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Abstract

The activity of TIMP-3, a natural tissue inhibitor of matrix metalloproteinases (MMPs), is decreased in the failing heart. This study evaluated
the response to coronary ligation of cardiac structure, function, and matrix remodeling in wild-type (WT) mice, and those deficient in TIMP-3
(timp-3−/−). The coronary artery was ligated in timp-3−/− and age-matched WT mice. At various time points over the following 28-day period, left
ventricular structure and function (by echocardiography, pressure–volume measurements and morphometry), MMP levels and activity, blood
vessel density, cell proliferation, apoptosis, matrix structure, and inflammatory cytokine levels were assessed in both groups. After ligation,
mortality was significantly greater in timp-3−/− than in WT mice. Morphometry and echocardiography demonstrated no difference in heart size or
function prior to ligation; however, the progression of left ventricular systolic dysfunction was accelerated in timp-3−/− mice at 7, 14 and 28 days
after infarction compared to WT controls. Left ventricular dilatation, gelatinase MMP activity, and TNF-α levels were significantly greater in
timp-3−/− than in WT mice at different times after ligation. By histological evaluation, timp-3−/− mice exhibited significantly increased blood
vessel density, cell proliferation, and apoptosis in the infarct area, and reduced collagen content in the viable remote myocardium compared to WT
mice at 7 and 14 days after ligation. TIMP-3 deficiency accelerated maladaptive cardiac remodeling after a myocardial infarction by promoting
matrix degradation and inflammatory cytokine expression. This study supports further investigations to determine whether such remodeling could
be reduced by augmenting TIMP-3 expression in the infarcted myocardium.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

After a myocardial infarction, extracellular matrix (ECM)
remodeling is the central process underlying the maladaptive
reorganization of cardiac size, shape, and function. This process
is largely determined by the balance between the degradative
enzymes, the matrix metalloproteinases (MMPs), and their
highly regulated and complex assortment of multifunctional
endogenous inhibitors, the tissue inhibitors of matrix metallo-
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proteinases (TIMPs). There are four known human TIMPs, all
of which are involved in the maintenance of tissue structure. For
example, TIMP-1 deficiency accelerates ventricular remodeling
after myocardial infarction [1], and the loss of TIMP-4 from
cardiomyocytes accelerates ventricular dysfunction following
ischemia–reperfusion injury [2]. However, TIMP-3 is unique
because it binds to the ECM (where the signals for remodeling
may converge), is highly expressed in the heart (supporting a
functional role), and is reduced in the failing heart [3–6].

We previously demonstrated that TIMP-3 expression is reduced
in human and experimental heart failure in association with
maladaptive cardiac remodeling [7]. In addition, we demonstrated
that TIMP-3 deficiency in mutant mice results in dilated
cardiomyopathy without prior cardiac injury, similar to findings
in humans [8]. In those studies, the loss of TIMP-3 enhanced the
activation of inflammatory cytokines such as TNF-α, and MMP-
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Fig. 1. Survival curve. Over the 14 days following coronary artery ligation, the
survival rate (expressed as a % of total mice) was significantly (pb0.01)
reduced in the TIMP-3 deficient mice (timp-3−/−) relative to the wild-type mice
(WT). Overall survival rates were 38.5% in timp-3−/− mice, compared to 60%
in WT. All data represent mean±S.E.M. (n=148 timp-3−/− mice; n=100 WT
mice).

Fig. 2. Left ventricular (LV) volume by planimetry. (A–F) Macrophotographs
illustrating representativemidventricular slices obtained from the hearts of TIMP-3
deficient (timp-3−/−; A–C) and wild-type (WT; D–F) mice before (Normal) and 14
and 28 days (D) after coronary artery ligation (location of infarct indicated by
arrows). LV chamber volumes were similar before ligation. (G) At 7, 14, and
28 days after ligation, LV volumes increased significantly in timp-3−/− mice
relative to WTcontrols. ⁎pb0.05 compared to WT. All data represent mean±S.E.
M. (n=7 animals per group per time point).
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mediated matrix degradation—both molecular hallmarks of
human myocardial remodeling.

