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ABSTRACT
Angiotensin converting enzyme (ACE) is well-known as a Zn metalloprotease that
converts angiotensin-I to angiotensin-II. Since the 1970’s, ACE inhibitors have been
designed to target the ACE active site and have clinically been used as anti-hypertension
drugs. Several ACE inhibitors have also been documented to prevent remodeling of the
extracellular matrix (ECM) in the setting of myocardial infarction (MI), but it is not clear
whether the entirety of this effect is due to angiotensin-II inhibiting functions. Matrix
metalloproteinase (MMP)-9, also a Zn dependent protease, is known as one of the key
effectors of ECM remodeling, and has a substrate specificity portfolio that is significantly
different from ACE. MMP-9 digests type IV collagen as well as several inflammatory
proteins. MMP-9 levels increase after MI in humans and animal models, and cardiac
dysfunction and mortality after MI are suppressed by MMP-9 inhibitors and in MMP-9
null mice. In addition, recent reports that ACE inhibitors inhibit MMP-9 in an in vitro
assay system and in infarcted left ventricles led us to postulate direct interactions between
ACE inhibitors and MMP-9. In this review article, we will discuss the molecular
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mechanism and pharmacological implications of MMP-9 inhibition by ACE inhibitors,
including an overview of the biochemical implications of MMP-9 molecular structure.

ACE ROLES IN PHYSIOLOGY AND PATHOPHYSIOLOGY
Angiotensin converting enzyme (ACE) is a metalloproteinase that converts angiotensin-I
to angiotensin-II (A-II) on the surface of pulmonary and renal endothelium. In the reninangiotensin system [1-3], A-II is a potent arteriolar vasoconstrictor that raises blood pressure
and stimulates Na+/Cl- reabsorption, K+ excretion, and H2O retention in the renal tubular
system. These effects are direct or indirect, via aldosterone secretion in the adrenal cortex,
H2O absorption in renal collecting duct (via vasopressin secretion in the pituitary posterior
lobe), and increased sympathetic activation. Furthermore, ACE inactivates bradykinin, a
peptide that induces vasodilation [4]. Because of these negative roles, ACE inhibitors were
designed to target the ACE active site [5], and these inhibitors have been used as antihypertensive agents clinically [6]. Angiotensin receptor blockers (ARBs) were introduced
later, as an attempt to target specific sub-effects of ACE.
Subsequent to its use in hypertension, ACE was shown to be involved in several
inflammatory processes via A-II effects, especially in cardiovascular diseases such as
myocardial infarction and chronic kidney diseases such as immune complex nephropathy. AII has thrombosis potential, through its ability to stimulation platelet adhesion and
aggregation, and it stimulates plasminogen activator inhibitors [7]. The local reninangiotensin system in smooth muscle cells is activated in conditions of hypertension,
atherosclerosis, or endothelial damage, leading to cardiovascular fibrosis and hypertrophy. In
renal inflammation, A-II causes glomerular permeability dysfunction of the podocyte,
possibly via the inhibition of nephrin expression [8]. Two serine proteases, cathepsin G and
chymase, have been reported to alternatively convert angiotensinogen and A-I to A-II,
respectively, in addition to the renin-angiotensin system [9,10].

