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Abstract Pyruvate kinase M2 (PKM2) links metabolic
and inflammatory dysfunction in atherosclerotic coro-
nary artery disease; however, its role in oxidized LDL
(Ox-LDL)-induced macrophage foam cell formation
and inflammation is unknown and therefore was studied.
In recombinant mouse granulocyte-macrophage colony-
stimulating factor-differentiated murine bone marrow-
derived macrophages, early (1-6 h) Ox-LDL treatment
induced PKM2 tyrosine 105 phosphorylation and pro-
motes its nuclear localization. PKM2 regulates aerobic
glycolysis and inflammation because PKM2 shRNA or
Shikonin abrogated Ox-LDL-induced hypoxia-inducible
factor-la. target genes lactate dehydrogenase, glucose
transporter member 1, interleukin 13 (IL-13) mRNA
expression, lactate, and secretory IL-1B production.
PKM2 inhibition significantly increased Ox-LDL-induced
ABCAI and ABCG1 protein expression and NBD-cholesterol
efflux to apoAl and HDL. PKM2 shRNA significantly in-
hibited Ox-LDL-induced CD36, FASN protein expres-
sion, Dil-Ox-LDL binding and uptake, and cellular total
cholesterol, free cholesterol, and cholesteryl ester con-
tent. Therefore, PKM2 regulates lipid uptake and efflux.
DASA-58, a PKM2 activator, downregulated LXR-o, ABCAI,
and ABCGI1, and augmented FASN and CD36 protein
expression. Peritoneal macrophages showed similar results.
Ox-LDL induced PKM2- SREBP-1 interaction and FASN
expression in a PKM2-dependent manner.Hll Therefore,
this study suggests a role for PKM2 in Ox-LDL-induced
aerobic glycolysis, inflammation, and macrophage foam cell
formation.—Kumar, A., P. Gupta, M. Rana, T. Chandra,
M. Dikshit, and M. K. Barthwal. Role of pyruvate kinase
M2 in oxidized LDL-induced macrophage foam cell
formation and inflammation. J. Lipid Res. 2020. 61:
351-364.
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Oxidized LDL (Ox-LDL) promotes atherosclerosis by
inducing macrophage foam cell formation and sterile in-
flammation (1-4). Macrophages treated with Ox-LDL ac-
cumulate modified lipids and generate an inflammatory
response that involves interleukin 13 (IL-18) production
(5-7). Circulating monocytes derived from symptomatic
atherosclerotic patients have a pro-inflammatory pheno-
type and elevated levels of glycolytic enzymes (8). Pyruvate
kinase muscle isozyme M2 (PKM2) is a rate-limiting glyco-
Iytic enzyme that catalyzes the transfer of the phosphoryl
group from phosphoenolpyruvate to ADP, thus generating
ATP and pyruvate (9). A recent study suggests PKM2 as a
link between metabolic and inflammatory dysfunction in
atherosclerotic coronary artery disease (10). PKM2 is gen-
erally overexpressed in activated immune and cancer cells
and participates in inflammation and the Warburg effect
(also known as aerobic glycolysis) (11-13). Posttransla-
tional modification of PKM2 by phosphorylation at tyro-
sine 105 promotes its nuclear translocation and inhibits
PKM2 tetramer formation (14). In LPS-activated macro-
phages and cancerous cells, the monomer or dimer form
of PKM2 translocates to the nucleus where it interacts with
hypoxia-inducible factor-la (Hif-lat) and induces expres-
sion of pro-inflammatory cytokine IL-1§ and pro-glycolytic
enzymes (15, 16). Ox-LDL-induced macrophage inflam-
mation also involves Hif-1la (17).

Macrophage foam cell formation can be regulated at sev-
eral levels, such as lipid uptake, biosynthesis, and efflux (18).
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PPARs and LXRs play an essential role in macrophage
foam cell formation by affecting lipid uptake and efflux
(1, 19). PPARYy regulates Ox-LDL-induced scavenger re-
ceptor CD36 (a class B scavenger receptor) expression and
thereby affects macrophage lipid uptake and foam cell for-
mation (20). PPARy also regulates PKM2 expression in the
fatty liver (21). LXRs regulate transcription of ABCAI and
ABCGI, which are involved in cholesterol efflux to apoAl
and HDL, respectively (22, 23). Endogenous lipid biosyn-
thesis can also promote foam cell formation (24). SREBPs
are transcription factors that regulate expression of lipo-
genic genes (25) and can modulate macrophage choles-
terol biosynthesis (26). In hepatocellular carcinoma, PKM2
interaction with nuclear SREBP-1a leads to SREBP-1a stabi-
lization and increased transcription of lipogenic genes and
lipid biosynthesis (27). FASN, a target gene of SREBP-1a
(28), can regulate macrophage foam cell formation by af-
fecting lipid synthesis, uptake, and efflux (24). FASN-null
macrophages exhibit decreased foam cell formation com-
pared with the wild-type. The nuclear receptor, LXR-a, and
its downstream target, ABCA1 expression, were increased,
while the expression of CD36 was diminished in the FASN
knockout macrophages (24).

The present study demonstrates the role of PKM2 in
Ox-LDIL-induced aerobic glycolysis, inflammation, and macro-
phage foam cell formation and deciphers the underlying
mechanisms.

