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Abstract: Aortic dissection (AD) is a lethal aortic pathology without effective medical treatments since
the underlying pathological mechanisms responsible for AD remain elusive. Matrix metalloproteinase-
8 (MMPS8) has been previously identified as a key player in atherosclerosis and arterial remodeling.
However, the functional role of MMP8 in AD remains largely unknown. Here, we report that an
increased level of MMP8 was observed in 3-aminopropionitrile fumarate (BAPN)-induced murine
AD. AD incidence and aortic elastin fragmentation were markedly reduced in MMP8-knockout mice.
Importantly, pharmacologic inhibition of MMP8 significantly reduced the AD incidence and aortic
elastin fragmentation. We observed less inflammatory cell accumulation, a lower level of aortic
inflammation, and decreased smooth muscle cell (SMC) apoptosis in MMP8-knockout mice. In line
with our previous observation that MMP8 cleaves Ang I to generate Ang II, BAPN-treated MMP8-
knockout mice had increased levels of Ang I, but decreased levels of Ang IT and lower blood pressure.
Additionally, we observed a decreased expression level of vascular cell adhesion molecule-1 (VCAM1)
and a reduced level of reactive oxygen species (ROS) in MMP8-knockout aortas. Mechanistically, our
data show that the Ang II/VCAMI1 signal axis is responsible for MMP8-mediated inflammatory cell
invasion and transendothelial migration, while MMP8-mediated SMC inflammation and apoptosis
are attributed to Ang II/ROS signaling. Finally, we observed higher levels of aortic and serum MMP8
in patients with AD. We therefore provide new insights into the molecular mechanisms underlying
AD and identify MMPS as a potential therapeutic target for this life-threatening aortic disease.

Keywords: aortic dissection; matrix metalloproteinase-8; smooth muscle cell apoptosis; Angiotensin
I; Angiotensin II; reactive oxygen species; inflammation

1. Introduction

Aortic dissection (AD) is a lethal aortic pathology with acute onset and minimal prior
symptoms. AD is the striping of the intimal layer of the aorta, most commonly within the
ascending or proximal descending aorta, with tearing of the elastic lamina, resulting in
the creation of a false lumen within the effected portion of the vessel [1]. The incidence
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of AD stands at between 2.9 and 3.5 per 100,000 in the general population, increasing to
16 and 30~34 per 100,000 for those who are older than 65 and 75 years, respectively [1,2].
Classification of AD is mainly based on anatomical location, with Stanford type A dis-
sections involving the ascending aorta whereas type B dissections do not involve the
ascending aorta [1-3]. Type A acute AD (14 days post-onset) is a challenging clinical
emergency with an exceptionally high mortality (26% and 58% for patients who were man-
aged surgically or receiving non-surgical cares, respectively) [3]. Despite type B acute AD
generally being more benign and medical management for the associated symptoms able
to improve a patient’s clinical outcome, a substantial proportion of patients still encounter
multiple catastrophic events within 1 week post-onset [4]. Although hypertension, old age,
atherosclerosis, previous cardiovascular surgery, inherited disorders, and aortic vasculitis
have been suggested as the associated risk factors for AD [5,6], the underlying pathological
mechanisms responsible for triggering the disease remain elusive. A hallmark histological
finding associated with AD is cystic medial necrosis, characterized by decreased vascular
smooth muscle cells (SMCs), increased cell apoptosis, mucoid deposition, elastin deficiency,
and fragmentation [5]. However, the direct cellular and molecular mechanism that link the
medial degeneration and the onset of AD has not been fully elucidated.

Matrix metalloproteinase-8 (MMP8) regulates important cellular functions and signal
pathways, mainly through its potent proteolytic activity on matrix proteins, including
fibrillar collagens, laminin, fibronectin [7], and fibromodulin [8]. Importantly, MMPS8 also
cleaves many other important regulatory proteins, such as chemokines (e.g., CXCL5 [9]
and CXCL11 [10]), Angiotensin I (Ang I) [11], A disintegrin and metalloproteinase domain-
containing protein 10 (ADAM10) [12,13], and transforming growth factor-p (TGF-$) [8],
thereby activating or inactivating these regulatory proteins. Clinical studies have suggested
a role for MMPS8 in cardiovascular diseases [14-16]. Interestingly, apart from neutrophils,
MMP8 was reported to be expressed in multiple other cells in atherosclerotic lesions,
including macrophages, SMCs, endothelial cells (EC) [17], and stem/progenitor cells [13].
By generating MMP8-deficient mice, we were the first to confirm the critical role of MMP8
in the pathogenesis of atherosclerosis [11], bone marrow-derived stem/progenitor cell
migration and recruitment into atherosclerotic lesions [13], angiogenesis [18], vascular
injury-induced neointima formation [12], macrophage differentiation and polarization [8],
and adventitia stem/progenitor cell differentiation [19]. However, the potential role of
MMPS in AD remains to be determined. In the current study, MMP8 genetic-deficient
mice (Apolipoprotein E~/~/MMP8~/~ mice), as generated in our previous study [11],
and a specific MMP8 inhibitor (MMP8i, CAS 236403-25-1) were employed in this study
to establish the causal role of MMPS in thoracic AD (TAD) and explore the therapeutic
potential of MMPS8i in treating TAD. A variety of biochemical assays were used to elucidate
the molecular mechanisms underlying MMP8'’s involvement in TAD.

2. Materials and Methods
2.1. Materials

Antibodies against alpha smooth muscle actin (SMA, rabbit IgG, ab5694), MMP8
(rabbit IgG, ab53017), CD68 (rabbit IgG, ab125212), VCAMI (rabbit IgG, ab134047), 8-
Hydroxy—2’ -deoxyguanosine (8-OHAG, mouse IgG, ab48508), and VCAMI (rabbit IgG,
ab134047) were purchased from Abcam, Cambridge, UK. Antibody against Angiotensin I
(mouse IgG, sc-74528) was from Insight Biotechnology, UK. Antibody against Angiotensin
II (rabbit IgG, ABIN6993662) was from Antibodies-online, Germany. Antibody against
Ly6G (Rat IgG, 127602) was from Biolegend, London, UK. Monoclonal anti-oc smooth
muscle actin (SMA) (Clone 1A4, mouse IgG, A5228) was from Merck, Dorset, UK. All
secondary antibodies and other materials were from ThermoFisher Scientific, Cheshire, UK,
unless specifically indicated.
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2.2. Animal Experiments, Anesthesia, and Euthanasia

All animal experiments were conducted according to the Animals (Scientific Proce-
dures) Act of 1986 (United Kingdom). All the animal procedures were approved by Queen
Mary University of London’s ethics review board (PPL number: PP5521236), and conform
to the guidelines from Directive 2010/63/EU of the European Parliament on the protection
of animals used for scientific purposes and the NIH guidelines (guide for the care and use
of laboratory animals). For the 3-aminopropionitrile fumarate (BAPN)-induced TAD model,
three-week-old mice (WT: ApoE~/~ /MMP8*/* or MMP8_KO: ApoE~/~ /MMP8~/~) of
both sexes were fed a normal diet and randomly administered with vehicle (water) or
freshly prepared BAPN (A3134, Merck, Dorset, UK) solution dissolved in the drinking water
(0.25% wt/vol) for up to 4 weeks, as described previously [20-23]. To determine the therapeu-
tic potential of MMPS8, mice were randomized to receive either intraperitoneal injections of
vehicle (1% DMSO) or the specific MMP8i, (3R)-(+)-[2-(4-methoxybenzenesulfonyl)-1,2,3,4-
tetrahydroisoquinoline-3-hydroxamate (CAS Number: 236403-25-1(444237, Merck, Dorset,
UK, dissolved in 1% DMSO), as reported in previous studies [24-26]. Daily injections of ve-
hicle or MMPS8i at a concentration of 5 mg/kg per day for up to 28 days, starting 1 day prior
to BAPN administration. At the end of the protocol, all mice were euthanized by placing
them under deep anesthesia with 100% O, /5% isoflurane, followed by decapitation.

2.3. Collection of Human Aorta Tissue Specimens and Sera

Human ascending aortic tissue specimens and sera were obtained from consented
patients at the time of elective surgery through a protocol approved by the Institutional
Review Board (IRB) at the First Affiliated Hospital of Chongqging Medical University
between October 2020 and May 2021 (research ethics approval reference number: 2018-022-
2), as previously described [27]. Briefly, 22 human ascending aortic tissues with dissection
were collected from type A AD patients who were free from connective tissue disorders,
such as Turner’s, Loeys—Dietz, Ehlers-Danlos, and Marfan’s syndrome during surgical
operations, and from 12 healthy ascending aortic tissues without dissection, collected from
organ donors who were free of any known aortic diseases. Meanwhile, serum was collected
from age- and sex-matched acute TAD patients and normal heathy subjects and kept at
—80 °C for future use. All patients gave their written, informed consent prior to inclusion
in the study, and all experiments were conducted according to the principles expressed in
the Declaration of Helsinki. The basic clinical characteristics of the study population are
described in Supplementary Tables S1 and S2.

2.4. Histopathological Analysis

Histopathological analysis was described in our previous studies [13,28]. Briefly, the
ascending thoracic aorta was fixed with 10 % formalin for 24 h at room temperature before
being embedded in paraffin for sectioning. Tissues were sectioned at 5 um and underwent
HE staining and elastin Van Gieson (EVG) staining, respectively. Degradation of medial
elastic lamina was analyzed by EVG staining using Elastic Stain Kit (Verhoeff Van Gieson)
(Abcam, Cambridge, UK, ab150667) as per manufacturer instructions. Images were taken
and elastin breaks (fragmentation) per section were manually counted.

2.5. Blood Pressure Measurement

Blood pressure was measured in conscious mice using a volume-pressure-recording
sensor and occlusion tail cuff (Coda2, Kent Scientific, Torrington, CT 06790, USA), as
described in our previous study [11].

2.6. Aortic Tissue Immunofluorescence Staining

The procedure used for aortic immunofluorescence staining was similar to that de-
scribed in our previous studies [12,29-31]. Briefly, paraffin thoracic aortic sections were
deparaffined with xylene and rehydrated with ethanol, followed by antigen retrieval in
a Universal HIER antigen retrieval reagent (Abcam, Cambridge, UK, ab208572). After
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blocking the sections, they were incubated with the indicated primary antibodies or re-
spective IgG controls diluted in blocking buffer in a cold room (4 °C) overnight. The tissue
sections were then washed and subsequently incubated with an appropriate Alexa Fluor
Plus 2nd antibody (1:1000 dilution), followed by nuclei staining with 4,6-diamidino-2-
phenylindole (DAPI) (1 ug/mL). After mounting, the slides were examined using a laser
scanning confocal microscope (Zeiss LSM 510 Mark 4) and Zen 2009 image software. The
mean fluorescence intensity (MFI) for target proteins and DAPI of the aortic wall from
each section were measured with Image ] pro software by two experienced investigators
blinded to the treatments, and presented as the relative MFI (target proteins over DAPI).
Alternatively, cells stained positive for the target proteins and DAPI (total cells) were
counted by two experienced investigators blinded to the treatments. Three sections were
analyzed per vessel sample and averaged.

