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Inflammation plays an important role in aortic dissection (AD). Macrophages are critically

involved in the inflammation after aortic injury. Neuraminidases (NEUs) are a family

of enzymes that catalyze the cleavage of terminal sialic acids from glycoproteins

or glycolipids, which is emerging as a regulator of macrophage-associated immune

responses. However, the role of neuraminidase 1 (NEU1) in pathological vascular

remodeling of AD remains largely unknown. This study sought to characterize the role

and identify the potential mechanism of NEU1 in pathological aortic degeneration. After

β-aminopropionitrile monofumarate (BAPN) administration, NEU1 elevated significantly

in the lesion zone of the aorta. Global or macrophage-specific NEU1 knockout (NEU1

CKO) mice had no baseline aortic defects but manifested improved aorta function,

and decreased mortality due to aortic rupture. Improved outcomes in NEU1 CKO

mice subjected to BAPN treatment were associated with the ameliorated vascular

inflammation, lowered apoptosis, decreased reactive oxygen species production,

mitigated extracellular matrix degradation, and improved M2 macrophage polarization.

Furthermore, macrophages sorted from the aorta of NEU1 CKO mice displayed

a significant increase of M2 macrophage markers and a marked decrease of M1

macrophage markers compared with the controls. To summarize, the present study

demonstrated that macrophage-derived NEU1 is critical for vascular homeostasis. NEU1

exacerbates BAPN-induced pathological vascular remodeling. NEU1 may therefore

represent a potential therapeutic target for the treatment of AD.
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INTRODUCTION

Aortic dissection (AD) is a fatal surgical emergency characterized
by acute-onset chest or back pain with few, if any, preceding
signs (1). The mortality rate is 60–70% in the first 24 h (2).
Anatomically, when the intima of the aorta is damaged and
ruptured for various reasons, the flow of blood through the
tears and separated the media into two layers, leading to the
further destruction of the aortic wall (3). Despite new concepts
regarding the diagnosis, classification, and treatment of AD have
been developed recently (4), little is known about the pathological
and molecular mechanisms before and after the onset of AD due
to its sudden and unpredictable nature (5). Therefore, ongoing
research is emergency for elucidating the pathophysiology of AD
and developing diagnostic and therapeutic interventionmethods.

The pathophysiology of AD has gradually been elucidated. In
addition to mutations in some genes involved in extracellular
matrix metabolism and smooth muscle cytoskeleton, some high-
risk factors for AD have also been confirmed, including long-
term hypertension, dyslipidemia, smoking, giant cell arteritis,
etc. These non-genetic factors suggest that the inflammation
may make the aorta susceptible to AD (6). Inflammatory cells
infiltrate the injured site of the aorta to remove necrotic cells and
damaged tissue; however, the excessive inflammation may play
a role in aneurysm formation after dissection (7). Although the
degeneration of the media is a fundamental pathological change
of AD, the degeneration only weakens the media, and most cases
of AD form intimal tears at the beginning. Further studies have
shown that the inflammation is an important mechanism leading
to intimal damage and mid-layer degeneration (8). Moreover,
an analysis of gene expression changes in human dissecting
tissues using cDNAmicroarrays confirmed that the inflammation
was involved in the pathogenesis of disease (9). Indeed,
numerous studies confirmed that inflammatory cytokines and
chemokines, including interleukin (IL)-6, granulocyte colony-
stimulating factor, granulocyte macrophage colony-stimulating
factor, IL-17, chemokine (C–X–C motif) ligand 1, and C–
C motif chemokine ligand 2, play essential roles in AD
pathogenesis (10–12). IL-6-STAT3 signaling pathway promotes
AD induced by angiotensin (Ang) II via the Th17/IL-17 axis in
mice (13).

Different types of immune cells infiltrated in the lesion area of
the AD aorta, among which macrophages are the most abundant
cell type (14). Evidence from animal models and patients showed
marked infiltration of macrophages at the site of tears (15).
Animal model studies revealed the importance of signaling
amplification loops between macrophages and fibroblasts via
IL-6 and monocyte/macrophage chemokine (MCP-1) in AD
tissues (10). Macrophage-associated cytokine signaling may be
the targets to prevent the development and progression of AD.
For example, Socs3 inmacrophagesmodulates the stress response
of macrophages and vascular smooth muscle cells (VSMCs) and
promotes the healing of damaged aortic walls and preventing
AD development in mice, whereas macrophage Socs3 knockout
mice showed premature activation of cell proliferation, increased
inflammatory response, and the conversion of macrophages to a
pro-inflammatory phenotype (5).

