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Altered expression of matrix 
metalloproteinases and tissue inhibitors 
of metalloproteinases in acutely rejected 
myocardium and coronary arteriosclerosis 
in cardiac allografts of nonhuman 
primates 

Abstract Matrix metalloproteinas- 
es (MMPs) and tissue inhibitors of 
metalloproteinases (TIMPs) are im- 
portant in any process of tissue re- 
modeling. However, there is no re- 
port evaluating their expression in 
cardiac allografts in human or non- 
human primates. Heterotopic cardi- 
ac transplantation was performed on 
Japanese monkeys. Subjects were 
treated with chimeric anti-human 
lymphocyte function-associated an- 
tigen-1 monoclonal antibody for 
2 weeks. Heart grafts were harvest- 
ed at days 1-95 (n  = 7). Native mon- 
key hearts were used as controls 
( n  = 2). We examined expression of 
MMP-2, MMP-9, TIMP-1, and 
TIMP-2 using immunohistochemis- 
try and in situ reverse transcriptase 
polymerase chain reaction (RT- 
PCR). In the myocardium, the ex- 
pression of MMP-2 was increased in 
the spindle-shaped cells of acutely 
rejected myocardial interstitium and 
prior to the presence of mononucle- 
ar cell infiltration at days 141. 
TIMP-1 and 2 expression was en- 
hanced in association with the pro- 
gression of fibrosis at days 40-95. In 
the coronary arteries of chronically 
rejected allografts, enhanced MMP 
and decreased TIMP expression was 

observed in both thickened intima 
and media at days 40-95. The medi- 
al MMP mRNA expression was ob- 
served before the development of 
intimal thickening occurred at days 
7-28. MMPs are critical for the pro- 
gression of acute and chronic rejec- 
tion, and TIMP predominance plays 
important roles in fibrosis in associ- 
ation with acute rejection. Expres- 
sion of MMPs and TIMPs is a sensi- 
tive indicator of acute and chronic 
cardiac rejection. 
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lems of acute and chronic rejection still remain. Precise 
diagnosis of reiection is verv imDortant in the manaee- Introduction 

Cardiac transplantation as treatment for end-stage car- 
diac diseases has been established; however, the prob- 

meLt of transpiant recipients [4,&14,29]. The patholougi- 
cal examination of endomyocardial biopsied tissue is 
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Table 1 Pathological findings of cardiac allografts. Monkey num- 
ber, days of sacrifice, rejection scores, numbers of observed arter- 
ies, coronary stenosis scores, and scores of immunohistochemical 
Monkey Sacrifice Rejection Interstitial expression of Number Coronary Arterial expression of 
number (day) score MMP MMP TIMP TIMP of arteries stenosis 

expression of MMPs and TIMPs in interstitium and coronary arter- 
ies ( M M P  matrixmetalloproteinase, TZMP tissue inhibitor of ma- 
trixmetalloproteinase, N native heart) 

MMP2 MMP9 TIMP1 TIMP2 

N 0 0 0 0 0 0 5 0 0 0 1 1 
N 0 0 0 0 0 0 5 0 0 0 1 1 
1 1 0 0 0 0 0 ' 6  0 1 0 1 1 
2 7 1 2 1 0 0 6 0 1 1 0 0 
3 22 2 3 1 0 0 6 1 1 2 0 0 
4 28 2 3 1 0 0 6 1 1 2 0 0 
5 40 3 3 1 1 1 6 2 2 3 0 0 
6 41 3 3 1 1 1 6 2 2 3 0 0 
7 95 3 1 1 2 2 6 3 2 3 1 1 

valuable in clinical diagnosis of rejection phenomena. 
Acute rejection is characterized by pathology using by 
mononuclear cell infiltration, myocyte damage, and fi- 
brotic change. Chronic rejection is recognized as intimal 
thickening of coronary arteries [l, 151. Pathogenesis of 
these cardiac rejections remains unclear. As an experi- 
mental model of graft rejection, heterotopic transplan- 
tation of cardiac allografts has been developed in Japa- 
nese monkeys [17]. These models are useful for studies 
of the pathophysiology of rejection; the histological 
findings are similar to the acute and chronic rejection 
seen in clinical heart transplantation. 

