
Introduction
Atherosclerosis, one of the major diseases of the Western
world, is a complex inflammatory process that can pro-
foundly affect the constitution of the vessel wall of major
arteries (1). Atherosclerotic lesions are first characterized
by the presence of inflammatory cells, mainly lipid-filled
macrophages, forming fatty streaks in the neointima of
the vessel. Evolution of the disease results in more com-
plex lesions, containing necrotic cores, migrating
smooth muscle cells, and macrophages amid prominent
ECM (1–3). The mature atherosclerotic plaque is covered
by a fibrous cap mainly composed of fibrillar collagens,
elastin, and proteoglycans (2). Rupture of the fibrous cap
leads to the liberation of highly thrombogenic molecules
into the circulating blood. Subsequent thrombus for-
mation often results in acute coronary syndromes,
including lethal myocardial infarction (1, 4).

Recent observations suggest that enzymes belonging to
the matrix metalloproteinase (MMP) family (5) are criti-
cally involved in matrix remodeling of the atherosclerot-
ic lesions. These MMPs, including interstitial collagenase
(MMP-1) (6, 7), gelatinases A (MMP-2) (8) and B (MMP-
9) (6, 9, 10), stromelysin-1 (MMP-3) (6, 11), matrilysin
(MMP-7) (12), macrophage metalloelastase (MMP-12)
(12), collagenase-3 (MMP-13) (13), and membrane-type
MMP (MMP-14) (14), have been detected at the protein
or mRNA level in the atherosclerotic lesions, but not in
normal human vessels. Interstitial collagenase (MMP-1),

together with stromelysin-1, was also shown to be con-
stitutively expressed by macrophage foam cells of rabbit
aortic atheroma (15). MMP-1 is a highly specific protease
capable of degrading insoluble fibrillar collagens (16),
especially of types I and III, which are the major collagens
of the atherosclerotic plaque (17). Because of the sub-
strate specificity of MMP-1 and its colocalization with
macrophages and degraded fibrillar collagen in the lesion
(13), it has been hypothesized that this proteinase could
contribute to the expansion and rupture of the plaque.

When fed a high-cholesterol, Western-type diet, the
apoE knockout (apoE0) mice (18, 19) rapidly develop
complex atherosclerotic lesions that are very similar to
those of humans (20, 21) but that do not rupture (22).
Mice do not possess a homologous gene to human
MMP-1 (23), and remodeling of the collagen matrix in
mouse atherosclerosis would therefore be performed by
collagenase-3 (MMP-13), which is known to be expressed
in plaques (24, 25). A recently cloned MMP, Mcol-A
(murine collagenase-like A), may represent the murine
orthologue to human MMP-1, although its specific
activity against type I collagen is significantly lower and
its pattern of expression in disease is unknown (26). To
establish the in vivo role of MMP-1 in atherosclerosis, we
have generated a transgenic mouse model that specifi-
cally expresses human MMP-1 in tissue macrophages
(27). The effect of the transgenic expression of MMP-1
on aortic atherogenesis was examined in apoE0 mice.
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Matrix metalloproteinase-1 (MMP-1), or interstitial collagenase, has been hypothesized to contribute
to the progression of the human atherosclerotic lesions by digesting the fibrillar collagens of the neoin-
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Surprisingly, the transgenic mice demonstrated decreased lesion size compared with control litter-
mates. The lesions of the transgenic animals were less extensive and immature, with fewer cellular lay-
ers and a diminished content of fibrillar collagen. There was no evidence of plaque rupture. Our data
suggest that remodeling of the neointimal ECM by MMP-1 is beneficial in the progression of lesions.
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Methods
Generation of mice. ApoE0 mice on the C57BL/6 genetic
background were obtained from The Jackson Laboratory
(Bar Harbor, Maine, USA). The generation of the trans-
genic mice was described previously (27). Briefly, the
sequences upstream from the translation initiation codon
of the human MMP-1 gene were removed. The collage-
nase genomic fragment (9.3 kb) was inserted downstream
of the human scavenger receptor A enhancer/promoter
sequence (4.5 kb) using a newly created SmaI restriction
site (Figure 1). The transgene was isolated from the
cloning plasmid by NotI/SalI digestion, purified by CsCl
gradient centrifugation, and microinjected into fertilized
mouse eggs (F1[C57BL/6xCBA/J]x F1[C57BL/6xCBA/J]).
Mice were crossed into the C57BL/6 background for more
than six generations and then crossbred with apoE0 mice.
The animals were genotyped by PCR and Southern blot
analysis as described elsewhere (28). All characterization
studies were done on a second line of mice, and the data
are identical to those presented here.

