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The objective of our present study is to develop novel inhitars for MMP-2 for acute
cardioprotection. In a series of pilot studies, novel subguted carboxylic acid derivatives
were synthesized based on imidazole and thiazole scaffoldand then tested in a
screeening cascade for MMP inhibition. We found that the MMHnhibiting effects of
imidazole and thiazole carboxylic acid-based compounds & superior in ef cacy in
comparison to the conventional hydroxamic acid derivative of the same molecules.
Based on these results, a 568-membered focused library of imdazole and thiazole
compounds was generated in silico and then the library members were docked
to the 3D model of MMP-2 followed by anin vitro medium throughput screening
(MTS) based on a uorescent assay employing MMP-2 catalyticdlomain. Altogether
45 compounds showed a docking score of >70, from which 30 compounds were
successfully synthesized. Based on the MMP-2 inhibitory &s using gelatin zymography,
7 compounds were then selected and tested in neonatal rat catiac myocytes subjected
to simulated I/R injury. Six compounds showed signi cant cadio-cytoprotecion and the
most effective compound (MMPI-1154) signi cantly decreasd infarct size when applied
at 1 mM in anex vivomodel for acute myocardial infarction. This is the rst demastration
that imidazole and thiazole carboxylic acid-based compouds are more ef cacious
MMP-2 inhibitor than their hydroxamic acid derivatives. MIAI-1154 is a promising novel
cardio-cytoprotective imidazole-carboxylic acid MMP-2nhibitor lead candidate for the
treatment of acute myocardial infarction.

Keywords: matrix metalloproteinase, MMP-2 inhibitor, heart , ischemia/reperfusion injury, cardioprotection, lead

candidate
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Bencsik et al. Cardioprotection by MMP Inhibition

INTRODUCTION for clinical use by the U.S. Food and Drug Administration
Authority, which is Periostdt (doxycycline hyclate), for the
Coronary heart disease (CHD) is the number one cause dfeatment of periodontitis Porman et al., 2010 In spite of
death globally Alwan et al., 2010 Recent data show that much preclinical evidence about the involvement of MMP-2
almost 18 million people died from CVDs in 2015, of whichin acute myocardial infarction (AMI), surprisingly, only one
an estimated 7.4 million were due to coronary heart diseaskiled clinical trial was conducted by the administratiofi @
(Roth et al., 2017; WHO, 20).7The discovery of endogenous non-selective, hydroxamate type MMP inhibitor, PG-116800, in
cardioprotective mechanisms (Ischemic pre-, post-, and remota relatively high dose (400 mg/day) for 90 days for AMI patients
pre- and perconditioning) has allowed for the exploration(Hudson et al., 2006
of several molecular processes of cell injury and survival Consequent research has been focused on the design of
mechanisms during ischemia/reperfusion (I/R}-efdinandy selective compounds that can distinguish between dierent
et al., 201% However, in spite of numerous promising members of the MMP family, thereby exploiting zinc-
preclinical attempts aiming pharmacological triggering #hes binding groups other than the hydroxamate groupigher
cardioprotective mechanisms, the dilemma of translation ofind Mobashery, 2006In addition, we have recently shown that
the results into clinical practice has remained unsolvedhere is no need for complete inhibition of MMP-2 to achieve
due to the presence of several additional factors includingardioprotection since a moderate 20-25%) inhibition of
cardiovascular co-morbidities (e.g., hyperlipidemia orbdites MMP-2 activity was su cient to reduce infarct size in normo-
mellitus) (Ferdinandy et al., 20)4Thus, to improve clinical and hyperlipidemic isolated rat heart&ificz et al., 200pand
outcomes, novel therapeutic strategies against myocatRal also in anin vivorat model of AMI (Bencsik et al., 20)4
injury are needed, which may preserve their protection even in Consequently, our aims were to develop novel MMP-2
the presence of cardiovascular co-morbidities(senloy et al., inhibitors with potent anti-ischemic e cacy and moderate
2017. MMP-2 selectivity among the MMP-subtypes. Preclinical studies
Matrix metalloproteinases (MMP) are zinc containing with MMPI's revealed a severe adverse side-e ect frequently,
peptidases classi ed into several subtypes. The gelatiyase-t referred to as musculoskeletal syndrome. This is primarilg du
MMP-2 occurs in the heart in physiological conditions andto MMP-1 inhibition (which is considered an anti-target within
is synthesized by cardiomyocytes, broblasts, and endi@hel the MMPS). Selectivity against MMP-1 may be important to avoid
cells PeCoux et al., 20)4During I/R, MMP-2 is activated and such side e ects of MMP inhibitorsKapp et al., 2007
released from the injured myocardiunCheung et al., 2000 The signi cant di erences in the structural features of thexs
which may contribute to the degradation of contractile piioe  pockets of the binding/active sites allow for easy di eretitia
(Wang et al., 2002; Sawicki et al., 2005; Sung et al., 2007; ahd selectivity of the MMP inhibitors. S1' and S2' pockets are
et al., 201)) thereby leading to myocardial dysfunction, and inresponsible for the selectivity of the inhibitors and thisidze
the long run, to heart failure. Furthermore, in patients wiiT-  taken into consideration in the design of selective intobst to
elevation myocardial infarction (STEMI), a signi cant pdsé tailor the occupation of the particular sub-pocketBSidure 1).
correlation has been shown between the circulating levéls én the case of MMP-2, the S1' pocket is mainly hydrophobic
MMP-2 measured before and 12 h after recanalization therapynd relatively large, while in MMP-1 it is short and shallow.
and infarct size as determined by cardiac MR'Annunzio Increasing bulkiness at the S1' pocket could change the Bctivi
et al., 200p We have demonstrated that MMP-2 can be apro le and allows for some selectivity over MMP-1. This trend
promising biomarker for patients with coronary artery diseas was clearly observed in the case of substituted thiazepine MMP
(Bencsik et al., 20)5 We have previously also reported inhibitors (Almstead et al., 1999; Papp et al., 2007
that pharmacological inhibition of MMP-2 in rats evoked Therefore, we have designed a screening cascade to select
cardioprotection that is equivalent to ischemic precondifity  potent MMP-2 inhibitors with cardioprotective e ects.
(Giricz etal., 2006; Bencsik et al., 2n10ur work has also shown
that although hyperlipidemia abolished the bene cial e ect OfMATERIALS AND METHODS
ischemic preconditioning, cardioprotection in the presende o
hyperlipidemia was preserved during pharmacological inhiniti  EXperimental Design-Screening Cascade
of MMP-2 (Giricz et al., 2006 We can thus conclude that MMP- Our group applied a complex screening cascade to identify
2 inhibition is a promosing drug target since it works in the candidates that may reduce acute cardiac I/R injury via
presence of a signi cant cardiovascular co-morbidity, name inhibition of MMP-2. During our complex screening protocol,
hyperlipidemia (see for reviewshdreadou et al., 20)7 virtual screening was combined with docking calculations
To date, several MMP inhibitors have been identi ed,followed by medium-throughput screening using MMP-2
including hydroxamates, thiols, carbamoylphosphonates;atalytic domain. In the next stage, the inhibitory e ect
hydroxyureas, hydrazinesb-lactam, squaric acids, and was conrmed on full length MMP-2 enzyme isolated
nitrogenous ligands urrant et al., 201). Most of these from cardiac tissue. Finally, the cardioprotective e ects
consist of a metal-coordinating function, called a zineding of selected molecules were tested in neonatal cardiac
group (ZBG), which binds to the catalytic zinc ion of the myocytes that were subjected to simulated ischemia and
MMPs. Despite the promising features of these potent MMReoxygenation as well as on an isolated rat heart model of AMI
inhibitor compounds, only one compound has been approvedFigure 2).
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FIGURE 1 | Selected MMP-2 inhibitors and their subpocket occupationdading to selectivity against MMP-1 (Corresponding IC50 vaés are shown).
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FIGURE 2 | The screening cascade. Complex screening cascade to iderfti candidates that may reduce acute cardiac I/R injury via inbition of MMP-2. (A) AMRI
Chemical Library contains 200,000 drug-like small molecules € 500 Da) as compound set. We intended to select zinc-binding ratif holding molecules, similar to
hydroxamic acids. (B) For 2D substructure and similarity search(C) Selection of free acids from the AMRI's compound's collectia. (D) Further focus to compounds
holding various motifs around a central core, re ecting theytpical MMP inhibitor architecture (E) Selected acids screened in a uorescent assay using a recomipiant
human MMP-2 catalytic fragment and a synthetic peptide subsate. (F) The synthesis of the thiazole and the isosteric imidazole choxylic acids. (G) The hydroxamic
acid pairs of the previously measured acids were testedH) The novel thiazole carboxylic acid chemotype was the startg point for further structure-based
optimization. A 568-membered focused library wasn silicogenerated around the AMRI library hits including their b®dsters and some simpli ed analog.(I) Docking
studies: Genetic Optimization for Ligand Docking (GOLD) veaused to build a 3D model based on the X-ray structure of humamMP-2 and MMP-9. (J) Thirty
compounds were successfully synthesized for screening colmining the in silico hits and the additional designed compounds.(K) In vitro MMP-2 activity was
measured using a uorometric assay.(L) Low throughput screening by gelatin zymography technique(M) Cell viability experiments in isolated neonatal cadiac
myocytes subjected to simulated ischemia/reperfusion injy. (N) Myocardial infarct size was measured afteex vivoglobal ischemia experiments on isolated rat hearts.