Matrix metalloproteinases (MMPs) are an important 
group of zinc enzymes responsible for degradation of 
extracellular matrix components such as collagen and 
proteoglycans in normal embryogenesis and remodeling 
and in many disease processes such as arthritis [7], can- 
cer [5] ,  periodontitis [27], and hematological disorders 
[13]. MMPs prepare connective tissue matrices for 
T-cell chemotaxis across basement membranes and 
through tissues and are capable of degrading connective 
tissues, resulting in the release of stored growth factors. 
The activities of MMPs in vivo are thought to be strictly 
regulated by tissue inhibitors of metalloproteinases 
(TIMPs) [32]. Therefore, MMPs and TIMPs may play 
important roles in tissue remodeling of rejected cardiac 
allografts; however, no information has been provided 
to date. In this study, MMP and TIMP expression in an- 
imal models of cardiac transplantation was examined to 
determine the utility in the evaluation of clinical rejec- 
tion and to elucidate the pathophysiology of acute and 
chronic cardiac rejection. 

Materials and methods 
Heterotopic cardiac allografts and immunosuppression 

Adult male Japanese monkeys of the species Mucacu fuscutu 
(5.5-13.5 kg) were used in this study. They were housed under con- 
ventional conditions and fed a standard diet and water. They were 

obtained from Yoshikawa Co. (Kobe, Japan). Randomly paired 
Japanese monkeys were anesthetized by intramuscular injection 
of 25 mg/kg ketamine hydrochloride; then during surgery, the 
monkeys were maintained under controlled ventilation with 
0.1 mg/kg pancronium bromide. Infrarenal allografting was per- 
formed using the standard technique [25]. Briefly, this technique 
involves anastomosing the end of the donor aorta to the side of 
the recipient abdominal aorta, after which the donor pulmonary 
artery is connected to the inferior vena cava of the recipient ani- 
mal to return the myocardial blood flow. They were treated with 
daily intravenous administration of 3 mg/kg per day chimeric 
anti-human lymphocyte function-associated antigen-1 (LFA-1) 
monoclonal antibody (mAb) (kindly provided by Centocor, Mal- 
vern, Pa.) for 2 weeks after transplantation [30]. Heart grafts 
were harvested for examination at days 1,7,22,28,40,41, and 95 
(n  = 7). Native monkey hearts were used as controls (n = 2). Ex- 
aminations were carried out for according to guidelines for the 
handling of animals from the Research Committees of Shinshu 
University (Matsumoto, Japan) and University of Tokyo (Tokyo, 
Japan). 

Sample preparation and histological examination 

The cardiac allografts were snap-frozen in Tissue-Tek 0. C.T. com- 
pound (Miles Inc., Elkhart, Ind.), cut, and prepared as described 
earlier [16, 241. The sections were rehydrated in phosphate-buf- 
fered saline (PBS) and stained by the standard methods of hema- 
toxylin and eosin (HE) and Elastica van Gieson (EvG) staining. 

Immunohistochemistry 

Mouse mAbs against human MMP-2 (42-5D22), MMP-9 (56- 
2A4), TIMP-1 (147-6D11), and TIMP-2 (674H11) (Fuji Pharma- 
ceutical Co., Toyama, Japan) were used for immunohistochemical 
studies. Immunohistochemistry was performed using frozen sec- 
tions as described before [24]. To reduce nonspecific reactions, sec- 
tions were preincubated with 0.3 % hydrogen peroxide and normal 
rabbit serum. The antibodies were applied and incubated for 
20 min at room temperature. Sections were then incubated with 
biotinylated anti-mouse IgG (BA2000, Vector Lab. Inc., Calif.) 
for 20 min, then with horseradish peroxidase-labeled streptavidin 
solution for an additional 20 min. Peroxidase activity was detected 
by 3,Ydiaminobenzidine tetrahydrochloride (0.2 mg/ml, Sigma 
Chemical, St. Louis, Mo.) with hydrogen peroxide (0.014 %). 
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Fig. 1 Immunohistochemical findings of myocardium stained with 
anti-MMP-2 (1-3) and anti-TIMP-2 (4-6) antibodies. Panels at 
the left (I, 4 )  show a native monkey heart, panels at the center (2, 
5 )  show an allograft harvested at day 28, and panels at the right 
(3 ,6)  show an allograft harvested at day 95. MMP-2 was expressed 
in the mononuclear and spindle-shaped cells in the myocardial in- 
terstitium of the transplanted heart at day 28, while TIMP-2 ex- 
pression was limited in the allograft. However, MMP-2 was down- 
regulated in the fibrotic lesions in the myocardial interstitium of 
the transplanted heart at day 95, while TIMP-2 expression was en- 
hanced in the fibrotic lesions of the allograft. No MMP-2 or 
TIMP-2 expression was observed in the native heart 

