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The membrane type-1 matrix metalloproteinase (MT1-
MMP) is a unique member of the MMP family, but induction
patterns and consequences of MT1-MMP overexpression
(MT1-MMPexp), in a left ventricular (LV) remodeling process
such as myocardial infarction (MI), have not been explored.
MT1-MMP promoter activity (murine luciferase reporter)
increased 20-fold at 3 days and 50-fold at 14 days post-MI. MI
was then induced inmicewith cardiac restrictedMT1-MMPexp
(n � 58) and wild type (WT, n � 60). Post-MI survival was
reduced (67% versus46%,p<0.05), andLVejection fractionwas
lower in the post-MI MT1-MMPexp mice compared with WT
(41� 2 versus 32� 2%,p< 0.05). In the post-MIMT1-MMPexp
mice, LV myocardial MMP activity, as assessed by radiotracer
uptake, andMT1-MMP-specific proteolytic activity using a spe-
cific fluorogenic assay were both increased by 2-fold. LV colla-
gen content was increased by nearly 2-fold in the post-MIMT1-
MMPexp compared with WT. Using a validated fluorogenic
construct, it was discovered that MT1-MMP proteolytically
processed the pro-fibrotic molecule, latency-associated trans-
forming growth factor-1 binding protein (LTBP-1), and MT1-
MMP-specific LTBP-1 proteolytic activity was increased by
4-fold in the post-MIMT1-MMPexpgroup. Early andpersistent
MT1-MMP promoter activity occurred post-MI, and increased
myocardial MT1-MMP levels resulted in poor survival, worsen-
ing of LV function, and significant fibrosis. A molecular mech-
anism for the adverse LV matrix remodeling with MT1-MMP
induction is increased processing of pro-fibrotic signaling mol-
ecules. Thus, a proteolytically diverse portfolio exists for MT1-
MMPwithin themyocardiumand likely plays amechanistic role
in adverse LV remodeling.

The expression of a family of matrix proteases, termed the
matrix metalloproteinases (MMPs),2 have been demonstrated

to occur in patients and animals with cardiovascular disease
particularly in the context of adverse left ventricular (LV)
remodeling such as myocardial infarction (MI) (1–4). Using
transgenic and pharmacological approaches, a cause-effect
relationship has been demonstrated between the induction of
MMPs and adverse LV remodeling (4–9). However, there are a
large number ofMMP types that are expressed within themyo-
cardium, and a unique functionality likely exists for each of
these MMP types with respect to the LV-remodeling process.
Thus, the identification of how specific MMP types may affect
LV remodeling such as that which occurs following MI, would
provide critical insight into developingmore specific therapeu-
tic strategies to interrupt this process. One of the more unique
MMP types, which has been identified within the human myo-
cardium, is the membrane type MMPs (MT-MMPs) of which
the MT1-MMP subtype has been the most studied (8, 10–16).
As the name implies, MT1-MMP is a transmembrane protein
with a diversity of biological functions that include: 1) degrada-
tion of a spectrum of matrix structural proteins, 2) proteolytic
processing of biologically active molecules such as growth fac-
tors and cytokines, and 3) activation of other MMPs. A signifi-
cant increase in the myocardial levels of MT1-MMP has been
identified in patients with LV failure, and the relative magni-
tude of this increase was greater than that of any other MMP
sub-class (6). In animal models, MT1-MMP myocardial levels
are increased early and appear sustained in the post-MI period
coincident with adverse LV remodeling (3, 10). However, a
direct relationship between increased myocardial levels of
MT1-MMP and adverse LV remodeling has not been estab-
lished. Accordingly, the central hypothesis of this study was
that a persistent induction of MT1-MMP occurs following MI,
and that selectively increasing MT1-MMP levels within the
myocardial compartment would adversely affect LV remodel-
ing post-MI.

MATERIALS AND METHODS

Overview and Rationale—The first set of experiments were
performed to directly quantifyMT1-MMPpromoter activity in
vivo following MI induction. This was accomplished through
left coronary artery ligation in a transgenic mouse model in
which the full-length human MT1-MMP promoter-reporter
had been inserted and performing serial studies post-MI. A
second set of experiments was performed whereby MI was
induced inmicewith cardiac restricted overexpression ofMT1-
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MMP (MT1-MMPexp). Survival, LV function and geometry,
MT1-MMP levels and specific activity, andmyocardial collagen
content were then determined and compared with wild type
(WT) littermates. Because MT1-MMP is now recognized as a
predominant pathway by which the pro-form of MMP-2
(proMMP-2) is proteolytically processed to activeMMP-2 (12–
14), the relative levels of these different MMP-2 forms were
assessed by zymography (3, 5–7, 9). One of the initial critical
steps for matrix-bound transforming growth factor (TGF) to
become a competent pro-fibrotic signaling molecule, is
through the proteolytic release by theTGF latency binding pro-
tein, LTBP-1 (17, 18). A cell-based study demonstrated that
MT1-MMP influenced TGF signaling by proteolytically proc-
essing LTBP-1 (19). This pathwaywasmore carefully examined
in the present study through the development of an MT1-
MMP-specific LTBP-1 proteolytic assay andmeasuring indices
of TGF signaling following MI.
MT1-MMP Promoter Activity—A transgenic MT1-MMP

reporter line on the FVBmurine backgroundwas established by
using the human genomic MT1-MMP fragment extending
from �3364 bp relative to the transcriptional start site to the
first intron. The generalized approach for insertion of MMP
promoter-reporter constructs has been published previously
(21). The MT1-MMP coding sequence start codon was cloned
into p1.2 upstream from the SV40 polyadenylation site. The
firefly luciferase gene (luc, 550-amino acid ORF) was then iso-
lated and ligated between the MT1-MMP promoter and the
SV40 polyadenylation sequence to generate the final construct:
MT1-MMP3364/luc. Five independent MT1-MMP reporter
lines were established and backcrossed, and then utilized in the
MI studies. At designated time points, the LV was isolated,
and separated into MI and remote regions, RNA extracted
and samples prepared for PCR as described in detail in a
subsequent section. Luciferase and 18 S mRNA levels were
then determined.
MT1-MMP Overexpression—The transgenic construct ex-

pressing the human MT1-MMP coding sequence under con-
trol of the cardiac restrictedmurine �-myosin heavy chain pro-
moter (MHC) was generated by ligating a 600-bp fragment
of the human growth hormone polyadenylation sequence
(hGHpA) to the 3�-end of the hMT1-MMP cDNA. This frag-
ment (hMT1-MMP-hGHpA) was then inserted into the pBSII-
SK� plasmid containing the murine MHC promoter (5.5 kb)
described previously (20). The 11.7-kp plasmid was then
restriction digested with Not1, and an 8.8-kb DNA fragment
(MHC-hMT1-MMP-hGHpA) was isolated, purified, and
injected into the pronuclei of fertilized FVB mouse embryos
(University of Cincinnati Transgenic Mouse Core Facility).
Transgenic mice possessing the construct were identified by
PCR from tail-snip DNA. Routine genotyping was performed
by PCR using primers for hMT1-MMP (forward, 5�-AAGCCT-
GGCTACAGCAAT-3�; and reverse, 5�-GGCCTGCTTCT-
CATGG-3�). Three independent lines of MT1-MMPexp mice
were developed and following backcrossing and stable breeding
patterns, �50% from each litter were MT1-MMPexp-positive
(22). Further confirmation studies for the full-length human
MT1-MMPwere performed by quantifyingmRNA and protein
levels as described in a subsequent section. The MT1-

