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Matrix metalloproteinases (MMPs) 9 and 2 are increased in human abdominal aortic aneurysm (AAA) tissue, but their
precise role and potential interaction remain unclear. Experimental induction of aortic aneurysms in mice genetically
deficient in these peptidases could provide new insight into AAA pathogenesis. Mice deficient in the expression of MMP-9
(MMP-9KO) or MMP-2 (MMP-2KO) and their corresponding wild-type background mice (WT) underwent AAA induction by
abluminal application of calcium chloride (CaCl2). No aneurysm formation was observed at 10 weeks after treatment in
either the MMP-9KO or the MMP-2KO mice, whereas the corresponding WT mice showed an average 74% and 52%
increase in aortic diameter, respectively. Reinfusion of competent macrophages from the corresponding WT strains into
knockout mice resulted in reconstitution of AAA in MMP-9KO but not MMP-2KO mice. These findings suggest that
macrophage-derived MMP-9 and mesenchymal cell MMP-2 are both required and work in concert to produce AAA.
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Introduction
Abdominal aortic aneurysm (AAA) is a common and
lethal disorder (1, 2). Through studies of human tissue
and animal models of AAA, we have begun to under-
stand the underlying pathophysiology. These studies
have led to a paradigm shift in our concepts about
AAA. Rather than a simple degenerative process, AAA
has proven to be a dynamic remodeling process.

Inflammation, which is temporally and spatially asso-
ciated with disruption of the orderly lamellar structure
of the aortic media, appears to play a fundamental role
in AAA development and progression. Studies of
human AAA tissue have identified extensive inflamma-
tory infiltrates in both the media and adventitia.
Macrophages and T lymphocytes are the predominant
immune subsets (3, 4). Two widely used experimental
models of AAA rely on local induction of an intense
inflammatory response (5, 6), which precedes a period
of gradual aortic dilatation. Progressive destruction of

the normal lamellar architecture with flattening and
fragmentation of elastin fibers accompanies aortic
expansion. Attenuation of the inflammatory response
in animal models inhibits dilatation, while augmenting
the response increases the frequency and size of the
aneurysms (7, 8). This breakdown of normally long-
lived matrix macromolecules such as elastin has been
ascribed to a family of endopeptidases, the matrix met-
alloproteinases (MMPs).

Increased expression of MMPs (8–11) has been
observed in human aneurysm tissue. The prominent
elastin degradation has led to the investigation of the
MMPs with elastolytic capabilities. Both the mRNA and
protein levels of MMP-2 are increased in human AAA
tissues compared with normal aorta. An increased pro-
portion of the MMP-2 in AAA tissue is found in the acti-
vated form, and there is indirect evidence of increased
matrix binding of activated MMP-2 (11). Immunohis-
tochemical studies colocalize MMP-2 with mesenchy-
mal cells (smooth muscle cells and fibroblasts) and, less
commonly, macrophages (11). MMP-9 is the most
abundant gelatinolytic MMP in AAA tissue, and it is
secreted in high levels from AAA explants (9). Since
MMP-9 and, to a lesser extent, MMP-2 are products
associated with macrophage invasion, their presence in
AAA is expected and does not demonstrate a causal role,
nor does it preclude an important role for other MMPs,
serine or cysteine proteases. Several lines of investiga-
tion using animal models of AAA have shown, however,
that MMPs have a pivotal role in this process (12–14).

Using a model of arterial aneurysm described first by
Gertz et al. (6) in the rabbit carotid artery and subse-
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quently by Freestone et al. (8) in the rabbit aorta, we
have developed a murine model of AAA. This model
recapitulates three of the key features of human
aneurysms: intense local inflammation, increased
expression of MMP-2 and MMP-9, and local matrix
destruction (15). We have investigated the role of
MMP-2 and MMP-9 in this model using mice with tar-
geted deletions of these MMPs. We find that both the
MMP-9 and the MMP-2 knockout (MMP-9KO and
MMP-2KO) mice are resistant to aneurysm formation.
This is not related to the inability of the macrophages
to invade the aortic tissue. Aneurysms can be reconsti-
tuted in the MMP-9KO mice by intravenous infusion
of wild-type (WT) macrophages. Infusion of competent
WT macrophages into MMP-2KO mice did not recon-
stitute the aneurysms. This failure of the WT
macrophages to reconstitute the aneurysm suggests
that the important contribution of MMP-2 to AAA is
not macrophage-derived but is, more likely, from mes-
enchymal cells. Macrophage-derived MMP-9 and mes-
enchymal cell–derived MMP-2 work in concert to pro-
duce aneurysms in our murine model. The protection
of the matrix and lack of aneurysm formation in the
absence of either MMP-2 or MMP-9 are intriguing and
suggest requirement of an interaction between the pro-
teolytic products of the invading inflammatory cells
and local mesenchymal cells.

