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HDAC11 promotes both NLRP3/caspase-1/GSDMD and
caspase-3/GSDME pathways causing pyroptosis via ERG in
vascular endothelial cells
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Histone deacetylase 11 (HDAC11), a sole member of the class IV HDAC subfamily, participates in various cardiovascular diseases.
Recent evidence showed that pyroptosis was a form of inflammatory programmed cell death and is critical for atherosclerosis (AS).
However, little is known about the effect of HDAC11 on endothelial cell pyroptosis in AS. Thus, this study aims to investigate the
role of HDAC11 in vascular endothelial cell pyroptosis and its molecular mechanism. Firstly, we found that HDAC11 expression was
up-regulated and pyroptosis occurred in the aorta of ApoE−/− mice fed with a high-fat diet (HFD) for 8 or 12 weeks. Then, in vitro
study found the treatment of human umbilical vein endothelial cells (HUVECs) with tumor necrosis factor-α (TNF-α) resulted in
pyroptosis, as evidenced by activation of caspase-1 and caspase-3 activation, cleavage of downstream gasdermin D (GSDMD) and
gasdermin E (GSDME/DFNA5), the release of pro-inflammatory cytokines interleukin (IL)-1β, IL-6 and IL-18, as well as elevation of
LDH activity and increase of propidium iodide (PI)-positive cells. Besides, TNF-α increased HDAC11 expression and induced
pyroptosis via TNFR1 in HUVECs. HDAC11 knockdown mitigated pyroptosis by suppressing both NLRP3/caspase-1/GSDMD and
caspase-3/GSDME pathways in TNF-α-induced HUVECs. Moreover, GSDME knockdown by siRNA significantly decreased pyroptosis
and inflammatory response, while treatment with disulfiram or necrosulfonamide (NSA) further augmented the inhibitory effects of
GSDME siRNA on pyroptosis and inflammatory response. Further studies found HDAC11 formed a complex with ERG and decreased
the acetylation levels of ERG. More importantly, ERG knockdown augmented vascular endothelial cell pyroptosis in TNF-α-induced
HUVECs. Taken together, our study suggests that HDAC11 might promote both NLRP3/caspase-1/GSDMD and caspase-3/GSDME
pathways leading to pyroptosis via regulation of ERG acetylation in HUVECs. Modulation of HDAC11 may serve as a potential target
for therapeutic strategies of AS.
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INTRODUCTION
Histone deacetylase 11 (HDAC11), the only class IV HDAC member,
is reported to regulate immune activation [1], tumorigenesis [2],
and cardiovascular diseases [3–5]. It has been found that HDAC11
protein expression was significantly elevated both in human
atherosclerotic tissue samples and in the atherosclerotic aorta of
ApoE−/− mice fed with a high-fat diet (HFD) for 14 weeks [6].
Therefore, HDAC11 may participate in the atherosclerosis (AS)
process. In addition, HDAC11 deletion reduced tumor necrosis
factor-α (TNF-α) and interleukin (IL)-1β levels in serum and heart
tissues of mice fed with fructose [3]. It has been reported that
reconstitution of HDAC11 reduced IL-13 expression, while inhibi-
tion of HDAC11 increased IL-13 expression in CD4+ T cells of heart
tissue in patients with myocarditis [7]. Another study found that
inhibition of HDAC11 restored the IL-10 expression in B cells from
allergic rhinitis patients [8]. These studies indicated that HDAC11
participated in the regulation of inflammation. Pyroptosis is a pro-
inflammatory form of programmed cell death, which is

accompanied by the release of a large number of pro-
inflammatory cytokines and plays a key role in the initiation and
progression of AS [9, 10]. However, whether HDAC11 participates
in the regulation of pyroptosis in AS process remains unknown.
Pyroptosis is characterized predominantly by the formation of

gasdermin protein family-mediated membrane perforation and the
consecutive release of pro-inflammatory cytokines [9–12]. Canonical
and non-canonical inflammasome activation of caspase-1/11 (mouse)
or caspase-1/4/5 (human) leads to gasdermin D (GSDMD) cleavage
and maturation of IL-1β and IL-18, and then the GSDMD-N domain
causes pyroptosis by promoting the formation of membrane pores
and the release of pro-inflammatory cytokines [11, 12]. It has been
found that nicotine promotes AS via NLRP3/caspase-1-mediated
endothelial cell pyroptosis in HFD-fed ApoE−/− mice [13]. Another
study showed that trimethylamine N-oxide promotes ApoE−/− mice
AS by inducing vascular endothelial cell pyroptosis via the NLRP3/
caspase-1/GSDMD pathway [14]. In addition, gasdermin E (GSDME/
DFNA5) was also found to be expressed in the artery [15]. GSDME
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cleavage by caspase-3 liberates the GSDME-N domain, which also
mediates pyroptosis by forming pores membrane pores [16]. It has
been shown that HDAC11 deletion reduced cleavage of caspase-3 in
the heart of fructose-fed mice [3]. Therefore, it is necessary to
investigate whether HDAC11 is involved in endothelial cell pyroptosis
through NLRP3/caspase-1/GSDMD or caspase-3/GSDME pathway in
AS process. In addition, it has been unraveled that HDAC11 formed a
complex with the ETS-related gene (ERG) to attenuate the ERG gene
transcription activities and compromise the vascular endothelial
barrier function [5]. ERG is a member of the ETS transcription factor
family, has emerged as a major regulator of endothelial function,
such as endothelial homeostasis, vascular development, and
angiogenesis [17–19]. It has been reported that loss of ERG
expression was associated with AS [18]. Moreover, ERG inhibits
vascular inflammation by repressing NF-κB activation and pro-
inflammatory gene expression in endothelial cells [20]. However,
whether the regulation of HDAC11 on endothelial cell pyroptosis is
related to ERG remains unknown.
Therefore, in this study, we observed HDAC11 expression in