MMPexp-negativemice were used as referent,WT sibling con-
trols. The MT1-MMPexp mice displayed no obvious pheno-
typic abnormalities. MT1-MMPexp and WT mice were
maintained until 3 months of age and then randomized to
undergo LV functional assessment andmyocardial sampling or
to undergo surgically induced MI.
Myocardial Infarction—Mice were anesthetized by isoflu-

rane (2%, the LV visualized, and the main left coronary artery
ligated (8.0 Neurilon, Ethicon, K801) (9, 21, 23). The intra-op-
erative mortality (first 24 h) was 15% and similar between
groups. The mice were followed for 14 days post-MI at which
time a second echocardiogram was performed and the LV har-
vested for histomorphometry and MT1-MMP measurements.
For in situ imaging in the MT1-MMP reporter line, the mice
were anesthetized, an intraperitoneal injection of luciferin (5
mg, Promega) was performed, the heart harvested, and biolu-
minescent signals collected by an IVIS 200 system (Xenogen,
Alameda, CA). The LV was then processed for biochemistry
and histochemistry. All animals were treated and cared for in
accordance with the National Institutes of Health “Guide for
the Care and Use of Laboratory Animals” (National Research
Council, Washington, 1996) and under an approved Medical
University of SouthCarolina Institutional Animal Care andUse
Committee protocol (ARC# 2389).
LV Geometry and Function—Transthoracic echocardio-

graphy was performed to measure LV geometry and function
(8, 9, 22, 23). Two-dimensional M-mode echocardiographic
recordingswere obtained using a 40-MHz scanning headwith a
spatial resolution of 30 �m (Vevo 660, VisualSonics, Toronto).
Using long axis views, LV end-diastolic volume, posterior wall
thickness, ejection fraction, and mass were computed. Then,
the mice were positioned on a feedback temperature-con-
trolled operating table (Vestavia Scientific, Birmingham, AL)
andmaintained with 2% isoflurane anesthesia. At 14 days post-
MI, echocardiograms were repeated in identical fashion. Fol-
lowing the final set of measurements, and under a full surgical
plane of anesthesia (isoflurane 4%), the LV was removed and
then processed for histochemistry or biochemical analysis.
MMP Targeted Radiotracer Activity Studies—An in vivo

index of total MMP activity was determined in a subset of WT
and MT1-MMPexp mice using a radiotracer approach de-
scribed in detail by this laboratory previously (23). For these
studies, themicewere anesthetized as described in the previous
section, and the external jugular vein was cannulated. The
MMP targeted radiotracer 99mTc-RP805, which binds with
high affinity to all active MMPs, was then injected (1.32 � 0.43
mCi). Then, the conventional myocardial perfusion radio-
tracer, 201Tl chloride was injected (0.22 � 0.09 mCi). Fifteen
minutes after the injections, the mice were then deeply anes-
thetized (4% isoflurane), and the LV was harvested and cut into
2-mmslices parallel to the LV short axis. Each slicewas then cut
into four segments (anterior, lateral, posterior, and septal) for
gammawell counting (Cobra Packard) of 201Tl and 99mTc activ-
ity. Raw counts were corrected for spill-up/spill-down, back-
ground, decay, and weight (mCi/g). 99mTc-RP805 activity in
eachmyocardial segment was then calculated as the percentage
of injected dose (%ID). The calculated %ID was computed by
dividing corrected tissue counts (mCi/g) by the decay-cor-
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rected injected dose (mCi) and expressed in %ID per gram of
tissue.
Histomorphometry and Immunohistochemistry—For the his-

tomorphometry studies, sections (5 �m) were stained with
hematoxylin and eosin for measurement of MI size using com-
puter-assisted planimetry (Sigma Scan,MediaCybernetics). LV
sections were stained with picro-sirius red for fibrillar collagen,
and the percent area of collagen within the remote and MI
regions of the LV computed (5, 9, 22). For the MT1-MMP pro-
moter studies, LV frozen sections (7 �m) were incubated over-
nightwith a luciferase antisera (SC32896, 1:100), washed in PBS
and incubated with a secondary antisera (Molecular Probes,
A11008, 1:250) for 30 min followed the nuclear stain To-Pro-3
(Molecular Probes, T3605, 1:750). ForMT1-MMP localization,
the LV sections were first incubated with an MT1-MMP anti-
sera (AB815, 1:250) overnight at 4 °C, washed in PBS, and incu-
bated with a secondary antisera (Molecular Probes, A11008,
1:250) for 30 min, washed, and incubated with Phalloidin
(Molecular Probes, A22283, 1:40) for 30 min, washed, incu-
bated with To-Pro-3 (Molecular Probes, T3605, 1:750) for 10
min. The stained LV sections were washed, coverslips were
added (VectashieldMountingMedia), and sections were exam-
ined by confocal microscopy (Zeiss LSM 510) where the triple
stained images were sequentially examined with excitation/
emission wavelengths of 495/524, 546/570, and 642/661 nm.
Myocardial MMPs—Substrate zymography was performed

to assess the relative content of the gelatinases MMP-2 and
MMP-9 (2–9). A positive control was utilized in all zymography
measurements (2 �g, MMP-2/9 S.E.-244/237, BIOMOL).
Immunoblotting was performed forMT1-MMP (AB8221,Mil-
lipore, 0.8 �g/ml). For the MT1-MMP immunoblotting and
activity assays, LV myocardium was homogenized in ice-cold
250 mM sucrose/20 mM MOPS buffer. The homogenate was
centrifuged (100,000 � g, 1 h), and the membrane fraction was
re-suspended in buffer. A positive control for MT1-MMP
(CC1043, 300 ng) was included in every assay.
MT1-MMP and LTBP-1 mRNA Measurements—LV myo-

cardial homogenates were subjected to RNA extraction
(RNeasy Fibrous TissueMini Kit, Qiagen, Valencia, CA), and
the quantity and quality of the RNA were determined (Expe-
rion Automated Electrophoresis System, Bio-Rad Laborato-
ries, Hercules, CA). RNA (1 �g) was reverse transcribed to
generate cDNA (iScript cDNA Synthesis Kit, Bio-Rad). The
cDNA was amplified with gene-specific primer/probe sets
(TaqMan Universal PCR Master Mix: catalog no. 4364321,
Applied Biosystems, Foster City, CA) using single-color
Real-Time PCR (rtPCR, MyiQ, Bio-Rad). The specific TaqMan
primer/probe sets (Applied Biosystems) were human MT1-
MMP (catalog no. Hs0000237119_m1), mouse MT1-MMP
(catalog no. Mm01318965_m1), mouse LTBP-1 (catalog no.
Mm0049825_m1), and 18 S rRNA (catalog no. 4333760F).
Negative controls were run to verify the absence of genomic
DNA contamination (reverse transcription control), and the
absence of overall DNA contamination in the PCR system
and working environment (template control). The rtPCR
fluorescence signal was converted to cycle times (Ct), nor-
malized to the 18 S signal, and final expression levels were
determined as a function of total RNA concentrations.

