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a b s t r a c t

Myocardial infarction (MI), the most serious of the ischemic heart diseases, is accompanied by myocardial
metabolic disorders and the loss of cardiomyocytes. Increasing evidence has shown that long noncoding
RNAs (lncRNAs) are involved in various pathological conditions such as cancer and cardiovascular dis-
eases (CVDs), and are emerging as a novel biomarker for these disorders. This study aims to investigate
the regulatory role and mechanisms of lncRNAs in myocardial remodeling in the setting of MI. We find
that post-infarcted hearts exhibit a reduction of adenosine triphosphate (ATP) and an alteration of the
glucose and lipid metabolism genes cluster of differentiation 36 (CD36), hexokinase 1 (HK1), and glucose
transporter 4 (GLUT4), accompanied by cardiomyocyte pyroptosis. We then identify a previously
unknown conserved lncRNA, AK009126 (cardiomyocyte pyroptosis-associated lncRNA, CPAL), which is
remarkably upregulated in the myocardial border zone of MI mice. Importantly, the adeno-associated
virus 9 (AAV9)-mediated silencing of endogenous CPAL by its short hairpin RNA (shRNA) partially abro-
gates myocardial metabolic alterations and cardiomyocyte pyroptosis during MI in mice. Mechanistically,
CPAL is shown to bind directly to nuclear factor kappa B (NFjB) and to act as an activator of NFjB to
induce NFjB phosphorylation in cardiomyocytes. We also find that CPAL upregulates caspase-1 expres-
sion at the transcriptional level and consequently promotes the release of interleukin (IL)-18 and IL-1b
from cardiomyocytes. Collectively, our findings reveal the conserved lncRNA CPAL as a new regulator
of cardiac metabolic abnormalities and cardiomyocyte pyroptosis in the setting of MI and suggest CPAL
as a new therapeutic target to protect cardiomyocytes against ischemic injury in infarcted hearts.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cardiovascular diseases (CVDs) are a series of congenital or
acquired disorders of the heart and blood vessels. At present, CVDs
account for more than 40% of all patient deaths in clinics, are a
major cause of human death worldwide, and give rise to economic
burdens and immense health problems across the globe [1–3].
Myocardial infarction (MI) is one of the most common CVDs; it is
a metabolic catastrophe caused by a reduced supply of oxygen
and nutrients, which results in microenvironment homeostasis
disorder, massive cell death, inflammatory cell infiltration, fibrob-
last activation, and so forth. These pathological alterations in MI
lead to cardiac systolic dysfunction, heart remodeling, myocardial
fibrosis, and even sudden cardiac death [4].

Long noncoding RNAs (lncRNAs) are a set of noncoding RNAs
that are more than 200 nucleotides (nt) long [5]; they participate
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in many fundamental pathophysiological processes and biological
processes, including genomic imprinting, RNA alternative splicing,
and chromatin modification [6]. Numerous studies have shown the
differential expression profile of lncRNAs in a variety of CVDs, such
as hypertrophy, arrhythmias, and cardiac fibrosis. The knockout of
Triadin (Trdn), a cardiomyocyte-specific lncRNA, has been shown
to impair the cardiac calcium handling system and increase the
susceptibility to cardiac arrhythmias in mice [7]. In addition, a
growing number of lncRNAs have been found to participate in
the pathological process of MI [8–10]. For example, lncRNA
zinc finger antisense 1 (ZFAS1) has been shown to act as a
SR Ca2+ATPase 2a (SERCA2a) inhibitor and cause contractile dys-
function by binding to SERCA2a protein in MI mice [11]. It has been
reported that lncRNA Krüppel-like factor 3 antisense RNA 1 (KLF3-
AS1) plays a potential role in the cardiomyocyte pyroptosis process
during the development of MI [12]. The essential roles of lncRNAs
in regulating cardiomyocyte death and myocardium remodeling
indicate their potential application as new targets for the treat-
ment of MI in the future.

An increasing body of evidence has revealed that MI is accompa-
niedby changes in the cardiac energymetabolismandamassive loss
of cardiomyocytes. In particular, impairment in energy and sub-
strate utilization (e.g., glucose and fatty acids (FAs)) has been
reported as a key determinant of cell death and myocardial injury
in the setting of MI [13,14]. In addition, the continued upregulation
of nonspecific indicators of inflammation (e.g., the high-sensitivity
interleukin (IL) family) in plasma and themyocardium is associated
with worse outcomes. Thus far, some transcription factors, cytoki-
nes, enzymes, and growth factors have been shown to be involved
in the above mentioned pathological process. Nuclear factor kappa
B (NFjB) is a key transcription factor that regulates gene expression
in many pathophysiological processes and operates the nuclear
translocation of cytoplasmic complexes [15]. It has been reported
that quinazoline-4,6-diamine (QNZ) improves glucose uptake
through glucose transporter 4 (GLUT4) activation and inhibits chon-
drocytedegenerationby inhibitingNFjBactivation [16]. In addition,
NFjB serves as an upstream signal to influence the cardiomyocyte
pyroptosis process in the development ofMI [17]. The evidence sug-
gests thatNFjBplays a crucial role in regulating the functionsof vas-
cular endothelial cells and myocardial cells during MI [18,19].

The present study was therefore conducted to explore the
function and regulation mechanism of the conserved lncRNA,
cardiomyocyte pyroptosis-associated lncRNA (CPAL), in myocar-
dial energy metabolism disorder and inflammatory cardiomyocyte
death. Here, we first report that lncRNA CPAL was upregulated in
the MI model and induced a reduction of adenosine triphosphate
(ATP), alteration of the glucose and lipid metabolism genes cluster
of differentiation 36 (CD36), hexokinase1 (HK1), and GLUT4, and
myocardial inflammation, which promoted cardiomyocyte
pyroptosis and myocardial dysfunction. We further found that
NFjB was related to the energy metabolism and inflammatory
process of cardiomyocytes in MI. NFjB was phosphorylated by
CPAL; the phosphorylated NFjB (P-NFjB) was then transported
from the cytoplasm into the nucleus, where it promoted pro-
caspase-1 transcription and activation and led to pyroptosis. This
research suggests CPAL as a new regulator and therapeutic target
of cardiac metabolic dysfunction and cardiomyocyte pyroptosis
in MI.
2. Materials and methods