aortic intima of ApoE−/− mice at different stages of AS, and then
investigated whether the effect of HDAC11 on endothelial cell
pyroptosis was mediated by NLRP3/caspase-1/GSDMD or caspase-
3/GSDME pathway in TNF-α-induced human umbilical vein
endothelial cells (HUVECs). Furthermore, we investigated whether
the regulation of HDAC11 on endothelial cell pyroptosis was
related to ERG.

MATERIALS AND METHODS
Animal experiments
Eight-week-old male ApoE−/− mice in the C57/BL6 background were
obtained from The Jackson Laboratory (Bar Harbor, ME, USA). The
experimental protocol was following the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and was approved by
the Animal Care and Use Committee of Xi’an Jiaotong University. Mice
were randomized into four groups (n= 10) and were fed an HFD for 0, 4, 8,
or 12 weeks. Then all mice were fasted overnight and sacrificed. The aortic
root tissues along with the basal portion of the heart of four mice were
fixed with 4% paraformaldehyde solution, embedded in optimum cutting
temperature compound (SAKURA, USA), and then cut cross-sectionally into
sections (7 μm). Sections of three mice were stained with hematoxylin and
eosin (H&E) and oil red O (Solarbio, Beijing, China). Images were captured
using a fluorescence microscope (Olympus TL4, Japan). The atherosclerotic
lesion area of aortic root sections was analyzed by Image-Pro Plus. Each
mouse was selected for any experiment by the researchers who did not
participate in the study.

Cell culture and treatment
HUVECs (CRL-1730 cells) were purchased from the American Type Culture
Collection (ATCC, Manassas, USA). In brief, HUVECs were grown in DMEM/F-
12 medium supplemented with 10% fetal bovine serum (Gibco, Grand
Island, New York, USA) and 100 U/ml penicillin–streptomycin in a
humidified atmosphere. When the cells were grown to confluence, the
culture medium was replaced with a serum-free medium for 24 h
incubation before experimental use. Human HDAC11 small interfering
RNA (siRNA), GSDME siRNA, ERG siRNA, and negative control (NC) siRNA
were chemically synthesized by Shanghai GenePharma Corporation (SGC,
China). The siRNA and lipofectamine 2000 (Invitrogen, Carlsbad, California,
USA) were separately diluted in serum-free DMEM/F-12 and incubated for
5 min. Then the two solutions were softly mixed and incubated for 20min,
followed by addition to the cells. After 48 h, cells were pretreated with
disulfiram or NSA (MedchemExpress, New Jersey, USA) for 1 h and then
incubated with TNF-α for 12 h. Disulfiram and NSA were dissolved
in DMSO.

Immunofluorescence
The sections of the aortic root were prepared and incubated with rabbit
anti-HDAC11 (1:100, Abcam, ab18973) and mouse anti-CD31 (1:100,
Proteintech, Wuhan, China, 66065-2-Ig), overnight at 4 °C. The HUVECs
were fixed with 4% paraformaldehyde solution for 30min, permeabilized
with 0.3% Triton X-100 for 30min, and then blocked with normal goat

serum for 1 h at room temperature. Subsequently, the samples were
incubated with anti-HDAC11 antibody (1:100, Abcam, ab18973) or anti-ERG
antibody (1:50, Proteintech, 14356-1-AP) overnight at 4 °C, followed by
incubation with goat anti-rabbit IgG (H&L) - Alexa Fluor 594 (1:200,
ImmunoWay Biotechnology Company, Plano, Texas, USA, RS3611) and
goat anti-mouse IgG (H&L) - Alexa Fluor 488 (1:200, ImmunoWay
Biotechnology Company, RS3208) for 2 h at room temperature. Nuclei
were stained with DAPI (Beyotime, Haimen, China). The samples were
observed under a fluorescence microscope.

Cytokine analysis by ELISA
All blood samples were obtained by penetrating the retro-orbital sinus in
mice, and the serum was separated by centrifugation at 3000 rpm for
15min at 4 °C. TNF-α levels in serum and IL-6 levels in cellular supernatant
of HUVECs were detected by ELISA assay kit (TBhealthcare, Foshan, China),
IL-1β and IL-18 levels in the serum and cellular supernatant were detected
by ELISA assay kit (Ruixin Biotech, Quanzhou, China) according to the
manufacturer’s instructions.

Cytotoxicity assay
Cytotoxicity was determined by measuring LDH released from HUVECs
using the cytotoxicity detection LDH kit (Beyotime, Haimen, China)
according to the manufacturer’s instructions. The absorbance was
determined at a wavelength of 450 nm using a microplate reader (Thermo
Fisher, USA).

Hoechst 33342/PI fluorescent staining
To assess pyroptosis, cells were double-stained with Hoechst 33342 and PI.
HUVECs were seeded in 12-well plates in complete medium and treated
with TNF-α, disulfiram or NSA. After the indicated treatments, the cells in
each group were stained with Hoechst 33342 staining solution for live cells
and 2 µg/mL PI (Solarbio, Beijing, China) for 20min. Then the cells were
washed with PBS three times. The cells were photographed under a
fluorescence microscope.

