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Chlorogenic acid protects
against myocardial
iIschemia-reperfusion injury

in mice by inhibiting Lnc Neat1/
NLRP3 inflammasome-mediated
pyroptosis

Xin Chail%**, Zhengwei Liang?®**, Junshi Zhang?3, Jing Ding%3, Qian Zhang?3, Sha Lv?%3,
Yazhu Deng?3, Rongrui Zhang?3 & Deqin Lu%3*

Increasing evidences demonstrate that chlorogenic acid (CGA), a polyphenol with multiple effects
such as anti-inflammatory and anti-oxidation, protects against myocardial ischemia-reperfusion
injury (MIRI) in vitro and in vivo. But its detailed cardiac protection mechanism is still unclear. The MIRI
mice model was established by ligating the left anterior descending branch (LAD) of the left coronary
artery in C57BL/6 mice. Sixty C57BL/6 mice were randomly divided into four groups. CGA group and
CGA +1/R group (each group n=15) were gavaged with 30 mg/kg/day CGA for 4 weeks. Sham group
and I/R group mice (each group n=15) were administered equal volumes of saline. In vitro MIRI model
was constructed by hypoxia and reoxygenation of HL-1 cardiomyocytes. The results showed that CGA
pretreatment reduced myocardial infarction size and cTnT contents in serum, simultaneously reduced
the levels of Lnc Neat1 expression and attenuated NLRP3 inflammasome-mediated pyroptosis in
myocardial tissue. Consistent with in vivo results, the pretreatment of 0.2 pM and 2 pM CGA for 12
hin HL-1 cardiomyocytes depressed hypoxia/reoxygenation-induced Lnc Neatl expression, NLRP3
inflammasome activation and pyroptosis. Lnc Neatl shRNA transfection mediated by lentivirus in
HL-1 cardiomyocytes significantly reduced activation of NLRP3 inflammasome and pyroptosis. Our
findings suggest that CGA protects against MIRI by depressing Lnc Neat1 expression and NLRP3
inflammasome-mediated pyrotosis. Inhibiting the levels of Lnc Neatl1 expression may be a therapeutic
strategy for MIRI.

Acute myocardial infarction (AMI) has become the leading cause of death!. Reperfusion therapy is the most
effective approach for AMI but frequently causes myocardial ischemia-reperfusion injury (MIRI) leading
to myocardial stunning, reperfusion arrhythmias and adverse cardiac remodeling®. Numerous studies have
demonstrated that the molecular mechanism underlying MIRI involves the accumulation of inf lammatory
factors, the generation of reactive oxygen species (ROS), destabilization of lysosomes, potassium efflux and
DNA damage®—.Reperfusion therapy is the most effective approach for AMI but frequently cause myocardial
ischemia-reperfusion injury (MIRI) leading to myocardial stunning and reperfusion arrhythmias, et al. Massive
researches confirm that the molecular mechanism in myocardial I/R injury could be mediated through increased
inflammation, reactive oxygen species (ROS) generation, lysosomal destabilization and potassium efflux*>. It has
been demonstrated that inflammation plays an important role in triggering and aggravating myocardial injury
by inducing inflammatory programmed cell death, namely pyroptosis®. After myocardial ischemia reperfu-
sion, damage-associated molecular patterns (DAMPs) injure cardiomyocytes by binding to pattern recognition
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receptors (PRRs), including NOD-like receptors (NLRs), Toll-like receptors (TLRs), which subsequently lead
to the activation of inflammatory signaling pathways and pyroptosis’. Reduced inflammation has been found to
be closely associated with reduced pyroptosis in MIRI®®. Previous evidence has demonstrated that -Asarone
pretreatment in MIRI rats reduces the protein expression levels of ASC and NLRP3, and lower cleavage activa-
tion levels of caspase-1 and GSDMD to relieve MIRI® . Therefore, depressing of pyroptosis and inflammation
cascade may be an important measure in MIRI management.

Recently, the precise proinflammatory effects of NOD-like receptor (NLR) with a pyrin domain 3 (NLRP3)
inflammasome have been widely studied, and its role in promoting the development of MIRI has been attracted
more attention. NLRP3 is a cytosolic innate immune receptor and forms multiprotein complexes with the adap-
tor protein apoptosis-associated speck-like protein containing a CARD (ASC) and pro-caspase-1 after being
activated®. Previous studies have shown that NLRP3 inflammasome activation leads to caspase-1 activation-
mediated pyroptosis and inflammatory cascades”!’. Furthermore, during MIRI the leucine-rich repeat (LRR)
domain of the NLRP3 inflammasome recognizes endogenous signals'’, including potassium efflux, lysosomal
destabilization, and mitochondrial ROS generation. After LRR domain of NLRP3 is activated, the pyrin domain
(PYD) of NLRP3 homotypically interacts with that of ASC and induce the oligomerization of ASC. Then, the cas-
pase recruitment domain (CARD) of ASC recruits pro-caspase-1'"'2, Active caspase-1 processes pro-interleukin
(IL)-1p and pro-interleukin (IL)-18 into their biologically-active mature forms. Additionally, caspase-1 activation
triggers the cleavage of GSDMD, leading to the release of its N-terminal domain. Subsequently, this domain binds
to the plasma membrane and forms pores, facilitating the extracellular release of mature IL-1p and IL-18". In
this way, the process exacerbates MIRI by promoting the inflammatory cascade and pyroptosis'**>. Inhibition of
NLRP3 inflammasome activation has been reported to reduce MIRI'®. Consequently, it is necessary to explore
the mechanism underlying NLRP3 inflammasome activation during MIRI to provide a new strategy to combat
pyroptosis and inflammatory cascades during MIRI.

Long noncoding RNA nuclear enriched abundant transcript 1 (Lnc Neatl) has been found that locates in
the nucleus and maintains the structural integrity of paraspeckles!”'8. It also has been showed that the expres-
sion levels of Lnc Neatl increased in hypoxic or hypoxic/reoxygenation cardiomyocytes and in heart tissue
of MIRI mice’®?. Knockdown of Lnc Neatl in HL-1 cardiomyocytes significantly reduces the apoptosis and
necrosis induced by prolonged hypoxic injury?'. The increased Lnc Neatl in myocardial tissue of mice with AMI
upregulates the protein expression levels of caspase-3 and Bax by sponging miR-22-3p, and decreases the protein
expression levels of Bcl-2 to promote apoptosis, thus aggravating myocardial injury?’. A previous research has
demonstrated that enhanced Lnc Neatl promotes myocardial apoptosis to aggravate myocardial ischemia injury
in mice, and knockdown of Lnc Neatl protects HL-1 cardiomyocytes from hypoxia by inhibiting apoptosis?.
Furthermore, Lnc Neatl contributes to inducing inflammation®*?, and knockdown of Lnc Neatl suppresses
ASC oligomerization and caspase-1 cleavage in primary macrophages to inhibit NLRP3 inflammasome activa-
tion and inflammation?. In addition, hypoxia-induced Lnc Neatl is released from paraspeckles and locates to
the cytoplasm to participate in NLRP3 inflammasome assembly and activation in immortalized bone marrow-
derived macrophages (iBMDMs)**. These findings emphasize the important role of Lnc Neatl in the activation
of NLRP3 inflammasome. However, it is not completely clear whether incereased Lnc Neatl leads to pyroptosis
and inflammatory cascades through NLRP3 inflammasome activation during MIRI.

