
Molecular Medicine REPORTS  24:  774,  2021

Abstract. An abdominal aortic aneurysm (AAA) is a 
life‑threatening disease associated with a high mortality rate. 
At present, surgery or minimally invasive interventions are 
used in clinical treatment, especially for small aneurysms. 
However, the benefits of surgical repair are not obvious, and 
AAA ruptures can be prevented by aneurysm therapy to inhibit 
the growth of small aneurysms. Therefore, evaluating effec‑
tive drugs to treat small AAAs is urgently required. Chronic 
inflammation is the main pathological feature of aneurysmal 
tissues. The aim of the present study was to investigate the 
protective role and underlying mechanism of ADAM metallo‑
peptidase domain 10 (ADAM10). In the present study, a mouse 
model of AAA was established via porcine pancreatic elastase 
perfusion for 5 min per day for 14 days. ADAM10 (6 mg/kg) 
was injected intraperitoneally following 3 days of porcine 
pancreatic elastase perfusion in the ADAM10 group and the 
treatment continued for 10 days. The maximum inner luminal 
diameters of the infrarenal abdominal aortas were measured 
using an animal ultrasound system. The levels of high mobility 
group box 1 (HMGB1) and soluble receptor for advanced 
glycosylation end products in serum samples were measured 
by ELISA. Hematoxylin and eosin and elastin van Gieson 
staining were performed to observe morphology, integrity of 
the elastin layers and elastin degradation. CD68 expression 
was detected by immunohistochemical staining. Reverse 
transcription‑quantitative PCR and western blotting were used 

for detection of mRNA and protein levels. The gelatinolytic 
activities of MMP‑2 and MMP‑9 were quantified via gelatin 
zymography analysis. These results showed that ADAM10 
inhibited HMGB1/RAGE/NF‑κB signaling and MMP activity 
in the pathogenesis of pancreatic elastase‑induced AAA, 
which provide insight into the molecular mechanism of AAA 
and suggested that ADAM10 may be a potential therapeutic 
target for AAA.

Introduction

An abdominal aortic aneurysm (AAA) is diagnosed if the 
diameter of an artery is >30 mm or if it has increased by >50% 
compared with the adjacent normal aorta (1). The mortality 
rate of patients with an AAA rupture is 65‑85%; currently, 
surgery or minimally invasive interventions are used for clin‑
ical treatment (2). However, randomized trials have reported 
that, although selective repair of AAAs can prevent rupture of 
the aneurysms and related deaths, it causes more perioperative 
deaths than any other common types of surgery or vascular 
surgery (3). Especially for small aneurysms, the benefits of 
surgical repair are not obvious, and an AAA rupture is likely 
to be prevented by aneurysm therapy to inhibit the growth of 
small aneurysms (4). Therefore, examining effective drugs to 
treat small AAAs is urgently required.

Chronic inflammation is the main pathological feature in 
aneurysmal tissues, involving the infiltration of inflammatory 
cells, elastic fiber degradation of the extracellular matrix 
(ECM), neovascularization and apoptosis, dysfunction of 
vascular smooth muscle cells and the release of a range of 
proteolytic enzymes, such as MMPs, oxidation‑derived free 
radicals, cytokines and related products  (5). Macrophages 
are the dominant factor in the production of MMPs during 
the inflammation of the media and adventitia. These MMPs 
cause the degradation of the ECM (6).

Receptor for advanced glycosylation end products (RAGE) 
is a cell‑surface multiligand receptor of the immunoglobulin 
superfamily  (7). As an important regulator of chronic and 
sustained inflammation, RAGE serves a key role in the 
development and progression of pathological states, such 
as cardiovascular disease, diabetic vascular complications, 
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Alzheimer's disease (AD), cancer and a range of inflammatory 
diseases (8,9). RAGE exists as a full‑length isoform (fl‑RAGE) 
and a soluble isoform (sRAGE). fl‑RAGE consists of extracellular 
domains, a short transmembrane helix and a cytosolic 
C‑terminal short tail. The cytosolic short tail domain is critical, 
and is responsible for transducing downstream signaling from 
the extracellular space to the intracellular space (10). sRAGE is 
one of the truncated forms of RAGE and is found in the serum 
in humans. As an endogenous competitor of RAGE, increased 
levels of sRAGE serve a critical role within the modulatory 
network of the ligand/RAGE axis and acts to alleviate the 
inflammatory response. As a biomarker of RAGE‑mediated 
pathogenesis, sRAGE can reflect RAGE activity in the opposite 
direction (11). Furthermore, ectodomain shedding by proteolysis 
of RAGE is a means of sRAGE production.

