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Abstract: MMPs hydrolyze components of the extracellular matrix and have been suggested to play an important role in
the destruction of dentin organic matrix. The acidic environment, resulting from adhesive systems or the biological
carious process, activates different dentinal MMPs which degrade the unprotected collagen fibrils within the hybrid layer.
Host-derived MMPs can originate both from saliva and from dentin. However, MMP inhibition by several inhibitors,
could provide a potential therapeutic way to limit degradation in dentin. This paper reviews the effect of MMPs on dentin
and employment of various potential MMP inhibitors to pretreat the demineralized dentin interface.
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INTRODUCTION:

When compared to other restoratives, the
major drawback of adhesive restoratives is their limited
durability in vivo, where the most cited reasons of
failure of adhesive restorations are loss of retention and
marginal adaptation [1]. Degradation of these bonds
occurs via the interaction of the components above the
adhesive interface manifested by occlusal loading,
thermo-cycling, moisture and PH fluctuation [2]. These
extrinsic degradation mechanisms of the resin— dentine
interface that originate in the adhesive above the hybrid
layers are accompanied by intrinsic degradation
mechanisms that originate from beneath dentine hybrid
layers represented by dentinal fluid and intrapulpal
pressure [3]. Several authors have shown the hydrolytic
degradation of collagen matrices in aged dentin— resin
bonds, even in the absence of bacterial enzymes [2, 4].
The recent reports of collagen lytic and gelatinolytic
activities in partially demineralized dentine collagen
matrices are indirect proofs of the existence of matrix
metalloproteinases (MMPSs) in human dentine [5]. The
release and activation of these endogenous enzymes
during dentine bonding are thought to be responsible for
the in vitro manifestation of thinning and disappearance
of collagen fibrils from incompletely infiltrated hybrid
layers in aged, bonded dentine [5], resulting in
hydrolytic degradation and reduction of bond strengths.

MATRIX METALLOPROTEINASES
Matrix metalloproteinases represent a family
of dependent metal ions endopeptidases that are capable

of degrading all extracellular matrix components,
including several types of collagen and basement
membrane components [6, 7]. MMPs are classified into
six groups based on their structural homology and their
substrate specificity: collagenases (MMP-1, MMP-8,
MMP-13, and MMP-18), gelatinases (MMP2 and
MMP-9), stromelysins (MMP-3, MMP-10, and MMP-
11), transmembrane MMPs (MT-MMPs) (MMP-14,
MMP-15, MMP-16, MMP-17, MMP-24, and MMP-
25), matrilysins (MMP-7 and MMP-26), and "other"
(MMP-12, MMP-19, MMP20, MMP-21, MMP-22,
MMP-23, MMP-27, and MMP-28). MMPs are metal-
dependent since all members of this family have a zinc
and a calcium-binding catalytic domain. They are
secreted as inactive proenzymes (zymogens) and their
activation occur in the tissue by cleavage of the N-
terminal propeptide domain by other proteinases [8].
Presently, twenty-two MMPs have been identified in
human tissues [9, 10]. They are classified into different
groups according to similarity in structure, gene
encoded and substrate affinity [11, 12]. MMP-2 seems
to have a helicase activity and to cleave fibrillar type |
collagen [13, 14]. Although stromelysins (MMP-3) and
membrane-type MMPs do not have helicase activity,
these enzymes play a crucial role during activation of
other MMPs, promoting the cleavage of the propeptide
region, which that maintains enzyme latency6. MMPs
are a family of zinc-dependent proteolytic enzymes that
are capable of degrading the dentin organic matrix after
demineralization [15]. Enzymes with gelatinolytic
(MMP-2 and MMP-20) activities are present within
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intact dentinal matrix and in carious dentin [15]. They
may be inhibited in situ by tissue inhibitors of
metalloproteinases such as TIMP-1 [16], or they may be
released from mineralized dentin matrix from which
they can be activated by low pH [15] and may cause
degradation of the demineralized dentin matrix under
different physiological and pathological conditions [15].