MT1-MMP Activity Assay—LV myocardial membrane
extracts (50 �g) were prepared and incubated with a specific
MT1-MMP fluorogenic substrate (MMP-14 Substrate I, cata-
log no. 444258, Calbiochem) described previously (10). The LV
myocardial extracts were incubated (37 °C) in the presence and
absence of the MT1-MMP substrate, and excitation/emission
were recorded (328/400, FluoStar Galaxy, BMG Labtech Inc.,
Durham, NC) continuously for up to 20 h. Increasing concen-
trations of a recombinant active MT1-MMP construct (MT1-
MMP Catalytic Domain, catalog no. 475935, Calbiochem
8–125 ng/ml) with a known catalytic activity, resulted in a lin-
ear relationship with respect to fluorescence emission (y �
343x, r2 � 0.98, p � 0.001).
LTBP-1 Proteolytic Processing by MT1-MMP—The full-

length sequence for LTBP-1 (NCBI, AAI30290.1) was first
examined for MT1-MMP substrate binding/cleavage sites as
described previously (24). From these initial mapping studies, a
series of peptide mimics were next assessed for MT1-MMP
proteolytic specificity. Three potential peptideswere identified:
A176 (SGRSENIRTA), A42 (SGRIGFLRTA), and B175A
(SGAAMHMYTA). The peptides were aligned to each individ-
ual sequence of interest to identify potential binding/cleavage
sites using the ClustalW� alignment algorithm with the
BLOSSUM scoring matrix.3 Sequences demonstrating positive
peptide alignment were analyzed for domain structure using
the SimpleModular Architecture ResearchTool to assess puta-
tive cleavage sites. Peptide A176 demonstrated a high concor-
dance with LTBP-1 and significant alignment for MT1-MMP-
specific cleavage. This peptide sequence in a caged fluorogenic
construct (AnaSpec Inc., Fremont, CA, newly assigned peptide
name: SCJJ-1) with a certified HPLC purity of �98% was then
synthesized. Using the approaches described previously (10,
22), and a specific excitation/emission wavelength (340/485
nm), 15 �M LTBP-1 was exposed to increasing concentrations
of the MT1-MMP catalytic domain. A clear fluorescent signal
was detected with increasing concentrations of MT1-MMP,
which was highly linear. Co-incubation with the MT1-MMP-
selective inhibitor (0007258, 5 pM), the global MMP inhibitor
(BB94, 1 �M) or MT1-MMP blocking antibody (1 �g/ml,
AB8101) extinguished all fluorescent activity. LV myocardial
extracts were subsequently incubated (37 °C) in the presence
and absence of the MT1-MMP-neutralizing antisera, and fluo-
rescence emission were recorded for up to 20 h. For both activ-
ity assays, utilizing known concentrations of the MT1-MMP
catalytic domain and the fixed periods of incubation, an abso-
lute catalytic activity for MT1-MMP- and LTBP-1-mediated
proteolysis could be computed.
To more carefully localize the sites of MT1-MMP-medi-

ated LBTP-1 proteolysis, parallel frozen LV sections (7 �m)
were immersed with 100 �M of the LTBP-1 substrate or reac-
tion buffer only and placed on a thermostatically controlled
stage (37° C) and imaged by confocal microscopy using the
system described in the previous section. Time lapsed digital
images were acquired every 20 min (405/430–470 nm) using

3 ClustalW� alignment algorithm with the BLOSSUM scoring matrix (SeqWeb
(v3.1.2) interface to the Genetic Computer Group, Wisconsin Package
(V10.3) analysis software, Accelrys, Inc., San Diego, CA).
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a high voltage gain (481) and a low voltage gain (375) setting.
Isochronal difference interference contrast images were also
obtained.
LTBP-1 Processing, TGF-R1, and Smad-2—In light of the fact

that LTBP-1 is initially a high molecular weight protein, which
is subsequently proteolytically processed to low molecular
weights (19), LV extracts (20 �g of total protein) were loaded
onto 3–8% Tris acetate gels (EA03785, Invitrogen, Carlsbad,
CA). The LV extracts were rigidly maintained in a protease
inhibitory mixture (150 mM EDTA, 1 mM PMSF, 1 mM aproti-
nin, 1 mg/ml leupeptin, 1 mg/ml pepstatin). Immunoblotting
was performed for LTBP-1 (SC28133, 1:200). In all of these
studies, a positive control for LTBP-1 (30 �g, 3611-RF whole
cell lysate, catalog no. sc-2215, Santa Cruz Biotechnology,
Santa Cruz, CA) was utilized. Next, relative levels of the
TGF-R1 were determined in LV extracts by immunoblotting
(sc-398, 1:200). Finally, LV myocardial levels for a common
intracellular convergence point of the TGF receptor transduc-
tion pathway, Smad-2 (17, 18). For these studies, immunoblot-
ting was first performed for total Smad-2, the membranes were
stripped and re-probed for phosphorylated Smad-2 (Cell Sig-
naling, #3102/3104, respectively, 1:1000).
Data Analysis—LV function and geometry were compared

between the referent control and aging groups using an analysis

of variance (ANOVA), and pairwise
comparisons were performed by a
Bonferroni adjusted t test. The
zymographic/immunoreactive sig-
nals were analyzed using densito-
metric methods (Gel Pro Analyzer,
Media Cybernetics) to obtain two-
dimensional integrated optical den-
sity values. The integrated optical
density values were then computed
as a percent of control values where
the control values were set to 100%,
and comparisons were performed
by a separate t test. For the MMP
immunoassays and mRNA mea-
surements, a Winsorized mean was
utilized if extreme values existed
in the data set. Between-group
differences in these values were
compared using ANOVA followed
by Bonferroni adjusted t test. For
the morphometric data (percent
collagen), the data were first
confirmed to conform to a Gauss-
ian distribution, subjected to
ANOVA, and finally to Tukey’s
test for mean separation. For the
survival portion of the study, sur-
vival curves were constructed uti-
lizing Kaplan-Meier probability
estimates and 14-day post-MI sur-
vival compared utilizing a Chi-
Square analysis. Values of p 	 0.05
were considered statistically sig-

nificant. All statistical procedures were performed using the
STATA statistical software package (Statacorp, College Sta-
tion, TX). Results are presented as means� S.E. Final sample
sizes for each protocol/experiment are indicated in the fig-
ure legends.