2.7. TUNEL Staining for SMC Apoptosis

As described previously [32,33], cell apoptosis was detected in cultured SMCs with the
indicated treatments, as shown in the respective figure legend, using a commercial Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) Assay Kit (11684795910,
Sigma, Dorset, UK), according to the manufacturer’s instructions. Cells were co-stained
with DAPIL. TUNEL+ cells and DAPI-stained cells were counted as apoptotic cells and total
cells, respectively. For aortic SMC apoptosis, paraffin aortic sections were deparaffined
with xylene and rehydrated with ethanol, followed by TUNEL staining analysis according
to the manufacturer’s instructions. Co-staining of TUNEL with SMA was performed to
detect apoptotic SMC in the aorta. TUNEL-positive cells over total cells were counted by
two experienced investigators blinded to the treatments.

2.8. Bone Marrow Cell Isolation

Monocyte [13,28] and neutrophils [34] were isolated from WT and MMP8_KO bone
marrow, as described previously. Briefly, bone marrow cells were harvested from mouse
femurs and tibias and re-suspended in Red Blood Cell Lysis Buffer (Sigma, Dorset, UK,
11814389001) to lyse the red blood cells. Mouse bone marrow monocytes were isolated
from the unlysed cells using a Monocyte Isolation Kit (Miltenyi Biotec, Woking, UK, 130-
100-629), as per the manufacturer’s instructions, while mouse bone marrow neutrophils
were isolated using Histopaque-based density gradient centrifugation (Sigma, Dorset,
UK, 1077/1119). The isolated cells were re-suspended in RPMI 1640 supplemented with
1% penicillin/streptomycin and subjected to the respective analysis as indicated in the
figure legend.

2.9. C166 Culture and MISSION esiRNA Transfection

C166 cells, a widely used mouse endothelial cell line, were purchased from ATCC
(CRL-2581) and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10 % FBS and 1 % penicillin/streptomycin, as per the manufacturer’s instruc-
tions. Control scramble esiRNA or Vcam1-specific esiRNA (50 nM, final concentration) were
transfected into C166 cells using TransIT-X2 Transfection Reagent (Geneflow Limited, Lich-
field, UK), according to the manufacturer’s instructions, and as previously described [33].
MISSION esiRNA is a heterogeneous mixture of siRNAs that all target the same mRNA
sequence, resulting in highly specific and effective gene silencing. All esiRNAs (EHUEGFP
for si-NT, and EMUO009991 for si-Vcam1) were purchased from Sigma. With an optimum
condition (clean and healthy C166 cells at exponential growth phase with 50~70% conflu-
ent), a satisfactory transfection efficiency (>80%) is normally achieved in our laboratory
using the transfection protocols.

2.10. Murine Aortic SMC Culture and Treatments

Primary murine aortic SMCs were isolated from eight-week-old WT or MMP8§_KO
mice with both sexes, and routinely maintained in DMEM supplemented with 10% FBS, as
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described in our previous studies [32,33,35-37]. Aortic SMCs between Passages 3 (P3) and 8
(P8) were used in our study, as described previously [38]. Aortic SMCs were serum-starved
for 24~48 h (0% FBS), followed by various treatments, as indicated, for up to 48 h.

2.11. Real-Time Quantitative PCR (RT-qPCR)

RT-qPCR was performed as previously described [32,33,37,38]. Briefly, total RNA was
extracted from murine aortas or cells using Trizol reagent (Sigma, Dorset, UK) according to
the manufacturer’s instructions and subjected to DNase I (Sigma, Dorset, UK) digestion to
remove potential DNA contamination. cDNA was reversely transcribed from total RNAs
using an Improm-HTM RT kit (Promega, Madison, WI, USA) with RNase inhibitor (Promega,
Southampton, UK), and Random primers (Promega, Southampton, UK), and diluted to a
working concentration of 5 ng/uL. FS UNIVERSAL SYBR GREEN MASTERROX was used
in RT-qPCR. The relative mRNA expression level was defined as the ratio of target gene
expression level to 185 expression level, with that of the control sample set as 1.0. Primers
were designed using Primer Express software (Applied Biosystems) and the sequence for
each primer was listed in Supplementary Table S3.

2.12. ELISA Analysis

Plasma MMPS8, Ang I, and Ang II were measured using a Mouse MMP8 ELISA Kit,
(ab206982, Abcam, Cambridge, UK) and Angiotensin I/1I ELISA kit (Enzo Life Sciences,
Exeter, UK, ADI-900-203 / ADI-900-204), according to the manufacturer’s instructions.

2.13. MMP8 Activity Analysis

MMP8 activity was measured using a SensoLyte® 520 MMP-8 Assay Kit (ABIN1882526,
antibodies-online GmbH, Aachen, Germany), as per the manufacturer’s instructions.
Briefly, 50 uL of aortic lysates or cell culture supernatant were incubated with 5-FAM
(fluorophore) / QXL520™ (quencher)-labelled substrates, fluorescence resonance energy
transfer (FRET) peptide substrates, for 1 h in a black 96-well plate at room temperature in a
dark room. The recovered fluorescence of 5-FAM by MMPS, representing MMPS activity,
was continuously monitored and measured at excitation/emission of 490 nm/520 nm,
using a Tecan microplate reader (Tecan Trading AG, Médnnedorf, Switzerland). The relative
fluorescence unit (RFU) was calculated by subtracting blank fluorescence readings from all
measurements (control and treatments).

2.14. ROS Measurement

Reactive oxygen species (ROS) levels in cultured aortic SMCs were measured using
Cellular Reactive Oxygen Species Detection Assay Kit (ab186027, Abcam, Cambridge,
UK), according to the manufacturer’s instructions. Briefly, cultured SMCs were serum-
staved for 24 h, followed by incubation with ROS Red Working Solution for one hour
in a 37 °C/5% CO; incubator. After then, cells were incubated with BAPN (25 pg/mL),
Ang I (10 nM), and/or Ang II (10 nM), as indicated in the figures, for another hour in
a 37 °C/5% CO, incubator to induce ROS generation. Fluorescence was measured at
excitation/emission of 520 nm/605 nm using a Tecan microplate reader (Tecan Trading AG,
Maénnedorf, Switzerland). Relative fluorescence unit (RFU) was calculated by subtracting
blank fluorescence readings from all measurements (control and treatments).

2.15. Cell Invasion and Transendothelial Migration Assay

Similar to our previous study [13], bone marrow monocytes or neutrophils isolated
from WT and MMP8_KO mice were subjected to cell invasion assays using the QCM
ECMatrix Cell Invasion Assay kit (Merck/Sigma, Dorset, UK ECM550), according to the
manufacturer’s instructions. Briefly, 1 x 10° neutrophils/monocytes in 200 pL serum-free
RMPI 1640 medium supplemented with 25 ng/mL BAPN were placed over the inner cham-
ber of inserts in a 24-well tissue culture plate and 500 puL serum-free RMPI 1640 medium
supplemented with 1% BSA and macrophage inflammatory protein 2 (MIP2, 100 ng/mL,
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for neutrophils) or monocyte chemoattractant protein-1 (MCP-1, 100 ng/mL for monocytes)
were added into the bottom chamber of the insert. Plates were incubated at 37 °C for 4 h.
The invasive cells on the lower surface of the membrane were stained with 500 pL of the
staining solution for 20 min. After then, the stained cells were dissolved in 100 uL 10%
acetic acid, and absorbance (ODsg) was detected at 560 nm using a Tecan microplate reader
(Tecan Trading AG, Mannedorf, Switzerland).

For the transendothelial migration assay, polycarbonate membrane inserts (8-um
pore size; Greiner Bio-One Inc., Stonehouse, UK) were used. One hundred thousand
neutrophils/monocytes in 200 uL serum-free RMPI 1640 medium supplemented with
25 ug/mL BAPN, in the absence or presence of 10 nM Ang I or Ang II, were placed over
the inner chamber of inserts pre-grown with a monolayer of C166 cells in a 24-well tissue
culture plate, and 500 pL serum-free RMPI 1640 medium supplemented with 1% BSA and
100 ng/mL MIP2 or MCP-1, as indicated in the respective figures, was added into the
bottom chamber of the insert. Plates were incubated at 37 °C for 4 h. The cells that had
migrated through to the lower surface of the insert were scraped off and mixed with the
cells that had migrated into the bottom well. After being collected, the migrated cells were
stained, lysed, and measured as mentioned above.

2.16. Cell Viability Analyses

WT and MMP8_KO aortic SMCs (0.75 x 10* per well) cultured in 96-well plates
overnight were subjected to serum starvation for 48 h, followed by various treatments,
as indicated in figure legend, for up to 48 h. Cell viability was evaluated using the Cell
Counting Kit-8 (CCK-8) kit (Sigma/Merck, Dorset, UK 96992-500TESTS-F), according to
the manufacturer’s instructions, and as described previously [35,36]. The absorbance of the
samples representing cell viability was measured by a microplate reader at 450 nm (ODysp).

2.17. Statistical Analysis

Age- and sex-matched (male:female = 2:1) animals were randomly allocated to their
experimental groups. Data collection and evaluation of all experiments were performed
blinded to the group identity. Since we observed no apparent sexual dimorphism in BAPN-
induced TAD formation in ApoE_/ ~ mice (data not shown), data from both sexes were
pooled for statistical analysis in this study. Results are presented as the mean + standard
error of the mean (SEM). Statistical analysis was performed using GraphPad Prism (v9.1,
GraphPad Software, San Diego, California, USA). The Shapiro-Wilk normality test and an
F-test were used for checking the normality and homogeneity of variance of the datasets,
respectively. Accordingly, two tailed an unpaired Student’s t-test was used for comparisons
between two groups, or one/two-way analysis of variance with a post-hoc Tukey test
was applied when more than two groups were compared if the data displayed a normal
distribution and homogeneity of variance. Conversely, non-parametric Mann-Whitney
U tests were applied for comparing two groups if the data did not display a normal
distribution. Additionally, a Log-rank (mantel-cox) test and Chi-square test were applied
to compare the survival rates and TAD incidence among different groups, respectively.
Alpha = 0.05 was chosen as the significance level, and a value of p < 0.05 was considered as
statistically significant.

