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Abstract A disintegrin and metalloprotease with thrombo-
spondin domains (ADAMTS)-4 (aggrecanase-1) and
ADAMTS-5 (aggrecanase-2) are metalloproteases involved
in articular cartilage degradation and represent potential
therapeutic targets in arthritis treatment. We explore herein
the ability of different natural compounds to specifically
block the destructive action of these enzymes. Following a
preliminary screening using carboxymethylated transferrin
as substrate, we focused our interest on luteolin due to its
inhibitory effect on ADAMTS-4 and ADAMTS-S5 activities
using aggrecan and fluorogenic peptides as substrates.
However, matrix metalloproteinases (MMPs) activities on
these substrates result less affected by this flavonoid.
Moreover, incubation of mouse chondrogenic ATDCS5 cells
in the presence of luteolin clearly decreases the release of
aggrecan fragments mediated by aggrecanases under the
same conditions in which aggrecanolysis mediated by
MMPs is detected. Additionally, glycosaminoglycan levels
in culture medium of murine cartilage explants stimulated
with interleukin-1-alpha plus retinoic acid are reduced by
the presence of the flavonoid. This inhibition takes place
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through blockade of ADAMTS-mediated aggrecanolysis,
while MMPs activity is not or poorly affected. These results
suggest that luteolin could be employed as a prototypic
modifying disease-agent to create new chondroprotective
compounds aimed to specifically block the unwanted
aggrecanase activities in arthritic diseases.
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Introduction

Proteolytic degradation of articular cartilage is a key
pathological feature of arthropathies such as osteoarthritis
(OA) and rheumatoid arthritis (RA) [1]. Particularly,
degradation of aggrecan and type II collagen represents a
hallmark of arthritis pathology [2]. Aggrecan is a proteo-
glycan with a core protein of high molecular mass
(~250 kDa), consisting of two globular domains at the
NH, terminus and a single globular domain at the COOH
terminus, separated by a large domain heavily modified
with glycosaminoglycans (GAG) [3]. The region linking
the two NH, terminus globular domains is the interglobular
(IGD) domain, which is highly sensitive to proteolysis.
Thus, nine different cleavage sites within this domain have
been characterized following aggrecan incubation with
purified proteases. Nevertheless, only two major cleavages
appear to occur in human tissues [3]. One site is between
VDIPEN**! and ***FFGVG and this cleavage is attributed
to the action of different members of the matrix metal-
loproteinase (MMP) family. The other site is between
NITEGE®*"* and *”*ARGSVI and is cleaved by ADAMTSs
(a disintegrin and metalloprotease with thrombospondin
domains) [1]. The functional consequences of aggrecan
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cleavage are distinct depending on the site undergoing
proteolytic breakdown. Thus, while the involvement of
MMPs in arthritis through type II collagen cleavage is well
established [4], their role in aggrecanolysis remains
controversial. Some studies have suggested that MMPs,
through the N°*'3%*°F cleavage of aggrecan [4], are
involved in the normal cartilage turnover whereas
ADAMTS cleavage at E*”-*7*A plays a major role in
pathological loss of aggrecan from cartilage.

Functional studies support the main role of two members
of the ADAMTS family, ADAMTS-4 (aggrecanase-1) and
ADAMTS-5 (aggrecanase-2), in pathological aggrecanoly-
sis [5]. Indeed, mice lacking MT1-MMP [6] or MMP-9 [7]
show increased cartilage degradation, whereas Adamts5-
null mice are protected from cartilage degradation [8].
These and other studies have highlighted that therapeutic
blockade of aggrecanases could be an option for arthritis
treatment [5]. In this regard, versatile health benefits of
nutraceutical flavonoids indicate that these compounds
might be employed as anti-inflammatory compounds [9].
Moreover, several flavonoids have emerged as potential
anti-arthritis drugs due to their metalloprotease inhibitory
activities. For instance, a series of green tea catechin gallate
ester has been found effective against different members of
the MMP and ADAMTS families [10]. Also, nobiletin, a
flavonoid isolated from citrus peels, effectively interferes
with Adamts4 and Adamts5 gene expression and hence,
aggrecan degradation mediated by these enzymes is
hampered by treatment with this flavonoid [11].

