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Abstract

Pyruvate kinase M2 is a critical enzyme that regulates cell metabolism and growth under different 

physiological conditions. In its metabolic role, pyruvate kinase M2 catalyzes the last glycolytic 

step which converts phosphoenolpyruvate to pyruvate with the generation of ATP. Beyond this 

metabolic role in glycolysis, PKM2 regulates gene expression in the nucleus, phosphorylates 

several essential proteins that regulate major cell signaling pathways, and contribute to the redox 

homeostasis of cancer cells. The expression of PKM2 has been demonstrated to be significantly 

elevated in several types of cancer, and the overall inflammatory response. The unusual pattern of 

PKM2 expression inspired scientists to investigate the unrevealed functions of PKM2 and the 

therapeutic potential of targeting PKM2 in cancer and other disorders. Therefore, the purpose of 

this review is to discuss the mechanistic and therapeutic potential of targeting PKM2 with the 

focus on cancer metabolism, redox homeostasis, inflammation, and metabolic disorders. This 

review highlights and provides insight into the metabolic and non-metabolic functions of PKM2 

and its relevant association with health and disease.
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1.1 Introduction

Pyruvate kinase (PK) (EC 2.7.1.40) is a prominent regulatory protein involved in glucose 

catabolism. Mammalian PK has several isoforms that differ in allosteric regulation and 

tissue expression, which is likely necessary to meet the tissues’ specific energy demands. 

For instance, the M2 isoform is expressed in highly proliferative cells, including cancer 

cells, to favor the accumulation of glycolytic metabolites that serve as building blocks for 

tumor growth. Additionally, PKM2 is directly involved in the metabolic reprogramming 

(aerobic glycolysis) associated with cancer [1] and the inflammatory response [2]. Unlike 

other PK isoforms, PKM2 has been reported to modulate gene expression and function as a 

kinase that phosphorylates proteins involved in cellular growth and survival [3, 4]. A 

comprehensive understanding of the role of PKM2 in cancer, inflammatory responses, and 

metabolic disorders may lead to novel therapeutic approaches to alleviate morbidity and 

mortality related to these conditions. The purpose of this review is to discuss the enzymatic 

and non-enzymatic functions of PKM2 and highlight the potential contribution of PKM2 to 

the pathology of human diseases.

1.2 An Era of Discovery in Glycolysis and Pyruvate Kinases

Glucose is the predominant energy source for most cells and is partially oxidized through 

glycolysis. Oxidation of glucose through glycolysis produces two molecules of ATP, two 

molecules of nicotinamide adenine dinucleotide (NADH), and two molecules of pyruvate. 

Under normal physiological conditions, pyruvate undergoes two fates, and it is either 
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utilized to produce lactate under anaerobic respiration (when oxygen is not available) or 

entered the tricarboxylic acid (TCA) cycle in the presence of oxygen to provide cells with 

more ATP. Glycolysis is an oxygen-independent process and consists of 10 steps, three of 

which are rate-limiting steps that regulate glycolytic flux. These steps are catalyzed by a 

group of kinases including phosphofructokinase (PFK), hexokinase (HK) or glucokinase 

(GK), and PK. Through regulation of the glycolytic flux, cells are able to control the levels 

of metabolic precursors required for many biosynthetic reactions that occur in various 

cellular compartments [5, 6].

Glycolysis was the first catabolic pathway to be discovered, with the origin of this work 

dating back to the second half of the 19th century. Interestingly, this early research into this 

metabolic pathway was financially supported by the alcohol industry due to the significant 

economic contributions of alcohol fermentation [7]. Early biochemical studies conducted on 

yeast [8] and muscle [9] identified enzymes and metabolites involved in glycolysis and, in 

1940, the complete pathway of glycolysis was revealed for the first time by the Nobel Prize 

laureates including Otto Fritz Meyerhof for their outstanding accomplishment [7].

Glycolysis is a process that shunts carbohydrates through multiple biochemical reactions to 

yield energy in the form of ATP and the electron carrier NADH. The rate limiting step for 

converting phosphoenolpyruvate (PEP) into pyruvate and ATP was first identified in 1934 by 

Jacob Parnas after conducting an experiment on muscle tissues to inhibit ammonia formation 

[10]. The history of glycolysis and PK has been extensively reviewed by Barnett [7] and 

Dayton et al. [11]. However, it is worth noting that although the activity of PK was first 

described in 1935 by Lehman H, it took approximately ten years for this enzyme to be 

isolated from muscle [7]. A few years later, multiple isoenzymes of PK were identified by 

Tanaka et al. [12] in the 1960s. Based on electrophoresis and crystallization procedure, two 

isoforms of PK were identified. One isoform was isolated from rat liver (type L), while the 

other was isolated from rat muscle (type M) [12]. In 1968, a third isoenzyme was detected in 

multiple rat tissues (kidney, spleen, testis, and lung) and was later named PKM2 [13]. 

However, it was not until 1984, when Josephine Peters confirmed that PKM1 and PKM2 are 

both transcribed by the same gene [14, 15]. In 1986, Noguchi in collaboration with Tanaka 

demonstrated the alternative splicing concept of the Pkm gene [16]. Finally, the most 

significant findings regarding the PK protein is the nuclear localization of the M2 isoform in 

response to a variety of apoptotic agents (somatostatin and its analogues) [17], as well as the 

localization of PKM2 into the mitochondria in response to oxidative stress inducers [18]. 

These findings highlighted novel functions of PKM2 other than its previously identified role 

in glycolysis.

1.3 PKM2: From Gene to Protein

Pyruvate Kinase M gene is located on Chromosome 15 (in humans), Chromosome 7 (in non-

human primates) [19], and Chromosome 9 (in mice) [20] which encodes both the M1 and 

the M2 isoforms [21–23]. The mouse Pkm2 transcript is 82% identical to the human PKM2, 
while the non-human primate transcript is 99% identical to the human PKM2. The PKM 
gene is roughly 32 kb, containing 12 exons and 11 introns. Exons 9 and 10 have equal length 

and account for the variation in the final transcript. The final mRNA product for PKM2 
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contains exon 10 but excludes exon 9, which is specific to PKM1 [24]. Interestingly, three 

spliceosomes; the heterogeneous nuclear ribonucleoproteins A1 [25] and A2 (hnRNPA1, 

hnRNPA2), and polypyrimidine tract binding protein (PTB), were found to promote the 

elimination of exon 9 to favor the production of mature Pkm2 RNA [22, 23, 26]. In addition, 

a recent study has shown that the RNA-binding motif 4 (RBM4) splicing factor negatively 

regulates PKM2 expression by suppressing the activity of the splicing regulator PTB [27]. 

On the other hand, the serine/arginine-rich splicing factor 3 (SRSF3) promotes the addition 

of exon 10 to the mature PKM2 RNA [22, 28, 29]. The final human mRNAs for both 

isoforms are 1593 base pairs long, and the variation in their mRNA exist within 155 

nucleotide residues from 1142 to 1297 [30].

PK is a tetrameric protein with identical subunits. The single PKM2 monomer is made of 

531 amino acids and consists of 4 domains: N (43 aa), A (244 aa), B (102 aa) and C (142 

aa). However, PKM1 and PKM2 vary from each other in 22 amino acids within a stretch 

encoded by exons 9 and 10 [31]. The A domain of PKM2 represents the core of the 

monomer and responsible for mediating the subunits interaction to form a dimer. The 

tetramer form of PKM2 consists of 2-units that is assembled through the binding of two 

dimers’ C-subunits. Both the allosteric fructose 1,6-bisphosphate (FBP) binding pocket [31] 

and the nuclear localization signal sequence (NLS) [32] are located within the C domain. 

Moreover, the structure of domain C is responsible for the variation observed between the 

PKM isoforms in regards to the allosteric regulation by FBP. Of note, the activation loop in 

PKM2 surrounds FBP molecules and closes the allosteric site, while in PKM1 the activation 

loop is far away from the allosteric site leading to an open conformation of PKM1 allosteric 

site [31]. However, the active site for PKM2 is located between domains A and B. Domain B 

regulates the size of the active site by either moving toward or outward of domain A, while 

the N-terminal domain represents the smallest domain in the PKM2 monomer [31].

1.4 Tissue Distribution of the PK Isoforms

The PK family consists of four isoforms encoded by two separate genes. These isoforms are 

noted as PKL (liver), PKR (erythrocytes), PKM1 (muscle) and PKM2. The PKLR gene 

encodes both the L and the R isoforms [33], while the M1 and the M2 are encoded by the 

Pkm gene [16]. At the protein level, a single tissue can express multiple isoforms. For 

instance, the kidney predominately expresses PKM2, while the PKL and PKM1 isoforms are 

expressed at significantly lower levels [34]. The PK isoforms can also be tissue-specific, and 

they differ in their kinetic properties based on the tissues’ metabolic demands [35]. PKR is 

the only isoform expressed in erythrocytes [36]. PKL, on the other hand, is the dominant 

isoform expressed in the liver [34], while PKM1 is the dominant isoform in differentiated 

skeletal muscle, heart, and brain [34, 37]. Unlike all other isoforms, PKM2 is the only 

detectable type during the embryonic stages and exists in various differentiated adult tissues 

[34]. Specifically, PKM2 is the dominant form in the kidneys and exists in multiple adult 

tissues including the lungs, white and brown adipose, intestines, ovaries, testis [34], and 

pancreatic islets [38], but it is not exclusively limited to these organs (Figure 1). Notably, the 

expression of PKM2 is more abundant in highly proliferating cells such as stem and tumor 

cells [34]. Additionally, PKM2 expression changes during development. For instance, PKM2 
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is expressed in neonatal skeletal muscle, and its expression decreases during muscle 

development exhibiting a transition from PKM2 to PKM1 in differentiated muscle [39].

