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Abstract

Background: The glycolytic enzyme pyruvate kinase muscle 2 (PKM2) is upregulated in 

monocytes/macrophages of patients with atherosclerotic coronary artery disease. However, the role 

of cell type-specific PKM2 in the setting of atherosclerosis remains to be defined. We determined 

whether myeloid cell-specific PKM2 regulates efferocytosis and atherosclerosis.

Methods: We generated myeloid cell-specific PKM2−/− mice on Ldlr-deficient background 

(PKM2mye-KOLdlr−/−). Controls were littermate PKM2WTLdlr−/− mice. Susceptibility to 

atherosclerosis was evaluated in whole aortae and cross sections of the aortic sinus in male and 

female mice fed a high fat “Western” diet for 14 weeks, starting at eight weeks.

Results: PKM2 was upregulated in macrophages of Ldlr−/− mice fed a high-fat “Western” diet 

compared with chow diet. Myeloid cell-specific deletion of PKM2 led to a significant reduction 

in lesions in the whole aorta and aortic sinus despite high cholesterol and triglyceride levels. 

Furthermore, we found decreased macrophage content in the lesions of myeloid cell-specific 

PKM2−/− mice associated with decreased MCP-1 levels in plasma, reduced transmigration 

of macrophages in response to MCP-1, and impaired glycolytic rate. Macrophages isolated 

from myeloid-specific PKM2−/− mice fed the Western diet exhibited reduced expression of 

pro-inflammatory genes, including MCP-1, IL-1β, and IL-12. Myeloid cell-specific PKM2−/− 

mice exhibited reduced apoptosis concomitant with enhanced macrophage efferocytosis and 

upregulation of LRP1 in macrophages in vitro and atherosclerotic lesions in vivo. Silencing LRP1 

in PKM2-deficient macrophages restored inflammatory gene expression and reduced efferocytosis. 

As a therapeutic intervention, inhibiting PKM2 nuclear translocation using a small molecule 

reduced glycolytic rate, enhanced efferocytosis, and reduced atherosclerosis in Ldlr−/− mice.
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Conclusion: Genetic deletion of PKM2 in myeloid cells or limiting its nuclear translocation 

reduces atherosclerosis by suppressing inflammation and enhancing efferocytosis.

Graphical Abstract
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Introduction

Atherosclerosis is initiated by low-density lipoprotein (LDL) depositing in the sub-

endothelium of the artery. Despite several therapies that target inflammation or lipoprotein 

metabolism, there is still an unmet need for better treatment options to treat atherosclerosis. 

Therefore, understanding the causal molecular mechanisms involved in the progression 

of atherosclerosis and associated chronic inflammation in hyperlipidemia is essential to 

develop novel targets toward better management of patients at high risk for acute coronary 

events.

Mature atherosclerotic lesions contain numerous immune cell types, including monocytes, 

neutrophils, natural killer T cells, B cells, dendritic cells, mast cells, and innate-lymphocyte-

like cells. Among all cell types, macrophages remain the most important cell type in 

atherosclerosis. Recent advances from single-cell sequencing suggest the presence of five 

subsets of macrophages in mouse atherosclerotic lesions.1 These subsets include resident, 

interferon-inducible cell, cavity, inflammatory, and Trem 2 (triggering receptor expressed 

on myeloid cells-2) foamy macrophages. The role of the resident, interferon-inducible 

cell, cavity macrophages in atherosclerotic disease progression is not clearly understood. 

Inflammatory macrophages, most likely derived from monocytes, are present in lesions 

and show a pro-inflammatory gene profile. Trem2 foamy macrophages, the predominant 
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subtype found in lesions, take up oxidized-LDL (ox-LDL) and become engorged with lipids 

resulting in foam cell formation.1 Over a period, these foam cells contribute to necrotic core 

formation due to uncleared dead cells and debris from the subendothelium. Efferocytosis 

is an intricate process of phagocytosis of apoptotic cells within atherosclerotic lesions. 

Prolonged accumulation of foam cells results in apoptosis, and if the apoptotic cells are 

not cleared by efficient efferocytosis, they undergo necrosis and aggravate inflammation. 

Studies have shown that enhanced efferocytosis inhibits foam cell accumulation, reduces 

the release of pro-inflammatory mediators from apoptotic cells, and limits the progression 

of atherosclerosis.2, 3 Genetic targeting or proteolytic cleavage of efferocytosis receptor 

LDL-receptor related protein 1 (LRP1) during atherosclerosis compromises the ability of 

plaque macrophages to clear dead cells within atherosclerotic lesions.4, 5

Mammalian cells contain two pyruvate kinase (PK) genes: (1) the Pkrl gene encodes for 

PKR and PKL, which are expressed in red blood cells and liver, respectively, (2) the Pkm 
gene encodes for PKM1 and PKM2, which are expressed in many cell types, including 

monocytes/macrophages. PKM1 has high constitutive enzymatic activity, whereas PKM2 

is less active and can be allosterically activated by the upstream glycolytic metabolite 

fructose-1,6-bisphosphate (FBP).6 Unlike other isoforms of PK that function only as 

tetramers, PKM2 exists in tetramer or dimeric forms composed of same monomers 

with different biological activities. Nuclear dimeric PKM2 can act as a coactivator for 

transcription factors implicated in the activation of the HIF-1α, STAT3, which regulate pro-

inflammatory genes.7 Pharmacological inhibition of nuclear PKM2 translocation reduces 

LPS-induced pro-inflammatory cytokine secretion by macrophages and protects mice from 

lethal endotoxemia and polymicrobial sepsis.7–9 Gene profiling experiments have suggested 

that monocytes and macrophages from patients with coronary artery disease (CAD) over-

utilize glucose and overexpress several genes, including PKM2.10 Nuclear PKM2 expression 

levels were increased in LPS/IFN-γ-stimulated macrophages from CAD patients when 

compared with healthy controls.10 Together, these studies suggest that nuclear PKM2 

regulates inflammatory responses in monocytes and macrophages. Several studies have 

shown the role of PKM2-mediated inflammation in other cell types, including T cells 

and smooth muscle cells that are known to contribute to atherosclerosis.11–14 Recently, 

we demonstrated that PKM2 regulates platelet function.15 and contributes to neutrophil 

hyperactivation and cerebral thrombo-inflammation.16 The role of myeloid-specific PKM2 

in the setting of atherosclerosis has not yet been elucidated.