3. Results
3.1. MMP8 Expression Was Increased during BAPN-Induced TAD Development

To study the direct cellular and molecular mechanism underlying TAD, a well-
established BAPN-induced murine TAD model [20-23] was adapted in this study. Similar
to previous studies [20-23], BAPN administration through drinking water (0.25%, wt/vol)
caused approximately 14% and 40% mortality at 3 and 4 weeks post-treatment, respectively
(Figure S1A-C). Histopathological analysis with elastin Van Gieson (EVG) staining showed
that while no TAD occurred in mice that received either vehicle or BAPN treatment for
1 and 2 weeks, TAD was observed in two out seven (2/7) and seven out of ten (7/10)
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mice that received BAPN treatment at 3 and 4 weeks post BAPN administration, respec-
tively (Figure S1B,D). We found that TAD mainly occurred in the ascending aorta or at the
proximal site of the descending thoracic aorta (Figure S1A). We also observed increasing
numbers of elastin breaks (fragmentation) in a time-course-dependent manner (Figure
S1B,E). Importantly, compared with mice that received the vehicle, both MMP8 aortic gene
expression (Figure S1F) and plasma levels (Figure S1G) were significantly upregulated
during BAPN-induced TAD formation, which peaked at 1 week post-BAPN administration
and was maintained at a higher expression level over the 4-week period. Interestingly,
such upregulation appears to precede TAD onset, which was normally observed during
the third week of BAPN administration (Figure S1B,D), inferring an involvement of MMP8
in TAD onset and formation.

3.2. MMPS8 Deficiency Inhibited BAPN-Induced TAD

To study the causal role of MMPS8 in TAD, both MMP8-knockout mice (MMP8_KO,
ApoE~/~/MMP8~/~) and their wildtype control littermates (WT, ApoE~/~/MMP8*/*)
were subjected to BAPN administration. As expected, the MMP8 aortic expression level
was absent or extremely low in MMP8_KO mice, while the aortic expression levels of the
other two collagenases, MMP1 and MMP13, were unchanged in MMP8_KO mice (Figure 1A).
Similarly, MMP8_KO mice exhibited an extremely low level of aortic MMP8 activity upon
BAPN administration (Figure 1B). No significant difference in terms of mortality rate or aortic
rupture was observed between WT and MMP8_KO mice (Figure 1C), while a lower TAD
incidence and decreased levels of elastin breaks (Figure 1D-G) were observed in MMP8_KO
mice upon BAPN treatment, confirming a causal role for MMP8 in TAD formation.
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Figure 1. A causal role for MMP8 in BAPN-induced TAD formation. Three-week-old MMP8-knockout
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Vehicle MMP8i

mice (MMP8 KO, ApoE~/~/MMP8/~) and their wildtype control littermates (WT,
ApoE~/~ /MMP8*/*) administered with BAPN in drinking water for two (A,B) or four (C—
G) weeks, respectively. (A) Thoracic aortic gene expression was analyzed by RT-qPCR. (B) Thoracic
aortic MMPS activity was measured using SensoLyte® 520 MMP-8 Assay Kit. (C) Animal survival
rate (Log-rank (Mantel-Cox) test). Images for HE staining (D), EVG staining (E), and the quantitative
data of AD incidence (F) and elastin breaks (G) are presented here. Note: Thoracic AD incidence was
defined by the mice that died from thoracic aortic rupture, and mice identified with one or more
aortic pathologies (aortic intima tear, false lumen, and intramural hematoma). Black or red arrows
indicate AD or intima tearing. Data presented here are representative (D,E) or the mean & SEM of
five (A,B) or eleven mice (C—G), respectively (n = 5 or 11 mice). * p < 0.05 (versus WT, unpaired ¢-test
in A,B,G; Chi-square test in F).

3.3. Pharmacological Inhibition of MMP8 Decreased TAD

To explore a therapeutic value of MMP8 inhibition in BAPN-induced TAD formation,
we treated WT mice with an in vivo potent and highly specific MMP8 inhibitor (MMPS8i,
CAS 236403-25-1), as previously described [24-26]. While aortic MMP8 gene expression
was not affected by MMP8i treatment (Figure 2A), it caused a significant decrease in aortic
MMPS activity (Figure 2B). Similar to MMP8 gene deletion, MMPS8i treatment caused
no apparent change in survival rate (Figure 2C) but resulted in decreased levels of TAD
incidence and elastin fragmentation (Figure 2D-G), demonstrating its therapeutic value in
TAD treatment through pharmacological inhibition of MMPS.
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Figure 2. Pharmacological inhibition of MMP8 decreased BAPN-induced TAD formation.
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Three-week-old WT mice administered with BAPN were randomly injected with vehicle (1% DMSO)
or the specific MMP8 inhibitor (MMP8i, CAS Number: 236403-25-1, 5 mg/kg per day) for two (A,B)
or four (C—G) weeks, respectively. Thoracic aortic MMP8 gene expression (A) and activity (B) were
analyzed by RT-qPCR and SensoLyte® 520 MMP-8 Assay Kit, respectively. (C) Animal survival rate
(Log-rank (Mantel-Cox) test). Images for HE staining (D), EVG staining (E), and the quantitative
data of AD incidence (F) and elastin breaks (G) are included here. Black or red arrows indicate AD or
intima tearing. Data presented here are representative (D,E) or the mean & SEM of five (A,B) or eight
(vehicle)/eleven (MMPS8i) mice (C—G), respectively (1 = 5 or 8/11 mice). * p < 0.05 (versus vehicle,
unpaired {-test in B,G; Chi-square test in F).

3.4. Aortic Inflammatory Cell Accumulation and SMC Apoptosis Was Reduced in
MMP8_KO Mice

Immunofluorescent (IF) staining was conducted in thoracic aortic tissues from mice
that received BAPN treatment for two weeks, when TAD onset rarely occurred, as shown
in Figure S1C. IF staining data showed that a large number of Ly6G* neutrophils and
CD68* macrophages were accumulated in the adventitia of WT aortas, while much lower
numbers of these inflammatory cells were observed in MMP8_KO adventitia (Figure 3A,B).
Similarly, inflammatory gene expressions were significantly decreased in MMP8_KO aortas
(Figure 3C). Moreover, TUNEL staining revealed that SMC apoptosis was much lower in
MMP8_KO aortas than that in WT aortas (Figure 3D,E). Interestingly, IF staining analysis
with antibodies against SMA, Ly6G, and MMPS in the aortic tissues obtained from WT mice
administrated with BAPN for three weeks showed that a large number of Ly6G* neutrophils
expressing MMP8 were observed within the media layer and at the dissection sites (Figure
S2). These data strongly suggest a role for MMPS8 in inflammatory cell migration and
recruitment into aortic walls upon BAPN treatment.

3.5. Reduced Ang 1I Levels, Lower Blood Pressure, and Decreased VCAM-1 Expressions Were
Observed in MMP8_KO Mice

Since we have previously demonstrated that during hyperlipidemia-induced atheroscle-
rosis MMPS can cleave Angiotensin I (Ang I) to mainly generate Ang II, which up-regulates
VCAM1 gene expression in endothelium and promotes leukocyte rolling and adhesion
on vascular endothelium [11], we wondered if a similar mechanism underlying MMP8-
mediated inflammatory cell accumulation, aortic inflammation and TAD formation. Indeed,
we observed a much higher Ang I expression level, but a much lower Ang II expression
level in MMP8_KO aorta than that in WT aorta (Figures 4A—C and S3). A similar trend was
observed with plasma Ang I and Ang II levels in MMP8_KO mice (Figure 4D). Expectedly,
MMP8_KO mice exhibited lower levels of both systolic (SBP) and diastolic (DBP) blood
pressure than that of WT mice (Figure 4E). IF staining analysis of the aortic tissues with
antibodies against SMA and VCAMI1 revealed a significant decrease of VCAMI1 protein
expression in MMP8_KO aorta (Figure 4F,G), which was further confirmed at mRNA ex-
pression level (Figure 4H). The above data suggest that MMP8 converts Ang I to Ang II,
which increases blood pressure and up-regulates aortic VCAM1 upon BAPN treatment.
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Figure 3. Reduced aortic inflammatory cell accumulation and SMC apoptosis were observed in
MMP8_KO mice. Three-week-old WT and MMP8_KO mice were administered with BAPN in
drinking water for two weeks, after which thoracic aortic tissues were collected and subjected to
histological analysis. (A,B) Immunofluorescent staining analysis of the inflammatory cells in the
aorta. (C) RT-qPCR analysis of inflammatory gene expression in the thoracic aorta. (D,E) TUNEL
staining analysis of SMC apoptosis in the thoracic aorta. Data presented here are representative (A,D)
or the mean + SEM of six (B,C,E) mice, respectively (n = 6 mice). * p < 0.05 (versus WT, unpaired
t-test). Lu, lumen; Med, media, Ad, adventitia.
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Figure 4. Reduced Ang II levels, lower blood pressure, and decreased VCAM-1 expressions were
observed in MMP8_KO mice. Three week-old WT and MMP8_KO mice were administered with
BAPN in drinking water for two weeks, thoracic aortic tissues and plasma were collected for analysis.
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(A—C) Immunofluorescent staining analysis of the Ang I and Ang II expressions in thoracic aorta.
(D) ELISA analysis of plasma Ang I and Ang II levels. (E) Systolic (SBP) and diastolic (DBP) blood
pressure measurements. (F,G) Immunofluorescent staining analysis of the VCAM1 expressions in
thoracic aorta. (H) RT-qPCR analysis of aortic VCAM1 gene expression. Data presented here are
representative (A,B,F) or Mean £ S.E.M of six (C-E,G-H) mice, respectively (n = 6 mice). * p < 0.05
(versus WT, unpaired ¢-test). Lu, lumen; Med, media, Ad, adventitia.