2.1. Animals

Male C57BL/6 mice weighing 20–25 g were purchased from the
Experimental Animal Center of the Affiliated Second Hospital of
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Harbin Medical University (China). Healthy mice were housed in
standard animal room conditions, as previously described [20].
AAV9-ZsGreen-shRNA-NC (AAV9-sh-NC) and AAV9-ZsGreen-
shRNA-CPAL (AAV9-sh-CPAL) were delivered into the mouse via
tail vein injection; then, four weeks later, the mice were anes-
thetized with 2,2,2-tribromoethanol (T48402; Sigma–Aldrich,
USA) by intraperitoneal injection and were ventilated with a small
animal ventilator (model VFA-23-BV; Kent Scientific, USA). The
chests were opened between the third and fourth ribs to expose
the hearts. A 7-0 nylon sutures were used to ligate around the left
coronary artery (LAD); then, the chest was closed [21]. Twenty-
four hours after the operation, the hearts were collected for further
analyses. Male mice were randomly divided into four groups: the
sham group, MI group, +AAV9-sh-NC group, and +AAV9-sh-CPAL
group. This study was approved by the Animal Care and Use Com-
mittee of Harbin Medical University.

2.2. Construction of CPAL knockdown virus

AAV9 vectors carrying shRNA for silencing CPAL were con-
structed using a target sequence of 50-AAACATTAACGAATTAA
GACC-30 and a CAG promoter conjugated with ZsGreen (Hanbio,
China). Each mouse was given a titer of 1 � 1012 vg�mL�1(100 lL)
via the tail vein [22].

2.3. Echocardiography

2,2,2-Tribromoethanol (T4802; Sigma–Aldrich) was used to
anesthetize the mice by intraperitoneal injection. To maintain
the body temperature at 37 �C, the mice were positioned on a
warming pad. Then, the left ventricular function was evaluated
by transthoracic echocardiography, as previously described [4].

2.4. Triphenyltetrazolium chloride (TTC) staining

The mice hearts from each group were excised and frozen
rapidly at –80 �C; they were then cut into slices 2 mm thick and
stained with 1% TTC in phosphate solution (Sigma–Aldrich, USA)
for 20 min at 37 �C. Next, these slices were arranged and digitally
photographed.

2.5. Cell culture and treatment or transfection with small interfering
RNA (siRNA)

Cardiomyocytes were isolated from neonatal mice (1–3 days
old). In brief, the neonatal mice were washed with 75% alcohol;
then, a pair of sterile forceps was used to retrieve the hearts. Next,
the ventricular myocardium were cut into small pieces. The result-
ing cell suspension was centrifuged and re-suspended in cell med-
ium with 100 lg�mL�1 of streptomycin, 100 U�mL�1 of penicillin,
and 10% fetal bovine serum. To separate the fibroblasts from the
cardiomyocytes, the suspension was placed in culture flasks at
37 �C for 1.5 h. The unattached cells were cardiomyocytes; these
were seeded into a cell culture flask and cultured at 37 �C in humid
air with 5% carbon dioxide (CO2). After 48 h, the cardiomyocytes
that attached to the culture plates were used for subsequent experi-
ments [23]. The cells were pretreated with/without 5 lg�mL�1 of
SN50 (HY-P015; MCE, USA) and 50 lg�mL�1 of acetyl(Ac)-Tyr-
Val-Ala-Asp-chloromethyl ketone (Ac-YVAD-CMK) (178603-78-6;
Cayman, USA) for 30 min prior to lipopolysaccharide (LPS) stimu-
lation (50 lmol�L�1, 12 h).

The CPAL-specific siRNA (si-CPAL) and a scrambled negative
control RNA (si-NC) were commercially synthesized by
GenePharma. The sequences for CPAL were as follows: sense
50-GGUCUUAAUUCGUUAAUGUTT-30 and antisense 50-ACAUUAAC-
GAAUUAAGACCTT-30. The CPAL-specific siRNA was coated and
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transfected into cardiomyocytes using Lipofectamine 2000 (Invit-
rogen, USA) reagent, as described previously [24], with a final con-
centration of 100 nmol�L�1. At 48 h after transfection, the cells
could be used for subsequent experiments.
2.6. Hematoxylin-Eosin (H&E) staining

The hearts of each group mice were dissected and immersed,
fixed with 4% paraformaldehyde for 24 h, embedded in paraffin,
and then cut into 5-lm-thick sections using tissue-processing
equipment. These sections were deparaffinized with xylene and
then hydrated with descending concentrations of ethanol. These
sections were then stained with a H&E staining kit (G1120; Solar-
bio, China) according to the manufacturer’s protocols, and images
were captured by microscopy (FV300, Olympus, Japan).
2.7. Transmission electron microscopy

Cardiomyocytes that had been digested with 0.25% trypsin at
37 �C for 1 min and heart tissues of each group were fixed in
2.5% glutaraldehyde, postfixed in 1% OsO4 for 2 h, and stained in
a block with 1% uranyl acetate, followed by hydration with
descending concentrations of ethanol and embedding in epoxy.
After electron staining, the sections were observed under electron
microscope (JEM-1200; JEOL Ltd., Tokyo, Japan).
2.8. dUTP nick-end labeling (TUNEL) assay

TUNEL staining was used to determine the DNA fragmentation
of the cardiomyocytes using a TUNEL detection kit (Roche,
Germany) according to the manufacturer’s protocol, as previously
described [25].
2.9. Western blot

The total protein extraction was based on a bicinchoninic acid
(BCA) protein kit (P0012; Beyotime, China) [26]. Protein samples
were separated by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE; 10%–13%), transferred onto nitrocellu-
lose membranes, and blocked in phosphate-buffered saline (PBS)
containing 5% milk. The membranes were then incubated with pri-
mary antibodies against nucleotide-binding oligomerization
segment-like receptor family 3 (NLRP3) (A12694; Abclonal, USA),
Gasdermin D/Gasdermin D N-terminal (GSDMD/GSDMD-N)
(ab209845; Abcam, UK), IL-18 (A1115; Abclonal), IL-1b (A16288;
Abclonal), caspase-1 (ab207802; Abcam), phospho-nuclear factor
kappa B (P-NFjB P65) (Ser536; #3033; CST, USA), NFjB P65
(#8242T; CST), CD36 (74002S; CST), GLUT4 (AF5386; Affinity Bio-
sciences, USA), and HK1 (19662-1-AP; Proteintech, USA) at 4 �C
overnight. After washing with PBS with Tween-20 (PBST), the
membranes were incubated with fluorescence-conjugated anti-
rabbit IgG secondary antibody at room temperature for 1 h
(LI-COR, USA). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Zhongshanjinqiao Biological Technology Co., Ltd., China)
was used as an internal control. The membranes were scanned and
analyzed using an Odyssey Infrared Imaging System (LI-COR).
2.10. Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) kits was used to
detect the levels of IL-18 (Elabscience, China), IL-1b (Elabscience),
and ATP (MB-6783A; Enzyme Mark Biological, China) in serum,
according to the manufacturer’s specifications.
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2.11. Quantitative real-time polymerase chain reaction (qRT-PCR)

