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Abstract
Background—The mechanisms causing age-dependent changes in left ventricular (LV) structure
and function are not completely understood. Matrix metalloproteinase (MMPs) and tissue inhibitors
(TIMPs) constitute one important proteolytic pathway affecting LV remodeling. However, whether
these determinants of ECM composition change as a function of age has not been examined in an
aging population free of clinically significant cardiovascular disease.

Methods and Results—Subjects (n=77, age 20–90 years) with no evidence of cardiovascular
disease underwent echocardiography and measurement of plasma MMP-2,-7,-8,-9 and TIMP-1,-2,-4
(ELISA). As subject age increased, volume/mass ratio decreased and mitral E/A ratio decreased. As
subject age increased, MMP-2 increased (from 1188±99 to 1507±76 ng/mL), MMP-7 increased
(from 1.2±0.1 to 3.1±0.6 ng/mL), MMP-9 decreased (from 29±7 to 8±2 ng/mL), TIMP-1,-2 and -4
increased (from 728±46 to 1093±73, from 34±5 to 53±6 and from 1.26±0.22 to 2.34±0.30 ng/mL,
respectively), all p < 0.05. There were significant correlations between a decreased LV volume/mass
and E/A ratio and increased MMP-7, and TIMP-1 and -4.

Conclusions—MMPs and TIMPs changed as a function of age in the absence of clinically
significant cardiovascular disease. These age-dependent alterations in MMP & TIMP profiles favor
extracellular matrix accumulation and were associated with concentric remodeling and decreased
LV diastolic function. Because of these age-dependent changes in this proteolytic system, the
superimposition of a disease processes such as myocardial infarction or hypertensive heart disease
in the older subject may result in different myocardial ECM remodeling then that seen in a younger
subject.
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Introduction
Left ventricular (LV) structural remodeling, such as changes in LV mass, volume, and
geometry, are important predictors of functional and clinical outcomes (1–4). Advancing age,
independent of any concurrent cardiovascular disease, can itself be associated with significant
LV structural remodeling (5–8). These age-dependent changes in LV structure may play an
important role in the functional limitations which occur in advancing age (5,7). However, the
pathophysiologic mechanisms by which advancing age cause structural remodeling are not
completely understood. This study will focus on one potential pathophysiologic mechanism
of LV remodeling, changes in extracellular matrix (ECM) regulatory proteases. The matrix
metalloproteinases (MMPs), and their tissue inhibitors, the TIMPs, constitute one important
proteolytic pathway which can affect remodeling of the left ventricle by altering cardiomyocyte
and/or ECM structure and composition (9–13). MMPs degrade fibrillar proteins, activate
biologically important molecules, and modulate ECM remodeling (9,10,12–19). TIMPs inhibit
active MMPs as well as modify other growth regulatory effects (9,10,12,15,20). Myocardial
MMP and TIMPs levels are reflected in and can be determined by using plasma sampling
(21–23). Therefore, the purpose of this study was to test the hypothesis that MMP and TIMP
plasma profiles change as a function of age and are associated with age-dependent structural
and functional LV remodeling in patients with advancing age but without coexistent, clinically
significant, cardiovascular disease.

Methods
Subjects

Seventy-seven subjects were prospectively enrolled in this cross-sectional study which
examined the effect of age on MMP/ & TIMP profiles. Informed consent was obtained from
all subjects. The criteria for enrollment included men and women greater than 18 years of age
without evidence of clinically significant cardiovascular disease. Potential subjects were
carefully screened ruling out subjects with co-morbid conditions that would alter plasma MMP
and TIMP profiles. All subjects underwent a complete medical history, comprehensive physical
exam, electrocardiogram (ECG), and echocardiogram. Subjects were excluded from
enrollment if they had evidence of coronary heart disease: previous history or ECG evidence
of myocardial infarction, previous or planned coronary revascularization (surgery or
percutaneous coronary intervention), LV ejection fraction < 50%, echocardiographic evidence
of a regional wall motion abnormality, left heart catheterization showing coronary artery
disease, or an abnormal exercise tolerance test. Subjects were also excluded if they had
evidence of hypertensive heart disease: left ventricular hypertrophy determined
echocardiographically as LV wall thickness of > 1.2 cm and/or LV mass index ≥ 125g/m2, or
current evidence of arterial hypertension in which blood pressure was not pharmacologically
treated to meet the Joint National Committee VII criteria for therapeutic control (i.e., < 140/90
mmHg) (24). Subjects were excluded if they had other cardiovascular disease states such as
amyloidosis, sarcoidosis, genetic hypertrophic obstructive cardiomyopathy, valvular heart
disease, ventricular or atrial arrhythmias. Finally, subjects were excluded if they had non-
cardiovascular processes that alter MMP & TIMP levels: history of active malignancy in the
past 3 years, ongoing or active rheumatological disease requiring significant anti-inflammatory
agents, steroids, or immunosuppression, significant hepatic or renal dysfunction, HIV, or
significant history of substance abuse.
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The research protocol used in this study was reviewed and approved by the institutional review
board at the Medical University of South Carolina.