The cells of connective tissue—e.g.,
fibroblasts, osteoblasts, and odontoblasts— synthesize
and secrete MMPs into the ECM. Under normal
physiological conditions, these MMPs are expressed
only when needed for tissue remodeling. These
endopeptidases contain zinc methionine in their active
site [17]. They cut the extracellular matrix (ECM)/core
matrisome proteins into various small peptides by
hydrolyzing inner peptide bonds. Their activity depends
upon Ca++ ions. MMPs are different from other
endopeptidases because they do not function in the
absence of metal ions [18].

Matrix Metalloproteinases in Periodontal Disease

During inflammatory destruction of
periodontal attachment apparatus the most important
component of periodontium lost is the collagen type 1.
A wide range of evidences has indicated that the most
important pathway is the one which involves matrix
metalloproteinases (MMPs) [19]. Resident ligament
cells such as fibroblasts, macrophages, osteoblasts,
keratinocytes, and endothelial cells are activated in
response to stimulus, contributing with the synthesis of
cytokines and MMPs. MMPs are present in both active
and latent forms in chronically inflamed gingival tissues
and gingival crevicular fluid. Active collagenase and
gelatinase are found in the crevicular gingival fluid of
patients with periodontitis in much larger amounts than
in control subjects [20]. In contrast, high concentrations
of the natural tissue inhibitor of MMPs (TIMPs) are
found in the gingival crevicular fluid of healthy
gingival6. The area occupied by collagen fibers in
gingival tissue specimens with periodontitis is
significantly decreased, and the presence of MMP-1,
MMP-2, and MMP9 is increased [21, 22].

MMPs in Caries

Dentin contains 18-20% of organic material
and 11-12% of water, and provides a better substrate for
degradation Unlike enamel, by either bacteria or host
proteinases. In general, collagens can be degraded by
the human interstitial collagenases, which include
MMP-1, MMP8, and MMP-13, resulting in the release
of 3/4- to 1/4-length peptides. These peptides lose the
triple-helical conformation and can then be further
degraded by the gelatinases MMP-2 and MMP-9.
However, the specific cross-links (pyridinolines)
between the collagen sub-units observed in dentin may
provide collagen fibrils with extreme resistance to
degradation [23]. Saliva penetrates the opened dentin
lesion, and MMPs present in the saliva may have direct
access to the demineralized dentin. It has been proposed

that these saliva-derived MMPs could be involved in
the destruction of the organic matrix [15] the GCF
appears to be the major source of the MMPs found in
the saliva. GCF also contains #2macroglobulin, a non-
specific inhibitor of MMP, which—in normal
situations, where the concentration of MMPs is not
elevated—would keep the MMPs in an inactive form®*
(BirkedalHansen, 1993). the GCF appears to be the
major source of the MMPs found in the saliva. GCF
also contains #2macroglobulin, a non-specific inhibitor
of MMP, which—in normal situations, where the
concentration of MMPs is not elevated—would keep
the MMPs in an inactive form [24]. Saliva has also been
shown to contain gelatinases [25], which appear to
originate mainly from the GCF [26]. By in situ
hybridization (ISH) or by immunohistochemistry, the
collagenase MMP-1, the gelatinases MMP-2 and MMP-
9, stromelysin-1 (MMP-3), the MMP-2 activator MT1-
MMP, and enamelysin (MMP-20) have all been
identified in either odontoblasts or in the
predentin/dentin compartment [27, 28]. TIMPs were
also detected, but their level was only slightly above
background [29].