For this study, we hypothesized that a relative TIMP-3 defi-
ciency may also exaggerate the ventricular remodeling that occurs
after coronary ligation.We employedTIMP-3 deficient (timp-3−/−)
mice, because these mutant mice offer a unique opportunity to
examine the role of TIMP-3 deficiency in cardiac remodelling and
ventricular dysfunction after a myocardial infarction. Accordingly,
the purpose of this studywas to evaluate structural, functional, and
matrix remodelling responses to coronary ligation in timp-3−/− and
wild-type (WT) mice. Understanding the complex role of TIMP
proteins in the normal and failing myocardium may facilitate the
development of targeted anti-remodeling strategies.

2. Materials and methods

2.1. Experimental animals

The Animal Care Committee of the Toronto General
Hospital Research Institute approved all procedures performed
on animals. All experiments were performed according to the
Guide to the Care and Use of Experimental Animals of the
Canadian Council on Animal Care. Timp-3−/− mice were
generated as previously described [9] and back-crossed 6 times
into the C57Bl6 background. The genotype of the timp-3−/−

mice was evaluated as previously described [9]. Age-matched
normal WT (C57Bl6) mice obtained from Jackson Laboratory
served as controls.

2.2. Animal model of myocardial infarction

Both male and female mice (50%:50%) were used in this
study. Anterior coronary artery ligation was performed to in-
duce a myocardial infarction in timp-3−/− mice (n=148) at
8 weeks of age; age-matched WT mice (n=100) were used as a
control group. Under general anesthesia, the coronary artery
(LAD) was permanently ligated with a 7-0 polypropylene
suture, as previously described [10]. The animals were then
randomly separated into 3 subgroups: a group for cardiac
functional analysis and histology, a group for biochemical
measurements, and a group for zymographical analysis.

2.3. Heart function

Heart function was evaluated by echocardiography prior to
and at 7, 14, and 28 days after LAD ligation (n=7 animals per
group per time point). The mice were sedated using isoflurane,
and left parasternal images were taken in the right lateral
decubitus position using a 13-MHz transducer (Sequoia C256
and 15L8, respectively, Acuson, Mountain View, CA, USA).
Short-axis 2-dimensional images stored as digital loops and M-
mode images were made at the mid-papillary level of the left
ventricle (LV). The LV dimensions at end-diastole (LVEDD) and
end-systole (LVESD) were measured. For each measurement,
three consecutive cardiac cycles were traced and averaged by an
experienced examiner in a double-blinded fashion, so that any
increase in variability due to the position of the probe
in ventricles that were asymmetrically dilated after infarction
was equal in both groups. Fractional shortening (%, FS) of
the LVwas calculated as follows: FS (%)=(LVEDD−LVESD) /
LVEDD]×100.

On day 21 after LAD ligation, 7 mice from each group
were employed to evaluate cardiac function using a pressure–
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volume catheter (micromanometer, 1.4 French catheter, SPR-
839 Millar Instruments). Ejection fraction, end systolic and
end diastolic pressures and volumes were recorded.

2.4. Heart morphology

For morphological study prior to and 7, 14, and 28 days after
LAD ligation (n=7 animals per group per time point), hearts
used for functional analysis were perfused and fixed in 10%
neutral buffered formalin, and LVs were distended at a
ventricular pressure of 20 mm Hg. After 48 h, each heart was
sectioned transversely (1 mm sections), and the segments were
photographed for analysis of LV volumes using computerized
planimetry (Scion Image, NIH Software) to measure LV areas.
Total LV volume was calculated for each heart by first
calculating the LV volume of each section using the formula
(LV area×section thickness (1 mm)), and then summing the
volumes of all sections measured.

2.5. In situ zymography

In order to localize gelatinolytic activity within the tissue
prior to and at 7 and 14 days after LAD ligation (n=5
animals per group per time point), in situ zymography was
performed as previously described by Mook et al. [11] and as
Fig. 3. Echocardiography. (A–F) Representative M-mode echo images from the mid
mice, before (Baseline) and 14 and 28 days (D) after coronary artery ligation. Foll
(arrows) than WT mice. (G) Timp-3−/− mice also demonstrated greater decreases in fra
14 and 28 following ligation. ⁎pb0.05 compared to WT. All data represent mean±
briefly described in Appendix E1. Analysis was carried out
using an Olympus Fluoview 1000 laser scanning confocal
microscope.

