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Abstract

Background—Left ventricular (LV) remodeling following myocardial infarction (Ml) is
associated with increased levels of specific matrix metalloproteinases (MMPs) and relative
reduction of endogenous tissue inhibitors of the MMPs (TIMPs). However, transcriptional
mechanisms for the disparate post-MI MMP/TIMP expression remain unknown. Using murine
constructs designed to report gene promoter activation, this study tested the hypothesis that
distinctly different temporal profiles of MMP-2, MMP-9, and TIMP-1 transcription occurs post-
M.

Methods/Results—Transcriptional activity (B-galactosidase (B-gal) reporter constructs) of
MMP-2 (n=49), MMP-9 (n=62), or TIMP-1 (n=40) was assayed at 1 hour (acute), and 1 — 28 days
after MI (coronary ligation) in transgenic reporter mice. At 7 days post-Ml, the area of promoter
activation normalized to LV area was increased from acute values for MMP-2 (63.4+5.8 vs
1.1+£1.0 %, p<0.05) and MMP-9 (53.1+6.1 vs 1.3£0.9 %, p<0.05). While TIMP-1 promoter
activation at 7 days post-MI increased from acute values (3.6+1.3 vs 0.3+0.5%, p<0.05), this
increase was smaller than that for MMP-2 or MMP-9 (both p<0.05). MMP-2 promoter activation
peaked in the Ml region at 7 days post-MI and MMP-9 promoter activation was highest in the
border region at 7 and 14 days post-MI. TIMP-1 promoter activation peaked within the Ml region
at 7 days post-MI and within the remote region at 14 days post-Ml.

Conclusions—These findings provided direct in vivo evidence that discordant changes in
temporal and spatial patterns of MMP/TIMP transcription occurs with MI. Restoration of TIMP-1
promoter activation may represent a molecular therapeutic target to attenuate/prevent adverse
post-MI LV remodeling.
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INTRODUCTION

A number of changes in left ventricular (LV) geometry and within the extracellular matrix
(ECM) occur following myocardial infarction (MI) (1-5). The matrix metalloproteinases
(MMPs) and the endogenous tissue inhibitors of the metalloproteinases (TIMPs) are key
components involved in remodeling of the ECM (2,4,6). Past studies have clearly
documented that changes in the protein levels of MMPs and TIMPs occur post-MI (7-12).
While the levels of certain MMPs are increased post-Ml, levels of the TIMPs have been
reported to be decreased at the border and Ml regions (13). Therefore, the stoichiometric
imbalance between MMP and TIMP levels may contribute to adverse LV remodeling post-
M.

Through pharmacological inhibition of MMPs and/or utilization of transgenic models with
targeted deletion of certain MMPs and TIMPs, causal relationships for the role of these
proteins in post-MI remodeling have been established (14-19). For example, post-MI LV
dilatation and/or post-MI mortality due to LV rupture were attenuated in mice deficient in
MMP-2 or MMP-9 (14,15). Conversely, mice deficient in TIMP-1 demonstrated an
accelerated LV dilation in the post-MI period (19). Taken together, these past studies
provided evidence that changes in MMP-2, MMP-9, and TIMP-1 likely contribute to
pathologic LV remodeling post-MI. Nevertheless, it remains unknown whether the
imbalance in MMP/TIMP stoichiometry is due to dysregulation of gene promoter activation.
Accordingly, through the use of transgenic promoter reporter constructs, the goal of the
present study was to determine the temporal as well as spatial patterns for the activation of
the promoter regions of MMP-2, MMP-9, and TIMP-1 genes post-MI.

MATERIALS AND METHODS

This study was designed to examine the spatial as well as temporal induction of gene
promoters for matrix metalloproteinase (MMP)-2, MMP-9, and tissue inhibitor of the
metalloproteinases (TIMP)-1 following myocardial infarction (MI). In this study, transgenic
mice were used in which appropriate B-galactosidase (p-gal) reporter constructs for MMP-2,
MMP-9, or TIMP-1 were inserted into the genome. 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 the protocol was approved
by the Institutional Animal Care and Use Committee.

