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Abstract
Objective-To test the hypothesis that
changes in serum matrix metallopro-
teinase-1 (MMP-1) and tissue inhibitors of
metalloproteinase-1 (TIMP-1) after acute
myocardial infarction reflect extracellular
matrix remodelling and the infarct healing
process.
Patients-13 consecutive patients with their
first acute myocardial infarction who
underwent successful reperfusion.
Methods-Blood was sampled on the day of
admission, and on days 2, 3, 4, 5, 7, 14, and
28. Serum MMP-1 and TIMP-1 were mea-
sured by one step sandwich enzyme
inimunoassay. Left ventricular volume
indices were determined by left ventricu-
lography performed four weeks after the
infarct.
Results-Serum concentrations of both
MMP-1 and TIMP-1 changed over time.
The average serum MMP-1 was more than 1
SD below the mean control values during
the initial four days, increased thereafter,
reaching a peak concentration around day
14, and then returned to the middle control
range. Negative correlations with left ven-
tricular end systolic volume index and posi-
tive correlations with left ventricular
ejection fraction were obtained for serum
MMP-1 on day 5, when it began to rise, and
for the magnitude ofrise in MMP-1 on day 5
compared to admission. Serum TIMP-1 at
admission was more than 1 SD below the
mean control value, and increased gradu-
ally thereafter, reaching a peak on around
day 14. Negative correlations with left ven-
tricular end systolic volume index and posi-
tive correlations with left ventricular
ejection fraction were obtained for serum
TIMP-1 on days 5 and 7, and for the magni-
tude ofrise in TIMP-l on days 5 and 7 com-
pared to admission.
Conclusions-Both MMP-1 and TIMP-1
showed significant time dependent alter-
ation after acute myocardial infarction.
Thus MMP-1 and TIMP-1 may provide
useful information in evaluating the healing
process as it affects left ventricular remodel-
ling after acute myocardial infarction.

(Heart 1997;78:278-284)
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Left ventricular volume is one of the major
prognostic factors after acute myocardial
infarction.' 2 Ventricular remodelling is thus
important with respect to prognosis.34 The
extracellular matrix plays a vital role not only
in the maintenance of ventricular shape but
also in ventricular function. Collagen is appar-
ently an essential component of the extracellular
matrix, and collagenases and their inhibitors
play crucial roles in extracellular matrix home-
ostasis.5 Recent biological studies have identi-
fied several distinct matrix metalloproteinases
(MMP) and tissue inhibitors of metallopro-
teinases (TIMP) and have delineated their
characteristics.56 The important roles ofMMP
and TIMP in cardiovascular disease have been
reviewed by Dollery et al.7 MMP-1, a 54 kDa
interstitial collagenase, degrades several types
of collagen and other extracellular matrix com-
ponents, including types I and III collagen, the
major types of collagen in the collagen
matrix.5 7 TIMP-1, a 29 5 kDa sialoglycopro-
tein, forms a complex with MMP- 189 and acts
as a native inhibitor ofMMP-1. Inhibitory reg-
ulation of MMP-1 activity is mediated in part
by TIMP-1. MMP-1 and TIMP-1 thus con-
tribute bidirectionally to the control of collagen
matrix maintenance. During extracellular
matrix remodelling, degradation and reforma-
tion of extracellular matrix occur, and both
MMP and TIMP contribute to this process
through the balance of their activities. We
hypothesised that changes in serum MMP and
TIMP concentrations reflect the extracellular
matrix remodelling involved in the infarct heal-
ing process and that these changes would thus
be correlated with left ventricular volume
indices. Although there are reports of increased
expression of TIMP in chronic liver disease'0
and rheumatoid arthritis," there are none on
changes in serum MMP and TIMP after acute
myocardial infarction. We therefore examined
the relations of serum MMP-1 and TIMP-1 to
left ventricular volume indices obtained by left
ventriculography in patients after myocardial
infarction.

