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Abstract Rescuing cells from stress damage emerges a potential therapeutic strategy to combat

myocardial infarction. Protocatechuic aldehyde (PCA) is a major phenolic acid in Chinese herb Danshen

(Salvia miltiorrhiza root). This study investigated whether PCA regulated nuclear pyruvate kinase iso-

form M2 (PKM2) function to protect cardiomyocytes. In rats subjected to isoprenaline, PCA attenuated

heart injury and protected cardiomyocytes from apoptosis. Through DARTS and CETSA assays, we iden-

tified that PCA bound and promoted PKM2 nuclear translocation in cardiomyocytes exposed to oxygen/

glucose deprivation (OGD). In the nucleus, PCA increased the binding of PKM2 to b-catenin via preser-

ving PKM2 acetylation, and the complex, in cooperation with T-cell factor 4 (TCF4), was required for

transcriptional induction of genes encoding anti-apoptotic proteins, contributing to rescuing cardiomyo-

cyte survival. In addition, PCA ameliorated mitochondrial dysfunction and prevented mitochondrial

apoptosis dependent on PKM2. Consistently, PCA increased the binding of PKM2 to b-catenin, improved

heart contractive function, normalized heart structure and attenuated oxidative damage in mice subjected

to artery ligation, but the protective effects were lost in Pkm2-deficient heart. Together, we showed that

PCA regulated nuclear PKM2 function to rescue cardiomyocyte survival via b-catenin/TCF4 signaling

cascade, suggesting the potential of pharmacological intervention of PKM2 shuttle to protect the heart.
l shift assay; CK-MB, creatine kinase isoenzyme-MB; DARTS, drug affinity responsive target stability; ISO,

e; NRVMs, neonatal rat ventricular myocytes; OGD, oxygen and glucose deprivation; PCA, protocatechuic

m M2; ROS, reactive oxygen species; shRNA, short hairpin RNA; TCF4, T-cell factor 4; TUNEL, deoxy-

ck end-labeling.
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1. Introduction

Myocardial infarction (MI) is a leading cause of global
morbidity1, and cardiomyocyte loss has been proposed as a critical
determinant of heart injury. Although nutrient depletion is the
direct cause of cell necrosis in the infarct focus, many contributing
factors impair cells via different mechanisms. Of note, oxidative
stress, inflammation and calcium overload converge on mito-
chondrial dysfunction, resultantly leading to mitochondrial
apoptosis, an important way for cell death in ischemic heart2. Due
to the minimal regenerative capacity of adult mammalian
heart3e5, protection of cardiomyocyte survival emerges as an
important means to limit ischemic injury.

Accumulating studies have reported the important role of
pyruvate kinase isoform M2 (PKM2) in aerobic glycolysis, cell
cycle and apoptosis, especially in tumors6. Conventionally,
PKM2 is known as a rate-limiting glycolytic enzyme that
catalyzes the conversion of phosphoenolpyruvate to pyruvate.
PKM2 shuttles between the cytosol and the nucleus and
functions on a subcellular compartment-dependent manner. In
the cytosol, PKM2 exists primarily as an enzymatically active
tetramer. Although the formation of PKM2 dimer is enzymat-
ically inactive, it can translocate to the nucleus where it
functions as a co-activator for the transcriptional regulation of
genes involved in cell proliferation and tumor development7,8.
Despite PKM2 is highly expressed in tumor cells, recent
studies have revealed its role in heart. High level of PKM2 is
associated with reduce apoptosis and oxidative stress in car-
diomyocytes exposed to oxygen and glucose deprivation
(OGD)9. In infarcted myocardium, PKM2, together with
hypoxia-inducible factor-1a (HIF-1a), has demonstrated a
contribution to ATP synthesis via glycolysis10. After heart
transplantation, PKM2 expression is also observed to be posi-
tive correlated to cardiomyocyte survival11. The adult
mammalian heart has limited regenerative capacity; however,
PKM2 is demonstrated to regulate postnatal cardiomyocytes
cycle and protect cell survival from ischemic insult12. These
events raise the possibility that nuclear PKM2 can increase
cardiomyocyte resistance to ischemic injury.

Once entering the nucleus, PKM2 dimer exerts other functions
beyond glycolysis13. In the nucleus, PKM2 phosphorylates proteins
involved in cell growth and survival14,15. b-Catenin is a transcrip-
tional regulator involved in cell proliferation and survival via
regulation of several genes. Usually, b-catenin is a key effector of
WNT signaling in the nucleus, responsible for the control of cell
fate via regulation of WNT-specific genes16. In fact, nuclear PKM2
is a multi-tasking regulator, as it interacts with different transcription
factors to influence cell fate16. In cancer cells, upon epidermal
growth factor (EGF) stimulation, PKM2 translocates into the nu-
cleus and binds to b-catenin, and this complex is recruited to the
promoter region for transcriptional regulation of cell proliferation in
a manner that is independent of WNT signaling7. b-Catenin reduces
myocardial infarct size and protects cardiomyocytes from
lipotoxicity-induced apoptosis17,18, indicative of the potential of
cardioprotection.
Protocatechuic aldehyde (PCA) is a natural phenolic com-
pound found in Chinese herb Danshen (Salvia miltiorrhiza root),
which has been widely used for the treatment of cardiovascular
diseases, including ischemic damage19,20. By screening a chemi-
cal library consisting of 304 natural compounds, we had found
that PCA could potently protect cardiomyocytes from oxidative
damage in our previous work19. As a phenolic acid, the anti-
oxidative effects of PCA have been well documented21e23.
Although PCA attenuates heart injury against ischemic injury19,
and decreases apoptosis in vessel endothelial and smooth muscle
cells from different mechanisms24e26, the exact role in car-
dioprotection remains to be revealed. Herein, we identified PKM2
as a potent candidate targeted by PCA. Because PKM2 in the
nucleus regulates cardiomyocyte cell cycle through b-catenin
pathways12, we invested the role of PCA with a focus on the
function of nuclear PKM2. We showed that PCA promoted the
nuclear translocation of PKM2, and rescued cardiomyocyte sur-
vival via b-catenin/T-cell factor 4 (TCF4) signaling cascades in
the setting of ischemic injury. These results suggested that phar-
macological intervention of PKM2 shuttle is a potential thera-
peutic strategy to prevent ischemic damage.