Neuraminidases (NEUs), also known as sialidases, are a family
of enzymes that cleave sialic acid on the surfaces of cells. NEU1
is the most abundant and ubiquitous of the four mammalian
sialidases with a wide tissue distribution (16). In addition to
participating in catabolism of glycoproteins and glycolipids in
vivo, an increasing body of literature suggests that NEU1 also
plays an important role in the immune system, especially in
the macrophage-related inflammation (17). For example, animal
studies have found that sialidase deficiency leads to reduced
macrophage effect, whereas the upregulation of NEU1 expression
during the differentiation of monocytes into macrophages helps
to enhance the phagocytosis of these cells (18). Recently, a
study has shown that NEU1 regulates the activation of TLR
receptors on macrophages, to be specific, binding of the ligand
to TLR induces NEU1 activity, leading to the desalivation of
the receptor, which in turn induces receptor activation, nitric
oxide, and pro-inflammatory cytokine production (19). Given
inflammatory macrophage triggering AD and NEU1 governing
macrophage polarization, whether NEU1 is involved in the
pathogenesis of AD through the regulation of macrophages has
not been reported.

In the present study, we observed that the NEU1
expression was markedly upregulated in aortic tissues
from β-aminopropionitrile monofumarate (BAPN)-
induced AD mice. Deletion of NEU1 (either global or
specifically in macrophage) all manifested improved aorta
function, vascular remodeling, and decreased mortality
due to aortic rupture. Mechanically, improved outcomes
in NEU1 CKO mice were associated with the improved
vascular inflammation, which at least in part by promoting
the polarization of M2 macrophages. Therefore, it is
proposed that NEU1 may be a potential therapeutic target
for AD.

METHODS

Animals
NEU1F/F mice, LysMCre, and NEU1 KO mice (C57BL/6) were
purchased from Shanghai Biomodel Organism Co, Shanghai,
China. NEU1 gene is comprised of five coding exons 2–6.
To generate NEU1F/F mice, a donor vector containing exon
2 flanked by two loxP sites and two homology arms were
used as the homologous recombination mediated repairing
template. NEU1F/F mice were hybridized with LysMCre mice to
generate NEU1F/F, LysMCre (NEU1 CKO) mice. All experiment
animals were male considering the feature of less sex hormone
variations and high incidence of thoracic aortic dissection
(TAD). Age/weight-matched wild-type (WT) mice served as
controls. NEU1 KO, NEU1F/F mice, and NEU1 CKO mice
aged 4 weeks were administrated with BAPN in the drinking
water with 1 g/kg/day for 4 weeks to induce TAD. All mice
shared standard chow and water and were maintained with an
alternating 12-h light/dark cycle. All animal procedures were
performed in accordance with the protocols approved by the
Animal Care and Use Committee of The First Affiliated Hospital
of Nanchang University.
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Immunofluorescence Staining
Vascular tissue was firstly fixed with 4% paraformaldehyde (PFA)
at room temperature for 2 h. After phosphate-buffered saline
(PBS) washing, they were dehydrated with 30% sucrose overnight
and embedded in optimum cutting temperature (OCT) solution
(Sakura Finetek Inc., Torrance, CA, USA). Before the experiment,
the frozen sections (7µm) were dried at room temperature and
fixed in cold acetone solution for 10min. Sections were sealed
with 3% bovine serum albumin (BSA) for 2 h to prevent non-
specific binding. COL1A1 (1:200; NBP1-30054; Novus, St. Louis,
MO, USA), CD68 (1:200, AB283654; Abcam, Cambridge, UK),
inducible nitric oxide synthase (iNOS) (1:200, AB178945; Abcam,
Cambridge, UK), arginase-1 (Arg-1) (1:200, 93668; Cell Signaling
Technology, Danvers, MA, USA), and NEU1 (1:500, sc-166824;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) were incubated
at 4◦C overnight. An appropriate secondary antibody (1:500)

was taken and incubated at room temperature for 2 h. The 4
′

,6-
diamidino-2-phenylindole (DAPI) staining was performed after
full rinse-washing. Finally, it was sealed with anti-fade reagent
and observed by laser scanning confocal microscope (Carl
Zeiss, Oberkochen, Germany). For cell immunofluorescence test,
sorted macrophages were cultured on a coverslip placed in 12-
well plate. Before the experiment, the slides were fixed with 4%
PFA for 30min, rinsed with PBS, and remaining procedures were
according to the frozen sections. The primary antibody used was
as follows: iNOS (1:200, AB178945, Abcam, Cambridge, UK)
and Arg-1 (1:200, 93668; Cell Signaling Technology, Danvers,
MA, USA).

