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Abstract

Background

The enzyme in matrix metalloproteinase (MMP)-9 has been suggested to be an important

determinant of plaque degradation. While several studies have shown elevated levels in

patients with coronary heart disease, results in prospective population based studies evalu-

ating MMP-9 in relation to first time coronary events have been inconclusive. As of today,

there are four published studies which have measured MMP-9 in serum and none using

plasma. Measures of MMP-9 in serum have been suggested to have more flaws than mea-

sures in plasma.

Aim

To investigate the independent association between plasma levels of MMP-9 and first-time

incidence of coronary events in an 8-year follow-up.

Material and Methods

428 men and 438 women, aged 45–69 years, free of previous coronary events and stroke

at baseline, were followed-up. Adjustments were made for sex, age, socioeconomic posi-

tion, behavioral and cardiovascular risk factors, chronic disease at baseline, depressive

symptoms, interleukin-6 and C-reactive protein.

Results

53 events were identified during a risk-time of 6 607 person years. Hazard ratio (HR) for

MMP-9 after adjustment for all covariates were HR = 1.44 (1.03 to 2.02, p = 0.033). Overall,

the effect of adjustments for other cardiovascular risk factors was low.
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Conclusion

Levels of plasma MMP-9 are independently associated with risk of first-time CHD events,

regardless of adjustments. These results are in contrast to previous prospective population-

based studies based on MMP-9 in serum. It is essential that more studies look at MMP-9

levels in plasma to further evaluate the association with first coronary events.

Introduction
It is well established that inflammation in atherosclerotic plaques plays a major role in develop-
ment of coronary heart disease (CHD) [1, 2]. Rupture of atherosclerotic plaques is a key event
triggering an acute myocardial infarction, and does often occur unexpectedly with a sudden
onset.

Several types of cells, in particular macrophages, produce extracellular matrix degrading
enzymes, which contribute to the breakdown of the fibrous cap of the plaque [3]. Among
matrix degrading enzymes, matrix metalloproteinase (MMP)-9 has been suggested to be an
important determinant of plaque degradation [4, 5]. Several groups have reported increased
concentrations and activity of MMP-9 in human atherosclerotic plaques with high inflamma-
tory activity, so-called vulnerable plaques [6–9]. In concordance, although the source of MMP-
9 cannot be identified when measuring circulating levels, it has been shown repeatedly that lev-
els of circulating MMP-9 are elevated in patients with CHD, in particular those with acute cor-
onary syndrome [3, 10–14]. It has however been frequently discussed whether the levels are
elevated prior to onset of disease or elevated due to vascular remodeling following an ischemic
event [3, 10–14].

Notably, a number of cross-sectional studies have demonstrated an association between cir-
culating MMP-9 levels and CHD risk factors before onset of disease e.g. hypertension [15, 16],
smoking [17, 18], alcohol [18, 19], low physical activity [18], low intake of fruit and vegetables
[18] and psychosocial risk factors [20]. Taken together, there is a substantial plausibility that
MMP-9 has a role in the progression of a first time CHD event. There is however only a few
studies evaluating circulating levels of MMP-9 prospectively in community-based population
samples.

A recent meta-analysis including four studies [21–24] demonstrated a non-significant asso-
ciation of MMP-9 levels with CHD incidence, with an aggregated hazard ratio (HR) of 1.07
(0.97–1.19) per SD increment after multivariable adjustments for conventional vascular risk
factors [21]. Only one of the four studies in the meta-analysis, from the Danish Research Cen-
tre for Prevention and Health cohorts, showed a significant association between MMP-9 and
CHD events, with an independent HR of 1.21 (1.05–1.39)[21]. Importantly, all these studies
measured MMP-9 in serum samples. Several research groups have shown considerable discrep-
ancies between levels of MMP-9 in serum and plasma, prepared from the same blood draw
[25–29]. There are several concerns pointed out, the major one being that pre-analytical prepa-
ration of serum causes a release of MMP-9 by neutrophils, which may lead to artificially high
levels.

The aim of this study was to investigate the independent association between plasma levels
of MMP-9 and incidence of first time CHD in an 8-year follow-up study of a well-characterized
Swedish community-based cohort.
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Material and Methods

Study population
The longitudinal study “Life conditions, Stress and Health” (LSH), has a prospective design
and aims at investigating the relationship between socioeconomic status, psychosocial charac-
teristics and risk of CHD, and psychobiological pathways that might mediate these associa-
tions. The study population was drawn from a random sample aged 45–69 years, from the
County of Östergötland in South East Sweden (n = 898). Exclusion criteria were serious physi-
cal or psychiatric illnesses (such as terminal cancer or psychosis). Data collection was con-
ducted in late 2003 and early 2004, and the response rate for the invitation to participate was
62.5%. The Regional Ethical Review Board in Linköping approved the study design (02–0324).
All participants provided written informed consent. Six participants did not approve to link
their data to the Swedish National Registry of Hospital Admissions, and were excluded from
further analyses.

Biochemical analyses
Venous blood were drawn in the morning in a fasting state, and centrifuged within fifteen min-
utes to separate plasma, which then was stored in -70°C until analyzed. Concentrations of
MMP-9 were measured in EDTA-plasma by human Biotrak ELISA systems (Amersham Bio-
sciences, Uppsala, Sweden). The assay for MMP-9 measures MMP-9, Pro-MMP-9 and the
ProMMP-9/TIMP-1 complex. The lower detection limit was 0.6 ng/mL, interassay coefficient
of variance (CV) was 7.2 to 7.9%. The analyses were made in two sets. For the first (n = 393),
aliquots of plasma were stored for approximately 18 months before laboratory analysis. For the
second (n = 488), aliquots were stored for approximately 60 months before laboratory analysis

C-reactive protein (CRP) was measured in serum by a highly sensitive latex-enhanced turbi-
dimetric immunoassay (Roche Diagnostics GmbH, Vienna, Austria) with a lower detection
limit of 0.03 mg/L and CV of 1.7%. Aliquots of serum (0.5 mL) were stored in -70°C for
approximately 18 months before laboratory analysis.

