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Abstract

Background—Matrix-metalloproteinase-9 (MMP-9) may serve as a biomarker of ventricular
remodeling in selected populations, but few studies have assessed its performance in clinical practice.
We tested MMP-9 as a biomarker of remodeling and predictor of outcomes in a systolic heart failure
cohort derived from clinical practice, and compared its performance to brain natriuretic peptide
(BNP).

Methods—Plasma MMP-9 and BNP levels were measured in 395 outpatients with systolic heart
failure who participated in the Penn Heart Failure Study. We tested for 1) cross-sectional associations
between biomarker levels, left ventricular end-diastolic dimension index (LVEDDI), and ejection
fraction (EF), and 2) associations between baseline biomarker levels and risk of subsequent cardiac
hospitalization or death over 3 years of follow-up.

Results—MMP-9 had no significant correlation with LVEDDI (rho=0.04, P=NS) or EF (rho=
—0.06, P=NS), whereas BNP showed highly significant correlations (L\VEDDI: rho=0.27, P<0.0001;
EF: rho=—0.35, P<0.0001). In multivariate linear regression models, MMP-9 again showed no
significant associations with LVEDDI (P=0.6) or EF (P=0.14), whereas BNP showed strong
independent associations (LVEDDI: P<0.001; EF: P=0.002). Kaplan-Meier analyses showed no
difference in hospital-free survival by baseline MMP-9 tertile (P=0.7), whereas higher BNP tertile
predicted worse survival (P<0.0001). In multivariate Cox models, baseline MMP-9 level did not
predict risk of adverse outcome (hazard ratio for log increase [HR |o4] 0.98, P = 0.9), whereas BNP
was a significant independent predictor (HR|og 1.15, P=0.02).

Conclusion—Compared to BNP, MMP-9 is a poor clinical biomarker of remodeling and outcome
in patients with systolic heart failure derived from clinical practice.
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Methods

In response to pathologic stress, the failing left ventricle undergoes a complex process of
remodeling that is characterized at the cellular level by cardiac myocyte hypertrophy and
interstitial fibrosis (1). Research in animal models has shown that increased expression of brain
natriuretic peptide (BNP) is a hallmark of myocyte hypertrophy (2), and subsequent work in
human subjects has established circulating BNP as an important biomarker in the clinical
management of acute and chronic heart failure (3). By contrast, there is no clinically used
biomarker of interstitial fibrosis even though it is a cardinal feature of virtually all forms of
heart failure.

Fibrosis is a complex process that is mediated to a large extent by matrix metalloproteinases
(MMPs) and endogenous tissue inhibitors of matrix metalloproteinases (TIMPs) (4;5).
Accordingly, circulating levels of MMPs and TIMPs have been proposed as potential
biomarkers of ventricular remodeling and heart failure. Among the many MMPs and TIMPs,
MMP-9 has shown promising associations with echocardiographic parameters in population-
based cohorts (6) and in substudies of clinical trials (7). However, there are limited data
assessing the performance of MMP-9 as a biomarker in clinical cohorts more representative
of patients encountered in clinical practice (8;9). Moreover, no study has compared the
performance of MMP-9 with BNP in chronic heart failure patients, even though BNP is in
widespread clinical use.

The purpose of this study was to compare the performance MMP-9 and BNP as biomarkers of
cardiac remodeling and outcome in a clinical cohort of patients with chronic systolic heart
failure. We tested the hypotheses that 1) MMP-9 and BNP levels would each show cross-
sectional associations with echocardiographic measures of ventricular remodeling and that 2)
baseline MMP-9 and BNP levels would each predict the combined endpoint of subsequent
cardiac hospitalization or death. Our findings demonstrate that, in contrast to BNP, MMP-9
shows minimal associations with remodeling or outcome in clinical practice.

