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Abstract

Exosomes have been demonstrated to be one of the mechanisms mediating the release of 

intracellular signaling molecules to conduct cell-to-cell communication. However, it remains 

unknown whether and how exosomes mediate the release of NOD-like receptor pyrin domain 3 

(NLRP3) inflammasome products such as interleukin-1 beta (IL-1β) from endothelial cells. The 

present study hypothesized that lysosomal acid ceramidase (AC) determines the fate of 

multivesicular bodies (MVBs) to control the exosome-mediated release of NLRP3 inflammasome 

products during hyperglycemia. Using a streptozotocin (STZ)-induced diabetes mouse model, we 

found that endothelium-specific AC gene knockout mice (Asah1fl/fl/ECcre) significantly enhanced 

the formation and activation of NLRP3 inflammasomes in coronary arterial ECs (CECs). These 

mice also had increased thickening of the coronary arterial wall and reduced expression of tight 

junction protein compared to wild-type (WT/WT) littermates. We also observed the expression of 

exosome markers such as CD63 and alkaline phosphatase (ALP) was augmented in STZ-treated 

Asah1fl/fl/ECcre mice compared to WT/WT mice, which was accompanied by an increased IL-1β 
release of exosomes. In the primary cultures of CECs, we demonstrated that AC deficiency 

markedly enhanced the formation and activation of NLRP3 inflammasomes, but significantly 

down-regulated tight junction proteins when these cells were exposed to high levels of glucose. 

The CECs from Asah1fl/fl/ECcre mice had decreased MVB-lysosome interaction and increased 

IL-1β–containing exosome release in response to high glucose stimulation. Together, these results 

suggest that AC importantly controls exosome-mediated release of NLRP3 inflammasome 

products in CECs, which is enhanced by AC deficiency leading to aggravated arterial 

inflammatory response during hyperglycemia.
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Introduction

NOD-like receptor pyrin domain 3 (NLRP3) inflammasome activation has been recently 

known as a novel mechanism of diabetic vascular endothelial dysfunction [1–2]. In response 

to elevated level of blood glucose, the main NLRP3 inflammasome components including 

NLRP3, apoptosis-associated speck-like protein (ASC) and caspase-1 are aggregated and 

assembled to form a high molecular weight inflammasome complex within a variety of cells 

such as endothelial cells (ECs) [3], macrophages[4], renal podocytes[5] and neurons [6], 

where procaspase-1 is cleaved to its active form, active caspase-1. This active caspase 

subsequently converts its substrates such as pro-interleukin-1β (IL-1β) to bioactive IL-1β 
[7–9]. IL-1β release initiates and promotes the inflammatory response causing the 

consequent pathogenesis of vascular inflammation, atherosclerosis [10–11] and hypertension 

[12], which may be a crucial mechanism responsible for the development of cardiovascular 

disease during obesity, metabolic syndrome and diabetes mellitus [13]. Recent studies have 

demonstrated that the formation and activation of NLRP3 inflammasome indeed occurs in 

the endothelium of coronary arteries in the early stage of diabetic mice [3]. Although these 

previous studies confirmed the pathogenic role of NLRP3 inflammasome activation in ECs, 

it remains poorly understood how this NLRP3 inflammasome activation instigates vascular 

tissue inflammation. In particular, the NLRP3 inflammasome is formed in the cytoplasm and 

its products may not be secreted out of cells via the classic protein secretion pathway 

through Golgi transport and release. It is imperative to study how the inflammasome 

products such as IL-1β are secreted to trigger the inflammatory responses.

In previous studies in phagocytes, several potential pathways have been assumed to mediate 

IL-1β release including the exocytosis of IL-1β-containing secretory lysosomes, release of 

IL-1β from shed plasma membrane microvesicles, fusion of multivesicular bodies with the 

plasma membrane and subsequent release as IL-1β-containing exosomes, possible specific 

membrane transporters, and release due to cell lysis [14–15]. To our knowledge, no studies 

have been done in ECs to elucidate the mechanisms by which inflammasome products are 

released to trigger vascular inflammation. However, many recent studies have indicated that 

exosomes are importantly involved in the regulation of endothelial functions [16–17], and 

exosome-mediated vascular injury may play a crucial role in the development of 

cardiovascular diseases such as vascular inflammation and atherosclerosis, the hallmarks of 

diabetic cardiovascular complications [18]. Exosomes are nanosized membrane vesicles 

released by fusion of an organelle of the endocytic pathway, namely, the multivesicular body 

(MVB), with the plasma membrane [19]. Recent studies have reported that the MVB-based 

release of exosomes is finely controlled by lysosome trafficking and associated with the 

autophagic pathway [20]. This is because mature MVBs can fuse with lysosomes to deliver 

their contents for degradation via autophagy [21–22]. Indeed, inhibition of lysosome 

function with different alkaline agents or lysosomal v-ATPase inhibitors such as bafilomycin 

A or chloroquine, largely increased exosome secretion in different cells such as neurons, 
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epithelial cells, and vascular cells [23–25]. It seems clear that lysosome function is 

important for exosome secretion and in contrast lysosome dysfunction may contribute to the 

abnormality of exosome secretion. Therefore, the regulatory mechanisms of lysosome 

function may be implicated in the control of exosome secretion. In this regard, lysosomal 

sphingolipids are viewed as a classical regulator of lysosome function. In particular, 

ceramide produced via acid sphingomyelinase (ASM) and degraded by acid ceramidase 

(AC) [26]. Increased ceramide levels in cells including ECs and vascular smooth muscle 

cells (SMCs) have been reported to alter lysosome function, in particular, which may lead to 

dysregulation of autophagic flux and exosome secretion [27–30]. Based on these previous 

findings, we hypothesized that lysosomal AC might critically control lysosome trafficking to 

multivesicular bodies (MVBs) and thereby determine the fate of these MVBs, which 

controls exosome release from ECs. Under pathological conditions such as diabetes mellitus, 

in addition to increased formation and activation of NLRP3 inflammasomes in ECs, 

exosome secretion and release of inflammasome products may also be increased to instigate 

the inflammatory response in the arterial wall, ultimately resulting in vascular inflammation 

and atherogenesis.