Levels of interleukin-6 (IL-6) was measured in EDTA-plasma using ultrasensitive bead kit
technology (Invitrogen Co., Carlsbad, CA, USA) on a Luminex1 100TM system (Austin, TX,
USA). The lower detection limits were set at 1.68 pg/mL and CV was 7.0%. Aliquots of plasma
(0.5 mL) were stored in -70°C for approximately 60 months before laboratory analysis.

Measures of behavioral and cardiovascular risk factors
During a visit to a primary health care center (PHC), participants underwent a short vital sta-
tus, including height, weight and blood pressure; measured in the right arm in a sitting position
after five minutes of rest, using the mean of second and the third measurement (Omron M5-1
digital). Lipid status (ADVIA 1650) was analyzed directly after sample collection.

Furthermore, participants filled out a set of questionnaires. Educational attainment with
four answer categories was used as a proxy for socioeconomic position. Smoking habits were
based on self-reports, where participants smoking at least one cigarette per day were defined as
smokers. To meet the Hill criterion on temporality [30], participants that reported that they
had stopped smoking due to illness within the last five years were also included in the smoker
category. Physical activity was assessed by two items combining structured exercise (planned
activities such as running or swimming) with physical activity in daily life (such as walking the
dog, biking to work) and 4 groups were created, with the highest fulfilling the recommended
level of daily physical activity according to American College of Sports Medicine [31, 32].
Questions on alcohol intake were based on the validated Food Frequency Questionnaire
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adopted from the Swedish Mammography Cohort [33]. Three groups of alcohol intake were
defined as low to moderate- (up to 80 g/week), high- (81–160 g/week) and very high- (>160 g/
week). Cut-offs were guided by earlier studies of cardiovascular benefits and risk associated
with drinking [34]. Those who had quit or markedly reduced drinking within the last five years
due to illness were included in the highest category.

Questions on fruit and vegetable intake were adopted from the same questionnaire [33] and
data was ordered in three groups (mean ± 1SD).

The Center for Epidemiological Studies depression scale (CES-D) [35] was used to capture
depressive symptoms.

Measures of chronic disease and medications at baseline
Chronic disease at baseline was covered using the question “Have you ever had any other
chronic or long term disease diagnosed by a medical doctor?” (Yes/No/Don’t know). Dichot-
omy variables for each condition were used for myocardial infarction, angina pectoris, stroke
and diabetes. A composite measure were used to capture other chronic diseases, aggregating
chronic obstructive pulmonary disease, cancer, asthma, allergy, kidney disease, coeliac disease,
peptic ulcer, rheumatoid arthritis and psychiatric diagnoses into one measure.

Participants were further instructed to write down all ongoing medications based on pre-
scriptions. These were manually regrouped into different categories based on ATC code. In
this study, antihypertensive drugs and use of statins were included as dichotomy variables.

Follow-up of outcomes
First-time major event of CHD was set as main outcome, defined as non-fatal myocardial
infarction (MI), and/or an event of invasive coronary revascularization; defined as percutane-
ous cardiac intervention (PCI) or coronary artery by-pass graft-surgery (CABG). ICD-10 code
I21 was used for non-fatal myocardial infarctions. All occurring deaths were checked, to be
able to cross-validate underlying cause of death-diagnoses from I20 to I25 as possible myocar-
dial infarctions.

First-time hospitalization due to cerebral infarction (ICD-10 I63, I64 or G45) was set as a
secondary outcome, trying to limit the heterogeneous diagnose of stroke by excluding stroke
due to subarachnoid, intracerebral or intracranial hemorrhage. Fatal events, regardless of
cause, was also set as a secondary outcome.

A power analysis was performed a priori. Based on a true twofold hazard ratio, it was esti-
mated that 50 cases was needed to show significant differences (using two-sided probability
value of p�0.05) with a statistical power of>80%. Actual incidence in the study population
was compared with national incidence in Sweden in the same age groups. Based on the analy-
ses, it was predicted that an 8 year follow-up was needed in order to have at least 50 defined
primary outcome cases.

Outcome data after 8 year of follow-up time was obtained from the Cause of Death Registry,
and the Registry of Hospital Admissions, both from the Swedish National Board of Health and
Welfare. The diagnoses were further cross-validated using the patients’medical journals.

The date for the PHC visit started the follow-up time for each participant. Last date of fol-
low-up was set to 31 Dec 2011, and follow-up time was truncated by major CHD events or any
fatal events. Two participants with exceptionally high levels of MMP-9 (more than 3 SD’s
higher than the third value in ascending order) were excluded prior to the analyses. Partici-
pants with a prior history of self-reported MI were excluded from the primary analyses on
first-time major event of CHD. Likewise, analyses on the secondary outcome cerebral infarc-
tion were run excluding participants with a prior history of self-reported stroke at baseline.

MMP-9 and Myocardial Infarction
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Statistical analysis
A set of Cox proportional hazard models with first-time major CHD event as main outcome
was defined to evaluate the association with MMP-9. The models were set to facilitate compari-
sons with analyses on the Danish Research Centre for Prevention and Health cohorts [21].
Thus models were progressively adjusted for sex, age, blood pressure, smoking, history of dia-
betes, body mass index, triglycerides, cholesterol, alcohol intake, socioeconomic position, IL-6
and CRP (Levels of IL-6>20 pg/ml and CRP> 10 mg/l and were omitted from the analyses, as
this was considered being markers for ongoing acute infection).

In addition, we also adjusted progressively for physical activity, fruit and vegetable intake,
depressive symptoms and other present chronic disease at baseline. Time in freezer was
accounted for in all regressions, using a variable for number of months in storage along with a
dummy variable indicating first or second subset of MMP-9 quantification. Regression models
were run on three different measurements for MMP-9, namely standardized z-scores and con-
tinuous values, as well as log-transformed values to compensate for skewness in distribution.
The models on first-time major CHD event were made in two runs, both excluding participants
with reported stroke at baseline as well as adjusting for reported stroke at baseline. Analyses
were then repeated using mortality, stroke and a composite measure of CHD and stroke as out-
comes. Proportional-hazards assumptions were tested in all regression models using Kaplan-
Meier curves and analyses on scaled Schoenfeld residuals on follow-up time.