We studied patients with systolic heart failure who participated in the Penn Heart Failure Study
(PHFS). PHFS is a single-center, prospective, observational cohort study of outpatients with
chronic heart failure referred to the University of Pennsylvania Heart Failure and
Transplantation Program. Patients are excluded if, in the judgment of their treating physician,
they have a non-cardiac condition likely to result in mortality within the next six months. At
the time of enrollment, baseline clinical data are collected using a standardized protocol, case
report forms, and a customized Oracle database. Peripheral blood samples are drawn and
immediately processed, and plasma is frozen at —80°C for measurement of biomarkers. Cardiac
imaging data are obtained from two-dimensional Doppler echocardiograms obtained within
one month of the baseline visit. Follow-up events (cardiac hospitalization, heart
transplantation, and death) are prospectively ascertained every six months using direct patients
encounters and review of medical records. For the current analysis, we selected a subcohort of
patients (n=395) with a diagnosis of systolic heart failure as defined by the treating heart failure
cardiologist and by an ejection fraction < 40%. All participants gave written informed consent,
and the PHFS protocol was approved by our Institutional Review Board.
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We used an R+D Systems ELISA to quantify MMP-9 in peripheral plasma and the Architect™
BNP immunoassay from Abbott Diagnostics to quantify plasma BNP. All assays were run in
duplicate, and standards supplied by the manufacturer and stored plasma pools were used to

assess assay performance. MMP-9 showed intra-assay and inter-assay coefficients of variation
of 4 and 6 percent, respectively, with a lower limit of detection of 0.15 ng/mL. BNP showed
intra-assay and inter-assay coefficients of variation that ranged from 0.9-5.6 percent, and 1.7
— 6.7 percent, respectively, with a lower limit of detection of 10 pg/mL.

Statistical Analysis

Results

MMP-9 and BNP levels were log transformed given their skewed distributions. We used
Spearman correlations and multivariate linear regression models to test for cross-sectional
associations between biomarker levels, echo-derived ejection fraction (EF), and echo-derived
left ventricular end-diastolic dimension indexed to body surface area (L\VEDDI). We then used
Kaplan-Meier and Cox proportional hazard models to test the ability of baseline biomarker
levels to predict the combined endpoint of subsequent cardiac hospitalization or death. In all
analyses, we compared the performance of MMP-9 and BNP by using models that contained
MMP-9 alone, BNP alone, or both biomarkers together. Age, gender, race (Caucasian vs. non-
Caucasian), body mass index (BMI), and heart failure duration were regarded as important
confounders and were forced into all multivariate models. In addition, we explored the
following variables as potential confounders: New York Heart Association functional class
(NYHA class), American College of Cardiology/American Heart Association heart failure
stage (ACC/AHA stage), ischemic vs. non-ischemic etiology, history of hypertension, history
of diabetes mellitus, mean arterial pressure, pulse pressure, creatinine clearance (estimated
from serum creatinine using the Cockroft-Gault method) and use of standard heart failure
therapies (beta-blockers, angiotensin converting enzyme (ACE) inhibitors, angiotensin
receptor blockers, aldosterone antagonists, cardiac resynchronization, and defibrillators).
Confounders that were significant at P < 0.1 in univariate models were introduced into
multivariate models. All analyses were performed using SAS version 9.1 (Cary, North
Carolina).

Table | summarizes the characteristics of our systolic heart failure cohort. Most patients were
male, Caucasian, and had non-ischemic heart failure. A substantial degree of cardiac
remodeling was present at baseline as indicated by the low mean EF and elevated mean
LVEDDI. Most patients had NYHA class II-111 heart failure symptoms and were ACC/AHA
stage C. Patients received standard therapies including beta-blockers, ACE inhibitors,
aldosterone antagonists, cardiac resynchronization, and defibrillators. There were no
statistically significant differences in patient characteristics across MMP-9 tertiles.