The present study has examined the inhibition of
aggrecanases by luteolin, a flavonoid widely distributed in
the plant kingdom, especially in celery and green pepper
[12]. Healthy benefits of luteolin have been evaluated
indicating that this flavonoid might protect against cancer,
microbial infections, and some chronic diseases [12].
Different mechanisms have been associated with the anti-
inflammatory properties of luteolin, including inhibition of
lipopolysaccharide-induced interleukin (IL)-6 production
[13] or NF-kappa B activation [14]. In this work, we report
that luteolin can also inhibit aggrecan degradation mediated
by ADAMTS-4 and ADAMTS-5. Moreover, we have
employed different biochemical approaches, cell-based
assays, and murine cartilage explants to determine that
luteolin is a better inhibitor of aggrecanases than of MMPs.

Materials and methods
Materials
Dulbecco's Eagle's medium (DMEM/F12), fetal bovine

serum (FBS), antibiotics, and glutamine were from Life
Technologies, Inc., (Paisley, UK). Human apo-transferrin
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and sodium selenite, chondroitinase ABC from Proteus
vulgaris, keratanase from Pseudomonas sp., aggrecan from
bovine articular cartilage, retinoic acid, dimethylmethylene
blue, and human transferrin were from Sigma-Aldrich (St.
Louis, MO, USA). Transferrin was carboxymethylated using
nonradioactive iodoacetic acid [15]. BC-3 antibody was from
Abcam (Cambridge, United Kingdom), and BC-14 was from
MD Biosciences (Ziirich, Switzerland). Curcumin, resvera-
trol, z-guggulsterone, piceatannol, luteolin, genistein,
GM6001 (Ilomastat), dissolved in dimethylsulfoxide
(DMSO) following manufacturer's indications; and recombi-
nant MMP-7 were from Calbiochem (Darmstadt, Germany).
Recombinant MMP-2, MMP-13, ADAMTS-4, ADAMTS-5,
IL-13, IL-1, and the fluorogenic peptide Mca-K-P-L-G-L-
Dpa-A-R-NH, (substrate I1X) were from R&D Systems
(Minneapolis, MN, USA). SensoLyte® 520 Aggrecanase-1
Assay Kit was from AnaSpec (Fremont, CA, USA).
Fluorogenic peptide Dabcyl-K-E-L-A-E-L-R-E-S-T-S-Glu
(Edans) (TS5-peptide, sequence taken from peptide FasL1,
patent US7,312,045B2, www.freepatentsonline.com) was
from JPT Peptide Technologies (Berlin, Germany). ATDCS
cells were a generous gift from Dr. Oreste Gualillo
(Complejo Hospitalario Universitario de Santiago de Com-
postela, Spain).

Enzymatic assays

Proteolytic assay on carboxymethylated transferrin (Cm-Tf)
(60 uM) was carried out for 16 h at 37°C in 15 uL
aggrecanase reaction buffer (ARB; 50 mM Tris—HCI at
pH 8.5 containing 150 mM NaCl, 10 mM CaCl,, 0.02%
NaNj3, and 0.05% Brij 35). Metalloproteases were
employed at 50 nM, with the exception of MMP-7, which
was employed at 40 nM. Reactions were stopped by
addition of reducing SDS-PAGE sample buffer containing
20 mM EDTA. Digestion products were analyzed by SDS-
PAGE gels and stained using Coomassie Brilliant Blue
R-250. For aggrecanase assays, recombinant aggrecan
(20 png) was incubated with the indicated enzymes in
100 uL of ARB. Reactions were stopped by adding an
equal volume of double strength glycosaminoglycan buffer
(200 mM sodium acetate, 50 mM Tris—HCI] pH 6.8, and
100 mM EDTA). Samples were deglycosylated with
0.01 units of chondroitinase/10 pg of aggrecan, and
0.01 units of keratanase/10 pg aggrecan for 16 h at 37°C,
and then precipitated with acetone and centrifuged at
3,000xg for 15 min. Pellets were dried and resuspended
in 20 pL of reducing SDS-PAGE sample buffer. Samples
were monitored by Western-blot analysis in polyvinylidene
fluoride (PVDF) membranes with BC-3 or BC-14 anti-
bodies [16]. Blots were scanned and the band intensity
quantified using ImageJ program. Kinetic analysis using
fluorogenic peptide were made in a LS55 PerkinElmer Life
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Science spectrofluorometer (A.x=320 nm and A.,,=405 nm
for the fluorogenic peptide IX, and A.,=340 nm and Acy,=
500 nm for TS5-peptide). Routine assays were performed
using a substrate concentration of 10 uM for peptide IX and
50 uM for TS5-peptide. Metalloproteases were assayed at
10 nM and the enzymatic activity detected as increase in
fluorescence at 37°C for different times. ADAMTS-4
activity was assayed using the SensoLyte® 520
Aggrecanase-1 Assay Kit according to manufacturer's
instructions. DMSO concentration in the enzymes assays
was <1%. When indicated, preincubation with the specified
concentrations of the different inhibitors was performed for
30 min at 37°C. ICs, values were calculated from plots of
activity versus inhibitor concentration in a semilogarithmic
representation.

