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Background: Despite increasing evidence that membrane type 1 matrix metalloproteinase (MT1-MMP),
matrix metalloproteinase-2 (MMP-2), and cyclooxygenase-2 (COX-2) are involved in the pathogenesis of athero-
sclerosis, the possible links among these enzymes remain unclear. Accordingly, we investigated the distribution of
MT1-MMP, MMP-2, and COX-2 immunohistologically in the atherosclerotic lesions of hypercholesterolemic
(WHHLMI) rabbits. Methods and Results: Distribution of MT1-MMP, MMP-2, and COX-2 was examined by
immunohistochemical staining using sixty cross sections of the ascending-arch and thoracic aortas prepared
from 4 WHHLMI rabbits. MT1-MMP and MMP-2 staining was prominently observed in the macrophage-rich
regions of the atheromatous lesions, and was positively correlated with morphological vulnerability (r=0.63 for
MT1-MMP; r=0.60 for MMP-2; p<<0.0001). MT1-MMP staining was positively correlated with MMP-2 staining
(r=0.61, p<0.0001). COX-2 staining was also the highest in the macrophage-rich regions of the atheromatous le-
sions, with relatively high staining levels in other more stable lesions. Conclusions: Co-distribution of MT1-
MMP, MMP-2, and COX-2 was demonstrated in grade IV atheroma, indicating a possible link among these en-
zymes in the destabilization of atherosclerotic plaques. The relatively high COX-2 distribution in other more sta-
ble lesions may indicate its additional roles in the stabilization of atherosclerotic lesions. The present findings in
hypercholesterolemic rabbits should help advance our understanding of the pathophysiology of atherosclerosis
and provide useful information for the development of new therapeutic and diagnostic (imaging) agents that tar-

get MMPs and COX-2 in atherosclerosis.
Key words

Our current understanding of the pathophysiology of ath-
erosclerosis suggests the involvement of complex mecha-
nisms that go beyond mere lipid storage disorders.? It is of
great importance to investigate causative factors in the desta-
bilization of atherosclerotic plaques, which should help de-
velop new therapeutic and diagnostic (imaging) agents of
atherosclerosis, leading to the establishment of novel thera-
peutic strategies for preventing acute coronary syndromes
and stroke.

To date, several factors, including enhanced inflammatory
responses and expression of matrix metalloproteinases
(MMPs), have been suggested to play important roles in the
destabilization of atherosclerotic plaques.' Plaques prone
to rupture are morphologically characterized by a thin fibrous
cap overlying a large lipid core. MMPs have been shown to
degrade extracellular matrix (ECM) that constitutes the fi-
brous cap of the plaques, resulting in the destabilization of
atherosclerotic plaques.’ > Increased expression of MMP-2
and MMP-9 has been demonstrated within human athero-
sclerotic lesions and critically implicated in plaque rup-
ture.>~” MMP-2 and MMP-9 are known to cleave native
type IV, V, VII, and X collagens and elastin, as well as the
products of collagens types I, II, and III after proteolysis by
collagenases, such as MMP-1 and MMP-13, and are consid-
ered to be involved in plaque instability.”’ The MMPs can be
divided into two groups: soluble MMPs and membrane-
bound MMPs. Most soluble MMPs, including MMP-2 and
MMP-9, are released from cells as zymogens and require ex-
tracellular posttranslational cleavage to gain biological activ-
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ity.*® A membrane-bound MMP, membrane type-1 MMP
(MT1-MMP or MMP-14), has been demonstrated to mediate
the activation of pro-MMP-2 to active MMP-2 on the cell
surface.®” The expression of MT1-MMP has also been
found within human atherosclerotic plaques.'®'" Thus, MT1-
MMP, an activator of pro-MMP-2 to active MMP-2, has been
speculated to be an important determinant of the destabiliza-
tion of atherosclerotic plaques.

