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To study the mechanism by which nonalcoholic fatty liver disease (NAFLD) contributes to vascular
endothelial Nod-like receptor pyrin domain 3 (NLRP3) inflammasome activation and neointima hy-
perplasia, NAFLD was established in high-fat diet (HFD)etreated Asah1fl/fl/Albcre (liver-specific deletion
of the acid ceramidase gene Asah1) mice. Compared with Asah1 flox [Asah1fl/fl/wild type (WT)] and
wild-type (WT/WT) mice, Asah1fl/fl/Albcre mice exhibited significantly enhanced ceramide levels and
lipid deposition on HFD in the liver. Moreover, Asah1fl/fl/Albcre mice showed enhanced expression of
extracellular vesicle (EV) markers, CD63 and annexin II, but attenuated lysosomeemultivesicular body
fusion. All these changes were accompanied by significantly increased EV counts in the plasma. In a
mouse model of neointima hyperplasia, liver-specific deletion of the Asah1 gene enhanced HFD-induced
neointima proliferation, which was associated with increased endothelial NLRP3 inflammasome for-
mation and activation and more severe endothelial damage. The EVs isolated from plasma of Asah1fl/fl/
Albcre mice on HFD were found to markedly enhance NLRP3 inflammasome formation and activation in
primary cultures of WT/WT endothelial cells compared with those isolated from WT/WT mice or normal
dietetreated Asah1fl/fl/Albcre mice. These results suggest that the acid ceramidase/ceramide signaling
pathway controls EV release from the liver, and its deficiency aggravates NAFLD and intensifies hepatic
EV release into circulation, which promotes endothelial NLRP3 inflammasome activation and conse-
quent neointima hyperplasia in the mouse carotid arteries. (Am J Pathol 2023, 193: 493e508; https://
doi.org/10.1016/j.ajpath.2022.12.007)
Supported by NIH grants HL057244 (P.-L.L.), HL075316 (P.-L.L.),
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Nonalcoholic fatty liver disease (NAFLD) is one of the most
common chronic liver diseases around the world, especially
in the Western nations. In the United States, it affects about
25% of the population.1 NAFLD is an umbrella term for a
range of liver conditions affecting people who drink little or
no alcohol. The major characteristic of NAFLD is the
overaccumulation of fat in the liver cells. NAFLD ranges
from hepatic steatosis (fatty liver) to nonalcoholic steato-
hepatitis with inflammation and hepatocellular injury or
fibrosis, to advanced fibrosis and cirrhosis, and in some
cases, carcinoma.2 Not only does the adverse effect of
NAFLD confines to the progression of deteriorating liver
function, but also accumulating evidence has shown a
stigative Pathology. Published by Elsevier Inc
strong link between NAFLD and cardiovascular diseases
(CVDs), including valve disease, aneurysm, cardiac
arrhythmia, heart failure, cardiomyopathy, and pericarditis,
especially for the coronary artery disease, including heart
attack, stroke, and angina.3 However, whether NAFLD is a
marker or an independent risk factor that promotes cardio-
vascular disease remains controversial.4

NAFLD drives multiple potential mechanisms, leading to
cardiovascular disease. These mechanisms include systemic
. All rights reserved.
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inflammation, lipid metabolism, oxidative stress, systemic
insulin resistance, as well as microbiota symbiosis, which
may also be influenced by other factors, such as genetic and
epigenetic variations.5 In patients with NAFLD, the level of
asymmetrical dimethylarginine, an endogenous inhibitor of
nitric oxide synthase and homocysteine, is increased, which
stimulates platelet activation and induces more inflamma-
tion factors, finally leading to endothelial dysfunction and
altered vascular tone as well as plague formation.6,7 In pa-
tients with NAFLD, triglyceride, very low-density lipopro-
tein, and low-density lipoprotein levels as well as liver fat
are increased, but high-density lipoprotein levels are
decreased, which causes the increase of free fatty acid and
hepatic inflammation, resulting in dysfunction of lipid
metabolism.8 Moreover, NAFLD is also closely associated
with insulin resistance, which increases hepatic diac-
ylglycerol, resulting in decreased insulin signaling.9 Fatty
acid accumulation in the liver, primarily from adipose tis-
sue, also leads to a decrease of liver glucose, further stim-
ulating insulin resistance.10 At the same time, factors such
as homocysteine, insulin resistance, and fatty acid accu-
mulation induce oxidative stress, which causes endothelial
dysfunction.11 When NAFLD proceeds to fibrosis, angio-
genesis is active and vascular endothelial growth factor as
well as vascular endothelial growth factor receptor 2 in-
crease, which influences atherogenesis and plaque insta-
bility.12 Intestinal dysbiosis and bile acids, as well as
trimethylamine and short-chain fatty acids, also contribute
to atherosclerosis.13 Despite many mechanisms being pro-
posed, the exact mechanisms by which NAFLD causally
contributes to CVDs are not fully elucidated.

The link between NAFLD and CVDs suggests that inter-
cellular communication is important for the pathogenic pro-
cess of diseases.14 In recent years, it is well recognized that
cell communication occurs not only via direct contact and
soluble factors but also via extracellular vesicles (EVs).15 EVs
are lipid bilayer-enclosed nanoparticles released by cells, and
play an important role in local and distant intercellular com-
munications.16 On the basis of the size difference, EVs have
been categorized into exosomes (30 to 150 nm),microvesicles
(100 to 1000 nm), and apoptosis bodies (50 to 5000 nm),
which carry cargo such as proteins, lipids, RNAs, DNAs, and
other components.17 Recently, hepatocyte-derived EVs
were reported to promote endothelial inflammation and
atherogenesis via miRNA-1, which suggests that hepatocyte-
derived EVs may play an important role in NAFLD-induced
CVDs.14 Hepatic small EVs also promote microvascular
endothelial hyperpermeability during NAFLD via novel
miRNA-7.18 However, the regulation of lysosomal ceramide
on hepatocyte-derived EV release and hepatic
steatosiseinduced endothelial Nod-like receptor pyrin
domain 3 (NLRP3) inflammasome activation and neointima
formation are still poorly explored.