1.5 PKM2 Enzymatic Function and Regulation

PKM2 exists in four different enzymatic states: an inactive monomer [40], a nearly inactive 

dimer [40, 41], an inactive T state tetramer, and an active R state tetramer [42]. PKM2 is 

typically activated by PEP and the upstream glycolytic intermediate FBP or fructose 2,6-

bisphosphate (F-2,6-P2). Upon activation, PKM2 catalyzes a critical step in glycolysis by 

transferring a phosphate group from PEP to ADP, leading to the generation of pyruvate and 

ATP. During this reaction, PEP and ATP bind to the active site via a mechanism facilitated 

by the monovalent (K+) and divalent (Mg2+ or Mn2+) cations [22, 43]. This glycolytic 

reaction is irreversible under normal conditions and plays a critical role in controlling the 

glycolytic efflux [44]. The conformational switch between the inactive T-state (low 

enzymatic activity) and the active R-state (high enzymatic activity) during this glycolytic 

reaction is noteworthy. Furthermore, in addition to the allosteric regulation, several post-

translational modifications were reported to influence and determine the transition between 

the T and R states of PKM2 through manipulating its intramolecular hydrogen bonds [45]. 

Unlike PKM2, PKM1 is not regulated by FBP and sustain the R-state conformation [44]. In 

addition, serine is a specific PKM2 activator that binds to each monomer and promotes the 

formation of the active tetramer [46]. In contrast, PKM2 is allosterically inhibited by ATP, 

oxalate, alanine, thyroid hormone (T3), and phenylalanine [42, 47, 48]. However, each of 

these molecules exhibits distinct mechanisms by which they inhibit PKM2 [42]. For 

example, T3 blocks the tetramer formation by stabilizing the monomer form, while 

phenylalanine stabilizes the inactive tetramer T-state [42]. This suggests that the inhibition 

of PKM2 may be additive with no one inhibitor working through the same mechanism.

1.6 PKM2 Post-Transnational Modifications

In addition to the allosteric regulation, PKM2 can be modified by post-translational 

modifications, which has been extensively reviewed by Prakasam et al. [49]. Major 

posttranslational modifications include oxidation [50], acetylation [51, 52], methylation 

[53], and phosphorylation [32, 54–56] (Table 1). These post-translational modifications 

regulate not only PKM2 activity and stability but also its subcellular localization (Figure 2).

1.6.1 Redox Regulation of PKM2

Various oxidants have been found to, directly and indirectly, modulate PKM2 functions by 

post-translational modifications at different amino acid sites through distinct mechanisms. A 

recent study by Li and colleagues demonstrated an important regulatory role for nitric oxide 

(NO) in cancer metabolism. Exposure of SKOV3 ovary cancer cells to DETA-NONOate (a 

commonly used NO donor) for 24 hours showed that low physiologic concentrations of NO 

promotes glycolysis, oxidative defense and cell proliferation. These effects were mediated, 

in part, by the phosphorylation and translocation of PKM2 to the nucleus in response to the 

activation of the epidermal growth factor receptor (EGFR) and extracellular signal-regulated 

protein kinase 2 (ERK2) axis. However, at high NO concentrations, glycolysis and PKM2 

translocation were both inhibited, concomitant with increased cell death [57] (Figure 3). In 
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addition, NO has been reported to alter glycolysis by direct inhibition of PKM2 enzymatic 

activity through S-nitrosylation. In an experimental model of acute kidney injury (AKI), S-

nitrosylation of PKM2 at cysteine-423/424 (C-423/424) inhibited the tetramerization of 

PKM2 and led to the accumulation of glycolytic metabolites [58]. Recently, Siragusa and 

colleagues reported that active endothelial NO synthase (eNOS) can directly interact with 

PKM2 leading to the S-nitrosylation and inhibition of PKM2 enzymatic activity, and the 

subsequent accumulation of reducing equivalents to maintain redox homeostasis in human 

umbilical vein and mouse pulmonary endothelial cells [59].

Likewise, the induction of oxidative stress in lung cancer cells through exposure to hydrogen 

peroxide (H2O2) or diamide remarkably decreased PKM2 enzymatic activity through 

oxidation of the sulfhydryl group of cysteine-358 (C-358), which promotes the 

disassociation of the tetramer form [50]. In addition, oxidative stress induced by H2O2 and 

menadione was demonstrated to increase sirtuin 5 (SIRT5)-mediated desuccinylation of 

PKM2 at lysine-498 (K-498) and decreases its enzymatic activity [60]. The succinylation of 

PKM2 at K-498 was reported to alter tumor growth by sensitizing cells to oxidative damage 

as a result of decreased NADPH levels [60]. In a recent study examining the effects of 

PKM2 inhibition on human ovarian carcinoma cell survival, the authors demonstrated that 

shikonin, a liposoluble naphthoquinone isolated from Lithospermum erythrorhizon and a 

potent inhibitor of PKM2, induced cell death through increased oxidant levels with a 

concomitant decrease in PKM2 expression. Conversely, treatment with the glutathione 

precursor and antioxidant; N-acetyl-L-cysteine (NAC) completely abolished the effects of 

shikonin on PKM2 expression and cell survival [61], emphasizing the role of redox 

homeostasis in modulating PKM2 activity and functions. Yet, further research is needed to 

fully understand the mechanisms by which oxidants regulate PKM2 and the subsequent 

physiological, biochemical, and molecular implications.

1.6.2 Regulation of PKM2 by Phosphorylation

Phosphorylation is one of the major post-translational modifications that either activate or 

deactivate proteins. PKM2 is phosphorylated at different sites in response to various stimuli 

(Figure 2). Oncogenic growth factors including insulin growth factor-1 (IGF-1) [62], 

epidermal growth factor (EGF) [32], and basic fibroblast growth factor (bFGF) [54] promote 

PKM2 phosphorylation in a mechanism mediated by several kinases including protein 

kinase B (PKB; a.k.a. AKT), ERK1/2, and Janus kinase 2 (JAK2). Additionally, the 

phosphorylation of PKM2 at different amino acid sites differentially regulate its activity and 

subcellular location. For example, the phosphorylation of PKM2 at tyrosine-105 (Y-105) 

inhibits its catalytic activity by altering the tetramer and dimer states that promote the 

Warburg effect (aerobic glycolysis) [54]. Similarly, the phosphorylation of PKM2 at 

serine-37 (S-37) and threonine-454 (T-454) induces the Warburg effect by enhancing PKM2 

nuclear accumulation [32, 56]. Generally, PKM2 phosphorylation appears to promote 

tumorigenesis and decrease mitochondrial function [56]. However, low molecular weight 

protein tyrosine phosphatase (LMW-PTPs)-mediated dephosphorylation of PKM2 was 

recently shown to promote PKM2 enzymatic activity and inhibits its nuclear translocation. 

The dephosphorylation of PKM2 has been correlated with reduced growth and invasiveness 

in melanoma cells [63].
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1.6.3 Other Post-translational Modifications

Aside from the phosphorylation modification of PKM2, it has been reported that the 

acetylation of PKM2 at lysine-433 (K-433) enhances PKM2 import to the nucleus [51], 

while its deacetylation by SIRT6 causes the protein to be exported from the nucleus [64]. 

This nuclear translocation of PKM2 strengthened the interest in identifying potential non-

glycolytic functions of PKM2 as reviewed by Alves-Filho et al. [21]. The export of PKM2 

from the nucleus has been suggested to decrease its contribution toward tumorigenesis [64]. 

Specifically, PKM2 nuclear translocation results in increased cancer cell proliferation and 

migration. In addition, methylation of PKM2 by co-activator-associated arginine 

methyltransferase 1 (CARM1) has been reported to be specific to the dimeric form at 

different arginine sites (R-445/447/455), and does not necessarily alter its enzymatic activity 

[53]. However, in a recent study, methylation of PKM2 at R445/447 was shown to promote 

PKM2 tetramerization resulting in an increase in its enzymatic activity [65]. The reasons for 

the differences between the two studies are not clear; however, it is worth noting that in both 

studies, the interaction of CARM1 and PKM2 appears to play a critical in the metabolic 

reprogramming of cancer cells and suggest that targeting PKM2 methylation may have 

therapeutic value. In addition, PKM2-hydroxylation at proline sites 403 and 408 (P-403/408) 

by prolyl hydroxylase 3 (PHD3) was shown to promote its interaction with hypoxia-

inducible factor 1-alpha (HIF-1α) and the transcription of HIF-1α-dependent genes [66] 

(Figure 2). Taken together, the fact that several post-translational modifications can regulate 

PKM2 activity, expression, and/or its subcellular localization underscores the importance of 

this protein and the significance of studying its potential diverse roles in health and disease.