MMPs in dental Adhesion

Low pH and heat treatment may also directly
lead to MMP activation [30]. The change in pH can
alter the conformation of the propeptide and induce the
cysteine switch, which represents a critical step in the
activation process. Since Nano leakage can occur in the
absence of frank gaps along resin-dentin interfaces
created in vivo [31], the results of these studies suggest
that degradation of incompletely infiltrated zones within
the hybridized dentin by host-derived matrix
metalloproteinases within the dentin matrix may
precede in the absence of bacterial enzymes. In situ
collagen degradation within incompletely infiltrated
hybrid layers may also adversely affect the
remineralization potential of the denuded collagen
fibrils in vivo [32]. As the popularity of self-etching
primers and all-in-one adhesives has increased, many
all-in-one adhesives have been commercialized that
have pH values of between 1 and 2. These acidic
monomers may also demineralize dentin, but may not
be sufficiently acidic to denature MMP activity.
However, self-etching primers leave collagen fibrils
partially covered with residual apatite crystals. These
crystals, and possible chemical interactions of acidic
monomers with residual dentin substrate, may provide
more resistance to bond degradation than is possible in
etch-and-rinse adhesives. In contrast to etchan drinse
systems, self-conditioning systems usually contain more
hydrophilic  monomers, vyielding an increased
permeability of the hybrid layer for water and leading to
an enhanced monomer elution [35]. Hence, also for self-
etch systems there is exposed collagen which can be
degraded hydrolytically by potentially activated MMPs.
In the literature, inconsistent data exist regarding the
question whether self-conditioning systems enhance the
activity of MMPs in dentin (powder) [33]. Dentin over
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etching results in deeper demineralization and exposure
of collagen. Hence, the bonding agent used thereafter
may infiltrate the deep, basal layer of the collagen
network less efficiently, thus enhancing nano leakage
[34]. In this deep, basal layer of collagen that is not
infiltrated by the bonding agent, existing MMPs are
activated both by the applied phosphoric acid (pH =
0.4) and by acidic monomers (pH =2-2.8) contained in
the bonding agent [35]. However, there is evidence that
the activity of MMPs is initially decreased by
phosphoric acid, but they are subsequently reactivated
by the bonding agent. Consequently, exposed collagen
is degraded by (re) activated MMPs at the bottom of the
hybrid layer, which gradually disintegrates due to
growing and merging nanometer sized porosities [36].
Clinically, this degradation results in loss of retention or
of fillings, secondary caries and hypersensitivity [36].

CYSTEINE PROTEASES (CATHEPSINS)

Cysteine cathepsins hydrolytically degrade the
extracellular matrix, in particular collagen, and, similar
to MMPs, they seem to be involved in the degradation
of exposed collagen at the bottom of the hybrid layer
[37]. There are approximately 12 members of this
family, which are distinguished by their structure,
catalytic mechanism, and which proteins they target.
Although most cathepsins are lysosomal enzymes that
become activated in lysosomes by low pH, cathepsin K
works extracellularly after secretion by osteoclastsin
bone resorption [38]. This protease represents 98% of
the total cysteine protease activity [39]. The
physiologically relevant substrate of osteoclast-
expressed cathepsin K is type | collagen which
constitutes 95% of the organic bone matrix and 90% of
the dentin matrix [40].

INHIBITORS OF
COLLAGENOLYTIC ACTIVITY
Chlorhexidine (CHX)

It has been added to the phosphoric acid etchant, used
as an aqueous solution after acid-etching (etch-and-
rinse adhesives) and incorporated into the adhesive
system (etch-and-rinse or self-etch adhesive). Synthetic
MMP inhibitors are being investigated as potential
therapeutic agents in the treatment and/or prevention of
oral diseases [42]. Chlorhexidine (CHX) has been
shown to inhibit MMP-2, -8, and -9 activities directly at
extremely low concentrations (i.e., 0.02% for MMP-8,
0.002% for MMP-9, and 0.0001% for MMP-2) [41].

PROTEOLYTIC/

Ethylene diamine tetra acetic Acid (EDTA)

Used as an aqueous solution of 2% EDTA on
smear layer covered dentin (self-etch adhesives); or on
demineralized dentin after acid-etching (etch-and-rinse
adhesives). As EDTA is an effective Zn2+ and Ca2+
chelator, it might inhibit MMP activity. Infact, EDTA
has inhibitory effect against human dentin MMP-2 and
MMP-9 when applied for 1 to 5 minutes [43, 44].

Epigallocatechin-3-gallate

Very little is known about the potential utility
of green tea polyphenol -epigallocatechin-3-gallate
(EGCG) in resin—dentin bonds. EGCG inhibits the
activity of MMP-2 and MMP-9 by the degradation of
the MMP molecule [45]. In dentistry, EGCG may
inhibit the activity and expression of MMP-9 involved
in the formation of osteoclasts in periodontal disease
apart from its inhibitory effect on the growth of
Streptococcus mutans when added to a bonding
adhesive [46]. Green tea extract has also been reported
to reduce dentin erosion-abrasion by inhibiting MMPs
[47].