Reporter mice

The MMP-2 gene promoter reporter mice were developed and described by Alfonso-Jaume
et al. (20). Mice with the MMP-9 reporter-lacz construct were developed and described by
Mohan et al. (21). Mice with the TIMP-1 reporter-lacz construct were developed and
described by Flenniken et al. (22). All three mouse lines were generated and maintained on
the CD-1 background. As internal controls, transgene expression was ascertained by p-gal
elaboration (X-gal reacted) at the cut edges of excised tail tips.

Ml induction and experimental design

To provide equivalent gender distribution, MI was surgically induced in male and female
mice (age: 108+3 days, weight: 35.5+0.5 g) by ligation of the coronary artery as described
previously (3,8,19). This technique has been previously documented to cause an Ml of
35+4% of the LV (3,8,19). Five mice from each of the reporter groups were included to
serve as non-Ml reference controls.

Terminal studies on the mice were performed at 1 hour (acute), 1 day, 3 days, 7 days, 14
days, and 28 days post-MI. At the assigned post-MI timepoint, the mice were deeply
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anesthetized using inhalation isoflurane and weighed. The thoracic cavity was opened, 0.2
mL of a 0.1M CdCl;, solution injected into the LV, and the heart extirpated. The heart was
blotted dry, weighed, and sectioned along the long axis such that the line of dissection
bisected the MI. One half of the heart was used to determine the extent of p-gal staining
(formalin fixation followed by reaction against the X-gal substrate) and the other was frozen
in OTC embedding compound (Tissue-Tek). Ml size was determined from hematoxylin and
eosin stained sections of the LV long axis. Briefly, the endocardial length of the MI segment
was measured through the determination of the extent of myocyte necrosis and normalized
to endocardial length. In subsets of mice from each of the transgenic lines,
echocardiographic determinations of LV volumes (Vevo 660, VisualSonics) were performed
at baseline (pre-MI) and at 28 days post-MI. Briefly, parasternal long and short axis views of
the LV together with a recording of the surface ECG was acquired to disk. LV volumes were
determined by manual planimetry of the LV endocardial border in the long axis view at end-
diastole (frame with R-wave) and end-systole (smallest LV area in cardiac cycle) and
application of Simpson’s algorithm for volume determination (23,24).

B-gal staining and quantitation

Gene promoter activation from each of the groups was assayed as a function of -gal
elaboration in one half of each heart by overnight incubation in a substrate buffer (X-gal,
Sigma) as previously described (8,21). Briefly, the LV was photographed (5 Mpixel camera
with macro attachment) and the area and intensity of -gal staining on the LV epicardium as
well as the LV epicardial area were determined by digital planimetry (SigmaScan v4.0,
SPSS). The area of B-gal staining was normalized to LV epicardial area and expressed as a
percentage. Spatial elaboration of B-gal staining in each of the hearts was quantitated with
respect to the center of the Ml region as described previously (8). Briefly, the color images
of the B-gal stained hearts were converted to gray scale such that regions of f-gal staining
projected as lighter areas on a darker background. The Ml region was digitally planimetered
to determine the major axis of the Ml region as well as the center of mass, which was then
defined as the center of the Ml region. A 5-pixel wide region-of-interest extending from the
center of the MI region to the remote myocardium along the major axis was demarcated (8).
Defining the center of the MI region as the origin, gray scale intensities (level 0 = black,
level 255 = white) at 2.0 mm (border region) and at 3.0 mm (remote region) were
determined.

