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Epidemiological studies have demonstrated an inverse association between the consumption of flavonoid-
rich diets and the risk of atherosclerosis. In addition, an increased activity of the matrix metalloproteinase 9
(MMP-9) has been implicated in the development and progression of atherosclerotic lesions. Even though
the relationship between flavonoid chemical structure and the inhibitory property on MMP activity has been
established, the molecular mechanisms of this inhibition are still unknown. Herein, we first evaluated the
inhibitory effect of quercetin on MMP-9 activity by zymography and a fluorescent gelatin dequenching assay,
secondly we determined the most probable sites and modes of quercetin interaction with the MMP-9
catalytic domain by using molecular modelling techniques, and finally, we investigated the structure–activity
relationship of the inhibitory effect of flavonoids on MMP-9 activity. We show that quercetin inhibited MMP-
9 activity with an IC50 value of 22 μM. By using docking and molecular dynamics simulations, it was shown
that quercetin interacted in the S1′ subsite of the MMP-9 active site. Moreover, the structure–activity
relationship analysis demonstrated that flavonoid R3′–OH and R4′–OH substitutions were relevant to the
inhibitory property against MMP-9 activity. In conclusion, our data constitute the first evidence about the
quercetin and MMP-9 interaction, suggesting a mechanism to explain the inhibitory effect of the flavonoid
on the enzymatic activity of MMP-9, which provides an additional molecular target for the cardioprotective
activity of quercetin.
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1. Introduction

Matrix metalloproteinases (MMPs) are ZnII-containing endopep-
tidases that share structural domains but differ regarding substrate
specificity. The binding of peptide substrates to the active site occurs
from left (N-terminus) to right (C-terminus), corresponding to the
non-primed (S) and primed (S′) substrate binding subsites, respec-
tively (Bode and Maskos, 2003). It is considered that the structural
features most critical in determining the MMP substrate specificity,
and thereby the inhibitor specificity, are contained within the zinc
binding catalytic domain (Rao, 2005). MMPs, especially the gelatinase
MMP-9, are involved in the remodelling of the extracellular matrix
during the development and progression of atherosclerotic lesions
(Newby, 2006). MMP-9 also plays an important role in the turnover of
basement membrane type IV collagen during the formation of
atherosclerotic plaques (Libby, 2002; Nguyen et al., 2001; Pasterkamp
et al., 2000; Rahat et al., 2006; Stawowy et al., 2005).

Epidemiological studies in humans have shown an inverse associ-
ation between the consumption of polyphenol-rich food and the risk of
development and progression of atherosclerosis (Di Castelnuovo et al.,
2002; Knekt et al., 1996; Mukamal et al., 2002; Peters et al., 2001).
Among the polyphenols, quercetin is one of the most commonly found
flavonoid in the human diet (Erlund et al., 2006). Several mechanisms
by which quercetin may reduce the risk of atherosclerosis and
cardiovascular disease have been proposed (Alcocer et al., 2002;
Hayek et al., 1997; Osiecki, 2004; Pignatelli et al., 2000; Raso et al.,
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Fig. 1. Chemical structure of the evaluated flavonoids.
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2001; Welton et al., 1988), with one of these related to its ability to
inhibit MMP-9 synthesis in vascular smooth muscle cells (Moon et al.,
2003). In addition, it has been demonstrated that quercetin inhibits
MMP gelatinase activity (MMP-9 and MMP-2), although only for
relatively high concentrations (~100 μM) (Sartor et al., 2002). However,
it was recently demonstrated that quercetin, and itsmajor antioxidative
quercetinmetabolite quercetin-3-glucuronide (Q3GA), can accumulate,
reaching micro-molar concentrations in atherosclerotic lesions (Kawai
et al., 2008), which suggests that this flavonoid may be a potential
inhibitor of MMP-9 activity at this site of inflammation. Nevertheless,
even though the relationship between flavonoid chemical structure and
the inhibitory property on MMP activity has been established, the
molecularmechanisms of this inhibition are still unknown (Sartor et al.,
2002). However, by using molecular modelling techniques, such as
molecular docking and dynamics simulations, it may be possible to
identify the putative interaction sites involved in the direct inhibition of
active MMPs by flavonoids. In the present work, the main aim was to
evaluate the inhibitory effect of quercetin on the MMP-9 activity by
using a recombinant active formof this enzymeandafluorescent gelatin
dequenching assay. To investigate the most probable binding sites and
modes of quercetin in the MMP-9 catalytic domain, both the above
mentioned molecular modelling techniques and structure–activity
relationship analysis were used.

