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Background and Purpose: Abdominal aorticaneurysm (AAA) rupture is mainly due to

elastic lamina degradation. As a metalloendopeptidase, meprin-α (Mep1A) critically

modulates the activity of proteins and inflammatory cytokines in various diseases.

Here, we sought to investigate the functional role of Mep1A in AAA formation and

rupture.

Experimental Approach: AAA tissues were detected by using real-time PCR (RT-

PCR), western blotting (WB), and immunohistochemistry. Further mechanistic studies

used RT-PCR, WB, and enzyme-linked immunosorbent assays.

Key Results: Mep1A mediated AAA formation by regulating the mast cell (MC) secre-

tion of TNF-α, which promoted matrix metalloproteinase (MMP) expression and apo-

ptosis in smooth muscle cells (SMCs). Importantly, increased Mep1A expression was

found in human AAA tissues and in angiotensin II-induced mouse AAA tissues.

Mep1A deficiency reduced AAA formation and increased the survival rate of AAA

mice. Pathological analysis showed that Mep1A deletion decreased elastic lamina

degradation and SMC apoptosis in AAA tissues. Furthermore, Mep1A was expressed

mainly in MCs, wherein it mediated TNF-α expression. Mep1A inhibitor actinonin sig-

nificantly inhibited TNF-α secretion in MCs. TNF-α secreted by MCs enhanced

MMP2 expression in SMCs and promoted SMC apoptosis.

Conclusion and Implications: Taken together, these data suggest that Mep1A may

be vital in AAA pathophysiology by regulating TNF-α production by MCs. Knocking

out Mep1A significantly decreased AAA diameter and improved AAA stability in

mice. Therefore, Mep1A is a potential new therapeutic target in the development of

AAA.

1 | INTRODUCTION

Abdominal aortic aneurysm (AAA) is the permanent dilation of aorta,

which is a major cause of sudden death in the senior population

(Jones et al., 2017) and its pathophysiologic characteristics include

immune responses (Jalalzadeh et al., 2016), cell apoptosis (Li,

Krishna, & Golledge, 2016), extracellular matrix (ECM) degradation

(Lindberg, Zarrouk, Holst, & Gottsater, 2016), neovascularization of
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the media and adventitia (Sun et al., 2007) and vascular remodelling

(Sun et al., 2007). It is diagnosed if the abdominal aorta is dilated to

1.5 times larger than normal (Sakalihasan, Limet, & Defawe, 2005).

The risk factors for abdominal aortic aneurysm include being a male of

advanced age, atherosclerosis, hypertension and genetic predisposi-

tion. Although many theories have been proposed to explain the

development of abdominal aortic aneurysm, the pathophysiologic

mechanisms underlying abdominal aortic aneurysm progression at the

molecular level have not been thoroughly investigated and, to date,

there are no effective drugs for preventative treatment (Jones

et al., 2017).

Chronic inflammation of the aortic wall, in which mast cell

(MC) infiltration plays an important role, is one of the vital pathophysi-

ological mechanisms of abdominal aortic aneurysm formation (Wang

et al., 2014). Mast cells release a wide spectrum of cytokines, includ-

ing IL-1β, IL-6, TNF-α, IFN-γ, TGF-β and osteopontin, which induce

matrix metalloproteinase activity, endothelial cell degradation and

phenotypic changes in smooth muscle cells (SMCs), leading to abdom-

inal aortic aneurysm formation (Shi & Lindholt, 2013; Tsuruda

et al., 2008). Our previous study showed that IgE, a well-known mast

cell activator, is highly expressed in abdominal aortic aneurysm tis-

sues. IgE receptor deficiency significantly decreased abdominal aortic

aneurysm formation by modulating mast cell function (Wang

et al., 2014).

As a member of the astacin family, meprins are associated with

the development of inflammation and cancer in the kidneys and intes-

tines (Banerjee et al., 2009; Jefferson et al., 2013). Their substrates

are extensive, including endothelial cell proteins and bioactive pep-

tides, both on vascular walls and in peripheral blood. Meprins can

hydrolyse, activate or inactivate several cytokines, vasoactive pep-

tides, growth factors and endothelial cell proteins (Jefferson

et al., 2013). Therefore, meprins in arterial walls can reduce the con-

centrations of vasoactive peptides by metabolizing them and can pro-

mote inflammation by locally activating inflammatory cytokines,

eventually accelerating endothelial cell degradation and promoting

vascular remodelling (Gao et al., 2009; Jefferson et al., 2013). Meprin

is composed of two subunits, meprin-α (Mep1A) and meprin-β

(Mep1B), which form homodimers and heterodimers by forming dis-

ulphide bridges. Mep1A is a heterogeneous multimer (Bertenshaw,

Norcum, & Bond, 2003) that is expressed ubiquitously in both humans

and mice, especially in the intestinal brush border membrane, kidneys,

leukocytes and some cancer cells (Jefferson et al., 2013). In athero-

sclerosis, Mep1A can induce inflammatory cytokine secretion (Gao

et al., 2009); thus, Mep1A inhibition may attenuate arterial wall

inflammation.

Mep1A has been shown to enhance atherosclerotic plaque for-

mation in peripheral arteries by regulating inflammatory factors

in vivo and in vitro (Gao et al., 2009; Gao & Si, 2010; Jefferson

et al., 2013). Considering the similar inflammatory pathogenesis of

atherosclerosis and abdominal aortic aneurysm, and the ubiquitous

expression of Mep1A in various inflammatory sites, this study was

performed to investigate the effect of Mep1A on the development of

abdominal aortic aneurysm.