Galardin

Galardin is a potent and broad-spectrum
hydroxamate-type synthetic MMP inhibitor designed as
a molecular mimic of MMP substrates, which allows it
to enter the active site of MMPs, where it binds the
critical zinc atom [48]. Galardin is active against
several MMPs [49].

Quaternary Ammonium Salts

One of the advantages of using quaternary
ammonium methacrylates, such as 12-
methacryloyloxydodecylpyridiniumbromide  (MDPB)
[50-52] is that they can copolymerize with adhesive
monomers. Clearfil Protect Bond (Kuraray Noritake
Dental Inc., Osaka, Japan) was the first commercial
dentin adhesive to incorporate  MDPB in its
composition. Benzalkonium chloride (BAC) is also one
antimicrobial substance containing a quaternary
ammonium group in its molecule. This substance has
been included in an acid phosphoric gel (i.e., ETCH-
37w/BAC and ETCH-10w/BAC, Bisco Inc.
Schaumburg, IL, USA) for several years. The use of
these BAC-containing phosphoric acid gels did not
affect the immediate bond strength to enamel and
dentin. Recently, the anti-MMPs properties of BAC
were tested against MMP-2,-8, and-9. The results
showed potential for this substance to inhibit MMP-2,-
8, and-9 [53].

Cross-linking Agents

Cross-linking is considered a potential method
for improving the stability and resistance of collagen
degradation within the demineralized dentin matrix [54,
55]. Chemically induced cross-linking has been tried in
dentin adhesion since the 1980s by applying
gluteraldehyde as a component of a priming solution
[56]. Ultraviolet (UVA)-activated riboflavin has been
shown to increase bond strength, stabilize the adhesive
interface, and inhibit dentin MMPs [57]. Riboflavin has
potential in adhesive dentistry because it is activated
with a UVA blue light and is easy to apply, besides
being biocompatible [58]. Proanthocyanidin is the plant
flavonoid prevalent in pine bark, elm tree, somenuts,
flowers, and grape seeds [59, 60] being known as a
potent antioxidant and cross-linking agent with low
toxicity.
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Grape seed extract is one of the most used

sources of proanthocyanidins [61]. In addition to its
cross-linking effect, proantho cyanidin has also been
shown to inhibit the synthesis of several MMPs from
macrophages and inhibit the catalytic activity of MMP-
1 and MMP-9 [62]. Carbodiimides have been used as
alternative cross-linking agents to gluteraldehyde
because they do not contain toxic components.
Carbodiimides can inactivate dentin MMP-9 and other
dentin proteases with only 1-minute application time
[63].

CONCLUSION

For optimal durability of resin-dentin bonds,

preservation of both resin and substrate components
(i.e., dentin collagen) should be addressed. Literature
indicates that the presence of MMPs in the dentin
matrix is of more than academic interest. We need to
understand the biochemistry of these enzymes and how
they may respond to procedures and products used in
adhesive dentistry.

REFERENCES

1.

De Munck JD, Van Landuyt K, Peumans M,
Poitevin A, Lambrechts P, Braem M, Van
Meerbeek B. A critical review of the durability of
adhesion to tooth tissue: methods and results.
Journal of dental research. 2005 Feb; 84(2):118-32.
De Munck JD, Van Landuyt K, Peumans M,
Poitevin A, Lambrechts P, Braem M, Van
Meerbeek B. A critical review of the durability of
adhesion to tooth tissue: methods and results.
Journal of dental research. 2005 Feb; 84(2):118-32.
Donmez N, Belli S, Pashley DH, Tay FR.
Ultrastructural correlates of in vivo/in vitro bond
degradation in self-etch adhesives. Journal of
Dental Research. 2005 Apr 1; 84(4):355-9.
Tjaderhane L, Larjava H, Sorsa T, Uitto VJ,
Larmas M, Salo T. The activation and function of
host matrix metalloproteinases in dentin matrix
breakdown in caries lesions. Journal of Dental
Research. 1998 Aug; 77(8):1622-9.

Mazzoni A, Mannello F, Breschi L, Suppa P, Tay
FR, Papa S, Ruggeri A, Prati C, Pashley DH.
Immunological and Zymographic Analyses of
MMP-2 and -9 in Dentin. The
ADEA/AADR/CADR Meeting & Exhibition;
March 8-11, 2006.