RESULTS

Myocardial MT1-MMP Promoter Activity and MI

MT1-MMP promoter activity was assessed using a trans-
genic construct whereby the human MT1-MMP promoter
region ligated to the luciferase gene was permanently
inserted. While a bioluminescent signal was not detected in
non-MI hearts, a strong luciferin signal could be readily
detected at 14 days post-MI, indicative of increased MT1-
MMP promoter activity, within the MI and remote regions
(Fig. 1). Temporal profiling of MT1-MMP promoter activity
through measuring luciferase mRNA levels is shown in Fig.
1, where levels increased within the MI region by 3 days
post-MI, and were significantly increased within the MI and
remote regions by 14 days post-MI (Fig. 1). Immunohisto-
chemical localization for luciferase was performed in control
and post-MI sections (Fig. 1). A weak, but positive signal for
luciferase was observed in control sections, indicative of

FIGURE 1. MT1-MMP promoter activity was assessed using a transgenic construct whereby the human
MT1-MMP promoter region ligated to the luciferase gene was permanently inserted. A, following injec-
tion of luciferin, bioluminescent imaging of extracted hearts was performed. Representative standard field
photographs are shown at the top, whereas registered and digitized images of whole bioluminescent scans are
shown at the bottom. Although an absence of a bioluminescent signal was detected in control hearts, a strong
luciferin bioluminescent signal could be readily detected by 14 days post-MI, indicative of increased MT1-MMP
promoter activity, within the MI and remote regions. B, luciferase mRNA levels were determined in control and
in the MI and remote regions at 3, 7, and 14 days post-MI (n � 5– 6/time point). A significant increase in
luciferase levels, indicative of increased MT1-MMP promoter activity, occurred within the MI region by 3 days
post-MI and was significantly increased within the MI and remote regions by 14 days post-MI. C, immunohis-
tochemical localization for luciferase was performed in control and post-MI sections. A weak, but positive
signal for luciferase (green) was observed in control sections, indicative of basal MT1-MMP promoter activity,
but was robustly increased in 14-day post-MI sections within the MI, border, and remote regions. DNA staining
(purple/blue) provided identification of nuclei. Luciferase staining was predominantly localized to the intersti-
tial space, suggestive that the predominant induction of MT1-MMP was within myocardial fibroblasts. (Scale �
20 �m.)
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basal MT1-MMP promoter activity, but was robustly
increased in 14-day post-MI sections within the MI, border,
and remote regions.

Cardiac Overexpression of MT1-MMP and MI

Survival and LV Function and Geometry—A total of 60 WT
mice and 58MT1-MMPmice underwent surgically inducedMI
and survived the initial 24-h post-operative period. The 14-day
post-MI survival was significantly worse in the MT1-MMPexp
mice when compared with age-matched WT mice (Fig. 2).
Post-mortem analysis revealed that �10% of the deaths were
due tomyocardial rupture at the LVapical region, 50%were due
to occult cardiac decompensation as evidenced by significant
serous fluid accumulation within the thoracic space, and 40%

revealed no significant transudate or serosanginuous fluid in
the thoracic space and, therefore, the deaths were presumed to
be of an arrhythmic origin. LV function and geometry by echo-
cardiography were assessed in the mice surviving at 14 days in
theWT group (n � 37) and the MT1-MMPexp group (n � 21)
and were compared with age-matched, sham-referentWT and
MT1-MMPexp groups (n� 32 and n� 20, respectively). Heart
rates during this study period were equivalent across all groups
(range 480–500 bpm). In the WT controls, LV end-diastolic
volume was similar between the WT and MT1-MMPexp
groups (44 � 2, 43 � 2 �l, respectively). However, LV ejection
fraction was lower in theMT1-MMPexp group compared with
WT (56 � 2, 65 � 1%, p � 0.03, respectively). At 14 days post-
MI, LV end-diastolic volume increased to a similar degree from

FIGURE 2. A, post-MI 14-day survival was significantly lower in the MT1-MMPexp mice following MI when compared with WT mice (�2 � 7. 6, p � 0.006). B, a
relative index of total in vivo MMP activity was determined using an MMP radiotracer 99mTc-RP805 (22). Inset, total myocardial MMP radiotracer retention was
significantly higher in referent control MT1-MMPexp when compared with WT mice (n � 5/group). At 14 days post-MI (n � 6/group), increased MMP
radiotracer uptake occurred within both the remote and MI regions, but was nearly 2-fold higher within the MI region in the MT1-MMPexp group (n � 6) (*, p 	
0.05 versus WT non-MI; �, p 	 0.05 versus WT remote). C, long axis LV sections were stained with picro-sirius and viewed under bright field (left panels) as well
as polarized light (right panels) taken from WT and MT1-MMPexp mice. Increased collagen staining was observed in the MT1-MMPexp mice. At 14 days post-MI,
significant LV enlargement was observed in both groups, but substantially higher myocardial collagen was observed within remote viable myocardium in the
MT1-MMPexp mice. (Scale � 1 mm.)
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respective control values in both the WT and MT1-MMPexp
groups (75 � 3, 77 � 4 �l, p 	 0.05). LV ejection fraction fell in
the WT-MI group (41 � 2%, p 	 0.002) and was reduced to a
greater degree in the MT1-MMPexp group at 14 days post MI
(32 � 2%, both p 	 0.05). At 14 days post-MI, LV mass was
similar between theWT andMT1-MMPexp groups (4.7 � 0.2,
5.0 � 0.2 mg/g, respectively). Thus, in this post-MI period,
reduced survival andmore severe systolic dysfunction occurred
in the MT1-MMPexp group.
MMPActivity in Vivo—A relative index of total in vivoMMP

activity was determined in a subset of mice at 14 days post-MI
using a previously described and validated MMP radiotracer
99mTc-RP805 (Fig. 2) (23). Total myocardial MMP radiotracer
retention, indicative of total MMP activity, was higher in refer-
ent control MT1-MMPexp when compared with WTmice. At
14 days post-MI, increased MMP radiotracer uptake occurred
within both the remote and MI regions, but was nearly 2-fold
higher within the MI region in the MT1-MMPexp group.
MI Size and Collagen Content—Computed MI size was

equivalent between the WT and MT1-MMP groups (35 � 4
and 38 � 7%, respectively). Long axis LV sections were stained
with picro-sirius, and representative photomicrographs are
shown in Fig. 2. An observable increase in LV myocardial col-
lagen occurred in the MT1-MMPexp mice under control con-
ditions as well as following MI. In the referent control groups,
relative fibrillar collagen was increased within the LV free wall
in the MT1-MMPexp group when compared withWT (1.71 �
0.14, 0.56 � 0.12%, p � 0.006). At 14 days post-MI, fibrillar
collagen was increased from referent control values within the