High mobility group box 1 (HMGB1), one of the ligands 
of RAGE and a proinflammatory factor, is an evolutionarily 
highly conserved nuclear, nonhistone DNA‑binding protein 
that exerts a proinflammatory role in a series of pathologies by 
regulating the release of inflammatory cytokines, activating 
macrophages and increasing vascular permeability  (12). 
HMGB1 is involved in the pathogenesis of inflammatory 
conditions via its interactions with pivotal transmembrane 
receptors, including RAGE and Toll‑like receptor‑4 (13,14). 
Extracellular hyperexpression of HMGB1 has been documented 
in various diseases, such as cardiovascular disease, septic 
shock, rheumatoid arthritis, atherosclerosis, traumatic brain 
injury and ischemia/reperfusion injury (15‑17). After binding 
to membrane receptors, HMGB1 activates downstream NF‑κB 
and further stimulates the expression of related inflammatory 
factors, such as oxidative stress and proinflammatory 
cytokines, which has been observed in AAAs (18).

ADAM metallopeptidase domain 10 (ADAM10) is one of 
the most closely studied members of the ADAM family, which 
has been shown to participate in the inflammatory response, 
and it is a target for the treatment of inflammatory diseases (19). 
As a membrane‑anchored protease, ADAM10‑mediated shed‑
ding is essential for numerous biological processes, such as 
cell migration, proliferation and  (20,21). ADAM10 is also 
responsible for RAGE cleavage, and binding to its ligand 
HMGB1 promotes RAGE shedding (22). Moreover, targeting 
of ADAM10 is a therapeutic strategy for the treatment of AD 
and prion disease (23), but its role in AAAs remains unknown.

Therefore, in the present study, we hypothesized that 
ADAM10 may attenuate the inflammatory progression of 
AAAs by inhibiting HMGB1/RAGE/NF‑κB signaling. The 
current study examined the effect of ADAM10 on the expres‑
sion levels of HMGB1 and RAGE, and the activation of NF‑κB 
in an experimental model of AAAs in C57BL/6 mice.

Materials and methods

Animal groups. A total of 21 male C57BL/6 wild‑type mice 
(age, 8‑12  weeks; weight, 20‑26  g) were purchased from 
the Experimental Animal Center of Shandong University 
(Jinan, China). The mice were randomly divided into the 
following groups (n=7 per group): i) Sham‑operated (Sham) 
group; ii) AAA model (AAA) group; and iii) ADAM10‑treated 
(ADAM10) group. Mice were housed at 20‑25˚C and a humidity 
of 40‑70% with a 12:12 h light‑dark cycle. Water and food 

were given ad libitum and were provided by the Experimental 
Center of Shandong Provincial Hospital Affiliated with 
Shandong University. This study was performed according to 
the Care and Use of Laboratory Animals guidelines (24). The 
experimental protocols were approved by the Ethical Review 
Board of Shandong University (approval no. 2018‑015). The 
animal experiments were performed between 01/2019 and 
12/2019.

Establishment of the AAA model and administration of 
ADAM10. The AAA model was established as described 
previously  (25). Briefly, mice were anesthetized via 2.5% 
isoflurane inhalation. A para‑abdominal median incision 
was made to expose the lower abdominal aorta to the bifur‑
cation of the abdominal aorta, and a 10‑mm segment of the 
infrarenal abdominal aorta was exposed. Subsequently, 
30 µl porcine pancreatic elastase (1.5 U/ml; cat. no. E1250; 
Sigma‑Aldrich; Merck KGaA) was perfused intraluminally 
for 5 min via a PPE‑10 catheter that had been inserted into 
the aorta. PBS was used as a control in the Sham group. 
ADAM10 (6 mg/kg; cat. no. 936‑AD; R&D Systems, Inc.) was 
injected intraperitoneally after 3 days of porcine pancreatic 
elastase perfusion in the ADAM10 group and the treatment 
continued for 10 days. At the end of the study, the mice were 
euthanized under CO2 exposure (flow rate of CO2, 2 l/min; 
air displacement rate, 20%/min). Blood was collected after 
mouse euthanasia via cardiac puncture. Blood samples were 
separated via centrifugation at 3,000 x g at 4˚C for 10 min 
and stored at ‑80˚C. The aortas were embedded in Tissue‑Tek 
O.C.T. compound at ‑80˚C or stored at ‑80˚C for protein and 
reverse transcription‑quantitative (RT‑q) PCR detection.