2. PKM2 in Health and Disease

PKM2 exists mainly in the cytosol as a glycolytic enzyme [67]; however, under certain 

conditions, it can translocate to the nucleus and regulate cell proliferation through altering 

gene expression. Phosphorylation at S-37 allows PKM2 to bind to the peptidyl-proline 

isomerase (PIN1) protein, resulting in cis-trans isomerization and the binding of the NLS of 

PKM2 to importin α5. Once formed, this complex will allow the docking and translocation 

of PKM2 through the nuclear pore complex (NPC) [32] (Figure 2). The translocation of 

PKM2 to the nucleus suggests other functions of the enzyme beyond glycolysis [17] (Figure 

3). In tumor cells, PKM2 promotes cells survival and proliferation through the 

phosphorylation of Bub3 and the suppression of cyclin D in order to control the transition 

between G1 and S phases of the cell cycle [68]. PKM2 has also been reported to regulate 

HIF-1α activity, leading to an increase in its ability to bind to the hypoxia-responsive 

elements (HREs) and regulate gene expression [66]. Highlighting the differences between 

the PKM isoforms and their subcellular localization is essential since the translocation to the 

nucleus appears to be PKM2 specific. To the best of our knowledge, no prior studies have 

demonstrated that PKM1 can translocate to the nucleus. In addition to its role in regulating 

gene expression, the dimeric PKM2 exhibits kinase potential beyond glycolysis, where it 

also utilizes PEP as a phosphate donor [69, 70]. Recent studies have shown that PKM2 

phosphorylates essential proteins involved in cancer pathology and metabolism including 

histone H3 [4], Bub3 [68], myosin regulatory light chain 2 (MLC-2) [3], signal transducer 
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and activator of transcription 3 (STAT3) [70], and nuclear sterol regulatory element-binding 

protein 1a (SREB1a) [71].

2.1 PKM2 Roles in Cancer Metabolism

PKM2 plays a crucial role in cancer cell metabolism. In both proliferative and tumor cells, 

the overall demand for energy is higher. Otto Warburg reported an increase in glucose 

consumption accompanied by high lactate production in cancer cells. This observation was 

later called aerobic glycolysis (a.k.a. Warburg effect) due to the production of lactate within 

the availability of oxygen [72]. Despite the lower production of ATP from aerobic glycolysis 

compared to the net energy generated from oxidative phosphorylation in the mitochondria, 

cancer cells favor metabolizing glucose through the Warburg effect to yield ATP at a faster 

rate in response to the increased demand of energy [5]. PKM2 is considered as a significant 

regulator of the Warburg effect in cancer cells, and its upregulation is mostly correlated with 

increased glucose utilization [73] and alterations in the redox balance [74]. This shift in 

metabolism not only provide cancer cells with ATP but also favors the production of needed 

intermediates essential for multiple anabolic pathways. For instance, the glycolytic 

intermediate, dihydroxyacetone phosphate (DHAP), is used for membrane lipid synthesis 

[75] to promote the production of membranes required for dividing cells, while additional 

glycolytic metabolites serve as precursors to advance the generation of cellular building 

blocks (nucleotides and amino acids) [76, 77]. Because oxidative phosphorylation is 

suppressed in nearly all cancer types [78], citrate first accumulates in the mitochondrial 

before being extruded into the cytosol, where it is cleaved by ATP-citrate lyase (ACL) into 

acetyl-CoA and oxaloacetate (OAA). In the cytosol, acetyl-CoA is utilized for histone 

acetylation and de novo lipogenesis, whereas OAA is converted into pyruvate [79].

2.1.1 Modulation of Tumor Redox Homeostasis by PKM2—Most cancer types at 

early stages exhibit a significant increase in oxidants compared to normal cells. The increase 

in oxidants such as H2O2 induces the generation of free hydroxyl radicals mediated through 

the Fenton reaction, where free hydroxyl ions can attack and oxidize DNA [80], resulting in 

DNA damage and mutations that contribute to cancer initiation and progression [80, 81]. 

Oxidants also contribute to the metabolic reprogramming associated with cancer cells by 

regulating the expression and stability of HIF-1 [82, 83]. HIF-1 is a well-established 

regulator of PKM2 expression and a major player in cancer cells homeostasis. HIF-1 is 

composed of two subunits; an inducible alpha-subunit (HIF-1α) and constitutively expressed 

β-subunit (HIF-1β). The dimerization of both subunits is essential for HIF-1α transcriptional 

activity in cancer cells. In addition to its role in promoting the transcription of PKM2, 

HIF-1α also regulates the transcription of other enzymes involved in anaerobic metabolism, 

including aldolase A (ALDOA). Luo and colleagues demonstrated that this event occurs in 

response to the direct interaction between PKM2 and HIF-1α, which enhances the ability of 

HIF-1 to bind to the hypoxia response elements (HRE) and recruit P300 [66] (Figure 3). In 

addition, a plethora of other proteins and transcription factors involved in angiogenesis, 

invasion, metastasis, as well as chemical and radiation resistance have also been reported to 

be regulated by HIF-1α (reviewed in [84–86]).
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Several mechanisms for the role of oxidants level in regulating HIF-1α in cancer cells, under 

both normoxic and hypoxic conditions, have been proposed. These mechanisms of 

regulation involve major kinases such as phosphoinositide 3-kinase (PI3K), protein kinase C 

(PKC), and mitogen-activated protein kinase (MAPK) and signaling pathways including the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and the PI3K/AKT 

pathways [82, 87, 88]. The excessive energy requirement of proliferative cells in a 

developing tumor leads to hypoxia and stabilization of HIF-1α by inhibiting proteins 

involved in its proteasomal degradation, particularly the von-Hippel-Lindau (VHL)-ubiquitin 

ligase complexes and the prolyl hydroxylase domain (PHD)-containing proteins (PHDs). 

However, under normoxic conditions, proteasome-mediated degradation of HIF-1α occurs 

via the activation of the von-Hippel-Lindau (VHL)-ubiquitin ligase complexes that 

recognize two hydroxylated proline sites on HIF-1α 402 and 564 (P-402/564) [89]. 

Hydroxylation of the two proline sites is mediated by PHDs which were shown to be 

inhibited under hypoxic conditions by oxidation [90] and nitrosylation [91], in response to 

increased levels of H2O2 and NO, respectively. Likewise, stabilization of HIF-1α expression 

can occur in response to oxidation-mediated inhibition of the asparaginyl hydroxylase factor 

inhibiting HIF-1 (FIH-1) [92]. Furthermore, Jung and colleagues demonstrated that, under 

hypoxic conditions, the exposure of human prostate carcinoma cells to oxidants such as 

H2O2 or menadione could lead to the stabilization of HIF-1α through the activation of 

adenosine monophosphate-activated protein kinase (AMPK). Whereas, inhibition of AMPK 

abrogates the effects of H2O2 or menadione on the expression of HIF-1α [82]. In addition, 

oxidants can increase the expression of HIF-1α independent of AMPK activation through 

activating the PI3K/mammalian target of rapamycin (mTOR) signaling pathway [93].

A growing body of literature supports the role of PKM2 in regulating redox homeostasis and 

the adaptation of cancer cells to stress via multiple mechanisms. PKM2 has been found to 

play a major role in the survival of cancer cells by shifting the metabolic flux from 

glycolysis to the pentose phosphate pathway. In response to oxidative stress inducers, H2O2 

mediates the oxidation of PKM2 at C-358, reduces PK enzymatic activity [50], and shifts the 

glycolytic metabolites toward the pentose phosphate pathway. The pentose phosphate 

pathway plays a crucial role in supporting cancer cell survival and proliferation through the 

production of the reduced form of NADPH, needed by glutathione to prevent excessive 

oxidants accumulation [94] (Figure 4). Likewise, the increase in H2O2 levels enhances 

SIRT5 and PKM2 interaction leading to the desuccinylation of PKM2 at K-498 residue [60] 

and the shift of the metabolic flux from glycolysis to the pentose phosphate pathway. On the 

other hand, enhancing PKM2 enzymatic activity using specific activators such as ML-285 

[95] and DASA-10 [50] increases intracellular oxidants accumulation and sensitizes cancer 

cells to oxidative stress and cell death.

Other potential mechanisms through which PKM2 contributes to the redox balance in cancer 

cells involve the upregulation of the mouse double minute 2 (MDM2) oncoprotein and the 

downregulation of the tumor suppressor gene P53. MDM2 is a key player in amino acid 

metabolism and redox balance, and its expression is upregulated in most cancers [96]. 

Nuclear translocation of MDM2 in response to a plethora of stimuli leads to the upregulation 

of genes involved in redox homeostasis, and glycine-serine de novo synthesis [97] (Figure 

3). MDM2 nuclear translocation and recruitment to chromatin can be regulated by several 
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kinases, including AKT [98], and PKM2. In addition, MDM2 is also sensitive to cellular 

redox changes. Treating human non-small cell lung carcinoma cells (H1299) with H2O2 or 

menadione, enhanced MDM2 recruitment to chromatin. Remarkably, the same study also 

demonstrated that shikonin-mediated inhibition of PKM2, as well as the knockdown of 

PKM2, increased the levels of chromatin-bound MDM2. These results were further 

confirmed by site-directed mutagenesis of serine-166 (S-166) and threonine-351 (T-351) on 

MDM2 to phosphorylation resistant alanine residues (MDM2-S166A/T351A), which 

abolished the PKM2-MDM2 interaction and increased the recruitment of MDM2 to 

chromatin. The authors speculated that PKM2 might inhibit MDM2 recruitment to 

chromatin mediated by the phosphorylation of MDM2 on S-166 and T-351 [97]. These 

findings, however, contradict previous reports showing that MDM2 phosphorylation at 

S-166 is essential for its nuclear translocation [98] and its role in regulating the expression 

of genes involved in serine-glycine metabolism, and redox homeostasis [97] (Figure 3).