In situ reverse transcriptase polymerase chain reaction (RT-PCR) 

Sections were dipped in cold acetone for 30 min and in 4 %  buf- 
fered paraformaldehyde for 20 min. Primers for MMP-2, MMP-9, 
TIMP-I, and TIMP-2 were synthesized by Greiner Japan (Tokyo, 
Japan) as described [23]. These primers were available for monkey 
cDNA. RT solution contained PCR buffer (10 mM Tris-HC1 (pH 
8.3), 50 mM KCI, 1.5 mM MgCI,), dNTP mix (25 mM each), DTT 
(1 mM), 3' primer (0.05 pM), M-MLV reverse transcriptase (75 U/ 
100 pl), RNase inhibitor (40 U/100 pl) (Perkin Elmer, N. J.) and 
dH,O. Then slides were incubated at 42 "C for 1 h. The PCR solu- 
tion contained PCR buffer (0.01 M Tris-HC1 (pH 8.3), 50 mM 
KC1, 1.5 mM MgCl,), D'M (1 mM), sense and antisense primers 
(3 pM each), 5 U of Taq DNA polymerase (Perkin Elmer), and 
5 p1 of 1OX DIG DNA labeling mix (Boehringer Mannheim, India- 
napolis, Ind.). The PCR solution was applied to the tissue sections 
using the following parameters: 94 "C 1 min, 55 "C 2 min, 72 "C 

1 min, 30 cycles. The digoxigenin-labeled cDNA segments were 
detected by enzyme-linked immunoassay using anti-digoxigenin- 
AP, Fab fragments (Boehringer Mannheim). An enzyme-catalyzed 
color reaction with 5-bromo-4-chloro-3-indolyl phosphate (x-phos- 
phate) and nitroblue tetrazolium salt (Boehringer Mannheim) pro- 
duced an insoluble blue. Positive (no DNase digestion) and nega- 
tive control (no RT reaction) were also examined using serial sec- 
tions [22,26]. 

Interstitial histology and quantitation of the expression 

Slides were examined by light microscopy by two observers in 
blind review, and mean scores derived from independent reviewers 
were employed. Rejections were diagnosed and graded according 
to the Working Formulation of the International Society for Heart 
and Lung Transplantation [2]. The number of MMP- and TIMP- 
expressing cells in a tissue section were counted under x 400 mag- 
nification. The entire tissue section was examined to exclude any 
bias relating to a nonrandom distribution of positive cells. The 
analysis was done semiquantitatively by counting positive cells 
per high power field and scoring the histological parameters from 
0 to 3 (0, normal; 1, mild; 2, moderate; 3, severe changes) [3]. 

Histology of arteriopathies and quantitation of the expression 

Blood vessels that had a well-defined smooth muscle cell (SMC) 
layer and internal elastic lamina in the vascular wall were identi- 
fied as traceable arteries. Every complete cross section of the 
traceable arteries was calculated. The changes of intimal thickness 



109 

Fig.2 Immunohistochemical and in situ RT-PCR findings of 
MMP-2 expression in the allografts at days 1 (left panels) and 7 
(rightpanels). The upper panels (I, 2) show immunohistochemical 
findings and the lower panels ( 3 , 4 )  show in situ RT-PCR findings. 
MMP-2 mRNA was expressed in the spindle-shaped cells in the 
myocardial interstitium prior to protein production in the allografts 

were scored as mild (score 1, < 25 % occlusion of the lumen) when 
the intima was readily discernible, or as moderate (score 2,25 % to 
50% occlusion) to severe (score 3, > 50% occlusion). A grade of 0 
indicates no occlusion. The expression of MMPs and TIMPs in the 
arteries was scored on the basis of endothelial cells of epicardial ar- 
teries and intramyocardial arterioles. The analysis was done semi- 
quantitatively by scoring the intensity of the staining from 0 to 3 
as follows: 0, no visible staining; 1, few cells with faint staining; 2, 
moderate staining; and 3, intense diffuse staining of the cells ana- 
lyzed [f8]. The sections were reviewed by two independent review- 
ers masked to the status of the slides. 