MMP-9 ROLES IN PHYSIOLOGY AND PATHOPHYSIOLOGY
Matrix metalloproteinase (MMP)-9 was originally defined as a Zn dependent protease
capable of digesting denatured collagen type I and collagen type IV and was termed
gelatinase B [11]. MMP-9 has been one of the most frequently studied MMPs, in part because
of its high relevance in many pathological conditions and in part because of the ease of
examining it using zymography [12]. In humans, MMP-9 is a 92-kDa protein activated by
cleavage of a pro-peptide to generate an 88-kDa active enzyme [13]. The MMP-9 substrate
repertoire is broad, and it is likely that this list has not yet been exhausted.
MMP-9 is regulated at every level. Transcriptional activation occurs by binding of
activator protein-1 (AP-1), E-twenty six (Ets), nuclear factor B, polyomavirus enhancer Abinding protein-3, serum amyloid A-activating factor -1, or specificity protein 1 transcription
factors [14]. Binding of any of these transcription factors to the MMP-9 gene yields MMP-9
expression upregulation. MMP-9 synthesis can be stimulated by an array of factors, including
tumor necrosis factor-, thrombospondins, osteopontin, and interleukin (IL)-1.
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MMP-9 activation occurs by removal of an approximately 10-kDa pro-domain, which is
catalyzed by a number of proteases, including plasmin and MMP-3 [16]. MMP-9 activity is
regulated by the endogenous tissue inhibitors of metalloproteinases (TIMPs) or by a variety
of factors in the serum, including 2 macroglobulin, which prevent active MMP-9 from
circulating [17]. It is for this reason that only pro-MMP-9 forms can be seen in plasma
samples.
MMP-9 is a common biomarker of inflammatory diseases and is elevated in rheumatoid
arthritis, cancer, periodontal disease, diabetes, and multiple cardiovascular diseases, including
myocardial infarction and atherosclerosis [16]. MMP-9, therefore, is a shared mediator in the
inflammatory component of the wound healing response to injury or infection.
Early following an injury, MMP-9 is recruited into the tissue primarily by the infiltrating
neutrophils, which release proteases to fight the infection and break down damaged tissue for
replacement during subsequent scar formation [15]. During the second phase of injury
response, MMP-9 is secreted by macrophages, cells that stimulate myofibroblasts to secrete
extracellular matrix (ECM) [18]. While MMP-9 has been associated with both neutrophils
and macrophages, its exact function(s) remain to be fully elucidated. Early studies on MMP-9
roles as direct mediators of ECM turnover have been supplanted by more recent examinations
into its roles in mediating the inflammatory process and indirectly affecting ECM turnover. A
key to understanding MMP-9 roles can be obtained from understanding which substrates are
processed by MMP-9 in a given biological context.
Numerous cytokines and growth factors have been identified as MMP-9 substrates,
including IL-1, chemokine (C-X-C motif) ligand 4 (CXCL4), CXCL5, CXCL8, and
CXCL12 [19-21]. While MMP-9 cleavage of pro-IL-1 activates it, further cleavage by
MMP-9 can then deactivate it. CXCL5 and CXCL8 can both be activated by MMP-9, while
CXCL4 and CXCL12 can both be deactivated by MMP-9. Thus, the interplay between MMP9 and the inflammatory response is complex and bi-directional, with MMP-9 stimulating
inflammatory components which then stimulate increased MMP-9 production.

MOLECULAR STRUCTURES OF ACE AND ACE INHIBITORS
In terms of molecular structure, two types of human ACE, somatic and testicular, are
well-known. The somatic ACE contains two homologous domains; and each domain has a
zinc-binding active site. The testicular ACE has only one domain that is essentially equal to
the C-terminal domain of the somatic ACE [22-24]. In 2003, Acharya and collaborators at the
University of Bath reported the crystal structures of human testicular ACE and its lisinopril
complex [25]. Kim et al. reported the structures of drosophila AnCE, and complexes with
captopril or lisinopril [26]. AnCE is a soluble 67-kDa homologue of human testicular ACE,
and the sequence identity between these enzymes is 70% in the active site region (42%
overall sequence identity) [27,28]. The structures of human ACE and drosophila AnCE, with
a typical ACE inhibitor, lisinopril, are drawn in Figure 1 (A) and (B), respectively. These two
structures are very similar to each other overall and especially in the regions surrounding the
active site. The binding structures of lisinopril to both enzymes are also similar to one
another, including the chelated zinc ion in the active site.
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Figure 1. Molecular Structures of ACE, AnCE and typical ACE inhibitors in the active site of ACE.
Molecular structures of lisinopril complexes of human testicular ACE (PDB; 1086 [25]) and
Drosophila AnCE (PDB; 2X91 [33]) were shown in (A) and (B), respectively. These enzymes were
described by ribbon; N- and C- terminal regions were colored by light blue and green. Lisinopril and
zinc ion in the active site were shown by white stick and purple ball. Molecular structures of typical
ACE inhibitors were described in (C). Coordinate sets of captopril (orange), lisinopril (purple),
enalaprilat (light blue) with ACE and ramiprilat (brown), trandolaprilat (green) with AnCE were listed
in RCSB PDB as 1UZF, 1UZE [27], 1O86 [25], 2X92 and 2X93 [33], respectively, and these structures
were superimposed by coordinate fittings of each enzyme structure. A part of the ACE structure with
lisinopril and the active center (1O86) were also shown by white and gray stick to understand the
interaction between ACE and inhibitors. Hydrogen or chelate bond distance (Å) was shown by green.

