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A B S T R A C T

The NLRP3 inflammasome has been reported to be activated by atherogenic factors, whereby endothelial injury
and consequent atherosclerotic lesions are triggered in the arterial wall. However, the mechanisms activating
and regulating NLRP3 inflammasomes remain poorly understood. The present study tested whether acid
sphingomyelinase (ASM) and ceramide associated membrane raft (MR) signaling platforms contribute to the
activation of NLRP3 inflammasomes and atherosclerotic lesions during hypercholesterolemia. We found that 7-
ketocholesterol (7-Keto) or cholesterol crystal (ChC) markedly increased the formation and activation of NLRP3
inflammasomes in mouse carotid arterial endothelial cells (CAECs), as shown by increased colocalization of
NLRP3 with ASC or caspase-1, enhanced caspase-1 activity and elevated IL-1β levels, which were markedly
attenuated by mouse Asm siRNA, ASM inhibitor- amitriptyline, and deletion of mouse Asm gene. In CAECs with
NLRP3 inflammasome formation, membrane raft (MR) clustering with NADPH oxidase subunits was found re-
markably increased as shown by CTXB (MR marker) and gp91phox aggregation indicating the formation of MR
redox signaling platforms. This MR clustering was blocked by MR disruptor (MCD), ROS scavenger (Tempol) and
TXNIP inhibitor (verapamil), accompanied by attenuation of 7-Keto or ChC-induced increase in caspase-1 ac-
tivity. In animal experiments, Western diet fed mice with partially ligated left carotid artery (PLCA) were found
to have significantly increased neointimal formation, which was associated with increased NLRP3 inflamma-
some formation and IL-1β production in the intima of Asm+/+ mice but not in Asm-/- mice. These results suggest
that Asm gene and ceramide associated MR clustering are essential to endothelial inflammasome activation and
dysfunction in the carotid arteries, ultimately determining the extent of atherosclerotic lesions.

1. Introduction

The inflammasomes are an intracellular machinery responsible for
the activation of inflammation in variety of tissues or organs [1].
Among different types of inflammasomes, the NLRP3 inflammasome
has been well characterized, which consists of a proteolytic complex
formed by Nlrp3, the adaptor protein ASC, and caspase-1. Caspase-1 is
activated when the inflammasome complex is formed to produce active
IL-1β and IL-18 by cleavage of their precursors. NLRP3 acts as the
sensory component to recognize both endogenous and exogenous
danger signals [2,3], when ASC and caspase-1 are recruited to form a
protein complex, where caspase-1 is activated [3–7]. The active cas-
pase-1 not only proteolytically cleaves IL-1β and/or IL-18 into their

biologically active form, but also produces other uncanonical effects
such as release of damaging molecules like damage-associated mole-
cular patterns (DAMPs), cell pyroptosis and alterations of cell mem-
brane permeability, turning on the inflammatory response and directly
inducing cell dysfunction or injury. There are increasing evidences that
the activation of NLRP3 inflammasomes may not only contribute to
autoinflammatory disorders, but also to a number of metabolic diseases
including gout, silicosis, diabetes, liver toxicity, Alzheimer's disease and
atherosclerosis [5,8–15]. In macrophages, NLRP3 inflammasome acti-
vation is critical for the foam cell formation and other atherosclerotic
lesions upon proatherogenic stimuli such as cholesterol crystals (ChC)
[13,16]. More interestingly, some non-atherogenic endanger factors
also activate NLRP3 inflammasomes including adenosine triphosphate
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(ATP), uric acid and DAMPs [4,11,15–22], which may enhance the
susceptibility to atherosclerosis or other vascular diseases. However, it
remains unclear how NLRP3 inflammasomes in endothelial cells (ECs)
are activated by proatherogenic stimuli and how activated NLRP3 in-
flammasomes lead to endothelial injury and ultimate atherosclerotic
lesions.

