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Abstract

Elevated measures of matrix metalloproteinases (MMPs) are associated with acute myocardial infarction (MI), but it is not
known how long these changes persist post-MI or if these measures differ between atherothrombotic versus non-atherothrom-
botic MI. MMPs-2, 3, and 9 were measured in 80 subjects with acute MI (atherothrombotic and non-atherothrombotic MI)
or stable coronary artery disease (CAD). Measurements were made at, the time of acute MI, and > 3-month following acute
MI (quiescent phase). Outcome measures were compared between groups and between time of acute MI and quiescent post-
MI follow-up using Wilcoxon’s and repeated measures analysis of variance. Forty-nine subjects met the criteria for acute
MI with clearly defined atherothrombotic (n=22) and non-atherothrombotic (n=12) subsets. Fifteen subjects met criteria
for stable CAD. MMP-3 was higher in acute MI versus stable CAD subjects at the time of acute MI: (453 vs. 217 pg/mL,
p=0.010) but not at quiescent phase follow-up (p > 0.05). MMP-9 was higher in acute MI versus stable CAD subjects at the
time of acute MI: (412 vs. 168 pg/mL, p=0.002) but not at the quiescent phase follow-up (p > 0.05). MMP-9 was higher at
the time of acute MI versus quiescent phase follow-up in acute MI (412 vs. 213 pg/mL, p=0.001) and atherothrombotic MI
specifically (458 vs. 212 pg/mL, p=0.001). No difference in MMP-2, 3, or 9 was observed between atherothrombotic versus
non-atherothrombotic MI subgroups. MMPs-3 and 9 are significantly elevated in acute MI verses stable CAD subjects at
time of acute MI but not different at quiescent phase follow-up. MMP-9 is elevated at the time of acute MI and specifically
in acute atherothrombotic MI at time of MI versus quiescent phase follow-up.
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e At the time of atherothrombotic MI, the levels of the
metalloproteinase-9 are elevated compared to a quiescent
phase 3-month follow up.

e Metalloproteinases do not differentiate atherothrombotic
MI from non-atherothrombotic MI.

Introduction

Myocardial infarction (MI) is a major cause of death and
disability worldwide [1, 2]. An atherosclerotic plaque is the
underlying substrate responsible for acute MI. The athero-
sclerotic plaque is a heterogeneous population of biological
substances, collectively embedded by an extracellular matrix
(ECM) [3-6]. The ECM is a complex network of collagen,
glycoproteins, and enzymes, which undergo constant remod-
eling to provide structural and chemical support to the coro-
nary vasculature [7]. The matrix metalloproteinases (MMPs)
play a central role in ECM degradation by selectively hydro-
lyzing individual components of the ECM [7, 8]. As a part
of their normal physiological function, MMPs maintain the
vessel’s integrity by breaking down ECM while new matrix
is being synthesized. They achieve this vascular remodeling
by facilitating cell turnover, inflammatory signals, angiogen-
esis, and collagen degradation [9]. This upkeep is necessary
to avoid weakening of the ECM from continuous mechani-
cal stresses. However, these otherwise normally functioning
mechanisms of MMPs also facilitate Glagov remodeling and
degradation of the fibrous cap surrounding atherosclerotic
plaque resulting in a plaque prone to rupture and ensuing
atherothrombosis [6, 10-14].

The most commonly encountered perpetrator of an acute
Ml is the rupture of an atherosclerotic plaque, which in turn
precipitates an uncontrolled thrombotic response resulting
in an acute atherothrombotic MI [15—17]. Nonetheless, mul-
tiple non-atherothrombotic MI etiologies such as coronary
vasospasm and demand ischemia, and non-MI causes of
myocardial injury are now known to exist and necessitate
treatment distinctive from atherothrombotic MI [17]. Mul-
tiple studies have reported that acute non-atherothrombotic
MI is at least as common as thrombotic MI and is associ-
ated with greater mortality [18—22]. The Fourth Universal
Definition of Myocardial Infarction (UDMI) presents an
international consensus definition for etiologically distinct
classes of MIs that can be simplified into two classes: athero-
thrombotic and non-atherothrombotic MI [17].