More and more studies have shown that a reasonable diet plays an important role in myocardial I/R injury
and may even impact its outcome *?*. Chlorogenic acid (CGA), a phenolic acid compound in the diet, has
received considerable attention because of its obvious cardiovascular protective effects’®?’. Previous studies have
shown that CGA prevent against MIRI in rats due to anti-inflammatory effect?®. CGA preconditioning protects
against MIRI in rats by inhibiting the release of proinflammatory cytokines such as TNF-a and IL-6 to reduce
inflammation®. Treatment with chlorogenic acid-phospholipid complex (CGA-PC) ameliorates MIRI by reduc-
ing levels of JNK phosphorylation, cardiac mitochondrial reactive oxygen species (mtROS) and inflammation
in myocardial tissue of senescence-accelerated mouse prone 8 (SAMP8) mice*. Accordingly, we speculated that
CGA may reduce Lnc Neatl expression and NLRP3 inflammasome activation, thus reducing pyroptosis to protect
against MIRI. Therefore, in present study, we investigated that CGA pretreatment depressed Lnc Neat1/NLRP3
inflammasome-mediated pyroptosis and inflammatory cascades to protect against MIRIL

Methods

Experimental animals and protocol

Experimental protocols involving animals were approved by the Animal Ethics Committee of the Guizhou Medi-
cal University, Guizhou, China (Permit Number: 2000042), and conformed to the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised
1996) and ARRIVE guidelines. Sixty male C57BL/6 mice aged 4-6 weeks were obtained from the Experimental
Animal Centre of Guizhou Medical University [Animal Certificate No. 430726210100315172] , and housed in a
pathogen-free environment at 24 + 1°C, with 50% humidity and under a 12-h light-dark cycle. All the animals
were subjected to adaptive feeding for one week before the experiment.

The mice were randomly divided into four groups, namely, the sham, I/R, CGA and CGA +I/R groups, and
n=15 in each group. The mice in the CGA group were continuously administered 30 mg/kg/day CGA (HY-
N0055, MedChemExpress) solution by gavage for 4 weeks. Similarly, the control group was administered an
equivalent volume of normal saline. After gavage, the LAD coronary arteries of the mice were ligated according
to the methods described by Tian®! on day 29 to establish the MIRI mouse model.
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MIRI mouse model

The mice were fasted from food for 12 h and from water for 4 h before the operation. The method for establish-
ing the model is briefly described as follows. The mice were anesthetized by intraperitoneal injection of 50 mg/
kg 2% sodium pentobarbital and intubated. The ventilator parameters were set as respiratory rate 80 times/min,
tidal volume 0.5 ml, and the breathing ratio was 5: 4 (Taimeng, China). The fourth intercostal space over the left
chest of the mouse was exposed. The left anterior descending coronary artery (LAD) was found and ligated with
8-0 suture. After 30 min of ischemia, the ligation was loosened for 1 h. After the operation, blood samples were
collected from the inferior vena cava into centrifuge tubes to obtain serum. Then, the mice were sacrificed, and
the heart tissues were quickly placed in liquid nitrogen or 4% paraformaldehyde for fixation.

TTC staining

The myocardial infarct size was measured using 2,3,5-triphenyltetrazolium chloride (TTC) staining. Briefly, the
hearts were harvested and washed with normal saline. The hearts were frozen at —80 °C for 10 min and then
sectioned from apex to base into approximately 2-3 mm thick slices. The sections were incubated in a solution
of 2% TTC (Solarbio, China) at 37 °C for 30 min in the dark and then fixed in 4% paraformaldehyde. Brick red
staining indicated nonischemic areas, and pale areas of the heart were considered infarct areas. Photos were
captured using a digital camera, and then, the relative infarct size was analyzed with Image] software (NIH, USA).

Measurement of LDH, CK-MB and cTnT levels in serum

The blood samples were collected from the inferior vena cava. The activity of lactate dehydrogenase (LDH) and
creatine kinase MB isoenzyme (CK-MB) in the mouse serum were measured by an automatic biochemical ana-
lyzer (Roche Cobas C702, Roche, Switzerland). The content of cardiac troponin T (cTnT) in the mouse serum
was measured by an electroluminescent detection system (Roche Cobas 602, Roche, Switzerland).

Hematoxylin—eosin (HE) staining

The collected heart tissues were fixed in 4% paraformaldehyde, dehydrated by an alcohol gradient, embedded
in paraffin, and finally cut into sections. The sections were then deparaffinized with xylene and hydrated with
gradient alcohol, followed by hematoxylin—eosin staining (Solarbio, China). After another round of dehydration,
pathological changes in the myocardial tissues in the stained sections were observed under an optical microscope
(Olympus, Japan).

Immunohistochemistry (IHC) staining

Myocardium embedded in paraffin was sliced into 5 pm slices, followed by dehydration in graded alcohol and
deparaffinization in dimethylbenzene. After antigen retrieval and blocking, the sections were incubated with
primary antibodies against the following targets at 4 °C overnight: NLRP3 (Immunoway, YT5382), ASC (Immu-
noway, YT0365), cleaved-caspase-1 (Affinity, AF4005), and cleaved N-terminal GSDMD (Affinity, DF12275).
The next day, added dropwise with the secondary antibody and added with a streptavidin-peroxidase solution
for 10 min. Then, diaminobenzidine (DAB) was used to develop color and hematoxylin was used to reverse stain
the nucleus. Finally, the sections were observed with an optical microscope (Olympus, Japan). Image] software
(NIH, USA) was used to quantify the percentage of positive staining in IHC examinations.

Cell culture

HL-1 cardiomyocytes were purchased from Procell (WuHan, China). HL-1 cardiomyocytes were cultured accord-
ing to the manufacturer’s instructions and used for experiments at passages 4-8. HL-1 cardiomyocytes were
cultured in minimum essential medium (MEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS,
Biological Industries, Israel) at 37 °C in a 5% CO, incubator (Thermo Fisher, USA). When the HL-1 cardio-
myocytes reached 70-80% confluence, the medium was replaced with fresh medium for subsequent treatments.

Hypoxia/reoxygenation(H/R) model establishment and CGA pretreatment of HL-1
cardiomyocytes
HL-1 cardiomyocytes were cultured in six-well plates for 12 h, and then, the medium was replaced with glucose-
free, FBS-free MEM. After that, the cells were cultured in a three-gas incubator (94% N, and 5% CO,, 37 °C,
Thermo Fisher, USA) for 4 h. After 4 h of exposure to hypoxic conditions, the medium was replaced with 10%
FBS MEM, and the 6-well plates were transferred into a regular incubator and incubated at 37 °C for 4 h*~.

To verify the protective effect of CGA, HL-1 cardiomyocytes were pretreated with different concentrations
of CGA (0.2 uM CGA and 2 uM CGA) for 12 h and then subjected to hypoxia for 4 h and reoxygenation for 4 h.

RNA isolation and qRT-PCR

Total RNA was isolated from mouse heart tissues or HL-1 cardiomyocytes using TRIzol reagent (Invitrogen,
USA). The RNA was reverse-transcribed into cDNA using the Hifair III 1st Strand cDNA Synthesis SuperMix kit
(11141ES60, YEASEN, China). The diluted cDNA was then used for qRT-PCR using Hieff UNICON Universal
Blue qPCR SYBR Green Master Mix (10 pL/well, HB200331, YEASEN, China) according to the amplification
instructions. B-Actin was used as a housekeeping gene to normalize mRNA expression levels. The relative expres-
sion levels of Lnc Neatl and the relative mRNA expression levels of NLRP3 and ASC were quantified by the
2722CT method. The primers used as followed: Lnc Neatl, 5'-GGC ACA AGT TTC ACA GGC CTA CAT GGG-3'
(forward) and 5-GCC AGA GCT GTC CGC CCA GCG AAG-3’ (reverse); NLRP3, 5'-AGA AGA GAC CAC
GGC AGA AG-3' (forward) and 5'-CCT TGG ACC AGG TTC AGT GT-3' (reverse); ASC, 5-CTG ACG GAT
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GAG CAG TAC CA-3' (forward) and 5-AGT CCT TGC AGG TCC AGT TC-3' (reverse); and p-actin, 5'-GTA
GCC ATC CAG GCT GTG TT-3' (forward) and 5’-ATG TCA CGC ACG ATT TCC CT-3’ (reverse).

Western blotting analysis

Heart tissues or HL-1 cardiomyocytes were homogenized in RIPA lysis buffer and centrifuged at 12,000g at 4 °C
for 25 min. Then, protein supernatants were obtained and added with loading buffer to boil for 10 min. A total of
10 to 30 pg proteins were used to perform western blot as previously reported®®. Primary antibodies for NLRP3
(CST, 15101), pro-caspase-1 (CST, 24232), cleaved-caspase-1 (CST, 89332), GSDMD (Abcam, ab219800), cleaved
N-terminal GSDMD (CST, 10137), IL-1p (Bioworld, BS6067), IL-18 (Bioworld, BS6823) were used, respectively.
B-tubulin was used as an internal reference for protein analysis.