Chemistry—MMP-2 Inhibitor Design for binding motifs of MMP-2 inhibitors and diversity
Design of Selective MMP-2 Inhibitors selection.

We applied contemporary library design approaches

based on the structural features of the known MMP-In Silico Chemisty Approach

2 inhibitors (Figure 2. Our approach started from Chemicallibrary

a diverse 200k compound library and the multi-stepThe Albany Molecular Research Inc. (AMRI; Albany, NY)
selection procedure consisted of a substructure seardhibrary contains 200,000 drug-like small molecules %00
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Mwt) synthesized by solution phase parallel synthesis. Thg@D modeling approaches

compound set contained 300 medicinal chemistry relevant For docking studies, Genetic Optimization for Ligand Dodkin
chemotypes with diverse substitution patterns. The library(GOLD; version 4.0.1Jones et al., 199Was used to build a 3D
was succesfully involved in many exclusive drug discovemnolecule model based on the X-ray structure of human MMP-

projects. 2. 1CK7 was the only full length 3D structure found in protein
databases but it contained a mutation (E404A). On the other
2D chemoinformatics methods hand, the availability of the 3D structure of the collagesitike

According to the Similar Property PrincipleJ¢hnson and 1-2 catalytic domain is su cient for virtual screening tagting
Maggiora, 199)) molecules that are structurally similar are likely MMP-2 inhibition, thus 1HOV (NMR), and 1QIB (X-Ray)
to have similar properties. Applying simple 2D ngerprints structures provided feasible alternatives.

is often the method of choice, particularly when numerous Another option was 1EAK (X-Ray), which contains the
reference compounds and multimillion compound databasesollagenase-like 1-2 domain together with connecting gelifa
are available not only “because of its computational e cignc binding region (propeptides). Comparing the models 1EAK was
but also because of its demonstrated e ectiveness in marfpund to be the particularly reliable for virtual screeningeav
comparative studies”\Willett, 2006; Baig et al., 20.L6Most  though it also contains the E404A mutation (Supplementary
frequently the Tanimoto coe cient (Villett and Winterman, Figure 1). The propeptide regions could be removed without
1989 is used for measuring similarity, in spite of its markeda ecting the docking realiability.

size-dependency. The 3D structure of small molecules to be screened were

In practice, determining the similarity between known optimized and protonated before docking. The pH was setas 7.2.
reference structures and each molecule in a database, &llowror docking the standard Gold parameters were used as dedcribe
by ranking the database molecules according to the sirtigari in the actual User GuideQentre, 201).
would lead to a potentially active compound set fiar vitro The MMP-2 active site was de ned containing all the atoms
screening. Similarly, reoccurring (privileged) structuraotifs — around a sphere with 19 A radius. We have chosen Zn-ion
could also be identi ed and the compounds holding the motifscoordination as octahedral. For all the small molecules 10
could represent another screening library. independent runs were conducted.

For 2D substructure and similarity search, we applied The 1EAK model was validated with three known MMP-2
standard chemical ngerprints as implemented into inhibitors: SC-74020 (Supplementary Figure 2), PD 166793
InstantJChem software (ChemAxon Ltd. Budapest) in whichFigure 1), and ABT-518 Figure 1).
binary strings encode the presence or absence of substasctur )

The physico-chemical parameters [Mwt, clogP, H-bondSynthetic Methods
donors/acceptors,—Lipinski's Rule-3iffinski et al., 200 The hydroxamic acids (e.g., AMRI-101H, AMRI-102H, and
rotatable bonds, and topological polar surface area] wer@MRI-103H)were prepared from the corresponding acids using

calculated by the calculation suit of InstantJChem (Chewri\x bromo-tris-pyrrolidino phosphoniumhexa uorophosphate

Ltd. Budapest). (PyBrOP) and polymer supported hydroxybenzotriazole as
activating agent before adding hydroxylamine hydroclderi

3D alignment methods and a base (see Supplementary Figure 3). The isolated yialels we

Novel 3D approaches consider not only the molecular topologypetween 10 and 76%, while the purity was higher than 85%.
but also deal with 3D coordinates of both the active and The synthesis of the thiazole and the isosteric imidazole
the potential lead molecules for the similarity comparisordan carboxylic acids were carried out according to standard
estimate 3D shape similaritKalaszi et al., 20)4 procedures and as described elsewheszqinandy et al., 20)0

A rough estimation of the binding behavior of the compounds  In order to increase the solubility of the compounds, the
is to assess their conformational exibility and the ovéral benzene ring was replaced with pyridine in various analogs
statistical representation of such conformational propertie (MMPI-1248, MMPI-1260). Unfortunately, combination of
would be presented as a 3D structure (ChemAxon Screen3the pyridine ring with the imidazolyl core was synthetically
software) ChemAxon, 2013 unsuccessful.