2 | METHODS

2.1 | Animal models

To generate ApoE−/−Mep1A−/− (KO) mice, ApoE−/− mice (C57BL/6,

Beijing Vital River Laboratory Animal Technology Co., Ltd, China)

were crossbred with Mep1A−/− mice (C57BL/6, N5, Biocytogen,

China). ApoE−/−Mep1A+/+ (WT) littermates were used as controls.

Mice were weighed and systolic and diastolic BPs were measured

using the CODA® non-invasive BP system (Kent Scientific Co., Tor-

rington, CT) before and after abdominal aortic aneurysm modelling.

To induce abdominal aortic aneurysm, 9-week-old male mice were

implanted with osmotic pumps (Alzet MODEL 2004; DURECT, Cuper-

tino, CA) that released angiotensin II (Ang II; 1,000 ng�kg−1�min−1;

Sigma, Cat#: A9525-50MG) for 28 days, as described previously

(Daugherty, Manning, & Cassis, 2000). Based on previous experience

and published data (Daugherty et al., 2000; Li et al., 2018) and consid-

ering the high mortality of Ang II-treated WT mice, four groups of

mice were used as follows:- WT mice treated with PBS (n = 5), KO

mice treated with PBS (n = 6), WT mice treated with Ang II (n = 22)

and KO mice treated with Ang II (n = 12). The Ethics Committee of

Peking Union Medical College approved the study protocol. Animal

studies are reported in compliance with the ARRIVE guidelines

(Kilkenny et al., 2010; McGrath & Lilley, 2015) and with the recom-

mendations made by the British Journal of Pharmacology. The experi-

menter performing the behavioural testing was blind to the genotype

and treatment.

2.2 | Human aortic tissue

Human aortic tissue extracts were prepared from six abdominal aortic

aneurysm patients (Peking Union Medical College Hospital and Fuwai

Hospital) and from the bodies of seven deceased donors with no

detectable vascular disease (Peking Union Medical College Volunteer

What is already known

• Mep1A aggravates atherosclerosis by regulating

inflammation.

What this study adds

• Mep1A promoted the occurrence abdominal aortic aneu-

rysms by regulating mast cell secretion of TNF-α.

What is the clinical significance

• Mep1A inhibitor actinonin significantly inhibited TNF-α

secretion in mast cell.

• Mep1A may be a potential novel target for alleviating the

progression of abdominal aortic aneurysms.
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Corpse Donation Reception Station). The clinical information associ-

ated with the samples is shown in Table S1. The human aortic tissues

obtained were approved by the Human Investigation Review Commit-

tee at Peking Union Medical College.

2.3 | Immunohistochemical and
immunofluorescence analysis

Human aortic aneurysm tissues were immediately embedded in opti-

mal cutting temperature compound and stored at −80�C. Immunohis-

tochemistry with rabbit anti-human and anti-mouse Mep1A

antibodies (1:100, Invitrogen, Cat#: PA5-96943) was performed on

acetone-fixed frozen sections of human abdominal aortic aneurysm

tissue and control normal aortas by the 3-amino-9-ethylcarbazole

method.

Mouse aorta segments were cut at the maximal suprarenal

outer aortic diameter and embedded vertically with optimal cutting

temperature compound. Ten to fifteen serial frozen sections cover-

ing the maximal dilated aorta were prepared as described previ-

ously (Schulte et al., 2010; Zhang et al., 2012). Slides of each

sample from identical levels were stained with each antibody. Serial

cryostat cross sections (6 μm) were stained for Mep1A (1:100;

Invitrogen, Cat#: PA5-96943), elastin (Modified Verhoeff Van

Gieson Elastic Stain Kit, Sigma, Cat#: HT25A), matrix

metalloproteinase 2 (1:100; Abcam, Cat#: ab86607), Collagen I

(1:100; Proteintech, Cat#: 14695-1-AP), tryptase (1:100; Abcam,

Cat#: ab2378), Mac-3 (macrophage marker, 1:2,000; Abcam, Cat#:

ab203224), major histocompatibility complex (MHC)-II (1:250;

Abcam, Cat#: ab180779), CD4+ (T cell marker, 1:90; Abcam, Cat#:

ab185685), TNF-α (1:100; Abcam, Cat#: ab6671) and TUNEL

(Roche Diagnostics, USA, Cat#: 11684817910). The relative con-

tents of Mep1A, TNF-α, matrix metalloproteinase 2 and Collagen I

within the aortas were quantified by measuring the positively sta-

ined area using computer-assisted image analysis software (Image-

Pro Plus; Media Cybernetics, Bethesda, MD, RRID:SCR_007369).

CD4+ T cells, macrophages, MHC-II-positive antigen-presenting

cells and tryptase-positive mast cells were quantified as the num-

ber of cells per square millimetre. Five mice were randomly

selected for immunohistochemical analysis from each group. For

each mouse, three sections from the maximal diameter of vessel

were stained and quantified. The percentage of positive area (%)

was defined as the ratio of positive red staining area to the total

vascular area. The value obtained from 15 sections were averaged

and statistics analysis was performed. Negative staining controls

(without primary antibodies) were shown in Figure S1A,B. Elastin

degradation was graded according to the key provided by the man-

ufacturer (Deckert et al., 2013).

Immunofluorescence staining of Mep1A and tryptase proteins

was performed using rabbit anti-Mep1A (1:100; Invitrogen, Cat#:

PA5-96943), mouse anti-tryptase (1:100; Abcam, Cat#: ab2378),

mouse anti-CD31(1:30, Santa Cruz, Cat#: sc-376764), mouse anti-α

smooth muscle actin (1:100; Abcam, Cat#:ab7817), FITC-conjugated

goat anti-mouse IgG (1:1,000, Invitrogen, Cat#: F-2761, RRID:

AB_2536524) and PE-conjugated goat anti-rabbit IgG (1:1,000, Invi-

trogen, Cat#: P-2771MP, RRID:AB_221651) on acetone-fixed frozen

sections of human abdominal aortic aneurysm tissue. The immuno-

related procedures used comply with the recommendations made by

the British Journal of Pharmacology (Alexander et al., 2018).