MI region in both the WT and
MT1-MMPexp groups (13.62 �
0.82, 24.31 � 3.71%, p � 0.005,
respectively) but was higher in the
MT1-MMPexp group (p � 0.008).
Within the remote region, fibrillar
collagen was also increased from
referent controls (1.71 � 0.30,
4.97� 0.78%, p	 0.05, respectively)
and was significantly higher in the
MT1-MMPexp group (p � 0.004).
Thus, MT1-MMPexp was associ-
ated with a nearly 2-fold increase in
fibrillar collagen content under ref-
erent control conditions and follow-
ing MI.
MT1-MMP Distribution, Con-

tent, mRNA Levels, and Activity
Post-MI—Representative LV sec-
tions in which MT1-MMP was
localized by immunofluorescence
using confocal microscopy are
shown in Fig. 3. Increased relative
abundance and staining intensity
for MT1-MMP was observed along
the myocyte-matrix interface in LV
sections takenMT1-MMPexpmice.
At 14 days post-MI, a robust
increase inMT1-MMP staining was

observed within the MI region for both WT and MT1-
MMPexp mice. However, in the MT1-MMPexp mice, a more
robust and greater staining pattern was clearly observed within
the remote regions. LV myocardial membrane extracts were
subjected to MT1-MMP immunoblotting, and the results are
summarized in Fig. 4. Total MT1-MMP myocardial levels,
which included the full-length active and truncated active
forms (51–55 kDa) (12–14), significantly increased following
MI in theWT group. TotalMT1-MMP levels were increased in
both of theMT1-MMPexp groups, where totalMT1-MMP lev-
els were increased by over 2-fold in the post-MIMT1-MMPexp
group. The relative mRNA levels for both mouse and human
MT1-MMP were determined by rtPCR and are summarized in
Fig. 5. The relative mRNA levels for mouse MT1-MMP
increased in the WT group at 14 days post-MI, whereas the
relative levels for mouse MT1-MMP decreased in both MT1-
MMPexp groups. A robust level of human MT1-MMP mRNA
was detected in both MT1-MMPexp groups and, as expected,
not detected in the WT groups. LV myocardial extracts were
subjected to gelatin zymography (Fig. 4), which provides a
measure of relative MMP-9 and MMP-2 levels. Relative
MMP-9 levels were increased in the post-MI groups, as were
total MMP-2 levels. Molecular weight fractionation of the
MMP-2 zymographic bands revealed a pronounced increase in
the active form of MMP-2 (64 kDa) in the MT1-MMPexp
groups, which was further increased post-MI. Because MT1-
MMP is a fundamental mechanism for proteolytic cleavage of
proMMP-2 to active MMP-2 (12–15), this provided indirect
evidence for increased MT1-MMP activity in the MT1-

FIGURE 3. Representative LV sections in which MT1-MMP was localized by immunofluorescence using
confocal microscopy in WT and MT1-MMPexp mice. Green fluorescence represents MT1-MMP, red fluores-
cence is indicative of rhodamine-phalloidin, and the blue stain is indicative of nuclei. Increased relative abun-
dance and staining intensity for MT1-MMP was observed along the myocyte-matrix interface in LV sections
taken MT1-MMPexp mice. At 14 days post-MI, a robust increase in MT1-MMP staining was observed within the
MI region for both WT and MT1-MMPexp mice. However, in the MT1-MMPexp mice, a more robust and greater
staining pattern was clearly observed within the remote regions. (Scale � 20 �m.)
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MMPexp groups. Accordingly, LV myocardial membrane
extracts were then utilized to directly measureMT1-MMP cat-
alytic activity using a calibrated and validated fluorogenic sub-
strate (Fig. 6) (10). Myocardial MT1-MMP activity in LV
myocardial extracts was assessed continuously for specific
fluorescent emission over a 20-h period, and through this
approach, a clearly heightened MT1-MMP activity was
observed in both MT1-MMPexp groups. Although MT1-
MMP activity was increased at 14 days post-MI in the WT
group, MT1-MMP activity was increased by over 2-fold in
the respective MT1-MMPexp group. Thus, the MT1-

MMPexp construct yielded a
robust increase in the full-length
MT1-MMP, which could be dem-
onstrated within the myocardium,
was proteolytically competent,
and increased by nearly 2-fold fol-
lowing MI.
MT1-MMP and Pro-fibrotic Sig-

naling Post-MI—Because MT1-
MMPexp was associated with a
heightened pro-fibrotic response,
then critical components of the
TGF signaling cascade were exam-
ined, which included MT1-MMP-
mediated LTBP-1 proteolysis, TGF
receptor density, and relative con-
tent and phosphorylation of a
common intracellular convergence
point, Smad-2 (17, 18). LV myocar-
dial extracts were used to measure
MT1-MMP-specific proteolysis
using a specific LTBP-1 fluorogenic
substrate (Fig. 6). Through continu-
ous monitoring of fluorescence
emission over a 20-h period, which
would be reflective of MT1-MMP-
mediated LTBP-1 proteolytic activ-
ity, significantly higher levels were
observed in the MT1-MMPexp
groups when compared with WT
and was further increased following
MI. Next, immunoreactive bands
corresponding to the full-length
and proteolytically processed forms
of LTBP-1 were measured (Fig. 6).
Densitometry demonstrated a rela-
tive reduction in the full-length
LTBP-1 in the MT1-MMPexp
group compared with WT controls,
which fell further in the MT1-
MMPexp group following MI. In
contrast, low molecular weight
forms of LTBP-1 increased in the
MT1-MMPexp groups. Finally, to
provide direct demonstration that
MT1-MMP-mediated LTBP-1 pro-
teolysis occurred in situ, LV frozen

sections were incubated with the LTBP-1 substrate, and local-
ized fluorescent emission was visualized over a 6-h period (Fig.
6). A significant and time-dependent fluorescent signal was
observed, indicative ofMT1-MMP-specific LTBP-1 proteolysis
along the border zone andMI regions. Because this fluorescent
signal was detected within the MI region as well as in viable
myocardium, this would indicate that MT1-MMP expression
in both fibroblasts andmyocytes can contribute to LTBP-1 pro-
teolysis followingMI. Finally, LTBP-1mRNA levels were deter-
mined by rtPCR (Fig. 5), which demonstrated a relative reduc-
tion in the MT1-MMPexp groups. Through immunoblotting,

FIGURE 4. A, LV myocardial membrane extracts from wild type (WT), WT at 14 days post-MI, MT1-MMP overex-
pression (MT1-MMPexp), and at 14 days post-MI were subjected to MT1-MMP immunoblotting (n � 10/group).
Total MT1-MMP myocardial levels, which includes the full-length and truncated active forms (51–55 kDa)
significantly increased following MI. As expected, MT1-MMP total levels were increased in the MT1-MMPexp
groups, and were increased by �2-fold following MI. B, crude LV myocardial extracts were subjected to gelatin
zymography, which provides a measure of relative MMP-9 and MMP-2 levels. Relative MMP-9 levels were
increased in the post-MI groups, as were total MMP-2 levels. Molecular weight fractionation of the MMP-2
zymographic bands revealed a pronounced increase in the active form of MMP-2 (64 kDa) in the MT1-MMPexp
groups, which was further increased post-MI. (*, p 	 0.05 versus WT non-MI; #, versus MT1-MMPexp non-MI; �,
p 	 0.05 versus WT MI.)
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the total levels of TGF receptor-1 were significantly increased
in theMT1-MMPpost-MI group (Fig. 7). Total phosphorylated
Smad-2 was increased to the greatest extent in the post-MI
MT1-MMP group. Thus, MT1-MMPexp resulted in greater
proteolytic activity and proteolytic processing of LTBP-1,
increased TGF receptor density, and heightened phosphoryla-
tion of Smad-2.