A two-sided probability value of p�0.05 was considered as statistically significant. Analyses
were performed in STATA statistical software, release 11.0 (Stata Corporation, College Station,
TX, USA) and IBM SPSS for Windows statistical software, release 21 (IBM Corporation,
Armonk, NY, USA).

A file with anonymized data is available from the corresponding author upon request.

Results
Participants with self-reported MI at baseline had significantly higher levels of MMP-9 (age
and sex adjusted SD increment = 0.53, p = 0.025), whereas participants with a history of stroke
did not differ significantly in comparison to the other participants. After exclusion for previous
self-reported MI or stroke, there were 53 cross-validated first-time CHD cases identified over 6
607 person years (n = 866), corresponding to a mean incidence of 8.0 cases per 1 000 person
years. The mean follow-up time was 7.6 years per participant (range 0.4 to 8.2 years).

Of the 53 cases, 30 had a diagnosed non-fatal MI, 7 had a fatal MI (all with ICD I21.9 as
cause-of-death, no other diagnose within I20-I25 were reported in this material) and 16 under-
went invasive coronary revascularization (11 CABG, 5 PCI) due to symptomatic angina pecto-
ris. During follow-up, there were 26 cases of cerebral infarction and 44 fatal events (7 due to
MI, 2 due to cerebral infarction, 22 due to malignancies and 13 due to other causes).

The demographic, clinical and laboratory characteristics of the study population are shown
in Table 1, along with associations with MMP-9 for each factor. The mean age was 57 years at
inclusion. MMP-9 levels had a range from 4.3 mg/l to 143.3 mg/l. The first subset (n = 386)
was analyzed approximately 18 months after inclusion and showed a mean level of MMP-9 of
39.4 mg/l (SD 22.2, IQR 23.7 to 50.9). The second subset was analyzed approximately 60
months (n = 480) after inclusion and showed a mean level of 31.9 mg/l (SD 22.7, IQR 15.5 to
42.2). MMP-9 levels were somewhat skewed to the right (skewness value 1.3) in comparison to
normal distribution.

As shown in Table 1, the factors with the largest significant coefficients in the regression
models for MMP-9 were smoking (0.47 SD increment, p<0.001) and sex (women 0.34 SD
lower than men, p<0.001). This corresponds to differences of +11.8 mg/ml and -8.5 ng/ml,

MMP-9 and Myocardial Infarction

PLOS ONE | DOI:10.1371/journal.pone.0138290 September 21, 2015 5 / 13



respectively. Out of the 21 factors showed in Table 1, 14 were significantly associated with
MMP-9 (all p<0.05). Factors with non-significant associations with MMP-9 were age, total
cholesterol, non-HDL cholesterol levels, angina pectoris at baseline, diabetes at baseline, use of
statins and antihypertensive drugs.

Table 1. Descriptive characteristics of the study population, and associations with MMP-9.

Descriptive statistics Regression to MMP-9

Factor n with data Mean (SD) categories n (%) Coefficient1 p-value

sex (number of men) 866 - 428 (49) -0.34 <0.001

age 866 57.0 (7.1) -0.01 0.478

socio-economic position (4 cat.) 850 - -0.10 0.004

9 yrs or less of education 311 (36)

10–11 yrs or less of education 254 (30)

12 yrs or less of education 109 (13)

13 yrs or more of education 176 (21)

smoking (y/n) 835 - 187 (23) 0.47 <0.001

physical activity (4 cat) 799 - -0.20 <0.001

Very low physical activity 37 (5)

Low physical activity 266 (33)

Moderate level 342 (43)

High level 154 (19)

alcohol intake (3 cat) 846 - 0.12 0.038

<80 g/week 685 (81)

80–160 g/week 78 (9)

>160 g/week 83 (10)

fruit and vegetable intake (3 cat) 848 - -0.18 0.008

<mean-1 SD 121 (14)

mean ± 1SD 602 (71)

>mean + 1 SD 125 (15)

depressive symptoms (CES-D) 810 8.9 (7.8) 0.08 0.020

body mass index (3 cat) 858 - 0.20 0.026

<25.0 kg/m2 311 (36)

25.0 to 30.0 kg/m2 373 (44)

>30.0 kg/m2 174 (20)

systolic blood pressure (mm Hg) 856 134 (20) 0.07 0.042

triglycerides (mmol/l) 860 1.4 (0.8) 0.29 <0.001

total cholesterol (mmol/l) 860 5.6 (1.0) 0.03 0.466

non-HDL cholesterol (mmol/l) 848 3.5 (0.9) 0.01 0.764

HDL cholesterol (mmol/l) 860 1.6 (0.4) -0.12 0.002

IL-6 (ng/l) 803 2.0 (2.8) 0.11 0.009

CRP (mg/l) 819 1.7 (2.0) 0.26 <0.001

angina pectoris at baseline (y/n) 866 - 27 (3) 0.35 0.086

diabetes at baseline (y/n) 866 - 50 (6) 0.24 0.126

other chronic disease (y/n) 866 - 372 (42) 0.11 0.014

statin use (y/n) 866 - 28 (3) 0.13 0.446

antihypertensive drugs (y/n) 866 - 95 (11) 0.19 0.076

1 Regression adjusted for age and sex. Coefficient expressed as SD increment of MMP-9 per category or SD increment of continuous variables.

doi:10.1371/journal.pone.0138290.t001
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Participants with first-time coronary event during follow-up had significantly higher levels
of MMP-9 at baseline than participants without events (43.2 mg/ml vs 34.5 mg/ml, p = 0.006).
Table 2 displays Cox regressions of MMP-9 in relation to first time CHD incidence. The pro-
gressive adjustments were done in the same order as the analyses on the Danish Research Cen-
tre for Prevention and Health cohorts [21], to facilitate comparisons. The full model adjusting
for all covariates had a HR of 1.44 (95% CI 1.03 to 2.02, p = 0.033). The proportional-hazards
assumptions were not violated in any of the regression models (p = 0.49 in full model). Neither
stroke or angina pectoris at baseline nor statins or antihypertensive drugs had any impact on
the association.