In the present study, we first examined whether AC deletion significantly enhances 

hyperglycemia-induced formation and activation of NLRP3 inflammasomes and increases 

thickening of the coronary arteries using a diabetic model produced by injection of STZ in 

endothelium-specific AC knockout mice (Asah1fl/fl/ECcre). We also observed whether the 

AC deficiency enhances exosomes secretion in STZ-treated Asah1fl/fl/ECcre mice, which 

was accompanied by the increased release of NLRP3 inflammasome product, IL-1β. Then, 

we used primary cultures of ECs isolated from WT and Asah1fl/fl/ECcre mice to explore the 

mechanisms responsible for exosome secretion and lysosome trafficking and interaction 

with MVBs and to address whether this exosome secreting mechanism mediates the release 

of NLRP3 inflammasome product, IL-1β. Our results indicate that endothelial AC plays a 

critical role in the exosome-mediated release of NLRP3 inflammasome products during 

hyperglycemia, which is associated with its regulatory actions on lysosome trafficking and 

interaction with MVBs that determine the fate of MVBs and secretion of exosomes.

Materials and Methods

Mice

Asah1 floxed mice (floxed alpha subunit of Asah1 gene) were gifted by Dr. Erich Gulbins 

[31]. Asah1 floxed mice were crossed with Tek-Cre transgenic mice (the Jackson 

Laboratory, Bar Harbor, ME, USA, B6.CgTg (Tek-cre) 1Ywa/J 008863) to generate 

endothelium-specific knockout mice (Asah1fl/fl/ECcre) [32]. To confirm the specific deletion 

of Asah1 gene in the endothelium, each batch of Asah1fl/fl/ECcre mice were crossed with 

ROSA mice with floxed GFP ( the Jackson Laboratory, Bar Harbor, ME, USA, the Jackson 

Laboratory, Bar Harbor, ME, USA, B6.129-Gt(ROSA)26Sortm1Joe/J 008606 ) to produce 

Asah1fl/fl/ECcre/ROSA mice, which showed green fluorescence in the endothelium 

indicating endothelium-specific gene deletion. All wild-type (WT/WT) and Asah1fl/fl/ECcre 

male and female mice (8-12 weeks old ) were used for the present study. They were bred and 

maintained in an environmentally controlled animal facility center (25°C and 40~50% 
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humidity) with a 12-hour light/dark cycle. For experiments, WT/WT and Asah1fl/fl/ECcre 

mice were randomly divided into four groups and fed a high-fat diet (HFD) or normal diet 

(ND) for two weeks. HFD groups of mice were intraperitoneally injected with 120 mg/kg of 

streptozotocin (STZ) citrate buffer (pH 4.5) for four days, then continued HFD or ND for 

two weeks to generate a diabetic model. The control (Ctrl) mice were injected 

intraperitoneally with an equal volume of citrate buffer (pH 4.5). Diabets model was 

confirmed by measuring fasting (8 hours) blood glucose concentration. When mouse 

protocols were completed, blood was taken for biochemical analysis, and the mouse heart 

was harvested for histological and immunocytochemical analysis. All procedures were 

carried out in accordance with the National Institutes of Health guidelines for the care and 

use of laboratory animals. All animal protocols were approved by the Institutional Animal 

Care and Use Committee (IACUC) at Virginia Commonwealth University.

Characterization of Asah1fl/fl/ECcre Mice and Diabetic Mice

Genotyping of Asah1fl/fl/ECcre mice were routinely determined by PCR using tail biopsied 

with the following 3 pairs of primers: 1. 57447 flp: 

ACAACTGTGTAGGATTCACGCATTCTCC; 57448 flp: 

TCGATCTATGAAATGTCGCTGTCGG; 2. oIMR1084 

GCGGTCTGGCAGTAAAAACTATC, oIMR1085 GTGAAACAGCATTGCTGTCACTT; 3. 

oIMR7338 CTAGGCCACAGAATTGAAAGATCT, oIMR7339 

GTAGGTGGAAATTCTAGCATCATCC. The first pair was combined to detect WT (482 

bp) or the flox allele (585 bp). Pair 2 and Pair 3 were combined to detect the Cre allele (100 

bp). Immunohistochemistry was used to detect the expression of ACα and ceramide in the 

ECs from Asah1fl/fl/ECcre mouse coronary artery. Immunofluorescence was used to detect 

the colocalization of ACα vs. lamp-1, ACα vs. vWF, ceramide vs. vWF and Cre vs.vWF for 

characterization of the Asah1fl/fl/ECcre mice. IVIS and LacZ staining were used to detect the 

expression of a nuclear-localized green fluorescent protein/beta-galactosidase fusion protein 

(GFP-NLS-lacZ or GNZ) in Asah1fl/fl/ECcre/ROSA mice for confirmation of Cre in ECs. 

Diabetic mice were confirmed by measurement of the increased blood glucose and body 

weight (BW).

Isolation and culture of endothelial cells (ECs) from mouse coronary artery

Isolation of mouse coronary arterial ECs was carried out and characterized as previously 

described [33] [34]. Briefly, the heart was excised and put into a petri-dish filled with ice-

cold Krebs-Henseleit (KH) solution. The cleaned heart with intact aorta was filled with 

HBSS using a 25-gauge needle. The opening of the needle was inserted deep into the heart 

close to the aortic valve. The aorta was tied with the needle as close to the base of the heart 

as possible. The pump was started with a 20-ml syringe containing warm Hank’s Balanced 

Salt Solution (HBSS) at a rate of 0.1 ml/min, and the heart was then flushed for 15 min. 

HBSS was replaced with warm enzyme solution (1 mg/ml collagenase type I, 0.5 mg/ml 

soybean trypsin inhibitor, 3% BSA, and 2% antibiotic-antimycotic), which was flushed 

through the heart at a rate of 0.1 ml/min. Perfusion fluid was collected at 30-, 60-, and 90-

min intervals. At 90 min, the heart was cut with scissors, and the apex was opened to flush 

out the cells that collected inside the ventricle. The fluid was centrifuged at 1,000 rpm for 10 

min, the cell-rich pellets were mixed with one of the media described below, and the cells 
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were plated in 2% gelatin-coated six-well plates and incubated in 5% CO2-95% O2 at 37°C. 