To perform qRT-PCR testing, TRIzol reagent (Invitrogen) was
used to extract RNA from the myocardial tissue and cardiomy-
ocytes, as previously described [27]. The complementary DNA
(cDNA) synthesis reaction mixture contained 1 lg of the template
RNA and the reagents from a high-capacity cDNA reverse tran-
scription kit, according to the instructions. The content of CPAL,
NLRP3, caspase-1, IL-18, IL-1b, HK1, and CD36 were detected using
a SYBR Green PCR Master Mix kit (Toyobo Co., Ltd., Japan). The rel-
ative fold changes were calculated with the 2�DDCt method in the
transcripts, which were normalized to endogenous GAPDH levels.
The sequences of the primers (mouse) were synthesized by
Invitrogen and are shown in Table S1 in Appendix A.

2.12. Immunohistochemical analysis

The heart tissues were fixed, dehydrated, embedded, and sec-
tioned according to standard procedures. Next, these sections were
deparaffinized, rehydrated, and blocked with hydrogen peroxide,
and then incubated with NLRP3 (BA3677; BOSTER, China),
caspase-1 (ab207802; Abcam), and P-NFjB (AF2006; Affinity Bio-
sciences, USA) antibodies at 4 �C overnight. After three washes
with PBST, the secondary antibody (Zhongshanjinqiao Biological
Technology Co., Ltd.) was used to incubate the slices. The 3,3-N-
diaminobenzidine tertrahydrochloride (DAB) (Zhongshanjinqiao
Biological Technology Co., Ltd.) chromogen was used to incubate
the sections, and Mayer’s hematoxylin was ultimately used to
counterstain the sections in order to stain the cell nuclei. The sec-
tions were then photographed under a microscope. ImageJ was
used to determine the sizes of the stained areas [28].

2.13. Immunofluorescence

Immunofluorescence staining was used to detect the expression
and location of NLRP3, caspase-1, and P-NFjB in the cardiomy-
ocytes. The method used for fluorescence staining was based on
a previous description [20]. The following primary antibodies were
used: NLRP3 (BA3677; Boster), caspase-1 (ab207802; Abcam), and
P-NFjB (AF2006; Affinity Biosciences).

2.14. Fluorescence in situ hybridization

CPAL expression and localization in cardiomyocytes was evalu-
ated by fluorescence in situ hybridization (FISH). In brief, after the
cells were cultured to 60%–80% confluences, they were blocked
with prehybridization and then permeabilized with 0.5% Triton
X-100. After washing and fixing by PBS, the cardiomyocytes were
incubated with Cy3-conjugated CPAL probe and 18S and U6 probe
in a hybridization buffer. After being washed with saline sodium
citrate (SSC) and PBS, the cell nuclei were stained with 4’,6-
diamidino-2-phenylindole (DAPI). Immunofluorescence was ana-
lyzed under a confocal microscope (Axio Scope A1, ZEISS,
Germany).

2.15. Chromatin immunoprecipitation (ChIP) assay

The experiment was performed with a chip kit (Invitrogen)
according to the instructions. In short, the DNA immunoprecipi-
tated with NFjB P65 antibody and immunoglobulin G (IgG) anti-
body was detected using polymerase chain reaction (PCR)
technology. The following primers were used: Caspase-1-1 primers
(forward 50-AAAGAAGCCAAGAGCCAGGT-30 and reverse
50-AGTGGACCAAGGAATGGTTG-30) flanked the NFjB binding
sites (–836 to –846 nt), and Caspase-1-2 primers (forward
50-TGTTTGGTTGGCTGGTTGTT-30 and reverse 50-GGACCAGAA-
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GCAGAGGTGTG-30) flanked the NFjB binding sites (–1555 to
–1544 nt).
2.16. RNA-interacting protein immunoprecipitation (RIP)

An RIP assay was performed using the MagnaRIP RNA-Binding
Protein Immunoprecipitation Kit (17-701; Millipore, Germany),
according to the instructions [11]. In brief, heart tissues were har-
vested and lysed with RIP lysis buffer. Then, the extracted total
RNA was mixed with NFjB P65 (622604; Biolegend, USA) antibody
or the control antibody (IgG) and precipitated. Next, the precipi-
tated RNA was purified by proteinase K treatment. Finally, the
RNA was detected by qRT-PCR.
2.17. The lactate dehydrogenase (LDH) release assay

The LDH release in cells was assessed using an LDH Assay Kit
(A020-2, Nanjing Jiancheng Biological, China) according to the
manufacturer’s instructions.
2.18. Statistical analysis

A statistical analysis of the experimental data was performed
using Graphpad Prism 5.0 software (GraphPad Software, Inc.,
USA). A comparison between the two groups was performed using
a t-test. One-way analysis of variance (ANOVA) was used to com-
pare multiple groups. Group data are presented as the
mean ± the standard error of the mean (SEM), and P values of less
than 0.05 were considered to be statistically significant.
Fig. 1. Heart damage in MI mice. (a) Echocardiogram, EF, and FS measurements of sham a
of cross-sectional slices derived from sham and MI hearts (n = 3). The blue arrow indic
infiltration. (c) Representative transmission electron microscopy (TEM) micrograph of s
indicates mitochondrial swelling (n = 4). (d) ATP levels in the homogenate of heart tissue
at the mRNA and protein levels in the infarct border zones of the left ventricular from eac
with the sham group; n = 3 to n = 4; mean ± SEM).