Echocardiography
All echocardiograms were performed by one experienced sonographer (CM) using a Sonos
5500 system with an S-4 MHz transducer. Measurements were made using American Society
of Echocardiography criteria (25,26). Two-dimensional echocardiographic studies of the left
ventricle included the following views: parasternal long and short axis, apical 4- and 2-
chamber, 2D derived M-mode images from the parasternal short axis. Doppler-
echocardiographic mitral valve inflow velocities were recorded from an apical view with a
cursor at the tips of the mitral valve leaflets. Tissue Doppler velocities were recordings from
the lateral mitral annulus. Left ventricular end diastolic and end systolic volumes were
calculated using the method of discs (26). Ejection fraction was calculated using the standard
formula. Left ventricular mass was calculated using the formula of Reichek and Devereux
(27). Doppler measurements of mitral inflow E wave velocity, A wave velocity, and E wave
deceleration time were made. Tissue Doppler measurement of mitral E′ was made. Pulmonary
capillary wedge pressure (PCWP) was calculated using the formula: 2 + 1.3(E/E′) (28). An
average of 3 beats was used for every measurement. Images were coded and read in a blinded
fashion.

MMP and TIMP Profiles
The MMP & TIMP species selected for this study were chosen because they have been
previously identified in animal and clinical studies to be associated with myocardial matrix
remodeling (18,21–23,29–32). MMPs can be categorized into functional/structural classes
which include the interstitial collagenases (MMP-1,-8,-13), the gelatinases (MMP-2,-9), the
stromelysins/matrilysins (MMP-3,-7), and membrane-type MMPs. Representative MMPs
from most of these MMP classes were measured. Previous studies have shown that myocardial
MMP-1 levels are reduced in patients with LV remodeling (29,33). In preliminary studies, we
examined plasma MMP-1 in a subset of the study cohort. MMP-1 levels in these subjects were
below acceptable detectable limits for this assay. These preliminary studies also revealed a low
incidence of detectable plasma levels of the interstitial collagenase MMP-13. Therefore, these
MMP species (MMP-1 and MMP-13) were not examined in the current study. However, the
neutrophil associated collagenase MMP-8 was within acceptable detection limits and was
measured in the current study. MMP-2 and MMP-9 were studied from the gelatinase class.
MMP-7, matrilysin, a unique MMP type, (shown to be increased in models of myocardial
infarction) was selected for the current study (33,34). The membrane-type MMPs (MT-MMPs)
are a transmembrane bound class of MMPs, therefore plasma measurement would likely be
problematic and were not pursued in the current study. TIMP-1 and TIMP-2 are the most
extensively studied TIMPs, have been shown to change in a robust fashion in the myocardial
tissue in animal models and clinical examples of cardiac disease, and therefore were selected
for the current study (9,10,12,15,20). In addition, a recently developed and validated method
provided the means to measure the cardiovascular specific TIMP-4 (50,51). TIMP-4 is
expressed only in the heart and aorta, thus provided cardiovascular specificity to the plasma
measurements made in the current study. All patients fasted overnight prior to each study, but
took their morning medications as prescribed. All studies were performed between 9 AM and
12 PM.

All MMP & TIMP measurements were made using a high sensitivity two-site enzyme-linked
immunosorbent assay (ELISA; Amersham Pharmacia Biotech, Buckinghamshire, UK) from
a 5 cc blood sample. Briefly, blood was collected after the subject had remained supine for 20
minutes. Samples were immediately centrifuged and the plasma layer removed. The separated
plasma was divided into 3 equal aliquots and frozen at -80°C. Plasma and the respective MMP