Results 

Pathological findings of myocardium 

Macroscopic and microscopic data of the heart grafts 
are demonstrated in Table 1. Cell infiltration and fibrot- 

ic changes were not observed in the myocardium of na- 
tive monkey hearts or the allograft harvested at day 1. 
Mild rejection with limited perivascular cell infiltration 
was seen on day 7, while allografts harvested on days 
22 and 28 showed moderate cell infiltration. Severe cell 
infiltration and myocyte necrosis were present on days 
40 and 41, while massive fibrosis was demonstrated at 
day 95. Immunohistochemistry and in situ RT-PCR re- 
vealed that MMP-2, 9 and TIMP-1, 2 expression was 
not observed in the myocardium of native hearts 
(Fig. 1). Immunohistochemically, MMP-2 and MMP-9 
were expressed in the interstitium of allografts on days 
7-95. MMP-2 was strongly and diffusely expressed in 
not only infiltrating mononuclear cells but also spindle- 
shaped cells in the myocardial interstitium with or with- 
out interstitial cell infiltration at days 7-22. The expres- 
sion of MMP-2 was enhanced in correlation with the 
progression of cellular infiltration at days 22-41, but it 
was downregulated concurrent with the appearance of 
fibrotic lesions in the rejected allografts at day 95. 
MMP-9 expression was also enhanced in the mononu- 
clear infiltrating cells, but the distribution was limited. 
Conversely, TIMP-1 and 2 expression was suppressed 
in myocardial cell infiltrates (Fig.1). In situ RT-PCR 
study revealed that the mRNA expression of MMP-2 
was enhanced in the spindle-shaped cells in the myocar- 
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Fig. 3 Immunohistochemical findings of graft coronary arteries 
stained with anti-MMP-9 (1-3) and anti-TIMP-1 (4-6) antibodies. 
Panels at the left (I, 4 )  show a native monkey heart, panels at the 
center (2, 5) show an allograft harvested at day 28 and panels at 
the right (3, 6) show an allograft harvested at day 95. No MMP-9 
was expressed, but faint TIMP-1 expression was observed in the 
native heart. MMP-9-positive cells were observed not only in 
perivascular lesions but also in the thickened intima and media in 
the transplanted heart at day 95, while no TIMP-1 expression was 
observed in the arteries. Both MMP-9 and TIMP-1 expression 
were downregulated in the coronary arteries in the transplanted 
heart at day 28 

dial interstitium with or without interstitial cell infiltra- 
tion at days 1-22. Observing of serial sections, MMP- 
2 mRNA expression was observed prior to MMP-2 pro- 
tein expression. The MMP-9 mRNA expression was 
also enhanced in the mononuclear infiltrating cells, but 
the distribution was limited. Expression of TIMP-1 and 
TIMP-2 mRNA was suppressed similar to the results of 
immunohistochemistry in the cardiac allografts during 
observation period. 

Pathological findings of coronary arteries 

No intimal thickening was observed in the coronary ar- 
teries of native hearts. Allografts harvested on days 
22-95 showed various degrees of coronary arterial inti- 
ma1 thickening with perivascular cell infiltration, while 
no intimal thickening was noticed in the coronary arter- 
ies at days 1 and 7 (Table 1). In native hearts, MMP-2, 
TIMP-1, and 2 were faintly expressed immunohisto- 
chemically in the media of coronary arteries, while 
MMP-9 was not expressed. The expression of MMP-9 
was strongly and diffusely enhanced in the mononuclear 
and spindle-shaped cells in the thickened intima, while 
MMP-2 expression was observed in the mononuclear 
cells, and the distribution was limited to the vicinity of 
the endothelial cells of thickened intima at days 22-95 
(Fig.2). On days 1 and 7, suppressed MMP and TIMP 
expression was observed in the media of coronary arter- 
ies not yet intimally thickened. In situ RT-PCR revealed 
that arterial media showed strong MMP-2 and 9 mRNA 
expression, even in areas lacking intimal thickening at 
days 1 and 7 (Fig.3). In contrast, faint TIMP-1 and 
2 mRNA expression was observed in the coronary arter- 
ies on days 1-95. 
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Fig.4 Immunohistochemical and in situ RT-PCR findings of 
MMP-9 expression in the allografts at day 7 (left panels) and 40 
(right panels). The upper panels ( I ,  2 )  show immunohistochemical 
findings and the lower panels ( 3 , 4 )  show in situ RT-PCR findings. 
MMP-9 protein and mRNA-positive cells were expressed beyond 
the thickened intima and media in the transplanted monkey heart 
at day 40. However, at day 7, strongly enhanced MMP-9 mRNA 
expression was observed in the media of the allograft, even in the 
areas lacking intimal thickening in the allograft at day 7, although 
MMP-9 protein production was not observed in the arteries 