Caspase-1 and Caspase-3 activity analysis
HUVECs were seeded in 6-well plates in complete medium and treated
with TNF-α or siRNA. After the indicated treatments, cells were collected.
Then the caspase-1 or caspase-3 activity was assayed using the Caspase-1
or Caspase-3 activity assay kit (Beyotime, Haimen, China) according to the
manufacturer’s instructions.

Western blotting
Protein was extracted from the thoracic aorta of mice and HUVECs with
RIPA lysis buffer containing protease inhibitor cocktail (Roche, Man-
nheim, Germany). Protein samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to polyviny-
lidene difluoride membranes. The membranes were blocked with five
percent skimmed milk at room temperature for 2–3 h and then
incubated overnight at 4 °C with antibodies. The antibodies used were
HDAC11 (1:250, Abcam, ab18973), GSDMD (1:1000, Cell Signaling
Technology, #93709), GSDMD-N (1:1000, Cell Signaling Technology,
#36425), GSDME (1:500, Proteintech, 13075-1-AP), GSDME-N (1:1000,
Abcam, ab222407 and ab222408), TNFR1 (1:500, Wanleibio, Shenyang,
China, WL01414), TNFR2 (1:500, Wanleibio, WL02956), pro-caspase-1
(1:1000, Wanleibio, WL02996), cleaved caspase-1 (1:1000, Wanleibio,
WL02996a), NLRP3 (1:1000, Wanleibio, WL02635), ASC (1:1000, Immuno-
Way Biotechnology Company, YT0365), pro-caspase-3 (1:500, Wanleibio,
WL04004), cleaved caspase-3 (1:500, Wanleibio, WL01992), ERG (1:500,
Proteintech, 14356-1-AP), and mouse anti-β-actin (1:1000, Cell Signaling
Technology, #58169S). Secondary antibody and the enhanced chemilu-
minescent substrate were used for detection. Relative protein expression
levels were semiquantitatively performed using Lane 1D software (Sage
Creation Science Co, China).

RNA extraction and quantitative real-time PCR
TRIzol reagent (Invitrogen, Carlsbad, California, USA) was applied to extract
total RNA from the thoracic aorta of mice and HUVECs. All-in-One cDNA
Synthesis SuperMix (Bimake, Houston, Texas, USA) was used for the reverse
transcription of the RNA into cDNA. Quantitative real-time PCR was
performed with 2× SYBR Green qPCR Master Mix by StepOnePlus™ Real-
Time PCR System (Thermo Fisher, Massachusetts, USA). Relative changes in
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mRNA levels were analyzed by the ΔΔCT method. The sequences of primer
pairs are shown in Table S1.

Immunoprecipitation
HUVECs were seeded in 6-well plates in complete medium and treated
with TNF-α or siRNA. Cells were washed with PBS and collected, the protein
lysates were incubated with acetylated-lysine, ERG or IgG antibody and
precipitated with Protein A/G Magnetic Beads (Bimake, Houston, Texas,
USA) at 4 °C. Protein A/G Magnetic Beads were collected, washed with lysis
buffer four times, and then the target protein was detected by Western
blotting.

Statistical analysis
All quantitative data are presented as the mean ± SD from three or more
independent experiments. Statistical analysis was undertaken using
GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Multiple
comparisons were assessed by one-way analysis of variance (ANOVA). A
P value < 0.05 was considered statistically significant.

RESULTS
HDAC11 expression is upregulated and pyroptosis is activated
in the aorta of HFD-fed ApoE−/− mice
Our results showed that AS was successfully induced in ApoE−/−

mice after HFD feeding for 8 weeks (Fig. 1A, B). GSDMD-N and
GSDME-N play an important role in pyroptosis. GSDMD, GSDMD-N,
and GSDME-N protein expressions were significantly increased in
the aorta of ApoE−/− mice after HFD feeding for 8 weeks (Fig. 1C).

Moreover, the serum levels of TNF-α, IL-1β, and IL-18 were
significantly increased in ApoE−/− mice after HFD feeding for
8 weeks (Fig. 1D). Our findings suggested that HFD results in
pyroptosis in the aorta of ApoE−/− mice. To examine whether
HDAC11 is related to vascular pyroptosis of AS process, we
determined the HDAC11 expression in the aorta of ApoE−/− mice.
We found that HDAC11 protein and mRNA expressions were
significantly increased in the aorta of ApoE−/− mice after HFD
feeding for 8 weeks (Fig. 1E, F). Furthermore, HDAC11 protein
expression was increased in aortic intima of HFD-fed ApoE−/−

mice by immunofluorescent double staining of the aortic sinus of
HDAC11 and CD31 (Fig. 1G).