Bonnema et al. Page 3

J Card Fail. Author manuscript; available in PMC 2009 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



standards were added to precoated wells containing the antibody to the MMP or TIMP of
interest and washed. The resultant reaction was read at wavelength of 450 nm (Labsystems
Multiskan MCC/340, Helsinki, Finland). The MMP-2 assay (Amersham, RPN 2617) detects
the proform of MMP-2 and that complexed with TIMP-2. The MMP-9 assay (Amersham, RPN
2614) detects the proform of the enzyme that is complexed with TIMP-1. The MMP-8 assay
system (Amersham, RPN 2619) detects the proform and active form. The MMP-7 assay (R&D
Systems; DMP700) detects the proform and active form. The TIMP-1 assay (Amersham, RPN
2611) detects both free TIMP-1 and that complexed with MMPs. The TIMP-2 assay
(Amersham, RPN 2618) detects both free TIMP-2 and that complexed with active MMPs. All
samples were analyzed in duplicate and averaged. The intra-assay coefficient of variation for
these measurements was less than 6%.

A semiquantitative immunoblot assay to assess plasma TIMP-4 levels was initially developed
(50,51). Then, an ELISA method was developed and validated in normal subjects and patients
following a myocardial infarction (51). This ELISA, with a high sensitivity (0.005 ng/mL) and
high specificity (no cross reactivity with other TIMPs or proteases), was utilized in the current
study (R&D Systems, MN). This assay measured both free and bound TIMP-4 with high
linearity (r2= 0.95) over a wide range of TIMP-4 standards (0.078-5.0 ng/mL). This ELISA
was also cross-calibrated and validated utilizing the semiquantitative immunoblot assay
described by this laboratory previously (51).

Statistical Analysis
The distribution of measurements derived from echocardiograms and plasma measurements
of MMPs and TIMPs was tested for normality based on tests of skewness and kurtosis. Data
which were not normally distributed were log transformed. Analysis of non normal parameters
using both log transformed and untransformed values yielded similar results. Therefore, all
data are presented in an untransformed manner. The subject sample was divided for analysis
into quintiles, five sub-groups each with an equal number of participants. Differences between
individual quintiles were determined using a one-way analysis of variance (ANOVA) followed
by pair-wise comparison using Tukey’s method. For all continuous variables, a simple linear
regression and a parametric correlation analysis (Pearson’s coefficient, r) were used to examine
the relationship between age (measured as a continuous variable) and MMP & TIMP plasma
levels and LV structure and function. The association between age (measured in quintiles) and
plasma MMP & TIMP values and LV structure and function were evaluated using a non-
parametric rank-order correlation analysis (Spearman’s coefficient, rho ρ), the non-parametric
analog of Pearson’s correlation coefficient. Univariate analyses with an analysis of variance
(ANOVA) were used to examine the effects of age on MMPs, TIMPs, indices of LV structure
and function. Multivariate analyses with a two-way ANOVA were used to examine the effects
of age, gender, medications or age/gender interaction (on MMPs, TIMPs, indices of LV
structure and function) after controlling for the effects of the other covariates. A p value of <
0.05 was considered significant. All values are presented as the mean and standard error of the
mean (SEM). All statistical procedures were performed utilizing STATA statistical software
(StataCorp, Rel 8.0, College Station, TX).

Results
Demographics, LV Structure and Function (Table 1)

The study participants ranged in age from 20 to 90 years, and included 50 females and 27
males. There was a small, statistically significant increase in systolic blood pressure as a
function of increasing age. All resting blood pressure values fell below the definition for
hypertension established by The Joint National Committee VII (<140/90 mmHg) (24).
However, ambulatory and exercise blood pressures were not measured. There was a significant
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decrease in the LV volume to mass ratio and an increase in the relative wall thickness as a
function of age; these changes were indicative of concentric LV remodeling. The mitral E/A
ratio fell significantly as a function of age, indicative of impaired ventricular filling.
Furthermore, as age increased from 20 to 90 years, Tissue Doppler E′ decreased (from 16.5
±2.5 to 9.6±0.04 cm/sec), mitral E wave deceleration time increased (from 194±9 to 239±17
msec), both p < 0.05. In addition to these changes in indices of active relaxation, there was a
trend toward changes in indices of passive stiffness. As age increased from 20 to 90 years, the
ratio between calculated pulmonary capillary wedge pressure and end diastolic volume (an
index of instantaneous end diastolic operative chamber stiffness) increased (from 0.08±0.01
to 0.12±0.01 mmHg/mL), p < 0.05.