The control coronary ECs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

(Gibco, USA) with 5.5 mM of glucose. For the treatment of cells, ECs were cultured in 

DMEM with 25 mM of glucose for 24 hours.

Western Blot Analysis

Western blot was used to analyze specific proteins as described previously [35]. Treated ECs 

were homogenized in RIPA lysis buffer for 30 min on ice. Total protein was measured using 

Bio-Rad Protein Assay Dye ( Bio-rad,500006, USA) and was normalized to 1 μg/ml. 20 μg 

of protein was loaded into the wells of a 12% SDS-PAGE gel and run for 2-3 hours at a 

voltage of 100 V. Protein in the gel was transferred to nitrocellulose membranes (Millipore, 

IPVH00110, USA) at a voltage of 100 V for 1 hour in the cold room. The membrane was 

blocked in Tris-buffered saline with Tween-20 (TBST) buffer containing 5% non-fat milk 

(Bio-Rad, 1706404, USA) for 1 hour at room temperature. The blot was incubated with 

primary antibodies overnight at 4°C. The following antibodies were used for 

immunoblotting: procaspase-1 (1:1000, Abcam, ab138483, USA) and cleaved-caspase-1 

(1:500, Cell Signaling, 67314, USA). The second antibody labeled with HRP was performed 

for 1 hour at room temperature. The signal was detected using Odyssey FC Imaging. Anti-β-

actin antibody (1:20,000 dilution, Santa Cruz, USA) was used to probe this housekeeping 

gene expression as a loading control. Image J 6.0 (NIH, Bethesda, MD, USA) or Odyssey 

software was used to quantify the intensity of the specific protein.

Immunofluorescence Staining

Frozen heart sections or CES cultured on cover slides were fixed in 4% paraformaldehyde 

(PFA) for 10-15 minutes on ice. Samples were permeabilized in 0.1% Triton X-100 for 10 

minutes at room temperature and incubated with the following primary antibodies, 

respectively, for 2 hours or overnight at 4°C: lysosome marker, anti-Lamp-1 antibody 

(1:500, Abcam, ab25245); exosome marker, anti-CD63 antibody (1:100, Santa Cruz, 

sc-15363), anti-ALP; MVB marker, anti-VPS16 antibody (1:200, Abcam, ab172654); a 

prototype of NLRP3 inflammasome product, anti-IL-1β antibody (1:200, BD, AF-401-NA); 

inflammasome component, anti-NLRP3 (1:200, Abcam, ab4207), ASC (1:100, Santa Cruz, 

sc-22514), and procaspase-1 (1:100, Santa Cruz, sc-56036) antibodies. Then, samples were 

incubated with a second antibody labeled with either Alexa-488- or Alexa-555 for 1 hour at 

room temperature in the dark room. Pictures were taken by a confocal laser scanning 

microscope (Fluoview FV1000; Olympus, Tokyo, Japan). The staining intensity of the cells 

or tissues was measured and analyzed with Image J 6.0 (NIH, Bethesda, MD, USA). The 

colocalization between different antibodies was detected with double staining and measured 

with Image-Pro Plus version 6.0 software (Media Cybernetics, Bethesda, MD). Pearson 

correlation coefficient (PCC) was used to represent the colocalization of different proteins as 

described previously [36].

Immunohistochemistry

The paraffin sections from hearts were baked for 30 min at 65°C. Deparaffinization was 

performed in xylene for 10 minutes, and hydration was carried out in graded ethanol (100%, 

95%, 75%) for 5 minutes at room temperature. 10 mM of sodium citrate buffer (pH 6.0) was 
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used to retrieve the antigen at 98°C for 15 minutes. 3% H2O2 in methanol was used to 

quench the endogenous peroxidase activity. The sections were blocked with 2.5% horse 

serum for 1 hour at room temperature. Sections were incubated with the following primary 

antibodies for 2 hours or overnight at 4°C: anti-CD63 (1:200, exosome marker), anti-ALP 

(1:100, another exosome marker), and anti-IL-1β (1:100, inflammasome product). Sections 

were incubated with biotinylated secondary antibodies and a streptavidin-peroxidase 

complex for 20 minutes at room temperature and then sequentially developed with 3,3′-

Diaminobenzidine (DAB) solution for 5 minutes. Finally, the sections were counterstained in 

hematoxylin (Sigma, 51275, USA) for 5 minutes, dehydrated in graded ethanol (75%, 95%, 

100%) and mounted with permount medium (Fisher scientific, SP15-100). Negative controls 

were prepared without the primary antibodies. The area percentage of the positive staining 

was calculated in Image Pro Plus 6.0 software [37].

Morphologic Examination and Medial Thickening Analysis

HE staining of heart tissue sections was performed to study the morphological changes as 

described previously [38]. Briefly, the heart was perfused with cold PBS for 10 minutes and 

4% cold PFA for another 10 minutes. The heart was collected and immersed in 10% neutral 

buffered formalin for more than 48 hours. The formalin-fixed heart was embedded in 

paraffin and then cut into 5-7 μm serial sections for histopathological evaluation. For HE 

staining, the sections were deparaffinized using dimethylbenzene and rehydrated with 100%, 

95% and 75% ethanol to water and then immersed in the hematoxylin and hydrochloride 

alcohol. As soon as the color turned to blue, the sections were stained with eosin. After that, 

the sections were rinsed with running water and dehydrated with different grades of ethanol. 

Finally, the tissue slides were mounted with DPX. Intimal-medium thickening of coronary 

arteries was examined using Image-Pro Plus 6.0 software (Media Cybernetics Inc, United 

States).