While MMPs are known to be elevated in the blood fol-
lowing an acute myocardial infarction (MI) [7, 23-25], it
is not known how long these changes persist post-MI or
if these measures differ between acute atherothrombotic
and non-atherothrombotic MI. Therefore, we sought to
study the progression of MMPs during and after an acute
MI as compared to subjects with stable CAD undergoing
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a cardiac catheterization, and between atherothrombotic
and non-atherothrombotic MI. We hypothesize that MMPs
will differ between acute MI and stable CAD subjects at the
time of acute MI but not after the acute disease has resolved
(quiescent phase). Furthermore, we hypothesize that MMP
levels will differ between acute atherothrombotic versus non-
atherothrombotic MI.

Materials and methods
Study design and population

Following Institutional Review Board (IRB) approval, par-
ticipants were recruited from University of Louisville Hos-
pital and Jewish Hospital in Louisville, Kentucky between
March 2012 and August 2013. Two groups of subjects were
enrolled in the study: acute MI and stable CAD. Inclusion
criteria for both groups required that each subject be greater
than 18 years of age and undergo cardiac catheterization
with coronary angiography within 48 h. Specific inclusion
and exclusion criteria are detailed in supplemental mate-
rial (Appendix Table 1). Subjects who received fibrinolytic
therapy were excluded from this study. All subjects provided
signed informed consent and study protocol conforms to the
ethical guidelines of the 1975 Declaration of Helsinki.

Sample collection and time-points

Sample collection and processing were completed under an
established standardized operating protocol, as described
in our previous studies [26-28]. Blood samples were col-
lected in ethylene-diamine-tetraacetic acid (EDTA) coated
vacutainer tubes. Time between phlebotomy and processing
was standardized at 45 min. Plasma derived from the EDTA
tubes was aliquoted and stored in a — 81 °C freezer within
2 h of blood draw. Potential confounders from time of blood
draw to storage was examined for association with all ana-
lytes and a regression analysis was performed.

Blood samples were collected at two distinct phases:
acute and quiescent. Acute phase consisted of two time-
points: TO (immediately at start of cardiac catheterization)
and T6 (6 h post TO). Quiescent phase was a follow-up dur-
ing which the subject was free of any recent acute illness
for a minimum of 3 months. Acute phase samples were col-
lected from an arterial sheath after a 5—10 mL waste draw,
whereas for the quiescent phase samples, virgin peripheral
veins were phlebotomized with a 5-10 mL waste draw.

Coronary angiography and histological analysis

Angiograms were systematically evaluated in all subjects
by the Angiographic Core Laboratory at the Johns Hopkins
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University (Baltimore, Maryland) by a technician and physi-
cian blinded to all other subject data. Coronary aspiration
was left to the discretion of the treating interventional cardi-
ologist. The standard of care at the enrollment sites for this
study included thrombus aspiration in ST elevation myo-
cardial infarction patients. If aspiration was attempted, the
aspirate was immediately filtered and preserved in formalin
for histological evaluation by a pathologist specializing in
coronary thrombosis at CVPath, Incorporated (Gaithersburg,
Maryland). The pathologist was blinded to all other subject
data except the vessel from which the aspirate was obtained.

Biochemical analysis

Clinical laboratory data was tested at two independent CLIA
approved laboratories at the University of Louisville Hospi-
tal (ULH) and KentuckyOne Health Jewish Hospital (JH).
Troponin criteria for outcomes are detailed in supplemental
material (Appendix Methods, Biochemical Data).

Sample testing via enzyme-linked immunosorbent
assay (ELISA)

Quantification of MMPs 2, 3, and 9 was performed using
the Affymetrix Human ProcartaPlex Multiplex Immunoas-
say MMP Panel II (Santa Clara, CA) kits and the Luminex
MAGPIX instrument (Austin, Texas). The MMP concen-
trations were recorded in picograms per milliliter (pg/mL)
units. Assay optimization and validation were performed in
control subjects prior to testing study samples. MMP con-
centrations for all study samples were measured in tripli-
cates, the three measures were averaged to obtain a single
measurement value. A single operator, who is an expert in
laboratory techniques, completed all the sample measure-
ments. Sample testing is further detailed in supplemental
material [Appendix Methods, Sample Testing via Enzyme-
Linked Immunosorbent Assay (ELISA)].