Measurements of the abdominal aortic diameter. The 
maximum inner luminal diameters of the infrarenal abdom‑
inal aortas were measured using an animal ultrasound system 
(FUJIFILM VisualSonics, Inc.). Measurements and analysis 
of dilation were carried out on days 3, 7 and 14 after AAA 
induction by two experienced operators who did not know 
their group assignment. AAA was defined as dilatation >50% 
of the average diameter of the aorta.

ELISA examination. The levels of HMGB1 and sRAGE in the 
serum samples were measured using ELISA kits (HMGB1, 
cat.  no. CSB‑E08225, Cusabio Technology LLC; sRAGE, 
cat.  no.  MRG00, R&D Systems, Inc.) according to the 
manufacturer's instructions. Sample diluent (100 µl) and serum 
(100 µl) were added to the wells and incubated at 37˚C for 2 h. 
Subsequently, biotin‑labeled antibody working fluid (100 µl; 
1X antibody) was added to each well and incubated at 37˚C for 
1 h. Then, the plate was washed three times with 0.01 M PBS. 
A total of 100 µl substrate solution was added and incubated at 
room temperature for 1 h. TMB color developing agent (90 µl) 
was added to each well and incubated at 37˚C for 30 min in 
the dark, and then 50 µl termination solution was added. The 
optical density value was measured using a ThermoMultiskan 
GO microplate reader (1510‑01981; Thermo Fisher Scientific, 
Inc.) at 450 nm.

H&E and Elastin van Gieson (EVG) staining. The aortic 
specimens were fixed in 4% paraformaldehyde for 24 h at 
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room temperature, then cut into 5‑µm serial sections using a 
freezing microtome. H&E and EVG staining were performed 
following a standard protocol. The sections were stained 
with hematoxylin for 3 min and eosin solution for 15 sec at 
room temperature. The sections were stained with Weigerts 
Resorcin Fuchsin solution for 45 min and Van Gieson solutions 
for 5 min at room temperature for EVG staining. The integrity 
of the elastin layers and elastin degradation were observed by 
light microscopy (BX3‑CBH; OLYMPUS cellSens Standard 
1.16; Olympus Corporation; magnification, x50 and x200).

Immunohistochemical staining. The aortic specimens were 
fixed in 4% paraformaldehyde for 24 h at room temperature, 
and then after washing and dehydration they were embedded 
by optimal cutting temperature compound and stored in ‑80˚C. 
The sections were cut into 5‑µm serial sections by a freezing 
microtome as previously described (26). The sections were 
incubated with primary polyclonal antibodies against CD68 
(1:400; cat. no. ab125212; Abcam) at 4˚C overnight and blocked 
with goat serum (1:10; cat. no. ZLI‑9021; ZSGB‑BIO) for 
30 min at room temperature. The sections were incubated with 
secondary HRP‑goat anti‑rabbit IgG antibodies for 30 min at 
room temperature by the rabbit polymer detection system (1X; 
cat. no. PV‑6001; ZSGB‑BIO). The sections were then stained 
with DAB reagent (1X) for 3 min at room temperature. Stained 
sections were observed by light microscopy (BX3‑CBH; 
OLYMPUS cellSens Standard 1.16; Olympus Corporation).

RT‑qPCR analysis. Total RNA was extracted from the 
abdominal aorta tissue using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac‑
turer's protocol. cDNA was synthesized from 1 µg total RNA 
according to the manufacturer's protocol by PrimeScript RT 
reagent kit gDNAEraser (cat. no. RR047A; Takara Bio, Inc.) 
in a 20 µl reaction volume. RT‑qPCR was performed with 
2 µl cDNA and gene‑specific primers in a final 20 µl reaction 
system. The forward and reverse primers designed by Takara 
Bio, Inc. are shown in Table I. Amplification was performed 
using a SYBR Premix Ex Taq kit (Takara Bio, Inc.), and the 
thermocycling conditions were as follows: Initial denaturation 
at 95˚C for 30 sec, followed by 45 cycles of 95˚C for 3 sec and 
60˚C for 30 sec. The relative mRNA expression was assessed 
using the 2‑∆∆Cq method (27). The relative expression of the 
target gene was normalized to that of β‑actin.