In Situ Analysis of Caspase-1 Activity

Caspase-1 activity was performed with a similar protocol described previously [39]. FAM-

FLICA Caspase-1 Assay Kit (ImmunoChemistry Technologies, LLC, Bloomington, MN, 

USA) was used to label active caspase-1 enzyme in the frozen sections of coronary arteries 

in the heart. The sections were fixed in 4% paraformaldehyde (pH 7.4) for 10 min at room 

temperature and then washed three times in PBS for 5 min and were incubated for 10 min 

with PBS containing 0.1% Triton X-100. After washing three times for 5 min in PBS, they 

were incubated with 3% BSA in PBS for 30 min to block nonspecific binding of antibodies 

and then incubated with the antibody against vWF (1:500; Abcam) overnight at 4°C. After 

being washed three times in PBS, the sections were co-stained with Alexa-555-labeled anti-

sheep secondary antibody and FLICA reagent (1:10) in the kit for 1.5 hours at room 

temperature. Then, the sections were washed three times with PBS for 10 min each in the 

darkroom to decant the secondary antibody solution and FLICA reagent. Finally, the 

samples were mounted with a drop of mounting medium with DAPI and sealed with nail 

polish for taking images using a confocal laser scanning microscope (Zeiss LSM 710 LSM). 

Image Pro-Plus version 6.0 software (Media Cybernetics, Bethesda, MD) was used to 

measure the colocalization of vWF with activated caspase-1(FLICA staining).
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Isolation of Exosomes

Exosomes were isolated by differential ultracentrifugation as described previously [28]. 

Briefly, cell culture medium or serum from mice was collected and centrifuged at 300 g at 

4°C for 10 min to remove detached cells or debris. The supernatant was collected and 

filtered through 0.22 μm filters to remove contaminating apoptotic bodies, microvesicles, 

and cell debris. Exosomes were obtained by ultracentrifugation of the supernatant at 100,000 

x g for 90 min at 4°C (Beckman 70.1 T1 ultracentrifuge rotator). The exosome pellet was 

washed with PBS, ultra-centrifuged at 100,000 x g and resuspended in 50 μl of ice-cold 

filtered PBS. Crude exosome-containing pellets are ready for use or stored at −80°C for 

further use. For NanoSight microparticle analysis, if needed, the samples can be diluted into 

filtered PBS and then analyzed.

Nanoparticle Tracking Analysis (NTA)

Nanoparticle Tracking Analysis (NTA) was used to analyze exosomes using the light 

scattering mode of the NanoSight LM10 (NanoSight Ltd., Amesbury, United Kingdom). 

Samples were diluted in filtered PBS, and 5 frames (30 s each) were captured for each 

sample with background level 10, camera level 12 and shutter speed 30. Captured exosomes 

3D distribution images were analyzed using NTA software (Version 3.2 Build 16). Particles 

sized between 50-120nm were calculated.

ELISA Analysis of IL-1β secretion

The culture medium or isolated exosomes were collected for IL-1β quantification with an 

IL-1β ELISA kit according to the manufacturer’s instructions and previous studies [40]. In 

brief, 200 μl of the culture medium or 50 μg of protein from exosomes were added to a 

microplate strip well and incubated for 2 h at room temperature. Then, the solution was 

mixed with IL-1β conjugate and incubated for another 2 h at room temperature. Thorough 

washes were performed between and after the two incubations. 100 μl of substrate solution 

was applied to generate chemiluminescence. Chemiluminescent absorbance was determined 

using a microplate reader at λ=450. The IL-1β level was quantified by relating the sample 

readings to the generated standard curve.

Statistics

Data were shown as means ± SE. Values were analyzed for significant differences between 

and within multiple groups using ANOVA for repeated measures, followed by Duncan’s 

multiple-range test. Significant differences between the two groups of experiments were 

examined using the Student’s t-test. The statistical analysis was performed with SigmaPlot 

12.5 software (Systat Software, San Jose, CA, USA). Statistical significance was defined 

when P < 0.05.
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Results

Effects of Endothelium-specific Deletion of AC on the Formation and Activation of NLRP3 
Inflammasomes in the Coronary Arterial Endothelium of STZ-treated Mice.

We first examined whether Asah1 gene deletion in the endothelium is involved in 

hyperglycemia-induced NLRP3 inflammasome formation and activation in the coronary 

arterial wall of STZ-treated mice. The diabetic mouse model was established by 

intraperitoneal injection of STZ and HFD treatment. The blood glucose concentration was 

much higher in both WT/WT and Asah1fl/fl/ECcre treated with STZ (491.67 ± 83.64 mg/dl 

and 465.33 ± 35.15 mg/dl) compared to non-STZ treated mice (142.00 ± 9.07 mg/dl, 143.33 

± 13.54 mg/dl). The mouse body weight (BW) also increased in WT/WT or Asah1fl/fl/ECcre 

mice treated with STZ and HFD, but there is no significant difference between WT/WT and 

Asah1fl/fl/ECcre (S. Fig. 3). These data suggest that endothelial deletion of the Asah1 gene in 

Asah1fl/fl/ECcre mice does not affect mouse BW and STZ-induced hyperglycemia in our 

experimental setting.

To determine whether Asah1 gene deletion in Asah1fl/fl/ECcre mice is involved in 

hyperglycemia-induced NLRP3 inflammasome formation and activation, we detected the 

colocalization of NLRP3 (green) vs. caspase-1 (red) and vWF (red) vs. FLICA (green) in the 

mouse coronary arterial endothelium. The colocalization of NLRP3 vs. caspase-1 and vWF 

vs. FLICA was increased in the coronary arterial endothelium of WT/WT mice treated with 

STZ compared to that in WT/WT control mice. This result suggests that hyperglycemia 

stimulates endothelial NLRP3 inflammasome formation and activation in WT/WT mice. In 

Asah1fl/fl/ECcre mice, AC gene deletion alone did not affect the colocalization of NLRP3 vs. 

caspase-1 and vWF vs. FLICA, whereas STZ-induced increase in the colocalization of 

NLRP3 vs. caspase-1 and vWF vs. FLICA were enhanced (Fig. 1A–D). Moreover, 

immunohistochemical analysis also demonstrated that Asah1 gene deletion enhanced STZ-

induced IL-1β production in the coronary arterial endothelium (Fig. 1E–F). These results 

suggest that Asah1 gene is involved in NLRP3 inflammasome formation and activation 

under diabetic conditions, which promotes the release of NLRP3 inflammasome-dependent 

IL-1β.