It was for this reason that structural analyses of the AnCE – ACE inhibitor complex were
also employed for the drug design of ACE inhibitors.
The Acharya group reported crystal structures of captopril and enalaprilat binding to the
active site of human testicular ACE in 2004 [29]. Furthermore, the molecular structures of
ACE/AnCE, including complexes with ACE inhibitors, have been analyzed by X-ray crystal
analyses by this group [30-39]. The molecular interactions of typical ACE inhibitors on the
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active site of human testicular ACE are summarized in Figure 1 (C). ACE inhibitors were
designed for binding to the ACE active sites and have the following four general structural
properties: (a) a carboxyl or –SH group as a chelating site to the active center (zinc ion) and
stabilized by hydrogen bonds to Glu384 and/or Tyr523 side-chains, (b) a terminal carboxyl
group fixed by electrostatic interaction and hydrogen bonding with Lys511, Tyr520 and
Gln281 side-chains, (c) >NH and >C=O groups fixed by hydrogen bonding with the Ala354
main-chain and His353/His513 side-chains, and d) two hydrophobic sites that interact with
the ACE S1 and S2’ sites. In particular, the phenyl ethyl group in many ACE inhibitors was
commonly placed close to the S1 site (the surface region of ACE molecule interacted with the
substrate N-terminal residue nearest to the cleavage point). Several ACE inhibitors, including
lisinopril, have a lysinyl group; and the positive charge of this group is stabilized by
electrostatic interaction and hydrogen bonding with the Glu162 side-chain. The smallest ACE
inhibitor, captopril, has no hydrophobic site interacting with the ACE S1 site, but the other
common properties of the ACE inhibitor are present. ACE converts A-I to [A-II + dipeptide]
by cleaving between Phe8 and His9 (- Pro7 - Phe8 | His9 - Leu10-COO-), thus, it is postulated
that phenyl ethyl and terminal carboxyl groups of ACE inhibitors have been good mimics of
the Phe8 side-chain and the C-terminus of A-I, respectively.

MOLECULAR STRUCTURES OF MMP-9 AND MMP-9
INHIBITORS
The precursor molecule of human MMP-9 (ProMMP-9) consists of a precursor domain,
active domain, three fibronectin type-II repeats, and a hemopexin domain. The region of
fibronectin repeats is located between the anterior and posterior parts of the active domain. In
2002, Elkins et al. reported the X-ray structure of the N-terminal section, including the
precursor and active domains with fibronectin repeats [40]. Cha et al. reported the structures
of C-terminal hemopexin domain [41]. Furthermore, O-glycosylated region connects active
and hemopexin domains [42], and this region has been thought to be very flexible [43]. The
structure of N-terminal part is shown in Figure 2.
The zinc ion of active center is chelated with His401, His405 and His411 side-chains in
the HExxHxxGxxH motif, commonly shown in MMPs, and also chelated with Cys99 sidechain on the precursor domain in the inactivated ProMMP-9. A part of main-chain of
precursor peptide is fixed to the main-chain of the active domain by hydrogen bond, however,
its direction was the reverse of the substrate [40]. The cleavage region of the propeptide is
exposed by activation enzymes such as chymase. Chymase increases in the setting of
inflammation, including following MI. Chymase is capable of cleaving the peptide between
Phe110 and Glu111 [44]. Phe107 and Phe110 side-chains touched the active domain by
hydrophobic interactions. The molecular structure of the MMP-9 active domain, with several
of its inhibitors, was reported in 2002, 2005, 2007, and 2013 [45-48]. In most of these reports,
the fibronectin domain was omitted by binding peptides of Gly215 and Gln391, and the active
domain composing residues Phe107-Gly215 and Gln391-Tyr443 was inactivated using the
E402Q mutation. Four molecular structures are superimposed onto the MMP-9 active domain
in Figure 3.