Chondrocyte cultures

ATDCS cells were routinely maintained in DMEM/F12
medium supplemented with 5% FBS, antibiotics, gluta-
mine, apo-transferrin, and sodium selenite [17]. To
evaluate aggrecanolysis, ATDCS cells were cultured for
48 h in serum-free DMEM/F12 containing 100 pg/mL
aggrecan. When indicated, IL-13 (10 ng/mL) and/or
luteolin (10 uM) were added to the cultures. Media
quenched with EDTA prior to incubation with the
substrate served as assay blanks [18]. To evaluate
aggrecan degradation products in chondrocyte cultures,
1 mL of conditioned medium was precipitated with five
volumes of acetone and deglycosylation was carried out as
described above. For comparative studies, all PVDF
membranes were processed simultaneously and Western
analysis was performed under identical conditions. Vehi-
cle only (DMSO) was added to control cells not treated
with luteolin, to ensure that the observed effects are
ascribable to luteolin.

Analysis of glycosaminoglycans release using cartilage
explants

Murine femoral head cartilages from 4-week-old mice were
harvested and placed into a 48-well culture plate. Explants
were maintained in a humidified incubator as previously
described [19]. After 2 days, explants were placed in
serum-free medium and stimulated or not with IL-lx
(10 ng/mL) and a retinoic acid (10 pM), in the presence
or absence of 100 uM luteolin. Glycosaminoglycan content
in the media was measured using the dimethylmethylene
blue assay [20]. Results are expressed as the percentage of
proteoglycan release relative to the total proteoglycan in the
media and digested cartilage. Mouse care and handling
were conducted according to the Institutional Animal Care
and Use guidelines for animal research.

RNA extraction and RT-qPCR

Total RNA was isolated by guanidium thiocyanate—
phenol—chloroform extraction and quantified in a Nano-
Drop. Reverse transcription reactions were carried out
with 2.5 pg of RNA, using the Thermoscript RT-PCR
system with random hexamers and following manufac-
turer's instructions. Then 4.5 puL of a 1:3 dilution of cDNA
were employed for qPCR using Tagqman hydrolysis
probes: MmO00556068 m1 (Adamts4, NM _172845.2),
Mm00478620 ml1 (Adamts5, NM 011782.2),
Mm00439506 ml1l (Mmp2, NM 008610.2),
MmO01168419 (Mmp7, NM 010810.4),
MmO00439491 ml (Mmpl13, NM 008607.1), and
4352339E (GAPDH) as a reference gene to normalize.
TagMan Master Mix and the 7300 Real-Time PCR System
(Applied Biosystems) were employed. PCR conditions
were as follows: 50°C for 2 min and 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for
1 min. Relative expression levels were calculated with the
AAC, method, using the BioRad Gene Expression macro
for Excel (Microsoft Corporation). Values were calculated
referring all expression to the lowest one that was given
the value “1.” Value “0” was given when expression was
not detected.

Statistical analysis

All data are presented as mean+SEM. The analysis of released
GAGs was done using Student's 7 test (Prism 5 GraphPad
software). P value <0.05 was considered significant.