2.6. MMP/TIMP protein levels

Prior to and at 1, 7, 14, and 28 days after LAD ligation (n=7
animals per group per time point), protein extracts from the LV
myocardium were analyzed for the levels of MMP-2 and -9, and
TIMP-1 and -2 (in order to determine whether there were
compensatory changes in the expression of other TIMPs in
response to the absence of TIMP-3) by Western blot [7], as
briefly described in Appendix E1. Band densities at baseline
(Day 0) for each group (in MMP analysis) or for WT mice (in
TIMP analysis) were used as controls, and results are presented
as the % of change from control.

2.7. MMP activity

Prior to and at 1, 7, 14, and 28 days after LAD ligation (n=7
animals per group per time point), the activities of myocardial
MMP-2 and MMP-9 were quantified using gelatin zymography
as described previously [12], and as briefly described in
Appendix E1. Values are expressed as the % of non-infarcted
LV myocardium at day 0.
ventricular cross-sections in TIMP-3 deficient (timp-3−/−) and wild-type (WT)
owing ligation, timp-3−/− mice exhibited larger left ventricular (LV) diameters
ctional shortening (expressed as % change from baseline) than WT mice at days
S.E.M. (n=7 animals per group per time point).



Fig. 4. Pressure–volume evaluation at 21 days after coronary artery ligation.
(A–C) Ejection fraction (A), cardiac output (B), and cardiac stroke work (C)
were all significantly lower in TIMP-3 deficient (timp-3−/−) mice than in wild-
type (WT) mice. ⁎pb0.04; ⁎⁎pb0.02 compared to WT. All data represent
mean±S.E.M. (n=7 animals per group).
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2.8. Immunohistochemistry and histology

For immunohistochemistry prior to and at 7, 14, and 28 days
after LAD ligation (n=5 animals per group per time point), LV
Fig. 5. MMP status after coronary artery ligation. (A–R) In situ zymographic analys
Gelatinolytic activity was abolished with formalin fixation (A) and pre-treatment with
to MMP activity (C). Representative images of non-infarcted WT (D) and timp-3−/−

infarction, gelatinolytic activity was localized to the border zone (G, J, N, Q) and scar
to baseline levels (D, E)—except in timp-3−/−mice at day 14 (arrow in P). The gelatin
readily apparent in the border zone (arrows in G, J, N, Q; area in white box (J) shown
more gelatinolytic activity (increased green fluorescence in J, K, Q, R). Scale bar=20
zymogram demonstrating MMP-9 and MMP-2 protein levels (S) and activity (T) at
positive controls for MMP-9 and MMP-2. (U–V) Quantification of protein levels by
decreased slightly, while MMP-2 increased slightly on day 1 after infarction and peak
at any time point. (W) MMP-9 gelatinolytic activity increased (relative to baseline) si
14 (pb0.05) after infarction. (X) MMP-2 gelatinolytic activity also increased (relativ
significant differences compared to day 0 at time point indicated; β denotes signific
tissue sections were stained against TNF-Alpha, CD31, and Ki67
(1:50; Dako), as described in Appendix E1. Random fields of
view for each of the border zone, infarct, and remote regions were
imaged using the Aperio virtual microscope system.

2.9. Apoptosis

To quantify cellular apoptosis in the border zone and
myocardial infarct regions at 14 days after LAD ligation (n=4
WT; n=5 timp-3−/− animals), frozen sections from hearts
harvested at 14 days after ligation were subjected to TUNEL
staining as previously described [13]. Numbers of apoptotic
nuclei in 5 random fields from the infarcted and border zone
regions (identified using Masson trichrome staining on the
following serial section) were averaged, and results were
presented as the percentage of apoptotic nuclei/total number of
nuclei.