TNF-α induces pyroptosis and upregulates HDAC11
expression via TNFR1 in HUVECs
To investigate whether TNF-α induces endothelial cell pyroptosis,
HUVECs were treated with 10, 20, 40, 60, or 80 ng/mL TNF-α for 12 h
or 40 ng/mL TNF-α for 2, 4, 8, 12, or 24 h, and the protein
expressions of GSDMD, GSDMD-N, GSDME, and GSDME-N were
detected. We found that TNF-α had no effects on GSDME protein
expression, while GSDMD, GSDMD-N, and GSDME-N protein
expressions were significantly increased in HUVECs treated with
40, 60, or 80 ng/mL TNF-α for 12 h or 40 ng/mL TNF-α for 12 or 24 h
compared with the control group (Fig. 2A, B). In addition, we found
that 40, 60, and 80 ng/mL TNF-α significantly increased the release
of pro-inflammatory cytokines such as IL-1β, IL-6, and IL-18 (Fig. 2C).
Moreover, we further found that 40 ng/mL TNF-α significantly

Fig. 1 HDAC11 expression is upregulated and pyroptosis is activated in the aorta of HFD-fed ApoE−/− mice. ApoE−/− mice were fed an
HFD for 0, 4, 8, or 12 weeks. A Representative images showing the atherosclerotic lesions of aortic root sections with H&E staining and the
lipid deposition of aortic root sections with Oil red O staining, ×100. Scale bar indicates 200 μm. B The atherosclerotic lesion area of aortic root
sections was analyzed (n= 3). C GSDMD, GSDMD-N, GSDME, and GSDME-N protein expressions in the aorta were determined by Western
blotting (n= 3). D The levels of TNF-α, IL-1β, and IL-18 in the serum were determined by ELISA (n= 10). E, F HDAC11 protein and mRNA
expressions in the aorta were determined by Western blotting and quantitative real-time PCR (n= 3). G The expression of HDAC11 in aortic
intima by immunofluorescent double staining of the aortic sinus of HDAC11 and CD31. The nuclei were stained blue with DAPI. Scale bar
indicates 50 μm. *P < 0.05, **P < 0.01 vs. ND group. Results are expressed as mean ± SD.
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increased the cellular supernatant LDH activity (Fig. 2D) and the
number of PI-positive cells (Fig. 2E). To investigate whether TNF-α
affects the subcellular localization and expression of HDAC11, we
performed immunofluorescence staining. We found that TNF-α
treatment significantly elevated HDAC11 protein expression, did not
alter HDAC11 subcellular localization (Fig. 2F). In addition, TNF-α
significantly increased HDAC11 protein and mRNA expressions by
Western blotting and quantitative real-time PCR (Fig. 2G, H).
We found that TNF-α significantly increased TNFR1 protein

and mRNA expressions, while TNF-α had no effects on TNFR2
protein and mRNA expressions compared with the control
group in HUVECs (Fig. 3A, B). Therefore, we explored whether
TNF-α induced pyroptosis via TNFR1. The HUVECs were
pretreated with TNFR1 neutralizing antibody (5 µg/mL) for
30 min and then stimulated with 40 ng/mL TNF-α for 12 h. Our
results showed that blockade of TNFR1 using neutralizing
antibody inhibited the protein expressions of GSDMD-N and

GSDME-N in TNF-α-induced HUVECs (Fig. 3C). In addition, the
blockade of TNFR1 significantly suppressed the release of IL-1β,
IL-6, and IL-18 (Fig. 3D). Further study found that blockade of
TNFR1 significantly reduced the cellular supernatant LDH
activity (Fig. 3E) and the number of PI-positive cells (Fig. 3F).
These results suggested that TNF-α induced pyroptosis via
TNFR1 in HUVECs. Moreover, we further explored whether TNF-α
upregulated HDAC11 expression via TNFR1. Our results showed
that blockade of TNFR1 inhibited HDAC11 protein and mRNA
expressions in TNF-α-induced HUVECs (Fig. 3G, H and I). Our
findings suggested that TNF-α induced pyroptosis and upregu-
lated HDAC11 expression via TNFR1 in HUVECs.

HDAC11 knockdown inhibits pyroptosis in TNF-α-induced
HUVECs
To assess the role of HDAC11 in TNF-α-induced endothelial cell
pyroptosis, HUVECs were transfected with HDAC11 siRNA or NC

Fig. 2 TNF-α induces pyroptosis and upregulates HDAC11 expression in HUVECs. A HUVECs were treated with TNF-α (10, 20, 40, 60, or
80 ng/mL) for 12 h. GSDMD, GSDMD-N, GSDME, and GSDME-N protein expressions were determined by Western blotting. B HUVECs were treated
with 40 ng/mLTNF-α for 2, 4, 8, 12, or 24 h. GSDMD, GSDMD-N, GSDME, and GSDME-N protein expressions were determined by Western blotting.
C The levels of IL-1β, IL-6, and IL-18 in the cellular supernatant were detected by ELISA assay. D The cellular supernatant LDH level was evaluated
with a cytotoxicity detection LDH kit. E The representative photographs of double-fluorescent staining with PI (red) and Hoechst 33342 (blue),
and the quantification of PI-positive cells, ×200. Scale bar indicates 100 μm. F Immunofluorescence staining was performed to determine the
expression and localization of HDAC11, ×200. Scale bar indicates 50 μm. G, H The protein and mRNA expressions of HDAC11 were determined by
Western blotting and quantitative real-time PCR. *P < 0.05, **P < 0.01 vs. control group. Results are expressed as mean ± SD (n= 3).
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siRNA for 48 h, and then the transfection efficiency of HDAC11
into the HUVECs was detected by Western blotting and
quantitative real-time PCR, respectively. The results showed
that the efficiency of HDAC11 silencing in HUVECs was
approximately 60% at protein and mRNA levels (Fig. 4A, B).
We then evaluated the effect of HDAC11 knockdown by siRNA
on pyroptosis in HUVECs treated with 40 ng/mL TNF-α for 12 h.
HDAC11 knockdown significantly decreased the protein
expressions of GSDMD-N and GSDME-N in TNF-α-induced
HUVECs (Fig. 4C). In addition, HDAC11 knockdown significantly
suppressed the release of IL-1β, IL-6, and IL-18 in TNF-α-
induced HUVECs (Fig. 4D). Further study found that HDAC11
knockdown significantly reduced the cellular supernatant LDH
activity (Fig. 4E) and the number of PI-positive cells in TNF-α-
induced HUVECs (Fig. 4F). These results suggest that HDAC11
knockdown could partly protect HUVECs from TNF-α-induced
endothelial cell pyroptosis.