Herein, we sought to determine the contribution of myeloid cell-specific PKM2 to 

atherosclerosis. We demonstrate that genetic ablation of PKM2 in myeloid cells of the low-

density lipoprotein receptor-deficient (Ldlr−/−) mice significantly reduces atherosclerotic 

lesion progression despite high levels of cholesterol and triglyceride levels. Unexpectedly, 

we found that reduced atherosclerosis in myeloid cell-specific PKM2−/− mice was associated 

with enhanced efferocytosis and upregulation of LRP1 in vitro and in vivo. Finally, we 

demonstrate that inhibiting PKM2 nuclear translocation using a small molecule reduced 

atherosclerosis in Ldlr−/− mice as a therapeutic intervention.
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Methods

Data Availability.

A detailed description of materials and methods is available in Supplemental Materials. 

Representative images were selected based on the mean value of each experimental group 

across all available data. The data that support the study are available upon reasonable 

request from the first authors and corresponding authors.

Human samples—Human coronary artery tissue samples from autopsies of patients 

with a history of CAD were obtained from the University of Iowa Decedent Center per 

guidelines established by the University of Iowa Institutional Review Board. The presence 

of atherosclerosis was confirmed by gross pathology. Type VI category human plaque 

samples were used.17 For immunohistochemistry, samples were fixed in formalin and 

processed for paraffin embedding. Antigen retrieval with 10mM Sodium Citrate, pH 6.0 

was performed prior to immunohistochemical staining. Sections were then processed for 

immunohistochemical staining.

Animal model—PKM2fl/fl strain were genotyped by PCR as described.18 All the mice 

strains are on a C57BL/6J background (backcrossed >15 times). To generate myeloid 

cell-specific PKM2- deficient mice (PKM2fl/flLysMCre+/−), PKM2fl/fl mice were crossed 

with LysMCre+/− mice. To generate myeloid-specific PKM2−/− mice on Ldlr −/− background 

(PKM2fl/flLysMCre+/−Ldlr−/−), PKM2fl/flLysMCre+/− mice were crossed with PKM2fl/flLdlr 
−/− mice. Littermates PKM2fl/flLysMCre−/−Ldlr −/− mice were used as controls. Mice were 

kept in a regular 12 h dark/light cycle with controlled temperature and humidity and had ad 
libitum access to standard laboratory diet (NIH-31 modified mouse diet: 7913) and water. 

Male and female mice (8–10 weeks) were utilized. The University of Iowa Animal Care 

and Use Committee approved all the procedures and studies performed according to the 

Animal Research: Reporting of In Vivo Experiment guidelines (https://www.nc3rs.org.uk/

arriveguidelines).

Results

PKM2 expression is upregulated in macrophages during atherosclerosis progression

Previous studies have shown that quiescent macrophages upregulate PKM2 expression 

when stimulated with the toll-like receptor 4 agonist LPS.9, 10, 23 However, none 

have examined whether PKM2 expression is upregulated in macrophages under chronic 

progressive inflammatory condition such as atherosclerosis. To determine whether PKM2 

was upregulated in macrophages during atherosclerosis, peritoneal macrophages were 

isolated from Ldlr−/− mice fed a Western diet for 14 weeks and compared with Ldlr−/− mice 

fed a chow diet. Using Western blotting, we found that PKM2 expression was upregulated 

in macrophages of Ldlr−/− mice (P<0.05 versus Ldlr−/− mice fed a chow diet; Figure 1A). 

These findings were confirmed by immunofluorescence (Figure 1B). Similarly, we found 

that PKM2 expression was upregulated in ox-LDL-stimulated macrophages (Figure S1A). 

In line with these observations, increased PKM2-positive staining, which colocalized with 
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macrophage (CD68-positive) staining, was observed in atherosclerotic plaques from both 

humans and mice (Figure S1B).

Genetic deletion of PKM2 in myeloid cells reduces atherosclerotic lesion progression

To determine a definitive role of myeloid cell-specific PKM2 in atherosclerosis 

pathogenesis, we generated PKM2fl/flLysMCre+/− (hereafter will be referred to as 

PKM2mye-KO) and littermate control PKM2fl/flLysMCre−/− (hereafter will be referred to 

as PKM2WT) mice. Next, we generated PKM2mye-KO mice on the Ldlr-deficient background 

(Figure S2A). Controls were littermate PKM2WTLdlr−/− mice. Genomic PCR confirmed 

the presence of the LysMCre gene in the PKM2mye-KOLdlr−/− mice (Figure S2B). By 

Western blotting, we confirmed the absence of PKM2 expression in macrophages from 

PKM2mye-KOLdlr−/−mice (Figure 1C). Male and female mice were placed on the Western 

diet for 14 weeks to rule out sex-based differences, starting at eight weeks of age. 

We compared the extent of atherosclerotic lesion progression in whole aortae and cross-

sectional area of atherosclerotic lesions in the aortic sinus. Irrespective of gender, we 

found significantly reduced atherosclerosis progression in the aortae and aortic sinuses 

of PKM2mye-KOLdlr−/− mice characterized by smaller necrotic core area (P<0.05 versus 

littermate control PKM2WTLdlr−/− mice; Figure 1D and E). Bodyweight, metabolic 

parameters including plasma glucose and insulin, and plasma cholesterol and triglycerides 

were comparable (Table S1–4).

To determine whether the observed phenotype is reproducible in another model, lethally 

irradiated 6-week-old (male & female) Ldlr−/− mice were reconstituted with bone 

marrow from either PKM2mye-KO or littermate PKM2WT mice. PCR confirmed successful 

engraftment of the bone marrow after four weeks in peripheral myeloid cells (not shown). 