In addition to MMP-9, there were three other factors independently associated with CHD
incidence, namely: non-HDL cholesterol (HR per SD = 1.91 95% CI 1.41 to 3.04, p<0.001),
smoking (HR = 2.71 95% CI 1.19 to 6.17, p = 0.017) and systolic blood pressure (HR per
SD = 1.41 95% CI 1.17 to 1.96, p = 0.040).

Regression models using z-scores, continuous or log-transformed measures on the biomark-
ers all showed similar results. In full models, continuous levels of MMP-9 corresponds to a HR
of 1.39 per SD increment (1.00 to 1.93, p = 0.049), and log-transformed values to HR = 1.51
(1.01 to 2.33, p = 0.044).

Table 3 shows the same set of cox regressions as table 2, using a composite measure of first-
time CHD incidence and first-time cerebral infarction. The HR’s for the composite measure
are in general about 0.1 lower per SD increment than corresponding HR’s for CHD incidence,
in a range from HR = 1.20 to HR = 1.43. The fully adjusted model has a HR of 1.33 (p = 0.058).

Table 2. Cox regressions of MMP-9 in relation to CHD incidence with progressive adjustments.

Adjustment1 HR (95% CI)2 p-value Other significant variables in the model

Adjustment for sex 1.52 (1.16, 1.98) 0.002 -

plus age 1.55 (1.18, 2.03) 0.001 -

plus systolic blood pressure (SBP) 1.51 (1.15, 1.99) 0.002 -

plus smoking 1.36 (1.02, 1.82) 0.032 smoking (p = 0.004)

plus presence of diabetes 1.37 (1.03, 1.84) 0.029 smoking (p = 0.004)

plus body mass index 1.38 (1.03, 1.86) 0.028 smoking (p = 0.004)

plus triglycerides 1.34 (0.99, 1.81) 0.053 smoking (p = 0.006)

plus total cholesterol 1.37 (1.02;1.86) 0.035 smoking (p = 0.003), total cholesterol (p = 0.004)

plus non-HDL cholesterol3 1.40 (1.03, 1.91) 0.029 smoking (p = 0.004), Non-HDL cholesterol (p<0.001)

plus HDL cholesterol3 1.41 (1.03, 1.94) 0.030 SBP (p = 0.033), smoking (p = 0.010), Non-HDL cholesterol (p<0.001)

plus alcohol intake3 1.40 (1.02, 1.94) 0.034 SBP (p = 0.031), smoking (p = 0.020), Non-HDL cholesterol (p<0.001)

plus socioeconomic position3 1.44 (1.04, 1.99) 0.026 SBP (p = 0.026), smoking (p = 0.016), Non-HDL cholesterol (p<0.001)

plus IL-63 1.43 (1.04, 1.98) 0.027 SBP (p = 0.026), smoking (p = 0.015), Non-HDL cholesterol (p<0.001)

plus CRP3 1.38 (1.00, 1.93) 0.049 SBP (p = 0.029), smoking (p = 0.014), Non-HDL cholesterol (p<0.001)

plus physical activity3 1.41 (1.01, 1.98) 0.039 SBP (p = 0.033), smoking (p = 0.010), Non-HDL cholesterol (p<0.001)

plus depressive symptoms 1.44 (1.03, 2.01) 0.030 SBP (p = 0.038), smoking (p = 0.017), Non-HDL cholesterol (p<0.001)

plus fruit and vegetable intake3 1.44 (1.03, 2.01) 0.030 SBP (p = 0.038), smoking (p = 0.022), Non-HDL cholesterol (p<0.001)

plus other severe chronic disease 1.44 (1.03, 2.02) 0.033 SBP (p = 0.040), smoking (p = 0.017), Non-HDL cholesterol (p = 0.001)

1 Presented in the same order as the analyses on the Danish Research Centre for Prevention and Health cohorts [21] to facilitate comparison. The

approach is identical from adjustment for sex to adjustment for CRP. Progressive adjustments from physical activity and onwards are additional in

comparison.
2 HR expressed per SD increment of MMP-9. Analyses restricted to participants with information on all variables. 4,944 person years and 35 major CHD

events.
3 Non-HDL cholesterol is used; total cholesterol omitted, due to co-linearity.

doi:10.1371/journal.pone.0138290.t002
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A similar approach was used for cerebral infarction and mortality as outcomes. The HR’s
for cerebral infarction are all non-significant, regardless of adjustment, varying from HR = 1.09
to HR = 1.36 (data not shown). Likewise, the HR’s for total mortality are all non-significant
and close to 1.0, regardless of adjustment, varying from HR = 0.95 to HR = 1.03 (data not
shown).

As the number of events was low for the latter two, additional analyses were performed
adjusting for one single factor at the time, along with age and sex (thereby increasing number
of included participants and number of person-years). 24 events of cerebral infarction and 43
fatal events were evaluated (2 events of cerebral infarction and 1 death could not be included
due to missing data). All HR’s for MMP-9 were non-significant in those regressions, ranging
from HR = 0.97 to 1.11 for cerebral infarction and from HR = 0.90 to 0.97 for fatal events (data
not shown).

Discussion
The main finding of this study was the significant association between plasma MMP-9 and
first-time CHD-incidence, regardless of adjustments. As far as we know, this is the first pro-
spective follow-up of first time CHD-events in a community based sample evaluating MMP-9
levels in plasma. Earlier studies have either focused on outcome in a group of patients, or used
serum levels of MMP-9. Blankenberg et al. have shown that plasma levels of MMP-9 is associ-
ated with cardiovascular death in a group of patients with cardiovascular disease [10]. Kaptoge

Table 3. Cox regressions of MMP-9 in relation to a composite measure of CHD-events and cerebral
infarction.