Effects of AC Deficiency in ECs on Mouse Coronary Arterial Thickening and Endothelial 
Tight Junction Disruption in the Coronary Arterial Wall of STZ-treated Mice

NLRP3 inflammasome formation and activation as well as IL-1β release increased 

neointima formation [41] or medial thickening of mouse coronary arteries [42]. Therefore, 

we tested the effects of endothelial AC deletion on medial thickening in coronary arteries 

from an STZ-induced diabetic mouse model. Morphological examination confirmed that 

STZ injection caused media thickening of the coronary arterial wall in WT/WT mice, which 

was further enhanced by AC deletion (Fig. 2A and B). This result indicates that AC may 

normally counteract diabetic coronary arterial pathology.

Decreased expression of tight junction proteins leads to tight junction disruption, which is a 

marker event for increased endothelial permeability during vascular endothelial dysfunction 

[43]. As shown in Fig. 2C–F, STZ markedly decreased the expression of tight junction 
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proteins ZO-1 and ZO-2 in the endothelial layer of coronary arteries from WT/WT mice as 

displayed by STZ-induced decreases in the colocalization of endothelial marker vWF 

(green) with ZO-1 and ZO-2 (red). Such STZ-induced down-regulation of ZO-1 and ZO-2 

was further enhanced in the coronary arteries of Asah1fl/fl/ECcre mice indicating that AC 

deletion further enhances tight junction disruption in the coronary arterial endothelium of 

STZ-induced diabetic mice.

Effect of Endothelial AC Deletion on Exosome Secretion in the Coronary Arterial Wall of 
STZ-treated Mice

The previous studies have demonstrated that the interaction of lysosomes with MVBs 

contributes to exosome secretion, which may participate in the regulation of MVB fate and 

exosome secretion [44]. Given that AC is mainly detected in the lysosome and its action on 

lysosome trafficking or function [45–46], we observed the effect of AC deletion on exosome 

secretion in the coronary arterial wall of STZ-treated mice. Using IHC staining, we detected 

the expression of exosome markers, ALP and CD63 in the coronary arterial wall, 

particularly in the intimal area. Under control condition, the expression level of ALP and 

CD63 in the coronary arterial wall was higher in Asah1fl/fl/ECcre mice compared to that in 

WT/WT mice. STZ treatment increased the expression of ALP and CD63 in the coronary 

arterial wall of WT/WT mice, and this increase was significantly augmented by Asah1 gene 

deletion (Fig. 3A–D). These data clearly showed that endothelial AC deficiency increases 

exosome secretion induced by hyperglycemia. As shown in Fig. 3E and 3F, we also found 

that endothelial AC deficiency enhanced exosome numbers in the bloodstream, which was 

enhanced during hyperglycemia. All of these results suggest that AC gene functionality in 

ECs is crucial for exosome secretion in the mouse coronary arterial wall and even in the 

control of blood exosome enrichment.

Effects of Endothelial AC Deletion on Exosome Secretion with IL-1β in the Coronary 
Arterial Endothelium of STZ-treated Mice

Since there are reports that nonclassical IL-1β secretion is dependent on exosome release in 

murine macrophages [47], we assessed the contribution of exosomes as IL-1β releasing 

mechanisms in the coronary arterial endothelium of STZ-treated mice. Using confocal 

microscopy, we first confirmed that AC gene deletion enhanced exosome secretion induced 

by hyperglycemia in the coronary arterial endothelium of STZ-treated mice, as shown by the 

increased colocalization of vWF vs. CD63 and vWF vs. ALP (Fig. 4A–D). It was also found 

that the colocalization of IL-1β vs. CD63 markedly increased in the coronary arterial wall 

even in WT/WT mice with STZ injection (Fig. 4E–F). Furthermore, we observed that the 

colocalization of IL-1β vs. CD63 induced by hyperglycemia was also enhanced by AC gene 

deletion in the coronary arterial endothelium of STZ-injected mice (Fig.4E–F). These data 

indicate that IL-1β secretion is accompanied by exosome secretion and suggest that AC may 

indeed participate in the regulation of exosomes, which are an important mechanism 

mediating the release of NLRP3 inflammasome product, IL-1β.
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Effects of AC Deletion on the Formation and Activation of NLRP3 Inflammasomes Induced 
by High Glucose in the Primary cultures of Coronary Arterial ECs

To further determine the role of AC in exosome secretion of NLRP3 inflammasome 

products, we used the primary cultures of coronary arterial ECs from WT/WT and 

Asah1fl/fl/ECcre mice to examine the effects of AC gene deletion on the formation and 

activation of NLRP3 inflammasomes and the associated release of exosomes containing 

their products. Firstly, we found that high glusoce had no effects on AC expression by 

Western blot analysis in ECs. (S. Fig. 2A–B) . As shown in Fig. 5A and 5C, the 

colocalization of NLRP3 vs. ASC or caspase-1 increased with high glucose stimulation in 

WT/WT ECs. The colocalization coefficient of NLRP3 vs. ASC or caspase-1 was 

summarized in Fig. 5B and 5D, indicating the aggregation or assembly of these 

inflammasome molecules. AC gene deletion augmented the increase in NLRP3 

inflammasome formation as displayed by increased colocalization of NLRP3 vs. ASC or 

caspase-1 (Fig. 5A–5D). Using Western blot analysis, activated caspase-1 increased with 

high glucose stimulation, which was enhanced by AC gene deletion (Fig. 5E and 5F). 

Biochemical analysis of caspase-1 activity (Fig. 5H) and mature IL-1β production in the cell 

culture medium (Fig. 5G) showed that AC gene deletion increased glucose-induced NLRP3 

inflammasome activation.

Effect of AC Deletion on Tight Junction Disruption Induced by High Glucose in the Primary 
Cultures of Coronary Arterial ECs

Decreased expression of tight junction proteins leads to tight junction disruption, which is a 

marker for increased endothelial permeability during vascular dysfunction [43]. Here, we 

examined whether AC deletion alters high glucose-induced endothelial NLRP3 

inflammasome activation that contributes to endothelial tight junction disruption in cultured 

coronary arterial ECs. It was shown that AC deficiency attenuated the expression of the tight 

junction marker ZO-1 and ZO-2 in ECs during treatment of high glucose (Fig. 6A and 6C). 

