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Aim: Matrix metalloproteinases (MMPs) play critical roles in acute myocardial infarction (AMI). This trial was 
conducted to determine the potential effects of higher-dose rosuvastatin on circulating MMP levels in patients with AMI. 

Methods: This was a multicenter, open-label, 1:1 randomized, parallel-group study. Patients with AMI were 
randomly assigned to the appropriate-dose group (10 mg rosuvastatin once daily) or the low-dose group (2.5 mg 
rosuvastatin once daily) within 24 hours after percutaneous coronary intervention. MMP-2 and MMP-9 levels 
were measured on day 1 and at week 4, 12, and 24 after enrollment. The primary endpoint was the change in 
MMP levels at 24 weeks after enrollment. The secondary endpoints were change in MMP levels at day 1 and 
weeks 4 and 12 after enrollment. 

Results: Between August 2017 and October 2018, 120 patients with AMI from 19 institutions were randomly 
assigned to either the appropriate-dose or the low-dose group. There were 109 patients who completed the 24-week 
follow-up. The primary endpoint for both MMP-2 and MMP-9 was not significantly different between the two 
groups. The change in the active/total ratio of MMP-9 at week 12 after baseline was significantly lower in the 
appropriate-dose group compared with the low-dose group (0.81 [−52.8–60.1]% vs. 70.1 [−14.5–214.2]%, P=0.004), 
while the changes in MMP-2 were not significantly different between the two groups during the study period. 

Conclusions: This study could not demonstrate the superiority of appropriate-dose of rosuvastatin in inhibiting 
serum MMPs levels in patients with AMI.
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with AMI, this study preliminarily investigated the 
potential effects of low-dose and appropriate-dose 
rosuvastatin on circulating MMP levels and their 
activities.

Methods

INVITATION Trial Study Design
The detailed protocol was described previously13). 

Briefly, the “Dose-dependent INhibitory effect of 
rosuVastatin In Japanese patienTs with Acute 
myocardial infarcTION on serum concentration of 
matrix metalloproteinases” (INVITATION) trial was 
a multicenter, open-label, randomized, parallel-group 
study that was conducted to compare appropriate or 
low-dose of rosuvastatin on the effect of serum 
inflammatory marker levels in patients with AMI. 
Enrolled patients were allocated to either the low-dose 
group or the appropriate-dose group. The low-dose 
group was treated with rosuvastatin 2.5 mg once daily 
during a follow-up period. The appropriate-dose 
group initially received rosuvastatin 5 mg once daily, 
and the dose of rosuvastatin was titrated to 10 mg 
within four weeks. Exercise and diet combined-
therapy regimens were allowed, but concomitant use 
of other lipid-lowering drugs was prohibited during 
the study, and the allocation results were immediately 
communicated to the investigators, with the 
investigators starting the participants on the 
appropriate study treatment (start administration) 
within 24 h after allocation. Data were collected at 
day 0 (at enrollment) and day 1, and at weeks 4, 12, 
and 24. 

Patients were enrolled and followed at 19 
institutes in Japan. The first patient was randomized 
on August 8, 2017 and the last patient was 
randomized on October 30, 2018. 

This study was conducted in accordance with the 
Declaration of Helsinki and the Ethical Guidelines for 
Medical and Health Research Involving Human 
Subjects. This study was approved by the Institutional 
Review Board or Independent Ethics Committee of 
Kumamoto University Graduate of Medicine, and all 
of the participating institutes. This study was 
registered at the UMIN protocol registration system 
(identification number UMIN000016780), in 
accordance with the statement of the International 
Committee of Medical Journal Editors. The 
investigators explained the study to patients who were 

Introduction

Intensive treatment with high-intensity statins 
reduces the incidence of cardiovascular events after 
acute myocardial infarction (AMI)1). AMI is mainly 
characterized by the rupture of a lipid-rich vulnerable 
atherosclerotic plaque2). Matrix metalloproteinases 
(MMPs), namely MMP-2 and MMP-9, have been 
localized in atherosclerotic plaques, which are 
characterized by a lipid core covered with a fibrous cap 
in which inflammatory cells such as macrophages and 
T-lymphocytes are accumulated 3-5),with the 
metalloproteinases being a family of zinc-dependent 
proteases that are produced by a variety of cell types, 
including endothelial cells, smooth muscle cells, and 
monocytes. The accumulation of macrophage-derived 
foam cells in the vulnerable shoulder regions of 
atherosclerotic plaques correlates with increased local 
MMP release. MMPs are secreted as an inactive form 
and then are transformed into the active forms. 
Because plaque rupture or vulnerable plaque can exist 
in addition to the culprit AMI lesion, regulation of 
MMPs could be a potential target in secondary 
prevention of AMI, with released MMPs making the 
fibrous cap tissue weaken, resulting in this plaque 
rupture6). 

Cardiac remodeling followed by AMI causes 
reduced cardiac performance, and it is associated with 
morbidity and mortality after AMI, with MMPs 
having also been reported to be associated with cardiac 
remodeling after AMI7, 8). The benefit of anti-
inflammatory treatment using canakinumab, an anti-
interleukin-1β inhibitor, on cardiovascular disease has 
been reported9), and the anti-inflammatory strategy 
including statins has also been refocused. 