2. Materials and methods

2.1. Chemicals and reagents

Protocatechuic aldehyde (purity � 98%) was purchased from
Yuanye Biotechnology Co., Ltd. (Shanghai, China). PhosSTOP
(4906837001) and EDTA-free, EASYpack protease inhibitor
(4693116001) were obtained from Roche (Shanghai, China).
Pronase (10165921001) and isoprenaline (I5627) were purchased
from SigmaeAldrich (St. Louis, MO, USA). Trypsin (0.25%),
protein A/G magnetic beads (Pierce™, 88802) and Mito-Tracker
Red FM (M22425) were all obtained from Thermo Fisher Sci-
entific (Shanghai, China). The H2DCFDA (HY-D0940) fluores-
cence probe was obtained from MCE (Shanghai, China). PNU-
74654 (S8429) was obtained from Selleck (Shanghai, China).
Antibodies against PKM2 (4053), SIRT6 (12486), cleaved caspase
3 (9664s), a-actinin (6487), mouse anti-rabbit IgG (light-chain
specific, D4W3E) mAb (93702) and the rabbit IgG (2729) were
purchased from Cell Signaling Technology (Beverly, MA, USA).
Antibodies against GAPDH (60004-1-Ig), b-catenin (51067-2-AP,
66379-1-Ig), PCNA (10205-2-AP), caspase 3 (66470-2-Ig), BAX
(60267-1-Ig), BCL-2 (60178-1-Ig), PKM2 (60268-1-Ig), b-tubulin
(10068-1-AP) and TCF4 (22337-1-AP) were obtained from Pro-
teintech (Wuhan, China). Annexin V-FITC apoptosis detection Kit
was obtained from Beyotime (C1062M, Suzhou, China).

2.2. Animals and treatments

Male SpragueeDawley rats at 7e8-week old (200e220 g) were
obtained from Shanghai Sippr-BK laboratory animal Co., Ltd.
(Shanghai, China), while male C57BL/6 mice at 4e8 weeks were
obtained from comparative medical center of Yangzhou Univer-
sity (Yangzhou, China). Animals were housed in a constant
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temperature (20�2 �C) and a 12-h light/dark cycle. All animal
studies were performed under the authorization of the animal
ethics committee of China Pharmaceutical University (Nanjing,
China).

The isoprenaline (ISO)-induced myocardial damage rats model
was established by subcutaneous (sc) injection of ISO (65 mg/kg
with an one-day interval for 2 consecutive days) as described
previously27 and PCA (20 and 40 mg/kg) was orally administrated
after the first injection for consecutive 5 days. Then, rats were
euthanized for the collection of the heart. The level of lactate
dehydrogenase (LDH) and creatine kinase isoenzyme-MB (CK-
MB) in the blood were determined using commercial kits (CK12,
DOJINDO Laboratories, Shanghai, China; CSB-E14403r, Cusa-
bio, Wuhan, China).

For the permanent coronary ligation mice model, in brief, mice
were anesthetized with sodium pentobarbital (50 mg/kg, i.p.).
Following tracheal intubation, the left thoracotomy was opened.
Then, a left anterior descending (LAD) coronary artery occlusion
was performed. Mice in the sham group undergone the same
surgical procedures except ligation. Then, PCA (80 mg/kg) was
orally administrated to mice for 3 weeks and the echocardiogra-
phy (Vevo 3100LT micro-ultrasound system, Visual Sonics Inc.,
Toronto, Ontario, Canada) was examined. In brief, mice were
anesthetized and the echocardiography of the left ventricle was
obtained. The left ventricular function parameters such as ejection
fraction (EF) and fractional shortening (FS) were recorded ac-
cording to the M-mode images acquired. The contents of 8-
hydroxydeoxy guanosine levels (8-OHDG, ab201734) and lipid
peroxidation (4-HNE, ab238538) in the heart were measured by
commercial kits. Myocardial infarction area of mice hearts was
determined using Image J software (NIH Image, Bethesda, MD,
USA).

For Pkm2-knockdown (KD) in the heart of mice, the adeno-
associated virus (AAV) delivery system was selected to deliver
AAV9-cTNT-GFP-shPKM2 for cardiac Pkm2-KD mice and
deliver scrambled shRNA for the control group. The mice were
injected with 200 mL of virus containing 4 � 1011 AAV9 via the
tail vein. Western blotting analysis for PKM2 and green fluores-
cent protein (GFP) was conducted to confirm the PKM2 knock-
down efficiency.

2.3. Preparation of primary neonatal rat ventricular myocytes
(NRVMs) and cell culture

NRVMs were harvested from SpragueeDawley rats (1e2-day-
old, Shanghai Sippr-BK laboratory animal Co., Ltd., Shanghai,
China). The hearts were collected and cut into pieces, followed by
digestion with 0.5% type II collagenase (Worthington, USA) in a
37 �C water bath for 8e10 times. Next, the cells were collected
after centrifugation at 3000�g, room temperature for 15 min
(5430R, Eppendorf, Hamburg, Germany) and cultured in DMEM
containing 10% of fetal bovine serum (10270e106, FBS, Gibco,
USA) for 2 h. In order to increase the purity of cardiomyocytes, a
differential adhesion method was adopted, and then cells were
cultured in DMEM (10% FBS) supplemented with 200 mmol/L
BrdU to restrain the proliferation of fibroblast. NRVMs grown to
the third or fourth day with a marked beat were used for
experiments.

H9C2 cell line was obtained from Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and cultured in DMEM
(KeyGEN Biotech, Nanjing, China) supplemented with 10% FBS
in humidified 5% CO2 at 37

�C.
To specifically knock down Pkm2 expression in NRVMs, Pkm2
short hairpin RNA (shRNA) or scrambled (NC) shRNA were
transfected using Lipofectamine� 3000 transfection reagent
(Invitrogen, L3000008, USA). The shRNA sequence was listed in
Supporting Information Table S1.

