
Introduction
Abdominal aortic aneurysms (AAAs) are a common
degenerative condition associated with aging and ather-
osclerosis (1). Although elective surgical repair is an
effective approach to prevent deaths from ruptured
AAAs, there is a conspicuous absence of alternative ther-
apeutic strategies for this disease (2). Because human
aneurysm tissues are characterized by destructive remod-
eling of the elastic media and outer aortic wall, recent
investigations have emphasized disease mechanisms
involving chronic aortic wall inflammation and the pro-
gressive degradation of fibrillar matrix proteins (3, 4).

Elastin is a major structural component of the aorta
and one of the most durable proteins of the extracel-
lular matrix (5). The dissolution of elastic fibers
requires the presence of specific proteinases, and sev-
eral elastolytic matrix metalloproteinases (MMPs) are
thought to contribute to aneurysm development,
including gelatinase A (72-kDa gelatinase; MMP-2),

gelatinase B (92-kDa gelatinase; MMP-9), and
macrophage elastase (MMP-12) (6–9). MMP-9 has
attracted particular interest because it is the most
abundant elastolytic proteinase secreted by human
AAA tissue explants in vitro and because it is actively
expressed by aneurysm-infiltrating macrophages
located at the site of tissue damage in situ (8). MMP-9
expression also correlates with increasing aneurysm
diameter (10), and it is elevated in the circulating plas-
ma of patients with AAAs (11). MMP-12 is considered
to play a similarly important role in aneurysm devel-
opment, because it is selectively expressed by
macrophages within AAA tissue, and, unlike other
MMPs produced in the degenerating aortic wall, it is
specifically localized to elastin fiber fragments by
immunohistochemistry (9). These observations have
led to speculation that either MMP-9 or MMP-12
might be necessary in aneurysmal degeneration, there-
by providing targets for pharmacologic therapy (2, 4).
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Abdominal aortic aneurysms represent a life-threatening condition characterized by chronic inflam-
mation, destructive remodeling of the extracellular matrix, and increased local expression of matrix
metalloproteinases (MMPs). Both 92-kD gelatinase (MMP-9) and macrophage elastase (MMP-12) have
been implicated in this disease, but it is not known if either is necessary in aneurysmal degeneration.
We show here that transient elastase perfusion of the mouse aorta results in delayed aneurysm devel-
opment that is temporally associated with transmural mononuclear inflammation, increased local
production of several elastolytic MMPs, and progressive destruction of the elastic lamellae. Elastase-
induced aneurysmal degeneration was suppressed by treatment with a nonselective MMP inhibitor
(doxycycline) and by targeted gene disruption of MMP-9, but not by isolated deficiency of MMP-12.
Bone marrow transplantation from wild-type mice prevented the aneurysm-resistant phenotype in
MMP-9–deficient animals, and wild-type mice acquired aneurysm resistance after transplantation
from MMP-9–deficient donors. These results demonstrate that inflammatory cell expression of MMP-
9 plays a critical role in an experimental model of aortic aneurysm disease, suggesting that therapeu-
tic strategies targeting MMP-9 may limit the growth of small abdominal aortic aneurysms.
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Studies using animal models have led to important
insights into the cellular and molecular events underly-
ing aneurysmal degeneration (12). Many of these stud-
ies have involved an elastase-induced rat model of AAAs,
in which a chronic aortic wall inflammatory response is
associated with progressive elastic fiber degradation and
aneurysmal dilatation (13, 14). Elastase-induced
inflammation is accompanied by increased aortic wall
production of MMPs (15), and treatment with anti-
inflammatory agents or MMP antagonists leads to
preservation of medial elastin and a reduction in
aneurysm development (16–19). These and other inves-
tigations have led to a conceptual model of aneurysm
disease that emphasizes the role of inflammatory cell-
derived metalloproteinases, acting in a cascade, to medi-
ate the degradation of aortic wall elastic fibers. An
important but elusive goal has been to determine if one
or more of these enzymes might be critical in aneurys-
mal dilatation. Because currently available MMP antag-
onists are not sufficiently specific to address this ques-
tion, we developed a murine model of elastase-induced
AAAs and used mice with targeted gene deficiencies to
evaluate the relative importance of MMP-9 and MMP-
12 in aneurysm development.

