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Abstract Atherosclerosis (AS) is mainly characterized by the activation of inflamma-
tory cells and chronic inflammatory responses after cell injury. Pyroptosis is a form of
programmed cell death (PCD) accompanied by the release of inflammatory factors. Many
studies have shown that pyroptosis plays an important role in AS. Increasing evidence
also indicates that long non-coding RNA H19 (IncRNA H19) involved in AS. However,
whether the role of IncRNA H19 in AS is related to pyroptosis and the underlying mecha-
nisms are largely unknown. In this study, we found that oxidized low-density lipoprotein
(ox-LDL) induced pyroptosis and decreased the expression of IncRNA H19 in Raw 264.7
cells. Besides, silencing endogenous IncRNA H19 increased inflammatory responses and
pyroptosis while exogenous overexpression of IncRNA H19 reversed this effect. Notably,
we identified that the inhibitor of caspase-1 (XV-765) completely abrogated the silencing
endogenous IncRNA H19 mediated pyroptosis. In addition, we found that IncRNA H19
inhibited ox-LDL-induced activation of nuclear factor-kappa B (NF-xB), mitochondrial
dysfunction, and reduced the production of reactive oxygen species (ROS). Moreover,
VX-765 impaired the silencing endogenous IncRNA H19 mediated pyroptosis. Overall,
these findings indicated that IncRNA H19 may play an important role in pyroptosis and
may serve as a potential therapeutic target for AS.
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INTRODUCTION

Atherosclerosis (AS) has become one of the chronic
diseases that pose a huge threat to human health [1]. It
is a chronic inflammatory disease characterized by
endothelial cell dysfunction, lipoprotein aggregation, and
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inflammatory cell infiltration [2]. The formation of athero-
sclerotic plaques is characterized by lipid accumulation,
local inflammation in blood vessels, smooth muscle cell
proliferation, cell death, and fibrosis. It is mainly character-
ized by the activation of inflammatory cells and a series of
chronic inflammatory responses after cell injury [3]. Mac-
rophages are typical cells in the innate immune system,
which phagocytose pathogens outside the cell and antigen
presentation, and stimulate the body’s immune system to
promote the secretion of related inflammatory factors. In
the early stage of atherosclerotic plaque formation, mono-
cytes migrate to the subendothelial layer of blood vessels
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and differentiate into macrophages. Macrophages affect
the development of atherosclerotic lesions by regulating
vascular inflammation and vascular lipid deposition [4].
Therefore, exploring the inflammatory function and poten-
tial regulation mechanism of macrophages in AS will help
to provide new ideas for the treatment of AS. In the early
stage of AS, macrophages uptake a large amount of oxi-
dized low-density lipoprotein (ox-LDL), and cholesterol
in the cytoplasm of macrophages is deposited. Due to the
reduction of cholesterol outflow, the lipid balance in mac-
rophages is destroyed, thereby promoting the formation of
foam cells. At the same time, it further induces the secre-
tion of pro-inflammatory factors and expands the inflam-
matory response, leading to instability of plaques and pro-
moting the occurrence and development of AS [5, 6].

The current anti-AS drugs mainly act on lipid metab-
olism and platelet activation pathways, such as statins and
aspirin. Notably, in addition to lowering lipids, statins also
have anti-inflammatory effects. Study found that statins
significantly reduce atherosclerotic inflammatory plaques,
which verifies the anti-inflammatory effects of statins [7].
CANTOS (Canakinumab Anti-Inflammatory Thrombosis
Outcomes Study) studies have confirmed that inhibition of
inflammation significantly reduces the occurrence of acute
cardiovascular and cerebrovascular events without lipid-
lowering treatment [8]. Therefore, anti-inflammatory ther-
apy may become one of the new targets of anti-AS therapy.