2. Material and methods

2.1. Flavonoids and reagents

Quercetin (3,5,7,3′,4′-pentahydroxy-2-phenylchromen-4-one)
was isolated and characterized following a procedure described
previously (Guglielmone et al., 2002, 2005). Galangin (3,5,7-
pentahydroxy-2-phenylchromen-4-one), quercetin-3-rutinoside
(rutin), fisetin (3,7,3′,4′-pentahydroxy-2-phenylchromen-4-one),
kaempferol (3,5,7,4′-pentahydroxy-2-phenylchromen-4-one),
luteolin (5,7,3′,4′-pentahydroxy-2-phenylchromen-4-one), chrysin
(5,7-pentahydroxy-2-phenylchromen-4-one) and epigallocatechin-
3-gallate (EGCG) were purchased from Sigma (St. Louis, MO). The
flavonoid general structure with the numbering pattern for rings A,
B and C, and the different substitutions of the evaluated flavonoids
are illustrated in Fig. 1. The stock solutions of flavonoids (1.0 mM)
were prepared in 0.06% dimethyl sulfoxide (DMSO) in an enzyme
buffer (50 mM Tris pH 7.4, containing 200 mM NaCl and 5 mM
CaCl2). The different concentrations of these compounds were
obtained by diluting the stock solution in the enzyme buffer. In each
case, fresh solutions were prepared and used immediately. Recom-
binant active MMP-9 was purchased from Calbiochem, Merk
Biosciences, (Darmstadt, Germany); and DQ gelatin fluorescein
conjugate was obtained from Molecular Probes (D-12054). All the
reagents used were of analytical grade.

2.2. Assays for MMP-9 activity

2.2.1. Gelatin zymography
Aliquots of recombinant active MMP-9 (500 pg per lane) were

assayed by gelatin zymography in 7.5% SDS-PAGE gel containing
0.15% (w/v) gelatin (Kleiner and Stetler-Stevenson, 1994). After
electrophoresis, the gel was washed with 2.5% of Triton X100, cut
into slides corresponding to MMP-9 bands, and incubated with
different concentrations (25, 50, 75, 100 and 200 μM) of quercetin
in the enzyme buffer used to develop the zymography. Gelatinolytic
activity of MMP-9 was observed as clear bands against a blue-
stained background, which were quantified by densitometric
analysis using image software (UVP Vision Works® LS Image
Acquisition and Analysis Software, Upland, CA). The data were
expressed as the percentage of MMP-9 activity relative to control
(without quercetin).
2.2.2. Fluorescent gelatin dequenching assay
Samples of recombinant active MMP-9 (250 ng/ml) weremixed with

different concentrations (1, 10, 100 and 500 μM) of the evaluated
flavonoids in enzyme buffer containing DQ gelatin (20 μg/ml) at 25 °C.
Fluorescencewasmeasuredatλexcitation=495 nmandλemission=520 nm
using a standard fluorometer. The rates of hydrolysis were obtained from
plots of fluorescence versus time (min), using data points from only the
linear portionof thehydrolysis curve. Datawere reported as the inhibition
percentage of MMP-9 activity relative to the control (without flavonoid)
as indicated in Eq. (1), where RC and RF correspond to the rate of
hydrolysis for control and flavonoids, respectively.

% Inhibition = RC− RFð Þ= RC½ � × 100 ð1Þ

The flavonoids for the concentrations studied did not interfere
with fluorescent dequenching (results not shown). Values of IC50

(molar concentration of the compound that inhibits specific
activity by 50%) were determined from the plot of % inhibition
versus flavonoid concentration (μM) using non-linear regression
analysis.

2.3. Docking and molecular dynamics simulations

2.3.1. Molecular structures and optimization
MMP-9 catalytic domain coordinates (without the fibronectin and

prodomains) were obtained from the crystal structure (PDB ID: 1GKC)
(Rowsell et al., 2002). The system consisted of one MMP-9 monomer,
two catalytic and structural zinc ions, and three calcium ions. The zinc-
ligand parameters were established following previous reports for
docking and molecular dynamics simulations (Diaz and Suarez, 2007;
Hu and Shelver, 2003). The staring structure for quercetin was built in-
silico and subjected to a first full geometry optimization using AM-1.
This initial optimizationwas followedbyanother full optimizationusing
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the HF/631-G** combination method and basis set. Partial atomic
charges were obtained from the corresponding optimized structures
using the restrained electrostatic potential method (Wang et al., 2000),
and all calculations were made with the Gaussian-98 package of
programs (Frisch et al., 1998). The remaining non-bonded and internal
parameters were simulated, using the generalized Amber force field for
organic molecules (Wang et al., 2004).

