDs such as MI, heart failure, hypertension, and 

cardiac hypertrophy. So, the development of PKM2 as treatment has played a crucial role in 

understanding its role in CVDs. As observed by our lab’s previous studies, ecPKM2 promotes 

endothelial proliferation and polarizes macrophage into M2 type, we also want to investigate the 

potential role of ecPKM2 in inflammation reduction, cell-cell communication, and angiogenesis 

in cardiovascular diseases. Further studies on the protective mechanism of PKM2 are expected to 

provide more new ideas and targets of drug action for cardiovascular diseases and guide drug 

development and treatment. 

 

3.5 Limitations of the study 

Our data demonstrate that EcPKM2 facilitates cardiomyocytes proliferation and prevents 

their apoptosis under MI conditions. We used two cell lines H9c2 and Human Cardiac Myocytes 

to verify the effects of EcPKM2 on cardiomyocytes in vitro. H9c2 cells are derived from 

embryonic rat heart tissue that exhibits many of the properties of skeletal muscle and cardiac 

muscle. They are myoblasts, the embryonic precursors of myocytes which can proliferate and are 

commonly used in cardiovascular disease research. Our lab wanted to confirm the effect of 

EcPKM2 on the human cells and obtained a human cardiac myocyte (HCM) cell line from the 

vendor. It is claimed that HCM is isolated from human heart by the vendor. However, isolating 

cardiomyocytes from human patients can be difficult and limited by the availability of fresh 

hearts. Adult human cardiomyocytes do not proliferate and cannot be sub-cultured or passaged, 



98 

while the cells we obtained grow in culture medium and don’t spontaneously beat or contract. 

Immunofluorescence staining using cardiac marker cardiac Troponin T indicated the cell line 

was cardiomyocyte (Fig.3.2 A). 

Tissue repair after MI involves a robust angiogenic response that commences in the 

infarct border zone and extends into the necrotic infarct core (Wu et al., 2021). Animal data 

support the view that the endogenous angiogenic response after MI can be boosted to reduce 

scarring and adverse left ventricular remodeling (Wu et al., 2021). The improved mechanistic 

understanding of infarct angiogenesis therefore creates multiple therapeutic opportunities. Our 

lab has found that EcPKM2 promotes angiogenesis at cutaneous wound site (L. Li et al., 2014; 

Y. Zhang et al., 2016). The proliferation and reduction of cell death after PKM2 treatment post-

MI may be a result of angiogenesis instead of protection of cardiomyocytes. CD31 IHC staining 

showed that there was no angiogenesis within 7 days post MI for PKM2-treated group while 

strong angiogenesis was observed in PKM2-treated group 30 days post MI (Fig.3.3 A &B). The 

data indicate angiogenesis may not play a role in the early protection effect of PKM2 on 

cardiomyocytes but could benefit cardiac recovery in the long term. Further experiments are 

needed to clarify how PKM2 regulates angiogenesis in MI. 
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3.6 Figures 

Figure 3-1 Schematic illustration of mechanism of action of EcPKM2 in cardiac 

recovery after myocardial infarction. 

 

Figure 3-1 Schematic illustration of mechanism of action of EcPKM2 in cardiac recovery 
after myocardial infarction 
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Figure 3-2 Expression of cTnT in cultured cardiomyocytes. (A) Representative images of 

IF staining of integrin cTnT in HCM cells cultured Scale bars in (A) are 50 µm.  

 

 
 

Figure 3-2Expression of cTnT in cultured cardiomyocytes. 
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Figure 3-3 EcPKM2 promotes angiogenesis at late stage of MI. (A) Representative images 

of CD31 IHC staining of myocardium tissue of infarction region from infarction mice. (B) 

Quantification of the CD31 IHC staining. The animals were euthanized at indicated time points 

after infarction (MI). The quantity is presented as % of CD31 POSITIVE area among total area 

per view field. Error bars in (B). Scale bars in (A), (C), and (E) are 100 μm. ns statistical no-

significance, * P > 0.05. 
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Figure 3-3EcPKM2 promotes angiogenesis at late stage of MI.  
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3.6.1.2  