Methods
PATIENTS
To determine the sequential changes in serum
MMP-1 and TIMP-1 from the infarct onset
day, we studied 13 consecutive patients with
their first acute myocardial infarct who were
admitted within 12 hours of infarct onset and
underwent reperfusion by coronary angio-
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plasty. There were seven men and six women,
aged 42 to 75 years, mean 63 (SD 11) years.
Reperfusion without flow delay was success-

fully established in all 13 patients. Con-
sequently, this study did not include patients
without reperfusion. Patients with associated
diabetes mellitus, depressed renal function,
liver disease, or malignant disorders were

excluded from the study.
The lesion was located at segment 6 accord-

ing to the American Heart Association classifi-
cation'2 in six patients, at segment 7 in six, and
at segment 2 in one. Patients in whom the
responsible lesion was located in the left cir-
cumflex coronary artery were excluded from
the study because left ventricular indices were

evaluated on left ventriculograms obtained in
the right anterior oblique view.
The interval from onset to admission

ranged from 0-5 to 12 hours (mean 4X7 hours).
Electrocardiographic or enzymatic evidence of
reocclusion13 14 was not observed in any of the
patients. The patency of the infarct related
artery was confirmed by follow up coronary
angiography performed four weeks after the
infarct.

Acute myocardial infarction was diagnosed
on the basis of typical chest pain, ST segment
elevation of more than 0 1 mV in more than
two leads in 12-lead electrocardiography, and
a rise of both creatine kinase (CK) and its
isoenzyme MB to more than twofold the
upper limit of the normal range. Emergency
coronary angiography was performed, and
reperfusion treatment with coronary angio-
plasty was attempted. None of the patients
had cardiogenic shock that disturbed the liver
circulation and caused liver damage.

SERUM MMP1 AND TIMP-1
Blood samples were drawn immediately after
admission and on days 2, 3, 4, 5, 7, 14, and
28. Serum MMP-1 and TIMP-1 concentra-
tions were measured by enzyme immuno-
assay."' A one step sandwich enzyme
immunoassay kit (Fuji Chemical Industries,
Takaoka, Japan) for human MMP-1 using
monoclonal antibodies against the MMP-1
purified from human skin fibroblasts was used
to assay for MMP-1, as reported.5 16 The anti-
body used does not react with other collage-
nases. This assay system detects proMMP-1
and active MMP-1 almost equally. When
reactivity with proMMP-1 was postulated as

100%, relative immunoreactivities of this assay

system with MMP-1 and TIMP-1 complex
and with MMP-1 and TIMP-2 complex were

48% and 3%, respectively.5 16 a, Macro-
globulin does not interfere with this assay sys-

tem.'5 The detection limit of this MMP-1
assay system is 1 0 ng/ml, and linearity is
determined from 1 to 64 ng/ml. The intra-
assay and interassay coefficients of variation
were 2-0-4-3% and < 5%, respectively.

Serum TIMP-1 concentration was also
measured by a one step sandwich enzyme
immunoassay kit (Fuji Chemical Industries,
Takaoka, Japan) using a monoclonal antibody
purified from bovine dental pulp TIMP which
cross reacts with human TIMP-1.16 1 The

immunoassay system for TIMP- 1 reacts
almost equally with free TIMP-1 and with
TIMP-1 complexed with MMP-1, -2, -3, and
9.16 The detection limit of this TIMP-1 assay
system is 1 2 ng/ml, and linearity is deter-
mined from 51 to 2000 ng/ml. The intra-assay
and interassay coefficients of variation were
1-9-4-5% and 2-8-4-3 %, respectively. The
control range for MMP-1 and TIMP-1 was
obtained from 18 age and gender matched
healthy volunteers aged 62 (SD 7) years (nine
men and nine women). The ranges within
1 SD of the mean of the controls for MMP-1
and TIMP-1 and the means (SD) were 3T2-
34-5 ng/ml (13-1 (9-3) ng/ml) and 109-
177 ng/ml (139 (20) ng/ml), respectively.

LEFT VENTRICULOGRAPHY
Left ventriculography was performed approxi-
mately four weeks after the onset of acute
myocardial infarction. The left ventriculogram
was analysed using a digitiser and a computer
(Sony Graphtec Digitiser KD4030B, Tokyo,
Japan). The end diastolic frame was deter-
mined as the frame nearest the peak of the R
wave, using an electrocardiogram recorded
simultaneously on cine film. The frame with
the smallest ventricular volume was taken to
show the end systolic volume, and ventricular
volume was calculated by a modification of
Dodge's formula.'8 Further, regional ventricu-
lar function was determined by centreline
method.'9 The regional wall motion of the
infarct area was also scored visually follows:
4 = dyskinesis; 3 = akinesis; 2 = severe hypo-
kinesis; 1 = hypokinesis; 0= almost unaltered
or mildly reduced wall motion.