Western blot analysis. Mouse aortas were harvested for 
protein extraction by RIPA buffer (cat. no. P0013B; Beyotime 
Institute of Biotechnology) and a BCA protein concentration 
kit (cat.  no.  P0010; Beyotime Institute of Biotechnology) 
was used for protein determination. A total of 30  µg 
protein extract was loaded per lane and separated by 10% 
SDS‑PAGE and then electrotransferred to PVDF membranes 
(MilliporeSigma), which were blocked with 5% skimmed 
milk in PBS‑0.05% Tween‑20 (PBST) at room temperature 
for 1 h. Next, primary antibodies against HMGB1 (1:1,000; 
cat. no. ab18256; Abcam), RAGE (1:1,000; cat. no. ab3611; 
Abcam), phosphorylated (p)‑NF‑κB p65 (Ser536; 93H1; 
1:1,000; cat. no. 3033; Cell Signaling Technology, Inc.), NF‑κB 
p65 (1:1,000; cat. no. ab16502; Abcam) and GAPDH (1:2,000; 
cat. no.  ab181602; Abcam) were applied at 4˚C overnight. 

The membranes were washed three times, for 10 min each 
time, in PBST (0.1% Tween‑20). The appropriate horseradish 
peroxidase‑conjugated secondary antibodies were applied at 
room temperature for 2 h including Goat Anti‑Rabbit (1:3,000; 
cat. no. ZB‑5305; ZSGB‑BIO) and Rabbit Anti‑Mouse IgG 
H&L (1:2,000; cat. no. ZB‑2301; ZSGB‑BIO). The bands were 
visualized using ECL assays (Thermo Fisher Scientific, Inc.) 
and assessed via semi‑quantification of the optical density with 
Multi Gauge v3.2 software (FUJIFILM Wako Pure Chemical 
Corporation). GAPDH was used as an internal reference.

Gelatin zymography analysis. Tissue extracts were isolated 
according to the procedures described for the western blot 
analysis. Proteins were extracted from mouse aorta using RIPA 
buffer (cat. no. P0013B; Beyotime Institute of Biotechnology) 
and a BCA protein concentration kit (cat. no. P0010; Beyotime 
Institute of Biotechnology) was used for protein determination. 
The procedures used were conducted as described 
previously (28). The gelatinolytic activities of MMP‑2 and 
MMP‑9 were quantified via densitometric analysis by Azure 
Biosystems capture software v1.6 (29).

Statistical analysis. All the experiments were repeated three 
times. Data were analyzed using SPSS 19.0 software (IBM 
Corp.) and are presented as the mean ± SEM. The significant 
differences in mean values among groups was examined via 
one‑way ANOVA followed by Tukey's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

ADAM10 reduces pathological injury to the abdominal aortic 
wall in a mouse AAA model. A total of 2 weeks after elastase 
perfusion, a severe AAA developed with significant dilation 
of the infrarenal aortic lumen in the AAA groups. Ultrasound 
examination revealed that the largest diameters of the aorta 
were significantly increased compared with those in the 
Sham groups, while they were significantly decreased in the 
ADAM10 groups (Fig. 1A and B).

H&E staining identified that ADAM10 decreased the 
injury to the abdominal aortic wall. A normal abdominal 
aortic wall was shown in sham group (Fig. 1C‑a and d). The 
significant injury in elastic laminae presented with flattening, 
fragmentation and degeneration in the medial layer, accom‑
panied with the thickened and remodeled aortic adventitia in 
the AAA groups (Fig. 1C‑b and e). ADAM10 significantly 
reduced elastin degradation in the aortic media, and the elastic 
lamellae partially recovered its wavy structures, thereby 
maintaining the integrity of the aortic intima in the ADAM10 
groups (Fig. 1C‑c and f). EVA staining revealed the normal 
form of elastin (Fig. 1D‑a and d). Moreover, elastin in the 
aortic adventitia was thickened (Fig. 1D‑b and e), which was 
reduced by ADAM10 (Fig. 1D‑c and f).

ADAM10 reduces the inf lammatory response of the 
abdominal aortic wall in a mouse AAA model. The inflam‑
matory responses in the experimental model was examined 
via histopathologic analysis. Immunohistochemical staining 
demonstrated that there was only a few CD68+ inflammatory 
cells in the normal aortic wall (Fig. 2A‑a and d), while the 
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inflammatory cells accumulated and infiltrated into the aortic 
wall in the AAA groups (Fig. 2A‑b and e), and this phenom‑
enon was attenuated in the ADAM10 groups compared with 
the AAA groups (Fig. 2A‑c and f). The increased number of 
CD68+ macrophages in the aortic wall in the AAA groups 
increased significantly compared with sham groups, which 
was significantly attenuated in the ADAM10 groups (Fig. 2B). 
Furthermore, ADAM10 decreased the expression levels of 
the proinflammatory mediators, including IL‑1β, TNF‑α and 
monocyte chemoattractant protein‑1, in the aortic wall of the 
AAA as shown via RT‑qPCR analysis (Fig. 2C).