In exible alignment, the conformations are created “oneth . . .
y" during the alignment procedure. Flexible alignmentmetts, IN Vitro Pharmacological Testing by MTS
such as used in the present study, have the advantage of nScreening
requiring a pre-de ned set of initial conformers to sample theln vitro MMP-2 activity was then measured, using a uorometric
conformational space of the molecules. During the alignmenassay in a 384 well format. Human MMP-2 catalytic domain
procedure we took specic atom-type information such as(residues 110-221, 397-455jefig et al., 20Q0was expressed
pharmacophore sites into account. This information would bein E. coliin form of inclusion bodies. The protein was refolded
capable of generating alignments where patterns (With similaand then puried by means of Ni-NTA anity and anion
binding character) are oriented in a similar fashion as @gscu exchange chromatography. Inhibition assays were carrigd ou
during the real binding to the active site. Therefore, it poas in 50mM Tris, 5mM Cad, 300mM NaCl, 20nM ZnSQy,
a more realistic picture of the potential bioactive similgdf the pH D 7.5 bu er. For inhibition studies the catalytic domain
molecules. of the enzyme was pre-incubated with varying amount of
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inhibitor for 30min. Then MMP substrate (Mca-Pro-Leu- KCI 5.4, MgSQ@ 1.3, NabPO, 1.2, HEPES 5, MgeD.5, CaGl
Gly-Leu-Dpa-Ala-Arg-NH2) Papp et al.,, 20Q7was added 0.9, Na-lactate 20, BSA 0.1%, 310 mOsm/|,[p18.4) (i et al.,
at 3mM nal concentration. After 1h incubation at 3C 2009 and placing the plates in a humidied 3T hypoxic
the uorescence was detected using a Wallac 1420 Victoréhamber exposed to a constant ow of a mixture of 95%axd
microplate reader at 320 nm/405nm Ex/Em wavelength. A$5% CQ for 4 h. The cells were then subjected to the following
an alternative substrate we also used 5-FAM-Pro-Leu-Gly-Le treatments during SI or normoxic protocol: vehicle control or
Dap(QXL™ 520)-Ala-Arg-NH,, where the uorescence was MMP inhibitors at di erent doses calculated according to IC
detected at 485 nm/520nm. For each inhibitor candidatedosesin vitro. Normoxic and Sl treatments were followed by
the percentage of inhibition was determined in duplicate2 h reoxygenation with growth medium with administration
experiments at six inhibitor concentrations, chosen to obiee of the same dose of compounds as during normoxia or Sl and
a 5-95% range of inhibition. For validation of the uorom@tr superfusion with 95% air and 5% G@t 37 C (Figure 3).
assay, llomastat [N-[(2R)-2-(Hydroxamidocarbonylmerg4t
methylpentanoyl]-L-tryptophan Methylamide, (GM6001)], a Cell Viability Assay
non-selective MMP inhibitor, was used as a positive controCell viability was assessed by a calcein and propidium iodine
inhibitor. The measured IC50 values varied between 0.348.0 assay performed in each group after 2 h reoxygenation. Brie y
which is in line with previous literature daté&@lardy et al., 1994; the growth medium was removed, the cells were then washed
Yamamoto et al., 1998 with PBS twice and afterwards were incubated with calcein
(AmM) for 30min. Then the calcein solution was replaced
Gelatin Zymography Assay to Screen the with fresh PBS and the uorescence intensity of each well was
Ef cacy of MMP-Inhibitiors detected by a uorescent plate reader (FluoStar Optima, BMG

Gelatin zymography was performed as described previoushabtech, Ortenberg, Germany). Fluorescent intensity vhas t
(Kupai et al., 2010; Bencsik et al., 2DIMMP-2 was isolated Measured in well scanning mode (scan matrix:1010; scan
from rat heart homogenates as follows: 5@ protein/lane were diameter: 10mm; bottom optic; no of ashes/scan point: 3;
loaded and separated by electrophoresis under non_reducigmp:37C;exutaﬂonwavelength:490 nm;em|SS|onwa\{eIength:
conditions on an 8% SDS-polyacrylamide gels copolymerize?0 "M). Then the PBS was removed and the cells were incubated
with 2 mg/ml gelatin from porcine skin (Sigma-Aldrich; St. Lisy  With PI (50mM) and a digitonin (104 M) (Sigma-Aldrich;
MO). After electrophoresis, gels were washed in 2.5% Tritonot- Louis, MO) for 7 min. Following that, the PI solution was

X 100 with gentle agitation and then incubated for 20h atreplaced with fresh_PBS ant_i u_orescent intensity was d_etgcted
37 C in zymography development bu er (50 mM Tris-HCI, pH USing the same settings, excitation wavelength: 5_44 nNE 2o

7.5, containing 5mM CaG) 200 mM NaCl) in the presence or wgvelength_: _610 nm). Background uorescent |_ntenS|ty (Eel
abscence of the MMP inhibitor compounds. Zymographic ge@(wthout staining) was subtracted from the calcein uoresce
were stained in a 0.05% Coomassie Brilliant Blue R-250isalut INtensity (re ecting live cell population) and divided by Pl
followed by destaining, and then zymograms were scanned.
MMP activity was detected as a colorless transparent zone on. a
blue background and the clear bands in the gel were quantied A
by densitometry using the Quantity One software (Bio-Rad,
Hercules, CA). The obtained density values were measurdd an %
percentage of inhibition values were then calculated.

120’ simulated
reperfusion

4h simulated ischemia

. L | vehicle/MMPI treatment
Cytoprotective Effect of MMP Inhibitor

Compounds in Neonatal Rat Cardiac
Myocytes Subjected to Simulated

B cell viability

heart
isolation

Ischemia/Reperfusion (SI/R)

Simulated Ischemia/Reperfusion Injury Under

Hypoxic Cinditions

For our cell viability experiments, 3 day-old cardiomyocyte
plated onto 24-well plates were tested under normoxic coaditi
or subjected to simulated ischemia (SI). The normoxig
cardiomyocytes were kept under normoxic conditions, i.e.,
the growth medium was changed to a normoxic solution (in
mM: NaCl 125, KCI 5.4, Nap)PO, 1.2, MgCh 0.5, HEPES
20, glucose 15, taurine 5, Cad, creatine 2.5, BSA 0.1%, pH
7.4, 310 mOsm/l) (i et al., 200¥ and the cells were incubated
under 95% air and 5% Cfat 37 C for 2.5h. In the second

series of experiments, cardiac myocytes were subjected to S

by incubating the cells in hypoxic solution (in mM: NaCl 119,

120’ reperfusion
]

---i’—i 30’ global ischemia I|
-20°

vehicle/MMPI treatment

L
T 7
60’ i

infarct size

measurement
(TTC method)

FIGURE 3 | Experimental protocol for cell culture studies and for thex vivo
rat heart model of AMI.(A) Isolated neonatal rat cardiac myocytes were
subjected to 4 h of simulated ischemia followed by 2 h of simatted
reperfusion. At the end of the reperfusion, cell viability as determined by
using calcein urescence. (B) Isolated adult rat hearts were perfused
according to Langendorff and a 30-min global, no- ow ischema was applied
after a 20 min equilibration period. Subsequently, 2 h repéusion was applied
and then infarct size was determined. The hearts were perfiesl with
rebs-Henseleit solution containing lead candidates or \&cle from 20 min
prior to the global ischemia until the 60th min of reperfusio.
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uorescence intensity (re ecting total cell count) and thgerage acids and the conversion of acids to hydroxamic acids wete no
intensity of each group was plotted. The cytoprotective e ectipplicable to HT parallel synthesis, we decided rst to select
of di erent compounds was compared to simulated ischemidree acids from the AMRI's compound collection. This selection

control groups. supported our initial hypothesis since acids are considered as
weaker ZC chelators than hydroxamic acids, which might

Myocardial Infarction in Isolated Rat Heart be bene cial for achieving selectivity and in addition coule

Ex Vivo Global Ischemia/Reperfusion Injury considered as a good indicator of the MMP-2 inhibitory actjvit

Our experiment conforms to the National Institutes of Health The substructure search resulted in 3600 acids, which were
Guide for the Care and Use of Laboratory Animals (NIH Pub.further focused to a small diverse subset by chemoinforesati
No. 85-23, Revised 1996) and also to the EU directive guieleliethods including 259 compounds, where the compounds hold
for the care and use of laboratory animals published by thearious motifs around a central core, re ecting the typical
European Union (2010/63/EU) and was approved by the locaVIMP inhibitor architecture described above (deigure 2). The
ethics committee of the University of Szeged. Eight to terselected acids were screened in a uorescent assay using a
week-old male Wistar rats weighing 300-350 g (Toxicoop,Ltdrecombinant human MMP-2 catalytic fragment and a synthetic
Budapest, Hungary) were anesthetized intraperitoneallyh witpeptide substrate. lomastat (a non-selective MMP inhibitoasw