ASC oligomerization preparation

HL-1 cardiomyocytes were collected after the indicated treatments, resuspended in ice-cold buffer and lysed by
shearing 10 times through a 27-gauge syringe according to the previous study?. Cell lysates were centrifuged at
520g for 8 min at 4 °C. The supernatant cross-linked by incubation with 2 mM disuccinimidyl suberate (DSS,
APEXBIO) for 30 min at room temperature. The samples were analyzed by Western blotting with an anti-ASC
antibody (Bioworld, BS6205).

Propidium iodide (PI) staining

The integrity of HL-1 cardiomyocyte membranes were observed by PI staining. After stimulation, the cells were
washed 3 times with 1x PBS. Then, 5 pL PI (Bioworld, China) was mixed with 1x assay buffer, and each well was
stained at 37 °C for 15 min in the dark. Fluorescence microscopy (Olympus, Japan) was used to acquire images
of the cells immediately after staining. The percentage of positive cells was assessed with ImageJ (NIH, USA).

Lentiviral vector infection

The pLV-U6-Neat1shRNA-GFP-Puro, psPAX2 and pMD2.G plasmids were constructed by Hejin Biotechnol-
ogy Co., LTD. (Guizhou, China). Lentiviral recombinant plasmids (4.4 ug) was cotransfected together with the
pMD2.G (2.225 pg) and psPAX2 (3.325 pg) plasmids into HEK-293 T cells using Lipofectamine 2000 (Invitrogen,
USA) in 10-cm dishes. The viral supernatant was collected after transfection for 48-72 h. The supernatant was
centrifuged (2000 rpm for 10 min at 4 °C), filtered through 0.45 um filters, and then placed onto HL-1 cardio-
myocytes supplemented with 8 ng/uL polybrene (Solarbio, China). After 48 h, the efficiency of infection was
evaluated using a fluorescence microscope.

Statistical analysis

The data are expressed as the mean + SD. Differences between two groups were analyzed by Student’s two-tailed t
test, and differences between more than two groups were analyzed by one-way ANOVA using SPSS 29.0 software
(IL, USA). P<0.05 was considered statistically significant.

Results

CGA pretreatment reduces the myocardial infarct size and myocardial injury markers in MIRI
mice

In the present study, the MIRI model was established by ligating the LAD of C57BL/6 mice, and this model was
used to verify the protective effect of CGA against MIRI. Figure 1a shows the surgical area of myocardial infarc-
tion and the ligation site in the model. After 30 min of ischemia and 1 h of reperfusion of the LAD, evans blue
was injected through the aorta, and evans blue staining allowed the visualization of infarcted tissues (red area)
and uninfarcted tissues (blue area); the results revealed obvious ischemic symptoms. As shown in Fig. 1b, TTC
staining revealed a white area of myocardial infarction. According to statistical analysis (Fig. 1c), the myocardial
infarction size of mice in the I/R group was approximately 34.9 +2.3% and that of mice in the CGA +1I/R group
was approximately 10.6 + 1.5%; these results showed a statistically significant difference between the two groups
(P<0.05) and suggested that CGA pretreatment could significantly reduce myocardial infarction caused by I/R
injury. Similarly, compared with the sham group, the I/R group had significantly increased myocardial enzyme
LDH, CK-MB activity and myocardial injury index ¢TnT content in the serum (P <0.05), and CGA pretreat-
ment significantly reduced the LDH and CK-MB activity and the cTnT content in the serum of I/R model mice
(P<0.05), as shown in Fig. 1d-f. Histopathological changes were evaluated by HE staining. As shown in Fig. 1g,
mice in the sham group had heart tissue with normal morphology. The changes observed in the infarct area of
the I/R group included disordered arrangement of myocardial fibers, myocardial edema, nuclear fragmentation
and inflammatory infiltration. While myocardial edema and inflammatory infiltration were lower in CGA +I/R
group than in I/R group. In addition, no obvious nuclear fragmentation was observed in the CGA +I/R group,
and the morphology was more normal. These data suggest that CGA pretreatment has a protective effect on
myocardial tissues in MIRI model mice.

CGA protects against MIRI by reducing Lnc Neatl expression levels and suppressing NLRP3
inflammasome activation in mice

The qRT-PCR results showed that compared with those in the sham group, the expression levels of Lnc Neatl
in the myocardial tissues of mice in the I/R group were significantly increased. As expected, pretreatment with
CGA significantly reduced the I/R damage-mediated high expression levels of Lnc Neatl (P<0.05), as shown
in Fig. 2a. The results suggest that Lnc Neatl, which is upregulated in the myocardium of MIRI model mice,
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Figure 1. The protective effect of CGA pretreatment on MIRI in mice. (a) Evans blue was injected via the

aorta after myocardial ischemia reperfusion. Blue area: noninfarcted area, red area: infarcted area. (b,c) The
proportion of the infarct area in the CGA +1I/R group was far lower than that in the I/R group, and the infarcted
tissue (white area) was identified by TTC staining. (d,e) The effect of CGA on LDH and CK-MB activity in
I/R-injured mice. The activity of LDH and CK-MB in mouse serum were measured by an automatic biochemical
analyzer system. (f) The effect of CGA on content of ¢TnT in I/R-injured mice. The content of cTnT in mouse
serum was measured by an automatic biochemical analyzer and electroluminescence detection system. (g)
Pathological changes of myocardial tissue were observed by HE staining. Representative images were captured
using an optical microscope (x400 magnification). The data are expressed as the mean + SD. n=15 mice in each
group. *P<0.05 vs. the sham group, *P<0.05 vs. the I/R group.

may be an important factor promoting myocardial injury. Besides, CGA significantly downregulated the mRNA
expression levels of NLRP3 and ASC in myocardial tissues of mice which were stimulated by I/R (P<0.05) , as
displayed in Fig. 2b. Western blotting assays showed that NLRP3 protein expression levels were upregulated
(P<0.05) and ASC oligomerization was increased in the myocardial tissues of MIRI model mice. However, an
opposite expression pattern was observed in the I/R group with CGA pretreatment (Fig. 2c—e). Immunohisto-
chemistry showed that the NLRP3 and ASC proteins were mainly located in the cytoplasm of cardiomyocytes
in mice. The high protein expression levels of NLRP3 and ASC were observed in myocardial tissues of I/R group
(P<0.05), while CGA pretreatment reversed the effect of I/R injury (Fig. 2f, g). Based on these findings, CGA
considerably lowered the mRNA and protein expression levels of NLRP3 and ASC, thus inhibited the activation
of the NLRP3 inflammasome after I/R injury in vivo.
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Figure 2. CGA pretreatment decreases the expression levels of Lnc Neatl and inhibits the activation of the NLRP3 inflammasome in
MIRI mice. (a) CGA pretreatment reduced the I/R injury-induced expression levels of Lnc Neat1 in myocardial tissue. The expression
levels of Lnc Neat1 were measured by qRT-PCR. (b) CGA pretreatment decreased the I/R injury-induced mRNA expression levels of
NLRP3 and ASC. The mRNA expression levels of NLRP3 and ASC were measured by qRT-PCR. (c,d) CGA pretreatment lowered the
I/R injury-induced protein expression levels of NLRP3 in myocardial tissue. The protein expression levels of NLRP3 were measured by
Western blotting analysis. (¢) CGA pretreatment markedly inhibited I/R injury-mediated ASC oligomerization in mouse myocardial
tissue. ASC oligomerization was measuring by Western blotting analysis. (f,g) CGA pretreatment decreased the I/R injury-induced
protein expression of NLRP3 and ASC in the cytoplasm of cardiomyocytes. Immunohistochemistry was used to measure the protein
expression levels of NLRP3 and ASC in the cytoplasm of cardiomyocytes. Representative images were captured using an optical
microscope (x400 magnification). The data are expressed as the mean + SD. n=15 mice in each group. The full-length blots are
presented in Supplementary Fig. 1. *P<0.05 vs. the sham group, *P<0.05 vs. the I/R group.
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CGA protects HL-1 cardiomyocytes from H/R injury by decreasing the expression levels of Lnc
Neat 1 and inhibiting the activation of the NLRP3 inflammasome