2.4 | Real-time PCR

Total RNA was extracted from abdominal aortic aneurysm tissues

or cells using TRIzol reagent (Invitrogen, Carlsbad, CA, Cat#:

15596018). The RNA samples were then treated with RNase-free

DNase (Thermo, Carlsbad, CA, Cat#: EN0521) to remove

genomic DNA contamination. Equal amounts of RNA were reverse

transcribed, and quantitative PCR was performed in a single-colour

RT-PCR detection system (Bio-Rad, Hercules, CA, USA). The

mRNA levels of TNF-α, IL-1β, matrix metalloproteinase

2, Collagen I, Mep1A and Mep1B were normalized to the level of

the housekeeping gene GAPDH. The RT-PCR primers are shown in

Table S2.

2.5 | Western blot analysis and zymography

Protein was extracted from aortic tissues or cells in lysis buffer

containing 50-mM Tris–HCl (pH 7.4), 150-mM NaCl, 1-mM EDTA,

10% glycerol, 1% Triton X-100, and a protease and phosphatase

inhibitor cocktail (Thermo Scientific, Cat#: 78447). The protein con-

centration was measured using a BCA kit (Pierce, Holmdel, NJ, US,

Cat#: 23225). Equal amounts of protein extracts (30 μg per lane)

were separated by 8% or 12% SDS-PAGE and transferred to a

PVDF membrane, which was probed with Mep1A polyclonal

antibodies (1:1,000, Invitrogen, Cat#: PA5-96943), Mep1B

antibody (1:1,000, Abcam, ab42743, RRID:AB_2143453), matrix

metalloproteinase 2 antibody (1:1,000, Abcam, Cat#: ab86607,

RRID:AB_10672798) and Collagen I antibody (1:1,000, Proteintech,

Cat#: 14695-1-AP). Immunoblotting of the housekeeping protein

GAPDH (1:5,000, Proteintech, Cat#: 60004-1-Ig) or α-tubulin

(1:200, Santa Cruz Biotechnology, Cat#: sc-69969) was performed

to ensure equal protein loading. After three washes with TBST, the

membrane was incubated with an HRP-labelled rabbit or mouse

secondary antibody (Invitrogen, 1:5,000 or 1:4,000) for 1 hr at

room temperature. Immunoreactive bands were visualized with

SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Pierce,

Cat#: 34577). In this study, western blotting has been conducted.

The experimental detail provided conforms with BJP Guidelines

(Alexander et al., 2018). Matrix metalloproteinase 2 activity was

detected by Zymography using a matrix metalloproteinase kit

(Shanghai Xin Fan Biotechnology Co. CA, Cat#: XF-P1700) follow-

ing the manufacturer's instructions, with recombinant protein

human matrix metalloproteinase 2 (PreproTech, Cat#:420-02-10UG)

as a positive control.
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2.6 | ELISA

Serum TNF-α levels in ApoE−/−Mep1A+/+ and ApoE−/−Mep1A−/−

mice and TNF-α levels in IgE-treated mast cell supernatant were

detected by a commercial TNF-α ELISA Kit (eBioscience, CA, USA,

Cat#: 85-88-7324-22) following the manufacturer's instructions.

Briefly, 96-well ELISA plates were coated overnight with capture anti-

body. Serum or cell culture supernatants were added for 2 hr. After a

washing step with PBS-Tween 20, the detection antibody was added,

followed by the addition of HRP-conjugated streptavidin and

3,30,5,50-tetramethylbenzidine. The reaction was stopped with 0.5-M

H2SO4, and the absorbance was monitored at 450 nm.

2.7 | Cell culture and small-interfering RNA

RBL-2H3 mast cells were purchased from American Type Culture Col-

lection (Manassas, VA, USA) and cultured in DMEM (Solarbio, China,

Cat#: 12100-500) containing 10% FBS, 100 U�ml−1 of penicillin, and

100 g�ml−1 of streptomycin. RAW264.7 macrophages were purchased

from the National Infrastructure of Cell Line Resource and cultured in

DMEM. Human s were purchased from the ScienCell Research Labo-

ratories, Inc. (Cat#: 6110, San Diego, CA, USA), and cultured in

smooth muscle cell medium (ScienCell) containing 2% FBS, 100 U�ml−1

of penicillin, and 100 g�ml−1 of streptomycin. For the in vitro experi-

ments, cells were cultured in six-well plates (6 × 105 cells per well;

NEST, Cat#: 703001) and stimulated with 10 μg�ml−1 of IgE (Sigma,

Cat#: D8406-.5MG).

To inhibit Mep1A, 100 μmol�L−1 of actinonin (Mep1A inhibitor,

CAS 13434-13-4, Santa Cruz Biotechnology, USA) was added 1 hr

before IgE treatment. To knockdown Mep1A, Mep1A small-small-

interfering RNA (siRNA) and control siRNA were purchased from

Ambion (Austin, TX, USA, Cat#: 4390771). siRNA transfections were

performed according to the manufacturer's protocol. Briefly, RBL-2H3

cells at 80% confluence were transfected with 100-nM siRNA

duplexes in 5 μL of Oligofectamine (Invitrogen, Carlsbad, CA, USA,

Cat#: 12252011). After 6 hr, the medium was changed.