Dihydroethidium Staining
Dihydroethidium (DHE) assay kit (S0063, Beyotime, Shanghai,
China) was used to measure superoxide anions in aorta sections
of NEU1F/F and NEU1 CKO mice. Each group of sections was
exposed to DHE (10µM) for 30min at 37◦C. After washing with
PBS three times, samples were visualized by confocal microscopy
(Olympus Corp., Tokyo, Japan).

Hematoxylin and Eosin Staining
Hematoxylin and Eosin Kit (ab245880, Abcam, Cambridge,
UK) was used for the pathology study of the aorta. Briefly,
sections were deparaffinized and hydrated in distilled water.
Then, sections were placed in adequate Mayer’s Hematoxylin
(Lillie’s Modification) to completely cover tissue section and
incubated for 5min. Furthermore, slides were rinsed in two
changes of distilled water to remove excess stain. Later, slides
were applied with adequate bluing reagent to completely cover
tissue section and incubated for 10–15 s. Then slides were rinsed
in two changes of distilled water and dipped in absolute alcohol
and blot off the excess, applied with adequate Eosin Y Solution
(Modified Alcoholic) to completely cover tissue section to excess
and incubated for 2–3min. Furthermore, slides were rinsed using
absolute alcohol and dehydrated in three changes of absolute
alcohol. Clear slides were mounted in synthetic resin.

Van Gieson’s Staining
Van Gieson’s Staining Kit (ab150667, Abcam, Cambridge, UK)
was used for the study of the elastin degradation. Briefly, sections

were deparaffinized and hydrated in distilled water. Then slides
were placed in Elastic Stain Solution for 15min, rinsed in running
tap water until no excess stain remains on slides, and were dipped
in differentiating solution 15–20 times and rinsed in tap water.
Slides were checked microscopically for proper differentiation,
rinsed in running tap water, placed in sodium thiosulfate solution
for 1min, and rinsed in running tap water. Stained slides were
placed in Van Gieson’s solution (ab150667, Abcam, Cambridge,
UK) for 2–5min, rinsed in two changes of 95% alcohol, and
dehydrated in absolute alcohol. Clear slides were mounted in
synthetic resin.

TUNEL
Cell Death Detection Kit (C1088, Beyotime, Shanghai, China)
was used for cell apoptosis studies. The TUNEL staining was
performed according to the instructions of the manufacturer.
First, the frozen sections of vascular tissue were fixed with 4%
PFA for 30min and incubated with 0.5% Triton X-100 at room
temperature for 5min. The TUNEL detection solution was added
and incubated at 37◦C for 60min in dark. The tissue sections
were observed by confocal microscopy. For each aortic treatment,
images were captured from three randomly selected views. The
number of positive cells and the total number of nuclei in each
image were quantitatively analyzed.

RNA Extraction and Quantitative
Real-Time PCR
Total RNA was extracted from aortic tissue using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), and RNA was isolated
from sorting macrophages using the RNeasy Plus Micro
Kit (74034, QIAGEN, Hilden, Germany), according to the
instructions of the manufacturer. RNA samples (1 µg) were
subsequently reverse-transcribed into cDNA with a reverse
transcription reagent kit (RR036A, Takara Bio Inc., Kusatsu,
Japan), and the resulting cDNA was amplified by RT-PCR using
the SYBR Green Mix (11201ES08; Yeasen, Shanghai, China).
Each sample was analyzed in triplicate and normalized to a
reference RNA. Relative expression levels were quantitated using
the 11Ct method.