Ceramides play an important role in liver systemic
inflammation, lipid metabolic insulin resistance, and
oxidative stress, which are involved in NAFLD-induced
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CVDs.19 Jiang et al20 have reported that inhibiting ceramide
synthesis attenuates hepatic steatosis and fibrosis in rats with
NAFLD. Kasumov et al21 have also reported that ceramide
mediates NAFLD and is associated with atherosclerosis.
Recent studies have demonstrated that lysosomal ceramide
directly contributes to kidney22,23 or cardiovascular dis-
eases.24,25 However, whether lysosomal ceramide contrib-
utes to NAFLD-induced CVDs is not known.
The present study hypothesized that lysosomal ceramide

mediates hepatocyte-derived EV release, which contributes
to hepatic steatosiseinduced endothelial inflammasome
activation and neointima formation. To test this hypothesis,
first, whether loss of acid ceramidase (AC; encoded by
Asah1 gene) function caused the abnormal ceramide
metabolism and aggravated hepatic steatosis was examined
in liver-specific Asah1 gene knockout (Asah1fl/fl/Albcre)
mice. Then, whether such abnormal ceramide metabolism
contributed to the increased hepatic EV release into the
plasma was studied. Whether the increased release of he-
patic EVs due to acid ceramidase deficiency in the liver
was associated with enhanced endothelial NLRP3 inflam-
masome and neointima formation in the carotid arterial
wall of mice was explored next. Finally, whether the iso-
lated EVs from steatotic mice could directly induce NLRP3
inflammasome activation in cultured endothelial cells
(ECs) was tested. The results suggest that acid ceramidase
controls EV release from the liver, and its deficiency in-
tensifies NAFLD and thereby releases more EVs to pro-
mote endothelial NLRP3 inflammasome activation and
consequent neointima proliferation.

Materials and Methods

Mice

All procedures were performed following the NIH Guide for
the Care and Use of Laboratory Animals.26 All animal ex-
periments were approved by the Institutional Animal Care
and Use Committee of Virginia Commonwealth University.
Male and female C57BL/6J wild-type (WT)/WT, Asah1fl/fl/
WT, andAsah1fl/fl/Albcre mice (aged 8 to 12weeks;weight, 18
to 23 g) were produced for all the experiments. All mice were
housed in a controlled environment at 20 � 2�C and 40% to
50% humidity, with a 12-hour light/12-hour dark cycle with
free access to food and water. Mice were separated into six
groups randomly and fed with the normal diet (ND) or high-
fat diet (HFD; 60% fat) for 10 weeks. All mice used in the
in vivo studieswere genotyped for theAsah1fl/fl/Albcre andCre
recombinase gene to confirm liver-specific gene deletion of
acid ceramidase a subunit. Briefly, genomic DNA extracted
from the tail was subjected to PCR amplification using Taq
DNA polymerase (Invitrogen Inc., Grand Island, NY). PCR
was performed using a validated protocol provided by Jack-
son Laboratory (Bar Harbor, ME). The Asah1fl/fl/Albcre mice
were detected using primers of 50-ACAACTGTGTAG-
GATT-CACGCATTCTCC-30 (forward) and 50-TCGA
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TCTAT-GAAATGTCGCTGTCGG-30 (reverse). The inter-
nal control (AC Extron) was detected using primers of 50-
CTAGGCCACA-GAATTGAAAGATCT-30 (forward) and
50-GTAGGTG-GAAATTCTAGCATCATCC-30 (reverse).
The Cre recombinase gene was detected using primers of 50-
CTAGGCCACAGAATTGAAAGATCT-30 (forward) and
50-GTAGGTGGAAATTCTAGCATCATCC-30 (reverse).
The PCR products were separated by gel electrophoresis on a
3% agarose gel, visualized by ethidium bromide fluorescence,
and compared with a 100-bp DNA ladder (New England
Biosystems, Ipswich,MA). To further identifyAsah1fl/fl/Albcre

mice, B6.129-Gt(ROSA)26Sortm1Joe/J (ROSA) mice were
crossbred with Asah1fl/fl/Albcre mice to generate Asah1fl/fl

/Albcre/ROSA mice.

Partial Ligated Carotid Artery

The surgery of the partial ligated carotid artery (PLCA) was
conducted as previously reported.27,28 First, 2% isoflurane
inhalation was used for 5 minutes to anesthetize the mice,
and the hair in the neck was epilated. Then, the mice were
kept anesthetized through a nose cone. After sterilization
with a tincture of iodine, a ventral midline incision was
made in the neck, and the muscle layers were separated with
curved forceps to expose the left carotid artery. The external
carotid, internal carotid, and occipital artery, except for the
superior thyroid artery, were ligated with a piece of 6.0 silk
suture, which will provide the sole source of blood circu-
lation. The unligated right carotid artery served as an in-
ternal control. Next, the incision and disinfection were
performed, then the mice were kept on a heating pad until
they gained consciousness. The mice were sacrificed after 4
weeks of PLCA, and both of their carotid arteries were
isolated for frozen sections and paraffin sections. The slides
were used for immunohistochemistry, dual-fluorescence
staining, and confocal analysis.

Morphologic Examination and Medial Thickening
Analysis

Morphologic changes were measured by hematoxylin and
eosin staining, as described previously.29 Briefly, after
perfusion with cold phosphate-buffered saline (PBS) for 5
minutes, carotid arteries were isolated and immersed into
10% neutral-buffered formalin. Then, the carotid artery was
embedded in paraffin and cut into serial sections (7 mm
thick) for histopathologic evaluation. For hematoxylin and
eosin staining, the sections were heated for 10 minutes at
65�C and deparaffinized twice in 100% xylene for 10 mi-
nutes. Next, the samples were rehydrated with 100%, 95%,
75%, and 50% ethanol in the water. After that, the sections
were immersed in hematoxylin for another 10 minutes.
Once the color turned to blue, the sections were stained with
eosin for another 10 minutes. Next, the sections were rinsed
with running water and dehydrated with different grades of
ethanol. Finally, dibutyl phthalate polystyrene xylene was
The American Journal of Pathology - ajp.amjpathol.org
used to mount the slides. Intimal-medium thickening of
carotid arteries was examined using Image-Pro Plus soft-
ware version 6.0 (Media Cybernetics Inc., Bethesda, MD).