Mice were fed a high-fat “Western” diet for 12 weeks at ten weeks of age. Bodyweight, total 

blood cell counts, total cholesterol, and triglyceride levels were comparable among groups 

(Table S5–8). Irrespective of sex, we found that the mean lesion area in the aortae and 

aortic sinuses was significantly decreased in PKMmye-KO BM➔Ldlr−/− mice compared with 

PKM2WT-BM➔Ldlr−/− mice (Figure 2A&B). These findings show that myeloid-specific 

PKM2 contributes to atherosclerotic lesion progression irrespective of sex or atherosclerotic 

model.

Myeloid cell-specific PKM2-deficient mice exhibit reduced macrophage accumulation in 
atherosclerotic lesions

Given that inflammatory cytokines contribute to atherogenesis, we measured plasma 

levels of monocyte chemoattractant protein-1 (MCP-1) and tumor necrosis factor-α 
(TNF-α), which are known to promote endothelial activation, monocyte adhesion and 

migration. We found decreased levels of MCP-1 and TNF-α in PKM2Mye-KOLdlr−/− 

mice fed a high-fat “Western” diet (P<0.05 versus PKM2WTLdlr−/− mice; Figure 3A). 

We next examined the expression levels of key adhesion molecules that are upregulated 

following endothelial activation due to elevated inflammatory cytokines in plasma and 

are known to contribute to atherosclerosis. We found that ICAM-1, VCAM-1, and E-

selectin mRNA expression levels were significantly decreased in aortic samples isolated 

from PKM2mye-KOLdlr−/− mice (P<0.05 versus PKM2WTLdlr−/−mice; Figure 3B). We 
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next examined whether the reduced MCP-1 and TNF-α levels in the plasma result in a 

decreased content of lesional macrophages in the aortic root. Using immunohistochemistry, 

we found that PKM2mye-KOLdlr−/− mice exhibited significantly less macrophage content 

(mac3-positive area) within plaques than PKM2WTLdlr−/− mice (Figure 3C). In parallel, 

using flow cytometry, we confirmed reduced macrophages in the aortic lesions of 

PKM2mye-KOLdlr−/− mice (P<0.05 versus PKM2WTLdlr−/− mice; Figure S3). In line with 

these observations, decreased macrophage content was observed in another atherosclerotic 

model; PKM2mye-KOBM➔LDlr−/− mice compared with PKM2WTBM➔Ldlr−/− mice 

(Figure S4). Because we found reduced MCP-1 levels in the plasma of PKM2mye-KOLdlr−/− 

mice associated with decreased macrophage content within the lesions, we examined the 

effect of PKM2 deletion on macrophage migration when stimulated with MCP-1. In a 

chemotaxis assay, we found that PKM2-deficient macrophages had a significantly reduced 

migration rate compared with control (Figure 3D), suggesting PKM2 regulates macrophage 

migration in response to MCP-1. Because PKM2mye-KOLdlr−/− mice lesions had smaller 

necrotic areas (Figure 1E), we measured other histological features of plaque stability, 

including interstitial collagen content and fibrous cap thickness. Histological features 

revealed higher collagen content and fibrous cap thickness in PKM2mye-KOLdlr−/− mice 

(P<0.05 versus PKM2WTLdlr−/− mice; Figure 3E and F).

Deficiency of PKM2 in macrophages suppresses inflammatory gene expression and 
reduces glycolytic rate

Since we observed decreased macrophage content in the lesions of PKM2mye-KOLdlr−/− 

mice compared with PKM2WTLdlr−/− mice, we next examined the inflammatory gene 

expression signature in macrophages under the conditions of high-fat “Western” diet 

feeding. We observed reduced mRNA expression levels of pro-inflammatory genes, 

including MCP-1, IL-1β, IL-12, and iNOS, in elicited peritoneal macrophages of 

PKM2mye-KOLdlr−/− mice (P<0.05 versus PKM2WTLdlr−/− mice; Figure 4A). On the other 

hand, the anti-inflammatory genes Arg1 and IL-10 were increased in PKM2mye-KOLdlr−/− 

mice (P<0.05 versus PKM2WTLdlr−/− mice; Figure 4A). To determine whether the observed 

macrophage inflammatory gene expression phenotype is reproducible in vitro, we stimulated 

bone marrow-derived macrophages with LPS to model inflammatory macrophages in 

atherosclerosis. In line with the in vivo results, we observed reduced mRNA expression 

levels of MCP-1, IL-1β, and IL-12, cytokines MCP-1 and IL-β and increased anti-

inflammatory IL-10 levels in macrophages from PKM2mye-KOLdlr−/− mice (P<0.05 versus 

PKM2WTLdlr−/− mice; Figure S5). Next, we examined nuclear PKM2 expression levels in 

macrophages under inflammatory and anti-inflammatory conditions. We found that, nuclear 

PKM2 expression was increased in LPS-stimulated macrophages (P<0.05 versus naïve 

macrophages; Figure 4B). Conversely, the nuclear PKM2 expression level was comparable 

between IL-4-stimulated macrophages and naïve macrophages (Figure 4B). Nuclear PKM2 

has been shown to bind STAT3 and promote STAT3 phosphorylation, thereby regulating 

inflammatory gene expression in several cell types, including macrophages.7, 10, 24 We 

examined whether deletion of PKM2 in macrophages reduces phosphorylation of STAT3 

in the nucleus. Western blotting revealed reduced phospho-STAT3 in macrophages from 

PKM2mye-KOLdlr−/− mice when stimulated with LPS (P<0.05 versus PKM2WTLdlr−/− mice; 

Figure 4C). Similar results were obtained in macrophages isolated from PKM2mye-KO mice 
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on a WT (Ldlr+) background, ruling out the effect of Ldlr- background on phospho-STAT3 

levels (Figure S6). To assess the role of STAT3-mediated inflammation, we silenced STAT3 

in BMDMS from PKM2WT mice. Scrambled siRNA was used as a negative control. 