To further verify that CGA could reduce the expression levels of Lnc Neatl and inhibit the activation of the
NLRP3 inflammasome by H/R injury, HL-1 cardiomyocytes were pretreated with 0.2 pM CGA or 2 uM CGA
for 12 h before being subjected to H/R condition. The gqRT-PCR results showed that, compared with the control
group, the expression levels of Lnc Neat1 were upregulated by H/R injury (P <0.05). Not unexpectedly, pretreat-
ment with CGA restrained the effect by H/R-injured in HL-1 cardiomyocytes (Fig. 3a). The results suggest that
Lnc Neatl, which is upregulated in HL-1 cardiomyocytes with H/R injury, was considered as a possible important
factor in promoting myocardial injury. To explore the effect of CGA on the activation of NLRP3 inflammasome
mediated by H/R injury in HL-1 cardiomyocytes, the mRNA expression levels of NLRP3 and ASC were detected
by qRT-PCR, and the protein expression levels of NLRP3 and ASC oligomerization were detected by Western
blot. H/R injury increased the mRNA expression levels of NLRP3 and ASC in HL-1 cardiomyocytes (P <0.05).
However, CGA pretreatment significantly reversed the effect of I/R injury, as shown in Fig. 3b. Similarly, the
protein expression levels of NLRP3 and ASC oligomerization were also significantly lower in the CGA +I/R
group compared with those in the I/R group (Fig. 3c-e).

CGA protects against MIRI by inhibition of pyroptosis in vivo and in vitro

To evaluate the effect of CGA on pyroptosis, pyroptosis-related proteins were detected by western blotting and
immunohistochemistry. As shown in Figs. 4a-d and 5a-d, western blotting analysis showed that the protein
expression levels of cleaved-caspase-1 and cleaved N-terminal GSDMD were significantly upregulated in the
myocardial tissues of MIRI model mice and HL-1 cardiomyocytes by I/R injury, which was consistent with
immunohistochemical results (Fig. 4f, g). However, pretreatment with CGA significantly reversed these effects
(P<0.05). Besides, there was no significant difference in the protein expression levels of pro-caspase-1 and
GSDMD between the different groups. Moreover, the protein expression levels of IL-1p and IL-18 were sig-
nificantly increased after I/R injury in vitro and in vivo (P <0.05). This suggests that activation of caspase-1
cleaves pro-IL-1p and pro-IL-18 into active forms, thus promoting an inflammatory cascade. Additionally, after
CGA pretreatment, protein expressions levels of IL-13 and IL-18 decreased significantly (P <0.05), as shown in
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Figure 3. CGA pretreatment reduces the expression levels of Lnc Neatl and inhibits the activation of the
NLRP3 inflammasome in HL-1 cardiomyocytes exposed to H/R. (a) HL-1 cardiomyocytes were pretreated with
0.2 pM CGA or 2 pM CGA for 12 h before H4R4. Effect of CGA on expression levels of Lnc Neatl in HL-1
cardiomyocytes. The expression levels of Lnc Neat1 were measured by qRT-PCR. (b) Effect of CGA on mRNA
expression levels of NLRP3 and ASC in HL-1 cardiomyocytes. The mRNA expression levels of NLRP3 and ASC
were measured by qRT-PCR. (c,d) CGA pretreatment reduced the H/R injury-induced high protein expression
levels of NLRP3 in HL-1 cardiomyocytes. The protein expression levels of NLRP3 were measuring by Western
blotting analysis. (e) CGA pretreatment markedly inhibited H/R injury-mediated ASC oligomerization in HL-1
cardiomyocytes. ASC oligomerization was measuring by Western blotting analysis. The data are expressed as the
mean = SD. n=3 independent experiments. The full-length blots are presented in Supplementary Fig. 2. *P<0.05
vs. the control group, * P<0.05 vs. the H4R4 group.
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Figure 4. CGA pretreatment protects against MIRI in mice by inhibiting pyroptosis. (a,b) Effect of CGA on
protein expression levels of pro-caspase-1 and cleaved-caspase-1 in I/R-injured mice.The protein expression
levels of pro-caspase-1 and cleaved-caspase-1 were measuring by Western blotting analysis. (c,e) Effect of CGA
on protein expression levels of GSDMD, cleaved N-terminal GSDMD, IL-1p and IL-18 in I/R-injured mice.

The protein expression levels of GSDMD, cleaved N-terminal GSDMD, IL-1P and IL-18 were measuring by
Western blotting analysis. (f,g) CGA pretreatment decreased the I/R injury-induced protein expression levels of
cleaved-caspase-1 in the cytoplasm of cardiomyocytes. Immunohistochemistry was used to measure the protein
expression levels of cleaved-caspase-1 and cleaved N-terminal GSDMD in the cytoplasm of cardiomyocytes.
Representative images were captured using an optical microscope (x400 magnification). The data are expressed
as the mean + SD. n =15 mice in each group. The full-length blots are presented in Supplementary Fig. 3.
*P<0.05 vs. the sham group, *P<0.05 vs. the I/R group.
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Figure 5. CGA pretreatment protects HL-1 cardiomyocytes against H/R injury by inhibiting pyroptosis. (a,b)
HL-1 cardiomyocytes were pretreated with 0.2 uM CGA or 2 uM CGA for 12 h before H4R4. Effect of CGA

on the protein expression levels of pro-caspase-1 and cleaved-caspase-1 in HL-1 cardiomyocytes. The protein
expression levels of pro-caspase-1 and cleaved-caspase-1 were measuring by Western blotting analysis. (c—e)
Effect of CGA on the protein expression levels of GSDMD, N-terminal GSDMD, IL-1p and IL-18 in HL-1
cardiomyocytes. The protein expression levels of GSDMD, cleaved N-terminal GSDMD, IL-1p and IL-18

were measuring by Western blotting analysis. (f,g) CGA pretreatment decreased the H/R injury-induced rate
of positive PI staining in HL-1 cardiomyocytes. Representative images were captured using a fluorescence
microscope (x100 magnification). The data are expressed as the mean +SD. n=3 independent experiments. The
full-length blots are presented in Supplementary Fig. 4. *P<0.05 vs. the control group, *P<0.05 vs. the H4R4

group.
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Figs. 4¢, e and 5c¢, e. The cell membrane integrity was detected by PI stain. We observed that the increase of the
rate of positive PI staining in HL-1 cardiomyocytes in the H/R group was remarkable (P <0.05), but that in the
0.2 uM or 2 uM CGA + H/R group was not obvious (Fig. 5f, g). Moreover, 2 uM CGA pretreatment showed more
significant protection against H/R injury.

Lnc Neatl mediates NLRP3 inflammasome activition during H/R injury

To further dissect the underlying mechanism of Lnc Neat1 in H/R injury-induced NLRP3 inflammasome activa-
tion, we selected the lentivirus-mediated method to infect HL-1 cardiomyocytes after lentiviral packaging of the
target plasmid in order to increase transfection efficiency and obtain cell lines with long-term stable interference
with Lnc Neatl. Interestingly, the knockdown of Lnc Neat1 resulted in a strong reduction in mRNA expres-
sion of NLRP3 and ASC, an obvious downregulation in protein expression of NLRP3, and a clear decrease in
oligomerization of ASC, indicative of inhibition assembly of NLRP3 inflammasome (Fig. 6a-d). In addition,
this was accompanied by a noticeable reduction in the expression of pyroptosis-related proteins, such as cleaved-
caspase-1, cleaved N-terminal GSDMD, IL-1p and IL-18 (Fig. 6e-i). Similarly, Knocking down Lnc Neat1 expres-
sion reduced the positive rate of PI staining in HL-1 cardiomyocytes subjected to H/R injury(P <0.05)(Fig. 6j, k).

Discussion

The present study suggests that increased Lnc Neatl in cardiomyocytes promotes NLRP3 inflammasome-induced
pyroptosis during MIRI. The data also demonstrate that CGA protects against MIRI by decreasing Lnc Neatl
expression then attenuating NLRP3 inflammasome-mediated pyroptosis and inflammatory cascades. CGA could
become a novel intervention for MIRI.