CREATINE KINASE RELEASE
Blood samples for CK assay were obtained
immediately upon admission and every four
hours thereafter for 48 hours, and then were
collected once every day. CK activities were
measured by the modified Rosalski method.20
Total CK release was calculated according to
a modification of a method reported by Norris
et al2 and Shell et al.22 The duration from the
onset to peak CK time was also determined.2'

STATISTICAL ANALYSIS
We employed analysis of variance (ANOVA) to
assess time dependent alterations in serum
MMP-1 and TIMP-1 concentrations.
Pearson's correlation analysis was used to
examine the relations between MMP-1/
TIMP-1 and left ventricular volume indices,
and Spearman's correlation analysis to deter-
mine the relation between MMP-l/TIMP-1
and the wall motion score of the infarct region.
A P value of < 0-05 was considered statistically
significant. Values are given as mean (SD).

Results
MMP-1
Time course
Figure 1 shows the time dependent alteration
of the serum MMP- 1 concentration after
acute myocardial infarction in the 13 patients
examined. In five of them, MMP-1 was not

279



Hirohata, Kusachi, Murakami, Murakami, Sano, Watanabe, et al

30

10~~~~~~~~~~~~~~
8 v

1 2 3 4 5 7 14 28
Days

Figure 1 Sequential changes in serum MMP-1 concentrations in patients with acute
myocardial infarction. Upper, middle, and lower lines indicate the concentrations at 1 SD
above the mean control value, the mean control value, and 1 SD below the mean control
value, respectively. Each bar indicates 1 SD.

detectable on the admission day, that is, it was
less than 1 ng/ml as measured by the present
assay method. For further statistical analysis,
undetectable concentrations of MMP-1 were
specified as 1 ng/ml. The duration from the
onset of acute myocardial infarction to blood
sampling was not correlated with the serum
MMP-1 concentrations on the admission day.
The average serum MMP-1 values measured
at each time from the admission day to day 4
were more than 1 SD below the mean control
value. MMP-1 began to increase at day 5 and
reached its maximum concentration at around
day 14. It then decreased and returned to the
middle control range at day 28. ANOVA showed
that this change was significant (P < 0 01).

Relations to left ventricular indices
Serum MMP-1 on day 5, when it began to
increase into the normal range, was negatively
correlated with the left ventricular end systolic
volume index and positively correlated with
the left ventricular ejection fraction (fig 2).
The magnitude of the rise in MMP-1 on day 5
with respect to the admission value was also
inversely correlated with the left ventricular
end systolic volume index (r = -0-56, P <
0 05) and positively correlated with the left
ventricular ejection fraction (r = 0 59, P <
0 05). No significant relation between serum
MMP-1 values and left ventricular end dias-
tolic volume index was obtained on any day.
Neither the values on the averaged peak day
(day 14) nor those on the individual peak days
were correlated with any of the indices.

Relation to regional wall motion
The percent area of less than -2 SD/chord in
13 patients ranged from 0% to 48%
(22-51(8-3)%). The serum MMP-1 concen-
tration on day 5 was correlated with the per-
centage area less than -2 SD/chord (fig 2).
The magnitude of change in the serum values
on day 5 compared to those on admission
tended to be related to the area (r = 0-53,
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Figure 2 Relations ofserum MMP-1 concentrations to
left ventricular indices obtainedfour weeks after the onset
of acute myocardial infarction. Relation ofserum MMP-1
concentrations on day 5 to: (upper panel) left ventricular
end systolic volume indices; (middle panel) left ventricular
ejection fraction; (lower panel) percentage area less than
-2 SD/chord. LVESVI, ventricular end systolic volume
index; LVEF, left ventricular ejection fraction. Empty
squares, filled triangles, empty triangles, filled circles, and
empty circles indicate wall motion scores of 4, 3, 2, 1, and
0, respectively. The lines are the regression line bounded by
the 95% confidence intervals.

0 10 > P > 0 05). Similarly, the serum concen-
trations on day 5 and the magnitude of serum
concentration changes on day 5 compared to
those on admission were both correlated with
wall motion score (r = -0-68, P < 0 05 and r
= -0 73, P < 0 01, respectively).