2.3.2. Docking of quercetin in MMP-9 catalytic domain
Docking simulations were performed using the AutoDock 4.0

program package (Osterberg et al., 2002). Six structures of MMP-9
were selected (corresponding to the initial X-ray and 5 different
snapshots from free MMP-9 molecular dynamics simulation) and
subjected to ligand flexible docking simulations. For the first round
of docking simulations a 100×100×100 points grid with a 0.375 Å
spacing, was built centered on the catalytic zinc ion, and then used
to perform 100 independent runs. The results for each run were
clustered together when the root mean square deviation between
two putative structures of the inhibitor heavy atoms was less than
2.0 Å. Clusters were ranked based on their probability and their
estimated binding energy (scoring). The grid box enclosed the
entire MMP-9 substrate binding site and allowed complete rotation
and translation of the ligand. The centers of mass of the highest
probability and scoring clusters were selected for a second set of
100 docking runs, using a smaller and better resolved grid
(60×60×60 points with a grid spacing of 0.25 Å). From these
docking runs, plausible structures of flavonoid–MMP-9 complexes
were selected for further molecular dynamics and thermodynamic
analysis. The figures representing these quercetin–MMP-9 complex
structures were made with VMD (Visual Molecular Dynamics)
molecular graphics software (Humphrey et al., 1996) (http://www.
ks.uiuc.edu/Research/vmd/).

2.3.3. Molecular dynamics simulations of quercetin–MMP-9 complexes
and estimation of binding free energy

For all the molecular dynamics simulations, the starting
structures, corresponding to free MMP-9 or flavonoid–MMP-9
complexes obtained from previous docking simulations, were
immersed in a pre-equilibrated octahedral box of TIP3P water.
Simulations were carried out at 1 atm and 300 K and maintained
with the Berendsen barostat and thermostat, using periodic
boundary conditions and Ewald sums (grid spacing of 1 Å) for
treating long-range electrostatic interactions with a 10 Å cut-off
(Berendsen et al., 1984). The SHAKE algorithm was used to keep
bonds involving H (hydrogen) atoms at their equilibrium length
(Ryckaert et al., 1977), and a 2 fs time step was used for the
integration of Newton's equations. The Amber ff99SB force field
parameters were used for all protein residues (Hornak et al., 2006),
with all simulations being performed with the particle mesh Ewald
molecular dynamics module of the AMBER9 program (Hornak et al.,
2006; Pearlman et al., 1995). The equilibration protocols consisted
of performing an optimization of the initial structures, followed by
a slow heating up to the desired temperature. This heating was
performed in 200 ps of constant volume molecular dynamics,
followed by 200 ps of simulation at constant pressure. Once the
system was equilibrated, the different production runs were
performed. The quercetin–MMP-9 complex structures selected
after docking were subjected to 5 ns long simulations in explicit
solvent, using the parameters mentioned above. From these
simulations, a computationally efficient molecular mechanics
approach was used coupled to a continuum representation of
solvent effects called the molecular mechanics Poisson–Boltzmann
surface area (Lee et al., 2000). The binding free energy (ΔGB) as well
as its contributions were computed for each structure using Eq. (2),
where ΔEGAS corresponds to the ligand binding energy in the gas
phase (i.e. in vacuum), and ΔEELEC and ΔEVDW are the corresponding
electrostatic and van der Waals contributions to the energy,
respectively.

ΔEGAS = ΔEELEC + ΔEVDW ð2Þ

In addition, the solvation free energy (ΔGSV) contribution to the
binding was estimated using the Poisson–Boltzmann implicit solva-
tion method (Lu and Luo, 2003). Then, adding ΔEGAS and ΔGSV as
indicated in Eq. (3) permitted ΔGB to be estimated.