4 MATERIALS AND METHODS 

4.1 Reagents, Antibodies, and Cells  

Table 1 Chemicals, Reagents and Solutions 
Reagent or Resource Source Identifier 
ImmEdge®Hydrophobic Barrier PAP Pen Vector Laboratories H-4000 
VECTABOND® Reagent Vector Laboratories SP-1800-7 
Antigen Unmasking Solution, Citrate-Based Vector Laboratories H-3300-250 
Vector® TrueVIEW® Autofluorescence 
Quenching Kit  

Vector Laboratories SP-8500-15 

Animal-Free Blocker®, 5X Concentrate Vector Laboratories SP-5030-250 
BLOXALL® Endogenous Blocking Solution Vector Laboratories SP-6000-100 
Animal-Free Blocker® and Diluent, RTU Vector Laboratories SP-5035-100 
MACH 2 Rabbit HRP-Polymer Biocare Medical RHRP520L 
MACH 2 Mouse HRP-Polymer Biocare Medical MHRP520L 
ImmPRESS®-AP Horse Anti-Rabbit IgG 
Polymer Detection Kit 

Vector Laboratories MP-5401-15 

ImmPRESS®-AP Horse Anti-Mouse IgG 
Polymer Detection Kit 

Vector Laboratories MP-5402-15 

ReadyProbes™ Mouse-on-Mouse IgG Blocking 
Solution (30X) 

Thermo Fisher Scientific R37621 

Hematoxylin Counterstain Vector Laboratories H-3401-500 
ImmPACT® Vector® Red Substrate Kit, 
Alkaline Phosphatase (AP) 

Vector Laboratories SK-5105 

ImmPACT® DAB Substrate Kit, Peroxidase 
(HRP) 

Vector Laboratories SK-4105 

Protein inhibitor cocktail (100X) Thermo Fisher 87786 
Phosphatase inhibitor cocktail I (100X) Thermo Fisher 78420 
RIPA lysis buffer Thermo Fisher 89900 
Protein Ladder Thermo Fisher 26634 
ECL Western Blotting substrate Thermo Fisher 32106 
Western Blot Stripping Buffer Thermo Fisher 46430 
Flow cytometry Staining Buffer Thermo Fisher 00-4222-26 
ProLong™ Diamond Antifade Mountant with 
DAPI 

Thermo Fisher P36962 

Tris Base Fisher Scientific  BP154-1 
Tween-20 Sigma-Aldrich P5927  
Xylenes Fisher Scientific  X5-4 
Ethanol Decon Lab 22032601 
Molecular Biology Agarose Bio-Rad 1613101 
FAK Inhibitor 14 Sigma Aldrich SML0837-

10MG 
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LY-294,002 Sigma Aldrich L9908 
Triton X-100 Sigma Aldrich X100-500ML 
Wheat Germ Agglutinin, Alexa Fluor™ 488 
Conjugate 

Thermo Fisher W11261 

IPTG, dioxane-free Thermo Fisher R0392 
DMEM, high glucose, no glutamine, no phenol 
red 

Thermo Fisher 31053028 

Sodium Pyruvate (100 mM) Thermo Fisher 11360070 
L-Glutamine (200 mM) Thermo Fisher 25030081 
HyClone Characterized Fetal Bovine Serum 
(FBS), US Origin 

Cytiva SH30071.03 

Cardiac Myocyte Medium Phenol Red Free 
(includes supplements) 

SCIENCELL  6201-prf 

Poly-L-Lysine, 1 mg/ml SCIENCELL  0403 
Recombinant Human PKM2 His Protein Novus Biologicals NBP1-30292 

 

Table 2 Antibodies 
Antibodies Source Identifier 
Goat anti-Mouse IgG (H+L) Cross-Adsorbed 
ReadyProbes™ Secondary Antibody, Alexa 
Fluor™ 594 

Thermo Fisher R37121 

Goat anti-Mouse IgG (H+L) Cross-Adsorbed 
ReadyProbes™ Secondary Antibody, Alexa 
Fluor™ 488 

Thermo Fisher R37120 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 
ReadyProbes™ Secondary Antibody, Alexa 
Fluor™ 594 