HDAC11 knockdown suppresses both NLRP3/caspase-1/
GSDMD and caspase-3/GSDME pathways in TNF-α-induced
HUVECs
We found that NLRP3, ASC, cleaved caspase-1, cleaved caspase-3
protein expressions were significantly increased in the aorta of
ApoE−/− mice after HFD feeding for 12 weeks (Fig. S1A). As shown
in Fig. S1B, cleaved caspase-1 protein expression in aortic intima
of HFD-fed ApoE−/− mice was increased by immunofluorescent
double staining of the aortic sinus of cleaved caspase-1 and CD31.
Moreover, we found that TNF-α significantly increased NLRP3, ASC,
cleaved caspase-1 and cleaved caspase-3 protein expressions
(Fig. 5A), NLRP3 mRNA expression (Fig. 5B), and caspase-1 and
caspase-3 activities (Fig. 5C). HDAC11 knockdown significantly
suppressed cleavage of GSDMD and GSDME (Fig. 4C). Therefore,
we further examine the effect of HDAC11 knockdown on NLRP3/
caspase-1/GSDMD and caspase-3/GSDME pathways. Our results
showed that HDAC11 knockdown resulted in a significant

Fig. 3 Blockade of TNFR1 inhibits pyroptosis and downregulates HDAC11 expression in TNF-α-induced HUVECs. HUVECs were treated
with TNF-α (20, 40, or 80 ng/mL) for 12 h. A, B The expressions of TNFR1 and TNFR2 protein and mRNA were determined by Western blotting
and quantitative real-time PCR, respectively. The HUVECs were pretreated with a TNFR1 neutralizing antibody (5 µg/mL) for 30min and then
stimulated with TNF-α (40 ng/mL) for 12 h. C The protein expressions of GSDMD, GSDMD-N, GSDME, and GSDME-N were determined by
Western blotting. D The levels of IL-1β, IL-6, and IL-18 in the cellular supernatant were detected by ELISA assay. E The cellular supernatant LDH
level was evaluated with a cytotoxicity detection LDH kit. F The representative photographs of double-fluorescent staining with PI (red) and
Hoechst 33342 (blue), and the quantification of PI-positive cells, ×100. Scale bar indicates 200 μm. G Immunofluorescence staining was
performed to determine the expression and localization of HDAC11, ×200. Scale bar indicates 50 μm. H, I The protein and mRNA expressions
of HDAC11 were determined by Western blotting and quantitative real-time PCR. **P < 0.01, vs. NC siRNA group; #P < 0.05, ##P < 0.01 vs. NC
siRNA + TNF-α group. Results are expressed as mean ± SD (n= 3).
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decrease in the protein expressions of NLRP3, ASC, cleaved
caspase-1, and cleaved caspase-3 (Fig. 5D). Additionally, HDAC11
knockdown significantly decreased NLRP3 mRNA expression
(Fig. 5E), and caspase-1 and caspase-3 activities (Fig. 5F). Together,
these results confirmed that HDAC11 knockdown inhibited both
NLRP3/caspase-1/GSDMD and caspase-3/GSDME pathways in TNF-
α-induced HUVECs.

GSDMD inhibitors and GSDME knockdown suppress
pyroptosis and inflammatory response in TNF-α-induced
HUVECs
Pyroptosis inhibitors disulfiram and NSA inhibited pyroptosis by
blocking GSDMD pore formation. To determine the toxic effects of
disulfiram and NSA, the HUVECs were treated with different
concentrations of disulfiram and NSA (1.25, 2.5, 5, 10, or 20 μmol/
L) for 13 h. The cell viability was evaluated by MTT assay. Our
results found that 1.25, 2.5, and 5 μmol/L disulfiram and NSA had
no effects on the cell viability, while 10 and 20 μmol/L disulfiram
and NSA significantly decreased the cell viability (Fig. 6A). To
further investigate the effects of disulfiram and NSA on TNF-α-
induced endothelial cell pyroptosis, the HUVECs were pretreated
with disulfiram or NSA (5 μmol/L) for 1 h and then stimulated with
TNF-α (40 ng/mL) for 12 h. We found that disulfiram and NSA
significantly decreased TNF-α-induced pore formation and mem-
brane rupture by decreasing the number of PI-positive cells in
TNF-α-induced HUVECs (Fig. 6B) and the cellular supernatant LDH
activity (Fig. 6C). Moreover, disulfiram significantly suppressed the
release of IL-1β and IL-18, NSA significantly suppressed the release
of IL-1β (Fig. 6D). We further found that disulfiram significantly

decreased IL-1β, IL-6, and MCP-1 mRNA expressions, NSA
significantly decreased IL-1β mRNA expression compared with
the TNF-α group (Fig. 6E).
To further examine whether the effect of GSDMD inhibitors and