Methods
Mice. The homozygous MMP-9KO mice were obtained
from Robert Thompson (Washington University, St.
Louis, Missouri, USA) and have been described in
recent publications (14). The MMP-9KO animals are
bred on a 129/SvEv background and are genetically
identical to the WT 129/SvEv animals. The 129/SvEv
mice were purchased from Taconic (Germantown, New
York, USA). The homozygous MMP-2KO mice were
first described by Itoh et al. (16). They were obtained
from David Muir (University of Florida, Gainesville,
Florida, USA). These MMP-2KO mice have been back-
crossed into C57BL/6 background eight times. The WT
controls for the MMP-2KO mice, C57BL/6 mice, were
purchased from The Jackson Laboratory (Bar Harbor,
Maine, USA). Knockout colonies were genotyped by the
laboratories that provided them, and the absence of
expression of MMP-9 or MMP-2 was confirmed by
zymography of tail and aortic tissue.

Aneurysm induction model. Mice were anesthetized and
underwent laparotomy at age 8 weeks. The abdominal
aorta between the renal arteries and bifurcation of the
iliac arteries was isolated from the surrounding
retroperitoneal structures. The diameter of the aorta
was measured in triplicate midway between the renal
artery origin and iliac artery bifurcation using a
videomicrometer from Colorado Video Inc. (Boulder,
Colorado, USA). After base-line measurements, 0.25 M
CaCl2 was applied to the external surface of the aorta.
NaCl (0.9%) was substituted for CaCl2 in sham control
mice. After 15 minutes the aorta was rinsed with 0.9%

sterile saline and the incision was closed; mice were
returned to their cages after recovery. Ten weeks later
the mice underwent laparotomy and dissection. Mea-
surements were repeated at the same location in the
midinfrarenal aorta. The measurements were made by
an observer unaware of the initial treatment (NaCl or
CaCl2). Typically, there was diffuse, homogeneous
dilatation of the infrarenal aorta. The aorta was collect-
ed for zymographic analysis of MMP proteins. For his-
tologic studies, the aorta was perfusion-fixed with 10%
neutral-buffered formalin.

Gelatin zymography. Aortic proteins and peritoneal
macrophage cellular proteins were extracted as previ-
ously described (11). Samples standardized for protein
concentration were resolved by nondenaturing elec-
trophoresis through a 10% SDS-PAGE copolymerized
with 0.8% gelatin. The molecular sizes of gelatinolytic
activities were determined using protein standards
(Bio-Rad Laboratories Inc., Hercules, California, USA).
A series of animals were sacrificed at earlier time inter-
vals (3 days to 4 weeks) to examine the temporal expres-
sion of MMP-9 and MMP-2 relative to the increase in
aortic diameter (Figure 1, a and b).
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Figure 1
The time course of expression of MMP-9 and MMP-2 and corre-
sponding aneurysm growth. WT mouse aortae were incubated with
CaCl2 or NaCl. Three days, 1 week, and 2, 3, and 4 weeks after treat-
ment, the aortic diameters were measured and mice were sacrificed.
(a) CaCl2-treated mice; (b) NaCl-treated mice (control). (c) Aortic
diameter increases in CaCl2-treated mice at indicated time points.
(d) H&E staining of CaCl2-treated mouse aortic section, showing a
significant inflammatory infiltrate at 3 days.