Ribeiro LG, Hashizume LN, Maltz M. The effect
of different formulations of chlorhexidine in
reducing levels of mutans streptococci in the oral
cavity: A systematic review of the literature.
Journal of dentistry. 2007 May 31; 35(5):359-70.
Birkedal-Hansen H. Role of matrix
metalloproteinases in human periodontal diseases.
Journal of periodontology. 1993 May; 64(5s):474-
84.

Woessner Jr JF. The matrix metalloproteinase
family. In: Parks WC, Mecham RP, editors. Matrix

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

metalloproteinases. New York: Academic Press;
1998: 1-14

Murphy G, Knéuper V. Relating matrix
metalloproteinase structure to function: why the
“hemopexin” domain?. Matrix Biology. 1997 Mar
1; 15(8-9):511-8.

Sternlicht ™MD, Werb Z. How  matrix
metalloproteinases regulate cell behavior. Annual
review of cell and developmental biology. 2001
Nov; 17(1):463-516.

Lohi J, Wilson CL, Roby JD, Parks WC. Epilysin,
a novel human matrix metalloproteinase (MMP-28)
expressed in testis and keratinocytes and in
response to injury. Journal of Biological
Chemistry. 2001 Mar 30; 276(13):10134-44.

Nagase H, Woessner JF Jr.  Matrix
metalloproteinases. J Biol Chem. 1999; 274:
21491-4,

Verma RP, Hansch C. Matrix metalloproteinases
(MMPs): chemical-biological functions and (Q)
SARs. Bioorganic & medicinal chemistry. 2007
Mar 15; 15(6):2223-68.

Birkedal-Hansen H. Role of matrix
metalloproteinases in human periodontal diseases.
Journal of periodontology. 1993 May; 64(5s):474-
84.

Tjaderhane L, Palosaari H, Sulkala M, Wahlgren J,
Salo T. The  expression of  matrix
metalloproteinases (MMPSs) in human odontoblasts.
In: Proceedings, Intl Conference on Dentin/Pulp
Complex. Ishikawa T, Takahashi K, Suda H,
Shimono M, Inoue T, editors. Tokyo: Quintessence
Publishing Co., Ltd., 2002: 45-51.

Ishiguro K, Yamashita K, Nakagaki H, Iwata K,
Hayakawa T. Identification of tissue inhibitor of
metalloproteinases-1 (TIMP-1) in human teeth and
its distribution in cementum and dentine. Arch,
1994,

Séguier S, Gogly B, Bodineau A, Godeau G,
Brousse N. Is collagen breakdown during
periodontitis linked to inflammatory cells and
expression of matrix metalloproteinases and tissue
inhibitors of metalloproteinases in human gingival
tissue? Journal of periodontology. 2001 Oct 1,
72(10):1398-406.

Ejeil AL, Igondjo-Tchen S, Ghomrasseni S, Pellat
B, Godeau G, Gogly B. Expression of matrix
metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPS) in healthy and diseased
human gingiva. Journal of periodontology. 2003
Feb 1; 74(2):188-95.

Johansson N, Saarialho-Kere U, Airola K, Herva R,
Nissinen L, Westermarck J, Vuorio E, Heino J,
Kahari VM. Collagenase-3 (MMP-13) is expressed
by hypertrophic chondrocytes, periosteal cells, and
osteoblasts during human fetal bone development.
Developmental Dynamics. 1997 Mar 1;
208(3):387-97.

Stahle-Backdahl M, Sandstedt B, Bruce K, Lindahl
A, Jiménez MG, Vega JA, LoOpez-Otin C.

Auvailable online at http://saspjournals.com/sjds

199



Shweta Singh et al., Sch. J. Dent. Sci., Vol-4, Iss-4 (Apr, 2017), pp-196-201

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Collagenase-3 (MMP-13) is expressed during
human fetal ossification and re-expressed in
postnatal bone remodeling and in rheumatoid
arthritis. Laboratory investigation; a journal of
technical methods and pathology. 1997 May;
76(5):717-28.