RNase protection. Total RNA was prepared from mouse
tissue and peritoneal macrophages using the guani-
dinium thiocyanate–cesium chloride method (29), and
RNase protection analysis was performed as described
previously (30). Ten micrograms of RNA from a trans-
genic mouse line that overexpressed MMP-1 in the lung
(30) were hybridized as a positive control.

Western blot analysis. Detection of human MMP-1 protein
was performed by semiquantitative Western blot analysis.
Mice were injected intraperitoneally with 1 ml of 4% thio-

glycolate, and the ascites fluid collected after 4 days. The
macrophages were centrifuged in 5 ml of PBS, resuspend-
ed in 10 ml of Neuman and Tytell serumless medium (Life
Technologies Inc., Gaithersburg, Maryland, USA), and
plated on a 150-mm Petri dish. The medium was replaced
after 2 hours of incubation at 37°C, and the cells were
then incubated for another 48 hours. The culture super-
natant was concentrated 12-fold. To analyze the proteins
from the aorta, the tissue was homogenized in 2 ml of PBS
containing 1% Triton X-100, 0.1% SDS, 0.2% NaN3, 1 mM
EDTA, and serine- and cysteine-proteinases inhibitors
(Complete Mini; Roche Molecular Biochemicals, Indi-
anapolis, Indiana, USA). A bicinchoninic acid protein
assay (Pierce Chemical Co., Rockford, Illinois, USA) was
performed, to control for loading of protein for each sam-
ple on a SDS-PAGE (10%). After migration, the proteins
were transferred to a nitrocellulose membrane (BioRad
Laboratories Inc., Hercules, California, USA). The primary
antibody used was a polyclonal rabbit antibody to human
MMP-1 (Chemicon International Inc., Temecula, Califor-
nia, USA). Blots were developed by chemiluminescence as
described by the manufacturer (NEN Life Science Prod-
ucts Inc., Boston, Massachusetts, USA).

Collagenase assay. Qualitative levels of MMP-1 protein
were determined by a collagenase gel assay, to detect spe-
cific collagen degradation fragments. The macrophages
were collected as already described here and were cultured
in Neuman and Tytell serumless medium (Life Technolo-
gies Inc.) overnight. The culture medium was collected and
concentrated 12-fold. Activation of latent MMP-1 was per-
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Figure 1
Expression of human MMP-1 in transgenic macrophages. (a) Tissue expression pattern of human MMP-1 in transgenic mice. An RNase pro-
tection assay was performed using RNA isolated from peritoneal macrophages (Mφ), the heart, lung, aorta, liver, spleen, kidney, testis, and
brain. Both wild-type (Wt) and transgenic (Tg) macrophages were analyzed. The unprotected probe is 842 nucleotides (nt), and the pro-
tected fragment is 585 nucleotides. (b) Western blot analysis of peritoneal macrophages culture media after activation with APMA. The acti-
vated human collagenase-1 (Mr 45,000) is detected only in the media from transgenic macrophages, not from wild-type. Macrophages from
two transgenic and two wild-type mice were tested. Activated purified human interstitial collagenase (MMP-1) and culture medium alone
(CM) were used as controls. (c) Collagenase activity in the culture media from transgenic and normal peritoneal macrophages. Culture media
of peritoneal macrophages from two transgenic and two wild-type mice were activated with APMA and incubated with type I collagen. The
characteristic 1/4 COOH-terminal fragments of the monomeric α1 and α2 chains from type I collagen, produced by MMP-1, are detected
in the media from transgenic macrophages.



formed by incubation with 1.5 mM p-aminophenylmer-
curic acetate (APMA; Sigma Chemical Co., St. Louis, Mis-
souri, USA) for 12 hours at 37°C. Ten microliters of each
sample was incubated with 5 µl of 14C-labeled rat tail type
I collagen (3 mg/ml) (31) in a total volume of 20 µL (50
mM Tris-HCl [pH 7.5], 0.15 M NaCl, 10 mM CaCl2, 0.05%
Brij 35, and 0.02% NaN3) overnight at 37°C. The digestion
products were analyzed by SDS-PAGE (9%).