3.6. MMP8 Augmented Inflammatory Cell Invasion and Transendothelial Migration

We have previously shown that MMP8 promotes stem/progenitor cell migration and re-
cruitment into atherosclerotic lesions [13]. Moreover, abovementioned data (Figures 3 and S2)
also suggest MMPS8 increases inflammatory cell accumulation within adventitia and pro-
motes these cells migrating into media layer upon BAPN administration. We therefore
further examined a functional role for MMPS8 in inflammatory cell migration/recruitment.
Data from QCM ECMatrix Cell Invasion Assay showed that MMP8 deficiency in both
neutrophils and monocytes led to decreased extraceullar invasion capacity in response
to macrophage inflammatory protein 2 (MIP2) or monocyte chemoattractant protein-1
(MCP-1) stimulations, respectively (Figure 5A). BAPN was included in all the migration
experiments to mimic the pathological condition of the BAPN-induced TAD. EC monolayer
was incorporate into the migration settings to further recapitulate the in vivo pathological
environment of TAD. Similarly, a much lower transendothelial migration ability was ob-
served in MMP8_KO neutrophils and monocytes (Figure 5B). These data have collectively
demonstrated an important role for MMPS in inflammatory cell invasion and migration
under TAD pathological conditions. Interestingly, we observed that while Ang II could
promote both WT and MMP8_KO monocytes transendothelial migration, Ang I only aug-
mented the transendothelial migration capacity of WT monocytes (Figure 5C,D), suggesting
that conversion of Ang I to Ang Il by MMPS is one of the molecular mechanisms underly-
ing MMP8-mediated inflammatory cell migration during BAPN-induced TAD formation.
Moreover, the transendothelial migration ability of WT monocytes was significantly im-
paired by VCAM1 knockdown in ECs, with further impairment was observed in MMP8_KO
monocytes (Figure 5E,F). Further mechanistic studies showed that BAPN or Ang II could
significantly up-regulate MMP8 expression in ECs, which was further increased by Ang II
and BAPN combinational incubation (Figure 5G). A similar phenomenon was observed
with MMPS8 activity in EC culture supernatant (Figure 5H). Ang I dramatically increased
VCAM1 gene expression in ECs, but such regulatory effect was absent when MMP8 was
inhibited (Figure 5I). As expected, Ang II could activate VCAM1 gene expression in ECs
regardless of MMPS8 inhibition (Figure 5]). Taken together, the above data demonstrates
that MMP8-mediated Ang II generation from Ang I is responsible for MMP8-mediated
inflammatory cell migration/accumulation into aortic wall during BAPN-induced TAD
formation.
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Figure 5. MMP8-deficiency causes decreased inflammatory cell invasion & transendothelial migration.
Bone marrow neutrophils or monocytes were isolated from WT or MMP8_KO mice, and subjected to
cell invasion (A) and transendothelial migration (B—E) assays, respectively. (A) The invasion capacity
of cell was detected using QCM ECMatrix Cell Invasion Assay. (B) Cell transendothelial migration
analysis. Mouse endothelial cells (EC, C166 cells) were pre-cultured onto transwell inserts (pore size:
8 um) to form an EC monolayer, followed by transendothelial assays in response to 100 ng/mL
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macrophage inflammatory protein 2 (MIP2) for neutrophils or monocyte chemoattractant protein-
1 (MCP-1) for monocytes, respectively. (C) Ang I increased WT but not MMP8_KO monocyte
transendothelial migration. (D) Ang II promoted both WT and MMP8_KO monocyte transendothelial
migration. (E,F) VCAM1 gene knockdown decreased monocyte transendothelial migration. C166
cells were transfected with control (si-NT) or VCAMI1 specific (si-VCAM1) siRNAs, followed by
transendothelial migration (E) and RT-qPCR (F) assays, respectively. (G) RT-qPCR analysis of MMP8
gene expressions in C166 cells with indicated treatment for 24 h. (H) MMPS8 activity in cell culture
supernatant with the indicated treatments for 24 h. (IJ) RT-qPCR analysis of VCAMI gene expression
in C166 cells with indicated treatments (25 ug/mL BAPN with or without 10 nM Ang I/Ang II) for 24
h. Data presented here are Mean + S.E.M of five independent experiments (1 = 5). * p < 0.05 (versus
WT, or vehicle); # p < 0.05 (versus vehicle or si-NT); two-way ANOVA with a post-hoc Tukey test.

3.7. MMP8 Mediated BAPN/Ang II-Induced SMC Inflammation and Apoptosis

As previously described, decreased aortic inflammation was observed in MMP8_KO
mice during BAPN-induced TAD development (Figure 3A-C). To study the potential in-
volvement of MMP8 in BAPN/Ang Il-induced SMC inflammation, we first examined if
BAPN and/or Ang II could regulate MMPS8 gene expression and activity in SMCs. Indeed,
we found that incubation of SMCs with BAPN or Ang II alone could significantly upreg-
ulate MMPS8 gene expression and activity. Additionally, the synergic effect of BAPN and
Ang II on the MMP8 expression level and activity was observed in SMCs (Figure 6A,B).
Moreover, similar regulatory effects of BAPN and Ang II on multiple inflammatory genes
were observed in SMCs (Figure 6C). Importantly, we found that while Ang II significantly
upregulated inflammatory gene expression in both WT and MMP8_KO SMCs, such gene
upregulation was only observed in WT SMCs when cells were incubated with Ang I
(Figure 6D). It is widely known that reactive oxygen species (ROS) generation is one of the
main downstream effectors of Ang Il signaling in vascular pathology [39], we wondered
if a similar mechanism also underpinned MMP8-mediated aortic and SMC inflammation.
Indeed, IF staining with both dihydroethidium (DHE) dye and 8-hydroxydeoxyguanosine
(8-OHdG) antibody revealed a significantly lower ROS level in MMP8_KO aortas than that
in WT aortas upon BAPN treatment (Figure S4). Similarly, we observed that while ROS
generation was increased by Ang II in both WT and MMP8_KO SMCs, Ang I promoted
ROS generation in WT, but not in MMP8_KO SMCs (Figure 6E). As expected, Ang I upreg-
ulated inflammatory gene expression in SMCs, which was abolished by the ROS inhibitor,
diphenyleneiodonium chloride (DPI). Importantly, such a regulatory effect was lost in
MMP8_KO SMCs (Figure 6F). As mentioned above, a lower number of SMC apoptosis was
observed in MMP8_KO aortas (Figure 3D,E). To further explore the potential role of MMP8
in SMC apoptosis under TAD pathological conditions, serum-starved SMCs were incubated
with BAPN, Ang I, and/or DPI alone or in combination. Data from cell viability (Figure 6G)
and TUNEL staining (Figures 6H and S4) showed BAPN and Ang I co-incubation signifi-
cantly induced WT SMC apoptosis, which was rescued by ROS inhibition. However, no
such effect was observed in MMP8_KO SMCs (Figures 6G,H and S5). These data have
provided clear evidence to support an important role of MMP8 in BAPN/ Ang Il-induced
SMC inflammation and apoptosis.
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Figure 6. MMPS increased BAPN/Ang II-induced SMC inflammation and apoptosis via ROS genera-
tion. (A,B) BAPN and Ang II synergically increased MMP8 gene expression and activity in SMCs.
SMCs were treated with 25 pg/mL BAPN with or without 10 nM Ang II for 24 h. Total RNAs and cell
culture supernatant were collected and subjected to RT-qPCR analysis (A) and MMPS8 activity assay
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(B), respectively. (C) BAPN and Ang II synergically upregulated inflammatory gene expression.
(D) Ang I, and not Ang I, increased inflammatory gene expression in MMP8_KO SMCs. (E) ROS
measurement in SMCs were performed using the DCF ROS/RNS Assay Kit. (F) ROS inhibition
abolished Ang I-induced inflammatory gene expression in SMCs. Serum-starved WT or MMP8_KO
SMCs were incubated with 25 pg/mL BAPN with or without 10 nM Ang I, in the absence or presence
of diphenyleneiodonium chloride (DPI, 10 uM), for 24 h. Total RNAs were extracted and subjected to
RT-qPCR analysis. (G,H) ROS inhibition abolished BAPN/Ang I-induced SMC apoptosis. Serum-
starved WT or MMP8_KO SMCs were subjected to the indicated treatments for 48 h, followed
by CCK-8 assays (G) or TUNEL staining analysis (H), respectively. Data presented here are the
mean + SEM of five independent experiments (1 = 5). * p < 0.05 (versus vehicle for Ang IT in A-C,
BAPN /vehicle in D,E, BAPN/vehicle/DMSO in F, or vehicle/DMSO in G,H); # p < 0.05 (versus
vehicle for BAPN in A-C, WT in D,E, or BAPN/Ang I/DMSO in F-H); two-way ANOVA with a
post-hoc Tukey test.

3.8. MMPS8 Is Increased in the Dissected Human Arteries and Serum from Patients with Acute
TAD

To study the potential involvement of MMP8 in human TAD, MMPS8 expression was
determined in the human ascending aortic tissues with or without dissection. Human
ascending aortic tissue specimens and sera were obtained from TAD patients and normal
healthy subjects, as previously described [27]. HE and EVG staining of the human aortas
confirmed pathological changes in TAD in the dissected human arteries, such as disordered
elastic lamellae with frequent elastin breaks, depletion of elastic fibers, and SMC loss
(Figure S6). Immunostaining analysis showed an increased MMP8 protein expression in
the dissected arteries compared to those without dissection (Figure 7A,B). Additionally,
co-immunostaining revealed MMP8 was highly expressed in SMCs within the dissected
human aorta (Figure 7A). Importantly, we observed increased aortic MMP8 gene expression
(Figure 7C) and serum MMPS level (Figure 7D) in patients with acute TAD, suggesting the
potential involvement of MMP8 in the pathogenesis of human TAD.
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Figure 7. MMP8 detection in human ascending aorta with (HuAD) or without (HuAA) dissection.
(A,B) Immunofluorescent staining showed increased expression levels of MMPS protein in a dissected
human ascending aorta. Representative images (A) and relative mean fluorescence intensity (MFI) (B)
of MMP8 or SMA over DAPI staining are presented here. * p < 0.05 (n = 5, versus HuAA) (unpaired
t-test). (C) RT-qPCR analysis showed increased MMP8 gene expression in a human ascending aorta
with dissection. * p < 0.05 (1 = 12 for HuAA or 22 for HuAD, versus HuAA) (Mann-Whitney U test).
(D) ELISA analysis showed increased serum MMPS8 levels in patients with acute TAD. * p < 0.05
(versus HuAA, n = 26 for HuAA and 18 for HuAD) (Mann-Whitney U test).
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4. Discussion

AD is a life-threatening aortic disease, with an incidence of 3—6 cases per 100,000 persons
per year in Europe and the United States [1,2]. Currently, clinical management of patients
with acute AD is mainly through surgical interventions, including hemiarch surgery, in-
terposition aortic graft, aortic root replacement, and total arch replacement. Survival after
surgical repair is still suboptimal, with a crude in-hospital mortality rate of 17.8% [40].
Unfortunately, no effective pharmacotherapeutic management is available, making it perti-
nent to identify novel therapeutics for AD treatment. In this study, we uncovered a novel
function for MMPS8 in the pathogenesis of TAD. MMP8 promotes TAD formation through
converting Ang I to Ang II. Ang II generation at one hand promotes inflammatory cell mi-
gration/recruitment into the aortic wall, increasing aortic inflammation; on the other hand,
Ang II also increases SMC apoptosis by modulating ROS generation, thereby promoting
TAD formation/development.