Histology and microscopy. For hematoxylin-and-eosin
(H&E) staining, after perfusion-fixation with 10% neu-
tral-buffered formalin, abdominal aortic tissues were
embedded in paraffin and cut into 4-µm sections. The
sections were stained with H&E. Figure 1d shows the
inflammatory infiltrate observed 3 days after CaCl2

aneurysm induction. Movat’s pentachrome staining on
paraffin-blocked specimens was carried out according
to the method described by Russell (17). For Masson’s
Trichrome staining, the slides were stained with hema-
toxylin, crocein scarlet, acid fuchsin, and aniline blue
(Sigma-Aldrich, St. Louis, Missouri, USA). Each stain-
ing cycle alternated between fixing and washing proce-
dures. The slides were examined and photographed
using light microscopy (Boyce Scientific Inc., Gray
Summit, Missouri, USA) (×20).

Immunohistochemistry. Mice underwent AAA induction
according to the method described above. Three mice
in each group were sacrificed at 1, 2, and 10 weeks for
macrophage staining performed on paraffin-embedded
4-µm aortic sections. The sections were incubated 
with a monoclonal rat anti-mouse Mac3 antibody
(PharMingen, San Diego, California, USA) diluted
1:500 for 30 minutes at 37°C. The sections were then
briefly washed in citrate solution and subsequently
incubated with the secondary antibody, which is a
mouse-absorbed, biotin-conjugated rabbit anti-rat IgG.
Macrophage staining was examined using light
microscopy. Positive controls and nonimmune negative
controls were performed. Macrophage infiltration was
graded in the aortic media and adventitia by a patholo-
gist unaware of the genotype or time of sacrifice. Four
separate sections from each aorta were stained and eval-
uated, and the mean grade was reported.

Isolation and infusion of peritoneal macrophage.
129/SvEv, C57BL/6, and MMP-9KO mice were inject-
ed intraperitoneally with 1 ml of 3% Brewer thiogly-
collate medium. A week later, peritoneal macrophages
were collected, washed, and resuspended in PBS. Cells
were labeled with 5-(and 6)-carboxyfluorescein diac-
etate, succinimidyl ester (CFSE) (Molecular Probes
Inc., Eugene, Oregon, USA). Groups of six to eight
MMP-2KO and MMP-9KO mice were injected
with 5 × 107 peritoneal macrophages via the tail
vein 1 day before AAA induction. A second
macrophage infusion was repeated a week later.
Before the second infusion, a blood sample was
obtained to quantify residual CFSE-labeled
macrophages using FACScan. To determine the
number of CFSE-labeled macrophages in the
aneurysm, three animals were sacrificed 1 week
after infusion. Aortic cells were isolated as
described previously (11), and CFSE-labeled
macrophages were quantified using FACScan.

Statistical analysis. Measurements of aortic diam-
eter are expressed as mean value ± SE. A paired Stu-
dent’s t test was used to compare original and final
diameter. Statistical significance was accepted at 
P < 0.05. Analysis of the macrophage infiltration

of the media and adventitia was evaluated with a
Mann-Whitney test, taking into account the Bonfer-
roni correction. Statistical significance was taken at 
P < 0.05 when the Bonferroni correction was carried out.

Results
Induction of AAA in WT, MMP-2KO, and MMP-9KO mice.
Increased expression of MMP-2 has been observed in
AAA tissue (11, 18). Thus, MMP-2 may be required for
AAA formation. To test this hypothesis, we examined
the response of MMP-2KO mice to CaCl2 aneurysmal
induction. Ten weeks after periaortic application of
CaCl2, there was no significant change in aortic diam-
eter or histology in MMP-2KO mice (Table 1; Figure 2,
a and f), which were similar to the NaCl-treated group
(Figure 2e). However, C57BL/6 WT mice showed a
52.3% ± 4.5% increase in aortic diameter after CaCl2

treatment (Table 1; Figure 2a). Trichrome staining of
aortic sections from these mice showed disruption and
fragmentation of medial elastic lamellae (Figure 2d).