Production of MMP-2 and MMP-9 by monocytes/
macrophages occurs through a prostaglandin (PG) E,/
cAMP-dependent pathway."'>!®) Recently, Shankavaram et
al. demonstrated that induction of monocyte MT1-MMP is
also regulated through the PG E,/cAMP pathway.'¥ These
findings indicate the involvement of cyclooxygenases (COXs),
rate-limiting enzymes in the conversion of arachidonic acid
into PGs and thromboxanes, in the regulation of MMP
biosynthesis."!'¥ To date, at least 2 distinct isoforms of
the COXs—a constitutive form (COX-1) and an inducible
isoform (COX-2)—and several of their variants have been
discovered.'” COX-1 is constitutively expressed in most
tissues and is responsible for maintaining homeostasis,
whereas COX-2 is induced in response to inflammatory stim-
uli.'” Overexpression of COX-2 has been shown within
human atherosclerotic plaques, localized predominantly in
macrophages/foam cells, and to a lesser extent in medial
smooth muscle cells and endothelial cells.'"®'” Extensive
studies by Cipollone et al. have provided evidence that
COX-2 expression is associated with acute ischemic syn-
dromes, possibly through MMP-2/MMP-9 induced plaque
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rupture.>'>?Y Hong et al. reported the coexpression of COX-
2 and MT1-MMP in the atherosclerotic intima, plaque itself,
and vascular smooth muscle cells in patients with atheroscle-
rotic aortic aneurysm and dissection.?"

Taken together, the signaling cascade, namely, activation
of pro-MMP-2 to active MMP-2 by MT1-MMP through the
PG E,/cAMP pathway, may play pivotal roles in the destabi-
lization of atherosclerotic plaques. However, the roles of the
possible links among MT1-MMP, MMP-2, and COX-2 in the
pathophysiology of atherosclerosis have not been fully inves-
tigated. To the best of our knowledge, there has been no re-
port that directly compared the distribution profiles of MT1-
MMP, MMP-2, and COX-2 in atherosclerotic lesions in vivo.

Watanabe heritable hyperlipidemic (WHHL) rabbits and a
current strain of the rabbits, myocardial infarction-prone
Watanabe heritable hyperlipidemic (WHHLMI) rabbits, have
been widely used as animal models of spontaneous athero-
sclerosis because the pathological characteristics have been
reported to be relevant to human atherosclerosis.”***) The
use of WHHLMI rabbits could be effective for investigating
causative factors in the destabilization of atherosclerotic
plaques, and should provide a useful means for investigating
new therapeutic and diagnostic (imaging) agents of athero-
sclerosis. Thus, in the present study, we investigated the dis-
tribution of MT1-MMP, MMP-2, and COX-2 immunohisto-
logically in the atherosclerotic lesions of WHHLMI rabbits,
in comparison with atherosclerotic plaque instability analy-
sis.

MATERIALS AND METHODS

Animals Four female WHHLMI rabbits (12.6%0.8
months old: 3.7%+0.3 kg body weight) bred at Kobe Univer-
sity were used in the present study. Four Japanese White rab-
bits (3.1£0.1 months old: 2.7+0.1kg body weight) pur-
chased from Biotec. Inc. (Saga, Japan) were also used as
controls. The rabbits were fed standard rabbit chow (type
CR-3; Clea Japan Inc., Tokyo, Japan: 120g/d) and were
given water ad libitum. All experimental procedures were ap-
proved by the Kyoto University Animal Care Committee.

Preparation of Histological Sections The rabbits were
sacrificed with an overdose of sodium pentobarbital. The as-
cending-arch and thoracic aorta were cut into 6 and 9 seg-
ments, respectively. Each segment was immediately fixed in a
solution containing L-(+)-lysine hydrochloride (75 mmol/l)
and 4% paraformaldehyde in phosphate buffer (37.5 mmol/l;
pH 7.4), and embedded in paraffin. Consecutive 5-um-thick
slices were prepared at the center of each segment.