GSDME knockdown on pyroptosis and inflammatory response,
HUVECs were transfected with GSDME siRNA or NC siRNA for 48 h,
and then cells were pretreated with disulfiram or NSA for 1 h and
exposed to 40 ng/mL TNF-α for an additional 12 h. The results
showed that the efficiency of GSDME silencing in HUVECs was
approximately 65% at the protein level and 80% at the mRNA level
(Fig. 6F, G). GSDME knockdown significantly decreased TNF-α-
induced pore formation and membrane rupture by decreasing the
number of PI-positive cells and the cellular supernatant LDH activity,
while disulfiram and NSA further suppressed the number of PI-
positive cells and the cellular supernatant LDH activity (Fig. 6H, I).
Moreover, GSDME knockdown significantly decreased inflammatory
response by suppressing the release of IL-1β, IL-6, and IL-18,
decreasing IL-1β, IL-6, and MCP-1 mRNA expressions, while
treatment with disulfiram and NSA further augmented the inhibitory
effects of GSDME siRNA on the inflammatory response (Fig. 6J, K).
Together, our results confirmed that HDAC11 regulated GSDMD-
and GSDME-mediated pyroptosis in TNF-α-induced HUVECs.

HDAC11 regulates pyroptosis via ERG in TNF-α-induced
HUVECs
As shown in Fig. 7A, ERG protein expression was significantly
decreased in the aorta of ApoE−/− mice after HFD feeding for
4 weeks. Meanwhile, we found that TNF-α significantly decreased
ERG protein expression (Fig. 7B). To investigate whether ERG is

Fig. 4 HDAC11 knockdown inhibits pyroptosis in TNF-α-induced HUVECs. A, B HUVECs were transfected with HDAC11 siRNA or NC siRNA
for 48 h, and then the protein and mRNA expressions of HDAC11 were determined by western blotting and quantitative real-time PCR.
HUVECs were stimulated with 40 ng/mL TNF-α for 12 h after their transfection with HDAC11 siRNA or NC siRNA. C The protein expressions of
GSDMD, GSDMD-N, GSDME, and GSDME-N were determined by Western blotting. D The levels of IL-1β, IL-6, and IL-18 in the cellular
supernatant were detected by ELISA assay. E The cellular supernatant LDH level was evaluated with a cytotoxicity detection LDH kit. F The
representative photographs of double-fluorescent staining with PI (red) and Hoechst 33342 (blue), and the quantification of PI-positive cells,
×200. Scale bar indicates 100 μm. **P < 0.01, vs. NC siRNA group; #P < 0.05, ##P < 0.01 vs. NC siRNA + TNF-α group. Results are expressed as
mean ± SD (n= 3).
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regulated by HDAC11, HUVECs were transfected with
HDAC11 siRNA or NC siRNA and exposed to TNF-α. We found
that HDAC11 knockdown significantly increased ERG protein
expression (Fig. 7C, D). To further test this, immunoprecipitation
was performed with HUVECs transfected with HDAC11 siRNA or
NC siRNA. The results showed that HDAC11 knockdown sup-
pressed the formation of complexes of HDAC11 and ERG (Fig. 7E).
To investigate whether HDAC11 alters the acetylation status of
ERG, the protein lysates of HUVECs transfected with
HDAC11 siRNA or NC siRNA were precipitated with acetylated-
lysine antibodies and then were analyzed by Western blotting. The
results showed that TNF-α significantly decreased acetylated ERG,
while HDAC11 knockdown markedly increased acetylated ERG
compared with the NC siRNA group (Fig. 7F, G).
Based on the above results, we inferred that HDAC11 regulated

endothelial cell pyroptosis through ERG. To test this, HUVECs were
transfected with ERG siRNA or NC siRNA for 48 h. Our results
showed that the efficiency of ERG silencing in HUVECs was
approximately 64% at the protein level and 70% at the mRNA level
(Fig. 8A, B). We found that ERG knockdown further increased
GSDMD-N and GSDME-N protein expressions (Fig. 8C), and further
promoted the release of IL-1β, IL-6, and IL-18 (Fig. 8D). ERG
knockdown also further increased the cellular supernatant LDH
activity and the number of PI-positive cells (Fig. 8E, F). These
results suggested that HDAC11 might regulate pyroptosis via ERG
in TNF-α-induced HUVECs.

DISCUSSION
This study provided evidence that HDAC11 is highly expressed in
the aortic intima of HFD-fed ApoE−/− mice and HDAC11 knock-
down significantly suppressed pyroptosis via inhibiting NLRP3/
caspase-1/GSDMD and caspase-3/GSDME pathways in TNF-α-
induced HUVECs. Importantly, HDAC11 formed a complex with
ERG and decreased the acetylation levels of ERG, and subse-
quently promoted pyroptosis (summarized in Fig. S2). Our study
unraveled pyroptosis as a cellular mechanism for the pro-
inflammatory property of HDAC11, thereby advancing our under-
standing of promoting effects of HDAC11 on the endothelial cell
pyroptosis and inflammatory response in AS process.
HDAC enzymes regulate diverse biological functions, including

gene expression, rendering them potential targets for intervention
in several diseases [21]. Among the human zinc-dependent
HDACs, the most recently discovered member, HDAC11, has been
shown to play a role in cardiovascular diseases through promoting
inflammation [3–5]. Recently, it has been found that HDAC11
protein expression was significantly elevated both in human
atherosclerotic tissue samples and in the atherosclerotic aorta of
ApoE−/− mice [6]. Our present results also showed that HDAC11
expression was significantly increased in the aorta of HFD-fed
ApoE−/− mice. The process of pyroptosis is characterized
predominantly by the formation of gasdermin protein family
mediated membrane perforation, cell collapse, and the release of
pro-inflammatory cytokines such as IL-1β and IL-18 [22]. It has