Lipid and fast performance liquid chromatography analysis.
Plasma samples from fasted apoE0 (n = 2) or transgenic
apoE0/MMP-1 (n = 3) mice (on a Western diet for 16
weeks) were pooled to a final volume of 100 µl, and
their lipoproteins were fractionated by fast perform-
ance liquid chromatography (FPLC) (Superose 6;
Amersham Pharmacia Biotech Inc., Piscataway, New
Jersey, USA). Phospholipids and total cholesterol levels

of each fraction (1.5 ml) were determined by a 4-
aminoantipyrine–based enzymatic assay (Wako Bio-
products, Richmond, Virginia, USA).

Quantitative cell migration assay. Peritoneal macro-
phages (250,000 cells per well) were plated on Boy-
den chambers coated with human fibronectin or
type I collagen (Chemicon International Inc.) in
DMEM medium with 10% FBS. The lower compart-
ment of the chambers contained the same medium
with murine monocyte chemotactic protein-1 (MCP-
1) (R&D Systems Inc., Minneapolis, Minnesota,
USA) at 10 ng/ml. After 48 hours of incubation
(37°C, 5% CO2), the number of macrophages having
penetrated the gel were quantified following the
manufacturer’s instructions.

Histological analysis. Paraffin-embedded tissues were
sectioned (4 µm) and stained with hematoxylin and
eosin (H&E) for light microscopy. Serial sections were
also stained by silver impregnation and Mallory
trichrome, for collagen fibers, and Elastica van Gieson,
for elastic fibers (32).
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Figure 2
Migration properties of wild-type (Wt) and transgenic (Tg) peritoneal macrophages.
Peritoneal macrophages (250,000 cells per well) were plated on Boyden chambers
coated with human fibronectin (filled bars) or type I collagen (gray bars). The lower
compartment of the chambers contained the monocyte chemotactic protein-1 at
10 ng/ml. Results are represented as the percentage of cells having penetrated the
gel after 48 hours of incubation at 37°C.

Figure 3
Presence of human MMP-1 in the atherosclerotic lesions of transgenic mice. (a) Western blot analysis of the aortic proteins from apoE0 (C)
and transgenic MMP-1/apoE0 (Tg) mice using a rabbit polyclonal antibody against human MMP-1. Fifty micrograms of proteins were loaded
on the gel. A signal of Mr 55,000 corresponding to MMP-1 is detected in the extract from the transgenic mouse. (b) RT-PCR. One micro-
gram of total RNA isolated from the aorta of a transgenic MMP-1/apoE0 mouse was used for RT-PCR using primers designed from exons
9 and 10 of the human MMP-1 gene. The expected size of 619 bp was detected (Tg). No signal was detected when the reverse transcriptase
was replaced with Taq polymerase (C). The PCR product from genomic DNA shows the expected size of 819 bp. M = molecular weight mark-
er. (c) Immunohistochemical detection of MMP-1. Sections of the proximal aortas from apoE0 and transgenic MMP-1/apoE0 mice that
were fed a Western diet for 16 weeks were incubated with a mouse mAb raised against human MMP-1. Scale bar: 50 µm.



Immunohistochemistry. Immunohistochemical detec-
tion of human MMP-1 in the lesions was performed
using the avidin-biotin-horseradish peroxidase method
(ScyTek, Logan, Utah, USA) with specific mouse mon-
oclonal antibodies (Fuji Chemicals, Toyama, Japan) at
a final concentration of 6 µg/ml in PBS. The activity of
the peroxidase was revealed by diaminobenzidine as a
substrate, yielding a brown deposit. Sections were
counterstained with hematoxylin. The detection of
cleaved type I collagen neoepitopes was performed with
the biotinylated monoclonal 9A4 antibody (33) at a
concentration of 20 µg/ml in PBS, followed by a strep-
tavidin-linked peroxidase revelation system (Zymed
Laboratories Inc., South San Francisco, California,

USA). Sections incubated with PBS alone were includ-
ed as controls. Macrophages were detected using the rat
anti-mouse Mac-3 monoclonal antibody (PharMingen,
San Diego, California, USA).