2.10. Confocal microscopy: matrix structure

To evaluate the organization of the fibrillar collagen matrix
prior to and at 7, 14, and 28 days after LAD ligation (n=4
animals per group per time point), LV sections were stained
with picrosirius red and imaged using a laser scanning con-
focal system. Image stacks were projected into a single image
and assessed for % collagen volume (% positive pixels out of
total pixels in the obtained image) as previously described [7],
and as described in Appendix E1.

2.11. TNF-α levels

Prior to and at 7, 14, and 28 days after LAD ligation (n=7
animals per group per time point), TNF-α levels were
determined in myocardial extracts by ELISA, using a
commercial murine TNF-α ELISA Kit, as described in
Appendix E1. TNF-α concentration was calculated based on a
standard curve.

2.12. Statistical analyses

Results are presented as mean±S.E.M. Comparison between
groups was performed by a two-way ANOVA (time vs. group;
interactions). If the F-ratio was significant, pairwise tests of
individual group means were compared using the Student–
is of fresh-frozen wild-type (WT) and TIMP-3 deficient (timp-3−/−) heart tissue.
25 mM EDTA (B), demonstrating that the majority of activity detected was due
(E) heart tissue indicate no gelatinolytic activity in the myocardium. Following
area (H, K, O, R), whereas the remote region (F, I, M) demonstrated activity close
olytic activity was predominantly located in the inter-cardiomyocyte space, more
enlarged in L). Compared to the WT mice (G, H, N, O), timp-3−/− hearts showed
0 μm; LVFW=left ventricular free wall. (S–T) Representative immunoblot and
days 0, 1, 7, 14 and 28 after infarction in timp-3−/− and WT hearts. + indicates
denistometry revealed that MMP-9 increased on day 1 after infarction and then
ed between 1 and 2 weeks. There were no significant differences between groups
gnificantly more in timp-3−/− mice than in WT mice on day 7 (pb0.001) and day
e to baseline) significantly more in timp-3−/− mice on day 7 (pb0.05). α denotes
ant differences between genotypes at time point indicated.
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Fig. 7. TNF-α activity in the infarcted myocardium. (A) TNF-α levels, while
similar in TIMP-3 deficient (timp-3−/−) and wild-type (WT) mice before
coronary artery ligation (day 0) and increased in both groups afterwards, were
increased significantly more in timp-3−/− mice than in WT mice at 7, 14, and
28 days after infarction. (B, C) Representative light micrographs illustrating
TNF-α staining (brown) in WT (B) and timp-3−/− (C) mice; TNF-α accumulated
in the myocardial infarct border zone. ⁎pb0.05 compared to timp-3−/−;
⁎⁎pb0.01 compared to timp-3−/−. All data represent mean±S.E.M. (n=7
animals per group per time point).
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Newman–Keuls test. Survival outcomes were compared using
the Kaplan–Meier method and differences were specified with
log-rank statistics. All statistical procedures were performed
using the SPSS software package (SPSS Inc.) The critical α-
level was set at pb0.05.

3. Results

3.1. Mortality rates

Overall, mortality was significantly (pb0.01) increased in
timp-3−/− mice (91/148 mice) as compared with WT mice
(40/100 mice) during the 14 days after coronary artery ligation
(Fig. 1). No difference in mortality was observed between
genders. Postmortem examinations were performed on all
animals and revealed extensive infarctions, but blood (indicat-
ing cardiac rupture) was found in the pericardium in 29% (27/
91) of timp-3−/− mice, and 17% (7/40) of WT mice (pb0.05).
The timp-3−/− mice were therefore more prone to heart rupture
than the WT mice.

3.2. Left ventricular volumes

Although LV chamber dimensions were similar before
ligation, LV volumes after ligation (measured by planimetry)
were greater in timp-3−/− mice than in WT controls at 7, 14 and
28 days after coronary ligation (Fig. 2).