The macrophages were then treated with LPS in vitro. We achieved good silencing 

with STAT3 siRNA; however, STAT3 silencing reduced expression of MCP-1 mRNA, 

but not IL-1β and IL12 mRNA (Figure S7). Next, we determined the effect of PKM2 

deletion on glycolytic proton efflux rate (glycoPER) in basal and LPS-treated bone-derived 

macrophages utilizing Seahorse extracellular flux analyzer. We observed that macrophages 

from the PKM2mye-KOLdlr−/− mice exhibited reduced glycoPER at baseline and when 

stimulated with LPS (Figure 4D).

Deficiency of PKM2 in macrophages suppresses foam cell formation, reduces apoptosis, 
and enhances efferocytosis

Since PKM2 deficiency did not reduce elevated cholesterol or triglyceride levels in Ldlr−/− 

mice, we speculated that reduced atherosclerotic lesion progression in PKM2mye-KOLdlr−/− 

mice might be due to decreased uptake of lipids by macrophages within lesions. We, 

therefore, examined the role of PKM2-deficiency on foam cell formation in vitro. Treatment 

of BM-derived macrophages with ox-LDL resulted in the reduction of foam cell formation 

in PKM2mye-KOLdlr−/− mice (P<0.05 versus PKM2WTLdlr−/− mice; Figure 5A), suggesting 

that PKM2 potentiates foam cell formation.

It is known that prolonged accumulation of foam cells results in apoptosis, and if not 

cleared by efferocytosis, they undergo necrosis and aggravate inflammation. We, therefore, 

determined whether PKM2 deficiency suppresses apoptosis. We observed reduced apoptotic 

cells within the lesions of PKM2mye-KOLdlr−/− mice compared with PKM2WTLdlr−/− mice 

(Figure 5B). At basal and inflammatory conditions, we found that PKM2mye-KO BMDMs 

were less apoptotic (% of Annexin V-positive cells) when compared to PKM2WT mice, in 
vitro (Figure 5CD). Since apoptotic cell density within lesions can arise from increased 

apoptosis and reduced efferocytosis, we next determined the effect of PKM2 deficiency on 

efferocytosis in vitro and in vivo. By immunohistochemistry, we found that the ratio of 

macrophage-associated TUNEL-positive cells to free TUNEL-positive cells was increased 

in the lesions of PKM2mye-KOLdlr−/− mice (P<0.05 versus PKM2WTLdlr−/−; Figure 5E), 

suggesting that PKM2 deficiency enhances efferocytosis in vivo. In parallel, apoptotic 

thymocytes (CFDA SE, green tracer-labeled) were cocultured with elicited peritoneal 

macrophages (Red tracer CMTPX-labeled) to determine whether PKM2 deficiency 

enhances efferocytosis in vitro. We found that PKM2 deficiency in macrophages led 

to enhanced efferocytosis (Figure 5F). These findings were further confirmed by FACS 

analysis (Figure S8A). To analyze efferocytosis ex vivo, green-labeled apoptotic thymocytes 

from PKM2WTLdlr−/− mice were injected into the peritoneum of PKM2mye-KOLdlr−/− or 

PKM2WTLdlr−/− mice. After two hours, peritoneal macrophages were isolated and stained 

with the red tracer CMTPX and analyzed by FACS. We found enhanced efferocytosis of 

apoptotic thymocytes in PKM2mye-KOLdlr−/− macrophages compared with PKM2WTLdlr−/− 

macrophages (Figure S8B). Similar results were obtained in the efferocytosis assay in the 

presence of foam cells (Figure S9).

Doddapattar et al. Page 7

Circ Res. Author manuscript; available in PMC 2023 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PKM2 deficiency in macrophages facilitates efferocytosis by upregulating LRP-1

Prior studies have suggested that LRP1 regulates both inflammatory response and 

efferocytosis in macrophages.5, 25 Deletion of LRP1 in macrophages was shown to 

exacerbate atherosclerosis.4 Since deletion of PKM2 in macrophages exhibited enhanced 

efferocytosis in vitro and in vivo, we examined whether PKM2 deletion was associated 

with LRP1 upregulation in lesions and in vitro. PKM2mye-KOLdlr−/− mice exhibited 

increased LRP1 expression within atherosclerotic lesions compared with PKM2WTLdlr−/− 

mice (Figure 6A). In line with these observations, LRP1 expression was increased in 

PKM2-deficient macrophages (Figure 6B). To examine whether increased LRP1 could be 

one of the molecular mechanisms by which PKM2 deficiency suppresses inflammation 

and enhances efferocytosis, LRP1 was silenced in BMDMs and scrambled siRNA was 

used as negative control. The BMDMs were treated with LPS in vitro then assayed for 

pro-inflammatory gene expression and efferocytosis. We achieved very good silencing with 

LRP1 siRNA (Figure 6C). For BMDMs under inflammatory conditions, LRP1 silencing 

increased inflammatory gene expression in PKM2-deficient macrophages but not in WT 

macrophages except MCP1(Figure 6D). Similarly, LRP1 silencing reduced efferocytosis in 

PKM2-deficient macrophages but not in WT macrophages (Figure 6E). We speculate that 

the lack of effect of LRP1 silencing in WT macrophages could be due to reduced basal 

levels of LRP1 compared to PKM2-deficient macrophages.

Inhibiting PKM2 nuclear translocation with ML265 suppresses inflammatory cytokines, 
decreases chemotaxis, and reduces efferocytosis

To evaluate the therapeutic significance of targeting nuclear PKM2 to reduce atherosclerosis, 

we examined whether ML265, a small molecule that inhibits PKM2 nuclear translocation 

by inducing PKM2 tetramerization,26 limits inflammation and enhances efferocytosis. We 

first confirmed the inhibition of nuclear PKM2 expression upon ML265 treatment in 

LPS-stimulated macrophages (Figure 7A). As expected, ML265 inhibited nuclear PKM2 

translocation. Furthermore, ML265 treatment reduced secretion of inflammatory cytokines 

MCP-1 and IL-1β (Figure 7B), transmigration of macrophages in response to MCP-1 

(Figure 7C) and enhanced efferocytosis in vitro (Figure 7D).