Study group classification

Four subject groups were defined for this study a priori:
stable CAD, acute MI, atherothrombotic MI, non-athero-
thrombotic MI (Appendix Table 2). Atherothrombotic MI
and non-atherothrombotic MI subjects were a subset of the
acute MI group. We developed novel conservative crite-
ria, a priori, eliminating borderline cases from analysis in
order to limit confounding factors from misclassification
and to produce an ideal cohort for discovering new biology
related to acute MI. Our criteria are a variation of criteria
previously proposed by our group [26, 28-30]. Borderline
MI subjects that did not identify with study group cri-
teria were excluded from the analysis. We believe these

criteria are more robust than any other published criteria
for distinguishing between atherothrombotic MI and non-
atherothrombotic MI.

Outcome measures

The primary outcome is the concentration of MMP-2, 3, and
9 at the acute phase, the post MI quiescent phase, and the
absolute change from acute phase to follow-up in acute MI
and stable CAD participants. A secondary analysis was con-
ducted to evaluate differences in MMP-2, 3, and 9 between
atherothrombotic MI and non-atherothrombotic MI.

Statistical analysis

Frequencies and percentages were reported for categori-
cal variables, with Fisher’s exact test for comparison of
the study population. Means and standard deviations were
reported for continuous distributions. Shapiro—-Wilk was
used to determine the normal distribution. Normally dis-
tributed outcome measures were compared between groups
using Student’s or Welch’s ¢ tests if the heterogeneity of vari-
ances assumption was violated. Mann—Whitney U test was
employed for non-normal distributions. Wilcoxon rank-sum
test was used to compare differences between study groups
at individual time-points for each analyte (MMP-2, 3, and 9).
The acute time-point was created by calculating the mean
vector of the matrix using time-points TO (immediately at
start of cardiac catheterization) and T6 (6 h post TO).
Repeated measures analysis of variance (ANOVA) were
employed to compare levels of each analyte (MMP-2, 3, and
9) over acute versus quiescent time-points for each individ-
ual study group and sub-group. Fixed effects of the model
were: group, time-point: acute (T0, T6) versus quiescent
(TF/U), and group X time-point. The random effects were
the study subjects. The repeated models tested if the means
of the fixed effects for each MMP differed by study groups or
across time-points. It also measured whether the time-course
differed by the study groups. Type III sum of squares F-tests
P-values are reported for determining statistical significance.
Further analysis of the sub-groups comparing the athero-
thrombotic MI and non-atherothrombotic MI at different
time-points was also done. Random effects for study subject
assumed a compound symmetry covariance structure.
Post-hoc power was calculated using means of the groups,
size of the group, number of groups, detectable difference-
calculated form the proportion of variance, and correlation
across measurements, and the number of measurements per
subject [31, 32].
All analyses and graphics were performed using R Studio
version 3.5.1 (2018-07-02).
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Results

Out of the 80 subjects enrolled in this study, 16 subjects did
not meet analytical inclusion criteria or had missing data and
were not included in the analysis (Appendix Fig. 1). Sixty-
four subjects met criteria for study analysis, out of which
15 subjects met the phenotype criteria for stable CAD and
49 subjects for acute MI (Table 1). In the acute MI group,
22 subjects met criteria for atherothrombotic MI, and 12
for non-atherothrombotic MI, 15 borderline cases were not
included in the analysis (Appendix Fig. 1).

Cohort characteristics are presented in Table 1. Independ-
ent of variables that defined the individual study groups,
current smoking and heart rate were higher, and history of
diabetes, hypertension, and body mass index were lower

in acute MI subjects as compared to stable CAD subjects
(Table 1). Cohort characteristics of the MI sub-groups
(atherothrombotic versus non-atherothrombotic MI) are
detailed in Appendix Table 3.