Relation to CK release
Serum MMP-1 concentrations on day 5 and
the magnitude of change of the serum concen-
trations on day 5 compared to the values on
admission were not significantly correlated
with CK release or time to CKmax, though
the values on day 5 tended to be related to the
integral CK release (r = -0-55, 0 10 > P >
0 05).

280



Serum matrix metafloproteinase-1 and metalloproteinase-1 tissue inhibitor afterAMI

400 _

350 _-

0

0

300 F

250

c

200

0

0 o

T Ia 1 0

0

0

E

5:
-J>n
3U

45

40

35

30

25

20

j150

100

50 _ o

50
0

1 2 3 4 5 7 14 28 0

ULDays W

Figure 3 Sequential changes in serum TIMP-1 concentrations in patients with acute
myocardial infarction. Upper, middle, and lower lines indicate the concentrations at 1 SD
above the mean control value, the mean control value, and 1 SD below the mean control
value, respectively. Each bar indicates 1 SD.

TIMP-1
Time course
The sequential changes in TIMP-1 after acute
myocardial infarction in the 13 patients are
shown in fig 3. The time from onset of acute
myocardial infarction to blood sampling was
not correlated with serum TIMP-1 on admis-
sion. As with MMP-1, mean serum TIMP-1
at admission was more than 1 SD below the
mean control value. It then increased and
reached a maximum at around day 14, subse-
quently decreasing to within the normal range
for controls. ANOVA again showed that this
change was significant (P < 0 01).

Relations to left ventricular indices
As with MMP-1, serum TIMP-1 values on
day 5 and day 7 were negatively correlated
with left ventricular end systolic volume index
(r = -0O76, P < 0-01, and r = -0O58, P <
0 05, respectively), and positively correlated
with the left ventricular ejection fraction (r =
0-84, P < 0-01, and r = 0 79, P < 005,
respectively) (fig 4). The magnitude of the rise
in serum TIMP-1 on day 5 and day 7 was neg-
atively correlated with the left ventricular end
systolic volume index (r = -0-78, P < 0 01,
and r = -0-62, P < 005, respectively) and
positively correlated with the left ventricular
ejection fraction (r = 079, P < 0.01, and r =
0-63, P < 0.05, respectively). Neither the val-
ues on the averaged peak day (day 14) nor
those on the individual peak days were corre-
lated with any of the indices.

Relation to regional wall motion
Serum TIMP-1 values on day 5 and day 7
were correlated with percentage area less than
-2 SD/chord (r = -0-84, P < 0 01, and r =
-0-65, P < 0-05, respectively) (fig 4). The
magnitude of the change of the serum concen-
trations on the respective days compared to
those on admission were also correlated with
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Figure 4 Relations ofserum MMP-1 concentrations to
left ventricular indices obtainedfour weeks after the onset
of acute myocardial infarction. Relation ofserum TIMP-1
concentrations on day 5 to: (upper panel) left ventricular
end systolic volume indices; (middle panel) left ventricular
ejection fraction; and (lower panel) the percentage area less
than -2 SD/chord. LVESVI, ventricular end systolic
volume index; LVEF, left ventricular ejection fraction.
Empty squares, filled triangles, empty triangles, filled
circles, and empty circles indicate wall motion scores of 4,
3, 2, 1, and 0, respectively. The lines are the regression
line bounded by the 95% confidence intervals.

the area (r = -0-83, P < 0 01, and r = -066,
P < 0-05, respectively). Similarly, the serum
concentrations on day 5 and day 7 were corre-
lated with wall motion score (r = -092, P <
0*01, and r = -0-66, P < 0 05, respectively).
The magnitude of the serum concentration
changes on day 5 and day 7 with respect to the
admission values was correlated with the wall
motion score (r = -0*91, P < 0*01, and r =
-0-68, P < 0-05, respectively).