Histological Analysis Serial sections were subjected
to immunohistochemical staining for MT1-MMP, MMP-2,
COX-2 and cell type marker antigens, as well as Azan-Mal-
lory and hematoxylin—eosin (HE) staining. Immunohisto-
chemical staining was performed according to standard im-
munostaining procedures with slight modifications.!* 2
MT1-MMP and MMP-2 were immunostained with a purified
mouse monoclonal antibody to an oligopeptide (residue 319
to 333, numbered from signal peptide) on human MT1-MMP
(1:50 dilution; 113-5B7, mouse IgG, Daiichi Fine Chemical
Co., Ltd., Toyama, Japan) and with that to an oligopeptide
(residue 468 to 483, numbered from propeptide) on human
MMP-2 (1:20 dilution; 42-5D11, mouse IgG, Daiichi Fine
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Chemical Co., Ltd.), respectively. These antibodies specifi-
cally recognize both pro- and active forms of the enzymes.
Immunostainings for a rabbit macrophage-specific antigen
(1:50 dilution; RAM-11, mouse IgG) and smooth muscle
actin (1:50 dilution; 1A4, mouse IgG) were also performed
using monoclonal antibodies obtained from Dako Corp.,
Santa Barbara, CA, U.S.A. The bound antibodies were visu-
alized by using a DAKO Envision+ kit (Dako) and 3,3'-di-
aminobenzidine tetrahydrochloride (DAB) (Dako). Counter-
staining with hematoxylin was performed. Immunostaining
with subclass-matched irrelevant IgG served as negative con-
trols.

For COX-2 immunostaining, deparaffinized sections were
heated with a microwave oven for antigen retrieval. There-
after, the specimens were incubated with a goat polyclonal
antibody (1:200 dilution; sc-1745, Santa Cruz Biotechnol-
ogy, Inc., CA, U.S.A.) that raised against a peptide sequence
at the C-terminus of human COX-2. The bound antibody was
visualized using a Dako LSAB+ kit (Dako) with hema-
toxylin counterstaining.

Classification of Atherosclerotic Lesions The athero-
sclerotic lesions in WHHLMI rabbits were divided into 4 cat-
egories using a classification scheme based on the recom-
mendations of the American Heart Association (AHA)?"*)
by Azan-Mallory and HE staining, as previously described
(13): (1) neointimal lesion (Type I—III), (2) atheromatous le-
sion (Type 1V), (3) fibroatheromatous lesion (Type Va, Vb),
(4) collagen-rich lesion (Type Vc), as shown in Fig. 2.
Neointimal lesions were defined as having adaptive thicken-
ing of the intima consisting mainly of smooth muscle cells
(SMCs) and few macrophages. Atheromatous lesions con-
tained thin fibrous connective tissue and a dense accumula-
tion of extracellular lipid and foam cells, and were consid-
ered to be vulnerable-like lesions in human atherosclerotic
plaques. Fibroatheromatous lesions were composed of sev-
eral lipid cores and separated by thick layers of fibromuscu-
lar connective tissue, which was relatively stable to rup-
ture.”” Collagen-rich lesions consisted of a predominantly
collagenous component and contained smooth muscle cells.
The distinction between the fibroatheromatous and collagen-
rich lesions was made mainly based on the inclusion and ex-
clusion of lipid cores. Extracellular vacuoles and lacunae on
the Azan-Mallory and HE stained specimens were consid-
ered to be lipid cores.

In the ascending-arch and thoracic aortas of WHHLMI
rabbits, a total of 191 histopathological features which corre-
spond to the classification criteria were observed (neointimal,
n=14; atheromatous, n=44; fibroatheromatous, n=56, and
collagen-rich, n=77). There were no lesions showing plaque
rupture or thrombi (type VI) in the present study. Thus, the
191 regions were divided into the 4 lesion-categories and
semi-quantitatively evaluated in subsequent analyses.

Semi-quantitative Analyses Areas (um?) occupied by
each lesion component were evaluated with a VHX Digital
Microscope (Keyence Corp., Osaka, Japan). The vulnerabil-
ity index, an index of the morphological destabilized charac-
teristics of atherosclerotic lesions in WHHLMI rabbits, was
calculated for each atherosclerotic region as previously de-
scribed.?**? The vulnerability index was defined as the ratio
of the lipid component area (macrophages-+extracellular
lipid deposits)/fibromuscular component area (smooth mus-
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cle cells+collagen fibers). Collagen-rich fibers and extracel-
lular lipid deposits (extracellular vacuoles and lacunae) were
assessed with Azan-Mallory staining. The macrophage and
smooth muscle cell areas were determined with immunohis-
tochemical staining (RAM11 and 1A4). MT1-MMP, MMP-2,
and COX-2 staining were assessed as percentages of posi-
tively stained areas (% positive).