Okada Y, Naka K, Kawamura K, Matsumoto T,
Nakanishi 1, Fujimoto N, Sato H, Seiki M.
Localization of matrix metalloproteinase 9 (92-
kilodalton  gelatinase/type IV collagenase=
gelatinase B) in osteoclasts: implications for bone
resorption. Laboratory investigation; a journal of
technical methods and pathology. 1995 Mar;
72(3):311-22.

Séguier S, Gogly B, Bodineau A, Godeau G,
Brousse N. Is collagen breakdown during
periodontitis linked to inflammatory cells and
expression of matrix metalloproteinases and tissue
inhibitors of metalloproteinases in human gingival
tissue?. Journal of periodontology. 2001 Oct 1;
72(10):1398-406.

Knott L, Bailey A. Collagen cross-links in
mineralized tissues: a role for the pyrrole cross-
link. Chemistry and biology of mineralized tissues.
Goldberg M, Boskey A, Robinson C, eds.
Rosemont, IL: American Academy of Orthopaedic
Surgeons. 2000:125-8.

Birkedal-Hansen H. Role of matrix
metalloproteinases in human periodontal diseases.
Journal of periodontology. 1993 May; 64(5s):474-
84.

Ingman T, Sorsa T, Lindy O, Koski H, Konttinen
YT. Multiple forms of gelatinases/type IV
collagenases in saliva and gingival crevicular fluid
of periodontitis patients. Journal of clinical
periodontology. 1994 Jan 1; 21(1):26-31.

Teng YT, Sodek J, McCulloch CA. Gingival
crevicular fluid gelatinase and its relationship to
periodontal disease in human subjects. Journal of
periodontal research. 1992 Sep 1; 27(5):544-52.
Hall R, Septier D, Embery G, Goldberg M.
Stromelysin-1 (MMP-3) in forming enamel and
predentine in rat incisor—coordinated distribution
with proteoglycans suggests a functional role. The
Histochemical Journal. 1999 Dec 1; 31(12):761-70.
Heikinheimo K, Salo T. Expression of basement
membrane type IV collagen and type IV
collagenases (MMP-2 and MMP-9) in human fetal
teeth. Journal of dental research. 1995 May;
74(5):1226-34.

Goldberg M, Rapoport O, Septier D, Palmier K,
Hall R, Embery G, Young M, Ameye L.
Proteoglycans in predentin: the last 15 micrometers
before mineralization. Connective tissue research.
2003 Jan 1; 44(1):184-8.

Davis GE. ldentification of an abundant latent 94-
kDa gelatin-degrading metalloprotease in human
saliva which is activated by acid exposure:
implications for a role in digestion of collagenous

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

proteins. Archives of biochemistry and biophysics.
1991 May 1; 286(2):551-4.

Ferrari M, Tay FR. Technique sensitivity in
bonding to vital, acid-etched dentin. Operative
Dentistry. 2003 Jan 1; 28(1):3-8.

Mukai Y, Ten Cate JM. Remineralization of
advanced root dentin lesions in vitro. Caries
research. 2002 Jul 1; 36(4):275-80.

Yoshida Y, Van Meerbeek B, Nakayama Y,
Snauwaert J, Hellemans L, Lambrechts P, Vanherle
G, Wakasa K. Evidence of chemical bonding at
biomaterial-hard tissue interfaces. Journal of
Dental Research. 2000 Feb; 79(2):709-14.

Nishitani Y, Yoshiyama M, Wadgaonkar B,
Breschi L, Mannello F, Mazzoni A, Carvalho RM,
Tjaderhane L, Tay FR, Pashley DH. Activation of
gelatinolytic/collagenolytic activity in dentin by
self-etching adhesives. European journal of oral
sciences. 2006 Apr 1; 114(2):160-6.

Paul SJ, Welter DA, Ghazi M, Pashley D.
Nanoleakage at the dentin adhesive interface vs p-
tensile bond strength. Oper Dent. 1999 May;
24(3):181-8.

Breschi L, Martin P, Mazzoni A, Nato F, Carrilho
M, Tjaderhane L, Visintini E, Cadenaro M, Tay
FR, Dorigo ED, Pashley DH. Use of a specific
MMP-inhibitor (galardin) for preservation of
hybrid layer. Dental Materials. 2010 Jun 30;
26(6):571-8.