As shown in Table Il, baseline MMP-9 levels had no statistically significant cross-sectional
correlations with either EF or LVEDDI. By contrast, BNP showed a positive correlation with
LVEDDI and a negative correlation with EF, both of which were highly significant. Univariate
linear regression models (Table I11) showed no associations between MMP-9 and LVEDDI (P
=0.9), and highly significant positive associations for BNP (P < 0.001). To account for
confounders, we built multivariate models by forcing age, gender, race, BMI, and heart failure
duration into all models along with additional covariates that had univariate associations at the
P < 0.1 level (Table I1). After adjusting for these confounders, there was still no significant
association between MMP-9 and LVEDDI, whereas the association between BNP and
LVEDDI remained strong (P < 0.001). Including both MMP-9 and BNP levels in the same
multivariate model also showed no association for MMP-9 and verified an independent positive
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association between BNP level and LVEDDI (P < .001; Table I11). We repeated this series of
analyses using EF as the outcome measure of remodeling. As shown in Table IV, these analyses
demonstrated no significant associations between MMP-9 and EF, and verified an independent
negative association between BNP level and EF (P = 0.002). Taken together, these cross-
sectional analyses demonstrate no significant association between MMP-9 level and two
commonly used measures of cardiac remodeling in our clinical cohort, whereas BNP showed
strong independent associations.

We then compared the ability of MMP-9 and BNP to predict clinical outcomes. After biomarker
assessments, patients were followed for a minimum of 6 months and a maximum of 3 years.
During this interval, there were 180 cardiac hospitalizations, 2 cardiac transplants and 12
deaths. We used Kaplan-Meier analyses to test the ability of tertiles of MMP-9 at baseline to
predict hospital-free survival, with transplants treated as censored events. Of note, treating
transplants as adverse events showed nearly identical results (data not shown). As shown in
Figure 1A, hospital-free survival did not differ by baseline MMP-9 tertiles (P = 0.7). For
comparison, we performed the same analysis using baseline BNP tertiles. Unlike for MMP-9,
hospital-free survival showed large differences across BNP tertiles, with higher BNP tertile
predicting worse outcome (P < 0.0001; Figure 1B). Table V shows the results of Cox
proportional hazard models that tested the ability of baseline biomarker levels to predict the
combined endpoint of subsequent cardiac hospitalization or death. In all models tested, baseline
MMP-9 level showed minimal associations with risk of future events, whereas BNP remained
a strong independent predictor.

Discussion

In a large systolic heart failure cohort derived from clinical practice, we found no meaningful
associations between peripheral MMP-9 levels and baseline measures of ventricular
remodeling or risk of adverse clinical outcomes. These results are in direct contrast to those
for BNP, which showed strong cross-sectional associations with two different measures of
cardiac remodeling and strong associations with risk of adverse outcomes. Our study thus does
not support the use of peripheral MMP-9 level as a clinically useful biomarker in chronic
systolic heart failure.

These findings contrast with previous reports that suggest a potential role of MMP-9 as a
biomarker of cardiac remodeling and heart failure. These differences are largely attributable
to differences in the populations under study. For example, Ahmed et al. detected elevated
peripheral MMP-9 levels in patients with hypertension and concentric cardiac remodeling
compared to normal controls (10). Sundstrom et al. evaluated MMP-9 levels in a healthy
population of 699 subjects free of clinical heart failure and previous myocardial infarction
(6). They found that, although levels were undetectable in the majority of subjects, there was
a cross-sectional association between detectable MMP-9 levels, LV wall thickness, and LV
dimensions in men but not in women. These studies suggest that MMP-9 may be a marker for
early cardiac remodeling in selected patient populations such as those with hypertensive heart
disease or other cardiovascular risk factors prior to the development of clinical heart failure.

More recently, Yan et al. tested the association between plasma MMP-9 and ventricular
volumes in 183 patients with systolic heart failure and demonstrated statistically significant
correlations with ejection fraction and left ventricular volumes (7). Although their sample size
was relatively small, the authors’ ability to detect an association was strengthened by the use
of a more homogenous clinical trial population and by the use of quantitatively measured
ventricular volumes assessed over time. However, our results indicate that such associations
do not necessarily translate into clinically meaningful associations in a less homogenous cohort
that is more typical of clinical practice. In addition, Yan et al did not adjust for circulating BNP
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which, based on our analysis, might overshadow the observed associations with MMP-9.
Hence, there may an association between MMP-9 and measures of cardiac remodeling in select
circumstances, but our study casts doubt on the clinical utility of that association, especially
given the inability of MMP-9 to predict clinical outcomes (Figure 1 and Table V).