MMPS8 has been reported to play a causal role in multiple vascular diseases [14]. Par-
ticularly, we have provided comprehensive evidence to support a critical role for MMP8
in atherogenesis [11], angiogenesis [18], stem/progenitor cell recruitment/migration into
atherosclerotic plaque [13], macrophage differentiation/polarization [8], SMC prolifera-
tion/migration and post-angioplasty restenosis [12], and adventitia stem/progenitor cell
differentiation towards SMCs and their contributions to vascular injury-induced neointimal
SMC hyperplasia [19]. Moreover, an increasing number of clinical epidemiological studies
have also identified MMP8 as an independent risk factor for several cardiovascular diseases,
such as coronary artery disease [41,42], unstable angina [43], ischemic stroke [44], unstable
carotid plaques [45], acute myocardial infarction [41,46], and aortic aneurysm [47,48]. Re-
garding AD, clinical studies showed that significantly higher serum MMP-8 levels were
detected in acute AD patients than in control subjects [49], that a prominent increase in
plasma MMPS8 level was reported in the acute phase of AD [50], and that combination
of plasma MMP8 and D-dimer at individually suboptimal cutoffs could provide a better
diagnostic value for acute AD under medical emergency [51]. Moreover, it has been re-
ported that the C-799T polymorphism in the MMP8 promoter is significantly associated
with susceptibility to disease progression in AD patients [52]. In line with these clinical
findings, we also found increased levels of MMPS in the dissected human arteries and
serum from patients with acute TAD. Importantly, applying both genetic and pharmaco-
logic strategies in this study, we have comprehensively confirmed a causal role for MMP8
in TAD formation, and provided clear evidence to prove the therapeutic potential of using
MMPS8 inhibitor in treating patients with acute TAD. Surprisingly, we found no significant
difference in terms of survival rate between WT and MMP8_KO mice (Figure 1C), as well
as WT mice treated with vehicle control and MMP8 inhibitor (Figure 2C), suggesting a
redundant role for MMP8 in BAPN-induced aortic rupture or mortality. However, such an
insignificant finding may be attributed to the low mortality rate induced by BAPN alone
(30~40%). Accordingly, the potential effect of MMP8 on aortic rupture (sudden death)
warrant further investigation using another acute TAD model, such as the BAPN/Ang Il
infusion model, in which a higher mortality (70%) was reported [4].

Interestingly, we observed that MMPS8 was highly expressed in multiple aortic cells,
including neutrophils, macrophages, and SMCs in BAPN-induced TAD (Figures 7 and S2).
MMP8 gene expression was also significantly activated by BAPN treatment in both ECs and
SMCs (Figures 5G and 6A). Importantly, our data showed that MMP8 could be produced by
their respective cells and released into the extracellular space, as evidenced by the higher
MMP8 enzymatic activity detected in cell culture supernatant (Figures 5H and 6B), suggest-
ing that in an in vivo disease setting of TAD, multiple cells (e.g., neutrophils, macrophages,
SMCs and ECs) can interact with and regulate each other’s functions in an autocrine and/or
paracrine manner. Indeed, we observed that an increasing number of neutrophils and
macrophages accumulated within aortic adventitia before TAD onset (up to two weeks post-
BAPN administration) (Figure 3A-C), and found that a large number of MMP8-expressing
inflammatory cells were recruited/migrated to the media layer and/or dissection sites
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(three weeks post-BAPN administration) (Figure S2). Accordingly, we speculate that these
recruited inflammatory cells as well as activated resident ECs/SMCs produce/secrete
MMPS8, which on the one hand directly cleaves/degrades collagens, the weakening aortic
wall, but on the other hand may also act on SMCs and cause SMC dysfunction (apoptosis
and disorganization, as shown by green dot line in Figure S2), thereby promoting TAD
onset (red arrows in Figure S52). However, it is worth mentioning that one of the limita-
tions in this study is that our current data do not allow us to comprehensively elaborate
the potential contribution of MMPS8 derived from different cells due to the lack of the
conditional MMP8 gene knockout mice. Moreover, the nature of MMPS8 as a secretory
protein makes it extremely difficult to achieve such a purpose, since this type of protein
can exert its cellular functions in both an autocrine and paracrine manner. Indeed, we
have previously reported that adventitia stem /progenitor cells do not express MMPS, but
macrophage-derived MMP8 promotes these stem/progenitor cells” differentiation into
SMCs, thus contributing to neointimal SMC hyperplasia [19].

Mechanistically, we have shown that MMP8 promotes TAD formation/progression
through modulating the Ang I to Ang II conversion, and its downstream effectors such as
VCAM]1 gene expression in ECs and ROS generation in SMCs, respectively. We have previ-
ously demonstrated that MMP8 can directly cleave Ang I, mainly generating Ang II, and
the resultant Ang I product upregulates VCAM1 gene expression in ECs, which enhances
leukocyte rolling and adhesions on the endothelium, thereby increasing atherosclerotic
plaque inflammation and growth [11]. Here, we found a similar mechanism underlying
MMP8-mediated inflammatory cell migration/recruitment under TAD pathology. Specifi-
cally, we have provided several lines of evidence to support such a notion. We first found
high inflammatory cell accumulation within WT, but not in the MMP8_KO aortic wall, pre-
ceding TAD onset. Second, we observed increased expression levels of Ang I but decreased
expression levels of Ang II in MMP8_KO aortic tissues as well as plasma upon BAPN
administration, confirming less Ang II generation in the absence of MMP8 under TAD
pathology. Third, a much lower level of VCAM1 gene/protein expression was observed in
MMP8_KO aortas. Fourth, MMP8_KO inflammatory cells exhibited a decreased cell inva-
sion and transendothelial migration capacity compared to WT cells. Fifth, we showed that
while Ang II could increase both WT and MMP8_KO monocytes transendothelial migra-
tion, the WT but not MMP8_KO monocytes’ transendothelial migration was significantly
increased in response to Ang I incubation, confirming the importance of the Ang II being
converted from Ang I by MMP8 during MMP8-mediated inflammatory cell migration.
Sixth, we also demonstrated that Ang I upregulated VCAM1 gene expression in control
ECs, but not in cells with MMPS inhibition. However, Ang II could activate VCAM1 gene
expression in ECs with or without MMPS8 inhibition. Lastly, our data showed that VCAM1
gene activation in ECs is at least partially responsible for the Ang II-mediated monocytes’
transendothelial migration. Taken together, these data have collectively demonstrated
that the Ang I/Ang II/VCAMI signaling axis is one of the underlying mechanisms of
MMP8-mediated inflammatory cell migration/recruitment into aortic walls during TAD
formation. In line with previous observations [4,53,54], we demonstrate that accumulated
inflammatory cells within aortic walls increases aortic inflammation and extracellular
matrix remodeling, thereby promoting TAD formation.

Importantly, apart from the abovementioned actions, Ang II has been reported as a
critical regulator and trigger for AD formation and onset. Specifically, focal dissections in
the outer convex aspect of the ascending aorta, intimal tear, and interlaminar hematoma
were observed in over half of the Ang II-infused animals [55]. Interestingly, although Ang
II infusion has been widely used for aortic aneurysm animal models, it has been proposed
that Ang II-infused mice are more clinically relevant for the study of AD than for the study
of abdominal aortic aneurysms [56]. It is well-accepted that the hypertensive effect of
Ang Il is one of the main underlying causes of Ang Il-induced AD. A recent, large clinical
epidemiological study, with over one million participants, showed that hypertension and
elevated SBP and DBP are associated with a high risk of AD, and the AD risk is positively
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dose-dependent, even within the normal blood pressure range [57]. Such an important
finding is further supported in the meta-analysis with over 4.5 million participants [57].
Consistent with this finding, we also observed a significant decrease in both SBP and DBP
in MMP8_KO mice. Therefore, a lower TAD incidence observed in MMP8_KO mice could
be attributed to a decrease in both SBP and DBP caused by a lower level of Ang IL.

Additionally, our data also suggest that protecting SMCs from Ang II/BAPN-induced
apoptosis is another important mechanism that underpinned the lower TAD incidence
observed in MMP8_KO mice. Through multiple in vivo and in vitro studies, we observed
a much lower level of SMC apoptosis in MMP8_KO mice compared with WT mice un-
der BAPN treatment. Further in vivo and in vitro observational and mechanistic studies
revealed that Ang Il-induced ROS generation was the main attributing factor to Ang
II/BAPN-induced SMC apoptosis. Our findings are well aligned with the previous observa-
tions that ROS is the key mediator of Ang Il signaling [58,59] and Ang II-induced vascular
cell apoptosis [60] or aortic pathologies [61]. It has also been reported that Ang II induces
SMC apoptosis by partially modulating Akt phosphorylation and membrane/soluble Fas
ligand expression [62], or through an Ang II type 2 receptor- and GATA-6-dependent mech-
anism [63]. Therefore, it would be interesting to study if these molecular mechanisms also
underpin SMC apoptosis induced by Ang II/BAPN in the context of TAD formation, which
will be the main focus of our future investigations. Another important finding in this study
is that decreased ROS generation is observed in MMP8_KO mice, which could be another
contributing factor to the lower TAD incidence in MMP8_KO mice. This observation is
consistent with the key finding reported in a previous study that endothelial cell-derived
ROS play a critical role in the determination of the susceptibility of the aortic wall to Ang
II-mediated aortic dissection [64].