Statins are known to have pleiotropic effects 
besides lipid-lowering effects, with previous studies 
reporting that statins inhibited the increase in MMP-2 
and MMP-9 levels in AMI7, 10), and high-intensive 
statin therapy is the recommended lipid-lowering 
therapy for the secondary prevention of AMI 
worldwide. However, there are few comparison studies 
between the different dosages of the same statin and 
circulating MMPs levels and their activities in AMI. It 
is important to evaluate the concentration levels of 
active MMPs, because it is known that total and active 
MMPs are biologically different11, 12). To elucidate the 
pathophysiological mechanisms underlying the clinical 
benefit of higher-dose statin administration in patients 
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endpoints were the change in MMP levels, lipid 
profiles, and inflammatory markers at day 1 and weeks 
4, 12, and 24 weeks after enrollment. 

Measurement of MMP-2 and MMP-9
Enzymatic activity of human MMP-2 and total 

human MMP-2 in serum were determined using 
ELISA kits (GE Healthcare, Buckinghamshire, UK), 
in accordance with the manufacturer’s instructions. 
Enzymatic activity of active human MMP-9 and total 
human MMP-9 in serum were determined using 
ELISA kits (QuickZyme Biosciences B.V., Leiden, 
The Netherlands), in accordance with the 
manufacturer’s instructions. These assays were 
performed by Kyushu Pro Search LLP (Fukuoka, 
Japan).

Measurement of TIMP-1, TIMP-2, IL-6, and PTX3
Interleukin (IL)-6, and pentraxin 3 (PTX3) were 

quantified using an ELISA kit (IL-6: QuantiGlo® 
ELISA Human IL-6 Immunoassay/R&D Systems, 
Inc., PTX3: Human Pentraxin3/TSG-14 ELISA 
System/Perseus Proteomics Inc.) in Kyushu Pro Search 
LLP (Fukuoka, Japan), according to the instructions 
in the manufacturer’s manual. Tissue inhibitor of 
metalloproteinase (TIMP)-1 and TIMP-2 levels were 
measured by ELISAs using the kits Quantikine® 
(R&D Systems, Abingdon, United Kingdom), in 
accordance with the manufacturer’s instructions in the 
laboratory of the Department of Cardiovascular 
Medicine, Graduate School of Medical Sciences, 
Kumamoto University.

Statistical Analysis 
In addition to this being a preliminary pilot 

study, there are few studies that have evaluated the 
effect of several statin dosages to reduce MMPs. 
Therefore, the minimum sample size was calculated to 
show the different trend of effect between two groups 
for exploration. For the primary hypothesis, sample 
size estimation was based on detecting a difference of 
7% in the rate of MMP-9 change from baseline 
between rosuvastatin 10 mg and 2.5 mg. The average 
rate of change in the MMP-9 level after administering 
rosuvastatin 10 mg or 2.5 mg was assumed to be 22% 
and 15%, respectively15-18). There was no report on 
the standard deviation (SD) for the MMP-9 percent 
change. Therefore, if the SD was assumed to be 10%, 
the required number of patients was calculated as 44 
for each group when the significance level (two-sided) 
was α=0.05 and with power (1−β)=0.9. We 
estimated that 16-20% of participants would drop out 
of this study. Therefore, we decided that the target 
sample size of 120 patients (60 patients for each 

considered to be appropriate subjects for the study 
and confirmed their willingness to participate in the 
study. Written consent was obtained from all patients.

Study Subjects
Patients with AMI (ST-segment elevation 

myocardial infarction [STEMI] or non-STEMI 
[NSTEMI]) who were 20 years of age or older and 
who underwent percutaneous coronary intervention 
within 48 h of onset were screened. Serum low-density 
lipoprotein-cholesterol (LDL-C) levels greater than 
100 mg/dL (2.59 mmol/L) met the eligibility criteria. 
Patients were excluded if they took lipid-lowering 
drugs including statins within three months prior to 
trial registration; severe hypertension (systolic blood 
pressure ≥ 180 mmHg or diastolic blood pressure ＞
110 mmHg); familial hypercholesterolemia; serum 
triglyceride level ≥ 400 mg/dL; previous onset of 
cardiovascular or cerebrovascular disease within six 
months prior to registration in this study; 
hypersensitivity to statins; history of drug-induced 
myopathy; active liver disease or elevated liver enzymes 
(alanine aminotransferase or aspartate transaminase ＞
3 times the upper limit of normal or bilirubin ＞2 
times the upper limit of normal); nephrotic syndrome 
or renal dysfunction (creatinine clearance ＜30 mL/
min/1.73 m2 or serum creatinine ＞2.0 mg/dL); 
administered cyclosporin; serious concurrent disease 
such as malignancy; patients with severely limited 
lifespan; pregnant; or judged by the investigators to be 
ineligible for participation in the study for any other 
reason.