Methods
Experimental animals. Wild-type 129/SvJ mice were
obtained from The Jackson Laboratory (Bar Harbor,
Maine, USA) and 129/SvEv mice were obtained from
Taconic Farms (Germantown, New York, USA). 
MMP-9–/– and MMP-12–/– mice were originally devel-
oped by homologous recombination on 129/SvEv and
129/SvJ genetic backgrounds, respectively (20, 21).
Double-deficient animals were generated for this study
by interbreeding the MMP-9–/– and MMP-12–/– strains.
All experimental procedures were performed in male
mice that had reached maturity (> 8 weeks of age).

Elastase perfusion and aortic diameter measurements.
Anesthetized mice underwent laparotomy, and the
abdominal aorta was isolated from the level of the left
renal vein to the bifurcation (Figure 1). Preperfusion
aortic diameter (AD) was measured to a resolution of
0.01 mm with a calibrated ocular grid. Temporary silk
ligatures were placed around the proximal and distal
portions of the aorta, and an aortotomy was created at
the bifurcation with a 30-gauge needle. Heat-tapered
polyethylene tubing (PE-10; Baxter Healthcare Corp.,
McGraw Park, Illinois, USA) was introduced through
the aortotomy and secured with a silk tie. Using a
syringe pump calibrated to 100 mmHg (Sage Instru-
ments, Boston, Massachusetts, USA), the aorta was
filled with saline containing 0.414 U/mL Type I
porcine pancreatic elastase (specific activity 5 U/mg
protein; E1250; Sigma Chemical Co., St. Louis, Mis-
souri, USA). For controls, the elastase solution was
heat-inactivated (100°C) before use. The aorta typi-
cally dilated about 50 to 70% during the 5-minute peri-
od of elastase perfusion, regardless of the solution
instilled. The perfusion catheter was then removed

and the aortotomy closed with a 10-0 suture to avoid
constriction. Postperfusion AD was measured at least
5 minutes after restoration of lower-extremity perfu-
sion, and the animals were allowed to recover for vari-
ous intervals up to 14 days. The aorta was re-exposed
by laparotomy, and final AD measurements were
obtained before sacrifice. The percentage of increase in
AD (∆AD) was calculated from the difference between
the preperfusion and final AD, with AAAs arbitrarily
defined as ∆AD more than 100%. The mean plus or
minus the SEM of group data were compared by
ANOVA and the Student-Newman-Keuls multiple
comparisons test or by the Student’s t test for paired
analyses, and the prevalence of AAAs in each group
was compared by χ2 analysis.
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Figure 1

Development of elastase-induced abdominal aortic aneurysms in the

mouse. (a) Schematic diagram of the elastase perfusion procedure,

as described in Methods. IVC, inferior vena cava. (b) AD measure-

ments following transient perfusion with elastase (filled circles) or

heat-inactivated elastase (open circles), expressed as a percent

increase between the preperfusion and final AD (∆AD). Each point

represents the mean ± SEM (AP < 0.05, Student’s t test). The inci-

dence of AAAs (∆AD > 100%; horizontal line) was significantly dif-

ferent between groups at 14 days (P < 0.05, χ2 analysis).



Light microscopy and immunohistochemistry. Abdomi-
nal aortic tissues were perfusion-fixed with 10% neu-
tral buffered formalin and embedded in paraffin,
then cut in cross-sections (5–10 µm) and stained
with Verhoeff-van Geisen (VVG) for elastin. For
immunohistochemistry, endogenous peroxidase
activity was quenched with 3% H2O2 for 30 minutes,
and sections were blocked with dilute rabbit or goat
serum. Slides were incubated overnight (4°C) with
one of the following primary antibodies (1:500):
monoclonal rat anti-mouse Mac3 for macrophages
(PharMingen, San Diego, California, USA); a mono-
clonal rat anti-mouse IgG recognizing a 40-kDa neu-
trophil-specific cell surface antigen (MCA771G; Har-
lan/Serotec Inc., Indianapolis, Indiana, USA); and an
antiserum to murine MMP-9 made in rabbits by
immunization with recombinant active domain of
murine MMP-9 (T. Betsuyaku, Y. Fukada, W.C. Parks,
J.M. Shipley, and R.M. Senior, manuscript submit-
ted). Control sections were incubated with affinity-
purified rat IgG2b κ isotype (PharMingen) or normal
rabbit IgG (Vector Laboratories Inc., Burlingame,
California USA). Biotin-conjugated secondary anti-
bodies were applied for 30 minutes at 25°C (mouse-

adsorbed rabbit anti-rat IgG for macrophages and
neutrophils or goat anti-rabbit IgG for MMP-9), and
immune complexes were detected by avidin-biotin-
peroxidase with 3,3′-diaminobenzidine (Vectastain
Elite kit; Vector Laboratories Inc.). Slides were coun-
terstained with hematoxylin.