MDM2 is also an important E3 ligase of the tumor suppressor P53 [99], recent studies have 

shown that PKM2 interaction with MDM2 and the resulting effects on serine biosynthesis 

and redox homeostasis are independent of P53 [100]. P53 is a transcriptional factor and a 

tumor suppressor that exhibits pro-apoptotic functions. In many cancer types, P53 is either 

mutated or deleted. However, in tumors expressing the wild-type, the nuclear translocation 

of MDM2 leads to P53 cytosolic export and its degradation [101]. In a recent study, PKM2 

was demonstrated to regulate P53 activity in a redox dependent manner. Stabilization of the 

active tetramer form of PKM2 differentially modulates P53 activity by suppressing P53 

transcriptional activity and apoptosis in an oxidized environment state, but enhancing them 

in a low oxidation state [102]. Taken together, these studies highlight the significant role of 

PKM2 in maintaining or reestablishing redox homeostasis, growth, and survival of cancer 

cells.

2.1.2 The Role of PKM2 in Cancer Initiation and Proliferation—The decreased in 

PKM2 expression has been shown to reduce the glycolytic rate and suppress tumor growth 

in multiple cancer types [103]. The reintroduction of PKM2, but not PKM1, restored both 

the rate of glycolysis and tumor growth, which indicates a critical role for PKM2 in the 

metabolic shift towards aerobic glycolysis. However, this altered metabolic state is mostly 

mediated by the interaction of PKM2 with two major transcription factors, which include 

HIF-1α [66, 104], and c-Myc [25]. PKM2 activates HIF-1α to enhance glucose uptake and 

utilization by increasing the expression of glucose transporters (GLUT1, GLUT3) [66, 104, 

105], and HK [105]. The activation of HIF-1α increases the expression of lactate 

dehydrogenase A (LDHA) [66], and pyruvate dehydrogenase kinase 1 (PDK1) [106]. PDK1 

acts as a negative regulator that phosphorylates and deactivates pyruvate dehydrogenase 

(PDH) [107], which results in a diminishment in the production of acetyl-CoA and TCA 

cycle activity [106]. Finally, c-Myc has been demonstrated to upregulate spliceosomes that 

demonstrate preference, through alternative splicing, in the production of PKM2 over PKM1 

[108]. Taken together, PKM2 regulates a molecular and biochemical network of factors that 

promote aerobic glycolysis and cell proliferation [32].

The role of PKM2 in cancer progression, proliferation, and metastasis has been thoroughly 

studied. Deletion of Pkm2 in a xenograft mouse model of NCI-N87 cells resulted in smaller 
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tumors compared to controls [109]. Similarly, administration of the PKM2 activator 

TEPP-46 (50 mg/kg/twice a day) to mice in a xenograft model of H1299 cells delayed tumor 

latency and lead to smaller tumors when compared to control mice that received vehicle 

[110]. These data are consistent with others that show silencing (RNAi), or reduction 

(pharmacological inhibition) in PKM2, suppressed the proliferation of a wide range of 

cancer cells, including colorectal [111] and pancreatic [104] cancer cells. Similarly, directly 

injecting tumors with recombinant PKM2 protein enhanced cell proliferation as judged by 

the increased expression of the cellular proliferation marker Ki-67 [112]. On the other hand, 

deletion of Pkm2 in cerebellar granule neuron progenitor (CGNP) cells increased their 

proliferation rate [113].

Many reports have highlighted the role of PKM2 in tumor-induced angiogenesis. Deletion of 

PKM2 impairs angiogenesis in pancreatic cancer [104]. Conversely, PKM2 released in the 

circulation positively correlated with angiogenesis in a xenograft model of colon cancer 

cells. Similarly, the intraperitoneal administration of a recombinant PKM2 (rPKM2) 

promoted tumor angiogenesis through the upregulation of cluster of differentiation 31 

(CD31), a marker for the presence of endothelial cells and tumor angiogenesis [112]. In this 

study, rPKM2 also promoted the migration, cell-cell adhesion, and cell-extracellular matrix 

(ECM) adhesion of endothelial cells. The mechanism underlying the role of PKM2 in 

angiogenesis appears to be mediated by the translocation of PKM2 to the nucleus and its 

interaction with HIF-α resulting in increased vascular endothelial growth factor (VEGF) 

expression and blood vessel formation [104]. On the other hand, deletion of PKM2 in tongue 

squamous cancer cells lowered the activity of manganese superoxide dismutase (SOD2), 

H2O2 levels, and attenuated cells migration and invasion. These effects were rescued upon 

restoring PKM2 expression which caused an increase in H2O2 levels and SOD2 activity, 

along with increased cells proliferation, migration, and invasion [114]. Together, these 

studies highlight the importance of PKM2 in tumorigenesis through regulation of the redox 

homeostasis.

2.1.3 The Role of PKM2 in Cancer Progression and Metastasis—Metastasis is 

an important feature of cancer pathology and a major cause of mortality among cancer 

patients. Metastasis is composed of multiple steps, including the migration and invasion of 

cancer cells to the surrounding tissues [115]. A growing body of evidence points to the 

potential contribution of PKM2 in cancer cell migration. Inhibition of PKM2 suppresses cell 

migration in gastric and colorectal cancer cells [109, 116] through modulation of the PI3K, 

AKT, and the mTOR pathways [109]. Further support comes from the finding that 

diminished PKM2 expression is associated with less invasive TSCC compared to more 

invasive TSCC. Likewise, PKM2 knockdown suppresses TSCC metastasis to the lung [114].

The involvement of PKM2 in metastasis is not only limited to cell migration but is also 

involved in epithelial-mesenchymal transition (EMT). E-cadherin is a major player in EMT, 

and its downregulation has been shown to promote EMT [117]. Western blot analysis of 

TSCC cells showed a decrease in E-cadherin and an increase in vimentin (EMT marker) in 

response to PKM2 overexpression [114]. The suppression of E-cadherin is most likely 

mediated by the interaction of PKM2 and TGF-β-induced factor homeobox 2 (TGIF2). This 

interaction facilitates the recruitment of histone deacetylase 3 (HDAC3) to the E-cadherin’s 
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promoter leading to the downregulation of E-cadherin expression [118]. Notably, PKM2 

expression and its nuclear accumulation increase upon EMT induction, suggesting an 

influential role of PKM2 in the induction of EMT [119].

2.1.4 The Clinical Significance of Targeting PKM2 in Cancer Therapy—Several 

studies have shown that PKM2 levels in circulation is elevated and could be used as a 

diagnostic indicator for a variety of cancer types [112, 120]. In addition, the overexpression 

of PKM2 is positively associated with tumor progression due to its role in glycolysis, 

proliferation [121], and apoptosis [18]. Recent studies highlighted the correlation between 

PKM2 activity and chemoresistance in cancer [22]. Specifically, pharmaceutical inhibition 

of PKM2 attenuated cisplatin resistance and decreased tumor growth and metastases in 

bladder cancer [122]. The correlation between PKM2 expression, tumor progression, 

apoptosis, and chemoresistance makes PKM2 a promising target for cancer therapy.

Several small molecules have been reported to inhibit PKM2 by targeting the FBP binding 

site, but these compounds are not specific to PKM2 because other PK isoforms also carry 

the FBP binding sites [123]. Alternatively, natural compounds such as shikonin display more 

promising results through selective and specific inhibition of the M2 isoform [124]. A recent 

study investigated the beneficial effects of shikonin treatment to overcome paclitaxel drug 

resistant in human ovarian carcinoma cell lines. Co-treatment of shikonin and paclitaxel 

significantly downregulated PKM2 expression and sensitized ovarian cancer cells to 

oxidant-induced cell death [61]. Although yet to be confirmed, the pro-apoptotic effects of 

shikonin could be caused by loss of PKM2 expression, resulting in less oxidant clearance 

and exacerbated oxidative stress. In addition, shikonin inhibits other proteins with important 

functions in tumorigenesis such as phosphatase and tensin homolog (PTEN) and protein-

tyrosine phosphatase 1B (PTP1B) [125]. Although the exact molecular mechanisms are yet 

to be determined, PKM2-inhibition by most inhibitors can be partially mitigated by adding 

FBP. However, studies using vitamins K3 and K5 as PKM2 inhibitors have shown efficient 

PK inhibition even in the presence of FBP [126], suggesting that these molecules inhibit 

PKM2 in a mechanism that does not involve its allosteric FBP binding site.

