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ORIGINAL RESEARCH

Homeostatic, Non-Canonical Role of Macrophage 
Elastase in Vascular Integrity
Mani Salarian*, Mean Ghim * , Jakub Toczek , Jinah Han, Dar Weiss , Bart Spronck , Abhay B. Ramachandra, Jae-Joon Jung, 
Gunjan Kukreja, Jiasheng Zhang, Deaneira Lakheram, Sung-Kwon Kim, Jay D. Humphrey , Mehran M. Sadeghi

BACKGROUND: Matrix metalloproteinase (MMP)-12 is highly expressed in abdominal aortic aneurysms and its elastolytic 
function has been implicated in the pathogenesis. This concept is challenged, however, by conflicting data. Here, we sought 
to revisit the role of MMP-12 in abdominal aortic aneurysm.

METHODS: Apoe-/- and Mmp12-/-/Apoe-/- mice were infused with Ang II (angiotensin). Expression of neutrophil extracellular 
traps (NETs) markers and complement component 3 (C3) levels were evaluated by immunostaining in aortas of surviving 
animals. Plasma complement components were analyzed by immunoassay. The effects of a complement inhibitor, IgG-FH1-5 
(factor H-immunoglobulin G), and macrophage-specific MMP-12 deficiency on adverse aortic remodeling and death from 
rupture in Ang II–infused mice were determined.

RESULTS: Unexpectedly, death from aortic rupture was significantly higher in Mmp12-/-/Apoe-/- mice. This associated with more 
neutrophils, citrullinated histone H3 and neutrophil elastase, markers of NETs, and C3 levels in Mmp12-/- aortas. These findings 
were recapitulated in additional models of abdominal aortic aneurysm. MMP-12 deficiency also led to more pronounced elastic 
laminae degradation and reduced collagen integrity. Higher plasma C5a in Mmp12-/- mice pointed to complement overactivation. 
Treatment with IgG-FH1-5 decreased aortic wall NETosis and reduced adverse aortic remodeling and death from rupture in Ang 
II–infused Mmp12-/- mice. Finally, macrophage-specific MMP-12 deficiency recapitulated the effects of global MMP-12 deficiency 
on complement deposition and NETosis, as well as adverse aortic remodeling and death from rupture in Ang II–infused mice.

CONCLUSIONS: An MMP-12 deficiency/complement activation/NETosis pathway compromises aortic integrity, which 
predisposes to adverse vascular remodeling and abdominal aortic aneurysm rupture. Considering these new findings, the 
role of macrophage MMP-12 in vascular homeostasis demands re-evaluation of MMP-12 function in diverse settings.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Editorial, see p 449

Blood vessels experience pathogens intermittently. 
Activation of the complement system, a mainstay of 
immune surveillance, is critical to eliminating these 

pathogens.1 If left unchecked, however, complement acti-
vation can also perturb the structural integrity and func-
tionality of the arterial wall, which are normally regulated 
via homeostatic processes. Control of vascular integrity 
starts with the endothelial barrier and its interactions with 

platelets and leukocytes.2,3 Extracellular matrix (ECM) and 
matricellular components of the vascular wall similarly play 
important roles in maintaining integrity and normal func-
tion.4,5 Matrix metalloproteases (MMPs) mediate proinflam-
matory signaling, recruitment of inflammatory cells, and 
degradation of ECM. Accordingly, possible involvement of 
MMPs in disturbing vascular integrity is often considered 
in pathologies such as aneurysm, dissection, and rupture.6 
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This concept has prompted efforts to develop therapeu-
tics to attenuate MMP activity to prevent adverse vascular 
remodeling and maintain integrity of the wall.6

MMP-12 (also known as macrophage elastase) is 
a protease best known for its elastolytic function. Deg-
radation of elastic fibers is a key component of aneu-
rysm pathogenesis, and MMP-12 is highly upregulated 
in abdominal aortic aneurysms (AAAs) in humans and 

multiple mouse models.7,8 Nevertheless, a widely held con-
cept regarding the role of MMP-12 in aneurysmal patho-
genesis and progression is challenged by studies wherein 
Mmp12 gene deletion in mice (Mmp12-/-) has no effect on 
elastase-induced aneurysm formation,9 despite reducing 
CaCl2-induced aneurysm development10 and diminishing 
aneurysmal rupture in Ang II (angiotensin)–infused mice 
in the presence of transforming growth factor β neutraliza-
tion.11 Emerging data indicate further that, in addition to its 
elastolytic function, MMP-12 modulates inflammation and 
immunity through regulation of macrophage and neutrophil 
function, which depending on the context can be anti or 
proinflammatory.12–17 During our studies aimed at develop-
ing specific MMP-12 inhibitors and imaging agents,18 we 
unexpectedly observed that Mmp12 deletion promotes 
rather than prevents Ang II–induced AAA development 
and rupture. Introducing a novel paradigm, we demonstrate 
that MMP-12 contributes to aortic homeostasis and thus 
maintaining wall integrity. This finding is linked to the atten-
uating effect of macrophage MMP-12 on complement 
overactivation, aortic wall neutrophil infiltration, neutrophil 
extracellular trap (NET) formation, and elastin degradation.

METHODS
Data Availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Mouse Models of AAA
Apolipoprotein E-null (Apoe-/-), Mmp12-/- (B6.129X-
Mmp12tm1Sds/J), and C57BL/6J mice were all purchased from 

Nonstandard Abbreviations and Acronyms

AAA abdominal aortic aneurysms
AAV8-PCSK9  adeno-associated viral vector sero-

type 8 expressing gain-of-function 
proprotein convertase subtilisin/
kexin type 9

Ang II angiotensin II
C3 complement component 3
C5a complement component 5a
Cit-H3 citrullinated histone H3
ECM extracellular matrix
HFD high-fat diet
IgG-FH1-5 factor H-immunoglobulin G
MMP matrix metalloprotease
NE neutrophil elastase
NET neutrophil extracellular trap
R-CHP  collagen hybridizing peptide, Cy3 

conjugate
SAA suprarenal abdominal aorta
WT wild-type

Novelty and Significance

What Is Known?
• Extracellular matrix and matricellular components of 

the vascular wall play important roles in maintaining 
integrity and normal function of the arterial wall.

• Matrix metalloproteinase-12 (MMP-12 or macrophage 
elastase) is highly upregulated in abdominal aortic aneu-
rysms (AAA) in humans and multiple mouse models.

• Degradation of elastic fibers is a key component of 
AAA pathogenesis, and MMP-12 is generally consid-
ered to play a major role in this process.

What New Information Does This Article Con-
tribute?
• MMP-12 deficiency leads to the activation of the com-

plement system and neutrophil extracellular trap for-
mation and predisposes the aorta to AAA development 
and rupture.

• Macrophage MMP-12 is essential for aortic homeosta-
sis and integrity.