In this regard, it was shown in vascular ECs, membrane rafts (MRs)
and their temporal-spatial organization within caveolae are reported to
involve in signaling of vascular endothelial growth factors (VEGF) [23],
nitric oxide synthase [24], H2O2 [25], and prostanoid receptor activa-
tion [26]. Downstream effector response to MRs clustering in these ECs
includes receptor autophosphorylation, cAMP production, caspase ac-
tivation, decreases or increases in nitric oxide (NO), reorganization of
the actin cytoskeleton and Ca2+ mobilization [23,27–29]. Functionally,
the MR-mediated signaling may contribute to the regulation of im-
portant endothelial functions such as endothelial barrier function [30],
endothelium-dependent vasodilator or constrictor response [31–35],
endothelial metabolic function [35,36], and its antithrombolic func-
tions [37]. We have demonstrated that MRs clustering occurred in ar-
terial ECs [35] upon stimulation of different agonists such as FasL, TNF-
α, OxLDL, visfatin and endostatin induced aggregation of NADPH oxi-
dase (NOX) subunits such as gp91phox and p47phox into MR clusters,
whereby NOX activity markedly increased. This membrane MR-NOX
cluster or complex that possesses redox signaling function has been
referred to as an MR redox signaling platform [35,38,39]. ASM has
been shown to importantly participate in the formation of this redox
signaling platform in ECs [34,35,40] which is associated with lysosome
trafficking and fusion to MR area via a SNARE-centered exocytic ma-
chinery [41,42]. However, the role of ASM-induced MR clustering in
NLRP3 inflammasome activation remains unknown.

The present study hypothesized that ASM and its product of
sphingomyeline, ceramide via the formation of MR redox signaling
platforms mediate the activation of NLRP3 inflammasomes and thereby
result in endothelial dysfunction and athersogenesis. To test this hy-
pothesis, we first determined whether the NLRP3 inflammasome is
activated in response to cholesterol crystal (ChC) and 7-ketocholesterol
(7-Keto) in ECs from Asm wild type and gene knockout mice. In the in
vivo animal experiments, we examined whether endothelial NLRP3
inflammasome activation associated with enhanced ceramide produc-
tion via ASM contributes to atherosclerotic lesions in the carotid ar-
teries. Our results demonstrate that ASM and ceramide-associated MR
clustering with NOX subunits in Ecs is essential to endothelial in-
flammasome activation and dysfunction in the carotid arteries, which
determines the extent of neointima formation in the carotid arteries
during PLCA mouse model.

2. Material and methods

2.1. Cell culture and treatments

The mouse carotid arterial endothelial cells were isolated and
characterized as described earlier [43]. For the proatherogenic stimu-
lation, cells were treated with 7-Keto (10 ng/ml) or ChC (0.5 mg/ml)
and then incubated for overnight. In case of inhibitors used, the cells
were pretreated with amitriptyline (20 μmol/L), methyl-β-cyclodextrin
(MCD, 1 mmol/L), Tempol (0.1 mmol/L) and verapamil (50 μmol/L)
for 30 min.

2.2. RNA interference of Asm gene

Small interference RNAs (siRNAs) were purchased from Santa Cruz.
The sequence for Asm siRNA is: 5′- CACGTGGATGAGTTTGAGGT-3′
which was confirmed to be effective in silencing Asm gene in different
cells by the company. The scrambled small RNA
(AATTCTCCGAACGTGTCACGT) has been also confirmed as non-silen-
cing double stranded RNA and was used as control in the present study.

Transfection of siRNA was performed using the siLentFect Lipid
Reagent (Bio-Rad, CA, USA) according to the manufacturer's instruc-
tions.

2.3. Confocal microscopic analysis

For confocal analysis of inflammasome molecules, cultured CAECs
were grown on glass coverslips, stimulated or unstimulated, fixed in 4%
paraformaldehyde in phosphate-buffer saline (PFA/PBS) for 15 min.
After being permeablized with 0.1% Triton X-100/PBS and rinsed with
PBS, the cells were incubated overnight at 4 °C with goat anti-NLRP3
(1:200, Abcam, MA) and rabbit anti-ASC (1:50, Enzo, PA) or rabbit anti-
caspase-1 (1:100, Abcam, MA). To colocalize inflammasome molecules
in the mouse carotid artery, double-immunofluorescent staining was
performed using frozen tissue slides. After fixation, the slides were in-
cubated overnight at 4 °C with goat anti-NLRP3 (1:200) and rabbit anti-
ASC (1:50) or anti-caspase-1 (1:100). After washing, these slides probed
with primary antibodies were incubated with Alexa-488- or Alexa-555-
labeled secondary antibodies for 1 h at room temperature. The slides
were mounted and subjected to examinations using a confocal laser
scanning microscope (Fluoview FV1000, Olympus, Japan), with photos
being taken and the colocalization of NLRP3 with ASC or caspase-1
analyzed by the Image Pro Plus 6.0 software (Media Cybernetics,
Bethesda, MD, USA). The summarized colocalization efficiency data
was expressed as Pearson correlation coefficient (PCC) as we described
previously [44,45].