60 mg/kg pentobarbital sodium (Euthasol, Produlab Pharmaysed for the validation of the assay and in each subsequent
Raamsdonksveer, The Netherlands). After administratibB® experiment as a control compound. The selected compounds
U/kg heparin through the femoral vein, the heart was isolated259) were rst tested using single point measurements at
and perfused according to Langendor with oxygenated Krebs10mM concentration; 6 compounds showed 70% inhibition,
Henseleit bu er at 37C as previously described(ran et al., 7 compounds between 60-70%, and 12 compounds between
20086. Brie y, hearts were subjected to 10 min aerobic perfusiorb0-60%. The accumulated hit-rate was 10%. The primary acid
for equilibration and stabilization of heart function andhén hits (12) were attempted to convert to hydroxamic acids.
by 30-min global ischemia followed by 120 min reperfusionSince two reactions failed 10 hydroxamic acids were prepared
Global ischemia was induced by setting a stopcock (B/Brausuccessfully for comparative MMP-2 screening. The hydroxamic
Melsungen, Germany) in closed position, and reperfusion waacid pairs of the previously measured acids were then tested.
achieved by turning the stopcock in the original (perfusion)Comparing the inhibitory activity of the acids and hydroxami
position. Heart rate and coronary ow were monitored acids, we had an unexpected discovery. Five acids showeekhigh
throughout the perfusion protocol. All the test compounds,inhibition than the corresponding hydroxamic acids during
their vehicle (DMSO,<0.1% in Krebs-Henseleit solution) as catalytic fragment measurement, and among them 3 belonged t
well as the positive control PD166793 (Tocris Biosciencé, Cahe same chemotype: thiazolyl-carboxylic adidtle 1).

No. 2520; Bristol, UK) were applied 20 min before the onset of Furthermore, we found that the thiazole ring (MMPI-1157)
global ischemia and maintained until the 30th min of reperfus  to the isosteric imidazole (MMPI-1154) increased the selggtiv

(Figure 3. to 1.5-fold over MMP-1 Table 2 while the overall inhibitory
o ' ' pro le was similar. The 3D similarity score was also high (3D-
Determination of Myocardial Infarct Size T D 0.85). The thiazole-imidazole replacement also made the

At the end of the 2-h reperfusion, the right ventricle wascompounds less lipophilic (cLogP was reduced from 3.3 to
removed, hearts were frozen, cut into six 1-mm-thick sli@@sl  2.9). Interestingly, 4- (or para)- uoro-phenyl substitutidn the
incubated in 1% triphenyl-tetrazolium chloride (Sigma-Aldy;  shorter side chain (MMPI-1157, 1154, 1260, 1248) is favored ov
St. Louis, MO) at 37C to delineate infarcted tissue. Slices werghe 3- (or meta)- uoro-phenyl substitution. It showed highe
then xed and quanti ed by planimetry using InfarctsiZé 2.5  selectivity and MMP-2 inhibitory e ect even if the 3D similayit
software (Pharmahungary, Szeged, Hungdfgkgte etal., 20).3  scores were high. The 4- benzyl-phenyl ether or 4-pyridyl-gthen
Infarct size was expressed as a percentage of the left ventricl  ether side chain was also favored over the other groups in the
Lo . longer side chain. On the other hand, if the benzene ring was
Statistical Analysis replaced with pyridine in the shorter side chain, it reduced the
Data were expressed as mean SEM. Cell viability were MMP-9 inhibition signi cantly, thus MMP-2/9 selectivity was
expressed as % of vehicle treated groups. Data were compajggreased (MMP 9 inhibition: MMPI-1252, 1253 500mM).
to vehicle using ANOVA followed bpost-hodests, e.g., Tukey One compound (MMPI-1140) that lacks the heterocyclic ring but

or Fisher LSD test. contains the corresponding side chains showed similar igtiv
pro le as the parent thiazole carboxylic acid, MMPI-1133, even
RESULTS though the 3D similarity alignment was relatively low (0.56
) ) In summary, the entire screening cascaé&qre 2) including
Focused Library Design and MTS library design, selection, virtual screening, anditro biological
Screening screening resulted in a novel thiazole/imidazole carbioxgtid

Since hydroxamic acids are reported as the primary zincehemotypes, which could be suitable starting points for farth
binding motif, we intended to select such a library from thestructure-based optimization.

AMRI 200,000 member non-exclusive compound repository as As a next step we started to explore the chemical space around
a starting point of our drug discovery e orts. Since only athis chemotype using 2D/3D structure-basidsilico methods.

few compounds were available in the repository as hydroxamigirst, a 568-membered focused library wassilico generated
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TABLE 1 | Comparing the inhibitory activity of the acids and hydroxaiu acids.

Structure Type Code IC 590n Structure Type Code IC 59 on
MMP-2 (mM) MMP-2 (mM)

I/Q/F hydroxamic ~ AMRI-101H 12 ’/O/F carboxylic acid  AMRI-101A/ 3.4
acid MMPI-1157
N N ¢} N N 9]
3 'y 3t
H S
o8 o

= hydroxamic AMRI-102H 11 F carboxylic acid AMRI-102A 6.2
F acid F

o o}
N NJ)L _OH N N
¢ N ¢ OH
cl o md ;ﬁ
O hydroxamic AMRI-103H 17.6 carboxylic acid AMRI-103A 7.6
O acid O
R (0]
N N/OH F N
) N OH
s \\</ |
S

around the AMRI library hits including their bioisosters and docking scores are shown for those hits that are coming from
some simplied analogs and then the library members wereirtual screening.
docked to the 3D model of MMP-2. In addition, 3D exible alignment studies were performed
Virtual 3D docking of potential MMP inhibitors was executed between the novel hit compounds and the initial AMRI library
using GOLD. The protein structure coordinates were obtainedest hit (AMRI-101A/MMPI-1157) compounds. The measure
from Protein Data Bank using the highest available resofuti of the alignment was characterized by 3D similarity scoB#3 (
(preferably co-crystallized with ligand). We used (MMP-2:Tanimoto coe cient, ChemAxon Screen3D software). It was
1QIB), Dhanaraj et al., 1999The region of interest used for postulated that high 3D similarity score could reveal similar
GOLD docking was de ned as all the protein residues withinconformation and binding mode which could result in similar
the 19 A radius sphere with the midpoint of the Zinc ion bioactivities. Finally, cLogP was calculated for each camgo
in the catalytic center. GOLD default parameters were usedihe lower values showing less lipophilicity which is expected
which were set to 200,000. The complexes were submitted accelerate the passage through the cell membrane leading to
to 20 genetic algorithm runs using the GOLDScore tnesshigher bioavailability.
function. MMPI-1154 was investigated more deeply in 3D docking
As a result, 45 compounds were considered as virtual hitstudies.Figure 4 shows the interaction of the compound to the
(docking score> 70) and proposed for chemical synthesis. Theactive site of MMP-2. In MMPI-1154 (Containing an imidazole-
synthesizable compound set was completed with several C|0§@rboxylic acid moiety), the acid residue had a chelating
analogs by rational design. For instance, in order to insegthe interaction to the ZC with the contribution of one of the N-
solubility of the compounds, the benzene ring was succdgsivehetero atoms of the heterocyclic ring. This relatively wgak®

replaced with pyridine (see MMPI-1252, 1253, 1248, and 126Q)he|ation dynamically and statistically gives an allosteiricing
Altogether 30 compounds were successfully synthesized f@sature of this inhibitor.

screening combining thim silicohits and the additional designed
compounds. . .
The compounds were measured for MMP-1, 2, 9, 13 tol N€ Effect of MMP Inhibitors on Cardiac
determine their inhibitory pro le. E ciency Index amplies te  MMP-2 Activity Measured by Zymography
two major required e ects, selectivity against MMP-1 and theTo con rm the MTS screen results, we tested the potential MMP
inhibitory activity. inhibitor molecules on MMP-2 enzyme isolated from rat heart
Table 2 shows the IGy values of the hit compounds (hit in vitro. Therefore, we applied the MMPIs at 1 and 18@ nall
criteria: 100% MMP-2 inhibition at 100 microM). The Gold concentration in the enzyme's development bu daple 3.
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TABLE 2 | Results of thiazole carboxylic acid (TCA) and imidazole dawxylic acids (ICA) and related analogs.