ML265-treated mice exhibited reduced atherosclerosis

Next, we determined the therapeutic potential of targeting PKM2 in vivo. Female Ldlr−/− 

mice were randomized to receive either ML265 (50 mg/kg) or vehicle orally once daily 

and placed on the Western diet for 14 weeks, starting at eight weeks. The individuals 

quantifying the atherosclerotic lesions, efferocytosis and glycolysis were blinded to the 

treatment. Bodyweight and triglycerides were comparable between the groups (Table S9–

10). First, we determined the effect of ML265 treatment on macrophage function in a subset 

of mice fed the Western diet for 4 weeks. We found that BMDMs isolated from ML265-

treated mice transmigrated less in a chemotaxis assay (P<0.05 versus vehicle-treated mice; 

Figure S10). After 14 weeks on the Western diet, a significant reduction in atherosclerotic 

lesions in the aortae and aortic sinuses was observed in ML265-treated mice (P<0.05 

versus vehicle-treated mice; Figure 8AB) concomitant with reduced MCP-1 and IL-1β 
cytokines levels in plasma (Figure 8C). To determine whether reduced atherosclerosis in 
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the ML265-treated mice was associated with enhanced efferocytosis, in a subset of mice, 

green-labeled apoptotic thymocytes from Ldlr−/− mice were injected into the peritoneum of 

ML265-treated Ldlr−/− or vehicle-treated Ldlr−/− mice fed a Western diet for 14 weeks. After 

two hours, peritoneal macrophages were isolated and stained with the red tracer CMTPX. 

We found enhanced efferocytosis of apoptotic thymocytes in ML265-treated Ldlr−/− mice 

compared to vehicle-treated Ldlr−/− mice (Figure 8D). In another subset of mice, we 

determined the effect of ML265 treatment on the glycolytic rate. Elicited macrophages were 

isolated from vehicle-treated and ML265-treated mice fed a Western diet for 14 weeks, and 

glycolytic proton efflux rate (glycoPER) was determined using Seahorse extracellular flux 

analyzer. We observed that macrophages from the ML-265-treated mice exhibited reduced 

glycoPER (P<0.05 versus vehicle-treated mice, Figure 8EF). Together, these studies suggest 

that ML265 treatment reduces atherosclerosis in association with reduced inflammation, 

decreased glycolytic rate, and enhanced efferocytosis.

Discussion

PKM2 regulates inflammatory responses in macrophages stimulated with LPS or oxidized-

LDL,7, 10, 27 and PKM2 is upregulated in monocytes/macrophages of patients with 

atherosclerotic coronary artery disease.10 Evidence has been lacking whether PKM2 

potentiates inflammatory responses in macrophages in response to high-fat “Western diet” 

and thereby exacerbates atherosclerosis. The current study provides in vivo evidence 

that PKM2 is upregulated in macrophages in murine atherosclerotic lesions and that 

genetic deletion of myeloid cell-specific PKM2 reduces atherosclerosis. Unexpectedly, we 

found that deletion of PKM2 in macrophages increased LRP1 expression and enhanced 

efferocytosis in vitro and in vivo. Our results suggest a previously unreported link 

between PKM2-mediated inflammatory response, macrophage efferocytosis, and LRP1 

that may regulate macrophage inflammatory responses within the atherosclerotic lesion 

microenvironment. To assess translational potential, we demonstrate that limiting PKM2 

nuclear translocation with ML265 treatment reduces atherosclerosis, decreases inflammation 

and glycolytic rate, and enhances efferocytosis.

We found that PKM2 expression was upregulated in macrophages during atherosclerosis 

progression. Our findings align with a previous study that demonstrated PKM2 

overexpressed in ex-vivo generated macrophages from CAD patients.10 The overexpression 

of PKM2 in macrophages during mouse atherosclerosis or in CAD patients could be 

attributed to increased glucose uptake needed for high energy consumption required for 

macrophage activation, which further correlates with overexpression of GLUT1 transcripts 

in CAD macrophages.10 PK is a rate-limiting enzyme that catalyzes the final step of 

glycolysis by converting phosphoenolpyruvate to pyruvate and plays a crucial role in 

controlling the glycolytic flux. Since activation of macrophages is accompanied by increased 

glucose uptake, the upregulation of PKM2 may prevent the complete conversion of glucose 

to pyruvate, which enables the upstream glycolytic metabolic intermediates to accumulate, 

thus shifting the metabolism towards the anabolic phase for amino acids, lipids, and 

nucleotides, all required for macrophage activation.
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We next showed that PKM2mye-KO mice were less susceptible to atherosclerosis. Reduced 

atherosclerosis in PKM2mye-KO mice was independent of changes in plasma lipid levels, 

a finding that is in agreement with other studies that have shown that the extent of 

atherosclerosis does not always correlate with plasma cholesterol and LDL levels.20, 28, 29 

A similar phenotype was observed in female mice, ruling out sex-based differences. These 

results suggest that myeloid cell-specific PKM2 exacerbates atherosclerosis independently 

of plasma lipid levels. We found that myeloid cell-derived PKM2 potentiates macrophage 

accumulation in atherosclerotic lesions by promoting foam cell formation and aggravating 

inflammatory responses. Genetic ablation of PKM2 in macrophages decreased uptake of 

lipids by macrophages. When our studies were in progress, another study demonstrated 

a role for PKM2 in macrophage foam cell formation.27 Driven primarily by glycolysis, 

inflammatory macrophages express transcription factors and secrete pro-inflammatory 

cytokines such as IL-1β and TNF-α.30 We found that genetic deletion of PKM2 in 

macrophages of mice fed a Western diet led to a reduced mRNA expression of several pro-

inflammatory genes, including MCP-1, IL-1β, IL-12, and iNOS, and increased expression 

of the anti-inflammatory genes Arg1 and IL-10, suggesting a role for PKM2 in macrophage 

polarization.