Quantification of atherosclerosis. The mice were fed a
high-fat Western-type diet (20% protein, 50% carbohy-
drate, 21% fat, 0.21% cholesterol; Research Diets, New
Brunswick, New Jersey, USA) for 16 weeks. They were
anesthetized with 2.5% avertin intraperitoneally, the
inferior vena cava was nicked and the heart was pres-
sure-perfused at 80 mmHg via left ventricular puncture.
The heart was first perfused with PBS then with 10%
neutral buffer formalin for 5 minutes to fix the aorta.
The tissue was embedded in paraffin for histological
analysis or in OCT. compound (Tissue-Tek; Miles Lab-
oratories, Elkhart, Indiana, USA) and snap-frozen for
quantitation studies. Transverse sections of 10 µm from
the proximal aorta (covering a length of 1.2 mm) were
stained with oil red-O. Every eighth section, for a total
of six sections, was quantitated for accumulation of
intimal lipid by video microscopy using the Image Pro
software (version 3.0; Media Cybernetics, Silver Spring,
Maryland, USA), and an average value was determined
for each mouse (34). For matrix quantification, five
transverse sections from each proximal aorta were
stained with Masson trichrome, and the collagen con-
tent was measured using Image Pro.

Statistical analysis. Analysis were performed by the
unpaired Student’s t test, with P < 0.05 considered sig-
nificant. Lesion sizes are presented as mean ± SEM.

Results
The human MMP-1 gene was placed under the control
of the scavenger receptor A enhancer/promoter (27),
which results in specific gene expression in tissue
macrophages and foam cells of atherosclerotic lesions
(35), and transgenic lines were established (27). The
specificity of transgene expression was analyzed by
RNase protection assay. Total RNA from resident peri-
toneal macrophages and from other tissues was tested,
as shown in Figure 1a. MMP-1 expression was detected
as a protected fragment of 585 nucleotides in the

1230 The Journal of Clinical Investigation | May 2001 | Volume 107 | Number 10

Figure 4
Immunohistochemical detection of cleaved type I collagen. Aortic sec-
tions from 30-week-old apoE0 and MMP-1/apoE0 mice were stained
with the 9A4 mAb against collagenase-cleaved type I collagen. Sec-
tions were counterstained with methyl green. Scale bar: 100 µm.

Figure 5
Comparison of the aortic arch of
apoE0 (a and c) and transgenic
MMP-1/apoE0 (b and d) mice
after 16 weeks of the Western diet.
Longitudinal sections were stained
with H&E (a and b) and Mallory
trichrome (c and d). The areas
shown in c and d correspond to
the black boxes shown in a and b,
respectively. Scale bar: (a and b)
200 µm; (c and d) 50 µm.



macrophages from two transgenic lines but not in the
macrophages from wild-type littermates, nor in any of
the other tissues analyzed.

The presence of secreted MMP-1 in the culture media
of elicited peritoneal macrophages of MMP-1 trans-
genic mice was detected by Western blot analysis (Fig-
ure 1b). The APMA-activated MMP-1 (45 kDa) was
detected in the culture media of transgenic
macrophages, from transgenic lines 80 and 77, but not
in the media of the wild-type macrophages (Figure 1b).
Interstitial collagenase specifically cleaves type I colla-
gen at residues 775-776, generating a 3/4 NH2-terminal
and a 1/4 COOH-terminal fragments (16). The charac-
teristic collagenase digestion pattern on type I collagen
was found in the APMA-activated media of
macrophages from transgenic mouse lines 80 and 77,
but not from wild-type lines (Figure 1c). We can con-
clude that this activity was due to the presence of the
transgenic MMP-1, as no collagenase activity was
detected in the culture media from normal
macrophages. In addition, when transgenic
macrophages were incubated with plasmin, MMP-1
activity could be detected in the culture medium, with-
out requiring APMA activation. Culture medium from
wild-type macrophages, even when incubated with plas-
min, did not exhibit MMP-1 activity (data not shown).