Western Blotting
The protein concentrations of aortic tissue lysates were
determined using a Pierce BCA Protein Assay Kit (Pierce
Biotechnology, Waltham, MA, USA). Equal amounts of samples
were loaded and separated on 10% SDS-PAGE. Then, the proteins
were transferred to nitrocellulose membranes, incubated with
5% skimmed milk for 2 h at room temperature, and incubated
with primary antibodies overnight at 4◦C. Primary antibodies
were used as follows: NEU1 (1:500, sc-166824, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and GAPDH (1:1000,
5174s, Cell Signaling Technology, Danvers, MA, USA) Then, the
membranes were incubated with the corresponding secondary
antibodies. The blots were visualized using a chemiluminescence
reagent. Densitometric analysis for each band was performed
using the ImageJ software (National Institutes of Health,
Bethesda, MD, USA).
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FIGURE 1 | Neuraminidase 1 (NEU1) expression increases in aortic dissecting (AD) tissues. (A) Quantitative results of NEU1 mRNA level in aortas of mice subjected to

BAPN induction for 4 weeks (n = 6 mice per group). (B,C) Representative western blots and quantitative results of NEU1 level in aortas of mice subjected to BAPN

induction for 4 weeks (n = 6 mice per group). (D) The neuraminidase enzyme activity of AD in mice by ELISA (n = 6 aortas per group). (E,F) Immunofluorescence

staining with anti-NEU1 (red) and anti-CD68 (green) antibody in slices from the indicated mice aortas (n = 6 mice aortas per group; scale bar: 50µm). Data are

presented as mean ± SEM. (A,C,D,F) unpaired two-tailed t-test. BAPN, β-aminopropionitrile monofumarate; NEU1, neuraminidase 1. *p < 0.05.

Flow Cytometry
Macrophages were analyzed and sorted using a fluorescence-
activated cell sorter (FACS) (BD Biosciences, San Jose, CA, USA)
as previously described. Briefly, the AD tissues were dissected,
carefully cut into small pieces, and enzymatically digested with
collagenase II (1.5 mg/ml), elastase (0.25 mg/ml), and DNase
I (0.5 mg/ml) for 1 h at 37◦C. After digestion, the tissues
were passed through 70-µm cell strainers. After washing, anti-
CD16/32 antibody was used to block the non-specific binding.
Fixable viability stain 510 (564406, BD Biosciences, San Jose,
CA, USA) and the following antibodies were used for flow
cytometry: CD45-APC-Cy7 (557659, BD Biosciences), CD11b-
PE-Cy7 (552850, BD Biosciences), F4/80-BV421 (565411, BD
Biosciences), CD86-PE (553692, BD Biosciences), and CD206-
APC (565250, BD Biosciences). For flow cytometric sorting,
cells were resuspended in the FACS buffer at 20 × 106 cells/
ml and separated on a MoFlo High-Performance Cell Sorter
(Dako Cytomation, Carpinteria, CA, USA). The results were
expressed as the absolute number of cells per mg of tissue. Data
were analyzed with the FlowJo software (FlowJo LLC, Ashland,
OR, USA).

Statistical Analysis
All data are presented as the mean ± SEM and analyzed
in GraphPad Prism 8.0 (GraphPad Software, San Diego, CA).

Data normality was determined by the Shapiro–Wilk test. The
significant differences between different data were calculated by
unpaired two-tailed t-test (for two groups) and one-way or two-
way ANOVA (for more than two groups) followed by the Tukey’s
and Dunnett’s multiple comparisons test. The p-value lower than
0.05 were considered statistically significant.

RESULTS

NEU1 Expression Increases in Aortic
Dissecting Tissues
To elucidate the role of NEU1 in AD development, we
detected the expression of NEU1 in AD tissues. As shown in
Figures 1A–C, the mRNA and protein levels of NEU1 were
dramatically higher in AD vessels than in normal controls.
The NEU1 activity was also elevated in dissecting aortas
compared with the controls (Figure 1D). Since NEU1 was
reported to highly expressed in macrophages in atherosclerosis
vessels (20), we therefore speculated that NEU1 may also highly
expressed in macrophages in AD vessels. CD68 and NEU1
immunofluorescence staining revealed NEU1 was mainly located
in CD68+ macrophages in dissecting aortas (Figures 1E,F).
Collectively, these results revealed that NEU1 may play a role in
AD development.
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FIGURE 2 | Global NEU1 deletion mitigates BAPN-induced AD development. (A–E), C57BL/6 wild-type and NEU1 KO mice were subjected to BAPN induction. (A)

Representative macrographs of the aortas. (B) Maximal aortic diameter (n = 8, *p < 0.05). (C) Kaplan–Meier survival analysis of indicated groups (n = 20, *p < 0.05).