Immunofluorescence Staining

Primary cultured ECs in 8-well plates or carotid arteries on
frozen slides were rinsed once for 5 minutes with PBS and
fixed with 4% paraformaldehyde in PBS for 15 minutes at
room temperature. After being washed two to three times
with PBS (Fisher Scientific, Hampton, NH) for 5 minutes, the
samples were permeabilizated with 0.1% Triton X-100 in
PBS for 10 minutes and were washed two to three times for 5
minutes with PBS. Then, samples were incubated with a
primary antibody overnight at 4�C, followed by incubation
with either Alexa-488e or Alexa-555elabeled secondary
antibody (Invitrogen, Carlsbad, CA; 1:200) for 1 hour at
room temperature in the darkroom. Primary antibody dilution
and catalog information are as follows: ACa (1:200; LS-
B11969; LSBio, Seattle, WA), albumin (1:500; AF3329;
R&D Systems, Minneapolis, MN), lysosomal-associated
membrane protein-1 (1:200; MAB4320; R&D Systems),
Cre (1:500; ab24607; Abcam, Cambridge, MA),
vacuolar protein sorting-associated protein 16 homolog
(VPS16; 1:300; 17776-1-AP; Proteintech, Rosemont, IL),
NLRP3 (1:200; MAB7578; R&D Systems), apoptosis-asso-
ciated speck-like protein containing a caspase-recruitment
domain (ASC; 1:200; catalog number SAB4501314; Santa
Cruz Biotechnology, Dallas, TX), caspase-1 (1:200; SC-
392736; Santa Cruz Biotechnology), and von Willebrand
factor (vWF; 1:300; ab11713; Abcam). Finally, the slides
were mounted using the mounting medium with DAPI and
sealed with nail polish for taking pictures using a confocal
laser scanning microscope (Fluoview FV1000; Olympus,
Tokyo, Japan). Cell- or tissue-specific staining intensity was
measured and analyzed with ImageJ software version 1.53e
(NIH, Bethesda, MD; http://imagej.nih.gov/ij, last accessed
December 30, 2022). The colocalization of NLRP3
(Abcam) with ASC (Santa Cruz Biotechnology) or caspase-
1 (Santa Cruz Biotechnology; 1:200) was analyzed by the
Image-Pro Plus software version 6.0. These summarized
colocalization efficiency data were expressed as Pearson
correlation coefficient, as described previously.30,31

Immunohistochemistry

To perform the immunohistochemistry, paraffin sections
were made using fixed mouse carotid arteries in 10%
formalin, where tissues were dehydrated and embedded in
paraffin and cut into sections (7 mm thick). Immunohisto-
chemical examinations were performed according to the
manufacturer’s protocol for CHEMICAL IHC Select HRP/
DAB Kit (EMD Millipore, Burlington, MA). Briefly,
antigen was recovered with citrate buffer at 100�C for 15
minutes, and endogenous peroxidase activity was quenched
with 3% H2O2 for 15 minutes at room temperature.
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Then, 2.5% horse serum was used to block the non-specific
antibodies for 1 hour at room temperature, followed by in-
cubation with primary antibodies CD63 (1:200; NBP2-
32830; NOVUS, Centennial, CO), annexin II (1:200; cata-
log number SC-9061; Santa Cruz Biotechnology), ceramide
(1:200; ALX-804-196; Enzo, Farmingdale, NY), Cre
(1:200; ab216262; Abcam), and IL-1b (1:200; P420B;
Invitrogen; Waltham, MA), overnight at 4�C and subse-
quently with biotinylated secondary antibodies and a
streptavidin peroxidase complex (PK-7800; Vector Labo-
ratories, Burlingame, CA) for 30 minutes. Finally, the tis-
sues were counterstained with hematoxylin, dehydrated, and
mounted using dibutyl phthalate polystyrene xylene. The
area percentage of the positive staining was measured using
Image-Pro Plus software version 6.0.32

In Situ Analysis of Caspase-1 Activity

Caspase-1 activity was performed, as described previously.33

This assay uses fluorescent-labeled inhibitor of caspases
(FLICA) probes (Immunochemistry Technologies, LLC,
Bloomington,MN) to label activated caspase-1 enzyme in the
arterial endothelium. FLICA probe is composed of a caspase-
1 recognition sequence, tyrosineevalineealanineeaspartic
acid (YVAD), which binds to active caspase-1, a fluo-
romethyl ketone (FMK) moiety that results in irreversible
binding with the enzyme, and a fluorescent tag FAM (car-
boxyfluorescein) reporter. After entering the cells, the FLICA
reagent FAM-YVAD-FMK becomes covalently coupled to
the active caspase-1, whereas any unbound FLICA reagent
diffuses out of the cell and is washed away. The remaining
green fluorescent signal is a direct measure of the active
caspase-1 enzyme activity in the cell or tissue samples. To
detect caspase-1 activity in the arterial endothelium, frozen
section slides were first fixed in 100% acetone for 15 minutes
and incubated overnight at 4�C with sheep anti-vWF (1:200;
Abcam). These slides were then costained with fluorescence-
conjugated anti-sheep secondary antibody and FLICA re-
agent (1:10) from a FLICA Caspase 1 Assay Kit (Immuno-
chemistry Technologies, LLC) for 1.5 hours at room
temperature. Colocalization was analyzed by Image-Pro Plus
software. The colocalization coefficient was represented by
Pearson correlation coefficient.

Isolation and Purification of Extracellular Vesicles

Differential ultracentrifugationwas used to isolate the EVs, as
previously described.34,35 Briefly, the medium or plasma was
collected and spun (300� g) at 4�C for 10 minutes to remove
detached cells or debris. Apoptotic bodies, microvesicles, and
cell debris were removed after being filtered through 0.22-mm
filters. EVs in the supernatant were spun down by ultracen-
trifugation at 100,000 � g for 120 minutes at 4�C (70.1 T1
ultracentrifuge rotator; Beckman, Indianapolis, IN). After
washing in ice-cold filtered PBS, EVs were resuspended in
100 mL ice-cold filtered PBS. CD63 Exo-Flow Capture Kit
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(EXOFLOW300A-1; System Biosciences, Palo Alto, CA)
was used for purification and characterization.

Nanoparticle Tracking Analysis

Nanoparticle tracking analysis was used to characterize EVs
with the light scattering mode of the NanoSight LM10
(NanoSight Ltd., Amesbury, UK). Five frames (30 seconds
each) were captured for each sample with background level
10, camera level 12, and shutter speed 30. Captured EV
distribution images were analyzed using NanoSight NTA
software version 3.2, build 16. EVs isolated from plasma
were diluted (1:1000) before analysis. Particle size, ranging
between 40 and 200 nm, was calculated.

Cell Culture

Isolation of mouse carotid arterial ECs was performed and
characterized, as previously described.36,37 ECs were primed
with a low dose of lipopolysaccharide (1 ng/mL) for 3 hours
before any experiments. Then, ECs were treated with EVs
isolated fromND- or HFD-treated mouse plasma for 24 hours.