Effects of age on MMP and TIMP plasma profiles (Tables 2 & 3)
MMP-2 increased and MMP-9 decreased as a function of age. There was no significant change
in MMP-8 as a function of age. MMP-7 increased significantly as a function of increasing age.
TIMP-1,-2 and -4 all increased significantly as a function of increasing age. The relationship
between MMP and TIMP plasma profiles and age was further examined with age expressed
in quintiles using a non-parametric correlation analysis (Spearman’s coefficient, ρ) and with
age expressed as a continuous variable using a parametric correlation analysis (Pearson’s
coefficient, r) (Table 3). There were significant positive correlations between MMP-2, MMP-7,
TIMP-1, -2, and -4 and age as well as a significant negative correlation between MMP-9 and
age.

The overall proteolytic potential, as reflected by the MMP/TIMP ratios, is an important
determinant of ECM degradative capacity. Accordingly, selected MMP/TIMP ratios were
examined as a function of age (Table 2). These data suggest that the MMP/TIMP ratios, and
therefore net MMP activity, were lower in the older subjects compared to younger subjects
suggesting a decreased ECM degradative capacity. In particular, the MMP-9/TIMP-1, MMP-9/
TIMP-4 and MMP-2/TIMP-4 ratios all decreased as subject age increased.

Data presented in Table 1A and Table 2A were redone after excluding the patients receiving
antihypertensive medications and are presented as Table 1B and 2B. In each case, there are
minor numerical changes but no changes to the statistical analysis, results, or conclusions.

Correlation between MMP & TIMP plasma profiles and LV structure and function (Table 3)
There were significant correlations between the volume to mass ratio and selective MMP &
TIMP plasma levels (Table 3, Figure 1). Specifically, there was a significant negative
correlation between MMP-7 and LV volume/mass ratio, such that as MMP-7 increased the
volume/mass ratio decreased. There was a negative correlation between TIMP-1,-4 and
volume/mass ratio, such that as TIMP-1,-4 increased the volume/mass ratio decreased. These
findings suggested that concentric LV remodeling was associated with increased MMP-7,
TIMP-1 and TIMP-4. In addition, there were significant correlations between plasma MMP &
TIMP profiles and the mitral E/A ratio (Table 3, Figure 2). Specifically, there was a significant
negative correlation between MMP-7 and mitral E/A ratio, such that as MMP-7 increased the
mitral E/A ratio decreased. There was a negative correlation between TIMP-1,-4 and mitral E/
A ratio, such that as TIMP-1,4 increased the mitral E/A ratio decreased. These findings
suggested that slowing of active relaxation was associated with increased MMP-7 and
TIMP-1.-4. While these univariate analyses suggest a relationship between MMP & TIMP
plasma levels and volume/mass and E/A ratios, there was also a significant relationship
between increasing age and these indices of LV structure and function. Therefore, multivariate
analyses were performed in which MMP and TIMPs were added as covariates in a model
examining E/A and volume/mass versus age, gender and medications. In this multivariate
analysis, the effect of age predominated in predicting changes in the E/A ratio, less then 50%
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of the variance in the E/A ratio could be explained based on the MMP and TIMP changes alone,
suggesting that other age-dependent determinants played a significant role in the changes in
LV structure and function which occurred. Similar results were found for volume/mass ratio.

Relationships between plasma MMP/TIMP, medications, gender, and age/gender interaction
(Tables 4 & 5)

No subjects were excluded from the current study because of their medication profiles. By
study design, in each subject, medications were unchanged for a minimum of 90 days prior to
study enrollment. Fifteen (19%) of the study population were taking anti-hypertensive
medications as directed by their primary care physicians including diuretics, β-Blockers,
Angiotensin Receptor Blockers, and Angiotensin Converting Enzyme Inhibitors. There were
nine (12%) subjects taking statins, and six (8%) taking anti-inflammatories (COX-2 inhibitors).
There were no significant relationships between medication profiles and LV geometry/function
or MMP & TIMP plasma profiles. When the subjects taking medications were analyzed
separately, they had normal values for plasma MMP and TIMP and normal LV structure and
function. In addition, when the subjects taking medications were excluded from analysis, the
results of the study did not differ significantly. Finally, a multivariate analysis was constructed
which specifically examined the effect of medications on MMPs, TIMPs, and LV structure/
function (Table 5). In this multivariate analysis, MMPs and TIMPs, indices of LV structure
and function were examined with covariates of age, gender, medications and age/gender
interactions. The data listed in Table 5 present the probability (p value) that an individual
covariate (age, gender, medication or age/gender interaction) had an independent effect on
MMPs, TIMPs, indices of LV structure or function. These analyses indicate that the most
important determinant of MMPs, TIMPs, indices of LV structure or function was age.
Therefore, these findings demonstrate that medications did not have an independent effect on
MMPs, TIMPs, indices of LV structure or function.