(D) Representative HE and EVG staining of the aorta. (E) AD incidence in indicated groups (n = 20). AD, aortic dissecting; BAPN, β-aminopropionitrile monofumarate;

EVG, Elastic Van Gieson’s staining; HE, hematoxylin and eosin; KO, knockout; NEU1, neuraminidase 1.

Global NEU1 Deletion Mitigates
BAPN-Induced AD Development
To further discern the role of NEU1 in AD development,
a murine AD model was established using 4-week
BAPN drinking in C57BL/6-WT and NEU1 KO
mice (Supplementary Figure 1A). Interestingly, BAPN
administration prompted AD formation, increased maximal
aortic diameters, and provoked a remarkable mortality
(Figures 2A–C), the effects of which were greatly attenuated
by NEU1 KO, with little effect at base line (Figures 2A–C).
Moreover, hematoxylin and Verhoeff–van Gieson staining
demonstrated that NEU1 deletion mitigated BAPN-induced
dissecting aneurysm formation and elastic fiber degradation
(Figure 2D). Additionally, AD incidence was also alleviated
in NEU1 KO mice (35%) compared with WT controls (75%)
(Figure 2E). These findings denoted the benefit of NEU1
deficiency in AD development.

Macrophage-Specific NEU1 Deletion
Mitigates BAPN-Induced AD Development
Since NEU1 was identified to highly localized in macrophages in
lesion area of vessels as shown in Figure 1E, we therefore utilized
macrophage NEU1 KO mice (Supplementary Figure 1B)
to establish AD model. Coincidently, BAPN administration

prompted AD formation, increased maximal aortic diameters,
and provoked a remarkable mortality (Figures 3A–C), the
effects of which were greatly attenuated by Mac-NEU1 KO
(Figures 3A–C). Moreover, hematoxylin and Verhoeff–van
Gieson staining demonstrated that macrophage NEU1 deletion
mitigated BAPN-induced dissecting aneurysm formation and
elastic fiber degradation (Figure 3D). Additionally, AD incidence
was also decreased in NEU1 CKO mice (30%) compared with
controls (60%) (Figure 3E). These findings denoted the benefit
of macrophage NEU1 deficiency in AD development.

NEU1 Depletion Suppresses
BAPN-Induced Inflammation
Given the role of NEU1 in the inflammation and the localization
of NEU1 in macrophages, we therefore detected both pro- and
anti-inflammatory factors. Protein and mRNA analysis revealed
that BAPN administration enhanced the expression of pro-
inflammatory factors like IL-6, IL-1β, tumor necrosis factor
(TNF)-α, matrix metalloproteinase (MMP)-2, and MMP-9 in
NEU1F/F mice, whereas Mac-NEU1 KO partly reversed the
inflammatory state (Figures 4A–E,I). Meanwhile, the expression
of anti-inflammatory factors like IL-10, IL-4, and transforming
growth factor (TGF)-βwas higher in NEU1 CKOmice than those
in NEU1F/F mice following BAPN treatment (Figures 4F–H,I).
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FIGURE 3 | Macrophage-specific NEU1 knockout (NEU1 CKO) deficiency mitigates BAPN-induced AD development. (A–E), NEU1F/F and NEU1 CKO mice were

subjected to BAPN induction. (A) Representative macrographs of the aortas. (B) Maximal aortic diameter (n = 9, *p < 0.05). (C) Kaplan–Meier survival analysis of

indicated groups (n = 20, *p < 0.05). (D) Representative HE and EVG staining of the aorta. (E) AD incidence in indicated groups (n = 20). AD, aortic dissecting;

BAPN, β-aminopropionitrile monofumarate; HE, hematoxylin and eosin; KO, knockout; NEU1, neuraminidase 1.

Moreover, the exacerbated cell apoptosis, extracellular matrix
(ECM) degradation, MMP 2/9 activity, and reactive oxygen
species (ROS) production by BAPN administration were rescued
by NEU1 deletion in macrophage (Figures 4J–M). NEU1
deficiency alone affects little in aortic function (Figures 4A–M).
The above results demonstrated that NEU1 promoted the
inflammation, apoptosis, and ROS production, thus leading to
the progression of AD.