To determine whether the transgene affected the migra-
tion and chemotaxis properties of the macrophages, their
capacity to invade an immobilized ECM in vitro was test-

ed (36). Macrophages from both groups of animals (n =
3) migrated equally well in response to MCP-1 (Figure 2).
Moreover, the number of cells collected from the peri-
toneum 5 days after thioglycolate injection was similar
between the wild-type (5.43 ± 1.11 million cells per milli-
liter, n = 3) and the transgenic mice (5.36 ± 1.24 million
cells per milliliter, n = 3). The macrophages were identi-
fied by murine Mac-3 immunostaining followed by flow
cytometry (data not shown) and represented approxi-
mately 75% of each cellular population.

To study the role of macrophage MMP-1 in athero-
genesis, the transgenic mouse line that expressed the
highest level of human collagenase (line 77) (27) was
crossed with the atherosclerosis susceptible apoE0
mice. A study population of apoE0 mice was generated
that was heterozygous for the MMP-1 gene, and non-
transgenic apoE0 littermates were used as the control
group. The two groups were fed a Western-type diet for
periods of 16–25 weeks. To determine whether the
transgene affected the plasma lipoprotein levels of the
mice, the cholesterol and phospholipid distribution in
FPLC profiles of the two groups of animals was ana-
lyzed and found to be almost identical (data not
shown). The total plasma cholesterol and triglyceride
levels were also similar between the transgenic MMP-
1/apoE0 (1,236.5 ± 235.2 mg/dl and 93.3 ± 20.9 mg/dl,
respectively; n = 6) and the control apoE0 (1,117.0 ±
416.4 mg/dl and 87.7 ± 32.0 mg/dl, respectively; n = 7).

The in vivo expression of the transgene in the lesions
was confirmed by Western blotting (Figure 3a) of aor-
tic protein extracts and by RT-PCR of aortic RNA (Fig-
ure 3b). MMP-1 was also detected by immunohisto-
chemistry using mAb’s, with a signal in the thickened
intima of the transgenic MMP-1/apoE0 mouse, but not
in the control apoE0 (Figure 3c). Demonstration of
MMP-1 activity in the lesions was performed by the
identification of the specific degradation product of
collagenase-cleaved type I collagen, using the biotiny-
lated monoclonal antibody 9A4 (33). An increased sig-
nal in the lesions of transgenic MMP-1/apoE0 mice
compared with apoE0 controls is shown in Figure 4.

After 16 weeks on the Western diet, aortas were fixed
and a careful histological examination of the lesions
was performed. The atheromatous lesions in the
MMP-1/apoE0 mice were found to be less extensive
and immature when compared with their littermate
controls. Longitudinal sections of the aortic arches of
transgenic MMP-1/apoE0 mice (n = 5) stained with
H&E (Figure 5b) showed smaller supravalvular
atheromatous plaques and minimal ascending aortic
lesions when compared with the control apoE0 mice
(n = 4) (Figure 5a). The lesions of the MMP-1 trans-
genic animals had less intimal thickening and longi-
tudinal extent, especially in the ascending aorta and
branch point. Mallory trichrome staining showed
lipid-filled macrophages and cholesterol clefts
between multiple layers of collagen fibers in the inti-
mal lesions of control mice (Figure 5c). Intimal colla-
gen staining was much less evident in the MMP-1
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Figure 6
Quantitative comparison of the atherosclerotic lesions in apoE0 and
transgenic MMP-1/apoE0 mice that were fed a Western diet for 16
weeks. Oil red-O–stained sections of proximal aortas from 21-week-
old apoE0 (n = 10) and apoE0/MMP-1 (n = 10) were quantitated for
neointimal lipid accumulation by video microscopy. Lesion sizes are
presented as mean ± SEM.



transgenic mice (Figure 5d). At a comparable level, the
atheromatous plaque of the transgenic mice present-
ed a smaller and earlier type of lesion, generally
described as fatty streaks (Figure 5d). Collagen was less
abundant in this plaque compared with the control,
and multiple strata were not identified.