Data Analysis

MI was induced in a combined total of 168 mice that elaborated reporter constructs for
either MMP-2, MMP-9, or TIMP-1 gene promoters. A total of 17 (11 male and 6 female,
p=0.134 with Pearson’s y2 analysis and p=0.212 using Fisher’s exact test) mice died in the
post-MI period, with 8 dying at 3 days post-Ml, 3 at 5 days post-Ml, 2 at 6 days post-Ml, 2
at 7 days post-MlI, and 1 each on days 9 and 13 post-MI. There was no difference between
the numbers of male and female mice that died in the post-MI period (32 p=0.43). The final
sample size of mice at each post-MI timepoint is provided in Table 1. Changes in Ml size,
heart mass indices, and the area of B-gal staining were compared between groups using
analysis of variance (ANOVA), where the two main blocks were reporter group and time
post-MI. For analysis of spatial distribution of -gal staining, myocardial region was
included as an additional factor for the ANOVA analysis. Gender-dependent differences
with respect to the extent of B-gal staining was examined using multiway ANOVA where
the interactions between gender and reporter strain as well as gender and post-MI timepoint
were examined. Pairwise comparisons were performed by Bonferroni adjusted t-tests.
Statistical tests were performed using the Stata software package (Stata Intercooled, v8.0,
College Station, TX). Results are presented as mean + standard error of the mean (SEM).
Values of p<0.05 were considered to be statistically significant.
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Heart mass for the referent control mice in the MMP-2, MMP-9, and TIMP-1 reporter
groups were 158+10 mg, 172+12 mg, and 166+10 mg, respectively, with no difference
between groups. The number of mice studied at each time point following myocardial
infarction (M) in each of the 3 reporter groups is summarized in Table 1. The number of
male and female mice were similar for each post-MI timepoint (Table 1). In sections
obtained at 1 hour post-MI (acute), myocyte necrosis was not readily observed, and Ml size
could not be computed. Compared to Ml size at 1 day post-MI (20+£4%), Ml size was
increased by 3 days post-MI (28+2%, p<0.05), increased further by 7 days post-MI (35+3%,
p<0.05 vs. acute and 1 day post-MI values), and remained elevated through 28 days post-Ml
(37£2%, p<0.05 vs. acute and 1 day post-MlI values). There were no between group
differences in Ml size at any post-MI time point. Left ventricular (LV) end-diastolic volume
increased from the pre-MI value of 6442 ulL to 146+11 uL (p<0.05) at 28 days post-MI and
LV ejection fraction decreased from the pre-MI value of 58+1 % to 16+3 % (p<0.05) at 28
days post-Ml, with no differences between reporter groups.

Representative photographs of LVs with areas of B-galactosidase (3-gal) staining, which
reflect either MMP-2 or MMP-9 or TIMP-1 promoter activation are shown in Figure 1. In
referent, non-MI hearts from any of the reporter groups, no B-gal staining was evident on the
LV. In the MMP-2 reporter group, B-gal staining was increased by 1 day post-Ml, increased
further through 7 days, and fell at longer post-MI timepoints (Figure 2, top). MMP-9
promoter activation increased from acute and 1 day post-MI values by 3 days and peaked at
7 days post-MI. TIMP-1 promoter activation could not be detected either acutely or at 1 day
post-Ml, but was significantly higher than 3 day or acute values at 7 days post-MI. TIMP-1
reporter activation was not significantly different from 7 days post-MI values at either 14 or
28 days post-MI. The change in B-gal staining at each post-MI timepoint was similar
between male and female mice for each of the reporter strains (Table 2). Ratios for promoter
activation levels for MMP-2 to TIMP-1 and for MMP-9 to TIMP-1 were computed using the
average value of TIMP-1 promoter activation detected at each post-MI timepoint (Figure 2,
bottom). The maximum change in MMP-2/TIMP-1 or MMP-9/TIMP-1 ratios occurred at 3
days post-MI and normalized at later post-MI durations.

There were distinct patterns of spatial expression of MMP-2, MMP-9, and TIMP-1 promoter
activation with respect to localization within the remote, border, and M1 regions (Figure 3).
MMP-2 promoter activation within the border region was higher than acute values by 1 day
post-MI remained higher at longer post-MI durations. MMP-2 promoter activation within
the MI region was higher than acute values by 3 days post-MI. MMP-9 promoter activation
in the border and MI regions peaked at 7 days post-MI and was highest in the border region
compared to the remote or MI regions. TIMP-1 promoter activation within the Ml region
peaked at 7 days post-MlI, but was lower than region-matched promoter activation in the
MMP-2 and MMP-9 reporter groups. TIMP-1 promoter activation in the remote region was
highest at 14 days post-Ml, but remained lower than corresponding levels in the MMP-2 and
MMP-9 reporter groups.