Metalloproteinase-2

A significant difference in MMP-2 was not observed between
acute MI versus stable CAD or atherothrombotic versus non-
atherothrombotic MI at the acute or quiescent phase (TF/U)
time-points (all p> 0.05) (Table 2). Significant differences
were not observed for MMP-2 between acute versus qui-
escent phase (TF/U) in any of the study groups (acute MI,
stable CAD, atherothrombotic, non-atherothrombotic MI)
(all p>0.05) (Table 3). Significant interaction between any

Table 1 Cohort characteristics

Characteristic Acute MI group (N=49) Stable CAD group P value
(N=15)
Age (mean +SD) years 58.59+14.42 61.33+8.86 0.49
Males (%) 65.3 53.3 0.59
Caucasian race (%) 77.6 93.3 0.32
Current smoker (%) 53.1 20.0 0.05
Currently consumes alcohol (%) 32.7 46.7 0.50
History of dyslipidemia (%) 46.9 86.7 0.047
History of diabetes mellitus (%) 10.2 40.0 0.022
History of hypertension (%) 61.2 93.3 0.042
History of atherosclerosis (%) (MI, CAD, PCI, CABG) 30.6 93.3 < 0.001
History of congestive heart failure (%) 8.2 6.7 1.00
HR at time of presentation (mean +SD) 84.90+24.98 65.87+9.59 0.006
MAP at time of presentation (mean + SD) 102.77+24.72 91.36+14.29 0.10
BMI at time of presentation (mean + SD) 27.54+7.24 33+7.08 0.013
Baseline troponin (mean + SD, range) mg/dL 5.59+10.83 0.01+0.00 0.05
Peak troponin (mean + SD, range) 33.53+37.94 0.01+0.00 0.002
Glucose at baseline (mean =+ SD, range) 142.14+56.46 131.60+30.61 0.493
Creatinine at baseline (mean + SD, range) 1.13+0.79 0.92+0.17 0.32
ST elevation on EKG at baseline (%) 63.3 0.0 < 0.001
At least one vessel with>50% coronary stenosis on enrollment 73.5 40.0 0.03
angiogram (%)
Aspirin use at time of enrollment (%) 34.7 100 < 0.001
Clopidogrel use at enrollment (%) 10.2 66.7 < 0.001
Statin use at time of enrollment (%) 32.7 80 0.003
ACE-I/ARB use at time of enrollment (%) 28.6 66.7 0.018
Beta blocker use at time of enrollment (%) 24.5 66.7 0.007
Calcium channel blocker use at time of enrollment (%) 14.3 53.3 0.006
NSAIDs use at time of enrollment (%) 38.8 0 0.011

Bold values indicate statistical significance (p < 0.05)

ACE-I Angiotensin converting enzyme inhibitor, ARB Angiotensin II receptor blockers, BMI Body Mass Index, CABG coronary artery bypass
grafting, CAD coronary artery disease, DBP diastolic blood pressure, EKG electrocardiogram, HR heart rate, MAP mean arterial pressure, M/
myocardial infarction, NSAIDs nonsteroidal anti-inflammatory drugs, PCI percutaneous coronary intervention, SBP systolic blood pressure, SD
standard deviation
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Table2 Comparison of metalloproteinases-2, 3, and 9 levels between Primary Study Groups and Study Sub-Groups at acute and quiescent
(~3-month follow-up) time points

Analyte  Time-point Primary study groups analysis Study sub-group analysis
Acute MI (n=49) Stable CAD (n=15) P value* Atherothrombotic Non-Atherothrom- P value*
(Mean +SD) (Mean +SD) MI (n=22) botic MI (n=12)
pg/mL pg/mL (Mean +SD) (Mean +SD)
pg/mL pg/mL
MMP-2  Acute 893.25+736.76 651.39+172.86 0.078 862.55+837.30 1011.39+959.55  0.51
Quiescent F/U 828.25+261.08 738.89 +209.84 0.33 736.98 +261.39 870.83+200.51 0.28
MMP-3  Acute 453.03 +490.19 216.53 +67.40 0.010 546.28 +619.51 454.85+489.97  0.25
Quiescent F/U 341.82+£226.45 265.96 +109.21 0.24 364.91+239.88 306.40+240.48  0.61
MMP-9  Acute 411.73+419.60 168.34+75.63 0.002 457.86 +323.39 460.87 +680.61 0.98
Quiescent F/U 213.35+113.13 188.08 +121.35 0.48 211.73 £144.97 216.62+74.92 0.53

Bold values indicate statistical significance (p < 0.05)