52
3. Results

3.1. Myocardial remodeling and alteration of myocardial energy
metabolism during MI

First, to reveal the multiple pathological changes associated
with cardiac injury in infarcted hearts, we established an in vivo
MI model by LAD ligation. Echocardiography and hemodynamic
measurements showed that ejection fraction (EF) and fractional
shortening (FS) were both markedly reduced in the MI heart com-
pared with those in the sham group (Fig. 1(a)). H&E staining of the
mouse hearts presented clear structural abnormalities, including
changes in the myocardial cell size and the larger intercellular
space, accompanied by inflammatory cell infiltration (Fig. 1(b)).
Electron microscopy images showed that the basic structure of
the myocardium was abnormal in the MI hearts, with swollen
mitochondria and karyopyknosis (Fig. 1(c)). In addition, in order
to investigate alterations in the myocardial energy metabolism,
such as alterations in ATP, glucose, and FAs, their levels were
examined during myocardial ischemia. As the main form of energy
in the myocardium, ATP can be utilized after MI. Using an ELISA,
we found that the ATP level was reduced in the border zone of
the infarcted hearts (Fig. 1(d)). The expression of GLUT4, HK1,
and CD36 at the mRNA and protein level was visibly downregu-
lated in the MI group (Figs. 1(e) and (f)). These results indicated
that the heart injury was increased to varying degrees and might
be associated with metabolic alterations and inflammation in MI
mice.

3.2. Cardiomyocyte pyroptosis detected in MI hearts

A growing body of evidence has shown that pyroptosis plays a
pivotal role in the inflammatory process of MI [29,30]. In the
nd MI mice (n = 5). **P < 0.01, compared with sham, mean ± SEM. (b) H&E staining
ates the larger intercellular space, and the yellow stars indicate inflammatory cell
ham and MI hearts; the blue arrow indicates karyopyknosis, and the green arrow
from sham and MI (n = 3; *P < 0.05). (e, f) The expression of GLUT4, HK1, and CD36
h group at 24 h after the MI operation, respectively (*P < 0.05, **P < 0.01, compared
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canonical pyroptosis signaling pathway, the oligomerization of
pro-caspase-1 proteins guides autoproteolytic cleavage into
cleaved caspase-1, then actives the cleavage of GSDMD and
induces the release of the GSDMD-N-terminal fragment, which
causes membrane pores to release IL-18 and IL-1b with biological
activity [28]. To further investigate the degree of inflammatory cell
death after MI, a TUNEL staining analysis was performed to deter-
mine the DNA integrity in the mouse hearts; it showed numerous
TUNEL-positive cells in the MI mouse hearts (Fig. 2(a)). The qRT-
PCR results showed that the expression of NLRP3, caspase-1, IL-
18, and IL-1b was observably increased at the mRNA level in the
MI group (Fig. 2(b)). The protein expression of NLRP3, cleaved
caspase-1, GSDMD, GSDMD-N, pro-IL-18, mature IL-18, pro-IL-1b,
Fig. 2. Cardiomyocyte pyroptosis occurs in MI hearts. (a) Representative images were sta
sham and MI groups (green: TUNEL-positive cells; blue: DAPI; n = 3). (b) Relative mRNA l
sham, mean ± SEM). (c) Relative protein levels of NLRP3, cleaved caspase-1, GSDMD, GSD
MI groups (*P < 0.05, **P < 0.01, compared with sham; n = 3 to n = 9; mean ± SEM). (d) N
MI hearts (yellow arrow indicates positive cells; **P < 0.01, compared with sham; mean
detected by ELISA assay (**P < 0.01, compared with sham; n = 4 to n = 6; mean ± SEM
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and mature IL-1b was significantly upregulated in the MI mouse
hearts as well (Fig. 2(c)). An immunohistochemical analysis of
the mouse hearts revealed that the expression of NLRP3 and
caspase-1 were also markedly upregulated in the MI group
(Fig. 2(d)). In addition, similar changes on IL-18 and IL-1b were
consistently observed in the MI mouse serum (Fig. 2(e)), showing
the induction of cardiomyocyte pyroptosis.

LPS was used to induce an inflammatory response in the car-
diomyocytes in order to mimic myocardial inflammation after
MI. A TUNEL staining analysis of the cardiomyocytes further con-
firmed that the LPS had induced nuclear chromosomal DNA break-
age (Fig. S1(a) in Appendix A). The electron microscopy images
showed karyopyknosis, mitochondrial swelling, and membranolysis
ined by TUNEL, showing cells with nuclear chromosomal DNA fragmentation in the
evels in the sham and MI hearts (n = 4 to n = 8; *P < 0.05, **P < 0.01, compared with
MD-N, pro-IL-18, mature IL-18, pro-IL-1b, mature IL-1b, and GAPDH in the sham and
LRP3 and caspase-1 levels as shown by immunohistochemical staining in sham and
± SEM; n = 3). (e) Concentration of IL-18 and IL-1b in sham and MI mouse serum

).
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in the LPS-treated cardiomyocytes (Fig. S1(b) in Appendix A). A qRT-
PCR analysis of the cardiomyocytes revealed that the expression of
caspase-1 was markedly augmented at the mRNA level in the LPS-
treated group, and similar changes in NLRP3, IL-18, and IL-1b were
consistently demonstrated (Fig. S1(c) in Appendix A). Meanwhile,
the expression of NLRP3, cleaved caspase-1, GSDMD, GSDMD-N,
pro-IL-18, mature IL-18, pro-IL-1b, and mature IL-1b protein levels
was significantly increased in the LPS-treated cardiomyocytes
(Fig. S1(d) in Appendix A). An immunofluorescence assay showed
that the expression of NLRP3 and caspase-1 was markedly increased
in the LPS-treated cardiomyocytes (Fig. S1(e) in Appendix A).

3.3. Effect of CPAL deficiency on cardiac protection

We then further explored the key role of lncRNAs in the inflam-
matory process after MI. We began by measuring the levels of dif-
ferential expression of lncRNAs that may be associated with CVDs
[10], including AK009126 (CPAL), AK157022, AK086435,
AK156356, AK076765, AK035575, AK044386, AK141702,
AK0158845, ENSMUST00000148132, ENSMUST00000101162,
ENSMUST00000137198, and ENSMUST00000143898 in both the
sham and MI hearts or inflammatory conditions. The results
revealed that CPAL exhibited the most pronounced deregulation
in the MI hearts and inflammatory process (Figs. 3(a) and (b)). FISH
assays indicated that CPAL was distributed in both the nucleus and
cytoplasm of the cardiomyocytes and was increased after LPS
treatment in neonatal cardiomyocytes (Fig. 3(c)). Based on the
above findings, we further explored whether the alteration of CPAL
is related to cardiomyocyte metabolic alterations and pyroptosis
by means of the experimental procedure shown in Fig. 3(d). In an
in vivo study, AAV9-sh-NC and AAV9-sh-CPAL were delivered into
the mouse via tail vein injection; then, four weeks after AAV9-sh-
CPAL infection (1�1012 vg�mL-1, 100 lL), the expression efficiency
of CPAL was verified by qRT-PCR in various tissues. The results
showed that CPAL was successfully knocked down in the myocar-
dium (Fig. S2 in Appendix A). Subsequently, we constructed an MI
mouse model by means of LAD coronary artery ligation for 24 h.
2,3,5-TTC staining showed that knocking down CPAL reduced the
infarct size in MI-injured mouse hearts (Fig. 3(e)). Echocardiograph
measurements revealed that the EF and FS were markedly declined
in MI mice at 24 h but were conspicuously increased in the AAV9-
sh-CPAL administration group, indicating the cardiac protection of
CPAL deletion (Fig. 3(f)). Mice in the sham groups did not show his-
tological lesions in the heart. All mice in the MI group showed mild
inflammatory foci in the heart, and these alterations were signifi-
cantly alleviated in the CPAL knockdown group (Fig. 3(g)). More-
over, to measure the function of CPAL on the ultrastructure of
the cardiomyocytes, electron microscopy was performed. We
found that swollen mitochondria and karyopyknosis appeared in
the MI hearts. CPAL deletion significantly alleviated these changes,
suggesting that CPAL deletion reduced the development of inflam-
mation and protected the heart against ischemic injury after MI
surgery (Fig. 3(h)).