The effects of gender on MMP & TIMP profiles are presented in Tables 4 and 5 and Figure 3.
For the group as a whole, there were no differences between men and women in MMP-2,
MMP-7, MMP-8, and MMP-9. In addition, there were no differences in TIMP-2 or TIMP-4.
In all of these measurements, women tended to have a somewhat lower value than men,
however, this difference did not reach statistical significance. On the other hand, there were
significantly lower values of TIMP-1 in women than men. This difference was present in the
univariate analysis shown in Table 4 and in the multivariate analysis shown in Table 5. Based
on this difference, TIMP-1 was examined in women and men as a function of age as a
continuous variable shown in Figure 3. It was clear that TIMP-1 increased with age in both
men and women, however, this increase was significantly more robust in men than women.
These data must be interpreted with caution however because of the small sample size.

Relationships between plasma MMPs, TIMPs and systolic BP (Table 6)
The relationship between systolic BP and MMP and TIMP values was examined using a simple
linear regression and a parametric correlation analysis (Pearson’s coefficient, r). There was a
weak but statistically significant relationship between TIMP-1 and systolic BP such that higher
systolic BP values were associated with higher TIMP-1 values. There were no significant
relationships between the other MMP and TIMP species and systolic blood pressure.

Discussion
Data presented in the current study support two unique conclusions. First, both MMPs and
TIMPs changed as a function of age in the absence of clinically significant cardiovascular
disease. Second, changes in these proteolytic determinants of ECM composition were
associated with age-dependent alterations in LV structure and function. In particular, MMP &
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TIMP profiles which favor extracellular matrix accumulation were associated with concentric
remodeling and decreased LV diastolic function. Because of these age-dependent changes in
this proteolytic system, the superimposition of a disease processes such as myocardial
infarction or hypertensive heart disease in the older subject may result in different myocardial
ECM remodeling then that seen in a younger subject. It should be noted however, that the
current study used a cross-sectional design. This design imposed significant limitations. While
generating correlative hypotheses relating age and MMP & TIMP profiles, this study did not
establish a true mechanistic link between age, changes in MMPs, TIMP, and LV structure/
function. Such mechanistic links can only be defined using longitudinal ageing studies of
sufficient size and duration.

MMPs
The MMPs comprise a family of zinc-dependent enzymes which proteolytically degrade ECM
structural proteins and process biologically active molecules including other MMPs. While
pleotropic in their substrates and actions, changes in myocardial MMPs have predictable effects
on ECM composition.

MMP-2 is a gelatinase which degrades the basement membrane proteins collagen IV,
fibronectin, and laminin (14,15,32,35). It also degrades fibrillar collagen peptides (collagen
fibrils that had been partially but incompletely degraded) (32,35). MMP-2 degrades newly
synthesized collagen fibers (prior to lysyl oxidase induced cross-linking).

MMP-9, also a gelatinase, has a very low catalytic capacity for structural proteins (32,35).
While MMP-9 processes similar structural proteins to that of MMP-2, this occurs at a lower
biochemical/catalytic efficiency. However, MMP-9 is involved in the proteolytic activation of
other important biologically active proteins/peptides such as TGF-β, and other “pro-fibrotic”
proteins and pathways (12,18,32,35,36). Increased MMP-2 would be anticipated that the lead
to increased ECM degradation, decreased MMP-9 would be expected to lead to decreased
synthesis of ECM proteins. However, the overall proteolytic potential of MMPs is reflected
by the MMP/TIMP ratios, therefore the “net MMP activity” is the important determinant of
ECM degradative capacity. The data presented in this study suggest that the MMP/TIMP ratios,
and therefore net MMP activity, were lower in the older subjects compared to younger subjects
suggesting a decreased ECM degradative capacity.

MMP-7 is a matrilysin and has a low catalytic capacity for ECM structural proteins. But,
MMP-7 has the widest portfolio of biologically active proteins/peptide substrates of any MMP.
These substrates include matrikines such as osteopontin, thrombospondin, and TGF-β, all pro-
fibrotic in nature (32–35,38). Increased MMP-7 would be expected to contribute to changes
in ECM composition by activating profibrotic proteins/peptides which increase fibrillar
collagen. In the current study MMP-7 was increased as a function of age, and in fact, increased
before changes in other MMP species.