Discussion 

Degradation of the extracellular matrix surrounding 
cells is a critical event in the process of tissue remodel- 
ing. Matrix degradation is believed to be caused by the 
action of proteolytic enzymes, including several types 
of MMPs and their inhibitors TIMPs [21]. To date, 
many types of MMP and TIMP have been identified, 
differing in molecular weight, function, localization, 
and substrate specificity [20]. T-cells secrete predomi- 
nantly the gelatinases MMP-2 and 9 after stimulation 
by cytokines and inflammatory mediators [12]. Mesen- 
chymal cells, i.e., fibroblasts [33] and SMCs [lo] also ex- 
press MMPs. Altered expression of MMPs and TIMPs 
has been shown to indicate the clinical prognosis of pa- 

tients with cancers [28]. The equal amount of MMP-2- 
or MMP-9-expressing cells and that of TIMP-1 or 
TIMP-2 are suggestive of a good prognosis, while in- 
creased ratio of the MMP to TIMP is indicative of a 
poor prognosis [20]. These data indicate that the bal- 
ance of MMPs to TIMPs is an essential factor in deter- 
mining the aggressiveness of cancers [23]. Limited stud- 
ies have been performed on the role of MMPs and TIM- 
Ps in cardiovascular disease [6]. Specific MMPs are sig- 
nificantly enhanced in atherosclerotic lesions [9, 111 
and balloon-injured arteries in rats [a], suggesting possi- 
ble therapeutic benefits of MMP inhibitors [31]. Howev- 
er, no publications have reported testing the hypothesis 
that expression of MMPs and TIMPs is critical in tissue 
remodeling of rejected allografts. 

In the present study, we demonstrated that MMP-2 is 
enhanced in the spindle-shaped cells, which are consid- 
ered to be activated fibroblasts or myofibroblasts, in 
the interstitiurn of acutely rejected allografts [30]. It ap- 
pears prior to cell infiltration and plays vital roles in 
the process of tissue remodeling [a, 19,311. Because the 
phenotypic modulation of the mesenchyme cells is ob- 
served in early phases of rejected lesions with or without 
cell infiltration [30], detection of these MMP-2 express- 
ing cells is more useful than detection of mononuclear 
infiltration in the myocardium for early diagnosis of 
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acute rejection. Furthermore, since MMP mRNA ex- 
presses earlier than protein production, detection of 
these mRNA using in situ RT-PCR is a more sensitive 
indicator than detection of protein production using im- 
munohistochemistry. 

In vitro study indicates that vascular SMCs constitu- 
tively secrete MMP-2 and TIMP-1 and 2; SMCs stimu- 
lated with several cytokines synthesize de novo MMP-9 
[lo]. Stimulation of these immunological factors occurs 
in chronically rejected graft arteries prior to phenotypic 
modulation of SMCs in vivo. These phenotypically 
modulated SMCs indicate the altered expression of 
MMPs and TIMPs before intimal thickening occurs. In 
the present study, we demonstrate that enhanced MMP 
and reduced TIMP expression in the media and in the 
thickened intima of coronary arteries is shown in chron- 
ically rejected cardiac allografts. MMP-9 expressing 
SMCs and mononuclear cells are diffusely observed in 
the thickened intima, but not expressed in native arteri- 
al media. Therefore, this approach is useful not only for 
pathophysiological analysis, but also to show the thera- 
peutic possibilities of chronic rejection. 

We have previously reported that altered expression 
of myosin heavy-chain isoforms occurs in rejected cardi- 

ac allografts in experimental models of rats and mon- 
keys [30]. Because both fibroblasts and SMCs are de- 
rived from immature mesenchyme cells, we have shown 
that the mesenchymal cells that exist in the interstitial 
myocardium and diffuse coronary arterial intimal thick- 
ening following acute or chronic rejection are a dediffer- 
entiated phenotype in contrast to the differentiated phe- 
notypes of normal heart grafts. Cells of equivalent phe- 
notype can exist in culture of fibroblasts and SMCs that 
altered MMP and TIMP expression [9, 331. Therefore, 
the altered MMP and TIMP expression can indicate 
phenotypic modulation of mesenchyme cells before 
morphological changes occur in rejected cardiac allo- 
grafts. Thus, further studies of factors controlling MMP 
and TIMP expression are needed to extend our under- 
standing of the mechanisms underlying the pathogene- 
sis of cardiac rejection. 
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