2.4. Immunofluorescent microscopic analysis of MR clusters

CAECs were grown on poly-L-lysine–coated glass coverslips. After
fixation with 4% PFA, cells were incubated with Alexa Fluor 488 con-
jugated Cholera toxin B (Alexa488-CTXB, 2 μg/ml, 2 h, Molecular
Probes, CA), which binds with the MR-enriched ganglioside GM1. For
dual-staining detection of the colocalization of MRs with gp91phox, the
cells were first incubated with Alexa488-CTXB and then with anti-
gp91phox (1: 200, BD Biosciences, CA), respectively, which was followed
by corresponding Alexa555-conjugated secondary antibodies (1: 500,
Invitrogen, NY). Then, the colocalization were visualized with confocal
microscopy [43,46].

2.5. Caspase-1 activity and IL-1β production assay

After 7-Keto and ChC treatment with or without prior inhibitor, cells
were harvested and homogenized to extract proteins for caspase-1 ac-
tivity assay using a commercially available kit (Biovision, CA). The data
was expressed as the fold change compared with control cells. In ad-
dition, the cell supernatant was also collected to measure the IL-1β
production by a mouse IL-1β ELISA kit (Bender Medsystems, CA) ac-
cording to the protocol described by the manufacturer.

2.6. FLICA staining

During the last hour of incubation, cells were labeled with FAM-
YVAD-fmk caspase-1 FLICA™ kit (Immunochemistry, Bloomington, IN),
which binds activated caspase-1. Flow cytometric analysis was per-
formed according to manufacturer's manual. In brief, cells were washed
two times with PBS and then incubated with 1× FLICA for 1 h followed
by two washes and analyzed with a Guava EasyCyte (Guava
Technologies, Hayward, CA).

2.7. Endothelial permeability measurement

CAECs were cultured in 24-well transwell plates and treated as in-
dicated for 12 h. The transwell inserts were moved into non-used wells
with 200 μl fresh media. 100 μl Fluorescein isothiocyanate
(FITC)–dextran (10 kDa, Invitrogen) solution was added into each
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insert and the plate was incubated at 37 °C for 2 h to allow fluorescein
molecules flow through the endothelial cell monolayer. The inserts
were then removed and fluorescent intensity in each well was de-
termined at excitation/emission of 485/530 nm using a fluorescent
microplate reader (FL × 800, BIO-TEK Instruments). The arbitrary
fluorescence intensity was used to calculate the relative permeability
[46].

2.8. Animals

Asm-/- mice (sphingomyelin phosphodiesterase 1 (Smpd1) is the
gene symbol for ASM) and Asm+/+ (male, 8 weeks of age, in house
bred) were fed a normal diet (ND) or a Western diet (WD, Research
Diets, NJ) for 4 weeks. All mice were geneotyped by PCR and they are
randomly distributed to different experimental groups. At the end point
of experiments, blood samples were collected and these mice were sa-
crificed and carotid arteries were harvested for dual fluorescence
staining and confocal analysis. All protocols were approved by the
Institutional Animal Care and Use Committee of the Virginia
Commonwealth University.

2.9. Partial ligation of left carotid artery

Eight weeks old male Asm+/+ and Asm-/- mice were used [19]. All
protocols were approved by the Institutional Animal Care and Use
Committee of the Virginia Commonwealth University. Partial carotid
ligation surgery was performed as previously reported by others
[45,47,48]. In brief, animals were sedated with 2% isoflurane provided
through a nose cone. Next, a ventral midline incision of 4–5 mm was
made in the neck. Using blunt dissection, muscle layers were separated
with curved forceps to expose the left carotid artery (LCA). Three (left
external carotid, internal carotid, and occipital artery) out of four
branches of the LCA were ligated using a 6-0 silk suture. The superior
thyroid artery was left intact providing the sole source for blood cir-
culation. The incision was then closed and the animals kept on a
heating pad until they gained consciousness. After 14 days post-partial
ligation, animals were sacrificed by cervical dislocation following the
administration of anesthesia. Blood samples were collected; left and
right carotid arteries were then harvested for immunohistochemistry,
dual fluorescence staining and confocal analysis.