2.8 | Flow cytometry

Human smooth muscle cell apoptosis was analysed by flow cyto-

metry. Briefly, the cell suspension was filtered, centrifuged, and

resuspended. Cells were stained following the protocol of the Annexin

V-FITC/PI Apoptosis Detection Kit (Yeasen, China, Cat#:

40302ES50). The data were obtained and analysed using a BD Accuri

C6 flow cytometer (BD, USA).

2.9 | Data and analysis

Statistical analysis was undertaken only for studies where each group

size was at least n = 5. Data are expressed as the mean ± SEM. The

declared group size was the number of independent values, and that

statistical analysis was done using these independent values. In this

study, outliers were included in data analysis and presentation.

P value <.05 was considered statistically significant for all tests. The

independent samples t-test was performed to compare two groups,

and five independent experiments were performed. Two-way or one-

way ANOVA with Bonferroni's post hoc test was performed to com-

pare multiple groups. In multigroup studies with parametric variables,

post hoc tests were conducted when F in ANOVA achieved the “cho-

sen” necessary level of statistical significance and there was no signifi-

cant variance inhomogeneity. P value for statistical significance was

not varied later in Section 3. The mouse survival rate was assessed

using Kaplan–Meier analysis. Due to reducing unwanted variation, we

used “fold mean of the controls” to normalize the data of western

blotting and RT-PCR statistics. The data and statistical analysis comply

with the recommendations of the British Journal of Pharmacology on

experimental design and analysis in pharmacology (Curtis et al., 2018).

2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018) and are permanently archived in the

Concise Guide to PHARMACOLOGY 2019/20 (Alexander

et al., 2019).

3 | RESULTS

3.1 | Expression of Mep1A in human and mouse
abdominal aortic aneurysm tissues

To ascertain whether Mep1A and Mep1B are expressed in abdominal

aortic aneurysm tissue, a well-established Ang II-induced abdominal

aortic aneurysm mouse model was used. Two groups were generated:

ApoE−/−Mep1A+/+ (WT) mice treated with Ang II and WT mice

treated with PBS. The aortas were harvested from mice with abdomi-

nal aortic aneurysm and healthy control mice, and mRNA (Figure 1a)

and protein (Figure 1b,c) expression levels of Mep1A and Mep1B

were determined. Higher expression of Mep1A, but not Mep1B, was

detected in the aortic wall of mice with abdominal aortic aneurysm

compared with control mice. Consistently, the immunohistochemistry

analysis also revealed that more Mep1A-positive area was shown in

abdominal aortic aneurysm tissues (Figure 1d,e). Moreover, during

abdominal aortic aneurysm progression, Mep1A expression showed

an increasing trend at different time points with the peak of Day

14 (Figure S1C). To further confirm Mep1A expression in abdominal

aortic aneurysm tissues, aortas from abdominal aortic aneurysm

patients and controls were examined. As shown in Figure 1f–j, Mep1A

was also highly expressed in human abdominal aortic aneurysm tis-

sues but not in control aortas. These data together indicate an
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increased expression of Mep1A in abdominal aortic aneurysm tissues

during abdominal aortic aneurysm progression.

3.2 | Mep1A deficiency decreased Ang II-induced
abdominal aortic aneurysm formation

To evaluate the effect of Mep1A deficiency on abdominal aortic aneu-

rysm in our mouse model (WT: ApoE−/−Mep1A+/+; KO:

ApoE−/−Mep1A−/−), the mortality, morbidity and aortic diameter were

measured in the four groups, namely, the WT control, KO control, WT

Ang II and KO Ang II groups. Kaplan–Meier analysis of survival

showed that 36.4% of the WT mice died within 28 days of Ang II

treatment, whereas only 8.3% of Mep1A KO mice died after Ang II

treatment (Figure 2a,b). To more fully elucidate the underlying pathol-

ogy, we performed necropsy of the deceased mice. As shown in

Figure S2A, abdominal aortic aneurysm rupture caused mouse death.

Furthermore, the incidence of abdominal aortic aneurysm was lower

in KO mice than in WT mice (45.5% vs. 71.4%, Figure 2c). Moreover,

the average diameter of the aorta was smaller in KO mice than in WT

mice (WT: 1.886 ± 0.216 mm; KO: 1.309 ± 0.105 mm; Figure 2d–f). In

addition, systolic and diastolic BPs increased after Ang II treatment

F IGURE 1 Mep1A expression in abdominal aortic aneurysm (AAA) tissue. (a) RT-PCR analysis of Mep1A and Mep1B expression in the arterial
wall of the mice (control: n = 5, AAA: n = 6). (b) Immunoblot analysis of Mep1A and Mep1B expression in arterial walls from mice with normal
arteries and those with AAA. (c) Quantification of Mep1A and Mep1B expression in mice by immunoblotting (control: n = 5, AAA: n = 6).

(d) Immunohistochemistry analysis of Mep1A in normal mouse arteries and AAA tissues. (e) The graph presents the percentage of Mep1A-
positive area in normal mouse arteries and AAA tissues (control: n = 5, AAA: n = 6). (f) RT-PCR analysis of Mep1A expression in the arterial wall of
human non-AAA arteries (n = 7) and AAA tissues (n = 6). (g) Representative immunoblot image of Mep1A in human non-AAA arteries and AAA
tissues. (h) Quantification of Mep1A expression in human non-AAA (n = 7) and AAA tissues (n = 6) by immunoblotting. (i) Immunohistochemistry
analysis of Mep1A in human non-AAA arteries and AAA tissues. The arrow pointed the Mep1A positive staining area in non-AAA tissues. (j) The
graph presents the percentage of Mep1A-positive area in human non-AAA arteries (n = 7) and AAA tissues (n = 6). Data represent the
mean ± SEM. Student's t-test was conducted to examine the differences between group in all data from experimental AAAs. *P <.05 was
considered statistically significant. L, lumen
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(Figure S2B), but there was no difference between the WT and KO

mice. These data suggest that Mep1A can mediate abdominal aortic

aneurysm formation and stability.