Definition of Myocardial Infarction
STEMI was defined as the presence of chest 

symptoms (e.g., chest pain or dyspnea) that was 
suspected to be a result of myocardial ischemia with a 
detected ST elevation of ≥ 1 mm in two contiguous 
leads, new left bundle branch block, or pathological Q 
wave on electrocardiogram with an elevation of cardiac 
troponin or creatine phosphokinase-MB above the 
99th percentile of the upper limit of normal14). 
NSTEMI was defined as the presence of chest 
symptoms (e.g., chest pain or dyspnea) that were 
suspected to be a result of myocardial ischemia 
without ST elevation, new left bundle branch block, 
or pathological Q wave on electrocardiogram, but 
with elevation of cardiac troponin or creatine 
phosphokinase-MB above the 99th percentile of the 
upper limit of normal14). 

Endpoints
The primary endpoint was the change rate of 

MMP levels at 24 weeks after enrollment. Secondary 
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(Table 2 and Figs.2A–D), the active MMP-9 levels 
in the appropriate-dose group tended to be lower 
compared with the low-dose group at day 1 and at 
weeks 4 and 12 after enrollment (Table 2 and 
Figs.2A–F). The change in the active/total ratio of 
MMP-9 at week 12 from baseline was significantly 
lower in the appropriate-dose group compared with 
the low-dose group (0.81 [−52.8– 60.1]% vs. 70.1 
[−14.5– 214.2]%, P=0.004; Fig.3B), while the 
changes in the MMP-2 active/total ratio were not 
significantly different between two groups the during 
study period (Fig.3A). Levels of TIMP-1 and 2, 
which regulate MMP-2 and 9, were not significantly 
different between the two study groups during the 
study period (Table 2). Although MMP-2/TIMP-2 
and MMP-9/TIMP-1 ratios were not different in each 
visiting point, the percent change in the active 
MMP-9/TIMP-1 ratio was significantly decreased in 
the appropriate-dose group compared with the low-
dose group at 12 weeks after enrollment (−10.3 
[−60.3–90.5] % vs. −35.8 [−75.7–20.6] %, P=0.04]. 
The change in the active MMP-9/TIMP-1 ratio of 24 
weeks from baseline was not significantly different 
between the appropriate-dose group and the low-dose 
group (−16.0 [−61.7–68.6] % vs. −19.9 [−70.7–84.0], 
P=0.54, Table 2). LDL-C levels were significantly 
lower in the appropriate-dose group compared with 
the low-dose group (67 [58–84] mg/dL vs. 77 [66–91] 
mg/dL, P=0.02). C-reactive protein (CRP), IL-6, and 
PTX3, B-type natriuretic peptide (BNP) levels at week 
24 after enrollment and their percent change from 
baseline to week 24 were not different between the 
two groups (Table 1), although all of them at 24 
weeks were improved from baseline. 

Discussion

This study did not support the primary 
endpoint, which was defined as the superiority of 
higher dose of rosuvastatin in inhibiting serum 
MMP-2 and MMP-9 levels at 24 weeks after 
enrollment in patients with AMI. We observed a dose-
dependent effect of rosuvastatin in the change of the 
active/total MMP-9 ratio from baseline to 12 weeks 
after enrollment. Although levels of TIMP-1 and 
TIMP-2, which are known to regulate MMPs19), were 
not significantly different between the appropriate-
dose group and the low-dose group at each visit point, 
active MMP-9/TIMP-1 ratio was significantly 
decreased in the appropriate-dose group compared 
with the low-dose group at 12 weeks after enrollment, 
which may affect the result regarding the change of 
active/total MMP-9 at 12 weeks. Although there was 
some bias because of the results of secondary 

group) was required to satisfy the principal study 
hypotheses that rosuvastatin 10 mg is superior to 2.5 
mg (primary study objective) with respect to the 
average rate of change in MMP-9 from baseline. A 
Student’s paired t-test was used to compare the mean 
values before and after each treatment. Differences 
between groups were compared using the Student’s 
t-test, the Mann–Whitney U-test, or an analysis of 
variance with repeated measurements. Within-group 
comparisons for continuous variables were made by 
Friedman test and Wilcoxon signed rank test. 
Multiplicity of comparisons among groups was 
accounted by using Bonferroni correction. A value of 
P＜0.05 was considered to be statistically significant. 
Statistical analyses were performed using SPSS 23 for 
Macintosh (SPSS Inc., Tokyo, Japan).

Results

One-hundred twenty patients with AMI who 
were enrolled at 19 institutes were randomly assigned 
to the appropriate-dose group (rosuvastatin 10 mg 
daily) or the low-dose group (rosuvastatin 2.5 mg 
daily) in Japan between August 2017 and October 
2018. Finally, 109 patients completed a 24-week 
follow-up visit (Supplementary Fig.1). AMI-related 
deaths were observed, as follows: one in the 
appropriate-dose group and two in the low-dose 
group. Three patients were lost to follow-up and one 
patient withdrew their consent in the appropriate-dose 
group. Three patients in the appropriate-dose group 
and one patient in the low-dose group had protocol 
violations. 

Baseline characteristics are shown in Table 1. 
Age, male gender, coronary risk factors, previous 
histories of myocardial infarction, percutaneous 
coronary intervention, and coronary artery bypass 
grafting were not statistically different between two 
study groups. AMI culprit lesions were similar 
between the two study groups (left anterior 
descending [LAD] artery, 56% in the appropriate-
dose group and 46% in the low-dose group, P=0.34). 
Baseline lipid profiles and baseline total and active 
MMP-2 and MMP-9 levels were not statistically 
different between two groups (Table 1, and 2, and 
Figs.1A–D and 2A–F). 