MATERIALS AND METHODS

Reagents

PKM2 activator DASA-58, 3-dodecanoyl-NBD cholesterol, an
L-lactate assay kit, and GW9662 were procured from Cayman
Chemical (Ann Arbor, MI). Shikonin, oligomycin, carbonyl cya-
nide-p-trifluoromethoxy-phenylhydrazone, rotenone, 2-deoxy-D-
glucose, antimycin-A, disuccinimidyl suberate, PKM2 shRNA,
apoAl from human plasma, anti a-tubulin, anti B-actin, anti his-
tone H3, and all other fine chemicals were purchased from Sigma
(St. Louis, MO). PKM2, phospho-PKM2 (tyr105), and Hif-1a anti-
bodies were from Cell Signaling Technologies (Danvers, MA).
FASN and histone H1 antibodies were procured from Santa Cruz
Biotechnology Inc. Antibody against ABCAl was from Abcam
(Cambridge, MA). ABCG1, CD36, and scavenger receptor class B
type 1 (SRB1) antibodies were from Novus Biologicals (Littleton,
CO). SREBP-1 antibody and the IL-13 murine ELISA kit were
from BD Bioscience (San Jose, CA). TRIzol reagent and Revert-
Aid cDNA synthesis kit were from Invitrogen. Recombinant
mouse granulocyte-macrophage colony-stimulating factor was
purchased from Peprotech. The 1,1’-dioctadecyl-3,3,3,3'-
tetramethylindocarbocyanine perchlorate (Dil) dye and Amplex
Red cholesterol assay kit were purchased from Thermo Fisher
Scientific. nProtein A Sepharose™ 4 Fast Flow was from GE
Healthcare Biosciences AB (Uppsala, Sweden). Seahorse XF assay
media (102365-100) and Seahorse XF base media (102353-100)
were from Agilent Technologies.

Cell culture and treatment

Bone marrow-derived macrophages (BMDMs) were isolated
from the tibia and femur of 4- to 8-week-old C57BL/6] mice. All
animal experiments were carried out with prior ethical approval
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by the Institutional Animal Ethical Committee, Council for Scien-
tific and Industrial Research Central Drug Research Institute, as per
the guidelines of the Committee for the Purpose of Control and
Supervision of Experiments on Animals. Briefly, the bones were
flushed with ice-cold PBS, followed by incubation with red blood cell
lysis solution for 5 min to lyse the erythrocytes. A single-cell suspen-
sion was obtained by filtering through a 70 pm cell strainer. The
cells were then plated in RPMI medium (Gibco) supplemented with
10% FBS (Gibco), 100 units/ml penicillin, 100 pg/ml streptomycin,
2 mM 1-glutamine (Gibco), and 50 ng/ml recombinant mouse
granulocyte-macrophage colony-stimulating factor at 37°C in a 5%
CO, incubator for 7 days as described earlier (29). BMDMs were
incubated with PKM2 small molecule inhibitor Shikonin (1 uM) for
1 h followed by stimulation with Ox-LDL (40 pg/ml) for 24 h or
PKM2 activator DASA-58 (50 uM) for 24 h. Peritoneal macrophages
were isolated from 4- to 8-week-old C57BL/6] mice. One-half millili-
ter of 4% thioglycollate was injected into the mouse peritoneal cavity
and peritoneal lavage was collected 3 days after the injection (30).
Peritoneal fluid was collected in sterile PBS and centrifuged at
300 gfor 6 min. Peritoneal cells were washed twice with PBS and
then plated in 6-well plates. After 4 h incubation, all nonadherent
cells were removed and the wells were washed with PBS. Adhered
macrophages were cultured in DMEM medium supplemented
with 10% FBS, 100 units/ml penicillin, 100 pwg/ml streptomycin,
and 2 mM 1-glutamine. Adhered macrophages were used for
future experiments (30).

Lipoprotein isolation, modification, and characterization

Human LDL (d = 1.019-1.063 g/ml) was isolated from the plasma
of healthy volunteers by density gradient ultracentrifugation (31, 32).
All procedures were approved by the Institutional Human Ethics
Committee and were in agreement with Declaration of Helsinki
principles. Informed consent was obtained from the human subjects
or their representatives. The native LDL was dialyzed against PBS
at 4°C for 12 h. The protein concentration of LDL was measured
using a Pierce BCA protein assay kit (Thermo Fisher Scientific).
Oxidation of native LDL (200 pg/ml) was performed in PBS by
exposure to 5 pM of CuSOy, at 37°C for 24 h. The oxidation was
terminated by the addition of sodium EDTA (0.2 mM) and butylated
hydroxytoluene (50 pM). The extent of oxidation was monitored
by calculating the thiobarbituric acid-reactive substances and
differential electrophoretic mobility in 0.5% agarose gel. HDL
(d=1.063-1.210 g/ml) was also isolated after collecting the LDL
fraction as described previously (33).

Cellular cholesterol measurement and Oil Red O staining

Total and esterified cholesterol content was measured by the
Amplex Red cholesterol assay kit (Thermo Fisher Scientific) ac-
cording to manufacturer’s instructions. Extraction of lipids was
performed with the hexane and isopropanol method as described
previously (34, 35). Briefly, macrophages were washed with ice-
cold PBS, and cellular cholesterol was extracted with 800 pl of
ice-cold hexane:isopropanol (3:2, v/v) with butylated hydroxytol-
uene (50 pg/ml) added in hexane and incubated for 30 min on
ice with occasional gentle mixing. The mixture was taken out and
centrifuged at 2,000 g for 5 min and the upper layer containing
the organic phase was removed and kept. The lower aqueous
phase was re-extracted with 300 pl of hexane:methanol (3:2, v/v)
for 30 min on ice and again centrifuged at 2,000 g for 5 min. The
organic phase was pooled and dried under a nitrogen stream.
After cholesterol extraction, the cells were treated with NaOH
(0.2 M) and SDS (0.1%, w/v), and subsequently protein concen-
trations were measured using a BCA assay kit. Total cholesterol
(TC) and free cholesterol (FC) were measured by incubating 50
wl of extracted cholesterol diluted in reaction buffer with 50 pl of
working reagent containing Amplex Red, cholesterol oxidase, and



horseradish peroxidase without cholesterol esterase (TC) or with
cholesterol esterase (FC) for 30 min at 37°C. Subsequently, fluo-
rescence was measured on a fluorescence microplate reader
(Omega, BMG Labtech, Germany) with excitation and emission
wavelengths of 540 and 590 nm, respectively. Cholesteryl ester (CE)
content was measured after subtracting FC from TC. A standard
curve of cholesterol reference (0-8 pg/ml) was used to calculate
TG, FC, and CE levels after normalization with protein.

Macrophages were fixed with 4% PFA followed by staining with
0.5% Oil Red O as described previously (36). Oil Red O-stained
macrophages were visualized and images were acquired using a
Leica QWin image system (Leica Microsystems, Germany).