Statistical Analyses Data are presented as the mean=
S.D. Comparisons among lesion types were performed using
the Kruskal-Wallis test with post hoc analysis by the Scheffe
test. Correlation coefficients were assessed with Spearman
rank correlation coefficients. Comparisons of correlation co-
efficients were performed using Fisher’s Z-transformation.
Statistical significance was defined as p<<0.05.

RESULTS

MT1-MMP, MMP-2 and COX-2 Distribution in Ather-
osclerotic Lesions Figure 1 shows representative photomi-
crographs of aortic tissues of the control rabbits. No obvious
atherosclerotic changes were observed in the control rabbits.

In the WHHLMI rabbits, various atherosclerotic changes
were observed with different staining levels of MT1-MMP,
MMP-2, and COX-2. Figure 2 shows typical images of the 4
categories of lesion types with Azan-Mallory, HE and im-
munohistochemical staining. MT1-MMP staining was promi-
nent in the atheromatous lesions, which were also the regions
where macrophages were accumulated (Figs. 2J, R). Weak
staining of MT1-MMP was observed in the lipid core regions
of fibroatheromatous lesions and superficial regions of colla-
gen-rich lesions, with no obvious staining in the neointimal
lesions or medial regions (Figs. 2Q—T). The staining profile
of MMP-2 was similar to that of MT1-MMP, except for rela-
tively high staining of MMP-2 in the medial regions (Figs.
2U—X). COX-2 staining was widely observed in the athero-
sclerotic lesions of the WHHLMI rabbits. Strong COX-2
staining was detected in the macrophage-rich regions of the
atheromatous and fibroatheromatous lesions. Weak to moder-
ate COX-2 staining was detected also in the superficial
regions of the neointimal and collagen-rich lesions (Figs.
2Y—Db).

Highly magnified photomicrographs of immunostaining
for the lipid core and medial regions of atheromatous lesions
are shown in Fig. 3. MT1-MMP, MMP-2, and COX-2 stain-
ing was prominently observed in the lipid core regions colo-
calizing with macrophage staining (Figs. 3A—D). Relatively
strong staining of MMP-2 was observed in the medial re-
gions where smooth muscle actin was positively stained
(Figs. 3F, H).

Semi-quantitative Analyses of MT1-MMP, MMP-2 and
COX-2 Distribution in Relation to Plaque Vulnerability
Figure 4A shows the vulnerability index calculated for each
lesion category classified as described in Materials and
Methods. This index was the highest in the atheromatous le-
sions (p<<0.0001 vs. other lesions), followed in decreasing
order by the fibroatheromatous lesions (p<<0.005 vs. neointi-
mal lesions; p<<0.0001 vs. collagen-rich lesions), collagen-
rich lesions, and neointimal lesions. MT1-MMP staining (%
positive) was the highest in the atheromatous lesions, where
it was 10.9-, 3.5-, and 6.3-fold higher than that in the neointi-
mal, fibroatheromatous, and collagen-rich lesions, respec-
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tively (p<<0.0001 vs. other lesions, Fig. 4B). MMP-2 staining
(% positive) was also the highest in the atheromatous lesions
among the four lesion types: 4.8-, 2.5-, and 4.2-fold higher
than that in the neointimal, fibroatheromatous, and collagen-
rich lesions, respectively (p<<0.0001 vs. other lesions, Fig.
4C). The highest staining of COX-2 (% positive) was also
found in the atheromatous lesions, while comparable staining
levels were observed in the neointimal and fibroatheromatous
lesions (Fig. 4D). The % positive area of COX-2 in the
atheromatous lesions was 1.2-, 1.3-, and 1.7-fold that in the
neointimal, fibroatheromatous, and collagen-rich lesions, re-
spectively (N.S., vs. neointimal and fibroatheromatous le-
sions; p<<0.0001 vs. collagen-rich lesions).

Analyses of Correlations Among MT1-MMP, MMP-2
and COX-2 Staining and Histological Vulnerability
Analysis of the correlation of the vulnerability index with
MT1-MMP, MMP-2 and COX-2 staining (% positive) is
shown in Figs. SA—C. MT1-MMP staining was positively
correlated with the vulnerability index (r=0.63, p<<0.0001,
Fig. 5A). Similarly, MMP-2 and COX-2 staining was posi-
tively correlated with the vulnerability index (r=0.60, p<
0.0001 for MMP-2; r=0.36, p<<0.0001 for COX-2, Figs.
5B, C). The correlation of the vulnerability index with MT1-
MMP and MMP-2 staining was significantly stronger than
that with COX-2 staining (p<<0.05, for each).