Fig. 5 HDAC11 knockdown suppresses both NLRP3/caspase-1/GSDMD and caspase-3/GSDME pathways in TNF-α-induced HUVECs.
HUVECs were treated with TNF-α (20, 40, or 80 ng/mL) for 12 h. A The expressions of NLRP3, ASC, pro-caspase-1, cleaved caspase-1, pro-
caspase-3, and cleaved caspase-3 were determined by Western blotting. B NLRP3 mRNA expression was assayed by quantitative real-time PCR.
C Caspase-1 and caspase-3 activity were determined using the Caspase-1 activity assay kit and the Caspase-3 activity assay kit. *P < 0.05, **P <
0.01 vs. control group. D HUVECs were stimulated with 40 ng/mL TNF-α for 12 h after their transfection with HDAC11 siRNA or NC siRNA for
48 h. The expressions of NLRP3, ASC, pro-caspase-1, cleaved caspase-1, pro-caspase-3, and cleaved caspase-3 were determined by Western
blotting. E NLRP3 mRNA expression was assayed by quantitative real-time PCR. F Caspase-1 and caspase-3 activity were determined using the
Caspase-1 activity assay kit and the Caspase-3 activity assay kit. **P < 0.01 vs. NC siRNA group; #P < 0.05, ##P < 0.01 vs. NC siRNA+ TNF-α group.
Results are expressed as mean ± SD (n= 3).
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been reported that GSDMD and GSDME were found to be
expressed in the artery [15]. Our study demonstrated that HFD
feeding results in NLRP3 inflammasome, caspase-1, and caspase-3
activation, and subsequent GSDMD and GSDME cleavage in the
aorta of ApoE−/− mice. Therefore, HDAC11 might participate in
the regulation of endothelial cell pyroptosis in the process of AS.
TNF-α is an important inflammatory mediator closely related to

the occurrence and development of AS [23]. The study found that
TNF-α increased the activity of NLRP3 inflammasome in CACO2
cells [24]. In addition, TNF-α induced caspase-1 expression and

activation in A549 cells and 3T3-L1 cells [25, 26]. During pyroptosis,
the NLRP3 inflammasome activates the caspase-1 precursor and
then mediates GSDMD cleavage and maturation of IL-1β and IL-18
[27]. In the current study, our data demonstrated that TNF-α
activated NLRP3 inflammasome and caspase-1, and further induced
GSDMD-mediated pyroptosis in HUVECs. Moreover, a large number
of studies have shown that TNF-α can induce the activation of
caspase-3 and then induce the occurrence of apoptosis in
endothelial cells [28–30]. Pyroptosis and intrinsic apoptosis are
two forms of regulated cell death driven by active caspases.

Fig. 6 GSDMD inhibitors and GSDME knockdown inhibit pyroptosis and inflammatory response in TNF-α-induced HUVECs. A HUVECs
were treated with different concentrations of disulfiram and NSA (1.25, 2.5, 5, 10, or 20 μmol/L) for 13 h.The cell viability was evaluated by MTT
assay (n= 6). B HUVECs were pretreated with disulfiram or NSA (5 μmol/L) for 1 h and then stimulated with TNF-α for 12 h. The representative
photographs of double-fluorescent staining with PI (red) and Hoechst 33342 (blue), and the quantification of PI-positive cells, ×100. Scale bar
indicates 200 μm. C The cellular supernatant LDH level was evaluated with a cytotoxicity detection LDH kit. D The levels of IL-1β, IL-6, and IL-18
in the cellular supernatant were detected by ELISA assay. E The mRNA expressions of IL-1β, IL-6, and MCP-1 were determined by quantitative
real-time PCR. F, G HUVECs were transfected with GSDME siRNA or NC siRNA for 48 h, and then the protein and mRNA expressions of GSDME
were determined by western blotting and quantitative real-time PCR. H HUVECs were pretreated with disulfiram or NSA for 1 h and then
incubated with TNF-α for 12 h after their transfection with GSDME siRNA or NC siRNA. The representative photographs of double-fluorescent
staining with PI (red) and Hoechst 33342 (blue), and the quantification of PI-positive cells, ×100. Scale bar indicates 200 μm. I The cellular
supernatant LDH level was evaluated with a cytotoxicity detection LDH kit. J The levels of IL-1β, IL-6, and IL-18 in the cellular supernatant were
detected by ELISA assay. K The mRNA expressions of IL-1β, IL-6, and MCP-1 were determined by quantitative real-time PCR. **P < 0.01 vs.
control group or NC siRNA group; #P < 0.05, ##P < 0.01 vs. TNF-α group or NC siRNA+ TNF-α group; $P < 0.05, $$P < 0.01 vs. GSDME siRNA+
TNF-α group. Results are expressed as mean ± SD (n= 3).
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Caspase-1 induces GSDMD pore formation during pyroptosis,
whereas caspase-3 promotes GSDME pore formation during
apoptosis [31]. Our results showed that TNF-α activated caspase-
3, and further induced GSDME-mediated pyroptosis in HUVECs. It
has been reported that TNF-α can upregulate the expression of
HDAC11 in B cells [8]. Our present results revealed that TNF-α can
upregulate HDAC11 expression in HUVECs. It has been shown that
TNF-α induced necroptosis by its cognate receptor TNFR1 [32]. Our
study suggested that TNF-α induced pyroptosis and upregulated
HDAC11 expression via TNFR1 in HUVECs. In addition, a study
showed that HDAC inhibitor Trichostatin A mitigated the
inflammation-induced pyroptosis during endotoxemia-induced
acute lung injury [33]. In the present study, HDAC11 knockdown
significantly inhibited pyroptosis. The inhibition of endothelial cell
pyroptosis is of great significance to prevent AS [34]. Disulfiram and
NSA can directly affect GSDMD pore formation to inhibit pyroptosis
[35, 36]. In addition, GSDMD knockdown can attenuate high-
glucose-induced inflammation and apoptosis in podocytes [37].
GSDME knockdown attenuated ATP-induced cell death and HMGB1
release in RAW264.7 cells [38]. Our present study found that GSDME
knockdown significantly decreased TNF-α-induced pyroptosis and
inflammatory response, while disulfiram and NSA further augmen-
ted the inhibitory effects of GSDME knockdown on pyroptosis and
inflammatory response. These results confirmed that HDAC11
promoted pyroptosis via NLRP3/caspase-1/GSDMD and caspase-3/
GSDME pathways in TNF-α-induced HUVECs.
ERG remains highly expressed in endothelial cells of most adult