The observed difference in lesion size was demon-
strated through a quantitative atherosclerosis assay after
16 weeks of the atherogenic diet (Figure 6). This showed
a significantly decreased average subintimal lipid depo-
sition in the proximal aortas of transgenic MMP-
1/apoE0 mice (459,134 ± 150,351 µm2; n = 10) compared
with the apoE0 controls (673,470 ± 139,868 µm2, n = 10;
P < 0.005, Student’s t test). It is, however, notable that
this assay, which only measures the lipid content, shows
a less dramatic difference than the histological exami-
nation, which includes the connective tissue of the
lesion. When the lesions were quantitatively examined
for matrix content with Masson trichrome staining, a
decrease in the average collagen content was found in the
transgenic lesions when compared with the lesions from
control animals: after 10 weeks of Western diet, 95,793
± 35,720 µm2 (n = 5) and 146,760 ± 33,851 µm2 (n = 4),
respectively (P = 0.03); and after 16 weeks of Western diet,
54,113 ± 38,792 µm2 (n = 3) and 155,956 ± 67,176 µm2 (n
= 3), respectively. Immunohistochemical analysis of the
lesions showed no difference in macrophages (Mac3)
and smooth muscle cells (α-actin) content between the
two groups of animals (data not shown).

Further examination of the lesions was performed after
25 weeks of the atherogenic diet (Figure 7). Cross-sections
of the vessel wall were stained by silver impregnation and
Elastica van Gieson. In apoE0 control mice (n = 5), an

abundant collagen matrix formed numerous layers
throughout the thickness of the atheromatous lesions
(Figure 7a). The adjacent media showed a rich network of
matrix, surrounding smooth muscle cells between parallel
elastic fibers (Figure 7b). In contrast, the smaller plaques
in the MMP-1 transgenic mice (n = 3) had fewer cellular lay-
ers and a less abundant silver-stained collagen matrix (Fig-
ure 7c). Fewer layers of collagen and elastic fibers were pres-
ent in those lesions, and where present, these layers did not
span the full thickness of the plaque. In the control, a more
prominent cellular layer is also apparent (Figure 7, a and
b). Immunohistochemistry using specific antibodies for
type I and III collagens, respectively, demonstrated a
decreased intensity in the lesions of the transgenic mice
(data not shown). There was no demonstrable difference
in the rich network of collagen matrix surrounding the
smooth muscle cells of the media of both groups of ani-
mals. No evidence of plaque rupture in the aortas of trans-
genic MMP-1/apoE0 mice was observed.

Discussion
The present study demonstrates that the in vivo expres-
sion of MMP-1 in the macrophages of apoE knockout
mice significantly decreases atherosclerotic lesion for-
mation. We initially undertook this study to address
the hypothesis that overexpression of MMP-1 in mouse
macrophages might lead to plaque rupture; surpris-
ingly, we found no evidence of rupture in transgenic
MMP-1/apoE0 mice lesions compared with control
apoE0 mice. These data thus suggest a beneficial role
of MMP-1 in plaque progression, perhaps related to
altered retention of atherogenic lipoproteins in plaques
due to the change in matrix composition (37). Similar
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Figure 7
Comparison of atherosclerotic lesions after 25 weeks of the Western diet. Histological sections at the same level of the proximal aortas of
apoE0 (a and b) and transgenic MMP-1/apoE0 (c and d) mice were stained with silver impregnation (a and c), for collagen fibers, and Elas-
tica van Gieson (b and d), for elastin. The media (M) and the lumen (L) of the aorta are indicated. Blood cells can be seen on the top of the
lesion. Aortas from three MMP-1/apoE0 and four apoE0 mice were examined. Scale bar: 50 µm.



FPLC lipid-profiles and in vitro macrophage invasion
capabilities between the two groups of mice demon-
strate that the observed difference in the lesions was
not due to variations in the plasma lipoprotein com-
position or to impaired migration properties of the
transgenic macrophages.