2.4. Cell survival and oxidative indexes analysis

NRVMs were incubated in glucose-free DMEM under 1% O2 or
stimulated with 100 mmol/L H2O2 in the presence of PCA at given
concentrations. Cell viability was determined by the assay using
commercial CCK-8 kits (Dojindo Laboratories, Kumamoto,
Japan). Cell apoptosis in the heart was assayed with an in situ
apoptosis detection kit based on the terminal deoxynucleotidyl
transferase-mediated TUNEL (Beyotime, Suzhou, China). Cas-
pase 3 activity and pyruvate kinase activity were determined by
commercial kits (C1116, Beyotime; K709-100, Biovision).

Intracellular reactive oxygen species (ROS) were stained with
cell permeable DCFH-DA fluorescent probe and determined by a
microplate reader.

2.5. Drug affinityeresponsive target stabilization assay (DARTS)

The DARTS assay was conducted according to literature with
minor modifications28,29 in H9C2 cells. In brief, approximately
1 � 107 untreated H9C2 cells were lysed with a mammalian
protein extraction reagent (#78501, Thermo Scientific) on ice for
30 min. Indicated concentrations of PCA (diluted in 1 � TNC
buffer, 50 mmol/L Tris, 50 mmol/L NaCl, 10 mmol/L CaCl2,
pH Z 7.4) was supplement into the aliquoted cell lysate (500 mg
total protein, 5 mg/mL). Then, to allow sufficient ligandeprotein
target binding, samples were gently mixed followed by incuba-
tion for 2 h at room temperature. Aliquoted lysates were then
digested by pronase at a 1:500 ratio (w/w) for precisely 30 min.
Then, loading buffer was added into the lysates and boiling for
10 min. The resulting samples were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
stained with Coomassie blue.

2.6. Mass spectrometry analysis

Upon staining, gel bands with significant abundance changes
following PCA incubation were noted at about w60 kD. This
band was excised, destained, reduced, alkylated and digested by
trypsin (Promega, Madison, WI, USA). Then, the digest was
extracted and desalted on a C18 Ziptip (Millipore, Milford, MA,
USA). After that, vacuum dried and reconstituted was performed.
An online nanoUPLC system Acquity (Shimadzu, Japan) coupled
to a Triple TOF™ 5600 mass spectrometer (SCIEX, Framingham,
MA, USA) was used for LCeMS/MS analysis. A trapping column
(ChromXP C18, 3 mm, 120 Å, 350 mm i.d. 0.5 mm, Eksigent) and
an analytical column (ChromXP C18, 3 mm, 120 Å, 15 cm,
Eksigent) were employed. Mobile phases A [0.1% (v/v) formic
acid in water] and mobile phase B [0.1% (v/v) formic acid in
acetonitrile] were used in this study. A 60-min-length gradients of
1%e40% mobile phase B (300 nL/min) was used for separation.
For MS acquisition, the full MS scan range was set to m/z
350e1500 (scan time: 0.2 s). The mass error tolerance was set at
30 ppm and 0.15 Da, respectively. The raw data was processed by
PEAKS Studio (BSI Solutions, Waterloo, CA, USA) and searched
against the rattus uniprot database (http://www.uniprot. Org/).

http://www.uniprot
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2.7. Recombinant PKM2 protein

The open reading frames (ORFs) for Pkm2 (NM_001378868.1)
were codon-optimized, synthesized (Sangon Biotech, Shanghai,
China), cloned into a pET28a vector and transformed into E. coli
BL21 (DE3) competent cells. Monoclonal strains were selected
and cultured in LB medium containing kanamycin (75 mg/mL) at
37 �C in shaking flasks until the optical density at 600 nm
reaching 0.6 to 0.8. Next, the cells were induced with 0.1 mmol/L
isopropyl b-D-thiogalactoside (IPTG) at 16 �C for 24 h, and then
harvested the supernatant for PKM2 purification. The PKM2
protein was purified using a His-tag Protein Purification Kit
(P2226, Beyotime, Suzhou, China).

2.8. Cellular thermal shift assay (CETSA)

For cell lysate CETSA experiments, H9C2 cells were lysed with a
freezeethawed method using liquid nitrogen. The resultant cell
lysates were then divided into two fractions, one incubated with
the solvent as the control group and the other incubated with PCA
(100 mmol/L) for 30 min at room temperature as the PCA-treated
group. Then, the two groups of lysates were aliquoted, respec-
tively, followed by heating at sequentially increased temperature
(39e66 �C with a 3 �C interval). After heating, the lysates were
centrifuged (12,000�g, 10 min, 4 �C; 5430R, Eppendorf,
Hamburg, Germany) and PKM2 abundance level in the superna-
tants was analyzed by immunoblotting.

For the living cell CETSA experiments30, H9C2 cells were
pre-treated with PCA (100 mmol/L) for 2 h, and then cells were
heated for 3 min at indicated temperatures followed by cooling at
room temperature. After that, cells were collected and 100 mL
protein loading buffer was added followed by boiling for 10 min.
Then, lysates were assayed by immunoblotting against PKM2.

2.9. Surface plasmon resonance (SPR) assay

Interaction between PCA and PKM2 was quantitatively measured
using the Biacore T200 system (GE Healthcare Life Sciences,
Uppsala, Sweden). Purified recombinant PKM2 protein was
immobilized on a carboxymethylated 5 (CM5) sensor chip.
Gradient concentrations of PCA (1.25e20 nmol/L) were injected
as analytes. Data were analyzed using a Biacore evaluation soft-
ware (T200 Version 2.0).