Another potential approach to target PKM2 in cancer therapy is by promoting the formation 

of the active tetrameric form. For example, ML-265 (a compound that activates PKM2 by 

binding to the dimer-dimer interface of the PKM2 tetramer) showed a significant reduction 

of the tumor size in a H1299 mouse xenograft model [127]. Likewise, TEPP-46 activates 

PKM2 through inducing the tetramer formation and increasing the affinity of PKM2 to PEP, 

thus stabilizing the active form and inhibiting the conversion of the tetramer to the dimer 

form. This property of TEPP-46 may enhance its therapeutic potential as compared to other 

PKM2 inhibitors [128]. Lately, a new class of PKM2 activators derived from 4-hydroxy-

thiazolidine-2-thione has been discovered, and these molecules display anti-proliferative 

effects toward several cancer cell lines [129]. However, further experiments are needed to 

assess the significance of these activators in vivo.

Cancer cells are characterized by a disturbance between the balance of cellular proliferation 

and apoptosis. In cancer cells, apoptosis or programmed cell death is reduced, partially due 

to the imbalance between pro and anti-apoptotic proteins responsible for the apoptotic 
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machinery [130]. Therefore, apoptosis is a potential target for cancer treatment. Small 

molecules that activate or inhibit PKM2 have been reported to increase apoptosis in multiple 

cancer cell lines [131, 132]. In terms of inducing apoptosis for cancer treatment, apoptosis is 

triggered by either an intrinsic or an extrinsic pathway. The intrinsic pathway is regulated by 

the pro-apoptotic B-cell lymphoma 2 (BCL2) family members, such as BAX, BAD, BIM 

[133], which act on the mitochondrial membrane to dissipate the proton gradient and 

ultimately promote the release of cytochrome c and the apoptosis-inducing factor (AIF) to 

the cytosol. The released cytochrome c binds to apoptotic protease activating factor-1 

(APAF-1) together with dATP and procaspase 9. This step is essential for the cleavage and 

activation of caspase 9, which cleaves and activates caspase 3 [133]. Additionally, apoptosis 

can be induced by extracellular ligands, such as Fas ligand (FasL, a.k.a. CD95L). FasL 

triggers apoptosis through binding to its receptor Fas R (CD95) and subsequently recruits 

Fas associated death domain (FADD) and procaspase 8, resulting in the cleavage and 

activation of caspase 8 and its downstream signaling [134].

A growing body of evidence points to the potential therapeutic benefits of targeting PKM2 

in cancer. PKM2 has been strongly linked to apoptosis in a variety of tumors and cancer cell 

lines. The knockdown of PKM2 promotes the apoptotic machinery in human non-small lung 

[135] and colon cancer cells [111]. Additionally, PKM2 inhibition in human gastric cancer 

cells induced the cleavage and activation of caspase-3, caspase-8, and caspase-9 and 

promoted apoptotic cell death [132]. Furthermore, the exposure of U87 or U251 human 

glioblastoma multiform cells to H2O2 induced the translocation of PKM2 to the 

mitochondria and its interaction with BCL2. PKM2-BCL2 interaction mediates the 

stabilization of BCL2 through phosphorylation at threonine-69 (T-69) and thereby results in 

the inhibition of apoptosis [18]. Another study has reported a negative association between 

PKM2 and BIM (pro-apoptotic protein) in primary liver cancer tissues obtained from human 

patients [136]. The study also showed upregulation of BIM in hepatic cells in response to 

PKM2 deficiency [136]. Similarly, the depletion of PKM2 upregulates BAX expression 

(pro-apoptotic protein) in osteosarcoma cell lines [137]. These studies highlight the vital role 

of PKM2 in promoting the survival of cancer cells. However, the exact molecular and 

cellular mechanisms mediating the anti-apoptotic functions of PKM2 in cancer cells remain 

unveiled, and further research is needed.

Recent advances in the use of MicroRNAs (miRNAs) in cancer research have sparked strong 

interests in targeting PKM2 with miRNAs. MicroRNAs are non-coding small RNAs 

fragments that play a vital role in regulating protein expression. They act on messenger 

RNAs to promote their degradation or to inhibit the translation machinery of a wide range of 

proteins [138]. The increase in PKM2 expression levels associated with multiple cancers has 

been linked negatively to multiple miRNAs [139–144]. The identification of miRNAs that 

suppress the expression of PKM2 could open a new promising era for cancer treatment. For 

instance, dauricine (an alkaloid compound) has been shown to suppress glycolysis and 

sensitizes HCC cells to chemotherapy. This beneficial effect of dauricine on HCC is partially 

mediated by the upregulation of miR-199a, which in turn suppresses the expression of 

PKM2 [144]. Additionally, the expression of miR-625–5p has been reported to be lower in 

melanoma tissues compared to control. In melanoma cells, overexpressing miR-625–5p 

resulted in a significant reduction of PKM2 expression accompanied by lower glycolytic rate 
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and cell proliferation [139]. These findings suggest that targeting PKM2 through its 

regulatory miRNAs may yield valuable insights into novel and more effective strategies for 

the treatment of cancer.

Previous research has documented the critical role of PKM2 in cancer progression [70] and 

treatment [145]. This role of PKM2 in cancer is due, at least in part, to its role in cancer 

metabolism [1]. However, both cancer and inflammatory disorders share a similar metabolic 

shift that favors anabolic pathways, which are necessary for cell proliferation and serve as a 

common theme [146]. The similarities in the metabolic shift between cancer and 

inflammatory disorders have sparked more interest in characterizing the role of PKM2 in the 

immune response and certain inflammatory disorders and will be reviewed in the next-

coming section.

2.2 PKM2 in Inflammation-Associated Diseases

Inflammation is a complex response system that requires the activation of local leukocytes 

that lead to the recruitment of the surrounding neutrophils and leukocytes [147]. However, 

the non-resolving or overactive systematic inflammatory responses (SIRs) can lead to 

serious health issues, such as sepsis and septic shock [148]. These inflammatory responses 

require a massive amount of energy to meet the immune cells’ demands [149]. Therefore, 

the metabolic reprogramming (shift from a resting to an active metabolic state) plays a 

central role in providing immune cells with not only ATP but also metabolic intermediate 

molecules needed for the synthesis of pro-inflammatory cytokines [149]. This change in 

metabolism is similar to that of cancer cells (Warburg effect). Thus, glycolytic enzymes, 

especially pyruvate kinase M2, play an essential role in this metabolic shift [21].

2.2.1 Sepsis—Previous studies have demonstrated that the activation of toll-like 

receptors (TLRs) in immune cells during sepsis and septic shock mimics cancer cells’ 

metabolism and promotes the switch from oxidative phosphorylation to glycolysis and 

accumulation of TCA cycle intermediates, including succinate and fumarate [150–152]. 

Notably, the expression of PKM2 has been demonstrated to increase upon 

lipopolysaccharides (LPS) treatment in activated macrophages and this was attributed to the 

accumulation of succinate, suggesting a critical role of PKM2 in mediating the inflammatory 

response during sepsis [153]. Succinate has both autocrine and paracrine functions, and its 

accumulation in activated immune cells results in the inhibition of PHDs activity and the 

consequent stabilization of HIF-1α [154–156]. High levels of succinate were found to 

promote the production of interleukin-1 beta (IL-1β) [154] through PKM2-mediated 

activation of HIF-1α [153]. In an experimental model of endotoxemia, inhibition of PKM2 

using shikonin resulted in a higher survival rate, reduced serum lactate levels and the release 

of high mobility group box 1 (HMGB1), a well-established mediator of endotoxin-induced 

lethality [2]. Likewise, genetic ablation of Pkm2 in myeloid cells protected mice from lethal 

endotoxemia and polymicrobial sepsis through a decrease in IL-1β production, and the 

inhibition of NOD-like receptor (NLR) family pyrin domain-containing 3 (NLRP3) [157]. 

Together with other inflammasome components, including absent in melanoma 2 (AIM2), 

NLRP1, and NLR family CARD domain-containing protein 4 (NLRC4), the NLRP3 

complex plays a critical role in the innate immune system and the overall inflammatory 
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response [158, 159]. NLRP3 is positively associated with an increased incidence of multiple 

inflammatory diseases [160]. The activation of NLRP3 leads to the maturation of two 

essential proteins in the innate immune system: caspase-1 and IL-1β [161]. Although the 

mechanisms underlying the activation of NLRP3 are not entirely understood, in a study by 

Xie and collaborators, PKM2-dependent glycolysis was reported to promote NLRP3 and 

AIM2 activation in macrophages during sepsis, a process that depends on lactate production. 

The authors demonstrate that the increase in lactate production promotes the 

phosphorylation and activation of the eukaryotic translation initiation factor 2 alpha kinase 2 

(EIF2AK2) [157]. Once activated, EIF2AK2 physically binds to several components of the 

NLRP3 complex leading to the assembly and activation of NLRP3 [162]. Collectively, these 

studies shed light on a novel role for PKM2 in sepsis and identify it as a potential 

therapeutic target for inflammatory diseases.