Acute Phase Values at acute time-points TO (at time of cardiac catheterization) and T6 (6 h post cardiac catheterization), CAD coronary artery
disease, CI confidence interval, MI myocardial infarction, MMP matrix metalloproteinase, Primary Study Groups stable CAD versus acute MI,
Sub-Groups atherothrombotic versus non-atherothrombotic MI, SD standard deviation, TO at time of cardiac catheterization, T6 6 h post TO,

Quiescent ~3 Month follow-up during a healthy state (without any illness)

*P-values calculated via Wilcoxon rank-sum test for comparison between Primary Study Groups and for comparison between Study Sub-Groups

Table 3 Metalloproteinases-2,
3, and 9 levels at time of
acute event (acute MI or
cardiac catheterization for
stable CAD) versus quiescent
phase follow-up (minimum

of 3 months following acute
event and free of acute illness)
for Primary Groups and Sub-

Groups

Groups Analyte Acute phase Quiescent phase P value*
(Mean+SD) (Mean+SD)
pg/mL pg/mL
Stable CAD (n=15) MMP-2 651.39+172.86 738.89+209.84 0.25
MMP-3 216.53+67.40 265.96+109.21 0.14
MMP-9 168.34+75.63 188.08 +121.35 0.71
Acute MI (n=49) MMP-2 893.25+736.76 828.25+261.08 0.18
MMP-3 453.03+490.19 341.82 +226.45 0.40
MMP-9 411.73 + 419.60 213.35+113.13 0.001
Atherothrombotic MI (n=22) MMP-2 862.55+837.30 736.98 +261.39 0.61
MMP-3 546.28 +619.51 364.91+239.88 0.30
MMP-9 457.86 + 323.39 211.73 +144.97 0.001
Non-Atherothrombotic MI (n=12) MMP-2 1011.39+959.55 870.83+200.51 0.30
MMP-3 454.85+489.97 306.40+240.48 0.54
MMP-9 460.87 +£680.61 216.62+74.92 0.16

Bold values indicate statistical significance (p < 0.05)

Acute Phase Values at acute time-points TO (at time of cardiac catheterization) and T6 (6 h post cardiac
catheterization), CAD coronary artery disease, CI confidence interval, MI myocardial infarction, MMP
matrix metalloproteinase, Primary Study Groups stable CAD versus acute MI, Sub-Groups atherothrom-
botic versus non-atherothrombotic MI, SD standard deviation, 70 at time of cardiac catheterization, 76 6 h
post TO, Quiescent Phase ~3 month follow-up during a healthy state (without any illness)

*P values calculated via Wilcoxon signed-rank test for comparison of means between acute and quiescent

time-points

study group and time-point was not observed in MMP-2
(p>0.05) (Fig. 1a and d).

Metalloproteinase-3

At the acute phase, MMP-3 was significantly higher in
acute MI subjects (453.03 +490.19) as compared to stable

CAD subjects (216.53 +67.40, p=0.010) (Table 2, Fig. 1b).
MMP-3 was not significantly different at quiescent phase
time-point (TF/U) between acute MI versus stable CAD
groups (p>0.05) (Table 2, Fig. 1b).

Significant differences were not observed for MMP-3
between acute versus quiescent phase in any of the
study groups (acute MI, stable CAD, atherothrombotic,
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non-atherothrombotic MI) (all p> 0.05) (Table 3).
Although mean MMP-3 for the acute phase was higher in
acute MI versus stable CAD subjects (p=0.048) (Fig. 1b),
no significant difference was observed in atherothrombotic
versus non-atherothrombotic MI and no significant inter-
action between study groups and time-point was observed
for MMP-3 in any study group (p > 0.05) (Fig. 1b and e).

Metalloproteinase-9

At the acute phase, MMP-9 was significantly higher in
acute MI subjects (411.73+419.60) as compared to sta-
ble CAD subjects (168.34 +75.63, p=0.002) (Table 2,
Fig. Ic). No significant difference in MMP-9 was observed
at the quiescent time-point between acute MI versus stable
CAD groups or at any time between the atherothrombotic
and non-atherothrombotic MI groups (p > 0.05) (Table 2,
Fig. 1f).