There is conflicting information on the role MMP-12, 
a highly upregulated elastase, in AAA development. 
Here, we demonstrate that MMP-12 is crucial for 
maintaining vascular homeostasis, and MMP-12 defi-
ciency results in complement activation and elevated 
levels of neutrophil extracellular traps along the aorta, 
increasing the susceptibility to AAA and its rupture. 
These findings suggest caution in the use of selective 
MMP-12 inhibitors as therapeutic agents in AAA and 
mandate a re-evaluation of previous work on the roles 
of MMP-12 in various settings.
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the Jackson Laboratory. Mmp12-/-/Apoe-/- mice were gener-
ated in our laboratory by crossing Apoe-/- and Mmp12-/- mice. 
B6.129X-Mmp12tm1Sds/J mice were backcrossed into C57BL/6J 
by Jackson and 32 SNP panel analysis covering all chromosomes 
has demonstrated that all markers were C57BL/6. The male sex 
is a risk factor for AAA development and like humans, male mice 
are more susceptible to Ang II–induced AAA. Therefore, only 
male mice were used in the study. For the first model of AAA, 
12- to 14-week-old male Apoe-/- and Mmp12-/-/Apoe-/- mice 
were implanted with an osmotic minipump (model 2004 and 
2001, Alzet, respectively) delivering recombinant human Ang II at 
1000 ng/kg per minute for up to 4 weeks to induce aneurysm, 
most often presenting in the suprarenal abdominal aorta (SAA).19 
To enhance aneurysm formation in Mmp12-/- and C57BL/6J 
mice, 12- to 14-week-old male mice were administered a single 
intraperitoneal injection containing 1.0×1011 genome copies of 
recombinant adeno-associated virus (AAV) encoding PCSK9 
(AAV8.ApoEHCR-hAAT.D377Y-mPCK9.bGH) obtained from 
the University of Pennsylvania Vector Core to induce hyperlipid-
emia accompanied by feeding the mice with a high-fat diet (HFD) 
containing 1.25% cholesterol (D12108, Research Diets).20 Two 
weeks later, AAA was induced by following the above procedure. 
For the second model of AAA, 12- to 14-week-old male Apoe-

/- and Mmp12-/-/Apoe-/- mice were used to generate infrarenal 
AAA as described previously.21 Briefly, animals were treated with 
β-aminopropionitrile (Sigma) 0.2% in drinking water. Two days 
after the start of β-aminopropionitrile administration, the animals 
underwent surgery. The infrarenal abdominal aorta was exposed, 
and porcine pancreatic elastase (6.67 mg/mL, 10 U/mg, MP 
Biomedical) was applied topically for 5 minutes. At 4-weeks after 
surgery, the surviving animals were euthanized for tissue collection.

Generation of Mmp12-/-/Apoe-/- and 
Conditional Macrophage-Specific Mmp12-/ 
Mice
To generate Mmp12-/-/Apoe-/- mice, B6.129X-Mmp12tm1Sds/J 
mice from Jackson Laboratory (Stock No: 004855)22 were 
crossed with B6.129P2-Apoetm1Unc/J mice (ApoE KO, Jackson 
Lab, Stock No: 002052). Genome scanning of Mmp12-/-

/Apoe-/- mice by Jackson laboratories showed 95% of the 
single-nucleotide polymorphism panel was of C57BL/6J back-
ground. To generate macrophage-specific Mmp12 deficient 
mice, C57BL/6N Mmp12tm1a(EUCOMM)Hmgu/H mice from Infrafrontier 
GmbH (Munich, Germany, European Mouse Mutant Archive 
ID:05321) that contain FRT and loxP sites were then crossed 
with B6.Cg-Tg(Pgk1-flpo)10Sykr/J (FLPo-10, Jackson Lab, 
Stock No: 011065) to generate Mmp12flox/flox Mice. Next, the 
FVB macrophage-specific (Csf1r promoter), tamoxifen-inducible 
Cre-expressing Tg(Csf1r-Mer-iCre-Mer)1Jwp transgenic mice 
from Jackson Laboratory (Stock No: 019098)23 were crossed 
with Mmp12flox/flox mice. Mmp12 deletion in macrophages was 
induced by daily intraperitoneal injection of tamoxifen (Sigma‐
Aldrich, T5648-1G, dissolved in corn oil) at 75 mg/kg of mouse 
body weight, every 24 hours for a total of 5 consecutive days with 
a 7-day waiting period after the final injection for recombination.

Blood Pressure Measurements
Arterial blood pressure was measured continuously in 
a subgroup of Apoe-/- and Mmp12-/-/Apoe-/- mice using 

radiotelemetry for 3 days prior to and up to 9 days after the 
implantation of Ang II infusing minipump. The blood pressure 
transducer (TA11PA-C10; Data Sciences International)24 was 
introduced via a catheter implanted in the left common carotid 
artery.

Tissue Processing, Histology, Morphometry, 
and Immunostaining
Animals euthanized at the desired time point were perfused 
with heparinized saline solution. The aorta was carefully har-
vested and used for aortic cell isolation and flow cytometry 
experiments or placed in Optimal Cutting Temperature com-
pound (Tissue Tek), snap frozen, and processed using a cryo-
stat (CM1850, Leica). Serial sections were collected at regular 
intervals and used for morphometry and immunofluorescence 
staining.

For morphometric analysis, serial tissue sections of the 
abdominal aorta were collected and imaged using a micro-
scope (Eclipse E400, Nikon). For tissues with aneurysm, 
the maximal external diameter was selected for staining 
and measured using ImageJ/Fiji software (https://imagej.
nih.gov/ij/). For immunofluorescence staining, sections 
were fixed with 4% paraformaldehyde in PBS for 20 min-
utes at room temperature followed by blocking with either 
10% normal goat serum or 2% bovine serum albumin in 
PBS for 1 hour. The tissue sections were then incubated 
overnight at 4 °C with primary antibodies: anti-Ly6G clone 
1A8: 1:100, BP0075-1, Bio X Cell; anti-Histone H3 (citrul-
line R2+R8+R17): 1:100, ab5103, Abcam; antineutrophil 
elastase: 1:100, ab68672, Abcam; anti-mouse complement 
component 3 (C3), 55463, MP Biomedicals; anti-tropoelas-
tin antibody: 1:100, ab21600, Abcam; anti-C3d biotinylated: 
1:200, BAF2655, R&D Systems; anti-CD68, 1:100, ab53444, 
Abcam; anti-CD31/PECAM-1, 1:100, MAB1398Z, Millipore 
Sigma; anti-α-smooth muscle actin, 1:100, A2547,Sigma-
Aldrich. Isotype-matched immunoglobulin preparations were 
used as control to establish staining specificity. The sec-
tions were then incubated for 1 hour in a 1:200 dilution of 
appropriate Alexa Fluor 555 (A-48270, S32355, Thermo 
Fisher Scientific) or 594-conjugated secondary antibodies 
(S32356, A-11007 or A-11012, Thermo Fisher Scientific) 
followed by 4ʹ,6-diamidino-2-phenylindole staining (Thermo 
Fisher Scientific). Mouse Mmp12 RNA transcripts were 
detected by fluorescence in situ hybridization (HuluFish Plus 
kit, Atto647-MMP-12, Q2022016) following the manufac-
turer’s protocol. After washing, the slides were mounted 
using Prolong Diamond Antifade Mountant (Thermo Fisher 
Scientific). The images were acquired using a fluorescence 
microscope (DMi8, Leica) and quantified using ImageJ soft-
ware. Verhoeff-Van Gieson staining was performed on tis-
sue sections according to the standard protocols by Yale 
Pathology Tissue Services. R-CHP (collagen hybridizing 
peptide, Cy3 conjugate, 3Helix) was used to stain for single-
stranded collagens. Briefly, a solution of the peptide with a 
concentration of 20 µM was heated to 80 °C for 5 minute 
in a water bath in a sealed microtube followed by quench-
ing in an ice-water bath for 15 to 90 seconds and subse-
quently applied to the tissues and incubated overnight at 
4 °C. Finally, images that best represented the overall results 
were selected and presented as figures.

