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Abstract:

Inflammation plays a critical role in the pathology of acute coronary syndrome (ACS). Matrix metalloproteinases (MMP) – prote-

olytic enzymes participating in plaque destabilization – are the crucial effectors of proinflammatory mechanisms leading to plaque

rupture. Numerous reports have confirmed the significance of these factors both in circulating blood and locally in the plaque. There

is, however, a lack of information on the molecular mechanisms leading to these disturbances, and the effect of standard treatment

for ACS on these processes. The aim of the study was to assess the gene expression of MMP-2, -9 and TIMP-2, and the effect of stan-

dard treatment on the expression of the studied genes.

The study was conducted in 32 patients with ACS and 15 healthy subjects (control group). Monocytes were isolated using Rosette-

Sep kits. Gene expression of MMP-2, MMP-9 and TIMP-2 was evaluated on days 1 and 5 in the studied group and once in controls.

Total mRNA was extracted from monocytes and the number of mRNA copies was assessed by QRT-PCR.

Monocytes of ACS patients present with significantly higher gene expression of MMP-2, -9 and TIMP-2 compared to healthy con-

trols (0.0915 ± 0.037 vs. 0.001 ± 0.0002, p < 0.01; 0.81 ± 0.279 vs. 0.10 ± 0.057, p < 0.05; 0.84 ± 0.140 vs. 0.42 ± 0.126, p < 0.05, re-

spectively). After the 5-day standard treatment, a significant decrease in MMP-2 gene expression was observed. Other studied genes

did not show relevant changes during the observation period. No significant correlation was found between classical atherosclerosis

risk factors and the expression of the studied genes.

Monocytes of ACS patients significantly overexpressed MMP-2, MMP-9 and TIMP-2. Five days of standard treatment resulted in down-

regulation of the MMP-2 gene. MMP gene overexpression appears to be an independent factor concerning the pathogenesis of ACS.
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myocardial infarction, TIMP – tissue inhibitor of metalloprote-

inases, UA – unstable angina
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Introduction

Acute coronary syndromes (ACS), including myocar-

dial infarction (AMI) and unstable angina (UA), are

the leading causes of mortality in Western societies

and have become major concerns in clinical cardiol-

ogy. A number of studies over past two decades have

revealed that ACS is primarily caused by atheroscle-

rotic plaque rupture followed by intravascular throm-

bosis, resulting in total or partial coronary artery oc-

clusion. Many factors responsible for plaque vulnerabil-

ity, including inflammation, coagulation disturbances

and endothelial dysfunction, have been described

[17]. The common effect of numerous proinflamma-

tory agents is vascular extracellular matrix (ECM) re-

building and breakdown, which is an important

mechanism of initiation, development and eventually

rupture of atherosclerotic plaque.

The enzymes responsible for connective tissue pro-

teolysis are matrix metalloproteinases (MMPs). Based

on the structure and substrate specificity, MMPs have

been divided into collagenases (MMP-1, -8, -13, -18),

gelatinases (MMP-2, -9), stromelysins (MMP-3, -10,

-11), matrilysins (MMP-7, -26), and membrane-type

MMPs (MMP-14, -15, -16, -17, -24, -25), and there

still remains a group that has yet to be classified. The

enzymatic network is strictly controlled by numerous

activating and inhibiting factors. The right proportion

between these factors is responsible for tissue equilib-

rium in physiological conditions. MMPs participate in

embryogenesis, tissue turn-over, healing, angiogene-

sis and even platelet aggregation [16, 23, 26]. Distur-

bances in MMP activity are observed in carcinogene-

sis [24], some degenerative processes and in inflam-

mation, including atherogenesis [6].

In the cardiovascular system, MMPs are mainly

produced by endothelial cells (EC), smooth muscle

cells (SMC) and macrophages [8]. Natively, there are

several factors that enhance the production of MMPs,

including growth factors, adhesion molecules (ICAM,

VCAM) [25], and some proinflammatory cytokines

(interleukin 1, tumor necrosis factor � [TNF�]). Most

MMPs are synthesized as proenzymes and secreted as

inactive forms. They are then activated by plasma

proteinases and some non-enzymatic factors or they

cross-activate each other. The main endogenous MMP

inhibitors are tissue inhibitors of metalloproteinases

(TIMPs) – a group of four (TIMP1-4) proteins with

various specificities of MMP inhibition.