Cell death is a critical event in MIRI. It has been confirmed that apoptosis, necroptosis, ferroptosis and pyrop-
tosisplay significant roles in MIRI. Apoptosis is present in all life stages in multicellular organisms and allows
for the timely removal of senescent, damaged, redundant, harmful cells, maintaining the organism’ stability*.
Studies have shown that deletion of p53 in mice decreases cardiac injury by inhibiting apoptosis through attenu-
ation of oxidative stress and calpain activation during ischemia-reperfusion®. With the deepening of research, it
was found that cell death factors such as tumor necrosis factor-a could cause a kind of “programmed” necrosis,
namely necroptosis®®. Necroptosis, a form of cell death similar to the necrotic phenotype, has been identified
in cardiac pathology. Recently, Song et al. showed that receptor interacting serine threonine kinase 3 is rapidly
increased in hypoxia/reoxygenation-treated cardiomyocytes and is associated with myocyte necroptosis®. Fer-
roptosis is a non-apoptotic form of cell death that depends on the accumulation of intracellular iron, leading to
elevated levels of toxic lipid peroxides®. It has been reported that cyclosporine A-loaded apoferritin inhibited
ferroptosis of ischemic cardiomyocytes by increasing the protein expression of glutathione peroxidase 4 and
reducing the content of lipid peroxides®. Pyroptosis is a kind of pro-inflammatory cell death. Compared with
autophagy and apoptosis, pyroptosis has unique characteristics in morphology and mechanism*. Specifically,
pyroptosis is a kind of cell lysis mediated by the Gasdermin family, releases inflammatory cytokines IL-1f and
IL-18. A large number of studies have proved that pyroptosis is closely related to MIRI. During an MIRI event,
the damage is initially caused by rapid accumulation of intracellular sodium and hydrogen, which induces
adenosine triphosphate (ATP) depletion, potassium efflux, and mitochondrial ROS generation*'. The injured
cardiac parenchymal cells, damaged extracellular matrix, and released substancesact as DAMPs to activate the
inflammatory response*!. Increasing evidence indicated that MIRI was accompanied by inflammatory responses
that lead to pyroptosis and promote myocardial damage*. In such cases, reduction in inflammatory response
represents a potential target for prevention of MIRI*'~*,

Phenolic acids are a group of chemical compounds that can be found in a variety of foods and beverages.
These compounds have been proven to provide numerous health benefits and play a significant role in our daily
diet. Chlorogenic acid (CGA), which belongs to the phenolic acid compound, has been extensively studied and
shown to possess anti-inflammatory, antioxidant, and other biological activities?’. Animal studies have also
demonstrated that CGA can help prevent cardiovascular diseases****. Therefore, the aim of this study is to inves-
tigate the preventive effect of CGA on MIRI using a mouse model of myocardial infarction induced by ligation
of the LAD coronary artery. The results of this study revealed that pretreatment with CGA led to a reduction in
the size of myocardial infarction, as well as decreased levels of LDH, CK-MB activity, and the content of serum
cTInT (Fig. 1d-f). Furthermore, HE staining demonstrated a decrease in myocardial edema and inflammatory
response in the CGA +1I/R group compared to the I/R group (Fig. le). These findings are consistent with previous
studies?, suggesting that preconditioning with CGA has a protective effect on MIRL. However, further research
is needed to elucidate the specific mechanisms by which CGA alleviates the inflammatory response in MIRI.

Studies have shown that NLRP3 inflammasomes exert an injurious effect in promoting pyroptosis and inflam-
matory cascades during myocardial ischemia-reperfusion. During reperfusion, the release of large amounts
of ATP with blood and oxygen reflux stimulates NLRP3 inflammasome activation, which is mediated by P2X
purinoreceptor 7 (P2X7); then, activated NLRP3 inflammasomes promote caspase-1 cleavage, which induces
pyroptosis and the maturation of pro-inflammatory cytokines, further exacerbating the inflammatory response
and aggravating myocardial injury?”’. The NLRP3 inflammasome is a key factor in the induction of this process
and is currently the most widely studied inflammasome*®*. Peng et al.*" established a mouse MIRI model by
ligating the LAD and found that MIRI activates the NLRP3 inflammasome and increases the protein expression
of cleaved-caspase-1, cleaved N-terminal GSDMD and IL-1p. These phenomena lead to pyroptosis and inflam-
matory cascades, which aggravate MIRI. Consistent with the report by Peng et al., we observed that the increased
mRNA and protein expression levels of NLRP3 and ASC in myocardial tissues of MIRI model mice and HL-1
cardiomyocytes of H/R injury, which led to activated NLRP3 inflammasome (Fig. 2b-g); then, activated NLRP3
inflammasome induced pyroptosis (Figs. 3, 5). Previous studies have indicated that CGA could effectively protect
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Figure 6. Inhibition of Lnc Neatl reduces NLRP3 inflammasome activation and pyroptosis induced by H/R injury in HL-1
cardiomyocytes. (a) Effect of knocking down Lnc Neatl on the mRNA expression levels of NLRP3 and ASC in HL-1 cardiomyocytes.
The mRNA expression levels of NLRP3 and ASC were detected by qRT-PCR analysis. (b—d) Silencing Lnc Neat1 reversed H/R injury-
induced the protein expression levels of NLRP3 and ASC oligomerization. (e,f) Effect of knocking down Lnc Neat1 on the protein
expression levels of pro-caspase-1 and cleaved-caspase-1 in HL-1 cardiomyocytes. The protein expression levels of pro-caspase-1 and
cleaved-caspase-1 were detected by Western blot analysis. (g-i) Knockdown of Lnc Neat1 expression attenuated the protein expression
levels of cleaved N-terminal GSDMD, IL-1p and IL-18 after H/R. The protein expression levels of GSDMD. cleaved N-terminal
GSDMD. IL-1p and IL-18 were detected by Western blot analysis. (j,k) Knocking down Lnc Neat1 expression reduced the positive
rate of PI staining in HL-1 cardiomyocytes subjected to H/R injury. Representative images were captured using a fluorescence
microscope (100 x magnification). Data are expressed as the mean + SD. n=3 independent experiments. The full-length blots are
presented in Supplementary Fig. 5. *P<0.05 vs. contorl group, *P<0.05 vs. H4R4 group, 4P<0.05.
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against cardiovascular disease and reduce inflammation during MIRI?**. However, it is still unclear whether
CGA could prevent MIRI by inhibiting the activation of the NLRP3 inflammasome and subsequently reducing
pyroptosis. Additionally, experiments conducted in vitro and in vivo demonstrated that CGA pretreatment
significantly decreased the mRNA and protein expression levels of NLRP3 and ASC, thereby inhibiting the
activation of the NLRP3 inflammasome (Figs. 2, 4). Furthermore, CGA pretreatment suppressed pyroptosis and
reduced the production of pro-inflammatory cytokines IL-1p and IL-18, which were associated with NLRP3
inflammasome activation (Figs. 3, 5). These findings collectively suggested that CGA may prevent MIRI through
the activation of the NLRP3 inflammasome, thus reducing pyroptosis and inflammation.