3.3 | Mep1A deficiency prevented Ang II-induced
elastic lamina degradation and apoptosis

To further explore how Mep1A affects vessel wall remodelling and

stability, immunostaining of abdominal aortic aneurysm tissues was

performed. The elastic lamina was more frequently disrupted and

degraded in WT mice than in KO mice. A semi-quantitative analysis of

elastin lamina degradation showed that Mep1A deficiency inhibited

elastin lamina degradation after Ang II treatment (Figure 3a,b). It has

been reported that both collagen and elastin are substrates of matrix

metalloproteinases (van Vlijmen-van Keulen, Pals, & Rauwerda, 2002)

and genetic and pharmacological inhibition of matrix

metalloproteinases, especially matrix metalloproteinase 2 (MMP2),

suppresses aneurysm formation (Manning, Cassis, & Daugherty, 2003;

Thompson & Baxter, 1999). Therefore, we next investigated whether

matrix metalloproteinase 2 is involved in Mep1A-mediated abdominal

aortic aneurysm formation. Our quantitative analysis of immuno-

staining data showed that matrix metalloproteinase 2 expression was

significantly reduced in KO mice compared with WT mice (Figure 3c,

d). Moreover, matrix metalloproteinase 2 mRNA and protein levels in

abdominal aortic aneurysm tissues were consistent with the staining

F IGURE 2 Role of Mep1A in Ang II-induced abdominal aortic aneurysm (AAA) in mice. (a) Graph of the survival rates of mice of the indicated
genotypes under the experimental conditions. ApoE−/−Mep1A+/+ mice treated with PBS (n = 5), ApoE−/−Mep1A−/− mice treated with PBS (n = 6),
ApoE−/−Mep1A+/+ mice treated with Ang II (n = 14) and ApoE−/−Mep1A−/− mice treated with Ang II (n = 11). (b) The AAA-associated mortality
rate in ApoE−/−Mep1A−/− and ApoE−/−Mep1A+/+ mice on the 28th day after Ang II infusion. (c) The incidence rate of AAA in ApoE−/−Mep1A−/−

and ApoE−/−Mep1A+/+ mice on the 28th day after Ang II infusion. (d) Representative images of whole aortas. (e) Representative images of HE
staining of abdominal aortas. (f) Quantification of AAA diameter (mm). Mouse survival rates were determined using Kaplan–Meier analysis, and
the statistical significance of differences among groups was ascertained. Two-way ANOVA was conducted to examine the differences among
groups in other data from experimental AAAs. Data represent the mean ± SEM. *P <.05 was considered statistically significant
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results (Figure 3e–g). As apoptosis is vital for pathological remodelling

of the vessel wall, apoptosis of cells in the aortic wall of our mouse

model was also examined. In our statistical analysis of TUNEL staining,

the number of apoptotic cells in abdominal aortic aneurysm tissues

was markedly lower in KO mice than in WT mice (1,158 vs. 2,272

cells�mm−2, Figure 3h,i). These data suggest that Mep1A deficiency

may inhibit abdominal aortic aneurysm formation by regulating elastin

degradation.

3.4 | Mep1A regulated inflammatory cell
infiltration in vivo

Mep1A has been reported to be crucial in inflammation, neu-

rodegeneration, cancer, and fibrosis (Jefferson et al., 2013). Inflamma-

tion is involved in abdominal aortic aneurysm instability, especially in

elastin lamina degradation (Jalalzadeh et al., 2016; Kaneko

et al., 2011; Kothapalli & Ramamurthi, 2010). To evaluate the effect

F IGURE 3 Mep1A deficiency inhibited elastic degradation and apoptosis in mice. (a) Staining for elastin to examine the degree of Ang II-
induced medial elastin fragmentation in the mouse arterial wall of indicated groups. Elastin staining is indicated by the darkest colour.
(b) Quantification of the elastin score. (c) Representative images of the immunohistochemical analysis of matrix metalloproteinase 2 (MMP2) in
the mouse arterial wall. (d) The bar graphs show the percentage of MMP2-positive area by immunohistochemistry. (e) RT-PCR was used to
measure MMP2 expression in the mouse arterial wall. (f) Representative immunoblotting image of MMP2 expression in the mouse arterial wall or
AAA tissue. (g) Quantification of MMP2 expression by immunoblotting. (h) Representative images showing TUNEL staining (red) of apoptotic cells
in the mouse arterial wall of the same groups as in (a). (i) Quantification of apoptotic cells in aortas. Data represent the mean ± SEM. Groups:
ApoE−/−Mep1A+/+ mice treated with PBS (n = 5), ApoE−/−Mep1A−/− mice treated with PBS (n = 6), ApoE−/−Mep1A+/+ mice treated with Ang II
(n = 5), and ApoE−/−Mep1A−/− mice treated with Ang II (n = 6). Two-way ANOVA was conducted to examine the statistical significance of
differences among groups in all data from experimental AAAs. *P <.05 was considered statistically significant. L, lumen
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of Mep1A deficiency on Ang II-induced vascular inflammation, we

