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Ceramide induces pyroptosis through TXNIP/ o

NLRP3/GSDMD pathway in HUVECs

Fangfang Liu'", Yangyang Zhang'", Yining Shi?, Kai Xiong', Fugui Wang?® and Jin Yang'*"

Abstract

Background: Pyroptosis of endothelial cells is a new cause of endothelial dysfunction in multiple diseases. Ceramide
acts as a potential bioactive mediator of inflammation and increases vascular endothelial permeability in many dis-
eases, whether it can aggravate vascular endothelial injury by inducing cell pyroptosis remains unknown. This study
was established to explore the effects of C8-ceramide (C8-Cer) on human umbilical vein vascular endothelial cells
(HUVECs) and its possible underlying mechanism.

Methods: HUVECs were exposed to various concentrations of C8-Cer for 12h, 24 h, 48h. The cell survival rate was
measured using the cell counting kit-8 assay. Western blotting and Real-time polymerase chain reaction (RT-PCR)
were used to detect the pyroptosis-releated protein and mRNA expressions, respectively. Caspase-1 activity assay
was used to detect caspase-1 activity. Hoechst 33342/propidium iodide double staining and flow cytometry were
adopted to measure positive staining of cells. Lactate dehydrogenase release assay and enzyme-linked immunosorb-
ent assay were adopted to measure leakage of cellular contents. FITC method was used to detect the permeability of
endothelial cells. ROS fluorescence intensity were detected by flow cytometry.

Results: The viability of HUVECs decreased gradually with the increase in ceramide concentration and time. Cera-
mide upregulated the expression of thioredoxin interacting protein (TXNIP), NLRP3, GSDMD, GSDMD-NT, caspase-1
and Casp1 p20 at the protein and mRNA level in a dose-dependent manner. It also enhanced the Pl uptake in HUVECs
and upregulated caspase-1 activity. Moreover, it promoted the release of lactate dehydrogenase, interleukin-13, and
interleukin-18. Meanwhile, we found that ceramide led to increased vascular permeability. The inhibitor of NLRP3
inflammasome assembly, MCC950, was able to disrupt the aforementioned positive loop, thus alleviating vascular
endothelial cell damage. Interestingly, inhibition of TXNIP either chemically using verapamil or genetically using small
interfering RNA (siRNA) can effectively inhibit ceramide-induced pyroptosis and improved cell permeability. In addi-
tion, ceramide stimulated reactive oxygen species (ROS) generation. The pretreatment of antioxidant N-acetylcysteine
(NAQ), ROS scavenger, blocked the expression of pyroptosis markers induced by C8-cer in HUVECs.

Conclusion: The current study demonstrated that C8-Cer could aggravate vascular endothelial cell damage and
increased cell permeability by inducing cell pyroptosis. The results documented that the ROS-dependent TXNIP/
NLRP3/GSDMD signalling pathway plays an essential role in the ceramide-induced pyroptosis in HUVECs.
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Fig. 1 Effects of ceramide and verapamil on cell viability. Effects of ceramide (various concentrations and incubation times) on HUVECs cell viability
in comparison to the corresponding control (A). HUVECs were treated with verapamil at a series of concentrations for 12h (B). Values were reported
(n=13) as the mean = standard deviation. "P<0.05, “P<0.01 and “"P<0.001 vs. control

endothelial cells under various inflammatory stimuli,
numerous studies have shown that pyroptosis was
involved in the vascular dysfunction [4—6]. Although
the underlying molecular mechanisms of vascular dys-
function are not yet fully understood, a large body of
studies showed that an increase in circulating ceramide
concentration is one of the key factors [7]. Endothe-
lial cells are widely used to study the role of ceramide in
vascular function and related diseases, ceramide can be
produced in endothelial cells through a variety of path-
ways as part of the cellular response to stress stimuli.

Furthermore, ceramide is involved in the endothelial cell
barrier breakdown and increased permeability [8, 9]. It is
the main regulator of cell death by mainly promoting cell
cycle arrest and apoptosis [10, 11]. However, it is unclear
whether ceramide causes endothelial cell pyroptosis in
sepsis, acute lung injury and others diseases.