184

Daisuke Yamamoto, Shinji Takai and Merry L. Lindsey

A
Active domain

Fibronectin domain

Precursor domain

B
Tyr179

His190
Phe192
Phe107

Val187
Ala189

Gly186

Val188
Cys99

Glu111

Glu402
Phe110
His405

Zn His401

Tyr423

Pro421
His411

Arg424

Fig.
2 Molecular
Structures
of ProMMP-9
Figure
2. Molecular
Structures
of ProMMP-9. Molecular structure of human ProMMP-9 (PDB; 1L6J
Molecular
structure
of human
ProMMP-9
(PDB;precursor
1L6J [40])
was shown
in (A).active
This structure
consisted
[40]) was shown
in (A).
This structure
consisted
domain
(light blue),
domain (green)
precursor
domain (light
blue),(yellow),
active domain
(green) andhemopexin
three fibronectin
(yellow),
but
the Cand three fibronectin
repeats
but the C-terminal
domain repeats
was truncated.
The
zinc
terminal
hemopexin
domain
was
truncated.
The
zinc
ion
of
active
center
was
sown
by
a
purple
ball
ion of active center was sown by a purple ball with chelated residues. The active site was zoomed up with
in
chelated
residues.
Theresidues
active site
zoomedresidues
up in (B).
The active
center
neighboring
(B). The active
center
and was
neighboring
in active
domain
were residues
shown byand
green
and
residues
in active model,
domainrespectively,
were shownand
by green
andregions
orange interacted
ball-stick model,
respectively,
and precursor
orange ball-stick
precursor
with active
domain were
colored
regions
with active
domain
were colored
in lightline.
blue.
The
hydrogen
bondcenter
was shown
by the
in light interacted
blue. The hydrogen
bond
was shown
by the purple
The
zinc
ion of active
(gray ball)
purple
line. The by
zinc
ion of bond
activetocenter
ball) was inactivated by a chelate bond to Cys99 –SH
was inactivated
a chelate
Cys99 (gray
–SH group.
group.

Many MMP-9 inhibitors have been developed by targeting the MMP-9 active site with
following interactions; i) chelating to zinc ion of the active center, ii) hydrogen bonds to the
recognition site for the substrate peptide, and iii) hydrophobic interaction with S1’ site.
Furthermore, some inhibitors such as An-1, shown in Figure 3, are stabilized by hydrophobic
interaction with the substrate N-terminal binding site. Phe110 in the active form is shifted to
the position of Phe107 in ProMMP-9, and forms a part of the substrate binding site.
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Figure 3. Molecular Structures of MMP-9 inhibitors in the active site of MMP-9. Molecular structures
of four MMP-9 inhibitors were described. Coordinate sets of RO-208-0222(brown), MS-560(dark
green), MJ-24(purple) and An-1(pink) with MMP-9 were listed in RCSB PDB as 2OVX, 2OW2,
2OW1 and 2OW0 [47], respectively, and these structures were superimposed by coordinate fittings of
each enzyme structure. A part of the MMP-9 active domain with An-1 (2OW0) was also shown by
ribbon and ball-stick to understand the interaction between MMP-9 and its inhibitors.

The region of Phe107-Thr109 or Phe107-Phe110 was not detected in these X-ray structures
due to the increased flexibility.

MMP-9 INHIBITION BY ACE INHIBITORS
ACE inhibitors can directly inhibit MMP-9 activity in extracts from kidney and heart
[49,50]. MMP-9 levels increases after MI in humans and animal models [51,52]. Cardiac
dysfunction and left ventricular dilatation after MI are significantly suppressed by MMP-9
inhibition, as well as in MMP-9 null mice [53,54]. In hamsters, cardiac MMP-9 activity was
significantly increased at 1 day after myocardial infarction, and this activity progressively
declined to the pre-infarction level by 7 days later [53]. On the other hand, in the hamster
model, cardiac ACE activity was not significantly changed 1 day after myocardial infarction,
although it was significantly increased at 3 and 7 days [53]. An ACE inhibitor significantly
reduced not only ACE activity but also MMP-9 activity in cardiac tissues after MI [53].
However, an angiotensin II receptor blocker (ARB) did not reduce the MMP-9 activity after
MI [53]. Several domains that bind transcriptional factors are located within the promoter
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region of MMP-9, including the AP-1 binding site that is induced by reactive oxygen species
[54]. Angiotensin II induces reactive oxygen species via NADPH oxidase activation [55]. In
the hamster model, the increase of MMP-9 activity after MI was not related to angiotensin II
stimulation, because an ARB could not attenuate the increase in MMP-9 activity. However,
the ACE inhibitor could attenuate the increase of MMP-9 activity after MI. These findings
indicate that ACE inhibition attenuates MMP-9 activity without inhibiting angiotensin II
formation. Direct MMP-9 inhibition by ACE inhibitor was demonstrated to occur not only in
vitro, but also in vivo.
ACE inhibition has been shown to attenuate cardiac dysfunction after MI, without
additional hypotensive effects, in AT1 receptor null mice [56]. Recently, we also observed
that an ACE inhibitor significantly attenuated the progression of abdominal aortic aneurysm
along with aortic MMP-9 inhibition after elastase application in AT1 receptor null mice [57].
These findings also suggest the direct inhibition of MMP-9 activity by ACE inhibitors in vivo.