ADAM10 inhibits the expression of MMPs. RT‑qPCR analysis 
demonstrated that the mRNA expression levels of MMP‑2 and 
MMP‑9 were significantly increased in the AAA groups, but 
were significantly downregulated in the ADAM10 groups on 
day 14 (Fig. 3A).

Gelatin zymography examination revealed that the 
activities of MMP‑2 and MMP‑9 were notably increased 
in the AAA groups and were significantly downregulated 
in the aneurysmal wall in the ADAM10 groups on day 14 
(Fig. 3B).

ADAM10 reduces serum HMGB1 levels, while increasing 
serum sRAGE levels in a mouse AAA model. Serum HMGB1 
and sRAGE levels changed in an opposite manner in the AAA 
group. In the AAA group, serum HMGB1 was significantly 
increased as detected via ELISA, and this effect was reduced 
in the ADAM10 group (Fig. 4A). Furthermore, a lower level 
of serum sRAGE was detected in the AAA group, while a 
significant increase in serum sRAGE levels was observed in 
the ADAM10 group (Fig. 4B).

ADAM10 decreases aortic wall HMGB1, RAGE and NF‑κB 
expression in the AAA model. The mRNA and protein expres‑
sion levels of HMGB1, RAGE and NF‑κB were detected 
in the aneurysm walls via RT‑qPCR and western blotting, 
respectively. The RT‑qPCR results demonstrated that the 
mRNA expression level of HMGB1 was higher in the AAA 
group, which was significantly downregulated by ADAM10. 
Moreover, the mRNA expression level of RAGE was higher 
in the AAA group, which was significantly reduced by 
ADAM10. It was also found that the mRNA expression level 
of NF‑κB was higher in the AAA group, which was decreased 
significantly by ADAM10 (Fig. 5A). The western blotting 
results were consistent with those of the RT‑qPCR. The protein 
expression levels of HMGB1 and RAGE, and the ratio of the 
phosphorylation of NF‑κB p65/NF‑κB p65 were higher in the 
AAA group, and were significantly decreased in the ADAM10 
group (Fig. 5B).

ADAM10 inhibits the progression rate of small AAAs in a 
mouse model. Ultrasound examination showed the largest 
diameters of the aorta on day 0, 3, 7 and 14 after infusion 
(Fig. 6A). In the ADAM10‑treated group, after 4 days, the 
growth curve of the AAA began to alter, showing a downward 
trend, and the maximum aortic diameter was significantly 
decreased after  3  and  10  days of continuous treatment 
(Fig. 6B). This indicated that ADAM10 treatment was able to 
significantly limit the progression rate of small AAAs.

Discussion

In the present study, to test the hypothesis that the inflam‑
matory mediator ADAM10 is an important factor in the 

Table I. Primers for reverse transcription‑quantitative PCR analysis.

Gene	 Sequences

RAGE 	 Forward: 5'‑GCTGTAGCTGGTGGTCAGAACA‑3'
	R everse: 5'‑CCCCTTACAGCTTAGCACAAGTG‑3'
HMGB1 	 Forward: 5'‑ATGGGCAAAGGAGATCCTA‑3'
	R everse: 5'‑ATTCATCATCATCATCTTCT‑3'
NF‑κB 	 Forward: 5'‑GCATTCTGACCTTGCCTATCT‑3'
	R everse: 5'‑CTCCAGTCTCCGAGTGAAGC‑3'
MMP‑2	 Forward: 5'‑CCCTGGTGGCTGGAGGCTCT‑3'
	R everse: 5'‑AACGGGGTCCCACGTCCCAA‑3'
MMP‑9 	 Forward: 5'‑GCATCCGAGCAAGAAGACAAC‑3'
	R everse: 5'‑CCCGACACACAGTAAGCATTC‑3'
IL‑1β 	 Forward: 5'‑TTGACGGACCCCAAAAGATG‑3'
	R everse: 5'‑AGAAGGTGCTCATGTCCTCA‑3'
TNF‑α	 Forward: 5'‑TCTCATCAGTTCTATGGCCC‑3'
	R everse: 5'‑GGGAGTAGACAAG GTACAAC‑3'
MCP‑1 	 Forward: 5'‑TTAAAAACCTGGATCGGAACCAA‑3'
	R everse: 5'‑GCATTAGCTTCAGATTTACGGGT‑3'
β‑actin 	 Forward: 5'‑GTGGGCCGCTCTAGGCACCAA‑3'
	R everse: 5'‑CTCTTTGATGTCACGCACGATTTC‑3'