The thioredoxin-interacting protein (TXNIP) is a
negative regulator of the antioxidant thioredoxin [12].
Inhibition of thioredoxin by TXNIP promotes cellu-
lar oxidative stress and accelerates the inflammatory
response [13, 14]. NLRP3 inflammasome can be activated

(See figure on next page.)

Fig. 2 Ceramide promotes TXNIP expression and NLRP3 inflammasome activation. HUVECs were treated with 0, 5, 10, 20 uM ceramide for 12 h.
Effects of ceramide on the protein expression: NLRP3 (B), TXNIP (C), GSDMD (D), GSDMD-NT (E), Caspase-1 (F), CASP1 P20 (G). Effects of ceramide

on the mRNA expression: NLRP3 (H), TXNIP (I), GSDMD (J), Caspase-1 (K). Caspase-1 activity assay kit (L) was used to detected effect of ceramide on
caspase-1 activity. Values were reported as the mean = standard deviation in (A-L) (n =3). The expression of 3-actin was used as an internal control.
"P<0.05,"P<0.01 and ""P<0.001, compared with the control group
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after ROS-mediated interaction of TXNIP to NLRP3 in
endoplasmic reticulum (ER) under stressed conditions
[15]. The TXNIP-NLRP3 inflammasome is a macromo-
lecular multi-protein compound consisting of TXNIP,
NLRP3, adaptor protein ASC, and the effector protein
caspase-1 [16]. TXNIP deficiency impairs the activation
of the NLRP3 inflammasome and subsequent secretion
of inflammatory cytokines, such as interleukin (IL)-1p
[17, 18]. Our previous study has shown that the ASM/
Cer/TXNIP signalling pathway is closely related to the
activation of the inflammasome. While small interfering
RNA (siRNA) and verapamil were used to inhibit TXNIP,
we found that ceramide-induced the level of TXNIP
expression and the activation of NLRP3 inflammasome
was downregulated [19]. Nevertheless, further clarifica-
tion is needed to elucidate the involvement of endothelial
cell pyroptosis upon ceramide exposure and its possible
relationship in the activation of the downstream pathway
triggered by TXNIP.

Human umbilical vein endothelial cells (HUVECs) have
been extensively used as models for the study of endothe-
lial cell pyroptosis in sepsis and other diseases [5, 20,
21]. Cell pyroptosis is considered a programmed process
of cell death associated with an inflammatory response,
which is different from apoptosis. It leads to the forma-
tion of plasma membrane pores and the release of the
inflammatory cytokines IL-1p and IL-18, and is charac-
terised by the cleavage of its effector GSDMs induced
by inflammatory caspases [22, 23]. Pyroptosis is closely
associated with inflammasome activation. NLRP3 is a
common type of inflammasome [24] that activates cas-
pase-1. It leads to the maturation and secretion of IL-1p
and IL-18, and the mediation of pyroptosis [25]. How-
ever, NLRP3-related pyroptosis in ceramide-induced
endothelial cell injury is not yet well understood.

In the current study, we investigated the role of cera-
mide in promoting endothelial injury and explored the
potential mediating role of the TXNIP /NLRP3/GSDMD
pathway in pyroptosis.

Methods

Materials and antibodies

C8-ceramide was purchased from Cayman Chemi-
cal Company (Ann Arbor, MI, USA). Verapamil was
obtained from Abmole Bioscience, Inc. (Texas, USA).
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The sodium salt CP-456773 (also known as MCC 950)
was acquired from Sigma-Aldrich (St. Louis, MO, USA).
Caspase-1 activity assay kit, Annexin V-FITC/PI apop-
totic detection kit, and Hoechst 33342/PI kit were pur-
chased from BestBio (Shanghai, China). Cell counting
kit-8 (CCK-8) assay kit was purchased from Beyotime
Biotechnology Company (Shanghai, China). Rabbit
monoclonal antibodies against NLRP3 (no. ab263899),
TXNIP (no. ab188865), GSDMD (no. ab210070), and
cleaved N-terminal GSDMD (No. ab215203), caspase-1
(no. ab207802), B-actin (no. ab179467) were purchased
from Abcam (Cambridge, UK).