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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Quantitation of C3 and Complement 
Component 5a (C5a) in Mouse Plasma
Mouse plasma C3 or C5a was quantified using a Gyrolab 
xPlore automated immunoassay system (Gyros Protein 
Technologies). For plasma C3 assay, the biotin-labeled com-
plement C3-specific monoclonal capture antibody (11H9, 
Novus NB200-540B) was formulated at 100 µg/mL and 
Alexa Fluor 647-labeled anti-C3 antibody (MP Biomedicals, 
55463) was formulated at the working concentration of 
5 µg/mL in Rexxip F buffer (Gyros Protein Technologies, 
P0004825) for detection of C3. The standard curve for C3 
was prepared using purified mouse C3 (CompTech, M113), 
which was serially diluted and spiked into Rexxip A buffer. The 
capture and detection antibodies, standards, and unknown 
plasma samples were placed in the predetermined locations 
in a PCR plate (Gyros Protein Technologies, P0004861) per 
manufacturer’s recommendation. Biotin-labeled anti-C3 cap-
ture antibody was immobilized on the surface of streptavidin-
coated Gyrolab Bioaffy CD200 (Gyros Protein Technologies, 
P0004180) and plasma samples were loaded. Captured 
C3 was detected by Alexa Fluor 647-labeled anti-C3 anti-
body. For C5a quantification, the biotin-labeled monoclo-
nal capture antibody (R&D, MAB21501) was formulated at 
100 µg/m and Alexa Fluor 647-labeled anti-C5a antibody 
(R&D, AF2150) was formulated at 5 µg/mL in Rexxip F buf-
fer (Gyros Protein Technologies, P0004825). The standard 
curve was prepared by spiking recombinant mouse C5a 
(R&D, 2150-C5-025) at 150 ng/mL and serially diluting 
3-fold in C5-deficient NOD-SCID mouse plasma (BIOIVT, 
MSE61PLKZYNN). The immune assay then run as described 
in C3 assay. Concentrations of samples were calculated using 
Gyrolab software.

Quantitative Reverse Transcription-Polymerase 
Chain Reaction
Total RNA was isolated from normal suprarenal abdominal 
aorta (SAA) as well as bone marrow-derived macrophages 
(RNeasy Mini Kit, Qiagen) and reverse transcribed (QuantiTect 
Reverse Transcription Kit, Qiagen). Reverse transcription-poly-
merase chain reaction was performed on a Real-Time PCR 
System 7500 (Applied Biosystems) using the following TaqMan 
primers and probe sets (β-actin: Mn00607939_s1, Elastin: 
Mm00514670_m1, Eln: Mm00500554_m1, Mmp12, Thermo 
Fisher Scientific). Reactions were run in triplicates on the 7500 
real-time PCR system (Thermo Fisher Scientific) and experi-
mental gene expression was normalized to that of β-actin.

Flow Cytometry
Carefully harvested whole aortas were cut in <1 mm pieces 
and incubated in a mixture of enzymes (400 U/mL collagenase 
type I, 120 U/mL collagenase type XI, 60 U/mL hyaluronidase, 
60 U/mL DNase1 in PBS-HEPES 20 mM) at 37 °C for 1 hour. 
The tissue was filtered using a 70-µm cell strainer and aortic 
cells were resuspended in PBS-FBS 2%. After Fc receptor 
blocking (Mouse BD Fc Block, BD Biosciences) for 20 minutes 
at room temperature, cells were labeled with PE-conjugated 
anti-mouse CD45 (BioLegned, Cat. No. 103105), APC-
conjugated anti-mouse Ly6G (BD Biosciences, Cat. No. 
560599), and Alexa Fluor 488-conjugated anti-mouse CD11b 

(BD Biosciences, Cat. No. 557672) antibodies for 20 minutes 
on ice, and used for flow cytometry (LSR II, BD Bioscience) with 
7-AAD (Thermo Fisher Scientific, Cat. No. A1310) to verify cell 
viability. Data were processed using FlowJo Software. Forward 
and side scatter density plots were used to exclude debris and 
to identify single cells. Following selection of 7-AAD- live cells 
and gating on CD45+ cells, the CD11b and Ly6G signals were 
further analyzed to identify macrophage and neutrophil popula-
tions. An outline of the gating strategy is shown in Figure S1.

Isolation of Bone Marrow-Derived Macrophages
Mmp12-/- bone marrow-derived macrophages derived from 
Csf1r-Mer-iCre-Mer:Mmp12flox/flox mice were isolated using 
a previously established method.25 Briefly, bone marrow cells 
were harvested and cultured in Dulbecco’s Modified Eagle 
Medium/F12 (DMEM/F12; Thermo Fisher Scientific, Cat. 
No. 11320033) supplemented with 10% (v/v) fetal bovine 
serum (FBS; Hyclone), 100 IU/mL penicillin, 100 µg/mL 
streptomycin (DMEM/F12-10), and 10 ng/mL macrophage 
colony–stimulating factor (M-CSF; Enzo Life Sciences, ENZ-
PRT144-0010). The harvested cells were counted in a hema-
cytometer and adjusted to a concentration of ~4×106/mL in 
the medium. Then, a total of 4×105 cells were added to each 
sterile plastic petri dish in 10 mL medium and incubated in an 
incubator at 37 °C, and 5% CO2. On day 3, another 5 mL of 
macrophage complete medium was added to each dish. After 7 
days in culture, nonadherent cells are discarded and adherent 
cells were harvested for RNA isolation.

Anticomplement Treatment Protocol
Mice (12–18 weeks old) were injected intraperitoneally with a 
fusion protein consisting of factor H regulatory domains linked 
to a nontargeting mouse IgG-FH1-5 (factor H-immunoglobulin 
G, 56 mg/kg), anti-C5 antibody (BB5.1, 40 mg/kg), or control 
IgG1 MOPC (40 mg/kg), provided by Alexion Pharmaceuticals 
(New Haven, CT), every 3 days for 9 days prior to AAA induc-
tion and the treatment with IgG-FH1-5 or MOPC continued for 
up to 28 days until completion of the study.

Burst Pressure Tests
The descending thoracic aorta (from the first to fifth pair of 
intercostal arteries) and the SAA (from the diaphragm to right 
renal artery) were excised and cleaned of perivascular tis-
sue, then their branches were ligated to allow ex vivo pres-
surization. The vessels were cannulated and ligated on glass 
pipettes and placed within a custom computer-controlled 
extension-inflation mechanical testing device.26 Following 
both a 15-minute acclimation of the specimen within a Hank’s 
buffered salt solution at room temperature (to negate smooth 
muscle contractility, thus focusing on ECM strength) and 90 
mm Hg pressure and 4 preconditioning cycles consisting of 
pressurization from 10 through 140 mm Hg at a fixed value 
of axial stretch, the in vivo value of axial stretch was estimated 
for each sample as the value at which the transducer-mea-
sured axial force does not change appreciably during cyclic 
pressurization.27 Once done, the samples were recannulated 
on a custom blunt-ended double-needle assembly, stretched 
to the estimated in vivo axial length, and pressurized to failure, 
as described previously.28

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.322096
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Statistics
All values are expressed as median and interquartile range 
(Q1–Q3). Data were compared using 2-tailed Mann-Whitney 
U test, Kruskal-Wallis with Dunn's multiple comparisons post 
hoc test as appropriate. Kaplan-Meier survival curves were 
compared using log-rank (Mantel-Cox) test. We did not apply 
any experiment-wide or across-test multiple testing correction 
and a P-value <0.05 was considered significant. No animal 
was excluded over the course of this study. Randomization and 
blinding were not applied as these measures were not appli-
cable for the comparisons carried out throughout the study.