Proper control of the NLRP3 inflammasome assembly permits effective protection against MIRI while miti-
gating tissue damage. However, how NLRP3 inflammasome assembled remains defined. The long noncoding
RNAs (IncRNAs) recognized as essential regulators of gene expression has attracted increasing attention. Lnc
Neatl was identified in a 2007 study of the enrichment of noncoding RNAs in mammalian nuclei’’, and it is
mainly located in the nuclear substructures called paraspeckles®. Previous studies have shown that Lnc Neatl
is a pivotal contributor to promoting MIRI and associated with the reduce of myocardial infarct size>>**. From
the results of both in vitro and in vivo study, we observed that the expression levels of Lnc Neat1 in myocardial
tissue cells were significantly increased during MIRI (Figs. 2a and 3a). In addition, we further revealed that CGA
pretreatment could reduce the expression levels of Lnc Neat1 in the IRI hearts and H/R HL-1 cardiomyocytes.
We therefore hypothesize that CGA has a protective effect on MIRI in mice by inhibiting Lnc Neat1. Remarkably,
numerous studies have revealed that Lnc Neatl plays a critical role in activation of NLRP3 inflammasome. In the
study by Yao et al.’>, H/R was used to injure human umbilical vein endothelial cells (HUVECs), and found that
Lnc Neatl activated the NLRP3 inflammasome by promoting the protein expression levels of BRCA1/BRCA2
Containing Complex Subunit 3 (BRCC3); thus, Lnc Neatl aggravates the inflammatory response and promotes
the injury of HUVECs. Similarly, Zhan et al.* revealed that the expression levels of Lnc Neatl was upregulated
in SD rats with diabetic nephropathy, which was associated with increased NLRP3 inflammasome activation. In
systemic lupus erythematosus, the expression levels of Lnc Neatl is abnormally increased, and knockdown of
Lnc Neatl significantly reduces lipopolysaccharide (LPS)-induced inflammatory cytokine expression®’. Research
has shown that hypoxia-induced activation of the NLRP3 inflammasome and associated inflammatory responses
occur in part due to HIF-2a-mediated upregulation of Lnc Neat1?*. This is a novel pathway. Accordingly, it is
curious to speculate that Lnc Neatl plays a crucial role in MIRI that enables the assembly and activation of
NLRP3 inflammasome. Using lentivirus knocked down Lnc Neatl in HL-1 cardiomyocytes, we additionally
demonstrated that Lnc Neatl enhances the activation of NLRP3 inflammasome thus promotes pyroptosis and
inflammatory cascades in vitro (Figs. 6a and 3a). Hence, knocking down Lnc Neatl in HL-1 cardiomyocytes
by using lentivirus, we additionally demonstrated that Lnc Neatl enhances the activation of NLRP3 inflamma-
some, thus promotes pyroptosis and inflammatory cascades in vitro (Figs. 6a and 3a). Taken together, these results
imply that CGA inhibited pyroptosis and inflammatory response via inhibiting Lnc Neat1/NLRP3 inflammasome,
thus protected against MIRI in mice.
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In this study, CGA exhibited a significant anti-inflammatory effect in protecting against MIRI, indicating its
potential value for clinical application. However, there are challenges that need to be addressed in translating this
finding into clinical practice. Firstly, the optimal dosage and administration route of CGA for maximal efficacy
and minimal side effects need to be determined. Secondly, further investigation is required to ensure the long-
term safety of CGA and to study its potential interactions with other drugs. Finally, large-scale clinical trials are
necessary to evaluate the clinical efficacy of CGA in preventing and treating MIRI.

In conclusion, the present study provides evidence that CGA may contribute to the protection against MIRI by
inhibiting the activation of NLRP3 inflammasome via downregulating Lnc Neat1, which is achieved by alleviating
pyroptosis and decreasing inflammatory cascades (Fig. 7). This study may extend a better understanding of the
mechanisms underlying CGA protection against MIRI and provide a new strategy for ischemic heart diseases.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
authors on reasonable request.

Received: 13 March 2023; Accepted: 14 October 2023
Published online: 18 October 2023

References

1. Anderson, J. L. & Morrow, D. A. Acute myocardial infarction. N. Engl. J. Med. 376, 2053-2064. https://doi.org/10.1056/NEJMr
21606915 (2017).

2. Zhao, W., Zhang, X. Y., Zhao, J., Fan, N. & Rong, ]. H. SUMOylation of nuclear y-actin by SUMO2 supports DNA damage repair
against myocardial ischemia-reperfusion injury. Int. J. Biol Sci. 18, 11. https://doi.org/10.7150/1JBS.74407 (2022).

3. Deng, E. et al. Propionate alleviates myocardial ischemia-reperfusion injury aggravated by Angiotensin II dependent on caveolin-1/
ACE2 axis through GPR41. Int. J. Biol. Sci. 18, 2. https://doi.org/10.7150/1JBS.67724 (2022).

4. Crea, F. & Libby, P. Acute coronary syndromes: The way forward from mechanisms to precision treatment. Circulation 12, 1155-
1166. https://doi.org/10.1161/CIRCULATIONAHA.117.029870 (2017).

5. Krylova, I. B. et al. Uridine treatment prevents myocardial injury in rat models of acute ischemia and ischemia/reperfusion by
activating the mitochondrial ATP-dependent potassium channel. Sci. Rep. 11, 1. https://doi.org/10.3389/FCVM.2021.792592
(2021).

6. Fernandez, R. C. et al. Therapeutic peptides to treat myocardial ischemia-reperfusion injury. Front. Cardiovasc. Med. 9, 792885.
https://doi.org/10.3389/FCVM.2022.792885 (2022).

7. Timmers, L. et al. The innate immune response in reperfused myocardium. Cardiovasc. Res. 94, 276-283. https://doi.org/10.1093/
cvr/cvs018 (2012).

8. Xiao, B,, Huang, X., Wang, Q. & Wu, Y. Beta asarone alleviates myocardial ischemia-reperfusion injury by inhibiting inflammatory
response and NLRP3 inflammasome mediated pyroptosis. Biol. Pharmaceut. Bull. 43, 1046-1051. https://doi.org/10.1248/bpb.
b19-00926 (2020).

9. Toldo, S. & Abbate, A. The NLRP3 inflammasome in acute myocardial infarction. Nat. Rev. Cardiol. 15, 203-214. https://doi.org/
10.1038/nrcardio.2017.161 (2018).

10. Toldo, S. et al. Independent roles of the priming and the triggering of the NLRP3 inflammasome in the heart. Cardiovasc. Res. 105,
203-212. https://doi.org/10.1093/cvr/cvu259 (2015).

11. Yu, P. et al. Pyroptosis: mechanisms and diseases. Signal Transduct. Target. Ther. 6, 21. https://doi.org/10.1038/541392-021-00507-5
(2021).

12. Feng, S. & Fitzgerald, K. A. Molecular mechanisms and functions of pyroptosis. J. Mol. Biol. 434, 167461. https://doi.org/10.1016/j.
jmb.2022.167461 (2022).

13. Wang, Z. et al. Cell pyroptosis in picornavirus and its potential for treating viral infection. J. Med. Virol. 94, 8. https://doi.org/10.
1002/JMV.27813 (2022).

14. Ji, N. et al. Pyroptosis: A new regulating mechanism in cardiovascular disease. J. Inflamm. Res. 4, 2647-2666. https://doi.org/10.
2147/JIR.S308177 (2021).

15. Lei, Y. et al. Periostin aggravates NLRP3 inflammasome mediated pyroptosis in myocardial ischemia-reperfusion injury. Mol.
Cell. Probes 53, 101596. https://doi.org/10.1016/j.mcp.2020.101596 (2020).

16. Ding, S. K., Liu, D. H., Wang, L. X., Wang, G. G. & Zhu, Y. B. Inhibiting MicroRNA-29a protects myocardial ischemia-reperfusion
injury by targeting SIRT1 and suppressing oxidative stress and NLRP3-mediated pyroptosis pathway. J. Pharmacol. Exp. Ther. 372,
128-135. https://doi.org/10.1124/JPET.119.256982 (2020).

17. Pisani, G. & Baron, B. NEAT1 and paraspeckles in cancer development and chemoresistance. Non-Coding RNA. 6, 43. https://doi.
org/10.3390/ncrna6040043 (2020).

18. Christine, M. C. et al. An architectural role for a nuclear non-coding RNA: NEAT1 RNA is essential for the structure of paraspeck-
les. Mol. Cell. 33, 717-726. https://doi.org/10.1016/j.molcel.2009.01.026 (2009).

19. Franziska, K. et al. Long noncoding RNA enriched vesicles secreted by hypoxic cardiomyocytes drive cardiac fibrosis. Mol. Ther.-
Nucleic Acids 18, 363-374. https://doi.org/10.1016/j.0mtn.2019.09.003 (2019).

20. Zhao, J. L., Chen, E D., Ma, W. & Zhang, P. Suppression of long noncoding RNA NEAT1 attenuates hypoxia-induced cardiomyo-
cytes injury by targeting miR-378a-3p. Gene. 731, 144324. https://doi.org/10.1016/j.gene.2019.144324 (2020).

21. Wang, L. J., Wang, L. & Wang, Q. Constitutive activation of the NEAT1/miR-22-3p/Ltb4r1 signaling pathway in mice with myo-
cardial injury following acute myocardial infarction. Aging. 11, 15307-15319. https://doi.org/10.18632/AGING.203089 (2021).