Cell culture and treatments

In our study, HUVECs purchased from ScienCell
Research Laboratories and grown in extracellular matrix
supplemented with 5% foetal bovine serum, 1% (volume
per volume) penicillin/streptomycin, and 5% ECGS. The
cells were then placed in a humidified incubator with
5% carbon dioxide at 37°C. When the density of cells
reached 65%, the cells were treated with ceramide (0, 5,
10, and 20puM) for 12h. In subsequent experiments, the
HUVECs were randomly divided into different groups
depending on treatment conditions.

RNA silencing experiment

Small interfering RNAs (siRNAs) of TXNIP and nega-
tive control were synthesized by GenePharma (shanghai,
china). After HUVECS of the 6-well plates had reached
40% confluency, Lipofectamine 2000 (Invitrogen, Carls-
bad, USA) was used to perform cell transfection. After
TXNIP siRNA and HUVECS were co-incubated for 24 h,
western blotting and quantitative real-time PCR were
used to determine the transfection efficiency of si-TXNIP.

Cell viability assays

When cells grew exponentially, the HUVECs were
digested, centrifuged, and resuspended. They were then
placed in 96-well plates (5 x 10° cells/100 ul). After incu-
bation for 24h, the cells were then treated with various
doses of ceramide for 12h, 24h, 48h. Next, 10l of the
CCK-8 reagent was added to each well to measure cell
viability. The absorbance at 450 nm was measured using a
Thermo Fisher microplate reader.

(See figure on next page.)

Fig. 3 Dose response of the effects of ceramide on vascular endothelial injury. Hoechst33342/PI double staining (A, B) and Flow cytometry (C, D)
were used to evaluate cell death. LDH kit (E) was used to detect cell LDH release. ELISA was used to analysed the level of IL-13 (F) and IL-18 (G) in
the supernatant. FITC-dextran was used to evaluated cell permeability (H). Values were reported as the mean & standard deviation in (A-E) (n=3)
and (F-H) (n=5)."P<0.05, "P<0.01 and ""P<0.001, compared with the control group. Images were captured from random fields of view at a

magnification of x 100. Scale bar=200uM
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Fig. 4 Ceramide-induced activation of the TXNIP/NLRP3/GSDMD pathway contributes to HUVECs pyroptosis. HUVECs were pre-treated with
MCC950 (10uM) for 2 h followed by the addition of C8-ceramide(20 uM) for a further 12 hours. Effects of MCC950 on the expression of IL-1(3 (A)
and IL-18 (B). Values were reported as the mean =+ standard deviation in (A-B) (n=3). "P<0.05, “P<0.01 and ""P<0.001 vs control group. *P<0.05,
#p<0.01 and *#¥P<0.001 vs ceramide treatment group

Determination of ROS

Reactive Oxygen Species Assay Kit (Beyotime, S0033)
was used to detect ROS. After the drug treatment, the
cells were incubated with DCFH-DA in a 37°C incubator
in the dark for 20 min.

Western blotting

Total proteins were harvested from HUVECs with
enhanced RIPA lysis buffer containing 1% phenylmethyl-
sulfonyl fluoride (Beyotime, Shanghai, China) and phos-
phatase inhibitors (Beyotime, Shanghai, China). Cell
lysates were collected and centrifuged at 13200rpm and
4°C for 30min. Next, the BCA (Beyotime, Shanghai
China) kit was used to determine the concentration of
protein supernatant. Equal amounts of protein mixtures
were separated by SDS-PAGE gel and transferred to poly-
vinylidene difluoride membranes (Millipore, USA). After
the transfer, 5% skimmed milk was used to block non-
specific binding sites on the membrane for 1h at 37°C.
Subsequently, membranes were probed with the cor-
responding primary antibodies at 4°C overnight. After
thoroughly washing excess primary antibodies from the
membrane with TBST, the membrane was transferred
to the corresponding horseradish peroxidase conju-
gated secondary antibody for 2h. Western blot bands
were detected using an ultra-sensitive chemiluminescent
substrate ECL luminescent solution and imaged using

a Bio-Rad ChemiDoc TMMP system. Finally, the bands
were analysed using Image]J software tools.