Figures SD—F show the regression analyses among MT1-
MMP, MMP-2 and COX-2 staining (% positive). The regres-
sion analyses demonstrated positive correlations between
MTI1-MMP and MMP-2 staining (r=0.61, p<<0.0001, Fig.
5D), between MTI1-MMP and COX-2 staining (r=0.33,
p<0.0001, Fig. 5E), and between MMP-2 and COX-2 stain-
ing (r=0.46, p<0.0001, Fig. 5F). The correlation between
MT1-MMP and MMP-2 staining was significantly stronger
than those between MT1-MMP and COX-2 and between
MMP-2 and COX-2 (p<<0.05, for each).

DISCUSSION

In the present study, we first demonstrated the co-distribu-
tion of MTI-MMP, MMP-2, and COX-2 in atherosclerotic
lesions. The preferential distribution of these enzymes in the
atheromatous lesions (grade IV atheroma) provides in vivo
evidence for the possible interaction among these enzymes in
the destabilization of atherosclerotic plaques. Relatively high
COX-2 distribution was also found in other more stable le-
sions, indicating additional roles of COX-2 in the stabiliza-
tion of atherosclerotic lesions.

Colocalization of MT1-MMP, MMP-2, and COX-2 in
Grade IV Atheroma Recent evidence about the patho-
physiology of atherosclerosis suggests that a signaling cas-
cade, namely, activation of pro-MMP-2 to active MMP-2 by
MT1-MMP through the PG E,/cAMP pathway, may play piv-
otal roles in the destabilization of atherosclerotic plaques.
However, there has been no direct evidence regarding the in-
teractions of MT1-MMP, MMP-2, and COX-2 in atheroscle-
rotic lesions. In the present study, we immunohistologically
demonstrated the colocalization of MT1-MMP, MMP-2,
and COX-2 in the atheromatous lesions (grade IV atheroma)
with the highest vulnerability index (Figs. 2 to 4). In addi-
tion, these enzymes were prominently localized in the
macrophage-rich lipid core region of the grade IV atheroma
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Photomicrographs of Aortic Tissues of the Control Rabbit

Azan-Mallory staining (A) and immunohistochemical staining for MT1-MMP (B),
MMP-2 (C), and COX-2 (D) are shown. Bar=500 um.

MT1-MMP

Lipid core

Media

Fig. 2. Typical Photomicrographs of Histo-
logical Features of Atherosclerotic Lesions in
WHHLMI Rabbits

Atherosclerotic lesions were microscopically di-
vided into 4 categories as described in Materials and
Methods: neointimal (left column), atheromatous
(middle-left column), fibroatheromatous (middle-
right column) and collagen-rich (right column) le-
sions. Azan-Mallory staining (A to D), HE staining
(E to H), and immunostaining for macrophages (I to
L), smooth muscle cells (M to P), MT1-MMP (Q to
T), MMP-2 (U to X), and COX-2 (Y to b) are
shown. A high-magnification photomicrograph of
Azan-Mallory staining in the lipid core region is
shown in an inset (C). m, media; i, intima;
Bar=100 um.

Fig. 3. High-Magnification Photomicro-
graphs of Immunohistochemical Staining
for MTI-MMP (A, E), MMP-2 (B, F),
COX-2 (C, G), Macrophages (D), and
Smooth Muscle Cells (H) in the Lipid Core
(A to D) and Medial (E to H) Regions of
the Atheromatous Lesions Shown in Fig. 2
Bar=50 um.
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(Figs. 2, 3). These findings support the possibility of interac-
tions among MT1-MMP, MMP-2, and COX-2 and their con-
tribution to plaque progression and rupture.