5. Conclusions

Taken together, in the current study we report the important role of MMP8 in TAD
formation and demonstrate that MMP8 promotes TAD formation by increasing inflam-
matory cell recruitment/migration into vascular walls, enhancing aortic inflammation
and augmenting SMC apoptosis. MMP8 exerts these cellular functions at least partially
through converting Ang I to Ang II, which upregulates VCAM1 expression, facilitating
inflammatory cell adhesion and transendothelium migration, thereby increasing aortic
inflammation. On the other hand, the generated Ang II promotes SMC apoptosis under
a TAD pathological setting by increasing ROS generation. Importantly, Ang II also has a
direct role in controlling blood pressure. Therefore, increased aortic inflammation, more
SMC death, and higher blood pressure act in concert with other MMPS8 cellular actions,
including collagen degradation, eventually promoting TAD formation and progression.
Thus, data from this study provide new insight into the biological molecules and relevant
mechanisms involved in the pathogenesis of TAD, and highlights the therapeutic potential
of MMPS8 inhibition in patients with TAD.
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Figure 54 Decreased reactive oxygen species (ROS) generation in aorta was observed in MMP8_KO
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https://www.mdpi.com/article/10.3390/cells11203218/s1
https://www.mdpi.com/article/10.3390/cells11203218/s1

Cells 2022, 11, 3218 21 of 24

Author Contributions: Conceptualization, Q.X. and Q.W.; formal analysis, C.Z. (Chengxin Zhang),
K.N. and M.R;; investigation, C.Z. (Chengxin Zhang), K.N., M.R., X.Z., Z.Y.,, M.Y,, XW.,, J.L,, Y.S,,
C.Z. (Cheng Zhang), D.C.; resources, S.G. (Shan Gao) and S.G. (Shenglin Ge); data curation, C.Z.
(Chengxin Zhang), K.N. and M.R.; writing—original draft preparation, Q.X.; writing—review and
editing, Q.X.; supervision, Q.X. and Q.W.; project administration, Q.X. and M.R.; funding acquisition,
Q.X. and M.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by British Heart Foundation (PG/15/11/31279, PG/15/
86/31723, PG/16/1/31892, and PG/20/10458), National Natural Sciences Foundation of China
(81800364, and 82270506), Chongging Science and Technology Bureau (2022NSCQMSX1118), Fujian
Joint Funds for the Innovation of Science and Technology (2018Y9099), and the Natural Science Fund
of Fujian (Grant number 2021J01383). This work forms part of the research portfolio for the National
Institute for Health Research Biomedical Research Centre at Barts.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of First Affiliated
Hospital of Chongqing Medical University (protocol code 2018-022-2). The animal study protocol
was approved by the Institutional Review Board (or Ethics Committee) of Queen Mary University of
London (PPL number: PP5521236).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study could be found in
our manuscript and supplementary data or are available from the corresponding author upon
reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mussa, EE; Horton, ].D.; Moridzadeh, R.; Nicholson, J.; Trimarchi, S.; Eagle, K.A. Acute Aortic Dissection and Intramural
Hematoma: A Systematic Review. JAMA 2016, 316, 754-763. [CrossRef] [PubMed]

2. Nienaber, C.A.; Clough, R.E. Management of acute aortic dissection. Lancet 2015, 385, 800-811. [CrossRef]

3. Hagan, P.G.; Nienaber, C.A.; Isselbacher, E.M.; Bruckman, D.; Karavite, D.J.; Russman, PL.; Evangelista, A.; Fattori, R.; Suzuki, T.;
Oh, J.K,; et al. The International Registry of Acute Aortic Dissection (IRAD): New insights into an old disease. JAMA 2000, 283,
897-903. [CrossRef] [PubMed]

4. Anzai, A.; Shimoda, M.; Endo, J.; Kohno, T.; Katsumata, Y.; Matsuhashi, T.; Yamamoto, T.; Ito, K.; Yan, X.; Shirakawa, K; et al.
Adventitial CXCL1/G-CSF expression in response to acute aortic dissection triggers local neutrophil recruitment and activation
leading to aortic rupture. Circ. Res. 2015, 116, 612-623. [CrossRef]

5. Maguire, E.M.; Pearce, SW.A.; Xiao, R.; Oo, A.Y,; Xiao, Q. Matrix Metalloproteinase in Abdominal Aortic Aneurysm and Aortic
Dissection. Pharmaceuticals 2019, 12, 118. [CrossRef]

6.  Golledge, J.; Eagle, K.A. Acute aortic dissection. Lancet 2008, 372, 55-66. [CrossRef]

7. Van Lint, P; Libert, C. Matrix metalloproteinase-8: Cleavage can be decisive. Cytokine Growth Factor Rev. 2006, 17, 217-223.
[CrossRef]

8.  Wen, G,; Zhang, C.; Chen, Q.; Luong le, A.; Mustafa, A.; Ye, S.; Xiao, Q. A Novel Role of Matrix Metalloproteinase-8 in Macrophage
Differentiation and Polarization. J. Biol. Chem. 2015, 290, 19158-19172. [CrossRef]

9.  Van Den Steen, PE.; Wuyts, A.; Husson, S.J.; Proost, P.; Van Damme, J.; Opdenakker, G. Gelatinase B/MMP-9 and neutrophil
collagenase/MMP-8 process the chemokines human GCP-2/CXCL6, ENA-78/CXCL5 and mouse GCP-2/LIX and modulate their
physiological activities. Eur. J. Biochem. 2003, 270, 3739-3749.

10. Cox, J.H.; Dean, R.A.; Roberts, C.R.; Overall, C.M. Matrix metalloproteinase processing of CXCL11/I-TAC results in loss of
chemoattractant activity and altered glycosaminoglycan binding. J. Biol. Chem. 2008, 283, 19389-19399. [CrossRef]

11. Laxton, R.C.; Hu, Y,; Duchene, J.; Zhang, F.; Zhang, Z.; Leung, K.Y.; Xiao, Q.; Scotland, R.S.; Hodgkinson, C.P; Smith, K.; et al. A
role of matrix metalloproteinase-8 in atherosclerosis. Circ. Res. 2009, 105, 921-929. [CrossRef] [PubMed]

12. Xiao, Q.; Zhang, F,; Grassia, G.; Hu, Y.,; Zhang, Z.; Xing, Q.; Yin, X.; Maddaluno, M.; Drung, B.; Schmidt, B.; et al. Matrix
metalloproteinase-8 promotes vascular smooth muscle cell proliferation and neointima formation. Arterioscler. Thromb. Vasc. Biol.
2014, 34, 90-98. [CrossRef] [PubMed]

13.  Xiao, Q.; Zhang, F; Lin, L.; Fang, C.; Wen, G.; Tsai, T.N.; Pu, X.; Sims, D.; Zhang, Z.; Yin, X.; et al. Functional role of matrix
metalloproteinase-8 in stem/progenitor cell migration and their recruitment into atherosclerotic lesions. Circ. Res. 2013, 112,
35-47. [CrossRef] [PubMed]

14.  Ye, S. Putative targeting of matrix metalloproteinase-8 in atherosclerosis. Pharmacol. Ther. 2015, 147, 111-122. [CrossRef] [PubMed]


http://doi.org/10.1001/jama.2016.10026
http://www.ncbi.nlm.nih.gov/pubmed/27533160
http://doi.org/10.1016/S0140-6736(14)61005-9
http://doi.org/10.1001/jama.283.7.897
http://www.ncbi.nlm.nih.gov/pubmed/10685714
http://doi.org/10.1161/CIRCRESAHA.116.304918
http://doi.org/10.3390/ph12030118
http://doi.org/10.1016/S0140-6736(08)60994-0
http://doi.org/10.1016/j.cytogfr.2006.04.001
http://doi.org/10.1074/jbc.M114.634022
http://doi.org/10.1074/jbc.M800266200
http://doi.org/10.1161/CIRCRESAHA.109.200279
http://www.ncbi.nlm.nih.gov/pubmed/19745165
http://doi.org/10.1161/ATVBAHA.113.301418
http://www.ncbi.nlm.nih.gov/pubmed/24158518
http://doi.org/10.1161/CIRCRESAHA.112.274019
http://www.ncbi.nlm.nih.gov/pubmed/23071158
http://doi.org/10.1016/j.pharmthera.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25448039

Cells 2022, 11, 3218 22 of 24

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Turu, M.M.; Krupinski, J.; Catena, E.; Rosell, A.; Montaner, J.; Rubio, F.; Alvarez-Sabin, J.; Cairols, M.; Badimon, L. Intraplaque
MMP-8 levels are increased in asymptomatic patients with carotid plaque progression on ultrasound. Atherosclerosis 2006, 187,
161-169. [CrossRef] [PubMed]

Tuomainen, A.M.; Nyyssonen, K.; Laukkanen, J.A.; Tervahartiala, T.; Tuomainen, T.P; Salonen, ].T.; Sorsa, T.; Pussinen, P.J. Serum
matrix metalloproteinase-8 concentrations are associated with cardiovascular outcome in men. Arterioscler. Thromb. Vasc. Biol.
2007, 27,2722-2728. [CrossRef] [PubMed]

Herman, M.P,; Sukhova, G.K,; Libby, P.; Gerdes, N.; Tang, N.; Horton, D.B.; Kilbride, M.; Breitbart, R.E.; Chun, M.; Schonbeck, U.
Expression of neutrophil collagenase (matrix metalloproteinase-8) in human atheroma: A novel collagenolytic pathway suggested
by transcriptional profiling. Circulation 2001, 104, 1899-1904. [CrossRef]

Fang, C.; Wen, G.; Zhang, L.; Lin, L.; Moore, A.; Wu, S.; Ye, S.; Xiao, Q. An important role of matrix metalloproteinase-8 in
angiogenesis in vitro and in vivo. Cardiovasc. Res. 2013, 99, 146-155. [CrossRef]

Yang, F; Chen, Q.; Yang, M.; Maguire, EM.; Yu, X.; He, S.; Xiao, R.; Wang, C.S.; An, W.; Wu, W,; et al. Macrophage-derived
MMP-8 determines smooth muscle cell differentiation from adventitia stem/progenitor cells and promotes neointima hyperplasia.
Cardiovasc. Res. 2020, 116, 211-225. [CrossRef]

Yang, K.; Ren, J.; Li, X.; Wang, Z.; Xue, L.; Cui, S.; Sang, W.; Xu, T.; Zhang, J.; Yu, J.; et al. Prevention of aortic dissection and
aneurysm via an ALDH2-mediated switch in vascular smooth muscle cell phenotype. Eur. Heart ]. 2020, 41, 2442-2453. [CrossRef]
Jia, L.X.; Zhang, W.M.; Zhang, H.J.; Li, T.T.; Wang, Y.L.; Qin, YW.; Gu, H.; Du, J. Mechanical stretch-induced endoplasmic
reticulum stress, apoptosis and inflammation contribute to thoracic aortic aneurysm and dissection. J. Pathol. 2015, 236, 373-383.
[CrossRef] [PubMed]

Jia, LX,; Zhang, WM.; Li, T.T; Liu, Y,; Piao, C.M.,; Ma, Y.C,; Lu, Y,; Wang, Y.; Liu, T.T.; Qi, Y.F; et al. ER stress dependent
microparticles derived from smooth muscle cells promote endothelial dysfunction during thoracic aortic aneurysm and dissection.
Clin. Sci. 2017, 131, 1287-1299. [CrossRef] [PubMed]