Quantitative real-time polymerase chain reaction

RNAiso Plus (Takara, Japan) was used to isolate total
RNA from the drug-treated HUVECs. Homologous
cDNA was synthesised using the PrimeScript’ RT Rea-
gent Kit (Takara, Japan). Briefly, each enzyme-free EP
tube contained 10 ul of a mixture of 5x PrimeScript RT
Master Mix, extracted RNA, and RNase-free dH20O. The
mixture was then used to perform reverse transcrip-
tion reactions to synthesise cDNA. Next, cDNA, specific
primers, sterile water, and TB Green Premix Ex Taq II
(Takara, Japan) constituted the 25 ul PCR reaction sys-
tem. PCR was performed using the CFX96 Real-Time
PCR Detection System (Bio-Rad, USA). The two-AAct
method was used to calculate the relative expression of
target genes.

Caspase-1 activity assay

To understand caspase-1 activity in HUVECs treated
with the drugs, we utilised caspase-1 activity assay
kit to detect caspase-1 activity. Briefly, cells were har-
vested and lysed using 50 ul cold lysis buffer. The pro-
tein concentration was then determined using the BCA
assay kit. Then, 50 ul of cleavage supernatant contain-
ing—100-200 pg protein, 50 ul of detection buffer, 10 ul
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Fig.5 Verapamil: Inhibition of TXNIP attenuates ceramide-induced TXNIP expression and NLRP3 inflammasome activation. HUVECs were incubated
with 20 uM verapamil for 2 h, followed by 20 uM ceramide for 12 h. Effects of verapamil on ceramide-induced pyroptosis-related proteins: NLRP3 (B);
TXNIP (C); GSDMD (D); GSDMD-NT (E); Caspase-1 (F); Casp1 p20 (G). Values were reported as the mean = standard deviation in (A-G) (n=3). The
expression of B-actin was used as an internal control. ‘P<0.05, **£<0.01 and ***P<0.001 vs control group. *P<0.05, *P<0.01 and #¥P<0.001 vs
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of caspase-1 substrate were added to 96 -well plates.
The absorbance was determined at 405nm using a
microplate reader.

Hoechst 33342/PI staining

To evaluate cell death, the cells were treated with the
drugs mentioned above, washed twice with ice-cold
PBS, and were incubated with a mixed solution of
1mL staining buffer, 10 ul Hoechst 33342, and 5 ul PI
for 20min at 4°C in the dark. The stained cells were
immediately captured using Olympus 1X71 fluorescent
inverted microscope (Olympus, Jpan).

Flow cytometry analysis

The pyroptotic cells were detected using the Annexin
V-FITC/propidium iodide (PI) double staining assay.
After drug treatment, the HUVECs were digested
with trypsin without ethylene diamine tetraacetic acid
(EDTA). The cells were then centrifuged at 500 rpm
at 4°C for 5min to collect digested and floating cells.
The acquired cell pellet was washed twice with ice-
cold PBS and centrifuged again. After that, the cell pel-
let was re-suspended in 400l 1x Annexin V binding
buffer at a concentration of 1x 106/ ml and stained
with 5 ul Annexin V-FITC and 7 ul PI staining solu-
tion for 20 min at 4°C without light exposure. Finally,
the treated cells were analysed using CytoFLEX flow
cytometry.

LDH release detection

After the cells were treated with the indicated drugs,
the culture supernatants were collected for the sub-
sequent experiments. Following the manufacturer’s
instructions, the release of LDH was detected using an
LDH assay kit (Jiancheng, Nanjing, China).

Enzyme-linked immunosorbent assay

After the HUVECs reached 65% confluence, the cells
were treated for the corresponding time in accordance
with the above-mentioned experimental design, and
ELISA kits (Elabscience, China) were used to meas-
ure the levels of inflammatory factors, including IL-18
and IL-1pB, in cell culture supernatants according to the
experimental instructions. IL-18 and IL-1p secretion
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levels in each group were normalised to the cell protein
concentration of the corresponding group.