assessed the infiltration of several types of inflammatory cells. As

shown in Figure 4a,b, the expression of the mast cell marker tryptase

in the aneurysm was significantly decreased in KO mice compared

with WT mice, indicating that aneurysm formation might be regulated

by Mep1A expressed by mast cells. Furthermore, the number of mac-

rophages in the aortic wall was markedly lower in KO mice (Figure 4c,

d), suggesting the attenuation of a Mep1A-induced inflammatory

response. Moreover, the number of MHC-II-positive cells was signifi-

cantly lower in KO mice than in WT mice (Figure 4e,f). The T cell

marker CD4+ also tended to reduce in aneurysm tissue from KO mice

but this was not statistically significant (Figure 4g,h). These data indi-

cate that Mep1A may regulate inflammation in abdominal aortic

aneurysm

3.5 | Mep1A mediated TNF-α expression in mast
cells

We next examine which cells express Mep1A in abdominal aortic

aneurysm progression. As shown in Figure 5a,b, Mep1A was highly

expressed in mast cells, but not endothelial cells and smooth

F IGURE 4 Role of Mep1A in
inflammation in abdominal aortic
aneurysm (AAA). Representative images
of the immunohistochemical analysis of
(a) tryptase-positive cells,
(c) macrophages, (e) MHC-II-positive cells,
and (g) CD4+ T cells in the mouse arterial
wall. Immunohistochemical analysis of
(b) tryptase-positive cells,
(d) macrophages, (f) MHC-II-positive cells
and (h) CD4+ T cells in the arterial walls of
the experimental mice of the indicated
groups. The bar graphs present the
positive cells per square millimetre. Data
represent the mean ± SEM. Groups:
ApoE−/−Mep1A+/+ mice treated with PBS
(n = 5), ApoE−/−Mep1A−/− mice treated
with PBS (n = 6), ApoE−/−Mep1A+/+ mice
treated with Ang II (n = 5) and

ApoE−/−Mep1A−/− mice treated with Ang
II (n = 6). Two-way ANOVA was
conducted to examine the differences
among groups in all data from
experimental AAAs. *P <.05 was
considered statistically significant. L,
lumen
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muscle cells at basal level, besides macrophages that was reported

to express Mep1A (Gao et al., 2009). To further confirm these

results in vivo, the immunofluorescence staining was performed in

both mouse and human abdominal aortic aneurysm tissue. We

found that Mep1A is mainly co-localized in mast cells (Figure 5c),

but not in macrophages (Figure S3A), endothelial cells (Figure S3B)

and SM smooth muscle cells (Figure S3C). To identify the dynamic

changes of Mep1A in mast cells during abdominal aortic aneurysm

development, we next stained the abdominal aortic aneurysm tis-

sue after Ang II infusion at Days 0, 3, 7, 14 and 28. The results

showed that Mep1A-producing mast cell infiltration tended to

increase over time in vivo (Figure S3D), suggesting that Mep1A

expression in Ang II-induced AAA was mainly originating form

MCs. Additionally, our previous study had demonstrated that

plasma IgE (a well-known mast cell activator) levels are significantly

increased in both abdominal aortic aneurysm patients and abdomi-

nal aortic aneurysm mice (Wang et al., 2014). Consistently with

tbis, we also found increased IgE levels in abdominal aortic aneu-

rysm mice compared with control (Figure S2C). In addition, mast

cells were considered as the main effector cells of IgE (Frossi, De

Carli, & Pucillo, 2004). Therefore, we used IgE to stimulate mast

cells in vitro to imitate the in vivo environment. We found that

IgE up-regulated Mep1A expression in mast cells at both the pro-

tein (Figure 5d,e) and mRNA levels (Figure 5f).

F IGURE 5 IgE up-regulated Mep1A expression in mast cells (MCs). (a) Immunoblot analysis of basal Mep1A expression in the indicated cells
including mast cells, macrophages (Mφ), smooth muscle cells (smooth muscle cell) and endothelial cells (ECs). (b) Quantification of Mep1A
expression in the indicated cells by immunoblotting. (c) Immunofluorescence staining of Mep1A and tryptase (mast cell marker). Mep1A: red,

tryptase: green, DAPI: blue. (d) Immunoblot analysis of Mep1A expression in MCs treated with IgE at the indicated doses. (e) Quantification of
immunoblotting results of Mep1A expression in MCs treated with IgE. (f) RT-PCR analysis of Mep1A expression in MCs treated with the
indicated doses of IgE. Data are presented as the mean ± SEM of five independent experiments. One-way ANOVA was conducted to examine
the differences among groups for all data. *P <.05 was considered statistically significant
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Gao and Si (2010) reported that Mep1A promotes the secretion

of the inflammatory factors TNF-α and IL-1β from peripheral blood

mononuclear cells. We next examined TNF-α and IL-1β secretion by

mast cells in response to IgE (10 μg�ml−1, 24 hr). As shown in

Figure 6a,b, TNF-α levels increased at both the mRNA and protein

levels in IgE-treated mast cells, while IL-1β was unchanged

exploratorily (Figure S4A). To further confirm the in vitro results, we

examined TNF-α expression in vivo, which was significantly inhibited

in KO mice compared to WT mice treated with Ang II (Figure 6c,d).

TNF-α mRNA levels were also markedly reduced in aortic tissue

(Figure 6e). Furthermore, serum TNF-α levels were lower in KO mice

than in WT mice (79.77 ± 1.36 vs. 91.41 ± 4.86 pg�ml−1, Figure 6f).

To determine whether Mep1A mediates IgE-induced TNF-α

expression, mast cells were transfected with Mep1A siRNA (100 nM).