3.3. Left ventricular function

Echocardiographic measurements performed before ligation
showed no difference between groups in fractional shortening
change (FS) at 8 weeks of age (Fig. 3). Our previous study of this
phenotype indicated that cardiac remodeling and dysfunction
did not become evident until after 12 months of age [8]. At 7, 14,
and 28 days after coronary artery ligation, FS decreased
significantly (pb0.05 for all paired groups) in both groups
(Fig. 3), but systolic dysfunction progressed more rapidly
(pb0.05) in timp-3−/− mice compared to WT controls at 14 and
28 days after ligation.

On day 21, the cardiac function of 7 mice from each group
was evaluated with pressure–volume catheters (Fig. 4). Ejection
fraction, cardiac output, and cardiac stroke work values were
significantly greater in WT mice than in timp-3−/− mice
(pb0.05 for all groups).
Fig. 6. TIMP-3 deficient mice (timp-3−/−) displayed increased blood vessel density a
content compared to wild-type mice (WT). (A–H) Representative micrographs (Ape
zone (BZ) ofWT (A–D) and timp-3−/− (E–H) heart sections at 7 and 14 days after myo
field (HPF) was significantly greater (pb0.05) in the infarct region of timp-3−/− mic
micrographs (Aperio virtual microscope system) illustrating Ki67 staining in the infar
myocardial infarction. (R) The % of total cells in cell cycle (Ki67 positive nuclei as a %
region and BZ of timp-3−/−mice compared toWTmice at days 7 (pb0.01 for infarct, p
Representative confocal micrographs illustrating picrosirius red staining in the remot
(red) appeared more fragmented in timp-3−/− mice. (U) Fibrillar collagen content (ex
image stack) was significantly reduced in timp-3−/− mice compared to WT mice at d
⁎ indicates significant differences. All data represent mean±S.E.M. (n=5 images pe
3.4. In situ zymography

Gelatinolytic activity was detected with DQ-gelatin:agarose
coated unfixed cryosections. Fluorescence was abolished with
10% formalin fixation (Fig. 5A) and was greatly diminished
with 25 mM EDTA pre-treatment of sections (Fig. 5B),
suggesting that the majority of the fluorescence was due to
MMP gelatinolytic activity (Fig. 5C) in the samples analyzed.
Non-infarcted heart tissue sections showed low fluorescence
activity in both WT and timp-3−/− mice (Figs. 5D, E), sug-
gesting that baseline gelatinolytic activity at 8 weeks of age was
similar between the two groups.

Seven and 14 days after myocardial infarction, green
fluorescence increased in both WT and timp-3−/− mice
compared to non-infarcted controls, indicating elevated regional
gelatinolytic activity (Figs. 5F–R). The increased gelatinolytic
activity was localized to the border zone (Figs. 5G, J, N, Q) and
scar regions (Figs. 5H, K, O, R) while a slightly elevated
nd increased cellular proliferation, with a concomitant loss in fibrillar collagen
rio virtual microscope system) illustrating CD31 staining in the infarct or border
cardial infarction. (I) The number of CD31 positive blood vessels per high power
e compared to WT mice at days 7 and 14 after infarction. (J–Q) Representative
ct or BZ of WT (J–M) and timp-3−/− (N–Q) heart sections at 7 and 14 days after
of total nuclei in 5 random fields of view) was significantly greater in the infarct
b0.05 for BZ) and 14 (pb0.01 for infarct; pb0.001 for BZ) after infarction. (S,T)
e, non-infarcted myocardium of WT (S) and timp-3−/− (T) mice; collagen fibers
pressed as the % of picrosirius red-positive pixels out of the total pixels in each
ays 7, 14, and 28 after infarction (pb0.05 for days 7, 14; p=0.05 for day 28).
r region per heart in I,R; n=4 animals per group per time point in U).
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fluorescent pattern with respect to non-infarcted controls was
observed in the remote viable myocardium (Figs. 5F, I, M, P).
However, timp-3−/− mice demonstrated a further modest in-
crease in green fluorescence at day 14 (Figs. 5P–R, arrows).
After myocardial infarction, gelatinolytic activity was greater in
timp-3−/−mice than inWTmice at day 7 and day 14. The increased
gelatinolytic activity was localized to the interstitial space.