DISCUSSION

Changes in the expression and activity of the large family of
MMPs have been well documented in animal models and in
clinical studies of LV remodeling (1–10). Moreover, transgenic
models and pharmacological MMP inhibition studies have
demonstrated a cause-effect relation between MMP activity
and adverse LV remodeling; particularly post-myocardial
infarction (MI) (2, 4, 9). However, the expression patterns and
functionality of the different classes and subtypes of MMPs are
unique and therefore may have disparate effects on post-MI
remodeling. One class of MMPs with a diverse substrate port-
folio as well as unique functional aspects is the membrane-type
MMPs (MT-MMPs) of which MT1-MMP can be considered
prototypical (12–16). Using transgenic constructs, which pro-
vided for direct measurement of MT1-MMP promoter activity
as well as cardiac restricted overexpression of MT1-MMP
(MT1-MMPexp), the unique and important findings of the
present study were 3-fold. First, increased MT1-MMP pro-
moter activity occurs early, is sustained in the post-MI period,
and occurs within both theMI and remote myocardial regions.
Second, MT1-MMPexp reduced post-MI survival, worsened
LV systolic function, and amplified a pro-fibrotic response in
both theMI and remotemyocardium. Third, netMMP proteo-
lytic activity was induced byMT1-MMPexp, increased proteo-
lytic processing of LTBP-1, increased TGF receptor-1 density,
and increased phosphorylation state of a common transduction
convergence point of TGF signaling, Smad-2. Taken together,

the results from this study suggest
thatmyocardial expression ofMT1-
MMP exacerbates post-MI remod-
eling predominantly through evok-
ing a pro-fibrotic response and, as a
consequence, a poor adaptation to a
pathological stimulus such as MI.
Although past clinical and ani-

mals studies have provided an asso-
ciation between increased myocar-
dial MT1-MMP and adverse LV
remodeling (3, 6, 10, 22), this study
is the first to directly demonstrate
that a common pathological stimu-
lus, such as MI, evokes an early and
persistent induction of MT1-MMP
at the transcriptional level. Specifi-
cally, the present study demon-
strated an early induction of MT1-
MMP promoter activity within the
MI region, which was followed by
increased activity within the remote
region. These regional and temporal

differences in MT1-MMP promoter activity are likely due to
the heterogeneous myocardial response, which occurs follow-
ing MI. Specifically, the MI region undergoes an early inflam-
matory response, followed by proliferation and expansion of
fibroblasts, and ultimately scar formation. This laboratory has
reported previously that fibroblasts express MT1-MMP and
that this expression is regulated at both the transcriptional and
translational level (11). Thus, the early induction ofMT1-MMP
promoter activity within the MI region is likely due to these
early cellular events. Indeed, the present study localized a
robust increase in luciferase, indicative of heightened MT1-
MMP promoter activity within the interstitial space consistent
with fibroblasts. Within the remote region, the viable myocar-
dium undergoes myocyte hypertrophy as well as collagen accu-
mulation, consistent with the remodeling patterns observed in
the present study. With longer post-MI periods, the present
study demonstrated increased MT1-MMP promoter activity
within the remote region, which likely reflects induction within
both myocytes and fibroblasts. Concordant with the MT1-
MMP promoter studies, steady-state mRNA levels for MT1-
MMPwere increased at 14 days post-MI. Thus, a likely contrib-
utory mechanism for the heightened MT1-MMP abundance
and subsequent proteolytic activity that occurred post-MI was
due to increased transcription. A past study demonstrated a
robust expression of MT1-MMP along the sarcolemmal of
human LV myocytes, which was increased in severe LV
remodeling and failure (6). The functional and biological
significance of the increased and persistent induction of
MT1-MMP following MI were next examined in the present
study through targeted myocardial overexpression.
In the absence of MI, myocardial MT1-MMPexp caused a

mild but demonstrable LV phenotype. Specifically, LV systolic
function was reduced and collagen volume fraction was
increased; these provided the first evidence that increasedmyo-
cardial levels of MT1-MMP in and of itself, can modify LV

FIGURE 5. The relative mRNA levels for the endogenous mouse MT1-MMP, human MT1-MMP, and the
mouse LTBP-1 were computed using rtPCR from myocardial RNA extracted from wild type (WT), WT at
14 days post MI, MT1-MMP overexpression (MT1-MMPexp), and at 14 days post-MI (n � 10/group). The
levels were normalized to 18 S mRNA, and the -fold change was computed from the relative Ct values obtained
for the mRNA of interest and 18 S mRNA. In the post-MI WT group, a significant increase in the endogenous
mouse MT1-MMP mRNA levels occurred, whereas these levels were reduced in the MT1-MMPexp groups. As
expected, a robust signal for human MT1-MMP mRNA was obtained in both MT1-MMPexp groups and not
detected (ND) in both WT groups. LTBP-1 mRNA levels were reduced in both MT1-MMPexp groups when
compared with WT values. (*, p 	 0.05 versus WT non-MI; �, versus MT1-MMPexp non-MI; #, p 	 0.05 versus WT
MI.)
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structure and function. The targeted increase in myocardial
MT1-MMP profoundly affected early survival post-MI. There
are likely several causes for this observation. First, MT1-MMP
is a transmembrane protease and therefore would disrupt crit-
ical cell-cell interactions (12–15, 26, 27), which in turn would

alter myocardial conduction and increase arrhythmogenesis.
Second, MT1-MMP can cause pericellular proteolysis and
reduce cellular adhesion to the extracellular matrix (26, 27),
which in the context of MI could facilitate myocardial rupture.
Third, increased myocardial MT1-MMP levels would likely