Results
Inhibitory activity of natural agents against aggrecanases

Curcumin, resveratrol, z-guggulsterone, piceatannol, luteo-
lin, and genistein were selected to examine their relevance
as possible aggrecanase inhibitors [21]. These products
were initially tested at 5 uM on ADAMTS-4 proteolytic
activity using Cm-Tf as substrate. [lomastat was included as
a positive control for inhibition. Among all these agents,
luteolin showed the highest capacity to block ADAMTS-4
activity as a clear reduction of Cm-Tf degradation can be
observed with respect to the reaction without the flavonoid
(Fig. la). Similar results were obtained when using
ADAMTS-5 (not shown). Then, we analyzed the capacity
of luteolin to inhibit aggrecanases in comparison to MMPs.
As can be observed in Fig. 1b, the presence of this
flavonoid hampers the proteolytic activity of both
ADAMTS-4 and ADAMTS-5 on Cm-Tf in the micromolar
range. Pixel density analysis allowed calculating an ICsq
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of ~10 uM, and degradation of this substrate was totally
abolished at 50 uM luteolin (Fig. 1b). However, MMP-2,
MMP-7, and MMP-13 remain active at concentrations up to
100 uM luteolin (Fig. 1b). These results indicate that
luteolin greatly influences aggrecanase activities, but
MMPs activities result less affected in the micromolar
concentration range employed. In consequence, luteolin
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Fig. 1 Luteolin inhibits Cm-Tf cleavage by aggrecanases. a SDS-PAGE
showing the potential ability of different natural products to block
ADAMTS-4 enzymatic activity on Cm-Tf. Lane I Cm-Tf alone,
Enzyme indicates Cm-Tf degradation by ADAMTS-4 without preincu-
bation with any agent. +//o indicates that the enzyme was preincubated
with Ilomastat. The remaining lanes show the results following
preincubation with z-guggulsterone (+ GUG), genistein (+ GEN), picea-
tannol (+PIC), resveratrol (+RES), curcumin (+CUR), and luteolin
(+LUT). b Effect of luteolin on aggrecanase and MMP activities.
ADAMTS-4, ADAMTS-5, MMP-2, MMP-13, and MMP-7 were
preincubated with luteolin (+LUT) at the indicated concentrations.
Please note that the metalloproteases were employed at 50 nM, with the
exception of MMP-7, which was employed at 40 nM
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could be a potential inhibitor of the ADAMTS-mediated
proteolysis.

Luteolin inhibits ADAMTS-mediated aggrecan cleavage

Then, we wanted to examine whether luteolin could also
inhibit ADAMTS-4 and ADAMTS-5 activity on aggrecan.
To this end, we employed bovine aggrecan as substrate and
aggrecanolytic activities were detected using BC-3 anti-
body. This antibody recognizes the newly generated amino-
terminal *"*ARGSVI sequence following digestion of the
IGD of aggrecan by different ADAMTSs (Fig. 2a), but
does not recognize this sequence when present within a
peptide spanning the cleavage site [3]. Aggrecan catabolites
following degradation by ADAMTS-4 or ADAMTS-5 were
detected as immune reactive bands at ~250 kDa (Fig. 2b).
To examine whether luteolin could restrain these degrada-
tive activities, aggrecanases were preincubated with the
flavonoid at 1, 10, and 50 uM, respectively. Result in
Fig. 2b shows that aggrecan degradation products are
scarcely detected when luteolin is present at 10 uM and
essentially absent at 50 uM, indicating an inhibitory effect
of the flavonoid on ADAMTS activities.

To evaluate whether luteolin could affect aggrecan
digestion by MMPs, aggrecan was incubated with MMP-
13 and MMP-7 in the presence or absence of the flavonoid,
and degradation products were detected using BC-14. This
antibody recognizes the ***FFGVG amino-terminal
sequence generated by MMPs degradation of IGD domain
of aggrecan (Fig. 2a). In the absence of the flavonoid,
BC-14 immunoreactive fragments following MMP-13
digestion were mainly detected at ~150 kDa. In the case
of MMP-7, major degradation products were detected
at ~150 and ~70 kDa (Fig. 2b). Preincubation of both
MMPs with luteolin at the same concentrations assayed for
ADAMTSs caused a slight but not significant decrease of
MMP activities as BC-14 immunoreactive bands can be
detectable at 50 uM luteolin.