3.4. Effect of CPAL deficiency on cardiomyocyte metabolism

Ventricular remodeling after MI is a chronic and complex pro-
cess in which the energy metabolism is regulated by many factors.
Here we first explored whether CPAL is involved in the NFjB-
related myocardial energy metabolic process. We found that the
ATP level was reduced in the border zone of infarcted hearts when
examined by means of ELISA; however, these harmful changes
were attenuated visibly by the deletion of CPAL (Fig. 4(a)). In addi-
tion, an abnormal glucose and lipid metabolism exists in myocar-
dial ischemia. The evidence revealed that the expression of HK1
and CD36 at the mRNA level was visibly downregulated in the MI
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group, which was prevented by CPAL deletion (Figs. 4(b) and (c)).
Meanwhile, GLUT4, HK1, and CD36 were significantly downregu-
lated in the MI hearts at the protein level, which was prevented
by CPAL deletion, as depicted in Figs. 4(d)–(f). Taken together,
these data suggest that CPAL deficiency is beneficial for protecting
the glucose and lipid metabolism and replenishing the ischemic
myocardium, and thereby contributes to the reduction of myocar-
dial ischemic injury.

3.5. CPAL deletion reduces cardiomyocyte pyroptosis in MI mice

To ascertain whether CPAL deletion exerts a protective effect on
cardiomyocyte pyroptosis in MI hearts, TUNEL staining was per-
formed and revealed myocardial ischemia-caused cell death,
where CPAL deletion attenuated the cell death (Fig. 5(a)). As shown
in Fig. 5(b), CPAL deletion decreased the mRNA expression of
NLRP3, caspase-1, IL-18, and IL-1b, compared with those in the
MI hearts. Consistently, CPAL deletion reduced the protein levels
of NLRP3, cleaved caspase-1, GSDMD, GSDMD-N, pro-IL-18, mature
IL-18, pro-IL-1b, and mature IL-1b, compared with those of MI
mice, as shown by Western blot analysis (Fig. 5(c)). Serum samples
were collected from each group for measuring the IL-18 and IL-1b
levels using ELISA; the results revealed that the serum levels of IL-
18 and IL-1b were visibly decreased in CPAL knocked-down MI
mice, relative to the MI samples (Fig. 5(d)). Consistently, immuno-
histochemical analysis revealed a significant decrease in NLRP3
and caspase-1 protein level, respectively, in CPAL deletion mice
compared with that of MI mice (Fig. 5(e)).

3.6. CPAL silencing reduced pyroptosis in vitro

In cardiomyocytes, knockdown of CPAL was performed using
si-CPAL (Fig. S3 in Appendix A). A severe loss of cardiomyocytes
was observed in the LPS group. However, si-CPAL treatment signif-
icantly improved cardiomyocyte survival, as revealed by TUNEL
staining (Fig. 6(a)). As shown in Fig. 6(b), the cells exhibited vary-
ing degrees of ultrastructural changes, including karyopyknosis,
mitochondrial swollen degeneration, and damage to the
membrane after LPS stimulation, and these alterations were
reversed by si-CPAL. Furthermore, Western blot results showed
that CPAL silencing attenuated the expression of NLRP3, cleaved
caspase-1, GSDMD, GSDMD-N, pro-IL-18, mature IL-18, pro-IL-1b,
and mature IL-1b at the protein level compared with the LPS group
(Fig. 6(c)). Consistently, the immunofluorescence assay showed
decreases in NLRP3 and caspase-1 protein levels in si-CPAL-
treated neonatal mouse cardiomyocytes compared with those that
were si-NC-treated alone (Fig. 6(d)). In addition, we analyzed the
effect of CPAL on the release of LDH and found that CPAL silence
inhibited the level of LDH release that had increased due to LPS.
These results indicated that an increase in the plasma membrane
permeability is involved in CPAL-mediated cardiomyocyte pyrop-
tosis (Fig. 6(e)).

3.7. CPAL as an upstream activator of NFjB

In order to explore the key mechanism of CPAL in regulating
cardiomyocyte pyroptosis, we performed a theoretical analysis
for RNA–protein binding using the catRAPID database. The analysis
revealed a high probability of a CPAL and NFjB interaction at 76–
127 and 209–260 nt (Fig. 7(a)). This initial analysis led us to exam-
ine the functional relationship between CPAL and NFjB. We then
performed RIP to determine whether CPAL could directly bind to
NFjB. The results clearly showed the existence of such an interac-
tion—namely, the immunoprecipitation of NFjB in combination
with an appreciable amount of CPAL (Fig. 7(b)), which indicated
that CPAL has a strong and specific affinity for NFjB. After this,