Thermo Fisher R37117 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 
ReadyProbes™ Secondary Antibody, Alexa 
Fluor™ 488 

Thermo Fisher R37116 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 
Secondary Antibody, HRP 

Thermo Fisher G-21234 

Goat anti-Mouse IgG (H+L) Cross-Adsorbed 
Secondary Antibody, HRP 

Thermo Fisher G-21040 

PKM2 (D78A4) XP® Rabbit mAb Cell Signaling 4053 
PKM1 (D30G6) XP®Rabbit mAb Cell Signaling 7067 
Beta-Actin Monoclonal Antibody Yurogen R15006MC4 
CD61 (Integrin beta 3) Recombinant Rabbit 
Monoclonal Antibody (SJ19-09) 

Thermo Fisher MA532077 

Anti-Integrin αVβ3 Antibody, clone LM609 Sigma Aldrich MAB1976 
Integrin alpha V beta 3 Antibody (SC56-07) Novus Biologicals NBP2-67557 
CD51/CD61 Mouse anti-Human, Unlabeled, 
Clone: 23C6, BD 

BD Biosciences 555504 

Alexa Fluor™ 594 Phalloidin Thermo Fisher A12381 



105 

Alpha-Smooth Muscle Actin Monoclonal 
Antibody (1A4),  

eBioscience 14-9760-82 

Ki-67 Recombinant Rabbit Monoclonal 
Antibody (SP6) 

Thermo Fisher MA514520 

Cardiac Troponin T Monoclonal Antibody (13-
11) 

Thermo Fisher MA512960 

Troponin I Type 3 (cardiac) Antibody (4C2cc) Novus Biologicals NB110-8453 
Phosphor PI3K Thermo Fisher PA5-17387  
Phosphor FAK Cell signaling 3283 
α-SMA (Mouse) Sigma-Aldrich A5228 
α-SMA (Rabbit) Abcam AB5694 
Anti-PTEN Antibody, clone 6H2.1 Sigma Aldrich 04-035 
Cell Signaling Technology PI3 Kinase p85 Cell Signaling 4292S 
FAK Antibody Cell Signaling 3285S 
Cleaved PARP (Asp214) (D64E10) XP® Rabbit 
mAb 

Cell Signaling 5625S 

Cleaved Caspase-3 (Asp175) (5A1E) Rabbit 
mAb 

Cell Signaling 9664S 

Caspase-3 Antibody #9662 Cell Signaling 9662S 
PARP (46D11) Rabbit mAb #9532 Cell Signaling 9532S 

 

Table 3 Commercial Assay kits 
Kit Source Identifier 
PI3 Kinase Activity/Inhibitor ELISA Sigma Aldrich 17-493 
Masson's trichrome kit IHC world IW-3006 
Click-iT™ EdU Cell Proliferation Kit for 
Imaging 

Thermo Fisher C10337 

LIVE/DEAD™ Viability/Cytotoxicity kit Thermo Fisher L3224 
LIVE/DEAD™ Cell Imaging Kit Thermo Fisher R37601 
Mouse Pyruvate Kinase, Muscle (PKM2) 
ELISA Kit 

Biomatik Corporation EKU06995 

Human PKM2 ELISA Kit Mybiosource MBS2505089 
Mouse Troponin I Type 3 (cardiac) ELISA Kit 
(Colorimetric) 

Novus Biologicals NBP3-00456 

Lipofectamine 3000 Transfection Reagent Thermo Fisher L3000001 
ImmPRESS® Duet Double Staining Polymer 
Kit  

Vector Laboratories  MP-7714-15 

Click-iT™ Plus TUNEL Assay Kits for In Situ 
Apoptosis Detection 

Thermo Fisher C10617 

 

Table 4 Cell Lines 
Cell lines Source Identifier 
H9c2(2-1) ATCC CRL-1446™ 
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Human Cardiac Myocytes SCIENCELL  6200 
 

4.2 Recombinant protein expression 

The G415R or rPKM1 plasmids were transformed into competent BL21(DE3) E. coli cells. 