MMP levels and their changes at week 24 after 
enrollment were shown in Table 2, Figs.1A–D, 2A-F, 
and 3A–B. Primary outcomes defined as the change 
rate of total and active MMP-2 and MMP-9 at 24 
weeks after enrollment were not statistically different 
between the two study groups. Although the statistical 
difference in total and active MMP-2 and MMP-9 
levels was not significantly different at each visit point 
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Table 1. Baseline characteristics and laboratory data at 24-week follow-up visit

Low-dose group n =57 Appropriate-dose group n =52 P value

Age, years 65.5±11.0 67.7±11.7 0.33
Male, n (%) 48 (84) 42 (81) 1.00
Body mass index, kg/m2 24.2±3.8 23.9±3.9 0.74
Hypertension, n (%) 30 (53) 25 (48) 0.70
Diabetes Mellitus, n (%) 19 (33) 17 (33) 1.00
Dyslipidemia, n (%) 20 (35) 12 (23) 0.21
Current smoking, n (%) 23 (40) 20 (38) 0.85
Culprit vessel

LAD, n (%) 26 (46) 29 (56) 0.34
LCX, n (%) 10 (18) 8 (15) 0.80
RCA, n (%) 21 (37) 15 (29) 0.42

History of PCI, n (%) 0 (0) 3 (6) 0.11
History of CABG, n (%) 0 (0) 0 (0) -
History of MI, n (%) 0 (0) 1 (2) 0.48
History of stroke, n (%) 5 (9) 2 (4) 0.44
History of PAD, n (%) 0 (0) 1 (2) 0.48
eGFR, mL/min/1.73 m² 55.2±17.9 53.1±14.2 0.50
peak creatinine kinase, U/L 1733 (586 – 2311) 1557 (760 – 2697) 0.79
Medication

Aspirin, n (%) 37 (65) 36 (69) 0.89
Beta-blockers, n (%) 20 (35) 16 (31) 0.69
Calcium channel blockers, n (%) 12 (21) 10 (19) 1.00
ACE inhibitors or ARBs, n (%) 33 (58) 28 (54) 0.70
Insulin, n (%) 5 (9) 1 (2) 0.21

Laboratory data
Hemoglobin A1c, baseline, % 5.9 (5.6 – 5.0) 6.0 (5.8 – 6.9) 0.39
Hemoglobin A1c, 24 weeks, % 5.9 (5.7 – 6.2) 6.2 (5.9 – 6.7) 0.24
ΔHemoglobin A1c, 24 weeks, % 0 (-2.7 – 5.3) -1.6 (-4.8 – 3.3) 0.62
Triglycerides, baseline, mg/dL 111 (72 – 180) 120 (88 – 148) 0.95
Triglycerides, 24 weeks, mg/dL 125 (95 – 161) 103 (89 – 149) 0.65
ΔTriglycerides, 24 weeks, % 2.7 (-13.0 – 28.8) -1.3 (-27.8 – 35.5) 0.79
HDL-C, baseline, mg/dL 45 (39 – 57) 47 (40 – 53) 0.83
HDL-C, 24 weeks, mg/dL 51 (40 – 58) 47 (40 – 52) 0.60
ΔHDL-C, 24 weeks, % 2.9 (-5.7 – 16.7) -4.0 (-13.2 – 9.7) 0.21
LDL-C, baseline, mg/dL 135 (113 – 158) 139 (125 – 153) 0.41
LDL-C, 24 weeks, mg/dL 77 (66 – 91) 67 (58 – 84) 0.02
ΔLDL-C, 24 weeks, % -40.0 (-45.1 – -29.9) -52.4 (-59.7 – -44.1) 0.002
CRP, baseline, mg/dL 0.185 (0.080 – 0.420) 0.240 (0.100 – 0.710) 0.77
CRP, 24 weeks, mg/dL 0.060 (0.035 – 0.100) 0.100 (0.030 – 0.150) 0.85
ΔCRP, 24 weeks, % -47.1( -70.0 – 0) -65.7 (-83.6 – -21.2) 0.30
PTX3, baseline, ng/mL 3.2 (2.2 – 5.0) 3.6 (2.5 – 5.8) 0.34
PTX3, 24 weeks, ng/mL 1.9 (1.5 – 2.7) 2.3 (1.7 – 3.1) 0.17
ΔPTX3, 24 weeks, % -45.4 (-67.6 – -16.9) -40.3 (-55.8 – -6.9) 0.68
IL-6, baseline, pg/mL 5.9 (3.8 – 11.8) 5.7 (3.4 – 15.2) 0.75
IL-6, 24 weeks, pg/mL 1.7 (1.1 – 3.1) 1.7 (1.2 – 2.6) 0.91
ΔIL-6, 24 weeks, % -69.9 (-89.5 – -42.9) -73.6 (-84.6 – -43.4) 0.92
BNP, baseline, pg/mL 38.8 (13.9 – 152.2) 35.7 (13.9 – 112.5) 0.64
BNP, 24 weeks, pg/mL 29.2 (15.7 – 95.0) 37.2 (14.8 – 86.8) 0.75
ΔBNP, 24 weeks, % -20.6 (-58.7 – 151.9) 2.9 (-57.1 – 118.1) 0.86