Western Blot Analysis

Western blot analysis was performed, as previously
described.38 Briefly, total protein was extracted using lysis
buffer after being washed in cold PBS. Protein concentrations
were measured and resuspended to 2 mg/mL. Cell lysates were
run on an SDS-PAGEgel at a voltage of 100V for 2 to 3 hours.
Protein was transferred into a polyvinylidene difluoride
membrane at the voltage of 100 V for 1 hour. Non-specific
proteins were blocked with 5% nonfat milk in tris-buffered
saline with Tween 20 buffer for 30 minutes. Then, the mem-
brane was incubated with primary antibodies against
proecaspase-1 (1:500; SC-56036; Santa Cruz Biotech-
nology), cleaved caspase-1 (1:500 dilution; SC-514; Santa
Cruz Biotechnology), CD63 (1:500; NBP2-32830; NOVUS),
CD81 (1:500; SC-9158; Santa Cruz Biotechnology), CD9
(1:500; SC-52519; Santa Cruz Biotechnology), and cyto-
chrome P450 2E1 (CYP2E1; 1:2000; ab28146; Abcam)
overnight at 4�C, followed by incubation with a secondary
antibody labeled with horseradish peroxidase for 1 hour at
room temperature. Themembrane was developed with Kodak
Omat film (IB1660760; VWR, Radnor, PA) after being
washed three timeswith tris-buffered salinewith Tween 20.b-
Actin (1:8000 dilution; Santa Cruz Biotechnology) was re-
ported to serve as a loading control. The intensity of the bands
was quantified using NIH ImageJ software version 1.53e
(http://imagej.nih.gov/ij, last accessed December 30, 2022).

Enzyme-Linked Immunosorbent Assay Analysis of
IL-1b Secretions

The culture medium was collected for IL-1b quantification
with an IL-1b enzyme-linked immunosorbent assay kit
ajp.amjpathol.org - The American Journal of Pathology
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(R&D Systems), according to the manufacturer’s instructions
and previous studies.39 In brief, 200 mL of the culture me-
dium was added to a microplate strip well and incubated for
2 hours at room temperature. Then, the solution was mixed
with IL-1b conjugate and incubated for another 2 hours at
room temperature. Thorough washes were performed be-
tween and after the two incubations. A total of 100 mL of
substrate solution was applied to generate chem-
iluminescence. Chemiluminescent absorbance was deter-
mined using a microplate reader at lZ 450. The IL-1b level
was quantified by relating the sample readings to the
generated standard curve.

X-Gal Staining

LacZ Staining Kit (Rep-lz-c; Invivogen, San Diego, CA)
was used to identify Asah1fl/fl/Albcre/ROSA mice. In brief,
liver frozen sections were fixed with fixative solution at
room temperature for 10 minutes. The sections were rinsed
twice with PBS, and staining solutions were added. The
sections were incubated at 37�C overnight in the wet box.
Finally, the sections were checked under a microscope for
the development of blue color, and images were taken.

Statistical Analysis

Data are presented as means � SEM. Significant differences
between the two groups of experiments were examined
using the t-test. Significant differences between and within
multiple groups were examined using analysis of variance
for repeated measures, followed by the Duncan multiple
range test. The statistical analysis was performed by Sig-
maplot 12.5 software (Systat Software, San Jose, CA).
P < 0.05 was considered statistically significant.

Results

Characterization of Asah1fl/fl/Albcre Mice

Asah1fl/fl/Albcre mice were generated by crossing the Asah1
floxed mice (Asah1fl/fl) with B6.Cg-Speer6-ps1Tg (Alb-Cre)
21Mgn/J (stock number 003574 | Albumin-Cre) from the
Jackson Laboratory. Deletion of the Asah1 gene (ACa) and
transgene of Cre was verified by PCR analysis. As shown in
Figure 1A, Asah1fl/fl/Albcre mice had two positive PCR
products, including 175 bp for Cre and 585 bp for floxed
Asah1 gene. Asah1fl/fl/WT mice had positive floxed Asah1
gene (585 bp), but no Cre (175 bp). WT/WT mice had wild-
type Asah1 genes (482 bp), but not floxed Asah1 and Cre
genes. Cre-mediated liver-specific recombination was also
validated by breeding the Asah1fl/fl/Albcre mice with ROSA
double reporter mice to produce an Asah1fl/fl/Albcre/ROSA
strain. ROSAmice carry a floxed blocker of the reporter gene,
enhanced green fluorescent protein. Cre excision of the
blocker in Asah1fl/fl/Albcre/ROSA mice activated enhanced
green fluorescent protein to produce green fluorescence, as
The American Journal of Pathology - ajp.amjpathol.org
detected by in vivo imaging in the mouse and the dissected
liver (Figure 1B). X-Gal staining indicated blue color for live
cells, as shown in Supplemental Figure S1. Using immuno-
chemistry staining, a significant decrease in the AC protein
was observed in the liver of Asah1fl/fl/Albcre mice with Cre
expression, which resulted in the accumulation of ceramide,
as shown by remarkedly increased ceramide expression in the
liver ofAsah1fl/fl/Albcre mice (Figure 1C).Moreover, confocal
microscopy failed to indicate AC protein in the liver and ly-
sosomes of Asah1fl/fl/Albcre mice, as shown by the colocali-
zation of ACa with Alb as a liver marker or lysosomal-
associated membrane protein-1 as a lysosomal marker.
However, ACa was detected in the liver of WT/WT and
Asah1fl/fl/WT mice (Figure 1D). In contrast, Cre was only
detected in the liver of Asah1fl/fl/Albcre mice, as shown by the
colocalization of Cre with Alb (Figure 1D). These results
confirmed that the Asah1 gene was deleted in the hepatocytes
of Asah1fl/fl/Albcre mice.

Intensified Hepatic Steatosis in the Liver of
Asah1fl/fl/Albcre Mice with HFD

It is known that ceramide regulates NAFLD20; therefore, first,
the effects of Asah1 gene deletion on ceramide expression and
hepatic steatosis on the HFD were confirmed. As shown in
Figure 2, A and B, using immunohistochemistry staining,
increased ceramide expression in WT/WT or Asah1fl/fl/WT
mice on the HFD was observed in the liver, and the increase
was markedly enhanced by Asah1 gene deletion in Asah1fl/fl/
Albcre mice. Asah1fl/fl/Albcre mice on the HFD had elevated
HFD-induced lipid deposition in the liver as indicated by he-
matoxylin and eosin staining and Oil Red staining compared
with the littermates of WT/WT or Asah1fl/fl/WT mice, as
shown by the representative and summarized data in Figure 2,
C through F. These results suggest that Asah1 gene deletion or
ceramide accumulation in the liver regulates HFD-induced
hepatic steatosis.