Peptide substrate assays

Fluorogenic peptide Mca-K-P-L-G-L-Dpa-A-R-NH, was
employed to assess the inhibitory effect of luteolin on
MMP-2, MMP-7, and MMP-13. Data were fit to sigmoid
curve to calculate ICsq values. Results indicate that luteolin
is a better inhibitor for MMP-13 (IC5,=18.3 uM) than for
MMP-2 and MMP-7 (IC5,=40.9 and 68.2 uM, respectively;
Fig. 3a). The above peptide is not a suitable substrate for
ADAMTSs, and hence the SensoLyte® 520 Aggrecanase-1
Assay Kit was employed to calculate an ICs, value of
9.8 uM for luteolin, highlighting the inhibitory effect of this
flavonoid on ADAMTS-4. To evaluate ADAMTS-5 activity
in the presence of luteolin, the fluorogenic TS5-peptide was
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Fig. 2 Effect of luteolin on
aggrecan digestion by aggreca-
nases and MMPs. a Aggreca-
nases (ADAMTS) and MMPs
cleavage sites in the aggrecan
IGD domain. G1, G2, and G3
indicate aggrecan globular
domains 1, 2, and 3, respectively;
KS, keratan sulphate; CS, chon-
droitin sulphate. The newly gen-
erated amino-terminal sequences
following aggrecanases or MMPs
digestion are indicated. b
Western-blot analysis of aggre-
can degradation by ADAMTS-4,
ADAMTS-5, MMP-13, and
MMP-7 in absence (+Enzyme) or
presence of luteolin (+Luteolin)
at the concentrations indicated in
“Results.” The **ARGSVI and
32FFGVG immunoreactive frag-
ments were detected by the
BC-3 and BC-14 antibodies
respectively. C indicates aggre-
can incubated in the absence of
enzyme and luteolin. +7/o indi-
cates that the corresponding
metalloprotease was preincu-
bated with ilomastat 250>

150>

100>
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employed and MMP-7 was used for comparative analysis as
this MMP hydrolyzes this substrate better than MMP-2 and
MMP-13 (not shown). Again, ADAMTS-5 was strongly
inhibited by luteolin (IC50=12.2 uM, Fig. 3b), whereas the
flavonoid did not show a significant inhibitory effect on
MMP-7 (IC50>250 uM). These substrates were also used to
determine that luteolin acts as a noncompetitive inhibitor of
ADAMTS-mediated proteolysis (Fig. 3c).

Effects of luteolin on aggrecanolytic activities of ATDCS
cells

ATDCS cells were stimulated with IL-1( or left untreated,
and then treated or untreated with luteolin. mRNA
expression analysis for Adamts4, Adamts5, Mmp?2, and
Mmpl3 was assessed by qRT-PCR after 48 h of incubation
(Fig. 4a). Luteolin was assayed at 10 puM, as this
concentration is within a range that we had previously
examined to discard any effect on ATDCS cell viability (not

100»

ADAMTS-5 n MMP-7

shown). This experiment allowed determining expression
of Adamts4, Adamts5, and, at lower level, of Mmp13 in the
absence of both IL-13 and luteolin. Mmp7 expression was
not detected. The presence of luteolin at 10 uM caused a
decrease of both Adamts4 and Adamts5 expression levels
whereas Mmp2 expression remained stable, suggesting that
this MMP is constitutively expressed. Detectable but low
Mmpl3 expression was also observed when the flavonoid
was present. Similar expression analysis was performed
following IL-1{3 treatment of ATDCS5 cells, showing an
enhanced expression of Adamts4, Adamts5, and Mmp2, but
Mmp13 expression was again undetectable in the absence
of luteolin (Fig. 4a). However, combination in the culture of
both the flavonoid and the cytokine moderately decreased
Adamts4 and Mmp?2 expression, whereas Adamts5 expres-
sion was markedly reduced respecting the cells grown in
the presence of IL-13 alone. Similarly to what happened in
the absence of IL-13, Mmpl3 expression is detected at a
low expression level in the presence of luteolin.
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Fig. 3 Effect of luteolin on the
18- 2 1 on | a b
digestion of fluorogenic peptide 140 -
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Regarding aggrecanolytic activities, conditioned media
were analyzed to detect aggrecan degradation products.
Treatment with IL-1{3 considerably enhanced aggrecanol-
ysis mediated by both ADAMTSs and MMPs, as BC-3 and
BC-14 immunoreactive products were increased compared
with samples obtained without treatment with the cytokine
(Fig. 4b). However, presence of luteolin caused a marked
reduction of BC-3 immunoreactivity meanwhile release of
high molecular weight aggrecan species was still clearly
detected by BC-14. These results indicate that MMP-
mediated aggrecanolysis is less affected by the presence
of the flavonoid. Altogether, these results show that luteolin
can act as an aggrecanase inhibitor, and provide novel
evidence of how this flavonoid may modulate ADAMTSs
gene expression.