Endothelial cell permeability assay

Transwell inserts with membrane pore diameter of
0.4um and growth area of 0.33cm? were selected, and
70 ul of diluted matrix gel was added to the upper
chambers. After the matrix gel has solidified, 3.5 x 10"4
HUVECS were seeded onto the transwell upper com-
partment and were grown to confluence. Then cells
were treated with corresponding drug for 12h, 200ul
FITC-labeled dextran was added into the upper cham-
ber and incubated at 37°C for 1h. Finally 100ul of the
medium was collected from the upper and lower cham-
ber, the fluorescence intensity was measured with a
multifunctional microplate reader to determine the
permeability of endothelial monolayer to dextran.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 9.0 (GraphPad Software, USA). Differences
among groups were estimated using one-way analysis of
variance followed by Tukey’s post-hoc test. All of the data
from three independent experiments are expressed as the
mean =+ standard deviation. The data are considered sta-
tistically significant when P values are <0.05.

Results

Effects of C8-ceramide and verapamil on HUVECs' viability
Different doses of C8-ceramide were applied to treat
HUVECs for 12, 24 and 48h. The cytotoxic effects of
C8-ceramide (0, 10, 20, 30, 40, 50, 60 uM) on HUVECs
were determined by CCK-8. As shown in Fig. 1A,
the HUVECS survival rate decreased gradually with
increasing ceramide concentration and time. Cell via-
bility in the groups treated with 20 uM C8-ceramide
for 12h was approximately 70% of that in the con-
trol group. Based on the above experimental results,
C8-ceramide (20 uM) for 12h was selected for subse-
quent experiments. In view of this experiment, a 12h
incubation protocol was chosen to study the effects
of different concentrations of verapamil on cell viabil-
ity. HUVECs were exposed to 0, 10, 20, 40, 60, 80, and
100 uM verapamil for 12h. The results indicated that
no significant toxicity was observed in the 0 to 20 uM

(See figure on next page.)

Fig. 6 TXNIP siRNA effects ceramide-induced TXNIP expression and NLRP3 inflammasome activation. HUVECs were incubated with TXNIP

SIRNA for 24 h, followed by 20 uM ceramide for 12 h. Effects of small interfering RNA on the expression of TXNIP (A-C). Effects of si-TXNIP on
ceramide-induced pyroptosis-related proteins: NLRP3 (E); TXNIP (F); GSDMD (G); GSDMD-NT (H); Caspase-1 (I); Casp1 p20 (J). Values were reported
as the mean =+ standard deviation in (A-J) (n=3). The expression of $-actin was used as an internal control. *P<0.05, **P<0.01 and ***P<0.001 vs
control group. *P<0.05, P <0.01 and #P<0.001 vs ceramide treatment group
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verapamil group (Fig. 1B). Hence, 20 uM verapamil was
used in further experiments in this study.

Changes of TXNIP expression and NLRP3 inflammasome
activation by ceramide

We investigated NLRP3 inflammasome-dependent cell
pyroptosis to explore the mechanism by which TXNIP
facilitates HUVEC pyroptosis. Next, expression of TXNIP
and the activation of NLRP3 inflammasome was deter-
mined, treated with 0, 5, 10, 20uM ceramide for 12h. As
the ceramide concentration increased, the proteins levels
of TXNIP, NLRP3, GSDMD, GSDMD-NT, caspase-1 and
Caspl p20 gradually increased (Fig. 2A-G). The mRNA
expression level also exhibited similar results, as shown
in Fig. 2H-K. At the same time, as previously mentioned,
pyroptosis relies on the cleavage of GSDMD induced by
activated caspase-1. GSDMD-NT results in the forma-
tion of membrane pores, thereby causing positive staining
of cells and leakage of cellular contents. Consequently, we
evaluated the activation of caspase-1, dead cell staining,
and LDH release. The results showed that caspase-1 activ-
ity was enhanced (Fig. 2L). Furthermore, Hoechst 33342/
PI staining (Fig. 3A-B) and flow cytometry (Fig. 3C-D)
revealed that ceramide exposure increased PI uptake by
HUVECs. The extracellular LDH content further verified
the disruption of endothelial cell membrane. As expected,
LDH release increased in the ceramide-treated group com-
pared to that in the matched group (Fig. 3E). During pyrop-
tosis, the release of pro-inflammatory cytokines, such as
IL-1pB and IL-18 can be released into the extracellular space.
The ELISA results also verified the occurrence of this pro-
cess (Fig. 3F-G). At the same time, FITC method was used
to detect the permeability of endothelial cells in each treat-
ment group, the result showed that ceramide treatment
increased the permeability of HUVEC (Fig. 3H). These
findings suggested that ceramide treatment promoted
TXNIP expression and cellular NLRP3 inflammasome acti-
vation while led to vascular endothelial injury in HUVECs.