Substrate zymography. Protein extracts of aortic tissue
were prepared as described (9), and samples (10 µg)
were resolved by nonreducing 10% SDS-PAGE through
gels containing 1 mg/mL gelatin or casein (8). Gels
were washed with Triton X-100 to remove the SDS,
then incubated overnight (37°C) in 50 mM Tris-HCl,
pH 8.5, 5 mM CaCl2, and 0.5 mM ZnCl2. Zones of lysis
were visualized after staining the gels with 0.5%
Coomassie blue R-250.

RT-PCR/Southern blot analysis. Aortic tissue samples
were pulverized under liquid nitrogen, and total RNA
was isolated with Trizol reagent (GIBCO BRL, Grand
Island, New York, USA) (9). First-strand cDNA synthe-
sis was performed using 0.5 µg of total RNA and 50 U
murine Moloney leukemia virus reverse transcriptase
(GeneAmp RNA PCR kit; Roche Molecular Systems,
Inc., Branchburg, New Jersey, USA), with all reactions
performed in duplicate on a Gene AMP 2400 PCR ther-
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Table 1
Effect of doxycycline on the development of elastase-induced AAAs

Mouse aortic diameter (mm)A ∆AD (%)B AAA (%)C

Treatment n pre-elastase postelastase 14 days 14 days 14 days

None 15 0.95 ± 0.02 1.70 ± 0.05 2.21 ± 0.08 134 ± 9 93
DoxycyclineD 8 1.00 ± 0.03 1.73 ± 0.07 1.91 ± 0.21E 89 ± 17E 50F

AAD measurements were obtained immediately before (pre) and after (post) elastase perfusion and 14 days later. BThe increase in aortic diameter (∆AD) was
expressed as a percent compared with the pre-elastase baseline. CPercentage of individual animals developing AAAs (∆AD > 100%). DAnimals treated with doxy-
cycline beginning the day after elastase perfusion (30 mg/kg per day supplied in the drinking water). All data represent the mean ± SEM (EP < 0.05, Student’s
t test; FP < 0.05, χ2 analysis).

Figure 2

Histologic changes after elastase perfusion. Cross-sections of the aortic wall are shown with the lumen at the top. (a–f) Sections stained with

VVG for elastin. Normal preperfusion aorta (a), heat-inactivated elastase 7 days after perfusion (b), active elastase 7 days after perfusion

(c), heat-inactivated elastase 14 days after perfusion (d), active elastase 14 days after perfusion (e), and active elastase 14 days after perfu-

sion with fragmented elastic fibers surrounding mononuclear phagocytes (arrows) (f). (g–j) Active elastase 14 days after perfusion, with

immunoperoxidase staining for macrophages (g), MMP-9 (h), neutrophils (i), and IgG (negative control) (j). Positive-staining cells are indi-

cated by arrows. ×100.



mal cycler system from Perkin-Elmer Corp. (Norwalk,
Connecticut, USA). The reaction products served as the
template for 30 cycles of PCR amplification (1 minute
at 95°C, 1 minute at 55°C, and 1 minute at 72°C, and
7 minutes at 72°C for final extension), using the fol-
lowing forward primer (FP) and reverse complement
primer (RCP) pairs: mouse MMP-9 (GenBank reference
Z27231), FP 5′-TAGTGAGAGACTCTACACAG-3′ (bp
835–854), RCP 5′-CCACTTCTTGTCAGTGTCGA-3′ (bp
1155–1174); mouse MMP-12 (GenBank reference
M82831), FP 5′-ACAGCATCTTAGAGCAGTGC-3′ (bp
270–289), RCP 5′-AGTCCACGTTTCTGCCTCAT-3′ (bp
572–591); and mouse GAPDH (GenBank reference
M32599), FP 5′-ATGTCGTGGAGTCTACTGGT-3′ (bp
321–340), RCP 5′-TGGCATGGA CTGTGGTCATG-3′ (bp
562–581). For mice with targeted disruption of MMP-
9, alternate primers were used to amplify a specific
sequence from within the disrupted region: FP 5′-
TGGCA GAGGCATACTTGTAC-3′ (bp 153–172) and RCP