Pyroptosis is a form of programmed cell death (PCD)
accompanied by the release of inflammatory factors, which
has similar biochemical and morphological characteristics
to necrosis and apoptosis [9]. Pyroptosis is characterized by
rapid plasma membrane rupture, followed by the release of
cell contents and pro-inflammatory mediators. At present,
pyroptosis has been found in monocytes, macrophages,
dendritic cells, vascular smooth muscle cells, vascular
endothelial, and many other cell types [10]. Many studies
have shown that pyroptosis plays an important role in the
occurrence and development of AS [11]. The process of
pyroptosis is caspase-1 dependent. Under the stimulation
of external conditions, caspase-1 precursor and the pattern
recognition receptor become a polymer complex called the
inflammasome through apoptosis-associated speck-like pro-
tein containing CARD (ASC). When caspase-1 is activated,
cells will release the inflammatory factors interleukin-1
(IL-1p) and interleukin-18 (IL-18), which will attract
more inflammatory cells and aggravate the inflammatory
response [12]. At the same time, pores are formed in the cell
membrane during pyroptosis, which causing the release of
cytoplasmic contents such as lactate dehydrogenase (LDH).
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In ox-LDL-induced macrophages, ox-LDL and choles-
terol crystals in the plaque necrotic zone activate caspase-1
to induce pyroptosis, and lead to the release of IL-18 and
IL-1p in mouse macrophages, thereby exacerbate inflamma-
tion and increase the scope of the disease [13]. Studies have
confirmed that NOD-like receptor family, pyrin domain con-
taining 3 (NLRP3), are related to the severity and prognosis
of coronary AS in patients with acute coronary syndromes
[14]. NLRP3 inflammasomes are not only present in foam
cells and macrophages, but also in atherosclerotic plaques.
The expressions of NLRP3, ASC, caspase-1, IL-1f, and
IL-18 in plaques are all up-regulated in plaques; it is worth
noting that compared with stable plaques, the expression of
these proteins is higher in unstable plaques [10, 14]. In addi-
tion, studies have shown that ox-LDL promote the activation
of caspase-1 in macrophages and induce the pyroptosis of
macrophages and the production of IL-1f and IL-18 [15].
The above studies have shown that pyroptosis occur in mac-
rophages, and pyroptosis of macrophages may be related to
the stability of plaques in advanced atherosclerotic lesions.

Long non-coding RNA (IncRNA) is a type of non-
coding RNA with a length of more than 200 nucleotides
which are located in the cytoplasm or nucleus. There are
many types and huge quantities of IncRNA in organisms.
Current studies have shown that IncRNA act on pyroptosis-
related proteins directly or indirectly and participate in the
process of disease. Zhang et al. [16] found that melatonin
inhibiting the pyroptosis of human aortic endothelial cells
induced by ox-LDL by reducing IncRNA MEG3. Li et al.
[17] found that down-regulation of IncRNA MALATI1
inhibit the activation of NLRP3 and reduce the pyroptosis
of human renal tubular epithelial cells induced by high glu-
cose. Another study found that IncRNA GASS regulate the
expression of ASC, caspase-1, IL-1f, and IL-18 in ovar-
ian cancer cells [18]. The above results indicate that the
abnormal expression of IncRNA can regulate the process
of pyroptosis by acting on pyroptosis-related molecules,
which making IncRNA a new perspective for the study of
pyroptosis.

LncRNA HI19 is highly conservative in mammals,
and it is closely related to many diseases. Many studies
have shown that IncRNA H19 plays an important role in
the occurrence and development of AS [19]. Studies have
confirmed that downregulation of IncRNA H19 alleviates
AS through inducing the apoptosis of vascular smooth
muscle cells [20]. In addition, Yang’s study revealed the
involvement of IncRNA H19 in atherosclerotic vulnerable
plaque formation and intraplaque angiogenesis [21]. How-
ever, the role of IncRNA H19 on pyroptosis in the process
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of AS is not yet known. Therefore, this study aimed to
investigate the effect of IncRNA H19 on pyroptosis in ox-
LDL-induced macrophage.

MATERIALS AND METHODS

Cell Culture and Treatment

Raw 264.7 cells were purchased from the Shanghai
Institute of Cell Biology (Shanghai, China). Cells are cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM,;
Gibco)-high glucose containing 10% fetal bovine serum
(FBS; Gibco) and 1% penicillin—streptomycin solution
(Invitrogen, Scotland, UK) in a 37 °C, 5% CO, incubator.
When the cells grow to about 90%, they were digested with
0.25% trypsin (Yeasen Biotech Co., Ltd. Shanghai, China),
and the cells were collected and passaged. The cells in the
logarithmic growth phase were used for experiments. Cells
were treated with ox-LDL (50 pg/mL; Yiyuan Biotech Co.,
Ltd. Guangzhou, China) or caspase-1 inhibitor Belnacasan
(VX-765; 20 pmol/L; MedChemExpress) for 24 h.