Structure Code IC 50 on MMP-1 IC59 on MMP-2 IC50 on MMP-9 IC59 on MMP-13 3D alignment to cLogP
(mv1) (mwv1) (M) (mwv1) 1157
ok MMPI-1157 3.6 3.4 15 1.6 1.00 3.33
JS:; (TCA)
Ny
@NT
SARER o
.
Ho//éj_\ MMPI-1154 10 6.6 13 1.8 0.85 2,91
NN (ICA)
/@”“j
o
ol MMPI-1133 6.8 25 9,8 4.7 0.932 3.37
Nis (TCA)
ISl
.
SAadh o
"% — MMPI-1140 12 20 39 2.6 0.56 291
/@ﬂm \ 7/
= o X F
o JOSX MMPI-1155 26 25 10 1.76 0.663 4.77
S (TCA)
E/@MT
SRV
HOJ(%_\‘ MMPI-1247 33 15 100 3.3 0.843 3.11
E(H (ICcA)
.l “@5@
Hcl
&W MMPI-1245 16 35 8 0.28 0.673 4.70
g™ (ICA)
/©wa
SAagh ot
.
HngjS MMPI-1254 17 30 20 3 0.739 3.39
% (TCA)
N
sadh et
(Continued)
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TABLE 2 | Continued

Structure Code IC 509 on MMP-1 IC50 on MMP-2 IC50 on MMP-9 IC50 on MMP-13 3D alignment to cLogP
(mv) (mM) (mM) (mM) 1157
o 7 MMPI-1253 240 90 >500 8 0.927 2.22
o aew

o MMPI-1252 115 54 >500 15 0.948 2.20
ji (TCA)
<gh ST Ch
o 7 MMPI-1260 51 5.7 37 25 0.916 2.16
'S (TCA)
o
Saagh el
b MMPI-1248 47 8 8.8 1.24 0.962 2.24
H(’% (TCA)
o
Saadh el
Cardio-Cytoprotection by MMPIs in Cell Cardioprotection by MMPI-1154 in Isolated
Culture Model of I/R Injury Rat Heart Model of I/R Injury

Some doses of MMPIs aected cell viability signicantly in Finally, based on the results of cell culture experiments,
normoxic conditions (Supplementary Figure 4). Since theve selected the most potent cardioprotective compound,
vehicle for MMPIs was DMSO, aerobic cardiac myocyte$MPI-1154 for testing in an isolated rat heart model of AMI.
were treated with 0.1% (v/v%) DMSO and their viability wasMMPI-1154 reduced myocardial infarct size signi canly atiyl
also assessed. Vehicle treatment did not aect cell vigbilitas compared to the vehicle-treated grotiigure 6).
in comparison to non-treated cardiomyocytes (Supplementary
Figure 5). DISCUSSION

Hypoxia is one of the numerous inuences on cardiac
matrix remodeling, via ECM turnover and induction of MMPs. In our study, we have successfully demonstrated the developme
In addition, I/R injury is also a critical modulator of MMP of a novel, selective MMP-2 inhibitor for cardioprotection
expression through alternative mechanismsr( et al., 2011 from an in silico compound library selection, through to

The 4-h hypoxic exposure and 2-h reoxygenation causethe testing of the most promising compound against acute
a marked cell death (Supplementary Figure 5), which wasyocardial infarction, in an isolated rat heart model. We'v
attenuated by MMPI treatment. To investigate whether MMPIsfound that the MMP-inhibiting e ects of imidazole and
treatment in uences cardiac myocite survival after simath thiazole carboxylic acid-based compounds are superior to the
I/R, we selected 6 MMPIs that were available at that time andonventional hydroxamic acid type derivatives of the same
which showed signi cant MMP inhibitory e ect during pre- molecules. We have thus shown for the rst time in the
screening. We tested those compounds in cultured neonatditerature that the acute application of MMPI-1154 (An imidazole
cardiac myocytes subjected to simulated I/R studies. |&iata carboxylic acid-based compound) has a protective e ect for
served as positive control (Supplementary Figure 6). Thedestehe heart against acute myocardial infarction. We achiesed
compounds showed signi cant cytoprotection, between 17 an@ivo cardioprotection via a moderate MMP-2 inhibition, since
47% Figure 5). The supplementary gures show all inhibitor MMPI-1154 was applied at around the concentration of itsdC
testing data (Supplementary Figure 4). value.
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FIGURE 4 | Two different views of the 3D structure of MMP-1154 docked tahe active site of MMP-2 together with the major binding inteactions.

MMP Inhibitor Development Strategy inhibition in accordance to our previous ndingsdiricz et al.,
Currently, 500 papers investigating the role of MMP inhibition 2006; Bencsik etal., 2014

in myocardial ischemia are available from the last 2 decades L .

PubMed database. There are several papers that describe the nB¥ovel Structural Findings Regarding

zinc binding, allosteric (e.gp-p stacking) interactions of MMP-  MMP-2 Inhibitor Development

2 with selected inhibitors[{i Pizio et al., 2013; Agamennone Several hydroxamic acid compounds are known as non-
et al., 2016; Ammazzalorso et al., 2016; Adhikari et al.8)201 selective MMP inhibitors. Therefore, we started our inhibito
Most of these papers employ MMP-2 as a potential biomarkegevelopment with selecting hydroxamic acid compounds
for ischemic heart diseases or as a therapeutic target toeevolkom the AMRI library. We also selected their carboxylic
cardioprotection. However, early clinical trials targefiMMP-  acid derivatives. We identied thiazole and imidazole
2 for improving cardiovascular outcomes after acute myo@drd substituted carboxylic acid molecules, in which MMP-
infarction have failed (e.g., PREMIER stubiyjdson etal., 2006 2 inhibitory e ect was superior to the corresponding
The likely reason for failure was the lesser selectivityhaf t hydroxamic acid derivatives. Furthermore, we found that
applied MMP inhibitors as well as the chronic and relatively high changing the thiazole ring (MMPI-1157) to the isosteric
dose administration regimen. Therefore, in our present gtwde  imidazole (MMPI-1154) increased the selectivity over MMP-
aimed to develop novel MMP-2 inhibitor lead candidates, whichl, although the overall inhibitory prole and the structure
possess high selectivity and lead only to a moderate MMP-Rere similar. This feature was an advantageous factor
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during molecular designing process since MMP-1 inhibition Most importantly, the pyridine moiety instead of the phenyl
was responsible for the development of musculoskeletaing at the end of the S1' pocket occupying longer side chain of
syndrome, the most severe adverse e ect of early MMPRhe moleculesincreased the selectivity of the inhibitionIMP-
inhibitors. 2 against MMP-1 (MMPI-1260, 1248). This is most likely due to

The relatively weak Z& chelation derived from the theincreased polarity of the tail group (such as pyridine)ichiis
imidazole-carboxylic acid moiety interacting to the %n exposed to the aqueous environment at the end of the S1' pocket.
dynamically and statistically gave an allosteric bindiegtfire  Similar compounds are described ibuan et al. (2007)where
for MMPI-1154. It is also assumed that the additional electromon-zinc chelating MMP-2 inhibitors with a similar bulky side
donating heteroatom being in close proximity to the acid mypie chain were reported. This nding supported our hypothesis that
(thiazole/imidazole ring) would also contribute to the ¢hion  weak or negligible Z#F chelation with bulky and partially polar
of the ZréC ion. The bulky side chain is deep inside in the S1'side chains lead to selective and active MMP-2 inhibitors. The
pocket as expected, although some rotational movements woujthenyl-pyridine exchange is also bene cial to the cell penetratio
be permitted around the central tertiary N atom. This option since the calculated octanol-water partition (cLogP) dasesl
would allow di erent binding modes and activity proles as in one order of magnitude. Although this change did not cause
well. signi cant conformational changes, the 3D similaritiesrevigh
between these compounds and the initial hit (MMPI-1157).