PREDICTED INTERACTION OF ACE INHIBITORS
TO MMP-9 ACTIVE SITE
To investigate the molecular mechanism of MMP-9 inhibition by ACE inhibitors,
Yamamoto et al. reported the interaction between both molecular structures [58-62]. In these
reports, the molecular structures of typical ACE inhibitors on the MMP-9 active site were
predicted by in silico methods under the following conditions; i) the central carboxyl group of
ACE inhibitors chelating to the zinc ion of MMP-9 active center, as similar as in X-ray
structures of ACE – ACE inhibitor complexes and ii) the hydrophobic phenyl ethyl group of
ACE inhibitors interacting with S1 or S1’ site of MMP-9, as similar as in MMP-9 – MMP-9
inhibitor complexes.
The molecular structure of MMP-9 active domain without precursor residues to Phe110
and fibronectin repeats was implemented in RCSB PDB as 1GKC [45], and it was employed
as the molecular platform of above predictions. Predicted structures of lisinopril [58] and
imidaprilat [59] on the MMP-9 active site are redrawn in Figure 4 (A), (B), (C) and (D). Each
inhibitor was simulated with two binding modes I and II, where phenyl ethyl group interacted
with S1 and S1’ sites, respectively. In the binding mode I, two interactions postulated in
above conditions were retained during molecular dynamics simulation, and hydrogen bonds
between >NH / >C=O groups (ACE inhibitors) and peptide binding site (MMP-9) were
detected as a novel interaction. In the binding mode II, the two postulated interactions were
also retained, and electrostatic interaction and hydrogen bonds between terminal carboxyl
group (ACE inhibitors) and His190 side-chain (MMP-9) were detected.
While similar binding modes could be constructed on the MMP-9 – captopril complex, as
shown in Figure 5 (A) and (B), captopril on the MMP-9 active site was flexible compared
with the other inhibitors. This was due to the lack of a bulky hydrophobic group [60]. This
finding was also shown in MMP-2 – captopril complex [62]. In addition, temocaprilat,
including a seven membered ring with the less flexibility, could be stabilized on the MMP-2
active site with only the binding mode I, and the two aromatic rings of temocaprilat were
closed to both S1 and S1’ sites by hydrophobic interaction [63], as shown in Figure 5 (C).
The active site of MMP-2 has high structural homology with that of MMP-9. Furthermore,
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molecular interaction of imidaprilat on the mouse MMP-9 active site was predicted by using
homology modeling and molecular dynamics simulation [57]. In that report, the human
MMP-9 active domain with fibronectin repeats (a part of the coordinate set 1L6J in PDB
[40]) was used as the template in the homology modeling of the mouse MMP-9 active
domain. All of the three interactions commonly shown in MMP-9 – MMP-9 inhibitor
complexes were detected in the binding mode II of mouse MMP-9 – imidaprilat complex.
This mode was clearly different from the previous predictions using the 1GKC coordinate set,
and it might be caused by the difference of template structures rather than species differences,
because the additional fibronectin repeats were located near the substrate C-terminal binding
site including S1’.
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MMP-9 ACTIVATION PROCESSES AND MOLECULAR STRUCTURE
In the prediction and assessment of the interaction between inhibitors and MMP-9 active
site, the following two problems are likely to be very important; i) whether Phe110 side-chain
exists or does not exist neighboring the S1 site, and ii) whether the fibronectin repeats is or is
not simulated with the active domain. These different scenarios seem to affect to the
interaction of inhibitors with substrate N-terminal and C-terminal binding sites, respectively.
The former problem is especially related to the difference of MMP-9 activation process of in
vitro and in vivo as shown in Figure 6.
The APMA treatment used in MMP-9 activity measuring kits cleaves the chelate bond
between the zinc ion of active center and Cys99 –SH group of precursor domain, and then the
autolysis of MMP-9 causes final activation [44]. In the X-ray structure of MMP-9 with its
inhibitor [45,47], the Phe110 residue was shifted to the position of Phe107 in the ProMMP-9
structure. In the MMP-9 molecule activated by APMA treatment, it is postulated that a part of
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the hydrophobic wall in the substrate N-terminal binding site can be formed by this shift of
Phe110. On the other hand, chymase in inflammation points activates MMP-9 by the cleavage
between Phe110 and Glu111 [44], thus Phe110 does not exist in the MMP-9 molecule
activated by chymase, and the substrate N-terminal binding site would be enlarged slightly
compared with the case of APMA treatment.