Study Approval
All animal procedures were performed in accordance with the 
protocols approved by the Yale University and Veterans Affairs 
Connecticut Healthcare System Institutional Animal Care and 
Use Committees.

RESULTS
MMP-12 Deficiency Promotes AAA 
Development and Rupture
To examine the role of MMP-12 in AAA, Apoe-/- and 
Mmp12-/-/Apoe-/- mice were infused with Ang II at 1000 
ng/kg per minute. Consistent with previous reports,19,29,30 
this led to death due to aortic rupture in a subset of Apoe-/- 
mice by 4 weeks after initiating the Ang II infusion. Unex-
pectedly, death from rupture was significantly greater in 
Mmp12-/-/Apoe-/- mice, with a cumulative probability of 
survival to 7 days of only 14% for Mmp12-/-/Apoe-/- com-
pared to 71% for Apoe-/- mice (Figure 1A). To investigate 
whether a change in blood pressure response to Ang 
II infusion influenced this difference in survival, systolic 
and diastolic blood pressures were measured in Apoe-

/- and Mmp12-/-/Apoe-/- before and after Ang II initiation. 
As shown in Figure S2, there was no significant differ-
ence in either blood pressure or heart rate between the 2 
groups of animals. In addition, evaluation of total choles-
terol levels showed no difference between the 2 groups 
of animals (Figure S3).

As inflammatory cell recruitment can play a key role 
in early stages of aneurysm development,31 we evalu-
ated the effect of Mmp12 deletion on aortic macrophage 
and neutrophil concentrations before and after Ang II 
infusion. Due to early loss of Ang II–infused Mmp12-/-

/Apoe-/- mice, cell infiltration was measured at 18 to 24 
hours post Ang II infusion. Flow cytometry revealed a 
significant increase in CD45+ cells in both Apoe-/- and 
Mmp12-/-/Apoe-/- mice (Figure 1B). Evaluation of the 
percentage of CD11b+/Ly6G- mononuclear myeloid 
cells, primarily macrophages, among live cells showed 
no significant difference at this time post Ang II infu-
sion compared to baseline in either Apoe-/- or Mmp12-/-

/Apoe-/- mice and no difference between the 2 groups of 
animals (Figure 1C). Importantly, however, Ang II infusion 

significantly increased aortic CD11b+/Ly6G+ neutrophils 
in both Apoe-/- and Mmp12-/-/Apoe-/- mice with a signifi-
cantly higher percentage of neutrophils detected post 
Ang II infusion in Mmp12-/-/Apoe-/- mice compared to 
Apoe-/- animals, suggesting that MMP-12 may regulate 
neutrophil recruitment to the vessel wall (Figure 1D).

This significant difference in aortic wall neutrophil 
infiltration was also detected by Ly6G immunostaining in 
animals surviving to day 7 post Ang II infusion, with sig-
nificantly higher neutrophil staining in remodeled SAA 
in Mmp12-/-/Apoe-/- mice compared to Apoe-/- animals 
(Figure 1E). This led us to assess the effect of Mmp12 
deletion on aortic wall NETosis. Immunostaining for 
citrullinated histone H3 (Cit-H3) and neutrophil elastase 
(NE), as markers of NET, was also significantly greater 
in Mmp12-/-/Apoe-/- mice compared to Apoe-/- animals 
(Figure 1E). Strikingly, while neutrophil, Cit-H3, and 
NE levels were barely detectable in the SAA of Apoe-

/-mice at baseline without Ang II infusion, significantly 
higher neutrophil, Cit-H3, and NE levels were present 
in the SAA of Mmp12-/-/Apoe-/- mice even at baseline 
(Figure 1F).

The effect of MMP-12 deficiency on aneurysm 
development was confirmed in a second murine model, 
where infrarenal AAA is induced by a combination of 
oral β-aminopropionitrile administration and perivascular 
elastase application in Apoe-/- mice. While no significant 
difference was observed in animal survival to 28 days 
between Apoe-/- and Mmp12-/-/Apoe-/- mice (Figure S4A), 
the maximal external diameter of infrarenal abdominal 
aorta was significantly larger in Mmp12-/-/Apoe-/- mice 
(2.90 [2.44–3.19] mm) than in Apoe-/- mice (1.50 [1.17–
2.25] mm, P<0.01; Figure S4B and S4C) that survived 
28 days following surgery. In line with the observations 
in the first model of AAA, MMP-12 deficiency associ-
ated with significantly higher infrarenal abdominal aorta 
Ly6G-positive neutrophil infiltration and NET deposition 
in these animals, as evidenced by Cit-H3 and NE immu-
nostaining (Figure S4D).

Unlike its effect in Apoe-/- mice, Ang II infusion has a 
modest effect on AAA induction and animal survival in 
normolipidemic wild-type (WT) C57BL/6 mice.19 There-
fore, to examine whether the effect of Mmp12 dele-
tion on aneurysm development extends to WT animals, 
we induced hyperlipidemia in Mmp12-/- and WT mice 
using a combination of adenovirus expressing gain-
of-function proprotein convertase subtilisin/kexin type 
9 (AAV8-PCSK9) and a HFD.32 Measurement of total 
blood cholesterol demonstrated increases in both WT 
and Mmp12-/- mice upon AAV8-PCSK9/HFD adminis-
tration, and no significant differences between these 2 
groups before or after this intervention (Figure S5). Ang 
II infusion in these hyperlipidemic animals resulted in sig-
nificantly lower survival probability at 4 weeks for Mmp12-

/- (45%) than WT (77%) mice (Figure 2A). Furthermore, 
the maximal external diameter of SAA in hyperlipidemic 
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Mmp12-/- mice that survived to 28 days of Ang II infu-
sion (1.79 [1.46–2.84] mm) was significantly larger than 
the corresponding aortic diameter in hyperlipidemic WT 
animals (0.93 [0.85–0.99] mm, P<0.01; Figure 2B). This 
difference associated with higher SAA neutrophil and 
NET levels, as detected by immunostaining, in these 

Mmp12-/- mice compared to WT animals (Figure 2C). 
Like Mmp12-/-/Apoe-/- mice, significantly higher neu-
trophil infiltration and NET deposition was detectable 
at baseline, without Ang II infusion, in hyperlipidemic 
Mmp12-/- mice compared to hyperlipidemic WT animals 
(Figure 2D).