Lipoprotein-deficient serum preparation and Dil labeling
of Ox-LDL

Lipoprotein-deficient serum (LPDS) was prepared by density
gradient centrifugation (37). The density of the human plasma
was adjusted to 1.21 g/ml by the addition of solid KBr and NaCl.
The subsequent solution was ultracentrifuged in an SW 41 Ti rotor
(Beckman Coulter) at 220,000 gat 10°C for 48 h. The rich upper layer
of lipoproteins was removed and the bottom portion was taken as
the LPDS. LPDS was dialyzed extensively against 1x PBS (pH 7.4)
for 48 h and then filtered, sterilized, and stored at —80°C. The
lipid part of Ox-LDL was fluorescently labeled with a lipophilic
dye, Dil (38). Briefly, Ox-LDL (1 mg/ml protein) was mixed with
1 ml of LPDS, filter sterilized through 0.45 pm filters, and incubated
at 37°C for 8 h. The density of the solution was raised to 1.225 g/ml
with the addition of solid KBr and loaded into an ultracentrifuge
tube (Beckman Coulter); the top layer containing Dil-Ox-LDL was
isolated after ultracentrifugation with a Beckman SW41 Ti rotor
at 220,000 gat 4°C for 36 h, and re-isolation of Dil-Ox-LDL was
performed. After re-isolation, Dil-Ox-LDL was extensively dialyzed
against 1x PBS sterilized with a 0.22 pm filter and stored at 4°C.

Lentiviral vector production and transduction

Lentiviral particles were produced by cotransfection of packag-
ing plasmid, envelop plasmid, and a plasmid encoding the gene
of interest, PKM2 shRNA (TRCN0000366063;Sigma-Aldrich) or
Scramble shRNA (SHCO001;Sigma-Aldrich), in HEK293T cells us-
ing Lipofectamine 2000 (Invitrogen). The lentiviral particles were
titrated and concentrated as described previouslg (39). On the
sixth day, BMDMs were transduced with 1.5 x 10° PFU lentiviral
particles. After 48 h of transduction, the effects of PKM2 knock-
down in Ox-LDL-activated macrophages were studied.

Dil-labeled Ox-LDL uptake and binding assay

BMDMs were transfected with Scramble shRNA (1.5 x 10°
PFU) or PKM2 shRNA (1.5 x 10° PFU) for 48 h followed by Ox-
LDL treatment (40 pwg/ml) for 24 h. Cells were washed with
PBS and replenished with fresh medium. Subsequently, cells
were incubated with Dil-Ox-LDL (10 pg/ml) either at 4°C for
binding or 37°C for uptake assays. After 4 h incubation, cells
were washed with 0.2% BSA containing PBS and harvested on
ice. A minimum of 10,000 events were acquired by flow cytom-
etry in FL-2 channel fluorescence and later analyzed using Cell
Quest program FACS Calibur (Becton Dickinson) (40).

Western blotting

Whole cell extracts from BMDMs after various treatments were
prepared in RIPA lysis buffer. The supernatants were collected
after centrifugation at 16,000 g for 15 min and protein concentra-
tion was measured by using BCA reagent. Nuclear and cytosolic
fractions were prepared as described previously (41). Briefly, after
24 h of Ox-LDL treatment, BMDMs were lysed in hypotonic buffer
(20 mM HEPES, 10 mM KCI, 10% glycerol, 1 mM EDTA, 0.2% NP40,
1 mM PMSF, 5 ng/ml leupeptin, 1 mM Na;VO,, and 5 pug/ml

aprotinin) and then centrifuged for 5 min at 800 gat 4°C. Super-
natants containing cytosolic fractions were collected to a new
tube, and pelleted nuclei were resuspended in hypertonic buffer
(hypotonic buffer + 350 mM NaCl) for 30 min at 4°C and centri-
fuged at 16,000 g, and both nuclear and cytosolic lysates were
probed for PKM2. Histone HI and a-tubulin immunoblotting was
done to assess the purity of the cytosolic and nuclear protein
fractions. Subsequently, an equal concentration of proteins was
boiled with Laemmli buffer, separated on 8-12% SDS-PAGE by
Western blotting, and transferred to PVDF membrane. After
blocking with 5% BSA in TBST, the membranes were probed with
primary and secondary antibodies against several proteins of in-
terest. Western blots were developed using a Gel Doc imaging sys-
tem (Image Quant LS 500; GE Healthcare).

Co-immunoprecipitation and interaction studies

BMDMs treated with Ox-LDL were lysed as previously described
(32). Pre-adsorption of PKM2 antibody on protein A/G-Sepha-
rose beads was done in the presence of pre-adsorption buffer
(16). The cell lysates were incubated with the immobilized PKM2
antibody and incubated at 4°C overnight. Immunoprecipitated
proteins were subsequently washed, denatured, and separated on
SDS-PAGE. Immunoblotting was performed with SREBP-1 and
Hif-1a antibody for studying the interaction.

Analysis of PKM2 oligomers by cross-linking

For crosslinking of PKM2, Ox-LDL-treated cells (40 wg/ml)
were washed with PBS (pH 8.0) and cross-linking (16) was per-
formed using 1 mM disuccinimidyl suberate in PBS (pH 8.0) for
30 min at room temperature. The reaction was stopped by addi-
tion of Tris-HCI (pH 7.5) to a final concentration of 100 mM. Cell
lysates consisting of an equal amount of proteins were analyzed by
8% SDS-PAGE and Western blot.

Cellular cholesterol efflux assay

BMDMs were transfected with Scramble shRNA (1.5 x 10° PFU)
or PKM2 shRNA (1.5 x 10° PFU) for 48 h. To induce foam cell
formation and equilibration with NBD-cholesterol, cells were pre-
treated with Ox-LDL (40 wg/ml) and NBD-cholesterol (1 pg/ml)
for 12 h. Subsequently, cells were washed with PBS and incubated
in phenol red-free RPMI medium containing 0.2% BSA with HDL
(100 pg/ml) or apoAl (10 pg/ml) for another 6 h. The fluorescence-
labeled NBD-cholesterol released from the cell into the medium
was measured in a fluorimeter (Omega, BMG Labtech) at exci-
tation and emission wavelengths of 485 and 540 nm, respectively.
Cholesterol efflux was calculated from fluorescence in the medium
relative to total fluorescence (cells and medium) and expressed as
fold change (42).