5′-AACTGGATGACAATGTCCGC-3′ (bp 509–528). RT-
PCR products were resolved by agarose electrophoresis
and transferred to Hybond N+ nylon membranes
(Amersham Life Science Inc., Arlington Heights, Illi-
nois, USA). Using an enhanced chemiluminescence
(ECL) 3′-oligolabeling and detection system purchased
from Amersham, Southern hybridization was per-
formed with oligonucleotide probes specific to mouse
MMP-9 (5′-ACCACAGCCAACTA TGACCA-3′ [bp 965–984]
or 5′-CCTCAAGTGGGACCATCATA-3′ [bp 358–377] for
knockout mice), MMP-12 (5′-GGTACCTCACT-

TACAGGATC-3′ [bp 314–333]), and GAPDH (5′-ATGG

GTGTGAACCACGAGAA-3′ [bp 437–456]). Membranes
were washed under stringent conditions, then incubat-
ed with horseradish peroxidase–conjugated anti-fluo-
rescein antibodies and ECL kit reagents.

Irradiation and bone marrow transplantation.
129/SvEv wild-type and MMP-9–/– mice under-
went lethal gamma irradiation (∼9.5 Gy) from
a cesium source, followed 6 hours later by
transplantation with femoral bone marrow
cells obtained from 6- to10-week-old syngene-
ic SvEv donors (5 × 106 cells per recipient;
0.3–0.5 mL by intravenous injection). Four
groups were studied: (a) wild-type marrow
transplanted to wild-type recipients; (b) wild-
type marrow transplanted to MMP-9–/– recipi-
ents; (c) MMP-9–/– marrow transplanted to

wild-type recipients; and (d) MMP-9–/– marrow trans-
planted to MMP-9–/– recipients. Mice were housed in a
specific-pathogen-free–barrier environment, and all
nontransplanted animals died within 14 days of irra-
diation. Animals achieving successful engraftment
underwent the elastase perfusion procedure at least 10
weeks after transplantation.

Results
Development of an elastase-induced mouse model of aortic
aneurysm. Our initial goal was to develop a repro-
ducible murine model of elastase-induced AAAs for
application to gene-targeted animals. Measurements
of AD were obtained in 45 adult male 129/SvJ mice
before and after transient intraluminal perfusion with
porcine pancreatic elastase, with 33 animals under-
going perfusion with heat-inactivated elastase as con-
trols (Figure 1). A moderate amount of aortic dilata-
tion was present immediately after perfusion, with
AD increasing after elastase (74 ± 5%) and after inac-
tive elastase (54 ± 3%). Although this initial difference
in diameter was significant (P < 0.05), there was no
further increase in AD in either group up to 7 days,
and the increase in AD did not reach aneurysmal pro-
portions (∆AD > 100%) either immediately after per-
fusion or within 7 days of perfusion. In contrast, the
difference in AD between groups diverged markedly
by 14 days, with the development of AAAs in 21 of 23
animals (91%) perfused with elastase, but no
aneurysms in 12 control animals perfused with inac-
tive elastase (mean ∆AD, 134 ± 8% vs. 41 ± 6%; P <
0.05). These findings establish that transient elastase
perfusion is initially accompanied by only moderate
aortic dilatation up to 7 days, but that AAAs consis-
tently develop by 14 days.
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Figure 3

MMP production during aneurysm development. (a)

Casein zymography of porcine pancreatic elastase (PPE)

and mouse aortic wall extract obtained 24 hours after

elastase perfusion (post). (b) Gelatin zymography

depicting the pro- and activated forms of MMP-2 and

MMP-9 (kDa, mobility of molecular weight standards).

(c) Gelatin substrate zymogram (14 days after elastase

sample) incubated in substrate buffers containing 5 mM

PMSF or 10 mM EDTA. (d) RT-PCR/Southern blots to

detect MMP-9 and MMP-12 mRNA, with GAPDH as a

loading control.