Ceramide induced pyroptosis via NLRP3 inflammasome
activation in HUVECs

To further illustrate the cause and effect, MCC950, a
potent, selective, small-molecule inhibitor of NLRP3
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inflammasome was used. Pre-treatment with MCC950
(10uM) markedly inhibited ceramide-induced expres-
sion of IL-1p and IL-18 in HUVECs (Fig. 4A-B). Based
on all the above collective results, we postulated that
C8-Cer induces pyroptosis through TXNIP/NLRP3/
GSDMD pathway in HUVECs.

Inhibition of TXNIP expression can reduce

the ceramide-induced activation of subsequent pathways
and improve vascular endothelial injury

We tested our hypothesis on whether TXNIP inhibi-
tion alleviates ceramide-induced cell pyroptosis using
the small interfering RNA or TXNIP inhibitor (vera-
pamil). Firstly, si-TXNIP and si-NC were transfected
into HUVECs by transfection reagent. After verifica-
tion, mRNA and protein expression levels of TXNIP
siRNA group were significantly down-regulated, prov-
ing that siRNA effectively silenced TXNIP target genes
(Fig. 6A-C). Then, HUVECs were incubated with 20 uM
verapamil for 2h or TXNIP siRNA for 24 h, followed
by 20 uM ceramide for 12h. We found that pre-treat-
ment with verapamil significantly inhibited ceramide-
induced levels of pyroptosis-related proteins including
NLRP3, TXNIP, caspase-1, caspl p20, GSDMD, and
GSDMD-NT (Fig. 5A-G), and TXNIP siRNA also sup-
pressed expressions of these proteins (Fig. 6D-J). More-
over, pyroptosis was investigated using the caspase-1
activity, PI staining, flow cytometry, LDH release, and
ELISA to substantiate this hypothesis. Pre-treatment
with verapamil and TXNIP siRNA reduced caspase-1
activity (Fig. 7A), alleviated cell death (Fig. 7B-E),
decreased LDH release (Fig. 7F), decreased IL-1pB
(Fig. 7G) and IL-18 (Fig. 7H) release, and improved
ceramide-induced vascular endothelial cell permeabil-
ity (Fig. 7I) compared to the ceramide group. Therefore,
these data suggest that TXNIP upregulation plays a
central role in ceramide- induced HUVECs’ pyroptosis.

Oxidative stress is involved in C8-Cer induced TXNIP/
NLRP3/GSDMD pathway in HUVECs

ROS is an efficient molecular signal to trigger pyroptosis.
To confirm whether ROS mediated ER stress and mito-
chondrial dysfunction caused the activation of NLRP3
inflammasome, a ROS inhibitor study was performed.

(See figure on next page.)