RNA isolation and real-time RT-PCR

Total RNA was isolated from BMDMs with TRIzol reagent and
reverse transcribed using a RevertAid cDNA synthesis kit (Thermo
Fisher Scientific). Real-time quantitative PCR was carried out us-
ing LightCycler® 480 System II (Roche Applied Science, UK) us-
ing SYBR Green and gene-specific primers (31). The primers
used are listed in Table 1. 18S was used as an internal standard to
calculate the relative expression, and relative fold changes be-
tween the groups were calculated by using the comparative cycle
threshold (272%“T) method (43).

Measurement of oxygen consumption rate and
extracellular acidification rate

The oxygen consumption rate (OCR) and extracellular acidifi-
cation rate (ECAR) were measured using an XFp extracellular
flux analyzer (Agilent Technologies) and as reported earlier (44).
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TABLE 1. PCR primer sequences

Gene Primer Sequence (5"—3)
18S Forward 5 GCAATTATTCCCCATGAACGS’
Reverse 5'GGCCTCACTAAACCATCCAAS’
IL-1B Forward 5'GCTTCAAATCTCGCAGCAGCS’
Reverse 5 TCACAGAGGATGGGCTCTTCS’
SLC2A1 Forward 5 ATGGATCCCAGCAGCAAGS’
Reverse 5'CCAGTGTTATAGCCGAACTGC3’
LDH Forward 5'GCTCCCCAGAACAAGATTACAS
Reverse 5 TCGCCCTTGAGTTTGTCTTCS’
PKM2 Forward 5 AGGATGCCGTGCTGAATGY’
Reverse 5" TAGAAGAGGGGCTCCAGAGGS’
PPAR-« Forward 5GTCCTCAGTGCTTCCAGAGGS’
Reverse 5GGTCACCTACGAGTGGCATTS
PPARy Forward 5 AGTGGAGACCGCCCAGGS’
Reverse 5 GCAGCAGGTTGTCTTGGATGTS
LXR-« Forward 5'GCTCTGCTCATTGCCATCAGS’
Reverse 5 TGTTGCAGCCTCTCTACTTGGAY

After Ox-LDL treatment (40 pg/ml), the cells were changed to
unbuffered assay medium supplemented with 10 mM glucose,
1 mM pyruvate, 2 mM glutamine, (pH 7.4) for OCR and unbuf-
fered base medium supplemented with 2 mM glutamine (pH 7.4)
for ECAR measurement, respectively, and incubated for 45 min at
37°C. Baseline measurements were obtained before sequential
injection of the mitochondrial inhibitors, oligomycin (1 uM), car-
bonyl cyanide-p-trifluoromethoxy-phenylhydrazone (1 wM), and
antimycin (500 nM) plus rotenone (500 nM) for OCR and bp-glu-
cose (10 mM), oligomycin (1 uM), and 2-DG (50 mM) for ECAR.
Extracellular 1-lactate was measured in cell culture supernatant by
I-lactate assay kit (Cayman Chemical) as described previously (45).

Statistical analysis

Data are presented as the mean + SE. The difference between
the two groups was determined by unpaired two-tailed Student’s
ttest. A Pvalue <0.05 was considered statistically significant. All sta-

tistical analyses were performed with the GraphPad Prism 7.0 pro-
gram (GraphPad Inc., La Jolla, CA).

RESULTS

Regulation of PKM2 by Ox-LDL in macrophages

The monomeric or dimeric form of PKM2 regulates aer-
obic glycolysis and inflammation in activated immune cells
(11). Therefore, the effect of Ox-LDL on PKM2 expres-
sion, tyrosine 105 phosphorylation, nuclear translocation,
and oligomerization was evaluated. A significant increase
in PKM2 tyrosine 105 phosphorylation was observed at 1 h
(~3.1-fold), 3 h (~3.4-fold), 6 h (~2.8-fold), and 12 h
(~2.2-fold) of Ox-LDL treatment when compared with the
control (Fig. 1A, B). However, no significant change in
phosphorylation was observed at 24 and 48 h (Fig. 1A, B)
when compared with the control. Ox-LDL also induced a
significant increase in PKM2 protein expression (1-48 h)
when compared with the control (Fig. 1A, C). The effect of
Ox-LDL on the PKM2 pathway was dose dependent be-
cause significant increases in PKM2 expression, PKM2 tyro-
sine 105 phosphorylation (supplemental Fig. SIA-C), and
IL-1B mRNA and protein expression (supplemental Fig. S1D
and E, respectively) were observed with increasing doses of
Ox-LDL. The nuclear and cytosolic purity of Ox-LDL-treated
samples was ascertained by histone H1 and a-tubulin
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immunoblotting (Fig. 1D). Ox-LDL induced a significant
increase in the nuclear translocation of PKM2 at 1 h (~2-
fold), 3 h (~3.3-fold), and 6 h (~2.8-fold); although, at later
time points, a decrease was observed when compared with
the control (Fig. 1E, F). However, no significant increase in
the cytosolic pool of PKM2 was observed (Fig. 1E, G). Con-
current with Ox-LDI-induced phosphorylation of PKM2
on tyrosine 105, we observed increased nuclear localization
of PKM2. This effect was evident at 1 h and maximum at
3 h; however at later time points (12-48 h), a decrease
was observed (Fig. 1E, F).

Similarly, Ox-LDL induced a time-dependent increase in
PKM2 mRNA expression when compared with the control
(Fig. 1H). At early time points of Ox-LDL treatment, an
increase in the monomeric and tetrameric form of PKM2
was observed when compared with the control (Fig. 11, J).
However, at later time points (12-24 h), the tetrameric
form of PKM2 dominated (Fig. 11, J). Therefore, both nu-
clear and cytosolic functions of PKM2 were induced after
Ox-LDL treatment. Because PPARy mediates Ox-LDIL-
induced macrophage foam cell formation (20) and plays a
role in PKM2 expression (21), its effect on PKM2 mRNA
and protein expression was evaluated. Ox-LDL-induced
PKM2 mRNA and protein expression was significantly at-
tenuated in the presence of the PPARy antagonist
GW9662 when compared with cells treated with Ox-LDL
alone (Fig. 1 K, L). Therefore, PPARy regulates PKM?2
expression in Ox-LDL-activated macrophages.