ΔGB = ΔGSV + ΔEGAS ð3Þ

Given the inherent difficulties in computing the solvation free
energies, the ΔGSV values should be analyzed carefully and considered
together with the more robust ΔEGAS contribution. Hydrogen bond
interactions between quercetin andMMP-9were classified as weak or
strong bonds, based on the analysis of their structural fluctuations
along the molecular dynamics simulation. Strong bonds remained
formed for more than 95% of the simulation time, while weak
hydrogen bonds were those that broke and formed again during the
dynamics.

2.4. Statistical analysis

Results were expressed as the mean±S.E.M. of independent
experiments. A one-way ANOVA was used for comparisons. Differ-
ences from the control with Pb0.05 were considered significant.

3. Results

3.1. Inhibitory effect of quercetin on MMP-9 activity

Previously it was reported that quercetin exerts a weak inhibition
on MMP-9 activity for inhibitory concentrations higher than 100 μM
(Sartor et al., 2002). These authors determined the MMP-9 activity
by gelatin zymography, using latent MMP-9 (pro-MMP-9 activated
by 4-aminophenylmercuric acetate) obtained from the cell culture-
conditioned medium of HT-1080 human fibrosarcoma cells. In our
work, a pure and recombinant active MMP-9 was used, and the
enzyme activity was determined by gelatin zymography and a
fluorescent gelatin dequenching assay. In this way, we evaluated
different concentrations of quercetin (1 to 500 μM) for constant
amounts of active MMP-9. Fig. 2 shows a representative zymography
analysis, where it can be observed that quercetin produced in a
concentration-dependent manner a significant decrease in the
MMP-9 activity. Densitometric analysis showed that quercetin
concentrations between 25 μM and 100 μM produced a significant
inhibition on the MMP-9 activity. In addition, in order to obtain
quantitative inhibitory data related to this, a fluorescent dequench-
ing assay was used. By considering standardized kinetic parameters
for this assay (Supplementary Fig. 1) we determined that quercetin
inhibited the MMP-9 activity in a concentration-dependent manner,
resulting in an IC50 value of 22 μM (Fig. 3). Thus, these data indicate
that quercetin inhibited the MMP-9 activity for inhibitory concen-
trations lower than 100 μM.

3.2. Theoretical evaluation of the most probable sites and modes of the
quercetin interaction in the MMP-9 catalytic domain

To investigate themolecular basis of the inhibitoryeffect of quercetin
on the MMP-9 activity, we evaluated the putative sites and modes of
quercetin interaction in the MMP-9 catalytic domain by combining
docking and molecular dynamics simulations. The docking analysis of
quercetin in the MMP-9 catalytic domain showed that the highest
probability and scoring clusters displayed docking binding energies
between −5.0 and −7.0 kcal mol−1, which were located at different
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Fig. 2. Zymography analysis of MMP-9 activity incubated with different concentrations
of quercetin. A) Representative zymography assays of MMP-9 gelatinolytic activity.
B) Densitometry analysis from zymography assays. The bars represent the results
expressed as a percentage of the MMP-9 activity in the absence of quercetin. The
standard errors of the mean obtained from triplicate experiments are indicated, with
the asterisk (*) denoting P values (b0.05) significantly different to control (0 μM of
quercetin).

Table 1
Binding subsites and binding free energies wit their contributions for themostfavorable
quercetin-MMP-9 complex structures (1 and 2).