Relation to CK release
Neither the serum TIMP-1 on day 5 nor the
magnitude of serum concentration changes on
day 5 compared to the admission values was
significantly correlated with the CK release or
with the duration from onset to CKmax.
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Discussion
This study showed that the serum concentra-
tions of both MMP-1 and TIMP-1 changed
significantly and time dependently from low
concentrations, below the control range, to
above the control range after acute myocardial
infarction. At the time when serum MMP-1
began to rise from its initially low value, serum
concentrations of both MMP-1 and TIMP-1
were negatively correlated with the left ventric-
ular end systolic volume index and positively
correlated with the left ventricular ejection
fraction. There were similar relations between
the rise in MMP-1 and TIMP-1 concentra-
tions from their admission values and the left
ventricular end systolic volume index and ejec-
tion fraction.
The methods we used for determining

serum MMP-1 and TIMP-1 are well estab-
lished,'5-'7 and the intra-assay and interassay
coefficients of variation are sufficiently small.
Left ventriculography was performed in a single
projection (the right anterior oblique view).
Greene et al 18 reported a good correlation
between the left ventricular volumes measured
using single plane and biplane methods.
Moreover, we carefully selected only patients
with lesions located in the left anterior
descending coronary artery or the right coro-
nary artery territory. These considerations
suggest that the methods we used are valid.
The concentrations of MMP-1 on days 1 to

4 and of TIMP-1 on the admission day were
more than 1 SD below the mean for the con-
trol value. Both MMP-1 and TIMP-1 are
tightly controlled by a variety of mechanisms
and play important roles in extracellular
matrix degradation and remodelling. Although
our study did not provide any evidence relat-
ing to the mechanism by which the serum con-

centrations are affected in acute myocardial
infarction, the low values might be explained
by one or more of three mechanisms: (1)
reduced synthesis, (2) increased turnover of
serum MMP-1 and TIMP-1, and (3) changes
in equilibrium between serum and tissue con-

centrations, that is, reduced release from tis-
sue or mobilisation from serum to tissue.

REDUCED SYNTHESIS
Regarding synthesis of MMP-1, Cleutjens et
al24 showed increased MMP-1 activity in
infarct tissue by zymography, followed by
increments of MMP-1 mRNA, in experimen-
tal infarction in rats. Tumour necrosis factor a
(TNFa) and interleukin-1 (IL-1) are known
to be potent stimulators of MMP-1 at tran-
scriptional level.'5 It was also suggested that an
increase in circulating cytokines contributes to
raised MMP-3 concentrations in patients with
rheumatoid arthritis.26 Herskowitz et a"27
examined proinflammatory cytokines in the
infarct by northern blotting after reperfusion
following acute myocardial infarction in rats,
and showed that TNFa mRNA and IL-1p
mRNA in the infarct tissue both increased,
with two peaks-1 to 2 hours after reperfusion
and on day 7. Increased serum TNFa concen-

trations, measured by enzyme linked immuno-
absorbent assay, have also been found in the

early phase of human acute myocardial infarc-
tion.'8 This reported evidence about the influ-
ence of cytokines on MMP suggests that the
synthesis of MMP is enhanced rather than
depressed. Further, increased concentrations
of tissue plasminogen activator, which con-
verts plasminogen to plasmin, have been
found in the acute phase by the double anti-
body sandwich method,29 and plasmin is also
known to activate MMP.7 Coexpression of
MMP and TIMP has been shown in the
myocardium30 and human burn wounds,3'
indicating that extracellular matrix degrada-
tion and reformation are regulated through the
balance of concomitant expression of MMP
and TIMP. These lines of evidence indicate
that synthesis or activation of MMP-1 and
TIMP-1 is more likely to be enhanced than
reduced in the early phase of acute myocardial
infarction.

TURNOVER
With respect to serum turnover of MMP-1
and TIMP-1, activated collagenase can be dis-
rupted by a, macroglobulin32 33 or acute
inflammatory reactant, and it is possible that
these substances reduced the serum concen-
trations ofMMP- 1 and/or TIMP- 1. However,
in this study no significant correlation was
obtained between either serum C reactive pro-
tein or neutrophil counts and the serum con-
centrations of MMP-1 and TIMP-1 on the
day of admission or day 5. a, Macroglobulin
has been shown not to interfere with the mea-
surements of MMP-1 in the present assay
system.'5 Furthermore, the serum a, macro-
globulin concentrations do not differ in
patients with acute myocardial infarction and
controls.29 Although we found no reported
data on the serum half life of MMP-1 and
TIMP-1 in acute myocardial infarction and
were unable to provide data on this from our
study, we do not believe that acute inflamma-
tory reactants and a, macroglobulin could
account for the low initial serum concentra-
tions of MMP-1 and TIMP-1.