In atherogenesis, elevated levels of proinflamma-

tory cytokines and other factors (oxidized LDL) cause

increased MMP gene expression in inflammatory

cells and increased activity of matrixins in both

plasma and in the atherosclerotic lesion. MMPs are

also crucial for monocyte migration into the subinti-

mal space. In atherosclerosis, there is increased ex-

pression of adhesion molecules, and their presence is

an important stimulator of MMP-2 and MMP-9 pro-

duction [15]. The progression of an atherosclerotic le-

sion to the unstable phenotype is accompanied by

some specific changes in its structure; the content of

the lipid core is decreased while the concentration of

inflammatory cells increases [7]. The active macro-

phages produce a wide range of cytokines and lytic

enzymes, including MMP-1, -2, -3, -8, -9, and -14, of

which MMP-2 and MMP-9 appear to be particularly

important in terms of plaque rupture.

Monocytes are one of two major populations of

blood-derived immune cells and are involved in athe-

rosclerotic plaque formation, growth and rupture by

producing numerous inflammation-modulating fac-

tors. While it is difficult to obtain plaque-infiltrating

immune cells, circulating blood cells remain a good

source of information on molecular mechanisms of

inflammatory reactions in atherosclerosis.

Standard pharmacological treatment of ACS, ac-

cording to AHA/ESC guidelines, involves dual anti-

platelet therapy (acetylsalicylic acid (ASA) and clopi-

dogrel), statins, �-blockers and ACE inhibitors. In

light of evidence-based medicine, this treatment along

with primary percutaneous coronary intervention

(PCI) provides the best clinical outcomes with regard

to survival and post-ACS prognosis. However, there

is little data on the effect of the treatment on molecu-

lar mechanisms leading to ACS. The aim of the study

was to assess gene expression of MMP-2, -9 and their

inhibitor, TIMP-2, the correlation between the expres-

sion of the studied genes and classical atherosclerosis

risk factors as well as the effect of standard treatment

on the expression of the studied genes.

Patients and Methods

Patients

The study was conducted in:

– 32 patients with ACS (aged 56.3 ± 8.2 years old),

i.e., 14 patients with ST elevation myocardial in-
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farction (STEMI), 9 patients with non-ST elevation

myocardial infarction (NSTEMI) and 9 patients

with unstable angina, with no previous history of

coronary artery disease (CAD), and

– 15 sex- and age-matched healthy subjects (C, control

group).

Informed consent was obtained from each subject.

In each patient, full blood cell count, leukocyte differ-

entiation, creatine kinase (CK), CK-MB, troponin I,

creatinine, glycemia and lipid parameters were meas-

ured. Patients with previously diagnosed CAD, in-

cluding those with a history of myocardial infarction

and coronary revascularization, were excluded. Also,

chronic inflammatory diseases, chronic heart failure,

renal failure and diabetes mellitus were exclusion cri-

teria. All control subjects had standard exercise tread-

mill tests performed (Bruce protocol, negative for

ischemia). Detailed characteristics of studied groups

including risk profile ACS are shown in Table 1.

Clinical characteristics of ACS, including myocardial

necrosis markers, EF and angiography/PCI details are

presented in Table 2. All ACS patients underwent pri-

mary coronary intervention and were treated accord-

ing to European Society of Cardiology guidelines for

management in ACS. All subjects (100%) received

ASA, clopidogrel and statin. ACE inhibitors (82%)

and � blockers (82%) were administered unless con-

traindicated (Tab. 3).
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Studied group

ACS (all)
(n = 32)

STEMI
(n = 14)

NSTEMI
(n = 9)

UA
(n = 9)

Time from the onset of chest pain (h) 7.2 (1–24) 4.2 (1–10) 8.9 (2–24) 10.1 (2–24)

One-vessel/multivessel disease (n/n) 21/11 10/4 6/3 5/4

PCI Target vessel (LAD/LCX/RCA) 14/7/11 6/2/6 5/4/0 3/1/5

Ejection fraction (%) 53 ± 1.4 50 ± 2.0 55 ± 2.0 56 ± 3.0

Myocardial necrosis markers:

CK (UI/l) 1471 ± 365.6 27834 ± 674.8 773 ± 233.5 124 ± 8.8

CK-MB (UI/l) 149 ± 31.4 256 ± 55.8 111 ± 32.4 19.3 ± 1.33

Troponin I (ng/ml) 10.5 ± 2.18 19.6 ± 3.17 7.9 ± 3.19 < 0.01
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Parameter

Study group

Control group
(n = 15)ACS (all)

(n = 32)

Subgroups

STEMI
(n = 14)

NSTEMI
(n = 9)

UA
(n = 9)