Complex
Structure

Binding
Subsites

ΔGB
a ΔEGASb ΔGSV

c ΔEELECd ΔEVDWe

1 S1′,S2′ −15.9 −60.3 −44.4 −17.1 −43.2
2 S2′,S3′ −14.8 −56.9 −42.1 −28.5 −28.4
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substrate binding subsites in the active site cleft. The most stable
docking structureswere then selected, and from each bindingmode the
interaction was optimized by molecular dynamics simulation. The two
most favourable binding modes of quercetin with the MMP-9 catalytic
domainwere obtained (Table 1), based on the lowestΔGB values,which
were at least two fold smaller than those of the other possible
interaction modes. Complexes 1 and 2 showed quite similar ΔGB,
ΔEGAS and ΔGSV, and located quercetin at the active site S′ subsite. The
main difference between both complexes was related to the energy
values corresponding to ΔEELEC and ΔEVDW (Table 1). Fig. 4 shows the
interaction site andmode of quercetin in complex 1,where the benzene
(ring B) was located inside the hydrophobic cavity of the S′ subsite,
whereas its chromone (ring A and ring C) pointed towards the S2′
subsite (Fig. 4A and B). Also, Fig. 4C reveals that the quercetin benzene
was held inside the S1′ pocket, bounded by the catalytic zinc-ligand
His401 (on the left), the backbone residues 421 to 424 of the specificity
loop (at the front), and the active site helix B (at the back). A strong
hydrogen bond interaction was established between the Met422 of the
S1′ wall-forming segment and the R3′–OH, whereas a weak hydrogen
Fig. 3. Concentration-dependent inhibitory analysis of quercetin on the MMP-9 activity
determined by a fluorescent gelatin dequenching assay. The results are expressed as a
percentage of inhibition of theMMP-9 activity obtained in the absence of quercetin. The
standard errors of the mean obtained from triplicate experiments are indicated. The
dotted line indicates a 50% inhibition of MMP-9 activity, which represents an IC50 value
of 22 μM of quercetin.
bond existed between Ala417 of the “met-turn” and the R4′–OH. With
respect to the quercetin chromone, Fig. 4C shows that it was partially
shielded from the solvent by the backbone of residues 186 to 190. The
hydrophobic interactions were established between the chromone and
the side chain of Leu188 and Val398, and two strong hydrogen bonds
existed between the quercetin R5–OHwith the Leu188 and Ala189 of the
edge strand of β-strand IV. In addition, for this complex, the quercetin
Fig. 4. QuercetinMMP-9 complex structure 1. A) TheMMP-9 structure is shown as a gray
vdw surface and quercetin appears as sticks. The catalytic zinc ion is shown as an orange
sphere, and the S and S’ binding sites are labeled inwhite. B) A close up of a). C) Close up of
the quercetin MMP-9 hydrogen bond (black dashed lines) interactions.
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Fig. 5. Quercetin–MMP-9 complex structure 2. A) TheMMP-9 structure is shown as a gray
vdw surface and quercetin appears as sticks. The catalytic zinc ion is shown as an orange
sphere, and the S and S' binding sites are labeled inwhite. B) A close up of a). C) Close up of
the quercetin–MMP-9 hydrogen bond (black dashed lines) interactions.

Fig. 6. Flavonoid effect on MMP-9 activity for a 100 μM concentration of the
compounds. The bars represent the results obtained by a fluorescent gelatin
dequenching assay expressed as a percentage of MMP-9 activity in the absence of
compounds. The standard errors of the mean obtained from triplicate experiments are
indicated. The quercetin effect compared with: A) luteolin, fisetin, galangin and
chrysin; and B) kaempferol, morin, taxifolin and rutin. The asterisk (*) denotes P values
(b0.05) significantly different to control (0 μM of compounds). The symbol (#) denotes
P values (b0.05) significantly different to quercetin.
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oxygens were located at a distance of more than 5 Å from the catalytic
zinc ion, which implies that the interaction between the flavonoid and
the enzyme involved no chelation. Fig. 5 shows the interaction site and
mode of quercetin in complex 2. The quercetin benzene was placed
towards S2′ and its chromone located at the S3′ subsite of the enzyme,
with these subsites beingmore exposed to solvant than S1′ (Fig. 5A and
B). Thehydrophobic interactionsoccurred between thebenzene and the
residues Leu187 and Leu188 (S2′ subsite), and Val398 (back side of S1′). In
addition, the quercetin chromone ring was located at the edge of the
MMP-9 active site interacting with Tyr393 (S3′) and Tyr423 (S1′). Two
strong hydrogen bonds were formed for R4′–OH with active site Glu402

and the R3′–OH and Leu188–NH, and a weak hydrogen bond existed
betweenR3–OHand the carbonyl of Pro421 of thewall-forming segment.
In this complex, quercetin oxygens were not capable of zinc-
coordination.
3.3. Structure–activity relationship