TIMPs
In addition to changes in MMPs, the current study demonstrated age-dependent changes in
TIMPs. MMP activity is regulated at several levels that not only includes transcriptional
regulation, but also includes post-translational modification such as TIMP binding (10,20,32,
39). The TIMPs bind to active MMPs in a 1:1 stoichiometric relationship, inhibit MMP
enzymatic activity and thereby form an important control point with respect to net ECM
proteolytic activity (9,10,18,20,39). The current study showed that plasma levels of TIMP-1,-2
and -4 increased with age. As a result, the stoichiometric balance between MMPs and TIMPs
was altered in favor of reduced ECM proteolytic activity which would therefore facilitate ECM
accumulation. In addition to binding to active MMP sites, TIMPs possess other biological
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functions (15,20,39). For example, TIMPs can influence myocardial growth regulation (15).
Increased TIMPs would be expected to promote cardiomyocyte and LV hypertrophy. These
structural changes in turn can lead to changes in diastolic function.

Therefore, changes in relative MMP and TIMP levels will not only directly alter ECM turnover
and structure, but would likely alter other determinants of ECM homeostasis. For example, on
the one hand, MMPs are able to degrade the ECM structural proteins (52); on the other hand,
they are capable of activating ECM signaling molecules such as matrix bound TGF-β, a potent
profibrogen, contributing to collagen synthesis by myocardial fibroblasts (53). In addition, in
addition to inhibiting active MMPs, TIMPs, especially TIMP-1, may also regulate proliferation
of and collagen production by fibroblasts (54). These data emphasize the importance of
profiling the entire cassette of TIMPs in the context of myocardial remodeling

While MMPs and TIMPs were the specific focus of the current study, it is also clear that they
are not the only determinants of LV structure and function that change with increasing age.
These determinants include changes in cardiac muscle cell processes such as calcium
homeostasis, energetics, myofilament and extra myofilament proteins, changes in the level of
neurohumoral activation, and changes in the vasculature (7,40). It is likely that each of these
determinants, both individually and in concert, play a critical role in age-dependent structural
and functional remodeling. This conclusion is supported, at least indirectly, by the data
presented in the current study. For example, using a univariate analysis, it was shown that
increased MMP-7 and TIMP-1,-4 correlated significantly with decreased E/A ratio. However,
when age was added in a multivariate analysis, the effect of age predominated in predicting
changes in the E/A ratio, less then 50% of the variance in the E/A ratio could be explained
based on the MMP and TIMP changes alone, suggesting that other age-dependent determinants
played a significant role in the changes in LV structure and function which occurred. Similar
results were found for volume / mass ratio. However, these analyses must be interpreted with
caution because these multivariate analyses contained a number of covariates which varied in
a collinear fashion with age (or at least created redundancy and overlap). Therefore, these
analyses neither prove nor disprove a causal mechanistic link between MMPs, TIMPs and LV
structure/function. None-the-less, it is clear that MMPs and TIMPs change significantly with
increasing age. Whether there is a true mechanistic link between age, changes in MMPs, TIMPs
and LV structure/function must await future longitudinal ageing studies of sufficient size and
duration.

Previously Published Studies
To our knowledge, only three previous studies have examined the effects of age on MMPs &
TIMPs (41–43). However, the current study is the first to study a well defined population with
no evidence of clinically significant CV disease, to examine a broad range of MMP & TIMP
species, and to relate changes in MMPs & TIMPs to LV structure and function. There is
significant discordance between current and previous studies. For example, Tayebjee et al.
found no changes in MMP-2, MMP-9 and decreased TIMP-1 and TIMP-2 with increasing age
(41). In contrast, in the Framingham study, Sundstrom et al. found an increase in TIMP-1 with
increasing age (42). Some of this variability may be based on the methods used to make the
plasma measurements. For example, some studies used ELISA methods while other studies
used zymography and reverse-zymography to measure MMP & TIMP plasma levels.
Zymography is an elecrophoretic separation technique in which a substrate is incorporated into
the electrophoretic gel (44). While this method has been successfully employed in tissue
extracts, there are some limitations to this approach, particularly for plasma samples. First, a
number of binding proteins exist within the plasma, such as alpha 2-macroglobulin, which
covalently bind MMPs and thereby make their extraction from plasma samples difficult (45).
Second, plasma protein binding of MMPs and TIMPs will yield multiple bands on zymography
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and reverse-zymography which make quantification and accurate identification of specific
MMP and TIMP types problematic (46). Third, the zymographic approach does not readily
yield an absolute MMP or TIMP value, but rather yields relative comparative values (47). In
the current study, a validated and calibrated high sensitivity ELISA provided a quantitative
means to determine total concentration of a specific MMP or TIMP. As a consequence, direct
comparisons between current and previous studies regarding MMP and TIMP levels must be
done with caution.