In conclusion, the biological data and the docking studies
together with the 3D alignment modeling conrmed that
these chemotypes represent a novel promising class of MMP-2

TABLE 3 | Screening of molecules on cardiac MMP-2 with gelatin zymogphy.

Code Inhibition (%) SEM inhibitors. The bulky groups together with a weaker %Zn

at 100 mM nal MMP inhibitor concentration chelating carboxylic acid residue allowed us to achieve low

micromolar MMP-2 inhibition, often together with an apparent

MMPI-1133 1114 158 selectivity against MMP-1. Finally, all the hit compounds meet
MMPI-1140 81.08 3.88 the drug-likeness criteria (Lipinski Rule of 5.), which presdic
MMPI-1154 100 high developability prognosis.
MMPI-1155 46.95 19.06
MMPI-1157 100 Screening Cascade
MMPI-1245 100 After the chemical optimization of the novel MMP inhibitor
MMPI-1247 100 lead candidates, we determined theish@alues by using gelatin
MMPI-1248 100 zymography. During zymographic analysis, we used full-length
MMPI-1252 100 active MMP-2 enzymes isolated from healthy young adult rat
MMPI-1253 100 hearts. Subsequently, the cardio-cytoprotective e ects @f th
MMPI-1254 100 selected candidates having the lowestgl@alues to MMP-2
MMPI-1260 100 were tested in cultured neonatal cardiac myocytes sulgetcte

FIGURE 5 | Cardioprotective effects of MMPI lead candidates on neonai rat cardiac myocytes subjected to simulated I/R. Cell vialily was measured after 4 h
simulated ischemia followed by 2 h of simulated reperfusiarData are expressed in the ratio of vehicle (DMSO) control percentage. Positive data (more than 100%)
shows higher viability compared to the control. j < 0.05 vs. Vehicle,n D 5-6 (One-way ANOVA followed by Dunnetpost-hoc test). The most effective doses of the
series of experiments are presented in the case of all compawds (for more detailed results see for Supplementary matexis, Figure 4).
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a signi cant cardioprotection e ect by decreasing myocatdia
infarct size during acute global ischemia/reperfusion igjur
Further research irn vivo models of AMI can shed light on its
cardioprotective properties as well as on its safety derived fro
the optimal selectivity toward di erent MMP isoforms.

CONCLUSIONS

This is the rst demonstration that imidazole and thiazole
carboxylic acid-based compounds are more e cacious thanrthei
hydroxamic acid derivatives in MMP-2 inhibition. MMPI-1154
is a promising novel cardio-cytoprotective imidazole-cat@
acid MMP-2 inhibitor lead candidate for the treatment of acute
myocardial infarction.

FIGURE 6 | MMPI-1154 is cardioprotective. The effect of MMPI-1154 on AUTHOR CONTRIBUTIONS
myocardial infarct size in isolated rat hearts subjected t80 min global
ischemia followed by 120 min reperfusion.j < 0.05 vs. Vehicle,n D 6-8 PB: Study management and paper writing; KK: Gelatine

(One-way ANOVA followed by Fisher LSPost-hoc test).

zymography andex vivoexperiments; AG and ZV: Cell culture
experiments; EK: Paper writing, statistics, data, and gure
management; JP and RG: Cell culture andvivoexperiments;

simulated I/R injury. Cardiac myocyte cell culture assagvaéd ~LK: In silico drug design, synthesis of analogs; LW: MMP
a relatively high throughput biological e cacy testingsprbe  inhibitor design, medical chemistry advising; FT: Synthesf

et al., 201pof the selected lead candidates in several dose rang@Balogs; IH, GF, SC, and LB: Molecular docking and high
at dierent levels of inhibition of MMP-2 activity. Our cell troughput screening; TC and CC: Supervising zymography and
culture test system revealed several biologically e casidoses €X Vivoexperiments; GD: Supervisimgsilicoand HT screening,
beyond the IGo values of the selected lead candidates (see da@anting, paper writing; PF: Supervising whole project, paper
Supplementary Figure 1 for details). writing, and granting.

Cardio-Cytoprotection by MMPI-1154 ACKNOWLEDGMENTS

Based on the results of the abovementioned cell culture

experiments, we selected MMPI-1154 (The lead candidat) whichhis work was supported by the National Research, Development
showed the highest increase in cell viability during sirtedd/R ~ and Innovation Oce (TET_15 IN-1-2016-0068) and by
experiments. We then used it for cardioprotection in@xvivo the former National Development Agency (NKFP_06_A1l-
rat heart model of acute myocardial infarction. To approximat MMP_2006). PB was supported by the Janos Bolyai Research
the moderate 20% inhibition of MMP-2 activity by MMPI-1154 Scholarship of the Hungarian Academy of Sciences. We are
(based on our previous ndingsGiricz et al., 2006; Bencsik grateful to ChemAxon Ltd. (Budapest) providing the Screen3D
et al., 201} in the ex vivomodel of AMI, we used the tM  software for the present study and to Mikl6s Szabd, Adrian
concentration (IGp value) instead of the most e ective 281  Kalaszi for their advice.

(ICs0 value) concentration seen during cell culture experiments.

Although MMPI-1154 is not highly selective to MMP-2, it seemsSUPPLEMENTARY MATERIAL

to be one of the most e cient MMP-2 inhibitors as shown in

Table 2 (e ciency index). In the present study, thim silicoand The Supplementary Material for this article can be found
subsequenin vitro chemical e ciency has been con rmed inthe online at: https://www.frontiersin.org/articles/10.38har.
isolated heart experiments since MMPI-1154 im{l showed 2018.00296/full#supplementary-material

REFERENCES and 13. ChemMedChem 11, 1892-1898. doi: 10.1002/cmdc.2016
00266

Adhikari, N., Sk Abdul, A., Achintya, S., and Tarun, J. (2018yucdural Ali, M. A., Cho, W. J., Hudson, B., Kassiri, Z., Granzier, H., anduBz
exploration for the re nement of anticancer matrix metalloproteinase-2 ~ R. (2010). Titin is a target of matrix metalloproteinase-2: implicagio
inhibitor designing approaches through robust validated multi- in myocardial ischemia/reperfusion injuryCirculation 122, 2039-2047.
QSARs. J. Mol. Struct. 1156, 501-515. doi: 10.1016/j.molstruc.2017. doi: 10.1161/CIRCULATIONAHA.109.930222
12.005 Almstead, N. G., Bradley, R. S., Pikul, S., De, B., Natchus, MaBupTY. O.,

Agamennone, M., Belov, D. S., Laghezza, A., Ivanov, V. N., &g et al. (1999). Design, synthesis, and biological evaluatiquoteint thiazine-
A. M., Andreev, I. A, et al. (2016). Fragment-based discovery and thiazepine-based matrix metalloproteinase inhibitdrsMed. Chenm42,
of 5-Arylisatin-based inhibitors of matrix metalloproteinases 2  4547-4562. doi: 10.1021/jm990330y

Frontiers in Pharmacology | www.frontiersin.org 12 April 2018 | Volume 9 | Article 296



Bencsik et al.