Considering the structural data obtained from the docking and
molecular dynamics analysis of the quercetin–MMP-9 complexes 1
and 2, we hypothesize that the inhibitory effect of quercetin on the
MMP-9 activity involved interaction between the MMP-9 residues
and the quercetin hydroxyl substitutions, at R3′ and R4′ of the B ring
(complexes 1 and 2), R5 (complex 1) and R3 (complex 2) of the
chromone. For this reason, we investigated the structure–activity
relationship of the inhibitory effect of flavonoids on MMP-9 activity,
by using flavonoids that contained the different hydroxyl substitu-
tions represented in Fig. 1, with the inhibitory properties of these
compounds on the MMP-9 activity being determined by a fluorescent
gelatin dequenching assay. When luteolin and fisetin were assayed,
compounds having both R3′ and R4′ hydroxyl substitutions, they
showed an inhibitory effect comparable to quercetin at a flavonoid
concentration of 100 μM (Fig. 6A). On the other hand, assays of
galangin and chrysin, compounds lacking these R3′ and R4′ hydroxyl
substitutions, did not result in a significant inhibitory effect on the
MMP-9 activity at 100 μM (Fig. 6A). These results demonstrate that
the presence of the hydroxyl substitutions at R3′ and R4′ of the
quercetin B ring constitutes a relevant structural feature in theMMP-9
activity inhibition. However, the structure–activity relationship
analysis data indicate that the presence of two hydroxyl substitutions
at R3 and R5 together did not contribute to the inhibitory ability of
quercetin, since luteolin and fisetin (which conserved only one of
these hydroxyl substitutions) had a similar MMP-9 inhibitory effect to
that of quercetin (Fig. 6A).
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Taking into consideration that R3′ and R4′ hydroxyl substitutions
were involved in the inhibitory effect of quercetin on the MMP-9
activity, we now evaluated compounds with different hydroxyl
patterns in the B ring. Kaempferol and morin showed a lower
inhibitory effect with respect to quercetin at 100 μM (Fig. 6B), with
these data strongly suggesting that the presence of the two hydroxyl
substitutions (at R3′ and R4′), situated ortho to each other in the
structure, potentiated the inhibitory ability on the MMP-9 activity. In
addition to the hydroxilation profile, another structural feature that
may have favoured the interaction between quercetin and MMP-9 is
the 2,3-double bond of the flavonoid C ring, which confers a planar
structure. As shown in Fig. 6B, taxifolin, which lacks the 2,3-double
bond, showed a lower inhibitory effect on MMP-9 activity than
quercetin at 100 μM, demonstrating that the planarity of the molecule
contributed favourably to the quercetin–MMP-9 interaction. Finally,
the effect of quercetin o-glycosylation at R3 was evaluated by testing
rutin on theMMP-9 activity, with Fig. 6B demonstrating that the sugar
moiety eliminated the inhibitory capacity of quercetin.

Based on the structure–activity relationship analysis indicated
above, we determined the concentration-dependent inhibitory effect
of the flavonoids on the MMP-9 activity and calculated the IC50 values.
EGCG was used as a control for the enzyme inhibition, since this
flavonoid is considered to be a potent MMP-9 inhibitor (Demeule et al.,
2000). Fig. 7 shows the inhibitory analysis for different concentrationsof
flavonoids, ranging from 1×10−6 to 0.5×10−3 M. The control EGCG
showed an important inhibitory effect on MMP-9 activity with an IC50
value of 0.2 μM, (Fig. 7), comparablewith the previously informed value
of 0.3 μM using an EnzChek Gelatinase kit with the same substrate and
source of MMP-9 (Demeule et al., 2000). Three distinct groups of
compounds were observed, based on their inhibitory capacity against
MMP-9 activity. In the first group, quercetin, luteolin and fisetin were
the most potent inhibitors with IC50 values of 22, 8, and 6 μM,
respectively. The second group was made up of weaker MMP-9
inhibitors: kaempferol, morin and taxifolin, which had IC50 values of
500, 142, and 364 μM, respectively. Finally, the last group included
compounds that had extremely poor inhibitory effects on MMP-9
activity, namely, galangin, chrysin and rutin. These all had estimated
IC50 values higher than 500 μM.