Data are presented as the mean±SD, n (%), or median (IQR). Δ indicated the percent relative change from baseline. LAD, left 
anterior descending coronary artery; LCX, left circumflex coronary artery; RCA, right coronary artery; PCI, percutaneous coro-
nary intervention; CABG, coronary artery bypass grafting; MI, myocardial infarction; PAD, peripheral artery disease; eGFR, 
estimated glomerular filtration rate; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; HDL-C, high-
density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; CRP, C-reactive protein; PTX3, pentraxin 3; IL-6, 
interleukin-6; and BNP, B-type natriuretic peptide. 
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Table 2. The changes and differences of MMPs and TIMPs at each visit point

Low-dose group
(n =57)

Appropriate-dose group
(n =52)

P value
intergroup

P value_Bonferroni adjustment
intragroup Low-

dose group
intragroup 

Appropriate-dose 
group

Total MMP-2, ng/mL
  Baseline 354.3 [279.4, 436.0] 357.4 [297.1, 440.1] 0.93 - -
  1-day 306.3 [276.6, 364.6] 309.4 [238.3, 386.4] 0.74 - -
  4-week 375.4 [321.6, 479.8] 430.7 [345.3, 497.3] 0.17 - -
  12-week 413.3 [366.5, 490.9] 448.4 [356.5, 532.7] 0.29 - -
  24-week 396.6 [362.0, 451.9] 416.3 [382.8, 526.1] 0.40 - -
 % change rate from baseline
  1-day -13.0 [-24.1, 2.6] -13.8 [-22.4, -5.5] 0.56 ＜0.001 ＜0.001
  4-week 17.7 [-4.4, 31.5] 17.4 [1.2, 41.6] 0.28 0.004 ＜0.001
  12-week 17.2 [2.5, 36.4] 23.7 [8.4, 40.0] 0.31 ＜0.001 ＜0.001
  24-week 12.2 [-2.3, 30.6] 17.9 [1.2, 44.7] 0.18 0.004 ＜0.001
Active MMP-2, ng/mL
  Baseline 7.1 [5.6, 8.9] 6.4 [5.3, 9.1] 0.57 - -
  1-day 6.8 [5.6, 9.0] 6.3 [4.5, 8.1] 0.16 - -
  4-week 7.7 [5.6, 9.7] 7.8 [5.8, 10.6] 0.83 - -
  12-week 7.9 [5.1, 9.7] 7.7 [5.4, 10.7] 0.53 - -
  24-week 7.8 [6.0, 9.0] 7.5 [6.0, 10.1] 0.71 - -
 % change rate from baseline
  1-day -4.4 [-22.9, 15.8] -7.3 [-27.8, 11.2] 0.37 1.00 0.20
  4-week 6.5 [-12.7, 27.1] 8.0 [-0.3, 37.8] 0.22 0.52 0.002
  12-week 3.5 [-26.1, 27.3] 11.7 [-10.6, 31.7] 0.14 ＞0.99 0.07
  24-week 5.7 [-10.5, 24.0] 12.8 [-7.1, 37.6] 0.37 0.57 0.07
Total MMP-9, ng/mL
  Baseline 23.8 [14.6, 42.5] 22.6 [13.1, 43.0] 0.70 - -
  1-day 15.1 [9.9, 26.0] 12.8 [8.6, 21.1] 0.21 - -
  4-week 13.8 [10.9, 22.3] 15.3 [11.6, 27.2] 0.48 - -
  12-week 15.4 [9.8, 26.0] 16.2 [12.6, 21.4] 0.95 - -
  24-week 14.9 [10.9, 20.2] 15.5 [11.7, 23.8] 0.47 - -
 % change rate from baseline
  1-day -30.3 [-67.2, 10.2] -33.1 [-62.5, 4.2] 0.78 0.005 ＜0.001
  4-week -41.8 [-66.4, 22.6] -17.9 [-69.8, 35.1] 0.46 ＜0.001 0.16
  12-week -35.2 [-60.3, 15.2] -29.4 [-66.2, 35.5] 0.68 0.001 0.040
  24-week -32.1 [-70.1, 4.6] -8.7 [-71.6, 42.7] 0.43 ＜0.001 0.11
Active MMP-9, ng/mL
  Baseline 1.5 [0.7, 3.7] 1.9 [1.1, 4.1] 0.28 - -
  1-day 1.7 [0.5, 3.8] 1.7 [0.8, 3.2] 0.61 - -
  4-week 1.0 [0.7, 2.5] 1.2 [0.6, 2.8] 0.72 - -
  12-week 1.4 [0.9, 3.4] 1.4 [0.7, 2.7] 0.45 - -
  24-week 1.9 [0.8, 3.1] 1.4 [0.7, 3.1] 0.82 - -
 % change rate from baseline
  1-day 4.3 [-58.1, 81.2] -14.4 [-66.3, 82.4] 0.29 ＞0.99 0.74
  4-week -6.0 [-70.5, 86.9] -41.2 [-81.4, 37.8] 0.23 ＞0.99 0.21
  12-week 17.7 [-54.5, 113.3] -32.9 [-73.2, 32.1] 0.03 ＞0.99 0.09
  24-week 14.6 [-48.9, 91.5] -16.7 [-68.1, 127.5] 0.48 ＞0.99 0.78
Active MMP-2/Total MMP-2 (%)
  Baseline 2.0 [1.6, 2.6] 1.9 [1.4, 2.5] 0.63 - -
  1-day 2.1 [1.7, 2.9] 2.1 [1.4, 2.9] 0.46 - -
  4-week 1.8 [1.5, 2.5] 1.9 [1.4, 2.2] 0.59 - -
  12-week 1.8 [1.2, 2.4] 1.8 [1.3, 2.3] 0.90 - -
  24-week 2.0 [1.5, 2.2] 1.9 [1.5, 2.1] 0.29 - -
 % change rate from baseline
  1-day 4.6 [-7.4, 36.8] 4.0 [-10.9, 30.2] 0.64 0.14 0.67
  4-week -6.3 [-23.4, 14.3] -0.9 [-21.7, 15.1] 0.51 0.85 ＞0.99
  12-week -7.9 [-38.9, 10.6] -6.3 [-30.0, 23.2] 0.33 0.12 0.76
  24-week -4.5 [-21.5, 13.9] -6.6 [-27.5, 25.5] 0.92 0.78 0.70
Active MMP-9/Total MMP-9 (%)
  Baseline 6.7 [2.3, 14.1] 10.6 [3.6, 19.0] 0.21 - -
  1-day 10.3 [3.9, 22.1] 13.6 [6.0, 24.9] 0.28 - -
  4-week 6.5 [3.3, 19.9] 7.9 [3.9, 15.1] 0.93 - -
  12-week 8.8 [4.9, 21.7] 8.4 [3.8, 15.9] 0.20 - -
  24-week 11.8 [5.6, 20.9] 7.9 [4.1, 17.7] 0.39 - -
 % change rate from baseline
  1-day 34.7 [-30.3, 183.4] 40.9 [-38.1, 198.8] 0.83 0.19 0.46
  4-week 20.0 [-49.1, 211.7] -9.1 [-58.3, 70.7] 0.05 0.51 ＞0.99
  12-week 70.1 [-14.5, 214.2] 0.81 [-52.8, 60.1] 0.004 0.02 ＞0.99
  24-week 59.9 [-12.3, 173.1] 16.3 [-40.2, 164.4] 0.14 0.01 ＞0.99
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(Cont. Table 2)