Figure 1. Effect of Mmp12 deletion on Ang II–induced abdominal aortic aneurysms (AAA) development and progression in 
Apoe-/- mice.
A, Kaplan-Meier survival curves of Ang II–induced AAA in Apoe-/- (n=66) and Mmp12-/-/Apoe-/- (n=36) mice. The curves were compared using 
log-rank (Mantel-Cox) test; P<1x10-4. B through D, Flow cytometric evaluation of CD45+ cells (B), CD11b+/Ly6G- mononuclear myeloid cells, 
primarily macrophages (C), and CD11b+/Ly6G+ neutrophils (D) as % among live cells in aortas of Apoe-/- and Mmp12-/-/Apoe-/- mice after 
18 to 24 hours of Ang II or saline (control) infusion. Values are expressed as means±SD; n=4 to 9 per group; ns, not significant. E and F, 
Representative images of immunofluorescence staining and quantification of neutrophils (Ly6G, red), neutrophil extracellular traps (Cit-H3, red), 
and NE (red) in surviving Apoe-/- and Mmp12-/-/Apoe-/- mice after 7 days of Ang II infusion (E) and control animals (F). Nuclei are stained blue 
with 4ʹ,6-diamidino-2-phenylindole (DAPI). n=4 per group. Scale bar: 500 µm. *P<0.05 by Kruskal-Wallis with Dunn multiple comparisons post 
hoc test (B–D) or by 2-tailed Mann-Whitney U test (E and F). Ang II indicates angiotensin II; Cit-H3, citrullinated histone 3; DAPI, 4ʹ,6-diamidino-
2-phenylindole; MMP, matrix metalloprotease; and NE, neutrophil elastase.
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Aortic Wall Integrity is Compromised in the 
Absence of MMP-12
ECM proteins play key roles in maintaining aortic wall integ-
rity, with mechanical properties of the aorta determined 
largely by elastic fibers and fibrillar collagen.33 Verhoeff-Van 

Gieson staining revealed disrupted elastic laminae with 
dense and irregular fibers in Mmp12-/-/Apoe-/- and Mmp12-

/- mice (Figure 3A). This was associated with significantly 
higher tropoelastin expression in these animals, as detected 
by immunostaining (Figure 3B and 3C) and reverse 

Figure 2. Effect of Mmp12 deletion on Ang II–induced AAA development and progression in hyperlipidemic WT mice.
A. Kaplan-Meier survival curves of Ang II–induced AAA in hyperlipidemic WT (n=17) and Mmp12-/- (n=20) mice. The curves were compared 
using log-rank (Mantel-Cox) test; P<0.05. B, Quantification of maximal suprarenal abdominal aorta external diameter at baseline (no Ang II) and 
in animals surviving 4 weeks of Ang II infusion; n=4 to 9. C and D, Representative immunofluorescence staining images and quantification of 
neutrophils (Ly6G, red), neutrophil extracellular traps (Cit-H3, red), and NE (red) in surviving hyperlipidemic WT and Mmp12-/- mice after 28 days 
of Ang II infusion (C) and saline-infused control animals (D). Nuclei are stained blue with DAPI. n=4 per group. Scale bar: 500 µm. *P<0.05, 
**P<0.01, by Kruskal-Wallis test with Dunn multiple comparisons post hoc test (B), or *P<0.05, by 2-tailed Mann-Whitney U test (C and D). Ang II 
indicates angiotensin II; Cit-H3, citrullinated histone 3; DAPI, 4ʹ,6-diamidino-2-phenylindole; HFD, high-fat diet; MMP, matrix metalloprotease; NE, 
neutrophil elastase; SAA, suprarenal abdominal aorta; and WT, hyperlipidemic wild type.
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Figure 3. Effect of Mmp12 deficiency on aortic wall extracellular matrix composition.
A, Representative examples of Verhoeff–van Gieson (VVG) staining of SAA in Apoe-/- and Mmp12-/-/Apoe-/- (left column) and WT and Mmp12-/-

 (right column) mice. Scale bar: 250 µm. B through G, Representative images of immunofluorescence staining and quantification of tropoelastin 
(red, B and C), collagen type I (red, D and E) and single-stranded collagen using R-CHP (red, F and G) in Apoe-/- and Mmp12-/-/Apoe-/- (B, D, 
and F) and WT and Mmp12-/- (C, E, and G) mice. Nuclei are stained blue with DAPI. n=4 per group. Scale bar: 500 µm. H, Burst pressure, as 
a functional readout of wall strength, of DTA and SAA in Apoe-/- and Mmp12-/-/Apoe-/- mice. n=5 to 6 per group. *P<0.05, **P<0.01 by 2-tailed 
Mann-Whitney U test (B through H). DAPI indicates 4ʹ,6-diamidino-2-phenylindole; DTA, descending thoracic aorta; MMP, matrix metalloprotease; 
R-CHP, collagen hybridizing peptide, Cy3 conjugate; SAA, suprarenal abdominal aorta; and WT, wild-type.
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Figure 4. Effect of Mmp12 deletion on aortic wall complement deposition.
A and B, Representative images of immunofluorescence staining and quantification of C3 deposits (red) in suprarenal abdominal aorta of Apoe-/- and 
Mmp12-/-/Apoe-/- (A), and WT and Mmp12-/- (B) mice. Nuclei are stained with DAPI in blue. n=5 per group. Scale bar: 500 µm. C and D, Plasma C3 and 
C5a levels of Apoe-/- and Mmp12-/-/Apoe-/- (C), and WT and Mmp12-/- (D) mice. n=5 to 10 per group. E and F, Plasma C3 levels in Mmp12-/-/Apoe-/- (E) 
and Mmp12-/- (F) mice at baseline and 9 days of treatment with IgG-FH1-5 (factor H-immunoglobulin G) or MOPC antibody (control). n=5 per group. 
G and H, Representative images of immunofluorescence staining and quantification of C3 (red) in suprarenal abdominal aorta of Mmp12-/-/Apoe-/- (G) 
and Mmp12-/- (H) mice after 9 days of treatment with IgG-FH1-5 or MOPC antibody (control). n=5 per group; Scale bar: 500 µm. I and J, Representative 
images of immunofluorescence staining and quantification of Cit-H3 (red) in suprarenal abdominal aorta of Mmp12-/-/Apoe-/- (I) and Mmp12-/- (J) mice 
after 9 days of treatment with IgG-FH1-5 or MOPC antibody (control). n=4 to 5 per group. Scale bar: 500 µm. *P<0.05, **P<0.01, ****P<1x10-4 by 2-tailed 
Mann-Whitney U test (A through J). Cit-H3 indicates citrullinated histone H3; C3, complement component 3; C5a, complement component 5a; DAPI, 
4ʹ,6-diamidino-2-phenylindole; IgG-FH1-5, factor H-immunoglobulin G; MMP, matrix metalloprotease; and WT, wild-type. (Continued )
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transcription-polymerase chain reaction (Figure S6), than in 
Apoe-/- and WT mice. MMP-12 deficiency also associated 
with increased collagen remodeling, with higher collagen I 
(Figure 3D and 3E) and single-stranded collagen α-chains 
(Figure 3F and 3G) detected by immunostaining in Mmp12-

/-/Apoe-/- and Mmp12-/- mice than in Apoe-/- and WT mice. 
Together, these results point to extensive aortic wall ECM 
remodeling in the absence of MMP-12, although without 
insight into the structural competence of the synthesized 
fibers. Comparison of the burst pressure, an indicator of the 
biomechanical strength of the aorta, showed significantly 
lower values in both the descending thoracic aorta and 
SAA of Mmp12-/-/Apoe-/- mice compared to Apoe-/- ani-
mals (respectively, 516 [425–597] versus 729 [651–989] 
mm Hg, P<0.05 and 422 [334–474] versus 553 [476–
749] mm Hg, P<0.05; Figure 3H).