Composite measure of CHD-events and
cerebral infarction1

Outcome HR (95% CI)1 p-value

Adjustment for sex 1.41 (1.12, 1.80) 0.003

plus age 1.43 (1.13, 1.82) 0.002

plus systolic blood pressure 1.39 (1.10, 1.76) 0.005

plus smoking 1.26 (0.98, 1.61) 0.072

plus presence of diabetes 1.25 (0.97, 1.61) 0.077

plus body mass index 1.25 (0.97, 1.63) 0.081

plus triglycerides 1.20 (0.92, 1.57) 0.160

plus total cholesterol 1.23 (0.94, 1.60) 0.123

plus non-HDL cholesterol2 1.24 (0.94, 1.63) 0.113

plus HDL cholesterol2 1.23 (0.93, 1.63) 0.131

plus alcohol intake2 1.23 (0.93, 1.63) 0.141

plus socioeconomic position2 1.28 (0.96, 1.71) 0.082

plus IL-62 1.28 (0.96, 1.71) 0.081

plus CRP2 1.29 (0.97, 1.73) 0.080

plus physical activity2 1.31 (0.98, 1.76) 0.064

plus depressive symptoms2 1.32 (0.99, 1.77) 0.057

plus fruit and vegetable intake2 1.32 (0.99, 1.77) 0.057

plus other severe chronic disease2 1.33 (0.99, 1.79) 0.058

1 HR expressed per SD increment of MMP-9. Analyses restricted to participants with information on all

variables. 4,900 person years and 50 major CHD events or cerebral infarction.
2 Non-HDL cholesterol is used; total cholesterol omitted, due to co-linearity.

doi:10.1371/journal.pone.0138290.t003
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et al have shown that levels of MMP-9 in serum is associated with cardiovascular events in a
population based study [21].

In the other prospective analyses on levels of MMP-9, It has been suggested that MMP-9
has a univariate but not independent association with MI, due to strong associations with other
cardiovascular risk factors, in particular with smoking and CRP [22]. It is therefore of note that
levels of MMP-9 remain significantly associated with CHD incidence after adjustments in our
study. A large number of demographic, clinical and laboratory variables were associated with
levels of MMP-9, which is in line with previous studies [15–20]. However, despite considerable
associations for MMP-9, including smoking and CRP, the adjustments had only a small effect
on the hazard ratios. This implies that MMP-9 is not just a downstream biomarker of conven-
tional risk factors, but may be of clinical relevance as it contributes to CHD risk also via other
pathways. Several other groups have investigated possible mechanisms linking MMP-9 to
major CHD events [4, 5]. In short, MMP-9 has been shown to be up-regulated in inflamma-
tion. The enzyme has specificity to collagen types in basal lamina (inparticual collagen type
IV), Thus, high levels of MMP-9 may contribute to vulnerability of atherosclerotic plaques,
making them more prone to rupture [4, 5]. Moreover, it has been shown in experimental set-
tings that levels of MMP-9 are influenced by antioxidant/oxidant imbalance [36, 37], and stress
hormones [38]. This, along with genetic disposition and expression should be further
investigated.

The differences in findings compared to existing literature are probably not, to any major
extent, explained by different approaches when adjusting for covariates, as all studies have used
extensive adjustments. In this light, the discrepancies in MMP-9 levels that may occur due to
varying pre-analytical treatment of sera and plasma should be considered [25–28]. This may
create a pitfall in interpretations of circulating levels of MMP-9. It has been shown that the
problem is not only a matter of artificially high levels due to release in preparation of serum,
but also due to a poor correlation between MMP-9 in serum and plasma. For instance, Jung
et al have demonstrated that the elevated levels in serum in comparison to plasma varies from
about 3-fold to about 20-fold within the same study [27]. Moreover, the poor correlation
between levels in plasma and serum has been demonstrated in a group of patients with renal
cell carcinoma, in which MMP-9 levels were significantly higher compared to controls when
plasma was analyzed, but significantly lower when serum from the same blood draw was ana-
lyzed [25].

Another issue that may need attention when evaluating the prospective association between
levels of MMP-9 and CHD incidence is that all previous results are based on samples that have
been kept in a freezer for a relatively long time before analysis, ranging in mean duration from
seven [22] to twenty-two years [21]. It has been demonstrated that there is a considerable deg-
radation of MMP-9 over time even when kept in -80 degrees [39]. The second set of MMP-9
analyses in our study (analyzed approximately 60 months after blood draw) showed levels that
were about 80% in comparison to the first set of analyses (analyzed approximately 18 months
after blood draw). Since both subsets are random sample from the study population, this brings
further support for a degradation effect during storage. It is today not possible to determine
whether the degradation has any effect on the association between MMP-9 and CHD, but it
renders further investigation. On one hand, our samples have a shorter storage time compared
with other studies but on the other hand, they have been stored for a considerable time. A
post-hoc analysis in our material suggested a significant association between MMP-9 and
CHD events in the second but not the first subset. The first subset cannot however be properly
evaluated due to very few events (n = 11) in that group.

Further, it should be noted that levels of MMP-9 varies considerably between studies [21–
24]. Our plasma levels are in the same range as those reported in serum from the Danish
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Research Centre for Prevention and Health cohorts [21]. Jefferis and colleagues report MMP-9
levels in serum that are about tenfold higher [22]. On the other hand, Hansson and colleagues
report mean levels in serum that is about 1% of what is found in our study [23]. The differences
is likely caused by a combination of different approaches in pre-analytical treatment [25, 26],
variations in time in storage [39] as well as variations of properties over different ELISA kits
and batches and highlight difficulties when comparing different studies. For this reason, we
choose to present Hazard ratio’s in relation to SD increment rather than absolute levels of
MMP-9.

The association between MMP-9 and total mortality was low, possibly due to the relatively
low death rates in this age group, with a large variation in cause-of-death. We might however
speculate that MMP-9 is of higher relevance as a specific biomarker for CHD events, than as a
predictive biomarker for all-cause mortality. The association between MMP-9 and cerebral
infarction was also low, but were analyzed with few events during follow-up.