Age (years ± SD) 56.3 ± 8.2 56.6 ± 10.2 56.6 ± 4.4 55.3 ± 8.6 51 ± 8.6

Sex, M/F 26/6 12/2 7/2 7/2 9/6

Family history (n%) 10 (31%) 3 (21%) 3 (33%) 4 (44%) 5 (33%)

Smoking (n%) 24 (75%) 8 (57%) 7 (77%) 7 (77%) 2 (13%)

Hypertension (n%) 21 (66%) 10 (71%) 5 (55%) 6 (66%) 0

Overweight (n%) 20 (63%) 7 (50%) 6 (66%) 7 (77%) 5 (33%)

BMI (kg/m�) 26.6 ± 0.56 26.2 ± 1.05 26.6 ± 1.0 27.3 ± 0.8 24.5 ± 0.55

Hypercholesterolemia (n%) 17 (53%) 8 (57%) 4 (44%) 5 (55%) 3 (20%)

Hypertriglyceridemia (n%) 5 (16%) 1 (7%) 1 (11%) 3 (33%) 1 (7%)



Blood samples were collected from the basilic vein

into tubes containing EDTA. The samples were ob-

tained from patients within 12 h of the onset of chest

pain and after 5 (± 1) days of standard treatment. In

the control group, blood was taken once. Upon blood

sampling, the monocytes were immediately isolated

using RosetteSep human monocyte enrichment cock-

tail (StemCell Technologies, USA). The cocktail con-

tains monoclonal antibodies, which are bispecific and

directed against cell surface antigens of human hema-

topoietic cells, except monocyte-specific antigens.

The antibody cocktail crosslinks unwanted cells in

human whole blood to red blood cells to form im-

munorosettes. The rosettes were then pelleted along

with red blood cells when centrifuged over Ficoll-

Paque. The desired cells (monocytes) are not labeled

and can be collected from the plasma-Ficoll-Paque

interface. Specific steps of isolation were as follows:

1) addition of EDTA to whole blood (3 ml), then addi-

tion of the RosetteSep cocktail (150 µl); 2) 20-min in-

cubation (labeling); 3) dilution of sample with equal

volumes of EDTA and PBS; 4) spreading of sample on

top of Ficoll-Paque; 5) centrifugation: 20 min at 1200

× g; 6) collection of enriched cells. The procedure was

performed according to the manufacturer’s manual.

RNA extraction

Total RNA was extracted from monocytes using

a modified Chomczynski and Sacchi method [3]. All

extracts were treated with DNAse I to avoid contami-

nation by genomic DNA. The RNA extracts were

qualitatively evaluated by electrophoresis in 1% aga-

rose gels stained with ethidium bromide and quanti-

tated spectrophotometrically (Gene Quant II by Phar-

macia).

Real-time PCR (QRT-PCR)

To determine the mRNA expression of MMP-2,

MMP-9 and TIMP-2, TaqMan Gene Expression As-

says (Applied Biosystems) commercial kits were

used. The amount of mRNA for MMP-2, MMP-9,

TIMP-2 and �-actin was determined using QRT-PCR

with the ABI PRISM™ 7000 thermocycler (Applied

Biosystems, California, USA) and a ROX QuantiTect

Probe RT-PCR fluorescent kit. The reaction mixture

included 25 µl of QuantiTect Probe RT-PCR Master

Mix, 0.5 µl of QuantiTect RT Mix (Omniscript Re-

verse Transcriptase and Sensiscript Reverse Tran-

scriptase, QuantiTect Probe RT-PCR, Qiagen GmbH,

Germany), 1 µl of primers and specific probes mix-

ture (TaqMan Gene Expression Assay, Applied Bio-

systems), RNA matrix and water. The melting tem-

perature of amplimers was measured using the ABI

PRISM7000 thermocycler. The results are shown as

studied gene mRNA to �-actin mRNA level ratios.

Statistical analysis

All values were expressed as the means ± standard

error (AVG ± SEM). Differences were considered sig-
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Number of patients treated, n (%) Average dose (mg)

STEMI NSTEMI UA STEMI NSTEMI UA

ASA 14 (100%) 9 (100%) 9 (100%) 128 108 116

Clopidogrel 14 (100%) 9 (100%) 9 (100%) 75 75 75

Statins 14 (100%) 9 (100%) 9 (100%) – – –

Simvastatin 3 1 3 26 20 20

Atorvastatin 11 8 6 38 37.5 33

�-Adrenolytics 13 (93%) 8 (89%) 7 (78%) – – –

Metoprolol 10 5 6 57 45 46

Bisoprolol 3 3 1 4.6 2.9 2.5

ACE inhibitors 11 (79%) 8 (89%) 9 (100%) – – –

Ramipril 8 8 8 3.75 4.1 3.4

Quinapril 3 0 1 15.8 – 5



nificant at p < 0.05. To determine the normality of the

distribution, the Shapiro-Wilk test was performed. In

the case of a normal distribution, Student’s t-test was

performed; otherwise, the Mann-Whitney U-test was

used. To compare two related variables, Wilcoxon’s

test was used. Analysis of correlation was performed

using Spearman’s test.