Ox-LDL induces aerobic glycolysis

The Warburg effect or aerobic glycolysis is characterized
by an increase in lactate production and ECAR (46). Ox-
LDL induced a significant increase in the basal ECAR at 3
and 6 h when compared with the control (Fig. 2A). However,
at 24 h, no significant change in the ECAR was observed
when compared with the control (Fig. 2A, B). Ox-LDL also
induced a significant decrease in the OCR and mitochon-
drial maximal respiratory capacity at 24 h (Fig. 2C-E); how-
ever, no significant change was observed at 3 and 6 h when
compared with the control (Fig. 2C, D).

To assess the role of PKM2 on Ox-LDI-induced lactate
production, experiments were carried out in the presence
of a PKM2 pharmacological inhibitor, Shikonin or PKM2
shRNA. As expected, PKM2 shRNA significantly reduced
PKM2 protein expression when compared with Scramble
shRNA (Fig. 2F). Ox-LDL induced a significant increase in the
extracellular lactate levelsat 3 h (~3.6 mM), 6 h (~2.3 mM),
12 h (~1.8 mM), and 24 h (~1.1 mM) when compared
with the control (Fig. 2G). Cells pretreated with Shikonin
or PKM2 shRNA and stimulated with Ox-LDL showed a sig-
nificant decrease in lactate content when compared with
Scramble shRNA- and Ox-LDL-treated cells (Fig. 2G).
Therefore, the results suggest that PKM2 mediates Ox-
LDL-induced aerobic glycolysis.

PKM2-Hif-1« axis fuels Ox-LDL-induced inflammation in
BMDMs

The PKM2-Hif-1la axis plays a vital role in macrophage
immune response and aerobic glycolysis (16); therefore, its
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Fig. 1.

Ox-LDL regulates PKM2 tyrosine 105 phosphorylation, expression, and oligomerization in BMDMs. A: Western blot analysis of

PKM2 expression and phosphorylation after Ox-LDL treatment (40 wg/ml). B: Bar diagram representing quantification of PKM2 phos-
phorylation as shown in A. C: Bar diagram representing quantification of PKM2 protein expression as shown in A. B-Actin was used as an
internal control (n = 3). D: Purity assessment of nuclear and cytosolic preparations by immunoblotting with histone H1 and a-tubulin. E:
Nuclear and cytosolic fraction subjected to Western blotting to detect PKM2 content at different time points of Ox-LDL treatment (n = 3).
F: Relative quantification of PKM2 nuclear fraction as shown in E. G: Relative quantification of PKM2 cytosolic fraction as shown in E. H:
Relative mRNA expression of PKM2 with respect to control gene 18S measured by quantitative PCR (n = 3). I: Western blot analysis of PKM2
after cross-linking with 1 mM disuccinimidyl suberate. J: Respective quantification of PKM2 monomer and tetramer form as shown in
I (n=3). K: Effect of GW9662 (10 uM, 24 h) pretreatment on Ox-LDL-induced (40 pwg/ml, 6 h) PKM2 mRNA expression (n = 3). L: Effect
of GW9662 on PKM2 protein expression (n = 3). Blots represent one of three similar experiments. Values represent mean + SEM.

role in Ox-LLDL-induced inflammation was assessed. Ox-LDL
induced a significant increase in PKM2-Hif-1a interaction
(Fig. 3A); although a significant increase in Hif-loo mRNA
(supplemental Fig. S2) and protein expression was also ob-
served (Fig. 3A). As expected, PKM2 shRNA significantly
reduced PKM2 protein expression and therefore PKM2-
Hif-1a interaction (Fig. 3A). Ox-LDL also induced a time-
dependent increase in glucose transporter member 1
(SLC2A1), lactate dehydrogenase (LDH), and IL-13 mRNA
expression and secretory IL-1 production when compared
with the control (Fig. 3B-E). Shikonin or PKM2 shRNA
significantly inhibited Ox-LDIL-induced SLC2A1, LDH, and
IL-18 mRNA expression and secretory IL-13 production when
compared with cells treated with Ox-LDL alone (Fig. 3B-E).
These results suggest the role of the PKM2-Hif-1a axis in
Ox-LDI-induced inflammation and activation of Hif-la
target genes in BMDMs.

Ox-LDL induces PKM2-Hif-1a axis, aerobic glycolysis,
and inflammation in peritoneal macrophages

Experiments were carried out to assess whether Ox-LDL
stimulates PKM2, aerobic glycolysis, and inflammation in

peritoneal macrophages similarly to BMDMs. In peritoneal
macrophages, Ox-LDL induced PKM2 tyrosine 105 phos-
phorylation and PKM2 protein expression in a time-depen-
dent manner (Fig. 4A-C). A significant increase in PKM2
tyrosine 105 phosphorylation was observed at 3 h (~2.8-fold),
6 h (~2.6fold), and 12 h (~1.8fold) of Ox-LDL treatment
when compared with the control (Fig. 4A, B). However, no
significant change in phosphorylation was observed at 24 and
48 h (Fig. 4A, B) when compared with the control. Further-
more, Ox-LDL induced a significant increase in PKM2 pro-
tein expression (3—48 h) compared with the control (Fig. 4A,
C). Ox-LDL also induced a significant increase in extracellu-
lar 1-lactate at 3 h (~3.7 mM), 6 h (~3.5 mM), and 12 h
(~1.7 mM) when compared with the control; however, at 24 h
no significant change in 1-lactate was observed (Fig. 4D).
Cells pretreated with PKM2 shRNA and stimulated with Ox-
LDL showed a significant decrease in lactate content when
compared with Scramble shRNA- and Ox-LDI-treated cells
(Fig. 4D). Similarly, Ox-LDL induced a significant increase in
SLC2A1 and LDH mRNA expression and secretory IL-13
production when compared with the control (Fig. 4 E, F,
and G, respectively). PKM2 shRNA significantly inhibited
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Ox-LDIL-induced SLC2A1 and LDH mRNA expression and
secretory IL-1p production when compared with Scramble
shRNA- and Ox-LDL-treated cells (Fig. 4 E, F, and G, respec-
tively). As expected, PKM2 knockdown with specific shRNA
significantly abrogated Ox-LDL-induced PKM2 protein ex-
pression (Fig. 4H). Therefore, in peritoneal macrophages,
Ox-LDL stimulates PKM2, aerobic glycolysis, and inflamma-
tion similarly to BMDMs.