Fig. 3. CPAL is upregulated in MI hearts and under inflammatory conditions. (a) lncRNAs expression analysis of the shammouse hearts relative to MI by qRT-PCR assay (n = 3
to n = 6; *P < 0.05, **P < 0.01, compared with sham). (b) Verification of the lncRNAs expression analysis in cardiomyocytes after treatment with LPS (50 nmol�L�1) for 12 h or
untreated (n = 3 to n = 6; **P < 0.01, compared with control (Ctl) group). (c) FISH staining of the CPAL-specific probe in cardiomyocytes (18S is a cytoplasmic marker, and U6
is a nuclear marker n = 3 to n = 5). (d) Schematic diagram of the experimental procedure of the in vivo study. (e) Recombinant adeno-associated virus (serotype 9; AAV9)
vector carrying the shRNA (AAV9-sh-CPAL) to knock down endogenous CPAL in MI mice. TTC staining of infarction border zones of mouse hearts in the sham, MI, +AAV9-sh-
NC, and +AAV9-sh-CPAL groups. (f) Echocardiogram, EF, and FS analysis of sham, MI, +AAV9-sh-NC, and +AAV9-sh-CPAL mice (**P < 0.01, compared with sham group;
#P < 0.05, ##P < 0.01, compared with +AAV9-sh-NC group; n = 5 to n = 8; mean ± SEM). (g) H&E staining of cross-sectional slices derived from the sham, MI, +AAV9-sh-NC,
and +AAV9-sh-CPAL hearts (blue arrow indicates a larger intercellular space, and yellow stars indicate inflammatory cell infiltration; n = 3 to n = 4). (h) TEM micrograph
showing the ultrastructural changes in the myocardium in each group mice (blue arrow: karyopyknosis; green arrow: mitochondrial swelling; n = 4).

J. Li, H. Xue, N. Xu et al. Engineering 20 (2023) 49–62
we examined whether CPAL performs any direct action in NFjB
activities in addition to protein interactions. We found that the
expression of P-NFjB was visibly downregulated after CPAL deple-
tion at the protein level, while the protein expression of the total
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NFjB was not significantly changed. (Fig. 7(c)). Similar downregu-
lation of P-NFjB was also observed in CPAL knockdownMI mice by
means of immunohistochemical analysis (Fig. 7(d)). In vitro, CPAL
siRNA was performed to verify the regulatory function of CPAL



Fig. 4. CPAL regulates the myocardiummetabolism after myocardial infarction in mice. (a) ATP levels in the homogenate of heart tissue from the sham, MI, +AAV9-sh-NC, and
+AAV9-sh-CPAL groups (n = 5; **P < 0.01; ##P < 0.01, compared with +AAV9-sh-NC group). (b, c) Expression of HK1 and CD36 at the mRNA levels in the infarct border zones of
the left ventricular from each group at 24 h after MI operation (**P < 0.01, compared with sham group; ##P < 0.01, compared with +AAV9-sh-NC group; n = 3 to n = 5:
mean ± SEM). (d–f) Relative protein levels of GLUT4, HK1, and CD36 in each group. Protein expressions were normalized to GAPDH (*P < 0.05, **P < 0.01, compared with sham
group; #P < 0.05, ##P < 0.01, compared with +AAV9-sh-NC group; n = 3; mean ± SEM).
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on NFjB. The result indicated that the expression of P-NFjB at the
protein level was visibly downregulated after si-CPAL treatment
under LPS condition compared with +si-NC group (Fig. 7(e)); how-
ever, the expression of total NFjB was not changed. Similar results
were shown in P-NFjB P65 by means of immunofluorescence anal-
ysis (Fig. 7(f)). Immunofluorescence staining showed that treat-
ment with LPS led to the accumulation of P-NFjB P65 in the
nuclei of cardiomyocytes, while CPAL silencing inhibited this phe-
nomenon. These findings suggest that CPAL may activate the NFjB
function by promoting the phosphorylation of NFjB, thereby
allowing NFjB to enter the nucleus. In order to confirm that NFjB
phosphorylation is directly induced by CPAL binding to site1,
CTCGGAGAGACCCTGGAGGGACCAGGACCACTCTTGTCTCGCCTGGA-
CCTGC, and site2, TGTCTGAAGAAAAATGCTGGCCACTAATCGTTT-
GCCTCGAAGGAGTCTGAGG, oligodeoxynucleotide (ODN) technol-
ogy was adopted. Two sequence segments of CPAL-ODNs were
constructed to specifically target and mask the binding sites of
NFjB, labeled CPAL-ODN-1 (masking site1) and CPAL-ODN-2
(masking site2). The two ODNs were designed to be fully comple-
mentary to the two predicted CPAL binding sites respectively. Co-
transfection with CPAL and the ODNs failed to affect the P-NFjB
level (Fig. 7(g)). This result indicates that CPAL can physically bind
with NFjB and can induce the phosphorylation of NFjB by binding
the sites (site1: 76–127 nt and site2: 209–260 nt).
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3.8. Suppression of NFjB reduced LPS-led neonatal mouse
cardiomyocyte pyroptosis

In order to explore the role of NFjB in LPS-mediated neonatal
mouse cardiomyocyte pyroptosis, we further explored whether
cardiomyocyte pyroptosis was reversed by SN50, a cell-
permeable inhibitor of NFjB translocation, and Ac-YVAD-CMK, a
potent caspase-1 inhibitor (Fig. 8(a)). We found that SN50 signifi-
cantly inhibited pro-caspase-1 and cleaved caspase-1 expression
at the protein level in LPS-treated neonatal mouse myocardial cells.
This finding means that NFjB inhibition significantly inhibits
caspase-1 protein expression, suggesting that caspase-1 may be
the downstream gene of NFjB transcription regulation. Ac-
YVAD-CMK visibly suppressed the expression of NLRP3, pro-
caspase-1, cleaved caspase-1, GSDMD, GSDMD-N, pro-IL-18,
mature IL-18, pro-IL-1b, and mature IL-1b in cardiomyocytes,
indicating that the inhibitor of caspase-1 in cardiomyocytes
significantly inhibited the expression of genes related to pyropto-
sis. The expression levels of NLRP3, pro-caspase-1, cleaved
caspase-1, GSDMD, GSDMD-N, pro-IL-18, mature IL-18, pro-IL-1b,
and mature IL-1b in the cardiomyocytes were visibly lower when
the two inhibitors worked together, indicating that NFjB is
involved in inflammatory responses and pyroptosis by regulating
the expression of caspase-1 in myocardial cells. Finally, we