To examine the role of MMP-9 in AAA development,
we performed CaCl2 aneurysm induction on MMP-
9KO mice. There was no significant increase in the aor-
tic diameter, similar to the NaCl-treated controls
(Table 2). The 129/SvEv mice consistently developed
aneurysms showing a 74.0% ± 12.3% increase in diam-
eter. Figure 2b illustrates the initial and final meas-
urements of aorta. Connective tissue staining of aor-
tic sections from CaCl2-treated MMP-9KO mice did
not show any detectable damage to the medial elastic
lamellae (Figure 2j). The aortic wall appeared marked-
ly similar to that of the NaCl-treated MMP-9KO con-
trol mice (Figure 2, g and i). The CaCl2-treated WT
mice exhibited flattening and destruction of the elas-
tic lamellae (Figure 2h). Fragmented elastic fibers were
observed around macrophages in CaCl2-induced WT
mouse aneurysm tissues (Figure 2k). Although
macrophages were also present in CaCl2-treated MMP-
9KO (Figure 2l) and MMP-2KO (Figure 2m) mouse
aortae, the adjacent elastic fibers were intact. These
observations suggest that the aneurysm inhibitory
effects seen in the MMP-9KO and MMP-2KO mice

The Journal of Clinical Investigation | September 2002 | Volume 110 | Number 5 627

Table 1
Changes in aortic diameter in WT and MMP-2KO mice after treatment
with NaCl and CaCl2

C57BL/6 MMP-2KO

Treatment NaCl CaCl2 NaCl CaCl2
Number 10 10 5 5
Pretreatment (µm) 538 ± 8.2 515 ± 6.7 527 ± 12.1 495 ± 13.0
Post-treatment (µm) 548 ± 4.0 784 ± 9.2A 553 ± 13.2 535 ± 7.6
AAA development (%) 0 60 0 0
Percent increase 3 52.3 5 8
Range of increase (%) 0–16 43–70 4–6 3–14

Aortic diameters were measured before NaCl (or CaCl2) incubation (pretreatment)
and at sacrifice (post-treatment). Measurements of aortic diameter are expressed as
mean ± SE. The percent increase is represented as compared with pretreatment. The
development of aneurysm was defined as an increase ≥50% relative to the original
diameter of the aorta. AP < 0.01, Student’s t test, compared with pretreatment.



were not a result of the inability of the macrophages to
reach the site of injury. Instead, the aneurysm resist-
ance in the KO mice appears to relate to the inability of
invading macrophages to degrade surrounding matrix.

Expression of MMP-2 and MMP-9 in WT, MMP-2KO, and
MMP-9KO mouse aorta after aneurysm induction. Aortic pro-
tein prepared from 129/SvEv, MMP-9KO, and MMP-
2KO mice was analyzed by gelatin zymography (Figure
3). As expected, no MMP-2 and MMP-9 activity was
detected in MMP-2KO and MMP-9KO mice, respec-
tively. WT mice expressed processed MMP-2 and
MMP-9 as well as pro–MMP-2 and –MMP-9. The
zymograms suggest that MMP-2KO and MMP-9KO
mice may have higher levels of the processed forms of
MMP-9 and MMP-2, respectively, compared with WT
mice. This may represent a compensatory increase in
the physiologic activators of these MMPs in the
knockout mice. Despite this increase in the processed
form of the MMPs, the aortic matrix was protected in
the absence of either MMP-2 or MMP-9.

Macrophage infiltrate in CaCl2-treated aortae. One of
the remarkable histologic changes in CaCl2-treated
aortae was the early inflammatory infiltrate in the
adventitia and media (Figure 1d). In consideration of
the possible effects of MMP-9 on macrophage migra-
tion into AAA tissues and of the observations of
Ducharme et al. (19), we examined the aortic tissue

for the presence of Mac3-positive macrophage cells. The
numbers of macrophages in the adventitia and media
were quantified 1, 2, and 10 weeks after aneurysm
induction (Table 3). There was no significant difference
in the numbers of Mac3-positive cells in the aorta
between CaCl2-treated 129/SvEv mice and MMP-9KO
mice. We also confirmed the recent observation of
Corry et al. (20) in demonstrating that macrophage
migration into the adventitia (1 week, 2.6 ± 0.3; 2 weeks,
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Figure 2
(a and b) Aortic diameter changes after NaCl
and CaCl2 treatment in C57BL/6 and MMP-2KO
mice (a), and in 129/SvEv and MMP-9KO mice
(b). Aortic diameters were measured before NaCl
or CaCl2 incubation (white bars) and at sacrifice
(gray bars). Bars shown in each group represent
the mean ± SE of 5–14 mice. The diameter in the
CaCl2-treated group was increased significantly
at sacrifice in C57BL/6 and 129/SvEv mice 
(*P < 0.01). (c–m) Histologic changes of mouse
aorta at 10 weeks after treatment. (c–f)
Trichrome staining for elastic fibers. NaCl-treat-
ed (c) and CaCl2-treated (d) aorta from C57BL/6
and NaCl-treated (e) or CaCl2-treated (f) aorta
from MMP-2KO mice. (g–j) Pentachrome stain-
ing for elastic fibers. NaCl-treated (g) and CaCl2-
treated (h) aorta from 129/SvEv and NaCl-treat-
ed (i) or CaCl2-treated (j) aorta from MMP-9KO
mice. (k–m) Immunoperoxidase staining for
macrophages of mouse aorta 2 weeks after CaCl2
incubation in 129/SvEv (k), MMP-9KO (l), and
MMP-2KO (m). Mac3-positive cells are indicat-
ed by arrows. Elastic fibers are represented by
arrowheads. (×100).