Enhanced EV Release and Impaired Interaction of
Multivesicular Bodies with Lysosomes in the Liver of
Asah1fl/fl/Albcre Mice

The interaction of lysosomes with multivesicular bodies
(MVBs) plays an important role in MVB-regulated EV fate.40

Given that ACa is mainly detected in the lysosome and its
action on lysosome trafficking or function,41,42 the effect of
Asah1 gene deletion on EV secretion in the liver was exam-
ined. As shown in Figure 3, A through D, using immuno-
chemistry staining, EV markers, CD63 and annexin II, were
detected in the liver of mice on the HFD. Asah1 gene deletion
inAsah1fl/fl/Albcremice notably increasedCD63 and annexin II
expression, even in those on the ND diet. Moreover, HFD
treatment also significantly increased CD63 and annexin II
expression in the liver of WT/WT mice and Asah1fl/fl/WT
mice, which was enhanced by the Asah1 gene deletion in the
liver of Asah1fl/fl/Albcre mice. Furthermore, using Nanosight, a
497
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Figure 1 Characterization of liver-specific Asah1 knockout mice (Asah1fl/fl/Albcre). A: Wild type (WT)/WT has two positive PCR products, including Cre
recombinase (Cre) at 178 bp and floxed Asah1 at 482 bp. Asah1fl/fl/WT has two positive PCR products, including Cre at 178 bp and floxed Asah1 at 585 bp.
Asah1fl/fl/Albcre has three positive PCR products, including Cre at 178 and 175 bp and floxed Asah1 at 585 bp. B: Cre-mediated endothelial cellespecific
recombination was validated by breeding the Asah1fl/fl/Albcre mice with B6.129-Gt(ROSA)26Sortm1Joe/J (ROSA) reporter mice; in vivo and ex vivo imaging
of the offspring shows green fluorescent protein expression in the mice and liver. C: Representative immunohistochemistry staining, showing acid ceramidase
(AC) and Cre protein as well as Cre protein expression in the liver of Asah1fl/fl/Albcre mice and their littermate WT/WT and Asah1fl/fl/WT mice. D: Representative
fluorescent confocal microscopy images showing the colocalization of a subunit of AC (ACa) versus Alb, ACa versus lysosomal-associated membrane protein-1
(Lamp-1), and Alb versus Cre, indicating ACa protein only expression in the hepatocytes and the lysosomes of WT/WT and Asah1fl/fl/WT mice but not expression
in Asah1fl/fl/Albcre mice. There were at least three mice in each group. n Z 3 (AeD). Scale bars Z 100 mm (C and D).
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nanoparticle tracking analyzer, it was found that plasma-
derived EVs were significantly increased in WT/WT mice
andAsah1fl/fl/WTmice fed on theHFDcomparedwith theND.
The increase was markedly enhanced by the Asah1 gene
deletion in Asah1fl/fl/Albcre mice on the HFD. However, no
significant change was observed due toAsah1 gene deletion in
Asah1fl/fl/Albcremice fed on theNDcomparedwithND-treated
WT/WT mice and Asah1fl/fl/WT mice, as shown in Figure 3E
by a summarized bar graph of EV relative concentration in the
mice plasma. Interestingly, the colocalization of lysosomal-
associated membrane protein-1 versus VPS16 was signifi-
cantly decreased in WT/WT mice and Asah1fl/fl/WT mice, as
shown by the yellow spots, after HFD as compared with ND.
Asah1 gene deletion decreased the colocalization of
lysosomal-associated membrane protein-1 in Asah1fl/fl/Albcre

mice on ND versus VPS16 compared with their littermates. In
addition, attenuated HFD-induced decrease in colocalization
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of these markers in the WT/WT mice and Asah1fl/fl/WT mice
was further attenuated byAsah1 gene deletion (Figure 3, F and
G). The data indicate that Asah1 gene deletion impairs the
fusion of lysosomes with MVBs, which leads to enhanced EV
release.

Aggravated Endothelial NLRP3 Inflammasome
Activation in the Carotid Arteries by Asah1 Gene
Deletion in the Liver of Asah1fl/fl/Albcre Mice

TheNLRP3 inflammasome formation in PLCAswas analyzed
by examining the colocalization of NLRP3 inflammasome
components using confocal immunofluorescence microscopy
(Figure 4). As shown in Figure 4, A and C, in WT/WT or
Asah1fl/fl/WT control mice, HFD significantly increased the
colocalization of NLRP3 versus ASC or caspase-1 compared
with the ND, as shown by yellow spots in the intima of the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Enhanced hepatic steatosis by Asah1 gene deletion in the liver of Asah1fl/fl/Albcre mice on the high-fat diet (HFD). A: Representative immu-
nohistochemistry staining showing the accumulation of ceramides in the liver of Asah1fl/fl/Albcre mice and their littermate controls, wild-type (WT)/WT or
Asah1fl/fl/WT mice, on the normal diet (ND) or HFD. B: Summarized data showing the intensity of ceramide in the liver with an anti-ceramide antibody. C and E:
Representative hematoxylin and eosin (H&E) staining and Oil Red O staining showing the accumulation of lipid droplets in the liver. D and F: Summarized data
showing the percentage of positive lipid droplets in the liver. Data are expressed as means � SEM (B, D, and F). n Z 5 (AeF). *P < 0.05 versus WT/WT-ND or
Asah1fl/fl/WT-ND group; yP < 0.05 versus WT/WTeWestern diet (WD) or Asah1fl/fl/WT-HFD group. Scale bars Z 100 mm (A, C, and E).

NAFLD Aggravates Vascular Endothelium
carotid arteries. The HFD-induced increase in the colocaliza-
tion of NLRP3 components was enhanced in Asah1fl/fl/Albcre

mice compared with WT/WT or Asah1fl/fl/WT mice. The
quantified colocalization coefficient data are summarized in
Figure 4, B and D. In addition to their formation, the activation
of the NLRP3 inflammasome was analyzed by testing the
caspase-1 activity using FLICA probes (Figure 4, E and F) and
IL-1b expression using immunohistochemistry staining
(Figure 4, G and H). As shown in Figure 4, E and F, there was
no significant colocalization of FLICAwith endothelialmarker
vWF in all mouse strains on ND, suggesting a basal level of
NLRP3 inflammasome activity in thesemice. In contrast, HFD
significantly increased the FLICA/vWF colocalization inWT/
WT and Asah1fl/fl/WT control mice, which was significantly
enhanced in Asah1fl/fl/Albcre mice. Accompanied by enhanced
caspase-1 activity by HFD, Asah1fl/fl/Albcre mice showed a
The American Journal of Pathology - ajp.amjpathol.org
more significant increase in the levels of IL-1b expression by
HFD in the carotid intima region compared with that in WT/
WT and Asah1fl/fl/WT mice (Figure 4, G and H). Together,
these data suggest that Asah1 gene deletion in the liver en-
hances endothelial NLRP3 inflammasome formation and
activation in the carotid arteries of mice.