Densitometric histograms showed that tight junctions were significantly disrupted as 

indicated by a remarkable reduction of relative fluorescence intensity (RFI) across the cell-

cell contact.

Effect of AC Deletion on Exosome-mediated Release of NLRP3 Inflammasome Products 
Induced by High Glucose in the Primary Cultures of Coronary Arterial ECs

To determine the role of AC in the regulation of exosome secretion and associated NLRP3 

inflammasome product release from ECs, we first examined the colocalization of 

multivesicular body (MVB) marker VPS16 with lysosome marker lamp-1 (yellow dots) 

using immunofluorescence confocal microscopy, which indicates the interaction of MVBs 

and lysosomes that determines the MVB fate and exosome secretion. It was found that AC 

gene deletion markedly decreased the colocalization of VPS16 vs. lamp-1 compared with 

that in WT/WT ECs, which indicates the reduction of lysosome-MBV interaction that may 

lead to increased exosome secretion. In these ECs with AC gene deletion, glucose further 

reduced the colocalization of VPS16 vs. lamp-1 (Fig. 7A–7B). Using nanoparticle tracking 

analysis (NTA), we found that AC gene deletion in ECs significantly augmented the 

secretion of exosomes (50-150 nm vesicles), in particular, during treatment of high glucose. 
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Fig. 7C shows representative 3D histograms of microparticles, where those with the size of 

50-150 nm were markedly increased. Summarized data are presented in Fig. 7D showing 

that vesicles detected at a range of 50-150 nm produced from ECs of mice with AC gene 

deletion were much more than ECs from WT/WT mice. High glucose further increased the 

production of these vesicles.

Lastly, we aimed to verify that increased vesicles due to AC deficiency or high glucose are 

mainly exosomes and such enhanced exosome secretion can mediate the release of IL-1β. To 

this end, we examined colocalization of exosome marker CD63 and IL-1β around ECs as 

well as measured IL-1β concentration in purified exosomes. As shown in Fig. 7E–F, there 

was a significant increase in the colocalization of CD63 with IL-1β in and around ECs 

treated with high glucose, and such increase was further augumented by AC gene deletion. 

These results demonstrated a remarkable enhancement of high glucose-induced exosome-

driven IL-1β increase in ECs when AC is deficient. Consistently, IL-1β levels from 

exosomes prepared from EC culture supernatants were significantly increased upon high 

glucose stimulation, which was further elevated in exosomes from ECs with AC gene 

deletion (Fig. 7G). Howerver, AC inducer, genistein substantially inhibited exosome release 

and attenuated its release induced by high glucose in cultured ECs ( S. Fig. 4A–B). 

Genistein also decreased NLRP3 inflammasome formation and activation as shown by 

reduced colocalization of NLRP3 with ASC or Caspase-1 and IL-1 β production ( S. Fig. 

4C–G).

Discussion

In the present study, we demonstrated that AC regulates the exosome-mediated release of 

NLRP3 inflammasome product, IL-1β during hyperglycemia. Our results first proved that 

AC gene deletion significantly enhanced hyperglycemia-induced formation and activation of 

the NLRP3 inflammasome leading to IL-1β production in ECs in vitro and in vivo, which 

was accompanied by the enhanced exosome-mediated release of this inflammasome product 

resulting in the inflammatory response in the arterial wall. This inflammation due to NLRP3 

inflammasome activation and exosome-mediated release of inflammation activating factors 

is the triggering mechanism mediating enhanced medial thickening of coronary arteries and 

EC permeability increase during hyperglycemia. The findings of the present study indicate 

that AC-mediated signaling plays an important role in the inflammatory response during 

hyperglycemia via exosome-mediated regulation of NLRP3 inflammasomes.

In previous studies, acid sphingomyelinase and ceramide associated membrane raft signaling 

platforms have been shown to contribute to endothelial NLRP3 inflammasome activation 

and arterial neointima formation during hypercholesterolemia [48]. We have also 

demonstrated that hyperglycemia induces NLRP3 inflammasome activation in the coronary 

arterial endothelium of STZ-treated mice [3]. However, it remains unknown whether 

ceramide-mediated signaling is involved in the development of diabetic vasculopathy and 

how ceramide signaling is involved in NLRP3 inflammasome activation. In particular, it is 

imperative to investigate how the products of NLRP3 inflammasome activation in the 

cytoplasm are secreted out of ECs to trigger the inflammatory response in the arterial wall. 

The present study hypothesized that AC as a metabolizing enzyme of ceramide might 
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control lysosome trafficking to MVBs regulating the fate of MVBs and consequent secretion 

of exosomes. AC deficiency may reduce the interaction of lysosome and MVBs leading to 

exosome secretion, and during hyperglycemia, this increased exosome excretion may 

mediate the release of products derived from NRLP3 inflammasome activation given that 

inflammasome products are produced in the cytoplasm and may not be secreted through 

classic Golgi-mediated direction and transport. To test this hypothesis, we generated 

endothelium-specific AC gene knockout mice (Asah1fl/fl/ECcre) and used these mice and 

their WT littermates to produce a diabetic model. It is known that endothelial dysfunction at 

the early stage of cardiovascular diseased is a foundamental mechanism responsible for the 

development diabetic vasculopathy. Our previous study had already demonstrated that the 