Distribution of MTI1-MMP/MMP-2 In the present
study, we investigated MT1-MMP distribution in a rabbit
model of atherosclerosis. To the best of our knowledge, this
is the first report demonstrating MT1-MMP distribution in
atherosclerotic lesions of an animal model. The distribution
profiles of MT1-MMP and MMP-2 in our rabbits are mostly
consistent with the previous clinical studies that demon-
strated a notable colocalization of MT1-MMP and MMP-
2 with macrophages in lipid-rich human atherosclerotic
plaques.'™'V In addition, the current results demonstrated
that MT1-MMP distribution was positively correlated with
vulnerability index and MMP-2 distribution (Fig. 5). Ac-

cordingly, our findings further support the contribution of
MT1-MMP/MMP-2 to the destabilization of atherosclerotic
plaques.'®!D

It should be noted, however, that dual roles of MMPs have
been well documented.*” MMP activities not only contribute
to weakening of the plaque cap via cleavage of the ECM but
also determine lesion stability through the cleavage of non-
matrix substrates, including cytokines, growth factors, and
their receptors.**!" Recently, Kuzuya et al. examined the ef-
fects of MMP-2 deficiency on atherosclerotic lesion forma-
tion in apolipoprotein E-deficient (ApoE—/—) mice.’” Based
on their results, they suggested that MMP-2 may induce
plaque stability by promoting the accumulation of SMCs in
the fibrous cap, while they showed different effects of MMP-
2 on the macrophage accumulation in the atherosclerotic le-
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sions of different regions of the artery. Further studies will be
required to determine the full spectrum of antiatherogenic or
proatherogenic activities of MMPs expressed in atheroscle-
rotic lesions.

In our rabbits, no significant staining of MT1-MMP was
found in the medial regions (SMCs) with slight to moderate
staining of MMP-2. Contrary to our results, previous clinical
studies showed a notable distribution of MT1-MMP and
MMP-2 in the media (SMCs) underlying fibrous and lipid-
rich regions, suggesting a contribution of MT1-MMP and
MMP-2 to SMC-mediated vascular remodeling.!®!V In vitro
experiments have also shown that MT1-MMP expression in-
creases not only in macrophages but also in SMCs after
proinflammatory stimulation.!®!'** Although the reason for
the discrepancy remains unclear, differences in species, age,
and stage of atherosclerosis may partly explain the discrep-
ancy. Distribution profiles of MMPs may change according
to age and stage of atherosclerosis.**" On the other hand, it
is reported that MT1-MMP provided by macrophages may
play a significant role in the activation of MMP-2 produced
by other cells, such as SMCs.!""'¥ MMP-2 is constitutively
expressed in medial SMCs.>" These facts may be another ex-
planation for the uncoupling of MT1-MMP and MMP-2 dis-
tribution in the medial regions (SMCs).

Distribution of COX-2 in Relation to MT1-MMP Dis-
tribution Although there is increasing evidence that COX-
2 plays an important role in the pathophysiology of athero-
sclerotic plaques, the relationship between MT1-MMP and
COX-2 has been poorly understood. In particular, there has
been no report investigating in vivo co-distribution of these
enzymes in atherosclerotic lesions, except for one clinical
study reported by Hong et al?) Our present study demon-
strated relatively strong staining of MT1-MMP and COX-2
in the macrophage-rich regions of the atheromatous and
fibroatheromatous lesions in a rabbit model, which is
concordant with the clinical results reported by Hong et al.
These results are further supported by the previous in vitro
findings of the enhanced expression of MT1-MMP in human
macrophages after proinflammatory stimulation, such as
ox-LDL or TNF-c.''*® Shankavaram et al. also demon-
strated that induction of monocyte MT1-MMP is regulated
through the PG E,/cAMP pathway, indicating the important
role of COX-2 in the regulation of MT1-MMP.'Y Taken to-
gether, these facts imply that MT1-MMP production through
the COX-2 dependent pathway may also promote plaque in-
stability, as does the production of other MMPs, including
MMP-2 and MMP-9.'>2