Carrilho MR, Carvalho RM, Sousa EN, Nicolau J,
Breschi L, Mazzoni A, Tjaderhane L, Tay FR,
Agee K, Pashley DH. Substantivity of
chlorhexidine to human dentin. Dental Materials.
2010 Aug 31; 26(8):779-85.

Tersariol IL, Geraldeli S, Minciotti CL,
Nascimento FD, P&adkkdénen V, Martins MT,
Carrilho MR, Pashley DH, Tay FR, Salo T,
Tjaderhane L. Cysteine cathepsins in human
dentin-pulp complex. Journal of endodontics. 2010
Mar 31; 36(3):475-81.

Lecaille F, Kaleta J, Bromme D. Human and
parasitic papain-like cysteine proteases: their role
in physiology and pathology and recent
developments in inhibitor design. Chemical
reviews. 2002 Dec 11; 102(12):4459-88.

Drake FH, Dodds RA, James IE, Connor JR,
Debouck C, Richardson S, Lee-Rykaczewski E,
Coleman L, Rieman D, Barthlow R, Hastings G.
Cathepsin K, but not cathepsins B, L, or S, is
abundantly expressed in human osteoclasts. Journal
of Biological Chemistry. 1996 May 24;
271(21):12511-6.

Bromme D, Okamoto K, Wang BB, Biroc S.
Human cathepsin 02, a matrix protein-degrading
cysteine  protease expressed in  osteoclasts
functional expression of human cathepsin O2 in
Spodoptera frugiperda and characterization of the
enzyme. Journal of Biological Chemistry. 1996 Jan
26; 271(4):2126-32.

Auvailable online at http://saspjournals.com/sjds

200



Shweta Singh et al., Sch. J. Dent. Sci., Vol-4, Iss-4 (Apr, 2017), pp-196-201

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

Paloosari H. Matrix metallo proteinases (MMPs)
and their specific tissue inhibitors (TIMPS) in
mature human odontoblasts and pulp tissue. The
regulation of expressions of fibrillar collagens,
MMPs and TIMPs by growth factors, transforming
growth factor-bl (TGF-bl) and bone morpho
genetic  protein-2(BMP-2).  Doctoral  Thesis,
University of Oulu 2003, Available at:
http://herkules.oulu.fi/isbn9514270789/
isbn9514270789.pdf (accessed January 9, 2013).
Sorsa T, Tjaderhane L, Salo T. Matrix
metalloproteinases (MMPs) in oral diseases. Oral
diseases. 2004 Nov 1; 10(6):311-8.

Azuma T, Kondo T, Ikeda S, Imai H, Yamada M.
Effects of EDTA saturated with Ca2+ (Ca-EDTA)
on pig, bovine and mouse oocytes at the germinal
vesicle stage during maturation culture and the
involvement of chelation of Zn2+ in pronuclear
formation induction by Ca-EDTA. Reproduction.
2002 Aug 1; 124(2):235-40.

Osorio R, Yamauti M, Osorio E, Roméan JS,
Toledano M. Zinc-doped dentin adhesive for
collagen protection at the hybrid layer. European
journal of oral sciences. 2011 Oct 1; 119(5):401-
10.

Thompson JM, Agee K, Sidow SJ, McNally K,
Lindsey K, Borke J, Elsalanty M, Tay FR, Pashley
DH. Inhibition of endogenous dentin matrix
metalloproteinases by ethylene diamine tetra acetic
acid. Journal of endodontics. 2012 Jan 31;
38(1):62-5.

Garbisa S, Sartor L, Biggin S, Salvato B, Benelli R.
Tumor gelatinases and invasion inhibited by the
green tea flavanol epigallocatechin-3-gallate.
Cancer. 2001 Feb 15; 91(4):822-32.

Yun JH, Pang EK, Kim CS, Yoo YJ, Cho KS, Chai
JK, Kim CK, Choi SH. Inhibitory effects of green
tea polyphenol (-)-epigallocatechin gallate on the
expression of matrix metalloproteinase-9 and on
the formation of osteoclasts. Journal of periodontal
research. 2004 Oct 1; 39(5):300-7.