ROS-dependent activation of endothelial NLRP3 inflammasomes by hyperglycemia was an 

important initiating mechanism to cause endothelial dysfunction in STZ-induced diabetic 

mice [3]. Streptozotocin (STZ) have been extensively used in animal models to study both 

the pathology of diabetes mellitus and complications related to the disease as well as 

possible interventions [49]. There are many reports that HFD with low doses of STZ could 

generate a type II diabetes model in mice [50–52] and in rats [53–55]. In our preliminary 

experiments, we injected mice on the HFD 5 times in total at low-doses of STZ (~60 mg/

kg), but it could not generate a stable mouse diabetes model, which may be due to species 

differences. Then, we increased the dose to 120 mg/kg for 4 days, which led to a stable and 

typical type 2 diabetes. The dose of STZ was similar to previous reports [52]. Using this 

animal model, we examined whether NLRP3 inflammasome activation is enhanced and 

whether NLRP3 inflammasome products can be increasingly released from ECs in mice 

with deletion of the AC gene in the endothelium. It was found that deficiency of the Asah1 
gene enhanced the formation and activation of NLRP3 inflammasomes in the coronary 

endothelium of Asah1fl/fl/ECcre mice and isolated CECs. These results suggest that AC plays 

an important role in the formation and activation of NLRP3 inflammasomes in coronary 

arterial endothelial cells which may be a triggering mechanism for diabetic inflammation in 

the arterial wall. We indeed found that activated coronary endothelia inflammasome in 

Asah1fl/fl/ECcre mice was accompanied by increased thickening of the coronary arterial wall 

and enhanced down-regulation of ZO-1 and ZO-2 in the coronary arterial endothelium 

compared to their WT littermates similarly treated with STZ. Although we did not test how 

AC deficiency may induce endothelial inflammasome activation and enhanced endothelial 

junction dysfunction, previous studies have shown that the deficiency in AC may lead to 

sphingolipid and phospholipid imbalance, which resulted in chronic lung injury caused by 

significant inflammation and increased vascular permeability [56]. Loss of AC activity in a 

murine model of Farber disease was also reported to lead to an early and profound immuno-

phenotype that reflects alterations in both the innate and adaptive immune cell populations, 

suggesting that increased levels of ceramide may serve as an important mechanism to 

activate inflammasome and local inflammatory response upon different pathologic stimuli 

[57].

One of the most important findings in the present study is that the deficiency of AC in 

Asah1fl/fl/ECcre diabetic mice significantly enhanced the expression of exosome markers 

such as CD63 and ALP in the coronary arterial wall, indicating enhanced secretion of 

exosomes under such pathological conditions. In isolated CECs, we detected increased 
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exosome release when Asah1 gene was deleted. Also, it was found that this increased 

exosome release was associated with reduced interaction of lysosomes and MVBs which led 

to reduced degradation of MVBs and thereby resulted in increased exosome release. 

Moreover, the present study demonstrated that enhanced exosome secretion from CECs from 

Asah1fl/fl/ECcre mice carried inflammasome products such as IL-1β, suggesting that AC-

dependent exosome release is a crucial mechanism for the secretion of NLRP3 

inflammasome products upon hyperglycemia. To our knowledge, these findings for the first 

time demonstrate that AC critically controls the inflammatory exosome secretion and the 

activation of local inflammatory responses in the arterial wall during diabetes. Extracellular 

ATP stimulation was shown to stimulate a P2X7R-induced formation of IL-1β-containing 

MVBs in murine macrophages, which can be exocytosed via intraluminal vesicles (ILVs) 

from MVBs [58]. In human THP-1 monocytes and microglia cells, extracellular vesicles 

including exosomes are also shown to mediate the secretion of IL-1β [59–60]. However, 

some other studies in activated human monocytes revealed that both pro-IL-1β and 

caspase-1 are entrapped in these vesicles, which as an endolysosomal compartment 

undergoes exocytosis in the form of secretory lysosomes [61–62], but not via exosomes. The 

Atg5-dependent export pathway in the autophagic process was also reported to contribute to 

the secretion of the pro-inflammatory cytokine IL-1β in different mammalian cells [63]. It 

seems that different types of cells under various conditions may use distinct mechanisms to 

release inflammasome products including IL-1β. However, whether the exosome-mediated 

release of inflammasome products is specific to CECs, but not to other types of cells, 

remains to be further studied.

In our study, Asah1 floxed mice were crossed with Tek-Cre (or Tie2-Cre) transgenic mice 

(the Jackson Laboratory, Bar Harbor, ME, USA, B6.CgTg (Tek-cre) 1Ywa/J 008863) to 

generate endothelium-specific knockout mice (Asah1fl/fl/ECcre). Although Tunica intima 

endothelial kinase 2 (Tie2-Cre) transgenic mice was reported to be a new genetic tool for the 

analyses of endothelial cell-lineage and endothelial cell-specific gene targeting [32], it has to 

be noted that Tie2 is also expressed in hematopoietic cells [64]. Therefore, the possibility 

that the lack of AC in monocytes in the coronary artery may also affect the inflammatory 

response in coronary artery and thereby participate in the development of coronary artery 

injury. However, our in vitro cell studies to some extent confirmed that monocytes may not 

be essential contributor to the activation of endothelial inflammasome and increases in 

exosome secretion.

In summary, the present study demonstrated that AC deficiency not only enhanced NLRP3 

inflammasome activation but also increased the release of inflammasome products such as 

IL-1β via exosomes secretion in CECs. Both events led to local inflammatory responses 

resulting in arterial wall inflammation during the development of diabetic vascular 

complications. Targeting exosome-mediated release of NLRP3 inflammasome products 

regulated by AC may represent a novel strategy for prevention and treatment of diabetic 

vasculopathy.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Endothelial acid ceramidase regulates hyperglycemia-induced NLRP3 

inflammasome activation

• Endothelial exosome release mediates the secretion of NLRP3 inflammasome 

products

• Lysosomal acid ceramidase finely controls endothelial exosome release
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Fig. 1. AC deficiency increased the formation and activation of NLRP3 inflammasomes in the 
coronary arterial endothelium of STZ-treated mice.
Wild type (WT/WT) and Asah1 endothelial specific knock-out mice (Asah1fl/fl/ECcre) were 

treated with vehicle (Ctrl) or streptozotocin (STZ) as described. A. Representative 

fluorescent confocal microscopic images displaying the yellow dots or patches showing the 

colocalization of NLRP3 (green) with caspase-1 (Red). B. The summarized data showing the 

colocalization coefficient of NLRP3 with caspase-1. C. Representative fluorescent confocal 

microscopic images displaying the yellow dots or patches showing the colocalization of a 

green fluorescent probe specific for active caspase-1, FLIC A (green) with vWF (Red), an 
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endothelium marker. D. The summarized data showing the colocalization coefficient of 

FLIC A with vWF. E. Representative immunohistochemical staining showing IL-1β 
accumulation in the coronary arterial wall. F. The summarized data showing the density of 

IL-1β stained with selective anti-IL-1β antibody. Data are expressed as means ± SEM, n=5. 