Augmented Neointima Formation and Endothelial
Injury in the Carotid Arteries by Asah1 Gene Deletion
in the Liver of Asah1fl/fl/Albcre Mice

The neointima formation as a major pathologic change in
PLCA was also analyzed in Asah1fl/fl/Albcre mice and their
littermates on the ND and HFD by hematoxylin and eosin
staining. As shown in Figure 5A, the neointima formation
was not observed in PLCAs of Asah1fl/fl/Albcr mice on ND
499
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Figure 3 Enhanced extracellular vesicle (EV) release and attenuated interactions of multivesicular bodies with lysosomes by Asah1 gene deletion in the
liver of Asah1fl/fl/Albcre mice on the high-fat diet (HFD). AeD: Representative immunohistochemistry staining and summarized data displaying the expression
of EV marker CD63 and annexin II in the liver. E: Summarized data showing the relative concentration of plasma EVs released from the liver of different groups
of mice. F and G: Representative images and summarized data showing the colocalization of vacuolar protein sorting-associated protein 16 homolog (VPS16)
versus lysosomal-associated membrane protein-1 (Lamp-1) in the liver of different groups of mice. Data are expressed as means � SEM (B, D, E, and G). nZ 5
(AeG). *P < 0.05 versus wild-type (WT)/WTenormal diet (ND) or Asah1fl/fl/WT-ND group; yP < 0.05 versus WT/WTeWestern diet (WD) or Asah1fl/fl/WT-HFD
group. Scale bars Z 100 mm (A, C, and F).

Yuan et al
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Figure 4 Enhanced endothelial Nod-like receptor pyrin domain 3 (NLRP3) inflammasome activation and formation in the carotid arterial wall by Asah1
gene deletion in the liver of Asah1fl/fl/Albcre mice on the high-fat diet (HFD). A and C: Representative fluorescent confocal microscope images, displaying the
yellow dots or patches showing the colocalization of NLRP3 (green) versus ASC and caspase-1 (red). B and D: Summarized data showing the colocalization
coefficient of NLRP3 versus apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (ASC) and caspase-1. E:
Representative fluorescent confocal microscope images showing the colocalization of fluorescent-labeled inhibitor of caspases (FLICA; green) with von
Willebrand factor (vWF; red). A, C, and E: The right corner boxed areas represent amplified areas within the small white boxed area. F: Summarized data
showing the colocalization coefficient of FLICA with vWF. G: Representative microscopic images of tissue slide with immunohistochemical staining showing IL-
1b accumulation on the carotid arterial wall. H: Summarized data showing the density of IL-1b stained with selective antieIL-1b antibody. Data are expressed
as means � SEM (B, D, F, and H). n Z 5 (AeH). *P < 0.05 versus wild-type (WT)/WTenormal diet (ND) or Asah1fl/fl/WT-ND group; yP < 0.05 versus
WT/WTeWestern diet (WD) or Asah1fl/fl/WT-HFD group. Scale bars: 200 mm (A, C, and E); 100 mm (G).

NAFLD Aggravates Vascular Endothelium
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and their control littermates. In contrast, Western diet
significantly increased the neointima formation and intima/
media ratio in PLCAs of WT/WT and Asah1fl/fl/WT mice.
The increase was significantly enhanced in Asah1fl/fl/Albcre

mice, as shown in the summarized data in Figure 5B.
Moreover, using immunofluorescence microscopy, endothe-
lial injury was detected by measuring the vWF expression in
the carotid arteries. vWF is similarly expressed in ND-treated
control (WT/WT and Asah1fl/fl/WT) mice or Asah1fl/fl/Albcre

mice, showing the intact interendothelial vWF junction of
carotid arteries. However, HFD significantly decreased vWF
expression in the WT/WT and Asah1fl/fl/WT mice, which was
more pronounced in Asah1fl/fl/Albcre mice (Figure 5, C and
D). Together, these data suggest that increased hepatic stea-
tosis by Asah1 gene deletion leads to aggravated neointimal
lesion formation and endothelial injury in carotid arteries.

Exaggerated Endothelial NLRP3 Inflammasome
Activation and Formation by EVs Extracted from Mice
Plasma of Asah1fl/fl/Albcre Mice

EVs were purified and evaluated by flow cytometry of bead-
coupled EVs after fluorescent immunolabeling for CD63
(Supplemental Figure S2A), nanoparticle tracking analysis
Figure 5 Enhanced neointima formation and endothelial injury in the carotid a
high-fat diet (HFD). A: Hematoxylin and eosin (H&E) staining showing the neoin
arrowheads) and the intima area (white arrowheads) are shown. B: Quantitative
calculation of the ratio between arterial intima and media area. C: Representativ
Willebrand factor (vWF). The right corner boxed areas represent amplified ar
the fluorescence intensity of vWF. Data are expressed as means � SEM (B and D)
Asah1fl/fl/WT-ND group; yP < 0.05 versus WT/WTeWestern diet (WD) or Asah1fl/fl
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(Supplemental Figure S2B), and Western blot analysis
(Supplemental Figure S2C). The average peak size of EVswas
150 nm, determinedbynanoparticle tracking analysis, andEVs
express the typical markers CD63, CD9, and CD81, as well as
CYP2E1, a liver cell marker. This indicates that some EVs are
released from liver cells. Interestingly, CYP2E1 expression in
the EVs from HFD mice was examined, and a significant in-
crease was observed compared with the EVs from ND mice
(Supplemental Figure S3). This result suggests that HFD
contributed to the increase of EVs in the plasma, which may
affect the functions of artery endothelial cells. Using stained
EVs to co-culturewith ECs, it was found that EVs fromplasma
easily entered ECs, as shown in Supplemental Figure S4.
Next, the effects of HFD-stimulated WT/WT and