Fig. 1. Asm gene deletion abolished 7 Keto or ChC-induced NLRP3 inflammasome formation in CAECs. Representative fluorescent confocal microscopic images show the colo-
calization of NLRP3 with ASC (A) or NLRP3 with caspase-1 (C). Summarized data shows the fold changes in Pearson correlation coefficient (PCC) for the colocalization of NLRP3 with
ASC (B) and NLRP3 with caspase-1 (D) in CAECs of Asm+/+ and Asm-/- mice. * Significant difference (P<0.05) compared to the values from control cells, #Significant difference
(P<0.05) compared to the values from 7-Keto or ChC treated group. Scale bar: 5 µm (A and C). Ami, Amitriptyline; Asm si, Asm siRNA: Cells were transfected with Asm siRNA and then
stimulated with 7-Keto or ChC; Scr, scrambled: Cells were transfected with scramble RNA and then stimulated with 7-Keto or ChC. n = 6 batches of cells.

S. Koka et al. Redox Biology 13 (2017) 336–344

338



2.10. Immunohistochemistry

Formalin-fixed, paraffin-embedded carotid arterial tissue sections
(4 μm) were stained with primary antibodies (1:50 dilution) overnight
at 4 °C after a 20 min wash with 3% H2O2 and 30 min blocking with
serum. The slides were sequentially treated with CHEMICON IHC Select
HRP/DAB Kit (EMD Millipore, MA) according to the protocol described
by the manufacturer. Finally, the slides were counterstained with he-
matoxylin. Negative controls were prepared by leaving out the primary
antibodies.

2.11. Statistics

Data are presented as means± SE. Significant differences between
and within multiple groups were examined using ANOVA for repeated
measures, followed by Duncan's multiple-range test. P< 0.05 was
considered statistically significant.

3. Results

3.1. ASM activity inhibition or Asm gene knockout blocked the formation
and activation of NLRP3 inflammasomes in carotid ECs

First, we tested whether ASM participates in 7-Keto or ChC-induced
NLRP3 inflammasome formation and activation in CAECs of Asm mice.
Using confocal microscopy, we demonstrated that 7-Keto (10 ng/ml)
and ChC (0.5 mg/ml) increased colocalization of inflammasome mole-
cules (NLRP3 with ASC or NLRP3 with caspase-1), as shown by yellow
spots in carotid ECs from Asm+/+ mice, which were blocked by ASM
inhibitor, amitriptyline (Ami) or Asm siRNA transfection. However, in
Asm-/- carotid ECs, these proatherogenic factors did not make NLRP3
inflammasome formation (Fig. 1A and C). The summarized data of
quantitative co-localization of NLRP3 with ASC or with caspase-1 in
CAECs were shown in Figs. 1B and D. Consistent with these findings, 7-
Keto or ChC- significantly increased the caspase-1 activity and Il- β
production in Asm+/+ ECs (Fig. 2). Similar results were obtained when
we quantified caspase-1 activation in CAECs using a cell-permeable
fluorescent reagent, FLICACasp1, which can specifically bind to the ac-
tive form of caspase-1 (Fig. 2A and B). However, prior treatment with
Asm gene silencing (Asm siRNA) or inhibitor (amitriptyline) almost
completely blocked 7-Keto or ChC-induced increases in caspase-1 ac-
tivity (Fig. 2A-C) and IL-1β production (Fig. 2D) in CAECs.