Cardioprotection by MMP Inhibition

Alwan, A., Maclean, D. R., Riley, L. M., dEspaignet, E. T., Math€. D.,
Stevens, G. A., et al. (2010). Monitoring and surveillance of rihraon-
communicable diseases: progress and capacity in high-burden cestharncet
376, 1861-1868. doi: 10.1016/S0140-6736(10)61853-3

Ammazzalorso, A., De Filippis, B., Campestre, C., Laghezza, A., Marfone
Amoroso, R., et al. (2016). Seeking for non-zinc-binding MMPH2ibitors:
synthesis, biological evaluation and molecular modelling studisJ. Mol.
Sci.17:E1768. doi: 10.3390/ijjms17101768

Andreadou, 1., lliodromitis, E. K., Lazou, A., Gorbe, A., Giri&z, Schulz,
R., et al. (2017). E ect of hypercholesterolaemia on myocardial tiomc
ischaemia-reperfusion injury and cardioprotection by preconditian
postconditioning and remote conditioninr. J. Pharmacol 74, 1555-1569.
doi: 10.1111/bph.13704

Baig, M. H., Ahmad, K., Roy, S., Ashraf, J. M., Adil, M., SiddiuiH., et al.
(2016). Computer aided drug design: success and limitat©uas. Pharm. Des.
22,572-581. doi: 10.2174/1381612822666151125000550

Bencsik, P., Bartekova, M., Gorbe, A., Kiss, K., Palocziadodiska, J., et al.
(2017). MMP activity detection in zymograndethods Mol. Bioll626, 53—70.
doi: 10.1007/978-1-4939-7111-4_6

Bencsik, P., Kupai, K., Giricz, Z., Gorbe, A., Pipis, J., Mudasit, et al.
(2010). Role of INOS and peroxynitrite-matrix metalloproteinase-2aligg
in myocardial late preconditioning in rat&m. J. Physiol. Heart Circ. Physiol.
299, H512—-H518. doi: 10.1152/ajpheart.00052.2010

Bencsik, P., Paloczi, J., Kocsis, G. F., Pipis, J., Beleagh, ¥. V., et al. (2014).
Moderate inhibition of myocardial matrix metalloproteinase-2 by ilonaass
cardioprotectivePharmacol. Re80, 36—42. doi: 10.1016/j.phrs.2013.12.007

Bencsik, P., Sasi, V., Kiss, K., Kupai, K., Kolossvary, M., Mairdiorvat, P.,
et al. (2015). Serum lipids and cardiac function correlate with nytrasine
and MMP activity in coronary artery disease patieriisir. J. Clin. Inves#5,
692—701. doi: 10.1111/eci.12458

Feng, Y., Likos, J., Zhu, L., Woodward, H., McDonald, J., Sggvenet al. (2000).
1H, 13C and 15N resonance assignments for a truncated and ietibétalytic
domain of matrix metalloproteinase-2. Biomol. NMRL.7, 85-86.

Ferdinandy, P., Csont, T. B., Csonka, C., Kupai, K. K., KovécsKis-
Tamas, A., et al. (2010)Novel Inhibitors of Matrix Metalloproteinases
WO_2012/080762_A1.

Ferdinandy, P., Hausenloy, D. J., Heusch, G., Baxter, G. F., Sudllz,
R. (2014). Interaction of risk factors, comorbidities, and cdioations
with ischemia/reperfusion injury and cardioprotection by precoiwtiing,
postconditioning, and remote conditionind?harmacol. Re66, 1142-1174.
doi: 10.1124/pr.113.008300

Fisher, J. F., and Mobashery, S. (2006). Recent advances iiiibitor design.
Cancer Metastasis R&5, 115-136. doi: 10.1007/s10555-006-7894-9

Galardy, R. E., Cassabonne, M. E., Giese, C., Gilbert, J. H., Lapietrepez, H.,
etal. (1994). Low molecular weight inhibitors in corneal ulcenatidnn. N. Y.
Acad. Sci732, 315-323. doi: 10.1111/j.1749-6632.1994.tb24746.x

Giricz, Z., Lalu, M. M., Csonka, C., Bencsik, P., Schulz, R.,Fandinandy, P.
(2006). Hyperlipidemia attenuates the infarct size-limiting e eftischemic
preconditioning: role of matrix metalloproteinase-2 inhibitiod. Pharmacol.
Exp. Ther316, 154-161. doi: 10.1124/jpet.105.091140

Gorbe, A., Giricz, Z., Szunyog, A., Csont, T., Burley, D. S.teBa®. F., et al.
(2010). Role of cGMP-PKG signaling in the protection of neonegtitardiac
myocytes subjected to simulated ischemia/reoxygenaBasic Res. Cardiol.
105, 643-650. doi: 10.1007/s00395-010-0097-0

Hausenloy, D. J., Garcia-Dorado, D., Erik Botker, H., Davidsinyl., Downey,
J., Engel, F. B, et al. (2017). Novel targets and future stestégi acute
cardioprotection: position paper of the European Society of Cardiolog
Working Group on Cellular Biology of the HeartCardiovasc. Red13,
564-585. doi: 10.1093/cvr/cvx049

Hudson, M. P., Armstrong, P. W., Ruzyllo, W., Brum, J., Cusmano, L.,9kize

Centre, C. C. D. (2017Hermes User Guide, A Component of the GOLD Suite P., et al. (2006). E ects of selective matrix metalloproteinase itdhilfPG-

5.6 Available online at: https://www.ccdc.cam.ac.uk/support-arsbueces/
ccdcresources/aec7ea64e7974961877c1b09e7506970.pdf.
ChemAXxon (2013). Available online at: https://www.chemaxon.e@mp/uploads/
2013/03/screen3d_2013-02-12.pdf.
Cheung, P. Y., Sawicki, G., Wozniak, M., Wang, W., Radomski,

116800) to prevent ventricular remodeling after myocardial infarctresults
of the PREMIER (Prevention of Myocardial Infarction Early Remiods trial.
J. Am. Coll. Cardiok8, 15-20. doi: 10.1016/j.jacc.2006.02.055

Johnson, M. A., and Maggiora, G. M. (199@oncepts and Applications of

M Molecular SimilarityNew York, NY: Wiley.

W., and Schulz, R. (2000). Matrix metalloproteinase-2 contributes t Jones, G., Willett, P., Glen, R. C., Leach, A. R., and Taylor9R7{1Development

ischemia-reperfusion injury in the heartCirculation 101, 1833-1839.
doi: 10.1161/01.CIR.101.15.1833

D'Annunzio, V., Donato, M., Erni, L., Miksztowicz, V., Buabla, B., Carrion,
C. L., et al. (2009). Rosuvastatin given during reperfusion dsese infarct
size and inhibits matrix metalloproteinase-2 activity in normocht#eslemic
and hypercholesterolemic rabbitd. Cardiovasc. Pharmacd3, 137-144.
doi: 10.1097/FJC.0b013e318197c5e9

DeCoux, A., Lindsey, M. L., Villarreal, F., Garcia, R. A., and Echri (2014).
Myocardial matrix metalloproteinase-2: inside out and upside dodvrMol.
Cell. Cardiol77, 64-72. doi: 10.1016/j.yjmcc.2014.09.016

Dhanaraj, V., Williams, M. G., Ye, Q. Z., Molina, F., Johnson, [ Oktwine, D. F.,
etal. (1999). X-ray structure of gelatinase A catalytic domain comgleith a
hydroxamate inhibitorCroat. Chem. Act@2, 575-591.