2.10. Immunoblotting experiments

Treatment cells were lysed with RIPA lysis buffer (P0013D,
Beyotime, Suzhou, China) supplemented with protease inhibitor
cocktail on ice. Then, to normalization of assayed samples, a BCA
assay (P0010, Beyotime) was performed. Then, cell lysates were
separated by SDS-PAGE gel and transferred onto nitrocellulose
membrane. After blocking with 5% non-fat milk for 1 h, the
membrane was incubated with indicated primary-antibody solu-
tion overnight at 4 �C. The next day, the membrane was washed
for three times followed by incubation with horse radish peroxi-
dase (HRP)-conjugated secondary antibodies for 2 h at room
temperature. After washing, resulting bands were detected using
an Azure C600 system (Azure Biosystems, CA, USA), and the
relative quantification of bands was analyzed via Image J
software.

For co-immunoprecipitation assay, lysates were centrifuged
(12,000�g, 10 min, 4 �C), and the resulting supernatants were
collected. After measuring the protein concentrations using the
BCA assay kit (Beyotime), a 200 mg protein was transferred and
incubated with 2 mL IgG or the primary antibodies on a rotator for
4 �C overnight. Then, 30 mL protein A/G magnetic agarose beads
(Pierce #78609, USA) were added and allowed to incubate with
the lysates for another 4 h. Subsequently, the beads were washed
with the NP-40 buffer for 4 times. After that, 100 mL of 1 � SDS-
PAGE loading buffer was added to the pellet and boiling for
10 min.

2.11. Molecular docking

The protein structure used in this study for docking analysis was
downloaded from the protein data bank (PDB ID 1t5a). The
leDock software (http://lephar.com)31 was employed to generate
an ensemble of docked conformations for PCA bound to PKM2.
Crystal water and FBP were removed, and hydrogen atoms were
added. PCA was then docked into PKM2 on the basis of evolu-
tionary optimization of the ligand pose. The binding site of PCA
was defined as proteinaceous residues located within a distance of
4 Å radius from PCA.

2.12. Immunofluorescence analysis

NRVMs were seeded in cell dish and fixed with 4% para-
formaldehyde solution for 30 min. After washing for three times,
cells were incubated in 5% FBS (0.3% Triton X-100) for 1 h at
room temperature. Immunofluorescent staining was performed
with primary antibody (anti-PKM2, anti-a-actinin) overnight at
4 �C. After incubation with secondary antibodies (Alexa Fluor�
594, ab150116) for 1 h, cells were incubated with DAPI (Abcam,
ab104139) for 5 min at room temperature. Then, a DeltaVision
Ultra microscopic imaging system was selected for cell imaging
GE Life Science, Boston, MA, USA.

2.13. The assay of mitochondrial permeability transition pore
(mPTP) and mitochondrial fission

After treatment, mPTP was detected with Mitochondrial Perme-
ability Transition Pore Assay Kit (C2009S, Beyotime). The fluo-
rescent intensities of mPTP were analyzed using Image J software.
For mitochondrial fission assay, treated NRVMs were washed with
PBS and incubated with 50 nmol/L Mito Tracker Red CMXRos
(M22425, Thermo Fisher Scientific, San Jose, CA, USA) for
30 min at 37 �C. The fluorescence intensities were determined at
the single cell level on a DeltaVision Ultra microscopic imaging
system (GE Life Science, Boston, MA, USA). The mitochondrial
fission results were determined by the percentage of cells under-
going mitochondrial fission from 6 cells in three independent
experiments.

2.14. Luciferase reporter assay and quantitative real-time PCR

NRVMs were seeded at a density of 5000 cells per well in 96-well
plates, incubated for 24 h, and then transfected with TCF/LEF1
luciferase reporter plasmid. At 24 h post-transfection, cells were
treated with PCA for 4 h, and then lysed with lysis buffer for
30 min. Firefly luciferase activities was determined from lysates
using luciferase assay system (Vazyme Biotech, China) in a
Berthold TriStar2 SLB929 modular monochromator multimode
reader (Berthold Technologies, Germany).

http://lephar.com
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For quantitative real-time PCR, heart tissues or cells were
firstly isolated (R401-1, Vazyme Biotech) and reverse transcribed
(R223-1, Vazyme Biotech) using commerce reagent according to
the manufacturer’s instructions. Then, quantitative real-time PCR
experiment (Q121-1, Vazyme Biotech) was performed using the
LightCycler 480 q-PCR system (Roche Molecular Systems, Inc.,
Basel, Switzerland). The primer sequences used in this paper were
listed in Supporting Information Table S2.

2.15. Histological analysis

Slices of hearts were fixed in 4% paraformaldehyde, dehydrated
and embedded in paraffin. Heart sections (5 mm-thick) were
stained with hematoxylin and eosin (HE) and masson for histo-
pathological evaluation. The protein expression of cleaved caspase
3, BAX and BCL-2 were measured by immunohistochemistry
(IHC) staining. Cross-sectional area of cardiomyocytes was
determined using Image J software.

2.16. Statistical analysis

The between-group variances were similar, and the data were
normally distributed. The comparisons between groups (>2 two
groups) were performed using one-way ANOVA (Tukey’s multi-
ple comparisons test). Significance between two groups was per-
formed by Student’s two-tailed t test with GraphPad Prism 6.01
(Graphpad Software, San Diego, CA, USA). All data are repre-
sented as mean � SD, unless otherwise specified.