Firstly, a 50 𝜇𝜇l aliquot of the competent BL21(DE3) E. coli cell stock was taken out from the -

80°C freezer. The competent cell stock was placed on ice to thaw. Then, the plasmid DNA was 

added into the thawed competent cells and mixed gently by pipetting up and down. The mixture 

was incubated on ice for 30 mins, followed by heat shock at 42°C for 10 seconds, and then kept 

on ice for another 5 mins. The cells were then transferred into 950 µl of LB broth and shaken at 

37°C for 1 hour. The cell culture was plated onto LB agar plates with kanamycin overnight at 

37°C. 

The next step was to make a starter culture of 50 ml for protein expression. One colony 

was picked from the plates with a sterile inoculation loop and added into the LB broth with 

kanamycin (50 µg/ml) in a flask. The flask was put into a shaker at 200 rpm at 37°C overnight, 

and the starter cell culture can be used for expansion. 

The starter culture was transferred into 1 L of LB broth with kanamycin in a flask. The 

flask was incubated in a shaker at 200 rpm at 37°C until the absorbance at 600nm was between 

0.8 and 1. Then 0.5mM IPTG was added into the flask to induce protein expression. The flask was 

incubated in the shaker at 180 rpm at 16°C overnight. After incubation, the culture was centrifuged 

at 4 °C, 5000 rpm. The supernatants were discarded, and the pellets were stored at -80°C freezer. 

4.3 Recombinant protein isolation purification 

The first step is lysis and sonication of the bacteria. The bacteria pellets were resuspended 

with Buffer A (10 mM HEPES, pH 7.5, 300 mM KCl, 5 mM imidazole, 5 mM MgCl2, 5% 
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glycerol, 2.5 mM TCEP) with protease inhibitor cocktail (1 tablet for 100ml) on a stir plate. The 

suspension was taken to sonication for 15 minutes, followed by centrifugation at 14,000 rpm for 

15 minutes at 4°C. The supernatant was transferred to a new tube and filtered with a 0.45𝜇𝜇m filter. 

The filtrate was loaded to the FPLC system of ÄKTA purifier under a preset protocol. The protein 

was eluted by gradually increasing the concentration of imidazole using Buffer B (10 mM HEPES, 

pH 7.5, 300 mM KCl, 500 mM imidazole, 5 mM MgCl2, 5% glycerol, 2.5 mM TCEP). Those 

eluted fractions that covered most of the protein peak were collected and combined. The mixed 

eluted sample was transferred to a dialysis bag containing dialysis buffer (PBS, 5% glycerol, 2.5 

mM TCEP, pH 7.5) and dialyzed with a vortex at 4°C overnight. After that, 10 𝜇𝜇l of the dialyzed 

sample was taken out for confirmation of PKM2 protein with SDS-PAGE, followed by Coomassie 

blue staining or Western blot with PKM2 or PKM1 antibody. The purified G415R or rPKM1 

proteins were sterilized by filtering with 0.22 𝜇𝜇m filter and then aliquoted and kept at -80°C for 

longtime storage. 

4.4 Cell culture 

H9c2 cells were maintained in DMEM medium supplemented with 10% Fetal Bovine 

Serum (FBS) in 37°C with 5% CO2. The human cardiomyocytes were maintained in the cardiac 

myocyte medium supplemented with 5% Fetal Bovine Serum (FBS) and penicillin/streptomycin 

in 37°C with 5% CO2. Culture flasks or dishes were coated with poly-L-lysine (2 μg/cm2) for 

human cardiomyocytes. For hypoxia experiments, all cells were starved in the medium without 

phenol red and FBS overnight and stimulated with G415. Cells were then cultured in a hypoxia 

incubator chamber flushed with low oxygen gas (5% CO2, 1% O2 and 94 N2) for 24 or 48 hours. 

For oxidative stress experiments, the cells were pre-incubated in the hypoxia incubator chamber 

for 24 hours and 300 μM of H2O2 was added to the cells for 5 hours to introduce apoptosis. The 
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inhibitors (20 μg/ml LY294002; 2.5 μM FI14) and antibody (10 ng/ml LM609, 10 ng/ml PKM2 

antibody) were added 30 min earlier than rPKM2 addition for respective experiments. After 

treatment, cells were stained or harvested at the indicated time points for the measurement of 

protein levels, apoptosis assay or proliferation assay. 