* p<0.05 vs. WT/WT-Ctrl group; # p<0.05 vs. WT/WT-STZ.
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Fig. 2. AC deficiency enhanced mouse coronary arterial thickening and tight junction injury in 
STZ-treated mice.
A. Representative Hematoxylin and Eosin (HE) staining showing potential medial 

thickening from the coronary arterial wall of WT/WT and Asah1fl/fl/ECcre mouse. B. The 

summarized data showing the measured media/lumen ratio of the coronary arteries from 

mice with different treatments. C. Representative fluorescent confocal microscopic images 

displaying the yellow dots or patches showing the colocalization of vWF (green) with ZO-1 

(red), a tight junction protein. D. The summarized data showing the change of the 

colocalization coefficient of vWF with ZO-1. E. Representative fluorescent confocal 
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microscopic images displaying the yellow dots or patches showing the colocalization of 

vWF (green) with ZO-2 (red), a tight junction protein. F. The summarized data showing the 

change of the colocalization coefficient of vWF with ZO-2. Data are expressed as means ± 

SEM, n=5. * p<0.05 vs. WT/WT-Ctrl group; # p<0.05 vs. WT/WT-STZ.
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Fig. 3. AC deficiency enhances exosome secretion in the coronary arterial endothelium of STZ-
treated mice.
A. Representative microscopic images of tissue slide with IHC staining showing the 

expression of exosome marker CD63 in the mouse coronary arterial wall. B. The 

summarized data showing the density of CD63 stained with the anti-CD63 antibody. C. 

Representative microscopic images of tissue slide with IHC staining showing the expression 

of exosome marker ALP in the mouse coronary arterial wall. D. The summarized data 

showing the density of ALP stained with the anti-ALP antibody. E. Representative 3D 

histograms showing the secretion of exosomes in the mouse serum as measured by 
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nanoparticle tracking analysis (NTA) using NanoSight NS300 nanoparticle analyzer. F. The 

summarized data showing the released exosomes in the serum. Data are expressed as means 

± SEM, n=5. * p<0.05 vs. WT/WT-Ctrl group; # p<0.05 vs. WT/WT-STZ.
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Fig. 4. AC mediates the release of NLRP3 inflammasome products IL-1β.
A. Representative fluorescent confocal microscopic images displaying the yellow dots or 

patches showing the colocalization of vWF (green) with CD63 (Red). B. The summarized 

data showing the colocalization coefficient of vWF with CD63. C. Representative 

fluorescent confocal microscopic images showing the colocalization of vWF (green) with 

ALP (Red). D. The summarized data showing the colocalization coefficient of vWF with 

ALP. E. Representative fluorescent confocal microscopic images showing the colocalization 

of IL-1β (green) with CD63 (Red). F. The summarized data showing the colocalization 

Yuan et al. Page 25

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



coefficient of IL-1β with CD63. Data are expressed as means ± SEM, n=5. * p<0.05 vs. 

WT/WT-Ctrl group; # p<0.05 vs. WT/WT-STZ.
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Fig. 5. Effects of AC on the activation and formation of NLRP3 Inflammasome in the primary 
cultures of coronary arterial endothelial cells (ECs) induced by high glucose.
A. Representative fluorescent confocal microscopic images showing the colocalization of 

NLRP3 with ASC. B. The summarized data showing the colocalization coefficient of 

NLRP3 vs. ASC. C. Representative fluorescent confocal microscopic images showing the 

colocalization of NLRP3 vs. Caspase-1. D. The summarized data showing the colocalization 

coefficient of NLRP3 vs. Caspase-1. E. Representative Western blot gel documents showing 

the expression of procaspase-1 and cleaved caspase-1 induced by high glucose. F. The 

summarized data showing the ratio of cleaved caspase-1 with procaspase-1 induced by high 

Yuan et al. Page 27

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



glucose. G. The summarized data showing caspase-1 activity (n=5). B. The summarized data 

showing IL-1β production. Glu: Glucose. Data are expressed as means ± SEM, n=5. * 

p<0.05 vs. WT/WT-Ctrl group; # p<0.05 vs. WT/WT-STZ.
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Fig. 6. Effects of AC on the high glucose-induced disruption of tight junction proteins in 
coronary arterial ECs.
A. Representative fluorescent images showing the cell membrane fluorescence of ZO-1 from 

at least three independent experiments. B. Tight junctions are represented by histograms of 

ZO-1 fluorescence intensity (RFI) as indicated by dotted lines across the two cell-cell 

contacts. C. Representative fluorescent images showing the cell membrane fluorescence of 

ZO-2 from at least three independent experiments. B. Tight junctions are represented by 

histograms of ZO-2 fluorescence intensity (RFI) as indicated by dotted lines across the two 

cell-cell contacts.
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Fig. 7. Effects of AC on high glucose-induced exosome secretion in coronary arterial ECs.
A. Representative fluorescent confocal microscopic images showing the colocalization of 

VPS 16 (green) with Lamp-1 (Red). B. The summarized data showing the colocalization 

coefficient of VPS16 (green) with Lamp-1 (Red). C. Representative 3D histograms showing 

the secretion of exosomes in the cell culture medium as measured by nanoparticle tracking 

analysis (NTA) using NanoSight NS300 nanoparticle analyzer. D. The summarized data 

showing the released exosomes in the cell culture medium (50-150 nm). E. Representative 

fluorescent confocal microscopic images showing the colocalization of CD63 (green) with 
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IL-1β (red). F. Summarized data showing the colocalization coefficient of CD63 with IL-1β. 

G. The summarized data showing the released IL-1β in the cell culture medium. Data are 

expressed as means ± SEM, n=5. * p<0.05 vs. WT/WT-Ctrl group; # p<0.05 vs. WT/WT-

STZ.
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