3.5. MMP protein expression and activity

MMP-9 and -2 myocardial protein expression and acti-
vity were examined in both groups using Western blot assay
(Fig. 5S) and gelatin zymography (Fig. 5T), prior to and at 1, 7,
14, and 28 days after ligation, and quantified. MMP protein
levels were similar between the two groups at all time points
examined, although the levels of both MMPs increased after
ligation. MMP-9 activity increased significantly from baseline
in both groups on days 7 and 14 after ligation, and MMP-2
activity also increased in both groups following ligation.
Comparing the two genotypes, timp-3−/− mice had greater
MMP-2 (pb0.05) and MMP-9 (pb0.001) activities than WT
mice at 7 days after ligation, and greater MMP-9 (pb0.05)
activity than WT mice at 14 days (Figs. 5U–X). Together, these
data suggest that timp-3−/− mouse hearts do not fail because of
MMP transcript level dysregulation or increased MMP protein
production, but rather because of decreased MMP inhibition.

3.6. TIMP-1 and -2 protein expression

Prior to and at 1, 7, 14, and 28 days after coronary artery
ligation, TIMP-1 and -2 myocardial protein expression was
examined in both groups using immunoblotting, and quantified.
Post infarction, there were no differences between the two
groups in the protein levels of either TIMP (online Fig. E1),
indicating that there was no compensation by these proteins in
the absence of TIMP-3.

3.7. Blood vessel density and cell proliferation

To determine the cellular responses to coronary ligation in
TIMP-3 deficiency, we quantified blood vessel density and
cellular proliferation in WT and timp-3−/− mice at days 7 and 14
after myocardial infarction. Blood vessel density in the infarct
region was significantly greater (pb0.05, for both time points)
in timp-3−/− than in WT mice at 7 and 14 days (Figs. 6A–I).
Similarly, proliferating cells in the infarct and marginal zones
were significantly more numerous at day 7 (pb0.01 and
pb0.05, respectively) and day 14 (pb0.01 and pb0.001,
respectively) in timp-3−/− than in WT mice (Figs. 6J–R).

3.8. Apoptosis

At 14 days after myocardial infarction, apoptotic indices
were higher in both the border zone and the infarct regions of
timp-3−/− mice compared to wild-types (pb0.05; online
Fig. E2), indicating that the timp-3−/− mice experienced in-
creased cell loss in these regions.
3.9. Myocardial fibrillar collagen network

Confocal analysis of perimysial collagen content and
organization in viable remote myocardial regions demonstrated
degraded and fragmented fibers in timp-3−/− mice compared to
WT mice (Figs. 6S, T). Myocardial collagen content was
similar at baseline, but significantly reduced in timp-3−/− mice
compared to WT mice at 7, 14 and 28 days after ligation
(Fig. 6U; pb0.05 for days 7,14; p=0.05 for day 28).

3.10. TNF-α expression

TNF-α expression in the myocardium of timp-3−/− mice was
similar to that in WT mice before ligation (Fig. 7). Afterwards,
TNF-α levels were elevated significantly in both groups
(pb0.05 for all groups). However, TNF-α levels were
significantly greater in timp-3−/− mice than in WT mice at 7,
14 and 28 days after myocardial infarction (pb0.05 at 7 days;
pb0.01 at 14, 28 days). Immunohistochemical staining showed
that TNF-α was expressed in the myocardium adjacent to the
infarcted region (Fig. 7).

4. Discussion

The current report demonstrates that a deficiency of TIMP-3
in the mouse myocardium results in accelerated ECM
degradation and inflammatory cytokine activation compared
to that seen in WT mice early after myocardial infarction. This
finding is in agreement with concepts previously reviewed by
Visse and Nagase [5]. Given the well-established contribution
of both MMPs and inflammatory cytokines to maladaptive
cardiac remodeling and the progression to overt heart failure, it
is possible that these pathways were poorly suppressed in the
face of TIMP-3 deficiency, resulting in accelerated chamber
dilatation and systolic dysfunction. In association with these
effects, we also noted an increased mortality after coronary
ligation in the timp-3−/− mice. These data highlight the
functional significance of constitutive TIMP-3 expression in
the heart, and indicate that a relative deficiency of TIMP-3 early
after cardiac injury may promote ventricular remodeling and
resultant cardiac dysfunction.