Light microscopy revealed minimal damage to the
medial elastic lamellae for up to 7 days in both exper-
imental groups (Figure 2, a–c). At the 14-day interval
associated with aneurysmal dilatation, elastase-per-
fused aortas exhibited a dense inflammatory response
and extensive degradation of medial elastin; in con-
trast, the elastic lamellae appeared nearly normal in
animals perfused with heat-inactivated elastase (Fig-
ure 2, d and e). Fragmented elastic fibers were
observed frequently surrounding mononuclear
phagocytes in elastase-induced aneurysm tissues
(Figure 2f), and leukocytes reactive with a
macrophage-specific antigen (Mac3) were the domi-
nant cell type detected by immunohistochemistry.
These cells were frequently colocalized with
immunoreactive MMP-9 on serial sections, but MMP-
9 did not appear in association with medial smooth
muscle cells or fibroblasts (Figure 2, g and h).
Although polymorphonuclear neutrophils (PMNs)
were also present in elastase-induced AAA tissues,
they were distributed in the peripheral aspect of the
aortic adventitia rather than the degenerating media,
and their pattern was distinct from that of
immunoreactive MMP-9 (Figure 2i). These observa-
tions demonstrate that the development of elastase-
induced aneurysms is temporally and spatially asso-
ciated with a chronic transmural inflammatory
response, destructive changes in aortic wall elastin,
and inflammatory cell production of MMP-9.

Porcine pancreatic elastase (∼30 kDa) was not
detectable in aortic wall extracts within 24 hours of
elastase perfusion (Figure 3a), indicating that pro-
teinases other than pancreatic elastase are responsi-
ble for the late degradation of aortic wall elastin
associated with aneurysmal dilatation. The only
gelatinase produced in the normal aorta was MMP-
2 (Figure 3b), and within 2 days of elastase perfu-
sion there was a slight increase in this enzyme along
with the appearance of its lower-molecular-weight
(activated) form. MMP-9 (∼105 kDa) was also
induced at this early interval, and activated MMP-2
and MMP-9 were both increased further by 7 days
and particularly by 14 days, when the elastase-per-
fused aortas underwent aneurysmal dilatation.
Using RT-PCR coupled with Southern blots, aortic
wall expression of MMP-9 and MMP-12 mRNA was
also increased during the development of elastase-
induced AAA (Figure 3d).

The functional significance of MMPs in elastase-
induced AAAs was examined in mice treated with doxy-
cycline, a nonselective MMP inhibitor, for 14 days after
elastase perfusion (Table 1). Doxycycline-treated ani-
mals exhibited a significant reduction in mean AD
compared with untreated controls, as well as a reduc-
tion in the incidence of AAAs in individual animals,
from 91 to 50% (P < 0.05). These observations collec-
tively support the notion that MMPs are responsible
for the progressive connective tissue degradation that
characterizes this model of AAAs.

Suppression of aneurysm development in gene-targeted mice.
To examine the possibility that either MMP-9 or 
MMP-12 might be required in the development of
experimental AAAs, we examined the response to elas-
tase perfusion in mice with targeted disruption of the
MMP-9 and MMP-12 genes. While phenotypic and
functional abnormalities in MMP-9–/– and MMP-12–/–

mice have been described (20–22), neither of these ani-
mals is known to exhibit spontaneous cardiovascular
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Figure 4

Effect of targeted gene deletions on elastase-induced aneurysmal

dilatation. (a) The percent increase in AD was determined after 7 days

(129/SvJ negative control; n = 12) or 14 days (all other groups). The

129/SvJ (n = 23) and 129/SvEv (n = 10) mice served as wild-type back-

ground controls for MMP-12–/– (n = 10) and MMP-9–/– (n = 10) ani-

mals, respectively, as well as double-deficient (MMP-9–/–/MMP-12–/–)

mice (n = 10). Dox indicates 129/SvJ wild-type mice treated with doxy-

cycline for 14 days after elastase perfusion (n = 8). Data shown rep-

resent the mean ± SEM for each group (AP < 0.05 compared with the

14-day SvJ control group). (b) Gelatin zymography depicting MMP-2

and MMP-9 production in wild-type and gene-targeted mice. (c) RT-

PCR/Southern blots demonstrating the expression of MMP-9 and

MMP-12 in the same animals, with GAPDH as a loading control.



abnormalities. To guard against the possibility that
MMP-9 and MMP-12 might be biologically redundant
with respect to their elastolytic activities, we also exam-
ined mice with targeted disruption of both MMP-9 and
MMP-12. Before the elastase perfusion experiments, we
detected no discernible difference in aortic wall struc-
ture between any of these mutant strains and their
wild-type counterparts (data not shown).