Low-dose group
(n =57)

Appropriate-dose group
(n =52)

P value
intergroup

P value_Bonferroni adjustment
intragroup Low-

dose group
intragroup 

Appropriate-dose 
group

TIMP-1, ng/mL
  Baseline 165.6 [120.3, 188.1] 151.8 [122.1, 190.0] 1.00 - -
  1-day 164.0 [133.4, 176.5] 168.9 [144.8, 197.5] 0.09 - -
  4-week 176.3 [156.4, 189.3] 171.6 [158.0, 191.5] 0.95 - -
  12-week 170.0 [150.4, 186.9] 172.2 [148.6, 188.7] 0.65 - -
  24-week 168.4 [150.5, 187.0] 170.0 [150.0, 190.8] 0.75 - -
 % change rate from baseline
  1-day -1.0 [-10.3, 30.4] 6.1 [-7.0, 46.5] 0.14 ＞0.99 0.06
  4-week 7.1 [-3.4, 49.8] 11.6 [-7.5, 45.8] 0.72 0.003 0.009
  12-week 5.9 [-10.8, 47.4] 8.6 [-8.9, 31.3] 0.78 0.22 0.12
  24-week 7.7 [-9.3, 34.6] 0.2 [-8.0, 55.1] 0.72 0.18 0.75
TIMP-2, ng/mL
  Baseline 80.2 [69.2, 91.0] 83.4 [73.2, 89.7] 0.47 - -
  1-day 72.8 [67.3, 80.8] 73.0 [63.6, 78.9] 0.65 - -
  4-week 92.7 [83.3, 101.9] 98.4 [86.3, 109.5] 0.14 - -
  12-week 94.3 [85.2, 107.0] 97.3 [87.3, 107.3] 0.42 - -
  24-week 92.2 [81.8, 104.7] 97.1 [87.1, 107.0] 0.36 - -
 % change rate from baseline
  1-day -7.6 [-17.8, -0.1] -12.6 [-20.4, -6.5] 0.07 ＜0.001 ＜0.001
  4-week 18.5 [3.1, 30.6] 16.7 [4.3, 29.3] 0.94 ＜0.001 ＜0.001
  12-week 19.2 [6.6, 33.7] 15.6 [9.7, 32.0] 0.99 ＜0.001 ＜0.001
  24-week 17.2 [3.1, 27.6] 13.3 [7.5, 32.4] 0.96 ＜0.001 ＜0.001
Total MMP-2/TIMP-2
  Baseline 4.5 [3.7, 5.2] 4.5 [3.8, 4.9] 0.76 - -
  1-day 4.3 [3.7, 5.1] 4.2 [3.6, 5.0] 0.86 - -
  4-week 4.2 [3.6, 5.1] 4.5 [3.7, 5.3] 0.58 - -
  12-week 4.3 [3.6, 5.4] 4.5 [3.8, 5.2] 0.58 - -
  24-week 4.4 [3.6, 4.8] 4.5 [3.8, 5.4] 0.18 - -
 % change rate from baseline
  1-day -5.4 [-15.2, 6.2] -3.4 [-11.1, 7.0] 0.72 0.29 0.45
  4-week -2.1 [-13.8, 5.5] 2.0 [-10.5, 10.9] 0.18 0.56 ＞0.99
  12-week -2.2 [-11.1, 11.2] 4.3 [-8.1, 16.2] 0.23 ＞0.99 0.75
  24-week -2.4 [-13.9, 9.6] 1.7 [-7.9, 18.2] 0.06 0.27 0.92
Active MMP-2/TIMP-2
  Baseline 0.09 [0.07, 0.11] 0.08 [0.06, 0.11] 0.38 - -
  1-day 0.10 [0.07, 0.12] 0.09 [0.06, 0.12] 0.36 - -
  4-week 0.08 [0.06, 0.10] 0.08 [0.06, 0.11] 0.85 - -
  12-week 0.08 [0.05, 0.12] 0.08 [0.06, 0.11] 0.72 - -
  24-week 0.08 [0.06, 0.10] 0.08 [0.06, 0.10] 0.85 - -
 % change rate from baseline
  1-day 6.6 [-14.3, 26.4] 4.2 [-19.0, 27.7] 0.64 0.90 ＞0.99