3. Results

3.1. PCA protects the heart against ischemic injury

We first observed the effects of PCA on cardioprotection in rats
subjected to isoprenaline (ISO) insult (Supporting Information
Fig. S1A), as persistent b-adrenergic receptor stimulation induces
heart injury owing to the convergence of more contributing fac-
tors, including oxidative stress, inflammation and thrombosis32.
ISO challenge induced heart injury, indicated by the leakage of
CK-MB and LDH, which was normalized by oral administration
of PCA (20 and 40 mg/kg, 5 days; Fig. 1A and B). PCA admin-
istration reduced the ratio of heart weight to tibia length (HW/TL,
Fig. 1C). HE staining shows that ISO induced cardiac injury with
fiber broken, but PCA administration reduced the cardiac infarct
surface and cardiomyocyte cross-sectional area with structure
normalization, indicating the potential to attenuate cardiomyocyte
hypertrophy (Fig. 1D). PCA administration reduced 4-HNE and 8-
OHDG contents in the heart, indicative of the ability to reduce
lipid peroxidation and DNA damage (Fig. 1E and F). BAX is a
pro-apoptotic protein, while BCL-2 is an anti-apoptotic protein.
Immunohistochemistry staining shows that PCA decreased BAX
expression with an increase in BCL-2 expression, contributing to
reducing the formation of cleaved caspase 3 (Fig. 1G). As ex-
pected, PCA prevented cell apoptosis in rat heart subjected to ISO
insult (Fig. 1H). In line with this, PCA concentration-dependently
rescued cell survival in primary neonatal rat ventricular myocytes
(NRVMs) when exposed to oxygen and glucose deprivation
(OGD, cells were cultured in glucose-free DMEM under 1% O2)
or H2O2 stimulation (Fig. 1I and J). Increased ROS production
was also reduced by PCA administration in NRVMs when
exposed to OGD (Fig. 1K).
3.2. PCA directly binds to PKM2 in cardiomyocytes

Next, we sought to reveal the molecular mechanism of PCA in
cardioprotection. Due to the relatively small and simple structure
of PCA (Fig. S1B), we employed a DARTS approach to identify
the potential candidates that interact with PCA, because this assay
identifies direct targets for the ligand of interest without additional
modification29,33. DARTS detects ligand-bound targets in lysates
basing on their increased resistance to proteolysis29. For the assay
in cell lysates after proteolytic digestion, high concentration of the
tested ligand is required to ensure the stability change detect-
able33, we incubated PCA with H9C2 cells lysates at concentra-
tions of 100 and 200 mmol/L, and found a Coomassie blue-stained
band at w60 kD that became more abundant upon PCA incuba-
tion, likely due to the resistance to pronase degradation (Fig. 2A).
Mass spectrometry analysis was employed to identify candidate
proteins targeted by PCA in this specific gel band. Screening of
the identified proteins that fall within the expected molecular
weight (MW) range conferred PKM2 as a top-ranking protein
(Supporting Information Table S3 and Fig. S1C).

PCA binding increased the stability of PKM2, and this action
was further confirmed by PKM2 immunoblotting in DARTS-
processed H9C2 cell lysates (Fig. 2B). Similarly, incubation with
PCA increased the resistance to pronase degradation of the puri-
fied recombinant PKM2 (Fig. 2C and Fig. S1D). In addition, the
PCAePKM2 interaction was demonstrated by an orthogonal
target validation approach, CETSA. CETSA recognizes
ligandetarget engagement by immunoblotting detection of
increased stability of the target proteins towards heat-induced
precipitation. As expected, PCA incubation stabilized PKM2 in
heat-denatured H9C2 cell lysates and intact H9C2 cells (Fig. 2D
and E). In support, SPR analysis revealed the potential interaction
of PCAePKM2 interaction (KD Z 5.76 nmol/L, Fig. 2F).
Collectively, these data suggest that PCA directly interacted with
PKM2 in cardiomyocytes as well as on a recombinant protein
level.

3.3. PCA protects cardiomyocytes dependently on PKM2

Because PCA at a concentration of 10 mmol/L effectively pro-
tected cell survival against OGD and H2O2 insults (Fig. 1I and J),
we used this concentration as a working concentration in the
following experiments. As PKM2 was assigned as the potential
candidate of PCA, we asked whether the protective effects of
PCA was dependent on PKM2. We depleted Pkm2 gene with
short hairpin RNA (shRNA) in NRVMs, and this treatment did
not impair cell survival (Supporting Information Fig. S2A and
S2B). PCA protected cell survival against OGD insult, but this
action was lost when Pkm2 was silenced (Fig. 3A). Ischemic
injury was associated with oxidative stress, and PCA treatment
effectively suppressed ROS generation in a PKM2-dependent
manner (Fig. 3B). PCA protected mitochondrial function by
preventing mitochondrial fragmentation and the opening of
mitochondrial permeability transition pore (mPTP), but the pro-
tective effects were diminished by Pkm2 knockdown (Fig. 3C
and D). As a consequence, from the protection of mitochondrial
integrity, PCA decreased the activity of caspase 3 (Fig. 3E). In
addition, PCA treatment decreased the ratio of BAX/BCL-2
protein abundance and increased the inactivated caspase 3 by
reducing the formation of cleaved caspase 3 in PKM2-dependent
manner (Fig. 3F), and resultantly reduced cell apoptosis in a
PKM2-dependent manner, indicated by the attenuated TUNEL



Figure 1 PCA protects the heart from ISO challenge in rats. The levels of circulating (A) CK-MB and (B) LDH in the plasma (nZ 6). (C) The

ratio of heart weight to tibia length (HW/TL) (n Z 6). (D) One of representative H&E stained heart sections and cardiomyocyte cross-sectional

area (n Z 6, scale bar Z 50 mm). 4-HNE (E) and 8-OHDG (F) content in the heart (n Z 6). (G) Immunocytochemical staining of BAX, BCL-2

and c-caspase 3 protein expression (one of 6 independent experiments; scale bar Z 50 mm). (H) Representative TUNEL staining images and

quantification of TUNEL positive cells (n Z 6). Cell survival of primary neonatal rat ventricular myocytes (NRVMs) when exposed to 1% O2 in

glucose-free DMEM (OGD) for 6 h (I) or H2O2 for 8 h (J) (nZ 6). (K) Intracellular ROS production in NRVMs exposed to OGD for 4 h (nZ 6).

Results are shown as mean � SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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staining (Fig. 3G). The anti-apoptotic effect was further
confirmed by Annexin V-FITC detection (Fig. 3H). These results
indicate that PKM2 is required for PCA to protect mitochondria
to prevent cell apoptosis.
3.4. PCA promotes the nuclear localization of PKM2

To enact its metabolic enzyme activity, PKM2 resides in cyto-
plasm in the form of tetramer. When PKM2 is translocated to the



Figure 2 Identification of PKM2 as a direct binding target for PCA. (A) The employed drug affinity responsive target stabilization (DARTS)

assay detects a marked increase in w60 kD band upon PCA incubation in pronase digested H9C2 cell lysates. (B) Immunoblot analysis of PKM2

in pronase-digested cell lysate (n Z 3). (C) Recombinant PKM2 in pronase-digested H9C2 cell lysates. PKM2 degradation in H9C2 cell lysates

(D) and in intact cells (E) (n Z 3). (F) Surface plasmon resonance (SPR) binding curve fit to a Kd Z 5.76 nmol/L for PCA and PKM2 (n Z 3).