3.2. Involvement of MR redox signalling in 7-Keto and ChC-induced NLRP3
inflammasome activation

Earlier reports from our laboratory have demonstrated that NOX-
mediated redox signaling contributes to Hcy-induced NLRP3 in-
flammasome activation in podocytes [42,60]. Therefore, we examined
whether MR redox signaling pathway is involved in 7-Keto or ChC-in-
duced NLRP3 inflammasomes activation in CAECs. In these experi-
ments, CAECs were treated with 7-Keto or ChC and stained with Alexa
Fluo 488-labeled cholera toxin B (CTXB, a MR marker) and anti-
gp91phox antibody to colocalize MRs and gp91phox. As illustrated in
Fig. 3A, both MRs and gp91phox were evenly distributed on the mem-
brane of control cells. Upon 7-Keto or ChC stimulation, these MRs
formed large and intense green fluorescent patches, which were colo-
calized with gp91phox. However, ASM inhibitor amitriptyline sig-
nificantly attenuated the colocalization of gp91phox and MRs (Fig. 3B).
Correspondingly, we found that prior treatment with MR blocker MCD,
ROS scavenger, Tempol and TXNIP inhibitor verapamil significantly
attenuated the 7-Keto or ChC-induced increases in caspase-1 activity
(Fig. 3C).

3.3. ASM inhibition blocked 7-Keto or ChC-enhanced endothelial
permeability in CAECs

Next, we determined the functional significance of NLRP3 in-
flammasome activation and examined its influence on 7-Keto or ChC-
induced changes in barrier function of endothelial monolayers. As
shown in Fig. 4, dextran flux significantly increased in CAECs treated
with 7-Keto and ChC. This 7-Keto and ChC-induced hyperpermeability
of CAECs was markedly reduced in the presence of Asm siRNA trans-
fection or inhibitor of ASM.

3.3.1. Endothelial inflammasome formation and activation in the carotid
arteries of mice on the Western diet (WD)

As shown in Fig. 5A, confocal microscopy demonstrated that the
colocalization of NLRP3 with ASC significantly increased as shown by
yellow spots in the intima of the carotid arteries of WD-treated Asm+/+

mice. This suggests the formation of NLRP3 inflammasomes in the en-
dothelium of these arteries. In Asm-/- mice, however, such colocaliza-
tion was much less detected. The summarized data of quantitative co-
localization of NLRP3 with ASC in the carotid arteries were shown in
Fig. 5B. In addition, the WD-induced IL-1β production in the intima was
also abolished in Asm-/- mice (Fig. 5C).

3.3.2. Asm deficiency prevented atherosclerotic lesions of the carotid
arteries in 2 week partial ligation in mice

As described in our previous studies [45], a left carotid arterial
partial ligation (PLCA) was surgically prepared after the experimental
mice on the Western diet (WD) for two weeks. It was found that the
Western diet markedly increased neointimal formation (as shown by
open triangles in Fig. 6A) and the ratio of intimal vs. medium (shown by
solid triangles) layers (I/M) in 2-week PLCA compared with those from
Asm+/+ mice. However, such WD-enhanced neointimal formation and
increased I/M ratio in PLCA were markedly attenuated in Asm-/- mice.
These results are summarized in Fig. 6B. It is clear that the I/M ratios in
PLCA were not significantly different in ND-fed mice. However, the I/M
ratios in PLCA dramatically increased in mice on the WD in Asm+/+

mice, but not in Asm-/- mice. These results suggest that mouse Asm gene
is essential to enhanced atherosclerotic lesions in the carotid arteries by
the WD, which may be associated with the activation of NLRP3 in-
flammasomes.

3.4. Enhanced ASM and ceramide expression in the carotid arteries of
Asm+/+ mice fed the Western diet.

Furthermore, we investigated whether increased ASM expression
and ceramide levels are correlated with the NLRP3 inflammasomes
activation upon Western diet treatment. By immunohistochemistry and
fluorescent confocal microscopy, we found that ASM expression and
ceramide level in the endothelium of carotid arteries were increased in
Asm+/+ mice on the WD, but almost undetectable in Asm-/- mice (vWF
as an endothelial marker to stain the intima) (Fig. 7). Taken together,
these results suggest that ASM and its product ceramide may mediate
the WD-induced NLRP3 inflammasome formation and activation in the
carotid arteries of mice.