Di Pizio, A., Laghezza, A., Tortorella, P., and Agamennone, ML3RGProbing
the S1' site for the identi cation of non-zinc-binding MMR- inhibitors.
ChemMedCher8, 1475-1482, 1421. doi: 10.1002/cmdc.201300186

Dorméan, G., Cseh, S., Hajdu, I., Barna, L., Konya, D., Kupai, K.ale
(2010). Matrix metalloproteinase inhibitors: a critical appraisal
design principles and proposed therapeutic utilitirugs 70, 949-964.
doi: 10.2165/11318390-000000000-00000.

Duan, J. J., Chen, L., Lu, Z., Jiang, B., Asakawa, N., SheppEckK,, et al. (2007).
Discovery of low nanomolar non-hydroxamate inhibitors of tumor nesis
factor-alpha converting enzyme (TACHjioorg. Med. Chem. Lett7, 266-271.
doi: 10.1016/j.bmcl.2006.09.048

Durrant, J. D., de Oliveira, C. A, and McCammon, J. A. (2011). Pyrone
inhibitors of metalloproteinase types 2 and 3 may work adfkoth, G. A., Johnson, C., Abajobir, A., Abd-Allah, F., Abera,FS. Abyu,

based
conformation-selective inhibitors.Chem. Biol. Drug Des78, 191-198.
doi: 10.1111/j.1747-0285.2011.01148.x

Fekete, V., Murlasits, Z., Aypar, E., Bencsik, P., Sarkozy, 2dnaSi, G., et al.
(2013). Myocardial postconditioning is lost in vascular nitradéerance.J.
Cardiovasc. Pharmacéi2, 298—-303. doi: 10.1097/FJC.0b013e3182993ae0

of

and validation of a genetic algorithm for exible docking. Mol. Biol.267,
727-748. doi: 10.1006/jmbi.1996.0897

Jun, J. H., Cho, J. E., Shim, Y. H., Shim, J. K., and Kwak, Y. L.)(ZBEtts
of propofol on the expression of matric metalloproteinases in rat cardiac
broblasts after hypoxia and reoxygenatioBr. J. Anaesth106, 650-658.
doi: 10.1093/bja/aer006

Kalaszi, A., Szisz, D., Imre, G., and Polgar, T. (2014). Screen3bvel fully
exible high-throughput shape-similarity search methad.Chem. Inf. Model.
54, 1036-1049. doi: 10.1021/ci400620f

Kupai, K., Szucs, G., Cseh, S., Hajdu, I., Csonka, C., Csoet,dl. (2010). Matrix
metalloproteinase activity assays: importance of zymograjphf?harmacol.
Toxicol. Method§1, 205-209. doi: 10.1016/j.vascn.2010.02.011

Li, X., Heinzel, F. R., Boengler, K., Schulz, R., and Heusch, G4)2B0le
of connexin 43 in ischemic preconditioning does not involve mtdlular
communication through gap junctions]. Mol. Cell. Cardiol36, 161-163.
doi: 10.1016/j.yjmcc.2003.10.019

Lipinski, C. A., Lombardo, F., Dominy, B. W., and Feeney, P. JO1R0O
Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settirfgb:. Drug Deliv. Rev.
46, 3—-26. doi: 10.1016/S0169-409X(00)00129-0

Papp, A., Szommer, T., Barna, L., Gyimesi, G., Ferdinandy, P., Spadon
C., et al. (2007). Enhanced hit-to-lead process using bioanasgo
lead evolution and chemogenomics: application in designing seéecti
matrix metalloprotease inhibitorsExpert Opin. Drug Disco\2, 707-723.
doi: 10.1517/17460441.2.5.707

G., et al. (2017). Global, regional, and national burden of cardioviar
diseases for 10 causes, 1990 to 20L5Am. Coll. Cardiol.70, 1-25.
doi: 10.1016/j.jacc.2017.04.052

Sawicki, G., Leon, H., Sawicka, J.,
C. J, Scott, P. G., et al. (2005).

Sariahmetoglu, M.,
Degradation of myosin

Schulze,
light

Frontiers in Pharmacology | www.frontiersin.org 13

April 2018 | Volume 9 | Article 296



Bencsik et al. Cardioprotection by MMP Inhibition

chain in isolated rat hearts subjected to ischemia-reperfusionyamamoto, M., Tsujishita, H., Hori, N., Ohishi, Y., Inoue, S.d&gS., et al. (1998).

injury: a new intracellular target for matrix metalloproteinase-2. Inhibition of membrane-type 1 matrix metalloproteinase by hydroxamate
Circulation 112, 544-552. doi: 10.1161/CIRCULATIONAHA.104. inhibitors: an examination of the subsite pock&tMed. Chen#1, 1209-1217.
531616 doi: 10.1021/jm970404a

Sung, M. M., Schulz, C. G., Wang, W., Sawicki, G., Bautispgez,0N. L., and
Schulz, R. (2007). Matrix metalloproteinase-2 degrades the cyetalqerotein ~ Con ict of Interest Statement: PB and AG are employed by and PF is the CEO
alpha-actinin in peroxynitrite mediated myocardial injud..Mol. Cell. Cardiol.  of Pharmahungary 2000 Ltd; TC and CC were employed by Pharmahungary 2000
43, 429-436. doi: 10.1016/j.yjmcc.2007.07.055 Ltd; FT was employed by and LK was the CEO of Infarmatik Ltd; LW isGE©

Turan, N., Csonka, C., Csont, T., Giricz, Z., Fodor, G., Bénéxi et al. (2006). of OntoChem GmbH; IH, GF, and GD are employed by and SC is the CEO of
The role of peroxynitrite in chemical preconditioning with 3-nitroprapiic Targetex Ltd; PF, TC, CC, KK, LK, FT, SC, IH, GD, and AG are therntwrs of
acid in rat heartsCardiovasc. Reg0, 384—-390. doi: 10.1016/j.cardiores.2005the patent WO_2012/080762_A1 and related national patents resigmed by
12.012 Pharmahungary and TargetEx.

Wang, W., Schulze, C. J., Suarez-Pinzon, W. L., Dyck, J. Rck§&w, and Schulz,
R. (2002). Intracellular action of matrix metalloproteinase-2 acceuiot ~ The other authors declare that the research was conducted iratisence of
acute myocardial ischemia and reperfusion injugyrculation106, 1543-1549. any commercial or nancial relationships that could be construecagmtential

doi: 10.1161/01.CIR.0000028818.33488.7B con ict of interest.
WHO (2017). Cardiovascular Diseases (CVDs) Fact Shestilable online at:
http://www.who.int/mediacentre/factsheets/fs317/en/. Copyright © 2018 Bencsik, Kupai, Gorbe, Kenyeres, Varga, Falsmar, Kovacs,

Willett, P. (2006). Similarity-based virtual screening using 2Dgemprints.  Weber, Takacs, Hajdu, Fabd, Cseh, Barna, Csont, Csonkaa®and Ferdinandy.
Drug Discov. Today 11, 1046-1053. doi: 10.1016/j.drudis.2006.This is an open-access article distributed under the tdrtne Greative Commons
10.005 Attribution License (CC BY). The use, distribution or rdpation in other forums

Willett, P., and Winterman, V. (1986). A comparison of some measuress permitted, provided the original author(s) and the cgbyrowner are credited
for the determination of intermolecular structural similarity measurels o and that the original publication in this journal is cited @ccordance with accepted
intermolecular structural similarity.Quant. Struct. Act. Relat5, 18-25. academic practice. No use, distribution or reproductiperisitted which does not
doi: 10.1002/gsar.19860050105 comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 14 April 2018 | Volume 9 | Article 296