We show here that peritoneal macrophages from
normal mice do not have collagenolytic activity. Lack
of collagenase activity in nonstimulated macrophages
appears to be a characteristic of rodents (38), in con-
trast with human macrophages in culture that secrete
MMP-1 and can degrade collagen from atherosclerotic
fibrous caps (39). The lack of collagenolytic activity in
rodent macrophages could account for some of the
phenotypic differences between rodents and humans
seen in macrophage-dependent disease processes (40).

Although the exact mechanism by which MMP-1
could delay atherogenesis in the transgenic mice is
unknown, several hypotheses may account for this
observation. The interaction of peripheral blood mono-
cytes with the vascular matrix is important for their sub-
sequent differentiation into resident lipid-laden
macrophages. In particular, an interaction with type I
collagen enhances the in vitro differentiation of mono-
cytes into macrophages and increases their intracellular
lipid accumulation (41). Digestion of type I collagen by
MMP-1 could affect the differentiation of monocytes
into macrophages and delay atherogenesis. The pres-
ence of MMP-1 could also decrease the infiltration of
smooth muscle cells into the lesion, another crucial
event in atherosclerosis development (42). The produc-
tion of collagen by smooth muscle cells has been shown
to be necessary for the normal migration of these cells
in vitro (43), and degradation of this newly secreted col-
lagen by MMP-1 could impair the migratory process.

In vitro, type I and III fibrillar collagens bind native
LDL and, more efficiently, oxidized LDL (44, 45).
Smaller lesions in the transgenic mice could result
from decreased neointimal retention of oxidized LDL,
a highly atherogenic factor (1), owing to a smaller
amount of intact fibrillar collagens in the plaques.
Finally, the cleavage of an unknown physiological sub-
strate of MMP-1, such as an inflammatory factor,
could account for the observed phenotype.

Our data demonstrate that expression of MMP-1
during atherogenesis results in smaller, less advanced
lesions with diminished collagen content, suggesting
that increased degradation of the collagen matrix
delays the progression of atherogenesis to the more
severe stages. Although this finding was unexpected,
the results are consistent with some earlier observa-
tions. The human stromelysin-1 (MMP-3) gene is dif-
ferentially regulated by two common genetic variants
of its promoter, with one variant leading to higher tran-
scriptional activity (46). Patients with coronary ather-
osclerosis who are homozygous for the weaker pro-
moter of stromelysin-1 developed a more rapid
progression of the disease when compared with
patients who were heterozygous, suggesting that a

reduced expression of stromelysin-1 is associated with
increased lesion progression (46). Therefore we can
hypothesize that remodeling of the ECM of athero-
sclerotic lesions by MMP-1 and –3 has a beneficial role
in atherosclerosis, by preventing or delaying the pro-
gression of the pathology.

Our study also demonstrates that expression of
MMP-1 alone does not cause plaque rupture in apoE0
mice. This observation suggests that other proteases,
acting alone or together with MMP-1, are needed to
break the fibrous cap of lesions. Cysteine proteinases
cathepsins S and K have been recently described in
human atheroma (47), in conjunction with a deficien-
cy of their potent inhibitor cystatin C (48). In vitro
secretion of these cysteine-proteinases by human
monocyte-derived macrophages has been shown to be
an important source of proteolytic activity (49). In
addition to MMPs, overexpression of active cysteine-
proteinases might thus play an important role in the
matrix remodeling of the vascular wall during athero-
sclerosis and plaque rupture.

Factors other than proteinases contribute to the vul-
nerability of the lesions. This is suggested by the
demonstration of the normal fibrous caps in the
lesions of transgenic mice. Plaque rupture is a multi-
factorial process in which important parameters such
as hemodynamic force, circumferential stress, and
blood pressure (2, 3, 50) are substantially different
between mice and humans and could account for the
lack of rupture seen in the apoE0 animals.

In conclusion, our results suggest the intriguing pos-
sibility that macrophage expression of MMP-1 in the
human lesions of atherosclerosis has a beneficial role,
preventing or delaying the development of the pathol-
ogy. This is the first in vivo demonstration of a poten-
tial beneficial role for MMP-1 in disease pathology,
which is most likely attributed to the function of this
enzyme in remodeling and repair of the ECM rather
then tissue destruction.
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