NEU1 Deletion Promotes the M2
Polarization of Macrophages
Neuraminidase 1 was realized to regulate the inflammation of
aorta; we therefore studied the role of NEU1 in macrophage
polarization. Flow cytometry analysis of the BAPN-induced
aorta revealed that NEU1 deletion promoted the polarization
of macrophage from pro-inflammatory to anti-inflammatory
state (Figures 5A–D). Immunofluorescence staining of the
aorta also displayed that the pro-inflammatory marker iNOS
was decreased, and the anti-inflammatory marker Arg-1
was increased by NEU1 depletion in BAPN-induced mice
(Figures 5E,F). The mRNA analysis of the macrophages sorted
by flow cytometry was coincidence with the previous results
(Figures 5G,H). Furthermore, we sorted the macrophages from
WT and NEU1 CKO mice and subjected to Ang II treatment for
24 h. Immunofluorescence staining revealed that NEU1-deficient

macrophages were prone to M2 polarization (Figures 5I,J).
Our findings demonstrated that the critical role of NEU1 in
macrophage polarization.

DISCUSSION

In this study, we found that NEU1 expression was significantly
upregulated in dissecting tissues from BAPN-induced AD mice.
Additionally, using genetically KO mice, we demonstrated that
NEU1 played an important role in the development of AD.
Furthermore, the elevated NEU1 expression in macrophages
promotes the M1 macrophage polarization. Therefore, NEU1
may become a potential therapeutic target for AD.

Neuraminidases are a family of four different enzymes, NEU1,
NEU2, NEU3, and NEU4, which remove the terminal sialic
acids from glycoproteins or glycolipids (21). Among the four
sialidases, the lysosomal NEU1 has been shown to assume a
vital role in immune cells (22). The immune inflammatory
response plays an important role in the development of
AD. However, whether NEU1 could affect the pathogenesis
of AD remains unknown. Previous studies suggest that
NEU1 is closely associated with the progression of several
cardiovascular diseases. Lipopolysaccharide (LPS), NEU1, and
IL-1β act in a positive feedback loop as enhancers of
inflammation in monocytes/macrophages and may therefore
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FIGURE 4 | NEU1 depletion suppressed BAPN-induced inflammation. (A–H) Quantitative mRNA levels of pro- and anti-inflammatory factors in aortas of NEU1F/F and

NEU1 CKO mice subjected to BAPN induction for 4 weeks (n = 6 per group). (I) Representative western blots of pro- and anti-inflammatory factors in aortas of

NEU1F/F and NEU1 CKO mice subjected to BAPN induction for 4 weeks (n = 6 per group). (J) Gelatin zymogram analysis of MMP2 and MMP9 activity levels in aortas

of NEU1F/F and NEU1 CKO mice subjected to BAPN induction for 4 weeks. (K) Immunofluorescence images of COL1A1 in aortas of NEU1F/F and NEU1 CKO mice

subjected to BAPN induction for 4 weeks (scale bar: 50µm). (L) TUNEL staining of aortas from NEU1F/F and NEU1 CKO mice subjected to BAPN induction (scale

bar: 50µm). (M) DHE staining of aortas from NEU1F/F and NEU1 CKO mice subjected to BAPN induction for 4 weeks (scale bar: 50µm). BAPN, β-aminopropionitrile

monofumarate; DHE, dihydroethidium; KO, knockout; MMP, matrix metalloproteinase; NEU1, neuraminidase 1; NEU1 CKO, macrophage-specific NEU1 knockout.

*p < 0.05.
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FIGURE 5 | NEU1 deletion promotes the polarization of macrophages. (A,B) Gating strategy for CD45+CD11b+F4/80+ CD86+ M1 macrophages and

CD45+CD11b+ F4/80+ CD206+ M2 macrophages in aortas of NEU1 CKO mice and their controls. (C,D) Quantification of the CD86+ and CD206+ macrophages.