PKM2 mediates Ox-LDL-induced foam cell formation and
cholesterol efflux in BMDMs and peritoneal macrophages

Ox-LDL treatment significantly increased cellular TC,
FC, and CE (~188.4, ~147.9, and ~40.5 ug/mg protein,
respectively) in BMDMs when compared with the control
(Fig. 5A). However, macrophages pretreated with PKM2
shRNA and stimulated with Ox-LDL showed a significant
decrease in TC, FC, and CE when compared with Scramble
shRNA- and Ox-LDIL-treated cells (~121.5, ~95.2, and
~26.3 ng/mg protein, respectively; Fig. bA). PKM2 shRNA
also decreased Ox-LDL-mediated intracellular lipid accu-
mulation, as evident by Oil Red O staining (supplemental
Fig. S3A). To delineate the underlying mechanisms by
which PKM2 regulates foam cell formation, expression of
cholesterol transporters (ABCA1, SRB1, and ABCG1) and
transcription factors involved in cholesterol efflux (LXR-a,
PPAR-a, and PPARYy) was assessed. Ox-LDL significantly
induced the expression of ABCA1 (~1.9-fold; Fig. 5B, C)
and ABCGI (~1.84fold; Fig. 5B, C) when compared with
the control. Pretreatment with Shikonin or PKM2 shRNA
significantly enhanced Ox-LDL-induced ABCAI (P = 0.01
and P = 0.006, Fig. 5B, C and Fig. 5D, E; respectively) and
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ABCGI1 (P=0.02 and P = 0.01, Fig. 5B, C and Fig. 5D, E;
respectively) expression when compared with cells treated
with Ox-LDL alone. This suggests that PKM2 limits Ox-LDL-
induced ABCAI and ABCGI expression.

mRNA expression of common transcription factors in-
volved in cholesterol efflux was also assessed. Ox-LDL sig-
nificantly induced PPAR-o and PPARy mRNA expression;
however, a significant reduction in LXR-o mRNA was
observed (supplemental Fig. S3B-D). Pretreatment with
PKM2 shRNA did not affect Ox-LLDI-induced PPAR-ac and
PPARy mRNA expression; however, significant recovery in
LXR-ao mRNA was observed (supplemental Fig. S3 B-D).
Similarly, Ox-LDL induced a significant decrease in the
LXR-a protein expression when compared with the con-
trol (P < 0.05, Fig. 5B-E). Pretreatment with Shikonin or
PKM2 shRNA prevented the Ox-LDL-induced decrease in
LXR-a protein expression (P< 0.01; Fig. 5B-E) when com-
pared with cells treated with Ox-LDL alone. Although Ox-
LDL reduced the expression of SRB1 when compared with
the control (P< 0.05; Fig. 5B-E), pretreatment with Shikonin
or PKM2 shRNA did not prevent the Ox-LDL-induced
decrease in SRB1 expression (Fig. 5B-E). DASA-58, a small
molecule activator of PKM2, significantly decreased the
expression of ABCA1 (P = 0.008), ABCG1 (P = 0.005),
and LXR-a (P =0.003) when compared with the control
(Fig. bF, G). Surprisingly, a significant increase in SRB1
expression was observed with DASA-58 treatment when
compared with the control (Fig. 5F, G).

Ox-LDL significantly increased HDL-dependent choles-
terol efflux (P=0.009, Fig. 56H) or apoAl-dependent cho-
lesterol efflux (P = 0.001, Fig. 5I) in the BMDMs when
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compared with the control. However, pretreatment with
PKM2 shRNA further augmented Ox-LDL-induced choles-
terol efflux to HDL (P = 0.01, Fig. 5H) or apoAl (P=0.02,
Fig. 5I) when compared with the Ox-LDL- and Scramble
shRNA-treated groups. This correlates well with the signifi-
cantincrease in the ABCA1 and ABCGI expression observed
after PKM2 inhibition in Ox-LDL-treated macrophages.
Moreover, treatment with the PKM2 activator, DASA-58,
augmented Ox-LDL-induced intracellular TC, FC, and CE
accumulation (supplemental Fig. S4A) and attenuated
HDL- and apoAl-mediated cholesterol efflux (supplemen-
tal Fig. S4B, C) when compared with cells treated with Ox-
LDLalone. Therefore, PKM2seems to regulate macrophage
foam cell formation by modulating ABCAl and ABCGI1
expression and cholesterol efflux.

Similar to BMDMs, Ox-LDL treatment significantly in-
creased cellular TC, FC, and CE (~98, ~64, and ~34 g/
mg protein; respectively) in the thioglycollate-induced mu-
rine peritoneal macrophages when compared with the con-
trol (Fig. 6A). However, macrophages pretreated with
PKM2 shRNA and stimulated with Ox-LDL showed a signifi-
cant decrease in TC, FC, and CE when compared with
Scramble shRNA- and Ox-LDIL-treated cells (~63.1, ~41.2,
and ~21.9 ng/mg protein, respectively; Fig. 6A). Ox-LDL