FIGURE 6. A, LV myocardial membrane extracts from wild type (WT), WT at 14 days post MI, MT1-MMP overexpression (MT1-MMPexp), and at 14 days post-MI
were utilized to directly measure MT1-MMP catalytic activity (n � 10/group) using a calibrated and validated fluorogenic substrate. The membrane/substrate
reactions were incubated at 37° C and continuously monitored for specific fluorescence emission, reflective of MT1-MMP proteolytic activity for up to 20 h.
Significantly greater MT1-MMP activity occurred in the post-MI versus non-MI samples, and therefore the fluorescence values are plotted using different scales.
The time-averaged fluorescence (10 –20 h) for each sample was determined and using a calibration curve obtained from a recombinant MT1-MMP catalytic
domain, actual MT1-MMP activity was computed. Myocardial MT1-MMP activity was increased over respective WT values in the MT1-MMPexp groups.
Following MI, MT-MMP activity increased in both groups, but was the highest in the MT1-MMPexp groups (p � 0.028, p � 0.020, respectively). B, the same LV
myocardial extracts were then utilized to measure MT1-MMP specific proteolysis using a latency-associated transforming growth factor binding protein-1
(LTBP-1) fluorogenic substrate. Increasing concentrations of MT1-MMP caused a linear increase in LTBP-1 proteolytic activity (y � 1041x, r2 � 0.99, p 	 0.001),
which was extinguished with an MT1-MMP-neutralizing antibody. In the LV myocardial extracts, significantly higher MT1-MMP-mediated LTBP-1 proteolytic
activity was obtained in the post-MI samples, necessitating the values being plotted using two different scales. Using the MT1-MMP catalytic domain-LTBP-1
fluorescent standard curve, MT1-MMP-mediated LTBP-1 proteolytic activity was computed and was increased in the MT1-MMPexp groups when compared
with WT, and was further increased following MI. C, LV myocardial membrane extracts were subjected to immunoblotting for LTBP-1. Immunoreactive bands
corresponding to the full-length (180 kDa) and proteolytically processed forms of LTBP-1 were observed. Densitometry was performed, and individual LTBP-1
bands normalized to total LTBP-1 levels were computed. A relative reduction in the full-length LTBP-1 was observed in the MT1-MMPexp group compared with
WT controls (5.0 � 0.5 versus 3.1 � 0.7, � 102, p � 0.008) and fell further in the MT1-MMPexp group following MI (1.1 � 0.2, � 102, p � 0.001). In contrast, low
molecular weight forms of LTBP-1 increased in the MT1-MMPexp groups. For example, the 60-kDa form of LTBP-1 increased in the MT1-MMPexp group over WT
controls (41.6 � 5.4 versus 24.2 � 2.2, � 102, p � 0.022). Following MI, the lowest LTBP-1 form was increased in both the WT and MT1-MMPexp groups
compared with WT control values (65.0 � 6.4, 62.6 � 5.7, versus 52.1 � 3.1, respectively, � 102, p � 0.034). D, to localize MT1-MMP-mediated LTBP-1 proteolytic
activity, LV frozen sections were prepared from post-MI WT specimens and incubated with the LTBP-1 fluorogenic substrate and monitored at 37° C for up to
6 h using confocal microscopy. A significant fluorescent signal began to emerge at 2 h following incubation, which occurred to the greatest degree in the
border zone and MI regions. Parallel differential interference contrast images are shown below, and these regions are annotated. (*, p 	 0.05 versus WT non-MI;
�, versus MT1-MMPexp non-MI; #, p 	 0.05 versus WT MI.)
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alter the myocyte-matrix interface and thereby diminish the
efficiency of LV ejection. In light of the post-mortem studies
and the results obtained from the surviving MT1-MMPexp
mice, it is likely that all of these factors contributed to reduced
post-MI survival. LV dilation is a common structural event fol-
lowing MI and has been well documented to occur in murine
models of MI (1–4, 8, 9). In the present study, LV dilation and
dysfunction occurred following MI induction in mice, but the
degree of LV dysfunction was more severe in the MT1-
MMPexp mice. Using anMMP-targeted radiotracer technique
(23), the present study demonstrated heightenedMMP activity

within theMI and remote regions in
the MT1-MMPexp mice. This
heightened MMP proteolytic activ-
ity within the interstitium of the
MT1-MMPexp mice likely contrib-
uted to further disruption of the
myocyte-matrix interface in the
early post-MI period, and in turn
exacerbated the degree of LV dys-
function. In this relatively early
post-MI period, MT1-MMPexp did
not appear to cause a greater degree
of LV dilation. This may have been
due to the fact that those MT1-
MMPexp mice with severe LV dila-
tion died during the early post-MI
period. Another possible explana-
tion is that the trajectory of LV
dilation was similar between the
wild-type and MT1-MMPexp mice
in this early post-MI period. An-
other potential mechanism is that
the increased matrix accumu-
lation with MT1-MMPexp me-
chanically impaired LV dilation.
Nevertheless, these results clearly
demonstrated that MT1-MMPexp
directly affected survival and LV
function in the early post-MI
period.
This is the first study that has

directly measured MMP activity
through multimodal techniques in
the context of MI. It has been dem-
onstrated previously that, once
MT1-MMPundergoes translational
processing and trafficking to the
membrane, then a proteolytically
competent enzyme exists (12–15).
The extraction and immunoblot-
ting of this transmembrane MMP
can result in the identification of
several molecular weight forms that
can range from 60 to 50 kDa and are
likely due to post-translational
modification of the cytoplasmic and
extracellular domains. Neverthe-

less, these different molecular weight forms all contain the cat-
alytic domain and therefore retain proteolytic potential. To
more carefully address this issue, the present study examined
MMP activity, and MT1-MMP proteolytic activity specifically,
using several different in vivo and in vitro approaches. First,
using an in vivo MMP radiotracer, which binds to the active
catalytic domain of allMMP types (23), cardiac restrictedMT1-
MMPexp resulted in heightened MMP radiotracer binding,
which was paralleled by an ex vivomeasure of total MMP activ-
ity using a fluorogenic activity assay (10, 22). Moreover, in the
present study, MT1-MMPexp caused a robust increase in