Results are shown as mean � SD; *P < 0.05, ***P < 0.001.
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nuclear PKM2 in the form of dimer, its metabolic activity is
reduced7,15. Indeed, PKM2 activity was impaired by PCA in
NRVMs (Fig. 4A). Therefore, we examined if PKM2 protects
cardiomyocytes by regulating PKM2 shuttle between the cytosol
and the nucleus. Although OGD induced PKM2 nuclear trans-
location, an adaptive response to rescue cell survival, the view of
confocal microscopy and Western blot confirmed that PCA further
potentiated the nuclear translocation. OGD insult could increase
the expression of PKM2, PCA treatment further increase its nu-
clear localization (Fig. 4BeE). The shutting of PKM2 is influ-
enced by acetylation modification, and SIRT6 promotes the
nuclear export of PKM2 by deacetylation of PKM2 at Lys 433
residue34,35. We conducted molecular docking analysis, and found
that PCA is likely bind to a highly conserved residue Lys433 of
PKM2 (Fig. 4F). In support, the result of immunoprecipitation
showed that PCA treatment impaired the interaction between
PKM2 and SIRT6 (Fig. 4G), partially explaining the preserved
acetylation of PKM2 in cardiomyocytes (Fig. 4G). Once entering
the nucleus, PKM2 interacts with b-catenin, and the formed
complex is required for b-catenin transactivation7. As expected,
PCA treatment increased the binding of b-catenin to PKM2
(Fig. 4H). Collectively, these results suggested that PCA dis-
favored PKM2-SIRT6 binding to retain PKM2 in the nucleus for
b-catenin transactivation.

3.5. PCA upregulates survival genes through transactivation of
b-catenin/TCF4

Since PKM2 is known as a b-catenin coactivator, we next asked
whether the PCA influences b-catenin transactivation function via
regulation of PKM2. As b-catenin engages with TCF4 for tran-
scriptional regulation of a variety of genes including Myc, Ccnd1
and Sgk1 that influence cell proliferation and apoptosis37,38, we
hypothesized that PCA might modulate the transcriptional activity
of TCF4 dependent on a PKM2/b-catenin/TCF4 signaling
cascade. We found that the interaction of b-catenin and TCF4 was
increased following PCA treatment in NRVMs exposed to OGD
(Fig. 5A), and this action was also observed in cardiomyocytes
when exposed to H2O2 (Fig. 5B). To investigate the downstream
effect, we established a luciferase reporter gene assay for TCF4.
PCA activated TCF4 transcription, but the action was blocked by
PNU-74654, which binds to b-catenin to impair the interaction
between b-catenin and TCF4 (Fig. 5C). Myc, Ccnd1 and Sgk1 are
downstream genes targeted by TCF4, responsible for the regula-
tion of cell survival6,37,38. PCA upregulated these genes, but this
action was impaired in the presence of PNU-74654 (Fig. 5DeF).
Similarly, the protective effect of PCA on cell survival was also
attenuated by co-treatment with PNU-74654 (Fig. 5G). These
results provide evidence that PCA protected cardiomyocytes via
regulating b-catenin and TCF4 signaling cascades.

3.6. PCA protects the heart against ischemic injury in a PKM2-
dependent manner

To confirm PKM2-dependent role of PCA in vivo, we delivered an
AAV9-expressing negative control (NC) or Pkm2 shRNA fused
with a c-Tnt promoter to induce heart-specific Pkm2 KD in
mice36, and the efficiency was confirmed by detecting PKM2 and
GFP tag by immunoblotting (Supporting Information Fig. S3A).
We prepared LAD coronary artery ligation model in mice with



Figure 3 PCA PKM2-dependently protects cardiomyocytes. Primary neonatal rat ventricular myocytes (NRVMs) were cultured in glucose-free

DMEM under 1% O2 (OGD) for 4 h in the presence of protocatechuic aldehyde (PCA). (A) Cell survival in NRVMs exposed to OGD for 6 h

(n Z 6). (B) Intracellular ROS production (n Z 6). (C) Representative images of mitochondrial permeability transition pore (mPTP) and

quantification of relative fluorescence intensity (n Z 6, one of three independent experiments). Scale bar: 10 mm. (D) Mitochondrial fission was

detected by Mito-Tracker Red (one of 3 independent experiments) and quantification analysis. Scale bar: 10 mm. (E) Caspase 3 activity in NRVMs

(n Z 6). (F) Representative Western blots of BAX, BCL-2, caspase 3, cleaved caspase 3 (c-caspase 3) and the ratio of BAX/BCL-2 (n Z 3). (G)

Representative images of TUNEL staining and quantification analysis the percentage of apoptosis cells. Scale bars, 100 mm (n Z 3). (H) Data of

Annexin V/PI double staining flow cytometry; the percentage for each panel indicates the percentage of apoptotic cells and quantification of the

percentage of apoptotic cells (n Z 3). Results are shown as mean � SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 PCA promotes the nuclear localization of PKM2. Primary neonatal rat ventricular myocytes (NRVMs) were exposed to 1% O2 in

glucose-free DMEM (OGD) for 4 h in the presence of protocatechuic aldehyde (PCA). (A) PKM2 activity in NRVMs (n Z 6). (B) Immuno-

fluorescence image of endogenous PKM2 (one of three independent experiments. Scale bar: 10 mm. (C) Nuclear PKM2 protein expression

(n Z 3). (D) Cytoplasmic PKM2 protein expression (n Z 3). (E) Total PKM2 protein expression (n Z 3). (F) Docking analysis illustrates the

interaction between PCA and PKM2. The residues that are likely to participate in the interactions with PCA are labeled. (G) Representative co-

immunoprecipitation (co-IP) analysis of PKM2 and SIRT6 in the NRVMs (n Z 3). (H) Representative co-IP of PKM2 and b-catenin in the

NRVMs (n Z 3). Results are shown as mean � SD; *P < 0.05, **P < 0.01, ***P < 0.001.