Chronic TIMP-3 deficiency may contribute to cardiac
dysfunction. We previously found that timp-3−/− mice develop
dilated cardiomyopathy between 13 and 23 months of age [8].
In the present study however, young timp-3−/− mice (2–
3 months—well before the onset of cardiomyopathy) were
specifically selected in order to minimize the contribution of
this natural progression. Therefore, differences measured
relative to WT likely represent the response to the infarction
rather than the progression of timp-3−/− cardiomyopathy.

A number of MMPs have been identified and extensively
studied. For this study, we chose to focus on MMP-2 and MMP-
9 gelatinases because of their active involvement in ventricular
remodeling following ischemic myocardial injury [14–16].
Increases in MMP-9 and decreases in TIMP expression have
been shown to contribute to progressive ventricular dysfunction
in human and experimental heart failure. In this study, TIMP-3
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deficiency was associated with significant increases in MMP-9
gelatinolytic activity at 7 and 14 days after coronary ligation,
and in MMP-2 activity at 7 days after ligation, relative to
WT controls. In situ zymography localized the increased gelat-
inolytic activity to the border zone and infarcted regions of
timp-3−/− mice after coronary ligation, supporting our immuno-
blot and zymographic analyses. Our assessments of MMP-2 and
-9 in the face of TIMP-3 deficiency after myocardial infarction
suggest excessive gelatinolytic activity, and possible MMP-
mediated ECM degradation. Since our findings are limited be-
cause only two of the numerous MMPs were assessed, future
studies should document the activities and quantities of the
complete MMP portfolio after myocardial infarction in order to
fully determine their role of MMPs in matrix modulation [17].

Of the four TIMPs identified to date, TIMP-3 binds to the
myocardial matrix and therefore exerts degradative control at
the ECM-level. TIMP-3 is also the physiological inhibitor of
TNF-α converting enzyme (TACE) [18], which sheds TNF-α
and its receptor p75, resulting in the release of the soluble form
of TNF-α. Elevated TNF-α activity has been associated with
myocardial tissue remodeling in human and experimental
dilated cardiac failure [19], and increased TACE activity has
been linked to ventricular dilation and cardiac dysfunction in
human heart failure [4]. We have previously shown that TIMP-3
indirectly reduces TNF-α activity by inhibiting TACE [8]. In
this study, TNF-α levels were significantly increased in
infarcted timp-3−/− mice compared to WT controls, suggesting
that TACE activity might have been elevated; increased TACE
activity has also been documented in an LV dilatation model of
timp-3−/− mice that underwent aortic banding [20]. The
increased TNF-α levels could alternatively have been caused
by alterations in the number or type of infiltrating inflammatory
cells in the heart following injury. TIMP-3 deficiency may also
have increased TNF-RII shedding in association with excessive
activity of MMPs, which are known to function as sheddases.
Additionally, other cytokines, such as TGF-beta, may accelerate
cardiac dysfunction in infarcted timp-3−/− mice. In any case,
increases in multiple cytokine molecules, including TNF and its
pathways, may contribute to cardiac dysfunction directly and/or
indirectly. Precipitous heart failure in the timp-3−/− mice may be
due to increased matrix remodeling, compounded by an
increased concentration of cytokines, which in turn can amplify
extracellular matrix breakdown [21]. The relevant cytokine
pathways should be identified in future studies.

We found that timp-3−/− mice displayed increased blood
vessel density and cellular proliferation relative to WT mice,
without corresponding improvements in ventricular function.We
did not determine the phenotypes of the proliferating cells, but
the majority of proliferating cells in the mouse model of
myocardial infarction are endothelial cells and myofibroblasts
[22]. Increased numbers of endothelial cells could account for the
increased vascular density we observed, as could reduced TIMP-
3-mediated inhibition of VEGF receptors [23]. However, we also
found that timp-3−/− mice exhibited significantly increased cell
apoptosis after infarction at the myocardial infarct and border
zones. In the current study then, increased cell proliferation and
blood vessel density were balanced by increased cell loss in the
border and infarct regions, which may be a major mechanism
contributing to ventricular dysfunction in timp-3−/− mice.