22. Olof, G. et al. Inhibition of the long non-coding RNA NEAT1 protects cardiomyocytes from hypoxia in vitro via decreased pri-
miRNA processing. Cell Death Dis. 8, 677. https://doi.org/10.1038/s41419-020-02854-7 (2020).

23. Yuan, J. et al. Ezh2 competes with p53 to license IncRNANeatltranscription for inflammasome activation. Cell Death Differ. 29,
2009-2023. https://doi.org/10.1038/s41418-022-00992-3 (2022).

24. Zhang, P. F, Cao, L. M,, Zhou, R. B, Yang, X. L. & Wu, M. The IncRNA Neatl promotes activation of inflammasomes in mac-
rophages. Nat. Commun. 10, 1495-1512. https://doi.org/10.1038/s41467-019-09482-6 (2019).

25. Dijekic, D. et al. Effects of a vegetarian diet on cardiometabolic risk factors, gut microbiota, and plasma metabolome in subjects
with ischemic heart disease: A randomized, crossover study. J. Am. Heart Assoc. 9, 18. https://doi.org/10.1161/JAHA.120.016518
(2020).

26. Piotr, H., Andrzej, L. & Rafal, T. Chlorogenic acid-water complexes in chlorogenic acid containing food products. J. Food Compos.
Anal. 109, 104509. https://doi.org/10.1016/].JFCA.2022.104509 (2022).

27. Li, L. et al. Chlorogenic acids in cardiovascular disease: A review of pharmacology and pharmacokinetics. J. Agric. Food Chem.
68, 6464-6484. https://doi.org/10.1021/acs.jafc.0c01554 (2020).

Scientific Reports |

(2023) 13:17803 | https://doi.org/10.1038/s41598-023-45017-2 nature portfolio


https://doi.org/10.1056/NEJMra1606915
https://doi.org/10.1056/NEJMra1606915
https://doi.org/10.7150/IJBS.74407
https://doi.org/10.7150/IJBS.67724
https://doi.org/10.1161/CIRCULATIONAHA.117.029870
https://doi.org/10.3389/FCVM.2021.792592
https://doi.org/10.3389/FCVM.2022.792885
https://doi.org/10.1093/cvr/cvs018
https://doi.org/10.1093/cvr/cvs018
https://doi.org/10.1248/bpb.b19-00926
https://doi.org/10.1248/bpb.b19-00926
https://doi.org/10.1038/nrcardio.2017.161
https://doi.org/10.1038/nrcardio.2017.161
https://doi.org/10.1093/cvr/cvu259
https://doi.org/10.1038/S41392-021-00507-5
https://doi.org/10.1016/j.jmb.2022.167461
https://doi.org/10.1016/j.jmb.2022.167461
https://doi.org/10.1002/JMV.27813
https://doi.org/10.1002/JMV.27813
https://doi.org/10.2147/JIR.S308177
https://doi.org/10.2147/JIR.S308177
https://doi.org/10.1016/j.mcp.2020.101596
https://doi.org/10.1124/JPET.119.256982
https://doi.org/10.3390/ncrna6040043
https://doi.org/10.3390/ncrna6040043
https://doi.org/10.1016/j.molcel.2009.01.026
https://doi.org/10.1016/j.omtn.2019.09.003
https://doi.org/10.1016/j.gene.2019.144324
https://doi.org/10.18632/AGING.203089
https://doi.org/10.1038/s41419-020-02854-7
https://doi.org/10.1038/s41418-022-00992-3
https://doi.org/10.1038/s41467-019-09482-6
https://doi.org/10.1161/JAHA.120.016518
https://doi.org/10.1016/J.JFCA.2022.104509
https://doi.org/10.1021/acs.jafc.0c01554

www.nature.com/scientificreports/

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Wang, D. et al. Chlorogenic acid prevents acute myocardial infarction in rats by reducing inflammatory damage and oxidative
stress. Biomed. Pharmacother. 132, 110773. https://doi.org/10.1016/j.biopha.2020.110773 (2020).

Geng, J., Zhang, Y. & Li, W. Protective effect of chlorogenic acid preconditioning on myocardial ischemia-reperfusion injury in
rats. Chin. J. Mod. Appl. Pharm. 36, 682-685. https://doi.org/10.13748/j.cnki.issn1007-7693.2019.06.007 (2019).

Li, Y. et al. A chlorogenic acid-phospholipid complex ameliorates post-myocardial infarction inflammatory response mediated
by mitochondrial reactive oxygen species in SAMP8 mice. Pharmacol. Res. 130, 110-122. https://doi.org/10.1016/j.phrs.2018.01.
00 (2018).

Tian, Y. K, French, B. A, Kron, I. L. & Yang, Z. Q. Splenic leukocytes mediate the hyperglycemic exacerbation of myocardial infarct
size in mice. Basic Res. Cardiol. 110, 4. https://doi.org/10.1007/s00395-015-0496-3 (2015).

Wang, J. R., Wang, Y. & Duan, Z. Hypoxia-induced alterations of transcriptome and chromatin accessibility in HL-1 cells. [IUBMB
Life. 72, 1737-1746. https://doi.org/10.1002/iub.2297 (2020).

Ding, J. et al. Angiotensin II decreases endothelial nitric oxide synthase phosphorylation via AT1R Nox/ROS/PP2A pathway. Front.
Physiol. 11, 5664. https://doi.org/10.3389/fphys.2020.566410 (2020).

Kingma, J. G. Contribution of myocyte apoptosis to myocardial injury in an in vivo rabbit preparation of ischemia-reperfusion.
World J. Cardiovasc. Dis. https://doi.org/10.4236/WJCD.2022.128044 (2022).

Chen, Q., Thompson, J., Hu, Y. & Lesnefsky, E. J. Cardiomyocyte specific deletion of p53 decreases cell injury during ischemia-rep-
erfusion: Role of mitochondria. Free Radic. Biol. Med. 158, 162—170. https://doi.org/10.1016/j.freeradbiomed.2020.06.006 (2020).
Zhang, T. et al. CaMKII is a RIP3 substrate mediating ischemia- and oxidative stress-induced myocardial necroptosis. Nat. Med.
22, 175-182. https://doi.org/10.1038/nm.4017 (2016).

Song, X. Y. & Li, T. C. Ripk3 mediates cardiomyocyte necrosis through targeting mitochondria and the JNK-Bnip3 pathway under
hypoxia-reoxygenation injury. J. Receptor Signal Transduct. Res. 39, 4. https://doi.org/10.1080/10799893.2019.1676259 (2019).
Zhao, K. et al. Broadening horizons: The role of ferroptosis in myocardial ischemia-reperfusion injury. Naunyn-Schmiedeberg’s
Arch. Pharmacol. https://doi.org/10.1007/500210-023-02506-5 (2023).

Qian, W. Q. et al. Cyclosporine A-loaded apoferritin alleviates myocardial ischemia-reperfusion injury by simultaneously blocking
ferroptosis and apoptosis of cardiomyocytes. Acta Biomater. https://doi.org/10.1016/].ACTBIO.2023.02.025 (2023).

Ji, N. et al. Pyroptosis: A new regulating mechanism in cardiovascular disease. J. Inflamm. Res. https://doi.org/10.2147/JIR.S3081
77 (2021).

Algoet, M. et al. Myocardial ischemia-reperfusion injury and the influence of inflammation. Trends Cardiovasc. Med. https://doi.
0rg/10.1016/].TCM.2022.02.005 (2022).

Jellinger, P. S. et al. American Association of Clinical Endocrinologists and American College of endocrinology guidelines for
management of dyslipidemia and prevention of cardiovascular disease. Endocr. Pract. 23, 2960-2984. https://doi.org/10.4158/
GL-2019-0405 (2017).

Denmark, K. T. et al. Fourth universal definition of myocardial infarction. Global Heart. 13, 305-338. https://doi.org/10.1093/
eurheartj/ehy462 (2018).

Betul, C. et al. Chlorogenic acid attenuates doxorubicin-induced oxidative stress and markers of apoptosis in cardiomyocytes via
Nrf2/HO-1 and dityrosine signaling. J. Pers. Med. 13, 4. https://doi.org/10.3390/JPM13040649 (2023).