Cell Transfection

The design and synthesis of IncRNA H19 overexpres-
sion plasmid and specific ShRNA vector were completed by
Guangzhou LandM Biotech. The intracellular transfection
of each group of plasmids was completed by using Lipo-
fectamine 2000 (Invitrogen, USA) transfection reagent and
following the relevant instructions. After transfection, we
continued to culture for 24 h, and extract the total RNA of
each group of cell lines to detect the transfection efficiency.

Determination of LDH in Cell Supernatant

Centrifuge the cell supernatant and follow the
instructions of the LDH assay kit (Cat: A020-2—1, Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China).
Measure the absorbance at 450 nm wavelength to calcu-
late the LDH content in the sample.

Detection of IL-1f and IL.-18 Content in Cell
Culture Supernatant by ELISA

Cells were seeded in a 6-well plate, and the cell culture
supernatant was centrifuged at 100X g for 20 min. The super-
natant was taken and tested according to the kit instructions
(Lot: 202,007, Shanghai MLBIO Biotechnology Co. Ltd,

Shanghai, China). Add 100 pL of the sample or diluted stand-
ard to the corresponding well, incubate at 37 °C for 60 min,
and wash the plate 5 times. Add 100 pL of developer to each
well, incubate at 37 °C for 15 min in the dark, add 50 pL
of stop solution to each well, and measure the OD value at
450 nm immediately after mixing. Calculate the sample con-
centration from the sample OD value and the standard curve.

Hoechst 33,342/Propidium Iodide Staining
Detection

Hoechst 33,342 is a blue fluorescent dye that penetrate
cell membranes and bind to DNA which make cell nuclei show
blue light. PI is a fluorescent dye that can be chimeric into and
bound to the base pairs of double-stranded DNA and RNA.
It only penetrates the damaged cell membrane to make the
nucleus glow red. Inoculate the cells in a 24-well plate with
1x10° cells per well. After adding the corresponding drugs,
add 5 pL. Hoechst 33,342 staining solution and 5 pL. PI staining
solution (Cat: 40744ES60, Yeasen Biotech Co., Ltd. Shanghai,
China) to each well, mix well, and stain for 20 min at 4 °C, then
observe under a fluorescence microscope (OLYMPUS, Japan).

Analysis of Mitochondrial Membrane Potential

Use the fluorescent probe 5,5',6,6'-tetrachloro-
1,1',3,3'-tetraethyl-imidacarbocyanine iodide (JC-1) to
explore changes in mitochondrial membrane potential
(MMP) according to the manufacturer’s instructions (Cat:
40706ES60, Yeasen Biotech Co., Ltd. Shanghai, China),
and the fluorescence intensity was observed with an
inverted fluorescence microscope.

Detection of Intracellular ROS Content

According to the manufacturer’s instructions (Cat:
S0033S, Beyotime Biotech Inc, Shanghai, China), the fluo-
rescent probe 2,7-dichlorofluorescein diacetate (DCFH-DA)
was used to quantify the reactive oxygen species (ROS)
accumulated in the cells in vitro, and the fluorescence inten-
sity was observed with an inverted fluorescence microscope.