(E,F) Immunofluorescence images of iNOS+ and Arg-1+ macrophages in aortas of NEU1F/F and NEU1 CKO mice subjected to BAPN induction for 4 weeks (scale

bar: 50µm). (G,H) mRNA levels of M1 and M2 markers in macrophages sorted by flow cytometry of NEU1F/F and NEU1 CKO mice subjected to BAPN induction for 4

(Continued)
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FIGURE 5 | weeks (n = 6, *p < 0.05). (I,J) Macrophages sorted from NEU1F/F and NEU1 CKO mice, and subjected to Ang II treatment for 24 h. Immunofluorescence

images of iNOS+ and Arg-1+ macrophages by Ang II treatment (scale bar: 50µm). Ang, angiotensin; Arg-1, arginase-1; BAPN, β-aminopropionitrile monofumarate;

DHE, dihydroethidium; iNOS, inducible nitric oxide synthase; KO, knockout; NEU1, neuraminidase 1; NEU1 CKO, macrophage-specific NEU1 knockout.

promote atherosclerosis and plaque instability (20). In addition,
upregulation of NEU1 after ischemia/reperfusion (I/R) promotes
heart failure by promoting monocyte/macrophage inflammation
and enhancing myocardial hypertrophy (23). Based on the above
evidence, we speculated whether NEU1 could also participated in
the pathogenesis of AD by regulating macrophages.

Considering the elevatedNEU1 expression in the aortic tissues
of AD mice, we hypothesized the involvement of NEU1 in AD
development. Our studies proved that NEU1 deficiencymitigated
the AD. Recent investigations provide evidence that NEU1 was
mainly expressed in macrophages (20), which is consistent with
our immunofluorescence findings. We further obtained NEU1
CKO mice by hybridization of NEU1F/F mice with LysMcre

mice to explore the effect of macrophage-derived NEU1 on
AD. NEU1 CKO mice also showed significant improvement in
aortic injury, consistent with the results of global NEU1 KO
mice. Collectively, these observations suggested elevated NEU1
expression in dissecting tissues (especially in macrophages)
contributed to aortic vascular remodeling.

Inflammation, apoptosis, ECM degradation, and oxidative
stress are responsible for the pathogenesis of AD (24). In
our study, we found that the pro-inflammatory factors were
significantly decreased in the aortic tissues of NEU1 CKO mice.
The dysfunction of VSMCs, including the imbalance between
proliferation and apoptosis, is deemed to promote the vascular
remodeling (25, 26). We also observed the decreased apoptosis
of VSMCs compared with the controls. In addition, VSMCs
are the main source of ECM proteins (24, 27). In vivo results
showed that NEU1 CKO mice significantly reduced collagen 1
degradation in the vascular wall. Moreover, a series of evidence
suggested that ROS plays a crucial role in the development of
AD (28). Indeed, our results showed that the ROS production
in aortic tissues was significantly reduced when NEU1 was
deficient in macrophage. Taken together, our data suggest
that NEU1 accelerates the development of AD by enhancing
inflammatory response, cell apoptosis, oxidative stress, and
ECM degradation.

We further investigated how NEU1 in macrophages promotes
inflammation in the local microenvironment. Studies have
shown that Ang II promotes the inflammatory response of
local tissues by regulating the recruitment and polarization of
macrophages, and thus induces the onset of AD in humans
and experimental animals (8). We therefore tested whether
NEU1 KO in macrophages could also affect the occurrence
and development of AD by changing the polarization state of
macrophages. Flow cytometry and immunofluorescence staining
revealed that macrophage NEU1 KO significantly reduced the
M1 macrophages and upregulated the M2 macrophages. The
macrophages in the aortic tissues were sorted by flow cytometry
and detected by q-PCR, and the results showed that when NEU1
was knocked out, the pro-inflammatory-related (M1-like) gene

was significantly downregulated, whereas the anti-inflammatory-
related (M2-like) gene was significantly upregulated. In addition,
to further confirm these findings, we extractedmacrophages from
the NEU1F/F mice and their controls. After Ang II treatment,
stained with M1 and M2 macrophage markers, it was confirmed
that NEU1 promoted the onset of dissection by regulating
macrophage into M1 phenotype.

In summary, we showed that NEU1 was upregulated in
aortic tissues (especially in CD68+ macrophages) from the
BAPN-induced ADmouse model. Moreover, the genetic deletion
retarded AD progression by directly suppressing the production
of pro-inflammatory macrophages. Collectively, these data
suggest that NEU1 may potentially serve as a new therapeutic
target for AD.
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