  4-week -6.3 [-20.0, 8.5] -3.8 [-20.9, 17.0] 0.48 0.26 0.77
  12-week -12.2 [-36.9, 10.5] -2.8 [-26.1, 29.3] 0.18 0.19 ＞0.99
  24-week -8.2 [-26.7, 6.9] -11.6 [-26.9, 23.4] 0.61 0.14 0.82
Total MMP-9/TIMP-1
  Baseline 0.15 [0.10, 0.36] 0.17 [0.09, 0.25] 0.61 - -
  1-day 0.10 [0.07, 0.17] 0.08 [0.05, 0.12] 0.05 - -
  4-week 0.08 [0.07, 0.13] 0.09 [0.06, 0.16] 0.61 - -
  12-week 0.09 [0.07, 0.14] 0.09 [0.07, 0.13] 0.97 - -
  24-week 0.09 [0.06, 0.13] 0.09 [0.07, 0.14] 0.41 - -
 % change rate from baseline
  1-day -37.9 [-65.2, -3.6] -35.1 [-67.4, -6.3] 0.61 0.001 ＜0.001
  4-week -49.2 [-73.3, -18.5] -42.9 [-69.4, 25.1] 0.35 ＜0.001 0.007
  12-week -46.6 [-66.8, 1.1] -36.0 [-68.5, 8.9] 0.55 ＜0.001 0.001
  24-week -47.8 [-74.4, -7.8] -39.7 [-70.8, 36.5] 0.40 ＜0.001 0.006
Active MMP-9/TIMP-1
  Baseline 0.01 [0.00, 0.03] 0.01 [0.01, 0.03] 0.45 - -
  1-day 0.01 [0.00, 0.03] 0.01 [0.00, 0.02] 0.98 - -
  4-week 0.01 [0.00, 0.01] 0.01 [0.00, 0.02] 0.78 - -
  12-week 0.01 [0.00, 0.02] 0.01 [0.00, 0.02] 0.42 - -
  24-week 0.01 [0.00, 0.02] 0.01 [0.00, 0.02] 0.81 - -
 % change rate from baseline
  1-day 1.5 [-58.6, 93.0] -18.4 [-73.7, 65.2] 0.27 ＞0.99 0.24
  4-week -30.0 [-73.0, 53.9] -50.1 [-83.9, 37.9] 0.33 0.04 0.06
  12-week -10.3 [-60.3, 90.5] -35.8 [-75.7, 20.6] 0.04 ＞0.99 0.02
  24-week -16.0 [-61.7, 68.6] -19.9 [-70.7, 84.0] 0.54 0.59 0.37

Data are presented as median [IQR). Within-group comparisons for continuous variables were made by Friedman test and Wilcoxon signed rank 
test. Multiplicity of comparisons among groups was accounted by using Bonferroni correction. MMP, matrix metalloproteinase; and TIMP, tissue 
inhibitor of metalloproteinase.
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substrate of MMPs from infarct region. In a recent 
OCT study, abundant local MMP-9 could cause 
massive red thrombosis that was mainly observed in 
patients with STEMI21), revealing that local MMP-9 
were significantly higher than the systemic levels. We 
might not be able to detect the difference in MMP 
levels, because our study measured only systemic levels 
of MMPs. In addition, the type of coronary 
thrombosis was not evaluated. Further basic and 
clinical studies are required to demonstrate the 
mechanism for MMP-9 regulation by statins.