Fig. 5. Downregulation of CPAL-inhibited pyroptosis. (a) Representative TUNEL images showing cells with chromosomal DNA fragmentation in each group (green: TUNEL-
positive cells; blue: DAPI; n = 3 to n = 4 **P < 0.01, compared with sham group; ##P < 0.01, compared with +AAV9-sh-NC group; mean ± SEM). (b) NLRP3, Caspase-1, IL-18, and
IL-1b at the mRNA levels in the infarct border zones of the left ventricular from each group at 24 h after MI operation (**P < 0.01, compared with sham group; ##P < 0.01,
compared with +AAV9-sh-NC group; mean ± SEM; n = 6 to n = 10 mice for each group). (c) Relative protein levels of NLRP3, cleaved caspase-1, GSDMD, GSDMD-N, pro-IL-18,
mature IL-18, pro-IL-1b, and mature IL-1b in mouse hearts. Protein expressions were normalized to GAPDH (**P < 0.01, compared with sham group; ##P < 0.01, compared
with +AAV9-sh-NC group; n = 3 to n = 6; mean ± SEM). (d) Concentration of IL-18 and IL-1b in each mouse serum (**P < 0.01, compared with sham; ##P < 0.01, compared
with +AAV9-sh-NC group; mean ± SEM; n = 4 to n = 6 mice for each group). (e) Immunohistochemical staining of NLRP3 and caspase-1 protein in the infarct border zones of
the left ventricular (**P < 0.01, compared with sham group; ##P < 0.01, compared with +AAV9-sh-NC group; n = 3 to n = 4; mean ± SEM).
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investigated whether NFjB has any direct effects on Caspase-1
activities, apart from regulating expression and the mechanism
of this caspase-1-mediated regulation of expression. Therefore,
we used the TF-Protein Interaction Prediction (PROMO) database
to perform a theoretical analysis of DNA–protein binding. The anal-
ysis using the PROMO tools revealed that the proximal regions of
the Caspase-1 DNA promoter harbor putative NFjB binding
sequences near site1 and site2. These sequences are conserved
among humans, rats, and mice. ChIP assays displayed the recruit-
ment of NFjB to the proximal promoter regions of Caspase-1 at
site1 and site2, suggesting that NFjB has a strong affinity for
Caspase-1 (Fig. 8(b)). In order to confirm that the caspase-1
increase was directly induced by NFjB binding to both site1 and
site2, ODN technology was adopted. Two sequence segments of
caspase1-ODNs were designed, respectively based on the two pre-
dicted caspase-1 binding sites, and were constructed to specifically
target and mask the binding sites of NFjB, labeled caspase1-ODN-
1 (masking site1) and caspase1-ODN-2 (masking site2). After
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co-transfection with ODNs-caspase1 in LPS-treated neonatal
mouse cardiomyocytes, LPS treatment failed to affect the expres-
sion levels of pro-caspase-1, cleaved caspase-1, and GSDMD-N
(Fig. 8(c)). This result indicates that NFjB can directly bind with
Caspase-1 and can induce Caspase-1 transcription by binding the
sites (site1: –846–836 bp and site2: –1544–1555 bp).

4. Discussion

For the first time, we have uncovered the critical pathophysio-
logical relevance of the lncRNA CPAL and its precise mechanisms
in the setting of MI. This study demonstrated that CPAL was
upregulated in MI hearts and induced visible negative impacts on
heart remodeling and disfunction. Knockdown of endogenous CPAL
partially rescued the glucose and lipid metabolism alterations of
the ischemic myocardium, and inhibited the MI-induced
cardiomyocyte pyroptosis. Furthermore, we found that
CPAL directly interacted with NFjB protein and increased its



Fig. 6. CPAL silencing reduced LPS-induced cardiomyocyte pyroptosis. (a) Representative images stained by TUNEL and percentage analysis of TUNEL-positive
cardiomyocytes in the control, LPS, +si-NC, and +si-CPAL groups (green: TUNEL-positive cells; blue: DAPI **P < 0.01, compared with control group; ##P < 0.01, compared
with +si-NC group; n = 3 to n = 6; mean ± SEM). (b) TEM micrograph showing the ultrastructural changes in neonatal mouse cardiomyocytes in the control, LPS, +si-NC, and
+si-CPAL groups (green stars: karyopyknosis, red triangles: mitochondrial vacuole, yellow arrow: membranolysis n = 3). (c) Western blot analysis of NLRP3, cleaved caspase-
1, GSDMD, GSDMD-N, pro-IL-18, mature IL-18, pro-IL-1b, and mature IL-1b in the control, LPS, +si-NC, and +si-CPAL groups (n = 3 to n = 6, *P < 0.05, **P < 0.01, compared
with control group; #P < 0.05, ##P < 0.01 compared with +si-NC group; mean ± SEM). (d) Immunofluorescence staining for NLRP3/caspase-1-a-actinin in the neonatal mouse
cardiomyocytes of control, LPS, +si-NC, and +si-CPAL groups (green: NLRP3/caspase-1, red: a-actinin, blue: DAPI n = 4). (e) Concentration of LDH release in each group of cell
medium (n = 4; **P < 0.01, compared with control group; ##P < 0.01, compared with +si-NC group; mean ± SEM).
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phosphorylation. Then, the phosphorylated NFjB was transported
from the cytoplasm into the nucleus and promoted its transcrip-
tion activity, which might underlie the regulation of cardiac meta-
bolism alteration and pyroptosis by CPAL in MI.

In the process of MI, cardiomyocytes subjected to ischemia
stimuli undergo energy metabolism disorders, oxidant stress, cell
deaths, inflammation, and so forth. The glucose and lipid metabo-
lism disorders play a vital role in the development of cardiac
remodeling in diabetes and others [31]. Changes in the glucose
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and lipid metabolism in the heart have been shown to trigger car-
diomyocyte apoptosis, myocardial hypertrophy, and heart fibrosis
[31]. In addition, inflammation is involved in the repairing and
remodeling of infarcted hearts [32]. The sequential activity pat-
terns of an inflammatory reaction release inflammatory cytokines
and alter metabolic disorders, which accelerate myocardial remod-
eling in the setting of MI [33]. In this study, we found that car-
diomyocytes from the border zone of MI hearts exhibited
reduced ATP production, altered expression of CD36, HK1, and