The investigation conformed to the principles out-

lined in the Declaration of Helsinki.

Results

Monocytes from ACS patients presented with signifi-

cantly higher gene expression of MMP-2 and MMP-9

compared to healthy controls (0.0915 ± 0.037 vs.

0.001 ± 0.0002, p < 0.01 and 0.81 ± 0.279 vs. 0.10 ±

0.057, p < 0.05, respectively) (Fig. 1).

After a 5-day standard treatment, a significant 8-

fold decrease in MMP-2 gene expression was ob-

served (0.0915 ± 0.037 vs. 0.012 ± 0.009; p < 0.01)

compared to day 1. The reduction in MMP-9 mRNA

expression was not significant during the observation

period (0.81 ± 0.279 vs. 0.28 ± 0.09, p = NS) TIMP-2

mRNA expression was only 2-fold higher in ACS pa-

tients (day 1) vs. controls (0.84 ± 0.140 vs. 0.42 ±

0.126, p < 0.05), and it did not change significantly

after five days. The expression of the studied genes

did not differ among ACS subgroups.

MMP-2 mRNA expression was positively corre-

lated to MMP-9 mRNA expression in ACS subjects

both at day 1 (R = 0.46, p < 0.05) and day 5 (R = 0.56,

p < 0.05), but neither was related to TIMP-2 expression.

No significant correlation was found between clas-

sical atherosclerosis risk factors (i.e., age, gender,

dyslipidemia, smoking, obesity, family history of

CAD) and the expression of the studied genes.

Negative correlations were found between TIMP-2

gene expression and troponin I/CKMB (R = –0.36,

p < 0.05 and R = –0.35, p < 0.05, respectively) and posi-

tive correlations were found between MMP-9 and

CK/CKMB levels (R = 0.44; p < 0.05 and R = 0.37;

p < 0.05, respectively).

Discussion

The role of matrix metalloproteinases in the patho-

physiology of ACS has been explored extensively. In

1998, Kai et al. observed elevated plasma levels of

gelatinases (MMP-2 and MMP-9) in ACS patients,

but also in stable angina [13]. The AtheroGene study,

performed in a group of 1127 CAD patients, proved

that elevated MMP-9 expression is a good predictor

of cardiovascular death [1]. The ADVANCE study re-

vealed that among a number of MMPs (including

MMP-1, -2, -3, -9 and -10), only gelatinases were cor-

related with the incidence of myocardial infarction.
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A primary source of circulating MMPs in ACS ap-

pears to be a ruptured atherosclerotic plaque. Inokubo

et al. [10] observed significantly increased levels of

MMP-9 and TIMP-1 in coronary vessels of ACS sub-

jects. Similarly, Funayama et al. reported elevated

MMP-9 levels in infarct-related arteries [5]. Numer-

ous studies have confirmed increased activity of gela-

tinases in the unstable plaque itself [2, 21]. In their

study, Papaspyridonos and coworkers [19] confirmed

that the MMP-9 gene is one of a few crucial genes

that are upregulated in unstable plaques (oligonucleo-

tide microarray study confirmed in QRT-PCR and pro-

tein level).

In the current study, we have proven that MMPs

are produced by a plaque in ACS and circulating

monocytes of ACS subjects presented with overex-

pression of MMP-2 and -9 genes, particularly in the

acute phase of ACS. There are some reports that con-

firmed MMP overexpression in other chronic condi-

tions, i.e., in end-stage renal failure [4], which may

explain, at least partly, the higher incidence of cardio-

vascular complications in this group.

Markedly elevated MMP-2 and MMP-9 expression

resolved relatively quickly after 5 days of standard

treatment (in the case of MMP-9, statistically, a non-

significant trend was observed), although the cause

remains to be determined. In a number of studies

where elevated serum levels of MMPs were observed

in the acute phase of coronary incidents [12], the sub-

sequent decrease can be at least partly explained by

the clearance of circulating enzymes. In case of

monocyte gene expression, the pharmacotherapy may

have played an important role. Patients enrolled in the

study had not been treated before the incidence of
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ACS, and then they received medicines with known

anti-inflammatory and MMP-inhibiting action, such

as statins and ACE-inhibitors. Although 5 days is

a rather short period in terms of studying the effect of

treatment on gene expression, it has been shown that

this effect can be reported even earlier. Atorvastatin,

long before its lipid-lowering action, exerts anti-

inflammatory effects affecting the expression of more

than 50 genes involved in inflammation in as little

as 12 h [27]. Other statins may inhibit MMPs as well

[18].