In addition to technical differences, it is likely that some of the variability in MMP & TIMP
values between studies were based on differences in the patient populations themselves. The
patients examined in the current study had no evidence of clinically significant CV diseases
by history, physical exam, ECG, echocardiogram, or chest x-ray. However, they did not
undergo exercise tolerance testing, left heart catheterization, or other cardiac diagnostic testing.
Patient examination was directed by the patients own physician and not the investigators. None-
the-less, exclusion criteria prevented inclusion of clinically significant coronary heart disease,
hypertensive heart disease, valvular heart disease, congenital heart disease, heart failure, or
general cardiomyopathy. If coronary artery disease was present it is unlikely to contribute to
changes in MMP and TIMP levels since these patients had no evidence of active myocardial
ischemia or myocardial infarction. The data from the current study provide age-dependent
baseline parameters which will allow future studies to define the effects of cardiovascular
disease in an aging population.

Plasma MMP & TIMP Profiles
The current study utilized plasma levels of MMPs and TIMPs as surrogate markers to reflect
changes in myocardial levels of these enzymes and peptides. However, there are several
limitations to this approach that must be acknowledged. First, MMP activation and TIMP
binding is a compartmentalized process that occurs within the myocardial interstitium (9,10,
16). Thus, plasma levels do not necessarily reflect the net ECM proteolytic activity that occurs
within the myocardium. Virtually the only way to directly and serially assess MMP and TIMP
levels within the myocardium is to perform multiple LV biopsies. This approach is obviously
problematic. Fortunately, data from previous clinical and experimental studies suggest that the
differences in plasma MMP and TIMP levels observed in the current study are likely to reflect
differences at the myocardial level (21–23). Thus, while plasma levels of MMPs and TIMPs
are an indirect measure of the local myocardial ECM proteolytic processes, there are likely to
reflect the relative protein abundance within the myocardium. A second limitation to plasma
sampling of MMPs and TIMPs is that it is possible that the myocardium is not the only source
of MMPs and TIMPs in the subjects examined in this study. Therefore, measurements of
plasma MMP and TIMP levels represent the summation of MMPs and TIMPs released from
both cardiac as well as non-cardiac sources. While, the specific exclusion criteria utilized in
the current study helped to eliminate significant changes in the major non-cardiac sources of
MMPs and TIMPs, not all potential non-cardiovascular sources could be excluded. For
example, we did not calculate, estimate, or measure creatinine clearance. It should be
recognized that creatinine clearance decreases with age and that impaired creatinine clearance
may influence any surrogate plasma marker of ECM remodeling.. In addition, ageing may
affect non cardiovascular organs as it does cardiovascular organs. These age-related changes
may contribute to plasma levels of MMPs & TIMPs. Therefore, a new ELISA was developed
and verified to quantify plasma measurements of cardiovascular specific TIMP-4. This new
assay provides cardiovascular specificity to plasma measurements. TIMP-4 is only expressed
in the heart and aorta; therefore, plasma measurements reflect changes limited to the
cardiovascular system. These data support the conclusions that plasma profiles of MMPs and
TIMPs change as function of age in the absence of clinically significant cardiovascular disease.
Never the less, it must be recognized that subjects may have changes in other non-cardiac
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tissues, such as the kidneys and the vasculature that may contribute to MMP and TIMP release
into the plasma. It is clearly recognized however, that the findings of the current study
demonstrating age-dependent differences in plasma MMP and TIMP levels are associative
findings. Whether these changes are mechanistically related to age associated myocardial
remodeling and ECM accumulation warrant further study.
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Figure 1.
Relationship between TIMP-1 and the left ventricular (LV) volume to mass ratio. As TIMP-1
increased the volume/mass ratio decreased (y = − 434x + 1244, p = 0.02, r = 0.3)
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Figure 2.
Relationship between TIMP-1 and the mitral E/A ratio. As TIMP-1 increased the E/A ratio
decreased (y = −196x +1161, p = 0.001, r = 0.4)
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Figure 3.
Relationship between TIMP-1 and age for men vs. women examined using an analysis of
covariates. TIMP-1 increased in both men and woman as a function of increasing age. However,
the slope of the TIMP-1 vs. age relationship in men (y= 9.5x + 587, r= 0.6) was significantly
steeper then that for women (y= 4.6x + 622, r= 0.4), p < 0.05.
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Table 3
Correlation between age, volume/mass (mL/gram), and Mitral E/A ratio with plasma MMP & TIMP levels