Table 2
Changes in aortic diameter in WT and MMP-9KO mice after treatment
with NaCl and CaCl2

129/SvEv MMP-9KO

Treatment NaCl CaCl2 NaCl CaCl2
Number 12 14 14 14
Pretreatment (µm) 514 ± 5.7 514 ± 5.5 511 ± 2.5 514 ± 7.6
Post-treatment (µm) 532 ± 5.4 922 ± 21.6A 527 ± 2.2 579 ± 14.3
AAA development (%) 0 93 0 0
Percent increase 1 74 3 8
Range of increase (%) 0–17 36–100 0–6 0–32

Aortic diameters were measured before NaCl (or CaCl2) incubation (Pretreat-
ment) and at sacrifice (Post-treatment). Measurements of aortic diameter are
expressed as mean ± SE. The percent increase is represented as compared with
pretreatment. The development of aneurysm was defined as an increase ≥50%
relative to the original diameter of the aorta. AP < 0.01, Student’s t test, com-
pared with pretreatment.



2.3 ± 0.3) and media (1 week, 0.7 ± 0.3; 2 weeks, 1.0 ± 0.0)
was not altered in MMP-2KO mice.

Effect of WT macrophage infusion on aneurysm formation
in MMP-2KO and MMP-9KO mice. In human AAA tis-
sue, the majority of MMP-2 is expressed by resident
mesenchymal cells, although some macrophages also
stain positively with MMP-2 antibodies (11).
Macrophages are the primary source of MMP-9 in
AAA tissue (21). To examine whether MMP-9 or
MMP-2 from WT macrophages was adequate to
reconstitute aneurysms in MMP-9KO or MMP-2KO
mice, we injected MMP-9KO and MMP-2KO mice
with CFSE-labeled peritoneal macrophages from their
corresponding WT mice. This was done via a tail vein
1 day before CaCl2 aneurysm induction. After a week,
mice were bled and white blood cells were isolated.
FACScan analysis of white blood cells showed that 5%
of the white cells were CFSE-labeled positive. A sec-
ond macrophage infusion was done 1 week after
induction. MMP-9KO mice infused with MMP-9–pro-
ducing peritoneal macrophages from WT mice devel-
oped significant arterial enlargement (Table 4; Figure
4a). A group of three MMP-9KO mice were sacrificed
1 week after WT macrophage infusion. Aortae were
harvested, and aortic cells were isolated by enzymatic
digestion. FACScan analysis of these cells at their
nadir showed that 0.5% of aortic cells were CFSE-
labeled positive. Histologic analysis showed the dis-
ruption of elastic fibers in the media (Figure 4d). To
insure that the aneurysm formation was not a non-
specific response to macrophage infusion, peritoneal
macrophages harvested from MMP-9KO mice were
infused into MMP-9 KO mice. There was no increase
in aortic diameter (data not shown) or significant
elastin destruction in mice infused with MMP-9KO
macrophages (Figure 4c). WT macrophage infusion
was not able to reconstitute the aneurysm in CaCl2-
treated MMP-2KO mice (Table 4), and the medial
elastic lamellae were well preserved (Figure 4e).