The knockdown of Mep1A was confirmed by both western blotting

and RT-PCR (Figure 6g–i). Mep1A knockdown resulted in a pro-

nounced inhibition of TNF-α expression in IgE-treated mast cells

(Figure 6j,k). Moreover, actinonin, a Mep1A inhibitor, induced the

same result as siRNA transfection with TNF-α expression, dramatically

reducing both the mRNA and protein levels in IgE-treated mast cells

(Figure 6l,m). These results indicate that Mep1A is involved in TNF-α

secretion from mast cells.

3.6 | TNF-α secretion by mast cells promoted
matrix metalloproteinase 2 expression in smooth
muscle cells (SMCs) and smooth muscle cell apoptosis

To examine whether TNF-α secreted by mast cells induces matrix

metalloproteinase expression in smooth muscle cells, the supernatant

from IgE-treated (10 μg�ml−1) mast cells was divided into two equal

aliquots; supernatant A and supernatant B. IgG was added to superna-

tant A as a control, and TNF-α antibody was used to deplete TNF-α in

supernatant B (Figure 7a). The removal of TNF-α from supernatant B

was confirmed by ELISA (Figure 7b). Then, smooth muscle cells were

treated with supernatants A and B. As shown, matrix

metalloproteinase 2 expression (Figure 7c,d) and activity (Figure S4B)

were significantly increased in smooth muscle cells treated with

supernatant A (without TNF-α depletion) but not in those treated with

supernatant B (with TNF-α depletion). These data indicated that IgE-

induced mast cell-producing high TNF-α, up-regulated matrix

metalloproteinase 2 expression and activity in smooth muscle cells.

Similarly, the levels of cleaved caspase-3, an apoptotic cell

marker, were significantly increased in only smooth muscle cells

treated with supernatant A compared with the control (Figure 7e,f).

These results were further verified by flow cytometry analysis

(Figure 7g). The apoptosis of smooth muscle cells treated with super-

natant B was lower than that of smooth muscle cells cultured in

supernatant A (Figure 7h). These data suggest that Mep1A may pro-

mote TNF-α secretion by mast cells, which induces matrix

metalloproteinase 2 expression in smooth muscle cells and smooth

muscle cell apoptosis, thus enhancing abdominal aortic aneurysm for-

mation and rupture.

4 | DISCUSSION

The present study demonstrated that Mep1A deficiency reduced the

formation of Ang II-induced abdominal aortic aneurysm and decreased

the mortality in mice. Mep1A was robustly expressed and mediated

IgE-induced TNF-α expression in mast cells. TNF-α secreted by mast

cells enhanced matrix metalloproteinase 2 expression in smooth mus-

cle cells and promoted smooth muscle cell apoptosis, subsequently

leading to elastic lamina degradation, abdominal aortic aneurysm for-

mation and eventual death. Mep1A deletion markedly reversed the

extensive proteolysis of matrix proteins, smooth muscle cell apoptosis

and inflammatory cell accumulation. These results suggest the impor-

tance of Mep1A expression in the development of abdominal aortic

aneurysm. Knocking out Mep1A might be crucial in preventing

abdominal aortic aneurysm rupture.

In our abdominal aortic aneurysm study, Mep1A expression was

mainly in mast cells instead of macrophages, smooth muscle cells and

endothelial cells (Figure 5c and Figure S3A–C). For further cellular

mechanism study, IgE instead of Ang II was used to stimulate mast

cells, because mast cells do not express the angiotensin receptors as

demonstrated in Figure S4C. The role of IgE in abdominal aortic aneu-

rysm pathogenesis has been previously demonstrated (Wang

et al., 2014). IgE promotes abdominal aortic aneurysm formation by

activating inflammatory cells, such as macrophages, mast cells and

CD4+ T cells in the aortic wall (Liu et al., 2016; Wang et al., 2014).

Neutralizing plasma IgE with the IgE antibody may prevent abdominal

aortic aneurysm formation (Wang et al., 2014). The present study

demonstrates that mast cells expressed Mep1A can be a possible

mechanism by which IgE mediates abdominal aortic aneurysm

formation.

Meprin was reported to mediate Collagen I and III degradation

(Prox, Arnold, & Becker-Pauly, 2015). Mep1A and Mep1B can remove

both C-propeptides and N-propeptides, thereby releasing mature Col-

lagen I (Broder et al., 2013), but procollagen I maturation hydrolysed

by Mep1B is more efficient (Broder et al., 2013). Moreover, Rao

et al. (2015) reported that collagens I and III mainly contribute to the

occurrence of intraluminal thrombus during abdominal aortic aneu-

rysm, but few reports have focused on how the collagen family pro-

motes abdominal aortic aneurysm occurrence and development. We

detected collagen I mRNA and protein in animal tissues but found no

difference between Ang II-infused WT and KO mice (Figure S5A–E),

suggesting that Mep1A might regulate abdominal aortic aneurysm for-

mation but it is not mediated by collagen. Nevertheless, it has been

shown that meprin plays important roles in inducing inflammation by

activating cytokines, such as IL-1β, TNF-α and endothelin (Gao &

Si, 2010), which may contribute to atherosclerosis (Gao et al., 2009).

Our current data demonstrated that Mep1A also influence abdominal

aortic aneurysm formation by regulating TNF-α expression, suggesting

that Mep1A may be involved in vascular diseases by regulating

inflammation.