significantly induced the expression of ABCA1 (~1.9-fold;
Fig. 6B, C) and ABCGI expression (~1.7-fold; Fig. 6B, C)
when compared with the control. Similar to BMDMs, pre-
treatment with PKM2 shRNA significantly enhanced the
Ox-LDL-induced ABCA1 (P=0.01; Fig. 6B, C) and ABCG1
expression (P = 0.04; Fig. 6B, C) when compared with
Scramble shRNA- and Ox-LDI-treated cells. PKM2 inhibi-
tion did not affect the Ox-LDL-induced decrease in SRB1
expression (P=0.01; Fig. 6B, C). Ox-LDL induced a signifi-
cant decrease in the LXR-a protein expression (P = 0.02;
Fig. 6B, C) when compared with the control. Pretreatment
with PKM2 shRNA prevented Ox-LDIL-induced downregu-
lation of LXR-a expression (P= 0.02; Fig. 6B, C) when com-
pared with Scramble shRNA- and Ox-LDL-treated cells.
Ox-LDL significantly increased HDI-dependent choles-
terol efflux (P=0.005, Fig. 6D) or apoAl-dependent choles-
terol efflux (P = 0.003, Fig. 6E) in peritoneal macrophages
when compared with control cells. However, pretreatment
with PKM2 shRNA further augmented Ox-LDL-induced
cholesterol efflux to HDL (P= 0.01, Fig. 6D) or apoAl (P=
0.03, Fig. 6E) when compared with Scramble shRNA- and
Ox-LDI ~treated cells. Therefore, similar to BMDMs, PKM2
regulates cholesterol efflux by modulating ABCAl and
ABCGI expression in peritoneal macrophages also.
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PKM2 regulates Ox-LDL binding and uptake and CD36
expression

The effect of PKM2 on scavenger receptor expression and
cholesterol uptake was studied. PKM2 shRNA pretreatment
significantly decreased the binding (P= 0.01; Fig. 7A, B)
and uptake (P=0.001; Fig. 7C, D) of Dil-Ox-LDL in macro-
phages when compared with Scramble shRNA- and Dil-Ox-
LDL-treated cells. Ox-LDL induced a significant increase
in scavenger receptor CD36 protein expression (~2.9-fold,
Fig. 7E) when compared with the control. However, pre-
treatment with Shikonin or PKM2 shRNA significantly re-
duced Ox-LDL-induced CD36 protein expression (P=0.03
and P=0.016; Fig. 7E and F, respectively) when compared
with Ox-LDL-treated cells. Similarly, in peritoneal macro-
phages, PKM2 shRNA abrogated the Ox-LDL-induced
CD36 protein expression when compared with Scramble
shRNA-and Ox-LDL-treated cells (supplemental Fig. SHA).
DASA-58 also significantly induced the expression of CD36
(~3.2fold, Fig. 7G). Therefore, PKM2 may regulate foam
cell formation by regulating CD36 expression and Ox-LDL
binding and uptake.

PKM2 regulates SREBP-1-dependent FASN expression

Because FASN plays a role in lipid biosynthesis (28), the
effect of PKM2 on FASN protein expression was evaluated.
Ox-LDL induced a significant increase in FASN protein ex-
pression when compared with the control (P=0.03 and P=
0.007; Fig. 8A and B, respectively). However, pretreatment
with Shikonin or PKM2 shRNA significantly attenuated
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Ox-LDL-induced FASN protein expression when compared
with cells treated with Ox-LDL alone (P< 0.05; Fig. 8A, B).
Similarly, in peritoneal macrophages, PKM2 knockdown
inhibited Ox-LDL-induced FASN expression (supplemental
Fig. S5B). DASA-58 significantly increased FASN protein
expression (~2.3-fold, Fig. 8C) when compared with the
control. Therefore, PKM2 regulates Ox-LDL-induced FASN
expression. Because SREBP-1 can drive FASN expression
(28), its regulation by PKM2 was studied. Ox-LDL induced
a significant increase in PKM2-SREBP-1 association in the
macrophages (Fig. 8D). The inhibition of PKM2 did not
affect the expression of SREBP-1 (Fig. 8D). Therefore,
Ox-LDL induces PKM2-SREBP-1 interaction in a PKM2-
dependent manner. While assessing any nonspecific effect
of control shRNA on the pathways evaluated in the present
study, it was observed that control shRNA had no significant
effect on the expression of genes regulating cholesterol
efflux, CD36, and FASN when compared with the control
(supplemental Fig. S6). Therefore, the effects observed in
the present study were specific to PKM2.

Therefore, in the present study, PKM2 regulates aerobic
glycolysis, inflammation, and macrophage foam cell forma-
tion (Fig. 9).

DISCUSSION

PKM2 bridges metabolic and inflammatory dysfunction
in atherosclerotic coronary artery disease (10). However, its
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role in macrophage foam cell formation is not clear. Here,
we demonstrate the role of PKM2 in Ox-LDL-induced
glycolytic switch, inflammation, and macrophage foam
cell formation.

In atherosclerosis, macrophages play an important
role in vascular cholesterol homeostasis by regulating
Ox-LDL uptake and intracellular cholesterol trafficking
(47). However, excessive accumulation of modified lipids
leads to inflammation, foam cell formation, and disease

progression (48). Therefore, targeting macrophage lipid
accumulation and inflammation is an attractive strategy
to prevent atherosclerosis.

During macrophage foam cell formation, there is
transcriptional and posttranslational activation of PKM2
because an increase in PKM2 mRNA and protein expres-
sion and PKM2 phosphorylation is observed in Ox-LDL-
stimulated macrophages. Usually the monomer or dimer
form of PKM2 localizes to the nucleus (14), and nuclear
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translocation of PKM2 promotes a glycolytic and inflam-
matory phenotype (16). The tetrameric form of PKM2
is restricted to the cytosol and promotes glycolytic flux
(49).