DISCUSSION

The matrix metalloproteinases (MMPs), which are endopeptidases capable of degrading
components of the extracellular matrix (ECM), have been demonstrated to be causative in
the adverse LV remodeling post-MI (2,14,15,17,18,25). For example, transgenic deletion of
certain MMPs or pharmacological MMP inhibition can attenuate of LV dilation post-Ml
(2,5,14,15,17,18,25). Since binding of the MMPs to the tissue inhibitors of the
metalloproteinases (TIMPS) can inhibit MMP activity, the TIMPs represent an important
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regulatory step in the control of MMP activity (2,3,19). Therefore, these past observations
provide evidence that alterations in the stoichiometric balance between MMPs and TIMPs
following MI may determine the extent of adverse LV remodeling post-MI. However,
whether the post-MI imbalance between MMPs and TIMPs occurred due to differential
transcriptional activation of specific MMP and TIMP gene promoters remained unknown.
Using transgenic reporter constructs (8,20-22), the main findings of the present study were
that activation of MMP-2, MMP-9, and TIMP-1 promoters occurred with distinct temporal
trajectories in the post-MI period and that the spatial distribution patterns for MMP-2,
MMP-9, and TIMP-1 gene promoter activation post-MI were unique. Moreover, the
stoichiometric balance for promoter activation of these two MMP species and TIMP-1
favored increased MMP elaboration post-MI. These findings provided direct in vivo
evidence that discordant MMP/TIMP transcription occurs in the early post-MI period.

Changes that occur within the myocardial ECM following M1 have been well documented
(2,4,26,27). Briefly, initial cellular necrosis is followed by the deposition of granulation
tissue, clearing of the granulation tissue, and finally, increased fibrosis within the Ml region
(2,11,25,27). These dynamic post-MI changes within the ECM are associated with time-
dependent changes in the expression and abundance of the MMPs and the TIMPs (7-10,12).
Specifically, the levels of certain MMP species, such as MMP-2 and MMP-9, have been
reported to be increased post-MI (4,7,9,12). Concomitant to these post-MI changes in
myocardial MMP levels, changes in the protein levels of the TIMPs has been reported
(8,9,11,19). For example, TIMP-1 protein levels are increased through 3 days post-MI and
then fell to below non-MlI values at longer post-MI durations (8). Importantly, adverse LV
remodeling post-MI has been reported to be attenuated through pharmacological inhibition
or transgenic deletion of certain MMPs and to be exacerbated by transgenic overexpression
of MMP-1 or deletion of TIMP-1 (3,19,28). Taken together, these past findings provide
evidence that alterations in MMP and TIMP elaboration can lead to inappropriate ECM
remodeling post-MI. However, it must be recognized that the balance between MMPs and
TIMPs may become discordant due to the many regulatory steps that determine net ECM
proteolytic activity. These regulatory steps can include transcription of MMP/TIMP genes,
post-transcriptional and translational regulation, intracellular trafficking of the proteins,
secretion and activation of the proteins, and finally, protein-protein interactions between the
MMPs and TIMPs (6,29-31). While it is likely that many of these regulatory steps
contribute to the stoichiometric imbalance between MMP and TIMP protein levels post-Ml,
the findings of the present study that activation of the gene promoters for MMP-2 and
MMP-9 were higher than that for TIMP-1 suggest that an imbalance in the activation of
these gene promoters play a significant role in regulating downstream protein levels.