TNF-α is an important cytokine found in the inflamed aortic wall

of abdominal aortic aneurysm tissue. Manning et al. (2003) reported

that TNF-α expression is increased in aneurysms at both the mRNA
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F IGURE 6 Mep1A mediated TNF-α expression in vitro and in vivo. (a) RT-PCR analysis of TNF-α mRNA expression in mast cells (MCs)
treated with IgE at the indicated doses. (b) ELISA analyses of TNF-α levels in the supernatants of MCs treated with IgE at the indicated doses.
(c) Representative images showing TNF-α staining (red) in the arterial wall of mice of the four groups. (d) Quantification of the
immunohistochemical analysis showing the percentage of TNF-α-positive area. (e) RT-PCR analysis of TNF-α mRNA expression in normal arteries
and AAA tissues of mice of the indicated groups. (f) ELISA analysis of plasma TNF-α levels in normal and AAA mice of the indicated groups.
(g) Immunoblot analysis of Mep1A expression in MCs transfected with Mep1A siRNA (100 nM) or control scrambled siRNA (100 nM). (h) Relative
quantification of Mep1A expression. (i) RT-PCR analysis of Mep1A expression in MCs. (j) RT-PCR analysis of TNF-α expression in MCs. (k) ELISA
analysis of TNF-α levels in the supernatants of MCs treated as indicated. (l) RT-PCR analysis of TNF-α expression in MCs treated with actinonin
(100 μmol�L−1), a Mep1A inhibitor, and IgE (10 μg�ml−1). (m) ELISA analysis of TNF-α levels in the supernatants of MCs treated with actinonin
(100 μmol�L−1) and IgE (10 μg�ml−1). Data are presented as the mean ± SEM of five independent experiments in (a), (b), and (h)–(m). Groups in (d)–
(f ): ApoE−/−Mep1A+/+ mice treated with PBS (n = 5), ApoE−/−Mep1A−/− mice treated with PBS (n = 6), ApoE−/−Mep1A+/+ mice treated with Ang
II (n = 5), and ApoE−/−Mep1A−/− mice treated with Ang II (n = 6). One-way ANOVA was conducted to examine the differences among groups in
(a) and (b). Two-way ANOVA was conducted to examine the differences among groups in (d)–(f ) and (j)–(m). Student's t-test was used to examine
the differences between groups in (h) and (i). *P <.05 was considered statistically significant. L, lumen
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and protein levels. Additionally, TNF-α-deficient mice are resistant to

aneurysm formation because macrophage infiltration and matrix

metalloproteinase 2 expression are attenuated. These data suggest an

important role for TNF-α in regulating aortic inflammation and

remodelling. In previous studies, TNF-α has been reported to be pro-

duced by macrophages and mast cells (Hsieh et al., 2007; Piliponsky

et al., 2012; Romo-Lozano, Hernandez-Hernandez, & Salinas, 2014;

Yamamoto et al., 2008). Here, we showed that Mep1A mediated IgE-

induced TNF-α secretion in mast cells, which contributed to abdomi-

nal aortic aneurysm formation. Deficiency of Mep1A on mast cells sig-

nificantly decreased TNF-α, leading to the reduction of abdominal

aortic aneurysms. In our studies, it was by mast cells that Mep1A is

most likely to regulate the expression of TNF-α, as there was very

much less expression of Mep1A in macrophages compared with that

in mast cells (Figures 5a–c and S3A). Whether the function and origin

of TNF-α is different in diverse abdominal aortic aneurysm develop-

ment model needs to be further investigated. Hence, our study has

shown that Ang II-induced IgE stimulates the production of TNF-α in

mast cells, which participated in aortic inflammation and abdominal

aortic aneurysm formation.

Mep1A inhibition in vitro with Mep1A siRNA or actinonin

(Mep1A inhibitor) actually reduced TNF-α expression, illustrating that

TNF-α secretion is dependent on Mep1A. Actinonin, a Mep1A inhibi-

tor, is produced by Streptomyces sp. ATCC 14903 (Umezawa

et al., 1985). The inhibitory activity of actinonin relies on various

metalloproteinases and peptide deformylase (Chen et al., 2000).

Actinonin-mediated inhibition of peptide deformylase has antimicro-

bial effects against gram-positive bacteria. GSK1322322, a lead com-

pound derivative of actinonin, has been tested in a phase II clinical

trial for antibacterial activity (Corey et al., 2014). Actinonin-mediated

F IGURE 7 TNF-α promoted the expression of matrix metalloproteinase 2 (MMP2) and apoptosis in smooth muscle cells (SMCs). (a) The
model of an in vitro experiment to explore the effect of TNF-α secreted by mast cell (MCs) on SMCs. (b) ELISA to detect TNF-α in MC
supernatant treated with the antibodies as indicated. (c) Immunoblot to detect the expression of MMP2 in SMCs treated with the indicated
supernatant. (d) Quantitative analysis of MMP2 protein levels by immunoblotting. (e) Immunoblot to detect the expression of cleaved caspase-3
in SMCs treated with the indicated supernatant. (f) Quantitative analysis of cleaved caspase-3 expression by immunoblotting. (g) Flow cytometric
analysis to measure apoptotic SMCs stained with annexin V/PI. (h) Quantitative illustration of the total (early and late) apoptosis rates of the
SMCs under the indicated treatments. Data are the mean ± SEM of five independent experiments. Two-way ANOVA was conducted to examine
the statistical difference. *P value <.05 was considered statistically significant
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Mep1A inhibition was used to reduce atherosclerosis in mice by

down-regulating IL-1β and TNF-α (Gao & Si, 2010). In our study,

actinonin and Mep1A siRNA showed the same function in vitro.

Mep1A inhibition could protect aortas from abdominal aortic

aneurysm s.

In conclusion, the findings of our study provide novel insight

suggesting that Mep1A in mast cells may aggravate cardiovascular dis-

eases. Therefore, a targeted inhibitor of Mep1A may become an

effective therapy for cardiovascular diseases such as abdominal aortic

aneurysm in the future.
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