HMGB1, high‑mobility‑group box 1; RAGE, receptor for advanced glycation end products; MCP‑1, monocyte chemoattractant protein‑1.
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pathophysiology of AAA, a mouse AAA model was estab‑
lished by incubating the infrarenal aorta with pancreatic 
elastase. The results demonstrated that ADAM10 inhibited 
HMGB1/RAGE/NF‑κB signaling and MMP activity in the 
pathogenesis of pancreatic elastase‑induced AAA.

AAA is described as a degenerative and dilated disease 
of the abdominal aorta and small, asymptomatic AAAs 
currently have no favorable therapeutic options, although 
it has been demonstrated in animal and clinical models 
that inflammatory processes have an important role in the 
pathophysiology of AAA (5). Macrophages accumulating and 
infiltrating the aneurysmal wall cause tissue injury, producing 
and responding to inflammatory mediators, and they release 
proteases, such as Cathepsin S protein and MMPs, resulting in 
ECM remodeling during the formation of AAAs (30). There 
are numerous drugs that have been tested in animals and 
clinical trials with the goal of inhibiting the development of 
AAAs, such as statins (31), β‑adrenoceptor antagonists (32), 

renin‑angiotensin system inhibitors (33) and doxycycline (34). 
However, at present, there is no established drug therapy that 
can efficiently inhibit the development of AAAs or reverse 
small AAAs (35).

The present study selected a mouse AAA model induced 
by pancreatic elastase perfusion, the pathological changes of 
which are considered to be the closest to the pathophysiological 
changes of human AAAs (36). The aneurysm wall has obvious 
inflammatory responses  (37), which is consistent with the 
purpose of the current study. This experimental mouse 
model has been widely accepted and applied to study the 
pathophysiology of AAA (38). To examine its therapeutic 
effects, ADAM10 was intraperitoneally injected into the 
mice on the first day after the AAA was induced and the 
treatment continued for 10 days. The present results suggested 
that ADAM10 can significantly alleviate the development of 
AAAs, which was reflected by the observation that ADAM10 
inhibited the dilatation of the infrarenal aorta. After ADAM10 

Figure 1. ADAM10 reduces pathological injury to the abdominal aortic wall in a mouse AAA model. (A) Representative ultrasonographic images of aortas from 
the different groups before infusion and on day 14 after infusion. The blue bar indicates the diameter of the aorta. (B) Quantitative analysis of the diameters of the 
aortas on days 0, 3, 7 and 14 after infusion in different groups. (Ca) A normal abdominal aortic wall was shown in sham group in low magnification. (Cb) The injury 
in elastic laminae and aortic adventitia was shown in the AAA groups in low magnification. (Cc) ADAM10 significantly reduced the injury in the aortic wall in the 
ADAM10 groups in low magnification. (Cd) A normal abdominal aortic wall was shown in sham groups in high magnification. (Ce) The injury in elastic laminae 
and aortic adventitia was shown in the AAA groups in high magnification. (Cf) ADAM10 significantly reduced the injury in the aortic wall in the ADAM10 groups 
in high magnification. (Da) EVA staining showed the normal form of elastin in sham groups in low magnification. (Db) EVA staining showed the thickened elastin 
in the aortic adventitia in AAA groups in low magnification. (Dc) EVA staining showed reduced elastin in ADAM10 groups in low magnification. (Dd) EVA 
staining showed the normal form of elastin in sham groups in high magnification. (De) EVA staining showed the thickened elastin in the aortic adventitia in AAA 
groups in high magnification. (Df) EVA staining showed reduced elastin in ADAM10 groups in high magnification. Scale bars, 200 µm. All the data are expressed 
as the mean ± SEM; n=7 per group. #P<0.05 vs. sham group; *P<0.05 vs. AAA group. Sham group, the mouse received intraaortic infusions of saline alone; AAA 
group, the mouse treatment with intraaortic elastase infusion; ADAM10 group, the mouse received ADAM10 treatment after intraaortic elastase infusion. EVG, 
elastica van Gieson; AAA, abdominal aortic aneurysm; ADAM10, ADAM metallopeptidase domain 10.
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treatment, the flattening, fragmentation and degeneration of 
the aortic intimal elastic laminae and remodeling of the aortic 
adventitia were significantly relieved compared with those of the 
AAA group. All of these results suggested that ADAM10 had 
an obvious preventive effect on the progression of AAA, which 
provides a basis for its clinical transformation and its use for 
the inhibition of AAAs. The mechanism may be mediated via 
downregulation of HMGB/RAGE/NF‑κB signaling.