Asah1fl/fl/ECcre EVs were determined on the NLRP3
inflammasome formation and activation in ECs from carotid
arteries (Figure 6). EVs were isolated from the plasma of
WT/WT and Asah1fl/fl/Albcre mice on the ND or HFD [ND-
Exo (EVs isolated from plasma of mice on ND) or HFD-
Exo (EVs isolated from plasma of mice on HFD), respec-
tively], which were co-cultured with primary cultured
endothelial cells from carotid arteries from WT/WT mice.
As shown in Figure 6, A and B, the HFD-Exo fromWT/WT
mice dose dependently increased the expression of the cleaved
rtery wall by Asah1 gene deletion in the liver of Asah1fl/fl/Albcre mice on the
tima and media in the mouse carotid arterial wall. The media area (black
analysis of vascular lesions in partial ligated carotid artery, represented by
e fluorescent confocal microscopic images showing the expression of von
eas within the small white boxed areas. D: Summarized data showing
. n Z 5 (AeD). *P < 0.05 versus wild-type (WT)/WTenormal diet (ND) or
/WT-HFD group. Scale bars Z 100 mm (A and C).
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caspase-1 expression in cultured endothelial cells when
compared with untreated control cells. In contrast, no signif-
icant effectswere found for ND-Exo fromWT/WTorAsah1fl/
fl/ECcre mice on endothelial cleaved caspase-1 expression,
caspase-1 activity, or IL-1b production compared with the
non-EV control cells. Interestingly, HFD-Exo from Asah1fl/fl/
ECcre mice exhibited more potent effects than HFD-Exo from
WT/WT mice on cleaved caspase-1 expression, caspase-1
activity, and IL-1b production (Figure 6, CeF).
Figure 6 Exaggerated endothelial Nod-like receptor pyrin domain 3 inflammaso
from mice plasma of Asah1fl/fl/Albcre mice. A: Representative blots showing the d
(HFD)] on the expression of cleaved caspase-1 (Cleecasp-1) compared with untrea
cleaved caspase-1 induced by HFD-Exo. C: Representative blots showing the expres
on normal diet (ND) or HFD. D: Summarized data showing the relative expression
Summarized data showing IL-1b production. Data are expressed as means � SEM
Asah1fl/fl/WT-ND group; yP < 0.05 versus WT/WTeWestern diet (WD) or Asah1fl/fl

The American Journal of Pathology - ajp.amjpathol.org
Consistently, by detecting the colocalization of NLPR3 with
ASC or caspase-1, HFD-Exo from Asah1fl/fl/ECcre more
significantly increased NLRP3 inflammasome assembly in
ECs than HFD-Exo from WT/WT mice (Figure 7). Interest-
ingly, proecaspase-1 and cleecaspase-1 also were observed
to be packaged in the EVs frommouse plasma (Supplemental
Figure S5). These results suggest that EVs in the blood from
the steatotic liver contributed to endothelial NLRP3 inflam-
masome activation and formation.
me activation and IL-1b production by extracellular vesicles (EVs) extracted
ose effects of HFD-Exo [EVs isolated from plasma of mice on high-fat diet
ted controls (Ctrls). B: Summarized data showing the relative expression of
sion of cleaved caspase-1 induced by different EVs from the plasma of mice
of cleaved caspase-1. E: Summarized data showing caspase-1 activity. F:
(B and DeF). n Z 5 (AeF). *P < 0.05 versus wild-type (WT)/WT-ND or

/WT-HFD group. ND-Exo, EVs isolated from plasma of ND-treated mice.
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Figure 7 Exaggerated endothelial Nod-like receptor pyrin domain 3 (NLRP3) inflammasome formation by extracellular vesicles (EVs) extracted from plasma
of Asah1fl/fl/Albcre mice. A and B: Representative fluorescent confocal microscope images, displaying the yellow dots or patches showing the colocalization of
NLRP3 (green) versus apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (ASC) and caspase-1 (red). C and D:
Summarized data showing the colocalization coefficient of NLRP3 versus ASC and caspase-1. Data are expressed as means � SEM (C and D). n Z 5 (AeD).
*P < 0.05 versus wild-type (WT)/WTenormal diet (ND) or Asah1fl/fl/WT-ND group; yP < 0.05 versus WT/WTeWestern diet (WD) or Asah1fl/fl/WTehigh-fat diet
(HFD) group. Scale bars Z 10 mm (A and B). Ctrl, control; HFD-Exo, EVs isolated from plasma of HFD-treated mice; ND-Exo, EVs isolated from plasma of ND-
treated mice.

Yuan et al
Discussion

The current study explored the role of acid ceramidase/cer-
amide in hepatocyte-derived EV release and its contribution
to hepatic steatosiseinduced endothelial NLRP3 inflamma-
some activation, endothelial injury, and neointima forma-
tion. Lipid deposition and EV release were significantly
enhanced in the liver of HFD-treated Asah1fl/fl/Albcre mice
compared with those in their littermates. This was accom-
panied by endothelial NLRP3 inflammasome activation and
neointima formation as well as endothelial dysfunction in
carotid arteries. Additionally, EVs isolated from the plasma
of HFD-treated WT/WT mice increased NLRP3 inflamma-
some activation in endothelial cells in vitro, and the in-
creases were enhanced by EVs from the plasma of HFD-
treated Asah1fl/fl/Albcre mice. The findings provide a novel
insight into the important role for circulatory EVs in the
interaction between the liver and the vascular system,
504
suggesting a mechanistic link between NAFLD and vas-
culopathy associated with metabolic disorders.
An Asah1 mutant mouse model, by flanking exon 1, has

demonstrated that deletion of acid ceramidase signal peptide
disrupts lysosomal targeting and activity of acid ceramidase,
which causes ceramide accumulation in the lung, kidney,
spleen, muscle, as well as liver.43 To study the effects of
Asah1 mutant in NAFLD on CVDs, herein, Asah1 floxed
mice were crossed with albumin-Cre mice to generate liver-
specific knockout mice (Asah1fl/fl/Albcre). Characterization
of Asah1fl/fl/Albcre mice indicated that the deletion of acid
ceramidase led to an accumulation of lysosomal ceramides
in the liver. Although several mutations have been described
in different domains of the Asah1 enzyme, including two
single base-pair mutations (Gln22His and His23Asp) in the
signal peptide sequence,44 reports on genotype-phenotype
correlations are missing for most of the identified Asah1
mutations. The present study, for the first time, reports the
ajp.amjpathol.org - The American Journal of Pathology
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Asah1fl/fl/Albcre mice and the increase of lysosomal ceram-
ides, which is seminal to offering further insights into the
pathogenesis of ceramide-associated diseases.