Age
(quintile)

Age
(continuous)

LV volume/mass
(mL/gram)

Mitral E/A
(ratio)

MMP-2 0.35 (<0.01) 0.14 (<0.01) −0.10 (0.34) −0.30 (<0.01)

MMP-7 0.58 (<0.01) 0.30 (<0.01) −0.38 (<0.01) −0.53 (<0.01)

MMP-8 −0.07 (0.55) 0.001 (0.9) 0.03 (0.83) 0.08 (0.51)

MMP-9 −0.34 (<0.01) 0.04 (0.07) 0.19 (0.10) 0.24 (0.04)

TIMP-1 0.43 (<0.01) 0.23 (<0.01) −0.32 (<0.01) −0.42 (<0.01)

TIMP-2 0.32 (<0.01) 0.22 (<0.01) −0.03 (0.78) −0.22 (0.06)

TIMP-4 0.49 (<0.01) 0.32 (<0.01) −0.21 (0.07) −0.44 (<0.01)

Abbreviations: LV = Left Ventricular, MMP = Matrix Metalloproteinase, TIMP = Tissue Inhibitor of MMP, all MMP/TIMP values are in ng/ml units.
Data were analyzed using a Spearman’s correlation coefficient (ρ) except for “age (continuous)” which was analyzed using a Pearson’s correlation
coefficient (r), p value for each correlation coefficient is in parenthesis.
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Table 4
Gender dependent changes in plasma MMP and TIMP profiles

Men Women All p-value

Age (yrs) 52 ± 3 48 ± 2 49 ± 2 0.361

MMP-2 1352 ± 58 1300 ± 49 1319 ± 37 0.512

MMP-7 2.3 ± 0.4 1.9 ± 0.2 2.0 ± 0.2 0.814

MMP-8 4.8 ± 2.2 3.3 ± 0.9 3.8 ± 1.0 0.128

MMP-9 16.5 ± 6.3 19.4 ± 3.8 18.3 ± 3.3 0.948

TIMP-1 1058 ± 54 867 ± 37 934 ± 29 0.001

TIMP-2 43 ± 6 43 ± 5 43 ± 4 0.895

TIMP-4 1.8 ± 0.2 1.6 ± 0.1 1.7 ± 0.1 0.903

Abbreviations: MMP = Matrix Metalloproteinase, TIMP = Tissue Inhibitor of MMP, all MMP/TIMP values are in ng/ml units, Data are mean ± SEM.
The differences in the mean values for men vs women were compared using a Student’s T test.
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Table 5
Multivariate Analyses Examining the Effects of Age on MMPs and TIMPs

Age Gender Medications Age/Gender Interaction

MMP-2 0.04 0.56 0.39 0.44

MMP-7 0.0001 0.51 0.38 0.006

MMP-8 0.24 0.30 0.44 0.39

MMP-9 0.02 0.38 0.59 0.67

TIMP-1 0.0009 0.012 0.02 0.05

TIMP-2 0.28 0.77 0.61 0.33

TIMP-4 0.003 0.98 0.43 0.52

Vol/Mass (mL/gm) 0.0001 0.19 0.45 0.03

RWT 0.0007 0.36 0.85 0.16

Mitral E/A 0.0001 0.18 0.57 0.46

E′ (cm/sec) 0.0004 0.14 0.44 0.78

Abbreviations: MMP = Matrix Metalloproteinase, TIMP = Tissue Inhibitor of MMP, all MMP/TIMP values are in ng/ml units, Vol= left ventricular
volume, RWT = relative wallthickness, Mitral E/A ratio = peak early diastolic filling (Mitral E) vs peak late diastolic filling (Mitral A) velocity ratio, E′
= peak early diastolic velocity of the lateral mitral annulus,
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Table 6
Correlation between Systolic Blood Pressure and Plasma MMP and TIMP levels

p r r2

MMP-2 0.35 0.11 0.01

MMP-7 0.04 0.24 0.06

MMP-8 0.23 0.14 0.02

MMP-9 0.09 0.20 0.04

TIMP-1 0.001 0.40 0.16

TIMP-2 0.05 0.23 0.05

TIMP-4 0.20 0.15 0.02

Abbreviations: MMP = Matrix Metalloproteinase, TIMP = Tissue Inhibitor of MMP. Data were analyzed using a Pearson’s coefficient with (p-value),

(r), (r2) listed for each variable tested.
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