Fig. 7 Effects of both pharmacological blockade or downregulation of TXNIP on vascular endothelial injury induced by ceramide. Caspase-1
activity was detected by caspase-1 activity assay kit (A). Hoechst33342/PI double staining (B, D) and Flow cytometry (C, E) were used to evaluate
cell death. The cell LDH release was detected by LDH kit (F). The levels of IL-1(3 (G) and IL-18 (H) in the supernatants were analysed by ELISA. The
permeability of endothelial cells was evaluated by FITC-dextran assay (1). Values were reported as the mean = standard deviation in (A-E) (n=3)
and (F-1) (h=5). P<0.05, **P<0.01 and ***P<0.001 vs control group. *P<0.05, *P<0.01 and #*P<0.001 vs ceramide treatment group. Images were
captured from random fields of view at a magnification of x 100. Scale bar =200 uM
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HUVECs were first treated with ceramide at a series of
concentrations for 12h, and then we used a flow cytom-
eter to measure cell fluorescence and a microplate reader
to measure the fluorescence intensity of ROS. Results of
fluorescence microscopy showed that ceramide signifi-
cantly increased intracellular ROS level in HUVECs in
a concentration dependent manner (Fig. 8A-B). Next,
HUVECs were pretreated with the antioxidant N-acetyl-
L-cysteine (NAC) (10mM) for 1h, followed by treatment
with C8-ceramide (20pM) for 12h. The ROS scavenger
NAC significantly inhibited ceramide-induced ROS gen-
eration (Fig. 8C-D) and decreased IL-1f (Fig. 8E) and
IL-18 (Fig. 8F) release. These findings support the notion
that ceramide induces endothelial cell pyroptosis in a
ROS-dependent mechanism.

Discussion

Ceramides are signalling sphinolipids that play a role not
only in cell homeostasis, but also in pathological pro-
cesses [9]. There is considerable evidence that ceramides
have deleterious effects on vascular endothelial function.
For example, Ceramides derived from acid sphingomyeli-
nase can lead to increased vascular permeability during
sepsis [26]. In lung disease, the upregulation of ceramide
has been reported to be involved in the pathogenesis of
emphysema by inducing apoptosis of pulmonary vascu-
lar endothelial cells [27]. Ceramide also can damage the
pulmonary endothelial barrier function by mediating
the a nonapoptotic mechanism [28]. Meanwhile, now
more and more studies have shown that many diseases
are involved in pyroptosis of endothelial cells [29-31]. In
view of this, we hypothesised that ceramide is involved
in endothelial cell pyroptosis. However, due to the poor
solubility of long-chain ceramides, the exogenous trans-
mission of ceramides is limited, so most researchers use
short-chain ceramides. At the same time, consider that
very short chain ceramides may be non-physiological
and/or nonspecific [27]. So we chose C8-ceramide that
are more similar to endogenous ceramides. We tested our
hypothesis by stimulating HUVECs with C8 ceramide.
The results of this in vitro study indicate the important
role of C8-ceramide as important mediators in apoptosis,
proliferation, and survival [32]. This is the first study to
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report the pyroptosis effect of ceramides. This may imply
that the intervention of pyroptosis in endothelial cells
would play a role in the treatment of multiple diseases.

Pyroptosis is a newly discovered form of programmed
pro-inflammatory cell death that is distinct from apop-
tosis and necrosis [33]. Pyroptosis can be divided into
classical death pathway that depends on NLRP3 inflam-
matory vesicles and caspase-1, and the non-classical
death pathway that depends on caspase-4 /5/11 [33]. In
addition, pyroptosis can be described by pore formation
on the membrane due to gasdermin, cell swelling and
rapid lysis, and subsequent several pro-inflammatory
mediators interleukin-1p (IL-1p) and interleukin-18 (IL-
18) release [33—35]. Plenty of studies have demonstrated
that pyroptosis is implicated with many diseases, such as
atherosclerotic diseases, metabolic diseases, and aseptic
inflammatory diseases of important organs [33, 36, 37].
However, it is unclear that the specific mechanism of cer-
amide-induced endothelial cell pyroptosis in sepsis, acute
lung injury and others diseases.