Du X, Huang X, Huang C, Wang Y, Zhang Y.
Epigallocatechin-3-gallate (EGCG) enhances the
therapeutic activity of a dental adhesive. Journal of
dentistry. 2012 Jun 30; 40(6):485-92.

Grobelny D, Poncz L, Galardy RE. Inhibition of
human skin fibroblast collagenase, thermolysin,
and Pseudomonas aeruginosa elastase by peptide
hydroxamic acids. Biochemistry. 1992 Aug;
31(31):7152-4.

Hao JI, Nagano T, Nakamura M, Kumagai N,
Mishima H, Nishida T. Galardin inhibits collagen
degradation by rabbit keratocytes by inhibiting the
activation of  pro-matrix  metalloproteinases.
Experimental eye research. 1999 May 31;
68(5):565-72.

Imazato S. Bio-active restorative materials with
antibacterial effects: new dimension of innovation
in restorative dentistry. Dental materials journal.
2009; 28(1):11-9.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Imazato S, Kinomoto Y, Tarumi H, Torii M,
Russell RR, McCabe JF. Incorporation of
antibacterial monomer MDPB into dentin primer.
Journal of Dental Research. 1997 Mar 1;
76(3):768-72.

Kanca 3rd J. One step bond strength to enamel and
dentin. American Journal of Dentistry. 1997 Feb;
10(1):5-8.

Tezvergil-Mutluay A, Mutluay MM, Gu LS, Zhang
K, Agee KA, Carvalho RM, Manso A, Carrilho M,
Tay FR, Breschi L, Suh BI. The anti-MMP activity
of benzalkonium chloride. Journal of dentistry.
2011 Jan 31; 39(1):57-64.

Bedran-Russo AK, Pashley DH, Agee K,
Drummond JL, Miescke KJ. Changes in stiffness of
demineralized dentin following application of
collagen crosslinkers. Journal of Biomedical
Materials Research Part B: Applied Biomaterials.
2008 Aug 1; 86(2):330-4.

Xu C, Wang Y. Cross-linked demineralized dentin
maintains its mechanical stability when challenged
by bacterial collagenase. Journal of Biomedical
Materials Research Part B: Applied Biomaterials.
2011 Feb 1; 96(2):242-8.

Munksgaard EC, Asmussen E. Bond strength
between dentin and restorative resins mediated by
mixtures of HEMA and glutaraldehyde. J Dent
Res1984; 63: 1087-9.

Cova A, Breschi L, Nato F, et al. Effect of UV A-
activated riboflavin on dentin bonding. J Dent Res
2011;90:143.

Fawzy A, Nitisusanta L, Igbal K, et al
Characterization of riboflavin-modified dentin
collagen matrix. J Dent Res 2012; 91:1049-54.
Jung GB, Lee HJ, Kim JH, Lim JI, Choi S, Jin KH,
Park HK. Effect of cross-linking with riboflavin
and ultraviolet A on the chemical bonds and
ultrastructure of human sclera. Journal of
biomedical optics. 2011 Dec 1; 16(12):125004-6.
Castellan CS, Pereira PN, Grande RH, Bedran-
Russo AK. Mechanical characterization of
proanthocyanidin—dentin matrix interaction. Dental
Materials. 2010 Oct 31; 26(10):968-73.

Han B, Jaurequi J, Tang BW, Nimni ME.
Proanthocyanidin: a natural crosslinking reagent
for stabilizing collagen matrices. Journal of
Biomedical Materials Research Part A. 2003 Apr 1;
65(1):118-24.

Song SE, Choi BK, Kim SN, Yoo YJ, Kim MM,
Park SK, Roh SS, Kim CK. Inhibitory effect of
procyanidin oligomer from elm cortex on the
matrix metalloproteinases and proteases of
periodontopathogens.  Journal of periodontal
research. 2003 Jun 1; 38(3):282-9.
Tezvergil-Mutluay A, Mutluay MM, Agee KA,
Seseogullari-Dirihan R, Hoshika T, Cadenaro M,
Breschi L, Vallittu P, Tay FR, Pashley DH.
Carbodiimide cross-linking inactivates soluble and
matrix-bound MMPs, in vitro. Journal of Dental
Research. 2012 Feb 1; 91(2):192-6.

Auvailable online at http://saspjournals.com/sjds

201