Western Blot

Inoculate the cells in a 6-well plate with 5x 10° cells
per well. After drug treatment, add 50 pL of lysis buffer
containing protease and phosphatase inhibitors to each
well; after lysis on ice for 15 min, centrifugation at 4 °C,
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and 13,000 x g for 5 min, the supernatant is taken out to
obtain the total cell protein. BCA Protein Quantification
Kit (Cat: 20201ES76, Yeasen Biotech Co., Ltd. Shanghai,
China) was used to determine the protein concentration.
Each group of samples was added to 5 X SDS-PAGE load-
ing buffer and heated at 95 °C for 5 min to fully denature the
protein. After electrophoresis, transfer, and blocking, the pol-
yvinylidene fluoride membrane (PVDF) (Cat: ISEQ00010,
Merck Millipore Ltd, Ireland) and the corresponding anti-
bodies (Gasdermin D, GSDMD (1:1000, Cat: ab209845,
Abcam, UK), caspase-1 (1:500, Cat: A0964, Abclonal,
Wuhan, China), cleaved-caspase-1 (1:1000, Cat: 893328,
CST, USA), NLRP3 (1:300, Cat: ab214185, Abcam, UK),
ASC (1:1000, Cat: ab1175449, Abcam, UK), p-p65 (1:500,
Cat: AP0123, Abclonal, Wuhan, China), p65 (1:500, Cat:
A19653, Abclonal, Wuhan, China), p-IkBa (1:500, Cat:
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APQ707, Abclonal, Wuhan, China), and IxkBa (1:500, Cat:
A11397, Abclonal, Wuhan, China)) were incubated over-
night at 4 °C, and the GAPDH (1:5000, Cat: 5174 T, CST,
USA) antibody was used as the internal control. After incu-
bating overnight, wash the PVDF membrane with PBST
three times, 5 min each time. Add horseradish peroxidase
(HRP) labeled goat anti-rabbit IgG antibody (1:5000, Cat:
33101ES60, Yeasen Biotech Co., Ltd. Shanghai, China) and
incubate at 25 °C for 1 h. ECL chemiluminescence liquid A
and B (Cat: 36208ES60, Yeasen Biotech Co., Ltd. Shang-
hai, China) were mixed in a ratio of 1:1 and dropped on
the PVDF membrane. The image was collected with Tanon
4200 automatic chemiluminescence imaging analysis sys-
tem, and the target band was quantitatively analyzed with the
gel image processing software Image J (Bio-Rad, Hercules,
CA, USA). The experiment was repeated three times.
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Fig. 1 Ox-LDL treatment triggered pyroptosis in Raw 264.7 cells. Raw 264.7 cells were dealt with ox-LDL (50 pg/mL) for 24 h. a Hoechst 33,342/
PI staining to detect pyroptosis. b, ¢ The content of LDH and cytokines (IL-1p and IL-18) in cell supernatant were valued by LDH detecting kit and
ELISA, respectively. d The expression of NLRP3, ASC, GSDMD, and cleaved-caspase-1 were determined using western blot analysis. e The level
of IncRNA H19 in ox-LDL-induced Raw 264.7 cells was valued by qRT-PCR. Measurement data were expressed as mean+SD; n=6. **P <0.01.

Scale bar 100 pm. Ox-LDL oxidized low-density lipoprotein.
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Quantitative Real-Time PCR

Total RNA in the sample was extracted by universal
RNA extraction kit (Dongsheng Biotech Co., Ltd, Guang-
zhou, China), cDNA was synthesized following the All-in-
One first-strand cDNA synthesis supermix for gPCRq kit
(TransGen Biotech Co., Ltd, Beijing, China), and the Tip
Green qPCR Supermix kit (TransGen Biotech Co., Ltd, Bei-
jing, China) was used for real-time fluorescence quantita-
tive PCR detection. The RT-PCR primers for IncRNA H19
were purchased from Sangon Biotech Co., Ltd. (Shanghai,
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China). LncRNA H19 (forward: 5-~ATCGGTGCCTCAGCG
TTCGG-3'; reverse: 5-CTGTCCTCGCCGTCACACCG-3')
and GAPDH were used as the internal control. Fold change
of IncRNA H19 was calculated by the equation 2742,

Statistical Analysis
Experimental data were presented as the
mean =+ standard deviation (SD). Statistical differences

between groups were analyzed using the Student’s #-test.
GraphPad Prism 7.0 software was used for statistical
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Fig. 2 The effect of IncRNA H19 on pyroptosis of Raw 264.7 cells treated with ox-LDL. a Following transfection with recombinant IncRNA H19
plasmids, the expression of IncRNA H19 was detected using qRT-PCR. b, ¢ The content of LDH and cytokines (IL-1p and IL-18) in cell super-
natant were valued by LDH detecting kit and ELISA, respectively. d Pyroptosis was detected by Hoechst 33,342/PI staining. e-i The expression
of NLRP3, ASC, GSDMD, and cleaved-caspase-1 were determined using western blot analysis. Measurement data were expressed as mean+ SD;
n=6.*P<0.05, **P <0.01 vs sh-NC group; #P <0.01 vs Lv-NC group. Scale bar 100 pm. Ox-LDL oxidized low-density lipoprotein, sh-NC short
hairpin RNA of vector, sh-H19 short hairpin RNA of IncRNA H19, LV-NC overexpression plasmid of vector (pLVX-IRES-Neo-NC), LV-H19 over-

expression plasmid of IncRNA H19 (pLVX-IRES-Neo-H19).
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analysis. P <0.05 indicated statistically significant
differences.