Yang, Y.Y,; Li, L.Y,; Jiao, X.L.; Jia, LX.; Zhang, X.P.; Wang, Y.L.; Yang, S.; Li, J.; Du, J.; Wei, Y.X; et al. Intermittent Hypoxia
Alleviates beta-Aminopropionitrile Monofumarate Induced Thoracic Aortic Dissection in C57BL/6 Mice. Eur. ]. Vasc. Endovasc.
Surg. 2020, 59, 1000-1010. [CrossRef] [PubMed]

Russo, I.; Cavalera, M.; Huang, S.; Su, Y.; Hanna, A.; Chen, B.; Shinde, A.V.; Conway, S.J.; Graff, ].; Frangogiannis, N.G. Protective
Effects of Activated Myofibroblasts in the Pressure-Overloaded Myocardium Are Mediated Through Smad-Dependent Activation
of a Matrix-Preserving Program. Circ. Res. 2019, 124, 1214-1227. [CrossRef] [PubMed]

Tajerian, M.; Clark, J.D. Spinal matrix metalloproteinase 8 regulates pain after peripheral trauma. J. Pain Res. 2019, 12, 1133-1138.
[CrossRef] [PubMed]

Han, J.E; Lee, E.J.; Moon, E.; Ryu, J.H.; Choi, ].W.; Kim, H.S. Matrix Metalloproteinase-8 is a Novel Pathogenetic Factor in Focal
Cerebral Ischemia. Mol. Neurobiol. 2016, 53, 231-239. [CrossRef]

Shao, Y.; Luo, J.; Ye, L.; Ran, H.Y,; Shi, HM.; Zhang, C.; Wu, Q.C. Construction and Integrated Analysis of Competitive
Endogenous Long Non-Coding RNA Network in Thoracic Aortic Dissection. Int | Gen Med 2021, 14, 6863-6873. [CrossRef]
Wen, G.; An, W,; Chen, J.; Maguire, EM.; Chen, Q.; Yang, F,; Pearce, S.W.A; Kyriakides, M.; Zhang, L.; Ye, S.; et al. Genetic and
Pharmacologic Inhibition of the Neutrophil Elastase Inhibits Experimental Atherosclerosis. J. Am. Heart Assoc. 2018, 7, e008187.
[CrossRef]

Xiao, Q.; Zeng, L.; Zhang, Z.; Margariti, A.; Ali, Z.A.; Channon, KM.; Xu, Q.; Hu, Y. Sca-1+ progenitors derived from embryonic
stem cells differentiate into endothelial cells capable of vascular repair after arterial injury. Arterioscler. Thromb. Vasc. Biol. 2006,
26, 2244-2251. [CrossRef]

Zeng, L.; Xiao, Q.; Margariti, A.; Zhang, Z.; Zampetaki, A.; Patel, S.; Capogrossi, M.C.; Hu, Y,; Xu, Q. HDAC3 is crucial in shear-
and VEGF-induced stem cell differentiation toward endothelial cells. ]. Cell. Biol. 2006, 174, 1059-1069. [CrossRef]

Chen, Q.; Yang, F; Guo, M.; Wen, G.; Zhang, C.; Luong le, A.; Zhu, ].; Xiao, Q.; Zhang, L. miRNA-34a reduces neointima formation
through inhibiting smooth muscle cell proliferation and migration. J. Mol. Cell. Cardiol. 2015, 89, 75-86. [CrossRef] [PubMed]
Zhang, C.; Chen, D.; Maguire, EM.; He, S.; Chen, J.; An, W,; Yang, M.; Afzal, T.A.; Luong, L.A.; Zhang, L.; et al. Cbx3 inhibits
vascular smooth muscle cell proliferation, migration, and neointima formation. Cardiovasc. Res. 2018, 114, 443-455. [CrossRef]
[PubMed]

An, W,; Luong, L.A.; Bowden, N.P,; Yang, M.; Wu, W.; Zhou, X,; Liu, C.; Niu, K,; Luo, J.; Zhang, C.; et al. Cezanne is a critical
regulator of pathological arterial remodelling by targeting beta-catenin signalling. Cardiovasc. Res. 2022, 118, 638-653. [CrossRef]
[PubMed]

Swamydas, M.; Luo, Y; Dorf, M.E.; Lionakis, M.S. Isolation of Mouse Neutrophils. Curr. Protoc. Immunol. 2015, 110, 3.20.1-3.20.15.
[CrossRef] [PubMed]

Yang, M.; Chen, Q.; Mei, L.; Wen, G.; An, W.; Zhou, X; Niu, K.; Liu, C.; Ren, M.; Sun, K,; et al. Neutrophil elastase promotes
neointimal hyperplasia by targeting toll-like receptor 4 (TLR4)-NF-kappaB signalling. Br. J. Pharmacol. 2021, 178, 4048-4068.
[CrossRef] [PubMed]

Chen, D.; Zhang, C.; Chen, J.; Yang, M.; Afzal, TA.; An, W,; Maguire, EM.; He, S.; Luo, J.; Wang, X.; et al. miRNA-200c-3p
promotes endothelial to mesenchymal transition and neointimal hyperplasia in artery bypass grafts. J. Pathol. 2021, 253, 209-224.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.atherosclerosis.2005.08.039
http://www.ncbi.nlm.nih.gov/pubmed/16259988
http://doi.org/10.1161/ATVBAHA.107.154831
http://www.ncbi.nlm.nih.gov/pubmed/17932311
http://doi.org/10.1161/hc4101.097419
http://doi.org/10.1093/cvr/cvt060
http://doi.org/10.1093/cvr/cvz044
http://doi.org/10.1093/eurheartj/ehaa352
http://doi.org/10.1002/path.4534
http://www.ncbi.nlm.nih.gov/pubmed/25788370
http://doi.org/10.1042/CS20170252
http://www.ncbi.nlm.nih.gov/pubmed/28468950
http://doi.org/10.1016/j.ejvs.2019.10.014
http://www.ncbi.nlm.nih.gov/pubmed/31879145
http://doi.org/10.1161/CIRCRESAHA.118.314438
http://www.ncbi.nlm.nih.gov/pubmed/30686120
http://doi.org/10.2147/JPR.S197761
http://www.ncbi.nlm.nih.gov/pubmed/31118746
http://doi.org/10.1007/s12035-014-8996-y
http://doi.org/10.2147/IJGM.S335082
http://doi.org/10.1161/JAHA.117.008187
http://doi.org/10.1161/01.ATV.0000240251.50215.50
http://doi.org/10.1083/jcb.200605113
http://doi.org/10.1016/j.yjmcc.2015.10.017
http://www.ncbi.nlm.nih.gov/pubmed/26493107
http://doi.org/10.1093/cvr/cvx236
http://www.ncbi.nlm.nih.gov/pubmed/29206900
http://doi.org/10.1093/cvr/cvab056
http://www.ncbi.nlm.nih.gov/pubmed/33599243
http://doi.org/10.1002/0471142735.im0320s110
http://www.ncbi.nlm.nih.gov/pubmed/26237011
http://doi.org/10.1111/bph.15583
http://www.ncbi.nlm.nih.gov/pubmed/34076894
http://doi.org/10.1002/path.5574
http://www.ncbi.nlm.nih.gov/pubmed/33125708

Cells 2022, 11, 3218 23 of 24

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Zhang, L.; Chen, Q.; An, W,; Yang, F.; Maguire, EM.; Chen, D.; Zhang, C.; Wen, G.; Yang, M.; Dai, B.; et al. Novel Pathological
Role of hnRNPA1 (Heterogeneous Nuclear Ribonucleoprotein A1) in Vascular Smooth Muscle Cell Function and Neointima
Hyperplasia. Arterioscler. Thromb. Vasc. Biol. 2017, 37, 2182-2194. [CrossRef] [PubMed]

Yang, E; Chen, Q.; He, S.; Yang, M.; Maguire, EM.; An, W.; Afzal, T.A,; Luong, L.A.; Zhang, L.; Xiao, Q. miR-22 Is a Novel
Mediator of Vascular Smooth Muscle Cell Phenotypic Modulation and Neointima Formation. Circulation 2018, 137, 1824-1841.
[CrossRef]

Nguyen Dinh Cat, A.; Montezano, A.C.; Burger, D.; Touyz, R.M. Angiotensin II, NADPH oxidase, and redox signaling in the
vasculature. Antioxid. Redox. Signal. 2013, 19, 1110-1120. [CrossRef]

Benedetto, U.; Dimagli, A.; Kaura, A.; Sinha, S.; Mariscalco, G.; Krasopoulos, G.; Moorjani, N.; Field, M.; Uday, T.; Kendal, S.; et al.
Determinants of outcomes following surgery for type A acute aortic dissection: The UK National Adult Cardiac Surgical Audit.
Eur. Heart J. 2021, 43, 44-52. [CrossRef]

Kormi, I.; Nieminen, M.T.; Havulinna, A.S.; Zeller, T.; Blankenberg, S.; Tervahartiala, T.; Sorsa, T.; Salomaa, V.; Pussinen, PJ.
Matrix metalloproteinase-8 and tissue inhibitor of matrix metalloproteinase-1 predict incident cardiovascular disease events and
all-cause mortality in a population-based cohort. Eur. J. Prev. Cardiol. 2017, 24, 1136-1144. [CrossRef] [PubMed]

Kato, R.; Momiyama, Y.; Ohmori, R.; Taniguchi, H.; Nakamura, H.; Ohsuzu, F. Plasma matrix metalloproteinase-8 concentrations
are associated with the presence and severity of coronary artery disease. Circ. J. Off. J. Jpn. Circ. Soc. 2005, 69, 1035-1040.
[CrossRef] [PubMed]

Momiyama, Y.; Ohmori, R.; Tanaka, N.; Kato, R.; Taniguchi, H.; Adachi, T.; Nakamura, H.; Ohsuzu, F. High plasma levels of
matrix metalloproteinase-8 in patients with unstable angina. Atherosclerosis 2010, 209, 206-210. [CrossRef]

Jia, Y;; Guo, D.; Zhang, K,; Yang, P.; Zang, Y.; Sun, L.; Wang, Y.; Liu, F; Shi, M.; Zhang, Y.; et al. Causal associations of serum
matrix metalloproteinase-8 level with ischaemic stroke and ischaemic stroke subtypes: A Mendelian randomization study. Eur. J.
Neurol. 2021, 28, 2543-2551. [CrossRef] [PubMed]