To demonstrate that WT macrophages reach the
aorta of the MMP-9KO mouse, MMP expressions in
WT peritoneal macrophages and aortic tissues of
MMP-9KO mice with WT peritoneal macrophage infu-
sion were examined by zymography. MMP-9, but not
MMP-2, expression was detected in isolated WT peri-
toneal macrophage (Figure 4b, lane 1). Both MMP-9
and MMP-2 were seen in the aortic tissues of MMP-
9KO mice infused with WT peritoneal macrophages

(Figure 4b, lane 2). The presence of CFSE-labeled
macrophages and MMP-9 in the aorta of MMP-9KO
mice confirms the infiltration of intravenously infused
WT macrophages. These results demonstrate that
MMP-9 from macrophages and MMP-2 derived from
mesenchymal cells work in concert to produce AAA.

Discussion
AAAs are characterized by structural alternations of the
aortic wall resulting, in part, from degradation of the
macromolecules, collagen and elastin. These changes
are associated with an inflammatory infiltrate (4) and
excessive production of MMPs (8–11, 22), which are
assumed to orchestrate the widespread matrix destruc-
tion. Both serine and cysteine proteases are also pres-
ent in diseased arterial tissue (23, 24). Further knowl-
edge of which of these enzymes play an etiologic role in
the process may lead to prospects for pharmacologic,
rather than mechanical, treatment of AAA.

As with many chronic disease processes, descriptive
human studies are enlightening but often fail to distin-
guish important causal factors from epiphenomena.
Animal models are essential to precisely define to the
mechanisms of aneurysm formation. Murine models are
particularly useful because of the ability to produce and
access a wide array of mice with targeted gene deletions.
There are two commonly used, reliable models of AAA,
both of which involve a local arterial injury followed by
inflammatory cell invasion, increased expression of
MMPs, matrix destruction, and a corresponding increase
in vessel diameter. The elastase-induced aneurysm
model involves isolation and infusion of a segment of
the aorta with a pancreatic extract containing elastase.
Done under superphysiologic pressures, this results in
an immediate mechanical dilation followed by a second
phase of more gradual expansion (5, 14). It is unclear
precisely which enzymes in the porcine pancreatic
extract cause the local inflammation, and variability in
the preparation has led to inconsistencies in aneurysm
formation (25). A second common aneurysm model was
first described by Gertz et al. (6) in the rabbit carotid
artery and subsequently used in the rabbit aorta (8). The
local application of CaCl2 to the adventitial arterial sur-
face induced an inflammatory response followed by
aneurysmal dilation (8). We have used this technique to
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Figure 3
Gelatin zymography analysis of MMP activities expressed in exper-
imental mice. Lane 1, WT; lanes 2 and 3, MMP-9KO; lanes 4 and
5, MMP-2KO.

Table 3
The concentration of macrophages in aorta of 129/SvEv and MMP-
9KO mice

Mouse strain 1 week 2 weeks 10 weeks

Adventitia 129/SvEv 3.0 ± 0.0 3.0 ± 0.0 1.0 ± 0.0
MMP-9KO 2.0 ± 0.6 3.0 ± 0.0 2.3 ± 1.2

Media 129/SvEv 2.0 ± 1.0 1.0 ± 0.0 0.5 ± 0.7
MMP-9KO 1.7 ± 1.7 1.0 ± 0.0 1.3 ± 1.2

Macrophages in aortic adventitia and media were evaluated and scored with
values from 0 to 3. Zero indicates that there were no Mac3-positive cells, 3 indi-
cates many cells in a limited area, and 1 and 2 are used to classify intermedi-
ate grades of infiltration. The values reflect the mean ± SE.



generate a reproducible mouse model of aortic
aneurysm disease (15) where the degree of dilatation is
similar to that seen in the second phase (nonmechani-
cal) of the elastase infusion model. Doxycycline, a non-
specific MMP inhibitor, attenuates aneurysm formation
in a dose-dependent manner in this model (26).

The inflammatory infiltrate in human AAA tissue is
spatially related to destruction of ECM macromole-
cules. The inflammatory infiltrate is thought to play an
etiologic role in aneurysm formation by direct local
production of matrix-degrading enzymes and produc-
tion of cytokines that induce resident mesenchymal
cell production of MMPs (27). Proinflammatory
cytokines secreted from macrophages enhance MMP
production by human vascular smooth muscle cells
(27–29), and many of these cytokines are present with-
in AAA tissue (3, 30). Our findings suggest that both
the local mesenchymal cell expression and the
macrophage expression of MMPs are required for an-
eurysm formation. Our data do not support the con-
cept that MMP-2 is required for the processing of
MMP-9, or the converse, since the processed form of
both MMPs was seen in the zymograms from the alter-
nate knockout mice. In fact, there appears to be
increased activation of the remaining MMP, which was
not sufficient to cause local injury or vessel dilation.