RESULTS

Ox-LDL Induced Pyroptosis and Reduced
the Expression of IncRNA H19 in Raw 264.7

First, we explored whether ox-LDL can induce
pyroptosis. As shown in Fig. 1a, we found that 50 pg/mL of
ox-LDL treatment undoubtedly induced pyroptosis of Raw
264.7 cells, and ox-LDL treatment significantly increased
the content of LDH, IL-1p and IL-18 in the cell superna-
tant (Fig. 1b, ¢). We also discovered that the expression
of NLRP3, ASC, GSDMD, and cleaved-caspase-1 were
all significantly increased by ox-LDL treatment compared
with control (Fig. 1d). Previously, IncRNA H19 was known
to play a key role in AS [19]. Hence, we examined whether
IncRNA H19 is abnormally expressed in Raw 264.7 cells.
As displayed in Fig. 1e, the level of IncRNA H19 was nota-
bly reduced with ox-LDL treatment in Raw 264.7 cells.

Silencing Endogenous IncRNA H19 Leads
to Pyroptosis, While Exogenous IncRNA H19
Inhibits Pyroptosis

To further examine the role of IncRNA H19 in pyrop-
tosis, we modified IncRNA H19 expression with overexpres-
sion plasmid and specific sShRNA vector (Fig. 2a). We found
that the content of LDH, IL-1p and IL-18 in cell supernatant

b
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were significantly increased after silencing endogenous
IncRNA H19, while exogenous IncRNA H19 reversed the
content of LDH, IL-1f, and IL-18 in cell supernatant (Fig. 2b,
¢). In the meantime, Hoechst 33,342/PI staining results
showed that exogenous IncRNA H19 inhibited the pyrop-
tosis of Raw 264.7 cells and silencing endogenous IncRNA
H19 promoted pyroptosis of Raw 264.7 cells (Fig. 2d). Our
data also indicated that exogenous IncRNA H19 downregu-
lated the expression of NLRP3, ASC, GSDMD, and cleaved-
caspase-1. In contrast, silencing endogenous IncRNA H19
enhanced the expression of NLRP3, ASC, GSDMD, and
cleaved-caspase-1 (Fig. 2e—i). These results suggest that the
aberrant expression of IncRNA H19 was involved in pyrop-
tosis of ox-LDL-mediated Raw 264.7.

Silencing Endogenous IncRNA H19 Promotes
the Activation of Caspase-1 in Raw 264.7

We silenced endogenous IncRNA H19 in RAW264.7.
As shown in Fig. 3a, the level of IncRNA H19 was signifi-
cantly reduced after transfected with sh-H19, indicating
that the transfection was efficient. Caspase-1 can be acti-
vated by many cytokines including IL-1f and participate
in many important physiological processes. Therefore, we
studied the effect of IncRNA H19 on caspase-1. As shown
in Fig. 3b, ox-LDL treatment significantly increased the
level of cleaved-caspase-1. In addition, compared with the
ox-LDL + sh-NC group, silencing endogenous IncRNA
H19 significantly increased the level of cleaved-caspase-1.
These results indicated that silence endogenous IncRNA
H19 promotes the activation of caspase-1.
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Fig. 3 Silencing endogenous IncRNA H19 promotes the activation of caspase-1 in Raw 264.7. Following treatment with ox-LDL or transfection
with recombinant IncRNA H19 plasmids, the expression of IncRNA H19 was detected using qRT-PCR (a), and the expression of cleaved-cas-
pase-1 was detected by western blot (b). Measurement data were expressed as mean+SD; n=6. **P<0.01 vs Control group; P <0.01 vs ox-
LDL +sh-NC group. Ox-LDL oxidized low-density lipoprotein, sh-NC short hairpin RNA of vector, sh-H19 short hairpin RNA of IncRNA H19.
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Silencing Endogenous IncRNA H19 Promotes
Pyroptosis by Activating Caspase-1