Elastase perfusion experiments revealed that aneurys-
mal dilatation is substantially reduced in MMP-9–defi-
cient mice and in animals with combined deficiency in
both MMP-9 and MMP-12 (Figure 4a). Thus, the
increase in aortic diameter by 14 days after perfusion
was only 87% (±10%) in MMP-9–/– mice and 79% (± 9%)
in MMP-9–/–/MMP-12–/– mice, compared with 134% 
(± 8%) and 132% (± 8%) in the 129/SvJ and 129/SvEv
background controls, respectively (P < 0.05, Student’s t
test). AAAs developed in 40% of the MMP-9–/– animals
and in only 20% of the MMP-9–/–/MMP-12–/– animals,
compared with a combined prevalence of 94% in wild-
type background controls (P < 0.05, χ2 analysis). In con-
trast, aneurysm development was unaffected in mice
with isolated deficiency of MMP-12, which exhibited a
mean increase in aortic diameter of 134% (± 7%) and a
100% incidence of AAAs. The expected molecular alter-
ations in these gene-targeted mice were confirmed by
both substrate zymography and RT-PCR/Southern
blot analysis (Figure 4, b and c), with no evidence for a
“compensatory” increase in one elastolytic enzyme in
the absence of the other.

Light microscopy revealed that the reduction in
aneurysmal dilatation in MMP-9–deficient mice was
associated with preservation of the medial elastic
lamellae (Figure 5). Thus, at 14 days after perfusion the
elastic lamellae were well preserved in MMP-9–/– and
MMP-9–/–/MMP-12–/– mice, whereas MMP-12–/– mice
exhibited destruction of medial elastic fibers equivalent
to that observed in wild-type animals. There was also
no detectable suppression of the elastase-induced
inflammatory response in any of the genetically altered
mice; in particular, MMP-9–/– animals continued to dis-
play aortic wall infiltration by mononuclear phago-
cytes and neutrophils. Similar morphologic features
were observed in wild-type mice treated with doxycy-
cline, a finding consistent with pharmacologic inhibi-
tion of metalloproteinases within the aortic wall.

Effects of bone marrow transplantation on the aneurysm-
resistant phenotype. To determine if the aneurysm-resist-
ant phenotype observed in MMP-9–/– mice is attributa-
ble to the absence of MMP-9 in mononuclear
phagocytes or neutrophils, elastase perfusion was per-
formed in animals that had been subjected to lethal
irradiation and syngeneic bone marrow transplanta-
tion (Table 2). Compared with 129/SvEv controls
reconstituted with wild-type bone marrow, there was a
significant reduction in aortic dilatation in wild-type
mice reconstituted with bone marrow from MMP-9–/–

donors. In contrast, MMP-9–/– animals reconstituted
with wild-type bone marrow had a significantly greater
extent of aortic dilatation than controls reconstituted
from MMP-9–/– donors. These results provide evidence
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Figure 5

Histologic changes during the suppression of elastase-induced

aneurysmal dilatation. (a–h) Sections stained with VVG for elastin.

Normal preperfusion aorta (a), 14 days postperfusion wild-type mice

with aneurysmal dilatation (b), 14 days postperfusion wild-type mice

treated with doxycycline (c), 14 days postperfusion MMP-9–/– mice

(d), 14 days postperfusion MMP-9–/–/MMP-12–/– mice (e), 14 days

postperfusion MMP-12–/– mice (f). (g–i) Fourteen days postperfusion

MMP-9–/– mice, with immunoperoxidase staining for macrophages

(g), neutrophils (h), and mouse IgG (negative control) (i). ×100.

Table 2
Effects of bone marrow transplantation on elastase-induced aneurysmal dilatation

Mouse aortic diameter (mm)A

Donor → HostB
n pre-elastase postelastase 14 days

Wild-type → Wild-type 7 0.50 ± 0.01 0.83 ± 0.02 0.90 ± 0.04
MMP-9–/– → Wild-type 10 0.52 ± 0.01 0.87 ± 0.02 0.79 ± 0.02C

MMP-9–/– → MMP-9–/– 9 0.52 ± 0.01 0.83 ± 0.02 0.78 ± 0.02
Wild-type → MMP-9–/– 12 0.50 ± 0.01 0.87 ± 0.02 1.00 ± 0.03C

AAD measurements were obtained immediately before (pre) and after (post) elastase perfusion and 14 days later. B129/SvEv mice underwent lethal irradiation and
syngenic bone marrow transplantation as indicated, 10 weeks before undergoing elastase perfusion. All data represent the mean ± SEM (CP < 0.05, Student’s t test).



that the aneurysm-resistant phenotype in MMP-9–/–

mice is due to a lack of expression of MMP-9 in infil-
trating inflammatory cells rather than developmental
abnormalities in aortic wall structure or the absence of
MMP-9 expression by resident aortic wall cell types.