HMGB‑1, a typical damage‑associated molecular pattern 
protein released from various cells, such as macrophages, smooth 

muscle cells, endothelial cells, cardiomyocytes, epithelial cells 
and neurons (39), serves a pivotal role in multiple cardiovascular 
diseases, inflammatory and infectious disorders  (40,41). It 
performs its biological function by combining with receptors, 
including RAGE (42). In the present experiment, the expression 
of HMGB1 was increased in the circulation at both the 
transcriptional and translational levels in AAA model mice 
compared with the Sham group, and HMGB1 has been shown 
to activate and amplify inflammatory effector mechanisms (43). 
RAGE is the cellular target receptor for HMGB1, and the binding 

Figure 2. ADAM10 reduces the inflammatory response of the abdominal aortic wall in a mouse AAA model. (A) Representative micrographs of immunohisto‑
chemical staining of cluster of differentiation CD68+ macrophages in different groups. (Aa) CD68+ inflammatory cells in the normal aortic wall in sham groups 
in low magnification. (Ab) The CD68+ inflammatory cells accumulated and infiltrated into the aortic wall in the AAA groups in low magnification. (Ac) The 
infiltration of CD68+ inflammatory cells was attenuated in ADAM10 groups in low magnification. (Ad) CD68+ inflammatory cells in the normal aortic wall in 
sham groups in low magnification. (Ae) The CD68+ inflammatory cells accumulated and infiltrated into the aortic wall in the AAA groups in low magnification. 
(Af) The infiltration of CD68+ inflammatory cells was attenuated in ADAM10 groups in low magnification. Scale bars, 200 µm. (B) Quantitative analysis of the 
scores of CD68+ cells. (C) Reverse transcription‑quantitative PCR analysis showing the expression levels of IL‑1β, TNF‑α and MCP‑1 in the different groups. 
#P<0.05 vs. sham group; *P<0.05 vs. AAA group. The relative mRNA levels of TNF‑α, IL‑1β and MCP‑1 were normalized to those of β‑actin. MCP‑1, monocyte 
chemoattractant protein‑1; AAA, abdominal aortic aneurysm; ADAM10, ADAM metallopeptidase domain 10.
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of HMGB1 to the RAGE pathway is associated with activating 
and modulating the inflammatory pathological process (44); 
therefore, the HMGB1/RAGE signaling axis may play a critical 
role in the development of AAAs.

RAGE has been shown to be involved in the pathological 
process of chronic inflammatory diseases, such as atherosclerosis, 
AD, inflammatory bowel disease, rheumatoid arthritis, 
amyloidosis and late diabetic vascular complications (45). In 
general, the extracellular domain is critical and is responsible 
for binding to the specific ligand, and the cytosolic tail domain 
is essential for transmitting RAGE signaling from the cell 
surface to the downstream targets involved in the progression 
of inflammatory responses (46). Ligand binding of fl‑RAGE can 
activate and amplify inflammatory states (47) as sRAGE lacks 
the transmembrane and C‑terminal cytoplasmic domain of 
fl‑RAGE, and thus, is unable to mediate intracellular signaling, 
acting as a ‘decoy’ receptor. sRAGE competitively combines 
with the same ligand and prevents its binding to fl‑RAGE, 
without conducting signals to the intracellular site to activate 
downstream signaling cascades  (22,48). Previous animal 
studies indicated that treatment of diabetic RAGE‑/‑/apoE‑/‑ mice 

suppressed inflammation of the blood vessels and oxidative 
stress, as well as attenuated atherosclerosis development (49). 
ADAM10‑mediated ectodomain shedding of the extracellular 
domain of RAGE simultaneously generates sRAGE, and serves 
a role in inhibiting the RAGE‑mediated signaling pathway and 
alleviating inflammation (50). In support of this, in the current 
study, RAGE expression was increased in the AAA model group 
and was decreased in the ADAM10 group. Increasing serum 
sRAGE suggests that RAGE participates in the pathological 
development of AAA. Additionally, ADAM10 inhibited RAGE 
activity via ectodomain cleavage of functional fl‑RAGE to 
produce more inactive sRAGE, acting as a decoy, competitively 
binding ligands and inhibiting its deleterious effects. The present 
finding was also consistent with previous studies examining 
inflammatory, autoimmune and infectious diseases (51‑53).