The process of pyroptosis is caspase-1 dependent.
Under the stimulation of external conditions, caspase-1
precursor combine with NLRP3 through ASC to form a
complex, namely, inflammasome, also known as caspase-1
dependent inflammasome. To explore the potential mecha-
nism of IncRNA H19 in pyroptosis, we observed the influ-
ences of IncRNA H19 on pyroptosis by controlling the
expression of caspase-1. As shown in Fig. 4a, Belnacasan
(VX-765, an inhibitor of caspase-1) markedly restrained
the level of cleaved-caspase-1, while sh-H19 increased the
level of cleaved-caspase-1 (Fig. 4b). Then we transfected
Raw 264.7 with recombinant sh-H19 plasmids, followed
by administration with VX-765. Results showed that the
content of LDH (Fig. 4c), IL-1p, and IL-18 (Fig. 4d) in
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cell supernatant were obviously suppressed by VX-765 and
VX-765 that inhibited the pyroptosis of Raw 264.7 (Fig. 4e).
It is worth noting that silencing endogenous IncRNA H19
mediated pyroptosis was cancelled by VX-765 (Fig. 4c—e).
Next, we measured the expression of pyroptosis-related pro-
teins. Western blot analysis of NLRP3, ASC, GSDMD, and
cleaved-caspase-1 showed that VX-765 inhibited silencing
endogenous IncRNA mediated pyroptosis (Fig. 4f—j). These
results indicated that caspase-1 is required for IncRNA H19
to regulate pyroptosis.

LncRNA H19 Inhibits ox-LDL-Induced
Activation of Nuclear Factor-Kappa B Pathway
and Regulates NF-kB Pathway by Caspase-1

NF-kB pathway plays an important role in the
inflammatory immune response of macrophages.

C
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Cleaved-Caspase-1

Caspase-1

GAPDH

Relative level of cleaved-Caspase-1/Caspase-1

Fig. 4 VX-765 impaired the silencing endogenous IncRNA H19 mediated the activation of pyroptosis. a, b The expression of cleaved-caspase-1 in
Raw 264.7 cells were detected by western blot after treated with VX-765 (10 pM) for 24 h or transfected with sh-H19. ¢, d The content of LDH and
cytokines (IL-1p and IL-18) in cell supernatant were valued by LDH detecting kit and ELISA, respectively, followed by transfected with recombi-
nant IncRNA H19 plasmids or administration of VX-765 (10 pM) for 24 h. e Pyroptosis was detected by Hoechst 33,342/P1 staining in Raw 264.7
followed by administration of VX-765 (10 uM) for 24 h. f—j The expression of NLRP3, ASC, GSDMD, and cleaved-caspase-1 in Raw 264.7 cells
were detected by western blot. Measurement data were expressed as mean +SD; n=6. **P <0.01 vs control group; *P <0.05, #P <0.01 vs control
group; 24P <0.01 vs sh-H19 group. Scale bar 100 pm. Sh-H19 short hairpin RNA of IncRNA H19.
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Fig.5 LncRNA HI19 inhibited ox-LDL-induced activation of NF-xB pathway and VX-765 impaired the silencing endogenous IncRNA H19
mediated the activation of NF-kB pathway. a The level of IncRNA H19 in Raw 264.7 cells was determined by qRT-PCR. b The expression level
of p-IkBa, t-IkBa, p-p65, and t-p65 in ox-LDL-treated Raw 264.7 cells were determined by western blot. Measurement data were expressed as
mean+SD; n=3. **P<0.01 vs control group; *P <0.01 vs ox-LDL group. ¢ The expression of p-IxBa, t-IkBa, p-p65, and t-p65 in Raw 264.7
cells were detected by western blot after transfected with recombinant IncRNA H19 plasmids, followed by administration of VX-765 (10 pM) for
24 h. Measurement data were expressed as mean=+SD; n=6. **P <0.01 vs control group; ¥P <0.01 vs control group; *P<0.05, 24P <0.01 vs
sh-H19 group. Ox-LDL oxidized low-density lipoprotein, sh-H19 short hairpin RNA of IncRNA H19, LV-H19 overexpression plasmid of IncRNA

H19 (pLVX-IRES-Neo-H19).