Among the many identified factors, ceramide accumula-
tion contributes to both NAFLD and alcoholic liver disease
in various models. Kasumov et al21 have reported that in-
hibition of ceramide synthesis is associated with a profound
reversal of diet-induced hepatic steatosis and inflammation,
suggesting that modulation of ceramide synthesis may lead
to the development of novel strategies for the treatment of
both NAFLD and its associated atherosclerosis. Moreover,
pharmacologic ceramide reduction has been reported to
alleviate alcohol-induced steatosis and hepatomegaly in
adiponectin knockout mice.45 Recently, Correnti et al46

have demonstrated that hepatic ceramide reduction amelio-
rates the effects of alcohol on hepatic lipid droplet accu-
mulation by promoting very low-density lipoprotein
secretion and lipophagy, the latter of which involves cer-
amide cross talk between the lysosomal and lipid droplet
compartments. In the current study, a mouse model of
NAFLD with HFD was established. HFD successfully
induced steatosis in the control (WT/WT or Asah1fl/fl/WT)
mice, as shown by increased lipid droplet accumulation in
the liver, whereas Asah1fl/fl/Albcre mice on HFD had more
severe steatosis compared with control mice. The severity of
the steatosis correlated well with the hepatic ceramide levels
as a higher ceramide level was observed in Asah1fl/fl/Albcre

mice compared with that in control mice. These data are
consistent with previous relative studies and suggest that
deletion of acid ceramidase causes lysosomal ceramide
accumulation, which contributes to mouse NAFLD in the
liver.

In recent years, EVs or exosomes have emerged as critical
mediators in the intercellular communication and between
the interactions of cell-cell or organ-organ communications,
which play important roles in the various pathophysiolog-
ical processes.47,48 EVs can be released into extracellular
fluid and circulation by various types of cells, such as
macrophages, hepatocytes, adipocytes, and many others.
The number and overall composition of EVs released by
donor cells are often altered in response to various stresses
or pathologic stimuli. For instance, hepatocytes under lip-
otoxic stress have been shown to dramatically increase the
release of EVs.49,50 Previous studies have shown that
excessive lipids stimulate the release of hepatocytes-EVs
with proinflammatory molecules inside.51,52 Momen-
Heravi et al53 showed that alcohol-treated hepatocytes
release exosomes, which carry miRNA-122, to enhance the
inflammatory response in monocytes and affect their im-
mune function. In alcoholic liver disease, alcohol-exposed
human monocytes can release exosomes, which can subse-
quently stimulate the polarization of naive monocytes, then
form M2 macrophages.53 In a hepatitis C viruseinduced
fibrosis model, exosomes released by hepatitis C
viruseinfected hepatocytes carry miR-19a, which can be
internalized by hepatic stellate cells.54 Previous studies have
The American Journal of Pathology - ajp.amjpathol.org
demonstrated that lysosomal ceramide plays an important
role in regulating exosome release in different types of cells,
including smooth muscle cells,35,55 podocytes,56 and endo-
thelial cells.29 Herein, it was demonstrated that Asah1 gene
deletion significantly augmented the HFD-induced release
of hepatic EVs and reduction in the lysosome interaction
with MVBs. The precise molecular mechanisms by which
lysosomal ceramide regulates exosomal release remain un-
known and are worth future investigation. Nonetheless, the
results from the present study support the view that lyso-
somal ceramide accumulation due to acid ceramidase defi-
ciency contributes to the pathogenesis of steatosis and
impairs lysosomal fusion with MVBs, leading to intensified
hepatic EV release.

Recent studies have shown that hepatocyte-derived exo-
somes carrying hepatocyte-specific contents can easily pass
through the sinusoidal endothelium.57,58 They stimulate
various nonparenchymal cells, including monocytes,53

lymphocytes,59 hepatic stellate cells,60,61 and endothelial
cells,62 which play an important role in signaling trans-
mission. Recently, it has been demonstrated that hepatocyte-
derived exosomes/EVs promote endothelial inflammation
and facilitate atherogenesis by miR-1 delivery, Kruppel-like
factor 4 (KLF4) suppression, and NF-kB activation, which
illustrates an important role of hepatocyte-derived exosomes
in distant communications between the liver and vascula-
ture.14 Increasing evidence has shown that exosomes are the
upstream regulators for inflammasome activation, although
some studies have demonstrated that inflammasome acti-
vation could regulate the release of exosomes.63 Interest-
ingly, most reports have elucidated that exosomes from stem
cells, such as adipose tissueederived mesenchymal stem
cells, bone marrowederived stem cells, and embryonic stem
cells, always show their inhibitor effects on inflammasome
activation. However, exosomes isolated from other cells
show the opposite data, indicating the positive correlation
between exosomal release and inflammasome activation.
Especially, Kerr et al64 reported that delivery of serum-
derived EVs to human microvascular endothelial cells
activated the inflammasome and resulted in endothelial cell
pyroptosis. Previous studies have demonstrated that HFD
induces neointimal formation in partial ligated carotid ar-
teries, which was attributed, at least in part, to endothelial
NLRP3 inflammasome activation and consequent endothe-
lial damage.65 In the present study, it was observed that
intensified hepatic EV release in Asah1fl/fl/Albcre mice was
correlated with aggravated NLRP3 inflammasome activa-
tion, endothelial injury, and neointimal formation. In in vitro
studies, it was further demonstrated that EVs isolated from
HFD-treated WT/WT mice dose dependently increased
NLRP3 inflammasome activation in cultured ECs, and such
inflammasome-activating effects were only observed for
EVs from HFD-treated WT/WT or Asah1fl/fl/Albcre mice but
not from ND-treated mice. Together, the findings from
in vivo and in vitro studies support the view that hepatic
EVs released from the steatotic liver directly activate
505
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endothelial NLRP3 inflammasomes and thereby contribute
to endothelial injury and neointimal formation. When ECs
were stimulated with the same amounts of EVs, the EVs
isolated from HFD-treated Asah1fl/fl/Albcre mice exhibited
more potent activating effects on endothelial NLRP3
inflammasomes than those from WT/WT mice. This dif-
ference could be due to changes either in their cargos (eg,
miRNAs) or membrane components (eg, ceramides), which
deserve further investigations.

In summary, the present study demonstrated that Asah1
gene deficiency in the liver results in lysosomal ceramide
increase, leading to enhancement of HFD-induced hepatic
steatosis and EV release, which causes the carotid endo-
thelial dysfunction through endothelial NLRP3 inflamma-
some formation and activation. The authors’ results provide
novel insights into understanding the novel role of circula-
tory EVs in linking NAFLD and vasculopathy in metabolic
disorders.
Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2022.12.007.
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