2.2.2 Atherosclerosis—The involvement of PKM2 is not limited to sepsis, but it is also 

involved in the chronic inflammation state seen in atherosclerotic coronary artery diseases 

(CAD). In patients with atherosclerotic CAD, the elevated levels of cytokines, including 

IL-6 and IL-1β, induce chronic tissue inflammation, which contributes to the progression of 

CAD. PKM2 likely increases the production of cytokines through phosphorylating the 

transcription factor STAT3 [163]. Hyperhomocysteinemia induces atherosclerotic lesion 

formation in an apolipoprotein E deficient experimental mouse model of CAD. In this 

model, treatment with shikonin attenuated the hyperhomocysteinemia induced lesion 

formation, as judged by Oil Red O staining for the aortic roots. More importantly, shikonin 

treatment decreased the aortic transcription of cytokines [tumor necrosis factor alpha (TNF- 

α), IL-2, and interferon gamma (IFNγ)], and intracellular adhesion molecule-1 (ICAM-1), 

vital for lesion formation and development. This beneficial effect of shikonin was attributed 

to the inhibition of PKM2, which disrupted the metabolic reprogramming required for B cell 

activation, proliferation, and antibodies production [164]. Recently, inhibition of PKM2 

through eNOS-mediated S-nitrosylation, was reported to play a key role in mediating the 

protective effects of NO against endothelial dysfunction and the development of 

atherogenesis [59]. Although more in-depth research along these lines is needed, the existing 

literature points to a novel role for PKM2 in cardiovascular diseases.

2.2.3 Inflammatory Bowel Disease—Inflammatory bowel disease (IBD) is a chronic 

intestinal inflammatory state which includes Crohn’s disease (CD) and ulcerative colitis 

(UC) (thoroughly reviewed in [165, 166]). Leukocyte infiltration, increased oxidants 

production, and elevated cytokines play a major role in the etiology of IBD [167]. 

Furthermore, there is emerging evidence highlighting the role of PKM2 in the inflammatory 

response associated with IBD. According to a study by Almousa et al., the level of PKM2 in 

the serum of IBD patients was approximately 6-fold higher than healthy controls. However, 

there were no differences in serum PKM2 between CD and UC patients [168]. Although CD 

and UC are two different conditions, an exacerbated inflammatory response is common 

between the two conditions and may explain why PKM2 is elevated in both diseases. In the 

same study, treating intestinal Caco2 cells with LPS increased the expression of PKM2. 

However, the increase in PKM2 levels was suppressed after treating the cells with flaxseed, 

a rich source of polyunsaturated fatty acids and soluble fibers with anti-inflammatory 
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properties [168]. Further studies are required to define the contribution of PKM2 to IBD 

with the focus on leukocyte activation, cytokine production, and redox signaling.

Metabolomic and proteomic studies identified succinylation and sirtuins (SIRTs) as 

important regulators of the inflammatory responses and redox signaling. Interestingly, the 

activity of PKM2 was also reported to be regulated by succinylation modification [60, 169]. 

Succinylation acts as a post-translational covalent modifier through the addition of a 

succinyl group to a lysine residue. This is a diverse process that is often interconnected or 

substituted for acetylation reactions [170]. SIRT5 is a protein of the deacetylases family 

exhibiting weak deacetylase activity [171], and its function remains uncertain. However, 

recent studies demonstrated that SIRT5 can desuccinylate PKM2 at lysine-311 (K-311) 

residue, which alters the tetramer to dimer ratio and results in an overall reduction in PKM2 

kinase activity and inhibition of its nuclear translocation. Furthermore, this shift in activity 

through desuccinylation could potentially lead to diverse metabolic alterations regarding 

PKM2 and its functions. As a result of PKM2 desuccinylation, the expression of IL-1β was 

lower in LPS-induced macrophages, suggesting an important role of PKM2 post-

translational modifications in a model of LPS-induced inflammation. In addition, Sirt5 KO 

mice are more sensitive to dextrin sulfate sodium (DSS) induced colitis, partially due to the 

overexpression of IL-1β and the increase in PKM2 dimerization [172]. These studies 

support the idea that PKM2 may possibly regulate acute inflammatory responses, and the 

activation of PKM2 may prevent against the onset of ulcerative colitis. Depiction of the 

significance of the succinylation reactions and how they affect PKM2 activity will be 

essential for a better understanding of the molecular mechanisms mediating PKM2 roles in 

immune cells metabolism.

2.3 Neuropathic Pain

PKM2 has also been shown to have a potential role in the inflammatory responses associated 

with neuropathic pain [173]. In nerve injury, pro-inflammatory cytokines contribute 

significantly to the etiology of neuropathic pain [174]. These pro-inflammatory cytokines 

mediate the recruitment of leukocytes to the site of nerve injury, which is critical for 

initiating neuropathic pain [175]. Wang and collaborators studied the involvement of PKM2 

in inflammation and neuropathic pain using an experimental model of chronic constriction 

injury (CCI) in rats. Of note, PKM2 expression in the spinal cord increased significantly in 

the CCI in comparison to controls. Specifically, PKM2 expression was higher in neurons, 

astrocytes, and microglial cells. However, PKM2 deficiency attenuated pain hypersensitivity 

and decreased TNF-α and IL-1β levels within the spinal cord after CCI [173]. The beneficial 

effects of PKM2 deficiency in these studies suggest that this protein plays a key role in the 

pathogenesis of neuropathic pain and its associated diseases and warrant an additional 

investigation into its site(s) and mechanism(s) of actions.

Previous research has linked PKM2 to chronic inflammation under multiple inflammatory-

induced research models. However, chronic inflammation is known to contribute 

significantly to the pathology of several diseases, including metabolic disorders such as 

diabetes and diabetic nephropathy [176]. Based on the function of PKM2 and its role in 

inflammation, glycolysis and regulation of genes involved in the pathogenesis of metabolic 
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diseases (HIF-1α, AKT, GLUT, etc...), it is logical to assume that PKM2 also plays a role in 

the pathology of metabolic disorders.

2.4 PKM2 and Metabolic Disorders

2.4.1 Insulin Signaling and Regulation—Insulin is an essential hormone that 

regulates macronutrients metabolism. In cancer cells, it has been elucidated that insulin 

could favor anabolic pathways and contribute to tumorigenesis by increasing glucose 

consumption and lactate production. IGF-1, which shares similar activities to insulin but can 

also be stimulated by insulin, has been positively associated with several cancers [177, 178]. 

Treating hepatocellular carcinoma (HepG2) cells with insulin significantly increased the 

expression of PKM2, while the depletion of PKM2 inhibited the effects of insulin on 

glucose consumption and lactate production [179]. In a different study, insulin stimulation 

increased the expression of PKM2 mediated through the PI3K/mTOR pathway, which in 

turn increases the expression of HIF-1α. This upregulation of PKM2 seems to play a crucial 

role in insulin-induced aerobic glycolysis, as the knockdown of PKM2 partially inhibited 

glucose uptake and lactate production [180].

On the other hand, HIF-1α has been demonstrated to promote obesity-associated 

inflammation, inhibits insulin signaling, and promotes angiogenesis in an attempt to lower 

adipose tissue-hypoxia associated with adipocyte enlargement [181]. The finding that PKM2 

could affect HIF-1α expression suggests that PKM2 may regulate the insulin pathway and 

obesity-associated inflammation [180]. However, further research is needed to better 

understand the exact metabolic function of PKM2 and its role in insulin signaling under 

normal physiological conditions. Wang et al. sought to identify the role of PKM2 in beta 

cells and insulin secretion upon glucose (25 mM) stimulation in a non-human pancreatic cell 

line (NIT-1) [182]. The main finding of the study demonstrated that PKM2 expression 

decreased when cells were exposed to high glucose conditions. This decline of PKM2 

expression suggested a potential contribution of PKM2 in insulin secretion. The authors 

subsequently indicated that PKM2 overexpression leads to an increase in beta cell 

proliferation and a significant reduction in apoptosis. As a result of these cellular changes in 

response to PKM2 overexpression, the authors observed a significant increase in insulin 

secretion which is most likely mediated through the Wnt/catenin beta 1 (Wnt/CTNNB1) 

pathway. This study provided new insight into the role of PKM2 in beta islets and suggested 

the use of PKM2 as a potential therapeutic target in treating diabetes [182]. Yet, further 

research on the role of PKM2 on insulin synthesis and overall glucose homeostasis is 

required.

2.4.2 Shikonin Enhances Glucose Tolerance—Obesity is a serious health issue and 

a risk factor for multiple metabolic disorders such as type 2 diabetes. Type 2 diabetes often 

results from disruptions in glucose homeostasis, partially due to the development of insulin 

resistance in major metabolic tissues such as the liver and adipose tissue. In previous studies, 

we determined the effects of shikonin on glucose tolerance and adiposity in mice fed either 

regular chow or high-fat diets [183], and we reported a reduction in weight gain and 

resistance to HFD-induced glucose intolerance in shikonin-treated animals. Furthermore, 

shikonin treatment attenuated HFD-induced hepatic dyslipidemia, enhanced hepatic insulin 
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signaling in both chow and HFD-fed mice. These data suggest that PKM2 is a key player in 

glucose homeostasis and adiposity [183]. However, as indicated above, shikonin does not 

only inhibit PKM2 but also inhibits other signaling molecules such as PTEN and PTP1B 

[125]. Therefore, future studies utilizing a genetic deletion of PKM2 may further elucidate 

the role of PKM2 in these metabolic disorders.