4. Discussion

The primary goal of the present study was to reveal whether ASM
and ceramide associated MR redox signaling contributes to hypercho-
lesterolemia-induced NLRP3 inflammasome formation, activation and
consequent atherosclerosis. In vitro studies using primary cultures of
CAECs and an in vivo animal model of hypercholesterolemia demon-
strated that ASM and ceramide-associated MR clustering is necessary
for the formation and activation of NLRP3 inflammasomes in ECs upon
proatherogenic stimulation, thereby leading to endothelial dysfunction
and ultimate atherosclerotic pathology. The findings for the first time
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demonstrate the critical role of ASM and ceramide signaling pathway in
the activation of NLRP3 inflammasomes and subsequent atherogenesis
associated with hypercholesterolemia.

Although the NLRP3 inflammasome has been recently implicated in
different auto-inflammatory diseases such as gout, myocardial infarc-
tion, and type II diabetes, obesity, glomerular injury and atherosclerosis
[8,9,15,49–54], little is known how this inflammasome contributes to
the initiation or development of atherosclerosis. In this regard, recent
studies demonstrated that sphingolipid ceramide has been reported to
initiate NLRP3 inflammasome formation and activation in different
pathological conditions including insulin resistance, obesity, Alzhei-
mer's disease, cystic fibrosis, glomerular injury and acute lung injury
[44,53,55]. Ceramide released from the hydrolysis of membrane
sphingomyelin by various sphingomyelinases such as ASM or neutral
sphingomyelinase (NSM) or by de novo synthesis via serine palmitoyl-
transferase (SPT) and ceramide synthase [56,57]. Ceramide is subse-
quently metabolized into sphingosine by ceramidases, and sphingosine
can be further converted to S1P via sphingosine kinase in response to
variety of stimuli including proinflammatory cytokines, oxidative
stress, and increased levels of free fatty acids. It was reported that
NLRP3 shRNA abolished the ceramide-induced inflammasome activa-
tion, production of proinflammatory cytokines and alveolar perme-
ability in alveolar type II cells [55]. Furthermore, the acid

sphingomyelinase heterozygous mice have normalized pulmonary cer-
amide levels and prevented the NLRP3 inflammasome formation and
activation in cystic fibrotic lungs [58]. However, it remains unknown
whether ASM and ceramide signaling pathway mediates hypercholes-
terolemia-induced endothelial NLRP3 inflammasome activation and
subsequent atherosclerosis. In the present study, we first confirmed that
ChC or 7-Keto stimulation induced the formation and activation of the
NLRP3 inflammasome complex in CAECs, as shown by colocalization of
NLRP3 with ASC or NLRP3 with caspase-1 using confocal microscopy
and by biochemical analysis of caspase-1 activity and production of IL-
1β. However, such inflammasome formation and activation were
abolished in CAECs from Asm+/+ mice with prior treatment with Asm
siRNA or ASM inhibitor, amitriptyline or Asm gene deletion (Figs. 1 and
2). In the in vivo studies,mice fed with the Western diet for 4 weeks has
increased Asm gene expression and enhanced ceramide production in
the carotid arteries in Asm+/+ mice, but not in Asm-/- mice. Consistent
with the increased ASM expression and enhanced ceramide production
in the carotid arteries with patial ligation, the NLRP3 inflammasome
formation (colocalization of NLRP3 with Asc) and activation (IL-1β
production) were also largely increased. However, such effects were not
seen in the carotid arteries of Asm-/- mice (Fig. 5). Taken together, these
results clearly suggest that ASM mediates hypercholesterolemia-in-
duced Nlpr3 inflammasome activation in ECs, which may contribute to

Fig. 2. Effects of the 7-Keto or ChC on caspase-1 activity and IL-1β production in CAECs. Caspase-1 activation was quantified using fluorescent FLICACasp1 reagent and analyzed by
flow cytometry (A-B). Values are arithmetic means± SEM (n = 5–6 each group) of caspase-1 activity (C), IL-1B production (D) in CAECs of Asm+/+ and Asm-/- mice with or without
stimulation of 7-Keto or ChC and/or different inhibitors. *Significant difference (P<0.05) compared to the values from control cells, #Significant difference (P<0.05) compared to the
values from 7-Keto or ChC treated group. Vehi, Vehicle; Ami, Amitriptyline; Asm si and Asm siRNA: Cells were transfected with Asm siRNA and then stimulated with 7-Keto or ChC.
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the development of neointima formation or atherogenic pathology.
These results are in consistent with previous findings that high fat diet
increased glomerular ceramide production due to the activation of
ASM, where the increased ceramide production induced the formation
and activation of NLRP3 inflammasome in glomeruli, contributing to
the obesity-induced glomerular injury [59]. To our knowledge, the re-
sults from the present study provide the first experimental evidence
showing the critical role of ASM in mediating endothelial inflamma-
some activation in response to proatherogenic stimulation.