Complement Overactivation Mediates the Effect 
of MMP-12 Deficiency on Aortic Wall NETosis
Aortic wall neutrophil infiltration and NETosis in the 
absence of MMP-12, in conjunction with the interplay 

between complement overactivation and NETosis,34 led 
us to investigate the roles of the complement system in 
the aforementioned observations. Immunofluorescence 
staining showed significantly higher C3 deposition in 
Mmp12-/-/Apoe-/- and Mmp12-/- aortas compared to 
Apoe-/- and WT vessels, respectively, potentially pointing 
to aberrant complement activation in MMP-12-deficient 
mice (Figure 4A and 4B). Analysis of plasma comple-
ment components showed significantly lower C3 levels 
in both Mmp12-/-/Apoe-/- vs Apoe-/- (313 [253–371] ver-
sus 1600 [1473–1912] µg/mL, P<0.01) and Mmp12-/- 
versus WT (528 [465–800] versus 1565 [1182–1979] 
µg/mL, P<0.05) mice, indicating a dysregulation of 
complement system with higher C3 consumption. This 
was associated with higher levels of C5a, a potent che-
moattractant anaphylatoxin for neutrophils, in Mmp12-/-

/Apoe-/- versus Apoe-/- (79 [66–94] versus 56 [45–70] 
ng/mL, P<0.05) and Mmp12-/- versus WT (88 [56–119] 
versus 48 [44–52] ng/mL, P<0.05) mice (Figure 4C and 
4D).

Next, we assessed the efficacy of different strate-
gies in blocking complement activation and potentially 

Figure 4. Continued.
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clearing NET deposits in MMP-12 deficient animals. 
Administration of an anti-C5 antibody (BB5.1), which 
inhibits C5 activation, for 9 days at doses typically used 
for in vivo blocking studies35 did not have any significant 
effect on C3 plasma levels but modestly reduced NET 
deposits in the vessel wall in Mmp12-/- mice (Figure S7). 
Therefore, we assessed the efficacy of an upstream 
inhibitor of complement alterative pathway (AP) activa-
tion, IgG-FH1-5, a fusion protein consisting of factor H 
regulatory domains (FH1-5) linked to a nontargeting 
mouse immunoglobulin.36 Plasma analysis confirmed the 
consistent presence of FH1-5 in Mmp12-/-/Apoe-/- mice 
injected with the inhibitor (56 mg/kg, IP) every 3 days 
(Figure S8). Inhibition of AP activity by IgG-FH1-5 treat-
ment resulted in significantly increased plasma C3 levels 
in Mmp12-/-/Apoe-/- (603 [529.5–776] µg/mL at day 0 
versus 1100 [824–1440] µg/mL at day 9, P<0.01) and 
Mmp12-/- (637 [507–957] µg/mL at day 0 versus 1305 
[1110–1486] µg/mL at day 9, P<0.05) mice (Figure 4E 
and 4F). The increase in plasma C3 level associated with 
a significant decrease in aortic C3 deposition in MMP-
12 deficient mice (Figure 4G and 4H). More importantly, 
IgG-FH1-5 treatment markedly cleared the aortic wall 

NETosis, as detected by Cit-H3 immunostaining, in both 
Mmp12-/-/Apoe-/- and Mmp12-/- mice (Figure 4I and 4J).

Complement Inhibition Ameliorates Aneurysm 
Development and Rupture in Mmp12-/- Mice
Given the effect of complement inhibition in clearing 
NET deposits in MMP-12 deficient mice, and the role 
of NETosis in aneurysm development,37 we sought to 
determine whether IgG-FH1-5 can reverse the effect 
of MMP-12 deficiency on AAA development and rup-
ture. MMP-12-deficient mice pretreated with IgG-FH1-5 
for 9 days were infused with Ang II for 28 days while 
the treatment continued. Compared to the control IgG1 
(MOPC-31C) antibody, IgG-FH1-5 treatment had no sig-
nificant effect on survival in the more aggressive pheno-
type, Mmp12-/-/Apoe-/- mice (Figure S9). However, in the 
less severe, Mmp12-/--AAV8-PCSK9/HFD model, IgG-
FH1-5 treatment significantly improved survival probability 
compared to control IgG1 (80% versus 40%, P<0.05; 
Figure 5A). Furthermore, the maximal SAA external 
diameter in IgG-FH1-5-treated mice that survived to 28 
days (1.20 [0.96–1.60] mm) was significantly lower 

Figure 5. Effect of IgG-FH1-5 on (factor H-immunoglobulin G) survival during Ang II (angiotensin II) infusion in Mmp12-/- mice.
A. Kaplan-Meier survival curves of Ang II–infused Mmp12-/- mice following Pcsk9-Ad injection and HFD, treated with either IgG-FH1-5 or MOPC 
antibody as control (n=10 per group). The curves were compared using log-rank (Mantel-Cox) test, P<0.05. B, Quantification of maximal 
suprarenal abdominal aorta external diameter after 4 weeks of Ang II infusion in surviving Mmp12-/- mice treated with either IgG-FH1-5 or MOPC 
antibody, n=4 to 8 per group. C, Representative images of immunofluorescence staining and quantification of complement component 3d (C3d, 
red) deposition in suprarenal abdominal aorta of surviving IgG-FH1-5- or MOPC-treated Mmp12-/- mice after 28 days of Ang II infusion. Nuclei are 
stained blue with DAPI. n=4 to 7 per group; Scale bar: 500 µm. D, Representative images of immunofluorescence staining and quantification of 
neutrophils (Ly6G, red), NETs (Cit-H3, red), and NE (red) in suprarenal abdominal aorta of surviving IgG-FH1-5- or MOPC-treated Mmp12-/- mice 
after 28 days of Ang II infusion. Nuclei are stained blue with DAPI. n=4 to 7 per group; Scale bar: 500 µm. *P<0.05, **P<0.01 by 2-tailed Mann-
Whitney U test (B through D). Cit-H3 indicates citrullinated histone 3; DAPI, 4ʹ,6-diamidino-2-phenylindole; HFD, high-fat diet; IgG-FH1-5, factor 
H-immunoglobulin G; NE, neutrophil elastase; and NET, neutrophil extracellular trap.
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than the corresponding aortic diameter in Mmp12-/- ani-
mals treated with control IgG1 (2.04 [1.61–2.50] mm, 
P<0.05; Figure 5B). Moreover, in surviving IgG-FH1-5-
treated mice, aortic wall C3d deposition was significantly 
lower compared to the control group (Figure 5C), and 
IgG-FH1-5 significantly decreased neutrophil infiltration 
and NET deposits in the remodeled aortic wall of Ang II-
infused Mmp12-/- mice compared to the control antibody 
(Figure 5D).

Macrophage MMP-12 Deficiency Recapitulates 
the Effect of Global MMP-12 Deficiency on 
Aortic Wall Complement Deposition and 
NETosis
Macrophages are a major source of MMP-12. Therefore, 
to determine whether the MMP-12 involved in regulating 
vascular integrity originates in macrophages, Mmp12flox/

flox/Csf1r-iCre and Mmp12flox/flox/Apoe-/-/Csf1r-iCre mice 
were generated. Inducible ablation of Mmp12 was con-
firmed in cultured bone marrow-derived macrophages 
from Mmp12flox/flox/Apoe-/-/Csf1r-iCre and Mmp12flox/flox/
Csf1r-iCre mice treated with tamoxifen for 5 consecu-
tive days (Figure 6A and 6B). Mmp12 fluorescence in 
situ hybridization in conjunction with immunostaining of 
aortic sections from tamoxifen-treated mice confirmed 
Mmp12 deletion in macrophages with no detectable 
effect in endothelial cells or vascular smooth muscle 
cells (Figures S10 and S11). This was associated with 
significantly higher neutrophil, NET, NE, and C3d stain-
ing in tamoxifen-treated Mmp12flox/flox/Apoe-/-/Csf1r-iCre 
and Mmp12flox/flox/Csf1r-iCre mice compared to control, 
Mmp12flox/flox/Apoe-/- and Mmp12flox/flox mice (Figure 6C 
and 6D). Furthermore, higher collagen and tropoelastin 
levels were observed in both Mmp12flox/floxCsf1r-iCre and 
Mmp12flox/flox/Apoe-/-/Csf1r-iCre mice compared to con-
trol (Figure S11). Ang II infusion resulted in significantly 
lower 7-day survival in Mmp12flox/flox/Apoe-/-/Csf1r-iCre 
compared to Mmp12flox/flox/Apoe-/- (Figure 6E). In addi-
tion, the maximal SAA external diameter of surviving 
mice was significantly higher in Mmp12flox/flox/Apoe-/-/
Csf1r-iCre (1.99 [1.20–2.54] mm) compared to Mmp-
12flox/flox/Apoe-/- mice (0.90 [0.83–0.98] mm, P<0.01; 
Figure 6F).