Molloy, K.J.; Thompson, M.M.; Jones, J.L.; Schwalbe, E.C.; Bell, PR.; Naylor, A.R.; Loftus, LM. Unstable carotid plaques exhibit
raised matrix metalloproteinase-8 activity. Circulation 2004, 110, 337-343. [CrossRef]

van den Borne, S.W.; Cleutjens, ].P.; Hanemaaijer, R.; Creemers, E.E.; Smits, ].F.; Daemen, M.].; Blankesteijn, W.M. Increased
matrix metalloproteinase-8 and -9 activity in patients with infarct rupture after myocardial infarction. Cardiovasc. Pathol. 2009, 18,
37-43. [CrossRef] [PubMed]

Wilson, W.R.; Schwalbe, E.C.; Jones, ].L.; Bell, PR.; Thompson, M.M. Matrix metalloproteinase 8 (neutrophil collagenase) in the
pathogenesis of abdominal aortic aneurysm. Br. J. Surg. 2005, 92, 828-833. [CrossRef]

Wilson, WR.; Anderton, M.; Schwalbe, E.C.; Jones, ].L.; Furness, PN.; Bell, P.R.; Thompson, M.M. Matrix metalloproteinase-8 and
-9 are increased at the site of abdominal aortic aneurysm rupture. Circulation 2006, 113, 438—445. [CrossRef]

Takagi, H.; Hari, Y.; Nakashima, K.; Kuno, T.; Ando, T. Matrix metalloproteinases and acute aortic dissection: Et Tu, Brute?
Interact. Cardiovasc. Thorac. Surg. 2020, 30, 465-476. [CrossRef]

Li, Y;; Shao, A.Z; Jiang, H.T.; Dong, G.H.; Xu, B.; Yi, J.; Jing, H. The prominent expression of plasma matrix metalloproteinase-8 in
acute thoracic aortic dissection. J. Surg. Res. 2010, 163, €99-e104. [CrossRef]

Giachino, F.; Loiacono, M.; Lucchiari, M.; Manzo, M.; Battista, S.; Saglio, E.; Lupia, E.; Moiraghi, C.; Hirsch, E.; Mengozzi, G.; et al.
Rule out of acute aortic dissection with plasma matrix metalloproteinase 8 in the emergency department. Crit. Care. 2013, 17, R33.
[CrossRef] [PubMed]

Wang, X.Z.; Du, XM; Jing, Q.M.; Li, X.X_; Gu, R.X; Wang, J.; Han, Y.L. Impact of matrix metalloproteinase-8 gene variations on
the risk of thoracic aortic dissection in a Chinese Han population. Mol. Biol. Rep. 2013, 40, 5953-5958. [CrossRef] [PubMed]
Kurihara, T.; Shimizu-Hirota, R.; Shimoda, M.; Adachi, T.; Shimizu, H.; Weiss, S.J.; Itoh, H.; Hori, S.; Aikawa, N.; Okada, Y.
Neutrophil-derived matrix metalloproteinase 9 triggers acute aortic dissection. Circulation 2012, 126, 3070-3080. [CrossRef]
[PubMed]

Li, X.; Liu, D.; Zhao, L.; Wang, L.; Li, Y.; Cho, K,; Tao, C.; Jiang, B. Targeted depletion of monocyte/macrophage suppresses aortic
dissection with the spatial regulation of MMP-9 in the aorta. Life Sci. 2020, 254, 116927. [CrossRef]

Trachet, B.; Piersigilli, A.; Fraga-Silva, R.A.; Aslanidou, L.; Sordet-Dessimoz, J.; Astolfo, A.; Stampanoni, M.E; Segers, P;
Stergiopulos, N. Ascending Aortic Aneurysm in Angiotensin II-Infused Mice: Formation, Progression, and the Role of Focal
Dissections. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 673—681. [CrossRef]

Trachet, B.; Aslanidou, L.; Piersigilli, A.; Fraga-Silva, R.A.; Sordet-Dessimoz, J.; Villanueva-Perez, P.; Stampanoni, M.EM.;
Stergiopulos, N.; Segers, P. Angiotensin II infusion into ApoE-/- mice: A model for aortic dissection rather than abdominal aortic
aneurysm? Cardiovasc. Res. 2017, 113, 1230-1242. [CrossRef]

Hibino, M.; Otaki, Y.; Kobeissi, E.; Pan, H.; Hibino, H.; Taddese, H.; Majeed, A.; Verma, S.; Konta, T.; Yamagata, K.; et al. Blood
Pressure, Hypertension, and the Risk of Aortic Dissection Incidence and Mortality: Results From the J-SCH Study, the UK Biobank
Study, and a Meta-Analysis of Cohort Studies. Circulation 2022, 145, 633-644. [CrossRef]

Hanna, I.R.; Taniyama, Y.; Szocs, K.; Rocic, P.; Griendling, K K. NAD(P)H oxidase-derived reactive oxygen species as mediators of
angiotensin II signaling. Antioxid. Redox Signal. 2002, 4, 899-914. [CrossRef]

Griendling, K. K.; Ushio-Fukai, M. Reactive oxygen species as mediators of angiotensin II signaling. Regul. Pept. 2000, 91, 21-27.
[CrossRef]


http://doi.org/10.1161/ATVBAHA.117.310020
http://www.ncbi.nlm.nih.gov/pubmed/28912364
http://doi.org/10.1161/CIRCULATIONAHA.117.027799
http://doi.org/10.1089/ars.2012.4641
http://doi.org/10.1093/eurheartj/ehab586
http://doi.org/10.1177/2047487317706585
http://www.ncbi.nlm.nih.gov/pubmed/28429955
http://doi.org/10.1253/circj.69.1035
http://www.ncbi.nlm.nih.gov/pubmed/16127182
http://doi.org/10.1016/j.atherosclerosis.2009.07.037
http://doi.org/10.1111/ene.14878
http://www.ncbi.nlm.nih.gov/pubmed/33894037
http://doi.org/10.1161/01.CIR.0000135588.65188.14
http://doi.org/10.1016/j.carpath.2007.12.012
http://www.ncbi.nlm.nih.gov/pubmed/18402833
http://doi.org/10.1002/bjs.4993
http://doi.org/10.1161/CIRCULATIONAHA.105.551572
http://doi.org/10.1093/icvts/ivz286
http://doi.org/10.1016/j.jss.2010.05.030
http://doi.org/10.1186/cc12536
http://www.ncbi.nlm.nih.gov/pubmed/23442769
http://doi.org/10.1007/s11033-013-2704-2
http://www.ncbi.nlm.nih.gov/pubmed/24065531
http://doi.org/10.1161/CIRCULATIONAHA.112.097097
http://www.ncbi.nlm.nih.gov/pubmed/23136157
http://doi.org/10.1016/j.lfs.2019.116927
http://doi.org/10.1161/ATVBAHA.116.307211
http://doi.org/10.1093/cvr/cvx128
http://doi.org/10.1161/CIRCULATIONAHA.121.056546
http://doi.org/10.1089/152308602762197443
http://doi.org/10.1016/S0167-0115(00)00136-1

Cells 2022, 11, 3218 24 of 24

60.

61.

62.

63.

64.

Dimmeler, S.; Zeiher, A.M. Reactive oxygen species and vascular cell apoptosis in response to angiotensin I and pro-atherosclerotic
factors. Regul. Pept. 2000, 90, 19-25. [CrossRef]

Dikalov, S.I.; Nazarewicz, R.R. Angiotensin II-induced production of mitochondrial reactive oxygen species: Potential mechanisms
and relevance for cardiovascular disease. Antioxid. Redox Signal. 2013, 19, 1085-1094. [CrossRef] [PubMed]

Li, Y;; Song, Y.H.; Mohler, ].; Delafontaine, P. ANG II induces apoptosis of human vascular smooth muscle via extrinsic pathway
involving inhibition of Akt phosphorylation and increased FasL expression. Am. J. Physiol. Heart Circ. Physiol. 2006, 290,
H2116-H2123. [CrossRef] [PubMed]

Tan, N.Y,; Li, ].M.; Stocker, R.; Khachigian, L.M. Angiotensin II-inducible smooth muscle cell apoptosis involves the angiotensin II
type 2 receptor, GATA-6 activation, and FasL-Fas engagement. Circ. Res. 2009, 105, 422—430. [CrossRef] [PubMed]

Fan, L.M.; Douglas, G.; Bendall, ] K.; McNeill, E.; Crabtree, M.].; Hale, A.B.; Mai, A.; Li, ].M.; McAteer, M.A.; Schneider, J.E.; et al.
Endothelial cell-specific reactive oxygen species production increases susceptibility to aortic dissection. Circulation 2014, 129,
2661-2672. [CrossRef]


http://doi.org/10.1016/S0167-0115(00)00105-1
http://doi.org/10.1089/ars.2012.4604
http://www.ncbi.nlm.nih.gov/pubmed/22443458
http://doi.org/10.1152/ajpheart.00551.2005
http://www.ncbi.nlm.nih.gov/pubmed/16339840
http://doi.org/10.1161/CIRCRESAHA.109.203323
http://www.ncbi.nlm.nih.gov/pubmed/19628789
http://doi.org/10.1161/CIRCULATIONAHA.113.005062

	Introduction 
	Materials and Methods 
	Materials 
	Animal Experiments, Anesthesia, and Euthanasia 
	Collection of Human Aorta Tissue Specimens and Sera 
	Histopathological Analysis 
	Blood Pressure Measurement 
	Aortic Tissue Immunofluorescence Staining 
	TUNEL Staining for SMC Apoptosis 
	Bone Marrow Cell Isolation 
	C166 Culture and MISSION esiRNA Transfection 
	Murine Aortic SMC Culture and Treatments 
	Real-Time Quantitative PCR (RT-qPCR) 
	ELISA Analysis 
	MMP8 Activity Analysis 
	ROS Measurement 
	Cell Invasion and Transendothelial Migration Assay 
	Cell Viability Analyses 
	Statistical Analysis 

	Results 
	MMP8 Expression Was Increased during BAPN-Induced TAD Development 
	MMP8 Deficiency Inhibited BAPN-Induced TAD 
	Pharmacological Inhibition of MMP8 Decreased TAD 
	Aortic Inflammatory Cell Accumulation and SMC Apoptosis Was Reduced in MMP8_KO Mice 
	Reduced Ang II Levels, Lower Blood Pressure, and Decreased VCAM-1 Expressions Were Observed in MMP8_KO Mice 
	MMP8 Augmented Inflammatory Cell Invasion and Transendothelial Migration 
	MMP8 Mediated BAPN/Ang II-Induced SMC Inflammation and Apoptosis 
	MMP8 Is Increased in the Dissected Human Arteries and Serum from Patients with Acute TAD 

	Discussion 
	Conclusions 
	References