Targeting nuclear pyruvate kinase M2 protects cardiomycoytes 3561
PCA administration for 3 weeks (Fig. S3B). HE staining shows
that ischemia led to heart injury, indicated by large area of cardiac
infarct surface and broken fibers, but these abnormalities were
attenuated by PCA administration in a manner dependent on
PKM2 (Fig. 6A). Masson staining revealed that PCA reduced the
deposition of extracellular matrix, but the role was lost in Pkm2-
deficient heart (Fig. 6B). Consistently, PCA administration
reduced the contents 4-HNE in the heart (Fig. 6C). Echocardi-
ography examination shows that PCA increased ejection fraction
(EF) and fractional shortening (FS) in a manner dependent on
cardiac PKM2 (Fig. 6D and E). Protein expression of PKM2 in the
heart of adult mice is at a low level12, but ischemia increased
PKM2 protein expression as an adaptive response (Fig. 6F).
Despite no significant influence on total PKM2 protein express,



Figure 5 PCA regulates b-catenin/TCF4 cascades. Primary neonatal rat ventricular myocytes (NRVMs) were exposed to 1% O2 in glucose-free

DMEM (OGD) for 4 h in the presence of protocatechuic aldehyde (PCA). Representative co-IP analysis to of TCF4 and b-catenin in the NRVMs

exposed to OGD for 4 h (A) or H2O2 for 8 h (B) (n Z 3). (C) TCF4 luciferase reporter activity in the presence or absence of PNU-74654 (PUN,

10 mmol/L) (n Z 3). The mRNA levels of Myc (D), Ccnd1 (E) and Sgk1 (F) (n Z 4). (G) Cell survival of NRVMs (n Z 6). Results are shown as

mean � SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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PCA administration potentiated the binding of b-catenin to PKM2
and upregulated gene expression of Myc, Ccnd1 and Sgk1
dependently on PKM2 (Fig. 6FeI). Meanwhile, PCA reduced
BAX and BCL-2 protein ratio, decrease the formation of cleaved
caspase 3, resultantly reducing cell apoptosis in a PKM2-
dependent manner (Fig. 6J). TUNEL staining was used to detect
the apoptosis level of myocardial tissues and the result showes that
the PCA treatment significantly decreased the TUNEL positive
cells in the NC group, but not in the Pkm2 KD group (Fig. 6K).
PCA downregulated elevated levels of CK-MB and LDH in the
blood, but the effects were lost in mice when heart Pkm2 was
deficient (Fig. S3C and S3D). These results provide evidence
in vivo to support that PKM2 is required for PCA to protect the
heart from ischemic injury.

4. Discussion

PKM2 regulates cell metabolism and growth under different
conditions. Tumor cells and other rapidly growing cells mainly
rely on aerobic glycolysis to meet metabolic demands and
PKM2 shuttles into the nucleus as a co-activator for HIF-1a
transcription to support glycolysis37. In the present study, we
show that PCA promoted PKM2 nuclear translocation to rescue
cardiomyocyte survival from ischemic damage via regulation of
b-catenin signaling cascades. PCA is reported to attenuate heart
ischemic injury by restraining oxidative stress, endoplasmic
reticulum stress and inflammatory response19,23,24, and our
finding provides another way from the aspect of transcriptional
regulation. It is commonly proposed that nuclear PKM2/b-cat-
enin pathway regulates cell proliferation and tumor develop-
ment, and we demonstrate that this regulation also confers the
resistance of cardiomyocytes to cell death under nutrient defi-
cient conditions.

ISO challenge induced heart damage, and we found that pre-
venting mitochondrial apoptosis might be a way for PCA to rescue
cell survival. More natural products have beneficial effects of
cardioprotection, but it has been a challenging task for target
discovery of underlying mechanisms. Chemical proteomics tech-
niques have been used for this end41,42, but a chemical probe that
covalently links the ligand with targeted proteins is required to
ensure further pull-down of the ligand-bound proteins for prote-
omic analysis. Nevertheless, for natural products that possess a
relatively simple structure as PCA, any modification may distort
the native ligandeprotein interactions and jeopardize in assigning
true binding proteins. Therefore, we employed a DARTS method
for mapping the binding targets of PCA in hope to identify



Figure 6 The myocardial protection effect of PCA is dependent on PKM2. Mice were orally administrated with protocatechuic aldehyde (PCA)

for 3 weeks after coronary artery ligation. (A) Representative photomicrographs for HE staining of cardiac tissue sections (n Z 6), Scale bar,

50 mm. (B) Representative photomicrographs for masson staining of cardiac tissue sections (n Z 6). Scale bar, 50 mm. (C) 4-HNE contents in the

heart (n Z 6). (D) Representative M mode images of echocardiography from the assayed groups under treatments as indicated (n Z 6). (E)

Ejection fractions (EF) and shortening fraction (FS) in mice (n Z 6). (F) Representative co-IP analysis of PKM2 and b-catenin in the heart

(n Z 3). The mRNA levels of Myc (G), Ccnd1 (H) and Sgk1 (I) in the heart (n Z 6). (J) Immunocytochemical staining of BAX, BCL-2 and c-

caspase 3 protein expression (nZ 6), scale barZ 50 mm. (K) Representative TUNEL staining images and quantification of TUNEL positive cells

(n Z 6). Results are shown as mean � SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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proteins that are responsible for the PCA-mediated protective ef-
fect on cardiomyocytes under hypoxic conditions. DARTS pro-
vides a superior advantage compared to conventional chemical
probe-based target discovery studies, since no modification is
required to map the binding proteins for PCA. By visualizing the
PCA-stabilized protein band on SDS-PAGE gels, we can identify
the binding proteins and sought to investigate whether the iden-
tified target mediates cardioprotection of PCA.