Discussion
Aneurysmal degeneration involves destructive remod-
eling of aortic wall connective tissues associated with
chronic mononuclear inflammation and excessive local
production of matrix-degrading proteinases. Although
pancreatic elastase is not known or suspected to play a
role in human AAAs, elastase-induced animal models
have been valuable for examining biological mecha-
nisms involved in aneurysm disease. In the studies
reported here, we show that transient perfusion of the
mouse aorta with a low concentration of elastase does
not cause immediate aneurysmal dilatation, but initi-
ates a pathologic response that consistently results in
the delayed development of AAAs. Because late
aneurysmal dilatation was not observed after perfusion
with heat-inactivated elastase, aneurysm development
is initially dependent on elastase activity and the sub-
sequent inflammatory response, rather than simply the
mechanical effects of intraluminal perfusion or an
immunologic reaction to foreign (porcine) protein. In
addition to submicroscopic injury to elastic fibers, one
of the consequences of transient elastase perfusion may
be to generate proteolytic fragments derived from
elastin, laminin, and other matrix proteins. In high
local concentrations, these biologically active peptides
may promote leukocyte chemotaxis and increased
MMP expression (23, 24). The response of the elastase-
injured mouse aorta therefore parallels that which
occurs in the rat, recapitulating many of the tissue-
remodeling events thought to be important in the
pathophysiology of human AAAs.

Based on evidence that tetracycline derivatives sup-
press MMP activity by both direct and indirect mecha-
nisms (25), we used doxycycline to examine if elevated
MMP production might be functionally significant in
the development of elastase-induced AAAs. Similar to
our previous studies in rats using either doxycycline,
nonantibiotic chemically modified tetracyclines or
hydroxamate-based MMP inhibitors (16, 17, 19), treat-
ment with doxycycline attenuated elastase-induced
aneurysmal degeneration in the mouse by approxi-
mately 50%. This was associated with preservation of
the elastic lamellae despite the presence of infiltrating
inflammatory cells, suggesting that doxycycline exerts
its effects by inhibiting proteinases responsible for con-
nective tissue destruction. Even though it remains
unclear if direct pharmacologic inhibition or a reduc-
tion in gene expression is most important in the MMP-
inhibiting effects of tetracyclines in vivo, we found
recently that doxycycline can suppress aortic wall
expression of MMP-9 up to fivefold in patients under-
going elective AAA repair (26).

The most significant aspect of this study was the

application of the elastase-induced murine model to
gene-targeted animals, allowing us to investigate the
relative contributions of MMP-9 and MMP-12, two
elastolytic MMPs previously implicated in human
AAAs. Although we found that aortic wall expression
of both metalloproteinases is upregulated in wild-type
mice within 7 to 14 days of elastase perfusion, animals
deficient in MMP-9 (either in isolation or in combina-
tion with MMP-12) exhibited a marked reduction in
aortic dilatation. The suppression of aneurysms in
MMP-9–deficient mice was associated with morpho-
logic preservation of the elastic lamellae despite the
presence of infiltrating mononuclear phagocytes and
neutrophils, suggesting a direct role for MMP-9–medi-
ated proteolysis in AAAs. These observations also
demonstrate for the first time that a single metallo-
proteinase, MMP-9, is required for the development of
elastase-induced AAAs.