tissues, which acts as a key regulator of endothelial homeostasis
[19, 39]. A previous study showed that ERG expression was lost in
human coronary plaques from the endothelium overlaying active

plaque shoulders [20]. We observed a marked reduction of ERG
protein expression in the aorta of HFD-fed ApoE−/− mice. It has
been shown that inflammatory stimuli such as TNF-α can down-
regulate ERG expression in HUVECs [40]. We also observed that
TNF-α significantly decreased ERG protein expression in HUVECs. In
addition, it has been unraveled that HDAC11 formed complexes
with ERG in HUVECs [5]. In our present results, we observed that
HDAC11 knockdown significantly increased ERG protein expres-
sion, and suppressed the formation of complexes of HDAC11 and
ERG. Moreover, previous results found that PAR2AP significantly
decreased acetylated ERG in HUVECs [5]. Our present results
showed that TNF-α significantly decreased acetylated ERG, while
HDAC11 knockdown markedly increased acetylated ERG in
HUVECs. ERG inhibition resulted in a significant decrease in
vascularization with the increase in caspase-positive endothelial
cells [41]. In addition, ERG inhibited NF-κB dependent transcription
and inflammation in mice [20]. In the present study, the data
revealed that ERG knockdown further augmented TNF-α-induced
pyroptosis, as evidenced by further cleavage of GSDMD and
GSDME, the further release of IL-1β, IL-6, and IL-18, as well as
further elevation of LDH activity and increase of PI-positive cells.
These results further confirmed that HDAC11 formed a complex
with ERG and decreased ERG acetylation to regulate pyroptosis in
TNF-α-induced HUVECs.
Collectively, our results provided evidence that HDAC11

promoted both NLRP3/caspase-1/GSDMD and caspase-3/GSDME
pathways leading to vascular endothelial cell pyroptosis via
regulation of ERG in TNF-α-induced HUVECs. Hence, pyroptosis
is likely a cellular mechanism underlying the pro-inflammatory
effect of HDAC11 in AS process. These findings might be pivotal

Fig. 7 HDAC11 formes a complex with ERG and decreases ERG acetylation in HUVECs. A ApoE−/− mice were fed an HFD for 0, 4, 8, or
12 weeks. ERG protein expression was determined by Western blotting (n= 3). **P < 0.01 vs. ND group. B HUVECs were treated with TNF-α (20,
40, or 80 ng/mL) for 12 h. ERG protein expression was determined by Western blotting. HUVECs were stimulated with 40 ng/mL TNF-α for 12 h
after their transfection with HDAC11 siRNA or NC siRNA for 48 h. C, D The expression and localization of ERG were determined by Western
blotting and Immunofluorescence staining, ×200. Scale bar indicates 50 μm. E HUVECs were transfected with HDAC11 siRNA or NC siRNA for
48 h. The protein lysates were precipitated with ERG or IgG antibody and then were analyzed by Western blotting. F HUVECs were treated with
TNF-α for 12 h. The protein lysates were precipitated with acetylated-lysine antibody and then were analyzed by Western blotting. G HUVECs
were transfected with HDAC11 siRNA or NC siRNA for 48 h. The protein lysates of HUVECs transfected with HDAC11 siRNA or NC siRNA were
precipitated with acetylated-lysine antibody and then were analyzed by Western blotting. *P < 0.05, **P < 0.01 vs. control group or NC siRNA;
#P < 0.05 vs. NC siRNA+ TNF-α group. Results are expressed as mean ± SD (n= 3).
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for understanding the potential role of HDAC11 in vascular
endothelial cell pyroptosis and AS.

DATA AVAILABILITY
Data supporting present findings are available from the corresponding author upon
reasonable request.
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