Therefore, we observe the influence on the expression of
pathway-related proteins by controlling the expression
of IncRNA H19. As shown in Fig. 5a, b, ox-LDL inhib-
ited the expression of IncRNA H19 and activated the
NF-kB pathway, while exogenous IncRNA H19 inhib-
ited the activation of the NF-xB pathway as evidenced
by downregulated p-IkBa and p-p65 expression and by
enhanced expression of t-IkBa and t-p65. In addition,
western blot analysis showed that VX-765 inhibited
silencing endogenous IncRNA H19 mediated activation
of the NF-kB pathway (Fig. 5c). The above observations
suggested that IncRNA H19 inhibited NF-xB pathway
by down-regulating caspase-1.

LncRNA H19 Inhibits Mitochondrial
Dysfunction and Reduces the Production
of ROS

Mitochondrial derived reactive oxygen species
(mtROS) are the main source of cellular ROS. Excessive
mtROS is related to the progression of AS in humans
and mice [22]. Ox-LDL activates NF-xB to cause mito-
chondrial dysfunction and increased ROS production to
induce endothelial cells pyroptosis [23]. This informa-
tion prompted us to investigate if mitochondrial dys-
function was involved in ox-LDL-induced macrophages
pyroptosis. As shown in Fig. 6a, ox-LDL induced
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ox-LDL 0x-LDL+sh-NC

JC-1

ox-LDL+sh-H19

ox-LDL+Lv-NC ox-LDL+Lv-H19

Control

Fig. 6 LncRNA H19 inhibits mitochondrial dysfunction and reduces the production of ROS. a Following transfection with recombinant IncRNA
H19 plasmids, the changes of MMP in Raw 264.7 cells were detected by MMP assay kit with JC-1. MMP reduction is characterized by a shift in
fluorescence from red to green. The level of intracellular ROS was measured by ROS assay kit. b The changes of MMP in Raw 264.7 cells were
detected by MMP assay kit with JC-1 and the level of intracellular ROS was measured by ROS assay kit after transfected with recombinant IncRNA
H19 plasmids, followed by administration of VX-765 (10 pM) for 24 h. JC-1: Scale bar 100 pm. ROS: Scale bar 50 pm. Ox-LDL oxidized low-den-
sity lipoprotein, sh-NC short hairpin RNA of vector, sh-H19 short hairpin RNA of IncRNA H19, LV-NC overexpression plasmid of vector (pLVX-
IRES-Neo-NC), LV-H19 overexpression plasmid of IncRNA H19 (pLVX-IRES-Neo-H19).

mitochondrial dysfunction (marked by an intracellu-
lar fluorescence shift from red to green) in Raw 264.7
cells. This mitochondrial dysfunction was augmented
by silencing endogenous IncRNA H19 and rescued by
exogenous IncRNA H19. Meanwhile, silencing endog-
enous IncRNA H19 promoted intracellular ROS accu-
mulation as measured by fluorescent assay, while exog-
enous IncRNA H19 has the opposite effect. In addition,
we found that VX-765 inhibited silencing endogenous
IncRNA H19 mediated mitochondrial dysfunction and
intracellular ROS accumulation (Fig. 6b). Collectively,
these findings indicated that IncRNA H19 directly regu-
lated pyroptosis via caspase-1-mediated signaling.