The present study further examined the mechanism by which ChC
or 7-Keto may induce NLRP3 inflammasomes activation in CAECs. It is
well documented that several mechanisms underlying inflammasome

activation have been reported, including lysosome rupture, K+ channel
gating, and reactive oxygen species (ROS) activation [60,61]. Activa-
tion of the NLRP3 inflammasome by increased ROS is the most widely
accepted and considered to be the most plausible mechanism, and this
inflammasome is even considered as a general sensor for changes in
cellular oxidative stress. In this regard, studies from our laboratory
established that NOX-derived ROS activate NLRP3 inflammasomes in
the pathogenesis of hHcy-induced glomerular sclerosis or adipokine
visfatin-induced atherosclerosis [45,60]. This NOX activation in re-
sponse to many different stimuli is due to the formation of MR redox
signalosomes. These MR signalosomes use MR as a platform to conduct
redox signaling, which are centered on the enzymatic NOX subunits
clustering and activation to produce O2

•− [32,33]. NOX-derived ROS
can act downstream to conduct transmembrane or intracellular sig-
naling, leading to the redox regulation of cell and organ function [38].
We reported that different stimuli such as Hcy, visfatin, or ATP act on
the cell membrane, stimulate ASM to produce and form ceramide-en-
riched MR platforms and thereby increase NOX-dependent O2

•− pro-
duction from cells [32,46,60,62–65]. We have reported that these sti-
muli also activate the NLRP3 inflammasome, where this MR-redox
signaling platform provide the O2

•− necessary to trigger NLRP3 in-
flammasome activation. Indeed, the present study found that ChC or 7-
Keto stimulated the MR clustering and enhanced enrichment of NOX
subunits in MR clusters. These results suggest that NOX subunits such as
gp91phox were aggregated in response to ChC or 7-Keto stimulation. In
addition, we also demonstrated that ChC or 7-Keto-induced caspase-1
activation was blocked by MR redox platform disruption, ROS scaven-
ging, or gene silencing of TXNIP, a ROS-dependent binder of NLRP3
(Fig. 3C). Thus, our data suggest that MR redox signaling platforms are
the major resources of ROS upon proatherogenic stimulations, which
may be an important mechanism mediating ChC or 7-Keto-induced
NLRP3 inflammasome activation in ECs.

To further address the functional significance of NLRP3 inflamma-
some activation in CAECs, we determined the role of ASM in mediating
ChC or 7-Keto-induced enhancement of CAECs permeability. It is well
known that the endothelial regulation of the passage of macromolecules
and circulating cells from blood to tissues is a major target of oxidative
stress and therefore endothelial dysfunction plays a critical role in the
pathophysiology of many vascular and renal diseases [66,67]. In regard
to the regulation of the vascular permeability, there is substantial evi-
dence that oxidative stress increases the vascular endothelial perme-
ability [68,69] and that increased endothelial permeability importantly
contributes to the development of endothelial dysfunction. However, so
far there is no direct evidence on the role of ASM in ChC or 7-Keto-

Fig. 3. Effects of MR-Redox signaling or TXNIP inhibition on 7-Keto or ChC- induced
NLRP3 inflammasome activation in CAECs. A) Representative fluorescent confocal
microscopic images of MR clusters and aggregation of gp91phox in CAECs. Alexa-488-
CTXB for MR labeling was shown as a green color, and Texas Red conjugated anti
gp91phox antibody was shown as red color. Yellow spots or patches in the overlaid images
were defined as MR clusters with colocalization of gp91phox. Scale bar: 5 µm. B)
Summarized data showing the effects of ASM inhibitor, amitriptyline on the formation of
MR gp91phox clusters. Panel bars display means± SEM of five experiments with analysis
of more than 1000 CAECs. Ctrl: Control, Ami: Amitriptyline, ChC: cholesterol crystals,
veh: vehicle. Values are arithmetic means± SEM of caspase-1 activity (C) in CAECs with
or without stimulation of 7-keto or ChC. MCD: Methyl-β-cyclodextrin. Tempo: 4-hy-
droxyl-tetramethylpiperidin-oxyl. *P< 0.05 vs. Ctrl group; #P<0.05 vs. 7- keto or ChC
group (n = 5–6). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).