Li, L., Su, C., Chen, X. & Guo, S. Z. Chlorogenic acids in cardiovascular disease: A review of pharmacology and pharmacokinetics.
J. Agric. Food Chem. 68, 6464-6484. https://doi.org/10.1021/acs.jafc.0c01554 (2020).

Frangogiannis, N. G. Regulation of the inflammatory response in cardiac repair. Circ. Res. 110, 159-173. https://doi.org/10.1161/
CIRCRESAHA.111.243162 (2012).

Wu, J. X. et al. Sevoflurane alleviates myocardial ischemia reperfusion injury by inhibiting P2X7-NLRP3 mediated pyroptosis.
Front. Mol. Biosci. 8, 768594. https://doi.org/10.3389/FMOLB.2021.768594 (2021).

Grof3, C.J. et al. K+ efflux-independent NLRP3 inflammasome activation by small molecules targeting mitochondria. Immunity.
45,761-773. https://doi.org/10.1016/j.immuni.2016.08.010 (2016).

Swanson, K. V,, Deng, M. & Ting, J. P. Y. The NLRP3 inflammasome: Molecular activation and regulation to therapeutics. Nat.
Rev. Immunol. 19, 477-489. https://doi.org/10.1038/s41577-019-0165-0 (2019).

Peng, L. X. et al. Cardioprotective activity of ethyl acetate extract of Cinnamomi ramulus against myocardial ischemia/reperfusion
injury in rats via inhibiting NLRP3 inflammasome activation and pyroptosis. Phytomedicine. 93, 153798. https://doi.org/10.1016/].
PHYMED.2021.153798 (2021).

Hutchinson, J. et al. A screen for nuclear transcripts identifies two linked noncoding RNAs associated with SC35 splicing domains.
BMC Genomics 8, 39. https://doi.org/10.1186/1471-2164-8-39 (2007).

Clemson, C. M., Hutchinson, J. N., Sara, S. A., Ensminger, A. W. & Lawrence, J. B. An architectural role for a nuclear non-coding
RNA: NEAT1 RNA is essential for the structure of paraspeckles. Mol. Cell. 33, 717-726. https://doi.org/10.1016/j.molcel.2009.01.
026 (2009).

Zhang, M. T. et al. Targeting NEAT1 in heart disease. Int. J. Cardiol. 384, 22. https://doi.org/10.1016/] IJCARD.2021.11.073 (2022).
Du, X. J. et al. NEAT1 promotes myocardial ischemia-reperfusion injury via activating the MAPK signaling pathway. J. Cell.
Physiol. 234, 18773-18780. https://doi.org/10.1002/jcp.28516 (2019).

Yao, T, Song, Y. T, Li, S. T., Gu, J. & Yan, X. T. Inhibition of IncRNA NEAT1 protects endothelial cells against hypoxia/reoxygen-
ation-induced NLRP3 inflammasome activation by targeting the miR-204/BRCC3 axis. Mol. Med. Rep. https://doi.org/10.3892/
MMR.2021.12548 (2022).

Zhan, J. E, Huang, H. W,, Huang, C., Hu, L. L. & Xu, W. W. Long non-coding RNA NEAT]1 regulates pyroptosis in diabetic
nephropathy via mediating the miR-34c/NLRP3 axis. Kidney Blood Press. Res. 45, 1-14. https://doi.org/10.1159/000508372 (2020).
Zhang, F. et al. Identification of the long noncoding RNA NEAT1 as a novel inflammatory regulator acting through MAPK pathway
in human lupus. Autoimmunology 75, 96-104. https://doi.org/10.1016/j.jaut.2016.07.012 (2016).

Acknowledgements

This research was supported by grants from Youth Science and Technology Talents Growth Project of Guizhou
Department of Education (qian[2021]144) and Guizhou Medical University National Natural Science Founda-
tion Cultivation Project (20NSP046).

Author contributions

D.Q.L. and X.C. conceived and designed the study. X.C. and Z.W.L. conducted most of the experiments and data
analysis, D.Q.L. and X.C. wrote the manuscript. J.S.Z., ].D., Q.Z., S.L., Y.Z.D. and R.R.Z. participated in collecting
data and helped to draft the manuscript. All authors reviewed and approved the manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2023) 13:17803 | https://doi.org/10.1038/s41598-023-45017-2 nature portfolio


https://doi.org/10.1016/j.biopha.2020.110773
https://doi.org/10.13748/j.cnki.issn1007-7693.2019.06.007
https://doi.org/10.1016/j.phrs.2018.01.00
https://doi.org/10.1016/j.phrs.2018.01.00
https://doi.org/10.1007/s00395-015-0496-3
https://doi.org/10.1002/iub.2297
https://doi.org/10.3389/fphys.2020.566410
https://doi.org/10.4236/WJCD.2022.128044
https://doi.org/10.1016/j.freeradbiomed.2020.06.006
https://doi.org/10.1038/nm.4017
https://doi.org/10.1080/10799893.2019.1676259
https://doi.org/10.1007/S00210-023-02506-5
https://doi.org/10.1016/J.ACTBIO.2023.02.025
https://doi.org/10.2147/JIR.S308177
https://doi.org/10.2147/JIR.S308177
https://doi.org/10.1016/J.TCM.2022.02.005
https://doi.org/10.1016/J.TCM.2022.02.005
https://doi.org/10.4158/GL-2019-0405
https://doi.org/10.4158/GL-2019-0405
https://doi.org/10.1093/eurheartj/ehy462
https://doi.org/10.1093/eurheartj/ehy462
https://doi.org/10.3390/JPM13040649
https://doi.org/10.1021/acs.jafc.0c01554
https://doi.org/10.1161/CIRCRESAHA.111.243162
https://doi.org/10.1161/CIRCRESAHA.111.243162
https://doi.org/10.3389/FMOLB.2021.768594
https://doi.org/10.1016/j.immuni.2016.08.010
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1016/J.PHYMED.2021.153798
https://doi.org/10.1016/J.PHYMED.2021.153798
https://doi.org/10.1186/1471-2164-8-39
https://doi.org/10.1016/j.molcel.2009.01.026
https://doi.org/10.1016/j.molcel.2009.01.026
https://doi.org/10.1016/J.IJCARD.2021.11.073
https://doi.org/10.1002/jcp.28516
https://doi.org/10.3892/MMR.2021.12548
https://doi.org/10.3892/MMR.2021.12548
https://doi.org/10.1159/000508372
https://doi.org/10.1016/j.jaut.2016.07.012

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-45017-2.

Correspondence and requests for materials should be addressed to D.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:17803 | https://doi.org/10.1038/s41598-023-45017-2 nature portfolio


https://doi.org/10.1038/s41598-023-45017-2
https://doi.org/10.1038/s41598-023-45017-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Chlorogenic acid protects against myocardial ischemia–reperfusion injury in mice by inhibiting Lnc Neat1NLRP3 inflammasome-mediated pyroptosis
	Methods
	Experimental animals and protocol
	MIRI mouse model
	TTC staining
	Measurement of LDH, CK-MB and cTnT levels in serum
	Hematoxylin–eosin (HE) staining
	Immunohistochemistry (IHC) staining
	Cell culture
	Hypoxiareoxygenation(HR) model establishment and CGA pretreatment of HL-1 cardiomyocytes
	RNA isolation and qRT-PCR
	Western blotting analysis
	ASC oligomerization preparation
	Propidium iodide (PI) staining
	Lentiviral vector infection
	Statistical analysis

	Results
	CGA pretreatment reduces the myocardial infarct size and myocardial injury markers in MIRI mice
	CGA protects against MIRI by reducing Lnc Neat1 expression levels and suppressing NLRP3 inflammasome activation in mice
	CGA protects HL-1 cardiomyocytes from HR injury by decreasing the expression levels of Lnc Neat 1 and inhibiting the activation of the NLRP3 inflammasome
	CGA protects against MIRI by inhibition of pyroptosis in vivo and in vitro
	Lnc Neat1 mediates NLRP3 inflammasome activition during HR injury

	Discussion
	References
	Acknowledgements