In addition to the allosteric regulation, PKM2 subcellular
location and functions are influenced by post-transnational mod-
ifications6. For example, H2O2 decreased PKM2 enzymatic ac-
tivity through oxidation of cysteine residue (Cys 358), which
impairs the tetramer form38. Oncogenic growth factors phos-
phorylate PKM2 at different residues to regulate its function and
subcellular location differently6. SIRT6 is a member of sirtuin
family of deacetylases involved in metabolic regulation. The
lysine 433 residue of PKM2 is susceptible to acetylation regula-
tion and SIRT6 mediates PKM2 nuclear export by deacetylation of
PKM2 (Lys 433)34,35. Because PCA blocked the interaction be-
tween SIRT6 and PKM2 in cardiomyocytes, it is rational to
believe that preserving PKM2 acetylation is a way for PCA to
promote PKM2 translocation to the nucleus.

Although PKM2 is a key enzyme in glycolysis, accumulating
evidence has highlighted the moonlighting functions of PKM2
when it enters the nucleus in different biological contexts. PKM2
is a low activity enzyme, whereas PKM1 is a constitutively active
enzyme. Despite increased PKM2 induction, total pyruvate kinase
activity is still reduced in ischemic heart10. In pulmonary arterial
smooth muscle cells, hypoxia is also shown to reduce PK activ-
ity39. When PKM2 is translocated to the nuclear, PKM2 acts as
co-factor for transcriptional regulation, its metabolic activity is
reduced7,15. PCA promotes PKM2 nuclear import, and the for-
mation of PKM2 dimer and nuclear location should be the reason
for the reduced PKM2 metabolic activity. When PKM2 is trans-
located into the nucleus, PKM1 is predicated to maintain the
enzymatic activity.

In cancer cells nuclear PKM2 has both protein kinase and
transcription co-activator functions13,40. For instance, by acting as
a protein kinase in the nucleus, PKM2 directly binds and phos-
phorylates histone H3, consequently inducing tumor cell
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proliferation and cell cycle progression via transcriptional regu-
lation of Ccnd1 and Myc15. As a transcriptional co-activator,
PKM2 binds to b-catenin and directly regulates cell cycle pro-
gression through controlling cyclin D1 expression7,37. The role of
PKM2 in heart is revealed by a recent study which shows that
PKM2 elongates cell survival and improves cardiac function in
ischemic heart through b-catenin12. WNT/b-catenin signaling in
cell proliferation and tumorigenesis has been well-documented,
recent studies demonstrate the potential role of b-catenin in the
protection of cardiomyocytes, especially in the setting of ischemic
injury12,18,41. In cardiomyocytes, PCA promoted PKM2 trans-
location into the nucleus with the association of b-catenin.
Together with TCF4 induction, b-catenin upregulates gene in-
duction of Myc, Ccnd1 and Sgk1 to exert anti-apoptotic effects.
Cyclin D1 (encoded by Ccnd1 gene) is a key regulator of cell
proliferation, increasing resistance to apoptosis42. SGK1 encodes
the protein of serine/threonine kinase family, and protects cell
survival from oxidative stress43. c-Myc (encoded by Myc gene)
regulates cell proliferation with inhibition of apoptosis44. Because
these genes are regulated by b-catenin/TCF4 signaling under
stress conditions, we reason that the induction of these genes by
PCA has a contribution to protecting cardiomyocytes from
apoptosis under ischemic conditions.

Because ischemia-induced myocardial infarction and necro-
sis are nearly irreversible, the protective effects of PCA were
investigated using a coronary artery ligation mice model with a
long-term administration (3 weeks after surgery). In addition,
PCA improved heart contractive function and rescued cell sur-
vival from apoptosis in a PKM2-dependent manner, because
PCA increased the interaction between PKM2 and b-catenin in
the heart. PKM2 induction is also observed in failing heart with
enhanced aerobic glycolysis, as glucose oxidation was impaired
due to phosphoinositide-dependent kinase (PDK) induction45.
PKM2 induction provides metabolic support to cardiac hyper-
trophy via transcriptional activation of proliferation-associated
target genes, responsible for impaired heart function46. These
events indicate that PKM2 plays the role differently under
different pathological conditions. Therefore, we should note that
regulation of nuclear PKM2 by PCA is in the setting of ischemic
injury. PCA administration attenuates cardiac fibrosis, but we
cannot say with certainly that this action is a result from direct
regulation of PKM2. Although aerobic glycolysis is regarded as
a hallmark of tumor metabolism, emerging evidence indicates
that augmented glycolysis and PKM2 induction are associated
with myofibroblast activation due to metabolic reprogram-
ming47,48. PKM2 dimer, rather than the tetramer, induces
fibroblast activation, suggesting the potential role of nuclear
PKM2 in fibrotic response47. Because fibrosis is a response for
the replacement of dead cells, we reason that cardiomyocyte
protection by PKM2 has a contribution to attenuating fibrotic
response after myocardial infarction.

Although PCA regulates PKM2/b-catenin signaling cascades to
protect cardiomyocytes from ischemic injury, this conclusion is not
exclusive, because more pathological factors converge in the injury.
PCA is a multifunctional product and can protect the heart from
different mechanisms. Although accumulating evidence demon-
strates the beneficial effects of PCA on cardioprotection18,46,47,
some studies suggested the potential pathophysiological risks
associated with its metabolism48,49. Therefore, a comprehensive
study considering its metabolic and pharmacokinetic changes and
potential toxicity is needed for its practical application in the
management of cardiovascular diseases.
5. Conclusions

Our study has designated PCA as a natural product that promoted
PKM2 translocation to the nucleus through direct engagement.
Under ischemic conditions, the nuclear PKM2 initiated b-catenin/
TCF4 signaling cascades and mediated relative gene induction
involved in the regulation of cell survival, having a contribution to
rescuing cardiomyocytes from mitochondrial apoptosis. Our
finding suggests that regulation of PKM2/b-catenin/TCF4
signaling is a way to combat ischemic heart injury.
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