2.4.3 Hepatic Disorders—Insulin plays a significant role in regulating the metabolic 

phenotype of the liver, especially as it relates to glucose homeostasis. Depletion of insulin in 

the liver results in hyperglycemia and altered glucose metabolism [184]. The involvement of 

PKM2 in liver metabolism was recently investigated by Chen and colleagues who reported a 

significant increase in PKM2 expression in the liver of insulin-resistant animals. The 

overexpression of PKM2, in vitro, resulted in higher lipid accumulation in hepatic cancer 

cells (HepG2) treated with palmitate. However, PKM2 deficiency in these cells enhanced the 

activation of both AKT and glycogen synthase kinase 3 beta (GSK3β) upon treatment with 

palmitate and insulin. Mechanistically, these effects appear to be mediated, at least in part, 

by the activation of STAT 3, as the overexpression of PKM2 increased the phosphorylation 

and subsequent activation of STAT3 [185]. Previous reports have shown that activation of 

the STAT3 pathway may result in hepatic insulin resistance via the suppressor of cytokine 

signaling 3 (SOCS3) protein [186, 187].

Aside from its role in hepatic insulin resistance, increased PKM2 expression was also shown 

to be associated with obesity and steatohepatitis [188]. PKM2 levels were higher in hepatic 

tissues obtained from non-alcoholic steatohepatitis mice, and this increase in PKM2 

expression seems to be specific to Kupffer cells [188]. Moreover, recent studies have 

identified a novel role of PKM2 in lipid metabolism and cell proliferation of cancer cells 

through regulating the activity of sterol regulatory element binding proteins 1a (SREBP-1a). 

SREBPs are a class of transcription factors that tightly regulate lipid synthesis [189]. Zhao 

and colleagues demonstrated a direct nuclear interaction between PKM2 and SREBP-1a in 

hepatocellular carcinoma HepG2 cells. This interaction enables PKM2 to phosphorylate 

SREBP-1 at threonine-59 (T-59) and increases its stability, which in turn enhances lipid 

synthesis and cell proliferation [71]. These findings point to a possible contribution of 

PKM2 to the etiology of multiple metabolic disorders and urge the need for further 

investigations of the roles of PKM2 in tissues and cells other than tumor cells.

Metabolic disorders affecting the liver are characterized by increased insulin resistance and 

chronic inflammatory state that disrupt the redox balance. Oxidants are well known for their 

role in mediating and propagating inflammatory responses [190]. In alcoholic and non-

alcoholic steatohepatitis, the transition from acute inflammation towards a chronic 

inflammatory state with a persistent increase in oxidative stress induces severe liver damage 

that is mediated through HIF-1α [191]. In a recent study, treatment with digoxin, a cardiac 

glycoside drug with potent effects on chronic heart failure, attenuated hepatic oxidants 

production in mice injected with LPS or fed HFD. These beneficial effects were mediated, at 

least in part, through the suppression of PKM2-promoted HIF-1α transactivation [192]. In 

theory, these findings could potentially provide a rational basis for targeting PKM2 for the 

treatment of alcoholic and non-alcoholic steatohepatitis and warrant further investigation.
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2.4.4 PKM2 Role in Renal Diseases—Renal diseases are a worldwide public health 

problem and reaching epidemic proportions. In the United States, renal diseases are the ninth 

leading cause of death, accounting for 1.8% of deaths in men and women [193]. Despite the 

efforts of the federal and states governments to monitor and improve the detection, 

management, and prevention of renal diseases, emerging evidence indicates that the 

prevalence of both AKI and chronic kidney diseases (CKD), is still on the rise. Hence, early 

detection and timely treatment are critical for the treatment of both types of renal diseases. 

Diabetes, obesity, and high blood pressure are among the main causes of CKD. 

Approximately 14.8% of US adults are estimated to have CKD. 36% of adults with diabetes 

and 31.2% of adults with high blood pressure have CKD [194]. Other risk factors for CKD 

include cardiovascular diseases, obesity, smoking, high cholesterol, lupus, and family history 

of CKD [195]. CKD causes progressive and irreversible damage to the kidneys’ structure 

and function [196, 197]. AKI, on the other hand, is more commonly reversible than CKD. 

AKI is characterized by a sudden episode of kidney failure and impairment in the glomerular 

filtration (GF) capacity leading to proteinuria and increased serum creatinine levels [198]. 

Risk factors for AKI include a plethora of stressors, such as sepsis and metabolic associated 

disorders.

Remarkably, both diabetes and hypertension are the primary risk factors for AKI, suggesting 

that the molecular mechanisms of both types of renal injuries may share common signal 

transducers. Indeed, mounting evidence indicates that AKI and CKD are closely intertwined 

and possibly promote one another as both lead to increased proteinuria and a decline in the 

glomerular filtration rate (GFR) and nephrotoxicity [199]. Moreover, a growing body of 

literature provides evidence that PKM2 may serve as a biomarker for nephrotoxicity 

justifying the increased interest in unveiling the potential role of PKM2 in renal diseases. In 

a recent study, cisplatin-induced nephrotoxicity in rats led to increased urinary PKM2 levels 

[200] concomitant with increased lactate excretion and altered levels of amino acids, 

glucose, and TCA intermediates in the urine [201]. Consistent with these findings, renal 

tubular HK-2 cells treated with cisplatin, but also other nephrotoxic agents such as 

cyclosporine A, CdCl2, or HgCl2 exhibited an increase in PKM2 secretion in the 

conditioned media [202]. These effects were specific to the kidney cells, as neither liver nor 

breast cancer cells excreted PKM2 in response to cisplatin treatment [202]. Additionally, 

PKM2 excretion into the media coincided with the appearance of apoptotic markers and was 

blocked in the presence of Z-VAD-FMK, a pan-caspase and apoptosis inhibitor [202]. Taken 

together, these studies identify PKM2 as a significant contributor to renal function and 

possibly a novel marker of nephrotoxicity. This hypothesis is further strengthened by the 

findings that renal PKM2 activity and expression are significantly altered in patients with 

diabetic nephropathy (DN). DN is a serious health condition resulting from disturbances in 

glucose homeostasis. Specifically, DN is the result of hyperglycemia, and it is a classical 

complication of diabetes [203]. In most severe cases, DN leads to end-stage renal disease 

(ESRD) and is characterized by nephrotoxicity and alterations in podocyte function [203]. 

Both PKM2 expression and activity were shown to be lower in DN patients compared to 

diabetic patients without DN [204]. In addition, PKM2 activity was reduced in cultured 

podocytes upon glucose exposure. This reduction in PKM2 activity is possibly due to its 

oxidation at C-358 residue, leading to the inhibition of the tetramer formation. Importantly, 
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specific deletion of PKM2 in podocytes increases albuminuria and induces apoptosis in an 

STZ-induced diabetes model. Furthermore, while depletion of PKM2 caused mitochondrial 

dysfunction, its activation by TEPP-46 rescued these effects. Based on these findings, 

targeting PKM2 may be a novel strategy for preventing or treating renal diseases [204].

3. Conclusion and Perspective

Despite the robust evidence for the critical role of PKM2 in cancer, inflammation, and 

metabolic disorders, most of the studies investigated the potential therapeutic role of PKM2 

were conducted in cell and animal models. This raises a question whether the manipulation 

of PKM2 in humans will lead to beneficial effects similar to what have been observed in 

animal studies. Additionally, most of the inhibitory compounds used to manipulate PKM2 

were not specific to the M2 isoform. In addition, they may inhibit other PK isoforms that are 

essential for healthy physiology, which may result in toxicity for untargeted organs. 

Furthermore, these compounds are not tissue-specific, which may lead to the inhibition of 

PKM2 in healthy organs, possibly resulting in undesirable clinical outcomes. Therefore, 

further studies are required to illustrate the clinical significance of PKM2 activators and 

inhibitors and their short and long-term health effects.
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Abbreviations

ACL ATP-citrate lyase

AIF apoptosis-inducing factor

AIM2 absent in melanoma 2

AKI acute kidney injuries

AKR1A1 aldo-keto reductase family 1 member A1

ALDOA aldolase A

AMPK adenosine monophosphate-activated protein kinase

Apaf-1 apoptotic protease activating factor-1

ATP adenosine triphosphate

BAD BCL2-associated agonist of cell death

BAX BCL2-associated X protein

Bcl2 B-cell lymphoma 2

bFGF basic fibroblast growth factor

Alquraishi et al. Page 20

Free Radic Biol Med. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BIM BCL-2-like protein 11

CAD coronary artery diseases

CARM co-activator-associated arginine methyltransferase

Caspase cysteine-aspartic acid protease

CCI chronic constriction injury

CD Crohn’s disease

CD31 cluster of differentiation 31

CGNP cerebellar granule neuron progenitor

COX cyclooxygenase

DHAP dihydroxyacetone phosphate

DN diabetic nephropathy

DSS dextrin sulfate sodium

EGF epidermal growth factor

EIF2AK2 eukaryotic translation initiation factor 2 alpha kinase 2

EMT epithelial-mesenchymal transition

eNOS endothelial NO synthase

ER stress endoplasmic reticulum stress

ERK extracellular signal-regulated protein kinase

ESRD end-stage renal disease

FADD Fas associated death domain

FBP fructose 1,6-bisphosphate

FIH-1 asparaginyl hydroxylase factor inhibiting HIF-1

GF glomerular filtration

GFR glomerular filtration rate

GK glucokinase

GLUT glucose transporter

H2O2 hydrogen peroxide

HDAC histone deacetylase

HFD high fat diet
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HIF-1α hypoxia-inducible factor 1-alpha