To increase the number of events, we used a composite measure of CHD events and cerebral
infarction. The Hazard Ratios for the composite measure are somewhat lower than for CHD
incidence when evaluated as its own entity suggesting that MMP-9 is a more relevant marker
for CHD incidence than cerebral infarction. Thus, composite measures including both CHD
events and stroke should be used with caution when evaluating MMP-9 as a predictive marker.

Limitations and strengths
The major limitation in this study is the low number of cases during follow-up. This is further
accentuated in full regression models, due to with missing data on at least one of the factors
adjusted for. We chose to include a large number of dependent variables to facilitate compari-
sons with the published meta-analysis [21], and to adjust for other well-known risk factors that
wasn’t covered in the meta-analysis. We are well aware that the full regression models include
more independent variables than is typically the case when evaluating an association based on
a low number of cases.

However and importantly, as the hazard ratio’s remain close to the crude hazard ratio
regardless of adjustments, we don’t have indications neither of severe over-fitting nor under-
fitting due to many variables in the models. On the contrary, there is low probability that our
main findings are caused by a few outliers in the study population, as there is robustness in the
regression analyses, with significant hazard ratios regardless if z-scores, continuous, or log-
transformed measures were used for MMP-9 levels. The validity of our data is also supported
by the consistency in the regression models where proportional hazard-assumptions hold
regardless of adjustment.

The possibilities to conduct analyses of prediction ability (such as C-statistics or ROC com-
parisons) in this material are limited by the low number of cases during follow-up. This is illus-
trated by the presumably large rate of beta errors in the regression analyses in table 2.
However, this does not detract from our primary aim to evaluate MMP-9 in plasma rather
than serum. Evaluation of the net effect of MMP-9 measures in prediction ability of the models
per se to discuss potential improvement in risk stratification accuracy should be performed in a
material with a larger number of events.

Future perspective
High levels of MMP-9 may contribute to vulnerability of atherosclerotic plaques, making them
more prone to rupture. Previous analyses in serum rather than plasma may have biased the
view upon the usefulness of MMP-9 as a predictor. It is essential that more studies look at
MMP-9 levels in plasma to evaluate the association with new first coronary events. We might

MMP-9 and Myocardial Infarction

PLOS ONE | DOI:10.1371/journal.pone.0138290 September 21, 2015 10 / 13



speculate that this would be done in two steps. First our results based on MMP-9 in plasma
rather than serum should be confirmed or contradicted by other existing biobanks together
with longitudinal data on onset of first time coronary events. Second, analyses of prediction
ability should be conducted in this study as well as other studies.

Conclusions
In a middle-aged population free of CHD, plasma MMP-9 was independently associated with
incidence of CHD events during an 8-year follow-up. Our findings demonstrate that plasma
levels of MMP-9 prior to onset of first-time coronary heart events are associated with risk for
an event during follow-up. The significant association based on plasma levels differs from a
recently published meta-analysis on MMP-9 in serum and coronary events.

Supporting Information
S1 File. All relevant data for the analysis can be found in the uploaded data set, provided in
SPSS-format.
(SAV)

Acknowledgments
The LSH study was funded by the Swedish Research Council (2004–1881) and the Swedish
Heart and Lung Foundation (2004053). The authors report no conflicts of interest.

Author Contributions
Conceived and designed the experiments: PG LJ MK. Performed the experiments: PG LJ MK.
Analyzed the data: PG MK. Contributed reagents/materials/analysis tools: PG LJ LNMK.
Wrote the paper: PG LJ LNMFMK. Validation of myocardial infactions and causes of death:
MF.

References
1. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl J Med. 2005; 352

(16):1685–95. PMID: 15843671.

2. Libby P. Inflammation in atherosclerosis. Nature. 2002; 420(6917):868–74. PMID: 12490960.

3. Newby AC. Do metalloproteinases destabilize vulnerable atherosclerotic plaques? Curr Opin Lipidol.
2006; 17(5):556–61. PMID: 16960505.

4. Kovanen PT, Kaartinen M, Paavonen T. Infiltrates of activated mast cells at the site of coronary athero-
matous erosion or rupture in myocardial infarction. Circulation. 1995; 92(5):1084–8. PMID: 7648650.

5. Saren P, Welgus HG, Kovanen PT. TNF-alpha and IL-1beta selectively induce expression of 92-kDa
gelatinase by human macrophages. J Immunol. 1996; 157(9):4159–65. PMID: 8892653.

6. Galis ZS, Sukhova GK, Lark MW, Libby P. Increased expression of matrix metalloproteinases and
matrix degrading activity in vulnerable regions of human atherosclerotic plaques. J Clin Invest. 1994;
94(6):2493–503. PMID: 7989608.

7. Loftus IM, Naylor AR, Goodall S, Crowther M, Jones L, Bell PR, et al. Increased matrix metalloprotei-
nase-9 activity in unstable carotid plaques. A potential role in acute plaque disruption. Stroke. 2000; 31
(1):40–7. PMID: 10625713.

8. Nikkari ST, Hoyhtya M, Isola J, Nikkari T. Macrophages contain 92-kd gelatinase (MMP-9) at the site of
degenerated internal elastic lamina in temporal arteritis. Am J Pathol. 1996; 149(5):1427–33. PMID:
8909231.

9. Brown DL, Hibbs MS, Kearney M, Loushin C, Isner JM. Identification of 92-kD gelatinase in human cor-
onary atherosclerotic lesions. Association of active enzyme synthesis with unstable angina. Circulation.
1995; 91(8):2125–31. PMID: 7697840.

MMP-9 and Myocardial Infarction

PLOS ONE | DOI:10.1371/journal.pone.0138290 September 21, 2015 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138290.s001
http://www.ncbi.nlm.nih.gov/pubmed/15843671
http://www.ncbi.nlm.nih.gov/pubmed/12490960
http://www.ncbi.nlm.nih.gov/pubmed/16960505
http://www.ncbi.nlm.nih.gov/pubmed/7648650
http://www.ncbi.nlm.nih.gov/pubmed/8892653
http://www.ncbi.nlm.nih.gov/pubmed/7989608
http://www.ncbi.nlm.nih.gov/pubmed/10625713
http://www.ncbi.nlm.nih.gov/pubmed/8909231
http://www.ncbi.nlm.nih.gov/pubmed/7697840


10. Blankenberg S, Rupprecht HJ, Poirier O, Bickel C, Smieja M, Hafner G, et al. Plasma concentrations
and genetic variation of matrix metalloproteinase 9 and prognosis of patients with cardiovascular dis-
ease. Circulation. 2003; 107(12):1579–85. PMID: 12668489.