Recently, MMPs and their tissue inhibitors –

TIMPs – are recognized to play an important role in

plaque destabilization and ACS pathology. To date,

four TIMPs have been well described, of which

TIMP-1 and TIMP-2 appear to be the most important.

TIMP-2 is structurally similar to TIMP-1, but in con-

trast to TIMP-1, it can inhibit all MMPs, including

membrane-type MMPs, and its inhibitory effect on

MMP-9 is 7-fold stronger compared to TIMP-1 [9].

According to Johnson et al. [11], TIMP-2, but not

TIMP-1, inhibits atherosclerotic plaque progression.

In this study, TIMP-2 mRNA expression was only

two-fold higher in ACS than in control, which in

terms of gene expression is a negligible difference

that is unlikely to have any effect on the final product.

Moreover, TIMP-2 mRNA expression did not corre-

late with MMP expression. In the report by Tayebjee

et al., MMP-9 and TIMP-2 levels also were not corre-

lated, although both were increased in CAD patients

[22].

As stated, the expression of the studied genes was

not correlated with recognized atherosclerosis risk

factors, such as age, gender, dyslipidemia, smoking,

family history of CAD and obesity. Elevated MMP

expression in ACS appears to be an independent risk

factor of and contributor to atherosclerotic plaque

rupture. There are some reports that provide evidence

that ACS patients with diabetes mellitus present with

elevated levels of MMP-9 and TIMPs compared to

non-diabetic ACS subjects. In our study, however, pa-

tients with diabetes were excluded, so this relation-

ship was not verified. Another major atherosclerotic

risk factor – lipid metabolism disturbances – has been

shown in some studies to be linked to metalloprote-

inases. In vitro studies confirmed the inhibiting effect

of HDL on MMP-2 expression [20] as well as a posi-

tive correlation between oxidized LDL and MMP-9

expression [14]. In the current study, no correlation

was found between any lipid parameters and the ex-

pression of the studied genes. This finding is similar

to what was shown in a number of previously cited re-

ports. However, to properly evaluate the potential ef-

fect of risk factors on the studied genes, a larger study

group would be necessary.

Interestingly, a positive (although moderate) corre-

lation was found between MMP-9 and myocardial ne-

crosis markers. Moreover, the necrosis markers showed

a negative correlation with TIMP-2. This result sug-

gests a hypothesis that increased activity of circulat-

ing monocytes is related to more extensive myocar-

dial necrosis and subsequently worse prognosis of

ACS.

MMPs are a crucial part of ACS pathology and

their role appears not to be limited to local action

within the plaque. Circulating monocytes appear to be

an important source of MMPs, reflecting systematic

disturbances in ACS. To our knowledge, this report is

the first to provide evidence for the role of monocyte

expression of MMPs in ACS.

Limitations

An important limitation of the study is that the ele-

vated MMP mRNA expression was not confirmed at

the protein or enzyme activity level. Clarifying this

correlation would be helpful to establish to what ex-

tent monocytes are the source of circulating MMPs.

On the other hand, the plaque rupture is a result of

a local interaction of plaque and infiltrating mono-

cyte-derived macrophages, and the elevated levels of

serum MMPs are the effect opposed to the cause. It

would be more interesting to assess MMP protein and

activity from cultured monocytes, which would

strengthen the MMP genes expression findings.

Another issue is to what extent ACS treatment is

responsible for the changes in gene expression, as this

study did not have an untreated group. For obvious

ethical reasons, an ACS group without therapy cannot

be created; therefore the role of treatment in MMP ex-

pression dynamics cannot be supported by a control

study. Another important limitation is the number of

participants. Because the differences in the expression

of the studied genes between ACS and healthy sub-

jects were large, the number of patients was sufficient

to reach statistical significance. However, some calcu-

lations showed trends that should be evaluated in

larger groups.
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Conclusions

Monocytes of ACS patients demonstrated increased

activation manifested by significant overexpression of

MM P-2, MMP-9 and TIMP-2. Five days of standard

treatment resulted in downregulation of the MMP-2

gene.

MMP gene overexpression appears to be an inde-

pendent factor concerning the pathogenesis of ACS

that was not related to typical atherosclerosis risk fac-

tors but was correlated with the level of myocardial

necrosis.
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