Changes in TIMP-1 protein and mRNA levels have been reported to occur within the post-
MI myocardium (9,11). Moreover, this laboratory has reported exacerbated post-MI LV
dilation in TIMP-1 deficient mice, suggesting a key role for this protein in post-Ml
remodeling (3,19). In the present study, TIMP-1 promoter activation was detectable at 3
days post-Ml, increased further through 14 days post-MI and remained higher than acute
values through 28 days post-MI. These findings are consistent with those reported by Sun et
al., where TIMP-1 mRNA levels in rats were increased from acute Ml levels by 3 days post-
MI and remained elevated at longer post-MI durations (11). The present study builds on the
existing knowledge of post-MI MMP and TIMP-1 regulation in two important ways. First,
this study demonstrated that at least one cause of changes in the stoichiometric balance
between MMPs and TIMPs is a differential activation of MMP and TIMP-1 gene promoters.
Second, the findings of this study demonstrate that there are distinct spatial differences with
respect to the induction of the MMP-2, MMP-9, and TIMP-1 gene promoters post-Ml.
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The gelatinases, MMP-2 and MMP-9, have been uniformly demonstrated to contribute to
post-MI remodeling and changes in mMRNA and protein levels of MMP-2 and MMP-9 occur
post-MI (4,13-15,25). Importantly, cause-effect relationships for MMP-2 and MMP-9 in
post-MI LV remodeling have been reported (4,14,15,25). For example, Ducharme et al.
demonstrated that post-MI LV dilation was attenuated in MMP-9 deficient mice and
Hayashidani et al. have reported a reduction in post-MI mortality in MMP-2 deficient mice
(4,14,15). However, MMP-2 and MMP-9 levels and activity can change as a function of
post-MI duration and unique temporal profiles of protein and mRNA expression post-Ml
have been identified (7,9). Moreover, MMP activity is regulated through the binding of
activated MMPs to the TIMPs (32). Therefore, changes in TIMP elaboration and binding of
TIMPs to activated MMPs may influence the “activational state” for the MMPs. For
example, if changes in the elaboration of MMPs and TIMPs were to occur proportionally in
the same direction, then it is likely that the stoichiometric balance between MMPs and
TIMPs would be maintained and that adverse ECM remodeling may not occur. Conversely,
the balance between ECM deposition and degradation may be determined by relative shifts
in changes in the balance between MMP and TIMP expression and elaboration. In the
present study, the ratios of promoter activation levels between MMP-2 to TIMP-1 and
MMP-9 to TIMP-1 were computed. The maximum change in both, the MMP2 to TIMP1
promoter activation ratio and the MMP-9 to TIMP-1 promoter activation ratio, occurred in
the early post-MlI period, achieving a peak at 3 days post-MI and normalizing at longer post-
MI durations. The significance of these findings is two-fold. First, these findings suggest
that the initial increase in MMP promoter activation relative to TIMP-1 promoter activation
dictate early post-MI infarct expansion. Second, normalization of the promoter activation
ratios for the MMPs and TIMP-1 at later post-MI periods may lead to a shift in balance from
ECM degradation to ECM deposition within the MI region. However, these issues remain
speculative and future studies would be required to determine whether post-MI changes in
the balance between MMP and TIMP-1 promoter activation correspond directly to changes
in the stoichiometric balance between MMP and TIMP proteins.

LV remodeling following Ml is a heterogeneous process with respect to temporal as well as
spatial changes in geometry of the MI, border zone, and remote myocardial regions
(4,27,33). Specifically, the MI region can progressively become thinner and expand in the
post-MI period, which is associated with increased fibrosis (4,17,34). The border zone,
which provides a tissue interface between the non-contractile Ml region and the viable
remote region, is subjected to differential stress and strain patterns, which in turn is
considered to be a mechanical impetus for infarct expansion (35). The myocardium of the
viable remote region invariably becomes hypertrophied with an increase in the collagen
content relative to hearts not subjected to Ml (26,27,36). These regional changes in
myocardial geometry in the LV post-MI are associated with differential changes in the
cellular composition of the M1, border zone, and Ml regions (27,34,36). For example, the
MI region is richly populated with fibroblasts/myofibroblasts (36), while the predominant
cell type in the remote myocardium remains the myocytes (36). In the present study, there
were distinct differences in the spatial pattern for the activation of the gene promoters of
MMP-2, MMP-9, and TIMP-1 in the post-MI period. MMP-2 promoter activation was
highest within the MI region and peak MMP-9 promoter activation occurred within the
border zone. TIMP-1 promoter activation in the MI region peaked at 7 days post-MI and
was highest in the remote region at 14 days post-MI. These spatiotemporal changes in the
activation of these MMP and TIMP gene promoters suggest that the heterogeneous
remodeling of the LV post-MI is associated with specific time-dependent alterations in the
balance between MMPs and TIMPs and occurs as a function of the release of these MMP
and TIMP types from cells that are resident within each of the regions during the progress of
LV remodeling post-MI.
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There are several limitations of the present study that must be recognized. First, the
transgenic reporter mouse lines used in this study were useful in detecting the
spatiotemporal induction of MMP-2, MMP-9, or TIMP-1 transcription and not levels of
these proteins or activity levels of MMP-2 or MMP-9. Second, it must be recognized that
there are likely species-dependent differences in MMP/TIMP transcriptional regulation
between humans and mice. Third, mice of both sexes were included in order to determine
the post-MlI activation of the MMP-2, MMP-9, or TIMP-1 gene promoters independent of
potential sex-dependent differences. While post-MI changes in MMP-2, MMP-9, and
TIMP-1 promoter activation were similar between male and female mice, it must be
recognized that group sizes, when subdivided by gender, were relatively small. A future
study with larger sample sizes would be required to adequately power a more careful
examination of the role of gender in post-MI activation of the MMP-2, MMP-9, or TIMP-1
gene promoters. Finally, it must be recognized that the cellular sources for MMP-2, MMP-9,
and TIMP-1 are not only likely to be different, but may also change during the course of
post-MI LV remodeling. In the present study, the distinct region-dependent differences in
the activation of MMP-2, MMP-9, and TIMP-1 gene promoters suggest that different cell
types resident in these myocardial regions contribute differentially to the expression of
MMP and TIMP proteins during the progression of LV remodeling post-MI. Therefore, a
future study in which the cellular sources for post-MI activation of the MMP-2, MMP-9, and
TIMP-1 promoters is warranted. These limitations notwithstanding, this study provided
unique visual evidence that the post-MI induction of the MMP-2, MMP-9, and TIMP-1 gene
promoters occurred in a region and time specific manner. Moreover, the ratio of MMP-2 or
MMP-9 to TIMP-1 promoter activation favored a shift in balance towards MMP-mediated
ECM degradation in the early post-MI period. Thus, restoration of TIMP-mediated
inhibition of the MMPs, either through increased TIMP-1 gene promoter activation or
attenuating MMP-2 or MMP-9 promoter activation, may represent a molecular approach to
target adverse LV remodeling post-Ml.
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Figure 1.
TOP: Photographs of left ventricles (LV) from the MMP-2, MMP-9, and TIMP-1 gene