4.5 Western blot 

After the treatment, the culture medium was removed from the plates or dishes and cells 

were washed three times with ice-cold PBS buffer. Then the cells were scraped off with a rubber 

scraper and centrifuged at 1000 rpm, 4°C for 10 min. The superannuants were discarded, and the 

cell pellets were resuspended with RIPA buffer premixed with protease inhibitors cocktail and 

phosphatase inhibitors. The mixtures were placed on a rotator and incubated at 4°C for 30 min, 

after which, the lysates were centrifuged at 14000 rpm, 4°C for 10 min. The supernatants were 

transferred to new tubes and stored at -20 /-80°C freezer. The protein concentrations were 

determined using the Quick Start Bradford 1×Dye Reagent (Bio-Rad, Cat. # 5000205) and a 

Biophotometer. For western blot analysis, an equal amount of protein sample was taken out and 

mixed with 5× loading buffer (175 mM Tris-HCl pH 7.0, 5 mM EDTA, 10% SDS, 20% sucrose, 

0.01% bromophenol blue, and 28.8 mM β-mercaptoethanol) and heated at 95°C for 10 min. The 

samples and protein ladder were loaded in SDS-PAGE gel and ran at constant voltage 80 V first 

at the stacking stage, and then at 80 V at the separating stage. 

After the SDS-PAGE, the proteins were transferred to a nitrocellulose membrane at a 

constant current of 250 mA for 2 h at 4 ̊C. The membrane was blocked in the blocking solution, 

5% BSA prepared in TBST (20mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween-20) at room 

temperature for 1 h. After blocking, the membrane was incubated with the primary antibody 

diluted in the blocking solution on a flat shaker at 4°C overnight, followed by three times washing 
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with TBST buffer, 10 min each time. Then the membrane was incubated with respective secondary 

antibody diluted in blocking solution on a flat shaker at 4°C overnight, followed by three times 

washing with TBST buffer, 10 min each time. The specific bands were detected by 

autoradiography using chemiluminescence reagents. 

4.6 Immunoprecipitation 

Cell lysates were centrifuged at 14,000 rpm, 4 °C for 10 min and the supernatant was 

collected. 50 μl Dynabeads were mixed with 200 μl PKM2 or integrin αvβ3 antibodies and were 

incubated for 10 minutes with rotation at room temperature. The supernatant was removed from 

the mix, and cell lysate supernatant was added to the Dynabeads-antibody complex and was 

incubated for 10 minutes at room temperature with rotation. The Dynabeads-Ab-Ag complex was 

washed 3 times using 200 μl Washing Buffer. Then the samples were mixed with sample buffer 

and boiled for 10 min at 95°C followed by SDS-PAGE and western blotting using the following 

antibodies: β3 integrin 1:1000 (MA532077; Thermo Fisher); PKM2 1:1000 (4053s; Cell signaling 

technology). 

4.7 Animal model and treatment 

All animal experiments were performed according to the guidelines of and approved by 

Georgia State University IACUC. 11-12 week old male C57BL/6J mice were used. 

Mice were anesthetized with 2% isoflurane inhalation without ventilation. A small skin cut 

(1.2 cm) was made over the left chest, and a purse suture was made around the cut. After dissection 

and retraction of the pectoral major and minor muscle, the fourth intercostal space was exposed. 

A small hole was made at the fourth intercostal space with a mosquito clamp to open the pleural 

membrane and pericardium. The heart was gently squeezed out of the hole with the clamp slightly 

open. The LCA was located, sutured, and ligated at a site 2-3 mm from its origin using a 6-0 silk 
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suture. The ligation was successful when the LV's anterior wall turned pale. After ligation, the 

heart was immediately placed back into the intrathoracic space, followed by gently squeezing the 

chest to remove the air and closure of muscle and the skin by means of the previously placed purse-

string suture. The mouse was then allowed to breathe room air and monitored during the recovery 

period, which was generally complete within 3 to 5 minutes. The sham group underwent the same 

surgical procedure, except that the LCA was not occluded.  