4. Discussion

In this study,we have investigated the inhibitory effect offlavonoids,
in particular quercetin, on the enzymatic activity of active MMP-9.
Previously, only one report has examined the inhibitory property of
Fig. 7. Concentration-dependent inhibitory analysis of flavonoids on the MMP-9
activity determined by a fluorescent gelatin dequenching assay. The results are
expressed as a percentage of inhibition of theMMP-9 activity obtained in the absence of
the compounds. The standard errors of the mean obtained from triplicate experiments
are indicated. The dotted line indicates a 50% inhibition of MMP-9 activity, which
represents an IC50 values of 0.2 μM (EGCG); 6 μM (fisetin); 8 μM (luteolin); 22 μM
(quercetin); 142 μM (morin); 364 μM (taxifolin); 500 μM (kaempferol); and N500 μM
(galangin, chrysin and rutin).
different flavonoids on MMP activity, where a weak inhibitory effect of
quercetin was established for concentrations higher than 125 μM
(Sartor et al., 2002). However, herein we demonstrate that quercetin
significantly inhibited the MMP-9 activity at lower concentrations than
those previously reported. These discrepant results could be due to
different conditions occurring in the gelatinolytic assays used to
evaluate the inhibitory effect of quercetin, which may be mainly
attributed to the source of the active MMP-9 as well as to the optimal
molar ratios of quercetin/MMP-9 used for the inhibitory assay. In the
present work, in order to optimize the experimental conditions, a
recombinant active MMP-9 form was used, with two different
gelatinolytic techniques, zymography and fluorescent gelatin
dequenching assay, being standardized. By using both these methods,
we determined that quercetin concentrations lower than 100 μM
produced a significant inhibition of MMP-9 activity (Fig. 2), with an
IC50 value of 22 μM(Fig. 3). Thus, our data clearly indicate that quercetin
inhibited the enzymatic activity of MMP-9.

The determination of inhibitor–enzyme complex structures with
atomic detail is necessary for understanding themolecular basis of the
inhibitor function. Several three-dimensional structures of MMPs in
complexes with synthetic inhibitors have been determined by X-ray
crystallography and molecular modelling methods (Bertini et al.,
2007; Diaz and Suarez, 2007; Hu and Shelver, 2003; Lang et al., 2001;
Pavlovsky et al., 1999; Rowsell et al., 2002; Tuccinardi et al., 2006). In
contrast, only a few three-dimensional structures of flavonoids in
complexes with mammalian enzymes (for instance PI3-K, elastase
and uPA) have been solved (Cuccioloni et al., 2009; Walker et al.,
2000). In addition, although the complex structures of flavonoids with
MMPs have not been previously reported either by crystallography or
molecular modelling techniques, in the present work, by using
docking and molecular dynamics simulations, it was shown that
quercetin formed two stable complex structures (complexes 1 and 2)
with MMP-9 catalytic domain. Furthermore, in both these structures,
quercetin was observed to interact in the S1′ subsite of the MMP-9
active site, and interestingly, the majority of the reported synthetic
MMP inhibitors were shown to bind into this substrate subsite
(Cuniasse et al., 2005; Kiyama et al., 1999; Li and Xu, 2004; Rao, 2005),
considered to be the most important in terms of substrate and
inhibitor specificity (Bode et al., 1999; Pirard and Matter, 2006).

It has been proposed that both the number and localization of
hydroxyl substitutions determine the biological activity of flavonoids.
In this sense, R3–OH has been reported to be strongly related to the
antioxidant capacity in the majority of flavonols (Silva et al., 2002).
Another structural feature relevant for the biological effect is the orto-
diphenolic arrangement in the B ring (Matsuda et al., 2002; Rice-
Evans et al., 1996). In addition to the hydroxyl substitutions, the 2,3-
double bond in the C ring and the 4-oxo group may also influence
flavonoid activity (Rice-Evans et al., 1996; Zhang et al., 2005). In the
present work, by using docking and molecular dynamics analysis, we
demonstrated that the number and localization of hydroxyl substitu-
tions in quercetin influence its interaction with the MMP-9 catalytic
domain. In complex 1, the quercetin hydroxyls involved in the
hydrogen bond interaction with the MMP-9 catalytic domain were
R3′–OH and R4′–OH of the B ring, and R5–OH from the chromone ring
(Fig. 4). In complex 2, R3′–OH and R4′–OH were also implicated in
hydrogen bond interaction, but R3–OH instead of R5–OH was the
hydroxyl substituent from the chromone ring that stabilized the
structure (Fig. 5). Moreover, by using structure–activity relationship
analysis with structurally different flavonoids, we further demon-
strated the relevance of R3′–OH and R4′–OH, since luteolin and fisetin
showed a similar inhibitory action onMMP-9 activity as quercetin at a
100 μM concentration (Fig. 6A). In addition, these compounds had
similar IC50 values to that of quercetin (Fig. 7), which supports the
possibility that at least one of these substitutions (R3–OH or R5–OH) is
probably needed to stabilize the flavonoid in the active site of MMP-9.
The relevance of R3′–OH and R4′–OH substitutions of the B ring on the
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inhibitory property against MMP-9 activity was also demonstrated in
flavonoids lacking these hydroxyls in the flavonoid structure. Neither
galangin nor chrysin showed any significant inhibitory effect on
MMP-9 activity, in comparison to quercetin, fisetin and luteolin
(Figs. 6A and 7). Thus, we conclude that R3′–OH and R4′–OH
substitutions in flavonoids are relevant to the inhibitory property on
the enzymatic activity of active MMP-9.