Fig. 4. Effects of ASM inhibition on 7-Keto or ChC-induced endothelial cell mono-
layer hyperpermeability in CAECs. Values are arithmetic means± SEM (n = 6 each
group) of cell permeability in CAECs of Asm+/+ mice with or without stimulation of 7-
Keto or ChC and/or different inhibitors. *Significant difference (P<0.05) compared to
the values from control cells, #Significant difference (P<0.05) compared to the values
from 7-Keto or ChC treated group. Asm si: Asm siRNA; Ami: Amitriptyline (n = 5).
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induced endothelial hyperpermeability. The present study has shown
that ChC or 7-Keto increased the permeability of CAECs compared to
control cells. This ChC or 7-Keto-induced increase in the CAECs per-
meability was markedly attenuated by pretreatment with ASM inhibitor
amitriptyline or Asm gene silencing or deletion. Therefore, our data
support the view that ASM-ROS-NLRP3 inflamamsome axis is critically
involved in hypercholesterolemia-induced endothelial barrier dysfunc-
tion. Corresponding to protection of ECs from ChC or 7-Keto-induced

injury, inhibition of inflammasome activation by deletion of Asm gene
significantly ameliorated hypercholesterolemia-induced atherogenesis
in mice, as shown by improved neointimal formation and ratio of in-
timal vs. medium layers (I/M) in 2-week partially ligated carotid ar-
teries from mice on the Western diet. Inhibition of this inflammasome-
triggering mechanism not only protects the endothelium of carotid ar-
teries from injury, but also prevents atherogenesis, which may be due to
amelioration of both inflammatory response and uncanonical injurious
effects induced by NLRP3 inflammasome activation. This ASM- and
ceramide-associated MR clustering and related product such as O2

•−

may act as redox-signaling messengers to activate the inflammasome,
which serves as the bridging and amplifying mechanism leading to a
robust inflammatory response that eventually progresses to ather-
ogenesis. These findings provide evidence that either targeting NLRP3
inflammasomes directly or targeting the mechanisms leading to their
activation may be an effective therapeutic strategy for the prevention
and early treatment of endothelial dysfunction and atherosclerosis.

In summary, the present study demonstrated that ASM and cer-
amide signaling plays a pivotal role in hypocholesterolemia-induced
endothelial NLRP3 inflammasome formation and activation, which lead
to endothelial dysfunction, vascular inflammation and cell phenotic
transition, and consequent atherosclerosis. Therefore, targeting ASM
may be an important therapeutic strategy to prevent NLRP3 in-
flammasome activation and thereby protect the arteries from hy-
percholesterolemia-induced injury.
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Fig. 5. NLRP3 inflammasome formation and activation in partially ligated carotid arteries
of Asm+/+ and Asm-/- mice fed with or without the WD. A: Colocalization of NLRP3
(green) with ASC (red), Scale bar: 50 µm. B: summarized data of PCC of NLRP3 (green)
with ASC (red). C: IL-1B production in the intima of control or Western diet-fed Asm+/+

and Asm-/- mice. * Significant difference (P<0.05) compared to the values from control
mice fed on the normal diet; # Significant difference (P<0.05) compared to the values
from mice on the Western diet. ND: Normal diet, WD: Western diet. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article).

Fig. 6. Western diet enhanced the neointimal formation in PLCA. Asm+/+ and Asm-/-

mice were treated with the WD for 2 weeks and then used for PLCA. WD continued for
another 2 weeks. (A) Photomicrographs of PLCA 2 weeks after the WD (H& E staining).
AOI: Area of interest; black arrows denote the media area and white arrows indicate the
intima area. (B) Quantitative analysis of vascular lesions in PLCA represented by the ratio
of intima and media. *P<0.05 vs. vehicle control group; #P<0.05 vs. WD group (n =
5–6 mice per group).
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