Inhibition of glycosaminoglycans release by luteolin

To evaluate whether Iuteolin could affect GAG release from
cartilage explant, the flavonoid was added to the explant
cultures medium of murine femoral head cartilages stimu-
lated with IL-1 and retinoic acid. Quantification of GAG
release from cartilage explants indicates that the presence of
luteolin significantly reduces the appearance of these
degradation products (*, p value <0.05 by Student's T test)

@ Springer

in the case of samples stimulated with IL-1cc and retinoic
acid (Fig. 5a). Thus, luteolin is indeed diminishing the
aggrecanolysis mediated by aggrecanases but not by MMPs
(Fig. 5b), thus reinforcing the inhibitory effect of luteolin
on these enzymes. For unstimulated samples, the flavonoid
slightly increases GAG release (not significant, Fig. 5a).
This effect, however, is not statistically significant and
cannot be attributable to neither aggrecanases nor MMPs
since no products of their degradation were detected
(Fig. 5b). Nevertheless, it cannot be ruled out that other
GAG-degrading enzymes are also affected by the presence
of the flavonoid.

Discussion

Depletion of aggrecan is a critical event in OA and RA
which is mainly caused by uncontrolled proteolytic activ-
ities. In this regard, it is well characterized that MMPs
cleave aggrecan at the N**'**’F bond within the IGD
domain, hence these metalloproteases emerged as potential
therapeutic targets to block disease progression [5]. How-
ever, in 1991, Sandy et al. [22] found that the main
cleavage in the aggrecan core protein occurred at E*7>—74A
within the IGD domain. This important finding indicated
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Fig. 4 Inhibitory effect of luteolin on proteoglycan degradation in
ATDCS cells. a Analysis of aggrecanases, Mmp2, and Mmp13 expression
in ATDCS cells in presence or absence of luteolin at the indicated
concentration. +/L-1/3 indicates that cells were treated with this cytokine
and —/L-1[ that cells were left untreated. No Mmp7 expression was
found in these assays. b Western-blot analysis of the *"*ARGSVI
and **?FFGVG immunoreactive fragments found in the media of
ATDCS cells and detected by the BC-3 and BC-14 antibodies. +/L-13
indicates presence of the cytokine, and +/L-13 +LUT indicates presence
of both cytokine and luteolin. C indicates absence of both IL-13 and
luteolin

that proteolytic enzymes other than MMPs might be
involved in pathological aggrecan degradation and there-
fore this proteolytic activity was referred as aggrecanase.
Two ADAMTS metaloproteases, ADAMTS-4 (aggreca-
nase-1) and ADAMTS-5 (aggrecanase-2), were identified
as the main enzymes responsible for the cleavage at this
E*"*37*A bond [5]. Functional implication of ADAMTS-5
in arthritis has been further demonstrated by the phenotypic
characterization of Adamts5-deficient mouse, which has
revealed that this metalloprotease is the main responsible
for cartilage degradation in vivo [8].

The identification of ADAMTS-4 and ADAMTS-5 as
pathological aggrecanases has increased the interest in the
discovery and/or design of specific inhibitors [5]. Synthetic
hydroxamic acid-derived compounds such as ilomastat are
potent ADAMTSs inhibitors though their zinc-chelating
ability. These products were originally designed to block
MMPs to avoid the uncontrolled activity of these metal-
loproteases in tumorigenesis [23]. However, their use in
anticancer therapies resulted disappointing since different
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Fig. 5 Inhibition of cartilage glycosaminoglycans release by luteolin.
a Quantification of GAGs release was carried out using the dimethyl-
methylene blue assay. Cartilage explants were stimulated with IL-1c
and retinoic acid (+IL-1o/retinoic acid), or were left unstimulated
(—IL-1ot/retinoic acid). +LUT indicates presence of luteolin. (*p value
<0.05 by Student's 7T test). b Western-blot analysis of the aggrecan
fragments generated by ADAMTS (BC-3) or MMPs (BC-14) activity
in cartilage explants stimulated (+IL-1o/retinoic acid) or not (—IL-1a/
retinoic acid), with IL-1e and retinoic acid in presence (+LUT) or
absence (—LUT) of luteolin