Additionally, we found that deletion of PKM2 in myeloid cells reduced plasma levels 

of MCP-1 and TNF-α and decreased endothelial activation and macrophage migration 

in response to MCP-1. Elevated plasma levels of MCP-1 are associated with incident of 

CAD,31 and mice deficient in MCP-1 or its receptor chemokine receptor 2 develop fewer 

and smaller lesions than control mice due to decreased monocyte recruitment to atheroprone 

sites.32, 33 We demonstrated in vitro that dimeric PKM2 regulates pro-inflammatory gene 

expression in LPS-stimulated macrophages. Dimeric PKM2 was shown to promote STAT3 

phosphorylation, thereby regulating inflammatory gene expression in macrophages.7, 10 

Based on these studies we, speculated that reduced phospho-STAT3 could be the mechanism 

by which PKM2 deficiency suppresses inflammatory cytokine secretion. However, siRNA 

experiments showed that STAT3 silencing reduced MCP1 gene expression in macrophages 

from PKM2WT mice, but not expression of IL-1β and IL12. These findings suggest that 

reduced phospho-STAT3 is only a part of the mechanism by which PKM2 deficiency may 

suppress inflammatory cytokine secretion in the setting of atherosclerosis.

Defective efferocytosis results in uncleared apoptotic cells that may undergo post-apoptotic 

necrosis and aggravate inflammatory responses within plaques.34–36 Herein, unexpectedly, 

we found that deletion of PKM2 in myeloid cells enhanced efferocytosis in vitro 
and in vivo associated with reduced necrosis, suggesting that PKM2 in macrophages 

impairs efferocytosis. Multiple mechanisms can impair efferocytosis. First, because 

of the competition for apoptotic cell binding. As atherosclerosis progresses, oxidized 

phospholipids continue to accumulate in the lesions. Studies suggest that oxidized 

phospholipids can bind to efferocytosis receptors and compete for apoptotic cells 

recognition, thereby inhibiting phagocytosis of apoptotic cells by elicited macrophages.37, 38 

Indeed, we found that PKM2 regulates the uptake of oxidized lipids that in turn might 

inhibit phagocytosis of apoptotic cells by macrophages. Second, as a consequence of 

pro-inflammatory microenvironment within lesions, which causes downregulation of key 

efferocytosis molecules including LRP1.5 Studies have shown that deletion of LRP1 in 
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macrophages impairs efferocytosis and exacerbates atherosclerosis.4, 5, 35 Notably, we 

found that deletion of PKM2 in macrophages enhances efferocytosis of apoptotic cells 

in vitro and in vivo that was associated with upregulation of LRP1. Silencing LRP1 

in PKM2-deficient macrophages increased the inflammatory gene expression of MCP-1, 

IL-1β, IL-12, and iNOS in association with reduced efferocytosis. Together, these results 

suggest that increased LRP1 is most likely the underlying mechanism by which PKM2 

deficiency suppresses inflammatory cytokine secretion and enhances efferocytosis. The 

precise mechanism how PKM2 regulates LRP1 and compromise efferocytosis remains 

unclear and continue to be an area of future investigation. Importantly, in preclinical 

experiments with translational potential, we demonstrated that inhibiting PKM2 nuclear 

translocation with a small molecule ML265 reduces atherosclerosis, glycolytic rate, and 

inflammation, and enhances efferocytosis. A summary of the proposed pathway is provided 

in the Figure S11.

Currently, patients at risk for CVD are treated mainly with therapies that target hypertension 

and hyperlipidemia, as well as aspirin, which has anti-platelet and mild anti-inflammatory 

effects. While these approaches have efficacy, they do not adequately address the pro-

inflammatory mechanisms that promote atherosclerosis independently of elevated lipid 

levels. The CANTOS trial proved that limiting inflammation by administering an anti-IL-1β 
antibody reduced recurrent cardiovascular events independently of hyperlipidemia.39 The 

strength of our study is that targeting PKM2 nuclear translocation might limit inflammation 

and reduce foam cell formation and promote clearance of apoptotic cells within lesions 

by enhancing efferocytosis via up regulating LRP1. Despite this strength, our study has 

limitations. PKM2 is expressed by other immune cell types, including neutrophils, B cells, 

T cells, and platelets, that are present in atherosclerotic lesions, all of which are known to 

contribute to disease progression. Thus, a possible role for PKM2 in these other cell types in 

atherosclerosis cannot be completely ruled out.

Conclusions:

Our studies unequivocally support a mechanistic role of myeloid-specific PKM2 in 

regulating macrophage inflammation, efferocytosis most likely via LRP1, and thereby, 

atherosclerosis. Targeting nuclear PKM2 may offer a promising approach to limit 

atherosclerotic lesion progression in patients at high risk for coronary artery disease.
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Non-standard Abbreviations and Acronyms

PKM2 Pyruvate Kinase M2
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Ldlr Low-density lipoprotein receptor

MCP1 Monocyte chemoattractant protein-1

TNF-α Tumor necrosis factor-α

Trem 2 Triggering receptor expressed on myeloid cells-2

LRP1 LDL-receptor related protein 1

HIF-1 Hypoxia-inducible factor 1

STAT3 Signal transducer and activator of transcription 3

LPS Lipopolysaccharides

IFNγ Interferon gamma

ICAM1 Intracellular adhesion molecule 1

VCAM1 Vascular cell adhesion molecule 1

BMDMs Bone marrow-derived macrophages
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NOVELTY AND SIGNIFICANCE

What Is Known?

• The glycolytic enzyme pyruvate kinase muscle 2 (PKM2) is upregulated in 

the monocytes and macrophages of patients with atherosclerotic coronary 

artery disease.

• PKM2 regulates inflammatory phenotype in several cell types, including 

monocytes, when stimulated with LPS.

• The role of myeloid-specific PKM2 in the setting of atherosclerosis is not yet 

elucidated.

What New Information Does This Article Contribute?

• Efferocytosis is a process by which apoptotic cells are removed by phagocytic 

cells. We report a previously unidentified link between PKM2-mediated 

inflammatory response and LRP1-mediated efferocytosis in macrophages.

• Genetic deletion of PKM2 in myeloid cells reduces atherosclerosis 

by limiting inflammation and enhancing efferocytosis by upregulating 

macrophage LRP1.

• Limiting PKM2 nuclear translocation with ML265 treatment reduces 

atherosclerosis in Ldlr−/− mice fed a Western diet, suggesting the translational 

potential of this approach.