Pyo et al. (14) have shown that MMP-9 plays a pivotal
role in aneurysm development in the elastase AAA infu-

sion model. We tested the response of
MMP-9KO mice using CaCl2 aneurysm
induction. We also found that MMP-
9–deficient mice are resistant to an-
eurysm development. This was associat-
ed with preservation of the lamellar
morphology of the aortic wall. D’Haes et
al. (31) have reported decreased mobility
of MMP-9–deficient macrophages in
vitro, and Ducharme et al. (19) reported
fewer tissue macrophages in MMP-
9–deficient mice 2 weeks after myocar-
dial infarction. Therefore, we wanted to
determine whether the absence of AAA
formation in the MMP-9KO mice was
due to decreased macrophage infiltra-
tion. Using macrophage-specific staining
of aortic sections taken at 1, 2, and 10
weeks after aneurysm induction, we per-
formed an extensive examination of the
aorta but could not identify a decrease in
the number of aortic macrophages in
MMP-9KO compared with WT mice.
This finding is consistent with the obser-
vation of Pyo et al. (14) in the elastase
infusion model. Macrophage infiltration
in MMP-2KO mice was not impaired.
MMP-2 deficiency had no effect on
inflammatory cell invasion after allergic
lung injury (20). Thus, the mechanism of
protection from aneurysm development

in MMP-9KO and MMP-2KO mice is related to the
absence of local MMP-9 or MMP-2 productions rather
than inability of macrophages to infiltrate to the site of
injury. This is further supported by the observation of
macrophages adjacent to intact elastic lamellae in the
MMP-2KO and MMP-9KO mice.

Mesenchymal cells do not express MMP-9 under nor-
mal conditions, but smooth muscle cell production
can be induced by a proinflammatory milieu, as occurs
in AAA tissue (32). Conversely, macrophages produce
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Figure 4
(a) Aortic diameter changes after CaCl2 treatment with WT macrophage infusion in
MMP-2KO and MMP-9KO mice. Aortic diameters were measured before (white bars)
and 8 weeks after (gray bars) CaCl2 incubation. Bars shown in each group represent
the mean ± SE of six to eight mice. The diameter in MMP-9KO mice increased signif-
icantly with macrophage infusion (*P < 0.01). (b) Gelatin zymography analysis of
MMP activities expressed in WT peritoneal macrophages (lane 1) and aorta of MMP-
9KO mouse infused with WT macrophages (lane 2). (c–e) Histologic analysis. Paraf-
fin sections were stained for elastin fibers (Trichrome), and sections were pho-
tographed and shown with the lumen at the top. (c) The MMP-9KO mouse infused
with MMP-9KO macrophages; (d) the MMP-9KO mouse infused with WT
macrophages; (e) the MMP-2KO mouse infused with WT macrophages.

Table 4
Changes in aortic diameter in MMP-2KO and MMP-9KO mice with
macrophage infusion

MMP-2KO MMP-9KO

Treatment CaCl2 CaCl2
Number 6 8
Pretreatment (µm) 485 ± 8.2 493 ± 11.3
Post-treatment (µm) 510 ± 15.2 774 ± 21.2A

AAA development (%) 0 88
Percent increase (%) 7.4 57.3
Range of increase (%) 0–9 46–83

Aortic diameters were measured before CaCl2 incubation (pretreatment) and
at sacrifice (post-treatment). Measurements of aortic diameter are expressed
as mean ± SE. The percent increase is represented as compared with pre-
treatment. The development of aneurysm was defined as an increase of ≥50%
relative to the original diameter of the aorta. AP < 0.01, Student’s t test, com-
pared with pretreatment.



relatively large amounts of MMP-9, and this can be
increased by proinflammatory cytokines (33). To con-
firm the requirement for macrophage-derived MMP-9
in AAA, we infused peritoneal macrophages from WT
mice into MMP-9KO mice before aneurysm induction
and 1 week later. This resulted in reconstitution of the
aneurysm and damage to the elastin lamellae. Pyo et al.
(14) have previously shown using sublethal irradiation
and bone marrow transplantation that reconstitution
of the MMP-9 genotype into the myelogenous cells of
the MMP-9KO mice reconstituted aortic aneurysms.
Our findings are somewhat more specific in demon-
strating the importance of MMP-9 derived from
macrophages alone. These findings in the murine
model are consistent with histologic studies showing
macrophages to be the primary source of MMP-9 in
human AAA tissue (9, 11).