DISCUSSION

Inflammation and cell death play an important role
in the formation of atherosclerotic plaques [8, 9]. In recent
years, studies have found that a pro-inflammatory and lytic
cell death method (pyroptosis) is closely related to AS.
At present, the research on the mechanism of pyroptosis
is still in the initial stage. Studies have shown that vari-
ous inflammasomes, caspase-1, and inflammatory factors
are involved in AS in varying degrees during the process
of pyroptosis [11]. The classical pathway of pyroptosis
depends on the activation of caspase-1. Under the stim-
ulation of signals such as pathogens and bacteria, the
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NOD-like receptor (NLR) in cell recognizes these sig-
nals, and activates caspase-1 through the adaptor protein
ASC and pro-caspase-1. On the one hand, the activated
caspase-1 cleaves GSDMD and induces pyroptosis. On the
other hand, activated caspase-1 cleaves the precursors of
IL-1p and IL-18 to form active IL-1f and IL-18 to induce
inflammation [24-26]. Related studies have shown that
caspase-1 is involved in the occurrence and development
of AS and plays an important role in it, but its mecha-
nism is still unclear. Zheng [27] demonstrated a highly
expressed caspase-1 in aortas from patients with coronary
AS. Gage et al. [28] found that plaque development was
inhibited and inflammatory factors were reduced after cas-
pase-1 gene silencing in the ApoE ™'~ mice model of AS.
Ox-LDL exists widely in the human body and plays
an important role in the occurrence of AS [29, 30]. The
relationship between ox-LDL and inflammatory fac-
tors has long been reported. Janabi et al. [31] found that
ox-LDL promoted the increase of IL-1f release from
monocyte-derived macrophages. Lin [32] found that ox-
LDL induced increased secretion of IL-1f and IL-1RA
in human aortic smooth muscle cells. Jiang et al. [33]
showed that ox-LDL induces IL-1p secretion through the
ROS-dependent NLRP3 inflammasome activation path-
way. Our results showed that ox-LDL not only induces the
release of IL-1f and IL.-18 from RAW264.7 cells, but also
promotes the expression of cleaved-caspase-1, NLRP3,
ASC, and GSDMD, which is consistent with the results of
the previous study. In addition, ox-LDL also destroys the
integrity of the cell membrane of RAW264.7 and releases
LDH, while VX-765 effectively prevents the pro-inflammatory
and pyroptotic effects of ox-LDL on RAW264.7 cells.
It is suggested that the pro-inflammatory and pyroptotic
effects induced by ox-LDL are caspase-1 dependent.
Recent studies have shown that IncRNA regulates the
process of pyroptosis by acting on pyroptosis-related mol-
ecules [16-18]. LncRNA participates in a variety of biologi-
cal processes and regulates gene expression at multiple lev-
els. LncRNA H19 is a member of the IncRNA family, which
closely related to inflammation. Studies have shown that in
the rat model of diabetic cardiomyopathy, the overexpres-
sion of IncRNA H19 reduces the concentration of inflam-
matory cytokines in myocardial tissue [34]. In addition,
Zhang et al. [35] demonstrated that pro-inflammatory factors
(IL-17A and IL-23) in peripheral blood mononuclear cells
were reduced after transfected with recombinant IncRNA
H19 plasmids. Our research found that in RAW264.7 cells,
IncRNA H19 inhibited the release of pro-inflammatory
factors induced by ox-LDL and the expression level of
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cleaved-caspase-1, NLRP3, GSDMD, and ASC. The above
results indicated that IncRNA H19 alleviates the pyroptosis
and inflammation of RAW264.7 cells induced by ox-LDL.

As the main transcription factor of inflammation,
NF-«xB was first discovered in 1986 [36]. It has been found
that many NF-kB activators and NF-kB regulatory genes are
directly or indirectly involved in the process of AS [37]. Lima
[38] found that inosine prevent AS development by inhibiting
p38MAPK/NF-kB pathway in rats. Qin et al. [39] reported
that ginsenoside F1 prevents AS in mice through suppres-
sion of NF-xB signaling. The results of our study found that
ox-LDL induced the up-regulation of p65 and p-IxBa and
the down-regulation of t-IxBa in RAW?264.7 cells, combined
with the increased level of inflammatory factors and pyroptosis-
related proteins, indicating that the effect of ox-LDL on
inflammation and pyroptosis may be mediated through the
NF-xB pathway. In addition, VX-765 effectively prevents
the activation of NF-kB pathway by silencing endogenous
IncRNA HI19. It is suggested that the activation of NF-xB
pathway induced by ox-LDL is caspase-1 dependent.

All in all, we confirmed that ox-LDL contributes to
Raw 264.7 pyroptosis. We also found that ox-LDL-induced
downregulation of IncRNA H19 in RAW264.7 cells and
the downregulation of IncRNA H19 may be related to the
pathogenesis of AS. In addition, our study provides insights
into the regulatory pathway of IncRNA H19 in caspase-1
in AS and its role as a new indicator for early diagnosis
and treatment of AS. Further research is required to clarify
other potential mechanisms of IncRNA H19 involved in the
biological function of pyroptosis in AS.
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