HK hexokinase

HMGB high mobility group box

hnRNPA nuclear ribonucleoproteins A

IBD Inflammatory bowel disease

ICAM intracellular adhesion molecule

IFNγ Interferon gamma

IGF Insulin growth factor

IL-1β interleukin-1 beta

JAK Janus kinase

LDHA lactate dehydrogenase A

LMW-PTPs low molecular weight protein tyrosine phosphatase

LPS lipopolysaccharides

MAPK mitogen-activated protein kinase

MDM2 mouse double minute 2

MLC-2 myosin regulatory light chain 2

mTOR the mammalian target of rapamycin

NAC N-acetyl-L-cysteine

NADH nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

NLRC4 CARD domain-containing protein 4

NLRP node like receptor

NLS nuclear localization signal sequence

NO nitric oxide, OAA: oxaloacetate

NPC nuclear pore complex

PDK pyruvate dehydrogenase kinase

PEP phosphoenolpyruvate

PFK phosphofructokinase
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PHD pyruvate dehydrogenase

PHDs prolyl hydroxylase domain-containing proteins

PHGDH phosphoglycerate dehydrogenase

PI3K phosphoinositide 3-kinase

PIN1 peptidyl-prolyl cis-trans isomerase NIMA-interacting 1

PK pyruvate kinase

PKB protein kinase B

PKC protein kinase C

PKM pyruvate kinase M

PSAT1 phosphoserine aminotransferase

PTB polypyrimidine tract binding protein

PTEN phosphatase and tensin homolog

PTP protein-tyrosine phosphatase

RBM4 RNA-binding motif

ROS reactive oxygen species

SIR systematic inflammatory responses

SIRT sirtuins

SOCS3 suppressor of cytokine signaling 3

SOD2 superoxide dismutase

SREBP sterol regulatory element binding proteins

SRSF3 serine/arginine-rich splicing factor 3

STAT signal transducer and activator of transcription

TCA Tricarboxylic acid

TGIF2 TGF-β-induced factor homeobox 2

TLR toll-like receptor

TNF-α tumor necrosis factor alpha

UC ulcerative colitis

VEGF vascular endothelial growth factor
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Highlights

• Pyruvate kinase M2 is a critical enzyme that regulates cell metabolism and 

growth under different physiological conditions.

• Despite the robust evidence for the critical role of PKM2 in cancer, little is 

known about its potential roles in inflammation and metabolic diseases. A 

growing body of literature suggests that this protein may be crucial for the 

homeostasis of normal healthy tissues.

• PKM2 inhibition in humans may lead to beneficial effects similar to those 

observed in animal studies. However, most of the used compounds were not 

specific to the PKM2 isoform and may inhibit other pyruvate kinase isoforms 

that are essential for maintaining homeostasis in healthy tissues.

• There is a need to evaluate the effects of PKM2 inhibitors on healthy tissue 

prior to their use in cancer therapy.
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Figure 1. Tissue distribution of PK isoforms and the role of PKM2 in health and disease.
Mammalian pyruvate kinase has four isoforms transcribed by two different genes. PKL and 

PKR are both products of the PKLR gene, while PKM1 and PKM2 are products of the PKM 
gene. PKL is predominantly expressed in the liver and at lower levels in the pancreas, 

kidneys, and enterocytes. PKR is expressed in erythrocytes only. PKM1 is known to be 

expressed in muscle, mature spermatozoa, central nervous system, heart, and kidneys. 

PKM2 is the predominant isoform expressed during embryogenesis. It is also expressed in 

proliferative cells, and several healthy differentiated tissues, including pancreatic islets, 

adipose tissue, brain, kidneys, lungs, and spleen. However, the precise function of PKM2 in 

these tissues is largely unexplored. In addition, PKM2 is expressed in most tumors and 

within the liver under abnormal conditions such as cirrhosis, and hepatic steatosis. In 

activated macrophages, PKM2 expression is upregulated and contributes to sepsis and other 

inflammatory disorders. In tumors, PKM2 expression enhances aerobic glycolysis that 

provides cancer cells with growth advantages and has been associated with poor clinical 

outcomes.
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Figure 2. Post-translational regulation of PKM2 and its role in redox homeostasis.
PKM2 catalyzes the generation of pyruvate and ATP from phosphoenolpyruvate (PEP) and 

ADP. PKM2 enzymatic function is partially controlled by upstream glycolytic metabolites. 

Fructose 1.6-bisphosphate (FBP) is considered as an allosteric activator that interacts with 

PKM2 to enhance its active configuration, while ATP binds to the allosteric site to inhibit its 

catalytic activity. Post-translational modifications of PKM2 by oxidation, hydroxylation, S-

nitrosylation, acetylation, methylation, succinylation/desuccinylation, or phosphorylation/

dephosphorylation regulate its activity and subcellular localization. In addition, exposure to 

nitric oxide (NO) and H2O2 reduces its enzymatic activity and drive glycolytic metabolites 

toward the pentose phosphate pathway (PPP) to generate NADPH and reestablish redox 

homeostasis. EGFR/ERK2-dependent PKM2 phosphorylation or oxidation of the sulfhydryl 

group of cysteine-358 (C-358) inhibited PKM2, and it was proposed to promote PKM2 

nuclear translocation. Additionally, endothelial NO synthase (eNOS) can directly interact 

with PKM2 leading to its S-nitrosylation at C-358 and inhibition of its enzymatic activity. 

Likewise, SIRT5 mediates the desuccinylation of PKM2 at lysine (K-498) leading to a 

decrease in its enzymatic activity. In contrast, AKAR1A1 inhibits the S-nitrosylation of 

PKM2 at cysteines-423/424 (C-423/424). The S-nitrosylation of PKM2 at C-423/424 was 

reported to inhibit PKM2 enzymatic activity. In addition, several kinases were demonstrated 

to phosphorylate PKM2 at various sites, and differentially regulate its activity and 

subcellular location. Oncogenic growth factors such as IGF-1, EGFR, and bFGF promote 

PKM2 phosphorylation in a mechanism mediated by several kinases including AKT1, 
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ERK1/2, and JAK2. Phosphorylation of PKM2 at tyrosine-105 (Y-105) inhibits its catalytic 

activity by altering the tetramer and the dimer states that promote aerobic glycolysis. 

Similarly, the phosphorylation of PKM2 at serine-37 (S-37) and threonine-454 (T-454) 

induces the Warburg effect by enhancing the nuclear accumulation of PKM2. Likewise, 

acetylation of PKM2 at lysine-433 (K-433) enhances its nuclear localization, while its de-

acetylation by SIRT6 causes PKM2 to be exported from the nucleus. In addition, 

methylation of PKM2 by CARM1 has been reported to be specific to the dimeric form and 

occurs at several arginine sites including R-445, 447, and 455. Furthermore, PKM2-

hydroxylation at prolines-403/408 (P-403/408) by PHD3 was reported to promote its 

interaction with HIF-1α and its nuclear translocation.
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Figure 3. Direct and indirect regulation of gene expression by PKM2.
In addition to its enzymatic role, PKM2 exhibits a role in the regulation of gene expression. 

In its dimeric form, PKM2 can translocate to the nucleus where it interacts with HIF-1a, c-

MYC, STAT3, STAT5, β-Catenin, and many others, to regulate the expression of numerous 

proteins involved in complex biological and biochemical processes. In addition, PKM2 can 

directly bind to P53 and MDM2, which leads to P53 ubiquitination and degradation. Recent 

studies have shown that PKM2-MDM2 interaction leads to increased MDM2 

phosphorylation at serine-166 (S-166) and threonine-351 (T-351) sites and prevents its 

recruitment to nuclear chromatin [205]. However, these findings contradict previous reports 

showing that MDM2 phosphorylation at S-166 is essential for its nuclear translocation [98] 

and its role in regulating the expression of genes involved in serine-glycine metabolism, and 

redox homeostasis [97].
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Figure 4. PKM2 regulation of cancer redox homeostasis.
At early stages of cancer, increased oxidant levels play a critical role in promoting cancer 

initiation and development. Once the tumor is formed, cancer cells adapt a mechanism to 

reduce oxidant levels and to prevent the cells against oxidant-induced cell death. PKM2 

enzymatic activity plays an important role in this antioxidant defense. The increase in 

oxidant levels leads to a decrease in PKM2 enzymatic activity and accumulation of the 

glycolytic metabolites; glucose-6-phosphate (G6P) and 3-phosphoglycerate (3PG), which 

serve as precursors for the pentose phosphate and the serine-glycine biosynthetic pathways, 

respectively. This result in increased production of reduced equivalents such as NADPH, and 

glutathione (GSH) to amplify the antioxidant defense and promote tumor growth and 

resistance to chemotherapy. PKM2 activators such as ML-285 and DASA-10 sensitize 

cancer cells to oxidant-induced cell death, in part, through a decrease in the levels of 

glycolytic metabolites and the overall antioxidant defense.
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