MMP-9 was significantly higher during acute phase
(411.73 +£419.60) as compared to quiescent phase
(213.35+113.13, p=0.001) in the acute MI group (Table 3,
Fig. 1c). MMP-9 was also significantly higher at the acute
phase (457.86 +323.39) when compared to the quiescent
phase (211.73 +144.97, p=0.001) in the atherothrombotic
MI sub-group (Table 3, Fig. 1f). In contrast, no differ-
ence was observed between the acute and quiescent phase
among the stable CAD and non-atherothrombotic MI groups
(Table 3, Fig. 1). MMP-9 showed significant interaction
between group and time-points in the acute MI (p=0.040)
but not for the stable CAD group (Fig. 1c) or the athero-
thrombotic versus non-atherothrombotic MI sub-groups
(Fig. 1f).

The median time (in hours) from blood draw and collec-
tion to storage at — 81 °C in the acute MI subjects (1.68,
IQR 1.50, 1.92) did not differ significantly from the stable
CAD subjects (1.62, IQR 1.45, 1.75; P=0.067). The time
from collection to storage accounted for about 3.2% in the
variability of the MMP-3 P=0.017 (Appendix Table 5). In
the regression analysis of the time of sample collection to
storage at — 81 °C and the mean analytes levels, none of the
analytes exhibited a significant relationship with the time
from collection to storage. This remained after adjusting for
the groups.

Post-hoc power calculation was performed for 64 subjects
(49 acute MI and 15 stable CAD) with 3 distinct time-point
measurements. For an expected moderate effect size of 0.50
SD pg/mL units, an alpha of 0.05 and assuming compound
symmetry, repeated measures power was calculated at 80%
for detecting a difference between acute MI and stable
CAD (primary analysis) and 53% for detecting a difference
between atherothrombotic and non-atherothrombotic MI
subtypes (secondary analysis).

Discussion

In this prospective study of subjects with acute MI and
stable CAD, there were three major findings with impor-
tant clinical implications. First, MMP-3 and MMP-9 were
significantly elevated in MI subjects, at the time of acute
MI, but not at a quiescent phase follow-up, when compared
to stable CAD subjects. Second, within acute MI subjects,
MMP-9 is significantly higher at the time of acute MI,
specifically atherothrombotic MI, as compared to a quies-
cent phase follow-up (~3 months post-acute MI). Third, a
significant difference in MMP-2, MMP-3, or MMP-9 was
not observed between atherothrombotic and non-athero-
thrombotic MI subjects.

MMP-2 is secreted by cardiomyocytes, endothelial
cells, vascular smooth muscle cells, fibroblasts, and mac-
rophages, and is involved in matrix degradation, angio-
genesis, and inflammatory responses [25, 33, 34]. It has
a high basal activity and is crucial during tissue turnover.
MMP-3 is mainly secreted by cardiac fibroblasts and mac-
rophages, and is actively involved in the breakdown of
ECM components [25, 33-35]. MMP-3 also activates other
MMPs and has a broad effect potential on ECM compo-
nents [35]. MMP-9 is predominantly secreted by cardio-
myocytes, endothelial cells, neutrophils, fibroblast, and
macrophages, and shares a similar functionality of ECM
degradation with that of MMP-2 [25, 33, 34]. MMP-9
expression increases considerably shortly after acute MI in
the peripheral circulation and from samples collected from
the great cardiac veins, this may suggest active plague
rupture [36, 37].

The existing literature acknowledges a temporal asso-
ciation between MMPs and acute MI [25, 34, 38—-40].
However, the progression of MMPs from the time of an
acute MI through a state of recovery has not been reported
previously. Our study fills this important knowledge gap
by demonstrating that the elevation of MMP-3 and 9 at
the time of acute MI resolves by a quiescent phase follow-
up (approximately 3 months). There is growing evidence
about the role of MMPs in facilitating the degeneration of
the fibrous cap of an unstable plaque [7]. Inflammatory
and smooth muscle cells that express MMPs, especially
in vulnerable plaques, orchestrate the final outcome of
acute MI [7]. MMPs undertake a vigorous degradation
of the ECM and an increased pro-inflammatory signal-
ing during the acute phase of an MI [9], which is to the
hypothesized purpose of recycling necrolyzed cardiomyo-
cytes and other tissue debris [34]. Kai et al. investigated
MMP-2 and MMP-9 levels in subjects with acute coronary
syndrome (ACS) as compared to stable angina and healthy
volunteers and found that both MMP-2 and MMP-9 are
significantly elevated during the first 2 days of an ACS
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episode as compared to stable angina or healthy volun-
teers [37]. Our finding concurs with the Kai et al. study
(N =67) with respect to the observation of higher MMP-9
during the acute phase of an MI. However, in contrast
to the Kai et al. study’s results, our study did not find a
significant difference in MMP-2 levels between acute MI
and stable CAD groups. This observed phenomenon may
be due to the higher constitutive activity of MMP-2 [34].
While MMP-2 exhibited a decreasing trend over time in
our study, this descent was not statistically significant. On
the other hand, MMPs-3 and 9 exhibited a statistically
significant two-fold higher levels in the acute MI group as
compared to the stable CAD group.