Even though it can be inferred from this study that
MMP-9 participates in aneurysm development by
virtue of its elastolytic activity (27), MMP-9 may ful-
fill only one of several critical steps in accelerated
elastic fiber degradation. The possibility that other
gene products may also be required is supported by
earlier studies showing that urokinase-type plas-
minogen activator (u-PA) and MMPs are both impor-
tant for aneurysm formation in ApoE-deficient mice
(28), that overexpression of plasminogen activator
inhibitor-1 can suppress aneurysm formation and
rupture in rat xenografts (29), and that several other
metalloproteinases are overexpressed in human AAAs
(30). Thus, extracellular activation of proMMP-9 may
depend on additional enzymes, such as MMP-3
(stromelysin-1), u-PA/plasmin, or neutrophil elastase
(31–33), and other proteinases may augment 
MMP-9–mediated degradation of elastic fibers (e.g.,
MMP-2, MMP-12, neutrophil elastase, or elastolytic
cathepsins) (7, 34). Finally, it is also important to
consider how genetic deficiency in MMP-9 might
have altered the function of tissue inhibitors of met-
alloproteinases (TIMPs) during the process of elas-
tase-induced aneurysmal degeneration. MMP-9 is
secreted from most cell types in a complex with
TIMP-1 (35), and whereas it is reasonable to expect
that TIMP-1 is also expressed within the elastase-
injured aorta, it is not yet known how MMP-9 defi-
ciency influences TIMP-1 expression, secretion, or its
biological availability to interact with other MMPs.

We found that isolated genetic deficiency of 
MMP-12 does not have a significant influence on elas-
tic fiber degradation or aneurysm development, indi-
cating that MMP-12 is not essential for elastase-induced
AAAs and that its expression cannot “compensate” for
the absence of MMP-9. This was surprising given that
MMP-12 appears to play a critical role in macrophage-
mediated elastic fiber degradation in vitro (21) and in
experimental pulmonary emphysema (22), but empha-
sizes that individual metalloenzymes may have unique
roles in tissue-specific inflammatory responses (36).
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Because our studies did reveal a slight enhancement of
the aneurysm-resistant phenotype in double-deficient
mice compared with those with MMP-9 deficiency
alone, it appears that MMP-12 might still be acting to
assist elastic fiber degradation in this model. Further
studies will be needed to examine this possibility.

Our immunohistochemical studies revealed that
inflammatory cells, particularly mononuclear phago-
cytes, are the dominant source of MMP-9 during elastase-
induced aneurysmal degeneration. Studies employing in
situ hybridization have also shown that “aneurysm-infil-
trating macrophages” are the principal source of MMP-9
in human AAAs (8). Although neutrophils can store and
release MMP-9 from specific granules upon stimulation,
PMNs do not actively synthesize MMP-9 mRNA, and this
enzyme is not necessary for PMN emigration into tissue
(36, 37). The presence of neutrophils within the elastase-
injured aortic wall therefore suggests that they may be
one of the initial sources of MMP-9 in our model, but
that other cell types are likely responsible for sustained
MMP-9 expression. Whereas vascular smooth muscle
cells and adventitial fibroblasts produce only MMP-2
under normal conditions, both of these cell types can also
express MMP-9 in pathologic states or upon activation
by proinflammatory cytokines. Our studies confirm that
MMP-9 is not expressed to a significant degree in the nor-
mal mouse aorta, but that it increases early after elastase
perfusion and even more so between 7 and 14 days. This
coincides with leukocyte infiltration of the elastase-
injured aorta, supporting the view that mononuclear
phagocytes are responsible for the increased production
of MMP-9 at later intervals. More convincing evidence
that inflammatory cells are responsible for MMP-9
expression arises from our studies in mice subjected to
irradiation and bone marrow transplantation, which
demonstrated that the aneurysm-resistant phenotype in
MMP-9–/– mice can be effectively “rescued” by reconsti-
tution with wild-type bone marrow. Because the
aneurysm-resistant phenotype can also be transferred to
wild-type mice through MMP-9–/– hematogenous cells,
the amount of MMP-9 that might be expressed by resi-
dent aortic wall cells appears to be insufficient to sustain
aneurysmal degeneration.

Population-based screening studies reveal that up to
9 percent of individuals over the age of 65 harbor an
unsuspected AAA (38). Although the vast majority of
these lesions are small and asymptomatic, their natu-
ral history is characterized by progressive growth and
eventual rupture. Recognition that different MMPs
participate in the pathobiology of AAAs has fostered
the notion that these enzymes might be useful thera-
peutic targets in this disease, providing a novel
approach to reduce the degradation of fibrillar proteins
responsible for maintaining aortic wall tensile strength
and potentially suppressing the rate of aneurysm
expansion (39). The present study provides new exper-
imental evidence in support of this concept and sug-
gests that strategies targeting MMP-9 might be a par-
ticularly fruitful avenue for further investigation.
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