Phosphorylation of PKM2 on tyrosine 105 promotes its
monomer or dimer conformation, nuclear translocation,
and Warburg effect (16). In the present study, a shorter
Ox-LDL treatment regimen induced similar modulation of
PKM2. In a recent study, out of the several putative kinases
that phosphorylate PKM2 at tyrosine 105 (50), Src kinase
stands out because it plays an important role in Ox-LDL-
induced foam cell formation (51). Therefore, it is quite
possible that Src kinase activates PKM2 during Ox-LDL-
induced macrophage foam cell formation. However, this
needs detailed investigation. The mRNA for PKM2 contin-
ues to increase even up to 24 h while protein level stabilizes
after 3h. This may be due to PKM2 posttranslational modi-
fications like acetylation, which is known to limit PKM2
protein expression by promoting its lysosomal degradation
(52). In the present study, the Ox-LDL-induced Warburg
effect was evident due to a significant increase in lactate
and ECAR. During the Warburg effect, an increase in gly-
colytic flux and a decrease in oxidative phosphorylation
leads to lactate accumulation (46).
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PKM2 supports the Ox-LDL-induced Warburg effect be-
cause a significant decrease in lactate was observed with
PKM2 shRNA and Shikonin. It is well-known that the PKM2
tetramer conformation promotes glycolytic flux and limits
the Warburg effect (16). Similarly, in the present study, longer
treatment (12-24 h) of Ox-LDL promotes PKM2-dependent
glycolytic flux, because there is an increase in PKM2 tetramer
conformation. This is accompanied with decreased PKM2
tyrosine 105 phosphorylation, nuclear localization, ECAR,
and lactate production. Therefore, Ox-LDIL-induced time-
dependent modulation of PKM2 phosphorylation correlates
well with its nuclear cytosol localization and PKM2 tetramer
formation. The functional effect of this modulation is evident
from the ECAR and lactate production; although we
observed a significant decrease in the OCR, which may be
due to a broken Kreb’s cycle (53).

Because the PPARy antagonist GW9662, significantly at-
tenuated Ox-LDL-induced PKM2 expression, it can be
speculated that PPARy is upstream of PKM2 during foam
cell formation. It is well reported that Ox-LDL-induced
macrophage foam cell formation is mediated by PPARy
(20). Earlier reports also suggest that PPARy supports the
transcription of the PKM2 gene and promotes fatty liver
disease (21). LPS induces the formation of a PKM2 and
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a-tubulin was used as an internal control (n = 3). Values represent mean + SEM.

Hif-lae complex that can bind to the IL-13 promoter and
regulate inflammation (16). PKM2 can also regulate Hif-1o
activity and transcription of Hif-la-dependent genes in
hypoxia and cancer (15, 16). In the present study, Ox-LDL
induced PKM2 and Hif-la interaction, suggesting opera-
tion of similar mechanisms. PKM2 plays a role in Ox-LDL-
induced Hif-la turnover because Ox-LDL-induced Hif-1a
mRNA and protein expression was significantly attenu-
ated with PKM2 shRNA. Ox-LDL regulates PKM2-Hif-1a-
induced transcription of the pro-glycolytic genes, SLC2A1
and LDH, and the pro-inflammatory gene, IL-13, required
for aerobic glycolysis in a PKM2-dependent manner because
the effect was abrogated with PKM2 shRNA or Shikonin.
Deregulated lipid metabolism is common in foam cell
formation, where SREBP-1a regulates lipid biosynthesis
through transcriptional activation of lipogenic genes (27).
Because PKM2 shRNA abrogated the Ox-LDL-induced sig-
nificant increase in TC, FC, and CE, it can be concluded
that PKM2 plays a role in Ox-LDIL-induced macrophage
foam cell formation. Because PKM2 inhibition augmented
ABCALI and ABCGI protein expression and cholesterol ef-
flux to apoAl and HDL, it can be speculated that PKM2
regulates macrophage foam cell formation by promoting
reverse cholesterol transport. LXR-a promotes HDL- and
apoAl-mediated cholesterol efflux by directly increasing

the transcription of ABCA1 and ABCGI respectively in hu-
mans and mice (54-56). Although a significant decrease in
LXR-a was observed with Ox-LDL, it is quite possible that
PKM2 limits the effect of LXR-a on ABCA1 and ABCG1
expression because pharmacological inhibition of PKM2
further upregulates Ox-LDL-induced ABCAI and ABCG1
expression and restores LXR-a expression. Moreover,
the PKM2 activator, DASA-58, also downregulated LXR-a,
ABCAI, and ABCGI expression in macrophages. However,
a role of other transcription factors cannot be ruled out.
Although no change in SRB1 expression was observed with
either PKM2 shRNA or Shikonin in Ox-LDL-treated cells, a
significant increase was observed with DASA-58. Therefore,
it can be speculated that the regulation of SRB1 by Ox-LDL
is independent of PKM2.

An important step in foam cell formation is internaliza-
tion of Ox-LDL by macrophage scavenger receptor CD36
(51). In the present study, PKM2 inhibition decreased
Ox-LDL-induced CD36 expression and CD36-mediated
binding and uptake of Dil-Ox-LDL in macrophages. More-
over, the PKM2 activator, DASA-58, increased the protein
expression of CD36. Therefore, it can be speculated that
PKM2 regulates foam cell formation by regulating CD36 ex-
pression and binding and uptake of Ox-LDL. Macrophages
deficient in FASN showed decreased foam cell formation,
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and this involved upregulation of LXR-« and its downstream
target ABCALI, increased apoAl-mediated cholesterol efflux,
downregulation of scavenger receptor CD36, and decreased
saturated fatty acid synthesis (24).

In the present study, Ox-LDL regulates FASN expression
in a PKM2-dependent manner; however; detailed studies
will be required to decipher the mechanistic role of FASN
in the observed effects of PKM2.

Recently, it was reported that, in hepatocellular carci-
noma, PKM2 interacts with nuclear SREBP-1a, and its
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Fig. 9. Role of PKM2 in Ox-LDIL-induced inflammation and foam
cell formation.
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enhanced phosphorylation at threonine 106 promotes
SREBP-1a stabilization and increased transcription of
lipogenic genes such as FASN (27). In the present study,
because Ox-LDL induced a significant increase in PKM2-
SREBP-1 interaction, it can be speculated that this interac-
tion may regulate FASN expression.

The present study demonstrates the role of PKM2 in foam
cell formation and inflammation. PKM2 interacts with Hif-1a
and SREBP-1 promoting IL-1 and FASN expression, respec-
tively. PKM2 regulates cholesterol uptake and efflux by
affecting Ox-LDL binding, uptake, and expression of CD36,
LXR-a, ABCA1, and ABCGI. Therefore, PKM2 can be an
attractive target for preventing the foam cell formation and
sterile inflammation observed during atherosclerosis. 2
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