ProMMP-9
Phe107
Glu111
Cys99
Phe110

Chymase

MMP-9 – imidaprilat complex
(binding mode I)

APMA

MMP-9 – An-1 complex

Figure 6. Two types of MMP-9 activation and molecular structures.
Fig. 6 Two types of MMP-9 activation and molecular structures
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In these activated forms of MMP-9, APMA-activated form and chymase-activated form,
the binding mode I of lisinopril and imidapril may be permitted only in the chymase-activated
form, because the phenyl ethyl group of these inhibitors collides with Phe110 in the APMA
form. The binding mode II of these inhibitors is permitted in both activated forms of MMP-9
without collision of Phe110, and is similar to captopril and An-1 in the MMP-9 active site.
Captopril had the strong inhibitory activity to APMA-treated MMP-9 in human plasma on
acute MI [60]. Lisinopril and imidapril had very weak activities to MMP-9 in human plasma,
but these two ACE inhibitors remarkably inhibited the MMP-9 in LV 1 day after MI [59,64].
These profiles of inhibitory activity can be well explained by the above postulations; namely
that the binding of captopril would be not affected by the type of activated forms, but the
binding of lisinopril or imidaprilat would be affected by the status of the substrate N-terminal
binding site, especially in the binding mode I. We think that these findings of the activation
process may be significantly important for the design and assessment of novel MMP-9
inhibitors for cardiovascular protection [61, 65].

PHARMACOLOGICAL IMPLICATIONS OF MMP-9 INHIBITION
Adverse extracellular matrix (ECM) remodeling is a common contributor to fibrotic
disorders, including ECM accumulation in heart, kidney, and lung injury models [66-69].
Global MMP inhibition strategies have been shown to attenuate remodeling in animal models,
but translation to the clinic has not been effective, for a myriad of reasons [70,71]. The broad
spectrum nature of early generation inhibitors blocked its targets, but also blocked
unanticipated targets.
The conclusion from these trials was that selective and specific MMP inhibition may be
more effective. The Fields lab has constructed an MMP-9 specific inhibitor that is a triplehelical peptide incorporating a fibronectin II insert-binding sequence [72]. This peptide
selectively inhibited MMP-9 type V collagen-based activities, when compared to interstitial
collagen-based activities. This represents the first example of differential inhibition of
collagenolytic activities that could be achieved through generation of an exosite-binding
triple-helical peptide. It will be interesting to see if this inhibitor proves efficacious in vivo.
While a large amount of results in animal models has shown that MMP-9 deletion has
beneficial effects, recent evidence has shown that over-expression of MMP-9 only in
macrophages also generates a favorable effect on ECM remodeling in a mouse model of
myocardial infarction [73].
Overexpression of MMP-9 in macrophages resulted in net benefits, similar to what was
seen for the global MMP-9 null model. MMP-9 is predominantly expressed by neutrophils at
day 1 post-MI and by macrophages at day 5 post-MI. This tells us that we need to better
understand timing and location of MMP-9 activity, as targeting MMP-9 at later times post-MI
when the macrophage is the key player may prove detrimental. Likewise, targeting MMP-9 at
earlier times post-MI when the neutrophil is the predominant cell may prove beneficial. This
tells us that the effect of presence or absence of MMP-9 is highly dependent on substrate
availability, and a better understanding of the net effects of MMP-9 activity is needed before
we can make informed decisions on therapeutic strategies.
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Technological developments have allowed MMP-substrate relationships to be identified
and explored as novel therapeutic targets. Along these same lines, the positive effects of
several existing medications have been demonstrated to occur at least in part through
inhibiting MMP-9 [17].

CONCLUSION
In this review article, details of predicted molecular mechanisms and pharmacological
implications of MMP-9 inhibition by ACE inhibitors were summarized, focusing on basic
findings of ACE and MMP-9 functions as shown in Figure 7.
From recent findings, it is postulated that ACE inhibitors prevent coronary disease
progression by direct A-II inhibition as well as via direct MMP-9 inhibition. ACE inhibitors
likely interact with the MMP-9 active sites using specific modes similar to those used for the
ACE active sites.
Research into the molecular interaction between MMP-9 active sites and ACE inhibitors
appears to be an important key in the development of effective MMP-9 inhibitors for
cardiovascular protection. However, several issues remain to be resolved, such as a better
understanding of how structural effects (such as the inclusion of fibronectin repeats or species
differences) can amplify or prevent the inhibitory activity of MMP-9 active forms.

Fig. 77.Inter-relationship
Figure
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between MMP-9
MMP-9and
and ACE
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