Our findings of increased MMP-3 levels following acute
MI is consistent with findings by Cavusoglu et al. and Abd
El-Aziz et al. [41, 42]. These studies noted both the diagnos-
tic and prognostic implications of elevated MMP-3, while
our study was of diagnostic importance. These studies also
presented MMPs’ polymorphisms of diagnostic importance
in subpopulations and outcomes following acute MI [41, 42].
The elevated levels of MMP-9 during the time of an acute
MI in our study were significantly reduced to about half
at the time of a quiescent phase follow-up (approximately
3 months post MI). However, this trend was not exclusive
to one specific study sub-group (atherothrombotic or non-
atherothrombotic MI). We found no evidence of significant
differences between atherothrombotic and non-atherothrom-
botic subjects in any of the investigated analytes (MMP-2,
MMP-3, or MMP-9).

Our findings of significantly higher levels of MMP-9 at
the time of acute MI, specifically atherothrombotic MI, as
compared to a quiescent phase follow-up (~3 months post-
acute MI), may be secondary to inducible transcription of
matrix metalloproteinase which may be an important deter-
minant of plaque rupture resulting in cardiovascular events.
This is the first study to demonstrate a difference in MMP
activity between these distinct acute MI subtypes. Identifi-
cation of relevant differences between acute MI subtypes,
as demonstrated here with MMP-9, [16]; will allow for a
greater understanding of the unique pathobiology of these
MI subtypes. Greater understanding of acute MI subtype
pathobiology is needed to develop diagnostics, prevention
and treatment strategies specific to these etiologically dis-
tinct MI subtypes (precision medicine).

Limitations

Our study time-points in the acute phase did not extend
beyond 6 h post-event. We also did not type for haplotypes
or the functional variants of these MMPs. This limits our
ability to compare our findings to other studies reporting
elevations 72 h to 4 days post-MI and the variants of the
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analytes. Ours is the first study comparing acute MI and
atherothrombotic and non-atherothrombotic MI subtypes,
however, we were limited by small sample size. Although
residual confounding can never be completed ruled out in
human subject research we believe our stringently study
designed, including rigorous objective criteria for identi-
fying study phenotypes, and repeat measures to allow for
intra-subject comparisons (acute versus quiescent phase)
provides the most rigorous control of confounding possible
for this disease process. We also acknowledge that MMP
testing is not currently widely available in clinical practice
but believe proving utility will drive testing innovation and
availability. Medications used for the treatment of cardiovas-
cular diseases such as angiotensin converting enzyme (ACE)
inhibitors, angiotensin receptor blockers, beta-blockers, and
statins have been previously described as indirect inhibitors
of MMPs [43-49]. The stable CAD group in our study has
reported a significantly higher use of these medications at
the time of enrollment, which could have resulted in lower
MMP concentrations in the stable CAD group.

Conclusions

MMPs-3 and 9 are elevated at the time of acute MI and sig-
nificantly decrease by a quiescent phase follow-up (approx-
imately 3 months). This pattern appears to be consistent
among thrombotic and non-thrombotic MI but is most pro-
nounced for atherothrombotic MI and MMP-9. MMP-2, 3,
and 9 do not differentiate atherothrombotic from non-athero-
thrombotic MIs. The role of MMP’s in acute MI subtypes,
atherothrombotic versus non-atherothrombotic, warrants
further investigation.
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