NF‑κB is a family implicated in numerous diseases, ranging 
from cancer to inflammatory and immune disorders  (54). 
Inflammation serves an important role in contributing to the 
development of AAAs. Importantly, NF‑κB also regulates 
inflammation  (55). HMGB1/RAGE signaling stimulates a 
positive feedback loop, induces multiple downstream signaling 

Figure 3. ADAM10 inhibits the expression of MMPs. (A) Reverse transcription‑quantitative PCR analysis showing the mRNA expression levels of MMP‑2 and 
MMP‑9 on day 14. (B) Gelatin zymography examination showing the activities of MMP‑2 and MMP‑9 on day 14. #P<0.05 vs. sham group; *P<0.05 vs. AAA 
group. AAA, abdominal aortic aneurysm; ADAM10, ADAM metallopeptidase domain 10.

Figure 4. ADAM10 reduces serum HMGB1 levels, while increasing serum sRAGE levels in a mouse AAA model. ELISA showing the levels of serum 
(A) HMGB1 and (B) sRAGE. #P<0.05 vs. sham group; *P<0.05 vs. AAA group. AAA, abdominal aortic aneurysm; ADAM10, ADAM metallopeptidase 
domain 10; sRAGE, soluble receptor for advanced glycosylation end products; HMGB1, high mobility group box 1.
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pathways, such as the stress‑activated protein kinase/JNK, cell 
division cycle 42/Rac, p38 MAPK and ERK1/2, and activates 
the downstream proinflammatory transcription factor NF‑κB, 
which subsequently induces the production of inflammatory 
factors (55,56). Thus, the HMGB1/RAGE/NF‑κB axis may be 
involved in the pathophysiology of AAA.

In the present study, typical AAA formation was 
observed in the AAA group, and an associated pathway 
(HMGB1/RAGE/NF‑κB) was activated, which was consis‑
tent with previous studies (55‑59). The diameter of the AAA 
was significantly smaller and the HMGB1/RAGE/NF‑κB 
pathway was inactivated in the ADAM10 group. Therefore, 

Figure 5. ADAM10 reduces aortic wall HMGB1, RAGE and NF‑κB expression in the AAA model. (A) Reverse transcription‑quantitative PCR analysis 
showing the mRNA expression levels of HMGB1 and RAGE on day 14. (B) Representative western blotting images and summarized data showing the protein 
expression levels of HMGB1 and RAGE, and the ratio of NF‑κB p‑p65/NF‑κB p65 on the day 14. #P<0.05 vs. sham group; *P<0.05 vs. AAA group. AAA, 
abdominal aortic aneurysm; ADAM10, ADAM metallopeptidase domain 10; RAGE, receptor for advanced glycosylation end products; HMGB1, high mobility 
group box 1; p‑, phosphorylated.

Figure 6. ADAM10 inhibits the progression rate of small AAAs in a mouse model. (A) Representative ultrasonographic images of aortas from the different 
groups on day 0, 3, 7 and 14 after infusion. The blue bar indicates the diameter of the aorta. (B) Quantitative analysis of the diameter curve of the aortas 
on days 0, 3, 7 and 14 after infusion in different groups. #P<0.05 vs. AAA group. AAA, abdominal aortic aneurysm; ADAM10, ADAM metallopeptidase 
domain 10; PPE, porcine pancreatic elastase.
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it was suggested that ADAM10 inhibited RAGE activity by 
cleaving fl‑RAGE to non‑functional sRAGE as a decoy receptor 
that neutralizes circulating ligands, thereby affecting HMGB1 
binding with RAGE, and ultimately inhibiting the activity of the 
HMGB1/RAGE/NF‑κB signaling axis and reducing inflamma‑
tion in the AAA wall. ADAM10 decreased inflammatory factor 
induced aggregation by macrophages, T‑cells and B‑cells, and 
further reduced MMP‑2 and MMP‑9 production, thus alleviating 
the development of AAA. However, the results in the current 
study should be interpreted with caution since they may not 
completely reflect changes that are occurring on a functional 
level.

In conclusion, the present study demonstrated that ADAM10 
alleviated the development of AAA in an intraluminal elas‑
tase‑induced mouse AAA model and reversed small AAAs by 
inhibiting aortic inflammation via the HMGB1/RAGE/NF‑κB 
pathway to further inhibit MMP activity. This study provides 
insight into the molecular mechanism and a potential 
therapeutic strategy for AAA.
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