DISCUSSION
This study provides new insight into MMP-12 as a key 
contributor to aortic homeostasis. In the absence of 
MMP-12, activation of the complement system leads to 
NETosis and adverse ECM remodeling, including deg-
radation of elastic laminae and compromised collagen 
integrity. Combined, these changes reduce aortic wall 
strength and can predispose the aorta to dilatation and 
rupture in the presence of aneurysmal stimuli.

Elevated MMP-12 expression in human AAA speci-
mens, in conjunction with elastase activity and associa-
tion with residual elastic fiber fragments, contributed to 
the prevailing paradigm that MMP-12 has a direct role 
in promoting AAA pathogenesis, progression, and rup-
ture.7 This presumed role of MMP-12 in the natural 
history of AAA is challenged, however, by a finding in 
Mmp12-/- mice that MMP-12 deficiency has no effect on 
elastase-induced aneurysm formation,9 despite its defi-
ciency reducing CaCl2-induced aneurysm development10 
and diminishing aneurysm rupture in Ang II–infused 
mice in the presence of transforming growth factor β 
neutralization.11 Our data show that macrophage MMP-
12 contributes to the maintenance of aortic integrity and 
its deficiency promotes aneurysm development and rup-
ture triggered by Ang II or elastase/β-aminopropionitrile 
in 3 murine models of AAA in the presence or absence 
of apolipoprotein E deficiency. Although differences 
across these studies depend, in part, on the specific 
mouse model studied, including differences in genetic 
background (129 in9 and10 versus C57BL6 in11 and the 
present study),38 the experimental trigger for aneurysm 
(elastase9 versus CaCl2

10 or Ang II11), and the biologi-
cal context (transforming growth factor β neutralization11 
versus absence of apo E vs no such intervention), our 
data support a challenge to the prevailing paradigm. A 
similar discrepancy exists regarding MMP-2 and MMP-9 
deficiency. Ang II infusion (1500 µg/kg per day) leads to 
more severe aortic dilatation in Mmp2-/- mice compared 
to WT controls39 and MMP-9 deficiency promotes Ang 
II (1 µg/kg per minute)-induced aortic rupture in Apoe-

/- mice.40 Conversely, MMP-2 and MMP-9 deficiency 
protects mice from CaCl2-induced aortic aneurysm.39,41 
Notably, collagenase resistance in ColR/R/Apoe−/− mice, 
which leads to accumulation of fibrillar collagen pro-
motes the disruption of elastic laminae and accelerates 
Ang II–induced AAA development.42 Similarly, we show 
that the effect of MMP-12 deficiency on aortic integ-
rity extends beyond the response to Ang II infusion, and 
there are major biological and structural changes in the 
aorta in the absence of any other manipulation.

The detrimental effect of MMP-12 deficiency (which 
was not associated with any significant difference in 
aortic Mmp2, Mmp3, Mmp9 and Mmp13, or Timp2 and 
Timp3 mRNA expression between Apoe-/- and Mmp12-

/-/Apoe-/- mice [not shown]) does not necessarily indi-
cate that higher levels of MMP-12 is beneficial in AAA. 
MMPs are multifunctional proteases, and their proteo-
lytic actions can result in the release of additional bio-
logically active molecules. In the absence of MMP-12, 
there is neutrophil infiltration and high levels of NE in the 
vessel wall, which may contribute to elastin degradation 
and vessel wall weakening. In this regard, some studies 
have reported biphasic actions of MMPs, for instance, in 
the context of stroke, where MMPs initially have a del-
eterious effect but subsequently aid in remodeling and 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.322096
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.322096


Salarian et al MMP-12 and Vascular Integrity

444  February 17, 2023 Circulation Research. 2023;132:432–448. DOI: 10.1161/CIRCRESAHA.122.322096

OR
IG

IN
AL

 R
ES

EA
RC

H

Figure 6. Effect of macrophage Mmp12 deficiency on aortic composition and Ang II (angiotensin II)–induced abdominal aortic 
aneurysms (AAA) development and survival.
A and B, Relative β-actin-normalized Mmp12 gene expression in bone marrow-derived macrophages from Mmp12flox/flox/Apoe-/- and Mmp12flox/flox/ 
Apoe-/-/Csf1r-iCre (A), and Mmp12flox/flox and Mmp12flox/flox/Csf1r-iCre (B) mice at 5 to 6 weeks post-tamoxifen administration. (Continued )
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recovery.43 Considering the multifaceted functions of 
MMPs, it would not be surprising if MMP-12 is found to 
have different effects at different levels and in different 
stages of aneurysm development.

While Mmp12-/- mice have been studied for >2 
decades, they are not known to exhibit overt cardiovas-
cular abnormalities. Our finding that MMP-12 deficiency 
has profound effects on vessel wall structural integrity 
raises the possibility that missing this baseline abnor-
mality may have affected the interpretation of some, if 
not most of the previous studies in this area. Indeed, 
while many of the earlier studies focused on the role 
of MMP-12 as an elastase, more recent studies indi-
cate that MMP-12 also plays protective roles by resolv-
ing inflammation in rheumatoid arthritis,44,45 attenuating 
lipopolysaccharide-induced lung inflammation,12 limiting 
myocardial infarction,16 and defending against bacte-
rial13 and viral14 infections. In this context, our findings 
introduce a new paradigm regarding the role of MMP-
12 in vascular biology that may have major implications 
regarding the role of this metalloproteinase in other 
pathologies.

The complement system consists of a complex array 
of proteins arranged in a proteolytic cascade that, once 
activated, produces potent effector molecules impacting 
innate and adaptive immunity. The 3 complement path-
ways that initiate the cascade (classical, lectin, and alter-
native) all culminate in the generation of C3 convertases, 
which cleave C3 into C3a (a chemotactic mediator of 
inflammation) and C3b (an opsonin), and subsequently 
C5 convertases cleaving C5 into C5a (another chemo-
tactic mediator of inflammation) and C5b, which medi-
ates the assembly of membrane attack complex.46,47 A 
low-level constitutive activation of the AP, the so-called 
tick-over phenomenon, is an integral part of immune sur-
veillance to monitor the presence of pathogens.46 Activa-
tion and amplification of the AP is tightly regulated by 
soluble and membrane-associated regulators. Several 
studies have demonstrated the presence of activated 
complement components in human and experimen-
tal vascular pathologies, including AAA,48 and blocking 
the activity of properdin, a positive regulator of AP, has 
prevented elastase-induced murine AAA.49 Similarly, 
we observed considerable complement activation, as 
manifested by aortic wall C3 deposits and a reduction 
in plasma C3 levels in our murine models of AAA, and 
IgG-FH1-5 treatment reduced vascular remodeling and 
aneurysm rupture.