In our WHHLMI rabbits, relatively strong COX-2 staining
was found also in more stable atherosclerotic lesions, such as
neointimal and collagen-rich lesions (Figs. 2, 3), indicating
that the distribution of COX-2 and MT1-MMP/MMP-2 was
uncoupled in these lesions. In addition, the correlation of
COX-2 staining with the vulnerability index was significantly
weaker compared with those of MT1-MMP and MMP-2
(Fig. 5). This COX-2 distribution profile is in accordance
with previous studies where COX-2 distribution was found in
early to advanced atherosclerotic lesions in ApoE—/— mice
and humans.'®3% The contribution of COX-2 to early athero-
sclerotic lesion formation has been suggested.>* On the other
hand, uncoupling between MT1-MMP and COX-2 distribu-
tion has not been reported, and the reason for the uncoupling
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observed here remains unclear. However, it should be noted
that COX-2 is only an intermediate enzyme in the metabolic
pathway of arachidonic acid, and that the COX-2 bioproduct
PGH, is further metabolized by other isomerases to various
prostanoids. The PG isomerase profile may influence the pro-
inflammatory or anti-inflammatory role of COX-2 and may
regulate MMP production in atherosclerotic plaques.'>?” Our
findings, namely relatively strong COX-2 staining with weak
staining of MT1-MMP in more stable atherosclerotic lesions,
appear to support the dual-phase functions of COX-2 re-
ported by Cipollone et al.'>1520

Methodological Considerations In the present study,
WHHLMI rabbits were used to determine the distribution
profiles of MT1-MMP, MMP-2 and COX-2 in comparison
with plaque instability analysis, because they have several
advantages as an animal model for studying atherosclerosis:
(1) lipoprotein profile similar to that of humans, (2) suscepti-
bility to the development of atherosclerosis, (3) lesion char-
acteristics (from early to advanced stage) similar to those in
humans.?*%3% One drawback in our rabbits is that they
failed to show any lesion ruptures or thrombosis, although
rupture-prone unstable plaques characterized in humans as
those consisting of thin fibromuscular caps and large lipid
cores with numerous macrophages were observed in the aor-
tic lesions of our rabbits. The atherosclerotic lesions found in
the aortas of our rabbits may not exactly follow the process
leading to plaque rupture, which may partly explain the dis-
crepancy between the present results and the previous clini-
cal studies. On the other hand, it is reported that plaque rup-
ture was detected in the coronary lesions of WHHLMI rab-
bits that died by myocardial infarction, although the fre-
quency was rather low.™ Detail studies in the coronary le-
sions of WHHLMI rabbits may help clarify the discrepancy
between the present results and the previous clinical studies,
and provide further important information on the pathophysi-
ology leading to myocardial infarction, as the WHHLI rab-
bits are the rabbit model of spontaneous myocardial infarc-
tion.

The distribution of MT1-MMP, MMP-2, and COX-2 was
immunohistologically determined in the atherosclerotic le-
sions. The immunohistological staining is a useful and
widely accepted method for the evaluation of regional distri-
bution of proteins, including enzymes, receptors, and trans-
porters, in human and animal tissues.*'®'%!82D) The im-
munohistological staining, however, can not provide informa-
tion on the synthesis or degradation of the antigen proteins.
In this regard, it is of importance to determine the expression
levels of corresponding mRNA. Further elucidation, com-
bined with in sifu hybridization, is strongly required to deter-
mine the dynamic processes of the expression, interaction,
and degradation of MT1-MMP, MMP-2, and COX-2. Differ-
ential evaluation of pro-MMPs and active-MMPs should also
provide useful information regarding the interactions among
the enzymes.

CONCLUSION

The present study demonstrated the co-distribution of
MT1-MMP, MMP-2, and COX-2 in grade IV atheroma,
using hypercholesterolemic rabbits whose pathological char-
acteristics are relevant to human atherosclerosis. These find-
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ings support our hypothesis that the activation of pro-MMP-2
to active MMP-2 by MT1-MMP through the PG E,/cAMP
pathway may play pivotal roles in the destabilization of ath-
erosclerotic plaques. In addition, relatively strong COX-2
staining was observed in other more stable lesions, indicating
uncoupling between COX-2 and MT1-MMP/MMP-2 distri-
bution. COX-2 may be associated with both the destabiliza-
tion and stabilization of atherosclerotic lesions via its pro-
and anti-inflammatory activities. The present findings should
help advance our understanding of the pathophysiology of
atherosclerosis and provide useful information for the devel-
opment of new therapeutic and diagnostic (imaging) agents
that target MMPs and COX-2 in atherosclerosis.
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