11. Tayebjee MH, Lip GY, MacFadyen RJ. Matrix metalloproteinases in coronary artery disease: clinical
and therapeutic implications and pathological significance. Curr Med Chem. 2005; 12(8):917–25.
PMID: 15853705.

12. Kameda K, Matsunaga T, Abe N, Fujiwara T, Hanada H, Fukui K, et al. Increased pericardial fluid level
of matrix metalloproteinase-9 activity in patients with acute myocardial infarction: possible role in the
development of cardiac rupture. Circ J. 2006; 70(6):673–8. PMID: 16723786.

13. Wagner DR, Delagardelle C, Ernens I, Rouy D, Vaillant M, Beissel J. Matrix metalloproteinase-9 is a
marker of heart failure after acute myocardial infarction. J Card Fail. 2006; 12(1):66–72. PMID:
16500583.

14. Derosa G, D'Angelo A, Scalise F, Avanzini MA, Tinelli C, Peros E, et al. Comparison between metallo-
proteinases-2 and -9 in healthy subjects, diabetics, and subjects with acute coronary syndrome. Heart
Vessels. 2007; 22(6):361–70. PMID: 18043992.

15. Yasmin, McEniery CM, Wallace S, Dakham Z, Pulsalkar P, Maki-Petaja K, et al. Matrix metalloprotei-
nase-9 (MMP-9), MMP-2, and serum elastase activity are associated with systolic hypertension and
arterial stiffness. Arterioscler Thromb Vasc Biol. 2005; 25(2):372. PMID: 15556929.

16. Tayebjee MH, Nadar S, Blann AD, Gareth Beevers D, MacFadyen RJ, Lip GY. Matrix metalloprotei-
nase-9 and tissue inhibitor of metalloproteinase-1 in hypertension and their relationship to cardiovascu-
lar risk and treatment: a substudy of the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT). Am J
Hypertens. 2004; 17(9):764–9. PMID: 15363817.

17. Wright JL, Tai H, Wang R, Wang X, Churg A. Cigarette smoke upregulates pulmonary vascular matrix
metalloproteinases via TNF-alpha signaling. Am J Physiol Lung Cell Mol Physiol. 2007; 292(1):L125–
33. PMID: 16905636.

18. Garvin P, Nilsson L, Carstensen J, Jonasson L, Kristenson M. Circulating Matrix Metalloproteinase-9 Is
Associated with Cardiovascular Risk Factors in a Middle-Aged Normal Population. PLoS ONE. 2008; 3
(3):e1774, doi: 10.371/journalpone/.0001774 PMID: 18335048.

19. Sillanaukee P, Kalela A, Seppa K, Hoyhtya M, Nikkari ST. Matrix metalloproteinase-9 is elevated in
serum of alcohol abusers. Eur J Clin Invest. 2002; 32(4):225–9. PMID: 11952806.

20. Garvin P, Nilsson L, Carstensen J, Jonasson L, Kristenson M. Plasma levels of matrix metalloprotei-
nase-9 are independently associated with psychosocial factors in a middle-aged normal population.
PsychosomMed. 2009; 71(3):292–300. Epub 2009/02/07. doi: 10.1097/PSY.0b013e3181960e7f
PMID: 19196809.

21. Kaptoge S, Seshasai SR, Gao P, Freitag DF, Butterworth AS, Borglykke A, et al. Inflammatory cyto-
kines and risk of coronary heart disease: new prospective study and updated meta-analysis. Eur Heart
J. 2014; 35(9):578–89. Epub 2013/09/13. doi: 10.1093/eurheartj/eht367 PMID: 24026779.

22. Jefferis BJ, Whincup P, Welsh P, Wannamethee G, Rumley A, Lennon L, et al. Prospective study of
matrix metalloproteinase-9 and risk of myocardial infarction and stroke in older men and women. Ath-
erosclerosis. 2010; 208(2):557–63. PMID: 19748093. doi: 10.1016/j.atherosclerosis.2009.08.018

23. Hansson J, Vasan RS, Arnlov J, Ingelsson E, Lind L, Larsson A, et al. Biomarkers of extracellular matrix
metabolism (MMP-9 and TIMP-1) and risk of stroke, myocardial infarction, and cause-specific mortality:
cohort study. PloS one. 2011; 6(1):e16185. Epub 2011/02/02. doi: 10.1371/journal.pone.0016185
PMID: 21283828; PubMed Central PMCID: PMC3023803.

24. Kim HC, Greenland P, Rossouw JE, Manson JE, Cochrane BB, Lasser NL, et al. Multimarker prediction
of coronary heart disease risk: theWomen's Health Initiative. J Am Coll Cardiol. 2010; 55(19):2080–91.
Epub 2010/05/08. doi: 10.1016/j.jacc.2009.12.047 PMID: 20447530.

25. Jung K, Lein M, Roemer A, Lichtinghagen R. Circulating gelatinase B (MMP-9)—the impact of the prea-
nalytical step of blood collection. Matrix Biol. 2002; 21(5):381–2. Epub 2002/09/13. PMID: 12225801.

26. Mannello F. Effects of blood collection methods on gelatin zymography of matrix metalloproteinases.
Clin Chem. 2003; 49(2):339–40. Epub 2003/02/01. PMID: 12560371.

27. Jung K, Laube C, Lein M, Lichtinghagen R, Tschesche H, Schnorr D, et al. Kind of sample as preanaly-
tical determinant of matrix metalloproteinase 2 and 9 and tissue inhibitor of metalloproteinase 2 in
blood. Clinical chemistry. 1998; 44(5):1060–2. Epub 1998/05/20. PMID: 9590387.