FIGURE 7. A, LV myocardial membrane extracts from wild type (WT), WT at 14 days post MI, MT1-MMP overex-
pression (MT1-MMP), and at 14 days post-MI (n � 10/group) were subjected to immunoblotting for transform-
ing growth factor � receptor-1 (TGF-BR1), and the predominant forms were at 53 kDa and a dimer at 100 kDa.
The 100-kDa form of TGF-BR1 was reduced in the WT-MI group. TGF-BR1 levels (53 kDa and total) were signif-
icantly increased in the MT1-MMP post MI group. B, a common Smad, Smad-2 in the classic TGF signaling
pathway, was measured in the same LV myocardial extracts in which both total Smad-2 and the phosphory-
lated form of Smad-2 (pSmad-2) were quantified. Total phospho-Smad-2 was increased to the greatest degree in
the MT1-MMP post-MI group. (*, p 	 0.05 versus WT non-MI; �, versus MT1-MMPexp non-MI; #, p 	 0.05 versus
WT MI.)
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MT1-MMP activity using a specific and previously validated
fluorogenic assay (10). These activity assays as well as the
immunohistochemical studies confirmed that this MT1-
MMPexp transgenic construct yielded overexpression of a
functionally competent transmembrane enzyme. In addition,
the overall net increase inMMP proteolytic activity, which was
demonstrated in the present study, was likely due in large part
to increasedMT1-MMP-specific induction within themyocar-
dial compartment. More importantly in this MT1-MMPexp
construct, in vivo and ex vivo measurements of MMP/MT1-
MMP activity were increased by nearly 2-fold following MI.
There are a number of potentially important biological conse-
quences of increasedMT1-MMP expression and activity in this
early post-MI period. MT1-MMP is an important pathway for
proteolytically processing MMP-2 to the active form (12–14).
Using a zymographic approach, which provides a sensitive
means to identify and size-fractionate MMP-2, higher levels of
the active form ofMMP-2were observed in theMT1-MMPexp
groups. The emergence of greater amounts of the 68-kDa form
would indicate that greater amounts ofMMP-2were processed
from the pro-form to the active form. These observations pro-
vide the first in vivo evidence that selective induction of MT1-
MMP within the myocardial compartment in and of itself
causes increased levels of an active form of MMP-2. Increased
activation of MMP-2 would further contribute to matrix insta-
bility and loss of cellular continuity in theMT1-MMPexpmice.
Another important consequence of increased myocardial
MT1-MMPwould be changes at the myocyte-matrix interface.
Past in vitro studies have demonstrated significant cross-talk
between MT1-MMP and transmembrane matrix-binding pro-
teins (integrins) (26, 27) and thatMT1-MMPcontributes to the
phagocytosis of pericellular collagen fragments (26). Finally,
and of relevance to the present study, MT1-MMP proteolyti-
cally processes a diverse number of biologically active signaling
molecules, which in turn would stimulate collagen synthetic
pathways (16). Thus, the original concept that MMPs, and in
particular that of MT1-MMP, are restricted to degradation of
limited set of matrix proteins was likely an oversimplification.
In terms of the present study, this would suggest that MT1-
MMP induction following MI causes a diverse number of
effects that are temporal-, region-, and substrate-dependent.
One of the more unexpected outcomes from these MT1-

MMPexp studies was the changes in myocardial collagen con-
tent. Totalmyocardial collagen content was increased by nearly
2-fold with MT1-MMPexp. These findings in and of them-
selves challenge the canonical belief that myocardial induction
of an MMP type, and a resultant increase in net MMP proteo-
lytic activity, will cause an absolute loss in ECM content. The
present study directly addressed this issue through a stepwise
series of experiments, to determine how increased MT1-MMP
myocardial levels may evoke a potent pro-fibrotic response
through the TGF pathway. TGF is synthesized as an inactive
precursor bound to LTBP-1 through disulfide bonds and a cys-
teine-rich motif found within LTBP-1 (17, 18). Proteolytic
processing of LTBP-1 and subsequent full activation and
release of TGF into the interstitium are critical steps in this
pro-fibrotic signaling pathway. Through in silico, in vitro, and
ex vivo approaches, the present study provided evidence for a

mechanistic link betweenMT1-MMPproteolytic processing of
LTBP-1. First, an MT1-MMP cleavage site for LTBP-1 was
identified that falls within a Ca2�-binding EGF-like protein-
protein interaction domain of LTBP-1 (residues 1076–1117)
(28). Previous studies have identifiedmutationswithin a similar
type of domain in fibrillin-1, an LTBP-1 homologue, implicated
in Marfan syndrome, which results in over-stimulation of TGF
signaling (29). Finally, a cell-based assay identified that LTBP-1
may indeed by a proteolytic substrate for MT1-MMP (19).
Based upon these observations, a peptide domain of LTBP-1
was then conjugated to a fluorophore tomeasure specificMT1-
MMP proteolytic cleavage of this domain in myocardial
extracts. Using this approach, a 2-fold increase in MT1-MMP-
specific LTBP-1 proteolysis was demonstrated in the MT1-
MMPexp myocardial membranes following MI. In addition,
lower molecular weight forms of LTBP-1 suggestive of
increased proteolytic processing of LTBP-1 were observed in
MT1-MMPexp myocardial extracts. In addition, using this
LTBP-1 substrate and in situ imaging, specificMT1-MMP-me-
diated proteolysis could be identified within both the MI and
border zone indicating thatMT1-MMP-mediated LTBP-1 pro-
teolysis occurred in both the MI region and the viable myocar-
dium. This would imply that increased TGF signaling and a
pro-fibrotic response would occur within both the MI scar as
well as the viable myocardium. These observations were con-
sistent with the morphometric measurements of collagen con-
tent within the LV myocardium using histochemistry. Finally,
the present study demonstrated that a robust increase in TGF
receptor levels and phosphorylation of a key intracellular sig-
naling component of the TGF pathway Smad2 occurred in the
MT1-MMPexp mice following MI. Interestingly, LTBP-1
mRNA levels were reduced in theMT1-MMPexpmice sugges-
tive that alterations in a receptor feedback pathway occurred,
which may have been due to heightened TGF signaling in this
transgenic construct. While remaining associative, these find-
ings put forth the novel concept that a mechanism for the
increased collagen accumulation, which occurred with the
induction of myocardial MT1-MMP, is through interstitial
proteolysis of LTBP-1, with resultant release of TGF and
heightened activation of this potent pro-fibrotic signaling
cascade.
Increased myocardial levels of MT1-MMP have been

reported previously in the context of LV remodeling in humans
and animals (2, 6, 7, 10). The present study utilized a cardiac
overexpressionmodel ofMT1-MMP, driven by amyosin heavy
chain promoter, to induce myocardial MT1-MMP levels to
those levels observed in these past studies. However, using the
myocyte heavy chain promoter, the preponderance of expres-
sion will be restricted to the cardiac myocyte. LV myocardial
fibroblasts robustly express MT1-MMP, and increased fibro-
blast levels of MT1-MMP have been reported in patients with
end-stage LV failure (11). Whether MT1-MMP induction in
fibroblasts as well as in cardiac myocytes may cause a more
severe LV phenotype remains to be explored. In addition, using
this humanMT1-MMP overexpression construct, endogenous
mouse MT1-MMP levels were reduced, suggestive of compen-
satory feedback in MT1-MMP expression, which highlights
potential limitations to a transgenic overexpressionmodel. The
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present study examined the consequences of MT1-MMP over-
expression, but targeted down-regulation of this MMPwas not
addressed. Past studies have demonstrated that MT1-MMP
gene deletion is associated with significant developmental mal-
formations (30), and therefore utilizing a global deletion model
would be problematic. Moreover, global MMP inhibition,
whichwould putatively inhibitMT1-MMPhas been performed
previously (4, 7, 9). However, these nonselective MMP inhibi-
tion strategies are difficult to actuate clinically (25). Thus, based
uponpast studies identifying increasedMT1-MMP levels in the
failing humanmyocardium (6), and the results from the present
study, more targeted and selective transgenic/pharmacological
strategies to selectively interrupt MT1-MMP myocardial
expression and activity in the context of LV remodeling would
be warranted.
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