Further analysis of the involvement of the hydroxylation pattern of
B ring in the inhibitory capacity of MMP-9 activity showed that the
presence of two hydroxyl substitutions at the ortho position
potentiated the inhibitory effect, since kaempferol (containing only
the R4′–OH substitution) and morin (having a meta-diphenolic
arrangement) had less inhibitory potency than quercetin, fisetin or
luteolin (Figs. 6B and 7). Moreover, the 2,3-double bond in the C ring
was also relevant for this inhibitory property, since taxifolin, which
differs from quercetin with respect to this structural feature, showed a
poor inhibitory effect on MMP-9 activity (Figs. 6B and 7). Finally, the
absence of an inhibitory effect of rutin (Figs. 6B and 7) could have
been due to the rutinosidemoiety at C3, which affects the ability of the
hydroxyl substitutions to reach and interact with the subsites of the
MMP-9 catalytic domain.

An important number of in vivo and epidemiological studies
have demonstrated that flavonoids exert many biological effects
with relevant cardioprotective action (Huxley and Neil, 2003;
Maron, 2004; Middleton et al., 2000; van't Veer et al., 2000). Related
to this, an inverse association has been reported between the
consumption of flavonoid-rich diets and the risk of atherosclerosis
(Brambilla et al., 2008; Giovannini et al., 2007). However, the
molecular mechanisms implicated in the beneficial actions of these
natural compounds in human health are diverse and complex.
Several in vitro assays have reported that flavonoids inhibit the
mammalian enzyme systems that are involved in different
inflammatory pathologies, for example, in atherosclerosis. More-
over, it has been proposed that quercetin may reduce the risk of
cardiovascular diseases by different mechanisms that include: i)
the antioxidant activity that prevents LDL oxidation (Hayek et al.,
1997; Osiecki, 2004); ii) inhibition of iNOS expression in inflam-
matory cells such as macrophages (Ortega et al., 2010); iii) reduc-
tion of platelet activity and aggregation (Pignatelli et al., 2000); iv)
inhibition of vascular smooth muscle cells proliferation and
migration (Alcocer et al., 2002); v) interference in the cardiovas-
cular inflammation by inhibition of both the COX-2 and LOX-5
enzymes involved in the eicosanoid metabolism (Raso et al., 2001;
Welton et al., 1988), and vi) the inhibition of the MMP-9 gene
expression and protein secretion induced by TNF-α (a proinflam-
matory cytokine present in atherosclerotic lesions) in vascular
smooth muscle cells (Moon et al., 2003). In all of these in vitro
studies the concentration of quercetin that led to inhibition was
relatively high (1–100 μM) (Kawai et al., 2008; Moon et al., 2003),
and represented the same order of inhibitory concentration of
MMP-9 proteolytic activity obtained in the present work (IC50 of
~20 μM). However, it is still unclear whether in vitro evidence can
be extrapolated to an in vivo effect, and more work is necessary to
investigate this possibility. Experimental evidence suggests that
quercetin accumulates in the atherosclerotic lesions through the
endothelial permeation of its major metabolite (quercetin-3-glucuro-
nide) and subsequentdeconjugationby intracellular and extracellularβ-
glucuronidase activity. (Kawai et al., 2008). Once in the intima vascular
wall, quercetin may exert its atheroprotective activity by multiple
molecular mechanisms, including the inhibition of active MMP-9 at the
extracellular level. In this way, active MMP-9 represents one of the
extracellular molecular targets for the cardioprotective action of
quercetin, together with other molecular targets, including the intracel-
lular signalingpathways involved in the induction ofMMP-9 expression.

In conclusion, our data constitute the first evidence about possible
interaction between quercetin and MMP-9, suggesting a mechanism
to explain the inhibitory effect of the flavonoid against the proteolytic
activity of the enzyme, which provides an additional molecular target
for the cardioprotective activity of quercetin.
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