Complement activation in the absence of MMP-12 
and its inhibition by IgG-FH1-5 in our study point to the 
activation of the AP and suggests that MMP-12 serves 
as a negative regulator of complement activation. This is 
in line with a recent proteomic analysis of MMP-12 sub-
strates that identified several members of the comple-
ment system, including C3, C3a, and C5a, as MMP-12 
substrates.44 The functional significance of this MMP-12 
effect has been shown in a model of collagen-induced 
arthritis, where higher levels of inflammation and tissue 
damage occurred in Mmp12-/- mice (on a 129Sv/Ev back-
ground). Interestingly, no difference was observed at base-
line between these animals and wild-type controls. This 
is in contrast with our observation in Mmp12-/- mice (on 
a C57BL/6J background), which exhibited considerable 
systemic complement activation and complement depo-
sition that could be resolved with administration of IgG-
FH1-5, suggesting that MMP-12 deficiency may potentiate 
the low-level tick-over complement activation and render 
the aorta more prone to adverse effects. As such, MMP-
12 is a key component of homeostatic mechanisms that 
maintain vessel wall integrity. There is, however, a need to 
consider further the possible role of modifier genes given 
the different results in mice having different backgrounds.

Complement activation can trigger NET formation 
and NETs can serve as a platform for complement acti-
vation.34 NETs, extracellular meshes of chromatin and 
granule proteins, are released by neutrophils primar-
ily through a cell death process, NETosis.50 This pro-
cess and non-lytic NET release are major players in the 
immune defense against pathogens. If left unchecked, 
however, this process can lead to excessive tissue dam-
age by promoting complement activation, inflammation, 
and thrombosis. Several vascular pathologies, includ-
ing atherosclerosis and AAA, associate with NETo-
sis. Indeed, NETs contain large quantities of NE, a key 
protease in AAA formation51 and treatment with the 
NETosis inhibitor, Cl-amidine, attenuates adverse vascu-
lar remodeling in AAA.52 Similarly, our study associated 
AAA formation with complement activation and NETosis 
in 3 distinct murine models. Moreover, these processes 
were amplified in the absence of MMP-12, which exac-
erbated vascular remodeling and aneurysm rupture in 
Mmp12-/- mice. Importantly, MMP-12 deficiency also led 
to vessel wall neutrophil infiltration and NETosis in the 
absence of AAA induction, which cleared upon IgG-FH1-5 
treatment. This NETosis associated with elastic laminae 
degradation and frustrated collagen remodeling, which 

Figure 6 Continued. n=4 to 5 per group; *P<0.05. C and D, Representative images of immunofluorescence staining and quantification of 
Neutrophils (Ly6G, red), NETs (Cit-H3, red), and complement component 3d (C3d, red) in suprarenal abdominal aorta of Mmp12flox/flox/Apoe-/- and 
Mmp12flox/flox/Apoe-/-/Csf1r-iCre (C) and Mmp12flox/flox and Mmp12flox/flox/Csf1r-iCre (D) mice at 5 to 6 weeks post-tamoxifen administration. Nuclei 
are stained blue with DAPI. n=4 per group. Scale bar: 500 µm. *P<0.05, 2-tailed Mann-Whitney U test (A through D). E, Kaplan-Meier survival 
curves of Ang II–infused Mmp12 flox/flox/Apoe-/- (n=9) and Mmp12 flox/flox/Apoe-/-/Csf1r-iCre (n=10) mice post-tamoxifen administration. The curves 
were compared using log-rank (Mantel-Cox) test. P<0.05. F, Quantification of maximal suprarenal abdominal aorta external diameter of the 
surviving mice. **P<0.01 by 2-tailed Mann-Whitney U test. Cit-H3 indicates citrullinated histone 3; DAPI, 4ʹ,6-diamidino-2-phenylindole; MMP, 
matrix metalloprotease; NE, neutrophil elastase; and NET, neutrophil extracellular trap.
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manifested functionally as a weakened aortic wall with 
lower burst pressure. Burst pressure studies of aortas 
from MMP-12 deficient mice revealed lower values in 
both the descending thoracic and suprarenal abdominal 
aorta (SAA). Regardless of the presence or absence of 
MMP-12, and as reported by others,39,53,54 Ang II infusion 
led to the development of aneurysm (and dissection) 
in the SAA and occasionally, thoracic aorta. Combined, 
these data link MMP-12 deficiency to complement acti-
vation and NETosis of the aorta, which promotes vessel 
wall inflammation, weakens the vessel wall, and predis-
poses the aorta to adverse remodeling and rupture in 
response to aneurysmal stimuli.

To establish the role of complement activation, we 
leveraged the differences in the AAA severity between 
Apoe-/- and AAV8-PCSK9/HFD models. We observed 
higher incidence of AAA dilatation, rupture, and death 
with Ang II infusion in Mmp12-/-/Apoe-/- mice compared 
to Mmp12-/- mice on a high-fat diet when injected with 
AAV8-PCSK9. Apo E is a glycoprotein component of 
several lipoprotein particles, which through binding to 
LDL receptors enables their hepatic clearance. Accord-
ingly, Apo E deficiency leads to hyperlipidemia.55 This 
mechanism of action is distinct from PCSK9, a serine 
protease that binds to hepatic LDL receptors and pro-
motes their lysosomal degradation. Thus, similar to Apo E 
deficiency, adenovirus-mediated PCSK9 overexpression 
elevates plasma cholesterol levels in mice, a process that 
is enhanced with a high-fat diet.55 In addition to its effect 
on lipid metabolism, however, Apo E also impacts lipid 
peroxidation, inflammation, vascular smooth muscle cell 
proliferation and migration, and platelet aggregation.56–58 
As a result, Apoe-/- mice display a proinflammatory 
milieu,55 which may have contributed to the more severe 
phenotypes detected in these animals.

Normal arteries express low levels of MMP-12. To 
study the effect of macrophage MMP-12 in vascular 
remodeling, we relied on an inducible Csf1r-Cre system, 
which is classically used to target macrophages. The 
effect of the Csf1r-iCre system can also be detected in 
dendritic cells, granulocytes, and lymphocytes,59 yet, mac-
rophages are classically considered the primary source 
of MMP-12 and MMP-12 expression is not detectable in 
normal blood cells.60–62 Demonstration that macrophage 
MMP-12 is necessary for maintaining aortic wall integrity 
points to a new role for macrophages in regulating vas-
cular homeostasis.63–65 Future studies should establish 
whether activation of the complement system is systemic 
or local, and if so, which tissues are more susceptible 
to complement-mediated damage in the absence of 
MMP-12. The observation that a relatively short period 
of MMP-12-deficiency alters aortic integrity also raises 
the possibility that genetic and nongenetic factors that 
modulate MMP-12 expression may predispose to AAA 
and other vascular pathologies. In this regard, it is note-
worthy that polymorphisms in MMP-12 gene that reduce 

its level associate with higher predisposition to coronary 
artery disease and large artery atherosclerotic stroke.66

In conclusion, this study suggests a novel role for mac-
rophage MMP-12 in maintaining aortic integrity based 
on identification of an MMP-12 deficiency/complement 
activation/NETosis pathway that leads to adverse aortic 
remodeling and AAA rupture in multiple mouse models. 
These findings also suggest caution in the use of selec-
tive MMP-12 inhibitors as therapeutic agents in AAA and 
other pathologies such as chronic obstructive pulmonary 
disease.67,68 Finally, considering these new findings, the 
role of MMP-12 in vascular homeostasis may mandate a 
re-evaluation of previous work on the roles of MMP-12 
in various settings.
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