Our results showed the possibility that there was 
a dose-dependent effect of rosuvastatin on MMP-9, 
while the effects on MMP-2 were not observed in this 
study. Yasuda et al. reported that MMP production in 
the infarcted heart was associated with left ventricular 

endpoint, CRP and IL-6 levels were also not different 
between the appropriate-dose group and the low-dose 
group. Because this study did not evaluate other pro-
inflammatory cytokines and transcriptional factors 
such as NF-κB, p38 MAPK, and JNK that regulate 
MMP-9 19, 20), it could not determine the detailed 
mechanism for MMP-9 regulation by rosuvastatin. 
While MMP-2 and MMP-9 are mainly secreted from 
macrophages, so it would be reasonable that balance 
between cholesterol loading by LDL-C and cholesterol 
efflux by HDL-C would affect focal MMPs secretion 
in the lesions from macrophages, in addition, this 
study could not demonstrate whether rosuvastatin 
affects the levels of MMP-9 locally or systemically. 
Therefore, the change of active/total MMP-9 ratio at 
12 weeks might be a result of measuring any cleavage-

Fig.1. Comparison the MMP levels at 24 weeks after enrollment

(A) Total MMP-2, (B) active MMP-2, (C) total MMP-9, and (D) active MMP-9.
Bars show the 95% confidence interval. LD, low-dose group; AD, appropriate-dose group; MMP, matrix metalloproteinase.
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Fig.2. Comparison the changes of MMPs during study period

(A) Total MMP-2, (B) active MMP-2, (C) total MMP-9, (D) active MMP-9, (E) Active/Total ratio of MMP-2, and (F) Active/Total ratio of 
MMP-9.
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patients with AMI. MMP-2 levels increased at day 14 
and peaked at days 14–21 after AMI onset25). We 
measured the MMP levels at 1 and 4 weeks after 
enrollment, and we might not be able to detect the 
difference in MMP levels at these two points. Further 
investigation is required to demonstrate the dose-
dependent effects of rosuvastatin on MMPs.

Study Limitations
This study had several limitations. Firstly, this 

study might not have sufficient power to detect the 
differences of MMPs between two study groups 
because of the small sample size. Secondly, and maybe 
limiting the generalization of our findings to the other 
studies, particularly those in Western countries, all 
patients were Japanese. Thirdly, this study did not 
show the possible mechanism by which the higher 
dose of rosuvastatin attenuated the change in the 
active/total ratio from baseline of MMP-9 at 12 weeks 
after enrollment. Several factors such as TIMPs, CRP, 
and IL-6, which could be associated with MMPs, did 
not explain the phenomenon. Fourthly, the precise 
dose-dependency of statins on MMPs was not 
confirmed, as this study examined only two different 
rosuvastatin doses. Fifthly, the effects on cardiac 
remodeling and prognosis through MMPs were not 
evaluated. Further, translational studies are required to 
confirm our results. 

Conclusions

This study could not observe the superiority of 
higher dose of rosuvastatin in inhibiting serum 
MMP-2 and MMP-9 levels at 24 weeks after 
enrollment in patients with AMI. We need further 

enlargement and elevated BNP levels, and pravastatin 
significantly decreased cardiac MMP-2 and MMP-9 
in patients with AMI, measuring the concentration 
gradients between the coronary sinus and aorta, and 
demonstrating increased cardiac MMP levels in AMI 
patients compared with stable CAD7). Although their 
studies were not randomized and the sample size was 
small (AMI, n=20; stable CAD, n=10) and involved 
a single dose of low-intensity statin, the results showed 
that pravastatin has a potentially beneficial effect in 
attenuating post-infarction left ventricular remodeling 
through both MMP-2 and MMP-9. Where our study 
was designed to focus on the comparison of MMPs 
levels by the different statin dose, so this study could 
not show the association between the change of 
MMPs and cardiovascular events, previous studies 
have reported that MMP-9 levels were associated with 
future cardiovascular events22, 23). Further investigation 
is needed to reveal the association between MMPs 
levels and cardiovascular events by the different statin 
dose. While this was an in vitro study that did not 
mimic the ischemic condition, an experimental study 
also demonstrated the dose-dependent effects of 
rosuvastatin on MMP-2 and MMP-9 16). Another 
experimental study using leukemia cells indicated that 
simvastatin-induced p65 instability leads to MMP-9 
down-regulation, while simvastatin-induced JNK1/
c-Jun/ATF-2 activation maintained the MMP-2 
expression underlying p65 down-regulation24). Statins 
might have different regulation mechanisms for 
MMPs based on the pathogeneses and cells. Another 
possible reason was that the time point for MMP-2 
measurement might not be relevant to detect the 
difference between two study groups. Hojo et al. 
evaluated the change of the MMP-2 plasma levels in 

Fig.3. Percent change from baseline of (A) the active/total ratio of MMP-2 and (B) the active/total ratio of MMP-9

Plots show the median, and bars show the 95% confidence interval. §, P＜0.05 vs. baseline. ＊, P＜0.05 vs. low-dose group. LD, low-dose 
group; AD, appropriate-dose group; MMP, matrix metalloproteinase.
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Supplementary Fig.1. Study flow diagram
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