Among the MMPs, MMP-2 is unique in its ability to
degrade both elastin and fibrillar collagen (34). It is
found primarily in association with the mesenchymal
cells of the media and adventitia, but small amounts
may be produced by macrophages (8, 11). Our previ-
ous work has demonstrated that both total MMP-2
and activated MMP-2 are increased in AAA tissues
(11). We hypothesized that mesenchymal cell MMP-2
was also involved in the initiation and progression of
AAA. We used the MMP-2–deficient mice to test the
effect of MMP-2 on aneurysm formation. Targeted
deletion of MMP-2 also protected mice from
aneurysm development after CaCl2 treatment. Histo-
logically, the aorta of the MMP-2KO mice looks no dif-
ferent from the aorta of the corresponding WT mice
treated with NaCl. We believe that these findings are
novel in demonstrating a key role for MMP-2 in the
development of AAA. They are especially intriguing in
that the presence of MMP-9 was unable to cause local
tissue injury in the absence of MMP-2. To test whether
protection from AAA in MMP-2KO mice can be attrib-
uted to the MMP-2 deficiency in macrophages, we
infused the WT peritoneal macrophages into MMP-
2KO mice. By fluorescently labeling infused peritoneal
macrophages, we were able to confirm that, at their
nadir, they remained in the peripheral blood and
aneurysm tissue 1 week after infusion. Unlike MMP-
9KO mice, infusion of competent macrophages failed
to produce aneurysms. This experiment showed that
the required MMP-2 is supplied by other cells.

Since the knockout mice used in these studies were of
different backgrounds, we cannot exclude the seem-
ingly remote possibility that the requirements for
MMP-9 or MMP-2 were specific to the genetic back-
ground of each strain. This seems particularly unlikely
given the similarity of the aneurysm dilatation and his-
tologic injury in these strains.

Previous studies have shown that both elastase and
collagenase may be required for aneurysmal dilatation
(35). Both fibrillar collagen and elastin are highly organ-
ized in the lamellar structure of the aortic media. One
potential mechanism for the complementary role of

MMP-2 and MMP-9 is that MMP-2 is primarily acting
as a collagenase initiating cleavage of the triple helix
into one-quarter and three-quarter lengths (34). The
single α chains could then be degraded by MMP-9,
releasing the coiled elastin and causing it to become fat-
tened and attenuated. The observations that MMP-2
and MMP-9 may work in concert to promote injury are
supported by recent observations in a murine model of
hepatitis (36). MMP-2 may be the primary interstitial
collagenase in this murine AAA model.

These data demonstrate, for the first time to our
knowledge, that a concerted role of MMP-2 and
MMP-9 is required for aneurysmal degeneration and
suggest that either or both could be targeted for the
treatment of AAA. This study also suggests that an
interaction is required between cellular products of
invading macrophages and local mesenchymal cells.
Understanding the relationship between MMPs
secreted by invading macrophages and local mes-
enchymal cells has implications not only for AAA, but
also for all other inflammatory diseases associated
with organ injury from destruction of the ECM.

Note added in proof. Yu and Stamenkovic have shown
that MMP-9 and MMP-2 can activate TGF-β by cleav-
ing its latent form (37). Activation of TGF-β plays an
important role in the control of tissue remodeling in
both physiological and pathological situations. On the
other hand, both gelatinases are capable of proteolyti-
cally inactivating alpha-1-PI by cleaving serpins at an
inhibitory site region. A recent study by Moraga et al.
demonstrated that cleaved serpins induces expression
of proinflammatory molecules in monocytes (38).
Therefore, another potential mechanism for the com-
plementary role of MMP-2 and MMP-9 could be
through the activation of TGF-β or inactivation (cleav-
age) of serpins.
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