Although lipid-lowering drugs are the mainstay of therapies to reduce atherosclerosis in 

patients at high risk for cardiovascular diseases, they do not effectively inhibit chronic 

inflammation, which is a key contributor to atherosclerosis exacerbation. Moreover, 

lipid-lowering drugs do not reduce lipid levels to such an extent in patients at risk to 

completely suppress atherosclerosis. Thus, new complementary treatments are required 

that can be combined with lipid-lowering drugs to inhibit chronic inflammation as well 

promote macrophage efferocytosis during inflammation resolution. In the current study, 

we demonstrated the in vivo role of myeloid-specific PKM2 in the pathophysiology 

of atherosclerosis. Importantly, using in vitro and in vivo approaches, we demonstrate 

that targeting PKM2 in myeloid cells reduces atherosclerosis by promoting macrophage 

efferocytosis by upregulating LRP1. Based on murine studies, we propose PKM2 as a 

novel therapeutic target to suppress atherosclerosis in patients at risk of cardiovascular 

diseases that are not benefitted from lipid-lowering therapies.

Doddapattar et al. Page 15

Circ Res. Author manuscript; available in PMC 2023 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Myeloid cell-specific PKM2−/− mice exhibit reduced atherosclerosis.
A, Representative Western blot and quantification of PKM2 levels in peritoneal 

macrophages from Ldlr−/− mice fed a chow diet (n=4) or high-fat “Western” diet (n=4) for 

14 weeks. Loading control:β-actin. #1, 2, represents individual mouse. B, Left panels show 

representative immunofluorescence staining of PKM2 (green) from peritoneal macrophages 

of Ldlr−/− mice fed a chow diet (n=6) or high-fat “Western” diet (n=6) for 14 weeks. Nuclei 

are counterstained with Hoechst (blue). The boxed region is magnified. The right panel 

shows the mean fluorescence intensity (MFI). Scale bars, 50 μm. C, Western blot analysis 
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of PKM2 from the peritoneal macrophages (n=6, 6). #1, 2, 3 represents individual mouse. 

D, Left panels show representative photomicrographs and right panels show quantification 

of en face lesion area in the whole aortae of female (n=10, 11) or male (n=10, 10) mice fed 

a high-fat Western-diet for 14 weeks. E, Left panels show representative photomicrographs, 

middle panels show quantification of cross-sectional lesion area in aortic sinuses, and right 

panels show acellular (demarcated) necrotic area. Female (n=10, 11), Male (n=10, 10). Scale 

bar, 500 μm. Results were presented with mean ± SEM. Statistical analysis as indicated in 

the figure panels.
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Figure 2. Chimeric mice lacking PKM2 in myeloid cells exhibit reduced atherosclerosis.
Lethally irradiated 6-week-old Ldlr−/− mice were reconstituted with bone marrow from 

either PKM2mye-KO or littermate PKM2WT mice. Mice were placed on a high-fat “Western” 

diet for additional 12 weeks beginning at the 10 weeks of age. A, Representative 

photomicrographs and quantification of en face lesion area in the whole aortae. Female 

(n=10, 12). Male (n=10, 10). B, Representative photomicrographs and quantification of 

cross-sectional lesion area in aortic sinuses. The acellular necrotic area is marked (yellow 

dotted line). Scale bar, 500 μm. Female (n=10, 12). Male (n=10, 10). Results were presented 

with mean ± SEM. Statistical analysis as indicated in the figure panels.
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Figure 3. Deletion of PKM2 in myeloid cells suppresses inflammation, chemotaxis, accumulation 
of macrophages in lesions, and promotes collagen deposition.
All the mice were females. A, Quantification of pro-inflammatory cytokines in plasma (n=8, 

8). B, Real-time quantitative PCR analysis of ICAM-1, VCAM-1 and E-Selectin genes 

from the RNA isolated from whole aortae (n=6, 6). C, Representative photomicrographs 

and mac3-positive cells quantification in aortic sinuses (n=10, 11). Scale bar, 500 μm. 

D, Chemotaxis index for transmigrated bone marrow-derived macrophages (n=7, 7). E, 
Representative photomicrographs and quantification of collagen deposition (Masson’s 
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Trichrome staining) in aortic sinuses (n=10, 11). Scale bar, 100 μm. F, Fibrous cap 

(demarcated by the red line) was calculated as the thickness of fibrous tissue overlying 

the necrotic core (n=6, 6). Results were presented with mean ± SEM. Statistical analysis as 

indicated in the figure panels.

Doddapattar et al. Page 20

Circ Res. Author manuscript; available in PMC 2023 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. PKM2 deficient macrophages exhibit reduced pro-inflammatory response and reduced 
glycolytic activity.
All the mice were females. A, Real-time quantitative PCR analysis of pro-inflammatory and 

anti-inflammatory genes in primary elicited macrophages of mice fed a high-fat “Western” 

diet (n=7, 7). B, Bone marrow-derived macrophages (BMDMs) from wild-type Ldlr−/− mice 

were unstimulated (n=7) or stimulated with 100 ng/mL LPS (n=7) or 10 ng/mL IL-4 (n=7) 

for 24 hrs and nuclear and cytosolic PKM2 protein levels were analyzed by immunoblotting. 

Loading control: Lamin-B1 and GAPDH. C, BMDMs were stimulated with LPS for 4 
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hours. Representative immunoblots and densitometric analysis of phospho and total STAT3 

in nuclear proteins fraction. Loading control: Lamin-B1. Unstimulated (n=7, 7). LPS-treated 

(n=7, 7). D, Glycolytic proton efflux rate (glycoPER) levels in untreated and LPS-treated 

(100 ng/ml) BMDMs (100,000 cells per well) were assessed by Seahorse extracellular flux 

analyzer. The basal respiration values were noted for 15 mins before injecting the Rot/AA 

(0.5 μM). Finally, 2-DG was injected, and values were measured for 40 mins. Left panel 

shows glycoPER curve, whereas right panel shows basal and compensatory glycolysis rate. 