Furthermore, NLRP3 inflammasome-mediated
pyroptosis has been identified as the underlying
cause of endothelial cell death. It is a polyprotein
complex that mediates the activation of caspase-1
[38]. Cleaved caspase-1 promotes the cleavage and
translocation of GSDMD, and the gasdermin-N
domain accelerates the release of intracellular inflam-
matory substances by forming a membrane pore [39].
NLRP3 activation is influenced by a variety of cel-
lular proteins or factors, and multiple studies have
shown that TXNIP is a significant mediator of NLRP3
inflammasome activation and a target for a variety of
diseases, including diabetic nephropathy [40], intes-
tinal ischemia-reperfusion (I/R) injury [41], and sep-
sis-induced acute kidney injury [42]. It is well-known
that TXNIP is a regulator of oxidative stress and par-
ticipates in the exacerbation of oxidative stress [40,
43]. However, recent studies have shown that TXNIP
is also involved in NLRP3 inflammasome-dependent
cell pyroptosis [44, 45]. Silencing TXNIP by siRNA
or verapamil can prevent TXNIP-NLRP3 binding
and subsequent NLRP3 inflammasome activation;
moreover, TXNIP inhibition inhibited caspase-1

(See figure on next page.)

vs ceramide treatment group

Fig. 8 ROS generation mediates ceramide-induced HUVECs' pyroptosis. HUVECs were treated with various concentrations of C8-ceramide for

12 h, followed by treatment with DCFH-DA for 20min. A The levels of ROS fluorescence were detected by flow cytometry. B Measurement of ROS
fluorescence intensity using a microplate reader. HUVECs were pre-treated with NAC (10 mM) for 1 h, followed by treatment with 20 uM C8-Cer

for 12h and incubation with DCFH-DA for 20 min. C The levels of ROS fluorescence were detected by flow cytometry. D Measurement of ROS
fluorescence intensity using a microplate reader. E-F The levels of IL-1(3 (E) and IL-18 (F) in the supernatants were analysed by ELISA. Values were
reported as the mean = standard deviation in (A-F) (n=3). P<0.05, **P<0.01 and ***P<0.001 vs control group. *P<0.05, #P<0.01 and P <0.001
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activity and the production of IL-1p [46]. This sug-
gests that TXNIP/NLRP3 inflammasome function
inhibitors may be a promising treatment for endothe-
lial cell pyroptosis. In this study, we found that cer-
amide facilitates TXNIP expression, upregulates
TXNIP-promoted NLRP3 inflammasome formation,
and mediates caspase-1 cleavage. More importantly,
we found an increase in the N-terminal of GSDMD
after HUVECs that were treated with ceramide, indi-
cating the presence of cell pyroptosis. Meanwhile,
we observed more PI-positive cell populations and
increased LDH, IL-1f, and IL-18 release in ceramide-
induced endothelial cells. Unsurprisingly, MCC950
have disrupted the aforementioned positive loop,
thereby alleviating vascular endothelial cell damage
[47, 48]. Hence, verapamil and TXNIP siRNA ame-
liorates HUVEC pyroptosis by inhibiting the TXNIP/
NLRP3/GSDMD pathway.

Interestingly, ROS affects the activation of the
NLRP3 inflammasome by interfering with expression
of TXNIP. To be specific, TXNIP binds with TRX in
the absence of stimulus, ROS dissociates TXNIP from
TRX and facilitates the combining of TXNIP to NLRP3
[15, 49, 50]. In our study, the ROS scavenger NAC sig-
nificantly inhibited ceramide-induced ROS generation
and decreased IL-1Pand IL-18 release. These results
stated that ROS accumulation induced by ceramide
triggers pyroptosis [51].

In summary, this study verified ceramide-induced
vascular endothelial injury. Our data also demon-
strated that the TXNIP/NLRP3/GSDMD signaling
pathway serves a crucial function in ceramide-medi-
ated HUVEC pyroptosis.

Conclusion

In conclusion, this study found that ceramide-medi-
ated endothelial pyroptosis depends on the activation
of ROS-dependent TXNIP/NLRP3/GSDMD  signal-
ling, and TXNIP inhibition may provide an important
adjuvant therapeutic approach for alleviating vascular
endothelial injury in sepsis and other diseases. How-
ever, the mechanism of vascular endothelial injury
in sepsis and other diseases is intricate, and multiple
molecular pathways are involved. This research only
describes one of the multiple mechanisms. This study
also has limitations. Our experiments were conducted
only at the cellular level in vitro and could not be fur-
ther confirmed by in vivo studies. Furthermore, our
study cannot exclude the vital role of apoptosis and
necrosis in ceramide-induced vascular endothelial
injury.
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