The I/R injury procedure in mice is essentially the same as inducing MI, except that a 

slipknot was tied around the LCA 2 to 3 mm from its origin with a 6-0 silk suture. The heart was 

then quickly placed back into the thoracic space, followed by manual evacuation of air and the 

skin closing. The mouse was re-anesthetized with 2% isoflurane inhalation, the chest reopened, 

and the slipknot was released by pulling the long end of the slipknot suture smoothly and gently, 

followed by manual evacuation of the pneumothorax and chest closure.  

4 to 5 mice were used for each group including sham, buffer, PKM1 and PKM2 groups. 

Mice in MI treatment were dosed with test articles 24 hours before surgery via intraperitoneal 

injection and again 1-2 hours before surgery. Mice in IR treatment were dosed at the time of 

surgery. All animals except 24-hour groups were dosed twice per week for up to 2 weeks. Mice 

were euthanized via isoflurane at 24- and 168-hours or 30 days post-surgery, hearts were harvested 

and measured, followed by processing for embedding and sectioning. Whole blood was collected 

via terminal bleed for all mice to obtain plasma. Statistical analyses were done in comparison to 

the control group.  

4.8 Flow cytometry 

Cells were harvested using trypsin. Cells were labeled with calcein AM and ethidium 

homodimer-1 and incubated for 20 minutes at room temperature. Data were acquired using 
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LSRFortessa flow cytometer (BD Biosciences) and  analyzed by FlowJo software (Tree Star). The 

procedures were similar to those of previous reports (Han et al., 2021; Sharma et al., 2021). 

4.9 Immunohistochemistry staining 

Tissues were fixed in 10% formalin, embedded in paraffin blocks, and then cut into 5 μm 

sections. The tissue sections were baked at 60°C for 2 hours and then dewaxed and rehydrated by 

immersion in the following solutions in order (three times xylene, twice 100% ethanol, 90% 

ethanol, 70% ethanol, 50% ethanol, 30% ethanol, and distilled water). Antigen retrieval was 

performed by incubating tissue sections in the 10 mM Sodium Citrate buffer, pH 6.0 in a pressure 

cooker for 10 min. After the sections were cooled down at room temperature, they were washed 

in PBS for 5 min. The endogenous peroxidase activity was blocked with BLOXALL Blocking 

Solution for 10 minutes, followed by washing with PBS for 5 minutes. The sections were then 

blocked with the blocking buffer, Animal-Free Blocker® and Diluent, RTU and then incubated 

with the primary antibody diluted in the blocking buffer at 4°C overnight. One or two primary 

antibodies were used depending on the staining targets. The sections were washed with PBST three 

times, 5 min each time. The sections were then incubated with respective HRP polymer at room 

temperature for 30 min if one primary antibody was used, followed by the same washing step as 

above. If two primary antibodies were used, the sections were incubated with respective HRP amd 

AP polymers. The DAB substrate chromogen solution was prepared freshly by mixing 1 ml of 

DAB diluent with 1 drop of DAB concentrate using ImmPACT DAB Peroxidase (HRP) Substrate 

(Vector Laboratories, Cat. # SK 4150). DAB substrate was added onto the slides and the color 

development was monitored carefully under a microscope. If second primary antibody was used, 

the sections were washed with PBST three times and freshly prepared ImmPACT Vector Red 

Substrate (Vector Laboratories, Cat. # SK 5105) was added onto the slides and the color 
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development was monitored carefully under a microscope. Hematoxylin was used for counterstain. 

The sections were dehydrated by immersion in the same set of solutions in reverse order and then 

mounted with mounting medium.  

IHC staining results were quantified using QuPath software. All images for analysis were 

saved in the same folder and a mask was selected by picking positive staining regions in different 

images. Once the mask was defined, the software calculated the positive area for all images.  