Unstimulated, (n=10, 10). LPS-treated (n=10, 10). Results were presented with mean ± 

SEM. Statistical analysis as indicated in the figure panels.
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Figure 5. Deletion of PKM2 in macrophages suppresses foam cell formation and enhances 
macrophage efferocytosis in vitro and in lesions.
All the mice were females. A, Representative photomicrographs and quantification of 

ox-LDL (oxidized low-density lipoprotein; 40 μg/mL, 24 hours)-treated BMDMs, stained 

with Oil Red O (n=7, 7). Scale bar, 50 μM. B, The left panels show representative TUNEL-

positive cells (green) counterstained with Hoechst (blue) per plaque area. The right panel 

shows the quantification of percentage TUNEL-positive cells to a total number of cells per 

plaque area (n=6, 6). The boxed region is magnified. Scale bars, 50 μm. C, Annexin V 
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staining using BMDMs determined the percentage of apoptotic cells (n=5, 5). Scale bar, 100 

μm. D, Flow cytometry analysis of percent of apoptotic macrophages positive for Annexin 

V after 24 hours in the presence or absence of LPS (100 ng/mL) (n=6, 6). E, Quantification 

of the ratio of macrophage-associated TUNEL-positive versus free TUNEL-positive cells in 

aortic sections (white arrows) (n=8, 8). The boxed region is magnified. Scale bar, 100 μm. F, 
Fluorescent images of labeled macrophages (red) with apoptotic thymocytes (green). Percent 

efferocytosis was quantified as the number of macrophages with engulfed apoptotic cells as 

a percentage of total macrophages (n=6, 6). The boxed region is magnified. Scale bar, 20 

μM. Results were presented with mean ± SEM. Statistical analysis as indicated in the figure 

panels.
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Figure 6. PKM2 deficiency in macrophages suppresses inflammation and enhances efferocytosis 
by upregulating LRP-1.
All the mice were females and fed a high-fat western diet for 14 weeks. A, The left 

panels show representative double immunostaining for macrophage (CD68; Red) and LRP-1 

(green) in aortic sinuses. The right panel shows quantification of LRP-1 positive area 

in the macrophages (n=10, 10). Scale bar, 50 μm. B, Representative immunoblots and 

densitometric analysis of LRP-1 and β-actin in whole-cell lysates from macrophages (n=4, 

4). C, BMDMs were transfected with either scrambled siRNA (10 nM) or LRP1 siRNA 

Doddapattar et al. Page 25

Circ Res. Author manuscript; available in PMC 2023 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(10 nM). Representative Western blot of LRP1 levels in BMDMs upon LRP1 siRNA 

transfection in the presence or absence of LPS (100 ng/mL). Scrambled siRNA was 

used as a negative control. D, Real-time quantitative PCR analysis of pro-inflammatory 

genes in BMDMs respectively upon LPS (100 ng/mL) treatment for 24 hours (n=6, 6). E, 
Fluorescent images of CMTPX-labeled macrophages (red) with CFDA SE-labeled apoptotic 

thymocytes (green). Percent efferocytosis was quantified as the number of macrophages with 

engulfed apoptotic cells as a percentage of total macrophages (n=7, 7). The boxed region is 

magnified. Scale bar, 20 μM. Results were presented with mean ± SEM. Statistical analysis 

as indicated in the figure panels.

Doddapattar et al. Page 26

Circ Res. Author manuscript; available in PMC 2023 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Limiting PKM2 nuclear translocation inhibits pro-inflammatory cytokines, reduces 
chemotaxis and enhances efferocytosis.
BMDMs were pretreated with vehicle or ML-265 (100 μM) for 1 hour and further 

stimulated with LPS (100 ng/ml; 24 hours) or MCP-1 (50 ng/mL; overnight) as indicated. A, 
Representative immunoblots and densitometric analysis of PKM2, Lamin-B1, and GAPDH 

in cytosolic and nuclear protein fractions (n=6, 6). B, Quantification of MCP-1 and IL-1β 
levels in cell culture supernatants (n=7, 7). C, Chemotaxis index for migrated cells upon 

MCP-1 treatment (n=8, 8). D, Elicited peritoneal macrophages were pretreated with vehicle 
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(n=5) or ML-265 (n=5) for 1 hour and then cocultured with CFDA SE labeled (green) 

apoptotic wild-type mouse thymocytes and labeled with CMTPX (red) for the next 2 hours. 

Percent efferocytosis was quantified as the number of macrophages with engulfed apoptotic 

cells as a percentage of total macrophages. Scale bar, 20 μM. The boxed region is magnified. 

Results were presented with mean ± SEM. Statistical analysis are mentioned in the figure 

panels.
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Figure 8. ML265 treatment reduces atherosclerosis.
Female Ldlr−/− mice were randomized to receive either vehicle or ML265 (50 mg/kg) 

orally daily and placed on the Western diet for 14 weeks, starting at 8 weeks of age. A, 
Left panels show representative photomicrographs, and right panels show quantification 

of en face lesion area in the whole aortae (n=10, 10). B, Left panels show representative 

photomicrographs and right panels show quantification of cross-sectional lesion area in 

aortic sinuses (n=10, 10). Scale bar, 500 μm. C, Quantification of pro-inflammatory 

cytokines in plasma (n=5, 5). D, In a subset of Ldlr−/− mice that received either vehicle 
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(n=6) or ML265 (n=6) and fed a Western diet for 14 weeks, wild-type CFDA-SE 

labeled thymocytes (green) were injected 2 hours prior to harvesting elicited peritoneal 

macrophages. Harvested cells were labeled with CMTPX (red), and percent efferocytosis 

was quantified as the number of macrophages with engulfed apoptotic cells as a percentage 

of total macrophages. Scale bar, 20μM. E, Elicited macrophages were isolated from a 

vehicle and ML265-treated mice fed a WTD for 14 weeks. Cells (100,000 per well) were 

plated and treated for 30 minutes in seahorse media. The curve shows glycolytic proton 

efflux rate (glycoPER). F, The basal and compensatory glycoPER rate derived from E (n=5, 

5). Results were presented with mean ± SEM. Statistical analysis as indicated in the figure 

panels.
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