This study also highlights extensive matrix remodeling in the
remote, non-infarcted myocardium after coronary ligation. In
timp-3−/− mice compared to WT controls, we observed in the
remote myocardium a decrease in collagen content in
association with an increase in gelatinase activity. These results
suggest that TIMP-3 may play an essential role in regulating
collagen fibrillogenesis and matrix structure in the non-
infarcted regions of the heart after a myocardial infarction. In
this study, a relative deficiency of TIMP-3 did not increase
TIMP-1 or -2 protein levels after ligation. The lack of MMP
inhibitors in timp-3−/− mice may have increased matrix
degradation and decreased the physical connections between
the myocytes and the matrix, disrupting coordinated cardiac
contraction, and contributing to ventricular dysfunction. The
imbalance between MMP activity and TIMP inhibition in the
non-infarcted myocardium could result in collagen disruption,
cardiomyocyte slippage, ventricular dilatation, and progressive
congestive heart failure. Similar disruption of fibrillar collagen
has been observed in patients with dilated cardiomyopathy [24].

The balance between TIMP activity and MMP activation
following a myocardial infarction is extremely complex [25,26],
and these findings highlight some of the concerns associated
with TIMP-3 replacement therapy. For example, systemic
administration of TIMP-3 early after a myocardial infarction
could decrease blood vessel densities and inhibit infarct healing.
TIMPs may also inhibit cardiac fibroblast proliferation and
collagen synthesis [27], and TIMP-3 over-expression has been
reported to promote cellular apoptosis, which could actually
contribute to the progression of heart failure [28]. Local and
delayed delivery of TIMP-3 could be accomplished by
transfecting cells with the TIMP-3 gene before transplanting
them into the infarcted myocardium. Alternatively, since TIMP-
1 has the potential to induce smooth muscle cell proliferation
and shares the MMP-inhibitory profile but not the pro-apoptotic
effects of TIMP-3, the augmentation of TIMP-1 expression
along with TIMP-3 expression may be a feasible therapy.

In summary, a loss of myocardial TIMP-3 contributes to
maladaptive matrix remodeling and cardiac failure immediately
after myocardial infarction by rapidly disrupting the ECM and
activating potent cytokines. Further studies will be required to
determine additional mechanisms responsible for the exagger-
ated heart failure observed in timp-3−/− mice. For example, the
current investigation did not evaluate the chronic effects of
TIMP-3 deficiency on inflammatory cell processes contributing
to cardiac dysfunction. Since it was reported that the absence of
TIMP-3 markedly enhances the inflammatory response [29],
inflammatory cell infiltration and cytokine responses should be
evaluated during the chronic phase after myocardial infarction
in timp-3−/− mice. To clearly demonstrate the contribution of
TIMP-3 to survival and ventricular modulation, these studies
could be repeated in timp-3−/− and WT mice from different
backgrounds. Also, a direct assessment of infarct sizes early
after infarction might clarify whether the accelerated ventricular
remodeling observed in timp-3−/− mice was partially caused by
a difference in initial infarct size as an immediate response to the
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TIMP-3 deficiency, or solely due to a heightened susceptibility
to ischemic cardiac injury.

Eventually, increasing TIMP-3 expression may improve
cardiac structure and function in failing hearts deficient in the
protein, and might also confirm that the ventricular dilatation
observed in the current model was caused by deficient TIMP-3
activity. Future strategies to reduce the risk of heart failure after
a myocardial infarction might include a controlled restoration of
TIMP-3 expression through gene therapy, cell transplantation or
cell-based gene therapy.
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FS fractional shortening
LAD left anterior descending artery
LV left ventricle/ventricular
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LVESD left ventricular end systolic dimension
MMP matrix metalloproteinase
TACE TNF-α converting enzyme
TIMP tissue inhibitor of matrix metalloproteinases
timp-3−/− TIMP-3 deficient mice
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