promoter reporter mice showing regions of B-galactosidase staining following myocardial
infarction (MI). Hearts were extirpated at the indicated post-MI time points.
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Figure 2.

TOP: Summary data for area of positive B-galactosidase staining normalized to LV
epicardial area. Sample sizes for each group at each post-MI time point are presented in
Table 1. # p<0.05 vs. Acute (1 hour post-MI), * p<0.05 vs. 1 day post-MI, 2 p<0.05 vs. 3
days post-MI, P p<0.05 vs. 7 days post-MI, *p<0.05 vs. MMP-2 Reporter values only, ©
p<0.05 vs. MMP-2 and MMP-9 Reporter values. BOTTOM: Ratios of MMP-2 to TIMP-1
promoter activation and MMP-9 to TIMP-1 promoter activation at each post-MI timepoint.
These ratios were computed as a function of the average -galactosidase staining recorded in
the TIMP-1 reporter group at each respective post-MI timepoint. The maximum change in
MMP-2/TIMP-1 or MMP-9/TIMP-1 ratios occurred at 3 days post-MI and was normalized
at later post-MI durations. # p<0.05 vs. Acute (1 hour post-MI), ¥ p<0.05 vs. 1 day post-
MI, 2 p<0.05 vs. 3 days post-MI.
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Figure 3.

Spatial distribution of B-galactosidase staining intensity following Ml in the remote, border,
and Ml regions of LVs from MMP-2 (TOP), MMP-9 (MIDDLE), and TIMP-1 (BOTTOM)
reporter lines. MMP-2 promoter activation peaked in the Ml region at 7 days post-MI and
MMP-9 promoter activation was highest in the border region at 7 and 14 days post-MI.
TIMP-1 promoter activation peaked within the MI region at 7 days post-MI and within the
remote region at 14 days post-MI. Please note different y-axis scale for TIMP-1 reporter
graph. # p<0.05 vs. Acute (1 hour post-MI), * p<0.05 vs. 1 day post-MI, @ p<0.05 vs. 3 days
post-MI, P p<0.05 vs. 7 days post-MI, R p<0.05 vs. strain-matched remote region, B p<0.05
vs. strain-matched border region, *p<0.05 vs. MMP-2 Reporter values only, ¢ p<0.05 vs.
MMP-2 and MMP-9 Reporter values.
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