Fig. 7. CPAL is an upstream regulator of NFjB. (a) Two specific regions (76–127 nt and 209–260 nt) of CPAL that were found to bind with NFjB using the online prediction
website. (b) RIP analysis for CPAL-NFjB interaction. Immunoprecipitation of NFjB acquired a large amount of CPAL (**P < 0.01, compared with anti-IgG; n = 3). (c) Expression
of P-NFjB and NFjB at the protein levels in each group (**P < 0.01, compared with sham group; ##P < 0.01, compared with +AAV9-sh-NC group; n = 4 to n = 6).
(d) Immunohistochemical staining of P-NFjB protein in the infarct border zones of the left ventricular (**P < 0.01, compared with sham group; ##P < 0.01, compared with
+AAV9-sh-NC group; n = 3 to n = 4). (e) Expression of P-NFjB and NFjB at the protein level in cardiomyocytes of control, LPS, +si-NC, and +si-CPAL groups (**P < 0.01,
compared with control; #P < 0.05, compared with LPS group; n = 9). (f) Staining for P-NFjB (green) and a-actinin (red) proteins in the cardiomyocytes of control, LPS, +si-NC,
and +si-CPAL groups (blue: DAPI; n = 4). (g) P-NFjB expression in the neonatal mouse cardiomyocytes of pcDNA3.1-OE-NC, pcDNA3.1-OE-CPAL, +ODNs-CPAL, and +ODNs-NC
groups (**P < 0.01, compared with pcDNA3.1-OE-NC; ##P < 0.01, compared with pcDNA3.1-OE-CPAL; n = 5).
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GLUT4, and cardiomyocyte inflammatory injury. These data indi-
cated that glucose and lipid metabolism disorders and cardiomy-
ocyte pyroptosis were present in the ischemic myocardium of MI
mice.

Recent studies have suggested that lncRNAs are important reg-
ulators of metabolic responses and physiological homeostasis in
various organs [34]. However, the regulatory lncRNAs involved in
the cardiac energy metabolism and inflammation of MI hearts
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had not been explored. In this study, CPAL, a new member of MI-
associated lncRNAs that is conserved among human, rats, and
mouse, was identified as being considerably increased in mice with
MI. The results revealed the key pathophysiological roles of CPAL in
the regulation of glucose and lipid metabolism disorders and
inflammatory processes in the cardiac remodeling of MI. More
specifically, the silencing of CPAL in MI attenuated glucose and
lipid metabolism disorder and cardiomyocyte pyroptosis in the



Fig. 8. Inhibition of NFjB alleviated LPS-induced cardiomyocyte pyroptosis. (a) Expression of NLRP3, pro-caspase-1, cleaved caspase-1, GSDMD, GSDMD-N, pro-IL-18, mature
IL-18, pro-IL-1b, and mature IL-1b at the protein level after treatment with SN50 (5 lg�mL�1, 24 h) and Ac-YVAD-CMK (50 lg�mL�1, 24 h) under LPS conditions (*P < 0.05,
**P < 0.01, compared with control, #P < 0.05, ##P < 0.01, compared with LPS group, n = 3 to n = 5, mean ± SEM). (b) NFjB positively activates caspase-1 by binding to the
caspase-1 promoter. (left) Conserved NFjB DNA binding sites in the caspase-1 promoters. PROMO tools indicating potential binding sites at 2000 bp upstream in the proximal
region of caspase-1 promoters. (right) Results of ChIP assays indicate the recruitment of NFjB to the proximal promoter regions of caspase site1 and site2 (n = 4). (c) Cleaved
caspase-1, pro-caspase-1, and GSDMD-N protein expression in the neonatal mouse cardiomyocytes of control, LPS, +ODNs-caspase1, and +ODNs-NC groups (*P < 0.05,
**P < 0.01 compared with control; #P < 0.01, ##P < 0.01 compared with LPS, n = 3 to n = 4).
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post-infarcted hearts of mice, which suggests CPAL as a new ther-
apy target for the prevention of cardiac injury in MI.

NFjB is a crucial transcription factor in vascular endothelial
cells and myocardial cells [35]. It binds with IjB (an inhibitory pro-
tein), which exists in the form of a homodimer under normal phys-
iological conditions and is inactive [36,37]. In the activation
process of pyroptosis, Nod-like receptors (NLRs), pyrin, and AIM2
bind to the ASC domain and activate pro-caspase-1 to generate
active caspase-1 [38]. lncRNAs usually interact with mRNAs by
sharing the same transcription factor [8]. It has been reported that
the lncRNA MALAT1 downregulates the NFjB signaling pathway
by acting as a ceRNA, and that its expression is decreased with
aging [39]. In the present study, we find that lncRNA CPAL binds
with NFjB and breaks the bond between NFjB and IjB, activates
NF-jB through phosphorylation at Ser536, and causes the P-NF-
jB to transfer from the cytoplasm to the nucleus, where it binds
with the specific pro-caspase-1 sites and regulates transcriptional
activity. In addition, previous research has shown that NLRP3 is a
family member of the NLRs in intracellular proteins, which plays
an important role in activating caspase-1-containing complexes—
the so-called inflammasomes [39,40]. Furthermore, NFjB activa-
tion is dependent on TLR-induced NLRP3 expression [41]. Our find-
ings showed that CPAL deletion attenuated the phosphorylation of
NFjB, and inhibited the expression of NLRP3. However, future
research is needed to further confirm this point, and we will con-
tinue to investigate the relationship between CPAL and NFjB
phosphorylation.

In addition, NFjB is a key regulator of myocardial glucose and
lipid metabolism. The downstream target genes of NFjB are also
involved in glycolipids and energy metabolism. Zhu et al. [16]
reported that the inhibition of NFjB activation by QNZ improved
the glucose uptake through GLUT4 activation and inhibited chon-
drocyte degeneration. Wu et al. [42] found that LPS enhanced gly-
colysis and promoted metastasis through the NFjB/Snail/HK3
signaling pathway in colorectal cancer cells. Han et al. [43] sug-
gested that a high level of CD36 promoted an inflammatory reac-
tion through NFjB mediated by lipid accumulation and
metabolism reprogramming. In our study, CPAL deletion enhanced
glucose and fatty acid utilization and improved the energy metabo-
lism by regulating GLUT4/HK1 and CD36 protein expression in
ischemic myocardium. To sum up, this study revealed that CPAL,
as a detrimental lncRNA, promoted glucose and lipid metabolism
disorders and cardiomyocyte pyroptosis in the process of MI by
targeting the P-NFjB p65 signaling pathway. The sequence of
CPAL-mediated metabolic alterations and cardiomyocyte pyropto-
sis via NFjB is not very clear at present, so it remains to be further
discussed in the following study.
5. Conclusions

The findings of this study indicate that CPAL can be not only a
biomarker or predictor of MI but also a key regulator of cardiomy-
ocyte pyroptosis and of glucose and lipid metabolism after MI and,
perhaps, in other CVDs. This study set out to assess the protective
effect of CPAL deficiency on cardiac function and to open up an
exciting opportunity for improving the heart dysfunction induced
by ischemia/inflammation. The results imply that CPAL could be
a crucial therapeutic target for improving cardiac function in the
setting of MI.
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