28. Gerlach RF, Demacq C, Jung K, Tanus-Santos JE. Rapid separation of serum does not avoid artificially
higher matrix metalloproteinase (MMP)-9 levels in serum versus plasma. Clin Biochem. 2007; 40(1–
2):119–23. PMID: 17150202.

29. Jonsson S, Lundberg A, Kalvegren H, Bergstrom I, Szymanowski A, Jonasson L. Increased levels of
leukocyte-derived MMP-9 in patients with stable angina pectoris. PLoS One. 2011; 6(4):e19340. Epub

MMP-9 and Myocardial Infarction

PLOS ONE | DOI:10.1371/journal.pone.0138290 September 21, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/12668489
http://www.ncbi.nlm.nih.gov/pubmed/15853705
http://www.ncbi.nlm.nih.gov/pubmed/16723786
http://www.ncbi.nlm.nih.gov/pubmed/16500583
http://www.ncbi.nlm.nih.gov/pubmed/18043992
http://www.ncbi.nlm.nih.gov/pubmed/15556929
http://www.ncbi.nlm.nih.gov/pubmed/15363817
http://www.ncbi.nlm.nih.gov/pubmed/16905636
http://dx.doi.org/10.371/journalpone/.0001774
http://www.ncbi.nlm.nih.gov/pubmed/18335048
http://www.ncbi.nlm.nih.gov/pubmed/11952806
http://dx.doi.org/10.1097/PSY.0b013e3181960e7f
http://www.ncbi.nlm.nih.gov/pubmed/19196809
http://dx.doi.org/10.1093/eurheartj/eht367
http://www.ncbi.nlm.nih.gov/pubmed/24026779
http://www.ncbi.nlm.nih.gov/pubmed/19748093
http://dx.doi.org/10.1016/j.atherosclerosis.2009.08.018
http://dx.doi.org/10.1371/journal.pone.0016185
http://www.ncbi.nlm.nih.gov/pubmed/21283828
http://dx.doi.org/10.1016/j.jacc.2009.12.047
http://www.ncbi.nlm.nih.gov/pubmed/20447530
http://www.ncbi.nlm.nih.gov/pubmed/12225801
http://www.ncbi.nlm.nih.gov/pubmed/12560371
http://www.ncbi.nlm.nih.gov/pubmed/9590387
http://www.ncbi.nlm.nih.gov/pubmed/17150202


2011/05/12. doi: 10.1371/journal.pone.0019340 PMID: 21559401; PubMed Central PMCID:
PMC3084822.

30. Hill AB. The Environment and Disease: Association or Causation? Proc R Soc Med. 1965; 58:295–300.
Epub 1965/05/01. PMID: 14283879; PubMed Central PMCID: PMC1898525.

31. Kallings LV, Leijon M, Hellenius ML, Stahle A. Physical activity on prescription in primary health care: a
follow-up of physical activity level and quality of life. Scand J Med Sci Sports. 2007. PMID: 17555539.

32. American College of Sports Medicine Position Stand. The recommended quantity and quality of exer-
cise for developing and maintaining cardiorespiratory and muscular fitness, and flexibility in healthy
adults. Med Sci Sports Exerc. 1998; 30(6):975–91. Epub 1998/06/13. PMID: 9624661.

33. Khani BR, YeW, Terry P, Wolk A. Reproducibility and validity of major dietary patterns among Swedish
women assessed with a food-frequency questionnaire. J Nutr. 2004; 134(6):1541–5. PMID: 15173426.

34. Britton A, Marmot M. Different measures of alcohol consumption and risk of coronary heart disease and
all-cause mortality: 11-year follow-up of theWhitehall II Cohort Study. Addiction. 2004; 99(1):109–16.
PMID: 14678069.

35. Radloff L. The CES-D Scale. A Self-Report Depression Scale for Research in the General Population.
Applied Psychological Measures. 1977; 1(3):385–401.

36. Siwik DA, Pagano PJ, Colucci WS. Oxidative stress regulates collagen synthesis and matrix metallo-
proteinase activity in cardiac fibroblasts. Am J Physiol Cell Physiol. 2001; 280(1):C53–60. PMID:
11121376.

37. Kameda K, Matsunaga T, Abe N, Hanada H, Ishizaka H, Ono H, et al. Correlation of oxidative stress
with activity of matrix metalloproteinase in patients with coronary artery disease. Possible role for left
ventricular remodelling. Eur Heart J. 2003; 24(24):2180–5. PMID: 14659769.

38. Aljada A, Ghanim H, Mohanty P, Hofmeyer D, Tripathy D, Dandona P. Hydrocortisone suppresses
intranuclear activator-protein-1 (AP-1) binding activity in mononuclear cells and plasmamatrix metallo-
proteinase 2 and 9 (MMP-2 and MMP-9). J Clin Endocrinol Metab. 2001; 86(12):5988–91. PMID:
11739475.

39. Rouy D, Ernens I, Jeanty C, Wagner DR. Plasma storage at -80 degrees C does not protect matrix
metalloproteinase-9 from degradation. Anal Biochem. 2005; 338(2):294–8. PMID: 15745750.

MMP-9 and Myocardial Infarction

PLOS ONE | DOI:10.1371/journal.pone.0138290 September 21, 2015 13 / 13

http://dx.doi.org/10.1371/journal.pone.0019340
http://www.ncbi.nlm.nih.gov/pubmed/21559401
http://www.ncbi.nlm.nih.gov/pubmed/14283879
http://www.ncbi.nlm.nih.gov/pubmed/17555539
http://www.ncbi.nlm.nih.gov/pubmed/9624661
http://www.ncbi.nlm.nih.gov/pubmed/15173426
http://www.ncbi.nlm.nih.gov/pubmed/14678069
http://www.ncbi.nlm.nih.gov/pubmed/11121376
http://www.ncbi.nlm.nih.gov/pubmed/14659769
http://www.ncbi.nlm.nih.gov/pubmed/11739475
http://www.ncbi.nlm.nih.gov/pubmed/15745750

	Plasma Matrix - TP
	fetchObject.action