From a mechanistic standpoint, our findings are also consistent with the basic biology of
natriuretic peptides and the MMP/TIMP systems. As demonstrated in numerous animal and
human studies (reviewed in (2)), BNP is specifically expressed by cardiac myocytes during
cardiogenesis and is re-induced and released under conditions of mechanical stress and cardiac
hypertrophy. Because of its cardiac specificity, BNP levels in the periphery show strong
associations with both remodeling and heart failure. By contrast, MMPs are involved in
extracellular matrix turnover in a variety of homeostatic and pathologic settings unrelated to
cardiac remodeling, including wound healing (11), cancer growth and metastasis (12),
inflammation (13), and atherogenesis (14). Given the limited specificity of MMP-9, it is not
surprising that peripheral MMP-9 levels show inferior associations with ventricular remodeling
and heart failure when compared to peripheral BNP.

Although our study does not support the use of circulating MMP-9 as a biomarker, we cannot
exclude a causal role for myocardial MMPs and TIMPs in the pathogenesis of remodeling. We
did not study MMPs within the myocardium directly, nor did we alter MMP function via the
use of pharmacologic agents. Such experiments have been conducted in animal models and do
suggest a pathogenic role for MMPs. For example, activation of MMPs via genetic deletion of
TIMP-3 causes dilated cardiomyopathy in mice (15), whereas inhibition of MMPs using
transgenic (16) and pharmacological approaches (17-21) attenuates ventricular remodeling.
The only published clinical trial of MMP inhibition to attenuate remodeling in humans showed
no effect vs. placebo, but the agent used inhibited MMPs broadly and was limited by
musculoskeletal toxicity (22). Thus, the role of MMPs and TIMPs as mediators of remodeling
in human heart failure or as therapeutic targets remains uncertain.

Several limitations warrant mention. First, we measured MMP levels and not MMP activity.
Since MMP activity within the myocardium is probably a better predictor of matrix remodeling,
one could argue that circulating MMP activity might be a superior biomarker than MMP level.
However, circulating MMP activity would undoubtedly be influenced by circulating TIMPs
and by MMPs released from extra-cardiac sources. Second, we did not analyze longitudinal
changes in MMP-9 levels over time, and we cannot draw conclusions regarding temporal
changes in cardiac structure or its relation to MMP-9. Third, we limited the echocardiographic
parameters studied to the clinically used measures of ejection fraction and left ventricular
dimensions. As shown by Yan et al. (7), it is possible that MMP-9 levels associate with other
echocardiographic parameters, such as quantitatively assessed ventricular volumes or measures
of diastolic function. However, based on our findings, we can safely conclude that these
associations would be smaller in magnitude that those for BNP. Finally, it is possible that use
of previously frozen plasma or diurnal variation in MMP-9 level could introduce variability
into our data that might mask associations of interest, although studies in normal subjects done
by Tayebjee et al indicate that diurnal variation is unlikely (23).

In conclusion, our findings do not support the use of circulating MMP-9 levels as a clinical
biomarker in systolic heart failure and verify the prognostic value of BNP in clinical practice.
Further research in diverse patient populations is needed to clarify the utility of MMPs and
other biomarkers of remodeling and heart failure. Moreover, further defining the mechanistic
role of MMPs in human heart failure will require trials of specific MMP inhibitors or techniques
that allow in vivo measurement of MMPs within the myocardium in human subjects.
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Figure 1.

Kaplan-Meier analysis of hospital-free survival by baseline tertile of MMP-9 (A) or BNP (B).
Black, lowest tertile; Red, middle tertile; Green, highest tertile. P-values indicate results of
logrank tests.
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MMP-9 BNP LVEDDI EF
MMP-9 1
BNP 0.09 1,
LVEDDI 0.04 0.27 1
EF -0.06 035" -0.53" 1
*
P<0.0001
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