MMPs show protective roles in tumor progression [24] and
because their lack of specificity implies that other tumor-
protective metalloproteases are also affected [25-27].
Similarly, the use of these broad spectrum inhibitors would
not be suitable in the case of arthritic diseases. Under
pathological conditions, a proinflammatory environment
would predominate, and ADAMTS-4 and ADAMTS-5
would deteriorate the cartilage by degrading its compo-
nents. On the other side, MMPs would be necessary for
normal tissue remodeling. Hence, the inhibition of
ADAMTSs would prevent cartilage degradation, while
blocking MMPs would affect normal cartilage turnover.
Consequently, new inhibitors aimed to selectively block
ADAMTS activities are necessary. In this regard, a
possibility would consist in targeting the exosite interac-
tions of these enzymes. In fact, different studies have
shown that aggrecan cleavage depends on the numerous
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interactions occurring between the core enzyme outside the
active site and the substrate [28]. Thus, calcium pentosan
polysulfate (CaPPS) inhibits ADAMTS-4 aggrecanase
activity without affecting mRNA expression in chondro-
cytes treated with IL-1 or retinoic acid [29]. Chondropro-
tective role of CaPPS could occur through its binding with
the carboxy-terminal domain of the protease, avoiding a
proper interaction with the substrate. Similarly, glucos-
amine and manosamine also inhibit aggrecan degradation in
chondrocyte cultures and it has been suggested that these
compounds prevent mechanical changes occurring to the
cartilage following IL-1 treatment [30].

In this work, we have explored whether different nutra-
ceutical compounds could have an inhibitory effect on
ADAMTS-4 and -5 activities as numerous natural products
have proven to exert anti-inflammatory effects in vitro and in
vivo. For instance, it has been recently shown that licochal-
cone A, a major phenolic constituent of licorice, decreases
levels of proinflammatory cytokines in mouse models [31].
We first performed a screening to identify natural products
able to target ADAMTS-4 and ADAMTS-5 activity. These
products included piceatannol, a polyphenol with ability to
act as an ADAMTS-4 inhibitor [32]. However, our results
indicated that Iuteolin has the highest capacity to block these
enzymes among all products assayed, whereas degradation
mediated by MMPs was less affected by this flavonoid. In
this regard, it has been previously reported that a MMP-2
form including the catalytic domain with the fibronectin-like
repeats can be inhibited by luteolin [33]. Nevertheless, in
this work, we have employed an entire form of the protein,
including all ancillary domains and requiring activation to
perform its catalytic activity. Differences in the level of
inhibition obtained between these two MMP-2 forms could
indicate the relevance of the ancillary domains in the
recognition of the substrate and consequently for the
catalytic process. Luteolin also possesses anti-inflammatory
activity, which is mediated by inhibiting the production of
cytokines such as IL-8, IL-15, or TGF-3 in synovial
fibroblasts [34], and also by blocking COX-2, iNOS, LOX
[12], and IL-6 [13] activities. However, to our knowledge, it
had not been yet examined whether luteolin could also act as
an aggrecanase inhibitor. In this work, we have shown that
this flavonoid inhibits degradation of recombinant aggrecan
and its release by chondrocytic cells in vitro, and prevents,
ex vivo, the release of glycosaminoglycans from murine
femoral head cartilages treated with IL-1c and retinoic acid.
Additionally, we have demonstrated that its inhibitory
function is more effective on ADAMTSs than on MMPs
activity. Finally, we have provided evidence that luteolin can
modulate Adamts gene expression, an observation which is
consistent with previous findings on nobiletin, a polyme-
thoxy flavonoid that shows a high structural similarity with
luteolin [11].

@ Springer

In conclusion, luteolin is a novel and potential alterna-
tive in anti-arthritic therapies, due to its specificity over
aggrecanases and to its natural product condition. Thus, the
action of this flavonoid would be mainly restricted to the
undesired degradation of aggrecan, and its presence in
components of normal diet guarantees the possibility of oral
administration and non-toxicity at low doses [12]. More-
over, these properties could be improved through the design
of new molecules chemically derived from luteolin, which
could represent new therapeutic candidates for arthritic
diseases [35].
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