4.10 Immunofluorescent staining 

The frozen sections were dewaxed, rehydrated and antigen retrieved following 

immunohistochemistry staining protocol. Then the tissue was circled with a PAP pen, and blocked 

with blocking buffer for 30 min. The sections were incubated with the primary antibody diluted in 

the blocking buffer at 4 C̊ overnight. The sections were washed with PBST three times, 5 min each 

time. After washing, the sections were incubated with respective fluorescent secondary antibody 

diluted in the blocking buffer at room temperature for 1 h, followed by the same washing 

procedure. If double staining was required, the sections were blocked with the blocking buffer 

again and incubated with the second primary antibody for 2h at room temperature. After washing, 

the sections were incubated with another fluorescent secondary antibody for 1 h. The same 

washing procedure was performed, after which the sections were mounted with Prolong Diamond 

Antifade Mountant with DAPI. The staining was analyzed with a Keyence fluorescent microscope.  

IF staining results were quantified with ImageJ software. The total positive staining area 

was measured. 



113 

4.11 Masson Trichrome staining 

Masson Trichrome staining was carried out using NovaUltra Masson Trichrome Stain Kit 

from IHCWORLD following the instruction of the manufacturer. The procedures were described 

in our previous report (Turaga et al., 2021). 

4.12 TUNEL assay 

TUNEL assay was conducted using Click-iT™ Plus TUNEL Assay Kits for In Situ 

Apoptosis Detection from Thermo Fisher following the manual of the kit. The sections were co-

stained with cardiac Troponin I and were mounted with Prolong Diamond Antifade Mountant with 

DAPI. 

4.13 Cell viability assay 

Calcein, AM, DAPI and BOBO-3 Iodide were incubated with cells for 15 minutes at room 

temperature. Staining results were quantified with ImageJ software. The total positive staining area 

was measured. 

4.14 Cell proliferation assay 

Cell proliferation assay was conducted using Click-iT™ EdU Cell Proliferation Kit for 

Imaging, Alexa Fluor™ 594 dye from Thermo Fisher following the manual of the kit. The sections 

were co-stained with Ki67 antibody and were mounted with Prolong Diamond Antifade Mountant 

with DAPI. 

4.15 Cardiac magnetic resonance 

Cardiac magnetic resonance imaging (CMR) examinations were performed 30 days after 

induction of acute Myocardial Infarction / myocardial ischemia-reperfusion injury. Imaging was 

performed on a 7 T preclinical scanner (Bruker, BioSpec 70/20 USR, Paravision 360) using 

transmit-receive volume coil (400W maximum transmit pulse of 5 ms, inner diameter of 40 mm). 
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Anesthesia was adjusted to maintain a respiration rate of 65 ± 5 breaths per minute.  keep the 

animal at 35-37 °C, using a warm pad. Breathing and body temperature were monitored during 

CMR (SA Instruments, Inc, USA). Pre-contrast images in standard long-axis geometries (two-, 

three- and four-chamber view), which were used to plan the short-axis orientation covering the 

entire left ventricle (LV). Use Bright-blood Intra Gate Fast Low Angle Shot 

(Cine_brightblood_IG_FLASH) to acquire 4-10 coronal slices for functional assessment of the 

LV. with repetition time = 100 ms, echo time = 3.5 ms, number of repetitions = 1, oversampling = 

230, flip angle = 45°, slice thickness = 1 mm, field of view= 25 × 25 mm2, matrix = 192 × 192, in-

plane resolution = 0.13 × 0.13 mm2. For all cine IG scans, 45 cardiac phases were reconstructed. 

Dedicated software (Segment CMR, Medviso, Sweden) was used to imaging analysis. The LV 

epicardial and endocardial borders were manually traced on the end-diastolic (ED) and end-

systolic (ES) image of each slice. Left ventricle end-diastolic volume (LV-EDV), left ventricle 

end-systolic volume (LV-ESV), Stroke volume (SV) and ejection fraction (EF) were automatically 

calculated (SV = EDV-ESV, EF = SV/EDV). 

4.16 Statistical calculations 

Statistical analyses were carried out using the GraphPad Prism 9.0 software. All 

experiments were carried out 3 times minimum. Statistical significance was assayed by either 

Student's t-test and/or one-way ANOVA for multiple comparisons followed by post-hoc Tukey's 

test. Box plots show range, median and quartiles. In all figures, *P < 0.05; **P < 0.01, ***P < 

0.001, **** P < 0.0001; n.s. denotes not significant. All data are presented as mean ± s.e.m. or as 

box plots. 
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