CHANGES IN EQUILIBRIUM BETWEEN SERUM
AND TISSUE
Mobilisation of MMP-1 and TIMP-1 from
the blood stream to the infarct tissue or their
decreased release into to the blood stream
from the tissues might explain the initial low
levels, though this explanation is entirely spec-
ulative. Tyagi et al30 showed that MMP are
present in the endothelium and subendothelial
space of the endocardium and throughout the
interstitial spaces of rat hearts. Cleutjens et al 24
examined MMP-1 and TIMP-1 by zymogra-
phy, northern blotting, and in situ hybridisa-
tion in experimental myocardial infarction in
rats and postulated activation of latent MMP-1
pooled in the interstitial spaces as the initial
process, and synthesis of collagenase mRNA
when pooled MMP is reduced. These findings
suggest that the release of MMP into serum
would be reduced. They also showed that
TIMP mRNA increased six hours after coro-
nary ligation and reached a maximum level on
day 2, remaining high by day 7. These experi-
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mental results and our observation of initially
low serum concentrations of both MMP- 1 and
TIMP-1 lead us to speculate that activation of
pooled latentMMP-1 is the initial process, but
that the production of MMP-1 and TIMP-1
does not exceed their local consumption.
Mobilisation from the blood stream to the
interstitial spaces or reduction in release from
myocardial tissue to the serum seem to be the
most likely explanations for their low initial
serum concentrations.
The concentrations of both MMP-1 and

TIMP-1 at the time when MMP-1 began to
increase into the control range were correlated
with the left ventricular end systolic volume
index and ejection fraction, and with the
regional wall motion of the infarct, but the
average peak day (day 14) concentrations or
the individual peak concentrations were not
correlated with any of the left ventricular
indices. This suggests that the serum values of
both MMP-1 and TIMP-1 reflect the healing
stages of the infarct rather than the precise
activity of infarct fibrogenesis. Thus, pro-
longed healing of the infarct might be reflected
in delayed return of these serum values, result-
ing in low values at the time when the MMP-1
was beginning to return to the control range,
whereas faster healing might be reflected in a
faster return, resulting in relatively high nor-
mal range values on that day. This could
explain the relation of their sequential changes
to left ventricular indices, although we empha-
sise that this is entirely speculative.

It is well known that healing speed is corre-
lated with infarct size. Although we found no
significant correlation of serum concentrations
of MMP-1 or TIMP-1 on day 5 with integral
CK release, and the serum MMP-1 concentra-
tions on day 5 showed a weak non-significant
relation to the integral CK release, the values
were correlated with percentage area less than
-2 SD/chord, which indicates infarct area.19
Integral CK release indicates loss of myocytes,
whereas it is theoretically reasonable to sup-
pose that MMP- 1 and TIMP- 1 act in
response to extracellular matrix damage
caused by the infarct. It can also be surmised
that the extracellular matrix structure differs
from patient to patient with respect to the
number of myocytes. This would at least
partly account for the lack of a direct correla-
tion between the integral CK release and
sequential changes ofMMP-1 and TIMP-1.

Extracellular matrix degradation and refor-
mation is regulated through the balance
between MMP and TIMP. We cannot com-
ment on this in detail because the immunoassay
we used detects not only proMMP- 1 and
active MMP-1 but also MMP-1 complexed to
TIMP-1, and conversely the TIMP-1 assay
system detects TIMP- 1 together with TIMP- 1
complexed with MMPs.

LIMITATIONS OF THE STUDY
This study has several apparent limitations.
First, because of careful selection, a relatively
small number of patients was included.
Second, the assay system used in this study for
MMP-1 could not distinguish active MMP-1

from proMMP-1 or from MMP-1 complexed
with TIMPs. Similarly, the assay system for
TIMP-1 could not distinguish free TIMP-1
from TIMP-1 conjugated with MMPs. The
present assay method detected almost all
MMP-1 and TIMP-1. Thus this study could
not provide further information on various
forms of MMP- 1 and TIMP- 1.

CONCLUSION
Our study demonstrated sequential changes in
the serum MMP-1 and TIMP-1 concentra-
tions after acute myocardial infarction, and
indicated that the measurement of these
enzymes may provide useful information on
left ventricular remodelling.
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